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Neurobiology of Disease
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Alzheimer’s disease (AD) is the leading cause of late-onset dementia, and there exists an unmet medical need for effective
treatments for AD. The accumulation of neurotoxic amyloid-f (AB) plaques contributes to the pathophysiology of AD.
EPHX2 encoding soluble epoxide hydrolase (sEH)—a key enzyme for epoxyeicosatrienoic acid (EET) signaling that is mainly
expressed in lysosomes of astrocytes in the adult brain—is cosited at a locus associated with AD, but it is unclear whether
and how it contributes to the pathophysiology of AD. In this report, we show that the pharmacologic inhibition of sEH with
1-trifluoromethoxyphenyl- 3-(1-propionylpiperidin-4-yl) urea (TPPU) or the genetic deletion of Ephx2 reduces Aff deposition
in the brains of both male and female familial Alzheimer’s disease (5XFAD) model mice. The inhibition of sEH with TPPU
or the genetic deletion of Ephx2 alleviated cognitive deficits and prevented astrocyte reactivation in the brains of 6-month-
old male 5XFAD mice. 14,15-EET levels in the brains of these mice were also increased by sEH inhibition. In cultured adult
astrocytes treated with TPPU or 14,15-EET, astrocyte Af clearance was increased through enhanced lysosomal biogenesis.
Infusion of 14,15-EET into the hippocampus of 5XFAD mice prevented the aggregation of Af. Notably, a higher concentra-
tion of 14,15-EET (200 ng/ml) infusion into the hippocampus reversed A deposition in the brains of 6-month-old male
5XFAD mice. These results indicate that EET signaling, especially 14,15-EET, plays a key role in the pathophysiology of AD,
and that targeting this pathway is a potential therapeutic strategy for the treatment of AD.
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There are limited treatment options for Alzheimer’s disease (AD). EPHX2 encoding soluble epoxide hydrolase (sEH) is located

at a locus that is linked to late-onset AD, but its contribution to the pathophysiology of AD is unclear. Here, we demonstrate

that sEH inhibition or Ephx2 deletion alleviates pathology in familial Alzheimer’s disease (5xFAD) mice. Inhibiting sEH or

increasing 14,15-epoxyeicosatrienoic acid (EET) enhanced lysosomal biogenesis and amyloid-3 (Af) clearance in cultured

adult astrocytes. Moreover, the infusion of 14,15-EET into the hippocampus of 5xX FAD mice not only prevented the aggrega-

tion of A3, but also reversed the deposition of A3. Thus, 14,15-EET plays a key role in the pathophysiology of AD and thera-
\peutic strategies that target this pathway may be an effective treatment. j
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Alzheimer’s disease (AD), the leading cause of late-onset demen-
tia, is characterized by progressive memory decline and cognitive
dysfunction, which are thought to be caused by the abnormal
metabolism of amyloid-B8 (Af) that is derived from amyloid
precursor protein (APP) through endoproteolytic cleavage
(Selkoe, 2019). The amyloid cascade hypothesis of AD is sup-
ported by the efficacy of the anti-AB antibody aducanumab in
reducing AB plaque formation, as demonstrated in a phase 3
clinical trial (Tolar et al., 2019; Schneider, 2020). The pathologic
processes induced by A deposition begin years before AD is


mailto:zhuxh527@126.com

Chen, Wang et al.  14,15-EET Ameliorates AD Pathology

clinically diagnosed, suggesting that restoring normal A proc-
essing before the appearance of symptoms could prevent or delay
the onset of AD (McDade and Bateman, 2017).

Astrocytes have a role in most aspects of brain function,
including synaptic plasticity, lipid metabolism, and neurovascu-
lar coupling, all of which may be perturbed in AD. Indeed, astro-
cytes have been shown to play a critical role in the cellular phase
of AD (De Strooper and Karran, 2016). A peptide is preferen-
tially internalized by astrocytes and degraded in the lysosome
(De Strooper and Karran, 2016). One of the earliest events in the
pathogenesis of AD is reactive astrogliosis adjacent to AS depos-
its (Koistinaho et al, 2004); thus, therapeutic strategies that
restore normal A3 processing by astrocytes can potentially pre-
vent the development or progression of AD.

Genetic studies have identified a 15.1 Mb (megabase) region
on chromosome 8p, the PTK2B-CLU locus (DeMattos et al,,
2004; Butler et al., 2009; Lambert et al., 2013), that is linked to
late-onset AD. Although three of the four genes at this locus
(PTK2B, CHRNA2, and CLU, which encode protein tyrosine ki-
nase, cholinergic receptor nicotinic a2 subunit, and clusterin,
respectively) are thought to be associated with AD (Matsubara et
al,, 1996; DeMattos et al., 2004; Butler et al., 2009; Lambert et al.,
2013; Karch and Goate, 2015; Giralt et al., 2018; Polis and Gil-
Henn, 2019), it remains unclear whether and how EPHX2, which
encodes soluble epoxide hydrolase (sEH), contributes to the
pathophysiology of AD. sEH is a key enzyme in the metabolism
of eicosanoids, which include epoxyeicosatrienoic acids (EETs).
EETs are derived from arachidonic acid (ARA) and related poly-
unsaturated fatty acids through the metabolism of epoxygenase
(Kodani and Hammock, 2015). The brain is highly enriched in
ARA, and essential fatty acids as well as their metabolites have
been implicated in the pathogenesis of AD (Sanchez-Mejia et al.,
2008). EETs have vasodilatory and anti-inflammatory actions,
and pathophysiologic features of AD include early vascular dam-
age and progressive inflammation (De Strooper and Karran,
2016; Wu et al., 2017). We recently reported that, in the brain,
sEH is mainly localized in the lysosomes of astrocytes and plays
an important role in regulating astrocyte function (Qin et al,
2019; Xiong et al., 2019). In the present study, we tested the hy-
pothesis that sEH contributes to the pathophysiology of AD
through the modulation of A8 metabolism in astrocytes.

Materials and Methods

Mice. Mice were housed under standard environmental conditions (12
h light/dark cycle; temperature, 24 = 1°C; relative humidity, 55 * 5%) with
free access to food and water. All of the experiments were conducted in ac-
cordance with the Chinese Council on Animal Care Guidelines. The mice
were handled twice daily for 3-4 d before the double-blind behavioral
experiments took place, which were performed between 1:00 P.M. and 4:00
P.M. All mice had the C57BL/6] background.

5xFAD transgenic mice (catalog #008730) and B6.129X-Ephx2tm1-
Gonz/] (Epth’/ ~) mice (catalog #004165) were obtained from The
Jackson Laboratory. The 5xFAD; Ephx2~'~ mice were bred by crossing
5xFAD mice with Ephx2~'~ mice. Sex-matched littermates were used as
controls. All mice were bred using in-crossed 5x FAD; Ephx2"'~ mice,
and only 5xFAD heterozygotes were used in the present study.

The Cre-dependent ROSA26 tdTomato reporter (catalog # 007909)
mouse line was purchased from The Jackson Laboratory. The Ephx2-
CreER™ mouse line was generated by Shanghai Biomodel Organism
Science & Technology Development Co, Ltd. Epth—CreERTz; ROSA26
tdTomato mice were bred by crossing Ephx2-CreER™ mice with
ROSA26 tdTomato mice. Transgenic mice were identified by PCR and
confirmed by agarose gel electrophoresis. Tamoxifen (100 mg/kg,
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dissolved in corn oil) was intraperitoneally injected for 5 consecutive
days when mice were 3 months old.

The C57BL/6] mice were obtained from the Laboratory Animal
Center of Southern Medical University (Guangzhou, China).

Tissue preparation. Mice were deeply anesthetized with pentobarbi-
tal (80 mg/kg, ip.) and perfused with 0.9% saline. The brains were
removed from the skull. One hemisphere was frozen immediately for
biochemical analysis and the other was fixed in 4% paraformaldehyde.

Immunofluorescence. The brain tissue preparation and immunohis-
tochemistry were performed according to a standard protocol that is
used in our laboratory (Zhu et al., 2010). Brains were perfused with 0.9%
saline, followed by fixation with 4% paraformaldehyde for 24 h and incu-
bation in 30% sucrose for 48 h. Brains were cut into 40 jum slices using a
freezing microtome (catalog #CM1850, Leica). Slices were washed with
0.1 M PBS three times for 5 min and blocked with goat serum containing
0.5% Triton X-100 for 2 h at room temperature, followed by incubation
with the primary antibody, mouse anti-6E10 (1:1000; catalog #803001,
BioLegend; RRID:AB_2564653), rabbit anti-Ibal (1:1000; catalog
#019—19 741, Wako; RRID:AB_839504), rabbit monoclonal anti-S1003
(1:100; catalog #ab52642, Abcam; RRID:AB_882426), or rabbit poly-
clone anti-GFAP (glial fibrillary acidic protein; 1:1000; catalog #AB5804,
Millipore; RRID:AB_2109645) at 4°C overnight. Slices were then incu-
bated with the corresponding fluorescence-conjugated secondary anti-
body, Alexa Fluor 594 (1:500; catalog #A—11005, Thermo Fisher
Scientific; RRID:AB_2534073) or Alexa Fluor 488 (1:500; catalog
#A—21206, Thermo Fisher Scientific; RRID:AB_2535792), at room tem-
perature for 2 h. Images were captured by fluorescent microscopy
(Nikon Instruments). The A3 area fraction, cell counting, and GFAP-
covered area were calculated using the software Image] (National
Institutes of Health). Imaris 8.3 (Bitplane) was used for three-dimen-
sional rendering and analysis of the soma volume.

