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1.2

[1]

1.

[2-3] 2.

 [4] 3.
[5] 4.

[5]

1.2.1

(1) [6-8]

[8-9]

[10-11]

(2) [12-13]

tantalum[12] [13]

[10]

(3) [14-28] Millipore

® [29]

Millipore
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 [10]

in vivo [16,30]

[15]

(4) [6] acrylic copolymer

50000
[31]

1.

2. 3. 4. 5.

6. [10]

1.2.2
silicone tube

[32]

1.

2.

3.

1943
[32]

1.

2.
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3.

4.

5.
[33-36] Ploringlchoride 

[37]

polythene polyvinyl acetate 
[38]

initiator [39]

6.

[5]

7.
[40-42] Kern Anderson [33](1949)

8 1

[43]

[43-44]

[45-46] [47-49]

8.

17 [50]
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[51-53]

9.

[54-58]

1.3

[59-60]

1.3.1 Seddon 
1943 Sedden [61-63]

1.3.1.1 neurapraxia

(crush)

1.3.1.2 axonotmesis
(endoneuriµm)

Wallerian (Wallerian degeneration)

(reinnervation)

1.3.1.3 neuratmesis
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1.3.2 Sunderland
Sunderland

[64-65] Sunderland

Sedden Sunderland

Wallerian 

1.4

[66-70] 30%~40%

1.4.1
Wallerian Wallerian 

degeneration

Schwann

Schwann

Schwann

Schwann

Schwann

1.4.2

1.4.3
retrograde

degeneration
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(Nissl body)

chromatolysis

1.5 [71-72]

1.5.1

RNA Nissl

1.5.2

1.

2.

3. 4.

5.

Schwann
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Schwann

Schwann

Schwann

Schwann

2~4 mm

1.5

mm 80%

1.6

(fluid accumulation)
24

[73]

fibronectin laminin
[74] Williams [75] (1983) 4

(fibrin bridge)
1 ( fibroblast
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fibronectin leukocyte erythrocyte )
[76] Williams [77] (1987) 1

fibrin matrices mast cell

fibroblast Schwann

14 laminin fibronectin

(1

) [28]

(fibroblast migration)
1

[28,77]

[28] 2
[76]

Schwann (Schwann cell migration)
Toluidine blue Schwann

 [78] Schwann

1 Schwann

mitogenic factor [76] Schwann [28]

[28,76]

(vascular sprout)

2 Schwann fibroblast
[77] Williams

[75] 4 (10 mm)

Jenq Coggeshall[77] 8

( 48 70 m)
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Danielsen [78] rat amnion membrane 

matrix(rAMM) ( 16

)

Schwann
Williams [75] (10 mm)

2 1-5 mm Schwann

Schwann

“ ”

(regeneration units)[79]

Williams [28] 1-3 mm

“Schwann ”(Schwann cell 

colume) Toluidine blue Schwann

Schwann

Schwann Schwann

Williams [75](1983) 4

Schwann

(myelination)
Schwann

3 ( 0.1 m)
[76] Le Beau [73](1988)

( 42 0.37 m

435 0.57 m)

[76,80]
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1.7

Yannas[81] PNS regeneration 20

critical axon elongation

critical axon elongation 50%

20

critical axon 

elongation

L/Lc (L gap length Lc critical axon 

elongation) %N (percent of nerves)

Lc critical gap 

length %N [49] gap length  %N

S-shaped curve( 1.1)

1.1 Rat Mouse

S-shaped

50% (Critical Axon 

Elongation) 9.7 ± 1.8 mm [15,49,82-92] 5.0 ± 1.0 mm [27,93-96]

critical axon elongation (

) (L) Critical

axon elongation (Lc) L %N

S-shaped curve
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gap length Lc

N% gap length 0 100 N%

Lc 10 mm L 0 L=+2 to +4 mm significant

high value of the regenerative activity L  +4 mm very significant 

(very high) [81]

1.1 [81]

( ) ( )

s-sharp curve (Yannas. Peripheral Nerve Regeneration. 

