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Status epilepticus (SE) is a severe clinical manifestation of epilepsy accompanying with

cognitive impairment and brain damage. Astrocyte activation occurs following seizures

and plays an important role in epilepsy-induced pathological injury, including cognitive

impairment. FK506, an immunosuppressant used in clinical settings to prevent allograft

rejection, has been shown to exhibit neuroprotective effects in central nervous system

diseases. The present study was designed to investigate the effect of FK506 on cognitive

impairment in a lithium-pilocarpine-induced SE rat model. It’s found that FK506 treatment

significantly increased the latency period to seizures and decreased the maximal intensity

of seizures. FK506 treatment also markedly increased the surviving cells and reduced

the neuron apoptosis after seizures. Meanwhile, FK506 treatment reduced the escape

latency and prolonged the swimming distance in the Morris water maze test. In addition,

FK506 treatment down-regulated the expression level of GFAP, a specific marker of

astrocytes. In conclusion, FK506 could prevent and recover cognitive impairment by

inhibiting reactive astrogliosis in pilocarpine-induced status epilepticus rats, suggesting

that FK506 may be a promising agent for the treatment of epilepsy.
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INTRODUCTION

Status epilepticus (SE) refers to a seizure that lasts for over 30min or repeated seizures, without
returning to the normal state (Motamedi andMeador, 2003). Epilepsy is a paroxysmal neurological
disorder, which is accompanied by a number of physiological and neurochemical changes, such as
cognitive impairment, astrocyte activation, and neuronal necrosis (Motamedi and Meador, 2003;
Rodriguez-Alvarez et al., 2015). It is reported that multiple interacting factors may affect cognitive
function of epileptic patients (Motamedi and Meador, 2003). Hippocampus, which plays a key
role in learning and memory, is the main region that neurological alterations occur (Rodriguez-
Alvarez et al., 2015). Previous research demonstrated that neuronal loss and marked gliosis were
associated with hippocampal sclerosis in patients with mesial temporal lobe epilepsy (MTLE)
(Byeon et al., 2015). Pyramidal neuronal loss and degeneration are common in various regions
of the hippocampus in a range of animal models of epilepsy (Elsharkawy et al., 2009; Pestana
et al., 2010). Changes in the hippocampus, including reactive gliosis, are reported to be the cause of
epilepsy-induced cognitive impairment (Swann, 2004; Jansson et al., 2009).
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Astrocytes are the most common type of glial cells in the
central nervous system. Besides providing trophic support for
neurons, astrocytes sense brain microenvironment and interact
with neurons, thus regulating neuronal function, plasticity, and
signaling (de Lanerolle et al., 2010). They are thought to be of
importance for the homeostasis of neurons (Ricci et al., 2009).
In epileptic seizures, astrocytes are related to the heightened
neuronal excitability and abnormal synchronization of discharge
in the neuronal network (Agarwal et al., 2011). Astrogliosis
is an abnormal increase in the number of astrocytes due
to the destruction of nearby neurons from disease including
neurodegenerative disease (Ricci et al., 2009; Peixoto-Santos
et al., 2015). Astrogliosis is pathological hallmarks of the epileptic
brain and thought to contribute to seizure generation in epilepsy
(Ricci et al., 2009; Peixoto-Santos et al., 2015).

The calcineurin inhibitor FK506 is an effective
immunosuppressant used in the clinic to prevent the allograft
rejection (Malvezzi and Rostaing, 2015; Zou et al., 2015). It
exerts its immunosuppressive action by binding to FK506
binding protein 12 (Wang et al., 2014; Vervliet et al., 2015).
Recent studies demonstrated that FK506 played a role in both
neuroprotection and neurotrophy (Kaminska et al., 2004; Nito
et al., 2011). Despite the neuronal protective effect of FK506
observed in experimental cerebral ischemia and seizure models,
the mechanism by which FK506 targets neurons remains
unclear. It was reported that FK506 may protect neurons by
preventing the sprouting of mossy fibers in the hippocampus in
kainate-induced seizures (Gant et al., 2015).

In our present study, a lithium pilocarpine-induced SE rat
model was used to examine the effect of FK506 on cognitive
impairment after SE and its role in the modulation of reactive
astrogliosis.

MATERIALS AND METHODS

Experimental Animals
Adult male Wistar rats weighing 250–280 g were purchased from
Experimental Animal Center of Shandong University, China.
The rats were housed under controlled temperature and
light conditions (12 h light; 12 h dark cycle, with lights
on at 08:00 a.m.), with free access to food and water. The
experimental procedures were approved by the ethics
committee of Shandong University and performed in
accordance with international standards for experiments
on animals.

