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Objectives. Inhibition of calcium-/calmodulin- (CaM-) dependent kinase II (CaMKII) is correlated with epilepsy. However, the
specific mechanism that underlies learning and memory impairment and neuronal death by CaMKII inhibition remains
unclear. Materials and Methods. In this study, KN93, a CaMKII inhibitor, was used to investigate the role of CaMKII during
epileptogenesis. We first identified differentially expressed genes (DEGs) in primary cultured hippocampal neurons with or
without KN93 treatment using RNA-sequencing. Then, the impairment of learning and memory by KN93-induced CaMKII
inhibition was assessed using the Morris water maze test. In addition, Western blotting, immunohistochemistry, and TUNEL
staining were performed to determine neuronal death, apoptosis, and the relative signaling pathway. Results. KN93-induced
CaMKII inhibition decreased cAMP response element-binding (CREB) protein activity and impaired learning and memory in
Wistar and tremor (TRM) rats, an animal model of genetic epilepsy. CaMKII inhibition also induced neuronal death and
reactive astrocyte activation in both the Wistar and TRM hippocampi, deregulating mitogen-activated protein kinases.
Meanwhile, neuronal death and neuron apoptosis were observed in PC12 and primary cultured hippocampal neurons after
exposure to KN93, which was reversed by SP600125, an inhibitor of c-Jun N-terminal kinase (JNK). Conclusions. CaMKII
inhibition caused learning and memory impairment and apoptosis, which might be related to dysregulated JNK signaling.

1. Introduction

Epilepsy is a type of chronic neurological disorder character-
ized by the unnatural, rapid discharge of neurons [1, 2]. The
tremor rat (TRM) (tm/tm) has been cultivated in a Kyoto-
Wistar colony [3] and is an advantageous model of animal
for genetic epilepsy because of the similarity in pathogenesis
to the human epileptic circumstance. Our previous studies

found that abnormal variations in the CaMKII pathway are
involved in epileptogenesis in TRM rats [4–11]. CaMKII is
a vital regulator of multiple signaling pathways initiated by
calcium signaling. First, CaMKII couples with calcium-
bound calmodulin and phosphorylates target substrates in
neurons, such as voltage-gated sodium channels, mitogen-
activated protein kinases (MAPKs), and the cAMP response
element-binding protein (CREB) [12–14]. Additionally,
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CaMKII is widely distributed in the hippocampus and cortex
[15]. Decreased CaMKII levels have been reported in various
epileptic models [16–19]. However, the function of CaMKII
in epileptogenesis remains unknown.

A series of studies have shown that MAPKs, comprising
extracellular signal-regulated kinase1/2 (ERK1/2), p38
MAPK, and c-Jun N-terminal kinase (JNK), are involved
in numerous cellular pathways triggered by extracellular
apoptotic stimuli, which also play critical roles in cell death
and survival [20, 21]. Bioinformatics studies could reveal
how the MAPK pathway influences the molecular mecha-
nisms underlying memory loss in temporal lobe epilepsy
(TLE) [22].

CREB is a transcription factor, which plays vital physio-
logical and biochemical roles by combining with the con-
served sequence of cAMP response elements, mainly
involved in the remodeling, learning, and memory of neu-
rons [23]. Additionally, CREB exhibits neuroprotective roles
when its expression is upregulated, which increases expres-
sion of prosurvival genes [24]. However, changes in MAPK
signaling and CREB in epilepsy and their relationship with
CaMKII have not been elucidated.

To illustrate the effect of CaMKII in the context of epi-
lepsy, we used KN93, a specific CaMKII inhibitor, in epilep-
tic models in vitro and in vivo. In the present research, for
the first time, our data demonstrate that inhibiting CaMKII
contributes to learning and memory impairment and apo-
ptosis associated with dysregulated JNK signaling.

2. Materials and Methods

2.1. Animals and Drug Administration. Male and female
wild-type Wistar and TRM rats (12 weeks old, 50% male
and 50% female) were individually housed in a standard
environment. All rats were allowed access to water and food
ad libitum and housed under controlled circumstances of
appropriate temperature with a 12-hour light/dark cycle.
The rats were separated into three groups, including, con-
trol, low-dosage, and high-dosage groups. Rats in the control
group were given an intraventricular bolus of phosphate-
buffered saline (PBS) containing DMSO and sulfobuty-
lether-β-cyclodextrin (SBE-β-CD). Rats in the low-dosage
group were administered 9μg/kg body weight of KN93
(Tocris, Dallas, TX, USA), and those in the high-dosage
group were administered 18μg/kg body weight of KN93.
All lateral ventricular injections were performed at a volume
of 5.5μL. In this study, we administered KN93 at a modified
concentration compared with the previous dosage chosen
for Sprague-Dawley rats on the seventh day (P7) postpartum
[25]. We used both low and high doses of KN93 to in vivo
experiments. The Institutional Animal Care and Use Com-
mittee of the China Medical University confirmed the
scheme and procedures of the experiment. Animals were
processed with KN93 for 24 hours. In the in vitro experi-
ments, the incubation of cells was executed with 5μM
KN93 in DMSO for 24 hours. The control group was
exposed to DMSO in hippocampal primary cultured neu-
rons and PC12 cells.