Adv Biochem Engin/Biotechnol. 2005; 70 Fig 1 76 Fig 2) 

1.8
(nerve chamber model)

( )

(neurotrophic theory) (contact guidance theory)

(pressure cuff theory) (basement microtube 

theory)
[81]
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(neurotrophic theory)

[98-99]

(contact guidance theory)

[100]

(basement microtube theory)

(fibrin cable)

10-20 m cable
[81]

(pressure cuff theory)
(Contractile cell capsule)

[101-102]

[81]

1.2

1.3 1.4 [81]
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1.4

Myofibroblast capsule

Schwann cells capsule theory Critical axon 

elongation Schwann cell theory 

1.2
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1.3 [81] (Yannas. Peripheral Nerve Regeneration. Adv  

Biochem Engin/Biotechnol. 2005; 86 Fig 5) 
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2

1.4 contractile cell capsule  microtubes 
[81] (Yannas. Peripheral Nerve Regeneration. Adv Biochem Engin/Biotechnol. 2005; 86 

Fig 6) 
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2.1

2.1.1

1 cm

( 1 cm)

1 cm

nerve growth factor brain-derived neurotrophic 

factor laminin fibronectin collagen [90.103-107]

[108]

(extracellular

matrix) collagen collagen
[109,17]

[32,110]

[111] 2000

Biomaterials collagen laminin fibronectin

(maturity)
[112] 90 [113]

laminin fibronectin collagen
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(plexus nerve)

...

2.1.2

19

[114-119] [120] [121-122]

[123-129] [130-147]

2.2
Jaffe  Poo [148] (1979)

Pate  Poo [149] (1982)

[150-152]
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Ito  Bassett [139] (1983)

Raji  Bowden [126] (1983)

Pomeranz [153] (1984) (

1 A)

Kern [154] (1986)

(10-15 µA)

(0.57 µA) McDevitt
[155] (1987) 10 µA

[156] (1987)

41 ( )

Politis [157] (1988)
[158] (1988) 58 ( )

HRP

Zanakis [159] (1990) 1.4 µA Direct currect

Kerns[160] (1991)

0.6 A [161] 

(1991)
[162] (1993) 

( ) 1 mm

[163] (1994)

Schmidt [164] (1997)  PC12
[165] (1997) 80

14 mm
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( )
[166] (1998)

(MCV)

(MAP) MCV

MAP

Borgens [167] (1999) 

Abdulhakeem A. [168] (2000)

20Hz 1hr

brain-derived neurotrophic factor (BDNF) trkB mRNA Arundhati

 Christine [169] (2001) polymer polypyrrole

fibronectin

McCaig [170] (2002)  in vitro

in vivo

Brushart [171] (2002) 20 Hz

cAMP  brain-derived neurotrophic factor (BDNF)

Inoue[172] (2003)
[173] (2003)

TENS

Adriana [174] (2003) 1

A

Arteaga [175] 

(2004) Na+/K+-ATPase

Song [176] (2004)

Cheng [177] (2004) 7
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mm (50 Hz,100 Hz, 200 Hz)

(10 µA 20 µA)

100 Hz 20 µA

axon

La [178] (2005)

Diclofenac sodium

Brushart [179] (2005) [180]

[181] 20 H 100 m 3-5 V

[182] (2005)

5 mm 5 Hz 100 Hz 

10 mins 3

5 Hz

English AW. [183] (2007)

1hr 20Hz

trkB Geremia NM., [184]2007

4mm gap 20Hz 1hr

growth-associated protein 43 (GAP-43) mRNA BDNF

1hr 3hr 1day 7days 14days

21

1hr DRG Ahlborn P.,
[185]2007 2mm gap 1hr

2Hz 3

73% 63%
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Gordon T. [186], 2009

CTRS 1hr 20Hz

3 6-8 12 MUNE(motor unit number 

estimation) 6-8

Asensio-Pinilla E., [187] 2009

20Hz 1hr

4  1hr/day 4  1hr/day 2hr

1 3 5 7 9

Mader 2004
[188] Sharma N., [189] 2009

testosterone

testosterone testosterone

mRNA

1-tubulin testosterone

1-tubulin

GAP-43 BDNF PACAP neuritin

McGinnis [190](1992)

Hanson [191](1994)

Agnew [192](1999)

Chen [193] (2001)

Ming [194] (2002)

Sinis N., [195]
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2009 5Hz

5min/day 3 /

2.3
Kozolowski [196] , 1996 Humm [197], 1998 DeBow [198],2008

Alaverdashvili [199],
2008

Griesbach [200],2007

BDNF

7-14 BDNF 6

FPI

FPI

BDNF 14-20 BDNF

FPI

BDNF 0-6 CREB synapsi

FPI PID30-36 BDNF CREB

synapsi Humm [197],(1998) Risedal [201],(1999) DeBow
[198],(2008)

