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Abstract
Major depression disorder is one of the most common psychiatric disorders that greatly threaten the mental health of a large
population worldwide. Previous studies have shown that endoplasmic reticulum (ER) stress plays an important role in the
pathophysiology of depression, and current research suggests that brain-derived neurotrophic factor precursor (proBDNF) is
involved in the development of depression. However, the relationship between ER and proBDNF in the pathophysiology of
depression is not well elucidated. Here, we treated primary hippocampal neurons of mice with corticosterone (CORT) and
evaluated the relationship between proBDNF and ERS. Our results showed that CORT induced ERS and upregulated the
expression of proBDNF and its receptor, Follistatin-like protein 4 (FSTL4), which contributed to significantly decreased neuronal
viability and expression of synaptic-related proteins including NR2A, PSD95, and SYN. Anti-proBDNF neutralization and
ISRIB (an inhibitor of the ERS) treatment, respectively, protected neuronal viabilities and increased the expression of
synaptic-related proteins in corticosterone-exposed neurons. ISRIB treatment reduced the expression of proBDNF and FSTL4,
whereas anti-proBDNF treatment did not affect ERS markers (Grp78, p-PERK, ATF4) expression. Our study presented evidence
that CORT-induced ERS negatively regulated the neuronal viability and the level of synaptic-related protein of primary neurons
via the proBDNF/FSTL4 pathway.
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Introduction

Major depressive disorder (MDD) is a common psychiatric
illness that seriously affects social function and reduces

patients’ quality of life (Malhi and Mann 2018; Smith 2014).
Chronic stress is considered a predominant trigger of depres-
sion (Roozendaal et al. 2009), which brings about the over-
activation of hypothalamic-pituitary-adrenal (HPA) axis and
the release of glucocorticoids(Herman et al. 2016; Joels et al.
2018; Murphy 1991). According to the reports, approximately
40–60% of patients with MDD experience HPA disorders
(Keller et al. 2017). Over-activation of HPA induces the re-
lease of large quantities of cortisol in humans and corticoste-
rone (CORT) in rodents (De Kloet et al. 1998).

Glucocorticoid exerts its effects on the central nervous sys-
tem (CNS) by activating glucocorticoid receptors (GRs) and
mineralocorticoid receptors (MRs). These receptors provide
critical negative feedback signals to the HPA axis and deter-
mine the responsiveness of the HPA axis to stress-related hor-
mones (Jacobson and Sapolsky 1991; Robinson et al. 2016). It
has been reported that dysregulation of the HPA axis and
subsequent secretion of glucocorticoid lead to irreversible cel-
lular death and reversible structural changes in limbic and
forebrain regions, including the hippocampus, prefrontal
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cortex (PFC), and amygdaloid nucleus (Drevets 2000;
McEwen 2007). GRs and MRs are both expressed in these
regions (Li et al. 2017; Sterner and Kalynchuk 2010). As a
result, the hippocampus is most susceptible to chronic stress,
an extensively studied area in the context of depression.
Additionally, accumulating evidence has demonstrated that
chronic exposure to excessive CORT may lead to irreversible
hippocampal damage. Studies showed that the excess CORT
decreases dendritic branching of hippocampal pyramidal neu-
rons and dampens hippocampal neurogenesis and the expres-
sion of glucocorticoid receptor mRNA (Sterner and
Kalynchuk 2010). While there is much evidence showing that
CORT can impair the function and structure of hippocampus,
the underlying mechanism is still unclear.

The endoplasmic reticulum (ER) is the largest organelle in
eukaryotic cells. The ER is responsible for the synthesis, fold-
ing, and structural maturation of proteins. Exposure to chronic
stress can interfere with ER function leading to endoplasmic
reticulum stress (ERS) (Oakes and Papa 2015). Evidence sug-
gests that ERS is a primary contributor to the pathogenesis of
several nervous system diseases, including MDD,
Alzheimer’s disease, Parkinson’s disease, and post-traumatic
stress disorder(Oakes and Papa 2015). Dysregulation of
CORT jeopardized the homeostasis of ER leading to ERS in
neuron linking stress to neurodegenerative and neuropsychi-
atric disorders (Sterner and Kalynchuk 2010).

