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A B S T R A C T

Rogressive deconstruction of filament actin (F-actin) in hippocampal neurons in the epileptic brain have been
associated with epileptogenesis. Previous clinical studies suggest that glucocorticoids treatment plays beneficial
roles in refractory epilepsy. Glucocorticoids treatment affects dendritic spine morphology by regulating local
glucocorticoid receptors and F-actin cytoskeleton dynamics. However, how glucocorticoids regulate epilepto-
genesis by controlling F-actin cytoskeleton is not clear yet. Here we study the function of glucocorticoids in
epileptogenesis by examining F-actin abundance, hippocampal neuron number, and synaptic markers in pilo-
carpine-induced epileptic mice in the presence or absence of dexamethasone (DEX) treatment. We found that
spontaneous seizure duration was significantly reduced; F-actin damage in hippocampal subfields was re-
markably attenuated; loss of pyramidal cells was dramatically decreased; more intact synaptic structures in-
dicated by pre- and postsynaptic markers were preserved in multiple hippocampal regions after DEX treatment.
However, the number of ZNT3 positive particles in the molecular layer in the hippocampus of pilocarpine
epileptic mice was not altered after DEX treatment. Although not sufficient to cease epileptogenesis, our results
suggest that dexamethasone treatment ameliorates the damage of epileptic brain by stabilizing F-actin cytos-
keleton in the pilocarpine epileptic mice.

1. Introduction

Actin, a main component of both pre- and postsynaptic structures,
exists in two states: as polymerized filaments (F-actin) or as monomers
(G-actin) (Dillon and Goda, 2005). The dynamic regulation of cytos-
keleton assembly and disassembly allows quick remodeling and balance
between F- and G-actin in response to different neuronal activities
(Dillon and Goda, 2005). Disturbance of the balance of actin assembly/
disassembly and destabilized actin cytoskeleton, are observed in the
epileptic brain and may contribute to the process of epileptogenesis.
Acute seizures induced by kainate or 4-aminopyridine is accompanied
by activation of cofilin, a actin-severing protein, and corresponding
depolymerization of F-actin (Ouyang et al., 2007; Zeng et al., 2007).
Our previous studies suggest that long-term remodeling of F-actin in

hippocampal neurons occurs during chronic epileptic state in the pen-
tylenetetrazole (PTZ) model and the pilocarpine-induced status epi-
lepticus (SE) model (Xiong et al., 2015; Zhang et al., 2014a, b).
Moreover, perfusion of latrunculin A, a drug causing F-actin-depoly-
merizing, results in an acute onset of epileptic seizures and chronic
spontaneous seizures, associated with decreased seizure threshold and
increased neuronal excitability (Sierra-Paredes et al., 2006). Interest-
ingly, treatment of Ascomicin, or FK506, a pharmacological interven-
tion antagonizing latrunculin A activity, decreases acute excitability of
hippocampal neurons and ceases chronic seizures in epileptic models
(Chwiej et al., 2010; Freire-Cobo et al., 2014; Xiong et al., 2018).

Glucocorticoids (GCs) as a clinical treatment have been used for
many years for refractory epilepsies such as infantile spasm,
Lennox–Gastaut syndrome, continuous spike-waves during slow-wave
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sleep (CSWS), variants of benign childhood epilepsy with cen-
trotemporal spikes (BECT) and Landau-Kleffner Syndrome (LKS)
(Buzatu et al., 2009; Chen et al., 2014; Hussain et al., 2014; Oftedal,
1967; Sinclair, 2003; Sinclair and Snyder, 2005; Tovia et al., 2011).
Although glucocorticoids are widely used as a treatment of epilepsy, the
underlying mechanism at molecular and cellular levels remain to be
elucidated. Corticosterone, a glucocorticoid expressed in rodents, acti-
vates two types of receptors: high-affinity mineralocorticoid receptor
(MR) and low-affinity glucocorticoid receptor (GR) (Tasker et al.,
2006). Previous studies suggest that activation of MR exacerbate and
GR ameliorate kainic acid (KA)-induced epilepsy by regulating synaptic
plasiticity (Maggio and Segal, 2012). In the nervous system, GRs are
localized to neuronal cell bodies, dendrites, as well as pre- and post-
synaptic compartments and exert complex effects on synapse phy-
siology and synaptic plasticity (Jafari et al., 2012; Johnson et al., 2005;
Komatsuzaki et al., 2005; Krugers et al., 2010). Importantly, GRs reg-
ulate spine morphology and stability by controlling actin polymeriza-
tion (Jafari et al., 2012). The dynamic change of actin network is the
main driving force for both structural and functional plasticity of the
synapse (Chazeau and Giannone, 2016). Thus, we wonder whether
glucocorticoids ameliorate epilepsy by stabilizing synaptic structures
and F-actin in spines.

