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Stress plays a crucial role in the development of major depressive disorder, but the molecular mechanism

underlying the susceptibility vs. resilience to stress remains unclear. To better understand these

mechanisms, we used chronic unpredictable mild stress to develop a depressive rat model. We categorized

them into stress resistant rats and stress sensitive rats by their performance in behavioral tests, including

forced swim test and sucrose preference test. Brain regions were dissected, and prefrontal cortex (PFC)

proteins extracted from stress resistant and stress sensitive rats were analyzed using label-free liquid

chromatography-tandem mass spectrometry. Three hundred and four proteins were up-regulated and 323

proteins were down-regulated among the 1482 different proteins from stress resistant rats compared with

that of the stress sensitive rats. Western blotting, immunohistochemical staining and electron microscopy

were used to validate the results of the proteomic analysis. Some proteins differentially expressed in stress

resistant and sensitive rats were found to be associated with several neurobiological processes, particularly

with neurotransmission regulation. The results provide possible novel insights into the molecular

mechanisms for stress resilience.
Introduction

Major depression disorder is a disabling disease that greatly
inuences public health. Both genetic and environmental
factors, such as stress, contribute to the development of
depression.1 However, some people are resilient to stress, even
when they are exposed to extraordinary levels of stress and
trauma.2,3 Resilience refers to the capacity of an individual to
avoid negative social, psychological and biological conse-
quences of extreme stress and maintain normal psychological
and physical functioning even in stressful conditions.4 To nd
new therapeutic targets for depression, it is important to
understand the neural and molecular mechanisms that
mediate stress resilience.

A large amount of literatures have implicated prefrontal
cortex (PFC) in the pathophysiology of depression.5

Chronic stress can lead to dendritic atrophy of PFC neurons6

and PFC volume atrophy in MDD patients.7 Moreover, our
previous study has demonstrated that gap junction dysfunc-
tion in PFC leads to depression.8 In addition, optogenetic
activation of mPFC (medial prefrontal cortex) has an
antidepressant-like effect in mice that are exposed to chronic
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social defeat.9 All this evidence indicates that PFC plays an
important role in regulating stress susceptibility. However,
there was no systematic research to determine molecular
mechanisms of the PFC involved in stress resilient vs.
vulnerability. To further accurately explore the molecular
mechanisms associated with stress resilience, a quantitative
proteomic analysis of PFC proteins from stress-resistant and
stress-sensitive rats was performed using a label-free liquid
chromatography-mass spectrometry (LC-MS) approach.
Furthermore, western blotting, immunohistochemical stain-
ing and electron microscopy were used to validate the results
of the proteomic analysis.
Materials and methods
Animals

Male Sprague-Dawley rats (Vital River Laboratories, Beijing,
China) were housed under a 12 h light/12 h dark cycle at
constant temperature (22 �C) with free access to food and water
except when the animals were subjected to the stressors.
Furthermore, 40 rats, weighing between 230 and 250 g at the
beginning of the experiment were investigated with the test of
chronic unpredictable mild stress. All experiments were per-
formed in accordance with the guidelines established by the
National Institutes of Health for the care and use of laboratory
animals and were approved by the Animal Care Committee of
the Peking Union Medical College and Chinese Academy of
Medical Sciences.
RSC Adv., 2017, 7, 40957–40964 | 40957
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Table 1 Chronic unpredictable stress procedure

Day Stressors

Monday Restraint 4 h; 5 min hot water swim at 45 �C
Tuesday Food deprivation 24 h; soiled cage
Wednesday Isolation 24 h (one rat per cage); light on overlight
Thursday Isolation 24 h; reversal of the light/dark cycle

(light off 12 h and light on overnight)
Friday Tail pinch 1 min; crowding overnight (8 rats per cage)
Saturday Shaker stress 1 h (160 rpm); cage

tilt 45 degree overnight
Sunday 5 min swim stress at 4 �C; 24 h water deprivation
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Chronic unpredictable mild stress (CUMS)

CUMS was used to develop the depressive rat model and this
regimen consisted of once or twice daily exposure to different
stressors including food deprivation, water deprivation,
crowding, isolation, soiled cage, 4 h immobilization, 1 h shaker
stress (160 rpm), 1 min tail pinch, cage tilt 45 degree overnight,
reversal of the light/dark cycle, overnight light and swim stress
at 4 �C. Control animals were housed under standard condi-
tions, while the stressed rats were subjected to the CUMS for 8
weeks and then behavioral tests were used to test the depressive
like behaviors (Table 1).