Brain-derived neurotropic factor (BDNF) is one of the
most abundant and ubiquitous neurotrophins in CNS and
has been implicated in mood regulation. Evidence suggests
that levels of BDNF are associated with MDD and thus play
a pivotal factor in pathophysiology of depression (Furuse et al.
2019). Reduction of BDNF occurs in the brain of MDD pa-
tients, and this process is reversed by antidepressants (Duman
and Monteggia 2006). Furthermore, BDNF has been con-
firmed to promote neuronal survival and increase synaptic
plasticity by binding its high-affinity receptor, tropomyosin-
related kinase B (TrkB) (Hiester et al. 2013; Huang and
Reichardt 2003). The precursor form of BDNF (proBDNF)
elicits opposite effects in CNS (Shen et al. 2018; Sun et al.
2012). ProBDNF promotes neuronal death by activating
membrane receptor p75NTR-mediated apoptotic signaling
(Lee et al. 2001). Woo et al. reported that proBDNF induced
long-term depression through p75NTR signaling pathway acti-
vation (Woo et al. 2005). Clinical studies show that the
proBDNF and its receptors, p75NTR and sortilin, are increased
in the patients with MDD (Zhou et al. 2013). Experimental
studies have also shown that proBDNF and its receptors were
increased in the mice with depressive-like behavior, and anti-
p r oBDNF an t i b ody (Ab - p r oBDNF) v i a i n t r a -
cerebroventricular or intra-hippocampal injection reversed
the stress-induced depressive behavior presumably due to
neutralizing the excessive proBDNF in rodents’ brain (Bai
et al. 2016). The aforementioned studies suggest that

proBDNF plays a significant role in the development of
chronic stress-induced mood disturbances.

Given the detrimental effects of proBDNF on hippocampal
neurons, we hypothesized that ERS-induced expression of
proBDNF may promote the development of MDD. In this
study, we conducted experiments on primary hippocampal
neurons treated with CORT, detected hippocampal neuronal
viability and the expression of synaptic-related proteins,
proBDNF/p75NTR/FSTL4 and ERS markers (Grp78, p-
PERK). In addition, we further quantified the effect anti-
proBDNF neutralization and ISRIB (an inhibitor of the
ERS) treatment in CORT-exposed neurons to identify the un-
derlying pathological mechanisms after CORT treatment.

Materials and Methods

Animals

Pregnant C57BL/6J mice were purchased from Hunan Silaike
Jingda Experimental Animal Co., Ltd. All animal experiments
were approved by the Animal Care and Use Committee of
Central South University in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals (no. 2019-s08).

Reagents

The anti-proBDNF monoclonal antibody (Ab-proBDNF)
used in this study was developed by the Shanghai Yile
Biotechnology Company. Its biological function was previ-
ously characterized (Luo et al. 2016). The reagents used in
this study are listed in Table 1.

Primary Mouse Hippocampal Neuron Culture

Pregnant C57BL/6J mice at day 17 of pregnancy were anes-
thetized with sevoflurane, then sacrificed by cervical vertebra
dislocation. The fetal mice were removed and placed in pre-
cooled sterile PBS. The fetal mouse brains were isolated, and
the hippocampus tissue was separated under a stereo micro-
scope and transferred to a new petri dish with pre-cooled ster-
ile PBS. The tissues then were carefully transferred to a small
petri dish with 3 mL of 2 mg/mL papain solution, then
digested with trypsin for 12 min at 37 °C. Three milliliters
of DMEM/FBS solution was added to terminate the digestion,
and the cells were transferred to a 15-mL centrifuge tube. The
cells were centrifuged for 5 min at 1000 rpm, the supernatant
was discarded, and the tissue pellets were suspended in 3 mL
of DMEM/FBS solution. The cell suspension was filtered
using a 70-μm cell strainer to remove large cell clumps, and
the filtrate was transferred to a 15-mL centrifuge tube. After
centrifugation at 1000 rpm for 5 min, the supernatant was
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discarded, and the pellet was resuspended in 3 mL of
DMEM/FBS. The cells were plated on polylysine-coated cul-
ture flasks or glass coverslips (12 mm diameter) at a density of
1.0 × 105 cells/cm2, then cultured in a 5% CO2 incubator. The
cells were allowed to attach for 2 h, then the medium was
replaced with neurobasal medium containing 2% B27 supple-
ment. The medium was changed every 2 days. At 7 days
in vitro (DIV), the neurons were used for further experiments.

Cell Treatments

After 7 DIV, the neurons were exposed to CORT (1, 10, or
100 μM) for 24 h. The concentration of CORTwas based on
other reports (Donoso et al. 2019; Geng et al. 2003; Latt et al.
2018; Nakatani et al. 2014; Nitta et al. 2004). In addition, the
neurons were exposed to ISRIB (1 μM) for 24 h to inhibit
ERS. To antagonize proBDNF, the neurons were exposed to
Ab-proBDNF (1 μg/mL) for 24 h; treatment with isotype-
matched IgG (10 μg/mL) was used as a control.

