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２次元電気泳動と質量分析によるタンパク質同定
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タンパク質を、２つの指標（等電点、分子量）でゲル上に分離し、発現の定量解析を行う。

発現変動が見られたタンパク質をトリプシンで消化し、得られたペプチドの質量を飛行時間型質量

分析装置にて解析する。得られた質量をデータベース情報と比較して、タンパク質を同定する。
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Proteins were separated on 8% polyacrylamide gels and transferred to PVDF
membranes. Membranes were blocked with 5% skim milk in Tris-buffered saline
(TBS) containing 0.1% polyoxyethylene sorbitan monolaurate (Tween-20) (TBS-T) at
4 8C over night and incubated with primary antibody (anti-a-internexin antibody;
1:2000, Chemicon International, Temecula, CA, USA) for 60 min at room
temperature. After rinsing with TBS-T, membranes were incubated in biotinylated
secondary antibody (Vector Laboratories, Burlingame, CA, USA) at room tempera-
ture for 60 min, followed by incubation with avidin peroxidase at room
temperature for 60 min. After rinsing with TBS-T, membranes were visualized
using 0.2 mg/ml 3,30-diaminobenzidine (DAB; Wako, Osaka, Japan). We also
prepared reference samples extracted from 3-month-old SAMR1 mice (n = 3) as an
internal control. To determine the levels of CRMP-2 expression and phosphoryla-
tion, membranes were incubated with a primary antibody that detects total
expression of CRMP-2 (anti-CRMP-2 antibody; 1:5000, Santa Cruz Biochemical,
Santa Cruz, CA) or with a primary antibody that detects only phosphorylated form
of CRMP-2 (anti-CRMP-2 [phospho T514] antibody; 1:5000, Abcam, Tokyo, Japan,)
at room temperature for 60 min. After rinsing with TBS-T, membranes were
incubated in horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biochemical, Santa Cruz, CA) at room temperature for 60 min. After rinsing with
TBS-T, membranes were then exposed to the ECL Western Blotting Detection
System (GE Healthcare) for 1 min. We quantified the labeled antigens in terms of
signal intensity and areas of imaging using the Image-ProTM Plus computer-assisted
image analyzer (Media Cybernetics, Silver Spring, MD, USA) as described previously
(Shimada et al., 2003). The signal intensities of bands and adjacent background
areas were represented by gray levels expressed as integers ranging from 0
(representing black) to 255 (representing white). We measured area (A), the mean
signal intensity of each band (S) and the signal intensity of the background (B). The
amount of protein in each band was calculated with the formula jS ! Bj " A. For
Western blotting using anti-a-internexin antibody, variations in protein levels
between the membranes were normalized using data obtained from the reference
sample as an internal control. We determined the ratio (%) of the amount of protein
in each band relative to reference sample (relative protein level). Actin was used as
loading control.

2.8. Immunohistochemistry

Male SAMP10 mice at age 3, 8, and 14 months (n = 5, each) and male SAMR1 mice
at age 3, 8, 14, and 25 months (n = 5, each) were anesthetized with Nembutal. A brief
flush with 0.1 M phosphate-buffered saline (PBS, pH 7.4) to remove blood was
followed by transcardial perfusion with 80 ml Bouin’s fixative for 10 min. Heads
were placed in the same fixative at 4 8C for 7 days. The brains were removed,
embedded in paraffin and sectioned coronally at 6-mm thickness. Paraffin sections
were deparaffinized. Antigen was retrieved by heating sections in 100 mM Tris (pH
7.6) containing 0.5% ethylenediaminetetraacetic acid at 80 8C for 3 h. Sections were
pretreated with a 0.3% solution of H2O2 in methanol to block endogenous
peroxidase activity and with 10% normal goat serum (NGS) in PBS to block non-

specific binding sites, followed by the incubation with mouse anti-a-internexin
antibody (1:100) overnight at 4 8C. Sections were then washed three times in PBS
and incubated with a polymer solution conjugated with anti-mouse IgG secondary
antibodies and horseradish peroxidase (EnvisionTM+ System, Dako, Glostrup,
Denmark) at room temperature for 60 min. Reactions were visualized by incubating
sections with 0.2 mg/ml DAB (Wako) in 0.05 M Tris–HCl, pH 7.4 containing 0.02%
H2O2 for 15 min.

2.9. Statistics

Quantified fluorescence intensity of protein spots in 2D-DIGE and densitometric
data of Western blot bands were analyzed by analysis of variance (ANOVA) when
comparing mice among different ages in the same strain or comparing mice
between SAMP10 and SAMR1 strains at same ages. These analyses were performed
using the multivariate ANOVA procedure of STATISTICA (Stat Soft, Inc., Tulsa, OK).

