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Abstract

Repeated electroconvulsive seizure (ECS), a model for 
electroconvulsive therapy (ECT), exerts neuro-
protective and proliferative effects in the brain. This 
trophic action of ECS requires inhibition of apoptotic 
activity, in addition to activation of survival signals. 
c-Myc plays an important role in apoptosis of neurons, 
in cooperation with the Bcl-2 family proteins, and its ac-
tivity and stability are regulated by phosphorylation 
and ubiquitination. We examined c-Myc and related 
proteins responsible for apoptosis after repeated ECS. 
In the rat frontal cortex, repeated ECS for 10 days re-
duced the total amount of c-Myc, while increasing 
phosphorylation of c-Myc at Thr58, which reportedly 
induces degradation of c-Myc. As expected, ubiquiti-
nation of both phosphorylated and total c-Myc in-
creased after 10 days ECS, suggesting that ECS may 
reduce c-Myc protein level via ubiquitination-protea-
somal degradation. Bcl-2 family proteins, caspase, 

and poly(ADP-ribose) polymerase (PARP) were inves-
tigated to determine the consequence of down-regu-
lating c-Myc. Protein levels of Bcl-2, Bcl-XL, Bax, and 
Bad showed no change, and cleavage of caspase-3 and 
PARP were not induced. However, phosphorylation of 
Bad at Ser-155 and binding of Bad to 14-3-3 increased 
without binding to Bcl-XL after repeated ECS, implying 
that repeated ECS sequesters apoptotic Bad and frees 
pro-survival Bcl-XL. Taken together, c-Myc down-regu-
lation via ubiquitination-proteasomal degradation and 
Bad inactivation by binding to 14-3-3 may be anti-apop-
totic mechanisms elicited by repeated ECS in the rat 
frontal cortex. This finding further supports the trophic 
effect of ECS blocking apoptosis as a possible ther-
apeutic effect of ECT.
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Introduction

Electroconvulsive therapy (ECT) is effective for 
treating mood disorder and schizophrenia, but the 
molecular basis for its beneficial effects remains 
unknown. The therapeutic effect of ECT requires 
multiple administrations, and repeated electrocon-
vulsive seizure (ECS), an animal model for ECT, 
exerts trophic activity, including neuroprotective and 
proliferative effects, in the brain. ECS may prevent 
neuronal apoptosis induced by kainic acid (Kon-
dratyev et al., 2001), decrease neuronal death 
(Busnello et al., 2006), and counteract corticosterone- 
induced inhibition of neurogenesis and gliogenesis 
(Hellsten et al., 2002; Wennstrom et al., 2006). The 
majority of reports have focused on the hippocampus 
regarding the trophic effects of ECS (Hellsten et 
al., 2002; Wennstrom et al., 2006). However, 
Madsen et al. (2005) demonstrated glial cell 
proliferation in the rat frontal cortex after repeated 
ECS, and we reported that repeated ECS activates 
proliferative signals in the rat frontal cortex, such 
as the Cdk2-pRB-E2F1 cell cycle pathway and 
ERK pathway (Kim et al., 2005; Kang et al., 2006).

This trophic action of ECS is associated with the 
activation of intracellular survival signal pathways. 
Expression of brain-derived neurotrophic factor 
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(BDNF), VEGF, and fibroblast growth factor (FGF) 
is up-regulated by ECS (Nibuya et al., 1995; 
Kondratyev et al., 2001; Newton et al., 2003), and 
ECS affects pro-survival signals related to ERK, 
PKA, and Akt (Kang et al., 1994, 2004, 2006; Altar 
et al., 2004). Survival and proliferation of neural 
cells require not only activation of survival signals, 
but also inhibition of apoptotic signaling activity 
(Raff et al., 1993). Therefore, ECS may affect 
apoptotic signals to block cell death, in addition to 
having positive effects on survival signals. 