For detecting transcription factor EB (TFEB) nuclear transloca-
tion, primary cultured astrocytes were grown on the coverslips and
incubated with 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-
4-yl) urea (TPPU; catalog #11120, Cayman Chemical) or 14,15-EET.
Cells were harvested at 0, 5, 15, 30, 60, and 120 min after TPPU or
14,15-EET incubation, and fixed in 4% paraformaldehyde at room
temperature for 20 min. After washing with 0.1 m PBS three times
for 5min, the coverslips were incubated with 0.1 m PBS containing
0.2% Triton X-100 for 20 min before blocking with goat serum con-
taining 0.3% Triton X-100 for 1 h at room temperature. The cover-
slips were then incubated with primary antibody, rabbit polyclone
anti-TFEB (1:200; catalog #A303-673A, Bethyl Laboratories; RRID:
AB_11204751) at 4°C overnight. After washing with 0.1 M PBS for
3 X 5min, the coverslips were incubated with Alexa Fluor 488 don-
key anti-rabbit (1:500; catalog #A-21206, Thermo Fisher Scientific;
RRID:AB_2535792) at room temperature for 2 h. Images were cap-
tured using a Nikon AR confocal microscope (Nikon Instruments).

Thioflavin S staining. Thioflavin S staining was conducted as
reported previously (Heneka et al., 2013). Briefly, sections were rinsed in
water and washed with 0.1 M PBS three times for 5min. Sections were
then incubated in 0.01% thioflavin S in 50% ethanol for 8 min and
washed with 50% ethanol three times for 5min. Images were captured
using fluorescence microscopy (Nikon Instruments). The total plaque
number was calculated using the software Image] (National Institutes of
Health).

Brain protein extraction. Frozen brain hemispheres were extracted as
described previously (Kawarabayashi et al., 2001). Briefly, hemispheres
were homogenized in 2% SDS with protease inhibitors, centrifuged at
100,000 x g for 1 h at 4°C, and the pellet containing insoluble A3 was
extracted with 70% formic acid (FA) in water. Formic acid extracts were
neutralized initially by a 1:20 dilution into 1 M Tris phosphate buffer,
pH11.

ELISA quantification of A3. Quantitative determination of A3 was
performed using a solid-phase sandwich ELISA kit for the determination
of AB;_4 (catalog #KHB3481, Thermo Fisher Scientific) and AB;_4»
(catalog #KHB3441, Thermo Fisher Scientific) according to the protocol
of the supplier. Briefly, 50 ul of standard AB of gradient concentration
and protein samples were added to the A antibody-bedded plate, and
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50 ul of detection antibody was then added. After incubation overnight
at 4°C, the liquid was discarded, and the wells were washed four times
for at least 30 s. Then, 100 ul of anti-rabbit HRP working solution was
added to the wells and incubated for 30 min at room temperature, fol-
lowed by 100 ul of stabilized chromogen incubation for 30 min at room
temperature in the dark. Stop solution (100 ul) was added, and the ab-
sorbance of each well was read at a 450nm wavelength using the
VICTOR X3 Multilabel plate reader (PerkinElmer). A four-parameter
algorithm was used for standard curve fitting, and sample A concen-
tration was calculated.

Western blotting. Tissues were lysed using a homogenized buffer
containing 25 mm Tris-HCI, pH 7.6, 150 mm NaCl, 1% NP-40, 1% so-
dium deoxycholate, 1% SDS, and protease inhibitor cocktail. The lysates
were centrifuged at 14,000 x g for 20 min at 4°C, and the supernatant
was collected. Protein concentrations were determined by the Bradford
method. Proteins were boiled in loading buffer for 10 min, and 60 ug of
protein was loaded onto a 10% [for APP, APP N-terminal fragment (NTF),
and lysosomal-associated membrane protein 1 (Lampl) detection] or 15%
[for APP C-terminal fragments (CTFs) and 6E10 detection] SDS-PAGE gel,
transferred to a polyvinylidene fluoride membrane, blocked with 5% milk
for 1 h at room temperature, and then incubated with the primary antibody
overnight at 4°C. The primary antibodies used were as follows: anti-APP C-
terminal fragment monoclonal antibody (1:1000; catalog #SIG-39152-200,
Covance; RRID:AB_10717336), anti-APP-NTF (1:1000; catalog #A8967,
Sigma-Aldrich; RRID:AB_258427), mouse anti-6E10 (1:1000; catalog #
803001, BioLegend; RRID:AB_2564653), mouse anti-Lamp1 (1:1000; cata-
log #1d4b, Developmental Studies Hybridoma Bank; RRID:AB_2134500),
and mouse anti-GAPDH (1:10,000, catalog #AB-P-R001, Hangzhou
Goodhere Biotech Co., Ltd). The protein bands were analyzed using
FluorChem SP software (Alpha Innotech).

Quantitative real-time RT-PCR. RNA was extracted from the cere-
bral cortex of male 5xFAD; Epthf/ ~ mice and control littermates, or
from BV2 cells treated with 14,15-EET or solvent using RNAiso Plus
(catalog #D9108A, Takara) according to the manufacturer instructions.
The total RNA was spectrophotometrically quantified and reverse tran-
scribed into complementary DNA using the PrimeScript RT Reagent Kit
(catalog #RR037A, Takara). Quantitative real-time PCR (qQRT-PCR) was
performed using SYBR Premix Ex Taq (catalog #RR420A, Takara) on
the 7500 Real-Time PCR system (Thermo Fisher Scientific). Samples
were assayed in triplicate. The ribosomal protein S18 gene was used as
housekeeping reference. The 27" method was used to determine rela-
tive expression levels of each amplification. The primers used in this
study are listed in Table 1.

EET measurements. Ultra-performance liquid chromatography-tan-
dem mass spectrometry (UPLC-MS/MS) analysis was performed
according to our previous report (Zhang et al., 2018). Briefly, the cere-
bral cortex and hippocampus (Hip.) were added to 10-fold PBS, pH 7.4,
and homogenized for I1min (4°C, 6500rpm; Precellys 24-Dual
Homogenizer, Bertin Technologies). The suspension, containing 800 nm
TPPU (catalog #1222780-33-7, Cayman Chemical), was added at an
equal volume to the mixture methanol:acetonitrile:acetic acid (50/50/
0.02%, v/v/v), containing internal standard (20 ng/ml), and vortexed for
10 min. The mixture was centrifuged at 5000 rpm (4°C) for 1 min, pre-
cipitated for 2 h (—20°C), and centrifuged at 14,000rpm (4°C) for
10 min. The filtrate was collected for UPLC-MS/MS analysis (Thermo
Fisher Scientific).

BV2 cell culture. The mouse microglia cell line (BV2) was purchased
from the Cell Resource Center, Institute of Basic Medical College,
Chinese Academy of Medical Sciences, People’s Republic of China (cata-
log #3111C0001CCC000063). The BV2 cells were cultured in DMEM
containing 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/ml
streptomycin. BV2 cells were treated with 14,15-EET (1 uM, dissolved in
ethanol) or solvent (1%o ethanol at final concentration) for 3 h, and har-
vested for qRT-PCR examination.

