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The Effect of Exdogenous Direct Current Electric Fields on
Migration of Lung Adenocarcinoma Cell Line Calu-3

Li Sha'?, Wang Xiaoyan'? Zhao Sanjun'?, Gao Runchi'?, Zhao Min'?, Shi Limin"**
(‘School of Life Sciences, Yunnan Normal University, Kunming 650500, China,
Engineering Research Center of Sustainable Development and Utilization of Biomass Energy, Ministry of Education,
Kunming 650500, China; *School of Medicine, University of California at Davis, California 95616, USA)

Abstract We analyzed the effect of direct current electric fields (dc EFs) on lung adenocarcinoma cells
Calu-3 through Time-lapse microscopy. The cells without electric field were taken as the control group. The cells of
experimental group were exposed to dc EFs with intensity of 2 V/cm, 4 V/cm and 6 V/cm, respectively. The cells
of Calu-3 migrated through two way, including isolated cells and clustered cells. Our data showed that dc EFs had
important effect on the migrations of Calu-3. Both isolated cells and clustered cells of Calu-3 moved randomly in
the absence of an EF. In the presence of dc EFs with different strengths, both the two type cells migrated toward the
cathode electrode of electric field. The parameters of migration ability, including directedness index, persistence
index, track speed and displacement speed had significant differences between control and experimental groups.
Generally, the dc EFs mad Calu-3 cells possess more obvious directional ability and faster speed. Both isolated
and clustered cells achieved maximal electrotaxis in 4 V/cm EFs. The clustered cells of Calu-3 exhibited greater

sensitivity to dc EFs but ran more slowly than the isolated cells under EFs with same strength.

ek H 4: 2017-03-14 He52 H 1: 2017-05-26

[ 5 H AR AR - R IR S AR (I HE 5 U1132603) B 50 ki RGBT 70 A SRR HE S 2012CB518100) 25 4 W2 I HE AL AIE 72 75 4R 300 H (k5
2012FD021). U E ¥ TAE s T e 4 A E 58 SRR I S itk 5 81660519) %% B [ PR

*EIRE# . Tel: 0871-65943723, E-mail: shilm281@aliyun.com

Received: March 14, 2017 Accepted: May 26, 2017

This work was supported by the Joint Funds of the National Natural Science Foundation of China & Yunnan Province (Grant No.U1132603), the National Basic
Research Program of China (Grant No.2012CB518100), Yunnan Basic Research for Young Project (Grant No.2012FD021), the Open Fund of the Ministry of
Education Engineering Center and the National Natural Science Foundation of China (Grant No.81660519)

*Corresponding author. Tel: +86-871-65943723, E-mail: shilm281@aliyun.com

X 2 HH S [E]: 2017-07-25 16:26:27 URL: http://kns.cnki.net/kecms/detail/31.2035.Q.20170725.1626.008.html



1016

RSN 8'S

Keywords

migration; electrotaxis

e 2 FEUB IR IE B L& FS T HR &
A5 HR) E E Ji DRI, T ek R 4 L ) I % R 0 ) e g
1% i R BE B R e (R 2R i Rg A AR E 1R #2
& IR MG R ok e A B i i L 2R AN A B IR R g
o Gl FAME TR B RAUE B Z M E A,
R R, PR R (L )T AR R (A
YRR P, B8t A R AR AE
TR A I N IRYE R DS, VR 2 75 R Bl 1R S
WKW, S EA T BEARERIEH, £
A Bt B A B S 1 P (electrotaxis/galvanotaxis),
RUEEIAPE AR, 4 M ) Hdg S B EAR T, HAE
Z P FUE S I FRFEMEI S, BE 5 RiT
e SIER LT HAlE S0,