Here, we examined the effect of dexamethasone (DEX), a potent GRs
agonist, on the dynamic regulating of actin cytoskeleton in hippo-
campal neurons in a pilocarpine-induced epileptic mouse model. We
observed changes in mice behavior and a reduction of neuronal cell loss
in hippocampal regions. More stabilized F-actin and synaptic structures
are observed after DEX treatment in pilocarpine epileptic mice. Our
results provide the first evidence that GR activation regulates the epi-
leptic brain by controlling actin dynamics in hippocampal neurons.

2. Material and methods

2.1. Pilocarpine induced epileptic model and group assignment

All the experiments were performed in adult male ICR mice
weighing 22–24 g, obtained from Changsheng biotechnology (BX,
China). Male were selected to avoid experimental differences due to
gender. Mice were housed in groups and allowed free access to food and
water in a quiet environment with a 12 h light and dark cycle at tem-
perature of 22–26 °C. There were 3 days of acclimatization for animals
before any experiment were performed. All pilocarpine models were
induced between 8:00 am and 12:00 noon to reduce the impact of
circadian on the epileptic susceptibility. Mice were intraperitoneally
injected with 1mg/kg methylscopolamine (Sigma-Aldrich, MO), fol-
lowed by a single dose of 300 g/kg of pilocarpine (Sigma-Aldrich, MO,
USA) 30min later. After administration of pilocarpine, animal beha-
viors were monitored and seizures were evaluated by a modified ver-
sion of the Racine scale (Racine, 1972; Shibley and Smith, 2002). Mice
that developed a minimum of three stage 3–5 seizures episodes with
continuous stage 1 and 2 seizures were considered to meet the standard
of status epilepticus (SE) and received 4mg/kg diazepam 2 h after
onset. After SE induction, animals were supplied with moistened food
in the cages to help replenish fluid. Mice that reached SE and survived
were randomly divided into 2 groups: with or without DEX treatment,
identified by PILO+DEX or PILO respectively. Mice in control group
were age-matched male receiving scopolamine and saline injections. All
the experimental procedures are approved by the Animal Research
Committee of Jilin University. “Three Rs” were considered for our ex-
perimental design.

2.2. Drug administration

Our previous study suggests that three days following SE are critical
for rearrangement of F-actin cytoskeleton (Xiong et al., 2015). This
period following SE (depending on animal species, the dose of

pilocarpine, and the duration of SE) is widely considered the latent
period of pilocarpine model and is important for epileptogenetic pro-
cess (Curia et al., 2008). Thus, in order to examine the effects of glu-
cocorticoids in F-actin cytoskeletal remodeling during epileptogenesis
we chose to administrate DEX at day 1–3 after SE. Between 9:00 and
10:00 AM on day 1, 2 and 3 after SE, 10mg/Kg of dexamethasone
(1702032, Suicheng Pharmaceutical Co., Ltd.) or an equal volume of
saline was administered by intraperitoneal injection respectively.

2.3. Spontaneous seizure monitoring

Mice were monitored 2 h/day and 5 days/week between
9:00−11:00 AM to the day 28 after pilocarpine injection. The number
of spontaneous recurrent seizures (SRS) was measured and the duration
of each seizure was recorded. According to the Racine scale, seizures
were divided into 5 stages. In this experiment, statistical analyses were
performed in data sets where seizures that reached stage 4–5 of Racine
scale.

