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Abstract

Microglial activation is a pathological feature of many neurodegenerative diseases and the role of cellular lipids in these diseases is
mostly unknown. It was known that the special ether lipid plasmalogens (Pls) were reduced in the brain and blood samples of
Alzheimer’s disease (AD) patients. It has recently been reported that the oral ingestion of scallop-derived Pls (sPls) improved
cognition among mild AD patients, which led us to investigate the role of sPls in the microglial activation. We used the lipopoly-
saccharides (LPS)-induced microglial activation model and found that sPls inhibit the LPS-mediated TLR4 endocytosis and the
downstream caspases activation. By using the specific inhibitors, we also confirmed that the TLR4 endocytosis and the caspases
activation strictly controlled the pro-inflammatory cytokine expression. In addition, the reduction of cellular Pls by sh-RNA-mediated
knockdown of GNPAT (glyceronephosphate O-acyltransferase), a Pls synthesizing enzyme, enhanced the endocytosis of TLR4 and
activation of caspase-3 which resulted in the enhanced pro-inflammatory cytokine expression. We also report for the first time that the
TLR4 endocytosis was significantly higher in the cortex of aged mice and AD model mice brains, proposing a significant link
between the age-related reduction of Pls and microglial activation. Interestingly, the sPls drinking in AD model mice significantly
reduced the TLR4 endocytosis. Our cumulative data indicates that the cellular Pls attenuate the microglial activation by maintaining
the endocytosis of TLR4, suggesting a possible mechanism of the cognition improvement effect of sPls among mild AD patients.
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Introduction

Alzheimer disease (AD) is characterized by the progressive
loss of neurons due to intracellular accumulation of toxic
amyloid-3, as well as neuro-fibrillary tangles [1, 2].
Furthermore, the presence of activated microglia [3] and reac-
tive astrocytes [4] that produce cytokines [5] are associated
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with the AD pathologies. Plasmalogens (Pls) are the member
of glycerophospholipids containing a vinyl ether bond at the
sn-1 position of the glycerol backbone [6]. This vinyl ether
bond makes Pls more susceptible to oxidative stress than the
sn-1 ester bond of diacylglycerophospholipids or carbon-
carbon double bond of unsaturated fatty acids without produc-
ing free radicals in response to peroxides [7]. The deficiency of
Pls has been found in the brain tissue [8—10] and serum samples
[11] of AD patients. Pls have been shown to inhibit neuronal
cell death by suppressing an intrinsic apoptotic pathway, which
is characterized by the activation of caspase-9 [12]. It was also
found that the systemic LPS-induced activation of microglial
cells and the expression of pro-inflammatory cytokines were
significantly attenuated by the administration of Pls [13].
However, the precise mechanism of the Pls-induced suppres-
sion of inflammatory responses remained mostly elusive.
Toll-like receptors (TLRs), a family of receptor proteins, play
a wide role in innate and adaptive immune responses upon the
stimulations by exogenous and endogenous TLRs ligands.
Among TLRs, the TLR4 in particular has attracted a major
attention due to its ability to recruit different adaptor proteins.
The LPS-TLR4 complex initiates the TLR4 endocytosis, which
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is believed to play a major role in regulating inflammatory
signals to induce the cytokine expression [14] by activating the
Toll/interleukin-1 receptor (IL-1R) domain-containing adaptor
protein (TIRAP) and MyD88 adaptor proteins, as well as Toll/
IL-1R domain-containing adaptor inducing type I interferons
(TRIF)-mediated pathways in mouse macrophages and Ba/F3
cells [15, 16]. The internalization of TLR4 has been reported to
be mediated by clathrin-dependent endocytosis in human embry-
onic kidney (HEK 293) cells [17], lipid raft-mediated endocyto-
sis in Chinese hamster ovary (CHO) cell line [18] and both
clathrin-dependent and lipid raft-mediated endocytosis in cortical
astrocytes [19]. However, there is a controversy about the role of
lipid rafts in TLR4 signaling. The TLR4 is activated upon bind-
ing to the ligand, LPS, and undergo homodimerization and
recruitment into the lipid rafts, thereby inducing the activation
of nuclear factor (NF)-«B and pro-inflammatory gene expression
in a murine pro-B cell line [16]. In contrast, it is also shown that
lipid raft-dependent endocytosis of TLR4 suppresses signaling
by accelerating degradation of TLR4 in macrophages [20].

Caspases are cysteine aspartate-specific proteases and have
been recognized as crucial initiators of apoptosis and neuro-
degeneration [21]. These family proteins are associated with
inflammation [22]. Among different caspases, caspase-3 is of
particular interest because it is found to be associated with the
pathologies of neurodegenerative diseases, such as AD [23,
24]. Recent studies also reported that caspase-3 is associated
with the formation of amyloid-f by processing of amyloid
precursor protein [25]. Caspase-8 and caspase-3 have been
implicated in microglial activation by regulating protein ki-
nase C [26]. Based on our previous findings that Pls inhibited
the LPS-induced amyloid-3 formation and microglial activa-
tion in the mouse cortex [13], we hypothesized that Pls can
modulate caspase-8 and caspase-3 signaling in microglial
cells, particularly, in the downstream of TLR4 activation to
inhibit neuroinflammation.

In our present study, we explored the inflammatory path-
way in BV2 and primary cultured microglial cells treated with
LPS and found that the LPS-induced inflammatory signaling
was associated with endocytosis of TLR4. In in vitro culture,
the pretreatment with sPIs (scallop-derived Pls) attenuated the
LPS-induced signaling by inhibiting the dynamin-dependent
internalization of TLR4. Knockdown of the Pls synthesizing
enzyme, glyceronephosphate O-acyltransferase (GNPAT), by
lentiviral vectors encoding short hairpin (sh)-RNA against
GNPAT resulted in the increased activation of caspases and
the endocytosis of TLR4. We previously found that Pls are
reduced in the brain of aged mice and the AD model mice
[27]. Interestingly, we found a significant increase in the en-
docytosis of TLR4 in these mice brains and the sPls drinking
significantly reduced the TLR4 endocytosis in the AD model
mice brain, suggesting that the Pls contents in the brain is
closely associated with the TLR4 signaling and microglial
activation.