Schwartz & Yoles, [202] (2006) Benowitz & Yin, [203] (2008) Chen[204]

(2008) SCI

Jones [205],(1999)

Girgis[206] (2007)

4

Krajacic A. [207] ,(2009)

12

Humm JL [197],(1998)
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7

/ ( BDNF)

Cheng [177] (2004)

7 mm

Yannas[81] 50%

9.7 ± 1.8 mm 7 mm

[182] (2005)
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2.4
2.4.1

“

”

[208]

[209-211]

[212] “ ”

“ ” “ ”

“nerve”
[213]

( )

( )
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[214]

[215]

[216]

2.4.2

“ ”

“ ” “ ”

“ ”
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“ ” “ ”

“ ” “ ” [217]

[218]

[219]

˙ [220]

[221]

[222]

[220] [223] [224]

[225] [226] [227] [228]

……

“ ”

…… [229] [230]
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“ ” “ ”

“ ”

[231]

“ ” “ ” “

” “ ” “ ”

……

……

[230]

“ ”

“ ”

“ ”

[225]

[231] “

”

“ ”
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“ ” “

” “

” “ ”

2.5

"

"

" " " ”

 “

”

) [232-234]

1.

2.

Li [235]

A A A

( ) ( ) ( 2.1)
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2.1 [235]( Li AH. Human acupuncture points 

mapped in rats are associated with excitable muscle/skin–nerve complexes with enriched 

nerve endings. Brain Res. 2004; 1012: 156 Fig 2) 

2.6

( 2.1)
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2.1

+

(n=10)

90.0%

+ (n=10) 80.0% 

+

(n=10)

80.0%

[236]

(n=10) 30.0% 

(n=10)  100% 

(n=10)  100% 
[237] (n=9) 100% 

n=10  100% 

n=10  100% 
[238] n=10  100% 

+ (n=9) 55.5% 

+ (n=9) 88.8% 
[239] (n=10) 70.0% 
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(n=10) 100% 

(n=10)+5kHz 13.6mW 50%
[240]

(n=10)+20kHz 54.4mW 44%

(n=6) 100% 

(n=7) + 1mA 1Hz 100%

(n=7) + 1mA 2Hz 86%

(n=7) + 1mA

20Hz

71%

[241]

(n=7) + 1mA

200Hz

57%

(n=7) 100% 

(n=7) + 1mA 2Hz 85%

(n=7) + 2mA 2Hz 100%

[242]

(n=6) + 4mA 2Hz 83%
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3.1
1.

(12 mm 1.5 mm 2mm ) Dow

Corning (Saint Louis USA)( 3.1)

2.

0.5 32 (12mm 0.35mm )

3. Toluidine Blue  

Toluidine blue C15H16SCl+ZnCl2

Toluidine blue

Toluidine blue Sigma (USA)

4. 9-0 Nylon

9-0 Nylon

Mani (Japan)

5. Betadine® Antiseptic Solution  

Betadine® Antiseptic 

Solution Mundipharma (Germany)

6. AErrane® ( 3.2)

AErrane®(Isoflurane) Baxter (USA)

7. 4-0 Catgut chrom 

4-0 Catgut chrom 

B. Braun (Germary)

8. Trio 300(Ito Co. Ltd. Japan)( 3.3)

Width 5 0µs Current  1mA 2Hz 15

: 1. 2. 3.

4. TENS 5. TNS CST(TENS )6.
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7. 8.

9. (Forawick Vaporizer, Muraco Medical Co., Japan)(

3.4)

10. : (SONY DCR-HC30 68,Japan) 

11. : (SONY P150 720,japan) 

12. : (Image-ProLite,Media Cybernetics,USA)

13. (Neuropack Four Mini, Nihon Kohden Co, Japan)(

3.5)

3.1 3.2

3.3
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3.4 3.5

3.2
Sprague-Dawley SD 30 280-350 g

A B 8

C 15 10

A

B

C

0 1       8      15      22      29                    42

3.6

3.3
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(Forawick Vaporizer, Muraco Medical Co., Japan)

AErrane® (Baxter, USA) 5 litter/kg min

2 litter/kg min

Betadine® 

(Mundipharma, Germany)

3.4

(greater trochanter of femur) (lateral fabella)