Adult primary astrocytes culture. Primary adult mouse astrocytes
were prepared as previously described (Cao et al,, 2013a), with some
modifications. Cerebral cortex was obtained from 6- to8-week-old
C57BL/6] mice or Epthf/ ~ mice and their control littermates, and
digested in Ca®"-free and Mg*"-free HBSS with 0.25% trypsin and
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Table 1. Primer sequences used for quantitative real-time PCR

Gene Forward primer Reverse primer

Bacel ACAACCTGAGGGGAAAGTCC TACTACTGCCCGTGTCCACC
Nos2 GTGTTCCACCAGGAGATGTTG (TCCTGCCCACTGAGTTCGTC
Tnf TCTTCTCATTCCTGCTTGTGG GGTCTGGGCCATAGAACTGA
6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
Tgfb2 GCGAGCGAAGCGACGAGGAG TGGGCGGGATGGCATCAAGGTA
10 GTTACTTGGGTTGCCAAG TTGATCATCATGTATGCTTC
B2m TGGCTCACACTGAATTCACCCCCA TCTCGATCCCAGTAGACGGTCTTGG
lcam1 AGATCACATTCACGGTGCTGGCTA AGCTTTGGGATGGTAGCTGGAAGA
Bst2 TGTTCGGGGTTACCTTAGTCA GCAGGAGTTTGCCTGTGTCT
Trem2 AGGGCCCATGCCAGCGTGTGGT (CAGAGATCTCCAGCATC

(d33 TGTTTTCTACCCCTCCATTAAGC TCTCTGATGAACAGGGAACAGT
Fth1 GATCAACCTGGAGTTGTATGCC (TCCCAGTCATCACGGTCTG
Tmem119 GTGTCTAACAGGCCCCAGAA AGCCACGTGGTATCAAGGAG
(d68 CCAATTCAGGGTGGAAGAAA (TCGGGCTCTGATGTAGGTC
Lyz1 (GTTGTGAGTTGGCCAGAA GCTAAACACACCCAGTCAGC
Lyz2 TGAACGTTGTGAGTTTGCCA TGAGCTAAACACACCCAGTCG
Mcoln1 GCTGGGTTACTCTGATGGGTC (CACCACGGACATAGGCATAC
Mcoln2 TCAGGAGAACACCTATGAGAGC (CAAGGGTTGCCAGGGAAAT
Mcoln3 GCTACATGGATCGAATGGACG CCCTTGTTCTCATAAGCGTGATT
Atp6v0d1 GCATCTCAGAGCAGGACCTTGA GGATAGGACACATGGCATCAGC
Atp6vih GTTGCTGCTCACGATGTTGGAG TGTAGCGAACCTGCTGGTCTTC
(tsa TTCTGATCCAGCCAGATGGTG TACAGCACGTTGGCAATCAGG
(tsb TTAGCGCTCTCACTTCCACTACC TGCTTGCTACCTTCCTCTGGTTA
(tsd CGTCCTTTGACATCCACTACGG TGGAACCGATACAGTGTCCTGG
(tsf ACGCCTATGCAGCCATAAAG CTTTTGCCATCTGTGCTGAG
(Clen7 AGAAAGTGTCTTGGTCCGGC AGTGCAGAATGAGACTGGCG
Gns ACCTGACAGATGTTCTGGCCA (GCTGGAGTGGAGATCATCAT
Lamp1 CCTACGAGACTGCGAATGGT CCACAAGAACTGCCATTTTTC
Mcoln1 GCGCCTATGACACCATCAA TATCCTGGCACTGCTCGAT
Sgsh CCTGCTGCACAATTCTGTTGG TCCGTCATCCGCAACTATCAG
Tpp1 AAGCCAGGCCTACATAGTCAGA CCAAGTGCTTCCTGCAGTTTAGA
Rps18 AGTTCCAGCACATTTTGCGAG TCATCCTCCGTGAGTTCTCCA

1 mm EDTA (catalog #SM-2003-C, Millipore) for 30 min at 37°C. The
suspension was triturated with 10mg/ml DNase I (catalog #
10104159001, Roche) and growth medium (DMEM/F12 medium con-
taining 15% fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin). The cells were centrifuged at 1500 rpm for 5min and
then filtered through a 100 pm cell strainer (catalog #352360, Becton
Dickinson). Dissociated cells were resuspended in growth medium and
G5 supplement was added to establish primary culture.

AP removal assay. Fluorescein isothiocyanate (FITC)-A B4,
(catalog#H-7666, BACHEM) was solved in N,N-dimethylformamide
(catalog #D8360, Beijing Solarbio Science & Technology Co., Ltd.) at a
concentration of 1 mg/ml. Glass slides were coated with poly-L-lysine
(0.1 mg/ml; catalog # 25988-63-0, Sigma-Aldrich) overnight, washed
with sterile water, and air dried. Glass slides were incubated with
DMEM/F12 containing 10 ug/ml FITC-AB,, at 37°C for 2 h, then
washed with sterile water and air dried. Astrocytes suspended in growth
medium were plated on FITC-AB4,-coated glass slides (5 x 10* cells/
500 pl, per glass slide). Four hours later, vehicle, TPPU (25, 50, and 100
M final concentrations), 14,15-EET (0.1, 1, and 10 um final concentra-
tions; catalog #50 651, Cayman Chemical), 5,6-EET (1 um final concen-
tration; catalog #50211, Cayman Chemical), 8,9-EET (1 uwm final
concentration; catalog #50351, Cayman Chemical), or 11,12-EET (1 um
final concentration; catalog #50511, Cayman Chemical) was added to
the cultured medium, and, 1 or 4 h later, astrocytes were washed with
0.1 M PBS three times. After incubation with LysoTracker Red (1:5000;
catalog #L7528, Thermo Fisher Scientific) for 45min, astrocytes were
washed and fixed in 4% paraformaldehyde. The glass slides were then
washed and mounted with a Vectashield mounting medium (Vector
Laboratories) containing DAPI. Images were captured by fluorescence
microscopy (Nikon Instruments) and analyzed using Image] software
(National Institutes of Health).

AB degradation assay. This assay was conducted as reported previ-
ously (Wyss-Coray et al, 2003). Briefly, AB4, (catalog #H-1368,
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Figure 1.  Ephx2 deletion alleviates AD pathology in 5% FAD mice. A, B, Representative images and quantitative analysis of thioflavin S staining in 6-month-old male (A) and female (B)

5% FAD mice (n =6). C, Representative images and quantitative analysis of A3 immunolabeling

in 6-month-old male 5 FAD mice (n = 6). D—G, Brain levels of insoluble (D, E) and soluble
/—

(F, G) AB1_4 and AB 1_4q in the cerebral cortex (Cortex) and Hip. (n=6). H, Western blot analysis of protein levels of APP and its cleavage products in the cortex of 5 FAD;Ephx2™" mice
and control littermates (n=6; 1, 2, and 3 indicate three independent biological samples). I, The mRNA levels of [3-Secretase 1 (Bacel) in the cerebral cortices of 6-month-old male 5 FAD;
Ephx2~"~ mice and control littermates (n = 6). Scale bar, 500 m. Data are presented as the mean == SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

BACHEM) was dissolved in 0.1% NH,OH at a concentration of 1 mg/ml
and incubated at 37°C for 2 h. Astrocytes were directly or pretreated
with ML-SI3 (25 uM, 10min; donated by Professor Haoxing Xu,
Department of Molecular, Cellular, and Developmental Biology,
University of Michigan) and then exposed to 2 pig/ml A 3,, followed by
the application of vehicle, TPPU (25, 50, and 100 wum, final concentra-
tions), 14,15-EET (0.1, 1, and 10 um final concentrations), 5,6-EET,
8,9-EET, or 11,12-EET (1 uM final concentrations) into the cultured me-
dium. Astrocytes were harvested 1 or 4 h later, and A8 levels in cultured
medium and cell pellets were determined by Western blot.

Osmotic minipump implantation. Osmotic minipump implanta-
tion assay was performed as described in a previous report (Cao et

al., 2013b). Briefly, 5xFAD mice were anesthetized, and an osmotic
pump (model 1007D, Alzet) was implanted in the right hippocampal
dentate gyrus (DG; anteroposterior = —2.0, mediolateral = 1.2 mm,
dorsoventral =2.0 mm). The osmotic pumps are designed to deliver
a flow rate of 0.5ul/h for 7 d and were filled with artificial CSF
(ACSF; vehicle) or 14,15-EET (100 ng/ml) dissolved in ACSF. Brain
tissues were prepared 7 d after the pump implantation. The concen-
tration of 14,15-EET (100 ng/ml) was determined as follows: the
concentration of FA fraction AB,, in 3-month-old 5XxFAD male
mice, which was ~50 pmol/g (equal to 20 ng/ml). To avoid the meta-
bolic losses in vivo, the final concentration of 14,15-EET (100 ng/ml) was
selected.
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Figure 2.  £phx2 deletion improves cognitive performance in 5 FAD mice. A-D, Behavioral analysis with the MWM test (n =9—12). A, Acquisition training. B, Representative traces of

swimming paths in the probe trial; Q1, target quadrant in which the platform was located on days 1-6. C, Time spent in Q1 and all other (a.0.) quadrants. D, The number of platform crossings
in the probe trial (one-way ANOVA). E, Behavioral analysis with the Y-maze (n=9-12). F, Velocity of mice in the MWM (WT, n=10; Epth’/ -,n=9 5><FAD;Ephx2+/ * n=12 and
5xFAD;Ephx2~'~, n="11). G, Latengy in the cued test (WT, n=10; Ephx2~'~, n=9; 5xFAD;Ephx2™/™, n=12; and 5xFAD;Ephx2 ', n=11). H, Number of entries in the Y-maze
test (WT, n=10; Epth’/’, n=9; 5><FAD;Ephx2+/+, n=12; and 5><FAD;Ephx2’/’, n=11). I, J, Behavioral analysis with the open field test (WT, n=10; Epth’/’, n=29; 5xFAD;
Epth*”, n=12and 5x FAD;Epth’/’, n=11). Data are presented as the mean = SEM *p < 0.05, **p << 0.01, ***p < 0.001.

