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Postpartum depression (PPD) is associated with mood disorders and elevated
inflammation. Studies have evidenced the activation/inhibition of autophagy and
excessive activation of microglia to have a close relationship with depression.
C57 and microglia-specific autophagy-deficient mice (Cx3Cr1Ce/+ATG5OXP/10%P) \were
employed to establish the chronic unpredicted mild stress depression mice model
from embryonic day 7 (E7) to embryonic day 16 (E16). Fluoxetine was administered
for 3 weeks (commencing from 1 week after birth). Behavioral tests (open field,
forced swimming, and sucrose preference tests) were implemented. Western blot and
immunofluorescence staining were employed to assess the brain-derived neurotrophic
factor (BDNF) expression level, autophagy-associated proteins, and inflammatory
factors. Depressive behavior was reversed following fluoxetine treatment; this was
evidenced via open field, sucrose preference, and forced swimming tests. Both BDNF
and autophagy-associated proteins (ATG5, Beclin-1, and LC3Il) were upregulated
following fluoxetine treatment. Inflammatory factors including nuclear factor kappa
B and inducible nitric oxide synthase were reduced while anti-inflammatory factor
interleukin-10 (IL-10) was increased after fluoxetine treatment. Microglia-specific
autophagy-deficient mice (Cx3Cr1C/+ATG50xP/1%0) showed a curtailed autophagy
level, higher inflammatory level, and reduced BDNF expression when compared with
C57 mice. Autophagy inhibition in microglia contributes to inflammation, which further
instigates PPD. Fluoxetine might mediate its antidepressant effect in PPD through the
autophagic pathway while upregulating BDNF expression. In view of this, regulating
BDNF in microglia is a potential novel therapy target for PPD.

Keywords: microglia, fluoxetine, inflammation, chronic unpredicted mild stress, brain-derived neurotrophic factor
(BDNF)

INTRODUCTION

Postpartum depression (PPD) is often accompanied by extreme sadness and hopelessness, low
energy, anxiety, crying episodes, irritability, and infanticide (1, 2). This mental disorder is common,
severe, and experienced by 13-19% of new mothers (3, 4). Occurrence of depressive-like behavior
following childbirth can be pernicious to mothers, fathers, and possibly children if untreated
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(5), subsequently leading to devastating outcomes to family
and society. Numerous factors such as the interaction
effect of genetic and epigenetic susceptibilities combined
with environmental risk factors, such as stress, hormonal
level change, and emotional trauma may account for the
emergence of PPD. Chronic stress during pregnancy is
one of the most important causes of PPD. Maternal stress
exposure and fluoxetine treatment have detrimental effects
on offspring (6). Although neurogenesis stimulation in the
hippocampus of depressed mothers following chronic fluoxetine
administration in the postpartum period has been demonstrated,
the effects of selective serotonin reuptake inhibitors (SSRI)
pertinent to reversing stress-induced behavioral, structural,
and pathological changes in postpartum females have not
been evaluated (7). Presently, there is not a widely convincing
mechanistic hypothesis of PPD; nonetheless, the serotonin and
neurotrophin hypothesis of depression could partly account
for PPD pathology. Brain-derived neurotrophic factor (BDNF)
is a well-known neurotrophic factor whose deregulation is
closely linked to affective disorders (8, 9). Increased levels
of monoamines in relieving depressive symptoms have been
evinced; however, there are no convincing theories linking
serotonin elevation to increased BDNF transcription and, thus,
no elucidation as to how antidepressants such as SSRIs activate
the BDNF pathway (10). A large number of antidepressant
drugs are already available for PPD treatment, with fluoxetine
being one of the most commonly used drugs. Therefore,
investigating its effects on PPD pathogenesis is paramount and
warranted.

Microglia is a group of neuroglia located in the brain and
the spinal cord. As the resident macrophage population of the
central nervous system (CNS), microglia act as a first and main
guard of active immune defense, closely related to inflammation
(11). There are ample evidences indicating the neurotoxicity
of overreactive microglia (12, 13). Microglial activation has
two main phenotypes: M1 and M2. The MI phenotype is
associated with increments in interleukin-1f (IL-18) and tumor
necrosis factor-a (TNF-a), while the M2 phenotype is associated
with the release of anti-inflammatory cytokines such as IL-10
(13). Though studies have shown microglial activation to be
evident in psychiatric conditions, authoritative research linking
microglial activation to the occurrence of mood disorders
is lacking (14). Nonetheless, microglia might be a good
target in the development of novel antidepressant drugs for
PPD.

Autophagy is an intracellular bulk degradation process
responsible for the clearance of damaged proteins and
organelles and hence an important regulator of homeostasis
and functions in the CNS. An increasing number of studies
indicate the relationship between impaired autophagy and
affective disorders (15). Autophagy is considered to have
evolved as a stress response, interfacing with most cellular
stress-response pathways such as immune response and
inflammation (16). Autophagy and autophagy-related proteins
are essential components that modulate the inflammatory
response either directly by acting on the stability or secretion of
inflammatory mediators or indirectly by suppressing intracellular
stressors (17).

Since the role of autophagy in PPD pathogenesis is ambiguous,
this study investigates whether the inhibition of autophagy
in microglia arouses inflammation, further influencing the usage
of antidepressants in PPD treatment. Considering that the
neuroprotective role of the BDNF pathway has been reported in
previous studies and combining evidence from other depression
studies, we hypothesized that the inhibition of autophagy in
microglia may have a detrimental effect on fluoxetine treatment
for PPD through upregulation of inflammation and reduced
BDNF expression.

