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Introduction: Fear memory formation has been implicated in fear- and stress-
related psychiatric disorders, including post-traumatic stress disorder (PTSD) and
phobias. Synapse deficiency and microglial activation are common among
patients with PTSD, and induced in animal models of fear conditioning.
Increasing studies now focus on explaining the specific mechanisms between
microglia and synapse deficiency. Though newly-identified microglia regulator
triggering receptor expressed on myeloid cells 2 (TREM2) plays a role in
microglial phagocytic activity, its role in fear-formation remains unknown.

Methods: We successfully constructed a fear- formation model by foot-shock.
Four days after foot-shock, microglial capacity of synaptic pruning was
investigated via western blotting, immunofluorescence and Golgi-Cox staining.
Prelimbic chemical deletion or microglia inhibition was performed to detect the
role of microglia in synaptic loss and neuron activity. Finally, Trem2 knockout
mice or wild-type mice with Trem2 siRNA injection were exposed to foot-shock
to identify the involvement of TREM2 in fear memory formation.

Results: The results herein indicate that the foot-shock protocol in male mice
resulted in a fear formation model. Mechanistically, fear conditioning enhanced
the microglial capacity for engulfing synapse materials, and led to glutamatergic
neuron activation in the prelimbic cortex. Prelimbic chemical deletion or
microglia inhibition improved fear memory formation. Further investigation
demonstrated that TREM2 regulates microglial phagocytosis, enhancing
synaptic pruning. Trem2 knockout mice showed remarkable reductions in
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prelimbic synaptic pruning and reduced neuron activation, with decreased fear

memory formation.

Discussion: Our cumulative results suggest that prelimbic TREM2-mediated
excessive microglial synaptic pruning is involved in the fear memory formation
process, leading to development of abnormal stress-related behavior.

fear memory formation, prelimbic, microglia, synaptic pruning, TREM2

1 Introduction

Fear is a protective emotion during exposure to environmental
dangers, and is readily available to ensure that animals respond
promptly to similar stimuli to avoid harm (1). However, continued
response may become detrimental once the traumatic event has
passed, if it surpasses the animal’s allostatic capacity; at this point it
can manifest as symptoms of re-experiencing, avoidance, and
hyperarousal (2), eventually directly harming health. Thus, fear
memory formation is closely associated with fear-related disorders,
including post-traumatic stress disorder (PTSD) and phobias (3).
Although a growing body of evidence has revealed that immune
alterations may be part of PTSD development in humans (4), the
specific mechanisms underlying the role of microglia in this process
remain unknown. It is thus essential to identify the potential
molecular mechanisms involved, to optimize treatment strategies.

Accumulative evidence has implicated the medial prefrontal
cortex as being highly contributing to fear memory (5-9).
Importantly, this region is subdivided into the prelimbic and
infralimbic areas, which are functionally and anatomically distinct
in the fear memory process (10). Fear conditioned mouse models
have shown that prefrontal somatostatin interneuron activity is an
important causal mechanism of fear memory expression (7).
Furthermore, while prelimbic inactivation inhibits fear memory
expression, it does not alter fear extinction. In contrast, infralimbic
inactivation does not impact fear memory expression but does
inhibit fear extinction (11). The prelimbic and infralimbic areas also
have complex functions in fear expression and extinction, with
some studies suggesting that both appear to have similar effects on
neural activity patterns under certain conditions (12). This
cumulative evidence shows that the prelimbic area is biased
towards fear expression and the infralimbic towards fear

Abbreviations: ANOVA, analysis of variance; CS, conditioned stimulus; CSF1R,
colony stimulating factor 1 receptor; FC, fear conditioning; KO, knockout; MFI,
mean fluorescence intensity; PSD95, postsynaptic density protein 95; PTSD, post-
traumatic stress disorder; qRT-PCR, quantitative reverse transcription
polymerase chain reaction; SEM, standard error of the mean; SYP,
synaptophysin; TREM2, trigger receptor expression on myeloid cells 2; US,
unconditioned stimulus; WB, western blotting; WT, wild-type.
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extinction, and that the underlying mechanisms for this require
further study.

Microglia, a major cell population in the innate immune system
(13, 14), have a functional housekeeping role, in which they
continuously promote tissue homeostasis and monitor synaptic
plasticity under both healthy and imbalanced conditions (15).
Developmentally, microglia have emerged as major players in
synaptic pruning, which they perform in a classic complement-
dependent manner (e.g., complements C3 and Clq) (16, 17).
Microglia have the capacity to engulf of the pre- and/or post-
synapse, dynamically altering contacts among hippocampal and
cerebral cortex synaptic elements during the first postnatal weeks
(18). In principle, the microglia can also remove less active synapses
to prioritize those that are more active in early development (19). It has
recently become evident that microglia may exacerbate phagocytic
activity to eliminate ‘superfluous’ synaptic connections in certain
neuropsychiatric diseases, including Alzheimer’s and Parkinson’s (20,
21). Unsurprisingly, recent insights into microglial function in PTSD
pathogenesis indicates that they increase alterations from synaptic
pruning (22), and that fear conditioning triggers neuronal dendritic
spine loss in the medial prefrontal cortex (23). Thus, targeted study of
microglia-mediated synaptic pruning dysregulation may have
translational value in the treatment of stress-related disorders, and
may lead to significant improvements in therapeutic outcomes.

The triggering receptor expressed on myeloid cells 2 (TREM2) is a
single-pass transmembrane receptor of the immunoglobulin
superfamily, initially described as selectively expressed in myeloid-
derived (e.g, monocytes, neutrophils, macrophages, osteoclasts) and
glial cells (24-26). In the central nervous system (CNS), TREM?2 is
particularly enriched on microglia and its transduction pathways play
critical roles in restraining detrimental inflammation and, contributing,
among other actions, to promoting microglial phagocytosis (25, 27, 28).
Microglial phagocytic activity has also been associated with certain
neuropsychiatric disorders (29, 30). Mice has displayed synapse loss,
microglial activation, and increased synaptic pruning of activated
hippocampal microglial cells microglial cells on days7 and 26 after
fear conditioning. Additionally, probiotic treatment has been shown to
rescue this effect, through mitigation of synaptic pruning of activated
microglial cells (22). After electric foot-shock exposure in a contextual
fear memory study, the level of postsynaptic proteins, including discs
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large MAGUK scaffold protein 4 (Dlg4, the encoding gene for
postsynaptic density protein 95 [PSD95]), SH3, and multiple ankyrin
repeat domains 1 (Shankl), Shank2, and Shank3 were all remarkably
decreased in hippocampus (31).Among the most significant potential
modulators of microglial phagocytic activity, TREM2 is bound in its
disease role to nanomolar concentrations of ApoE and
aminophospholipids like phosphatidylserine (32, 33). These advances
suggest that TREM2-dependent engulfment via microglia may
represent a novel therapeutic fear memory target.

Herein, we used paired conditioned stimulus (CS) and
unconditioned stimulus (US) to establish a mouse fear conditioning
model, to investigate microglial involvement in the fear memory
formation process via TREM2-dependent synapse engulfment
patterns. We identified that both microglial engulfment capacity
and TREM2 expression are increased in the prelimbic area, and
that this leads to excessive synaptic pruning and, ultimately, synapse
loss. These cumulative findings suggest that targeting TREM2 may
lead to advances in developing precision medicine for patients with
fear-related disorders and may improve their quality of life.

2 Materials and methods
2.1 Animals

Male wild-type (WT) C57BL/6] mice (7-9 weeks old, 22-25 g)
and Trem2 knockout (KO) (B6/JGpt-Trem2em1Cd3332in1/Gpt)
mice on the C57BL/6 background were procured from
Gempharmatech Co., Ltd (Nanjing, China). The total number of
male WT and Trem2 KO mice were 355 and 58, respectively.
Animals were maintained at 22 + 2°C and 50 + 10% humidity,
under a standard 12-h light/dark cycle, and group-housed (3-5
mice in each cage). Mice had ad libitum access to standard rodent
chow and water. Experiments and analyses were performed double-
blinded. All experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal
Care and Use Committee at Xuzhou Medical University.

