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'rhereby causx:s rapﬂ] Il'lLl‘SdbEb in ({Laz*)i Elcclrocuuphnu

. ma:ham-;m% thai cuuld control (l.'.a"") mcrﬁ:aﬁes mduce:l by’

- .modes of LS other ‘than dc have. not been. ulumdau::d

howiver. I-[t:rc wc FCport. -Thar .30 mm af cnntlnunus-
axposure to a 1 or, lO Hz, 2. Vfcm ES mduujh an (C.12+)|'_-:
© increase by ~6- fol(j (bdsclme 25.aM) in Ininsn ﬁbmblasrs{-:', :
- in calere. In conirsst, a-100 Hz, 2-W/em ES causcs no . ©
. significant’ (Ca—+}1 increase. Either deplétion of Cat*tfeom <
the extmce]tuiar medmm or’ incubation . of cells it

-.emparml inhibits the: {Ca- P] increase, Tndlcmmg thar CaZt

4.4 Raie uf EXLIE wHufar Caz"'gmd .:m’o!vemem of PGCCS

Modulauon ofintraocllular Ld]L]LlTIl inn mentranon o

({Ca?ty) cawld he xised to conl:roi celllar, and molecular

. tesponses that are important in cell and tissue ‘enpingering, .
Eletirical- stimulation (ES) has heen used-to activate plasma -
:_membr'me' ro'n chaﬁriel% “inchuding Cél_z__*channe,_l's_. amd Wt

" induce changes in (Ca2+), " ‘Strong dircer curent (dey ES.

: dt*pulanms the mémbratie electrical prrlentm] (MEPY and,. -

41 ¢Ca? jl, increase mdu: m‘ by a.mm.g elecirical stimattus o :
- 4.2 Tipe: dcpcndm:'e aof f (Ca%t ) incredse. Indu('e:d by o zilu!un efe.:rmat‘ ssmm‘auon i

-:lm]]u){ through w'erapann]-.ymsmve Cd2+bhdm1&13 is :mqlumd
o ﬁ:)l the tCa®*y, vincrense mduced- by’ uscﬂlator}' ES. -More -
. _':mtemc]:.Sbva 1 Hzaradc Iﬂ"\fkmelaumuﬁeld muscsa .
rapid 20 'to" 25~ tnld ((_a2+}1 incrédse. W' hypumeﬁze that" . -
. .';E:IE::Uve, ]Ml'thl] :u,uval.lun "of - Cah“‘cha:mn:]s is lHkely. to
mﬂdldle Ca-"'mﬂux Those mﬂuitq c.uageq.t et n[mma] E.%

could be.used fo control ‘Catenty ‘and.’ erchy, ropilute
" cellular caluum huuwoﬂams mthnu[ aclvmcly a‘[‘fccunur cell
.wahﬂity SR . .

3 lmonuciﬁlbmg_,_ T

Intraoellular calcium ion. conoemnltaon {(Cdz"—}i} .

| 15 ]::nown W reguldte importmt bmlugi-::al PIOCCsscs
- imcludinge mgﬂal traﬂs[llrchon (1-4),- -cytnskeletal

.

et gﬂn!?atmn {Sn'i'], cel] dnfferenuauon a.nd prollferatlon




Regulation of caleiom entry .

(811, cell adviesion (12, 13), and ecll iigration (14, 1),
Because intracellular Ca*¥plays a critical role in mediating

these. cellular- and molecular effects,  the molecular
- mechanisms that regulate (Ca?*), have been extensively
stuclicdl, - Al least hreg known (Za-zfpaﬂlwejys are thought to

* be involved in regulation of (Ca®ty, First; (Ca?*) can be -

increascd by, activation- of voltage-gated Ca?Ychanncls

(VGCCs) in the pfasmai membrane, These Caz’*-sclcctive,'

voltage-pporaled” channels can be activaled by changes in
the membrang electrical potential (MEP)- induced by
exogenous electrical stimulation (ES} (16, 17). Second,
{Ca?*); can be dncreased by activation of sirerch-activated
" catof channels (SACCS) in the pla&ma membrane.
-Althongh the. SACC is not qpec:f"c Tor, Cat,’ both
mechanical (18} apd clectncal {19y stimuli have been

‘shown to - induce {(_nz"'} increases mediated - h}r SACC

activation, Third, (C 212*')1 cani be increased by- aclivation of
internal C32+R.t0r'es The lattes mechanism is typically

mediated by sigoal wansdoction cascad-::a 1m|1au,d al the

plasma mcmbrallc level (1, 2)

