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1 | INTRODUCTION

Abstract

Microglia are the primary source of transglutaminase 2 (TGM2) in the brain; however, the
roles of microglial TGM2 in neural development and disease are still not well known. The
aim of this study is to elucidate the role and mechanisms of microglial TGM2 in the brain.
A mouse line with a specific knockout of Tgm2 in microglia was generated. Immunohisto-
chemistry, Western blot and qRT-PCR assays were performed to evaluate the expression
levels of TGM2, PSD-95 and CDé68. Confocal imaging, immunofluorescence staining and
behavioural analyses were conducted to identify phenotypes of microglial TGM2 defi-
ciency. Finally, RNA sequencing, gRT-PCR and co-culture of neurons and microglia were
used to explore the potential mechanisms. Deletion of microglial Tgm2 causes impaired
synaptic pruning, reduced anxiety and increased cognitive deficits in mice. At the molecu-
lar level, the phagocytic genes, such as Cqla, Cigb and Tim4, are significantly down-
regulated in TGM2-deficient microglia. This study elucidates a novel role of microglial
TGM2 in regulating synaptic remodelling and cognitive function, indicating that microglia

Tgm2 is essential for proper neural development.

processes that are essential for achieving appropriate cellular architec-

ture and function.** In adult CNS, microglia are highly ramified cells

Microglia are resident macrophages in the central nervous system
(CNS) that play versatile roles in both health and disease.! Originating
from embryonic yolk sac, microglia migrate to the CNS during early
embryonic development.>® During the development, microglia inter-
act with other cell types in the CNS to mediate developmental
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and are involved in the surveillance of the CNS parenchyma to main-
tain homeostasis.® There is increasing evidence illustrating that micro-
glia are also responsible for sculpting synaptic plasticity in the neural
circuits of healthy brain.”® Furthermore, microglia may in fact be
initial factors for the onset of neurodegenerative and psychiatric
diseases.””1% Although the knowledge of microglial biology has

grown exponentially in the past decade, we are still at the beginning
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stage to understand microglial roles in neurodegeneration and neuro-
developmental disorders.%1?

Transglutaminases are a family of calcium-activated enzymes that
catalyse glutamine-containing protein cross-linking through a transa-
midation reaction.*®> 1% Of these enzymes, transglutaminase 2 (TGM2,
also known as TG2) is the most abundant multifunctional transgluta-
minase in the CNS.*® TGM2 is localized both extracellularly and intra-
cellularly and is also found in the nucleus in neuroblastoma cells.”
TGM2 has been shown to function as a deamidase, GTPase, protein
disulphide isomerase or adapter/scaffold.*® In addition to enzymatic
activity, TGM2 crosslinks proteins of extracellular matrix (ECM) by
mediating the interaction of fibronectin with integrins.'”?° Besides,
TGM2 has been well established to act as a transcription factor to
modulate gene expression.?!

Emerging evidence suggests that TGM2 also plays pivotal roles in
neural development and disease. Kjell et al. performed a comprehen-
sive proteomic characterization of neurogenesis regions and identified
that TGMZ2 is a crucial composition of neurogenic niche.??> TGM2 pro-
motes differentiation and maturation of oligodendrocytes and is
essential for myelination in CNS.282324 Overexpression of TGM2 in
cortical neurons results in reduced TrkB levels in the prefrontal cortex
and a depressive-like phenotype in mice.*®2° In contrast, knockdown
of TGM2 in primary neurons results in a significant loss of cell viability
under oxygen-glucose deprivation (OGD) stress.?® However, knock-
down of TGM2 in astrocytes significantly increases their viability fol-
lowing OGD.?” Therefore, TGM2 might play quite different roles in
neurons and astrocytes.® Interestingly, an RNA-sequencing transcrip-
tome of glia, neurons and vascular cells of the cerebral cortex clearly
demonstrates that the mRNA level of Tgm2 is much higher in micro-
glia than that in neurons and other cells in mice.?® So far, the func-
tions of microglial TGM2 in neural development and disease are still
unknown.

In this study, to investigate the role of microglial TGM2 during
neural development, we generated and analysed a mouse line with
Tgm2 knockout in microglia. We provide evidence that the deletion of
microglial Tgm2 causes impaired synaptic pruning, less anxiety and

defects in cognition in mice.

2 | METHODS

21 | Mouse strains

All the animal procedures were approved by the Animal Committee of
the Institute of Zoology Chinese Academy of Sciences, in accordance
with national ethical guidelines and practice standards for animal care and
use in research. Cx3cr1-Cre mice (JAX:025524) were purchased from the

Jackson Laboratory. Floxed Tgm2 mice (Tgm2™%

were generated by
Cyagen Biosciences (Suchow, China) using CRISPR/Cas9-mediated
genome editing (Figure S1). Two sgRNAs (matching forward strand of
Tgm2: GACGTATAAACCTCACCGCAAGG; matching reverse strand of
Tgm2: ATTCCCCGTGACTAGTGCGGGGG) were designed to separately
fi/fl

target the distinct locations of the Tgm2 introns 3 and 4. Tgm2™" mice

were crossed with the Cx3cr1-Cre line to obtain conditional knockout
mice of microglia Tgm2 (Tngﬂ/ f.Cx3cr1-Cre™, hereafter referred to as
Tgm2 cKO). Littermates with the genotype of Tgm2"™:Cx3cr1-Cre~ were
used as controls (Tgm2 wild type, hereafter referred to as Tgm2 WT).
Investigators were blinded to the genotype of mice for all experiments.

2.2 | Immunohistochemistry and
immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence assays were per-
formed as described previously.?’ For immunostaining cultured cells,
coverslips were fixed with 4% paraformaldehyde (PFA) for 20 min at
room temperature. After blocking with 2% bovine serum albumin (BSA),
coverslips were incubated with primary antibodies in blocking solution
at 4°C overnight. The primary antibodies we used are as follows:
TMEM119 (1:1000, Abcam, ab209064), IBA1 (1:1000, Novus,
NB100-1028) and MAP2 (1:1000, Biolegend, 822501). After washing
with 1x phosphate buffer saline (PBS) three times for 10 min, coverslips
were then incubated with secondary antibodies conjugated to Alexa
Fluor 488 (1:1000, Invitrogen, A21206) and/or Alexa Fluor
647 (1:1000, Invitrogen, A21447) for 1 h at room temperature.