2.2 Fear conditioning and testing

The fear conditioning paradigm was adapted from methods
previously described by Zhang et al. (34). Briefly, the entire
procedure took three days in two contexts. On the first day, mice
were placed in the behavioral laboratory for 30 min to ensure
adaptation to the novel environment. Then, they were allowed to
freely explore Context A (black polyester fiber panels, stainless-steel
grid floor) during a 10-min context pre-exposure session. The
following day, after the 30-min behavioral laboratory acclimatization,
mice were randomly divided into groups and placed in Context A
where they were either exposed to three pairings of the CS (a sound, 30
s, 90 dB, 8,000 Hz) and US (foot-shock, 1's, 1 mA) or (for the control
group) exposed to only the CS (a sound, 30 s, 90 dB, 8,000 Hz) three
times. During the pairings, mice were allowed to explore their
surroundings for 60 s to record baseline freezing levels, followed by
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three 30-s tones, each of which was delivered at with an interval of 210 s
and co-terminated with a 1-s foot-shock. After 4 days, mice were being
reintroduced to Context A, and remained there without sound
stimulation or foot-shock for a 5-min contextual test to record
freezing levels. At least 2 h later, they were placed into Context B
(white polyester fiber panels, white acrylic solid floor) for the cued fear
test, during which they experienced a 60-s exploration period and a 30-
s sound CS. Freezing levels were recorded with a near-infrared
FireWire video camera (Med Associates, St. Albans, VT) attached to
a computer.

2.3 Stereotactic injections

For chemogenetic inhibition (activation), viral vectors and viral
vector plasmids were obtained from BrainVTA (Wuhan, China).
Mice were anesthetized with 1% sodium pentobarbital (60 ml/kg,
intraperitoneal [i.p.]) or with 2-5% isoflurane (R500, RWD Life
Science, China), then immobilized on a stereotaxic device (68046,
RWD Life Science). Next, a midline incision and two small holes
were made in the skull. We then injected 300 nl of rAAV-
CaMKIIoi-hM3D(Gq)-mCherry-WPRE-hGH-pA, rAAV-CaMK
[Io-hM4D(Gi)-mCherry-WPRE-hGH-pA or rAAV-CaMKIIo-
mCherry-WPRE-hGH-pA which payload are AAV 2/9 into the
bilateral prelimbic (AP, +1.98 mm; ML, + 0.30 mm; DV, —2.20 mmy;
relative to bregma) at 0.07 pL/min via a microinjection pump. Post-
injection, we waited 10 min to ensure full solution diffusion, then
closed and sterilized the wound. All behavior tests were conducted
at least 3 weeks post-surgery. After all behavior tests were
completed, immunofluorescence staining was performed to verify
virus localization accuracy, as follows: male mice were deeply
anesthetized, after which they were administered serial
intracardial perfusions with 0.9% cold saline (100 mL/100 g), and
4% paraformaldehyde (PFA; 100 mL/100 g). Whole brains were
rapidly removed and postfixed in 4% PFA for 24 h at 4°C and
cryoprotected in 30% sucrose at 4°C. Sections (30 wm thick) were
prepared with a Leica freezing microtome. After they were washed
in PBS three times, brain sections were mounted on slides and
counterstained with DAPI staining solution. Images were captured
using confocal microscopy (Olympus, Tokyo, Japan). All bacterial
and viral strains used herein are listed in Table 1. To study the
effects of minocycline (10 pg/uL, 0.1 uL/site, Sigma, USA) and
Trem2 siRNA (Generay, China: 5'-GGACCCUCUAGA
UGACCAATT-3" and 3’-UUGGUCAUCUAGAGGGUCCTT-5")

TABLE 1 Experimental bacterial and virus strains used in this article.

Manufacturer,

Bacterial and virus strains Catalog Number

rAAV-CaMKIIo-hM4D(Gi)-mCherry-
WPRE-hGH-pA, AAV 2/9

BrainVTA, PT-0017

rAAV-CaMKIIo-hM3D(Gq)-mCherry-
WPRE-hGH-pA, AAV 2/9

BrainVTA, PT-0049

rAAV-CaMKIIo-mCherry-WPRE-hGH-pA, BrainVTA, PT-0108

AAV 2/9
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microinjections on fear formation, we injected these into the
bilateral prelimbic area under anesthesia and examined behavioral
performance post-administration.

2.4 Chemogenetic neuronal manipulation

Glutamatergic neurons were labeled by AVV-CaMKIIo-hM4D
(Gi)-mCherry-WPRE-pA or AVV-CaMKIIo-hM3D(Gq)-
mCherry-WPRE-pA to inhibit or activate prelimbic glutamatergic
neurons. Twenty-one days after microinjection, hM4D(Gi)/hM3D
(Gq) was activated by the selective ligand clozapine N-oxide (CNO,
i.p. HY-17366, MCE, USA) dissolved in 2% DMSO and then diluted
with sterile saline. Mice were administered CNO at a final injection
volume of 0.3mL/kg 1 h before fear response assessment, as
previously reported before (35).

2.5 Western blotting

After they were deeply anesthetized with isoflurane, mice were
quickly decapitated and their brain tissues containing the bilateral
object regions were isolated with liquid nitrogen, then placed in an
Eppendorf tube and stored at -80°C until needed. Total proteins of

10.3389/fimmu.2024.1412699

the prelimbic subregion tissue were lysed in RIPA lysis buffer (500
UL/200 mg) (P00138, Beyotime, China) with phosphatase inhibitor
phenylmethylsulfonyl fluoride (1 mM) (ST506, Beyotime, China).
Protein concentrations were detected and trimmed using the BCA
protein assay kit (P0012, Beyotime, China). Equal amounts of
proteins were loaded per lane, separated by SDS-PAGE gels
(P0015, Beyotime, China) and transferred to PVDF membranes.
The blot was blocked with 5% non-fat milk at room temperature
(RT) for 2h, followed by incubating with primary antibodies
TREM2, postsynaptic density protein 95 (PSD95), synaptophysin
(SYP), tubulin beta or B-actin overnight at 4°C. After washing with
TRIS-buffered saline with Tween, the PVDF membranes were
incubated with an HRP-conjugated secondary antibody at RT for
1 h. Protein bands were visualized using the BeyoECL Moon kit
(P0018, Beyotime, China), then analyzed with Image] software
(NIH, USA). All primary and secondary antibodies used herein
are listed in Table 2.

2.6 Immunofluorescence

After they were deeply anesthetized, male mice were
transcardially perfused with 0.9% cold saline (100 mL/100 g),
followed by 4% PFA (100 mL/100 g). The brains were then

TABLE 2 Experimental antibodies used in this article.

