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Abstract Epilepsy is a chronic and severe neurological
disorder that has negative effects on the autonomous
activities of patients. Functionally, Trem2 (triggering
receptor expressed on myeloid cells-2) is an immunoglob-
ulin receptor that affects neurological and psychiatric
genetic diseases. Based on this rationale, we aimed to
assess the potential role of Trem?2 integration with the
PI3K/Akt pathway in epilepsy. We used microarray-based
gene expression profiling to identify epilepsy-related
differentially-expressed genes. In a mouse hippocampal
neuron model of epilepsy, neurons were treated with low-
Mg®" extracellular fluid, and the protein and mRNA
expression of Trem2 were determined. Using a gain-of-
function approach with Trem?2, neuronal apoptosis and its
related factors were assessed by flow cytometry, RT-qPCR,
and Western blot analysis. In a pilocarpine-induced
epileptic mouse model, the malondialdehyde (MDA) and
8-hydroxy-2'-deoxyguanosine (8-OHdG) content and
superoxide dismutase (SOD) and glutathione-peroxidase
(GSH-Px) activity in the hippocampus were determined,
and the protein expression of Trem2 was measured. In
addition, the regulatory effect of Trem2 on the PI3K/Akt
pathway was analyzed by inhibiting this pathway in both
the cell and mouse models of epilepsy. Trem2 was found to
occupy a core position and was correlated with epilepsy.
Trem?2 was decreased in the hippocampus of epileptic mice
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and epileptic hippocampal neurons. Of crucial importance,
overexpression of Trem2 activated the PI3K/Akt pathway
to inhibit neuronal apoptosis. Moreover, activation of the
PI3K/Akt pathway through over-expression of Trem?2
alleviated oxidative stress, as shown by the increased
expression of SOD and GSH-Px and the decreased
expression of MDA and 8-OHdG. The current study
defines the potential role of Trem2 in inhibiting the
development of epilepsy, indicating that Trem2 up-regu-
lation alleviates hippocampal neuronal injury and oxidative
stress, and inhibits neuronal apoptosis in epilepsy by
activating the PI3K/Akt pathway.
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Introduction

Epilepsy is a chronic disorder of the brain featuring
epileptic seizures caused by a continuous tendency for, or
triggered by, overstimulation and super-synchrony of
neurons [1, 2]. The latest statistics state that ~ 65 million
people worldwide are suffering from epilepsy. The daily
life of patients is badly affected by the loss of autonomous
activities, and patients are commonly discriminated against
or misunderstood [3]. Furthermore, epilepsy has high
incidence and prevalence rates. Although some antiepilep-
tic drugs are capable of controlling seizures, the limited
supply and quality of these drugs are obstacles to effective
treatment [4]. Although antiepileptic drugs are considered
to be the fundamental therapeutic method [5], seizures still
occur in > 20% of patients after optimal drug treatment.
The alleviation of seizures can presumably be achieved by
gene therapy targeted to the epileptogenic zone, allowing
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modification of the neuronal activity at the seizure focus
without excision of the area or pathway transection [6].
Accordingly, it is essential to find effective genetic markers
to improve the therapeutic effect for patients suffering from
epilepsy.

Trem?2 (triggering receptor expressed in myeloid cells-2)
is an immune receptor and functions as a trigger of
phagocytosis and a modulator of the inflammatory response
in microglia [7]. The pathogenic role of Trem2 mutations
in Alzheimer’s disease (a typical neurodegenerative dis-
ease characterized by chronic inflammatory responses) has
been demonstrated in several studies [8, 9]. In addition,
Trem2 depletion in mouse microglia results in low
phagocytic activity which impairs the clearance of apop-
totic neurons, while Trem?2 elevation inhibits inflammatory
responses [10]. Moreover, loss of Trem2 in mice may
contribute to delay of neurological recovery and exacer-
bation of ischemic damage [11]. The phosphatidylinositol
3-kinase (PI3K)/protein kinase B (Akt) pathway has been
reported to be crucially involved in human cancers [12].
Strikingly, activation of this pathway assists the regener-
ation of adult central neurons [13]. The relationship
between Trem2 and the PI3K/Akt pathway has been
investigated, demonstrating that a Trem2-mediated anti-
bacterial effect through activation of the PI3K/Akt pathway
facilitates the intracellular killing of Pseudomonas aerug-
inosa by macrophages [14]. So, we hypothesized that
Trem2 may inhibit neuronal apoptosis and injury and
alleviate oxidative stress in epilepsy via the PI3K/Akt
pathway. We therefore investigated the physiological role
of Trem?2 during epilepsy both in vivo and in vitro.

Materials and Methods
Ethics Statement

The current study was conducted in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
The animal experiments were approved by the Institutional
Animal Care Committee of Xuanwu Hospital, Capital
Medical University. The experimental procedures were
performed in accordance with the “three Rs” principle
(reduction, replacement, and refinement) for minimal
suffering of the animals.

Microarray-Based Gene Expression Profiling
of Epilepsy

Epilepsy-related chip data were searched on the GEO

database (https://www.ncbi.nlm.nih.gov/geo/). Differential
analysis of data from patients with epilepsy and healthy
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controls was conducted using the LIMMA package of the
R language. A llogFC (fold changes)l value > 2 and a
P value < 0.05 were the screening criteria for differen-
tially-expressed genes (DEGs). The ‘pheatmap’ package
was used to establish the heatmap of DEGs.

Gene Ontology (GO) Analysis

The WEB-based Gene SeT AnaLysis Toolkit (WebGestalt)
(http://www.webgestalt.org/option.php), a web tool for
gene functional enrichment analysis, was used for GO
analysis of the epilepsy-related DEGs.

Gene-Gene Interaction Analysis

The gene-gene interactions of epilepsy-related DEGs were
analyzed using the STRING database (https://string-db.org/)
and an interaction network was constructed using Cytoscape
(http://js.cytoscape.org/).

Screening of Trem2-Related Pathways

Trem2-related pathway information was obtained using the
multifaceted pathway database, WikiPathways (https:/
www.wikipathways.org/index.php/WikiPathways) [15].

