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摘要 

當微生物或細胞受到電場影響而展現出順著電場方向移動，此為趨電性。許

多研究指出膜蛋白的分佈狀況會影響趨電性的行為，在先前的研究中指出 α2β1 

integrin 受電場影響而有極化的現象，且其在交流電與直流電刺激中有著相反的

分佈情形，因此本研究想探討細胞膜上的微結構─脂膜筏，在纖維母細胞受交流

電或直流電影響後，如何控制細胞的移動性，結果中發現，脂膜筏受電場影響而

聚集，且跟 α2β1 素蛋白有著相似的分佈，此外，九成的 α2β1 素蛋白坐落在脂膜

筏上，如果破壞脂膜筏會抑制纖維母細胞的趨電性行為，另外，抑制 caveolin-1 的

基因表現也會抑制往負極向移動和 RhoA 的分佈，因此從本研究的研究中，可以知

道脂膜筏會藉由 caveolin-1 影響纖維母細胞趨電性的表現。 
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Abstract 

Galvanotaxis is a phenomenon in which microorganisms migrate in response with 

the electric current. Most studies indicate that the redistribution of plasma membrane 

proteins guides cell directional motility. The previous study showed that α2β1 integrin 

polarizes with AC and DC electric fields. This study shows when fibroblasts are 

stimulated by an electric field, lipid rafts polarize and the polarization coincides with 

asymmetrically-distributing α2β1 integrins. Disruption of lipid rafts inhibits EF-induced 

directional migration. The caveolin-1 knockdown inhibits cell directional motility and 

RhoA polarization. The results indicate that lipid raft is a mechanosensor to EF 

stimulation and lipid raft polarization lead to integrin and caveolin-dependent 

directional migration. 
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Chapter 1.  

Introduction 

Most studies indicate that endogenous electric currents advanced the nerve 

regeneration and facilitate the wound healing [1-3]. While epithelia are injured, 

trans-epithelial potentials (TEP, [4]) on the wound drops and the potential differences 

drive the electric current toward the wound center. For example, an electric field 

measured 42mV/mm in cornea wound and an electric current generated 10 μA/cm2 at 

peak, persisted at 4 μA/cm2 in human skin [4, 5]. That migration of cell in response to 

an electric field is a phenomenon, called galvanotaxis or electrotaxis. Galvanotaxis was 

first observed on leukocytes by Dineur in 1891. The displacement of a cell depends on 

current density, voltage, and solute in the medium. Besides that, cell morphology will 

change under electric field. For example, fibroblasts not only increased speed and 

directionally migrated toward anode but also rearranged cytoskeletons perpendicular to 

electric currents and elevated the ECM-related gene expression, like type I collagen, 

while exposed on electric field [1, 6]. Consequently, many studies have attempted to 

delineate the mechanisms how cells sense an electric field. 

Due to the high impedance of plasma membrane, how electric field sensing 

mechanism is following on four physical hypotheses: asymmetric ion flow, 
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mechanical force sensor, electro-osmosis and electrophoresis [7]. Asymmetric ion 

flow is that the ion redistribution induced by electric field. Mechanical force sensor is 

that charge membrane channels open gate by electric field. Electro-osmosis is water 

potential owing to plasma membrane attracting ion. Electrophoresis is that charge 

particles move along the electric field. Recently studies reveal that the behavioral 

response to electric field is attributed to the polarization of plasma membrane 

molecules [8]. Some plasma membrane proteins, like integrin and EGF receptor, are 

founded to asymmetrically distribute under electric field [9, 10]. Impaired the function 

of integrin can disrupt the directional motility of cells [9]. Integrin, a heterodimer 

containing an α and a β subunit, is a major families of cell adhesion. Its function can 

be divided into two parts. One is to assembly with cytoskeleton and signal molecules, 

like PI3 kinase and FAK [7, 11]. The other is to combine with extracellular matrix as a 

focal adhesion, a main component of cell adhesion and migration [12, 13]. Therefore, 

spatial downstream signaling pathway activated by integrin is a hub to reveal the 

intrinsic mechanism of galvanotaxis.  

Rho family of small GTPase, including Rho, Rac1 and Cdc42, is G-protein 

which transits the extracellular message as a cellular signal molecule [14]. While 

migrating, cell protrude their actin-based lamellipodium, where integrin-based 

adhesion activate RhoA [15]. RhoA-related contract leads cells to the orientation into 
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which lamellipodia project [16]. Polarized distribution of α2β1 integrin has guided 

ligament fibroblasts via RhoA in our previous study. However, fibroblasts also exhibit 

polarization in applied AC fields, despite the asymmetrical nature of the alternating 

current. It implies that a small structure with fast response time (half the applied 60Hz 

duration) can initiate the mechanism to polarize integrin and direct cell migration. 