c-Myc has been suggested as an important 
regulator of not only cell proliferation, cell cycle 
progression, and differentiation, but also apoptosis 
(Nilsson and Cleveland, 2003). In post-mitotic 
neurons, c-Myc plays a critical role in promoting 
apoptosis in response to various stimuli (McGahan 
et al., 1998; Qin et al., 1999; Nakai et al., 2000). In 
addition, c-Myc may contribute to the pathogenesis 
of schizophrenia and bipolar disorder (Benes et al., 
2006; Jarskog, 2006), and c-Myc expression increa-
ses in mouse cortex after methamphetamine admi-
nistration (Thiriet et al., 2001), which induces 
schizophrenic manifestations in animals (Akiyama 
et al., 1994). Accordingly, c-Myc may be involved 
in the pathophysiology of psychiatric disorders, 
therapeutic indications of ECT, implying that c-Myc 
can be a valuable candidate molecule for studying 
the effect of ECS on apoptotic signals.

Posttranslational modification of c-Myc affects its 
activity by controlling protein stability. Thr58 and 
Ser62 residues in c-Myc, controlled by Ras pathways, 
are important in determining the stability of c-Myc 
(Yeh et al., 2004). Phosphorylation of c-Myc at 
Ser62 stabilizes c-Myc, but phosphorylation at Thr58 
destabilizes c-Myc, which is mediated by the ubi-
quitination-proteasomal degradation process (Pulverer 
et al., 1994; Gregory et al., 2003; Yeh et al., 2004; 
Vervoorts et al., 2006). 

The Bcl-2 family of proteins comprises important 
effectors and regulators of c-Myc for triggering 
apoptosis (Nilsson and Cleveland, 2003). The Bcl-2 
family of proteins consists of pro-apoptotic proteins, 
such as Bax and Bad, and anti-apoptotic proteins, 
including Bcl-2 and Bcl-XL (Gross et al., 1999). The 
balance between anti-apoptotic and pro-apoptotic 
Bcl-2 proteins is an important factor in determining 
whether cells die or survive (Oltvai et al., 1993). 
Among the Bcl-2 proteins, phosphorylation of Bad at 
Ser112, Ser136, or Ser155 inactivates pro-apoptotic 
function by binding to 14-3-3 and dissociating from 
Bcl-XL (Fang et al., 1999; Harada et al., 1999; 
Datta et al., 2000). This phosphorylation is mediated 
by survival signal pathways, including ERKs, Akt, 
and PKA (Datta et al., 1997; Fang et al., 1999; 
Harada et al., 1999), which can inhibit c-Myc-induced 

apoptosis (Kauffmann-Zeh et al., 1997; Weissinger 
et al., 1997). In addition, caspase proteins, downs-
tream of the Bcl-2 proteins, are key initiators of 
apoptotic cellular breakdown (Thornberry and 
Lazebnik, 1998), and cleave poly (ADP-ribose) poly-
merase (PARP) to induce DNA breakage (Lazebnik 
et al., 1994). Therefore, it is necessary to examine 
alterations in the Bcl-2 family network and effectors of 
apoptosis to elucidate the consequences of changes 
in c-Myc activity. In this study, we examined changes 
in c-Myc and Bcl-2 family proteins after repeated 
ECS to elucidate the effects of ECS on the intr-
acellular apoptotic machinery in the brain. 

Materials and Methods

Preparation of animals and ECS administration

Animals were treated in accordance with the 
National Institutes of Health (NIH) Guide for the 
Care and Use of Laboratory Animals, and formal 
approval to conduct this experiment has been 
obtained from the animal subjects review board of 
Seoul National University Hospital. Male Sprague- 
Dawley rats (150-200 g) were housed for 2 weeks 
before the experiments, and maintained under a 
12 h light/12 h dark cycle with food and water 
available ad libitum. The rats were divided into the 
following four groups: control (sham; n = 8), one 
ECS (E1X; n = 4), five ECSs (E5X; n = 4), and ten 
ECSs (E10X; n = 8). The groups were given the 
following treatments, respectively: sham treatment 
for 10 days; sham treatment for 9 days and ECS 
on the tenth day; sham treatment for 5 days and 
ECS for 5 days; and daily ECS for 10 days. ECS 
(Medcraft B 24-III, 130 V, 0.5 s; Medcraft, Skippach, 
PA) was administered via earclip electrodes. The 
rats were decapitated 24 h after the last treatment, 
and their frontal cortices were dissected. 