- Because !]]:: cell mumbmne is l'ug]]h- resislive and
the cytosol is conductive (200, the cell can be comlderad te
represent  an electrically nen~conducting . ohject.
Application of an exogenous ES is likely to cause changes
in MEP. The MEP in resting cells i typicatly 40 10--100
TmY (21} To sétivate . VGOCs; . the seength of an

exogenous electrical stimulus must be sufficiently large to

" alter the MEF.. For example, cells 50 um in’ diameter

exposed to a 10 Vem ES woold expericnee a maxinom

potential dilference of ~ 40 m¥, " An induced potential
difference of Lhis magnitide would Lkely depolarize the

- cathode-facing side and h}l]]erpnla:iie ﬂ'ie'nnnde-fm:ing :

side of the cell (22, 23), thcn:l:-y mjlia'linb y Cadtinflus al the

"cathode-facing side of the cell. Application of a dc ES (10

Viem) w [broblasts in cultufe was shown to cause g > 2(-

fold -increase -in (Ca®*) by agtivating | VGCCs (17).
*. Uncontrolled increasés in (Ca2ty; could, however, lead to
cell dedth (24, 25} by dumaging membranes and, proteins

(26) and by. promoting free radical synthesis (27, 28).
- Theoretically, 'BS of lower stichgth conld cause partial or
selective activation’ of one or more YGCU subtypes. For

gxample, applicativn of 2 2 V/em ES would be expected to _

indneg an ~ 8- mV chingc in MEP. MEP changes of

mugnitude < 10 m\’ mdy Dot activate all Ca® channcls In -
“Rensony. nearshs, L- and T-rype VGOCs are activalod: i

MERPs of =10 mV-and- -T0rmy, mapu,uw]y {21, Assuming
that the resllng #1EFin heurons is ahout -70 my: 1299, then
L-type VGCC aetivation would require 2 MEF change of -
60 TV, while T-tvpe YGOCs could be activated by a MEDP
change of less than 20 mV.- It is ifiterssting to note that the
2 Viem strength also represents the physiological wpper
limit far nantral electrical activities thar are though” 10 be
important for wound hea.lmg LZO 30,370, .

. While strong de ES (1() ‘Wcm) has been <;hnwu to
_ dbLWst‘ VOCCs rapidly, and. induce more than 20-fold

- increases in (Caer)l, effects of the application of non-de ES
nodes on (Caer}i have- nul, beéen- L]m,ume.nted Oscll]atory

ES represents such mode that has been postulated o affect
(Ca®™*). We have demonsirated that oscillatory ES can induce
cell surface receptor {CSR) redistribution (32), changes in
cytoskeletdl - orgariization (33), SACC activaion (19). and
integrin-mediated cofl migration (34). all without adverscly
affecting céll’ vial:-iﬁty ‘Based on these findings, changes in
(Ca?)y in- TSNS 10 m.:ﬂlalury ES. could be expecied, but
quantitative’ mensurelmients. . have " net . heen performed.

Maoreover, the mechanisms by which. oscillatory ES “could
mediare '_(Caz"'}, increases rernain o be elucidared.  Unlike the

_ sustained MEP alterations cansed by-strong de ES, application

of oscillatory, S is expected to aliemately depolarize opposite
sides of the ccil with the same’ frequency. az the oscillaory

- stimabs. It is not clear how penod.tc MEP depolarization and
: npolancau:m could be coupled 1 VOEC activaliva, and there

is currently ne satisfactory. theoretical -trearment for VGCC
activation- in response 1o modulatcd MEP. Conformational

. changes in VGCCs that are required to mediate Ca?*influx in
.wap(mselumuﬂldtmyESwLﬂdmeumumﬂydepmdmﬂm
-mode, srength, and duration of ES. - Effects of madulared

Iv[EPnnCaz*ﬂutmssrbeplasmamembrmcanalscbe
eaperitnenially charctoriacd,. In the present sludy, digitized
flgorescence  video rmcmscopy 8 used o examine

. quantitativly the (Ca2ty, increases in humﬁn fbmoblasts iduced

by sh'ong{IOmel)m'wcak(ZWcm)owjiatm}'ES and o
elucidate - the. biophysical Toechanisms résponsible for a2y
incigases.” - While strong ES is found 1o canse rapid (Ca2+}|

| imreasss (> 20H0ld), wenk oscillalory ES- induces. (Ca?hy
-~ increases - (6-fold) in a. Jreguency-dependeny manner. W

hypothesize that the latier increases i (Ca™) é_m'madim'éd by
selective. activation of verspamil-scositve Cachamels, and
that T-type \J'GCCS mukirepresent a pOtBllllEll cm1d1dare.

