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Abstract
Soluble epoxide hydrolase (sEH), an enzyme with COOH-terminal hydrolase and NH2-terminal lipid phosphatase activities, is
expressed in regions of the brain such as the cortex, white matter, hippocampus, substantia nigra, and striatum. sEH is involved in
the regulation of cerebrovascular and neuronal function upon pathological insults. However, the physiological significance of
sEH and its underlyingmechanism inmodulating brain function are not fully understood. In this study, we investigated the role of
sEH in anxiety and potential underlying mechanisms in mice. Western blot for protein phosphorylation and expression was
performed. Immunohistochemical analyses and Nissl and Golgi staining were performed for histological examination. Mouse
behaviors were evaluated by open field activity, elevated plus maze, classical fear conditioning, social preference test, andMorris
water maze. Our results demonstrated that the expression of sEH was upregulated during postnatal development in wild-type
(WT) mice. Genetic deletion of sEH (sEH−/−) in mice resulted in anxiety-like behavior and disrupted social preference. Increased
olfactory bulb (OB) size and altered integrity of neurites were observed in sEH−/− mice. In addition, ablation of sEH in mice
decreased protein expression of tyrosine hydroxylase and reduced dopamine production in the brain. Moreover, the level of
phosphorylated calmodulin kinase II (CaMKII) and glycogen synthase kinase 3 α/β (GSK3α/β) was higher in sEH−/−mice than
inWTmice. Collectively, these findings suggest that sEH is a key player in neurite outgrowth of neurons, OB development in the
brain, and the development of anxiety-like behavior, by regulating the CaMKII-GSK3α/β signaling pathway.
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Introduction

Soluble epoxide hydrolase (sEH), an enzyme with
COOH-terminal hydrolase (EH) and NH2-terminal lipid
phosphatase (PT) activities, is expressed in various mam-
malian tissues, including the heart, kidney, and central
nervous system (CNS) [1–3]. sEH is detectable in vascu-
lar cells, astrocytes, and neurons in regions of the brain

such as the cortex, white matter (WM), hippocampus,
substantia nigra, and striatum [4–6]. The roles of sEH in
the metabolism of epoxyeicosatrienoic acids and in the path-
ogenesis of hypertension and inflammatory diseases have
been well defined [7, 8]. Recently, epidemiological studies
indicate that genetic variation in sEH is associated with an
increased risk of ischemic stroke [9, 10]. Additionally, inhi-
bition of sEH hydrolase activity confers protection from
ischemia-induced brain injury in experimental rodents [5,
6, 10–14], suggesting that sEH is a crucial regulator in cere-
brovascular and neuronal function upon pathological insults
[5, 6, 9, 14, 15]. On the basis of these findings, sEH may be a
novel therapeutic target for the treatment of human neuro-
logical diseases. However, the involvement of sEH in neu-
ropsychiatric disorders such as anxiety has yet to be
investigated.

Anxiety, a common psychiatric disorder, is character-
ized by excessive rumination, worrying, uneasiness, ap-
prehension, and fear about uncertainties either based on
real or imagined events [16, 17]. The etiology and exact
molecular mechanisms underlying anxiety remain unclear.
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Emerging evidence suggests that the hippocampus-
prefrontal cortex-amygdala pathway plays an important
role in anxiety disorder [18]. Moreover, the dopaminergic
pathway negatively regulates the hippocampus-prefrontal
cortex-amygdala pathway [19]. Dopamine is predomi-
nantly synthesized in neurons of the dopaminergic path-
ways, mainly in the substantia nigra and ventral tegmental
area, and transmitted to their synaptic destinations includ-
ing the striatum, hippocampus, prefrontal cortex, and
amygdala via projecting axons [19, 20]. The olfactory
bulb (OB) is an important neural structure in olfaction,
which sends olfactory signals to the amygdala and hippo-
campus for further processing in emotion, memory, and
learning [21, 22]. Many psychiatric and neurological dis-
orders are associated with abnormalities in OB function
[21]. Loss of function of the OB by bulbectomy or genetic
manipulation causes anxiety-like behavior in mice, sug-
gesting a critical role of OB in anxiety disorders [22].
Mechanistically, dysregulation of calmodulin kinase II
(CaMKII) phosphorylation and glycogen synthase kinase
3α/β (GSK3α/β) signaling in the brain plays a critical
role in anxiety-like behavior [23–26]. Nevertheless, infor-
mation on the pathophysiologic role of sEH and its un-
derlying mechanism in the development of anxiety is
limited.