Cell culture

SH-SY5Y and B35 neuroblastoma cells (ATCC, 
Manassas, VA) were grown in DMEM (Gibco BRL, 
Carlsbad, CA) supplemented with 10% (v/v) FBS  
and 1% penicillin-streptomycin (Gibco BRL) in a 
37°C humidified incubator with 5% CO2. 

Immunoblot analysis

Whole extracts of frontal cortex were used for immu-
noblot analysis. Frontal cortices were immediately 
homogenized in a glass-Teflon homogenizer in 
10% v/w ice-cold RIPA(+) buffer (50 mM Tris [pH 
7.4], 150 mM NaCl, 1% Triton, 1% sodium deoxy-
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cholate, and 0.1% SDS) containing 1 mM DTT, 
protease inhibitor cocktail, and 1 mM PMSF 
(Sigma-Aldrich, St. Louis, MO). After centrifugation 
at 20,000 × g for 20 min, the supernatants were 
boiled with Laemmli’s sample buffer. Protein con-
centrations were quantified using a Bio-Rad protein 
assay kit (Bio-Rad Laboratories, Hercules, CA). 
Equal quantities of proteins were separated by 
SDS-PAGE electrophoresis, and transferred to nitro-
cellulose membranes (Bio-Rad Laboratories). The 
membranes were blocked with 5% skimmed milk in 
TBS-T (0.1% Tween 20 in TBS) for 1 h at room 
temperature and then incubated overnight at 4oC 
with antibodies against c-Myc, phospho-c-Myc 
(Thr58/Ser62), caspase-3, PARP (Cell Signaling 
Technology, Beverley, MA), phospho- c-Myc (Ser62) 
(GeneTex, San Antonio, TX), phospho-Bad 
(Ser155), Bcl-2, Bcl-XL, Bax, Bad, 14-3-3β (Santa 
Cruz Biotechnology, Santa Cruz, CA), and β-actin 
(Sigma-Aldrich), at 1:1,000 dilution. The mem-
branes were then incubated with HRP-conjugated 
anti-rabbit IgG (Zymed, San Francisco, CA), and 
signals were detected using an enhanced chemi-
luminescence system (Pierce, Rockford, IL).

Immunohistochemistry

For immunohistochemistry, different animals from 
those in the immunoblotting experiments were 
used. These rats were treated in the same way 
except for the methods of analysis. Rats were 
given repeated ECS for 10 days and were trans-
cardially perfused with saline solution followed by 
4% paraformaldehyde (Sigma-Aldrich) in 10 mM 
PBS (pH 7.4). Brains were sectioned at 20 μm on a 
freezing microtome (Leitz, Wetzlar, Germany). To 
perform immunohistochemistry, we used the FR2 
area of the frontal cortex (Paxinos and Watson, 
1998) (Figure 3), and sections were incubated with 
antibody against phospho-c-Myc (Thr58/Ser62) at 
a 1:100 dilution at 4oC overnight. A refined 
avidin-biotin technique in which a biotinylated se-
condary antibody reacts with several peroxidase- 
conjugated streptavidin molecules was employed 
for amplification using a DAKO LSAB+/HRP kit. 
The sections were incubated in DAB substrate and 
subsequently mounted with DPX Mountant (Fluka, 
Buchs, Switzerland).

Double-label immunofluorescence

The sections were blocked for 1 h with 3% BSA in 
TBST, and incubated with primary antibodies 
[1:100 anti-phospho-c-Myc (Thr58/Ser62) and 1:100 
anti-neuronal nuclear protein (Neu-N; Chemicon, 
Temecula, CA) or 1:400 anti-glial fibrillary acidic 

protein (GFAP; Sigma-Aldrich) specific antibodies] 
at 4oC overnight. After washing in TBST, the sec-
tions were incubated with secondary antibodies 
(1:100 Alexa Fluor 488 and 555; Molecular Probes, 
Eugene, OR) for 1 h at room temperature. The 
sections were then fluorescence-labeled, nuclei 
were stained with 4',6'-diamidino-2-phenylindole 
(DAPI) (Sigma-Aldrich), mounted with DPX Mountant, 
and examined by fluorescence microscopy. 