Methods
Cell Line and Reagents

Human embryonic kidney derived cell lines, HEK293 and
HEK293FT, were purchased from the Health Science
Research Resources Bank, RIKEN, Japan. The BV2 immor-
talized cell line was a gift from Dr. Hidetoshi Saitoh, Kyushu
University, Japan. Cells were maintained in Dulbecco’s mod-
ified Eagle medium (DMEM) (Nissui Pharmaceutical, Tokyo,
Japan) containing 10% heat-inactivated fetal bovine serum
(FBS) (Invitrogen, Carlsbad, CA, USA), 50 pg/ml penicillin
and 50 pg/ml streptomycin (Invitrogen), and glucose
(1000 mg/L) at 5% CO, incubator set with the temperature
of 37 °C. Highly pure Pls were extracted from scallop as
reported previously [28, 29]. Since ethanolamine Pls (Pls-
Etn) are enriched mostly in the brain [30], we further purified
Pls-Etn from scallop Pls. The composition of fatty acids of
Pls-Etn was analyzed using high-performance liquid chroma-
tography method as previously described [29] and shown in
Table 1. sPls were dissolved in water to the stock concentra-
tion of 5 mg/ml immediately before use. We used the follow-
ing reagents; LPS (Sigma-Aldrich, St. Louis, MO, USA),
cleaved caspase-3 inhibitor Z-DEVD-fmk (SC-311558;
Santa Cruz Biotechnology, Dallas, TX, USA), caspase family
inhibitor Z-VAD-fmk (SC-3067; Santa Cruz), dynamin inhib-
itor, dynasore (Sigma-Aldrich), and lipid raft inhibitor,
methyl-f-cyclodextrin (MBCD, Sigma-Aldrich).

Mice Experiments

All the experiments of mice were approved by the animal
ethics committee of Kyushu University. The triple transgenic
mice expressing the mutant APP, PS1, and Tau [31] were used
as AD model mice. The AD model mice were treated with
sPls containing water for 15 month and sacrificed at their age

Table 1  The fatty acid composition of the ethanolamine Pls in the
purified Pls

Numerical symbol Percent
16:0 Palmitic acid 52
18:0 Stearic acid 2.0
18:1, n-9 Oleic acid 2.6
18:2, n-6 Linoleic acid 1.2
18:3, n-3 o-Linolenic acid 1.0
20:4, n-6 Arachidonic acid 9.0
20:5, n-3 Eicosapentaenoic acid (EPA) 23.9
20:6, n-3 Docosahexaenoic acid (DHA) 38.9
Others 16.2
Total 100.0
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of 18 month to see the endocytosis of TLR4. Young and old
B6 mice (C57BL/6J) were purchased from the Kyudo Co
Ltd., Japan. All efforts were made to minimize the number
and suffering of mice throughout this study.

Primary Microglial Cell Culture

Primary microglia cells were isolated from the cerebral cortex
of 3-day-old mice according to our previously published re-
port [32]. In brief, whole brains of neonatal mice were taken
under sterile condition. The skin, blood vessels, and meninges
were carefully removed, and the cerebral cortex was collected
in a conical tube containing phosphate-buffered saline (PBS)-
glucose (1 M glucose). The solution was then replaced by a
PBS-bovine serum albumin (BSA) glucose solution followed
by subjected to digestion with trypsin in 37 °C incubator for
10 min. We then neutralized the trypsin activity by adding
FBS and added warmed DMEM medium followed by pipet-
ting for 20 times to dissolve the tissue. The cell suspension
was then filtered using 70-pum nylon cell strainers and then
transferred to the 75 cm” 250 ml flask with DMEM medium
supplemented with 10% FBS. The flasks were then incubated
in a 5% CO, incubator at 37 °C for 2 weeks with the replace-
ment of fresh medium every 5 days. After obtaining a conflu-
ent cell layer on the dish, the neonatal primary microglia cells
were harvested by vigorous shaking of the flask. The
microglial suspension was then centrifuged at 1000 rpm for
5 min followed by suspending the microglia pellets in FBS
containing DMEM medium. The cell suspension was plated
on the coverslip placed in the 12 well dishes with the density
of 2 x 10° cells/well.

Real-time Polymerase Chain Reaction (PCR)

Total RNA was extracted by TRIZOL reagent (Life
Technologies) according to the recommended protocol. The
cDNA was synthesized from the purified RNA using the
Rever Tra Ace qPCR reverse transcriptase kit (Toyobo Co.,
Osaka, Japan). Real-time PCR was done by using SYBER
premix Ex. Taq (TAKARA Bio Co., Shiga, Japan) in ABI
7500 real-time PCR system (Applied Biosystems, Foster
City, CA). The data was analyzed by delta Ct technique con-
sidering the housekeeping gene, glyceraldehyde-3-phosphae
dehydrogenase (GAPDH), as an internal control. The se-
quences of primer pair used in real time PCR were as follow-
ing: GAPDH, forward 5’-CAATGTGTCCGTCGTGGATCT-
3’ and reverse 5’GTCCTCAGTGTAGCCCAAGAT-3';
TNF-a, forward 5°’-AAGCCTGTAGCCCACGTCGT-3" and
reverse 5’-AGGTACAACCCATCGGCTGG-3'; IL-10, for-
ward 5’-AAAAAAGCCTCGTGCTGTCG-3" and reverse
5’-GTCG TTCTTGGTTCTCCTTG-3'".