Behavior tests

Sucrose preference test (SPT) was conducted aer CUMS. Briey,
rats were habituated to 1% sucrose solution for 48 h, followed by
a 4 h of water deprivation and 1 h exposure to two identical
bottles lled with either sucrose solution or water. Sucrose
preference was dened as the ratio of the volume of sucrose vs.
total volume of sucrose and water consumed during the 1 h test.

For the forced swim test (FST), rats were placed in a plastic
cylinder (40 cm deep, 20 cm in diameter) lled with water at 23–
25 �C up to a height of 25 cm from the base, and forced to swim
for 15 min in the rst session. Aer 24 h, the rats were rein-
troduced into the same cylinder, and their 5 min swim session
was recorded. Aer each swim session, the rats were removed
from the cylinder, dried with paper towels, and returned to their
home cages. Water in the cylinder was renewed between
subjects. The rest time was recorded as the depressive index
when the rats oated in water without any struggle.

LC-MS analysis

Protein extraction. The tissues were re-suspended in 400 mL
lysis buffer (7 M urea, 2 M thiourea, 2% CHAPS, proteasome
inhibitor), and were then ultrasonically crushed to extract the
total proteins. The samples were centrifuged at 13 300� rpm for
3 min at 4 �C. The supernatant was collected, and the protein
concentration was determined using the Qubit uorescent
protein quantication kit (Invitrogen) according to the manu-
facturer's instructions.

Filter aided sample preparation (FASP). FASP was carried out
according to Wisniewski et al. Proteins were reduced with
dithiothreitol (DTT) (nal concentration of 20 mM) at 45 �C for
40958 | RSC Adv., 2017, 7, 40957–40964
30 min. Then, the sample was alkylated with 500 mM IAA
(iodoacetamide) and kept in dark for 60 min at room temper-
ature. Finally, the proteins were digested on lters with 1 : 50
trypsin to protein ratio at 37 �C for 12 h. Digested fractions were
collected and stored at �80 �C without further treatment until
the MS analysis.

LC-MS analysis. The LC-MS analysis was performed using
a QExactive HF Plus Orbitrap mass spectrometer (Thermo
Fisher Scientic, Bremen, Germany) equipped with a nano-
electrospray ion source. Samples were dissolved in water/
formic acid (FA) (0.1%), and peptides were separated with
reversed-phase LC using an ultimate 3000 system (Thermo
Fisher Scientic). A two-column setup consisting of a pre-
column and an analytical column was used. The pre-column
was a C18 (3 mm 0.10 � 20 mm) column (Thermo Fisher
Scientic), and the analytical column was a C18 (1.9 mm 0.15 �
120 mm) column (Thermo Fisher Scientic). Peptides were
eluted with a 90 min gradient from 5% to 94% water/FA (0.1%)
at 600 nL min�1. The mass spectrometry analysis was per-
formed in a positive-ion mode and consecutive high-energy
collisional dissociation fragmentation spectra. The data
(RAW-le) were processed by Mascot and Proteome Discoverer
(thermo) soware against Uniprot database using an extracted
FASTA le specied for “rat” taxonomy. Tandem mass spectra
were searched with mascot against the Uniprot_160701.fasta
protein database using search settings specied as follows:
maximum 15 ppm and 0.02 Da error tolerance for the survey
scan; trypsin was chosen as the enzyme; maximum two missed
cleavage sites were allowed; cysteine carbamidomethylation was
set as the static modication; oxidation (M) and acetyl (protein
N-term) were set as the variable modication. The protein
identications were based on at least two matching peptides of
99% condence per protein.

