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Editorial on the Research Topic

Early Life Stress and Depression

Major depressive disorder (MDD) is a leading cause of disability worldwide, affecting 17% of the
population, making it one of the most prevalent health-related causes of human suffering. The
pathophysiological mechanisms of depression, likely multiple, are far from clear. One widely
accepted theory regarding the genesis of depression points to excess external stress beyond the
patient’s capacity to cope, especially early life stress. Even though compelling evidence from
epigenetic studies and psychopharmacological studies points to dysfunction of hypothalamic-
pituitary-adrenal axis (HPA) hormones and the associated central monoamine network, the exact
mechanisms of how excessive, or “toxic” early life stress affects the later risk for adult depressive
disorders are still not clear.

The mechanisms whereby excess external stressors affect brain function have been the subject of
extensive study over the past 60 years. During the early to middle twentieth century, Sigmund Freud
posited that maladaptive response to excess early life stress was thereafter embedded in the
unconscious mind, leading to adult-onset depressive and other psychiatric disorders. Later, John
Bowlby proposed that stressful circumstances contributed to maladaptive attachment patterns
between children and parents/other caregivers could predispose to the later development of
psychiatric illnesses. Bowlby proposed two broad types of attachments, secure and insecure, with
the latter category including anxious and avoidant subtypes. By this model, these insecure,
maladaptive attachment styles affect the development of personality characteristics and thus
increase the risk of depressive and other psychiatric illnesses in adults.

From a neurosciences perspective, many neuromodulators underlying responses to stress affect
brain function, as manifest by psychiatric disorders. Corticotropin-releasing hormone (CRH), the
“stress hormone,” CRH release activates the hypothalamic-pituitary-adrenal (HPA) axis, one of the
central mechanisms involved in stress. The CRH induces release of ACTH (adrenocorticotropic
hormone), which in turn alters function of the neural network thus leading to the behavioral and/or
emotional changes. In addition to ACTH, monoamine (including norepinephrine (NE), dopamine
(DA) and 5-HT) has been proved to play critical roles in emotional disorders, and has been used as
first-line of treatment for MDD for nearly a century. These monoamines are the substrates of many
mental disorders, including depression. Indeed, some early life events induce epigenetic changes for
g January 2020 | Volume 10 | Article 96416
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many neuromodulator receptors and/or transporters, such as
methylation DNA of MAO (monoamine oxidase). These
changes may induce dysfunction of monoamines, plausibly
related to depressive disorders.

The three monoamine neuromodulators are suggested to be
associated with the three core affects (dopamine-reward,
serotonin-punishment, norepinephrine-stress), and they work
together to make different basic emotions, analogous to the three
primary colors. The DA system is involved in reward (leading to
joy), NE has been related to the “fight or flight” (leading to fear
and anger) responses to stressful events, and the 5-HT system
has been related to punishment (leading to sadness) (please refer
to our previous publication, such as Front Neurosci 2019 Jun
19; 13:628).

In this special issue, we feature research studies on early life
traumatic events with later development of depressive disorders.
We are pleased to have collected 42 submissions for this topic; 25
of them have been accepted, including the following:

In the paper titled “Understanding the relation between early-
life adversity and depression symptoms: The moderating role of
sex and an interleukin-1b gene variant”, McQuaid et al. found
that, in the context of early life adversity, genetic variations of IL-
1b functioning are related to depressive symptomatology. This
study also, more broadly, highlights the importance of
considering the confluence of experiential factors (e.g., early
life adversity) and personal characteristics (e.g., sex, genetics)
in understanding depressive disorders, an approach increasingly
recognized in developing personalized treatment approaches to
this illness.

In “Long-lasting sex-specific effects based on emotion- and
cognition-related behavioral assessment of adult rats after
posttraumatic stress disorder from different lengths of
maternal separation”, Yang et al. demonstrate that an early
mildly stressful experience may be involved in helping the
body adapt optimally when faced with additional trauma in
adulthood, although mild early life stress might benefit learning
and memory among males.

In “Interactive effects of life events and hair cortisol on
perceived stress, anxiety and depression symptoms among
Chinese adolescents: Testing the differential susceptibility and
diathesis-stress models”, Xu et al. examined whether the activity
of the hypothalamic pituitary adrenal axis (HPA) can serve as a
physiological marker of the differential susceptibility or the
diathesis-stress models. The authors explored the interactive
effect of life events and hair cortisol on perceived stress,
anxiety and depression symptoms among Chinese adolescents.
They found that HPA activity might be a physiological marker of
the differential susceptibility model for perceived stress and
anxiety symptoms, and may serve as a physiological marker of
the diathesis-stress model for depression symptoms among
Chinese adolescents.

In “State-related alterations of spontaneous neural activity in
current and remitted depression revealed by resting-state fMRI”,
Cheng et al. explored the altered spontaneous neural activities in
major depressive disorder (MDD), using functional magnetic
resonance imaging (fMRI). They found abnormal activity in the
Frontiers in Psychiatry | www.frontiersin.org 27
left middle occipital gyrus, left middle temporal gyrus and
anterior right cerebellar lobe to be related to state-specific
symptoms of MDD.

In “Altered brain function in drug-naïve major depressive
disorder patients with early-life maltreatment: A resting-state
fMRI Study”, Xu et al. examined brain function in MDD patients
with childhood maltreatment experience using resting-state
fMRI (rs-fMRI). They found that MDD patients with history
of childhood maltreatment experience demonstrated increased
amplitude of low-frequency fluctuation (ALFF) and altered
function connection (FC) in prefrontal cortex when compared
to MDD patients without childhood maltreatment.

In “Inhibition of GALR1 in PFC alleviates depressive-like
behaviors in postpartum depression rat model by upregulating
CREB-BNDF and 5-HT levels”, Li et al. examined the role of
GAL receptors in postpartum depressive patients. They found
that GALR1, rather than GALR2/3, was upregulated with a
region-specific pattern in the prefrontal cortex (PFC) of E2
withdrawal induced post-partum depressive disorder model
rats. They concluded that GALR1 expression in PFC is
involved in depressive-like behaviors.

In “Childhood trauma and sleep among young adults with a
history of depression: A daily diary study”, Hamilton et al.
evaluated childhood maltreatment and trauma and insomnia
symptoms among young adults with depression They found that
emotional neglect in early life can predict insomnia symptoms
among individuals with a depression history.

In “The interaction of TPH2 and 5-HT2A polymorphisms on
major depressive disorder susceptibility in a Chinese Han
population: a case-control study”, Yang et al. studied the role
of TPH2 and 5-HT2A in MDD. They found that the homeostatic
dysfunction of serotonin levels in the brain and their genetic
variations may lead to impaired homeostatic regulation of
serotonin. This results in abnormal levels of serotonin in the
brain, predisposing individuals to MDD.

In “Epistatic interaction between 5-HT1A and VEGF genes
polymorphisms in the northern Chinese Han population with
major depressive disorder”, Qiao et al. examined the role of the
serotonin 1A receptor (5-HT1A) and vascular endothelial
growth factor (VEGF) expression in the neurons of the
hippocampus. They found that interactions between 5-HT1A
and VEGF gene polymorphisms may play a key role in the
development of MDD in the Northern Chinese Han population.

In “Dynamic effects of early adolescent stress on depressive-
like behaviors and expression of cytokines and JMJD3 in
prefrontal cortex and hippocampus of rats”, Wang et al.
discovered that the Jumonji domain containing-3 (Jmjd3),
which is a histone H3 lysine 27 (H3K27) demethylase, might
be involved in the susceptibility to depressive-like behaviors by
modulating H3K27me3 and pro-inflammatory cytokine
expression in the prefrontal cortex and hippocampus of rats
that had been stressed during early adolescence.

In “Alterations of DNA methylation at GDNF gene promoter
in the ventral tegmental area of adult depression-like rats
induced by maternal deprivation”, Zhang et al. found that up-
regulation of DNA methylation at GDNF gene promotor and
January 2020 | Volume 10 | Article 964

https://doi.org/10.3389/fpsyt.2019.00151
https://doi.org/10.3389/fpsyt.2019.00289
https://doi.org/10.3389/fpsyg.2019.00297
https://doi.org/10.3389/fpsyg.2019.00245
https://doi.org/10.3389/fpsyt.2019.00255
https://doi.org/10.3389/fpsyt.2018.00588
https://doi.org/10.3389/fpsyt.2018.00673
https://doi.org/10.3389/fpsyt.2019.00172
https://doi.org/10.3389/fpsyt.2019.00218
https://doi.org/10.3389/fpsyt.2018.00471
https://doi.org/10.3389/fpsyt.2018.00732
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Wang et al. Early Life Stress and Depression
subsequent down-regulation of GDNF gene expression in the
ventral tegmental area were involved in the development of
depression-like behaviors in rats experiencing maternal
deprivation in early life.

In “Dysfunction of preattentive visual information processing
in drug-naïve women, but not men, during the initial episode of
major depressive disorder”, Yang et al. examined the gender
difference in depressive disorder risk between women and men.,
They found that women with MDD had dysfunction of visual
information processing at pre-attentive stage.

In “Cognitive impairment and endoplasmic reticulum stress
induced by repeated short-term sevoflurane exposure in early life
of rats”, Shen et al. reported that sevoflurane, one of the most
commonly used volatile anesthetics in children, can induce long-
term changes in the brain.

In “Earthquake trauma, overgeneral autobiographical
memory, and depression among adolescent survivors of the
Wenchuan earthquake”, Tian et al. examined the relationship
among earthquake trauma, overgeneral autobiographical
memory, and depression in adolescent survivors of the
Wenchuan earthquake. They found that the adolescents with
average and high overgeneral autobiographical memory and
experienced more depression than adolescents with no
earthquake trauma.

In “Hydrogen sulfide antagonizes chronic restraint stress-
induced depressive-like behaviors via upregulation of
adiponectin”, Tian et al. reported that hydrogen sulfide (H2S),
a novel gasotransmitter, antagonizes chronic stress induced
depressive-like behaviors in rats, via ameliorated synaptic and
autophagic dysregulation by upregulation of adiponectin.

In “Minocycline attenuates stress-induced behavioral changes
via its anti-inflammatory effects in an animal model of post-
traumatic stress disorder”, Wang et al. found that minocycline
altered anxiety-like behavior and cognitive deficits after post-
traumatic stress disorder PTSD.

In “Effects of Xiaoyaosan on the hippocampal gene expression
profile in rats subjected to chronic immobilization stress”, Li
et al. examined the effects of xiaoyaosan and its anti-stress
mechanism in rats subjected to chronic immobilization stress
at the whole genome level. They found that inhibition of
hippocampal cell growth was the core molecular event of
network regulating the transcription of the differentially
expressed genes in the model group.

In “Yi-nao-jie-yu prescription exerts a positive effect on
neurogenesis by regulating notch signals in the hippocampus
of post-stroke depression rats”, Tian et al. examined the
therapeutic role of Yi-nao-jie-yu in post-stroke depression
(PSD). They found that the drug can relieve depressive
behavior in PSD rats, and exerts a positive effect on
neurogenesis by dynamically regulating the expression of notch
signaling genes.

In “SiNiSan ameliorates the depression-like behavior of
maternal separation experienced rats through 5-HT1A receptor/
CREB/BDNF pathway”, Cao et al. found that maternal separation
in infancy could lead to depression-like behaviors in young and
adult rats, and the level of 5-HT1A receptor, p-CREB and BDNF in
Frontiers in Psychiatry | www.frontiersin.org 38
hippocampus were reduced in these affected rats. The drug
SiNiSan treatment significantly up-regulated the expression of
the 5-HT1A receptor, p-CREB and BDNF in hippocampus of
adult MDD rats/They concluded that SiNiSan treatment may have
antidepressant effects on both young and adult MS rats through
the BDNF/PKA/CREB pathway.

In “Paeoniflorin ameliorates chronic stress-induced
depression-like behaviors and neuronal damages in rats via the
activation of the ERK-CREB pathway”, Zhong et al. found that
paeoniflorin possibly exerted a neuroprotective effect, modulated
by the ERK-CREB signaling pathway, inon CUMS-induced
hippocampal damage in rats

In “Short-term intrarectal administration of sodium propionate
induces antidepressant-like effects in rats exposed to chronic
unpredictable mild stress”, Li et al. did a one-week intrarectal
administration of sodium propionate which induced
antidepressant-like effects. These were correlated with differential
rescue of neurotransmitters in the prefrontal cortex. This may have
been achieved through the reduction of the catabolism of
noradrenaline, tryptophan and dopamine, rather than serotonin.

In “Review of abnormal self-knowledge in major depressive
disorder”, Lou et al. reviewed papers on the behavioral and
neurological changes of self-knowledge in depressive patients.
They found that depressed individuals, as compared with non-
depressed controls, showed abnormal self-referential processing
in both early perception and higher cognitive processing phases
during the Self-Referential Encoding Task.

In “Dihydromyricetin alleviates diabetic neuropathic pain
and depression comorbidity symptoms by inhibiting P2X7
receptor”, Guan et al. examined the effect of P2X7 receptor
expression in the dorsal root ganglia (DRG), spinal cord, and
hippocampus participates in the transduction of major
depressive disorder. They found that dihydromyricetin can
relieve MDD by reducing the expression of P2X7 receptor in
the DRGs, spinal cord, and hippocampus and may be an effective
new drug for the treatment of patients with both MDD.

In “An improved model of physical and emotional social
defeat: different effects on social behavior and body weight of
adolescent mice by interaction with social support”, Li et al.
found that experiencing or witnessing a traumatic event during
adolescence can increase the risk of psychiatric disorders in
later lives.

In “Evidence-based dyadic therapies for 0-5 year old children
with emotional and behavioral difficulties”, Romanowicz et al.
reviewed four recommend child psychiatry psychotherapies for
children with psychiatric and behavioral issues: Child-Parent
Psychotherapy (CPP) and Trauma-Focused Cognitive
Behavioral Therapy (TF-CBT), used primarily for young
children with trauma, and Parent-Child Interaction Therapy
(PCIT) and Child Parent Relationship Therapy (CPRT).

Taken together, the studies in this group strengthen the
association between early developmental stress and trauma as
being associated with the later development of depressive
disorders. While the likely mechanisms underlying early
development stress are likely multifactorial (involving genetic,
physiological, and psychosocial disruptions, often in concert),
January 2020 | Volume 10 | Article 964
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attention to optimization of childhood environments and social
experiences may result in some mitigation of risk of adult-onset
depressive disorders. Given the ubiquity of MDD in the adult
population, particularly among women, continued studies into
early makers for risk of later depressive disorders remain a
scientific, therapeutic, and public health imperative. As
depressive disorder is a complex illness requiring comprehensive
treatment, the research base to understand depressive disorder risk
is necessarily complex and multifocal as well.
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Sevoflurane is one of the most commonly used volatile anaesthetics for children, but

the safety of prolonged or repeated clinical use of sevoflurane in infants or children

is controversial. Here, we investigated the effects of sevoflurane on rats in early life

and the time scale of those effects. Our behavioral results indicated that repeated

short-term exposure of new-born rats to sevoflurane caused learning and memory

impairment, while a single exposure of rats to sevoflurane was relatively safe. Further

mechanistic investigation revealed that repeated sevoflurane exposure impaired long-

term potentiation (LTP), downregulated the expression of certain synaptogenesis-related

proteins (GluR1, PSD95) and upregulated proteins related to endoplasmic reticulum (ER)

stress in the hippocampus. An ER stress inhibitor, tauroursodeoxycholic acid (TUDCA),

reversed the changes in the levels of synaptic plasticity proteins. Our results provide new

evidence for the clinical concerns regarding repeated sevoflurane anesthesia.

Keywords: sevoflurane, repeated exposure, cognitive dysfunction, synaptic plasticity, endoplasmic reticulum

stress

INTRODUCTION

Sevoflurane, a volatile anesthetic, is commonly used in pediatric anesthesia, owing to its rapid onset,
short recovery time, sweet smell and nonflammability. Sevoflurane has been used clinically for
decades, and most studies have supported its safety for adults. However, studies have shown that
sevoflurane causes stress and neurotoxicity in the developing brains of rodents and non-human
primates (NHPs) (1, 2). In addition, a large number of clinical observations have demonstrated
that childhood exposure to anesthesia can cause long-term cognitive impairment (3, 4). Since the
developing brain is susceptible to anesthetics (5, 6), the US Food & Drug Administration (FDA)
has also raised concerns regarding the effects of repeated or prolonged anesthetic exposure in
children (7).
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As the developing brain is highly sensitive to different
environmental factors such as sensory stimuli, drugs and stress,
children’s brains can be at high risk of being remodeled by
severe anesthetic exposure. Since sevoflurane is one of the
most commonly used volatile anesthetics for children, its safety
deserves further investigation. Many reports have confirmed that
a single exposure to sevoflurane has no effects on the infants
or children (8). However, some research has reported long-term
cognitive impairment caused by repeated sevoflurane exposure
(2, 9–11). Unfortunately, somemajor surgeries in clinical practice
require repeated sevoflurane exposure for infants or children;
therefore, it is urgent to clarify the effects of repeated sevoflurane
anesthesia and its long-term effects later in life.

In the present study, we investigated the time scope of
sevoflurane exposure in neonatal rats by comparing single and
repeated exposure to sevoflurane. Our results indicate that
repeated exposure of young rats to sevoflurane results in severe
deterioration of memory and cognition later in life, while a
single sevoflurane exposure is relatively safe. Furthermore, the
mechanism underlying the adverse effects of repeated sevoflurane
exposure may involve dysfunction of synaptic plasticity and
endoplasmic reticulum (ER) stress.

MATERIALS AND METHODS

Animals
The present study was approved by the Animal Care Committees
of Shanghai Institute of Materia Medica, Chinese Academy of
Science, and the experiments were carried out in accordance with
EU Directive 2010/63/EU on the protection of animals used for
scientific purposes. Four-day-old male Sprague Dawley (SD) rats
obtained from Shanghai Sippr-BK Laboratory Animal Co were
housed with their dams under controlled illumination (12-h/12-
h light/dark cycle, light from 07:00 to 19:00) at 24± 1◦C. The rats
were given free access to food and water. On postnatal day (P) 7,
all neonatal rats were randomly divided into 2 groups: a control
group and a sevoflurane (sevo) group. The neonatal rats in the
sevo group were exposed to 3% sevoflurane for 2 h per exposure
on P7, P10, and P13, whereas those in the control group were
subjected to the same conditions without receiving sevoflurane.
Changes in synaptic plasticity and ER-stress-associated protein
levels were then analyzed by western blotting (n = 4 for each
group). On P21, all the young rats were weaned and housed in
groups of 2 per cage in standard conditions. Behavioral tests were
later conducted: the open field test for locomotor activity was
performed on P42, and the Morris water maze test for learning
and memory ability was performed from P43 to P48 (control
group: n = 10, sevo group: n = 9). Subsequently, rats that had
undergone behavioral tests were subjected to field excitatory
postsynaptic potential (fEPSP) experiments to detect whether
synaptic transmission was affected (Figure 1, n = 6 for each
group).

Anesthesia
The neonatal rats in the sevo group received 3% sevoflurane
in 50% O2/N2 for 2 h on P7, 10, and 13 in a sealed box at
a set temperature of 37 ± 1◦C. The rats in the control group

received 50% O2/N2 at the same flow rate in a similar box
on the same days. The neonatal rats breathed spontaneously.
The concentrations of sevoflurane and oxygen were measured
continuously (Vamos, Drager, Germany). Following sevoflurane
exposure, the neonatal rats were returned to their dams after
recovering their righting reflex.

Drug Treatment
Tauroursodeoxycholic acid (TUDCA, sodium salt; Sigma-
Aldrich) was dissolved in 0.9% saline at a concentration of
50 mg/ml and was intraperitoneally injected 1 h before each
sevoflurane exposure at a dosage of 50 mg/kg body weight.
The rats were randomly divided into four groups: the saline-
treated control group (control), the TUDCA-treated control
group (TUDCA), the saline-treated sevo group (sevo) and the
TUDCA-treated sevo group (sevo+TUDCA).

Western-Blotting Analysis
Rats were deeply anesthetized with an injection of chloral hydrate
(400 mg/kg, intraperitoneally). Immediately after decapitation,
the hippocampus was dissected and homogenized by sonic
disruption. The homogenate was centrifuged at 14,000 rpm for
10min at 4◦C. Total protein concentrations were measured
using a BCA assay (Pierce, Rockford, IL). The proteins were
separated on SDS-PAGE gels and transferred to nitrocellulose
membranes. The membranes were blocked and then incubated
overnight at 4? with primary antibodies (anti-GRP 78, 1:1,000,
Sigma-Aldrich; anti-PERK, 1:1,000, Sigma-Aldrich; anti-eIF-
2α, 1:1,000, Sigma-Aldrich; GluR1 subunit (pSer845), 1:1,000,
Sigma-Aldrich; anti-PSD95, 1:1,000, Sigma-Aldrich; anti-CREB,
1:1,000, Sigma-Aldrich; anti-GAPDH, 1:1,000, Sigma-Aldrich).
Band intensities were measured using Image Processing and
Analysis in Java (ImageJ) software.

Open Field Test
The open field test is the standard way to obtain an overview
of locomotor activity. We performed this test on P42 according
to a previously described protocol (12, 13). First, the SD rats
were allowed to habituate to the testing room. Subsequently,
they were placed in the middle of a square box (100 × 100 ×

45 cm) made of black acrylic plastic. The rats were permitted to
explore in the box for 10min, and their movements were video
tracked. The total distance moved was calculated offline with
an analysis-management system (Viewer 2 Tracking Software, Ji
Liang Instruments, China).

Morris Water Maze
The Morris water maze test was conducted 24 h after the open
field test. The Morris water maze test consisted of 5 days of place
navigation training and a probe trial on day 6. The maze was
composed of a circular black metal tank (180 cm in diameter,
60 cm in height) filled with water (24 ± 2◦C); a video camera set
in the ceiling and was connected to a computer equipped with
an analysis-management system (Viewer 2 Tracking Software,
Ji Liang Instruments, China). The maze was divided into 4
equal quadrants, one of which contained a hidden escape
platform (10 cm diameter) in the middle, 0.5 cm below the
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FIGURE 1 | Schematic timeline of the experimental procedure.

surface of the water. White marks were located equidistantly
around the edge of the maze in all start positions. On P43,
each rat was allowed to swim freely in the pool for 60 s for
habituation. From P44 to P47, a hidden escape platform (10 cm
in diameter) was submerged 0.5 cm below the surface of the
water in the middle of the target quadrant. During navigation
training, four trials separated by 30 s were conducted daily
for each rat. Each day, rats were placed into four different
starting quadrants, and entry from the north, south, east, or
west point was varied in a quasi-random order. Each rat was
allowed a maximum of 60 s to locate the platform. If the rat
did not find the platform within 60 s, it was guided to the
location. The time that the rat took to reach the submerged
platform (escape latency) was recorded to assess spatial learning
ability. On P48, a probe test consisting of a 60 s trial with
the platform removed was conducted to assess memory. The
amount of time spent in the target quadrant was recorded. The
target quadrant was defined as the quadrant that previously
contained the platform, whose radius was limited to 16 cm in this
assessment.

Slice Preparation
SD rats at P49-P55 were deeply anesthetized with an injection
of chloral hydrate (400 mg/kg, intraperitoneally) and euthanized
by decapitation. The brain tissue was obtained immediately.
The hippocampus was cut into 400-µm-thick sections using
a vibratome (Leica VT1000 S, USA) in ice-cold, oxygenated
modified artificial cerebrospinal fluid (mACSF, in mM: 25.0
NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 0.5 CaCl2, 7.0 MgCl2,
25.0 glucose, 11.0 choline chloride, 11.6 ascorbic acid and 3.1
pyruvic acid, gassed with 5% CO2 and 95% O2). The cut slices
were quickly placed into a chamber and incubated in normal
oxygenated ACSF (118 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4,
10 glucose, 1.3 MgCl2 and 2.5 CaCl2 in mM, gassed with 5% CO2

and 95% O2) at 32
◦C for 1 h. Finally, the slice was transferred to

the recording chamber at room temperature.

Electrophysiology
We recorded fEPSPs by using a Multiclamp 700B amplifier
(Molecular Devices, USA) under amicroscope (Olympus, Japan).
For fEPSP recording, both bipolar stimulating and recording
electrodes were placed at CA3/Schaffer collateral-CA1 synapses
in the stratum radiatum of the CA1 area. The data were
filtered at 2 kHz, sampled at 10 kHz using a Digidata 1440A
(Molecular Devices, USA) and analyzed with Clampfit 10.2
software (Molecular Devices, USA). The stimuli consisted of 100-
µs pulses delivered at 0.03Hz using an electronic stimulator
(Nihon Kohden Corporation, Japan), and the stimulus intensity
was adjusted to 65% of the maximal response. The evoked
response was monitored for 10min at this intensity to ensure
stable recording prior to the drug treatment. After 10-min stable
recording at baseline, the long-term potentiation (LTP) was
induced by application of the high frequency intensity (HFS)
protocol consisting of 1 s trains of 100Hz stimulation repeated
two times 20 s apart. All recordings were continued for 60–
80min.

Statistical Analysis
The data are expressed as the means ± SEM. The software
Statistical Package for the Social Sciences (SPSS, Version 19.0;
SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The
results of the open field test, and western blots in SD rats were
analyzed using unpaired t-tests. The results of Morris water maze
test were analyzed using a repeated ANOVA in which treatment
was used as the between factor and time (weeks) was used as the
within factor, and a post-hoc LSD test was performed. p-values <

0.05 were considered statistically significant.

RESULTS

Early-Life Repeated Sevoflurane Exposure
Led to Long-Term Cognitive Impairment
We first performed the open field test to detect differences
in locomotor activity between groups. The results showed
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FIGURE 2 | Effects of repeated early-life sevoflurane exposure on behavior. (A) In the open field test, no significant difference was observed between the control

group and the sevoflurane group in total distance moved. (B) A typical path during the probe trial for each group. (C) The latency to find the platform during the place

navigation training phase of the Morris water maze test. (D) The percentage of time spent in the target quadrant during the probe trial of the Morris water maze test.

N = 10 rats for each group. Repeated ANOVA with a post hoc least significant difference (LSD) test and unpaired t-tests were performed for (A,C,D), respectively;

*p < 0.05. Data are presented as the mean ± SEM.

that there was no significant difference in total distance
moved between the control group and the sevoflurane
group, indicating that repeated early-life sevoflurane
exposure did not affect the psychomotor ability of animals
(Figure 2A).

To examine the long-term effects of early sevoflurane
exposure on cognitive function, we administered the Morris
water maze test from P43 to P48, consisting 5 days of
place navigation training to evaluate learning ability and
1 day (P48) containing a probe trial to assess memory
ability. The results suggested that the latency to locate the
hidden platform was significantly longer in the sevoflurane
group than in the control group on days 4-5 (P46-47) of
navigation training, indicating much lower learning ability
in sevoflurane-treated animals (Figure 2C). Moreover, the
probe trial results showed that the percentage of time spent
in the target quadrant was higher for the control group
than for the sevoflurane group (Figure 2D). Taken together,

all those results imply that repeated early-life sevoflurane
exposure caused long-term dysfunction of learning and
memory.

Repeated Short-Term Sevoflurane
Exposure Caused Dysfunction of Synaptic
Plasticity in the Hippocampus
Sevoflurane exposure may cause an impairment of hippocampal
synaptic plasticity, as a severe deficiency of learning and memory
ability was observed in the above results (as shown in Figure 2).
We then examined the LTP at CA3/Schaffer collateral-CA1
synapses of behaviorally tested rats. Our results showed that
the slopes of fEPSPs were significantly decreased in the CA1
area of the hippocampus in the sevoflurane group compared
to the control group (Figure 3). This result suggests that early-
life repeated sevoflurane exposure abolished LTP, indicating a
dysfunction of synaptic plasticity in the hippocampus.
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FIGURE 3 | Repeated sevoflurane exposure abolished LTP in the

hippocampus. (A) Schematic representation of bipolar stimulating and

recording electrode placement. (B) Tetanic stimulation (one bout of stimulation

at 100Hz) induced LTP in the Schaffer collateral-CA1 pathway of rat

hippocampal slices. (C) Representative traces of the fEPSP waves were

recorded at baseline (the black line) and after repeated sevoflurane exposure

(the gray line); early-life sevoflurane exposure impaired LTP in the rat

hippocampus. N = 9 slices, 4 rats for the control group; n = 8 slices, 4 rats for

the sevo group.

Expression of Proteins Associated With
Synaptic Plasticity Decreased in the
Sevoflurane-Exposed Hippocampus
To explore possiblemechanisms relating to cognitive dysfunction
caused by early-life repeated sevoflurane exposure, we further
determined the expression levels of synaptic-plasticity-associated
proteins under repeated sevoflurane exposure. We examined
the expression levels of GluR1, postsynaptic density protein 95
(PSD95) and cAMP response element-binding protein (CREB)
in the hippocampus. The results showed that the expression
levels of GluR1, PSD95, and CREB were significantly decreased
by repeated sevoflurane exposure (Figures 4A,B). Interestingly,
the expression levels of the abovementioned proteins did not
change with a single sevoflurane exposure (Supplemental Figures
S1A,B). These results suggest that repeated sevoflurane exposure
but not single exposure decreased hippocampal synaptic
plasticity.

Levels of ER-Stress-Related Proteins in the
Hippocampus Were Elevated by Repeated
Sevoflurane Exposure
ER stress commonly occurs under severe conditions, such as
prolonged anesthetic exposure. It is possible that ER stress might
play a critical role in deficits of synaptic plasticity (14). To
determine whether sevoflurane exposure was associated with ER
stress in the hippocampus, we analyzed the levels of ER-stress-
associated proteins in the hippocampus. The results showed that
the expression level of glucose-regulated protein 78 (GRP 78),
a crucial biomarker of ER stress (15), was significantly elevated
by sevoflurane exposure (Figures 5A,B). PKR-like ER kinase
(PERK) is a critical transmembrane ER signaling protein that
mediates an important signaling pathway when dissociated from
GRP 78, and eukaryotic initiation factor 2α (eIF-2α) is a critical
protein in the PERK pathway (16, 17). The levels of PERK and
eIF-2α were also significantly elevated in the sevoflurane group
compared with the control group (Figures 5A,B). As expected,
we did not observe any significant change in GRP 78, eIF-
2α or PERK in the group that underwent single sevoflurane
exposure (Supplemental Figures S1C,D). These results suggest
that the activation of PERK pathway may promote ER stress as
a consequence of repeated but not single sevoflurane exposure.

TUDCA Reversed the Decrease in the
Expression of Synaptic-Plasticity-
Associated Proteins in the
Sevoflurane-Exposed Hippocampus
To clarify the correlation between ER stress and synaptic
plasticity, we injected the rats with TUDCA (an ER stress
inhibitor) intraperitoneally before each sevoflurane exposure,
and then we analyzed the levels of ER-stress-associated proteins
and synaptic-plasticity-related proteins in the hippocampus. The
results showed that the expression levels of GRP 78, PERK
and eIF-2α were significantly increased in the sevo group and
that the increases were reversed by application of TUDCA
(Figures 6A,B). The expression levels of GluR1, PSD95, and
CREB were significantly decreased in the sevo group, but
the decrease in expression was prevented by treatment with
TUDCA (Figures 6C,D). These results suggested that the ER
stress inhibitor TUDCA, could reverse the changes in synaptic
plasticity protein levels that were induced by repeated sevoflurane
exposure in early life.

DISCUSSION

Our results showed that repeated short-term exposure to
sevoflurane resulted in impairment of learning and memory.
Furthermore, we found that proteins related to ER stress
were unusually abundant and synaptogenesis-related proteins
markedly decreased after repeated sevoflurane exposure,
indicating that ER stress and dysfunction in hippocampal
synaptic plasticity may be associated with deficits in spatial
learning and memory induced by repeated sevoflurane
exposure.
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FIGURE 4 | Repeated sevoflurane exposure decreased the expression of GluR1, PSD95, and CREB. (A) Representative samples showing the hippocampal

expression levels of GluR1, PSD95, and CREB in the control group and the sevoflurane group. (B) Densitometric analysis of GluR1, PSD95, and CREB. N = 4–6

times for each protein. Unpaired t-tests; *p < 0.05 vs. control. Data are presented as the means ± SEM.

FIGURE 5 | Repeated sevoflurane exposure increased the expression of GRP 78, PERK, and eIF-2α. (A) Representative samples showing the expression levels of

GRP 78, PERK, and eIF-2α in the hippocampi of the control group and the sevoflurane group; (B) Densitometric analysis of GRP 78, PERK, and eIF-2α. N = 4–6

times for each protein. Unpaired t-tests; *p < 0.05 vs. control. Data are presented as the means ± SEM.

Most studies on the effects of sevoflurane have focused
on a single prolonged exposure, whereas only a few studies
have examined repeated short-term exposure. Extremely long
exposure to sevoflurane is rare for infants in the clinic, whereas
repeated short-term exposure to sevoflurane, although more
common and well worth exploring, receives less attention.

In clinical studies, Flick et al. have found that repeated
exposure to anesthesia before the age of 2 is a significant
independent risk factor for the later development of learning
disabilities (6); similarly, Wilder et al. have found that
multiple exposure to anesthesia, but not single exposure,
is a significant risk factor for the later development of
learning disabilities in children (18). Our results indicated
that both learning and memory were impaired by repeated
exposure to sevoflurane, in accordance with those clinical
studies.

Synaptic plasticity is closely related to the structural
modification of synapses and to synaptic transmission (19).
The impairment of synaptic plasticity can lead to deficits
in cognitive function (8). LTP is widely considered the
neuronal basis for learning and memory. A change in LTP

function can be reflected in the strength of postsynaptic
neurotransmission. Our current results showed that repeated
sevoflurane exposure markedly impaired LTP at CA3/Schaffer
collateral-CA1 synapses of the hippocampus, in agreement with
findings from previous studies (20). Furthermore, the inhibition
of LTP caused weakness in postsynaptic transmission and
changes in the morphological and structural development of
synapses.

The reduction of LTP may be related to the expression
of synaptic proteins. We found that the expression levels
of GluR1, PSD95 and CREB in the hippocampus were all
markedly decreased in rats that received repeated sevoflurane
exposure. GluR1 is a glutamate receptor and cation channel
that is integral to plasticity and synaptic transmission at
many postsynaptic membranes. The underlying physiological
correlate of increases in EPSP size is postsynaptic upregulation
of GluR1 at the membrane (21). The upregulation of GluR1
at the membrane results in a long-lasting increase in EPSP
size, which underlies LTP. In the current study, repeated
sevoflurane exposure downregulated the expression of GluR1
and led to reduced LTP. The transcription of GluR1 in
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FIGURE 6 | Increased expression of GRP 78, PERK, and eIF-2α and decreased expression of GluR1, PSD95, and CREB were reversed by the ER stress inhibitor

TUDCA. (A) Representative samples showing the expression levels of GRP 78, PERK and eIF-2α in the hippocampi of the control group, the sevoflurane group, the

TUDCA group and the TUDCA+sevoflurane group; (B) Densitometric analysis of GRP 78, PERK, and eIF-2α. N = 3–6 times for each protein. One-way ANOVA; *p <

0.05 vs. control. Data are presented as the means ± SEM. (C) Representative samples showing the expression levels of GluR1, PSD95, and CREB in the hippocampi

of the control group, the sevoflurane group, the TUDCA group and the TUDCA+sevoflurane group; (D) Densitometric analysis of GluR1, PSD95, and CREB. One-way

ANOVA; *p < 0.05 vs. control. Data are presented as the means ± SEM.

long-term memory is controlled through CREB. CREB is a
cellular transcription factor that has been extensively linked to
learning, memory (22) and LTP (23). Gene transcription of the
transcription factor CREB is closely related to hippocampus-
mediated memory consolidation (24). In agreement with results
from previous studies (25–27), our western blotting results
revealed that repeated sevoflurane exposure was associated
with downregulated expression of CREB, which led to a
decrease in neurogenesis (28). PSD95 is a postsynaptic marker
(29). Downregulated expression of PSD95 results in disrupted
synaptic structure (30, 31). The decrease in synaptogenesis-
related proteins in the hippocampus indicated deficits in synaptic
plasticity, which might lead to dysfunction of spatial learning and
memory.

Previous studies have revealed that sevoflurane induces
Ca2+ release from the ER to the cytosol via the inositol
1,4,5-trisphosphate receptor (IP3R) and ryanodine receptor
(RyR), which suggests an influence of sevoflurane on calcium

homeostasis in neurons (32–34). However, whether repeated
short-term sevoflurane exposure can induce ER stress that
impairs synaptic plasticity and long-term memory is still
unknown. In our study, repeated sevoflurane exposure increased
the expression of GRP 78, PERK and eIF-2α. GRP 78 is a
crucial biomarker of ER stress (15). When misfolded proteins
accumulate, GRP 78 is released, thereby permitting aggregation
of transmembrane signaling proteins and triggering the ER
stress response (15). PERK is a critical transmembrane signaling
protein (35), and eIF-2α is a key protein in the PERK pathway
(36). TUDCA is a neuroprotective drug via inhibiting ER
stress (37). We found that TUDCA reversed the decline in
the expression of GluR1, PSD95, and CREB. These results
revealed that ER stress might play a critical role in deficits
of synaptic plasticity, which may correspond to the recent
finding that impaired LTP could be rescued by the ER
stress inhibitor TUDCA in a chronic intermittent hypoxia
model (14).
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CONCLUSIONS

Our results showed that repeated short-term exposure to
sevoflurane resulted in impairment of learning and memory
abilities, and the underlying mechanism included hippocampal
synaptic dysfunction and ER stress. ER stress and decreased
expression of synaptic proteins may be involved in this
impairment of synaptic function, which can be reversed by the
ER stress inhibitor TUDCA.
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Backgroud: Chronic restraint stress (CRS) induces depressive-like behaviors in

rodents, which involves dysregulation of hippocampal synapse formation and excessive

autophagy. Adiponectin has antidepressant activity. Hydrogen sulfide (H2S) is a novel

gasotransmitter. The present work was to investigate whether H2S antagonizes

CRS-induced depressive-like behaviors in rats and to explore whether its potential

mechanism involves ameliorated synaptic and autophagic dysregulation by upregulation

of adiponectin.

Methods: Depressive-like behavior was analyzed by the tail suspension test (TST),

novelty suppressed feeding test (NSFT), and open field test (OFT). The structure of

autophagy was observed under transmission electron microscopy. The expressions of

adiponectin, beclin1, and sequestosome 1 (p62/SQSTMI) protein in hippocampus were

measured by Western blot. The levels of synapsin1 (SYN1) in the hippocampus were

calculated by Western blot and immunofluorescence technique.

Results: The behavior experiments, including TST, NSFT, and OFT, showed that NaHS

(a donor of H2S) reduced CRS-induced depressive-like behaviors. NaHS decreased

the loss of hippocampal synapse as evidenced by increased the level of SYN1

in the hippocampus of CRS-exposed rats. NaHS rescued CRS-induced excessive

hippocampal autophagy as evidenced by declines in the number of autophagosomes

and the expression of beclin1 as well as increase in the expression of P62 in

the hippocampus of CRS-exposed rats. NaHS upregulated hippocampal adiponectin

expression in the CRS-exposed rats. Furthermore, neutralizing adiponectin by

Anti-acrp30 reversed the protective response of NaHS to CRS-produced depressive-like

behaviors as well as hippocampal synaptic disruption and excessive autophagy.

Conclusion: H2S mitigates CRS-induced depressive behavior via upregulation of

adiponectin, which in turn results in amelioration in hippocampal synapse formation

dysfunction and excessive autophagy.

Keywords: adiponectin, chronic restraint stress, depressive-like behavior, hydrogen sulfide, synapse formation,

autophagy
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INTRODUCTION

Depression is a kind of serious mental disease that was caused by
a variety of reasons. Chronic stress is considered as a triggering
factor in the pathogenesis of depression (1, 2). It has been
reported that chronic restraint stress (CRS) leads to neurological
changes and depressive-like behaviors of rodents (3), which is
widely applied in animal experiments to study the etiology and
pathophysiology of depression (4–6). Hydrogen sulfide (H2S) is
recognized as a neuroprotectant, which plays important roles in
the central nervous system (CNS) (7). Our team verified that
administration of H2S antagonizes depressive-like behaviors in
streptozotocin-exerted diabetic rats (8). In this study, we will
further explore whether H2S has bioavailability to prevent CRS-
induced depressive-like behaviors.

Hippocampus, a critical limbic structure, is associated with
mood. It has been confirmed that dysregulation of synapses and
excessive autophagy in hippocampus play important roles in
major depression disorder (9, 10), and that inhibition in synaptic
deficits and excessive autophagy in hippocampus contributes
to the antidepressant-like role of ketamine (11, 12). Thus, the
present work explored whether this antidepressant-like role of
H2S is involved in regulating hippocampal synapse formation
and autophagy.

Adiponectin, as a member of adipokine family, is
predominately secreted from adipose tissue (13, 14). Remarkably,
adiponectin is detected in human brain and its receptors widely
distributes in brain, like hippocampus and cortex (15). It
has been reported that adiponectin stimulates hippocampal
neurogenesis and neural stem proliferation (16, 17). Adiponectin
is also associated with CNS pathologies (18). Accumulative
studies reported that adiponectin is decreased in chronic social
defeat stress-induced depression (19, 20). In addition, Liu et al.
demonstrated that intracranial injection of adiponectin is able
to ameliorate depressive-like behaviors in high fat diet-treated
mice (19). Furthermore, growing evidences demonstrated that
adiponectin regulates synaptic activity and autophagy (21, 22).
Therefore, our hypothesis is that hippocampal adiponectin
mediates the protective response of H2S to CRS-induced synaptic
dysfunction and excessive autophagy in the hippocampus as well
as depressive symptoms.

Our present work reported that H2S rescued CRS-induced
depressive-like behaviors by elevation of hippocampal
adiponectin and that suppression in hippocampal synapse
loss and autophagy participates in adiponectin-mediated
antidepressant efficacy of H2S in CRS-exposed rats.

MATERIALS AND METHODS

Reagents
Sodium hydrosulfide (NaHS, a donor of H2S) was obtained from
Sigma (Sigma, USA). Acrp30-antibody was purchased from Santa
Cruz Biotechnology (California, USA). The primary antibodies of
synapsin1, beclin1, and p62/SQSTMI were purchased from Cell
Signaling Technology. Bicinchoninic Acid (BCA) Protein Assay
Kit was purchased from Beyotime Institute of Biotechnology in
Shanghai.

Animals
Animals that were used for all experiments are adult male
Sprague-Dawley (SD) rats weighted 200–220 g (Hunan SJA
Laboratory Animal Company, Changsha, Hunan, China). They
were housed individually in a standard 12 h light/dark cycle and
have free approach for food and water. In order to mitigate tense
and anxiety of rats and eliminate influences of environmental
factors, all rats were allowed to acclimatize themselves to new
environment for 7 days before the experiment. This study was
carried out in accordance with the recommendations of National
Institutes of Health Guide for the Care and use of Laboratory
Animals and was approved by the Animal Use and Protection
Committee of the University of South China.

Drugs Treatments and Study Design
Respectively measured 1.68mg or 5.6mg of NaHS was diluted
in phosphate-buffered saline (PBS) to equal concentration of
NaHS 30 or 100 µmol/mL. Rats were subjected to CRS as well as
injected with 30 or 100µmol/kg NaHS for 4 weeks. In the fourth
week, rats were treated with Anti-acrp30 (1 µg, i.c.v.) at the same
time. All behavior tests were performed after 24 h of last injection.
There is an interval for 2 days between each behavior test. After all
tests were conducted, rats were allowed to have a rest for 1 day.
After that, all rats were killed and hippocampus were collected
rapidly which then stored at−80◦C (Figure 1).

Stereotaxic Injection
After anesthetized with 1% sodium pentobarbital (40mg/kg)
delivered through intraperitoneal injection, rats were fixed on
a stereotaxic apparatus for operation. The area central on the
incision was trimmed and a aseptically cannula was implanted
into lateral ventricle by reference to the following coordinates:
AP: 1.0mm, R or L:1.5mm. For purpose of avoiding drug reflux
along the injection track, the needle was drew back halfway and
maintained in position for an extra 2min ahead of being pulled
out. After surgery, all rats were injected with penicillin for 3
consecutive days to prevent them from being infected.

Chronic Restraint Stress (CRS) Model
Chronic restraint stress was conducted as previously described
(3). Rats were placed in a 50ml stainless steel pipe for 6 h from
9 a.m. to 15 p.m. This stress was continuous for 28 days.

Tail Suspension Test (TST)
The TST was carried out by reference to which described in a
detailed reference (23). Briefly, each subject was tied by taping
its tail closely 2 cm from the tip and then suspended in a
position of 50 cm above the floor on a hook. Rats were regarded
as immobile when they abandoned struggling and remained
completely motionless. The time that rats kept immobility during
the 6-min test was recorded.

Novelty Suppressed Feeding Test (NSFT)
In light of previously described (24), rats were fasting for 24 h
before the test. When the experiment start, rats were placed in
a test chamber (50 × 50 × 40 cm) covered with a layer of 2 cm
thick wood chips from any of four corners. Food pellets were
weighted and then were placed in the center of test chamber.
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The time from rats entering into chamber to pick up food with
forelimb was defined as latency, which is a key index to reflect the
degree of depression. To eliminate the influence of differences in
rat appetite on the latency to feed, the rat was reintroduced to
their home cage and total food intake in 10min was recorded.

Open Field Test (OFT)
The open field test (OFT) is applied to analysis the potential
impacts of drug used in whole experiments on spontaneous
activity. As previously described (25), rats were put in an open
test chamber (60 × 60 × 40 cm) with black bottom and walls.
Moreover, it is essential to ensure that the chamber was under
nature light of brightness uniformity. The rat was placed into the

center of test chamber and allowed to explore freely after 2min
adaption. The total distance in 5min was recorded. Meanwhile,
the chamber was cleansed by ethyl alcohol to eliminate effect of
smell on spontaneous activity of next subject.

Transmission Electron Microscopy (TEM)
The collected hippocampus tissues were sliced into 1 mm3

blocks, and were immediately placed in 2% glutaraldehyde
overnight for fixation at 4◦C. After immersed in 1% osmium
tetroxide for 2 h, the blocks were dehydrated using graded
ethanol and then embedded in epoxy resin. Next, the blocks were
sliced into ultrathin sections (70 nm) using an ultramicrotome
(Leica, Germany, EM UC6). Finally, the micrographs were

FIGURE 1 | Schematic diagram of the experimental procedures. CRS, chronic restraint stress; TST, tail suspension test; NSFT, novelty suppressed feeding test; OFT,

open field test; i.p., intraperitoneal injection; i.c.v., intracerebroventricular injection.

FIGURE 2 | Effect of H2S on the depressive-like behaviors in CRS-treated rats. SD rats were cotreated with CRS and NaHS (30, 100µmol/kg, i.p.) for 4w. Rats were

underwent TST (A), OFT (B), and NSFT (C,D) to evaluate depressive-like behaviors. Values are expressed as the means ± SEM (n = 6–10). *P < 0.05, **P < 0.01, vs.

control group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. CRS-treated alone group.
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captured under transmission electron microscope (JEOL, Japan,
JEM1230).

Western-Blot Analysis
Supernatant were collected of tissue homogenate and total
protein concentration was quantified using BCA Protein Assay
Kits. After mixed with 5 × loading buffer and heated at 100◦C
for 5min, protein lysates were loaded on sodium dodecyl
sulfate-polyacrylamide gel for electrophoresis and subsequently
transferred onto PVDF membrane using wet transfer system.
The blots were blocked using 5% skim milk in TBST buffer (50
mmol/L Tris-HCl, pH 7.5,150 mmol/L NaCl, 0.1% Tween-20)
for 2 h and were respectively incubated with primary antibodies
against adiponectin, SYN1, beclin1, and P62 (1:1,000), and
β-actin (1:2,000) overnight at 4◦C. Subsequently, membranes
were washed using TBST for 3 × 10min and were incubated
with secondary antibody conjugated to horseradish peroxidase
(1:5,000) for 2 h. Finally, protein membranes were washed
in the same way and bands were visualized by enhanced
chemiluminescence system (BeyoECL Plus kit, Beyotime, P0018).
The β-actin was set as a loading control and the signal of
immunoblot was analyzed by AlphaImage2200 software.

Immunofluorescence Technique
Paraffin-embedded sections were de-waxed and treated with
EDTA contained buffer for antigen retrieval in microwave.
Subsequently, sections were coated in autofluorescence

eliminator for 5min before washing. After 3% BSA was applied
for 30min to block nonspecific staining, the primary antibodies
were added overnight at 4◦C. Sections were washed for 3× 5min
next day and corresponding secondary antibodies were added
for 50min at room temperature. DAPI was added to staining
nuclear for 10min. After washed in the same way, sections were
covered with standard mounting media. Images were captured
using microscope (Nikon, Japan, NIKON ECLIPSE C1).

Statistical Analysis
Statistical analysis of all data was conducted using SPSS 18.0
software. All values are exhibited as the mean ± SEM. One-way
ANOVA as well as LSD-t are applied to calculate variance as well
as to analyze multiple comparisons between groups, respectively.
The standard of statistical difference was set at P < 0.05.

RESULTS

H2S Antagonizes CRS-Induced
Depressive-Like Behaviors
In TST, treatment with NaHS markedly shorten the immobility
time of CRS-exposed rats and NaHS (100µmol/kg) treated
alone didn’t affect the immobility time of normal rats
(Figure 2A), indicating the antidepressive-like action of H2S.
To eliminate the nonspecific motoric effects of NaHS and
CRS on behaviors in the TST, the spontaneous activity of

FIGURE 3 | Effects of H2S on the suppressed synapse formation in the hippocampus of CRS-treated rats. SD rats were cotreated with CRS and NaHS (30,

100µmol/kg, i.p.) for 4w. The levels of hippocampal SYN1 were analyzed by immunofluorescence technique [(A), magnification × 400] and western blot (B). β-actin

was used as an internal control. Values are expressed as means ± SEM (n = 3). *P < 0.05, ***P < 0.001, vs. control group; #P < 0.05, ###P < 0.001, vs.

CRS-treated alone group.
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FIGURE 4 | Effect of H2S on the excessive autophagy in the hippocampus of CRS-exposed rats. SD rats were cotreated with CRS and NaHS (30, 100µmol/kg, i.p.)

for 4w. The number of hippocampal autophagosomes (A) was detected by transmission electron microscopy. The arrowhead marked autophagosomes. The

expression of beclin1 (B) and P62 (C) were detected by western blot and β-actin was used as an internal control. Values are expressed as means ± SEM (n = 3).

**P < 0.01, ***P < 0.001, vs. control group; #P < 0.05, ###P < 0.001, vs. CRS-treated alone group.
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rats were assessed. As shown in Figure 2B, treatment with
NaHS or STZ alone didn’t have any effect on total distance
in normal rats, suggesting that alteration in immobility time
in TST was not due to the difference in spontaneous activity.
In NSFT, the latency to feed in CRS-exposed rats was
obviously decreased after administration of NaHS, while NaHS
alone didn’t change it in normal rats (Figure 2C). In this
task, the feed in 10min of each group in their home cage
had no significant difference (Figure 2D), which excluded
the possibility that alteration in the latency to feed was
due to the difference in appetite and feeding. These data
demonstrated that H2S alleviates CRS-induced depressive-like
behaviors.

H2S Protects Against CRS-Generated
Synaptic Dysfunction in the Hippocampus
Next, we investigated the role of H2S in synaptic dysfunction
induced by CRS in the hippocampus by measuring the
expression of hippocampal SYN1. Immunofluorescence analysis
exhibited NaHS (30 or 100µmol/kg, i.p.) obviously rescued
CRS-induced decline in hippocampal SYN1-positive cells of rats
(Figure 3A). Western blot analysis also showed that supplement
of NaHS significantly elevated the expression of SYN1 in the
hippocampus of CRS-treated rats (Figure 3B). In addition, NaHS
(100µmol/kg, i.p.) alone exerted no effect on the level of
hippocampal SYN1 (Figures 3A,B). These data indicated that
H2S protects against CRS-impaired synapse formation in the
hippocampus.

H2S Suppresses CRS-Exerted Excessive
Autophagy in the Hippocampus
To determine wherther the antdepressant-like role of H2S
involves in the change of hippocampal autophagy in
CRS-exposed rats, the effects of H2S on the number of
autophagosomes and the expression of beclin1 as well as
P62 in the hippocampus of CRS-exposed rats were detected.
The number of autophagosomes was accumulated in the
hippocampus of CRS-exposed rats, while application of
NaHS (30 or 100µmol/kg, i.p.) dramatically reduced the
number of autophagosomes (Figure 4A) in the hippocampus.
Rats submitted to CRS had an increase in the expression
of beclin1 (Figure 4B) and a decrease in the expression of
P62 (Figure 4C), while adminstration of NaHS (30 or 100
µmol/kg/d, i.p.) reversed these changes as indicated by declined
expression of beclin1 and elevated expression of P62 in the
hippocampus. Meanwhile, NaHS alone didn’t alter these
autophagic markers in normal rats, which suggested the
antagonistic actin of H2S on CRS-exerted excessive autophagy in
the hippocampus.

H2S Up-Regulates the Expression of
Adiponectin in the Hippocampus of
CRS-Exposed Rats
To understand the role of adiponectin in H2S-elicited
antidepressant-like activity, we assessed whether H2S
affects the expression of adiponectin in the hippocampus

of CRS-exposed rats. CRS-treated group showed a
sharply decrease of adiponectin compared to control
group. More importantly, treated with NaHS (30 or 100
µmol/kg/d, i.p.) significantly increased the expression
of adiponectin in CRS-exposed rats (Figure 5). In
addition, NaHS alone exerted no effect on adiponectin
expression (Figure 5). Taken together, H2S elevated the
expression of hippocampus adiponectin in the CRS-treated
rats.

Neutralizing Adiponectin Reverses the
Antidepressant Response of H2S in
CRS-Exposed Rats
To further examine the mediatory role of adiponectin in
H2S-elicited antidepressant-like effect, we tested whether Anti-
acrp30, a neutralizing antibody of adiponectin, reverses the
protective action H2S on CRS-induced depressive-like behaviors.
As exhibited in Figure 6A, the immobility time in the CRS
and NaHS-cotreated rats in TST was sharply increased by
administration of Anti-acrp30 (1 µg/d, i.c.v.). The total distance
in 5min in OFT has no significance among five groups
(Figure 6B), which eliminated the possible impact of Anti-acrp30
on spontaneous activity. In the NSFT, Anti-acrp30 dramatically
increased the latency to feed in the cotreatment with NaHS
and CRS rats (Figure 6C) and the total feed in 10min has no
significant change among all groups (Figure 6D). Taken together,
these data indicated that inhibition of adiponectin reverses the
antidepressant-like function of H2S in CRS-treated rats.

FIGURE 5 | Effect of H2S on the expression of Adiponectin in the

hippocampus of CRS-treated rats. SD rats were cotreated with CRS and

NaHS (30, 100µmol/kg, i.p.) for 4w. The expression of hippocampal

adiponectin (Acrp 30) was measured by western blotting and β-actin was used

as an internal control. Values are expressed as means ± SEM (n = 3). ***P <

0.001, vs. control group; ##P<0.01, vs. CRS-treated alone group.
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FIGURE 6 | Effect of Anti-acrp30 on H2S-elicited antidepressant-like function in CRS-exposed rats. After cotreatment with CRS and NaHS (100µmol/kg, i.p.) for 3w,

SD rats were further co-administrated with Anti-acrp30 (1 µg/d, icv) for 1w. TST (A), OFT (B), and NSFT (C,D) were employed to assess depressive-like behaviors.

Values are expressed as means ± SEM (n = 6–10). *P < 0.05, vs. control group; ##P < 0.01, ###P < 0.001, vs. CRS-treated alone group, &P < 0.05, vs.

cotreated with CRS and NaHS (100µmol/kg, i.p.) group.

Neutralizing Adiponectin Abrogates the
Ameliorated Effect of H2S on CRS-Induced
Synapse Formation Dysfunction
For the purpose of confirming the functional requirement of
adiponectin in the ameliorated role of H2S in CRS-elicited
synaptic dysfunction, we detected the impact of Anti-acrp30 on
the expression of hippocampus SYN-1 in the NaHS and CRS-
cotreated rats. Immunofluorescence analysis exhibited that Anti-
acrp30 (1 µg/d, i.c.v.) sharply prevented NaHS from increasing
the level of SYN1-positive cells in the hippocampus of CRS-
exposed rats (Figure 7A). Western blot analysis also showed
that Anti-acrp30 abolished the upregulatory effect of NaHS
on the hippocampus SYN1 expression of CRS-treated rats
(Figure 7B). Moreover, Anti-acrp30 alone didn’t change the level
of SYN1. These results revealed that neutralizing adiponectin
blocks the antagonistic action H2S in CRS-triggered disruption
in hippocampal synapse formation.

Neutralizing Adiponectin Reverses the
Inhibitory Role of H2S in CRS-Exerted
Excessive Autophagy
To identify whether adiponectin is indispensable for H2S-elicited
suppression in the hippocampal excessive autophagy of CRS-
exposed rats, we detected the impact of Anti-acrp30 on the

protection of NaHS against CRS-induced excessive autophagy
in the hippocampus. Anti-acrp30 dramatically prevented NaHS
from increasing the number of autophagosomes (Figure 8A)
and the expression of beclin1 (Figure 8B) and decreasing the
expression of P62 (Figure 8C) in the hippocampus of CRS-
exposed rats. Additionally, Anti-acrp30 alone exerted no effect on
autophagic markers. These data suggested that neutralization of
adiponectin reversed the inhibitory action of H2S in the excessive
autophagy of hippocampus driven by CRS.

DISCUSSION

Chronic stress is a triggering factor in the occurrence and
progression of depression, which greatly threatened human
health. The present work was to explore the antidepressant
role of H2S in CRS-induced depressive-like behaviors and
the underlying mechanisms. In this study, we demonstrated
that H2S prevented CRS-induced depression-like behaviors,
hippocampal synaptic disorder and excessive autophagy as well as
upregulated the expression of hippocampal adiponectin in CRS-
exposed rats. Moreover, Neutralization of adiponectin reversed
these protective effects of H2S on CRS-induced depression,
disrupted synapse formation, and excessive autophagy. These
data uncovered that H2S antagonizes CRS-induced depressive-
like behaviors, involving promotion in hippocampal synapse
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FIGURE 7 | Effect of Anti-acrp30 on H2S-alleviated synapse formation disorder in CRS-exposed rats. After cotreatment with CRS and NaHS (100µmol/kg, i.p.) for

3w, SD rats were further co-administrated with Anti-acrp30 (1 µg/d, icv) for 1w. The levels of hippocampal SYN1 were analyzed by immunofluorescence technique

[(A), magnification × 400] and western blot (B). β-actin was used as an internal control. Values are expressed as means ± SEM (n = 3). **P < 0.01, ***P < 0.001, vs.

control group; ##P < 0.01, ###P < 0.001, vs. CRS-treated alone group, &P < 0.05, &&&P < 0.001, vs. cotreated with CRS and NaHS (100µmol/kg, i.p.) group.

formation and suppression in hippocampal excessive autophagy,
via upregulation of hippocampal adiponectin.

Chronic restraint stress is a well-established rodent model
to simulate depression-like syndrome (3, 26). Hippocampus,
which plays important role in depression, is more susceptible
to CRS damage (27). H2S is a new neuromodulator and
gas signaling molecules. Several lines evidences proved that
physiological concentration of H2S plays essential roles in central
neuron system (28, 29), especially in hippocampus (30). It
has reported that H2S can stay in the blood for more than
1 h and enter the brain through the blood-brain barrier (31).
Furthermore, increased level of H2S in the brain was observed
after intraperitoneal injection of H2S (32). More importantly,
our previous study has proved that exogenous administration of
H2S protects against depressive-like behaviors in streptozocin-
induced diabetic rats (8). Therefore, it’s necessary to investigate
the beneficial role of H2S in CRS-induced depressive-like
behaviors. Rats were subjected to CRS for consecutive 28 days
and intraperitoneally injected NaHS for 4 weeks simultaneously.
Subsequently, depressive-like behaviors were detected by TST,
NSFT, andOFT. Consistent with previous study (3), CRS induced

depressive-like behaviors. Treatment with NaHS significantly
decreased the immobility time in TST of CRS-exposed rats.
Meanwhile, OFT showed that there has on statistical difference
of total distance among five groups, which excluded the possible
influence of NaHS on the spontaneous activity. These data
suggested the antidepressant-like role of H2S in this CRS model.
In addition, administration of NaHS reduced the latency to feed
in NSFT in CRS-exposed rats and the feed in 10min has no
significant difference among five groups. Taken together, H2S
rescues depressive-like behaviors in CRS-exposed rats.

Synapsin1 (SYN1), as a synapse-associated protein, is
expressed in presynaptic membrane and regulates synapse
formation (33). Growing studies indicated that alteration of
SYN1 is intimately associated with stress-induced depression
(34, 35) and that enhancement in SYN1 participates in
antidepressant process (36, 37). Autophagy is a maintaining
neuronal homeostasis process that transports damaged contents
to lysosomes for degradation (38). Previous research found
that CRS induces elevated autophagy (39). Furthermore, mTOR
signaling in depression is downregulated and this deficiency was
effectively rescued by ketamine (40). Therefore, question that
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FIGURE 8 | Effect of Anti-acrp30 on H2S-elicited suppression in CRS-induced excessive hippocampal autophagy. After cotreatment with CRS and NaHS

(100µmol/kg, i.p.) for 3w, SD rats were further co-administrated with Anti-acrp30 (1 µg/d, icv) for 1w. The number of hippocampal autophagosomes (A) was

detected under transmission electron microscopy. The arrowhead marked autophagosomes. The expression of beclin1 (B) and P62 (C) in the hippocampus were

detected by western blot and β-actin was used as an internal control. Values are expressed as means ± SEM (n = 3). **P < 0.01, vs. control group; #P < 0.05,
##P < 0.01, vs. CRS-treated alone group, &P < 0.05, &&P < 0.05, vs. cotreatment with CRS and NaHS (100µmol/kg, i.p.) group.

the effect of H2S on CRS-generated synaptic and autophagic
dysregulation is necessary to be solved. We found that
H2S exerted antagonistic action in CRS-induced hippocampal
synaptic dysfunction indicated by the increased SYN1 level in the

hippocampus of CRS-exposed rats. In addition, H2S attenuated
CRS-induced hippocampal autophagic activation as evidenced by
decreases in the number of autophagosomes and the expression
of beclin1 as well as an increase in the expression of P62 in
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the hippocampus of CRS-exposed rats. Collectively, these data
demonstrated that the protection of H2S against CRS-caused
depressive-like behaviors involves in the ameliorations in synapse
formation disorder and excessive autophagy in the hippocampus.

Adiponectin, as a key adipokine, is secreted by adipocytes.
It acts an critical role in CNS (41). It has been pointed that
major depression disorder patients exhibit declined adiponectin
level (42). Liu et al. discovered that inhibition of adiponectin
by intracerebroventricular injecting adiponectin neutralizing
antibody produces depressive-like behaviors as well as enhances
susceptibility to stress, and supplement of adiponectin exerts
antidepressant-like effect (19). Recent studies reported that
adiponectin mediates the antidepressant-like role of exercise
as well as ketamine (16, 43). Our present study showed that
H2S rescued CRS-induced the downregulation of adiponectin
in the hippocampus. Further results showed that neutralized
adiponectin by Anti-acrp30 reversed the antidepressant-like
effect of H2S in CRS-exposed rats, which demonstrated that
adiponectin mediates the protective role of H2S in CRS-exerted
depressive-like behaviors. However, what caused the reduction
of hippocampal adiponectin in the CRS model still remains
unknown. Liu et al. reported that plasma adiponectin was
decreased in chronic social defeat model (19). Even so, further
research is needed to dig deeper to find out the change of
adiponectin that entered into the brain. In addition, neutralizing
adiponectin abrogated H2S-elicited facilitation in hippocampal
synapse formation and suppression in hippocampal excessive
autophagy in the CRS-exposed rats. These findings suggested that

adiponectin-mediated protective action of H2S on CRS-induced
depressive-like behaviors is via enhancement in hippocampal
synapse formation and suppression in hippocampal excessive
autophagy.

In conclusion, our work proved that H2S increases the
level of hippocampal adiponectin as a result of promoting
hippocampal synapse formation and suppressing hippocampal
autophagy in CRS model, and thereby alleviates CRS-induced
depression-like behaviors. Taken together, our data further
confirmed the antidepressant-like role of H2S in CRS model and
suggested that therapies directed at heightening pharmacological
properties of H2S hold broad applicability for treating depressive
disorder.
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Depression has been correlated with metabolic disorders, and the gut microbiota and

its metabolites have been reported to be key factors affecting metabolic disorders.

Several metabolites generated by the gut microbiota have been reported to exert

antidepressant-like effects, including the short chain fatty acid (SCFA) butyrate. However,

recent work has suggested that the abundance of butyrate is not significantly changed

in neither human nor experimental animals with depression, and butyrate has been

reported to decrease upon the administration of prebiotics with antidepressant-like

effects. Supplementation of endogenous metabolites that are unchanged in depression

may induce additional metabolic disorders and may lead to poorer clinical outcomes.

However, the endogenous metabolites that are imbalanced in depression may include

several antidepressant candidates that could circumvent these problems. In this study,

we used GC-MS spectrometry to study the fecal metabolome of rats under Chronic

Unpredictable Mild Stress (CUMS). We carried out static and dynamic metabolomics

analyses to identify the differential metabolites between the CUMS rats and control

rats. We identified propionic acid, rather than butyric acid, as a differential metabolite

of the CUMS rats. Consistent with this, a 1-week intrarectal administration of sodium

propionate (NaP, the salt form of propionic acid) induced antidepressant-like effects and

partially rebalanced the plasmametabolome. The antidepressant-like effects of NaPwere

correlated with differential rescue of neurotransmitters in the prefrontal cortex, which

may be achieved through the reduction of catabolism of noradrenaline, tryptophan and

dopamine, rather than serotonin. These findings support NaP as a potential candidate in

fighting depression by administering an endogenous metabolite.

Keywords: propionate, antidepressant-like, metabolomics, Analysis of variance (ANOVA) Simultaneous

Component Analysis, neurotransmitter
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INTRODUCTION

Depression is a widespread psychiatric disorder that is
characterized by persistent depressive mood and anhedonia
(1). Although the pathophysiology of depression is not yet
completely understood, several hypotheses have been put
forward, including lack of monoaminergic neurotransmitters,
hyperactivity of the hypothalamic- pituitary-adrenal axis,
chronic low-grade inflammation, and others (1, 2). Metabolic
disorder was recently reported to be a novel feature of depression
(3). Imbalanced metabolic states were observed in the serum (4),
liver (5), and gut (6) of depressed patients and in experimental
animals (7). In addition, restoring the metabolic state of
these in experimental animal models has been associated with
improvement of depression (8, 9), and several endogenous
metabolites have been identified as potential biomarkers for
depression (10–13).

The gutmicrobiota and itsmetabolites have also been reported
to be important factors affecting depression (7, 14, 15). Fecal
transplantation from depressed patients can transfer depressive
symptoms to recipient animals (5, 16). Gut metabolites were
correlated with a distinct liver metabolome in depressed mice
(5), and it has been suggested that some metabolites have
the potential to alleviate depression (17). One gut metabolite,
butyrate, was reported to have antidepressant-like effects (18–20).
However, there is little variation in the abundance of butyrate
in the serum, liver, or gut of depressed individuals compared
to healthy controls (21, 22). Moreover, supplementation with
prebiotics that exhibit antidepressant-like effects decreased the
abundance of butyrate in cecum of experimental animals (23),
suggesting that butyrate may instead act to worsen depression
symptoms. Therefore, caution should be taken when selecting
an endogenous metabolite as an antidepressant candidate. To
avoid inducing additional metabolome imbalances, candidate
endogenous metabolites must therefore be evaluated for any
potential influence on the depressed metabolic state before
their antidepressant-like effects are investigated. Metabolites that
typically show a reduced abundance in depression provide an
alternative shortcut in the selection of endogenous metabolites
as antidepressant candidates (21–24).

Metabolomics has been shown to be a powerful tool in
searching for disease-specific metabolites (25, 26). LC-MS, GC-
MS, and NMR are three of the most popular analytical platforms
formetabolomics investigations (27, 28). Due to the sophisticated
library of metabolite standards and the excellent coverage of
non-polar small compounds, GC-MS spectrometry has been
widely applied in metabolomics studies of drug pharmacology
and disease pathophysiology (29, 30). Dozens of reports have
used metabolomics to investigate the imbalanced metabolic
state and the differential metabolites associated with depression
(31–34). However, most of the current studies are limited to
static metabolomics of cross-sectional data, which ignore the
complicated dynamic development of depression (35).

Dynamic metabolomics was developed to overcome the above
limitations of static metabolomics (36–38). Analysis of variance
(ANOVA) Simultaneous Component Analysis (ASCA), one
dynamic metabolomics strategy, accounts for time, phenotype,

and the interactions between time and phenotype; divides
metabolomics data into effect matrices; and reveals time-
dependent trends through separate multivariate study of these
effect matrices (39, 40). ASCA-based dynamic metabolomics has
been successfully applied to evaluate the metabolic effects of
energy-restricted intervention (41), to provide urinary metabolic
profiling of a ratmodel of postnatal stress (42), and to evaluate the
effect of amyloid peptide on hippocampal and serummetabolism
(43).

This study uses GC-MS spectrometry and a combination of
static and dynamic metabolomics data analysis to study the
typical gut metabolites of rats with depression-like behaviors.
Propionic acid was observed by both static and dynamic
metabolomics data analysis, and intervention with NaP (the salt
form of propionic acid) was carried out to study the effects of
propionic acid on depression.

MATERIALS AND METHODS

Animals and Reagents
Male Sprague-Dawley rats (weighing 200± 10 g) were purchased
from Beijing Vital River Laboratories Co. (SCXK (Jing)
2011-2012). Rats were housed 10 per cage with free access
to water and food, under controlled feeding conditions of
temperature (25±1◦C), humidity (45 ± 15%), and light (lights
on at 8:00 a.m., 12-h day/night switch). Rats were allowed
a 1-week adaption to the new environment before further
experiments. The rats were randomly assigned into two groups:
the Control group, and the CUMS group. The Control group
contained 10 rats. The CUMS group contained 40 rats, and
the success of CUMS modeling was evaluated by behavior
tests at the fourth week. The rats without typical depressive-
like behaviors were excluded (25% of the CUMS group). The
successful modeled rats were then randomly separated into
three groups: the CUMS group, the PBS group (CUMS+PBS
administration), the NaP group (CUMS+NaP administration).
The rats in each group were then filtered by the outliers
of experimental results, and six rats per group was finally
selected. The experimental results for each group were then
backtracked. All experimental procedures were approved by
the Committee on Animal Research and Ethics of Shanxi
University.

Neurotransmitter standards: 5-hydroxytryptamine (5-HT),
Kynurenine (KYN), 3-methoxytyramine (3-MT), gamma-
aminobutyric acid (GABA), 3,4-dihydroxyphenylacetic acid
(DOPAC), norepinephrine (NE), 5-hydroxyindole acetic acid
(5-HIAA), Tryptophan (TRP), 3-hydroxykynurenine (3-HK),
3-hydroxyanthranilic acid (3-HAA), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dopamine (DA) was
acquired from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
Homovanillic acid (HVA) and the derivatization reagent
dansyl chloride were purchased from Tokyo Chemical Industry
Co. Ltd. (Tokyo, Japan). Formic acid, acetone, methanol
and acetonitrile (LC-MS grade) were obtained from Merck
(Darmstadt, Germany). Standards for short chain fatty acids
(SCFAs, acetic acid, propionic acid, butyric acid) were purchased
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from Sigma-Aldrich (St. Louis, MO, USA). All solvents were
HPLC grade or above.

Chronic Unpredictable Mild Stress (CUMS)
Model
CUMS modeling was performed with a previously described
protocol (44). Briefly, rats were individually housed and subjected
to no more than 4 of the following stressors every day in a
random order for 5 weeks: swimming in 4◦C water for 5min,
foot-shock for 2min, tail clamp for 2min, subject to noise for
3 h, water deprivation for 24 h, food deprivation for 24 h, subject
to a temperature of 45◦C for 5min. The above stressors were
imposed separately, and each rat received no more than one
stressor simultaneously. If a rat received a stressor of water
deprivation or food deprivation, no more stressor was imposed
to this rat at the same day. Every five rats of the control group
was housed together, and received none of the above mentioned
stressors. Fecal samples were collected with metabolic cage every
week. After the experiment, rats were sacrificed after ethyl
carbamate anesthesia. Blood samples were acquired through the
arteria cruralis. EDTA anticoagulant-treated blood samples were
centrifuged at 4◦C, 3,000 rpm for 15min, and the supernatants
were split into three aliquots and stored at−80◦C.

NaP Administration
NaP was administrated intrarectally every day for 1 week from
the beginning of the 5th week (Figure 1A). To reduce variation
between individuals, each rat in the NaP group received 1mL of
NaP (200 mmol/L) in PBS (pH 7.4), while rats in the PBS group
received an equal volume of PBS.

Behavioral Tests
Body Weight Measurement
The body weights of rats in both of the CUMS group and the
control group were measured at 9 a.m. on days 0, 7, 14, 21, 28, 35,
and 42 of the CUMS model.

Sucrose Preference Test (SPT)
Exposure to 1% sucrose solution for 24 h was carried out before
SPT to avoid neophobia. To test for sucrose preference, each rat
was provided with a bottle containing a 1% sucrose solution and
a second bottle containing tap water for 4 h. Consumption of
sucrose and water were recorded. The sucrose preference rate was
calculated as: sucrose consumption (g)/ (sucrose consumption
(g)+ water consumption (g)).

Open-Field Test (OPT)
OPTs were performed once a week in a custom-made black
metal cage (100×100× 40 cm), with the bottom divided into 25
equal sectors by white stripes. To avoid influence of confounding
factors (the environment and animals’ emotional and physical
state, etc.), OPTwas performed in themorning of the same day of
the weeks during the CUMSmodeling. Each rat was gently placed
into the central square and monitored for 5min. The immobility
time, grooming time, rearing counts, and crossing counts were
recorded. The bottom of the open field was cleaned before each
OPT.

GC-MS Spectrometry
GC-MS spectrometry was conducted as previously described
(44), with some modifications. Briefly, 200mg of dried feces
was homogenized in 500 µL water, and 400 µL acetonitrile was
added into the centrifuged supernatant to precipitate protein.
The second supernatants were then thoroughly dried under
nitrogen and re-suspended in 30 µL Pyridine-methoxy amino
acid salt solution (15 mg/mL). The solution was subsequently
incubated at 70◦C for 1 h, 50 µL of N,O-bis(trimethylsilyl)tri-
fluoroacetamide (including 1% trimethylchlorosilane) was added
to the solution, and the samples were incubated at 40◦C for
1.5 h. One microliter of each analyte was injected in a (10:1)
split mode into a trace gas chromatograph coupled with a Polyris
Q Ion Trap mass spectrometer (Thermo Fisher Scientific, MA,
USA). Separation of the ECF derivatives was conducted with a
DB-5MS capillary column (30m × 250µm i.d., 0.25µm film
thickness, Agilent J & W Scientific, CA, USA). Helium was
employed as carrier gas at a constant flow rate of 1.0 mL/min.
The oven temperature was first held at 80◦C for 3min, ramped
to 140◦C at a speed of 7◦C/min, held at 140◦C for 4min,
ramped to 180◦C at a speed of 4◦C/min, held at 180◦C for
6min, then ramped to 280◦C at a speed of 5◦C/min, held
at 280◦C for 2min. The mass data were collected in a full
scan mode from m/z 50 to 650. Compounds were identified
by comparison of mass spectra with the standards in National
Institute of Standards and Technology (NIST) library (version
2.0). The Human Metabolome Database (HMDB) (http://www.
hmdb.ca) was employed for further reference. The identified
metabolites were validated with commercially available analytical
standards. The raw GC-MS result files were converted into
Net-CDF format and processed using XCMS with default
settings.

Quantitation of Neurotransmitters and
SCFAs
Simultaneous UHPLC-ESI-MS/MS quantitation of 12
neurotransmitters in the prefrontal cortex (PFC) of rats
was carried out as previously described (45) with some
modifications. Briefly, 30–50mg of the PFC was homogenized
and precipitated with methanol, the supernatants were dried
under nitrogen and reconstituted with the initial mobile phase.
UHPLC-ESI-MS/MS was performed on a Thermo Scientific
Dionex Ultimate 3000 RSLC system combined with a Thermo
Q Exactive Orbitrap mass spectrometer. The analytes were
separated with a Thermo Hypersill GOLD (2.1 × 100mm,
1.7µm) column. The mobile phase consisting of phases A
[water: formic acid (99.9: 0.1, v/v)] and B [acetonitrile: formic
acid (99.9: 0.1, v/v)] was applied with a gradient elution at a
flow rate of 0.3 mL/min: linear increase from 0 to 20% B in
3min; hold at 60% B for 3min; linear increase from 60 to
80% B in 4min; linear increase from 80 to 95% B in 3min;
hold at 95% B for 4min. ESI-MS/MS conditions were set as
follows: gas temperature 350◦C, sheath gas flow rate 46, capillary
voltage 3000V, nebulizer pressure 35 ps. MS acquisitions were
performed in PRM (Parallel Reaction Monitoring, also known
as Targeted-MS/MS) mode. The calibration curves for each
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FIGURE 1 | Experimental procedures (A) and results of behavioral tests (B–G) in this study. The rats were randomly assigned into two groups: the Control group, and

the CUMS group. The Control group contained 10 rats. The CUMS group contained 40 rats, and the success of CUMS modeling was evaluated by behavior tests at

the fourth week. The successful modeled rats were then randomly separated into three groups: the CUMS group, the PBS group (CUMS+PBS administration), the

NaP group (CUMS+NaP administration). The rats in each group were then filtered by the outliers of experimental results, and six rats per group was finally selected.

The experimental results for each group were then backtracked. CUMS modeling was performed over 5 weeks (W1–W4), and intrarectal administration of NaP was

carried out during the last week (W5). Body weight (B), sucrose preference rate (C), and indices of OFT (D–G) were measured for CUMS and control animals every

week during this period, and the measurements in the fifth week are shown. BW, body weight; SP, sample collection; SPT, sucrose preference test; OFT, open field

test. One-way ANOVA was used to determine the statistical significance of differences between groups. *p < 0.05, **p < 0.01, and ***p < 0.001.

analyte were obtained by linear regression analysis with 1/x2
weighting factor, which contained 10 data points covering a
linear range of 0.02–20 ng. Data acquisition and analysis were
performed with Thermo Xcalibur 2.2 software. Simultaneous
UHPLC-ESI-MS/MS quantitation of SCFAs were performed as
previously described (46).

Data Analysis
Static Metabolomics
The GC-MS spectrometry generated data was introduced
to SIMCA-P 13.0 (Umetrics AB, Umea, Sweden) for static
multivariate analysis. Principal component analysis (PCA) was
used to explore the natural separation of metabolomes between
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FIGURE 2 | PCAs of the fecal metabolomes for the time-coursed trajectories (A) and the effects of NaP administration (B). For the time-coursed metabolomics

trajectories analysis, dots represent the average metabolic status, and bar lines indicate the standard deviations of PC1 (horizontal axis) and PC2 (longitudinal axis) in

the PCA model. The red and green lines represent the CUMS and the control groups, respectively. For the PCA plots of the effects of NaP administration, the red dots

represent the control animals, the black dots represent the CUMS animals, the green dots represent the CUMS animals that received intrarectal administration of NaP,

and the blue dots represent the CUMS animals that received intravenous administration of NaP with the same dose of the intrarectal administration group.

the study groups. Orthogonal Projection to latent structure-
discriminate analysis (OPLS-DA) was used to investigate the
difference between groups by incorporating known classification
information. The results were presented with S-Plot, in which
each plot represented one metabolite ion. The distance of
a plot from the origin represented the contribution of the
corresponding metabolite to the separation. Metabolites with
Variable Importance in Projection (VIP) values greater than 1 in
the established OPLS-DAmodel and P< 0.05 in an independent-
samples t-test were considered to be differential metabolites
contributing to the separation of the study groups.

Dynamic Metabolomics
The metabolomic datasets from all five time points of the
CUMSmodel (Figure 1A) were combined, peak aligned and then
introduced to the MetaboAnalyst web portal (40). The combined

dataset was normalized to constant sum, transformed with
log transformation and Pareto scaling before further analysis.
ASCA was applied to split the original dataset into subsets
describing the variations of phenotypes, the variations of time,
and their interactions. SPE (Squared Prediction Error) and
Leverage were proposed to evaluate the fitness of the ASCA
model. SPE (derived from residuals) was used to test the
fitness of a model for the metabolite. Leverage (derived from
loadings) was used to evaluate the importance of a metabolite
to the model. Variables with high Leverage values and low
SPE values were considered to have significant contributions to
the model.

Group data were expressed as mean ±S.E.M. Statistical
analyses were performed with independent t-test in SPSS 22.0
(Chicago, USA), and values of P < 0.05 were considered
statistically significant.

Frontiers in Psychiatry | www.frontiersin.org 5 September 2018 | Volume 9 | Article 45434

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Li et al. Intrarectal Propionate Induces Antidepressant-Like Effects

FIGURE 3 | Static (A,B) and dynamic (C) metabolomics analyses of the fecal metabolomes collected in the 5th week of CUMS modeling. S-Plot (A) and OPLS-DA

plot (B) were used to visualize the static metabolomics analysis. Metabolites with VIP>1 and p < 0.05 were considered to be differential metabolites. Only propionic

acid was labeled in the S-plot; please refer to Table 1 for detailed information on all differential metabolites identified via the static metabolomics analysis. ASCA (C)

was used to analyze in the dynamic metabolomics data. Metabolites with a high leverage value and a low SPE value were considered to be differential metabolites (the

well-modeled group); please refer to Table 2 for detailed information on all of the differential metabolites identified via ASCA dynamic metabolomics analysis.

RESULTS

Data Acquisition Quality and Model
Validations for the Metabolomics Data
Analyses
Quality controls (QCs) were used to evaluate the performance of
the analytical system and to monitor the robustness of sample
preparation and the stability of instrument analysis. QCs for the
GC-MS spectrometry were prepared by pooling equal aliquots of
fecal samples. The first five QCs were tested before the analysis
to stabilize the analytical system, and the acquired results were
removed prior to data processing. Tight clustering of the QCs in
PCA scores was observed (Supplementary Figure 1), suggesting
a good reproducibility of the metabolomics experiments.

Model validations for static and dynamic metabolomics
were also performed. For the static metabolomic analysis, a
validation plot for the arrangement analysis of the selected
PLS-DA model was generated (Supplementary Figure 2).
The resulting correlation (R2 = 0.553) demonstrated that
the selected model could explain 55.3% of the total variables
in the static metabolomics data, while the observed Q2 =

0.838 suggested that the model had good predictive power. A
permutation-based significance test was performed to validate
the model selected for the ASCA dynamic metabolomics
analysis. Significance levels of P < 0.05 for the phenotype,
the time, and the interaction between phenotype and time
were observed (Supplementary Figure 3B), demonstrating

an acceptable fitness of the selected model for ASCA
analysis.

CUMS Model Induced Depression-Like
Phenotypes
CUMS is a widely accepted method for modeling depression
in experimental animals (8, 18, 47–49), and there is growing
evidence for correlations between depression and the serum or
urine metabolome (31, 50). To further investigate the correlation
between the gut metabolome and depression, we replicated the
CUMS rat model and monitored changes in behavioral indices
and neurotransmitters in the PFC (Figure 1A). Compared to the
healthy controls, CUMS rats suffered a significant decrease in
body weight (Figure 1B) and sucrose preference rate (Figure 1C)
in the fifth week. In parallel, OFTs showed significant variations
in behavioral indices including immobility time, grooming
time, rearing counts, and crossing counts in the fifth week
(Figure 1D–G). We also observed significant decreases in several
neurotransmitters (including 5-HT, 5-HIAA, NE, DA, TRP, 3-
HAA, 3-HK) in the PFC of CUMS rats (Figure 4). These results
suggested that the CUMS model was successfully replicated.

Metabolomic Trajectory Analysis Revealed
Distinct Fecal Metabolomes in CUMS Rats
Metabolomic trajectory may represent the dynamics of host
responses to environmental changes. To investigate the dynamic
changes in the gut metabolome during the development of
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TABLE 1 | Typical fecal metabolites of the CUMS rats.

Metabolite VIP P

Lactic acid 1.22 1.00E-02

Succinic acid 1.42 3.35E-04

Glutaric acid 1.72 1.00E-04

Methionine 2.45 1.87E-05

Threonine 3.10 2.99E-05

Proline 3.23 7.10E-04

Leucine 3.45 3.89E-04

Valine 3.89 1.56E-03

Glycine 4.65 6.22E-04

Serine 5.02 1.23E-05

Isoleucine 5.05 1.94E-05

Alanine 5.87 1.22E-04

Glycerol 6.24 4.65E-04

Aspartic acid 6.33 8.73E-04

Propionic acid 6.55 2.32E-05

VIP, variable importance in projection.

depression, fecal metabolomic datasets generated from the first
five time points (W0–W4) of the CUMS model (Figure 1A)
were analyzed with PCA. The mean scores of the first two
principal components (PCs) of PCA were used to infer the
time-course trajectories of fecal metabolome. We observed
dramatically different paths of CMUS animals and healthy
controls (Figure 2A). The CUMS rats exhibited a large response,
while those of the control groups clustered tightly during the
time course. This distinct metabolomic trajectory of the CUMS
rats indicates a possible correlation between the gut metabolome
and depression. A further investigation of this relationship
will be significant in providing a clearer understanding of the
pathophysiology of depression. Because the three-way high-
dimensional dataset (multi-variables, multi-subjects and multi-
time points)), time-resolved metabolomics is too complex
to investigate using any single method. To reach a more
objective conclusion, we therefore carried out static and dynamic
metabolomics data analysis from multiple perspectives in
subsequent experiments.

Static Metabolomics Analysis Observed
Propionic Acid as a Differential Metabolite
of the CUMS Rats
Within the 2,511 spectral features generated from the fecal
metabolome of all five time points of CUMS animals, 45
metabolites were putatively validated (Supplementary Table 1).
Static metabolomics analysis was carried out based on the dataset
generated from the rats with successful replicated CUMS model
(at the fifth week of treatment) and the corresponding healthy
controls. S-Plot (Figure 3A) and OPLS-DA (Figure 3B) analyses
were applied to identify differential metabolites differentiating
the CUMS rats and the healthy controls. A total of 15 differential
metabolites were identified (Table 1), including 2 fatty acids, 2
diatomic fatty acids, 10 amino acids, and glycerol. Interestingly,
propionic acid was the only SCFA differentiating the gut

TABLE 2 | Typical metabolites identified by the ASCA dynamic metabolomics

analysis.

Model Metabolite Leverage SPE

Time Lactic acid 2.00E-03 4.79E+00

Valeric acid 2.11E-03 4.18E+00

Glycerol 1.55E-03 6.91E+00

Isoleucine 1.59E-03 3.71E+00

Serine 1.75E-03 2.08E+00

Valine 1.65E-03 4.06E+00

Phenotype Lactic acid 2.30E-03 3.65E-30

Acetic acid 2.41E-03 1.23E-30

Hexanoic acid 1.96E-03 6.16E-31

Phosphoric acid 2.49E-03 6.16E-31

Succinic acid 2.15E-03 6.16E-31

Valeric acid 2.22E-03 1.23E-30

Malic acid 2.04E-03 6.16E-31

Glycerol 2.29E-03 6.16E-31

Glycine 1.93E-03 6.16E-31

Valine 1.79E-03 7.70E-31

Sarcosine 2.94E-03 6.16E-31

Serine 1.74E-03 1.54E-31

Threonine 1.74E-03 3.08E-31

Alanine 2.83E-03 6.16E-31

Aspartic acid 1.62E-03 1.54E-31

Pyrimidine 1.86E-03 1.23E-30

Interaction Lactic acid 3.02E-03 9.26E-01

Propanoic acid 2.60E-03 1.77E+00

Valeric acid 3.13E-03 5.92E+00

Malic acid 3.04E-03 7.22E+00

Glycerol 3.35E-03 5.81E+00

Leucine 2.38E-03 3.79E-01

Glycine 2.48E-03 1.44E+00

Pyrimidine 2.83E-03 2.01E+00

Serine 2.60E-03 2.22E-01

Threonine 2.52E-03 1.23E+00

Methionine 6.91E-03 5.02E+00

Valine 2.48E-03 8.39E+00

Sarcosine 3.23E-03 1.87E+00

metabolome of the CUMS rats from that of the healthy controls,
while no changes were observed in acetic acid or butyric acid.
These findings suggested that propionic acid is a differential
metabolite in the fecal metabolome of the depression-like animal
model.

ASCA Dynamic Metabolomics Analysis
Confirms Propionic Acid as a Differential
Metabolite of CUMS Rats
To further validate the findings of static metabolomics analysis,
we carried out ASCA dynamic metabolomics analysis. ASCA
analysis split the multilevel, time-coursed metabolomic datasets
into subsets describing the variations between rats of the CUMS
group and the control group, the variations along time-scale, and
their interactions. The metabolomic datasets were normalized
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FIGURE 4 | The abundance of neurotransmitters in the prefrontal cortex of rats exposed to CUMS and NaP. UHPLC-ESI-MS/MS was used to quantify

neurotransmitters in the plasma collected in the 5th week of the CUMS animals. 5-HT (A), 5-HIAA (B), GABA (C), NE (D), DA (E), DOPAC (F), HVA (G), 3-MT (H),

TRP (I), KYN (J), 3-HAA (K), 3-HK (L) were quantified. One-way ANOVA was used to determine the statistical significance of differences between groups. *p < 0.05,

**p < 0.01, and ***p < 0.001.

before further investigations (Supplementary Figure 3A). We
observed an excellent fitness of the model selected for the ASCA
analysis, with high significance levels (p < 0.05) of phenotype,
time and their interactions generating from a permutation test
(Supplementary Figure 3B). Leverage/SPE was used to identify
significant spectrometric features associated with a specific
factor. Features with high Leverage values and low SPE values
were included in the “well-modeled” group in the ASCA analysis.
In all, 15 metabolites were identified from the greatly altered (and
well-modeled) features over time, phenotype or their interactions
(Figure 3C, see details in Table 2 and Supplementary Table 2).
This analysis, like the static metabolomics analysis, identified
propionic acid as a significant metabolite discriminating the
CUMS rats and the healthy controls. To validate the findings
from metabolomics analyses, we then determined the abundance
of SCFAs in plasma. Propionic acid was the only SCFA with
significantly changed abundance in the plasma of the CUMS
rats (Figure 5). The collective findings from both the static
and the dynamic metabolomics analyses led us to hypothesize
that propionic acid may play a role in the pathophysiology of
depression.

Short-Term Intrarectal Administration of
NaP Induces Antidepressant-Like Effects
Because we had identified and validated propionic acid as a
typical fecal metabolite of the CUMS rats using static and
dynamic metabolomics analysis and because the abundance of
propionic acid was decreased in the plasma of CUMS rats, we
next investigated the role of NaP (the salt form of propionic
acid) in the pathophysiology of depression. To do this, we
introduced NaP to the CUMS rats via intrarectal administration.
A 1-week intrarectal administration of NaP rescued the loss
of body weight and sucrose preference phenotypes of the
CUMS rats (Figures 1B,C). The administration of NaP also
rescued the behavioral indices in the OFT (Figures 1D–G)
and restored plasma levels of propionic acid (Figure 5). In
addition, NaP administration partially rescued the imbalanced
plasma metabolomes of CUMS rats (Figure 2B). These results
suggested that intrarectal administration of NaP has short-term
antidepressant-like effects.

Neurotransmitter imbalance in the central nervous system has
been associated with depression (51, 52). To further investigate
the effects of NaP administration, we next determined the
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FIGURE 5 | Quantitation of SCFAs in the plasma of rats at the 5th week of CUMS modeling. UHPLC-ESI-MS/MS was used for simultaneous quantitation of acetic

acid (A), propionic acid (B), and butyric acid (C) from plasma of the control group, the CUMS group, the intrarectal PBS group, and the intrarectal NaP group.

One-way ANOVA was used to determine the statistical significance of differences between groups. **p < 0.01, and ***p < 0.001.

abundance of several neurotransmitters in the PFC of the
CUMS rats (Figure 4). The decreased levels of NE, DA, TRP,
5-HIAA, and 3-HAA in the PFC of CUMS rats were restored
by short term intrarectal NaP administration, but decreased 5-
HT and 3-HK were not. Among the metabolites of DA, the
increased abundance of DOPAC by CUMS was further up-
regulated by NaP administration, but the abundance of HVA
was not significantly changed, and the unchanged levels of 3-
MT were significantly up-regulated. Because neurotransmitter
metabolism has been correlated with the pathophysiology of
depression (53) and with the antidepressant-like effects of
endogenous metabolites (24), we then examined the effects
of NaP administration on the turnover of the depression
associated neurotransmitters (Table 3). The increased turnover
of TRP to KYN (calculated as KYN/TRP) by CUMS was
significantly down-regulated by NaP administration, while the
increased turnover of DA to HVA (calculated as HVA/DA) was
also restored by NaP administration; the unchanged turnover
of 5-HT to 5-HIAA (calculated as 5-HIAA/5-HT) was not
significantly influenced by NaP administration. In addition,
the decreased turnover of KYN to 3-HK was significantly up-
regulated by NaP administration. These results suggest that
short-term intrarectal administration of NaP selectively restores
the metabolism of neurotransmitters in the PFC of CUMS
rats.

DISCUSSION

In the present study, propionic acid was identified by both static
and dynamic metabolomics analyses as a differential metabolite
in the fecal metabolome of CUMS rats. A 1-week intrarectal
administration of NaP (the salt form of propionic acid) induced
antidepressant-like effects, which reversed the depression-like
behavior and selectively restored neurotransmitter levels in the
PFC. These findings provide support for NaP as a promising
potential alternative in fighting against depression using an
endogenous metabolite.

Several endogenous metabolites have been reported to have
antidepressant-like effects with distinctive action mechanisms
(24, 54–57). The anti-depressant-like effects of lactate was
reported to be associated with serotonin receptor trafficking,

TABLE 3 | Turnover of neurotransmitters in the PFC of rats under CUMS and

intrarectal NaP administration.

Control CUMS Intrarectal administration

PBS NaP

5-HIAA/5-HT 1.11 1.04 0.98 1.28

KYN/TRP 0.011 0.0245*** 2.41E-02 0.00878###

3-HAA/KYN 0.0029 2.60E-03 2.30E-03 2.50E-03

3-HK/KYN 0.092 0.02** 2.87E-02 0.0465#

HVA/DA 0.43 1.59* 1.44 0.49#

DOPAC/DA 0.31 1.51** 1.46 0.98

3-MT/DA 0.043 0.095*** 1.03E-01 1.05E-01

*Significance value from Student-t-test between the Control group and the CUMS group.

*P < 0.05, **P < 0.01, ***P < 0.001.

#Student-t-test between the CUMS group and NaP administration group.