2.4. Sample preparations

Samples were prepared as previously published studies (Zhang
et al., 2014a, b). Briefly, 28 days after SE, mice were anesthetized with
isoflurane, sacrificed, and subsequently perfused with 4% paraf-
ormaldehyde in 0.1M PB. Brains were dissected out, post fixed, and
immersed in a series of sucrose solutions with increased concentrations.
Samples were frozen at -80℃ and sliced into thirty-micron-thick cor-
onal sections on a Leica cryostat (GmbH, Germany) before experiments.

2.5. F-actin labeling

As described in previous studies (Zhang et al., 2014a, b), F-actin was
labeled by the Alexa 488-conjugated phalloidin. After pretreatment
with 0.3% Triton X-100 in 0.1M phosphate buffer (pH 7.2) for 30min,
slices were incubated with Alexa 488-labeled phalloidin (1:100;
A12379, Molecular Probes) at 4℃ overnight in the dark. After 3 washes,
slices were mounted in anti-fade medium (Immu-Mount, Thermo Sci-
entific, USA) and used for confocal imaging experiments.

2.6. Quantification of hippocampal neuron number

Anti-NeuN antibody was used to label the hippocampal neurons.
Experimental procedures for anti-NeuN staining were described in
previous studies (Xiong et al., 2018). Hippocampal slices were in-
cubated with 10% normal donkey serum in 0.1 M PB containing 0.3%
Triton X-100 for 30min at room temperature and followed by mono-
clonal anti-NeuN antibody (1:100, ab177487, Abcam, USA) incubation
at 4 °C overnight. Samples were then washed for three times in 0.1M PB
and were incubated in Alexa 488-labeled donkey anti-rabbit antibody
(1:200, A21206, Molecular Probes) for 2 h at room temperature in the
dark.

2.7. Postsynaptic marker PSD95 labeling

Slices were pretreated with pepsin to improve im-
munohistochemical detection of PSD95 (Fukaya and Watanabe, 2000).
The experimental steps were described in our previous studies (Zhang
et al., 2014a, b). After pepsin digestion, slices were incubated with 10%
normal donkey serum in 0.1 M PB containing 0.3% Triton X-100 for
30min at room temperature, with the primary antibody against PSD-
95/SAP90 (1:100; No. 51-6900, Invitrogen, CA, USA) at 4 °C overnight,
followed by incubation of Alexa 488 labeled donkey anti-rabbit IgG
(1:200) for 2 h at room temperature in the dark.
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2.8. Mossy Fiber terminals marker ZNT3 labeling

The mossy fiber synapses, enriched with zinc, have high release
probabilities and exhibit synaptic plasticity expressed at presynaptic
terminals. Standard immunocytochemistry was performed to label the
hippocampal mossy fiber (MF) terminals. Primary antibody anti-ZNT3
(1:200; No. 197002, Synaptic Systems) and secondary antibody Alexa
546-conjugated donkey anti-rabbit IgG (1:200; Molecular Probes) were
used. For double labeling of ZNT3 and F-actin, Alexa 488-conjugated
phalloidin was co-incubated with the secondary antibody.

2.9. Image acquisition and data analysis

Fluorescence imaging of F-actin, NeuN, PSD95, ZNT3 was per-
formed on an FV1000 confocal laser scanning microscope. Same ex-
perimental settings were used for each experiments. Detailed proce-
dures were described in previous studies (Li et al., 2007; Zhang et al.,
2014a). Hippocampal slices were randomly selected between the co-
ordinates of anterior-posterior Bregma −1.28 to −2.12mm. F-actin
labeling density is measured using Image-Pro Plus analysis software (v.
6.0, Media Cybernetics, Silver Spring, MD). Fluorescence intensities of
PSD95 and ZNT3 in different hippocampal subregions (see figure le-
gends) were measured in Image J (National Institutes of Health, USA).
At least in 3 fields for each subregion, and at least 3 sections were
measured for each animal. The numbers of pyramidal cells in the hip-
pocampal subregions CA1, CA3 and the dentate granule cells (DGCs)
were counted as previously described (Wang et al., 2015; Xiong et al.,
2018; Zhang et al., 2014a). Neurons in CA1 and CA3b and DGCs were
counted in rectangular fields of a defined size in Image J. At least 3
sections were counted for each animal.

