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1. 1.   

 (Ando et al., 2013; 

Hur et al., 2005)

1952

 (Dooley, 2002)

 (Mclaughlin, 1952)

 (Knox et al., 1968; McClellan, 1987) 21 2

 

 

1. 2.  

 ( ) 

Particulate Matter 10 (PM10)  (Suspended Particle Mater: SPM)

PM2.5  ( PM0.1) 4 PM10

SPM 10 μm (10000 nm) PM2.5 2.5 μm (2500 nm) 

0.001-0.1 μm (1-100 nm)  (Fig. 1-1) (WHO, 2005; 

NSET2010; Feynman, 1970; Taniguchi, 1974) PM10 PM2.5

50%

SPM 3 100%

10 μm

SPM PM6.5-7.0 4

 PM10 > SPM > PM2.5 >   



1  
 

 
2 

 

 
Fig. 1-1  

 

3  

 

1. 3.  

1. 3. 1.  

 (Oberdörster et al., 2005) PM10

10 μm

10-100 nm  (Fig. 1-2) (Oberdörster et al., 

2005) 20 nm 50%

 (Oberdörster et al., 2005)

 (Stuart, 1976)

 

 



1  
 

 
3 

 

Fig. 1-2  

 (Ref; Oberdörster et al., 2005) 

 

 (Oberdörster et al., 2002)

 (Kreyling et al., 2002; 

Stone et al., 2007)

 (Choi et al., 2007) 6 nm

 (Choi et al., 2007)

 

 

 



1  
 

 
4 

 

1. 3. 2.  

2000

 (Donaldson et al., 2005; Oberdörster et al., 2005; Nel et al., 2006)

 (Fig. 1-3) (Duffin et al., 2007; Ray et al., 2009; Nel et al., 2009)

 (Nel et al., 2006)

 

 

 

Fig. 1-3  

(Ref: Nel et al., 2009) 

 



1  
 

 
5 

 

 

1. 3. 3.  

10 μm

2.5 μm  

(Fig. 1-4) (Kittelsona, 1998)

100 nm  

(Fig. 1-4) (Kittelsona, 1998)

 

 
Fig. 1-4  

(Ref: Kittelsona, 1998) 

 

 (1. 3. 1.)  (1. 3. 2.) 

(1. 3. 3.) 

 

 

 



1  
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1. 4.  

1. 4. 1.  

 (Oberdörster et al., 2005)

 (Tepe and 

Bau, 2014) 18 

 (Kittelsona, 1998)

 (Kittelsona, 

1998)

 (WHO) 

330

15%  (WHO, 2009)

 

 

1. 4. 2.  

 (Ray et al., 2009)  

1990



1  
 

 
7 

 

 (Chen et al., 2013; Li et al., 2014)

 (Kovacic et al., 2013)

2015 1600

200  (PEN 2015)

2013 229

2019 642  

(McWilliams, 2014)

 (Ray et al., 2009)

 (Kamimura et al., 2017)

21

 

 

1. 4. 3.  

 (Ray et al., 2009; 

Bakand and Hayes, 2016)  (Ray 

et al., 2009; Bakand and Hayes, 2016)

 (Durga et al., 2013) 

 (NIOSH 

2015; REACH 2011)



1  
 

 
8 

 

 (Ministry of Health, Labour and 

Welfare. 2009)

 

 

1. 5.  

1. 5. 1.  

(Song et al., 2009; Sheng et 

al., 2013; Nabeshi et al., 2011) 240 nm

 

(Wick et al., 2010; Buerki-Thurnherr et al. 2012; Semmler-Behnke et al. 2014)

 ( 18 )  (6 ) 

 (Yamashita et al., 2011, Takeda et al., 

2009)  

(TiO2-NP) X 

 (Takeda et al., 

2009)

 (Fig. 1-5)
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9 

 

 
Fig. 1-5  

 

1. 5. 2.  

 (Reproductive and developmental toxicity)  (Developmental 

toxicity)

 

 (Rice et 

al., 2000; Grandjean and Landrigan, 2014; McQuillen and Ferriero, 2004)  

21

 (WHO, 2006)



1  
 

 
10 

 

 (Knuesel et al., 2014)

 (Atladóttir et 

al., 2010; Sun et al., 2011; Brown, 2012)

 (Knuesel et 

al., 2014; Chin-Chan et al., 2015)

 (Developmental neurotoxicity)  (Grandjean et 

al., 2017)

 

 

1. 6.  

 (1. 3. 2)  (1. 3. 3)  (1. 5. 1) 

 (1. 5. 2) 

2010

 

(Umezawa et al., 2012; Jackson et al., 2011; Shimizu et al., 2009)

 

 (1. 4. 1) 

 (1. 4. 2)

 

(CB-NP) CB-NP
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Printex 

90 CB-NP

 (Jacobsen et al., 2012; Jackson et al., 2011; Bourdon et al., 

2012; Kyjovska et al., 2015) CB-NP

 (El-Sayed et al., 2015; 

Shimizu et al., 2014) 

CB-NP CB-NP

 

 

1. 7.  

CB-NP

2012

 

 

 

 3

3

4  (Table 1-1)  
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Table 1-1.  

      

1     

2   
  

 
  

3   
  

 
  

  

4   
   

5   
 

  
  

6     

 

 



2  
 

 
13 

 

2  
 

2. 1.  

2016  (Society of Toxicology: SOT) 

 “Maternal Exposure to Nanoparticles”  

 

 

  

 ( )    

(Susan and Makris, 2016) 

  ( )  

1

  (Jackson et al., 2011)  (US EPA) 

  (Powers et al., 

2013) CB-NP

 

  



2  
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2. 2.  

2. 2. 1.  

 

 

2. 2. 2.  

ICR  (Hamamatsu, Shizuoka, 

Japan) 

 (

) 

 

 (15 ) 

12  ( 8:00 ~ 20:00 20:00 ~ 8:00) 23±1 °C

50±5% 11 1

3 11

10-12 3

3 - 5  

  

2. 2. 3.  

CB-NP  (TiO2-NP) 2 CB-NP

Degussa Ltd. (Frankfurt, Germany) PRINTEX90

CB-NP 1%  (Jacobsen et al., 2007, 

2011) 14 nm 295-338 m2/g  (Saber et al., 2011; 

Jackson et al., 2011) TiO2-NP Sigma-Aldrich (Cat. No. 700347-25G; MO, USA) 

99.5% 21 nm TiO2-NP

20% 80%

 

  

 



2  
 

 
15 

 

2. 2. 4.  

< > 

CB-NP CB-NP 5 mg/mL 30

1 mL 450 nm

 (S-2504; Kurabo Co. Ltd., Osaka, Japan) X  

(EDX)  (JSM-6500F) 

X  (0.277 keV) CB-NP 95 μg/mL

 

TiO2-NP 450 nm  (Cat. No. SLHU033RS; Merck 

Millipore Ireland BV, Cork, Ireland) 100 nm  

(Merck Millipore Ireland BV) TiO2-NP 8 mg/mL

 

CB-NP TiO2-NP 1 μL  (200 Cu Mesh; 

Nisshin EM, Cat.No. 6511)  (JEM 

1200EXII; JEOL Ltd., Akishima, Tokyo, Japan)  56 μA  80 kV

 (NANO-ZS; Sysmex Co., Hyogo, Japan)  (DLS) 

 

 

< > 

CB-NP  2 mg /mL 20 

20  4 mL  16000 g 4°C 

 20  2 mL 5

25 3

CB-NP  1 μL 

 56 μA  80 kV

 (Zetasizer nano; Malvern 

Instruments Ltd., Worcestershire, UK.) DLS  

3 CB-NP CB-NP  500 

μg /mL 20 1/2



2  
 

 
16 

 

 CB-NP 4  (0, 31.25, 62.5, 125 μg/mL) 

 CB CB-NP 3 1 mL

 6.5  speed vac  20 μL  

(MV-100; Tomy Seiko Co, Ltd., Tokyo, Japan) Speed vac  CB-NP  1 μL

 (Mo) Single Hole  (Φ 0.3 mm, ) 

 15  15 kV  x90

 2.290 keV 

EDX  X  ( 2.9 μg/mL, 

15 μg/mL, 73 μg/ mL)  CB  1 μL 

 56 

μA  80 kV  

 

2. 2. 5.  

< > 

3 ICR  (11 ) 16

 (n=8) CB-NP  

(n=5) TiO2-NP  (n=3) 

5 9

CB-NP

TiO2-NP  (CB-NP, 95 μg/kg bwt; TiO2-NP, 8 mg/kg bwt; 1 mL/kg bwt) 

 (Fig. 2-1)  

6 12  (1 4-6 )  

( ; 0.1 mg/g bwt) 

 (Fig. 2-1)  
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Fig. 2-1  

 

< > 

3 ICR  (11 ) 20

 (C ; n=10)  

(L ; n=10)  (M ; n=10)  (H ; n=10)  (Fig. 2-2)

5

5 9

CB-NP  (1 mL/kg bwt; L , 2.9 μg/kg bwt; M , 15 

μg/kg bwt; H , 73 μg/kg bwt)  (Fig. 2-2)

13 6  (1 2 ) 

 ( 0.1 mg/g bwt) 

 (Fig. 2-2)  

ICR pregnant mice
n = 3- 5/group

CB-NP or TiO2-NP

GD19

CB-NP:  95 μg/kg body weight/time  
1 μL/g body weight/time
Intranasal (anesthesia with halothane)

TiO2-NP : 8 mg/kg body weight/time  
1 μL/g body weight/time
Intranasal (anesthesia with halothane)

Vehicle:  Ultra-pure water

6  week

CB-NP or TiO2-NP

GD9GD5

Gestational day 5 and 9 
Carbon Black nanoparticle or Titanium dioxide nanoparticle exposure

12  week

Birth (11-16 pups/dam)

PAS staining (n=5/group)

TEM (n=3/group)*

PAS-GFAP double staining (n=5/group)

PAS staining (n=5/group)

TEM (n=3/group)*

PAS-GFAP double staining (n=5/group)

4 -6 male pups/dam
used for analysis Other stainings*

*Only CB-NP group
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Fig. 2-2  

 

2. 2. 6.  

 ( 800-2500 nm) 

OTN (over 1000 nm) 

NaYF4: Yb3+, Er3+  ( 120 nm) 

NaYF4: Yb3+, Er3+ 

 (Kamimura et al., 2017) NaYF4: Yb3+, Er3+  (10 mg/mL) 

40 μL 80

24

5000 mA 500 msec.

 ( 976 nm) NaYF4: Yb3+, Er3+ 

 (InGaAs) CCD  

 

 



2  
 

 
19 

 

2. 2. 7. PAS (Periodic acid-Schiff) -Hematoxylin  

4% 1% 0.1 

M  (pH7.4) 7  

(TEC-P-S-J0; Sakura Finetek Japan) 

REM-710 

(Yamato Kohki Industrial Co., LTd., Saitama, Japan) 3 

μm 42°C 1

 

99.5% 95% 2

1% 1

3 10 40

3 5

5

5

 (Thermo Fisher Scientific Inc., Weltham, MA, USA) 

 (BX51; Olympus Co., Tokyo, Japan) 

 

PAS-Hematoxylin

 

 

2. 2. 8. Masson’s trichrome  

4% 1% 0.1 

M  (pH7.4) 7

REM-710 3 μm

42°C 1

 

99.5% 95% 2



2  
 

 
20 

 

10%  (Muto Pure Chemical) 10

5

 (Muto Pure Chemical) 40 10

G  (Muto Pure Chemical) 

1% 2 10

B (Muto Pure Chemical) 30 1% 2

 (Muto Pure Chemical) 5 1%

2 5 1

 (Thermo Fisher Scientific) 

 

Masson’s trichrome

G  

 

2. 2. 9. Oil Red O  

4% 1% 0.1 

M  (pH7.4) 7

10% 20% 30% /PBS 4 4 12

Tissue-Tek OCT 

10 μm

24  

10 99.5% Oil Red O

 (Sigma Chemical Co., Ltd., WA, USA) 10

Oil Red O 60% 1 37°C

2 3 Tissue-Tek OCT 

60% 1 37°C Oil Red O 30

 60% 1 2 3

1 5

 (  : PBS = 1 : 1) 50μL

 



2  
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Oil Red O

Oil Red O

Oil Red O

 

 

2. 2. 10. Sudan Black B  

4% 1% 0.1 

M  (pH7.4) 7

10% 20% 30% /PBS 4 4 12

Tissue-Tek OCT 

10 μm

24  

5 Tissue-Tek OCT 70%

3 B  (Muto Pure Chemical) 

20 70% 3

B 5

 (  : PBS = 1 : 1) 50 μL

 

Sudan Black B Oil Red O Oil Red 

O Oil Red O

Oil Red O Sudan

 

 

2. 2. 11.  

4% 1% 0.1 

M  (pH7.4) 10 0.1 M  

(pH7.4) 2

50 70 90 95 100 10
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 (Epon 812, Shell Chemicals Ltd., Houston, TX, 

USA) 85 nm

 (JEOL100-S; JEOL Ltd.) 

80 kV  

 

2. 2. 12. PAS  

4% 0.1 M  

(pH7.4) 3 10% 20 % 30%

/PBS 4 4 12

Tissue-Tek OCT 

10 μm 24

470 nm  

24 PAS-Hematoxylin

OCT 1%

 (Muto Pure Chemical CO., Ltd., Tokyo, Japan) 3

1 10  (Muto Pure Chemical) 60

 (Muto Pure Chemical) 

3 5

1  (Sakura Finetek Japan) 

5

 (Thermo Fisher Scientific) 

PAS-Hematoxylin

PAS  

 

2. 2. 13.  

Tissue-Tek OCT  (Sakura Finetek Japan Co., 

Ltd., Tokyo, Japan) -80°C  (Sakura 

Finetek Japan.) 8 μm  (S-8441; Matsunami, Osaka, 

Japan) 24 4°C 4%
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0.1 M  (pH7.4) 10

4°C  (PBS) 3 5  PBS 200

goat polyclonal anti-Macrophage mannose receptor (MMR)/CD206 antibody 

(code no. AF2535, R&D Systems, Minneapolis, MN, USA) 4°C 16

PBS 3 5 PBS 500 Dylight 549-conjugated 

donkey anti-goat IgG (code no. 605-742-002, Rockland Immunochemicals, Inc.) 2

PBS 2 1 5 Hoechst 33342 (Cat. No. 