Pretreatment of Animals
The rats were randomly divided into three groups (15
rats in each group, n = 45): the control group, the
pilocarpine-treated group, and the FK506-treated group.
The rats in the control group were injected with a single
administration of 0.9% saline, intraperitoneally. The rats in the
pilocarpine-treated group received a single administration
of 0.9% pilocarpine, intraperitoneally. The rats in the
FK506-treated group received an intraperitoneal injection
of 2 mg/kg FK506 (Fujisawa, Japan) 24 h prior to the
administration of pilocarpine, and another injection of

2mg/kg FK506 were given 1 h before the administration of
pilocarpine. The dose of pilocarpine in the FK506-treated
group was the same as that in the pilocarpine-treated
group.

Induction of Seizures
To prevent peripheral cholinergic effects on the central nervous
system, lithium chloride (3 mEq/kg, intraperitoneal), which
does not cross the blood–brain barrier, was administered
24 h prior to subcutaneous injection (s.c.) of 1 mg/kg
scopolamine methyl nitrate, followed by the treatment of
pilocarpine for 30min. All efforts were made to reduce the
number of animals used and minimize animal suffering. After
1 h, the rats developed convulsive seizures at stage 4 or
5 according to Racine as follows (Racine, 1972): stage 0,
no spasm indicated; stage 1, facial myoclonus represented;
stage 2, head nodding suggested; stage 3, forelimb clonus
represented; stage 4, rearing along with severe forelimb clonus
indicated; stage 5, rearing and falling together with severe
forelimb clonus. SE was terminated by diazepam (10 mg/kg,
intraperitoneal).

Morris Water Maze Test
After the induction of SE, the experimental animals put on black
belts and were trained in a Morris water maze every day for 7
days to assess their spatial learning and memory abilities. The
water maze consisted of a tank filling with opaque powdered
milk (0.5–1.5%, 22–25◦C). The tank with the diameter of 1.2m
and the height of 0.5m was separated into four parts (marked as
A–D) in the form of clockwise. A hidden rigid platform (12 cm
in diameter) was placed 1 cm below the surface of the water in
quadrant D. An automated video tracking system (Ethovision 2.0;
Noldus, Wageningen, Netherlands) was used for synchronous
tracking of the animals’ behavior. The Morris water maze tests
included place navigation tests, which examine the ability of
the rats to perform a specific location-based task, and spatial
probe tests, which examine their ability to retain spatial memory
(Pouzet et al., 2002). In the place navigation tests, the rats took
part in four trials every day for 5 consecutive days. The escape
latency (time from start point to reach the hidden platform)
was used to assess the learning and memory performance of
the rats. The platform is in quadrant D of the tank. The rats
were placed in a determined start point and the longest escape
latency was 120 s on each trial. The trial was terminated if the
rats found a platform or the escape latency is over 120 s. If the
rats failed to find the hidden platform within 120 s, they were
allowed on the platform for a short time. In the experiment,
we mainly selected the performance in the zone where the rat
was released at the starting position farthest from the hidden
platform was assessed. One day after place navigation tests, the
hidden platform was removed. The rats were placed randomly
in a determined start point to assess spatial memory. Each rat
swam for 120 s. Swimming distance and trace in quadrant D and
time spent in quadrant D were recorded to assess the cognitive
ability of rats. The swimming speed was also recorded to find out
whether the differences between escape latency and swimming
distance resulted from different swimming abilities.
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Hematoxylin-Eosin (HE) Staining
The rats were anesthetized with chloral hydrate (500 mg/kg, i.p.)
at 12 d post-seizure and perfused via the left cardiac ventricle
with 4% paraformaldehyde in phosphate buffered saline (PBS).
The brain was removed and placed in the same fixative at 4◦C for
at least 24 h. The cerebellum and olfactory bulbs were removed.
The first 6mm of the frontal cerebral hemispheres was removed,
and the next 8mm, which contained the hippocampus, was
collected and fixed in paraffin. The brains were placed in a
20% sucrose solution in phosphate buffer at room temperature
for 48 h and in a 30% sucrose solution for at least 48 h. The
brains were positioned on a freezing microtome stage, cut
to a nominal thickness of 10µm in the horizontal direction,
followed by preserving at −20◦C. HE staining was performed
later. Surviving cells were defined as those with nuclei that
were round shaped, with an intact cytoplasmic membrane and
no nuclear condensation or distortion. Live pyramidal cells
distributed in the area of hippocampal CA3 were observed using
high magnification (×400).

