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Introduction
Kainate receptors mediate the majority of excitatory synapse 
transmissions in the mammalian central nervous system, 
thereby exerting key effects on synaptic plasticity as well 
as in pathological processes such as ischemia and epilepsy 
(Dingledine et al., 1999). Kainate receptors also have varied 
patterns of expression in the subregions of the hippocampus 
(Bureau et al., 1999). GluR6 is mainly located in the CA1 
and CA3 regions, and plays a significant role in learning and 
memory (Darstein et al., 2003). GluR6-deficient rodents are 
resistant to kainate-induced excitotoxicity, suggesting that 
GluR6 likely mediates the neurotoxic effect of glutamate 
(Mulle et al., 1998). Studies in cerebral ischemia have con-
firmed that a correlation exists between GluR6 and postsyn-
aptic density protein 95 (PSD95). Furthermore, these studies 
have shown that the activation of mixed lineage kinase 3 

(MLK3), mitogen-activated kinase kinase 7 (MKK7) and 
c-Jun NH2-terminal kinase 3 (JNK3) are facilitated by kain-
ate, resulting in neuronal cell death in the CA1 region (Tian 
et al., 2005). 

Yang et al. (1997) have demonstrated that GluR6 knock-
out and JNK3-deficient mice exhibit similar phenotypes, and 
are resistant to excitotoxicity and kainate-induced seizures 
in the hippocampus. Our previous study has focused on Tat-
GluR6-9c, a peptide containing the C terminus of GluR6 
linked to the membrane transduction sequence Tat protein 
of HIV (Pei et al., 2006). This study has shown that the as-
sembly of GluR6-PSD95-MLK3 signaling module is attenu-
ated and protects neurons against cerebral ischemia/reper-
fusion-induced apoptosis. However, whether this signaling 
module-mediated JNK activation exists in the CA1 region 
of epileptic rats is still unknown. Therefore, in the present 
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study, we investigated whether recombinant adenovirus 
(Ad)-C-terminal amino acids of GluR6 (GluR6c) inhibited 
the assembly of the GluR6-PSD95-MLK3 signaling module 
and decreased kainate-induced neuronal death in the CA1 
subregion.

Materials and Methods
Animals 
A total of 24 adult male Sprague-Dawley rats, weighing 230 ± 
20 g, were used and obtained from the Shanghai Experimen-
tal Animal Center, Chinese Academy of Science (Certificate 
of Conformity Number 410116). All rats were housed in a 
laminar flow room at 18–22°C and a humidity of 55–58%. 
Drinking water and food were sterilized by steam. The ex-
perimental procedures were conducted according to the 
Guidance Suggestions for the Care and Use of Laboratory An-
imals, issued by the Ministry of Science and Technology of 
China.

Establishment of seizure models
Seizures were induced by an intraperitoneal injection of 
kainate (12 mg/kg, dissolved in sterile saline). The rats were 
behaviorally monitored for seizures for at least 6 hours after 
injection. The seizures were scored using a modified scale 
(Racine, 1972): (1) behavioral arrest and staring spells, (2) 
head bobbing and gnawing, (3) unilateral forelimb clonus, 
(4) bilateral forelimb clonus, (5) severe seizures with loss 
of postural control, and (6) seizure-induced death. The rats 
that experienced epileptic seizures with stage 4 to 5 for more 
than three times were considered successful models. Only 
animals with stage 4 or 5 seizures were used in this study.

Sample preparation
The rats were decapitated at 3, 6, and 12 hours, and 1 and 3 
days after kainate injection. The CA1 region was separated 
and quickly frozen in liquid nitrogen (Paxinos and Watson, 
2007). The sample was homogenized in ice-cold homoge-
nization buffer, supplemented with 50 mmol/L 3-(N-mor-
pholino) propanesulfonic acid Sigma-Aldrich, St. Louis, 
MO, USA) (pH 7.4), 100 mmol/L KCl, 320 mmol/L sucrose, 
50 mmol/L NaF, 0.5 mmol/L MgCl2, 0.2 mmol/L dithiothreitol, 
1 mmol/L ethylenediamine tetraacetic acid, 1 mmol/L ethylene 
glycol tetraacetic acid, 1 mmol/L Na3VO4 (Sigma-Aldrich), 
20 mmol/L sodium pyrophosphate, 20 mmol/L β-phospho-
glycerol, 1 mmol/L p-nitrophenyl phosphate, 1 mmol/L ben-
zamidine, 1 mmol/L phenylmethylsulfonyl fluoride, 5 μg/mL 
leupeptin, 5 μg/mL aprotinin, and 5 μg/mL pepstatin A. The 
homogenates were centrifuged at 800 × g at 4°C for 10 min-
utes. Supernatants were collected, and protein concentra-
tion was determined in accordance with a previous method 
(Lowry et al., 1951). Samples were stored at −80°C and were 
thawed only once for use.

