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Abstract Post-stroke depression (PSD) is a serious
and common complication of stroke, which seriously
affects the rehabilitation of stroke patients. To date, the
pathogenesis of PSD is unclear and effective treatments
remain unavailable. Here, we established a mouse model
of PSD through photothrombosis-induced focal ischemia.
By using a combination of brain imaging, transcriptome
sequencing, and bioinformatics analysis, we found that
the hippocampus of PSD mice had a significantly lower
metabolic level than other brain regions. RNA sequenc-
ing revealed a significant reduction of miR34b-3p, which
was expressed in hippocampal neurons and inhibited
the translation of eukaryotic translation initiation factor
4E (elF4E). Furthermore, silencing eIF4E inactivated
microglia, inhibited neuroinflammation, and abolished
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the depression-like behaviors in PSD mice. Together, our
data demonstrated that insufficient miR34b-3p after stroke
cannot inhibit eIF4E translation, which causes PSD by
the activation of microglia in the hippocampus. Therefore,
miR34b-3p and eIF4E may serve as potential therapeutic
targets for the treatment of PSD.

Keywords Post-stroke depression - Hippocampus -
miRNA - Microglia - Neuroinflammation

Introduction

Post-stroke depression (PSD), one of the sequelae of
stroke, severely affects the functional outcome of stroke
survivors and is associated with high mortality. The clini-
cal features of PSD include depressed mood, diminished
interest, delayed thinking, and sleep disorder [1-4]. The
incidence of PSD is 25%—76%, and 45.4% of depression
cases occur within 1 month after stroke, and 91.8% of
these are mild to moderate [5-9]. Depression seriously
affects treatment motivation, compliance, and self-reha-
bilitation, which in turn increase the disability rate and
mortality [9-11]. Therefore, the prognosis of stroke is
closely related to the severity of PSD. Early identification
and intervention for PSD are beneficial to the prognosis
of stroke patients [11, 12]. The treatment of PSD is based
on symptomatic support therapies, but there is no effective
drug at present. Current theories on the pathogenesis of
PSD involve neuroanatomy, neurotransmitters, the neu-
roendocrine system, the inflammatory response, neuro-
trophic factors, neuropeptides, and social psychological
factors [13—18]. However, the molecular mechanisms have
not yet been fully elucidated.
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Epigenetics is closely related to the occurrence of
PSD, and it mainly regulates the development of ischemic
stroke through DNA methylation, histone modification,
and post-transcriptional regulation of miRNAs [19, 20].
MicroRNAs (miRNAs), a major class of non-coding
RNAs with a length of ~22 nucleotides are integrated
into the RNA-induced silencing complex and bind to the
3'-UTR (untranslated region) of the target mRNA, which
can induce down-regulation of target transcript expression
through mRNA degradation or the inhibition of transla-
tion, and finally regulate gene expression [21, 22] and
participate in important biological processes such as cell
proliferation, apoptosis, differentiation, neurodevelop-
ment, and other life activities by acting on the correspond-
ing target genes [22, 23]. MiRNAs are widely expressed
in the brain and play a key role in the pathophysiology
of various neurological diseases such as stroke, schizo-
phrenia, and depression [24]. By using RNA sequenc-
ing (RNA-seq) and bioinformatics analysis, our previous
study revealed 778 genes increasingly expressed in the
brain of mice with stroke [25]. And normal expression of
miRNA maintains physiological functions of nervous sys-
tem and homeostasis, which is associated with synaptic
plasticity, neural development, and neural differentiation.
While low miRNAs expression is linked with neuronal
degeneration, the inflammatory response, and oxidative
stress [26]. Whether and how the altered miRNAs and
genes function in the occurrence and development of PSD
is still unclear.

In this study, we selected and confirmed a mouse model
of PSD by light-induced cortical ischemia and unsupervised
fuzzy clustering analysis with various behavioral tests. Fur-
thermore, we revealed a novel molecular mechanism by
brain imaging and RNA-seq, and investigated a possible
treatment strategy for PSD.

Materials and Methods
Animals

C57BL/6J male mice at 3 months of age were bred and
reared in the animal facilities under the same conditions in
accordance with the institutional guidelines of the Animal
Care and Use Committee of Huazhong University of Sci-
ence and Technology within the University’ s animal care
facility, in plastic cages in an air-conditioned room at 24°C
under a 12 h light-dark cycle (lights on at 08:00) and food
and water ad libitum. Mice were group-housed at 3—5 per
cage before experiments. Mice with left cortical ischemia
were housed individually to mimic social isolation during
the experiments. All behavioral tests were carried out during
the light phase of the cycle.

Photothrombosis Ischemia Model

We applied photothrombosis-induced focal ischemia follow-
ing procedures similar to those described by Labat-gest et
al. [27]. Briefly, mice were anesthetized with 5% chloral
hydrate before surgery. The skull was exposed and a fiber-
optic bundle mounted on a cold light source (¢ =1.5 mm,
wavelength 560 nm, 150 W, aperture B2, 2750 K, KL 1500
LCD, Schott, Germany), was placed in close contact with
the left skull surface with a focus at 1.4 mm posterior to
the bregma and 3 mm lateral to the midline (left anterior
cortex). The photosensitive dye rose Bengal (Sigma-Aldrich
632-69-9) was dissolved in sterile saline to a concentration
of 15 mg/mL and was injected intraperitoneally (10 pL/g
body weight). Then, after ~5 min to allow the dye to dif-
fuse and enter the blood stream, we started 15 min of focal
illumination of the skull to ensure that the photothrombotic
lesion was located in the left anterior cortical layers without
injuring the adjacent or subcortical areas. Next, the inci-
sions were sutured and the mice were housed individually to
mimic social isolation. We used sham-operated animals as
controls, which were subjected to the same procedure except
for light irradiation.

Selection Criteria for Sample Screening Before
Behavioral Tests

The selection criteria for the sample screening were as
follows, first, assessment of the general health of mice to
exclude any gross abnormalities (such as poor coat appear-
ance with bald patches or sores, blood encrusted around the
body, labored breathing, low body weight, abnormal body
temperature, hypo-activity in the home cage, absence of
nest-building, hypersensitivity to handling, circling, and
even tremors, seizures, or other easily-observed abnormali-
ties) that might influence any behavioral testing; second,
behaviors related to gross neurological functions (such
as wild-running, hunching while walking, and excessive
grooming or freezing) were evaluated in an empty cage envi-
ronment; and last but not least, simple and quick tests of
neurological reflexes (such as eye blink, ear twitch, whisker
twitch, and the righting reflex) were applied sequentially in
every mouse.

Behavioral Tests

The behavioral tests were selected to cover a range of
accepted classic models of depression, and were applied ~1
month after cerebral ischemia [28]. All behavioral tests were
conducted in an enclosed and quiet lab room with constant
light, temperature, and humidity between 08:00 and 18:00.
Videos were recorded using ETHO-Vision (Noldus) and ana-
lyzed using Any-maze by the same experimenter blinded to
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the experimental protocol. Mice that received more than one
behavioral test had at least 24 h of rest between tests and no
mice were given the same test twice.