861405; Sigma-Aldrich, USA) 1 5

 (Cell Signaling Technology, Inc., MA, USA) 

 (R3702; Matsunami)  (BZ-9000; 

Keyence Co., Osaka, Japan) Hoechst CD206

320-400 nm 430-500 nm 560-680 nm 410-510 nm

485-585 nm 625-775 nm  

   

2. 2. 14. PAS CD206  

CB-NP 3 μm

50 150 μm 30 μm

3 30  ( : n = 5; CB-NP : n = 5) PAS-Hematoxylin

40 400

PAS 40

 (1 mm2) PAS PVM

10 1.8 mm

20-30 μm 1.8 mm

60-90 3 3.3-5.0%

 

CB-NP 10 μm

30 300 μm 50 μm

3 30  ( : n = 5; CB-NP : n = 5) 

CD206 CD206
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Dylight 488 CD206

 (BZ-9000) 40 TIFF

ImageJ software (National Institute of Health, MD, USA) 

 (Schneider et al. 2012) Dylight 488

 (Image 

J command, Image: Color: Split Channels)

40−80  (ImageJ command, Image: Adjust: 

Brightness/Contrast) 70 70

70  (ImageJ command, Image: Adjust: 

Threshold)

CD206 CD206

 (ImageJ command, Analyze: Measure after setting “Area” and “Limited to Threshold” in 

Image J command, Analyze: Set Measurement)

 

 

2. 2. 15. PAS-GFAP (Glial fibrillary acidic protein)  

6 4% 0.1 M

 (pH7.4) 24

2

REM-710 6 μm

42°C 1

10% 20% 30% /PBS

4 4 12

Tissue-Tek OCT 

10 μm 24  

99.5% 95%

2 OCT
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PBS 0.3% H2O2 PBS 30

PBS 5 3 10 %  

(IHR-8135, Immunobioscience, Mukilteo, WA, USA) 60

PBS 5 3 0.1% X PBS (PBS-Tx) 1000

rabbit anti-mouse GFAP polyclonal antibody  (Code-No. Z0334; DakoCytomation, 

Copenhagen, Denmark) 4°C 16 PBS-Tx

5 3 PBS-Tx 1000 Donkey anti-rabbit 

IgG polyclonal antibody (AP182B; Chemicon, Temecula, CA, USA) 120

PBS-Tx 5 3 PAS-Hematoxylin

1 1% 3

1 60

3 3

1 PBS 1

 

(Vectastain ABC peroxidase kit; Vector Laboratories Inc., Burlingame, CA, USA) PBS 400

200 PBS-Tx 3 5

0.01% H2O2 0.02% 3,3'- /0.1M -HCl  

(pH 7.6) - 20

GFAP

PBS 1

 (Thermo Fisher Scientific) 

 

 

2. 2. 16.  

6

1 mm

 (Fig. 2-3) 

 (Complete EDTA-free; Roche Diagnostics, Tokyo, Japan) T-PER®  (20 mL/g 

of tissue weight; Takara Bio, Inc., Shiga, Japan) Biomasher II Powermasher (Nippi, Inc., 
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Tokyo, Japan) 

4°C 10,000×g 5

Pierce™ BCA Protein Assay kit (Thermo Scientific K.K., Waltham, MA, 

USA) 

-80°C  

 

 
Fig. 2-3  ( )  

 

2. 2. 17. SDS-  

30 μg

 (125 mM -HCl (pH6.8) 20% 4% 

 (w/v) 0.001%  (w/v) 10% ) 

95°C 5

SDS
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GFAP Aqp4 10% 12%

ß-actin

25 μg 110V 30

4°C 150V 110

 (PVDF 

membrane; Millipore, MA, USA) 400mA 1

 (pH7.4) /0.1% Tween20 (TBS-T) 5%

4 °C 5

Rabbit anti-mouse GFAP polyclonal antibody Rabbit anti-Aqp4 

polyclonal antibody (Code-No. AB3594; Millipore, MA, USA) Rabbit anti-ß-actin  

(13E5)  monoclonal antibody (Code-No. 4970; Cell Signaling Technology, Inc., Boston, MA, 

USA) 1% /TBS-T  (GFAP, 1:1000; Aqp4, 1:200; ß-actin, 1:2000) 

PVDF 4 °C 12

PVDF TBS-T 3 10

horseradish peroxidase conjugated anti-rabbit IgG (Code-No. 

sc-2004; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) 5% /TBS-T

 (GFAP, 1:5000; Aqp4, 1:2000; ß-actin, 1:10000) 2

TBS-T 3 10 PBS 4 °C

GFAP ß-actin

Immobilon Westem Chemiluminescent HRP Substrate  (Millipore, MA, USA) 

Aqp4 ImmunoStar® Basic (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 

 

ChemiDoc™ 

MP System (Bio-Rad, CA, USA) Image Lab™ Software (Bio-Rad) 

SDS-

GFAP 55 kDa 48 kDa 2  (Laurence et al., 2005) Aqp4

38 kDa 34 kDa 32 kDa 3  (Uniprot, P55088- 

Aqp4) ß-actin 46 kDa

SDS-

 (canonical sequence) GFAP 55 kDa Aqp4 38 kDa
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ß-actin 46 kDa

GFAP Aqp4 ß-actin

GFAP Aqp4 ß-actin

 

 

2. 2. 18. GFAP-Aqp4 (Aquaporin 4)  

CB-NP 6  (n = 5/group) 

PBS 4%

0.1 M  (pH7.4) 4%

0.1 M  (pH7.4) 24

10% 20% 30% /PBS 4

4 12

Tissue-Tek OCT  (Sakura Finetek Japan) 

10 μm  (S-8441; Matsunami) 

24 10 % (IHR-8135, 

Immunobioscience) 1 PBS 500

goat polyclonal anti-GFAP antibody (code-no. ab53554, Abcam, Cambridge, UK) 

4°C 16 PBS 3 5 PBS

1000 Dylight 488 donkey anti-goat IgG (code-no. 

605-741-125, Rockland Immunochemicals Inc., PA, USA; 1:1000) 120

PBS 3 5 PBS 100

rabbit polyclonal anti-Aqp4 antibody (code-no. AB3594, Merck Millipore)  4°C 16

PBS 3 5 PBS 1000

Dylight 649 donkey anti-rabbit IgG (code-no. 611-743-127, Rockland 

Immunochemicals Inc;) 120 PBS 3 5

2 5 Hoechst 33342 (code-no. 346–07951, Dojindo Laboratories, 

Kumamoto, Japan) 1 5

 (Cell Signaling Technology)  (R3702; Matsunami) 

 (BZ-9000; Keyence Co., Osaka, Japan) 

1 30  (
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300 μm) 3  (30 μm ) 1 10

Hoechst GFAP Aqp4 320-400 nm 430-500 nm

560-680 nm 410-510 nm 485-585 nm 625-775 nm  

 

2. 2. 19.   

Aqp4

 ( )  (Kress et al., 2014)

 (BZ-H2C, Dynamic Cell Count Vers.1.1, Keyence) 

40 μm Aqp4  

 

2. 2. 20. total RNA  

6 1 mm

13

Isogen solution 

(Nippon Gene Co., Ltd., Tokyo, Japan) total RNA

 total RNA 70% 

 total RNA RNase-free

total RNA BioPhotometer Plus (Eppendorf, Hamburg, 

Germany) OD260 total RNA

 

 

2. 2. 21.  

total RNA RNeasy Micro Kit (Qiagen Hilden Germany) 

Bioanalyzer 2100 (Agilent Technologies Inc. CA USA) 

RNA RNA

5 2 3

2 RNA RNA  (n = 2/group) 

RNA Cy3 Takara Bio, Inc. protocol. SurePrint G3 Mouse 

GE 8x60K microarray (Agilent Technologies) 

Gene Expression Wash Buffers Pack (Agilent Technologies) 
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DNA microarray scanner G2565CA (Agilent Technologies) 

Minimum Information About a Microarray 

Experiment (MIAME) guidelines (Brazma et al., 2001)  pre-processing method for Agilent 

data (Zahurak et al., 2007) Agilent Feature Extraction software

  ( ) 

2 0.5  (> 2-fold and < 0.5-fold in 

the high-dose group/control group comparison)  CB-NP

0.7 -0.7 CB-NP

 

 

2. 2. 22. Gene Ontology  

Gene Ontology

 ( ) National Center for Biotechnology 

Information (NCBI; MD, USA)  (gene2go.gz) 

Gene Ontology

2015 6 20

Gene Ontology  (Enrichment factors)  (

/ )/( / ) 

2 3  (hypergeometric distribution) 

p <0.01 Gene Ontology

CB-NP  

 

2. 2. 23. PCR  

M-MLV Reverse Transcriptase (Invitrogen Co., Carlsbad, CA, USA) 

total RNA (1 μg) RNA DNA (cDNA) 

SYBR Green Real-Time PCR Master Mix (Toyobo Co. Ltd., Osaka, Japan) 

 (Fasmac Co., Ltd. Kanagawa, Japan) 

Real-Time PCR Master Mix (Toyobo) TaqMan primer/probe sets (Applied Biosystems Japan, 

Tokyo, Japan) PCR (qRT-PCR) 

Ontology



2  
 

 
31 

 

CB-NP

9 qRT-PCR

Table 2-1

GAPDH  

 

Table 2-1 qRT-PCR  

Gene Sequence (5′–3′) Tm (°C) 

Gapdh (NM_008084.2) 
F TGTGCAGTGCCAGCCTCGTC 

60 
R GGATGCATTGCTGACAATCT 

Sox17 (NM_011441) 
F AAGTAGCTCCAGAAACTGCAG 

60 
R CTGCTCATTGTATCCATGAGGTGA 

Tgfa (NM_031199) 
F CTAGCGCTGGGTATCCTG 

60 
R CACTCACAGTGTTTGCGGAG 

Nos3 (NM_008713) 
F CTCTGCCTCACTCATGGGCACG 

60 
R GGATTTTGTAGCTCTTGTGCTGCTC 

Tbx1 (NM_001285472) 

F CTACCAGAATCACCGGATCACG 

60 R CCGAGAGCGAGCAAAGGC 

P TAAGATTGCCAGCAACCCCTTCGCCAAAG 

Kdr (NM_010612) 

F TCACCGGAAATCTGGAGAATCAG 

60 R CTCAGTACAATGCCTGAATCTTCTAC 

P ACAACCATTGGCGAGACCATTGAAGTGACT 

Flt1 (NM_010228) 

F TGAGGAGCTTTCACCGAACTC 

60 R ACTCGCTATTCTCAAGTCTATCTTCA 

P CTTGGTCTCAGTCCAGGTGAACCGCTTC 

Tie1 (NM_011587) 

F CCATGCTTTTGTCTACCAAAGTCA 

60 R GCGGCATTCCCAGAACCC 

P AGCCAGACAGGACCACAGCAGAGTT 

Cyr61 (NM_010516) 

F ATCGCAATTGGAAAAGGCAGC 

60 R GGCGTGCAGAGGGTTGAAA 

P AGGCTTCCTGTCTTTGGCACCGAACC 

Cxcl12 (NM_021704) 

F TCGCCAGAGCCAACGTCAA 

60 R GATCCACTTTAATTTCGGGTCAATGC 

P CCAAACTGTGCCCTTCAGATTGTTGCACGG 
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2. 2. 24.  

±  (SD) Windows

Excel 2012 (Social Survey Research Information, Tokyo, Japan) 

Gene Ontology P 0.01

P 0.05  

F student t

CB-NP TiO2-NP CB-NP

Tukey-Kramer PAS

 F student t

CB-NP

Dunnet  ( )  

 

 

2. 3.  

2. 3. 1. CB-NP   

CB-NP  (95 

μg/mL) CB-NP

15 nm 30-200 nm

 (Fig. 2-4) 

CB-NP 84.2 nm  ( 0.143) 

 (Fig. 2-4) 84.2 nm
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Fig. 2-4  (CB-NP)  

A: CB-NP

B: 

CB-NP  

 

2. 3. 2. TiO2-NP   

TiO2-NP  (8 

mg/mL) TiO2-NP

20 nm 40-120 nm

 (Fig. 2-5) 

43.1 nm

 ( 0.157)  (Fig. 2-5) 

43.1 nm
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Fig. 2-5  (TiO2-NP)  

A: TiO2-NP

B: 

TiO2-NP  

 

2. 3. 3. CB-NP   

CB-NP CB-NP

15 nm 250 nm

 (Fig. 2-6) 

CB-NP 91 nm

 (Fig. 2-6) 91 nm

 

3 CB-NP CB-NP

4  (62.5 μg/mL - 500 μg/mL) EDX  X 

 CB-NP

CB-NP 73 μg/ mL  (Fig. 2-6) 

CB-NP 15 μg/mL

CB-NP 2.9 μg/mL  
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Fig. 2-6  (CB-NP)  

A: CB-NP ( ) 

B: 

CB-NP ( ) C: SEM/EDX CB-NP

CB-NP  ( ) 73 μg/ mL

Count* Molybdenum X-ray Spectrum intensity (2.290 keV) D: 

SEM/EDX CB-NP 125 μg/ mL  High-dose group SEI
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2. 3. 4.  

CB-NP TiO2-NP

 (Table 2-2, 2-3) CB-NP

TiO2-NP  (Table 2-4, 2-5) 

CB-NP  (Table 2-6, 2-7)  

 

 

Table 2-2.  (CB-NP) 

  

Group name Number of dams Number of offspring Sex ratio (%)* 

Ultra-pure water 5 13.8 ± 2.2 46.8 ± 9.8 

CB-NP 5 13.0 ± 1.2 62.5 ± 21.4 

CB-NP

 ± SD *Sex ratio (%) = male/ (male 

+ female) ×100  

 

 

Table 2-3.  (TiO2-NP) 

  

Group name Number of dams Number of offspring Sex ratio (%)* 

Ultra-pure water 3 14.0±0.0 50.0 ± 14.3 

TiO2-NP 3 11.7±4.0 57.1 ± 7.1 

TiO2-NP

 ± SD *Sex ratio (%) = male/ (male 

+ female) ×100  
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Table 2-4.  (CB-NP) 6

12  (g)   

Group name 
Number of dam 

(Number of offspring) 
Age Body weight (g) 

Ultra-pure water 
5 (20) 6 w 33.9 ± 3.0 

5 (14) 12 w 42.8 ± 3.3### 

CB-NP 
5 (20) 6 w 33.9 ± 2.1 

5 (15) 12 w 40.8 ± 5.2### 

 [F (1, 16) = 47.1, 

###P<0.001] CB-NP CB-NP /

 ± SD  

 

 

Table 2-5.  (TiO2-NP) 6

 (g)   

Group name 
Number of dam 

(Number of offspring) 
Age Body weight (g) 

Ultra-pure water 3 (3) 6 w 34.5 ± 2.1 

TiO2-NP 3 (3) 6 w 32.9 ± 1.4 

6 TiO2-NP

 ± SD  
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Table 2-6.  (CB-NP) 

  

Group name Number of dams Number of offspring Sex ratio (%)* 

Ultra-pure water 5 15.8 ± 1.9 47 ± 16 

Low CB-NP 5 15.2 ± 1.9 44 ± 9 

Middle CB-NP 5 14.2 ± 1.6 42 ± 9 

High CB-NP 5 16.4 ± 1.1 53 ± 13 

 ± SD *Sex ratio (%) = male/ 

(male + female) ×100  

 

Table 2-7.  (CB-NP) 6

 (g)   

Group name 
Number of dam 

(Number of offspring) 
Age Body weight (g) 

Ultra-pure water 5 (18) 6 w 33.2 ± 1.9 

Low CB-NP 5 (18) 6 w 34.7 ± 3.0 

Middle CB-NP 5 (19) 6 w 32.6 ± 1.6 

High CB-NP 5 (20) 6 w 32.0 ± 1.4 

6

 ± SD  

 

2. 3. 5.  
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OTN  (Kamimura et al., 2017)

NaYF4: Yb3+, Er3+  ( 120 nm, 10 mg/mL)  

( 976 nm) 1550 nm OTN  (Fig. 

