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Abstract The incidence rate of anxiety and depression is
significantly higher in patients with inflammatory bowel dis-
eases (IBD) than in the general population. The mechanisms
underlying dextran sulfate sodium (DSS)-induced depres-
sive-like behaviors are still unclear. We clarified that IBD
mice induced by repeated administration of DSS presented
depressive-like behaviors. The paraventricular thalamic
nucleus (PVT) was regarded as the activated brain region
by the number of c-fos-labeled neurons. RNA-sequencing
analysis showed that lipocalin 2 (Lcn2) was upregulated in
the PVT of mice with DSS-induced depressive behaviors.
Upregulating Lcn2 from neuronal activity induced den-
dritic spine loss and the secreted protein induced chemokine
expression and subsequently contributed to microglial acti-
vation leading to blood-brain barrier permeability. Moreo-
ver, Len2 silencing in the PVT alleviated the DSS-induced
depressive-like behaviors. The present study demonstrated
that elevated Lcn2 in the PVT is a critical factor for DSS-
induced depressive behaviors.
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Introduction

Inflammatory bowel disease (IBD), which comprises ulcera-
tive colitis and Crohn’s disease, is a chronic inflammatory
disorder of the gastrointestinal tract. Evidence has shown
that the prevalence of psychiatric comorbidities such as
anxiety and depression is significantly higher in patients
with IBD than in healthy persons [1]. The mental disor-
der negatively affects the quality of life and the severity
of the inflammatory condition. Depressive symptoms are
intimately related to colon inflammatory activity, which is
regarded as a strong predictor of disease deterioration [2].
The interaction between IBD and depressive symptoms
may be explained by T cell activation [3], tryptophan cat-
abolite pathways [4], and gut dysbiosis [5]. Some research
focused on the blood-brain barrier (BBB) integrity under-
lying depressive symptoms. Impaired BBB integrity has
been reported in TNBS (2,4,6-trinitrobenzene sulfonic
acid)-induced colitis in Sprague—Dawley rats [6]. However,
uncertainties remain about the crucial issues in IBD-induced
symptoms of depression.

Several researchers identified the critical role of the hip-
pocampus in linking IBD-induced depression with increased
levels of pro-inflammatory cytokines and a reduction in neu-
rogenesis. Depending on the exposure time of dextran sulfate
sodium (DSS, a classical reagent for the IBD animal model),
inflammatory-related markers show region-specific expres-
sion, indicating that different regions need to be investigated
to understand the precise mechanisms underlying DSS-
induced depression [7]. In the current study, we found that
the paraventricular thalamic nucleus (PVT) was activated,
based on a large number of c-fos-labeled neurons. Recent
studies have described PVT as a crossroads that plays a role
in the regulation of negative emotional behavior [8, 9]. The
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potential role of PVT in DSS-induced depressive disorders
needs to be investigated further.

Lipocalin 2 (Lcn2), also known as neutrophil gelatinase-
associated lipocalin, has a variety of biological effects
including cell migration, apoptosis, and amplification of the
inflammatory response [10]. Lcn2 is regulated in the central
nervous system in response to acute and chronic inflamma-
tion with the mediation of the morphological changes in
reactive glial cells, promoting the activation of microglia
and astrocytes [10, 11]. In our work, Lcn2 in the PVT was
required for DSS-induced depressive behaviors. Moreo-
ver, Len?2 at a high level in the PVT was the risk factor for
microglial activation, which plays an important role in CNS
health. We demonstrated that Lcn2 regulated the dendritic
spines and microglial activation in the PVT after DSS treat-
ment, providing a novel therapeutic target in DSS-induced
depressive-like behaviors.

Materials and Methods
Animals

Zhejiang University Animal Experimentation Committee
approved the protocol (ZJU20220307), and all experiments
were conducted based on its ethical guidelines and in com-
pliance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Six-week-old mice
were obtained from the Zhejiang Academy of Medical Sci-
ences. A standard animal care facility provided food and
water for a month, as well as a 12/12-h light/dark cycle and a
constant temperature of 22°C for the duration of the experi-
ment. Our goal was to minimize pain and discomfort for
the animals, and we used the smallest number of animals
possible.

Animal Treatment

To induce colitis in mice, male wild-type C57BL/6 mice
between 6 and 8 weeks of age were given 2.5% DSS in the
drinking water ad libitum for 5 days. Then the 2.5 % DSS
was replaced by drinking water for 2 days. This procedure
is repeated for one more cycle. Mice given regular drinking
water throughout the treatment period were used as controls.

Open Field Test

White plastic boxes were used as open field chambers
(dimensions: 45 cm X 45 cm X 45 cm). Mice were individu-
ally placed in the center of the chamber and allowed to freely
explore for 15 min. The locomotor and exploratory behav-
iors were recorded using ANY-maze software (Stoelting,
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Wood Dale, IL, USA). The overall distance traveled was
used to evaluate locomotor activity.

Forced Swimming Test

The protocol of the forced swimming test followed the previ-
ous studies [12, 13]. The mice were placed in a glass cham-
ber (35 cm high, 30 cm in diameter) filled with warm water,
The water temperature was 22-24 “C with a depth of 20
cm. Water depth was set to prevent animals from touching
the bottom with their tails or hind limbs. Animal behaviors
were videotaped from the side. The mice were allowed to
freely swim for 6 min, and the immobile time during the last
4-min test was counted by an observer blinded to animal
treatment. Immobile time was defined as the time when ani-
mals remained floating or motionless with only movements
necessary for keeping balance in the water.