MATERIALS AND METHOD

Animals

Adult female C57 mice and microglia-specific autophagy-
deficient mice (Cx3Cr1Cre/+ ATG5loxp/loxp) descripted as ATG5
KO in the following test were used in this experiment. A total
of 30 female mice were randomized into six groups. They
weighed 20 g £ 2 g and were obtained from Zhejiang Provincial
Academy of Medical Sciences. Preceding the experiment, the
mice were reared in the experimental animal facility for a
week so as to acclimatize them to the new environment.
Temperature was set between 24 £ 1°C with humidity at 55%
coupled with a 12h light-dark cycle. Standard food pellets
and tap water were made available at all times during the
experiments. All experiments were conducted following the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The Ethics Committee for Animal
Research at Zhejiang University approved the experimental
procedures.

Drug Administration

Fluoxetine (Patheon, France) was dissolved in 0.9% normal
saline. Fluoxetine and normal saline were administered from
postnatal day 7 (P7) to postnatal day 28 (P28) at a dose of 18
mg/kg/d (18).

Chronic Unpredictable Mild Stress (CUMS)

Procedure

CUMS modus operandi was modified from that used by
Kiryanova et al. (6). From embryonic day 7 (E7) of pregnancy,
dams were subjected to the regimen of CUMS. Embryonic day
16 (E16) was the last day the stressors were administrated
(Table 1). Stressors included restraint stress (mice were subjected
to chronic-restraint stress by placement in 50 ml conical tubes
with holes for air flow for 2 h), restricted access to food (food was
removed from animal’s house for 6h), forced swimming (5 min
per mouse), continuous lighting overnight, foreign object in cage
(a novel plastic object), cage tilting (home cage tilted 30°), white
noise (played at 80 dB), and soiled cage (100 ml of clean water
spilled on bedding).

Experiment Design

A total of 30 pregnant female mice were randomly assigned to
six groups: (1) C57(Normal)+CUMS+ Pregnancy, Fluoxetine
(N+C+P-FLX) (n = 5); (2) C57+CUMS+ Pregnancy, saline
(N+C+P-con) (n = 5); (3) C57+ Pregnancy (N+P) (n = 5);
(4) ATG5KO+CUMS+ Pregnancy, Fluoxetine (A4C+P-FLX)
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TABLE 1 | Chronic unpredictable mild stress schedule used on pregnant mouse dams from E7-E16.

Day1 Day2 Day3 Day4 Day5

9a.m. Restricted access to food

10a.m. Restraint Stress 9a.m.—3 p.m. Cage Tilt(30°) Restricted access to food

11am. 10a.m.—12 p.m. Restraint Stress 10a.m.-56 p.m. 10a.m.—5 p.m.

12 p.m. Force Swim 1T1am.—1 p.m.

1p.m. White noise

2 p.m. 12 p.m.—3 p.m.

3p.m.

4 p.m.

5p.m. Paired housing Continuous lighting Foreign object in cage Paired housing Soiled cage
5p.m.—9p.m. overnight 5p.m.—10a.m. 5p.m.—10 p.m. 5p.m.—10 p.m.
Day6 Day7 Day8 Day9 Day10

9a.m. Restricted access to food

10a.m. Restraint Stress 9a.m.—3 p.m.

11am. 10a.m.—12 p.m. Restraint Stress

12 p.m. Force Swim 11am.—1 p.m.

1p.m.

2 p.m.

3 p.m.

4 p.m.

5p.m. Continuous lighting Cage Tilt(30°) Paired housing Continuous lighting Foreign object in cage
Overnight 5p.m.—10a.m. 5p.m.—9 p.m. overnight 5p.m.—10a.m.

(n = 5); (5) ATG5KO+CUMS+ Pregnancy, saline (A+C+P-
con) (n = 5); (6) ATG5KO+ Pregnancy (A+P) (n =5).
Figure 1 illustrates experimental design.

Behavioral Test

Forced Swimming Test (FST)

Mice individually placed in a cylinder of water (24 £ 1°C) swam
for 6 min under normal light. Water depth was set to prevent the
animals from touching the bottom with their tails or hind limbs.
Animal behaviors were videotaped from the side. Immobile time
during the last 5 min of the test was evaluated by two observers
blinded to animal treatment. Immobile time was considered
as the time when the mice remained floating or motionless
with only small movements necessary to keep balance in
water.

Open Field Test (OFT)

A novel open field environment (comprising 45cm x 45cm X
45 cm white Plexiglas arena) was employed to test the exploratory
locomotion of mice, with each test lasting 5min. Each mouse
was placed in the center of arena at the beginning and allowed
to freely move and its movement was recorded by an overhead
camera. The behavior of the mouse was analyzed with an
automatic behavior-tracking system (Video Track, Viewpoint
Inc., France). Total distance (horizontal activity) and small
distance movements as well as the number of rearing (vertical
activity) and time spent in the central zone (25 x 25 cm) were
recorded (19). The chamber was cleaned with 75% ethanol after

each mouse was tested. The ratio of small distance to whole
distance was analyzed, depicting exploratory ability.

Sucrose Preference Test (SPT)

Mice were single housed and habituated with two bottles of
water for a day, followed by two bottles of 2% sucrose for a
day. Following that, mice were water deprived for 23 h and then
exposed to one bottle of 2% sucrose and one bottle of water
for 2h in the dark phase (bottle positions switched after 1h).
Total consumption of both water and sucrose were measured,
and sucrose preference was recorded as the average sucrose
consumption ratio during the first and second hours. The
sucrose consumption ratio was calculated by dividing the total
consumption of sucrose by the total consumption of both water
and sucrose (20).

