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Background: Patients with chronic prostatitis/chronic pelvic pain syndrome (CP/CPPS)
frequently show depressive symptoms clinically and increasing evidence indicates a correla-
tion between CP/CPPS and depression. However, the underlying mechanisms of CP/CPPS-
related depression remain poorly understood. Here, we sought to determine the role of
hippocampal microglial activation and neurobiological changes in a mouse model of experi-
mental autoimmune prostatitis (EAP)-induced depression and the treatment efficacy of
Chinese herb extract baicalein.

Methods: EAP was induced through intradermal injection of prostate antigen and adjuvant
twice. Then, mice were assessed for affective behaviors in the open field test, elevated plus
maze, forced swim test, and tail suspension test. The morphology and function of microglia
and astrocytes were detected by immunofluorescence, Western blotting, and transmission
electron microscopy. Proinflammatory mediators along with serotonin transporter (SLC6A4/
SERT) and indoleamine 2,3-dioxygenase (IDO) were quantified with reverse transcription-
polymerase chain reaction (RT-PCR), and serum serotonin concentrations were measured by
enzyme-linked immunosorbent assay (ELISA). Proton magnetic resonance spectroscopy ('H-
MRS) was performed to measure hippocampal glutamate levels. In addition, baicalein was
used in a subset of EAP mice to test its anti-depressant action.

Results: EAP was successfully established and induced depressive- and anxiety-like behavior
in mice. Increasing levels of co-expressed ionized calcium-binding adapter molecule 1 (Ibal)
and glial fibrillary acidic protein (GFAP) and ultrastructural observations suggested microglial
activation and reactive astrocytosis in the hippocampus. These activated microglia resulted in
increased expressions of multiple proinflammatory cytokines. Simultaneously, EAP mice
showed higher gene expressions of SLC6A4 and IDO and lower concentrations of serotonin.
"H-MRS indicated a decrease in the glutamate + glutamine (Glx)/total creatine (tCr) ratio in
EAP mice. Furthermore, baicalein treatment alleviated the depressive-like behavior and
neuroinflammation by suppressing the nuclear factor-kappa B (NF-«B) pathway.
Conclusion: Our data indicate that EAP-induced depressive-like behavior is linked to micro-
glia activation and subsequent neurotransmitter metabolism. Moreover, baicalein attenuates
behavioral changes by inhibiting neuroinflammation via downregulation of the NF-«kB pathway.
Keywords: EAP, microglial activation, serotonin, neurochemical changes, baicalein

Introduction

Prostatitis is a common disorder in the male population with an estimated preva-
lence ratio between 2.7% and 9.7% worldwide.! According to the National
Institutes of Health (NIH) classification, prostatitis is categorized into four types;
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category III is also called chronic prostatitis/chronic pelvic
pain syndrome (CP/CPPS), accounting for the vast major-
ity of all prostatitis diagnoses.” The most common clinical
presentations of CP/CPPS are ongoing pelvic pain with
urinary tract symptoms or sexual dysfunction. Besides
these symptoms, patients with CP/CPPS are more likely
to experience depressive symptoms than general male
population, which seriously interferes with their quality
of life (QOL).>* According to the literatures, depression
can be found in as high as 78% of CP/CPPS patients.’
Nonetheless, to date, the molecular and cellular mechan-
ism behind CP/CPPS and depression remains obscure.

In recent years, the crucial role of microglial activation
in the development of depression has drawn increasingly
more attention.®® Microglia, the resident macrophage of
the central nervous system (CNS), is regarded as the major
player in mediating brain immunological function. It
responds to multiple pathological conditions such as
inflammation process and brain damage and becomes an
activated phenotype by enlarging its cell body and retract-
ing processes.’ The activated microglia can cause the over-
production of several pro-inflammatory mediators, such as
TNF-o and IL-1B, which contribute to the formation of
depression.®!%!!
addressing the CP/CPPS-related mental health disorders

uncovered clues that prostate-derived proinflammatory

Intriguingly, previous researches in

factors can cross the blood brain barrier and reach several
brain areas.'> At this level, these cytokines may further
activate microglial cells."® In light of the aforementioned
data, it is reasonable to hypothesize that autoimmunity-
driven prostatitis leads to the formation of depression by
eliciting microglial activation in the CNS.

In fact, neurochemical transmitter system abnormalities
are assumed to be a potential pathology in depression.'
Serotonin (5-hydroxytryptamine, 5-HT) and glutamate are
two important neurotransmitters that exert an impact on
mood. Compelling evidence has shown that proinflamma-
tory cytokines from activated microglia can enhance the
gene expression of indoleamine 2,3 dioxygenase (IDO),
which reflects the catabolism of tryptophan and ultimately
causes the loss of 5-HT.'>'® Also, central inflammatory
activation is involved in the regulation of the serotonin
transporter (SLC6A4/SERT).!”  Moreover, microglia-
mediated inflammatory response can lead to alterations
of glutamate metabolism by influencing the function of
astrocyte.'® Based on these findings, we postulated that

microglial-dependent changes in the serotonergic and

glutamatergic system may be responsible for depressive
behavior in CP/CPPS patients.