2-7A-C) NaYF4: Yb3+, Er3+ 80

 (Fig. 

2-7D-G)

24

 (Fig. 2-7H-K) 80 24

 (Fig. 2-7D-K)  

 

 

Fig. 2-7  

A-C: NaYF4: Yb3+, Er3+-NP 

D-G: NaYF4: Yb3+, Er3+-NP 80

H-K: NaYF4: Yb3+, Er3+-NP 24  

 



2  
 

 
40 

 

2. 3. 6.  

< PAS-Hematoxylin > 

CB-NP TiO2-NP

PAS-Hematoxylin 3 μm 30 

μm 1 20 320 PAS-Hematoxylin

 

PAS-Hematoxylin PAS

 (Fig. 2-8; Fig. 2-9)

1 μm  

(Fig. 2-8A-D; Fig. 2-9A, B) CB-NP 2-3 μm

 (Fig. 2-8F, H)

PAS  (Fig. 

2-8B, D; Fig. 2-9B) PAS

 (Fig. 2-8F, 

H) PAS CB-NP

TiO2-NP  (Fig. 2-9B, D) PAS-Hematoxylin
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Fig. 2-8  (CB-NP) 

PAS-Hematoxylin  

A, B: 6 C, D: 12

E, F: CB-NP 6 G, H: 

CB-NP 12 10 μm  

 



2  
 

 
42 

 

 

Fig. 2-9  (TiO2-NP) 

PAS-Hematoxylin  

A, B: 6 C, D: 12

E, F: TiO2-NP 6 G, H: 

TiO2-NP 12 10 μm  

 

<Masson's trichrome > 

 (Tahajjodi et al., 2014; Uspenskaia et al., 2004) PAS-Hematoxylin

Masson's trichrome

 

2

Masson's trichrome

 ( )  (Fig. 2-10E, F) CB-NP
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6  (Fig. 

2-10A, B: , C, D: CB-NP ) CB-NP 6

 

<Oil Red O Sudan Black B > 

PAS-Hematoxylin

 (Mato et al., 1983) 

Oil 

Red O Sudan Black B  

2

Oil Red O Sudan Black B

 (Fig. 2-11E: Oil Red O, F: 

Sudan Black B) CB-NP 6

 (Fig. 2-11A:  

Oil Red O, B:  Sudan Black B, C: CB-NP  Oil Red O, D: CB-NP  Sudan 

Black B) 
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Fig. 2-10  (CB-NP) 

Masson's trichrome  

A, B: 6 C, D: CB-NP 6

E, F: 2

A, B, C, D 20 μm

E 50 μm F 10 μm  
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Fig. 2-11  (CB-NP) 

Oil Red O Sudan Black B  

A, C, E: Oil Red O B, D, E: Sudan Black B A, B: 6

C, D: CB-NP 6 E, 

F: 2

20 μm  
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2. 3. 7. PAS  

PAS

PAS  

 (Fig. 2-12B, C) 

PAS-Hematoxylin PAS

PAS

 (Fig. 2-12D, E, F) 

PAS PAS

3  (Fig. 2-12F) 1  (Fig. 2-12B) 

PAS

 

PAS

 (PVM: Perivascular Macrophage) 

 (Mato et al., 1979; 1996)

PAS PVM

 

PVM 450-490 nm

 (Nakazawa et al., 2002) PVM

Macrophage Mannose Receptor (MMR/CD206) PVM

MMR  

(Galea et al., 2005) MMR PVM MMR

PVM

560 nm  (Mato et al., 1996) 

CD206 DyLight 649  
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Fig. 2-12 

PAS  

A:  B: A  C: A B D: A-C

PAS E, F: D B

A-D 40 μm E, F 10 μm  
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620 nm

CD206  (Fig. 2-13 circle) 470 nm

 (Fig. 2-13)  (Fig. 2-13 arrow) 3

CD206 CD206

 (Fig. 2-13 square, B) 

CD206

CD206

PVM

PVM

 

PAS-Hematoxylin MMR

CB-NP PAS PVM

PAS

PVM  



2  
 

 
49 

 

 

Fig. 2-13 PAS  

A: C-E  B: A  C: D: CD206 (Macrophage Mannose 

Receptor) E:  F: A C-F 40 

μm B 10 μm  
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2. 3. 8. PVM  

PVM

PAS-Hematoxylin  (Mato et al., 1996; 2002) 

PVM CB-NP PVM

PAS PVM

1 3 30  ( 15

CB-NP 15 ) 6

 

PAS PVM 1 mm2 7.42  

(Table 2-8, Fig. 2-14) CB-NP 1 mm2 5.04

 (Table 2-9, Fig. 2-14)

CB-NP  (Cx)  (HIP)  (Hy)  

(MBr)  (Cb)  (MO) PAS PVM

 (Table 2-9, Fig. 2-14)  (cc) PAS

PVM  (Table 2-9 Fig. 2-14)  

 

Table 2-8. PAS

 

 Ultra-pure water 

Sample ID C1 C2 C3 C4 C5 Sum 

Total counts 991 890 1225 1036 1206 5348 

Total area [mm2] 156.6 132.0 144.1 132.6 155.7 721.0 

 

 Carbon Black nanoparticle 

Sample ID E1 E2 E3 E4 E5 Sum 

Total counts 677 770 690 943 998 4078 

Total area [mm2] 157.7 163.4 154.4 164.4 166.3 806.2 
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Table 2-9. PAS

 (counts/mm2) 

 PAS-positive PVMs [count/mm2] 

 Olf Cx*** cc Str HIP** Th 

Ultra-pure water 8.89 ± 1.10 8.53 ± 0.63 1.92 ± 0.27 4.89 ± 1.10 9.62 ± 0.86 9.70 ± 1.75 

CB-NP 6.47 ± 2.27 5.23 ± 0.49 2.14 ± 0.90 3.90 ± 0.84 6.15 ± 1.46 7.69 ± 1.80 

 

 PAS-positive PVMs [count/mm2] 

 Hy*** MBr** Po Cb* MO* total** 

Ultra-pure water 7.98 ± 1.09 7.88 ± 0.99 6.42 ± 1.32 7.42 ± 1.81 6.34 ± 1.37 7.42 ± 0.88 

CB-NP 4.15 ± 0.81 5.69 ± 0.26 4.53 ± 1.70 4.15 ± 1.40 4.39 ± 1.07 5.04 ± 0.78 

Olf: Cx: cc: Str: HIP: Th: Hy: 

MBr: Po: Cb: MO: *p<0.05, **p<0.01, ***p<0.001 

 
Fig. 2-14 PAS  (Table 2-9 ) 
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CB-NP PVM

PAS PVM

PVM MMR PVM

PAS PVM

CB-NP MMR PVM

 (Fig. 2-15 CB-NP

PVM PAS PVM

CB-NP PVM

 

 

Fig. 2-15 CD206 (Macrophage Mannose Receptor) 

. 

 

2. 3. 9.  

CB-NP PVM PAS PAS

PVM PVM
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 (Sugamata et al., 2006) CB-NP

 

CB-NP

 (

) PVM

6 12 PVM

 (Fig. 2-16A, C) 

PVM CB-NP

12 PVM  

(Fig. 2-16E, F) 

 (Fig. 2-16E) CB-NP

PVM

 

PVM

 (Fig. 2-16E) 

CB-NP PVM PVM
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Fig. 2-16  (PVM)  

A-C: PVM  (LG)  (AE)  (EC)

D-F: PVM  (LG)  (AE)  (EC)

PVM  (F)  (**AE)  

 (EC)  ( )

2 μm  

 

2. 3. 10. PAS-GFAP PVM  

PVM

PVM

 

(GFAP: Glial fibrillary acidic protein) PAS-Hematoxylin
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 (PAS-GFAP )  

CB-NP TiO2-NP

GFAP  (Fig. 2-17A, C, E) 

GFAP  

(Fig. 2-17B) CB-NP TiO2-NP GFAP

 (Fig. 2-17D, F) CB-NP TiO2-NP

GFAP

GFAP GFAP

 ( 1 μm) PVM

 (Fig. 2-18A)  (

2-3μm) PVM  (Fig. 2-18B, C) 

PVM

PVM GFAP

PVM  (Fig. 2-18E, G, H) 

PVM GFAP

 (Fig. 2-18F, I) CB-NP

PVM GFAP
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Fig. 2-17 PAS-GFAP  

A, B: C, D: E, F:  

GFAP A, C, 

E 200 μm B, D, F 100 μm  
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Fig. 2-18 PAS-GFAP  

A: B-I: 

GFAP

GFAP

10 μm  

 

2. 3. 11. GFAP  

PAS-GFAP CB-NP

GFAP GFAP

 

4

CB-NP

GFAP CB-NP  [F 

(3, 16) = 17.46, P < 0.001] (Fig. 2-19) Dunnett
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 (Fig. 

2-19A, B) GFAP CB-NP

CB-NP GFAP

GFAP

 (Haley et al., 2010)

CB-NP  (6 ) GFAP 24

 (Fig. 2-19A, B)  

4 PAS-GFAP

GFAP  (Fig. 2-19C, D)

GFAP   (Fig. 2-19E, F)

GFAP  (Fig. 

2-19G-J ; K-M: ) (2. 3. 10.) 

PVM GFAP  (Fig. 

2-19J, G arrows) PAS PVM GFAP

PAS  (Fig. 2-19M) 

CB-NP GFAP
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Fig. 2-19 GFAP

 

A: B: A
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C, D: E, F: G-J: 

K-M: GFAP

GFAP

 (G)

C, E, H, K 200 μm D, F, I, L 100 μm G, J, M 20 μm  

 

2. 3. 12. Aqp4  

Aqp4

 (Yamamoto et al., 2001; Venero et al., 2001) 

Aqp4  

(Yamamoto et al., 2001; Venero et al., 2001) 

Aqp4  

GFAP

Aqp4 CB-NP

Aqp4 CB-NP  [F 

(3, 16) = 6.95, P < 0.01]  (Fig. 2-20A, B) Dunnett

 (Fig. 2-20A, 

B) Aqp4 CB-NP

CB-NP Aqp4

Aqp4

 (Haley et al., 2010)

CB-NP  (6 ) Aqp4 60

 (Fig. 2-20A, B)  

Aqp4

CB-NP

Aqp4

GFAP Aqp4 GFAP Aqp4

Aqp4 Aqp4

(glia limitans region) 
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 (parenchyma region > 5 μm from vessels)  (Fig. 2-20 J, K)

Aqp4

Aqp4

 (Fig. 2-20J) Aqp4

 (p < 0.05) 

 (Fig. 2-20K) Aqp4

GFAP  (Fig. 220D, G) CB-NP

Aqp4 GFAP

 (Fig. 2-20H) Aqp4
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Fig. 2-20 Aqp4

 

A: B: A
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C-E: F-H: I: J, K: 

C, F C, F: Aqp4 D, G: GFAP E, H, I: 

Aqp4 GFAP Aqp4

 (K)

50 μm  

 

2. 3. 13.  

 

CB-NP

GFAP Aqp4

mRNA

mRNA 28950 (62972 spots) 22908 mRNA (30700 spots) 

22908 mRNA 

 2 0.5

  0.7

-0.7 mRNA  (Fig. 

2-21) 268 mRNA (278 spots) CB-NP

 

268 mRNA Gene Ontology

 (angiogenesis, blood vessel patterning, 

positive regulation of endothelial cell proliferation, vasculogenesis, blood vessel development, and 

ventricular septum development)  

(positive regulation of cell migration, positive regulation of mesenchymal cell proliferation, growth 

factor binding, and positive regulation of endothelial cell proliferation)  

(chemotaxis/positive regulation of cell migration) 

 (Table 2-10) CB-NP
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CB-NP

 

 

 

Fig. 2-21  

 

mRNA 28950 (62972 spots) 18269 mRNA (31781 spots) 

22908 mRNA 

 2 0.5

  

0.7 -0.7 mRNA

19 mRNA (26 spots) CB-NP

19 Gene Ontology

CB-NP
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Table 2-10. 

 

Gene ontology 
Enrichment 
factor 

P-value 
Gene symbol 
up-regulation 

Gene symbol 
down-regulation 

Angiogenesis 3.66 <0.001 

Flt1, Kdr, Nos3, 
Ptprb, Robo4, 
Sox17, Tbx1, Tgfa, 
Tie1  

  

Positive regulation 
of mesenchymal 
cell proliferation 

10.11 <0.001 
Foxf1, Foxp2, Kdr, 
Tbx1  

  

positive regulation 
of epithelial cell 
proliferation 

6.64 <0.001 
Erbb2, Foxp2, Kdr, 
Tbx1, Tgfa  

  

Growth factor 
binding 

9.5 <0.001 
Cyr61, Erbb2, Flt1, 
Kdr  

  

Patterning of blood 
vessels 

8.47 0.001 
Cxcl12, Flt1, Lef1, 
Tbx1  

  

Ventricular septum 
development 

14.7 0.001 Cyr61, Luzp1, Stra6    

Chemotaxis 4.56 0.005 
Ccr3, Cmtm2b, 
Cxcl12, Cyr61, Flt1  

  

Positive regulation 
of endothelial cell 
proliferation 

5.7 0.005 
Ccr3, Cxcl12, Kdr, 
Rptor  

  

Vasculogenesis 5.7 0.005 
Foxf1, Kdr, Sox17, 
Tie1  

  

Blood vessel 
development 

5.41 0.006 
Foxf1, Stra6, Tbx1, 
Tie1  

  

Positive regulation 
of cell-substrate 
adhesion 

7.13 0.008 Cyr61, Foxf1, Nid1    

Positive regulation 
of cell migration 

3.36 0.009 
Cxcl12, Cyr61, Kdr, 
Lef1, Flt1, Foxf1  

  

 

2. 3. 12. RT-PCR  

RT-PCR

 (Gene ontology) 9  (Flt1, Kdr, Nos3, 
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Sox17, Tbx1, Tgfa, Tie1, Cyr61, and Cxcl12) 

Sox17, Tgfa, Flt1, Cyr61 4

 (Sox17, Tgfa, and Cyr61: p < 0.05 vs. control; Flt1: 

p < 0.01 vs. control) 4 CB-NP

Nos3, Tbx1, Kdr 3

CB-NP

 (Fig. 2-22)  

 

Fig. 2-22 RT-PCR  

9
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2. 4.  