Assessment of Exploratory Behavior

Exploratory behavior was assessed in a two-way shuttle
avoidance box placed in a dark, soundproof and airy cabinet.
This box was a rectangular chamber (60 cmx 30 cm X 30 cm)
divided by a non-transparent partition with a small
(8 cmx 10 cm) channel connecting two adjacent cubicle-
shaped compartments of equal size. The metal grille floor of
the compartment was a weight-sensitive sensor that sensed
and conveyed information about the mouse’s activity to a
computerized data acquisition system to control the con-
ditioned stimulus (sound from a speaker on the celling of
the compartment) and the electric shock delivery program
(Techman, Chengdu, China). First, each mouse was placed
in the chamber for adaptation and then allowed to freely
explore both compartments for 5 min. If the mouse did
not shuttle over to the other compartment after 3 min, the
experimenter manually directed it through the channel. If the
mouse failed to shuttle back 3 min later, the experimenter
did the same as before. The voluntarily exploratory shuttles
between compartments were recorded and counted by the
experimenter.

Two-way Shuttle Avoidance Test

After completion of the exploratory behavioral assessment,
mice were trained in a 50-trial two-way shuttle avoidance
test. A training session consisted of 50 tracking condition-
ing trials. The conditional stimulus (CS) was a 10-s cue
tone; the unconditional stimulus (US) was an electric shock
(0.2 mA) for a maximum of 10 s after CS termination; The
inter-trial interval (ITI) was 60 s. Mice could have the fol-
lowing responses, (1) Escape: mice shuttle to the adjacent
compartment after the start of the US shock, the shock stops,
and an ITI begins; (2) Escape-failure: mice do not move to
the adjacent compartment, and the I'TI begins after the end
of the 5-s shock; or (3) Avoidance: mice shuttle to an adja-
cent compartment when a CS tone is heard, the tone stops,
an ITI begins, and mice avoid the shock.

Sucrose Preference Test (SPT)

The SPT is a behavioral test of an animal’s ability to experi-
ence pleasure, an impairment of which is an essential feature
of depression. The SPT was applied in home cages equipped
with two drinking bottles. Prior to the first test, all mice
were subjected to 48 h of forced exposure to the 1% sucrose
solution, the only liquid available for drinking, which was
designed to habituate the mice to it. For the next 2 days mice
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were given a free choice between the bottles, one containing
1% sucrose and the other containing tap water. To prevent
the effect of the bottle or its position on the drinking behav-
ior, the experimenter switched the position of the bottle
after 12 h. The consumption of water and sucrose solution
was calculated by weighing the bottles. The preference for
sucrose was expressed by calculating the amount of sucrose
solution consumed as a percentage of the total liquid drunk
{(Sucrose preference = Sucrose Intake (g)/[(Sucrose Intake
(g) + Water Intake (g))] x 100}).

Open Field Test (OFT)

Mice were handled for 3 days. Then we measured locomotor
activity in clear boxes (43.2 cm X 43.2 cm X 50 cm), out-
fitted with photo-beam detectors for monitoring horizontal
and vertical activity [29]. Data were collected via a PC and
were analyzed with MED Associates Activity Monitor Data
Analysis software. Mice were placed in a corner of the open-
field apparatus and left to move freely. Recorded variables
were resting time (s), ambulatory time (s), vertical/rearing
time (s), jump time (s), stereotypic time (s), and average
velocity (cm/s). Mice were not exposed to the chamber prior
to testing. Data were individually recorded for each mouse
for 30 min.

Elevated Plus Maze (EPM)

The plus maze had two walled arms [closed arms: 35 cm
(length) X 6 cm (width) X 22 cm (height) and two open arms:
35 cm (length) X 6 cm (width)]. The maze was elevated
74 cm from the floor. Each mouse was placed on the center
section, allowed to freely explore the maze, and monitored
with ImageEP software66. The time spent in the open versus
closed arms during a 10-min period was recorded [29].

Forced Swimming Test (FST)

Mice were placed inside a vertical transparent glass cylinder
25 cm high with a diameter of 10 cm containing 15 cm of tap
water maintained at 23-25°C and left there for 6 min, while
only the last 4 min were scored for immobility by EthoVi-
sion XT 14. Each mouse was judged to be immobile when
it ceased to struggle and remained floating motionless in the
water, making only those movements that were necessary to
keep its head above the water as previously described [30].

Tail Suspension Test (TST)

Each mouse was suspended within its own three-walled
(white) rectangular compartment [45 cm (Height) X 15 cm
(Width) X 15 cm (Depth)] in the middle of an aluminum sus-
pension bar using adhesive tape, as previously described
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[31]. The width and depth were such that the mouse could
not touch the walls. The duration of the test is 6 min. Etho-
Vision XT 14 was used to score the immobility during the
last 4 min.

Cluster Analysis

To screen the post-stroke depression-like phenotype from all
ischemic mice, unsupervised fuzzy clustering was applied
based on a previous study [28]. Clustering can provide use-
ful and reliable information by grouping the comprehensive
behavioral data into different clusters, where the data are
similar in each cluster. Similarity is defined by a distance
metric, and the best partition of the data is obtained by using
the elements of the membership matrix to define which clus-
ter each data element belongs to. Thus, clustering evaluates
the relationship between patterns in a dataset by organizing
them into groups or clusters, so that patterns within a cluster
are more similar than patterns belonging to other clusters. In
this study, we analyzed the clusters based on the number of
fuzzy points in each cluster and the hypervolume (determi-
nant of clustering) of each cluster, with the former divided
by the latter to give the cluster density.

TTC Staining and FJ Staining

The cerebral infarction and ischemic areas were also be
determined by 2,3,5-triphenyltetrazolium chloride (TTC)
staining. The brain was removed rapidly 24 h after ischemia,
and frozen at —20°C for 30 min. Coronal slices (6 slices
per mouse) were cut at 1| mm from the frontal tips, and
immersed in 2% TTC (Sigma, CA, USA) at 37°C for 20 min
in the dark. Subsequently, the presence of infarctions was
determined by examining the area of negative TTC staining.
Cell death was also assessed by FJ staining. Briefly, brain
tissue slides were immersed for 3 min in 100% ethanol, for
1 min in 70% ethanol, and for 1 min in distilled water, and
then incubated in a solution containing 0.01% Fluoro-Jade
C (FJ; AG325, Millipore) and 0.1% acetic acid (1:10) for
30 min on a shaker. After three 10-min washes, the slides
were cover-slipped and imaged with a laser-scanning con-
focal microscope (LSM 510, Carl Zeiss). The number of
FJ-positive (FJ*) cells in each group was counted.

RNA-Sequencing and Bioinformatics Analysis

MiRNA was isolated from mouse brain tissue using an
RNAzol® RT RNA Isolation Reagent kit (Sigma-Aldrich)
according to the manufacturer’s protocol as previously
described [26]. Three groups of mice were used and each
group had three replicates. The library preparations and
quality control of RNA-sequencing were performed by
Novogene. The libraries were sequenced on a HiSeqTM?2500

sequencer with 50-bp single-end sequencing run by Novo-
gene. RNA-sequencing quality was assessed using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc).
The FastQC file was aligned to the latest mouse reference
genomic sequence GRCm38.p6 using miRDeep2 [32] to
identify known and unknown miRNAs. For the samples with
replications, we applied DESeq?2 [33] to the identification
of differentially-expressed miRNAs for up- and down-regu-
lation between each group. And we used a threshold of 0.05
to filter out the exponential component. To analyze Gene
Ontology (GO) and pathway enrichment, we used enriched
GO in the R package clusterProfiler (version 3.6.0) to iden-
tify the enriched biological process gene function terms. The
significance of enriched GO terms was evaluated by a hyper-
geometric test with false discovery rate <0.05.