Tail Suspension Test

The tail suspension test was as described in previous studies
[13, 14]. One-third of the mouse’s tail was fixed and hung on
a support, with its head 20 cm away from the table. Animal
behaviors were videotaped from the side. The mice were
suspended for 6 min, and the immobile time during the last
4-min test was counted by an observer blinded to animal
treatment. Animals were considered to be immobile when
they exhibited no body movement and hung passively.

Sucrose Preference Test

The mice were singly housed and habituated with two bottles
of water for 2 days, followed by two bottles of 2% sucrose
for 2 days. The mice were water-deprived for 24 h and then
exposed to one bottle of 2% sucrose and one bottle of water
for 2 h in the dark phase. Bottle positions were switched
after 1 h (for a 2-h test). The total consumption of each fluid
was measured and sucrose preference was defined as the
average sucrose consumption ratio during the first and sec-
ond hours. The sucrose consumption ratio was calculated
by dividing the total consumption of sucrose by the total
consumption of both water and sucrose.

Golgi-cox Staining

We used Golgi-Cox staining to observe the morphology
of neuronal dendrites and dendritic spines in the brains of
mice. The Hito Golgi-Cox OptimStain PreKit (Hitobiotec
Corp. Kingsport, TN, USA) was applied according to pre-
vious studies [15]. Each intact brain was rinsed with dou-
ble-distilled water and impregnated with 5 times volumes
of Solutions A and B in the assay kit. The impregnation
solution was replaced the following day and the brain was
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stored at room temperature away from light for 14 days. The
brains were then transferred to 5 times Solution C for fur-
ther storage at 4°C for 72 h in the dark. The brains were
slowly immersed in cooled isopentane and brain sections
(120 pm thick) were cut on a cryostat at —19°C. After dry-
ing naturally at room temperature for 3 days, the sections
were processed as per the manufacturer’s instructions. The
dendrites within the PVT were imaged using the 20x and
60x objectives of an Olympus BX61 microscope. Dendritic
spines were detected along PVT dendrites starting from their
point of origin on the primary dendrite, and counting was
performed by an experimenter blinded to the group of each
sample.

Immunostaining

Serial cryostat sections, 25 pm thick, were collected accord-
ing to the method described in previous studies [15, 16]. The
sections were incubated with 5% donkey serum and 0.3%
Triton X-100 for 1 h at room temperature, then with antibody
diluent containing goat antibodies against c-fos (1:1000;
Cell Signaling Technology, #2250), Iba-1 (1:200; Abcam,
ab178846), Len2 (1:200; Abclonal, A2092), ZO-1 (1:200;
Abcam, ab190085), Neun (1:200; Abcam, ab104224), GFAP
(1:400, Cell Signaling Technology, #3670) Ibal (1:100;
Abcam, ab5076), and 24p3R (1:100; Sigma, SAB3500306)
overnight at 4°C. Then the sections were rinsed with PBS
(3x10 min) followed by incubation with Alexa Fluor 488
goat anti-mouse antibody, Alexa Fluor 488 goat anti-rabbit
antibody, FITC donkey anti-goat IgG (H+L), donkey anti-
goat IgG (H+L), and Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594 for 1 h at room temperature. For extravas-
cular IgG immunostaining, the sections were incubated with
donkey serum and Triton X-100 for 1 h at room temperature.
Slides were washed in PBS and incubated with goat anti-
mouse [gG Cross-Adsorbed Secondary Antibody, Alexa
Fluor 594 (Invitrogen, A-11005, 1:200) for 1 h at room tem-
perature. Fluorescent images were acquired with a Nikon Al
confocal microscope. Images were captured with the assis-
tance of Image-Pro Plus 5.0 software, and all the parameters
used were kept consistent during capture.

Next-Generation Sequencing

For the RNA-Seq analysis, the PVT tissues were obtained
from IBD mice and Ctrl mice (3 mice/group). The protocol
of RNA sequencing includes RNA extraction, size selection,
database building, and sequencing, according to previous
studies [17]. Total RNA from different groups was extracted
using RNAiso Plus Reagent (TaKaRa, Japan), and purified
using an RNeasy Mini Kit (Qiagen) based on the manufac-
turer’s protocol. After measuring the RNA concentration
and integrity, the total RNA was treated with DNase I, and

eukaryotic mRNA was enriched with magnetic beads with
oligo (DT). Then the interruption reagent was added to break
the mRNA into short fragments, and the interrupted mRNA
was used as a template to synthesize a strand of cDNA with
random hexamers, and then a buffer, dNTPs, and DNA
polymerase I were added to synthesize the second strand
of cDNA. After purification and recovery by the kit, the
obtained fragments were amplified and enriched by PCR
after size selection. The constructed library was sequenced
by the Illumina sequencing platform after passing the quality
inspection of the Agilent 2100 Bioanalyzer and ABI stepo-
neplus real-time PCR system.

Raw data obtained by the sequencing platform were fil-
tered through data quality control to obtain high-quality
clean reads. We further located the reads of the comparison
genome to the gene exon region through Htseq and then
counted the number of reads on each gene comparison to
estimate the gene expression level.