(biceps femoris 

muscle) 2.5 cm ( 3.7)

(piriformis) 8 mm ( 3.8)

9-0 Nylon 5 mm

2.5 mm

( 3.9)

10 mm ( 3.10)

1 litter/kg min

4-0 Catgut chrom

Pamoxicillin®( Amoxicillin Trihydrate 1.5 gm/60ml

Taiwan)1 g 100 ml
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3.7 3.8

3.9 10mm 3.10

3.5
(Trio 300 Ito Co. Ltd Japan) 

(TENS) ( ) ( )

0.5-1.0cm

1mA 2Hz

15

( 3.11 3.12) 8 15
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3.11 

3.12

3.6
3.6.1 (Huan Tiao) GB30  

  { }

{ }, { }, ,

{ }

1/3 1/3 ( )
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3.6.2 (Yang Ling Chua) GB34  

{ }

{ }

:

( 3.1)

3.1

G30
7mm 

G34
0.5cm

6mm 
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( 3.13

3.13

3.7

22±3 55±5%

( )

3.8
3.8.1

3.8.2
Betadine®
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3.8.3

SAS 6.12 (Chi-Square)

5 (Fisher’s exact test)

0.05 P 0.05

3.8.4

2.5%glutaraldehyde

2.5%glutaraldehyde

2.5%glutaraldehyde 4%Paraformaldehyde 0.1 M cacodehyde

1~2 1%OsO4

50~100%

60~70 16

1 m Toluidine blue

Schwann cell 40

400

3.8.5
40~400 (Olympus IX70, 

Olympus Optical Co., Ltd, Japan) (1)

(2)

Schwanncell (3)

 3.8.6 
Nikon Coolpix 

950, Japan Image-Pro Lite 
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Version 3.0, Media Cybemestics, USA Microsoft 

Excel XP

(Total Area)
40

(Endo. Area)
40

(Axon number)
400 2

4

4 4

(Mean axon area)
4 4 ( )

4

(axon density)

(Perecentage of total axon 
Area in Endo. Area(%))

(B.V.number)
400

(B.V. area)
400

(Perecentage of total B. V. in nerve 
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Area(%))

SPSS 10.0 One-way 

ANOVA

0.05 P 0.05

Tukey 2

3.8.7

Neuropack Four Mini, Nihon Kohden Co. 

Japan

recording electrode (

3.14) stimulating electrode (

3.15) 6 mA

Latency 1(L1) 

Latency2(L2) (Duration) (Amplit) (Area)

(MCV)

Latency1(ms): (take-off point)

Latency2(ms):

(ms):

(mv):

(mvms):

(m/s):
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3.14 3.15

SPSS 10.0 One-way

ANOVA

0.05 P 0.05

Tukey 2
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4.1
 4.1.1

( 4.1)

4.1

( 4.1)

A 10 3

B 8 10 7

C 15 10 4

4.1.2
(

4.2)

A 3/10 (30%) B 8 7/10 (70%)

C 15 4/10 (40%) 8

(70%) (30%) 15

(40%) 15 (40%)

(30%)
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4.2
( )

4.3

4.1.

A1

A2

A3

A4

A5

A6

A7

A8

A9

A10
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B1

B2

B3

B4

B5

B6

B7

B8

B9

8

B10

C1

C2

C3

C4

C5

C6

C7

C8

C9

15

C10

4.4 8
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4.1.3
( 4.2)

(Fisher’s 

exact test) A

30% B 8 70% C 15

40% A B B C A C

( 4.3)

4.2

 Total 

A
3 7 10 

B

8
7 3 10 

C

15
4 6 10 

Total 14 16 30 

4.1.4

10 mm

(Fisher’s exact test)

(

4.3 4.4 4.5)
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4.3  A B

 B

8

A Total 

 7 3 10 

 3 7 10 

Total 10 10 20 

P-value

0.177

Fisher’s exact test ; * P<0.05

4.4  B C

 B

8

C

15

Total 

 7 4 10 

 3 6 10 

Total 10 10 20 

P-value

0.334

Fisher’s exact test ; * P<0.05

4.5 A C

 C

15

A Total 

 4 3 10 

 6 7 10 

Total 10 10 20 

P-value

0.690

Fisher’s exact test ; * P<0.05

4.2
 4.2.1

 ( 4.6)

4.2.2
( 4.6)