To address whether sEH participates in the development of
anxiety, this study adopted several approaches. First, we de-
lineated the effect of genetic disruption of sEH on behaviors in
mice. Second, we investigated the effect of genetic deletion of
sEH on brain structure. Third, we explored the potential mo-
lecular mechanisms underlying sEH ablation-induced behav-
ioral alterations. We found that sEH-deficient mice exhibited
anxiety-like behaviors accompanied with increased CaMKII
and GSK-3α/β phosphorylation, as well as lower levels of
dopamine in the brain compared to those in wild-type (WT)
mice. These findings suggest that sEH may play a crucial role
in the regulation of anxiety.

Methods

Reagents

Antibodies for GSK3α/β, serine-phosphorylated GSK3α/β,
tyrosine-phosphorylated GSK3α/β, sEH, tyrosine hydroxy-
lase (TH), dopamine transporter (DAT), serotonin transporter
(ST), tryptophan hydroxylase (TPH), CaMKII, proliferating
cell nuclear antigen (PCNA), and β3-tubulin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Rabbit anti-goat FITC-conjugated antibody, rabbit anti-
mouse rhodamine-conjugated antibody, mouse antibody for
α-tubulin, bovine serum albumin (BSA), phosphatase inhibi-
tor cocktails, 12-(3-adamantan-1-yl-ureido)-dodecanoic acid

(AUDA), and Ebselen were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Rabbit antibodies for phosphorylated
CaMKII and CaMKII were obtained from Cell Signaling
Technology (Danvers, MA, USA). Dopamine ELISA assay
kit was obtained from Abnova (Taoyuan, Taiwan). GSK3α/
β activity ELISA assay was obtained from Novus Biologicals
(Littleton, CO, USA). 12-(3-Adamantan-1-yl-ureido)-dodeca-
noic acid (AUDA) was synthesized as described [27].

Mice

The experiments conformed to the Guide for the Care and Use
of Laboratory Animals (Institute of Laboratory Animal
Resources, eighth edition, 2011). All animal experiments were
approved by the Animal Care and Utilization Committee of
National Yang-Ming University. WT C57BL/6 mice were
purchased from the National Laboratory Animal Center,
Ministry of Science and Technology (Taipei, Taiwan).
Ephx2tm1/Gon2/J (sEH−/−) mice on a C57BL/6 background
were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). sEH−/−mice were backcrossed to C57BL/6J for at least
10 generations. Male WT mice received AUDA (20 mg/kg),
ebselen (10 mg/kg), or saline (vehicle control) daily by gastric
gavage for 7 days. At the end of experimentation, mice were
subjected to behavioral testing and were then euthanized with
CO2. Brains were harvested for histopathology or stored at −
80 °C for western blot analysis and ELISA assays.

Immunoprecipitation Assay and Western Blot
Analysis

Frozen lysates were homogenized and lysed in immunopre-
cipitation lysis buffer (50 mmol/L Tris pH 7.5, 5 mmol/L
EDTA, 300 mmol/L NaCl, 1% Triton X-100, 1 mmol/L
phenylmethylsulfonyl fluoride, 10 μg/mL leupeptin, 10 μg/
mL aprotinin, tyrosine phosphatase cocktail I, and serine/
threonine phosphatase cocktail II). Aliquots (1000 μg) of tissue
lysates were incubated with specific primary antibodies over-
night at 4 °C and then with protein A/G-Sepharose for 2 h.
Immune complexes were collected by centrifugation, washed
three timeswith cold phosphate-buffered saline (PBS), and then
eluted in sodium dodecyl sulfate (SDS) lysis buffer (1% Triton,
0.1% SDS, 0.2% sodium azide, 0.5% sodium deoxycholate,
10 μg/mL leupeptin, and 10 μg/mL aprotinin). Eluted protein
samples were separated on SDS-PAGE and then samples were
transferred to membrane and immunoblotted (IB) with primary
antibodies, then horseradish peroxidase-conjugated secondary
antibodies. Bands were revealed by use of an enzyme-linked
chemiluminescence detection kit (PerkimElmer, Waltham,
MA, USA), and density was quantified by use of Imagequant
5.2 (Healthcare Bio-Sciences, PA, USA).
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Histology and Staining

Mouse brain tissue was fixed with 4% paraformaldehyde,
embedded in paraffin and serially sectioned at 15 μm. The
brain sections underwent Nissl staining by incubating sec-
tions with 0.1% crystal violet in PBS for 30 min. For
Golgi staining, brain samples were placed into 3% potas-
sium dichromate in 4% paraformaldehyde for 2 days in
the dark, followed by 2% silver nitrate in distilled deion-
ized water for an additional 2 days. After staining, brain
samples were embedded in paraffin and then sectioned at
20 μm.