The differentially-expressed genes (DEGs) obtained from
the RNA-seq-based expression profiling were analyzed by
DEGseq and DEGseq2 online tools. FPKM (fragments per
kilobase of exon per million mapped fragments) is the most
common method to estimate the gene expression level con-
sidering the effects of sequencing depth and gene length on
read counts. Genes specifically upregulated or downregu-
lated were identified by selecting those that had at least a
[log2FCl> 1 and a false discovery rate FDR <0.05 in one
condition compared with all of the other three.

Viral Packaging and Stereotactic Injection

The CMV-Lcn2 shRNA adeno-associated virus was con-
structed and packaged by Vigene Biosciences (Shangdong,
China). For Len2 shRNA viral packaging, the shRNA
sequence of mouse Lcn2 (5'- GCTACTGGATCAGAACAT
TTGTTCAAGAGACAAATGTTCTGATCCAGTAGCTTT
TTT-3") was synthesized and cloned into the pAV-U6-GFP
plasmid to produce pAV-U6-eGFP-Lcn2 shRNA. Scrambled
adeno-associated viruses were regarded as the control virus.
Viral particles were purified by iodixanol step-gradient ultra-
centrifugation. The genomic titer was 9.07 x 10" TU/mL as
determined by quantitative PCR.

For viral injection, mice were anesthetized with ketamine
(100 mg/kg) and xylazine (8 mg/kg) by intraperitoneal injec-
tion and placed in a stereotactic frame. Purified and concen-
trated adenovirus was injected bilaterally into the paraven-
tricular thalamic nucleus (100 nL, coordinates from bregma,
— 1.58 mm anterior/posterior, 0 mm medial/lateral, — 2.75
mm dorsal/ventral) through glass micropipettes at a slow rate
(10 nL/min). In the animal experiments, the mice received a
virus injection (100 nL) two weeks after DSS treatment. The
behavioral tests of all mice were carried out after the DSS
treatment. The injection sites were examined at the end of all
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«Fig. 1 The paraventricular thalamic nucleus is critical for DSS-
induced depressive disorder. Wild-type C57BL/6 mice between 6 and
8 weeks old were given 2.5% DSS in the drinking water ad libitum
for 2 cycles lasting 2 weeks. A Open field (n=12), B forced swim-
ming (n=12), C the tail suspension test (n=12), and D the sucrose
preference test (n=12) are shown at the end of DSS administration;
E Analysis of c-fos labeled neuron numbers (n=3); F Representa-
tive images of the expression of c-fos in the paraventricular thalamic
nucleus of DSS mice and normal mice. Scale bar 100 pm. G The
mRNA levels of IL-6 and IL-1p in the PVT of DSS mice and normal
mice (n=238). H Representative images of the expression of Iba-1 in
the paraventricular thalamic nucleus of DSS mice and normal mice
by immunostaining. I, L Analysis of microglial morphology (n=5
mice/group). More than 30 images were analyzed for each group.
J Representative images of Golgi staining in the paraventricular
thalamic nucleus of DSS mice and normal mice. K Analysis of the
numbers of dendritic spines at the unit distance of 20 pm (n=5 mice/
group). More than 30 images were counted for each group. The data
are presented as the mean + SD. The #-test was used for (A, B, C, D,
L, K, and L) and two-way ANOVA was used for (E and G) *P <0.05.
**P<0.01.

the behavioral tests and only data from animals with correct
injections were collected. Sections through the dentate gyrus
were directly examined under a fluorescence microscope.

Cell Culture and Treatment

SH-SYS5Y cells purchased from the China Center for Type
Culture Collection were cultured in MEM/F12 (1:1) con-
taining 10% heat-inactivated fetal bovine serum, and 1
mmol/L sodium pyruvate (all from Gibco, Grand Island, NY,
USA) at 37 °C with 5% CO, in a humidified incubator. SH-
SYS5Y cells were incubated with recombinant Lcn?2 protein
(Abcam, ab243270) (1 or 10 pg/mL) for 6, 12, or 24 h, and
total RNA was isolated for real-time RT-PCR. The mRNA
levels of chemokines (CCL2 and CX3CL1) and cytokines
(IL-1p and IL-6) were determined. The nucleotide sequences
of the primers used in RT-PCR were: CCL2: F, 5’-TCAGCC
AGATGCAGTTAACG-3"; R, 5’-GATCCTCTTGTAGCT
CTCCAGC-3’; CX3CL1: F, 5°-ACGAAATGCGAAATC
ATGTGC-3’; R, 5’-CTGTGTCGTCTCCAGGACAA-3’;
IL-1B: F, 5>-AAGTTGACGGACCCCAAAAGAT-3’; R,
5’-TGTTGATGTGCTGCTGCGA-3’; IL-6: F, 5’-AGT
TGCCTTCTTGGGACTGA-3’; R, 5’-TCCACGATTTCC
CAGAGAAC-3".

Determination of Evans Blue Dye Extravasation

To evaluate the BBB integrity, Evans blue dye was used as
a marker of albumin extravasation as previously described.
Briefly, Evans blue dye (2% in saline, 4mL/kg) was injected
via the tail vein at the end of the induction of the IBD ani-
mal model with DSS and allowed to remain in circulation
for 1 h. At the end of the experiments, the mice were anes-
thetized with ketamine (60 mg/kg)and xylazine (5 mg/kg)

intraperitoneally and the mice were perfused transcardially
with PBS. After the brain was imaged, the PVT was har-
vested from all mice. The EB-albumin extravasation was
then measured in brain tissue homogenates (2.5mL PBS
followed by the addition of 2.5mL of 60% trichloroacetic
acid, to precipitate the protein). Samples were cooled and
then centrifuged for 30 min at 1000 g. The supernatant
was measured at 610 nm for absorbance of Evans blue dye
using a spectrophotometer against a standard curve. EB was
expressed as ng/mg of brain tissue.