2. 4. 1.  

CB-NP

CB-NP

PVM

PVM

GFAP Aqp4

PVM

GFAP Aqp4

 

 (Powers et al., 2013)

 (Ema et al., 2016a; 2016b; Hougaard et al., 2015)

 (US EPA) 

 (Powers et al., 

2013) 

 

 

2. 4. 2.  
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3

 (Fedulov et al., 2008)

80

24

 

(Oberdörster et al., 2005) 80 24

 

 

2. 4. 3.  

PM2.5 WHO Air Quality Guidelines

15 μg/m³

35 μg/m³  (WHO, 2005)

CB-NP

CB-NP

CB-NP CB-NP 14 mg/m3

 (Zhang et al., 2014) CB-NP

35%  (Jackson et al., 2012)

50kg 1 15 m3 CB-NP

1 8 8
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24 mg CB-NP  (24 mg/day =14 mg/m3 15 m3 8/24 hr 0.35)

CB-NP 1 kg 480 μg/kg/day

CB-NP 95 73 15 2.9 μg/kg/day 4

CB-NP

 

CB-NP

 (Jackson et al., 2012)

PVM

 

4  

 

2. 4. 4. PVM  

CB-NP

PVM CB-NP PVM

 

 

PVM  

PVM 4



2  
 

 
70 

 

 (Galea et al., 2005; Kim et al., 2006) PVM

 (Williams et al., 

2001)  

PVM

 (Perivascular space; Virchow-Robin )  (Peters et al. 

1976, Graeber et al. 1992) PVM

 (Lassmann et al. 1991, 1993; Graeber et al. 1992; Streit and Graeber 1993) (Fig.2-23)

 

Fig. 2-23 

 

 

β-amyloid  (Iliff et 

al., 2012; Cserr et al., 1974; Weller et al., 1992; Zhang et al., 1992) PVM

 

(Williams et al., 2001) HIV

 

(Holder et al., 2014) PVM  (CD163, CD204) 
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 (CD206) 

 (Fabriek et al., 2005; Galea et al., 2005; Guillemin et al., 2004) 

PVM  

PVM II (MHC II) 

Fc CD40 B7  

(Williams et al., 2001; Guillemin et al., 2004) 

PVM  

(Williams et al., 2001; Kida et al., 1993) 

PVM IL-1

 ( E2)  

(Serrats et al. 2010) PVM

 

PVM   

 

  3

CB-NP TiO2-NP

PVM 3

 

 

PVM  

PVM

PVM

30% PVM 3  (Hickey 

et al. 1992, Williams et al., 2001) PVM PVM

10

PVM  (Lassmann et al. 1993)  
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PVM

1 PVM

PVM  (Kida et al. 1993) 2

PVM

 (Kida et al. 1993) PVM

PVM

PVM

PVM PVM

PVM

PVM CB-NP

TiO2-NP

6 12 PVM

 (Sugamata et al., 2006) PVM

PVM

PVM

 

 

<PVM > 

CB-NP TiO2-NP

PVM  ( ) 

PAS PVM

 

 ( ) 

 (Patterson, 2013; Mahuran, 1991)

A (Hex A) Hex A

B (Hex B) 

Hex A Hex B  (Patterson, 2013; 

Mahuran, 1991) Hex A

PAS PVM  (Mato et al., 2002) 
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Hex B PAS PVM

 (Mato et al., 2002)

PVM Hex B

 (Mato et al., 2002)

PVM PAS

PVM  (Mato et al., 1996; 

Nakazawa et al., 2006)

 (Mato et al., 1996)  

 (Iliff et al., 2012) 

PVM

 (Williams et al., 

2001; Kida et al. 1993) CB-NP

PVM PAS

PVM

 

 

< PVM > 

PVM

11

PVM CB-NP PVM

PVM

CB-NP

 

PVM
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 (Galea et al., 2005)

 (cc) PVM

 (Cx) PVM

PVM

PVM PVM 4

4  (Cavaglia et al., 2001) PVM

PVM

 

 

2. 4. 5.  

CB-NP TiO2-NP PVM

GFAP Aqp4 CB-NP

CB-NP GFAP

 (Allen et a.,2015)  

 

< > 

CB-NP GFAP

 (Sofroniew et al., 2010) 

GFAP

GFAP  (Sofroniew et al., 2010; Molofsky et al., 

2012) 

GFAP  (Sofroniew et al., 2010; Klatzo et al., 1976; Tsai et al., 2012)  
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 (Rodríguez et al., 2009 )

 

(Abbott, 2002; Dringen et al., 2015)

 

(Sofroniew et al., 2010; Tsai et al., 2012)

GFAP

 (Sofroniew et al., 2010; Tsai et al., 2012)  

GFAP

GFAP

 (Moon et al., 2004; Yang and Wang, 2015)

 

(Sofroniew et al., 2010; Klatzo et al., 1976; Tsai et al., 2012) GFAP

 

GFAP Aqp4

 (Badaut et al., 2012; Haj-Yasein et al., 2011) Aqp4

 (Yang et al., 2012)

Aqp4

 (Badaut et al., 2012; Haj-Yasein et al., 2011)

Aqp4

 

6

GFAP Aqp4 CB-NP
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CB-NP

GFAP

PVM

PVM

CB-NP

 (Sofroniew et al., 2010; Molofsky et al., 2012) CB-NP

PVM

 

PVM

PAS-GFAP GFAP

PVM CB-NP

 

 

< > 

CB-NP GFAP

Aqp4  (Fig 2-24)

GFAP Aqp4

 (Haley et al., 2010; Gupta et al., 2013)

 (Kress  et al., 2014; Kohama et al., 1995; Nichols et al., 

1993) GFAP



2  
 

 
77 

 

 (Rodríguez et al., 2009)

Aqp4

 (Morishima et al., 2008; Ito et al., 2006; Vajda et al., 2000)

Aqp4

 (Kress et al., 2014) CB-NP

Aqp4

Aqp4

 (Iliff et al., 2012; Papadopoulos et 

al., 2007) amyloid β

(Iliff et al., 2012; Papadopoulos et al., 2007) Aqp4

 (Kress et al., 

2014) GFAP Aqp4

CB-NP

 (Chen et al., 2015)
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Fig. 2-24  

 

< Aqp4 > 

Aqp4 (Schain and Kreisl, 2017)  

(Chauhan, 2014; Van Raamsdonk et al., 2017)  (Chauhan, 2014)

 (Perry et al., 2003; Rock et al., 2004) 

 (Haj-Yasein et al., 2011; Erdö 

et al., 2017; Schain and Kreisl, 2017) Aqp4

CB-NP

PVM 1 CB-NP

Aqp4

 (Liu et al., 2012; Mack and Wolburg, 2013; 

Oku et al., 2015) CB-NP Aqp4

 

Aqp4 β
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 (Yang et al., 2012) 

CB-NP Aqp4

PVM

 

 

2. 4. 6.  

CB-NP

 (angiogenesis)  (cell proliferation)

 (cell migration and chemotaxis)  (growth factor) 

CB-NP Sox17 Tgfa

Flt1 Cyr61 4 CB-NP

4  (Hermanto et 

al., 2016; Zhao et al., 2003; Krum et al., 2008; Schwarz et al., 2002)

TiO2-NP

 (Stapleton 

et al., 2013)

 (angiogenesis)  (cell proliferation)  (cell migration and 

chemotaxis)  (growth factor)  (Kong et al., 2008; Zhao et 

al., 2015)

 (Whiteus et al., 2014)
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CB-NP

CB-NP

 

CB-NP

PM2.5

 

(Barrett et al., 2016; Dadvand et al.,2013; Fisher et al., 1986) 

 (Fleischer et al., 2014; Xu et al., 2009)

 (Valentino et al., 

2016)

CB-NP

CB-NP

 

 

2. 5.  

CB-NP

 (Fig. 2-25) PVM

CB-NP

CB-NP

PVM
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TiO2-NP

GFAP Aqp4 CB-NP

2

GFAP Aqp4

 

 

 
Fig. 2-25  
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3  
in situ  

 

3. 1.  

2 CB-NP

PVM

Gfap Aqp4 CB-NP

 

(Powers et al., 2013)  

 (in situ FT-IR ) 

 



3 in situ  
 

 
83 

 

 (Caine et al., 2012; Kawasaki et al., 2016a,b) in situ FT-IR

 (Caine et al., 2012; Kawasaki et al., 2016a,b)

 (Caine et al., 2012)  (Yang et al., 2011)  (COPD) 

(Whiteman et al., 2008)  (Choo et al., 1995) 

in situ FT-IR

in situ FT-IR

 (Zhang et al., 2015)

 ( ) 

 (Araki et al., 2015) in situ FT-IR

in situ FT-IR

in situ FT-IR

 

 

3. 2.  

3. 2. 1.  

 

 

3. 2. 2.  

2  (2. 2. 2.)  

  

3. 2. 3.  

2  (2. 2. 3.) CB-NP  
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3. 2. 4.  

CB-NP 2  (2. 2. 4. < >) 

 

 

3. 2. 5.  

3 ICR  (11 ) 10

 (n=5) CB-NP  

(n=5) 2  (2. 2. 5. ) 

5 9

CB-NP  (1 mL/kg bwt) 

6  (1 3 ) 

 ( ; 0.1 mg/g bwt) in situ FT-IR

 (Fig. 3-1)  

 

 

Fig. 3-1  ( ) 

 

3. 2. 6.  

CB-NP 6  (n = 5/group) 

PBS 4%

0.1 M  (pH7.4) 1 mm

4% 0.1 M  

(pH7.4) 5 10% 20% 30%
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/PBS 4 4 12

Tissue-Tek OCT  (Sakura Finetek Japan) 

10 μm

 (IR-reflective stainless-steel base)  (S-8441; 

Matsunami) 

24  

 

3. 2. 7. in situ FT-IR  

 

(FT/IR-6100; Jasco Co., Tokyo, Japan) 

 (IRT-7000; Jasco Co.)  (

700–4000 cm-1)  ( : 4 cm-1) 

7 7  (1 : 30 30 μm2) 49

5 1 1~2

Spectra Manager Ver. 2 (Jasco International Co., Ltd, Tokyo, Japan) 

amide I 

 (1600–1700 cm-1) 

α-helix β-sheet β-turn random coil

 (IR-SSE; JASCO Co., Ltd) 

(Sarver and Krueger, 1991) 4

 

 

3. 2. 8. PAS-Hematoxylin  

in situ FT-IR

PAS-Hematoxylin  

GFAP Aqp4

MMR 5 2

Tissue-Tek OCT  (Sakura Finetek Japan) 
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10 %  (IHR-8135, Immunobioscience) 1

PBS 500 goat polyclonal anti-GFAP antibody (code-no. 

ab53554, Abcam) rabbit polyclonal anti-GFAP antibody (code-no. Z0334, 

DakoCytomation) 4°C 16 PBS 3

5 PBS 1000 Dylight 488 donkey anti-goat 

IgG (code-no. 605-741-125, Rockland Immunochemicals) donkey anti-rabbit IgG (code-no. 

611-742-127, Rockland Immunochemicals) 120 PBS

3 5 PBS 200 rabbit polyclonal 

anti-Aqp4 antibody (code no. AB3594, Merck Millipore) goat polyclonal 

anti-MMR/CD206 antibody (code no. AF2535, R&D Systems) 4°C 16

PBS 3 5 PBS 1000 Dylight 

549 donkey anti-rabbit IgG (code-no. 611-743-127, Rockland Immunochemicals) 

donkey anti-goat IgG (code-no. 605-742-002, Rockland Immunochemicals) 

120 PBS 3 5 2 5

Hoechst 33342 (code-no. 346–07951, Dojindo Laboratories) 

1 5  (Cell Signaling Technology) 

 (R3702; Matsunami) 

 (BZ-9000; Keyence Co., Osaka, Japan)  

PAS-Hematoxylin PVM

5 2 Tissue-Tek OCT  (Sakura Finetek Japan) 

1% 1 3 

10 45

3 5

5

5

 (Thermo Fisher Scientific) 

 (BX51; Olympus)  

 

3. 2. 9.  

2  (2. 3. 11) CB-NP
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mRNA Entrez Gene ID

 (Entrez Protein) mRNA

 (PSIPRED) 

 (Jones, 1999)

α-helix β-Sheet α-helix β-Sheet

 

 

3. 2. 10.  

5 2 Tissue-Tek OCT  (Sakura 

Finetek Japan) 10 %  (IHR-8135, Immunobioscience) 

1 PBS 500 goat polyclonal 

anti-GFAP antibody (code-no. ab53554, Abcam) goat polyclonal anti-MMR/CD206 

antibody (code no. AF2535, R&D Systems) 4°C 16

PBS 3 5 PBS 1000 Dylight 488

donkey anti-goat IgG (code-no. 605-741-125, Rockland Immunochemicals) 

120 PBS 3 5 PBS 100

rabbit polyclonal anti-ATF6 antibody (code no. ab37149, abcam) rabbit 

polyclonal anti-CHOP/GADD153 antibody (code no. PAB8734, Abnova) rabbit polyclonal 

anti-Robo4 antibody (code no. bs-5795R, Bioss) rabbit polyclonal anti-Kdr/VEGFR2 antibody 

(code no. bs-3468R, Bioss) rabbit polyclonal anti-Flt1/VEGFR1 antibody (code no. bs-0170R, 

Bioss) rabbit polyclonal anti-Tie1 antibody (code no. bs-1334R, Bioss) 4°C

24 PBS 3 5 PBS

1000 Dylight 549 donkey anti-rabbit IgG (code-no. 611-743-127, 

Rockland Immunochemicals) 120 PBS 3

5 2 5 Hoechst 33342 (code-no. 346–07951, Dojindo 

Laboratories) 1 5

 (Cell Signaling Technology)  (R3702; Matsunami) 

 (BZ-9000; Keyence Co., Osaka, Japan) 
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3. 2. 11.  

±  (SD) Windows

Excel 2012 (Social Survey Research Information, Tokyo, Japan) 

P 0.05

F student t CB-NP

Tukey CB-NP

 

 

3. 3.  

3. 3. 1.  

CB-NP  

(Table 3-1) CB-NP  (Table 3-2)  

 

Table 3-1. (CB-NP)

 

Group name Number of dams Number of offspring Sex ratio (%)* 

Control 5 19 ± 2 52 ± 14 

CB-NPs 5 17 ± 3 50 ± 16 

CB-NP

± SD *Sex ratio (%) = male/ (male 

+ female) ×100  
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Table 3-2. (CB-NP) 6

 (g)  

Group name 
Number of dams 

(Number of offspring) 
Age Body weight (g) 

Control 5 (20) 6 weeks 36 ± 4 

CB-NPs 5 (20) 6 weeks 35 ± 2 

6 CB-NP

± SD  

 

3. 3. 2.  