Open field. Mice were placed in an open chamber (AccuScan
Instruments) with transparent plastic walls and were allowed to explore
freely for 5 or 30 min. The total distance traveled across a session was an-
alyzed using VersaMax analyzer software (AccuScan Instruments).

Morris water maze test. The water maze consisted of a circular tank
(@1 m) containing opaque water (21 * 1°C). The maze was divided vir-
tually into four quadrants, with one containing a hidden platform (@10
cm) present 1 cm below the water surface. Mice were trained to find the
platform, orienting by three extra-maze cues placed asymmetrically as
spatial references. During acquisition, animals were placed into the water
in a quasi-random fashion to prevent strategy learning. Mice were
allowed to search for the platform for 90 s; if the mice failed to identify
the platform within 90 s, they were guided gently onto the platform and
allowed to stay there for 30 s before the initiation of the next trial. After
the completion of four trials, mice were dried and placed back into their
home cages. Mice were trained for four trials per day for 6 consecutive
days. Escape latency was measured as the time taken for the animal to
locate the hidden platform in the target quadrant Q1. For spatial probe
trials, which were conducted 24 h after the last training session (day 7),
the platform was removed and mice were allowed to swim for 90 s. The
drop position was at the border between the third and fourth quadrant,
with the mouse facing the wall at the start. Data are given as the percent-
age of time spent in quadrant Q1, the number of platform crossings, and
the swimming speed. In the afternoon of the same day, visual cued test-
ing was performed with the platform being flagged and new positions
for the start and goal during each trial. Swimming behavior was captured
by a camera (model WVBP334, Panasonic), and the video signal was an-
alyzed using EthoVision 7.0 (Noldus Information Technology).

Y-maze test. The Y-maze was made of gray Plexiglas and had three
identical arms of 30 X 10 X 20cm and a center area connected to the
three arms by a triangle of 10 x 10 x 10 cm. Each arm formed a 120°
angle with the other two arms. Mice were administered one trial per day
for 3 consecutive days. During a trial, mice were placed in the central
area and allowed to explore the maze freely for 5min. The order in
which the mice chose to enter the arms was recorded. Three consecu-
tive choices, all with different arms, were counted as an alternation
and were scored with 1 point. The total number of opportunities for
alternation was calculated as the total number of arm entries minus

two. The percentage correct rate = (total alternation points/total
alternation opportunities) x 100. For example, if a mouse chose the
arms in the order ABCACBACBC, then the percentage correct rate =
[6/(10 —2)] x 100 =75%. The Y-maze was wiped clean between trials
with 70% ethanol.

Experimental design and statistical analyses. All the data were ana-
lyzed by GraphPad Prism 8.2 (GraphPad Software) and are presented as
the mean *= SEM. Two-tailed t test or multiple ¢ test with Bonferroni
correction was used to compare the differences between two groups
(one-way or two-way ANOVA, followed by Bonferroni’s test for com-
parisons among more than two groups). Repeated-measures ANOVA
were used to analyze the data collected from an individual at different
times. p < 0.05 was considered significant, and the significance was set at
95% confidence.

Results

Ephx2 deletion alleviates pathologic features in AD model
mice

To investigate whether sEH is involved in the pathophysiology of
AD, we characterized the overall effect of Ephx2 deletion on A3
pathology and the associated behavioral responses. To this end,
Ephx2™"" mice were crossed with 5xFAD mice to obtain 5-
xFAD;Ephx2~'~ mice. In 5xFAD mice, while AB plaques
appeared at 2-3months of age, behavioral deficits in spatial
learning were initiated at ~6 months (Oakley et al, 2006).
Therefore, experiments were performed on 6-month-old mice.
Thioflavin S staining of matched coronal brain sections showed a
marked decrease in the motor cortex (MC) and Hip. A3 deposi-
tion in 5xFAD;Ephx2 '~ mice compared with sex-matched
5xFAD;Ephx2"'" littermates (Fig. 1A,B; male: MC, t(5¢) = 5.409,
p<0.001; Hip., t(20) = 5.619, p < 0.001; female: MC, t20) = 2.9,
p=0.032; Hip., t50) = 7.822, p < 0.001, multiple ¢ tests following
Bonferroni correction). In addition, the reduced AB plaques
were further quantified using anti-A (6E10) immunostaining
(Fig. 1C; male: MC, 20y = 3.726, p=0.003; Hip., {20, = 5.047,
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p<0.001, multiple ¢ tests following Bonferroni correction).
Moreover, the brain levels of soluble and insoluble A 8 were ana-
lyzed using ELISA. 5xFAD;Ephx2~'~ mice showed reduced
brain concentrations of the FA-extractable forms of AB;_4
and AB; 4, (Fig. 1D,E; cortex: A 40, t20) = 7.188, p < 0.001;
ABias too =3935, p=0.002 Hip: APy tog = 3.766,
Pp=0.002; AB1 42, t20) = 5.266, p < 0.001, multiple ¢ tests follow-
ing Bonferroni correction) and moderate reductions in SDS-
soluble AB;_49 and A, 4, levels (Fig. 1F,G; cortex: A4,
too) = 4807, p<0.001; ABy s, tao) =5.812, p<0.001; Hip.:
AB1sos ta0) = 1477, p=0310; AB sz, t20) = 1.683, p=0.216,
multiple ¢ tests following Bonferroni correction). These decreases
were not because of changes in APP expression and processing,
as the levels of APP and its cleavage products (i.e., the N-termi-
nal and C-terminal fragments) and S -secretase 1 mRNA levels
in the cerebral cortex were indistinguishable between the two
groups (Fig. 1H,I; APP, t;309) = 0917, p>0.999; NTFs, t3) =
0.229, p>0.999; CTFs, tz0) = 1.081, p=0.865, multiple ¢ tests
following Bonferroni correction; Bacel, 0y = 0.9005, p=0.389,
unpaired ¢ test), indicating comparable AB production. Thus,
Ephx2 deficiency prevents A3 deposition in the brain of 5X FAD
mice mainly by inhibiting the formation of insoluble AS.

High A levels in the brains of 5XFAD mice are correlated
with cognitive and behavioral deficits (Oakley et al., 2006). We
assessed spatial memory function in male Ephx2~'~, 5xFAD;
Ephx2*'*, and 5xFAD;Ephx2'~ mice and their wild-type
(WT) littermates with the Morris water maze (MWM) test.
While Ephx2~'~ mice showed comparable performance to the
WT littermates in the acquisition phase and probe trial, 5x FAD;
Ephx2*'" mice exhibited severe deficits. In contrast, 5xFAD;
Ephx2~"~ mice showed no spatial memory impairment (Fig.
2A-D; Morris water maze latency, Fip9,12,11) = 20.480, p <
0.001, repeated-measures ANOVA; percentage of time spent in
quadrant: WT, tg) = 5.359, p < 0.001; Ephx2 '~ t36) = 6.162,
p<0.001; 5xFAD;Ephx2™"", t23) = 0.720, p>0.999; 5x FAD;
Ephx2™'", tng) = 3.727, p=0.005, multiple ¢ tests following
Bonferroni correction; number of target platform crossings:
F38) = 5.962, p=0.002, one-way ANOVA). These results were
supported by the results of the Y-maze test (Fig. 2E; Y-maze
alternation, F;3g) = 15.66, p <0.001, one-way ANOVA). There
were no differences between groups in the velocity, cued, and
open field tests (Fig. 2F-J; speed test, F(335) = 1.319, p=0.282;
cued test, F335) = 1.448, p=0.224; Y-maze number of entries,
Fi38) = 04076, p=0.748, one-way ANOVA; open field-total
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Figure 4.  Improvement in behavioral tests with TPPU in 5 FAD mice. A—E, Behavioral analysis with the MWM test (n=10). A, Acquisition training (repeated measures). B, Time spent in
Q1 and all other (a.0.) quadrants. ¢, Number of platform crossings in the probe trial. D, Velocity of mice in the MWM. E, Latency in the cued test. F, G, Behavioral analysis with the Y-maze test
(n="10). F, Percentage of alternation in the Y-maze test. G, Number of entries in the Y-maze test. H, I, TPPU treatment had no effect on locomotion in the open field test (n = 10). Data are
presented as the mean = SEM. *p << 0.05, **p < 0.01, ***p << 0.001, N.S., not significant.

distances, Fj09,12,11) = 1.821, p=0.160;
center time, F(j00,1211) = 0.276, p=0.843,
repeated-measures ANOVA). These results
were supported by a recent report (Lee et
al., 2019), in which genetic deletion of SEH
delayed the progression of AD pathology in
an APP/PS1 mouse model. Together, these
data indicate that the deletion of Ephx2 alle-
viates pathologic features in mouse models
of AD.

sEH inhibition reduces brain Af
deposition in AD model mice

We then considered whether inhibition
of sEH could reverse the pathophysiology
of AD. To this end, 6-month-old 5xFAD
mice were injected intraperitoneally for
14 d with the sEH inhibitor TPPU
(1-2mg/kg; Kodani and Hammock,
2015). Thioflavin S staining of matched
coronal brain sections revealed that
TPPU decreased A3 deposition in the
MC and Hip. of these mice compared
with vehicle-treated, sex-matched litter-
mates (Fig. 3A,B; MC, F,5 = 13.13,
p<0.001; Hip., Fu.5 = 40.52, p <
0.001, one-way ANOVA). The reduction
in AB plaque formation was quantified
by AB (6E10) immunolabeling (Fig. 3C,
D; MC, Fp15 = 27.94, p<0.001; Hip.,
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Figure 5.  14,15-EET levels are increased in 5 FAD mice following treatment with TPPU. A, B, Relative EET levels in the
cerebral cortex and hippocampus of 3-month-old male 5 FAD mice (n=7). C, D, Relative EET levels in the cerebral cortices
and hippocampi of 6-month-old male WT mice treated with vehicle, and 5 FAD mice treated with vehicle or TPPU (WT-ve-
hicle, n=10; 5xFAD-vehicle, n=9; 5xFAD-TPPU, n=09). Data are presented as the mean = SEM. *p <0.05,
4 < 0,01, ***p < 0.001.

