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Abstract: Epileptogenesis may be responsible for both of recurrent seizures and comorbid depression
in epilepsy. Disease-modifying treatments targeting the latent period before spontaneous recurrent
seizures may contribute to the remission of seizures and comorbid depression. We hypothesized that
pre-treatment with 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU), a soluble
epoxide hydrolase (sEH) inhibitor, which has anti-inflammatory and neuroprotective effects might
rescue status epilepticus (SE)-induced dendritic spine loss and alleviate depressive behaviours. Rats
were either pre-treated with TPPU (0.1 mg/kg/d) intragastrically or with vehicle (40% polyethylene
glycol 400) from 7 days before to 7 days after SE that was induced with lithium chloride and
pilocarpine intraperitoneally. Rats in the Control group were given saline instead. The forced swim
test (FST) was performed on the 8th day after SE to evaluate the depression-like behaviours in rats.
The results showed that seizures severity during SE was significantly decreased, and the immobility
time during FST was significantly increased through TPPU pre-treatment. Moreover, pre-treatment
with TPPU attenuated inflammations including microglial gliosis and the level of proinflammatory
cytokine IL-1β in the hippocampus; in addition, neuronal and dendritic spine loss in the subfields of
hippocampus was selectively rescued, and the expression of NR1 subunit of N-methyl-D-aspartate
(NMDA) receptor, ERK1/2, CREB, and their phosphorylated forms involved in the dendritic spine
development were all significantly increased. We concluded that pre-treatment with TPPU attenuated
seizures severity during SE and depressive behaviours during the period of epileptogenesis probably
by rescuing dendritic spine loss in the hippocampus.

Keywords: epileptogenesis; depression; comorbidity; soluble epoxide hydrolase; inflammation;
dendritic spine

1. Introduction

Epilepsy is a chronic brain disease characterized by abnormal hyperexcitability of
neurons that may cause structural and functional network damages of the brain [1]. About
30–40% of patients with epilepsy are refractory to anti-seizure medications although there
are increasing new development of drugs [2]. Moreover, 25–75% of patients with epilepsy
have neuropsychiatric comorbidities such as depression which is much more higher than
non-epileptic controls [3]. The overlapping functional network between epilepsy and
depression indicates the process of epileptogenesis may be responsible for the occurrence
of recurrent seizures and comorbid depression in epilepsy [3,4].
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The term epileptogenesis refers to the process by which a normal brain becomes
epileptic. The experimental status epilepticus (SE) animal models induced by chemicals
or continuous electrical stimulations usually have a transient episode of SE manifested
motor seizures and then followed a seizure-free “latent period” of one to several weeks,
after that, spontaneous seizures emerge [5]. Epileptogenesis might occur in the “latent
period”, which mimics the human temporal lobe epilepsy, for example, SE caused by acute
brain injury or febrile convulsions in young children followed by recurrent seizures in their
later lives [6]. Therefore, disease-modifying drugs targeting the latent period after SE may
contribute to the remission of seizures and comorbidities.

Inflammations were found to be involved in the epileptogenesis in many types of
epilepsy animal models [7]. Anti-inflammatory treatments improved both seizures and
associated behavioral comorbidities including depression in these models; simultane-
ously, the level of plasma IL-1β and gliosis in specific limbic regions of the brain were
reduced [8,9]. The TPPU [1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea],
an inhibitor of soluble epoxide hydrolase (sEH), is a lipid-soluble chemical compound
which can pass through blood-brain barrier and take anti-inflammatory effects in the cen-
tral nervous system, and it has high oral availability and excellent pharmacokinetics [10,11].
Studies demonstrated that TPPU had anti-seizure and anti-depressant effects, which might
take effects through increasing the level of metabolic substrates such as epoxyeicosatrienoid
acids (EETs) [10,12,13]. We hypothesized that pre-treatment with TPPU targeting the latent
period that represents the epileptogenesis process might alleviate seizures severity and
comorbid depression.

In previous studies, SE-induced loss or remodeling of dendritic spines was observed
and proposed to be a pathological reorganization of synaptic network correlated with neu-
ronal hyperexcitability [14,15]. The dendritic spine is a protrusion located at postsynaptic
area that opposed to the presynaptic terminals of most excitatory synapses of principle
neurons in the brain [16]. Particularly, the new spine growth is vital for maintaining synap-
tic stability and participating in regulating moods, learning, and memory functions [17].
Glutamate ionotropic N-methyl-D-aspartate (NMDA) receptor which mediates the activity
of excitatory neurotransmitters and influx of calcium is richly expressed on postsynaptic
density (PSD) of dendritic spine [18]. Extracellular regulated kinase (ERK1/2) is involved in
Mitogen-Activated Protein Kinase (MAPK) downstream signaling that mediated by NMDA
receptor [19], which plays an important role in relaying signal from the stimulated spines
to nucleus [20]. The cyclic adenosine monophosphate-response element binding protein
(CREB) is the transcription factor regulated by ERK1/2, which promotes gene transcription
and takes neuroprotective effect [21]. The NMDA receptor/ERK1/2/CREB pathway is cru-
cial for dendritic spine development and functional maintenance. Besides, Moda-Sava et al.
demonstrated that the branch-specific elimination of postsynaptic dendritic spines of pre-
frontal cortex was associated with depression-related behavior in chronic stress models [22].
Therefore, SE-induced spine loss might participate in the epileptogenesis and contribute
to comorbid depression in epilepsy. In this study, we tried to explore whether depres-
sion occurred during the latent period that represents the process of epileptogenesis and
pre-treatment with TPPU could attenuate seizure severity during SE, rescue SE-induced
dendritic spine loss, and alleviate the comorbid depression in the LiCl-pilocarpine-induced
SE rat model.