For IHC staining, 40-um thick brain sections were blocked in
blocking solution (2% BSA, 0.3% Triton X-100 and 0.2% sodium azide)
for 1 h at room temperature and incubated overnight with the follow-
ing primary antibodies: TGM2 (1:500, Abcam, Ab421), IBA1 (1:500,
Wako, 019-19741), PSD-95 (1:500, ab2723, Abcam), NeuN (1:500
Millipore, ABN78) and/or CD68 (1:500, Bio-rad, MCA1957GA). After
washing with 1x PBS three times for 10 min, brain sections were
incubated with secondary antibodies conjugated to Alexa Fluor
488 (1:1000, Invitrogen, A21206), Alexa Fluor 594 (1:1000, Invitro-
gen, A21209) and/or Alexa Fluor 647 (1:1000, Invitrogen, A21447).
Finally, the sections were mounted with thin glass coverslips in the

adhesion anti-fade medium.

2.3 | Image analysis

Images were obtained using a fluorescence microscope equipped with
the digital camera (Zeiss LSM 880, Oberkochen, Germany). To measure
PSD-95 fluorescent intensity, Z-stack images of PSD-95 IHC-stained sec-
tions containing both cortex and hippocampus from five pairs of 8-week-
old Tgm2 WT and cKO littermates were captured at the same exposure
time. Area, integrated density and mean grey values of at least 24 ran-
domly selected frames (130 x 130 um) in the cortex or hippocampi from
3 to 4 sections were measured for each animal. The mean fluorescence
of small areas that had no fluorescence was calculated as the background
reading for every image. The corrected total frame fluorescence was
determined as the following equation: the corrected total frame
fluorescence = integrated density — (area of selected frame x mean
fluorescence of background readings). To quantify the numbers of micro-
glia or neurons in the cortex and hippocampus, 24 randomly selected

frames (650 x 650 um) in the cortex or hippocampus from 4 sections
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were measured for each mouse. Five pairs of Tgm2 WT and cKO litter-
mates at 8 weeks old were sampled. Cells were only counted when they
were within a frame or on the right-hand or bottom boundary line. Image
analyses and quantification were performed using the ImageJ software
(NIH). 3D morphometric measurements of microglia were recorded and
analysed using the IMARIS software (Bitplane).

2.4 | Behavioural assays

Mice were housed in groups of 2-4 per cage under cycles of 12-h
light/12-h dark, with ad libitum access to water and food. For behavioural
tests, we used the PASS software version 15.0.13 (NCSS, Kaysville) to
estimate the appropriate animal sample sizes needed in each group. Male
mice at 6-8 weeks old were moved to the testing room 24 h before test
for acclimation. Experimental areas were cleaned with 70% ethanol
before the behavioural testing and between subjects. All experiments
were performed during the light phase. Videos were recorded and
analysed using the software Smart V3.0.03 (Panlab, Barcelona, Spain).

241 | Nest building test

Nest building test was performed as described previously.>® Approxi-
mately 1 h before the dark phase, mice were transferred to individual
testing cages containing 3.0 g cotton batting. Percentage of the nesting
material used and the nesting score on a rating scale of 1-5 were
assessed in the next morning. The nesting scores were determined as fol-
lows: score of 1, more than 90% of nestlet remaining intact; score of
2, about 50%-90% of nestlet remaining intact; score of 3, 50%-90% of
nestlet has been shredded; score of 4, more than 90% of nestlet is torn,
but the nest is flat; and score of 5, a (near) perfect nest with the shape of

a crater.

242 | Open-field test

Open-field test (OFT) was performed as described previously.>! The OFT
apparatus is a white plywood box (72 cm long x 72 cm wide x 36 cm
tall). A central square (18 x 18 cm) was drawn in the middle of the open
field chamber. Mice were randomly placed in a corner of the open field
chamber and allowed to explore for 10 min. Total distance moved in the

field and the number of centre entries were measured.

243 | Light/dark box test

Light/dark box test was conducted as described previously.>* Mice
were placed in the dark compartment (18 x 27 cm) and facing the
open door (7 x 7 cm) to the light compartment (27 x 27 cm) and
allowed free exploration for 10 min. The time spent in the light
compartment and the number of transitions between light and dark

compartments were calculated.

244 | Barnes maze test

Barnes maze test (BMT) was performed in a 120 cm-in-diameter cir-
cular platform as described previously.>® Barnes maze has 20 evenly
spaced holes (5 cm in diameter and 2 cm away from the edge) with
only one hole leading to a removable hiding box located directly
below the platform. The BMT procedure was composed of three
phases: habituation (day 1), training (days 2 and 3) and probe (day 5).
On day 1, mice were placed in the centre of the maze underneath a
clear glass beaker while white noise was played. Mice were given
3 min to enter through the target hole into the hiding box after mov-
ing the glass beaker. Mice that did not find the hiding box by the
end of 3 min were gently guided to the hiding box and allowed to
stay in it for 30 s. In the training phase, mice were placed in an opa-
que box in the centre of the maze for 15 s. After moving the opaque
box and turning on the buzzer, mice were allowed to explore the
maze for 2 min. Three trials on training day 1 and two trials on train-
ing day 2 were conducted for every mouse. On the probe testing
day, the hiding box was removed. Each mouse was given 2 min to
search the escape hole during which the buzzer was turned
on. Primary latency and number of visits to escape hole were

recorded.

245 | Marble-burying test

Mice were individually placed in the centre of propylene cages contain-
ing 5-cm-deep corncob granules, followed by overlaying 20 glass marbles
(12 mm in diameter) equidistant in a 4 x 5 matrix. After a test session of
30 min, mice were removed from cages, and the number of marbles that
were at least half-covered with corncob granules was counted.

2.5 | Western blotting

Total protein from brain tissues or from primary cultured microglia
was extracted by RIPA buffer (Beyotime, PO013B). Samples were sep-
arated by SDS-PAGE and immunoblotted using antibodies against
TG2 (1:3000, Abcam) and PSD-95 (1:3000; ab2723; Abcam).
B-Tubulin (1:5000, Easybio, BE3312-100) or B-actin (1:5000, Easybio,
BE0033-100) was used as a loading control.