5xFAD mice treated with TPPU (Fig. 3E,F; FA fraction: AB;.

F1s) = 27.27, p<0.001, one-way ANOVA), and brain levels 49, F2,15) = 17.59, p <0.001; AB; 42, F2,15 = 10.2, p= 0.002;
of soluble and insoluble A 8 were measured by ELISA. Levels ~ SDS fraction: AB 40, F(2,15) = 49.82, p <0.001; AB; 42, F2,15)
of the highly aggregated, FA-extractable form of AB and SDS- = 10.82, p=0.001, one-way ANOVA); a similar effect was
soluble AB; 4, and AB, 4 were reduced in the Hip. of  observed in female 5XFAD mice using thioflavin S staining
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Figure 6.

Deletion of £phx2 induces an enhanced engulfment ability of microglia. A, Representative images of immunohistochemistry with anti-Iba1. Scale bar, 50 um. B, The number of

Iba1-positive microglia in the motor cortex (n=5—6). C, Diameters of Ibal-positive microglial cell bodies (n = 5—6). D, The mRNA levels of genes related to microglial function, normalized
to those of sex-matched control littermates (n = 5—6). E, F, Percentage of microglial cell bodies that are also A3 -positive (n = 6). Scale bar, 50 .em. ROI, Region of interest. G, Representative
images of immunohistochemistry with anti-S1003 or anti-lbaT in Ephx2-CreER™;R0SA26-tdTomato mice following tamoxifen injection. Scale bar, 50 . H, The mRNA levels of genes requlat-
ing the engulfment ability of microglia in BV2 cells following 14,15-EET (1 rum) application for 3 h, normalized to each control (n=6). Data are presented as the mean = SEM. *p << 0.05;

*¥p < 0.01; ***p < 0.001, N.S., not significant.

(Fig. 3G; MC, f(4) = 6.859, p<0.001; Hip., f(4) = 3.177,
p=0.008, multiple ¢ tests following Bonferroni correction). As
the effect of TPPU was not sex or dose dependent, in subse-
quent experiments we used male mice treated with TPPU at a
concentration of 1 mg/kg.

We also assessed the effect of TPPU on spatial memory func-
tion in 5xFAD mice with the MWM. In both the acquisition
phase and probe trial, TPPU-treated 5xFAD mice showed a
learning ability similar to that of their vehicle-treated WT litter-
mates, whereas vehicle-treated 5xFAD mice exhibited marked
impairments in spatial learning and memory (Fig. 4A-C; latency:
F10,1010) = 9.941, p=0.001, repeated-measures ANOVA; per-
centage of time spend in quadrant: WT-vehicle, ¢4 = 8.76,
p<0.001; 5xFAD-vehicle, fss = 224, p=0.088; 5xFAD-
TPPU, t;q = 6.984, p<<0.001, multiple ¢ tests following
Bonferroni correction; number of target platform crossings:
F27 = 9.21, p=0.001, one-way ANOVA). TPPU had no effect
on swimming speed or latency in the cued test (Fig. 4D,E; speed
test, Foo7) = 0.5979, p=0.5571; cued test, Fp,7;) = 0.3442,
p=0.712, one-way ANOVA). In the Y-maze test, the cognitive
deficits of 5x FAD mice were alleviated by treatment with TPPU

(Fig. 4F,G; alternation, F,7 = 6.359, p=0.006; number of
entries, F,7) = 2.896, p=0.073, one-way ANOVA), whereas
locomotion was unaffected (Fig. 4H,I; total distances, F(10,10,10) =
0.287, p=0.753; center time, Fo10,10) = 2.444, p=0.106,
repeated-measures ANOVA). These data suggest that inhibiting
sEH activity confers neuroprotection in 5x FAD mice.

EET levels are altered in the brain of AD model mice

sEH is an enzyme that converts EETSs to dihydroxyeicosatrienoic
acids, thereby regulating EET signaling (Kodani and Hammock,
2015). To clarify the mechanisms underlying the neuroprotective
effects of Ephx2 deficiency, we evaluated the brain levels of four
regioisomeric EETs—namely, 5,6-EET, 8,9- EET, 11,12- EET,
and 14,15-EET—by liquid chromatography-mass spectrometry
(Zhang et al., 2018). In both the cortex and Hip., 14,15-EET lev-
els were lower in 3-month-old male 5XFAD mice than in their
sex-matched WT littermates (Fig. 5A,B; cortex: 5,6-EET, (1) =
0.722, p>0.999; 8,9-EET, t(15) = 0.974, p>0.999; 11,12-EET,
tz) = 1.965, p=0.292; 14,15-EET, t(1) = 2.978, p=0.046; Hip.:
5,6-EET, £(12) = 1.136, p > 0.999; 8,9-EET, t(15) = 2.361, p=0.144;
11,12-EET, 5 = 2.454, p=0.121; 14,15-EET, t, = 3.584,
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Figure 7.  TPPU treatment reduces astrocyte reactivity in 5x FAD mice. A, B, Representative immunofluorescence images of GFAP and A3 (6E10) in the CA1 (A) and DG (B) regions of the
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volume, and the covered area of astrocytes in CA1 and DG regions of 6-month-old male 5x FAD;Ephx2™~

#) < 0,01, *¥% < 0,001.

p=0.015, multiple ¢ tests following Bonferroni correction). In
contrast, in 6-month-old 5xFAD mice, 8,9-EET and 14,15-EET
levels in the cortex were increased by treatment with TPPU,
although the brain level of 14,15-EET was not decreased in vehi-
cle-treated 5xXFAD mice compared with WT littermates (Fig.
5C; interaction, F(g 75 = 1.721, p=0.127, two-way ANOVA). On
the other hand, hippocampal levels of all EETs except for 5,6-
EET were increased by TPPU treatment compared with vehicle-
treated littermates (Fig. 5D; interaction, Fg ;5 = 3.284, p =0.006,
two-way ANOVA). These data suggest that elevated levels of
EETs—especially 14,15-EET—contribute to the neuroprotection
conferred by sEH inhibition.

Deletion of Ephx2 enhances the engulfment ability of
microglia

Accumulating evidence suggests that microglia play a role in
AD pathology (Deczkowska et al., 2018). To evaluate the effect
of Ephx2 deficiency on AfB-induced microglial responses in
5xFAD mice, we used an antibody against microglial marker
Iba-1 to label microglia in the MC sections and examined
morphologic features of microglia activation. Compared with
sex-matched WT littermates, the number of Iba-1-positive
cells was significantly increased in male 5xFAD;Ephx2™/*
mice, and the volume of the microglia cell body was enlarged.
These results are consistent with those of a previous report
(Iaccarino et al., 2016). In contrast, Ephx2 deletion induced a
marked decrease in the number of microglia, without affecting
the volume of microglia cell body (Fig. 6A-C; count, F(; 13y =

"~ mice and WT littermates (n=5). Data are presented as the mean = SEM.

