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fast response dye slow response 
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nm 705 nm 9)
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LED
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1.5 
: Limax Valentianus

50 mm 10 mm 10 mm

- 1)

10)

11)

12)

13)

1 mm
4

14)

-
11, 15-16) 6-8 m

105

17-19) 2

10%
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20, 21, 23)

17, 24-26)

LFP 0.5-1 
Hz 10 V

LFP 17, 24-26)

-

1 mm

4 
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2

2.1 
1 g

( )
( ) ( )

25:24:1
1 2

20 12 /12
A5501, ( )

2.2 
HEPES ( )

( )
-

57.6 mM MgCl2 6H2O, 5 mM HEPES, 
5 mM Glucose 1 ml

35 mM NaCl, 2 mM KCl, 4.9 mM 
CaCl2, 28 mM MgCl2 6H2O, 5 mM HEPES, 5 mM Glucose, pH 7.6

5a

5b

-

5c, d -
5e
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2.3 

2.3.1 
- 70 mM NaCl, 2 mM KCl, 

4.9 mM CaCl2, 4.7 mM MgCl2 6H2O, 5 mM HEPES, 5 mM Glucose, pH 7.6

6

HIVAC-G, ( )
7

2.3.2 

8
P-97, SUTTER INSTRUMENT

GC120T-7.5, HARVARD APPARATUS
MF900, NARISHIGE 80 m

ER-1, Cygnus 
Technology 20,000

0.1 Hz 100 Hz A/D
POWER LAB/4SP, ADInstruments 1 kHz

Chart5, ADInstruments 0.5 Hz
30 Hz

LFP
E-FN1, Nikon E600FN, Nikon
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2.4 

2.4.1 

-

9

10
50

6.9 mM Di-4-ANEPPS ( ( )), 45%  (
( )), 5% CremophorEL (Sigma-Aldrich) 80

86 M

9 10 
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2.4.2 

45°

11 LED
 (LEX2-G, BrainVision)  (EX510-560, Nikon)

 (DM575, Nikon)  (BA590, Nikon) 10
 (Plan Apo, 0.45 NA, Nikon)  (E-FN1, Nikon E600FN, 

Nikon)  (EM-CCD iXon3, Andor sCMOS
(Zyla, Andor)) Precision T3500, DELL Precision 
T5600, DELL LED 530 nm

511 nm 551 nm
520 nm 575 nm 575 nm

590 nm 1
1.4

NA

4.0 mm

EM-CCD sCMOS

sCMOS EM-CCD

EM-CCD
sCMOS
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LED
75%~100% EM-CCD

SOLIS, Andor sCMOS
SOLIS Zyla, Andor

EM-CCD 512 pixel × 
512 pixel 10 64 pixel 100 m

10 MHz
14 bit

15 25 ms 5000

sCMOS 1024 pixel × 
1024 pixel 10 156 pixel 100 m

560 MHz
16 bit

10 ms 5000

10 ms

11 
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2.4.3 
1 

pixel 14 bit 16 bit
1 pixel

S/N 12

S/N

ImageJ, HIM

sCMOS 1024 pixel × 1024 pixel
16 pixel × 16 pixel Region of Interest: ROI

ROI 16 pixel ×16 pixel
 13 4096

14 EM-CCD
512 pixel × 512 pixel 8 pixel × 8 pixel ROI

n xሺiሻ ሺi ൌ 1	, 2	,⋯	 , nሻN ωሺjሻ ሺj ൌ െm,⋯ ,െ1	, 0	, 1	, ⋯ ,mሻ,					N ൌ 2m ൅ 1yሺiሻ
yሺiሻ ൌ 1W ෍ ωሺjሻ୫

୨ୀି୫ ∙ xሺi ൅ jሻ ሺi ൌ m ൅ 1	,m ൅ 2	,⋯ , n െ mሻ
W ൌ ෍ ωሺjሻ୫

୨ୀି୫
ROI݅ F(i) Fbase(i)

∆F(i) 15
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1 ∆F(i)