Immunoprecipitation

Tissues were homogenized in RIPA buffer (50 mM 
Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 0.5% 
deoxycholate, 1 mM EGTA, 1 mM EDTA, and 
Protease Inhibitor Cocktail [Sigma-Aldrich]), and 1 
mM PSMF containing 10 mM N-ethylmaleimide as 
a de-ubiquitinase inhibitor. Pre-cleared samples 
were immunoprecipitated overnight with anti-ubiquitin 
(Zymed) or anti-Bad antibody. Immunocomplexes 
were recovered using protein A or G-agarose and 
analyzed by immunoblotting using antibodies against 
phospho-c-Myc (Thr58/Ser62), c-Myc, 14-3-3β, and 
Bcl-XL.

Data quantification and statistical analysis

Results are expressed as relative ODs, and are 
presented as the mean+SEM. The ODs of 
immunoblot signals were quantified using TINA 
version 2.10e (Raytest, Straubenhardt, Germany). 
The mean relative OD of the investigated 
molecules was compared with the sham control 
value using analysis of variance, and pairwise 
comparisons were performed using post hoc 
Tukey's test. In addition, an independent t-test was 
performed to compare the mean relative ODs of 
Bcl-2, Bcl-XL, Bax, and Bad between the sham 
control and E10X groups. Level of significance was 
set at P ＜ 0.05. All tests were performed using 
SPSS 12.0 for Windows (SPSS, Chicago, IL).

Results

Repeated ECS decreases c-Myc and increases 
phosphorylation of Thr58-c-Myc in the rat frontal 
cortex

The total amount of c-Myc was significantly affected 
by repeated ECS administration (F = 34.78, df = 3, 
P ＜ 0.01). In the E10X group, the immuno-
reactivity of total c-Myc was significantly reduced 
compared to that in the sham group (F = 34.78, df 
= 3, P ＜ 0.01). However, the immunoreactivity of 
total c-Myc in the E1X and E5X groups did not 
significantly change compared to that in the sham 
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Figure 1. Increased phosphorylation of c-Myc at Thr58, and reduction in the amount of total c-Myc in the rat frontal cortex induced by repeated ECS. (A) 
Protein samples from the frontal cortex were immunoblotted with antibodies against phospho-c-Myc (Thr58/Ser62), phospho-c-Myc (Ser62), c-Myc, and 
β-actin. As a control, B35 rat neuroblastoma cells were stimulated with 10% FBS, and cell samples were immunoblotted with the same antibodies. (B) To 
quantify the immunoblotting results, data are expressed as relative ODs, and are represented as the mean + SEM (S and E10X: n = 8 per each group, 
E1X and E5X: n = 4 per each group). Relative ODs are quoted as percentages versus the ODs of the sham control group. S indicates the sham-treated 
control. *Significant differences between the OD of the ECS treatment group and that of the sham control group (P ＜ 0.05).

group (F = 34.78, df = 3, P = 0.91 and P = 0.38, res-
pectively; Figure 1). The immunoreactivity of 
phospho-c-Myc (Thr58/Ser62) showed a signifi-
cant difference over the course of repeated ECS in 
the rat frontal cortex (F = 132.28, df = 3, P ＜ 0.01). 
Phosphorylation of c-Myc, detected with antibodies 
specific to phosphorylated Thr58 and Ser62 residues, 
increased 24 h after single ECS, and further 
increased in the E5X and E10X groups, with a 
significant difference between the sham and E5X 
and E10X groups (F = 132.28, df = 3, P ＜0.01 for 
both groups). The increased level of c-Myc 
phosphorylation at the Thr58 or Ser62 residues 
showed a linear trend as the number of admi-
nistered ECSs increased. To determine whether 
this increase in phosphorylation occurred at Thr58 
or Ser62, the same samples were immunoblotted 

with a specific antibody against phospho-Ser62- 
c-Myc. There was no immunoreactivity detected 
with anti-phospho-Ser62-c-Myc antibody (Figure 1). 