200.7, p<<0.001; volume, F(;;3 = 15, p=0.0004, one-way
ANOVA). Using qRT-PCR, we analyzed transcriptional
changes and found that the mRNA levels of TNF-a, an
inflammatory marker (Minami et al., 2014), were significantly
decreased in the cerebral cortices of 5xFAD;Ephx2~'~ mice
compared with those of 5x FAD;Ephx2™'* mice. Interestingly,
the mRNA levels of microglial engulfment-associated genes,
including B2m, Icaml, Bst2, Trem2, Cd68, Lyzl, and Lyz2
were increased (Fig. 6D; Nos2, tu4e) = 1.371, p=0.883; Tnf,
tuoy = 4.385, p<0.001; II6, t9) = 0.612, p>0.999; Tgfb2,
taoy = 0.722, p>0.999; T110, t o) = 2409, p=0.099 B2m, t.0) =
2.955, p=0.030; Icaml, t(;) = 3.865, p = 0.002; Trem2, t79) =
5.472, p<0.001; Cd33, to = 1.544, p=0.890; Fthl,
tr0) = 0.080, p>0.999; TmemlI19, t7o) = 0.202, p>0.999;
Cd68, t20) = 3.614, p=0.003; Lyzl, tz0) = 7.037, p<0.001;
Lyz2, tney = 8.287, p<<0.001, multiple ¢ tests following
Bonferroni correction). Moreover, the percentage of micro-
glia colocalized with AB in the cell body increased >30%
in the MC of 5xFAD;Ephx2~'~ mice compared with that of
5xFAD;Ephx2*'" mice (Fig. 6E,F; t(0) = 6.275, p <0.001,
unpaired t test). However, we found that sEH is mainly
expressed on astrocytes (51003 -positive cells), not microglia
(Fig. 6G). To detect whether 14,15-EET acts directly on
microglia, BV2 cells, a mouse microglial cell line, were
treated with 14,15-EET (1 um) for 3 h. qRT-PCR analysis
showed that 14,15-EET application had little effect on the
mRNA levels of genes, which were upregulated by Ephx2 de-
letion (Fig. 6H; Tnf, tgoy = 1.456, p>0.999; B2m, tgo) =
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Figure 8.

TPPU or 14,15-EET application promotes A3 clearance in primary cultured adult mouse astrocytes. A, Representative immunofluorescence images of TPPU-induced A3 uptake in

primary astrocyte cultures derived from the cerebral cortex of adult (57BL/6) mice (n =5). Scale bar, 10 um. B, ¢, TPPU (B) and 14,15-EET (C) promote A3 uptake in primary astrocyte cul-
tures (n=>5). D, E, Effects of the other EETs on astrocyte A3 clearance in primary cultures of adult astrocytes (n =2, repeated three times). Scale bar, 10 m. F, G, Western blot analysis of
A protein levels in the cell pellet and culture medium 1 h after application of TPPU (F) or 14,15-EET (G; n=5). H, Western blot analysis of A3 protein levels in the cell pellet and culture
medium following treatment with the other EETs (n =2, repeated two times). Data are presented as the mean == SEM. **p << 0.01, ***p < 0.001.

0.726, p > 0.999; Icaml, t(go) = 0.368, p > 0.999; Bst2, t(so) =
1.188, p>0.999; Trem2, tgo = 1.447, p>0.999; Cd68,
tso) = 0.488, p>0.999; Lyzl, t(s0) = 0.681, p>0.999; Lyz2,
tsoy = 1.154, p >0.999, multiple t tests following Bonferroni
correction). Together, these results indicate that deletion of
Ephx2 promotes the phagocytic ability of microglia through
an indirect pathway.

14,15-EET facilitates astrocytic A clearance

Reactive astrogliosis is another feature of AD. We recently
showed that sEH is localized mainly in the lysosome of astro-
cytes, which are the presumed target cells for 14,15-EET in the
brain (Qin et al., 2019; Xiong et al., 2019). We therefore exam-
ined the morphology of astrocytes and their interactions with
AB. Immunolabeling of the astrocyte marker GFAP revealed
greater numbers and larger areas of GFAP-positive astrocytes

with enlarged soma in the CAl region and DG of vehicle-
treated 6-month-old male 5XFAD mice compared with WT lit-
termates, similar to a previous report (Wu et al., 2014). In con-
trast, TPPU-treated 5xFAD mice had fewer reactive astrocytes
in the CA1 area and DG, as evidenced by the decreased soma
volume, the density of GFAP-positive cells, and the smaller
area of GFAP immunoreactivity compared with vehicle-treated
mice (Fig. 7A-E; interaction: count, F(,;5 = 0.011, p=0.989;
soma volume, Fp, ;5 = 0.044, p=0.958; GFAP-covered area,
Fo15 = 1469, p=0.262, two-way ANOVA). Similar effects
were observed following Ephx2 deletion in 5xFAD mice (Fig.
7F-H; interaction: count, F(; g) = 0.020, p = 0.890; soma volume,
Fas = 0.022, p=0.885; GFAP-covered area, F(; 5y = 1.058,
p=0.334, two-way ANOVA). These results indicate that sEH
inhibition or Ephx2 deletion reduces astrocyte reactivation in
5xFAD mice.
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Deletion of £phx2 promotes A3 clearance in primary cultured adult mouse astrocytes. A, Representative immunofluorescence images and quantification of A3 uptake in primary

astrocyte cultures derived from the cerebral cortex of adult Epth’/ ~ mice and control littermates, 1 h after incubated astrocytes with fluorescein isothiocyanate-conjugated A3 1_4, (n=5).
Scale bar, 10 wm. B, Western blot analysis of A3 protein levels in the cell pellet and culture medium (n = 2, repeated two times). C, Representative immunofluorescence images and quantifi-
cation in cultured astrocytes derived from Ephx2~/~ mice and control littermates, 4 h after incubated astrocytes with fluorescein isothiocyanate-conjugated A3 1_sy (1= 5). Scale bar, 10 om.
D, Western blot analysis of A3 protein levels in the cell pellet and culture medium 4 h after incubation of astrocytes with fluorescein isothiocyanate-conjugated A3 1_4, (n =2, repeated two

times). Data are presented as the mean = SEM. **p << 0.01, ***p < 0.001.

We next examined whether 14,15-EET enhances astrocyte-
mediated AS clearance in vitro. To this end, primary cultures of
astrocytes from adult C57BL/6] mice were incubated with fluo-
rescein isothiocyanate-conjugated AB;_4,. A 1 h application of
TPPU or 14,15-EET, but not 5,6-EET, 8,9-EET, or 11,12-EET,
decreased the area covered by A in a dose-dependent manner
compared with vehicle treatment (Fig. 8A-E; TPPU, Fg16) =
33.94, p<0.001; 14,15-EET, F300) = 73.18, p<0.001; other
EETSs, F(320) = 1.290, p =0.305, one-way ANOVA). These results
were supported by Western blot analysis showing that the total
amount of A was higher in the cell pellet of cultured astrocytes
but lower in the culture medium following treatment with TPPU
or 14,15-EET compared with vehicle (Fig. 8F,G; TPPU: cell pel-
let, F316) = 12.890, p<0.001; supernatant, Fs = 24.290,
p <0.001; 14,15-EET: cell pellet, F(3 15 = 12.680, p =0.001; super-
natant, F12 = 44.64, p<<0.001, one-way ANOVA). As
expected, 5,6-EET, 8,9-EET, and 11,12-EET treatment had no
effect on AB clearance (Fig. 8H; other EETs: cell pellet, F(3 12 =
0.274, p=10.843; supernatant, F(; 5y = 0.369, p=0.777, one-way
ANOVA). Because higher intracellular and lower extracellular
A levels could be because of increased A uptake but reduced
degradation, and because the drug effect cannot be stable for a
longer time, we observed dynamic changes of A3 accumulations
in cultured astrocytes derived from adult Ephx2~'~ mice and
control littermates. Consistent with the results of TPPU and
14,15-EET applications, 1 h after incubation with fluorescein iso-
thiocyanate-conjugated A1 4, the area covered by AB was
decreased in astrocytes derived from Ephx2~'~ mice compared
with that of control astrocytes (Fig. 94; t) = 7.76, p <0.001,
unpaired f test). Meanwhile, the total amount of A8 was higher
in the cell pellet of cultured Ephx2~'~ astrocytes, but lower in the
culture medium (Fig. 9B; cell pellet, #;5) = 24.93, p < 0.001; su-
pernatant, #;; = 6.046, p<0.001, multiple ¢ tests following
Bonferroni correction). Interestingly, 4 h after incubation with

fluorescein isothiocyanate-conjugated A 3;_4,, the area covered
by A3 was decreased in astrocytes derived from Ephx2~'~ mice
(Fig. 9G; t(g) = 3.811, p=0.005, unpaired ¢ test). We also observed
that the total amount of A in both the cell pellet and culture
medium of cultured Ephx2~'~ astrocytes was decreased com-
pared with controls (Fig. 9D; cell pellet, t1,) = 25.08, p < 0.001;
supernatant, f(,) = 27.88, p < 0.001, multiple ¢ tests following
Bonferroni correction). These data indicate that enhanced EET
signaling promotes astrocytic A3 clearance.

14,15-EET enhances lysosome biogenesis in astrocytes
Astrocytes take up A for lysosomal degradation (De Strooper
and Karran, 2016). TFEB is a master regulator of lysosome bio-
genesis (Sardiello et al., 2009; Xu and Ren, 2015); enhancing this
process in astrocytes by TFEB overexpression was shown to pro-
mote AB uptake and to alleviate AD pathology (Xiao et al.,
2014; Martini-Stoica et al., 2018). We therefore examined
whether EET signaling modulates lysosome biogenesis. Confocal
imaging revealed that TFEB was predominantly localized in the
cytoplasm of astrocytes under basal culture conditions. However,
the intensity of TFEB fluorescence in the nucleus of cultured
astrocytes was markedly increased 15 min after the application of
14,15-EET (Fig. 104; Fs30 = 27.13, p<<0.001, one-way
ANOVA). This effect was also observed 5 min after the applica-
tion of TPPU (Fig. 10B; F(s4,) = 54.66, p<0.001, one-way
ANOVA), indicating that EET signaling modulates TFEB activa-
tion. These results were further verified by Western blotting
showing that the level of lysosomal-associated membrane protein
Lamp1 (encoded by the TFEB target gene Lampl) was increased
in 14,15-EET-treated astrocytes compared with controls (Fig.
10G; t10) = 9.229, p < 0.001, unpaired ¢ test).