#P < 0.05, ###P < 0.001.

astrocyte function, neurogenesis, nitric oxide synthesis,
and cAMP signaling (24). Agmatine has been reported to
attenuate depression-like symptoms by modulating the nitrergic
signaling pathway (54, 58). Oleoylethanolamide may exert its
antidepressant-like effects through the regulation of brain-
derived neurotrophic factor (BDNF) levels in the hippocampus
and PFC, via antioxidant defenses, and by normalizing the
hyperactivity of the hypothalamic-pituitary-adrenal (HPA)
axis (55). One SCFA, butyrate, was also reported to have
antidepressant-like effects with a multi-faced mechanism,
including up-regulating the concentration of 5-HT in the
brain, increasing the expression of BDNF and restoring blood-
brain barrier impairments (18), acting as histone deacetylase
inhibitor (HDACi) to influence microglial activation (56) or
gene expression in the hippocampus (59), or acting as an
N-Methyl-D-aspartate receptor (NMDA) enhancer (19).

Although butyrate administration induced antidepressant-
like effects, the abundance of butyrate (or butyric acid) was not
significantly changed in depressed animal models (5) or humans
(58) in previous reports or in the present study (Figure 5).
Supplementation of these unchanged endogenous metabolites
may lead to poorer outcomes for depression by inducing
additional metabolome imbalance, due to the close associations
between depression and metabolic disorders in serum (4), liver
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(5), feces (7), and the central nervous system (60). Nevertheless,
another SCFA, propionic acid, was greatly altered in the feces and
the plasma of our animal model with depression-like behaviors,
which is consistent with a previous report (61). It was also
reported that prebiotics with antidepressant-like effects may
raise the abundance of propionate and reduce the abundance of
butyrate in the cecum of animals with depression-like behaviors
(23). Taken together, this study and previous work suggest that
propionate may be a better candidate endogenous metabolite for
antidepressant than butyrate.

The PFC is a key brain area that is responsible for working
memory and emotional regulation (62). The antidepressant-like
effects of NaP in this study are correlated with the levels of several
neurotransmitters in the PFC. Neurotransmitter imbalance in
the PFC is one of the classical pathophysiologies of depression
(52, 63) and is associated with the effects of antidepressants
(64). Accordingly, we found that NaP exerts antidepressant-
like effects through selective rescue of neurotransmitter levels in
the PFC. Intrarectal administration of NaP completely restored
the levels of depression-associated neurotransmitters in the
PFC, except 5-HT (Figure 4A). This is quite different from
the observed effect of butyrate, which up-regulated the levels
of 5-HT (18). Although the decreased 5-HT was not affected
in this study, another neurotransmitter, NE, was completely
rescued by short-term NaP administration (Figure 4D). It has
been reported that NE is responsible for the quick onset effects
of antidepressants (65), while 5-HT is correlated with the late-
onset anti-depression effects of the neurotransmitter reuptake
inhibitors (66). It is thus reasonable to hypothesize that the short-
term, NaP-induced, quick-onset, antidepressant-like effects were
correlated with the recovery of NE in the PFC of the CUMS
rats.

The altered function of TRP metabolic pathway has been
proposed as one of the crucial links between neurotransmitter
dysregulation and the aberrant immune function associated with
depression (67). Consistent with a previous report (68), we
observed increased TRP turnover in the CUMS rats in this
study, which increased the accumulation of KYN and further
increased the production of several neurotoxic metabolites such
as 3-HK (Figure 4I). In addition, NaP administration reduced
the turnover of TRP by decreasing the production of KYN and
its neurotoxic metabolites, which is consistent with the reported
antidepressant effects of glycyrrhizic acid (69) and ketamine (70).

DA is another important neurotransmitter that is partially
responsible for the anhedonia of depression. The decreasedDA in
the CUMS rats was rescued by NaP administration in this study,
and the increased total catabolism of DA, as indicated by the ratio
of HVA/DA (71) was decreased by NaP administration (Table 3).
This is consistent with the reported antidepressant effects of
paroxetine (72) and fluvoxamine (73). It is difficult to elucidate
the major DA catabolism pathway that is affected by NaP
administration, because the ratios of DOPAC/DA and 3-MT/DA
were not significantly changed. NaP administrationmay decrease
the up-regulated DA catabolism by exerting week effects on both
the MAO (monoamine oxidase)-dependent oxidative pathway
(DOPAC/DA) and the COMT (catechol-O-methyltransferase)-
dependent methylation pathway (3-MT/DA) (74). These results

may therefore suggest that NaP exerts its antidepressant-like
effects partially by decreasing the turnover of DA.

As a limitation of this study, OPT is insufficient to some
extent to represent the depressive-like behaviors. However, the
CUMS modeling in this study was also supported by sucrose
preference rate and neurotransmitters quantitation, representing
key features of depression of anhedonia and neurotransmitters
depletion, respectively. More behavior tests are needed to obtain
more solid results in future similar studies. Another limitation
of this study is lack of behavior data of the rats after NaP
administration, which is valuable to evaluate the duration of
the antidepressant-like effects. Future similar studies should pay
attention on this point.

In conclusion, the present study demonstrated that propionic
acid is a differential metabolite in CUMS rats via static and
dynamic metabolomics analyses. Furthermore, we found
that short term intrarectal administration of NaP induced
antidepressant-like effects, possibly by up-regulating the
abundance of NE and down-regulating the turnover of TRP and
DA in the PFC of the CUMS rats. Future clinical investigations
will be required to validate NaP as a novel endogenous metabolite
antidepressant candidate.
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Supplementary Figure 1 | PCA scores plot of the QCs and fecal samples within

the run analyzed in GC-MS for evaluation of the data acquisition quality. QCs were

prepared through pooling equal aliquots of fecal samples. The first five QCs were

tested before the analysis to stabilize the analytical system, and the acquired

results were removed prior to data processing. PCA analysis was carried out with

SIMCA-P 13.0 (Umetrics AB, Umea, Sweden) after total area normalization. Each

dot represents one sample (green) or one QC (red).

Supplementary Figure 2 | Model validation plot of the static metabolomics data.

The validation analysis was performed through pair-wise comparison of the fecal

metabolomes from the CUMS group and the healthy control group at the 5th week

of CUMS modeling. A 200 permutation was applied for the validation analysis.
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Supplementary Figure 3 | Data normalization (A) and model validation (B) of the

dynamic metabolomics data. The effect of data normalization was shown (A).

Model validations were performed through permutations, as demonstrated by

significance levels of p < 0.05 for the phenotype, time, and the interaction

between phenotype and time.

Supplementary Table 1 | Metabolites identified from fecal metabolome of rats in

this study.

Supplementary Table 2 | Typical metabolites identified by the ASCA dynamic

metabolomics analysis.
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Dynamic Effects of Early Adolescent
Stress on Depressive-Like Behaviors
and Expression of Cytokines and
JMJD3 in the Prefrontal Cortex and
Hippocampus of Rats
Rui Wang, Wei Wang, Jingjing Xu, Dexiang Liu, Hong Jiang and Fang Pan*

Department of Medical Psychology and Medical Ethics, Cheeloo College of Medicine, Shandong University, Jinan, China

Aims: Expression of inflammatory cytokines in the brain has been reported to be involved

in the pathogenesis of and susceptibility to depression. Jumonji domain-containing 3

(Jmjd3), which is a histone H3 lysine 27 (H3K27) demethylase and can regulate microglial

activation, has been regarded as a crucial element in the expression of inflammatory

cytokines. Furthermore, recent studies highlighted the fact that lipopolysaccharides

induce depressive-like behaviors and higher Jmjd3 expression and lower H3K27me3

expression in the brain. However, whether the process of Jmjd3 mediating inflammatory

cytokines was involved in the susceptibility to depression due to early-life stress remained

elusive.

Methods: Rats exposed to chronic unpredictable mild stress (CUMS) in adolescence

were used in order to detect dynamic alterations in depressive-like behaviors

and expression of cytokines, Jmjd3, and H3K27me3 in the prefrontal cortex and

hippocampus. Moreover, minocycline, an inhibitor of microglial activation, was employed

to observe the protective effects.

Results: Our results showed that CUMS during the adolescent period induced

depressive-like behaviors, over-expression of cytokines, and increased Jmjd3 and

decreased H3K27me3 expression in the prefrontal cortex and hippocampus of both

adolescent and adult rats. However, minocycline relieved all the alterations.

Conclusion: The study revealed that Jmjd3 might be involved in the susceptibility

to depressive-like behaviors by modulating H3K27me3 and pro-inflammatory cytokine

expression in the prefrontal cortex and hippocampus of rats that had been stressed

during early adolescence.

Keywords: Jumonji domain-containing 3, depression, early-life stress, H3K27me3, cytokine, adolescent,

epigenetic
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INTRODUCTION

Depression, a major psychiatric disorder that affects
approximately 16% of the entire population, has the cardinal
symptoms of low mood, anhedonia, and cognitive impairment
(1). A large number of studies revealed that neuroinflammation is
closely related with the pathogenesis of depression (2, 3). Elevated
levels of pro-inflammatory cytokines such as interleukin-1β (IL-
1β) and IL-6 were observed in the periphery and cerebrum of
depressed patients (4–6), and this increase could be reversed after
antidepressant therapy (7). Also, some patients suffering from
chronic inflammatory diseases (e.g., cardiovascular diseases)
had a higher incidence rate of depression (8). In addition, 50%

of the hepatitis C patients receiving interferon-α (IFN-α, a
pro-inflammatory cytokine) treatment had depressive symptoms
(9, 10). Our previous studies also suggested that both chronic
mild stress in rats and the administration of lipopolysaccharides
(LPS) in mice induced an increase in pro-inflammatory

cytokines in the prefrontal cortex and hippocampus as well as
depressive-like behaviors (11, 12). Those studies suggested that
neuroinflammation, particularly overproduction of cytokines,
plays a critical role in the etiopathogenesis of depression.

Microglial activation is one vital factor that contributes to
neuroinflammation. Microglia, the primary immune cells of the
brain, are regarded as the main source of inflammatory cytokines
when they are activated by diverse stress (13–15). Studies have
confirmed that primed microglia generally have two functional
subtypes, the “classical activation” type and the “alternative
activation” type (16, 17). Classical activation of microglia is
closely associated with the neuroinflammatory response caused
by the upregulation of pro-inflammatory cytokines [e.g., IL-1β,
IL-6, tumor necrosis factor-α (TNF- α)] and free radicals such as
nitric oxide, further inducing dysfunction of neural networks in
the central nervous system (CNS) (18). In contrast, alternative
activation of microglia releases anti-inflammatory cytokines.
There exist three pathological conditions after microglial
activation: (1) tissue damage, (2) inflammatory responses, and
(3) hormonal disorder or stress (19). When the periphery was in
an inflammatory state, pro-inflammatory cytokines (e.g., IL-1β)
crossed the blood brain barrier by saturated transportation and
activated microglia and later further triggered the inflammatory
cascade (19). Among other factors, studies indicated that stress
was a crucial contributor in the activation of microglia (13).
It was reported that chronic stress induced an increase in
the microglial number and caused morphological changes (20).
More importantly, recent studies showed that microglia could
memorize early-life stress. The memory-primed microglia had a
stronger activation when reacting to stress, even to the slightest
stimuli, again in later life (21). However, in the case of classical
activation, the relationship between neuroinflammatory response
and susceptibility to depression was unclear in the case of
individuals who had been exposed to stress early in life.

Environmental stressors can modify the expression of
susceptible genes, thereby, leading to the susceptibility
mechanisms of depression in which histone methylation plays an
important role (22). The Jumonji domain-containing 3 (Jmjd3,
KDM6B), which is deemed as a histone H3 lysine 27 (H3K27)

demethylase that specifically demethylates trimethylated H3K27
(H3K27me3), is associated with transcription repression.
Previous studies reported that Jmjd3 could be induced by
nuclear factor-kappa B (NF-κB) in response to inflammatory
stimuli such as LPS (23, 24). Increased Jmjd3 could demethylate
repressive H3K27me3 epigenetic marks in promoters and gene
bodies. Therefore, the expression of pro-inflammatory genes
was potentiated, thereby, causing an inflammatory status in the
CNS (23–26). Meanwhile, GSK-J4, as a selective Jmjd3 inhibitor,
could limit the inflammation accompanied by a reduction in the
levels of pro-inflammatory cytokines (27, 28).

Based on all the above studies, the present study first
hypothesized that early-life stress induced susceptibility to
depressive-like behaviors and expression of pro-inflammatory
cytokines by the activation of microglia in the brain. Second, our
study hypothesized that Jmjd3 was involved in the susceptibility
to those alterations by modulating pro-inflammatory cytokines.
In this study, chronic unpredictable mild stress (CUMS)
was used to establish an animal model of depression in
adolescence. Depressive-like behaviors, pro-inflammatory
cytokine expression, microglial activation, as well as Jmjd3 and
H3K27me3 expression in the prefrontal cortex and hippocampus
were determined by a sucrose preference test (SPT), open
field test (OFT), elevated plus maze (EPM), and Morris water
maze (MWM), as well as by immunohistochemistry and
immunoblotting. The purpose of this study was to evaluate
the dynamic effects of CUMS in early-life on behavioral
changes, cytokine expression, and Jmjd3 and H3K27me3
expression. As a second generation semi-synthetic tetracycline
antibiotic, minocycline plays a neuroprotective role in many
neuroinflammatory diseases of the CNS (29). It has been
reported that minocycline is a microglial activation inhibitor and
can suppress the secretion of pro-inflammatory cytokines such as
IL-1β (30) and relieve stress-induced depressive- and anxiety-like
behaviors in adult rats (31). Our goal was to investigate the effects
of minocycline on relieving behavioral dysfunction, cytokine
expression, and Jmjd3 and H3K27me3 expression in stressed
adolescent and adult rats.

MATERIALS AND METHODS

Animals
Sixty male 21-day-old Wistar rats were obtained from the
Experimental Animal Center of Shandong University and were
housed in groups of five, with each cage maintained under
standard laboratory conditions (12 h light/dark cycle, 25◦C),
with food and water provided ad libitum during the study. All
procedures of this study were carried out with the approval of the
Animal Ethics Committee of Shandong University.

Experimental Design
After a 7-day acclimatization, the rats were randomly divided into
three groups (n = 20 in each group): control group (C), CUMS
group (S), CUMS and minocycline group (S+M). The C group
was the normal control, whereas the S group was exposed to
CUMS for 3 weeks. The S+M group received both the CUMS
procedure and the minocycline treatment. After 3 weeks of drug
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TABLE 1 | Schedule of unpredictable chronic mild stress.

Time Type of stress

Day 1 Heat stress (45◦C, 5min)

Day 2 Light/dark cycle reversal

Day 3 Radio noise in the room (8 h)

Day 4 Water deprivation (24 h)

Day 5 Pinching tail (1min)

Day 6 Food deprivation (24 h)

Day 7 Foot shock (30mV, 10 s duration for a total of 10min)

Day 8 Radio noise in the room (8 h)

Day 9 Heat stress (45◦C, 5min)

Day 10 Food deprivation (24 h)

Day 11 Pinching tail (1min)

Day 12 Water deprivation (24 h)

Day 13 Foot shock (30mV, 10 s duration for a total of 10min)

Day 14 Light/dark cycle reversal

Day 15 Food deprivation (24 h)

Day 16 Pinching tail (1min)

Day 17 Radio noise in the room (8 h)

Day 18 Light/dark cycle reversal

Day 19 Heat stress (45◦C, 5min)

Day 20 Foot shock (30mV, 10 s duration for a total of 10min)

Day 21 Water deprivation (24 h)

administration and animal modeling, 10 rats from each group
were randomly selected to undergo behavioral tests. The order
of the behavioral tests was as follows: the SPT, then the OFT,
the EPM test, and finally the MWM test. Later, at the age of
55 days, the 30 selected rats were sacrificed. The remaining 30
rats were raised to adulthood, and then they underwent the
behavioral tests. Afterwards, these rats were sacrificed at the
age of 90 days (see Supplementary Material). Therefore, our
study had six groups altogether: the adolescent control group
(AdoC); the adolescent CUMS group (AdoS); the adolescent
CUMS and minocycline group (AdoS+M); the adult control
group (AduC); the adult CUMS group (AduS); and the adult
CUMS and minocycline group (AduS+M).

CUMS Procedure and Drug Administration
The CUMS was applied to all groups except for the control
group, using a previously described method (32, 33). Rats were
exposed to one of the following seven stressors randomly every
day: food deprivation (24 h), water deprivation (24 h), radio noise
in the room (8 h), heat stress (45◦C, 5min), foot shock (30mV,
10 s duration for a total of 10min), light/dark cycle reversal,
and pinching tail (1min) (see Table 1). Rats in the S+M group
were treated with minocycline (intragastric, 40 mg/kg, diluted in
saline) 30min before CUMS for 3 weeks (17).

Behavioral Tests
Sucrose Preference Test (SPT)
The SPT was used to evaluate the level of anhedonia (34).
Rats were trained to adapt to the 1% sucrose solution

in a quiet environment before the test. In the first 24 h,
each cage was provided with two identical bottles of the
sucrose solution. Subsequently, in the second 24 h, each cage
was provided with one bottle containing water and another
bottle with the sucrose solution. After 48 h of adaptation,
the rats were housed alone and deprived of water and
food for 24 h. Later, two pre-weighed bottles with water and
sucrose solution, respectively, were simultaneously placed in
each cage. After 1 h, the two bottles were weighed again
and the consumption was calculated. The sucrose preference
was expressed as the sucrose preference (%), which was
calculated as [sucrose consumption/(sucrose consumption +

water consumption)].

Open Field Test (OFT)
The OFT was used to determine the autonomous and
exploratory behaviors of rats in a novel environment (35).
The apparatus for the OFT was a white wooden box without
a top structure (100 cm diameter and 50 cm wall height).
The bottom of the apparatus was divided into 25 squares.
The rats were placed one at a time into the central square
and were allowed to freely explore the field for 5min. The
locomotion activity (the number of crossings), rearing, and
grooming behaviors of the rats were recorded by a SMART
video tracking system (SMART v3.0, Panlab, Spain). After each
test, we cleaned the device with alcohol before inserting the
next rat.

Elevated Plus Maze (EPM)
The EPM was used to test the anxiety level of the rats
(36). The apparatus was elevated 50 cm from the ground.
Two opposing open arms (30 cm long × 15 cm high) and
two closed arms formed a cross around the central platform
(5 cm × 5 cm). Each rat was individually placed onto the
central platform facing an open arm and was allowed to
freely explore the maze for 5min. The number of entries into
each arm was reported by the video tracking system (SMART
v3.0, Panlab, Spain). A lower ratio of open arm entries to
total entries signified a higher level of anxiety in the rat.
We cleaned the apparatus after each test before inserting the
next rat.

Morris Water Maze (MWM)
The MWM was used to determine the spatial memory and the
learning ability of rats (37). The apparatus was a circular black
tank (120 cm diameter and 50 cm height) and was filled with
warm water (22◦C). The software assigned four quadrants to
the surface of the water. The platform (13 cm diameter and
29 cm height) was placed at the center of the target quadrant
(quadrant II) and was 1–2 cm below the surface of the water.
The movement of each rat was tracked and recorded using the
SMART video tracking system (SMART v3.0, Panlab, Spain).
A training period was carried out for 5 consecutive days, four
times a day. The rats were gently placed into a random quadrant
facing the wall and were allowed to swim freely to find the
platform within 60 s, followed by a 20-s reprieve on the platform.
Rats that failed to find the platform were manually placed on
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the platform for a 20-s break. The sixth day was the testing
period; the rats were placed into quadrant IV and allowed to
swim freely for 60 s in the maze without the platform. The
number of across the target quadrant and the platform were
recorded.

Pro-inflammatory Cytokine Expression
Analysis
Sample Collection
Five rats from each group were randomly selected after
completing the behavioral tests and then were decapitated
immediately after being anesthetized. The whole brain was taken
out of the skull carefully after opening the skull along the sagittal
suture. Both sides of the prefrontal cortex and the hippocampus
were isolated, and the samples were stored at −80◦C. All the
processes were performed on ice.

Protein Extraction
Lysis buffer and 1% protease inhibitor (phenylmethanesulfonyl
fluoride) were added according to the weight of the sample. The
tissue homogenate was centrifuged at 12,000 rpm for 25min
at 4◦C, and then, the supernatant was extracted. The protein
concentrations were determined by a Micro Bicinchoninic
Acid Protein Assay Kit (Beyotime Institute of Biotechnology,
China).

Enzyme-Linked Immunosorbent Assay (ELISA)
According to the ELISA kit instruction book (Tianjin Anoric
Bio-technology Co., Ltd, China), different concentrations of
standards and samples were added in a particular order
to the 96-coated well plates. Subsequently, a biotin-antibody
diluent was added to the samples, followed by 100 µL of
an enzyme conjugation liquid. After incubation at 37◦C for
60min, the coated microwell plates were washed five times
with a prepared washing liquid. The solutions of TMB I,
TMB II, and stopping liquid were added to the plates in
turn. The iMark Microplate Absorbance Reader (Bio-Rad Labs,
Hercules, CA, USA) was used to detect the optical density at
450 nm. According to the standard curve drawn from the optical
density of the standard, the concentration of each sample was
calculated.

Histological Measurements
In order to observe the changes in microglial number and
morphology, ionized calcium-binding adapter molecule 1 (Iba-
1), a microglial marker, was detected by immunofluorescence as
in a previous study (31). Five rats in each group were randomly
chosen to receive a heart perfusion with 50mL saline and
100mL 4% paraformaldehyde (PFA) in phosphate buffer (0.1M,
pH 7.4) after being deeply anesthetized with pentobarbital.
After that, the brains were removed and fixed in 4% PFA
for 24 h at 4◦C. After paraffin embedding, the brain samples
were cut into 4µm sections. The sections were incubated in
citrate buffer (pH 6.0) to facilitate antigen retrieval at high
temperature. The tissues were uniformly covered with 3% bovine
serum albumin (BSA) and were blocked for 30min at room
temperature. Afterwards, the sections were incubated with rabbit

anti-Iba1 antibody (1:200, Abcam, USA) at 4◦C overnight. After
washing thrice with phosphate-buffered saline (PBS), the sections
were incubated with a secondary antibody (goat anti-rabbit,
Alexa 594 conjugated, 1:1000, Invitrogen, USA) for 50min in
the dark. After three washes in PBS, the nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI) for 10min in the
dark. Later, the sections were sealed with an anti-fluorescence
quenching sealant and observed under a Nikon Eclipse TI-SR
microscope. The images were captured with a color camera
(Nikon DS-U3).

The expression of inducible nitric oxide synthase (iNOS) was
determined using immunohistochemical analysis. The paraffin
sections were placed in citrate buffer (pH 6.0) in a microwave
oven for antigen retrieval. After natural cooling, the sections
were removed and washed with water and PBS. Subsequently,
the sections were incubated with 3% H2O2 for 10min and
were blocked with 3% BSA for 30min. Next, the sections were
incubated with rabbit anti-iNOS antibody (1:200, Abcam, USA)
at 4◦C overnight. After washing thrice with PBS, the sections
were incubated with a biotinylated secondary antibody at 37◦C
for 30min. After washing with PBS, the sections were incubated
with a streptavidin-biotin complex. Later, the sections were
dyed with diaminobenzene and observed microscopically. The
images were captured with the above mentioned microscope
camera.

Epigenetic Markers and iNOS in the
Western Blot Analysis
Sample collection and protein extraction were performed in
a manner similar to ELISA. Protein concentrations were
mixed with a 5× Laemmli loading buffer and then were
heated at 100◦C for 5min. Subsequently, 20 µg of the
protein sample was loaded in a prepared sodium dodecyl
sulfate-polyacrylamide gel (5% stacking gel and 8 or 10%
resolving gel, according to the molecular weight of the
protein) and was separated by electrophoresis. The protein
was electro-transferred to polyvinylidene difluoride (PVDF)
membranes (Bio-Rad, CA, USA). The PVDF membranes were
blocked with 5% defatted milk in a Tris buffered saline
with 0.1% Tween-20 (TBST) for 90min at room temperature
and were incubated with primary antibodies against iNOS
(1:500, Abcam, USA), Jmjd3 (1:800, Abcam, USA), H3K27me3
(1:1000, Biogot Technology, Co., Ltd), and β-actin (1:5000,
Biogot Technology, Co., Ltd) at 4◦C overnight. The secondary
antibodies (1:10000, ZSGB-BIO, China) were incubated for
60min at room temperature. After washing thrice with TBST,
the PVDF membranes were incubated with a prepared enhanced
chemiluminescence mixture (Millipore Corp, Billerica, MA,
USA) for 1min and were visualized on film in the dark. The
gray value of the bands was quantified with the Image J 14.0
software.

Statistical Analysis
All experimental data were presented as the mean ± SEM.
The SPSS 17.0 software was utilized to analyze the data. The
adolescent groups and adult groups were analyzed separately.
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Data were analyzed using a one-way analysis of variance followed
by Tukey’s post hoc test. Significance levels were set at p < 0.05.

RESULTS

Behavioral Test
Comparison of Depressive-Like Behavior and

Anxiety-Like Behavior Alterations Between Groups
Figure 1A illustrates the results of the SPT. In the adolescent
groups, the percentage of sucrose consumption [F(2, 27) = 16.08,
p < 0.001] in the AdoS group was lower than the AdoC group
(p< 0.001) and the AdoS+Mgroup (p< 0.001). The same results
could be seen in the adult groups; the percentage of sucrose
consumption in the AduS group [F(2, 27) = 8.21, p = 0.002] was
lesser than the AduC group (p = 0.041) and the AduS+M group

(p = 0.001). The results indicated that stress in early adolescence
decreased sucrose preference in both adolescent and adult rats,
but treatment with minocycline could reverse the decrease in

sucrose consumption.
Figures 1B–D illustrate the results of the OFT. Figure 1B

shows the number of crossings in the OFT for the adolescent

groups [F(2, 27) = 9.47, p = 0.001] and adult groups
[F(2, 27) = 7.40, p= 0.003], respectively. The number of crossing
in the AdoS group was lesser than the AdoC group (p = 0.001)
and the AdoS+M group (p = 0.017). Similarly, the AduS group
had a lesser number of crossing than the AduC group (p= 0.003).
Treatment with minocycline resulted in an increased number of
crossing in the AduS+M group (p= 0.027) when compared with
the AduS group. Figure 1C shows the number of rearings in the
OFT for the adolescent groups [F(2, 27) = 7.05, p = 0.003] and

FIGURE 1 | CUMS induced depressive-like behaviors, while minocycline treatment reversed the alteration in both adolescent and adult rats. (A) Sucrose preference

percentage in the SPT; (B) Number of crossing in the OFT; (C) Number of rearing in the OFT; (D) Number of grooming in the OFT; (E) Open arm entries ratio in the

EPM test; Results were expressed as the mean ± SEM (n = 9 or 10 in each group). #, ##, and ### indicate p < 0.05, p < 0.01, and p < 0.001 vs. C group,

respectively; *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 vs. S group, respectively. AdoC, adolescent control group; AdoS, adolescent CUMS group;

AdoS+M, adolescent CUMS and minocycline group; AduC, adult control group; AduS, adult CUMS group; AduS+M, adult CUMS and minocycline group.
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adult groups [F(2, 27) = 6.91, p= 0.004]. In the adolescent groups,
the AdoS group showed lower numbers of rearing than the
AdoC group (p = 0.003). Moreover, treatment with minocycline
normalized the behavioral deficit when compared with the AdoS
group (p = 0.044). In the adult groups, the number of rearing in
the AduS group was lower than the AduC group (p= 0.038) and
the AduS+M group (p= 0.004). Figure 1D shows the amount of
grooming in the adolescent groups [F(2, 27) = 8.72, p= 0.001] and
adult groups [F(2, 27) = 7.65, p= 0.002]. Both the AdoS group and
the AduS group had lesser number of grooming than the AdoC
group (p= 0.002) and the AduC group (p= 0.002), respectively.
However, minocycline treatment had no effect on the amount
of grooming either in adolescent or in adult rats. These results
indicate that stress reduced automatic and exploratory behaviors
in both adolescent and adult rats. Moreover, as an inhibitor
of microglial activation, minocycline normalized most of the
behavioral changes in both adolescent and adult rats.

Figure 1E shows the ratio of entry into the open arm in
the EPM test in the adolescent and adult groups. The AdoS
group [F(2, 26) = 4.63, p = 0.019] had a significantly lower ratio
of entry than the AdoC group (p = 0.027) and the AdoS+M
group (p = 0.045). Similarly, there was a significant reduction
of open arm entries ratio in the AduS group [F(2, 27) = 5.87,
p = 0.008] when compared with the AduC group (p = 0.02)
and the AduS+M group (p = 0.014). These results indicate that
stress in early adolescence induces anxiety-like behaviors in both
adolescent rats and adult rats and that minocycline treatment
improves abnormal behaviors.

Comparison of Cognitive Impairment in the MWM

Test Between Groups
Figure 2 presents the results of the MWM test. Figure 2A

presents the number of times through the platform during the
probe test in the adolescent groups [F(2, 27) = 6.66, p = 0.004]
and adult groups [F(2, 27) = 8.25, p = 0.002]. Compared with the
AdoC group (p = 0.019) and the AdoS+M group (p = 0.006),
the number of times through the platform decreased significantly
in the AdoS group. The AduS group also had lower number of

times through the platform than the AduC group (p = 0.008)
and the AduS+M group (p = 0.003). Figure 2B shows the
percentage of entries into the target quadrant in the adolescent
groups [F(2, 27) =5.47, p = 0.01] and adult groups [F(2, 27)
=3.11, p = 0.061]. The AdoS group had reduced percentage
of entries when compared with the AdoC group (p = 0.024)
and the AdoS+M group (p = 0.018). However, there were no
significant differences in the three adult groups. These results
suggest that stress in early adolescence induced learning and
memory impairment, and the inhibitor of microglial activation
could reverse the damages.

Comparison of Pro-inflammatory Cytokine
Expression in the Prefrontal Cortex and
Hippocampus Between Groups
Figures 3A,B show cytokine expression in the prefrontal cortex.
As Figure 3A shows, the levels of IL-1β increased in both the
AdoS group [F(2, 12) = 60.57, p< 0.001] (p< 0.001) and the AduS
group [F(2, 12) = 5.63, p = 0.019] (p = 0.04), when compared
with the AdoC group and the AduC group, respectively.
However, these increases were attenuated by minocycline
treatment in both adolescent and adult rats (p < 0.001;
p = 0.027). Figure 3B shows the levels of IL-6 in the prefrontal
cortex. The AdoS group had increased levels of IL-6 when
compared with the AdoC group [F(2, 12) = 5.60, p = 0.019]
(p = 0.045) and the AdoS+M group (p = 0.026). The same
change tendency was observed in the adult groups. There was an
increased level of IL-6 in the AduS group when compared with
the AduC group [F(2, 12) = 5.58, p = 0.019] (p = 0.032) and the

AduS+M group (p= 0.035).
Figures 3C,D show cytokine expression in the hippocampus.

Figure 3C shows the levels of IL-1β in both the adolescent groups
[F(2, 12) = 6.64, p = 0.011] and the adult groups [F(2, 12) = 7.74,
p = 0.007]. The same change tendency that was observed in the
prefrontal cortex was seen in the hippocampus; the AdoS group
and the AduS group had higher levels of IL-1β than the AdoC
group (p = 0.013) and the AduC group (p = 0.02), respectively.

FIGURE 2 | CUMS induced spatial learning and memory impairment, while minocycline treatment reversed the alteration in both adolescent and adult rats.

(A) Number of crossings of the platform in the MWM test; (B) Target quadrant entries percentage in the MWM test. Results are expressed as the mean ± SEM

(n = 10 in each group). # and ## indicate p < 0.05 and p < 0.01 vs. C group, respectively; * and ** indicate p < 0.05 and p < 0.01 vs. S group, respectively. AdoC,

adolescent control group; AdoS, adolescent CUMS group; AdoS+M, adolescent CUMS and minocycline group; AduC, adult control group; AduS, adult CUMS

group; AduS+M, adult CUMS and minocycline group.
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FIGURE 3 | The levels of cytokines in the prefrontal cortex and hippocampus of both the adolescent and adult groups. (A) IL-1β expression in the prefrontal cortex;

(B) IL-6 expression in the prefrontal cortex; (C) IL-1β expression in the hippocampus; (D) IL-6 expression in the hippocampus. Results are expressed as the mean ±

SEM (n = 5 in each group). #, ##, and ### indicate p < 0.05, p < 0.01, and p < 0.001 vs. C group, respectively; *, **, and *** indicate p < 0.05, p < 0.01, and

p < 0.001 vs. S group, respectively. AdoC, adolescent control group; AdoS, adolescent CUMS group; AdoS+M, adolescent CUMS and minocycline group; AduC,

adult control group; AduS, adult CUMS group; AduS+M, adult CUMS and minocycline group.

Minocycline decreased the levels of IL-1β in both adolescent
(p = 0.042) and adult (p = 0.009) rats. Figure 3D shows that the
levels of IL-6 increased in both the AdoS group [F(2, 12) = 9.91,
p = 0.003] (p = 0.005) and the AduS group [F(2, 12) = 11.03,
p = 0.002] (p = 0.004), when compared with the AdoC group
and the AduC group, respectively. Minocycline decreased the
levels of IL-6 in both adolescent (p= 0.007) and adult (p= 0.004)
rats.

Comparison of Microglial Activation in the
Prefrontal Cortex and Hippocampus
Between Groups
Figure 4A shows the Iba-1 (as the microglia marker) expression
in the prefrontal cortex in adolescent groups. Figure 4C shows
the Iba-1 expression in the prefrontal cortex in adult groups.
Fewer branches and larger cell bodies of the microglia in the
prefrontal cortex were observed in the stressed group when
compared with the C group and the S+M group in both
adolescence and adulthood. Figure 4E shows the count of
cells that positively express Iba-1 in the prefrontal cortex. We
observed that the Iba-1-labeled microglial cells had a larger soma
size and were more abundant in the AdoS group [F(2, 12) = 31.58,
p < 0.001] (p < 0.001) and the AduS group [F(2, 12) = 9.64,
p = 0.003] (p = 0.037), when compared with the AdoC
group and the AduC group, respectively. Meanwhile minocycline

treatment reversed the changes in the rats of the AdoS+M group
(p < 0.001) and the AduS+M group (p= 0.003).

Figure 4B shows the Iba-1 expression in the hippocampus
in the adolescent groups. Figure 4D shows the Iba-1 expression
in the hippocampus in the adult groups. Fewer branches and
larger cell bodies of the microglia in the hippocampus were
observed in the stressed group when compared with the C
group and the S+M group in both adolescence and adulthood.
Figure 4F shows the count of cells that positively express
Iba-1 in the hippocampus. In adolescence, the AdoS group
[F(2, 12) = 61.32, p < 0.001] had a significantly increased
number of microglia when compared with the AdoC group
(p < 0.001) and the AdoS+M (p < 0.001) group. The adult
groups had the same change tendencies in that stress increased
the number of microglia in the AduS group [F(2, 12) = 10.02,
p = 0.003] when compared with the AduC group (p = 0.035),
andminocycline suppressed the activation in the AduS+Mgroup
(p= 0.002).

Comparison of iNOS Expression in the
Prefrontal Cortex and Hippocampus
Between Groups
Figure 5A shows the iNOS (M1 activation marker)
expression in the prefrontal cortex and hippocampus in
immunohistochemistry. Figure 5B shows the count of cells that

Frontiers in Psychiatry | www.frontiersin.org 7 October 2018 | Volume 9 | Article 47149

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Wang et al. Effects of Stress on Jmjd3

FIGURE 4 | CUMS induced microglial activation in the prefrontal cortex and hippocampus of both the adolescent and adult rats, while minocycline reduced the

alteration. (A) Iba-1/DAPI (red/blue) staining (×200) in the prefrontal cortex of adolescent rats; (B) Iba-1/DAPI (red/blue) staining (×200) in the hippocampus of

adolescent rats; (C) Iba-1/DAPI (red/blue) staining (×200) in the prefrontal cortex of adult rats; (D) Iba-1/DAPI (red/blue) staining (×200) in the hippocampus of adult

rats; (E) Iba-1+ cell counts in the prefrontal cortex; (F) Iba-1+ cell counts in the hippocampus. The results are expressed as the mean ± SEM (n = 5 each group). #

and ### indicate p < 0.05 and p < 0.001 vs. C group, respectively; ** and *** indicate p < 0.01 and p < 0.001 vs. S group, respectively. AdoC, adolescent control

group; AdoS, adolescent CUMS group; AdoS+M, adolescent CUMS and minocycline group; AduC, adult control group; AduS, adult CUMS group; AduS+M, adult

CUMS and minocycline group.

positively expressed iNOS in the prefrontal cortex. In adolescent
rats, CUMS could induce iNOS expression [F(2, 9) = 15.76,
p = 0.001] (p = 0.001), while minocycline treatment reversed
the alteration (p = 0.049). In adult rats, the stress-exposed
rats also had higher iNOS expression than the AduC group
[F(2, 9) =13.12, p = 0.002] (p = 0.003). Minocycline treatment
also reversed the alteration (p = 0.005). Figure 5C shows the
count of cells that positively express iNOS in the hippocampus.
In the adolescent groups, the AdoS group had higher iNOS
expression than the AdoC group [F(2, 9) = 10.03, p = 0.005]
(p = 0.025) and the AdoS+M group (p = 0.005). In the
adult groups, the expression of iNOS also increased in the
AduS group [F(2, 9) = 27.07, p < 0.001] (p < 0.001) when

compared with the AduC group and the AduS+M group
(p= 0.001).

Figure 5D shows the expression of iNOS in the prefrontal
cortex in Western blot. In the adolescent groups, the AdoS group
[F(2, 12) =24.15, p < 0.001] had higher levels of iNOS expression
than the AdoC group (p < 0.001) and the AdoS+M group
(p< 0.001). In the adult groups, the expression of iNOS increased
in the AduS group [F(2, 12) = 8.84, p = 0.004)] when compared
with that in the AduC group (p = 0.01) and the AduS+M group
(p= 0.008).

Figure 5E shows the iNOS expression in the hippocampus in
Western blot. Increased iNOS expression was seen in the AdoS
group [F(2, 12) = 14.42, p= 0.001] when compared with the AdoC
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FIGURE 5 | CUMS induced M1 marker iNOS expression in the prefrontal cortex and hippocampus of both adolescent and adult rats, while minocycline treatment

reduced the expression. (A) iNOS expression in the prefrontal cortex and hippocampus in immunohistochemistry (×400); (B) iNOS-positive cell counts in the

prefrontal cortex; (C) iNOS-positive cell counts in the hippocampus; (D) Western blot analysis of iNOS in the prefrontal cortex; (E) Western blot analysis of iNOS in the

hippocampus. Results are expressed as the mean ± SEM (n = 4 each group; n = 5 each group). #, ##, and ### indicate p < 0.05, p < 0.01, and p < 0.001 vs.

C group, respectively; *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 vs. S group, respectively. AdoC, adolescent control group; AdoS, adolescent CUMS

group; AdoS+M, adolescent CUMS and minocycline group; AduC, adult control group; AduS, adult CUMS group; AduS+M, adult CUMS and minocycline group.

group (p = 0.001), but minocycline treatment normalized the
alteration in the AdoS+M group (p = 0.002). The AduS group
[F(2, 12) = 13.99, p= 0.001] had higher levels of iNOS expression
than the AduC group (p= 0.001). Similarly, minocycline reduced
the expression of iNOS in the AduS+M group (p = 0.003) when
compared with the AduS group.

Comparison of Expression of Jmjd3 and
H3K27me3 Between Groups
Figure 6A shows Jmjd3 expression in the prefrontal cortex
in every group in adolescence and adulthood using Western

blot. In the adolescent group, Jmjd3 levels showed significant
group effects [F(2, 12) = 21.23, p < 0.001]. Stress induced the
expression of Jmjd3 in rats of the AdoS group (p = 0.001)
more strongly than in the AdoC group. Nevertheless,
minocycline decreased the level of Jmjd3 expression in
the AdoS+M group when compared with the AdoS group
(p < 0.001). In adult groups, increased Jmjd3 expression
was seen in the AduS group [F(2, 12) =54.72, p < 0.001]

(p < 0.001) when compared with the AduC group. Minocycline

reversed the alteration (p = 0.037 AduS group vs. AduS+M
group).
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FIGURE 6 | The expression of Jmjd3 and H3K27me3 in the prefrontal cortex and hippocampus detected by Western blotting. (A) Western blot analysis of Jmjd3 in

the prefrontal cortex; (B) Western blot analysis of H3K27me3 in the prefrontal cortex; (C) Western blot analysis of Jmjd3 in the hippocampus; (D) Western blot analysis

of H3K27me3 in the hippocampus. Results are expressed as the mean ± SEM (n = 5 each group). #, ##, and ### indicate p < 0.05, p < 0.01, and p < 0.001

vs. C group, respectively; *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 vs. S group, respectively. AdoC, adolescent control group; AdoS, adolescent CUMS

group; AdoS+M, adolescent CUMS and minocycline group; AduC, adult control group; AduS, adult CUMS group; AduS+M, adult CUMS and minocycline group.

Figure 6B shows H3K27me3 expression in the prefrontal

cortex in both adolescent and adult groups. The AdoS group
had a markedly decreased H3K27me3 level when compared with
the AdoC group [F(2, 12) = 8.56, p = 0.005] (p = 0.006).
Whereas, animals in the AdoS+M group showed a significantly
higher H3K27me3 level when compared with the AdoS group
(p = 0.017). In adult groups, stress induced the reduced
expression of H3K27me3 in the AduS group [F(2, 12) =16.38,
p < 0.001] (p < 0.001) when compared with the AduC
group, while minocycline treatment could reverse the decreased
expression in the AduS+M group (p= 0.005).

Figure 6C shows Jmjd3 expression in the hippocampus of
adolescent and adult groups using Western blot. The same
change tendencies in Jmjd3 expression in the hippocampus were
observed as in the prefrontal cortex. Stress induced the over-
expression of Jmjd3 in rats from the AdoS group [F(2, 12) = 8.24,
p = 0.006] (p = 0.033) when compared with the AdoC group.
However, minocycline treatment decreased the level of Jmjd3
expression in the AdoS+Mgroup when compared with the AdoS
group (p = 0.005). In the adult groups, the AduS group [F(2, 12)
=12.24, p= 0.001] (p= 0.001) had an increased Jmjd3 expression

when compared with the AduC group; however, minocycline
reversed the alteration (p= 0.009).

Figure 6D shows H3K27me3 expression in the hippocampus
in both adolescent and adult groups, which had the same
change tendency as the prefrontal cortex. The AdoS group had
a markedly decreased H3K27me3 level when compared with
the AdoC group [F(2, 12) = 12.70, p = 0.001] (p = 0.001).
Nevertheless, animals in the AdoS+Mgroup showed a significant
increase in H3K27me3 levels when compared with the AdoS
group (p = 0.044). Similarly, the AduS group had lower
H3K27me3 levels than the AduC group [F(2, 12) = 10.35,
p = 0.002] (p = 0.003). Meanwhile, minocycline treatment
reversed the decrease in the AduS+M group when compared
with the AduS group (p= 0.01).

DISCUSSION

The present study revealed that CUMS in the adolescent period
induced short-term and persistent depressive-like behaviors, high
levels of pro-inflammatory cytokines, microglial activation, and
increased Jmjd3 and decreased H3K27me3 expression in the
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prefrontal cortex and hippocampus. The results indicate that the
alteration of Jmjd3 and H3K27me3 expression plays a critical
role in susceptibility to depressive-like behaviors in rats that had
early-life stress experiences.

Previous studies suggested that social-psychological stress
exposure in early-life increases the risk of mood disorders
(38). Our previous study revealed that CUMS and acute stress
in early life induce long-term dysfunctional behaviors, which
supports the conclusion that early-life stress has long-lasting
effects on individual behaviors (33, 39). Consistent with the
above study, CUMS in the adolescent period induced depressive-
like behaviors and memory damage in both adolescent and
adult animals in our present study. Moreover, minocycline, the
microglial activation inhibitor, attenuated the abnormalities of
behaviors in adolescent and adult groups, which indicates that
inhibition of microglial activation could relieve the depressive-
like behaviors. These results suggest that early-life stress gives
rise to long-lasting behavioral disorders (40, 41) and also that
microglial activation is involved in behavioral abnormalities (42).

An increasing number of studies suggest that some pro-
inflammatory cytokines are closely linked to the pathogenesis
of depression under stress by a mechanism in which cytokines
decrease the levels of serotonin, noradrenaline, and dopamine
in the limbic system and stimulate the hypothalamic-pituitary-
adrenal (HPA) axis to release glucocorticoids (2). In addition,
pro-inflammatory cytokines could induce sickness-like behaviors
independently; for example, IL-1β decreased locomotor activity
(35). Cytokines also initiate the cycle of pro-inflammatory
responses by giving rise to a cascade of inflammatory cytokine
responses when the patient is suffering from psychological stress
(43). The present study showed that CUMS induced significantly
increased levels of IL-6 and IL-1β in both the hippocampus and
prefrontal cortex. However, minocycline treatment attenuated
these alterations. More importantly, adult rats in the CUMS
group showed higher levels of IL-6 and IL-1β in both the
hippocampus and prefrontal cortex along with depressive-like
behaviors. Hence, our results demonstrate that higher levels
of pro-inflammatory cytokines in the brain induced by CUMS
during the adolescent period are associated with vulnerability to
depression in adulthood.

Previous studies pointed out that classical microglial
activation facilitates the occurrence of depression by pro-
inflammatory cytokines during which stress plays an important
role. First, stress induces HPA axis activation, and massive
amounts of glucocorticoids are released into the prefrontal
cortex and hippocampus, where they are susceptive to the
corticosterone surge. Microglia express a large number of
glucocorticoid receptors, whereupon stress induces microglial
activation. Secondly, stress induces pro-inflammatory cytokine
(IL-1β) over-expression in the CNS leading to the activation
of microglia (44, 45). In order to clarify the role of microglial
activation in neuroinflammation from adolescence to adulthood
caused by CUMS in adolescence, the present study examined
the Iba-1 and iNOS expression in the prefrontal cortex and
hippocampus in both adolescent and adult rats. The results show
that Iba-1 and iNOS are over-expressed in the prefrontal cortex
and hippocampus of stressed rats when compared with their

expression in unstressed rats. Furthermore, the morphology
of microglia underwent a noticeable change from a ramified
morphology to an amoeboid shape in stressed rats. These results
are consistent with previous studies that showed that microglia
increased in number, and hyper-ramified properties arose in
response to chronic stress (46). Moreover, similar results were
detected in adult rats, which support the argument that early-life
stress could lead to long-term pro-inflammatory effects and
classical microglial activation (47). Our results support the
“two-hit” theory of the involvement of neuroinflammation in the
etiology of mental disorders, which proposes that early-life stress
primes or sensitizes microglia. Stress in later life can provoke
the sensitized microglia, which can generate an exaggerated
response and increase the risk of development of a mental
disorder (44). Therefore, our results expanded the conclusion
that stress-induced microglial activation in early-life is closely
linked to the susceptibility to depression. Moreover, the present
study illustrates the role of minocycline in microglial activation
in early-life stress-induced depression. Consistent with previous
studies (31, 48), minocycline administration reduced depressive-
like behaviors and inhibited the expression of pro-inflammatory
cytokines. These results imply that minocycline has the potential
to be used as a treatment for depression by targeting microglial
activation.

Recent research has demonstrated that Jmjd3 can remove the
tri-methylation and di-methylation marks of H3K27 and then
lead to gene expression. Most importantly, Jmjd3 was induced
both by inflammation and by stress (23, 49). Jmjd3 decreased the
level of repressive H3K27me3 marks at the promoters of NF-κB-
driven inflammatory genes such as IL-1β (50). Thus, the higher
expression of Jmjd3 participated in inflammation by enhancing
the transcription of inflammatory genes via the NF-κB signaling
pathway (49). In addition, NF-κB transcription factors were the
driving forces for microglial activation (50). Hence, Jmjd3 was a
key factor in a cascade of inflammatory cytokine response (23,
28, 49, 50). In this study, we investigated the alterations of Jmjd3
and H3K27me3 expression under stress and found that CUMS
induced increased Jmjd3 expression and decreased H3K27me3
expression in the prefrontal cortex and hippocampus. These
results imply that the downregulation of H3K27me3 by Jmjd3
mediated the expression of cytokines. It is important to note
that minocycline, as an inhibitor to microglial activation, could
reverse all the alterations in both adolescent and adult animals.
Our results, for the first time, highlighted that Jmjd3 plays a key
role in the inflammatory response to CUMS and mediates the
susceptibility to depression by regulating microglial activation
and pro-inflammatory cytokine expression in the prefrontal
cortex and hippocampus.

CONCLUSIONS

Exposure to CUMS in the adolescent period induced long-term
depressive-like behaviors, increased pro-inflammatory cytokine
expression andmicroglial activation, increased Jmjd3 expression,
and decreased H3K27me3 expression in the prefrontal cortex
and hippocampus of adolescent and adult rats. Meanwhile,
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minocycline, a microglial activation inhibitor, mitigated all the
alterations. Our study suggests that Jmjd3 might be involved
in the susceptibility to depression by modulating the microglial
activation and pro-inflammatory cytokine expression.

LIMITATION

This study has limitations. First, primed microglia have
two functional subtypes, “classical activation” and “alternative
activation.” The present study only discussed the “classical
activation,” and no indicators of the “alternative activation” were
included. Second, Jmjd3 is an important epigenetic element
in microglial activation. Lack of a Jmjd3 inhibitor limits the
understanding about the role of Jmjd3 in susceptibility to
depression induced by early-life stress.
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Post-stroke depression (PSD) is one of the most frequent complications of stroke. The

Yi-nao-jie-yu prescription (YNJYP) is an herbal prescription widely used as a therapeutic

agent against PSD in traditional Chinese medicine. Disruption of adult neurogenesis has

attracted attention as a potential cause of cognitive pathophysiology in neurological

and psychiatric disorders. The Notch signaling pathway plays an important role in

neurogenesis. This study investigated the effects of YNJYP on adult neurogenesis and

explored its underlying molecular mechanism in a rat model of PSD that is established

by middle cerebral artery occlusion and accompanied by chronic immobilization stress

for 1 week. At 2, 4, and 8 weeks, depression-like behavior was evaluated by a forced

swim test (FST) and sucrose consumption test (SCT). Neurogenesis was observed

by double immunofluorescence staining. Notch signals were detected by real-time

polymerase chain reaction. The results show that, at 4 weeks, the immobility time in

the FST for rats in the PSD group increased and the sucrose preference in the SCT

decreased compared with that in the stroke group. Therefore, YNJYP decreased the

immobility time and increased the sucrose preference of the PSD rats. Further, PSD

interfered with neurogenesis and decreased the differentiation toward neurons of newly

born cells in the hippocampal dentate gyrus, and increased the differentiation toward

astrocytes, effects that were reversed by YNJYP, particularly at 4 weeks. At 2 weeks,

compared with the stroke group, expression of target gene Hes5 mRNA transcripts

in the PSD group decreased, but increased after treatment with YNJYP. At 4 weeks,

compared with the stroke group, the expression of Notch receptor Notch1 mRNA

transcripts in the PSD group decreased, but also increased after treatment with YNJYP.

Overall, this study indicated that disturbed nerve regeneration, including the increased

numbers of astrocytes and decrease numbers of neurons, is a mechanism of PSD,

and Notch signaling genes dynamically regulate neurogenesis. Moreover, YNJYP can

relieve depressive behavior in PSD rats, and exerts a positive effect on neurogenesis by

dynamically regulating the expression of Notch signaling genes.

Keywords: post-stroke depression, Yi-nao-jie-yu prescription, notch signaling, neurogenesis, forced swim test,

sucrose consumption test
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INTRODUCTION

Post-stroke depression is one of the most frequent complications
of stroke, with an estimated prevalence as high as 80% (1). It
often takes a chronic course, and is associated with increased
morbidity and mortality, and a poorer functional outcome (2–4).
Although risk factors, including metabolic factors, impairment
of cognitive functions, and social factors, are associated with PSD
(5), its pathophysiology remains unclear.

Recently, disruption of adult neurogenesis has attracted
attention as a potential cause of cognitive pathophysiology
in neurological and psychiatric disorders, such as depression,
anxiety, schizophrenia, and bipolar disorder. Numerous
studies have demonstrated that stress inhibits neurogenesis
in the dentate gyrus (DG) of the hippocampus. Conversely,
antidepressants are known to promote adult hippocampal
neurogenesis (6). While the regulatory mechanism at the
molecular level remains obscure, Notch signaling has been
conserved throughout evolution, and plays a fundamental role
in neuronal progenitor maintenance and subsequent control
of differentiation (7, 8). Gaining a clearer understanding
of pathogenesis is essential for the development of better
treatments.

The Chinese herbal preparation known as Yi-nao-jie-yu
prescription (YNJYP) has been shown to be effective for both
body function recovery and the treatment of depression in
patients with PSD. In animal studies, the brain damage in PSD
model rats was greater than that in stroke model rats, and YNJYP
was able to reverse this effect (9). In this study, we hypothesized
that disruption of neurogenesis is a pathogenic mechanism of
PSD, and that alteration of Notch signaling is the therapeutic
mechanism of the beneficial effects of YNJYP at the molecular
level. Dynamic changes in neurogenesis and fluctuations in
Notch signals were observed in the hippocampus of PSD model
rats, and the mechanism of YNJYP for the treatment of PSD was
explored.

MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats aged 7–9 weeks (300–320 g)
were purchased from Vital River Laboratory Animal Technology
(No. SCXK2012-0001). Five animals were housed per cage at
23 ± 3◦C and a humidity of 45 ± 5%, under a 12-h light/dark
cycle (lights on at 8:00 a.m., lights off at 8:00 p.m.), and received
standard sterile food and water ad libitum. Animals were allowed
to acclimatize for 1 week before the study. All procedures
were approved and performed according to the guidelines of
the Beijing University of Chinese Medicine Animal Care and
Use Committee. Experimental protocols were approved by the
Animal Experimentation Ethics Committee of Beijing University

Abbreviations: BrdU, 5-bromo-2-deoxyuridine; DG, dentate gyrus; FST, forced

swim test; FXT, fluoxetine hydrochloride; GFAP, glial fibrillary acidic protein;

MCAO, middle cerebral artery occlusion; NeuN, neuronal nuclear antigen; NSC,

neural stem cell; PSD, post-stroke depression; SCT, sucrose consumption test;

YNJYP, Yi-nao-jie-yu prescription.

of Chinese Medicine. Efforts were made to minimize the number
of animals used and the suffering of experimental animals.

Combined Middle Cerebral Artery
Occlusion and Depression Model
All surgeries, behavioral testing, and histological analysis were
performed by a single investigator. Animals were numbered
upon arrival at the animal facility, and randomly divided into
a sham operation (Sham) group and a surgery group. Left
middle cerebral artery occlusion (MCAO) was performed in the
surgery group, using a modification of the technique described
in our previous study (9). The animals were intraperitoneally
anesthetized with sodium pentobarbital (50 mg/kg) for all
surgical procedures. Subsequently, MCAO was performed
using a monofilament suture with a rounded tip that was
introduced into the internal carotid artery carefully and advanced
approximately to the origin of the middle cerebral artery. The
monofilament was left in situ, and withdrawn after 2 h for
reperfusion. The temporalis muscle temperature was maintained
at 37.0–37.5◦C by surface heating until the rats recovered from
anesthesia. After recovery from anesthesia, the neurological
status of the rats was assessed according to a 5-point scale
described by Longa et al. (10). A post-operative care plan was
employed to help prevent weight loss and dehydration over the
first week after surgery. This included the supply of paracetamol
in drinking water (120 mg/kg), sub-cutaneous injections of
saline (days 1–3), and provision of soft food. For the first
week after surgery, animals were housed in a recovery room
where they could be closely monitored. After the seventh day
post-surgery, animals were returned to general holding rooms.
Additional animals were allocated to longer recovery timepoints
to allow for deaths and to ensure enough animals survived up
to each timepoint. Data from animals which did not reach their
designated endpoint was not included in the analysis.

Finally, a total of 159 rats were used in this study; of these, 27
rats were in the Sham group. The 108 survivors with neurological
scores of 1–3 were randomly divided into four groups as
follows: stroke group (n=27), PSD group (n = 27), fluoxetine
hydrochloride (FXT) group (n= 27), and YNJYP group (n= 27),
for further study. Rats were allowed 1 week to recover from
the MCAO operation. To establish a PSD model, rats in PSD,
FXT, and YNJYP groups were subjected to isolation housing in
combination with chronic unexpected mild stress [behavioral
restriction: immobilized on wooden shelves, as described by
Chen et al. (11), for 2 h at any time of the day, consecutively for 1
week].

YNJYP Preparation and Treatment
Granules of YNJYP were provided by the Pharmacy Department
of the Third Affiliated Hospital of Beijing University of Chinese
Medicine. Six different Chinese medical herbs were included
in the YNJYP: 30 g Manyprickle Acanthopanax sp. root, 10 g
Radix curcumae, 15 g Fructus Schisandrae chinensis, 10 g Fructus
Gardeniae sp., 15 g Salviae miltiorrhizae, and 15 g Rhizoma
chuanxiong. The granules were dissolved in 100ml of distilled
water and maintained at 4◦C for further use. Rats in the sham,
stroke, and PSD groups were gavaged with 10ml/kg saline (0.9%).
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Rats in the FXT group were gavaged with 2.33 mgkg−1day−1

of FXT (0943A; Patheon France, Jiangsu, People’s Republic
of China), and the YNJYP rats were gavaged with 9.92 g/kg
YNJYP once daily, following the MCAO operation. At 2, 4, or
8 weeks after the simulated stroke, rats were sacrificed after
anesthetization for further study.

BrdU Injections
For the analysis of neurogenesis, rats (n = 3) in each
group received an intraperitoneal injection of 50 mg/kg of
the thymidine analog 5-bromo-2-deoxyuridine (BrdU) (b5002;
Sigma, St. Louis, MO, USA,), freshly prepared at a concentration
of 10 mg/ml dissolved in sterile 0.9% saline solution. The
injections were started from the MCAO operation, twice a day
for the first 3 days, then twice per week, and finally, once every
8 h for the last 2 days before the rats were sacrificed.

Forced Swim Test
The procedure for the forced swim test (FST) was as described
by Veena et al. (12). Rats were subjected to the FST at 2, 4,
and 8 weeks. Briefly, animals were subjected to a trial during
which they were forced to swim in a plastic bucket (60 cm high,
45 cm in diameter) filled with water (23–25◦C) up to a height of
40 cm, so that the rats could not support themselves by touching
the bottom with their feet. After 5min, the rats were removed
from the bucket, dried with a towel, and kept warm under a
lamp in their home cages. The test was followed by water and
food deprivation for 24 h. The analyst was blind to the groups,
and recorded the swimming time, during which the rats were
swimming along the wall or actively attempting to climb it. A rat
was judged as immobile whenever it remained floating passively
in the water and made only the movements necessary to keep its
nose or head above the water. Rats were counted as mobile if they
moved their forepaws or supported themselves by pressing their
paws against the wall of the cylinder. After the test, dry towels
were used to keep the rats warm and dry them gently.

Sucrose Consumption Test
The sucrose consumption test (SCT) was conducted 2, 4,
and 8 weeks after the simulated stroke. Rats were tested for
sucrose consumption as described previously (12). Animals were
housed individually throughout the test duration, and after water
deprivation for 24 h, were presented simultaneously with two
bottles in the home cage, one containing a 1% sucrose solution
and the other containing standard drinking water, for 60min.
The volumes of water and sucrose-water intake were measured.
To prevent a preference for position from affecting the results,
the locations of the two bottles (right/left) were switched during
this period. The amount of liquid remaining in each bottle was
measured at the end of the testing period. The sucrose preference
score was expressed as a percentage of total fluid intake.

Double Immunofluorescence Staining
Brains of the three rats in each group that received BrdU
injections were fixed in paraformaldehyde after cardiac
perfusion. After 24 h, 30% sucrose was added, and after the
brains sank to the bottom of the bottle, they were embedded in

optimal cutting temperature compound, frozen, and sectioned.
Proteinase K was added at 37◦C after the brain sections were
washed three times with phosphate-buffered saline for 5min
each. Then, 30min later, the following primary antibodies were
added: BrdU (ab115874, mouse, 1:150; Abcam, Cambridge,
MA, USA) and nestin (ab92391, rabbit, 1:250; Abcam), BrdU
and neuronal nuclear antigen (NeuN) (ab177487, rabbit,
1:1200; Abcam), or BrdU and glial fibrillary acidic protein
(GFAP) (16825-1-AP, rabbit, 1:1200; Proteintech, Chicago,
IL, USA). After incubation overnight at 4◦C, the secondary
antibodies tetramethylrhodamine isothiocyanate (ZF-0313, goat
anti-rat IgG, 1:200; ZSGB-Bio, Beijing, China) and fluorescein
isothiocyanate (ZF-0311, goat anti-rabbit IgG, 1:200; ZSGB-Bio)
were added. Following incubation for 2 h at room temperature,
80 µL 4′,6-diamidino-2-phenylindole (bw-d0010; GeneBio,
Beijing, China) was added to the sections. A laser scanning
confocal microscope (FV1000, Olympus Corporation, Tokyo,
Japan) was used to view the hippocampal DG.

Real-Time PCR
The left hippocampus (n= 6) was dissected and frozen at−80◦C.
Total RNA from the hippocampus was isolated using Trizol
reagent, according to the manufacturer’s protocol (DP405-02;
Tiangen Biotech Co., Ltd., Beijing, China). The gene primers
were as follows:

Gene Forward primer Reverse primer

Notch1 5′-TGGATGCCGCTGA

CCTACG-3′
5′-TGGATGCCGCTGACCT

ACG-3′

Jagged1 5′-TTAGTAAACGGGATG

GGAACAGC-3′
5′-AAGCAACAGACCCAAG

CCACT-3′

Hes1 5′-TTGAGCCAACTG

AAAACACTGATT- 3′
5′-GTGCTTCACTGTCATTTC

CAGAAT-3′

Hes5 5′-GATGCTCAGTCCC

AAGGAGAAAA-3′
5′-CCACGAGTAACCCT

CGCTGTAGT-3′

GAPDH 5′-CCTTCCGTGTTC

CTACCCC-3′
5′-GCCCAGGATGCCC

TTTAGTG-3′

The basic protocol for real-time polymerase chain reaction (PCR)
was an initial denaturation at 95◦C for 30 s, followed by 40 cycles
of amplification. For cDNA amplification, cycles consisted of
95◦C for 10 s and 60◦C for 60 s. The final elongation step was
from 60 to 99◦C, at a rate of 0.05◦C/s. The SYBR green signal
was then detected using a real-time PCR machine (ABI7500;
Applied Biosystems, Waltham, MA, USA). The PCR products
were analyzed by gel electrophoresis and melting curve analysis
to confirm specific amplifications. The mRNA expression levels
were normalized to those of GAPDH. Transcript levels were
quantified using the 2-11Ct-value method.

Statistical Analyses
Data were expressed as means±standard deviation, and analyzed
using SPSS 20.0 statistical software (IBM, Armonk, NY, USA).
Differences between groups were tested using one-way analysis
of variance followed by the post hoc Fisher’s least significant
difference test or Kruskal–Wallis test followed by Dunn’s test if
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the data were not normally distributed. Threshold for statistical
significance was set to P < 0.05.

RESULTS

Effects of YNJYP on the Depressive
Behavior of PSD Rats
Depression-like behavior was evaluated by FST and SCT. The
immobility time in FST was used to assess the degree of despair
in rats and the sucrose preference in the SCT of rats was used
to reflect the rat’s desire for good things. One way analysis of
variance showed a significant difference in the immobility time
(n = 6; 2 weeks: F = 3.973, P = 0.012; 4 weeks: F = 9.054,
P < 0.001; 8 weeks: F= 8.085, P < 0.001; Figure 1A) and sucrose
preference (n = 6; 2 weeks: F = 12.198, P = 0.431; 4 weeks:
F= 11.875, P= 0.039; 8 weeks: F= 5.409, P= 0.003; Figure 1B)
in the 5 groups. At 4 weeks, the immobility time in the FST for
rats in the PSD group increased compared with that in the stroke
group, and the difference was statistically significant (P < 0.01).
Interestingly, YNJYP decreased the immobility time of the PSD
rats, and at 4 and 8 weeks, the differences were statistically
significant (P< 0.01 for both, Figure 1A). The sucrose preference
in the SCT of rats in the PSD group decreased compared with
that of rats in the stroke group, and at 4 and 8 weeks, and
the differences were statistically significant (P < 0.01 for both).
However, YNJYP increased the sucrose preference of the PSD rats
at 4, and 8 weeks, and the differences were statistically significant
(P < 0.01 for both, Figure 1B).

Neurogenesis
Relationship Between BrdU Labeling and Nestin

Immunoreactivity
To observe the proliferation of neural stem cells (NSCs), we
performed double-labeling at 2, 4, and 8 weeks with antibodies
against BrdU (red), a marker for DNA replication in newly
formed cells (13), and nestin (green), a neural progenitor-specific

marker (14). Figures 2A–C shows that, at 2, 4, and 8 weeks,
rats in the stroke group showed an increase in the number of
BrdU-labeled (red) newly formed cells and nestin-labeled (green)
NSCs in the DG, compared with the sham group. Nestin-positive
or BrdU-positive cells could be observed in the PSD, FXT, and
YNJYP groups, but only a few cells were positive for both nestin
and BrdU. Figure 2D shows that the numbers of nestin-positive
cells at the observed DG zone of rats in the five groups at 2, 4, and
8 weeks were not statistically significantly different (F = 2.274,
P = 0.090; F = 2.563, P = 0.063; and F = 1.314, P = 0.292,
respectively). Figure 2E shows that the numbers of cells double-
positive for nestin and BrdU at the observed DG zone of rats
in the five groups at 2, 4, and 8 weeks were not statistically
significantly different (F= 0.754, P= 0.565; F= 2.086, P= 0.113;
and F= 0.488, P= 0.745, respectively).

Relationship Between BrdU Labeling and NeuN

Immunoreactivity
To observe the differentiation of newly formed cells toward
neurons, we performed double-labeling with antibodies against
BrdU (red) and NeuN (green), a neuron-specific protein (15).
Figures 3A–C shows that only a few cells double-positive for
BrdU and NeuN were observed in rats in the sham, stroke, and
PSD groups, but after treatment with FXT or YNJYPmore BrdU-
positive cells appeared near the DG, and these cells were also
NeuN-positive at 2, 4, and 8 weeks. At 2 and 4 weeks, newly
formed neurons appeared outside the granule cell layer, and had
migrated into the granule cell layer at 8 weeks. Figure 3D shows
that, compared with the sham group, fewer NeuN-positive cells
appeared at the observed DG zone of rats in the stroke group at
2, 4, and 8 weeks, and this difference was statistically significant
(P < 0.01, P < 0.01, and P < 0.05, respectively). More NeuN-
positive cells appeared in rats in that YNJYP group than in rats
in the PSD group, and the difference was statistically significant
(P < 0.05, P < 0.05, and P < 0.01, respectively). Figure 3E shows
that, compared with the sham group, more cells double-positive
for NeuN and BrdU appeared at the DG of rats in the stroke

FIGURE 1 | (A) Effect of treatments on the immobility time of PSD rats in the forced swim test. (B) Effect of treatments on the sucrose preference of PSD rats in the

sucrose consumption test. Data are presented as mean ± standard error of the mean. n = 6; *P < 0.05, **P < 0.01. Sham group, sham operation group; PSD group,

post-stroke depression group; FXT group, Fluoxetine hydrochloride capsules group; YNJYP group, Yi-nao-jie-yu prescription group.
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FIGURE 2 | Effects of treatments on neural stem cell proliferation in PSD rats at 2, 4, and 8 weeks post-stroke. To observe the proliferation of neural stem cells

(NSCs), newly formed cells were labeled with BrdU (red) and NSCs were labeled with nestin (green) at 2, 4, and 8 weeks post-stroke. Cell nuclei were labeled with

4′,6-diamidino-2-phenylindole (blue). (A) At 2 weeks post-stroke. (B) At 4 weeks post-stroke. (C) At 8 weeks post-stroke. Scale bar = 30µm. (D) The number of

nestin-positive cells at the observed dentate gyrus zone (at 2 weeks: F = 2.274, P = 0.090; at 4 weeks: F = 2.563, P = 0.063; at 4 weeks: F = 1.314, P = 0.292).

(E) The number of cells double-positive for nestin and BrdU appeared at the dentate gyrus (at 2 weeks: F = 0.754, P = 0.565; at 4 weeks: F = 2.086, P = 0.113; at 8

weeks: F = 0.488, P = 0.745). BrdU, 5-bromo-2-deoxyuridine; PSD, post-stroke depression; FXT, fluoxetine hydrochloride capsules; YNJYP, Yi-nao-jie-yu

prescription.

group at 2, 4, and 8 weeks, and the difference was statistically
significant (P < 0.01, P < 0.01, and P < 0.01, respectively).
Further, more cells double-positive for NeuN and BrdU appeared
in rats in the YNJYP group than in rats in the PSD group, and the
difference was statistically significant (P < 0.01, P < 0.01, and
P < 0.01, respectively). These results suggested that more newly
formed neurons appeared at the DG after MCAO operation, and
YNJYP could increase the number of newly formed neurons at
the DG of PSD rats. However, not only the total number of
neurons but also the number of newly formed neurons in PSD
rats was not statistically significantly different from that of stroke
rats. This suggested that the decrease in the number of neurons
may be not the key factor for the depressive behavior of PSD rats.

Relationship Between BrdU Labeling and GFAP

Immunoreactivity
To observe the differentiation of newly formed cells toward
astrocytes, we performed double-labeling with antibodies against
BrdU (red) and GFAP (green), an astrocyte-specific marker (16).
Figures 4A–C shows that more GFAP-positive cells and cells
double-positive for GFAP and BrdU appeared at the observed
DG zone of the PSD rats than that of rats in the stroke group at
2, 4, and 8 weeks. However, fewer GFAP-positive cells and cells
double-positive for GFAP and BrdU appeared at the observed

DG zone of rats in the FXT or YNJYP group. At 2 weeks, in
rats in the PSD group, astrocytes appeared outside the granule
cell layer, and had migrated into the granule cell layer at 4 and 8
weeks. Figure 4D shows that the PSD rats showed a statistically
significant increase in the number of GFAP positive cells at the
observed DG zone at 2 and 4 weeks compared with rats in the
stroke group (P< 0.01 for both). Both FXT and YNJYP decreased
the number of astrocytes at the observed DG zone at 2, 4, and 8
weeks (P < 0.01, P < 0.01, and P < 0.01, respectively). Figure 4E
shows that the PSD rats showed a statistically significant increase
in the number of cells double-positive for GFAP and BrdU at the
observed DG zone at 2 and 4 weeks compared with rats in the
stroke group (P < 0.05, P < 0.05, and P < 0.01, respectively).
Both FXT and YNJYP decreased the number of cells double-
positive for GFAP and BrdU at the observed DG zone at 2, 4,
and 8 weeks (P < 0.01, P < 0.01, and P < 0.01, respectively).
This suggested that the increase in the number of newly formed
astrocytes may be the key factor for the depressive behavior of
PSD rats.

Notch Signaling Pathway
Real-time PCR was used to measure Notch1, Jagged1, Hes1, and
Hes5 mRNA transcript levels in the hippocampus. Standard
curves were generated for the Notch1, Jagged1, Hes1, Hes5, and
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FIGURE 3 | Effects of treatments on differentiation of newly formed cells toward neurons in PSD rats at 2, 4, and 8 weeks post-stroke. To observe the differentiation of

newly formed cells toward neurons, recently divided cells were labeled with BrdU (red) and neurons were labeled with NeuN (green) at 2, 4, and 8 weeks. Cell nuclei

were labeled with 4′,6-diamidino-2-phenylindole (blue). (A) At 2 weeks post-stroke. (B) At 4 weeks post-stroke. (C) At 8 weeks post-stroke. Scale bar = 30µm.

(D) The number of NeuN-positive cells at the observed dentate gyrus zone (at 2 weeks: F = 5.294, P = 0.003; at 4 weeks: F = 4.543, P = 0.007, at 8 weeks:

F = 5.543, P = 0.002). (E) The number of cells double-positive for NeuN and BrdU at the observed dentate gyrus zone (at 2 weeks: F = 12.539, P = 0.001; at 4

weeks: F = 36.158, P < 0.001, at 8 weeks: F = 17.668, P < 0.001). n = 6; *P < 0.05, **P < 0.01. BrdU, 5-bromo-2-deoxyuridine; PSD, post-stroke depression;

FXT, fluoxetine hydrochloride capsules; YNJYP, Yi-nao-jie-yu prescription.

Gapdh genes. Melting curve analysis confirmed no primer dimers
in the PCR products.

Notch1 mRNA Transcript Expression in the

Hippocampus
Figure 5A shows the Notch1 mRNA transcript expression in the
hippocampus at 2, 4, and 8 weeks (n = 6; 2 weeks: F = 0.413,
P = 0.797; 4 weeks: F = 10.950, P < 0.001; 8 weeks: F = 12.006,
P = 0.071). At 4 weeks, the expression of Notch1 mRNA
transcripts for rats in the PSD group was lower than that for
rats in the stroke group (P < 0.01), but significantly increased
after treatment with FXT or YNJYP (P < 0.01). There were
no significant differences between the YNJYP and FXT groups
(P > 0.05). At 2 or 8 weeks, levels of Notch1mRNA transcripts of
rats in the five groups were not statistically significantly different
(P > 0.05).

Jagged1 mRNA Transcript Expression in the

Hippocampus
Figure 5B shows the Jagged1 mRNA transcript expression in the
hippocampus at 2, 4, and 8 weeks (n = 6; 2 weeks: F = 1.154,
P = 0.355; 4 weeks: F = 3.149, P = 0.032; 8 weeks: F = 4.582,
P= 0.007). At 2 weeks, the levels of Jagged1mRNA transcripts of
rats in the five groups were not statistically significantly different

(P > 0.05). At 4 weeks, compared with the sham group, the
expression of Jagged1 mRNA transcripts of rats in the stroke
group were higher (P < 0.01). Jagged1 mRNA transcript levels
in the YNJYP group were higher than those in the FXT group
(P < 0.05). At 8 weeks, the expression of Jagged1 mRNA
transcripts in the PSD group was higher than that in the
stroke group (P < 0.01). There were no statistically significant
differences between the YNJYP and PSD groups (P> 0.05). These
data show that YNJYP was unable to reduce the expression of
Jagged1mRNA transcripts in the PSD group at 8 weeks.

Hes1 mRNA Transcript Expression in the

Hippocampus
Figure 5C shows the Hes1 mRNA transcript expression in the
hippocampus at 2, 4, and 8 weeks (n = 6; 2 weeks: F = 0.113,
P = 0.977; 4 weeks: F = 4.688, P = 0.006; 8 weeks: F = 2.500,
P = 0.068). At 4 weeks, the expression levels of Hes1 mRNA
transcripts of rats in the stroke and PSD groups were similar
(P > 0.05). After treatment by YNJYP, levels of Hes1 mRNA
transcript expression in the PSD rats increased (P< 0.01). At 2 or
8 weeks, levels ofHes1mRNA transcripts of rats in the five groups
were similar, and showed no statistically significant differences
(P > 0.05).
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FIGURE 4 | Effects of treatments on differentiation of newly formed cells toward astrocytes in PSD rats at 2, 4, and 8 weeks post-stroke. To observe the differentiation

of newly formed cells toward astrocytes, newly formed cells were labeled with BrdU (red) and astrocytes were labeled with GFAP (green) at 2, 4, and 8 weeks. Cell

nuclei were labeled with 4′,6-diamidino-2-phenylindole (blue). (A) At 2 weeks post-stroke. (B) At 4 weeks post-stroke. (C) At 8 weeks post-stroke. Scale

bar = 30µm. (D) The number of GFAP-positive cells at the observed dentate gyrus zone at 2, 4, and 8 weeks (at 2 weeks: F = 20.579, P < 0.001; at 4 weeks:

F = 31.673, P < 0.001, at 8 weeks: F = 13.733, P < 0.001). (E) The number of cells double-positive for GFAP and BrdU at the observed dentate gyrus zone (at 2

weeks: F = 17.182, P < 0.001; at 4 weeks: F = 22.852, P < 0.001; at 8 weeks: F = 6.274, P = 0.001). n = 6; *P < 0.05, *P < 0.01. BrdU,

5-bromo-2-deoxyuridine; PSD, post-stroke depression; FXT, fluoxetine hydrochloride capsules; YNJYP, Yi-nao-jie-yu prescription.

Hes5 mRNA Transcript Expression in the

Hippocampus
Figure 5D shows the Hes1 mRNA transcript expression in the
hippocampus at 2, 4, and 8 weeks (n = 6; 2 weeks: F = 4.646,
P = 0.006; 4 weeks: F = 3.132, P = 0.032; 8 weeks: F = 3.358,
P = 0.025). At 2 weeks, levels of Hes5 mRNA transcripts of
rats in the PSD group were significantly lower than those in
the stroke group (P < 0.01). After treatment by FXT or YNJYP,
the expression levels of Hes5 mRNA transcript of rats in the
PSD group increased significantly (P < 0.01). At 4 weeks, Hes5
mRNA transcript levels in the YNJYP group were lower than
those of the FXT group (P < 0.05). At 8 weeks, levels of Hes5
mRNA transcripts of rats in the five groups were not statistically
significantly different (P > 0.05).

DISCUSSION

In this study, MCAO was used as a rat model of stroke, and
isolation housing combined with chronic immobilization stress
was used as a model of post-stroke depression. Compared with
the stroke group, PSD rats showed increased immobility time
and decreased consumption of sucrose water at 4 weeks. This
difference was statistically significant. Therefore, the PSD model

used in our study appears to be valid, and at 4 weeks, the
PSD-related changes were observed.

According to traditional Chinese medicine, PSD pathogenesis
involves kidney deficiency, liver-Qi stagnation, and blood
stasis (17). Based on these concepts, YNJYP was created to
reinforce the kidneys and regulate the liver-Qi, as well as
reduce phlegm and promote blood circulation. It has been
proven to be effective for both body function recovery and
the antidepressant treatment of patients with PSD. In this
study, the effect of YNJYP was evaluated in comparison with
FXT, and it proved effective against PSD (18) at 2, 4, and
8 weeks. Our findings demonstrated that YNJYP significantly
reversed the depressive behavior of PSD rats in the FST
and SCT. However, the therapeutic mechanism underlying the
activity of YNJYP remains unclear. Therefore, we explored the
mechanism of YNJYP activity by studying neurogenesis and
Notch signaling.

Neurogenesis includes the proliferation of NSCs,
differentiation (mainly toward neurons and astrocytes),
and functional integration of newly formed cells. It is accepted
that the proliferation of NSCs and differentiation of the newly
formed cells into neurons can contribute to the reversal of
depressive behavior and stress-induced cognitive dysfunction.
Some newly formed cells that migrate into the granule cell
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FIGURE 5 | Effects of treatments on the expression levels of Notch1, Jagged1, Hes1, and Hes5 mRNA transcripts in the hippocampus of PSD rats at 2, 4, and 8

weeks post-stroke. Real-time polymerase chain reaction was performed to investigate changes in the expression of Notch1, Jagged1, Hes1, and Hes5 mRNA

transcripts in PSD rats and the effects of YNJYP on them (n = 6 per group); *P < 0.05, **P < 0.01. (A) The expression of Notch1 mRNA in rats at 2, 4, and 8 weeks

post-stroke (n = 6; 2 weeks: F = 0.413, P = 0.797; 4 weeks: F = 10.950, P < 0.001; 8 weeks: F = 12.006, P = 0.071). (B) The expression of Jagged1 mRNA in

rats at 2, 4, and 8 weeks post-stroke (n = 6; 2 weeks: F = 1.154, P = 0.355; 4 weeks: F = 3.149, P = 0.032; 8 weeks: F = 4.582, P = 0.007). (C) The expression of

Hes1 mRNA in rats at 2, 4, and 8 weeks post-stroke (n = 6; 2 weeks: F = 0.113, P = 0.977; 4 weeks: F = 4.688, P = 0.006; 8 weeks: F = 2.500, P = 0.068).

(D) The expression of Hes5 mRNA of rats at 2, 4, and 8 weeks post-stroke (n = 6; 2 weeks: F = 4.646, P = 0.006; 4 weeks: F = 3.132, P = 0.032; 8 weeks:

F = 3.358, P = 0.025). PSD, post-stroke depression; FXT, fluoxetine hydrochloride capsules; YNJYP, Yi-nao-jie-yu prescription.

layer are critical for the restoration of function after injury (13).
Astrocytes are the most numerous and versatile glial cells in
the brain, but some of their functions remain the subject of
debate. Some studies have indicated that they are able to regulate
neurogenesis in the hippocampus (19), and that they guide the
growth and integration of the newly formed neurons (20). Other
studies have indicated that excessive differentiation toward
astrocytes or hypertrophy results in impaired neurogenesis
(21, 22). Neurogenesis in the hippocampus is particularly
important in cognitive, affective, and reproductive behaviors,
while dysfunctional neurogenic patterns are likely to be involved
in mood and psychiatric disorders (23). Stress and depression
contribute to decreased neurogenesis, and antidepressant
treatment has been shown to ameliorate depression-like behavior
and increase neurogenesis (24). 12 found that stress significantly
decreased the proliferation and survival of progenitor cells
in the hippocampus, which was partially restored following
oxotremorine treatment. Apple et al. (23) also found that
antidepressant treatment following stroke, which increases
neurogenesis, enhanced the proliferation of NSCs and improved
their migration toward sites of brain damage.

To understand how YNJYP protected the brain in our present
study, neurogenesis in the DG of the hippocampus was observed
at 2, 4, and 8 weeks by double immunofluorescence staining.
Our observations showed that neurogenesis did occur in the
hippocampus, and stroke acted to increase it, which is consistent
with previous findings (25, 26). Neurogenesis decreased in the
PSD rats compared with the stroke rats, while the depressive
behavior of the PSD rats in the FST and SCT was aggravated.
We observed that nestin-positive cells or BrdU-positive cells
appeared separately, while there were only a few cells double-
positive for nestin and BrdU at any of the three timepoints.
This observation indicates that, at 2, 4, and 8 weeks post-
stroke, the proliferation of NSCs occurred at a low level. At each
timepoint, there were a few newly formed neurons (cells double-
positive for BrdU and NeuN) in the PSD rats, and many newly
formed astrocytes (cells double-positive for BrdU and GFAP),
whereas greater numbers of newly formed cells and fewer newly
formed astrocytes appeared after treatment with YNJYP. Many
astrocytes of rats in the PSD group migrated into the granule cell
layer, which may impair the synapses and hinder neurogenesis
(22). After treatment with YNJYP, more newly formed neurons
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migrated to the granule cell layer. At 4 weeks, this phenomenon
was much more obvious than at 2 or 8 weeks.

Therefore, the changes observed in our experiment indicated
that neurogenesis did occur in the hippocampus. However,
PSD reduced neurogenesis in the stroke rats by preventing
newly formed cells from differentiating toward neurons and
increasing their likelihood of becoming astrocytes. The excessive
differentiation toward astrocytes may be the key factor for
the depression-like behavior. Interestingly, YNJYP alleviated
depressive behavior and dynamically reversed the process of
neurogenesis. It was at 4 weeks that YNJYP exerted its most
positive effects on neurogenesis.

An important issue raised by this study is the nature of the
mechanism at the molecular level. Notch signaling plays an
important role during adult neurogenesis. The Notch receptor
is activated on binding to the membrane-bound Delta or
Serrate ligand present on an adjacent cell. This interaction
triggers cleavage of Notch to release a cytoplasmic fragment
that enters the nucleus and interacts with the DNA-binding
protein, CBF/RBP-J, Suppressor of Hairless, LAG-1, which leads
to the transcription of target genes such as Hairy and Enhancer-
of-split (27). Androutsellis-Theotokis et al. (28) found that
activation of Notch signaling promotes the growth of nerves
and plays a key role in the self-repair process after nerve
injury. However, other reports were not consistent with this
conclusion, indicating instead that Notch signaling can induce
neuronal cell death (29). As previously reported, Notch1 is the
most important transmembrane Notch receptor and is required
for the maintenance of NSCs in the adult hippocampus (30).
Jagged1 is the canonical membrane-bound ligand of Notch
signaling, and conditional inactivation of Jagged1 during adult
neurogenesis depletes the NSC population and ultimately hinders
neurogenesis (31). The transcription factors Hairy/Enhancer-of-
split (named Hes in mammals) are major downstream targets
of Notch signaling. They are essential to regulate neurogenesis,
although their roles remain unclear. Some studies indicate that
they suppress the transcription of precursor genes, resulting in
the inhibition of neuronal differentiation (32). Other studies
have reported that Hes1 and Hes5 are essential to promote
differentiation (7, 8).

In the present study, we observed fluctuations in Notch1,
Jagged1, Hes1, and Hes5 mRNA transcript levels, and found
that, at 2 weeks, compared with the stroke group, expression of
Hes5 in the PSD group was first decreased, but then increased
after treatment by FXT or YNJYP, whereas expression levels of
the receptor Notch1 and ligand Jagged1 were not significantly
different among the five groups. Thus, these results support

the conclusion that not only Notch signaling, but other signals
also participate in the regulation of neurogenesis. At 4 weeks,
compared with the stroke group, the expression of Notch1 and
Hes1 mRNA transcripts in the PSD group decreased, and again
increased after treatment with FXT or YNJYP. At 8 weeks,
compared with the stroke group, the expression of Jagged1
mRNA transcripts in the PSD group increased and remained at a
high level, even after treatment with FXT or YNJYP. The present
study suggests that YNJYP exerts diverse effects on Notch signals
at different timepoints, and that other factors also participate in
the Notch signaling pathway (33–35).

In summary, this current investigation indicates that
YNJYP can alleviate depressive behavior, and exerts a
positive effect on neurogenesis by increasing neurogenesis,
promoting differentiation toward neurons, and inhibiting
differentiation toward astrocytes. At 4 weeks, the effect of YNJYP
on neurogenesis was maximum. The beneficial effects of YNJYP
treatment may be mediated by the activation of the Notch
signaling pathway.

This study identified dynamic effects of YNJYP on adult
neurogenesis. We mechanistically explored its effects on Notch
signals, both the major Notch receptor and ligand as well
as downstream targets of Notch signals, at three timepoints,
and found dynamic changes in the levels of these molecules.
Understanding the regulatory mechanisms during development
may have crucial implications for developing repair therapies for
PSD treatment (7). The contributions of other signaling pathways
and inhibitors of signal pathways involved in the neuroprotective
effects of YNJYP are the subjects of ongoing studies.
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Accumulating evidences have suggested that anxiety-like behavior and impairment of

learning and memory are key symptoms of post-traumatic stress disorder (PTSD), and

pharmacological treatment can ameliorate anxiety and cognitive impairments. Recent

studies have shown that minocycline exhibits anxiolytic effects. The aims of the present

study were to determine whether minocycline administration would alter anxiety-like

behavior and cognitive deficits induced by inescapable foot shock (IFS) and to explore

the underlying mechanisms. Male Wistar rats were exposed to the IFS protocol for

a period of 6 days to induce PTSD. The PTSD-like behavior was tested using the

open field test, elevated plus maze test, and Morris water maze test. The effects of

minocycline on pro-inflammatory cytokines, activation of microglia, and NF-κB in the

PFC and hippocampus were also examined. Treatment with minocycline significantly

reversed the IFS induced behavioral and cognitive parameters (impaired learning and

memory function) in stressed rats. Additionally, IFS was able to increase pro-inflammatory

cytokines, activate microglia, and enhance NF-κB levels, while minocycline significantly

reversed these alterations. Taken together, our results suggest that the anxiolytic effect

of minocycline is related to its ability to decrease the levels of pro-inflammatory cytokines

and inhibit activation of microglia and NF-κB in the PFC and hippocampus.

Keywords: post-traumatic stress disorder, inescapable foot shock, microglia, minocycline, pro-inflammatory

cytokines, NF-κB

INTRODUCTION

Post-traumatic stress disorder (PTSD) is one of the “trauma- and stressor-related disorders,”
and its diagnostic criteria include exposure to extreme traumatic events, recurrent and intrusive
traumatic memories, avoidance of traumatic event-related stimuli, cognitive impairment, negative
emotions, hyper-aroused state, hyper-vigilance, clinical distress, and social impairment (1). PTSD
is a global health issue and has a serious negative impact on individuals and society, the prevalence
of PTSD is high and it substantially increases the risk of other psychiatric morbidities as well as
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medical disorders (2–4). Although the current studies
have identified the molecular, neurochemical and genetic
abnormalities associated with of PTSD (5), prevention and
treatment of PTSD are limited (4, 6).

Based on the diagnostic criteria, stress is strongly associated
with PTSD. Stress is implicated in the etiology and pathogenesis
of a number of psychiatric disorders including major depressive
disorder and anxiety disorders (7). Previous research has
demonstrated that different types of stress have a close
association with inflammatory activities in the central nervous
system (CNS) (8) and peripheral circulation (9). Several
studies have demonstrated that the levels of peripheral pro-
inflammatory cytokines or other inflammatory markers were
elevated in patients suffering from PTSD (10–12). Furthermore,
studies based on the rodent models of PTSD found increased
levels of cytokines in different neuroanatomical areas (13–15).
These cytokines coordinate communication between neurons,
microglia and astrocytes and alter the neuroendocrine and
neurochemical processes, which lead to ultimate changes in
behavior (16). Although, the cytokines in the CNS can travel
to the peripherial circulation, the major cells that producing
pro-inflammatory cytokines are microglia (17). As resident
macrophages in the CNS, chronic, and severe stress can trigger
the transition of microglia from a resting state to a pro-
inflammatory state and produce a “cytokine storm” that can
disrupt the homeostasis of the brain (18). The above studies
prompted researchers to consider a new therapeutic avenue for
PTSD by inhibiting the activation of microglia. Nuclear factor
kappa B (NF-κB) is a transcription factor of inflammation,
which translocates into the nucleus and is able to up-regulate
the expression of pro-inflammatory immune response genes,
including tumor necrosis factor (TNF)-α, interleukin (IL)-1β,
and IL-6 (19). Inhibition of this pathway might be a potential
treatment for PTSD.

It was recently reported that minocycline, the semi-
synthetic tetracycline, can serve as a versatile drug for the
treatment of inflammatory diseases (20), as well as psychiatric
disorders (21). Accumulating evidence has shown that
minocycline exhibits its potential anti-inflammatory and
immune-modulatory effects in the CNS. In addition, previous
studies have shown that minocycline administration is able
to improve anxiety-like behavior and cognitive impairment
(22–25). The beneficial effects of minocycline might partly be
attributed to its ability to down-regulate pro-inflammatory
cytokines (20, 21), attenuate the activation of microglia (26)
and selectively inhibit the polarization of microglia toward
the M1 phenotype (27). In addition, previous studies have
suggested that minocycline can be a potential treatment
for PTSD experienced by rodents (14). However, the
cellular and molecular mechanism of minocycline remains
unknown.

In the present study, rats were exposed to a 6 days inescapable
foot shock (IFS) protocol followed by subsequent behavioral
assessments. The levels of pro-inflammatory cytokines, activation
of microglia and NF-κB in the prefrontal cortex (PFC) and
hippocampus were evaluated. We hypothesized that minocycline
could exert a therapeutic effect in the rat model of PTSD,

and it might exhibit a neuroprotective function through anti-
inflammatory effects by down-regulating the activation of
microglia and NF-κB in the PFC and hippocampus. This
study evaluated minocycline as a potential therapeutic agent
for PTSD.

MATERIALS AND METHODS

Animals and Drug Treatment
Eight-weeks-old male Wistar rats weighing 190–210 g were
purchased from the Animal Center of Shandong University. A
total of 40 rats were housed in a controlled environment (12 h
day/night cycle, 23 ± 2◦C) with free access to water and food.
The research procedures were approved by the Animal Ethics
Committee of Shandong University.

Minocycline was dissolved in saline, and the rats were
intragastrically administered with minocycline (Biottoped,
China) at the dosage of 40 mg/kg/d, which were based on the
methods of previous studies (25, 28). Based on the established
protocol, the rats received a single dose of minocycline or vehicle
30min before receiving daily foot shock for a total of 6 times in 6
days.

Experimental Design
Animals were randomly divided into four experimental
groups: control, PTSD alone, minocycline alone and PTSD +

minocycline, with 10 rats per group. After 1 week adaptation,
animals were exposed to daily foot shock for 6 days (day 8–13).
Then all animals were conducted with the open field (OF) test
(day 14), elevated plus maze (EPM) test (day 15), Morris water
maze (MWM) train (day 16–20), and test (day21) in a sequential
manner. Following the behavioral tests, animals were decapitated
or anesthetized for tissue preparation (day 22).

The IFS Procedure
The IFS-exposed rats received foot shocks twice a day with a
break of more than 4 h in-between foot shocks, and the procedure
continued for 6 days. Rats in the IFS-exposed groups were placed
in a dark foot-shock box and received 15 spaced shocks (3mA,
2 s) in 30min with a variable shock interval. Rats in the two
unexposed groups were placed into the box for 30min without
electric shock.

Behavioral Test
The Open Field (OF) Test
The OF test was used to assess exploratory activities and anxiety-
like behavior in an open box (29). The open field is a square
wooden box with a base of 50 cm2 and a wall height of
50 cm, and the bottom was divided equally into 25 blocks
with markers. Before each trial, the arena surface was cleaned
with 75% ethanol, the rats were placed in the center of the
apparatus, and the subsequent activities were recorded by a
camera for 5min. All behavioral data were counted by two
independent experimenters. The evaluation of behavioral data
included horizontal locomotion (the number of three limbs
crossing the line), duration of time spent in the central area,
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rearing frequency (two forepaws lifting from the ground), and
grooming frequency (licking or scratching).

The Elevated Plus Maze (EPM) Test
The EPM test was designed to test the animal’s anxiety-like
behavior by examining the duration of time spent and frequency
of entries in the open arms and closed arms (30). The device is
elevated 50 cm from the floor and has two open arms and two
closed arms (surrounded on three sides by walls 18 cm in height)
connected by a square platform. The animals were placed in the
center area with their heads facing the open arm, and trajectory
of the rat was recorded for 5min with video tracking software
(SMART 2.5, Spain). The device was cleaned with 75% ethanol
before each trial. The percentage of time spent in the open arms
and the frequency of entering the open arms were calculated.

The Morris Water Maze (MWM) Test
The MWM test was designed to assess learning and memory
function through training and testing in a circular pool (31). The
round water maze (120 cm in diameter) was divided into four
quadrants, and a platform was hidden 1 cm below the surface
of the water. Rats were trained to search for the platform four
times a day for 5 days, and they were tested on the sixth day with
the platform removed. The escape latency (time taken to find the
platform) in the training day and the percentage of time spent and
entry frequency in the target quadrant (the quadrant where the
platform was placed) in the testing day were recorded by video
tracking software (SMART 2.5, Spain).

Biochemical Determination
Tissue Preparation
For western blotting, enzyme-linked immunosorbent assay
(ELISA), and real-time PCR, rats were decapitated, and the
brains were immediately removed from the rats. The PFC
and hippocampus were separated on ice and frozen at −80◦C.
For immunohistochemistry (IHC), Rats were anesthetized with
pentobarbital sodium (50 mg/kg) and transcardially perfused
with 0.9% saline and then 4% paraformaldehyde dissolved in
PBS. Then the brains were removed and post-fixed in 4%
paraformaldehyde for 24 h at 4◦C.