After a normality test with SPSS25 (IBM Corp., IBM SPSS Statistics
Version 25.0, Armonk, NY, U.S.A), the original data were exported to
GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, U.S.A.) for
statistical analyses and figure preparations. Data subject to a normal
distribution were presented as mean ± SD. Unpaired student t-test was
performed in experiments with two conditions. One-way ANOVA with
post hoc Turkey test was performed in experiments with three or more
conditions. Data subject to an abnormal distribution were presented as
M (P25, P75). The nonparametric statistics of Kolmogorov-Smirnov test
was used for comparison between two groups and Kruskal-Wallis test
was performed for three groups followed by a post hoc test of Dann’s
multiple comparison. The significance set for statistical analysis was
P < 0.05.

3. Results

3.1. Pilocarpine-induced epileptic mice exhibit spontaneous seizures

After injection of pilocarpine, animals exhibited similar behavioral
changes as previously reported (Xiong et al., 2015; Zhang et al., 2014b).
Briefly, 64 in 73 mice (64/73) developed SE, including 29 mice (29/73)
which died during or several hours after SE. The success and mortality
rates were 47.94% and 39.73% respectively. No seizures and death
were observed in the control group. All the animals used in the present
study were summarized in Tables 1 and 2.

Behavioral change of mice was continuously monitored for 4 weeks

after SE. we measured daily seizure numbers and recorded the duration
of each seizure. Three days after SE, spontaneous recurrent seizures
(SRS) were observed successively in pilocarpine induced mice. All the
animals survived from SE developed SRS of stage IV or V in the fol-
lowing 24 days (including 5 dead during the following experiments).
Compared with the PILO group, DEX administration decreased the
duration of SRS (Fig. 1B), but the number of SRS onset was similar to
that of group without DEX treatment (Fig. 1A).

3.2. Dexamethasone treatment attenuates F-actin damage in hippocampal
neurons

The abundance of F-actin in hippocampal subregions was examined
by phalloidin staining. In the control group, F-actin displayed large
clustered puncta in CA3 stratum lucidum (SL) (Fig. 2 A and A1) and
hilus of dentate gyrus (DG) (Fig. 2 G and G1), but displayed tiny evenly
distributed puncta in CA1 stratum radiation (SR) (Fig. 2 D and D1). The
fluorescence density of F-actin immunolabeling was remarkably de-
creased in different regions in hippocampus in the PILO-injected group
(Fig. 2 B-B1 for CA3; E-E1 for CA1; H and H1 for the hilus of DG)
compared to the control group (Fig. 2 A-A1 for CA3; D-D1 for CA1; G
and G1 for hilus of DG). After treatment with DEX, decrease of F-actin
in hippocampal subfields of PILO-injected mice was dramatically re-
duced as shown in Fig. 2 (Fig. 2 C-C1 for CA3; F-F1 for CA1; I and I1 for
hilus of DG). Statistical analysis of F-actin density showed that DEX
treatment ameliorated the decrease of F-actin in hippocampal subfields
of the CA3 (Fig. 2J), CA1 (Fig. 2K) and hilus of DG (Fig. 2L) in PILO-
injected animals.

3.3. Dexthamethason treatment reduces pyramidal neuron loss in CA1 and
CA3 but does not change DGCs proliferation

We then performed anti-NeuN staining to examine whether DEX
treatment had protective effects on the SE-induced neuron damage. We
observed a remarkable pyramidal cell loss in CA1 and CA3 regions in
the hippocampus in PILO-injected group (Fig. 3 D and E) compared to
the control group (Fig. 3A and B). We also observed an increase of DGC
number in PILO-injected group compared to control animals(Fig. 3F).
Although DEX treatment didn't completely rescue the neuronal loss
induced by SE, the number of remaining NeuN-positive cells increased
in the CA1 and CA3 regions in the DEX treatment group (Fig. 3 G and
H). Consistently, statistical analysis showed that DEX treatment sig-
nificantly reduced the loss of neurons in both CA1 and CA3 subfields
(Fig. 3J and K). However, DEX treatment did not show any effect on
DGCs proliferation (Fig. 3I and 3 L).

