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Abstract
In the field of acupuncture, electrical stimulation of the skin and muscles is 

known to locally increase blood flow and metabolism, and maintain the body in a 
sustained healthy state. However, little is known about the changes in cellular 
morphology and the localization of specific proteins associated with electrical 
stimulation. In this study, we analyzed the effects of electrical stimulation on the 
cytoskeletal system in fibroblasts.

When electrical stimulation was applied to cells for about 1 hour, the stress 
fibers (SFs) in the cells became thicker and the cells showed contraction. When the 
cells were subjected to periodic electric current for 20 hours, the SFs increased in 
thickness. In addition, the focal adhesion (FA) increased after 2 hours of continuous 
stimulation, and both the SFs and the FAs became thicker and larger after 20 hours 
of continuous stimulation. Staining of the cells after electrical stimulation with anti-
phosphotyrosine antibody showed enhanced staining in FAs. The intensities of 
staining for focal adhesion kinase (FAK) and activated c-Src were also enhanced, 
indicating that signal transduction-related proteins were affected by electrical 
stimulation.

Figure 1. Apparatus for providing single-pulse electrical 
stimulation to cells and simple stimulation device.
We developed a device using an electronic circuit and 
platinum wire to apply electrical stimulation to cultured cells, 
and confirmed that it could apply electrical stimulation to the 
cells (A). The morphological changes in the cells were 
examined under a microscope by applying electrical 
stimulation with a simple simulator (SEN-2201) (B).

Figure 3. Changes in stress fibers during electrical stimulation of cells.
The cytoskeletal structure (stress fibers and focal adhesions) of the fibroblast cells 
was significantly altered with application of periodic electrical stimuli of 50 volts 
at 60 times/min. Electrical stimuli were applied to the cells for 30 minutes, 1 hour, 
2 hours, 6 hours, and 20 hours (overnight). The stress fibers began to increase in 
number after 30 minutes to 1 hour of electrical stimulation. After about 2 hours of 
electrical stimulation, the stress fibers became thicker, and the cells were observed 
to contract. After 20 hours of periodic electrical stimulation, the number of stress 
fibers remained the same, but the thickness of the fibers increased (A: control; B: 
2 hours; C: 5 hours, D: overnight). Bar: 20 μm.

Figure 4. Increase in focal adhesions and accumulation of tyrosine-
phosphorylated proteins by electrical stimulation.
After 2 hours of electrical stimulation of GFP-paxillin-transfected cells, 
the focal adhesions started to enlarge, and after 20 hours of periodic 
electrical stimulation, focal adhesions showed intense staining with anti-
phosphotyrosine antibody (PY-20), indicating that the focal adhesions 
were tyrosine-phosphorylated. 
A – C: Control (no electrical stimulation)—A: GFP-paxillin. B: Anti-
phosphotyrosine antibody (PY-20). C: Merge. D – F: 20 hours of 
electrical stimulation—D: GFP-paxillin. E: anti-phosphotyrosine 
antibody (PY-20). F: Merge. Bars: 20 μm.

Figure 2. Changes in focal adhesions after electrical stimulation 
of cells.
Fibroblasts were transfected with GFP-paxillin, and the focal 
adhesions were examined after periodic electrical stimulation. After 
20 hours of periodic electrical stimulation, focal adhesions became 
larger (A: control; B: 5 hours; C: control): Bar: 20 μm.

Figure 5. Staining of the active form of FAK and c-
Src in cells with periodic electrical stimulation.
Cells stimulated for 20 hours were stained with anti-
phosphorylated FAK (pY397) antibody (A) or anti-
phosphorylated c-Src (pY418) antibody (B). Intense 
staining for both tyrosine-phosphorylated proteins was 
observed in focal adhesions. Bar: 20 μm.

Methods
In this study, we used cultured fibroblasts (NIH 3T3) that were thought to 

receive electrical stimulation from acupuncture. The cells were subjected to single-
pulse electrical stimulation using an electrical stimulator (SEN-2201; Nihon 
Kohden), and the morphological changes in the cells were examined by 
fluorescence microscopy. The device used to apply the electrical stimulation to the 
cultured cells was made using a circuit board and platinum wire. The pattern and 
duration of electrical stimulation were adjusted for the cells in the culture system 
because the culture environment was different from that of cells in vivo. Based on 
our preliminary research, the cells were stimulated at 50 volts 60 times per minute 
in a cyclic manner. Morphological changes in the cells and changes in tyrosine-
phosphorylated proteins were analyzed in the cells exposed to electrical stimulation, 
and the results were compared with unstimulated controls. In particular, the 
intracellular skeletal structures, stress fibers, and focal adhesions are expected to be 
involved in the transmission of various cellular stimuli that connect the outside 
environment to the inside of the cell. Based on the hypothesis that stress fibers and 
focal adhesions function as receptors for various stimuli, we focused on the 
localization and morphological changes of the proteins after electrical stimulation.
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Summary
The morphological changes in cultured cells with 