Ao, FUIE. Ao S8, D
R A0 e ST T 45 R FER T S SR S e
S TR R E AR T e, IERAHS K
TR 2 AR AL A 22, JMp L R B ] e dis 3
JE AP 1 %A%, 56—, I AU N YR AE I HL I 1
PRSCISUET], Z MR A (it . P . A4
e EAUE. DESRIRNE)S R A BB, HAE
FAY R 7% Be AN [F] ) e 20 Jf B AT SR AN [R] 1)
LSO B =, MRl i TR i AR v, A E S
Al R 2 55 A MRS e 0 S A OGS 5 il
PRUSDL DY LRt A, S S T S 4 )E 3
A E—— P R EA R L TN o AT, (A 2
AH R ) g S AR, SR, H T E A AR
/N LI FEL 37 2 e e 20 B FE ML Y 98 PR N AR BE
HHEE A B SCARIEL, JCHZEE A, X
IR FLECRAEZ, AT E R e S0 AT T A
L0 it A0 MO ASA9 L M AL #% . R T2 S At A
RIRZE o

i 2 40 B T I ER R BRI AU, A R
A AR PO 22 T ST R%, AN A% T7 A AE R
R HEH T RE S A H T, 4R 2T
B2 TR B I A A IR e B8 R A FH L
filo DAL, SN T A 4R 7 iR 40 P A A B B, i 7R
XoT i Je e 7 S A R H IR AT A T AT IR A
Fo BHARITHR R AR N — M R R I AFAE 4
Wiz 2 5 X2 R IR A 2 K EP FUIR A

lung cancer Calu-3; direct current electric field; isolated cell migration; clustered cell

LETER AP, ME AR BPREIR 2 1L H A
ZNIERE A, AR AR IR SR T R AR
(RN 3 N -4 e G 1) NN O
2 PR A2 R KD A rh e DL SR ST RS, AR IE RS A
e J IR 20 L S DA L e A% R AT e A% o B B A7,
ELI R 5 R (0175 R J5E 15 P 6 200 ML AA e 72 BT K,
HRR R T H A e F P2,

H A, i 2 e Bk m 2 BTtk BOER &K
v R J R, PR A e A e S A, B AR
00 Ao A0 2 A v, T I /0 i A o S DA R
T8 ) RO R g e e il e 4 Calu-3 [A) I B AT
AL 2R AT A 2 T AT RS 5 5, DR, AT T A
Calu-3fF W TR R o AW 7 A2 1 AR PE L3
FEASE B AL 2RI, BT S LA A I PR Al
M ARSI T A P F VR ROR . B SR
BRI, 8 I 58 A Bt NI o 37 7T v B2
BRI SRR 2 1 R I IR AR B LY. B,
B RS B TN L 2 L A I P kN P B
A S 3 1o 2 i R /N 2 ) Calu- 340 it M
PERCELR L3, JF R AT EE 23 BT HEL 3 X Calu-3 28 i
ANTFIERE T3 SRR, DN A2 T BORAE i R A
TN AR E NS,

1 RS

1.1 ##

L1l gmpe Al 4 Btk Calu-300 H o [E Rl 2
By b Ak 401 2

112 E&2KHA) MEM#$;FE3E . 0.25% 28 1 i

HATR S BE 4 MIEFBS XL CO AR 5 77 5
FNC coating mix33J i H T Gibcox H]; PBSZE i i«
A B R H Corning A 7]

113 E22ME  TENEGA: B8 TESOM
GRDAFEARERA AN 5418 L HL(Eppendorf
N FE]). MH IR KT 7F #6(Thermo Scientific 2y &) 1 77
[M.(Coning 2~ ) GD1007K ¥ #4(FE [E Grant A 7).
Nikonf#| & & 55 (Nikon Eclipse Ti-E) LA & BG-Power
300 HLIKAX YR (AL 50 E SR AR TR 2 7).