. 3. A l‘FR[ALh AND MFTH()DS

A Cellu:lture- T

- Tluman . foreskin fib;ob};;sis S(HS27, - Naval

" Bloscience Lab, Oakland, CA) were grown in Alpha

Minima)’ Esscntial Medium supplemented with -10% fetal
calf serum. (Sigma, $t. Louis, MO), 100 t/ml penicillin-

- 100 pyfml slrcplumy{:in'dnd 100 mM L-ghitamine (Sigma)

at ‘37 °C i’ a 5% Oy humidified incubatar:. Cells at
poassages L6 - 20 ‘werz subenlmred at 60-70% ‘confluence

oo 35 x 530 mm Nou. 2:ooverslips 48 to 6 hr be‘forc each
.experiment to ensure-log phase ot gr nwzh Thcsc ::cI]s can-
be pm-paga:tcd bcyoncl passage 42, :

1. Elettncal stlml.llatlon :
'The- chamber u';ad tr,r cxpmc cells F.S dl.,s,cnbod

'E:lscwhcre [32} is shown in Higure 1. Briefly, -sinusoidal

slgnals were guneraled by a finction generator (Model 19,
Waverek, ‘San Diegn, CA), fod iito. 4 100 W amplifier

"{BOP100, Kepeo, Flushing, NY), and ‘monitored by an

nscliloswpg (Modu,l 2204, Teklrum Begverton, OR). The

- computation of TS streni..th fo]lowed Ohm's law, 1 = o,

where T is ‘the electric current density’ and o is the
conductivity of ‘the medium, Unicas otherwise slated, the

- oscillatory ES strength' représents the peak fo peak value.
- The.calculated ES strength {s adenrate to within 208, All
" experiments wote perfonne? al roum femperature,  The
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hgure 1. Schemauc for the ES chamber ‘This chamber -

. was designed- to- a]low the direct visualization- of Lcllular
' respomses using 1ma§_ung tec:hmques Changes-in (Ca?

© were recorded in real hm:, smred md amalyzéd. 'I'l'u..

“design of *this- chaniber resists. changes in pH -and

" tcnperanre. The ¢ross séetion-of the chamber is machined .
“and measured ‘with pm-precision: Cell viability- Stlldlt:b__- o

umg this- (,h.:m]ber hdw.. bt.f:ﬂ dq.‘.s;,nbcd L,lscwhcre (’H}

o stfongcst ES use.d in thf,: Exp::nmems {10 VILm) mﬂucul a: S

naadmnm tunpccrarurc risc.of < 2.2 °C in our experimental

_ apparatus, resuiung in a.maximuin’ sample temperamre of |
g B Apphwﬂon of the’ wtu]u‘,r ES {2 Ve resulted in -
< (1.5 °C, and this.degres df heating, was mdependent ofES R

freqncncy in lhe I I(]D IIz fmquency nmge :

33. Cﬂ&hlﬁ dye ioadmg :md ﬂqprefsoenée :Imaging :

" ... The Ca>*-sénsitive fluorescent dye Fluo-3 AM.ester
{Fluo-3, Molcenlar Probes, Bagene; OR) was: dissolved in -
DME o make a1 rnM atock achation, then dissolved at 10
pM final* concentration:: in Tlank’s balanced. salt “soluticn.. -

".(HBSSy. ' About & ml of 10 pM Flao-3 mlunon in HBSS

. was carefully layered ‘oft top of the, coverslip bedring the -
" cells, then incubated for 60 min in_ the .dark at room T
temperature.  Coverslips were. (hen washed twice with,
'HB'-‘-'% and us.ed ammedlatel}f in quanmatwe ﬂuarescence:. L
TiCTUsCopY t:}[pbrlmb[lis "I semme caperiments, Ca”-free -
. conditions -were gnsured by washing and incubating cellsin
o mod1ﬁecl HBSS. cuntdmmg [} rnl\i Cdez. mM MeCla, and -

mM EGTA

- 3.4. Fluureswmx mlcl:uswpy )

" Epifiugreséence. viden- MImey -was Cwsed o0
- strong de ES thal: wag sufficicnt to- activate, VGOCs -directly.

' 'obﬁmn digitized. ﬂuoresc:ence images of Tluo-3 Toaded. célls. . -
- Previcus repons have demonstrated that, apphcanm of a 10

" Cells ‘were obiserved using a. Feiss - Axioskop II]]C”I‘-E]QC[)DC.- -

Carl Zeiss.Inc., Thnrnwnnd NY). The ilumination source

_ waé a 100 W mercury. ar¢ lamp. Nluminating light was™ . .
-passed through a dichroic flicr and focused on-the smnple." '
thedugh ~a 25%/0.% NA lcil. immersion ; objective..