Immunofluorescence Staining

Five brain sections were randomly selected from each mouse
and then subjected to immunofluorescence staining. The
deparaffinized sections were incubated with retrieval buffer
for 10 min, blocked with 2% BSA for 60 min, and incubated
with primary antibody overnight at 4 °C, and then FITC- or
rhodamine-conjugated secondary antibody for 1 h at 37 °C.
Antigenic sites were visualized under a Nikon TE2000-U mi-
croscope (Tokyo) with QCapture Pro 6.0 software (QImaging,
BC, Canada). The fluorescence intensity of sections was
quantified by use of ImageJ software (http://rsbweb.nih.gov/
ij/download.html).

TUNEL Staining

DNA fragmentation was determined by the TdT-mediated
dUTP nick end labeling (TUNEL) method (Boehringer
Mannheim). Briefly, after incubation with proteinase K
(20 μg/ml) for 20 min, brain sections were incubated with
FITC-dUTP and terminal deoxynucleotidyl transferase, which
catalyzes the incorporation of FITC-dUTP to the 3′-OH ends
of DNA fragments. Images were viewed under a TE2000-U
fluorescence microscope and quantified with the use of
QCapture Pro 6.0.

Open Field Activity

The locomotor activity of mice was assessed in a cage (length
× width × height: 28.5 × 28.5 × 30 cm). Mice were placed in
the center of the cage and allowed to explore the open field for
5 min. The behavior was recorded by video. The movement
distance, percentage of resting time in the zone, and trajectory
were calculated for each mouse using Smart v3.0 software
with the Panlab Harvard apparatus (Cornellà, Barcelona,
Spain). The floor and internal walls were cleaned with ethanol
between each trial.

Elevated Plus Maze

The elevated plus maze (EPM) was used for investigating
anxiety-like behavior in mice. The maze consisted of two
open arms and two enclosed arms (30 × 6 cmwith 20-cm high
walls in black acrylic). The maze was elevated 50 cm above
the floor. Mice were placed in the center square facing an open
arm and allowed to explore the maze for 10min. Time spent in
the open arms, closed arms, or central area was recorded using
Smart v3.0. The floor and internal walls were cleaned with
ethanol between each trial.

Classical Fear Conditioning

The experiments were performed using a computerized fear
conditioning system purchased from Coulbourn Instruments
(SanDiego, CA, USA). The system consisted of a shock and a
tone generator. Training took place in an apparatus consisting
of a box (22 × 22 × 30 cm) with a simple gray interior and a
12-V light attached to the ceiling. At the beginning of exper-
iments, each mouse was exposed to the conditioning chamber
for 2 min, where the mice were exposed to conditioning stim-
uli (CS), a tone (2000 Hz, 80 dB) for 20 s and received foot
shock (FS) at 1.5 mA for 3 s. This conditioning training was
repeated three times with an inter-trial delay of 30 s. Finally,
analysis of the freezing behavior ratio while exposed to the
tone (CS) was performed as a measure of learning activity.
The freezing response was defined as the absolute lack of
movement (excluding respiratory movements), monitored by
an ultra-red ray detector and analyzed by a computer. On day
2, the conditioned mice were re-exposed to CS training three
times for duration of 20 s each. The percentage of freezing
responses was scored.

Social Preference Test

The protocol for the social interaction test was modified
from Jamain S. et al. [28]. Social interaction between the
isolated mouse and a visitor was recorded. The social box
area was 60 × 30 × 30 cm. The social preference assay
consisted of two phases. In the habituation phase (phase
1), a mouse was placed in the cage and allowed to freely
explore the box for 5 min. In the social preference phase
(phase 2), a stranger or familiar mouse was placed into a
small chamber and allowed to sniff. The exploration time
spent in the mouse area and the empty area was immedi-
ately recorded for 10 min. The individual path length, tra-
jectory, and time spend in different zones were analyzed
using Smart v3.0. The proportion of time in the target zone
was calculated by the time in the zone with the stranger or
familiar mouse/time in the two zones × 100.
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Morris Water Maze