Statistical Analysis

All data were collected and analyzed blindly. Data are pre-
sented as the mean + SEM. Single comparisons were deter-
mined by a two-tailed Student’s t-test. Two-way ANOVA
with Tukey’s multiple comparisons test was applied for mul-
tiple comparisons. Sample sizes were based on our previous
study and prior literature to achieve reliable measurements.
Statistical analyses were applied using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA). P <0.05 was
considered statistically significant.

Results

The Paraventricular Thalamic Nucleus is Critical
for the DSS-Induced Depressive Disorder

Repeated administration of DSS in drinking water is
regarded as inducing a well-characterized mouse model of
IBD. To measure the depressive-like behavior in DSS mice,
a forced swimming test, tail suspension test, and sucrose
preference test was used at the end of the DSS treatment.
The overall distance did not differ between the Ctrl mice
and the DSS mice in the open field test, suggesting that DSS
does not impair motor function (Fig. 1A, P=0.4400). The
duration of immobility in DSS-treated mice was signifi-
cantly prolonged compared with the Ctrl mice in the forced
swimming test (Fig. 1B, P=0.001) and tail suspension test
(Fig. 1C, P<0.001). The sucrose preference was remarkably
decreased in DSS mice compared with Ctrl mice (Fig. 1D,
P <0.001). These data indicated that DSS induced depres-
sive-like behavior.

The hippocampus affects DSS-induced depressive-
like behavior, with increased levels of pro-inflammatory
cytokines and a reduction in hippocampal neurogenesis [18].
To further identify strongly interactive brain regions, we
measured the expression of c-fos, a marker of neural activity,
in several brain areas involved in depressive-like behavior
by immunostaining. Interestingly, the PVT and medial pre-
frontal cortex (mPFC) were activated by DSS with a large
number of c-fos-labeled neurons and protein expression

@ Springer



1268

Neurosci. Bull. August, 2023, 39(8):1263-1277

levels. The number of c-fos-labeled neurons did not differ
in the hippocampal CA3, amygdala, and nucleus accumbens
(Fig. 1E and F; in the PVT, Ctrl vs DSS, P <0.0001; in the
mPFC, Ctrl vs DSS, P <0.0001). Some reports have dem-
onstrated that depressive-like behaviors are associated with
impairments of neuroplasticity in the mPFC [19]. The PVT
plays a potential role in emotional behaviors. Moreover, in
the present study, the number of c-fos positive cells in the
PVT of DSS mice was much greater than that in the mPFC
(Fig. 1E; in DSS, PVT vs mPFC P <0.0001).

RT-PCR showed that, in the PVT, DSS increased the
IL-6 and IL-1B mRNA levels (Fig. 1G; in IL-6, Ctrl vs
DSS, P<0.0001; in IL-1p, Ctrl vs DSS, P<0.0001). The
microglial phenotype was characterized by immunostaining
for Iba-1 (Fig. 1H). Microglial morphology suggested DSS-
induced microglial activation in the PVT with a reduction
of microglial branches (Fig. 11; Ctrl vs DSS, P <0.0001),
although no significant difference was found in maximum
branch length (Fig. 1L; Ctrl vs DSS, P=0.3615). The Golgi
staining demonstrated that the number of dendritic spines
in the PVT of DSS mice was much less than that in Ctrl
mice (Fig. 1J and K; Ctrl vs DSS, P<0.0001). The mice
with DSS-induced colitis displayed increased levels of pro-
inflammatory cytokines, microglial activation, and dendritic
spine loss in the PVT, suggesting that the PVT plays an
important role in DSS-induced depressive-like behaviors.

Elevated Lcn2 in the PVT is Involved in DSS-induced
Depressive Behaviors

The PVT has characteristic neural connections projecting
to the posterior pituitary. It serves as a key node in modu-
lating positive and negative behaviors [20]. To investigate
the mRNA profile within the PVT in the normal and DSS
mice, RNA-seq high-throughput sequencing was applied
to determine the gene expression changes in DSS-induced
depressive-like behaviors. The heatmaps showed 208 PVT
genes that were significantly different between DSS and
normal mice with a cutoff threshold of a fold change of
2.0 and P <0.05. 157 genes were upregulated and 51 were
downregulated (Fig. 2A). Differentially-expressed mRNAs
are displayed after fold change filtering, with statistically
significant differential changes in mRNAs between the two
groups identified with volcano plot filtering (Fig. 2B). The
most enriched GO terms showed the numbers of differ-
entially-expressed mRNAs were in biological process,
cellular component, and molecular function (Fig. 2C).
The DEGs from “membrane”, “metal ion binding”, and
“immune system process” were involved in DSS-induced
depressive-like behaviors. The KEGG analysis showed
pathway enrichment for DSS mice and normal mice in
the PVT. A previous report indicated a significantly higher
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concentration of the proinflammatory cytokine TNF-alpha
in depressed patients compared with controls [21]. The
result of the TNF signal pathway in previous research cor-
responded with the KEGG analysis in the current study
(Fig. 2D).