CB-NP

 (Fig3-2) Fig. 3-2D Fig. 3-2A-C

CB-NP Amide I band  (1650 cm-1 : 

C O ) 

Amide I band Amide II band  (1550 cm-1 : N H

C N ) Amide I band

(Fig. 3-2E: Fig. 3-2D , 1500–1800 cm-1)

 (Fig. 3-2F–H) Amide I broad peak (1660 cm-1) 

shoulder (1610–1640 cm-1)  (Fig. 3-2E, blue line) CB-NP

CB-NP shoulder  

(1610–1640 cm-1 )  (Fig. 3-2E, orange and red 

lines) broad peak α-helix

shoulder β-sheet

 (Caine et al., 2012; Kawasaki et al., 2016a) CB-NP Amide I 

shoulder CB-NP

β-sheet 

Amide I 

4  (Fig. 3-2F–H) (Sarver 
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and Krueger, 1991; Seshadri et al., 1999; Bousset et al., 2013) CB-NP

α-helix  (Fig. 3-2F-H) β-sheet

CB-NP  (Fig. 3-2F-H) β-turn

random coil CB-NP  

CB-NP Amide I 

 (Fig. 3-2E, red line) (Fig. 3-2E, orange line) 2

Amide I 2 β-sheet

2

CB-NP

2

CB-NP PVM

Amide I 

in situ FT-IR
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Fig. 3-2  

A: B, C: D:  (30 

μm ) E: D F, G, H: E

Sarver and Krueger, 1991

 

 

3. 3. 3.  

2 CB-NP

GFAP Aqp4

CB-NP

GFAP
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Fig. 3-3A-O

Fig 3-3A, F, K Fig. 3-3C-E, 

H-J, M-O

2

CB-NP GFAP

Aqp4  (Fig. 3-3M-O)

β-sheet α-helix  (Fig. 

3-3B, G, L)  (Fig. 3-3L)  (Fig. 3-3B) 

 (Fig. 3-3G) 

β-turn random coil

CB-NP

 (Fig. 3-3B, G, L)  

CB-NP

 (Fig. 3-3A, F, K, P-S; 0 μm: gray; 0–30 

μm: red; 30–60 μm: orange; 60–90 μm: green; more than 90 μm: blue) CB-NP

Fig. 3-2

CB-NP

 (red area: 0–30 μm from the 

centered blood vessel) β-sheet  ( p < 0.01) 

 (Fig. 3-3Q)

α-helix  (Fig. 3-3P; p < 

0.01) β-turn random coil

 (Fig. 3-3P–S)  

Table 3-3 49 4  

(red squares) Amide I band
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1651 1661 cm-1 CB-NP

1648 1657 cm-1

CB-NP

Amide I band 1636  1654 cm-1

CB-NP Amide I band

 

 

 
Fig 3-3  

A, F, K:  (7 7 1 30 μm ) A: F:  

( ) K:  ( )  

B, G, L: 2D C–E,H–J,M–O: A, F, K 

C, H, M: GFAP D, I, N: Aqp4

E, J, O: GFAP Aqp4 P-S:
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Table 3-3. Fig. 3-3A, F, K I

 
Group name Mouse ID Wave-number (cm-1) Means ± standard deviations 

Control  

C1 

1655.6 

1655.4 ± 3.2 1651.7 
1659.5 
1654.6 

C2 

1654.6 

1652.0 ± 4.1 1646.0 
1654.6 
1652.7 

C3 

1657.5 

1658.8 ± 1.0 1659.5 
1659.5 
1658.5 

C4 

1660.4 

1660.9 ± 0.6 1660.4 
1661.4 
1661.4 

C5 

1657.5 

1657.0 ± 1.7 1658.5 
1657.5 
1654.6 

Exposure  
GFAP negative 
sites 

E1 

1654.6 

1652.2 ± 2.9 1648.8 
1654.6 
1650.8 

E2 

1655.6 

1654.2 ±3.3 1657.5 
1649.8 
1653.7 

E3 

1651.7 

1653.2 ± 1.3 1652.7 
1654.6 
1653.7 

E4 

1649.8 

1652.7 ± 2.1 1652.7 
1653.7 
1654.6 

E5 

1648.8 

1653.9 ± 3.5 1656.6 
1655.6 
1654.6 

Exposure  
GFAP positve 
sites 

E1 

1648.8 

1651.0 ± 2.8 1654.6 
1651.7 
1648.8 

E2 

1636.3 

1642.6 ± 6.8 1646.9 
1649.8 
1637.3 

E3 

1651.7 

1648.4 ± 2.4 1646.0 
1647.9 
1647.9 

E4 

1646.0 

1649.3 ± 2.8 1652.7 
1649.8 
1648.8 

E5 

1651.7 

1648.6 ± 3.8 1651.7 
1644.0 
1646.9 
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3. 3. 4. PVM  

CB-NP PVM

2

PVM

PVM PVM

MMR (CD206) (Galea et al., 2005) MMR GFAP

PVM

PAS-Hematoxylin  (Mato and Ookawara, 1979; Mato et al., 2002)

 

Fig. 3-4A-O

Fig. 3-4A, F, K Fig. 

3-4C-E, H-J, M-O

PVM MMR

GFAP  (Fig. 

3-4C–E,H–J,M–O) MMR GFAP

MMR MMR GFAP

CB-NP

MMR GFAP β-sheet

α-helix  (Fig. 3-4L) MMR

GFAP

 (Fig. 3-4G) β-turn random coil

CB-NP PVM

 (Fig. 3-4B, G, L)  

 (Fig. 3-4A, F, K, P-S; 0 μm: gray; 0–30 μm: red; 30–60 μm: 
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orange; 60–90 μm: green; >90 μm: blue)

Fig 3-2

MMR GFAP

 (red area: 0–30 μm from the 

centered blood vessel) β-sheet  ( p < 0.01) 

 (Fig. 3-4Q) MMR GFAP

α-helix  (Fig. 3-4P; p < 

0.01) MMR GFAP

MMR β-sheet α-helix

 (Fig. 3-4P, Q)

Amide I PVM

β-turn random coil

 (Fig. 3-4P-S)  

 

 

Fig. 3-4.  

A, F, K:  (7 7 1 30 μm ) A:  (GFAP

CD206 ) F:  (GFAP CD206 ) K:  (GFAP CD206 )
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B, G, L: 2D C–E,H–J,M–O: A, F, K 

C, H, M: GFAP D, I, N: 

CD206 (Macrophage Mannose Receptor) E, J, O: GFAP Aqp4 P-S:

  

 

PVM CB-NP Amide I

PVM

CB-NP PVM

2 PVM

PAS-Hematoxylin

PVM PVM

 

Fig. 3-5C, G PVM PAS

2 CB-NP

PVM  (Fig. 3-5D, H, arrows) Fig. 3-5A-O

Fig. 3-5A, E Fig. 3-5C, G

PVM

PVM

CB-NP

PVM β-sheet α-helix

 (Fig. 3-5B, F) MMR

 (Fig. 3-4) PVM CB-NP Amide I

PVM

CB-NP PVM

 (red area: 30 μm from the blood vessel) β-sheet

 (Fig. 3-5J)

α-helix β-turn random coil
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 (Fig. 3-5K, L)  

CB-NP

PVM amide I

CB-NP β-sheet

 (β-sheet rich protein) 

β-sheet rich protein CB-NP

 

 

 

Fig. 3-5. 

 

A, E:  (7 7 1 30 μm ) A: E:  (

) B, F: 

2D C, D, G, H: A, E PAS D, H

C, G

I-L:   

 



3 in situ  
 

 
99 

 

 

CB-NP β-sheet rich protein

2 CB-NP

β-sheet rich protein  CB-NP

β-sheet rich protein

 

 

3. 3. 5.  

CB-NP β-sheet rich protein

 

CB-NP

2

mRNA

α-helix β-sheet

β/α 100% 10  (Table 3-4)

10

Robo4, Kdr (VEGFR2), Flt1 (VEGFR1), Tie1 4 CB-NP

β-sheet rich protein

 (Table 3-4) 4

β/α 100%  

4 CB-NP

in situ FT-IR

β-sheet CB-NP

CB-NP

Robo4, Kdr, Flt1, Tie1



3 in situ  
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 (Data not shown)

4 in situ FT-IR

β-sheet rich protein

 

 

Table 3-4. β-sheet-rich protein 

Gene ID Gene symbol  α β α/  β/  β/α  

AK020115 Adamtsl1 192 3 50 2% 26% 1667% 

NM_029928 Ptprb 1998 134 848 7% 42% 633% 

NM_010917 Nid1 1245 43 266 3% 21% 619% 

NM_001085376 Pappa2 1789 113 422 6% 24% 373% 

NM_028783 Robo4 1015 78 226 8% 22% 290% 

NM_175938 Btn2a2 514 69 167 13% 32% 242% 

NM_010612 Kdr 1345 175 407 13% 30% 233% 

NM_010228 Flt1 1333 192 414 14% 31% 216% 

NM_010516 Cyr61 379 39 65 10% 17% 167% 

NM_011587 Tie1 1134 177 295 16% 26% 167% 

 

3. 3. 6.  

β-sheet  (Khanal et al., 2016)

in situ FT-IR β-sheet CB-NP

 

ATF6

CHOP (GADD153) 

CB-NP ATF6 CHOP

ATF6 GFAP MMR  (Fig. 3-6, 
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3-7) CHOP MMR  (Fig. 3-8) CB-NP

ATF6

MMR PVM ATF6 CHOP

CB-NP PVM

 

 

 

 
Fig. 3-6 ATF6 GFAP  

GFAP ATF6
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Fig. 3-7 ATF6 CD206 (MMR)  

CD206 (MMR) 

ATF6  

 

 
Fig. 3-8 CHOP CD206 (MMR)  

CD206 (MMR) 

CHOP  
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3. 4.  

3. 4. 1. CB-NP β-sheet-rich protein  

2 CB-NP

PVM 3

CB-NP

in situ FT-IR

Amide I

CB-NP CB-NP

Amide I band

amyloid-β Amide I

 (Choo et al., 1996)

2 CB-NP

CB-NP

in situ FT-IR

CB-NP PVM

Amide I

CB-NP

β-sheet

α-helix CB-NP

β-sheet rich protein

β-sheet rich protein CB-NP

ATF6 CHOP

 (Brown and Neher, 2014) 

β-sheet rich protein

CB-NP

β-sheet rich protein
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Robo4, Kdr, Flt1, Tie1 4

β/α 100%

CB-NP

β-sheet

 

 

3. 4. 2. in situ FT-IR  

Amide I  (1600–1700 cm-1) Amide II  

(1500-1560 cm-1) Amide I 

CB-NP

 Amide I 

 (Sekar et al., 2015)

 (Greenfield, 2006)

(Pelton and McLean, 2000)

in situ FT-IR 

in situ FT-IR 30-μm

1 30-μm

Sarver  Krueger

 (Sarver and Krueger, 1991)

X 17

Amide I
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Amide I

β-sheet 

FT-IR

in situ FT-IR

 

 

3. 4. 3.  

 (Saptarshi et al., 2013; Treuel et al., 2015)

 (Saptarshi et al., 2013)

 (Wang et al., 2011; Khanal et al., 2016)

β-sheet

 (Fig 

3-9: Khanal et al., 2016)  

 
Fig. 3-9 -sheet  
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CB-NP

1-100 nm

 (Kreyling et al., 2002; Oberdörster 

et al., 2002; Choi et al., 2010)  (Wick et al., 2010)

 (Takeda et al., 2009; Yamashita 

et al., 2011) 6

 (Takeda et al., 2009)

2  (Kida et al., 1993)

 

CB-NP 5 9

3~4 5~6

11

15

5 9

3~4 5~6

 

CB-NP

in situ FT-IR CB-NP
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 (Kolb and Gibb, 2011)

 (Calderón-Garcidueñas et al., 2016a)

  

 

3. 4. 4.  

 (Atladóttir et al., 2010; Brown, 2012). 

 (Bolton et al., 2012; Hougaard et al., 2015). 

 

(Soto, 2003; Amor et al., 2010) β-sheet

 (Stefani, 2004) CB-NP

β-sheet  in situ FT-IR

  

 

3. 4. 5.  

CB-NP

β-sheet

CB-NP β-sheet

2

 

Aqp4
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 (Perivascular space, Virchow-Robin space)  (Iliff et al., 2012; Xie et al., 

2013; Kress et al., 2014)

 (Weller et al., 2008)

 (Fig. 3-10) β-sheet

CB-NP

CB-NP

β-sheet rich

β/α 1

 

 
Fig. 3-10  

 

3. 4. 6.  

in situ FT-IR CB-NP β-sheet
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PVM  (Kida et al., 1993; Lai and McLaurin, 2012; Serrats et al., 

2010) PVM PAS

 (Mato et al., 2002, 2009) CB-NP PVM

PVM  

PVM 2

GFAP PVM

PVM

β-sheet

 (Gulyaeva, 2015) CB-NP

GFAP

ATF6 ATF6

 (Gulyaeva, 

2015) CB-NP

 (Zhang et al., 2018)

 

Aqp4
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 (Kress et al., 2014) β-sheet rich protein

Aqp4  (Vajda et al., 2000; Papadopoulos and Verkman, 2007)

Aqp4

 (Kress et al., 2014) CB-NP Aqp4

CB-NP

 

in situ FT-IR 

CB-NP PVM

CB-NP β-sheet

 

 

3. 4. 7.  

CB-NP

β-sheet rich protein

 (neurovascular unit) 

 (Calderón-Garcidueñas et al., 2013, 2016a,b; 

Heusinkveld et al., 2016)

 

(Bucciantini et al., 2002; Gidalevitz et al., 2010)  

 (Soto and Estrada, 2008)
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β-sheet

β-sheet

 (Zerovnik, 2002; Meredith, 2005; Gidalevitz et 

al., 2010) β-sheet

 (Bucciantini et al., 2002). 

amyloid-β Lewy bodies β-sheets

 (Choo et al., 1996; Araki et al., 2015)

β-sheet-rich

 (Smaoui et al., 2016). 

α-helix β-sheet

 (Ronga et al., 2007; Baskakov, 2009; Coleman et al., 2009)

β-sheet-rich proteins

β-sheet-rich proteins

CB-NP β-sheet

GFAP Aqp4

 (Maragakis and Rothstein, 2006; Foglio and Rodella, 2010). 

in situ FT-IR

 

 

3. 5.  

in situ FT-IR

CB-NP Amide I 

CB-NP PVM
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Amide I β-sheet

CB-NP

β-sheet

CB-NP

β-sheet rich protein β-sheet rich 

protein

CB-NP

ATF6 CHOP ATF6 GFAP

PVM CHOP PVM

 (Gulyaeva, 

2015) β-sheet rich protein

 

β-sheet

PVM

 (Fig. 3-11)

PVM  (Fig. 3-11)

 (Fig. 3-11)  
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Fig. 3-11. 
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4  
 

 

4. 1.  

