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Abstract  
In this study, primary cultured cerebral cortical neurons of Sprague-Dawley neonatal rats were 
treated with 0.25, 0.5, and 1.0 μM calmodulin-dependent protein kinase II inhibitor KN-93 after    
50 μM N-methyl-D-aspartic acid-induced injury. Results showed that, compared with N-methyl-D- 
aspartic acid-induced injury neurons, the activity of cells markedly increased, apoptosis was 
significantly reduced, leakage of lactate dehydrogenase decreased, and intracellular Ca2+ 
concentrations in neurons reduced after KN-93 treatment. The expression of caspase-3, 
phosphorylated calmodulin-dependent protein kinase II and total calmodulin-dependent protein 
kinase II protein decreased after KN-93 treatment. And the effect was apparent at a dose of 1.0 μM 
KN-93. Experimental findings suggest that KN-93 can induce a dose-dependent neuroprotective 
effect, and that the underlying mechanism may be related to the down-regulation of caspase-3 and 
calmodulin- dependent protein kinase II expression. 
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Research Highlights 
KN-93, a calmodulin-dependent protein kinase II inhibitor, has a neuroprotective effect, and its 
underlying mechanism of action may be related to the down-regulation of caspase-3 and 
calmodulin-dependent protein kinase II expression. 
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CaMKII, calmodulin-dependent protein kinase II; NMDA, N-methyl-D-aspartic acid; MAP-2, microtubule- 
associated 2; NSE, neuron-specific enolase; LDH, lactate dehydrogenase; PI, propidium iodide 

 

 
INTRODUCTION 
    
Intracellular calcium ion ([Ca2+]i) balance is 
fundamental for normal electrophysiological 
activity of neurons in the central nervous 
system[1]. Recent studies have shown that 

an overload of intracellular calcium is a 
common cause of neuronal injury[2-5]. [Ca2+]i 
can relay signals that trigger apoptosis and 
has been shown to play an important role in 
the early period of apoptosis[6]. Activation by 
cleavage of the proteolytic enzymes 
caspases is a key step in the apoptotic 
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process[7-10], and the upstream signaling pathways 
leading to assembly of the protein death complexes 
activated by caspases, may or may not be dependent on 
mitochondria. Therefore, the upstream signaling 
pathways that disrupt mitochondrial membrane potential 
and caspase activation are a matter of great interest. The 
involvement of glutamate receptors in promoting 
apoptotic cell death has been widely reported in neural 
cells in culture[11], which is a useful tool to evaluate 
neurotoxicity in isolated cells. 
 
Calcium/calmodulin-dependent protein kinase II (CaMKII) 
is one of the main members in the Ca2+/CaM-regulated 
protein family, which includes two types, phospho- CaMKII 
(P-CaMKII) and non-P-CaMKII. CaMKII plays important 
biological roles in a number of pathophysiological 
processes[12-13]. Increasing evidence indicates that CaMKII 
inhibition reduces the injury- induced activation of 
caspase-3 and the traumatic brain injury-induced cell 
injury, as assessed by lesion volume, and attenuates 
behavioral outcomes evaluated by the motor test[14]. 
Therefore, studies investigating calcium overload and the 
relationship between P-CaMKII, CaMKII and caspase-3 
may help prevent and treat central nervous disorders[15-17]. 
The present study aimed to investigate the possible 
mechanism resulting in changes to Ca2+, caspase-3, 
P-CaMKII, and CaMKII and to monitor the effect of the 
CaMKII inhibitor KN-93 at different concentrations on 
N-methyl-D- aspartic acid (NMDA)-treated neurons. 
 
 
RESULTS  
 
Morphology of primary cultured cortical neurons 
Most cells adhered to the wall of the culture dish at     
4 hours after plating. Cells appeared round with high 
refraction and no nuclei were observed following phase 
contrast microscopy. Cells exhibited one or two 
processes 24 hours after plating. Apophysis became 
more obvious and formed a net 72 hours later. After the 
addition of cytarabine, the growth of gliocytes was 
inhibited and neurons grew well. At 7 days, cells grew 
larger, were more convex, and had a high refraction. Cell 
bodies had clearly visible nuclei and nucleoli. Neuronal 
apophyses became thicker and longer with branches and 
formed an extensive network (Figure 1). 
 