2.2. Western Blotting. A bicinchoninic acid (BCA) protein
assessment kit (Beyotime, Shanghai, China) was employed
to quantify extracted protein in the samples. Protein samples
were separated using SDS-PAGE. Subsequently, the proteins
were transferred onto a PVDF membrane. The membranes
were incubated during the night hours at 4°C comprising
the following primary antibodies: mouse anti-caspase-3
(1 : 500; Santa Cruz, Dallas, TX, USA), rabbit anti-Bcl-2
(1 : 500; Santa Cruz, Dallas, TX, USA), rabbit anti-
cytochrome c (1 : 500; Santa Cruz, Dallas, TX, USA), rabbit
anti-NeuN (1 : 5000; Abcam, Cambridge, UK), rabbit anti-
GFAP (1 : 500; Santa Cruz, Dallas, TX, USA), rabbit anti-
CaMKII (1 : 500; Santa Cruz, Dallas, TX, USA), rabbit anti-
phospho-CaMKII (Thr-286; 1 : 500; Santa Cruz, Dallas, TX,
USA), rabbit anti-ERK1/2 (1 : 500; Santa Cruz, Dallas, TX,
USA), goat anti-phospho-ERK1/2 (Thr202/Tyr204; 1 : 500;
Santa Cruz, Dallas, TX, USA), mouse anti-JNK (1 : 500;
Santa Cruz, Dallas, TX, USA), mouse anti-phospho-JNK
(Thr183/Tyr185; 1 : 500; Santa Cruz, Dallas, TX, USA), rab-
bit anti-p38 (1 : 500; Santa Cruz, Dallas, TX, USA), rabbit
anti-phospho-p38 (Thr180/Tyr182; 1 : 500; Santa Cruz, Dal-
las, TX, USA), rabbit anti-CREB (1 : 500; Santa Cruz, Dal-
las, TX, USA), goat anti-phospho-CREB (Ser133; 1 : 500;
Santa Cruz, Dallas, TX, USA), and anti-β-actin (1 : 1000;
Santa Cruz, Dallas, TX, USA). Membranes were then
washed multiple times in TBS and incubated by utilizing
horseradish peroxidase-conjugated goat anti-mouse IgG
(1 : 5000; Santa Cruz, Dallas, Sas) for 1 hour at ambient
temperature or horseradish peroxidase-conjugated goat
anti-rabbit IgG (1 : 5000; Santa Cruz, Dallas, Sas) for 2
hours, and as a control loading, β-actin was employed.
An enhanced chemiluminescence (ECL) kit was employed
to observe the immune response bands. Similarly, CaMKII
was implemented as a loading control for p-CaMKII
assessment.

2.3. Morris Water Maze Test. Animals were subjected to the
Morris water maze, comprising navigation assessments and
a probe analysis, for seven consecutive days, as previously
described [26]. Briefly, rats were permitted to swim freely
for 1 minute without a platform as the experimental baseline
(day 0). During training days, a platform was located under
the water in the tank for navigation assessments and each rat
was tested four times a day with an interval of 60 seconds for
spatial acquisition. If the rats could not detect the platform
during 60 seconds, they were picked up and located on the
platform for the next 60 seconds. The period and path length
required for each rat to find the hidden platform were
observed in each experiment. On the sixth day, we used
exploratory tests to evaluate memory consolidation. In the
current experiment, the platform was eliminated from the
tank and the rats were permitted to swim freely for 60 sec-
onds. We chose a position that was 180° from the original
position of the platform as the new starting position to
ensure that the memory capacity for the target position
could be reflected in the spatial preference, rather than a spe-
cific path of swimming. The frequency of each rat passing
through the center of the quadrant and the percentage of
time each that rat stayed in the quadrant were observed
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within 60 seconds. A system of video tracking (Chengdu
Taimeng Tech. Co. Ltd., Chengdu, China) was used to
record all data.

2.4. Cresyl Violet Staining. To assess the morphological mod-
ifications in the brain, brain sections were prepared ran-
domly and Nissl bodies were stained with Cresyl violet
(CV). The dissolution of Cresyl violet (0.5 g of crystalline
acetate powder) was performed in distilled water (500mL)
containing 1.25mL of glacial acetic acid with a magnetic
stirrer at 60°C. Deparaffinized and rehydrated sections were
stained by utilizing 0.1% CV staining solution (50–60
minutes) and fixed in neutral gum solution. CV-stained cor-
onal sections were determined using an optical microscope.
The morphological characteristics of pyramidal neurons in
the hippocampus (CA1 and CA3) and granular cells in the
DG area were analyzed. In addition, cell density was evalu-
ated using the ImageJ software.