3. Results

3.1. Age-related alteration of protein expression in limbic-related
forebrain of SAMP10 mice

We detected approximately 800 true protein spots per gel
(Fig. 1A). We focused on 10 protein spots in which patterns of age-
related alterations in levels of expression in the limbic-related
forebrain samples differed between SAMP10 and SAMR1 mice.
Among these 10 protein spots, we successfully identified four spots
using MALDI-TOF/MS and MASCOT search engine (Table 1). These
proteins included pyridoxal phosphate phosphatase (PLPP; spot
1163), dihydropyrimidinase-related protein 2 that is better known
as collapsin response mediator protein 2 (CRMP-2; spot 438;
Fig. 1B and C), and a-internexin (spots 553 and 551; Fig. 1D and E).
Protein identification by MALDI-TOF/MS was subsequently con-
firmed by peptide sequences analyses performed by MALDI-TOF/
TOF for each protein spots (Fig. 2 and Fig. S1).

Quantitative analyses revealed that the level of expression of
spot 1163 in SAMP10 mice at 3 months of age was significantly
higher than that in mice at other ages (Fig. 3A). Age-related
decrease in the level of expression of spot 1163 was evident only in
the limbic-related forebrain prepared from SAMP10 mice. The level
of expression was similar among samples prepared from non-

Fig. 1. Two-dimensional difference gel electrophoresis (2D-DIGE) map showing positions of protein spots. (A) Representative overlapping 2D-DIGE expression map of
samples prepared from the limbic forebrain of SAMR1 and SAMP10 mice at 8 months of age, labeled with fluorescent dyes (Cy5 for SAMR1 indicated by red, and Cy3 for
SAMP10 indicated by green). Enlarged images highlighting the spots of interest represent Cy5-labeled limbic forebrain proteins from an 8-month-old SAMR1 mouse (B, spot
438; D, spots 553 and 551) and Cy3-labeled limbic forebrain proteins from an 8-month-old SAMP10 mouse (C, spot 438; E, spots 553 and 551). Individual protein spots are
indicated by arrows (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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Proteins were separated on 8% polyacrylamide gels and transferred to PVDF
membranes. Membranes were blocked with 5% skim milk in Tris-buffered saline
(TBS) containing 0.1% polyoxyethylene sorbitan monolaurate (Tween-20) (TBS-T) at
4 8C over night and incubated with primary antibody (anti-a-internexin antibody;
1:2000, Chemicon International, Temecula, CA, USA) for 60 min at room
temperature. After rinsing with TBS-T, membranes were incubated in biotinylated
secondary antibody (Vector Laboratories, Burlingame, CA, USA) at room tempera-
ture for 60 min, followed by incubation with avidin peroxidase at room
temperature for 60 min. After rinsing with TBS-T, membranes were visualized
using 0.2 mg/ml 3,30-diaminobenzidine (DAB; Wako, Osaka, Japan). We also
prepared reference samples extracted from 3-month-old SAMR1 mice (n = 3) as an
internal control. To determine the levels of CRMP-2 expression and phosphoryla-
tion, membranes were incubated with a primary antibody that detects total
expression of CRMP-2 (anti-CRMP-2 antibody; 1:5000, Santa Cruz Biochemical,
Santa Cruz, CA) or with a primary antibody that detects only phosphorylated form
of CRMP-2 (anti-CRMP-2 [phospho T514] antibody; 1:5000, Abcam, Tokyo, Japan,)
at room temperature for 60 min. After rinsing with TBS-T, membranes were
incubated in horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biochemical, Santa Cruz, CA) at room temperature for 60 min. After rinsing with
TBS-T, membranes were then exposed to the ECL Western Blotting Detection
System (GE Healthcare) for 1 min. We quantified the labeled antigens in terms of
signal intensity and areas of imaging using the Image-ProTM Plus computer-assisted
image analyzer (Media Cybernetics, Silver Spring, MD, USA) as described previously
(Shimada et al., 2003). The signal intensities of bands and adjacent background
areas were represented by gray levels expressed as integers ranging from 0
(representing black) to 255 (representing white). We measured area (A), the mean
signal intensity of each band (S) and the signal intensity of the background (B). The
amount of protein in each band was calculated with the formula jS ! Bj " A. For
Western blotting using anti-a-internexin antibody, variations in protein levels
between the membranes were normalized using data obtained from the reference
sample as an internal control. We determined the ratio (%) of the amount of protein
in each band relative to reference sample (relative protein level). Actin was used as
loading control.