ୠୟୱୣሺiሻܨ ൌ 1N ෍ ሺiܨ ൅ jሻ୫
୨ୀି୫ 											i ൌ m ൅ 1, , n െ m

N 201
101 4800

Savitzky–Golay
16 ωሺjሻ Savitzky–Golay

2 3 1
27) ωሺjሻ 1

ሺiሻܨ∆ ൌ 1W ෍ ωሺjሻ୫
୨ୀି୫ ∙ ሺiܨ ൅ jሻ െ ୠୟୱୣሺiܨ ൅ jሻܨୠୟୱୣሺi ൅ jሻi ൌ m ൅ 1, m ൅ 2, ⋯ , n െ m

101 m 4800 m
ROI

4096 ROI S/N
ROI ROI

ROI 0
1 Excel, Microsoft

gnuplot
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12 1 pixel

64

13 16 pixel ×16 pixel

14  4096
sCMOS

sCMOS sCMOS
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15 
sCMOS

16 
sCMOS

10 s

10 s

10 s
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12 11 10 9 8 7 6 5 4 3 2 

-12 -253
-11 -138 -42
-10 -33 -21 -171
-9 62 -2 -76 -136
-8 147 15 9 -51 -21
-7 222 30 84 24 -6 -78
-6 287 43 149 89 7 -13 -11
-5 342 54 204 144 18 42 0 -36
-4 387 63 249 189 27 87 9 9 -21
-3 422 70 284 224 34 122 16 44 14 -2  
-2 447 75 309 249 39 147 21 69 39 3 -3 
-1 462 78 324 264 42 162 24 84 54 6 12 
0 467 79 329 269 43 167 25 89 59 7 17 
1 462 78 324 264 42 162 24 84 54 6 12 
2 447 75 309 249 39 147 21 69 39 3 -3 
3 422 70 284 224 34 122 16 44 14 -2  
4 387 63 249 189 27 87 9 9 -21
5 342 54 204 144 18 42 0 -36
6 287 43 149 89 7 -13 -11
7 222 30 84 24 -6 -78
8 147 15 9 -51 -21
9 62 -2 -76 -136
10 -33 -21 -171
11 -138 -42
12 -253

1  Savitzky–Golay 2
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3 LFP

3.1 
LFP

LFP

3.2 
- 2

2.3.1 LFP
LFP

10 4.5 cm
500 l 10

10
10 LFP

isoamyl acetate
( ) 1,8-cineol ( )

LFP 2 2.3.2 

3.3 
LFP 17

0.5-1 Hz LFP

LFP
LFP 18

LFP LFP

LFP
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LFP
LFP

LFP

3.4 
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17 LFP

a: , b: , c: 

18 LFP

LFP
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3.4 
LFP

LFP

19 LFP
Takens

LFP V (1) V (2) V (3)

ܺଵ ൌ ൫ܸሺ1ሻ, ܸሺ1 ൅ ߬ሻ, ܸሺ1 ൅ 2߬ሻ൯ܺଶ ൌ ൫ܸሺ2ሻ, ܸሺ2 ൅ ߬ሻ, ܸሺ2 ൅ 2߬ሻ൯
ܺ௧ ൌ ൫ܸሺݐሻ, ܸሺݐ ൅ ߬ሻ, ܸሺݐ ൅ 2߬ሻ൯

1 0

Takens 28)

15 LFP 3 3
LFP

20 LFP
21 LFP 22

15 ms
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20-22 LFP

15

19  3

Xi

Xj

Vn

Vn+

Vn+2

V

tX1
X2 Xi

Xi

Xj

Vn

Vn+

Vn+2

V
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LFP
LFP

20  LFP
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21  LFP
LFP

LFP
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LFP
LFP

22  LFP
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LFP
80 m

17, 24-26)

LFP
LFP

15
4

4

±SEM
n Excel, Microsoft

23 LFP 0.106±0.003 
s n 188 0.106±0.006 s n 64

0.093±0.004 s n 68
0.093±0.004 s n 52

LFP

23 LFP

±SEM n
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LFP
LFP

C(j, k) 3)