* Fluorescence ‘emission ‘was 1mage:d asing- a coaled. CcCDh
Calnera (Roper Scientific. Tocson, AZ),-and. processed by

* N image prOGEssOL (Mulammph Wniversal Tmaging. West -
‘Chester, - PA)L Background, intensity, was: subtracted from

eachi m&g& Al opcranons were corrtrolled by 2 wmputer

Hunrescence lmage:, of hhrohlﬂsts lﬂm’ied w:th Fluo 3

“were. recorded in'resl time before.and after ES application. -
T)plmil}, 3o B cells were 1{]&:11[11](1} i a Geld-of view, and:
changes in-fluorescence intensity in each of the cells were
mamtorecl CeLL bmmdanw were drawn using the . lmaﬂe' )
PIoCessor, and ﬂunreqcence intensity was - integrared over
alt pixels within. the boundsary :of each- individual cell, a5
describad ]Jrewuusly (19). To sccpunl for the vanability 6~ -7

sizc and shape uf lwman ﬁhmmﬂsts énd to ellmlnnle

.efrccﬁ due to Vﬂrlﬂ‘llnl] m Fluoﬂ dye, Inadlng, the. )
flucrescence intensities from each imsge were normalized . .. -
. by those [rom the - reflerence:. image recorded  belore

appl]cation of an BES, The small- temperaturs. dee mduced
by ES apphcahon did nut canse changeq in the Hurr%_ a

'_ﬂunrascence mte]mty

3.5, {Ca-'*}i callhratlon '

(€Y was . estimated: l'rom lln. ﬂunrcsocnoc'Z'

3 ntcm.lry of Fluo-3. by using the equntmn

. . (Ca2+)i Ky iF - FriW{Fpuy - F);-where Kd 13 4{}0 nM and .
" Fogy and Frg, are the, maximum and minimim fluorcseence

intensities determmed according to a prevmusly descrthed

" method'(19;.35. Tn-resting human fibroblasts Toaded with' -

* Fluo-3, (Ca?*), was determined to be 25 = 10 nM.  This
" calculation -is cunststant w1th the prevmu.sly ‘reported

-' findings that, in resung ﬁbmbiasts ﬂl_e baSehne ECaz"').
..r.mgcb from 20 to, 100}::M(36 37} S

31: (.e.ll trentment mth vempmml

TFibroblazs: -were  incubated Vﬁﬂ] verapannl a

selevtive VGOC, iphibilar, 25 pM inat concentration,

Sigma) for 30 min at room temperatire, washed twice in

- HBSS, loadéd with Fluo 3 as. describid, deht!d lwice in

HBSS, and tnnunted ‘6 the chamber tor ‘quantitative

" fluprescence: microscopy- axpennwmsl_ "To- ensure thal

verapamil treatment did not intertfere withh Flua-3-loading, -

_cells were toaded. with Flyo-3 first and -then treated  with
_verapamil. - Reversing the-order of the Fluo-3 loading and
© vérapamil tre’ltment ‘pratocols - did  not  affeet  the

experimerital results. . For those expcﬂments in- which

T v»rapan'n] was used. mlllhlt Ca*chanmels, ‘the HBSS .
- modium was suppluncmocl with 25 uM wrapnnn} '

R ngULTS

__41. {j.“.!az"'}I increase’ mdlmed by s.trung t:lecl:rlwl .
* stinmlus’ ' :

Wehfsrquanuuﬂd&mmmgmm(c +)iu1]uctx]byd '

V/em dc ES inducss a » Z'.U-I'n}d (Czr"']1 izcrease in. hbrob]asts,,

- -and maLUnsmmselsmvmmdbymmwntofocﬂsmm"
".¥GCC inhibitors. mdudmg coball, und D-600° (17).  To.
_calibrate’- duor experunentﬂl cnnr.lmon'i agamst the. previous

results, hunmﬁbroblmtsme,xposedtodc lDWcmESm-

" the: presence o1 dbsence ol verapaimil (25 M a VGCC
i lnhlbltor) EgmB 2 shuws l]mt application of & d{.. i YViem ES E

- induced a 25-fold increase’in (C2*y; the maximum (Ca™), -
" increase was obtained 38 + 19 5 after the tnitiation of ES
O gxposure, fol}nwcd Hy dlmunshcd ﬂtmrcsccncc inensity due to

possible damagc to. CazJ‘-:hannels or cell nﬂnbmm:,

_ '.'Trmlrmm ol ‘cells: w1Lh v::mpam:l prevm::la:l thes ESmdumd
© (Ca?y, increase (Tig. 2), indicating this the indizced r:a?m j

. ¢ increase T reduived. ‘Caltoflux  through -+ Ca¥tchanncls.
a h]terastmgly, application. ofa 1 Hz 10 chm B8 also caused a -

- 20:fold incréade in (Ca?*y, " Treatmérit of cells with 25 uM
:m‘apmml pnaf 10 and during, t:xposurc 10-a 1 Hz, 10+ Wcm