Antibodies Manufacturer, Application Working dilutions

or concentrations

Catalog Number

TREM-2 Sheep R&D Systems, AF1729 WB 1:500

PSD95 Rabbit Invitrogen, 51-6900 WB, IF 1:500

Synaptophysin Rabbit Proteintech, 117785-1-AP WB, IF 1:500

B-actin Rabbit Proteintech, 66009-1-Ig WB 1:2000

Tubulin Rabbit Affinity, DF7967 WB 1:3000

Anti-rabbit IgG, HRP Goat Proteintech, SA00001-2 WB 1:2000

Anti-sheep IgG, HRP Rabbit Proteintech, SA00001-16 WB 1:2000

Ibal Mouse Abcam, ab283319 IF 1:400

Ibal Rabbit Cell signaling, 17198S IF 1:400

CD68 Rat BioRad, MCA1957T IF 1:400

CaMKII Mouse Thermo Fisher, MA1-048 IF 1:400

c-Fos Rabbit Cell signaling, 22508 IF 1:1000

Anti-rabbit IgG, Alexa 594 Donkey Invitrogen, A21207 IF 1:500

Anti-mouse IgG, Alexa 488 Donkey Invitrogen, A21202 IF 1:500

Anti-rabbit IgG, Alexa 405 Donkey Invitrogen, A48258 IF 1:500

Anti-rat IgG, Alexa 594 Donkey Invitrogen, A48271 IF 1:500

APC anti-mouse CD45 Mouse BioLegend, 103112 Flow Cytometry 1:200

FITC anti-mouse/human CD11b Mouse Biolegend, 101206 Flow Cytometry 1:500

PerCP/Cyanine5.5 anti-mouse Ly-6G Mouse Biolegend, 127616 Flow Cytometry 1:200

APC-Cy7 anti-mouse TREM-2 Mouse Bioss, bs-2723r Flow Cytometry 1:400
Frontiers in Immunology 04 frontiersin.org
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postfixed with 4% PFA for 24 h at 4°C and cryoprotected with 30%
sucrose at 4°C. Next, 30 um thick cryosections were cut with a Leica
microtome. Subsequently, frozen sections were permeabilized with
0.4% Triton X-100 in PBS and 10% normal donkey serum for 2 h at
RT, followed by incubation overnight at 4°C with primary
antibodies Ibal, CD68, SYP, PSD95, CaMKII, and c-Fos. After
three washes in PBS, brain slices were incubated with secondary
antibodies in a blocking buffer at RT for 2 h and then mounted on
positively charged slides. Images were captured using confocal
microscopy (Olympus, Tokyo, Japan).

2.7 Quantitative reverse transcription
polymerase chain reaction

Prelimbic tissue samples were collected and total RNA extracted
with a Spin Column Animal Total RNA Purification Kit (B518651-
0100, Sheng-gong, China) following the manufacturer’s
instructions. Total RNA was reverse-transcribed into ¢cDNA in a
20 pL reaction volume using the Hiscript IIQ RTSuperMix for
qPCR (R223-01, Vazyme, China). qRT-PCR was performed with
the Thermo fly QuantStudio 7 Flex instrument (Roche Diagnostics,
Switzerland) and SYBR Premix Ex Taqll kit (RR820A, Takara,
Japan) and GAPDH or actin was used as an internal control. The
relative expression ratio of every gene was normalized to control
groups through the ACt method (2AAY, Primers sequences
(Generay, China) are shown in Table 3.

2.8 Golgi-Cox staining and dendritic
spine counting

Golgi-Cox staining was used to visualize neuronal morphometry.
Brains were stained using a Golgi staining kit (1-250029-12, GenMed
Scientifics Inc., USA) according to the manufacturer’s protocol.
Briefly, brain tissues were immersed in the fix buffer for 2 weeks in
the dark at RT. Then, the tissues were stored in 30% sucrose for

TABLE 3 Experimental primers sequences used in this article.

10.3389/fimmu.2024.1412699

another 3 days in the dark at 4°C. A cryotome (chamber temperature
—22°C) was used to prepare 100 pum-thick sections. Images were
obtained with an Olympus BX53, then used to analyze the dendritic
spines within the prelimbic region.

2.9 Chemical administration

For microglia depletion, PLX5622 (Plexxikon), a selective CSF-1
receptor inhibitor, was added at a dose of 1.2 g PLX5622 per kilogram
of diet for 14 days to achieve stable microglia depletion as we reported
before (36). It has been additionally reported by other groups that
microglia could be partially (300 mg PLX5622/kg food) or almost
completely (1200mg/kg) ablated in mice (37, 38). Control mice were
provided standard AIN-76 (Plexxikon) with the same base formula.
PLX5622 was formulated in AIN-76A standard chow which was
exposed to y-rays irradiation during processing, and all mice received
ad libitum access to food and water. To inhibit microglia activation,
minocycline (Sigma, USA), was injected (i.p.) at dose of 40 mg/kg/day
body weight 3 days before initial foot-shock exposure. Mice also
received continual minocycline injections on the following days, until
all behavioral sessions were conducted (39). Control group mice were
treated with an equal volume of saline, following the same time course.

2.10 Flow cytometry and analysis

After collecting prelimbic tissue samples, the cells were stained with
FITC anti-mouse/human CD11b antibody, APC anti-mouse
CD45 antibody, PerCP/Cyanine5.5 anti-mouse Ly-6G antibody,
and APC-Cy7 anti-mouse TREM-2 antibody. We assessed
CD11b*CD45™Ly6G™ as microglia, CD11b*CD45"Ly6G™ as
macrophages, and CD11b"CD45™Ly6G" as PMNs populations (3000
cells in total). All antibodies are listed in Table 2. All data were acquired
on a FACS Cantoll (BD Bioscience, USA), and analyzed using FlowJo
software version X (BD Research, USA) to determine the percentage of
each cell population and mean fluorescence intensity (MFI).

Gene Primary pair (5'-3')

GAPDH Fw: AAGAAGGTGGTGAAGCAGG Rw: GAAGGTGGAAGAGTGGGAGT
B-Actin Fw: GGGAAATCGTGCGTGAC Rw: AGGCTGGAAAAGAGCCT
TNF-ou Fw: GCAAAGGGAGAGTGGTCA Rw: CTGGCTCTGTGAGGAAGG
IL-1B Fw: TGGTGTGTGACGTTCCC Rw: TGTCCATTGAGGTGGAGAG
IL-6 Fw: ACAGAAGGAGTGGCTAAGGA Rw: AGGCATAACGCACTAGGTTT
Trem-2 Fw: TTGCTGGAACCGTCACC Rw: GGGCACCCTCGAAACTC
P2ry12 Fw: ATTGACCGCTACCTGAAGAC Rw: GCCTCCTGTTGGTGAGAAT
Cx3crl Fw: ACAAGCGAGGGAGATGG Rw: GGTTGGTTTGCAGGCAT
Tmem119 Fw: CTGGTGCCAAGGCTGAC Rw: GTGGTGCGTTAGGGTGAAG
Csflr Fw: TAACGCCGAAGTGGGAT Rw: TATGCCAGCGTCTTGGA
ApoE Fw: CGGCTCTCCACACACCT Rw: CTCACGGATGGCACTCAC
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2.11 Microglia morphological analysis

To examine the morphology of Ibal-positive cells localized to
the prelimbic area, we employed Sholl analysis, as previously
described (33). Briefly, Z-stack images of individual microglia
were obtained with the Olympus BX53 at a 60x oil immersion
lens using 0.86 um step size. The first shell was set at 10 pm, and
following shells in 10 pm steps, to quantify the number of
intersections in Image] (Fiji edition, NIH).

To assess CD68, PSD95, and SYP staining inside microglia, the
IMARIS software (Imaris 9.0.1, Bitplane, Switzerland) was used to
create a 3D reconstruction surface rendering. To ensure the microglial
reconstruction process finished accurately, we established a threshold
for subsequent analysis. Briefly, the volume of CD68 engulfed within
Ibal was calculated using the ‘surface’ function, and the number of
PSD95 and SYP puncta engulfed within microglia and CD68 were
reconstructed using the ‘Spots” function in IMARIS. Two images were
captured randomly per mouse, and each image had at least 10 cells, for
3 mice, in one group.

Control

10.3389/fimmu.2024.1412699

2.12 Statistical analysis

Data are represented as mean * standard error of the mean (SEM).
Unpaired Student’s t-tests were used to compare between groups. For
multiple group comparisons, data were analyzed by one-way analysis
of variance (ANOVA) or two-way ANOVA with Tukey’s multiple-
comparison test for two-factorial designs. All analyses were performed
using GraphPad Prism 8 (GraphPad Software, Inc., USA). Significance
levels are displayed as *P < 0.05, **P < 0.01, **P < 0.001.