Reverse Transcription and Quantitative PCR

Total miRNA was isolated from micro-dissected hip-
pocampus using an RNAzol® RT RNA Isolation Reagent
kit (Sigma-Aldrich). A cDNA synthesis kit (Toyobo) was
used for the reverse transcription reaction according to the
manufacturer’s instructions. We used 1 pg total miRNA.
Samples were incubated for 5 min at 65°C. All samples
were then added to a 5X mix, heated to 37°C for 15 min,
and reactions were stopped by heating to 98°C for 5 min.
These cDNA samples were then amplified using gPCR with
different miRNA primers from Tiangen Biochemical Tech-
nology Co., Ltd. (Beijing. China) without disclosure of the
proprietary primer sequences. The reactions were set up in
duplicate in a total volume of 10 pL containing 5 pL of 2x
miScript SYBR green PCR mix (GeneCopoeia, QP115) and
2 pL of template (1:5 dilution from the RT product) with a
final concentration of 400 nmol/L of the primer. PCR was
performed using a real-time PCR instrument (Cat# 1855201;
Bio-Rad). The PCR cycle was as follows: 95°C/3 min, 40
cycles of 95°C/30 s, 60°C/45 s, and 95°C/1 min, and the
melt-curve analysis was performed at the end of each exper-
iment to verify that a single product per primer pair was
amplified. Threshold cycle values were used to calculate the
fold change in the transcript levels by using the 2—AACt
method. The relative miRNA expression levels were normal-
ized to the GAPDH gene. Each qRT-PCR group had 3 or 4
biological replications.

Immunohistochemistry

Mice were euthanized by intraperitoneal injection of an over-
dose concentration of chloral hydrate, and were transcardi-
ally perfused with 100 mL saline (0.9% w/v NaCl), followed
4% paraformaldehyde (PFA). The brain was removed and
post-fixed in 4% PFA, and then 30 pm sagittal or coronal
sections were cut (Leica Microsystems, Wetzlar, Germany).
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Immunohistochemistry was applied to free-floating brain
sections as described previously [34-36]. In brief, 30-um
free-floating sections of the hippocampus were stained and
blocked in 3% normal goat serum at room temperature for 1
h. Then the sections were incubated overnight with one of
the following primary antibodies: mouse-anti-eIF4E (Pro-
teintech Group, Cat#66655-1-1g), rabbit-anti-Ibal (Wako,
1: 1000, Cat#019-19741), mouse-anti-GFAP (Cell Signal-
ing Technology, 1:1000, Cat#3670), or rabbit-anti-NeuN
(Abcam, 1:500, Cat#ab177487). Then they were washed
with PBS and reacted with conjugate-adsorbed Alexa Fluor
488 donkey anti-mouse, Alexa Fluor 488 donkey anti-rab-
bit, Alexa Fluor 546 donkey anti-mouse, and Alexa Fluor
546 donkey anti-rabbit for 60-90 min. To label the nucleus,
cells were also incubated with DAPI (Invitrogen, 1:1500,
Cat#62248) for 5 min. The sections were rinsed, dried, and
coverslipped with fluorescence mounting medium. Con-
trol sections were processed with omission of the primary
antisera. A laser-scanning confocal microscope (LSM 800;
Zeiss) was used for fluorescence imaging.

Luciferase Reporter Assay

Human embryonic kidney 293 cells were co-transfected with
miR-34b-3p mimics or a scrambled control and wild-type or
mutant e[F4E 3°-UTR plasmids. Cells were harvested and
lysates were used for firefly and Renilla luciferase activity
using a dual-luciferase reporter assay kit (Promega, E1910)
according to the manufacturer’s protocol. The normalized
values (Renilla/firefly activity) were used for analysis. Each
group had three biological replications. The miR-34b-3p
mimics/antagomirs and the scrambled control were from
RioBio (Guangzhou, China). The miR-34b-3p overexpres-
sion construct was from GeneCopoeia (Rockville, MD). The
3'-UTR of eIF4E was amplified with the following primers:
forward 5'-GGACTTTGCTGGTGTGAGAGT-3', reverse
5'-CCTGGATCCTTCACCAATGTT-3'. The polymerase
chain reaction fragment was inserted into psiCHECK?2 (Pro-
mega, Madison, WI) within the Xhol and NotI restriction
sites. Mutations were generated using a fast mutation kit
from Agilent (Brighton, MA).

Western Blot

Hippocampi isolated from the mice were homogenized in
ice-cold lysis buffer containing 50 mmol/L Tris-HCI, pH 8.0,
150 mmol/L NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 0.02% NaN,, 100 mg/mL PMSF, and 10 mg/
mL each of the protease inhibitors (Thermo Scientific, 1
mL/10 g tissue) and collected the homogenate to centrifuge
at 12,000 g at 4°C for 5 min; aliquots of supernatants were
added to one-third volume of 4x sample buffer, followed by
boiling for 10 min and then sonication for 5 s on ice. Protein
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concentration was quantitated using the BCA Protein Assay
Reagent (Pierce). The protein samples were separated on
12% SDS-PAGE gels. Proteins were transferred to nitrocel-
lulose filter membranes (NC) using a Bio-Rad Miniprotein
III System wet transfer unit. After incubation with blocking
solution (5% nonfat dried milk) for 30 min at room tempera-
ture, the transfer membranes were incubated with primary
antibody diluted with 3% bovine serum albumin in TBST
buffer overnight at 4°C. The membranes were incubated
with secondary antibodies for 1 h at room temperature on
the next day. Signals were detected with an infrared imaging
system (Odyssey, Li-Cor).

Stereotaxic Injection

Mice (C57BL/6 males, 6 weeks old for electrophysiologi-
cal experiments, 10 weeks old for behavioral and protein
qualification experiments) were anesthetized with 5%
chloral hydrate and placed in a stereotaxic apparatus. The
head was fixed and the skull was exposed. Burr holes were
made and a micro syringe (World Precision Instruments)
was slowly lowered into the following injection site: AP,
—2.18 mm; ML, —1.38 mm; DV, —1.60 mm from bregma.
1 pL of virus was pressure-injected into each hippocampus
at 0.1 pL/min (total volume 1 pL). Before suture, the needle
remained in place for 5 min and was then slowly retracted
to avoid leakage. Then the mice were left on a heating pad
throughout recovery from anesthesia. Electrophysiologi-
cal and behavioral experiments were started 4 weeks after
the virus injection. Adeno-associated viruses (AAVs) for
elF4E overexpression and eIF4E siRNA were from Gene-
chem (Shanghai, China) and Taitool Bioscience (Shanghai,
China), respectively.