A Hippocampal Neuron Model of Epilepsy

Mouse hippocampal neurons (Shanghai Kang Lang
Biotech Co., Ltd, Shanghai, China) were cultured in
neuronal culture medium containing 98% Neurobasal
medium (Gibco, Carlsbad, CA), 2% B27 supplement
(Gibco), 0.2 mol/L L-glutamine, 1 x 10° U/L penicillin
and 1 x 10° U/L streptomycin at 37 °C under 5% CO,.
The medium was discarded when establishing the epilepsy
model, and the neurons were rinsed in low-Mg>" extra-
cellular fluid (ECF) containing (in mmol/L) 145 NaCl,
12.5 KCl, 10 HEPES (pH 7.2), 2 CaCl,, 10 glucose, and
0.002 glycine, and stored at 4 °C until use. The hippocam-
pal neuron model of epilepsy was constructed using low-
Mg2+ ECF culture [16]. The neurons were cultured in the
low-Mg>" ECF (2 mL per well) at 37 °C under 5% CO,.
After 3 h, the neurons were rinsed twice with neuronal
culture medium, and then cultured in neuronal culture
medium at 2 mL per well. Normally-cultured hippocampal
neurons were used as controls. Whole-cell voltage-clamp
recordings were performed using an extracellular patch
clamp (EPC)-10 system (HEKA Electronik, Lambrecht,
Germany). The recording electrode was controlled by a
microelectrode control instrument (Axon, Molecular
Devices, LLC, CA). As expected, hippocampal neurons
lacking Mg?* for 3 h generated spontaneous recurrent
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epileptiform discharges and showed the same electrophero-
gram characteristics as human epilepsy [17].

Cell Transfection

Hippocampal neurons from mice were assigned into a
normal group (normal neurons), a blank group (epileptic
neurons without transfection), a pcDNA3 group (epileptic
neurons transfected with pcDNA3 vector), a pcDNA3-
Trem?2 group (epileptic neurons transfected with pcDNA3-
Trem2 plasmid), an LY294002 group (epileptic neurons
treated with the PI3K/Akt pathway inhibitor LY294002 at
36 umol/L for 36 h), and an LY294002 + pcDNA3-Trem?2
group (epileptic neurons treated with LY294002 after
transfection with pcDNA3-Trem?2 plasmid). All plasmids
used for transfection were synthesized by Shanghai
GenePharma Co., Ltd. (Shanghai, China).

To a 1.5 pL sterile Eppendorf (EP) tube were added
1.5 pg packaged mixed plasmids, 0.5 pg expression plas-
mids, and 250 pL serum-free medium, which were gently
mixed and kept at room temperature for 5 min. To another
1.5 pL sterile EP tube were added Liposome 2000 in
250 pL. serum-free medium (9:1), and these were gently
mixed and kept at room temperature for 5 min. The DNA
and liposome solutions were mixed gently and incubated at
room temperature for 20 min. Then, 293T cells were
treated with trypsin, counted, and re-suspended in serum-
containing medium. A total of 1 mL serum-containing
medium per well was added to the six-well plate, and
supplemented with the DNA-liposome mixture. Next,
1 mL of the re-suspended 293T cells (1 x 10° cells/mL)
were added to the plate and incubated overnight at 37 °C in
a CO, incubator. Then the culture medium was replaced.
The viral supernatant was harvested 48 h—-72 h after
transfection, centrifuged at 3000 rpm for 20 min, and then
the precipitate was removed.

Twenty-four hours prior to transfection, mouse hip-
pocampal neurons were inoculated in a six-well plate.
Transfection was conducted when cells reached 80%—-90%
confluence.

A Mouse Model of Epilepsy

Fifty clean adult male ICR mice (6 weeks old, weighing
25 g-30 g) were provided by Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China). The
mice were fed in separate cages under 12 h light/dark
cycles at 22 °C-25 °C. Stereotaxic injection was per-
formed as previously described [19]. The mice were
assigned to three groups: the epilepsy (EPI) + Ad-Trem?2
group (injected with Trem2 over-expressing lentiviral
vector), the EPI 4+ Ad-NC group (injected with negative
control lentiviral vector), and the EPI + Ad-Trem2 +

LY294002 group (simultaneously injected with Ad-Trem?2
and 5 pL LY294002). The lentiviral vectors were from
Shanghai Genechem Co., Ltd. (Shanghai, China). Mice in
each group were anesthetized by intraperitoneal injection
of 2.5% sodium pentobarbital at 10 mg/kg. After mice
exhibited even breathing and signs of anesthesia, they were
fixed on a stereotaxic frame. The cranial skin was
disinfected with 75% alcohol, and a 0.5 cm incision was
made, after which the skin was sterilized with 0.05%
hydrogen peroxide, and finally the bregma was exposed.
Based on the mouse brain atlas position (- 2.18, — 2.6, —
2.5) (PMID: 21275977), the cranium was opened with a
cranial drill and 2 holes were drilled, each of 0.8 mm in
diameter. The vectors were then injected into each side
using a 2 pL. microsyringe at 0.5 pL/min, and the needle
was left in place for 6 min. The scalp was sutured, the mice
were kept warm, and returned to their cages when they
could act autonomously. The mice were further maintained
for two weeks, after which models were constructed [19].
After stereotaxic injections with lentiviral vectors, the mice
were pretreated with intraperitoneal injection of 127 mg/kg
lithium chloride. After 20 h, 30 mg/kg pilocarpine was
injected intraperitoneally (1 mg/kg scopolamine hydrobro-
mide was injected subcutaneously 30 min before pilo-
carpine injection to antagonize the peripheral cholinergic
responses induced by pilocarpine). In the normal group,
physiological saline was injected instead of pilocarpine
20 h after intraperitoneal injection of lithium chloride.
Behavioral changes were observed, and the seizure activity
was assessed on the basis of Racine’s stages [21]. Mice
graded level IV or V were used as models. If some mice
were excluded, the corresponding number of mice was
added to balance the sample size of each group. After mice
were in status epilepticus for 60 min, 10 mg/kg diazepam
was injected intraperitoneally to terminate the seizures.
Twenty-four hours after the onset of epilepsy, the mice
were anesthetized with 2.5% sodium pentobarbital, sacri-
ficed by decapitation, and the brain rapidly removed. The
bilateral hippocampi were quickly isolated on ice. The
fresh hippocampal tissue was stored at — 80 °C until
assessment of malondialdehyde (MDA), superoxide dis-
mutase (SOD), glutathione-peroxidase (GSH-Px), and
determination of DNA 8-hydroxy-2'-deoxyguanosine (8-
OHAG). At the same time, some of the hippocampal tissue
was dehydrated to wax for 23 h and embedded in paraffin
for hematoxylin-eosin (HE) staining and terminal deoxynu-
cleotidyl transferase (TDT)-mediated dUTP-biotin nick
end-labeling (TUNEL) staining.