2.5. Immunofluorescence Staining. Frozen rat brain slices
were washed with PBS before being blocked with 5% BSA
blocking buffer (Solarbio, Beijing, China) at room temperature
(45 minutes). The slices were incubated (overnight at 4°C)
with glial fibrillary acidic protein (GFAP) rabbit polyclonal
antibody (1 : 200; Bioswamp, Wuhan, China). Slices were then
washed with PBS and incubated (1h at room temperature)
using DyLight 488, goat anti-rabbit IgG (1 : 200; Abbkine,
Wuhan, China). Nuclei were stained with DAPI (1 : 100;
Solarbio, Beijing, China). The images were captured using a
confocal microscope and were analyzed using ImageJ.

2.6. TUNEL Staining. TUNEL staining was conducted fol-
lowing the standard protocols described in the manual of
the One-step TUNEL apoptosis assay kit (Beyotime, Jiangsu,
China). The apoptotic cells were double immunofluorescent
stained for the TDT-mediated dUTP nick end labeling
(TUNEL) assay (green) and the nuclear counter stain DAPI
(blue).

2.7. PC12 Cell Line Culture. The frozen cell seeds were revived
at 37°C for 30min and poured into a Petri dish with culture
medium. The morphology of the cells was observed every 6
hours. When the culture dishes appeared confluent, the cell
fluid in the culture dishes was discarded. Then, the cells were
slowly transferred into preheated serum-free culture medium
and washed thrice. Trypsin was added to the media, and the
state of the cells was observed. After complete digestion,
medium was added to terminate the digestion and the cell
suspension was centrifuged. Then, the cell-free supernatant
was discarded and 100μL DMSO (cell cryopreservation solu-
tion) was added. Bovine and horse serum suspension
(900μL) was added, and cells were transferred to cryopreser-
vation tubes for gradient cryopreservation.

2.8. Primary Hippocampal Neuron Culture. Within two days
after birth, newborn Wistar rat pups were anesthetized and
decapitated; the brain was quickly removed, soaked in
Hank’s solution, and stored at 4°C. The hippocampus was
dissected rapidly under a microscope ice bath, and the hip-
pocampal tissue was cleaned three times with refrigerated

cell culture medium (5mL DME/F-12; HyClone, Logan,
UT, USA). The hippocampal tissue was digested with 2mL
pectinase and gently agitated twice. The cell suspension
was removed to repeat the process with pectinase until
complete digestion was achieved. After digestion, the cells
were evenly mixed with the culture medium from hippo-
campal neurons and counted for lamination. Half-volume
of medium was replaced every other day 24 hours after
adhesion of cells. After culturing cells for 7 days, the neuro-
nal state was observed for 9 days and the subsequent exper-
iments were carried out.

2.9. Cell Counting Kit 8 Cytotoxicity Test (CCK8 Cytotoxicity
Test). The cell subculture process was repeated, and the cell
suspension was transferred to a plate containing 96 wells
with 5000–7000 cells per well (note mixing). After adhering
to the cell wall, cells were processed with varying concentra-
tions of the drug (0, 0.1, 0.3, 1, 3, 10, 30, and 100) for 24
hours and the final reaction volume was 100μL. Then,
CCK-8 reagent was added at a 1 : 10 ratio and the cells were
incubated for 2 hours. The absorbance at 450nm was evalu-
ated by employing an enzyme-linked immunosorbent assay
(ELISA). If the absorbance was not up to the standard, the
absorbance was remeasured every 30 minutes. The rate of
survival for the cells was evaluated by applying the following
equation:

Cell survival rate %ð Þ = A addedð Þ − A blankð Þ½ �
A 0 addedð Þ − A blankð Þ½ � × 100%:

ð1Þ

2.10. RNA Sequencing and Data Analysis. RNA-sequencing
was performed by the Wuhan SeqHealth Technology Com-
pany. Cells treated with KN93 and the vehicle control
(DMSO) were harvested, and the extraction of RNA was
carried out by employing TRIzol (Invitrogen, Carlsbad,
CA, USA). An RNA library was prepared first, after which
a HiSeq X 10 sequencer (Illumina) was used to enrich and
sequence products that ranged in size from 200 to 500 bp.
Common upregulated or downregulated differentially
expressed genes (DEGs) in the selected datasets were
extracted with the cutoff criteria of ∣logFC ∣ >0:585 and p <
0:05. Biological information was obtained based on biologi-
cal functional annotation information. The DEGs were
merged into a gene list that was submitted to DAVID, a bio-
logical information database, for functional annotation. We
further conducted gene ontology (GO) enrichment analysis.

2.11. Flow Cytometry. In an ice bath, cells were digested with
trypsin and then pelleted by centrifugation. The binding
buffer (4mL) was mixed with 36mL of deionized water,
and the binding buffer reagent was diluted 10 times. The
cells were washed with 900μL PBS. The suspension was cen-
trifuged for 5 minutes at 1000 rpm. Following the elimina-
tion of the supernatant, the cells were gently agitated with
1000μL binding buffer and centrifuged for 5 minutes. The
above procedure was repeated twice. After centrifugation,
the supernatant was removed and the cell suspension treated
with 1000μL binding buffer was retained in each tube. In
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Figure 1: Continued.
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addition to PI single staining and a blank control group, 5μL
of FITC (green) was added per tube for 10 minutes. Thereaf-
ter, PI (5μL) was added per tube for 1 hour. Then, 300μL PBS
was added to each tube and flow cytometry was performed.
Staining and data statistics: late apoptosis of PI and early apo-
ptosis of FITC. Q4: early; Q2: late; Q1: necrotic. The cell injury
was generally dominated by Q2 +Q4.