ES A mhlhitcd lhc FQ-mducch ((‘az*}i tm:rcﬂse Thus,’
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Flzure 2, Strong ES-mduﬁcd (Faz'*}, imerénse Ts mediated
" by CaZ*influx through the plasma membranc. Cells were

loaded with Fluo-3 and cxposed to.a de or1 Hz IS af room .

lemperatire. The integrated flaorescence intensity of each

" cell was monitored and recorded at 10 s intervals and

‘normalized against the fluorescence intensity of that cell at
t = (. The maximum fluorescence mtcnmty was caleuhalxl
and com'ertud W (CEI.'+J1 as.” descnbed in .the text.
Application of a dc 10 ¥/em ES increased the (CaZt), by
25-fold aver Lhe haseline kevel of 25 nM (1); this increasc
waz inhibited by rreatment of cells w1lJ:1 25 pM l-crapamxl
(2). Similacly. apphcatlon of a 1 He, 10 ¥/em ES increased
the (CaZ*); by 20-fald-(3}; this incréase was also inhibiled

" by treatment of cells with verupamil (4). Each data point
represents the mean + 8D from 6-8 individual cells.

Tﬁhm

F|gurc 3. Tn:m: dcpﬁndﬂnl {(}.512*), inercase is induced by - -
- woeak oscillatory BS. Cells were loaded with Fluo-3 andd
exposed to a 1 Ha 2 Vicm ES' for 30 min at room’

_ temperalore [unarc‘-) {ontrol. cells {umles) word ireafcd
identically, except that these cells were not exposed to £,
The ‘irtegrated Juorcscence intensity of gach cell was

- monitered and recofded at 3 or 5 min intrvals, and -

normalized against the fluorescence infensity of that celi at
Ct=0. Each data point represents the mean + SEM of 3-4
mdt',]:lt'.lldt,nl cxperlments Emm 10—1’? mdmdual wells,

.changes in MEP ‘nduced by strong de. or oséillatory ES are

likely to activale CaZtchannels md induce Ca“‘”mflux -

leading to 2 20 to "5 fold increase n (Cu? ™),

: 4 2. Time dependem,ﬂ of (Caz*“}, increasc mduced h}

oscillatory elevirical simulation
" Application of - mcﬂlmory ES.of a smaﬂcr but

* physiotogically relevant strepgth (ie., 2 Vi) wa% also found
to induce incredses i (Ca®*),  Figure 3 rsprascnts the time

course of the - (Cag"') incresse ubservod in r:ﬁpome 10 Lhis
oscillatory ES. Control fibrohtasts {i.e., calls not exposedm an

(ES) showed 06 m,gmﬁcant chianges: in ((‘.az*ﬁ1 aver a 30 min -

~period of ohservetion. Unlike. the rapid and targe (Caty,
increases mdumd by-a | Iiz; 10 Yiom ES, ccﬂq:xwmd wal

' Hz, 2 Viem ES: shovweda fraximmm 6-fold increase in (Ca2*,

that was gradmu it omset and appeared 1o saturate aller 30 min
‘of BS exposure, Monitoring, of - the- (Ca2+). level for 45 tu 60

. min afier- the onset of ES exposure did net shiow ‘s further
_ increase in (Caz*)i To investigate the possibility that a1 His: 2

wiem ES could induce Tapid t(‘.a-*}i transients in the early
. phise: of 1he BS: apphcaunn (Le., within the first 3 min-of E8

expm;ure) ﬂuoresccncc images of Fluo-3 {oaded fibroblasts
were: recurdel w10 g intervals. atter the cnset of ES exposure.

* No significant {Ca>*) wansient was observed during the frst 3
~ ‘min of ES. apphcaﬁcm {ddl‘d m shown) .

a3, Frequency depumleuce of (an*'], incrense

. Based on our prévipus- ﬁndmgb that .¢cll snrface

‘receptor. {CSR) - rodistribution  (32) and cytoskeletal
feorganization (33) depend criﬁcally un the fregnency of an
" applied ES, we next (esicd the hypothesis that the ES
frequency regulatcs (CaZ™y intreascs in human fibroblasts,
' Fikroblasts wete expised to | He, 10 Hz, and 100 Hz ES of

mnstanr qtrength {2 “Wicm), “and- the de'+], level was
motitored over time. Like cells cxposedton ! Hz HS, cells

- expased i 1¢ Hz B showed a maxirum 6-fnld (Ca*y,
- increase {p = (.54, Flgun.. 4). The time course of the

(Ca*y, increase in response to a 10 Hz FS was also similar

to that ohserved- for-a 1 Hz E% apphcatlon .Tn ‘contrast, -
apphcatmn of'a 100 Hz ES caused; no staristically

- significait (Ca?t), incroase cc:mpamd 1o the (Ca?); in
- comtrol cells (p = . 17).. It therefore appears that the ES-

inchiced {Cd2+)L increase  depends -critically on the

- } ﬁ-rgumw of .the .applied L3, and that’ lhere: cxists” a
frequehcy mnclow" = X000 Hi) beyond which an mcreasc