Immunofluorescence

Cells cultured on coverslips were washed with pre-cooled
PBS 3 times and fixed using 4% paraformaldehyde for
30 min. After washing with pre-cooled PBS 3 times, the slides
were treated with 5% fetal bovine serum albumin (BSA) with
0.2% Triton X-100 for 2 h at room temperature. The slides
were incubated with primary antibodies (BDNF, 1:100;

proBDNF, 1:200; SYN, 1:200; PSD95, 1:200; NR2A,
1:200; or MAP2, 1:400) at 4 °C overnight. The slides were
then incubated with fluorescence-labeled secondary antibod-
ies (1:200) at room temperature for 2 h in the dark and then
counterstained with 4,6-diaino-2-phenylindole (DAPI) for
10 min. Immunofluorescence images were captured using a
computer-controlled microscope (Nikon, H600L Light
Microscope) and analyzed using ImageJ software (National
Institutes of Health).

Western Blotting

The treated cells were collected and lysed using a cocktail
lysis buffer with protease and phosphatase inhibitors (Roche
Applied Science, Mannheim, Germany) for 20 min. After
centrifugation (4 °C at 12,000 rpm), the supernatant was col-
lected. The samples were mixed with loading buffer and de-
natured in boiling water for 8 min. Proteins were separated on
10% Bis-Tris SDS-PAGE gels and transferred to 0.22-μm
nitrocellulose membranes. The membranes were blocked
using 5% non-fat milk for 2 h at room temperature. The mem-
branes were then incubated with primary antibodies in PBS-T
(BDNF, 1:2000; proBDNF, 1:500; p-PERK, 1:500; ATF4,
1:4000; Grp78, 1:500; SYN, 1:2000; PSD95, 1:2000;
NR2A, 1:2000; or MAP2, 1:2000) at 4 °C overnight. After
washing three times with TBS-T, the membranes were incu-
bated with HRP-conjugated secondary antibodies in 5% skim
milk (1:2000) for 2 h at room temperature. Bands were

Table 1 Reagent list
Reagent Manufacturer Catalog number Application

p-PERK Beyotime Biotechnology AP328 WB

ATF4 Proteintech 10835-1-AP WB

Grp78 Santa Cruz sc-13968 WB

BDNF Abcam ab108319 WB/IF

SYN Proteintech 17785-1-AP WB/IF

PSD95 Cell Signaling Technology #2507 WB/IF

NR2A Proteintech 19953-1-AP WB/IF

MAP2 Abcam ab32454 WB/IF

Tubulin Proteintech 11224-1-AP WB

ISRIB TargetMol T2027 Intervention

CCK-8 Wanleibio WLA074b CCK-8 assay

TUNEL Beyotime Biotechnology C1090 Apoptosis analysis

488-Donkey anti-Rabbit Jackson ImmunoResearch 711-545-152 IF

488-Donkey anti-Mouse Jackson ImmunoResearch 715-485-150 IF

Cy3-Donkey anti-Rabbit Jackson ImmunoResearch 711-165-152 IF

Cy3-Donkey anti-Mouse Jackson ImmunoResearch 715-165-150 IF

HRP-Goat anti-Rabbit CWBIO CW0102S WB

HRP-Goat anti-Mouse CWBIO CW0103S WB

Total RNA Extraction Kit Solarbio R1200-100T RT-qPCR
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visualized using an ECL kit and analyzed using NIH ImageJ
software (Tu et al. 2019; Zhang et al. 2019).

Real-Time qPCR Analysis

The treated cells were collected and total RNAwas extracted
using RNA extraction kit. A reverse transcription kit was used
to obtain cDNA. Then, RT-qPCR analysis was performed, and
the data were analyzed using the 2−ΔΔCt method (Chen et al.
2019; Zhang et al. 2019). The primer sequences were as
follows:

TUNEL Staining

Cells were cultured on slides, washed three times using pre-
cooled PBS, then fixed with 4% paraformaldehyde for 30min.
ATUNEL solution kit (Beyotime Biotechnology, China) was
used to detect apoptotic cells according to the manufacturer’s
instructions. Fifty microliters of TUNEL test solution was
added to the sample in the dark at 37 °C for 1 h. The slides
were washed three times with pre-cooled PBS and incubated
with an anti-fluorescence quenching liquid containing DAPI.
Images were captured using a computer-controlled micro-
scope (Nikon, H600L Light Microscope) and analyzed using
ImageJ software (National Institutes of Health).