2. Methods
2.1. Experimental Animals

Male adult Sprague–Dawley rats aged 6–8 weeks and weighing 200–250 g (supplied
by Shanghai Charles River Laboratory) were used in this study. The environment for rats
was set at 22–25 ◦C and under a 12-h day_night cycle. The rats were free access to food
and water. The experiment was done in accordance with the guidelines of the National
Institutes of Health and approved by the Committee of Animal Care and Use in Zhongshan
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Hospital of Fudan University. Efforts were made to minimise animal suffering and the
number of animals used.

2.2. Establishment of the LiCl-Pilocarpine-Induced SE Rat Model and TPPU Treatment Paradigm

As described previously [23], rats were given LiCl (127 mg/kg, dissolved in wa-
ter, Sigma, St. Louis, MO, USA) by intraperitoneal (I.P.) injections. Scopolamine methyl
bromide (1 mg/kg, Sigma-Aldrich, Sacramento, CA, USA) and pilocarpine (40 mg/kg,
Sigma-Aldrich, USA) were I.P. given sequentially 24 h later with 30 min interval. A modi-
fied Racine scale was used to evaluate seizure severity [24]. The criterion of SE in this study
was set as recurrent seizures greater than or equal to Racine stage 3 and sustaining for
30 min. Rats that met SE criterion were treated with diazepam (10 mg/kg, Tianjin, China)
to terminate seizures. Rats were then kept in a transparent cage and monitored with a
video surveillance system (a CCD camera, JVC, Yokohama, Japan) to observe the recur-
rent seizures.

TPPU was produced by the lab of Prof. Bruce D. Hammock at the University of Califor-
nia Davis. According to the pharmacological characteristics and half-life elimination [24,25],
TPPU was dissolved in a saline solution containing 40% polyethylene glycol 400 (PEG 400),
and the volumes of 1–1.5 mL TPPU (0.1 mg/kg/d, abbreviated as 0.1TPPU) were admin-
istered by gastric gavage at 8 am every morning from 7 days before to 7 days after SE
induction (see Figure 1). Based on given TPPU or vehicle, the rats were randomly divided
into the following groups: (1) the SE+0.1TPPU group was given 0.1 mg/kg TPPU; (2) the
SE+PEG 400 group was given the vehicle (PEG 400) instead of TPPU; (3) the Control group
was given LiCl and PEG 400, but not pilocarpine.
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Figure 1. Schematic illustration of the protocol used in the experiment. TPPU or vehicle treatment paradigm: TPPU or
vehicle was given intra-gastrically from 7 days before SE induction to 7 days after SE, and the forced swim test was performed
on the 8th day after TPPU treatment. SE, status epilepticus; TPPU, 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl)
urea; IF, immunofluorescent; ELISA, enzyme-linked immunosorbent assay.

2.3. Forced Swim Test (FST)

The FST was performed using the same procedure of our previous work [23]. The
longer immobility time (IMT) in swimming behaviours is indicative of the behaviour
of despair [25]. FST was performed on the 8th day after SE (see Figure 1). The rats
were observed for 2 h to make sure that no seizures occurred before FST to avoid the
immediate influence of seizures on the outcome of behavioural assay. After FST, the rats
were sacrificed, and the rats’ brains were processed according to the subsequent procedures.
Every fourth brain was used to conduct immunofluorescent staining, Golgi staining, and
protein extraction for ELISA and western-blot protein analysis.
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2.4. Immunofluorescent Staining

After behavioural tests, the rats were deeply anesthetized with 10% chloral hydrate
(3 mL/kg, I.P.) and perfused trans-cardinally with 4 ◦C saline, followed by 4% paraformalde-
hyde in phosphate-buffered saline (PBS) (10 mM, pH 7.4). Then rats were decapitated, and
their brains were removed and put into 4% paraformaldehyde at 4 ◦C for 24 h, and then
were shifted to 20–30% sucrose in 0.1 M PBS at 4 ◦C until sinking. The following proce-
dures were conducted: (1) coronal sections (10 µm) through the dorsal hippocampus were
prepared using a freezing microtome (CM1950, Leica, Heidelberg, Germany); (2) sections
through the hippocampus was selected from each rat (Bregma −4.68 to −4.20 mm); (3) sec-
tions were incubated with the primary antibody at 4 ◦C for 24 h. The primary antibodies
used in this study were as follows: the rabbit monoclonal anti-glial fibrillary acidic pro-
tein (GFAP) primary antibody (1:1000, Millipore), the rabbit anti-ionized calcium binding
adapter molecule 1 specific protein (Iba-1, 1:200, Abcam, Cambridge, UK), and the mouse
anti-neuronal specific nuclear protein (NeuN, 1:600, Millipore, Billerica, MA, USA); (4) after
washing for 3 times, sections were incubated with the secondary antibodies (anti-rabbit,
Alexa 546; anti-mouse, Alexa 488, Molecular Probes, Cambridge, England) for 1 hr at room
temperature; (5) photomicrographs of CA1, CA3, and dentate gyrus (DG) subfields of the
hippocampus (Hip) were taken at 20× magnification from the sections under a fluorescent
microscope (Olympus/BX51, Tokyo, Japan).

2.5. Golgi Staining

Four rats of each group were processed with the Golgi-Cox impregnation tech-
nique using the commercially available Hito Golgi-Cox OptimStain kit (Hitobiotec Corp,
Kingsport, TE, USA). The impregnation solution was made by mixing liquid A and liquid B
1:1 for 24 h and then the supernatant was taken for use. Brain tissues of the rats were briefly
rinsed twice in double distilled water (dd H2O), and then soaked into the impregnation
solution overnight at 25 ◦C. The next day, tissues were incubated in a fresh impregnation
solution, stored in the dark at 25 ◦C for 2 wks, and then transferred in solution C in the
dark at 25 ◦C for 1 day. Thereafter, tissues were placed into a fresh solution C in the
dark at 25 ◦C for 6 days. Then, solution C was removed, and samples were stored at
4 ◦C in the dark overnight. Tissues were embedded in OCT (O.C.T. Compound SAKURA,
Torrance, CA, USA) and sectioned with a vibratome in the coronal plane at 100–250 mm
thickness, and then transferred to dd H2O and washed for several times. The next day,
sections were put into a mixture of solutions D and E for10 min at 25 ◦C. After washing
in dd H2O twice with 5 min each time, sections were dehydrated in 50%, 70% and 95%
ethanol for 5 min, respectively, and then transferred into absolute ethanol (5 min) and
transparent in xylene twice with 5 min each time. Lastly, sections were examined and
imaged with an Olympic optical microscope.