Western blotting

PFC region was dissected and homogenized in lysis buffer.
Protein concentrations were determined by bicinchoninic acid
protein assay. A total of 30 mg of proteins for each sample was
separated by SDS-PAGE and then transferred to PVDF
membrane (Millipore, Temecula, CA). The membrane was
blocked with 3% BSA and incubated with primary antibody
overnight at 4 �C (anti-complexin 2, RD, 1 : 1000; anti-b-actin,
sigma, 1 : 10 000), followed by horseradishperoxidase (HRP)-
conjugated secondary antibody (1 : 5000, KPL, Gaithersburg,
MD). The protein bands were detected using enhanced chem-
iluminescence. Densitometric analysis of immunoreactivity for
each protein was conducted using Gel-Pro Analyzer soware
(Media Cybernetics).

Electron microscopy (EM)

Processing and EM were conducted as previously described.8

Briey, anesthetized animals were perfused, and the brains
were trimmed to produce sections. They were postxed with
2.5% glutaraldehyde for 2 h, washed with 0.1 M PBS and then
exposed to 1% osmium tetraoxide for 2 h. Aer washing several
times, the tissues were dehydrated with gradient alcohol and
This journal is © The Royal Society of Chemistry 2017
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embedded in Epon resin. Randomly selected ultrathin sections
were stained with uranyl acetate and lead citrate and were
observed using a transmission electron microscope (H-7650,
HITACHI, Tokyo, Japan).

Immunohistochemistry

For immunohistochemistry, the sections were slide-mounted
and boiled in citric acid, followed by treatment with 3% H2O2

for 15 min to quench the endogenous peroxidase activity.
Sections were incubated in 10% normal donkey serum and 0.3%
Triton X-100 for 30 min and then incubated overnight at 4 �C in
primary antibody for complexin 2 (1 : 200, rabbit anti-complexin
2, RD). Aer secondary antibody incubation, sections were
developed using Vector ABC kit and DAB kit. Images were taken
with an upright microscope (PM20-35, OLYMPUS, Japan).

Statistical analysis

Data were expressed as the mean � SEM. Differences among
experimental groups were determined by one-way ANOVA. The
level of statistical signicance was set at p < 0.05. Bioinformatics
analysis including the Uniprot knowledgebase and Gene
Ontology (GO) database and networks were performed using the
STRING 10 and PANTHER databases.
Fig. 1 Experimental workflow. The process of the sample preparation,
data acquisition, and data analysis is shown in the flowchart.

Fig. 2 Tests for depressive like behaviors including sucrose preference te
CUMS and 20 rats for control). Data are expressed as mean � SEM. D
ANOVA (***p < 0.001).

This journal is © The Royal Society of Chemistry 2017
Results
Stress resistant and stress sensitive rats were distinguished by
their performance in behavioral tests

Our experimental workow is illustrated in Fig. 1. Aer 8 weeks
of stress, the animals were separated into two sub-populations
based on their performance in SPT and FST as stress resistant
and stress sensitive rats. The sucrose preference test showed
that the stress resistant rats had more sucrose water than the
stress sensitive rats. There was no signicant difference among
the groups in total uid consumption for the 1 h test (data not
show). In addition, the forced swim test demonstrated that the
stress resistant rats spent less time in an immobile state than
the stress sensitive rats (Fig. 2).
Proteins identication and their functions in label-free
analysis

A total of 4160 proteins were identied in the samples from the
PFC of the stress resistant and stress sensitive rats. Compared
with stress sensitive rats, in stress resistant rats, a total of 1482
proteins showed a signicant change in expression, out of
which 304 proteins were up-regulated and 323 proteins were
down-regulated. In addition, some proteins could not be
detected in either stress resistant rats or stress sensitive rats
(Fig. 3). To further understand the changes observed in the PFC
between the stress resistant rats and stress sensitive rats,
differentially expressed proteins were analyzed in terms of two
ontology categories – “Molecular Function” and “Biological
Process” – based on their annotations in GO domains. The
proportional representation of various subcategories in each
GO domain, with each value expressed as a percentage of the
total, is shown in Fig. 4. Our results indicated that the differ-
entially expressed proteins in stress resistant rats and stress
sensitive rats were associated with diverse molecular functions
and biological processes. The molecular functions of these
proteins included binding, catalytic activity, structural molecule
activity, signal transducer activity, transporter activity, molec-
ular function regulator, electron carrier activity, molecular
transducer activity, antioxidant activity, nucleic acid binding
st (SPT) and forced swim test (FST) are shown in the graphs (40 rats for
ifferences among experimental groups were determined by one-way