ܸሺݐሻ ൌ ෍෍ܥሺj, kሻψ୨,୩ሺݐሻ୩ ,୒
୨ୀଵ 								Cሺj, kሻ ൌ න ܸሺݐሻψ୨,୩ሺݐሻ݀ݐ,ୖ

ψ௝,௞ሺݐሻ ൌ 1√2୨ ψ൫2ି୨ݐ െ k൯.
j

k
Daubechies 12

12 C(j, k) 29) 12 j
0-0.225 Hz, 0.225-0.45 Hz, 0.45-0.90 Hz, 0.90-2.40 Hz, 2.40-5.00 Hz, 
5.00-9.35 Hz, 9.35-15.30 Hz, 15.30-27.55 Hz, 27.55-54.00 Hz, 54.00-106.30 
Hz, 106.30-220.70 Hz, 220.70-300.00 Hz

LFP

30-33)

j C(j, k)
i

୨ሺ୧ሻܧ ൌ 1N୨෍|Cሺj, k′ሻ|ଶ୩ᇱ
),( kjC i k’ Nj

j 4.096

i i

୨ܲሺ୧ሻ ൌ ୨ሺ୧ሻܧ ୲୭୲ሺ୧ሻൗܧ ୲୭୲ሺ୧ሻܧ												, ൌ ෍ܧjሺiሻj .



32 

Sሺ୧ሻ ൌ െ෍ ୨ܲሺ୧ሻln ୨ܲሺ୧ሻ୒
୨ୀଵ

S(i) Smax

12 Smax ln 12

15 61.44
±SEM

n
24 29 24 29

5 0.225-0.45 Hz, 
0.45-0.90 Hz, 0.90-2.40 Hz, 2.40-5.00 Hz, 5.00-9.35 Hz

24 3
0.45-0.90 Hz, 0.90-2.40 Hz, 2.40-5.00 Hz

3

61.44
25 61.44

±SEM : 0.225-0.45 Hz; 
0.063±0.012 (n=15), 0.064±0.009 (n=15), 0.45-0.90 Hz; 

0.276±0.018 (n=15), 0.264±0.020 (n=15), 0.90-2.40 Hz; 
0.338±0.013 (n=15), 0.341±0.013 (n=15), 2.40-5.00 Hz; 
0.221±0.010 (n=15), 0.214±0.011 (n=15), 5.00-9.35 Hz; 
0.075±0.008 (n=15),  0.077±0.009 (n=15)
61.44  ( ±SEM): 
0.569±0.009 (n=15),  0.579±0.010 (n=15)

26 3
0.45-0.90 Hz

2.40-5.00 Hz
3

61.44 27
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61.44
 ( ±SEM) : 0.225-0.45 Hz; 0.058±0.007 (n=17), 

0.031±0.007 (n=17), 0.45-0.90 Hz; 0.310±0.016 (n=17), 
0.430±0.026 (n=17), 0.90-2.40 Hz; 0.351±0.012 (n=17), 
0.359±0.015 (n=17), 2.40-5.00 Hz; 0.198±0.009 (n=17), 
0.131±0.013 (n=17), 5.00-9.35 Hz; 0.056±0.007 (n=17), 
0.034±0.005 (n=17) 61.44

SEM :  0.569±0.009 (n=17), 
0.579±0.010 (n=17)

28
3

0.45-0.90 Hz 
2.40-5.00 Hz

3
61.44

29
61.44

 ( ±SEM) : 
0.225-0.45 Hz; 0.048±0.009 (n=15), 0.043±0.007 (n=15), 
0.45-0.90 Hz; 0.274±0.017 (n=15), 0.353±0.014 (n=15), 
0.90-2.40 Hz; 0.368±0.018 (n=15), 0.366±0.011 (n=15), 
2.40-5.00 Hz; 0.216±0.013 (n=15), 0.161±0.009 (n=15), 
5.00-9.35 Hz; 0.064±0.005 (n=15),  0.038±0.007 (n=15)

61.44  (
SEM) :  0.534±0.022 (n=15),  0.482±0.023 (n=15)
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24 ( ) ( )

25 ( ) ( ) (n=15) 
±SEM n
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26 ( ) ( ) 

27 (n=17)
±SEM n
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28 ( ) ( ) 