“Membrane rafts are small (10–200 nm), heterogeneous, highly dynamic, sterol- 

and sphingolipid-enriched domains that compartmentalize cellular processes. Small 

rafts can sometimes be stabilized to form larger platforms through protein-protein and 

protein-lipid interactions” report by Pike [17]. Lipid raft is a key structure for 

endocytosis [18], membrane traffic [19] and cell migration [20]. The property of lipid 

raft is to cluster into huge while stimulated [21]. Some reports show that integrin 

activating by ECM cluster on lipid raft [19]. The impairment of the lipid raft inhibits 

the polarization of integrin [22]. Lipid raft contains caveolin-1, which interact with 

different membrane protein-related signaling pathway and form a caveolae [23]. For 

example, caveolin-1 bind with β1 integrin to activate RhoA though inactivation of 

p190RhoGTPase [24]. The caveolin-1 also control the β1 integrin activation though 

Cbp-Csk-Src pathway while forming the caveolin-1/β1 integrin complex [25]. Studies 

indicate that caveolin-1 is crucial for directional migration by activation RhoA [26, 

27] 
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Therefore, we hypothesize that lipid raft taking α2β1 integrin clusters on the 

leading edge of migration direction and guides cells to respond to electric fields 

though caveolin-1. In this thesis, we aim to figure out the role of lipid raft in 

galvanotaxis and understand the function of lipid raft on the integrin-dependent RhoA 

signaling pathway. The results showed that depletion of lipid raft resulted in the loss 

of oriented motility but no significant change of speed. It also impaired the polarized 

distribution of integrin. The knockdown of caveolin-1 disrupted galvanotaxis. We 

delineated a brief EF-induced cell signaling pathway, which lipid raft was an electric 

currents sensing unit and a complex combined with integrin to activate RhoA. 
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Chapter 2.  

Materials and Methods 

2.1  Primary Porcine Fibroblasts Culture  

 Anterior cruciate ligament fibroblasts were harvested from young porcine knee 

joints. Anterior cruciate ligament (ACL) wash in PBS then is torn into pieces. The 

explants were cultured in 3cm dishes with 4.5 g/L D-glucose DMEM with 10% FBS 

(Invitrogen), 1% penicillin/streptomycin (Gibco) and 1% HEPES (Biowest), under 37

℃ incubator with 5% CO2. Growth media were changed every 3 day until confluence. 

For electric field stimulation studies, ACL fibroblasts were resuspended by 2 min 

incubation with 0.25% trypsin-EDTA (Gibco) and seeded on the microfluidic channel 

at 4 × 10  cells/cm2 or on sterile glass slides at 4 × 10  cells/cm2 for 2 hours in 

incubator. The slides combined with a galvanotaxis chamber for electric field 

stimulation (Figure 1).  

2.2  Microfluidic channel Fabrication 

The straight microchannels made of polydimethylsiloxane (PDMS) by soft 

lithography procedures. SU8 photo resist (Gersteltec Sarl) spread on silicon wafer by 

a spinning coater then exposed with UV lights though mask to develop patterns. 
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PDMS was molded over the SU8 master for two days then separated. PDMS channels 

were then cured at 70℃  overnight. After cooling, the PDMS channels were 

punctured for inlets and outlets and attached to glass substrate [28]. Channels are 3 mm 

wide, 400 μm high and 10 mm long (Figure 2). Fresh DMEM were added into 

microchannel every hour in case of evaporation and connect the agarose salt bridge on 

the poles of chamber after 2 hours incubation. 

2.3  RNA interference 

 The RNA interference for caveoline 1 (Cav1) was performed by small interfering 

RNAs (siRNA) and AllStars negative siRNA modified with alexa flour 488 

(Cat#1027284, Qiagen) was used as control. The siRNA, is complement to Cav1, was 

designed by Qiagen and the sequence is the following Table 2. ACL fibroblasts were 

seeded on 6-well dishes at 2 × 10  cells/well. siRNA diluted on 100μl serum-free 

DMEM then were mixed with 6μl HiPerFect® transfection reagent (Cat#301702, 

Qiagen) by vortexing 10 sec. After 10 minutes on siRNA misture standing, every well 

was added with 150 ng si-Cav1 or 75 ng Negative Control siRNA for 2 days then 

washed and reseed on the sterile glass for electric field stimulation. 
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2.4  Pharmacological Treatment  

2.4.1  Cholesterol Depletion 

Cells were washed with PBS and incubated for 1 h at 37°C with serum-free 

DMEM of 5 mM methyl β-cyclodextrin (MβCD, Cat#C4555, sigma,[29]). 