Increased ubiquitination of c-Myc and 
phosphorylated c-Myc in response to repeated ECS

The phosphorylation of c-Myc at the Thr58 residue 
has been reported to be associated with ubiqui-
tination-mediated proteasomal degradation of c-Myc 
(Gregory et al., 2003; Yeh et al., 2004). Therefore, 
we expected the reduction in the total amount of 
c-Myc, with increased phosphorylation of Thr58-c- 
Myc, to be related to the ubiquitination of c-Myc in 
response to repeated ECS. To determine whether 
ubiquitination was involved in down-regulation of 
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Figure 2. Increased ubiquitination of c-Myc and phospho-c-Myc in the rat 
frontal cortex after repeated ECS for 10 days. To detect ubiquitinated pro-
tein, tissue extracts were immunoprecipitated with anti-ubiquitin antibody, 
and analyzed by immunoblotting with anti-c-Myc and anti-phospho-c-Myc 
antibodies. Increased ubiquitination of c-Myc and phospho-c-Myc 
(Thr58/Ser62) was found in the E10X group compared to that in the 
sham group. S indicates the sham-treated control. Results shown are 
representative of four independent experiments with similar results. 

c-Myc, proteins were immunoprecipitated with the 
ubiquitin antibody, and then immunoblotted using 
antibodies against c-Myc and phospho-Thr58/ 
Ser62-c-Myc. Both ubiquitination of phospho-Thr58/ 
Ser62-c-Myc and total c-Myc increased in the E10X 
group, compared to that in the sham group (Figure 
2). 

Phosphorylated c-Myc is localized in neuronal cells

Immunohistochemical analysis was conducted on 
the frontal cortical tissues to confirm the immu-
noblot findings. Increased immunoreactivity with 
anti-phospho-c-Myc (Thr58/Ser62) antibody was 
observed in the E10X group. The number of cells 
densely stained for phospho-c-Myc (Thr58/Ser62) 
was higher in the E10X than in the sham control 
group (Figure 3A). Next, we performed double-label 
immunofluorescence analysis to investigate whether 
the cells stained with phospho-c-Myc (Thr58/Ser62) 
antibody were of neuronal or glial origin. Immuno-
reactivity of phospho-c-Myc was co-localized with 

Neu-N and DAPI immunoreactivity, but not with 
GFAP immunoreactivity (Figure 3B). Repeated 
ECS was demonstrated to increase the phospho-
rylation of Thr58-c-Myc in the nucleus of neurons 
in the rat frontal cortex.

Effects of ECS on the Bcl-2 family of proteins

It was speculated that the down-regulation of c-Myc 
may represent the anti-apoptotic activity of neurons 
exerted by repeated ECS in the rat frontal cortex. 
Bcl-2 proteins play important roles in induction of 
cellular apoptosis in relation to c-Myc, directly or 
indirectly (Nilsson and Cleveland, 2003). Therefore, 
to determine the consequence of down-regulating 
c-Myc, the changes in the Bcl-2 proteins were 
investigated following repeated ECS. After ECS 
administration, the immunoreactivity of pro-survival 
proteins Bcl-2 and Bcl-XL, and pro-apoptotic 
proteins Bax and Bad, was not altered in the rat 
frontal cortex. In addition, the Bax/Bcl-2 ratio, known 
as an indicator of susceptibility to apoptosis (Oltvai 
et al., 1993), also did not change significantly after 
repeated ECS for 10 days (Figure 4A and 5A). The 
immunoreactivity of PARP, and cleaved PARP and 
caspase-3, effector molecules of the apoptotic 
process, also did not change (Figure 4B). 