Immunoprecipitation 
Tissue homogenates (400 μg of protein) were diluted 
four-fold with 50 mmol/L 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid buffer (pH 7.4), containing 10% 

glycerol, 150 mmol/L NaCl, 1% Triton X-100, 0.5% NP-40, 
and 1 mmol/L of ethylenediamine tetraacetic acid, ethylene 
glycol tetraacetic acid, phenylmethyl sulfonylfluoride and 
Na3VO4 (all from Sigma-Aldrich). Samples were preincu-
bated with 20 μL protein A sepharose CL-4B (Amersham, 
Uppsala, Sweden) for 1 hour at 4°C, and then centrifuged 
to remove proteins that adhered nonspecifically to protein 
A. The supernatants were incubated with 1–2 μg of pri-
mary antibodies overnight at 4°C or for 4 hours. Protein A 
was added to the tube for an additional 2-hour incubation. 
Samples were centrifuged at 10,000 × g at 4°C for 2 min-
utes. The pellets were washed three times with immunopre-
cipitation buffer. Bound proteins were eluted by boiling in 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
loading buffer at 100°C for 5 minutes, and then isolated by 
centrifugation.

Western immunoblotting
Proteins extracted from CA1 supernatants were separated 
on polyacrylamide gels via electrophoresis, and then trans-
ferred to nitrocellulose membranes (Amersham Biosciences, 
Buckinghamshire, UK). After blocking with 3% serum albu-
min in Tris-buffered saline and 0.1% Tween-20  for 3 hours, 
membranes were incubated with mouse monoclonal an-
ti-JNK antibody (1:1,000; Santa Cruz Biotechnology, Dallas, 
TX, USA), mouse monoclonal anti-p-JNK antibody (1:1,000; 
Santa Cruz Biotechnology), goat polyclonal anti-GluR6 
(1:1,000; Santa Cruz Biotechnology), goat polyclonal an-
ti-MKK7 (1:200; Santa Cruz Biotechnology), goat polyclonal 
anti-p-MKK7 (1:500; Cell Signaling, Boston, MA, USA), rab-
bit polyclonal anti-p-MLK3 (1:1,000; Cell Signaling), rabbit 
polyclonal anti-MLK3 antibody (1:200; Santa Cruz Biotech-
nology), or mouse monoclonal anti-PSD95 (1:1,000; Sig-
ma-Aldrich) in Tris-buffered saline with 3% bovine serum 
albumin and Tween, overnight at 4°C. Rabbit polyclonal an-
ti-Beta-actin (1:3,000; Santa Cruz Biotechnology) served as 
the housekeeping protein. Membranes were then washed and 
incubated with the secondary antibodies: goat anti-mouse 
(1:5,000; Sigma) or alkaline phosphatase-conjugated goat 
anti-rabbit (1:5,000; Sigma) in Tris-buffered saline with 
Tween at 25°C for 2 hours. Membranes were then developed 
with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl 
phosphate color substrate (Promega, Madison, WI, USA). 
The optical density of the protein bands (Target protein/
β-actin) on the membrane was scanned and analyzed by Lab 
Works image analysis software (UVP, Upland, CA, USA). 

Histological analysis
The rats were perfusion-fixed with 4% paraformaldehyde 
in 0.1 mol/L sodium phosphate buffer (pH 7.4) under an-
esthesia, 7 days after kainate injection. Brains were removed 
quickly and further fixed in the same fixative at 4°C over-
night. Post-fixed brains were embedded in paraffin and sliced 
into 5-μm-thick coronal sections using a microtome (Leica, 
Wetzlar, Germany). Sections were dewaxed with xylene, re-
hydrated with ethanol at graded concentrations of 100–70% 
(v/v), and then washed with water. The sections were stained 
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with 0.1% (w/v) cresyl violet and observed under the light 
microscope (Olympus, Tokyo, Japan). The number of sur-
viving hippocampal CA1 pyramidal cells per 1-mm-length 
was counted as the neuronal density. Cells were counted on 
six random microscopic fields in a double-blind manner by 
two observers.