Baicalein (5,6,7-trihydroxyflavone) is a natural flavo-
noid isolated from the Chinese herb Scutellaria baicalensis.
It exhibits several notable biological activities, such as anti-
inflammatory, anti-fibrogenic, and antitumor activities.'® '
Moreover, baicalein can promote neuronal and behavioral
recovery via suppressing neuroinflammation.”? Baicalein
also has a potential therapeutic effect on treating depression
via inactivating the NF-xB signaling pathway.”® Despite
this finding, whether baicalein has a beneficial effect on
ameliorating EAP-induced depressive-like behavior in
mice remains undetermined.

In this work, we aim to investigate the role of micro-
glial activation and its involvement in hippocampal neu-
robiological alterations in a mouse model of experimental
autoimmune prostatitis (EAP)-induced depression. Our
data indicated that microglial activation very likely plays
a central role in mediating depressive-like behavior in
EAP mice. Moreover, we observed the protective effects
of baicalein on depressive-like behavior by alleviating
neuroinflammation corresponding to the downregulation
of the NF-kB pathway.

Methods

Experimental design

Experiment |: assessment of behavioral tests, glial
alterations, neuroinflammation, and neurochemical
changes in the hippocampus of mice induced by EAP
Mice were randomly assigned to two groups (n=10/group),
including the normal control group and EAP group. Mice in
each group were tested for tactile allodynia every ten days
after the initial immunization. One week after the secondary
immunization, mice received behavioral tests and MRI
measurements. Then, mice were sacrificed for measurement
of biochemical parameters (please see Figure 1A).

Experiment 2: efficacy and molecular mechanism of
baicalein on depressive-like behavior and
hippocampal neuroinflammation induced by EAP

As illustrated in Figure 8A, mice were randomly divided into
three groups (n=10/group). The first group was the control
group, while the remaining two groups subjected to EAP
model establishment and treated simultaneously with the
same dosage of either saline or baicalein (ie, 100 mg/kg/day,
diluted in 0.1% dimethyl sulfoxide, DMSO) for one week.
Mice in each group received behavior tests and were sacrificed
for measurement of biochemical parameters.
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Figure | Establishment of EAP model. (A) The design of experiment |. (B) Chronic pelvic pain was assessed by testing tactile allodynia in the control group and EAP group.
(€) Hematoxylin and eosin staining of the prostate. Inflammatory cell infiltration (arrow) and vascular congestion (arrowhead) were observed in the EAP group. Scale bar is
20 pm. (D) Mean inflammation score of mice in the two groups. ***p<0.001, vs Control.

Abbreviation: EAP, experimental autoimmune prostatitis.

Animal model

Non-obese diabetic (NOD) mice are genetically sus-
ceptible to EAP and commonly used in the EAP
induction.?*?* In this study, male NOD/ShiLt] mice
were purchased from the Nanjing Model Animal
Center (Nanjing, China). Mice were bred under specific
pathogen-free (SPF) conditions at the animal house of
Anhui Medical University and used at 6 weeks of age
(16~19 g). Animal experiments were approved by
Institutional Animal Care and Use Committee of
Anhui Medical University (No. LLSC201800488).
EAP was induced by using standard methodology as
previously reported.”” In brief, mice were immunized
with rat prostate antigen plus complete Freund’s adju-
vant (CFA; Sigma-Aldrich, Saint Louis, USA) on days
0 and rat prostate antigen plus incomplete Freund’s
adjuvant (IFA; Sigma-Aldrich, Saint Louis, USA) on
days 15. Each mouse was subcutaneously injected in
the bilateral foot pad (0.050 mL), base of the tail
(0.050 mL), and shoulder (0.050 mL). Chronic pelvic
pain was assessed by using Von Frey filaments (North
Coast Medical, Encinitas, USA) with forces of 0.04,

0.16, 0.4, 1, and 4 grams. The tactile allodynia

measurement was performed on the lower abdomen of
mice at day 0 (baseline) and every 10 days following
the first immunization.

Behavioral analysis

To investigate the differences in depressive-like (and
anxiety-like) behavior in each group, we used four clas-
sical methods, including the open field test (OFT), ele-
vated plus maze (EPM), forced swim test (FST), and tail
suspension test (TST) in our animal model. Behavioral
procedures were conducted in a quiet room under an
illumination of 75 lux. Mice were habituated to the
experimental environment for two hours prior to the
assessment. For each test, the behaviors of mice were
evaluated by two raters who were blinded to the experi-
mental design.