3 Results

3.1 Fear conditioning promotes fear
memory formation and glutamatergic
neuronal activation in the prelimbic

We used fear conditioning to model fear memory formation. As
shown in Figure 1A, mice were exposed to paired sound (neutral

CS (Tone)

=k
1

| |
@ 60s  90s

|
300s

| |
330s 540s

570s !
\4
Fear condition Sacrifice at Dayl, 4, 7
[=E] n
[ [ [ |
1 1 1 e CQ
60s  90s 300s  330s 540s  570s
B C D '11:
100+ . 100 mm Control b
100~ e = F
=o~ Control

-# FC 801
80 *kk .
I X
°\= )]
& 60 - £
: ek §
$ 404 =
<9

CS

FIGURE 1

oo
°
°
ol®
60
40
20
20
B P 0-

Control FC

Freezing%

Pre-tone

Tone

Fear conditioning-induced microglial activation and fear memory formation. (A) Experimental diagram of control and fear condition. (B) Freezing
level during three CS—-US pairings or control CS exposures (n = 9 mice, ***P < 0.001). (C, D) Freezing level during contextual (C) and cued (D) fear

memory test compared with control mice (n = 9 mice, ***P < 0.001).
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stimulus) and electric foot-shock (aversive stimulus). To investigate
microglia involvement in fear conditioning, we first observed the
prelimbic area, which is involved in fear memory formation (7, 11).
We then analyzed the microglia morphology of in the prelimbic
tissue sections related to microglial activation status on dayl, day4
and day?7 after foot-shocks exposure. Immunofluorescence revealed
that this fear conditioning exposure protocol induced significant
microglia cell activation, characterized by decreased branchpoints
and shorter processes, especially on day4 (Supplementary Figures
S1A, B). Therefore, we set day4 as the key timepoint for further
experiments. We next attempted to observed other brain regions,
such as infralimbic and hippocampus, to evaluated the morphology
of microglia. We found that microglia are significantly activated in
infralimbic after 4 days exposed to fear condition, and also
characterized by decreased branchpoints and shorter processes
(Supplementary Figures S1C, D). Contrary to prelimbic and
infralimbic, foot-shock did not impact microglial morphology in
hippocampus compared to control group (Supplementary Figures
S1E, F). To further define whether mice formed fear memory on
day4, a fear conditioned model was used. During fear conditioning,
mice exhibited a significantly increased freezing level (Figure 1B).
On day4, mice also displayed higher freezing time percentages in
both contextual fear memory (Figure 1C) and cued fear memory
(Figure 1D) conditions compared with the control group.

Based on previous studies showing that activated microglia can
influence neuronal activity through synaptic pruning (40), we
concentrated on the role of activated microglia to detect whether
they adjust neuronal activity in the fear memory formation process.
In exploring prelimbic and infralimbic glutamatergic neuron
excitability, immunofluorescence results showed that co-labeled c-
Fos and CaMKIIow was not altered in infralimbic (Supplementary
Figures S2A, B) but was higher in prelimbic compared to control
group (Figures 2A, B). The percentage of prelimbic CaMKII-positive
neurons among c-Fos-positive neurons was also >75%, suggesting
that most of the neurons activated during fear conditioning were
glutamatergic (Figures 2A, C). Moreover, we have showed negative
staining controls in Supplementary Figure S2C.

To further evaluate the role of prelimbic glutamatergic neurons
in fear memory formation, we microinjected the bilateral prelimbic
area with viruses AAV-CaMKIIo-hM3D(Gq)-mCherry/AAV-
CaMKIIo-hM4D(Gi)-mCherry or AAV-CaMKIIo-mCherry 21
days before behavioral tests (Figures 2D, H). Behavioral
assessment showed that the percentage of freezing time was
decreased in the hM4D(Gi) group compared to that in control
group, as indicated that inhibition of glutamatergic neurons in the
prelimbic reduced fear formation at 1 h after CNO intraperitoneal
injection (Figures 2E-G). However, without fear training, activating
glutamatergic neurons in the prelimbic under physiological
condition did not impact the freezing level in behavioral test
behavioral test performance (Figures 2I1-K). Overall, these results
indicate that prelimbic glutamatergic neurons were hyperactivated,
and that chemogenetically inhibiting this hyperactivation decreased
the level of freezing during fear memory formation. While just
activating glutamatergic neurons without fear training makes no
sense to fear formation.
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3.2 Fear memory formation drives
increased microglial phagocytosis,
enabling microglia prelimbic
synapse pruning

Microglia are required for synapse remodeling in the CNS, and
exacerbating microglial activation leads to decreased excitatory
synapses (41). As shown in Supplementary Figures S1A, B, several
activated microglia were detected in the prelimbic area. Meanwhile,
“homeostatic” is used as a technical term for referring microglia in
physiological conditions, Hickman SE et al. defined the apparatus
which microglia utilize to implement these homeostatic functions
including P2ryl2, Tmeml19 and Csflr (42). Moreover, these
apparatuses have been proposed to play crucial roles via sensing of
chemokines and cytokines, purinergic molecules, inorganic
substances, changes in pH and amino acids. In our study, we
found that the expression of P2ryl2, Tmeml19, and Csflr were
decreased while Trem2 and ApoE were heightened which indicated
that microglia in our study is not like in a homeostatic state
(Figures 3A, B). Furthermore, t-test analyses revealed a decreased
proinflammatory cytokine IL-1, while mRNA levels of TNF-o. and
IL-6 were unaltered by foot-shock (Supplementary Figure S3A).
Taken together, our results show that fear conditioning induced
fear memory and microglia activation on day4, and emphasize the
significant increased between control and FC microglial cells, several
of which involve genes that promote homeostasis and phagocytosis
but not genes that facilitate inflammation.

To directly confirm the capacity of microglia to phagocytose
synaptic material, we assessed the effects of fear condition on
lysosome volume (CD68 staining) and the number of presynaptic
markers SYP or PSD95 puncta located inside microglia. We found
that prelimbic CD68 volume (Figures 3C, D), number of SYP+
puncta inside microglia (Figure 3E), and number of SYP+ puncta
inside CD68 (Figure 3F) were significantly increased in mice exposed
to foot-shock (see 3D surface rendering in Supplementary Videos 1,
2). Similar patterns were seen for the number of PSD95+ puncta
inside microglia (Figures 4A, B) and the number of PSD95+ puncta
inside CD68 (Figure 4C, Supplementary Videos 3, 4). Biochemical
assessment further indicated that fear formation decreased, in a
microglia-mediated manner, the expressions of prelimbic SYP and
PSD95, showing that increased microglial phagocytic capacity leads
to prelimbic synapse loss after fear memory formation (Figures 4D,
E). Additionally, deceased spine density in the fear conditioned group
(Figure 4F) was confirmed by Golgi-Cox staining. Overall,
these findings reveal that fear memory formation results in
increased microglial phagocytosis, enabling microglia to prune
prelimbic synapses.