@ Springer

Western Blot Analysis

To extract proteins, microglia cell lines were suspended in
radio-immunoprecipitation assay (RIPA) lysis buffer (1%
NP-40, 0.5% sodium deoxycholate and 0.1% SDS dissolved
in x 1 Tris-buffered saline (TBS) buffer) supplemented with a
protease-phosphatase inhibitor cocktail (Roche). After 30 min
on ice, cells were sonicated on the ice-cold water followed by
centrifugation at 14000 rpm for 10 min to get rid of insoluble
cell debris. Protein concentration was measured by the
bicinchoninic acid (BCA) protein assay kit (Thermo scientific),
and a total of 50 pg protein was loaded onto 6-15% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted onto nitrocellulose membranes (BIO-
RAD). The membranes were then blocked with TBS buffer
supplemented with 5% Difco skim milk. Membranes were
incubated overnight at 4 °C with the following antibodies:
rabbit anti-cleaved caspase-3, rabbit anti-cleaved caspase-8
and rabbit anti-cleaved polyadenosine diphosphate
ribosepolymerasel (PARP1) (1:1000; cell signaling technolo-
gy), rabbit anti-GNPAT (1:1000; Abcam), mouse anti-p65
(Cell signaling), rabbit anti-Lamin B (Cell signaling), and goat
anti-mouse antibody {3-actin (1:1000; Santa Cruz). After
washing, membranes were incubated with the appropriate
horseradish peroxidase-coupled goat anti-rabbit or anti-
mouse IgG secondary antibody (cell signaling technology)
at room temperature for 2 hours. Proteins were visualized
with Super Signal West Pico Chemiluminescent Substrate
(Thermo scientific) using the ImageQuant LAS4010
machine (GE Healthcare). Quantification of the images
performed by the Image] software [12]. The nuclear fraction
assays using the cells were performed according to our
previous publication [27].

Preparation of sh-RNA Lentiviruses and Cell
Transfection

The cloning of sh-RNAs was performed by the previously
published protocol [27]. Simply, the sh-RNA sequence was
cloned into the pLL3.7 lentiviral vector following the protocol
provided in the Addgene website (Plasmid 11,795). The target
sequences were as follows: sh-Luc: (5'-CTTA
CGCTGAGTACTTCGAG-3") and sh-GNPAT: (5'-GTCC
CAATTAGCATCAGT-3"). For the viral production, HEK-
293 FT cells were transfected with the cloned pLL3.7 vectors
along with the vectors pMD2.G (Addgene plasmid 12,259),
pRSV-Rev (Addgene plasmid 12,253), and pMDLg/pRRE
(Addgene plasmid 12,251). After 72 hours from transfec-
tion, HEK-293FT cells supernatant were collected and
used for infection of the target BV2 cells with the len-
tivirus particles, 5 x 10° TDU (transduction unites), in a
6-cm dish culture for 48 h.



Mol Neurobiol (2019) 56:3404-3419 3407
Fig. 1 PIs inhibit cleavage of b

caspase-8 and caspase-3 upon £ 4.0-

LPS stimulation. a—¢ Western k3] o

blotting data showed that LPS a £ 3_

(1 pg/ml) treatments for 6 h Cleaved g 3.01

induced cleavage of caspase-8 (a ) == caspase-8 e §

and b) and caspase-3 (a and ¢) in Cleaved g 2 2.0 4

BV2 microglial cells, which were —_— caspase-3 - S e
completely blocked by the E 2 1.0

pretreatments with 5 pg/ml of s s s A ‘ B-actin §

sPlIs for 12 h. Statistical analysis S gl

from the image intensities values LPS = + 4+ = LPS = + + -
showed that sPls significantly SPISs = = + + Pls = _ +

inhibited cleavage of caspase-8
(**P <0.01 vs. control, Hp <
0.01 vs. LPS, Bonferroni’s test,
n =3) and caspase-3 (**P <0.01
vs. control group, P <0.01 vs.
LPS group, n = 3). Beta-actin was
used as a loading control. d, e
Under the same experimental
condition of panel (a), the
immunocytochemistry data in
BV2 cells (d) and primary
microglia (e) showed that the LPS
treatment-induced increase in
cleaved caspase-3 (green, white
arrows) was attenuated by Pls
pretreatment. Similar to the
immunostaining data of primary
microglial cells (e), we also
noticed the reduction of cleaved
caspase-3 in the western blotting
assays (f). The data represents

(v}
©
=)

*%

i
=)
N

Fold increase in
cleaved caspase-3/B-actin
»

o
.

+ +

+

three independent experiments.
Scale bars, 10 um

[
o
-
2
o
(4
+
7]
o
-

Immunocytochemical (ICC) and Immunohistochemical
(IHC) Assays

The BV2 and primary microglia cells were plated in 12-well
dishes containing 15-mm coverslips overnight. Some cells
were treated with Pls (5 pg/ml) for 6 h followed by LPS
(1 pg/ml) for 3 and 6 h. Other cells were treated by dynasore
(40 uM) for half hour followed by LPS (1 pg/ml) treatments
for 3 and 6 h. Some other groups were treated by Z-DEVD-
fmk (20 uM) for 1 h followed by LPS (1 pg/ml) treatments for
3 and 6 h. Cells were then fixed with 4% paraformaldehyde in

Cleaved
caspase-3

PBS for 30 min at 4 °C. The fixed cells were then perme-
abilized using the PBS containing 0.1% Triton X-100, and
then the cells were blocked with 3% BSA in PBS. Cells
were incubated with primary antibodies dissolved in 3%
BSA-PBS rabbit anti-cleaved caspase 3 (1:300; cell sig-
naling), mouse anti-P65 NF-«kB (1:1000; cell signaling),
rabbit anti-TLR4 (1:500; Santa Cruz biotechnology), and
mouse anti-Rab-5 (1:500; Santa Cruz biotechnology)
overnight at 4 °C. The rinsed cells were incubated with
Alexa Fluor 488 green/568 red labeled secondary anti-
body (1:1000, Invitrogen) mixes for 2 h at room
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Fig. 2 LPS-induced NF-kB activation and cytokine expression are
attenuated by a caspase-3 inhibitor in BV2 cells. a Twenty-four hours
after treatment with LPS (1 pg/ml), Western blotting assay showed an
unchanged level of cleaved PARP-1. b The images of panel (a) were
quantified and plotted as graphs. ¢ Cell survival assay showed that there
was no cell death at 6 and 24 h after LPS (1 pg/ml) application. d BV2
cells were pretreated with 20 pM/ml Z-DEVD-fmk (DEVD, a caspase-3
inhibitor) for 1 h before the LPS (1 pg/ml) treatment. ICC studies using
p65 antibody (red) and DAPI (nuclear staining, blue) were performed 6 h
after LPS treatment. The LPS-induced nuclear translocation (white