To find critical genes in the PVT, the 20 top DEGs from
the RNA-seq were identified by RT-PCR. The analysis
showed that Lcn2 (P <0.0001), Lrgl (P <0.0001), APod1
(P<0.0001), Acer2 (P=0.0324), S100a8 (P =0.0239), and
Mtl (P=0.0321) were increased in the PVT of DSS mice
compared with control mice (Fig. 3A). The protein levels of
Lcn2, Apodl, and Lrgl were measured by western blotting
(Fig. 3B). The semi-quantitative analysis suggested that the
expression of Lcn2 was increased significantly in the PVT
of DSS mice compared with controls (Fig. 3C; P=0.0164).
The expression of Apodl and Lrgl did not statistically dif-
fer between DSS and Ctrl mice. The immunostaining results
for Len2 corresponded with the western blotting analysis
(Fig. 3D and E; P <0.001). The above results suggested that
Lcn2 in the PVT plays an important role in DSS-induced
depressive behaviors.

Lcn2 shRNA Relieves DSS-Induced Pro-inflammatory
Cytokines

To test the effect of Lcn2 in DSS mice, CMV-Len2 shRNA
adeno-associated virus and the scrambled virus were
injected into the PVT. Two weeks later, the mice were
given 2.5% DSS for 5 days, followed by drinking water for
2 days. This procedure was repeated for one more cycle.
The injection sites were validated at the end of the experi-
ment (Fig. 4A) and the PVT was harvested for western
blotting and RT-PCR. The blots indicated that the expres-
sion of Lcn2 was higher in DSS mice than in Ctrl mice.
Lcn2 shRNA decreased the high level of Len2 induced
by DSS (Fig. 4; BD Ctrl+scrambled vs DSS+scrambled
P <0.001; Ctrl+scrambled vs Ctrl4+Lcn2 shRNA P=0.0018;
DSS+scrambled vs DSS+Lcn2shRNA P <0.001). In
the PCR results, Lcn2 shRNA relieved the increasing
level of IL-6 and IL-1f in the PVT after DSS treatment
(Fig. 4C; IL-6: scrambled vs DSS+scrambled P <0.001;
DSS+scrambled vs DSS+Lcn2shRNA P=0.0232; IL-1p:
scrambled vs DSS+scrambled P <0.001; DSS+scrambled
vs DSS+Lcn2shRNA P=0.0375).

Lcn2 shRNA Alleviates the Dendritic Spine Loss
Induced by DSS

To investigate the subtype of cells in which Lcn2 was
expressed in the PVT, we used immunostaining with
Lcn2 and NeuN (a neuronal marker), GFAP (an astrocytic
marker), or ibal (a microglial marker) in the PVT. The



Y. Chen et al.: The Role of Lipocalin 2 in DSS-Induced Depressive-Like Behaviors

1269

Fig. 2 RNA-sequencing in the
PVT of control mice and DSS
mice. A Hierarchical cluster-
ing from 208 DEGs in the PVT
between control mice and DSS
mice. B Volcano plots show
the distribution of DEGs. C
GO terms analysis of DEGs.

D KEGG pathway analysis of
DEGs; size of dots corresponds
to adjusted P values.

A

Ctrl-2
DSS-1

Ctrl-1
Ctrl-3

DSs-3

S
o

Len2 .
Up
ns

w
o
1

wa\
Hbb-bs —.*
Alas2 —.

PIk5
Foft1_/

Acer2
- Down

N
o
1

B
S$100a8

-|Og10FDR

log2Fold

The Most Enriched Go Terms

‘Sequence-specific DNA binding RNA polymerase Il transcription factor activity {
Heme binding {
Oxygen binding {
Hemoglobin binding {
Calcium ion binding {
Integin binding 4
Peroxidase activity |
Iron ion binding {
Oxygen transporter activity 1
Haptoglobin binding {
Organic acid binding {
Metal ion binding {
Protein binding {
Nucleus {
Extracellular region |
Plasma membrane { cc
Membrane {
Cytoplasm {
Integral component of plasma membrane |
Extracellular space {
Integral component of membrane 1
Hemoglobin complex {
Haptoglobin-hemoglobin complex -
Cell surface {
Cytosol {
Positive regulation of transcription from RNA polymerase If promoter {

GO Terms

Immune system process {

0
DEGs Number in each GoTerm

Pathway Enrichment for CON-vs-DSS
TNF signaling pathway [ ]
Serotonergic synapse °
Regulation of actin cytoskeleton | @
PPAR signaling pathway °
Platelet activation )
PI3K-Akt signaling pathway 1 @
Phagosome 1 @
Pertussis
Osteoclast differentiation 1
Neuroactive ligand-receptor interaction
MicroRNAS in cancer
Malaria (] 075
Leukocyte transendothelial migration ] 050
Leishmaniasis - [}
Insuiin resistance ° I 025
0.00

Pathway

Qualue
100

ECM-receptor interaction [ ]
Cell adhesion molecules (CAMs) o

DSS-2

Carbohydrate digestion and absorption
Arachidonic acid metabolism °

African trypanosomiasis 4 [ ]

0.01 002 03 004

2.04 1.14 0.245

results showed that Lcn2 was colocalized with NeuN, and
not with GFAP or ibal (Figs 5A and S1) To verify the
effect of Lcn2 on dendritic spines, we counted the num-
ber of dendritic spines by Golgi staining in the PVT after
DSS and Len2 shRNA treatment. The results showed that
DSS decreased the number of dendritic spines in the PVT
of mice injected with the vehicle virus (Fig. 5B and C;
scrambled vs DSS+scrambled P <0.0001). However,
Len2 shRNA rescued the reduced number of dendritic
spines induced by DSS (Fig. 5B and C; DSS+scrambled
vs DSS+Lcn2 shRNA P =0.0032). These results indi-
cated that Lcn2 is expressed on neurons and Len2 shRNA
alleviates the dendritic spine loss induced by DSS.