Recombination of adenoviral vectors
Recombinant Ad-GluR6c-green fluorescent protein con-
structs were produced in accordance with standard tech-
niques (He et al., 1998). The pAd Track CMV vector is bi-
cistronic, and expresses both green fluorescent protein and 
the GluR6c domain. Briefly, GluR6c (852-908 amino acids 
of GluR6) was generated by polymerase chain reaction of 
the appropriate GluR6c coding region to incorporate lank-
ing Bgl II and Hind III sites followed by ligation into the Ad 
shuttle vector pAdTrack-CMV digested with Bgl II and Hind 
III (Promega). The resultant plasmid was linearized by di-
gestion with restriction endonuclease Pme I (New England 

Biolabs, Beverly, MA), and subsequently cotransformed into 
Escherichia coli (Promega). BJ5183 cells (Addgene, Cam-
bridge, MA, USA) have an adenoviral backbone plasmid 
pAdEasy-1. Recombinants were selected with kanamycin, 
and recombination confirmed by restriction endonuclease 
analyses. Finally, the linearized recombinant plasmid was 
transfected into Ad packaging cell lines, Human Embryonic 
Kidney 293 cells (Addgene). Recombinant Ads were generat-
ed typically within 7 to 12 days, purified, and then tittered.

Drug treatment
Rats were equally divided into saline , kainate-treated, 
Ad-treated and Ad-GluR6c groups. A single dose of kainate 
(12 mg/kg) was injected intraperitoneally to the rats, which 
were carefully monitored for signs of seizures. Within 15 
minutes following the injection, rats first presented with 
deep breathing and increased salivation, followed by scratch-
ing, and then progression to rearing and generalized clonic/
tonic seizures within 50–60 minutes, which lasted for 2–3 

Figure 1 Time courses of the interactions of GluR6 with PSD95 and p-MLK3, p-MKK7 and p-JNKs derived from saline-treated rats or rats at 
various times of KA injection.
(A) Co-immunoprecipitation analysis showing the interactions of GluR6 and PSD95 in the CA1 region. Sample proteins from the hippocampus 
were IP with anti-GluR6 or anti-PSD95 antibody, and then IB with anti-PSD95 or anti-GluR6 antibody. (C) Time courses of p-MLK3, p-MKK7 
and p-JNKs proteins in the CA1 subregion. (B, D) Band quantification. Data are expressed as a fold change of optical density versus the respecctive 
saline control (mean ± SD) *P < 0.05, vs. saline group. n = 6. KA: Kainate; MLK: mixed lineage kinase; JNK: c-Jun NH2-terminal kinase; MKK: mi-
togen-activated kinase kinase 7; GluR6: glutamate receptor 6; PSD95: postsynaptic density protein 95; IP: immunoprecipitated; IB: immunoblotted; 
h: hour(s); d: day(s). 
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hours. Two hours after the cessation of behavioral seizures, 
rats were taken back to their cages and sacrificed 7 days af-
ter the kainate injection. Control rats were only given 0.9% 
NaCl, the same volume of used for the kainate-treated rats. 
A total of 10 μL of Ad or Ad-GluR6c (1 × 1010 pfu) was given 
to the rats of the Ad and Ad-GluR6c-treated groups 40 min-
utes before kainate injection to the CA1 region (anteroposte-
rior: 3.6 mm; lateral: 2.0 mm; depth: 4.0 mm from bregma). 

Statistical analysis 
All data were expressed as the mean ± SD, and were analyzed 
by one-way analysis of variance followed by Duncan’s new 
multiple range method. Statistical analysis was performed 
using SPSS 13.0 software (SPSS, Chicago, IL, USA). A value 
of P < 0.05 was considered statistically significant. 

Results
Alterations of the GluR6-PSD95-MLK3 signaling module 
during kainate-induced seizures in the CA1 region
Rats were injected with kainate for specific time-frames to 
explore the changes in the assembly of the GluR6-PSD95-
MLK3 signaling module during seizures. Western immu-
noblotting were then performed for GluR6 or MLK3 with 
PSD95 at the specific time points. The interactions of GluR6 
and PSD95 following kainate injection increased rapidly, 
peaking at 6 hours and gradually decreasing to control levels 
3 days later (Figure 1A, B). Saline did not affect the interac-

tions of GluR6 and PSD95.
MLK3, an upstream kinase of MKK7 and JNK, can be 

activated by GluR6 and PSD95 (Savinainen et al., 2001). 
Therefore, we analyzed the effect of kainate on the activation 
(phosphorylation) of MLK3. Western immunoblotting re-
vealed that kainate treatment increased the phosphorylation 
of MLK3 in the CA1 region (Figure 1C, D). The activation 
of JNK and MKK7 was significantly induced at 6 hours after 
kainate injection (P < 0.05).