Electrophysiological Recordings

Hippocampal slices (300 pm) were prepared as previously
described [35]. The slices were then transferred to a hold-
ing chamber containing artificial cerebrospinal fluid (ACSF,
in mmol/L: 124 NaCl, 3 KCl, 26 NaHCO;, 1.2 MgCl,,
1.25 NaH,PO,-2H,0, 10 glucose, and 2 CaCl, at pH 7.4,
305 mOsm) at 32°C for 30 min. After 60 min of recovery
at room temperature, slices were transferred to a recording
chamber, which was continuously perfused with 95% O, /5%
CO,-saturated ACSF (2 mL/min) at room temperature. For
excitability analysis, the action potential was recorded with
an internal solution containing (in mmol/L) 140 potassium
gluconate, 10 HEPES, 0.2 EGTA, 2 Mg**ATP, 2 NaCl, and
0.3 NaGTP, adjusted to pH 7.4 with KOH, 290-295 mOsm.
We made whole-cell current-clamp recordings from elF4E*
and elF4E™ granule neurons, which were visualized under
a fluorescent infrared phase-contrast Axioskop 2FS upright
microscope equipped with a Hamamatsu C2400-07E
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Reagents and Antibodies

The following antibodies and chemicals were used: anti-
elF4E (Proteintech Group 66655-1-1g); anti-PRKAR2B
(Abcam ab75993); anti-Gpm6a (ABclonal A9066); anti-
Ntngl (ABclonal A17875); anti-p-actin (Proteintech Group,
66009-1-1g); anti-Ibal (Wako, 019-19741); anti-GFAP
(Cell Signaling Technology, 3670); anti-NeuN (Abcam,
ab177487); rose Bengal (Sigma-Aldrich 632-69-9); TTC
(Sigma-Aldrich, 298-96-14).

@ Springer



200

Neurosci. Bull. February, 2023, 39(2):194-212

«Fig.1 Screening and identification of mice with a post-stroke
depression-like phenotype A Schematic of the timeline and proto-
col of this study. B Representative TTC-stained images taken 24 h
after operation. C A three-dimensional spatial scatterplot showing 3
types of cluster based on the total number of escapes, total number
of escape-failures, and total number of avoidances. Data with simi-
lar characteristics are linked together by lines and form a cluster. In
each cluster, the standard error of each type is represented by ellip-
ses. Cluster 1 represents the sham mice; cluster 2 corresponds to the
ischemic mice without depression, namely non-post-stroke depression
(NPSD) mice; and Cluster 3 is related to ischemic mice with very
high levels of depression, namely post-stroke depression (PSD) mice.
D The unsupervised fuzzy clustering method was used for cluster
analysis of behavioral data to obtain partitioned clusters of all mice
with hard categories. The red "A" attached to a specific coordinate
indicates the corresponding cluster number of the tested mouse. E
Representative images showing the OFTs of sham, NPSD, and PSD
mice. F OFT bar graph showing the time spent in the center by sham,
NPSD, and PSD groups. Data are the mean + SEM (n=15 in sham
and NPSD groups, n=17 in PSD group; sham vs PSD **P=0.0024,
NPSD vs PSD *P=0.0103, F=8.653, one-way ANOVA followed by
Bonferroni multiple comparisons). G Representative images show-
ing the EPM test of sham, NPSD and PSD mice. H EPM bar graph
showing the time spent in open arms (left) and closed arms (right)
of sham, NPSD, and PSD mice. Data are the mean + SEM (n=15 in
sham and NPSD groups, n=17 in PSD group; in open arm, sham vs
PSD ***P=0.0001, NPSD vs PSD *P=0.0195, F=10.45, in closed
arm, sham vs PSD **#*P <0.0001, NPSD vs PSD **P=0.0033,
F=12.98, one-way ANOVA followed by Bonferroni multiple com-
parisons). I, J Immobility time as an indicator of depression-like
behaviors in TST (I) and FST (J) in sham (n=15), NPSD (n=17)
and PSD (n=15) mice, in TST, sham vs PSD ****P <0.0001, NPSD
vs PSD *#%%P <0.0001, F=40.52, in FST, sham vs PSD ****p
<0.0001, NPSD vs PSD ****P <0.0001, F=49.97. OFT, open field
test; EPM, elevated plus maze test; TST, tail suspension test; FST,
forced swim test.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
8.0. All data are represented as the mean + SEM. Statisti-
cally significant differences were defined as ns, not signifi-
cant, *P <0.05, **P <0.01, ***P <0.001, ****P <(0.0001,
unpaired two-tailed Student’s ¢ tests were used in Western
blots, and repeated one-way ANOVA and post hoc Bonfer-
roni corrections following two-way analyses of variance (BF
ANOVA) in all behavioral when assumptions of normality
and equal variance (F test) were met.

Results

Screening and Identification of Mice with a Post-stroke
Depression-like Phenotype

We established the mouse model of local cortical ischemia
induced by photothrombosis based on our previous studies
[30]. After intravenous injection of rose Bengal into mice,
the cortical region was illuminated with a 150 W cold light
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to induce cortical vascular thrombosis, which led to ischemic
injury in the cortex (Fig. 1A). TTC staining was used to
confirm ischemic lesions in the cortical area. We found that
the ischemic mice had distinct unstained cortical areas in
the side ipsilateral to the illumination compared with the
contralateral side or the brain of sham control mice. This
result demonstrated successful photothrombosis-induced
local cortical ischemia. (Fig. 1B).

To screen the post-stroke depression-like phenotype
from both ischemic and sham mice, we applied unsuper-
vised fuzzy clustering to analyze all the behavioral param-
eters collected from 45 mice (Fig. S1). The results showed
that the full range of the data set was classified into three
clusters (Fig. 1C). Cluster 1 partially overlapped with clus-
ter 2, while cluster 3 was clearly separated from clusters
1 and 2. Cluster 3 corresponded to the ischemic mice and
was characterized by higher levels of depression, namely
PSD mice. Cluster 2 corresponded to the ischemic mice
and was characterized by very low levels of depression
or a non-depressed state, namely NPSD mice. Cluster 1
described the sham-operated mice associated with a non-
depressed state, namely Sham mice (Fig. 1D). Further
analysis of the behavioral results revealed that 34.37%
of the ischemic population was associated with cluster 3
(PSD), whereas 65.63% from among the ischemic mice was
associated with cluster 2 (ischemia without depression-like
symptoms, NPSD). In the sham-control group, all 13 mice
were associated with Cluster 1 (Sham).

Then, we used the OFT, the EPM, the TST, and the FST
to verify the PSD-like behavioral phenotype. The OFT
results confirmed that the screened PSD mice displayed a
substantially decreased time spent in the center area when
compared with Sham or NPSD mice (Fig. 1E, F). The EPM
data also confirmed that the screened PSD mice spent a sig-
nificantly shorter time in the open arm and a robustly longer
duration in the closed arm than the sham or NPSD mice
(Fig. 1G, H). However, there was no significant difference
in the distance and speed of movement among PSD, NPSD,
and sham mice in the OFT and EPM experiments (Fig.
S2). Moreover, both the TST and the FST showed that the
immobility time was significantly prolonged in the screened
PSD mice compared to the sham or NPSD mice (Fig. 11, J).
The above results suggest that the mouse model of cerebral
ischemic stroke induced by light thrombosis can be screened
and the PSD and NPSD phenotypes can be distinguished
through multiple behavioral tests and unsupervised fuzzy
clustering algorithms. And the screened PSD and NPSD
mice can be further confirmed by depression-like behavio-
ral experiments. The percentage of PSD mice is consistent
with the epidemiological profile of depressed patients after
cerebral ischemic stroke.
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The Hippocampus of PSD Mice Exhibits Secondary
Degeneration

Measurement of 18-fluoro-6-deoxy-glucose (FDG) in the
brain by positron emission tomography (PET) reflects the
level of glucose metabolism in the brain, which in turn
indicates the degree of neural activity [37]. Therefore, we
applied PET scan imaging to the mouse brain (Fig. 2A) to
define which brain regions are involved in the occurrence of
PSD after focal cortical ischemia. The brain images of FDG-
PET scanning showed that the level of glucose metabolism
in some brain regions of PSD mice was clearly weaker than
that of the Sham control group (Fig. 2B). Statistical analysis

Fig. 2 PSD mice exhibit

secondary degeneration in the A
hippocampus A Schematic of

the process of PET imaging ‘
of mouse brain. B Representa- i
tive images of PET scans of ’ T
coronal sections of mouse brain

in Sham control, NPSD, and

PSD groups. C Statistics of the

standard uptake value (SUV)

of PET scan images show-

ing glucose metabolism in the
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F=9.981), cortex (*P=0.0443,
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(P =0.001, F=27.8), thala-
mus (*P=0.0226, F=8.883),
and basal forebrain septum
(*P=0.032, F=17.131) is
significantly reduced compared
with the NPSD group, while 8
other brain regions show no

significant changes. Data are the

mean + SEM (n=6 per group).