2.6. Tissue Preparation and Protein Extraction

The rats were euthanized by cervical dislocation after being deeply anesthetized with
4% chloral hydrate, and then the brains of the rats were quickly removed from the skull and
put into ice-cold PBS. The tissue of hippocampus was dissected out for protein extraction.
The process of tissue protein extraction was based on the standard procedure of Beyotime
reagent kit (Beyotime Institute of Biotechnology, Shanghai, China).

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

As described previously [13], the Luminex kit (Youningwei, Shanghai, China) was
used to measure cytokines (TNF-α, IL-1β, and IL-6) in the hippocampus of rats. The
procedures were as follows: (1) adding 50 µL of the standard or samples to each well,
(2) adding 50 µL of diluted microparticle cocktail to each well, (3) incubating for 2 h at
room temperature (RT) on a shaker at 800 rpm, (4) removing the liquid from each well and
filling the well with 100 µL wash buffer, performing the wash three times, (5) adding 50 µL
of diluted biotin-antibody cocktail to each well, covering, and incubating for 1 hr at RT on
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the shaker at 800 rpm, (6) repeating 3 times washing as before, (7) adding 50 µL of diluted
streptavidin-PE to each well and incubating for 30 min at RT on the shaker at 800 rpm,
(8) repeating the wash 3 times, (9) adding 100 µL of wash buffer to each well, covering, and
incubating for 2 min at RT on the shaker at 800 rpm. A Luminex analyser was used to read
the results.

2.8. Western Blot Analysis

The procedures were as follows: (1) protein extracts were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to cellulose
acetate membranes; (2) the membranes were blocked using goat serum and incubated with
primary antibodies including rabbit anti-CREB (43 kDa, 1:1000, CST, Boston, MA, USA),
rabbit anti-CREB-phospho Ser133 (43 kDa, 1:1000, CST, Boston, MA, USA), rabbit anti-
ERK1/2 (43 kDa, 1:1000, CST, Boston, MA, USA), and rabbit anti-phospho-p44/42 ERK1/2
(Thr202/Tyr204) (42/44 kDa, 1:1000, CST), rabbit anti-NMDAR1 (120 kDa, 1:1000, CST, Boston,
MA, USA), and rabbit anti-NMDAR1-phosphoS889 (120 kDa, 1:1000, CST, Boston, MA, USA)
at 4 ◦C for 24 h; (3) the rabbit anti-β-actin primary antibody (40 kDa, 1:1000, Beyotime,
Shanghai, China) was used as an internal reference; (4) after 24 h later, the membrane
was incubated with the goat anti-rabbit IgG secondary antibody (1:1000, Beyotime, Shang-
hai, China) for 2 h at RT; (5) the Tanon Image software (version 4100, Shanghai, China) was
used to analyse the bands of target proteins. The optical density (OD) value of each sample
was normalised by the corresponding amount of β-actin.

2.9. Statistical Analysis

The Graphpad Prism 8 software was used to conduct the statistical analysis in this
study. All the data in this study were conducted using Shapiro Wilk test and it’s verified to
conform to normal distribution. Therefore, comparisons between groups were performed
using the Student t test, one-way analysis of variance (ANOVA) test, or two-way ANOVA
test. A post-hoc Tukey test was adopted for comparisons between two groups in the
one-way ANOVA test. A p-value of less than 0.05 was statistically significant. The data
were expressed as mean ± standard error of the mean (SEM).

3. Results
3.1. Pre-Treatment with TPPU Decreased the Seizure Severity during SE

Thirty-six rats were randomly divided into three groups: the Control group, the
SE+PEG400 group, and the SE+0.1TPPU group (n = 12, respectively, in every group). The
sample size was determined by the statistical calculator in which the difference of IMT
equal to 10 s was set as the significance of group difference based on our previous work [23].
The mortality was 3/12 and 2/12 in the SE+PEG400 and SE+0.1TPPU groups after SE
induction, respectively. Another three and two rats were added into these two groups
according to the same experimental paradigm to make the number of rats equal in the
three groups.

In the SE+0.1TPPU group that was pre-treated with TPPU, the seizure frequency
and Racine’s seizure grade during SE were decreased significantly as compared with the
SE+PEG400 group (Figure 2A1,A2, * p < 0.05, ** p < 0.01, n = 12).

3.2. Pre-Treatment with TPPU Attenuated the Depressive Behaviour of Despair 7 Days after
SE Induction

The depressive behaviour in rats was evaluated by FST on the 8th day after SE
induction. No seizures were observed during the two hours before FST. The result showed
that the IMT, an indicator for despair, was significantly increased in the SE+PEG400 group
compared with the Control group, which was significantly decreased in the SE+0.1TPPU
group that was pre-treated with TPPU compared with the SE+PEG400 group. (Figure 2B,
** p < 0.01, n = 12).
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3.3. Pre-Treatment with TPPU Alleviated Inflammations in the Hippocampus of
LiCl-Pilocarpine-Induced SE Rat Model

Iba-1 was used to mark the expression and activity of microglia in the hippocampus
and of rats. The number of Iba-1 positive microglial cells was significantly greater in the
CA1, CA3, and DG subareas of hippocampus of the SE+PEG400 group than the Control
group, and TPPU pre-treatment significantly attenuated microglial activation in the CA3
and DG subareas of hippocampus in the SE+0.1TPPU group compared with the SE+PEG400
group (Figure 3A–C, n = 4 in every group, * p < 0.05, ** p < 0.01). GFAP was stained to
mark the expression and activity of astrocytes in the hippocampus of rats. The number of
GFAP positive astrocytes was significantly increased in the CA1, CA3, and DG subareas of
hippocampus of the SE+PEG400 group compared with the Control group, however, there
was no difference of astrocytic gliosis between the SE+0.1TPPU group and the SE+PEG 400
group (Figure 4A–C, n = 4 in every group, * p < 0.05, ** p < 0.01).