2.6 | Quantitative real-time PCR

Total RNA was extracted with TRIzol (Invitrogen) and then reverse
transcribed into cDNA using the TransScript One-Step gDNA
Removal and cDNA Synthesis SuperMix kit (TRAN, #20200725).
Quantitative real-time PCR (qPCR) was performed using the SYBR
green PCR Master Mix (Yeasen, 11201ES08) and the Roche LightCy-
cler@480Il machine. Each reaction was run in triplicate, and
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was used as an
endogenous control for normalization. All primers used for gPCR are



40t10 | WILEY_IS 0 LIU €T AL.
(A) - (B) ©€) g
T 60007 _ ** £ 404 * o . = .
g . 040 ° m80 315 580' * Ewso d
= c c - *% E o=
g ,?. S °® .g + - - %
3 40001 5 ¢ 5 % 8 104 - g 60 . & 60 .
£ £ ® s = £ ¢ ot
o o ] H . * 9 c .o 28 > o
S G 201 S 40- £ S 2 E .
S 20004 £ £ - £ w3
0 E o [ — = g =
5 g 2 204 g £ =
— - P [72]
3 o i § s 5%
=0 £ 0- z o E®
- ® 0-
& D & £ & 8
& & ¢ ¢ EQ &
¢ & S & & o voo9
< < X 8 <8 e
(D) (E) (F) _
= 1007 _sx P 9 k3 ” 8
X L —— Tgm2WT o 1407 8 10- o 2 40- .
S - o 120+ ° " [}
o 80 _g _ —— Tgm2cKO £ 1204 ) c =
3 | Calom = g |1 2 - =
5 604¢0° o o \ @ 1004 02 . g 301
g 609° » S 80- o 23 9
8 oy o o R § b s £ 6 o o .
S 40y £ o 8 38 T 20{
g2 = 3 3 =3 3
o Z 3 40- g s @ 2
£ 20 = < R ©
2 b o = o g ) w 101
@ 5 & 2 s
. 0 g ol § s o
O & (o] =z [ 0-
@é\ & N F £ QooQee E & © S © E & ©
PO o * * & & o F G
¢ SO @ <
FIGURE 1 Microglial Tgm2 deficiency causes reduced anxiety and increased cognitive deficits in mice. (A) Total distance moved, time spent in

central zone and the number of entries in the central zone during the 10-min session of the open field test. n = 19-22 male mice at 6-8 weeks
old per group. (B) Number of marbles buried in the marble burying test. n = 14-18 male mice at 6-8 weeks old per group. (C) Time spent in light
compartment and the number of transitions between light and dark compartments in light/dark box test. (D) Percentage of nesting material used
and nesting score in the nesting building test. n = 24-29 male mice at 6-8 weeks old per group. (E) Primary latency to escape hole during the
training phase of the Barnes maze test (BMT). (F) Primary latency and number of positive turns to escape hole and time spent around escape hole
in the probe trial of the BMT. n = 19-21 male mice at 6-8 weeks old per group. Data are presented as mean + SEM. *p < 0.05; **p < 0.01.

summarized in Table S1. The relative expression levels of genes were
calculated by the AACT method.

2.7 | Primary cell culture

2.7.1 | Neuronal culture

Mouse hippocampal neurons were isolated from pups at birth (PO) as
described previously.>* Briefly, hippocampus was dissected and digested
with TrypLE Express (Gibco, #12604013) for 10 min at 37°C. After termi-
nating with the dulbecco's modified eagle medium (DMEM) containing
10% fetal bovine serum (FBS), single cell suspension was seeded into
24 well cell slides coated with poly-p-ornithine/laminin (PDL) and cultured
in the neurobasal medium (Gibco, 21103049) containing 2% B-27 supple-
mental (Gibco, 12587010), 1% penicillin-streptomycin solution (P/S,
Hyclone, SV30010) and 1% GlutaMAX (Gibco, 35050061). Half of the
culture medium was changed every 3 days.

2.7.2 | Microglial culture

Primary microglial cultures were performed according to our previ-
ous method.3® The cerebral cortex from PO mice were dissected and
digested with TrypLE Express. Trypsinization was stopped by adding
the equal volume of the culture medium (DMEM/F12 medium con-
taining 10% FBS and 1% P/S). Single cell suspension of glial cells
was seeded in a sterile T-75 flask containing 15 mL of the culture
medium and cultured in a 5% CO, incubator at 37°C for 8-10 days.
The medium was replaced every 3 days. Non-microglial cells were
discarded by shaking the flask at 300 rps for 2 h and removing the
supernatant. Highly purified microglia were resuspended in the cul-
ture medium and seeded on cell culture plates coated with PDL. For
cell co-culture experiments, Tgm2 WT or cKO microglia were
stained with Dil (Cell Plasma Membrane Staining Kit with Dil, Beyo-
time, C1991S) and then added to hippocampal neurons (16-17 days
in vitro) at a microglia-to-neuron ratio of 1.5:1 for 24 h as previously
described.3¢
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FIGURE 2 Loss of microglial Tgm2 leads to increased expression of PSD-95. (A) Representative images of Western blot for PSD-95 in

hippocampal and cortical tissues of Tgm2 cKO and WT male mice at 8 weeks old. (B) Quantification of PSD-95 protein expressions in
hippocampal and cortical tissues. (C) Representative images of immunohistochemical staining of PSD-95 in hippocampus and cortex. CA1, cornu
ammonis 1; DG, dentate gyrus. Scale bar, 20 um. (D) Quantification of relative immunofluorescence intensity of PSD-95 in both hippocampus and
cortex. Data are presented as mean + SEM; n = 4-5 animals. *p < 0.05; **p < 0.01; ***p < 0.001.

2.8 | Statistical analysis

Each of the experiments was evaluated normality with the Shapiro-Wilk
for testing the null hypothesis that the sample values came from a normal
distribution. Unpaired two-tailed Student's t-tests or ANOVA with post
hoc tests were used to determine whether or not there was a statistically
difference between the means of different groups using the GraphPad
Prism 9.0 software. Differences at p < 0.05 were considered significant.

All data are presented as mean + SEM.