2.12. Statistical Analysis. SPSS (version 11.5; SPSS Inc., Chi-
cago, IL, USA) was employed for statistical assessments, and

all analysts were blinded to the treatment of each group. All
achievements are represented as the mean ± SEM. Student’s
t-test or ANOVA followed by Tukey’s test were performed.
p < 0:05 was set to illustrate the statistical significance.

3. Results

3.1. Identification of DEGs in Primary Cultured Hippocampal
Neurons Regulated by CaMKII Inhibition. We identified
DEGs by RNA sequencing in primary cultured hippocampal
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Figure 1: Global identification of target genes in primary cultured hippocampal neurons regulated by CaMKII inhibition. (a) Histogram
indicating upregulated and downregulated genes. We observed 404 upregulated genes and 511 downregulated genes in KN93-treated
neurons compared with untreated neurons. (b) Difference in gene expression levels in KN93-treated cultured neurons and untreated
control groups according to the criteria ∣logFC ∣ >0:585 and p < 0:05. The black dots between the two blue lines represent the
downregulated genes after CaMKII inhibition, and the red dots on both sides of the blue line represent the upregulated genes. (c)
Volcano plot of gene profiles in KN93-treated neurons compared with untreated neurons. Green and red plots represent genes that are
abnormally expressed with p < 0:05 and ∣log ðFCÞ ∣ >0:585. Red and green plots indicate upregulated and downregulated genes. (d, e) GO
analysis indicating differentially expressed genes between KN93-treated neurons and untreated control groups. The genes with higher
expression in KN93-treated neurons compared with untreated control groups are shown in (d), while the lower expression genes are
shown in (e). The arrows show the genes related to cognition, learning or memory, and long-term memory.
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neurons of two groups (vehicle for 24 hours, 5μM KN93 for
24 hours). Figure 1(a) illustrates 404 upregulated genes and
511 downregulated genes in KN93-treated neurons com-
pared with the untreated controls. Differences in gene
expression levels between the KN93-treated and untreated
control groups, based on the criteria ∣logFC ∣ >0:585 and p
< 0:05, are shown in Figure 1(b), and the volcano map is
shown in Figure 1(c). The 915 DEGs were subjected to
GO enrichment analysis (Figures 1(d) and 1(e)). These
downregulated DEGs were related to cognition (GO:
0050890, 22 genes), learning or memory (GO: 0007611, 18
genes), and long-term memory (GO: 0007616, 6 genes), sug-
gesting that CaMKII inhibition can cause learning and
memory impairment.

3.2. CaMKII Inhibition Induces Learning and Memory
Impairment in Both Wistar and TRM Rats. Based on the
results of the RNA sequencing analysis, we next checked
whether CaMKII inhibition caused learning and memory
impairment. According to a previous study, we injected
KN93 into the right ventricle of adult TRM rats (n = 6) at
a dose of 30μg per kilogram of body weight [25]. However,
all TRM rats died following the administration of 30μg/kg
body weight KN93 (n = 6). Considering the toxicity, the dose
of KN93 was decreased to 18μg/kg body weight (n = 6). As
anticipated, the dose of KN93 at 18μg/kg body weight did
not cause death in rats. Thus, we assumed that 18μg/kg
body weight of KN93 may approach the maximum tolerable
dose for TRM rats. KN93 was used at two different doses (18

and 9μg/kg body weight for high and low doses, respec-
tively) in follow-up experiments.

We then investigated whether KN93 treatment affected
learning and memory in Wistar and TRM rats by perform-
ing the Morris water maze test (Figure 2). From day to
day, the escape latency was higher in the group of TRM
compared with the group of Wistar rats, with similar results
for path length, which was longer than that in the group of
control (p < 0:01, n = 6, Figures 2(a)–2(c)). The frequency
of passing across the goal in the KN93-treated Wistar rats
(high dose) was lower than that observed in the Wistar rat
control group (p < 0:01, n = 6, Figure 2(d)). The frequency
of passing across the goal in the KN93-treated TRM rats
decreased in comparison with that in the group of control
(p < 0:01, n = 6, Figure 2(d)). Similar results were observed
for time in the target quadrant (Figure 2(e)).