Observation of Animal Behavior

The seizure activity of epileptic mice was graded into 6
levels based on Racine’s stages: 0, no seizure; I, facial
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clonus, including rhythmic chewing, blinking, and stereo-
typical mouthing; II, nodding-dominated neck muscle
twitching; III, unilateral forelimb myoclonic jerks, convul-
sions, but no hindlimb standing; IV, convulsions in
bilateral forelimbs and body rearing; V, comprehensive
rigidity, clonic seizures, bilateral hindlimb rigidity, body
dorsiflexion, and falling. Kindling-induced epilepsy in
mice was assessed as follows: mice exhibiting seizures of
levels ITV-V after three consecutive intraperitoneal injec-
tions of pilocarpine, indicative of a successful kindling
model of epilepsy, were used for subsequent experiments.
Latent period was defined as the time from pilocarpine
injection to the first occurrence of level IV-V seizures.
Seizure period was defined as the time from the onset of
level IV-V seizures within 30 min after pilocarpine
injection until the termination of seizures. The data from
all mice that died during the experiment were excluded.

Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

Total RNA from hippocampal neurons and tissue was
extracted using a TRIzol kit (Invitrogen Inc., Carlsbad,
CA). cDNA was synthesized using a reverse transcription
system which was prepared according to the instructions
with the TRIzol kit. The reaction mixture (25 pL) was as
follows: 2 x Super Real Premix 12.5 pL, 2 pL. cDNA
template, 0.75 pL forward primer (10 pmol/L), 0.75 pL
reverse primer (10 pmol/L), and 9 pl. RNase-free ddH,O.
The conditions consisted of pre-denaturation at 94 °C for
15 min, and 40 cycles of denaturation at 94 °C for 10 s,
and annealing and extension at 66 °C for 30 s. The melting
curve was plotted after reaction. The B-actin gene served as
an internal reference. The relative mRNA expression of the
target gene was calculated using the 27AAC method.
Experiments were repeated three times in an independent
manner. The primer sequences are listed in Supplementary
Table S1.

Western Blot Analysis

Total protein of hippocampal neurons and tissue was
extracted using a protein extraction kit (Bestbio, Shanghai,
China). The protein concentration of each sample was
determined using a bicinchoninic acid kit (23225, Pierce,
Rockford, IL), and adjusted to the same concentration with
deionized water. Next, 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel (PO012A, Beyotime
Biotechnology Co., Shanghai, China) was prepared. To
each lane were added 50 pg protein samples, and 2-h
electrophoresis was conducted at 80 V and 120 V. Subse-
quently, the proteins were transferred onto a
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polyvinylidene fluoride membrane (ISEQ00010, Millipore,
Billerica, MA) using the wet transfer method at a constant
current of 250 mA for 90 min. The membrane was blocked
for 2 h with Tris-buffered saline Tween-20 (TBST)
containing 5% skim milk powder. After the blocking fluid
was discarded, the membrane was rinsed with TBST. After
that, the membrane was incubated overnight at 4 °C with
the primary antibodies (all from Abcam Inc., Cambridge,
UK): rabbit anti-Trem2 (dilution ratio 1:500, ab86491),
rabbit anti-p-PI3K (1:1000, ab40776), rabbit anti-PI3K
(1:1000, ab127617), rabbit anti-p-Akt (1:500, ab38449),
rabbit anti-Akt (1:500, ab8805), rabbit anti-Bcl-2 (1:500,
ab692), rabbit anti-Bax (1:1000, ab32503), rabbit anti-
caspase3 (1:500, ab13847), and rabbit anti-B-actin (1:500,
ab8226). Then, the membrane was rinsed three times with
TBST (10 min each), and incubated with the horseradish
peroxidase (HRP)-labeled goat anti-rabbit IgG (1:2000,
ab6721, Abcam) at room temperature for 1 h. Then, the
membrane was rinsed three times with PBST (10 min
each). Next, the membrane was developed with enhanced
chemiluminescent solution (WBKLS0100, Millipore),
exposed in the dark, and visualized. B-actin served as an
internal reference, and the ratio of the gray value of the
target band to the internal reference band was considered to
be the relative expression of the protein.

Assessment of Oxidative Stress

The MDA content and SOD and GSH-Px activity were
determined in accordance with the instructions with each of
the detection kits (all from Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China). The MDA content was
determined using the thiobarbituric acid colorimetric
method, SOD activity was assessed using the WST-1
method and GSH-Px activity using the UV colorimetric
assay.