The levels of pro-inflammatory cytokines in the hippocampus of rats were determined
by the ELISA method. The results showed that the levels of pro-inflammatory cytokines
including IL-1β, IL-6, and TNF-α were significantly increased in the hippocampus of the
SE+PEG400 group compared with the Control group, and the level of IL-1β was solely
significantly attenuated in the hippocampus of SE+0.1TPPU group compared with the
SE+PEG400 group (Figure 5A–C, n = 4 in every group, * p < 0.05, ** p < 0.01).
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3.4. Pre-Treatment with TPPU Selectively Rescued Neuronal and Dendritic Spine Loss in the
Hippocampus of LiCl-Pilocarpine-Induced SE Rat Model

The neuronal loss was measured by the NeuN staining. The results showed that the
number of NeuN positive neurons was significantly decreased in the hippocampus of
the SE+PEG400 group compared with Control group, which was significantly increased
selectively in the CA1 and DG subareas of hippocampus after TPPU treatment in the
SE+0.1TPPU group compared with the SE+PEG400 group (see the Figure 6A–C, n = 4 in
every group, * p < 0.05, ** p < 0.01).

The dendritic spines density of the third branch (Figure 7A,B) in the hippocampus was
analysed. Each branch of dendritic spines was taken for 10 consecutive photographs and
overlapped. Every 6 third branch of dendritic spines in each rat were selected for analysis.
The number of dendritic spines every 10µm length of the third branch was significantly
decreased selectively in the CA1 and CA3 subareas of hippocampus of the SE+PEG400
group compared with the Control group, and TPPU pre-treatment significantly recovered
the dendritic spines density in the SE+0.1TPPU group compared with the SE+PEG400
group (Figure 7C,D, n = 4 in every group, * p < 0.05, ** p < 0.01).
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Figure 6. The number of NeuN positive neurons was significantly decreased in the CA1 subarea
(A), CA3 subarea (B), and DG subarea (C) of the SE+PEG400 group compared with Control group,
which was significantly increased in the CA1 (A) and DG (C) subareas of hippocampus after TPPU
treatment in the SE+0.1TPPU group compared with the SE+PEG400 group. (Figure 6A–C, one-way
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3.5. TPPU Pre-Treatment Activated the NR1/ERK/CREB Pathway in the Hippocampus of
LiCl-Pilocarpine-Induced SE Rat Model

The expression and activities of the NR1 subunit of NMDA receptor, ERK1/2, and
CREB were measured by the western blot analysis of the total proteins and their phospho-
rylated forms. The ratios of NR1 and p-NR1 subunits of NMDA receptor were significantly
decreased in the hippocampus of the SE+PEG400 group compared with the Control group,
which was significantly increased in the SE+0.1TPPU group compared with the SE+PEG400
group (Figure 8A,B, n = 4 in every group, * p < 0.05). The ratios of p-ERK1/2/ERK1/2 and
p-CREB/CREB in the hippocampus were both significantly increased in the SE+0.1TPPU
group compared with the SE+PEG400 group (Figure 8C,D, n = 4 in every group, * p < 0.05).
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Figure 7. (A,B) The dendritic spines density of the third branch (×20 magnification in Figure 6A,
×40 magnification in Figure 6B) in the hippocampus. (C,D) The number of dendritic spines every
10 µm length of the third branch (×60 magnification) was significantly decreased selectively in the
CA1 and CA3 subareas of hippocampus in the SE+PEG400 group compared with the Control group.
TPPU pre-treatment significantly recovered the dendritic spines density in the SE+0.1TPPU group
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neurons of CA1 and CA3 subareas were photographed and analysed.
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Figure 8. (A,B) The ratios of NR1 and p-NR1 subunits of NMDA receptor was significantly
decreased in the hippocampus of the SE+PEG400 group compared with the Control group, which
was significantly increased in the SE+0.1TPPU group compared with the SE+PEG400 group after
TPPU treatment. (C,D) The ratios of p-ERK1/2/ERK1/2 and p-CREB/CREB in the hippocampus
were significantly increased in the SE+0.1TPPU group compared with the SE+PEG400 group.
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(Figure 8A–D, one-way ANOVA test, n = 4 in every group, * p < 0.05 ** p < 0.01). The figure on the left
showed the bands of NR1, p-NR1, CREB, p-CREB, ERK1/2, p-ERK1/2, and β-actin in the Control,
SE+PEG400, and the SE+0.1TPPU groups measured by the western-blot method.Hip, hippocampus;
NR1, N-methy1-D-aspartate 1 receptor; p-NR1, phospho(S889)-N-methy1-D-aspartate 1 receptor;
CREB, cyclic adenosine monophosphate-response element binding protein; p-CREB, phosphor
(Ser133)-cyclic adenosine monophosphate-response element binding protein; ERK1/2, extracellular
regulated kinase; p-ERK1/2, phospho (Thr202/Tyr204)-p44/42 extracellular regulated kinase.

4. Discussion

In this study, we found that pre-treatment with TPPU from 7 days before to 7 days after
SE alleviated seizure severity of SE and comorbid depressive behaviours during the period
of epileptogenesis in the LiCl-pilocarpine-induced SE rat model. Meanwhile, the inflam-
mations including the proinflammatory cytokine IL-1β and microgliosis were attenuated,
dendritic spine loss was rescued, and the activities of NR1/ERK1/2/CREB pathway in-
volved in spine development were activated in the hippocampus via TPPU pre-treatment.