The OFT was used to evaluate anxiety-like traits in
animals.?® The apparatus is composed of a black plastic
cage and an overhead digital camera. During testing,
mice were initially placed in the same orientation, and
the video camera monitored them for 5 min. Exploratory
behaviors, including time spent in the center, distance

moved, mean speed, and rearing number were analyzed
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by a mouse spontaneous activity video analysis system
(Jiliang software technology, Shanghai, China). After
each test was finished, the apparatus was cleaned with
ethanol.

The EPM test was applied to measure anxiety-like
behavior in accord with a previously described
method.?” The maze positioned 40 cm above the floor
consists of a center platform (55 cm) and four
30x5 cm arms (two open arms and two closed arms).
Mice were individually placed on the EPM, and their
behaviors, including the frequency of entries and time
spent in each of the four arms, were recorded by video
tracking software (Xinxin information, Shanghai,
China) for 5 min. After each test was finished, the
apparatus was cleaned with ethanol.

The FST was used to analyze depressive-like behavior
as previously described.?® It was conducted using a clear
glass cylinder (30 cm high and 12 cm diameter) containing
25 cm of water. Mice were individually allowed to swim
for 6 min, and their activities were videotaped. The dura-
tion of immobility was defined as the time spent by the
mouse floating in the water without struggling and
recorded in the last 4 min of the test. The water was
renewal at the end of each test.

The TST method was performed to show alternate peri-
ods of immobility when mice were suspended by their tails.>
Mice were separately suspended 50 cm above the floor
approximately 1 cm from the tip of the tail. Each mouse
was allowed to hang for 6 min, and the duration of immobi-
lity was noted in the last 4 min of the test. Immobility was
considered a stationary state without any movement. After
each test was finished, the apparatus was cleaned with
ethanol.

Histopathology

Prostate glands were excised and fixed in 10% parafor-
maldehyde solution on the 30th day after initial immuni-
The
examination

zation. necessary steps of  histopathology

include dewaxing, dyeing, dehydration,
transparency and sealing. The severity of prostatic
inflammation was quantified by using a score of 0-3 as
previously described:** 0, no inflammation; 1, mild peri-
vascular cuffing with slight mononuclear infiltrates; 2,
moderate perivascular cuffing with modest mononuclear
infiltrates; 3, apparent perivascular cuffing, hemorrhage,
and intensive mononuclear cells. Two experienced pathol-
ogists independently scored the slides and computed the

mean grade of each section.

Immunofluorescence studies

Brain tissues were fixed for 24 h and subsequently
embedded in paraffin. They were cut into 12-pm thick
sections, dewaxed and hydrated in decreasing concentra-
tions of ethanol, and subjected to antigen retrieval. Then,
3% hydrogen peroxide was used for quenching endoper-
oxide activity, and 5% bovine serum albumin (BSA,
Servicebio, Wuhan, China) was used for blocking nonspe-
cific sites for 1 h. Sections were washed with phosphate
buffer and then stained for glial fibrillary acidic protein
(GFAP; Elabscience, Wuhan, China) and ionized calcium-
binding adapter molecule 1 (Ibal; Abcam, Cambridge,
MA, USA) overnight at 4 °C in the dark at 1:50 dilutions,
followed by FITC-conjugated secondary antibodies
(Abcam) diluted 1:200. Then, the slides were incubated
with DAPI (1:5000; Sigma-Aldrich). Finally, positive cells
were observed under a fluorescence microscope (Nikon,
Tokyo, Japan). The number of activated microglia and the
percentage of GFAP-stained area per image (x400) in the
hippocampus were analyzed by two blinded observers
using the NIH Imagel] software.

Western blot analysis

Hippocampus tissues were homogenized twice at high
speed for 15 s in slurry tubes with magnetic beads. The
extraction buffer containing total protein consisted of
RIPA lysis buffer (Thermo Scientific, Waltham, MA,
USA)
Shanghai, China). Nuclear protein extraction carried out

and protease inhibitor cocktail (Beyotime,
in accordance with a Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime). Protein concentrations were
quantified using the BCA method according to the manu-
facturer’s instructions (Beyotime).

When immunoblotting, equal amounts of protein were
subjected to electrophoresis separation and transferred to
polyvinylidene fluoride membranes. Subsequently, the
membranes were incubated with 5% milk for 1 h. Then,
the membranes were further incubated overnight at 4 °C
with the following antibodies: GFAP (1:800, Elabscience),
Iba-1 (1:800, Abcam), NF-k B p65 (1:1000, Elabscience),
p-IkB  (1:1000, Elabscience), and IxB (1:1000,
Elabscience). For total GAPDH (1:5000,

Elabscience) was used as a loading control. For nuclear

proteins,

protein, lamin A/C (1:1000, Elabscience) was used as a
loading control. Next, the membranes were washed in
TBST and incubated with a secondary antibody (anti-rabbit
or anti-mouse IgG, 1:5000, Elabscience) for 1 h. Finally, the
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membranes were washed again, followed by signal devel-
opment using the enhanced chemiluminescence (ECL) sys-
tem (ChemiScope 5600; Hengmei Technology, Shandong,
China). Bands were quantified with NIH Image] software
and the expression of the protein examined was normalized
to the control.