D List of abbreviations and

full names of the brain regions

examined; those with significant

changes are in red. E Repre-

sentative images of Fluoro Jade

(FJ) staining of coronal sections

showing a significant increase

in FJ-positive (FJ*) neurons in
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group compared with the NPSD

group [scale bars, 20 pm (left),

100 pm (right)]. F statistical

histogram of the number of
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PSD vs NPSD ***#P < 0.0001,
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showed that, compared with Sham or NPSD mice, the mean
SUVs in the lateral striatum, cortex, hippocampus, thala-
mus, and basal forebrain septum were significantly reduced
in PSD mice. In particular, the reduction in the hippocampus
was the most significant. However, no significant change was
found in the other brain regions between sham, NPSD, and
PSD mice (Fig. 2C, D). Subsequently, to confirm the FDG-
PET imaging results, we used FJ staining to demonstrate the
degenerative alterations in the mouse brain sections. The
FJ staining results confirmed an apparent increase in the
number of FJ* cells in the hippocampal region of PSD mice
as compared with sham and NPSD mice (Fig. 2E, F). The
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above results demonstrated that PSD mice with localized
primary ischemia in the cortex have significant secondary
degenerative changes in the hippocampus.

miR34b-3p Is Downregulated in the Hippocampus
of PSD Mice

To reveal the specific molecules in the hippocampus
involved in PSD, we acutely isolated hippocampal tissue
from Sham, NPSD, and PSD mice for RNA-seq analysis

Fig. 3 miR34b-3p is down- A
regulated in the hippocampus

of PSD mice A Schematic of

the protocol of RNA-sequenc-

ing. B-D Volcano plots of
differentially-expressed miRNA

between PSD and sham (B),

PSD and NPSD (C), and sham

, o
fe]!

Isolate hippocampus for RNA-seq

(Fig. 3A). Volcano plots for group-to-group comparisons
of miRNAs from Sham, NPSD, and PSD mice showed
that 64 miRNAs were up-regulated and 22 were down-reg-
ulated in PSD compared with the Sham group (Fig. 3B),
19 were up-regulated and 20 were down-regulated in PSD
compared with the NPSD group (Fig. 3C), and 31 were up-
regulated and 16 were downregulated in Sham compared
with the NPSD group (Fig. 3D). Next, to further clarify the
specific miRNAs involved in PSD, we intersected the up-
and down-regulated miRNAs derived from group-to-group

2000

1000

-1000

-2000
0 100 200 300

and NPSD (D). The plots show B C D
a log, fold change in expres- R PSD vs Sham : PSD vs NPSD = Sham vs NPSD
sion between the groups on the ,ee . type type
H : e up ® up:
x-axis and the negative log;, P o Bllcoun: 22 dp ’?20 . up:at
values on the y-axis. Red, sig- 47 : 4 o 44 down:18
nificantly up-regulated; green, > > >
significantly down-regulated; —z 34 % 34 _z 3.
blue no significant difference n>. : . q>_ '
with FDR <0.05. E Venn dia- - =, =
gram of differentially-expressed > - . >
miRNAs. F Table summariz- < = S . - —— I S v S
ing the differentially-expressed 1
miRNAs between PSD and
NPSD, excluding those repeated 0+—r—r—r—rF—rr—r—
in PSD vs sham and sham vs -5 0 5 -5 0 5
NPSD G Validation of some of Log, fold change Log, fold change Log, fold change
the down-regulated miRNAs in E F
Table F by qRT-PCR (in 34b- Log, fold
3p, NPSD vs PSD ##P=0.0014, PSD vs Sham NPSD vs Sham fIRNA change | Fvalue
F ?g%zfplng?)clgf T) SD mmu-miR-448-3p -1.2316| 0.0010475
Vs =0. , sham vs -
PSD *P=0.0354, F=10.38 mmu—m!R»34b—3p -0.98109 2.46E-05
in 448-3p, sham vs NPSD mmu-miR-1912-3p -0.96219| 0.011522
*#*P=(,0077, NPSD vs PSD mmu-miR-34c-3p -0.91179| 0.0017274
kP — j—
P=0.0058, F=17.35). mmu-miR-3102-5p.2-5p| -0.80718| 0.030858
mmu-miR-9768-5p -0.73855( 0.021282
mmu-miR-34c-5p -0.72949| 0.00038729
mmu-miR-380-5p -0.72917|  0.036939
G PSD vs NPSD mmu-miR-877-5p -0.71966| 0.047383
mmu-miR-28a-3p -0.67362  0.029043
O Sham o NPSD A PSD mmu-miR-3102-3p -0.67212| 0.017184
[= —- *
S 1.5 = mmu-miR-375-3p -0.6653| 0.0041076
g mmu-miR-329-5p 0.44597] 0.039679
g 1.0 mmu-miR-450a-5p 0.45817| 0.012909
)
8 mmu-miR-30d-3p 0.46016| 0.023745
% 0.5 mmu-miR-666-3p 0.71512[ 0.021378
§ mmu-miR-147-5p 0.73813| 0.035311
z° 0.0- mmu-miR-23b-5p 0.76703| 0.024229

R R R R R AR
SRR W R R R
LA SR R G S RS

@ Springer

R R



X. Ke et al.: miR-34b-3p Targets eIF4E in PSD

203

comparisons and plotted a Wayne diagram (Fig. 3E), which
showed 19 differentially expressed miRNAs in the PSD ver-
sus NPSD groups (Fig. 3F). Validation of the above miR-
NAs by qPCR revealed that miR34b-3p, miR34c-3p, and
miR448-3p were dramatically down-regulated in the hip-
pocampus of PSD mice. Among them, only the expression
of miR-34b-3p did not change significantly in the NPSD
and Sham groups (Fig. 3G). These results suggest that the
decreased expression of miR34b-3p in the hippocampus may
be specifically associated with the development of PSD.

Fig. 4 NPSD mice show A
PSD-like changes after down-

regulation of miR-34b-3p in the
hippocampus A Schematic of

study. B Representative images

of a hematoxylin-stained coro- Day0 Day 7
nal brain section at the injection

sites. C Relative miRNA- B ;
34b-3p expression in the hip- ;j JJ
pocampus of the vehicle group
and the antagomir miRNA- {
34b-3p(A-miR-34b) group. WY J
Data are the mean + SEM
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To further confirm that miR-34b-3p in the hippocampus is
involved in the development of PSD, we injected an antago-
nist of miR-34b-3p (A-miR-34b) into the hippocampus of the
screened NPSD mice and observed the behavioral changes
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showed that A-miR-34b downregulated the expression level
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of miR-34b-3p 50%~1-fold compared to the Vehicle control
(Fig. 4C). These results indicate that A-miR-34b was suc-
cessfully injected into the hippocampal region and was able
to exert antagonistic effects against miR-34b-3p.