temperature. Every treatment was followed by washing 3
times for 5 min with cold PBS. Coverslips were mounted
with 4',6-diamidino-2-phenylindole (DAPI) containing
Fluoromount-G (southern Biotech) medium to detect cell
nuclei. Immunofluorescence images were collected by the
lifetime imaging microscope (Keyence, BZ-9000 series
and BZ-X700 series). The IHC studies were carried out
by the previously published protocol [27]. We have quan-
tified the co-localization of Rab-5 and TLR4 using the
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arrows in the middle row) was attenuated by DEVD (bottom). Scale
bars, 10 um. e NF-kB nuclear translocation was assessed and
quantified as the percentage of the p65 nuclei positively stained cells to
the total cells (**P <0.01 vs. control group, P <0.01 vs. LPS group,
n =3). f The Western blotting data of the nuclear p65 expression and the
nuclear marker lamin B in the same experimental condition of panel
(d—e). The data represents three independent experiments. g, h Real-
time PCR analysis showed that the relative expression of /L-1 (g) and
TNF-a (h) were significantly attenuated by the DEVD pretreatments in
BV2 cells (**P < 0.01 vs. control group, *P < 0.05 vs. LPS group, n = 5)

image analyzer software (BZ-X analyzer) that comes with
the Keyence microscope (BZ-X700).

Cell Proliferation (WST8) and Liquid
Chromatography-Electronspray lonization-Tandem
Mass Spectrometry (LC-MS) Assays

Cells were treated with sPls (5 pg/ml) for 12 h, followed
by LPS (1 pug/ml) for 6 and 24 h. The viable cells were
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measured by cell counting kit-8 (Dojindo Molecular
Technologies). The absorbance was measured at 450 nm
using the microplate reader (BioRad) and data was repre-
sented relatively to control groups [12]. To quantify the
total ethanolamine Pls in the cells, the cell extracts were
subjected to the lipid analysis as described before [27]. A
total of 50 pg protein extracts from each group of cells
were analyzed.

Statistics

Results were expressed as the mean + SEM (standard
error of mean). The real-time PCR data, western blot
pixel quantification, and WST-8 assay data were ana-
lyzed using one-way analysis of variance (ANOVA)
followed by the Bonferroni’s test for a comparison of
paired groups. Moreover, t-Test was used to analyze the
significance of two group experiments. All statistical
tests were carried out using Graph Pad Prism. The data
were expressed as mean + SEM and values of P <0.05
were considered to be statistically significant.

Fig. 3 LPS-induced NF-xkB

activation and cytokine a
expression are attenuated by a
caspase-3 inhibitor in primary
microglial cells. a Primary
microglial cells were pretreated
with 20 uM/ml Z-DEVD-fmk for
1 h before the LPS (1 pg/ml)
treatment. ICC studies using p65
antibody (red) and DAPI (nuclear
staining, blue) were performed 4
6 h after the LPS treatment. The -
LPS-induced nuclear
translocation (middle raw) was
attenuated by DEVD (bottom).
Scale bars, 5 pm. b The image
intensities data showed a
significant reduction of LPS-
induced nuclear p65 positive cells
by the caspase-3 inhibitor (**P <
0.01 vs. control P <0.001 vs.
LPS, n =3). ¢, d Real-time PCR 350.

LPS+
DEVD

(2]

analysis showed that the LPS- -
induced expressions of /L-113 (c) 2 300+
and 7NF-c (d) were significantly -gg 250
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Results

Plasmalogens Attenuate Microglial Activation
upon Inflammatory Stimulus

It has been demonstrated that the co-administration of Pls with
LPS significantly attenuated the activation of microglia in
mice [13], but the molecular mechanism behind the anti-
inflammatory role of Pls remained elusive. It is to be noted
that the Pls contents of the microglial cells were increased
upon the extracellular treatments with purified sPls (data not
shown). Since caspase signaling was recently implicated in
microglial activation [26], we investigated the effect of sPls
on caspase-8 activation and its downstream signaling in BV2
cells. As shown in Fig. 1a, b, the BV2 cells demonstrated an
increase in cleaved caspase-8 protein after 6 h of 1 pg/ml LPS
treatment compared with untreated cells, which was complete-
ly suppressed by the pretreatment with sPls at the dose of
5 pg/ml. Two more independent experiments showed similar
results in microglial cells (Fig. S1). A significant increase in
cleaved caspase-3, a downstream of caspase-8 pathway, after
LPS treatment was also blocked by sPls pretreatment
(Fig. 1c). ICC study showed that an increase in cleaved
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caspase-3 (green) upon the LPS stimulation (Fig. 1d, white
arrows in the middle row) was abolished by pretreatment with
sPls (Fig. 1d). Not only BV2 cell line but also the primary
microglial cells showed an attenuation of the LPS-induced
increase in cleaved caspase-3 by pretreatment with sPls
(Fig. 1e). Similar to the ICC data, western blotting assays also
show the inhibition of cleaved caspase-3 expression in the
primary microglial cells by the PlIs treatments (Fig. 11).

Inhibition of Caspase-3 Attenuates LPS-Induced
Activation of NF-kB and Cytokines Expression

Although activation of caspases was known to play a role in
the initiation and regulation of cell apoptosis [33], we also
focused the pro-inflammatory signaling induced by the acti-
vation of caspases in the microglia. The cells were treated with
1 png/ml of LPS for 24 h and analyzed for the apoptotic mark-
er, cleaved PARPI. In our experimental condition, we did not
notice any increases in the cleaved PARP protein 24 h after the
LPS treatment (Fig. 2a, b). Furthermore, the cell viability