3.3 Pharmacological depletion of microglia
protects against excessive synaptic pruning
and fear memory formation

To further interrogate the synaptic pruning effects of microglia
in fear memory formation, mice were treated for two weeks with
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FIGURE 2

Activation of prelimbic glutamatergic neurons during fear conditioning. (A) Representative image of prelimbic c-Fos (red) and CaMKII (green)
(scale bars = 200 um [first and third rows]; 20 um [second and fourth rows]). (B) Quantification of c-Fos* proportion among CaMKII* neurons (n
= 3 mice, 2 slices per mouse, **P < 0.01). (C) Quantification of CaMKII™ proportion among c-Fos™ neurons (n = 3 mice). (D) Representative
image illustrating prelimbic AAV expression (scale bars = 100 um). (E) Percentage of freezing in mice with AAV-CaMKlla.-hM4D(Gi)-mCherry
injection during fear conditioning compared with control mice (n = 8 mice, ***P < 0.001). (F, G) Percentage of freezing during contextual (F) and
cued (G) fear memory test (n = 8 mice, ***P < 0.001). (H) Representative image illustrating prelimbic AAV expression (scale bars = 100 um). (1)
Percentage of freezing in mice with AAV-CaMKllo-hM3D(Gqg)-mCherry injection during fear conditioning compared with control mice (n = 8
mice). (3, K) Percentage of freezing during contextual (J) and cued (K) fear memory test (n = 8 mice).
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FIGURE 3

Fear memory formation drives increased microglial phagocytosis. (A) Schematic diagram showing fear conditioning-induced microglial activation
and enhanced microglial capacity for engulfing synapse materials. (B) Relative mRNA expression in the prelimbic by gRT-PCR (n = 6 mice, **P <
0.01, ***P < 0.001). (C) Detailed figure (first row) and representative confocal (second row) and Imaris (middle and bottom rows) images of Ibal
(green), CD68 (blue), and SYP (red) from control and fear conditioned mice. Third row: reconstruction of Ibal and CD68 staining. Fourth row:
reconstruction of CD68 and SYP staining inside microglia. (D) CD68 volume inside microglia. (E) SYP puncta inside microglia. (F) SYP puncta inside
CD68 phagosomes (n = 3 mice, 10 cells per mouse, *P < 0.05, scale bars = 5 um and scale bars = 1 um in detailed figure of the top row).

PLX5622, a selective CSF-1 receptor inhibitor reported to effectively ~ group, mice in the microglial deletion group displayed reduced
deplete microglia, added to the standard AIN-76A chow freezing during fear conditioning and contextual and cued recall
(Figures 5A, B). Results from immunostaining showed obvious  tests (Figures 5F-H).

microglia depletion in prelimbic of PLX5622-treated mice Of note, we assessed the changes in number of co-labeled c-Fos
(Figures 5C-E). We also found that, compared with the AIN-78 A  and CaMKIIo neurons in PLX5622- and AIN-76A-treated mice, to
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FIGURE 4

Fear memory formation drives increased microglial phagocytosis. (A) Representative confocal (top row) and Imaris (middle and bottom rows) images
of Ibal (green), CD68 (blue), and PSD95 (red) from control and fear conditioned mice. Middle row: reconstruction of Ibal and CD68 staining. Bottom
row: reconstruction of CD68 and PSD95 staining inside microglia. (B) PSD95 puncta inside microglia. (C) and PSD95 puncta inside CD68
phagosomes (n = 3 mice, 10 cells per mouse. *P < 0.05, **P < 0.01, scale bars = 5 um and scale bars = 1 um in detailed figure). (D, E) Protein level of
prelimbic SYP and PSD95 detected by WB, and quantitative results of WB analyses (n = 6 mice, **P < 0.01). (F) Representative dendritic spine density
of prelimbic neurons, and dendritic spine density quantification (n = 6 mice, 3 dendritic segments per mouse, **P < 0.01, Scale bars = 10 pm).

determine the influence of microglia in neuronal activity. Prelimbic
glutamatergic neuron activity was lower in the PLX5622-treated
group than in the AIN-76A-treated group (Figures 5I, J). To
examine whether microglia have an impact on fear-induced
PSD95 and SYP protein levels as shown in Figures 3K, L,
respectively, we used WB to analyze prelimbic SYP and PSD95
expressions in animals treated with PLX5622. There was a
significant effect of microglia on protein levels, with PLX5622
group mice displaying a robust increase in SYP and PSD95
compared with AIN-76A mice (Figures 5K, L). Furthermore, the
spine density also increased with inhibitor treatment (Figure 5M).
These findings support the possibility that microglia depletion
protects against fear formation by regulating neuronal activity to
reduce excessive synaptic pruning.
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3.4 Minocycline-inhibited microglia
activation protects against excessive
synaptic pruning and fear

memory formation

To explore the effects of microglial activation on fear memory,
minocycline, a drug which inhibits microglial activation, was
administered via i.p. injection (Figures 6A, B). We evaluated
prelimbic cortex microglial morphology after foot-shock, finding
that minocycline significantly suppressed microglial activation,
characterized by increased branchpoints and longer processes
(Figures 6C, D). This treatment also decreased the fear response
from fear conditioning and improved performance in contextual
and cued fear memory acquisition (Figures 6E-G). Consistent with

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1412699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

10.3389/fimmu.2024.1412699

A B
gk
. AIN-T6A
Dayd A
[<E] \ [
=
oGtk & y
PLX5622
Doyt PLX5622
¢ p 60 o E 4 e
=
£ E] =
g = 400 s
(4 2 g,
< 5 s
= +
N _
2 200 =
g £ 21
N =
g
g z
3 0 0
= AIN-76A PLX5622 AIN-76A PLX5622
FC FC FC FC
N H
e s
£ o
3 ‘S
AIN-76A PLX5622
FC FC
I c-Fos CaMK II DAPI J
g
4 o %
3 Z 5 30+ *
g 1l
2 il -
g @
- B
© 'z
-
-y =] .
£ T .
H E :
=
g 3
% Fl
B -]
= 2 ]
£
H

AIN-T6A/FC  PLX5622/FC

AIN-T6A/FC

Relative PSD95 expression

Relative synaptophysin expression

AIN-T6A PLX5622
FC

FC

FIGURE 5

AIN-76A PLX5622

FC FC
54 -
o
PLX5622/FC AIN-76A PLX5622 i o
— S 4
: 2 =
2
4
8 £ 3 o
=l =
N &
iR
| R o 27
{ ] 5
- =4 Ly
z
A o
AIN-76A  PLX5622

AIN-76A PLX5622

FC

FC FC

Ablation of microglia with PLX5622 protects against increased microglial phagocytosis and formation of fear memory. (A) Time course for PLX5622
and AIN-76A administrations and behavior tests. (B) Schematic diagram showing PLX5622 efficacy. (C) Representative confocal images of Ibal
immunostaining (green) of prelimbic microglia of mice with PLX5622 and AIN-76A feeding (scale bars = 100 um). (D, E) Quantification of Ibal* cells
and Ibal* area (n = 3 mice, 2 slices per mouse, ***P < 0.001). (F) Percentage of freezing in mice with control or PLX5622 feeding during fear
conditioning (n =9 mice, *P < 0.05). (G, H) Percentage of freezing in control or PLX5622 feeding mice during contextual (G) and cued (H) fear
memory test (n =9 mice, *P < 0.05, **P < 0.01). (I) Representative images of prelimbic c-Fos (red) and CaMKII (green) in mice with PLX5622 and
AIN-76A feeding (scale bars = 100 um [first row]; 20 um [the other rows]). (J) Number of prelimbic CaMKIl and c-Fos double-labeled neurons (n = 3
mice, 2 slices per mouse, *P < 0.05). (K, L) Protein level of prelimbic SYP and PSD95 detected by WB, and quantitative results for mice treated with
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quantification for mice treated with or without PLX5622 feeding (n = 6 mice, 3 dendritic segments per mouse, **P < 0.01, scale bars = 10 um).

this, the effects of minocycline on behavior tests were reproduced by
prelimbic microinjection (Supplementary Figures S4A-C), and
immunofluorescence showed decreased level of neuronal activity
of glutamatergic neurons after inhibiting the activation of microglia
in the minocycline group (Figures 6H, I).
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Next, we used immunofluorescence to analyze prelimbic tissue
sections for SYP+ or PSD95+ puncta within CD68 and microglia.
Confocal imaging coupled with 3D cell surface rendering showed
that the CD68 volume (Figures 7A, B), number of SYP+ puncta
inside microglia (Figure 7C), and number of SYP+ puncta inside
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/FC