Next, we examined the effect of A-miR-34b on the behav-
iors of NPSD mice. The OFT results showed that NPSD
mice injected with A-miR-34b-3p spent markedly less
time in the central zone than before injection. And there
was no significant change before and after Vehicle injection
(Fig. 4D, E). The EPM data also showed that NPSD mice
injected with A-miR-34b spent a remarkably shorter time
in the open arm and notably longer duration in the closed
arm, while these parameters did not change before and after
Vehicle injection (Fig. 4F, G). In addition, the results of both
TST and FST revealed that NPSD mice spent more time
immobile after A-miR-34b injection than before injection.
As expected, no significant change on the immobility time
was observed in NPSD mice pre- and post-Vehicle injec-
tion (Fig. 4H, I). Taken together, these results suggest that
downregulation of miR-34b-3p in the hippocampus of NPSD
mice induces PSD-like behavior.

elF4E Is a Target Gene of miR-34b-3p

MiRNAs are known to bind to the untranslated region at the
3" end (3'-UTR) of the target mRNA and promote mRNA
degradation or inhibit mRNA translation, further affecting
the expression of the target gene. Therefore, to find the target
gene of miR-34b-3p, we first predicted its target genes by
applying the most commonly-used miRNA prediction soft-
wares: TargetScan, miWalk, and miRDB. Each of these pro-
grams predicted a large number of possible target genes. By
intersecting the predictions, the number of predicted genes
was reduced to 196 (Fig. 5A). Subsequently, we performed
GO enrichment analysis for the predicted target genes, and
42 genes were closely associated with neurobiological
functions, such as synaptic transmission, axonal fascicula-
tion, neuron migration, RNA splicing, and nervous system
development (Figs 5B, S3). We then applied comprehensive
tools, mirSVR Score, Target Score and Cumulative weighted
context score, for sequence-based miRNA target prediction
to further score the above 42 target genes. Among them,
elF4E, Gpmb6a, Ningl, and Prkar2b, had significantly higher
scores than other genes (Fig. 5C). We next confirmed that
these 4 genes encoded proteins by western blot. We found
that only the eIF4E protein level was robustly increased in
the hippocampal tissue of PSD mice, compared with NPSD
or Sham mice. While the protein levels of Gpmé6a, Ntngl,
and Prkar2b showed no significant changes among the
three groups (Fig. 5D, E). Through sequence alignment, we
found that the 3’UTR sequence of elF4E is highly conserved
across species. Based on this, we designed mutated el/F4E
(Mut) by disrupting the 3’UTR sequence, and used wild-type
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elF4E (WT) with the normal 3°UTR sequence as a control,
to further confirm e/F4E as a target gene of miR-34b-3p
(Fig. 5F). Based on the sequence of miR-34b-3p, we also
synthesized its analog (Mimic) and the disrupted sequence
(Scrambled) as a control. Luciferase reporter experiments
showed that Mimic, but not Scrambled, of miR-34b-3p dra-
matically down-regulated the WT of elF4E. Neither Mimic
nor Scrambled of miR-34b-3p had a significant downregula-
tion effect on the Mut of elF4E (Fig. 5G). The above results
indicate that e/F4F is indeed a target gene of miR34b-3p. To
detect the cellular localization of eIF4E and miR-34b-3p in
the hippocampus, we used in situ hybridization with double
immunofluorescent labelling and observed that miR-34b-3p
was localized in neurons, but not microglia and astrocytes.
Meanwhile, both elF4E and miR-34b-3p were co-expressed
in neurons of the hippocampus (Fig. 5SH, S4). This result
suggests that miR-34b-3p may participate in the develop-
ment of PSD by targeting e/F4E in hippocampal neurons.

Downregulation of eI[F4E in Hippocampal Neurons
Improves Depression-Like Behavior in PSD Mice

To further explore the therapeutic strategy for PSD, we
constructed AAV2/9-si-elF4E-eGFP (Si-elF4E) for down-
regulation of eIF4E by using a lentivirus vector carrying
small interfering RNA. And AAV2/9-scrambled-elF4E-
eGFP (Scr-eGFP) was designed as a control (Fig. 6A). The
detailed plasmid information with target sequences and
primer sequences for eIF4E are available in the Supple-
mentary Material (Fig. S5). We first injected AAV into the
hippocampal region of PSD mice screened in the ischemia
model and performed behavioral assays three weeks later.
The mice were sacrificed at the end of the behavioral tests
to confirm the expression of AAV in the hippocampal region
(Fig. 6B). Three weeks after infection with AAVs, hip-
pocampal pyramidal cells in brain sections from NPSD mice
showed abundant green fluorescence, with typical neuronal
cell bodies and fibers (Fig. 6C). In addition, we performed
western blot experiments on hippocampal tissues infected
with AAV virus, and the results showed that the protein band
density of eIF4E was significantly reduced in the Si-eIF4AE
group compared to the Scr-eIF4E group (Fig. 6D, E). The
above results showed that our AAV-Si-elF4E successfully
infected the hippocampal neurons of PSD mice and down-
regulated the expression of eIF4E. The behavioral results
showed that, compared to the pre-injection group, there was
a tendency to increase the time in the central area of the OFT
in PSD mice after Si-eIF4E injection (Fig. 6F), and the time
in the open arm was significantly longer in the EPM test
(Fig. 6G). In addition, the immobility time of PSD mice
after Si-eIF4E injection was significantly shorter in both the
TST (Fig. 6H) and the FST (Fig. 61). However, there were
no significant changes in the above behavioral parameters
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Fig. 6 Downregulation of
elF4E in hippocampal neurons
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before and after Scr-eIF4E injection. The above behavioral
results suggest that downregulation of eIF4E in hippocampal
neurons does improve depression-like behavior in PSD mice.

Overexpression of eIF4E in Hippocampal Neurons
of NPSD Mice Induces Depression-like Behavior

To confirm the role of eIF4E in the development of PSD, we
constructed AAV2/9-eIF4E-eGFP (elF4E) for overexpres-
sion of eIF4E by using a lentivirus vector carrying elF4E.
And AAV?2/9-eGFP (eGFP) was designed as a control (Fig.
S6A). We first injected AAV into the hippocampal region of
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NPSD mice and performed behavioral assays three weeks
later (Fig. S6B). The mice were sacrificed at the end of the
behavioral tests to verify the expression of AAV in the hip-
pocampal region. Three weeks after infection with AAVs,
hippocampal pyramidal cells in brain sections from NPSD
mice showed abundant green fluorescence, with typical
neuronal cell bodies and fibers (Fig. S6C). In addition, we
performed western blot experiments on hippocampal tissue
infected with AAV, and the results showed that the protein
band density of eIF4E was significantly higher in the eIF4AE
group than in the eGFP group (Fig. S6D). The above results
showed that eIF4E was successfully overexpressed in the
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hippocampal neurons of NPSD mice. The behavioral results
showed that, compared to the pre-injection group, there was
a tendency to decrease the time in the central area of the
open field in NPSD mice after eIF4E injection (Fig. S6E),
and the time in the open arm was significantly shortened
(Fig. S6F) in the EPM test, while the time in the closed
arm was significantly prolonged (Fig. S6G). In addition, the
immobility time of PSD mice after eIF4E injection was sig-
nificantly increased in both the TST (Fig. S6H) and the FST
(Fig. S6I). However, there were no significant changes in the
above behavioral parameters before and after eGFP injec-
tion. To test whether overexpression of eIF4E has an effect
on neuronal function, we made patch clamp recordings in
brain slices infected with AAV2/9-eIF4E-eGFP or AAV?2/9-
eGFP (Fig. S6J). We found that not only the action potentials
recorded in current-clamp mode but also the resting poten-
tial and input resistance showed no significant difference
between the eIF4E group and the eGFP group (Fig. S6K,
L). Together, the above results suggest that overexpression
of eIF4E in hippocampal neurons of NPSD mice promotes
the development of the PSD phenotype without affecting
neuronal function.