ELISA
The samples were weighed and then homogenized completely in
phosphate-buffered solution (PBS). After centrifugation (1,000
× g, 10min) of the homogenates at 4◦C, supernatants were
collected and stored at−80◦C. The concentrations of TNF-α, IL-
1β, and IL-6 were detected following the instruction of ELISA kits
(Tianjin Anoric Bio-technology, Co., Ltd, China).

IHC
The tissues were dehydrated in a graded series of ethanol, cleared
in xylene and embedded in paraffin blocks. The blocks of tissue
were sectioned serially at 5µm using a microtome. After the
tissues weremounted on the slide, deparaffinated and rehydrated,
they were immersed in sodium citrate for antigen retrieval using
a microwave oven (medium power for 6min, 4 times). The
sections were treated with 3% H2O2 for 10min and washed three
times with PBS. These sections were blocked with 5% bovine

serum albumin (BSA) in PBS for 30min and incubated overnight
with the primary antibody Iba-1 (ab5076, 1:400, Abcam) at
4◦C. After three PBS washes, these sections were incubated
with biotinylated-conjugated rabbit anti-goat IgG secondary
antibody for 30min at 37◦C. After three PBS washes, sections
were treated with SABC for 30min at 37◦C and then washed
three times with PBS. A DAB kit was used for chromogenic
detection, and the sections were then stained with haematoxylin
and mounted. The images were captured by an OLYMPUS
microscope.

RNA Extraction and Real-Time PCR
Total RNA was isolated from the PFC and hippocampus of
rats using RNAprep Pure Tissue Kit (Tiangen Biotech Co., Ltd,
China) following the manufacturer’s instructions. The RNA was
quantified and analyzed for the absorbance ratios A260/280 nm
using a nano-400 (Hangzhou Allsheng Instruments Co.,Ltd,
China). 1 µg RNA was reverse-transcribed into first-strand
cDNA using the FastKing RT kit (Tiangen Biotech Co., Ltd,
China) with random primer. RT-PCR was performed using a
Biorad system (Bio-Rad Laboratories, USA) with SYBR Green.
Each PCR was performed in triplicate to a final solution
volume of 20:10 µl of SuperReal PreMix Plus, 1 µl of diluted
cDNA products, 0.6 µl of each paired primer, and 7.8 µl of
RNase-free water. Protocols were as follows: initial denaturation
for 15min at 95◦C, followed by 40 cycles denaturation for
10 s at 95◦C, and extension for 30 s at 60◦C. Last cycle for
dissociation of SYBR Green probe was 15 s at 95◦C, 30 s at
56◦C, and 15 s at 95◦C. Primer pairs for quantitative real-
time PCR were as follows: Iba1, 5′- CTTCAGCTCTAGATG
GGTCTTGG−3′ (sense) and 5′- AAGAGAGGTTGGATGGGA
TCAAC−3′ (anti-sense),GAPDH, 5′- ACCAGCTTCCCATTC
TCAGC−3′ (sense) and 5′- GAAGGTCGGTGTGAACGGAT-
3′(anti-sense). The mRNA levels of the Iba1 were calibrated
against GAPDH mRNA and the fold difference between groups
was calculated by the 2−11Ct method (32).

Western Blotting
The samples were mixed with RIPA and PMSF (Beyotime,
China) and homogenized on ice. The dissolved proteins
were centrifuged at 10,000 × g for 10min at 4◦C, and
the supernatants were collected for further detection. The
concentrations were determined using a BCA protein assay
kit (Beyotime, China). Samples containing 30 µg protein
were loaded on a polyacrylamide gel (5% stacking gel, 10%
resolving gel), run at 80mv for electrophoresis, and then
electrophoretically transferred to PVDF membranes (Bio-Rad,
USA) at 200mA for 1.5 h.Membranes were blocked with 5%milk
in TBST for 1 h and then incubated overnight with the primary
antibody, NF-κB (1:2,000, ab32536, Abcam, USA). GAPDH
(1:10,000, Beyotime, China) was used as an internal control.
After three TBS washes, the membranes were incubated with
a horseradish peroxidase-conjugated secondary antibody, sheep
anti-rabbit IgG (1:8,000, Beyotime, China) for 1 h. After washing
three times with TBST, the membranes were incubated with
chemiluminescence substrates (Millipore Corp, USA) for 3min
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and exposed to X-ray film. The gray value was quantified by
ImageJ 1.50i software (NIH).

Statistical Analysis
Quantitative data were presented as the mean ± SEM. In
most cases, two-way ANOVA was used for statistical analysis,
and multiple comparisons of individual groups were performed
using Fisher’s LSD test. Differences were considered statistically
significant if the p value was <0.05. For the MWM test, the
average escape latency in the first 5 days of training among
different groups was evaluated by three-way repeated-measures
ANOVA.

RESULTS

Effects of Minocycline in the OF Test
For the duration of time spent in the central area, two-way
ANOVA revealed a significant effect for IFS treatment [F (1, 36)

= 4.621, p < 0.05, Figure 1B], no effect was observed for
minocycline-treatment and IFS-minocycline interaction. There
was no effect was observed in the total number of crossing
(Figure 1A), rearing (Figure 1C), and grooming (Figure 1D) in
different groups. Fisher’s LSD test confirmed that IFS-exposed
rats showed a marked decrease in the time spent in the central
area when compared with the control group (p < 0.01), and the
central time of IFS-exposed rats treated with minocycline was
significantly greater than that of IFS-exposed rats treated with
vehicle (p < 0.05).

Effects of Minocycline in the EPM Test
In terms of open-arm entries, two-way ANOVA revealed a
significant effect for minocycline treatment [F (1, 36) = 6.806,
p < 0.05, Figure 2A] and an IFS-minocycline interaction [F

(1, 36) = 5.801, p < 0.05]. For the duration of time spent in
open arms, there were no significant differences between groups
(Figure 2B). Fisher’s LSD test confirmed that IFS caused a
significant reduction in the open arm entries (p< 0.01) compared
with the control group. In addition, the IFS-exposed rats treated
with minocycline exhibited a remarkable increase in the open-
arm entries (p < 0.05) compared with the IFS-exposed rats
treated with vehicle.

Effects of Minocycline in the MWM Test
As shown in Figure 3A, three-way repeated-measures ANOVA
revealed that escape latency of the four groups reduced over
the 5 days training period [F (4, 24) = 122.562, p < 0.001],
and there was no interaction between days, IFS exposure and
minocycline treatment [F (4, 24) = 1.481, p > 0.05]. There was
no IFS-minocycline interaction, day-IFS interaction and day-
minocycline interaction [F (1, 6) = 3.403, p > 0.05, F (4, 24) =

0.593, p > 0.05, F (4, 24) = 1.316, p > 0.05, respectively]. The IFS-
exposed group had a longer escape latency during the training
day on day 2 and day 3, while there was no significant difference
between these groups.

As shown in Figure 3B, the IFS-exposed rats had fewer entries
in the target quadrant compared with the control group, while
treatment with minocycline increased the number of entries
of the IFS-exposed rats compared to IFS-exposed rats treated

FIGURE 1 | The effects of minocycline on the OF test. (A) The number of crossings in the open field. (B) Time spent in the central area of the apparatus. (C) The

number of rearing events in the device. (D) The number of grooming events in the facility. The results are expressed as the mean ± SEM, n = 10, ** p < 0.01 vs.

control; # p < 0.05 vs. PTSD.
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FIGURE 2 | The effects of minocycline on the EPM test. (A) The percentage of entries in open arms. (B) The percentage of duration of time spent in open arms. The

results are expressed as the mean ± SEM, n = 10, * p < 0.05, ** p < 0.01 vs. control; # p < 0.05 vs. PTSD.

FIGURE 3 | The effects of minocycline on the MWM test. (A) Average escape latency on the training day, taking into account the times of three sessions (excepted for

the session starting in the target quadrant) per day. (B) One of the representative trajectories of the four groups in the water maze on the sixth day within 1min

(origination is opposite to the target quadrant). (C) Number of entries to the target quadrant on the sixth day of testing. (D) Duration of time spent in the target

quadrant on the testing day. The results are expressed as the mean ± SEM, n = 10, ** p < 0.01 vs. control; # p < 0.05 vs. PTSD.

with vehicle. In terms of entries in the target quadrant, two-
way ANOVA revealed significant differences for IFS exposure [F

(1, 36) = 12.06, p < 0.01, Figure 3C] and minocycline treatment
[F (1, 36) = 4.712, p < 0.05]. In terms of duration in the target
quadrant, two-way ANOVA revealed a significant difference for

IFS exposure [F (1, 36) = 8.892, p < 0.01, Figure 3D]. Fisher’s
LSD test confirmed that IFS-exposed rats showed a significant
decrease in the number of entries (p < 0.01) and duration (p <

0.01) in the target quadrant compared with the control group,
and administration of minocycline remarkably increased the
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FIGURE 4 | Effects of minocycline on pro-inflammatory cytokines in the PFC and hippocampus. (A) The levels of TNF-α in the PFC and hippocampus. (B) The levels

of IL-1β in the PFC and hippocampus. (C) The levels of IL-6 in the PFC and hippocampus. The concentrations of cytokines in the tissue were detected by ELISA. The

results are expressed as the mean ± SEM, n = 4, * p < 0.05, *** p < 0.001 vs. control; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. PTSD.

number of entries (p< 0.05) and duration (p< 0.05) in the target
quadrant compared with the vehicle treatment in IFS-exposed
rats.

Effects of Minocycline on
Pro-inflammatory Cytokines in the PFC
and Hippocampus
As shown in Figure 4A, in the levels of TNF-α in the PFC,
two-way ANOVA revealed a significant effect for IFS exposure
[F (1, 12) = 105.9, p < 0.001], minocycline treatment [F (1, 12)

= 16.41, p < 0.01] and an IFS-minocycline interaction [F

(1, 12) = 24.59, p < 0.001]. In the levels of TNF-α in the
hippocampus, two-way ANOVA revealed a significant effect for
the IFS exposure [F (1, 12) = 5.139, p < 0.05]. Fisher’s LSD
test confirmed that the IFS-exposed group showed a significant
increase in the levels of TNF-α in the PFC (p < 0.001) and
hippocampus (p < 0.05) compared with the control group.
The levels of TNF-α in the PFC (p < 0.001) and hippocampus
(p < 0.05) of IFS-exposed rats treated with minocycline
were markedly lower than that of IFS-exposed vehicle treated
rats.

As shown in Figure 4B, in the levels of IL-1β in the PFC and
hippocampus, two-way ANOVA revealed a significant effect for
IFS exposure [F (1, 12) = 14.84, p < 0.01 and F (1, 12) = 8.83,
p < 0.05, respectively], a minocycline treatment effect [F (1, 12)

= 11.45, p < 0.01 and F (1, 12) = 9.348, p < 0.01, respectively]
and an IFS-minocycline interaction [F (1, 12) = 6.158, p < 0.05
and F (1, 12) = 12.47, p < 0.01, respectively]. Fisher’s LSD test
confirmed that IFS-exposed rats exhibited a significant increase
in the levels of IL-1β in the PFC (p < 0.001) and hippocampus
(p < 0.001) compared with control rats, and minocycline-treated
IFS rats exhibited a significant decrease in the levels of IL-1β in
the PFC (p < 0.01) and hippocampus (p < 0.001) compared with
IFS-exposed rats treated with vehicle.

As shown in Figure 4C, in the levels of IL-6 in the PFC, two-
way ANOVA revealed a significant difference for minocycline
administration [F (1, 12) = 6.874, p < 0.05]. In the levels
of IL-6 in the hippocampus, no effect was observed between
groups.

Effects of Minocycline on the Activation of
Microglia in the PFC and Hippocampus
In the number of microglia in the PFC, two-way ANOVA
revealed a significant effect for IFS exposure [F (1, 36) = 16.9, p <

0.001, Figure 5A] and an IFS-minocycline interaction [F (1, 36) =

9.878, p < 0.01]. In the number of microglia in the DG, CA1 and
CA3 of hippocampus, two-way ANOVA revealed a significant
effect for IFS stress [F (1, 36) = 6.861, p< 0.05, F (1, 36) = 0.4354, p
> 0.05, F (1, 36) = 19.2, p < 0.001, respectively, Figure 5B] and a
minocycline treatment effect [F (1, 36) = 4.199, p< 0.05, F (1, 36) =

0.08328, p> 0.05, F (1, 36) = 2.232, p> 0.05, respectively]. Fisher’s
LSD test confirmed that IFS-exposed rats showed a significant
increase in microglia number in the PFC (p < 0.001), DG (p <

0.01), and CA3 (p < 0.001) compared with the control rats, and
the microglia number in the PFC (p < 0.01) and DG (p < 0.05)
of minocycline-treated IFS-exposed rats was remarkably less than
that of IFS-exposed vehicle-treated rats.

For the relative level of mRNA of Iba1 in the PFC, two-way
ANOVA showed a significant effect for IFS exposure [F (1, 8) =

19.61, p< 0.01, Figure 5D] and a minocycline treatment effect [F

(1, 8) = 7.598, p < 0.05]. For the relative level of mRNA of Iba1 in
the hippocampus, two-way ANOVA showed a significant effect
for IFS exposure [F (1, 8) = 10.93, p < 0.05, Figure 5E]. Fisher’s
LSD test confirmed that IFS-exposed rats exhibited a significant
increase in the relative level of mRNA of Iba1 in the PFC (p <

0.01) and hippocampus (p < 0.05) compared with the control
rats, and the relative level of mRNA of Iba1 in the PFC (p <

0.05) of minocycline-treated IFS-exposed rats was significantly
less than that of IFS-exposed vehicle-treated rats.

Effects of Minocycline on NF-κB in the PFC
and Hippocampus
For the levels of p65 in the PFC and hippocampus, two-way
ANOVA showed a significant effect for IFS exposure [F (1, 8)

= 9.398, p < 0.05, Figure 6A and F (1, 8) = 5.877, p < 0.05,
Figure 6B, respectively], a minocycline treatment effect [F (1, 8) =

15.73, p < 0.01 and F (1, 8) = 7.192, p < 0.05, respectively] and an
IFS-minocycline interaction [F (1, 8) = 16.04, p < 0.01 and F (1, 8)

= 8.038, p < 0.05, respectively]. Fisher’s LSD test confirmed that
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FIGURE 5 | The effects of minocycline on microglial activation in the PFC and hippocampus. (A) One of the representative images of the PFC, DG, CA1, and CA3

of the hippocampus in the four groups. (B) The number of Iba-1-positive cells in the PFC. (C) The number of Iba-1-positive cells in the region of DG, CA1, and CA3 in

the hippocampus. (D) Relative changes of the Iba1 mRNA levels in the PFC. (E) Relative changes of the Iba1 mRNA levels in the hippocampus. The results are

expressed as the mean ± SEM. The number of Iba-1-positive cells was manually calculated from 10 sections of three rats of each group by ImageJ, and the relative

levels of Iba1 mRNA were detected from three rats in different groups, *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ## p < 0.01 vs. PTSD. Scales

bars = 50µm.
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FIGURE 6 | The effect of minocycline on the expression of NF-κB in the PFC and hippocampus. (A) The levels of p65 in the PFC. (B) The levels of p65 in the

hippocampus. The protein levels were detected by western blotting, and each value was normalized to GAPDH. The results are expressed as the mean ± SEM, and

the blot shown is one of 3 independent experiments, **p < 0.01 vs. control; ##p < 0.01, ###p < 0.001 vs. PTSD.

the IFS-exposed rats showed a significant increase in the levels of
p65 in the PFC (p< 0.01) and hippocampus (p< 0.01) compared
with the control group, andminocycline significantly reduced the
levels of p65 in the PFC (p < 0.01) and hippocampus (p < 0.01)
compared to vehicle treatment in IFS-exposed rats.

DISCUSSION

The present study demonstrated that the 6 days IFS protocol was
able to induce PTSD-like behavior, as evidenced by anxiety-like
behavior in the OF test and the EPM test, as well as impairment of
learning and memory in the MWM test. The behavioral changes
were accompanied by a significant increase in the production
of pro-inflammatory cytokines and activation of microglia and
NF-κB in the PFC and hippocampus in the stressed animals.
However, treatment with minocycline was able to reverse
these behavioral alterations, and the neuroprotective effects of
minocycline might be exerted through its anti-inflammatory
properties via the NF-κB signaling pathway.

In the present study, we examined the effects of minocycline
on the anxiety-like behaviors and learning and memory
functioning in a rat model of PTSD induced by IFS. The OF
test is designed to measure spontaneous activity and anxiety-
like behaviors. The results of the OF test revealed that IFS
induced anxiety-like behavior and did not affect spontaneous
movement, while minocycline was able to attenuate anxiety-
like behaviors, as indicated by the increased time spent in the
central area. These results suggested that minocycline has an
anxiolytic effect in a model of IFS, which is consistent with
previous studies (22, 23, 33). The EPM is widely used to
(22, 23, 33). The EPM is widely used to measure anxiety-like
behavior in rodents, and it was validated pharmacological agent.
Utilizing the IFS model of PTSD, administration of minocycline
significantly reduced the IFS-induced anxiety-like behaviors, as
evidenced by the increase in number of entries and duration
of time spent in the open arms of the EPM. The MWM test
assesses spatial learning and memory function in rodents. Our

results showed that IFS caused impairment in spatial learning
and memory, as shown by an increased latency in reaching the
platform and reduced duration of time and frequency of entry
in the target quadrant, which were reversed by the treatment
with minocycline. These results were consistent with previous
studies in rodents suggesting that with previous studies in
rodents suggesting that minocycline is beneficial for cognitive
functions Anxiety and cognitive impairment are common
symptoms of PTSD and other psychiatric disorders, especially
stressor-related disorders. However, the underlying mechanism
of PTSD is not well understood. Our previous studies and other
researchers noted that the hypothalamic-pituitary-adrenocortical
(HPA) axis was involved in the response to stress, which
manifested by enhanced negative feedback inhibition of the HPA
axis (34) and excessive expression of corticotrophin-releasing
factor receptor in the hypothalamus, amygdala and PFC (35).
Furthermore, other studies have indicated that inflammation
is a crucial mediator of the responses to various stressors and
may lead to anxiety-like behavior and cognitive impairments.
Previous studies have found that pro-inflammatory cytokines
were increased in rodent models of PTSD and patients suffering
from PTSD. For example, studies on rodent models of PTSD
indicated higher levels of the pro-inflammatory cytokines in the
hippocampus and PFC (14, 36, 37). A meta-analysis reported
that the levels of IL-6, IL-1β, TNF-α and interferon-γ were up-
regulated in patients with PTSD compared with controls (38).
Our results also indicated the protein levels of TNF-α, IL-1β, and
IL-6 were increased in the PFC and hippocampus. The microglia
act as the resident macrophages in the brain and produce
pro/anti-inflammatory cytokines. We also examined the relative
levels of mRNA and protein of Iba-1, amarker of microglia, in the
PFC and hippocampus. The qPCR and IHC results indicated that
IFS increased the level of mRNA of iba-1, the number of Iba-1-
positive cells and changed the morphology of the microglia from
hyper-ramified to amoeboid shape in the PFC and hippocampus.
Consistent with our results, Sun et al. also found up-regulation
of Iba-1 in the CA1 and CA3 regions of the hippocampus
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in the animal model of PTSD induced by single prolonged
stress (36). Similarly, other studies also reported that various
stressors could induce microglial activation in different animal
models (39–42). These increased microglial responses are likely
part of the neuroinflammatory responses in which microglial
activation is the major cellular response to CNS dysfunction. The
presence of morphological and immunological findings suggests
a potential role for microglia and neuroinflammation in the
pathogenesis of the PTSD. It is well known that NF-κB is a
crucial regulator of immunological processes. O’Donovan et al.
found an up-regulation of target genes of NF-κB in patients
suffering from PTSD compared with non-PTSD controls (43).
Pace et al. analyzed the circulating peripheral mononuclear cells
of child abuse victims with PTSD and reported greater NF-κB
signaling activity in female childhood abuse victims with PTSD
than non-PTSD controls (44). In addition, a model of PTSD
induced by predator scent stress was found to be associated with
overexpression of NF-κB in the hippocampus (45). Our results
also suggested that NF-κB was activated in the brains of rats
subjected to IFS. Pyrrolidine dithiocarbamate, an inhibitor of NF-
κB, was found to normalize anxiety-like behavior, as well as startle
response and startle habituation in rodents (45). Si et al. indicated
that NF-κB activity in the basolateral amygdala was essential
for memory reconsolidation and may be a potential target for
pharmacological treatment for PTSD (46). Since the NF-κB is
a critical factor in neuroinflammation, an inhibitor of NF-κB
signaling might attenuate PTSD symptoms by down-regulating
inflammation.

The choices for pharmacological treatment for PTSD are
limited, although selective serotonin reuptake inhibitors (SSRI)
are the mainstay treatment. In addition, aspirin and brufen
were used in clinical trials to reduce neuroinflammation in
patients suffering from PTSD (5). Our findings demonstrated
that administration of minocycline significantly reduced the
levels of pro-inflammatory cytokines and the activation of
microglia and NF-κB in a rat model of PTSD induced by
IFS. Previous studies have reported that a single dose of
minocycline had a potential effect of preventing the deterioration

of behavior and exaggeration of neuroinflammation (14).
Similarly, a longer injection of minocycline also attenuated single
prolonged stress-induced anxiety-like behavior (36). In addition,
minocycline was able to improve cognitive deficits in a cerebral
microvascular amyloid model (47). Minocycline has been found
to inhibit the activation of microglia in vivo (26). Moreover,
researchers have suggested that minocycline can selectively
inhibit microglia polarization to the pro-inflammatory state
(27). Furthermore, previous studies indicated that minocycline
affected the mRNA and protein expression of NF-κB in
microglia (27). In the present study, our results suggested that
treatment with minocycline was able to inhibit the NF-κB
pathway, attenuate neuroinflammation and alleviate IFS-induced
behavioral disturbances in rats.

In conclusion, our study demonstrated that a 6 days
IFS protocol was able to induce PTSD-like behavior, elevate
pro-inflammatory cytokines and activate the microglia and
NF-κB in the PFC and hippocampus, which suggested that
neuroinflammation is involved in the response to stress.

Minocycline can attenuate these behavioral and molecular
alterations, suggesting that minocycline might be a potential
pharmacological agent for the treatment of PTSD. Although
minocycline has been considered a safe antibiotic and anti-
inflammatory agent for humans, further clinical trials are
required to assess its therapeutic efficacy in clinical population
with PTSD.
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Repair, Beijing Laboratory of Brain Disorders (Ministry of Science and Technology), Department of Neurobiology, Beijing

Institute of Brain Disorders, Capital Medical University, Beijing, China, 3Department of Cell Biology, National Research
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Estrogen (E2) withdrawal is a core pathology mechanism for postpartum depression

(PPD). Galanin (GAL), an estrogen-inducible neuropeptide has also been reported to

be associated with depression. However, it still remains unclear which GAL receptors

(GALRs) are involved in PPD pathologic process. In the present study, we discovered that

the expression of GALR1, rather than GALR2/3, was upregulated with a region-specific

pattern in the prefrontal cortex (PFC) of E2 withdrawal induced PPD model rats.

Meanwhile, c-fos was also upregulated only in PFC in the same animal model. Injection

of GALR1-siRNA into the bilateral PFC ameliorated depressive-like behavior of PPD rats,

suggesting that the upregulation of GALR1 in PFC is involved in PPD. Moreover, Western

Blot and HPLC assays demonstrated that the downregulation of CREB-BDNF signaling

and 5-HT levels in the PFC of PPD rats were reversed after GALR1-siRNA injection.

These comprehensive results suggest that the knock down of GALR1 in PFC alleviates

depressive-like behaviors and reverse downregulation of CREB-BDNF and 5-HT levels

in PPD rat model.

HIGHLIGHTS

Expression level of GALR1 mRNA was significantly increased in PFC of estrogen

withdraw-induced PPD rats.

Injecting GALR1-siRNA into PFC alleviated depressive-like behavior and reversed the

decrease of 5-HT level and CREB/BDNF signaling in PFC of PPD rats.

Keywords: PPD, PFC, GALR1, CREB, BDNF, 5-HT

INTRODUCTION

Postpartum depression (PPD) is a severe mental disorder that affects both mother and their babies,
with an estimated prevalence of 10–15% worldwide (1). The DSM-5 defines postpartum depression
as the depressive episode that begins 4 weeks after delivery (2) andmay last for 12months, clinically
(3). In some serious scenarios, patients may tend to commit infanticide and are more likely to abuse
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their babies (4).The widely accepted hypothesis of PPD is that the
withdrawal of estrogen (E2) plays a cortical role in the onset of
PPD (5). Clinical studies have shown that women tend to exhibit
more symptoms of depression during times of large hormonal
changes. Thus, the onset of PPD is thought to arise, at least in
part, from the dramatic fluctuations in the levels of the gonadal
hormones during the postpartum period, and patients showed
strong correlation between lower estradiol level in umbilical
cord blood and depressive mood during the postpartum period
(4, 6). Moreover, the E2 therapy has a greater improvement in
depression scores compare with placebo among patients with
severe PPD. However, interfering with breastfeeding, is a major
concern for E2 therapy in PPD (6, 7) and searching for a new
therapeutic target is emergency for PPD treatment. Galanin
(GAL) is an estrogen-inducible neuropeptide, which is widely
distributed in central and peripheral nervous system, as well
as endocrine system (8). It has been demonstrated that GAL
system plays an important role in depression, and drugs that
target galanin receptors canmodulate stress-related behaviors (9–
11). GAL exerts its function via its receptors: galanin receptor
1 (GALR1), galanin receptor 2 (GALR2), and galanin receptor
3 (GALR3). It’s signaling via multiple transduction pathways,
including inhibition of cyclic AMP/protein kinase A (GALR1,
GALR3) and stimulation of phospholipase C (GALR2) (8). Our
recent study revealed that the knockdown of GALR1 in the
ventral periaqueductal gray reverses depressive-like behavior of
chronic mild stress (CMS) rats (12). Meanwhile, it has been
reported that GAL neurons in themedial preoptic area govern the
parental behavior in female rats (13). Moreover, the expression of
GALR1mRNA varies across the estrous cycle in the preoptic area
and is elevated in females more than males (14). However, it still
remains unclear which GAL receptors (GALRs) are involved in
PPD pathologic process.

In the present study, utilizing an ovarian-steroid withdrawal-
induced PPD rat model, we examined the change of GALRs
expression in several brain regions associated with mental
disorders, including prefrontal cortex (PFC), central amygdala
(CeA), and ventral hippocampus (VH). In addition, we explored
whether or not there was a causal link between change of GALR1
expression and depression-like behaviors in PPD model rats and
possible signaling mechanisms involved.

METHODS

Animals and Housing
Female Sprague Dawley rats (160–180 g) were used in the present
study (Capital Medical University, China). To minimize the
stress, the female rats were acclimatized for 1 week before
ovariectomy. The rats were group housed in a room with
controlled temperature (22–24◦C) and light (12-h light/dark
cycle). All rats had free access to food and water. The study
was approved by the Animal Care Committee at Capital Medical
University. It was the minimal animal number for meeting
statistical analysis requirements.

Ovariectomy
All surgeries were performed using an aseptic tip technique.
Rats were anesthetized with 6% chloral hydrate (6 ml/kg)

administrated i.p., and fixed at the prone position. A 1.5 cm
longitudinal dorsal incision was made using an aseptic technique
(15). The incision was then pulled laterally to open the muscular
layer and peritoneum. The ovaries and fallopian tubes were
identified and the ovaries were removed. The skin was sutured
and penicillin was administered to prevent infection. The control
rats were sham-operated. The rats were housed separately
following surgery and allowed 1-week recovery to eliminate
estrogen and progesterone.

Procedure
Hormones Administration
The rats were divided into five groups: control group (n = 8),
PPD group (n= 8), PPD+ siRNA group (n= 8), PPD+ scramble
group (n = 8), and PPD_E group (n = 8). Rats in PPD group,
PPD + siRNA group, PPD+ scramble group, and PPD_E group
were ovariectomized bilaterally. Rats were administrated vehicle
or hormones subcutaneously at 9:00 am for 23 days from 1
week after ovariectomy. The control group was injected with
0.3ml polyethylene for 23 days. The PPD group, PPD + siRNA
group, PPD + scramble group, and PPD_E group were injected
with 2.5 µg estradiol dissolved in 0.2ml polyethylene and 4mg
progesterone (0.1ml) for the first 16 days and 50 µg estradiol
dissolved in 0.3ml polyethylene from day17 to day23. From day
24 till to the behavioral tests were completed, rats in PPD_E
group continued receiving a high dose of estradiol (50mg), while
the PPD group, PPD+ siRNA group, and PPD+ scramble group
were injected with 0.3ml polyethylene during the same time. The
first 23 days were considered the “pregnant” period, after which
were considered the “postpartum” period (16) (Figure 1).

siRNA Interference
The green fluorescent protein (GFP) reporting lentivirus
encoding the siRNA to Galr1 and scramble (12) were injected
into the bilateral PFC of rats in PPD + siRNA group or PPD
+ scramble group, respectively. The surgery was carried out
4 weeks before the behavioral tests. Rats were anesthetized
with 6% chloral hydrate and placed on a stereotaxic apparatus
(Benchmark). A hole was drilled on the skull based on the
coordinate: AP+3.2mm; ML±/−0.6mm; DV −4.0mm (below
surface of the skull) from Bregma, according to the atlas of
Paxinos and Watson (17). Three micro liters of siRNA or
scramble was injected with a 10 µl microsyringe (Hamilton) for
15min. The needle remained in place for another 15min. The
injection site was verified from 30µm coronal sections under a
fluorescence microscope. Rats were allowed one-week recovery.

Behavior Tests
Forced Swimming Test
Forced swimming test (FST) was conducted 3 days after the
termination of estrogen administration in PPD group. Rats in
PPD_E group were tested 2 h after the injection. The FST was
carried out on rats as described in our earlier study (18), with
slight modifications. Briefly, rats were individually placed in a
transparent glass cylinder (64 cm height and 22 cm diameter)
filled with tap water with depth of 30 cm at 25 ± 2◦C. Each
test session lasted for 5min and was recorded by a camera
connected to ANY- maze video tracking software (Stoelting Co.,
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FIGURE 1 | Time schedule for the experiment. Behavioral tests included forced swimming test and sucrose preference test.

IL, USA) which automatically calculated the climbing time and
immobile time. The water was changed and containers were
cleaned thoroughly between rats in order to minimize any effects
of other subjects. Rats were dried and returned to their cages after
the test.

Sucrose Preference Test
The sucrose preference test was carried out on rats as described
in our earlier study (12), All rats were trained to consume
1% sucrose solution 1 week before the test to habituate to the
new solution. Animals were water-deprived 24 h before the test.
The test was conducted at 11:00 a.m. 2 h following the estrogen
injection in PPD_E group. Rats were placed in separated cages
with no access to food. Two pre-weighed bottles were placed on
each cage, one filled with tap water, the other one filled with 1%
sucrose solution. The placement of two bottles (left/right) was
counterbalanced and interchanged 30min after the test started.
After 1 h, bottles were re-weighted to determine the volume of the
sucrose solution consumed and the sucrose preference presented
by the percentage of the sucrose solution consumed.

Radioimmunoassay for Estradiol
Before the surgery and sacrifice, the rats were anesthetized
with 6% chloral hydrate (6 ml/kg) administrated i.p., (at 9:00–
10:00 a.m). Blood samples were collected from the retroorbital
sinus using a heparan capillary tube then put into the
anticoagulation tube. 20min later, the blood was collected in
Eppendorf tubes. The samples were centrifuged at 3,000 rpm
(rounds per min) for 10min. Plasma concentration of estradiol
was determined by radioimmunoassay kit (Laerwen Co., LTD.,
Shenzhen, China) following the standard procedures.

Microdissection of PFC, CeA, and VH
Sample Preparation
At the end of the behavioral tests, animals were sacrificed under
anesthesia. Brains were rapidly separated from the skull and
sliced using a 1-mm brain matrix. PFC, CeA, and VH were
dissected on ice using stereotaxic coordinates. Each brain tissue
was put into an Eppendorf tube and then rapidly shock-frozen
on dry ice and stored at −80◦C for later RNA extraction. The
positions of the cannula were verified by crystal violet staining
and only the rats with an exact localization were included in the
statistical analysis.

Quantitative Real-Time PCR (Q-PCR)
Total RNA of brain tissues or PFC neurons was extracted using
RNeasy Lipid Tissue Mini Kit (Qiagen, Germany) or RNeasy
Micro Kit (Qiagen, Germany) following the manufacturer’s
instructions, respectively. Total RNA was dissolved in 30 µl
RNase-free water provided in the kit. RNA concentrations were
assessed using NanoDrop (Thermo Scientific, DE, USA) with
260 /280 nm ratios between 1.9 and 2.1. Transcriptor First
Strand cDNA Synthesis Kit (Roche, IN, USA) was used to
reverse-transcribe RNA (1 µg) into cDNA according to the
manufacturer’s instruction.

Quantitative PCR (Q-PCR) was performed following the
reverse transcription. The total volume of Q-PCR reactions
was 20 µl containing 8 µl distilled water, 10 µl SYBR
Green Mix (Applied Biosystems, UK), 1 µl cDNA, and
1 µl primers (forward + reverse). The sequences of the
primers used in this study were as followed: GAPDH-specific
primers were forward: GACCACCCAGCCCAGCAAGG,
reverse: TCCCCAGGCCCCTCCTGTTG. GALR1-specific
primers were forward: TCGGGACAGCAACCAAAC, reverse:
TGCAGATGATTGAGAACCTTGG. GALR2-specific primers
were forward: GCCGCCATCGGGCTCATCTG, reverse:
GTCGAGGTGCGCTCCATGCT. Amplification reaction
protocol included 2min at 60◦C, 10min at 95◦C, followed by
40 cycles reaction as: 15 s of denaturing at 95◦C and 1min of
annealing at 60◦C. Samples were held at 10◦C at the end of
each amplification reaction. GAPDH was used as the internal
reference for each sample.

Western Blot
Total proteins were extracted using Buffer C lysis buffer. The
protein concentrations were measured by bicinchoninic acid
(BCA) assay. Forty micrograms of proteins were concentrated
at 80mV and separated at 100mV using 10% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE). Proteins were then
transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore, MA, USA) for 2 h at 300mA following the
electrophoresis. Membranes were blocked with 10% milk at
room temperature for 1 h and incubated with the following
primary antibodies: c-fos (sc-413, mouse monoclonal, Santa
Cruz CA), BDNF (ab226843, rabbit polyclonal antibody;
abcome echnology), CREB and phospho-CREB (sc-377154, sc-
81486, mouse monoclonal, Santa Cruz, CA) at 4◦C overnight.
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Membranes were washed 3 times (10min × 3) with Tris-
buffered saline-Tween (TBST) and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:5,000,
Applygen, Beijing, China) for 1 h at room temperature followed
by washing 3 times (10min × 3) with Tris-buffered saline-
Tween (TBST). Proteins were developed using an enhanced
chemiluminescence (ECL) reagent kit (Applygen, Beijing, China)
and radiographic films (Carestream, Xiamen, China). α-tubulin
(ABT170, rabbit polyclonal, 1:10,000, Millipore, Temecula, USA)
was used as the internal reference.

Determination of 5-HT and 5-HIAA Levels
The levels of 5-HT and its metabolite 5-HIAA in PFC and VH
was measured using high-performance liquid chromatography
with anelectrochemical detector (HPLC-ECD). Model 5600A
CoulArray Detector System and CoulArray for Wingdows R©32
application software (ESA, USA) was used for detection and
data analysis. PFC and VH tissues were dissected and stored at
−80◦C. Pre-weighted tissues were placed into Eppendorf tubes
and homogenized in 200 µl of fluid A (0.4M perchloric acid) for
10 s on ice. Samples were centrifuged at 12,000 rpm for 20min at
4◦C after placing on ice for 1 h, away from light. 80 µl of fluid B
(mobile phase) was added into 160 µl of supernatant and vortex
mixed. Samples were centrifuged at 12,000 rpm for 20min at 4◦C
after placing on ice for 1 h, 200 µl of supernatant was extracted
and kept at −80◦C away from light. 200µ of each sample was
used for analysis. The flow rate was 1.0ml/min. The voltages of
the four CoulArray channels were −150, 100, 220, and 400mV,
respectively.

Data Analyses
Data were presented as mean ± SEM (standard error
of measurements).Statistical analysis was carried out using
SPSS16.0. Animals with incorrect injection positions were
excluded from statistical analysis. Data were analyzed with one-
way ANOVA and the follow-up post-hoc Tukey HSD multiple
comparison tests were selected to compare mean values in each
group. P < 0.05 was considered to be statistically significant.

RESULTS

E2 Withdrawal- Induced Depressive-Like
Behaviors in PPD Rats
E2 levels were assessed after the 16-day 2.5 µg E2+4mg
progesterone treatment and after the 7-day 50 µg E2 treatment,
respectively (Figure 1). There was no significant difference in
plasma E2 level among three groups on the 16th day (p > 0.05)
(Figure 2A), while the E2 level was significantly elevated in
PPD_E group after 23-day injection (p < 0.05) (Figure 2B).

Behavioral tests were conducted 1 week after the termination
of estrogen administration in PPD group, while rats in PPD_E
group kept receiving a high dose of estrogen. In forced swimming
test, the climbing time was decreased in PPD group compared
with the other two groups (p < 0.01, p < 0.05) (Figure 2C).
However, rats in PPD group showed significantly increased
immobility time (p < 0.05, p < 0.01). Sucrose consumption
test showed that the PPD rats consumed less sucrose than
the Ctrl rats, indicating that PPD rats performed anhedonia

symptom. Meanwhile, the estrogen treatment reversed sucrose
consumption to normal level in PPD_E group (p < 0.01,
p < 0.05) (Figure 2E). There was no significant difference
between Ctrl group and PPD_E group in forced swimming test
and sucrose consumption test (Figure 2D), which is consistent
with previous reports (16, 19). Maybe the dose used is not
sufficient enough to influence the behavior results, though it is
already higher than Ctrl.

E2 Withdrawal Elevated GALR1 Expression
in PFC in PPD Group
The protein level of c-fos in PFC was significantly increased
in PPD rats compared with Ctrl and PPD_E group (p < 0.05)
(Figure 3A), but not in the VH and CeA (data not shown). The
expression of GALR1 and GALR2 was analyzed in PFC, CeA,
and VH brain regions. The mRNA level of GALR1 in PFC was
significantly increased in PPD group compared with Ctrl and
PPD_E group (p < 0.05) (Figure 3B), while in VH or CeA, the
difference among the groups was not significant (Figures 3C,D)
(p > 0.05). There was no difference in the expression of GALR2
in any brain regions tested (p > 0.05) (Figures 3B–D). It needs
to be mentioned that the expression of GALR3 in rat brain
is low abundance exclude hypothalamus and pituitary (20),
and our data show the CT value of GALR3 in the PFC is
near 37 (data not shown). Therefore, GALR3 was not analysis
here.

Injection of GALR1-siRNA Into PFC
Reversed Depressive-Like Behaviors in
PPD Rats
GALR1-siRNA was injected into the bilateral PFC of
ovariectomized rats, following estradiol withdrawal procedure
(Figure 1). The coordinates for the PFC were AP +3.2, ML
±/−0.6, H −4.0mm from Bregma (17) and the injection sites
were confirmed by GFP fluorescence (Figure 4A). The efficiency
of GALR1 interference was verified by Q-PCR. The expression
of GALR1 was significantly decreased in PPD + siRNA group
compared with PPD and PPD + scramble groups in the PFC (p
< 0.05), while no significant difference between PPD and PPD+

scramble group was observed (p > 0.05) (Figure 4B).
Behavioral tests were carried out 4 weeks after GALR1-

siRNA injection. In forced swimming test, PPD. and PPD +

scramble rats showed less climbing time (p < 0.05) and more
immobility time than Ctrl rats (p < 0.01) (Figures 4C,D), while
no significant difference was seen between PPD + siRNA and
Ctrl rats (p > 0.05) (Figures 4C,D). In sucrose preference test,
PPD and PPD + scramble rats consumed less sucrose than
Ctrl rats (p < 0.05) while GALR1-siRNA injection reversed
sucrose consumption to normal level compared with Ctrl group
(P > 0.05) (Figure 4E).

CREB-BDNF Signaling Involved in the
Antidepressant Effect of GALR1-siRNA in
the PFC of PPD Rats
CREB and phospho-CREB protein levels were assessed with
WB. The expression of CREB was significantly decreased in
PPD and PPD + scramble group, while GALR1-siRNA injection
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FIGURE 2 | Estradiol withdrawal-induced depressive-like behaviors in PPD rats. (A) After the 16-day 2.5 µg E2+4mg progesterone treatment schedule, all groups

had no significant difference in plasma estradiol levels. (B) After the 7-day 50 µg E2 treatment schedule, PPD_E group showed a significant increase of plasma

estradiol levels. (C) PPD group showed reduced climbing time than Ctrl and PPD_E group in forced swimming test. (D) PPD group showed increased immobility time

than Ctrl and PPD_E group in forced swimming test. (E) PPD group showed a significant decrease of sucrose consumption than Ctrl and PPD_E group in sucrose

preference test. Data were represented as mean ± SEM (n = 6–8 in each group)*p < 0.05 compared to PPD_E group (A, B); *p < 0.05, **p < 0.01 compared to PPD

group (C–E). Data were analyzed by one-way ANOVA followed by post-hoc Tukey HSD multiple comparison tests.

FIGURE 3 | The expression of c-fos and GALR1 was significantly increased in the PFC in PPD group. (A) In PFC, c-fos protein level was significantly increased in PPD

group compared to Ctrl and PPD_E groups. (B) PPD group showed an increase of GALR1 mRNA level compared to Ctrl and PPD_E group in PFC, while there was

no difference in GALR2 expression between groups. (C) There was no difference in GALR1 or GALR2 expression between groups in CEA. (D) There was no difference

in GALR1 or GALR2 expression between groups in VH. Data were represented as mean ± SEM (n = 6–8 in each group). *p < 0.05 compared to Ctrl group. Data

were analyzed by one-way ANOVA followed by post-hoc Tukey HSD multiple comparison tests.
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FIGURE 4 | Injection of GALR1-siRNA into PFC reversed depressive-like behaviors. (A) A low magnification (10 ×) representative image of coronal brain sections

showing the injection sites. The success of AAV vector injection into the PFC was confirmed by GFP fluorescence. (B) GALR1 mRNA level significantly decreased in

the PFC after GALR1-siRNA treatment compared to PPD group and PPD + Scramble group. (C) Climbing time elevated to normal level after GALR1-siRNA

treatment. (D) Immobility time significantly decreased in PPD + siRNA group compared to PPD groups. (E) Decreased sucrose consumption was reversed after

GALR1-siRNA treatment. Data were represented as mean ± SEM (n = 6–8 in each group). *p < 0.05, **p < 0.01, ***p < 0.001 compared to PPD group; #p < 0.05,

##p < 0.01, ###p < 0.001 compared to PPD + Scramble group (A–C). ***p < 0.001 compared to Ctrl group. Data were analyzed by one-way ANOVA followed by

post-hoc Tukey HSD multiple comparison tests. Scale bar = 50 0m.

increased CREB expression to normal level compared to PPD
group (p < 0.001), PPD + Scramble group, (p < 0.05), and Ctrl
group (p > 0.05); The expression of P-CREB was significantly
decreased in PPD and PPD + scramble group, while GALR1-
siRNA injection increased phospho-CREB expression to normal
level compared to PPD group (p < 0.001), PPD + Scramble
group (p < 0.01) and Ctrl group (p > 0.05),(Figure 5A). The
expression of BDNF was significantly decreased in PPD and
PPD + scramble, while GALR1-siRNA injection reveres E2
withdrawal induced decreased BDNF levels compared to PPD
group (p < 0.01), PPD + Scramble groups (p < 0.01), and Ctrl
group (p > 0.05) (Figure 5B). All those data suggest that 4.
CREB-BDNF signaling involved in the antidepressant effect of
GALR1-siRNA in the PFC of PPD rats.

Injection of GALR1-siRNA Into PFC
Reversed the Decreased Levels of 5-HT
and 5-HIAA in the PFC
HPLC was carried out to test the 5-HT and its metabolite 5-
HIAA levels in PFC and VH. The levels of 5-HT and 5-HIAA in
PFC were decreased in PPD and PPD +Scramble rats compared
to Ctrl rats (Figures 6A,B). However, they were significantly
increased in PPD+ siRNA rats compared to PPD and PPD
+Scramble rats (p < 0.05). there is no significant difference
between PPD+ siRNA and Ctrl group (p> 0.05) (Figures 6A,B).
There was no significant difference of the 5-HT and 5-HIAA

levels in the VH between all groups (Figures 6C,D).These results
suggested that GALR1 interference may exert anti-depressant
effect associated with up-regulation of 5-HT and 5-HIAA levels
in the PFC.

DISCUSSION

In the present study, E2 withdrawal paradigm induced
depressive-like behavior and upregulation of GALR1 and c-fos
expression with a region specific pattern in the PFC of PPD
rats. Treatment of GALR1-siRNA in PCF reversed depression-
like behavior accompanied with the reversion of down-regulated
CREB-BDNF and 5-HT levels.

The pathophysiology of PPD is considered to be triggered by
the rapid decline in reproductive hormones following pregnancy.
Besides post-partum period, lower E2 levels also associated with
depression symptoms, it has been shown that CUMS-OVX rats
demonstrated longer immobility time in FST test and lower
sucrose preference than CUMS-intact female rats (21). However,
so far most studies of depression model focus in male rats, the
data about estrogen is very limited.

Consistent with other studies (16, 19), our data demonstrated
that E2 withdrawal paradigm-induced depression-like behavior
including decreased sugar preference, which implied this
paradigm was sufficient to produce “anhedonia” in rats,
suggesting that the establishment of E2 withdrawal rat model
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FIGURE 5 | siRNA-GALR1 interference reversed the decreased protein levels of CREB, P-CREB and BDNF in the PFC. All data are expressed relative to Ctrl

group.(A) CREB and P-CREB protein levels were significantly decreased in PPD groups, while GALR1-siRNA treatment up-regulated CREB and P-CREB levels to

normal.(B) BDNF protein levels were significantly decreased in PPD groups, while GALR1-siRNA treatment upregulated BDNF protein levels. Values are expressed as

mean ± SEM. (n = 3 in each group)*p < 0.05, **p < 0.01, ***p < 0.001 compared to PPD + siRNA group. ##p < 0.01, ###p < 0.001 compared to Ctrl group.

FIGURE 6 | siRNA-GALR1 interference reversed down-regulation of 5-HT and 5-HIAA levels i in the PFC. (A) PPD + siRNA group showed significantly increased

5-HT levels in the PFC compared to Ctrl and PPD + Scramble group. (B) PPD + siRNA group showed significantly increased 5-HIAAlevels in the PFC compared to

Ctrl and PPD + Scramble group. (C) There was no difference in 5-HT levels in VH between groups. (D) There was no difference in 5-HIAAlevels in VH between

groups. Data were represented as mean ± SEM (n = 6–8 in each group). *p < 0.05 compared to PPD + siRNA group. #p < 0.05 compared to Ctrl group. Data were

analyzed by one-way ANOVA followed by post-hoc Tukey HSD multiple comparison tests. VH: ventral hippocampus.

is an effective approach to investigate the mechanism of PPD.
Moreover, the depressed symptoms in rodents is prevented
by prolonging exposure to high levels of E2 through the

“post-partum period,” suggesting that E2 plays antidepressant
roles at least partially in this paradigm and further confirmed that
the PPD is associated with E2 withdrawal (16). It has been shown

Frontiers in Psychiatry | www.frontiersin.org 7 November 2018 | Volume 9 | Article 58882

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Li et al. GALR1 Alleviates Depressive-Like Behaviors

that E2 complementary treatment plays antidepressant roles in
OVX mice. However, it interferes with breastfeeding, which is
a major concern in the treatment of PPD (22–24). Therefore,
searching for a new therapeutic target is emergency for PPD
treatment.

The monoamine-deficiency is one of the hypothesis of
major depression (25). Menopausal depressive rats also showed
decreased 5-HT levels in cerebral spinal fluid (26). Various
studies showed that neuropeptide GAL has direct and indirect
inhibitory effect on both NA and 5-HT neurons (27). It has
been demonstrated that GAL system is associated with major
depression in a postmortem brain study (9). Our recent study
has also shown that the increased expression of GalR1 in
the ventral periaqueductal gray of chronic mild stress rats is
related to depression-like behavior (12). In the present study, we
found that in PPD rats, GALR1 was significantly and selectively
upregulated in PFC, but not in other brain regions. Meanwhile,
c-fos, which is widely used as a marker for the activation
of neurons in the brain (28), was also up-regulated only in
the PFC in PPD rats. PFC is one of the regions involved in
cortico-limbic circuits and is important in the development
and treatment of depression (29). A recent proton magnetic
resonance spectroscopy study showed glutamatergic dysfunction
and neuronal damage occurred in dorsolateral prefrontal cortex
in PPD patients (30). It has been shown that GALR1 is high
expression in the mPFC (31), Taken together, all those data
suggest that upregulation of GALR1 in PFC may be involved
in PPD. To further demonstrate the causal link between change
of GALR1 expression and depression-like behaviors in the PPD
rats model, knocking down GALR1 in the bilateral-PFC with a
siRNA technique was carried out and depressive-like behavior
was ameliorated in PPD rats after GALR1-siRNA treatment.
More interestingly, we found that higher expression of GALR1
was accompanied with lower expression of cAMP response
element binding protein (CREB) and BDNF in the PFC of PPD
rats. GALR1-siRNA injection reversed the decreased levels of
p-CREB, CREB, and BDNF. It has been known that acitivation of
GALR1, a Gi protein-coupled receptor, inhibits cyclic adenosine
monophosphate synthesis and its downstream molecule CREB
(31–33). Meanwhile, chronic administration of antidepressants
increases the expression, phosphorylation, and function of CREB,
and its downstream target gene BDNF in the limbic brain regions
related to depression (29, 34, 35). All those implied that GALR1-
siRNA-induced reversion of CREB-BDNF signaling might be
involved in the antidepressant role of GALR1-siRNA.

Our HPLC results showed that the 5-HT and 5-HTAA
levels were decreased in PFC of PPD rats. Moreover, this
downregulation of 5-HT and 5-HTAA was ameliorated after
GALR1-siRNA injection in the PFC. Decreased 5-HT level in the
PFC associated with depression (36, 37). The concentration of 5-
HT in PFC is depended on release and reuptake of 5-HT. Though
it is well-known that GALR1 mRNA expresses in DR neurons (6)
and very likely GALR1 protein also expresses in the terminal of
DR neurons. Therefore, GALR1might be involved inmodulating
release or/and reuptake of 5-HT. But local injection of GALR1-
siRNA in PFC is not able to knockdown GALR1 expressed in
the terminal of DR neurons as receptor protein is synthesized in

the cell body. On the other hand, PFC neurons project to dorsal
raphe and modulate serotonergic neurons activity as well as 5-
HT releasing in target regions including PFC (38). GALR1 is
highly expressed in PFC, and GALR1mRNA level was significant
increase in PFC of major depression patients (9). Thus, if the
PFC-DR neurons expressing GALR1, blocking GALR1 might
cause de-inhibition of PFC-DR neurons and in turn, enhance
5-HT release in PFC. However, because of lacking selective
antibody against GALR1, it is still unknown whether PFC-DR
neurons expressing GALR1. Meanwhile, it has been reported that
astrocytes in PFC expresses 5-HT and transpoters and might
be also involved in modulation of 5-HT concentration in PFC
(39). It is also been reported that GALR1 expresses in astrocytes
in the brain (40). Thus, local injection of GALR1-siRNA might
knockdown astrocytes-expressing GALR1 and enhance release
or inhibit reuptake of 5-HT. But the expression of GALR1
on astrocytes is also needed to be determined with selective
antibody. In the present study, lower level of 5-HT in PPDmodel
rats and ameliorated depression-like behavior together with
reversed 5-HT level after GALR1-siRNA treatment suggesting
that antidepressant effect of GALR1-siRNAmight bemediated by
reversing downregulation of 5-HT in PFC. Thus, GAL regulates
5-HT levels by modulating not only activity of 5-HT neurons
(via GALR1/R3) in DR, the main source of 5-HT ascending
system (41, 42), but also releasing or/and reuptaking of 5-HT
(via GALR1) in PFC, the projection region of 5-HT ascending
system.

It has been demonstrated that interaction between BDNF
and 5-HT is involved in depression by influencing neuronal
plasticity and depression susceptibility(43–45). Our data showed
that GALR1-siRNA reversed PPD-induced downregulation of
BDNF and 5-HT in PFC, suggesting that the interaction of
BDNF and 5-HT might be involved in antidepressant effect of
GALR1-siRNA. However, it is needed to be determined in future
study.

Meanwhile, the etiology of PPD is a complex interaction of
psychological, social and biological factors. It has been reported
that, in addition to estrogen system, hypothalamic-pituitary-
adrenal (HPA) axis disorder, gestation stress are involved in PPD
(18, 46). In future study, we will continue study the effects of GAL
signaling in other pathways of PPD.

CONCLUSION

The present results, based on the rat PPD depression model,
provide evidence for involvement of GALR1 in the PFC in
depression-like behavior. Thus, a GALR1 antagonist acting in the
PFC may have antidepressant actions in PPD.
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Child maltreatment and sleep disturbances are particularly prevalent among individuals

with a history of depression. However, the precise relation between child maltreatment

and sleep within this population is unclear. The present study evaluated childhood

maltreatment and trauma as a predictor of sleep duration and insomnia symptoms

among young adults with prior depression. A total of 102 young adults (18–22; 78%

female) with a history of clinical or subclinical depression completed an in-person visit

with diagnostic interviews and questionnaires of childhood trauma (maltreatment and

general trauma), and 2 weeks of daily assessments of sleep and depressive symptoms

using internet-capable devices. Using multilevel modeling, we found that only childhood

emotional neglect significantly predicted higher levels of insomnia symptoms over the

2 weeks, controlling for daily depression. Neither childhood maltreatment nor trauma

predicted sleep duration. Our findings highlight a unique relationship between emotional

neglect and insomnia symptoms among individuals with a depression history that, given

prior research, may potentially play a role in depression recurrence and represent a

potential treatment target.

Keywords: depression, child maltreatment, emotional neglect, insomnia, sleep

INTRODUCTION

Childhood trauma is highly prevalent in depression, with over half of individuals with
depression endorsing childhood abuse and neglect (1). Meta-analyses indicate that individuals
exposed to childhood maltreatment are not only more likely to develop depression, but also
experience depression that has a more severe, chronic, and treatment-resistant course [e.g., (1–3)].
Although all types of childhood maltreatment can have lasting consequences, research highlights
a distinct relationship between emotional maltreatment and depression, such that emotional
abuse and neglect more strongly predict depression course and severity than physical or sexual
abuse (1, 3). Given the increased risk of chronic, recurrent depression among those exposed to
childhood maltreatment, it is critical to identify potential mechanisms through which childhood
maltreatment, particularly emotional abuse and neglect, may confer risk for future depression.

Importantly, sleep disturbance may be one critical mechanism through which individuals
exposed to maltreatment are vulnerable for recurrent depressive episodes. Indeed, sleep
complaints are among the most common residual symptoms of depression (4, 5). In
particular, shorter sleep duration and difficulty initiating and maintaining sleep (i.e., insomnia
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symptoms) robustly predict depression recurrence (6–8), and are
associated with increased risk of suicide (9).

Although research has only recently explored the long-term
effects of childhood adversity on sleep in adulthood [for a
review see (10)], studies indicate that childhood maltreatment
and trauma contributes to poor sleep among adults decades
later, even after taking into account intermediate life stress and
depression [e.g., (11, 12)]. Further, a recent study of young
adults undergoing the college transition prospectively evaluated
the impact of specific subtypes of childhood trauma, including
emotional, physical, and sexual abuse and neglect, on changes
in sleep across the transition (13). This study found that only
childhood emotional neglect predicted current psychological
distress and subsequent decreases in sleep quality over 6 months
later among young adults (13), thereby highlighting a unique
relationship between childhood emotional neglect and poor sleep
in the context of transitional life stress.

Although childhood maltreatment, and specifically emotional
neglect, is associated with both sleep and depression, it remains
unclear to what extent childhood trauma contributes to current
sleep (duration and insomnia) among clinical populations (e.g.,
among young adults with a depression history), which may
provide valuable information for intervention. Examining the
effects of maltreatment and sleep within a group of individuals
with former depression may yield critical information regarding
individual differences in risk, and identify a potential mechanism
through which individuals with childhood maltreatment are at
heightened risk of recurrent depressive episodes. Given that sleep
is a modifiable risk factor, it may represent a potential treatment
target for prevention of recurrence among those exposed to child
maltreatment and trauma. To date, however, most research has
generally relied on retrospective recall of sleep quality over a
significant stretch of time (e.g., 6 months), which, in addition to
inherent limitations in temporal resolution, could potentially be
confounded by current psychological distress.

Thus, as an initial step along this line of empirical
inquiry, the present study evaluated the effects of childhood
maltreatment on current sleep among young adults with a
history of depression. Specifically, we evaluated both childhood
maltreatment (emotional abuse, emotional neglect, physical
abuse, sexual abuse) and general childhood trauma as predictors
of sleep duration and insomnia symptoms reported over 2-
week daily assessments. Although we hypothesized all forms
of childhood maltreatment to be positively associated with
insomnia symptoms and shorter sleep duration, we expected a
more robust prospective relationship for emotional maltreatment
with sleep given prior research indicating a unique role for
emotional maltreatment (13). Thus, we expected that emotional
abuse and neglect would be the most robust prospective
predictors of sleep disturbance (duration, insomnia symptoms),
after controlling for current depressive and anxiety symptoms.

METHOD

Participants and Procedure
Participants included young adults (n = 102) who participated
in the Stress and Emotion study. To participate in the study,

participants had to have (1) history of a major or subthreshold
depression episode (but not current depression or bipolar
disorder), (2) fluency in written and spoken English, and,
(3) 18–22 years of age. This sample was selected to ensure
sufficient variability of study constructs (i.e., fluctuations in sleep
and depressive symptoms) to examine risk for future (but not
current) depression among thosemost vulnerable (14). Following
a clinical diagnostic interview with trained diagnosticians and
informed consent [see (15) for full recruitment procedures],
participants completed a baseline assessment with questionnaires
about childhood maltreatment, childhood trauma, and an
interview about negative life events that occurred in the past 4
weeks. For the next 2 weeks, participants completed daily diary
assessments using internet-capable devices (between 6 p.m. and
12 a.m.,) of sleep (sleep/wake times and insomnia symptoms) and
current depressive symptoms. This 2-week period was selected
to provide a snapshot into participants’ sleep and mood, which
would provide better representation of individuals’ habitual sleep
and mood than 1 week without considerably adding participant
burden. This study received ethical approval from the Temple
University Institutional Review Board.

In the present study, participants on average were 19.86 years
old (SD= 1.17 years), 78%were female, and 70% self-identified as
Caucasian, 15% as African American/biracial, 15% as Asian, and
7% also as Hispanic/Latino. Over 20% identified as lesbian, gay,
or bisexual, or “Something else/Other,” and 44% of participants
reported maternal education of “some college or less” [used as
a proxy for socioeconomic status]. In terms of clinical history,
76 participants (74.5%) met criteria for past major depressive
disorder (MDD) and 26 (25.5%) for subthreshold depression,
which has a similar course and impairment as MDD (16). The
average age of onset of clinical or subclinical depression was 15.62
years (SD= 3.31 years).

Measures
Childhood Trauma
To assess childhood trauma, we included two questionnaires
that assess specific subtypes of childhood abuse and neglect
[Childhood Trauma Questionnaire- CTQ; (17)] and more
general childhood traumatic experiences [Trauma History
Questionnaire-THQ; (18)].

The CTQ is a 28-item measure that assesses the severity of
five subtypes of childhood maltreatment, including emotional
abuse (EA), emotional neglect (EN), physical abuse (PA), physical
neglect (PN), and sexual abuse (SA). Each subscale consists of five
items asking participants to select the extent to which each item
is true (“never true” to “very often true”). Higher scores indicate
more maltreatment in each domain. The CTQ only examines the
extent of maltreatment and does not assess the exact timing or
duration. The CTQ has demonstrated excellent psychometric test
properties in clinical and non-clinical samples (17, 19).

For more general trauma, participants completed the 24-
item Trauma History Questionnaire (THQ), and individuals
endorsed the occurrence and age of onset for traumatic events
that occurred in their lives in three categories: crime-related (n
= 4 items), general disaster, and trauma (n = 13), and physical
and sexual experiences (n = 7). Endorsed events are summed in
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each category. To separately evaluate the impact of more general
childhood trauma on sleep, the current study only included
events (n = 17) in the domains of crime-related (i.e., “Has
anyone ever attempted to or succeed in breaking into your home
while you were there?”) and general disaster and trauma (i.e.,
“Have you ever seen someone seriously injured or killed?”) that
occurred prior to age 18.

Recent Interpersonal Stressors
To account for the effects of recent negative interpersonal
events, participants completed the Life Events Scale (LES) and
Interview [LEI; (20)], which includes 100 major and minor life
events (e.g., school, work, finances, family, peer, and, romantic
relationships). Per the gold standard approach for assessing life
events (21), participants were interviewed for objective indicators
of the occurrence of events to reduce potential biases in event
reporting. Events categorized as negative and interpersonal (n =

44) were included in the present study. The LES and LEI have
demonstrated excellent reliability and validity (20).

Anxiety Symptoms
To control for the effects of anxiety on current sleep problems,
participants completed the Beck Anxiety Inventory [BAI; (22)]. It
is a 21-itemmeasure of anxiety symptoms, and has demonstrated
acceptable reliability (22).

Daily Depressive Symptoms
In the daily diary, participants reported on daily depressive
symptoms using the eight-item PROMIS-Depression-Short
Form [SF; (23)], which does not include any sleep items. The
PROMIS-Depression-SF also has been found to have sound
psychometric properties (23, 24), with α = 0.90 in the present
study.

Daily Sleep Duration and Insomnia
Also in the daily diary, participants reported the time (hour and
minutes) that they went to bed and woke up in the morning,
which was used to calculate an estimate of sleep duration. In
addition, participants completed three items from the Insomnia
Severity Index [ISI; (25, 26)], which assesses the extent of
difficulty falling and staying asleep. These items are on a 5-point
scale, ranging from 0 (none) to 4 (very severe). The sum of these
three items reflected daily insomnia symptoms.

Statistical Analyses
To better understand the impact of demographic characteristics
[race/ethnicity, gender, socioeconomic status (maternal
education)] and depression history (clinical vs. subclinical)
on experiences of child maltreatment and sleep, we conducted
t-tests. Given the sample breakdown, race was dichotomized
as “Minority” (African American/Black, biracial, Asian, Native
American, or Other) and “Non-Minority” (White/Caucasian),
and maternal education (proxy for SES) was dichotomized
as “Higher” (“College graduate” or more) or “Lower” (“Some
college” or lower).

To test the association of childhood trauma with daily-
reported insomnia symptoms and sleep duration, we conducted
multilevel modeling in Mplus 7.0 (27) with full information

maximum likelihood to estimate parameters for missing data.
Specifically, our model had two levels of data, including level
1 (within-person) of daily sleep and depressive symptoms and
level 2 (between person) of childhood maltreatment and trauma.
For analyses, childhoodmaltreatment subtypes (emotional abuse,
neglect, physical abuse, sexual abuse) and general trauma were
entered simultaneously as level 2 (between-person) predictors.
The outcomes for all analyses were daily sleep parameters
of insomnia symptoms and sleep duration [level 1(within-
person) variables]. Due to multicollinearity, physical neglect was
evaluated separately. For all analyses, we covaried for concurrent
daily depressive symptoms (level 1) and between-person (level
2) variables of recent negative interpersonal stressors, anxiety
symptoms, and demographic variables (gender, age, race, SES,
and prior depression diagnosis).

RESULTS

Table 1 presents descriptives and bivariate correlations of
primary study variables. There were several significant
differences of maltreatment by demographic information
(gender, race/ethnicity, SES). First, we found that women were
more likely to report childhood sexual abuse than men (t =

2.33, p = 0.01), but there were no other differences on other
trauma types or sleep. In addition, minority individuals were
more likely to report emotional neglect (t = 3.63, p < 0.001),
physical neglect (t= 2.28, p= 0.03), and physical abuse (t= 4.83,
p < 0.001) than non-minority individuals. By socioeconomic
status (maternal education), there were significant differences
for physical abuse (t = 3.33, p = 0.001) and sexual abuse (t =
2.14, p = 0.04), and marginal differences in emotional abuse (t
= 1.75, p = 0.08) and emotional neglect (t = 1.88, p = 0.06).
The direction of these relationships was such that individuals
with lower socioeconomic status reported more maltreatment.
In terms of clinical history, individuals with a major compared
to subthreshold depression history were only more likely to
experience sexual abuse (t= 2.33, p= 0.01). There were no other
significant differences for other forms of child maltreatment (t’s
< 1.11) or general trauma (t= 0.93, p= 0.36). Importantly, there
were no differences on sleep duration or insomnia symptoms by
gender, race/ethnicity, SES, or clinical history.

Child Maltreatment and General Trauma
With Insomnia Symptoms and Sleep
Duration
Consistent with hypotheses for insomnia symptoms, results
indicated there was a significant association between childhood
emotional neglect with insomnia symptoms over the 2-week
period, such that young adults who experienced more childhood
emotional neglect reported higher levels of insomnia symptoms
over 2 weeks (Table 2). Of note, this was found after covarying
for current daily depressive symptoms, recent interpersonal life
stress, baseline anxiety symptoms, other forms of childhood
abuse and neglect, and demographic characteristics (race, gender,
age, SES). Importantly, there were no significant effects of other
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TABLE 1 | Descriptive statistics and bivariate correlations of primary study variables.

Measure 1 2 3 4 5 6 7 8 9

1. Childhood EA –

2. Childhood EN 0.55 –

3. Childhood PA 0.21 0.32 –

4. Childhood PN 0.19 0.53 0.37 –

5. Childhood SA 0.39 0.19 0.06 0.09 –

6. General Childhood Trauma 0.04 −0.03 0.01 0.06 0.04 –

7. Daily Depressive Symptoms 0.15 0.26 0.03 0.20 0.13 −0.03 –

8. Daily Sleep Duration −0.01 −0.06 −0.11 0.04 0.04 0.05 −0.23 –

9. Insomnia 0.24 0.34 0.13 0.06 0.06 −0.02 0.22 −0.15 –

Mean 12.11 9.37 5.79 6.11 5.52 1.08 10.95 7.79 1.59

SD 2.99 3.98 1.18 1.79 2.32 1.25 3.10 0.86 1.34

Correlations > |0.20| are statistically significant (p < 0.05). Mean levels of daily depressive symptoms and sleep are reported. EA, Emotional abuse; EN, Emotional Neglect; PA, Physical

Abuse; PN, Physical Neglect; SA, Sexual Abuse.

TABLE 2 | Fixed effects of childhood trauma on sleep in young adulthood.

Variable Insomnia symptoms Sleep duration

B SE t B SE t

BETWEEN-PERSON

Intercept 2.63 2.30 1.14 7.38 1.68 4.39***

MDD 0.30 0.28 1.07 −0.11 0.20 −0.55

Sex 0.23 0.31 0.75 −0.15 0.23 −0.67

Age −0.15 0.11 −1.37 0.05 0.08 0.68

Race −0.32 0.34 −0.94 0.08 0.25 0.33

SES −0.29 0.26 −1.09 0.13 0.19 0.68

Anxiety 0.01 0.01 0.68 < 0.01 0.01 −0.05

Recent Stress 0.10 0.05 2.11* −0.03 0.04 −0.08

Child Trauma

EA < −0.01 0.06 −0.09 < 0.01 0.04 0.07

EN 0.10 0.04 2.37* −0.02 0.03 −0.81

PA 0.02 0.12 0.18 −0.06 0.09 −0.66

SA 0.04 0.06 0.62 0.04 0.05 0.88

THQ −0.07 0.07 −0.97 −0.05 0.05 −0.98

Within–person

Depression Symptoms 0.006 0.02 0.38 <0.01 0.02 0.05

*p < 0.05; ** p <0.01; *** p < 0.001. B represents the unstandardized coefficient. MDD, Major Depressive Disorder (Coded as 0, None; 1, Present); Sex coded as 0, male; 1, female;

Race coded as 0, minority; 1, minority; SES coded as 0, lower; 1, higher. EA, Emotional abuse; EN, Emotional Neglect; PA, Physical Abuse; SA, Sexual Abuse; THQ, Trauma History

Questionnaire.

childhood maltreatment [physical neglect or abuse (emotional,
physical, and sexual)] or general childhood trauma.

In contrast to our hypotheses, there were no significant
effects of childhood maltreatment or trauma on sleep duration
(Table 2). This indicates that the effect of childhood emotional
neglect was specific to insomnia symptoms, as there were no
main effect of emotional neglect on sleep duration in young
adults with prior depression.

DISCUSSION

Childhood trauma can have long-lasting effects on physical
and mental health. Although research has consistently linked

childhood trauma with depression and, more recently, sleep
in adulthood (12, 13), this is the first study to evaluate the
relationship between specific subtypes of childhood trauma and
sleep in young adulthood among individuals with a depression
history. Specifically, we evaluated childhood abuse (emotional,
physical, sexual), neglect (physical and emotional), and general
childhood trauma (total of crime, environmental, danger) as
predictors of insomnia symptoms and sleep duration reported
over a 2-week period using a daily diary design.

Overall, our results indicated that childhood emotional
neglect uniquely predicted insomnia symptoms among young
adults with prior depression, even after accounting for other
forms of childhood maltreatment and traumatic experiences,
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current depressive, and anxiety symptoms, and a range of
demographic features that could impact this relationship (gender,
race, SES, and depression history). In addition, in contrast to
our hypotheses, our results were specific to emotional neglect
and insomnia symptoms, as no form of childhood trauma
predicted sleep duration. Thus, our results highlight a distinct
relationship between emotional neglect during childhood and
difficulties initiating and/or maintaining sleep as young adults,
which is important given that emotional neglect is one of the
most prevalent forms of maltreatment (28). Importantly, given
that all individuals had a prior depression history, this is a clinical
sample of individuals who are most vulnerable to both childhood
trauma exposure and sleep disturbance. This suggests that the
effects of emotional neglect on insomnia symptoms may indicate
individual differences of future risk for depression recurrence,
which is important for identifying sleep as a potential treatment
target to improve outcomes and prevent depression recurrence
among those with a history of emotional neglect.

Although we hypothesized that emotional neglect would
predict both insomnia symptoms and shorter sleep duration,
there are several possibilities why childhood emotional neglect
may specifically contribute to insomnia symptoms compared to
sleep duration and other forms of trauma. Specifically, emotional
neglect is a distinct form of maltreatment characterized by
the absence or omission of emotional or psychological support
(i.e., child ignored, unresponsive parenting) compared to other
types of maltreatment, such as emotional and physical abuse,
which are more active acts of commission. Further, emotional
neglect is described as a pattern of interactions between the
caregiver and child rather than specific events or experiences
that are tangible, such as absence of physical resources (e.g.,
food). Thus, emotional neglect may uniquely contribute to
difficulty in understanding their emotional experiences (29),
and impaired biological and cognitive regulation of emotions
and perceived stress (30–32). Consequently, emotional neglect
may contribute to emotional and social isolation throughout
development and into adulthood (31). Given research on the
effect of loneliness and both social and emotional isolation on
sleep disturbance in adulthood (33, 34), it could be that emotional
neglect deprives individuals the emotional safety required
for restorative sleep (35), and heighten psychophysiological
arousal. Insomnia is characterized by physiological, cognitive,
and affective hyperarousal (36); thus, emotional neglect may
specifically contribute to insomnia symptoms. Importantly, our
study found evidence for the relationship of emotional neglect
and insomnia even after taking into account the effect of
current interpersonal stressors, which also significantly predict
prospective insomnia symptoms. However, it is important for
future research to explore the relationship between childhood
emotional neglect and current socio-emotional isolation, and
empirically evaluate the underlying psychosocial and biological
mechanisms linking emotional neglect and sleep disturbance.

Although our study demonstrated the continuing effect
of trauma on insomnia symptoms among individuals with
depression histories, it is important to note several important
directions of future research based on limitations of the
current study. For one, it is difficult to disentangle the
directionality of these relationships, and it is possible that

sleep disturbance preceded the trauma and depression. Given
research on the intergenerational transmission of trauma (37)
and continuous cycle of abuse (38), it is possible that maltreated
individuals have parents who also experienced childhood trauma.
Parental experience of trauma could impact neurodevelopmental
pathways that contribute to sleep disturbance and depression
(39), as well as limited parenting ability to promote sleep hygiene
and habits (40). Although we did not assess parental trauma
or assess sleep prior to maltreatment exposure, our study did
find demographic differences in the experience of emotional
neglect by race and socioeconomic status, with minority and
lower income individuals reporting more emotional neglect
and other forms of maltreatment. However, we did not find
any demographic differences in sleep duration or insomnia
symptoms. This suggests that despite differences in exposure,
reported sleep was less affected by these factors. However, this
may indicate individual protective factors that could influence
the relationships observed in the study. For instance, it is
important to consider to what extent individual and contextual
protective factors, such as individual resilience (41), parental
sleep monitoring (42), or social support (43), may buffer the
effects of maltreatment, which could provide more direct and
modifiable targets for intervention.

Our study should be considered in the context of several other
limitations, which may influence generalizability and provide
critical directions for future research. In particular, this study
relied on daily self-reported sleep rather than behaviorally
assessed sleep parameters (e.g., actigraphy), which limits our
ability objectively to assess sleep duration. Thus, it is possible
that emotional neglect (and other forms of maltreatment) may
impact sleep duration, but our measure captured time in bed,
which may not be the most accurate representation of time
spent asleep. Further, our study did not assess other sleep
domains that could be impacted by childmaltreatment (e.g., sleep
onset latency, nighttime awakenings). Furthermore, given the
high rates of comorbidity of PTSD and depression, particularly
among maltreated individuals (44), it is important to recognize
that the current study did not assess post-traumatic symptoms
or nightmare-related sleep disturbance. It is very possible that
individuals with maltreatment histories have post-traumatic
symptoms or nightmares related to the trauma that could
contribute to the current findings (45). Thus, future research
and clinical practice should focus on better understanding
whether nightmares and other post-traumatic symptoms, such as
hypervigilance, contribute to the relationship observed between
childhood emotional neglect and insomnia symptoms in young
adulthood.

In addition, we utilized self-report retrospective measures of
childhood trauma. Given the length of time that could have
elapsed since the trauma, it is possible that individuals may
not accurately recall trauma. It is important to note that our
study used a prospective daily diary design, which temporally
distinguished the timing of childhood maltreatment and sleep
assessments. Although this is a strength of the study, it should
be noted that it is possible that the 2 weeks captured by the
study presents a relatively brief observational period of the
association between maltreatment and sleep patterns. Therefore,
it is important for future research to carefully consider and
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incorporate multiple methods and informants to the assessment
of maltreatment and sleep. Specifically, though the current
study used trauma measures that are widely-used and well-
validated (18, 19), clinical interviews would providemore specific
information about the maltreatment, including timing, duration,
and severity, which may influence the relationships observed
in the study. Relatedly, our sample included mostly women
and individuals with a history of depression, which limited
our ability to test gender differences in these relationships,
which is important to consider in future research. In addition,
it is unclear the extent to which our findings apply to non-
clinical samples (i.e., those without depression) or individuals
with later-onset depression. However, given that our sample
experienced relatively young first depression onset (15–16 years
old), the young adults in this sample may represent a particularly
vulnerable group for both sleep disturbance and childhood
adversity. Consequently, the fact that we identified emotional
neglect as a unique predictor of insomnia symptoms within
this vulnerable group highlights the importance of examining
individual differences within clinical populations.

Importantly, our study provides new insight and preliminary
evidence of a distinct relationship between childhood trauma
and sleep in young adulthood. Specifically, our findings highlight
a unique relationship between childhood emotional neglect
and insomnia symptoms among individuals with a history of
depression, which may provide important targets of treatment to
prevent depression recurrence.
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Trauma has a profound impact on overgeneral autobiographical memory (OGM), which
is a risk factor for depression. Violent earthquakes can cause tremendous trauma
in survivors. We examined the relationship between earthquake trauma, OGM and
depression in adolescent survivors of the Wenchuan earthquake in this study. OGM was
assessed using the autobiographical memory test in a sample of adolescent participants
who experienced the violent earthquakes in Wenchuan, China, in 2008 and control
participants who had never experienced a destructive earthquake. Depression was
measured using the Beck Depression Inventory-II in all participants. The results showed
that compared with the adolescents with no earthquake trauma, the adolescents with
earthquake trauma reported significantly more depression (d = 0.49) and overgeneral
autobiographical memories (d = 0.55). Moreover, when they experienced earthquake
trauma, the adolescents with low OGM did not experience more depression, but
the adolescents with average and high OGM experienced more depression than
the adolescents with no earthquake trauma. This finding indicated that in a non-
Western cultural context, adolescents’ propensity toward OGM made them vulnerable
to depression after experiencing an earthquake trauma.

Keywords: trauma, autobiographical memory, depression, earthquake, adolescent

INTRODUCTION

In the past decade, several devastating natural disasters, including the Wenchuan Earthquake in
China at 2008, the Great East Japan Earthquake at 2011, the Typhoon Haiyan in the Philippines
at 2013, and the Nepal earthquake at 2015, had struck the world. Besides human death and injury,
such natural disasters also had a severe impact on the mental disorder of survivors. The risk of
depression was highly increased after exposure to a natural disaster, and the post-traumatic stress
disorder (PTSD) showed high prevalence rate among survivors (Goenjian et al., 2011; Lai et al.,
2014).

For survivors, such disasters usually became traumatic events, which could influence the onset
of depression. Individuals who experienced a traumatic event, such as burn, traffic accidents, were
more likely to be depressed. Substantial body of evidence indicated that exposure to traumatic
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events could result in disorders (see Williams et al., 2007). There
was a high comorbidity between severe post-traumatic reactions
and depression after exposure to earthquake trauma among
children and adolescents (Pynoos et al., 1993).

On the other hand, individuals who had traumatic experiences
exhibited more overgeneral autobiographical memories (OGMs)
(see Moore and Zoellner, 2007), which was a kind of
autobiographical memory. For example, higher scores on a
self-report trauma inventory of the total number of childhood
traumas was associated with more OGMs (de Decker et al.,
2003). Compared with a control group, adolescents who suffered
a burn trauma produced fewer specific memories (Stokes et al.,
2004). In addition, adolescents exposed to a war trauma produced
significantly fewer specific autobiographical memories than did
non-trauma-exposed adolescents (Brennen et al., 2010).

Autobiographical memory refers to one’s memories of
personally experienced past events. It contributes to one’s sense
of self, one’s ability to approach problems, and one’s ability to
orient herself to be in a society (Conway and Pleydell-Pearce,
2000). Overgeneral autobiographical memory characterizes by
a tendency to recall categorical events (summaries of repeated
occasions, e.g., “I used to go walking in the park every
morning”) or extended events (events lasting more than 24 h,
e.g., “I borrowed some books on summer vacation”) rather than
a specific autobiographical memory (e.g., “I borrowed a book last
Sunday morning at 10:00”).

In his trauma hypothesis, Williams (1996) proposed
that trauma exposure was critical in the development of
overgenerality and suggested that trauma-exposed individuals
learned to minimize the negative effect from distressing
memories by blocking access to details of such memories or by
retrieving these memories in a less specific way. Subsequently, the
tendency to truncate the retrieval of trauma-related events could
be generalized to much broader domains of autobiographical
memories over time, ultimately resulting in a universal OGM
retrieval style. Therefore, OGM was viewed as a functional
avoidance response to traumatic events and served to regulate
intense negative emotions.

OGM of negative events might serve as a marker of
depression risk. Adolescents with a current first episode of
major depressive disorder retrieved more OGMs than did
non-depressed controls (Park et al., 2002), whereas retrieving
more specific autobiographical memories seemed to buffer
against the impact of negative events on depressive symptoms
among adolescents (Hamlat et al., 2015). Additionally, Kuyken
et al. (2006) found that adolescents with major depression
exhibited a bias toward OGM. Moreover, the risk for depression
was associated with a greater tendency to retrieve categorical
memories (Hipwell et al., 2011), and OGM predicted depressive
symptoms 12 months later (Rawal and Rice, 2012). These studies
suggested that OGM retrieval style might be a risk factor for
depression in adolescents.

Previous studies in adolescents suggested that trauma
exposure was associated with OGM (Brennen et al., 2010)
and OGM predicted depression in adolescents (e.g., Sumner
et al., 2010; Hipwell et al., 2011; Kuyken and Dalgleish, 2011;
Champagne et al., 2016). However, there were conflicting

results regarding the relationships among trauma exposure,
OGM and depression. Some studies showed no significant
correlation between autobiographical memory and depression
in adolescents, and only trauma exposure was closely associated
with OGM (e.g., de Decker et al., 2003; Brennen et al., 2010). But
the mere trauma exposure seemed not to be sufficient to trigger
OGM, as in studies of traffic accident victims (Harvey et al.,
1998), and cancer patients (Kangas et al., 2005), only people who
both experienced trauma and subsequently suffered emotional
disturbance, such as depression, had OGM. Other studies had
suggested that depressed adolescents with no reported history
of trauma exhibited more OGM than both never-depressed
adolescents without trauma and depressed adolescents with
trauma (Kuyken et al., 2006). Moreover, emotional abuse
increased Caucasian adolescents’ depression only when they
had higher OGM (Stange et al., 2013). These inconsistent
findings might be due to types of traumatic events and
emotional disturbance following traumatic events in adolescence.
People exposed different traumas often had varying emotional
disturbance, such as depression and PTSD (Williams et al.,
2007). Such a situation emphasized the need for more studies to
investigate the relationships among trauma exposure, OGM, and
depression in adolescents. Accordingly, we aimed to examine the
relationships between OGM and depression in adolescents with
an earthquake trauma in this article.

Furthermore, the cognitive vulnerability-stress model
of depression suggested that an individual with cognitive
vulnerability was more likely to become depressed than a non-
vulnerable individual when she or he confronted a negative event
and interpreted the event in a negative manner (Beck, 1987;
Abramson et al., 1989). Some studies examined the moderating
role of autobiographical memory on the relation between life
stress and depression, and found that reduced autobiographical
memory specificity moderated the effect of chronic daily hassles
on depression (Anderson et al., 2010) and OGM interacted
with the occurrence of stressful events to predict depressive
symptoms (Gibbs and Rude, 2004). Compared with chronic
daily hassles and stressful events, trauma exposure was more
severe and harmful, which was very likely to cause depression.
An earthquake, especially a violent earthquake, was a severe
natural disaster that caused serious harm to individuals who
experienced them. Earthquakes resulted in not only physical
injuries but also psychological traumas. Individuals exposed to
extreme earthquake trauma did not show improvement of their
severe PTSD symptoms during three-year interval after their
respective traumatic experiences (Goenjian et al., 2000). The
effect of earthquake trauma was often lasting and persistent,
especially because of the loss of families. The magnitude 8.0
Wenchuan earthquake that struck Sichuan province on May
12, 2008, was the strongest earthquake in 50 years in China
and resulted in serious casualties and property losses. Such
a severe disaster definitely had a negative effect on people,
especially adolescent students, because most of them were at
classrooms when the earthquake happened, which resulted in
relatively more casualties. The pubertal development at their
age stage could exacerbate the negative effect of earthquake. In
this study, we examined the relationship between earthquake
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trauma, OGM and depression by assessing OGM in a sample
of adolescents who experienced the Wenchuan earthquake and
control participants who had never experienced an earthquake,
and investigated whether the relationship between OGM
and depression was different between them. Specifically, our
hypotheses were as follows: (a) compared to adolescents who
had never experienced an earthquake, adolescent survivors of
the Wenchuan earthquake would experience more depression;
(b) compared to the adolescents who had never experienced an
earthquake, adolescent survivors of the Wenchuan earthquake
would report more OGMs; and (c) OGM would moderate the
relation between earthquake trauma and depression such that
higher OGM would made adolescent earthquake survivors
experience more depression, but not the adolescents that had
never experienced an earthquake. These hypotheses were
pertinent to our understanding of the possible etiological
mechanisms that might underlie the development of depression
in adolescents who experienced earthquake trauma.

MATERIALS AND METHODS

Participants
Ninety-three participants, including 47 participants (26 females,
Mage = 14.77, SDage = 0.56) in the earthquake trauma group (ET)
and 46 participants (26 females, Mage = 14.60, SDage = 0.39) in
the never-experienced earthquake (NEE) group, were recruited
in 2010. The two groups matched on age, gender and educational
level (both were at the second year of the middle school), and
also lived in regions that were similar on economic development.
There was no significant difference in age t(91) = 1.64, p = 0.10,
and gender ratio χ2(1, N = 93) = 0.10, p = 0.75 between the two
groups.

Procedures
This study was conducted in accordance with the
recommendations of Shandong Normal University ethical
guidelines and the Declaration of Helsinki. The protocol
was approved by the Human Research Ethics Committee of
Shandong Normal University. The written informed consent
from all participants was provided by their caregivers.

To identify the earthquake trauma group, 60 students from
Beichuan Middle School in Beichuan County, the center and the

TABLE 1 | Depression and proportion of overgeneral autobiographical memory
(OGM) of the Earthquake-trauma Group (ET) and the Never-Experienced
Earthquake Group (NEE).

ET(n = 47) NEE(n = 46)

M SD M SD

Depression 17.77 7.48 14.50 5.62

OGM
proportion

Positive cues 0.16 0.08 0.15 0.09

Neutral cues 0.17 0.10 0.13 0.09

Negative cues 0.16 0.08 0.12 0.08

Total 0.50 0.14 0.40 0.21

most seriously damaged area of the Wenchuan Earthquake1 in
Sichuan Province, China, were evaluated through a self-edited
Earthquake-Related Experiences Questionnaire (EREQ) by their
head teachers, who had taught these students for more than
1 year and knew the students well. Then students confirmed
the information provided by their teachers. The students, who
met at least three criteria in the EREQ, were included as the
earthquake trauma group. Specifically, 17 participants met the
three criteria (36%), 19 met the four criteria (40%), 8 met the five
criteria (17%), and 3 met the six criteria (6%). Participants in the
NEE group were from Changqing Middle School in Changqing
County in Shandong Province, China, where no earthquake
had occurred for 20 years. After the participants were chosen,
they completed the BDI-II in their own classrooms. Next, the
participants individually completed the AMT in a quiet cubicle.
Finally, the participants were offered a gift.

Materials
Earthquake-Related Experiences Questionnaire
(EREQ)
Earthquake-related experiences questionnaire developed by
ourselves was used to access the earthquake-related trauma. It
included six items measuring (1) serious casualties, (2) witnessing
death, (3) touching a corpse, (4) being buried, (5) physical harm,
and (6) family loss with a yes/no choice.

The Beck Depression Inventory-II (BDI-II)
The BDI-II was a 21-item self-report questionnaire to measure
current levels of depression (Beck et al., 1996). The Chinese
version of BDI-II was translated and revised. Because of the
young age of the participants, we deleted the item of “Loss of
Interest in Sex” in this study. All of the participants were asked
to indicate how often they felt depressed during the past 30 days.
All of the items were scaled from 0 (not present) to 3 (severe). In
this study, the total score of the questionnaire ranged from 0 to
60, with higher scores indicating higher levels of depression. The
internal consistency was 0.80.

Autobiographical Memory Test (AMT)
The AMT (Williams and Broadbent, 1986; Roberts and Carlos,
2006) included 6 positive (exciting, amity, peace, gentilesse,
carefree, and comfort), 6 negative (tragedy, distracted, hurt, bad,
irksome, and fault), and 6 neutral (grass, return, piano, uncle,
onion, and library) cue words to measure OGM. All the cue
words were presented to the participants on cards and shown
in a repeated sequence of a positive word, a neutral word, and
then a negative word. To ensure that the participants understood
the task, three practice words (like, brave, and happy) were
administered first. When a cue word was shown, the participants
were asked to retrieve a personal memory regarding a specific
place at a specific time within 60 sec. All responses were
videotaped, transcribed, and coded as three types of memory.
A specific memory was defined as a recollection of an event that
occurred at a particular time on a specific day. An OGM was
defined as the recollection of repeated events or memories of

1See https://en.wikipedia.org/wiki/2008_Sichuan_earthquake

Frontiers in Psychology | www.frontiersin.org 3 December 2018 | Volume 9 | Article 250595

https://en.wikipedia.org/wiki/2008_Sichuan_earthquake
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-09-02505 December 6, 2018 Time: 16:16 # 4

Tian et al. Earthquake Trauma, Memory, and Depression

events that lasted longer than 1 day. No memory was defined as
only semantic associations or future thinking without mention
of any specific and/or repeated events. Omission was defined as
no response. Another rater coded the videotapes of 15 randomly
selected participants to assess the inter-rater reliability, which
was found to have a kappa of 0.87. The proportion of OGM in
the AMT was calculated by excluding the omissions and then
analyzed.

RESULTS

Depression and OGM Differences
Between Groups
The Means and SDs of the depression and OGM proportions
were shown in Table 1. An independent sample t-test was
performed between the ET and NEE groups on depression. The
ET group had significantly higher level of depression compared
to the NEE group t(91) = 2.38, p = 0.02, d = 0.58.

To assess whether the two groups differed in terms of OGM,
an independent sample t-test was performed between the ET
and NEE groups on OGM proportion. The ET group had
significantly more OGMs than the NEE group in the total
proportion t(91) = 2.66, p = 0.009, d = 0.48. The ET group had
significantly more OGMs compared to the NEE group for the
negative cues, t(91) = 2.46, p = 0.02, d = 0.49 and the neutral cues
t(91) = 2.17, p = 0.03, d = 0.46. However, there was no significant
difference between the ET and NEE groups for the positive cues,
p = 0.40.

The Relationship Between Earthquake
Trauma Exposure, OGM and Depression
Using a Pearson’s product-moment correlation coefficient, we
found no significant correlation between OGM and depression
(r = 0.08, N = 93, p = 0.45); however, a significant correlation was
found between the earthquake trauma and depression (r = 0.24,
N = 93, p = 0.02), and OGM (r = 0.27, N = 93, p = 0.009).

OGM Moderates the Relationship
Between Earthquake Trauma Exposure
and Depression
A SPSS macro (PROCESS) designed by Hayes (2013) was used
to examine the moderating effect of OGM on the relationship
between earthquake trauma and depression. It revealed that the
model as a whole was significant, F(3,89) = 3.59, p = 0.02,
R2 = 0.10. Specifically, OGM showed no significant effect on
depression, b = 0.08, t(89) = 0.92, p = 0.36, 95% confidence
interval (CI) = [−0.21,0.58], but the earthquake trauma had
a significant effect on depression, b = −0.96, t(89) = −2.10,
p = 0.04, 95% CI = [−5.76, −0.16]. Further, the moderating effect
of OGM on the relationship between earthquake trauma and
depression was significant, b = −0.88, t(89) = −2.22, p = 0.03,
95% CI = [−1.66, −0.09]. A simple slope analysis revealed that for
participants with low OGM, there was no relationship between
the earthquake trauma and depression, b = −0.06, t(89) = −0.03,
p = 0.98, 95% CI = [−4.12, 4.00], but for participants with average

FIGURE 1 | The moderating effect of OGM on depression between the
Earthquake Trauma (ET) group and Never Experienced Earthquake (NEE)
group.

OGM, b = −2.96, t(89) = −2.10, p = 0.04, 95% CI = [−5.76,
−0.16], and high OGM, b = −5.86, t(89) = −3.27, p < 0.01,
95% CI = [−9.43, −2.29], the earthquake trauma made them
experience more depression (see Figure 1).

DISCUSSION

This study aimed to examine the relationship between earthquake
trauma, OGM, and depression in adolescents who experienced
a violent earthquake in a Chinese sample. First, it revealed that
adolescents exposed to an earthquake trauma experienced more
depression than adolescents with no history of experiencing a
violent earthquake. This result was consistent with earlier studies
that examined the prevalence of depression after exposure to
other types of trauma (e.g., physical injury, O’Donnell et al.,
2004), and with studies consistently showed that individuals who
experienced a trauma were more likely to be depressed (Pynoos
et al., 1993; O’Donnell et al., 2004).

Second, it showed that the adolescents exposed to an
earthquake trauma recalled more OGMs than adolescents with
no history of experiencing a violent earthquake, which was
consistent with earlier studies on the relation between OGM and
other trauma exposure, including childhood abuse (de Decker
et al., 2003), burn (Stokes et al., 2004), and war (Brennen et al.,
2010). The participants in this study were between 11 and 13 years
of age (during late childhood), when the earthquake occurred
in 2008. Therefore, this study’s results were consistent with
Williams’ (1996) trauma hypothesis, which stated that children
who had experienced trauma relieved their distress by learning
to avoid recalling specific trauma-related events. Over time,
the tendency to avoid recalling the trauma-related memories
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generalized to other types of memory, and resulting in an
overgeneralized memory retrieval style for autobiographical
memories.

Finally, the moderation effect of OGM on the relation
between earthquake trauma and depression revealed that the
adolescents with average and high OGM, but not those with
low OGM, experienced more depression in the earthquake
trauma group than those in the never experienced earthquake
group. The earthquake trauma might only become evident
when accompanied by average and high levels of OGM.
One possible explanation was that a tendency toward OGM
increased ruminative thinking (Watkins and Teasdale, 2001),
which in turn directly influenced depressive symptoms. The
tendency of rumination predicted subsequent depression after an
earthquake trauma (Nolen-Hoeksema and Morrow, 1991), and
OGM partially mediated the relationship between rumination
and depressive symptoms (Kong et al., 2015). It was possible
that OGM retrieval style might lead participants in our study to
engage in rumination after the earthquake trauma, which in turn
contributed to their depression. Another possible explanation
was that people who had difficulty retrieving specific memories
to cues might also have poor problem-solving skills, as impaired
problem-solving skills were a function of OGM retrieval in the
context of depression (Goddard et al., 1996). When exposed
to an earthquake trauma, adolescents with higher OGM might
not manage and resolve the problems caused by the traumatic
experiences, because of their limited problem-solving skills,
further resulting in more depression.

In addition, the cognitive vulnerability-stress model of
depression suggested that an individual with cognitive
vulnerability was more likely than a non-vulnerable individual
to become depressed when confronted with a negative event
(Beck, 1987; Abramson et al., 1989). OGM constituted a cognitive
vulnerability that predisposed individuals to depression after
experiencing negative events. The earthquake in our study
was definitely a severe negative event and might make people,
especially those with OGM, and show depressive symptoms. As
such, adolescent participants in our earthquake trauma group
experienced more depression, when they showed higher OGM,
than those in the never experienced earthquake group. Such an
effect of OGM provided some clinical implications for treating
depression and trauma. That is, when treating earthquake
survivors, an attempt to regulate their autobiographic memory
and to decrease their level of OGM might help them to recover
from the disaster.

This study had some limitations that needed to be addressed
in future studies. First, when selecting the participants in the
earthquake trauma group, we chose them according to the
evaluation of the head teachers, who knew the participants well
in both their family situation caused by the earthquake and
academic performance at school, and but not based on the self-
reported evaluation of participants themselves. Although such
strategy made participants avoid ruminating the nightmare of
earthquake again, it limited the conclusions that one can draw
about the onset of earthquake trauma. Second, we did not
measure participants’ traumatic experiences before earthquake
(such as childhood abuse), which influenced people’s depression
(Kuyken and Brewin, 1995) and OGM (Kremers et al., 2006),
between ET and NEE groups. As such, our findings should be
interpreted with caution, although they were consistent with
previous findings (e.g., Pynoos et al., 1993; de Decker et al., 2003;
O’Donnell et al., 2004; Stokes et al., 2004; Brennen et al., 2010).