 (Ema et al. 2016b) 2 3

     3

 (Fig. 4-1)

 

3

 

3

1

 

 (Oberdörster et al., 2005)
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(Oberdörster et al., 2005)

 

 

Fig. 4-1  

 

 (Yamashita et al., 2011)  (Takeda et al., 2009)  (Jackson et al., 

2012)  (Onoda et al., 2014, 2017) 

 

(Table 4-1)

 (Allen et al., 2015) CB-NP
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1 PVM

 

 

Table 4-1  

 

 

4. 2.  

4. 2. 1.  

 

 

4. 2. 2.  

60  (NMRI, Taconic Europe, Ejby, Denmark) 

3  (open cage system, 

1296D Eurostandard Type 3) 1 5 aspen bedding (Tapvei, 

Estonia)  (light 6 a.m. to 6 p.m., temperature 21ºC ± 2ºC 

and humidity 50 % ± 5 %)  (80-ACRE011, 

Techniplast, Italy)  (Tapvei, Estonia)  (Enviro Dri, Lillico, 



4  
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Biotechnology, UK)  (Altromin 1314) 

20 3

( Permit 2015-15-0201-00569) EC Directive 86/609/EEC

 

 

4. 2. 3.  

2  (2. 2. 3.) CB-NP   

 

4. 2. 4.  

NMRI 4 18 1 45 CB-NP

CB-NP 0 mg/m3 (filtered clean air)

4.6 mg/m3 37 mg/m3 

3.5 mg/m3 1 8

 (Arbejdstilsynet 2016)

 (Fraunhofer Institute für Toxicologie und Aerosolforschung, Hannover, Germany) 

5 CB-NP  (Fig. 4-2)

CB-NP 1 20 

L “12

”  ( ) 1

29 cm 9 cm

12

5   
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Fig. 4-2  

 

4. 2. 5.  

1

2L Millipore Fluoropore filters (  2.5 cm;  0.45 μm ) 

Sartorius Microscale (Type M3P 000V001) 

Electrical Low 

Pressure Impactor (ELPI, ELPI+, Dekati Ltd., Tampere, Finland) 

6 nm 10 μm

10 nm 1 μm condensation particle counter 

TSI model 3007 (CPC; TSI Inc., Shoreview, MN, USA)  

 

4. 2. 6  

18 1

20 0

21 6

GFAP 25 120
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12

1 1

3  

(Zoletil Forte 250 mg/ml Rompun 20 mg/ml  Fentanyl 50 μg/ml)  (0.1 ml/25 

g body weight) 9

26-27

3  (BAL) 

 (BALF)  

 

4. 2. 7. BALF  

BALF 0.8 mL

2 BALF 400×g

10 BALF 100 μl

 (HAM F-12 with 1% penicillin/streptomycin and 10% fetal bovine serum) 

BALF NucleoCounter 

NC-200TM (Chemometec, Denmark) 

55 × g 4 Cytofuge 2 (StatSpin, TRIOLAB, Brøndby, Denmark) 

96% ethanol 5

May-Grünwald-Giemsa

 (Wallin et al. 2017) 1

200  

 

4. 2. 8. Saa3 mRNA  

Maxwell® 16 (Promega, USA) Maxwell® 16 LEV simply RNA Tissue Kit (AS1280, 

Promega, USA)  (16-20 mg) RNA RNA

50 μl nuclease free (DEPC) water Taq-Man® reverse 

transcription reagents (Applied Biosystems, USA) DNase RNA

cDNA total RNA cDNA NanoDrop 2000c (ThermoFisher, USA) 

Saa3 mRNA 18S 

RNA RT-PCR  (Saber et al. 2009)
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ViiA7 Real-Time PCR (Applied Biosystems, USA) Saa3 

Saa3 forward: 5' GCC TGG GCT GCT AAA GTC AT 3' Saa3 reverse: 5' 

TGC TCC ATG TCC CGT GAA C 3' Saa3 probe: 5' FAM-TCT GAA CAG CCT CTC TGG CAT 

CGC T-TAMRA 3' Saa3 Saa3 forward: 5' GCC TGG GCT 

GCT AAA GTC AT 3', Saa3 reverse: 5' TGC TCC ATG TCC CGT GAA C 3'  Saa3 probe: 5' 

FAM-TCT GAA CAG CCT CTC TGG CAT CGC T-TAMRA 3' 

TaqMan predeveloped mastermix (Applied Biosystems, USA) Saa3 mRNA

2-ΔCt 18S RNA

mRNA  (Kyjovska et al. 2015) RNA cDNA

 (no template control)  

 

4. 2. 9.  

1

 ( 100 cm) 

3

Noldus Ethovision XT version 5

3

1

  

 

4. 2. 10. PAS-GFAP (Glial fibrillary acidic protein)  

6 4% 0.1 M

 (pH7.4) 24 10%

20% 30% /PBS 4 4 12

Tissue-Tek OCT 

10 μm

24  

99.5% 95%
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2 OCT

PBS 0.3% H2O2 PBS 30

PBS 5 3 10 %  

(IHR-8135, Immunobioscience, Mukilteo, WA, USA) 60

PBS 5 3 0.1% PBS (PBS-Tx) 1000

rabbit anti-mouse GFAP polyclonal antibody  (Code-No. Z0334; DakoCytomation, 

Copenhagen, Denmark) 4°C 16 PBS-Tx

5 3 PBS-Tx 1000 Donkey anti-rabbit 

IgG polyclonal antibody (AP182B; Chemicon, Temecula, CA, USA) 120

PBS-Tx 5 3 PAS-Hematoxylin

1 1% 3

1 60

3 3

1 PBS 1

 

(Vectastain ABC peroxidase kit; Vector Laboratories Inc., Burlingame, CA, USA) PBS 400

200 PBS-Tx 3 5

0.01% H2O2 0.02% 3,3'- /0.1M -HCl

 (pH 7.6) - 20

GFAP

PBS 1

 (Thermo Fisher Scientific) 

 

 

4. 2. 11. GFAP  

10 % (IHR-8135, Immunobioscience) 

1 PBS 500 goat 

polyclonal anti-GFAP antibody (code-no. ab53554, Abcam, Cambridge, UK) 4°C 16

PBS 3 5 PBS 1000
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Dylight 488 donkey anti-goat IgG (code-no. 605-741-125, Rockland 

Immunochemicals Inc., PA, USA; 1:1000) 120 PBS

3 5 2 5 Hoechst 33342 (code-no. 346–07951, 

Dojindo Laboratories, Kumamoto, Japan) 

1 5  (Cell Signaling Technology)  

(R3702; Matsunami)  (BZ-9000; Keyence 

Co., Osaka, Japan) 1

30  ( 300 μm) 3  (30 μm ) 1

10  

 

4. 2. 12. GFAP  

10 μm

30 300 μm 30 μm

3 45  ( : n = 4; : n = 6; : 

n = 5) GFAP GFAP

Dylight 488  

GFAP  

(BZ-9000) 40 TIFF

ImageJ software (National Institute of Health, MD, USA) 

 (Schneider et al. 2012) Dylight 488

 (Image J command, 

Image: Color: Split Channels) 40−80 

 (ImageJ command, Image: Adjust: Brightness/Contrast)

70 70 70

 (ImageJ command, Image: Adjust: Threshold)

GFAP

GFAP  (ImageJ command, Analyze: 

Measure after setting “Area” and “Limited to Threshold” in Image J command, Analyze: Set 

Measurement)  
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4. 2. 13.  

25 120

4% vibratome (Leica VT1000S, Leica, 

Germany)  (50 μm) 

0.4 % Triton 5% BSA 

in PBS 30 rabbit anti-EGFP antibody (Invitrogen, 

Germany; 1:1000, 0.2 % Triton, 5% BSA in PBS) 4°C 1 goat 

anti-rabbit 488 secondary antibody (Invitrogen, Germany; 1:10000, 0,2 % Triton, 5% BSA in PBS) 

2  (Khodosevich et al. 2012; García-González et al. 2017). 

DAPI  (1:1000 in PBS, 10 min at room temperature) Immumount 

(ThermoScientific, Germany)  

Leica SP8 (Leica 

Microsystems, Germany) 200

Fiji/ImageJ software  (Schneider et al., 2012)  

 

4. 2. 14.  

±  (SD) Windows

Excel 2012 (Social Survey Research Information, Tokyo, Japan) 

Gene Ontology P 0.01

P 0.05  

BALF Saa3

 (Hougaard et al. 2005)

Fisher’s Least-Statistical-Difference test (SYSTAT Software Package 

9) GFAP

Tukey-Kramer Excel Statistics 2012 

(Social Survey Research Information) 
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GraphPad Prism version 6.00 for Mac OS X (GraphPad Software, USA, 

www.graphpad.com) Student’s t-test  

 

4. 3.  

4. 3. 1.  

CB-NP 0 mg/m3 (filtered clean air)

4.6 mg/m3 37 mg/m3 

 (450 nm ) 4.79 ± 1.86 

mg/m3 33.87 ± 14.77 mg/m3  (Fig. 4-3, control not shown)

0.42 ± 2.47 102 /cm3 3.62 ± 5.33 105 /cm3

2.43 ± 1.53 106 /cm3  (Fig. 4-3, control not shown)

CB-NP 100 nm 300 nm  (Fig . 

4-3)  

 
Fig. 4-3 ELPI+
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4. 3. 2.  

CB-NP

BALF Saa3 (Serum 

Amyloid A: ) 

BALF

200 n

 (n=4-13) Saa3 mRNA

 (Data not shown)  

 

4. 3. 3. GFAP PVM  

PAS-GFAP PVM

CB-NP GFAP

 (Fig. 4-4) GFAP

PVM  (Fig. 4-4)  

PAS-GFAP

GFAP GFAP

 

(Cortex GFAP Fig. 4-5) GFAP

 (Fig. 4-5) GFAP

 

(Hippocampus GFAP Fig. 4-6)

GFAP CB-NP

 (Fig. 4-6)  
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Fig. 4-4 

 

A-C, J: D-F: G-I, K, L: 

GFAP

A, D, G 200 μm B, E, H 100 μm C, F, I, K 25 μm J, L  10 μm  

 

 

 



4  
 

 
127 

 

 

Fig. 4-5 GFAP  

A-C: D-F: G-I: 

GFAP J: n=4 n=6 n=5

3 threshold

A, D, G 200 μm B, E, H 100 μm C, F, I 25 μm
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Fig. 4-6 GFAP  

A-C: D-F: G-I: 

GFAP J: n=4 n=6 n=5

3 threshold

A, D, G 200 μm B, E, H 100 μm C, F, I 25 μm
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4. 3. 4.  

 (Owen et al. 

2016; Millan et al. 2016; Caballero and Tseng 2016; Meyer 2013; Rubenstein and Merzenich 2003)

CB-NP

25

 (Fig. 4-7A,C)

CB-NP

120  (Fig. 4-7D)  

25

 (Fig. 4-7B,E) CB-NP

120 25

CB-NP

 (Fig. 4-7F)

CB-NP

 (Chung et al. 2016; Alshammari et al. 2016; Glausier et al. 2014; Mauney et al. 2013)  
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Fig. 4-7  (PV+IN)  

A: 25 B: 25 C: 25

PV+IN D: 120

PV+IN E: 25

PV+IN D: 120 PV+IN

G: PV+IN H: 

25 120 PV+IN
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4. 3. 5.  

 (Fig. 4-8) CB-NP

 (ANOVA; p<0.05, Fig. 4-8A)

CB-NP

 (ANOVA; p=0.025, Fig. 4-8A)

 ( ; p=0.007, Fig. 4-8A)

CB-NP

 (ANOVA; p=0.008, Fig. 4-8B)

 (ANOVA; p=0.006, Fig. 4-8B)

 ( : low: p=0.010; high: p=0.034, Fig. 4-8B)

CB-NP  

(ANOVA; Exposure: p=0.005; Sex: p=0.001; Exposure*Sex: p=0.028, Fig. 4-8C)

 (ANOVA; males: 

p=0.009; females: p=0.096, Fig. 4-8C)

 (

; low: p=0.044; high: p=0.043, Fig. 4-8C) CB-NP
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Fig. 4-8  

A: 3 B: C: D: 

 ± n=9-13 p Fisher’s Least-Statistical-Difference 

test  

 

4. 4.  

4. 4. 1.  

CB-NP 4.8 mg/m3 33.9 mg/m3

1 45

CB-NP  (35 mg/m3) (Arbejdstilsynet 2016) 

1
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8

 

 

4. 4. 2.  

CB-NP 7.1 mg/m3 52.8 mg/m3; 

6 h/day, 5 days/week for 13 weeks

1.1 mg/m3; 6 h/day, 5 days/week for 13 weeks

 (Driscoll et al. 1996)

1 CB-NP 6.6 mg/m3

1 43 mg/m3

BALF 1 CB-NP

42 mg/m3  (Jackson et al. 2012) 30 mg/m3

 (Saber et al. 2005) 1 CB-NP 3.6 mg/m3 25 

mg/m3 (1 45 0.75 ) 

BALF

 (

) 

2

CB-NP

 

 

4. 4. 3. PVM  

CB-NP 6 PVM
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GFAP CB-NP

CB-NP

2 2 3

CB-NP

CB-NP

PVM

 

 

4. 4. 4.  

 (Steullet et al. 2017; Boksa et al. 2016; Canetta et al. 2016; Meyer et al. 2008; Meyer et al. 

2006)

 (Steullet et al. 2017; Boksa et al. 2016; Canetta et al. 2016; Meyer et al. 

2008) CB-NP

 (Boksa et al. 2016; Meyer et al. 2008; Steullet et al. 2017)

 (Canetta et al. 2016)

 (Chung et al. 2016; Alshammari et al. 2016; Glausier et al. 2014; Mauney et al. 2013)  
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CB-NP GFAP

CB-NP

IL-6

 (Gruol and Nelson 1997) CB-NP

IL-6

CB-NP

IL-6

CB-NP

IL-6

 

 

4. 4. 5.  

CB-NP

12

3

CB-NP

CB-NP

 (Kawaai et al., 2015)

CB-NP

CB-NP



4  
 

 
136 

 

 (ADHD) 

 (Barkley, 1998; Fuster, 1997) CB-NP

 

 

4. 5.  

CB-NP

PVM

GFAP

4

PVM

CB-NP

2 3
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5  
 

3.1.  