3 | RESULTS
3.1 | Absence of microglial Tgm2 causes cognitive
deficits in mice

By reanalysing a publicly available transcriptome database for purified
neurons, microglia, astrocytes, oligodendrocyte precursor cells, newly
formed oligodendrocytes, myelinating oligodendrocytes and endothe-
lial cells from the P7 mouse cerebral cortex,?® we surprisingly found

that microglia expressed a markedly higher level of Tgm2 than any

other cell types at P7 (Figure S1a). To validate this, we compared the
expression levels of Tgm2 in primary cultured microglia and neurons
and did observe the highest mRNA level of Tgm2 in microglia
(Figure S1b). Consistently, co-immunostaining of TGM2 and the
microglia marker IBA1 in the P7 hippocampus demonstrated that the
fluorescence signal intensity of TGM2 was stronger in IBA1" micro-
glial cells compared to nearby IBA1™ cells (Figure Sic). Given that
Tgm2 is highly expressed in microglia, we hypothesized that Tgm2
may play a critical role in the microglial function in the brain.

To test the above hypothesis, we generated the microglial Tgm2
knockout mice by intercrossing Tgm2™ mice with the Cx3cri1-Cre line
(Figure S2a). gPCR analysis demonstrated that Tgm2 mRNA was dra-
matically decreased in primary cultured microglia from Tgm2 cKO mice
(Figure S2b). As we expected, the TGM2 protein level was almost unde-
tectable in primary cultured microglia from Tgm2 cKO mice
(Figure S2c,d), and the TGM2 protein level was significantly lower in
hippocampi of Tgm2 cKO mice compared with levels observed in WT
littermates by the Western blotting analysis (Figure S2ef). These data
indicated that Tgm2 was deleted in microglia in Tgm2 cKO mice. To
examine any possible phenotypes of Cx3cr1 haploinsufficiency in micro-
glia, we analysed the numbers of IBA1" microglia, CD68" structure and
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FIGURE 3 Microglial Tgm2 is required for synapse engulfment in vivo. (A) Representative 3D surface rendering images showing volume
reconstruction of IBA1* microglia,’® CD68™ structure (red) and PSD-95" puncta (green). Scale bar, 5 um. (B) Quantification of the number of
CDé68" structures per microglia. n = 107-110 microglia from five male mice at 8 weeks old per group. (C) Quantification of the number of PSD-
95" puncta engulfed within the CD68™ structure per microglia. n = 23-27 microglia from five male mice at 8 weeks old per group. (D) Relative
mMRNA expression levels of genes related to phagocytosis in hippocampal tissue by the quantitative real-time PCR analysis. n = 5 animals. Data

are presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

PSD-95 puncta engulfed in the CD68™ structure by immunohistochemi-
cal staining of brain sections from Cx3cr1-Cre™~ mice and their WT
(Cx3cr1-Cre’") littermates at 8 weeks old. As shown in Figure S3, we
did not observe appreciable effects of Cx3crl haploinsufficiency on
microglia number and synapse engulfment.

To investigate the function of microglial Tgm2 in the brain, we first
conducted a series of behavioural tests, including OFT, light/dark box
test, BMT, nest building test and marble-burying test, to examine
whether Tgm2 cKO male mice display any abnormal behavioural fea-
tures. In the OFT, total distance moved, an index of activity, was signifi-
cantly increased in Tgm2 cKO male mice compared with that in WT
male mice (Figure 1A). Meanwhile, Tgm2 cKO male mice had more
entries and spent more time in the centre zone (Figure 1A). These data
suggested that Tgm2 cKO male mice exhibited a phenotype of hyperac-
tivity and less anxiety. Next, we conducted marble-burying test and
light/dark box test to further assess anxiety. There were fewer marbles
buried in Tgm2 cKO male mice in the marble burying test, while a longer
time spent in the light compartment and a larger number of transitions
between light and dark compartments were detected in Tgm2 cKO male

mice in the light/dark box test (Figure 1B,C). These findings confirmed
that Tgm2 cKO male mice had less anxiety.

Since anxiety-like behaviour is closely related to cognition,” we
next investigated whether cognitive function is affected in Tgm2 cKO
male mice. In nest building test, Tgm2 cKO male mice tore a smaller part
of nestlets and constructed nests of poorer quality as compared to WT
male mice (Figure 1D). In BMT, we observed that Tgm2 cKO male mice
displayed a significant delay to locate the hiding box in both training
and probe phases (Figure 1E,F), and they also exhibited fewer positive
turns to escape hole and spent less time wandering around the escape
hole (Figure 1F). Altogether, these behavioural data strongly support

that microglial Tgm2 is essential for the cognitive function.
3.2 | Loss of microglial Tgm2 leads to increased
expression of postsynaptic density protein PSD-95

Considering that synapse remodelling is mediated by microglia,® to

explore the potential mechanisms of cognitive deficit in microglial
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FIGURE 4 Deficiency of microglial TGM2 reduces synapse phagocytosis in vitro. (A) Representative images of dendritic spines of primary
hippocampal neurons (MAP2", green) cultured alone (no microglia [MG]) or co-cultured with either WT or Tgm2 cKO microglia (Dil ", red) for
24 h. Scale bar, 10 um. (B) Quantification of spine numbers of primary cultured hippocampal neurons. n = 30-37 neurons from three males.

(C) Quantification of relative size of MAP2™ structure engulfed per Dil-labelled microglia. n = 40 microglia from three males. (D) Relative mRNA
expression levels of genes related to phagocytosis and endocytosis in microglia by quantitative real-time PCR analysis. n = 5 cultures. Data are

presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

Tgm2 knockout mice, we examined the expression levels of PSD-95 in
hippocampal and cortical tissues of both 8-weeks-old Tgm2 cKO and
WT mice by Western blot and IHC assays. Western blot analysis
revealed a significant upregulation of PSD-95 protein levels in both
hippocampus and cortex of Tgm2 cKO mice (Figure 2A,B). Consistently,
increased fluorescence intensities of PSD-95 in the cortex, cornu
ammonis 1 (CA1) and dentate gyrus (DG) regions were verified by IHC
analysis (Figure 2C,D). Taken together, these results suggest that
microglial Tgm2 may play a key role in regulating synapse remodelling.