3.4. DEX treatment alters synaptic remodeling in hippocampal subfields

We then tested whether DEX treatment affect neuronal function at
the synapse level. We examined synapse morphology and abundance by
examining pre-/post-synaptic markers in epilepsy models. Postsynaptic
PSD95 abundance, quantified by measuring fluorescence intensity, was
severely decreased in PILO-injected group (Fig. 4 D for CA3; E for CA1;
F for hilus of DG), compared to control group (Fig. 4 A for CA3; B for
CA1; C for hilus of DG). After DEX treatment, the decrease in PSD95

Table 1
The number of mice used in this experiment.

Mice that did not develop SE 9
Mice that died during or immediately after SE 29
Mice that developed SE Mice that died during the experiments 5

PILO 15
PILO+DEX 15

Control 15
Total 88

Table 2
The experimental design of each group.

Control PILO PILO+DEX

SRS observations n=15 n=15 n=15
F-actin detection n=7 n=7 n=7
Anti-Neun
Anti-PSD95
Anti-ZNT3
Anti-ZNT3/F-actin
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intensity was effectively prevented in different hippocampal subfields
(Fig. 4 G for CA3; H for CA1; I hilus of DG). Statistical analysis of PSD95
fluorescence intensity showed that DEX treatment ameliorated the SE-
induced reduction of PSD95 in CA3 (Fig. 4J), CA1 (Fig. 4K) and hilus of
DG (Fig. 4L) in the hippocampus.

Large mossy fiber terminals (LMTs) of DGCs, is among the most
powerful presynaptic terminals in the brain. We also examined whether

there were any changes at the synapse level at LMT terminals. LMTs,
indicated by the positive granules of ZNT3, were distributed from the
hilus of DG to the SL of CA3 in control group, and no positive granules
were observed in the molecular layer (ML) of DG (Fig. 5 A1 and D1).
We found the fluorescence intensity of ZNT3 was dramatically de-
creased in the PILO-injected animals compared to control group (Fig. 5
B1and E1). However, positive particles were observed in the ML of the

Fig. 1. Effects of DEX treatment on sponta-
neous seizures onset.
Number (A) and duration (B) of SRS per mouse
in different groups are shown respectively.
Compared to PILO group, DEX administration
reduced the duration of SRS (B), but the
number of SRS was similar to that of group
without DEX treatment (A). (n= 15 per group;
*, p < 0.05)

Fig. 2. DEX treatment attenuates the damage of hippocampal F-actin.
Distribution of F-actin in subregions of CA3 stratum lucidum, CA1 stratum radiatum and the hilus of DG is shown in AeC, D-F and GeI respectively. A1–I1 are images
with higher magnifications for A–I. In the control group, F-actin displays large clustered puncta in the subfields of CA3 stratum lucidum (A and A1), hilus of DG (G
and G1), and tiny, evenly distributed puncta in the subregion of CA1 stratum radiation (D and D1). As compared to the control group, F-actin density is remarkably
decreased in the PILO group (B-B1 for CA3; E-E1 for CA1; H and H1 for the hilus of DG). After treatment of DEX, the decrease of F-actin in hippocampal subfields of
PILO mice is partially rescued as shown (C-C1 for CA3; F-F1 for CA1; I and I1 for hilus of DG). Statistical analysis of labeling density of F-actin shows that DEX
treatment ameliorates the decrease of F-actin in hippocampal subfields of the CA3 (J), CA1 (K) and hilus of DG (L). (n= 7 per group; *, P < 0.05; **, P < 0.001).
Scale bars: AeI, 50 μm; A1–I1, 5 μm.
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PILO group (Fig. 5 E1, white arrows). DEX treatment rescued the de-
crease of ZNT3-positive terminals in hippocampal subfields (Fig. 5C1
and F1). However, ZNT3-positive particles in the ML were still observed
in the DEX-treated mice (Fig. 5 F1, white arrows). Statistical analysis of
fluorescence intensity of ZNT3 showed that DEX treatment attenuated
the decrease of ZNT3 remarkably in subfields CA3 (Fig. 5H), and hilus
of DG (Fig. 5I).