Identification of cultured cortical neurons by 
microtubule-associated protein 2 (MAP-2) and 
neuron-specific enolase (NSE) staining 
For identification of cultured cortical neurons, cells were 
grown on glass coverslips pre-coated with poly-L-lysine 

and maintained for 7 days in proliferation growth medium. 
MAP-2 and NSE staining were performed. Over 93% of 
cells were MAP-2- and NSE-positive (Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
KN-93 improved the viability of cultured cortical 
neurons treated with NMDA (Figure 3)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  Morphology of primary cerebral cortical neurons 
(phase contrast microscope, × 200) cultured for 5 (A) and 7 
days (B).  

Cell bodies of primary cerebral cortical neurons were 
plump, processes were long and thick, and cells formed 
complete neural networks. 

A 

Figure 2  Identification of primary cortical neurons by 
microtubule-associated protein 2 (immunofluorescence 
staining, × 400) and neuron-specific enolase staining 
(immunocytochemical staining, × 400). 

(A) Neurons exhibited abundant processes with multiple 
branches and several shorter, tapering dendrites. Nuclei 
stained green (microtubule-associated protein 2 
expression). 

(B) The cytoplasm and processes stained brown-yellow 
(neuron-specific enolase expression). 

Figure 3  Effects of calmodulin-dependent protein kinase II 
inhibitor KN-93 on cultured cortical neuron viability following 
treatment with 50 μM NMDA using the MTT assay. 

I–VI: Sham, NMDA, 0.5 μM KN-93, NMDA + 0.25 μM 
KN-93, NMDA + 0.5 μM KN-93, NMDA + 1.0 μM KN-93 
groups.  

Data are expressed as mean ± SD, n = 6 for each group. 
aP < 0.01, vs. sham group; bP < 0.05, cP < 0.01, vs. NMDA 
group using one-way analysis of variance.  

NMDA: N-methyl-D-aspartic acid. 
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Evaluation of the effect of KN-93 on cortical neuron 
viability was carried out using the MTT colorimetric assay. 
Figure 3 shows the effect of 24 hours treatment with 
different concentrations of KN-93 following NMDA injury. 
In cultured cortical neurons, analysis indicated significant 
differences among groups. Cell viability in the NMDA 
group was significantly reduced compared with the sham 
group (P < 0.01). However, KN-93 (0.25, 0.5, and 1.0 μM) 
reversed NMDA-induced cell damage in cortical neurons 
and revealed a dose-dependent protective effect (P < 
0.05, P < 0.01; Figure 3), especially in the high dose  
(1.0 μM KN-93) group.   
 
KN-93 reduced lactate dehydrogenase (LDH) leakage 
following NMDA injury 
Compared with the sham group, LDH leakage in the 
NMDA group was significantly increased (P < 0.01). LDH 
leakage in the KN-93 groups decreased significantly after 
NMDA injury (P < 0.05, P < 0.01; Figure 4), particularly in 
the high dose group.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
KN-93 inhibited neuronal apoptosis induced by 
NMDA  
TUNEL and propidium iodide (PI) double fluorescence 
staining revealed the presence of apoptotic cells 
following NMDA treatment, with apoptotic cells being 
TUNEL-positive only (green). Quantitative results 
showed a significant increase in neuronal apoptosis 
following exposure to NMDA (P < 0.01). However, KN-93 
(0.25, 0.5, and 1.0 μM) significantly reduced 
NMDA-induced neuronal apoptosis in a dose-dependent 
manner (P < 0.05, P < 0.01; Figure 5), especially in the 
high dose group. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Necrosis was further confirmed using PI staining, which 
specifically labeled condensed nuclei and acted as a 
marker for plasma membrane integrity. As shown in 
Figure 5, the number of necrotic cells exhibiting positive 

Figure 4  Effects of calmodulin-dependent protein kinase II 
inhibitor KN-93 on LDH leakage induced by 50 μM NMDA.

I–VI: Sham, NMDA, 0.5 μM KN-93, NMDA + 0.25 μM 
KN-93, NMDA + 0.5 μM KN-93, NMDA + 1.0 μM KN-93 
groups.  

Data are expressed as mean ± SD, n = 6 for each group. 
aP < 0.01, vs. sham group; bP < 0.05, cP < 0.01, vs. NMDA 
group using one-way analysis of variance.  

NMDA: N-methyl-D-aspartic acid; LDH: lactate 
dehydrogenase. 
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Figure 5  Effects of calmodulin-dependent protein kinase II 
inhibitor KN-93 on neuronal apoptosis induced by 50 μM 
NMDA as determined by TUNEL and propidium iodide (PI) 
double staining.  