Transmission electron microscopy

For the transmission electron microscopy (TEM) proce-
dure, the same part of the hippocampus was perfused with
2.5% glutaraldehyde solution (Solarbio technology,
Beijing, China) and fixed with 2.5% glutaraldehyde. After
the fixation and dehydration procedures, hippocampal tis-
sues were embedded in polymeric resins, followed by sec-
tioning and staining with 3% uranyl acetate and lead citrate.
Finally, the slices were observed using TEM (HT-7700;
Hitachi, Japan). The features of microglia and astrocyte
were identified and distinguished based on a previously
reported method.*® Glial cells were randomly selected and
the number of lysosomal/organelles in the cytoplasm were
calculated by two blinded observers.

Real-time PCR

Total RNA was extracted from the hippocampal tissues
with TRIzol reagent (Invitrogen, New York, USA) follow-
ing the manufacturer’s instructions. First-strand cDNA
synthesis was performed by using a FastQuant RT Kit
(Tiangen Biotech, Beijing, China). Subsequently, quantita-
tive real-time PCR was performed by using SuperReal
PreMix Plus Kit (Tiangen Biotech) and an ABI 7500
Real-time PCR system (Applied Biosystems, USA). The
primers used were as follows: TNF-a (F 5" CCCTCACA
CTCAGATCATCTTCT 3'; R 5" GCTACGACGTGGGCT
ACAG 3, IL-1B (F 5" GAAATGCCACCTTTTGACAG
TG 3’; R 5" TGGATGCTCTCATCAGGACAG 3'), IL-6 (F
5" CTGCAAGAGACTTCCATCCAG 3'; R 5" AGTGGT
ATAGACAGGTCTGTTGG 3", IL-8 (F 5" CAAGGCTG
GTCCATGCTCC 3'; R 5" TGCTATCACTTCCTTTCTGT
TGC 3), IL-18 (F 5' GACTCTTGCGTCAACTTCAAGG
3’; R 5" CAGGCTGTCTTTTGTCAACGA 3'), SLC6A4
(F 5" CTCCGCAGTTCCCAGTACAAG 3'; R 5" CACGG
CATAGCCAATGACAGA 3", IDO (F 5" TGGCGTATG
TGTGGAACCG 3'; R 5" CTCGCAGTAGGGAACAGC
AA 3'), and GAPDH (F 5'-AGGTCGGTGTGAACGGA
TTTG 3’; R 5 GGGGTCGTTGATGGCAACA 3'). All
reactions were conducted in a 20 pL tube, and mouse
GAPDH was used as an internal standard. The formula
2 “AACt method was used for each sample in data analysis.

ELISA

Serum serotonin concentrations were determined by using a
Serotonin/5-Hydroxytryptamine ELISA Kit (Elabscience)
according to the manufacturer’s protocol. Multiwall plates
were coated with 50 pL per well of serum samples or
standard solution. Next, 50 pL per well of biotinylated
detection antibody solution was immediately added to mul-
tiwall plates, incubated at 37 °C for 45 min, and washed
with washing buffer. Then, 100 pL horseradish peroxidase
(HRP) conjugate solution was added, incubated at 37 °C for
30 min, and washed again. Later, 90 pL substrate reagent
(TMB) was added, incubated at 37 °C for 15 min, and
washed. Finally, 50 pL stop solution was added. The optical
density values of each well were measured at 450 nm using
a microplate reader, and the mean concentrations of each

sample were calculated.

In vivo high magnetic field MRI and
proton MRS

T2-weighted and "H-MRS images were acquired in a
Bruker 94 T MRI scanner (Bruker BioSpin MRI,
Ettlingen, Germany). Mice were anesthetized with isoflur-
ane and placed in a supine position on an MRI-compatible
cradle, with controlled respiration at 30 breaths per min.
The use of a 3-slice scout scan by scanning a fast low-
angle shot sequence ensured that each mouse was placed
in the proper position in relation to the magnet and coil
isocenter. T2-weighted images were obtained by using a
two-dimensional rapid acquisition with relaxation
enhancement sequence in the coronal plane (parameters:
repetition time TR=9500 ms, TE=36.8 ms, and slice
thickness =0.5 mm).

For 'H-MRS, the volume of interest (VOI) was placed
in the same location as the left hippocampus
(1x1x1.5 mm?). The first- and second-order shims over
the VOI were adjusted by a fast shimming procedure
(FASTMAP). High-quality, single voxel "H-MRS was per-
formed for 45 min by using a point-resolved spectroscopy
(PRESS) sequence. The parameters are as follows:
TR=2500 ms, TE=2.8 ms, 1000 accumulations, and exci-
tation pulse bandwidth =4 kHz. In addition, field maps
were obtained for shimming and variable pulse power, and
an optimized relaxation delay (VAPOR) protocol was used
for water suppression. The unsuppressed water spectrum
was also obtained for reference. During postprocessing,

MRS data were analyzed using an advanced AMARES
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algorithm supported by the J-Magnetic Resonance User
Interface (JMRUI, version 6.0 beta) software package.