Western Blot

Total proteins of the hippocampal brain tissue were extracted
from each group using ice-cold RIPA buffer, with added
protease and phosphatase inhibitors. After grinding with liquid
nitrogen and centrifuging at 12,000 rpm for 30 min at 4°C,
supernatant proteins were collected and preserved at —80°C
in the fridge. The concentration of samples was determined
with BCA kits (KeyGEN) and unified to 2pg/pL. SDS-
PAGE loading buffer (protein sample:loading buffer = 4:1)
was added and the protein sample boiled in 100°C water.
A total of 20 pg protein of each sample was subjected to
electrophoresis on 15% SDS-PAGE gel using a constant voltage
(200V). Afterwards, the separated proteins were transferred
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FIGURE 1 | Couse of the study.

into a polyvinylidene difluoride (PVDF) membrane using Bio-
Rad Transblot apparatus. This process was performed under
a constant voltage of 100V for 70 min. PVDF membranes
were blocked with 5% skim milk diluted by TBST for 3h at
room temperature. The membranes were then incubated with
different antibodies overnight at 4°C. Primary antibodies used
were: rabbit polyclonal antibody against GAPDH (Cell Signal
Technology, 1:1,000), ATG5/ATG12 (Abcam, 1:1,000), LC3II
(NOVUS, 1:1,000), BDNF (Abcam, 1:1000), Beclin-1 (Cell Signal
Technology, 1:1,000), inducible nitric oxide synthase (iNOS)
(BOSTER, 1:1,00), IL-10 (BOSTER, 1:100), and nuclear factor
kappa B (NF-kB) (Cell Signal Technology, 1:1000). After the
incubation of primary antibodies, the membranes were washed
with TBST thrice, each wash lasting 5min. Membranes were
then incubated with goat antirabbit IgG antibody (BOSTER,
1:5,000) at room temperature for 2.5 h. Washing was done again
with TSBT thrice, with each wash lasting 5 min. The membranes
were readied for exposure using the ChemiDoc Touch Imaging
System after incubating with enhanced chemiluminescence.
The grayscale value of each band was analyzed by using the
Image Lab program. Each experiment was performed three
times.

Immunofluorescence Staining

Mice were anesthetized with 10% chloral hydrate, cardiac
perfused with 50mL (%) 0.9% normal saline to flush their
vascular blood, and then perfused with 4% paraformaldehyde
in 0.01M phosphate-buffered saline (PBS, pH 7.4). After
perfusion, brain tissue was obtained and conserved in 4%
paraformaldehyde for at least 1 day and the fixation fluid
replaced with 30% sucrose solution. Embedding and frozen
tissue section were performed using a freezing microtome (Leica,
Wetzlar, Germany). Frozen sections of 18 um thick tissue were
dried at 37°C for 1h and then blocked with 5% normal goat
serum at room temperature for 1h. Primary antibodies were
applied overnight at 4°C: Ibal (Abcam, ab178847, 1:100), BDNF
(Abcam, 1:1,000), and NeuN (Abcam, 1:1,000). Sections were
rinsed and incubated with secondary antibodies, antirabbit
or antimouse Alexa Fluor594 (1:500, EARTHOX, USA) in
1% BSA and 0.3% Triton X-100 in PBS for 3h at room
temperature. Sections were then washed again three times
with 0.01M PBS, and a mounting medium containing DAPI

(VECTASHIELD, USA) was added to the slides and then
covered with coverslips for observation. Slides were observed
under a fluorescence microscope (Olympus BX51, NIKON,
Japan) at excitation/emission wavelengths of 547/570 nm (Cy3,
red), 494/520 nm (FITC, Green), and 360/460 nm (DAPI, blue).
Images were taken at 200x magnification.

Statistical Analysis

Data were analyzed with one-way ANOVA using SPSS 20.0
and histograms were generated in GraphPad Prism 5. Data
for behavioral test, western blotting, and immunofluorescence
were expressed as mean =+ SEM. Gray values of western
blot results were calculated by using Image Lab software.
Immunofluorescence results of Ibal were analyzed by using Pro
Image Plus. All results were considered statistically significant
at *P < 0.05, *P < 0.05, "P < 0.05, **P < 0.01, **P < 0.01,
MP < 0.01, %P < 0.01, **P < 0.001, and “P < 0.001.

RESULTS
CUMS Induces Depressive-Like Behaviors

Mental conditions of mice were assessed ahead of the experiment
(Figures 2A,B). There was no significant difference (P > 0.05)
in depressive-like behaviors between C57 (normal) mice and
autophagy-deficient (ATG5KO) mice. After the CUMS paradigm
during pregnancy, mice showed prominent depressive-like
behaviors on postnatal day 7. The OFT showed the activity of
mice in N+C+P and A+C+P groups to be much lower than
in N+P (P < 0.01) and A+P (P < 0.01) groups (Figure 3A).
Behavioral despair was measured by the immobility rate in the
FST. Mice in the N+C+P group showed an increased immobility
rate than that in the N+P group (P < 0.01), and mice in the
A+C+P group showed an increased immobility rate than that in
the A+P group (P < 0.05) (Figure 3B). In the SPT (Figure 3C),
both N+C+P and A+C+P groups showed less sucrose intake
than N+P and A+P groups (both P < 0.01).

Fluoxetine Can Alleviate Depressive-Like

Behaviors

On postnatal day 28, mice were again put through the OFT, FST,
and SPT (Figures 4A-C). The FST showed the immobility time
of N+C+P-FLX and A+C+P-FLX groups to be significantly
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FIGURE 2 | Baseline behaviors of normal and ATG5KO mice before chronic unpredictable mild stress (CUMS) exposure. (A) Immobility rate of normal and ATG5 KO
groups in forced swimming test (FST). (B) Sucrose/water consumption ratio of normal and ATG5 KO groups in sucrose preference test (SPT). Values are expressed as
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FIGURE 3 | CUMS-induced depression-like behaviors. (A) Immobility rate of N+C+P, N+P, A+C+P, and A+P groups in FST. (B) Sucrose/water consumption ratio of
N+C+P, N+P, A+C+P, and A+P groups in SPT. (C) Center distance/total distance ratio of N+C+P, N+P, A+C+P, and A+P groups in open field test (OFT). Values
are expressed as mean + SEM (n = 5). N+C+P vs. N+P, *P < 0.05, **P < 0.01; A+C+P vs. A+P, “*P < 0.05, **P < 0.01.
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decreased when compared to that of N4+-C+P-con and A+C+P-
con groups respectively (P < 0.01, P < 0.001). On the contrary,
the immobility time of N+C+P-con and A+C+P-con groups
were significantly increased when compared with that of N+P
and A+P groups (P < 0.01, P < 0.001) (Figure4A). The
consumption of sucrose consumption ratio showed an increased
sucrose intake in N+C+P-FLX and A+C+P-FLX groups when
compared with that in N4+C+P-con and A+C+P-con groups
respectively (Figure4B) (P < 0.01, P < 0.05). There was