In summary, the current study revealed that adolescents
exposed to earthquake trauma reported more depression and
more OGM, and provided support for the moderating role of
OGM on the effect of traumatic experiences on depression within
an earthquake trauma sample in a non-Western cultural context.
This finding highlighted that when suffering an earthquake
trauma, people’s propensity toward OGM was a vulnerable factor
for depression.
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Social stress is a prevalent etiological environmental factor that can affect health,

especially during adolescence. Either experiencing or witnessing a traumatic event during

adolescence can increase the risk of psychiatric disorders, such as PTSD. The present

study attempted to establish an improved social stress model to better distinguish

the effects of physical and emotional social stress on the behavior and physiology

of adolescent mice. In addition, we investigated how social support affected these

stress-induced changes in social behavior. On PND 28, male littermates were exposed

to either physical stress (PS) or emotional stress (ES), afterwards, half of them were

paired-housed and the others were singly housed. The PS exposed mice were directly

confronted with a violent aggressor using the social defeat stress (SDS) paradigm

for 15 min/trial (with the total of 10 trials randomly administered over a week), while

the ES exposed mice were placed in a neighboring compartment to witness the PS

procedure. Our results indicate that both stressors induced an effective stress response in

adolescent mice, but PS and ES had differential influence in the context of relevant social

anxiety/fear and social interaction with peers. Additionally, social support following stress

exposure exerted beneficial effects on the social anxiety/fear in ES exposed mice, but

not on PS exposed mice, suggesting that the type of stressor may affect the intervention

efficacy of social support. These findings provide extensive evidence that physical and

emotional stressors induce different effects. Moreover, ES exposed mice, rather than PS

exposed mice, seemed to benefit from social support. In summary, the study suggests

that this paradigm will be helpful in investigating the effects of psychological intervention

for the treatment of stress-related psychiatric disorders.

Keywords: adolescent, physical stress, emotional stress, social behavior, social support
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INTRODUCTION

Adolescence, a transition period between childhood and
adulthood, is a critical period for the development of social
psychology and the brain (1, 2). During this period, an
individuals’ social relations experience a transition from family-
oriented to peer-, school-, and environment-directed relations,
showing strong interest in and sensitivity to social information,
such as social interaction, novelty seeking, etc. (3). Concomitant
with social behavioral manifestations in adolescence, the
structure and function of the social brain, which refers to
the network of brain regions underlying social emotion and
cognition, especially the prefrontal cortex and subcortical
pathways, undergo profound and rapid developmental changes
(4). These constitute the unique neurobehavioral characteristics
of adolescents, that also increase their vulnerability to a variety
of social stressors (5, 6). For instance, it has been indicated that
a variety of negative social experiences, including peer bullying,
abuse, etc., can act as substantial stressors in the adolescent group
(7, 8) and intimately relate to the onset of psychiatric disorders,
such as PTSD, depression, etc. (9–11).

It is not only experiencing traumatic events, but also
witnessing such events that can increase the risk of psychiatric
disorders, such as PTSD. Previous studies showed that
approximately 25–30% of individuals who witnessed a traumatic
event might develop PTSD and other forms of mental disorders,
including depression (12, 13). In animal studies, it has also
been observed that exposing mice to both physical stress
(e.g., foot shocks) and emotional stress (e.g., witnessing foot
shocks) induced conditional fear memory, a core symptom
of PTSD (14, 15). Although the foot-shock model is useful
for investigating the effects of PS and ES, it is a rather severe
stressor and is difficult to translate to the human context.
Peer bullying, on the other hand, is a common stressor in
children and adolescents, shown to be highly predictive of
subsequent psychopathology, such as PTSD (16–18). Such types
of socially stressful experiences in humans can be simulated
by the social defeat stress (SDS) model in rodents, typically
by the “resident-intruder” paradigm. It has been proven that
this model can effectively induce emotional and cognitive
alterations relevant to symptoms of a patient with stress-related
psychiatric disorders, such as PTSD and depression (19). The
protocol of SDS often includes two stages: first, the experimental
subjects (the “intruders”) are directly exposed to the aggressive
subjects (the “resident”) to induce PS for a short time (usually,
5–15min); afterwards, they are separated by a transparent,
perforated divider to maintain sensory contact for a period of
time (e.g., the remainder of the day, or 30min, etc.) (13, 19, 20;),
thereby inducing further emotional stress in the defeated animal.
However, the model can be adapted to include a pure ES group
composed of animals that witness the social defeat of others.
Warrant et al. observed that mice in both PS and ES groups
showed a smaller weight gain, decreased social interaction and
increased anxiety-like behaviors in the elevated-plus maze (EPM)
test after 7 days of stress exposure (20). Miao et al. also found
that pregnant mice exhibited decreased sucrose preference and
spent less time in the open arms of the EPM after witnessing

the defeat of their mates (21). However, as mentioned above,
the PS animals are in fact exposed to both PS (in the first stage
of SDS), and ES (in the second stage of SDS). Therefore, it is
difficult to distinguish between the separate effects of PS and
ES on behavior and physiology. Due to a common etiological
stressor, it is necessary to develop an improved PS and ES model
to further clarify the effects of the two types of stressors.

There is extensive evidence that social support is an
important factor affecting the consequences of stress. Substantive
social support is known to be a protective factor decreasing
or preventing the detrimental effects of stress, especially
under conditions of severe stress (22). In animal research,
isolation-housing after SDS induces prolonged behavioral and
physiological alterations, including reduced sucrose preference,
cognitive impairment, enhanced anxiety-like behavior in the
EPM test, social avoidance, enhanced locomotor activity in
the open field test and an increased heart rate, etc.(23–25).
Intriguingly, these effects were substantially reduced in animals
that were group-housed after SDS. These studies clearly indicate
that social relations and/or social support can play an important
role in reducing the effect of stress. However, not all studies
have reached this conclusion and some have even indicated that
social relationships might act as a new stressor, under certain
conditions (26, 27). Moreover, it remains to be explored whether
social support has a similar effect in PS- and ES-exposed animals.

As social stress is an important etiological factor in the
(mental) health of adolescents, the present study aimed to
establish an improved model on the basis of classical social defeat
stress, to better distinguish the effects of PS and ES on social
behavior. We also investigated the role of social support in these
effects.

MATERIALS AND METHODS

Animals
Male offspring of C57BL/6J mice (Beijing Vital River Laboratory
Animal Technology Co., Ltd) obtained at weaning (postnatal
day, PND21) from our in-house breeding program (Center for
Experimental Animal Research, Institute of Psychology, Chinese
Academy of Sciences) were used as intruders. From PND21 to
PND28, male siblings were housed in groups of 2-4 mice per
cage, with free access to water and food. Male CD-1 mice (Beijing
Vital River Laboratory Animal Technology Co., Ltd) were used
as residents and housed singly until 3–4 months of age. All mice
were bred and housed under standard conditions [12:12 h light-
dark cycle with lights on at 07:00 a.m.; the room temperature was
20± 2◦C].

Experimental procedures were performed with the approval
of the Institutional Review Board of the Institute of Psychology,
Chinese Academy of Health Guide for the Care and Use of
Laboratory Animals.

Physical and Emotional Stress Procedures
The stress cage (L × W × H: 45 × 30 × 17.5 cm) was
divided into three equal chambers (L × W × H: 45 × 10 ×

11 cm) with transparent perforated Plexiglas boards (Figure 1A).
Appropriate selection of aggressive CD-1 male mice is critical
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FIGURE 1 | Schematic representation of the stress cage (A), and the physical and emotional stress process (B).

for the successful application of physical and emotional stress.
Therefore, CD-1 mice were selected as aggressors (residents)
based on the following standards: attack latency shorter than 10 s
and multiple or continuous violent attacks for three consecutive
days. Additionally, prior to the stress test, the resident CD-1 mice
were placed in the stress cage for at least 3 days to enhance their
territorial behavior.

On PND28, male litters were assigned to physical stress
(PS, n = 14) or emotional stress (ES, n = 14) groups. As the
social relationship (e.g., familiar or unfamiliar) is an important
factor of modulating the intensity of emotional stress (28, 29),
littermates were paired into PS and ES groups. PS mice were
directly placed in the stress cage, where they experienced physical
aggression by a CD-1 resident for 15min, similar to the “resident-
intruder” paradigm described previously (30, 31); meanwhile, the
ES littermates witnessed the social defeat process in the adjacent
chamber (Figure 1B). After each social defeat exposure, the PS
and ES mice were returned to their home cages; half of them
were housed in pairs, and the others were singly housed. PS mice
faced different residents each time and a total of 10 randomized
social defeats over 1 week were performed, to maintain the stress
effect (32). The stress submission was performed in the morning
or the afternoon of a given day, according to a randomized
defeat time and frequency and two defeats were administered
on three randomly selected days over 1 week, with one defeat
on the remaining 4 days. During the entire stress period, mice
in the control (CON) group were placed in the same cage
while the residents were C57BL/6J mice and were separated
by the dividers in the stress cages, to avoid direct physical
contact. No aggressive behavior occurred during these control
sessions.

Body weight was recorded before the social defeat and after the
last social defeat protocol. The behavioral tests were conducted
24 h after the last social defeat stress.

Behavioral Tests
Three-Chamber Social Approach Test
A modification of the sociability and social novelty preference
test was used to reflect the level of social interest and the
ability to recognize new social objects (33). The testing apparatus
was a three-chamber rectangular arena (L × W × H: 60
× 40 × 20 cm, made of white Plexiglas), that was divided
into three equal zones by two transparent Plexiglas partitions.
There was a channel that could be closed and opened (8
× 8 cm) at the bottom of the partition to allow the mouse
to move between chambers (Supplementary Figure 1). The
distance traveled and the time spent in each zone, were
automatically recorded by infrared video tracking and analysis
in the dark condition (EthoVision XT with Social Interaction
Module; Noldus Information Technology).

The test consisted of three stages. After each stage, the mouse
was returned to the home cage. There was a 5min interval
between each stage.

In the first stage, the shuttle channel was closed. The mouse
was placed in the middle chamber and allowed to explore for
10min. The distance traveled in the middle zone was recorded
to assess the locomotor activity. The second stage was the social
interaction test. Two unfamiliar C57BL/6J males that had no
prior contact with the subject mice were placed in the wire cage
(L ×W × H: 20 × 10 × 10 cm) in the corner of each interaction
zone. The shuttle channels were opened, and the experimental
mouse was placed in the same starting position, in the middle
zone and allowed to explore freely for 10min. The third stage
was the new social object recognition test. To avoid the influence
of position preference, a new strange mice was placed in the
wire cage on one side where the experimental mouse spent the
least amount of time in the second stage. Afterwards, the mouse
was placed in the middle zone at the same starting position and
allowed to explore freely for 10min. The chambers of the testing
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apparatus were cleaned with 75% ethanol to prevent olfactory
interference with subsequent tests.

The time spent in each zone was recorded. The social
interaction (SI) was calculated as (time spent in the two
interaction zones)/(time in the middle zone). The new social
object recognition was calculated as (time spent in the new
object zone)/(total time spent in the interaction zone), which also
reflects the level of social working memory.

Social Avoidance
The next day after the three-chamber social approach tests,
social avoidance was tested as described previously (19, 30). In
brief, mice were placed in an arena (L × W × H: 40 × 40
× 20 cm) that contained an interaction zone (L × W: 20 ×

14 cm) at one end of the arena with a small, metallic mesh
cage (L × W × H: 8 × 8 × 8 cm) in the middle. The time
spent in the interaction zone was initially monitored for 150 s
in the absence of a CD-1 mouse, followed by another 150 s in
the presence of a CD-1 mouse in the small cage, which was
automatically recorded by an infrared behavior tracking and
analysis system (EthoVision XT with Social Interaction Module;
Noldus Information Technology). The social avoidance ratio was
calculated as (time in the interaction zone with CD-1)/(time in
the interaction zone without CD-1). After each test, the arena was
cleaned with 75% ethanol to prevent olfactory interference with
subsequent tests.

Statistical Analysis
Results are expressed as the mean ± SEM. The analysis was
performed using the GraphPad Prism6 software (USA). The
weight data and the behavioral data for locomotor activity, social
interaction ratio, working memory and social avoidance were
analyzed using a two-way ANOVA. Following significant results
from the analysis of variance, an LSD analysis was used as the post
hoc test. The significance level was defined as a p < 0.05.

RESULTS

Effects of Stress and Rearing Condition on
Body Weight Gain
As shown in Figure 2, the two-way ANOVA indicated significant
main effects of stress (F(2,37) = 16.45, p < 0.001) and housing
conditions (F(1,37) = 7.68, p < 0.05) as well as stress × housing
condition interaction (F(2,37) = 4.67, p < 0.05). The post hoc
analysis showed that both PS and ES significantly reduced the
bodyweight gain under the group housing condition compared
to the controls (p < 0.05) and the PS mice experienced the
least weight gain. However, isolation housing increased the body-
weight gain significantly in PS mice compared to the group
housing condition (p < 0.001).

Effects of Stress and Housing Conditions
on Locomotor Activity
As shown in Figure 3, there were marginally significant main
effects of housing conditions (F(1,37) = 3.86, p = 0.058), but
not of stress (F(2,37) = 1.08, p = 0.35) or of stress × housing
condition interaction (F(2,37) = 2.56, p = 0.091). The post hoc

FIGURE 2 | Effects of stress and housing conditions on the bodyweight gain.

The results are expressed as the mean ± S.E.M (n = 7 per group).

***p < 0.001, **p < 0.01, * p < 0.05 indicate the p-value for the differences

among CON, PS, and ES mice. ###p < 0.001 corresponds to the difference

between housing conditions in the PS group.

FIGURE 3 | Effects of stress and housing conditions on locomotor activity.

The results are expressed as the mean ± S.E.M (n = 7 per group), with

**p < 0.01 for the difference between housing conditions in the ES group.

analysis indicated that mice in the group housing condition
in the ES group exhibited significantly increased locomotor
activity compared to those in the ES isolation housing condition
(p < 0.01).

Effects of Stress and Housing Conditions
on Social Interaction
The social interaction performance is shown in Figure 4. There
were significant main effects of stress (time: F(2,37) = 40.78,
p < 0.001; ratio: F(2,37) = 43.64, p < 0.001) and housing
conditions (time: F(1,37) = 4.35, p < 0.05; ratio: F(1,37) = 5.58,
p < 0.05) but not of stress × housing conditions interaction
(time: F(2,37) = 0.51, p = 0.60; ratio: F(2,37) = 0.46, p = 0.63).
The post hoc analysis revealed that only mice that experienced
physical stress showed a significant reduction in social interaction
in both the group and isolation housing conditions (p < 0.05).
Although the interaction between the housing condition and
stress was not significant, the mice housed in isolation had a
more pronounced reduction of social interaction in the PS group
(p < 0.05).
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FIGURE 4 | Effects of stress and housing conditions on social interaction time (A) and ratio (B). The results are expressed as the mean ± S.E.M (n = 7 per group).

The social interaction time is calculated as a sum of the time spent in the two interaction zones. The social interaction ratio was defined as (time spent in the two

interaction zones)/(time in the middle zone) × 100%. ***p < 0.001, compared to controls; #p < 0.05 for the difference between housing conditions in the PS group.

FIGURE 5 | Effects of stress and housing conditions on new social object

recognition. The results are expressed as the mean ± S.E.M (n = 7 per group).

New social object recognition was calculated as (time spent in the new object

zone)/(total time spent in the interaction zone) × 100%.

Effects of Stress and Housing Conditions
on New Social Object Recognition
The result of new social object recognition is shown in
Figure 5. There were no main effects of stress (F(2,37) = 0.28,
p = 0.76) or housing conditions (F(1,37) = 0.06, p = 0.80),
nor of stress × housing condition interaction (F(2,37) = 0.47,
p= 0.63), indicating that neither stress nor the housing condition
influenced the new social object recognition in our experiment.

Effects of Stress and Housing Conditions
on Social Avoidance
As shown in Figure 6, there were significant main effects of
stress (time: F(2,35) =16.26, p < 0.001; ratio: F(2,35) =27.48,
p < 0.001) and stress × housing condition interaction on
the social avoidance ratio (F(2,35) =3.34, p < 0.05). However,
effects of the housing conditions (time: F(1,35)=0.05, p = 0.83;
ratio: F(1,35) = 0.14, p = 0.71) and stress × housing condition
interaction on social avoidance time (F(2,35) = 2.54, p = 0.091)
were not significant. The post hoc analysis revealed that both ES
and PS mice exhibited a lower social avoidance ratio (Figure 6B)

compared to the controls under isolation housing conditions
(p < 0.05). However, only PS mice showed significant social
avoidance under the group housing conditions (p < 0.05).

DISCUSSION

In the presents study, we aimed to develop an improved social
stress model to better distinguish the effects of PS and ES.
Reduced weight gain in mice exposed to PS or ES compared to
the control mice, suggested that both stressors indeed induced
a substantial stress response in adolescent mice. We also found
that PS and ES exerted differential effects on social behaviors.
Finally, we found that social support had different effects on the
stress induced changes in social behavior. These results suggest
that our paradigm is indeed an effective adolescent stress model
that mimics the complex effects of social environmental factors
on adolescent development.

Social avoidance primarily reflects a state of anxiety or fear
in the context of defeat and this behavioral phenotype bears
relevance for posttraumatic stress disorders, such as social phobia
(19, 34). Our present study demonstrated that both PS and ES
significantly increased social avoidance to previously stressful
context, compared to the corresponding controls under the
isolation housing condition; while only the PS, but not ES mice
showed a lower social avoidance ratio, compared to that of ES
mice under group housing conditions. As mentioned above,
mice exposed to a social defeat in previous studies suffered
compound physical and emotional social stress (19, 20). We
found that “pure” physical stress and emotional social defeat can
also induce contextual social avoidance, a behavioral phenotype
relevant to posttraumatic stress disorder through experiencing or
witnessing a traumatic event. Additionally, a more significantly
decreased social avoidance ratio was observed in PS-exposed
mice, indicating that physical stress had greater effects than those
of emotional stress.

In contrast to social avoidance, social interaction reflects
a more general social interest (35). We found that only PS
exposed mice showed lower social interaction behaviors with
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FIGURE 6 | Effects of stress and housing conditions on the social avoidance time (A) and ratio (B). The results are expressed as the mean ± S.E.M (n = 7 per group).

The social avoidance time is calculated as time in the interaction zone with CD-1. The social avoidance ratio is calculated as (time in the interaction zone with CD-1

mice)/(time in the interaction zone without CD-1 mice) × 100%. ***p < 0.001, **p < 0.01, *p < 0.05, the differences among CON, PS and ES mice. #p < 0.05, the

difference between housing conditions in the ES group.

peers, including lower interaction time and ratio with other
mice, suggesting that physical social stress induced a more
generalized impairment in their social behavior. Previous studies
reported that physical stress induced a more extensive and
robust influence on the social behavior of animals than that
of emotional stress (20, 36). However, in these studies, PS was
somehow conflated with ES exposure, while here we further
demonstrated that pure physical social stress could impair
social behavior, while only emotional social stress did not
cause a general decrease in social interest. Additionally, there
were no differences in the new social object recognition task
between groups, suggesting that impaired social interaction
could not be attributed to a reduced recognition ability. Mice
in different groups also exhibited similar locomotor activity,
further excluding the potential effects of less contact with peers
on the evaluation of social interest in the social interaction
test.

The protective effects of social support on trauma and related
psychiatric disorders have been extensively reported (20, 29, 37).
Partially consistent with previous studies, we also found that
some of the changes induced by adolescent PS and ES were
moderated by the housing conditions, isolation or group housing.
For example, in the social avoidance paradigm, PS induced
a lower time and ratio in the interaction area, with effects
being unaffected by the housing conditions, while the social
avoidance behaviors seen in ES mice were only observed in the
isolation housing conditions. Similarly, the PS induced reduction
in social interest was independent of the housing conditions.
In other words, the protective effect of social support seems to
be limited to the ES-exposed mice. Although the exact reasons
for this differential effect of social support are unclear, several
factors might be involved. First, only the PS group exhibited an
impairment of general social interest asmanifested by a decreased
social interaction time and ratio. Thus, we can speculate that
PS exposed mice may be less capable of effectively using social
support. To verify this possibility, the daily social behaviors of

group-housed PS exposed mice with cage mates, need to be
investigated further in the future. Moreover, the lack of social
contact is closely related to loneliness, a psychological stress
that can cause a variety of behavioral and physiological changes
(38, 39). Additionally, as our data showed, PS induced more
severe deficits than ES did and it can be speculated that social
support may not provide sufficient protection to the more severe
consequences of PS. In summary, this suggested that lower
availability of social support to physically stressed subjects may
contribute to weakened beneficial effects in a social environment.
Therefore, improving individual social support utilization is a
critical issue.

Our results showed that exposure to PS or ES reduced weight
gain in mice compared to the control mice, a result consistent
with previous studies (40, 41). Warren et al. also found that
both PS and ES reduced weight gain (20, 42, 43). Somewhat
surprisingly, in PS-exposed mice, isolation housing increased
body-weight gain compared to that observed in the group
housing conditions. It is currently unclear why this occurred. As
mentioned above, PS decreased social interactions with peers.
There may be a compensatory mechanism, whereby the mice
exposed to PS decreased play behavior with cage mates and
increased their food intake, due to an increased basal metabolic
response (43).

CONCLUSION

In the present study, we developed an improved social
defeat stress model that could help us further discriminate
between the different effects of physical and emotional stress.
We found this model to be an effective adolescent social
stress model, of inducing alterations in experience-relevant
social anxiety/fear and general social interaction. Importantly,
these alterations were differentially affected by social support
conditions after the stressful experience, depending on the
type of stressor. These findings provide important evidence
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regarding the response to physical and emotional stressors,
interacting with psychological interventions. We are confident
that the model will be beneficial for understanding stress-related
psychopathology.
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Objective: To study the expression and DNA methylation of the Glial cell line-derived

neurotrophic factor (GDNF) gene in the development of depression-like behaviors in rats

experiencing maternal deprivation stress in early life.

Methods: Newborn SD rats were randomly assigned to a normal control group (NOR)

or maternal deprivation group (MD). An open field test (OPT), sucrose preference test

(SPT), and a forced swimming test (FST) were used to evaluate rats’ behaviors. Protein,

mRNA, and methylation levels were measured by ELISA/Western blot, real-time PCR,

and BiSulfte Amplicon sequencing PCR, respectively.

Results: MD rats had significantly shorter total distance and more fecal pellets in OPT, a

lower sucrose preference rate in SPT, and a longer immobility time in FST than NOR rats.

Compared with NOR rats, MD rats showed a significantly higher plasma corticosterone

(CORT) level. The levels of plasma dopamine (DA) and the GDNF were significantly lower

in the MD rats than in NOR rats. In the ventral tegmental area (VTA) tissues, MD rats

had a significantly higher level of methylation at the GDNF gene promoter than NOR rats.

The expression of the GDNF mRNA and protein were significantly lower in MD rats than

in NOR rats. The total distance was significantly correlated with plasma DA and GDNF,

the DNA methylation level at the GDNF promoter and the GDNF mRNA level in the VTA.

Fecal pellets showed a significant correlation with plasma CORT. The sucrose preference

rate was significantly correlated with plasma DA, the DNA methylation level at the GDNF

promoter and the GDNF mRNA level in the VTA. Immobility time showed a significant

correlation with the plasma DA, the plasma GDNF and the GDNF mRNA level in the VTA.

Conclusion: up-regulation of DNA methylation at the GDNF gene promotor and the

subsequent down-regulation of the GDNF gene expression in the VTA, may be involved

in the development of depression-like behaviors in rats experiencing MD in early life.

Keywords: maternal deprivation, depression, GDNF, DNA methylation, ventral regimental area
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INTRODUCTION

Major depressive disorder (MDD) is a common psychiatric
disorder with a lifetime prevalence of 3–17% (1). MDD
is characterized by anhedonia, a depressive mood, and
psychomotor retardation. Previous studies on the etiology,
suggest that MDD is multifactorial and involves both genetic and
environmental factors. Epidemiological studies demonstrated
that early life stress is associated with the stress-related
psychopathologies in later life, including depression (2, 3).
However, the effect of early life adversity on depression is poorly
understood, particularly, the influences of both the genetic and
environmental factors.

The monoamine hypothesis proposes that MDD
may be caused by the dysregulation of monoaminergic
neurotransmitters in the central nervous system (CNS) including
serotonin, dopamine (DA), and norepinephrine. Among them,
dopamine is most abundant in the CNS and the body of
dopaminergic neurons is mainly located in the ventral tegmental
area (VTA) and projected to almost the entire brain (4), involved
in the regulation of cognition, motivation, reward, reinforcement
behavior, and emotions (5–7). Numerous studies have observed
the deficiency of the dopaminergic system in patients with
MDD (8–10). In addition, early life adversity influences the
development of the dopaminergic system, followed by an
impairment of its structures and functions (11–13).

The accumulated evidence revealed that the glial cell line-
derived neurotrophic factor (GDNF) can promote the survival
of dopamine neurons (14, 15). Kumar et al. (16) found that
the GDNF can regulate the postnatal developments and adult
functions of the dopamine system. It has been demonstrated
that an exogenous increase of the GDNF level in the CNS,
could increase the number of adult dopamine neurons or its
terminals in the dorsal striatum. In addition, the GDNF can
increase dopamine levels and augment dopamine release and re-
uptake in the striatum (15). Moreover, the epigenetic status of
the GDNF in the nucleus accumbens, is thought to be associated
with the susceptibility and adaptation to chronic stressful events,
and DNA hypermethylation in the promoter of the GDNF gene,
which reduces the expression of the GDNF, and has been revealed
to determine the behavioral responses to chronic stress (17).

To further investigate the epigenetic mechanisms of early life
stress induced depression and to better characterize the role of
the GDNF, maternal deprivation (MD), a well-known paradigm
reflecting early life stress, was employed in this study to establish
an animal model. The sucrose preference, open field, and forced
swimming test were adopted to obtain behavioral data. The levels
of CORT, DA, and the GDNF in plasma were measured, while
the DNA methylation and expression of the GDNF gene in the
VTA, were monitored to determine the relationship between
biomarkers and the behavioral consequences.

Abbreviations: CNS, central nervous system; CORT, corticosterone; DA,

dopamine; ELISA, Enzyme-linked immunosorbent assay; FST, forced swimming

test; GDNF, glial cell line-derived neurotrophic factor; HPA, hypothalamic-

pituitary-adrenal; MDD, major depressive disorder; MD, maternal deprivation

group; OFT, open Field Test; PND, postnatal day; SD, Sprague-Dawley; SPT,

sucrose preference test; VTA, ventral tegmental area.

MATERIALS AND METHODS

Animal and Design
Pregnant Sprague-Dawley rats (SLAC Laboratory Animal Inc.,
Shanghai, China) were housed individually and checked daily
until delivery. The date of birth of the litter was labeled as
postnatal day 0 (PND 0). On PND 1, newborn males were
randomly assigned into two groups: (1) the maternally deprived
stress group (MD,N = 20): these rats were exposed tomaternally
deprived manipulation from PND1 to PND14; (2) the normal
control group (NOR, N = 20): these rats were not exposed to
any stress conditions. The behavior of rats was measured on
the 10th week by a sucrose preference, open field, and forced
swimming test. The experiment schedule is shown in Figure 1.
The experimental animal protocol was approved by the Animal
Ethics Committee of Central South University. All rats were
housed with water and food available ad libitum on a 12 h
light/dark cycle (lights on 7:00–19:00 h).

Maternal Deprivation (MD)
The MD paradigm was designed as previously described (18).
Briefly, litters were deprived from dams for 6 h daily from
PND 1 to PND 14 (the deprivations assigned at 9:00–15:00).
To block communication among littermates, pups were placed
individually in a single cell (8 × 8 × 14 cm for each cell) and
covered with dry sawdust. At the end of the deprivation period,
litters were returned to their maternal cages. All experiments
were carried out in a temperature-controlled room (30◦C).

Open Field Test (OFT)
The open-field test was conducted within a rectangular area
(50 × 83 × 56 cm) as previously described (18). At the start
of the test, animals were placed at the center of the arena
and were allowed to crawl freely. The behavior of rodents
was monitored for 5min, by a video camera mounted on
the ceiling above the center of the arena (Ethovision 1.50,
Noldus IT, Wageningen, Netherlands). The total distance,
vertical counts, percentage of central distance, and fecal pellets
were recorded by the computerized tracking system to assess
locomotor activity, exploration, and anxiety levels, respectively.
After each trial, the box was thoroughly cleaned with 75%
ethanol.

Sucrose Preference Test (SPT)
The SPT was conducted as previously described (18). Rats
were kept individually and given free access to two bobbles of
water. On the first day, two bottles of tap water were placed
in every cage. One bottle of tap water was replaced with a
1.5% sucrose solution on the second day. On the third day,
rats were deprived of water for 23-h, and then a bottle of
1.5% sucrose water and a bottle of tap water were given to
the rats at a random location in the cage for the last 1-h.
The consumption amount of total water and a 1.5% sucrose
agent were determined in the last 1-h. The sucrose preference
rate was calculated according to the following equation: sucrose
preference rate = sucrose intake (g)/[(sucrose intake (g) + tap
water intake (g)].
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FIGURE 1 | Experiment schedule. OFT, open-field test; SPT, sucrose preference test; FST, forced swimming test; PND, postnatal day; SD rats were assigned to two

groups: the normal control group (NOR) and the maternal deprivation stress group (MD).

Forced Swimming Test (FST)
Rats were placed in an open cylindrical container (35 × 32 cm)
with water of 29 cm depth and a temperature of 24± 1◦C, and the
experiment was conducted as previously described (18). There
was a 15-min practice round before the day of the test. At the
same time on the following day, rats were placed in the swimming
container individually for a 6-min test. The activities of rats were
record by a video camera.When the rat floated without struggling
and kept its head above the water, the time spent was defined as
the immobility time. The immobility time was recorded in the
last 5min in a 6-min test to assess behavioral despair.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Animals were euthanized with an overdose of pentobarbital
on the next day of the behavioral test. Blood was collected
into EDTA (ethylenediaminetetraacetic acid) tubes via cardiac
puncture under deep anesthesia. The plasma was collected by
centrifugation of the blood at 1,500 rpm for 5min at 4◦C and
kept at−80◦C until testing. The concentration of CORT, DA, and
the GDNF in plasma was detected using a Corticosterone EIA
Kit (Cayman, Germany), Rat dopamine, DA ELISA kit (R&D,
USA) and a Rat GDNF ELISA kit (Sigma, USA) following the
manufacturers manual instructions, respectively.

Real-Time Reverse Transcription
Quantitative PCR (qRT-PCR)
According to the rat brain in stereotaxic coordinates, the
whole ventral tegmental area (VTA) tissue was immediately
collected after blood collection. The total RNA was isolated
from the dissected brain tissue according to the standard
Trizol (Life Technologies) protocol. qRT-PCR was performed
as previously described (18). The sequencing primers were
ttcaagccaccatcaaaagac and gtagcccaaacccaagtcagt for the GDNF,
cacccgcgagtacaaccttc (Forward) and cccatacccaccatcacacc
(reverse) for β-actin. The data analysis was performed using
the comparative 11CT method. β-actin mRNAs were used as
internal control.

Western Blot
The VTA tissues were homogenized in ice-cold homogenization
buffer containing protein and phosphatase inhibitors and a
Western blot was performed as previously described (18).
Antibodies for the GDNF protein were purchased from Abcam
(Cambridge, MA, USA). To control for loading efficiency, the

blots were stripped and reprobed with a β-actin antibody.
Proteins were normalized to β-actin.

DNA Isolation and DNA Methylation
Analysis
Genomic DNA was isolated from the VTA tissues using
a proteinase K/phenol-chloroform extraction method and
dissolved in TE buffer. CpG islands in the promoter of the
GDNF gene were selected: (1) 200 bp minimum in length; (2)
50% or higher GC content; and (3) 0.60 or higher ratio of
observed/expected dinucleotides. Two regions including CpG
islands were finally selected and sequenced. Both CpG islands are
highly conserved in mice, rats, and humans. BiSulfte Amplicon
sequencing PCR was used for quantitative methylation analysis.
The methylation level at each CpG site was calculated as the
percentage of the methylated cytosines over the total tested
cytosines. The average methylation level was calculated.

Statistical Analysis
Data were analyzed using the statistical software SPSS 17.0 and
expressed as mean ± S.D. The Students’ t-test was used to
detect a statistical significance between two groups. Correlations
between biomarkers and behavioral indexes were analyzed using
the Pearson correlation. A p< 0.05 was considered as significant.

RESULTS

The Long-Term Effect of Maternal
Deprivation on Rats’ Behaviors in
Adulthood
In open field test, the total distance was significantly shorter in
MD rats than in NOR rats (t = −3.75, p = 0.001; Figure 2A).
The number of fecal pellets in MD rats was significantly more
than in NOR rats (t= 2.34, p= 0.03; Figure 2B). While there was
no significant difference of vertical counts (t = −0.63, p = 0.54;
Figure 2C) and the percentage of central distance (t = −1.42,
p= 0.17; Figure 2D) between theMD group and the NOR group.

In the sucrose preference test, the sucrose preference rate was
significantly lower in MD rats than in NOR rats (t = −3.45,
p= 0.002; Figure 2E).

In the forced swimming test, MD rats showed significantly
longer immobility time than NOR rats (t = 2.53, p = 0.02;
Figure 2F).
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FIGURE 2 | Maternal deprivation (MD)-induced behavioral changes in adult rats. (A) Total Distance in the open field test. (B) The number of fecal pellets in the open

field test. (C) Vertical counts in the open field test. (D) The percentage of central distance in the open field test. (E) Sucrose preference rate in the sucrose preference

test. (F) Immobility time in the forced swimming test. *p < 0.05 vs. the normal control (NOR) group.

The Long-Term Effect of Maternal
Deprivation on CORT, DA, and GDNF Level
in Plasma of Adult Rats
The concentration of the plasma CORT in MD rats was
significantly higher than that in NOR rats (t = 3.17, p = 0.01;
Figure 3A). While compared with the NOR group, there were
significantly lower levels of DA (t=−3.45, p= 0.006; Figure 3B)
and the GDNF (t = −2.27, p = 0.047; Figure 3C) in the plasma
of the MD group rats.

The Long-Term Effect of Maternal
Deprivation on DNA Methylation of the
GDNF Gene Promotor, the GDNF mRNA,
and Protein in the VTA of Adult Rats
The methylation levels of CpG sites within the GDNF promoter
were measured and the results revealed a significantly higher

percentage ofmethylated clones in the VTA ofMD rats compared
with NOR rats (t = 6.55, p < 0.001; Figure 3D) Concomitantly,
The expression of the GDNF mRNA (t = −3.81, p = 0.003;
Figure 3E) and protein (t = −2.61, p = 0.026; Figure 3F) in the
VTA of MD rats were both significantly lower than that in NOR
rats. Furthermore, the GDNF mRNA expression is negatively
correlated with the methylation at the gene promoter (r=−0.64,
p < 0.05).

The Correlation Between Behavior Indexes
and Biomarkers
The total distance significantly correlated with the plasma DA
level (r = 0.74, p < 0.01), the plasma GDNF level (r = 0.61,
p < 0.05), the DNA methylation level at the GDNF promoter
(r=−0.66, p< 0.05) and the GDNFmRNA level (r = 0.769, p<

0.01) in the VTA. The number of fecal pellets showed a significant
correlation with the plasma CORT (r = −0.75, p < 0.01). The
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FIGURE 3 | Corticosterone (CORT), Dopamine (DA), and the Glial cell line-derived neurotrophic factor (GDNF) gene expression and methylation. (A) Plasma CORT

concentration. (B) Plasma DA concentration. (D) Plasma GDNF concentration. (D) The total methylation level at the GDNF promoter in the ventral tegmental area

(VTA) tissue. (E) The GDNF mRNA level in the VTA tissue. (F) Western blot of the GDNF expression in the VTA tissues. *p < 0.05 vs. the NOR group.

sucrose preference rate was significantly correlated with the
plasma DA level (r = 0.65, p < 0.05), the DNA methylation
level at the GDNF promoter (r = −0.67, p < 0.05) and the
GDNF mRNA level (r = 0.71, p < 0.05) in the VTA. Immobility
time showed a significant correlation with the plasma DA level
(r = −0.58, p < 0.05), the plasma GDNF level (r = −0.61, p <

0.05) and the GDNF mRNA level (r = −0.68, p < 0.05) in the
VTA (Table 1).

DISCUSSION

Anhedonia is one of the core symptoms of MDD (19), and was
examined in this study using a sucrose preference test. Results
showed that MD significantly decreased the sucrose preference
rate. The behavioral despair in MD rats were reflected by the
increased immobility time during the forced swimming test (20).
Our findings suggest that early life maternal deprivation has

a long-term effect on rodent behaviors and induce depressive-
like behaviors in adult rats. The locomotor activity, exploration,
and anxiety level were reflected by the total distance, vertical
counts, percentage of central distance and fecal pellets in the open
field test, respectively. In this study, early life maternal deprived
rats showed a significantly shorter total distance and more
fecal pellets. The results indicate that MD increased anxiety-like
behaviors and decreased locomotor activity, which is consistent
with the psychomotor retardation and anxiety in depressive
patients. Altogether, these results indicate that early life maternal
deprivation has a long-term effect on rats’ behaviors and induce
depression- and anxiety-like behavior in adulthood, which is
similar as our previous studies (3, 13, 21).

Previous studies have shown that the hypothalamic-pituitary-
adrenal (HPA) axis is involved in individual experiences
of psychological stress (22). Corticosterone (CORT), as a
glucocorticoid, is widely used to reflect an individual stress
response. In this study, rats exposed to early life maternal
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TABLE 1 | Correlation between biomarkers and behavioral indexes (r).

Total distance Fecal pellets Sucrose

preference rate

Immobility

time

In plasma CORT −0.09 0.75** −0.38 0.42

DA 0.74** −0.19 0.65* −0.58*

GDNF 0.61* −0.20 −0.09 −0.61*

In VTA Methylation level of GDNF promoter −0.66* 0.38 −0.67* 0.45

GDNF mRNA level 0.77** −0.16 0.71* −0.68*

GDNF Protein level 0.54 −0.24 0.16 −0.41

*p < 0.05, **p < 0.01.

deprivation stress still had a significantly higher level of plasma
CORT in adulthood, indicating that early life stress can induce
long-term high levels of CORT. This result is consistent with
previous studies, that indicate that early life adversity affects
the individual HPA axis and induces an aberrant stress coping
style in individuals. Furthermore, the plasma CORT level showed
a significant correlation with anxiety-like behaviors, which
suggests that CORT levels not only reflect individuals in a status
of stress, but also reflects an individual’s high level of anxiety.

Dopamine is an important neurotransmitter in the brain,
which is closely related to stress-induced depression. Many
studies have found that early life stress can induce abnormal
changes in the dopaminergic system (18, 23). In the current
study, maternal deprivation stress significantly reduced plasma
dopamine concentration. When the dopaminergic system in the
CNS is damaged, such as the dopaminergic neuron, the secretion
of the dopamine and the blood that enters through the blood-
brain barrier both decrease. Therefore, low levels of dopamine
in the blood reflect the abnormality of the central dopamine
system to some extent. In addition, the level of plasma dopamine
was significantly correlated with the rate of sucrose preference,
immobility time and the total distance inMD rats, suggesting that
maternal deprivation stress-induced depression-like behaviors
may be closely related to the inactivation of the dopamine system.

It has been found that the GDNF plays a crucial role in
the nutritional support of central dopaminergic neurons and
can promote the development and repair of dopaminergic
neurons (24). Human and animal studies have shown that
high expression of the GDNF can promote the growth of
transplanted dopaminergic neurons and alleviate the damage of
the dopaminergic system induced by psychological stress (25, 26).
In this study, maternal deprivation stress down-regulated the
plasma GDNF level, and the expression of the GDNF mRNA
and protein in the VTA. The expression of the GDNF mRNA
in the VTA was significantly correlated with anhedonia, despair,
and locomotor activity, suggesting that the GDNF is associated
with maternal deprivation-induced depression-like behaviors. A
recent study has demonstrated that the GDNF is important for
the pathogenesis of depression, such as the decrease of the GDNF
protein and mRNA expression in the serum and hippocampus
of depressive individuals (27). According to previous studies
on the effect of the GDNF on dopaminergic neurons, it was
suggested that early life stress down-regulates the expression of

the GDNF gene in the VTA, subsequently impair the nutritional
effect of the GDNF on the growth and function maintenance of
dopaminergic neurons, destroy the repairing effect of the GDNF
on the damaged dopaminergic neurons, which finally leads to the
onset of depression-like behavior.

Increasing evidence suggests that aberrant transcription
regulation, such as the epigenetic regulation of some critical
genes in the brain, is a key component in the pathophysiology
of depression (28, 29). DNA methylation of genes could
trigger the development of depression symptoms in response to
psychological stress (30–33). The results in this study showed that
MD rats had a high level of DNA methylation at the promoter
of the GDNF gene in the VTA which may down-regulate the
expression of theGDNF gene. Furthermore, themethylation level
of the GDNF gene correlated with anhedonia and locomotor
activity, suggesting that a high level of DNA methylation in
the GDNF gene in the VTA, may be one of the regulatory
mechanisms of maternal deprivation-induced adult depression
in rats. A study by Uchida et al. (17) showed that epigenetic
regulation of the GDNF promoter in the NAc is associated with
the susceptibility and the adaptation responses to chronic stress.
Collectively these data indicate that long-term changes in the
GDNF expression, induced by early life maternal deprivation,
may be the underlying factor that increases the probability of
developing psychopathology later in life.

In conclusion, up-regulation of the DNA methylation at the
GDNF gene promotor and the subsequent down-regulation of
the GDNF gene expression in the VTA, may be involved in the
development of depression-like behaviors in rats experiencing
maternal deprivation in early life.
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Neuronal damage is related to the onset and treatment of depressive disorders.

Antidepressant-like effects have been elicited by paeoniflorin on animal models. The aim

of this study is to demonstrate whether the neuroprotective effect of paeoniflorin on rats

suffered from chronic unpredictable mild stress (CUMS) was regulated by the ERK-CREB

signaling pathway. Results showed that paeoniflorin not only ameliorated depressive-like

behavior with low locomotor activity and prolonged immobility duration in our forced

swimming test but also reduced sucrose consumption. Paeoniflorin treatment decreased

the degree of neuronal damage in the hippocampus of the model rats. Conversely, it

markedly increased the mRNA levels of ERK1, ERK2, and CREB and the levels of ERK,

p-ERK, CREB, and p-CREB protein expression in the hippocampus. Blockade of the

ERK-CREB axis with the ERK-specific inhibitor U0126 repressed the neuroprotective and

antidepressant-like effects of paeoniflorin on rats in the setting of chronic-mild-stress and

abolished the recoveries of p-ERK mediated by paeoniflorin treatment. Thus, paeoniflorin

possibly exerted a neuroprotective effect modulated by the ERK-CREB signaling pathway

on CUMS-induced hippocampal damage in rats.

Keywords: neuroprotection, paeoniflorin, chronic mild stress, ERK-CREB pathway, U0126

INTRODUCTION

As announced by theWorld Health Organization, over 300 million people suffered from depressive
disorders, accounting for 4.4% of the world’s population in 2015. Depression is listed as the single
largest contributor to global disability (1), but its mechanism and exact therapeutic drugs remain
unclear.

Peony is the root of Paeonia lactiflora Pall., which is used to treat depression in many
prescriptions of traditional Chinese medicine, including “Danggui Shaoyao San” and “Xiaoyao
powder” (2–6). The total glycoside extraction of peony and its main active component paeoniflorin
exert remarkable antidepressant-like effects in multiple animal models with depressive disorders
(7–14). Paeoniflorin has neuroprotective effects related to depression in animal models except the
CUMS model (15–18).
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Pathological studies have shown neuronal damage in the
hippocampus contributes to the etiology of depression and
antidepressants can reverse such damage. Hippocampal atrophy
is observed in patients with depressive disorders (19, 20)
and changes to hippocampus are possibly caused by declined
neuronal damage (21, 22). In studies on intracellular signal
transduction in depression, the extracellular signal-regulated
kinase–cyclic adenosine monophosphate response element
binding protein (ERK-CREB) pathway plays a crucial role in
the pathological change and treatment of depression, thereby
regulating the growth, proliferation, and differentiation of
hippocampal nerve cells, meanwhile this pathway has an
important learning and memory effect on the synaptic plasticity
in the brain (23, 24). However, studies have not yet to elucidate
whether the ERK-CREB pathway mediates the neuroprotective
effect of paeoniflorin. In the current study, the potential
neuroprotection of paeoniflorin and its effect on the ERK-CREB
pathway in rats with induced CUMS were assessed.

MATERIALS AND METHODS

Drugs and Reagents
The primary antibodies against ERK (4696), p-ERK (4370),
CREB (9104S), p-CREB (9198), and GAPDH (5174) were
purchased from Cell Signaling Technology. The secondary
antibodies, namely, goat anti-rabbit IRDye R© 680CW and
goat anti-mouse IRDye R© 680RD, were obtained from LI-
COR Biosciences, USA. TaKaRa MiniBEST Universal RNA
extraction kit (Cat.9767), Prime ScriptTM RT Master Mix
(Cat.RR036A), and SYBR R© Premix Ex Taq (Cat.RR420A)
were procured from TaKaRa, Japan. Whole cell lysis assay
(KGP250/KGP2100) and BCA protein quantitative kit were
obtained from KeyGen Biotech (China) and Beijing ComWin
Biotech Co., Ltd. (China), respectively. The specific primers of
target genes and GAPDH (Shanghai Shenggong Co., China)
were used. Paeoniflorin (purity ≥ 98%) was acquired from
Huaxia Center for Certified Reference Materials (Guizhou,
China, 201110). For intraperitoneal injection, paeoniflorin was
dissolved in saline to the desired concentration (30 and 60mg/kg)
on the day of the test. In the present study, paeoniflorin was
injected i.p. 1 h once daily before the test.

Animals
Male Sprague Dawley rats (160–200 g) were purchased from
the Animal Center of Zhejiang Chinese Medical University
(SCXK2013-0016). Rats were bred at room temperature (24 ±

1◦C), humidity (50 ± 10%), and day and night for 12 h, eating
and drinking freely. They were bred to acclimate for 1 week
before the CUMS procedures were facilitated. The laboratory
animals were used according to requirements of the Ethical
Committee on Laboratory Animals, Zhejiang Chinese Medical
University, and experimental methods conformed to principles
for protection of laboratory animals.

Preparation of Model and Treatment
The rats were assigned to seven groups at random: control
group (saline), CUMS group (saline), CUMS plus U0126 group,

CUMS plus 30 mg/kg paeoniflorin group, CUMS plus 30
mg/kg paeoniflorin plus U0126 group, CUMS plus 60 mg/kg
paeoniflorin, and CUMS plus 60 mg/kg paeoniflorin plus U0126
group. In the last week of CUMS, 1 µL/min U0126 was injected
in the lateral ventricle once per day for 5min. The CUMS process
was carried out as described in existing literature (13) with minor
modification. The rats with CUMS were exposed to varying
stressors once a day for 5 weeks. These stressors included food
or water deprivation for 24 h, tail nipped at 1 cm from the tip
of the tail for 1min, restraint stress for 2 h, 5min of exposure
to 45 or 4◦C, and continuous illumination for 24 h. Control rats
received no stimulus. Paeoniflorin and saline were injected i.p. at
the same volume before each stressor was used one time per day
for 5 consecutive weeks.

Sucrose Preference Consumption Test
Sucrose preference index was detected after 5 weeks of CUMS
treatment in accordance with previously described methods but
with slight modifications (13). As a pretest, the rats were trained
to adapt to 1% sucrose solution, which were bred individually
to each rat in two bottles. After 24 h, one of the solution was
converted to purified water for 24 h. Then after deprivation of
water and feeding stuff for 12 h, the rats were free to obtain
1% sucrose and purified water in two bottles which were
exchanged in 1 h. After 2 h, the weight of solution in every bottle
was measured, and the consumed weight and rate of sucrose
preference was calculated.

Locomotor Activity Test
The locomotor activity was detected by an open-field test with
slight modification (25, 26). Briefly, the test was carried out with
the OFT-100 mouse and rat opening activity experiment system
with a box (length of side, 100 cm), which was separated into 9
squares with weak light. The rats were individually placed at the
center, and the total movement distances and the central time
were recorded for 5min with the system. The floor of the box
was cleaned with water and 75% alcohol before each trial.

Forced Swimming Test (FST)
The duration of immobility in the test was quantified by the
method of Porsolt et al. (27, 28) with slightly different points.
The test was performed in the FST-100 system with a transparent
cylinder whose diameter was 21 cm, containing 35 cm of water
with temperature at 25 ± 1◦C. In brief, each rat was arranged to
swim for 15min, and then carried back to house. After 24 h, the
rats were individually put in the cylinders to swim. The duration
of immobility of each rat was detected for 5min in the same
system described above.

Nissl Staining Test
The rats were sacrificed, 24 h after exposed to the last stressor of
CUMS procedures. Each whole brain was rapidly dissected from
the rats and flushed in ice-cold saline. The right hippocampi were
separated on ice bath, immediately stored in liquid nitrogen for
western blot and RT-PCR analysis. The left cerebral hemisphere
was embedded in glue, and 6µm of serial sections were
performed in the coronal plane. Nissl staining were employed to
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observe the morphology of hippocampus and count the amount
of normal nerve cells in hippocampus CA3 by microscopy. The
nerve cells in hippocampal CA3 were numbered with Image-Pro
Plus 6.0 software, obtaining the five-vision average to the section
of the nerve cell number.

ERK1, ERK2, and CREB mRNA Expression
Levels Determined by RT-PCR
The mRNA levels were measured using SYBR RT-PCR analysis.
Hippocampus samples stored in liquid nitrogen were weighed,
and the extraction of total RNA was using the TaKaRa MiniBEST
Universal RNA extraction kit. The total RNA was reverse-
transcribed into complementary DNA with the PrimeScriptTM

RT Master Mix and amplified in a PCR machine. The primers of
the target genes and GAPDH were used, as described as follows:
ERK1 F: 5′-GGGCCAAGCTTTTTCCCAAA−3′ and R: 5′- AGC
CACTGGTTCATCTGTCG−3′; ERK2 F: 5′- ATCTTAAATTGG
TCAGGACAAGGG−3′ and R: 5′- CTCGGAACGGCTCAA
AGGAG−3′; CREB F: 5′- CTGAGGAGCTTGTACCACCG−3′

and R: 5′- CTGCTGGCATGGATACCTGG−3′; GAPDH F: 5′-
ACAGCAACAGGGTGGTGAC−3′ and R: 5′- TTTGAGGG
TGCAGCGAACTT−3′. Real-time quantitative PCR analysis was
performed with a SYBR R© Premix Ex Taq by using 7500 Real-
Time PCR System with the following profile: 2min hold at 50◦C,
10min hold at 95◦C, 40 cycles of 15 s at 95◦C, and 1min at 60◦C.
7500 Sequence Detection software 2.3 was used for data analysis.
The relative expression levels of target genes were normalized
against the level of GAPDH in the same cDNA by using the
relative quantification method (2−11CT).

ERK, p-ERK, CREB, and p-CREB Protein
Levels Detected by Western Blot
Total protein was isolated by the whole cell lysis assay and
analyzed with the BCA protein quantitative kit. The proteins
were separated using 10% SDS-PAGE gel and then transferred
to PVDF membranes. After blocked in 5% BSA, membranes
were incubated with primary antibodies (GAPDH, ERK, p-ERK,
CREB, and p-CREB antibodies, 1:1000 dilution) overnight at 4◦C
and then exposed to the secondary antibodys (1:15000 dilution)
for 1 h. Protein expression levels were quantified with Odyssey
infrared scanning system software and normalized against the
level of GAPDH protein as an internal control according to the
previous study (29).

Statistical Analysis
Statistical analyses were performed by SPSS 20.0. All values were
presented as the mean ± SEM. Comparison between two groups
was done with t-test or Mann–Whitney U-test. P < 0.05 was
considered statistically significant.

RESULTS

Effects of Paeoniflorin and U0126 on
Sucrose Preference Index
The results are presented in Figure 1. Post-hoc analysis showed
that the rate of sucrose preference markedly differed from each
group. Exposure to CUMS significantly reduced rat sucrose

FIGURE 1 | Effects of paeoniflorin on the sucrose preference index in

CUMS-exposed rats (n = 8). ##P < 0.01 vs. control, *P < 0.05, **P < 0.01

vs. model group; 1P < 0.05 vs. 60 mg/kg paeoniflorin group.

consumption (P < 0.01 vs. control group). Paeoniflorin (30 and
60 mg/kg) markedly increased sucrose consumption in CUMS
rats (P < 0.05, P < 0.01); this effect was reversed by U0126
(P < 0.05 when U0126 combined with 60 mg/kg paeoniflorin).
Moreover, U0126 itself further decreased sucrose consumption
in CUMS rats (P < 0.01).

Effects of Paeoniflorin and U0126 on
Locomotor Activity
The total distance and the central time markedly differed
among groups. Post-hoc analysis indicated that chronic stressors
significantly reduced the total distance and the central time
(P < 0.01), compared with the normal rats. The CUMS
rats treated with paeoniflorin had an increase of the total
distance and the central time vs. CUMS group (P <

0.05, P < 0.01). The U0126 group was not statistically
different with the CUMS group but manifested a decrease.
The paeoniflorin groups plus U0126 had a decrease of the
total distance and the central time, compared with the
paeoniflorin groups (P < 0.05, P < 0.01), as shown in
Figure 2.

Effect of Paeoniflorin and U0126 on
Duration of Immobility in FST
The result is depicted in Figure 3. CUMS group significantly
increased the duration of immobility (P < 0.01) in comparison
with the controls. Conversely, paeoniflorin groups reduced the
total immobility time (P < 0.05, P < 0.01), and the U0126 group
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FIGURE 2 | Effects of paeoniflorin on total distance (A) and central time (B) of

locomotor activity in CUMS-exposed rats (n = 8). ##P < 0.01 vs. control; *P

< 0.05, **P < 0.01 vs. model group; $P < 0.05, $$P < 0.01 vs. 30 mg/kg

paeoniflorin group;1P < 0.05 vs. 60 mg/kg paeoniflorin group.

showed no statistical difference, though the immobility time
increased. Furthermore, paeoniflorin plus U0126 groups reduced
the total immobility time vs. the paeoniflorin groups (P < 0.05).

Effect of Paeoniflorin and U0126 on
Morphology and Number of Neuron in
Hippocampus CA3
Hippocampal neurons were arranged orderly, and the
Nissl substance was clear and dyed deeply in control
rats (Figure 4A). In CUMS-induced rats, the hippocampal
neurons were disordered and loose, and the Nissl substance
was shallow-dyed and partly dissolved (Figure 4B). The
U0126 group showed hippocampal nerve nucleus pyknosis,
loose and disordered arrangement, austenite-shallow dye,
and the degree of cell damage was similar to CUMS
group (Figure 4G). The paeoniflorin groups indicated that
hippocampal neurons manifested a mild disorder, partial

FIGURE 3 | Effect of paeoniflorin on the duration of immobility of

CUMS-exposed rats in FST (n = 8). ##P < 0.01 vs. control; *P < 0.05, **P <

0.01 vs. model group; $P < 0.05 vs. 30 mg/kg paeoniflorin group; 1P < 0.05

vs. 60 mg/kg paeoniflorin group.

nucleus pyknosis, austenite-shallow dye, and reduced cell
damage vs. CUMS rats (Figures 4C,E). Compared with the
paeoniflorin groups, the paeoniflorin plus U0126 groups
aggravated cell damage (Figures 4D,F). The number of
hippocampal neurons in hippocampal CA3 area was
significantly reduced in the model group (P < 0.01) vs.
control group, while paeoniflorin treatment recovered it
in CUMS rats (P < 0.05, P < 0.01), and the U0126 group
showed no significance. Compared with the 60 mg/kg
paeoniflorin group, the number of hippocampal neurons in
hippocampal CA3 area was significantly reduced in the 60 mg/kg
paeoniflorin plus U0126 group (P < 0.05), as illustrated in
Figure 4H.

Effects of Paeoniflorin on ERK1, ERK2, and
CREB mRNA Expression Levels in
Hippocampus
CUMS significantly decreased the levels of ERK1, ERK2,
and CREB mRNA in the hippocampus (73.6, 67.3, and
86.2%, respectively) in comparison with the controls (P <

0.05, P < 0.01). The CUMS-induced rats administrated with
paeoniflorin at various doses possessed a higher ERK1, ERK2,
and CREB mRNA levels in the hippocampus, compared with
the CUMS-exposed rats (P < 0.05, P < 0.01), as shown in
Figure 5.
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FIGURE 4 | Effect of paeoniflorin on the morphology and number of

hippocampal neurons in CUMS-exposed rats (n = 8). (A) control group, (B)

CUMS group, (C) CUMS plus 30 mg/kg paeoniflorin group, (D) CUMS plus 30

mg/kg paeoniflorin plus U0126 group, (E) CUMS plus 60 mg/kg paeoniflorin,

(F) CUMS plus 60 mg/kg paeoniflorin plus U0126 group, (G) CUMS plus

U0126 group. (H) Effect of paeoniflorin on the number of hippocampal

neurons. ##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. model group; 1P

< 0.05 vs. 60 mg/kg paeoniflorin group.

Effects of Paeoniflorin and U0126 on ERK,
p-ERK, CREB, and p-CREB Protein Levels
in Hippocampus
The results are shown in Figure 6. CUMS markedly decreased
ERK and p-ERK protein expression levels in comparison with the
control group. Paeoniflorin treatment at two doses significantly
improved the expression levels of ERK and p-ERK protein
compared with the CUMS-exposed rats (P < 0.01), while the
change of p-ERK protein was prevented by the U0126. Moreover,
CREB and p-CREB protein levels in the hippocampus were
significantly different among groups. CUMS induced a significant
decrease in the CREB and p-CREB protein (P < 0.01) levels,
as compared with the control rats. Treatment with various

FIGURE 5 | Effects of Paeoniflorin on ERK1 (A), ERK2 (B), and CREB (C)

mRNA Expression Levels in Hippocampus (n = 8). #P < 0.05, ##P < 0.01

vs. control; *P < 0.05, **P < 0.01 vs. model group.

dose of paeoniflorin significantly attenuated the decrease in
protein levels (P < 0.05 and P < 0.01, respectively), and U0126
significantly enhanced the decrease of the p-CREB protein level
(P < 0.01) vs. the rats with CUMS. Paeoniflorin treatment plus
U0126, was not statistically significant on the levels of CREB and
p-CREB protein, compared with the paeoniflorin treatment in
the hippocampus.
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FIGURE 6 | Effects of paeoniflorin on ERK (A), p-ERK (B), CREB (C), and p-CREB (D) protein expression levels in the hippocampus of CUMS-exposed rats (n = 8).
##P < 0.01 vs. control; **P < 0.01 vs. model group; $$P < 0.01 vs. 30 mg/kg paeoniflorin group; 11P < 0.05 vs. 60 mg/kg paeoniflorin group.

DISCUSSION

Depression has become a hot spot in medical studies (30–
32). The active ingredients of traditional Chinese medicine
as well as the structure-activity relationship were especially
researched on. The total glycoside fraction of peony exerted
remarkable antidepressant-like effects in CUMS models of
depression (10, 33). In the present study, paeoniflorin could
clearly increase the sugar preference index, total movement
distance, and the central movement time and reduce the
immobility time in FST of CUMS model rats, which indicated
that paeoniflorin could ameliorate the depression-like behaviors.
Additionally, paeoniflorin could reduce the structural damage
in the hippocampus and improve the pathological injury
of brain tissues in the rats with CUMS by the Nissl
staining experiment, prompting the antidepressant effects of
paeoniflorin.

Based on the previous activity screening experiments, the
present study clarified regulation mechanism of signaling
pathway of paeoniflorin in rats with CUMS. Our previous
researches (18) revealed that total glycoside fraction of peony
could clearly increase BDNF protein and gene expression levels
in the hippocampus of the CUMS rats and the cortisone-induced
depression model rats. In fact, the neuroprotective effects of

BDNF were based on the process that BDNF combined with
TrkB to initiate multiple signaling pathways. The ERK-CREB
signaling pathway possesses an important effect in mediating
cell reaction procedures and participates in various physiological
effects, such as signal transmission and identification between
cells, and cell growth and development. The phosphorylation
of ERK can activate its downstream signaling molecule CREB
expression, which has been proposed to partly response
to the expression of most cAMP-regulated genes, including
BDNF. The subsequent release of target proteins can promote
neuronal survival, thereby exerting antidepressant effects (34).
Our experiment selected ERK-CREB signaling pathway as a
breakthrough point, used specific inhibitor U0126 to block
the pathway, and observed the spontaneous activities and the
change of the key molecular effects of the signaling pathway
in rats with CUMS. Based on the RT-PCR and Western blot
experiments, paeoniflorin could markedly increase the ERK1,
ERK2, and CREB mRNA expression levels and the ERK, p-
ERK, CREB, and p-CREB protein expression levels in the
hippocampus of CUMS-exposed rats, while the activation of p-
ERK protein by paeoniflorin in model rats could be blocked by
U0126. Futhermore, U0126 repressed the neuroprotective and
antidepressant-like effects of paeoniflorin on rats in the setting
of CUMS. This research indicated that the neuroprotection of
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paeoniflorin may play a role of antidepressant by activating the
ERK-CREB pathway. This signaling pathway is also activated
by multiple anti-depressant drugs, such as Xingnao Jieyu
Decoction, memantine, and so on (34, 35), which suggests that
the ERK-CREB pathway plays a key role in the treatment of
depression.

In summary, paeoniflorin could alleviate the depression of
rats with CUMS and ameliorate the pathological injury of nerve
cells in the hippocampus, indicating that the antidepressant effect
and protective effect of paeoniflorin on hippocampal nerve cells
might be mediated by ERK-CREB signaling pathway, which are
the downstream pathway of BDNF. However, understanding a
signaling pathway is inadequate to study the pathogenesis of
depression. We should seek other effective multiple signaling
pathways involved in the pathogenesis of depression and
explore cross connections and interactions among various
pathways.

NOMENCLATURE

Resource Identification Initiative
The antibodies against ERK: Cell Signaling Technology Cat#
4696, RRID:AB_390780.
The antibodies against p-ERK: Cell Signaling Technology Cat#
4370, RRID:AB_2315112.

The antibodies against CREB: Cell Signaling Technology Cat#
9104S, RRID:AB_10691832.
The antibodies against p-CREB: Cell Signaling Technology Cat#
9198, RRID:AB_2561044.
The antibodies against GAPDH: Cell Signaling Technology Cat#
5174, RRID:AB_10622025.
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Purpose: Although efforts have been made to identify neurobiological characteristic
of major depressive disorder (MDD) in recent years, trait- and state-related biological
characteristics of MDD still remains unclear. Using functional magnetic resonance
imaging (fMRI), the aim of this study was to explore whether altered spontaneous neural
activities in MDD are trait- or state- related.

Materials and Methods: Resting-state fMRI data were analyzed for 72 current MDD
(cMDD) patients (first-episode, medication-naïve), 49 remitted MDD (rMDD) patients,
and 78 age- and sex- matched healthy control (HC) subjects. The values of amplitude
of low-frequency fluctuation (ALFF) were compared between groups.

Results: Compared with the cMDD group, the rMDD group had increased ALFF values
in the left middle occipital gyrus, left middle temporal gyrus and right cerebellum anterior
lobe. Besides, compared with the HC group, the cMDD group had decreased ALFF
values in the left middle occipital gyrus. Further analysis explored that the mean ALFF
values in the left middle occipital gyrus, left middle temporal gyrus and right cerebellum
anterior lobe were correlated positively with BDI scores in rMDD patients.

Conclusion: Abnormal activity in the left middle occipital gyrus, left middle temporal
gyrus and right cerebellum anterior lobe may be state-specific in current (first-episode,
medication-naïve) and remitted (medication-naïve) depression patients. Furthermore, the
state-related compensatory effect was found in these brain areas.

Keywords: major depressive disorder, remission, trait-related, state-related, resting-state fMRI, amplitude of low-
frequency fluctuation

INTRODUCTION

Major depressive disorder (MDD) is a high-recurrence psychiatric condition. which more than half
of patients seen for first-episode MDD in China experience a recurrence of MDD symptoms within
5 years after the initial depression onset (Ji et al., 2001). Moreover, clinical factors, including the
number of previous episodes and subclinical residual symptoms, appear to be the most important
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predictors of recurrence (Hardeveld et al., 2010). Therefore,
distinguishing the correlation between altered brain activity and
different clinical states may lead to a better understanding of the
neurobiological mechanisms underlying MDD pathogenesis and
recurrence, which, in turn, may improve clinical diagnosis and
prognostic evaluation of MDD.

Some neuroimaging studies, primarily using task-related
functional magnetic resonance imaging (fMRI) and structural
magnetic resonance imaging (sMRI) methods, have examined
brain activation and structural changes in different clinical
states, including current MDD (cMDD) and remitted MDD
(rMDD). These researches have explored several abnormal
alterations of brain region in patients, which could be
trait-related or state-related markers of depression. However,
a number of brain regions, including regions within the
orbitofrontal cortex, insular cortex, posterior cingulate cortex
(PCC), amygdala, hippocampus, and prefrontal cortex, have
been dually implicated as potential trait-related and state-related
biomarkers of depression (Caetano et al., 2004; Wang et al., 2008;
Lorenzetti et al., 2010; van Eijndhoven et al., 2013; Liu et al.,
2014; Ming Q. et al., 2017). Inconsistency across studies might be
partially related to different task paradigms or analytical methods,
including stress task or source recollection paradigm, cortical
thickness or brain region volume analysis.

Resting-state fMRI studies, wherein subjects are not
performing an explicit task during the scan, can complement task
fMRI studies (Su et al., 2010; Biswal, 2012). Resting-state data
can be analyzed by multifarious approaches, such as seed-based
approaches, independent component analysis, graph methods,
clustering algorithms, neural networks, and pattern classifier
(Lee et al., 2013; Dong et al., 2018). In recent years, a resting-state
fMRI analytical method named amplitude of low-frequency
fluctuation (ALFF) was developed to assess the spontaneous low
frequency (0.01–0.08 Hz) fluctuations (LFF) in the BOLD fMRI
signal at rest, which could reflect the intensity of brain regional
spontaneous neural activity (Zang et al., 2007). Besides, some
articles indicated that the ALFF was associated with the neuronal
glucose metabolism and local field potential activity (Logothetis
et al., 2001; Tomasi et al., 2013). Therefore ALFF analysis
has been widely used to explore potentially related cerebral
biomarkers in mental disorders, which was shown to be a reliable
and sensitive approach (Zhang et al., 2014; Fan et al., 2017).

To our knowledge, only one resting-state fMRI study
investigating state- and trait-related functional alterations in
cMDD and rMDD have been published. Jing reported that
abnormal activity of the putamen may be a potential trait-
related marker of MDD (Jing et al., 2013). However, Jing’s
study included only female patients and did not exclude the
effects of comorbidities, treatment condition, or the number of
prior episodes. Some depression researches indicated that the
comorbidities, treatment condition, and the number of prior
episodes would make a difference in the activities of brain areas,
such as cingulate cortex, prefrontal lobe, striatum, temporal lobe
and insula (Schaefer et al., 2006; Takami et al., 2007; Waugh et al.,
2012). Thus the effects of comorbidities, treatment condition,
the number of prior episodes should be considered in the
depression study.

Notably, Mayberg’s classical neurobiological model implied
that the MDD patient has fronto-limbic dysfunctions, including
the prefrontal cortex, cingulate cortex, amygdala and striatum,
which would account for the dysregulation of the affective and
cognitive behavior in patients (Mayberg, 1997, 2003). Moreover,
some meta-analysis articles of resting-state fMRI suggested that
the dysfunctions of the fronto-limbic circuit, default mode
network (DMN) and cerebellum, which play an important role
in the cognitive processing and affective regulation, would be
the biomarkers of drug-naive MDD patients (Xue et al., 2016;
Ming Z.M. et al., 2017).

The purpose of this study was to investigate MDD state-related
and trait-related neuroimaging alterations of spontaneous neural
activity by resting-state fMRI. To exclude the potential influence
of comorbidities, treatment condition, and the number of prior
episodes, we enrolled a large sample, including 72 first-episode,
medication-naive MDD patients (cMDD), 49 remitted MDD
patients (rMDD), and 78 age- and sex- matched healthy controls
(HCs). The participants were subjected to resting-state fMRI with
ALFF analysis. In the context of classical neurobiological model
and the studies mentioned above, we hypothesized that the state-
related or trait-related characteristic of MDD would be explored
in the brain areas of fronto-limbic circuit, default mode network
and cerebellum.

MATERIALS AND METHODS

Participants
The cMDD and rMDD participants were recruited from
the psychology clinic at Second Xiangya Hospital affiliated
with Central South University in Changsha, Hunan, China.
With advertisements and posters, age-, sex-matched HCs were
recruited from two colleges and a local community in Changsha.
The sample of all the depression patents and normal people was
registered from 2014 to 2017.

The clinical states of the patients, including cMDD and
rMDD groups, were evaluated independently by two psychiatrists
using the Structured Clinical Interview for DSM-IV-TR Axis
I Disorders-Patient Edition (First et al., 2002) and 17-item
Hamilton Depression Rating Scale (Hamilton, 1960). At the
same time, demographic data and clinical variables information
were collected by interview. Patients, who met the DSM-IV-TR
criteria for MDD and were in their first MDD, were included
in the cMDD group. Inclusion criteria for the rMDD patients
were as follows: having at least one episode of MDD in the
past 10 years; not meeting the DSM-IV-TR criteria for MDD
more than 30 days before the scan; a 17-item HAM-D score
≤7 on the scan day. In this study the remitted MDD was not
described as clinical outcome of recovery but a remitted state,
which was not shown currently presenting symptoms of MDD.
Moreover, this criterion has been used in previous studies of
remitted depression (Goulden et al., 2012). The HC group was
required to have no history of any prior DSM-IV-TR Axis I
disorder. The exclusion criteria for all three groups were: a history
of alcohol/substance abuse; use of antidepressants or undergoing
psychotherapy or psychotropic medications; having other major
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psychiatric disorder; a neurological disorder diagnosis; structural
brain abnormalities; and any MRI contraindication.

All participants were informed of the study’s purpose and
signed informed consent forms. This study was approved by the
Ethics Committee of the Second Xiangya Hospital of Central
South University.

Psychological Measures
All participants filled out a Beck Depression Inventory-II (Beck
et al., 1996) composed of 21 self-report items, which proved
to be a validated depressive symptoms scale. This multiple-
choice inventory could evaluate the MDD symptoms including
irritability, feelings of guilt, suicidal ideation, fatigue, and weight
loss (Ayloo et al., 2015). In our current sample, Cronbach’s
alphas for cMDD, rMDD, and HC groups were 0.850, 0.858, and
0.823, respectively.

Image Acquisition
Magnetic resonance imaging (MRI) scans were performed on a
3.0-T Siemens Magnetom Skyra scanner (Siemens Healthineers,
Erlangen, Germany). During scanning, all participants were
instructed to remain motionless with their eyes closed, and
to think of nothing in particular but to not fall asleep. To
reduce patient head movements and noise, the subjects were fit
with foam pads about the head and earplugs. The acquisition
parameters were as follows: 32 axial slices, 4-mm slice thickness
with a 1-mm gap, 2000-ms repetition time, 30-ms echo time,
80◦ flip angle, 256 × 256-mm field of view, 64 × 64 data
matrix. Three-dimensional T1-weighted magnetization-prepared
rapid gradient echo sagittal images were also acquired with the
following parameters: 176 axial slices with no gap, 1900-ms
repetition time, 2.01-ms echo time, 1-mm3 voxel size, 9◦ flip
angle, 256 × 256-mm field of view, 256 × 256 data matrix.

Data Processing
Resting-state fMRI data preprocessing was conducted in Data
Processing Assistant for Resting-State fMRI software (DPARSF
V2.3, Yan and Zang, 20101). The first 10 volumes of the functional
time series were removed to ensure stable magnetization and
adaptation of participants to scanning noise. Subsequently, slice
timing and head motion correction were performed. Data were
discarded from 30 subjects (10 cMDD, 9 rMDD, and 4 HC)
due to translation >2 mm in any direction or rotation >2◦

around any axis in any of six head motion parameters. Besides,
regression of the Friston 24 motion parameters was conducted
to control the potential influence of head motion (Satterthwaite
et al., 2013). After the correction mentioned above, the EPI
template of standard Montreal Neurological Institute (MNI)
was used for spatial normalization with a resampling voxel size
of 3 × 3 × 3 mm3. The preprocessing image was spatially
smoothed with an 8 × 8 × 8 mm full width at half-maximum
Gaussian kernel.

To discard biases from low-frequency drift and high-
frequency noise, detrending and band-pass (0.01–0.08 Hz)
filtering were conducted. After that, the time series of each
voxel was converted into the frequency domain, of which power
spectrum was calculated. The square root was calculated at each

frequency of the power spectrum. Finally, the average square
root was then obtained at each voxel across the frequency
range of 0.01–0.08 Hz, which was obtained to take as ALFF to
reflect absolute intensity of brain spontaneous neural activity
(Zang et al., 2007).

After the data processing, the final analysis included 72
medication-naive, first-episode cMDD patients (39 females), 49
rMDD patients (26 females), and 78 HC subjects (43 females).

ALFF Data Statistical Analysis
Amplitude of low-frequency fluctuations maps were processed
using the Resting-State fMRI Data Analysis Toolkit (REST V1.8,
Song et al., 2011; see text footnote1). These maps were then
exported to SPM12 (Wellcome Trust Center for Neuroimaging,
London, United Kingdom2) for statistical analyses. An analysis
of covariance (ANCOVA) was used to detect between group
differences on ALFF maps, including levels of education as
a covariate of no interest. An initial voxelwise threshold of
p < 0.001 uncorrected was used, to which a clusterwise correction
(FDR) for multiple comparison was applied.

Independently of the result, the map from the uncorrected
main effect of group from the ANCOVA was used to mask
the exploratory between group comparisons among the three
different groups (Henson et al., 2002; Fan et al., 2017). For
these exploratory analyses, an initial voxelwise threshold of
p < 0.001 uncorrected was used, to which a clusterwise correction
for multiple comparison (FDR) was applied. An additional
Bonferroni correction for multiple comparisons was applied
on the cluster p-value to account for the number of tests
performed (6 comparisons: cMDD > rMDD, cMDD < rMDD,
cMDD > HC, cMDD < HC, rMDD > HC, rMDD < HC).
A cluster with a p-value of 0.008 or below would therefore be
significant (p = 0.05/6 = 0.008).

To further examining the connection between the abnormal
regional brain activity and depression symptom severity,
correlation analyses were conducted between psychometric
(HAM-D and BDI) scores and mean ALFF values obtained in
brain regions with abnormal activity in the cMDD and rMDD
groups, separately.

RESULTS

Cohort Characteristics
The demographic and clinical data are summarized in Table 1.
The groups’ characteristics did not differ in terms of sex or
age, though the HC group’s education level was, on average,
higher than that the other two groups [HC > cMDD = rMDD,
F(2,196) = 12.023, p < 0.001]. Mean HAMD scores were greater
in the cMDD group than in the rMDD group (t = 14.410, df = 119,
p < 0.001). A one-way ANOVA revealed a main effect of group on
BDI scores [F(2,196) = 310.668, p < 0.001] and post hoc analysis
showed that each group’s BDI scores differed from those of the
other two (cMDD > rMDD > HC, all post hoc p-values < 0.005).

1http://www.restfmri.net
2http://www.fil.ion.ucl.ac.uk/spm
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TABLE 1 | Demographic and clinical characteristics of cMDD, rMDD, and HC groupsa.

Characteristic cMDD (N = 72) rMDD (N = 49) HC (N = 78) F/t P η2
p / Cohen’s d

Age, years 22.38 (5.67) 22.57 (6.41) 22.19 (3.52) 0.083 0.921 <0.001

Sex, N females (%) 39 (54.2) 26 (53.1) 43 (55.1) 0.049 0.952 <0.001

Education, years 13.28 (2.51) 13.87 (2.48) 15.10 (1.98) 12.023 <0.001 0.123

Illness duration, years 0.85 (0.83) 1.22 (0.92) – 1.571 0.102 0.42

Remission duration, years – 0.51 (0.30) – – – –

HAM-D score 22.25 (6.00) 6.45 (5.81) – 14.410 <0.001 2.68

BDI score 29.46 (9.32) 6.91 (5.87) 3.23 (3.99) 310.668 <0.001 3.17

Means are shown with standard deviations in parentheses, unless otherwise specified. acMDD, current major depressive disorder; rMDD, remitted major depressive
disorder; HC, healthy control; BDI, Beck Depression Inventory; HAM-D, 17-item Hamilton Depression Rating Scale.

FIGURE 1 | (A) Statistic maps showing ANOVA results of ALFF differences among current major depression disorder (cMDD), remitted major depression disorder
(rMDD), and healthy control (HC) groups (p < 0.001, uncorrected). (B) Brain regions showing ALFF differences between cMDD and rMDD [p < 0.008, false discovery
rate (FDR) corrected]. (C) Brain regions showing ALFF differences between cMDD and HC (p < 0.008, FDR corrected). ANOVA and post hoc t-tests were
conducted using years of education as covariates of no interest. Two-sample t-test results are expressed within a mask showing significant group differences from
the ANOVA. Red and blue denote ALFF increases and decreases, respectively; color bars indicate t-values.
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TABLE 2 | Brain regions with significantly different ALFF values among the cMDD, rMDD, and HC groups.

Brain regions Voxels Peak coordinates (MNI) Peak T-values P uncorrected P correcteda

x y z

cMDD < rMDD

Left middle occipital gyrus (BA 19) 17 −36 −72 6 −4.5577 0.001 0.004

Left middle temporal gyrus 15 −45 −45 3 −3.8307 0.001 0.004

Right cerebellum anterior lobe 11 6 −45 −12 −4.2424 0.001 0.004

cMDD < HC

Left middle occipital gyrus (BA 19) 12 −39 −78 0 −3.8093 0.001 0.002

ALFF, amplitude of low frequency fluctuations; BA, Brodmann area; x, y, z, coordinates of peak locations in the Montreal Neurological Institute (MNI) space. aFalse
discovery rate (FDR) corrected (p < 0.008).

ALFF Differences
With the one-way ANCOVA analysis, main effects of group on
ALFF values were identified in the brain areas including the
occipital and temporal cortices, as well as in the cerebellum
(p = 0.001, uncorrected; see Figure 1A).

Within the mask of these significant group differences,
post hoc t-tests showed that, compared with the cMDD group,
rMDD group had increased ALFF values in the left middle
occipital gyrus, left middle temporal gyrus and right cerebellum
anterior lobe (Table 2 and Figure 1B). Besides, compared with
the HC group, the cMDD group had decreased ALFF values
in the left middle occipital gyrus (Table 2 and Figure 1C).
Furthermore, all p-values in the post hoc t-tests were corrected
with false discovery rate (FDR) method ( all p-values < 0.008;
see Table 2).

Correlations Between ALFF Values and
Clinical Variables
With respect to potential relationships between regional brain
activity and clinical variables, mean ALFF values in the
cMDD and rMDD groups, were separately obtained in
the brain regions showing differences with the one-way
ANCOVA analysis. The correlations between the mean ALFF
values and BDI, HAMD scores were examined. Eventually,
only the BDI scores in the rMDD group were correlated
positively with ALFF values in the left middle occipital gyrus
(r = 0.315, uncorrected p = 0.028; see Figure 2A), left middle
temporal gyrus (r = 0.410, uncorrected p = 0.003; significant
with Bonferroni correction [0.05/6]; see Figure 2B ),right
cerebellum anterior lobe (r = 0.299, uncorrected p = 0.037;
see Figure 2C).

DISCUSSION

The major finding of the current study was that the rMDD
group showed increased hyperactivities in the left middle
occipital gyrus, left middle temporal gyrus and right cerebellum
anterior lobe when compared with the cMDD group by
resting-state fMRI. Compared with the HC group, the cMDD
group demonstrated decreased hypoactivity in the left middle
occipital gyrus. The spontaneous neural activities in the left
middle occipital gyrus, left middle temporal gyrus and right

cerebellum anterior lobe were positively relevant with clinical
symptom. These results suggested that brain activities in the left
middle temporal gyrus, left middle occipital gyrus, and right
cerebellum anterior lobe may serve as state-related biological
characteristics of MDD.

The middle temporal gyrus, which is located between the
superior temporal gyrus and inferior temporal gyrus, plays a
vital role in the cognitive processing, such as language, memory
and object vision processing (Onitsuka, 2004). Colombo and
Gross (1994) reported that deficit in the middle temporal
gyrus in monkeys would cause a poor performance in the
cognitive task which requires visual object discrimination and
recognition. A structural MRI study reported gray matter
reduction in the middle temporal gyrus in treatment-resistant
depression patients when compared with healthy subjects
(Ma et al., 2012). Besides, the middle temporal gyrus is
involved in the DMN (Zhou and Yu, 2010; Xue et al., 2016).
Abnormal DMN functional alterations have been found closely
bound up with rumination and autobiographical memory
impairment in depression patients (Sumner et al., 2010;
Paul et al., 2015).

The present study also found more hyperactivity in the
middle temporal gyrus in the rMDD group compared with
the cMDD group. This result and the relation between clinical
symptom and brain activity in rMDD group may indicate
the state-related functional compensation in the middle
temporal gyrus. The functional compensation implies that
the individuals suffered from damage of the central nervous
system (CNS) would trigger the residual structures to achieve
recovery, including behavioral, physical, or cognitive strategies
(Tanaka, 2001). Furthermore, the temporal regions were
deeply involved in social cognitive and affective processing
(Wang et al., 2012). Therefore, we tentatively put forward that
the state-related hyperactivity in the middle temporal gyrus
may be involved in a compensatory mechanism, which
is consistent with Goetz’s study that the compensatory
effect has been found in the same brain region among
the depression patients during a cognitive reappraisal task
(Goetz et al., 2018).

Consistent with previous studies (Guo et al., 2013; Liang
et al., 2013), the hyperactivity in the left middle occipital
gyrus was found in MDD patients when compared with
HC. The brain activity level in the left middle occipital
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FIGURE 2 | Scatter plots showing significant positive correlations between BDI scores and regional ALFF values in the (A) left middle occipital gyrus (uncorrected
p = 0.028), (B) left middle temporal gyrus (uncorrected p = 0.003; significant with Bonferroni correction), (C) right cerebellum anterior lobe (uncorrected p = 0.037).

gyrus was positively relevant with clinical symptom. The
depressed patients with occipital brain activity abnormalities
have shown a disproportionate attentional preference
toward negative visual information (Guo et al., 2013).
Depression-associated abnormalities of the middle occipital
gyrus were related with abnormal neuropsychological
activity, leading to a motor block and lowered attention
(Yu et al., 2017). As described previously, this increased
brain activity may be due to the state-related compensatory
effect in the left middle occipital gyrus, which plays
an active role in cognitive processing, including visual

information processing and verbal episodic memory
(Li et al., 2016).

The cerebellum, a structure used to be most appreciated for its
important role in motor coordination and behavior (Stein, 1986),
was reported taking part in emotional and cognitive processing
in recent depression studies (Schmahmann, 2000; Lekeu et al.,
2002; Lin et al., 2012). Our study found increased activities in
the anterior lobe of cerebellum in the rMDD group than in
the cMDD group. Besides, the activity level in this area was
correlated with depressive symptom in the rMDD group, which
may imply that the state-related hyperactivities in the anterior
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lobe of cerebellum found in the rMDD patients are involved in
a compensatory mechanism. The relation between cerebellum
brain activity and depressive symptom has been reported by
fMRI and sMRI findings (Zeng et al., 2012; Xu et al., 2017).
This association may be illustrated by the cerebellar connections
with limbic regions, brainstem, temporal lobe, prefrontal lobe,
and cingulate gyrus, areas shown to have profound influence
on cognitive processing and emotional regulation (Haines et al.,
1984; Middleton and Strick, 2001; Turner et al., 2007). A growing
number of studies have paid attention to the role of cerebellum in
depression (Lin et al., 2012; Phillips et al., 2015; Ming Z.M. et al.,
2017), and our research implied that the anterior cerebellum may
be related with the depression remitted process.

Limitations
Our study has some limitations that need to be addressed
in further studies. Firstly, we used a cross-sectional study
design. Longitudinal studies are required to clarify how neural
brain activities evolve from depression onset to remission, and
from remission to recurrence. Second, to exclude potential
confounders, we excluded patients with comorbidities. However,
more than three-quarters of MDD patients have comorbidities
(Kessler et al., 2003). Thus, it is not known whether the state-
related features found in this study would be detectable in MDD
patients with comorbidities. Third, in our study, the ANCOVA
anlysis result of ALFF values was uncorrected and voxels cluster
size was small for a clusterwise correction. Therefore, our
findings, as an exploring research, may only imply a trend of the
abnormal activity brain area in cMDD, rMDD and HC groups.
Longitudinal studies across different clinical states would be
required in the future exploration.

CONCLUSION

To our knowledge, this is the first study to explore state-related
alterations of spontaneous neural activity in medication-naïve
current and remitted depression. Consistent with the research
hypothesis, state-related abnormal spontaneous neural activities
were observed in the DMN and cerebellum, including the middle
temporal gyrus, cerebellum anterior lobe. Furthermore, the state-
related compensatory effect was found in the middle occipital
gyrus, middle temporal gyrus and cerebellum anterior lobe.
Although these findings remain to be confirmed, our study
provides a fresh perspective for elucidating the neurobiology of
MDD development, maintenance and recovery. The state-related
characteristic of MDD suggested by our study may be useful
for improving clinical diagnosis and prognostic evaluation of
MDD, planning of targeted interventions, and monitoring of
therapeutic efficacy.
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The differential susceptibility model and the diathesis-stress model on the interaction
effect between the individuals’ traits and environmental factors will be conducive
to understand in depth whether the psychophysiological traits are the risk factors
of child development. However, there is no study focusing on the activity of the
hypothalamic-pituitary-adrenal (HPA) axis. We examined whether the HPA activity serves
as a physiological marker of the differential susceptibility model or the diathesis-stress
model by exploring the interactive effect of life events and hair cortisol on perceived
stress, anxiety, and depressive symptoms among Chinese adolescents. The participants
were 324 students in senior high school. They reported their psychological states
with questionnaires in their first semester after a 3-month adaptation period; 2 weeks
later, they provided 1-cm hair segments closest to the scalp. We measured hair
cortisol concentration as a biomarker of HPA activity using high-performance liquid
chromatography–tandem mass spectrometry. There was a significant interaction effect
of academic events and hair cortisol on adolescents’ perceived stress, anxiety, and
depression symptoms. We also observed a significant interaction between interpersonal
events and hair cortisol on adolescents’ anxiety symptoms. Looking at the region
of significance, proportion of interaction index, and proportion affected index, we
found that adolescents with higher cortisol levels had a tendency to experience higher
perceived stress and anxiety symptoms when they had high academic events scores,
but lower perceived stress and anxiety symptoms when they had lower academic
events scores. By contrast, adolescents with higher cortisol levels had a greater risk of
experiencing high depressive symptoms only when they had higher academic events
scores. Adolescents with higher cortisol levels also tended to have lower anxiety
symptoms when they had higher interpersonal events scores, but greater anxiety
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symptoms when they had lower interpersonal events scores. These results suggested
that HPA activity might serve as a biomarker of the differential susceptibility model for
perceived stress and anxiety symptoms, while for depressive symptoms, it might serve
as a marker of the diathesis-stress model.

Keywords: perceived stress, anxiety, depression, hair cortisol, life events

INTRODUCTION

Internalizing behavior problems, such as perceived stress,
anxiety, and depressive symptoms, are prominent signals
of adolescents’ degree of psychological adaptation (James,
2007). The development of such problems is considered the
result of an interaction between environmental factors and
adolescents’ own psychological and physiological traits; as
such, researchers have begun exploring the specific moderating
effects of various psychophysiological traits on the association
between environmental factors and internalizing problems
among adolescents (Bronfenbrenner and Morris, 2006). So far,
researchers have primarily focused on the moderating effects of
psychological traits (Muhtadie et al., 2013; Reuben et al., 2016).
Comparatively fewer studies have examined the moderating role
of physiological traits, such as monoamine oxidase A (MAO-A)
gene polymorphism (Liu et al., 2017). The biological sensitivity to
context theory emphasizes the importance of such physiological
traits, explaining that individuals differing in biological response
to stressful challenge naturally show differences in psychological
adaptation (Boyce and Ellis, 2005; Zhou et al., 2016).

The hypothalamic-pituitary-adrenal (HPA) axis is a stress-
sensitive nervous system responsible for the secretion of cortisol
to help organs adapt to stressful events (Spiga et al., 2014; Ma
et al., 2015). To date, there is no research reporting the interaction
effect of environmental factors and HPA activity on internalizing
problems under the differential susceptibility model and the
diathesis-stress model. Therefore, determining such interaction
effect will help deepen our understanding of the development of
such problems in adolescents. Because life events in the family
and school arguably have the strongest and most direct impact,
in this study, we examined how life events and HPA activity
interacted to contribute to the development of perceived stress,
anxiety, and depressive symptoms among adolescents.

Relation Between Adolescents’ Life
Events and Internalizing Problems
Factors from a plethora of environments—such as the family,
school, and other social environments—are known to influence
the development of internalizing problems. Of these, the most
direct and nearest factors are daily life events occurring in the
family and school spheres (Hashmi, 2013). Stressful life events
show positive associated with adolescents’ internalizing problems
from moderately to highly, such as perceived stress (Ortega
et al., 2012), anxiety symptoms (Lewis et al., 2012), depression
symptoms (Veytia López et al., 2012), and even suicide risk
(Liu and Tein, 2005). For example, Lewis et al. reported high
association between and anxiety. In China, academic events (e.g.,)
and interpersonal events (e.g.,) are considered the two primary

sources of environmental stress experienced by adolescents
(Chen et al., 2012; Xie et al., 2014). Therefore, we focused on these
types of events in our study.

Relation Between HPA Activity and
Adolescents’ Internalizing Problems
Studies have found little consistency in the association between
HPA activity and internalizing problems among adolescents.
For example, studies have demonstrated a positive correlation
(Colomina et al., 1997; Shirtcliff and Essex, 2008; Qing and
Zhang, 2009; Gao et al., 2014), a negative correlation (De Bellis
et al., 1996; Granger et al., 1998; Shirtcliff and Essex, 2008; Gerber
et al., 2013), and no correlation (Dahl et al., 1989; Lindfors et al.,
2017). The same inconsistency has been observed among children
(Goodyer et al., 1991, 2001a,b; Essex et al., 2002; Smider et al.,
2002; Gunnar et al., 2003).

One of the main reasons for the inconsistency is considerable
gap in time between the emergency of biomarkers of HPA activity
and adolescents’ internalizing problems occurring over 1 month.
The HPA activity biomarkers used in most previous studies
were urinary or salivary cortisol levels (Goodyer et al., 1991,
2001a,b; De Bellis et al., 1996; Essex et al., 2002; Smider et al.,
2002), measured in terms of the area under curve of salivary
diurnal cortisol during the daytime or within 1 day (Dickerson
and Kemeny, 2004). However, these biomarkers reflect acute,
or short-term, HPA activity; that is, they reflect activity over
several hours or up to 1 day. Therefore, these biomarkers
might not reliably reflect cortisol exposure over a longer period
(e.g., 1 month), which is the period that most psychological
measurements cover in their questions.

Hair cortisol levels may help address this problem. Russell
et al. (2012) has suggested that this biomarker may be useful
for assessing basal cortisol levels and the long-term activity
of the HPA axis because it has high consistency with the
average salivary cortisol level over multiple days (Zhang et al.,
2018). We therefore used hair cortisol as a biomarker of HPA
activity to ensure better consistency with the time span of the
psychological measurements.

Interactive Effects of HPA Activity and
Life Events on Adolescents’ Internalizing
Problems
Most theories and empirical studies on this topic imply
that adolescents’ psychological traits can moderate the
relationship between life events and internalizing problems
among adolescents (Bronfenbrenner and Morris, 2006).
However, as we note earlier, relatively few studies have
examined the moderating role of adolescents’ physiological traits

Frontiers in Psychology | www.frontiersin.org 2 March 2019 | Volume 10 | Article 297132

https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-10-00297 March 4, 2019 Time: 10:57 # 3

Xu et al. Interactive Effects on Internalizing Problems

(Zheng et al., 2016). Moreover, we have not found any research
specifically examining the interaction effect of HPA activity
and life events on adolescent’s internalizing problems. The
theoretical basis for such an association comes from research
showing that children with higher cortisol levels (i.e., higher
HPA activity) were more sensitive to environmental changes
(e.g., a psychotherapeutic treatment) than those with lower
cortisol levels (i.e., lower HPA activity) (van de Wiel et al., 2004),
and were more likely to show better psychological adaptations.
Additionally, Obradović et al. (2010) found that adolescents
with higher cortisol reactivity showed higher prosocial behaviors
(Obradović et al., 2010) and better execute functions (Obradović
et al., 2016) than those with lower cortisol reactivity under less
family troubles. Taken together, these studies suggest that HPA
activity might interact with adolescents’ life events to predict
internalizing problems.

Diathesis-Stress and Differential
Susceptibility Models
Two theoretical models have been proposed to describe
how the interaction between psychophysiological traits
and environmental factors (e.g., life events here) influence
adolescents’ internalizing problems (Belsky and Pluess, 2009;
Pluess and Belsky, 2010). The diathesis-stress model suggests
that individuals with certain high-risk psychophysiological traits
(e.g., negative emotionality, higher biological sensitivity, or
lower HPA activity) display greater vulnerability in the face of
adversity and are more liable to develop maladaptive behavioral
problems, such as internalizing problems (Ellis et al., 2011).
The differential susceptibility model proposes that these same
individuals might also experience better adaptation and greater
developmental plasticity when exposed to positive environmental
factors (Belsky and Pluess, 2009). Some empirical studies have
showed that the interaction between negative emotionality
(or biological sensitivity or HPA activity) and environmental
factors follows the diathesis-stress model, indicating that
negative emotionality, biological sensitivity, and HPA activity
are markers of the diathesis-stress model, whereas others have
demonstrated that such interaction follows the differential
susceptibility model. The present study examined whether the
interactions between the HPA activity and life events follow
these two models.

The Present Study
Regarding the interaction between physiological traits and
environmental factors, previous studies have typically focused
on genotypes, such as MAO-A gene polymorphism or the
serotonin transporter-linked polymorphic region (5-HTTLPR)
(Liu et al., 2018). HPA activity, as noted earlier, reflects a
biological sensitivity of individuals’ response to stress (Ellis et al.,
2005) and might act as an intermediary between gene expressions
and internalizing problems (Ellis et al., 2011). Although genes
might regulate the specific pattern of HPA activity, HPA activity
and gene polymorphisms may differ greatly in how they interact
with environmental factors on. Thus, it is unclear if the
results from research on gene polymorphism can be generalized
to HPA activity.