Microglia inhibition with minocycline protects against increased neuronal activity and fear memory formation. (A) Time course for i.p. minocycline or
saline injections and behavior tests. (B) Schematic diagram showing minocycline efficacy. (C) Representative confocal images of Ibal
immunostaining (green) of microglia in the prelimbic of mice with minocycline injection (scale bars = 50 um). (D) Sholl analysis of microglial
morphology of mice with or without minocycline (n = 3 mice, 10 cells per mouse, ***P < 0.001). (E) Percentage of freezing in control or
minocycline-treated mice during fear conditioning (n = 11 mice, *P < 0.05, **P < 0.01). (F, G) Percentage of freezing in control or minocycline-
treated mice during contextual (F) and cued (G) fear memory test (n =11 mice, **P < 0.01, ***P < 0.001). (H) Representative image of prelimbic c-Fos
(red) and CaMKII (green) of mice with minocycline microinjection (scale bars = 100 um [first row]; 20 um [the other rows]). (I) Number of prelimbic

CaMKIl and c-Fos double-labeled neurons (n = 3 mice, 2 slices per mouse, **P < 0.01).
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Inhibition of microglia with minocycline protects against increased microglial phagocytosis. (A) Representative confocal (top row) and Imaris (middle
and bottom rows) images of Ibal (green), CD68 (blue), and SYP (red) from saline- and minocycline-treated mice. Middle row: reconstruction of Ibal
and CD68 staining. Bottom row: reconstruction of CD68 and SYP staining inside microglia. (B) CD68 volume inside microglia. (C) SYP puncta inside
microglia. (D) SYP puncta inside CD68 phagosomes (n = 3 mice, 10 cells per mouse, *P < 0.05, scale bars = 5 um and scale bars = 1 um in detailed
figure). (E) Representative confocal (top row) and Imaris (middle and bottom rows) images of Ibal (green), CD68 (blue), and PSD95 (red) from saline-
and minocycline-treated mice. Middle row: reconstruction of Ibal and CD68 staining. Bottom row: reconstruction of CD68 and PSD95 staining
inside microglia. (F) PSD95 puncta inside microglia. (G) PSD95 puncta inside CD68 phagosomes (n = 3 mice, 10 cells per mouse, *P < 0.05, scale
bars = 5 um and scale bars = 1 um in detailed figure). (H, I) Protein levels of prelimbic SYP and PSD95 detected by WB, and WB quantification (n = 6
mice, **P < 0.01). (J) Representative prelimbic neuron dendritic spine density, and dendritic spine density quantification (n = 6 mice, 3 dendritic

segments per mouse, ***P < 0.001, scale bars = 10 um).

CD68 (Figure 7D) were all decreased in the minocycline-treated
group (see 3D surface rendering in Supplementary Videos 5, 6).
Similar findings were revealed in PSD95+ puncta (Figures 7E-G)
(see 3D surface rendering in Supplementary Videos 7, 8). WB for
prelimbic SYP and PSD95 further confirmed these findings. SYP
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and PSD95 protein levels increased with minocycline treatment,
revealing an obvious decrease in microglial phagocytosis
(Figures 7H, I). Golgi-Cox staining results also revealed that
minocycline treatment reduced spine density reductions
(Figure 7]). These collective findings suggest that microglial
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activation contributes to fear formation-related behaviors,
apparently via increased foot shock-primed engulfment of
prelimbic glutamatergic neuronal synapses by microglia.

3.5 TREM2 is associated with increased
microglial phagocytosis, and TREM2
deficiency attenuates fear

memory formation

Previous studies have demonstrated that TREM2 is vitally
important to microglial phagocytosis during brain development and
neurodegenerative diseases (43-45). To investigate the possible
involvement of TREM2 in fear-induced excessive synaptic pruning
by microglia, flow cytometry staining of CD11b*CD45™ microglia to
detect TREM2 expression on microglia revealed a markedly increased
TREM2 MFI in the fear conditioned group (Figures 8A-C). Consistent
with these data, TREM2 expression was assessed by WB. Prelimbic
TREM2 protein in WT animals exposed to foot-shock was increased
compared with that in control mice (Figure 8D). Thus, we speculate
that microglial TREM2 upregulation may be involved in fear memory
formation through enhanced microglial phagocytosis.

10.3389/fimmu.2024.1412699

As shown in Figures 9A, B, microglia of Trem2 KO mice
exhibited increased branchpoints and longer processes compared
with WT mice after foot-shock exposure, while there were no
significant differences between these groups without fear
condition. These results demonstrate that Trem2 KO effectively
inhibited microglial activation, which could not rebound to pre-
activation levels. To gain further insights into whether TREM2 is
directly involved in fear memory, WT and Trem2 KO mice were
exposed to the fear conditioning paradigm, and contextual and cued
fear memory tests. In the normal condition (without foot-shock),
Trem2 KO mice showed unaltered behavioral fear responses
compared with WT mice (Figures 9C-E). However, two-way
ANOVA on fear response after foot-shock exposure revealed
significantly decreased fear memory formation in Trem2 KO
mice, suggesting that the KO of Trem2 impaired the fear memory
formation process. These results were replicated by prelimbic
microinjection of Trem2 siRNA or control RNA (Supplementary
Figures S5A-C). Staining analysis of prelimbic c-Fos and CaMKIIo.
(Figures 9F-H) revealed that, compared with WT mice, neuronal
activity in Trem2 KO mice was reduced after foot-shock exposure,
with no obvious differences in Trem2 KO and WT mice without
foot-shock exposure.
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Prelimbic TREM2 expression is upregulated after foot-shock exposure. (A) Representative plots of CD11b*CD45™ 'Ly6G microglia,
CD11b*CD45"Ly6G~ macrophages, and CD11b"CD45"Ly6G" PMNs populations (3000 cells in total) after foot-shock exposure. (B) Representative
histograms of microglial TREM2 expression. (C) Prelimbic microglial TREM2 MFI (n = 5 mice, **P < 0.01). (D) Prelimbic TREM2 protein level detected

by WB, and WB quantification (n = 6 mice, ***P < 0.001).
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TREM2 inhibition affects neuronal activity and fear memory formation. (A) Representative confocal images of prelimbic microglia Ibal
immunostaining (green) in Trem2 KO mice (scale bars = 50 um). (B) Sholl analysis of microglial morphology (n = 3 mice, 10 cells per mouse,

***P < 0.001). (C) Percentage of freezing in Trem2 KO mice during fear conditioning (n = 8 mice, ***P < 0.001). (D, E) Percentage of freezing during
contextual (D) and cued (E) fear memory test (n = 8 mice, *P < 0.05, **P < 0.01). (F) Representative image of prelimbic c-Fos (red) and CaMKI|
(green) in Trem2 KO mice (scale bars = 100 pm [first row]; 20 um [the other rows]). (G) Schematic diagram showing that TREM2 inhibition protects
against prelimbic glutamatergic neuron activation after exposed to foot-shock. (H) Number of prelimbic CaMKllo. and c-Fos double-labeled neurons

(n = 3 mice, 2 slices per mouse, **P < 0.01)