Cin (Ca?t) is not induced by weak oscillafory ES. Tt is

mteresung o note’ that the band width .of the frequency
window 1s consisient with that found- fof- oscillatory ES-

" induecd ‘cell ‘surtace .receptor {CSR) redisitibution  and
" cylogkeleisl reorganization, suggesting that the ‘lhree ES-

induced ceJ_lular responses L-Ull]l.l bc machamstlcally :

coup]ed

4.4; Role of extracellular Co?fand invelvément of
YGOCs . .
CaZtinflux across the - ;-rln‘;ma membrane is one
potential mechanism for. the G +}, increase induced by

weak FS tie., .Wcm) To-test this. hyputhus:s cills were
exposed 10, i 'Yz, 2 Viem ES in the zhsence of

'e:xtmw!lular Ca-+ and the’ {Calty, was cxa.mmed ‘over
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‘m )

S l"igure 4, Weak omllatory ES“-mduocd fCa2+)l increase iy
e fra]umv—dupendt.m Cells were Joaded. with Fluo-3.and
‘expased to ES of varying frequencies. The ES steength was ;0
maintained ar 2 ‘Wcm While | Tz (dashed line} or 10 H.g' e
'{urcles] ES. EIp]JlICﬂthHS showed s;mﬂar (C‘a.z"'Jll inéfeases. ]
~a 100 Hz ES applicatior did rot canse a significant (Ca?*),
_increase (trianglas), Bach' data poifcrepresents the mean = .
SEM et 2-3 independent experiments from 8-14 individual =

cells. Data from; cells cxposod -1 Ha FS are. lcpmducaed

"mﬂq-n}_ :

'lFlg'ure 8 We.ak usc:lldtury ES- mducod i'Ca" '”), m:;‘.rcaRc :
* requires mﬂux of exu‘acellula.r Ca2+ "Cells” wem luaded S
*with Fluo-3. and axpuscd lutal Hﬁ, 2 Viem BS: Etther__ .
"~ removal ‘of ' Ca2*from. the extracellular meitium. stuiares) -
O treatmcnt of cells wﬂh l-'l.’.["dprtl]ll]. ({,‘Hchtzs) lﬂ]llb]T.C(]' the
- ES- induced - (La~“‘) increase.” Data points” tepresent the -+ - -
mean + SEM of 2—4 m&t*pendml L.Kpl':rll’l]J.J'IIS fmm 8- 20
o 111d1v1dual LC“S B .

Ca wae. dsplcte:d indicating that €z +mﬂui scross Lhe

" plasma membrans - wis, reguired. for the nqcﬂlatnry ES-
indueed (Ca-"'). increase. -This fincling suggests. funher Lhdt'_. o
VGCC activation-is The*likely elecirucoupling mechanism .~

hetween seak oscillatery BS, and the observed. (Cal*h - -
increase. Ta testthis hypothesis, cells were incubated with ~ .
'verapam:i prior 0 and . daring. wedk LS exposuve.

. Treatment of cells with verapamil inhibited the ES-induved -

e ((“vr*'}l |ncre31=;e (Fig. 51 'Ihese results m[hcatei that I:hc :

weak ES.inducecl {Ca?*), increase in “hiashan ﬁEroblasts is’

- mediated by Ca?*influx aeross the plasma membrane, and
“that acllvalmn of mte:mzﬂ i ﬂ“+<|tﬂl'6'1' is nn{ Ilke]}' |nvnlva’i

s, I}ISCUSSIGN L

Resu[ts Emm lhe present srudy show Ihat'

i vscillniory ES iz Lapabh of. mducma (Cﬂ ). increases in
3 -_human hhmhlasts Apphcatmn of strong ESs [1e 10

. Vierm) vauses & > 20-Told: (Ca2 k. increase, iridependent of

Lhe ‘mode nf s’ exposure these (Ca-'+), increases are

madlala{] by Cazf influx - Ihmugll Vcrapan'nl-qcnmtwe
. Ca~"'channcls Apphcat‘lon ofa’l Tlz, 2 Vien'ES mduu:s a
: .mammum l’:dnid increase in- (Ca "')1 over a. 3[] mln penod_ )
i of ES t,xposurc Eathm depletion of cxtlﬂceﬂular CaZtar -

trcatment. of c:eﬂa w:th verapamil |nh1b1ts the BS—mduce:d,

'-.'-(Caz*}{ mx:rmaa., mdlcarmg thar, wcak c::ﬁmllﬂlory ES also .
A acuvates Cal*channels. - Appllcatlon -of a’l0-He, 2 Viem
‘ESinduces an {CaZ1), incrense snmlar to.that- mduced hy a -

-1 Hz, 2 Vicn BS expésure. contrast, application of a
C100- Tz, 2 ‘Wl:m ES- causes ‘no significant increasc. im

{CaZ*), however.. Takcn together, these findings suggest

that Caz"‘mﬂux ACTOSS the plasma nmmbrane is responsible
" for ascillatory ES-induced {Ca+y; increases; and that such

increases are mediated- by activation of voltage—dcpendentl '

. 'C:al2 Fl:haamnr:l?. ina frequency-dependtnt manner.