Double fluorescence labeling of phalloidin and ZNT3 was performed
to examine the relationship of F-actin and LMTs in different experi-
mental groups. In the PILO-injected mice, ZNT3-positive puncta de-
creased in the SL of CA3 where F-actin intensity was also reduced
correspondingly (Fig.5B1-B3). In the DEX-treated group, ZNT3 reduc-
tion was significantly attenuated with the relative reduction of F-actin
in the SL of subfield CA3 (Fig. 5C1-C3). However, some ZNT3-positive
puncta appeared in the in the ML of DG and these newly-appearing
ZNT3 puncta were located in close proximity to F-actin puncta in the
molecular layer. The colocalization of ZNT3 and F-action were shown
in image with high (Fig. 5G). These results suggest that although DEX
treatment partially rescue F-action damage, it does not change LMT
synapse remodeling.

4. Discussion

Cumulative studies seek for the molecular mechanisms of

glucocorticoids in the treatment of epilepsy, but it is still not clear how
glucocorticoids regulate epileptogenesis at the molecular and synapse
levels. For example, dexamethasone showed effects on seizures reduc-
tion (Al-Shorbagy et al., 2012; Pieretti et al., 1992; Yilmaz et al., 2014),
anti-Inflammation (Borham et al., 2016; Marchi et al., 2011; Vizuete
et al., 2018) neuron protection (Al-Shorbagy et al., 2012), and anti-
astrogliosis (Vizuete et al., 2018). Clinical studies also provide evidence
that glucocorticoids treatment reduce seizures onset and improve cog-
nition in patients with refractory epilepsy (Buzatu et al., 2009; Chen
et al., 2014; Hussain et al., 2014; Oftedal, 1967; Sinclair, 2003; Sinclair
and Snyder, 2005; Tovia et al., 2011). However, previous studies also
suggest seizures and brain injuries were exacerbated with dex-
amethasone treatment (Duffy et al., 2014; Lee et al., 1989). These
discrepancies might be caused by different time-points, durations and
dosages of glucocorticoids administration. Differential effects of three
dosages of DEX were evaluated in a lithium-pilocarpine induced epi-
leptic model. DEX at the dose of 10mg/kg showed an effect of anti-
convulsion, while neither 5mg/kg nor 20mg/kg played protective roles
in this study (Al-Shorbagy et al., 2012). Consistently, in a penicillin
induced epileptic model, the effects of DEX administration on epi-
leptiform activity at dosages of 1, 3, and 10mg/kg were examined re-
spectively. DEX remarkably decreased spike frequencies at 3mg/kg and
10mg/kg. However, it is worth noting that administration of DEX at
3mg/kg increases epileptiform activity at early stage (10–40minutes

Fig. 3. DEX treatment reduces pyramidal neurons loss in subfields CA1 and CA3, but does not change the proliferation of DGCs.
Relative to the saline controls (A and B), the pyramidal cells in the subfields CA1 and CA3 are lost remarkably in PILO mice (D and E). After treatment of DEX (G and
H), the number of NeuN-positive cells in subfields CA1 and CA3 is increased. Statistical analysis shows that DEX treatment remarkably reduces the loss of neurons in
both subfields (J and K). However, DEX treatment does not show any effect on the proliferation of DGCs. In the subfield DG, the number of DGCs increases
remarkably in both PILO and PILO+DEX groups (F and I). Statistical analysis shows that DEX treatment does not attenuate the proliferation of DGCs (L). (n=7 per
group；*, P < 0.05; **, P < 0.001). Scale bars: 50 μm.
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after injection), indicating a time-dependent effect of DEX treatment
(Yilmaz et al., 2014). In line with previous findings, our present study
showed that administration of three doses of DEX at 10mg/kg dis-
played a positive effect on the treatment of epilepsy.