application of electrical stimulation were clarified. After 2 
hours of electrical stimulation, the stress fibers, which are 
the contractile apparatus distributed in the cells, became 
thicker, confirming that the cells were contracting. After 20 
hours of periodic electrical stimulation, the number of stress 
fibers did not change, but their thickness increased. In 
addition, the focal adhesions became larger after 2 hours of 
electrical stimulation, and both the stress fibers and focal 
adhesions became thicker and larger after 20 hours of 
periodic electrical stimulation. 
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ǻpY418Ǽȱ antibodyȱ ǻEǼǯȱ Electricalȱ stimulationȱ forȱ 20ȱ hȱ stainedȱ withȱ antiȬphosphoȬFAKȱ ǻpY3ş7Ǽȱ
antibodyȱǻCǼȱorȱelectricalȱstimulationȱforȱ20ȱhȱstainedȱwithȱantiȬphosphoȬcȬSrcȱǻpY418ǼȱantibodyȱǻFǼǯȱ
BarsǱȱ20ȱΐmǯȱ

Theȱ levelȱofȱ tyrosineȬphosphorylatedȱFAKȱandȱtyrosineȬphosphorylatedȱcȬSrcȱwasȱ
examinedȱ byȱ ELISAȱ experimentsǯȱ Theȱ levelȱ ofȱ tyrosineȬphosphorylatedȱ FAKȱ wasȱ
increasedȱbyȱaboutȱtwofoldȱatȱ5ȱhȱcomparedȱtoȱcontrolsȱandȱremainedȱalmostȱconstantȱ
fromȱ5ȱtoȱ20ȱhȱǻFigureȱ6AǼǰȱwhileȱtheȱlevelȱofȱtyrosineȬphosphorylatedȱcȬSrcȱwasȱincreasedȱ
byȱaboutȱ3ǯ7Ȭfoldȱcomparedȱtoȱtheȱcontrolȱlevelȱatȱ20ȱhȱǻFigureȱ6BǼǯȱTheȱlevelȱofȱtyrosineȬ
phosphorylatedȱFAKȱrelativeȱtoȱtheȱcontrolȱǻ0ȱhǲȱnoȱelectricalȱstimulationǼȱwasȱincreasedȱ
atȱ2ȱhǰȱandȱmaximumȱphosphorylationȱwasȱdetectedȱafterȱ5ȱhȱofȱelectricalȱstimulationǯȱOnȱ
theȱ otherȱ handǰȱ theȱ levelȱ ofȱ tyrosineȬphosphorylatedȱ cȬSrcȱ wasȱ increasedȱ afterȱ 2ȱ hȱ ofȱ
electricalȱ stimulationȱ andȱ showedȱ aȱ gradualȱ linearȱ increaseȱ untilȱ 20ȱ hǯȱ Theseȱ resultsȱ
indicateȱthatȱelectricalȱstimulationȱincreasedȱtheȱlevelȱofȱtyrosineȱphosphorylationȱofȱbothȱ
FAKȱ andȱ cȬSrcǰȱ reflectingȱ theȱ microscopicȱ resultsǯȱ Phosphorylationȱ levelsȱ ofȱ theȱ
unstimulatedȱcontrolȱǻControlȱ0hǼȱorȱ20ȱhȱǻControlȱ20hǼȱinȱbothȱtyrosineȬphosphorylatedȱ
FAKȱandȱtyrosineȬphosphorylatedȱcȬSrcȱwereȱalmostȱtheȱsameǯȱ ȱ