Terminal Deoxynucleotidyl Transferase
dUTP Nick-End Labeling (TUNEL) Assay
The One Step TUNEL Apoptosis Assay Kit (Beyotime Institute
of Biotechnology, China) was used to detect the neuronal
apoptosis. Continuous brain sections were dewaxed, hydrated,
and incubated with proteinase K solution (20µg/mL, without
DNase) for 25min at 37◦C. Then, the sections were washed in
PBS three times, 5min each time. Next, DNA fragments were
labeled by incubation with 50 µl TUNEL detection solution
for 1 h at 37◦C in a humidified chamber. The reaction was
terminated by 2 × SSC termination solvent provided in the kit.
After washed in PBS three times, the sections were mounted
with anti-fluorescence quenching agent and examined under the
fluorescence microscope.

Immunohistochemistry
The 10-µm thick coronal sections were incubated with 3%
H2O2 for 5min to inhibit endogenous peroxidase activity and
then rinsed in PBS for 5min, followed by incubation with
primary anti-glial fibrillary acidic protein (GFAP) antibody
(Abcam, USA) diluted by 1:200 (glial fibrillary acidic protein)
at 4◦C overnight. Following incubation with species-specific
biotinylated secondary antibody, the sections were incubated
with peroxidase-labeled streptavidin, and the color was
developed with diaminobenzene (Brusco et al., 1997). Finally,
the sections were counterstained with hematoxylin. Negative
controls were processed simultaneously by omitting the primary
antibodies.

Western Blot
The dissected hippocampus tissues were washed with cold PBS,
lysed in SDS lysis buffer and separated by SDS-PAGE. Then, the
proteins were transferred to polyvinylidene difluoride membrane
and immunoblotted with anti-GFAP primary antibody and
horseradish peroxidase-conjugated secondary antibodies (all
from Cell Signaling Technology, USA). Finally, detection was
performed using the enhanced chemiluminescence reagents

(Plus-ECL, PerkinElmer, MA, USA). β-actin was used as a
control. The ImageJ software was used for the quantification of
the bands.

Statistical Analysis
Statistical analyses were performed using SPSS version 19.0 (SPSS
Inc., Chicago). The data were presented as the mean ± standard
deviation (SD). Differences between two groups were determined
using the t-Test. Differences among more than two groups were
evaluated by one-way analysis of variance (ANOVA) followed
by a Newman–Keuls post-hoc test. Chi-square test was applied
to analyze the amount of subjects in stage 4 and 5 seizures.
Differences were considered statistically significant at a P < 0.05.

RESULTS

FK506 Ameliorated the Course of
Pilocarpine-Induced Epilepsy
Behavioral episodes induced by pilocarpine injections showed
typical increases in their intensity and duration, gradually
progressing toward SE. Compared with the pilocarpine-treated
group, the FK506-treated group exhibited a longer latency period
and a smaller percentage at stage V (Table 1). Control animals did
not exhibit any behavioral seizure activity.

FK506 Ameliorated the Neuronal Loss in
the Hippocampus after SE
HE staining was used to detect neuronal changes in the
hippocampus. The results showed that dead neurons with
pyknotic nuclei were mainly located at hippocampal CA3 zone.
Different from dead neurons, the live cells have round and palely
stained nuclei. Compared to the control group, the pilocarpine-
treated group had fewer surviving cells. However, when FK506
was given before pilocarpine injection, more neurons survived
after SE (Figure 1A). The results from TUNEL staining also
showed that the number of apoptotic neurons in pilocarpine-
treated group was higher than that in control group. FK506
treatment could decrease the number of apoptotic neurons after
seizures (Figure 1B).

FK506 Improved the Learning and Memory
Ability after SE
As shown by the results obtained in the Morris water maze
test, the FK506 treatment improved the learning and memory
ability of the rats. In the place navigation tests, the escape
latency was significantly prolonged in the pilocarpine-treated
group compared to the control group. In contrast, the prolonged
latency was significantly reduced in the FK506-treated group
(Figure 2A). As shown in Figure 2B, in the spatial probe
tests, there were no significant differences in the swimming
speeds of the rats between the indicated groups. Compared
with the control group, the swimming distance in target zone
was significantly decreased in the pilocarpine-treated group,
while the swimming distance of the FK506-treated rats in the
target zone was longer than that of the pilocarpine-treated rats
(Figure 2C). Consistently, the rats in the FK506-treated group
spent more time in the target zone and made more crossings
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TABLE 1 | Behavioral episodes of lithium-pilocarpine-induced status epilepticus rats after FK506 treatment.