RSC Adv., 2017, 7, 40957–40964 | 40959

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04212d


Fig. 3 Number of proteins identified in the proteomic analysis. The
number of up-regulated and down-regulated proteins in stress
resistant rats is shown compared with that of stress sensitive rats.
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transcription factor activity and transcription factor activity.
The biological processes mainly included the cellular process,
single-organism process, metabolic process, biological regula-
tion, response to stimulus, cellular component organization,
developmental process, multicellular organismal process,
localization and signaling. We also found that the proteins
complexin 2, UFD1L, PFDN5, Septin11, ATP8A2, MANF,
PCDH10 were involved in the stress resistant phenotype. The
STRING knowledge database permits the evaluation of protein–
protein interactions. We applied STRING 10 to our list of
Fig. 4 Gene ontology analysis of differentially regulated proteins. Mo
proteins was associated with binding, catalytic activity, and structural mol
of the proteins was involved in processes such as metabolic, biological

40960 | RSC Adv., 2017, 7, 40957–40964
differentially expressed proteins. The data indicated close
connectivity between complexin 2, Ufd1l, Pfdn5, and clasp1
(Fig. 5.). These proteins are associated with synaptic and cyto-
skeletal regulations. Several types of proteins, such as Manf,
Septin11, Pcdh10, Atp8a2, were involved in other processes
(Table 2).

Validation of proteomic results

The expression of complexin 2 was validated using western
blotting and immunohistochemistry. The result showed that
the content of complexin 2 was signicantly higher in the stress
resistant rats compared to that of the stress sensitive rats.
Furthermore, we also observed the presynaptic vesicles by
electron microscopy. The result showed that the number of
vesicles in the stress resistant rats was higher than that in the
stress sensitive rats (Fig. 6).

Discussion

In the present study, depressive-like behavioral tests were used
to distinguish stress resistant rats and stress sensitive rats aer
lecular function-based analysis showed that a significant number of
ecule activity. Biological process-based analysis showed that a majority
regulation, and response to stimulus.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Interactions of the proteins differentially expressed between stress resistant rats and stress sensitive rats.
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CUMS exposure. The results showed that the stress resistant
rats consumed more sucrose water than stress sensitive rats.
Moreover, the stress resistant rats spent less time in immobile
state than the stress sensitive rats. To search possible molecular
Table 2 List of significantly regulated proteins in stress resistant rats ver

No. Protein names Gene names p-Value Locati

1 Complexin 2 Cplx2 <0.05 Plasm

2 Phospholipid-transporting
ATPase

Atp8A2 <0.05 Plasm

3 Protein Pcdh10 Pcdh10 <0.05 Plasm
4 Mesencephalic astrocyte

derived neurotrophy
Manf <0.05 Cytopl

5 Ubiquitin fusion
degradation protein 1

Ufd1l <0.05 Cytopl

6 Septin-11 Sept-11 <0.05 Cytopl
7 Prefoldin-5 Pfdn5 <0.05 Cytopl

This journal is © The Royal Society of Chemistry 2017
mechanisms underlying this stress resistant phenotype, protein
expression proles of PFC from stress resistant and stress
sensitive rats were investigated using proteomic analysis. The
data showed that a certain amount of proteins exhibited
sus stress sensitive rats using the LC-MS/MS approach