4.2.3
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4.2.4

4.2.5
15

(A3) (A5

A2 A9 A1) 8 7 ( )

(B10 B5 B2) (B1) 15

14 ( ) (C8 C4)

(C2 C6 C3 C7)

4.5 — 4.6 —
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4.7 — 4.8  C5

4.2.6
1 mA 2Hz

4.2.7
Pamoxicillin® 1 g 100 ml 

A6

A6

A1 10

12
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4.6

A1 258 269

A2 198 222

A3 231 243

A4 225 237

A5 214 199

A6 238 237

A7 198 227

A8 256 272

A9 215 254

A10 221 223

B1 234 252

B2 229 232

B3 232 237

B4 242 251

B5 259 262

B6 239 250

B7 238 248

B8 242 252

B9 277 267

8

B10 199 268

C1 239 261

C2 263 250

C3 226 218

C4 221 224

C5 259 270

15

C6 240 243
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C7 229 243

C8 271 270

C9 258 264

C10 251 259

4.2.8
A

50% B 8

40% C 15 70% C A B

(Fisher’s exact test)

4.7

 Total 

A
5 5 10 50% 

B

8
4 6 10 40% 

C

15
7 3 10 70% 

Total 16 14 30  

4.3
4.3.1

2 3

( 4.9) Toluidine blue

( 4.10)
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4.9
( ) ( )

(scale bar=1 mm) 

4.10 ( )
Toluidine blue  ( )

( ) (scale bar=10 µm) 

4.3.2
(

)

(

4.8)
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40

( 4.11)

100 8

8

( 4.12)

400

B 8

A

( 4.13)

       A9-40X                 B7-40X                  C3-40X 

4.11 40 (1)A9 (2) B7 8

 (3)C3 15 40 X

( ) ( )

C B A (scale bar 200 µm) 
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             A9-100X                           B7-100X 

               C3-100X 
4.12 100 (1)A9 (2) B7 8

 (3)C3 15 100 X
( ) B A (scale bar =100 µm) 
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A9-400X

B7-400X

BV
SC

MA

BV

MA

SC
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C3-400X

4.13 400 (1)A9 (2) B7 8

 (3)C3 15

B

A (scale bar 

=30 µm) 

4.4

4.8

BV

MA
SC
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4.8

Total 

Area

(mm2)

Endo.

Area

(mm2)

Axon 

Number 

(#) 

Mean

Axon 

Area

(um2)

Axon 

density 

(#/mm2)

Perecentage of 

total axon area 

in Endo.area

(%)

B.V.

number 

(#) 

B.V.

area

(um2)

Perecentage 

of total BV. 

In nerve Area 

(%)

A1 N/A 

A2 N/A 

A3 0.146 0.131 2511 4.74 19167.939 9.09 13 1409.115 0.965 

A4 N/A 

A5 N/A 

A6 N/A 

A7 N/A 

A8 N/A 

A9 0.168 0.135 1704 3.19 12622.222 4.03  22 3595.062 2.140 

A10 0.135 0.120 314 6.10 2616.667 1.60  13 1536.856 1.138 

B1 0.274 0.234 4009 3.71 17132.479 6.36  78 9987.152 3.645 

B2 0.221 0.179 2388 6.16 13340.782 8.22  93 11559.890 5.231 

B3 N/A 

B4 N/A 

B5 N/A 

B6 0.122 0.105 1161 4.46 11057.143 4.93  28 2369.765 1.942 

B7 0.172 0.142 3751 3.68 26415.493 9.72  29 1836.228 1.067 

B8 0.174 0.160 4696 3.27 29350.000 9.60  44 2339.597 1.344 

B9 0.192 0.167 3096 3.85 18538.922 7.14  38 1421.202 0.740 

B10 0.226 0.206 3450 3.47 16747.573 5.81  55 5028.649 2.225 

C1 N/A 

C2 0.189 0.166 3979 3.10 23968.449 7.64  20 8001.880 4.234 

C3 0.219 0.181 3345 3.92 18480.663 7.24  36 4294.154 1.961 

C4 N/A 
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C5 N/A 

C6 N/A 

C7 N/A 

C8 0.154 0.133 2590 4.20 19473.684 8.18  33 3310.403 2.150 

C9 0.335 0.281 4309 4.09 15334.520 6.27  75 9754.788 2.912 

C10 N/A 

4.4.1 (Total Area) 
15  > 8

 > ( 4.9

4.14)