The Morris water maze (MWM) was performed for evaluating
hippocampus-dependent spatial learning and memory in mice.
A large circular tank (0.8-m diameter, 0.4-m depth) was
filled with water (25 ± 1 °C, 20 cm depth), and the escape
platform (8 × 4 cm) was submerged 1 cm below the sur-
face. Each section was monitored by a video 9system. The
escape latency and trajectory of swimming were recorded
for each mouse. The hidden platform was located at the center
of one of the four quadrants in the tank. The location of the
platform was fixed throughout testing. Mice had to navigate
using extra-maze cues that were placed on the walls of the
maze. From day 1 to 4, mice underwent three trials with an
inter-trial interval of 5 min. The mice were placed into the tank
facing the side wall randomly at one of four start locations and
allowed to swim until they found the platform or for a maxi-
mum of 120 s. Each mouse that failed to find the platform
within 120 s was guided to the platform. The animal then
remained on the platform for 20 s before being removed from
the pool. The day after the hidden platform training, a probe
trial was conducted to determine whether mice used a spatial
strategy to find the platform. On day 5, the platform was
removed from the pool and the mouse was allowed to swim
freely for 120 s. The proportion of time spent in each quadrant

of the pool and the number of times the mice crossed the
former position of the hidden platform were recorded.

Measurement of Dopamine

The concentrations of dopamine in brain were measured using
an ELISA kit according to the manufacturer’s instructions.
The brains were grinded in a mortar and lysed in SDS lysis
buffer (1% Triton X-100, 0.1% SDS, 0.1% sodium
deoxycholate, 1 μg/ml leupeptin, 10 μg/ml aprotinin, 1 mM
phenylmethylsulfonyl fluoride) on ice for 30 min and then
centrifuged at 12000 rpm for 5 min to collect the supernatant.
The diluted brain lysates were added to the microplates, and
then each well sequentially added assay diluent, mouse dopa-
mine conjugate, substrate solution, and stop solution. The mi-
croplates were read at 450 nm by an ELISA reader (Infinite
200 PRO). The concentrations were calculated by comparison
with the standard curve.

Measurement of GSK3α/β Activity

The activity of GSK3α/β in fresh brain lysates was measured
by GSK3α/β activity ELISA assay according to the manufac-
turer’s instructions.

α

Fig. 1 Genetic deletion of sEH increases anxiety-like behavior in mice. a
Brain lysates were collected from WT mice (n = 5 in each group) at
indicated times. Western blotting analysis of sEH and α-tubulin. b
Representative activity traces from WT mice and sEH−/− mice in the
open field test. c, d Total distance traveled and resting time of WT mice
and sEH−/− mice were analyzed in the entire open field activity test (n =

10 in each group). e Representative activity traces in the elevated plus
maze (EPM) test ofWTmice and sEH−/−mice. f, g Total distance traveled
and times spent by WT and sEH−/− mice in the central, closed, and open
arms of an elevated plus maze (n = 10 in each group). Data are presented
as mean ± SEM. In a, *p < 0.05 vs. P1 group. In c, d, f, and g, *p < 0.05
vs. WT mice

2498 Mol Neurobiol (2019) 56:2495–2507



Statistical Analysis

Results are presented as mean ± standard deviation (SD). The
Mann- Whitney U test was used to compare two independent
groups. Kruskal-Wallis followed by Bonferroni post hoc anal-
yses were used to account for multiple testing. SPSS v19.0
(SPSS Inc., Chicago, IL, USA) was used for analysis.
Differences were considered statistically significant if P < 0.05.

Results

Genetic Ablation of sEH Induces Anxiety-Like
Behaviors in Mice

sEH protein expression in the brain was increased in a postnatal
development-dependent manner (Fig. 1a). Loss of function of
sEH in mice decreased locomotive activity in the open field test
(Fig. 1b–d). Compared to WT mice, sEH null mice exhibited
anxiety-like behaviors as evidenced by increased time spent in
the closed arm but decreased retention time in the central and
open arms, with a slight decrease in locomotion in the EPM test

(Fig. 1e–g). These results suggest that sEH may play a role in
anxiety-like behaviors.

Genetic Deletion of sEH Enhances
Hippocampus-Dependent Fear-Related Learning,
Amygdala-Dependent Fear-Related Memory,
and Social Recognition Behavior in Mice

The fear conditioning paradigm we used is schematized in
Fig. 2a. In trial 3 on day 1, sEH−/− mice showed an enhanced
learning trajectory as evidenced by higher freezing rates than
those in WT mice (Fig. 2b). On day 2, the freezing rate of
sEH−/− mice following cue delivery was significantly higher
than that in WT mice with all three cues (Fig. 2c). However,
the results of the MWM test showed that loss of function of
sEH did not interfere with hippocampus-dependent learning
and memory (Fig. S1). In the social preference test, there was
no difference in time spent by sEH−/− mice interacting with
stranger mice compared to that of WT mice (Fig. 3a, b).
However, the difference in time spent by sEH−/− mice
interacting with familiar mice was significantly greater than
that of WT mice (Fig. 3c, d). These findings suggest that sEH
may be involved in regulating hippocampus-dependent fear-