1.2 75

1.2.1 AMAEE @ieCalu-34932 /R R Calu-3



YA ANECELIA F 70 iR 4R I Calu- 332 #8 B

1017

(R IR R KR A7 T —80 CHRMIGIR VKA Hh ff1Calu-3
YUMLELH, B 137 CrK B b YU gl ig 2 75, I
V420 PR 35 0 M R AR 1E 25 4 mL MEMES 77 L f) 5%
FRI(60 mm)HF, B F37 °C. 5% CO,MI1E 1 77
FAHRRETR . R MG BE Jo o R 5 L Ap (8 7R 5 57 25,
TN e 355 R 5, e (a1 I % IR A Hh 4k B 9%
B2 dBE e — IR BT FRIE, Rrdi i A K % ZOHm Rl nT
FEARIE TR . AR G 4 DIRES B A I R A] T 5556
122 @Wietse R EE MM/ =)
VE S B Zhao SB[ 5 ik, e v 1k S 56 28 B AR 45 44
WEFT R, 7E B2 100 mmff) 5% 97 ML 6 g,
HI/E K A2 mmy % ON10 mm K N E,
5 (K22 mm. 510 mm. J£0.13 mm)— 7 N
=R Em RS EE R S A E TR KL
PN o S 56 40 A T 1 g TP 55 7% % (Boyden
chamber), fFSCIG IR N EH SR EENE
7. WS, AR s RS B R a TN E A
uiig, CABI IO (35 7R 080, AT T B i 142 30 55 77
FIR AR . 75— XTUE B F E LA & 1.5% 1
Steinberg#t /i, Rkl J5/E N FHEM, —ImiRA S
A SteinbergiB R IBER 1, T3 — i fl 5% 7% ML A 1) 3%
FrHE. HITAg/AgCIE R bR N I FE RV S5 B IR
FHLYFURH @, T e HE [ % . A% FH 5 R 411 B 20 min
SR M 0 /)N 2 79 i FL R — K

123 @mfRd s YCalu-340 A K 25 U,
2P IA F80% A A7 I, MR 2% R A I BE 7R, FHPBSZE
M2 mLIE Ve R INN2 mLBE R AR, BT
37 °C. 5% COLMHE 748 HH i A05~6 minim HUH, W
IR AR B AL VRO ON BT 5 5% IR 2, IR FT A A0 B

+ —

DC power
source

o A ERFEE 1.5 mLE O, 1000 r/min
503 min, 3 BIEW, I EERE IR, REWRET
41 ff B 7, B iV A B v T 45 o LB 5 0
B, N i 1 R O R R L B 22 5% 10%em?. Y
200 pLAH M B ARl T /N E= ol R IR, e
AT ARIT S SR, Kk H /N Z  IMEMIG 77
B HACO AR TR AL . S ferh, LLCHY,
1 FH [¥1Calu-341 g Ayt HEZH(RT L3755 5 M0 Viem), BA
BEZORE N2 Viem. 4 ViemAl6 ViemE i B34 1E
(¥1Calu-34H iy 5256 20, % 4120 o £ Nikonf3] B 5. 3l
i(Nikon Eclipse Ti-E) F 74 %23 h.
124 BA#BAE SRS, £ HNikonfd B 2
TBINIS RGU KL KR . BUERER A NS (Phase
contrast), 1015406 F L2453 h, £ FES min k4
— MU gH M # B, JLRE3 TR E .
1.2.5 BE&5H7 fdi Jf Image J 1.48(National
Institute of Health, NIH)# {4t (1M track JHdi {7 FR I
HE A A E R I R 2B G R, i
FH Chemotaxis Tool#difF 3R HX Avifs =X i) 4 i ik 72 Bk
AT, Tifbkg =X 48 i iz 3 B2 B S 48 i = [ s
FEIE B Excel 3R, R MR 5L 4 B B ode i B . 4 g
R HEE . 18377 A e S & 7 M MR Ed > S 3L
M LA g Calu-340 LT FE B /1. 4S50 Bkt
BN FUdb s (track speed, T.S)=4H i Uik %
FE/J2 i) 8], A7 #% 33 [ (displacement speed, DS)=1f #
PR B TR], 7 A RS2 (persistence index, PI=4|
W7 7% %R/ A B LR B R, T T 1 45 2 (directedness
index, DI)=Y cosO/n. H A, cosOfH /& 4l fg Az F% 1) EL
207 7 5 7K HL 37 7 ) I A I AR 94 AE, cosb=07%

N Conducting
bridge

Electrode

! ! —  Steinberg
buffer
Cell .