Fig. 4 LPS treatment induces

endocytosis of TLR4 in a BV2

analysis showed that the LPS treatments for 6 and 24 h did
not change the microglial cell survival rate (Fig. 2c). These
findings shown in Fig. 1 and Fig. 2a—c suggest that the LPS
treatments activate caspases in this limited time points without
inducing a cell death. To investigate if the caspase-3 activation
could initiate the pro-inflammatory responses in microglial
cells, we have employed the caspase-3 inhibitor (Z-DEVD-
fmk, DEVD) to see the changes in the nuclear translocation of
cytoplasmic p65, which is well considered as a key step in the
activation of the NF-«B signaling [34]. As shown in Fig. 2d, e,
the nuclear localization of p65 NF-«kB in BV2 cells was sig-
nificantly increased after the LPS treatments, which was
completely abolished by the pretreatment with the DEVD in-
hibitor. In consistent with the immunofluorescence data, west-
ern blotting assay showed similar evidences that DEVD treat-
ments effectively inhibited the nuclear localization of p65
protein (Fig. 2f). Furthermore, the LPS-mediated increases
in the gene expression of pro-inflammatory cytokines, /-1
and TNF-a, were also inhibited by the pretreatments of
DEVD in BV2 microglial cells (Fig. 2g, h). The inhibitory

dynamin-dependent manner. a
BV2 cells were stimulated with

1 pg/ml of LPS for 0.5, 1, 2, and
3 h followed by ICC studies with
TLR4 (green) and the early
endosomal marker Rab-5 (red)
antibodies. Scale bars, 25 pm.
Small panels on the right side of
each big panel show the white
square area at a higher
magnification stained with TLR4
(upper), Rab-5 (middle), and
merged (bottom). Scale bars,

10 um. b-e Coexistence of TLR4
and Rab-5 observed 3 h after LPS
(1 pg/ml) treatment was
abolished by pretreatment with
dynasore (40 1M, 30 min) in BV2
cells (b) and primary microglial
cells (d). The image
quantification data show the
significant reduction of the
coexistence by the dynasore
pretreatments in BV2 cells (¢) and
primary microglial cells (e).

(**P < 0.01 vs. control group, and
#P <0.01 vs. LPS group, 1 = 3)

TLR4

Rab-5

Control

LPS (0.5 h)

LPS (1 h)
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effect of DEVD on the LPS-induced nuclear localization of
p65 was also observed in the primary microglia (Fig. 3a, b). In
addition, the LPS-induced pro-inflammatory cytokine expres-
sion was attenuated by a pan caspase inhibitor Z-VAD-fmk
(VAD) (Fig. 3c, d), suggesting that the caspase activation is a
key event to induce the pro-inflammatory gene expression
upon the LPS treatment in the microglial cells.

LPS Treatment Induces Endocytosis of TLR4
in Microglia

Endocytosis of TLR4 is shown to be a critical step for
the induction of inflammatory signals in cortical astro-
cytes [19]. To our knowledge, this endocytosis process
had not been studied so far in microglial cells. To eval-
uate the possibility that the LPS treatments could pro-
mote TLR4 endocytosis in the microglia, the coexistence

Cleaved

of TLR4 with the early endosome marker protein, Rab-5,
in BV2 cells was investigated at different time points
after the LPS treatments. As shown in Fig. 4a, the
TLR4 (green) merged with Rab-5 (red) becoming yellow
at 2 h after LPS (1 pg/ml) treatment and reached a
steady-state level by 3 h, indicating the endocytosis of
TLR4 into the endosome. It has been shown that
dynamin played a critical role in the endocytosis of
TLR4 in macrophages [15]. We, therefore, examined
the effect of a dynamin inhibitor (dynasore) on TLR4
internalization in microglial cells. The results showed
that the pretreatment with 40 uM dynasore for 30 min
completely blocked the LPS-mediated TLR4 endocytosis
in BV2 cells (Fig. 4b, c¢). Furthermore, the coexistence of
TLR4 with Rab-5 following LPS treatment was also
blocked by pretreatment with dynasore in primary mi-
croglia (Fig. 4d, e).

Fig. 5 The dynamin inhibitor
cancels the LPS-induced a caspase-3 ‘ DAP! ‘ Merge ‘ b 4001
activation of caspase-3 and 5 -
nuclear localization of p65 in £ ¢ 300 *
BV2 cells. a BV2 cells were 3 s
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for 30 min followed by LPS ¢ - % 44
(1 ug/ml) for 6 h. ICC studies - G 100
showed that the LPS-induced
enhancement of cleaved caspase- o 0.
3 immunoreactivity (green, white & 2 LPS - + +
arrows in the middle row) was & S Dynasore = - +
completely suppressed by a
dynasore. b Image quantification
data showed a significant
suppression of the LPS-mediated c p65 NF- kB DAPI Merge d
increase in caspase-3 by the 5 60 - ke
dynasore pretreatment (*P < 0.05 £
vs. control, ¥P <0.01 vs. LPS S e
group, n =3). ¢ The LPS-induced L S 401
nuclear localization of p65 (red or 8%
violet, white arrows in the middle » L3l iy ¢
row) was also inhibited by & 3 ‘5 20 4 #
dynasore. DAPI staining indicates 3 ‘25’ g
nucleus. d Image quantification —
data showed the significant .5 04
inhibition of the LPS-mediated o8 LPS - + +
increase in nuclear localization of - g- Dynasore - = +
p65 (**P <0.01 vs. control
group, *P <0.05 vs. LPS group,
n =3). e, f Real-time PCR assays e f
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pretreatments canceled the LPS- = 300 2 10
mediated induction of 7Z-13 (e) B 250 25 g #
and TNF-a (f) (**P < 0.001 vs. g% 200 £% 6
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Fig. 6 Dynamin inhibitor cancels
the LPS-induced caspase-3
activation and nuclear localization
of p65 in primary microglial cells.
a, b Primary microglial cells were
pretreated with 40 pM/ml
dynasore (a dynamin inhibitor)
for 30 min followed by LPS

(1 pug/ml) treatments for 6 h. ICC
studies (a) and the quantification
of the data (b) showed the LPS-
mediated increase in cleaved
caspase-3 (green, white arrows in
the middle row) was significantly
reduced by the dynasore
pretreatments. ¢, d Under the
same experimental condition of

Cleaved
caspase-3

Primary microglia

Primary microglia
401 *

e
» 30-
©
7 #
3 20-
T
(4
3
o 10
o
0.
LPS - + +
Dynasore = - +

panel (a), primary microglial cells
were stained with p65 antibody
(¢). The LPS-mediated increase in
nuclear p65 was significantly
reduced by the dynasore
pretreatment (d) (*P < 0.05 vs.
control; #P < 0.05 vs. LPS, n =3).
Scale bars, 5 pm