Clinically, the prevalence of refractory TLE is as high as 30–40% and the mecha-
nism of epileptogenesis in TLE is not clear yet [26,27]. The LiCl-pilocarpine-induced rat
epilepsy model mimics the human TLE and it could be used to study the mechanism
of epileptogenesis in TLE [6]. We determined 7 days after SE as the “latent period” of
LiCl-pilocarpine-induced rat SE model in our study based on a previous research which
demonstrated the “latent period” was about 7.2 ± 3.6 d [28]. On the 8th day after SE
induction, the rats were evaluated by the FST and it indicated that the rats had depressive
behaviours during the latent period before the occurrence of spontaneous seizures, which
might be consistent with the clinical phenomenon that patients with newly-diagnosed or
new-onset epilepsy had a high prevalence of comorbid depression, with 65% mild and 21%
moderate to severe depression [29]. The finding of a large-scale population-based study
that the severity of depression was positively correlated with the severity of epilepsy sup-
ported the process of epileptogenesis might be involved in the mechanism of epilepsy and
the comorbidity of depression either [30]. Meanwhile, antidepressant therapies attenuated
both depressive symptoms and seizure frequency concurrently [31].

The underlying pathological mechanisms of epileptogenesis are not clear yet. Hip-
pocampal neuronal death, proliferation of astrocytes, and inflammations were observed in
the hippocampal sclerosis of patients with temporal lobe epilepsy (TLE) and pilocarpine
induced epilepsy rodent models [14,32]. In addition, Tang et al. found that neurons from
the epileptic brain have a marked loss of dendritic spine [32], and the extent of dendritic
spine loss was found to be correlated with the duration of the seizure disorder [33]. In the
pilocarpine rodent epilepsy model, the time course of dendritic spine loss was maximal
from 1 to 3 days after SE, partial recovery of spine density occurred 15 and 35 days later [33].
Our study was consistent with previous research that the dendritic spine density in the
CA1 and CA3 subfields of hippocampus was selectively decreased on the 8th day after SE.
Simultaneously, inflammatory parameters including proinflammatory cytokines, microglia,
and astroglia were all enhanced significantly. We proposed that the dendritic spine loss
in the period of epileptogenesis might be caused by the inflammations, which was also
supported by the evidence that inflammations such as lipopolysaccharides exposure, viral
immune activation, and prolonged exposure to inflammatory extracellular vesicles led to a
significant decrease in dendritic spine density in hippocampal neurons and hippocampal
slices in vivo and vitro [34–36].

TPPU is an inhibitor of sEH. Epoxygenated fatty acids (EpFAs), including epoxye-
icosatrienoid acids (EETs), are endogenous substrates for sEH, which are hydrolysed by
sEH and converted to their respective diols that take harmful effects in regulating inflam-
mation [37,38]. Studies showed that the neuroprotective effect of TPPU is contributed by
inhibiting the sEH enzyme activity thus increasing the levels of the metabolic substrates
such as EETs and other EpFA that have pro-resolving and anti-inflammatory effects [39,40].
A study showed that combined injection of the sEH inhibitor with EETs into the brains of
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mice delayed the onset of pentylenetetrazol-induced seizures [41], and a previous study
indicated that EETs activated K+ channels and had anti-inflammatory effects [42]. Ren et al.
demonstrated that pre-treatment with TPPU prevented the onset of depression-like be-
haviours after inflammation or repeated social defeat stress [10]. Our study indicated that
TPPU pre-treatment could attenuate seizure severity during SE and depressive behaviour
during the latent period in the LiCl-pilocarpine-induced rat SE model.

In this study, TPPU pre-treatment not only resolved the inflammations but also rescued
the dendritic spine loss in the hippocampus, and simultaneously increased the expression
and activity of NR1/ERK1/2/CREB pathway in the LiCl-pilocarpine-induced rat SE model.
There was a pronounced increase of IL-1β and microgliosis by TPPU pre-treatment, and
the reason for this might be due to the significantly higher levels of IL-1β and activation of
microglia than other proinflammatory factors during the epileptogenesis [43]. The NR1
subunit is obligatory for the composition of NMDA receptor complex [44], thus, the
expression and activity of NR1 reflects the level and function of total NMDA receptor
in the brain region. The NR1/ERK1/2/CREB pathway is important for dendritic spine
development and function maintenance [20,21]. In consequence, we proposed that pre-
treatment with TPPU might resolve the inflammations provoked by SE and then rescued
the spine loss in the hippocampus of LiCl-pilocarpine-induced rat SE model, which was
expected to be involved in the mechanism of anti-depressant effect of TPPU, as dendritic
spine loss was responsible for depressive behaviours in the depression animal models [22].

There are some limitations in this study. The first is the relatively small size of rats in
every part of experiment due to the different tissue processing procedures. Another one
is that the spine loss may need to be further demonstrated by other methods in vivo and
in vitro such as electron microscope or two-photon imaging in future.

5. Conclusions

In this study, we demonstrated that pre-treatment with TPPU reduced seizure sever-
ity during SE, rescued spine loss probably by taking anti-inflammatory effect, and then
alleviated depressive behaviours during the latent period that represents the process of
epiletogenesis. As there are no effective anti-epileptogenic medicines until now, our study
indicates TPPU or other sEH inhibitors administered during the latent period might be po-
tential disease-modifying medicines targeting epileptogenesis and warrant more detailed
studies in the future.

Author Contributions: W.P. designed the experiment, completed reanalysis of article data, and wrote
the manuscript. Y.S. performed major parts of the animal experiment, drafted most parts of the results
and the figures. Q.W. instructed the process of animal experiment. J.D. and X.W. conceptualized,
designed, and sponsored the study. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the project grant from the Natural Science Foundation of China
(82001373, 31771184).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Animal Ethics Committee of Zhongshan Hospital
Fudan University (protocol code: 2020-063, date of approval: 2 July 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: We are very appreciated that Bruce D Hammock gave us the TPPU and proposed
suggestions for using it.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.



Brain Sci. 2021, 11, 1465 13 of 14

References
1. Spencer, D.D.; Gerrard, J.; Zaveri, H.P. The roles of surgery and technology in understanding focal epilepsy and its comorbidities.