 (Jackson et al., 2011)  

 (Oberdörster et al., 2005)

 (Choi et al., 2010; Kreyling et al., 2017; Oberdörster et al., 

2002)

 (Wick et al., 2010; 

Buerki-Thurnherr et al., 2012; Semmler-Behnke et al. 2014)

 (Takeda et 

al. 2009)  

(Pietroiusti et al. 2013)

2 3

 

 (Møller et al., 2010)

 (Hougaard et al., 

2011; Jackson et al., 2012; Kovacic et al., 2013; Manke et al., 2013)  

CB-NP

 (ROS: Reactive Oxygen Species) 

 (Shen et al., 2006; Sheng et al., 2013; Shvedova 

et al., 2003)

 (Hougaard et al., 2015; Ema et al., 2016)
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α-tocopherol  

( E )  

(Li et al., 2014) α-tocopherol

α-tocopherol

 (Shvedova et al., 2007)

L-ascorbic acid 

( C)  (Liu et al., 2014)

ROS

 

ROS

 (Hall et al., 2015; Dalmases et al., 2014)

 (Al-Amin et 

al., 2016; Neri et al., 2015; Oskvig et al., 2012)

 (Graciarena et al., 2010; Meyer 2014; 

Reisinger et al., 2015)

 (Atladóttir et al., 2010; Brown 2012; Estes and McAllister 2016)  

CB-NP

N-acetyl cysteine 

(NAC) ascorbic acid

 (LPS: Lipopolysaccharide) 

 (Chen et al., 

2006)  
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5. 2.  

5. 2. 1.  

 

 

5. 2. 2.  

2  (2. 2. 2.)  

  

5. 2. 3.  

2  (2. 2. 3.) CB-NP  

  

5. 2. 4.  

CB-NP 2  (2. 2. 4. < >) 

Ascorbic acid 50 mg/mL

L(+)-ascorbic acid (Kanto chemical Co. Inc., Tokyo, Japan) 

NAC 5 mg/mL N-acetyl-L-cysteine (Sigma-Aldrich Co. 

LLC., MO)  

 

5. 2. 5.  

3 ICR  (11 ) 80

NAC : CB-NP+NAC

CB-NP + saline (CB-NP) ultra-pure water + NAC (NAC) , ultra-pure water+saline (control) 

4 Ascorbic acid : CB-NP + ascorbic acid CB-NP + saline (CB-NP) 

ultra-pure water + ascorbic acid (ascorbic acid) ultra-pure water + saline (control) 4

8 4-5 1

1 1 n=3-5

5 9 10 mL/kg 

ascorbic acid  (500 mg/kg body weight) 1 mL/kg 

NAC  (50 mg/kg body weight)

1 CB-NP  (1 mL/kg bwt) 

CB-NP 2  (2. 2. 5. ) 



5  
 

 
140 

 

6 12  (1 3-5 ) 

 ( ; 0.1 mg/g bwt) 

PAS-GFAP

 (Fig. 5-1)  

 

Fig. 5-1  ( ) 

 

5. 2. 6.  

6 12

1 mm

 (Complete EDTA-free; Roche Diagnostics, 

Tokyo, Japan) T-PER®  (20 mL/g of tissue weight; Takara Bio, Inc., Shiga, Japan) 

Biomasher II Powermasher (Nippi, Inc., Tokyo, Japan) 

4°C 10,000×g 5

Pierce™ 

BCA Protein Assay kit (Thermo Scientific K.K., Waltham, MA, USA) 

-80°C  

 

5. 2. 7. SDS-  

30 μg

 (125 mM -HCl (pH6.8) 20% 4% 
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 (w/v) 0.001%  (w/v) 10% ) 

95°C 5

SDS

GFAP Aqp4 10% 12%

ß-actin

25 μg 110V 30

4°C 150V 110

 (PVDF 

membrane; Millipore, MA, USA) 400mA 1

 (pH7.4) /0.1% Tween20 (TBS-T) 5%

4 °C 5

Rabbit anti-mouse GFAP polyclonal antibody Rabbit anti-Aqp4 

polyclonal antibody (Code-No. AB3594; Millipore, MA, USA) Rabbit anti-ß-actin  

(13E5)  monoclonal antibody (Code-No. 4970; Cell Signaling Technology, Inc., Boston, MA, 

USA) 1% /TBS-T  (GFAP, 1:1000; Aqp4, 1:200; ß-actin, 1:2000) 

PVDF 4 °C 12

PVDF TBS-T 3 10

horseradish peroxidase conjugated anti-rabbit IgG (Code-No. 

sc-2004; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) 5% /TBS-T

 (GFAP, 1:5000; Aqp4, 1:2000; ß-actin, 1:10000) 2

TBS-T 3 10 PBS 4 °C

GFAP ß-actin Immobilon Westem Chemiluminescent HRP Substrate  (Millipore, 

MA, USA) Aqp4 ImmunoStar® Basic (Wako Pure Chemical Industries, Ltd., 

Osaka, Japan)  

ChemiDoc™ 

MP System (Bio-Rad, CA, USA) Image Lab™ Software (Bio-Rad) 

SDS-

GFAP 55 kDa 48 kDa 2  (Laurence et al., 2005) Aqp4

38 kDa 34 kDa 32 kDa 3  (Uniprot, P55088- 
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Aqp4) ß-actin 46 kDa

SDS-

 (canonical sequence) GFAP 55 kDa Aqp4 38 kDa

ß-actin 46 kDa

GFAP Aqp4 ß-actin

GFAP Aqp4 ß-actin

 

 

5. 2. 8. PAS-GFAP (Glial fibrillary acidic protein)  

6 12 4% 0.1 M

 (pH7.4) 24

10% 20% 30% /PBS 4 4 12

Tissue-Tek OCT 

10 μm

24  

99.5% 95%

2 OCT

PBS 0.3% H2O2 PBS 30

PBS 5 3 10 %  

(IHR-8135, Immunobioscience, Mukilteo, WA, USA) 60

PBS 5 3 0.1% PBS (PBS-Tx) 1000

rabbit anti-mouse GFAP polyclonal antibody  (Code-No. Z0334; DakoCytomation, 

Copenhagen, Denmark) 4°C 16 PBS-Tx

5 3 PBS-Tx 1000 Donkey anti-rabbit 

IgG polyclonal antibody (AP182B; Chemicon, Temecula, CA, USA) 120

PBS-Tx 5 3 PAS-Hematoxylin

1 1% 3

1 60

3 3

1 PBS 1
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(Vectastain ABC peroxidase kit; Vector Laboratories Inc., Burlingame, CA, USA) PBS 400

200 PBS-Tx 3 5

0.01% H2O2 0.02% 3,3'- /0.1M -HCl

 (pH 7.6) - 20

GFAP

PBS 1

 (Thermo Fisher Scientific) 

 

 

5. 2. 9. total RNA  

Ascorbic acid 6 12

1 mm

Isogen solution (Nippon Gene Co., Ltd., Tokyo, Japan) 

total RNA  total RNA

70% 

 total RNA RNase-free total RNA

BioPhotometer Plus (Eppendorf, Hamburg, Germany) OD260

total RNA

 

 

5. 2. 10.  

total RNA RNeasy Micro Kit (Qiagen Hilden Germany) 

Bioanalyzer 2100 (Agilent Technologies Inc. CA USA) 

RNA RNA

4-5 2 3

2 RNA RNA  (n = 2/group) 

RNA Cy3 Takara Bio, Inc. protocol. SurePrint G3 

Mouse GE 8x60K microarray (Agilent Technologies) 
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Gene Expression Wash Buffers Pack (Agilent Technologies) 

DNA microarray scanner G2565CA (Agilent Technologies) 

Minimum Information About a Microarray 

Experiment (MIAME) guidelines (Dose 19)  a pre-processing method for Agilent data (Dose 

20) Agilent Feature Extraction software

CB-NP

 control CB-NP 2 0.5  (> two-fold 

and < 0.5-fold in CB vs. control)  

CB-NP  (>2-fold in CB vs. control) 

 (<0.5-fold in CB vs. control) ascorbic acid 

CB-NP

ascorbic acid  (<0.5-fold in CB+AA vs. 

CB) (gene-group 1)  (>0.5 fold in CB+AA vs. CB) (gene-group 2)

CB-NP ascorbic acid

 (>2-fold in CB+AA vs. CB) (gene-group 3) 

 (<2-fold in CB+AA vs. CB) (gene-group 4) 4 4

gene-group 1 3 CB-NP

ascorbic acid

gene-group 2 4 CB-NP

ascorbic acid  

 

5. 2. 11. Gene Ontology  

4

Gene Ontology  ( ) 

National Center for Biotechnology Information (NCBI; MD, USA) 

 (gene2go.gz) 

Gene Ontology 2015 6 20

Gene Ontology  (Enrichment 

factors)  ( / )/( /

) 2 3
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 (hypergeometric distribution) p <0.01

Gene Ontology CB-NP

 

 

 

5. 2. 12.  

±  (SD) Windows

Excel 2012 (Social Survey Research Information, Tokyo, Japan) 

Gene Ontology P 0.01

P 0.05  

GFAP Aqp4

CB-NP

Tukey CB-NP

Tukey  

 

 

 

5. 3.  

5. 3. 1.  

CB-NP

 (Table 5-1 and 5-2) 6 12

 (Table 5-3, 5-4, 5-5, and 5-6)  
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Table 5-1. N-acetyl cysteine 

 

Carbon black 

nanoparticle 

N-acetyl 
cysteine 

Number of dams 
Number of 
offspring 

Sex ratio (%)* 

- - 4 11.5 ± 1.4 42 ± 10 
- + 4 13.8 ± 1.3 44 ± 11 
+ - 4 11.8 ± 1.9 46 ± 23 
+ + 4 12.8 ± 2.0 45 ± 10 

CB-NP

± SD *Sex ratio (%) = male/ (male 

+ female) ×100  

 

Table 5-2. 

 

Carbon black 

nanoparticle 

Ascorbic 

acid 
Number of dams 

Number of 
offspring 

Sex ratio (%)* 

- - 4 11.8 ± 2.2 56 ± 16 
- + 4 14.5 ± 1.0 54 ± 12 
+ - 5 11.4 ± 3.2 52 ± 13 
+ + 5 14.2 ± 2.2 45 ± 16 

CB-NP

± SD *Sex ratio (%) = male/ (male 

+ female) ×100  

 

Table 5-3. N-acetyl cysteine

6  (g)  

Carbon black 

nanoparticle 

N-acetyl 

cysteine 

Number of dams 
(Number of offspring) 

Body weight (g) 

- - 4 (8) 35.0 ± 2.6 
- + 4 (8) 35.2 ± 2.3 
+ - 4 (8) 35.0 ± 1.7 
+ + 4 (8) 34.0 ± 4.2 

6 CB-NP

± SD  
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Table 5-4. N-acetyl cysteine

12  (g)  

Carbon black 

nanoparticle 

N-acetyl 
cysteine 

Number of dams 
(Number of offspring) 

Body weight (g) 

- - 3 (6) 40.0 ± 6.7 
- + 3 (6) 41.8 ± 4.4 
+ - 3 (6) 42.9 ± 7.4 
+ + 4 (8) 39.9 ± 7.2 

12 CB-NP

± SD  

 

 

Table 5-5. 

6  (g)  

Carbon black 

nanoparticle 

Ascorbic 

acid 

Number of dams 
(Number of offspring) 

Body weight (g) 

- - 4 (8) 35.9 ± 3.3 
- + 4 (8) 34.7 ± 1.9 
+ - 5 (10) 36.0 ± 1.9 
+ + 5 (10) 33.5 ± 2.2 

6 CB-NP

± SD  

 

 

Table 5-6. 

12  (g)  

Carbon black 

nanoparticle 

Ascorbic 

acid 

Number of dams 
(Number of offspring) 

Body weight (g) 

- - 3 (6) 40.8 ± 2.1 
- + 4 (8) 39.8 ± 1.8 
+ - 4 (8) 42.5 ± 2.3 
+ + 4 (8) 40.8 ± 2.0 

12 CB-NP

± SD  
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5. 3. 2. CB-NP GFAP Aqp4 NAC  

2 GFAP Aqp4 CB-NP

CB-NP

 

6 CB-NP NAC

GFAP CB-NP  [F (1, 12) = 19.87, ###P < 0.001] 

NAC  [F (1, 12) = 12.36, ††P < 0.01] CB-NP

NAC  (Fig. 5-2A)  

12 CB-NP NAC

GFAP NAC  [F (1, 9) = 6.33; 

p < 0.05] CB-NP NAC

 [F (1, 9) = 5.28; p < 0.05] (Fig 5-2B) Tukey

CB-NP + NAC GFAP CB-NP

 (**p < 0.01) (Fig 5-2B) CB-NP

6 12 GFAP NAC

 

Aqp4 6 12 CB-NP

NAC Aqp4

CB-NP NAC  (Fig. 5-2C, D) GFAP

CB-NP Aqp4 NAC

 

 

5. 3. 3. CB-NP GFAP Aqp4 ascorbic acid  

NAC CB-NP GFAP Aqp4

ascorbic acid 6 CB-NP

ascorbic acid Aqp4

CB-NP  [F (1, 14) = 10.88, ##P < 0.01] ascorbic acid  [F (1, 

14) = 9.74, §§P < 0.01] CB-NP

ascorbic acid  (Fig. 5-3A)  

12 CB-NP ascorbic acid
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Aqp4 CB-NP  [F (1, 11) = 8.20, 

#P < 0.05] CB-NP ascorbic acid

 (Fig. 5-3B)  

Aqp4 CB-NP ascorbic acid

Aqp4 CB-NP

6  [F (1, 14) = 5.67, #P < 0.05] 12  [F (1, 11) = 12.95, ##P < 0.01] 

CB-NP

ascorbic acid  (Fig. 5-3C, D)

CB-NP 6 12 GFAP Aqp4

ascorbic acid  

 

Fig. 5-2  (CB-NP) 6 12

GFAP Aqp4 N-acetyl cysteine (NAC)  ( ) 

A: 6 GFAP CB-NP  [F (1, 12) = 19.87, 

###P < 0.001] NAC  [F (1, 12) = 12.36, ††P < 0.01] 
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B: 12 GFAP NAC  [F (1, 9) = 6.33; p < 0.05] 

CB-NP NAC  [F (1, 9) = 5.28; p < 0.05]

Post-hoc Tukey’s test CB-NP + NAC CB-NP GFAP

 (**p < 0.01) C: 6 Aqp4

D: 12 Aqp4

E, F: 

 ±  

 

 

Fig. 5-3  (CB-NP) 6 12

GFAP Aqp4  ( ) 

A: 6 GFAP CB-NP  [F (1, 14) = 10.88, 

##P < 0.01]  [§§F (1, 14) = 9.74, P < 0.01] 

B: 12 GFAP CB-NP  [F (1, 11) = 8.20, #P < 
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0.05]  C: 6 Aqp4 CB-NP  [F 

(1, 14) = 5.67, #P < 0.05] D: 12 Aqp4

CB-NP  [F (1, 11) = 12.95, ##P < 0.01] E, F: 

 ± 

 

 

5. 3. 4. GFAP  

NAC CB-NP

GFAP ascorbic acid

GFAP

NAC

control  (Fig 

5-4A, E, I, and M) NAC  (Fig 5-4B, F J, and N) 6 12

GFAP CB-NP + NAC  (Fig 5-4D, 

H, L, and P) 6 12 GFAP

control NAC CB-NP  (Fig 5-4C, 

G, K, and O) 6 12 GFAP

CB-NP GFAP

NAC  

GFAP

GFAP

NAC GFAP
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Fig. 5-4  (CB-NP) 6 12

GFAP Aqp4 N-acetyl cysteine (NAC)  ( ) 

A, E, I, M: B, F, J, N: NAC C, G, K, O: CB-NP D, H, L, P: CB-NP + NAC

A-H: 6 I-P: 12 Q: R: GFAP

S: GFAP

A-D, I-L 200 μm E-H, M-P 100 μm R, S 20 μm GFAP

 (A-D, I-L)  (E-H, M-P) 

Olf:  Cx: cc:  Str: . 