CCK-8 Cell Assay

Primary hippocampal neuron suspensions (100 μL/well) were
plated into a 96-well plate and incubated for 7 days. After
treatment, 10 μL of CCK-8 reagent was added to each well.
A well filled with the same volume of culture medium and a
well filled with CCK-8 reagent (Wanleibio, Shenyang, China)
were used as blank controls. After 1 h of incubation, the ab-
sorbance at 450 nm was detected using a microplate reader.
Cell viability was calculated as follows: Cell viability (%) =
[treatment group − blank group] / [control group − blank
group] × 100.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7
software (GraphPad Software, San Diego, CA, USA). The
data are presented as the mean ± SEM. All data were normally
distributed as determined by the Shapiro-Wilk test. Significant
differences were determined using Student’s t test for two-

group comparisons or one-way ANOVA followed by
Bonferroni’s post hoc testing for multiple comparisons among
more than two groups. p < 0.05 was considered statistically
significant.

Results

Corticosterone Treatment Reduced Primary Neuron
Viability and Upregulated the Expression of proBDNF
and Its Receptors

The excessive activation of HPA axis plays an important
role in MDD (Robinson et al. 2016), partly due to the
attenuation of glucocorticoid negative feedback mecha-
nisms (Tafet and Nemeroff 2016). We treated primary hip-
pocampal neurons with different concentrations (1, 10, and
100 μM) of CORT for 24 h and evaluated neuronal func-
tion and the expression of proBDNF and its receptors.
Analysis using the CCK-8 kit showed that 100 μM
CORT treatment significantly reduced cell viability com-
pared to the control group (p = 0.0002; Fig. 1a) and upreg-
ulated the expression of proBDNF and its receptor FSTL4
and decreased p75NTR expression compared to the control
group, as determined using Western blot (proBDNF: p =
0.0436; FSTL4: p < 0.0001; p75NTR: p < 0.0001; Fig.
1b, c) and immunofluorescence (proBDNF: p = 0.0047;
FSTL4: p < 0.0001; p75NTR: p = 0.0111; Fig. 1d, e).
However, no significant differences were found in the 1
and 10 μM treated group compared to the control group.
Thus, 100 μM concentration was used in subsequent
experiments.

Corticosterone Treatment Upregulated proBDNF
Through Activation of ERS

We investigated the mechanism by which CORT treatment
increased proBDNF expression. Studies have shown that
CORT treatment induces ERS (Liu et al. 2014; Zhou et al.
2018); this suggests that CORT-induced ERS may lead to
increased proBDNF expression. Our results showed that the

BDNF forward CGGTATCCAAAGGCCAACTG

BDNF reverse GTAGTTCGGCATTGCGAGTT

GAPDH forward ACTTTGGCATTGTGGAAGGG

GAPDH reverse AGTGGATGCAGGGATGATGT

�Fig. 1 Results of treatment of primary neurons with different
concentrations of CORT. a Results of CCK-8 analysis. b Representative
immunoblot bands for p75NTR, FSTL4, and proBDNF relative to tubulin
as the loading control. c Quantitative analysis of protein level of p75NTR,
FSTL4, and proBDNF. d Immunofluorescence results (p75NTR: green;
FSTL4, proBDNF: red; DAPI: blue; scale bar = 40 μM). e Quantitative
analysis of the relative density of p75NTR, FSTL4, and proBDNF. The
quantitative data represent mean ± SEM from 3 to 4 independent exper-
iments and calculated by one-way ANOVA followed by multiple com-
parisons using post hoc Tukey test. *p < 0.05 compared with Ctrl;
**p < 0.01 compared with Ctrl; ***p < 0.001 compared with Ctrl;
****p < 0.0001 compared with Ctrl
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expression of ERS markers, Grp78 (t = 3.075, p = 0.0152), p-
PERK (t = 3.149, p = 0.0346), and ATF4 (t = 2.6, p = 0.0316),
was increased in the CORT treatment group compared with
the control group (Fig. 2a, b), suggesting that CORT induced
ERS. In addition, treatment with the ERS inhibitor, ISRIB,
significantly decreased the expression of ATF4 (p < 0.0001,
vs. CORT; Fig. 2c, d), indicating that ISRIB treatment
inhibited CORT-induced ERS. We also observed that ISRIB
treatment significantly suppressed CORT-mediated upregula-
tion of proBDNF (p < 0.0001, vs. CORT) and FSTL4 (p =
0.0017, vs. CORT) (Fig. 3a, b).

The ratio of proBDNF to BDNF, and the mRNA
levels of Bdnf expression were evaluated. The results
demonstrated that CORT treatment increased the ratio
of proBDNF to BDNF (p < 0.0001, vs. Ctrl) and in-
creased the expression of Bdnf (p < 0.0001, vs. Ctrl).