Lancet Neurol. 2018, 17, 373–382. [CrossRef]
2. Chen, Z.; Brodie, M.J.; Liew, D.; Kwan, P. Treatment Outcomes in Patients With Newly Diagnosed Epilepsy Treated With

Established and New Antiepileptic Drugs: A 30-Year Longitudinal Cohort Study. JAMA Neurol. 2018, 75, 279–286. [CrossRef]
3. Rayner, G. The Contribution of Cognitive Networks to Depression in Epilepsy. Epilepsy Curr. 2017, 17, 78–83. [CrossRef]
4. Leistedt, S.J.; Linkowski, P. Brain, networks, depression, and more. Eur. Neuropsychopharmacol. 2013, 23, 55–62. [CrossRef] [PubMed]
5. Chioza, B.; Osei-Lah, A.; Wilkie, H.; Nashef, L.; McCormick, D.; Asherson, P.; Makoff, A. Suggestive evidence for association of two

potassium channel genes with different idiopathic generalised epilepsy syndromes. Epilepsy Res. 2002, 52, 107–116. [CrossRef]
6. McNamara, J.O.; Huang, Y.Z.; Leonard, A.S. Molecular Signaling Mechanisms Underlying Epileptogenesis. Sci. STKE 2006,

2006, re12. [CrossRef]
7. Vezzani, A.; Friedman, A.; Dingledine, R. The role of inflammation in epileptogenesis. Neuropharmacology 2013, 69, 16–24.

[CrossRef] [PubMed]
8. Barker-Haliski, M.L.; Löscher, W.; White, H.S.; Galanopoulou, A.S. Neuroinflammation in epileptogenesis: Insights and transla-

tional perspectives from new models of epilepsy. Epilepsia 2017, 58 (Suppl. S3), 39–47. [CrossRef]
9. Tchekalarova, J.; Atanasova, D.; Kortenska, L.; Atanasova, M.; Lazarov, N. Chronic agomelatine treatment prevents comorbid

depression in the post-status epilepticus model of acquired epilepsy through suppression of inflammatory signaling. Neurobiol. Dis.
2018, 115, 127–144. [CrossRef] [PubMed]

10. Ren, Q.; Ma, M.; Ishima, T.; Morisseau, C.; Yang, J.; Wagner, K.M.; Zhang, J.-C.; Yang, C.; Yao, W.; Dong, C.; et al. Gene deficiency
and pharmacological inhibition of soluble epoxide hydrolase confers resilience to repeated social defeat stress. Proc. Natl. Acad.
Sci. USA 2016, 113, E1944–E1952. [CrossRef]

11. Hammock, B.D.; McReynolds, C.B.; Wagner, K.; Buckpitt, A.; Cortes-Puch, I.; Croston, G.; Lee, K.S.S.; Yang, J.; Schmidt, W.K.;
Hwang, S.H. Movement to the Clinic of Soluble Epoxide Hydrolase Inhibitor EC5026 as an Analgesic for Neuropathic Pain and
for Use as a Nonaddictive Opioid Alternative. J. Med. Chem. 2021, 64, 1856–1872. [CrossRef]

12. Iliff, J.J.; Jia, J.; Nelson, J.; Goyagi, T.; Klaus, J.; Alkayed, N.J. Epoxyeicosanoid signaling in CNS function and disease.
Prostaglandins Other Lipid Mediat. 2010, 91, 68–84. [CrossRef] [PubMed]

13. Shen, Y.; Peng, W.; Chen, Q.; Hammock, B.D.; Liu, J.; Li, D.; Yang, J.; Ding, J.; Wang, X. Anti-inflammatory treatment with a
soluble epoxide hydrolase inhibitor attenuates seizures and epilepsy-associated depression in the LiCl-pilocarpine post-status
epilepticus rat model. Brain Behav. Immun. 2019, 81, 535–544. [CrossRef] [PubMed]

14. Kurz, J.E.; Moore, B.J.; Henderson, S.C.; Campbell, J.N.; Churn, S.B. A cellular mechanism for dendritic spine loss in the
pilocarpine model of status epilepticus. Epilepsia 2008, 49, 1696–1710. [CrossRef]

15. Ma, Y.; Ramachandran, A.; Ford, N.; Parada, I.; Prince, D.A. Remodeling of dendrites and spines in the C1q knockout model of
genetic epilepsy. Epilepsia 2013, 54, 1232–1239. [CrossRef]

16. Bourne, J.N.; Harris, K.M. Balancing Structure and Function at Hippocampal Dendritic Spines. Annu. Rev. Neurosci. 2008,
31, 47–67. [CrossRef] [PubMed]

17. Hamilton, A.M.; Oh, W.C.; Vega-Ramirez, H.; Stein, I.S.; Hell, J.W.; Patrick, G.N.; Zito, K. Activity-Dependent Growth of New
Dendritic Spines Is Regulated by the Proteasome. Neuron 2012, 74, 1023–1030. [CrossRef]

18. Noguchi, J.; Matsuzaki, M.; Ellis-Davies, G.C.; Kasai, H. Spine-Neck Geometry Determines NMDA Receptor-Dependent Ca2+
Signaling in Dendrites. Neuron 2005, 46, 609–622. [CrossRef]

19. Franchini, L.; Carrano, N.; Di Luca, M.; Gardoni, F. Synaptic GluN2A-Containing NMDA Receptors: From Physiology to
Pathological Synaptic Plasticity. Int. J. Mol. Sci. 2020, 21, 1538. [CrossRef]

20. Zhai, S.; Ark, E.D.; Parra-Bueno, P.; Yasuda, R. Long-Distance Integration of Nuclear ERK Signaling Triggered by Activation of a
Few Dendritic Spines. Science 2013, 342, 1107–1111. [CrossRef]

21. Hardingham, G.E.; Bading, H. Synaptic versus extrasynaptic NMDA receptor signalling: Implications for neurodegenerative
disorders. Nat. Rev. Neurosci. 2010, 11, 682–696. [CrossRef]