a significant difference in the center/total distance ratio in
N+C+P-FLX and A+C+P-FLX groups (P < 0.05). OFT results
also showed a significant difference between the N+C+P-FLX
and N+C+-P-con groups. (P < 0.05) (Figure 4C).

Upregulation of Autophagy-Related

Proteins Following Fluoxetine Treatment
The representative images of Western blot of Beclin-1, Atg5 and
LC3II can be seen in Figure 5A. The gray value of Beclin-1 in the

Frontiers in Psychiatry | www.frontiersin.org

October 2018 | Volume 9 | Article 434


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

Tan et al.

Inhibited Autophagy Affects Postpartum Depression

A Forced Swimming Test

immobility rate (%)

(9]

159

Center distance/Total distance (%)

FIGURE 4 | Different therapeutic effects of fluoxetine on normal and ATG5KO mice. (A) Immobility rate of N+C+P-FLX, N+C+P-con, N+P, A+C+P-FLX,
A+C+P-con, and A+P groups in FST. (B) Sucrose/water consumption ratio of N+C+P-FLX, N+C+P-con, N+P, A+C+P-FLX, A+C+P-con, and A+P groups in
SPT. (C). Center distance/total distance ratio of N+C+P-FLX, N+C~+P-con, N+P, A+C+P-FLX, A+C+P-con, and A+P groups in OFT. Values are expressed as
mean + SEM (n = 5). N+C+P-FLX vs. N+C+P-con, *P < 0.05, **P < 0.01; N+C+P-con vs. N+P, P < 0.01, P < 0.001; A+C+P-FLX vs. A+C+P-con, *P < 0.05,
**P < 0.001; A+C+P-con vs. A+P, **P < 0.01, P < 0.001; N+-C+P-FLX vs. A+C+P-FLX, P < 0.05; ns, not significant.
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A+C+P-FLX group was significantly increased when compared
with that in the A+C+P-con group (P < 0.05); however, it was
lower than that in the N4+C+P-FLX group. The expression of
Beclin-1 in both N4-C+P-con and N+P groups was significantly
increased when compared with A+C+P-con and A+P groups
(P < 0.05). (Figure 5B). Atg5 expression in both N+C+P-FLX
and N+P groups was significantly higher than in A+C+P-
FLX and A+P groups (P < 0.01); nonetheless, there were no
significant changes after fluoxetine treatment (Figure 5C). LC3II
showed significant increase after fluoxetine treatment in the
N+C+P-FLX group in comparison to that in the N+C+P-con
group (P < 0.05), whereas in the A+C+P-FLX group, there was
an increment but it was not significant when compared to that in
A+C+P-con (P > 0.05) (Figure 5D).

NF-kB, iNOS, and IL-10 Changes Showed
Reduced Inflammation After Fluoxetine

Treatment

NF-kB and iNOS are both key regulators of inflammatory
immune responses and IL-10 can inhibit NF-kB activity. NF-
kB expression in N+C+P-FLX and A+C+P-FLX groups was

significantly lower than in N+-C+P-con and A+C+-P-con groups
(P < 0.05). However, NF-kB expression in N+C+P-con and
A+C+P-con groups was significantly increased when compared
to that in N+P and A+4P groups (P < 0.05) (Figures 6A,B).
There was a significant difference in iNOS expression between
A+C+P-FLX and N+C+P-FLX groups (P < 0.01). The iNOS
expression in the N+C+P-FLX group was significantly lower
than that in the A4+C+P-FLX group, with both lower when
compared to iNOS expression in N+C+P-con and A+C+P-
con groups respectively (P < 0.01, P < 0.05) (Figures 6A,C). In
contrast to iNOS, IL-10 expression was significantly increased
after fluoxetine administration in both N+4C+P-FLX and
A+CH+P-FLX groups when compared to N+C+P-con and
A+C+P-FLX groups respectively (both P < 0.001) (Figure 6D).

BDNF Expression Was Upregulated
Following Fluoxetine Treatment

Following fluoxetine administration, BDNF expression in the
N+C+P-FLX group showed a significant increase in comparison
to that in the A+C+P-FLX group (P < 0.01). BDNF expression
in the N4+C+P-FLX group was also significantly increased
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FIGURE 5 | Autophagy-related proteins were upregulated after fluoxetine treatment. (A) Western blot results of Atg5s, LC3II, Beclin1, and GADPH. Quantification
analysis of (B) Beclin1, (C) Atg5, and (D) LC3II. Values are expressed as mean £+ SEM (n > 5). N+C+P-FLX vs. N+C+P-con, *P < 0.05; A+C+P-FLX vs.
A+C+P-con, *P < 0.05; N+C+P-FLX vs. A+C+P-FLX, P < 0.01; N+-C+P-con vs. A+C+P-con, &P < 0.01; N+P vs. A+P, #P < 0.05, ##P < 0.01; ns, not

when compared to that in the N4+-C+P-con group (P < 0.01)
(Figures 6A,E).