Previous investigations have shown that histone
demethylase PHF2 is able to improve the CREB signaling
pathway via regulation of genes related to memory [27].
We next determined the expression level of CREB in Wistar
and TRM rats after treatment with of KN93 using Western
blotting. The expression of p-CREB in KN93-treated TRM
rats was decreased compared with control rats (p < 0:05, n
= 6, Figures 2(f) and 2(g)). Additionally, the expression of
p-CREB in Wistar rats after the application of KN93 (high
and low dose) was significantly reduced compared with that
in control Wistar rats (p < 0:01 and p < 0:05, n = 6,
Figures 2(f) and 2(g)). Moreover, the p-CREB levels in
TRM rats after the administration of KN93 (high dose)
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Figure 2: CaMKII inhibition enhances learning and memory impairment in the hippocampal neurons of Wistar and TRM rats. (a) The
route trajectory in the hippocampus of Wistar rats, TRM rats, KN93- (high dose) treated Wistar rats, and KN93-treated (high dose)
TRM rats. (b) The escape latency in Wistar rats, TRM rats, KN93-treated (high dose) Wistar rats, and KN93-treated (high dose) TRM
rats as observed by employing the Morris water maze assessment. (c) The path length in Wistar rats, TRM rats, KN93-treated (high
dose) Wistar rats, and KN93-treated (high dose) TRM rats in the navigation test of the Morris water maze. (d, e) Data analysis of the
frequencies passing across the goal and the time in the target quadrant in Wistar rats, TRM rats, KN93-treated (high dose) Wistar rats,
and KN93-treated (high dose) TRM rats using the Morris water maze. (f, g) Representative protein bands and data analysis of p-CREB
proteins in the hippocampus of Wistar rats, TRM rats, KN93-treated (low dose) Wistar rats, KN93-treated (low dose) TRM rats, KN93-
treated (high dose) Wistar rats, and KN93-treated (high dose) TRM rats. ∗p < 0:05, compared with the control Wistar group; #p < 0:05,
compared with the control TRM group; ∗∗p < 0:01, compared with the control Wistar group; ##p < 0:01, compared with the control
TRM group.
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decreased in comparison to control TRM rats (p < 0:05, n
= 6, Figures 2(f) and 2(g)). Thus, CaMKII inhibition by
KN93 treatment induced learning and memory impairment
in both Wistar and TRM rats.

3.3. CaMKII Inhibition Induces Neuronal Death In Vivo and
In Vitro. It has been observed in VaD rats that by regulating
CaMKII-related signal pathways, apoptosis and inflamma-
tion can be inhibited [28]. Thus, we examined whether
CaMKII inhibition induced neuronal death in TRM rats.
We examined the effects of KN93 using CV staining and
astrocyte immunofluorescence staining. Dead cells were rec-
ognized morphologically by changes in the size and shape
and condensed nuclei. The nuclei of the pyramidal and gran-
ule cells with a well-described nuclear membrane and appar-
ently visible nucleoli were identified as live cells. As shown in
Figure 3(a), KN93 (high dose) induced death of neurons in
the DG, CA3, and CA1 regions of the hippocampal regions
of TRM and control Wistar rats. GFAP is a specific marker
of astrocytes. As shown in Figure 3(b), KN93 (high dose)
induced astrocytes activation in the CA3 regions of the rat
hippocampi of four groups. The GFAP immunofluorescence
staining of the rest of the regions was shown in supplemental
Figure S1. The expression of neuronal marker NeuN and
astrocyte marker GFAP was analyzed using Western
blotting, as demonstrated in Figure 3(c). The expression of
NeuN in both control Wistar and high-dose KN93-treated
TRM rats decreased significantly compared with that in

both control Wistar and TRM rats (p < 0:01, n = 6,
Figures 3(c) and 3(d)). However, the expression level of
GFAP in both control Wistar and high-dose KN93-treated
TRM rats increased significantly compared with those
detected in control Wistar and TRM rats (p < 0:05, n = 6,
Figures 3(c) and 3(d)). In conclusion, our results indicate
that CaMKII inhibition induced neuronal death and reactive
astrocyte activation in both Wistar and TRM rat hippocampi.

Furthermore, we determined the concentration-effect
curve of KN93 in cells using the CCK8 assay. As shown in
Figure 3(e), the cell survival rate decreased as KN93 concen-
tration increased and 25μmol was calculated as the half-
maximal inhibitory concentration (IC50) of KN93 in PC12
cells. The protein expression of NeuN in PC12 cells and
primary cultivated hippocampal neurons in the KN93-
processed group was lesser than that in the group of control
(p < 0:05 and p < 0:01, respectively, n = 6, Figures 3(f) and
3(g)). Altogether, CaMKII inhibition by KN93 treatment
caused neuronal death in vitro and in vivo.