Fig. 2 Loss of sEH enhances the ability of hippocampus-dependent fear-
related learning and amygdala-dependent fear-related memory in mice. a
The experimental design for the fear conditioning test. b The freezing
behavior changes after a foot shock (FS) were used to assess
hippocampus-dependent learning on day 1. c Freezing behavior after

conditioning stimuli (CS) on day 2 was used to assess amygdala-
dependent memory. Data are presented as mean ± SEM from 10 mice
in each group. *p < 0.05 vs. baseline; #p < 0.05 vs. WT mice with corre-
sponding trial/stimulus. B baseline
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related learning, amygdala-dependent fear-related memory,
and social recognition in mice.

sEH Deficiency in Mice Presents with OB
Malformation and Increased Neurite Integrity

Gross anatomical analysis of the brain demonstrated that
sEH−/− mice displayed an increase in OB size compared to
that of WT mice (Fig. 4a). The expression of sEH was found
in the granular cell layer of OB (GrO) in WT mice (Fig. S2a).
Moreover, histological examination demonstrated that sEH−/−

mice exhibited an increased area of GrO and olfactory ventri-
cle (OV) compared to that in WT mice (Fig. 4b). We next
examined whether dysregulation of cell proliferation and ap-
optosis contributes to the enlarged size of OB in sEH−/− mice.
Compared to WT mice, we observed an increased expression
of PCNA, a proliferation marker; but decreased cell apoptosis,
in OB of sEH−/− mice (Fig. 4c, d). Additionally, the results of
Golgi staining demonstrated that more complex neurites were
found in the WM and hippocampus of sEH−/−mice compared
to those of WT mice (Fig. 5a, b). Western blot analysis and
immunofluorescence staining further revealed that the level of
β3-tubulin protein in the brain was higher in sEH−/− mice
compared to WT mice (Fig. 5c, d). The increased neurite
integrity and β3-tubulin expression were also observed in

the external plexiform layer (EPI) of GrO (Fig. S2b-d).
These findings suggest that sEH may play a pivotal role in
both OB development and neurite outgrowth.

Genetic Loss of sEH in Mice Leads to Decreased
Dopamine Level and TH Protein Expression
but Increased Phosphorylation of CaMKII
and GSK3α/β

Results from ELISA demonstrated that dopamine concen-
tration in the brain was lower in sEH−/− mice than that in
WT mice (Fig. 6a). We then used immunofluorescence
staining and western blot analysis to examine the protein
level of TH, a key enzyme in dopamine synthesis. Results
of immunofluorescence staining revealed that sEH−/− mice
displayed lower expression of TH in the striatum and
substantia nigra (Fig. 6b). Western blot analysis showed
that the protein level of TH, but not DAT, TPH, or ST,
was lower in the brains of sEH−/− mice compared to WT
mice (Fig. 6c–g).

Next, we examined whether sEH was involved in the reg-
ulation of phosphorylation of CaMKII and GSK3α/β in mice.
Our results demonstrated that phosphorylation of CaMKII
was markedly increased in the brains of sEH−/− mice
(Fig. 7a). The phosphorylation of GSK3α at 21Ser and

Fig. 3 sEH−/− mice exhibit enhanced social discrimination to familiar
mice as interactive partners. a, c Representative running tracks and b, d
social preference of WT mice and sEH−/− mice contacting the stranger or

familiar mouse, respectively. Data are presented as mean ± SEM from 10
mice in each group. *p < 0.05 vs. WT mice
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GSK3β at 9Ser was increased in sEH−/− mice (Fig. 7b–d).
However, genetic deletion did not change the phosphorylation
of GSK3α at 279Tyr or GSK3β at 216Tyr (Fig. 7e, f). Results of
ELISA further showed that the activity of GSK3α/β in the
brain was decreased in sEH−/− mice (Fig. 7g). Moreover, we
observed the formation of sEH-GSK3α/β and sEH-CaMKII
complexes as revealed by immunoprecipitation (IP) assay in
the brains of WT mice (Fig. 7h). These findings suggest that
sEH may be implicated in the regulation of TH expression,
dopamine production, and phosphorylation of CaMKII and
GSK3α/β.

The PT Activity of sEH Is Involved in Regulating
Anxiety-Like Behavior

We further examined which enzymatic activity of sEH partic-
ipates in the regulation of anxiety-like behavior in mice. WT
mice treated with ebselen (a specific inhibitor of PTactivity of
sEH) or AUDA (a specific inhibitor of EH activity of sEH) did
not demonstrate behavioral changes compared to vehicle-
treated mice in the open field activity test (Fig. 8a–c). These
results suggest that the PTactivity of sEHmay be response for
the dysregulation of anxiety-like behaviors in sEH−/− mice.