0 o
LPS - + +
Dynasore = - +

LPS+
Dynasore

LPS-induced Caspase-3 Activation Requires
Dynamin-Mediated Endocytosis of TLR4

We examined whether the endocytosis of TLR4 was important
for the LPS-induced inflammatory responses such as the acti-
vation of caspases and nuclear translocation of NF-kB. As
shown in Fig. 5a, b, the pretreatment with dynasore effectively
prevented the sustained LPS-induced caspase-3 activation in
BV2 cells. ICC study showed that the nuclear localization of
p65, downstream signal of the caspase-3 activation, was not
increased by the LPS in the cells pretreated with dynasore
(Fig. 5c, d). Furthermore, the LPS-induced increases in ex-
pression of IL-1/3 and TNF-a were significantly blocked by
the dynasore pretreatments (Fig. Se, f), suggesting that the
internalization of TLR4 is important for the NF-kB activation
followed by the cytokines expression. The pretreatment with
dynasore also inhibited the LPS-induced caspase-3 activation
(Fig. 6a, b) and p65 nuclear localization (Fig. 6¢, d) in primary
microglia. Interestingly, the LPS-induced endocytosis of
TLR4, which was demonstrated by the yellow color merged
with TLR4 (green) and Rab-5 (red) as shown in Fig. 7a, mid-
dle panel, was maintained after the pretreatment with a
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caspase-3 inhibitor (Z-DEVD-fmk, DEVD) (bottom panel)
in BV2 cells. The same results were obtained from primary
glial cells (Fig. 7c, d). The failure of blocking the LPS-
induced endocytosis of TLR4 by the caspase inhibitor sug-
gested that the TLR4 endocytosis was the upstream event of
the caspase activation during the LPS-induced neuroinflam-
mation process. Our findings for the first time suggest that the
dynamin-mediated microglial endocytosis of TLR4 occurs
first to activate caspase-3, thereby leading to the nuclear lo-
calization of NF-«B to induce pro-inflammatory responses.

sPls Attenuate Caspase-3 by Inhibiting LPS-induced
Endocytosis of TLR4 in Microglial Cells

After elucidating the molecular mechanisms of the LPS-
induced pro-inflammatory responses in microglia, we sought
to investigate how sPls attenuated the activation of caspases
by LPS (Fig. 1). In an attempt to characterize the molecular
events of Pls that hinder the active caspase-3 in the process of
microglial activation, we tested if sPls might inhibit the endo-
cytosis of TLR4, which was a prerequisite step of the LPS-
induced inflammation. As shown in Fig. 8a, b, ICC studies
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Fig. 7 Caspase-3 inhibitor cannot a c
cancel the LPS-induced BV2 Primary microglia
internalization of TLR4 in TLR4 Rab-5
microglial cells. a-d The cells
were pretreated with a caspase-3
inhibitor, z-DEVD-fmk, (20 uM) Control
for 60 min prior to 3 h LPS (1 pg/
ml) treatments. ICC studies show
the coexistence of TLR4 (green)
with the Rab-5 (red) in BV2 cells
(a) and in the primary microglial
cells (¢). Scale bars, 25 pwm. Small
panels on the right side of each LPS 3h
big panel show the white square
area at a higher magnification
stained with TLR4 (upper), Rab-5
(middle), and merged (bottom).
Scale bars, 10 um. The
quantification data of the images LPS+
showed that the caspase inhibitor DEVD
failed to reduce LPS-induced
coexistence of TLR4 with Rab5
in BV2 cells (b) and in microglial
cells (d) (**P <0.01 vs. control
group; n.s. stands for no b BV2 d Primary microglia
significant differences between 15- 1.0 n.s.
the groups, n =3) -
£ t 0.8 1 **
= =
98 101 28 061
23 23
IO < c
x5 o 0.4
r-'.‘g 0.51 F %
S 8 0.2
0- 0-
LP + LPS - + +
DEVD = - + DEVD = -

demonstrated that the BV2 cells after 3 h LPS stimulation
displayed an increase the TLR4 coexistence with Rab-5 (or-
ange color in the middle panel of Fig. 8a) compared with the
untreated cells but the pretreatment with 5 pg/ml sPls dramat-
ically attenuated this coexistence. Furthermore, it was noticed
that the pretreatment of sPls decreased the TLR4 immunore-
activity (green in the bottom panel of Fig. 8a). Similar results
were also obtained in the primary microglial cells demonstrat-
ing that the Pls pretreatment can attenuate the coexistence of
TLR4 with Rab-5 upon the LPS stimulation (Fig. 8c, d).
These findings suggest that the anti-inflammatory effect of
sPls against LPS insult is due to the reduction of dynamin-
mediated endocytosis of TLR4.

Reduction of GNPAT Accelerate the Endocytosis
of TLR4 in Microglial Cells

The reduction of microglial Pls was carried out by the knock-
down of GNPAT in BV2 cells. The lentiviral mediated

delivery of sh-GNPAT particles was effective in the reduction
of cellular Pls (Fig. 11e). When we knockdowned GNPAT, we
found a significant increase of TLR4 and Rab5 co-localization
in the cells (Fig. 9a, b), suggesting that the reduction of
GNPAT itself can enhance the endocytosis of TLR4 in the
microglial cells. In addition, the LPS treatments for 6 h
showed a significant increase of TLR4 localization with the
endocytosis marker Rab5 in the sh-GNPAT group compared
to the control sh-Luc group (Fig. 9a, b), suggesting that a
reduction of GNPAT accelerate the LPS-mediated TLR4
endocytosis.

Inhibition of Lipid Raft Function Abolishes
the Attenuating Effect of Pls on LPS-induced IL-1f3
Expression

Since Pls were shown to localize in the lipid raft micro-

domain in the membrane and is associated with the mem-
brane function [35-37], we examined a role of lipid rafts
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Fig. 8 Pls attenuate LPS-induced a c i . X
. s BV2 Primary microglia
endosomal internalization of
TLR4 Rab-5 TLR4 Rab-5

TLR4 in microglia. a-d BV2 cells
(a) and primary microglial cells
(¢) were pretreated with Pls (5 pg/
ml) for 6 h prior to LPS (1 pg/ml)
treatments for 3 h. The cells were
then stained with TLR4 (green)
and Rab-5 (red) antibodies. Scale
bars, 25 pm. Small panels on the
right side of each big panel show
the white square area at a higher
magnification stained with TLR4
(upper), Rab-5 (middle), and
merged (bottom). Scale bars,

10 um. Quantification data
showed that the Pls pretreatments
significantly reduced the LPS-
mediated internalization of TLR4
in BV2 cells (b) and primary
microglial cells (d) (**P < 0.01
vs. control group, #P <0.01 vs.
LPS group, n =3)
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in the Pls-induced attenuation of an inflammatory re-
sponse. As shown in Fig. S2, the LPS-induced enhance-
ment of IL-13 mRNA expression was attenuated by the
pretreatment of sPls. However, the treatment with M3CD
(5 uM), which was shown to deteriorate the lipid raft
function by depleting membrane cholesterol [20, 37],
completely blocked the effect of sPls. The MPBCD treat-
ment itself did not affect the LPS-induced enhancement of
the /L-1(3 expression in our experimental condition.