Baicalein treatment

Baicalein (Sigma-Aldrich) was used as an anti-inflammatory
agent to confirm whether EAP-induced depressive-like beha-
vior was improved and its underlying mechanism if it did.
Baicalein treatment was started at the last week of the EAP
model, and baicalein was dissolved in 0.1% DMSO (Saiguo
biotech, Guangzhou, China) and administered by oral gavage
once per day in a dosage of 100 mg/kg. In other groups, mice
were administered an equal volume of 0.9% saline in DMSO.

Statistical analysis

Statistical analysis was performed by using SPSS version 16.0
(IBM-SPSS Inc. Chicago, IL, USA). The results are expressed
as the mean + standard error of the mean. Comparisons
between any two groups were performed using independent
sample #-test. Linear dependencies between measured beha-
vioral parameters and serotonin concentrations were identified
by Pearson correlation coefficients (r). For numeric variables
among three groups, one-way analysis of variance (ANOVA)
was used to compare the parametric variables. A value of
p<0.05 was considered significant.

Results

EAP induces depression-like behavior in
mice

To clarify that depressive-like behavior was induced by
EAP, we first established and evaluated the mouse
model of EAP. As shown in Figure 1B, an increase in
frequency in responses to an abnormal pain stimulus
was exhibited by mice in the EAP group. This result
revealed that mice developed pelvic pain symptoms
following the EAP procedure. Moreover, histological
examination of the prostate in the model group showed
stromal lymphocytic infiltrations, vascular congestion,
and gland destruction (Figure 1C). In accordance with
these findings, Figure 1D displayed a higher pathologi-
cal score for prostates in the EAP group (p<0.001). A
combination of these results indicated successful estab-
lishment of the EAP model.

Then, the behavioral performances of mice were
assessed by the OFT, EPM FST, and TST. In the OFT,
EAP mice exhibited obvious anxiety-like behavior as
shown by the decreased time in the center region, distance
in the center region, and number of rearings (p<0.05 or

p<0.001; Figure 2A and B). Consistent with these results,
EAP mice showed a marked decrement in the open arm
time, percentages of open arm time, and open arm entries
(»<0.05 or p<0.01; Figure 2C and D). When mice were
exposed to the FST, a significant increment in the duration
of immobility was found in the EAP group (p<0.05;
Figure 2E). Additionally, the induction of depression-like
behavior was also shown in the TST, with EAP mice
spending more immobility time (p<0.05; Figure 2F). As
noted above, these results demonstrated the induction of
depression-like (and anxiety-like) behavior following EAP.

EAP causes microglial activation and

reactive astrocytosis in the hippocampus
To investigate the changes in the morphology and functions
of microglia and astrocyte induced by EAP, we applied
multimodal detections of hippocampal glial cells. As illu-
strated in Figure 3A, coexpression of GFAP (for astrocytes)
and Ibal (for microglia) was detected in the CA1, CA3, and
DG regions in the hippocampus using immunofluorescence.
Both the number of activated microglial cells and the per-
centages of GFAP-stained areas for astrocytes were signifi-
cantly larger in all three hippocampal regions in the EAP
group (p<0.05 or p<0.01 or p<0.001; Figure 3B). We also
analyzed the protein levels of Iba-1 and GFAP by Western
blotting (Figure 3C). Consistent with immunofluorescence
analysis, the protein levels of both Iba-1 and GFAP signifi-
cantly increased in the hippocampus of EAP mice (p<0.05
or p<0.01).

In addition, we observed the ultrastructural features of
microglia and astrocytes in the hippocampus of mice using
TEM. Compared with the control group, the EAP group
showed more microglial activation as evidenced by
increased and enlarged lysosomes in the cytoplasm
(»<0.01; Figure 4A—C). Similar to microglia in the EAP
model, astrocytes also showed intense activation charac-
terized by increased cytosol in the cytoplasm (p<0.001;
Figure 4D-F). Briefly, the changes in structure and func-
tion in glial cells confirmed that EAP caused microglial
the

activation as well as reactive astrocytosis in

hippocampus.