2.4.2  Plasma Membrane Solidification 

Cholestryl hemisuccinate (Ch, Cat#C6512, sigma), an analog of cholesterol, 

were dissolved in dimethylsulfoxide and diluted with PBS at 0.5% final 

concentration. Cells were preincubated with1 mM ChH for 30 minutes then 

washed [30]. 

2.4.3  Integrin functional block 

Anti–porcine integrin α2β1 antibody (Cat#mab1998, Invitrogen, 1 mg/ml) 

diluted with PBS at 2.8 μg/ml. Cells were treated with it for 30 min then 

washed [9]. 

2.5  Electric field stimulation  

 Constant direct current (DC) EF was applied at a field strength of 6 V/cm 

parallel to the microchannel direction and galvanotaxis chamber using a Keithley 

Source Meter and alternative current (AC) sinusoid waves (sin) was applied at a peak 
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intensity of 1.2 V at 50 Hz using a custom stimulator (Dynaprog, MingQuo, Taiwan). 

2.6  Fibroblast Behavior Quantification 

 Cells were captured by Cannon EOS every 15 minutes and calculated their 

position by determining the centroid at the initiation and the end. The displacement and 

orientation were measured and represented as velocity and directionality. The 

directionality was descripted by cosine θ, where θ was the angle between the EF field 

axis and the cell translocation vector. θ = 0˚ was assigned to the cathode and 180˚ was 

assigned to the anode. Therefore, the range of cosine θ was between +1 and -1 and an 

index of directed migration (Figure 3.a). 

2.7  Lipid Raft Labeling  

Alexa Fluor® 555 conjugate-cholera toxin B (CTxB, Cat#C-22843, Molecular 

Probes), binding to the GM1 gnagliosides, was diluted with chilled complete growth 

medium at 1μg/ml. After the EF Stimulation, channels were filled with chill complete 

growth medium. It was replaced with CTxB for 10 minutes at 4℃ then wash. Finally, 

4% formaldehyde rinse it for 30 minutes and maintain the temperature on 4℃. 

2.8  Reverse Transcription Polymerase Chain Reaction 

 Cells were lysed by TRIzol and reverse transcription was performed by using 

superscriptTM III transcriptase in a thermal cycler (Bioner) and amplification was 
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performed by GoTaq® green master mix (Promega). The primers of caveolin 1 and 

GAPDH are as following Table 2 (Primer-BLAST, NCBI). Amplified cDNA 

fragments were resolved by electrophoresis on 2% agarose gel staining ethidium 

bromide. The intensity of band was detected by ultraviolet illumination, quantified by 

ImageJ and normalized against that of GAPDH. 

2.9  Immunofluorescence staining  

 Upon completion of fixation, cells were permeabilized by 0.3% triton X-100 for 5 

mins and blocked with 5% FBS in PBS for 1 hour after wash trice. Cells were incubated 

overnight in 4℃ with primary monoclonal anti-α2β1 integrin antibody (1:200, 

Invitrogen) or primary monoclonal anti-caveolin 1 antibody (1:200, Cytoskeleton) or 

primary monoclonal anti-RhoA antibody (1:200, Cytoskeleton). Goat anti-mouse alexa 

flour 488-conjugated antibody (1:250, Invitrogen) supplemented with 5% FBS for 1 

hour and so was goat anti-rabbit alexa flour 555-conjugated antibody (1:250, 

Invitrogen). SlowFade® gold antifade reagent (Invitrogen) was used to mount the 

coverslips onto the glass slides. Slides were observed on confocal microscopy (Leica 

TCS SP5). 

2.10  Image Analysis  

 Each cell was divided into four equal quadrants and the mean fluorescence 
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intensity was measured by an image process program developed from LabVIEW 2011 

SP1 (National Instruments). Asymmetry Index (AI) was calculated by subtracting the 

normalized intensity of the region facing cathode from the region facing anode, and 

normalized to the overall average intensity of the cell. A positive value of AI indicates 

cathodal distribution and a negative value of AI indicates anodal distribution (Figure 

3.b). 

2.11  Statistics  

 R 3.0 (The R Foundation for Statistical Computing) was used to perfume 

one-way ANOVA with Tukey’s HSD post hoc test under α = 0.05. Data represent 

mean ± standard error. 
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Chapter 3.  