Microscope

Bl meEREREE
Fig.1 The sketch map of the EF application



1018

AN AT U7 1A 2 BT L 5 ), cosOfE=18—1H}
TR S 7 171 AT T K7 M B R 77 )
T E IR T R 5 HL 07 1) 2 TA) I OG
F, S0 BT A DA MO 8 D e R ¢ a5 TR AR A7 B R A
SE A0 HRIT R 1 7 1) 45 240 RO % (1) ¢ SRR 6 T3 A
BRI WL IR AR, WU E SO 4R B 8 1) FEL 37 TR AT
%, 2, AT 2 S T S SR
B, W& SOZA A ) g T # . 2E T 1%
FrdE, v E AR L 58 B T Calu-3 5040 i 5l HE 44 41
J 5 ) FL 37 6 RS B 1 B AR
1.2.6 ittt NWRORSCISR R A B R, FER %
PRI SR BG BEAT3UCTAT 5L R, RRIRSELG B/ R AESA
FLEF I B . A3 FFISPSS 22.0%% 4 (IBM) i 5 4 o 3T
4N S50 5ME, I PimeantS E MR 7R .
o B 2R 77 22 4y M A e L 37 6 Calu-3 B 40 AT A%
TR YN BRI 1 2 30 sk Sk ST R AR A 58 50 BT 1R —
L3758 5 Calu-3 520 LI 7 S B4 20 M T % 2 1)
)2 5. P<0.05. P<0.01. P<0.001%> H £ R&G it
R E MK B E KPR KR

2 H#HR
S g o U %% B, Calu-3 7] 38 3 541 B 5 22 A4
REF BRI R TIER . TR
R, Calu-340 U EE A/ T-2~541 2 [H] (&12).

2.1 Calu-33 40 R B4

T WL 37 /B F I, Calu-31) S 20 B BE HLIE 2, G
B 55 0 1) 2 (DI=—0.030.08) . it in 41 5 .37 )
Calu-3 17 520 i 22 L ok rEL P, B AN BE ML A2 32
Ay ] F3 GE S (BI3A~KEI3D).

BRI B T 22 oy A 5 SRR R, N L 3 T S,
Calu-3 20 & AR UR A R 22 = . HAK Dy
HHL37) 5 SN2 ViemIS, 53.85% 41 At 5 1) B 3% 67 Al
iE5), (B R E(DI=0.10+0.10) 5 %} fE 24 2 7] TG
B3 7 (P=0.19) (R 1M E4A). iy g hn 2
4 V/emihf, 5 W) B33 578G A% H 20 BRLES N 22 77.47%,
& w1k B A B (DI=0.50+0.08), H &3 = T 5 R
H(P<0.001). HHEIEMNZE6 Viem/a, 65.28%[1 4
JH ) L 3 SRR O 2, P (DI=0.20+0.09) 5 HL
98 5 N4 ViemAH th 248 3 PR U565 (P=0.08), 1H
w1 o 37 B BRZ B 1R S0 AR B 25 v T R A
(P<0.05). 52 AHRL, HI7% Calu-3 41 fg il /5 [H)
()50 52 L AR (R F5 (B3 A~EI3D. El4A): JoH
Wit B, Calu-34H A5 B8 e AR 7% J7 [n), oos 21
BN AT #% A U7 1) — BV SR AI(PI=0.64+0.03) .
Jiti i .37 Ji5, Calu-3 5440 B (13T 4% 5 (W) & i A g, 1
FE 98 JE 94 ViemH 3 /E H R, Calu-3 55 48 Jig 5L # 1)
J7 [\ B S M AR E Q2 Viem: PI=0.69+0.03; 4 V/em:
PI=0.72+0.02; 6 V/em: PI=0.65+0.03), HiT#% 77 A () Fa

A~D: Calu-37EHIZ R E N0 ViemHT 0~3 hit] i A7 & B, E~H: Calu-37E L7585 4 Viemist0~3 hivyE s 7 5 B (B d 5 g ks il i 7 o

JEIEAA) . B = AR AR Calu-3 A, 637 Sk fi5 s Calu-3 BHALINE .