EAP increases the expression of
proinflammatory markers in the
hippocampus

To understand the involvement of microglial activation in
neuroinflammation, we measured the mRNA expression
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Abbreviations: EAP, experimental autoimmune prostatitis; OFT, open field test; EPM, elevated plus maze; FST, forced swim test; TST, tail suspension test; NS,
nonsignificant.
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Figure 3 EAP increases the expression of microglial and astrocytic markers in the hippocampus. (A) Immunofluorescence staining of CAl, CA3, and DG regions in the
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Abbreviations: EAP, experimental autoimmune prostatitis; Ibal, ionized calcium-binding adapter molecule |; GFAP, glial fibrillary acidic protein.
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Figure 4 Ultrastructural changes in hippocampal glial cells. (A) TEM observation shows a normal appearance of microglial cells with a primary lysosome (hollow arrow) in
the control group. (B) Microglia activation in the EAP group was evidenced by increased and enlarged lysosomes (hollow arrow) in the cytoplasm. (C) Quantitative analysis
of the number of lysosomes in the cytoplasm of microglia. (D) The control group showed normal astrocyte morphology with a few mitochondria (arrows) in the cytoplasm.
(E) Reactive astrocytosis characterized by increased cytoplasmic Golgi body (arrowheads), endoplasmic reticulum (hollow arrows), and mitochondria (arrows) in the EAP
group. (F) Quantitative analysis of the number of organelles in the cytoplasm of microglia. Scale bar is 200 nm. **p<0.01, and ***p<0.001, vs Control.

Abbreviations: TEM, transmission electron microscopy; EAP, experimental autoimmune prostatitis; Mg, microglia; As, astroglia.

levels of multiple proinflammatory mediators in the hip-
pocampus, including TNF-a, IL-1f8, IL-6, IL-8, and IL-
18, by RT-PCR. As shown in Figure SA-E, except for
IL-18 (p=0.15), significantly higher gene expression
levels of these cytokines were detected in EAP-induced
animals than in control animals (p<0.05 or p<0.01).
These results indicated that EAP induced neuroinflamma-
tion in the hippocampus.

EAP influences serotonin transport and

biosynthesis in the hippocampus

Depression is reportedly related to decreased serotonin in
the CNS. The enzyme SLC6A4 and IDO, which play a key
role in serotonin transport and biosynthesis, are sensitive
to proinflammatory cytokines.’'** Therefore, to further
study the impact of EAP-induced neuroinflammation on

serotonin metabolism, we measured the gene expressions
of SLC6A4 and IDO by RT-PCR. As expected, EAP mice
exhibited higher expression levels of both SLC6A4 and
IDO in the hippocampus (p<0.05; Figure 6A). These
observations were also accompanied by a decreased
serum serotonin level in the EAP group (p<0.05;
Figure 6B). In addition, as shown in Figure 6C, the ser-
otonin concentrations in EAP mice were positively corre-
lated with time in the center in the OFT (r=+0.692;
p=0.027) and open arm time in the EPM (r=+0.657;
p=0.039) and negatively correlated with immobility time
in the FST (=—0.733; p=0.016) and TST (r=0.755;
p=0.012). These data suggest that the reduction in seroto-
nin transport and biosynthesis lowered the serotonin con-
centration, which could have a critical role in the
formation of EAP-induced depression.
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Figure 5 Detection of cytokine changes in the hippocampus of control and EAP mice. (A-E) Real-time PCR analysis of TNF-a, IL-1§, IL-6, IL-8, and IL-18. *p<0.05,

*#5<0.01, vs Control.

Abbreviations: EAP, experimental autoimmune prostatitis; PCR, polymerase chain reaction; TNF-a, tumor necrosis factor-o; IL- 18, interleukin-1; IL-6, interleukin-6; IL-8

interleukin-8; IL-18, interleukin-18; NS, nonsignificant.

EAP alters glutamate levels in the
hippocampus

As we observed microglial activation and subsequent cyto-
kine releasing and changes in the serotoninergic system in
our animal model, high-field MRI scanning further pro-
vided a useful noninvasive approach to identify hippocam-
pal glutamate alterations that were related to the pathology
of depression and mediated by proinflammatory factors.
For anatomic structure, representative T2-weighted images
for both the EAP group and control group are displayed in
Figure 7A, but there was no obvious difference in the
hippocampus. Nonetheless, 'H-MRS spectra acquired
from the corresponding area within the left hippocampus
exhibited differences in specific neurochemicals between
the two groups (Figure 7B). In contrast to the control
group, the EAP group showed a significantly increased
taurine (Tau)/total creatine (tCr, creatine + phosphocreatine)
ratio, while the glutamate + glutamine (Glx)/tCr ratio was
decreased (p<0.05; Figure 7C). These results indicate that
abnormalities in the glutamatergic system may be involved
in EAP-induced depressive-like behavior.

Baicalein treatment alleviates EAP-
induced depressive-like behavior and
neuroinflammation through the NF-xB
pathway

Baicalein served as a common inhibitor of inflammation
and was used to assess the therapeutic effect in treating
EAP-induced depressive-like behavior in this study. As a
result, compared to EAP, baicalein treatment markedly
increased the time in the center in the OFT (p<0.05;
Figure 8B). In the EPM, the open arm time in the baicalein
treatment group was longer but not significantly different
from that in the EAP group (p=0.07; Figure 8C).
Moreover, baicalein could significantly normalize the
depressive-like behaviors of EAP, which was indicated
by less immobility time in the FST and TST (p<0.05 or
p<0.01; Figure 8D and E).