ECS increases phosphorylation of Ser155-Bad and 
binding of Bad to 14-3-3

Among the Bcl-2 family of proteins, pro-apoptotic 
activity of Bad is regulated by phosphorylation. In 
particular, phosphorylation of BAD at the Ser155 
residue inactivates Bad by stabilizing its binding to 
14-3-3, and dissociation from Bcl-XL (Datta et al., 
2000). We found that immu noreactivity of 
phospho- Ser155-Bad significantly increased after 
repeated ECS for 10 days (P ＜ 0.01; Figure 5A). 
Tissue samples were immunoprecipitated with 
anti-Bad antibody, followed by immunoblotting with 
anti-14- 3-3 and anti-Bcl-XL antibodies. The 
amount of 14-3-3 bound to Bad was significantly 
elevated at 24 h after ten daily ECS. However, 
there was no binding of Bad and Bcl-XL at 24 h in 
either the sham control or E10X groups (Figure 
5B).

Discussion 

Our most important finding is that repeated ECS 
induced the down-regulation of c-Myc via ubiquiti-
nation, and the inactivation of Bad by increasing 
binding with 14-3-3 protein in the rat frontal cortex. 
Increased phosphorylation at the Thr58 residue 
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Figure 3. Increased immunostain-
ing of phospho-c-Myc co-localized 
with immunofluorescence of Neu-N 
and DAPI in the rat frontal cortex af-
ter repeated ECS for 10 days. (A) 
Representative microscopic images 
taken from sections stained for 
phospho-c-Myc (Thr58/Ser62). All 
captured images were obtained 24 h 
after repeated sham (a, b) or ECS 
treatments (c, d) for 10 days. The 
number of cells immunostained for 
phospho-c-Myc (Thr58/Ser62) was 
higher in the E10X group than in the 
sham group. Magnification bar =
100 μm in a and d, and 20 μm in b 
and d. (B) Double-label immuno-
fluorescence analysis was per-
formed to determine whether the 
cells stained for phospho-c-Myc 
(Thr58/Ser62) antibody were of neu-
ronal or glial origin. Immunofluo-
rescence of phospho-c-Myc was 
co-localized with that of Neu-N and 
DAPI, but not with that of GFAP. 
Magnification bar = 20 μm.

and ubiquitination of c-Myc with a reduction in the 
total amount of c-Myc in response to repeated 
ECS suggests that ECS may reduce c-Myc protein 
levels via the ubiquitination-proteasomal degradation 
process. The protein levels of Bcl-2, Bcl-XL, Bax, 
and Bad showed no change. However, phospho-
rylation of Bad at Ser-155 and binding of Bad to 
14-3-3 increased without binding with Bcl-XL, which 
implies that repeated ECS administration elicits 
pro-survival and anti-apoptotic activity in the rat 
frontal cortex. Taken together, the results provide 
further evidence of the trophic effects of repeated 
ECS to inactivate apoptosis via down-regulation of 
c-Myc and inactivation of Bad.

Phosphorylation of c-Myc at the Ser62 or Thr58 
residue is an important posttranslational modification 
mechanism to determine the stability of c-Myc (Yeh 
et al., 2004). This phosphorylation is mediated by 
Ras-dependent signaling pathways, including ERK, 
Akt, and glycogen synthase kinase-3β (Gregory et 
al., 2003; Yeh et al., 2004; Vervoorts et al., 2006). 
In this study, phosphorylation of c-Myc increased 
after repeated ECS treatment, using antibody- 
detecting phosphorylation at either the Ser62 or 
Thr58 residue. However, when the same samples 

were immunoblotted with antibodies specific to the 
Ser62 residue only, no immunoreactivity was detected. 
Therefore, we concluded that the phosphorylation 
signal emanated exclusively from Thr58. Phospho-
rylation of c-Myc at Thr58 has been reported to 
promote c-Myc dephosphorylation at Ser62, and 
facilitate c-Myc degradation by the ubiquitin- 
mediated proteasome pathway (Gregory et al., 
2003; Yeh et al., 2004; Vervoorts et al., 2006). In 
the present study, ten daily repeated ECSs signifi-
cantly reduced the immunoreactivity of total c-Myc. 
This was accompanied by increased ubiquitination 
of c-Myc and phosphorylated c-Myc. Repeated 
ECSs seem to promote degradation of c-Myc via 
increased phosphorylation at the Thr58 residue, 
and ubiquitination of c-Myc. 