Here, we injected DEX 3 days following SE, and focused on its
chronic effect on the rearrangement of F-actin cytoskeleton, neuronal
loss and synaptic remodeling. The mechanisms involved in this process
remain largely unknown. Both GR/MR function, and genomic/non-
genomic actions may play important roles. Receptors of glucocorticoids
in the brain have been identified for about fifty years and there are two
kinds of glucocorticoids receptors in the brain, high affinity MR and low
affinity GR. High doses of glucocorticoids activate GRs and low doses
activate MRs. Interestingly, these two types of glucocorticoids receptors
play opposite roles in many different cellular processes (Joels, 2006,
2018). The counteractive activities of MRs and GRs may provide an
explanation for the dose-dependent effects of glucocorticoids in the
treatment of epilepsy. Thus, we speculate in the case of present studies
that administration of 3 doses of 10mg/kg DEX activate GRs in the
epilepsy models.

Moreover, transcriptional regulation of gene expression caused by
glucocorticoid may also affect actin cytoskeleton dynamics. It is re-
ported previously that glucocorticoids remodel actin cytoskeleton in
various cell types in a protein synthesis-dependent manner (Castellino

et al., 1992, 1995; Mayanagi et al., 2008). In contract, glucocoritcoids
induced non-transcriptional regulation can also affect actin poly-
merization (Stournaras et al., 2014). Exposure to DEX triggered a rapid
polymerization of F-actin, reduced the ratio of G-actin and stabilized
the filamentous structures (Koukouritaki et al., 1996). Further evidence
suggests that the effects on reorganization of actin cytoskeleton were
related to non-transcriptional regulation of actin network (Koukouritaki
et al., 1997). GRs are localized in dendritic spines and are important for
regulating the actin network through G protein coupled pathways.
Administration of DEX, an agonist of GRs, induces a rapid increase of
the cofilin phosphorylation and activates extracellular signal-regulated
kinase (ERK) ½, and thereby stabilizes actin cytoskeleton in dendritic
spines. This effect can be blocked by RU-486, an antagonist of GRs
(Jafari et al., 2012). Based on the data above, we speculate that DEX
might activate GRs on dendritic spines, to promote the actin poly-
merization and to stabilize filamentous structures in our studies.

The effect of DEX on cell survival in different hippocampal regions
in epilepsy was also examined in our current studies. We showed that
DEX treatment attenuated the loss of pyramidal cells in subfields CA1
and CA3. The relationship between F-actin damage and loss of neuron
in pilocarpine model had been reported in our previous studies (Xiong
et al., 2015, 2018; Zhang et al., 2014b). The two events co-occur at
similar time-points and brain regions. F-actin depolymerization occurs

Fig. 4. DEX treatment reduces the decrease of PSD95 in hippocampus. Compared with the control group (A for CA3; B for CA1; C for hilus of DG), PSD95 fluorescence
intensity is dramatically decreased in the PILO group (D for CA3; E for CA1; F for hilus of DG). With treatment of DEX, the reduction of PSD95 fluorescence intensity
is effectively prevented in hippocampal subfields (G for CA3; H for CA1; I hilus of DG). Statistical analysis of fluorescence intensity of PSD95 shows that DEX
treatment attenuates the SE-induced decrease of PSD95 in hippocampal subfields of the CA3 (J), CA1 (K) and hilus of DG (L). (n=7 per group；*, P < 0.05; **,
P < 0.001). Scale bars: 50 μm.
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during cell death in various cell models (Guenal et al., 1997;
Korichneva and Hammerling, 1999; Kruidering et al., 1998; Song et al.,
2013). Thus the preservation of neurons after DEX treatment may
contribute to the less damage of F-actin in the present study. However,
there is also evidence suggesting that the actin cytoskeleton plays a key
role in the communication network to decide the death or survival of
cells (Korichneva and Hammerling, 1999). Stabilization of actin cy-
toskeleton improves the survival potential to apoptosis, while destabi-
lization of actin cytoskeleton abets cells to death (Korichneva and
Hammerling, 1999). Correspondingly, F-actin depolymerization was
accompanied by the loss of hippocampal neurons in the pilocarpine
induced epileptic mice (Xiong et al., 2015; Zhang et al., 2014b). Thus,
we also propose a model that DEX treatment preserve F-actin structure
and thereby protect neurons from cell death during epilepsy.

