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2-1  
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2-2   
1.  

 A�25-35

anti-caspase-12 monoclonal antibody Hanks’ balanced 

salts (HBSS) protease inhibitor cocktail tunicamycin anti-caspase-12 polyclonal 

antibody Sigma-Aldrich sodium hydrogen carbonate D (+)-glucose bovine 

serum albumin (BSA) Minimum Essential Medium 

(MEM) Invitrogen G

TRACE propidium iodide (PI) Molecular 

Probes caspase-12 inhibitor Biovision HEPES BAPTA-AM 

Tween 20 National Diagnostics anti-�-spectrin monoclonal 

antibody CHEMICOM anti-caspase-3 monoclonal antibody Cell Signaling 

Technology, Inc anti-KDEL monoclonal antibody stressgen

anti-GADD153/CHOP polyclonal antibody anti-rat-IgG-horseradish peroxidase (HRP)

anti-rabbit-IgG-horseradish peroxidase anti-mouse-IgG-HRP Santa Cruz 

Biotechnology, Inc ECL Amersham Biosciences

 

 

2.  

Ito  (10)

Wistar

6~7

6~7 Wistar

McIlwain tissue chopper (The Mickle Laboratory Engineering)

400 �m 6-well culture plate (IWAKI) Millicell-CM 



12 
 

(Millipore) MEM 50% HBSS 25%  

25%

100 units/mL 0.1 mg/mL 5% 

CO2 / 95% air 32 oC

2~3  

 

3.  

Bruce  (36) 100 �L

 

 

4.  

PI Lactate dehydrogenase (LDH) release

 

(1) PI  

PI (50 �g/mL) Locke  [154.0 

mM NaCl, 5.6 mM KCl, 2.3 mM CaCl2, 3.6 mM NaHCO3, 5.0 mM HEPES-NaOH, pH 

7.4] 30 340 nm

PI Sion 

image software Abdel  (50)

TM 320 �g/mL PI

 (Fmax)  (Fi)  (F0)

 

Cell death (%) = (Fi – F0) / (Fmax – F0) × 100 
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(2) LDH release  

LDH LDH-Cytotoxic Test Wako (

) well

50 �L 96-well culture plate 50 �L 45

100 �L 10

 (BIO-RAD) 570 nm  

 

5. Nissl  

toluidine blue (1 mg/mL) 15

toluidine blue (1 mg/mL) 15

 

 

6.   

Western blot

phosphate buffered saline (PBS) [137 mM NaCl, 2.7 mM 

KCl, 1.5 mM Na2HPO4, 8.1 mM KH2PO4] lysis buffer [25 mM 

HEPES-NaOH, pH 7.4, 10 mM EGTA, 10 mM EDTA, 50 mM NaCl, 1% TritonX-100, 

0.5% SDS, 1% sodium deoxycholate, 20 mM 2-mercaptoethanol, Complete protease 

inhibitor cocktail (Roche Diagnostics), phosphatase inhibitor cocktail 

(Sigma-Aldrich)]

sample buffer [125 mM Tris-HCl (pH 6.0), 3% SDS, 10% glycerol, 5% 2-mercapto 

ethanol, 0.2% bromophenol blue] SDS

Immobilon™-P Transfer Membrane (Millipore)

membrane blocking buffer [5% skim milk in Tris buffered saline (TBS) [20 mM 

Tris-HCl (pH 7.6), 137 mM NaCl] ] 1
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0.05% Tween 20 Tris buffered 

saline (TTBS) 4 oC

TTBS HRP 1

ECL �-actin

Scion image software �-actin

 

 

7.  