Collectively, these findings suggest that sEH may regulate
anxiety-like behavior (Fig. 9).

Discussion

In the present study, we identified a novel role for sEH in the
regulation of anxiety-like behaviors in mice.We demonstrated
that the protein expression of sEH in the brain was increased
during postnatal development in WT mice. Histologically, the
size of the OB in sEH−/− mice was increased, especially in the
regions of GrO and OV. This may potentially be due to dys-
regulation of the balance between cell proliferation and apo-
ptosis. At the cellular level, deletion of sEH in mice altered the
neurite structure of neurons in OB and hippocampus.
Moreover, increased anxiety-related behaviors and social anx-
iety were observed in sEH−/− mice as demonstrated in open
field activity, EPM, and social preference test. Additionally,
sEH− /− mice displayed enhanced hippocampus- and
amygdala-dependent brain functions as evidenced by en-
hanced ability in fear-related learning and memory. Based
on biochemical analysis, sEH−/− mice exhibited a lower level
of dopamine than that inWTmice, which may be attributed to
the downregulation of TH in the brain. Furthermore, ablation

α

μ

Fig. 4 Macroscopic and microscopic analyses of olfactory bulbs (OB)
from WT and sEH−/− mice. a Macroscopic view of OB and the
corresponding Nissl-stained sagittal sections of mice brains (n = 10 in
each group). b Nissl-stained horizontal sections of OB in mice. The
area of the granular cell layer of olfactory bulb (GrO) and olfactory
ventricle (OV) were calculated from WT mice and sEH−/− mice (n = 5

in each group). cWestern blotting analysis of PCNA andα-tubulin in OB
lysates. Double immunofluorescence staining of PCNA in ependymal/
olfactory ventricle (E/OV) of mice (n = 5 in each group). d TUNEL-
positive cells and quantification of WT mice and sEH−/− mice in E/OV
(n = 5 in each group). In a, scale bars = 1 cm. In b, c, and d, scale bars =
100 μm. Data are presented as mean ± SEM. *p < 0.05 vs. WT mice
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of sEH resulted in hyperphosphorylation of CaMKII and
GSK3α/β. Collectively, our study provides new insights into
the pivotal role of sEH in regulating the emotional functions of
the brain.

The biological significance of sEH in pathological CNS
disorders has been documented by previous studies [9–14].
However, most studies have focused on how inhibition of
sEH hydrolase activity protects experimental animals from
ischemia-induced brain injury [9–14]. Nevertheless, little
is known about the physiological role of sEH in the CNS.
Past research has elucidated the importance of the OB and
neurite structure of neurons in anxiety-like behavior [22,
29–32]. Here, we demonstrated that sEH was expressed in
neurons of GrO in OB. Ablation of sEH in mice increased

the size of OB and dysregulated the neurite structure of
neurons in OB and hippocampus by upregulation of β3-
tubulin. In parallel, our cellular and molecular evidence
indicated that deficits in sEH markedly increased the area
of GrO and OV. Interestingly, we found that deletion of
sEH in mice resulted in increased cell proliferation but
decreased cell apoptosis in the region of E/OV, which
may account for the enlarged GrO and OV in sEH−/− mice.
Ample evidence indicates that new neurons generated from
stem cells in the subventricular zone migrate toward the
OB, where they d i f f e ren t i a t e in to granu le and
periglomerular cells, after which they integrate into the
existing circuitry in adult rodents [33]. Therefore, the nor-
mal developmental program in the OB is crucial for

β

β
α

Fig. 5 sEH−/− mice show altered bundle structure in white matter (WM)
and neurite morphology of neurons in the hippocampus with increased
β3-tubulin expression. a, bGolgi staining of bundle structure inWM and
neurites of pyramidal neurons in CA1 from WT and sEH−/− mice. c
Western blotting analysis of β3-tubulin and α-tubulin in brain lysates

of WT and sEH−/− mice (n = 5 in each group). d Double-label
immunofluorescence of β3-tubulin and DAPI in CA1 region and
dentate gyrus (DG) of hippocampus of WT and sEH−/− mice. In a and
b, scale bar = 50μm. In c, scale bar = 100μm.Data are presented as mean
± SEM. *p < 0.05 vs. WT mice
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α

μ

Fig. 6 Protein expression of tyrosine hydroxylase (TH) and dopamine
level were decreased in sEH−/− mice. a The level of dopamine in brain
lysates was measured by ELISA. b Immunofluorescence of TH and
DAPI in the striatum and substantia nigra of mice. c Western blotting
analysis of TH, dopamine transporter (DAT), tryptophan hydroxylase