These increases were reversed by ISRIB treatment
(proBDNF/BDNF: p < 0.0001; Bdnf: p < 0.0001 vs.
CORT; Fig. 3c, d). These results indicated that CORT
induced ERS and increased the expression of proBDNF
and FSTL4.

We used Ab-proBDNF to neutralize endogenous
proBDNF and measured the expression of ERS makers
(Grp78, p-PERK, ATF4) to evaluate the relationship between
proBDNF and ERS. We found that Ab-proBDNF treatment
did not affect Grp78 (p = 0.0985), p-PERK (p = 0.2888), or
ATF4 (p = 0.3649) expression compared to the CORT + IgG
group (Fig. 4a, b). However, the combination of Ab-
proBDNF and ISRIB treatment decreased the expression of
ATF4 (p < 0.0001, vs. CORT + IgG; Fig. 4a, b). These results
suggested that proBDNF may be a downstream effector of
ERS.

Fig. 2 Western blot of ERS-related protein expression following CORT
treatment with or without ISRIB. a, c Representative immunoblot bands
for p-PERK, Grp78, and ATF4 relative to tubulin as the loading control.
b, dQuantitative analysis of protein levels of p-PERK, Grp78, and ATF4.
The quantitative data represent mean ± SEM from 3 independent

experiments and calculated by Student’s t test and one-way ANOVA
followed by multiple comparisons using post hoc Tukey test. *p < 0.05
compare with Ctrl; **p < 0.01 compare with Ctrl; ***p < 0.001 compare
with Ctrl; ****p < 0.0001 compare with Ctrl; ####p < 0.0001 compare
with CORT
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Corticosterone Decreased the Expression
of Synaptic-Related Proteins of the Primary
Hippocampal Neuron Via the ERS-proBDNF Pathway

We evaluated the roles of the ERS-proBDNF pathway in
CORT-induced impaired primary hippocampal neurons. We
treated primary hippocampal neurons with CORT, CORT plus
ISRIB, CORT plus Ab-proBDNF, or CORT plus ISRIB and
Ab-proBDNF. The results showed that CORT treatment signif-
icantly decreased the expression of a neuron dendritic marker
MAP2 (p < 0.0001) and synaptic-related proteins,N-methyl-D-
aspartate receptor subtype 2A (NR2A) (p < 0.0001), PSD95
(p < 0.0001), and synaptophysin (SYN) (p < 0.0001), compared

to control treatment. The ERS inhibitor ISRIB reversed CORT-
induced decreases in MAP2 (p < 0.0001, vs. CORT), NR2A
(p < 0.0001, vs. CORT), PSD95 (p = 0.0028, vs. CORT), and
SYN (p < 0.0001, vs. CORT) expression. Treatment with Ab-
proBDNF reversed the downregulation of NR2A (p < 0.0001,
vs. CORT + IgG), PSD95 (p < 0.0001, vs. CORT + IgG), and
SYN (p < 0.0001, vs. CORT + IgG) by neutralizing excessive
proBDNF (Fig. 5a, b). In addition, treatment with the combi-
nation of Ab-proBDNF and ISRIB also reversed CORT-
induced reduction in MAP2 (p = 0.0126, vs. CORT + IgG),
NR2A (p < 0.0001, vs. CORT + IgG), SYN (p < 0.0001, vs.
CORT + IgG), and PSD95 (p = 0.0009, vs. CORT + IgG)
expression (Fig. 5a, b). These results were verified using

Fig. 3 Activation of ERS and expression of proBDNF, FSTL4, and
BDNF following CORT treatment with or without ISRIB. a
Representative immunoblot bands of proBDNF, FSTL4, and BDNF
relative to tubulin as the loading control. b Quantitative analysis of
protein levels of proBDNF, FSTL4, and BDNF. c Ratio of proBDNF/
BDNF. d BdnfmRNA expression. The quantitative data represent mean ±

SEM from 3 independent experiments and calculated by one-way
ANOVA followed by multiple comparisons using post hoc Tukey test.
***p < 0.001 compare with Ctrl; ****p < 0.0001 compare with Ctrl;
##p < 0.01 compare with CORT; ###p < 0.001 compare with
CORT; ####p < 0.0001 compare with CORT
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immunofluorescence (Fig. 6a, b). The results demonstrate that
CORT treatment significantly decreased the expression of
MAP2 (p = 0.0271) and SYN (p = 0.0032) compared to the
control group. Treatment with ISRIB can reverse the reduced
expression of MAP2 (p = 0.0105, vs. CORT) and PSD95 (p =
0.0004, vs. CORT), and anti-proBDNF antibody reversed the
CORT-induced decreases in NR2A (p < 0.0001, vs. CORT +
IgG) and PSD95 (p = 0.0341, vs. CORT + IgG) (Fig. 6a, b).
Furthermore, co-treatment with ISRIB and Ab-proBDNF re-
sulted in increased expression of MAP2 (p = 0.0254), NR2A
(p < 0.0001), PSD95 (p = 0.0018), and SYN (p = 0.0004) com-
pared to the CORT + IgG groups (Fig. 6a, b). These results
revealed that CORT damaged synaptic-related proteins of pri-
mary hippocampal neuron via the ERS-proBDNF pathway.