Enzyme-Linked Immunoassay (ELISA)

The total DNA of hippocampal neurons or hippocampal
tissue was extracted according to the instructions with the
TRIzol kit (Qiagen Co., Hilden, Germany). The 8-OHdG
content in the DNA of hippocampal neurons was deter-
mined using the 8-OHdG ELISA kit (Japan Institute for
Control of Aging, Shizuoka, Japan) which has high
sensitivity. Finally, the optical density (OD) was measured
at 450 nm, and each experiment was repeated three times.
The results were calculated based on a linear calibration
curve plotted from 8-OHdG standard solutions. The
8-OHdG content is expressed as picograms per microgram
of DNA.
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Flow Cytometry

Following the instructions with the Annexin V apoptosis
detection kit (Beijing Biosea Biotechnology Co., Ltd.,
Beijing, China), hippocampal neurons were treated with
0.01, 0.10, and 1.0 nmol/L lidazyme for 48 h and collected
after centrifugation. Then, the neurons were rinsed 2-3
times with PBS and centrifuged at 120 x g at 4 °C for
10 min. After the supernatant was discarded, another
150 pL of binding buffer was added for cell resuspension.
Finally, 10 pL Annexin V-fluorescein isothiocyanate and
5 pL propidium iodide were gently mixed, and added to the
neurons at room temperature without light exposure.
Afterwards, a further 150 pL of binding buffer was added,
and a flow cytometer (Coulter Electronics, Hialeah, FL)
was used to measure the fluorescence intensity. The data
were processed using FACScan software, and the result
was expressed as the apoptosis rate.

TUNEL Staining

Apoptotic hippocampal tissue was labeled according to
the procedure with the in situ apoptosis detection Kkit.
Next, the tissue was cut into sections, which were
routinely dewaxed to water, and immediately placed in
a beaker with 200 mL citrate buffer (0.1 mol/L, pH 6.0)
pre-heated to 90 °C-95 °C. Then, the sections were
irradiated using a 680 W microwave (80% power) for
1 min, rapidly cooled in 80 mL double-distilled water
(20 °C-25 °C), moved into phosphate buffer (20 °C—
25 °C), and rinsed three times with phosphate buffer
(5 min each). Next, the sections were incubated with 20%
normal bovine serum at room temperature for 30 min.
Subsequently, they were treated with 50 pL. TUNEL
reaction mixture, and incubated at 37 °C for 90 min
(negative control sections were incubated without the
TUNEL reaction mixture). Then the sections were rinsed
three times with phosphate buffer (5 min each), blocked
in 3% H,0O,/methanol solution at room temperature for 10
min, and further incubated at 37 °C for 90 min, followed
by another incubation at 37 °C for 90 min with the
addition of HRP solution (50 plL/section). After rinsing
three times with phosphate buffer (5 min each), the
sections were stained with diaminobenzidine (DAB)/
H,0,. Finally, the sections were lightly counter-stained
with hematoxylin, dehydrated, cleared, and sealed with
neutral gum. Next, 2 sections from each mouse were
observed under a microscope (x 400). A total of 5
individual fields on each section were randomly observed
in the CAl and CA3 regions. The number of TUNEL-
stained cells per unit area was calculated (positive cells
with nuclei stained dark brown).

HE Staining and Immunohistochemical Assay

Serial coronal sections (10 pm) were cut on a microtome,
floated in a warm water bath, and then placed on clean
slides coated with gelatin-chrome alum. The sections were
baked in an oven for 2 h and then stored at 4 °C for later
use. Two of every 5 sections were taken to form one set of
8—10 sections, and were kept for HE staining. The
morphology and distribution of neurons in the hippocampal
CAl and CA3 regions of stained sections were observed
under an optical microscope. Hippocampal tissue was
obtained from normal and acute epileptic mice, and 4-um
paraffin sections were prepared, routinely dewaxed, and
hydrated, followed by microwave repair. After endogenous
enzymes were inactivated with H,O, and blocked in
normal goat serum, the sections were incubated with
Trem?2 antibody (1:100, Cell Signaling Technology Inc.,
Danvers, MA) at 4 °C for 24 h. Then they were incubated
with HRP-labeled goat anti-rabbit IgG antibody (1:200,
KPL, Gaithersburg, MD) for 50 min at room temperature.
The sections were rinsed three times with PBS (pH 7.4)
(5 min each) before incubation with the above reagents.
Then, the sections were developed with DAB (Dako
Denmark A/S, Glostrup, Denmark); the positive samples
exhibited brown-yellow coloration. Next, the sections were
lightly counterstained with hematoxylin, routinely dehy-
drated, cleared, and mounted. The primary antibody was
replaced with normal goat serum as a negative control. The
integrated OD values of 10 cortical fields per group were
measured under a microscope (400 x) using Image-Pro
Plus software (Version 6.0, Olympus, Tokyo, Japan). The
criteria were based on the literature [21]. Cells with brown-
yellow protein were evaluated as positive. The protein-
positive cells were assessed in 5 randomly-selected high-
power fields (200 x) on each section, with 100 cells in
each field. First, staining intensity was scored as follows
(1-4 points): 1, weak positive staining; 2, moderate
positive staining; 3, strong positive staining; 4, strongest
positive staining. Then, the percentage of positive cells
among the total cells was scored as follows (0—4 points): O,
negative cells; 1, < 25% positive cells, 2, 25%-50%
positive cells; 3, 51%-75% positive cells; and 4, > 75%
positive cells. Finally, the sum of the two scores was used
to identify protein-positive cells as follows: 0, negative (-);
1-4, weak positive (+); and 5-8, strong positive (+-+).
Weak positive cells were classified as negative.

Statistical Analysis
The SPSS 21.0 software package (IBM Corp. Armonk,
NY) was used for statistical analysis. Data are displayed as

mean =+ standard deviation. Enumeration data were
analyzed using the % test, and comparisons between two
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groups were analyzed using the independent z-test. Multi-
ple groups were compared with one-way analysis of
variance (ANOVA). A value of P < 0.05 was considered
to be statistically significant.

Results

Trem2 has Potential to Protect Against Epilepsy
Through the PI3K/Akt Pathway

The data from GSE77578 chip were obtained from the
GEO database, and 67 DEGs were obtained after differ-
ential analysis of the epilepsy and control samples.
Subsequently, a heatmap of the top 50 DEGs was
constructed (Fig. 1A). The 67 DEGs were mainly impli-
cated in “biological regulation”, “membrane”, and “pro-
tein binding” according to the results of GO functional
analysis (Fig. 1B). This finding indicated that biological
processes are closely associated with the occurrence and
development of epilepsy. Next, gene-gene interactions of
the top 50 DEGs were analyzed (Fig. 1C), and this
revealed that Trem2 and Tyrobp were in core positions.
Interestingly, previous studies have proposed that Trem?2
plays an important role in epilepsy [22, 23], and the PI3K/
Akt pathway has also been reported to be a crucial
regulator in epilepsy [24-26]. Moreover, several studies
have demonstrated a target relationship between Trem?2
and the PI3K/Akt pathway [14, 27], indicating that Trem?2
could modulate the PI3K/Akt pathway as shown in
Fig. ID. The above results indicate that Trem2 has the
potential to affect the progression of epilepsy by regulating
the PI3K/Akt pathway.