3.3 | Microglial TGM2 is required for synapse
engulfment in vivo

There was no difference in the number of IBA1" microglia in the cor-
tex and hippocampus between 8-week-old Tgm2 cKO and WT mice
(Figure S4a,b). Quantification of the total length of all process, process
volume and branch number did not find any morphological difference
between 8-week-old Tgm2 cKO and WT microglia by IMARIS-based
3D morphometric measurements (Figure S4c,d). Moreover, immuno-

histochemical staining of a neuronal marker NeuN showed that the

neuron densities in the hippocampus and cortex of Tgm2 cKO were
the same as WT mice (Figure S5a,b). These results indicate that Tgm2
loss-of-function does not alter the density and morphology of micro-
glia as well as the number of neurons in vivo.

However, IHC staining for PSD-95, CDé68 and IBA1 revealed a
reduced number of CD68" structures (Figure 3A,B) and PSD-95
puncta engulfed in CD68" structures (Figure 3C) per hippocampal
microglia in Tgm2 cKO mice compared with WT littermates at
8 weeks old. Next, we performed gPCR analysis and discovered that
the expression of phagocytic markers (CD68 and CD14) and phago-
cytic genes, such as Cqla, Clgb, Mertk, Tim4 and Abcal, were signifi-
cantly decreased in hippocampal tissues in Tgm2 cKO mice
(Figure 3D). These data support that the deletion of TGM2 in microglia

inhibits synapse engulfment in vivo.
3.4 | Deficiency of microglial TGM2 reduces
synapse phagocytosis in vitro

The fluorescent probe Dil, a cell plasma membrane dye, is commonly used

as a safe, inexpensive and fast method to label and trace cells.®® We



LIU ET AL

found that all live cells could be stained with Dil and almost all of Dil" cell
(>96%) were TREM1191IBA1" microglia, indicating the high purity of our
primary cultured microglia (Figure Séa,b). To validate the reduced phago-
cytosis feature of Tgm2 cKO microglia, we stained primary microglia with
Dil and then added them into hippocampal neuronal cultures (16-17 days
in vitro) at a microglia-to-neuron ratio of 1.5:1 for 24 h as previously
described.*2*® We observed that there was a significant reduction in
spine numbers of hippocampal neurons in contact with Tgm2 cKO micro-
glia (Figure 4A,B). Meanwhile, the relative size of the MAP2" structure
engulfed per Tgm2 cKO microglia was significantly smaller than that of
Tgm2 WT microglia (Figure 4C). On the molecular level, the phagocytic
genes, such as Cqla, Clgb, Tim4, Lamp1, Lamp2, Rab7, Hexb1 and Npc1,
were down-regulated in Tgm2 cKO microglia compared to WT controls
(Figure 4D). Again, these in vitro data strongly suggest that microglia

TGM2 is required for proper synapse remodelling.

4 | DISCUSSION

Learning and memory require the formation of new neural circuits in
the brain.3’ Microglia play critical roles in learning and memory as
they regulate the formation and stability of synapses and modulate
synaptic plasticity by releasing brain derived neurotrophic facor
(BDNF) or inflammatory molecules to communicate with neurons.*®
This study elucidates a novel role of microglial TGM2 in regulating
synaptic remodelling and cognition under physiological conditions.
The absence of microglial TGM2 causes reduced anxiety and
increased cognitive deficits in mice. It is worth noting that microglia
are the primary source of TGM2 in mice during oligodendrocyte
development, and microglial TGM2 promotes myelination and myelin
repair via GPR56/ADGRG1 in a focal de-/re-myelination model using
injections of lysophosphatidylcholine into the external capsule of the
mouse corpus callosum.2 Since oligodendrocytes and myelin play key
roles during and/or following learning,** we cannot exclude the possi-
bility that impaired myelination might also contribute to cognitive dys-
function we observed in mice with microglial Tgm2-deletion, but
exactly how abnormal myelination influences the underlying neural
circuits remains to be investigated in the future.

TGM2 is an enzyme that has multifunctional activity of crosslink-
ing, deamidation, GTPase and ATPase, isopeptidase, as well as
adapter/scaffold activity.*> TGM2 accumulation causes cell death in
neuroblastoma cells,*® hepatocytes** and neurons.*> However, a pro-
survival role of TGM2 has also been reported in injured liver*® as well
as in brain with ischaemia and stroke.?”*® Indeed, the function that
TG2 takes on relies upon its different domains and conformations, cell
types, intracellular localization and extracellular environment.*®
Although our study supports that the deficiency of microglial TGM2
does not affect the numbers of microglia and neurons in the hippo-
campus and cortex under normal conditions, it will be very interesting
to examine whether there is a difference in cell death and survival in
the brain following acute injury or stress.

Synapse formation, stabilization and elimination are indispensable

mechanisms underlying synaptic plasticity, which is associated and

mediates learning and memory.*’ Microglia mediate synaptic pruning
and cognition, but only a few molecular mechanisms have been identi-
fied, including CX3CR1,°° TREM2,%¢ EZH2,5 EED3'2 and the com-
plement cascade (C1g, C3 and CR3).> A previous study has shown
that the clearance of apoptotic cells is defective in Tgm2~/~ mice,
because the lack of TGM2 prevents the production of active trans-
forming growth factor-p1 in macrophages exposed to apoptotic cells,
which is required for efficient phagocytosis of apoptotic bodies.>*
Consistently, our study unveils an important role for microglial TGM2
in the control of engulfment of synapses. Although, at present, the
molecular mechanism of how the deletion of microglial Tgm2 leads to
reduced anxiety and increased cognitive deficits still remains elusive,
we have identified the phagocytic genes, such as Cqla, Clgb and
Tim4, to be down-regulated in Tgm2 cKO microglia compared with
WT controls. These results help explain the key regulatory role of
microglial TGM2 in synaptic remodelling.

Synapse and synaptic protein loss are fundamental to the patho-
physiology of Alzheimer's disease (AD), frontotemporal dementia,
ischaemic vascular dementia and spongiform encephalopathy.>®
Moreover, in the human AD brain, there is strong evidence for activa-

tion of complement>®

and for microglia-mediated synapse loss via the
complement pathway in AD.>” Since our data indicate that TGM2
deficiency causes reduced synapse phagocytosis, enhanced expres-
sion of postsynaptic density protein PSD-95 and down-regulated
expression of complement (Cqla and Clgb), it will be interesting to
investigate whether blocking the microglial Tgm2 pathway has a ther-
apeutic potential for synapse damage and loss in the context of neu-
rodegenerative diseases.