Groups Numbers The latency period to reaching stage

IV–V (x± s)

The percentage of animals reaching

stage IV (%)

The percentage of animals reaching

stage V (%)

Pilocarpine group 54 47.4 ± 9.1 42.6 57.4

FK506 group 54 67.5 ± 9.7* 74.1* 25.9*

The data are the mean ± SD. *p < 0.05 vs. pilocarpine group.

FIGURE 1 | FK506 ameliorated the neuronal loss in the hippocampus of the lithium-pilocarpine-induced status epilepticus (SE) rats. (A) Hematoxylin-eosin (HE)

staining of hippocampal CA3 pyramidal neurons 12 d after SE; Error bars represent mean ± SD. *p < 0.05 vs. control, #p < 0.05 vs. pilocarpine (pilo); one-way

ANOVA. (B) TUNEL staining of hippocampal CA3 pyramidal neurons 12 d after SE. All experiments were performed in triplicate (n = 3). Photographs were taken at

40× magnification.

to the position of the former platform than pilocarpine-treated
group (Figures 2D,E).

FK506 Attenuated the GFAP Expression
and Reactive Astrogliosis after SE
GFAP, a cytoskeletal protein present in astroglial somata and
projections, is used as a specific immunomarker of astrocytes.
The immunohistochemistry analysis revealed that GFAP was
expressed in cells 72 h after SE and that the number of GFAP-
labeled cells increased 7 d after SE. As shown in Figure 3A, the
GFAP expression was significantly increased in the pilocarpine-
treated group compared with the control group, while the GFAP
expression significantly decreased in the FK506-treated group
when compared with the pilocarpine-treated group. Consistent
with immunostaining data, the results from western blot showed
that FK506 remarkably inhibited the increase of GFAP protein
expression level after SE (Figure 3B). These results suggested
that FK506 could significantly attenuate SE-induced reactive
astrogliosis.

DISCUSSION

So far the pathogenesis and treatment of SE still need to be
studied more. In this study, the results showed that FK506
treatment could ameliorate the course of pilocarpine-induced
epilepsy, ameliorate the neuronal loss in the hippocampus and
improved learning and memory ability. Furthermore, the FK506
treatment attenuated the reactive astrogliosis in the hippocampus

after SE. These data suggest a protective role of FK506 in
cognitive impairment after SE and this protective effect may be
achieved by inhibiting the reactive astrogliosis.

Many factors contribute to epileptogenesis. Recently,
prof. Heinemann and his colleagues proposed a “cholinergic
hypothesis of temporal lobe epilepsy (TLE)” (Friedman et al.,
2007). They thought that cholinergic innervation played a key
role in the normal control of neuronal excitability and in higher
cognitive processes (Friedman et al., 2007). The changes in
the expression of key cholinergic proteins and the associated
cholinergic dysfunction are key factors in the basic mechanisms
underlying TLE (Friedman et al., 2007). Here, we used the
muscarinic agonist pilocarpine to develop a rat model of status
epileptic. Status epileptic is characterized by considerable cell
loss in some regions of the brain. Cognitive impairment in
epilepsy has been attributed to neuronal loss, glial growth, and
hippocampal circuit dysfunction at higher seizure frequencies
(Jung et al., 2006). This study showed that the pilocarpine-treated
rats had more apoptotic neurons than the normal control group
and the neuron loss was mainly located in the hippocampal CA3
zone. Meanwhile, the results obtained in the Morris water maze
test demonstrated that the learning and memory ability of the
pilocarpine-treated rats was reduced when compared with that
of the control rats. All these results suggested that SE induced
cognitive impairment.