Additionally, research on the interactive effects of
physiological traits and environmental factors has mostly
been conducted in developed countries or in regions with
western individualistic cultures, such as North America or
Western Europe. Individualistic cultures differ markedly from
collectivistic cultures such as China, and cultural beliefs and
values may regulate patterns of HPA activity as well as the
development of adolescents’ internalizing problems (Chen,
2012). Accordingly, the findings from western cultures might not
be generalized to adolescents in China.

This study examined the interactive effects of HPA activity
and life events on perceived stress, anxiety, and depressive
symptoms among Chinese adolescents. Cortisol concentration
in a 1-cm hair sample was utilized as the biomarker of basal
HPA axis activity over 1 month, ensuring that the cortisol
measurement matched the time span for the measurement
of psychological variables. Based on the above background,
we expected that hair cortisol and life events would interact
to predict adolescents’ internalizing problems. Drawing on
the diathesis-stress and differential susceptibility models, we
proposed two alternative hypotheses. From the perspective of
the diathesis-stress model, we hypothesized that adolescents
with higher cortisol levels perceive higher stress and experience
greater anxiety and depressive symptoms than do those with
lower cortisol levels when they encounter more stressful life
events. However, the two cortisol-level groups would not differ
under less stressful life events. By contrast, from the perspective
of the differential susceptibility model, we hypothesized that
adolescents with higher cortisol levels would develop more
negative outcomes than would those with lower cortisol levels
when experiencing more stressful life events, whereas they would
how better outcomes when experiencing less stressful events.

MATERIALS AND METHODS

Participants
Four hundred sixty students from an ordinary senior high school
in Nanjing city, China participated in the present study. All
students were of Han ethnicity. Among them, 29 students were
excluded because they did not meet the inclusion criteria for
hair collection, which were as follows: (a) hair length longer
than 1 cm; (b) physically and mentally healthy and no chronic
diseases; (c) no experience of smoking or drinking, not currently
taking medicine, and did not have dyed or bleached hair (as
this could influence the concentration of hair cortisol; Wosu
et al., 2015); and (d) no experience of major stressful events,
such as the death of a family member, traffic accident, and
parental divorce, over the past year. Ultimately, 431 students
completed the questionnaires. Of these, 324 students (mean
age: 15.35 ± 0.41 years; age range: 15–16 years), including
133 boys and 191 girls, provided hair samples. We observed
no differences in gender distribution, age, life events, or
psychological adaptation (ps > 0.05) between the participants
who did not provide hair samples and those who did.

Prior to recruitment, we obtained verbal consent from the
students and the teachers in charge of them, and then obtained
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written consent from students’ guardians. All the participants
then provided written consent form for the questionnaire survey,
while 324 participants provided their consent for the hair
collection. The present study followed the Declaration of Helsinki
and was approved by the Health Science Research Ethics Board of
Southeast University, China.

Procedures
The participants were recruited during their first semester in late
November after a 3-month period of adaptation to senior high
school. After signing the written consent form, they reported
their demographic information, life events, and psychological
outcomes over the past 1 month using the questionnaire
provided to them.

Because about 1–3 mm of the hair shaft is embedded deep in
the scalp and 1–2 mm of which is too close to the scalp to be
cut with scissors, considering that the average hair growth rate is
∼1 cm per month (Pragst and Balikova, 2006), two weeks later, we
collected hair strands in the posterior vertex region, cutting them
as close to the scalp as possible to ensure accurate measurement
of cortisol concentration.

Measures
Academic and Interpersonal Events
Academic and interpersonal events were measured using the
academic and interpersonal subscales of the Chinese-version
Life Events Rating Scale for Adolescents (Liu et al., 1997). This
scale comprises 27 items, each of which assesses adolescents’
experience of a negative life event that could lead to a
psychological response and to what degree the event has affected
the adolescents. The 27 items are grouped into 6 subscales:
academic events, interpersonal events, getting disciplined,
deprivation, health adaptation, and others. The academic and
interpersonal subscales each contain five items rated on a 6-
point scale (1–6). We averaged the scores of each subscale
for the analysis, with higher scores indicating greater stress
from negative life events (Liu et al., 1997). The Cronbach’s α

coefficients of the academic and interpersonal subscales were 0.73
and 0.72, respectively.

Perceived Stress
Perceived stress was measured with the Perceived Stress Scale
designed by Cohen et al. (1983) and adapted into Chinese by
Yang and Huang (2003). The scale consists of 14 items measuring
individuals’ feeling of nervousness and a loss of control, each of
which is scored on a 5-point scale ranging from 0 to 4. The sum
of the item scores was calculated to serve as a total score, with
higher scores indicating greater perceived stress. In this study, the
Cronbach’s α coefficient of this measure was 0.89.

Anxiety Symptoms
Anxiety symptoms were assessed with the state anxiety subscale
of the State-Trait Anxiety Inventory (Spielberger and Gorsuch,
1983). This subscale comprises 20 items describing adolescents’
emotional experience of anxiety in response to different
situations, such as fear and nervousness. Items are scored on a
4-point scale ranging from 1 to 4. The inventory shows relatively

high reliability and validity in China (Fu, 1997). In this study, the
Cronbach’s α coefficient was 0.76. The total score (the sum of the
item scores) was used as an index of anxiety symptoms.

Depressive Symptoms
Depressive symptoms were measured using the Zung Self-Rating
Depression Scale (Zung et al., 1965). This scale consists of 20
items describing relevant symptoms of depression. Each item
is scored on a 4-point scale ranging from 1 to 4. The total
score of the items was calculated, with higher scores indicating
more severe depressive symptoms. The scale has relatively high
reliability and validity in China (Feng et al., 2005). In this study,
the Cronbach’s α coefficient of this scale was 0.76.

Hair Cortisol Measurement
Before analysis, the hair samples were cut into 1-cm segments.
Those segments closest to the scalp were used to measure average
cortisol concentration over the past month. The hair pieces
were washed with methane and then dried in shade twice.
Then the 20 mg clean sections were finely cut into pieces and
incubated in 0.9 methanol for 1 day. Hundred µl Cortisol-d4
as internal standard was added at 10 ng/ml in the incubation.
After that, the incubated solution was centrifuged at 10,000 rpm
for 1 min. Afterward a 400 µl supernatant was poured into
another dry tube and then dried with nitrogen at 40◦ centigrade.
Finally, the dried sample was redissolved in 80 µl methane for
further analysis. The measurement of hair cortisol was conducted
using high-performance liquid chromatography–tandem mass
spectrometry; the assay method is described in detail elsewhere
(Qi et al., 2016). The assay method showed good performance,
such as good linearity in the range of 1.0–100.0 pg/mg, lower
limits of detection and quantification at 0.5 and 1.0 pg/mg,
good recovery at 99.2 ± 8.3% (2 pg/mg) and 103.1 ± 7.3%
(20 pg/mg), and intra-day and inter-day coefficients of variation
less than 10% (5.4 and 8.2% for 2 pg/mg; 4.3 and 7.5% for 20
pg/mg), respectively.

Statistical Analysis
SPSS Statistics 20.0 for Windows was used to conduct a test of
data normality, independent samples t-tests, correlation analysis,
and regression analysis. The data normality was examined
with the Kolmogorov–Smirnov (K–S) test. Normally distributed
data are presented as means (M) ± standard deviations (SD),
while non-normally distributed data are presented as medians
and ranges and were log-transformed for subsequent statistical
analyses. Hierarchical multiple regression analysis was used to
investigate the interaction effects of life events and hair cortisol
on juvenile psychological adaptation. Simple slope analysis was
conducted as suggested by Aiken and West (1994) to further
explore how hair cortisol moderates the relationship between life
events and psychological adaptation.

To determine whether the results followed the differential
susceptibility model or the diathesis-stress model, we used the
approach of regions of significance (RoS) with the probing
interaction procedure as developed by Hayes and Matthes (2009).
This involved probing the interactions between−2SD and+2SD
of the mean of the independent variables (i.e., life events here).
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Additionally, the proportion of interaction index (PoI) and the
proportion affected index (PA) were examined as straightforward
markers (Roisman et al., 2012). The PoI index is defined as the
ratio of better outcomes over the sum of all outcomes (better and
worse) for the higher and lower cortisol level groups when the
independent variable was bounded by ± 2SD of the mean. The
PA index, on the other hand, is defined as the proportion of the
population that is differentially affected by hair cortisol level—
that is, the population that falls above the crossover point of the
independent variable (i.e., the point at which the regression lines
between independent variable and dependent variable cross over;
Roisman et al., 2012). Typically, the PoI and PA indices will range
from 0.00 to 0.50.

If either the upper and lower limits of the RoS exceeded the
±2SD range of the mean of the independent variable, while the
other remains bounded to that range, the interaction should be
interpreted as strong evidence of the diathesis-stress model. If
both limits of the RoS were bounded to the±2SD range, then the
interaction would be interpreted as evidence for the differential
susceptibility model. Similarly, if the PoI and PA indices are
close to 0.50, the interaction would be in favor of the differential
susceptibility model; if their values are less than 0.16, the
interaction is not likely to support the differential susceptibility
model; if their values are closer to 0.00, the interaction would be
in support of the diathesis-stress model (Roisman et al., 2012).

RESULTS

Descriptive Results and Correlation
Analysis
Table 1 shows the descriptive statistics of all variables and their
intercorrelations. Both academic events and interpersonal events
were significantly and positively associated with perceived stress,
anxiety, and depression symptoms (ps < 0.001). Hair cortisol
was significantly and positively associated with perceived stress
and depressive symptoms (ps < 0.05), and marginally positively
associated with academic events (p = 0.06) and interpersonal
events (p < 0.05). Additionally, male students had significantly
lower depressive symptoms (t322 = −3.01, p < 0.01) and higher
hair cortisol levels (t322 = 3.92, p < 0.001) than did female
students, but there were no differences between them in perceived
stress scores and anxiety symptoms (ps > 0.05).

Regression Analysis
A series of hierarchical multiple linear regression analyses were
conducted to examine the interaction between academic or
interpersonal events and hair cortisol in predicting perceived
stress scores, anxiety, and depression symptoms. Adolescents’
gender was entered as a control variable in the first step, while
academic events, interpersonal events, and hair cortisol were
entered in the second step. In the final step, the interactions
between life events and hair cortisol were entered. Following
Aiken and West (1994), academic events, interpersonal events,
and hair cortisol were centered in the analyses.

As shown in Table 2, academic events positively predicted
adolescents’ perceived stress, anxiety, and depression symptoms

(ps < 0.001), and interpersonal events positively predicted
adolescents’ anxiety and depressive symptoms (ps < 0.001).
The interaction between academic events and hair cortisol also
significantly predicted adolescents’ perceived stress, anxiety, and
depressive symptoms (p < 0.01, p < 0.05, and p < 0.01,
respectively), while the interaction between interpersonal events
and hair cortisol significantly predicted adolescents’ anxiety
symptoms (p < 0.01).

The Moderating Influence of Hair
Cortisol on the Association Between Life
Events and Psychological Adaptation
As shown in Figure 1, simple slope analysis revealed that
academic events significantly and positively predicted perceived
stress scores for adolescents at both higher and lower cortisol
levels (ps < 0.05), although the effect was stronger for individuals
with higher cortisol levels relative to those with lower cortisol
levels (B = 4.88 vs. B = 1.86). The RoS approach revealed that
adolescents with higher cortisol levels had significantly higher
perceived stress scores than did those with lower cortisol levels
when the academic events scores were more than −0.06 SD
from the mean (see the right shaded area in Figure 1), and
had significantly lower perceived stress scores when academic
event scores were less than −1.55 SD from the mean (the left
shaded area in Figure 1). However, the two groups did not differ
markedly in terms of perceived stress when academic events
scores ranged from−1.55 to−0.06 SD of the mean. Furthermore,
the PoI index was 0.22 and the PA index was 0.71. Taken together,
these results seem to support the differential susceptibility model
as opposed to the diathesis-stress model.

As for the association between academic events and anxiety
symptoms, similar results were observed in the simple slope
test. As shown in Figure 2, academic events significantly and
positively predicted anxiety symptoms at both higher and lower
cortisol levels (ps < 0.05), but the effect was stronger for the
former group relative to the latter (B = 5.45 vs. B = 2.55).
These findings indicate that hair cortisol levels influence the
strength of the association between the academic events and
anxiety symptoms in both positive and negative contexts. The
RoS approach revealed that adolescents with higher cortisol levels
had significantly greater anxiety symptoms than did those with
lower cortisol levels when academic events scores were more
than 1.41 SD of the mean (the right shaded area in Figure 2);
however, they had significantly less anxiety symptoms when the
academic events scores were less than −1.34 SD of the mean
(the left shaded area in Figure 2). The two groups did not
differ in terms of anxiety symptoms when the academic events
ranged from−1.34 to 1.41 SD of the mean. Furthermore, the PoI
index was 0.43 and the PA index was 0.55. These results again
supported the differential susceptibility model rather than the
diathesis-stress model.

As for the association between interpersonal events and
anxiety symptoms, simple slope tests (see Figure 3) revealed that
the association was significant for adolescents at lower cortisol
levels (p < 0.001), but not significant at higher cortisol levels
(p > 0.05). The RoS approach revealed that adolescents with
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TABLE 1 | Descriptive statistics and correlation analysis for adolescents’ life events, hair cortisol, and internalizing problems.

M SD 1 2 3 4 5 6

(1) Academic events 3.56 0.93 − 0.42∗∗∗ 0.11+ 0.429∗∗∗ 0.41∗∗∗ 0.41∗∗∗

(2) Interpersonal events 2.67 0.90 − 0.14∗ 0.27∗∗∗ 0.30∗∗∗ 0.31∗∗∗

(3) Hair cortisol (pg/mg)a 6.6 2.0–29.7 − 0.11∗ 0.04 0.12∗

(4) Perceived stress 25.03 7.55 − 0.67∗∗∗ 0.68∗∗∗

(5) Anxiety symptoms 42.02 10.14 − 0.72∗∗∗

(6) Depressive symptoms 41.14 6.79 −

+p < 0.10, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. aHair cortisol concentrations were presented as medians and ranges because they were non-normally distributed
(p < 0.001) as examined by the Kolmogorov–Smirnov test. They were log-transformed for the correlation analysis. The log-transformed cortisol concentrations
(1.10 ± 0.44) were normally distributed (p = 0.193) as examined by the Kolmogorov–Smirnov test because the log transformation effectively reduced the
skewness and kurtosis.

TABLE 2 | Effects of life events, hair cortisol, and their interactions in predicting perceived stress scores, anxiety, and depressive symptoms among Chinese adolescents.

Predictor Perceived stress scores Anxiety symptoms Depression symptoms

1R2 B SE β 1R2 B SE β 1R2 B SE β

Layer 1 0.01 0.001 0.02∗

Gender −1.10 0.84 −0.07 −0.68 1.12 −0.03 −1.87 0.75 −0.14∗

Layer 2 0.22∗∗∗ 0.23∗∗∗ 0.21∗∗∗

AAEa 3.41 0.47 0.41∗∗∗ 4.15 0.63 0.37∗∗∗ 2.38 0.43 0.31∗∗∗

IPEa 0.77 0.48 0.09 1.90 0.64 0.17∗∗ 1.44 0.43 0.19∗∗∗

HCCa 1.32 0.86 0.08 −0.21 1.13 −0.01 1.45 0.77 0.10+

Layer 3 0.02∗ 0.02∗ 0.02∗

AAE × HCC b 3.41 1.09 0.17∗∗ 3.27 1.44 0.13∗ 2.82 0.98 0.17∗∗

IPE × HCCb
−1.40 1.09 −0.08 −4.16 1.45 −0.17∗∗ −1.73 0.98 −0.10

+p < 0.10, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. aAAE, academic event; IPE, interpersonal event; HCC, hair cortisol concentration. bThe interaction between academic
or interpersonal events and hair cortisol concentration. Collinearity diagnostics revealed that the tolerance was higher than 0.2 and the variance inflation factor (VIF) was
less than 5 for each predictor in the regression analyses, indicating no multicollinearity problems (Fox, 1991).

FIGURE 1 | Hair cortisol as a moderator of the association between academic
events and perceived stress. The shaded area represents the region of
significance. Inserted is the simple slope (B).

higher cortisol levels had significantly lower anxiety symptoms
than did those with lower cortisol levels when the interpersonal
events scores were more than 0.83 SD of the mean (the right

FIGURE 2 | Hair cortisol is a moderator of the association between academic
events and anxiety symptoms. The shaded area represents the region of
significance. Inserted is the simple slope (B).

shaded area in Figure 3). Furthermore, they had significantly
higher anxiety symptoms when interpersonal events scores were
less than−0.65 SD of the mean (the left shaded area in Figure 3).
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FIGURE 3 | Hair cortisol as a moderator of the association between
interpersonal events and anxiety symptoms. The shaded area represents the
region of significance. Inserted is the simple slope (B).

FIGURE 4 | Hair cortisol as a moderator of the association between academic
events and depressive symptoms. The shaded area represents the region of
significance. Inserted is the simple slope (B).

However, the two groups did not differ from each other in
terms of anxiety symptoms when interpersonal events ranged
from −0.65 to 0.83 SD of the mean. Furthermore, the PoI index
was 0.55 and PA index was 0.46. Therefore, the differential
susceptibility model was once again supported.

Finally, regarding the association between academic events
and depression symptoms, simple slope tests revealed that the
prediction was significant for adolescents with higher cortisol
levels in Figure 4 (B = 3.58, p < 0.001), but non-significant
for those with lower cortisol levels (p > 0.05). The RoS
approach revealed that adolescents with higher cortisol levels had
significantly greater depression symptoms than did those with

lower cortisol levels when the academic events scores were more
than−0.15 SD of the mean (the shaded area in Figure 4), and had
lower depression symptoms than did those with lower cortisol
levels when the academic events scores were less than−2.13 SD of
the mean (note that this is beyond −2 SD of the mean). Notably,
the two groups did not differ when academic events scores were
less than −0.15 SD of the mean. Furthermore, the PoI index was
0.16 and the PA index was 0.25. Taken together, these results
suggest strong support for the diathesis-stress model.

DISCUSSION

The results of the study indicated that HPA activity interacted
with academic events in predicting perceived stress, anxiety
symptoms, and depressive symptoms, while interpersonal events
interacted with HPA activity to predict anxiety symptoms among
Chinese adolescents in senior high school. Interestingly, HPA
activity showed greater variation in their interaction patterns
depending on the outcome—following both the differential
susceptibility and diathesis-stress models—when compared with
genotypes, most of which showed a single interaction pattern
(e.g., the diathesis-stress model; Liu et al., 2017, 2018). The
findings provide new evidence for the extension of the differential
susceptibility and diathesis-stress models to other physiological
traits closely related to genotypes.

Adolescents with higher hair cortisol levels not only were
more likely to exhibit higher perceived stress and anxiety
symptoms than were those with lower hair cortisol levels when
they have experienced more stressful academic events, but also
were more likely to show lower perceived stress and anxiety
symptoms when encountering less stressful academic events.
Similarly, adolescents with lower hair cortisol levels tended to
experience greater anxiety symptoms than did those with higher
hair cortisol levels under more stressful interpersonal events,
but lower anxiety symptoms under less stressful interpersonal
events. Taking these results together with previous findings on
the interaction between salivary cortisol stress reactivity and
family factors (e.g., adversity and income) in predicting children’s
socioemotional behavior and cognitive development (Obradović
et al., 2010, 2016), the differential susceptibility model appears to
be supported. It indicated that the HPA activity is the plasticity
factor for Chinese adolescents’ perceived stress and anxiety
symptoms. In other words, higher HPA activity strengthens
association of academic events with perceived stress and anxiety
symptoms and weakens association of interpersonal events with
anxiety symptoms compared with lower HPA activity. We discuss
each of these findings in turn below.

The moderating effect of higher hair cortisol level (i.e.,
higher HPA activity) on the association of academic events with
perceived stress and anxiety symptoms is perhaps explained
by the fact that individuals with high basal cortisol levels
are in a relatively higher stress-related arousal state. This
may make them somewhat more sensitive to stressful events
and perceive higher stress as demonstrated in the previous
studies (Karlén et al., 2011; Huang et al., 2014; Staufenbiel
et al., 2014). In the present study, adolescents with higher
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basal cortisol are also perhaps more easily affected by external
environmental factors, such as stressful academic events
which are arguably the most common negative life events
among Chinese senior high school students. This explanation
is supported by previous studies indicating that salivary
cortisol stress reactivity moderates the relation between external
factors and children’s socioemotional behavior and cognitive
development (van de Wiel et al., 2004; Obradović et al.,
2010, 2016). van de Wiel et al. (2004) found that children
with high cortisol responsivity tended to improve more
in externalizing behavioral problems than did those with
low cortisol responsivity after a 9-month psychotherapeutic
treatment. Obradović et al. (2010) further noted that children
with high cortisol reactivity were more likely to demonstrate
maladaptive outcomes (e.g., lower prosocial behaviors and
executive function performance) under conditions of high
family adversity (e.g., high parenting overload and family
financial stress), but more adaptive outcomes under conditions
of lower family adversity. We also found that lower hair
cortisol (i.e., lower HPA activities) influenced adolescents’ anxiety
symptoms under stressful interpersonal events, unlike under
stressful academic events. This might be because academic
events, as the most stressful events for Chinese high school
adolescents, exert stronger and more sustained effects on
students when compared to other life events. Nowadays,
the examination-oriented education system makes academic
achievements a collective obsession among Chinese parents
and teachers. This deep-rooted tradition has made academic
events the greatest chronic stressors for Chinese adolescents
(as our findings demonstrated, with adolescents experiencing
significantly higher stress from academic events than from
interpersonal events). Moreover, the majority of academic
events are objective events that pervade adolescents’ lives and
have a stable and sustained effect. In contrast, interpersonal
events are somewhat more subjective and possess a more
volatile and temporary nature; that is, they do not necessarily
persist over long periods. Individuals with higher basal cortisol
levels may therefore experience relatively greater fatigue in
trying to cope with the sustained effects of stressful academic
events. As a result, they may have reduced ability to cope
with occasional interpersonal events, as suggested by the
allostasis theory and resource conservation theory (Mcewen and
Stellar, 1993; Mcewen, 2003), making them more insensitive
to these events. By contrast, individuals with lower basal
cortisol levels would have relatively more intact physical
and mental resources due to an insensitivity to academic
events. This could give them excess physical and mental
resources to perceive interpersonal events, thereby increasing
their anxiety symptoms.

Higher hair cortisol levels (i.e., higher HPA activities) was
a risk factor for depressive symptoms under stressful academic
events. Specifically, individuals with higher hair cortisol levels
tended to be more depressed than did those with lower cortisol
levels under more stressful academic events, but there was no
difference between the groups under less stressful academic
events (i.e., both groups showed lower depressive symptoms).
This is the only finding that supported the diathesis-stress

model in this study. Thus, the interaction between HPA
activity and academic events showed differing patterns for
anxiety and depressive symptoms, even though both types
of symptoms are considered internalizing problems. This is
perhaps because the activation and regulation mechanism of
the HPA axis differs between anxiety and depression. Previous
studies have shown that patients with generalized anxiety
disorders tend to have lower hair cortisol levels than do
healthy individuals, which might result from excess activation
of the HPA axis. Such excess activation could induce the
excess sensitivity of HPA negative feedback and eventually
lead to impaired cortisol levels (Wester and van Rossum,
2015). However, individuals with depressive disorder show
relatively higher cortisol levels (Vreeburg et al., 2010; Wester
and van Rossum, 2015), which might result from the reduced
sensitivity of the negative feedback circuit of the HPA axis
or impaired corticosteroid receptor signaling observed in
patients with major depression (Holsboer, 2000), following
sustained activation of the HPA axis. Moreover, individuals
with major depressive disorder take longer to recover to
their basal cortisol level (Burke et al., 2005; Vreeburg et al.,
2010) after the activation of their HPA axis to cope with
external stress. Therefore, higher HPA activity may be a risk
factor for individuals with greater depressive symptoms under
more stressful academic events, but not under less stressful
academic events.

This study has some limitations. The present study did
not consider the influence of socioeconomic status except
for family income. Although this study didn’t find significant
association between family income and dependent variables,
the future research needs to investigate the influence of
socioeconomic status.

Overall, higher HPA activity is associated with greater
perceived stress and anxiety symptoms under stressful academic
events, while lower HPA activity is associated with higher anxiety
symptoms under stressful interpersonal events. These results
imply that moderate stress is more beneficial than is extremely
high or low stress. Moderate stress can help students maintain
an appropriate level of physiological and mental arousal, which
in turn may optimally benefit performance (as predicted by
the Yerkes-Dodson law; Broadhurst, 1957). In fact, there is an
inverted U relationship between stress and performance where
both too high and too low stress would decrease performance.
It is therefore necessary to build a context where academic
achievement is an important, but not a dominant, focus in
China. This will help students improve their mental and physical
health and academic performance. As for the students who are
struggling with learning difficulties, educators should be more
concerned about their HPA axes of higher activity and protect
them from being crushed by high stress.
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Pro-inflammatory cytokines, such as interleukin (IL)-6 and tumor necrosis factor-α

(TNF-α), are thought to play a fundamental role in the pathogenesis of depression

within a subset of individuals. However, the involvement of IL-1β has not been as

consistently linked to depression, possibly owing to difficulties in detecting this cytokine

in blood samples or that changes in circulating levels might only be apparent in a

subgroup of patients who have experienced early-life adversity. From this perspective,

the association between early-life adversity and depressive illness might depend on

genetic variants regulating IL-1β activity. Considering the inflammatory-depression link,

and that women are twice as likely to experience depression compared to men, the

current study (N = 475 university students) examined the moderating role of three

independent cytokine single nucleotide polymorphisms (SNPs; IL-1β rs16944, IL-6

rs1800795 SNP, TNF-α rs1800629) in the relationship between early-life adversity and

depressive symptoms, and whether these relations differed between males and females.

The relation between childhood adversity and depressive symptoms was moderated

by the IL-1β SNP, and further varied according to sex. Specifically, among females,

higher childhood maltreatment was accompanied by elevated depressive symptoms

irrespective of the IL-1β SNP, but among males, this relationship was particularly

pronounced for those carrying the GG genotype of the IL-1β SNP. These findings suggest

that, in the context of early life adversity, genetic variations of IL-1β functioning are related

to depressive symptomatology and this may vary amongmales and females. The present

study also, more broadly, highlights the importance of considering the confluence of

experiential factors (e.g., early life adversity) and personal characteristics (e.g., sex and

genetics) in understanding depressive disorders, an approach increasingly recognized in

developing personalized treatment approaches to this illness.
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INTRODUCTION

The role of inflammation in the pathogenesis of depression
is well-established (1, 2). Depressed individuals display
elevated circulating pro-inflammatory cytokine levels (3)
and administering pro-inflammatory cytokines to adults (e.g.,
during the course of treatment for hepatitis C and for some
types of cancer) induces symptoms of depression, an effect
that could be reversed by antidepressants (4). A meta-analysis
comprising 58 studies indicated that interleukin (IL)-6 and the
acute phase reactant C-reactive protein (CRP) were elevated in
major depressive disorder, and to a lesser extent, tumor necrosis
factor (TNF)-α (5). Treatment with antidepressants, as expected,
was accompanied by reduced peripheral IL-6, TNF-α, and the
anti-inflammatory IL-10 (6).

When considering the link between IL-1β and depression,
the results have been mixed. Some meta-analyses do not find
an overall association between IL-1β and major depression (3,
5, 7), although it was suggested that this could be due to
measurement issues as concentrations of IL-1β are very low in
blood (5). Moreover, no differences were found in basal IL-
1β levels in a recent paper with MDD patients, but proteins
upstream IL-1β production were elevated (8). However, others
have reported elevated IL-1β levels in major depression (9),
and a separate meta-analysis found elevated IL-1β in patients
affected with major depressive disorder, although, this was only
when the studies included were rated as having high quality
methodologies (10). It was suggested that IL-1β changes may
be apparent in a subgroup of patients, including individuals
with a history of childhood trauma (10). Consistent with this
perspective, early-life adversity might be centrally involved in the
relationship between depression and inflammation by promoting
changes to inflammatory signaling (11). In this regard, females
who reported sexual abuse in adolescence displayed higher
plasma levels of the pro-inflammatory cytokine IL-6 (12). Scores
on an early trauma inventory scale were positively associated
with serum IL-6, TNF-α and IL-1β levels (13), and depressed
individuals with experiences of childhood trauma displayed
higher peripheral cytokine levels compared to individuals with
major depressive disorder who did not experience childhood
trauma (14).

Beyond plasma cytokine levels, genetic variants of pro-
inflammatory cytokines that can alter gene transcription and
thereby affect inflammatory proteins, including IL-1β, have been
associated with a wide range of physical and psychological
disturbances, such as major depression (15, 16). Secretion
of IL-1β protein can be influenced by a single nucleotide
polymorphism (SNP), rs16944 located in the promoter region of
the gene (17). However, currently there are inconsistent reports
about whether the GG genotype (18) or the A/A genotype
(19) is associated with elevated IL-1β levels. Moreover, other
reports have suggested that the functional role of this SNP might
depend on promoter region haplotypes (17, 20). Despite the poor
understanding of the functionality of this SNP, it has been tied
to a number of psychological outcomes. Specifically, individuals
carrying two copies of the G allele, were found to have an early
age of onset of depression (21), higher depressive symptoms

and poorer response to antidepressant treatment (22–24),
elevated cortisol levels following dexamethasone (25), and greater
depressive symptoms following chronic interpersonal stressor
encounters (26). However, there have also been some conflicting
findings, such that an elevated risk of depression among the
minor allele A carriers for individuals with schizophrenia
spectrum disorders (27), Alzheimer’s disease (28), and following
childhood adversity (29).

Altered IL-6 expression has been linked to the IL-6 rs1800795
SNP, which is also located in the promoter region of the gene
(30, 31). However, this SNP has been inconsistently linked to
depression, in that individuals homozygous for the G allele
exhibited an increase in depressive symptoms (32), whereas
no association was found between this SNP and depression in
other reports (33–35). It was found, however, that following
interpersonal stress (26), and recent negative events (36), the G-
carriers of this IL-6 SNP expressed fewer depressive symptoms
relative to CC homozygotes. The TNF-α rs1800629 SNP located
in the promoter region has also been inconsistently linked
to depression and a recent meta-analysis found no significant
association to depression (37). Only one previous investigation
examined the TNF-α SNP in association to interpersonal stress
and depression, and found no moderating role of the TNF-α
SNP (26).

As women are approximately twice as likely to be diagnosed
with depression (38), and report greater severity and increased
symptoms compared to men (39), the pathophysiology of
depression might also differ by sex. In fact, a large-scale
gene expression study revealed multiple transcription changes
in opposite directions between men and women with major
depressive disorder (40).

Considering the discrepant findings regarding the IL-1β SNP,
the primary aim of the current study was to examine the
moderating role of the IL-1β SNP and that of IL-6, and TNF-
α in the relation between early life adversity and depressive
symptoms, and to determine whether any such effects would
be moderated by sex. In the present investigation we chose
to assess these factors in a sample of university students, as
it has long been known that ∼15–20% of students entering
post-secondary educational institutions may have undiagnosed
or subsyndromal symptoms of depression and anxiety (41).
Moreover, early-life adverse experiences, such as childhood
abuse and neglect, have been increasingly reported by college
students and are thought to be contributing to large increases
in the number of students presenting at university counseling
services (42, 43). Given the considerable role for early life
negative experiences in the evolution of adult depression, it
was hypothesized that the GG carriers for the IL-1β SNP
would display elevated depression scores following childhood
maltreatment, although it was uncertain whether women or
men might be more affected in this regard. Moreover, it was
expected that the G-carriers of the IL-6 SNP would be linked
to fewer depressive symptoms following childhood maltreatment
compared to individuals with the CC genotype, but similarly,
a sex effect was uncertain. The currently available data do
not justify a hypothesis that early-life adversity and the TNF-
α SNP would be associated with adult depression, but this
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SNP was included in the present analysis to replicate previous
null findings.

METHODS

Procedure
Students were recruited through the university’s online
computerized research system. Participants provided informed
written consent, following which they completed measures
of current depressive symptoms, experiences of early-life
maltreatment, and a series of demographic questions (e.g., age,
sex, and ethnicity). After completing the questionnaires, saliva
samples were collected for later genotyping. Participants were
debriefed and compensated with course credit. This study was
approved by the Carleton University Ethics Committee for
Psychological Research.

Genotyping
Norgen collection kits (Norgen Biotek Corp., Thorold, Ontario
Canada) were used for the collection of saliva samples for
genotyping. Genomic DNA was extracted from the sample
collection kit according to the manufacturer’s instructions
and diluted to approximately equal concentration (10 ng/µL).
Genotyping was performed at the McGill University and
Génome Québec Innovation Center (Montreal, Canada).
Polymerase chain reaction (PCR) was used to amplify the DNA,
and QIAXcel determined amplification status. To remove all
unincorporated dNTPs, shrimp alkaline phosphatase was used.
One probe per marker was used to do a single base extension
and the product was desalted using 6mg of resin. Products
were spotted on a Sequenom 384-well chip using a Samsung
Nanodispenser and then read by a Mass Spectrometer. A manual
analysis was done for each marker. Primer sequences were: IL-1β
forward: ACGTTGGATGCTGTCTGTATTGAGGGTGTG,
IL-1β reverse: ACGTTGGATGATTTTCTCCTCAGAGGCTCC,
IL-1β probe: GTGCTGTTCTCTGCCTC, TNF-α forward:
ACGTTGGATGTTCTGGGCCACTGACTGATT, TNF-α
reverse: ACGTTGGATGAAGGAAACAGACCACAGACC,
TNF-α probe: AGGCTGAACCCCGTCC, IL-6 forward:
ACGTTGGATGGATTGTGCAATGTGACGTCC, IL-6 reverse:
ACGTTGGATGAGTGGTTCTGCTTCTTAGCG, and IL-6
probe: TGTGACGTCCTTTAGCAT.

Measures
Depressive Symptoms
The 21-item Beck Depression inventory (BDI) (44) was used to
assess depressive symptoms. For each item, participants selected
one of four response options, which ranged from mild to severe
indicators of depressive symptomatology. Total scores were
calculated by summing across all items (α = 0.90).

General Health
Participants completed a one-item question asking, “In your
opinion, how do you describe your health,” which ranged from one
(poor) to five (excellent). This question was assessed to examine
how BDI scores map onto other aspects of life/functionality.

As expected, it was found that poorer health related to higher
depressive symptoms, r=−0.476, p < 0.001.

Childhood Maltreatment
The 31-item Childhood Maltreatment Questionnaire (short
form) (45) assessed levels of early life adversity, including
psychological (α = 0.95), physical (α = 0.90), and sexual abuse
(α = 0.97) as well as neglect (α = 0.85). Each item is rated from 1
(never) to 5 (very often) indicating the frequency of experiences.
Total scores were calculated by obtaining the mean across all
items (α = 0.95).

Statistical Analyses
Statistical analyses were performed using SPSS for Windows
24.0 (SPSS Science, Chicago, Illinois, USA). Analyses assessing
genotype differences on childhood maltreatment and depression
scores were performed using a one-way analysis of variance
(ANOVA), followed by Bonferroni corrected t-tests for any
significant outcomes. Sex differences were examined using
independent samples t-tests. Correlational analysis was
performed using Pearson product moment correlations. To
examine the moderating role of genotype and sex on the
relationship between childhood maltreatment and depression
scores, and any possible 3-way interactions, PROCESS (model 3)
was used (46), in which moderations are tested in a single model.
To be sure findings were not influenced by medications, such
as anti-depressants, medications were included as a covariate
in PROCESS and effects remained unchanged. Although it is
ideal to keep all three genotypes separate whenever possible,
as we have previously discussed in relation to OXTR genes
[see (47) for a discussion on this topic], moderation analyses
require a dichotomous moderator. For moderation analyses
genotypes were collapsed into two groups to perform dominant
tests because of power issues. A power calculation conducted
using on online A-Prior sample size calculator for a Hierarchical
Multiple Regression using three predictors in set A (Gender,
Il-1B, and Childhood Maltreatment), one predictor in set B
(3-way interaction term), a desired power level of 0.8, a p-value
of 0.05 and the anticipated small effect size of 0.02. The power
calculator provided a desired sample size of N = 388 (48). For
the three main models conducted (one for each of the 3 SNPs),
corrections for multiple testing were made such that models
were considered significant if they were less than p= 0.0167, and
effects remained significant.

RESULTS

Participants and Descriptive Information
The original sample comprised 925 Carleton University first year
students of various ethnic backgrounds. Population stratification
effects were found, in which the IL-1β rs16944, TNF-α rs1800629,
and IL-6 rs1800795 genotype distributions significantly differed
according to ethnic groups, χ2

(16)
= 77.0, p < 0.001, χ2

(16)
= 39.1,

p = 0.001, and χ
2
(16)

= 209.5, p < 0.001, respectively. As an

example of these differences, 97.3% of the Asian participants
(Chinese, Japanese, Korean) displayed the GG genotype for the
IL-6 SNP, whereas, only 36.3% of participants who reported
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European white ethnicity had this genotype. Moreover, 89.9% of
participants who identified as black (African, Haitian, Jamaican,
and Somali) displayed the GG genotype for IL-6 SNP, which was
more in-line with Asian participants, whereas individuals who
reported South Asian ethnicity (East Indian, Pakistani, Punjabi,
and Sri Lankan) had 59.4% GG carriers. This example highlights
the large discrepancies of genotype distributions across ethnic
groups and the importance of conducting gene x environment
analyses within a single homogeneous ethnic group. Accordingly,
the current study only examined the largest homogeneous ethnic
group, which comprised 475 individuals of European white
ethnicity. Of these individuals, there were 343 females and 132
males with a mean age of 19.45 years (SE = 0.11, range = 17–
35 years).

Among participants five individuals were taking anti-
inflammatory medications (1.1%), 20 individuals were taking
anti-depressant medication (4.2%), six individuals were taking
anti-anxiety medications (1.3%), and 34.9% reported other
medications, which largely included birth control, asthma and
allergy medications.

Genotype Distributions and Differences
Six individuals could not be genotyped for the IL-1β rs16944
SNP and the TNF- α rs1800629 SNP, whereas four individuals
could not be genotyped for the IL-6 SNP, rs1800795. Genotype
distributions and Hardy-Weinberg Equilibrium expectations are
represented in Table 1.

TABLE 1 | Genotype frequencies, distributions, and Hardy-Weinberg equilibrium

expectations.

Genotype

distributions

GG GA AA Hardy Weinberg

equilibrium

IL-1β (total) 197 (42%) 225 (48%) 47 (10%) χ
2
(1)

= 2.22,

p > 0.05

Males 54 (41.2%) 61 (46.6%) 16 (12.2%) χ
2
(1)

= 0.04,

p > 0.05

Females 143 (42.3%) 164 (48.5%) 31 (9.2%) χ
2
(1)

= 2.74,

p > 0.05

GG GA AA

TNF-α (total) 324 (69.1%) 133 (28.4%) 12 (2.6%) χ
2
(1)

= 0.1,

p > 0.05

Males 93 (71.0%) 34 (26.0%) 4 (3.1%) χ
2
(1)

= 0.17,

p > 0.05

Females 231 (68.1%) 99 (29.3%) 8 (2.4%) χ
2
(1)

= 0.47,

p > 0.05

GG GC CC

IL-6 (total) 171 (36.3%) 225 (47.8%) 75 (15.9%) χ
2
(1)

= 0,

p > 0.05

Males 39 (38.7%) 67 (46.3%) 24 (15.0%) χ
2
(1)

= 0.26,

p > 0.05

Females 132 (30.0%) 158 (51.5%) 51 (18.5%) χ
2
(1)

= 0.11,

p > 0.05

There were no differences in childhood maltreatment total
scores across genotypes for the IL-1β, F(2,466) = 0.69, p = 0.50,
TNF-α, F(2,466) = 0.14, p = 0.87, or IL-6 SNPs, F(2,468) = 0.41,
p = 0.67. Depression scores, however, varied with the IL-
1β genotype, F(2,466) = 4.00, p = 0.02, η

2 = 0.02, with GG
carriers reporting more severe depressive symptoms (M = 10.23,
SE = 0.57), compared to GA carriers (M = 8.11, SE = 0.54),
p = 0.02, whereas AA carriers did not significantly differ
compared to the other groups. Depression scores, in contrast, did
not vary based on the TNF-α genotypes, F(2,466) = 0.28, p= 0.76,
or the IL-6 SNP, F(2,468) = 0.84, p = 0.43. Table 2 shows means
for genotype groups collapsed according to the dominant model.

Correlations
As expected, females report more severe depressive symptoms
than males, t(1, 473) = 3.19, p = 0.002 (females M = 9.92, SE
0.44; males M = 7.32, SE 0.65), and also reported higher levels
of childhood maltreatment, t(1, 332.0) = 2.52, p = 0.012 (females:
M = 1.53, SE 0.03; males: M = 1.41, SE 0.04). As shown
in Table 3, the relations between the childhood maltreatment
total scores and depressive symptoms were significant, as were
the relations between the different forms of maltreatment
and depressive scores (reports of sexual abuse were very
infrequent and as such, this subscale was not assessed as an
independent measure).

Moderation Analyses
To examine whether sex and cytokine SNPs moderated the
relationship between childhood maltreatment and depression
scores, moderation analyses were conducted separately for each
cytokine SNP. For IL-1β, the overall model was significant,
R2 = 0.26, F(7,461) = 23.11, p < 0.001, revealing interactions
between Childhood Maltreatment × IL-1β, p = 0.03, Childhood
Maltreatment × Sex, p = 0.005, and IL-1β × Sex, p = 0.003,
as well as a significant 3-way interaction between Childhood

TABLE 2 | Mean and standard deviation of childhood maltreatment and

depressive symptoms collapsed across genotype groups.

Genotype groups Childhood maltreatment

(M ± SD)

Depressive

symptoms (M ± SD)

IL-1β

Males (GG) 1.32 (±0.34) 6.78 (±7.66)

Males (GA/AA) 1.48 (±0.46) 7.74 (±7.37)

Females (GG) 1.59 (±0.63) 11.53 (±8.96)

Females (GA/AA) 1.49 (±0.56) 8.74 (±7.37)

TNF-α

Males (GG) 1.46 (±0.46) 8.04 (±8.00)

Males (GA/AA) 1.30 (±0.27) 5.63 (±5.75)

Females (GG) 1.51 (±0.59) 9.50 (±8.14)

Females (GA/AA) 1.57 (±0.60) 10.78 (±8.30)

IL-6

Males (GG) 1.42 (±0.33) 7.59 (±6.94)

Males (GC/CC) 1.40 (±0.45) 7.00 (±7.42)

Females (GG) 1.50 (±0.05) 10.32 (±0.74)

Females (GC/CC) 1.55 (±0.58) 9.65 (±8.00)
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TABLE 3 | Pearson correlations among childhood maltreatment total and

subscales and depressive symptoms.

1 2 3 4 5

1. Depressive symptoms ––––––

2. Childhood maltreatment (total score) 0.47** ––––––

3. Childhood physical abuse 0.31** 0.78** ––––––

4. Childhood psychological abuse 0.48** 0.96** 0.63** ––––––

5. Childhood neglect 0.41** 0.87** 0.65** 0.77** ––––––

**p < 0.001.

maltreatment × IL-1β × Sex, R2
change

= 0.01, F(1, 461) = 7.86,

p = 0.005. The findings of the 3-way interaction are
shown in Figure 1, wherein a positive relationship between
childhood maltreatment and depressive symptoms for females
was significant for both GG and A carriers of the IL-1β SNP,
B = 6.78, t = 7.27, p < 0.001, 95% CI [4.95, 8.61] and B = 6.16,
t = 6.84, p < 0.001, 95% CI [4.39, 7.93], respectively. For males,
the relationship between childhoodmaltreatment and depression
was also significant for both genotype carriers, however, it was
a much stronger effect for GG carriers, B = 15.17, t = 5.36, p
< 0.001, 95% CI [9.61, 20.73], compared to A carriers B = 4.55,
t = 2.60, p= 0.01, 95% CI [1.11, 7.98]. In fact, among males with
low levels of childhoodmaltreatment, depression scores were low
irrespective of the genotype. However, as levels of maltreatment
increased, depression scores were appreciably higher, and more
so among those with the GG alleles than among A carriers.

Due to the significant IL-1β SNP model when examining
total child maltreatment scores, we conducted follow-up
analyses for the different forms of abuse. Once more, 3-
way interactions between IL-1β x Sex and each of the
subscales of childhood maltreatment were evident: psychological
maltreatment, R2

change
= 0.01, F(1, 461) = 5.43, p = 0.02, neglect,

R2
change

= 0.01, F(1, 461) = 5.57, p = 0.02, and physical abuse,

R2
change

= 0.01, F(1, 461) = 4.34, p= 0.04. However, after correcting

for multiple testing, these effects were no longer considered
significant at p < 0.0167.

Analysis of the moderating relationships involving the TNF-
α and IL-6 SNPs indicated that none of these interactions
were significant.

DISCUSSION

The current study revealed that, although the effect size was
small, depressive symptoms were higher among individuals with
the GG genotype of the IL-1β rs16944 SNP, an outcome that
was most pronounced among those who experienced childhood
adversity. These findings align with earlier reports that the
GG carriers show an earlier age of onset of depression (21),
enhanced severity of depressive symptoms (24) and poorer
responses to antidepressants (22–24). Moreover, individuals with
the GG genotype also displayed greater depressive symptoms
following chronic interpersonal stressor experiences (26). Thus,
the current findings replicate this earlier report showing that
the relation between childhood maltreatment and depressive

symptoms was also stronger among individual homozygous
for the GG genotype. However, it has also been reported that
individuals with the GG genotype displayed lower depression
scores following childhood adversity (29). Why these differences
exist are uncertain, however, in Kovacs et al. report the relations
to depression were only apparent among individuals who
encountered themost marked childhood adversity. Maltreatment
scores in the current study weremodest and thus, comparisons or
generalizations beyond this population would be inappropriate.

As commonly observed, depressive symptoms were higher
in women than in men. Sex also interacted with the IL-
1β SNP and childhood maltreatment in predicting depressive
scores. Specifically, following maltreatment, males who carried
the GG genotype of the IL-1β SNP showed particularly
marked depressive symptoms. This finding appears to be in
line with research examining systemic inflammation and sex,
wherein a higher production of pro-inflammatory cytokines
were associated with increasing depressive symptoms for males,
however females exhibited reduced pro-inflammatory cytokines
as depressive symptoms increased (49). It appears that there are
gender differences in the relation between depressive symptoms
and inflammatory patterns. Additionally, there have been several
reports indicating that the sex differences in depression varied
with SNPs on genes other than those coding for cytokines. For
instance, the glucocorticoid receptor gene (NR3C1) SNP rs6195
was related to depression among females, but not males (50).
Moreover, there was a sex-dependent moderation of a functional
mineralocorticoid receptor (MA) haplotype in the relationship
between childhood maltreatment and depression, revealing that
males in the clinical sample were at increased risk of depression
(51). As well, among boys and girls that carried the short
allele of the serotonin transporter gene, 5-HTTLPR, displayed
opposite responses to environmental stressors (52). In line with
these reports, a meta-analysis suggested that pronounced gene
expression differences exist between men and women with major
depression, and even more relevant to the current findings is
the suggestion that treatments aimed at suppressing immune
function might be more appropriate for men with depression
compared to women (40).

These findings highlight the importance of considering
individual characteristics, such as sex, when examining
the link between genetic variants and depression, and the
treatment of this disorder. Personalized treatment approaches
extend beyond this to also recognize the importance of
contextual and environmental factors, such as early-
life stressful experiences (53). Early-life stressors and/or
trauma have been strongly linked to the later development
of depression and may interact with individual genetic
variants to contribute to depression (54). By example, it
was reported that interactions between early-life adversity
and the oxytocin receptor gene (OXTR) SNP rs5657
(55), and brain derived neurotrophic factor (BDNF) SNP
(56, 57) were linked to depressed mood. Interactions have
also been reported between early-life maltreatment and a
polymorphism in the promoter region of the serotonin
transporter gene (5-HTTLPR) (58). To be sure, considerable
controversy exists concerning the reliability of such reports
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FIGURE 1 | The 3-way interaction between childhood maltreatment, the IL-1β rs16944 SNP (GG vs. GA/AA) and sex in relation to depression scores. Females are

shown in the left graph and males are shown in the right graph.

(59), but it should be considered that there are differences
in sample characteristics and contexts, such as the timing
and type of stress experienced across studies, which
highlight the importance of accurate characterization of the
environmental exposures underlying the gene × environment
effects (54, 60).

In the current study general depressive symptoms were
examined, but it would be of particular interest to focus on
specific symptoms or subtypes of depression, such as atypical
depression, which might be differentially related to sex and/or
the cytokine SNPs. As well, specific cytokine SNPs that were
not tied to depression might be more strongly linked to suicide
behaviors. In this regard, the GG genotype of the TNF-α SNP,
rs1800629, was associated with increased risk for suicide attempts
among patients with major depressive disorder (61), even
though this TNF-α SNP was not linked to general depression
and depressive symptomatology (26, 37). The current findings
similarly did not show an association between this TNF-α SNP
and depressive scores.

Although there have been several reports indicating that
inflammatory factors, notably circulating IL-6 and TNF-α, were
associated with major depressive illness (5, 62), as previously
observed (33–35), the IL-6 rs1800795 SNP was not directly
related to depression scores in the present study. Moreover, the
IL-6 SNP did not interact with childhood maltreatment or sex
to predict depression symptoms. This differs from earlier reports
showing interactions between this SNP with interpersonal stress
(26), and recent negative events (36), in relation to depression.
Of course, early-life maltreatment ought to be distinguished
from recent and/or acute stressors, which could explain the non-
significant effects in the current study. Recently, this IL-6 SNP
has been found to influence antidepressant treatment outcomes
in major depressive patients, which might suggest a role for IL-
6 in treatment resistant depression (63). As described earlier,
support for IL-6 involvement in depression has also come from
the many reports showing elevated levels of peripheral IL-6
in depressed patients (5). However, plasma cytokine levels do
not necessary reflect levels of this cytokine within the brain.
There is, indeed, reason to believe that inflammatory factors
released from microglia (64, 65) may contribute to psychiatric

disorders, including depression (66). However, it is unlikely
that these cytokine variations can be detected in plasma, or
that circulating cytokine levels would parallel brain cytokine
variations [e.g., (67)].

There are several limitations associated with the current study.
Specifically, early-life maltreatment was based on retrospective
self-reports, and although this is common when examining
childhood adversity, reports might be biased by the individuals’
current affective state, and individuals could be unaware of
events that took place years earlier. The current study also
examined depressive symptoms among university students and
thus the findings cannot be generalized to a clinically depressed
population. Moreover, it should be noted that the mean scores
for both childhood maltreatment and depressive symptoms were
fairly low and the findings could differ within the context
of higher maltreatment and depressive scores. An additional
limitation concerned the relatively small sample size, even
though it was determined that the sample size for the current
study (N = 495 individuals of a homogeneous ethnicity)
provided sufficient power to detect small effects, and significant
effects survived correction formultiple testing. Due to population
stratification effects, we had to limit our analyses to the largest
homogenous ethnic group, which comprised individuals who
identified as European/white. A larger sample ideally might have
allowed for assessment of gene x environment variations among
other ethnic groups. This is particularly of interest when we
consider the importance of culture in personalized medicine
(68, 69). Moreover, there is a possibility that the different
cytokine SNPs assessed independently might be additively or
interactively linked to depressive symptoms. For instance it
has been reported that BDNF and 5-HTTLPR interactions
were additive in predicting lifetime depression diagnosis (70),
however, in the current sample we had limited power to add
additional factors to our model. It is also problematic that the
functionality of the IL-1β SNP is not well-understood (25).
It would have been ideal to measure the relation between
the rs16944 SNP frequency and gene expression levels (i.e.,
the expression quantitative trait loci [eQTLs; (71, 72)]. This
approach could potentially facilitate a better understanding of
the functional role of the IL-1β SNP. However, human eQTL
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studies typically involve analyses in blood-derived cells, as
opposed to the saliva samples that were used in the present
study, and it also appears that gene expression might vary
with different cell types (71). Despite the potential benefits of
eQTL analyses, the present data do not lend themselves to this
approach. Finally, the current study precludes any causal effects
to be inferred.

Together with earlier findings, the present report indicates
that the IL-1β rs16944 SNP was associated with depressive
symptoms. The current report shows that this relationship might
be dependent on environmental contexts, including early-life
maltreatment and individual characteristics, such as sex. In fact,
sex differences appear to be especially critical in the relation
between SNPs and depression, as new reports highlight gene-
expression changes in opposite directions for men and women
with major depression. These findings, together with other
reports, highlight the importance of the social determinants of
health when examining depression, an approach increasingly
recognized in personalized approaches to medicine.

AUTHOR CONTRIBUTIONS

RM, OM, and HA contributed to the conception and design
of the current experiment. Testing and data collection
were performed by RM and OM. Data analysis and the
writing of the manuscript were performed by RM, RG,
HA, and KM. All authors approved the final version of the
paper for submission.

FUNDING

This research was funded by the Canadian Institutes of Health
Research (CIHR) (grant #86477). The funding source had no
further role in the study or in the writing of this article.

ACKNOWLEDGMENTS

We thank Genome Quebec Innovation Center for performing
the genotyping.

REFERENCES

1. Maes M. Major depression and activation of the inflammatory response

system. In: Dantzer R, Wollman EE, Yirmiya R, editors. Cytokines, Stress, and

Depression. Boston, MA: Springer (1999). p. 25–46.

2. Miller AH, Raison CL. The role of inflammation in depression: from

evolutionary imperative tomodern treatment target.Nat Rev Immunol. (2016)

16:22. doi: 10.1038/nri.2015.5

3. Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, et al.

A meta-analysis of cytokines in major depression. Biol Psychiatry. (2010)

67:446–57. doi: 10.1016/j.biopsych.2009.09.033

4. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. From

inflammation to sickness and depression: when the immune system subjugates

the brain. Nat Rev Neurosci. (2008) 9:46. doi: 10.1038/nrn2297

5. Haapakoski R, Mathieu J, Ebmeier KP, Alenius H, Kivimäki M. Cumulative

meta-analysis of interleukins 6 and 1β, tumour necrosis factor α and C-

reactive protein in patients with major depressive disorder. Brain Behav

Immun. (2015) 49:206–15. doi: 10.1016/j.bbi.2015.06.001

6. Köhler CA, Freitas TH, Stubbs B, Maes M, Solmi M, Veronese N, et al.

Peripheral alterations in cytokine and chemokine levels after antidepressant

drug treatment for major depressive disorder: systematic review and meta-

analysis. Mol Neurobiol. (2017) 55:4195–206. doi: 10.1007/s12035-017-

0632-1

7. Köhler CA, Freitas TH, Maes MD, De Andrade NQ, Liu CS, Fernandes

BS, et al. Peripheral cytokine and chemokine alterations in depression:

a meta-analysis of 82 studies. Acta Psychiatr Scand. (2017) 135:373–87.

doi: 10.1111/acps.12698

8. Syed SA, Beurel E, Loewenstein DA, Lowell JA, Craighead WE, Dunlop BW,

et al. Defective inflammatory pathways in never-treated depressed patients

are associated with poor treatment response. Neuron. (2018) 99:914–24.

doi: 10.1016/j.neuron.2018.08.001

9. Mota R, Gazal M, Acosta BA, de Leon PB, Jansen K, Pinheiro RT,

et al. Interleukin-1β is associated with depressive episode in major

depression but not in bipolar disorder. J Psychiatr Res. (2013) 47:2011–4.

doi: 10.1016/j.jpsychires.2013.08.020

10. Ellul P, Boyer L, Groc L, Leboyer M, Fond G. Interleukin-1 β-targeted

treatment strategies in inflammatory depression: toward personalized

care. Acta Psychiatr Scand. (2016) 134:469–84. doi: 10.1111/acps.

12656

11. Miller GE, Cole SW. Clustering of depression and inflammation in adolescents

previously exposed to childhood adversity. Biol Psychiatry. (2012) 72:34–40.

doi: 10.1016/j.biopsych.2012.02.034

12. Bertone-Johnson ER, Whitcomb BW, Missmer SA, Karlson EW, Rich-

Edwards JW. Inflammation and early-life abuse in women. Am J Prevent Med.

(2012) 43:611–20. doi: 10.1016/j.amepre.2012.08.014

13. Hartwell KJ, Moran-Santa Maria MM, Twal WO, Shaftman S, DeSantis SM,

McRae-Clark AL, et al. Association of elevated cytokines with childhood

adversity in a sample of healthy adults. J Psychiatr Res. (2013) 47:604–10.

doi: 10.1016/j.jpsychires.2013.01.008

14. Lu S, Peng H, Wang L, Vasish S, Zhang Y, Gao W, et al.

Elevated specific peripheral cytokines found in major depressive

disorder patients with childhood trauma exposure: a cytokine

antibody array analysis. Comprehensive Psychiatry. (2013) 54:953–61.

doi: 10.1016/j.comppsych.2013.03.026

15. Bufalino C, Hepgul N, Aguglia E, Pariante CM. The role of immune

genes in the association between depression and inflammation: a

review of recent clinical studies. Brain Behav Immun. (2013) 31:31–47.

doi: 10.1016/j.bbi.2012.04.009

16. Khazim K, Azulay EE, Kristal B, Cohen I. Interleukin 1 gene

polymorphism and susceptibility to disease. Immunol Rev. (2018) 281:40–56.

doi: 10.1111/imr.12620

17. Hall SK, Perregaux DG, Gabel CA, Woodworth T, Durham LK, Huizinga

TWF, et al. Correlation of polymorphic variation in the promoter region of

the interleukin-1β gene with secretion of interleukin-1β protein. Arthritis

Rheumatol. (2004) 50:1976–83. doi: 10.1002/art.20310

18. Iacoviello L, Di Castelnuovo A, GattoneM, Pezzini A, Assanelli D, Lorenzet R,

et al. Polymorphisms of the interleukin-1β gene affect the risk of myocardial

infarction and ischemic stroke at young age and the response of mononuclear

cells to stimulation in vitro. Arteriosclerosis Thrombosis Vasc Biol. (2005)

25:222–7. doi: 10.1161/01.ATV.0000150039.60906.02

19. Hwang IR, Kodama T, Kikuchi S, Sakai K, Peterson LE, Graham DY,

et al. Effect of interleukin 1 polymorphisms on gastric mucosal interleukin

1β production in Helicobacter pylori infection. Gastroenterology. (2002)

123:1793–803. doi: 10.1053/gast.2002.37043

20. Chen H, Wilkins LM, Aziz N, Cannings C, Wyllie DH, Bingle C, et al.

Single nucleotide polymorphisms in the human interleukin-1B gene affect

transcription according to haplotype context.HumMol Genet. (2006) 15:519–

29. doi: 10.1093/hmg/ddi469

21. Hwang JP, Tsai SJ, Hong CJ, Yang CH, Hsu CD, Liou UJ. Interleukin-

1 beta−511C/T genetic polymorphism is associated with age of

onset of geriatric depression. Neuromol Med. (2009) 11:322–7.

doi: 10.1007/s12017-009-8078-x

22. Baune BT, Dannlowski U, Domschke K, Janssen DG, Jordan MA, Ohrmann

P, et al. The interleukin 1 beta (IL1B) gene is associated with failure to

Frontiers in Psychiatry | www.frontiersin.org 7 March 2019 | Volume 10 | Article 151147

https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1016/j.biopsych.2009.09.033
https://doi.org/10.1038/nrn2297
https://doi.org/10.1016/j.bbi.2015.06.001
https://doi.org/10.1007/s12035-017-0632-1
https://doi.org/10.1111/acps.12698
https://doi.org/10.1016/j.neuron.2018.08.001
https://doi.org/10.1016/j.jpsychires.2013.08.020
https://doi.org/10.1111/acps.12656
https://doi.org/10.1016/j.biopsych.2012.02.034
https://doi.org/10.1016/j.amepre.2012.08.014
https://doi.org/10.1016/j.jpsychires.2013.01.008
https://doi.org/10.1016/j.comppsych.2013.03.026
https://doi.org/10.1016/j.bbi.2012.04.009
https://doi.org/10.1111/imr.12620
https://doi.org/10.1002/art.20310
https://doi.org/10.1161/01.ATV.0000150039.60906.02
https://doi.org/10.1053/gast.2002.37043
https://doi.org/10.1093/hmg/ddi469
https://doi.org/10.1007/s12017-009-8078-x
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


McQuaid et al. Inflammation, Early-Life Adversity, and Depressive Symptoms

achieve remission and impaired emotion processing in major depression. Biol

Psychiatry. (2010) 67:543–9. doi: 10.1016/j.biopsych.2009.11.004
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Background: Major depressive disorder (MDD) is an affective disorder that is harmful

to both physical and mental health. Abnormal self-knowledge, which refers to abnormal

judgments about oneself, is a core symptom of depression. However, little research has

summarized how and why patients with MDD differ from healthy individuals in terms

of self-knowledge.

Objective: To gain a better understanding of MDD, we reviewed previous studies that

focused on the behavioral and neurological changes of self-knowledge in this illness.

Main Findings: On the behavioral level, depressed individuals exhibited negative

self-knowledge in an explicit way, while more heterogeneous patterns were reported

in implicit results. On the neurological level, depressed individuals, as compared

with non-depressed controls, showed abnormal self-referential processing in both

early perception and higher cognitive processing phases during the Self-Referential

Encoding Task. Furthermore, fMRI studies have reported aberrant activity in the medial

prefrontal cortex area for negative self-related items in depression. These results revealed

several behavioral features and brain mechanisms underlying abnormal self-knowledge

in depression.

Future Studies: The neural mechanism of implicit self-knowledge in MDD remains

unclear. Future research should examine the importance of others’ attitudes on the

self-concept of individuals with MDD, and whether abnormal self-views may be modified

through cognitive or pharmacological approaches. In addition, differences in abnormal

self-knowledge due to genetic variation between depressed and non-depressed

populations remain unconfirmed. Importantly, it remains unknown whether abnormal

self-knowledge could be used as a specific marker to distinguish healthy individuals from

those with MDD.

Conclusion: This review extends our understanding of the relationship between

self-knowledge and depression by indicating several abnormalities among individuals

with MDD and those who are at risk for this illness.

Keywords: major depressive disorder, self-knowledge, abnormality, behavioral abnormality, neurological

abnormality
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INTRODUCTION

Major depressive disorder (MDD) is a complicated affective
disease characterized by abnormal clinical symptoms,
including neurovegetative dysfunction (appetite or sleep
disturbances), cognitive dissonance (inappropriate guilt, feelings
of worthlessness), aberrant psychomotor activities (agitation or
retardation) (1), and elevated suicide risk (2, 3). According to the
World Health Organization, there are approximately 350 million
people suffering from depression worldwide (4). In a recent
survey, the proportion of years lived with disability (YLDs)
caused by MDD was 4.2%, approximately 34.1 million of the
total YLDs (5). Thus, MDD is thought to be a major global cause
of disease burden and human suffering (5–7).

Abnormal perception and understanding of the self is a
core symptom of MDD (1). This includes abnormal processes
and/or representations involved in being aware of the self,
abnormal knowledge about the self, and/or abnormal judgments
about the self (National Institute of Mental Health; NIMH).
As a sub-construct of perception and understanding of the
self, self-knowledge, which refers to the ability to make
judgments about one’s current cognitive or emotional internal
states, traits, and/or abilities (NIMH), is also impaired in
individuals with MDD (8–11). For instance, individuals with
MDD, unlike non-depressed healthy individuals, often exhibit
negative self-evaluation, inappropriate self-blame, and excessive
self-criticism (8, 12).

Although researchers have increasingly begun exploring
abnormal self-knowledge in depression, few have compared
existing findings in a single study. To enable a better
understanding of how and why patients with MDD differ
from healthy individuals in terms of self-knowledge, the
current review focused on previous studies that examined
behavioral patterns and brain mechanisms underlying abnormal
self-knowledge in depression. Both explicit and implicit
self-knowledge, which reflect conscious and unconscious self-
views respectively, were discussed. Various abnormalities
such as abnormal brain responses and aberrant neural
circuits were illustrated. Furthermore, the present review
pointed out some possible directions for future clinical
studies (see Figure 1).

LITERATURE

Literature Review
A search of previous studies published between January 1960
and August 2018 was conducted using the databases Web
of Science and PubMed. Self-knowledge is defined as a
construct that includes self-evaluation, self-esteem, and self-
reference. Thus, the search terms were designed as follows:
“depression AND self-evaluation,” OR “depression AND self-
esteem,” OR “depression AND self-reference.” Search filters
were set for publications written in English. Empirical research
and reviews that examined the role of self-evaluation, self-
attitude, self-view, self-reference, and/or self-esteem in MDD
were found.

Eligibility Criteria
We screened for inclusion based on titles and abstracts, and again
using full text. To be included, previous studies had to focus
on behavioral and neurological changes of self-knowledge in
MDD. All publications had to be reported on clinical populations
currently or previously diagnosed with MDD, or populations
who were currently in a depressive episode, regardless of gender
and age. Conference abstracts were excluded if they were
not published in a scientific journal. Publications were also
excluded if they were published in a language other than English
(see Supplementary Figure 1).

PARADIGMS

The majority of the research conformed to one of two methods.
Specifically, these were explicit and implicit research paradigms.

Explicit Paradigms
Explicit methods are used to assess individuals’ self-attitudes
by using self-reported measures such as direct self-evaluation.
The most commonly used explicit methods are the Self-
Referential Encoding Task (SRET) (13) and self-reported
questionnaires (14, 15).

Self-Referential Encoding Task, SRET
The self-referential encoding task (SRET) was designed to
examine one’s self-attitude (13, 16). Theoretically, individuals are
more sensitive to information that is encoded as strongly related
to oneself (17). Thus, self-related stimuli commonly display
better recall and recognition performance, when compared to
other-related stimuli (18). In the SRET, researchers present
participants with positive and negative personality trait words,
and ask them to decide whether each trait describes themselves
(self-related condition), a familiar other (other-related condition)
(19–22), or a socially desirable trait (semantic encoding
condition; see Figure 2) (10, 23). After the judgment, the
participants were asked to recall or recognize all the trait words
that had been presented to them.

Individuals with positive self-attitudes, such as feelings of
self-value, commonly endorse more positive traits relative to
negative traits as self-describing, and show better recall and
recognition rates of these words (18). Conversely, negative
self-attitudes, such as feelings of worthlessness in individuals
with MDD, often lead to more endorsement of negative
traits and, in turn, better memory performance of these
words (18, 24).

Other Explicit Approaches
Direct self-report questionnaires are often used in studies
of depressive self-knowledge. For instance, researchers have
used the Rosenberg Self-Esteem Scale (RSES) to measure
explicit self-esteem in depression (15). In addition, the self-
worth subscale of the World Assumption Scale (25) and
the self-acceptance subscale of the Scales of Psychological
Well-Being (26) are used to assess explicit self-attitude in
depression. Moreover, the Beck Depression Inventory (BDI),
which is commonly used to measure the depressive state, also
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FIGURE 1 | Framework of the current review.

FIGURE 2 | Illustration of the self-referential encoding task (SRET).

contains self-evaluation factors, such as the self-blame factor, in
its items (14).

Implicit Paradigms
The efficacy of explicit methods is debated by some researchers
for the following reasons. First, according to cognitive theory,
the self-concept involves automatic processes that occur

without reflection and/or logical reasoning accessible within
the conscious mind (27). Second, direct self-appraisal might
be affected by social desirability and cultural differences (28,
29). In brief, explicit methods may not accurately reflect a
person’s real attitude about him/herself (30, 31). Thus, implicit
paradigms were introduced into self-knowledge studies (32–34).
The most commonly used implicit paradigms are the Implicit
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TABLE 1 | Illustration of the self-evaluation Implicit Association Task (sIAT).

Task Categorization Stimulus Key-press

Compatible Self-related/unrelated words Self F

Other J

Personality trait words Valuable F

Worthless J

Incompatible Self-related/unrelated words Self F

Other J

Personality trait words Valuable J

Worthless F

Association Test (IAT) (35, 36) and the Name-Letter Test
(NLT) (37, 38).

Implicit Association Task, IAT
The self-evaluation IAT (sIAT) is a paradigm that has been
commonly used to examine implicit self-attitudes of depression
(39, 40). In the sIAT, it is assumed that information that
is compatible with one’s implicit attitude would be better
processed as compared to that which is incompatible (36). Thus,
participants are asked to complete two types of categorization
(compatible and incompatible) by using a two key-press system.
In the compatible condition, self-related stimulus words (e.g.,
one’s own name or date of birth) shared the same key with
“valuable” personality trait words (e.g., competent), while self-
unrelated words (e.g., other’s name or non-meaningful date)
shared another key with “worthless” personality trait words
(e.g., unsuccessful). The incompatible condition was reverse
coded (34, 41, 42) (Table 1).

Differences in reaction times (RTs) and accuracy (ACC)
between compatible and incompatible conditions were analyzed.
Typically, the condition that is congruent with one’s implicit
self-attitude should show better performance when compared to
the incongruent one. For instance, individuals with positive self-
bias should demonstrate a faster and more accurate response in
the compatible condition, relative to the incompatible condition
(43, 44), while the negative self-attitude found in depression
should lead to an opposite pattern.

Name-Letter Test, NLT
The name-letter test (NLT) has also been used in previous
studies to measure implicit self-attitudes (38, 45–47). In the
NLT, researchers presented participants with the 26 letters of the
alphabet one-by-one, and asked them to judge the attractiveness
or likability of each letter, relying on their first, intuitive reaction
(48). According to the name letter effect, one’s initial is thought
to be highly associated with the self (49, 50). Thus, under the
influence of positive self-bias, non-depressed individuals should
show a rational preference toward their initials relative to other
letters, even though they are generally unaware of this effect (38).
However, an opposite pattern may be true for individuals with
MDD (33).

The name letter effect has been shown to be a cross-cultural
phenomenon, since it has also been reported in Thai, Japanese,

and Korean studies (51–53). Thus, the NLT qualifies as an
indirect assessment of self-attitude in depression (33).

MAIN FINDINGS

By using the aforementioned paradigms, researchers have
found abnormal behavioral patterns and brain responses in
individuals with MDD, when compared to non-depressed,
healthy controls. Evaluation of the quality of included studies was
listed in Supplementary Table 1.

Behavioral Abnormalities
Behavioral abnormalities include explicit/conscious and
implicit/unconscious behaviors that have been observed
in depression.

Explicit: Negative Self-View
At the explicit level, previous behavioral research has revealed
a negative self-view in depression, as compared with a non-
depressed healthy population. For instance, healthy individuals
typically exhibit positive attitudes about themselves (54–57). For
instance, they often attribute themselves with more positive,
rather than negative, personality traits (54, 58), so that their self-
esteem may be protected (18, 59). However, individuals with
depression typically demonstrate an abnormally negative self-
view (1, 60, 61).

For instance, under the influence of negative self-knowledge,
individuals with MDD show less positive self-bias, less self-
confidence, and lower self-esteem (62–65), as well as excessive
self-criticism, negative self-evaluation, inappropriate self-blame,
and shame (8, 12, 66–68). This negative self-representation has
been associated with greater self-reported depression (69, 70),
poor and slower recovery from a major depressive episode
(71, 72), and higher probability of suicide attempt (73, 74). In
addition, individuals with higher self-esteem may exhibit sudden
improvements in depressive symptomatology even without
treatment (75), while lower self-esteem is thought to be a
prospective risk factor for depressive symptoms from young
adulthood to old age (76–78).

In the SRET, individuals with depression, relative to healthy
controls, endorsed more negative trait words as self-described,
and showed faster response, better recall performance, and
increased recognition rate for these words (9, 23, 79, 80). In
a longitudinal study Derry and Kuiper (13), found that such
negative self-bias might be a specific symptom in currently
depressed patients, since the recall rate of negative self-related
words decreased after recovery from the illness.

Implicit: Discrepancy Between Explicit and

Implicit Self-Esteem
Although a large number of studies have indicated a lower self-
attitude in MDD, relative to healthy individuals, at an explicit
level (8–10, 20), more heterogeneous patterns have been reported
in implicit studies (34, 36, 41, 42, 81).

For instance, when using the IAT and/or NLT to measure
implicit self-esteem (ISE) and RSES to assess explicit self-esteem
(ESE), some researchers have observed both low ESE and ISE
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in currently depressed individuals (39, 40, 42) and chronically
depressed individuals with early onset (33), relative to never
depressed healthy controls. However, more researchers have
reported a normal ISE combined with a lower ESE in individuals
with current depression (41, 42, 82–85), previous depression (41),
remitted depression (11, 39, 86), and chronic depression with late
onset (33), when compared to non-depressed individuals. Some
researchers have even observed higher ISE and lower ESE in
current depression (83, 85, 87) and previous depression (34, 82).

The discrepancy between explicit and implicit self-esteem,
especially the combination of low ESE and high ISE, is thought
to be associated with internalizing problems such as affective
disorders (88–92). For major depression, such a discrepancy
seems to be more severe in depressed individuals with suicidal
ideation relative to those without such ideation (42). Moreover,
depressed patients with congruent self-esteem, compared to
those with incongruent self-esteem, exhibited better recovery
from the illness throughout antidepressant treatment (93).

Neurological Abnormalities
Neurological abnormalities include abnormal
electrophysiological responses and aberrant functional neural
activities. These abnormalities were all detected using the SRET.

Abnormal Electrophysiological Response
To explore the brain mechanism of negative self-knowledge in
depression, electroencephalography (EEG) technology was used
in conjunction with the SRET. By collecting the event-related
potentials (ERPs) during the SRET, researchers attempted to
identify the key ERP components that are involved in negative
self-referent processing in MDD.

For instance, Shestyuk and Deldin (62) observed increased
P2 component, which was quantified as a positive peak in the
200- to 300-ms time window poststimulus, in individuals with
depression while processing negative, relative to positive, self-
referential items. The opposite, however, was true for the non-
depressed healthy controls. A recent study reported decreased
N400 amplitude, which was measured as mean voltage of the
ERP average between 350–500ms, in individuals with depression,
as compared with healthy controls, in negative self-referent
processing (9). Regarding the latter component, Poulsen et al.
(94) found an attenuated or absent MFN response between 260
ms and 480 ms in depression, relative to non-depressed controls,
when specifically endorsing negative trait descriptors. However,
in a recent study, depressed individuals were found to exhibit
enhanced MFN for both positive and negative endorsement
(95). Consistently, an attenuated P300 response from 300- to
600- ms was observed in both of these two studies (94, 95).
Concerning the more delayed late positive potential (LPP), larger
LPP amplitudes were detected following negative vs. positive
endorsement in depressed adults (62, 96), depressed adolescents
(8), and young girls who were vulnerable to depression (97),
when compared to healthy controls.

In these studies, the P2 component is thought to be related to
automatic semantic processes (98). Thus, an increased P2 reflects
a stronger automatic attentional capture and orientation in
patients with depression under the negative, relative to positive,

self-related condition (62). The N400 component was interpreted
to be influenced by semantic memories about the self, and could
be reduced by greater association of the stimuli with a preceding
self-related context (99, 100). Therefore, this result indexed a
congruent pattern between negative semantic memories and the
self-concept in individuals with depression (9). In addition, the
MFN is thought to be associated with early cognitive evaluation
during self-referential processing (95). The alteredMFN response
may reflect abnormal self-evaluation among clinically depressed
individuals. The greater P300, which is evoked by a saliency
effect of self-referential information and positive affect (101),
was attenuated in depression. One possible interpretation is
that it was possibly associated with a chronically negative self-
view in this population (95). Last, an increased LPP amplitude,
which is associated with effortful encoding (102), indicates that
individuals with depression engage more cognitive effort in
processing self-related negative, relative to positive, items (62).

In all, in the time domain, abnormal self-knowledge in
depression could be reflected in early phases of self-related
processing, such as automatic attention and orientation toward
negative self-descriptive items (62). Retrieval of negative
memories about the self could also be involved (9). For later
phases of self-referential processing, an attenuated bonding
between positive affect and the self may be associated with
negative self-view in depression (95). Furthermore, depressed
individuals seem to engage more cognitive effort in negative,
instead of positive, self-reference (62).

Abnormal Functional Neural Activities
The high spatial resolution of functional MRI technology makes
it possible for researchers to determine abnormal brain activities
in depression during the SRET. Several fMRI studies, thus, have
suggested that the prefrontal cortex and its sub-regions might be
abnormal in individuals with MDD (103). The prefrontal cortex
is thought to play an important role in self-referential processing
(104). In particular, dysfunction within the medial prefrontal
cortex (mPFC) and in the circuits that connect themPFC to other
cortical and limbic structures is responsible for the cognitive
dissonance found in depression (103).

For instance, the cortical midline structures (CMS), such as
the mPFC, are critical for self-referential processing in healthy
individuals (17, 105), adult patients (106–108), and adolescent
patients with MDD (109). However, aberrant activity in the
mPFC was reported in depression when compared to healthy
controls (17, 23, 106). Additionally, Yoshimura et al. (108) found
that individuals with depression, relative to healthy controls,
exhibited hyperactivity in the mPFC and the rostral anterior
cingulate cortex (rostral ACC) during self-referential processing
of negative personality traits; such activity was shown to be
associated with depressive symptoms (108).

Furthermore, abnormal activities of other sub-regions of the
prefrontal cortex were also observed during the processing of
self-related negative stimuli in depression (10, 23). For instance,
by using the SRET, researchers found significantly higher
activation of the central mPFC and significantly lower activation
of the dorsal mPFC in depression, relative to healthy controls,
during the self-referential condition (10). Local connectivity of
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the dorsal mPFC was also reduced during self-reflection in
depressed adolescents (109). The activity of the dorsolateral
prefrontal cortex (dlPFC) was also involved in self-referential
processing in depression, but was absent in healthy controls
(23). In addition, a meta-analysis revealed hyperactivation
in the ventromedial prefrontal cortex (vmPFC) within major
depression during resting state, which was discussed as a neural
reflection of self-referential processing (110).

Therefore, aberrant activity of the prefrontal cortex and
its sub-regions could index the abnormal brain activity
that is a hallmark of depression, specifically during the
processing of self-referential stimuli. In particular, hyperactivity
in the mPFC during negative self-referential processing
could possibly even be associated with the severity of
depressive symptoms.

DISCUSSION

According to previous studies, abnormal self-knowledge, which
is commonly found in MDD, is mainly reflected in abnormal
behaviors and abnormal neurological responses during self-
evaluation, self-esteem, and/or self-referential processing.

At the behavioral level, abnormal self-knowledge could be
indexed by a negative explicit self-view (13, 80) and discrepant
self-esteem, which involves relatively higher implicit self-esteem
and lower explicit self-esteem (11, 33, 34, 111). Furthermore, a
greater discrepancy between implicit and explicit self-esteem is
related to more severe MDD, or a higher possibility of being
affected by the illness (42, 111).

At the neurological level, several abnormalities have
been found during abnormal self-referential processing, by
using electrophysiological technology (8, 9, 62) and fMRI
technology (10, 108, 112, 113). For instance, for abnormal
electrophysiological processing, enhanced P2 and LPP and
decreased N400 amplitudes were all detected in depression,
relative to non-depressed controls, in the SRET. For aberrant
brain activities, higher activation of the central mPFC, lower
activation of the dorsal mPFC (10), and aberrant activity of the
dlPFC (23) during self-referential processing can also distinguish
MDD, as well as indicate the severity of symptoms.

By using the indexes above, researchers and clinicians could
distinguish patients with MDD and non-depressed individuals
more objectively and effectively. However, caution should
be exercised for several reasons. First, some of the studies
involved limited samples and poor replications. For instance,
abnormalities in P2 and LPP amplitude in MDD were reported
in a study with 17 patients with current depression, 17 patients
with remitted depression, and 18 controls, and abnormalities
of N400s were reported in a study including 16 patients with
MDD and 16 controls. Considering this issue, larger samples
are needed to confirm changes of electrophysiological response
during depressive self-referential processing.

Second, abnormal self-knowledge is only one component of
MDD, despite being a core feature. Behavioral abnormalities may
not be sensitive and specific for MDD, since they are affected by
non-clinical factors such as personality traits (114–117). Thus,

more evidence is needed to confirm the behavioral abnormalities
identified in the current review.

Third, although we reviewed various investigations that
focused on abnormal self-knowledge in depression, a
classical review is relatively less objective compared with a
systematic meta-analysis.

FUTURE STUDIES

In the exploration of self-knowledge in depression, there are
still many unanswered questions. First, although the discrepancy
between explicit and implicit self-esteem in depression has been
confirmed by several previous studies (11), and the neural
mechanism of explicit self-esteem has been richly explored (8, 10,
23, 108), little is known about the neural basis of implicit self-
esteem in depression, suggesting the need for further research.

Second, it remains unclear whether the pattern of self-
knowledge in patients with depression would be different in a
cross-cultural context. For instance, collectivism of eastern Asia,
relative to individualism in Western culture, allows individuals
to view themselves as dynamic entities that are continually
defined by their social context and relationships (118). Thus, in
Eastern cultures, judgment by important others about oneself,
which is currently ignored in self-related studies, plays a
critical role in the quality of one’s self-view (119). Indeed, the
development of self-knowledge relies not only on one’s reflection
of the self, but also on how important others evaluate the
individual (22, 58, 119–121).

Third, some previous neurogenetic research explored the
association between different gene types and abnormal self-
knowledge in depression, and found that the serotonin
transporter promoter polymorphism (5-HTTLPR) played a
crucial role in susceptibility to developing depression (122). In
a recent study, Ma et al. (21) reported a modulation effect of
the 5-HTTLPR polymorphism in brain activities associated with
negative self-knowledge in depression. It was suggested that
the s allele of 5-HTTLPR could possibly be a risk factor for
individuals vulnerable to depression (21). However, differences
in abnormal self-knowledge due to genetic variation between
healthy and depressed populations remains unconfirmed, calling
for further research.

Fourth, to repair discrepant self-esteem found in depression,
which involves low explicit and high implicit self-esteem, the
development of cognitive and/or medical approaches is needed
to enhance explicit self-attitudes. A previous study indicated that
depression can be prevented or reduced by interventions that
improve explicit self-esteem (123–126). For example, researchers
have utilized positive self-images (127) and mindfulness (128,
129) to realize an improvement of both explicit and implicit
self-esteem. It is possible that these methods can also be used
to diminish the discrepancy of self-esteem found in depression.
Furthermore, since the s allele of 5-HTTLPR may elevate the
risk of developing depression (21), it is reasonable to consider
whether the use of selective serotonin reuptake inhibitors (SSRIs)
could enhance self-satisfaction (130–132).
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Finally, to conquer complex diseases such as MDD, the
National Institute of Mental Health (NIMH) has raised the
importance of identifying clinically useful biomarkers and
behavioral indicators that predict change across the trajectory
of illnesses (19). However, the most fundamental challenge
is to identify these diseases effectively. In the diagnosis of
MDD, the most commonly used measurements are structured
interviews and/or depression inventories (133), which are
relatively subjective and require researchers to be professionally
trained. To facilitate the identification of objective criteria for
MDD diagnosis, it must be determined whether abnormal self-
knowledge can be used as an objective and specific marker for
identifying MDD. For this purpose, patterns of abnormal self-
knowledge should be compared between MDD and other mental
disorders, such as bipolar disorder.

CONCLUSION

MDD is a main cause of disease burden worldwide (6, 7),
and abnormal self-knowledge is one of the cardinal symptoms
of this disorder. Through a review of previous studies that
measured abnormal self-knowledge in individuals with clinical
MDD, several abnormalities that distinguish patients with MDD
as well as those at risk of the illness were revealed. We
also pointed out several possible directions for future clinical

studies based on previous findings. Overall, this review extends
our understanding of the relationship between self-knowledge
and depression.
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Background: Early adverse life stress is an important dangerous factor in

the development of psychiatric disorders, particularly depression. Available clinical

antidepressant agents, such as fluoxetine, [a selective serotonin reuptake inhibitor

(SSRI)], are unsatisfactory because of their side effects. SiNiSan (SNS) is a classic

Chinese medicine prescription regarded to disperse stagnated liver qi to relieve qi

stagnation. Therefore, this study was designed to detect the effects and molecular

mechanism of SNS treatment in rats subjected to maternal separation (MS).

Method: Male neonatal Wistar rats were divided into six groups including

control + ddH2O, MS + ddH2O, MS + fluoxetine (5 g/kg), MS + SNS -low dose (2.5

g/kg), MS + SNS -medium dose (5 g/kg), MS + SNS -high dose (10 g/kg). The volume

of drugs and ddH2O in each group are according to the weight of rats every day (10

mL/kg). Each group comprised 16 pups with 8 young and 8 adult pups. Except for

the control group, all MS groups were separated from their mothers for 4 h/day from

9:00 to 13:00 during postnatal days (PNDs) 1 to 21. After MS, the six groups were

intragastrically administered with ddH2O, fluoxetine, and different doses of SNS until

PND 28 (for young pups) and PND 56 (for adult pups). The pups were weighed every

day, and depression-like behavior was assessed by sucrose preference test, open field

test, and forced swimming test. Serotonin 1A (5-HT1A) receptor, phosphorylated protein

kinase A (p-PKA) substrate, cAMP response element-binding protein (CREB), p-CREB

and brain-derived neurotrophic factor (BDNF) in the hippocampus were examined by

Western blot, and in situ 5-HT1A receptor expression was measured by IHC.

Results: Young and adult MS rats exhibited depression-like behavior. However, the

depression-like behavior was ameliorated by SNS in both age groups. The levels of

5-HT1A receptor, p-CREB, and BDNF in the hippocampus were reduced in young

and adult MS rats. SNS treatment significantly up-regulated the expression of 5-HT1A
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receptor, p-CREB, and BDNF in the hippocampus of adult MS rats. However, few

significant effects on the protein expression were observed in the young MS rats.

Conclusion: MS in infancy could develop depression-like behavior in young and adult.

SNS treatment may perform antidepressant effects on young and adult MS rats through

the BDNF/PKA/CREB pathway.

Keywords: SiNiSan, early life stress, depression, brain-derived neurotrophic factor, serotonin 1A receptor

INTRODUCTION

Adverse stress in early life is an important dangerous factor
for suffering from many types of mental disease, such as
depression, posttraumatic stress disorder, and schizophrenia.
Several reports have shown that adversity in early life is closely
related to the occurrence and development of depression, which
is likely to be accompanied with impulsive, suicidal, and self-
injurious behavior (1, 2). Maternal separation (MS) in rats,
which temporarily deprives pups from their mothers to a new
environment during lactation, has been established as a model
to replicate early life adversity in animal experiments (3).
MS has been suggested to induce depression-like behavior in
rodents, such as behavioral despair during forced swimming
test (FST) and anhedonia in sugar water preference test (4,
5). In addition, MS could trigger anxiety-like behavior in
the open field test (OFT) (6). On one hand, for juvenile
and adult rats, postnatal MS procedure could downregulate
new born cells in the hippocampus and granule cells in the
dentate gyrus of the hippocampus. Thus, MS may affect the
development and neuroplasticity in the hippocampus of rats
(7). These results indicate that the emotions and behavior of
individuals could be significantly affected by postnatal MS in the
long term.

The change in the serotonin system has been demonstrated
to be closely related with mental disorders, but this relationship
needs further investigation (8, 9). Serotonin 1A (5-HT1A)
receptor is closely related to emotional disorders. Moreover, the
brain-derived neurotrophic factor (BDNF) has been increasingly
investigated for depression in animal models. BDNF is generally
distributed in the hippocampus and participates in neurogenesis
and development of the hippocampus. Previous study showed
that the expression of BDNF in the hippocampus of rats that
experienced postnatal MS declined with age but increased in
the medial prefrontal cortex for normal rats. BDNF significantly
decreased in these two regions during the early adulthood of
rats (10). A systematic review of the change in BDNF expression
using the social isolation model of rats revealed that BDFN
could be downregulated in the hippocampus by stress during
postnatal period but not altered in the cerebral cortex (11).
Another study has reported the correlation of serotonin and
BDNF and showed that these molecules played to some extent
crucial roles in neuroplasticity and were associated with certain
neurological diseases, especially during aging (12). Furthermore,
the relative signaling pathways of BDNF caused by early life stress
have been studied to explore the mechanism of depression and
antidepressants. BDNF and CREB/BDNF signaling pathways,

including the expression of BDNF, phospho-cAMP response
element-binding protein (CREB) (pCREB), phospho-ERK1/2,
phospho-Protein kinase B (AKT), and TrkB (a receptor of
BDNF), were downregulated in the cerebral hippocampus of
depression models that underwent stress (13, 14). Moreover,
numerous studies have shown certain correlation between CREB
and the pathogenesis of depression as well as the mechanism
of antidepressants. CREB, which is regarded as a crucial
transcription factor, could be activated by various signaling
pathways. Protein kinase A (PKA), which is the upstream
signal for CREB, may be associated with the pathogenesis of
depression. Several studies have reported that the disorder of
adenosine cyclophosphate (cAMP)-PKA-CREB-BDNF signaling
pathway in the hippocampus of animals could be involved in the
pathophysiological process of depression (15, 16).

Monoamine-based antidepressants, such as selective
serotonin reuptake inhibitors (SSRIs), are frequently used
for depression. However, SSRIs, such as fluoxetine, are
unsatisfactory for depression because of their side effects,
such as delayed onset of ∼6–8 weeks after taking the medicine
and the insensitivity for the drug by some patients (17, 18).
In traditional Chinese medicine, the primary pathogenesis
of depression is emotional upset and stagnation of qi in the
liver. Depression belongs to melancholia in traditional Chinese
medicine, and the treatment should be based on soothing the
liver and relieving depression. SiNiSan comes from the Treatise
on Febrile Diseases, and is mainly used to regulate the liver-qi.
This compound is considered the most fundamental formula
on soothing the liver and resolving depression. Moreover,
several animal experiments have demonstrated the effects of
SiNiSan on depressive behavior, such as recovering the loss of
weight, anhedonia in sucrose preference test (SPT), and low
activity in OFT for CUMS models (19). However, few studies
have focused on the effect of SiNiSan treatment for depression
triggered by early life adversity through the signaling pathway of
5-HT1A receptor/CREB/BDNF. Although these findings have
indicated the depression-like behavior caused by postnatal MS
and the effect of SiNiSan on depression, the effect of SiNiSan on
depression induced by postnatal MS in young and adult rats is
rarely investigated.

In the present study, we explored the effect of SiNiSan
treatment on young and adult Wistar rats maternally
separated during early development by behavioral tests and
expression detection of several relative proteins in the 5-HT1A
receptor/CREB/BDNF signaling pathway. The results provided
valid evidence for the clinical use of SiNiSan on depressive
patients who experienced MS during childhood.
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MATERIALS AND METHODS

Animals
The 20 Wistar pregnant rats with 16-day gestation were bought
from the Experimental Animal Center in Guangzhou University
of ChineseMedicine and housed in a controlled environment. All
animals were raised on a 12 h light/12 h dark cycle (lights on at
19:00) and with free access to food and water. The environmental
conditions were maintained at 22◦C and relative humidity of 40–
70%. All pregnant rats produced ∼8–10 pups per dam, and 91
male pups were selected from all 20 dams for the experiment. At
the end ofmolding at postnatal day (PND) 21, themale pups were
randomly divided into six groups based on the weight, namely,
control group (non-MS), model group (MS administration),
positive group (fluoxetine treatment), low-dose SNS treatment
(SNS-L), medium-dose SNS treatment (SNS-M), and high-dose
SNS treatment (SNS-H). All experimental procedures strictly
followed the guidelines of the International Association for the
Use of Animals in Research and permitted by the Committee of
Animal Experiment Ethics Review in Guangzhou University of
Chinese Medicine.

Maternal Separation
The day of birth was regarded as PND 0. The groups, except
the control, were all maternally separated from PND 1 to PND
21, while the control group was undisturbed. This procedure
was according to the method employed in a previous study (10).
One male pup from each litter was randomly left in the cage
with his mother, and marked as the control group (NMS group).
The rest of the male pups were separated from their mothers to
another room from PND 1 to PND 21 for 4 h per day (from 10:00
to 14:00). In addition, cotton was laid on the bottom plate of
the pup cage to keep the pups warm from PND 1 to PND 10.
During the separation, pups from the same litters were placed
in the same pup cage but isolated from each other by several
hardboards to avoid contact. After weaning at PND 21, the
medicine group was administered with medicine intervention.
All male rats underwent behavioral test during young stage (PND
22–28) and adult stage (PND 50–55) and sacrificed to gather
complete brains and hippocampus for Western blot (WB) test
and immunohistochemistry (IHC) at PND 28 and PND 56.

Drug Treatment
SNS is composed of four Chinese medicinal herbs, namely,
Zhigancao, Zhishi, Chaihu, and Shaoyao with equal ratio at
1:1:1:1. SNS was bought from the First Affiliated Hospital of
Guangzhou University of Chinese Medicine. The herbs were
ground into coarse powder and soaked in ten times volume
of ddH2O more than the herb for 60min. After boiling by
strong fire, the herbs were heated by slow fire for 40min. After
cooling, the decoction was filtered using several layers of gauze
to collect the colature concentrated to 1 g/mL of raw drug by a
rotary evaporator. The Quality Control of Sinisan was performed
by HPLC. It was performed on an Agilent Technologies 1260
Infinity system with a 1260 DAD VL detector at 240 nm.
Kromasil Cl8 (250mm × 4.6 mm, 5 µm) column was used and
the temperature was set at 30◦C. The mobile phase was consisted
of acetonitrile (A) and water containing 0.1% phosphoric acid

(B). A linear gradient elution program was used as follows: 0–
10 min, 0%–10% A; 10–20 min, 20%–25% A; and 20–28 min,
25%–29% A, 28–40 min, 29%–40% A , 40–50 min, 40%–55% A,
50–60 min, 55%–73% A. The flow rate was set at 1.0 mL·min−1.
The injection volume was 10 µL (Supplementary Materials).
Considering low dose as an equivalent dose, the low dose was
calculated from the equivalent dose coefficient conversion on
people and rats. The low, medium, and high doses of SNS
were 0.25, 0.5, and 1 g/mL, respectively. Fluoxetine was bought
from the First Affiliated Hospital of Guangzhou University of
Chinese Medicine and dissolved in ddH2O to 0.5 mg/mL, which
also depended on the equivalent dose coefficient conversion on
people and rats. After molding at PND 22, the groups were
intragastrically intervened by ddH2O, fluoxetine, and different
doses of SNS rats until PND 28 (young rats) and PND 56 (adult
rats). The process time points are shown in Figure 1.

Behavioral Test
Body Weight (BW)
The change in BW was compared with the baseline data
measured at PND 21 to evaluate the impact of MS on the food
preference. The data were recorded per day and measured on
PNDs 21, 28, 35, 42, 49, and 56 to observe the weight variation
and alteration in BW gain (Figure 2, Table 1).

Sucrose Preference Test
The preference of sucrose intake by themale rats was evaluated by
the decrease in the consumption of sucrose water. This behavior
has been considered as an indicator of anhedonia, which usually
appears in depression (5, 6). All rats were exercised to adapt to
1% sucrose solution during the period of adaptation. For the first
2 days, the rats were provided two bottles of 1% sucrose solution
for 24 h, and then one bottle of water and one 1% sucrose solution
for the second 24 h with an exchange of bottles at half time.
Then, following a 24 h period of food and water deprivation, all
rats placed in individual cages were tested simultaneously with
two pre-weighed bottles, one bottle of sucrose (1% w/v) and
the other water, for 2 h. The two bottles were exchanged one
time at the middle time. After the test, the bottles of 1% sucrose
solution and water were reweighted and recorded to calculate
the liquid consumption. Sucrose preference was calculated from
the following formula as applied in previous studies: Sucrose
preference = {Sucrose consumption (g)/[Sucrose consumption
(g)+water consumption (g)]}× 100. SPTwasmeasured on PND
24 and PND 54 per rat (20). Anhedonia was presented by reduced
sucrose preference.