It has been recently recognized that microglia possess sexually
dimorphic roles in the developing, adult and aged brain that have been
associated with neurological disorders such as autism and traumatic
brain injuries.®>587%1 The adult female mice, under physiological con-
ditions, are usually exposed to short-term changes in gonadal hor-
mones levels (estrous cycle). A recent study demonstrates that
neuronal chromatin organization in the female ventral hippocampus
of mouse fluctuates with the estrous cycle and that chromatin organi-
zational changes associate with the transcriptional activity of genes
important for neuronal function and behaviour.®? To avoid possible
effects of the phase of female estrous cycle on behaviours,®® we only
used male mice in the present study. It would be interesting to know
whether Tgm2 cKO-induced changes in synaptic remodelling and cog-
nitive function are sex-specific at different developmental stages
and/or under various disease conditions using various methods like
behavioural, electrophysiological, immunohistological and molecular
assays.

It is worthy to note that Cx3cr1-Cre can sometimes evince
haploinsufficiency in mouse models under pathological conditions,
including LPS- or acute injury-induced systemic inflammation, MPTP-
induced parkinsonism and the SOD1%7** model of amyotrophic lateral
sclerosis.®*~%¢ In a previous study, Paolicelli and colleagues observed a
transient deficit in synaptic pruning and a transient increase in den-
dritic spine density in the Cx3crl knockout (KO/KO) mice, not in
Cx3cr1CFP/+ (KO/+), Cx3crl

reporter mice suggesting that



LIU ET AL

haploinsufficiency may not have obvious effects on synaptic pruning
by microglia during normal brain development.®” In this study, we also
do not detect any obvious effects of Cx3cr1 haploinsufficiency on the
microglia number and synapse engulfment. To ascertain a direct effect
of reduced synapse phagocytosis on TGM2-knockout microglia, addi-
tional experiments are needed, that is, blocking phagocytosis of
microglia under WT conditions, rescuing TGM2-knockout phenotype
and comparing to other cell-type specific knockouts. In addition,
CX3CR1 is a chemokine receptor expressed in microglia, as well as
the mononuclear phagocyte system, it is unclear whether Tgm2
knockout in macrophages, monocytes or neutrophils will contribute to
the pathogenesis of neurological diseases.

In conclusion, our findings suggest that microglial TGM2 is essen-
tial for proper synaptic remodelling and cognitive function. Given the
complex heterogeneity of microglia phenotypes and the multifunc-
tional activity of TGM2 across different types of cells, future investi-
gations are required to elucidate the exact localization of TGM2 in
various microglial subtypes as well as the molecular mechanisms

underlying the functional phenotypes of TGM2 in health and disease.

AUTHOR CONTRIBUTIONS

Zhao-Qian Teng and Cong Liu conceived and designed the research.
Cong Liu and Zhao-Qian Teng drafted the manuscript. Cong Liu, Xing
Gao, Ruo-Xi Shi, Ying-Ying Wang, Xuan-Cheng He and Hong-Zhen
Du performed the experiments and approved the final version of
the manuscript. Baoyang Hu, Jianwei Jiao, Zhao-Qian Teng and

Chang-Mei Liu supervised the research and revised the manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
All data generated and analyzed are included in this article. Further

enquiries can be directed to the corresponding author.

ORCID

Baoyang Hu "= https://orcid.org/0000-0003-3993-4014
Jianwei Jiao "= https://orcid.org/0000-0002-7893-0721
Chang-Mei Liu ' https://orcid.org/0000-0002-2941-4667

Zhao-Qian Teng "= https://orcid.org/0000-0002-7232-3381

REFERENCES

1. Prinz M, Jung S, Priller J. Microglia biology: one century of evolving
concepts. Cell. 2019;179(2):292-311.

2. Li Q, Barres BA. Microglia and macrophages in brain homeostasis and
disease. Nat Rev Immunol. 2018;18(4):225-242.

3. Gomez Perdiguero E, Klapproth K, Schulz C, et al. Tissue-resident
macrophages originate from yolk-sac-derived erythro-myeloid pro-
genitors. Nature. 2015;518(7540):547-551.

4. Frost JL, Schafer DP. Microglia: architects of the developing nervous
system. Trends Cell Biol. 2016;26(8):587-597.

5. Mosser CA, Baptista S, Arnoux |, Audinat E. Microglia in CNS develop-
ment: shaping the brain for the future. Prog Neurobiol. 2017;149-150:
1-20.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

Salter MW, Stevens B. Microglia emerge as central players in brain
disease. Nat Med. 2017;23:1018-1027.

Wolf SA, Boddeke HW, Kettenmann H. Microglia in physiology and
disease. Annu Rev Physiol. 2017;79:619-643.

Colonna M, Butovsky O. Microglia function in the central nervous
system during health and neurodegeneration. Annu Rev Immunol.
2017;35:441-468.

Madore C, Yin Z, Leibowitz J, Butovsky O. Microglia, lifestyle stress,
and neurodegeneration. Immunity. 2020;52(2):222-240.

van Rheenen W, van der Spek RAA, Bakker MK, et al. Common and
rare variant association analyses in amyotrophic lateral sclerosis iden-
tify 15 risk loci with distinct genetic architectures and neuron-specific
biology. Nat Genet. 2021;53(12):1636-1648.

Hickman S, Izzy S, Sen P, Morsett L, El Khoury J. Microglia in neuro-
degeneration. Nat Neurosci. 2018;21(10):1359-1369.

Zengeler KE, Lukens JR. Innate immunity at the crossroads of healthy
brain maturation and neurodevelopmental disorders. Nat Rev Immu-
nol. 2021;21(7):454-468.

Keillor JW, Apperley KY. Transglutaminase inhibitors: a patent
review. Expert Opin Ther Pat. 2016;26(1):49-63.

Muma NA. Transglutaminase is linked to neurodegenerative diseases.
J Neuropathol Exp Neurol. 2007;66:258-263.