2.8. Immunohistochemistry

Male SAMP10 mice at age 3, 8, and 14 months (n = 5, each) and male SAMR1 mice
at age 3, 8, 14, and 25 months (n = 5, each) were anesthetized with Nembutal. A brief
flush with 0.1 M phosphate-buffered saline (PBS, pH 7.4) to remove blood was
followed by transcardial perfusion with 80 ml Bouin’s fixative for 10 min. Heads
were placed in the same fixative at 4 8C for 7 days. The brains were removed,
embedded in paraffin and sectioned coronally at 6-mm thickness. Paraffin sections
were deparaffinized. Antigen was retrieved by heating sections in 100 mM Tris (pH
7.6) containing 0.5% ethylenediaminetetraacetic acid at 80 8C for 3 h. Sections were
pretreated with a 0.3% solution of H2O2 in methanol to block endogenous
peroxidase activity and with 10% normal goat serum (NGS) in PBS to block non-

specific binding sites, followed by the incubation with mouse anti-a-internexin
antibody (1:100) overnight at 4 8C. Sections were then washed three times in PBS
and incubated with a polymer solution conjugated with anti-mouse IgG secondary
antibodies and horseradish peroxidase (EnvisionTM+ System, Dako, Glostrup,
Denmark) at room temperature for 60 min. Reactions were visualized by incubating
sections with 0.2 mg/ml DAB (Wako) in 0.05 M Tris–HCl, pH 7.4 containing 0.02%
H2O2 for 15 min.

2.9. Statistics

Quantified fluorescence intensity of protein spots in 2D-DIGE and densitometric
data of Western blot bands were analyzed by analysis of variance (ANOVA) when
comparing mice among different ages in the same strain or comparing mice
between SAMP10 and SAMR1 strains at same ages. These analyses were performed
using the multivariate ANOVA procedure of STATISTICA (Stat Soft, Inc., Tulsa, OK).

3. Results

3.1. Age-related alteration of protein expression in limbic-related
forebrain of SAMP10 mice

We detected approximately 800 true protein spots per gel
(Fig. 1A). We focused on 10 protein spots in which patterns of age-
related alterations in levels of expression in the limbic-related
forebrain samples differed between SAMP10 and SAMR1 mice.
Among these 10 protein spots, we successfully identified four spots
using MALDI-TOF/MS and MASCOT search engine (Table 1). These
proteins included pyridoxal phosphate phosphatase (PLPP; spot
1163), dihydropyrimidinase-related protein 2 that is better known
as collapsin response mediator protein 2 (CRMP-2; spot 438;
Fig. 1B and C), and a-internexin (spots 553 and 551; Fig. 1D and E).
Protein identification by MALDI-TOF/MS was subsequently con-
firmed by peptide sequences analyses performed by MALDI-TOF/
TOF for each protein spots (Fig. 2 and Fig. S1).

Quantitative analyses revealed that the level of expression of
spot 1163 in SAMP10 mice at 3 months of age was significantly
higher than that in mice at other ages (Fig. 3A). Age-related
decrease in the level of expression of spot 1163 was evident only in
the limbic-related forebrain prepared from SAMP10 mice. The level
of expression was similar among samples prepared from non-

Fig. 1. Two-dimensional difference gel electrophoresis (2D-DIGE) map showing positions of protein spots. (A) Representative overlapping 2D-DIGE expression map of
samples prepared from the limbic forebrain of SAMR1 and SAMP10 mice at 8 months of age, labeled with fluorescent dyes (Cy5 for SAMR1 indicated by red, and Cy3 for
SAMP10 indicated by green). Enlarged images highlighting the spots of interest represent Cy5-labeled limbic forebrain proteins from an 8-month-old SAMR1 mouse (B, spot
438; D, spots 553 and 551) and Cy3-labeled limbic forebrain proteins from an 8-month-old SAMP10 mouse (C, spot 438; E, spots 553 and 551). Individual protein spots are
indicated by arrows (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

A. Furukawa et al. / Mechanisms of Ageing and Development 131 (2010) 379–388 381

加齢による神経変性に伴って変動するタンパク質の探索・同定研究

促進老化を示すSAMP10は、神経変性が認められる８ヶ月齢で、病変部位である大脳辺縁系のリ
ン酸化a-インターネキシンが増加することが分かった。中間径フィラメントを構成するa-インターネキ

シンの早期リン酸化が中間径フィラメントの重合を阻害し、軸索の正常な形成や機能を損なうこと
で、SAMP10の神経変性に関与する可能性がある。
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