Open Field Test
General curiosity and detective activity of each rat were detected
to assess the anxiety-like behavior during OFT as described
in previous studies (6). The open field apparatus consisted
of a 100×100 cm square space with black walls and black
baseplate (The Spontaneous Activity Open Field, Guangzhou
Feidi Biotechnology Co. LTD). Each rat was carefully placed
at the center of the open field floor and allowed to move
independently and explore freely for 3min. To evaluate the
ability of the rats to adapt to a new environment and the
detective activities, the time and distance spent in the central
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FIGURE 1 | Process time points. The process time points are shown by the timeline.

FIGURE 2 | Effects of SNS on the changes in body weight (BW). The effect of

SNS on the changes in the BWs of MS male rats during PND21–26 was

expressed in the graph. The weights on PND 21, 35, 42, 49, and 56 are

presented as means ± SEM.

area were traced and recorded. These parameters are considered
indices of locomotor activity. After each test, 75% ethyl alcohol
was used to clean the urine and feces left behind by the
other rats which could produce odor signals that would
interfere the next rats to be tested. OFT was performed on
PNDs 22 and 51.

Forced Swimming Test
The FST, especially for young rats, was originally described in a
previous study (21). The rats were placed in a plexiglass cylinder
with a diameter of 30 cm and a height of 50 cm. The cylinder was

filled with ∼30 cm of water at 23–26◦C such that the rats could
not touch the bottom of the cylinder. On the first day for exercise,
the animals underwent a 15-min pre-test swim. After the pretest,
the rats were immediately removed from the cylinder and mildly
dried with a towel. After completely dried, the rats were returned
to their home cages. On the second day after the pre-test, the rats
were placed in a water-filled cylinder for the test, and the behavior
was recorded by videotape for 5min. The water in the cylinder
was changed after each rat had been tested. After the test swim
was completed, the rats were dried similarly as that during the
pre-test. Then, the rats were returned to their cages until they
were dried.

Biochemical Assays
Western Blot Analysis
The rats in the six groups were sacrificed on PNDs 28 and 56.
The animals were anesthetized with an injection of 10% chloral
hydrate (0.35 mL/100 g, i.p.). Then, all rats were sacrificed by
decapitation. Six rats per group were administered decollation to
gather the fresh hippocampus from the brain. The hippocampus
was quickly frozen in liquid nitrogen and then transferred to an
−80◦C refrigerator for the WB, which was performed as follows.
The samples were homogenized with RIPA lysis buffer (strong)
which was added with protease inhibitor cocktail for protein
extraction at a proportion of 1:100. Then, the supernatant was
collected after centrifugation at 12,000 rpm under 4◦C for 15min.
The total protein content was determined using BCA assay.
After the quantitative determination and addition of loading
buffer for the total protein content, the proteins of each sample
in the Eppendorf tube were denatured in water at 100◦C for
5min. Subsequently, protein samples were fractionated through
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TABLE 1 | The effects of SNS on weight increase of MS male rats (g).

PND28 PND35 PND42 PND49 PND56

Control 21.64 ± 1.00 66.73 ± 1.85* 92.43 ± 3.34 147.40 ± 3.09 152.31 ± 2.62

Model 18.24 ± 0.80 58.36 ± 2.77 80.72 ± 5.32 148.80 ± 8.97 152.86 ± 8.57

Positive 19.98 ± 1.13 57.82 ± 2.98 81.13 ± 7.36 149.88 ± 8.04 145.74 ± 6.90

SNS-low 23.98 ± 1.76 68.69 ± 2.81* 98.46 ± 6.67* 168.73 ± 11.21 175.69 ± 12.14

SNS-medium 22.51 ± 2.06 71.88 ± 2.11* 107.47 ± 6.23** 175.68 ± 9.74 180.53 ± 10.93

SNS-high 21.81 ± 1.30 70.62 ± 2.40* 99.03 ± 6.56* 172.36 ± 8.66 170.64 ± 8.61

The body weights of all male rats were weighed per day from PND 21 after MS. The data of PND 21 were used as the starting point. Weight gain was measured on weeks 1, 2, 3, 4,

and 5 at the age of PND 28, 35, 42, and 56. Differences were analyzed by one-way ANOVA with Fisher’s LSD. Data are presented as means ±SEM. *P < 0.05, **P < 0.01 compared

with the model group (statistically significant).

12% SDS-polyacrylamide gel electrophoresis. The proteins of
samples were electro-transferred onto polyvinylidene difluoride
membranes with constant current at 300mA for 75min.
The membranes were blocked with 5% bull serum albumin-
TBST for 3 h at room temperature. Protein expression was
detected by incubation with rabbit polyclonal primary antibodies
against BDNF (1:1,500), CREB (1:1,000), pCREB(1:1,000),
pPKA substrate (1:1,000), 5-HT1A receptor (1:1,000), and rat
polyclonal primary antibody GAPDH (1:5,000) at 4◦C overnight.
After incubation with the primary antibody, themembranes were
incubated with goat anti-rabbit HRP-conjugated IgG (1:3000–
5,000) and goat anti-rat HRP-conjugated IgG (1: 5,000) at
room temperature for 1 h. All antibodies were dissolved in 0.5%
blocking reagent. The bound antibodies were expressed using
an enhanced chemiluminescence reagent by ECL kit (BIO-RAD
Molecular ImagerTM XRS+) and quantified using Image LabTM

software. The experiments were performed four times with four
samples per group. In the WB analysis, GAPDH was used as
loading control to normalize the levels of target protein detected.
The mean optical density value of each protein band relative to
that of the GAPDH band from the same sample was calculated.

Immunohistochemistry (IHC)
After sacrificing on PNDs 28 and 56, two rats from each group
were administered with 4% paraformaldehyde solution perfusion
to collect the complete brain samples. The samples were stored in
the perfusion solution for IHC. Briefly, IHC was performed such
that the fixed brain tissue with 4% paraformaldehyde solution
was separated from the hippocampus, that is, 1.30–5.30mm from
the bregma. Then, the brain samples were dehydrated thrice for
30min using different concentrations of ethyl alcohol (70, 90,
96, and 100%) and xylene and set in paraffin. After dewaxing
by xylene twice for 8min, ethanol (70, 80, 95, and 100%) for
5min, and distilled water for 3min, the sections were put into
citrate buffer solution (0.01M pH 6.0) and heated in a microwave
oven. The slides were blocked using 6.5% BSA for 30min at room
temperature (RT) and incubated in a first rabbit anti-5-HT1A
receptor polyclonal IgG (1:500) at 4◦C overnight. After washing
thrice in 0.05M PBS for 5min at RT, the sections were incubated
with a secondary goat anti-rabbit IgG (1:1,000) for 1 h at RT
and incubated in an avidin—biotin—peroxidase complex for
1 h. Finally, the sections were dehydrated by serial rinsing with
alcohol, dewaxed in dimethyl and benzene, and cover-slipped.

Results were scanned by 3D HISTECH Pannoramic 250, MADE
IN Hungary.

Statistical Analysis
Statistical significance was assessed using one-way ANOVA
followed by Fisher’s least significant difference (LSD) analysis
with P < 0.05 as statistically significant. SPSS was used for
statistical analysis. Data were expressed as means ± standard
error of the mean (SEM).

RESULTS

Effects of SNS on Body Weight
Several variations in BW of the male rats were observed from
PND 21 to PND 56. The BWs of all male rats were weighed per
day from PND 21 after MS. The lower BW was shown in the
model group than the control group afterMS. The BWs of theMS
male rats presented relatively slowweight gain compared with the
control group. However, the three groups administered with SNS
showed more rapid increase in BW in a dose-dependent manner
from PND 42 to PND 56 than model group (Figure 2). MS
significantly restrained the increase in weight of these male rats
on PND 35. The weight gain of the MS male rats was markedly
decreased compared with the control rats from PND 21 to PND
35 (P < 0.05). Meanwhile, compared with the model group, the
male rats in the three SNS-treated groups gained more weight
on PND 35 (P < 0.05). In addition, from PND 21 to PND 42,
the BWs of the three SNS-treated groups significantly increased
compared with the model group (SNS-L and SNS-H, P < 0.05;
SNS-M, P < 0.01). Moreover, no significant differences were
observed among the six groups from PND 21 to PND 28, 49,
and 56 (Table 1).

Effects of SNS on Anhedonia
SPT was performed for 2 h on PND 28 and PND 56 for the
young and adult stages, respectively, to evaluate depression-like
behavior. MS contributed to anhedonia in both stages. SNS-
H and SNS-L treatments alleviated the depressive behavior in
young and adult MS male rats. Among the young MS male
rats, specific consumption of 1% sugar water in the model
group was markedly reduced compared with the control group
(P < 0.05). However, data from the SNS-H group showed
significantly reversed results compared with MS rats without
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FIGURE 3 | Effects of SNS on the anhedonia of MS male rats during the sucrose preference test (SPT). The animals were examined by the reduction of 1% sucrose

consumption on PND 28 (A) and PND 56 (B). The values were analyzed by one-way ANOVA with Fisher’s least significant difference (LSD) from 6 young rats and 5

adult rats per group. Data are expressed as means ± SEM. *P < 0.05, **P < 0.01 vs. model (statistically significant).

FIGURE 4 | Effects of SNS on the behavioral despair of MS male rats during the forced swimming test (FST). The rats were assessed by immobility time on PND 28

(A) and PND 56 (B). Data were analyzed by one-way ANOVA with Fisher’s LSD from 6 young rats and 5 adult rats per group and expressed as means ± SEM.

*P < 0.05 vs. model (statistically significant).

treatment (P < 0.01) (Figure 3A). Compared with the control
group, specific consumption of 1% sugar water of the adult male
rats in the model group was significantly decreased (P < 0.05).
Nevertheless, SNS-L treatment on the MS male rats markedly
increased the consumption of 1% sugar water compared with the
model group (P < 0.05) (Figure 3B).

Effects of SNS on Behavioral Despair
FST was used to assess the depression-like behaviors on PND
28 and PND 56 for the young and adult stages, respectively.
All male rats underwent FST for 5min after a 15min pre-
test session on the day before. MS induced behavioral despair
on both stages. However, medication administration did not
affect this depressive behavior during FST for young MS male
rats, but relief of behavioral despair was observed for adult MS
male rats. On PND 28, the immobility time of the MS male
rats in the model group was significantly augmented compared

with the control male rats (P < 0.05). However, only reduced
immobility time was observed in the MS male rats in all drug
intervention groups, compared with the MS male rats in the
model group, but without statistical significance (Figure 4A).
The immobility duration of the adult male rats in the model
group was markedly increased compared with that in the control
group (P < 0.05), but significant decrease in immobility time
was observed in the MS male rats in all drug intervention groups
(P < 0.05) (Figure 4B).

Effects of SNS on Anxiety-Like Behavior
OFT was performed on PND 28 and 56 to evaluate the anxiety-
like behavior. MS induced anxiety-like behavior in the MS adult
male rats during OFT, and fluoxetine mitigated this behavior.
The results showed that the central region time and distance of
youngmale rats had nomarked differences among the six groups,
only a decreasing tendency was observed in the model group
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FIGURE 5 | Effects of SNS on the anxiety-like behavior of MS male rats. The animals were evaluated by the time spent at the central region on PND 28 (A) and PND

56 (C) and the distance within the central region on PND 28 (B) and PND 56 (D) in the open field test (OFT). Data were analyzed by one-way ANOVA with Fisher’s

LSD from 5 to 8 rats per group and are shown as means ± SEM. *P < 0.05 and **P < 0.01 vs. model (statistically significant).

vs. the control group and increased in the positive, SNS-L, SNS-
M, and SNS-H groups vs. the model group (Figures 5A,B). For
the adult male rats during OFT, the MS rats in the model group
exhibited significant decline in the central region time compared
with the control rats, and comparing withMS rats inmodel group
the data from MS rats treated by fluoxetine were significantly
reversed (P < 0.05, Figure 5C). However, significant differences
were not found in the central region distance in the adult male
rats, which only showed a trend similar to that in the central
region time (Figure 5D).

Impact of SNS on 5-HT1A Receptor by
Immunohistochemistry
The expression of 5-HT1A receptor in the CA1 region of the
hippocampus of the male rats was detected by IHC (Figure 5).
MS triggered the decrease in 5-HT1A receptor expression in the
CA1 region in the hippocampus of young (PND 28) and adult
(PND 56) male rats compared with control rats without MS.
However, the expression was upregulated by SNS treatment on
MS rats compared with model group. The results show that the
expression of 5-HT1A receptor was slightly reduced in the CA1
of hippocampus of the male rats subjected to MS at PND 28

compared with control rats. This phenomenon was reversed by
fluoxetine and medium and high SNS doses compared with MS
rats but no treatment (Figure 6). On PND 56, the expression of 5-
HT1A receptor was obviously downregulated by MS in the CA1
region of hippocampus of adult male rats compared with control
group. The downregulation of 5-HT1A receptor expression in the
CA1 in the hippocampus of adult male rats subjected to MS was
reversed by fluoxetine and SNS treatment compared with model
group (Figure 7).

Impact of SNS on BDNF Signal Pathway at
PND28
The results indicated that, compared with the young male rats
in the control group, the expression of pCREB (Figure 8D)
and BDNF (Figure 8B) in the cerebral hippocampus of MS
rats was significantly downregulated (P < 0.05), but without
statistical significance for the medication treatment groups
compared with the model group. The expression of 5-HT1A
receptor in the cerebral hippocampus of young male rats in the
model group was downregulated by MS compared with that
in the control group, but fluoxetine and SNS administration
reversed this downregulation, compared with the MS rats in the
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FIGURE 6 | Change in the hippocampal 5-HT1A receptor expression of rats on PND 28 by immunohistochemistry (IHC). The effects of SNS treatment on 5-HT1A

receptor expression in the CA1 area of cerebral hippocampus of MS male rats on PND28 as shown by IHC. Scale bar = 50µm.
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FIGURE 7 | Change in the expression of hippocampal 5-HT1A receptor of rats on PND 56 by IHC. The effects of SNS treatment on 5-HT1A receptor expression in

the CA1 area of cerebral hippocampus of MS male rats on PND56 as shown by IHC. Scale bar = 50 µm.
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model group. These results are without statistical significance
(Figure 8F). Nevertheless, the expression of CREB (Figure 8C)
and pPKA substrate in the cerebral hippocampus of adult
male rats (Figure 8E) showed no marked differences among the
groups. In addition, the bands of these proteins are expressed
in Figure 8A.

Impact of SNS on BDNF Signal Pathway at
PND56
The results of CREB/BDNF signal pathway of cerebral
hippocampus in adult male rats were analyzed (Figure 8).
CREB/BDNF signal pathway in the cerebral hippocampus of
adult male rats was downregulated by MS compared with control
rats, and SNS treatment reversed this downregulation on MS
rats compared with the MS rats in model group. The results
showed that the expression of 5-HT1A receptor was significantly
decreased in the cerebral hippocampus of adult MS male rats
in the model group compared with the control group, and SNS
treatment markedly reversed the downregulation compared
with the MS rats in the model group (Figure 9F). No significant
differences were found in the expression of CREB in the cerebral
hippocampus of adult male rats between the control and model
groups. However, fluoxetine and low SNS dose administration
significantly upregulated CREB expression of MS rats compared
with MS rats in the model group (P < 0.05, P < 0.01; Figure 9C).
One-way ANOVA demonstrated that the expression of pCREB
in the cerebral hippocampus of adult male rats was markedly
decreased in the model group compared with control group,
which was significantly reversed by low and medium doses
SNS compared with the MS rats in model group (P < 0.05;
Figure 9D). The expression of pPKA substrate in the cerebral
hippocampus of adult male rats was downregulated in the MS
rats in the model group vs. the control group but upregulated
in the MS rats administered with medication vs. the untreated
MS rats in model group (Figure 9E). MS markedly reduced
the expression of BDNF in the cerebral hippocampus of adult
male rats compared with the control rats. Meanwhile, low and
medium doses of SNS significantly upregulated the BDNF
expression compared with the MS rats in the model group
(P < 0.05; Figure 9B). All protein bands are shown in Figure 9A.

DISCUSSION

In present study, we manifested several attractive findings on

the antidepressant effect of SNS treatment from the results of
behavior andmolecular level in depressive rats. TheMS paradigm

used for the animal model of depression in this study has been
considered as a classic depressive model for early life stress

on rats (22). Our study was aimed to illustrate the effects of
SNS on depression-like behavior of both young and adult rats
that experienced MS during the postnatal period. Moreover,
we further detected the relative proteins of potential signaling
pathway involved in the mechanism of depressive symptoms and
the antidepressant effect of SNS. Thus, the results might present
a new discovery that may guide the clinical medication for new
therapy for depression caused by trauma during childhood.

Antidepressant Effect of SNS
In our study, the BW was measured from PND 21 pre-treatment
and throughout the whole experiment. The weights of the MS
rats presented a lower trend than normal rats and MS rats
administered with SNS from PND 21 to PND 56. However,
fluoxetine exerted no effects on weight in MS rats (Figure 2).
From the BW gain of rats with the baseline at PND 21, MS
reduced the BW gain at PNDs 28, 35, 42, 49, and 56, but SNS
treatment reversed this process. However, compared with the
MS group, the fluoxetine group exhibited no increasing trend
in the BW gain, although significant statistical difference was
only observed on PND 35 (Table 1). The results showed that
SNS could improve the loss of weight in MS rats during the
growth stage until adulthood, which showed that the MS rats
could develop some symptoms, such as eating less and losing
weight, whereas SNSmight ameliorate this appetite and nutrition
condition in MS rats. The result on weight was consistent
with several studies which have indicated that the postnatal MS
could reduce the weight gain compared with normal breast-
feeding in rats and caused under nutrition accompanied with
the damage to insulin-like growth factor-1 (IGF-1) levels and
growth and alteration of the hippocampus (23, 24). Meanwhile,
a recent study manifested the effect of SNS on the psychological
stress and stress-related nonalcoholic fatty liver disease. The
results indicated that the SNS group administered with long-
term chronic restraint stress showed a significant increase in
BW gain compared with the stress group (25). However, the
absence of effect of fluoxetine on the loss of weight in MS rats
may be attributed to the enhanced satiety for food and restrain
hunger-related pathways, as previously reported (26).

SPT and FST are usually applied to rats to evaluate depression-
like behavior and antidepressant effect. The effect of SNS on
mental disorders and chronic stress-related diseases, such as
depression, has been already demonstrated in some studies, but
age specificity was not mentioned (27, 28). Our results indicated
that young and adult MS rats exhibited anhedonia during SPT
as shown by the reduced sucrose consumption and behavioral
despair during FST as shown by augmented immobility time.
The effect of fluoxetine and SNS on depression-like behavior
could be observed in young (PND 28) and adult (PND 56)
MS rats. Fluoxetine and SNS treatment resulted in increased
sucrose consumption during SPT and reduced immobility time
during FST, when compared with the untreated MS rats. For
the young rats, only high SNS dose significantly improved
anhedonia during SPT, which was observed in the low dose
group for adult rats (Figure 3). During FST, although all SNS
and fluoxetine groups showed significantly higher immobility
time compared with the MS group in adult rats, SNS and
fluoxetine increased the immobility time of young MS rats but
without statistical significant difference (Figure 4). However, no
significant difference was found between the SNS and fluoxetine
groups in all rats. These findings illustrated that SNS could
take effect on depression-like behaviors depending on the doses
and duration of treatment for rats that experienced early life
stress, such as MS. In addition, the reason why the effect of
fluoxetine on depression-like behaviors only emerged in adult
rats presented by FST might due to its side-effect, such as
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FIGURE 8 | Impacts of SNS on the expression of 5-HT1A receptor/CREB/BDNF in MS rats on PND 28. Impacts of SNS treatments on the 5-HT1A

receptor/CREB/BDNF signaling in the cerebral hippocampus of MS male rats on PND 28. The bands of protein in the hippocampus of each group tested by Western

blot (WB) are shown in (A). Differences were analyzed by one-way ANOVA with Fisher’s LSD. The results are presented as means ± SEM. The relative protein levels of

the brain-derived neurotrophic factor (BDNF) (B), cAMP-response element binding protein (CREB) (C), phospho-CREB (pCREB) (D), phospho-protein kinase A

(pPKA) substrate (E), and serotonin 1A (5-HT1A) receptor (F) in the cerebral hippocampus of young (PND28) male rats of each group (n = 4) were detected by WB.

*P < 0.05 compared with the model group.

delayed onset time (29). Nevertheless, only a few studies have
focused on the onset time of SNS treatment on mental disorders,
especially for emotional diseases induced by early life stress.

This investigation is needed to be the next step to provide
evidence for clinical medication. In addition, no statistical
differences were found on the time and distance spent during
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FIGURE 9 | Impacts of SNS on the expression of 5-HT1A receptor/CREB/BDNF in MS rats on PND56. Impacts of SNS treatments on the 5-HT1A

receptor/CREB/BDNF signaling in the cerebral hippocampus of MS male rats on PND 56. The bands of protein in the hippocampus of each group tested by WB are

shown in (A). Differences were analyzed by one-way ANOVA with Fisher’s LSD. The results are shown as means ± SEM. The relative protein levels of BDNF (B),

CREB (C), pCREB (D), pPKA substrate (E), and 5-HT1A receptor (F) expression in the cerebral hippocampus of adult (PND56) male rats of each group (n = 4) were

assessed by WB. *P < 0.05, **P < 0.01 compared with the model group.

OFT between MS and normal rats for young rats but with
decreasing trend. However, for adult rats, the time, rather than
distance spent, at the central area were significantly decreased
by MS. Meanwhile, although SNS treatment increased the time

and distance spent at the central area in the young and adult
rats, no statistical difference was found in the improvement
of anxious symptom for the fluoxetine group, which showed
marked increase in these two indicators (Figure 5) During OFT,
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no statistical differences were found probably because of the
insufficient sample size. Therefore, our results during OFT could
indicate that the impact of MS on anxiety-like behavior might
emerge from the young stage to the adult stage, and SNS could
alleviate this symptom to some extent. Only a few studies
have focused on the effect of SNS to mitigate the depression-
like behavior of young rats. Nevertheless, a previous study
reported that modified SNS treatment (from PND 24 to PND 51)
relatively improved the depression-like behavior of adolescent
rats maternally deprived from PND 1 to PND21, followed by
chronic unpredictable stress from PND 24 to PND 51. The
improvement was observed in weight assessment, SPT, OFT,
and the level of hypothalamic pituitary adrenal (HPA) axis (30).
Similar to the present study, several previous studies illustrated
the antidepressant effect of SNS and its active ingredients on
chronic unpredictable stress rats expressed by behavioral tests,
such as SPT, FST, OFT, or tail suspension test, during adulthood.
SNS could improve anhedonia, behavioral despair, and anxiety-
like behavior of adult rats (31–33). Therefore, SNS may be used
to treat emotional diseases, especially the depression caused by
early life adversity.

Role of PKA/CREB/BDNF Pathway on
Antidepressant of SNS
The BDNF plays an important role on neurogenesis,
neuroplasticity, and nerve cell survival in the hippocampus,
which is closely associated with the pathogenesis of depression
and involved in the mechanism of antidepressant (34–36).
Previous studies showed that the PKA-CREB-BDNF pathway
and the phosphorylation of PKA and CREB proteins in the
hippocampus could be downregulated by CUMS, whereas the
expression of these proteins was normalized by traditional
Chinese prescription or its active ingredient (37). Moreover,
the role of 5-HT1A receptor, as a crucial receptor of serotonin
system regarded as the major mechanism of mood modification
under stress, has been previously reported. The 5HT1A receptor
played an important role in the neurogenesis and synapse
formation probably by activating certain signaling pathways
and may be linked to a certain deficit in behavior and cognition
(38). Thus, we paid attention to the alterations in 5-HT1AR
and BDNF, as well as the relative protein on the relative
pathway (including the pPKA substrate, CREB, and pCREB),
influenced by SNS treatment on MS-induced depressive rats. In
the present study, SNS administration influenced the 5-HT1A
receptor/pPKA substrate/CREB/BDNF signaling pathway in
the cerebral hippocampus of MS rats on PND 28 (young)
and PND 56 (adult) as shown by the measured expression
of the 5HT1A receptor, pPKA substrate, CREB, pCREB, and
BDNF protein.

First, at PND 28, the IHC results showed that the expression
of 5-HT1A receptor in the hippocampal CA1 area was
reduced by postnatal MS but reversed by fluoxetine and
high dose SNS (Figure 6). Moreover, MS also downregulated
the hippocampal expression of the 5-HT1A receptor, CREB,
pCREB, and BDNF protein. However, statistical significant
difference was found only on pCREB and BDNF, compared

with the control rats, as shown by the WB test. Although SNS
upregulated the hippocampal expression of 5-HT1A receptor,
CREB, pCREB and BDNF protein, compared with untreated
MS rats, no significant differences were observed among
these proteins (Figure 8). One previous study suggested that
MS could impair the synaptogenesis with decreased spine
formation and maturation during the early development of
brain in postnatal period. This phenomenon may be mediated
by downregulating the BDNF/ERK signaling pathway and
may produce certain impairment of hippocampal-dependent
learning ability (39). The impairment of MS on the function
of cerebral hippocampus, which is as a crucial region involving
the mechanism of depression, may emerge during the early
development of rats. Thus, the evidence provided in (39)
is consistent with our findings, that is, postnatal MS could
impair the pCREB/BDNF expression in the hippocampus of
MS-induced depressive rats emerging in early development.
Thus, during the young stage, MS reduced the hippocampal
phosphorylation of CREB such that enough transcription of
BDNF gene could not be activated. Thus, the depression-like
behavior caused by postnatal MS accompanied alterations in
the BDNF upstream signaling pathway in young rats. However,
although SNS or fluoxetine treatment did not significantly
mitigate the 5HT1A receptor-pPKA substrate-CREB-pCREB-
BDNF pathway in the hippocampus of MS rats, compared
with the model group, medium and high SNS doses partly
restored the expression of 5-HT1A receptor, CREB, pCREB,
and BDNF (Figure 8). Only a few studies have investigated the
antidepressant effect of SNS on the BDNF relative signaling
pathway for MS-induced depressive rats during young stage
at PND 28. The present results on young rats may indicate
that the impairment of 5HT1A receptor-pPKA substrate-CREB-
pCREB-BDNF pathway could not be completely recovered by
SNS and fluoxetine for only 1 week treatment, although the
depressive symptoms were alleviated by high SNS dose for a
week. This result could account for the delayed onset of the
antidepressant drug for at least 2 weeks of drug administration.
This phenomenon was also reported by a previous study on the
effect of active components in SNS for chronic stress induced-
depression (40).

Then, up to the adulthood of rats at PND 56, the
expression of 5-HT1A receptor in the hippocampal CA1 area
was downregulated by MS during early life but reversed by
fluoxetine and SNS treatment in IFC (Figure 7). Furthermore,
we found that 5-HT1A receptor, phosphor-CREB, and BDNF
expression were significantly downregulated by postnatal MS
in adult rats, and the expression of CREB and pPKA substrate
was reduced only with downtrend compared with the non-
MS group, as shown by WB analysis. After drug treatment
for 5 weeks, SNS significantly restored the expression of 5-
HT1A receptor, CREB, pCREB, and BDNF expression and
slightly upregulated the pPKA substrate expression in the
MS adult rats but without dose specificity. In addition,
fluoxetine slightly upregulated these proteins, except for CREB
with significant difference compared with the model rats
(Figure 9). Thus, MS during early life could generate long-
term impacts on the expression of upstream relative protein
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of BDNF in the hippocampus of rats during adulthood, which
coincided with their depression-like behavior. SNS treatment
on the MS rats may improve the pCREB/BDNF pathway,
which is activated by increased 5-HT1A receptor for adult
rats that experienced early life stress. A recent study has
illustrated that CREB/BDNF signaling pathway was involved
in the mechanism of antidepressant effect. The increased
ratio of p-CREB/CREB and mBDNF/proBDNF expression in
the hippocampus might contribute to the therapeutic effects
on the lipopolysaccharide-intervention rats (41). In addition,
similar to the present results, the results from an assay
showed that MS could trigger the depression-like behavior
accompanied with downregulated CREB/BDNF expression and
mRNA level of BDNF (42). Moreover, several studies have
stated that antidepressant administration, including physical
and Chinese herbs, mitigated depressive behavior by increasing
5HT1A receptor-mediated cAMP/PKA/CREB pathway in the
hippocampus of rats that underwent chronic stress for adults,

in accordance with our results on MS adult rats (43, 44).
A previous research on the effect of SNS treatment on the
depression caused by chronic stress also showed that the SNS
administration group had significantly higher expression of 5-
HT1A receptor than the model group (45). In vitro study
on the antidepressant mechanism demonstrated that Jiawei
SNS exhibited nerve protection and antidepressant effect by
upregulating the expression of CREB and pCREB on PC12
cell stressed by corticosterone and glutamate (46). Therefore,
our results indicated that the depression-like behaviors in the
young and adult rats which experienced early life stress could
be alleviated different doses of SNS by regulating the 5-HT1A
receptor/CREB/BDNF signaling pathway. However, whether
pPKA substrate could be significantly altered under MS and
SNS treatment could not be observed just with the trend on
PND 56, probably because the antibody we applied was a
substrate protein instead of the original pPKA. The substrate
protein of pPKA contained the pCREB that was activated

FIGURE 10 | Abridged general view of the potential pathway for the effect of SNS. The mechanism of antidepressant effect for SNS is illustrated. SNS upregulated

the 5-HT1A receptor expression, which in turn activated the phosphorylation of PKA. The activation of pPKA mediated the phosphorylation of CREB. Then, pCREB

transcribed the expression of the BDNF gene, upregulated the production of BDNF to benefit the hippocampal neurogenesis, and alleviated the mental disorders

closely related to the hippocampus.
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by pPKA. Therefore, to some degree, the significant change
on pCREB may reflect the effect of MS/SNS on the pPKA
substrate. This phenomenon needs further verification by co-
immunoprecipitation in our next study. The above results show
that the antidepressant effect of SNS on maternal separation
rats may work through upregulating the 5-HT1A receptor
expression which in turn activated the phosphorylation of PKA.
The activation of pPKA mediated the phosphorylation of CREB.
Then, pCREB transcribed the expression of the BDNF gene,
upregulated the production of BDNF to benefit the hippocampal
neurogenesis, and alleviated the mental disorders closely related
to the hippocampus (Figure 10).

CONCLUSION

In summary, our study still needs to further expound the
mechanism of onset time and concentration of SNS on MS
models, especially on the pPKA/CREB/BDNF pathway mediated
by 5-HT1A receptor and the impacts on the hippocampal
neurogenesis. The results showed the positive effects of SNS
on the MS-induced depression-like behavior. The present
study elucidated the antidepressant effect of traditional Chinese
medicine SNS for depression, which may be used for young
and adult individuals who have experienced adversity in
early life. Importantly, our data first illustrated that the
regulation of the hippocampal 5-HT1A receptor/CREB/BDNF
pathway may contribute to the antidepressant effect of SNS.
Therefore, our findings may provide evidence and clinical
guidance to formulate an effective therapy for children and
adults undergoing depression caused by stress during early
life adversity.
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Purpose: TPH2 and 5-HT2A appear to play vital roles in the homeostatic regulation of

serotonin levels in the brain, their genetic variations may lead to impaired homeostatic

regulation of serotonin resulting in abnormal levels of serotonin in the brain, thus

predisposing individuals to MDD. However, research studies have yet to confirm which

gene-gene interaction effect between TPH2 and 5-HT2A polymorphisms results in

increased susceptibility to MDD.

Methods: A total of 565 participants, consisting of 278 MDD patients and 287 healthy

controls from the Chinese Han population, were recruited for the present study. Six

single nucleotide polymorphisms (SNPs) of TPH2/5-HT2A were selected to assess their

interaction by use of a generalized multifactor dimensionality reduction method.

Results: A-allele carriers of rs11178997 and rs120074175 were more likely to suffer

from MDD than T-allele carriers of rs11178997, or G-allele carriers of rs120074175. The

interaction between TPH2 (rs120074175, rs11178997) and 5-HT2A (rs7997012) was

considered as the best multi-locus model upon the MDD susceptibility.

Conclusions: Our data identified an important effect of TPH2 genetic variants

(rs11178997 and rs120074175) upon the risk of MDD, and suggested that the interaction

of TPH2/5-HT2A polymorphism variants confer a greater susceptibility to MDD in

Chinese Han population.

Keywords: major depressive disorder, TPH2, 5-HT2A, gene-gene interaction, polymorphisms

INTRODUCTION

Major depressive disorder (MDD) is a frequently occurring mental disorder with a strikingly high
rate of relapses, and has become the leading cause of years lived with disability worldwide according
to data compiled by the World Health Organization. Patients suffering with MDD struggle with
severe role impairment (1) and most suffer from suicidal ideation, suicidal intent or suicidal
attempts (2). Genetic factors have been found to be an important contributor to MDD (3), and
inheritance can increase the risk of developing MDD by 40–70% (4).
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Previous studies have provided strong evidence that
serotonergic transmission is altered in MDD (5), and have
identified polymorphism variants that are associated with deficits
in the transmission of serotonin, which are believed to be
involved in the pathophysiology of MDD (6). Polymorphism
of the tryptophan hydroxylase-2 (TPH2) gene is one such
example. TPH2 is the rate-limiting enzyme for the synthesis of
serotonin in the brain (7). Functional polymorphisms of the
TPH2 gene have been found to affect serotonin synthesis capacity
and serotonin neurotransmission (8, 9), and several TPH2 gene
polymorphisms have been confirmed to be associated withMDD.
The first report of the association between TPH2 and MDD
was published by Zill et al. (10). Subsequently, rs120074175
(1463G/A), a functional polymorphism variant of TPH2, which
was shown to attenuate the synthesis of serotonin by ∼80%,
was also associated with MDD (8). A meta-analysis also showed
that TPH2 rs4570625 (-703G/T) has strong epidemiological
credibility for an involvement with MDD (11). In addition, the
association of MDD and a haplotype block including rs4570625
and rs11178997 (473T/A) was confirmed (12). Collectively, these
findings strongly indicated that TPH2 polymorphisms may play
an important role in the development of MDD. In spite of the
fact that TPH2 polymorphisms could result in the attenuation of
serotonin synthesis, the genetic variation of TPH2 in isolation is
unlikely to lead to a high risk of MDD (13, 14).

Interestingly, one research study suggested that the risk
imposed by TPH2 may be modulated by the serotonin 2A
receptor (5-HT2A) (15), an important regulator of the serotonin
signaling (16). Multiple animal studies have confirmed that
5-HT2A binding is associated with serotonin levels (17, 18).
In addition, changes in 5-HT2A binding levels have also
been identified in different regions of the brain in depressed
individuals (19, 20). Some genetic studies have also shown
the association of 5-HT2A polymorphisms and MDD; for
example, rs6311, rs6313, rs7997012 (21–23). 5-HT2A variants
were identified as showing specific associations with MDD.

MDD is a polygenic disease; in other words, there are multiple
and partially overlapping sets of MDD susceptibility genes which
interact with each other, thus predisposing individuals to the
development of MDD (24). Over recent years, genetic studies
have identified numerous genetic variants implicated in MDD.
However, results arising from the analyses of single markers have
often been inconsistent, and for many candidate SNPS, results
could not be replicated (25). Gene–gene interaction analysis is a
promising method that can reveal susceptibility genes and their
interaction, and has been confirmed as a particularly important
method for revealing the molecular mechanisms of complex
human diseases, such as MDD (26).

Based on the earlier observations, TPH2 and 5-HT2A appear
to play vital roles in the homeostatic regulation of serotonin
levels in the brain. Furthermore, TPH2 and 5-HT2A genetic
variations may lead to impaired homeostatic regulation of
serotonin resulting in abnormal levels of serotonin in the brain
for long periods of time, thus predisposing individuals to MDD.
However, research studies have yet to confirm what gene–gene
interaction effect between TPH2 and 5-HT2A results in increased
susceptibility to MDD.

The purpose of the present study was thus to investigate the
specific interaction between the TPH2 and 5-HT2A genes and
whether this mechanism contributes to susceptibility for MDD.
SNPs selected in this study are not only associated with MDD but
also associated with its gene expression (8, 27–29). Resultant data
will contribute to a better understanding of MDD and genetic
predisposition, and will assist in further interpreting the role of
serotonin in susceptibility for MDD.

MATERIALS AND METHODS

Subjects
In total, 278 MDD patients, and 287 healthy controls, were
recruited for the present study. All subjects were from
the Chinese Han population, and were living in the same
geographical area in the north of China. MDD patients were
diagnosed according to the criteria for MDD described in the
Fourth Edition of Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV). The 24-item Hamilton Rating Scale for
Depression (HAMD) was used to evaluate all patients. Our
inclusion criteria required that subjects had a HAMD score of
21 or higher, and had not received antidepressant treatment for
1 month preceding assessment. Our exclusion criteria included:
(1) a history of brain organic mental disorders or other mental
disorders; (2) a family history of genetic disorders; (3) individuals
with mental retardation or dementia; and (4) individuals recently
receiving blood transfusion treatment. All psychiatrists involved
in patient diagnosis were specifically trained using the Structured
Clinical Interview for DSM-IV disorders (SCID-I). Each patient
was interviewed independently by at least two psychiatrists.
Written informed consent was obtained from all participants and
the study was approved by the Research Ethics Committee of
Harbin Medical University, China.

DNA Isolation and Genotyping
Venous blood was taken from all participants and DNA isolated
from EDTA-anticoagulated blood samples using the AxyPrepTM

Blood Genomic DNA Minprep Kit (Axygen, Union City, CA,
USA). Primer Premier 5.0 software was used to design the
primers for polymerase chain reaction (PCR) amplification
and final primers were evaluated using NCBI-BLAST (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). Primer sequences are given in
Table 1.

DNA samples (TPH2: rs4570625, rs120074175, rs11178997; 5-
HT2A: rs7997012, rs6311, rs6313) were genotyped using PCR
TaqMan assays and read on an ABI PRISM 7900 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA).
PCR amplicons were sequenced and purified using an ABI 3730
DNA Sequencer.

Statistical Analysis
The Hardy–Weinberg equilibrium test was carried out for
all SNP loci and an independent-samples t-test was used to
estimate differences in age distribution between case and control
groups. The chi-square test was used to investigate differences
in categorical variables, such as gender or differences in the
distribution of genotype. A p < 0.05(two-tailed) was considered
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TABLE 1 | The primers sequence for SNPs of TPH2 and 5-HT2A.

Gene SNP ID Polymorphisms Location Primer sequence (5′
→ 3′)

TPH2 rs4570625 G/T 5′Regulatory region F: 5′-AGTAGAGAGAAAAACCACAAGAGTATT-3′

R: 5′-CATTGCCTCAAGCATTTATCA-3′

rs11178997 A/T 5′Regulatory region F: 5′-TCCTTTTATCTATCCCTCGTACCAA-3′

R: 5′-GGTCCTGCACCACATTTTCA-3′

rs120074175 A/G Coding region F: 5′-TGAGGCAATGGATATCTTGATTACC-3′

R: 5′-GCACTGCTGAATGCTTAAACCA-3′

5-HT2A rs7997012 A/G Intron region F: 5′-CTAACCTCATGTCACCTCACA-3′

R: 5′-ATGTTGCAAACAATGGGCCAG-3′

rs6311 T/C 5′Regulatory region F: 5′-ATGGCCTTTTGTGCAGATTCC-3′

R: 5′-AGAGTTATCACCACAGACGTG-3′

rs6313 T/C Intron region F: 5′-GCTACAAGTTCTGGCTTAGAC-3′

R: 5′-TGAAGTAAGGAGAGACACGAC-3′

as statistically significant. SPSS 19.0 software was used for all
statistical analysis.

Haplotype analysis was performed using Haploview software
(version 4.2) and analyzed differences in haplotype frequencies
between case and control groups. Gene-gene interactions were
tested using generalized multifactor dimensionality reduction
(GMDR) software (version v0.7) and default parameters. In the
configuration file, 10-fold cross-validation (CV) was defined and
threshold ratio set at 1.0. The analysis was performed ten times
using ten different random number seeds. The results were
averaged to avoid spurious outcomes due to chance division of
the data. Age and gender were regarded as covariates. The best
gene–gene interaction model was selected based upon the values
arising from CV consistency and accuracy testing. Interaction
graphs and dendrograms were used to help interpret a multi-
locus model of disease susceptibility.

RESULTS

Participant characteristics are shown in Table 2. In total, our
study incorporated 565 participants, including 278MDDpatients
and 287 healthy controls. There were 74 males (26.6%) and 204
females (73.4%) in the MDD group, and 83 males (28.9%) and
204 females (71.1%) in the control group. The mean age of MDD
cases and controls was 42.79 years and 41.90 years, respectively.
There was no statistically significant difference between cases and
controls in terms of either gender or age distribution (gender: p
= 0.378, age: p = 0.542). The HAMD score of the MDD group
ranged from 21 to 58 points.

The genotype distributions of TPH2 and 5-HT2A
polymorphisms conformed to the Hardy–Weinberg equilibrium
and the results of our single marker analysis are presented
in Table 3. Significant differences in genotypic and allelic
distributions between cases and controls were confirmed at
locus rs11178997 (p = 0.000 for both genotype and allele)
and rs120074175 (p = 0.000 for both genotype and allele) of
the TPH2 gene; after Bonferroni correction, these differences
remained significant. Odds ratio analysis showed that A-allele
carriers of rs11178997 and rs120074175 were more likely to
suffer from MDD than T-allele carriers of rs11178997, or

TABLE 2 | The characteristics of participants.

Variables MDD (n = 278) Control (n = 287) p-value

Sex(males/females) 74/204 83/204 0.542

Age(mean ± SD) 42.79 ± 12.21 41.90 ± 11.93 0.378

HAMD score(mean ± SD) 30.38 ± 6.58 5.93 ± 5.76

G-allele carriers of rs120074175 (rs11178997: OR = 1.637,
95%CI: 1.290–2.078; rs120074175: OR = 7.909, 95%CI: 5.987–
10.447). Differences in the distribution of rs6311 and rs6313
of the 5-HT2A gene were observed only in terms of genotype
(rs6311: p = 0.029; rs6313: p = 0.049), but after Bonferroni
correction, these differences were not significant. We did not
identify an association between MDD and the other SNPs tested
(TPH2:rs4570625, 5-HT2A: rs7997012).

Haplotype frequencies in case and control groups were
estimated by Haploview software (version 4.2) and our results
are shown in Table 4. Strong Linkage Disequilibrium (LD) was

observed between the 5-HT2A rs6311 and rs6313 (D
′

= 1.0, r2

= 0.979), but the 5-HT2A rs6311-rs6313 haplotypes were not
associated with MDD.

GMDR was used to detect the interaction effects of six
TPH2/5-HT2A SNPs in MDD susceptibility. The results of gene-
gene interaction models, using age and gender as covariates,
are given in Table 5. In total, 1,000 replications were used
to determine the empirical p-value of prediction accuracy
using the permutation test. Significant 2-locus to 6-locus gene-
gene interaction models were observed (p < 0.001). The
interaction between TPH2 (rs120074175, rs11178997) and 5-
HT2A (rs7997012) showed a CV consistency of 10/10 and a
testing accuracy of 81.86%, and this was therefore considered
as the best multi-locus model. The testing accuracy of all multi-
locus models was higher than the accuracy of the best single locus
model. This result suggested there was an interaction effect of
TPH2 and 5-HT2A upon MDD susceptibility.

An interaction graph and an interaction dendrogram were
created in order to interpret the relationship between the
six SNPs tested. As shown in Figure 1, we found that
rs11178997 and rs120074175 both had strong independent
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TABLE 3 | Genotypic and allelic distributions of TPH2 and 5-HT2A polymorphisms of MDD patients and controls.

Gene SNP Sample Genotype (%) p Allele (%) p Odds ratio (95%CI)

TPH2 rs4570625 GG TG TT G T

Case 73 (26.3) 131 (47.1) 74 (26.6) 0.129 277 (49.8) 279 (50.2) 0.079 1.233

Control 55 (19.2) 146 (50.9) 86 (29.9) 256 (44.6) 318 (55.4) (0.976–1.558)

rs11178997 AA AT TT A G

Case 93 (33.5) 170 (61.1) 15 (5.4) 0.000* 356 (64.0) 200 (36.0) 0.000* 1.637

Control 135 (47.0) 29 (10.1) 123 (42.9) 299 (52.1) 275 (47.9) (1.290–2.078)

rs120074175 AA AG GG A T

Case 207 (74.5) 48 (17.2) 23 (8.3) 0.000* 462 (83.1) 94 (16.9) 0.000* 7.909

Control 108 (37.6) 4 (1.4) 175 (61.0) 220 (38.3) 354 (61.7) (5.987–10.447)

5-HT2A rs7997012 AA AG GG A G

Case 22 (7.9) 106 (38.1) 150 (54.0) 0.247 150 (27.0) 406 (73.0) 0.257 1.167

Control 13 (4.5) 112 (39.0) 162 (56.5) 138 (24.0) 436 (76.0) (0.893–1.526)

rs6311 TT CT CC T C

Case 82 (29.5) 128 (46.0) 68 (24.5) 0.029 292 (52.5) 264 (47.5) 0.662 1.053

Control 65 (22.6) 164 (57.2) 58 (20.2) 294 (51.2) 280 (48.8) (0.834–1.330)

rs6313 TT CT CC T C

Case 79 (28.4) 129 (46.4) 70 (25.2) 0.049 287 (51.6) 269 (48.4) 0.847 1.023

Control 65 (22.6) 163 (56.8) 59 (20.6) 293 (51.0) 281 (49.0) (0.810–1.292)

Bolded indicates statistically significant (p < 0.05).
* indicates the difference was still significant after Bonferroni correction.

TABLE 4 | Haplotype-based association analysis results.

Gene Haplotype Case ratios Control ratios χ
2 p

5-HT2A TT 0.516 0.510 0.037 0.847

CC 0.475 0.488 0.191 0.662

effects (rs11178997, 27.41%; rs120074175, 26.51%). The strongest
redundant interaction occurred between rs120074175 and
rs11178997 in the TPH2 gene with an entropy of−15.00%.
Rs120074175 also had a redundant interaction with rs6311
andrs6313, while rs11178997 had a redundant interaction with
the other four SNPs. The interactions between other SNPs were
relatively independent.

DISCUSSION

Serotonin has been proven to be involved in the pathogenesis
of MDD (6), although the precise role of the serotonin system
in MDD is still under debate (5, 30). TPH2 and 5-HT2A
are key regulators of central serotonin transmission, and are
considered as potential risk genes for MDD. Aberrant genes
are known to predispose subjects to depression (31), although
the validation of MDD susceptibility genes, including TPH2
and 5-HT2A, its interaction is unclear leading to the need
for further investigations of the potential gene-gene interaction
effects played by the key regulators of serotonin system in
MDD susceptibility.

In the present study, we attempted to verify the relationship
of TPH2 variants (rs4570625, rs120074175, and rs11178997) and
5-HT2A variants (rs7997012, rs6311, and rs6313) with MDD
by evaluating their single and interaction effects upon MDD
susceptibility in a Chinese Han population. The results of the
present study not only suggested the important effect of the
TPH2 gene upon the risk of MDD, but also provided preliminary
evidence that the interaction between TPH2 and 5-HT2A
polymorphism variants may influence MDD susceptibility. To
the best of our knowledge, this is the first report to investigate
TPH2/5-HT2A interaction effects upon the risk of MDD. In
addition, our results suggested that the impaired homeostatic
regulation of serotonin may predispose individuals to MDD.

In single-locus association analysis, we observed significant
differences in genotypic and allelic distribution with the
rs11178997 and rs120074175 TPH2 variants. The number of A-
allele individuals for rs11178997/rs120074175 was significantly
greater in the MDD group than in the control group, which
revealed that A-allele carriers of rs11178997 and rs120074175
were more likely to suffer from MDD with a 1.637-fold and
a 7.909-fold increased risk, respectively, compared to non-
carriers. This result suggested that the TPH2 gene might
play a major role in MDD, particularly the rs11178997 TPH2
polymorphism, which had the most independent effect. Previous
studies have found that both the rs11178997 (27) and the
rs120074175 (8) polymorphism affected the transcriptional
activity of TPH2, thereby influencing serotonin production.
Papers by Van Den Bogaert et al. and Cichonet al. have,
respectively reported an association between rs11178997 and
unipolar or bipolar affective disorder (32, 33),while Zhang et al.
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TABLE 5 | The best gene-gene interaction models obtained by GMDR.

Locus no. Best model Testing accuracy (%) CV consistency p value

1 TPH2(rs120074175) 74.91 9/10 <0.001

2 TPH2(rs120074175,rs11178997) 81.18 10/10 <0.001

3 TPH2(rs120074175,rs11178997),

5-HT2A(rs7997012)

81.86 10/10 <0.001

4 TPH2(rs4570625,rs120074175,rs11178997),

5-HT2A(rs6311)

77.10 5/10 <0.001

5 TPH2(rs4570625,rs120074175,rs11178997),

5-HT2A(rs7997012, rs6311)

77.93 10/10 <0.001

6 TPH2(rs4570625,rs120074175,rs11178997),

5-HT2A(rs7997012, rs6311,rs6313)

77.90 10/10 <0.001

FIGURE 1 | Interaction graphs and dendrograms. (A) Interaction graphs. The percentage at the bottom of each SNP represents its interaction entropy, and the

percentage on the line represents the percentage of interaction entropy between two SNPs. The golden line indicates additivity, while the blue or green lines indicate

redundancy interaction. (B) Interaction dendrograms. The golden line represents additivity, while the blue line represents redundancy interaction. The shorter the

dendrograms arm, the stronger the interaction.

reported an association of rs120074175 with unipolar major
depression (8).

An earlier review suggested that the pathophysiology of
depression might result, at least in part, from the direct
dysregulation of brain 5-HT2A neurotransmission or indirectly
from the dysfunction of other neurotransmitter systems that
are under the control of 5-HT2A (34). Some existing studies
have attempted to explore the association between the 5-HT2A
SNPs and MDD (35–37), but few of these have met with success
(38, 39). After Bonferroni correction, our current data showed no
association of three 5-HT2A SNPs (rs7997012, rs6311, rs6313)
with MDD at either the single-locus or haplotypic level. The
inconsistency in our data may have arisen due to sample sizes,
different ethnicities, and different definitions of disease; however,
the negative results of the single marker analyses do not preclude
the fact that the 5-HT2A gene variation has a minor effect upon
MDD susceptibility (40). A recent study found that 5-HT2A
mRNA levels in the peripheral blood mononuclear cells of MDD
patients may have been associated with the severity of depression
and the duration of illness in an Iranian population (41).

GMDR analysis can improve the predictive power of genetic
association with MDD (42), and has been used to investigate
gene-gene interaction in other biological pathways. GMDR
is a non-parametric and genetic model for detecting and

characterizing non-linear interactions among discrete genetic
attributes that are sensitive to the detection of high-order
interactions (43). Our GMDR results indicated potential gene-
gene interactions between TPH2 and 5-HT2A with significant
2-locus to 6-locus interaction models, which confer a greater
susceptibility to MDD. The best TPH2/5-HT2A interaction
model was a 3-locus model (TPH2: rs120074175, rs11178997; 5-
HT2A: rs7997012) using age and gender as covariates, which had
a higher testing accuracy than the multi-locus interaction model
of the single TPH2 gene. Identifying interaction between TPH2
and 5-HT2A is likely to contribute to a better understanding
of genetic predisposition to MDD. In addition, we also found
that both rs11178997 and rs120074175 have greater independent
effects in terms of TPH2/5-HT2A interaction, which was far
stronger than some other MDD susceptibility genes (44), and
there was a strong redundant interaction between these variants,
suggesting that TPH2 polymorphism may play vital roles
in interaction.

Furthermore, previous research has suggested that the
biological interaction between TPH2 and 5-HT2A is involved
in the development of MDD. An animal study showed, using
a TPH2 decrease-of-function model, gave rise to increased 5-
HT2A binding in some brain regions (18). Another animal
study observed that long-term activation of the 5-HT2A
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receptor induced an increase in TPH2 gene expression, TPH2
activity, and serotonin levels (15). These findings suggest that
concurrent TPH2 and 5-HT2A variations may develop into long-
term abnormal serotonin levels, thus predisposing individuals
to MDD.

In interpreting the results of the current study, it is important
to consider the following limitations. Firstly, in the current study,
the geographic region and ethnic origin were strictly controlled
to reduce the potential effects of population stratification;
consequently, our data need to be further verified in other
ethnicities and geographical regions. Secondly, our sample size
was relatively small with only 565 subjects (case: 278, control:
287), although our study still possessed a post-hoc power of 0.99
to detect a moderate (0.5) effect size at the 0.05 significance level
(two-tailed). Thirdly, SNPs were chosen in this study with more
evidence that they are associated with MDD. The interaction
of other TPH2/5-HT2A SNPs, which are potentially associated
with MDD, was not investigated in the present study. It is
therefore necessary to perform further investigations to better
understand the role of interaction between TPH2 and 5-HT2A
polymorphisms in MDD susceptibility.

CONCLUSION

For the first time, this study reports the interaction of serotonin-
related genes, TPH2 and 5-HT2A, upon MDD susceptibility in
a Chinese Han population. Our data identified an important
effect of TPH2 gene variants (rs11178997 and rs120074175)
upon the risk of MDD, and suggested that the interaction

of TPH2/5-HT2A polymorphism variants confer a greater

susceptibility to MDD. The present study also provided
preliminary evidence that the interaction of TPH2 and 5-
HT2A polymorphism variants may influence the susceptibility
to MDD in a Chinese Han population, and suggested that
impaired serotonin homeostatic regulation may be a risk factor
for MDD.
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Xiao-Ling Guo 1, Li-Qiang Yang 2 and Jia-Xu Chen 1,4*

1 School of Traditional Chinese Medicine, Beijing University of Chinese Medicine, Beijing, China, 2 School of Basic Medical

Sciences, Guangxi University of Chinese Medicine, Nanning, China, 3 School of Basic Medical Sciences, Heilongjiang

University of Chinese Medicine, Harbin, China, 4 Formula-pattern Research Center, School of Traditional Chinese Medicine,

Jinan University, Guangzhou, China

Objective: This study examined the effect of Xiaoyaosan and its anti-stress mechanism

in rats subjected to chronic immobilization stress at the whole genome level.

Methods: Rat whole genome expression chips (Illumina) were used to detect differences

in hippocampal gene expression in rats from the control group (CN group), model

group (M group) and Xiaoyaosan group (XYS group) that were subjected to chronic

immobilization stress. The GeneOntology terms and signaling pathways that were altered

in the hippocampus gene expression profile were analyzed. The network regulating

the transcription of the differentially expressed genes was also established. To verify

the results from the gene chips, real-time quantitative polymerase chain reaction was

used to determine the expression of the GABRA1, FADD, CRHR2, and CDK6 genes in

hippocampal tissues. In situ hybridization (ISH) and immunohistochemistry were used to

determine the expression of the GABRA1 and CRHR2 genes and proteins, respectively.

Results: Compared with the CN group, 566 differentially expressed genes were

identified in the M group. Compared with the M group, 544 differentially expressed

genes were identified in the XYS group. In the M and XYS groups, multiple significantly

upregulated or downregulated genes functioned in various biological processes. The

cytokine receptor interaction pathway was significantly inhibited in the hippocampus of

the model group. The actin cytoskeleton regulation pathway was significantly increased

in the hippocampus of the XYS group. The inhibition of hippocampal cell growth was

the core molecular event of network regulating the transcription of the differentially

expressed genes in the model group. Promotion of the regeneration of hippocampal

neurons was the core molecular event of the transcriptional regulatory network in

the XYS group. The levels of the GABRA1, FADD, CRHR2 and CDK6 mRNAs,

and proteins were basically consistent with the results obtained from the gene chip.
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Conclusion: XYS may have the ability of resistance to stress, enhancement immunity

and promotion nerve cell regeneration by regulating the expression of multiple genes

in numerous pathways and repaired the stress-induced impairments in hippocampal

structure and function by inducing cytoskeletal reorganization. These results may provide

the possible target spots in the treatment of stress in rats with XYS.

Keywords: Xiaoyaosan, chronic immobilization stress, the hippocampus, gene expression profile, signal

pathways, network regulating gene transcription

INTRODUCTION

Xiaoyaosan (XYS) which was first recorded in the Prescriptions
of the Bureau of Taiping People’s Welfare Pharmacy contains
Radix Bupleuri, Rhizoma Atractylodis Macrocephalae, Radix
Paeoniae Alba, Poria, Radix Angelicae Sinensis, Herba Menthae,
Rhizoma Zingiberis Recens, and Radix Glycyrrhizae. The long-
term studies of our research group have confirmed that XYS
has reliable effectiveness in preventing and curing chronic stress.
XYS increases the appetite and weight of stressed rats (1) and
improves the learning and memory of stressed rats (2). XYS
exerts an obvious anti-depressant effect (3). At early stage,
the research group studied multiple brain regions including
the central hippocampus, the hypothalamus (1), the amygdala
(4), the cortex and the pituitary (5), etc., in stressed rats; in
particular, the hippocampus was studies using multiple research
methods. XYS increases the levels of the post-synaptic density
protein 95 (PSD−95) and synaptophysin (SYP) proteins in the
hippocampus (2). XYS also increases the hippocampal expression
of the proopiomelanocortin (POMC) (6), corticotropin releasing
factor-2 (CRF-2) (5), neurotrophic protein 3 (NT3) (7), brain
derived neurotrophic factor (BDNF) (8), glutamate receptor-
2 (GluR2) (9), N-methyl-D-aspartic acid (NMDA) receptors
subunits NR2A and NR2B (10) mRNAs and proteins, reverses
the decrease in glucocorticoid receptor levels (11) in the
hippocampus and decreases the hippocampal expression of the
enkephalin, prodynorphin (11), glutamate receptor-1 (GluR1)
(9), and tyrosine kinase B (TrkB) mRNAs and proteins (8),
among other effects.

Abbreviations: AHSP, alpha-hemoglobin-stabilizing protein; ARHGEF7, Rho

guanine nucleotide exchange factor 7; BDNF, brain-derived neurotrophic factor;

C3, complement component 3; CIS, chronic immobilization stress; CRF-2,

corticotropin releasing factor-2; Ct, cycle threshold; DA, dopamine; CXCL9,

chemokine (C-X-C motif) ligand 9; DβH, dopamine beta hydroxylase; ECM,

extracellular matrix; ECs, endothelial cells; ERAF, erythroid-associated factor; FGF,

fibroblast growth factor; GC, glucocorticosteroid; GluR1, glutamate receptor-1;

GluR2, glutamate receptor-2; GRs, glucocorticoid receptors; HF, hepatic fibrosis;

HPA, hypothalamic-pituitary-adrenal; HSCs, haematopoietic stem cells; IFN,

interferon; IOD, integrated optical density; IRF7, interferon regulatory factor 7;

ISH, in situ hybridization; KLF5, Kruppel-like factor 5; LPS, lipopolysaccharide;

MAPK, mitogen-activated protein kinase; MAF, macrophage activation factor;

MALT1, mucosa-associated lymphoid tissue lymphoma transport protein 1;

NE/NA, norepinephrine; Neg, negative; NF-κB, nuclear factor-κB; NMDA, N-

methyl-D-aspartic acid; NT3, neurotrophic protein 3; OCM, oncomodulin; Pak4,

p21-activated kinase 4; PCs, progenitor cells; POMC, proopiomelanocortin; Pos,

positive; PSD-95, post-synaptic density protein 95; SYP, synaptophysin; TCR, T

cell receptor; TF, transcription factor; TFBS, transcription factor binding site; TrkB,

tyrosine kinase B; TSS, transcription start site; XYS, Xiaoyaosan.

XYS exerts a bi-directional effect on the central nervous
system, participates in the integrated function of the neuro-
endocrine-immune network and exerts an anti-stress effect.
To date, the mechanism by which XYS inhibits stress and
injury in the hippocampus has not been clearly determined.
Therefore, this study used an Illumina ratref-12 full-genome
expression spectrum chip containing 22,226 genes to determine
the profile of differentially expressed genes in the hippocampal
tissues from rats subjected to chronic immobilization stress. We
systematically discuss the mechanism by which XYS induces
resistance to chronic stress injury in the hippocampus from the
perspective of the whole genome.

MATERIALS AND METHODS

Animals and Grouping
Sixty-nine male Sprague-Dawley rats were purchased from the
Beijing Vitalriver Laboratory Animal Research Center [animal
license No. SCXK (Beijing) 2006-0009]. All rats were SPF-grade
and weighed 225 ± 10 g. The rats were adaptively fed for 1
week, and then randomly divided into three groups of 23 rats
each: a control group (CN group), model group (M group), and
Xiaoyaosan group (XYS group). Five rats from each group were
placed in one cage. The rats were raised in a common animal
room with a temperature of 22 ± 2◦C and a relative humidity
of 50–60%. The rats in each group were provided conventional
feed water ad libitum. In this study, all animal experiments were
approved by the Institutional Animal Care and Use Committee
of Beijing University of Chinese Medicine and conformed to
the animal welfare guideline (BUCM-4-2014070401-3001). All
efforts were made to minimize animal suffering and the number
of animals needed to produce reliable data.

Drugs, Reagents, and Instruments
The Chinese herbal compound prescription used in the
experiment was Xiaoyaosan which was recorded in the
“Prescriptions of the Bureau of Taiping People’s Welfare
Pharmacy.” Xiaoyaosan consists of the following eight herbs:
Chinese thorowax root (30 g), Angelica sinensis (30 g), Radix
Paeoniae Alba (30 g), Rhizoma Atractylodis (30 g), Wolfiporia
extensa (30 g), Radix Glycyrrhizae (15 g), Ginger (15 g), andMint
(10 g). The preparation of herbal drugs was purchased from
Beijing Tongrentang Group Co., Ltd., and dissolved in solution
at a concentration of 1.67 g/ml. SYBR ExscriptTM RT-PCR kits
and TRIzol, PrimeScriptTM RT Reagent kits were purchased from
TaKaRa Company (Japan). The hybridization kit and chip tester
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including a hybridization oven, rat expression profile chip, a
chip scanner, a chip washing system, and all other reagents were
provided by Illumina Company (USA). In situ hybridization kits
for GABRA1 and CRHR2 were provided by Boster (Wuhan).
Mouse anti-GABRA1 and rabbit anti-CRHR2 antibodies were
provided by Abcam.

Method Used to Establish the Model
The rat model of stress was produced by exposing the animals
to chronic immobilization stress (CIS) (12). In the model and
Xiaoyaosan group, rats were bound to a special binding rack
for 3 h a day for 21 days. The rats in the control group were
not exposed to stress. In the Xiaoyaosan group, rats were
administered Xiaoyaosan via the intragastric route daily before
they were subjected to the stress procedure, and the control group
and model group were administered the same volume of normal
saline (1/d). The emotional behavior of rats were evaluated by
open field test (OFT) and Y maze experiment (YME), as shown
in Supplementary Figure 1.

Sampling
On the morning of the second day after the 21-day stress
protocol, 2% sodium pentobarbital was injected into the
abdominal cavity of rats to induce deep anesthesia (40 mg/kg).
The rats used for gene expression and spectroscopy analyses were
decapitated rapidly, the brain was removed and the hippocampus
was dissected on ice on a super-clean bench. The hippocampus
was placed in liquid nitrogen, and then stored in a −80◦C
freeze until further use. The rats used for in situ hybridization
and immunohistochemistry were perfusion-fixed via the left
ventricular ascending aorta, and then decapitated. The brain
tissues were placed in 4% paraformaldehyde at 4◦C for 12 h and
then embedded in paraffin for subsequent use.

Gene Chip Detection of the Differentially
Genes in the Hippocampus
Total RNA was extracted from the hippocampus using TRIzol
reagent. The purity and concentration of total RNA were
measured with an ultraviolet spectrophotometer. Formaldehyde-
denaturing agarose gel electrophoresis was performed to
assess the RNA integrity. The mRNA samples extracted from
hippocampal tissues from three rats per group were mixed
for the chip experiment, and three biological replicates of the
samples from each group were analyzed. The differentially
expressed genes between the experimental and control groups
were considered significant at P < 0.05. If the ratio of mean
fluorescence intensity of the gene in the experimental group
/mean fluorescence intensity of the gene in the control group
was ≦0.67 or ≧1.5, the difference in expression between two
specimens was considered significant (13).

Verification of Some of the Differentially
Expressed Genes in the Hippocampus
Using Real-Time qPCR
The upregulation of FADD and GABRA1 genes and the
downregulation of the CDK6 and CRHR2 genes were verified
using real-time qPCR. All the selected RNA specimens were

same as those used in the chip experiment. The Invitrogen
Company synthesized the PCR primers. A 10 µl reaction was
established for each gene and included 1 µl of the cDNA
templates, 1 µl upstream primer, 1 µl downstream primer,
and 0.5 µl SYBR Green I. The reaction conditions were set
as follows: denaturation for 2min at 95◦C and 30 cycles of
94◦C for 10 s, 62◦C for 10 s, and 72◦C for 20 s. The plate was
analyzed, and then a melting curve was performed by increasing
the temperature from 55 to 95◦C. The reaction was terminated,
and the samples were cooled to 4◦C.The 2−11Ct method was
used to calculate the relative expression of various genes (14).
Data are presented as themeans±SD; P< 0.05 was considered as
statistically significant.

Detection of the Hippocampal Expression
of the GABRA1 and CRHR2 mRNAs and
Proteins Using in situ Hybridization (ISH)
and Immunohistochemistry, Respectively
In situ Hybridization
Sections were dewaxed with xylene and a gradient of ethanol
solutions. Then, 3% H2O2 was used to inactivate the endogenous
peroxidases. The mRNA nucleic acid fragments were generated
by adding a freshly prepared 3% pepsase solution in citric
acid to each section in a dropwise manner. Subsequently,
each section was incubated with pre-hybridization liquid
without probe in a 42◦C incubator for 2 h. Afterwards, each
section was incubated with hybridization liquid in a 42◦C
incubator overnight (PBS replaced the probe hybridization
solution as a negative control). Next, the sections were
incubated with SABC. Then, the sections were incubated
with peroxidase-conjugated biotin. For detection, sections
were stained with the DAB chromogen and counterstained
with haematoxylin. Finally, the sections were dehydrated
with ethanol, cleared with xylene, and eventually sealed with
neutral gum.

Immunohistochemical Staining
Paraffin sections were dewaxed with xylene and a gradient
of ethanol solutions. Then, sections were treated with 3%
H2O2 to inactivate the endogenous peroxidases. Subsequently,
sections were incubated at a high temperature and high pressure.
Afterwards, sections were incubated with a blocking solution at
37◦C in a humid chamber for 20min. Sections were sequentially
incubated with the primary antibody, secondary antibody, ABC
and chromogen. Next, sections were counterstained. Finally,
sections were dehydrated and mounted. TBS was used in place
of the primary antibody as a negative control.

Image Processing
We chose the similar coronal sections from each group and
captured images with an Olympus BX60 microscope equipped
with a Nikon D700 digital camera. Using 20X objective, images
of the CA1, CA3 and DG regions were captured. Image Pro Plus
6.0 image analysis software was used to analyse the images of
10 randomly selected sections from each group. Using a method
described in the literature (15), the images of the hippocampal
partition were processed. Before treatment, we corrected the
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space and optical density in microscale (the minimum scale of
0.01mm) images and images of blank sections captured under
the same conditions. The CA1 region was selected in a 200 ×

100 µm2 area along the pyramidal layer, CA3 and DG regions
were selected in 200 × 200 µm2 areas. The positive area and
integrated optical density (IOD) of each slice was calculated, and
calculate the MOD (MOD = IOD/area). The IOD represents
the relative mRNA and protein levels. Data are presented as the
means ± SD. P < 0.05 was considered to indicate statistically
significant differences.

Bioinformatics Analysis of the Hippocampal Profile of

Differentially Expressed Genes
(1) The biological processes, cellular components, and

molecular functions of differentially expressed genes were
classified using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) (16, 17) and Gene
Ontology (GO) (18) database. Fisher’s exact probability test
was employed.

(2) The signaling pathways in which the differentially expressed
genes were involved were classified and analyzed using
Biocarta (www.biocarta.com) and Kyoto Encyclopedia
of Genes and Genomes (KEGG, www.genome.jp/
kegg/pathway.html) databases. The MSigDB database
provided all of the pathway information. According to
the hypergeometric distribution, the pathways in which
significantly differentially expressed genes were involved
were determined.

(3) Establishment of differentially expressed transcription
regulation network.

According to the literature (19), the strategy of
comparative genomics combined with promoter region
sequence transcription factor binding site (TFBS) detection

technology was used to establish the network regulating
the transcription of the differentially expressed genes. First,
the promoter sequences were collected. The data for rat
promoter sequences were downloaded from the UCSC
(http://genome.ucsc.edu/) genome database. Using the
accession numbers of differentially expressed genes in the

model and XYS groups, the promoter sequences of these

differentially expressed genes were screened to predict the
TFBS of potential target genes in the regulatory network.

The first 20 optimal motifs were selected in each group
(differentially expressed genes) of regulatory events. An
analysis of the evolutionary conservation of the motifs in
calculated and predicted promoter sequences was performed
to identify additional potential TF regulatory regions. The
analysis of the conservation of the promoter sequences in
the whole genome of eight vertebrate animals was conducted
using the most recent version of the UCSC database and
the phast Cons software algorithm based on a Two-State
Hidden Markov Model (20). For each promoter region and
binding site identified using the motif probe algorithm,
the corresponding conservation of the respective motif
was obtained, as the PhastCons value. Then, the predicted
motifs were used to perform a position weight matrix
(PWM) analysis with the TFBS binding sites in the most
recent transcription factor databases TRANSFAC and
JASPAR using the Motif Compare algorithm (21, 22). The
PWM similarity P-value obtained from the comparison
should not exceed 10E-4 (or 10E−4). Meanwhile, the
corresponding TF binding sequences involved in regulating
gene expression were located in the conserved sequences
and mapped onto the considered motif position. The score
for the corresponding conserved TF binding sequences
was ≧0.8 (1 represents the most conserved sequence,

TABLE 1 | Classification of the upregulated and downregulated genes involved in the significant bioprocesses of the model group compared with the control group.

Term Genes P-value

Up-regulated genes in

model group

Biological regulation EFNA1, DDR2, ASGR2, MAX, TTR, CDCA7, SLC2A3, SOSTDC1, TRPV4, KCNQ1,

AKT3, TAAR3, FANCC, AR, BTNL8, PTGER3, OTX2, RAB4B, FADD, VAX2, VAX1,

PPARGC1A, TRDN, CD38, OLR1701, MSX1, RASGRF2, ARRB2, F5, HIPK3,

ARPC5L, RIN2, RIPK3, AKAP7, ZFP212, UNG, ENPP3, LOC295015, ASB13, GCGR,

SNIP, ACE, SNRK, OLR1714, PRKAA2, COL8A1, NFATC3, FZD9, ERG, TRPC6,

ESRRB, TBX2, CTLA4, ACACA, RPS9, TEAD2, USF2, SHOX2, RAB31, RGS1,

PPP1R2, LRP6, CHRNB4, RHBDL2, CD79B, ATP6V0A4, CHRNG, CACNA1B

2.96E-02

Down -regulated genes in

model group

Immune system process RT1-CE7, CRP, STAT5B, C5, CDK6, CCL5, DBH, TERC, RT1-A3, CCL25, OAS1I,

CD34, IRF7, ERAF, DEFB1

2.25E-05

Developmental process WNT5A, STAT5B, C5, STRN, CCL5, GJA5, TERC, HEMGN, FOXH1, ERAF, ODF4,

CHM, PCDHA13, FANCA, TBPL1, KLF5, PLD2, MAFB, CCNF, CYP26A1, CDK6,

DBH, PTPN12, PRM2, NFIC

3.70E-03

Biological regulation WNT5A, RAB3C, IL9R, PANX1, C5, STAT5B, CRP, PRND, STRN, CCL5, TERC,

SCTR, HEMGN, ADPRHL1, FOXH1, STAT4, ERAF, CHM, FANCA, CEACAM1,

TBPL1, KLF5, PLD2, MAFB, ZHX2, CYP26A1, OLR1504, CDK6, DBH, RT1-A3,

CRHR2, NAALAD2, P2RX1, RPS6KA2, PLK1, IRF7, REM1, KCNH7, NFIC, ZFHX2,

IL22RA2

5.97E-03

Multicellular organismal

process

OLR210, WNT5A, RAB3C, C5, STAT5B, STRN, GJA5, TERC, HEMGN, FOXH1,

OLR482, STAT4, ERAF, CHM, ODF4, PCDHA13, FANCA, TBPL1, KLF5, PLD2,

OLR693, MAFB, OLR220, CCNF, CYP26A1, OLR1504, CDK6, DBH, PTPN12,

NAALAD2, P2RX1, IRF7, PRM2, NFIC

1.18E-02
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TABLE 2 | Classification of the upregulated and downregulated genes involved in the significant bioprocesses of the XYS group compared with the model group.

Term Genes P-value

Upregulated genes in XYS

group

Developmental process WNT5A, TACR3, EVX2, GRB2, C5, STRN, HEMGN, APOA5, ERAF, SOX18,

GPNMB, PCDHA13, FRS2, FIGF, FANCA, RUNX3, ANAPC2, LYN, ARHGEF7,

SMAD6, MYO1E, CDK6, MALT1, DBH, PRPH2, IRS1, GNAT2, ATP7A, ALOX15,

UCP3, HDAC1, SPATA18, NAB1, USH1C, TGFB1I1, COL1A1, PRM2, TCF12

2.18E-04

Multicellular organismal

process

TACR3, EVX2, STRN, HEMGN, OLR1392, APOA5, ERAF, SOX18, FRS2,

FANCA, ANAPC2, OLR790, LYN, ARHGEF7, LOC367539, CDK6, IRS1, SAG,

MMP11, ALOX15, OLR450, SPATA18, NAB1, USH1C, OLR194, COL1A1,

TGFB1I1, WNT5A, OLR1073, GRB2, C5, RPL10L, IL23A, GPNMB, PCDHA13,

OLR112, FIGF, RUNX3, OLR1609, OLR220, MYO1E, SMAD6, MALT1, DBH,

PRPH2, GNAT2, ATP7A, OLR1384, HDAC1, OLR1726, PRM2, TCF12

1.03E-03

Immune system process LYN, MYO1E, SMAD6, RT1-M1-2, C5, CXCL9, MALT1, CDK6, CXCL11, DBH,

ATP7A, IL23A, ERAF

1.33E-02

Response to stimulus WNT5A, TACR3, OLR1073, PANX1, GRB2, C5, RT1-M1-2, CXCL9, STRN,

CXCL11, IL23A, OLR1392, SLC2A1, APOA5, OLR112, OLR1609, OLR790,

LYN, OLR220, SMAD6, NEIL1, TRIM25, MALT1, DBH, PRPH2, IRS1, SAG,

CYP4B1, GNAT2, PCK1, ATP7A, OLR1384, HAO1, CRHR2, UCP3, HDAC1,

OLR450, OLR1726, OLR194, TGFB1I1, COL1A1

4.47E-02

Down regulated genes in

XYS group

Multicellular organismal

process

IBSP, PCDHA6, OLR851, ERBB4, EFNA1, EFNA2, MUTED,

PGAM2, DNASE1L2, EPHB3, CDH22, GPX2, OLR488, SOSTDC1, NOS3,

COL8A1, TWIST1, OTOP1, FANCC, NES, PTGER3, ESRRB, SMAD5, ACACA,

DLL3, ANG1, OLR247, DPYSL3, VAX1, SLCO1A5, TNNI2, MSX1, F5, ARRB2,

KCNJ8, CLDN1, OLR1288, FABP1, SEMA4D, OLR855, CTNS

3.22E-03

Developmental process IBSP, PCDHA6, ERBB4, EFNA1, EFNA2, MUTED, DNASE1L2, EPHB3, CDH22,

SOSTDC1, NOS3, COL8A1, TWIST1, OTOP1, FANCC, NES, ESRRB, SMAD5,

DLL3, ANG1, DPYSL3, VAX1, SLCO1A5, MSX1, KCNJ8, CLDN1,

SEMA4D, CTNS

4.58E-03

Biological adhesion CDH22, PCDHA6, IBSP, WISP2, F5, PCDHB3, CLDN1, LOC498972 2.8E-02

P < 0.05 was considered to be statistically significant, and arranged in the order of the significant difference. Genes: The differential genes which were screened in the bioprocess in

this experiment.

whereas 0 represents the least conserved sequence). The
first five optimal TFs of each group were exported after
the comparison. The TFs that potentially regulated the
differential expression of genes in the model and XYS
groups were obtained. Finally, networks regulating the
cis-transcription of the differentially expressed in the model
and XYS groups were established. The core genes in the
network structure were calculated using the PageRank
algorithm (23). The regulatory network was visualized using
Cytoscape (http://www.cytoscape.org/) (24).

RESULTS

Gene Chip Detection
A total of 566 differentially expressed genes were identified in the
model group comparedwith the control group, of which 365were
upregulated and 201 were downregulated. The results are shown
in Supplementary Table 1.

A total of 544 differentially expressed genes were identified in
the XYS group compared with the model group, of which 265
were upregulated and 279 were downregulated. The results are
shown in Supplementary Table 2.

Go Function Analysis
In the model and XYS groups, the significant biological processes
of the differentially expressed genes in the hippocampus

mainly included biological regulation, immune system process,
development, reproduction, multicellular organism, response to
stress, and adhesion, among others. Tables 1, 2 list the names
and P-values for biological processes that were significantly
activated or suppressed, as well as the number of differentially
expressed genes.

Signaling Pathway in Which the
Differentially Expressed Genes Were
Involved
Compared with the control group, differentially expressed genes
were involved in 4 significant signaling pathways in the model
group. The function of the cytokine-cytokine receptor interaction
pathway was significantly inhibited, with one upregulated gene
and four downregulated genes. The upregulated gene was
IL17RB. The downregulated genes were IL22RA2, IL9R, CCL5,
and CCL25. The pathway diagram has been published in the
Li et al. (19). Compared with the model group, differentially
expressed genes in the XYS group were involved in 4 significant
pathways. The actin cytoskeleton regulation pathway changed
significantly, with upregulation of the ARHGEF7 gene and
downregulation of the FGF14 and PAK4 genes. The pathway
diagram is shown in Figure 1. Tables 3, 4 list all the significant
signaling pathways in which the differentially expressed genes
in the model and XYS groups were involved (the pathways
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FIGURE 1 | Signaling pathways regulating the actin cytoskeleton. Diagram of the most significant signaling pathways in which the differentially expressed genes in the

XYS group were involved compared with the model group. The green label represents the downregulated FGF14 and PAK4 genes; the red label represents the

upregulated ARHGEF7 gene.

with the HAS prefix were obtained from the KEGG database,
and the others without a unified prefix were obtained from the
Biocarta database), the number of genes in each pathway in the
database, the number of differentially expressed genes, the names
of upregulated genes and downregulated genes and P-values
are shown.

Establishment of Networks Regulating the
Transcription of the Differentially
Expressed Genes
(1) Compared with the control group, 39 genes were
involved in the establishment of transcriptional regulatory
networks for the 566 differentially expressed genes in
the model group, of which 22 were upregulated and 17
were downregulated.

One hundred two transcription factors (TF) were predicted.
One hundred forty-one nodes (including transcription factors
and target genes) and 384 pairs of TF→ RTFT potential
relationships were identified in the transcriptional regulatory
network. (2) Compared with the model group, 40 genes

were involved in the establishment of the transcriptional
regulatory networks for the 544 differentially expressed genes
in the XYS group, of which 15 were upregulated and 25
were downregulated. One hundred twelve transcription factors
(TF) were predicted. One hundred fifty-two nodes (including
transcription factors and target genes) and 478 pairs of
TF→ RTFT potential relationships were identified in the
transcriptional regulatory network. Table 5 lists the PageRank
values of the first 10 core genes in the network structure and
their common TFs. Figure 2 show the diagrams of the regulatory
network structures. Red and green represent upregulated and
downregulated genes, respectively, and gray represents TFs. The
direction of regulation between the TF and TFT is presented as
an arrow.

Real-Time Fluorescence Quantitative PCR
The 2−11Ct method was used to compute the relative expression
of the verified gene. The ratio of the mean fluorescence
intensities of the genes in the gene chip experimental group to
the mean fluorescence intensities of the genes in the control
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TABLE 3 | Analysis of the differential gene pathways of model group compared with the control group.

Pathways Genes in

geneset (K)

Genes in overlap

(k)

Up-regulated

Genes

Down-regulated

Genes

P-value

HSA04060-

CYTOKINE_CYTOKINE_REC

EPTOR_INTERACTION

257 5 IL17RB IL22RA2, IL9R,

CCL5,

CCL25

1.98E-02

HSA04810_REGULATION_OF_ACT

IN_CYTOSKELETON

212 4 ITGB6, FGF14

ARPC5

ITGA10 2.95E-02

ACE_INHIBITOR 8 2 AGTR1, ACE 3.92E-02

SIG_PIP3_SIGNALING_IN_B_

YMPHOCYTES

36 4 ITPR2, AKT3

DAPP1

RPS6KA2 4.82E-02

TABLE 4 | Analysis of the differential gene pathways of XYS group compared with the model group.

Pathways Genes in

geneset (K)

Genes in overlap

(k)

Up-regulated Genes Down-regulated

Genes

P-value

HSA04810_REGULATION_OF_ACT

IN_CYTOSKELETON

212 3 ARHGEF7 FGF14

PAK4

2.71E-02

TERTPATHWAY 8 2 HDAC1 MAX 3.10E-02

CALCIUM_REGULATION_IN_CAR

DIAC_CELLS

143 3 FXYD2 ARRB2, RGS1 4.34E-02

HSA04060_CYTOKINE_CYTOKINE_REC

EPTOR_INTERACTION

257 6 IL22RA2, CNTFR, IL23A,

CXCL11, CXCL9, LTBR

4.49E-02

GPCRDB_CLASS_A_RHODOPSIN_LIKE 185 3 PTGER1, CNR1,

GPR30

5.14E-02

IL4PATHWAY 11 2 GRB2, IRS1 5.43E-02

P < 0.05 was considered to be statistically significant, and arranged in the order of the significant difference genes in geneset (K): the number of genes in this pathway in the database;

genes in overlap (k): the number of differential genes screened in this experiment. Up-regulated Genes and Down-regulated Genes: The up-regulated and down-regulated genes of the

differential genes on the pathway in the experiment.

group served as relative parameter to confirm the data. In the
relative quantitative analysis of real-time PCR data, a relative
expression ratio of the experimental group to the control
group of ≦1.5 or ≧0.67 suggested that the trends for the
upregulation or downregulation of gene expression, respectively,
were consistent with the gene chip results. The difference
in the relative expression of each gene between groups was
statistically analyzed, and the results were basically consistent
with the differentially expressed genes identified using the gene
chip (Figure 3).

Effects of Xiaoyaosan on the Expression of
the CRHR2 and GABRA1 Proteins and m
RNAs in the Rat Hippocampus
In situ hybridization and immunohistochemistry were used to
detect the expression of the CRHR2 and GABRA1 mRNAs
and proteins, respectively. The expression of the CRHR2
and GABRA1 mRNA in the hippocampal CA1, CA3 and
DG regions is shown in Figure 4A. CIS reduce the area in
which the CRHR2 mRNA was expressed in the hippocampal
CA1 region (P < 0.01), which was reversed by the XYS
treatment (P < 0.05) (Figure 4Ba). The integrated optical
density of CRHR2 mRNA expression in the hippocampal
CA1, CA3 and DG regions in model group (P < 0.01 or
0.05) was reduced, and this change was reversed by the XYS

treatment (P < 0.05) (Figure 4Bb). CIS increased the area
and integrated optical density of the GABRA1 mRNA in the
hippocampal DG region (P < 0.01 or 0.05), which was reversed
by the XYS treatment (P < 0.05; Figures 4Bc,d). Significant
differences in the area and integrated optical density of GABRA1
mRNA expression in the CA1 and CA3 regions were not
observed (Figures 4Bc,d). The expression of the CRHR2 and
GABRA1 proteins in the hippocampal CA1, CA3 and DG regions
is shown in Figure 5A.

CIS reduce the area in which the CRHR2 protein was
expressed in the hippocampal CA1 region (P < 0.01), which
was reversed by the XYS treatment (P < 0.01) (Figure 5Ba).
The CRHR2-positive area showed a decreasing trend in the
CA3 and DG regions, but the differences between groups
were not significant (P > 0.05; Figure 5Ba). The integrated
optical density of the CRHR2 protein was reduced in the
hippocampal CA1, CA3 and DG regions (P < 0.01 or 0.05)
of the model group, and these changes were reversed by the
XYS treatment (P < 0.05) (Figure 5Bb). CIS increased the
area and integrated optical density of GABRA1 expression in
the hippocampal DG region (P < 0.01 or 0.05), changes that
were reversed by the XYS treatment (P < 0.05; Figures 5Bc,d).
Significant differences in the area and integrated optical density
of GABRA1 expression were not observed in the CA1 and CA3

regions (Figures 5B,c,d).
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TABLE 5 | PageRank values of the first 10 core genes in the network structure diagram and their common TFs.

Gene Transcription factor PageRank

M-N

Klf5 AP-2,v-Maf,LMAF,SRY,odd,Myf,AP-2alphaA,HAP5,

COMP1,HEN1,NFE2L2,AZF1,NHP10,CAC-binding,MAC1, bZIP910,Dde,Nrf-2,Adf-1

0.052951

Lfng SWI5,E2A,Adf-1,myogenin,AP-2alphaA,LMAF,GAMYB, SMAD3,Myf,Spz1, AP-2, ARF,

LBP-1,MET32,hth,achi, REST,odd,HEB,HEN1,AP-4,Kr, MyoD, MyoD,CAC-binding, NHP10

0.049318

Cryba2 Dfd,bZIP910,NRSF,INO2,AtMYB-15,c-Ets-1,INO4, Osf2 0.043825

Pter Achi,Dde,Lmo2,ZEB1,sna,TBX5,E2A,Brachyury, MyoD,T,LMAF,SMAD3,CACD,MAC1,LF-A1 0.0403

Ppargc1a TAL1,SP1,MAZ, AP-4,RAP1,Tra-1,TFII-I,SPIB,ISGF-3 CUP2,Retroviral,PEND,myogenin,PU.1,AZF1,

EWSR1-FLI1,UF1H3BETA, Klf4,LBP-1,NHLH1,Elf-1,Dfd,E47,sna,SFL1, CAC-binding,Myf, Dde

0.039645

Krt1-19 Achi,TFII-I,EWSR1-FLI1,SP1,E2A,ARF,Skn-1,HTF, SMAD3,Oct-1, Opaque-2, MATALPHA2 0.036807

Tacstd2 Kr,Dde,E2A,MAC1,LMAF,HSF,TBF1,MEF-2,ESR1, SZF1-1,RAP1,Cdx,LUN-1,LF-A1 0.033357

Nxf ARF,MEF-2,KR,PEND,E2A, Retroviral,Ttk,SPIB,SFL1, TBF1,SZF1-1,LUN-1,CUP2,Elf-1,HSF,PU.1,AZF1 0.031067

Tgm1 NHLH1,Sp1,AP-4,E47,myogenin,GC,AZF1, PEND,Klf4,sna,KROX,TAL1,SUT1, Myf,DAL81,LBP-1,Elf-1 0.025603

Cyp26a1 LMAF,bZIP910,bZIP911,c-Myc,sna,MAC1,TAL1,E47, LF-A1,NF-muE1,E12,Dde,HAP5 0.025388

XYS-M

Ocm MEF-2, Caup, STB5, GATA-1, MATALPHA2, GATA-2, GLN3, GATA-4, Kr, Spz1, MEIS1A-HOXA9,

SZF1-1, CG11617, Opaque-2, YY1, ARF, ESR1, AR, Optix, TBF1

0.061146

Vof16 AZ, PEND, Elf-1, AZF1, HSF, MSN4, Lentiviral, ARF, SPIB, ttx-3_c, PU.1, Lyf-1, NFATC2 _D, ZNF219,

c-Rel, MAZR, Nkx6-1, Foxd3, UF1H3BETA, SFL1, HNF3alpha, STE11, MSN2, MZF1, TFII-I, SP1, Dl,

FOXP1, TFIIA, dl_1, br_Z1, MZF1_5-13, RGM1, dl_2

0.05971

Kcna1 Alfin1, Ets, Pax4, MZF1_5-13, MZF1, PU.1, SPIB, Optix, ETF, MAZ, BLIMP1, Egr, MCM1+SFF, LMAF,

NFATC2, SP1, EDS1, SPI1, KAISO, Dl, Elf-1, So, PEND, AZF1, id1, STAT5A, UF1H3BETA, Helios,

CG11617, dl_1, FEV, ZNF219, FZF1, E47, Cdc5, GLN3, HEB, MAC1

0.05841

Aqp1 PU.1, Sp1, AZF1, MAZ, Elf-1, FXR-RXR-alpha, Tra-1, ZEB1, PEND, ZNF219, GBF, ROM, UF1H3BETA,

E47, SREBP-1, E12, SFL1, MSN4, RGM1, Myogenin, MSN2, Pax4, HMG-I_Y, Klf4, SPIB, Sna, SPI1,

Alfin1

0.04028

Cnr1 CDC5, LMAF, Dde, MAC1 0.033435

Tnni2 PEND, Klf4, LMAF, Ets, MAC1, SPIB, AP-4, Myf, PU.1, TFIIA, AZF1, Myogenin, Ttk, E47, TAL1, GATA-4,

KAISO, HEB, SFL1, Elf-1, SPI1, STAT1, CDC5, Sna, Dde, NHLH1, HSF

0.03207

Msx1 FEV, dl_1, Sp1, RGM1, ZNF219, NFATC2, MZF1, PU.1, STRE, MSN4, Dl, Helios, STAT5A, MSN2, E2A,

id1, Klf4, EDS1, MAZ, Egr, BLIMP1, UF1H3BETA, GATA-1, MZF1_5-13, MCM1+SFF, MAZR, Tal1_Gata1

0.030168

Gja9 ZEB1, Sn, E47, AREB6, EmBP-1, T, MyoD, sna 0.030136

Efna1 FOXP1, STE11, HSF, Foxd3, Nkx6-1, ttx-3_c, Ttk, AZF1, br_Z1, HNF3alpha_D 0.027062

Ltbr Kr, SZF1-1, SPI1, ESR1, STB5, MEF-2, SPIB, sna, E47, PU.1, Spz1, ROM, E12, myogenin, PEND,

TBF1, Elf-1, SFL1, Tra-1, AZF1, ZEB1

0.02606

The names of the first 10 core genes in the model group and XYS group in the network structure in descending order according to the PageRank value. Transcription factor column lists

the predicted transcription factor of regulating and controlling each core gene.

DISCUSSION

In this study, we applied gene expression chip and bioinformatics

technology to determine the central hippocampal profile of

differentially expressed genes in rats exposed to CIS after the

administration of the XYS intervention, and relevant research
results are described above. The gene chip results for the

GABRA1, FADD, CRHR2, and CDK6 genes were verified using
real-time fluorescent quantitative PCR in hippocampal tissues
from the rats in each group. The ISH results for the GABRA1
and CRHR2 genes, and the immunohistochemical staining for
the GABRA1 and CRHR2 proteins were similar to the gene chip
results. The gene chip data were verified to be reliable at the tissue
and cell levels.

The most important characteristic of stress reactions is
the activation of the hypothalamic-pituitary-adrenal (HPA)

axis and the subsequent increase in glucocorticosteroid (GC)
secretion. Activation of the HPA axis is the most important
adaptative and protective response to stress, but during chronic
stress, the HPA axis tends to be in a continuously highly
reactive state, leading to the secretion of large amounts of GCs
and the dysfunction of the nervous, endocrine, and immune
systems, among others. The hippocampus is one of the most
important brain regions that mediates the stress response.
The hippocampus plays crucial roles in learning and memory.
Because the hippocampus expresses glucocorticoid receptors
(GR) at the highest levels in the central nervous system,
high levels of GCs induced by stress will selectively act on
the hippocampus, impairing hippocampal neuronal plasticity,
disrupting the balance between apoptosis and regeneration,
leading to atrophy and the loss of neurons, and eventually local
damage to the hippocampal structure and function (25, 26).
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FIGURE 2 | Diagram of the networks regulating the transcription of the differentially expressed genes in the model group compared with the XYS group. Red and

green represent upregulated and downregulated genes, respectively, and gray represents TFs. The arrow indicates the direction in which the TF target (TFT) genes are

regulated by transcription factors (TFs).

We genetically confirmed the reliability of previous findings.
Based on the dynamic analysis of the central hippocampal
profiles of differentially expressed genes in rats exposed to 21
days of chronic immobilization stress, (1) the HPA axis of the

stressed rats is hyperactivated. The function of the hippocampal
immune system was significantly inhibited, and the number and
function of T lymphocytes were abnormal. (2) An imbalance
in the synthesis and degradation of extracellular matrix (ECM)
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FIGURE 3 | Relative quantitative analyses of the expression of the GABRA1, CRHR2, FADD, and CDK6 mRNAs in the rat hippocampal tissues from each group. (A)

Relative quantitative analyses of GABRA1 mRNA expression in each group. (B) Relative quantitative analyses of CRHR2 mRNA expression in each group. (C) Relative

quantitative analyses of FADD mRNA expression in each group. (D) Relative quantitative analyses of CDK6 mRNA expression in each group. **P < 0.01 compared

with the control group. NNP < 0.01 compared with the model group.

of hippocampus tissues was observed. The synthesis of ECM
increased, and the degradation was reduced. Collagen synthesis
was increased. The overdeposition of ECM and collagen
resulted in a certain degree of hardening of the hippocampus,
and the inflammatory response in the hippocampal tissue
is a key factor promoting the overdeposition of ECM and
collagen. (3) The balance between the growth and apoptosis of
hippocampal neurons was disrupted. The growth of hippocampal
neurons was inhibited, but apoptosis was accelerated. A detailed
explanation of these conclusions has been published in the
Li et al.

XYS is widely used as modern clinical treatment for diseases.
It has been used to cure more than 165 different diseases by
physicians in the fields of psychiatry, neurology, cardiology,
gastroenterology, gynecology, surgery, etc., (27). It is most
commonly used for psychiatric diseases and neurological
diseases (28) and the most common symptoms treated are
depression, followed by anxiety, cardiac symptoms, neuroses,
sleep disorders, etc., (29). The regulatory effect of XYS on
chronic stress has also been studied extensively. The stress-
induced abnormalities in the function of the central nervous
system are significantly improved or eliminated by XYS and
its components, including learning and memory deficits,
depression, and sleep disorders caused by psychological stress.
XYS and its components also display calming, analgesic, anti-
convulsant, anti-anxiety, and anti-chronic depression properties.