Alterations in Microglia Numbers Following

CUMS and Fluoxetine Treatment
Microglia activation can be measured by positive microglia
numbers of Ibal staining. Positive microglia (Ibal-positive)

in the N+C+P-FLX group was significantly less than
in A+C+P-FLX mice (™"P < 0.001). Ibal-positive
microglia in the N+C+P-con group was also significantly
lower than in the A+4C+P-con group (“P < 0.05), and
it was significantly increased in the A+C+HP-FLX group
when compared with the A+C+P-con group (“P < 0.05).
Immunofluorescence detection also showed neuronal and
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FIGURE 6 | Effect of fluoxetine treatment on BDNF and inflammation levels. (A) Western blot results of NF-«kB, IL-10, iNOS, BDNF, and GADPH. Quantification
analysis of (B) NF-kB, (C) iNOS, (D) IL-10, and (E) BDNF. Values are expressed as mean + SEM (n > 5). N+C+P-FLX vs. N+-C+P-con, *P < 0.05, **P < 0.01,
**P < 0.001; N+-C+P-con vs. N+P, *P < 0.05; A+C+P-FLX vs. A+C+P-con, *P < 0.05, **P < 0.001; A+C+P-con vs. A+P, *P < 0.05; N+C+P+FLX vs.
A+C+P-FLX, P < 0.01; N+-C+P-con vs. A+C+P-con, &P < 0.01; N+-P vs. A+P, #P < 0.05.

microglial colocation alterations. Microglia showed more ~DISCUSSION
colocations with neurons in the dentate gyrus of the

hippocampus after fluoxetine treatment in the A+C+P- In normal mice, gestating CUMS induces postpartum
FLX group when compared to the N+C+P-FLX group depressive-like behavior. This can be reversed by fluoxetine
(Figures 7A,B). administration. Microglia-specific autophagy-deficient
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FIGURE 7 | Immunofluorescence results indicated variation of microglia activation after CUMS and fluoxetine treatment. (A) Representative images of Ibat (red),
NeuN (green), and DAPI (blue). Merged images are shc_)vvn in the right panel. Bar = 50 um. (B) Quantification analysis of Iba1-positive cells. Values are expressed as
mean £ SEM (n > 5). N+C+P-con vs. A+C+P-con, 4P < 0.01; N+C+P-FLX vs. A+C+P-FLX, P < 0.001, A+C+P-FLX vs. A+C+P-con, *P < 0.05.

mice  (Cx3Cr1C/* ATG59%P/10xP)  demonstrated  lowered
activity when compared to normal mice. This difference can
also be found in microglia and inflammation activation.
Autophagic and BDNF changes were measured for
each group. Finally, we found that autophagy inhibition

in microglia played an important role in regulating

inflammation and BDNE further
treatment.

Microglia-specific autophagy-deficient mice were established
with the Cre-loxP system by mating Cx3Cr1®®/* male
with ATG5!9P/1%P female. In the CNS, microglial cells are
characterized by a high expression of the chemokine receptor

attenuating fluoxetine
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CX3CR1 (21). The Atgl2-Atg5 conjugate contributes to the
expansion of the autophagosomal membrane, which is important
to the formation of the autophagolysosome (22). Autophagic
protein expressions in the hippocampus measured by the
western blot had results showing significant decreases in
ATGS5 (Figure 5C) and subsequently substantiating atg5 to be
successfully knocked out in microglia. The CUMS model is
widely used in depression studies, with the two main methods
of the depression model including stress during pregnancy (7,
22, 23) and stress prior to pregnancy (4). Maternal exposure
to stress has long-lasting, dissociable effects (7). Behavioral
tests (FST and SPT) confirmed the mental condition of mice
before the experiment (Figures 2A,B). The OFT results reflect
the mice’s mobility and exploration capacity. On postnatal
day 7, the activity of the N4+C+P and A+C+P groups
after CUMS was significantly decreased when compared to
control groups (Figure 3A). Meanwhile, the FST and the SPT
were performed. Following CUMS, the N+C+P, and A+C+P
groups showed behavioral despair and anhedonia respectively
(Figures 3B,C).

Fluoxetine, a traditional antidepressant targeting serotonin
reuptake inhibition, is used as treatment for depression
including that of women with PPD (24-26) and requires
at least 3 weeks to take effect (27). Other antidepressants
like ketamine may have limited preventative benefits in PPD
(28). On postnatal day 28 after fluoxetine administration
for 3 weeks, behavioral tests confirmed the reversal of
depressive-like behaviors. The FST showed that immobility
rate was decreased, indicating a reversion in behavioral
despair (Figure 4A). Microglia-specific autophagy-deficient mice
showed lowered activity in comparison to normal mice. The
OFT evidenced the center/total distance ratio to be increased
in the N+C+P-FLX group while the ratio decreased in the
A+C+P-FLX group (Figure 4B). The SPT showed the sucrose
intake of the N+C+P-FLX group to be increased, indicating
anhedonia alleviation (Figure 4C). The underlying mechanism
of behavioral performance can be explained at the molecular
level. Alcocer-Gomez posited that antidepressants containing
fluoxetine show autophagy dependent-NLRP3-inflammasome
inhibition in major depressive disorders (29). Fluoxetine can
mitigate NLRP3 inflammasome activation through autophagy
activation (30). In our study, Beclin-1 expression in A+C+P-FLX
was increased (Figure 5B). LC3II expression was significantly
upregulated in the N+C+P-FLX group when compared to the
N+C+-P-con group, demonstrating that fluoxetine can activate
autophagy-related pathways (Figure 5D). Endogenous and
exogenous stimuli both arouse disorders of microenvironmental
homeostasis in the CNS, with microglia critically determining
the fate of other neural cells (31, 32). Microglial autophagy plays
an important role in the inflammation and survival of microglia.
However, as to whether the activation of microglia autophagy is
proinflammatory or anti-inflammatory remains ambiguous (24).
Garfield and his colleagues had confirmed that PPD is most
often accompanied by an elevated inflammation level (33). In this
study, following fluoxetine administration, inflammatory factors
such as iINOS and NF-kB were significantly upregulated while
anti-inflammatory factors (IL-10) were reduced (Figures 6B-D).