. VGCCs hme been IdEntiﬁEd in. the plr.lsmd

.- membrang of non-excitable aswell aé, exeitabic cell types;
- |nf:lu4:lmur nsteaclasts, astro-:ytes and fibroblasts (38}
_D1rcct activarion. :of VECOCs by a.s'a!h!ary ES could
r '.___'_lhcmfore represent a potenttal electrocouplmg mecl‘lamsm_
miediating * FS$-indvced (Cd2+}i 1[1{‘,1‘(::3323 in" human .
*_fibroblasts,. This, mechamsm reqmres MEP depolanzatlon :
" Changes’ in MEP (BY) depend. on’ many factors, including’ B

the LS strengih, cell shapc and. size, dnd the unenlauun of

. the -:;e]l with' respect o the eleciric field vectur, " For a
sphencal cell BV 3."2 Er cos 3 (22), whcre ris thc rachus :
“of celt and § i me angle: formed- by ‘the electric field axis
_and a point-on tht: cell. surface,’ ApphLden of a 10 Viem
- ES'is predictéd o] dt.pnlany: the cathode-facing surface of
: @50 pot diametér celt by a muaximum of 40 mV. A 8V in’
- the rangn.. af 40 1 50 mV s likely tn he sufticient for direct.
- ¥GCC- activation. - | is difficult to- fnrmulatc & sirmple
ool _mndel e predict. av fer 1rregularly shaped cells . such as
. ool L. Gbroblasts,. however. . Instead, the *magnimude of the
_tnme As shmm in hgure 5- apphcatmn of a Tz, 2 Viem

ES did m?:i cauqc an (Caz*'}l increase when extra(:ellulau‘ -

maximim MEF' depolanzanon can be approximated by.

3  treating ﬂbmbldst.s 3 e}hpwlr_’[al nun—wndm,lmb objcots.

By salvi ng rhc L aphme equation, sphtions for the potentml

difference ‘across he membranés of clhpsmdal cells in,
 respunse to extermatly applivd ES havé beén détermincd,
" Assuming’ 10 and 25 i for the semimajor axes of an
o _-e“lp‘im:llﬂ] cell: (thcse are represematwe ‘values' for huiman
.. fibroblasts : measured from video images), the ES- incuced
LOW 1Y uxpc-g::_wd_m diller by no-more than, 10% from thas far
-0l sphétical cell (39). Thus, the 8V induced by.a strong BS
“iis likely to: be - sufﬁutmt fur stlmLmn al- VGCCS i

ﬁbmh]aan S



_Rég:ulaiiun_'of ca-lciu_n:g. eﬁt_ry

We find here that both 1 Tz and de. 19 Vicm LS
are cepable: of causing - large. increases in. (Caty,
presumably - due to VGO activation caused” by MREP
depolatization.- Thus, the mode of ES is not important if
the ES btrt:nglh' is suficienly large.. Twy altemnate
cxplanations. coilld he offered.  First, this resnlt is

consistent with the theoretical predmtmn that E&mducecl .
changes in MEP are Indepund::m of frequencies < | MHz ~

(4. Second. the dieation for anne—half cycle of 1 Hr. ES
is 0.5 s, sufﬁcmnﬂy long compa:cd to the time course of

€a®* channel opening, We turther note that, in rERpTNSE by
a 10 Vicm de ES, the ime rcqulred to reach the- ITI£I.J(IITIﬂ|

. (Cﬁ*), incrcsae s abdut 40 5. "One u.plamuon -of this

"delay" could he Jocalized V{J{_.L activation. E_Srlnducgd .

CaZt influx. is likely ta e m_mal:crl al. the cathode-Tacing
" side of the cell, and intracellolar Ca® is likély then to
‘iffuse down s concentration gradiens woward the anode-
facing side of the cell. -By approximating the. characteristic
area of cell as that of an-cllipsoid. we estimale (tom Ihe 40

g time. course of the (Ca-"‘); mcreasc that the  diffusion

coefficient uf Calt inside. the hurmsn fbrotlis! is approxitely
7% 107 es. This rough estimate: is within abont @y order of
magnitudde of the: previously reported diffusion cvefficient for
mu'acellularCaz*(S x10° '?fs.) 23,

Increases in (C32+}1 can be mediata:l hy release . -
of CaZ* from internal stores and:'or by Ca?* influx across -
the plasma membrane. The abservation that Ca +deple.nnn

fronr the extracellular medium - inhibits the oscillatary ES-

- imduced {Caz’f), inercasc pmwd:f:s evidence that Calt
. inflax m:rn-:q the pln-;ma me:nhrane is the ma:hmll-;mllkei}' .

o be ra.sponsmlc f-:-r thie ((‘:zr-")-1 mciuaac Based on.