Down-Regulated Protein Expression of Trem2
in Epileptic Hippocampal Tissue

Immunohistochemistry was used to determine the protein
expression of Trem2 in epileptic hippocampal tissue. The
protein expression rate of Trem2 was 76.71% in the normal
group, but 15.49% in the EPI group (P < 0.05, Fig. 2).
These results demonstrated that the protein expression of
Trem?2 is down-regulated in epileptic hippocampal tissue.

Trem2 Elevation Attenuates Apoptosis of Hip-
pocampal Neurons by Activating the PI3K/Akt
Pathway

We used RT-qPCR and Western blot to investigate the
function of Trem2 in the epileptic hippocampal neuron
model, and to determine its mRNA and protein expression
as well as PI3K/Akt pathway-related genes. We found that
the mRNA and protein expression of Trem?2, as well as the
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extent of PI3K and Akt phosphorylation, were significantly
lower in the EPI group than in the normal group (Fig. 3A-
C), while no significant differences were found between the
normal and EPI groups for PI3K and Akt expression. As
for the epileptic hippocampal neurons with Trem2 over-
expression or LY294002, Trem2 was significantly higher
in the pcDNA3-Trem?2 and LY294002 4 pcDNA3-Trem?2
groups, but lower in the pcDNA3 and LY294002 groups
than in the normal group. Compared to the blank group, the
levels of p-PI3K/PI3K and p-Akt/Akt were significantly
higher in the pcDNA3-Trem2 group but lower in the
LY294002 group, with no differences in Trem?2 expression.
Moreover, compared to the LY294002 group, the
LY294002 4 pcDNA3-Trem2 group demonstrated
increased expression of Trem2, p-PI3K/PI3K, and p-Akt/
Akt (P < 0.05). All these data demonstrated the role
played by Trem2 elevation to activate the PI3K/Akt
pathway in epileptic hippocampal neurons. In addition,
the expression of apoptosis-related genes revealed its effect
in epileptic hippocampal neurons. Compared to the blank
group, markedly higher mRNA and protein expression of
Bcl-2 but lower Bax and caspase3 were found in the
pcDNA3-Trem2 group (P < 0.05), while the LY294002
group presented opposite results (P < 0.05). In comparison
with the LY294002 group, the mRNA and protein expres-
sion of Bcl-2 was increased, in addition to the decreased
Bax and caspase3 in the LY294002 + pcDNA3-Trem?2
group (Fig. 4, P < 0.05). All these findings revealed that
Trem?2 elevation suppresses the apoptosis of hippocampal
neurons by activating the PI3K/Akt pathway.

Trem2 Up-Regulation Alleviates Oxidative Stress
and Inhibits Hippocampal Neuronal Apoptosis

Flow cytometry was used to determine hippocampal
neuronal apoptosis (Fig. SA, B). In comparison with the
normal and pcDNA3-Trem2 groups, significantly higher
neuronal apoptosis rates were found in the other four
groups. Compared to the LY294002 group, the blank,
pcDNA3, and pcDNA3-Trem2 + LY294002 groups
exhibited lower neuronal apoptosis rates (P < 0.05). There
were no significant differences between the normal and
pcDNA3-Trem?2 groups, as well as no evident differences
among the blank, pcDNA3, and pcDNA3-Trem2 +
LY294002 groups. These data revealed that neuronal
apoptosis is inhibited by up-regulating Trem2, which leads
to activation of the PI3K/Akt pathway.

In addition, we measured the levels of the oxidative
stress-related factors MDA (by thiobarbituric acid col-
orimetry), SOD (using WST-1), and GSH-Px (by UV
colorimetry) in hippocampal neurons. Compared with the
normal and pcDNA3-Trem2 groups, the activity of SOD
and GSH-Px was significantly lower in the blank, pcDNA3,



A.-H. Liu et al.: Trem2-Mediated PI3K/Akt Pathway in Epilepsy

477

Type
Disease
Normal

Iwzﬂ
1

6430510M02Rik
Fibedt

K

ol

[
1 L
- 1
{ =
00OO0NOD0NOONNOODOODD 00
DDV NNDDDDNDNDNDDDDNDNDNDNDLN O
S=<=sssszs=s=s=<=s==<=====
SSSRSSRRNSRRNNSNSSRNRNR
SEBSBSRERBREINREINRBRBEE
ARt i
ZLTLITZLITLTLILILELEIRE
5555555555555 5555555585%
SNSSNNa NS NG IR RSIIN
B BRLEBILBEcERNIFEE88R8
Biological Process categories Cellular Component categories
607
©
3
50
40
30
207
107
o
S95225558558 2 SBo855Es
ESR885EE8B 3G 52338797 5
£ 0000 N 359 5205>E0 c
gg_g a g < a3 Kol £ ;\-,cg8§ 32
2o2ss8does 2 g 5 o5 23
8getc~o652¢90 S E 3 §33 32
2oafss Z2=°t¢ 83
S &8 8¢cEg s . s 58° E
$8358 £°°% % 8¢
o 20 ?
e ©59 g8 = ° gg
5§ ¢ B s8
=° 8 GE
8 &
= 3
= 2
E 8
C Title: Microglia pathogen phagocytosis pathway D

Organism: Mus musculus

Fig. 1 Epilepsy chip GSE77578 was obtained, and 67 DEGs were
associated with epilepsy by microarray-based gene expression
profiling. A Heatmap of the top 50 epilepsy-related DEGs (abscissa,
sample number; ordinate, genes). The upper tree diagram shows the
clustering of sample types, and the left tree diagram shows the
clustering of gene expression. Each small square represents the
expression of one gene in one sample. Upper right, color scale. B GO
analysis of these DEGs showing that they were mainly implicated in
“biological regulation”, “membrane”, and “protein binding”. The
three histograms represent three clustering results for biological