Results 

3.1  EF-induced lipid raft redistribution 

 In our previous study, we found that α2β1 integrin showed different distribution 

between DC and AC. It is possible that lipid raft, a larger size microdomain than protein, 

floating on the plasma membrane carry these parallel to EF. To investigate whether 

lipid raft response to EF, we quantified the fluorescence intensity of cholera toxin 

B-labeled lipid raft distribution with time. The lipid raft polarized and coincided with 

α2β1 integrin (Figure 4 and Figure 5). The α2β1 integrin polarization is consistent with 

previous study. It indicated that lipid raft not only reacted to EF but also correlated with 

α2β1 integrin.  

To delineate the relationship between lipid raft and α2β1 integrin, we observed the 

α2β1 integrin distribution while lipid raft deconstruction and the lipid raft distribution 

while functional block on α2β1 integrin. We found raft impairment caused the α2β1 

integrin randomly distribute but integrin block did not affect the lipid raft polarization 

(Figure 6). It indicated that α2β1 integrin were shipped by lipid raft.  

Based on our hypothesis that lipid raft can move on the plasma membrane with 

low-drag, we investigate the role of lipid raft distributed between on cell migration. 
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Pharmaceutical treatments used cholesteryl hemisuccinate to reduce membrane fluidity 

and methly β-cyclodextrin to impair the lipid raft structure. Significantly, lipid raft 

distribute asymmetrically when exposed to electric field and randomly when treated 

with these chemicals (Figure 7). 

We measured the displacement and direction of fibroblasts with cholesteryl 

hemisuccinate and methly β-cyclodextrin (Figure 8.a). Lipid raft disruption and 

membrane solidification did not vary the velocity; however, they did inhibit the 

directional migration induced by EF (Figure 8.b). 

3.2  Caveolin-1 signaling pathway 

We further investigated whether or not caveolin-1 played a role in α2β1 integrin 

and lipid raft with electric field stimulation. Caveolin-1 polarized while DC electric 

field stimulation (Figure 9). Knockdown of caveolin-1 expression by RNAi impair 

cell directionality but not impact on cell motility (Figure 10 and Figure 12). 

Knockdown caveolin-1 show no effect on caveolin-1 polarization but impair integrin 

distribution; however, integrin functional block show no effect on lipid raft 

polarization but impair caveolin-1 distribution (Figure 9 and Figure 11). RhoA 

polarization induced by electric field also disrupt while RNAi treatment and lipid raft 

deconstruction (Figure 13). It seems that the polarization of caveolin-1 and α2β1 

integrin coincide with quantity of caveolin-1 and function of α2β1 integrin. The data 
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imply that caveolin-1 on the lipid raft could control galvanotaxis though RhoA and 

cooperation with α2β1 integrin. 
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Chapter 4.  

Discussion 

It is evident from the results that overall, lipid rafts polarization induced by 

electric field guide cell migration though caveolin-1. That electric field causes the 

lipid rafts polarization correspond with that lipid raft can merge into large and stable 

structure under stimulation. The polarization of lipid raft shares a similar pattern with 

these of α2β1 integrin. These consist with previous finding, which show that α2β1 

integrin polarize under electric field stimulation [9]. As previous research by Leitinger 

indicated, lipid raft localization are relevant to integrin cluster [22]. The α2β1 integrin 

colocalize with lipid raft. The deconstruction of lipid raft impairs the redistribution of 

α2β1 integrin; however, the function inhibition of α2β1 integrin shows no change on 

the polarization of lipid raft. It is indicated that lipid raft regulate the distribution of 

α2β1 integrin with electric field stimulation. 

 According to Hart’s formula, the force from membrane, environment viscosity 

can affect the electric force exerting on the membrane molecules [31]. The drag force 

and viscous force could influence the lipid raft polarization. The larger size of lipid 

raft causes the higher drag force from membrane. Furthermore, the huger lipid raft 

can bear more plasma membrane proteins. The possible mechanism on AC sin wave 
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electric field is that the merge of lipid raft induced by electric field could reduce their 

diffusion rate. Lipid rafts gather with each other at beginning then stay behind at 

reverse electric field. It is reasonable that the larger lipid rafts become huger due to 

the possibility of their contacting with small one. As hypothesized, lipid rafts polarize 

at the cell area to which the initial 16ms current orient under AC sin wave electric 

field stimulation. The opposite initial currents compared to DC electric field 

determine the orientation of lipid raft redistribution. This finding reveals that lipid raft 

can polarize at briefly electric field exposure time. 