 ± 

(one-way ANOVA) Tukey,s multiple test
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2-3   
1. A�25-35 TM  
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LDH  (Fig. 2C) A�25-35

TM TM 20 

�g/mL TM CA1 DG

PI CA3

TM 40 �g/mL TM

CA3 PI CA1 DG
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Fig. 2. Effects of A�25-35, TM and A�25-35 in combination with TM (A�+TM) on PI fluorescence and 
LDH release in rat organotypic hippocampal slice cultures (OHCs). The OHCs were prepared as 
described in Materials and Methods. (A) Representative photomicrographs of neuronal death assessed 
by PI fluorescence in OHCs treated with A�25-35, TM or A�+TM. Aliquots (100 �L) containing 
A�25-35, TM or A�+TM were applied directly to the top of each slice. PI fluorescence was measured 
48 h after addition of each drug solution. Nissl-stained sections of 3-week-old OHC. (B) Quantitative 
analysis of A�25-35-, TM- and A�+TM-induced neuronal death in OHCs. (C) After exposure, the 
amount of LDH released into the medium was assayed as described in Materials and Methods. (D) 
Quantitative analysis of A�25-35-, TM- and A�+TM-induced neuronal death in areas CA1, CA3 and 
the DG. Fluorescence intensity (data shown in Fig. 2A) was analyzed quantitatively using the Scion 
image software package. Each value represents the mean ± S.E.M. for four (B and D) and five (C) 
different experiments. #P < 0.001, $P < 0.001, +P < 0.001 when compared with each control. *P < 
0.05, **P < 0.01.
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2. A��25-35 TM
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3. A�25-35 TM calpain caspase-12

caspase-3  

A�25-35 TM calpain caspase-12 caspase-3

Calpain calpain

Fig. 3. Effects of A�25-35, TM and A�+TM on ER chaperone induction and CHOP expression in OHCs. 
(A) The expression of GRP94 (A), GRP78 (B) and CHOP (C) was investigated by Western blotting 
after exposure to A�25-35, TM or A�+TM for 48 h. Amounts of GRP94 (94 kDa), GRP78 (78 kDa) and 
CHOP (26 kDa) were assessed by densitometric analysis, and the relative level of each band was 
calculated as described in Materials and Methods. Each value represents the mean ± S.E.M. for four 
different experiments. #P < 0.05 as compared with the control.
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Fig. 4. Effects of A�25-35, TM and A�+TM on calpain activity and levels of the cleaved forms of 
caspase-12 and caspase-3 in OHCs. Calpain activity was assessed by the amount of �-spectrin 
breakdown products. �-Spectrin breakdown products (A), and levels of the cleaved forms of 
caspase-12 (B) and caspase-3 (C), were investigated by Western blotting after exposure to A�25-35, 
TM or A�+TM for 48 h. Amounts of �-spectrin breakdown products (145 kDa), caspase-12 (42 kDa) 
and caspase-3 (29 kDa) were assessed by densitometric analysis. Each value represents the mean ± 
S.E.M. for three or four different experiments. #P<0.05 as compared with the control. *P < 0.05 as 
compared with TM alone.
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4. A�25-35 	
 BAPTA-AM nifedipine  

Fig. 4 A�25-35 TM TM calpain

calpain Ca2+

Ca2+ BAPTA-AM L Ca2+

nifedipine TM A�25-35 TM  (A�+TM)

BAPTA-AM 10 �M TM A�+TM

1 TM CA3

A�25-35 TM  (Fig. 