4.9

 (mm2) F  P

A
0.150 ± 0.016 

B

8
0.197 ± 0.048 

C

15
0.224 ± 0.078 

1.595 0.246 

one-way ANOVA Tukey HSD 

Total Area  (mm2)

4.14



61

4.4.2 (Endo. Area) 
15  > 

8  > (

4.10 4.15)

4.10

 (mm2) F  P

A
0.129 ± 0.007 

B

8
0.170 ± 0.042 

C

15
0.190 ± 0.064 

1.598 0.246 

Endo.Area(mm2)

4.15

4.4.3 (Axon number) ( 4.11)
B A

C A

( 4.12 4.16)

B A

( 4.13 4.17)
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4.11 

 Axon number 

(#)

B.V. Number 

(#)

A1 N/A

A2 N/A

A3 2511 13 

A4 N/A

A5 N/A 

A6 N/A 

A7 N/A 

A8 N/A 

A9 1704 22 

A10 314 13 

Mean±S.D. 1510± 1111*  16 ± 5*

B1 4009 78 

B2 2388 93 

B3 N/A 

B4 N/A 

B5 N/A 

B6 1161 28 

B7 3751 29 

B8 4696 44 

B9 3096 38 

8

B10 3450 55 

Mean±S.D. 3222± 1161* 52± 25*

C1 N/A 

C2 3979 20 

C3 3345 36 

15

C4 N/A 
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Axon number(#)

C5 N/A 

C6 N/A 

C7 N/A 

C8 2590 33 

C9 4309 75 

C10 N/A 

Mean±S.D. 3556±758  41±24

 A vs B, p < 0.05    A vs C, p < 0.05 

4.12

(#) F P

A
1510± 1111*

B

8
3222± 1161*

C

15
3556±758

3.677 0.06 
B >A

C >A

4.16
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B.V. Number(#)

4.13

(#) F P

A
16 ± 5*

B

8
52± 25*

C

15
41±24

2.758 0.107 
B >A

4.17

4.4.4 (Mean axon area) 
A >B >C

( 4.14 4.18)

4.14

(Mean 

axon area) (um2)
F P

A
4.677±1.456

B

8
4.086±0.987

C

15
3.827±0.498

0.647 0.542 
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Mean axon area(um2)

4.18

4.4.5 (axon density) 
C B B C

A ( 4.15 4.19)

4.15

(axon density) 

(#/mm2)
F P

A
11468.94±8335.69 

B

8
18940.34±6658.03

C

15
19314.33±3569.32

1.697 0.228 

axon density(#/mm2)

4.19
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4.4.6
(Perecentage of total axon Area in Endo. Area) 

B C B C

A  ( 4.16 4.20)

4.16

(Perecentage of total axon Area 

in Endo. Area)% 

F P

A
4.903±3.820

B

8
7.396±1.856

C

15
7.334±0.805

1.524 0.261 

Perecentage of total axon area in
Endo.area(%)

4.20

4.4.7 (B.V. area)
C >A >B B C

C

 ( 4.17 4.21)
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4.17

 (um2) F  P

A
130.008±29.342

B

8
83.185±34.555

C

15
187.439±140.302

2.201 0.157 

BV Mean Area( )

4.21

4.4.8
(Perecentage of total B. V. in nerve Area) 

C >B >A A

C ( 4.18 4.22)

4.18

(Perecentage of total B. V. in 

nerve Area)% 

F P

A
1.414±0.634 0.958 0.413 
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B

8
2.313±1.602

C

15
2.814±1.032

Perecentage of total B.V. in nerve
Area( )

4.22

4.5
4.5.1

1. ( 4.23)  

4.23
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Latency 1(L1)

Latency2(L2) (Duration) (Amplitude) (Area)

(NCV) ( 4.19)

4.19

 Latency1(L1) 

(ms)

NCV

(m/s) 

Amplitude

(mV)

Duration

(ms)

Area 

(mVms)