We next performed 3D cell surface rendering to demonstrate the
potential underlying mechanism through which microglial activation
may impact synaptic pruning in the prelimbic. We found that CD68
volume (Figures 10A, B), number of SYP+ puncta inside microglia
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(Figure 10C) and the number of SYP+ puncta inside CD68
(Figure 10D) located in Trem2 KO mice, which exposed to electric
foot-shock, were all decreased compared with WT mice (see 3D
surface rendering in Supplementary Videos 9-12). Meanwhile, in line
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with such changes in SYP+ puncta, PSD95+ puncta (Figures 10E-G)
were decreased in Trem2 KO group as well (see 3D surface rendering
in Supplementary Videos 13-16). Replicating these
immunofluorescence results, WB revealed that SYP and PSD95
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TREM2Z inhibition protects against increased microglial phagocytosis. (A) Representative confocal (top row) and Imaris (middle and bottom rows)
images of Ibal (green), CD68 (blue), and SYP (red) from WT and Trem2 KO control mice and WT and Trem2 KO mice with three CS—US pairings
exposure. Middle row: reconstruction of Ibal and CD68 staining. Bottom row: reconstruction of CD68 and SYP staining inside microglia. (B) CD68
volume inside microglia. (C) SYP puncta inside microglia. (D) SYP puncta inside CD68 phagosomes (n = 3 mice, 10 cells per mouse, *P < 0.05, **P <
0.01, scale bars = 5 um and scale bars = 1 um in detailed figure). (E) Representative confocal (top row) and Imaris (middle and bottom rows) images
of Ibal (green), CD68 (blue), and PSD95 (red). Middle row: reconstruction of Ibal and CD68 staining. Bottom row: reconstruction of CD68 and
PSD95 staining inside microglia. (F) PSD95 puncta inside microglia. (G) PSD95 puncta inside CD68 phagosomes (n = 3 mice, 10 cells per mouse,

*P < 0.05, ***P < 0.001, scale bars = 5 um and scale bars = 1 um in detailed figure). (H, 1) Protein level of prelimbic SYP and PSD95 detected by WB,
and quantitative WB results (n = 6 mice, *P < 0.05, **P < 0.01). (J) Representative prelimbic neuron dendritic spine density, and dendritic spine
density quantification (n = 6 mice, 3 dendritic segments per mouse, **P < 0.01, scale bars = 10 um).
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protein levels (Figures 10H, I) also improved with Trem2 KO in
the prelimbic. In addition, we analyzed the density of dendritic spines
on prelimbic neurons using Golgi-Cox staining. As the results have
shown, Trem2 knockout increased the density of the dendritic spine
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after foot-shock (Figure 10]). These cumulative findings demonstrate
that prelimbic microglial TREM2 may be involved with regulating
microglia-mediated excessive synaptic pruning and behavioral
performance on fear memory formation tests.

4 Discussion

In past research, the neurobiological mechanisms of PTSD have
been studied extensively, and some key brain structures, including
the medial prefrontal cortex, hippocampus and amygdala were
identified. Herein, we revealed that microglia in the prelimbic and
infralimbic were notably activated, characterized by decreased
branchpoints and shorter processes, especially on day4. However,
microglia in the hippocampus showed similar morphological
characteristics compared with the fear conditioning group. From
the Li et al. study revealed that microglia in the amygdala showed no
significant changes in number or morphology, and only subtle
increases in process length in proximal (10um) and distal processes
(40pm) from the microglial cell soma in the basolateral amygdala
(39). Nevertheless, our research group previously demonstrated that
inhibition of glutamatergic neurons in the basolateral amygdala was
unaltered in the fear learning progress, but decreased the freezing
level in fear extinction (35).

Mice in this study were exposed to electric foot-shock (1 mA x 1
s x 3 times) to induce conditioned fear memory. Other rodent
models of PTSD symptoms include the single prolonged stress
model (46), predator stress (47) and chronic variable stress (48),
among these, foot-shock is common to mouse experiments. This is
both because the freezing response is modulated according to
repeated foot-shock (49), and because fear conditioning mimics
more PTSD symptoms (i.e., including anxiety and extinction
deficiency) (35). Behavioral effects suggesting that this fear
formation mouse model was successful include that freezing time
was much longer in the foot-shock exposure group compared with
the control group. In this paradigm, animals pair a neutral CS (e.g.,
sound, light) with an aversive US (e.g., electric shock) to form the
fear memory. Furthermore, fear conditioning involves specific fear
memory formation stages, including fear memory acquisition,
consolidation, and reconsolidation. Mice underwent CS-US
pairings during fear memory acquisition, then transferred this
newly acquired memory into stable memory via fear memory
consolidation, and further processing the formed fear memory
through fear memory reconsolidation (50).

Microglial states are dynamic whereby microglia are capable of
responding to different disease progression through changing their
molecular profile, morphology, and ultrastructure, as well as
motility and function (51). Many various and context-dependent
microglial states have been named in different species and models
including disease-associated microglia (DAMs) (52), microglial
neurodegenerative phenotype (MGnD) (53), activated response
microglia (ARMs) and interferon-responsive microglia (IRMs)
(54), human AD microglia (HAMs) (54); microglia inflamed in
multiple sclerosis (MS) (MIMS) (55); lipid-droplet-accumulating
microglia (LDAMs) (56) and glioma-associated microglia (GAMs)
(57). The DAMs is firstly described as a protective microglia cluster
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related to neurodegenerative diseases in AD transgenic (52). Now
more researchers have identified DAMs as a complex core signature
which are advantageous in certain contexts may be disadvantageous
in others although in same states, strictly depending on the
complicated interactions between microglia and their surrounding
environment (58). A set of genes associated with the DAMs
signature were explored including an upregulation of TREM2,
ApoE, CD11c, CLEC7A, and LPL and downregulation of TGEFR,
Csflr, P2ryl12, and Tmem119 (59-61). In line with previous study,
we identified an upregulation of Trem2 and ApoE and
downregulation of P2ryl2, Tmeml119, and Csflr. Microglia serve
as a major contributing factor in PTSD pathogenesis, potentially
leading to synaptic dysfunction and neuronal impairment (62-64).
Previous work in mice has demonstrated that PTSD promotes
structural and proteomic changes in microglia, which may serve
as a direct link between microglial activation and mental disorders.
Significantly, inhibiting or depleting microglia decreased PTSD-like
behaviors in mice (39). Activation of the NLRP3 inflammasome
may play an injurious role in the PTSD development progress, while
Nlrp3 knockout obviously alleviated both microglial activation and
increased freezing time (31). There is evidence in PTSD patients
that intense psychological stress induces activation of microglia in
certain brain regions related to threat appraisal and emotional
responses, and alters their phenotypic and functional properties
through sterile neuroinflammatory pathways (65, 66). Preclinical
models of have PTSD revealed that microglial cells are temporally
and spatially altered during the PTSD development, and this has
been associated with the release of proinflammatory mediators and
cytotoxic factors (67, 68). In line with these results, post-mortem
research in PTSD patients suggested that not only is the expression
of pro-inflammatory cytokine IL-1o secreted by activated microglia
decreased in the dorsolateral prefrontal cortex (DLPFC) (69),
expressions of microglia-related genes were decreased in females
with PTSD (70). Herein, we employed various techniques such as
immunofluorescence staining, 3D cell surface rendering, and
behavior testing to identified microglial participation in synaptic
pruning and prelimbic glutamatergic neuronal activity, revealing
that TREM2 may alter activated microglia-mediated synaptic
engulfment, resulting in formatting the fear memory in mice after
exposed to foot-shock (Figure 11).

Synaptic pruning is a process by which microglia dynamically
eliminate unnecessary synapses during brain development or
specific diseases (71, 72). The tendency to prune less active
synapses, and to advance stronger or more active synapses, causes
neuronal circuits to become more sophisticated (72). This is in line
with the report that axon and dendrite pruning is pointed to make
contributions to the establishment of advanced connections and is
instrumental for normal brain development (73). In addition,
pharmacologic depletion of microglia during postnatal days 2-13
by CSFIR disrupted the synaptic pruning process and led to
polyinnervated neurons in the medial nucleus of the trapezoid
body, rather than healthy monoinnervated neurons (74). During
development of the retinogeniculate system in binocular animals,
complement protein C1q and the downstream complement protein
C3 labeled some cells ‘unwanted’ for elimination by phagocytic
macrophages via specific complement receptors. The complement
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Microglial TREM2 participates in fear memory formation through excessive prelimbic cortex synaptic pruning. Fear conditioning induced microglial
activation and enhanced microglial capacity for engulfing synapse materials, which are mainly on glutamatergic neurons. TREM2 also served as a key

microglial regulator, leading to increasing synaptic pruning.

protein, it should be noted, is extremely localized to immature
synapses (75). Another study suggested that less active synapses are
tagged with the C3 protein, after which they are pruned by
microglia via the phagocytic signaling pathway (16).