-0.653

0.(
.55 RichFactor

Upregulated Lcn2 Mediates Microglial Activation

What is the effect of Lcn2 on microglial activation in the
PVT after DSS treatment? As a secreted protein, Len2
plays an important role as a chemokine inducer under
inflammatory conditions of the CNS [22]. In our current
study, SH-SYSY cells were incubated with recombinant
Lcn?2 protein (1 or 10 pg/mL) for 6, 12, or 24 h, and total
RNA was isolated for real-time RT-PCR. The mRNA lev-
els of CCL2, CX3CL1, IL-1p, and IL-6 were determined.
The mRNA levels of CCL2, CX3CL1, and IL-1p were
dose- and time-dependently increased by Lcn2 protein,
and the mRNA level of IL-6 was upregulated by Lcn2
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Fig. 3 Lcn2 is upregulated
in the PVT after DSS treat-

ment. A RT-PCR for the 20 top A e ok = Ctrl
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protein at 24 h. These results suggested that, as a pro-
tein secreted by neurons, Len2 induced the expression
of chemokines (CCL2 and CX3CL1) and cytokines (IL-
1B and IL-6). Some studies have reported that elevated
levels of chemokines and cytokines induce microglial
activation [23-25]. To determine the influence of Lcn2
on microglial activation, we applied immunostaining for
Iba-1. The representative images of Iba-1 indicated the
microglia phenotype (Fig. 6E). Analysis of microglial
morphology suggested that Lcn2 shRNA increased the
number of microglial branches after DSS administra-
tion (Fig. 5F; DSS+scrambled vs DSS+Lcn2 shRNA
P <0.001). Lecn2 shRNA did not affect the maximum
branch length of microglia (Fig. 5G) Lcn2 silencing
relieved the activation of microglia induced by DSS.
Upregulated Lcn2 in the neurons of the PVT mediated
microglial activation.
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Lcn2 is Required for DSS-Induced Depressive
Behaviors

In the depressive behavior tests, Lcn2 shRNA did not influ-
ence the overall distance in the open-field test with DSS
administration (Fig. 7A). In the forced swimming test, there
were no statistical differences in immobile duration between
scrambled+DSS mice and Len2 shRNA+DSS mice (Fig. 7B;
scrambled+DSS vs Lcn2 ShARNA+DSS P=0.1430). Len2
silencing rescued the immobile duration in the tail sus-
pension test induced by DSS (Fig. 7C; scrambled+DSS
vs Len2 shRNA+DSS P=0.0078) and elevated the pref-
erence percentage in the sucrose preference test (Fig. 7D;
scrambled+DSS vs Len2 shRNA+DSS P=0.0003). Len2
shRNA alleviated the DSS-induced depressive behaviors.
The biochemical tests and behavior tests suggested that Len2
is required for DSS-induced depressive behaviors.
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Fig. 4 Lcn2 reduces the inflammatory cytokines in the PVT of DSS
mice. A Experimental design. The wild-type mice at 6 weeks were
injected with Len2 shRNA recombinant adeno-associated virus into
the PVT, then after 2 weeks the mice were given 2.5% DSS in the
drinking water for 2 cycles lasting 2 weeks. The injection sites were
post-validated at the end of the experiment. B Amounts of Lcn2 in

Lcn2 Mediates the Permeability of the Blood-Brain
Barrier

From the RNA-seq analysis, the “TNF signaling pathway”
and “cell adhesion molecules” were regulated in the PVT,
and Tight junction protein 1 (TJP1, also known as ZO-1),
which affects the integrity of the BBB [26], was downregu-
lated in DSS mice. Previous research suggested that Lcn2
deficiency decreases proinflammatory cytokines and adhe-
sion molecules (ICAM-1) [27], which could influence BBB
permeability. Moreover, elevated Lcn?2 levels are a likely
cause for the induction of BBB dysfunction [28]. We deter-
mined whether Lcn2 affects BBB breakdown in the PVT
after DSS treatment. In the western blotting assay, the
expression levels of ZO-1 and Claudin5 were reduced in
the DSS mice compared with control mice (Fig. 8A and B;
Z0O-1: P<0.001; Claudin5: P<0.001). Furthermore, Lcn2
shRNA rescued the expression level of ZO-1 and Claudin5
in the DSS mice (Fig. 8C and D; ZO-1: scrambled+DSS vs
Lcn2 shRNA+DSS P=0.0225; Claudin5 scrambled+DSS
vs Len2 shRNA+DSS P=0.0002). Wnt signaling has been

the PVT of control mice and DSS mice with Lcn2 shRNA virus or
scrambled virus. C The mRNA levels of IL-6 and IL-1p in the PVT
of DSS mice and normal mice with Lcn2 shRNA virus or scrambled
virus (n=28). D Semi-quantitative analyses of Lcn2 (n=6). The data
are presented as the mean + SD. *P<0.05. **P<0.01. Two-way
ANOVA was used for C and D).