I–VI: Sham, NMDA, 0.5 μM KN-93, NMDA + 0.25 μM 
KN-93, NMDA + 0.5 μM KN-93, NMDA + 1.0 μM KN-93 
groups.  

(A) A small quantity of apoptotic neurons was observed in 
the sham group, and a large number of apoptotic neurons 
were present in the NMDA group. The number of apoptotic 
cells decreased significantly after 0.25, 0.5 and 1.0 μM 
KN-93 treatment. Green fluorescence indicates 
TUNEL-positive cells (apoptotic cells); red indicates 
PI-positive cells (necrosis cells); yellow is the overlap of 
the two staining images (× 400). 

(B) Quantification of apoptotic cells. Data are expressed 
as mean ± SD, n = 6 for each group. aP < 0.01, vs. sham 
group; bP < 0.05, cP < 0.01, vs. NMDA group using 
one-way analysis of variance.  

NMDA: N-methyl-D-aspartic acid. 
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PI staining of the nuclei with intensive red fluorescence 
did not differ among groups (Figure 5). 
 
KN-93 relieved [Ca2+]i overload in cultured cortical 
neurons treated with NMDA  
Calcium influx is a critical molecular step in 
NMDA-induced apoptosis of cultured cortical 
neurons[18]. As shown in Figure 6, treatment with 50 μM 
NMDA caused a significant increase in [Ca2+]i (P < 
0.01). This increase was blocked by the addition of 
0.25, 0.5, 1.0 μM KN-93 (P < 0.05, P < 0.01; Figure 6). 
Furthermore, the concentration of [Ca2+]i decreased 
most significantly in the high dose group (1.0 µM). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect of KN-93 on procaspase-3 and caspase-3 
expression in cultured cortical neurons induced by 
NMDA  
Because caspase activation can occur after cytochrome c 
release from the mitochondria[19], proteolytic cleavage of 
procaspase-3 (32 kDa) to activated caspase-3 (17 kDa) 
was evaluated in cultured cortical neurons after NMDA 
exposure. Cortical neurons treated with NMDA resulted 
in caspase-3 activation, as observed by labeling of the 
17 kDa fragment, which is the product of procaspase-3 
(32 kDa) cleavage. NMDA-induced activation of 
caspase-3 in the execution phase of apoptosis in cortical 
neurons is thought to be upstream of the formation of 
condensed nuclei[20]. Our results further indicate that 
exposure of cells to NMDA results in an increase in 
caspase-3 (P < 0.01). Different concentrations of KN-93 
may inhibit changes in caspase-3 in a dose-dependent 
manner (P < 0.01). Analysis of procaspase-3 following 
24-hour treatment of cells with NMDA did not show any 

modulation of this enzyme (Figure 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effects of KN-93 on P-CaMKII and total-CaMKII 
expression levels in cultured cortical neurons 
treated with NMDA 
The ability of NMDA to modulate the P-CaMKII and 
total-CaMKII was investigated by exposing cultured 
cortical neurons to NMDA and pretreating them with three 
different concentrations of KN-93 (0.25, 0.5 and 1.0 µM). 
The activation of P-CaMKII and total-CaMKII was 
determined by western blot using specific antibodies that 
recognize the phosphorylated form and the total form of 
these enzymes. Phosphorylated and total CaMKII levels 
were significantly greater after 24 hours of 50 µM NMDA 
treatment when compared to the control (P < 0.01). 
Following pretreatment with different concentrations of 
KN-93 (0.25, 0.5 and 1.0 µM), the two forms of CaMKII 
were significantly reduced (P < 0.01; Figure 8). 
 
 
DISCUSSION 
 
NMDA, the main excitatory neurotransmitter for neuronal 

Figure 6  Effects of calmodulin-dependent protein kinase II 
inhibitor KN-93 on free [Ca2+]i concentrations of cultured 
cortical neurons induced by 50 μM NMDA.  

I–VI: Sham, NMDA, 0.5 μM KN-93, NMDA + 0.25 μM 
KN-93, NMDA + 0.5 μM KN-93, NMDA + 1.0 μM KN-93 
groups.  

Data are expressed as mean ± SD, n = 6 for each group. 
aP < 0.01, vs. sham group; bP < 0.05, cP < 0.01, vs. NMDA 
group using one-way analysis of variance.  