Knockdown of Pls Synthesizing Enzyme, GNPAT,
by sh-RNA Activates Caspases in the Microglial Cells

Previous work from our group has shown that the reduction of

Pls, mediated by the knockdown of a key enzyme for synthe-
sizing Pls, GNPAT [38], increases the p65 NF-kB nuclear
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localization and the cytokine expression in the microglial cells
[10]. We checked whether the knockdown of GNPAT is asso-
ciated with the activation of caspase proteins. We used a
lentivirus-based RNA delivery system to infect BV2
microglial cells with the sh-RNAs targeting GNPAT. The sh-
GNPAT lentiviral particles markedly reduced the expression
of GNPAT protein in BV2 cells (Fig. 10a, b). The GNPAT
knockdown in the microglial cells was associated with the
increased expression of cleaved caspase-8 (Fig. 10a, ¢) and
caspase-3 (Fig. 10a, d) compared with the control sh-RNA
(sh-Luc) infected cells, indicating that a reduction of GNPAT
in the microglial cells could trigger the inflammatory re-
sponses. The GNPAT knockdown decreased the total ethanol-
amine Pls content in the cells (Fig. 10e). These findings sug-
gest that cellular Pls can inhibit microglial inflammation pos-
sibly by attenuating the dynamin-mediated endocytosis of
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TLR4, which is followed by the activation of caspases and
nuclear localization of the p65 protein.

TLR4 Endocytosis is Increased in the Brain of Aged
and AD Model Mice

Previous work from our group has shown a reduction of Pls in
the brains of aged mice and in the triple transgenic AD model
mice [27]. In the present study, we analyzed the brain tissues
by IHC studies and found a significant increase of TLR4 en-
docytosis compared with the control young mice brains
(Fig. 11a, b). The endocytosis was measured by the merg-
ing of TLR4 signals with the endocytosis marker (Rab5)
signals. To our knowledge, it is the first report that shows
an increased co-localization of TLR4 with Rab5 in aged
and AD model mice. These data suggest that the reduction
of Pls in these brains is associated with the increased
endocytosis of TLR4. Interestingly, sPls drinking reduced
the endocytosis of TLR4 among the AD model mice
(Fig. 11a, b).

Discussion

In the present study, we found (1) that LPS treatments activat-
ed caspase-8 and caspase-3 in primary microglial cells and in

Fig. 9 Knockdown of GNPAT
accelerates the endocytosis of
TLR4. a Immunocytochemistry
study showed the co-expression
of TLR4 and Rab5 in BV2 cells
infected with the lentiviral
particles delivering control
sh-RNA (sh-Luc) and sh-RNA
against GNPAT (sh-GNPAT)
followed by the treatments with or
without LPS (1 pug/ml) for 3 h. b
The quantification of the image
intensities of the TLR4
expression with the Rab5
examined by the hybrid cell count
software (Keyence microscopy).
The data represents the mean
values and the error bars indicate
S.EM (*P <0.05; **P <0.01;
n=>5)
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BV2 cells, which did not induce cellular apoptosis, (2) that the
LPS-induced nuclear localization of p65 NF-kB and expres-
sion of pro-inflammatory cytokines were mediated by the cas-
pase activation, (3) that the LPS insult enhanced dynamin-
dependent endosomal localization of TLR4 in microglial cells,
(4) that the activation of caspases, nuclear localization of p65
NF-kB and expression of cytokines were all attenuated by the
pretreatments with dynamin inhibitor (dynasore) indicating
that the endocytosis of TLR4 played an important role in the
LPS-induced signaling, (5) that pretreatment with a caspase-3
inhibitor (Z-DEVD-fmk) also inhibited the LPS-induced
NF-kB activation and cytokine expression, but failed to inhib-
it the TLR4 internalization, suggesting that the endosomal
recruitment of TLR4 was an earlier event of caspase activa-
tion, (6) that the pretreatments with sPls significantly attenu-
ated the LPS-mediated endosomal localization of TLR4 and
the activations of caspases, and (7) that the lentivirus-
mediated knockdown of GNPAT, a rate-limiting enzyme of
Pls synthesis, activated caspase-8 and caspase-3 in microglial
cells, which suggested a possible mechanism of our previous
finding that a reduction of cellular Pls could lead to the NF-xB
activation [10].

It has been shown that TLR4 endocytosis is required for the
downstream activation of TRIF-mediated type I interferons
expression in mouse macrophages and Ba/F3 cells as a novel
role in regulating innate immunity [15]. The LPS binding to
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TLR4 triggers the NF-kB activation, which is regulated by
TIRAP and MyD88 adaptor proteins, then the TLR4 is inter-
nalized into the endosomes leading to the activation of a sec-
ond signaling pathway triggering the interferon regulatory
factor-3 (IRF-3) activation through the sorting adaptors, e.g.,
Toll/interleukin-1 receptor domain-containing adaptor induc-
ing type I interferons-related adaptor molecule (TRAM) and
TRIF [39]. Inhibition of the TLR4 endocytosis selectively
inhibits TRAM and TRIF signaling in macrophages [15,
40]. As shown in BV2 cells (Fig. 4a), coexistence of TLR4
in the early endosomal protein Rab-5 was not detectable by
the short-time (0.5 h) treatments of LPS but the internalization
slowly increased thereafter reaching a steady-state level by 3 h
LPS treatments. In addition, a dynamin blocker, dynasore,
was able to reverse the LPS-induced TLR4 coexistence in
the early endosome.