Inflammatory factor alterations in this study thus suggest that
the activation of microglia autophagy is anti-inflammatory.
Fluoxetine administration, in this study, did not induce any
significant changes in both N+C+P-FLX and A+C+P-FLX
groups when compared to N+C+P-con and A+4C+P-con
groups (Figures 6B-D). This can be explicated via the time-
dependent effect of inflammatory reaction as inflammatory
factors often act in a short time (34). Microglia activity
was observed via Ibal staining. Both the active and resting
states of microglia were labeled. Microglia numbers in the
A+4C+P-FLX group was increased (Figure7B), explicating
that the repression of autophagy in microglia culminates
in microglia being activated by fluoxetine administration.
Overactivation of microglia can be noxious to neurons and
aggravate PPD.

The association between PPD and the elevated inflammatory
level has been established (35). Stressful events during pregnancy
can affect the BDNF expression level in the hippocampus,
thus inducing the depressive phenotype. Fluoxetine can increase
BDNF expression (36). Gao found that a close relationship exists
between decreased BDNF serum levels and PPD development
(37). BDNF and its receptor (TrkB) in the hippocampus
play a key role in PPD pathology (38). Our results evince
the BDNF expression level in the N+C+P-FLX group to
be increased after fluoxetine administration. However, there
was no significant difference between A+C+P-FLX and A+4-C-
P-con groups because the inhibited autophagy in microglia
affects the inflammation level, which can be reflected by
iNOS. BDNF expression in these two groups was both
decreased compared to control, demonstrating that fluoxetine
treatment was influenced by the inflammation level. On the
contrary, microglia-specific autophagy-deficient mice (A-+C+P-
FLX group) did not present an increment in BDNF expression
(Figures 6A,E). This corroborates that autophagy deficiency in
microglia has an adverse effect on PPD treatment via elevated
inflammation.

Although our study results address how fluoxetine influences
BDNF expression, downstream signals require further research.
We intend to investigate the time effect of fluoxetine treatment
in different postpartum periods in our future studies. We
will also attempt to probe into autophagic flux alterations
during depression development and its relationship with
neurotransmitters. Our research provides microglia autophagy as
a new target for the clinical treatment of PPD.

AUTHOR CONTRIBUTIONS

MF designed the experiments. XT drafted the manuscript. XT,
XD, and Y] performed the experiments, analyzed the data. ZH
and BB revised the manuscript. All authors read and approved
the final manuscript.

FUNDING

The National Natural Science Foundations of China (Nos.
81671138 and 81371493) supported this study.

Frontiers in Psychiatry | www.frontiersin.org

10

October 2018 | Volume 9 | Article 434


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

Tan et al.

Inhibited Autophagy Affects Postpartum Depression

ACKNOWLEDGMENTS

We are grateful to the Core Facilities of Zhejiang University

Institute of Neuroscience for their technical

assistance.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

. O'Hara MW, McCabe

. Pawluski JL, Lonstein JS, Fleming AS. The Neurobiology of Postpartum

Anxiety and Depression. Trends Neurosci. (2017)  40:106-20.

doi: 10.1016/j.tins.2016.11.009

. Kiryanova V, Meunier SJ, Dyck RH. Behavioural outcomes of adult female

offspring following maternal stress and perinatal fluoxetine exposure. Behav
Brain Res. (2017) 331:84-91. doi: 10.1016/j.bbr.2017.05.029

JE. Postpartum depression: current status
and future directions. Ann Review Clin Psychol. (2013) 9:379-407.
doi: 10.1146/annurev-clinpsy-050212-185612

. Xia B, Chen C, Zhang H, Xue W, Tang J, Tao W, et al. Chronic stress prior

to pregnancy potentiated long-lasting postpartum depressive-like behavior,
regulated by Akt-mTOR signaling in the hippocampus. Sci Rep. (2016)
6:35042. doi: 10.1038/srep35042

. Robertson E, Grace S, Wallington T, Stewart DE. Antenatal risk factors

for postpartum depression: a synthesis of recent literature. General
Hospital Psychiatry (2004) 26:289-95. doi: 10.1016/j.genhosppsych.2004.
02.006

. Kiryanova V, Meunier SJ, Vecchiarelli HA, Hill MN, Dyck RH. Effects

of maternal stress and perinatal fluoxetine exposure on behavioral
outcomes of adult male offspring. Neuroscience (2016) 320:281-96.
doi: 10.1016/j.neuroscience.2016.01.064

. Pawluski JL, Charlier TD, Fillet M, Houbart V, Crispin HT, Steinbusch HW,

et al. Chronic fluoxetine treatment and maternal adversity differentially alter
neurobehavioral outcomes in the rat dam. Behav Brain Res. (2012) 228:159-68.
doi: 10.1016/j.bbr.2011.11.043

. Haile CN, Murrough JW, Iosifescu DV, Chang LC, Al Jurdi RK,

Foulkes A, et al. Plasma brain derived neurotrophic factor (BDNF)
and response to ketamine in treatment-resistant depression. Int. J.
Neuropsychopharmacol.  (2014) 17:331-6. doi: 10.1017/S14611457130
01119

. Erickson KI, Miller DL, Roecklein KA. The aging hippocampus: interactions

between exercise, depression, and BDNF. Neuroscientist (2012) 18:82-97.
doi: 10.1177/1073858410397054