As expected, the increase of membrane viscosity by cholestryl hemisuccinate can 

inhibit the lipid raft polarization not only on AC but also on DC. Consequently, the 

results show that the lipid rafts size and the membrane viscosity affect lipid raft 

diffusion rate. Lipid raft clustering is dependent on the initial orientation of current 

due to the change of diffusivity. 

Our results show that knockdown of caveolin-1 can impair galvanotaxis. How 

caveolin-1 affect cell migration is that Rey-Barroso delineates that caveolin-1 control 

focal adhesion and migration though activating FAK and β1 integrin [25]. Moreover, 

the knockdown of caveolin-1 affect integrin polarization and functional block of α2β1 

integrin influence caveolin-1 distribution. It imply that integrin and caveolin 

cooperate with each other [24]. 



 

16 
 

It also indicated that RhoA polarization induced by electric field is impaired by 

caveolin-1 knockdown and lipid raft disruption. RhoA cause actin-based contraction 

and lead to cell migration. RhoA is located on fibroblasts podosomes, which rich in 

F-actin related to cell adhesion [32]. Therefore, the RhoA location affects the cell 

motility. Our results show that lipid raft can affect directional migration though 

controlling RhoA polarization. 

We find that lipid raft polarize under electric field stimulation. The polarization 

guides cell directional migration though caveolin-1. The initial orientation of electric 

current determines the area at which lipid raft distribute and the direction to which 

cell migrate. In future study, we would investigate the signaling mechanism of 

caveolin-1 and RhoA. For instance, previous research indicates that 

integrin/caveolin-1 complex could activate RhoA though p190 RhoGAP [24]. 
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10 mm

0.4 mm

3 mm

Slide

Microfluidic 
Channel

2% Agarose
salt bridge

 

Figure 2. Microfluidic Channel. 

It is made of MEMS. The channel is 0.4 mm height, 10 mm length and 3 mm width. 

Two pores are punctured as an inlet and an outlet. The channel combines with glass 

slide and connects to power supply with 2% agarose salt bridge.  
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Figure 6. α2β1 integrin riding lipid raft 

(a) Electric field induces the AI increase of α2β1 integrin and MβCD impair that. (b) 

Anti-α2β1 integrin antibody blocks the integrin function but does not affect the AI of 

lipid raft. (* P < 0.05 DC vs. 0V, $ P < 0.05 Groups vs. Control, n = 21-50) 
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Figure 7. Lipid raft polarization disrupt by Ch and MβCD 

The asymmetric distribution (AI) of lipid raft results from DC or AC. Significantly, 

the AI of DC drop while treated with Ch and the AI of AC approximate to 0 while 

treated with MβCD (* P < 0.05 Groups vs. 0V , $ P < 0.05 Groups vs. Control , & 

P<0.05 Groups vs. DC, n = 17-118).  
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Figure 8. Ch and MβCD impair galvanotaxis 

(a) DC EF stimulation enhances the fibroblasts’ migration speed but AC shows not 

difference with 0V. No significant difference between control and the groups treated 

with MβCD or Ch when fibroblasts exposed on 6V/cm. However, MβCD or Ch 

improve the velocity simulated by AC. It seems that MβCD or Ch could enhance cell 

performance induced by AC. (b) The directionality simulated by DC is higher than 0V 

(a)

(b)

0

4

8

12

16

0V DC AC

ve
lo

ci
ty

(u
m

/h
r)

Control MβCD Ch

*
**
$ $

$

*

*

-1

-0.5

0

0.5

1

0V DC ACD
ir

ec
tio

na
lit

y 
(C

os
 θ

)

*

*
$

*

$
&



 

28 
 

and by AC is more negative than 0V. It represents that the majority of fibroblasts 

migrate toward cathode while DC electric field stimulation and toward anode while 

exposed on AC. The MβCD and Ch could reduce the DC directionality and increase 

the AC directionality. Therefore, pharmaceutical treatments inhibit directional 

migration induced by DC or AC. (* P < 0.05 Groups vs. 0V, $ P < 0.05 Groups vs. 

Control, & P<0.05 Groups vs. DC, n = 42-171) 
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Figure 12. Cav1 knockdown reduce directionality. 

(a) Fibroblasts increase their migration velocity whether or not the caveolin-1 

knockdown. The expression level of caveolin-1 do not alters cell motility.  

(b) Caveolin-1 knockdown inhibit the directionality. (* P < 0.05 Groups vs. 0V, $ P 

< 0.05 Groups vs. Control, n = 40-95) 
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