Besides the cholinergic hypothesis, Recent findings from
several laboratories suggested an astrocytic basis for epilepsy
(Seifert et al., 2010). Astrogliosis is a pathological hallmark of an
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FIGURE 2 | FK506 improved the learning and memory ability of the lithium-pilocarpine-induced status epilepticus (SE) rats. (A) Escape latency in the place navigation

test; (B) Swimming speed in the spatial probe test; (C) Representative images of the path that the mice swam along to find the platform and swimming distance in the

target zone in the spatial probe test; (D) Swimming time spent in the target zone in the spatial probe test; (E) Crossings to the former platform position in the spatial

probe test. Error bars represent mean ± SD. *p < 0.01 vs. control, #p < 0.01 vs. pilocarpine (pilo); one-way ANOVA.

epileptic brain. It may contribute to seizure generation in epilepsy
(Binder and Steinhäuser, 2006; Haydon and Carmignoto, 2006)
and subsequent recurrent spontaneous seizures (Miller, 2005).
Researchers demonstrated that astrocytes could impair the
homeostatic control of network excitability and abnormal
discharge synchronization in epilepsy. Multiple underlying
mechanisms are proposed, such as impaired spatial K+ buffering
(Hinterkeuser et al., 2000), dysfunctional glutamate homeostasis
(Eid et al., 2008), dysfunctional gap junctions (Rouach et al.,
2008), and changes in calcium buffering and gliotransmitter
release (Pascual et al., 2005). Thus, under epileptic conditions,
astrocytes do not seem to be neuro-supportive (de Lanerolle
et al., 2010). Instead, seizures-induced activation of astrocytes
could release pro-inflammatory cytokines and free radicals,
both of which accelerate neuron loss (de Lanerolle et al.,
2010). In addition, the loss of neurons, growth of glial, and
hippocampal circuit dysfunction lead to the impairment of
cognition in epilepsy (Byeon et al., 2015; Gant et al., 2015).
So it suggests the possibility of a role of astrocyte activation
played in epileptogenesis and cognitive impairment in epilepsy.

In the present study, the expression level of GFAP, an indicator
of astrocytes, started to rise at 72 h after SE and increased
remarkably at 7 days after SE. Meanwhile, the GFAP expression
was significantly increased in the pilocarpine-treated group
compared with the control group. These findings suggest that
SE induced reactive astrogliosis, which was consistent with the
previous studies (Damaye et al., 2011; Hong et al., 2012; Li et al.,
2012; Sherafat et al., 2013). However, further studies are required
to explore the exact role of astrocyte activation in cognitive
impairment associated with SE.

As muscarinic receptor activation could increase intracellular
Ca2+ (Egorov andMüller, 1999), the calcineurin inhibitor FK506
may be useful in the treatment of pilocarpine-induced epilepsy.
Many studies suggested a role of FK506 in neuroprotection. In
a rat model of middle cerebral artery occlusion, an intravenous
injection of FK506 1min after vascular occlusion reduced cortical
lesions by 60–70% (Nito et al., 2011). In addition, FK506
exerted a neuroprotective effect in ischemia (Ricci et al., 2009;
Gant et al., 2015; Malvezzi and Rostaing, 2015; Peixoto-Santos
et al., 2015; Zou et al., 2015). FK506 protected hippocampal
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FIGURE 3 | FK506 reduced the Glial fibrillary acidic protein (GFAP) expression in the hippocampus of the lithium-pilocarpine-induced status epilepticus (SE) rats. (A)

Immunohistochemistry of GFAP using the GFAP monoclonal antibody (1:200). Photographs were taken at 40× magnification. (B) Western blot analysis of GFAP level.

The relative density of GFAP was normalized to β-actin. All experiments were performed in triplicate (n = 3). Error bars represent mean ± SD. *p < 0.01 vs. control,
#p < 0.01 vs. pilocarpine (pilo); one-way ANOVA.

neurons from forebrain ischemia in the Mongolian gerbil (Nito
et al., 2011). FK506 also prevented mossy fibers generation
in the hippocampus and stimulation-induced epileptogenesis
(Gant et al., 2015). In the present study, we observed that
FK506 increased the latency period to seizures and decreased
the maximal intensity of seizures. FK506 treatment could also
greatly decrease the number of apoptotic neurons after seizures.
In addition, FK506 reduced the escape latency and prolong the
swimming distance in the Morris water maze test. Thus, we
concluded that FK506 could improve impaired cognition after
pilocarpine-induced SE in rats. On the other hand, we found
that the FK506 treatment lessened the activation of astrocyte in
the rats’ hippocampus after SE. In addition, FK506 treatment
could markedly decrease the GFAP level, suggesting that FK506
attenuated reactive astrogliosis, which is in agreement with
previous reports (Zawadzka and Kaminska, 2005; Yoshiyama
et al., 2007). As FK506 is an immunosuppression, the risk of
FK506 should be assessed in the further research.

In summary, the present study suggested that treatment
with FK506 might improve cognitive impairment by preventing
astrocyte activation after SE, suggesting that FK506 may be
a promising agent for treatment of SE-induced cognitive
impairment.
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