(TPH), serotonin transporter (ST), and α-tubulin in brain lysates of WT
and sEH−/− mice. d–g Quantification of the western blotting. Scale bar =
100 μm. Data are presented as mean ± SEM from 5 mice in each group.
*p < 0.05 vs. WT mice

β
α
β
α
β
α

α

β

β

β

α

α

Fig. 7 sEH plays a crucial role in the regulation of CaMKII and GSK3α/
β phosphorylation in the mouse brain. a–fWestern blotting analysis of p-
CaMKII, CaMKII, 21Ser p-GSK3α, 9Ser p-GSK3β, 279Tyr p-GSK3α,
216Tyr p-GSK3β, and GSK3α/β in brain lysates of WT and sEH−/−

mice (n = 5 in each group). g ELISA of relative GSK3α/β activity was

collected from brain lysates ofWTand sEH−/−mice (n = 5 in each group).
h Brain lysates underwent immunoprecipitation (IP) with normal IgG or
anti-sEH antibody, and precipitates were probed for CaMKII and
GSK3α/β by immunoblotting (IB). Data are presented as mean ± SEM.
*p < 0.05 vs. WT mice
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maintaining normal structure and physiological function.
Our current findings from sEH−/− mice further support this
argument.

It is well-established that nervous system function depends
on the complex architecture of neuronal networks [30, 33, 34].
This notion is further supported by our current findings that
sEH−/− mice exhibited better hippocampus-dependent fear-re-
lated learning and memory accompanied by reformed neurite
structure of neurons in the hippocampus. Thus, in terms of
branching complexity and length of neurites, deletion of

sEH in mice could potentially lead to modification of circuitry
and may be the cellular basis underlying altered anxiety, fear-
related learning, and memory. Accordingly, these findings
suggest that sEH is an important molecule that regulates di-
verse physiological functions of the CNS.

We investigated anxiety-related behaviors in sEH−/− mice
using several behavior tests. In open field activity, sEH−/−

mice demonstrated less travel distance and resting time.
Notably, moving along the edges of the cage was the main
exploration pattern of sEH−/− mice in a novel environment,

Fig. 8 sEH phosphatase activity is involved in anxiety-like behavior. a
Representative activity traces from vehicle, AUDA, and ebselen groups
of WT mice. b, c Total distance traveled and resting time of vehicle,
AUDA, and ebselen groups were measured in the open field activity
test. d Schematic diagram of EPM and representative running tracks of

vehicle, AUDA, and ebselen groups. e The times spent in the central,
closed, and open arms were measured in vehicle, AUDA, and ebselen
groups of WT mice. Data are presented as mean ± SEM from 8 mice in
each group. *p < 0.05 vs. vehicle-treated group

Deficient of sEH in mice 

Abnormalities in Olfactory bulbs: 

1. Size and weight

2. Area of GrO and OV

3. Cell proliferation in E/OV

4. Cell apoptosis in E/OV

Compensatory effect in brain: 

1. Neurite intensity

2. Expression of β3-tubulin 

Intracellular related protein and kinase: 

1. Tyrosine hydroxylase (TH)

2. Dopamine  

3. pCaMKII

4. pGSK3 α/β

Anxiety-like disorder

Fig. 9 Role of sEH in anxiety-
like behavior in mice. A proposed
mechanism of genetic deletion of
sEH causes anxiety-like behavior
by dysregulating OB
development and dopaminergic
signaling-related proteins and
kinases
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indicating that sEH−/− mice were reluctant to explore new
environments in favor of resting along the corners and edges.
The EPM test is an accurate method to demonstrate anxiety-
like behavior in rodents [35]. We observed that sEH-deficient
mice exhibited a preference for the closed arms, based on both
movement pattern and retention time. Collectively, these find-
ings suggest that sEH may play a crucial role in regulating
anxiety-like behavior. Hippocampus- and amygdala-
dependent fear-related learning and memory using classical
fear conditioning have long been applied to investigate anxiety
disorders [36]. We used tone and foot shock conditioning tests
to examine anxiety-like responses in WT and sEH−/− mice.
Compared to WT mice, sEH−/− mice displayed more effective
learning patterns based on the degree of freezing in the fear
conditioning test. Intriguingly, sEH−/− mice demonstrated a
similar pattern of hippocampus-dependent spatial learning
and memory in the MWM. WT mice demonstrated a trend to
locate the platform faster than that of sEH−/−mice during train-
ing days in the water maze. However, there was no significant
difference in the latency to find the target between sEH−/− and
WT mice. Based on Golgi staining, sEH−/−mice demonstrated
a compensatory effect in neurite circuitry in the hippocampus,
implying that sEH deficiency may influence emotional mem-
ory rather than spatial memory. Collectively, these results sug-
gest that the enhanced fear learning in sEH−/−mice seems to be
more strongly associated with emotional-related processes.