reported to be a master regulator of BBB repair [29]. In the
current study, we found that the expression of B-Catenin,
the critical component of canonical Wnt signaling, was
also reduced in DSS mice. Len2 returned the expression
of p-Catenin to normal (Fig. 8C and D; scrambled+Ctrl
vs scrambled+DSS P <0.001; scrambled+DSS vs Lcn2
shRNA+DSS P=0.0011). We used Evans blue to measure
the BBB permeability. The results of Evans blue staining
cannot be observed directly (Supplementary Fig. S4A). After
the brain was imaged, the PVT was harvested from all mice.
The quantitative measurement of EB-albumin extravasation
was determined using a microplate reader at a wavelength
of 610 nm. The results revealed that BBB permeability
increased after DSS treatment, and Len2 shRNA rescued the
EB extravasation (Supplementary Fig. S4B; scrambled+Ctrl
vs scrambled+DSS P =0.0046; scrambled+DSS vs Lcn2
shRNA+DSS P=0.0118). In the extravascular IgG staining
assay, DSS increased the extravascular IgG. The level of
extravascular IgG was lower in the DSS+Lcn2 shRNA group
than in the DSS+scrambled group (Supplementary Fig.
S4C and D; scrambled+Ctrl vs scrambled+DSS P <0.001;
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Fig. 5 Lcn2 is expressed on A
neurons and the Lcn2 shRNA

virus improved dendritic

spines after DSS treatment. A
Representative immunofluo-

rescence staining of Lcn2 and

NeuN in the PVT of mice in

the baseline and DSS groups

(n=06). B Representative images

of Golgi staining in the para-

ventricular thalamic nucleus of

mice after DSS treatment and

Lcn2 shRNA virus injection. C

Analysis of the number of den-

dritic spines at the unit of 20 pm

(n=06). More than 30 images

were counted for each group.

The data were presented as

means + SD. Two-way ANOVA

was used for C. *P <0.05. B

Lcn2

Ctrl

DSS

scramble

Merge Enlarged

Lcn2 shRNA

**P<0.01. Ctrl

DSS

scrambled+DSS vs Lcn2 shRNA+DSS P <0.001). In the
immunostaining assay, the tendency of the expression of
Z0-1 and Lcn2 was in accordance with the results from
the western blotting assays (Fig. 8E and F; Lcn2: scram-
bled vs scrambled+DSS P <0.001; scrambled+DSS
vs Len2 shRNA+DSS P=0.0003; ZO-1: scrambled vs
scrambled+DSS P=0.0197; scrambled+DSS vs Lcn2
shRNA+DSS P=0.0205). And Lcn2 was co-localized with
the tight junction-specific protein ZO-1, suggesting that
Lcn2 mediates BBB permeability through the interaction
between Lcn2 and ZO-1 in the PVT after DSS treatment.

Discussion

Evidence has shown that the incidence of psychiatric dis-
orders in IBD patients is higher than in the general popula-
tion [1, 30, 31]. Repeated administration of DSS in drink-
ing water is regarded as a well-characterized mouse model
of IBD [32, 33]. A couple of studies reported that DSS
mice exhibit depressive-like behavior [34, 35]. However,
the underlying mechanism of DSS-induced depressive-like
behavior was still unclear. In our work, we identified that the
PVT was activated after repeated DSS administration. RNA
high-throughput sequencing was used to explore the effect
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of PVT on depressive-like behavior in DSS mice. We found
that upregulated Lcn2 in the PVT was required for depres-
sive behavior after DSS treatment. Upregulating Lcn2 from
neuronal activity induced dendritic spine loss and the secreted
protein induced chemokine expression and subsequent micro-
glial activation leading to BBB permeability. These data for
the first time demonstrated that Len2 in the PVT is critical for
the depressive-like behavior induced by DSS.

Several studies have identified the critical role of hip-
pocampal neurogenesis in linking depressive-like behav-
iors in DSS-treated mice with the increased levels of
inflammatory cytokines and activation of microglia and
astrocytes in the hippocampus [18, 36]. However, altera-
tion of inflammatory markers induced by DSS treatment
changes depending on the brain region [7], indicating
that region-specific expression level change of markers
may support the underlying mechanisms of depressive-
like behavior in DSS mice. Therefore, we used c-Fos as a
proxy of neural activity and the PVT and mPFC showed a
significantly higher proportion of c-Fos signals than con-
trols. In the current study, the number of c-fos-positive
cells in the PVT of DSS mice was much greater than that
in control mice, supporting a potential role of the PVT in
DSS-induced depressive behaviors (Fig. 1E, F). Placed in
the dorsal midline thalamus, the PVT is involved in the
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regulation of stress and functions in several psychiatric
disorders including anxiety and major depressive disor-
ders [20]. After the forced swimming test, the PVT with
increasing levels of c-Fos was associated with the levels