Mcolnl is a downstream gene of TFEB encoding transient re-
ceptor potential mucolipin 1 (TRPMLI), the main Ca>" release
channel in lysosomes (Xu and Ren, 2015). We found that
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Figure 10.  14,15-EET application promotes astrocyte A3 clearance by stimulating lysosomal biogenesis. A, Inmunofluorescence analysis of TFEB nuclear translocation (green) and quantita-

tive analysis of the ratio of the intensity of fluorescence in nuclear versus that in cytosol in cultured astrocytes following treatment with 14,15-EET (1 wm) at the times indicated (n=2,
repeated three times; ~900 cells counted in each group). Scale bar, 10 m. B, Quantitative analysis of the ratio of the intensity of fluorescence in nuclear/cytosol in cultured astrocytes follow-
ing treatment with TPPU (100 um) at indicated times (n = 2, repeated four times, ~1000 cells counted in each group). ¢, Western blot analysis of Lamp1 protein levels in astrocytes 15 min af-
ter treatment with 14,15-EET (n =3, repeated twice). D, TRPML mRNA levels in primary astrocyte cultures derived from the cerebral cortex of adult C57BL/6) mice (n=12). E, F, Western blot
analysis of A3 protein levels in the cell pellet (E) and culture medium (F) 1 h after TPPU (100 zem) or 14,15-EET (1 wm) application, with or without ML-SI3 pretreatment (25 v, 10 min;
n=5). G, The mRNA levels of TFEB target genes in the cerebral cortex of 6-month-old male 5 FAD;Ephx2 '~ mice and control littermates (normalized to control littermates, n = 6). Data are

presented as the mean == SEM. *p << 0.05, **p << 0.01, ***p < 0.001, N.S., not significant.

TRPMLI was the most highly expressed among TRPML chan-
nels (TRPML1-3) in cultured adult astrocytes (Fig. 10D; F(, 33) =
358.4, p <0.001, one-way ANOVA). To determine whether the
14,15-EET-induced enhancement of A clearance in astrocytes
requires TRPMLI activation, we used the synthetic TRPMLI in-
hibitor ML-SI3 (Zhang et al, 2016). Western blot analysis
revealed that the effect of TPPU or 14,15-EET on astrocytic AS
clearance was attenuated by preincubation with ML-SI3,
although ML-SI3 alone had no effect on AS clearance (Fig. 10E,
F; interaction: cell pellet, F(; 15y = 31.340, p < 0.001; supernatant,
F2,18) = 2.349, p = 0.124, two-way ANOVA). To validate whether
Ephx2 deletion induces TFEB nuclear translocation in vivo, we
examined the mRNA levels of TFEB target genes, including
Atp6v0dl1, Atp6vlh, Ctsa, Ctsb, Ctsd, Ctsf, Clen7, Gns, Lampl,
Mcolnl, Sgsh, and Tppl, which have previously been shown to
regulate TFEB nuclear translocation (Sardiello et al, 2009;
Settembre et al, 2011). qRT-PCR analysis revealed that the
mRNA levels of all these genes were increased in the cerebral
cortices of 6-month-old male 5x FAD;Ephx2~'~ mice compared
with those of control littermates, although the mRNA level of
Tpp1 was not significantly different (Fig. 10G; Atp6v0d1, t(120) =

3.714, p=0.004; Atp6vih, t(120) = 4414, p<0.001; Ctsa, t(15) =
3.921, p=0.002; Ctsb, t(120) = 3.703, p=0.004; Ctsd, t(120) = 1.836,
p=0.825; Ctsf, t120) = 4.637, p < 0.001; Clen7, t20) = 3.280, p =
0.016; Gl’lS, t(lZO) = 3.295, p =0.016; Lamp], t(l20) = 8.455,
p<0.001; Mcolnl, t(15) = 9321, p < 0.001; Sgsh, t1z) = 5.113,
P <0.001; Tppl, t120) = 2.258, p=0.309, multiple ¢ tests follow-
ing Bonferroni correction). Together, these data suggest that the
enhancement of A clearance in astrocytes through EET signal-
ing depends on increased lysosome biogenesis.

14,15-EET reverses brain A f deposition in AD model mice

In 5xXFAD mice, brain levels of AB_4, and A 8;_4 increase dra-
matically starting at 2 months of age, with A plaques appearing
at ~3 months (Oakley et al., 2006). We observed, using thiofla-
vin S staining, that AB deposition in male 5XFAD mice
occurred as early as postnatal day 78 (P78), with more A pla-
ques detected in the entorhinal cortex (EC), the first brain area
to deteriorate in AD (Reagh et al,, 2018; Fig. 11A). To determine
whether 14,15-EET can prevent brain A deposition in 5xFAD
mice, we infused 14,15-EET (100ng/ml) unilaterally into the
Hip. of male 5xFAD mice at P75 and killed the mice 7 d later (at
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P82; Fig. 11B,C). AB plaques were
observed throughout the brains of vehi-
cle-infused 5xXFAD mice by thioflavin S
staining, whereas fewer plaques were
present in the brains of mice treated with
14,15-EET (Fig. 11D; interaction, F 40y =
56.140, p < 0.001, two-way ANOVA). To
test whether 14,15-EET infusion could
restore normal AB processing, we
infused 14,15-EET unilaterally into the
Hip. of 6-month-old male 5xFAD mice
(P180). Although a 7 d infusion of 14,15-
EET at a concentration of 100 ng/ml had
little effect on A3 deposition in the brain,
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the number of A B plaques in whole brain B Osmotic pump C
sections—including bilateral MC, Hip., implantation TTS‘
and EC—was significantly reduced after a Postnatal (day) F——/— i ’&T_ '12l'2°;‘r:
7 d infusion of a higher concentration of 0 75 82 DV: 2.0 mm
14,15-EET (200 ng/ml) compared with vehi-
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12520, p<0.001, two-way ANOVA). b ol S dle=s
These data demonstrate that 14,15-EET f‘l- g oo o°
reverses A3 deposition in the brain. & _ g 100 ﬁ .
i 5 7 T
Discussion - g ™ m ﬁ v "o
The pathophysiology of AD is complex, % 4 FZT’I B | leal le ’:’%‘hﬁ
involving AB plaques, phosphorylated MG Hip EC

tau tangles, synaptic degeneration, cogni-
tive impairment, and abnormalities in
lipid metabolism as well as neurovascular
coupling. Although the amyloid cascade
hypothesis remains controversial, it is
widely acknowledged that AB accumula-
tion or plaque formation is neurotoxic
and can induce AD. The results of the
present study indicate that inhibiting sSEH
activity or deleting the Ephx2 gene reduces brain A3 deposition
and mitigates AD-associated pathology, including cognitive
deficits, in AD model mice. Moreover, sEH inhibition
increased brain levels of 14,15-EET, which can promote astrocyte
AP clearance by enhancing lysosomal biogenesis. Most impor-
tantly, we showed that the direct infusion of 14,15-EET to the Hip.
not only prevented the aggregation of AB but also reversed A
deposits in 6-month-old 5xX FAD mice. These results demonstrate
that EET signaling is involved in astrocyte A3 clearance and that
therapeutic strategies targeting this pathway may be a treatment
option for AD.

Cytochrome P450 enzymes in the eicosanoid pathway have
the following two distinct enzymatic activities: w-hydroxylases
generate hydroxyeicosatetraenoic acids, while epoxygenases con-
vert ARA into EETs. sEH modulates EET signaling in many tis-
sues by adding a water molecule across the epoxide moiety of
EETs to produce less active dihydroxyeicosatrienoic acids. 14,15-
EET is the preferred substrate for sEH (Imig, 2012). In the
present study, sEH inhibition increased brain levels of EETs,
especially 14,15-EET; on the other hand, 14,15-EET levels were
reduced in 3-month-old, but not 6-month-old, 5xFAD mice.
The higher EET levels in the latter could be because EETs from
the peripheral circulation accumulate in the brain with aging or
under pathophysiologic conditions (Qin et al., 2019). In the adult

Figure 11.