A1 N/A 

A2 N/A 

A3 0.89 47.97 9.15 1.45      1.17 

A4 N/A 

A5 N/A 

A6 N/A 

A7 N/A 

A8 N/A 

A9 0.84 53.85 7.79 1.11     2.86 

A10 0.96 48.52 4.41 1.23     1.64 

Mean±S.D. 0.9±0.06  50.12±3.24  7.12±2.44 1.26±0.17   1.89±0.87 

B1 0.54 83.89 9.17      1.50     3.25 

B2 0.72 69.47 7.93      1.49     3.40 

B3 N/A 

B4 N/A 

B5 N/A 

B6 0.55 68.55 10.37      1.96 6.14 

B7 0.51 86.50  7.14      1.56 3.50 

B8     0.50 88.87 12.87      1.52 5.83 

8

B9 0.79 64.67  3.21      1.40 1.49 
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B10 0.95 49.97  4.54      1.14 2.00 

Mean±S.D. 0.65±0.17  73.14±14.05  7.89±3.32 1.51±0.24 3.66±1.76 

C1 N/A 

C2 0.99 47.85  8.29 1.11  2.88 

C3 0.79 60.60 16.35 1.97 10.13 

C4 N/A 

C5 N/A 

C6 N/A 

C7 N/A 

C8 0.89 51.47  7.38 1.15 2.91 

C9 0.77      62.00  6.08 2.13 5.00 

15

C10 N/A 

Mean±S.D. 0.86± 0.11  55.48± 6.9  9.53± 4.64 1.59± 0.54 5.23± 3.41 

 A vs B, p < 0.05    B vs C, p < 0.05 

4.5.2 Latency 1 (L1)
A B C Latency 1 (L1)

Latency 1 B A B C

 ( 4.20 4.24)

4.20

Latency 1 (L1) (ms) F  P

A
      0.90±0.06

B

8
0.65±0.17

C

15
0.86±0.11

4.52 0.037 
A>B

C>B

 A vs B, p < 0.05    B vs C, p < 0.05 



71

L1(ms)

4.24

4.5.3 (MCV)
A B C B A

B C  ( 4.21 4.25)

4.21  A vs B, p < 0.05    B vs C, p < 0.05 

(MCV) (m/s) F  P

A
50.12±3.24

B

8
73.14±14.05

C

15
55.48±6.9

5.886 0.018 
B>A

B>C

NCV(m/s)

4.25
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4.5.4 (Duration)
A B C C

( 4.22 4.26)

4.22

 Duration (ms) F  P

A
1.26±0.17

B

8
1.51±0.24

C

15
1.59±0.54

0.844 0.456 

Duration(ms)

4.26

4.5.5 (Amplitude)
A B C C

A B ( 4.23 4.27)

4.23

(Amplitude) (mV) F  P

A
7.12±2.44

B

8
7.89±3.32

C

15
9.53±4.64

0.432 0.66 



73

4.27

4.5.6 (Area)
A B C C

( 4.24 4.28)

4.24

 Area (mVms) F  P

A
1.89±0.87

B

8
3.66±1.76

C

15
5.23±3.41

1.917 0.193 

Area(mVms)

4.28

Amplitude(mV)
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5.1

8

5.1.1
12 mm 1.5 mm 2

mm [16]

1.

2.

3.

Longo [98]

[243]

( )
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Bhadra Peckham[243]

2000

1.5 µA [153-154,157,160,244-246] 10 µA[152,155,247] 20µA
[248]

1 mA

Chen [249]

10 mm

(1 mA) 1 Hz 2 Hz 20 Hz 200 Hz

2 Hz

Chen [250]

10 mm

(2Hz) 1 mA 2 mA 4 mA

1mA

Cheng [177] 7 mm

5.1.2

A 3/10 (30%) B 8 7/10(70%) C

15 4/10(40%)

8

Yannas[81] PNS regeneration 20

critical axon elongation

critical axon elongation 50%
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Lc 9.7 ± 1.8 mm 10mm

Yannas[93] 8

BDNF [168,180184]

[197,198,201]

[150]

[148,251]

[252-263]

[254]

[148]

[148-149,253,255-256]

Borgens [257]

Lazar [120]

McCaig [170]

( 5.1)

Deleted in

Colorectal Cancer (DCC) trkB integrin AChR

 phosphor- 

inositide-3 kinase (PI-3K) phospholipase C (PLC) 

(AChR)

(BDNF)  trkB netrin-1 DCC

PI-3K PLC
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laminin integrin

 cAMP

cAMP-dependent protein kinase A (PKA the asterisk indicating 

activation)

5.1

Hanson Mcginnis[191]

40 10 mm

10 µA

( )

35%

Mcginnis Murphy [190]

20 µA 14 (toe spreaing reflex)