3.4. CaMKII Inhibition Induces Apoptosis in the Hippocampi
of Wistar and TRM Rats. We next investigated whether
CaMKII inhibition can induce neuronal apoptosis in TRM
rats. Surprisingly, we found that the apoptotic cells were
showed in the CA1, CA3, and DG regions of both control
Wistar and TRM rats after administration of KN93 (high
dose) by TUNEL staining in Figure 4(a). However, the apo-
ptotic cells did not appear in the hippocampi of untreated
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Figure 3: CaMKII inhibition induces neuronal death in vivo and in vitro. (a) Cresyl violet stain images showing the hippocampi of Wistar
rats, TRM rats, KN93-treated (high dose) Wistar rats, and KN93-treated (high dose) TRM rats, including the CA1, CA3, and DG regions.
The arrows indicated survived neurons, and the arrowheads indicated dead neurons. Scale bars: 20μm. (b) Representative images showing
the immunofluorescence staining of GFAP in the CA3 regions of the hippocampi of Wistar rats, TRM rats, KN93-treated Wistar rats, and
KN93-treated TRM rats. Scale bars: 100 μm. (c, d) Representative protein bands and analysis of data for NeuN and GFAP protein expression
in the hippocampi of Wistar rats, TRM rats, KN93-treated (low dose) Wistar rats, KN93-treated (low dose) TRM rats, KN93-treated (high
dose) Wistar rats, and KN93-treated (high dose) TRM rats. ∗p < 0:05, compared with the control Wistar group; #p < 0:05, compared with
control TRM group; ∗∗p < 0:01, compared with control Wistar group; ##p < 0:01, compared with the control TRM group. (e) The
concentration-dependent cytotoxicity curve of KN93 on PC12 cells at concentrations of 0.3, 1, 3, 10, and 30μM. ∗∗p < 0:01, ∗∗∗p < 0:001,
and ∗∗∗∗p < 0:0001 compared with controls. (f, g) Expression and localization of NeuN-positive neurons and its data analysis in primary
hippocampal neurons of the control group and KN93-treated group. ∗p < 0:05, compared with the control group; ∗∗p < 0:01, compared
with the control group.
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Wistar and TRM rats. Next, we detected the expression of
proteins, related to apoptosis (Figure 4(b)). Caspase-3
expression was increased in the hippocampi of Wistar and
TRM rats after treatment with high doses of KN93 (all p <
0:01, n = 6, Figures 4(b) and 4(c)). Additionally, protein

expression of cytochrome c in the TRM hippocampus was
increased in comparison to that in control Wistar rats
(p < 0:01, n = 6, Figures 4(b) and 4(c)). Thus, CaMKII inhi-
bition by KN93 treatment induced apoptosis in the hippo-
campal neurons of Wistar and TRM rats.
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Figure 4: CaMKII inhibition promotes apoptosis in the hippocampi of Wistar and TRM rats. (a) Images indicating TUNEL staining in the
hippocampi (CA1, CA3, and DG regions) of Wistar rats, TRM rats, KN93-treated (high dose) Wistar rats, and KN93-treated (high dose)
TRM rats. The arrows indicated apoptotic neurons. Scale bars: 100 μm. (b, c) The representative protein bands and data analysis of
caspase-3, Bcl-2, and cytochrome c in the hippocampus of Wistar rats, TRM rats, KN93-treated (low dose) Wistar rats, KN93-treated
(low dose) TRM rats, KN93-treated (high dose) Wistar rats, and KN93-treated (high dose) TRM rats. ∗p < 0:05, compared with the
control Wistar group; #p < 0:05, compared with the control TRM group; ∗∗p < 0:01, compared with the control Wistar group; ##p < 0:01,
compared with the control TRM group.

12 Oxidative Medicine and Cellular Longevity



3.5. CaMKII Inhibition Dysregulates MAPK Signaling in
Wistar and TRM Rats. MAPKs are extremely important in
regulating cellular physiological activities, including apopto-
sis [29, 30]. Thus, we determined MAPK expression levels in
Wistar and TRM rats after administration of KN93. We
observed that p-ERK expression in TRM rats did not differ
compared with that in healthy rats. However, expression
levels of p-ERK in the hippocampal neurons of control Wis-
tar rats and TRM rats after treatment with KN93 were sub-
stantially decreased compared with those detected in control
Wistar and TRM rats (all p < 0:01, n = 6, Figures 5(a) and
5(b)). Additionally, compared with the control Wistar rats,
the expression of p-JNK in TRM rats increased (p < 0:01, n
= 6, Figures 5(c) and 5(d)). The expression of p-JNK in
the hippocampal neurons of control Wistar rats after treat-
ment with KN93 (high and low dose) was substantially
enhanced compared with that in control Wistar rats (all
p < 0:01, n = 6, Figures 5(c) and 5(d)). Moreover, p-JNK
expression was upregulated in TRM rat hippocampi after
treatment with KN93 (high dose) compared with that in
the untreated TRM group. However, the expression of
p-p38 was unaltered in both TRM andWistar rats after treat-
ment with KN93 (all p > 0:05, n = 6, Figures 5(e) and 5(f)). In
summary, CaMKII inhibition by KN93 treatment dysregu-
lated MAPK signaling in Wistar and TRM rats.

3.6. p-JNK Signaling Pathway Participates in Cell Death via
CaMKII Inhibition. Next, we tested whether an ATP-
competitive inhibitor of JNK, SP600125, affected KN93-
induced cell death in vitro. First, the CCK8 assay was used
to define the effect of the p-JNK inhibitor (SP600125) on
KN93-treated cell death, as shown in Figure 6(a). We found
that treatment of 25μM KN93-treated cells with 10μM and
20μM SP600125 enhanced cell survival, compared with the
SP600125-untreated group (all p < 0:05, n = 6, Figure 6(a)).
Western blotting results showed that NeuN and p-JNK
expression was decreased in the group receiving SP600125
and KN93 expression was decreased in PC12 cells and
primary cultured neurons compared with that in the
SP600125-untreated group (all p < 0:05, n = 6, Figures 6(b)
and 6(c)). Thus, the signaling pathway of p-JNK takes part
in cell death via CaMKII inhibition.