Beninati S, Piacentini M. The transglutaminase family: an overview:
minireview article. Amino Acids. 2004;26(4):367-372.

Quinn BR, Yunes-Medina L, Johnson GVW. Transglutaminase 2:
friend or foe? The discordant role in neurons and astrocytes.
J Neurosci Res. 2018;96(7):1150-1158.

Lesort M, Attanavanich K, Zhang J, Johnson GV. Distinct nuclear
localization and activity of tissue transglutaminase. J Biol Chem. 1998;
273(20):11991-11994.

Rudlong J, Cheng A, Johnson GVW. The role of transglutaminase 2 in
mediating glial cell function and pathophysiology in the central ner-
vous system. Anal Biochem. 2020;591:113556.

Park D, Choi SS, Ha KS. Transglutaminase 2: a multi-functional pro-
tein in multiple subcellular compartments. Amino Acids. 2010;39(3):
619-631.

Collighan RJ, Griffin M. Transglutaminase 2 cross-linking of matrix
proteins: biological significance and medical applications. Amino Acids.
2009;36(4):659-670.

Eckert RL, Kaartinen MT, Nurminskaya M, et al. Transglutaminase
regulation of cell function. Physiol Rev. 2014;94(2):383-417.

Kjell J, Fischer-Sternjak J, Thompson AJ, et al. Defining the adult neu-
ral stem cell niche proteome identifies key regulators of adult neuro-
genesis. Cell Stem Cell. 2020;26(2):277-293.€8.

Giera S, Luo R, Ying Y, et al. Microglial transglutaminase-2 drives
myelination and myelin repair via GPR56/ADGRG1 in oligodendro-
cyte precursor cells. Elife. 2018;7:e33385.

Van Strien ME, Baron W, Bakker EN, et al. Tissue transglutaminase
activity is involved in the differentiation of oligodendrocyte precursor
cells into myelin-forming oligodendrocytes during CNS remyelination.
Glia. 2011;59(11):1622-1634.

Pandya CD, Hoda N, Crider A, et al. Transglutaminase 2 overexpres-
sion induces depressive-like behavior and impaired TrkB signaling in
mice. Mol Psychiatry. 2017;22(5):745-753.

Filiano AJ, Tucholski J, Dolan PJ, Colak G, Johnson GV. Transglutami-
nase 2 protects against ischemic stroke. Neurobiol Dis. 2010;39(3):
334-343.

Feola J, Barton A, Akbar A, Keillor J, Johnson GVW. Transglutaminase
2 modulation of NF-kappaB signaling in astrocytes is independent of
its ability to mediate astrocytic viability in ischemic injury. Brain Res.
2017;1668:1-11.

Zhang Y, Chen K, Sloan SA, et al. An RNA-sequencing transcriptome
and splicing database of glia, neurons, and vascular cells of the cere-
bral cortex. J Neurosci. 2014;34(36):11929-11947.


https://orcid.org/0000-0003-3993-4014
https://orcid.org/0000-0003-3993-4014
https://orcid.org/0000-0002-7893-0721
https://orcid.org/0000-0002-7893-0721
https://orcid.org/0000-0002-2941-4667
https://orcid.org/0000-0002-2941-4667
https://orcid.org/0000-0002-7232-3381
https://orcid.org/0000-0002-7232-3381

10 of 10 WILEY_ 2

29.

30.

31.

32.

33.
34.
35.
36.

37.
38.
39.

40.

41.
42.

43,
44,

45.
46.
47.
48.
49.

50.

LIU ET AL

Cheng Y, Wang ZM, Tan W, et al. Partial loss of psychiatric risk gene
Mir137 in mice causes repetitive behavior and impairs sociability and
learning via increased Pde10a. Nat Neurosci. 2018;21(12):1689-1703.
Deacon RM. Assessing nest building in mice. Nat Protoc. 2006;1(3):
1117-1119.

Wang YY, Deng YS, Dai SK, et al. Loss of microglial EED impairs syn-
apse density, learning, and memory. Mol Psychiatry. 2022;27(7):2999-
3009.

Yan HL, Sun XW, Wang ZM, et al. MiR-137 deficiency causes
anxiety-like behaviors in mice. Front Mol Neurosci. 2019;12:260.

Attar A, Liu T, Chan WT, et al. A shortened Barnes maze protocol
reveals memory deficits at 4-months of age in the triple-transgenic
mouse model of Alzheimer's disease. PLoS One. 2013;8(11):e80355.
Wang ZM, Liu C, Wang YY, et al. SerpinA3N deficiency deteriorates
impairments of learning and memory in mice following hippocampal
stab injury. Cell Death Discov. 2020;6(1):88.

Liu C, Dai SK, Shi RX, et al. Transcriptional profiling of microglia in the
injured brain reveals distinct molecular features underlying neurode-
generation. Glia. 2021;69(5):1292-1306.

Filipello F, Morini R, Corradini I, et al. The microglial innate immune
receptor TREM2 is required for synapse elimination and normal brain
connectivity. Immunity. 2018;48(5):979-991.e8.

Lima IMM, Peckham AD, Johnson SL. Cognitive deficits in bipolar dis-
orders: implications for emotion. Clin Psychol Rev. 2018;59:126-136.
Giulian D, Baker TJ. Characterization of ameboid microglia isolated
from developing mammalian brain. J Neurosci. 1986;6(8):2163-2178.
Kennedy MB. Synaptic signaling in learning and memory. Cold Spring
Harb Perspect Biol. 2013;8(2):a016824.

Cornell J, Salinas S, Huang HY, Zhou M. Microglia regulation of syn-
aptic plasticity and learning and memory. Neural Regen Res. 2022;
17(4):705-716.

Xin W, Chan JR. Myelin plasticity: sculpting circuits in learning and
memory. Nat Rev Neurosci. 2020;21(12):682-694.

Tatsukawa H, Hitomi K. Role of transglutaminase 2 in cell death, sur-
vival, and fibrosis. Cell. 2021;10(7):1842.

Melino G, Annicchiarico-Petruzzelli M, Piredda L, et al. Tissue trans-
glutaminase and apoptosis: sense and antisense transfection studies
with human neuroblastoma cells. Mol Cell Biol. 1994;14(10):6584-
6596.