Downregulation of eI[F4E in Hippocampal Neurons
Does Not Alter Neuronal Function but Inhibits
Microglial Activation and Alleviates the Inflammatory
Response in PSD Mice

To demonstrate whether downregulation of eIF4E has an
effect on neuronal function, we made patch clamp record-
ings in brain slices infected with AAV2/9-Si-eIF4E-eGFP
or AAV2/9-Scr-elF4E-eGFP (Fig. 7A). We found that the
action potentials recorded in current-clamp mode were
similar with no significant difference between the Si-eIF4E
and Scr-eIF4E groups, and the analysis of membrane prop-
erties also showed no significant difference (Fig. 7B-D).
These results suggest that the ameliorative effect of eIF4AE
on depression-like behavior in PSD mice may not act by
directly affecting the function of neurons.

Since neither overexpression nor downregulation of
elF4E altered neuronal function, and the occurrence of
PSD is associated with microglial activation [38], to further
explore the possible cellular mechanisms by which eIF4E
downregulation improves depressive-like behavior in PSD
mice, we first observed the morphology and assessed the
function of microglia in the hippocampal region of PSD
mice. Staining with the microglial marker Ibal showed
that, compared to sham control and NPSD mice, the mor-
phology of microglia in PSD mice displayed a more rami-
fied shape with a larger cell body and markedly shorter and
fewer branches (Fig. S7A). To quantify the morphological
changes of microglial activation, we reconstructed single
microglia cells with overlaid concentric circles (Fig. S7C).

Sholl analysis revealed that PSD mice had more Ibal™ cells
than sham and NPSD mice (Fig. S7B) and the intersection
numbers at 20 or 25 um from the soma in PSD mice were
much fewer than those in sham and NPSD mice (Fig. S7D).
Amoeboid microglia are thought to be in an activated state,
which causes the release of pro-inflammatory cytokines,
leading to neuroinflammation [39, 40]. To test microglial
function in PSD mice, we next examined the expression of
inflammatory cytokines in the hippocampal tissue by qPCR.
Analysis of relative gene expression showed that IL-1, IL-6,
and TNF-a, but not IL-10, was robustly increased in PSD
as compared with sham control or NPSD mice (Fig. S7E).
To demonstrate whether eIF4E affects the activation of
microglia in PSD mice, we next used siRNA to downregu-
late elF4E expression in the hippocampus of PSD mice, and
then made observations and analyses of the morphology and
function of microglia as above. Both the staining and the
reconstruction of single microglial cells showed that si-
elF4E, but not scr-eIF4E, increased the branches and shrank
the cell soma of microglia in the hippocampus of PSD mice
(Fig. 7E). Sholl analysis demonstrated significant increase
of the intersection numbers at 20 or 25 pm from the soma in
si-e[F4E-treated PSD mice when compared with PSD or scr-
elF4E-injected PSD mice, and si-eIF4E-treated PSD mice
had fewer Ibal* cells (Fig. 7F). In addition, measurements of
relative gene expression showed that IL-1, IL-6, and TNF-a,
but not /L-10, remarkably decreased in the hippocampus of
si-eIF4E-treated PSD mice, rather than scr-eIF4E or PSD
mice alone (Fig. 7G). Together, the above results demon-
strate that microglia are activated in the hippocampus of
PSD mice, while reducing eIF4E reverses the microglial
activation and alleviates the neuroinflammation in PSD mice

Discussion

In this study, we used a previously-established mouse model
of photothrombosis-induced cortical ischemia [30] and
screened the PSD and NPSD phenotypes by multiple post-
stroke behavioral tests combined with unsupervised fuzzy
cluster analysis. We demonstrated that the screened PSD
mice have a typical depression-like behavioral phenotype
and that the occurrence rate after stroke is consistent with
the epidemiology of clinical PSD. The whole-brain PET
scanning and analysis of the screened PSD mice revealed
that the hippocampus is the most severely affected brain
region secondary to cortical ischemia. Subsequent experi-
ments on the hippocampal transcriptome and bioinformatics
analysis revealed that miR-34b-3p is closely associated with
the development of PSD. Both target gene prediction and
experiments demonstrated that elF4E is the target gene of
miR-34b-3p and is expressed in neurons. To our surprise,
up- or down-regulation of e/F4E does not affect neuronal

@ Springer



208

Neurosci. Bull. February, 2023, 39(2):194-212

Fig. 7 Downregulation of A
elF4E inhibits microglial

activation and improves the

inflammatory response in PSD

mice A AAV-si-e]FAE-eGFP

was injected into hippocampal

pyramidal neurons of PSD

mice, and recordings made from g
GFP* cells (scale bar, 20 pm). b
B Traces of depolarizing current

injections. C Bar graph showing

the input resistance and resting

potential of each group (n=12

for PSD-scr-eIF4E and n=10

for PSD-si-eIF4E). D Frequency

of action potentials over a range

of current steps (n=12 for PSD- C
scr-eIF4E and n=10 for PSD- 1504
si-eIF4E, two-way ANOVA). E
Representative confocal images
of immunofluorescence staining
with an antibody against Ibal
(green) in the hippocampus

of PSD, PSD-scr-eIF4E, and
PSD-si-eIF4E mice. Magnified
images and typical microglia
are shown below each group
[scale bars, 50 pm (upper),

5 pm (lower)]. F Upper, bar
graph showing the number of
Ibal™ cells, (PSD vs si-eIF4E
*#P=0.005, scr-eIF4E vs si-
elF4E **P=0.0093, F=7.324);
lower, analysis of intersec-

tion numbers of microglia
branches over the distance from
soma (at 20 pm *P=0.0106,
F=5.102; at 25 pm *P=0.0150
F=4.672). (n=15 for PSD,
n=16 for PSD-scr-eIF4E and
n=12 for PSD-si-eIF4E, one-
way ANOVA). G Relative gene
expression of IL-1, IL-6, IL-10,
and TNF in the hippocampus of
PSD, PSD-scr-eIF4E, and PSD-
si-eIF4E mice (n=4 per group,
in IL-1*%P=0.0144, F=6.948;
in IL-6*P=0.0306, F=5.407;
in TNF#P=0.0195, F=6.570).
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function but influences PSD by regulating microglial activa-
tion. Thus, our study provides evidence that e/F4E can be
used as a potential target for the treatment of PSD.