3.7. p-JNK Signaling Pathway Contributes to Apoptosis via
CaMKII Inhibition. We investigated whether p-JNK
signaling participates in apoptosis via CaMKII inhibition
in vitro. The expression of Q2 and Q4 was reduced in the
SP600125 and KN93 groups compared with SP600125-
untreated cells, indicating that SP600125 reversed KN93-
induced apoptosis (n = 6, p < 0:05, Figures 7(a) and 7(b)).
Next, several apoptosis-related proteins have been detected
and the representative bands are shown in Figure 7(c).
Expression of caspase-3, Bax, and cytochrome c was upreg-
ulated, but that of Bcl-2 decreased in both PC12 cells and
primary hippocampal neurons treated with KN93, com-
pared with the untreated group (all p < 0:05 or p < 0:01 or
p < 0:001, n = 6, Figures 7(c) and 7(d)). These data demon-
strated that KN93 activated the apoptosis pathway and
induced apoptosis 24 hours after administration. Moreover,

administration of SP600125 together with KN93 decreased
the expression of caspase-3, Bax, and cytochrome c and
increased Bcl-2 expression, in both PC12 cells and primary
hippocampal neurons, compared with the SP600125-
untreated groups (all p < 0:05, n = 6, Figures 7(c) and 7(d)).
Thus, administration of the p-JNK inhibitor SP600125
reversed the changes in these apoptosis-related proteins,
indicating that p-JNK signaling participates in apoptosis
through CaMKII inhibition.

4. Discussions

The aims of our study were at discovering the effect of CaM-
KII in epilepsy and at demonstrating its relationship with
neuronal death. We found that treatment with KN93 for
24 hours induced cell death in normal and TRM rats. The
concentration of KN93 used in this study was based on a
previous study that used the weight of Sprague-Dawley post-
natal day 7 (P7) to determine KN93 dosage [25]. CaMKII is
a significant component in the signaling of calcium, and its
role is often debated [31]. As a small molecule and an inhib-
itor of CaMKII, KN93 has been shown to be neuroprotective
against excitotoxic insults in vitro [32, 33]. Moreover, CaM-
KII performs a vital task in the survival and excitotoxicity of
neurons [34]. In our study, we found that neurotoxicity, but
not neuroprotection, was induced in vivo and in vitro by
KN93, suggesting that sustained CaMKII inhibition (24
hours) resulted in toxic effect both in vitro and in vivo.

CREB phosphorylation is the key to various extracellular
signal transduction processes that play roles in the activation
of downstream target genes and are involved in the occur-
rence and development of epilepsy [35]. Previous studies
have indicated an elevated expression of CREB in epileptic
animal models and patients with epilepsy. The expression
of CREB in hippocampal neurons increased remarkably,
compared with the control group, and the increase lasted
for at least eight weeks in an epileptic pilocarpine mouse
model [36]. Furthermore, p-CREB expression in the tempo-
ral lobe neocortex was enhanced in temporal lobe epileptic
patients, compared with that in the group of control [37].
Nevertheless, decreased expression of p-CREB was detected
in pentylenetetrazol-kindled rats compared with control
rats, indicating a controversial result for p-CREB levels in
different epileptic models [38]. In our study, the expression
of p-CREB in TRM rats was decreased compared with that
in control rats. Additionally, the expression of p-CREB in
Wistar and TRM rats after treatment with KN93 was signif-
icantly decreased compared with that in control untreated
animals, suggesting that p-CREB levels in CaMKII inhibi-
tion may be associated with epileptic models.

CREB is mainly involved in neuronal remodeling, learn-
ing, and memory in the mature brain [23]. Ca2+ influx,
CaMKII, and CREB in the hippocampus of chronic epilepsy
rat models may be linked to damaged spatial learning and
memory [38, 39]. We found that TRM rats exhibited
decreased CREB expression and higher escape latency and
path length than the control group, suggesting that epileptic
rats exhibited cognitive impairment. The path length in the
KN93 treatment group increased, and the frequency of
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Figure 5: CaMKII inhibition dysregulates MAPKs in Wistar and TRM rats. (a–f) Representative protein bands and analysis of data for p-
ERK, p-JNK, and p-p38 proteins in the hippocampi of Wistar rats, TRM rats, KN93-treated (low dose) Wistar rats, KN93-treated (low dose)
TRM rats, KN93-treated (high dose) Wistar rats, and KN93-treated (high dose) TRM rats. ∗p < 0:05, compared with the control Wistar
group; #p < 0:05, compared with the control TRM group; ∗∗p < 0:01, compared with the control Wistar group; ##p < 0:01, compared
with the control TRM group.
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passing across the goal and the time in the target quadrant
was lower than that in the control Wistar rat group. Thus,
our main finding is that CaMKII inhibition induced cogni-
tive impairment in both Wistar and TRM rats.