ȱ
Fig��eȱŜǯȱChangesȱ inȱ phosphorylatedȱ proteinsǰȱ tyrosineȬphosphorylatedȱ FAKȱ ǻAǼǰȱ andȱ tyrosineȬ
phosphorylatedȱcȬSrcȱǻBǼȱwereȱexaminedȱbyȱELISAǯȱBothȱtheȱtyrosineȬphosphorylatedȱFAKȱǻAǼȱandȱ
tyrosineȬphosphorylatedȱcȬSrcȱǻBǼȱlevelsȱincreasedȱgraduallyȱaccordingȱtoȱtheȱelectricalȱstimulationȱ
timeǯȱTheȱlevelȱofȱFAKȱphosphorylationȱremainedȱalmostȱtheȱsameȱbetweenȱ5ȱandȱ20ȱhȱofȱelectricalȱ
stimulationȱǻAǼǯȱTheȱlevelȱofȱtyrosineȬphosphorylatedȱcȬSrcȱincreasedȱbyȱaboutȱ3ǯ7Ȭfoldȱcomparedȱ
toȱcontrolsȱatȱ20ȱhȱofȱelectricalȱstimulationȱǻBǼǯȱ
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AȱgraphȱofȱtheȱaverageȱareaȱofȱfocalȱadhesionsȱofȱfibroblastsȱtransfectedȱwithȱGFPȬ
paxillinȱisȱpresentedȱinȱFigureȱ7ǯȱTheȱmeanȱƹȱSEMȱareasȱofȱfocalȱadhesionsȱwereȱ1ǯ06ȱƹȱ0ǯ08ȱ
ΐm2ȱǻn ƽ 10şǼȱforȱtheȱunstimulatedȱcontrolǰȱ2ǯ33 ƹ 0ǯ1şȱΐm2ȱǻn ƽ 148Ǽȱforȱ2ȱhȱofȱelectricalȱ
stimulationǰȱ2ǯ84 ƹ 0ǯ26ȱΐm2ȱǻn ƽ 8şǼȱforȱ5ȱhȱofȱelectricalȱstimulationǰȱ3ǯ841 ƹ 0ǯ35ȱΐm2ȱǻn ƽ 
126Ǽȱ forȱ 20ȱ hȱ ofȱ electricalȱ stimulationǰȱ andȱ 1ǯ186ȱ ƹ 0ǯ12ȱΐm2ȱ ǻn ƽ 104Ǽȱ forȱ 20ȱ hȱwithoutȱ
electricalȱ stimulationǯȱ Theseȱ quantitativeȱ analysesȱ stronglyȱ suggestȱ thatȱ electricalȱ
stimulationȱcausesȱenlargementȱofȱfocalȱadhesionsǯȱ

ȱ
Fig��eȱŝǯȱQuantificationȱofȱfocalȱadhesionȱareaǯȱTheȱmeanȱareasȱofȱfocalȱadhesionsȱareȱshownȱforȱtheȱ
unstimulatedȱ controlȱ ǻControlȱ 0hǼǰȱ unstimulatedȱ controlȱ withoutȱ electricalȱ stimulationȱ forȱ 20ȱ hȱ
ǻControlȱ20hǼȱ2ǰȱ5ǰȱandȱ20ȱhȱofȱelectricalȱ stimulationǯȱNumberȱofȱverticalȱbarsȱ isȱareaȱofȱ theȱ focalȱ
adhesionsȱǻΐm2Ǽǯ ErrorȱbarsȱrepresentȱtheȱSEMǯȱ

ŚǯȱDi�c���ionȱ
Focalȱ adhesionsȱ areȱ structuresȱ thatȱ penetrateȱ theȱ cellȱ membraneȱ andȱ serveȱ asȱ aȱ