A-D and E-H are Calu-3 in absence and 4 V/cm dc EFs at time O h, 1 h, 2 h and 3 h, respectively. White arrows represent the orientation of dc EFs. In

all cases, the anode is in the left, and cathode is in the right. Triangles and blue arrows indicate the isolated cells and clustered cells, respectively.
E2 Calu-32 4T R FEHAMETR IERE

Fig.2 The schematics of the isolated migration and clustered migration of Calu-3
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A-D and E-H are migration trajectories of isolated and clustered Calu-3 cells in 0 V/cm, 2 V/ecm, 4 V/cm and 6 V/ecm dc EFs at time, respectively. Black

arrows represent the orientation of dc EFs. In all cases, the anode is in the left, and cathode is in the right.
E3 Calu-38 4T K EHA AT BRI

Fig.3 The migration trajectory of isolated cells and clustered cells of Calu-3
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Table 1 The comparisons on directional ability of isolated and clustered Calu-3 cells

B 4 BRI
3758 B (V/em) Isolated cell Clustered cell
EF strange (V/iem)  ffAc i el SR AN EL 151 (%) PEARE e i SR EL 1) %)
Sample size The ratio of cells to the cathode (%) Sample size The ratio of cells to the cathode (%)
0 64 53.13 66 55.00
2 65 53.85 60 61.67
4 71 77.47 63 93.65
6 72 65.28 63 68.25

EMEEE T IEZAQ2 Viem vs 0 Viem, P=0.17; 4 Viem
vs 0 V/em, P=0.03; 6 V/cm vs 0 V/em, P=0.48).

BRI TT Z 0 e R BoR, By el B ik
Calu-3 B 41 i 1) 3L 7% 3 B2 (KI4B). DAtk 50 B 40
FHEE, & SEEe A AR T E S K. [, Calu-3
PR AT A AR BT 2 I S AR Dy B W [ 47
Wiz g(KI3A~KI3D). %Z2F2 Viem. 4 V/iem 6 V/em
(LI FH G, & S50 2H 1) Calu-3 B 41 g 1 00 28
JEE R A ¥ Tk 35 2 35 k. RS SR A2 Viem,
Calu-3 FL.20 i B A S PRI LR IE B2 (0 Viem vs 2 Viem:
0.08+0.01 pm/min vs 0.24+0.02 pm/min, P<0.001)
AL #% 3 (0 V/em vs 2 V/iem: 0.05£0.01 um/min vs
0.17+0.01 um/min, P<0.001). 24 [ EI 58 %4 V/iem

F16 Viemi}, Calu-3 5 4 Mo 1T #% (1) P28 3 FE(4 Viem:
0.200.02 pm/min; 6 V/em: 0.20+0.01 wm/min) FHA #2135
B (4 Viem: 0.16+0.02 pm/min; 6 V/em: 0.13+0.01 pm/min)
B HER N2 Viemitf BB R FE(EI4B), (A7) 3 R
FHFHEZH 0 Viem vs 4 Viem: P<0.001; 0 V/iem vs 6 Viem:
P<0.001).
2.2 Calu-38HAZAR B AHEE 4
Calu-3#E 44T 7% % HaL 37 (1) ) B 5 Calu-3 54
— 5 THIE R, Calu-38H A 40 BEHLIT 2,
I3 J5, Calu-33 4 20 i 32 7 4 A S~y 5l 1m) L 37 10
W5E mIE R (E3E~E3H). HN R T Z o s R E
7N AN ELIZAE T, Calu-3 44 41 i fr i B 1 i %
B2 v T o B I F B B B2 (IS A) . FL 5 FE
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Fig.4 The comparisons on migration ability of isolated Calu-3 cells under different electrical strength
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A: the comparisons on directedness index and persistence index of clustered Calu-3 cells under dc EFs with strength 0 V/em, 2 V/em, 4 V/em, 6 V/em; B: the
comparisons on track speed and displacement speed of clustered Calu-3 cells under de EFs with strength 0 V/em, 2 V/em, 4 V/em, 6 V/em. *P<0.05,
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Fig.5 The comparisons on migration ability of clustered Calu-3 cells under different electrical strength
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A: the comparisons on directedness index between isolated and clustered Calu-3 cells under dc EFs with strength 0 V/em, 2 V/em, 4 V/em, 6 V/em;

B: the comparisons on persistence index between isolated and clustered Calu-3 cells under dc EFs with strength 0 V/em, 2 V/ecm, 4 V/em, 6 V/em.

**P<0.01, ***P<0.001.
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Fig.6 The comparisons on directedness index and persistence index between isolated and clustered

Calu-3 cells under different electrical strength
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Calu-3 cells under different electrical strength
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