Its effect on chronic depression is similar to imipramine (30).
Research on the pharmacology of modern Chinese medicine
also shows that XYS exerts a strong central pharmacological
action. Among the 8 components (Radix Bupleuri, Rhizoma
Atractylodis Macrocephalae, Radix Paeoniae Alba, Poria, Radix
Angelicae Sinensis, Herba Menthae, Rhizoma Zingiberis Recens,
and Radix Glycyrrhizae), Radix Bupleuri exhibits sedative
and anti-convulsant activities, and improves central nervous
excitability (31); Angelica Sinensis has sedative, analgesic,
anti-convulsant, nerve repair, memory enhancing, anti-
inflammatory, and immune boosting properties and obviously
promotes the haematopoietic function of the circulatory system
(32); Paeoniae has anti-inflammatory, immunomodulatory,
analgesic, sedative, anti-depressant, anti-fibrotic, anti-apoptotic,
and neuroprotective properties and enhances learning, and
memory (33); Rhizoma Atractylodis Macrocephalae regulates
the nervous and immune systems, functions as a sedative and
stimulates Th1 lymphocyte growth (34); Poria exerts anti-
inflammatory and sedative effects, and particularly adjusts the
ratio of T cell subgroups and enhances immunity (35) Radix
Glycyrrhizae enhances immune function and protects nerves
(36); Rhizoma Zingiberis Recens has a dual regulatory effect on
the excitation and inhibition of the central nervous system (37)
Herba Menthae excites the central nervous system (38). Thus,
the components of XYS regulate the function of the central
nervous system.
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FIGURE 4 | Effects of Xiaoyaosan on the expression of the CRHR2 and GABRA1 mRNAs in the rat hippocampus. (A) The expression of the CRHR2 and GABRA1

mRNAs in the hippocampal CA1, CA3 and DG regions. The expression of the CRHR2 mRNA in the hippocampal CA1 (a1–a3), CA3 (a4–a6), DG (a7–a9) regions of

the control, model, and Xiaoyaosan groups is shown. The expression of the GABRA1 mRNA in the hippocampal CA1 (a10–a12), CA3 (a13–a15), DG (a16–a18)

regions of the control, model, Xiaoyaosan groups is shown. (B) Changes in the expression of the CRHR2 and GABRA1 mRNAs in the rat hippocampus. (a)

CRHR2-positive area in ISH. (b) Integrated optical density of the ISH for CRHR2. (c) GABRA1-positive area in ISH. (d) Integrated optical density of the GABRA1 ISH.

Values are presented as the means ± SD from 10 rats per group. *P < 0.05 and **P < 0.01 compared with the control group. NP < 0.05 compared with the

model group.

We were encouraged to note that XYS reversed the
stress-induced hippocampal damage. XYS is a multi-
target, multi-pathway, and multi-channel agent with a dual
regulatory function.

First, the GO analysis of the hippocampal gene expression
profile in the XYS group showed that XYS restored the
functions of multiple downregulated biological pathways in the
stressed rats. As shown in Table 2, XYS not only regulated
the downregulated developmental process and multicellular
biological processes in stressed rats to ensure a new dynamic
balance but also significantly inhibited the effects of and
increased the function of the immune system in the stressed rats.
The mechanism by which XYS regulated the immune system of

the stressed rats might be related to the increased expression
of the C5, DβH, ERAF, CDK6, RT1-M1-2, MALT1, SMAD6,
CXCL9, CXCL11, IL23A, LYN, MYO1E, and ATP7A genes. In
these upregulated genes, the expression of C5, DβH, ERAF, and
CDK6 was downregulated in the model group. XYS play a direct
reversal effect.

The increased expression of C5 showed that XYS reversed
the complement-activated cascade reaction that was inhibited
by 21 days of stress and restored the decreased humoural
immune function of the stressed rats. The expression of the
RT1 and M1-2 MHC class III genes was upregulated. MHC
class III is mainly involved in regulating the innate immune
response. Therefore, XYS not only restores the decreased
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FIGURE 5 | Effects of Xiaoyaosan on the levels of the CRHR2 and GABRA1 proteins in the rat hippocampus. (A) Levels of the CRHR2 and GABRA1 proteins in the

hippocampal CA1, CA3, and DG regions. Levels of the CRHR2 protein in hippocampal CA1 (a1–a3), CA3 (a4–a6), DG (a7–a9) regions of the control, model, and

Xiaoyaosan groups. Levels of the GABRA1 protein in the hippocampal CA1 (a10–a12), CA3 (a13–a15), DG (a16–a18) regions of the control, model, and Xiaoyaosan

groups. (B) Changes in the levels of the CRHR2 and GABRA1 proteins in the rat hippocampus. (a) CRHR2-positive area. (b) Integrated optical density of the CRHR2

protein. (c) GABRA1-positive area. (d) Integrated optical density of the GABRA1 protein. Values are presented as the means±SD from 10 rats per group. *P < 0.05

and **P < 0.01 compared with the control group. NP < 0.05 and NNP < 0.01 compared with the model group.

humoural immunity but also improves the innate immune
response of stressed rats. An increase in innate immunity is
an important aspect of improving the overall immunity of
the body.

Dopamine beta hydroxylase (DβH) is the key enzyme
that catalzses the transformation of dopamine (DA) to
norepinephrine (NE/NA). In response to stress, increased
NA synthesis and the subsequent increase the capacity to adapt
to the external environment mediate the adaptable regulation
of the body (39, 40). XYS reversed the downregulation of DβH
expression in the stressed rats and increased NA levels in the
hippocampus of the stressed rats; thus, the mechanism regulating
the resistance of the hippocampus to stress were enhanced.

Erythroid-associated factor (ERAF), which is also called
alpha-hemoglobin-stabilizing protein (AHSP), is a protein that
is expressed at high levels in erythrocytes and is closely related
to the functions of these cells (41, 42). The downregulated
expression of AHSP in the model group of rats revealed that 21-
day CIS altered the haemopoietic system of rats. In combination
with the downregulated expression of CD34 in immune system
of the model group, the haemopoietic system was undoubtedly
altered. The CD34 antigen is selectively expressed on the surface
of haematopoietic stem cells (HSCs), progenitor cells (PCs),
and endothelial cells (ECs), and promotes the formation of
haematopoietic progenitor cells. XYS reversed the changes in
ERAF expression during the production of erythroid cells in
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stressed rats, restored cell homeostasis, and maintained the
function of red blood cells.

The main biological function of CDK6 is to regulate the
transition between different phases of the cell cycle (43). The
decreased expression of CDK6 revealed an abnormality in the cell
cycle of hippocampal neurons in the stressed rats, and neuronal
growth was inhibited, leading to the aging and death of neurons.
XYS reversed the abnormal cell cycle of hippocampal neurons in
stressed rats by up-regulating the expression of CDK6.

Here, we will focus on the expression of the SMAD6,
MALT1, CXCL9, CXCL11, IL23A, LYN, MYO1E, and ATP7A
genes to clarify the mechanism by which XYS restored the
function of suppressed immune system. These genes were not
differentially expressed in the model group, but their expression
was upregulated in the XYS group.

SMAD6 is an important downstream molecule in the TGF
-β/Smad signaling pathway, and it is an inhibitory Smad
protein (I-Smad). The TGF-β/Smad signaling pathway has been
studied extensively in a hepatic fibrosis (HF) model.ds signaling
pathway has been studied extensively in hepatic fibrosis (HF)
model (44). Increased Smad6 expression negatively regulates
the TGFβ/Smad signaling pathway, exerts an anti-fibrotic effect
(45), In addition, Smad6 blocks the SMAD signal mediated by
TGF-β by blocking receptor-induced SMAD phosphorylation,
thus inhibiting apoptosis (46). We observed substantial collagen
deposition in the hippocampus of rats subjected to 21 days of
chronic stress. The expression of some collagen proteins, such as
Col8a1 (ratio: 3.17, the numbers in parentheses following each
protein are all ratios), Col1a1 (1.52), Col1a1 (1.89), Col1a2 (1.53),
Col3a1 (2.0), Col4a2 (1.7), and Col8a2 (1.93), was increased.
Collagen inhibits cell proliferation (47, 48). The induction of
collagen synthesis may promote the sclerosis of the hippocampus
to some extent, resulting in the loss of some neurons. In
combination with the analysis of signaling pathways, XYS not
only increased the expression of the inhibitory Smad, Smad6
but also decreased the expression of the regulatory protein
SMAD5 and negatively regulated the TGF-β signaling pathway
(TGF_BETA_SIGNALING_PATHWAY, although the difference
was not significant, P = 0.196). Thus, the balance between the
synthesis and degradation of extracellular matrix in hippocampal
neurons was restored, thus preventing hippocampal sclerosis,
repairing the hippocampal damage, inhibiting the apoptosis of
hippocampal neurons, increasing the number of hippocampal
neurons, and restoring the suppressed immune function
of hippocampus.

In addition, XYS also restored the immune function of
the hippocampus by up-regulating the expression of MALT1.
MALT1 is involved in the activation and function of T
lymphocytes. A MALT1 deficiency reduces T cell proliferation
(49), inhibits T cell activation by antigens (50). In our study,
we have analyzed the number and impaired function of T
lymphocytes, which is the main reason for the decrease in the
immune function of stressed rats. XYS promoted the activation
and proliferation of T lymphocytes by increasing the expression
of MALT1.

Chemokine (C-X-C motif) ligand 9 (CXCL9) and CXCL11
are type I chemotactic factors or type Th1 chemotactic factors

(51). These chemokines exert substantial effects on Th1 cell
recruitment (52), and promote the production of Th1 type
cytokines by decreasing the levels of Th2 cytokines. Th1
cytokines can promote the repair of normal tissues and play an
important role in controlling infection and tissue damage (53,
54). In our study, the Th1/Th2 balance in the hippocampus of rats
subjected to 21 days of chronic stress was disrupted, and the Th1
cells were suppressed. By increasing the expression of CXCL9 and
CXCL11 (CXCL11 exhibited a significant increase, ratio: 95.67),
XYS induced the accumulation of Th1 cells in the hippocampus,
increased the proportion of Th1 cells in the hippocampus, and
restored the Th1/Th2 cell balance. XYS not only reduced the
hippocampal damage induced by Th2 cells but also promoted the
repair of the hippocampal structure by increasing the number
of Th1 cells. At the same time, the increased expression of
CXCL9 and CXCL11 induced the accumulation of macrophages
in the hippocampus by chemotaxis. As inflammatory cells,
macrophages engulf and destroy the damaged tissue and help
initiate the recovery process.

In addition, interleukin 23 (IL-23) and alpha subunit p19
(IL23a) increased the proportion of hippocampal Th1 cells. IL-
23 is a new member of the IL-12 family that mainly functions
as a proinflammatory cytokine. It promotes the proliferation of
activated T cells and memory T cells and induces and activates T
cells and DC to generate type Th1 cytokines, such as IFN-γ and
IL-12. IL-23 causes a more persistent Th1 immune response than
IL-12 (55).

In many autoimmune diseases, CXCL9 and CXCL11 are
involved in the immune dysfunction in the target organs and
excess amplification of the local inflammatory response in
patients with various diseases (56, 57). The increased expression
of CXCL9 and CXCL11 may also excessively activate the
hippocampal type Th1 immune and inflammatory response and
trigger autoimmune diseases, but the upregulated expression of
LYN (ratio: 2.06) eliminated our concerns.

LYN is mainly expressed in inflammatory cells such as
mononuclear macrophages (58). Lyn is a kinase with anti-
inflammatory properties (59–61). LYN also has a very important
role in maintaining the normal immune state of the body. A LYN
deficiency can cause autoimmune diseases (62–64). In our study,
the chronic inflammatory response in the hippocampus of the
stressed rats was responsible for the decrease in the hippocampal
function, and the inflammatory response was mainly a Th2 type
response. Inflammation damaged the organized structure of the
hippocampus, and increased the incidence of a spontaneous
immune disease. An inflammatory response was also observed
in the hippocampus after the administration of XYS, but it was
mainly a type Th1 inflammatory response. As mentioned above,
the XYS treatment activated and induced the accumulation
of macrophages in the hippocampal tissue, and CXCL9
and CXCL11 induced the chemotaxis of Th1 cells to the
hippocampus. The upregulated expression of LYN further may
promote the activation of macrophages, enhance the inherent
immune function of the hippocampus, induce the production
of cytokines, and help hippocampus initiate the repair and
remodeling processes. At the same time, the upregulated
expression of Lyn restricted the excessive amplification of the
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inflammatory response. While repairing the damaged structure
of the hippocampus, the Th1/Th2 cells achieved a new dynamic
balance, thus avoiding the occurrence of autoimmune diseases.
XYS exerted a dual regulatory effect.

MYO1E is type I myosin. MYO1E participates in numerous
cell activities associated with actin fibers, such as endocytosis,
signal transduction, maintenance of the cell membrane structure
and tension, etc. (65), and this protein is closely related to
the actin cytoskeleton. MYO1E is an indispensable component
that maintains normal cellular morphology and functions (66–
68). The 21-day CIS protocol increased the levels of pro-
apoptosis proteins in hippocampal neurons (for example, the
expression of Fadd increased) and affected the ability of
hippocampal neurons to maintain a normal cytoskeleton. One
of the mechanisms by which XYS restores the function of
the immune system may be to increase the expression of
MYO1E to repair the damaged cytoskeleton in hippocampal
neurons and the damage to the structure and function of
hippocampal neurons.

In addition, ATP7A is also associated with the cytoskeleton
in and apoptosis of hippocampal neurons (69, 70). Increased
expression of ATP7A promotes the repair of the cytoskeleton
and decreases hippocampal neuron apoptosis, and it restores the
structure and function of the hippocampus.

XYS reversed the core molecular events that significantly
affected the structure and function of the hippocampus in
stressed rats. The Th1 type inflammatory response plays an
important role in the repair of the pathological damage to
the hippocampal tissue in the stressed rats. The analysis of
the gene regulation network and signaling pathways further
confirmed the repair of the hippocampal structure and function
in stressed rats.

The analysis of the gene regulation network showed that XYS
reversed the pathological process of accelerated apoptosis and
inhibited growth of hippocampal neurons in the stressed rats, and
the regeneration of hippocampal neurons was the core molecular
event in the regulatory network. The core of the network was
no longer the KLF5 gene that inhibited cell growth, but the
oncomodulin (OCM, Ratio was 2.03) gene that promoted cell
growth. Previous studies have confirmed that confirmed that
OCM was a new kind of neuronal growth factor in the central
and peripheral nervous systems (71). It is an effective growth
factor in the innate immune system and neurons (72). The key
step in central nervous system regeneration is the growth of
axons, and OCM promotes axon regeneration in the central
nervous system and peripheral nervous system in vivo and in
vitro. Cultured cells and the experimentalmice showed that OCM
obviously promotes the growth of the optic nerve, enhances the
axonal regeneration capacity of the dorsal root ganglion (71,
72), and influences the direction of growth of the regenerating
optic nerve axons in mice (73). Combined with the previous
analysis, in our study, the increased OCM expression promoted
the growth of hippocampal neurons, and OCM may also be
mainly derived from activated macrophages. CXCL11 expression
was significantly increased, and CXCL11 induced macrophage
accumulation in the hippocampus by chemotaxis. Of course,
OCM may also be derived from neutrophils, and CXCL11

can also induce granulocytes accumulation in the hippocampus
by chemotaxis.

Based on the analysis of signaling pathways in hippocampal
tissues from the 21-day stress group, the cytokine and cytokine
receptor signaling pathway exhibited the most significant
changes. We had already analyzed the upregulated IL17RB gene
and downregulated IL22RA2, IL9R, CCL5, and CCL25 genes in
the pathway, and the changes in the expression of these cytokines
and cytokine receptors indicated that the Th2 inflammatory
response predominated in the hippocampal tissues of the stressed
rats. As the exposure to stress increased, the inhibitory effect on
Th1 cells was more remarkable, and a lesion occurred in the
hippocampal tissue (19). However, the most significant change
in the XYS group occurred in the pathway regulating the actin
cytoskeleton. Changes in the cytoskeleton are closely related to
neuronal injury, and the extension of the axon and dendrites of
neurons are related to the cytoskeleton. Significant increases in
the expression of the Rho guanine nucleotide exchange factor 7
(ARHGEF7) gene, (ratio: 14.4), and significant decreases in the
expression of the FGF14 (ratio: 0.43) and PAK4 (ratio: 0.56) genes
in this pathway were observed.

Previous studies examining the function of RhoGEFs have
frequently studied the effect on the actin cytoskeleton. ARHGEF7
regulates the actin cytoskeleton through CDC42 and PAKs
(74, 75). ARHGEF7 modulates the function of PAKs that are
important for regulating downstream proteins that maintain F-
actin stability, such as LIM-kinases and ADF/cofilins (74, 76).
ARHGEF7 affects the hyperplasia of neurites by regulating actin
polymerization, and increase ARHGEF7 expression increases
neurite growth (77, 78). ARHGEF7 has recently been shown
to guide the actin cytoskeleton in the growth cone. The
downregulation of ARHGEF7 significantly reduces neurite
hyperplasia, while ARHGEF7 overexpression increases the
number of neuronal growth cones (79). The increased expression
of ARHGEF7 suggests that XYS induced the formation of
neurites in hippocampal neurites of stressed rats and enhanced
the regeneration of hippocampal neurons. By restructuring of
cytoskeleton, XYS repaired the structure and function of the
damaged hippocampal tissue.

P21-activated kinase 4 (PAK4) is a class II molecule in
the PAKs family. PAK has many biological functions, such as
regulating the cytoskeleton, cell survival and apoptosis, and the
transduction and transformation of cell growth signals (80–82).
Combined with the previous analysis of ARHGEF7 expression,
we propose that the downregulation of PAK4 restricts the
significant upregulation of ARHGEF7 expression, and themutual
interaction between the two repairs the structure and function of
the hippocampal tissue.

FGF14 was downregulated in this pathway (ratio: 0.43).
Previous studies on fibroblast growth factor (FGF) have focused
on the central nervous system and liver fibrosis. The biological
function of FGF14 is unclear. FGF14 is widely expressed in
the developing and mature central nervous system, including
the hippocampus, cerebral cortex (temporal lobe), putamen and
cerebellum and is related to nerve signal conduction, axon
transport and synaptic transmission (83). It plays important roles
in spatial learning and synaptic plasticity (84, 85). We speculated

Frontiers in Psychiatry | www.frontiersin.org 14 April 2019 | Volume 10 | Article 178196

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Li et al. Hippocampal Gene Expression Spectrum

that FGF14 is related to the synthesis and degradation of collagen
and ECM in the hippocampus, based on the functions of FGF in
the liver fibrosis model.

As mentioned above, the liver tissue of the liver fibrosis
model presents obviously aberrant increase in the expression and
excessive deposition of collagen fibers and extracellular matrix.
FGF contributes to hepatic fibrosis. The mice that lack FGF1 and
FGF2, liver fibrosis was decreased (86). Improving the expression
of FGF9 in hepatic cells will lead to hepatic cell proliferation
and collagen deposition (87). In patients with liver cancer, FGFs
(FGF2, FGF4, FGF5, FGF9, and FGF22) are overexpressed (88).
We did not identify direct reports of the role of FGF14 in
hepatic fibrosis, but the FGF11-14 subfamily members interact
with mitogen-activated protein kinase (MAPK) (89). The MAPK
signaling pathway is closely related to the occurrence and
development of fibrosis in various organs (90–92). For instance,
the MAPK signaling pathway mediate the formation of liver
fibrosis by regulating the activation, proliferation and apoptosis
of hepatic stellate cells. Although the function of the MAPK
signaling pathway was not significantly altered in response to
21 days of stress, changes in its activation or inhibition were
observed. Compared with control group, the MAPK signaling
pathway was activated in the 21-day stressed rats. Among the
genes in the pathway, FGF14 gene (2.25), was upregulated.
Compared with model group, the MAPK signaling pathway
was inhibited in the 21-day XYS group. Among the genes in
the pathway FGF14 (0.43), was downregulated. In this case, we
hypothesized that FGF14 may be involved in the deposition and
degradation of collagen and ECM in hippocampal tissue, and
the downregulation of FGF14 would facilitate the degradation
of collagen and the ECM in the hippocampal tissue, enabling
ARHGEF to promote the growth of the hippocampal neurons
and increase the number of growth cones. Of course, further
studies using multiple techniques are needed to determine
whether FGF14 promotes the degradation of collagen and
the ECM in the hippocampal tissue under physiological and
pathological conditions in the future.

In summary, the interaction of ARHGEF, Pak4, and FGF14
regulates the actin cytoskeleton in hippocampal neurons through
an intricate regulatory network. ARHGEF7 positively regulates
hippocampal neurons and the growth of their axons. The
downregulated expression of FGF14 and Pak4 appears to inhibit
the growth of hippocampal neurons, but this negative regulation
balances the growth and apoptosis of hippocampal neurons. The
intercoordination of positive and negative regulatory pathways
enables the network of hippocampal nerve cells to be in a new
equilibrium state.

In summary, we have obtained a understanding of the
mechanism by which XYS enhances the resistance of the
rat hippocampus to stress by bi-directionally regulating
multiple genes, targets and pathways. XYS may enhance
the immunocompetence and neuronal regeneration in the
hippocampus of the stressed rats, and repaire the stress-induced
damage to the structure and function of the hippocampus
by reorganizing the cytoskeleton. The Th1 inflammatory
response and CXCL11, LYN, OCM, and ARHGEF7 genes play
a crucial role in the repair of the pathological damage to the
hippocampus of stressed rats. XYS may exert therapeutic effects
on autoimmune diseases and thalassaemia, among others. In the
future, we will perform an in-depth analysis to verify the gene
expression profile and provide reliable experimental evidence for
the clinical application of XYS.
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Aims: Serotonin 1A receptor (5-HT1A) and vascular endothelial growth factor (VEGF) 
are widely expressed in the neurons of the hippocampus and have significant roles in 
the pathophysiological processes of major depressive disorders (MDDs). The present 
study was designed to examine 5-HT1A and VEGF gene polymorphisms and whether 
the gene–gene interaction of 5-HT1A and VEGF gene variants was associated with MDD.

Methods: A total of 264 MDD patients and 264 healthy controls were included in 
the present genetic study. The rs6295, rs1364043, and rs878567 single-nucleotide 
polymorphisms (SNPs) in the 5-HT1A gene and the rs699947, rs833061, and rs2010963 
SNPs in the VEGF gene were selected for genotypic analyses. The generalized multifactor 
dimensionality reduction method was employed to assess their interactions.

Results: The genotype distributions of the two genes’ respective SNPs were significantly 
different between patients and controls for 5-HT1A rs6295 (p = 0.041) and VEGF 
rs2010963 (p = 0.035); however, no significant allelic variation in 5-HT1A (rs6295, 
rs1364043, and rs878567) and VEGF (rs699947, rs833061, and rs2010963) was 
found. The interactions between 5-HT1A (rs6295, rs1364043, and rs878567) and VEGF 
(rs699947, rs833061, and rs2010963) had a cross-validation (CV) consistency of 10/10 
and a p value of 0.0107, which was considered as the best generalized multifactor 
dimensionality reduction (GMDR) model.

Conclusions: The interactions between 5-HT1A and VEGF gene polymorphisms may 
play a key role in the development of MDD in the Northern Chinese Han population.

Keywords: major depressive disorder, genetic association, 5-HT1A, vascular endothelial growth factor,  
gene–gene interaction
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INTRODUCTION

Major depressive disorder (MDD) is one of the most common 
complex mental disorders, with symptoms that include loss 
of interest, periodic depression, and thoughts of suicide. 
Epidemiologic studies have shown that MDD afflicted an 
estimated 7%–11% of the general population (1, 2); yet, the 
underlying mechanism of MDD remains unclear. Genetic 
factors are likely to play a critical role in its etiology with the 
total contribution of heritability estimated at approximately 
40% (3). Results from family, twin, and adoption studies 
provided further strong evidence for a genetic component to 
MDD (4); however, there are studies suggesting that single 
genetic loci offer weak predictive power for the identification 
of MDD (5). A large body of evidence found that gene–gene 
interactions are intricately involved in the phenotypic effect 
of variation in complex psychiatric diseases, particularly 
when a specific individual genetic variant is present (6, 7). 
There are numerous studies that suggest that overlaps exist 
between biological mechanisms underlying MDD (8). Thus, 
identifying the genetic mechanisms of MDD susceptibility 
may contribute to a better understanding of the etiological 
features of MDD (9).

Previous studies of neuroimaging and postmortem MDD 
patients found that the average volume of the hippocampus 
declined 9% and that atrophy of existing neurons and 
neurogenesis may lead to the pathophysiology of MDD (10–12). 
There is evidence to show that neurogenesis could decrease the 
levels of MDD and that chronic treatment with antidepressants 
may facilitate this decrease and also prevent reductions in 
hippocampal volume (13, 14). The above findings form the 
basis of the hypothesis that stress and antidepressants can affect 
hippocampal neurogenesis and are therefore likely have a role in 
MDD (15–17).

Increasing results of studies demonstrate that dysregulation 
of neurotrophic factors are associated with MDD (18, 19). 
Vascular endothelial growth factor (VEGF) and serotonin 1A 
receptor (5-HT1A) are widely expressed in neurons and have 
an important role in the pathophysiological processes of MDD 
(20, 21). Indeed, a previous study demonstrated that activation 
of the 5-HT1A gene is enough to induce VEGF expression in 
the neonatal hippocampus (22). The 5-HT1A gene is located 
on chromosome 5q11.2-q13 and encodes for one of the most 
abundant serotonin receptors in the brain. Several studies 
found that the 5-HT1A gene was in both presynaptic and 
postsynaptic neurons of the hippocampus (23). In addition, 
an increasing body of literature confirmed that impaired 
5-HT1A expression or function was associated with MDD 
(24, 25). Subsequent studies showed that the rs6295(C-
1019G) 5-HT1A promoter polymorphism was associated with 
MDD and the response to antidepressant therapy (26–28). 
The VEGF gene is located on chromosome 6p21.3 (29), which 
has been shown to play a role in hippocampal neurogenesis 
(30, 31) and in the response to stress. In addition, increasing 
numbers of studies have identified a role for VEGF in 
the pathophysiology of MDD and for the neurogenic and 
behavioral actions of antidepressants (32). So far, whether the 

5-HT1A gene variants are able to stimulate VEGF expression 
is still unclear.

To date, no studies have been initiated to determine if an 
association between 5-HT1A/VEGF genetic polymorphisms and 
MDD exists using multilocus analyses in the Northern Chinese 
Han population. Hence, the aims of this study were to investigate 
the possible association of 5-HT1A and VEGF gene variants with 
MDD and to determine the potential susceptibility of gene–gene 
interactions in this disease.

MATERIALS AND METHODS

Sample
Blood samples were collected from 528 Chinese Han patients 
with MDD, who were outpatients and inpatients from the 
Psychiatry Department of the First Affiliated Hospital of Harbin 
Medical University. All patients underwent the Structured 
Clinical Interview for the Diagnostic and Statistical Manual of 
Mental Disorders (SCID, DSM-IV) to confirm the diagnosis of 
MDD. All the patients were in their first episode. We used the 
Hamilton Depression Scale Test to assess the severity of patients 
who had not received antidepression treatment for 2 weeks prior 
to participation. Patients with other major mental diseases, brain 
organic mental disorders, and comorbidity for other psychiatric 
disturbances were excluded. At the same time, 264 age-, 
education-, career-, and ethnically matched healthy controls were 
selected from the same hospital for a physical examination. This 
study was approved by the Ethics Committee of Harbin Medical 
University. All participants provided written informed consent.

Genotyping
Genomic DNA was isolated from blood samples using a MagNA 
Pure DNA Isolator (Roche, Indianapolis, IN, USA). After 
DNA extraction, PCRs were used to amplify specific regions of 
the VEGF and 5-HT1A genes, respectively. Single-nucleotide 
polymorphism (SNP) analyses were performed using the 
Taqman allelic discrimination assay on a 7900 systems (Applied 
Biosystem Inc) according to the manufacturer’s instructions.

Statistical Analysis
SPSS 19.0 software was used for all analyses. The χ2 test was 
used to analyze the between-group differences in gender and 
distributions of genotypes and alleles between the patient group 
and the control group. The Student’s t test was used to compare 
continuous variables. The Hardy–Weinberg equilibrium was 
evaluated for the genotypic distribution of each SNP by using 
a Pearson goodness-of-fit test in both patients and controls. 
Haplotype frequencies in MDD patients and controls were 
estimated by Haploview 4.2 software. Those haplotypes with 
p value need to do permutation tests 1,000 times. A p value of 
less than 0.05 was considered statistically significant.

Generalized multifactor dimensionality reduction (GMDR) 
analysis was used to assess gene–gene interactions (33) and is an 
extension of the multifactor dimensionality reduction method. 
Briefly, we performed 10-fold cross-validation and tested two 
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six-marker interaction models with 1,000 permutations. The best 
value of maximized cross-validation (CV), balanced accuracy, 
and the most significant gene–gene interaction model were 
provided by GMDR analysis. We used interaction graphs to 
interpret the SNP interactions of the best model (34).

RESULTS

A total of 528 participants were included in the present genetic 
study. Table 1 shows the demographic and characteristics of 
study participants. No significant difference was found in mean 
age and sex ratio between patients and controls.

Haplotype frequencies in patients and controls were 
estimated by Haploview 4.2 software. The results of haplotype-
based analysis are presented in Table 2. Strong LD was observed 
between rs878567 and rs6295 of the 5-HT1A gene (D′= 1.0, r2 = 
0.72), but haplotype-based analysis found that the 5-HT1A gene 
rs878567-rs6295 haplotype was not associated with MDD (p = 
0.040, permuted p = 0.242).

Genotype distributions for 5-HT1A and VEGF gene 
polymorphisms were analyzed using the Hardy–Weinberg 
equilibrium. Table 3 shows the distributions of genotypes and 
alleles for the six SNPs in patients and controls. The genotype 
distributions of two SNPs were significantly different between 
patients and controls for 5-HT1A rs6295 (p = 0.041) and VEGF 
rs2010963 (p = 0.035). However, no significant difference in allele 
distributions of 5-HT1A (rs6295, rs1364043, and rs878567) and 
VEGF (rs699947, rs833061, and rs2010963) between patients 
and controls were found.

In addition, gene–gene interactions were analyzed using 
GMDR software to assess the impact of combinations of the six 
SNPs in MDD. p values were calculated by permuting the cases 
and controls 1,000 times. The results of GMDR analysis for each 
2-locus to 6-locus multilocus–genotype combination are shown 
in Table 4. The interactions between 5-HT1A (rs6295, rs1364043, 
and rs878567) and VEGF (rs699947, rs833061, and rs2010963) 
had a CV consistency of 10/10 and a p value of 0.0107, which was 

considered as the best GMDR model. The results indicated that 
there were potential gene–gene interactions between 5-HT1A 
and VEGF in MDD susceptibility.

After identifying the impacts of combinations of the six 
SNPs using GMDR, we used the entropy estimates to produce 
an interaction graph to interpret the relationship between these 
six SNPs. As shown in Figure 1, a negative interaction effect of 
rs6295 and rs878567 was found in the 5-HT1A gene with an 
interaction entropy of −0.77%, while a positive interaction effect 
of rs878567 was found in the 5-HT1A gene and of rs2010963 in 
the VEGF gene with an interaction entropy of 0.52. The most 
independent effect and the least effect were rs2010963 (0.92%) 
and rs699947 (0.14%), respectively.

DISCUSSION

In the present study, we explored the impact of the 5-HT1A and 
VEGF genes and gene–gene interactions on the risk of MDD in 
the Northern Chinese Han population. Our study investigated 
not only the main effects but also the joint effects of the 5-HT1A 
and VEGF genes. The results found that the VEGF gene had a 
few main effects on MDD, but when combined with the 5-HT1A 
gene, the interaction effect was definitively associated with MDD.

To date, we have found that the 5-HT1A and VEGF genes are 
widely expressed in the brain and have varied functions; both 
were reported to be involved in the antidepressant response. 
Previous studies also indicated that a decrease in expression 
of the 5-HT1A or in its function was associated with MDD. 
Although these studies highlighted the important role of genetic 
variants in the mechanism of MDD, the identification of the 
risk gene for MDD needs further investigation. The genotype 
frequencies of the 5-HT1A rs6295 polymorphism were a risk 
factor for MDD; however, our analyses show that there was no 
significant allelic association (p = 0.486) between the 5-HT1A 
rs6295 polymorphism and MDD.

Genetic association studies of 5-HT1A in MDD have 
produced contradicting results. Wu et al. found that rs6295 
(C-1019G) was associated with MDD in the Chinese population 
(35, 36), while Albert and Lemonde reported that the 5-HT1A 
rs6295 (C-1019G) polymorphism had an effect on suicide, 
depression, anxiety, and antidepressant responses (37,  38). 
Moreover, Illi et al. demonstrated that no association was found 
between the 5-HT1A gene and MDD or antidepressant responses 
(39). Yet, Kato et al. reported that the 5-HT1A rs10042486 and 
rs1364043 polymorphisms were associated with MDD and 
antidepressant responses (26). A possible explanation for the 
above findings could be the small sample size employed in these 
respective studies. Compared with the study by Illi et al. for 
example, with 106 outpatient MDD patients of Finnish origin, 
we recruited 264 Chinese MDD samples. This larger sample size 
likely had a greater power effect than those studies with smaller 
sample sizes.

Previous studies have shown that a genetic association 
exists between the VEGF gene and MDD; however, similar to 
the 5-HT1A, the results have been inconsistent and at times 
contradictory. Two recent meta-analyses found that VEGF was 

TABLE 1 | Characteristics of study participants.

Variable Case  
(n = 264)

Control  
(n = 264)

χ2/t p value

Age (mean ± SD) 43.30 ± 13.87 41.82 ± 12.41 1.29 0.20
Gender (males/females) 78/186 72/192 0.00 1.00
HAMD score 31.62 ± 4.84 – – –

TABLE 2 | Haplotype-based association analysis results.

Gene Haplotype MDD (%) Control (%) χ2 P/permuted P

5-HT1A

GCC 0.612 0.600 0.18 0.671/1.000
TTG 0.197 0.215 0.583 0.445/0.993
TCC 0.119 0.141 1.268 0.260/0.865
TCG 0.072 0.044 4.207 0.040/0.242

MDD, major depressive disorder.
The boldfaced value indicate p < 0.05.
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associated with MDD and response to antidepressants (40, 41). 
As for the analysis of single loci, Galecki et al.’s study reported 
that the frequency of the VEGF variant rs2010963(405G/C) 
increased in MDD patients compared with healthy controls 
(C-allele and genotype CC are the risk factors for MDD) (42). 
Several factors may help to explain the contradictory results 
in the above studies. Although the association between VEGF 
polymorphisms and MDD was found, ethnic differences might 
lead to inconsistent results in analyses of allele and genotype 
frequencies. In addition, MDD is a complex disease that is 
usually associated with single-gene or gene–gene interactions, 
and VEGF polymorphisms alone may not predispose MDD; 
therefore, it is significant to investigate gene–gene interactions 
among several genes to explain the complex pathogenic 
mechanisms of MDD.

We used the GMDR method to analyze the combined effects 
of the 5-HT1A and VEGF genes in MDD. We found that the 
5-locus and 6-locus gene–gene interaction models conferred 
an increased risk of MDD. The interactions between 5-HT1A 
(rs6295, rs1364043, and rs878567) and VEGF (rs699947, 
rs833061, and rs2010963) had a CV consistency of 10/10 and a 
p value of 0.0107, which was considered as the best gene–gene 
interaction model. Of note, stress can exacerbate depressive 
episodes and down-regulate both VEGF and its major 

TABLE 3 | Distributions of genotypes and alleles for study participants.

Gene SNP ID Sample Genotypes P Allele P OR (95% CI)

VEGF rs699947 AA AC CC A C

Case 11 94 159
0.610

116 412
0.607

1.709
(0.808–1.439)Control 16 91 157 123 405

rs833061 CC CT TT C T

Case 11 95 158
0.389

117 411
0.558

1.090
(0.818–1.452)Control 18 89 157 125 403

rs2010963 CC CG GG C G

Case 56 143 65
0.035

255 273
0.423

1.104
(0.867–1.406)Control 64 114 86 242 286

5-HT1A rs6295 CC CG GG C G

Case 130 123 11
0.041

383 145
0.486

1.102
(0.838–1.449)Control 148 97 19 393 135

rs1364043 GG GT TT G T

Case 89 138 37
0.569

316 212
0.900

0.984
(0.769–1.259)Control 96 126 42 318 210

rs878567 CC CT TT C T

Case 165 92 7
0.093

422 106
0.760

0.955
(0.708–1.287)Control 170 78 16 418 110

SNP, single-nucleotide polymorphism; VEGF, vascular endothelial growth factor; 5-HT1A, serotonin 1A receptor.
The boldfaced values indicate p < 0.05.

TABLE 4 | Gene–gene interaction analysis by generalized multifactor dimensionality reduction (GMDR).

Locus number Best combination Prediction error (%) Cross-validation p value

2 VEGF (rs2010963), 5-HTR1A (rs6295) 0.4743 6/10 0.6230
3 VEGF (rs2010963), 5-HTR1A (rs6295,rs1364043) 0.403 4/10 0.1719
4 VEGF (rs699947,rs2010963), 5-HTR1A (rs6295,rs1364043) 0.3685 9/10 0.0547
5 VEGF (rs699947,rs2010963), 5-HTR1A (rs6295,rs1364043,rs878567) 0.3493 9/10 0.0107
6 VEGF (rs699947,rs833061,rs2010963), 5-HTR1A (rs6295,rs1364043,rs878567) 0.3474 10/10 0.0107

The boldfaced values indicate p < 0.05.

FIGURE 1 | Interaction graphs showed that the percentage at the bottom 
of each SNPs represented entropy of it, and there are a percentage on 
line represented the interaction percentage of entropy between two SNPs. 
The red line represented synergy redundancy interaction and the blue line 
represented redundancy interaction.
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receptors in the brain, including fetal liver kinase-1 (Flk-1). 
We found that VEGF–Flk-1 signaling played a major role in 
the clinical effects of antidepressants. A possible mechanism 
was that the interaction effect that was activated by the 
5-HT1A gene in neuronal and endothelial cell generated 
antidepressant effects (43). Some studies have also found 
that cAMP-response element binding protein (CREB) and 
VEGF can be activated by 5-HT1A gene stimulating pathways 
(extracellular-regulated kinase and protein kinase B) (44, 45). 
Several limitations of this study still need to be addressed. 
First, we collected our samples in the Northern Chinese Han 
population, and it is noteworthy that the positive associations 
may be due to chance or to a stratification effect. Second, the 
sample size of this study was relatively small; further studies 
with a large sample are needed to test our results. Future 
research should include other population and ethnicities with 
large sample sizes to explore interaction between these two 
genes in MDD.

CONCLUSIONS

In conclusion, the current study used single-locus and 
multilocus analyses to study genetic polymorphisms and gene–
gene interactions between the 5-HT1A and VEGF genes in 
MDD. Our findings suggest that the interaction between the 

VEGF gene and the 5-HT1A gene may play a key role in the 
development of MDD.
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Childhood Maltreatment (CM) is an important risk factor for major depressive disorder 
(MDD). Previous studies using emotional task-state functional magnetic resonance 
(task-state fMRI) found that altered brain function in prefrontal-limbic regions was the 
key neuropathological mechanism in adult MDD patients with experience of early-
life maltreatment. However, to the best of our knowledge, there is no published study 
investigating brain function in MDD patients with CM experience using resting-state fMRI 
(rs-fMRI). In present study, we aimed to detect altered resting-state brain activity in MDD 
patients with CM experience, and identify significantly activated brain regions, which 
may provide new insights into the neural mechanism underlying the relationship between 
MDD and CM experience. The results showed MDD patients with CM experience were 
associated with increased amplitude of low-frequency fluctuation (ALFF) and altered 
function connection (FC) in the prefrontal cortex, when compared to MDD patients without 
CM. Of note, left frontal middle gyrus (LFEG) was found as a specific brain region which 
differentiates MDD patients with CM from patients without CM. These results suggest that 
rs-fMRI is a useful method in studying the correlation between MDD and CM experience 
and altered function of LFEG in resting-state may explain the correlation between MDD 
and CM experience.

Keywords: major depressive disorder, childhood maltreatment, resting state, fMRI, prefrontal-limbic system

INTRODUCTION

Major depressive disorder (MDD) has become the single largest contributor to nonfatal health 
loss globally in 2015 (1). The causality of MDD is heterogeneous. Although stress, poor family 
relationship and social support in adulthood have been thoroughly studied as environmental risks 
for MDD, unpleasant psychical or physical experiences during childhood were often overlooked. 
Childhood maltreatment (CM) has recently gained greater attention because it may confer 
susceptibility to depression in later-life. Clinical evidence from retrospective and prospective 
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cohort studies suggests that CM could markedly increase the 
risk of MDD (2–5). Furthermore, it has been reported that 
approximately 65% of chronically depressed patients have a 
history of CM, which is associated with more relapses and 
heightened therapy resistance (6, 7). Therefore, it is important 
to identify the neural mechanisms underlying the impact of CM 
on MDD pathophysiology, for pursuing early intervention and 
mechanism-based treatment strategies.

CM has been proved to affect brain function and development 
in MDD patients (8–11). Task- and resting-state functional 
magnetic resonance imaging (fMRI) has been wildly used to non-
invasively evaluate functional brain activity for identification of 
specific brain regions and neural circuits associated with disease 
conditions. Previous studies using emotional task-state Fmri 
(12–15) showed altered activation of prefrontal-limbic regions, 
including ventromedial prefrontal cortex (vmPFC), anterior 
cingulate cortex (ACC), amygdale and hippocampus, in MDD 
patients with CM.

Nonetheless, to our best knowledge, resting-state brain function 
in MDD patients with CM still remains to be investigated. In the 
present study, we utilized rs-fMRI to examine the neuropathological 
mechanisms of drug-naïve MDD with CM experience. We 
hypothesize that altered blood oxygenation level dependency 
(BOLD) in certain brain regions may be correlated with CM 
experience in MDD patients and these brain areas may include 
subregions of the prefrontal-limbic system, which has previously 
been reported to be associated with MDD patients with CM using 
task-state fMRI.

METHODS

Participants
Fifteen MDD patients with CM and fifteen patients without CM 
were recruited from the outpatient clinic of Xuanwu Hospital 
Capital Medical University, Third Affiliated Hospital of Beijing 
University of Chinese Medicine, and Beijing Anding Hospital. All 
of the patients were diagnosed with modified structure clinical 
interview for DSM-V (16) by two senior clinical psychiatrists, and 
were rated with a 17-item Hamilton depression scale (HAMD). 
All MDD patients were drug-naïve and in their first episode of 
illness. These patients were right-handed and would be excluded 
if they had another major psychiatric illness, neurological illness, 
head injury, alcohol or drug abuse. CM was assessed by a short 
form childhood trauma questionnaire (CTQ-SF) (17).

Seventeen age-, gender- and education-matched healthy 
controls (HC) were recruited from community-based advertising 
through flyers posted at hospital and university campuses. They 
were also interviewed with the Structured Clinical Interview for 
DSM-V. All HC were right-handed, free of depression and any 
other psychiatric or neurological illness and had no history of 
head injury, alcohol or drug abuse.

Data Acquisition
T1-weighted and resting-state fMRI data were acquired using a 
3T Siemens Trio scanner (Magnetom Allegra, Siemens, Erlangen, 
Germany) in the Beijing Guang’ anmen Hospital China Academy 

of Chinese Medical Sciences. The scanning sessions included 
the following: (i) three-dimensional T1-weighted whole-brain 
images: 3D-MPRAGE sequence, Repetition Time (TR)/Echo 
Time (TE) = 2300/3ms, 176 sagittal slices. (ii) Rs-fMRI scans 
contain 180 functional volumes, using a T2-weigthed Echo 
Planar Imaging sequence, TR/TE = 2,000/30 ms, flip angle = 90°, 
acquisition matrix = 64 × 64 axial slices = 40, thickness/gap = 
3/0 mm, Voxel size: 3.0 × 3.0 × 3.0mm (3), Field of view = 210 × 
210 mm. During the scanning, subjects laid supine in the scanner 
with their heads fixed with foam pads to decrease head motion. 
They were informed to close their eyes but remain awake, and a 
simple inquiry was conducted to exclude any sleeping periods.

Pre-Processing
Image preprocessing and statistical analysis were performed 
using the Data Processing Assistant for Resting-state fMRI 
(DPARSF, http://www.rfmri.org/DPARSF) toolkits (18), Resting 
State fMRI Data Analysis Toolkit 1.8 version (REST, https://www.
nitrc.org/projects/rest/) (19) and SPM8 software (SPM8, http://
www.fil.ion.ucl.ac.uk/spm/) (20).

Images were drafted by REST and BrainNet Viewer toolkit. 
Data pre-processing was performed by DPARSF toolkits. The 
steps were as follows: (i) Raw DICOM data were converted to 
the NifTI format; (ii) To allow for instrumental stabilization of 
the initial signal, first 10 images were discarded; (iii) Images 
were slice-timing and 3D motion corrected for head motions, 
we excluded images if patients’ and HC’s head movement data in 
translational and rotational planes i.e. exceeded 2mm or 2° and 
1mm or 1°; (iv) Images were normalized based on the Montreal 
Neurological Institute (MNI) Space with Smoothing Method 
(Full Width at Half Maximum, FWHM 4mm); (v) rs-fMRI data 
were processed with linear detrending and band-pass filtering.

ALFF and FC Analysis
After pre-processing, very low-frequency drift and high-
frequency noise was first filtered (band-pass, 0.01~0.08Hz), 
and then a Fast Fourier Transform (FFT) was used to convert 
the frequency domain. This averaged square root was termed 
Amplitude of Low-Frequency Fluctuation (ALFF) at the given 
voxel (21). Furthermore, in order to eliminate the physiological 
signals, fractional ALFF (fALFF) was also performed. In the 
following FC analysis, according to our present results and 
referenced by previous CM task-fMRI study results (22), the 
left orbital part of inferior frontal gyrus, left anterior cingulated 
and paracingulate gyri, left middle frontal gyrus and left 
inferior parietal, extending to supramarginal and angular gyri, 
were chosen as a region of interest (ROI). After, seed-to-voxel 
functional connectivity was performed.

Statistical Analysis
Subjects’ demographic information, including age, gender, 
education level, and their matched HC groups were analyzed by 
One-way ANCOVA. Gender related differences were detected by 
Chi-square tests. ALFF, fALFF and FC results were performed 
in correlation with CM scale using Pearson Correlation. 
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The statistical significance level was set at p < 0.05. All statistical 
tests were performed using SPSS 18.0 (SPSS Inc., IL, USA).

The technologists who performed fMRI data analysis were 
blind to the subjects. Significant brain activation in the whole 
brain was computed using one-sample t-test in REST (Threshold 
p < 0.05) for every group. Voxel-wise group comparisons were 
detected with two-sample t-test (AlphaSim correction p < 0.01; 
continuous voxels > 16). The precise anatomical position in the 
brain, with statistical significance on the corresponding MNI 
coordinate, was identified using the Viewer in REST. Voxel-wise 
FC analyses revealed the Pearson correlation coefficients between 
the seeds and the rest of the whole brain areas. Fisher r-to-z 
transformation were used to transform FC values into z-values. 
The group differences in the functional connectivity (AlphaSim 
correction p < 0.01; continuous voxels > 16) were disclosed using 
two sample t-tests.

RESULTS

Demographic and Clinical Characteristics 
of the Study Group
MDD patients (n = 15 MDD with CM and n = 15 MDD without 
CM) and matched HC (n = 17) participated in this study. As a 
subject in MDD without CM group was excluded for a big head 
motion, there were 14 subjects in MDD without CM group in 
practice. The demographic information, HAMD scores, and 
CM scores for these groups were shown in Table 1. There were 
no statistical differences in age, gender, and years of education 
between the groups. The MDD with or without CM showed 
higher HAMD scores compared to those in matched HC (MDD 
with CM: 26.33 ± 7.99; MDD without CM: 24.14 ± 4.88, HC: 
1.06 ± 1.19, p < 0.01), whereas no significant difference in HAMD 
scores between CM and without CM groups was observed. MDD 
with CM had a higher CM score than MDD without CM and 
HC (MDD with CM: 63.33 ± 4.03; MDD without CM: 31.16 ± 
5.63, HC: 30.83 ± 4.02, p < 0.01), and there was no significant 
difference found between MDD without CM and HC.

ALFF and fALFF Analysis
Intergroup differences of results from ALFF analysis were 
shown in Table 2. Compared to HC group, MDD with CM 
showed increased ALFF in the left orbital part of inferior frontal 

gyrus (-45, 18, -9. BA47/38), left middle frontal gyrus (-36, 39, 
21. BA10/9/46), left medial of superior frontal gyrus (-3, 48, 
33. BA9), left supplementary motor area (-3, -3, 75. BA6), left 
anterior cingulated and paracingulate gyri (-3, 45, 9. BA32), 
left supramarginal gyrus (-60, -27, 39. BA1/2), left inferior 
parietal, extending to supramarginal and angular gyri (-45, -48, 
57. BA40/7), right orbital part of middle frontal gyrus (48, 51, 
-6. BA47/10/45), right triangular part of inferior frontal gyrus 
(51, 33, 18. BA46) and right dorsolateral part of superior frontal 
gyrus (21, 48, 36. BA9/8) (Figure 1). Increased ALFF in MDD 
without CM, compared to HC group, was observed in left 
triangular part of inferior frontal gyrus (-48, 48, 3. BA10/46/47), 
left middle frontal gyrus (-24, 51, 36. BA9), left inferior parietal, 
extending to supramarginal and angular gyri (-45, -51, 48. 
BA40/39), left precuneus (-6, -72, 57. BA7), left middle occipital 
gyrus (-27, -96, 12. BA19), right orbital part of inferior frontal 
gyrus (54, 42, -6. BA10/47/45), right medial part of superior 
frontal gyrus (18, 66, 12. BA10/9/6/8), right supplementary 
motor area (3, -6, 72. BA6), right precuneus (3, -66, 45. BA7), 
right angular (57, -60, 24. BA39) and right temporal role: superior 
temporal gyrus (45, 18, -15. BA38/47/34/28) (Figure 2).

Compared to MDD without CM, increased ALFF was 
observed in the left frontal middle frontal gyrus (-27, 48, 12. NS), 
left cerebellum (-33, -75, -39. NS) and right cerebellum (39, -78, 
-39. NS) in MDD with CM (Figure 3).

Intergroup differences detected in fALFF analysis were shown 
in Table 3. Compared to HC group, MDD with CM showed 
increased fALFF in left cuneus (-9, -84, 18. BA19) (Figure 4). 
Increased fALFF in MDD without CM, compared to HC group, 
was observed in left middle temporal gyrus (-54, -57, 9. BA39) 
(Figure 4).

FC Analysis
Intergroup differences observed in FC analysis were shown in 
Table 4. Left middle frontal gyrus where ALFF was significantly 
changed between MDD with CM, compared with MDD 
without CM, was taken as ROI. The left anterior cingulated and 
paracingulate gyri, left orbital part of inferior frontal gyrus and 
left inferior parietal, extending to supramarginal and angular gyri 
where ALFF was altered in MDD with CM and MDD without 
CM, when compared to HC, were also taken as ROIs.

In MDD with CM group, positive FC was observed between 
left middle frontal gyrus and left precentral gyrus (-45, -6, -60. 

TABLE 1 | Demographic and psychological data of MDD with CM, MDD patients without CM and controls.

MDD with CM MDD without CM Control χ2/ F P-value

No. of subjects 15 14 17
Gender (M/F) 6/9 5/9 7/10 χ2 = 0.10 p = 0.95
Age, years (mean, SD) 28.33 ± 5.81 32.36 ± 6.23 28.94 ± 5.92 F = 1.90 p = 0.16
Education, years (mean, SD) 16.13 ± 3.09 16.14 ± 3.11 16.18 ± 2.81 F = 0.001 p = 0.99
HAMD score (mean, SD) 26.33 ± 7.99 24.14 ± 4.88 1.06 ± 1.19 F = 110.84 p < 0.01
CM score (mean, SD) 63.33 ± 4.03 31.16 ± 5.63 30.83 ± 4.02 F = 97.71 p < 0.01

MDD, Major Depressive Disorder; HAMD, Hamilton Depression Rating Scales; Age, Education and HAMD score adopted one-way ANOVA; CM, Childhood Maltreatment. There 
is no difference between MDD with CM and MDD without CM in HAMD scores (p = 0.82, Bonferroni corrected). MDD with CM had significant differences with MDD without and 
Control in CM scores respectively (p < 0.01, Bonferroni corrected), and there is no significant difference between MDD without CM and HC (p = 0.90, Bonferroni corrected).
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BA6), and negative FC was observed in right medial of superior 
frontal gyrus (6, 51, 33. BA10). The left anterior cingulated and 
paracingulate gyri had positive FC with left parahippocampal 
gyrus (-24, -6, -36. BA36) and right triangular part of inferior 
frontal gyrus (33, 18, 27. NS). Negative FC was observed in 
right superior parietal gyrus (39, -51, 57, BA40). Left orbital 
part of inferior frontal gyrus had positive FC with left triangular 
part of inferior frontal gyrus (-24, 30, 6. NS) and negative FC 
was observed in left medial of superior frontal gyrus (-3, 66, 
0. BA10) and right medial of superior frontal gyrus (9, 42, 48. 
BA8). The left inferior parietal, extending to supramarginal 
and angular gyri, had positive FC with left Fusiform gyrus 
(-39, -57, -12. BA19). Negative FCs were found in left inferior 
temporal gyrus (-48, -3, -42. BA20), left paracentral lobule (-9, 
-33, 60. BA19), and right middle frontal gyrus (45, 57, 6. BA19) 
(Figure 5).

In MDD without CM, positive FC was observed between 
left middle frontal gyrus and left inferior temporal gyrus (-48, 
-24, -27. BA20), left middle temporal gyrus (-60, -39, -6. BA21), 
whereas negative FC was observed in left fusiform gyrus (-27, 
-51, -15. BA19) and right fusiform gyrus (24, -48, -15. BA19). 
The left inferior parietal, extending to supramarginal and angular 
gyri, had positive FC with right inferior temporal gyrus (66, -45, 

-9. BA20). Negative FC was found in left precentral gyrus (-54, 0, 
24. BA19) (Figure 5).

Correlation between Brain Functional 
Alteration
Pearson Correlation showed that FC alteration between the left 
inferior, extending to supramarginal and angular gyri, and right 
middle frontal gyrus, had a positive correlation with CM scale 
(r = 0.68, p < 0.01). All details are shown in Table 2, 3, 4.

DISCUSSION

The current study has investigated the impact of maltreatment 
during early-life in MDD patients by examining functional 
activation and connectivity during resting state. To the best of 
our knowledge, this is the first study that visualizes the whole 
brain ALFF profiles of MDD with CM during spontaneous brain 
activity using rs-fMRI. Moreover, FC also has been adopted 
to detect special brain connectivity. The purpose of this study 
is to elucidate the mechanism of brain function underlying 
correlations between MDD and CM experience, based on ALFF 

TABLE 2 | The comparison of ALFF in MDD with CM, MDD patients without CM and controls (AlphaSim-corrected, p < 0.01).

Brain areas BA Voxels MNI T-scores Correlation
r&p

Hemisphere Region Label x y z

(Abuse > HC)
Left Frontal Inferior frontal gyrus, orbital part 47/38 34 -45 18 -9 4.88 r=-0.06 p=0.81

Middle frontal gyrus 10/9/46 131 -36 39 21 4.27 r=-0.1 p=0.71
Superior frontal gyrus, medial 9 16 -3 48 33 3.75 r=-0.09 p=0.74
Supplementary motor area 6 29 -3 -3 75 3.63 NS

Cingulate Anterior cingulated and paracingulate gyri 32 59 -3 45 9 4.76 r=-0.09 p=0.74
Parietal Supramarginal gyrus 1/2 20 -60 -27 39 4.87 r=-0.11 p=0.69

Inferior parietal, extending to 
supramarginal and angular gyri

40/7 100 -45 -48 57 4.61 r=-0.08 p=0.77

Right Frontal Middle frontal gyrus, orbital part 47/10/45 42 48 51 -6 4.57 r=-0.09 p=0.73
Inferior frontal gyrus, triangular part 46 18 51 33 18 3.39 r=-0.10 p=0.70
Superior frontal gyrus, dorsolateral 9/8 24 21 48 36 3.66 r=-0.08 p=0.75

(NS-Abuse > HC)
Left Frontal Inferior frontal gyrus, triangular part 10/46/47 100 -48 48 3 7.58 NS

Middle frontal gyrus 9 34 -24 51 36 4.11 NS
Parietal Inferior parietal, extending to 

supramarginal and angular gyri
40/39 217 -45 -51 48 5.70 NS

Precuneus 7 19 -6 -72 57 3.73 NS
Occipital Middle occipital gyrus 19 16 -27 -96 12 4.73 NS

Right Frontal Inferior frontal gyrus, orbital part 10/47/45 28 54 42 -6 3.70 NS
Superior frontal gyrus, medial 10/9/6/8 411 18 66 12 6.35 NS
Supplementary motor area 6 41 3 -6 72 4.68 NS

Parietal Precuneus 7 26 3 -66 45 4.38 NS
Angular 39 21 57 -60 24 3.75 NS

Temporal Temporal pole: superior temporal gyrus 38/47/34/28 51 45 18 -15 4.85 NS
(Abuse > NS-Abuse)
Left Frontal Middle frontal gyrus NS 19 -27 48 12 3.79 NS

Cerebelum NS 43 -33 -75 -39 4.12 NS
Right Cerebelum NS 27 39 -78 -39 4.03 NS

ALFF, amplitude of low frequency fluctuation; MDD, Major Depressive Disorder; Abuse, MMD patients with CM; NS-Abuse, MDD patients without CM; HC, matched healthy 
controls; MNI, Montreal Neurological Institute; x, y and z, coordinates of primary peak locations in the MNI space.; Correlation, the correlation between ALFF and CM scales.
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and FC results. We also aimed to discover distinct brain regions 
which could differentiate MDD patients with CM experience 
from patients without CM.

Firstly, we found that under scan of rs-fMRI, compared with 
HC, MDD patients with CM had enhanced ALFF in prefrontal-
limbic regions, left orbital part of inferior frontal gyrus, right 
orbital part of middle frontal gyrus, which is similar to the 
results from previous task-state fMRI studies in MDD with CM 
(23, 24). In MDD patients without CM, compared with HC, 
increased ALFF only in the right orbital part of inferior frontal 
gyrus was found. A depressive patient who had CM experience 
had more activated OFC than MDD without CM in resting 
state. Furthermore, brain activity in the right dorsolateral 
prefrontal cortex (DLPFC) was increased in MDD with CM, 
but not in MDD without CM. DLPFC had been targeted in 
transcranial magnetic therapy for MDD. DLPFC is involved in 
emotional process during the suppression stage, and increased 
FC was reported in vmPFC (25) and orbitofrontal cortex (OFC) 
(26). OFC is considered anatomically synonymous with the 
vmPFC (27–29). The orbitofrontal cortex (OFC) is well-known 
as a key region for regulating emotion, and any damage in OFC 
would result in changes in emotion, personality, behavior, and 
social conduct (30). The loss of volume of OFC was reported 
in MDD (31, 32). In the present study, both increased OFC 

and DLPFC were found in MDD with CM. In addition, both 
precuneus and angular were activated, which play great role in 
depression (33).

Our results show that ALFF of left anterior cingulated and 
paracingulate gyri, which belong to the ACC of limbic system, 
was increased in MDD with CM, whereas no increased ALFF 
in any subregion of limbic system was detected in MDD 
without CM. Previous studies indicated that people with 
CM had a smaller ACC volume than those without CM (34, 
35). Task-state fMRI studies demonstrated that vmPFC/
ACC activation plays key roles in processing fear, appraising 
negative emotions and regulating emotional responses via 
the limbic system (36–39). Thus, hyperactivity of ACC may 
underlie fear dysregulation in MDD with CM, compared 
with patients without CM. Although abnormal function 
of amygdale (40) and hippocampus (41) are reportedly 
associated with MDD and CM, we found no alteration in 
ALFF in the amygdale and hippocampus. Interestingly, altered 
ALFF in these brain regions in MDD patients with CM was 
reported using negative emotional discrimination under task-
state fMRI (13, 42, 43). The discrepancy between the results 
may be explained by the following reasons: for the amygdale, 
vmPFC have direct white matter fiber projection to the 
amygdale (44, 45) and have a top-down, inhibitory effect on 

FIGURE 1 | Activated brain regions showed by rs-fMRI using method of Amplitude of Low-Frequency Fluctuation (ALFF) in MDD patients with childhood 
maltreatment (CM) compared with the health control (HC). A: Frontal_Mid_L, left middle frontal gyrus; B: Frontal_Inf_Orb_L, left inferior frontal gyrus, orbital part; C: 
Parietal_Inf_L, left inferior parietal, but supramarginal and angular gyri; D: Cingulum_Ant_L, left anterior cingulated and paracingulate gyri; E: Frontal_Sup_Medial_L, 
left superior frontal gyrus, medial; F: Supp_Motor_Area_L, left supplementary motor area; G: SupraMarginal_L, left supramarginal gyrus; H: Frontal_Mid_Orb_R, right 
superior frontal gyrus, medial orbital; I: Frontal_Inf_Tri_R, right inferior frontal gyrus, triangular part. J: Frontal_Sup_R, right superior frontal gyrus, dorsolateral.
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FIGURE 2 | Activated brain regions showed by rs-fMRI using method of ALFF in MDD patients without CM compared with the HC. A: Frontal_Mid_L, left middle 
frontal gyrus; B: Occ:pital_Mid_L, left middle occipital gyrus; C: Parietal_Inf_L, left inferior parietal, but supramarginal and angular gyri; D: Frontal_Inf_Tri_L; left 
inferior frontal gyrus, triangular part, E: Precuneus_R, left precuneus; F: Precuneus_R, right precuneus; G: Frontal_Inf_Orb_R, right inferior frontal gyrus, orbital part; 
H Temporal_Pole_Sup_R, right temporal role: superior temporal gyrus; I: Angular_R, right angular; J: Frontal_Sup_Medial_R, right superior frontal gyurs, medial; 
K: Supp_Motor_Area_R, right supplementary motor area.

FIGURE 3 | Activated brain regions showed by rs-fMRI using method of ALFF in MDD patients with CM compared with patients without CM. A: Frontal_Mid_L, left 
middle frontal gyrus; B: Cerebelum_Crus2_L, left cerebellum; C: Cerebelum_Crus2_R, right cerebellum.
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the amygdale, because OFC and ACC were both found to have 
increased ALFF in our study, thus the function of amygdale 
might be inhibited by OFC; as for the hippocampus, relative to 
the prefrontal cortex (PFC), it matures earlier from perceptive 
of evolution, thus the hippocampus is less vulnerable to CM 
experience (23, 46). Moreover, other factors, such as limited 
sample number, different states (rest instead of task), and 
different measurements (task activation vs. amplitude), may 
also affect the difference.

Secondly, our FC study showed that the left inferior frontal 
gyrus (orbital part) had increased FC with left inferior frontal 
gyrus (triangular part), and decreased FCs with bilateral 
superior medial frontal gyrus. Also, the left anterior cingulated, 
paracingulate gyri had increased FC with left parahippocampal 
gyrus, and decreased FC with right superior parietal gyrus 
in MDD with CM, compared with HC, whereas no FC was 
observed in these ROIs in MDD without CM. Our results also 

revealed the dysfunction of OFC in MDD with CM, which 
was consistent with previous FC studies showing increased 
connection between sub-regions within the orbital and 
prefrontal cortex (47–49), specific brain areas playing critical 
roles in MDD’s aberrant networks. Our results showed that 
the anterior cingulated and paracingulate gyri had decreased 
FC with superior parietal gyrus, and had increased FC with 
parahippocampal gyrus, which was similar to results from 
previous research (50). Given that ACC was a key node 
in default-mode network and the parahippocampal gyrus 
essentially involved in memory encoding, aberrant connectivity 
in MDD with CM may be involved in episodic memory related 
to experience of CM.

Lastly, after comparing the ALFF between MDD patients 
with CM and without CM, notably, altered ALFF in the 
left middle frontal gyrus (LMFG) and cerebellum was 
unexpectedly detected in MDD with CM compared to those 

TABLE 3 | The comparison of fALFF in MDD with CM, MDD patients without CM and controls (AlphaSim-corrected, p < 0.01).

Brain areas BA Voxels MNI T-scores Correlation
r&p

Hemisphere Region Label x y z

(Abuse > HC)
Left Parietal Cuneus 19 27 -9 -84 18 17.79 r=-0.16 p=0.57
(NS-Abuse > HC)
Left Temporal Middle temporal gyrus 39 16 -54 -57 9 26.75 NS
(Abuse > NS-Abuse)
NS NS NS NS NS NS NS NS NS

fALFF, fractional amplitude of low frequency fluctuation; MDD, Major Depressive Disorder; Abuse, MMD patients with CM; NS-Abuse, MDD patients without CM; HC, matched 
healthy controls; MNI, Montreal Neurological Institute; x, y and z, coordinates of primary peak locations in the MNI space.; Correlation, the correlation between ALFF and CM scales.

FIGURE 4 | Increased fALFF in MDD patients with CM and patients without CM compared with healthy controls(HC). A: Cuneus_L, left cuneus; B: Temporal_Mid_L, left 
middle temporal gyrus.
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without CM. MFG is a part of frontal lobe which has advanced 
cognitive function and participates in integrating emotion 
and information from the internal and external environment, 
and extracting episodic memory (51, 52). LMFG is located 
in dorsolateral prefrontal cortex, which has inhibitive (53) 
and recalling (54) function in psychological disease. LMFG 
may play a role in extracting unpleasant memory of early-
life CM experience, especially memory of disagreeable verbal 
information, and impaired LMFG function may affect MDD 
onset. As for cerebellum, its volume declines in patients with 

MDD (55) and is involved in the modulation of emotional 
processing and may act as ‘emotional pacemaker’ (56) in MDD. 
Thus, MDD patients with CM may have a greater increase 
in brain activity in recalling past sufferings and emotional 
experience, than patients without CM.

CONCLUSION

Our study revealed altered resting-state brain activation in drug-
naïve MDD patients with CM experience. The approach using 

TABLE 4 | The comparison of functional connectivity in MDD with CM, MDD patients without CM to HC (AlphaSim-corrected, p < 0.01).

Regions of interest Brain areas BA Voxels MNI T-scores z-scores Correlation
r&p

Hemisphere Region Label x y z

(Abuse > HC)
Left middle frontal gyrus Left Frontal Precentral gyrus 6 19 -45 -6 -60 4.11 0.21 r=-0.09 p=0.72
Left anterior cingulated 
and paracingulate gyri

Left Parahippocampal 
gyrus

36 19 -24 -6 -36 4.95 0.16 r=-0.07 p=0.78

Right Frontal Inferior frontal 
gyrus, triangular 
part

NS 25 33 18 27 3.41 0.13 r=-0.23 p=0.40

Left inferior frontal gyrus, 
orbital part

Left Frontal Inferior frontal 
gyrus, triangular 
part

NS 21 -24 30 6 3.51 0.21 r=0.23 p=0.39

Left inferior parietal, 
extending to 
supramarginal and 
angular gyri

Left Fusiform gyrus 19 21 -39 -57 -12 4.273 0.12 r=0.03 p=0.53

(HC > Abuse)
Left middle frontal gyrus Right Frontal Superior frontal 

gyrus, medial
10 28 6 51 33 3.59 0.05 r=0.11 p=0.67

Left anterior cingulated 
and paracingulate gyri

Right Parietal Superior parietal 
gyrus

40 28 39 -51 57 3.90 0.45 r=0.15 p=0.59

Left inferior frontal gyrus, 
orbital part

Left Frontal Superior frontal 
gyrus, medial

10 32 -3 66 0 3.66 0.11 r=0.25 p=0.35

Right Frontal Superior frontal 
gyrus, medial

8 28 9 42 48 5.01 0.25 r=0.25 p=0.36

Left inferior parietal, 
extending to 
supramarginal and 
angular gyri

Left Temporal Inferior temporal 
gyrus

20 28 -48 -3 -42 4.07 0.07 r=0.06 p=0.82

Left Paracentral 
lobule

6 20 -9 -33 60 3.92 0.14 r=-0.29 p=0.27

Right Frontal Middle frontal 
gyrus

19 10 45 57 6 3.69 0.05 r=0.68 p<0.01

(NS-Abuse > HC)
Left middle frontal gyrus Left Temporal Inferior temporal 

gyrus
20 21 -48 -24 -27 3.69 0.20 NS

Left Temporal Middle temporal 
gyrus

21 28 -60 -39 -6 4.28 0.19 NS

Left inferior parietal, 
but supramarginal and 
angular gyri

Right Temporal Inferior temporal 
gyrus

20 20 66 -45 -9 3.29 0.16 NS

(HC > NS-Abuse)
Left middle frontal gyrus Left Fusiform gyrus 19 17 -27 -51 -15 4.26 0.15 NS

Right Fusiform gyrus 19 68 24 -48 -15 5.04 0.16 NS
Left inferior parietal, 
but extending to 
supramarginal and 
angular gyri

Left Precentral gyrus 19 9 -54 0 24 3.84 0.16 NS

MDD, Major Depressive Disorder; Abuse, MMD patients with CM; NS-Abuse, MDD patients without CM; HC, matched healthy controls; MNI, Montreal Neurological Institute; x, y 
and z, coordinates of primary peak locations in the MNI space. Correlation, the correlation between FC and CM scales.
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rs-fMRI may be useful to investigate neural mechanisms into 
how CM affects developmental trajectory of brain maturation, 
leading to MDD in the later life.

LIMITATIONS

There are two major limitations. Firstly, for Chinese patients 
with traditional conservative concept in sex, it is difficult 
to collect any information regarding sex abuse during 
their childhood. Secondly, CM contains heterogeneous 
conditions that include emotional abuse, sex abuse, physical 
abuse, emotional neglect, and physical neglect. We did not 

separately analyze our results depending on the subtypes of 
CM in MDD  patients due to limited sample number. These 
limitations will be a line with future inquiry being pursued 
by our group.

ETHICS STATEMENT

This study was approved by the Ethical Committee at the Third 
Affiliated Hospital of Beijing University of Chinese Medicine 
(protocol number: 2015BZHYLL0140). In accordance with 
the Declaration of Helsinki, all subjects were given written 
informed consent.

FIGURE 5 | (A) Brain functional connectivity (FC) of rs-fMRI in MDD without CM compared with HC. (B) FC in MDD patients with CM compared with HC. 
Size of balls represent the t-scores of every brain regions; the blue thin edge represents the negative FC and the red bold edge represents the positive FC 
between different brain regions; A: left middle frontal gyrus; B: left anterior cingulated and paracingulate gyri; C: left inferior frontal gyrus, orbital part; D: left 
inferior parietal, but supramarginal and angular gyri; E: left precentral gyrus; F: right superior frontal gyrus, medial; G: left parphippocampal gyrus; H: right 
inferior frontal gyrus, triangular part; I: right superior parietal gyrus; J: left inferior frontal gyrus, triangular part; K: left superior frontal gyrus, medial; L: left 
inferior temporal gyrus; M: left middle temporal gyrus; N: left fusiform gyrus; O: right fusiform gyrus; P: left paracentral lobule; Q: right middle frontal gyrus; 
R: right inferior temporal gyrus.
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Adverse early life stress is a major cause of vulnerability to various mental disorders 
in adulthood, including post-traumatic stress disorder (PTSD). Recent studies have 
suggested that early life stress can help the body adapt optimally when faced with 
stressful trauma in adult life. An interaction may exist between early life stress (e.g., 
childhood trauma) and vulnerability to PTSD. This study aimed to evaluate emotion-
related behaviors and verify the long-lasting effects of cognitive aspects of PTSD after 
exposure to severe adverse early life stress, such as long-term separation. Adverse 
early life stress was simulated by subjecting rats to 3 or 6 consecutive hours of maternal 
separation (MS) daily, from postnatal day (PND) 2 to PND 14. Single-prolonged stress 
(SPS) was simulated on PND 80 to imitate other adulthood stresses of PTSD with gender 
divisions (M-MS3h-PTSD, F-MS3h-PTSD, M-MS6h-PTSD, F-MS6h-PTSD, M-PTSD, 
and F-PTSD). After the MS and PTSD sessions, behavioral tests were conducted to 
assess the effectiveness of these treatments, which included an open field test (OFT), 
elevated plus maze test (EPMT), water maze test (WMT), and forced swimming test (FST) 
to detect anxiety-like behavior (OFT and EPMT), memory behavior (WMT), and depressive 
behavior (FST). The M-MS3h-PTSD group had fewer time entries into the open arms of 
EPMT than the F-MS3h-PTSD group, and the M-MS6h-PTSD group demonstrated fewer 
up-right postures in the OFT than the F-MS6h-PTSD group. The M-MS3h-PTSD group 
exhibited more exploratory behavior than the M-MS6h-PTSD and M-PTSD groups in the 
OFT. Less exploratory behavior was observed in the F-MS3h-PTSD group than in the 
F-MS6h-PTSD group, which demonstrated significantly increased freezing times in the FST 
compared to the F-PTSD group. The WMT revealed significant differences in learning and 
memory performance between the M-MS3h-PTSD group and other treatment groups, 
which were not found in the female rats. These findings demonstrate that an early stressful 
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experience, such as MS, may be involved in helping the body adapt optimally when faced 
with additional trauma in adulthood, although mild early life stress might benefit learning 
and memory among males.

Keywords: maternal separation (MS), early-life stress, post-traumatic stress disorder (PTSD), single prolonged 
stress (SPS), gender difference, behavioral test

INTRODUCTION

Studies have found that regions of the brain that are especially 
susceptible to stress during the first 7 years of life (1–3) 
are involved in detecting and responding to threats and in 
regulating stress responses. Modifying this system is one of the 
primary ways human brains are shaped by early adversity (4). 
For instance, studies on children raised in orphanages—where 
they lack proper social and maternal support—have reported 
lasting adverse effects on cognitive functioning and increased 
risk for psychiatric disorders (5, 6). Epidemiological studies 
have indicated that adverse early life events can increase one’s 
risk of developing psychopathology in adulthood (7). Although 
child abuse is a serious social problem in most countries, an 
understanding of various types of separations and corresponding 
gender differences in adulthood remains unclear.

Early postnatal stress animal models have been developed 
due to the high prevalence and serious consequences of early 
stress in humans. Rats exposed to early-life stresses, such as 
maternal separation (MS) during lactation, serve as good models 
for studying the effects that neglect has in early life (8). The use 
of animal models to induce early life stress is common when 
studying long-term consequences of stress (9). Researchers 
have performed MS in various ways, such as different lengths of 
separation; some authors separated animals for 3h (10) every day, 
whereas others separated them from 4h (11) or 6h (12). Only a 
few papers have compared different lengths of MS (13, 14).

Post-traumatic stress disorder (PTSD) is a highly disabling 
condition observed in individuals following exposure to severe 
emotional or physically life-threatening traumatic events (12), 
compounded by genetic and environmental factors (15). Early life 
stress and its associated changes in several hormonal states induce 
structural alterations. These alterations then induce disorders of 
brain functions throughout life (16). A focus on reliance has been 
largely ignored in relevant genetic and environmental interaction 
studies, referring to a dynamic pattern of positive adaptation 
despite experiencing significant trauma or adversity (17). Early 
environmental events exert enduring effects on behavioral 
parameters related to coping with stress, and animal models of 
stress represent an invaluable tool for investigating the complex 
relationship between brain development and stress (18, 19). In 
this study, the MS model was used to mimic early life stress and a 
potential influencing factor of PTSD.

Repeated MS is thought to increase animals’ sensitivity to stress 
(9). Some studies have confirmed that the interaction of perinatal 
exposure to adversity with individual genetic liabilities may increase 
an individual’s vulnerability to psycho- and physiopathology 

throughout life (20). However, other studies have cited data 
supplementing other reports, questioning whether early life stress is 
always detrimental later in life (21–23). Adolescence is a life period 
during which behavioral development is particularly susceptible 
to social influences. Stressful social events during this time have 
been found to alter and canalize behavior in an adaptive fashion or 
enhance specific types of cognitive performance, such that earlier 
influences on behavioral development are complemented and 
modified (23, 24). Macrì and Würbel proposed that perinatal low-
to-moderate stressful situations could induce “protective” effects 
in adulthood; however, severely stressful situations can result in 
detrimental effects. Although several studies have demonstrated 
that as a case of early handling, brief daily separation from the 
mother during the neonatal phase can attenuate the effects of 
chronic stress on inducing hypothalamic-pituitary-adrenal (HPA) 
axis reactivity (25), these effects in animal models of PTSD have 
not been examined.

The aim of the present study was to compare the functional 
consequences of the PTSD model after MS at either 3h or 6h 
every day over a wide range of behaviors, which were either 
emotion-related (anxiety and depression) or learning-related 
(e.g., memory) in adulthood. The PTSD model after MS in rats 
imitates orphans or left-behind children exposed to a traumatic 
event (or events), as it alters vulnerability to psychiatric disorders 
and cognitive deficits in adult life. The sex of rats was considered 
because sexual differences in enduring early-life stress could 
induce rodents’ alterations in neurogenesis (26).

MATERIALS AND METHODS

Animals
Pregnant Sprague–Dawley (SD) rats were bred at our animal 
facility and randomly selected from the Animal Center of Weifang 
Medical University. The day of birth was recorded as postnatal day 
(PND) 0. Pups were subjected to either MS or animal-facility-reared 
treatment (27). Rats were divided into 4 groups: control, no MS, MS 
3h, and MS 6h per day from PND 2 to PND 14. After that, the pups 
were weaned and kept with rats of the same sex, from which 7 male 
pups and 7 female pups were randomly selected from the groups 
that we mentioned before. The rest were removed to ensure an equal 
number of males and females per litter. The 56 animals (220–350g at 
the end of the experiment) were housed in a limited-access rat facility 
with 7 rats per polycarbonate cage at a constant room temperature 
(22 +/−2°C), humidity (55 ± 15%), and an artificial light-dark cycle 
of 12h (08:00–20:00/20:00–08:00). We performed model-building 
tasks at 13:00 and 16:00, after animals had reached adulthood. 
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These experiments were designed to minimize the number of the 
animals used and were conducted in line with National Institutes 
of Health Guidelines (Use of Laboratory Animals) and ethical 
standards, including ethics committee approval as well as consent 
procedure. Experiments were approved by the Animal Care and Use 
Committee of Weifang Medical University.

Maternal Separation
Litters were randomly assigned to be reared under animal-facility-
rearing conditions or undergo MS. Animals were randomly 
divided into 8 groups and their behavioral parameters were 
recorded separately: male control group (M-Control, n = 7), 
male rats with PTSD (M-PTSD, n = 7), male rats with 3h MS and 
PTSD (M-MS3h-PTSD, n = 7), male rats with 6h MS and PTSD 
(M-MS6h-PTSD, n = 7), female control group (F-Control, n = 7), 
female rats with PTSD (F-PTSD, n = 7), female rats with 3h MS 
and PTSD (F-MS3h-PTSD, n = 7), and female rats with 6h MS and 
PTSD (F-MS6h-PTSD, n = 7). In the F/M-MS3h-PTSD groups, 
litters were separated from their dams for 3h (9:00–12:00) each day 
(10, 19). In the F/M-MS6h-PTSD groups, litters were separated 
from their dams for 6h (9:00–15:00) each day (PND 2-PND 14). 
During separation, each dam was removed from its maternity cage 
and placed into an identical cage until the end of the separation 
period. The pups were then removed from the nest, placed in 
an incubator (30°C with humidity 55 ± 15%), and transferred to 
an adjacent room to eliminate influences of the dams’ odor and 
sounds. At the end of the separation period, pups were returned 
to their maternity cages and reunited with the dams. Pups without 
MS in the F/M-PTSD groups were left with the dams.

The Establishment of PTSD Model
Single prolonged stress (SPS) procedures were similar to previous 
experiments (28), conducted in three stages. Animals were 
immobilized for 2h (IMO 2h). Rats were then immediately 
subjected to a 20-min forced swim (FS 20min). After removal, 
they were dried and allowed 15 min to recover (Rest 15min) 
under a heating lamp before being exposed to diethyl ether until 
loss of consciousness. The SPS procedure refers to the application 
of the three stressors and a 7-day quiescent period (28). The 

quiescent period is critical for developing behavioral and PTSD-
like physiological abnormalities after SPS (29). Behavioral 
experiments were generally performed approximately 7 days 
after establishing the PTSD model.

EXPERIMENTAL PROCEDURES

All animals underwent all behavioral experiments, which were 
conducted sequentially with the same sequences: 1) open field 
test (OFT), 2) elevated plus maze test (EPMT), 3) water maze 
test (WMT), and 4) forced swimming test (FST) (Figure 1). This 
sequence was selected based on the principle of preference for 
light-pressure and general requirements for the operation of 
animal experiments (30, 31).

Anxiety-Like Behavior
Open field test. The chamber was a box without a lid (100 × 100 × 
50 cm) consisting of a black floor and walls. Incandescent bulbs 
installed on the ceiling were used for illuminating the box. Each 
rat was transported from the colony room to the OFT room on 
the day of OFT. At the beginning of the experiment, the animals 
were placed gently in the corner and allowed to explore the 
chamber freely for 5 min, and upright numbers were recorded at 
the same time. Automated image analysis software (SMART 3.0, 
Panlab SL; Barcelona, Spain) was used for recording time spent 
in central areas, which evaluated the anxiety-like behavior. The 
open field was cleaned with ethanol after each test.

Elevated plus maze test. The EPMT is commonly used to score 
PTSD-like anxiogenic behavior in rats by exploiting the conflict 
between rats’ innate fear of open spaces versus their desire to explore 
novel environments (32). The elevated plus maze was 50 cm above 
the floor and consisted of two open arms (50 cm × 10 cm) and two 
enclosed arms (50 cm × 10 cm × 40 cm) with an open roof extending 
from a center platform (10 cm × 10 cm). The structures were arranged 
so the two open arms were opposite each other. All the rats were 
placed gently in the central platform, facing the closed arm and 
allowed to explore the area freely for 5 min. After each test the 
maze was wiped with ethanol. A video camera was positioned 
above the apparatus to record each animal’s behavior, namely 

FIGURE 1 | (A) The process diagram of the experiment. SPS was conducted in three stages. Rats were immobilized for 2h (IMO 2 h), forced to swim for 20 min (FS 
20 min), allowed to recover with a heating lamp for 15 min, and then exposed to diethyl ether until loss of consciousness (Ether). Rats were then returned to their home 
cages and left undisturbed for 7 days until the experimental manipulations. (B) The experiment included the control group (n = 14), PTSD group without MS (n = 14), 
PTSD-treated with prior 3h MS (n = 14), PTSD-treated with prior 6h MS (n = 14) or simply ‘Control,’ ‘PTSD,’ ‘MS3h-PTSD’ and ‘MS6h-PTSD’, respectively. Behavior 
experiments included OFT, EPMT, WMT and FST.
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the following parameters: the number of open arm entries and 
the time spent in the open arms. An entry was counted when a 
rat’s four paws entered a closed or open arm. The shorter the time 
spent in open arms, the higher the rat’s anxiety.

Learning and Memory Behavior
Water maze test. The WMT can be used for measuring spatial 
navigation learning and memory in rats (33). We utilized a 
160-cm-diameter pool filled with water to a depth of 30 cm 
and maintained at 23 ± 1°C. The pool had a 20×20 cm escape 
platform, which was hidden 1 cm below the water surface in 
the center of one quadrant of the pool. The platform was in the 
same location during the training session, and the order of start 
locations was quasi-random. Four prominent shapes were placed 
on the poor’s wall (one per quadrant: square, heart, triangle and 
moon), and the water was changed daily. Rats were placed in 
the pool and allowed to search for the platform for 90 s. The rat  
was guided to the platform and allowed to remain there for 20 s to 
recognize the location if it did not find the platform after 90 s. Rats 
were subjected to four sequential trials each day at an interval 
of 30 s, during which the rat was placed in its home cage in a 
different room. The training session lasted 4 days. The probe trial 
was performed on day 5, when the platform was removed. The 
escape latency time required for the rat to find and climb onto 
the platform was recorded. Each training session was recorded 
by a video camera mounted above the center of the tank, and 
movement data was analyzed using SMART 3.0.

Depressive Behavior
Forced swimming test. The FST is a test used for measuring 
depression-like behavior in rodents (31, 34). On the first day, we 
placed rats individually into a cylindrical tank composed of a 
transparent Plexiglas cylinder (diameter: 20 cm; height: 46 cm) to a 
depth of 36 cm filled with warm water (23–24°C) for 15 min (pretest 
session) in order to adapt to the apparatus better. At the same time on 
the following day, the rats were put into the cylinders for 5 min, after 
which they were removed from the cylinder, returned to their home 
cage and dried with a towel. Each rat assumed an immobile posture 
after being placed in the water, defined as the state in which rats made 
only the movements necessary to keep their head above the surface 
of water (35). The duration of each rat’s immobility at 5 min on the 
second day was scored using videotapes by a trained observer who 
was blind to the experimental conditions. Water in the tank was 
guaranteed to be changed after each trial. We referred to the process 
of Jong-Ho Lee et al., and Lanwei Hou et al. (11, 36) during this test.

An overview of the experimental procedure is displayed in 
Figure 1.

STATISTICAL ANALYSIS

Data were expressed as mean ± standard error. We deleted the 
values with the largest difference in each group to ensure the 
credibility of the data, so the final quantity is 6. The OFT, EPMT, 
probe test of WMT, and FST results were analyzed using analysis 
of variance (ANOVA) with Tukey. Independent-samples t-test was 

used for the comparison of gender difference. A repeated-measures 
multivariate analysis of variance (MANOVA) was conducted to 
analyze of WMT escape latencies using SPSS statistical software 
(Version 22.0, SPSS, Inc.; Chicago, IL, USA) at a significance level 
of p < .05 and values are means ± standard error.

RESULTS

Analysis of Anxiety-Like Behavior
The F-MS3h-PTSD group demonstrated less upright time than the 
F-MS6h-PTSD rats (F(3,20) = 3.88, p = .025; Post hoc test: p = .017). 
The M-MS3h-PTSD and F-MS3h-PTSD rats showed no obvious 
gender differences between upright times (Figure 2A). Rats in the 
F-PTSD and F-MS6h-PTSD group exhibited significantly more 
upright time in the OFT apparatus than the M-PTSD and M-MS6h-
PTSD rats (t = 7.432, p < .001; t = 6.154, p < .001; Figure 2D, F). In 
other cases there was no gender difference (Figure 2C, E, I, G, K 
and L). The M-MS6h-PTSD group and F-MS6h-PTSD group had 
less upright numbers and time spent in the central squares compared 
with their control groups (F(3,20) = 3.97, p = .023, Post hoc test: 
p =  .026; F(3,20) = 3.59, p = .032, Post hoc test: p = .028), (Figure 
2A, G). The tracking images is shown in the figure (Figure 2M).

The numbers of entries into the open arms in EPMT were not 
significantly different between the M-MS3h-PTSD and M-MS6h-
PTSD groups and the M-PTSD group on PND 88; the same results 
were found in the females. The M-PTSD rats had less time entering 
the open arms when compared to the control group; however, the 
female rats suggested no significant differences between entering the 
open arms or the opposite side (Figure 3A). The female rats had 
more upright postures of OFT and time entering the open arms of 
the EPMT than the male rats with MS and PTSD (Figure 2F, Figure 
3K). The results of time spent in the open arms in the M-MS3h-
PTSD and M-MS6h-PTSD groups were not significantly different 
from the M-PTSD group, and no difference was found between the 
F-MS3h-PTSD and F-MS6h-PTSD groups and the F-PTSD group 
(Figure 3G). Rats in the M-MS3h-PTSD group spent significantly 
less time in the open arms of the EPMT than the F-MS3h-PTSD 
group (t = 2.936, p = .015; see Figure 3K). In other cases there was 
no gender difference (Figure 3C–F, I and L). The tracking images 
was shown in the figure (Figure 3M).

No significant difference between the groups was found when 
there were no gender differences in upright numbers of OFT 
and time spent in open arms of EPMT (Figure 2B, Figure 3G). 
There were statistically significant differences between the control 
groups and the experimental groups in the time spent in central 
squares of OFT (MS3h-PTSD: p = .021; MS6h-PTSD: p = .007) 
and number of entries into open arms of EPMT (PTSD: p = 
.003; MS3h-PTSD: p = .008; MS6h-PTSD: p = .006), (Figure 2H,  
Figure 3B). When consider time and gender, no difference was 
found about time spent in open arms (Figure 3H). Detailed data 
information can be found in the Supplementary Material.

Analysis of Learning and Memory Behavior
A repeated MANOVA was used to analyze the mean latency of each 
group in finding the platform during initial spatial learning with 
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treatment and test days across different genders and separation 
time of MS. In male rats, the interaction was statistically significant 
between treatment and time (F(9,207) = 10.92, p < .001). The 
results showed that the separate effect that the treatment had was 

significant from day 1 to day 3 (Figure 4A). On day 1, the control 
groups spent less time finding the platform compared to other 
groups (PTSD: p = .014; MS3h-PTSD: p = .008; MS6h-PTSD: p = 
.003). On day 2, the PTSD and MS6h-PTSD groups demonstrated 

FIGURE 2 | Anxiety-related effect that MS had from PND 2 to PND 14 after subjecting the animals to the SPS as a PTSD model process in adulthood. (A) and (B): Upright 
numbers in the OFT. (G) and (H): Time spent in central squares (%). (A) and (G): Divided by gender and time difference of MS. (B) and (H): Divided by time difference of MS. 
(C), (D), (E), (F), (I), (J), (K) and (L): Gender difference. (M): Representative video tracking images during 5 min in the OFT. Values are means ± standard error. *p < .05 was 
statistically significant.
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more time compared to the control (p = .001; p = .007) and MS3h-
PTSD (p < .001; p < .001) groups. On day 3, the MS3h-PTSD 
group used less time compared to the control (p = .003) and PTSD  
(p = .003) groups. However, there were no striking differences 
on day 4 between any of the treatment groups. In female rats the 

interaction between treatment and time was statistically significant 
(F (9,207) = 12.73, p < .001). Further analysis of the female groups 
showed that the separate effects of treatment was significant on  
day 1, day 3 and day 4 (Figure 4B). On day 1, the control group 
used significantly fewer time compared to the rest groups (PTSD:  

FIGURE 3 | Anxiety-related effect that MS had from PND 2 to PND 14 after subjecting the animals to the SPS as a PTSD model process in adulthood. (A) and (B): 
Number entering in open arms in the EPMT. (G) and (H): Time spent in open arms (s) in the EPMT. (A) and (G): Divided by gender and time difference of MS. (B) 
and (H): Divided by time difference of MS. (C), (D), (E), (F), (I), (J), (K) and (L): Gender difference. (M): Representative video tracking images during 5 min in the 
EPMT. Values are means ± standard error. *p < .05 was statistically significant.
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p = .002; MS3h-PTSD: p < .001; MS6h-PTSD: p = .028) apart from that 
MS6h-PTSD group had significantly less time compared to the PTSD  
(p = .004) and MS3h-PTSD group (p = .001). No striking difference 
was found on day 2 between any of the groups. On day 3, the PTSD 
group spent less time compared to other groups (Control: p = .024; 
MS3h-PTSD: p = .021; MS6h-PTSD: *p < .001), and the MS3h-
PTSD group used less time compared to the MS6h-PTSD group (p = 
.006). On day 4, the MS3h-PTSD group used less time compared 
to the control group (p = .001) as well as the MS6h-PTSD group  

(p = .010), and the MS6h-PTSD group used significantly more time 
compared to the PTSD group (p < .001). When we explored rats 
controlling for gender difference, the interaction was statistically 
significant between treatment and time (F(9,423) = 16.16, p < 
.001). The separate effects of treatment were significant from day 
1 to day 4 (Figure 4C). On day 1, the control group used less time 
compared to other groups (PTSD: p < .001; MS3h-PTSD: p < .001; 
MS6h-PTSD: p < .001). On day 2, the PTSD group used more time 
compared to the control group (p = .005) and the MS3h-PTSD 

FIGURE 4 | Learning and memory-related effect that MS had from PND 2 to PND 14 after subjecting the animals to the process of SPS as a PTSD model in 
adult age. (A), (B) and (C): Mean latency to find the platform (s) in the spatial learning test in the WMT. (D) and (E): Quadrant time (%) of probe test in the WMT. 
(D): Divided by gender and time difference of MS. (E): Divided by time difference of MS. (F), (G), (H) and (I): Gender difference. (J): Representative video tracking 
images of probe test in the WMT. Values are means ± standard error. *p < .05 was statistically significant.
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group (p < .001). On day 3, the control group required more time 
compared to the PTSD group (p = .017) and the MS3h-PTSD group 
(p = .003), and the MS6h-PTSD group used more time compared to 
the PTSD group (p = .027) and the MS3h-PTSD group (p = .005). 
On day 4, the control and MS6h-PTSD groups used more time 
respectively compared to the PTSD group (p = .045, p = .036) and 
the MS3h-PTSD group (p = .001, p = .010).

The separate effect that the test day had from day 1 to day 
4 was significant in all treatments no matter if the rats were 
male (Control: p = .001; PTSD: p = .003; MS3h-PTSD: p = .001; 
MS6h-PTSD: p < .001), female (Control: p = .003; PTSD: p < 
.001; MS3h-PTSD: p < .001; MS6h-PTSD: p = .001) or from the 
group without gender difference (Control: p < .001; PTSD: p < 
.001; MS3h-PTSD: p < .001; MS6h-PTSD: p = .000), suggesting 
that the groups’ learning ability improved after the treatment test.

The results of the probe test revealed gender differences 
between rats in the MS3h group and the PTSD group; additionally, 
the M-MS3h-PTSD rats showed a higher spatial preference for the 
target quadrant than the F-MS3h-PTSD rats (F(5,66) = 2.72, p = 
.034). No significant differences were found between treatments 
(Figure 4D). A higher proportion of M-Control could be seen, 
compared with the M-PTSD and M-MS6h-PTSD groups, with 
significant differences (p = .014, p = .002; Figure 4D). When 
male and female rats were studied together without gender 
difference in WMT, the control groups required more quadrant 
time compared with rats in other groups, while there were no 
significant differences among the experimental groups (Figure 4E).  

The gender difference here is not significant (Figure 4F, G, H and J) 
and the tracking images was shown in the figure (Figure 4J). 
Detailed data information can be found in the Supplementary 
Material.

Analysis of Depressive Behavior
The F-MS3h-PTSD group showed more immobility than the 
F-PTSD group (F(3,20) = 8.49, p = .001; Post hoc test: p = .001) 
and no immobility difference in male rats (Figure 5A). No 
gender differences were found in terms of immobility between 
the MS3h-PTSD groups and MS6h-PTSD groups (Figure 5A). 
The F-MS3h-PTSD groups had more immobility time compared 
to the F-Control rats (F(3,20) = 8.49, p = .002). No significant 
differences emerged in depressive-like behavior between the MS3h-
PTSD, MS6h-PTSD, and PTSD groups when there was no gender 
distinction (Figure 5B). The gender difference here is not significant 
(Figure 5C, D, E and F). Detailed data information can be found in 
the Supplementary Material.

DISCUSSION

Several lines of evidence have showed that in stressful contexts 
under MS conditions, physiological systems prepare themselves 
more efficiently (11). MS changes can be regarded as adaptive 
modifications. If animals are raised in stressful environments early, 
the nervous system, immune systems, and the endocrine system will 

FIGURE 5 | Depression-related effect that MS had from PND 2 to PND 14 after subjecting the animals to the process of SPS as a PTSD model in adult age.  
(A) and (B): Total immobility(s) in the FST. (A): Divided by gender and time difference of MS. (B): Divided by time difference of MS. (C), (D), (E), and (F): Gender 
difference. Values are means ± standard error. *p < .05 was statistically significant.
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be altered to cope with stressful conditions later (26, 37). This finding 
differs from previous theories positing that early adverse experiences 
represent a risk element for developing anxiety disorders. In this 
research, we performed MS 3h or MS 6h daily from PND 2 to PND 
14 to mimic adverse early life stress along with the SPS process to 
mimic secondary stress in adulthood, resulting in PTSD.