on Molecular function Biological process

a membrane Syntaxin-1 binding
calcium-dependent
protein

Vesicle docking involved in
exocytosis

a membrane Magnesium ion
binding; ATP
binding

Metabolic process

a membrane Calcium ion binding Cell adhesion
asm Growth factor

activity
Response to unfolded protein

asm K48-linked
polyubiquitin
binding

Proteasome mediated
ubiquitin dependent protein
catabolic

asm Nucleotide binding Cell division; cell cycle
asm Unfolded protein

binding
Negative regulation of
transcription

RSC Adv., 2017, 7, 40957–40964 | 40961
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Fig. 6 Identification of the expression of complexin 2. The expression of complexin 2 was verified by western blotting (a) and immunohisto-
chemistry (b). The expression of complexin 2 was increased in the stress resistant rats compared with that in stress sensitive rats. Scale bar ¼ 100
mm. Data were expressed as mean � SEM. Differences among experimental groups were determined by one-way ANOVA (***p < 0.001). (c)
Presynaptic vesicles were observed by electron microscopy. The number of vesicles in the stress resistant rats was increased when compared
with that in the stress sensitive rats. Scale bar ¼ 500 nm.
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changes in the stress resistant rats compared to that in the
stress sensitive rats. In addition, the altered proteins belonged
to several functional groups, suggesting that different cellular
processes were involved in the stress resilience phenotype.

Our data showed that the level of Atp8a2 was signicantly
higher in the stress resistant rats than in the stress sensitive
rats. It was reported that Atp8a2 possesses phosphatidylserine
translocase activity and is involved in the localization of phos-
phatidylserine to the inner leaet of the plasma membrane.10

Altered phosphatidylserine distribution in neurons could affect
the release of synaptic vesicles and transduction of action
potentials along nerve bers. Atp8a2 is specically expressed in
the nervous system. The mutation of the Atp8a2 gene causes
axon degeneration and neurodegenerative diseases.11 Disrup-
tion of the Atp8a2 gene is associated with a severe neurological
phenotype, including mental retardation, hypotonia and axonal
degeneration.12 These data indicated that stress resistant
symptoms in this animal model was associated with Atp8a2
increase in the PFC.

The level of ubiquitin fusion degradation 1-like (UFD1L)
protein was found to have increased in the stress resistant rats.
The ubiquitin-recognition protein UFD1L facilitates the clear-
ance of misfolded proteins through the endoplasmic reticulum
associated degradation pathway.13 Deciency of this protein
might lead to cell death or aberrant differentiation.14 In addi-
tion, UFD1L single nucleotide polymorphisms (SNP) have also
been associated with schizophrenia.15 UFD1L polymorphism
rs5992403 contributes to cognitive impairment in patients with
40962 | RSC Adv., 2017, 7, 40957–40964
schizophrenia. The UFD1L protein change herein raises the
possibility that the stress resistant phenotype may be linked
with UFD1L and the pathways associated with it.

We also observed that septin11 was higher in stress resistant
rats. Septins are an evolutionarily group of GTP-binding and
lament-forming proteins. They are known to interact with
components of the cytoskeleton, such as actin and tubulin. In
addition, the level of other proteins, CLASP1 and TUBB2a,
involved in cytoskeleton regulation, was higher in stress resis-
tant rats. These protein level alterations suggest modication of
the microlament structure, which in turn is strongly related to
synaptic plasticity. Indeed, synaptic and cytoskeletal plasticity
are involved in the development of psychiatric diseases, such as
depression.16,17 Stress or antidepressant medication leads to
alteration in the expression of the cytoskeletal proteins. Eleva-
tion can be found in the level of tubulin, which is the main
component of the cytoskeletal system.18,19 Acute or chronic
antidepressant treatment can affect the microtubular
dynamics.20 Our results suggested cytoskeletal enhancement in
the stress resistant phenotype. Moreover, we identied several
proteins associated with cytoskeletal rearrangement, which
were involved in the stress resistant behaviors. In addition,
prefoldin5 (PFDN5) was also increased in the stress resistant
rats. Prefoldin is a cochaperone that cooperates with the
chaperonin containing TCP1 (CCT). It is known for its func-
tional relevance in the cytoplasmic folding of actin and tubulin
monomers during the cytoskeleton assembly.21,22 Deciency in
PFDN5 gene results in progressive neurodegeneration and
This journal is © The Royal Society of Chemistry 2017
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reproductive abnormalities.23 The results suggested that PFDN5
might be involved in the stress resistant phenotype.