To date, there has been considerable variation in the use
of PSD models, such as the selection of stroke models, the
observational time of post-stroke behavioral assessment,
and the use of behavioral testing methods. Notably, some
research groups have reported reliable "depression-like syn-
dromes" characterized by multi-tiered degrees of anxiety,
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despair, and depression following different middle cerebral
artery occlusion or microembolization models [41-47].
Moreover, some studies have even confirmed that stroke-
induced psychiatric alterations can be treated with antide-
pressants [41, 45]. Here, we used our previously-established
mouse model of photothrombosis-induced cortical ischemia
[30], which allows accurate control of the site and size of
ischemic foci. Then, based on the unsupervised fuzzy clus-
tering analysis from Matthew Boyko [28], we successfully
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screened PSD mice with typical phenotypes of depression-
like behavior, which are consistent with clinical morbidity
and improve the predictive effectiveness of experimen-
tal stroke studies. Our PSD mouse model will help future
research find a way around the translational roadblocks in
the development of stroke treatments.

According to clinical studies, the primary lesion in
patients with PSD is usually located in the left hemisphere,
particularly in the dorsolateral prefrontal cortex [48]. This
was the rationale for our PSD model induced by cortical
photothrombosis. Interestingly, we found that the hippocam-
pus of PSD mice was the most severely affected region sec-
ondary to cortical ischemia. This result is consistent with
Sture Liljequist’s report on secondary delayed lesions in the
hippocampus and thalamus after focal cerebral ischemia
induced by extradural compression of a specific area in
the somatosensory cortex [49]. In addition, previous stud-
ies have also reported post-ischemic hippocampal lesions
in global cerebral ischemia [50]. The mechanisms behind
these results may lie in the rich, reciprocal fiber projec-
tion relationship between the ischemic cortical areas and
the hippocampus. When cortical areas are injured first, the
hippocampus develops secondary damage due to the loss
of structural and functional connections to the cortex [51].
Thus, our study confirmed the existence of a secondary
remote brain lesion following a primary ischemic corti-
cal insult, which makes the current PSD model a promis-
ing tool for further studies on the underlying neural circuit
mechanisms.

Studies have shown that stable expression of miRNA
maintains homeostasis and normal neuronal functions,
which include neurogenesis, neuronal differentiation, and
synaptic plasticity [52]. However, aberrant expression of
miRNA is associated with apoptosis of neuronal cells, the
inflammatory response, and oxidative stress [53]. A com-
prehensive analysis by Liang et al. showed that certain miR-
NAs, such as miR-140-5p, could provide early warning for
PSD [54]. Moreover, miRNAs may participate in the devel-
opment and progression of PSD through activation of associ-
ated inflammatory cytokines in the brain [55]. For example,
rats with stroke treated with miR-363-3p mimics show fewer
depressive symptoms and reduced neuro-inflammation [56].
Here, we identified a novel miRNA, miR-34b-3p, by RNA-
Seq from the hippocampus of PSD mice. Our study first
confirmed that decreased miR-34b-3p in the hippocampus
leads to a shift from NPSD to PSD, while overexpression
of miR-34b-3p alleviates the depression-like symptoms.
The caveat here is that the specificity of brain tissue ensures
the credibility of RNA-sequencing analysis, and this will
be more profound if relevant results of hippocampal subre-
gions like CA1, CA3, and DG are obtained. Mark ez al. used
next-generation RNA-seq to produce a quantitative, whole-
genome characterization of gene expression for the granule

cells and mossy cells of the dentate gyrus, and pyramidal
cells of areas CA3, CA2, and CA1. They analyzed the tran-
scriptomes of each of these five excitatory populations,
which they referred to as five distinct cell "classes". Then
they profiled the excitatory cells comprising the trisynaptic
loop at the dorsal and ventral poles of the hippocampus and
referred to cell classes at opposite poles to be from distinct
regions [57]. In addition, Sheel ef al. discovered that distinct
subregions within CA1 and CA3 are composed of unique
combinations of cells in different transcriptional states [58].
We intend to perform single-cell spatiotemporal transcrip-
tome sequencing to further explore the cellular and molecu-
lar mechanisms of PSD regarding different types of neurons
in different subregions of the hippocampus.

We further confirmed that e/lF4E is the target gene of
miR-34b-3p, and inhibition of eIF4E expression in hip-
pocampal neurons improves depression-like behaviors in
PSD mice. It is known that e[F4E is the cap-binding protein
that binds to mRNA, allowing the recruitment of ribosomes
and translation initiation [59]. Recent studies have high-
lighted the importance of eIF4E in the brain. For example,
elF4E-dependent translation is essential for neuronal cell
function and its aberrant function has been implicated in
neurodevelopmental and neuropsychiatric conditions [60].
The mechanism of eIF4E’s role in the brain is considered
to be linked to cell-cycle progression, cell survival, and cell
motility [61, 62], as well as inflammation and immunity [63,
64]. Our findings differ from these in that neither overex-
pression nor knockdown of eIF4E in hippocampal neurons
affected neuronal function, but rather activated microglia
and promoted neuro-inflammation. We speculate that eIF4E
may regulate the transcription of certain genes that encode
proteins like the cytokines S1P, LPS, HMGB1, S100B, and
CKLF]1. These factors are released from neurons and bind
to microglial cell membrane receptors, such as the cytokine
receptors SIPR, RAGE, TLR4, IL-4R, and CCRA4, to trigger
pro-inflammatory cellular signaling pathways [65]. In addi-
tion, the previous studies differ from ours in that they found
that a decrease of p-eIF4E or the elF4E gene in whole brain
is associated with major depression, and we discovered an
increase in total e[F4E in the hippocampal neurons involved
in post-stroke depression. Thus, the gene expression, modi-
fication of eIF4E, and distribution in different brain regions,
may play different roles in the development of different mod-
els of depression. For example, studies have also shown that
elF4E serves as the point of signal integration for the conver-
gence of the ERK-MEK and PI3K-Akt-mTOR pathways.
Increasing eIF4F complex availability via the genetic elimi-
nation of 4E-BP2 can enhance the degree of depression [66].
Therefore, we believe that eIF4E is like a “double-edged
sword”. Excessive expression of eIF4E in specific brain
regions may also lead to psychiatric disorders by promoting
gene transcription or crosstalk with glial cells. Even so, how
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Fig. 8 Summary cartoon. Pri-
mary cortical ischemia induces
secondary hippocampal injury
and downregulates neuronal
miR34b-3p, which leads to
increased expression of its
target gene e/F4E. Upregulation
of eIFAE causes neuroinflam-
mation through an indirect path-
way of microglial activation.
However, inhibition of eIF4E in
hippocampal neurons alleviates
neuroinflammation and amelio-
rates the symptoms of PSD.

Primary
Cortical Ischemia

Post-stroke depression <«—

elF4E in neurons affects microglial function requires further
studies, but our study still provides evidence for considering
elF4E as a potential target to treat PSD.

Conclusion

In conclusion, our study using comprehensive approaches
screened PSD mice with a typical depression-like behavioral
phenotype that is consistent with clinical PSD morbidity. We
found that downregulation of miR-34b-3p and upregulation
of its target gene e[F4E caused PSD development through
the activation of microglia, without affecting neuronal func-
tions (Fig. 8). However, how the miR-34b-3p—eIF4E sign-
aling axis in neurons affects microglial activation requires
future studies to elucidate the specific cellular and molecular
mechanisms. More precise and targeted therapies focusing
on genetic and protein functional aberrations are needed to
investigate and abolish PSD and its long-term outcomes.
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