Fig. 5. Effects of the caspase-12-specific inhibitor, z-ATAN-fmk (ATAN), on TM- and 
A�+TM-induced neuronal death in OHCs. Cells were exposed to TM (40 �g/mL) in the absence or 
presence of ATAN (50 �M). (A) Representative photomicrographs of neuronal death assessed by 
PI fluorescence in OHCs. PI fluorescence images of OHCs were examined 48 h after the treatment. 
(B) Quantitative analysis of neuronal death in areas CA1, CA3 and the DG. Fluorescence intensity 
(data shown in Fig. 5A) was analyzed quantitatively using the Scion image software package. Each 
value represents the mean ± S.E.M. for four different experiments. *P < 0.05, **P < 0.01, ***P < 
0.001.
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6A, B) BAPTA-AM LDH release
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Fig. 6. Effects of BAPTA-AM and nifedipine on TM- and A�+TM-induced neuronal death in OHCs. 
(A) Aliquots (100 �L) containing TM or A�+TM with or without BAPTA-AM and nifedipine were 
applied directly to the top of each slice. PI fluorescence was measured 48 h after addition of each drug 
solution. (B) Quantitative analysis of the effects of BAPTA-AM and nifedipine on TM- and 
A�+TM-induced neuronal death in areas CA1, CA3 and the DG. Fluorescence intensity (data shown in 
Fig. 6A) was analyzed quantitatively using the Scion image software package. (C) After exposure, the 
amount of LDH released into the medium was assayed as described in Materials and Methods. Each 
value represents the mean ± S.E.M. for four different experiments. *P < 0.05, **P < 0.01. 
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5. A�25-35 TM SAC  
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Fig. 7. Effects of SAC on TM- and A�+TM-induced neuronal death in OHCs. (A) Aliquots (100 
�L) containing TM or A�+TM with or without SAC were applied directly to the top of each slice. PI 
fluorescence was measured 48 h after addition of each drug solution. (B) Quantitative analysis of the 
effects of SAC on TM- and A�+TM-induced neuronal death in areas CA1, CA3 and the DG. 
Fluorescence intensity (data shown in Fig. 7A) was analyzed quantitatively using the Scion image 
software package. (C) After exposure, the amount of LDH released into the medium was assayed as 
described in Materials and Methods. Each value represents the mean ± S.E.M. for four different 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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6. SAC
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Fig. 8. Effects of SAC on ER chaperone induction and CHOP expression in OHCs. The expression 
of GRP94 (A), GRP78 (B) and CHOP (C) was measured after exposure to TM, A�+TM or SAC for 
48 h. Relative amounts of GRP94 (94 kDa), GRP78 (78 kDa) and CHOP (26 kDa) were assessed by 
densitometric analysis. Each value represents the mean ± S.E.M. for four different experiments.
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Fig. 9. Effects of SAC on ER stress-induced calpain activity and levels of the cleaved forms of 
caspase-12 and caspase-3 in OHCs. Calpain activity was assessed by the amount of �-spectrin 
breakdown products. �-Spectrin breakdown products (A) and levels of the cleaved forms caspase-12 
(B) and caspase-3 (C) were measured after exposure to TM or A�+TM with or without SAC for 48 h. 
Relative amounts of �-spectrin breakdown products (145 kDa), caspase-12 (42 kDa) and caspase-3 
(29 kDa) were assessed by densitometric analysis, and the relative levels were calculated as described 
in Materials and Methods. Each value represents the mean  S.E.M. for three or four different 
experiments. *P < 0.05, **P < 0.01.
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2-4  

A�

 (18) AD

 (11, 15, 16, 35, 

51) AD

 (13, 14) A�

A� A�25-35

A�25-35 7

 (16, 17) 3

A�25-35 25 �M 50 �M 48

 (Fig. 2) N-glycosylation

TM (52)  

(Fig. 2) TM

 (16)

TM

Fig. 2 A�25-35 25 �M TM

TM A�25-35 TM

 (CA1 CA3 DG) A�25-35

TM 20 �g/mL DG CA1 TM 40 �g/mL CA3

 (Fig. 2D)

A�25-35 TM

pro-caspase-12

CA3 CA1 DG

 (53) TM
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A�25-35

TM pro-caspase-12 DG

CA1 A�25-35

pro-caspase-12

 

A�25-35 TM

Western blot

GRP94 GRP78 CHOP TM

A�25-35 TM

 (Fig. 3) CHOP

TM  

(54) CHOP TM
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A�25-35 TM

CHOP A�25-35

TM CHOP

Caspase-12 TM A�

(15) A�

caspase-12  (16) A�25-35

TM calpain caspase-12 caspase

caspase-3 TM �-spectrin

 (calpain ) caspase-12 caspase-3

A�25-35  (Fig. 4) caspase-12

ATAN TM A�+TM

 (Fig. 5) PS1

PC12 calpain caspase-12 TM
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 (55) PS1

caspase-12 TM

 (56) A�25-35 TM

calpain caspase-12

caspase-3

A�25-35

calpain calpain Ca2+

BAPTA-AM nifedipine

BAPTA-AM TM

A�25-35 CA3  (Fig. 6)

nifedipine BAPTA-AM A�25-35 CA3

 (Fig. 6) AD (57) APP

 (58) calpain

A�  (59) Ca2+  (60)
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Ca2+

A�25-35 L Ca2+ Ca2+

Ca2+ calpain
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Ca2+

 

TM A�25-35 TM SAC

SAC TM DG A�+TM CA3

DG  (Fig. 7A, B)



27 
 

SAC TM

 (16) SAC

TM A�25-35

SAC TM A�+TM

SAC TM A�+TM

GRP94 GRP78 CHOP  (Fig. 8)

�-spectrin caspase-12  (Fig. 