Despite the role of c-Myc promoting cell prolife-
ration, growth, and differentiation, it can also trigger 
apoptosis (Nilsson and Cleveland, 2003). These 
contrasting findings imply that c-Myc can induce 
different effects depending on cellular factors, such 
as cell type and intracellular or extracellular cues. 
(Nakagomi et al., 1996; Rogulski et al., 2005). In 
post-mitotic neurons, c-Myc plays a critical role in 
promoting apoptosis. For example, quinolinic acid 
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Figure 4. No changes in immunoreactivity of Bcl-2 and Bax, and cleavage of caspase-3 and PARP in the rat frontal cortex after repeated ECS for 10 
days. (A) Protein samples were immunoblotted with antibodies against Bcl-2, Bax, and β-actin. Quantification of immunoblot data by densitometry and 
comparison were performed as described in the legend to Figure 1 (n = 8 per each treatment group). In addition, the ratio of the relative ODs of Bax and 
Bcl-2 was compared between the sham control and E10X groups. There were no changes in the immunoreactivity of Bax and Bcl-2, or the Bax/Bcl-2 ratio. 
(B) There was no immunoreactivity detected by antibodies against cleaved caspase-3 and cleaved PARP in the extracts of the frontal cortex from the 
sham control and E10X groups. Immunoreactivity of PARP showed no change in the E10X group compared to the sham control group. As a positive con-
trol, SH-SY5Y cells were stimulated with 100 μM H2O2 for 24 h, and cell samples were immunoblotted with the same antibodies. Results shown are repre-
sentative of four independent experiments with similar results.

and kainic acid promote induction of c-Myc and 
p53, with subsequent apoptosis in striatal neurons 
(Qin et al., 1999; Nakai et al., 2000; Liang et al., 
2005). In contrast to the induction of c-Myc by 
excitotoxic stimuli, we found that the total amount 
of c-Myc decreased in the rat frontal cortex after 
repeated ECS. Pre-exposure to repeated ECS may 
attenuate the neuronal cell death triggered by 
kainic acid-evoked status epilepticus (Kondratyev 
et al., 2001). These findings imply that repeated 
ECS elicits an anti-apoptotic effect via down- 
regulation of c-Myc, and this is related to the 
therapeutic and protective effect of ECS, but not to 
the seizure activity which is a common phenomenon 
induced by excitotoxic stimuli and ECS.

To investigate the influence of down-regulation of 
c-Myc on the molecules related to the apoptotic 
machinery, we examined the changes in apoptosis- 
related proteins, such as the Bcl-2 family of proteins, 
caspase, and PARP. Bax cooperates with c-Myc to 
induce apoptosis (Mitchell et al., 2000). Bcl-2 or 
Bcl-XL inhibits c-Myc-induced apoptosis, and c-Myc 
suppresses the expression of Bcl-2 and Bcl-XL 
(Pelengaris et al., 2002; Maclean et al., 2003). In 
this study, there were no changes in the immuno-
reactivity of Bcl-2, Bcl-XL, Bax, and Bad and the 
Bax/Bcl-2 ratio, an important determinant of sus-
ceptibility to neuronal apoptosis (Oltvai et al., 1993; 

Zha et al., 1996) in response to repeated ECS. In 
addition, the amount and cleavage of caspase-3 
and PARP showed no change after ECS admini-
stration. These findings suggest that repeated ECS 
does not increase vulnerability to apoptosis in the 
rat frontal cortex.