Thompson SM, Kallarackal AJ, Kvarta MD, Van Dyke AM, LeGates TA, Cai X.
An excitatory synapse hypothesis of depression. Trends Neurosci. (2015)
38:279-94. doi: 10.1016/j.tins.2015.03.003

Hanisch U-K, Kettenmann H. Microglia: active sensor and versatile effector
cells in the normal and pathologic brain. Nat. Neurosci. (2007) 10:1387.
doi: 10.1038/nn1997

Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat Rev Neurosci. (2007) 8:57-69.
doi: 10.1038/nrn2038

Réus GZ, Fries GR, Stertz L, Badawy M, Passos IC, Barichello T,
et al. The role of inflammation and microglial activation in the
pathophysiology of psychiatric disorders. Neuroscience (2015) 300:141-54.
doi: 10.1016/j.neuroscience.2015.05.018

Torres-Platas SG, Cruceanu C, Chen GG, Turecki G, Mechawar N. Evidence
for increased microglial priming and macrophage recruitment in the dorsal
anterior cingulate white matter of depressed suicides. Brain Behav Immunity
(2014) 42:50-9. doi: 10.1016/j.bbi.2014.05.007

Jia J, Le W. Molecular network of neuronal autophagy in the
pathophysiology and treatment of depression. Neurosci Bull. (2015)
31:427-34. doi: 10.1007/s12264-015-1548-2

Kroemer G, Marino G, Levine B. Autophagy and the integrated stress
response. Mol. Cell (2010) 40:280-93. doi: 10.1016/j.molcel.2010.09.023
Lapaquette P, Guzzo J, Bretillon L, Bringer MA. Cellular and molecular
connections between autophagy and inflammation. Mediators Inflam. (2015)
2015:398483. doi: 10.1155/2015/398483

We also wish

to extend our appreciation to Sanhua

Fang, Qiaoling Ding, and Daohui Zhang, all from the
Institute of Neuroscience, Zhejiang University School of
Medicine.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Dulawa SC, Holick KA, Gundersen B, Hen R. Effects of chronic fluoxetine in

animal models of anxiety and depression. Neuropsychopharmacology (2004)
29:1321-30. doi: 10.1038/sj.npp.1300433

. Du X, Huo X, Yang Y, Hu Z, Botchway BOA, Jiang Y, et al. miR-124

downregulates BACE 1 and alters autophagy in APP/PSI transgenic mice.
Toxicol Lett. (2017) 280:195-205. doi: 10.1016/j.toxlet.2017.08.082

Yang Y, Cui Y, Sang K, Dong Y, Ni Z, Ma S, et al. Ketamine blocks bursting in
the lateral habenula to rapidly relieve depression. Nature (2018) 554:317-22.
doi: 10.1038/nature25509

Wolf Y, Yona S, Kim KW, Jung S. Microglia, seen from the CX3CR1 angle.
Front Cell Neurosci. (2013) 7:26. doi: 10.3389/fncel.2013.00026

Hanada T, Noda NN, Satomi Y, Ichimura Y, Fujioka Y, Takao T, et al. The
Atgl2-Atg5 conjugate has a novel E3-like activity for protein lipidation in
autophagy. ] Biol Chem. (2007) 282:37298-302. doi: 10.1074/jbc.C700195200
Haim A, Albin-Brooks C, Sherer M, Mills E, Leuner B. The effects of
gestational stress and Selective Serotonin reuptake inhibitor antidepressant
treatment on structural plasticity in the postpartum brain-A translational
model for postpartum depression. Horm Behav. (2016) 77:124-31.
doi: 10.1016/j.yhbeh.2015.05.005

Pei S, Liu L, Zhong Z, Wang H, Lin S, Shang J. Risk of prenatal depression and
stress treatment: alteration on serotonin system of offspring through exposure
to Fluoxetine. Sci Rep. (2016) 6:33822. doi: 10.1038/srep33822

O’Leary OF Wu X, Castren E. Chronic fluoxetine treatment increases
expression of synaptic proteins in the hippocampus of the ovariectomized
rat: role of BDNF signalling. Psychoneuroendocrinology (2009) 34:367-81.
doi: 10.1016/j.psyneuen.2008.09.015

Malberg JE, Eisch AJ, Nestler EJ, Duman RS. Chronic antidepressant
treatment increases neurogenesis in adult rat hippocampus. J. Neurosci. (2000)
20:9104-10. doi: 10.1523/JNEUROSCI.20-24-09104.2000

Pawluski JL, van Donkelaar E, Abrams Z, Houbart V, Fillet M, Steinbusch
HW, et al. Fluoxetine dose and administration method differentially
affect hippocampal plasticity in adult female rats. Neural Plasticity (2014)
2014:123026. doi: 10.1155/2014/123026

Xu Y, Li Y, Huang X, Chen D, She B, Ma D. Single bolus low-dose of
ketamine does not prevent postpartum depression: a randomized, double-
blind, placebo-controlled, prospective clinical trial. Arch Gynecol Obstetrics
(2017) 295:1167-74. doi: 10.1007/s00404-017-4334-8

Alcocer-Gomez E, Casas-Barquero N, Williams MR, Romero-Guillena SL,
Canadas-Lozano D, Bullon P, et al. Antidepressants induce autophagy
dependent-NLRP3-inflammasome inhibition in Major depressive disorder.
Pharmacol Res. (2017) 121:114-21. doi: 10.1016/j.phrs.2017.04.028

Li JR, Xu HZ, Nie S, Peng YC, Fan LE Wang ZJ, et al. Fluoxetine-
enhanced autophagy ameliorates early brain injury via inhibition of NLRP3
inflammasome activation following subrachnoid hemorrhage in rats. J
Neuroinflam. (2017) 14:186. doi: 10.1186/s12974-017-0959-6