:
SHbbosoctaric
Ppmie

&

Molecular Function categories

]
7]
7]
Ko}
°
c
S

enzyme regulator a
nucleic a
nucleotide
carbohydrate
chromation

=
-G

Phagocylosis g Acin
migraon reorganization

Microglia

processes, cellular components, and molecular function (abscissa, GO
items; ordinate, number of genes). C Gene-gene interactions of
epilepsy-related DEGs analyzed using the STRING database. Each
circle represents a gene and lines between circles indicate direct or
indirect interactions between two genes. D Trem2-related pathway
information analyzed using WikiPathways, suggestive of a relation-
ship between Trem2 and the PI3K/AKT pathway. DEGs, differen-
tially-expressed genes; GO, Gene Ontology; Trem?2, triggering
receptor expressed on myeloid cells 2.

@ Springer



478

Neurosci. Bull. June, 2019, 35(3):471-485

Normal ' EPI

Fig. 2 Immunohistochemistry showed that the protein expression of

Trem2 was down-regulated in hippocampal tissue from epileptic
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Fig. 4 Trem2 up-regulation inhibited hippocampal neuronal apopto-
sis in epilepsy. A mRNA expression of Trem2, Bcl-2, Bax, and
caspase3 determined by RT-qPCR, suggesting that Trem2 upregula-
tion inhibits hippocampal neuronal apoptosis. B-C Protein expression
of Trem?2, Bcl-2, Bax, and caspase3 and the extent of PI3K and Akt
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phosphorylation determined by Western blot, indicating that Trem2
upregulation and PI3K/Akt pathway activation inhibit hippocampal
neuronal apoptosis (mean =+ standard deviation; each experiment
repeated three times; “P < 0.05 vs normal group, *P < 0.05 vs blank
group, #P < 0.05 vs LY294002 group, one-way ANOVA).
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Fig. 5 Oxidative stress and hippocampal neuronal apoptosis were
alleviated by up-regulation of Trem2. A Flow cytometry scatter plot
showing that neuronal apoptosis was inhibited by Trem?2 elevation.
B The neuronal apoptosis rate was decreased by Trem?2 upregulation.
C SOD activity was increased by Trem?2 elevation (WST-1 method).
D MDA content was decreased by Trem2 upregulation (thiobarbituric

pcDNA3-Trem2 + LY294002 and LY294002 groups, but
the MDA level was higher in these groups (Fig. SC-E).
Compared with the LY294002 group, SOD and GSH-Px
activity was higher in the blank, pcDNA3, pcDNA3-Trem?2
+ LY294002, and LY294002 groups, while the MDA level

acid colorimetry). E GSH-Px activity was increased by Trem?2
elevation (UV colorimetry). F 8-OHdG content was decreased by
Trem?2 elevation (ELISA). *P < 0.05 vs EPI group, P < 0.05 vs
LY294002 group, one-way ANOVA. EPI, epileptic hippocampal
neurons in mice. The experiments were repeated three times.

was lower; there were no significant differences between
the normal and pcDNA3-Trem2 groups, as well as among
the blank, pcDNA3, and pcDNA3-Trem2 + LY294002
groups. The expression of DNA 8-OHdG in neurons from
each group was determined using ELISA (Fig. 5F).
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Table 1 Trem?2 up-regulation

inhibited pilocarpine-induced Group Cases (n) LO LI LII LIII LIV LV

seizures in epileptic mice. Normal 10 10 0 0 0 0 0
EPI 10 0 0 0 1 3 6
EPI + Trem2 10 6 2 2 0 0 0
EPI + NC 10 0 0 0 2 3 5
EPI + Trem2 + LY294002 10 0 0 0 2 4 4

EPI, epileptic mice; Trem2, triggering receptor expressed on myeloid cells 2; L, level.

Compared with the normal and pcDNA3-Trem2 groups,
the 8-OHdG content was significantly higher in the blank,
pcDNA3, pcDNA3-Trem2 + LY294002, and LY294002
groups. However, the 8-OHdG levels in the blank,
pcDNA3, and pcDNA3-Trem2 + LY294002 groups were
lower than that in the LY294002 group. There were no
significant differences between the normal and pcDNA3-
Trem?2 groups, as well as among the blank, pcDNA3, and
pcDNA3-Trem2 4 LY294002 groups. These findings
indicated that elevation of Trem2 alleviates oxidative
stress and inhibits hippocampal neuronal apoptosis.

Trem2 Up-Regulation Inhibits Pilocarpine-Induced
Seizures in Mice

With the aim of elucidating the role of Trem?2 in epileptic
mice, the mice were given lithium chloride-pilocarpine to
establish the epileptic model. The seizure behavior in each
group was graded according to Racine’s stages, and the
results are shown in Table 1. There was no apparent
seizure behavior of mice in the normal group, which was
classified as level 0, and the seizure behavior of mice in the
EPI, EPI + Ad-NC, and EPI + Ad-Trem2 + LY294002
groups was classified as levels III-V, most presenting level
IV-V seizures. In the EPI + Ad-Trem?2 group, the seizure
behavior was classified as levels 0-II, primarily level 0.
This evidence revealed that pilocarpine-induced seizures in
mice are inhibited by elevation of Trem?2.

Trem2 Overexpression Alleviates Hippocampal
Neuronal Injury via the PI3K/Akt Pathway

HE staining was used to observe histopathological changes
in the hippocampal tissue of mice (Fig. 6A). A large
number of dense pyramidal cells were aligned in the CAl
and CA3 regions of the normal and EPI + Ad-Trem2
groups. The cellular structure was clear, complete, and
normal with clear edges, and chromatin was uniformly
distributed with rich Nissl bodies in the cytoplasm.
However, in the EPI, EPI + Ad-NC, and EPI + Ad-Trem2
+ LY294002 groups, there showed distinct hippocampal
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neuronal injury and some neuron loss. The cells were
arranged in a disorderly manner. The structure of neurons
was incomplete, the cytoplasm and nucleus had shrunk,
together with chromatin condensation, margination as well
as fewer Nissl bodies.