PCDH10, as a calcium-dependent adhesion molecule, is
mainly expressed in the olfactory bulb, most parts of the limbic
system and the cerebellum.24 It is reported that PCDH10 de-
cient mice have defects in axon pathways through ventral
telencephalon. PCDH10 is essential for patterning of the puta-
tive guidance cues for thalamocortical projections.25 In addi-
tion, male mice lacking a single copy of PCDH10 exhibit
abnormal social approach and social communication behav-
iors, as well as altered structure and function of amygdale
synaptic connections, and PCDH10 also plays a role in the
pathophysiology of autism disorder.26 Our data showed that
PCDH10 was increased in the stress resistant rats, which indi-
cated that PCDH10 was also involved in stress resilience
phenotype.

Mesencephalic astrocyte-derived neurotrophic factor (Manf),
is widely expressed in both neuronal and non-neuronal tissues.
In the central nervous system (CNS), Manf protein expression is
detected in several brain areas including the olfactory bulb,
cerebral cortex, hippocampus, hypothalamus, striatum, sub-
stantia nigra (SN), and spinal cord. In the SN, Manf is detected
in dopamine neurons.27 Increasing evidence indicates that
Manf, when applied as extracellular proteins or delivered by
viral vectors, can protect and repair midbrain dopamine
neurons in vivo.28 Moreover, evidence shows that Manf is
involved in the protection of existing neurons, in the regener-
ation of neurons and migration of newly formed neurons to the
injury site in brain ischemia.29 Furthermore, as Manf localizes
in the endoplasmic reticulum (ER), evidence suggests that Manf
is important for the maintenance of ER homeostasis.30 Our data
showed that Manf was increased in stress resilience rats
compared with stress sensitive rats. This reminded us that the
effect of Manf in neuron protection and ER homeostasis
maintenance might be involved in the stress resilience
phenotype.

Complexin 2 is a small, cytosolic protein that binds to the
soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complex to regulate synaptic vesicle exocy-
tosis.31 It is found mainly in the presynaptic terminal of olfac-
tory bulb, striatum, hippocampus, thalamus, and cerebellum.32

Complexin 2 plays a role in neurotransmitter release.33 Phos-
phorylation of complexin by PKA regulates spontaneous
neurotransmitter release and structural synaptic plasticity.34

Moreover, Jorquera believes that complexin 2 regulates both
spontaneous and evoked neurotransmitter release by modu-
lating the timing and properties of synaptotagmin activity.35 In
addition, there is a growing body of evidence to support the idea
that disturbed synaptic transmission contributes to the patho-
physiology of mood disorders.36,37 Post-mortem studies have
reported reduced complexin expression levels in cases of
bipolar disorder andmajor depression.38 Herein, the expression
of complexin 2 was increased in the stress resilience rats than
stress sensitive rats. It seems likely that upregulation of com-
plexin 2 contributes to the stress resilience phenotype by facil-
itating SNARE complex function and synaptic transmission at
the synapse.
This journal is © The Royal Society of Chemistry 2017
Conclusion

In summary, label-free LC-MS/MS quantication analysis was
used, for the rst time, to explore differentially expressed
proteins in stress resistant rats compared with that in stress
sensitive rats, and we found signicant differences in the
proteome proles between stress resistant phenotype and
stress sensitive phenotype. In total, 627 proteins were found to
either increase or decrease in stress resistant rats compared
with those in stress sensitive rats. Most importantly, 7 differ-
entially expressed proteins were highly associated with neural
biological processes. Thus, our ndings provide a new insight
into proteomic proles of stress resistant phenotypes. The
identication of these differentially expressed proteins will
provide potential support to further research and eventually
elucidate molecular mechanisms in the stress resistant
phenotype.
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