Ad-GluR6-c suppressed kainate-induced activation of 
MLK3, MKK7, and JNK in the CA1 region
To elucidate whether downstream proteins of GluR6 was 
affected by the over-expression of GluR6c, Ad-GluR6c was 
administered to observe the variation of phosphorylated 
MLK3, MKK4/7 and JNKs (Figure 2A–D). Western immu-
noblotting revealed that Ad-GluR6c significantly (P < 0.05) 
inhibited the phosphorylation of MLK3 (Figure 2C, D). 
Additionally, the activation of MKK7 6 hours after kainate 
injection was significantly (P < 0.05) suppressed by Ad-
GluR6c (Figure 2C, D). Similar results were obtained with 
JNKs (Figure 2C, D).

Neuroprotective effects of Ad-GluR6-c against kainate-
induced neuronal injury in CA1 neurons
To investigate whether pretreatment with Ad-GluR6-c was 
protective against kainate-induced cell death, rats were pre-

Figure 2 Effect of pretreatment with adenovirus-GluR6c on the interactions of GluR6 with PSD-95 and the phosphorylation of MLK3, MKK7 
and JNKs in the CA1 region in rats. 
(A) Reciprocal co-IP analysis of interactions of GluR6 and PSD95. Sample proteins were IP with anti-GluR6 or anti-PSD95 antibodies and then 
blotted with the GluR6 or PSD95 antibody. (C) IB analysis of p-MLK3, p-MKK7 and p-JNKs with anti-p-MLK3, anti-p-MKK7 and anti-p-JNKs 
antibodies. (B, D) Band quantification. Data are expressed as a fold change of optical density versus the respective saline control. *P < 0.05, vs. 
saline group; #P < 0.05, vs. 6-hour KA-injected (KA 6 h) group. n = 6. KA: Kainate; MKK: mitogen-activated kinase kinase; MLK3: mixed lineage 
kinase 3; JNK: c-Jun NH2-terminal kinase; IP: immunoprecipitated; GluR6: glutamate receptor 6; PSD95: postsynaptic density protein 95; IB: im-
munoblotting; h: hours. 
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Figure 3 Neuroprotection of adenovirus-GluR6c against KA-
induced brain damage in the CA1 region. 
Cresyl violet-stained sections of the hippocampi of rats subjected 
to saline (A, B) or KA injection for 7 days (C, D) either prior to 
the administration of control adenovirus (E, F) or with adeno-
virus-GluR6c (G, H) 40 minutes before KA injection. A typical 
experiment is presented in which cell density was expressed as 
the number of cells per 1 mm length of the CA1 pyramidal cells 
counted under a light microscope (experiments repeated 7 times 
in each animal; n = 7 animals). Boxed areas in the left column 
are shown at higher magnification in the right column. Scale bar: 
200 μm (A, C, E, G) and 10 μm (B, D, F, H). The experiment is 
repeated seven times. (I) The neuronal density was expressed as 
the number of cells per 1 mm length of the CA1 pyramidal cells 
counted under a light microscope. Data are expressed as the mean 
± SD (n = 7). *P < 0.05, vs. saline group; #P < 0.05, vs. adenovirus 
groups. KA: Kainate; GluR6: glutamate receptor 6; . 
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treated with Ad-GluR6c via a cerebroventricular injection 
40 minutes before kainate administration. Rats from the 
saline, kainate, Ad, and Ad-GluR6c groups were perfu-
sion-fixed with paraformaldehyde, 7 days later. Cresyl violet 
staining was conducted to examine the survival of CA1 
pyramidal cells. Our results showed normal CA1 neuronal 
cells as round and palely stained nuclei (Figure 3A, B), 
whereas kainate-induced cells showed pyknotic nuclei (Fig-
ure 3C, D), indicative of cell death. The pre-treatment of 
Ad-GluR6-c reduced neuronal degeneration (Figure 3G, H), 
whereas the Ad group did not show any protection against 
kainate-induced degeneration (Figure 3E, F). The neuronal 
densities of the saline, kainate, Ad and Ad-GluR6c groups 
were 250.0 ± 19.8, 37.2 ± 8.5, 32.6 ± 7.3, and 121.3 ± 17.8, 
respectively (Figure 3I).