Corticosterone Reduced Primary Hippocampal
Neuron Survival Via the ERS-proBDNF Pathway

We investigated whether CORT induced cytotoxicity through
the ERS-proBDNF pathway in neurons. We found that CORT
treatment significantly increased the number of TUNEL-
positive cells compared to the control (p = 0.0120)
(Fig. 7a, b). This effect was reversed by treatment with
ISRIB (p = 0.0030, vs. CORT) (Fig. 7a, b). Analysis using
the CCK-8 kit showed that treatment with ISRIB
(p < 0.0001, vs. CORT), Ab-proBDNF alone (p = 0.0081, vs.
CORT + IgG), or ISRIB plus Ab-proBDNF (p = 0.0445, vs.
CORT + IgG) attenuated CORT-mediated cell viability inhi-
bition of primary hippocampal neurons (Fig. 7c). These results

Fig. 4 Western blot of ERS-related protein expression following anti-
proBDNF antibody intervention. a Representative immunoblot bands
for p-PERK, Grp78, and ATF4 relative to tubulin as the loading control.
b Quantitative analysis of protein levels of p-PERK, Grp78, and ATF4.

The quantitative data represent mean ± SEM from 3 independent exper-
iments and calculated by one-way ANOVA followed by multiple com-
parisons using post hoc Tukey test. ****p < 0.0001 compare with Ctrl;
####p < 0.0001 compare with CORT + IgG
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indicated that CORT reduced primary hippocampal neuron
survival via the ERS-proBDNF pathway.

Discussion

In this study, we found that CORT evoked ERS, which likely
led to increased expression of proBDNF and FSTL4, neuronal
apoptosis, decreased cell viability, and decreased the level of
synaptic-related proteins. Treatment with the ERS inhibitor

ISRIB significantly inhibited the expression of ATF4 and re-
versed CORT-mediated upregulation of proBDNF, cell viabil-
ity inhibition, neuronal apoptosis, and synaptic-related protein
reduction. Treatment with Ab-proBDNF protected neurons
from CORT-induced cytotoxicity but did not alter the expres-
sion of the ERS marker proteins Grp78, p-PERK, or ATF4.
These results suggest that CORT treatment induced ERS in
primary hippocampal neurons, which resulted in increased
expression of proBDNF and FSTL4, impaired synaptic-
related protein expression, and induced neuronal apoptosis.

Fig. 5 Western blot results for synaptic and cellular function-related pro-
tein expression following CORT treatment and various interventions. a
Representative immunoblot bands for MAP2, NR2A, PSD95, and SYN
relative to tubulin as the loading control. b Quantitative analysis of pro-
tein levels of MAP2, NR2A, PSD95, and SYN. The quantitative data
represent mean ± SEM from 3 independent experiments and calculated
by one-way ANOVA followed by multiple comparisons using post hoc

Tukey test. **p < 0.01 compare with Ctrl; ****p < 0.0001 compare with
Ctrl; #p < 0.05 compare with CORT; ##p < 0.01 compare with CORT;
###p < 0.001 compare with CORT; ####p < 0.0001 compare with CORT;
&p < 0.05 compare with CORT + IgG; &&p < 0.01 compare with CORT +
IgG; &&&p < 0.001 compare with CORT + IgG; &&&&p < 0.0001 com-
pare with CORT + IgG
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In human, patients with MDD exhibit persistent activation
of the HPA axis (Keller et al. 2017). Stress life events are

closely related to an increased risk for developing depression
(Tennant 2002). Several studies reported that the HPA axis
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becomes activated upon stress exposure. Thereafter, the hypo-
thalamus releases corticotropin-releasing hormone (CRH),
which stimulates the secretion of adrenocorticotropic hor-
mone (ACTH) from the pituitary gland. Meller et al. reported
that people with anxiety and depression exhibited an attenu-
ated ACTH response to exogenous CRH compared to healthy
people (Meller et al. 1995). In general, cortisol increases in the
morning and decreases in the evening operating on a circadian
cycle. However, the level of cortisol remains significantly
higher in the morning compared to non-depressed individuals
and remains consistently high in the evening in the patient
with depression (Kessing et al. 2011). Cortisol can remain
high even after recovery from major depression (Beluche
et al. 2009), suggesting that cortisol plays a vital role in the
development of depression. Rao et al. found that females with
MDD are less sensitive to dexamethasone compared to fe-
males with anxiety (Rao et al. 1989). These results showed
that patients with anxiety and depression have HPA axis dys-
function. One explanation for excessive HPA axis activity is
impaired inhibition of feedback by the over-elevated endoge-
nous glucocorticoid cortisol that is mediated by the MRs and
GRs in the brain (Meller et al. 1995).