Considering that the actin cytoskeleton is located in both pre- and
post- synapse, we further examined pre-/post- synaptic markers to ex-
amine the effects of glucocorticoids on synaptic remodeling in epileptic
models. Consistent with the changes of F-actin, the damage of PSD95,
the post-synaptic marker, was significantly alleviated in area CA1, CA3,
and hilus in DEX treatment group. The presynaptic marker, ZNT3, also

showed a corresponding change in area CA3 and hilus. Modulation of
synapses under glucocorticoid administration has been reported pre-
viously. Application of glucocorticoid rapidly increases the density of
thorny excrescences of pyramidal neurons in CA3 subfield through
activating synaptic GRs and the following kinase pathways
(Komatsuzaki et al., 2012). Consistent with these findings, our studies
showed relatively more preserved pre- and post- synaptic structures
after DEX treatment in pilocarpine induced epileptic mice. The fact that
more F-actin structures remained in the hippocampus after DEX treat-
ment contributes this results to the critical role of F-actin stabilization
in synaptic remodeling (Chazeau and Giannone, 2016; Dillon and Goda,
2005). However, the mossy fiber terminals, labeled with ZNT3, showed
significant proliferation in the molecular layer in both the pilocarpine
and the DEX treatment groups. The newly generated presynaptic
terminals have formed complex connections with F-actin on the day28,
indicating a long term synaptic remodeling in this brain area. Mossy
fiber sprouting and aberrant recurrent circuits made the function of DG
as a high resistance gate compromised, allowing the invasion of epi-
leptiform activity from the entorhinal cortex to the hippocampus
(Koyama, 2016).

Fig. 5. Effect of DEX treatment on ZNT3 in hippocampal subfields.
Representative images A1–C1, D1–F1 (red) show ZNT3 granules in the subfields of CA3 SL, hilus and molecular layer (ML) of DG in different groups. Images A2–C2,
D2–F2 (green) show F-actin puncta in the same regions. Images A3 - F3 are merged from A1–F1 and A2–F2 respectively. G is partially magnified from F3 arrow area.
In the controls (A1 and D1), the positive granules of ZNT3 are distributed from the hilus of DG to the SL of area CA3. No positive granules are observed in the ML of
DG. As compared to the controls, the fluorescence intensity of ZNT3 is dramatically reduced (B1and E1) in the areas where F-actin intensity is decreased (B1-B3, E1-
E3) and some positive particles appear in the ML in the PILO group (E1, white arrows). DEX treatment reverts the decrease of ZNT3 to a great extent in hippocampal
subfields (C1 and F1) in PILO mice. However, ZNT3 positive particles in the ML of are still observed in the DEX-treated PILO mice (F1, white arrows). Statistical
analysis of fluorescence intensity of ZNT3 shows that DEX treatment nearly reverses the decrease of ZNT3 in subfield CA3 (H), and recovers it in subfield hilus of DG
(H). The enlarged imagine (G) show puncta of F-actin and ZNT3 are located in close proximity (yellow) indicating their co-localization. (n=7 per group；*,
P < 0.05; **, P < 0.001); (SL, stratum lucidum; ML, molecular layer ; H, hilus of DG). Scale bars：A1–F3, 50 μm; G, 5 μm.
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5. Conclusions

Taken together, we examined the remodeling of actin dynamics in
the epileptic brain after glucocorticoid treatment. It showed that ad-
ministration of 10mg/Kg DEX 3 days following SE ameliorates the
damage of hippocampal filamentous actin cytoskeleton, alleviates the
loss of hippocampal neurons and contributes to the maintenance of
synaptic structures, but is not sufficient to cease epileptogenesis.
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