Fu R, Shen Q, Xu P, Luo JJ, Tang Y. Phagocytosis of microglia in
the central nervous system diseases. Mol. Neurobiol. (2014) 49:1422-34.
doi: 10.1007/s12035-013-8620-6

Kim SU, de Vellis J. Microglia in health and disease. ] Neurosci Res. (2005)
81:302-13. doi: 10.1002/jnr.20562

Garfield L, Mathews HL, Witek Janusek L. Inflammatory and epigenetic
pathways for perinatal depression. Biol. Res. Nursing (2016) 18:331-43.
doi: 10.1177/1099800415614892

Balvers MG, Verhoeckx KC, Meijerink J, Bijlsma S, Rubingh CM, Wortelboer
HM, et al. Time-dependent effect of in vivo inflammation on eicosanoid
and endocannabinoid levels in plasma, liver, ileum and adipose tissue in
C57BL/6 mice fed a fish-oil diet. Int Immunopharmacol. (2012) 13:204-14.
doi: 10.1016/j.intimp.2012.03.022

Ahn S, Corwin EJ. The association between breastfeeding, the stress
response, inflammation, and postpartum depression during the postpartum

Frontiers in Psychiatry | www.frontiersin.org

October 2018 | Volume 9 | Article 434


https://doi.org/10.1016/j.tins.2016.11.009
https://doi.org/10.1016/j.bbr.2017.05.029
https://doi.org/10.1146/annurev-clinpsy-050212-185612
https://doi.org/10.1038/srep35042
https://doi.org/10.1016/j.genhosppsych.2004.02.006
https://doi.org/10.1016/j.neuroscience.2016.01.064
https://doi.org/10.1016/j.bbr.2011.11.043
https://doi.org/10.1017/S1461145713001119
https://doi.org/10.1177/1073858410397054
https://doi.org/10.1016/j.tins.2015.03.003
https://doi.org/10.1038/nn1997
https://doi.org/10.1038/nrn2038
https://doi.org/10.1016/j.neuroscience.2015.05.018
https://doi.org/10.1016/j.bbi.2014.05.007
https://doi.org/10.1007/s12264-015-1548-2
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1155/2015/398483
https://doi.org/10.1038/sj.npp.1300433
https://doi.org/10.1016/j.toxlet.2017.08.082
https://doi.org/10.1038/nature25509
https://doi.org/10.3389/fncel.2013.00026
https://doi.org/10.1074/jbc.C700195200
https://doi.org/10.1016/j.yhbeh.2015.05.005
https://doi.org/10.1038/srep33822
https://doi.org/10.1016/j.psyneuen.2008.09.015
https://doi.org/10.1523/JNEUROSCI.20-24-09104.2000
https://doi.org/10.1155/2014/123026
https://doi.org/10.1007/s00404--017--4334--8
https://doi.org/10.1016/j.phrs.2017.04.028
https://doi.org/10.1186/s12974-017-0959-6
https://doi.org/10.1007/s12035-013-8620-6
https://doi.org/10.1002/jnr.20562
https://doi.org/10.1177/1099800415614892
https://doi.org/10.1016/j.intimp.2012.03.022
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Tan et al.

Inhibited Autophagy Affects Postpartum Depression

period: Prospective cohort study. Int J Nurs Stud. (2015) 52:1582-90.
doi: 10.1016/j.ijnurstu.2015.05.017

Yang Y, Hu Z, Du X, Davies H, Huo X, Fang M. miR-16 and fluoxetine
both reverse autophagic and apoptotic change in chronic unpredictable mild
stress model rats. Front Neurosci. (2017) 11:428. doi: 10.3389/fnins.2017.
00428

Gao X, Wang J, Yao H, Cai Y, Cheng R. Serum BDNF concentration
after delivery is associated with development of postpartum depression:
a 3-month follow up study. ] Affect Disord. (2016) 200:25-30.
doi: 10.1016/j.jad.2016.04.002

Shi SS, Shao SH, Yuan BP, Pan E Li ZL. Acute stress and chronic
stress change brain-derived neurotrophic factor (BDNF) and tyrosine
kinase-coupled receptor (TrkB) expression in both young and aged rat
hippocampus. Yonsei Med J. (2010) 51:661-71. doi: 10.3349/ym;.2010.
51.5.661

36.

37.

38.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling Editor declared a shared affiliation, though no other collaboration,
with one of the authors with several of the authors XT, XD, YJ, BB, MF at the time
of the review.

Copyright © 2018 Tan, Du, Jiang, Botchway, Hu and Fang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org

12

October 2018 | Volume 9 | Article 434


https://doi.org/10.1016/j.ijnurstu.2015.05.017
https://doi.org/10.3389/fnins.2017.00428
https://doi.org/10.1016/j.jad.2016.04.002
https://doi.org/10.3349/ymj.2010.51.5.661
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Inhibition of Autophagy in Microglia Alters Depressive-Like Behavior via BDNF Pathway in Postpartum Depression
	Introduction
	Materials and Method
	Animals
	Drug Administration
	Chronic Unpredictable Mild Stress (CUMS) Procedure
	Experiment Design
	Behavioral Test
	Forced Swimming Test (FST)
	Open Field Test (OFT)
	Sucrose Preference Test (SPT)

	Western Blot
	Immunofluorescence Staining
	Statistical Analysis

	Results
	CUMS Induces Depressive-Like Behaviors
	Fluoxetine Can Alleviate Depressive-Like Behaviors
	Upregulation of Autophagy-Related Proteins Following Fluoxetine Treatment
	NF-κB, iNOS, and IL-10 Changes Showed Reduced Inflammation After Fluoxetine Treatment
	BDNF Expression Was Upregulated Following Fluoxetine Treatment
	Alterations in Microglia Numbers Following CUMS and Fluoxetine Treatment

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