In rodents, chronic stress results in continuous activation of
HPA axis and subsequently persistently elevated glucocorti-
coid levels, which can impair hippocampal neuronal activity,
induce hippocampal atrophy, reduce neurogenesis, downreg-
ulate hippocampal glucocorticoid receptor expression, and un-
dermine the sensitivity of hippocampal neurons involved in
feedback regulation and ultimately aggravate depressive
symptoms (Duman 2004; Lee et al. 2002; Mahar et al. 2014;
McKinnon et al. 2009). CORT is the rodent homolog of cor-
tisol. Extensive studies reported that exogenous CORTadmin-
istration can lead to depression-like behavior in rodents
(Sterner and Kalynchuk 2010). Continuous infusion of
CORT resulted in increased levels of depression-like behav-
iors in animal models (Gong et al. 2016; Ngoupaye et al.
2018). Treatment with CORT induced apoptosis of PC12 cells
(Jiang et al. 2015; Peng et al. 2018) and primary hippocampal
neurons (Sun et al. 2004; Zheng et al. 2018). Studies reported
that CORT administration at a concentration greater than

50 μM could induce cytotoxicity and apoptosis of primary
hippocampal neurons in a dose-dependent manner (Latt
et al. 2018). Many studies reported that high concentrations
of CORT lead to depression via hippocampal impairment
(Donoso et al. 2019; Latt et al. 2018). According to these
literary works, we set a concentration gradient from 1 to
100 μM to observe CORT effects. In our study, we found that
100 μM CORT treatments significantly increased the number
of TUNEL-positive cells compared to the control, revealing
that CORT treatment induced neuronal apoptosis, which is
consist with prior observations (Latt et al. 2018).

proBDNF, the precursor of BDNF, exerts opposing effects
on BDNF (Cowansage et al. 2010). Clinical studies have shown
that serum levels of proBDNF have been shown to be increased
in patients with depression (Zhao et al. 2017; Zhou et al. 2013),
and proBDNFwas decreased in the postmortem cerebellum and
spleen of depressed patients (Yang et al. 2017). In the hippo-
campus or mPFC, proBDNF was increased following unpre-
dictable chronic moderate stress (Bai et al. 2016), chronic re-
straint stress (Zhou et al. 2018), or inescapable stress (Yang et al.
2016). Ab-proBDNF intra-cerebroventricular or intra-
hippocampal injection reversed the stress-induced depressive
behavior (Bai et al. 2016; Zhong et al. 2018). Moreover, anti-
depressant drug, fluoxetine, could reverse unpredictable chronic
mild stress-induced by increasing of proBDNF in the hippocam-
pus (Bai et al. 2016). These results show that the increased
proBDNF plays a vital role during depression. Moreover,
CORT treatment resulted in increased expression of proBDNF
in the ventral hippocampus, a region closely related to abnormal
emotional behaviors (Willner et al. 2013) and depression-related
neuroendocrine dysfunction (Li et al. 2019). Our study showed
that the treatment of primary mouse hippocampal neurons with
CORT induced significant upregulation of proBDNF expres-
sion. proBDNF preferentially binds to p75NTR to exert nerve
cell apoptosis (Cowansage et al. 2010). In addition, binding of
proBDNF to FSTL4 has been shown to negatively regulate
BDNF maturation (Suzuki et al. 2018). Our results showed
increased expression of FSTL4 and decreased expression of
BDNF following CORT treatment, which indicated that
FSTL4 could be a critical downstream effector of proBDNF
and may negatively affect neuronal function.

Administration of different neuroprotective agents can re-
duce CORT-induced cell damage, reverse the expression of
ERS proteins, and restore ER function (Peng et al. 2018). Our
study showed that CORT treatment significantly increased the
expression of the ERS-related proteins Grp78, phospho-PERK,
and ATF4 in primary hippocampal neurons. PERK is a critical
point of intersection between the comprehensive stress response
and the unfolded protein response (UPR), which maintains
protein-folding homeostasis in the ER (Pavitt and Ron 2012).
A previous study showed that the ERS inhibitor ISRIB signif-
icantly inhibited the function of PERK and causes ATF4 ex-
pression decrease without impairing PERK phosphorylation.