Phosphorylation of Bad at either a single Ser112, 
Ser136, or Ser155, or at multiple sites can contribute 
to inactivation of the apoptotic function of Bad 
(Datta et al., 1997; Fang et al., 1999; Harada et al., 
1999). Among the phosphorylation sites involved in 
blocking the apoptotic activity of Bad, Ser155 
phosphorylation of Bad may be critical to cell 
survival (Datta et al., 2000). Survival signals may 
block apoptosis by phosphorylating the pro-apoptotic 
Bad at Ser155 (Datta et al., 2000). Within multiple 
kinases involved in the phosphorylation of Bad at 
Ser155, PKA directly phosphorylates Bad at Ser155, 
and A kinase anchoring protein (AKAP) induces 
PKA targeting to the mitochondria to phosphorylate 
Bad (Harada et al., 1999). Ribosomal s6 kinase1 
(RSK1) may also stimulate phosphorylation of Bad 
at Ser155 and rescue Bad-mediated cell death 
(Tan et al., 2000). Repeated ECS affects PKA 
signal pathway (Altar et al., 2004), AKAP expre-
ssion (Lee et al., 2004), and RSK1 phosphorylation 
(Kang et al., 2006) in the rat brain. Therefore, Bad 
phosphorylation may change after repeated ECS. 
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Figure 5. Increased phosphorylation of Bad at Ser155 and increased binding of Bad to 14-3-3 in the rat frontal cortex after repeated ECS treatments for 
10 days. (A) Immunoblotting of the rat frontal cortex after repeated ECS treatment for 10 days was performed with antibodies against Bad, Bcl-XL, 14-3-3, 
and phospho-Ser155-Bad. Quantification of immunoblotting data by densitometry and comparison was performed as described in the legend to Figure 1 
(n = 8 per each treatment group). Immunoreactivity of phosphorylation of Bad at Ser155 significantly increased after repeated ECS. However, immunor-
eactivity of total Bad, Bcl-XL, and 14-3-3 did not show any significant difference between the sham control and E10X groups. (B) To determine the binding 
of Bad to 14-3-3 or Bcl-XL, tissue extracts were immunoprecipitated with anti-Bad antibody, and then immunoblotted with anti-14-3-3 and anti-Bcl-XL
antibodies. Binding of Bad to 14-3-3 increased in the E10X group compared to the sham control group. However, binding of Bad to Bcl-XL was not evident 
in either the sham control or E10X groups. Results shown are representative of four independent experiments with similar results.

In fact, repeated ECSs were found to increase 
phosphorylation of Bad at Ser155 in the rat frontal 
cortex. The phosphorylation of Bad at Ser-155 
stabilizes the binding of Bad to 14-3-3 scaffold 
protein, and promotes dissociation from Bcl-XL, 
which may be a critical mechanism for cell survival 
(Datta et al., 2000). In this study, the binding of 
Bad to 14-3-3 increased, accompanied by an up- 
regulated phosphorylation level of Bad at Ser155, 
after ten daily ECSs, compared to that in the sham 
control group; the binding of Bad with Bcl-XL was 
absent in both the sham control and E10X groups. 
These findings suggest that the pro-apoptotic 
activity of Bad was blocked by binding to the 14-3-3 
protein, but the pro-survival activity of Bcl-XL was 
not interrupted during the course of repeated 
ECSs. Thus, repeated ECSs may be trophic stimuli 
that enhance survival signal activity in neural cells 
because survival factors inhibit apoptosis by blocking 
Bad activity. 

In summary, repeated ECSs induced down- 
regulation of c-Myc via ubiquitination-mediated de-
gradation and Bad phosphorylation at Ser155, with 

increased binding to 14-3-3 in the rat frontal cortex 
without enhancing susceptibility to apoptosis. These 
findings suggest that repeated ECS inactivates the 
apoptotic machinery to exert its protective activities, 
and c-Myc and Bad may play an important role in 
the therapeutic action of ECT, in agreement with 
previous reports demonstrating that ECS elicits 
trophic action in the brain (Kondratyev et al., 2001; 
Hellsten et al., 2002; Kim et al., 2005; Madsen et 
al., 2005; Busnello et al., 2006; Wennstrom et al., 
2006). In conclusion, the present findings further 
support the neuroprotective effect of ECS, and 
facilitate our understanding of the mechanism of 
action of ECT as a neurotrophic stimulus.
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