TUNEL staining was used to assess the apoptosis rate in
hippocampal tissue from mice (Fig. 6B, C). Positive
granulosa cells were not found in the normal group, and
TUNEL-positive cells were significantly increased in the
EPI group. However, no significant difference was found in
TUNEL-positive cells between the EPI + Ad-NC and EPI
groups. In addition, TUNEL-positive cells in the EPI +
Ad-Trem2 group were less than that in the EPI group.
These results suggested that over-expression of Trem2
reduces injury or apoptosis of mouse hippocampal neurons,
and its mechanism is related to the PI3K/Akt pathway.

Trem2 Up-Regulation Alleviates Oxidative Stress
via the PI3K/Akt Pathway

Oxidative stress in hippocampal tissue was assessed in the
EPI mice (Fig. 7A—C). Compared with the normal and EPI
+ Ad-Trem2 groups, the SOD and GSH-Px activity was
significantly lower in the EPI, EPI + Ad-NC, and EPI +
Ad-Trem2 + LY294002 groups, while the MDA levels
were higher. There were no significant differences between
the normal and EPI + Ad-Trem2 groups, as well as among
the EPI, EPI + Ad-NC, and EPI + Ad-Trem2 + LY294002
groups.

Furthermore, we used UV colorimetry to determine the
expression of DNA 8-OHdG in hippocampal tissue from
each group (Fig. 7D). Compared with the normal and EPI
+ Ad-Trem2 groups, the 8-OHdG content was higher in
the EPI, EPI 4+ Ad-NC, and EPI + Ad-Trem2 + LY294002
groups. There were no significant differences between the
normal and EPI + Ad-Trem?2 groups, as well among the
EPI, EPI + Ad-NC, and EPI + Ad-Trem2 4 LY294002
groups. Accordingly, the evidence suggested that elevation
of Trem?2 alleviates oxidative stress and inhibits neuronal
apoptosis through the PI3K/Akt pathway.



A.-H. Liu et al.: Trem2-Mediated PI3K/Akt Pathway in Epilepsy

481

) d-Trem2

Sl
L4
e A

-
&5 »
LA 7 A A ) e
0 <y ¥ = ot
g et
Ve, -,,,,-.r_‘:} 5

Adrem2
+LY294002

T B . VXN .
) (i
L S P s o
st en e ool
B ooeteciy
) 3
:.:,.:g._u.n

3 9) 2
0| Mas g el aatae e 2
d 3 v e % 3 A oI
3, o g0t 48595 927" ¢ 5ca ’
AR R YK SRR LAY T ¢
ETE heseaityeed 7y

.

.
iy

\ . @ it . . .. 3 4
\ . B L 3'_' iy ‘ ¢ 5 . o -
A R gsﬁm 4 5um, . 3l 25um. | . . 25um
55 R XD A W e By SRR N = 5t .
L o - B ' - S % N 8 N % ; ) el .
& -:- .' - - .5- : X .;. .. ~ ~::‘.\:_ : 7 e : ‘ . '-. 5
NS A VAT SC . (RO T e . NS PR ) ALY % %
Sy R IO S ~ D P e el "2""“. e ',"‘.""'
= = -' -~ 5 o B 05y e‘:- oy -—'- 57, A 7 a. e ‘.‘ o te S
- _-’ - _ 25um e v 25um. T = 250my /s ot S - 25um,
Normal EPI Ad-Trem2 Ad-NC Ad-Trem2
Cc +LY294002
801 .
@8 Normal
* d @ EPI
X 60- s . T
= T @ Ad-Trem2
(0]
o Ad-NC
—_
@ 407 @B Ad-Trem2 + LY294002
o
9
Q.
8 20
<

CA1

Fig. 6 Trem2 over-expression alleviated hippocampal neuronal
injury. A Representative images of HE staining of CA1 and CA3 in
the hippocampus (scale bars, 50 pm). In the EPI, EPI + Ad-NC, and
EPI 4+ Ad-Trem2 + LY294002 groups, hippocampal neurons showed
distinct injuries; neurons were lost, and their arrangement was
disordered. The structure of neurons was incomplete, and there
showed a serial of shrunk cytoplasm and nucleus, and chromatin
condensation margination as well as fewer Nissl bodies.

Discussion

Epilepsy is mainly characterized by recurrent seizures and
a series of neurobehavioral comorbidities including cogni-
tive disorders and abnormal social-adaptive behavior, both
representing major sources of disability in children and

CA3

B Representative images of TUNEL staining of CAl and CA3 in
the hippocampus (scale bars, 25 pm). Positive granulosa cells were
absent from the normal and EPI + Ad-Trem?2 groups, while TUNEL-
positive cells were evident in the CA1 and CA3 regions in the EPI,
EPI + Ad-NC and EPI + Ad-Trem2 + LY294002 groups. C The
apoptosis rate of hippocampal neurons in CAl and CA3 was
decreased by Trem2 overexpression (¥*P < 0.05 vs normal group,
one-way ANOVA).

adults [28]. Interestingly, a recent study has suggested that
Trem?2 plays an important role in ischemic brain injury, and
is thought to be an attractive target for the treatment of
ischemic stroke, exhibiting a protective action against
neuronal injury and apoptosis via the NF-kB/ERK pathway
[29]. Therefore, we investigated the regulation of epilepsy

@ Springer



482

Neurosci. Bull. June, 2019, 35(3):471-485

150+

1004

SOD (U/mg protein)
[$)]
e 9
J —] =
"
J _I 3
-

> Q> Q4 O Q
o <L ‘?b X
(<4 v
e o~
Q4
/\@@
Cc ¥
100+
E 804
o
S 60-
£ * %
2 404 - = x
X
2
(% 2 O - l
10)
0 = T T
N
& & & N ¢
eO& &\QJ ?9' (199‘
¥ kel
(1/
«@’@
<4

Fig. 7 Trem2 over-expression alleviated oxidative stress. A WST-1
data suggesting that SOD activity in hippocampal tissue was
increased by Trem2 overexpression. B Thiobarbituric acid colorimet-
ric data showing that the MDA content in hippocampal tissue was
decreased by Trem?2 overexpression. C UV colorimetric data showing

by Trem2 through the PI3K/Akt pathway in both a
hippocampal neuron model and a mouse model of epilepsy.
Of crucial importance, our results showed that over-
expression of Trem?2 activated the PI3K/Akt pathway,
thereby inhibiting the apoptosis and injury of hippocampal
neurons as well as alleviating oxidative stress.