NMDA: N-methyl-D-aspartic acid. 
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Figure 7  Effects of calmodulin-dependent protein kinase II 
inhibitor KN-93 on procaspase-3 and caspase-3 
expression in cultured cortical neurons induced by 50 μM 
NMDA as determined by western blot.    

I–VI: Sham, NMDA, 0.5 μM KN-93, NMDA + 0.25 μM 
KN-93, NMDA + 0.5 μM KN-93, NMDA + 1.0 μM KN-93 
groups.    

(A) Representative western blot of procaspase-3 (32 kDa) 
and activated caspase-3 (17 kDa) in cultured cortical 
neurons exposed to NMDA.    

(B) Quantification of procaspase-3 and caspase-3 
expression. Procaspase-3 and caspase-3 were 
determined by calculating the ratio of the absorbance 
value relative to β-actin.  

Data are expressed as mean ± SD, n = 6 for each group. 
aP < 0.01, vs. sham group; bP < 0.01, vs. NMDA group 
using one-way analysis of variance.  

NMDA: N-methyl-D-aspartic acid. 
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and glial cells[21], is involved in fast excitatory 
transmission and plays important roles in neuronal 
functions such as plasticity and cognitive processes. The 
NMDA injury model replicates human epilepsy[22], 
ischemic stroke and other central nervous system 
disorders[23], all of which injure either neuronal and/or 
glial cells[24] through overstimulation of glutamate 
receptors. However, neuronal death after NMDA 
stimulation may involve both apoptosis and necrosis both 
in vitro and in vivo, which occurs across an 
insult-dependent continuum. In the present study, we 
prepared cortical neuronal cultures and measured the 
reduction of MTT and LDH release.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LDH is an important enzyme for energy metabolism, and 
is widely present in various tissues and organs. In recent 
years, LDH has been used more and more to assess the 
survival ratio of neurons after injury[25]. In this study, LDH 
activity in culture medium after NMDA-induced injury 
increased significantly when compared to the sham 
group. In addition, LDH release in the presence of 
different concentrations of KN-93 was significantly 

altered when compared to the NMDA group, which 
verified the validity of this model.  
 
In our study, intracellular Ca2+ overload was one 
mechanism of neuronal damage. Intracellular free 
calcium concentrations in neurons and the change in free 
calcium concentration before and after NMDA injury were 
detected. The results showed that intracellular Ca2+ 
concentrations after neuronal injury were significantly 
higher than before treatment.  
 
Caspases are aspartate-specific cysteine proteases, 
which play a pivotal role in apoptosis[26]. The caspase 
family consists of many homologues, such as caspase-1, 
caspase-2, and caspase-3. Among the members of 
caspases, caspase-3 has been suggested to play an 
important role in several models of apoptosis. In 
particular, analysis of caspase-3-deficient mice revealed 
a decrease in apoptosis in the developing brain, 
indicating that caspase-3 is necessary for tissue 
development and regulation of cell number[27]. Studies 
have shown that cysteine proteases (caspases) play an 
important role in apoptotic cell death in several 
neurodegenerative diseases[28-29]. Caspase-3 is 
considered to be the central and final apoptotic effector 
enzyme responsible for many of the biological and 
morphological features of apoptosis[30]. Caspase-3 
usually exists in the cytosolic fraction of cells as an 
inactive precursor that is activated proteolytically by 
cleavage at a specific amino acid sequence to form the 
active enzyme, which is capable of cleaving several 
proteins that culminate in apoptotic cell death. Although 
these observations strongly indicate that caspase-3 is 
essential for apoptosis in mammalian cells, the 
mechanisms involved in caspase-3 regulation of the 
neuronal system remain to be elucidated. In the present 
model, cortical neurons were exposed to NMDA. As a 
result, NMDA induced neurotoxicity via cytochrome c 
release and caspase-3 activation. These apoptotic 
features were accompanied by the maintenance of 
plasma membrane integrity. Consistently, we have 
demonstrated that procaspase release and caspase-3 
activation are induced by NMDA. NMDA-induced 
neurotoxicity has mainly been studied in vitro, in which 
NMDA evokes apoptosis depending on the experimental 
conditions. However, whether KN-93 can fully protect 
cortical cells against NMDA neurotoxicity, and whether 
injury is due to cell death resulting from apoptosis or 
necrosis or a mixture of the two processes remains to be 
investigated. 
 