Our study demonstrated that within 4 days, fear-induction led
to significant prelimbic microglial activation, with associated
alterations in cellular morphology and phagocytic marker
expressions. A previous study reported that fear conditioning
altered neuronal structural plasticity in adult hippocampal CAl
pyramidal neurons by enhancing dendritic ramifications and
modulating synaptic density, which is closely associated with
Semaphorin 4C/Plexin-B2 signaling. Upon studying neuronal
morphology of CAl neurons with Sholl analyses, a notable
increase of the total length of both apical and basal dendrites
were observed on day 2 after exposed to foot-shock (76).
Additionally, our study exhibited another possibility that fear
conditioning induced excessive synaptic pruning in the prelimbic
through TREM2. Golgi-Cox staining in rats revealed that early-life
stress led to a higher density of prominent spines compared with
controls on postnatal days 15 and 50, and that this effect was more
pronounced in females than males. While our study found mice

Frontiers in Immunology

showed deceased spine density after exposing to foot-shock. Rats
exposed to early-life stress also displayed less co-localization with
PSD95 and more pronounced freezing level during auditory fear
memory testing (77). Another study similarly showed that early-life
inflammation leads to adolescent depressive-like symptoms via
mediating the phagocytic activity of microglia around ACC (78).
Additionally, increased CSF1R on microglia increases phagocytosis
of neuronal elements in the medial prefrontal cortex after chronic
stress exposure (79). Herein, we extend previous work by showing
that fear conditioning induced increased number of SYP+ and
PSD95+puncta inside microglia or CD68, while inhibiting
microglial phagocytosis via PLX5622 and minocycline rescued
this trend. Moreover, restraining microglia reduced neuronal
activity and mouse fear-related response. Thus, our findings
reveal that altered prelimbic microglial phagocytosis contributes
to spinal density and glutamatergic neuronal activity, eventually
regulating the fear memory formation process.

Individuals with loss-of-function alleles at the CSFIR locus
almost completely lose microglia, the M¢s of the brain, and have
deficiencies in skeletal development and osteosclerosis. To our
knowledge, there are no reported cases of patients with the
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homozygous loss-of-function mutation in CSF1 (80). DNAX-
activating protein of 12kDa (DAP12) forms a molecular complex
with TREM2, and the activation of DAP12/TREM-2 is involved in
the process of differentiation of macrophages, DCs and microglial
cells under inflammatory conditions (81). It has been reported that
loss-of-function mutations in the DAP12 gene are responsible for
presenile dementia and bone cysts. Moreover, it has been suggested
in some cases that the mutation deletes four of the five exons of
DAPI12 (82). TREM2 is among the most important microglial
surface receptors, the absence of which impairs microglia-
mediated pruning in the developing brain and in some
neurodegenerative disorders (83, 84). Homozygous loss-of-
function mutations in TREM2 seem to be a vital risk factor for
late-onset Alzheimer’s disease (85), and a significant association has
been reported between TREM2 and Parkinson’s disease,
amyotrophic lateral sclerosis, and frontotemporal dementia (86—
88). Because of its control over microglial phagocytosis, TREM2
may play a protective role, though it may be involved differently in
diseases like Alzheimer’s disease (89). In AP (1-42) lesioned rats,
upregulated expression of TREM2 was observed in the
hippocampus on post-lesion days 3, 7, 10, and 14 compared with
the vehicle-injected group. Moreover, these data provide credible
evidence of a positive correlation between the relative expression
TREM2 mRNA and contextual freezing time. That group found
that memory is enhanced with increased TREM2 mRNA level
similar to our results that decreased freezing level occurred in
Trem2 KO mice compared to WT mice (90). During Morris
water maze test, APPswe/PS1dE9 mice displayed spatial learning
and memory deficit, which were subsequently found improved
behavioral performance as inserting of TREM2 vector into these
mice (91, 92). Our study suggested that TREM2 strengthens the
process of fear memory formation via the regulation of microglial
pruning of superfluous synapses and facilitation the remaining
synapses, which subsequently activated the glutamatergic neurons.
Of note, synaptic pruning impairments detected in Trem2 KO mice
were paralleled by fewer activated prelimbic microglia. Reduced
SYP+ and PSD95+puncta inside microglia or CD68 were
discovered after Trem2 deletion, as was increased dendritic spine
density. Postmortem analyses of patients with PTSD have also
shown reduced dendrites/spines, or increased immature spines, in
the medial prefrontal cortex (93).

In conclusion, TREM2 in the prelimbic correlates with
regulation of fear formation via modulating microglia-mediated
excessive synaptic pruning and glutamatergic neuron activity.
Inhibiting the glutamatergic neurons or activated microglia in the
prelimbic mitigates fear memory formation. Increasing
understanding of the tripartite interactions among TREM2,
microglia, and synapses during fear conditioning may eventually
allow us to reduce fear memory formation through TREM2
inhibition, and thus reduce synapse loss, toward developing
effective cures for patients with fear-related psychiatric disorders.
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SUPPLEMENTARY FIGURE 1

(A) Representative confocal images of Ibal immunostaining (green) of
microglia in the prelimbic of control, 1 Day, 4Day, 7Day after foot-shock
exposure. Scale bars =50 um. (B) Sholl analysis of microglial morphology of
control and fear conditioning group; note the reduced arborization in 4 days
after foot-shock (n=3 mice, 10 cells per mice. **P < 0.01, ***P < 0.001).
(C) Representative confocal images of Ibal immunostaining (green) of
microglia in the infralimbic of control and fear conditioning group. Scale
bars =50 um. (D) Sholl analysis of microglial morphology of control and fear
conditioning group (n=3 mice, 10 cells per mice. ***P < 0.001). (E)
Representative confocal images of Ibal immunostaining (green) of
microglia in the hippocampus of control and fear conditioning group. Scale
bars =50 um. (F) Sholl analysis of microglial morphology of control and fear
conditioning group (=3 mice, 10 cells per mice).
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SUPPLEMENTARY FIGURE 2

(A) Representative images of c-Fos (red) and CaMKIl (green) in infralimbic of
control and FC mice (scale bars = 100 um [first row]; 20 um [the other rows]).
(B) Number of infralimbic CaMKIl and c-Fos double-labeled neurons (n = 3
mice, 2 slices per mouse). (C) Representative images of prelimbic negative
staining (scale bars = 100 um [first row]; 20 um [the other rows]).

SUPPLEMENTARY FIGURE 3
(A) Relative prelimbic proinflammatory cytokine mRNA expression (n = 6
mice, **P < 0.01, ***P < 0.001).

SUPPLEMENTARY FIGURE 4

(A) The percentage of freezing in mice with minocycline microinjection in the
prelimbic during fear conditioning (n = 8 mice. *P < 0.05). (B, C) The percentage of
freezing in mice with minocycline microinjection in the prelimbic during the
contextual (B) and cued (C) fear memory test (n = 8 mice. *P < 0.05, **P < 0.01).

SUPPLEMENTARY FIGURE 5

(A) The percentage of freezing in mice with Trem2 siRNA microinjection in the
prelimbic during fear conditioning (n = n = 8 mice. ***P < 0.001). (B, C) The
percentage of freezing in mice with Trem2 siRNA microinjection in
the prelimbic during the contextual (B) and cued (C) fear memory test (n =
8 mice. **P < 0.01, ***P < 0.001).
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