We found that Trem?2 expression was down-regulated in
the epileptic hippocampal neuron model. Using a gain-of-
function approach, we hypothesized that up-regulation of
Trem?2 contributes to the inhibition of neuronal apoptosis
and injury in mice. Interestingly, another study has
revealed that Trem?2 interacts with endogenous ligands on
neurons, and Trem?2 ligands that link microglia with
apoptotic neurons may contribute to the repair of apoptotic
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that the GSH-Px activity in hippocampal tissue was increased by
Trem2 overexpression. D ELISA data showing that the 8-OHdG
content in hippocampal tissue was decreased by Trem2 overexpres-
sion. “P < 0.05 vs normal group, one-way ANOVA.

neurons [30]. A previous study reported that over-expres-
sion of Trem2 alleviates the neurotoxicity and neuroin-
flammation in Parkinson’s disease, providing a potential
therapeutic strategy [31]. In addition, elevation of Trem2
has been found to alleviate neuropathology and the spatial
cognitive impairment of a mouse model of Alzheimer’s
disease [32]. Moreover, Takahashi et al. showed that
Trem2 gene transfer has anti-inflammatory properties to
repair injured central nervous system tissue and further
improve the phagocytosis of apoptotic neurons [33].
However, a previous study reported that reduction of
Trem2 may be favorable to improvement, and might
increase the possibility of neurodegeneration [34]. Erce-
govac et al. further reported that enhancement of protein,
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Fig. 8 Trem?2 inhibits the progression of epilepsy via the PI3K/Akt
pathway. In the epileptic hippocampal neuron model, neurons were
exposed to low—Mngr extracellular fluid. In the epileptic mouse
model, epilepsy was induced by pilocarpine. In both in the
hippocampal neuron and mouse models of epilepsy, down-regulation
of Trem2 had an inhibitory effect on activation of the PI3K/Akt
pathway. This resulted in a decrease of Bcl-2 and increase of Bax and
caspase3, eventually contributing to neuronal apoptosis and injury.
On the contrary, epilepsy-induced neuronal apoptosis and injury was
inhibited by up-regulating Trem?2 along with increases in the levels of
PI3K and Akt phosphorylation, which increased Bcl-2 while decreas-
ing Bax and caspase3. Trem2, triggering receptor expressed on
myeloid cells 2; Bcl-2, B-cell lymphoma-2; Bax, BCL2-associated X.

lipid, and DNA oxidation and increased antioxidant
enzyme activity are manifestations of the oxidative stress
in epilepsy, and an increment of 8-OHdG was further noted
[35]. In a preventive approach, decreased MDA and
8-OHdG content along with increased SOD and GSH-Px
activity has been found in epileptic mice with Trem2 over-
expression, which demonstrated an amelioration of oxida-
tive stress in epilepsy. Partially coinciding with our
findings, the elevation of SOD and GSH-Px activity as
well as downregulation of MDA content induced by
electroacupuncture has been reported to inhibit the oxida-
tive stress of Parkinson’s disease, thereby protecting
against dopaminergic neuronal apoptosis [36]. Importantly,
our results indicated that over-expression of Trem?2 has
therapeutic potential to inhibit the progression of epilepsy,

and to improve the quality of life of patients suffering from
epilepsy.

Subsequently, we also demonstrated that the elevation
of Trem2 resulted in increased levels of p-PI3K/PI3K and
p-Akt/Akt, demonstrating the activation of the PI3K/Akt
pathway, which is thought to prevent the apoptosis and
injury of hippocampal neurons and oxidative stress. In
addition, our results indicated that there were declines in
Bax and caspase3, along with an increase of Bcl-2 after up-
regulation of Trem2, while the opposite results were found
after inactivation of the PI3K/Akt pathway. Similarly,
another study revealed that activation of the PI3K/Akt
pathway is involved in the development of ischemic stroke,
and increased phosphorylation of Akt contributes to the
inhibition of neuronal apoptosis [37]. Along the same lines,
a previous study showed that activation of the PI3K/Akt
pathway is protective against neuronal apoptosis [38].
Interestingly, a previous report noted that the Bcl-2, Bax,
and caspase-3 proteins play a role in the process of
neuronal injury, and elevation of caspase-3 and Bax as well
as down-regulation of Bcl-2 may be associated with
neuronal apoptosis in cerebral ischemia/reperfusion injury
that leads to neurological impairment [39]. In addition,
Mao et al. reported that an increased proportion of Bcl-2/
Bax favors the inhibition of neuronal apoptosis, and
CXCL12 is involved in many neurodegenerative and
neuroinflammatory diseases [40]. In our study, suppression
of the apoptosis-related genes Bax and caspase3 and
elevation of Bcl-2 as well as activation of the PI3K/Akt
pathway were induced by Trem2 over-expression, and
these findings may be therapeutically useful in inhibiting
neuronal apoptosis.

In summary, we demonstrated that up-regulation of
Trem?2 inhibits neuronal apoptosis and injury, and allevi-
ates oxidative stress in epilepsy through activation of the
PI3K/Akt pathway (Fig. 8). Therefore, our results provide
evidence that over-expression of Trem2 may be used to
develop alternative therapeutic strategies for epilepsy. To
explore the potential therapeutic action of Trem?2 in
epilepsy, further research is warranted to evaluate its
effectiveness and safety in the complex cascade of
alterations in molecular, cellular, and neuronal networks.
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