�Fig. 6 Immunofluorescence results for synaptic and cellular function-
related protein expression following CORT treatment and various inter-
ventions. a Immunofluorescence results for MAP2, NR2A, PSD95, and
SYN (MAP2, NR2A: red; PSD95, SYN: green; DAPI: blue; scale bar =
40 μM). b Quantitative analysis of relative density of MAP2, NR2A,
PSD95, and SYN. The quantitative data represent mean ± SEM from 3
independent experiments and calculated by one-way ANOVA followed
by multiple comparisons using post hoc Tukey test. *p < 0.05 compare
with Ctrl; **p < 0.01 compare with Ctrl; #p < 0.05 compare with CORT;
###p < 0.001 compare with CORT; ####p < 0.0001 compare with CORT;
&p < 0.05 compare with CORT + IgG; &&p < 0.01 compare with CORT+
IgG; &&&p < 0.001 compare with CORT + IgG; &&&&p < 0.0001 com-
pare with CORT + IgG
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That is, ISRIB specifically blocks the PERK signal of UPR,
which helps the cells resist eIF2α phosphorylation and restore
protein translation in ER (Sidrauski et al. 2013). Our results
showed that ISRIB inhibited CORT-induced increases in
ATF4 expression in primary hippocampal neurons, which indi-
cated that ISRIB reduced ERS.

Chronic hypoxic stress has been shown to increase the
expression of proBDNF and Grp78 in the hippocampus
(Sharma et al. 2019), which was consistent with our recent
results. We showed that ISRIB reduced the expression of
ATF4 in primary hippocampal neurons and reduced CORT-
induced expression of proBDNF. This suggests that CORT-
induced proBDNF was associated with ERS. Endoplasmic
reticulum stress is characterized by the accumulation of un-
folded and misfolded proteins in the ER through the activation
of a number of cellular stress pathways. For example, ERS
triggers the expression of pro-IL-1β through NF-κB activa-
tion and promotes IL-1β secretion (Kim et al. 2014). In this
study, inhibition of ERS by ISRIB significantly inhibited
proBDNF expression and increased BDNF levels, which in-
dicated that abnormal ER function may lead to abnormal
proBDNF. However, the mechanisms by which ERS induces
BDNF mRNA and proBDNF protein upregulation and sup-
presses the proBDNF to BDNF transformation have not yet
been characterized.

Depression is closely linked to changes in hippocampal
synaptic plasticity (Duman et al. 2016). A number of studies
have shown that SYN and PSD95 expression are downregu-
lated in animal models of depression (Liu et al. 2017; Zhong
et al. 2018). In addition, the expression of NR2A and PSD95
protein was decreased in patients with MDD (Feyissa et al.
2009). Our results showed that CORT treatment resulted in
decreased expression of MAP2, NR2A, PSD95, and SYN,
and increased apoptosis and reduced cell viability damaging
neuronal function in vitro. Our results suggested that CORT
treatment could induce a similar molecular expression pattern
as MDD. We also showed that inhibition of ERS could in-
crease the expression of MAP2, NR2A, PSD95, and SYN,
and decrease neuronal apoptosis, and we postulated that inhi-
bition of ERS restored the neuronal survive via reversing the
synaptic protein expressions.

A previous study showed that high proBDNF expression
resulted in decreased neuron dendrites, reduced spine density,
and thus altered synaptic plasticity (Li et al. 2017; Pang et al.
2004; Teng et al. 2005). In this study, Ab-proBDNF exerted
cytoprotective effects, which was substantiated by the inhibi-
tion of apoptosis, increased expression of MAP2, NR2A,
PSD95, and SYN, and increased cell viability. However,
Ab-proBDNF treatment did not affect the expression of the
ERS markers like Grp78, p-PERK, and ATF4. Treatment with
ISRIB decreased proBDNF and FSTL4 levels. Co-treatment
with ISRIB and Ab-proBDNF also reduced CORT-induced
apoptosis. These results showed that CORT induced ERS
and abnormal proBDNF expression resulting in cellular dys-
function, such as apoptosis and impaired synaptic-related pro-
tein expressions in primary neurons.

Conclusion

CORT treatment induced ERS activation in primary hippo-
campal neurons, upregulated the expression of proBDNF
and FSTL4, promoted neuronal apoptosis, and decreased
synapse-related protein expression. Activation of the neuronal
ERS/proBDNF/FSTL4 axis may be a critical pathway in
MDD development.
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