The dopaminergic and serotoninergic pathway deficit hy-
pothesis is the most widely discussed theory in anxiety disor-
ders. This theory proposes that dopaminergic pathways nega-
tively regulate the hippocampus-prefrontal cortex-amygdala
pathway in anxiety disorders [19, 20]. The neurons of dopa-
minergic pathways are mainly found in areas such as the
substantia nigra and striatum, which produce dopamine and
transmit dopamine via projecting axons to their synaptic des-
tinations, including the hippocampus, prefrontal cortex, and
amygdala [20, 21]. Several clinical studies reported that ab-
normalities in dopaminergic and serotonergic systems are ob-
served in patients with generalized social anxiety disorder [37,
38]. Our findings demonstrated that sEH−/− mice had a de-
creased level of dopamine, which was attributed to the down-
regulation of TH in the substantia nigra and striatum.
However, the expression of serotonin-related genes was not
affected in sEH−/− mice compared to WT mice.

Several lines of evidence suggest that GSK3α/β plays a
key role in regulating the expression of TH during develop-
ment of dopaminergic neurons through transcription factor
Nurr1 [39, 40]. However, whether the decreased expression
of TH in dopaminergic neurons in sEH−/−mice is modulated
by the GSK3α/β-Nurr1 pathway requires further investiga-
tion. Dysregulation of phosphorylation in CaMKII and
GSK3α/β in the brain is known to play a crucial role in
anxiety-like behavior [22–26]. Our data support this notion,
as sEH−/− mice demonstrated hyperphosphorylation of

CaMKII and GSK3α/β in the brain. sEH is an enzyme with
EH and PT activities and regulates various physiological
functions [1–3]. In particular, sEH can bind to kinases and
alter their phosphorylation status by its phosphatase activi-
ty, thereby regulating kinase activity and related cellular or
physiological function [41, 42]. This is further supported by
our current findings that an interaction of sEH with CaMKII
and GSK3α/β was observed in the brains of WT mice,
which may partly explain the hyperphosphorylation of
CaMKII and GSK3α/β in the brains of sEH−/− mice.
However, Seubert et al. and Wu et al. found that genetic
deletion of sEH or pharmacological inhibition of EH activ-
ity resulted in the elevation of EETs, which eventually
caused hyperphopsphorylation of CaMKII or GSK3α/β
[43, 44]. In this study, we could not exclude the possible
involvement of EETs in the hyperphopsphorylation of
CaMKII and GSK3α/β observed in sEH−/− mice. In spite
of the unique pathway discovered in our study, further in-
vestigations are warranted to clarify the detailed molecular
mechanisms by which sEH modulates the activity of
CaMKII and GSK3α/β and regulates anxiety-like behavior.

To address which enzymatic activity of sEH is responsible
for anxiety-like behavior in sEH−/− mice, we administered
specific pharmacological inhibitors of EH and PT activity,
namely, AUDA and ebselen, respectively. Our results revealed
that inhibition of EH activity by AUDA administration did not
change the pattern of behavior in open field activity or EPM
compared to the vehicle group. Interestingly, inhibition of PT
activity by ebselen administration increased the retention
times in the closed arm of the EPM compared to the vehicle
group, which was similar to the results demonstrated by sEH−/

− mice. It has been demonstrated that certain small lipid-
soluble drugs with a molecular weight < 400 Da may cross
the blood-brain barrier (BBB) [45]. Both AUDA and ebselen
are lipid-soluble, with molecular weights of 392.6 Da and
274.18 Da, respectively. Thus, we hypothesize that ebselen
may be successfully delivered into the brain through the
BBB. Nevertheless, ebselen-induced behavior changes are
not as pronounced as those of sEH−/− mice. This may be due
to the inefficiency or insufficient concentration of drugs deliv-
ered into the brain. Based on these observations, we suggest
that the PT activity of sEH may play a role in the regulation of
anxiety-like behavior in mice.

In conclusion, we demonstrate that sEH may interact with
CaMKII and GSK3α/β, which may be pivotal for regulating
neuronal differentiation, OB development, and dopamine syn-
thesis, as well as anxiety-like behavior inmice. In this study, we
provide new insights into the biological functions of sEH in the
brain. Our findings highlight the potential therapeutic value of
targeting sEH for treating anxiety and mood disorders.
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