Endocytosis in eukaryotic cells is mainly classified into
three categories: micropinocytosis, clathrin-dependent
(CDE), and clathrin-independent endocytosis (CIE) [41, 42].
In the present study, we found that the LPS-induced internal-
ization of TLR4 was dynamin-dependent and TLR4 was co-
localized with an early endosomal marker, Rab-5. According
to the characteristics of the CDE [41], it is likely that the
endocytosis of TLR4 inducing signaling in the present study
is mediated by the CDE. On the other hand, among the CIE,
caveolin/lipid raft-mediated endocytosis (C/LR) has recently
attracted an attention due to broad roles of lipid raft

microdomains of the membrane in signal transduction.
Interestingly, it has been shown that the CDE and C/LR have
different roles in TLR4 signaling in macrophages; the CDE is
necessary for inducing signaling, while the C/LR suppresses
TLR4 signaling by accelerating degradation of TLR4 [20]. In
addition to this functional difference, the C/LR endocytosis is
shown to be devoid of classical early endosomal markers such
as Rab-5 and early endosome antigen 1 [43]. In the present
study, the pretreatment with sPls abolished the coexistence of
TLR4 with Rab-5 and even decreased TLR4 immunoreactiv-
ity in the cytosol 3 h after LPS treatment (Fig. 8), which might
be due to the degradation of TLR4 and need to be further
studied to address this issue. Furthermore, we have found an
increased expression of TLR4 after 3 h of the LPS treatments,
and it could be due to the protein stability because we did not
find any changes in the mRNA expression of TLR4. It has
been shown that lipid rafts are enriched in Pls and the defi-
ciency of Pls results in the impairment of lipid raft functions
[35-37]. We showed that the breakdown of lipid raft function
by depleting plasma membrane cholesterol with M3CD
blocked the suppressing effect of Pls on the LPS-induced /L-
13 expression. Furthermore, M3CD itself did not affect the
LPS-induced cytokine expression (Fig. S2), indicating that
TLR4 signaling induced by the dynamin-mediated endocyto-
sis was not associated with lipid rafts. These findings, taken
together, suggest that Pls may be involved in the C/LR and the
pretreatment with Pls may not simply inhibit the LPS-induced

Fig. 10 Knockdown of GNPAT a o b c
activates caspase-8 and caspase-3 X
in BV2 cells. a Representative j" eé 150 200- .
Western blot data showed an s § £
increase in cleaved caspase-8 and g
caspase-3 in BV2 cells by GNPAT | = — c @ 150
knockdown of GNPAT using sh- ‘g 100 3
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knockdown of GNPAT gene in g b sh-Luc sh-GNPAT
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Fig. 11 Endocytosis of TLR4 is
enhanced in aged mice and AD
model mice. a [HC studies
showed the TLR4 (red) and Rab5
(green) staining of the brain
cortex of young mice (2-month
old B6 mice), old mice (18-month
old B6), control 3Tg mice (18-
month old triple transgenic), and
the 18-month old 3Tg mice
subjected to sPls drinking (0.1 pg/
ml) for 15 months. b The
quantification data of panel (a)
showed the TLR4 stained area
overlapped in the Rab35 stained
area of the cells. The analysis was
performed with three brain slices
of each mice cortex and each
group contained five individual
mice (n =5; *P <0.05; **P <
0.01; n.s., non-significant). The
data was represented as mean +
S.E.M.
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CDE but also enhance the C/LR to degrade TLR4, thereby
suppressing TLR4 signaling. On the other hand, the knockdown
of Pls synthesizing enzyme, GNPAT, which was shown to reduce
Pls content in microglia and induce microglial activation [10],
activated caspase-8 and caspase-3 (Fig. 10). This might be due to
the downregulation of C/LR endocytosis resulting in the relative
activation of the CDE to induce TLR4 signaling.

We have previously shown that the systemic LPS-induced
neuroinflammatory responses, such as glial activation and cy-
tokines expression in the mouse prefrontal cortex and hippo-
campus were attenuated by co-administration of Pls [13]. Our
present findings suggest that a possible mechanism of the anti-
inflammatory action of Pls upon LPS stimulation is due to the
inhibition of the CDE-dependent internalization of TLR4 and
the enhancement of the C/LR-mediated degradation of TLR4.
The depletion of Pls in rhizomelic chondrodysplasia punctata
(RCDP) patients shows decreased number of caveolae but
increased clathrin concentration in the plasma membrane

*
-
- B
Young Old 3Tg 3Tg + sPls

suggesting that C/LR endocytic uptake is reduced in Pls-
deficient human skin fibroblast cells [37]. Our results also
suggest that Pls can influence the LPS-induced C/LR in
microglial cells.

Importantly, we found that the dynamin-mediated endocy-
tosis was an early event for the mouse microglial activation by
LPS. Our results further showed that the dynamin blocker was
able to reverse the inflammatory effects of LPS including the
activation of caspase-3. Caspase-3 has been newly recognized
as a key molecule responsible for the rate-limiting step of
inflammation and is activated among microglia cells in the
frontal cortex of the AD brains [26]. The dynamin-mediated
internalization of TLR4 in the AD brain was mostly elusive.
We, for the first time, report that there is an increased endo-
cytosis of TLR4 not only in the aged mice brain but also in the
AD model mice brain. These increased TLR endocytosis
might be a key event for the neurodegeneration signaling in
the brain, which may directly linked to the reduction of brain

@ Springer



3418

Mol Neurobiol (2019) 56:3404-3419

Pls. This is further suggested by our previous findings that a
reduction of brain Pls in aged and AD model mice [27]. Our
present results, together with our previous studies [10, 13],
suggest that Pls inhibit the major inflammatory processes,
such as caspase activation and nuclear localization of p65
protein, in microglial cells of murine brain by regulating the
TLR4 internalization. Further study will be necessary to elu-
cidate the direct role of Pls in the CDE and C/LR-mediated
TLR4 internalization in the microglial cells. This may explain
why a reduction of brain Pls, which is common in the AD
brain [8-10], can trigger the neuroinflammatory responses in-
cluding the activation of caspases and NF-kB. Furthermore,
our present findings can also suggest a possible mechanism of
sPls-mediated cognition improvement, which was reported
among mild AD patients [28].
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