22. Moda-Sava, R.N.; Murdock, M.H.; Parekh, P.K.; Fetcho, R.N.; Huang, B.S.; Huynh, T.N.; Witztum, J.; Shaver, D.C.; Rosenthal,
D.L.; Alway, E.J.; et al. Sustained rescue of prefrontal circuit dysfunction by antidepressant-induced spine formation. Science 2019,
364, 6436. [CrossRef]

23. Peng, W.-F.; Ding, J.; Li, X.; Fan, F.; Zhang, Q.-Q.; Wang, X. N-methyl-d-aspartate receptor NR2B subunit involved in depression-
like behaviours in lithium chloride-pilocarpine chronic rat epilepsy model. Epilepsy Res. 2016, 119, 77–85. [CrossRef]

24. Racine, R.J. Modification of seizure activity by electrical stimulation: II. Motor seizure. Electroencephalogr. Clin. Neurophysiol. 1972,
32, 281–294. [CrossRef]

25. Detke, M.J.; Rickels, M.; Lucki, I. Active behaviors in the rat forced swimming test differentially produced by serotonergic and
noradrenergic antidepressants. Psychopharmacology 1995, 121, 66–72. [CrossRef] [PubMed]

26. Asadi-Pooya, A.A.; Stewart, G.R.; Abrams, D.J.; Sharan, A. Prevalence and Incidence of Drug-Resistant Mesial Temporal Lobe
Epilepsy in the United States. World Neurosurg. 2017, 99, 662–666. [CrossRef]

27. Becker, A.J. Review: Animal models of acquired epilepsy: Insights into mechanisms of human epileptogenesis. Neuropathol. Appl.
Neurobiol. 2018, 44, 112–129. [CrossRef] [PubMed]

http://doi.org/10.1016/S1474-4422(18)30031-0
http://doi.org/10.1001/jamaneurol.2017.3949
http://doi.org/10.5698/1535-7511.17.2.78
http://doi.org/10.1016/j.euroneuro.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23154052
http://doi.org/10.1016/S0920-1211(02)00195-X
http://doi.org/10.1126/stke.3562006re12
http://doi.org/10.1016/j.neuropharm.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22521336
http://doi.org/10.1111/epi.13785
http://doi.org/10.1016/j.nbd.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29653194
http://doi.org/10.1073/pnas.1601532113
http://doi.org/10.1021/acs.jmedchem.0c01886
http://doi.org/10.1016/j.prostaglandins.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19545642
http://doi.org/10.1016/j.bbi.2019.07.014
http://www.ncbi.nlm.nih.gov/pubmed/31306773
http://doi.org/10.1111/j.1528-1167.2008.01616.x
http://doi.org/10.1111/epi.12195
http://doi.org/10.1146/annurev.neuro.31.060407.125646
http://www.ncbi.nlm.nih.gov/pubmed/18284372
http://doi.org/10.1016/j.neuron.2012.04.031
http://doi.org/10.1016/j.neuron.2005.03.015
http://doi.org/10.3390/ijms21041538
http://doi.org/10.1126/science.1245622
http://doi.org/10.1038/nrn2911
http://doi.org/10.1126/science.aat8078
http://doi.org/10.1016/j.eplepsyres.2015.09.013
http://doi.org/10.1016/0013-4694(72)90177-0
http://doi.org/10.1007/BF02245592
http://www.ncbi.nlm.nih.gov/pubmed/8539342
http://doi.org/10.1016/j.wneu.2016.12.074
http://doi.org/10.1111/nan.12451
http://www.ncbi.nlm.nih.gov/pubmed/29130506


Brain Sci. 2021, 11, 1465 14 of 14

28. Goffin, K.; Nissinen, J.; Van Laere, K.; Pitkänen, A. Cyclicity of spontaneous recurrent seizures in pilocarpine model of temporal
lobe epilepsy in rat. Exp. Neurol. 2007, 205, 501–505. [CrossRef] [PubMed]

29. Jackson-Tarlton, C.S.; Whatley, B.P.; Kasheke, G.D.; Pohlmann-Eden, B.; Omisade, A. A prospective pilot study of cognitive
impairment and mood in adults with first seizure, new-onset epilepsy, and newly diagnosed epilepsy at time of initial seizure
presentation. Epilepsy Behav. 2020, 112, 107359. [CrossRef]

30. Josephson, C.B.; Lowerison, M.; Vallerand, I.; Sajobi, T.T.; Patten, S.; Jette, N.; Wiebe, S. Association of Depression and Treated
Depression with Epilepsy and Seizure Outcomes: A Multicohort Analysis. JAMA Neurol. 2017, 74, 533–539. [CrossRef]

31. Gilliam, F.G.; Black, K.J.; Carter, J.; Freedland, K.E.; Sheline, Y.I.; Tsai, W.; Lustman, P.J. A Trial of Sertraline or Cognitive Behavior
Therapy for Depression in Epilepsy. Ann. Neurol. 2019, 86, 552–560. [CrossRef] [PubMed]

32. Tang, F.R.; Loke, W.K. Cyto-, axo- and dendro-architectonic changes of neurons in the limbic system in the mouse pilocarpine
model of temporal lobe epilepsy. Epilepsy Res. 2010, 89, 43–51. [CrossRef]

33. Isokawa, M. Remodeling Dendritic Spines of Dentate Granule Cells in Temporal Lobe Epilepsy Patients and the Rat Pilocarpine
Model. Epilepsia 2000, 41, S14–S17. [CrossRef]

34. Maysinger, D.; Gröger, D.; Lake, A.; Licha, K.; Weinhart, M.; Chang, P.K.-Y.; Mulvey, R.; Haag, R.; McKinney, R.A. Dendritic
Polyglycerol Sulfate Inhibits Microglial Activation and Reduces Hippocampal CA1 Dendritic Spine Morphology Deficits.
Biomacromolecules 2015, 16, 3073–3082. [CrossRef] [PubMed]