9) SAC

calpain caspase-12
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2-5  
3  

1. A�25-35 25 �M 50 �M TM 20 40 80 �g/mL

A�25-35 25 �M TM

 

 

2. A�25-35 TM GRP94 GRP78 CHOP

�-spectrin caspase-12 caspase-3

 

 

3. Caspase-12 ATAN TM A�25-35 TM

 

 

4. BAPTA-AM nifedipine A�25-35 TM CA3

 

 

5. SAC A�25-35 TM SAC

TM A�25-35 TM GRP94 GRP78 CHOP

�-spectrin caspase-12 caspase-3

 

 

A�25-35 3

A�25-35 TM

L Ca2+

Ca2+ calpain

caspase-12 caspase-3
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SAC calpain
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3-1  
SAC A�25-35 TM

calpain

Calpain Ca2+

(62) calpain 2

in vitro Ca2+ �M

�-calpain mM m-calpain (62)

calpain calpastatin

�- m-calpain calpastatin

 (62) AD

calpastatin  (63) AD  (57)

APP  (58) calpain

calpain tau

 (64) AD

Ca2+ �- m-calpain

caspase-12 caspase-3

 (43) calpain

caspase-12

 (65) calpain

caspase-12

calpain SAC

calpain

 

SAC
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in vitro calpain

calpain SAC  
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3-2  
1. 

N-Acetyl-Leu-Leu-Nle-CHO (ALLN) protease inhibitor cocktail tunicamycin

L-cysteine N-acetylcysteine [3-(4,5)-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

(MTT) Hanks’ balanced salts (HBSS) Sigma-Aldrich bovine serum albumin 

(BSA) TrypLE ExpressTM Neurobasal medium FBS

B27 supplement Invitrogen HEPES Tween 20

National Diagnostics calpeptin anti-�-spectrin monoclonal antibody calpastatin

purified �-calpain  purified m-calpain 3-(4-iodophenyl)-2-mercapto-(Z)-2-propenoic 

acid (PD150606) CHEMICOM anti-mouse-IgG-horseradish peroxidas Santa 

Cruz Biotechnology, Inc ECL Amersham Biosciences

 

2. 

 (16)

( AP13P002) Wistar

18  (

18 ) 18 Wistar TrypLE 

ExpressTM 0.01% deoxyribonuclease FBS

1000 rpm 10

poly-L-lysine culture plate (ASAHI GLASS) 5.0×105  / cm2

48 B27 supplement DMEM/F12

B27 supplement Neurobasal medium 5% CO2 / 95% air

37 oC 5~6 ( 7~8 )
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2~3 medium

 

3.  

MTT MTT (16)

MTT  (60 �g/mL) 2

 (BIO-RAD)  (Test 570 nm Reference 640 nm)  

 

4.   

Western blot

sample Western blot

2  

 

5. Calpain  

Calpain calpain Calpain-Glo™ 

Protease Assay kit (Promega) Calpain-Glo™ Reagent 50 µL

calpain Ca2+ �-calpain 1�M

m-calpain 1mM CaCl2 50 µL 10

(FlexStation3, Molecular Devices)

control control Curve fitting GraphPad 

Prism sigmoidal dose-response (variable slope) 50%

 (IC50)

6.