29 (n=15) 
±SEM n
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3.6 
LFP 15

LFP
15

LFP
LFP

LFP
80 m

18, 25-27) LFP
LFP

LFP

LFP
0.45-0.90 Hz, 0.90-2.40 Hz, 2.40-5.00 Hz

LFP LFP
0.5-1 Hz LFP 2.40-5.00 Hz

LFP
LFP

0.45-0.90 
Hz, 0.90-2.45 Hz 2 2.40-5.00 Hz

34) LFP



38 

4

4.1 
3 LFP LFP

Di-4-ANEPPS
LFP

4.2 
-

2 2.4.1
EM-CCD sCMOS

sCMOS

30 20

 (N 1500, 
( ))  (KG-30, ( )) 2

2 Q

Q

0.25 ml/s

terpinolene ( ( ))

30
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Q

2 2.4.2 2.4.3 
2 2.3.2 

4.3 
30

0.1

0

31
0.1 0.05

32
0.1 0.05

33 0.1

4.4 



40 



41 



42 



43 



44 

4.4 

sCMOS 64 pixel × 64 pixel
40 m × 40 m ROI 1 ROI

2 2.4.3 

EM-CCD 25 pixel × 25 pixel
40 m × 40 m ROI sCMOS

Di-4-ANEPPS

i ∆F(i)
i

∆F(i)
i

i 1

34
34a LFP 34a ROI

34b ROI1 ROI4 34c 34a
ROI

30b, c LFP
LFP ROI

ROI1 ROI4

35
35a LFP 35a ROI

35b ROI1 ROI4 35c 35a
ROI

35b, c
LFP ROI
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36
36a LFP 36a ROI

36b ROI1 ROI4 36c 36a
ROI

36b, c
LFP ROI ROI1

ROI4
37

10 3
3

±SEM n
0.24±0.01 s n=125

0.23±0.03 s (n=24)
0.13±0.02 s (n=42) 0.20±0.02 s (n=24)

0.24±0.02 s n=33
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34 LFP sCMOS
a: b: LFP ROI   c: ROI1 ROI4

a
ROI
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35 LFP sCMOS
a: b: LFP ROI c: ROI1 ROI4

a
ROI
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36 LFP sCMOS
a: b: LFP ROI c: ROI1 ROI4

a
ROI



49 

37 
EM-CCD sCMOS

±SEM n
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4.6 
EM-CCD sCMOS

ROI
S/N

LFP
2 LFP

2

LFP

2
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5 LFP

5.1 

3 4 LFP

35)

LFP LFP

5.2 
4

sCMOS

2 2.4.3 
4096 ROI S/N ROI

∆F ∆F/∆t ∆F/∆t ROI
ROI ∆F/∆t

2 2.4.3 Savitzky Golay

∆F/∆t
LFP

LFP

ROI ∆F/∆t
0 1 ∆F/∆t

JAVA LFP
Excel, Microsoft
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gnuplot

5.3 
∆F/∆t

LFP 38
38a 16 pixel ROI 3

30 m
∆F/∆t LFP ∆F/∆t LFP

LFP
38c

ROI 44 440 m
∆F/∆t LFP

∆F/∆t LFP
38b ROI

32 320 m
∆F/∆t LFP

LFP
LFP 300-350 m

ROI ∆F/∆t
ROI ∆F/∆t

39 0
∆F/∆t

∆F/∆t
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54 



55 

5.4 
3 4 80 m

300-350 m
3 4 LFP

300-350 m
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6

1

2

EM-CCD sCMOS
0.45 Plan Apo 15 25 ms

10 ms S/N

4

3
Local Field Potential; LFP LFP

0.8 Hz LFP
LFP

LFP
LFP

LFP -

0.45-0.90 Hz, 0.90-2.40 Hz, 2.40-5.00 Hz 3
0.45-0.90 Hz, 

0.90-2.45 Hz 2
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LFP

4
Di-4-ANEPPS

LFP
2 LFP

LFP

3

5 LFP
LFP

3 4 80 
m 300-350 m

4 LFP

300-350 m

LFP
LFP 300 m
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