When intracellular Ca2+ levels overload, CaMKII is 
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Figure 8  Effects of calmodulin-dependent protein kinase II 
inhibitor KN-93 on phospho-CaMKII (P-CaMKII) and 
total-CaMKII levels in cultured cortical neurons induced by 
50 μM NMDA.   

I–VI: Sham, NMDA, 0.5 μM KN-93, NMDA + 0.25 μM 
KN-93, NMDA + 0.5 μM KN-93, NMDA + 1.0 μM KN-93 
groups.    

(A) Representative western blot of P-CaMKII (54 kDa) and 
total-CaMKII (50 kDa) in cultured cortical neurons exposed 
to NMDA.    

(B) Quantification of P-CaMKII and total-CaMKII 
expression. P-CaMKII and total-CaMKII were determined 
by calculating the ratio of absorbance value relative to 
β-actin.  

Data are expressed as mean ± SD, n = 6 for each group. 
aP < 0.01, vs. sham group; bP < 0.01, vs. NMDA group 
using one-way analysis of variance.  

NMDA: N-methyl-D-aspartic acid; CaMKII: calmodulin- 
dependent protein kinase II. 
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activated and autophosphorylation leads to an increase 
is P-CaMKII, rather than a decrease in non-P-CaMKII 
activity[31]. In the present study, we could not 
demonstrate a relationship between the NMDA-induced 
decrease in cellular viability, the activation of caspase-3, 
and CaMKII. However, the temporal correlation between 
these phenomena is strikingly evident. We only observed 
apoptosis following 24-hour NMDA-treatment, when 
caspase-3 and P-CaMKII levels increased. Therefore, it 
is possible that P-CaMKII and caspase-3 play a role in 
NMDA-induced toxicity.  
 
In our study, to exclude the effect of KN-93 on normal 
neurons, we employed a KN-93 0.5 µM group. Results 
showed that under these conditions, cell viability and 
expression of caspase-3 and P-CaMKII were not 
significantly different compared with the sham group. In 
agreement with another study, we confirmed that KN-93, 
a specific inhibitor of CaMKII, is capable of suppressing 
CaMKII activity[32]. To investigate the role of KN-93, we 
used KN-93 to treat neurons. Our results showed that 
LDH activity in the KN-93-treated groups decreased 
significantly when compared with the NMDA-group. 
Intracellular Ca2+ concentrations in the KN-93 treatment 
groups decreased significantly, suggesting that KN-93 
could inhibit the increase of intracellular Ca2+ 
concentration during secondary injury. However, the 
signal transduction mechanisms for this increase in 
intracellular Ca2+ concentration after injury remain 
unclear. As the expression of caspase-3 and CaMKII 
gradually decreases after injury, KN-93 plays a role as a 
neuroprotectant through reducing the calcium load of 
cortical neurons and decreasing the expression of 
caspase-3, P-CaMKII and total-CaMKII in a 
dose-dependent manner. Therefore, KN-93 has 
neuroprotective effects, which provides a theoretical 
basis for using neuroprotective agents for patients with 
central nervous system damage. 
 
 
MATERIALS AND METHODS  
 
Design 
A comparative in vitro cell culture experiment. 
 
Time and setting 
The experiment was performed at the Laboratory of 
Liaoning Medical College, China, from December 2009 
to July 2011. 
 
Materials   
Thirty-five, neonatal (≤ 24 hours) Sprague-Dawley rats of  

specific pathogen free grade, weighing 15 ± 5 g, were 
purchased from the Medical Laboratory Animal Center of 
Liaoning Medical College, China, with permission No. 
SCXK (Liao) 2003-0007. All experimental protocols 
were performed in accordance with the Guidance 
Suggestions for the Care and Use of Laboratory 
Animals, formulated by the Ministry of Science and 
Technology of China[33].  
 