[191] Agnew [258]
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[259-269] Agnew [258,270-271]

60

Agnew [272]

Mcgreey [273] 50 Hz

Aydin [259]

50 Hz

Mert [274] 

Tai [275]

4k Hz

Cheng [177]

10 µA 20 µA

50 Hz 100 Hz 200 Hz

9 7

mm

 (connetive capsule area)

(nerve trunk diameter) Yannas[100-101]

(myofibroblast)

(Schwann cell)
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Cheng

Cheng

(

)

(1mA 2Hz) (

8 15 )

—

Kozolowski [196] , 1996 Humm [197], 1998 DeBow [198],2008

Alaverdashvili [199],
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2008

Griesbach [200],2007

BDNF

7-14 BDNF 6

FPI

FPI

BDNF 14-20 BDNF

FPI

BDNF 0-6 CREB synapsi

FPI PID30-36 BDNF CREB

synapsi Humm [197],(1998) DeBow [198],(2008) Risedal
[201],(1999)

Schwartz & Yoles, [202] (2006) Benowitz & Yin, [203] (2008) Chen[204]

(2008) SCI

Jones [205],(1999)

Girgis[206] (2007)

4

Krajacic A. [207] ,(2009)

12

Humm JL [197],(1998)

7

BDNF

trkB
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5.1.3

5.1.4

A

B 8 C

15

Danielsen [78] 28

Lundborg [276]

[277]

Schwann Schwann

Schwann

Schwann 10~20%

Schwann

Cheng [177]

50 Hz 100 Hz 200 Hz (

)

(Schwwann colume)
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Kerns

Lucchinetti[150]

[150]

[150]

B ( 8

) A ( ) C

( 15 ) A

Humm [197],(1998) Risedal [201],(1999) DeBow [198],(2008)

Griesbach
[200],2007

BDNF 7-14

BDNF 6

B ( 8

) A ( )

C ( 15 )

A

Jenq [77]
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(somatic/ automic 

reflex arc) Group III IV

(arteriole)
[278-279]

[64,280-285] Rotto Kaufman [286]

phosphate lactate lactic acid adenosine

arachidonicacid

[287-288] Chen
[193] Zanakis [159] 1990

5 7 Pelican

Cirrier [279]

50 Hz Folkow Halicka [289]

1,2,4 Hz 8,16,20,30,60 Hz

Barcroft millen[290] 10 % MVC (Maximal 

volume contraction)

30  MVC

(1)

(2)
[291]
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(1mA 2Hz)

8

Humm [197],(1998)

Risedal [201],(1999) DeBow [198],(2008)

5.1.5
Latency 1

8 L 1

 Kniffki [292] latency

Clemente [293]

( )

[274]
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8

8

Widick [294]

Brushart [172] 20 Hz

Bowman McNeal
[295] 100 Hz 10k Hz

Bhadra [296]

Mima [297]

90 Hz

(motor evoked potentials)

(sensory threshold)

Chen [113] 2 Hz
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3
[185]

5.1.6

(Fisher’s exact test)

Vekris [298]

Carr [299]

5.2
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5.3

 nerve growth factor brain-derived 

neurotrophic factor laminin fibronectin collagen

10 mm

…
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8

(p<0.05)

8

(p<0.05)

8 (p<0.05)
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Abstract
We have studied whether a short delay of electrical stimulation (ES) 

after nerveinjury may enhance axonal regeneration and nerve functional 

recovery. Three groups of adult rats were subjected to sciatic nerve section 

followed by entubulization repairusing silicone rubber conduits with a 

10-mm gap inside. Group A received ES (1 mA,2 Hz, 15 minutes every 

other day) for a period of 2 weeks which was initiated at Day1 following the 

nerve repair. Using the same ES protocols, groups B and C started the ES 

onset on post-operative day 8 and 15, respectively. At 6 weeks after surgery, 

histological evaluations showed a significantly higher number of regenerated 

myelinated fibers in the sciatic nerve and the electrophysiological results 

showed higher levels of reinnervation with larger amplitudes, durations, and 

areas of compound muscle action potentials in groups B and C in 

comparison with group A. In conclusion, our results show that a short delay 

in the onset of ES is beneficial to the recovery of a more severe level of 

injury, which should be considered in future rehabilitative approaches. 

Keywords: Delayed electrical stimulation; Nerve regeneration;  

         Rehabilitation 
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