35. Garré, J.M.; Silva, H.M.; Lafaille, J.J.; Yang, G. CX3CR1+ monocytes modulate learning and learning-dependent dendritic spine
remodeling via TNF-α. Nat. Med. 2017, 23, 714–722. [CrossRef]

36. Prada, I.; Gabrielli, M.; Turola, E.; Iorio, A.; D’Arrigo, G.; Parolisi, R.; De Luca, M.; Pacifici, M.; Bastoni, M.; Lombardi, M.; et al.
Glia-to-neuron transfer of miRNAs via extracellular vesicles: A new mechanism underlying inflammation-induced synaptic
alterations. Acta Neuropathol. 2018, 135, 529–550. [CrossRef] [PubMed]

37. Hu, J.; Dziumbla, S.; Lin, J.; Bibli, S.-I.; Zukunft, S.; De Mos, J.; Awwad, K.; Frömel, T.; Jungmann, A.; Devraj, K.; et al. Inhibition
of soluble epoxide hydrolase prevents diabetic retinopathy. Nature 2017, 552, 248–252. [CrossRef]

38. Swardfager, W.; Hennebelle, M.; Yu, D.; Hammock, B.; Levitt, A.; Hashimoto, K.; Taha, A. Metabolic/inflammatory/vascular
comorbidity in psychiatric disorders; soluble epoxide hydrolase (sEH) as a possible new target. Neurosci. Biobehav. Rev. 2018,
87, 56–66. [CrossRef]

39. Wang, L.; Luo, G.; Zhang, L.-F.; Geng, H.-X. Neuroprotective effects of epoxyeicosatrienoic acids. Prostaglandins Other Lipid
Mediat. 2018, 138, 9–14. [CrossRef]

40. Shen, H.C.; Hammock, B.D. Discovery of Inhibitors of Soluble Epoxide Hydrolase: A Target with Multiple Potential Therapeutic
Indications. J. Med. Chem. 2011, 55, 1789–1808. [CrossRef]

41. Inceoglu, B.; Zolkowska, D.; Yoo, H.J.; Wagner, K.M.; Yang, J.; Hackett, E.; Hwang, S.H.; Lee, K.S.S.; Rogawski, M.;
Morisseau, C.; et al. Epoxy Fatty Acids and Inhibition of the Soluble Epoxide Hydrolase Selectively Modulate GABA Mediated
Neurotransmission to Delay Onset of Seizures. PLoS ONE 2013, 8, e80922. [CrossRef] [PubMed]

42. Mule, N.; Leon, A.C.O.; Falck, J.R.; Arand, M.; Marowsky, A. 11,12-Epoxyeicosatrienoic acid (11,12 EET) reduces excitability and
excitatory transmission in the hippocampus. Neuropharmacology 2017, 123, 310–321. [CrossRef] [PubMed]

43. Noe, F.M.; Polascheck, N.; Frigerio, F.; Bankstahl, M.; Ravizza, T.; Marchini, S.; Beltrame, L.; Banderó, C.R.; Löscher, W.; Vezzani, A.
Pharmacological blockade of IL-1beta/IL-1 receptor type 1 axis during epileptogenesis provides neuroprotection in two rat
models of temporal lobe epilepsy. Neurobiol. Dis. 2013, 59, 183–193. [CrossRef] [PubMed]

44. Paoletti, P.; Bellone, C.; Zhou, Q. NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease.
Nat. Rev. Neurosci. 2013, 14, 383–400. [CrossRef] [PubMed]

http://doi.org/10.1016/j.expneurol.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17442304
http://doi.org/10.1016/j.yebeh.2020.107359
http://doi.org/10.1001/jamaneurol.2016.5042
http://doi.org/10.1002/ana.25561
http://www.ncbi.nlm.nih.gov/pubmed/31359460
http://doi.org/10.1016/j.eplepsyres.2009.10.015
http://doi.org/10.1111/j.1528-1157.2000.tb01550.x
http://doi.org/10.1021/acs.biomac.5b00999
http://www.ncbi.nlm.nih.gov/pubmed/26218295
http://doi.org/10.1038/nm.4340
http://doi.org/10.1007/s00401-017-1803-x
http://www.ncbi.nlm.nih.gov/pubmed/29302779
http://doi.org/10.1038/nature25013
http://doi.org/10.1016/j.neubiorev.2018.01.010
http://doi.org/10.1016/j.prostaglandins.2018.07.002
http://doi.org/10.1021/jm201468j
http://doi.org/10.1371/journal.pone.0080922
http://www.ncbi.nlm.nih.gov/pubmed/24349022
http://doi.org/10.1016/j.neuropharm.2017.05.013
http://www.ncbi.nlm.nih.gov/pubmed/28526610
http://doi.org/10.1016/j.nbd.2013.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23938763
http://doi.org/10.1038/nrn3504
http://www.ncbi.nlm.nih.gov/pubmed/23686171

	Introduction 
	Methods 
	Experimental Animals 
	Establishment of the LiCl-Pilocarpine-Induced SE Rat Model and TPPU Treatment Paradigm 
	Forced Swim Test (FST) 
	Immunofluorescent Staining 
	Golgi Staining 
	Tissue Preparation and Protein Extraction 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Pre-Treatment with TPPU Decreased the Seizure Severity during SE 
	Pre-Treatment with TPPU Attenuated the Depressive Behaviour of Despair 7 Days after SE Induction 
	Pre-Treatment with TPPU Alleviated Inflammations in the Hippocampus of LiCl-Pilocarpine-Induced SE Rat Model 
	Pre-Treatment with TPPU Selectively Rescued Neuronal and Dendritic Spine Loss in the Hippocampus of LiCl-Pilocarpine-Induced SE Rat Model 
	TPPU Pre-Treatment Activated the NR1/ERK/CREB Pathway in the Hippocampus of LiCl-Pilocarpine-Induced SE Rat Model 

	Discussion 
	Conclusions 
	References