The effect of baicalein on neuroinflammation was
checked by examining the mRNA levels of TNF-q, IL-
1B, IL-6, and IL-8. As depicted in Figure 8F, baicalein
treatment significantly inhibited EAP-induced expressions
of those cytokines in the hippocampus (p<0.05 or p<0.01).

Neuropsychiatric Disease and Treatment 2019:15

submit your manuscript

2239

Dove


http://www.dovepress.com
http://www.dovepress.com

Du et al

Dove

A
< 8.0 - 8.0 -
<
o
£ 6.0 uZE: 6.0
<
3 * o
O 4.0 Q 4.0
%) °
=
220 5 20
o 4
% 0.0 0.0
Control EAP Control
C
40+
©
o 30+
C
[0]
[&]
o 204
<
£
o 104
IS .
=
0 T T T 1
300 400 500 600 700
Serum serotonin (ng/ml)
2004 =-0.733
3 p=0.016
150 1
2100
3 .
o
£ 50
£

0 T T T 1
300 400 500 600 700
Serum serotonin (ng/ml)

B go00-
*
= 70004 .
E *®
NN
2 600.01 > -
£ -
S 50001 -
S
o | |
% 400.0 -
300.0 : :
EAP Control EAP
120-
0 r=+0.657
2 4 p =0.039
£ ° .
£ 60+
©
c
g 304
S
0

300 400 500 600 700
Serum serotonin (ng/ml)

200 -

r=-0.755
@ pg= 0.012
o 150
£
2 100 -
E
[]
£ 504
E
0

300 400 500 600 700
Serum serotonin (ng/ml)

Figure 6 EAP causes increased concentrations of serotonin in the hippocampus of EAP mice. (A) Real-time PCR analysis of SLC6A4 and IDO. (B) ELISA analysis of serum
serotonin. (C) Correlations between serum serotonin concentrations and behavioral measurements. r, Pearson correlation coefficient. *p<0.05, vs Control.
Abbreviations: EAP, experimental autoimmune prostatitis; PCR, polymerase chain reaction; SLC6A4, serotonin transporter; IDO, indoleamine 2,3-dioxygenase; ELISA,

enzyme-linked immunosorbent assay.

Furthermore, the abovementioned anti-inflammatory effect
of baicalein may be involved in the reduction in NF-xB
pathway activity. Figure 8G shows NF-«kB P65 activation
and degradation of the inhibitory subunit (IxB) in the EAP
group. However, this response was dramatically sup-
pressed after baicalein treatment (p<0.05 or p<0.01).
Taken together, these results suggest that the anti-neuroin-
flammatory effect of baicalein is related to its actions on
downregulation of the NF-kB pathway.

Discussion

CP/CPPS is potentially an autoimmune disease that causes a
variety of inflammatory factors, including IL-1B, TNF-a,
and IL-6, which can all ultimately damage brain function.
Among a significant number of male patients with
CP/CPPS, many of them were substantially bothered by

psychological deficits. Particularly, a higher frequency of
depressive symptoms was observed in patients with
CP/CPPS than in the normal population. Similarly, in ani-
mal models, EAP mice become more prone to depressive
behavioral changes. In the present study, we established an
EAP model on mice and evaluated their depressive-like
behaviors by the OFT, EPM, FST, and TST. The results of
significant depression-like activity levels observed in the
EAP group confirmed a possible link between depressive
behavior and the EAP model.

One of the potential pathogenic processes for peripheral
immune inflammation-induced depression is that pro-inflam-
matory cytokines enter the brain and trigger neuroinflamma-
tion by activating microglia.**> Additionally, neuropathic pain
may be associated with depressive behavior.***> However,
with regard to CP/CPPS-induced depression, whether
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Abbreviations: EAP, experimental autoimmune prostatitis; MRI, magnetic resonance imaging; 'H-MRS, proton magnetic resonance spectroscopy; Cr, creatine; PCr,
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inflammation or pain is the main factor is difficult to deter-
mine because CP is accompanied by CPPS, which manifests
as a syndrome that cannot be separated. Thus, we speculated
that the combined action of prostate inflammation and neuro-
pathic pain in the pelvis ultimately leads to depression. In the
CNS, microglia and astrocyte are the two major sources of
innate immunity. Microglial cell is considered as the main
regulator in immune responses, while astrocyte plays a neu-
role and is essential for

rosupportive regulating

neurotransmission.”® Activated microglia and astrocyte
could mediate effects on depressive-like behavior in
rodents.>”® In our model, we discovered that the glial mar-
kers Ibal and GFAP were both significantly overexpressed in

the EAP group, which implied microglial activation and

reactive astrocytosis in the hippocampus. This result was
also confirmed by the observation of ultrastructural changes
in glial cells. Hence, we deduced that microglial activation,
accompanied by reactive astrocytosis, is likely a defining
feature of EAP-induced depression.