 ± 

(one-way ANOVA) Tukey,s multiple test
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3-3  
1. SAC

SAC

SAC L-cysteine (CYS)

N-acetylcysteine (NAC) (Fig. 10A) TM

CYS NAC 1 mM peroxynitrite (66)

4-hydroxynonenal (67)

 1 mM SAC CYS

NAC SAC TM

TM 47% 76% CYS

NAC (Fig. 10B)  

SAC

L-cysteine
(CYS)

N-acetylcysteine
(NAC)

CYS NACSAC
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TM (-)

TM 10 �g/mL

** *

-

(A) (B) 

 

 

2. TM calpain SAC

 

TM calpain SAC

Fig. 10. Effects of cysteine derivatives on TM-induced neuronal cell death in cultured rat hippocampal 
neurons (HPNs). (A) Chemical structure of SAC and cysteine derivatives. (B) SAC (1 mM), CYS (1 
mM), and NAC (1 mM) were added simultaneously with 10 �g/mL TM for 24 h. The viability of 
HPNs was assessed by the MTT reduction assay. Values are expressed as the relative percentages of 
surviving cells. Each value represents the mean ± S.E.M. for four different experiments. *P < 0.01, 
**P < 0.001.
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Calpain calpain

full-length �-spectrin (240 kDa)

24 TM 10 �g/mL full-length 

�-spectrin 63% SAC 1 mM

90%  (Fig. 11) CYS

NAC SAC full-length �-spectrin  

(Fig. 11)  
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3. Calpeptin �-calpain m-calpain  

SAC TM calpain

 in vitro calpain

SAC calpain

calpain calpeptin (68) calpain

 (Suc-LLVY-Glo) in vitro

�-calpain m-calpain calpain

calpeptin �-calpain m-calpain

IC50  (IC50 = 0.064 nM IC50 = 0.422 �M) IC50  (69)

Fig. 11. Effects of cysteine derivatives on 
TM-induced �-spectrin degradation in HPNs. 
(A) The expression levels of full-length 
�-spectrin (240 kDa) were investigated by 
Western blotting after exposure to TM (10 
�g/mL) in the absence or presence of SAC (1 
mM), CYS (1 mM), and NAC (1 mM) for 24 h. 
Anti-�-actin antibody was used as an internal 
control. (B) Amounts of full-length �-spectrin 
were assessed by densitometric analysis, and 
the relative level of each band was calculated as 
described in Materials and Methods. Each 
value represents the mean ± S.E.M. for four 
different experiments. *P < 0.05, **P < 0.001.
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 (Fig. 12A, B) calpeptin �-calpain 10 nM m-calpain

10 �M  (Fig. 12A, B) SAC

calpain

SAC �-calpain m-calpain  (Fig. 

12C, D) �-Calpain SAC m-calpain

�-calpain 10 nM m-calpain 1 mM

 (Fig. 12C, D) SAC calpeptin

�-calpain m-calpain

�-calpain 45% m-calpain 63%

CYS NAC �-calpain m-calpain

 (Fig. 12C, D)  

Log [M] Log [M]

��
-c

al
pa

in
  a

ct
iv

ity
 (%

 o
f c

on
tro

l)

Log [M] Log [M]

**
**

******

***
***

(A) (B)

(C) (D)

�
-c

al
pa

in
  a

ct
iv

ity
 (%

 o
f c

on
tro

l)

m
-c

al
pa

in
  a

ct
iv

ity
 (%

 o
f c

on
tro

l)
m

-c
al

pa
in

  a
ct

iv
ity

 (%
 o

f c
on

tro
l)

*

Fig. 12. Effects of calpeptin and cysteine derivatives on �-calpain and m-calpain activity. Inhibition 
curves of �-calpain (A) and m-calpain (B) with varying concentrations of calpeptin were created by 
curve fitting as described in Materials and Methods. Similarly, inhibition curves of �-calpain (C) and 
m-calpain (D) with varying concentrations of SAC, CYS and NAC were also created. Each value 
represents mean ± S.E.M. for three (A, B) and four (C, D) different experiments. *P < 0.05, **P < 
0.01, ***P < 0.001 as compared with control (vehicle).
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4. ��-Calpain SAC ALLN PD150606  

SAC in vitro calpain

calpain

ALLN (68) Ca2+

PD150606 (70) SAC ALLN

�-calpain  (IC50 = 0.01 nM) 1 nM �-calpain

 (Fig. 13A) ALLN �-calpain

SAC �-Calpain ALLN

 (5 pM) 75% SAC  (1 �M) 76% ALLN (5 pM) SAC (1 

�M) 57% �-calpain  (Fig. 13B)

SAC (1 mM) ALLN (5 pM)