Methods 
Isolation and primary culture of rat cortical neurons  
Neonatal rats were soaked in 75% (v/v) ethanol for     
1 minute and subsequently decapitated. The heads were 
pre-cooled in D-Hank’s buffer, and the skull and 
meninges were removed under a microscope (Olympus, 
Tokyo, Japan), followed by separation of the cortex. 
Cortical tissue was washed three times in ice-cold 
D-Hank’s buffer, and micro-scissors were used to 
carefully remove the tissue, which was placed in 2.5 g/L 
trypsin (Sigma, St. Louis, MO, USA) to digest for      
10 minutes at 37°C. Digestion was terminated with fetal 
calf serum, followed by three washes in ice-cold 
D-Hank’s buffer. Culture plate processing: Glass 
coverslips were placed into 6-well culture plates 1 day 
prior to cell culture. A total of 1 mL polylysine (0.01% 
(w/v)) was added to each well and allowed to incubate 
overnight, followed by draining and drying[34]. The wells 
were rinsed twice with D-Hank’s buffer, followed by an 
appropriate amount of culture medium, and were allowed 
to reach the proper temperature (37°C) inside the 
incubator[35]. Serum-free medium, Neurobasal-A (Gibco; 
consisting of 2% (v/v) B27, 10 mM hydroxyethyl 
piperazine ethanesulfonic acid, 2 mM L-glutamine,    
25 μM glutamate, and 1% (v/v) penicillin-streptomycin), 
was added and the cell suspension was gently triturated 
and then pushed through a mesh filter. A sample of the 
cell suspension (50 μL) was combined with 150 µL 2% 
(v/v) trypan blue (Wuhan Boster, Wuhan, China) and  
200 µL PBS, mixed, and counted using a cell counter 
(Beijing Biosynthesis Biotechnology, Beijing, China). The 
number of living and dead cells was quantified under the 
microscope, revealing that > 70% were living cells[36]. 
Cells (1 × 106/mL) were incubated in 2-mL culture 
medium at 37°C and maintained in 5% CO2 for 24 hours, 
after which the medium was replaced and non-adherent 
cells were discarded. The medium was replaced every  
3 days. Cells were continuously cultured for 7 days and 
used for further experiments.  
 
Identification of cortical neurons by MAP-2 and NSE  
MAP-2 and NSE primary and secondary antibodies, 
purchased from Sigma, were utilized for 
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immunocytochemistry staining. Positive cells exhibited 
green and brown staining under the light microscope[37]. 
Primary cultured cortical neurons, which were in an 
active growth phase, were digested and seeded onto 
cover slips in 6-well culture plates. The medium was 
removed when the cells reached 70–80% confluency. 
The cells were then placed in induction medium 
containing β-mercaptoethanol (Sigma) (induction for 1, 3, 
5, and 8 hours). The coverslips were then removed from 
the culture plates and washed three times with PBS. The 
cells were fixed with 4% (w/v) paraformaldehyde for   
30 minutes and washed three times with PBS (5 minutes 
each). After discarding the fixative solution, cells were 
incubated in 0.1% (v/v) Triton-X 100 for 8 minutes, 
washed three times with PBS for 3 minutes each, 
incubated in 3% (v/v) H2O2 for 10 minutes to eliminate 
endogenous peroxidase, and washed three times with 
PBS for 3 minutes each. The cells were then incubated in 
working solutions of primary monoclonal antibodies: 
rabbit anti-MAP-2 (1:100) and rabbit anti-NSE (1:100) at 
4°C overnight. The cells were washed three times with 
PBS for 3 minutes each, followed by incubation in 
secondary antibodies: goat anti-mouse IgG-fluorescein 
isothiocyanate (1:100; MAP-2 staining) and mouse 
anti-rabbit IgG (1:100; NSE) at room temperature for   
15 minutes, and washed three times with PBS for 3 
minutes each. Images were observed and collected 
under a fluorescence microscope (MAP-2, × 400; Leica, 
Solms, Germany) using an excitation wavelength of 495 
nm and an absorption wavelength of 520 nm, and under 
a microscope (NSE, × 400; Nikon, Tokyo, Japan).  
 
Experimental grouping and treatments 
Cells were randomly divided into six groups: sham group, 
NMDA group, 0.5 μM KN-93 group, and an NMDA in 
combination with three different concentrations of KN-93 
(0.25, 0.5, 1.0 μM; Sigma) groups. Cells (1 × 106/mL) 
were seeded and cultured for 7 days and then were 
treated with NMDA (50 μM) alone and in combination 
with KN-93 (0.25, 0.5, 1.0 μM) after NMDA treatment for 
30 minutes, excepting the sham group, which was 
treated with an equal volume of PBS, and the 0.5 μM 
KN-93 group, which was treated with 0.5 μM KN-93 only. 
Twenty-four hours later, identification of cortical neurons, 
detection of neuronal viability by MTT, TUNEL and PI 
double staining, and western blot analysis were carried 
out. 
 