Furthermore, neuronal apoptosis was observed after the
administration of KN93 in in vivo and in vitro experiments,
although a previous study has indicated that apoptotic cell
death was not found in SER rats [40]. Caspases have been
considered the most important factors involved in pro-
grammed cell death in different experimental models of
brain impairment, just like epileptic models. These enzymes
usually exist in the cytoplasm in latent form and are acti-
vated during the later stage of apoptosis. Cytochrome c,
when released into the cytoplasm, binds to apoptosis-
related factor 1 (Apaf-1) in the presence of dATP to activate

the caspase family and induce apoptosis. Caspase-3 is a key
mediator of apoptosis in epilepsy [41, 42]. In this study,
KN93 treatment led to enhanced levels of activated
caspase-3. However, the expression of Bcl-2, an antiapopto-
tic protein found on the mitochondrial membrane, and cyto-
chrome c was upregulated after the administration of KN93
in vitro, indicating that sustained CaMKII inhibition (24
hours) led to neuronal apoptosis.

The MAPK pathway is abundant in the central nervous
system (CNS). Extracellular stimuli, such as neurotransmit-
ters, nerve trophic factors, and growth factors, may affect
synaptic transmission and cell survival via the MAPK path-
way [43–45]. The MAPK family contains ERK1/2, JNK, and
p38 MAPK proteins [46]. MAPKs are major factors regulat-
ing synaptic excitability, which participate in the regulation
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Figure 6: The p-JNK signaling pathway contributes to KN93-induced neuronal death. (a) The concentration-dependent curve of KN93-
induced cytotoxicity shows treatment with the 0, 10, 20, 30, and 40μM p-JNK inhibitor (SP600125) for 24 h after KN93 administration.
(b, c) Representative protein bands and analysis of data for p-JNK and NeuN in control groups, KN93 groups, and KN93 + sp600125
groups of PC12 cells and primary hippocampal neurons. ∗p < 0:05, compared with the control group; #p < 0:05, compared with the
KN93 group.
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of cognitive impairment and epilepsy in animal models and
human diseases [47, 48]. A recent study found that the activ-
ity of MAPK was substantially greater in pentylenetetrazole-
kindled rats in comparison with the group of control [49].
The expression of p-ERK also increased during the spontane-
ous seizure period after pilocarpine-induced status epilepti-
cus [50]. Blocking ERK1/2 signaling prevented epileptiform
behavior in rats [51, 52]. Additionally, several studies have
shown that JNK is abnormally activated in epileptic models
and is related to cell death [53, 54]. The p38 inhibitor
SB203580 decreased pathological damage to the hippocam-
pus and reduced the epileptic frequency [55]. In our study,
abnormal expression of MAPKs was observed in TRM rats,
but only expression levels of p-JNK in control Wistar and
TRM rats were significantly increased after treatment with
KN93 compared with those in untreated animals. Moreover,
the changes in apoptosis-related proteins in KN93-induced
cell death were reversed by administration of the p-JNK
inhibitor SP600125, indicating that p-JNK may be a potential
therapeutic target for epileptic neuronal death.

5. Conclusions

Our study indicates that KN93-induced CaMKII inhibition
results in learning and memory impairment, neuronal
death, and apoptosis associated with dysregulated p-JNK.
Based on the above experimental data, we found that cell
death in epilepsy is partly due to the inhibition of CaM-
KII. The cell death by CaMKII inhibition is related to
the duration and concentration of KN93 treatment. How-
ever, elucidating the precise underlying mechanism will
require further study. These experimental data lay a foun-
dation for understanding the pathogenesis of epilepsy and
clarify the toxicological effects and mechanism of CaMKII
inhibition by KN93.
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Supplementary Materials

Figure S1: CaMKII inhibition induced astrocyte activation in
the hippocampus of Wistar and TRM rats. A. Representative
images showing the immunofluorescence staining of GFAP
in the CA1 and DG regions of the hippocampus of Wistar
rats, TRM rats, KN93-treated Wistar rats, and KN93-
treated TRM rats. Scale bars: 100μm. B. The analysis of data
showing the relative intensity of GFAP protein expression in
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Figure 7: The p-JNK signaling pathway contributes to KN93-induced apoptosis. (a, b) Apoptosis was observed in the control group, KN93
group, and KN93 + sp600125 group of PC12 cells using flow cytometry. ∗p < 0:05, compared with the control group. (c, d) Representative
protein bands and analysis of data for caspase-3, Bcl-2, Bax, and cytochrome c in control groups, KN93 groups, and KN93 + sp600125
groups of PC12 cells and primary hippocampal neurons. ∗p < 0:05, compared with the control group; ∗∗p < 0:01, compared with the
control group; ∗∗∗p < 0:001, compared with the control group; #p < 0:05, compared with the KN93 group.
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the hippocampus of Wistar rats, TRM rats, KN93-treated
Wistar rats, and KN93-treated TRM rats. ∗p < 0:05, com-
pared with the control Wistar group; #p < 0:05, compared
with control TRM group; ∗∗p < 0:01, compared with the
control Wistar group; ∗∗∗p < 0:001, compared with the con-
trol Wistar group. (Supplementary Materials)
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