Kuo TF, Tatsukawa H, Matsuura T, Nagatsuma K, Hirose S, Kojima S.
Free fatty acids induce transglutaminase 2-dependent apoptosis in
hepatocytes via ER stress-stimulated PERK pathways. J Cell Physiol.
2012;227(3):1130-1137.

Tucholski J, Roth KA, Johnson GV. Tissue transglutaminase overex-
pression in the brain potentiates calcium-induced hippocampal dam-
age. J Neurochem. 2006;97(2):582-594.

Sarang Z, Molnar P, Nemeth T, et al. Tissue transglutaminase (TG2)
acting as G protein protects hepatocytes against Fas-mediated cell
death in mice. Hepatology. 2005;42(3):578-587.

Filiano AJ, Bailey CD, Tucholski J, Gundemir S, Johnson GV. Transglu-
taminase 2 protects against ischemic insult, interacts with HIF1beta,
and attenuates HIF1 signaling. FASEB J. 2008;22(8):2662-2675.
Gundemir S, Johnson GV. Intracellular localization and conformational
state of transglutaminase 2: implications for cell death. PLoS One.
2009;4(7):e6123.

Cardozo PL, de Lima IBQ, Maciel EMA, Silva NC, Dobransky T,
Ribeiro FM. Synaptic elimination in neurological disorders. Curr Neu-
ropharmacol. 2019;17(11):1071-1095.

Hoshiko M, Arnoux I, Avignone E, Yamamoto N, Audinat E. Defi-
ciency of the microglial receptor CX3CR1 impairs postnatal functional

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

development of thalamocortical synapses in the barrel cortex.
J Neurosci. 2012;32(43):15106-15111.

Ayata P, Badimon A, Strasburger HJ, et al. Epigenetic regulation of
brain region-specific microglia clearance activity. Nat Neurosci. 2018;
21(8):1049-1060.

Wang YY, Deng YS, Dai SK, et al. Microglial EED is required for syn-
apse engulfment. Mol Psychiatry. 2022;27(7):2915.

Stevens B, Allen NJ, Vazquez LE, et al. The classical complement cas-
cade mediates CNS synapse elimination. Cell. 2007;131(6):1164-
1178.

Szondy Z, Sarang Z, Molnar P, et al. Transglutaminase 2—/— mice
reveal a phagocytosis-associated crosstalk between macrophages and
apoptotic cells. Proc Natl Acad Sci U S A. 2003;100(13):7812-7817.
Clare R, King VG, Wirenfeldt M, Vinters HV. Synapse loss in demen-
tias. J Neurosci Res. 2010;88(10):2083-2090.

Zanjani H, Finch CE, Kemper C, et al. Complement activation in very
early Alzheimer disease. Alzheimer Dis Assoc Disord. 2005;19(2):
55-66.

Rajendran L, Paolicelli RC. Microglia-mediated synapse loss in Alzhei-
mer's disease. J Neurosci. 2018;38(12):2911-2919.

Lenz KM, McCarthy MM. A starring role for microglia in brain sex dif-
ferences. Neuroscientist. 2015;21(3):306-321.

Villa A, Gelosa P, Castiglioni L, et al. Sex-specific features of microglia
from adult mice. Cell Rep. 2018;23(12):3501-3511.

Villapol S, Loane DJ, Burns MP. Sexual dimorphism in the inflamma-
tory response to traumatic brain injury. Glia. 2017;65(9):1423-1438.
Doust YV, King AE, Ziebell JM. Implications for microglial sex differ-
ences in tau-related neurodegenerative diseases. Neurobiol Aging.
2021;105:340-348.

Jaric I, Rocks D, Greally JM, Suzuki M, Kundakovic M. Chromatin
organization in the female mouse brain fluctuates across the oestrous
cycle. Nat Commun. 2019;10(1):2851.

Meziane H, Ouagazzal AM, Aubert L, Wietrzych M, Krezel W. Estrous
cycle effects on behavior of C57BL/6J and BALB/cByJ female mice:
implications for phenotyping strategies. Genes Brain Behav. 2007;6(2):
192-200.

Cardona AE, Pioro EP, Sasse ME, et al. Control of microglial neurotox-
icity by the fractalkine receptor. Nat Neurosci. 2006;9(7):917-924.
Poniatowski LA, Wojdasiewicz P, Krawczyk M, et al. Analysis of the
role of CX3CL1 (Fractalkine) and its receptor CX3CR1 in traumatic
brain and spinal cord injury: insight into recent advances in actions of
neurochemokine agents. Mol Neurobiol. 2017;54(3):2167-2188.
Wieghofer P, Knobeloch KP, Prinz M. Genetic targeting of microglia.
Glia. 2015;63(1):1-22.

Paolicelli RC, Bolasco G, Pagani F, et al. Synaptic pruning by microglia is
necessary for normal brain development. Science. 2011;333:1456-1458.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Liu C, Gao X, Shi R-X, et al. Microglial
transglutaminase 2 deficiency causes impaired synaptic
remodelling and cognitive deficits in mice. Cell Prolif. 2023;
56(9):13439. doi:10.1111/cpr.13439


info:doi/10.1111/cpr.13439

	Microglial transglutaminase 2 deficiency causes impaired synaptic remodelling and cognitive deficits in mice
	1  INTRODUCTION
	2  METHODS
	2.1  Mouse strains
	2.2  Immunohistochemistry and immunofluorescence
	2.3  Image analysis
	2.4  Behavioural assays
	2.4.1  Nest building test
	2.4.2  Open-field test
	2.4.3  Light/dark box test
	2.4.4  Barnes maze test
	2.4.5  Marble-burying test

	2.5  Western blotting
	2.6  Quantitative real-time PCR
	2.7  Primary cell culture
	2.7.1  Neuronal culture
	2.7.2  Microglial culture

	2.8  Statistical analysis

	3  RESULTS
	3.1  Absence of microglial Tgm2 causes cognitive deficits in mice
	3.2  Loss of microglial Tgm2 leads to increased expression of postsynaptic density protein PSD-95
	3.3  Microglial TGM2 is required for synapse engulfment in vivo
	3.4  Deficiency of microglial TGM2 reduces synapse phagocytosis in vitro

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