14,15-EET infusion prevents brain A3 deposition in 5 FAD mice. A, Representative images of thioflavin S
staining in the MC, Hip., and EC of male 5x FAD mice killed at P30, P67, P78, and P90 (n = 3/group at each time point). B,
€, Experimental design for the infusion of 14,15-EET using an osmotic pump implanted in the right Hip. The light blue verti-
cal line in € shows the location of the pump, with brain coordinates shown to the right of the schematic. L, Left; R, right. D,
14,15-EET (100 ng/ml) infusion prevented A3 deposition in the brains of 5xFAD mice (vehicle, n=5; 14,15-EET, n=7).
Scale bar, 500 zm. Data are presented as the mean == SEM. *p << 0.05, **p << 0.01, ***p < 0.001.

brain, sEH is mainly expressed in astrocytes and requires oligo-
merization for its activity (Qin et al.,, 2019; Xiong et al., 2019).
Therefore, it is worth examining postmortem brain samples of
AD patients to determine whether sEH oligomer levels are
increased.

Studies showed that 14,15-EET can inhibit microglial activa-
tion in response to brain injury (Liu et al.,, 2016; Wu et al., 2017).
We found that the deletion of Ephx2 increased the brain levels of
EETs, especially 14,15-EET (Qin et al., 2019), and modulated
microglial reactions. Moreover, we found that the mRNA levels
of microglial engulfment associated genes, including B2m,
Icaml, Bst2, Trem2, Cd68, Lyzl, and Lyz2, were upregulated in
the brains of 5x FAD;Ephx2~'~ mice compared with control lit-
termates. These data suggest that 14,15-EET can promote the
ability of microglia to uptake cerebral AB. However, we found
that sEH is not expressed on microglia, and 14,15-EET applica-
tion had no effect on the mRNA levels of genes regulating the
engulfment ability of microglia in BV2 cells. Previous studies
have shown that 14,15-EET promotes neurotrophic production
by astrocytes, such as brain-derived neurotrophic factor, which
modulates microglial activation (Mizoguchi et al., 2014; Yuan et
al,, 2016). Therefore, the deletion of Ephx2 may modulate micro-
glial reaction through an indirect pathway. It will be of particular
interest to know which (and how) molecules derived from astro-
cytes following increased 14,15-EET mediate the microglial
reaction.



Chen, Wang et al.  14,15-EET Ameliorates AD Pathology

J. Neurosci., October 14, 2020 - 40(42):8188-8203 - 8201

A : TRPMLI1 activation plays an essential
Osmotic pump . A R

implantation TTst role in regulating AB clearance in

Postnatal (day) } J— 1 AP: -2.0 mm astrocytes.
0 180 187 ML: 1.2 mm Brain astrocytes are extremely hetero-
DV:2.0mm geneous and have complex roles in the
(o Nishide 14.15-EET (100 ngml) different stages of AD pathophysiology
L RIL R Vehi (Carter et al,, 2019). Astrocyte reactivity

%) 600 o Vehicle-L A

= 5 o o 14,15-EET-L is an early feature of AD. Generally, reac-
_ i . Y:,T;[EET»R tive'astrocytes can be inided ipto the f‘ol-
= § 4007 o ° lowing two categories: toxic reactive
o 8 i astrocyte, called “A1 astrocyte”; and pro-
“ —_ § ool |3 g @ tective reactive astrocyte, called “A2
s L L El HiNIN 5 oo e astrocyte” (Liddelow et al, 2017). A
2 o ﬁ[‘ﬁ ool [ [%I%\F%W recent single-nucleus RNA sequencing
& 0 Me Hip, EC study reported that reactive astrocytes in
the brain of 5xFAD mice had a higher
D Vehicle 14,15-EET (200 ng/ml) _ expression of inﬂammatory signatures
ol RIt o0, :qulglleén (Al astrocyte) than their control litter-
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;N : .0 -~ . process of AD pathology and normal
« - o e - : 3 200 o PR . aging (Habib et al,, 2020). In the present
3 § I ElefE] . & @ study, greater numbers and larger areas
s B [l [I° Bl e ﬁﬁ% ﬁ B of GFAP-positive astrocytes with en-
- MC Hip EC larged soma were observed in the CAl
region and DG of vehicle-treated 6-
Figure 12. Hippocampal infusion of 14,15-EET reverses brain A3 deposition in 6-month-old 5xFAD mice. 4, B, month-old male 5xFAD mice than in

Experimental design for the hippocampal infusion of 14,15-EET using an osmotic pump. The light blue vertical line in B shows
the location of the pump, with brain coordinates shown to the right of the schematic. L, Left; R, right. ¢, Lower concentration
of 14,15-EET (100 ng/ml) infusion had no effect on A3 degradation in the brains of 6-month-old 5 FAD mice (n=9). D, A
higher concentration of 14,15-EET (200 ng/ml) infusion enhanced A3 degradation in the brains of 6-month-old 5 FAD
mice (n = 6). Scale bar, 500 .m. Data are presented as the mean = SEM. *p << 0.05, **p << 0.01, ***p < 0.001.

Astrocytes are the most abundant cell type in the brain and
take up AB for lysosomal degradation, while the underlying
mechanism is not well understood. Enhancing lysosomal biogen-
esis in astrocytes by expressing exogenous TFEB promotes A3
uptake and alleviates AD pathology (Xiao et al., 2014; Martini-
Stoica et al., 2018). In this study, we provide evidence for a link
between EET signaling and lysosomal biogenesis in astrocytes.
The application of TPPU and 14,15-EET induced TFEB nuclear
translocation. These results were verified by examining the
mRNA levels of TFEB-targeted genes, showing all selected genes
that regulate TFEB nuclear translocation to be unregulated in the
cerebral cortices of 6-month-old 5xFAD;Ephx2~'~ mice com-
pared with those of control littermates. These data indicate that
EET signaling modulates TFEB transcriptional activity. Second,
TRPMLI1, which regulates most lysosomal trafficking (Xu and
Ren, 2015), is a transcriptional target of TFEB (Medina et al.,
2011). We found that TRPMLI1 blockade attenuated the stimu-
latory effect of 14,15-EET and TPPU on astrocyte A clearance
induced by increased EET signaling, suggesting that TRPMLI1
activation is required for this process. Genome-wide associa-
tion studies have shown that perturbed lipoprotein metabolism
is associated with an elevated risk of ADj; additionally, abnor-
mal sphingolipid metabolism in the brain was identified as part
of the pathogenesis of AD, showing increased sphingomyeli-
nase activity and decreased sphingomyelins levels in the brain
of patients with AD (Karch and Goate, 2015; Crivelli et al,,
2020). Together with a previous report showing that TRPML1
activity is suppressed by sphingomyelin but potentiated by
sphingomyelinase (Shen et al., 2012), these results imply that

their WT littermates; this finding indi-
cates that astrocytes were reactive in
5xFAD mice. In contrast, deletion of
the Ephx2 gene significantly lowered
the number of GFAP-positive cells.
Moreover, the soma volume of GFAP-
positive cells and the GFAP-covered area
were smaller in 6-month-old 5xFAD;Ephx2 '~ mice than in
their control littermates, indicating that the deletion of Ephx2
inhibited toxic astrocyte reaction. Interestingly, a recent study by
Lee et al., showed that the deletion of Ephx2 diminished cerebral
AB deposition, and improved the nesting ability as well as spa-
tial learning and memory function in 6-month-old APP/PS1 Tg
mice. However, the deletion of Ephx2 increased astrogliosis in
the hippocampus of APP/PSI Tg mice compared with that in
control mice (Lee et al,, 2019). Lee et al. also found that the
expression levels of anti-inflammatory cytokines, such as inter-
leukin (IL)-4 and IL-10, were high in the hippocampal astrocytes
of APP/PS1 Tg/Ephx2~'~ mice compared with those of control
mice. Moreover, they found that the deletion of Ephx2 signifi-
cantly decreased the expression of BACEL1 in the brains of APP/
PSI Tg mice, which could contribute to diminished A deposi-
tion. These discrepancies could be attributable to the different
animal models used. The major difference between the two
model mice is that FAD mutations can be overexpressed in the
astrocytes of APP/PS1 Tg mice, but not in the astrocytes of
5xFAD mice; thus, this difference could lead to astrocytes
adopting different reactive states. The 5xXFAD transgenic mouse
model uses neuron-specific Thyl promoter to coexpress and
overexpress APP with three FAD mutations, and presenilin 1
(PS1) with two FAD mutations (Oakley et al., 2006). In contrast,
APP/PS1 Tg mice coexpress Mo/Hu APPswe with a mutant PS1-
dE9 gene under the control of the mouse prion protein promoter
(Jankowsky et al., 2004). Together, these results indicate that
EET signaling could modulate changes in astrocyte function in
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response to different pathologic conditions in AD. Therefore, it
will be interesting to perform new experiments to identify the
underlying mechanism.

In summary, infusion of a higher concentration 14,15-EET
(200 ng/ml) into the brain parenchyma eliminated AB deposits
in whole-brain sections of 6-month-old 5xFAD mice. Although
the mechanistic basis for this effect is unclear, it can be addressed
in future studies by microinjecting labeled 14,15-EET and
observing its distribution in the brain. Nonetheless, this finding
highlights the therapeutic potential of 14,15-EET for preventing
or delaying the development and progression of AD.
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