�-calpain  (Fig. 13B) �-calpain 

ALLN (1 nM) �-calpain 6% SAC (1 mM)

ALLN �-calpain

 (Fig. 13C) PD150606 �-calpain  (IC50 = 20.85 

�M) 100 �M �-calpain  (Fig. 14A)

PD150606 �-calpain SAC

�-Calpain PD150606  (25 �M) 73% SAC  (1 �M)

82% ALLN PD150606 (25 �M) SAC (1 �M)

80%

SAC (1 mM) PD150606 (25 �M) �-calpain

 (Fig. 14B) �-Calpain PD150606 

(100 �M) �-calpain 9% PD150606 (100 �M) SAC (1 

mM) �-calpain 28% PD150606 �-calpain

 (Fig. 14C)  
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5. �-Calpain SAC calpastatin  

calpain

calpastatin AD calpastatin

Fig. 13. Effects of SAC on inhibition of �-calpain by ALLN. (A) Inhibition curve for �-calpain with 
varying concentrations of ALLN was created by curve fitting as described in Materials and Methods. 
(B) ALLN (5 pM) with or without SAC (1 �M or 1 mM) incubated with 100 nM �-calpain. (C) ALLN 
(1 nM) with or without SAC (1 mM) incubated with 100 nM �-calpain. The calpain activity was 
examined using an in vitro assay system as described in Materials and Methods. Each value represents 
the mean ± S.E.M. for three (A) or four (B, C) different experiments. #P < 0.001 as compared with 
control (vehicle), *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 14. Effects of SAC on inhibition of �-calpain by PD150606. (A) Inhibition curve of �-calpain 
with varying concentrations of PD150606 was created by curve fitting as described in Materials and 
Methods. (B) PD150606 (25 �M) with or without SAC (1 �M or 1 mM) incubated with 100 nM 
�-calpain. (C) PD150606 (100 �M) with or without SAC (1 mM) incubated with 100 nM �-calpain. 
The calpain activity was examined using an in vitro assay system as described in Materials and 
Methods. Each value represents the mean ± S.E.M. for four different experiments. #P < 0.05, ##P < 
0.01, ###P < 0.001 as compared with control (vehicle), *P < 0.05, **P < 0.001.
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SAC Calpastatin �-calpain
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85%  (Fig. 15A)
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Fig. 15. Effects of SAC on inhibition of �-calpain by calpastatin. (A) Inhibition curve of �-calpain 
with varying concentrations of calpastatin was created by curve fitting as described in Materials and 
Methods. (B) Calpastatin (100 pM) with or without SAC (1 �M or 1 mM) incubated with 100 nM 
�-calpain. (C) Calpastatin (100 nM) with or without SAC (1 mM) incubated with 100 nM �-calpain. 
The calpain activity was examined using an in vitro assay system as described in Materials and 
Methods. Each value represents the mean ± S.E.M. for three (A), four (C) and five (B) different 
experiments. #P < 0.001 as compared with control (vehicle), *P < 0.05, **P < 0.01, ***P < 0.001.
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3-4  

in vitro calpain

calpain SAC

 (71) thapsigargin befeldin A

HT22

 (72) TM

SAC SAC

SAC

SAC

CYS NAC TM

CYS NAC peroxynitrite (66) 4-hydroxynonenal 

(67)

CYS NAC TM

 (Fig. 10B) TM N-glycosylation

 (73) CYS NAC

TM SAC

SAC

�-calpain AD  (57) APP  (58)

SH-SY5Y A� �-calpain

conjugated linoleic acid  (74) PD150606
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 (Fig. 12C, D)
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calpain benzyloxycarbonyl-Leu-Leu-Tyr diazomethyl ketone 

TE2 C-33A
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TdT-mediated dUTP nick end labeling (TUNEL)
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calpain AD
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3-5 
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CYS NAC  

 

2. SAC TM full-length �-spectrin

CYS NAC

 

 

3. In vitro calpain SAC �-calpain m-calpain

calpeptin
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Fig. 16. A schematic diagram showing the mecanisms of A� potentiates ER stress-induced neuronal 
cell death and neuroprotective effect of SAC in hippocampus neuron.  
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