Neuroinflammation refers to the cellular and biochem-
ical responses to different stimuli that occur in the CNS.°
Glial activation is an important component of the entire
series of events, which can subsequently mediate the
secretion of various proinflammatory cytokines. These
overexpressed cytokines interact with changes in neuro-
transmitter metabolism, neuroendocrine function, and
synaptic plasticity.® For this reason, investigators suggest
that neuroinflammation acts as an important factor that
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Figure 8 Baicalein treatment reverses EAP-induced depressive-like behavior and neuroinflammation via the NF-kB pathway. (A) The design of experiment 2. (B) Time in the
center of the OFT. (C) Open arm time in the EPM. (D) Immobility time in the FST. (E) Immobility time in the TST. (F) PCR analysis of TNF-a, IL-1B, IL-6, and IL-8. (G)
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Abbreviations: EAP, experimental autoimmune prostatitis; NF-kB, nuclear factor-kappa B; OFT, open field test; EPM, elevated plus maze; FST, forced swim test; TST, tail
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contributes to the pathophysiology of depression. In our
study, we found significantly increased expression of cyto-
kines, including TNFa, IL-1B, IL-6, and IL-8, in the EAP
group. This result gave us a clue to alleviating the depres-
sion process by suppressing neuroinflammation.

Since immune activation plays a crucial role in mediat-
ing serotonin and glutamate systems in pathogenesis of
depression, we then extended our work to study changes of
the neurotransmitters. The serotonin level in the CNS
mainly depends on serotonin transport and biosynthesis.
SLC6A4 is the most studied gene associated with seroto-
nin transport. This gene regulates the serotonergic system
by encoding a membrane integral protein that is involved
in the reuptake of serotonin from synaptic clefts to the
presynaptic terminal.*® The other extensively investigated
enzyme that affects serotonin concentration is IDO. As
tryptophan is the synthetic material of serotonin and IDO
degrades it into kynurenine, IDO serves as the rate-limit-
ing enzyme of serotonin biosynthesis. In our research, as
expected, the mRNA expression levels of SLC6A4 and

IDO were both markedly increased in the hippocampus of
EAP mice. Subsequently, we further investigated the
serum serotonin level and its correlations with behavioral
tests in mice. These findings suggested that the serotonin
level decreased in EAP mice and significantly correlated
with their depressive behavior.

To the best of our knowledge, the current description of
the EAP-induced depressive-like mouse model is the first
reported instance where neurochemical abnormalities were
assessed by high-field MRI. Assessment of the changes in
the metabolism of neurochemicals through this technique
could help to fully understand the in vivo disease process
of depression. Notably, our data indicated a decrease in the
hippocampal GIx/tCr ratio in the EAP group. It is gener-
ally accepted that the glutamate concentration in CNS is
closely associated with glutamate release and uptake. The
astrocyte plays a key role in these events by regulating
glutamate transporters and release of glutamate vesicles.*'
Meanwhile, microglia has been shown to secret pro-
inflammatory cytokines to modulate the functional status
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of astrocyte.'® In our EAP model, glial activation might
alter the reuptake and release of glutamate in the hippo-
campus and lead to decreased glutamate levels, which was
the potential reason that contributed to depression.

To improve depressive-like behavior and neuroin-
flammation induced by EAP, we used baicalein, which
has anti-inflammatory and neuro-protective effects. As
expected, baicalein administration alleviated EAP-
induced depressive-like behaviors in mice and
decreased the expressions of several proinflammatory
factors in the hippocampus. We reasoned that the anti-
depressant action of baicalein was mediated by an
anti-neuroinflammatory effect. Moreover, NF-kB P65
activation and IxB degradation were observed in the
baicalein treatment group. Thus, we concluded that
baicalein attenuated EAP-induced depressive-like
behavior by inhibiting neuroinflammation via suppres-
sing the NF-xB pathway. Evidence of this efficiency
provides a novel treatment for ameliorating neuroin-
flammation-related depression.

There are some insufficiencies in this study. Firstly,
although hippocampus is a key structure highly associated
with emotional regulation, other brain areas related to
mood control, such as frontal cortex and basolateral amyg-
dala, remain to be further investigated. Secondly, this
study preliminary illustrates the treatment effect of baica-
lein on EAP-induced depressive-like behavior in mice.
However, whether it exerts the antidepressant effect
through attenuating prostatic inflammation or glial activa-
tion or both is not clear and needs further study in the

future.

Conclusion

The present study is the first to demonstrate that EAP-
induced depressive-like behavior are related to microglia
activation with subsequent neurobiological alterations. In
addition, baicalein may be a new therapeutic agent in the
treatment of CP/CPPS-related depression.
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