connectionȱbetweenȱtheȱinsideȱofȱtheȱcellȱandȱitsȱsubstrateȱǻglassȱorȱplasticȱsurfaceȱinȱtheȱ
caseȱofȱculturedȱcellsǼǯȱTheȱfocalȱadhesionsȱareȱdirectlyȱconnectedȱtoȱstressȱfibersȱonȱtheȱ
insideȱofȱ theȱcellǰȱandȱcanȱ transmitȱsignalsǰȱ suchȱasȱelectricalȱ stimuliǰȱ fromȱtheȱexternalȱ
environmentȱ intoȱ theȱ cellǰȱ andȱ areȱ thereforeȱ consideredȱ toȱ beȱ signalingȱ sitesȱ ǽ5ǰ14ǰ18Ǿǯȱ
Thereforeǰȱitȱisȱlikelyȱthatȱtheȱfocalȱadhesionsȱandȱtheirȱassociatedȱcontractileȱstructuresǰȱ
theȱstressȱfibersǰȱplayȱimportantȱrolesȱasȱreceptorsȱforȱelectricalȱstimuliȱinȱcellsȱculturedȱinȱ
theȱ laboratoryǯȱ Theȱ resultsȱ ofȱ thisȱ studyȱ demonstrateȱ markedȱ enhancementȱ ofȱ focalȱ
adhesionsȱbyȱelectricalȱ stimulationǯȱSpecificȱ focalȱadhesionȬassociatedȱproteinsǰȱ suchȱasȱ
vinculinǰȱpaxillinǰȱtalinǰȱalphaȬactininǰȱandȱintegrinsǰȱareȱaccumulatedȱinȱtheseȱregionsȱinȱ
theȱcellǰȱalongȱwithȱseveralȱsignalingȱproteinsǰȱ suchȱasȱFAKǰȱcȬSrcǰȱandȱRhoȱAǰȱ inȱcloseȱ
associationȱwithȱstressȱfibersȱǽ3Ȯ6ǰ14ǰ1şȮ21ǾǯȱTheseȱobservationsȱstronglyȱsuggestȱthatȱfocalȱ
adhesionsȱplayȱrolesȱinȱtransmittingȱspecificȱmigrationȱandȱpolarizationȱsignalsȱfromȱtheȱ
externalȱenvironmentȱtoȱtheȱinsideȱofȱtheȱcellǯȱFocalȱadhesionsǰȱalongȱwithȱstressȱfibersǰȱ
recognizeȱtheȱboundaryȱbetweenȱtheȱcellȱmembraneȱandȱtheȱextracellularȱmatrixȱǻECMǼǰȱ
andȱ alsoȱ determineȱ cellȱ orientationȱ andȱ polarityǯȱ Theȱ resultsȱ ofȱ theȱ presentȱ studyȱ
demonstrateȱ thatȱ electricalȱ stimulationȱappliedȱ toȱ theȱcellsȱ causesȱenlargementȱ ofȱ focalȱ
adhesionsȱ andȱ thickensȱ stressȱ fibersǰȱ asȱ wellȱ asȱ activatingȱ signalȱ transductionȬrelatedȱ
proteinsǰȱ suchȱ asȱ cȬSrcȱ andȱ FAKǰȱ localizedȱ atȱ theȱ focalȱ adhesionsǯȱ Theseȱ observationsȱ
suggestȱ thatȱ cȬSrcȱ andȱ FAKȱplayȱ importantȱ rolesȱ inȱ theȱ responsesȱ ofȱ cellsȱ toȱ electricalȱ
stimulationǯȱ

PhosphorylatedȱFAKȱǻpY3ş7ǼȱandȱphosphorylatedȱcȬSrcȱǻpY418Ǽȱwereȱshownȱtoȱbeȱ
localizedȱ inȱ focalȱ adhesionsȱ ǽ2ǾǯȱTheȱSrcȱ familyȱ tyrosineȱkinasesȱ ǻSFKsǼȱ areȱ aȱ familyȱofȱ
membraneȬassociatedǰȱnonȬreceptorȬtypeȱproteinȱtyrosineȱkinasesȱthatȱhaveȱaȱnumberȱofȱ
rolesȱ inȱ cellȮmatrixȱ andȱ cellȮcellȱ adhesionȱ andȱ areȱ foundȱ inȱ endosomalȱ vesiclesǯȱ Srcȱ
mediatesȱsignalȱtransductionȱviaȱaȱvarietyȱofȱreceptorsȱǽ22ǰ23ǾǰȱandȱactivatedȱSrcȱhasȱbeenȱ
shownȱ toȱ induceȱ cellȱ transformationȱ inȱvitroȱ ǽ24Ȯ26ǾǯȱPhosphorylationȱofȱFAKȱatȱY3ş7ȱ
promotesȱtheȱformationȱofȱtheȱFAKȮSrcȱcomplexǯȱThenǰȱdirectȱphosphorylationȱbyȱFAKȱofȱ

Figure 6. Changes in phosphorylated proteins, tyrosine-phosphorylated 
FAK (A), and tyrosinephosphorylated c-Src (B) were examined by 
ELISA. 
Both the tyrosine-phosphorylated FAK (A) and tyrosine-phosphorylated c-
Src (B) levels increased gradually according to the electrical stimulation 
time. The level of FAK phosphorylation remained almost the same between 
5 and 20 h of electrical stimulation (A). The level of tyrosine-
phosphorylated c-Src increased by about 3.7-fold compared to controls at 
20 h of electrical stimulation (B).

Figure 7. Quantification of focal adhesion area. 
The mean areas of focal adhesions are shown for the 
unstimulated control (Control 0 h), unstimulated control 
without electrical stimulation for 20 h (Control 20 h) 2, 5, and 
20 h of electrical stimulation. Number of vertical bars is area 
of the focal adhesions ( m2). Error bars represent the SEM.
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