Neuron viability by MTT assay 
Cell viability of cortical neurons was assessed by the 
MTT assay[38-39]. After exposure to NMDA or NMDA 
combined with KN-93 for 24 hours, DMEM and freshly 

dissolved MTT (aseptic, 5 mg/mL; Beijing Biosynthesis 
Biotechnology) was added to culture plates at a final 
concentration of 10% (w/v). Cells were then returned to 
the incubator for 4 hours. Dimethyl sulfoxide (200 μL) 
was added to the plates and agitated for 10 minutes at 
37°C to solubilize the MTT formazan crystals. The 
absorbance value at 570 nm was read 
spectrophotometrically (Bio-TEK Instruments, Inc., 
Winooski, VT, USA). 
 
Evaluation of LDH leakage 
Cell membrane permeability was determined by 
measuring LDH release from neurons into the incubation 
medium using a colorimetric assay kit (Wuhan Boster, 
Wuhan, China) where the absorbance of the produced 
formazan (measured at 500 nm) product is proportional 
to LDH activity. Total LDH was determined after adding a 
final concentration of 10% (v/v) Triton X-100 and 
disrupting the slices by homogenization with a Tissue 
Tearor. Differences related to neuron size were minimal; 
therefore, data from different experiments were pooled 
by normalizing the amount of LDH activity released from 
disrupted neurons. 
 
Apoptosis measured by TUNEL and PI double 
staining  
Neuronal apoptosis in cultured cortical neurons was 
examined by TUNEL using a commercially available kit 
(Beijing Biosynthesis Biotechnology), which relies on 
enzymatic labeling of DNA strand breaks. Cortical 
neurons were plated onto 15-mm diameter, 1-mm thick 
glass cover slips precoated with poly-L-lysine. The cells 
were fixed with 4% (w/v) paraformaldehyde in PBS at 
20°C for 1 hour on a slide. The slide was incubated with 
blocking solution for 10 minutes at 20°C to eliminate 
endogenous peroxidase, followed by incubation in 0.1% 
(v/v) Triton X-100 in PBS for 2 minutes on ice. The 
sample was added to the TUNEL reaction mixture, which 
was incubated in a humidified atmosphere in the dark for    
1 hour at 37°C. Converter-peroxidase (50 µL; Roche 
Applied Science Company, Basel, Switzerland) was 
added to the sample, and after incubating the reaction at 
37°C for 30 minutes, the sample was treated with 1 mL 
substrate solution for 15 minutes. TUNEL-positive cells 
were counted using a cell counter (Shanghai Aibo 
Medical Device Company, Shanghai, China). For PI 
staining, cells were cultured in plates for 24 hours, and 
then treated with PI (Sigma; 50 g/mL) dissolved in PBS 
(pH 7.4) containing 0.1%Triton X-100 (v/v) and 100 g/mL 
RNase. Apoptotic cell suspensions were prepared at a 
concentration of 106/mL. The cell suspension (1 mL) was 
mixed with 10 µL PI for 10 minutes and 5 mL PBS was 
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added. The suspension was centrifuged at 340 × g for  
5 minutes, the supernatant was discarded, and cells 
were washed twice. Viable neurons were quantified by 
counting the number of PI-positive cells under a 
fluorescence microscope (Leica, Solms, Germany) at 
536 nm. The results were expressed as a ratio of positive 
cells of TUNEL to PI[40-41]. 
 
Detection of intracellular calcium concentration in 
cultured cortical neurons 
Cell suspensions of cortical neurons were pre-warmed at 
37°C for 5 minutes. Fura-2/AM (Beijing Biosynthesis 
Biotechnology) was added into the suspension and the 
mixture was left at 37°C for 30 minutes. Cells were then 
centrifuged at 150 × g for 5 minutes. After the 
supernatant was discarded, the suspension was washed 
twice in D-Hanks solution and the cell concentration was 
adjusted to 1 × 106/mL. 1 µL of cell suspension was put 
into the colorimetric plate (Yixing Ye Hui Glass 
Instrument Factory, Yixing, Jiangsu Province, China) 
cuvette and the concentration of intracellular calcium 
was detected with a fluorescence spectrophotometer 
(Tianjin Port East Science Technology Development 
Company Ltd., Tianjin, China). Upon binding Ca2+, the 
excitation spectrum of Fura-2 shifted to shorter 
wavelengths between 300 nm and 400 nm, while the 
peak emission remained steady at around 510 nm. Peak 
fluorescence intensity occurred at 345 nm, which meant 
that Fura-2/AM had entered cortical neurons. The 
concentration of cytoplasmic calcium was continuously 
monitored at 345 nm. The concentration of intracellular 
calcium was calculated by measuring the fluorescence 
(F) of solutions with different Ca2+ concentrations using 
the equation: [Ca2+] = Kd(F0 – Fmin)/(Fmax – F0), where Kd 
was the dissociation constant of the chemical reaction for 
Ca2+ buffering by the fluorescent dye and F0, Fmax and 
Fmin represented the instantaneous, maximal and 
minimal dye fluorescence emissions, respectively[42]. The 
value of Kd was 224 nm. These values were determined 
with internal solutions containing 10 mM ethylene glycol 
tetraacetic acid (0 Ca2+), and 10 mM CaCl2 (max Ca2+).   
 