 

NAC CB-NP GFAP Ascorbic 

acid GFAP control  (Fig 5-5A, E, 

I, and M) ascorbic acid  (Fig 5-5B, F J, and N) 6 12

GFAP CB-NP  (Fig 5-5C, G, 

K, and O) CB-NP + ascorbic acid  (Fig 5-5D, H, L, and P) 6 12

GFAP

CB-NP

GFAP ascorbic acid
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Fig. 5-5  (CB-NP) 6 12

GFAP Aqp4  ( ) 

A, E, I, M: B, F, J, N: C, G, K, O: CB-NP D, H, L, P: 

CB-NP + A-H: 6 I-P: 12 Q: R: GFAP

S: GFAP

A-D, I-L 200 μm E-H, M-P 100 μm R, S 20 μm

GFAP  (A-D, I-L) 

 (E-H, M-P) Olf:  Cx: cc:  Str: 

. 

 

5. 3. 5. CB-NP  

ascorbic acid CB-NP

GFAP

GFAP ascorbic acid

CB-NP
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ascorbic acid

CB-NP

 

control CB-NP 6 mRNA

mRNA 28950 (62972 spots) 

23595 mRNA (47796 spots) 

23595 mRNA 

2 0.5 mRNA

652 mRNA (672 spots) CB-NP

 

control CB-NP 12 mRNA

28950 (62972 spots) 23427 mRNA (31344 spots) 

23427 mRNA 

2 0.5

mRNA 775 mRNA (825 spots) CB-NP

 

6 12 1353  ( 74 ) mRNA

CB-NP  (Fig. 5-6A)  

 

5. 3. 6. ascorbic acid  

CB-NP CB-NP + 

ascorbic acid  CB-NP

A. B. 2  

 

<A. CB-NP > 

CB-NP CB-NP + ascorbic acid 

CB-NP 0.5  (<0.5-fold in 

the CB-NP + ascorbic acid group compared with the CB-NP group)

ascorbic acid CB-NP  

(protected genes)  
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(unprotected genes)  (Fig. 5-5B)  

 

<B. CB-NP > 

CB-NP CB-NP + ascorbic acid 

CB-NP 2  (>2-fold in the 

CB-NP + ascorbic acid group compared with the CB-NP group)

ascorbic acid CB-NP  

(protected genes)  

(unprotected genes)  (Fig. 5-5C)  

 

 
Fig. 5-6  

A: 28950 CB-NP 2 0.5
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6 652 12 775 74

1353

 (Protected)  

(Un-protected) 321

1032 B: 

CB-NP 2 CB-NP

CB-NP +

C: CB-NP 0.5 CB-NP

CB-NP + 2  

 

 (5. 3. 5.) CB-NP 6

652 mRNA (672 spots) 179 mRNA ( 69

110 ; 225 spots) ascorbic acid 473

mRNA ( 120 353 ; 483 spots) 

 (Fig. 5-6A) CB-NP 12

775 mRNA (825 spots) 161 mRNA ( 87

74 ; 167 spots) ascorbic acid

614 mRNA ( 342 273 ; 658 spots) 

 (Fig. 5-6A)  

 

Gene Ontology

ascorbic acid

6 179 mRNA 2  (extracellular matrix structural 

constituent, and cellular response to interferon-beta)  (Table 5-7) ascorbic 

acid 6 473

mRNA 4  (cytokine activity, hemostasis, regulation of transforming growth 

factor beta receptor signaling pathway, and epithelial cell development)  (Table 

5-8) 12 ascorbic acid

161 mRNA 2  (muscle organ development, and 

cysteine-type endopeptidase inhibitor activity involved in apoptotic process)  (Table 



5  
 

 
157 

 

5-9) 614 mRNA 26

 (  cytokine activity, chemotaxis, cell proliferation and differentiation, blood 

vessel, and dopaminergic neurotransmission Gene Ontology ) 

 (Table 5-10)  

cytokine activity cell proliferation and differentiation blood vessel

3 Gene Ontology 6 12

6

12  

 

Table 5-7. CB-NP

6  

Gene ontology P-value 
Enrichment 

factor 

Gene symbol 

Up-regulation  

by CB-NP 

Down-regulation 

by CB-NP 

extracellular matrix 

structural constituent 
<0.001 15.69 Col1a2, Pxdn Col4a4 

cellular response to 

interferon-beta 
0.001 13.73 Ifi202b Igtp, Pyhin1 

 

Table 5-8. CB-NP

6  

Gene ontology P-value 
Enrichment 

factor 

Gene symbol 

Up-regulation 

by CB-NP 

Down-regulation 

by CB-NP 

epithelial cell 

development 
0.002 11.73 - Esr1, Pax6, Hydin 

cytokine activity 0.005 2.78 Edn1, Cklf, Fgf2 
Il9, Tgfb1, Tnfsf9, Il17f, 

Tnfsf15, Gm13271 
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regulation of 

transforming growth 

factor beta receptor 

signaling pathway 

0.006 8.06 - Cav3, Tgfb1, Il17f 

hemostasis 0.009 4.92 F13b 
Anxa8, Serpinc1, 

Adamts13 

 

Table 5-9. CB-NP

12  

Gene ontology P-value 
Enrichment 

factor 

Gene symbol 

Up-regulation 

by CB-NP 

Down-regulation 

by CB-NP 

cysteine-type 

endopeptidase 

inhibitor activity 

involved in apoptotic 

process 

0.001 14.12 Tnfsf14 Bcl2a1d, Lef1 

muscle organ 

development 
0.009 7.06 Foxo4 Des, Zbtb42 

 

Table 5-10. CB-NP

12  

Gene ontology P-value 
Enrichment 

factor 

Gene symbol 

Up-regulation 

by CB-NP 

Down-regulation 

by CB-NP 

dopamine 

neurotransmitter 

receptor activity 

<0.001 25.76 Drd1, Drd2, Drd5 - 
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structural constituent 

of myelin sheath 
<0.001 20.61 Mal, Mbp, Mobp - 

dopamine receptor 

signaling pathway 
<0.001 11.45 

Drd1, Drd2, Drd5, 

Rgs9 
- 

cell migration involved 

in sprouting 

angiogenesis 

<0.001 9.16 Fgf2, Kdr, Nrp1 Tdgf1 

response to 

amphetamine 
<0.001 8.59 

Drd1, Drd2, Drd5, 

Nr4a2 
- 

chemokine receptor 

activity 
<0.001 8.59 Cxcr2, Ccr9 Ccr10, Cxcr6 

positive chemotaxis <0.001 6.36 
Fgf10, Fgf2, Figf, Nrp1, 

Sema5a 
- 

chemokine-mediated 

signaling pathway 
<0.001 6.36 Cxcr2, Ccr9, Cxcl1 Ccr10, Cxcr6 

dopamine binding 0.001 12.88 Drd1, Drd2, Drd5 - 

phospholipase 

C-activating dopamine 

receptor signaling 

pathway 

0.001 12.88 Drd1, Drd2, Drd5 - 

positive regulation of 

ERK1 and ERK2 cascade 
0.001 3.24 

Drd2, Fgf10, Fgf2, 

Ctgf, Gcnt2, Kdr, Nrp1, 

Oprm1, P2ry1, Dstyk 

- 

positive regulation of 

long-term synaptic 

potentiation 

0.002 11.45 Drd1, Drd2, Shank3 - 

adenylate 

cyclase-activating 

dopamine receptor 

0.002 11.45 Drd1, Drd5, Oprm1 - 
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signaling pathway 

astrocyte development 0.002 11.45 Drd1, Gfap, Tspan2 - 

vascular endothelial 

growth factor receptor 

signaling pathway 

0.002 7.63 Figf, Kdr, Nrp1, Sulf1 - 

positive regulation of 

leukocyte chemotaxis 
0.004 8.59 Cxcr2, Cxcl1 Edn3 

positive regulation of 

cell differentiation 
0.004 4.64 Fgf2, Ctgf, Insm1 Socs3, Edn3 

chemotaxis 0.004 3.19 

Cxcr2, Ccr9, Fgf10, 

Cmtm2a, Cklf, 

Cmtm2b 

Ccr10, Cxcr6 

cellular response to 

fibroblast growth factor 

stimulus 

0.006 7.93 Tbx1, Dstyk Tdgf1 

synaptic transmission, 

dopaminergic 
0.007 7.36 Drd1, Drd2, Drd5 - 

positive regulation of 

hormone secretion 
0.007 7.36 Cntf, P2ry1 Edn3 

positive regulation of 

epithelial cell 

proliferation 

0.007 3.49 
Fgf10, Fgf2, Kdr, Tbx1, 

Osr1, Foxp2 
- 

blood vessel 

morphogenesis 
0.008 4.91 

Fgf10, Meis1, Tbx1, 

Shb 
- 

cytokine activity 0.008 2.47 

Cer1, Cntf, Fgf2, Cxcl1, 

Il10, Cmtm2a, Cklf, 

Cmtm2b, Gm13272 

Il20 

response to cocaine 0.009 6.87 Drd1, Drd2, Drd5 - 
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neuronal action 

potential 
0.009 4.74 Drd1, Gpr88 Chrna1, P2rx3 

 

5. 4.  

5. 4. 1. CB-NP  

CB-NP

NAC CB-NP

GFAP

NAC

 (Du et al., 2013; Janda et al., 2015) NAC CB-NP

GFAP Aqp4 ascorbic 

acid GFAP Aqp4

ascorbic acid CB-NP

ascorbic acid

 

 

5. 4. 2. GFAP Aqp4 NAC  

NAC CB-NP GFAP Aqp4 2

Aqp4 GFAP  (Badaut et al., 

2012; Haj-Yasein et al., 2011) GFAP Aqp4

 (pro-oxidant) 

 (Noël et al., 2011) NAC

GFAP Aqp4

CB-NP

GFAP Aqp4
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IL-1β NAC GFAP Aqp4

 (Chastre et al., 2010) IL-1β

GFAP Aqp4

NAC GFAP Aqp4

 

 

5. 4. 3. GFAP Aqp4 ascorbic acid

 

NAC ascorbic acid

GFAP Aqp4

ascorbic acid

ascorbic acid pro-oxidant

ascorbic acid pro-oxidant

 (Rodrigues et al., 2014) ascorbic acid

radical (ROO• and RO•) α-tocopherol tocopheroxyl radical

(Packer et al., 2001). 

ascorbic acid pro-oxidant  

(Rodrigues et al., 2014)  ascorbic acid Fe3+ Fe2+ ascorbate 

radical  (Chen et al., 2007) Fe2+ Fe3+  

(Chen et al., 2007) superoxide (O2•-) 

H2O2  (Chen et al., 2007) Fe3+

ascorbic acid

ascorbic acid Fe Fenton

Fe2+

GFAP

 (Bao and Liu, 2004; Solano et al., 2008)

ascorbic acid 500 mg/kg

ascorbic acid LPS

 (Chen et al., 2006) 
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LPS

CB-NP ascorbic acid

ascorbic acid CB-NP

GFAP Aqp4 pro-oxidant

ascorbic acid

 

 

5. 4. 4. ascorbic acid  

Ascorbic acid CB-NP

GFAP

ascorbic acid

CB-NP ascorbic acid

CB-NP

cytokine activity hemostasis growth factor chemotaxis cell proliferation

blood vessel dopaminergic neurotransmission ascorbic acid 

ascorbic acid

CB-NP

ascorbic acid CB-NP

 (Fig. 5-6)  
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Fig. 5-7 ascorbic acid  

 

5. 4. 5. NAC GFAP  

2  (2. 4. 5.) GFAP

GFAP

 (Moon et al., 2004; Yang and Wang, 2015)

 (Colangelo et al., 2012, 

2014) GFAP

 (Bates et al., 2007; Rousset et al., 2006; 

Santhanasabapathy et al., 2015; Zager et al., 2015)

 (Achat-Mendes et al., 2007; Cuzzocrea et al., 2000; Karalija et al., 2012)

NAC CB-NP GFAP

NAC CB-NP
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NAC

 

 

5. 4. 7. Aqp4  

Aqp4

Aqp4

 (Yang et al., 2012)

Aqp4

 (Badaut et al., 2012; Haj-Yasein et al., 2011)

 (Iliff et al., 2012; 

Papadopoulos and Verkman., 2007)

Aqp4

 (Iliff et al., 2012; Papadopoulos and Verkman., 2007)

Aqp4 Aqp4

amyloid β  

(Kress et al., 2014; Iliff et al., 2012) NAC Aqp4

NAC

 

 

5. 4. 8.  

1-100 nm

 (Choi et al., 2014; Kreyling et al., 2002; Oberdörster et al., 

2002; Wick et al., 2010; Takeda et al., 2009; Yamashita et al., 2011)
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 (Jackson et al., 2012; Hougaard 

et al., 2011)

 (Shvedova et al. 2005; Shrivastava et al., 2014)

 (Al-Amin et 

al. 2016; Neri et al. 2015; Oskvig et al. 2012)

NAC

CB-NP

NAC Aqp4

ascorbic acid

in situ 

 

 

5. 5.  

CB-NP NAC

NAC

NAC

CB-NP Aqp4

CB-NP GFAP AQP4
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6   

21

 

2

CB-NP

PVM

GFAP Aqp4 CB-NP

 

3 2
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in situ FT-IR

CB-NP

in 

situ 

CB-NP

β-sheet-rich protein β-sheet-rich 

protein

β-sheet

PVM

PVM

 

4 2 3

PVM
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GFAP

CB-NP

2 3

 

5

N-acetyl cysteine

GFAP AQP4 CB-NP

GFAP NAC NAC

NAC CB-NP Aqp4

CB-NP GFAP

AQP4

 

 (Calderón-Garcidueñas et al., 
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2014, 2016a; Heusinkveld et al., 2016)

 (Allen et al., 2015; Raz et al., 2015; Woodward et al., 2015) PM2.5

neurovascular unit

 (Calderón-Garcidueñas et al., 2013, 2016a,b; Heusinkveld et al., 2016)
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