Discussion
Many drugs have been developed for epilepsy in the past 
decades (Sander and Shorvon, 1996), but approximately 
one-third of epilepsy patients still cannot be cured. A larger 
percentage of patients suffer from the side effects of antie-
pileptic drugs (Smith and Bleck, 1991). We showed that in 
the CA1 region, Ad-GluR6c inhibited the 6-hour kainate-in-
duced activation of MLK3, MKK7, and JNK. Furthermore, 
pretreatment with Ad-GluR6c significantly protected neu-
ronal cells in the CA1 region from kainate-induced death. 
Overall, these results suggest that Ad-GluR6c generates the 
GluR6c peptide in neuronal cells and possibly binding to the 
PDZ1 domain of PSD95, then suppressing the interaction of 
PSD95 and GluR6.

Administration of kainate has been shown to increase mi-
tochondrial dysfunction, induce the production of reactive 
oxygen species, and induce apoptosis in many regions of 
the brain, particularly in the CA1 region (Wang et al., 2005; 
Guo et al., 2012; Yuan etal., 2014). Kainate-induced neuronal 
injury in the hippocampus is reversed by the activation of 
adenosine A receptors (Matsuoka et al., 1999), dopamine 
D2 receptors (Bozzi et al., 2000), and N-methyl-D-aspartate 
receptors (Ogita et al., 2003). The activation of the kainate 
receptor subunit GluR6 induces neuronal cell death in the 
hippocampus (Liu et al., 2006). Moreover, GluR6 knockout 
mice have shown resistance to neuronal cell death and to 
kainate-induced seizures (Mulle et al., 1998). However, the 
precise molecular mechanism underlying the effect of GluR6 
remains unclear. Savinainen et al. (2001) have reported that 
GluR6, MLK3, and PSD95 form a signaling complex and 
facilitate the activation and phosphorylation of MLK3 and 
JNK in vitro. In the present study, we demonstrated sup-
pressing the assembly of the GluR6-PSD95-MLK3 signaling 
module attenuated MLK3 and JNK activation and kain-
ate-induced seizures in vivo.

Members of MLK regulate the JNK signaling pathway by 
phosphorylation-dependent regulation of MKK4 and MKK7 
(Muniyappa and Das, 2008; Wen et al., 2008; Mishra et al., 
2010; Wang et al., 2011; Chen et al., 2012; Chen and Gallo, 
2012; Song et al., 2012; Wang and Xia, 2012; Zhang et al., 
2012; He et al., 2013; Owen et al., 2013; Rana et al., 2013). 

MKK4 and MKK7 are dual-specificity kinases phosphorylat-
ing threonine and tyrosine residues in the catalytic domains 
of JNK (Davis, 2000). Numerous studies have demonstrated 
that the JNK signaling pathway plays an important role in 
mediating neurotoxicity (Saporito et al., 1998; Behrens et 
al., 1999; Wu et al., 2000; Borsello et al., 2003; Kuan et al., 
2003; Zhang et al., 2006; Moon et al., 2013; Oshitari et al., 
2013; Chen et al., 2014; Lu et al., 2014). The MLK-MKK7-
JNK signaling module has been shown to be regulated by 
the activation of JNK3 (Whitmarsh et al., 1998), which is 
involved in kainate-induced brain injury (Liu et al., 2006). 
Our previous study has clearly demonstrated the activation 
of JNK3 and its association with neuronal cell death during 
brain ischemia/reperfusion (Tian et al., 2003). Our present 
results showed that application of Ad-GluR6c inhibited the 
assembly of the GluR6-PSD95-MLK3 signaling module, and 
subsequently attenuated the activation of MLK3 and JNK.

In summary, kainate induced the assembly of the GluR6-
PSD95-MLK3 signaling module, and subsequently activated 
the downstream JNK signaling pathway, ultimately resulting 
in neuronal cell death. Application of Ad-GluR6c suppressed 
the binding of GluR6 to the PDZ1 domain of PSD95 in the 
postsynaptic regions, and subsequently inhibited the assem-
bly of the GluR6-PSD95-MLK3 signaling module by inhibit-
ing the activation of MLK3 and JNK.  
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