Expression of procaspase-3, caspase-3, P-CaMKII 
and total-CaMKII levels 
Procaspase-3 and caspase-3 detection: Cells were 
homogenized in lysis buffer containing 250 mM sucrose 
and 15 nM digitonin, and centrifuged at 150 × g for     
1 minute. The pellet obtained was solubilized with 
sodium dodecyl sulfate-stopping solution (4% (w/v) 
sodium dodecyl sulfate, 2 mM 
ethylenediaminetetraacetic acid, 8% (v/v) 
β-mercaptoethanol, and 50 mM Tris, pH 6.8). The 

supernatant achieved from the digitonin lysis buffer, 
which was considered the cytosolic fraction, was 
lyophilized and then resolubilized in sodium dodecyl 
sulfate-stopping solution. Samples (50 µg of total 
protein/track) were separated by SDS-PAGE using a 
14% (w/v) gel. For procaspase-3 and caspase-3 analysis, 
cells were solubilized with sodium dodecyl sulfate- 
stopping solution and samples (30 µg of total 
protein/track) were separated by SDS-PAGE using a 
12% (w/v) gel. The amount of protein loading was 
controlled by Coomassie staining of gels or Ponceau 
staining of the nitrocellulose membranes[43]. Protein was 
transferred to nitrocellulose membranes using a    
400 mA current (3 hours, 4°C). The membranes were 
blocked with 5% (w/v) non-fat dry milk, followed by a 
second block of 2.5% (w/v) gelatine both in Tris- 
buffered saline (10 mM Tris, 150 mM NaCl, pH 7.5). All 
steps were followed by three washes with Tris-buffered 
saline-Tween 20 (0.05% (v/v) Tween-20, 10 mM Tris, 
150 mM NaCl, pH 7.5). Anti-procaspase-3 and 
caspase-3 antibodies (1:500; oncogene, Cambridge, 
MA, USA) were used to detect specific proteins.  
 
P-CaMKII and total-CaMKII detection: Samples 
containing membrane protein were denatured for    
10 minutes at 95–98°C and electro-transferred to 
nitrocellulose membrane with 10% (w/v) Tris solution. 
The membranes were blocked in the buffer (5% (w/v) 
non-fat dry milk in PBS) at room temperature for      
2 hours, and then incubated with the monoclonal 
antibody anti-rat P-CaMKII (1:500; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) and anti-total- 
CaMKII (1:500, Santa Cruz Biotechnology) at 4°C 
overnight. The membrane was then washed for      
10 minutes each, three times using blocking buffer and 
incubated with 1:500 diluted anti-mouse IgG labeled 
with the horseradish peroxidase conjugate (Beijing 
Zhongshan Biotechnology Co., Ltd, China) for 1 hour at 
room temperature. Washing was repeated and protein 
signals were visualized using an enhanced 
chemiluminescence system (Amersham, Cambridge, 
UK) on an X-ray film and analyzed on the Gel Image 
Analysis System (Bio-Rad, Hercules, CA, USA). The 
levels of procaspase-3, caspase-3, P-CaMKII and 
total-CaMKII expression were determined by calculating 
the ratio of their absorbance values relative to β-actin.  
 
Statistical analysis  
Data were expressed as mean ± SD and analyzed using 
SPSS software (Windows version 15.0; SPSS, Chicago, 
IL, USA). Statistical analysis for comparisons among six 
groups was performed using one-way analysis of 
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variance. A P value less than 0.05 was considered 
statistically significant.  
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