The impacts of MS on the rats’ neurobehavioral development 
remain ambiguous as a result of the varying patterns observed 
by researchers. Some have shown that the impacts of MS depend 
on separation conditions (e.g., length and time of separation, 
gender, environmental conditions such as ambient temperature, 
and genetic background) (38, 39). Care must be taken when 
implementing MS, as pups are affected by their mothers’ odor 
or sounds; thus, it is important to ensure complete separation 
to guarantee the accuracy of results. In this study, pups were 
removed from the nest and placed into a 30°C incubator. As one 
source of error, unscheduled husbandry of cages may lead to 
high levels of ammonia, which cannot be neglected (40). Results 
cannot be tied directly to a poor early social environment if pups 
lose body warmth, because temperature might play a role, hence 
the recommendation for an incubator to avoid hypothermia (41). 
These observations show that long-term effects can be influenced 
by distinct MS conditions. The length and time of day when 
maternal separation occurs carries significant implications for 
these effects. In this experiment, differences in daily separation 
time (3h or 6h per day) and gender were studied. Female rats with 
6h MS showed less anxiety than those with 3h PTSD. Increased 
sensitivity of the pituitary gland to exogenous corticotrophin-
releasing hormone administration and the impaired negative 
feedback regulation of the HPA axis in male rats could explain this 
phenomenon. We can postulate that the previously mentioned 
adaptations might be useless in non-stressful conditions, which 
could lead to neuropsychiatric-like disorders or behavioral 
impairments. This finding could explain inconsistent conclusions. 
Potential behavioral consequences, as well as the mechanisms 
underlying this effect, will require future research.

Several animal models of PTSD, such as those involving social 
stress and predator stress, have been proposed. These animal 
models fail to demonstrate the most consistent neuroendocrinologic  
characteristic observed in PTSD patients, namely enhanced 
inhibition of the HPA axis, although they present behavioral 
alterations like PTSD (42–44). The SPS model, proposed by 
Liberzon et al., replicates the specific neuroendocrinologic 
abnormalities observed in PTSD patients (45), for example, 
enhanced glucocorticoid negative feedback. A recent ‘dismantling’  
study that employed different components of SPS (i.e., two of 
three stressors) was compared to the effect of full SPS (involving 
restraint, forced swim, and ether exposure); only those rats that 
were exposed to the full procedure exhibited deficits in retention 
of extinction memories—a mechanism which was thought to 
contribute to an inability to retain new safe memories and prevent 
trauma recovery (46). Rats exposed to SPS in this study suggested 
enhanced inhibition of the HPA system. We used this classical 
animal model to establish severe PTSD-mimicking trauma in 
adults who had experienced early stress in their childhood.

In the present study, rats that withdrew from the SPS test 
exhibited a significant reduction in exploratory activity, such as 

upright posturing during the OFT (47). Anxiety-like behavior and 
locomotor activity were evaluated via EPMT (48). The increased 
time spent in the closed arms during a 5-min session was indicative 
of high anxiety-like behaviors (49). The less time the rats spent in 
open arms, the more anxious and less curious they were. Although 
the OFT and EPMT can detect the degree of anxiety, the OFT is 
suited to measuring spontaneous activity, whereas the EPMT is 
suited to explore animals’ reactions to novelty in new and different 
environments. Gender differences were found in adult rats that 
had experienced MS before PTSD: male rats had significantly 
fewer upright numbers and less time in open arms in the OFT or 
EPMT. Female rats with MS 3h were more likely to enter the open 
arms in the EPMT. Male rats with less locomotor activities, which 
experienced severely adverse early life conditions (MS 6h), were 
more likely than female rats to exhibit anxious emotions after the 
second trauma in adulthood. The female rats showed less anxiety-
like behavior and were more curious when subjected to severe 
early stress (MS 6h). Early adverse experience thus affected males 
more intensely, despite the fact that that compared to men, women 
have a higher prevalence of anxiety disorders. We thought the 
contradiction between these consequences might be attributable 
to species-specific differences, especially when studying sex 
differences in the susceptibility to early adverse conditions (50). 
The timing of estrogen in females should also be considered, as 
it may influence hormones and neurotransmitters. Anxiety-like 
behavior has been found to be directly related to certain hormone 
levels. León Rodríguez and Dueňas et al. found that females rats 
that experienced maternal separation from their mothers (6h 
per day, PND 1 - 21) displayed decreased levels of anxiety and 
impulsive behavior and were more active than their stressed 
male counterparts, consistent with our findings (51). Wang et al. 
employed repeated MS (one daily period of 4h from PND 1 to 21) 
and found no significant gender differences in anxiety or locomotor 
activity in the OFT, regardless of age (52). Some studies suggested 
that MS could exacerbate the result of exposure to a PTSD model in 
exploration activities, at least in male animals. Prut et al. discovered 
anxiety-like behavior in MS male rats, as determined by the time 
spent in the central area in OFT, which implied aggravation of 
the anxiety-like degree (i.e., increase of movement time in the 
surrounding area) when exposed to dangerous environments; 
however, this impact was not observed in females. Our study 
revealed no significant differences between the experimental group 
regarding anxiety as represented by the time entering the central 
area of the OFT regardless of gender or treatment. We suspect 
that early life stress might not always contribute to unpredictable 
traumatic events experienced in adulthood. The OFT material and 
the different MS operations may have been susceptible to the smell 
of the rats, which could have influenced the final results.

Spatial learning data from the WMT showed that the M-MS3h-
PTSD group had significantly lower mean latency when locating the 
platform on the second and third test day compared to the rats in 
the M-MS6h-PTSD group; this result implies that MS for the 3 h/
day from PND 2 to 14 slightly strengthened spatial learning in the 
male adult rats, in line with prior research. This might be because 
mild early stress was more conducive to spatial learning. A previous 
study found that 24h maternal separation in PND 9 improved spatial 
learning (53) but found no significant gender difference in the spatial 
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learning test. Our conclusions differ from those of other studies, and 
we suspect that this may be due to differences in the design of the 
experiment, which means that the results of MS are different from 
the results of PTSD after the MS, although the effects of possible 
experimental errors need to be taken into account. Our results suggest 
that the M-MS6h-PTSD group had poor performances in the spatial 
navigation learning; although the differences did not have statistical 
significance, the trend is still there. We suspect that 6h of MS could 
model the impacts of early life stress in cognitive dysfunction during 
adulthood and might lead to additional general learning deficits later 
in life. Longer MS could also result in dystrophy, which affects brain 
size, volume, activity, and the number of brain cells. Research has 
shown that early adverse experiences resulting from MS 6h could 
reduce cell proliferation in the dentate gyros of the hippocampus, 
hinder acquisition of spatial learning (54, 55), lead to neuronal cell 
death, and eventually cause memory impairment (56). Over time, 
all male rat groups showed enhanced spatial learning after 4 days’ 
training in this study, but no significant differences appeared in the 
rats’ ultimate learning ability in any group. Interactions between an 
individual genetic profile and the early environment, such as MS, 
could be involved in adaptive programming, which could amplify 
responsiveness in animals. Severely adverse early life conditions in 
female rats (MS6h) affected the spatial learning of the subject, which 
spent significantly less time on mean latency to find the platform 
on the first training day and more time on the third and fourth day, 
suggesting that MS 6 h/day from PND 2 to 14 slightly disrupted 
spatial learning in adult female rats. A similar situation was found 
on the third and fourth training days without gender difference. 
Xiu-Min Sun et al. found behavioral results of the WMT indicating 
that the rats’ memory and spatial learning ability were impaired by 
early life stress. Our study found that the spatial probe test showed 
no significant differences among the MS3h-PTSD, MS6h-PTSD and 
PTSD groups, implying that rats who experienced trauma early in 
life and then experienced a second trauma in adulthood do not suffer 
from effects on spatial memory. Charles V Vorhees and Michael T 
Williams offered that the number of times an animal floats could 
be reduced by proper water temperature (57); thus, a more stable 
temperature would be better during the experimental process.

Immobility is a sign of increased depression-like behavior (49). 
Female rats that experienced PTSD gave evidence of lower levels of 
depression when subjected to the FST. This pattern was evidenced by 
the increased proportion of immobility latencies compared with the 
F-MS3h-PTSD group, suggesting that female rats that experienced 
mild early stress (MS 3h) prior to PTSD exhibited more depression-
like behavior than the F-PTSD group. These findings were consistent 
with a study from Hesong Liu, Gaurav Patki et al., which found 
that experiencing early-life maternal stress causes depression-like 
behavior later in adulthood for PND 60. This research was found 
in male and female rats, implying no gender difference in this 
behavior (58). A difference was found in depression in female rats; 
differences in experimental design, control group, strain differences, 
or a combination of these factors might cause such discrepancies, 
these may also explain the high standard deviation of male rats in 
the blank control group and the PTSD group.

Our study utilized emotion- and cognition-related behavioral 
assessments of adult rats following induced post-traumatic stress 
disorder after various lengths of maternal separation to explore 

the impact of MS on PTSD as well as the effects of different MS 
periods. Whether the aforementioned adaptations are useful in 
non-stressful environments remains unknown, although we will 
continue to explore this potential effect as well as the underlying 
mechanisms that may result from relevant treatments.

CONCLUSIONS

This study demonstrated that, with early life stress, female rats 
that showed less anxiety are more resilient to second stress in 
adulthood compared with male rats. Although there were signs 
of reduced anxiety in rats with early MS trauma compared with 
animals with only PTSD, they were not significant. Apart from 
that, male rats with slight MS exhibited better spatial learning 
than those exposed to severe MS. In terms of depression, female 
rats that experienced mild MS showed no adaptation to trauma 
but exhibited increased depression-like emotions. Although 
different results were obtained with different MS intensities, our 
data suggest that under several circumstances, early life stress 
could be adaptive in some respects, especially in spatial learning. 
This feature could play a role in predicting the emotional and 
cognitive outcomes of left-behind children who experience 
trauma in adulthood.
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Evidence Based Dyadic Therapies 
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Emotional and Behavioral Difficulties
Reem M. A. Shafi, Ewa D. Bieber, Julia Shekunov, Paul E. Croarkin and 
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As many as one in four preschool-aged children are estimated to struggle with 
psychosocial stress and social-emotional issues; yet, interventions are often postponed 
until older ages when change is actually more difficult. Reasons for this include limited 
interventions, paucity of FDA approved medications for young children, as well as the 
dearth of clinicians adequately trained in psychotherapeutic approaches for young 
children. This commentary outlines indications of the four most commonly used 
evidence-based dyadic psychotherapies for young children: Child-Parent Psychotherapy 
(CPP) and Trauma-Focused Cognitive Behavioral Therapy (TF-CBT), used primarily 
for young children with trauma, and Parent-Child Interaction Therapy (PCIT) and Child 
Parent Relationship Therapy (CPRT), used mostly for children with behavioral issues. 
Rooted in attachment theory and further supported by the premise that the quality of 
the child–caregiver dyad is paramount to psychological wellbeing, these therapies focus 
on strengthening this relationship. Literature indicates that insecure or disorganized early 
attachments adversely affect an individual’s lifelong trajectory. These therapies have 
demonstrated efficacy leading to positive behavioral changes and improved parent–child 
interactions. The major challenges of clinical practice focused on young children and their 
families include proper diagnosis and determining the best therapeutic strategy, especially 
for families who have not benefited from prior interventions. At this time, it is still unclear 
which therapy is best indicated for which type of patients and it mostly has been driven 
by convenience and provider preference or training. Further research is required to tailor 
treatments more successfully to the child’s needs.

Keywords: young child, Psychotherapy, emotional regulation, behavioral issues, mental health

INTRODUCTION

It is estimated that as many as one in four preschool-aged children struggle with psychosocial 
stress and social-emotional issues, both of which may be precursors to later disease (1). The 
period of 0–3 years is the most formative in human brain development (due to the critical period 
of synaptogenesis, pruning, and myelination) and carries the potential for lifelong consequences, 
both positive and negative (2, 3). However, despite the acknowledgement of increasing pediatric 
mental health concerns and interventions aimed at reducing the raising suicide rates, the quality 
of training, implementation, and dissemination of interventions focused on the 0- to 5-year-old 
patient population remains inadequate.
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While many psychiatric disorders emerge in adolescence 
(2), their underpinnings can be seen much earlier. For example, 
oppositional defiant disorder (ODD) is a highly prevalent 
condition in young children (6–15%) (3). Yet, the ones who 
develop serious externalizing behaviors early in life have a two- 
to three-fold higher risk of developing conduct disorder (CD), 
which is more difficult to manage and has a worse prognosis 
(4–6). According to a longitudinal follow-up study by Luby et al. 
(2009), internalizing disorders such as major depressive disorder 
(MDD) in preschool children also show stability over time. Here, 
preschoolers diagnosed with depression at baseline had a higher 
risk of developing depression at 12 and/or 24 months later in 
comparison to the control group (7). In another study by Luby et al. 
(2014), preschool-onset depression was shown to be a predictor of 
MDD in later childhood. In addition to non-supportive parenting, 
the Adverse Childhood Experiences (ACE) score could also affect 
depression severity and oppositional behaviors (8–10).

Importantly, early interventions aimed at emotional and 
behavioral disturbances are more effective when done at preschool 
age rather than school age (11). Since early childhood onset of 
externalizing disorders (such as ODD or CD) and internalizing 
disorders (such as MDD or anxiety disorder) can have a lasting, 
detrimental impact on later life, it is imperative that early 
identification by trained providers occurs with implementation 
of safe, effective psychotherapeutic treatment modalities (11).

PSYCHOTHERAPY WITH YOUNG  
CHILDREN—GENERAL OVERVIEW

Infant and Early Childhood Mental Health has been 
recognized by the field of psychiatry for over 75 years. There 
are a number of clinical interventions driven by various 
theories; however, it is safe to say that a great majority of 
them are founded on dyadic psychotherapy. Young children 
do not function without their caregivers, and as such, dyadic 
therapies aim to effectively address the parent, the child, and 
their relationship. The latter is particularly important as young 
children function and grow only within the context of their 
 relationship with caregivers.

Most dyadic therapies try to address at least three different 
“parties” involved. It is a difficult task and attrition rate is 
usually high. Zeanah and Boris (12) describe several challenges 
of dyadic treatment. First, young children develop and change 
rapidly between 0 and 5 years old. This rapid development 
necessitates an urgency to address any issues so that ongoing 
development continues and acquisition of milestones is 
reached appropriately. Children have a limited repertoire of 
self-expression for some time and often irritability or anger 
can be a sign of a number of diagnostic categories which 
further complicates assessment. Clinicians have to rely 
predominantly on parental or other caregiver descriptions of 
the child’s behaviors, which may be inaccurate. Lastly, while 
the debate as to whether nature or nurture contributes to 
human behavior has largely subsided with acknowledgment 
of the contribution of both, including the interactions with 

the caregiver, it remains challenging in a clinical setting to 
precisely identify which of the factors plays the most pivotal 
role for a particular patient.

There are also a number of external factors that limit access 
to care for young children and their families for early symptoms. 
Unfortunately, even with optimal identification of children who 
could benefit from psychiatric or psychotherapeutic treatment, 
there is a critical shortage of qualified providers, particularly in 
infant mental health. Unfortunately, despite numerous studies, 
there remains a misconception among some providers that 
young children will grow out of their difficulties or simply forget 
traumatic experiences (13). Clinicians working with these 
children need to be attuned to this and be familiar with both 
child and adult psychopathology, which requires specialized 
training.

This commentary outlines indications of the most commonly 
used evidence-based dyadic psychotherapies for young children: 
Child-Parent Psychotherapy (CPP), Trauma-Focused Cognitive 
Behavioral Therapy (TF-CBT), Parent-Child Interaction 
Therapy (PCIT), and Child Parent Relationship Therapy 
(CPRT). CPP, TF-CBT and CPRT are used primarily for young 
children with trauma, and (PCIT) is used mostly for children 
with behavioral issues.

All four therapies are well-known. The basic theory 
describing their background and detailed evidence of efficacy 
is beyond the scope of this article. Here, we will summarize 
the primary characteristics of each treatment’s methods, 
paying special attention to the indications, goals, and specific 
interventions.

CHILD-PARENT PSYCHOTHERAPY (CPP)

CPP was initially studied as a treatment for traumatized children 
and their parents and continues to be the main indication. 
However, it has since been found to be useful for early childhood 
disorders such as anxiety, bonding difficulties, behavioral issues, 
and others. The main premise of CPP, recommended for children 
ages 0–6, is to attempt to help the child’s mental health issues while 
supporting and strengthening primary attachment relationships 
(14). The attachment system between the child and caregiver is 
the leading organizing system that helps the child with his or her 
responses to dangerous situations. A trusting relationship within 
this paradigm is the most important protective factor for a young 
child (14, 15).

A manual of CPP, “Don’t Hit My Mommy” (16), is available, 
but master level clinicians are required to complete formal 
training and supervision in order to be considered qualified 
providers. CPP takes approximately 1 year to complete and 
consists of the therapist meeting with the child and parent on 
a weekly basis. The initial assessments are typically scheduled 
with the primary caregiver to create the treatment plan; they 
are then followed by joint child–parent play sessions. The 
therapist selects developmentally appropriate toys before each 
session for the child to use. If there is a history of trauma, 
toys usually are used to elicit trauma material. During the 
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course of the treatment, the therapist may schedule individual 
sessions with the primary caregiver as clinically indicated to 
review progress.

CPP is a psychodynamic oriented treatment, and 
interpretation during play is one of the main techniques. In 
order to address both the parent and the child, the therapist 
delivers their interpretation in a two-prong way. The main 
goal of the interpretation is to show compassion for the parent 
(many of whom have experienced past abuse or traumatic 
events) and help them realize, in the presence with their 
child, that their previous experiences affect their relationship. 
The idea behind such an approach is that the better parents 
remember their past, the less likely it is for them to repeat 
it with their children. It is also easier for parents to be more 
protective and have compassion modeled by the therapist 
for their child. The danger of burying traumatic events and 
not being able to talk about them is despite best intentions 
there is the potential of parental reenactment of maladaptive 
events with their own children. Parents may also use 
defense mechanisms such as denial or avoidance to fend off 
uncomfortable feelings, impacting their ability to enjoy the 
relationship with their child (17).

In CPP therapy, the therapist is required to be fairly 
flexible and creative when working with patients. The length 
of sessions often depends on the level of engagement of the 
child and parent. Depending on age, this may vary from 30 
to 45 min. Infants always accompany their parents during 
sessions, but with toddlers and preschoolers, the session 
may be divided. This may involve spending a portion of the 
session with the child and in the remainder the therapist 
engages in “grown up talk.” Alternatively, the therapist may 
meet separately with the parent and then the child (especially 
in situations when parental mental health is in peril and needs 
to be addressed immediately).

The main goals of CPP may be divided into two categories: 
global goals and trauma-related goals. Global goals of CPP revolve 
around supporting normal development and helping the child and 
parent develop a strong and loving relationship. Part of this includes 
teaching the parent how to help the child manage their emotions 
and control their behaviors. Trauma related goals are directed to help 
both the child and parent resolve trauma related symptomatology, 
re-build trust, and normalize their responses. Through play and 
the therapist’s interpretations, the child and parent are encouraged 
to create a trauma narrative that is meaningful to them both and 
developmentally appropriate to the child (18).

CPP was empirically validated in a randomized controlled 
study conducted by Lieberman et al. on a sample of 75 
preschoolers who experienced domestic violence (19). Since then, 
CPP has been well studied in at least nine randomized controlled 
trials with sample sizes ranging from 50 to 198 dyads across a 
number of different populations, including but not limited to 
Latino toddlers and their mothers with a history of trauma (20), 
depressed mothers and their toddlers (21), and children from the 
welfare system with a history of abuse (19). The effect size in the 
seminal paper by Lieberman et al. was around 0.4 both for the 
child and the parent (22).

TRAUMA FOCUSED COGNITIVE 
BEHAVIORAL THERAPY (TF-CBT)

One of the most common evidence-based treatments for trauma 
in children is TF-CBT (23, 24), a treatment model delivered to 
young children that is a components-based treatment, requiring 
full involvement of the child’s non-offending caregivers. 
Although initially tested on children with a history of sexual 
abuse, it has since been successfully applied to children, ages 
3–18, with diverse and sometimes complex trauma: physical, 
sexual, and emotional or neglect. TF-CBT also addresses 
parental secondary trauma and helps parents with addressing 
difficult behaviors in their children that resulted of trauma. 
Typical treatment involves 8–20 sessions divided between 
individual sessions for the child and the caregiver, followed 
by conjoint sessions. Due to children’s short attention spans, 
especially for exploring difficult trauma, sessions should not 
exceed 30 min in length. The remainder of the session can be 
devoted to the caregiver, or brief activities such as learning 
relaxation skills, coloring, or other positive activities that allow 
the child to take a short break.

TF-CBT is structured so that the child and caregiver both 
gradually engage in exposure exercises. This begins at the 
assessment session. First, the therapist must ensure that the 
child has memory of the trauma and sufficient verbal skills to 
acknowledge it took place. Then slowly, the child and caregiver 
participate in the process of learning coping skills, such as 
relaxation skills and deep breathing, to help manage reminders 
of the trauma. They are also encouraged to narrate the trauma 
story and make meaning of their experience.

Engaging primary caregivers from the very beginning is 
crucial for a number of reasons, starting with compliance. 
Caregivers who understand the indications and goals of 
therapy are more likely to complete treatment (25, 26). 
Additionally, the primary focus is on positive parenting skills, 
largely praising, and rewarding good behaviors. Parents are 
taught that negative consequences may be used but that 
relying on them without praise is not sufficient to change 
behaviors. Negative consequences are intended to be benign 
and brief (for example a short time-out). Psychoeducation is 
provided to both the child and their caregivers. child and their 
caregivers. Caregivers are counseled on the differentiation 
between problematic behaviors that are in the context of 
trauma and normal behaviors that are to be expected as a 
normal course of development. This should help the caregivers 
avoid misinterpreting new behaviors as pathological in the 
aftermath of trauma and to respond effectively (23, 27).

Psychoeducation to children should be delivered in 
a developmentally appropriate way and the therapist is 
encouraged to assess the child’s understanding of the material 
as the treatment progresses. The relaxation and affect 
expression training are very similar to other CBT treatment 
protocols in that even very young children are capable of 
discussing simple emotions such as sad, mad, and happy. 
Likewise, young children can be taught cognitive coping skills, 
for example, with the help of age-appropriate books (28). 
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Additionally, one of the most important elements of treatment 
is trauma narrative, which can be accomplished by a creation 
of a book with drawings and stories of trauma. If the child is 
very young and prefers to play, then dolls, puppets, and other 
play materials may be used. Narration of trauma provides an 
opportunity to plan for in vivo mastery. Often planning for 
gradual exposures with caregivers is necessary, as avoidance 
behaviors frequently occur outside of therapy sessions. It is 
very helpful to share the trauma narrative in conjoint sessions 
towards the end of the treatment. Conjoint sessions are also 
beneficial in practicing communication between the caregiver 
and the child, and to identify behavioral interventions that are 
best for the dyad.

TF-CBT is manualized and certification typically consists 
of formal in-person training as well as consultation calls (29, 
23). The most commonly cited study supporting the use of 
TF-CBT in young children by Cohen et al. (30) found TF-CBT 
to be superior to nondirective supportive therapy in addressing 
sexual trauma. Specifically, there was a significant decrease in 
PTSD symptomatology and sexualized behaviors in TF-CBT 
subjects even at 1 year follow up in comparison to the control 
group. Since then, further studies have found TF-CBT to be 
beneficial in addressing symptoms resulting from emotional 
and physical abuse, natural disasters, and complicated grief 
(24, 25, 31). There are at least 10 randomized control studies 
with sample sizes ranging from 36 to 229 dyads and 6 review 
studies of TF-CBT. Studies showed medium to large effects that 
were defined as standardized mean differences of Cohen’s d ≥.40 
(medium effects), and large effects were defined as d ≥.75 (32).

PARENT CHILD INTERACTION THERAPY 
(PCIT)

PCIT is an evidence-based behavioral treatment for 2–7 year 
olds with behavioral disturbances arising from internalizing 
and externalizing disorders (33). The aim of treatment is 
to improve symptoms by improving the child–caregiver 
relationship. The distinguishing feature of PCIT is the use of 
a “bug in the ear system” that allows the therapist to coach the 
caregiver in real time. This discrete method allows for in the 
moment training and feedback as the caregiver interacts with 
their child while the therapist watches and teaches behind a 
one-way mirror.

PCIT is implemented in two stages: Child Directed 
Interaction (CDI) and Parent Directed Interaction (PDI). 
CDI involves teaching PRIDE (Praise, Reflection, Imitation, 
Description, and Enthusiasm) “do” skills that the caregiver is 
taught to utilize during interactions and play with the child 
(Table 1). At the same time, the caregiver is taught to avoid 
“don’t” skills during CDI (Table 2). Once mastery of the 
PRIDE skills is attained, the therapy transitions onto PDI. 
Here, the caregiver learns appropriate disciplinary techniques, 
such as effective time-outs, and the phrasing of clear directions 
or commands (direct commands) (34, 35). Sessions are usually 
45 min long, although in the second part of treatment- PDI, 
they may be extended to 60–90 min depending on the child’s 
response. For example, if the child does not comply with a 
direct command given to them by their parent, they have to sit 
in a time out chair for 3 min followed by 5 seconds of silence 

TABLE 2 | (19, 34, 35) CDI “don’t skills”.

CDI “don’t skills” Explanation Examples

Questions These can push the adult’s agenda and inhibit child-lead play.  “What color is this?”
“Where do you want to put this block?”

Commands Indirect Command: often phrased as a question and offers a choice.
Direct Command: clear and explicit in what parent expects of child.

Indirect: “Can you put your coat on?”
Direct: “Put your coat on please”

Criticism Caregivers are taught to avoid criticism of any kind. “No, silly”
“That is not a clever way to fix it!”

TABLE 1 | (19, 34, 35) CDI “do” skills.

CDI “do” skills Explanation Example

Praise Caregiver is encouraged to praise all good behaviors in order to positively 
reinforce them and increase their frequency. Of the two types (Labeled 
and Unlabeled Praise), labeled praise is preferred as it clearly specifies the 
behavior for which the child receives praise.

Labelled Praise: “I love how you are sitting quietly”, 
“Thank you for using your walking feet”
Unlabeled Praise: “Great Job!”, “Nice work!”

Reflection Caregiver repeats or summarizes what child says, showing them they are 
attentive to them. Additionally, this helps to increase the child’s vocabulary.

Child: “I like apples”
Caregiver: “You like apples”
Child: “I don’t know how to fix this truck”
Caregiver: You are wondering how to fix the truck”

Imitation Caregiver allows the child to lead play and imitates positive behaviors. Child: Begins to draw a sun
Caregiver: Also starts drawing a sun 

Behavioral Description Caregiver acts as a “sports commentator” describing what the child is doing, 
creating an opportunity to teach without asking questions.

Child: Playing with a cube
Caregiver: “You are picking up the yellow cube and 
putting it on top of the box”

Enjoyment Caregiver expresses enthusiasm during the play and learns to enjoy the time 
with the child encouraging engagement.

Therapist: “(Child) loves spending time with you”, “When 
you smile it really causes (Child) to brighten up!”
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(the latter is important for the child to learn that only calm 
behavior will get them out of the chair). Likewise, if the child 
gets off the chair prematurely, they have to go to the time out 
room, or if the room is unavailable, parents practice a “swoop 
and go” strategy, where they collect all the toys that are in 
the room and tell the child that they will be standing right 
outside the door until the child is ready to sit in the chair. The 
recommendation is that parents should wait at least a minute 
that is followed by 5 s of silence before approaching the child 
to put them in the time out chair. PDI also includes a public 
outing session where parents have the opportunity to practice 
their newly acquired skills in a park or a store. There is also a 
sibling session where parents practice their skills with all their 
children. This is particularly helpful for children who have 
difficult relationships with their siblings.

PCIT has a wide body of evidence supporting its use, 
including randomized controlled trials indicating long term 
improvement in parenting strategies and diminished behavioral 
issues, as compared with treatment-as-usual groups (36). PCIT 
has traditionally been used for developmentally normal children 
between the ages of 2–7 years. However, there is evidence that 
PCIT can be modified to benefit children with behavioral 
problems as a result of autism, severe developmental delay, 
and intellectual disability (37–39). In addition to externalizing 
conditions such as ODD, adaptations to PCIT have increasingly 
targeted and been found to be efficacious for internalizing 
conditions such as depression and anxiety.

Luby et al. (2018) developed PCIT with an Emotion 
Development (ED) component as an addition to the therapy. 
This is now referred to as PCIT-ED and lengthens the series from 
an average of 12 to 18 sessions. After completion of standard 
PCIT, the caregiver is taught specifically how to coach the child 
to identify and understand emotions in themselves and others 
with a stronger emphasis on the caregiver acting as an external 
regulator of the child’s emotions (2, 40). PCIT based treatments 
such as the Coaching Approach behavior and Leading by 
Modeling (CALM) Program have been effectively used to treat 
a spectrum of anxiety disorders by focusing on parent led 
exposures and behavioral modeling (41).

In summary, PCIT has applicability outside its traditional 
indications of normally developed children with externalizing 
disorders. Standard PCIT technique and adaptations described 
above offer safe and effective alternatives to psychotropic 
medications for a range of externalizing and internalizing 
disorders such as oppositional defiant behaviors, ADHD, anxiety, 
depression, and trauma in young children (2).

Based on comparative studies, PCIT demonstrated large effect 
sizes for helping with negative parent and child behaviors as 
well as increasing positive parenting skills and improving child 
behaviors (42). There are at least 12 meta-analyses and reviews of 
PCIT research (43, 44). Based on one analysis, PCIT has a large 
effect size of d = 1.65 (decrease in externalizing symptoms in 
children) (45). PCIT has also been studied in various settings such 
as in school therapy (TCIT- Teacher Child Interactive Therapy) 
(46), in-home settings (47), mothers who are incarcerated, as 
well as Primary Care Practice (group format) (48, 49).

CHILD–PARENT RELATIONSHIP THERAPY 
(CPRT)

CPRT is an evidence-based humanistic, child-centered, and 
play-based treatment program. It was initially developed for 
children ages 3–8 years old with more recent adaptations 
available for 1- to 3-year-old children as well as pre-teens. Other 
components of the treatment are 30 min, weekly, non-directive 
play sessions for the parent and the child (50, 51). Parents 
use skills learned in group therapy in their play interactions 
with children. Parents practice in a supervised environment 
how to better address their child’s emotional and behavioral 
needs and children learn that they can always depend on 
their parents. CPRT utilizes concepts of Child Centered Play 
Therapy (CCPT). Therapy is designed for a wide range of issues 
that include attachment disorders or difficulties bonding, for 
adoptive families and for those with a history of abuse in 
families with resulting emotional and behavioral problems 
in children. For the latter group, the aims of the treatment 
include decreasing parental stress and their secondary trauma 
symptoms, and helping with their child’s behavioral issues 
(52–55). Behavioral issues are addressed by parents serving as 
role models for their children and their ability to interact with 
them in a non-judgmental way with empathy and respect.

Group sessions in CPRT are structured and address various 
components that include education on CCPT skills (delivered 
mostly in sessions 1–3), as well as supervision and discussion 
of the video recordings of the in-home play sessions in a small 
group format (delivered mostly in weeks 4–10). Parents have 
the opportunity to process their concerns and ask appropriate 
questions as well as receive support (56).

Bratton et al. formalized the CPRT created treatment manual 
available for the therapists (56). The certification process contains 
a number of steps for mental health providers to undertake, 
including educational training, which allows therapists to 
conduct group therapy but not home visitations (parents may 
get certified as well). In addition, therapists must receive training 
in CCPT, complete CPRT certification exam, and have sufficient 
supervision of their clinical experience.

CPRT is considered an evidence-based treatment model based 
on at least 20 outcome studies that included 15 Randomized 
Control Trials (57). Based on a meta-analysis (Bratton et al., 
2005) that assessed 93 studies, the effect size for CPRT is in the 
moderate range (d = 0.80). CPRT also has been implemented 
in various settings (e.g., school based) and across diverse 
populations (57, 58).

CONCLUSIONS

Significant psychiatric conditions such as depression, anxiety, 
post-traumatic stress disorder, and ODD occur in very young 
children and early identification and treatment is of paramount 
importance. The long term effects of psychotropic medication 
remain uncertain, though its use has become increasingly common 
(2). The treatment modalities of CPP, TF-CBT, PCIT, and CRPT 
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are evidence-based, valuable options for young children with 
a history of trauma, internalizing and externalizing disorders, 
and their caregivers. See Table 3 for a summary of individual 
goals, indications, and length of treatment for each therapy. By 
focusing on the powerful influence of a positive caregiver–child 
relationship during a sensitive period of neurodevelopment these 
therapies may positively impact a child’s trajectory.

Although many providers are familiar with one of the 
discussed treatment modalities, it is very rare to find a clinician 
trained in multiple therapies. One of the major challenges in 
clinical practice with young children and their families is proper 
diagnosis but also being able to determine the best therapeutic 
strategy, especially for families who have had a weak or null 
response with previous treatment.

In TF-CBT, the non-offending caregiver is required to participate 
in the sessions that are different from CPP or CPRT where an 
abusive parent, as long as they are motivated for change, would 
be a viable candidate for treatment. This is an important aspect of 
various treatments that needs to be taken into consideration. Similar 
to PCIT and CPRT, parents who, for example, have lost custody 
due to abuse and who are now interested in reconciliation may use 
the treatment to reconnect with their children. Another important 
factor is the age of the patient. All four therapies are designed for very 
young children; however, only CPP takes on infants 0–12 months. 
TF-CBT also does not accept patients with dangerous acting-out or 
suicidal behaviors. While suicidal behaviors would be extremely rare 
in children 3–6 years old, dangerous acting-out is not uncommon, 

especially in patients with a history of significant abuse. It is often a 
difficult clinical decision whether to first address the behaviors with 
treatment such as PCIT or focus on the traumatic response with a 
referral to TF-CBT, CPP, or CPRT. Rarely is it a good idea to conduct 
both therapies at the same time due to “dilution” of the effectiveness 
of each therapy and high dropout rate. Although dual therapy is 
typically avoided, there remains a lack of guidance and no studies 
on the type of therapy that is best suited for a particular patient, and 
until recently, this was mostly driven by therapist’s availability and 
training as well as the patients’ preference.

In the absence of evidence and based on clinical practice alone, 
children who do present with such difficult behaviors are referred 
to PCIT for stabilization before undergoing TF-CBT, CPP, or 
CPRT to learn how to better cope with their trauma history. That 
being said, all four therapies address difficult behaviors in some 
capacity. CPRT is the only therapy that offers group sessions for 
parents, and if that is their preference, such therapy should be 
considered as a first line treatment. Further research is required 
to tailor the type of treatment quickly, more successfully, and 
according to the child’s and caregiver’s needs.
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TABLE 3 | Summary of three main evidence-based psychotherapeutic interventions in young children.

Type of 
therapy 

Age (years) Indications Goals of therapy Length of treatment/frequency 
and duration of sessions

CPP 0–6 PTSD and other trauma related 
disorders, anxiety, behavioral issues, 
attachment difficulties

Global Goals: Improve child–caregiver attachment
Trauma Goals: Reduce trauma related symptoms

1 year/1–2 times a week/30–60 min 

TF-CBT 3–18 PTSD and other trauma and stressor 
related disorders 
Grief

Gradual exposure to trauma narrative and learning 
of coping skills as a way to reduce symptoms

8–20 sessions/weekly/30 min

PCIT 2.5–7 Disruptive behavior in context of 
ODD, CD, autism, attention deficit 
hyperactivity disorder (ADHD), anxiety, 
selective mutism, depression

Increase positive interactions between caregiver 
and child, improve communication and teach 
appropriate disciplinary techniques to strengthen 
the caregiver–child relationship

8–12 sessions/weekly/45–90 min 

CPRT 3–8 Attachment difficulties, children of 
adoption, families with history of 
abuse

CPRT utilizes concepts of Child Centered Play 
Therapy (CCPT). The main aim is to strengthen or 
create secure attachment between parent and a 
child. Behavioral issues are addressed by parents 
serving as role models for their children and their 
ability to interact with them in non-judgmental way 
with empathy and respect.

10 sessions of weekly group 
therapy (for parents only)/120 min 
plus 30 min weekly in home, video 
recorded play therapy (parent and 
child)
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Diabetic neuropathic pain (DNP) and major depressive disorder (MDD) are common 
complications of diabetes mellitus and mutually affect each other. As a member of the 
ATP-gated ion channel family, P2X7 receptor is associated with the transduction of pain 
signal and the onset of depression. The aim of this study was to investigate the effects of 
dihydromyricetin (DHM) on rats with comorbid DNP and MDD. After the comorbid model was 
established, rat behavior changes were monitored by measuring the mechanical withdrawal 
threshold, thermal withdrawal latency, sugar water preference, immobility time in the forced-
swim test, and open-field test parameters. The expressions of P2X7 receptor in the dorsal 
root ganglia (DRGs), spinal cord, and hippocampus were assessed by quantitative real-
time PCR, Western blotting, and double immunofluorescence. We found that hyperalgesia, 
allodynia, and depressive behaviors of rats with comorbid DNP and MDD were relieved by 
treatment with DHM or application of a short-hairpin RNA for P2X7 receptor. The expression 
levels of P2X7, phosphorylated extracellular signal–regulated kinase 1/2, tumor necrosis 
factor α, and interleukin 1β were increased in the DRGs, spinal cord, and hippocampus of 
rats in the model group but restored after DHM or P2X7 short-hairpin RNA treatment. In 
conclusion, P2X7 receptor in the DRGs, spinal cord, and hippocampus participates in the 
transduction of DNP and MDD signals. DHM seems to relieve comorbid DNP and MDD by 
reducing the expression of P2X7 receptor in the DRGs, spinal cord, and hippocampus and 
may be an effective new drug for the treatment of patients with both DNP and MDD.

Keywords: dihydromyricetin, P2X7 receptor, diabetic neuropathic pain, major depressive disorder, dorsal root 
ganglion, spinal cord, hippocampus

INTRODUCTION

Given the high prevalence of diabetes mellitus worldwide, diabetic neuropathic pain (DNP) has 
become a relatively common condition (1, 2). DNP often involves primary injury or dysfunction 
of the peripheral or central nervous system (3, 4). Although DNP is one of the main symptoms of 
diabetic neuropathy, its pathophysiological mechanisms are not yet fully understood (5).
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Depression, also known as major depressive disorder (MDD), 
is a serious medical condition affecting public health. Mild and 
severe depression is closely associated with increased mortality 
rates in patients with diabetes mellitus (6). Painful diabetic 
polyneuropathy is a greater determinant of depression than 
other diabetes-related complications and comorbidities (7), 
and depression severity depends on the intensity of pain (8). 
Comorbid DNP and MDD seriously affect the quality of life and 
are more difficult to treat than either DNP or MDD in isolation. 
At present, the relevant mechanisms have not been thoroughly 
elucidated and require further research.

After nerve injury and inflammation, nerve endings release 
large amounts of adenosine triphosphate, an important 
neurotransmitter that activates several purinergic receptors and 
is necessary for many biological and pathological functions (9, 
10). P2X7 receptor is a ligand-gated nonselective cation channel 
receptor (11–13) that is closely associated with neuropathic pain 
and depression (14, 15). Many studies have confirmed that P2X7 
receptor activation is involved in depression progression (16–18). 
Our previous experiments confirmed that hippocampal P2X7 
receptor expression was noticeably higher in rats with comorbid 
DNP and MDD than in control rats (19). We speculate that 
P2X7 receptor might be a common target for the two comorbid 
diseases. However, the effects of comorbid DNP and MDD on 
P2X7 receptor expression in the dorsal root ganglia (DRGs) and 
spinal cord have not been reported.

The flavonoid dihydromyricetin (DHM) is the most abundant 
organic chemical in vine tea, which is made from Ampelopsis 
grossedentata, and provides myriad health benefits, including 
anti-inflammatory, antitumor, and rapid antidepressant-like 
effects (20, 21). Homology modeling and molecular docking 
analysis, which predicts ligand binding at a protein’s active sites 
(22), suggested that DHM is capable of high-affinity binding to 
P2X7 receptor (Table 1 and Figure 1). Thus, we hypothesized 
that DHM could be used to treat the comorbid symptoms by 
acting on P2X7 receptor. The aim of this study was to investigate 
whether DHM treatment can alleviate comorbid DNP and MDD 
by inhibiting P2X7 receptor expression in the DRGs, spinal cord, 
and hippocampus.

MATeRIAlS AND MeThODS

Animals and Treatments
Male Sprague–Dawley rats (180–220 g) were provided by the 
Centre of Laboratory Animal Science of Nanchang University. 
The procedures of this study were approved by the Animal Care 
and Use Committee of Nanchang University Medical School and 
were performed according to IASP(International Association for the 
Study Pain)’s  ethical guidelines for pain research in animals. Rats 
were housed under controlled conditions at 25°C temperature and 
60% humidity, with freely available food and water. Five rats were 
housed in each cage. The timeline of this study is shown in Figure 2C.

Generation of DNP and MDD Rat Model
During the week before the start of the experiment, rats were fed 
a normal diet. After that, they were fed high-glucose, high-fat 

diet for 4 weeks. After the end of the 4 weeks, rats were starved 
for more than 12 h and were then given an intraperitoneal (i.p.) 
injection of streptozotocin (STZ; 35 mg/kg). Blood glucose was 
measured after food consumption. Rats whose blood glucose 
levels were higher than 16.7 mmol/l were chosen as having type 
2 diabetes mellitus. For the next 5 weeks after injecting STZ, 
chronic unpredictable stress (CUS) stimuli were given randomly. 
Meanwhile, we measured responses in several behavioral tests 
once a week to verify that rats had both DNP and MDD, as follows: 
thermal withdrawal and mechanical withdrawal tests, sucrose 
preference (SP) test, forced-swimming test (FST), and open-field 
test (OFT). The CUS stimuli included food deprivation (24 h), 
cold swimming (4°C, 5 min), water deprivation (24 h), heat stress 
(45°C, 5 min), reverse light/dark cycle, no stressor, and clip of 
the tail (1 min) (13). Rats were exposed to one of the seven daily 
stressors randomly for 5 weeks.

Treatments
Seventy-two male rats were randomly divided into six groups: 
(1) control, (2) control + DHM, (3) comorbid DNP and MDD 
model (model), (4) DHM treatment group (model + DHM), (5) 
P2X7 receptor short-hairpin RNA (shRNA) treatment group 
(model + P2X7 shRNA), and (6) scramble shRNA treatment 
group (model + scramble shRNA). Rats in the control + DHM and 
model + DHM groups were treated with DHM via i.p. injection 
once a day, at a dose of 30 mg/kg, for 14 consecutive days.

The transfection complex consisting of shRNA (P2X7 or 
scramble shRNA) and transfection reagent at a ratio of 1:2 (μg/
μl) was prepared using the Entranster™ in vivo transfection 
reagent (Engreen Biosystem Company of Beijing), according to 
the manufacturer’s instructions. The complex was intrathecally 
injected into rats of the model + P2X7 and model + scramble 

TABle 1 | MOE (Molecular Operating Environment, a docking software) score of 
P2X7 receptor docking and dihydromyricetin (kcal/mol).

Mode Affinity Dist from best mode

(kcal/mol) RMSD lb RMSD ub

1 −7.4 0 0
2 −7.2 1.600 2.344
3 −7.1 16.017 18.330
4 −7.1 4.546 6.709
5 −7.0 16.775 19.643
6 −7.0 16.089 18.520
7 −6.9 62.551 65.298
8 −6.9 18.809 22.016
9 −6.8 21.204 23.029

The predicted binding affinity is in kcal/mol (energy). *rmsd: RMSD values are 
calculated relative to the best mode and use only movable heavy atoms. Two 
variants of RMSD metrics are provided, rmsd/lb (RMSD lower bound: matches 
each atom in one conformation with itself in the other conformation, ignoring any 
symmetry) and rmsd/ub (RMSD upper bound: rmsd/lb[c1, c2] = max[rmsd′{c1, c2}, 
rmsd′{c2, c1}], and rmsd′ matches each atom in one conformation with the closest 
atom of the same element type in the other conformation), differing in how the 
atoms are matched in the distance calculation. There is a strong reaction between 
ligand and protein when the binding affinity is bigger than −6.0 kcal/mol. The rmsd/
lb and rmsd/ub of modes 1 to 5, as well as of modes 6 to 8 are much similar, 
which indicates that those modes are located in one docking pocket. In summary, 
molecular docking of dihydromyricetin on a mode-h protein P2X7 is stable.
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FIgURe 1 | Molecular docking of dihydromyricetin (DHM) on P2X7 receptor. (A) Simulation modeling of DHM docking on P2X7 receptor was performed by a 
computer. Molecular docking prediction of DHM on P2X7 receptor was performed by AutoDock 4.2. (B–D) Enlarged view indicating the perfect match enabling 
DHM to interact with P2X7 receptor.

FIgURe 2 | Effects of dihydromyricetin (DHM) on mechanical withdrawal threshold (MWT; A) and thermal withdrawal latency (TWL; B) values in rats with diabetic 
neuropathic pain and major depressive disorder (model). (C) The timeline of treatments used in this study. Data are displayed as means ± standard errors of the 
means. *p < 0.05, **p < 0.01 vs. control group; ##p < 0.01 vs. model group.
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shRNA groups. The behavior of rats in the two groups was 
assessed once a day after the intrathecal injection. The sequences 
of P2X7 shRNA were as follows: ′-CACCGTGCAGTGAAT 
GAGTACTACGAATAGTACTCATTCACTGCAC-3′ and 
3 ′ -CAC GTCACT TACTCATGATGCT TATCATGAGT 
AAGTGACGTGAAAA-5′.

DHM was purchased from Zelang, Nanjing, China. P2X7 
shRNA and scramble shRNA were synthesized by Novobio, 
Shanghai, China.

Mechanical Withdrawal Test
Mechanical withdrawal threshold (MWT) was evaluated by 
observing the withdrawal responses to mechanical stimulation, 
induced by using the BME-404 electronic mechanical stimulator 
(provided by the Institute of Biomedical Engineering of Chinese 
Academy of Medical Sciences). The end-face diameter of the 
test needle, the pressure measurement range, and pressure 
measurement resolution of the stimulator were 0.6 mm, 0.1 to 
50 g, and 0.05 g, respectively. Before evaluation, each rat was 
placed in a clean glass box positioned on the sieve of a metal 
frame for an adaptive period of at least 30 min. The test needle 
touched the place between the third and fourth metatarsus 
of the left hind paws, until the rat attempted to withdraw its 
paw. The computer recorded the pressure values automatically. 
The stimulus alternated between the left and right hind paws 
at 5-min intervals. The MWT was calculated as the mean of 
three consecutive stable values, expressed in grams, and was 
determined by one observer.

Thermal Withdrawal Test
Thermal withdrawal latency (TWL) was evaluated by measuring 
the latency to hind paw withdrawal from a thermal stimulus, 
administered using the BME-410C Thermal Paw Stimulation 
System (provided by the Institute of Biomedical Engineering of 
Chinese Academy of Medical Sciences). Before evaluation, each 
rat was placed on a glass plate in a transparent, square, bottomless 
acrylic box, for an adaptive period of at least 30 min. A beam of 
radiant heat was oriented at the plantar surface of the rat’s paws. 
The activation of the beam simultaneously activated a timer. The 
cutoff time for heat stimulation was 30 s. The light beam was 
switched off when the animal lifted its paw, and the timing was 
over. The time on the screen of the apparatus was designated as 
the TWL and was expressed in seconds. The hind paw withdrawal 
was tested in triplicate, and hind paws were alternated at  
5-min intervals.

Sucrose Preference Test
Before the test, rats were fasted for 24 h and then placed 
individually in separate cages. Two identical water bottles, one 
containing 100 ml of 1% sucrose in water and another containing 
100 ml of pure water, were placed in every cage at the same time. 
SP was evaluated by measuring the levels of sugar–water and 
pure-water consumption in 1 hour. The SP rate was calculated as 
the ratio of sugar water/total liquid consumption × 100%. This 
test reflects a lack of pleasure.

Forced Swimming Test
Rats were placed in an 80-cm-high glass cylinder with a 40-cm 
inner diameter. Water temperature was approximately 20, and 
water depth was 30 cm. The immobility time (IT) of rats in the 
water, i.e., when rats stopped struggling and floated in a fixed 
shape, and the swimming time of each rat were recorded for 5 
min and expressed in seconds.

Open-Field Test
Before the test, rats were placed in the dark for 30 min to adapt to the 
environment. Then, they were placed in a black box that measured 
40 × 60 × 50 cm. Each rat was placed gently in the middle of the 
box, and the distance navigated by the animal was recorded using 
a Canon Powershot A610 camera (Canon Co. local distributer, 
Tehran, Iran) during a 5-min session. The recorded videos were 
analyzed and processed using MATLAB (MathWorks Co., Natick, 
MA, USA) to determine the total distance traveled, expressed in 
centimeters. The apparatus was cleaned with a 10% ethanol solution 
before the next animal was introduced into the box.

Quantitative Real-Time PCR
Rats were anesthetized by i.p. injection of 10% chloral hydrate 
(batch no. 050101; Shanghai Xingya Medical Company, China). 
DRGs, the spinal cord at the level of L4–L5 vertebrae, and 
hippocampus were isolated immediately after sacrifice from rats 
in different groups, flushed with ice-cold phosphate-buffered 
saline (PBS), and stored in RNA Store solution at −20°C until 
further use. All instruments were treated with DEPC before use.

Total RNA was separately isolated from DRGs, spinal cord, 
and hippocampus using the TRIzol Total RNA Reagent (Beijing 
TransGen Biotech Co.). Complementary DNA synthesis was 
performed with 2 µg total RNA using the RevertAid™ HMinus First 
Strand cDNA Synthesis Kit. The primers were designed using Primer 
Express 3.0 Software (Applied Biosystems), and sequences were 
as follows: β-actin forward 5′-TAAAGACCTCTATGCCAACA 
-3′ and reverse 3′-CACGATGGAGGGGCCGGACTCATC-5′; 
P2X7 forward 5′-GATGGATGGACCCACAAAGT-3′ and reverse 
3′-GCTTCTTTCCCTTCCTCAGC-5′.

Quantitative real-time PCR was performed using the SYBR® 
Green Master Mix in the ABI PRISM® 7500 Sequence Detection 
System (Applied Biosystems Inc., Foster City, CA). The expression 
of each gene was quantified using the ΔΔCT method, with CT as 
the threshold cycle. The relative levels of target genes normalized 
to the sample with the lowest CT are presented as 2−ΔΔCT.

Western Blotting
After rats were anesthetized, DRGs, spinal cord at L4–L5, and 
hippocampus were separated and flushed with ice-cold PBS. 
Tissues were positioned in the spherical part of a 2-ml homogenizer 
and homogenized in RIPA lysis buffer (50 mM Tris-Cl, pH 8.0, 
150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40, 
0.02% sodium deoxycholate, 100 mg/ml phenylmethylsulfonyl 
fluoride, and 1 mg/ml aprotinin) containing protease inhibitors. 
Tissues were ground for 30 min on ice and centrifuged at 4°C 
at 12,000 rpm for 10 min. The supernatants were collected, 
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diluted with 6× loading buffer, and heated to 95 for 10 min. The 
protein concentration was calculated with the BCA Protein 
Assay Kit, and samples were kept at −20°C until use. Proteins in 
samples from each group (20 μg) were separated by 12% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis, using Bio-
Rad electrophoresis device, and transferred onto polyvinylidene 
fluoride membranes. Polyvinylidene fluoride membranes were 
blocked with 5% nonfat dry milk in 1× TBST (Tris-Buffered Saline 
and Tween 20) for 2 h at room temperature, followed by incubation 
with antibodies against P2X7 (1:500; Alomone Labs, Jerusalem, 
Israel), β-actin (1:1,000; Beijing Zhongshan Biotech Co., China), 
extracellular signal–regulated kinases 1/2 (ERK1/2; 1:1,000; Cell 
Signaling Technology Inc, Boston, MA, USA), and phosphorylated 
(p)-ERK1/2 (1:1,000; Cell Signaling) at 4°C overnight. Membranes 
were washed three times with 1× TBST, 10 min each, incubated for 
2 h at room temperature with horseradish peroxidase–conjugated 
secondary goat anti-rabbit immunoglobulin G and goat anti-mouse 
immunoglobulin G antibodies (1:2000; Beijing Zhongshan Biotech 
Co., China) in blocking buffer, and washed again three times with 
1× TBST, 10 min each. Labeled proteins were then visualized 
with enhanced chemiluminescence on a Bio-Rad system. Band 
intensities were quantified using Image-Pro Plus software, and the 
intensities of target proteins were normalized against the respective 
β-actin internal control.

Double-Immunofluorescence labeling
Rats were anesthetized with 10% chloral hydrate and were 
transcardially perfused with 4% paraformaldehyde (PFA). The 
DRGs, spinal cord at L4–L5, and hippocampus were removed and 
fixed in 4% PFA at 4°C for 2 h at room temperature. The tissues were 
immersed in 30% sucrose solution (in 4% PFA) for 24 h, at 4°C, for 
dehydration; solutions were changed every 8 h. Tissues were cut 
into 12- or 8-μm-thick slices in a cryostat (Leica). The sections were 
placed at 37°C for 2 h and then stored at −20°C until use.

Before staining, sections were balanced at room temperature, 
rinsed with 0.01 M PBS for 5 min × three times, incubated with 
0.3% Triton X-100, and washed again with PBS for 5 min × three 
times. Then, slices were incubated in 10% goat serum for 1 h at 
37°C, followed by incubation with the diluted antibodies (rabbit 
anti-P2X7, 1:200, Alomone Labs; and mouse anti–glial fibrillary 
acidic protein [GFAP], 1:200, Millipore) overnight at 4°C. The 
next day, sections were placed at room temperature for 30 min 
and washed with PBS (three × 5 min); secondary antibodies 
(goat anti-mouse 1:800 and goat anti-rabbit 1:800; Abcam, 
USA) were added on sections at 37°C for 1 h. Sections were 
washed for 5 min × three times with PBS, sealed with antifade 
solution, and imaged using a fluorescence microscope (Olympus, 
Tokyo, Japan). Image-Pro Plus6.0 software was used to analyze 
the immunofluorescence intensity ratio of P2X7 and GFAP 
coexpression normalized to control values.

enzyme-linked Immunosorbent Assay
For assessing the levels of tumor necrosis factor α (TNF-α) 
and interleukin 1β (IL-1β), we performed enzyme-linked 
immunosorbent assay (ELISA) using Rat PicoKine™ ELISA Kit 

(Boster Biological Technology), according to the manufacturer’s 
instructions. Experimental samples (diluted to 100 µl) or control 
were loaded in triplicates, and 100 µl of antibody solution (1× 
biotinylated anti-rat TNF-α or IL-1β antibody) was added to 
each well and incubated for 60 min at 37°C. After washing three 
times with 1× wash buffer, 100 µl of 1× avidin–biotin–peroxidase 
complex was added to each well and incubated for 30 min at 37°C. 
Wells were washed five times with 1× wash buffer, and 90 µl of 
color developing reagent was added to each well and incubated in 
the dark for 25 min at 37°C. The reaction was stopped by adding 
100 µl of stop solution to each well. The absorbance at 450 nm 
was read using a microplate reader.

Statistical Analysis
Statistical analyses were performed using SPSS 21.0 software. 
Data were analyzed by one-way analysis of variance. The 
experimental results are expressed as mean ± standard error of 
the mean and were considered significant at p < 0.05.

ReSUlTS

effect of DhM on MWT and TWl in Rats 
With Comorbid DNP and MDD
We generated a comorbid symptom rat model by injecting rats 
with STZ and subjecting them to CUS stimulation for 5 weeks. 
After 5 weeks, both MWT and TWL were significantly lower in the 
model group than in the control group (p < 0.05), thus confirming 
the efficiency of our model. Two weeks after injection of DHM or 
1 week after injection of P2X7 shRNA, the MWT and TWL were 
significantly lower in the model + P2X7 shRNA and model + DHM 
groups than in the model group (p < 0.05), indicating that both 
P2X7 shRNA and DHM treatment relieve neuropathic pain–
related behavior in rats with DNP and MDD (Figures 2A, B).

effect of DhM on SP, Distance in the OFT, 
and IT in Rats With Comorbid DNP and 
MDD
Our analysis of SP in the respective test and of the distance 
traveled in the OFT showed that both values were markedly 
lower in the model than in the control group; in contrast, the 
IT in the FST was obviously higher in the model than in the 
control group, further confirming the successful generation of 
the DNP/MDD rat model (p < 0.05). Two weeks after injection 
with DHM or 1 week after injection with P2X7 receptor shRNA, 
the values for SP and OFT distance were significantly lower in 
the model + P2X7 shRNA and model + DHM groups than in the 
model group (p < 0.05). In addition, the IT in the FST was shorter 
in the model + P2X7 shRNA and model + DHM groups than in the 
model group (p < 0.05). The above results indicate that treatment 
with DHM or P2X7 shRNA relieves depression-like behaviors in 
model rats. Simultaneously, anhedonia improved, as evidenced 
by the higher values in the SPT and OFT and by the reduced IT 
in the FST in rats with DNP and MDD, indicating that DHM 
or P2X7 shRNA may moderate depressive symptoms (Figure 3).
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effects of DhM on the expression levels 
of P2X7 Receptor in DRgs, Spinal Cord, 
and hippocampus of Rats With Comorbid 
DNP and MDD
The expression levels of P2X7 mRNA and protein were examined 
in the DRGs, spinal cord, and hippocampus in rats from each 
group by quantitative real-time PCR and Western blotting 
(Figure 4), respectively. In all tissues, the levels of P2X7 mRNA 
and protein were higher in rats in the model than in the 
control group. However, treatment with DHM or P2X7 shRNA 
significantly decreased the expression of P2X7 mRNA and 
protein (p < 0.05).

At the same time, the immunoreactivity of P2X7 in the DRGs, 
spinal cord, and hippocampus was detected using double-
immunofluorescence labeling for GFAP and P2X7. GFAP marks 
satellite glial cells (SGCs). We found that P2X7 and GFAP 
coexpression in these regions were higher in model than in 
control rats (p < 0.05). However, the treatment with DHM or P2X7 
shRNA reversed these changes (Figures 5–7). The up-regulation 
of GFAP in the DRGs, spinal cord, and hippocampus of rats 
in the model group suggested the activation of SGCs after a 
nervous-injury stimulus. Moreover, we found that P2X7 receptor 
was expressed by SGCs in all three regions. Therefore, DHM 
might decrease the expression of P2X7 receptor in these regions 
in rats with comorbid DNP and MDD.

effects of DhM on TNF-α and Il-1β Serum 
levels in Rats With Comorbid DNP and MDD
ELISA was used to detect the levels of TNF-α and IL-1β in the 
serum of rats with comorbid DNP and MDD. In both cases, 
the levels were higher in the model than in the control group 
(p < 0.05), while treatment with DHM or P2X7 receptor shRNA 
significantly reduced them (Figure 8).

effects of DhM on eRK1/2 Phosphorylation 
in DRgs, Spinal Cord, and hippocampus of 
Rats With Comorbid DNP and MDD
The detection of p-ERK was performed by Western blotting. 
The levels of p-ERK in the DRGs, spinal cord, and hippocampus 

were higher in the model than in the control group (p < 0.05). 
However, treatment with DHM or P2X7 receptor shRNA reversed 
this increase (Figure 9).

Discussion
Diabetes mellitus leads to a series of complications, including 
DNP and MDD, both of which are risk factors for the development 
of diabetes mellitus and mutually affect each other (23–27). The 
comorbid presence of DNP and MDD is difficult to clinically 
manage and reduces the patients’ quality of life to a greater extent 
than the individual presence of either DNP or MDD does (26, 
28). In this study, we established a comorbid DNP and MDD 
rat model by administering a high-glucose and high-fat diet, 
STZ, and CUS (19). The successful generation of this model was 
confirmed by significantly reduced TWL values, MWT values, 
SP values, and OFT distances, as well as significantly increased 
ITs in the FST.

P2X7 receptor is a member of the purinergic receptor family 
(11, 29) and plays a specific role in nociceptive signaling 
during chronic pain states (15). Studies have also shown that 
P2X7 receptor is associated with anxiety and/or depressive 
symptoms, and P2X7 receptor antagonists may exert an 
antidepressant effect (18, 30). Our previous work showed that 
P2X7 receptors in the DRGs are involved in pain transmission 
in DNP and that down-regulation of P2X7 receptor expression 
relieves DNP (31). Moreover, we found that P2X7 receptor 
expression in the hippocampus was significantly higher 
in rats with comorbid DNP and MDD than in control rats 
(19). In the present study, we confirmed that comorbid DNP 
and MDD are associated with increased expression of P2X7 
receptor and the corresponding mRNA in the hippocampus, 
DRGs, and spinal cord.

DHM is a natural flavone extracted from A. grossedentata 
and has many pharmacological effects, including antioxidative, 
anti-inflammatory, and neuroprotective effects (32, 33). 
Homology modeling and molecular docking analysis can predict 
ligand binding to a protein’s active sites. Molecular docking 
computations with AutoDock Vina (34) showed that DHM is 
capable of high-affinity binding to P2X7 receptor. In this study, 
we found that treatment with DHM or P2X7 receptor shRNA 

FIgURe 3 | Effects of dihydromyricetin (DHM) on sucrose preference (SP; A), distance traveled in the open-field test (OFT; B), and immobility time (IT) in the forced-
swimming test (C) in rats with diabetic neuropathic pain (DNP) and major depressive disorder (MDD) (model). Data are displayed as the means ± standard error of 
the mean. *p < 0.05,**p < 0.01 vs. control group; ##p < 0.01 vs. model group.
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relieves neuropathic pain and depressive behaviors in rats with 
comorbid DNP and MDD and counteracts their elevated P2X7 
receptor expression levels. The antidepressant-like effect of 
DHM in our study is consistent with the findings of Ren et al. 
(21). In addition, DHM treatment also relieved DNP symptoms 
in our study. Therefore, DHM might be an effective medication 
for the comorbid disease, and P2X7 receptor might be a key 
target for treatment.

Based on our findings, we hypothesize that patients with 
comorbid DNP and MDD have elevated P2X7 receptor 

expression in the DRGs, spinal cord, and hippocampus, and 
treatment with DHM or P2X7 receptor shRNA to inhibit P2X7 
receptor expression can alleviate the symptoms of comorbid 
DNP and MDD.

In the nervous system, P2X7 receptor is expressed by 
glial cells, including satellite glia, astrocytes, and microglia 
(35–37). In this study, double-immunofluorescence labeling 
showed the coexpression of P2X7 receptor and GFAP (a 
marker of satellite glia or astrocytes) (38) in the DRGs, 
spinal cord, and hippocampus; this was more enhanced in 

FIgURe 4 | Effects of dihydromyricetin (DHM) on the expression of P2X7 mRNA in the dorsal root ganglia (DRGs; A), spinal cord (B), and hippocampus (C) of rats 
with diabetic neuropathic pain (DNP) and major depressive disorder (MDD) (model). Effects of DHM on the expression of P2X7 protein in the dorsal root ganglia 
(DRGs; D), spinal cord (e), and hippocampus (F) of rats with model. Data are displayed as the means ± standard error of the mean. **p<0.01 vs. control group; 
##p < 0.01 vs. model group.
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the model than in the control group, while DHM or P2X7 
receptor shRNA treatment reversed these changes. These 
results indicate that SGCs in the aforementioned regions are 
activated during DNP and MDD comorbidity, consistently 
with the observed increase in P2X7 receptor expression. 
Glial cells participate in the immune response by activating 
P2X7 receptor, thus enabling the release of a large number 
of proinflammatory cytokines (39). A significant feature of 
P2X7 receptor activation is the release of proinflammatory 
cytokines, which in turn affects cell activity (13, 39). P2X7 
receptor plays an important role in the neuroinflammatory 
pathway, and its antagonists have been proposed as feasible 
drugs for the treatment of neuroinflammatory diseases (40, 
41). Moreover, diabetes mellitus leads to increased expression 
of proinflammatory cytokines, such as TNF-α and IL-1β 

(42, 43), and increased inflammation is also considered to 
be involved in the pathogenesis of depressive symptoms in 
type 2 diabetes mellitus (44). Our team previously found that 
TNF-α and IL-1β serum levels were significantly higher in rats 
with DNP than in control rats (45, 46). In this study, we used 
ELISA and showed that the serum levels of IL-1β and TNF-α 
were significantly higher in model than in control rats but 
significantly decreased after DHM or P2X7 receptor shRNA 
treatment. We hypothesize that P2X7 receptor is activated in 
glial cells in the DRGs, spinal cord, and hippocampus during 
DNP and MDD comorbidity, thus stimulating the production 
and release of TNF-α and IL-1β to promote the pathogenesis 
of the two conditions.

Mitogen-activated protein kinase is involved in MDD and 
peripheral nerve injury-induced neuropathic pain, which 

FIgURe 5 | Effects of dihydromyricetin (DHM) on the coexpression of P2X7 
and glial fibrillary acidic protein (GFAP) in the dorsal root ganglia (DRGs) of 
rats with diabetic neuropathic pain (DNP) and major depressive disorder 
(MDD) (model). Data are displayed as the means ± standard error of the 
mean. **p < 0.01 vs. control group; ##p < 0.01 vs. model group. Scale bars, 
100 µm.

FIgURe 6 | Effects of dihydromyricetin (DHM) on the coexpression of P2X7 
and glial fibrillary acidic protein (GFAP) in the spinal cord of rats with diabetic 
neuropathic pain (DNP) and major depressive disorder (MDD) (model). Data 
are displayed as the means ± standard error of the mean. **p < 0.01 vs. control 
group; ##p < 0.01 vs. model group. Scale bars, 100 µm.

October 2019 | Volume 10 | Article 770Frontiers in Psychiatry | www.frontiersin.org 245

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org


P2X7 Receptor and DNP and MDDGuan et al.

9

mainly includes three pathways: ERK, p38 kinase, and c-Jun 
N-terminal kinase (47, 48). Many studies have confirmed that 
ERK pathway is closely associated with DNP and MDD (49, 
50) and that its activation is involved in P2X-mediated pain 
and depressive symptoms (10, 51). Our previous experiments 
also revealed that the phosphorylation of ERK1/2 in the 
hippocampus is noticeably higher in rats with DNP and MDD 
than in control rats (19). In this study, we did not detect any 
significant changes among groups in the total ERK1/2 levels, 
but the levels of ERK1/2 phosphorylation in the DRGs, spinal 
cord, and hippocampus were significantly higher in the model 
than in the control group, indicating that the activation of this 
pathway might mediate pain and depression signal transduction 
in the case of DNP and MDD comorbidity. The fact that DHM 
or P2X7 receptor shRNA reduced the levels of p-ERK1/2 in the 
model group indicates that P2X7 receptor is associated with ERK 
pathway activation, involved in DNP and MDD. We found that 
DHM and P2X7 receptor shRNA treatments had similar effects. 
Therefore, DHM may inhibit the activation of ERK1/2 pathway 
by decreasing the expression of P2X7 receptor, reducing the 
secretion of inflammatory cytokines in peripheral glial cells, 
restraining pain and depression transduction, and thereby 
alleviating the symptoms of pain and depression.

One limitation of our study is that we used a rat model. 
Due to the complexity of DNP and MDD, rat models cannot 
completely mimic the human symptoms. Moreover, multiple 
pathways and receptors are involved in the progression of these 
disorders, and there are drugs other than DHM that may also 
effectively treat these disorders, such as palmatine (19). Further 
mechanistic research into the interaction between DHM and 
the P2X7 receptor, including research with human subjects, is 
therefore required.

In conclusion, we showed that P2X7 receptors in the DRGs, spinal 
cord, and hippocampus participate in the transduction of DNP- and 
MDD-related signals. DHM decreases P2X7 receptor expression 
in rats with comordid DNP and MDD, down-regulates ERK1/2 
pathway activation, and reduces the release of the inflammatory 

FIgURe 8 | Effects of dihydromyricetin (DHM) on the expression of tumor necrosis factor α (TNF-α) (A) and interleukin 1β (IL-1β) (B) in the serum of rats with 
diabetic neuropathic pain (DNP) and major depressive disorder (MDD) (model). Data are displayed as the means ± standard error of the mean. **p < 0.01 vs. control 
group; ##p < 0.01 vs. model group.

FIgURe 7 | Effects of dihydromyricetin (DHM) on the coexpression of P2X7 
and glial fibrillary acidic protein (GFAP) in the hippocampus of rats with 
diabetic neuropathic pain (DNP) and major depressive disorder (MDD) (model). 
Data are displayed as the means ± standard error of the mean. **p < 0.01 vs. 
control group; ##p < 0.01 vs. model group. Scale bars, 200 µm.
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FIgURe 9 | Effects of dihydromyricetin (DHM) on the levels of phosphorylated extracellular signal–regulated kinase 1/2 (ERK1/2) in the dorsal root ganglia (DRGs; 
A), spinal cord (B), and hippocampus (C) of rats with diabetic neuropathic pain (DNP) and major depressive disorder (MDD) (model). Data are displayed as the 
means ± standard error of the mean. **p < 0.01 vs. control group; ##p < 0.01 vs. model group.
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factors TNF-α and IL-1β. These effects ultimately alleviate DNP and 
depressive behaviors. We propose that DHM may be an effective 
new drug for treating patients with comorbid DNP and MDD.
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Women are twice as likely as men to develop depression. Few studies have explored
gender difference in cognitive function of patients with MDD. The gender difference in the
pre-attentive information processing of MDD patients is still poorly understood. To
examine the gender differences in change detection, 30 medication-free MDD patients
(15 women) and 30 age and education matched controls (15 women) were recruited. The
deviant-standard reverse oddball paradigm (50 ms/150 ms) was used to obtain the visual
mismatch negativity (vMMN) in first episode MDD patients. Compared to men with MDD,
women with MDD showed a significantly decreased increment vMMN, while no gender
difference in decrement vMMN was found. The increment vMMN amplitude in MDD
women was smaller than in healthy women, whereas no difference was found in
decrement vMMN. Neither increment nor decrement vMMN differed between MDD
men and healthy men. The mean amplitude of increment vMMN was not correlated
with symptoms of MDD in MDD patients and MDD women. To conclude, the dysfunction
of visual information processing existed at pre-attentive stage in MDD women.

Keywords: pre-attentive processing, gender, major depressive disorder, visual mismatch negativity,
cognitive function
INTRODUCTION

Major depressive disorder (MDD) is one of the most common mood disorders and is a leading
cause of disability worldwide (1). Women are twice as likely as men to suffer from MDD at some
point in their life (2, 3). Moreover, depressed women experience more symptoms associated with
MDD, and with greater severity, including sadness and somatic pain, compared to men (4, 5).

Although numerous studies have been conducted to explore the gender differences in the
presentation and features of MDD, gender differences in cognitive function have been paid less
attention. Several studies reported that cognitive functions were affected differently in depressed
g January 2020 | Volume 10 | Article 8991250
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women compared to their male counterparts. The event-related
potentials (ERPs) were widely used to measure the cognitive
functions of some physical or mental stimuli. These potentials
can be extracted from the ongoing electroencephalogram by
filtering and signal averaging. P300, N170, MMN are all the ERP
components which have been explored in cognitive function
studies. Studies reported higher posterior P300 amplitude (reflect
orientation of attention) in depressed patients, especially in
women, indicating that the cognitive functions (e.g. automatic
orientation of attention and controlled orientation of attention,
response resolution, and working memory) of depressed women
are more serious than those of depressed men (6–8). In addition,
depressed women scored significantly lower in tests involving
cognitive interference threshold (Stroop III) and visual recall
(Rey-Osterreith Complex Figure Test) compared to depressed
men (9), thus implying a more severe cognitive dysfunction in
depressed women.

Pre-attentive information processing is the early stage of
cognition which is essential for perception and cognition in
humans. It is necessary for either survival or social skills
development to filter information from pre-attentive
processing to attentive processing (10). In addition, pre-
attentive information processing provides effective basements
for successful processing of advanced cognitive function such as
task-relevant information (11). Moreover, the impairment of
pre-attentive information processing may underline the clinical
symptoms of some mental diseases (12, 13) and may regulate
deficiencies in more complex cognitive processing (14). Hence,
pre-attentive information processing has been widely used to
study cognitive function in psychiatric patients (15).

Pre-attentive automatic detection can be indexed using visual
mismatch negativity (vMMN), which reflects the difference
waves between the ERPs elicited by deviant (presented
infrequently) and standard (presented frequently) stimuli (16).
The memory template was formed by the standard stimulus
input repeatedly, when the deviant stimuli input against the
template, the vMMN was generated. VMMN is a negativity
deflection in the temporal-occipital electrodes during 150 ms
and 350 ms after the deviant stimulus input. It can be produced
by many different types of visual stimuli such as duration (17),
color (18), motion direction (19), and facial expression (20).
Importantly, vMMN has been explored in psychiatric and neural
diseases, including Alzheimer’s disease (21), schizophrenia (22),
and MDD (17, 20), indicating that vMMN can reflect the
dysfunction of detecting the automatic changes of visual
stimuli in patients with these diseases. Interestingly, reports on
vMMN in patients with MDD have only been found in recent
years. For example, Chang et al. found the amplitudes of vMMN
decreased in MDD patients, reflecting a deficit in pre-attentive
expression processing (20). In their study, the facial stimuli lasted
for a period of time in the center of the screen, so it was difficult
for participants to ignore facial expressions, although they were
task-independent. Therefore, the vMMN in this study may not
be a memory-comparison-base vMMN, which reflects automatic
memory-based change. In support of the latter hypothesis, using
a deviant-standard reverse paradigm, Qiu et al. reported that
Frontiers in Psychiatry | www.frontiersin.org 2251
vMMNs which elicited by deviant duration were decreased in
MDD patients. Obviously, the cognitive function of change
detection in visual modality impaired in patients with MDD,
however, the aforementioned studies matched patients and
controls with gender, a direct interaction between depression
and gender remains unknown.

Gender differences in automatic change detection in healthy
participants have been explored and obtained inconclusive
results so far. Using the traditional oddball paradigm,
Langrova et al. found no gender differences in direction
vMMN amplitudes (23), whereas our previous study reported
that the amplitude of duration vMMN increased in males
compared to females (24). The different findings may attribute
to changes in previous research methods. The vMMN in
Langrova et al.’s study was observed by traditional oddball
paragram in which the vMMN is obtained by subtracting the
ERP waveforms elicited by standard stimuli from that elicited by
deviant stimuli (23), and hence the vMMN may have
confounded low-level physical differences between deviants
and standards. On the other hand, the standard stimuli are
presented more frequently than the deviant stimuli in these
studies, that is to say neuronal processing of the standard
stimuli would likely have more refractory effects than those
processing the deviant stimuli. Thus, the vMMN may not
properly reflect the pre-attentive memory-based change
detection because of the compound of refractory effect between
the standard and deviant stimuli. Furthermore, our brain may
process information differently for different physical properties
of the stimuli (direction in Langrova vs. duration in Yang) (23).

In order to clarify gender differences in pre-attentive
information processing in MDD patients, it is essential to
obtain vMMN based on memory comparison. Schroger and
Wolff designed a paradigm in which an equal-probability
sequence protocol as a control condition to obtain a memory-
comparison-base MMN (25). In particular, a deviant-standard-
reverse oddball paradigm was introduced by Jacobsen and
Schroger in which two stimuli were counterbalanced as
standard or deviant in two separate blocks. And they found
that the MMNs obtained under the deviant-standard inversion
condition was similar to that observed under the control
condition from the equal probability sequence, so they
proposed to use the deviant-standard-reverse paradigm to
obtain the memory-comparison-base MMN (26). In addition,
it has reported that deviant stimuli could elicit memory-
comparison-base MMN using the deviant-standard-reverse
method with a “safe” presentation probability of 15% (27).
Moreover, our previous studies have found that the visual and
auditory pre-attentive information processing impaired in MDD
patients by the reverse oddball paradigm with a presentation
probability of 20% (17, 28). Therefore, we still employed the
reverse oddball paradigm to acquire the memory-comparison-
base vMMN in this study.

Based on the above studies, we hypothesized that the
impairment of pre-attentive information processing was more
severe in MDD women compared to MDD men. Therefore, the
aim of the present study was to explore whether gender
January 2020 | Volume 10 | Article 899
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differences exist in the pre-attentive information processing
among MDD patients, meanwhile to examine whether
duration vMMN correlated with depressive symptoms.
METHODS

Participants
Participants included 30 patients with MDD and 30 healthy
controls. All participants had normal hearing and normal or
corrected to normal vision. They were given a detailed procedure
of the study, and written consent was approved and obtained by
the Ethics Committee of the Harbin Medical University. The
participants completing the experiment were paid seven dollars.

The MDD group consisted of 15 men and 15 women, which
were recruited from the First Affiliated Hospital of Harbin
Medical University. They all received structured interviews
with the Diagnostic and Statistical Manual for Mental Illness
(fourth edition, DSM-IV) to identify MDD. Before the ERP
recording, all patients were interviewed by two psychiatrists to
confirm the first episode and with no treatment. The 17-item
Hamilton Rating Scale of Depression (HRSD-17) and the 14-item
Hamilton Anxiety Rating scale (HAMA) were used to evaluate
the severity of depression and anxiety respectively. Twenty out of
the 30 MDD patients appeared anxiety symptoms. Patients were
excluded if they had any other axis-I mental disorders.

The healthy controls (15 males and 15 females) were recruited
from the Physical Examination Center in the First Affiliated
Hospital of Harbin Medical University. The Structured Clinical
Interview for DSM-IV (SCID) was also used to exclude any
psychiatric disease, neurological illness, alcohol or drug abuse,
and medications known to affect the test. HRSD-17 and HAMA
were measured in control group as well. Education level and age
matched between controls and patients. And the participants
with traumatic brain injury and intellectual impairment were
excluded in both groups.

An overall ANOVAwith group and gender as between-subject
factor was conducted to analyze age, education, depression score
(HRSD-17), and anxiety score (HAMA) in MDD group and
healthy control group. The main effect of group was found in
depression score and anxiety score. No gender effect was found in
age, education, depression score, and anxiety score. The
interactions of Group × Gender on age, education, depression,
and anxiety severity were not significant (Table 1).
Frontiers in Psychiatry | www.frontiersin.org 3252
Stimuli and Procedure
Participants sat in a sound attenuated, electrically shielded dark
room and were focused on a black cross presented in the center
of a white screen with luminance of 56 cd/m2. The black cross
was displayed continuously throughout the stimulus blocks.
Response hands were counterbalanced across participants. As
shown in Figure 1, at the beginning of the experiment, the cross
was presented 1,000 ms. Occasionally, the cross become bigger or
smaller randomly (mean frequency: 12/min). Two solid black
squares (1/1 cm) were presented 50 or 150 ms at the same time in
the periphery with a visual angle of 3.8° × 4.0°. The stimulus
onset asynchrony (SOA) was fixed at 600 ms. When the
peripheral squares were appeared, the cross was simultaneously
presented with unchanged size. The duration of the bigger or
smaller cross was 150 ms. Upon resizing of the cross, participants
were requested to ignore the peripheral stimuli. And they pressed
the left or the right button accordingly within 800 ms when the
cross became “big” or “small.” Participants were inquired
whether they noticed changes of the peripheral squares after
finishing the experiment. No participant reported awareness of
these changes.

Our experiment included two conditions: decrement deviant
(50 ms duration) with a 150 ms standard (A) and increment
deviant (150 ms duration) with a 50 ms standard (B). The
decrement MMN was obtained by subtracting the ERP of
decrement deviant in (A) from the ERP of the 50 ms presented
as a standard in (B). Similarly, the increment MMN was
calculated by subtracting the ERP of increment deviant in (B)
from the ERP of 150 ms presented as a standard in (A). Under the
two blocking conditions, the exposure probability of deviation
(20%) and standard stimulus (80%) was equal, and the blocking
order between subjects was balanced. Each block included six
experimental sequences of 150 trials. In each condition, the
stimuli were presented in pseudorandom manner with two or
more standard stimuli before each deviant stimulus.

EEG Recording
EEG readings were recorded continuously with a Neuroscan
40-electrode cap (NuAmps amplifier) including channels based
on the International 10-20 system. The horizontal EOG
was recorded by two electrodes placed on the outer canthi of
both eyes and vertical EOG was recorded by another two
electrodes placed above and below the right eye. vMMNs
were recorded by the electrode sites O1, O2, and Oz placed on
TABLE 1 | An overall ANOVA of demographic characteristic in MDD group and healthy control group (M, SD).

Group Age (year) Education (year) Anxiety Depression

MDD patients
MDD men 40.95, 10.38 8.47, 5.08 14.69, 5.60 24.93, 4.65
MDD women 41.96, 9.91 8.53, 4.97 15.37, 6.56 25.67, 4.19
Healthy controls
Healthy men 41.19, 10.50 8.47,4.24 2.08, 0.96 1.95, 0.72
Healthy women 41.27, 9.76 9.13,4.63 2.58, 1.12 2.16, 0.85
Group effect F = 0.009, P = 0.925 F = 0.060, P = 0.807 F = 547.971, P = 0.000 F = 1.732.082, P = 0000
Gender effect F = 0.269, P = 0.606 F = 0.090, P = 0.766 F = 0.003, P = 0.957 F = 1.511, P = 0.224
Group × Gender F = 1.297, P = 0.263 F = 0.060, P = 0.807 F = 0.146, P = 0.704 F = 0.771, P = 0.384
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the occipital. The reference electrode was put on the tip
of the nose. The impedances of all electrodes were less than
5 kW throughout the experiment and the sampling rate was
500 Hz/channel.

After correcting EOG artifact with the method of Gratton
(29), the EEG was segmented to 500 ms including 100 ms pre-
stimulus and 400 ms time locked to stimuli onset. We rejected
the trials with artifacts greater than ±100 mV and the trails in
which the participant responded. The EEG segments were
averaged respectively for the deviant and standard stimuli and
the averaged ERP data were digitally filtered with a band-
pass filter at 1–30 Hz, 24 dB/octave. In MDD group, the
numbers of accepted/rejected epochs for each stimulus were
83/4 and 332/13 (deviant, standard in 50 ms deviant condition),
and 84/3 and 324/12 (deviant, standard in 150 ms deviant
condition), respectively. In control group, the numbers of
accepted/rejected epoch for each stimulus were 87/5 and
333/15 (deviant, standard in 50 ms deviant condition), and
86/4 and 329/11 (deviant, standard in 150 ms deviant
condition), respectively.

Data Analysis
The software Statistical Package for the Social Sciences (version
18.0 for Windows) was used to conduct statistical analyses.
Repeated measures ANOVA with group and gender as between-
subject factors were used to analyze the performance data
(reaction times, correct rate). The mean amplitudes of the
vMMN were measured during the time window of 150–300 ms.
All the analysis were conducted on the average amplitudes of O1,
O2, and OZ. Group and gender were used as the factors between
the subjects, hem or location (O1/OZ/O2) were used as the factors
within the subjects for 2*2 ANOVA. The Greenhouse-Geisser
procedure was used to correct the statistical probability. Tukey’s
honestly significantly different (HSD) test was used as a post-hoc
test. A p-value of < 0.05 was considered statistically significant.
Frontiers in Psychiatry | www.frontiersin.org 4253
RESULTS

Behavioral Performance
For detecting cross changes in the center of the screen, responses
were scored as hit if the correct button was pressed within 150 to
800 ms after target onset. For accuracy rate, the main effect of
group and gender on participants’ accuracy failed to reach
significance (group: F = 0.848, df = 1, 56, p = 0.361, h2 =
0.015; gender: F = 0.053, df = 1, 56, p = 0.819, h2 = 0.001). And
the group × gender interaction did not reach significance level
(F = 0.205, df = 1, 56, p = 0.652, h2 = 0.004).

For reaction time (RT), the main effect of group (MDD group
and control group) on reaction time reached significance (F(1, 56) =
11.243, p = 0.001, h2 = 0.167), and the reaction time was longer in
MDD group than control group (MDD group: 495.3 ± 9.12 ms;
control group: 452 ± 10.0 ms). The main effect of gender failed
to reach significance (F(1, 56) = 0.827, p = 0.367, h2 = 0.015). The
group× gender interactiondid not reach significance level (F(1, 56)=
0.306, p = 0.583, h2 = 0.005).

ERP Analysis
As shown in Figures 2A, B, N1 and P2 components elicited at
the posterior scalp by the deviant and standard stimuli regardless
of block conditions in both healthy and MDD participants. As
illustrated in Figure 3, the vMMN was observed on occipital
areas at the time range between 150 and 300 ms.

Increment vMMN
Repeated measures ANOVA showed the main effect of group on
increment vMMN amplitudes in occipital areas was significant
(F(1, 56) = 6.130, p = 0.016, h2 = 0.099), indicating that the vMMN
mean amplitude decreased in MDD group. The main effect of
gender was marginal significant (F(1, 56) = 4.980, p = 0.051, h2 =
0.034). Moreover, the interaction of group × gender reached
significance (F(1, 56) = 6.386, p = 0.014, h2 = 0.102).
FIGURE 1 | Visual stimuli consisted of two solid black squares (1 cm × 1 cm) presented simultaneously for 50 ms or 150 ms in the periphery. The left panel
illustrates deviant stimuli at 50 ms and standard stimuli at 150 ms, and right panel illustrates deviant stimuli at 150 ms and standard stimuli at 50 ms.
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Further post-hoc analysis revealed the amplitudes of
increment duration vMMN in MDD women were significantly
smaller compared to MDD men (−0.369 mV and −1.603 mV for
Frontiers in Psychiatry | www.frontiersin.org 5254
MDD women and MDD men, respectively; F(1, 56) = 6.696, p =
0.008). In addition, the increment vMMN in healthy men was
higher than in healthy women (F(1, 56) = 6.219, p = 0.016; healthy
FIGURE 2 | Grand average ERPs in response to 50 ms and 150 ms deviant/standard visual stimuli in healthy participants (A) and MDD patients (B).
FIGURE 3 | The decrement and increment vMMN in MDD men, MDD women, healthy men, and healthy women. MDD women showed significantly reduced
increment vMMN compared to MDD men and healthy women. Increment vMMN was smaller in healthy women than in healthy men.
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men: −1.916 mV, healthy women: −1.316 mV). The amplitude of
increment vMMN was smaller in MDD women than in healthy
women (−0.369 mV and −1.316 mV for MDDwomen and healthy
women, respectively; F(1, 56) = 4.603, p = 0.036) (Figure 4). No
difference was found for increment vMMN between MDD men
and healthy men (F(1, 56) = 2.074, p = 0.155).

The main effect of hem and the interaction of hem × group ×
gender did not reach significance (hem: F(2, 112) = 0.868, p =
0.387, h2 = 0.015; hem × group × gender: F(2, 112) = 0.977, p =
0.353, h2 = 0.017).

Decrement vMMN
Repeated measures ANOVA showed no significant effect of group
on decrement vMMN (F(1, 56) = 0.240, p = 0.626, h2 = 0.004). The
main effect of gender was not significant (F(1, 56) = 0.557, p = 0.459,
h2 = 0.010). Furthermore, there was no significant interaction for
group × gender, indicating that the decrement vMMN amplitude
was similar between different group formen andwomen. Themain
effect of hem was not significant (F(2, 112) = 0.707, p = 0.495, h2 =
0.012). And the interaction of hem × group × gender did not reach
significance (F(2, 112) = 2.012, p = 0.153, h2 = 0.035).

Relationship Between the Amplitudes of
Increment vMMN and Depressive Symptom
(Scores of HRSD) in MDD Patients
Pearson correlation analysis was used to examine the relationship
between the amplitudes of increment vMMN and the severity of
depression (scores of HRSD). At the occipital electrode sites,
neither the correlation between vMMN amplitude and depression
symptoms in the MDD patients (e.g., O1: r = 0.109, p = 0.678, Oz:
r = 0.167, p = 0.302, and O2: r = 0.186, p = 0.396) nor the
correlation in all participants was significant (e.g., O1: r = 0.126,
p = 0.679, Oz: r = 0.149, p = 0.463, and O2: r = 0.201, p = 0.383). In
addition, the amplitudes of the increment vMMN did not relate to
the symptom level in MDD women (e.g., Oz, r = 0.185, p = 0.391,
O1, r = 0.112, p = 0.634, and O2, r = 0.198, p = 0.367).

DISCUSSION

In this study, we examined gender differences in pre-attentive
information processing using vMMN in MDD patients.
Frontiers in Psychiatry | www.frontiersin.org 6255
Consistent with our hypothesis, we found that detection of
change in vMMN was impaired in MDD women compared to
MDD men. The results can be summarized as following: 1) In
healthy controls, increment vMMNwas enhanced in men relative
to women. 2) In depressed patients, the amplitude of the
increment vMMN was smaller in MDD women than healthy
women. In contrast, MDD men showed no differences in
increment vMMN amplitudes as compared to healthy men.
3) The amplitude of the decrement vMMN in MDD women
was equivalent to healthy women, as was the case for MDD men
and healthy men. 4) MDD women showed smaller amplitude of
the increment vMMN compared to MDD men, indicating a
greater severity of impairment in pre-attentive information
processing in MDD women. In contrast, MDD women showed
no differences in decrement vMMN amplitudes compared to
MDD men. 5) The amplitude of increment vMMN did not
associate with depressive symptoms in women with MDD,
indicating the impairment of pre-attentive change detection in
patients is independent of depressive symptoms.

In line with our previous study, the amplitude of vMMN in
healthy males is higher than that in healthy females, which
indicates that there are inherent gender differences in visual
information processing (24).

To explain the gender difference in the increment vMMN, we
must consider the neurogenerator of vMMN: the right occipital
visual extrastriate area (30). It is reported that the visual region
was sexually dimorphic by quantitative analysis of the cellular
structure of human primary visual cortex. The primary visual
cortex (V 1/Brodmann region 17) and the volume of the
motion-sensitive region (hOc5) in men were larger than that
of women (31), indicating that men have greater ability to
process visual information. The enhanced VMMN observed
in men in this study can indirectly demonstrate the gender
differences in visual extrastriate areas. However, fMRI studies
are needed to determine the gender differences in occipital
visual extrastriate areas due to ERPs cannot directly reflect
brain tissue structure.

Consistent with previous studies, MDD patients showed
reduced vMMN compared to healthy controls, suggesting
patients with MDD show impairment of pre-attentive
processing. Our further analysis indicated that only MDD
women exhibit smaller increment vMMN. The decreased
vMMN indicates that impaired change detection function
processing was evident in MDD women but not in MDD men.
Although the neurobiological differences which may explain the
gender-specific effect have not been elucidated, our results
showed that male MDD patients differ from female patients in
pre-attention information processing, which must be considered
when comparing cognitive processing between MDD patients
and healthy controls.

Although the amplitude of increment vMMN decreased in
healthy women compared to healthy men and the same result in
MDD women and MDD man, the amplitude decreased in MDD
women compared to healthy women, while the amplitude in
healthy man was similar to MDD men. Then we conclude that
the pre-attentive change detection was impaired only in MDD
FIGURE 4 | The mean amplitudes of increment vMMN in four groups.
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women. And the results were mostly concordant with our
hypothesis that there would be smaller vMMN amplitudes in
MDDwomen thanMDDmen. Extensive studies have proved the
role of personality factors in gender differences in depression and
proposed the development of depression has been attributed to
high levels of neuroticism (32, 33). Moreover, previous studies
have found that levels of neuroticism were higher in MDD
women compared with MDD men (34). In particular, MMN
amplitude was positively correlated with neuroticism (35), and
therefore it has been speculated that higher neuroticism may
contribute to the difference of MMN between MDD women and
MDD male.

It has been shown that MDD women make more errors
during emotional processing tasks than healthy women and also
MDD men (36). The differences in emotional processing
between women and men during depressed states may result
from different cognitive strategies regarding attention
processing. In addition, studies have found that impairment of
pre-attentive information processing may lead to more complex
cognitive operations in patients with schizophrenia (14). Our
findings that vMMN amplitude was smaller in MDD women
compared to MDD men, as well as healthy women, suggests that
gender differences in cognitive function during depressed states
are related to the pre-attentive stage of information processing.
Therefore, our results may partly explain disparities in the
prevalence of MDD between women and men as well as the
more severe impairments in cognitive function found in female
patients. It is worth noting that given the link between depression
and a narrow focus of attention, MDD women may have been
impaired in detecting changes because their attention was more
narrowly focused to the central task.

No significant effect for decrement vMMNwas found between
the MDD and healthy group, as well as between healthy men and
women, while a significant effect was found for increment
vMMN, which could be explained by different processing of
increment and decrement vMMN. According to previous
studies, stimulus parameters exert a differential influence on the
vMMN for a duration decrement and increment of an equal
magnitude. The increase in stimulus is detected by both a
transient and a memory-comparison-based change detector
system, while the decrease in stimulus is only activated by the
change detector system (37, 38). The results of this study suggest
that the impacts of stimulus parameters should be taken into
account when comparing different studies in clinical settings.

Our previous studies indicated no association between the
amplitudes of duration vMMN (17) or aMMN (28) and the
severity of depressive symptoms in MDD patients. Furthermore,
a few studies have reported that cognitive impairment remained
evident regardless of the remission of depressive symptoms or
the reduction of the HDRS score (39, 40). In the present study,
the correlation between the severity of depressive symptoms and
increment vMMN was not significant in MDD patients and
MDD women, indicating that the pre-attentive change detection
may be associated with depressive symptoms in patients with
MDD. Taken together, our findings indicate the changes of
Frontiers in Psychiatry | www.frontiersin.org 7256
vMMN are likely to be trait-dependent, but not state-
dependent in MDD patients.

However, it should be noted that the cross-section design
constrains conclusive evidence as to whether MDD affects pre-
attentive processing or whether the impairment in pre-attentive
processing is a risk factor for subsequently developing MDD in
women. In addition, about 67% depressed patients have anxiety
symptoms; our results could not exclude the effect of anxiety on
our results. Moreover, Withall et al. found that compared with
patients without melancholic symptoms, cognitive function of
depressed patients with melancholy was severely impaired (41).
Whether the subtypes of MDD affect the gender effect in pre-
attentive processing needs further investigation. The evidence
that symptom severity is not associated with vMMN suggests
that the dysfunction of pre-attentive processing may be a
significant trait of MDD but unrelated to the symptoms, and
longitudinal data is required to verify whether vMMN
abnormalities still exist if the depressive symptoms disappear.
Last but not the least, the sample of our study is relatively small.

In conclusion, we found that the increment duration vMMN
was reduced inMDDwomen but not inMDDmen, indicating that
MDD women have visual information processing dysfunction at
the pre-attentive stage. Our study supports previous findings that
cognitive impairment in MDD women was more severe than in
MDD men. Therefore, we should take gender differences into
account when exploring pre-attentive information processing in
MDD patients. Moreover, the association between symptom
severity and duration vMMN was not significant, reflecting that
the dysfunction of pre-attentive processing was unrelated to the
symptoms of MDD, it could be a distinguishing trait of MDD.
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