of immobility, [37] and PVT neurons projecting to the
CeA regulate depressive-like behaviors in a sex-depend-
ent manner [38]. In our study, the PVT and mPFC were
activated in DSS mice according to c-fos-labeled neurons
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Fig. 7 Lcn2 shRNA rescues A B FST
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(Fig. 1E, F). We hypothesize that the mPFC-PVT circuit may be
involved in DSS-induced depressive behaviors. The neurons in
the PVT were activated by the elevated Lcn?2 in a short time after
DSS treatment, and the mPFC may receive projections from the
PVT mediating the DSS-induced depressive behaviors. Lcn2
is well described to participate in the innate immune response
and regulate neuronal excitability. Len2-null mice have been
reported to exhibit synaptic impairment in long-term potentia-
tion in the hippocampus resulting in stress-induced anxiety [39].
However, another study argued that a high level of expression of
Len2 occurs with the depression-like behavior of LPS-treated
mice [40]. In our work, the upregulation of Lcn2 was assessed
in the RNA-sequencing analysis, and its sufficient role in the
PVT of DSS mice was determined by RT-PCR and western
blot assays (Figs. 2 and 3). The discrepancy of Lcn2 in emo-
tional behavior may be attributed to the brain region-specific
expression of Len2. Both the WT and len2 ™~ mice after LPS
treatment presented equivalent reductions in sucrose preference
and TST immobility [40]. However, in our study, Lcn?2 silencing
in the PVT alleviated the depressive-like behaviors in DSS mice
(Fig. 7), suggesting that a high level of Lcn2 in the PVT is
required for the depressive symptoms.
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The results of immunostaining showed that Lcn2 and its
receptor 24p3R were co-localized with neurons (Fig. 5A and
Supplementary Figs S1 and S3). Previous studies have sug-
gested that dendritic cell factor 1 triggers the dendritic spine
and synaptic function by regulating the expression of Lcn2
[41, 42]. In our study, Len2 shRNA rescued the reduction in
the number of dendritic spines induced by DSS (Fig. 5B, C).
Lcn2 was expressed on neurons, which partly explained the
morphological change in dendritic spines after DSS treat-
ment. As a secreted protein, Lcn2 plays an important role as
a chemokine inducer under inflammatory conditions of the
CNS [22, 43]. In our study, upregulation of the TNF signal-
ing pathway from the KEGG Enrichment pathway analysis
(Fig. 2D) and increasing levels of IL-6 and IL-1p from the
RT-PCR results (Fig. 1G) suggested the relationship between
upregulation of cytokines and the increasing level of Lcn2 in
the PVT after DSS treatment. In the current study, recom-
binant Lcn2 protein induced the expression of chemokines
(CCL2 and CX3CL1) and cytokines (IL-1f and IL-6) in SH-
SYSY cells (Fig. 6A-D). High levels of chemokines and
cytokines induce microglial activation [23-25], and Lcn2
shRNA increased the number of microglial branches after
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DSS administration (Fig. 6E-G). Above all, in the PVT of
mice after DSS treatment, neuron-derived Lcn2 induced
chemokine expression and subsequently contributed to
microglial activation. However, one study has reported
that Len2 plays an important role in regulating mood dis-
orders, controls hippocampal neurogenesis in adults, and
regulates hippocampal microglial activation in poststroke
depression [44]. This does not allow us to conclude that
DSS-induced depressive behavior is driven exclusively by
Lcn2 in the PVT. More experiments are needed.
Previous studies have reported that Lcn2 protein and
mRNA expression are upregulated in the colon mucosa of
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active collagenous colitis patients [45] and serum Lcn?2 is
significantly upregulated in patients with active IBD [46].
In our study, we used immunohistochemistry to measure
the Lcn2 expression in the colon of DSS mice and found
that it was upregulated (Supplementary Fig. S2A, B). The
results suggested that the elevated Lcn2 in the PVT of the
DSS model came from the colon mucosa via circulation.
Neuron-derived Lcn2 induces chemokine expression and
subsequently contributes to microglial activation. Micro-
glia play an important role in maintaining BBB integ-
rity. Vessel-associated microglia initially maintain BBB
integrity via the expression of the tight-junction protein
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Claudin-5 [47]. In our study, microglial activation may
induce BBB permeability after DSS treatment (Fig. 8A,
B). Len2 shRNA rescued the expression level of ZO-1 and
Claudin5 in the DSS mice (Fig. 8C, D) and Lcn?2 silencing
alleviated the BBB permeability according to the analysis
of Evans blue staining and IgG staining (Supplementary
Fig. S4). Moreover, Lcn2 was co-localized with the ZO-1
(Fig. 8E, F). Microglial activation may promote BBB
permeability through the interaction between Lcn2 and
Z0-1. Above all, upregulating Lcn2 from neuronal activity
after DSS treatment induced dendritic spine loss, and the
secreted protein induced chemokine expression and subse-
quent microglial activation leading to BBB permeability.

In clinical practice, there are no effective biochemical
indicators for evaluating depressive-like behaviors in IBD
patients. The level of Lcn2 can be measured in plasma [51]
and urine [52] in clinical applications. Our study provides
a potential strategy to predict the risk of depressive disor-
der induced by IBD in plasma or urine.

Our RNA-sequencing analysis suggested a relationship
between T cell activation and depressive symptoms in DSS
mice. The RNA-sequencing results indicated an increasing
level of SIO0AS8 in the PVT of DSS mice (Fig. 2B). One
report has suggested the upregulation of SI00A8 may be
involved in the morphological change in microglia induced
by the infiltration of peripheral inflammatory cells into the
brain [53]. More essential evidence is needed to demon-
strate the potential role of S100AS in the depressive-like
behaviors induced by DSS treatment.

Taken together, in the current study we explored the under-
lying mechanism of DSS-induced depression-like behaviors.
We showed that PVT plays an important role in the depressive
symptoms of DSS mice. Upregulating Lcn2 from neuronal
activity in the PVT after DSS treatment induced dendritic spine
loss and the secreted protein-induced chemokine expression
caused subsequent microglial activation leading to BBB per-
meability. We have shown conclusively for the first time that ele-
vated Len?2 in the PVT contributes to DSS-induced depression-
like behaviors. The present study provides a novel therapeutic
target in DSS-induced depressive-like behaviors.
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