" thenretical mns;demuom -and experimental. brulings, oscillavory
ESuffmquea:u.:labllo lDOH.u_ﬁJmmLpﬂelmll:mﬂdellrou]l

(20, 41). Therefore, dlrectactlvanunoflntmm]{l‘az"'stmb}' o

“an osuillatory ES i this l‘rc::lumcy mng; is unlikely. Rdm of
. C.12+ from - intermal CaZt siones. bould be mediated by rt:x:ptor

activation af the cell surfape, however. We have, pu'evz(msi)r :

shown' that mt‘nbmnn of phosphelipase (PLC) does’not prevent
the ES: mt]utx:] inuTease: in (Ca2+)| in’ hq:uluuﬁ&:b, mdmmg thal
" PLC-mediated activation of intemal Ca®* siares is wnikely (19).

Ca?" nflux. patways other fan VGOOs could also, be
" tesponsible for the (), iicrease in. response to um:l]]dloly ES..
For cxample, fibroblasts: arc Jnown -fo cxpress dtreich-aciivatoed

cation chiarmels - (SACCS) which mediste influx .of cations -

including Ca?t 5 BCTOSS the plasma membrane (42). Because we
i) here thal the vorapansl peapment of clls completety

. pevents the ES-induced (Cdz’r)l wicrease, the mle of SACC -

activation- in mediating the . (Ca2*), increase appears 1o be
negligible.  Alihough 1."t:tl.'apeuml can inhibit SACCS o h:gh

coneeniration, the verapamil conceniraion used in the proscal

, bu.uiy (25 uM fireal mednun} clues no imhibit SACC (43).

Inraiponsetoweakoscﬂzmrvhs m:remesm'.

{Cat)i are gradual and appear 4 satucate afier 30 min of ES
exposute. Presomably, after 30 min, the fibroblasts have reached

a new eqmllhl m in ‘.ﬁ-hld‘l d'ne increased a2t inflax is aqam

bulmeed by mxmsu] C'a2+ aﬂlm& cmﬂ mllmlmhun, at 4 new
steadly-sizte {Ca**x lgvel. The stoplest explanation for cur
'o_bscrvaum thar weak:pscillatory ES induces (Caz‘f}l increases is
the activaion of Ca* channels in the plasma membranz.
Several eleutrically and ‘pharmecologicully distinguishable Ca2*
channels have heen Jdarmfrad. X these. different types of

' Cdz’ channels, fibroblasts are known 10 possess hoth the high

voltage-activated. (L-type) and’ low “wioltage-activated (T-type)
Calt channels (36, 4447). © Activation of the L-type
Ca?tchannels tequires changes in MEP that dre about 3-fold
greater than those requinsd to, adivate' the T-type CaZ* chanmeds
{21, 48). Rér{ultq.lfrrm the present shudy are consistent with mch
findings." For example, application of 2 10 Viem ES is likely w

Cinduce a-change of sbost 40wV in MEP, which is probably

sufficient 1o activate botfi the L. and T-typc'Ca2+.dla11nel_s. “In
conleast, application of & 2-Viem ES is prodiced 1o indues a
charge of less than ‘10 m¥ in. MEP, which is unlikely to be

sufficient to couse L-type Ca* channely activation. " In the latter
- case, 2 partial activaion o Ca®t chanmels (e, T-ype) is

‘postulated.. Based on these ohservations: we propose that Ca’+

'honwostamsmuldbemﬂu]ardbyumgopmnalESpmmm'

w am-.rate(‘:az’f channels selectively.

‘At Jeast two mochular mcchamsms could bc

: rcspuﬁslblu fur seleclive Cd"_*' <hannel d:,llwtuun_hy weutk

oscillatory .ES.  First,. because the oscillatory. ES-induced
{CaZ*y, increase roquires 30 min of continuaus CKPOSEIG 1o
re-y::h a maxtmllrn, exngenmils weak electrical mgrlals may
be te,mporall)' mleumted and Tectified to causs Caz"'
charnnel’ activation. Such mechanisms have indeed heen
proposed -and shown to be theoretically plausiblc (49,500,
Sceond, rodistribution of charged C8Rs could alier the
MEP and th::reby, cause  partizl actwatlon of Ca+
channels.. “This. mechanism is supporned by our previnus
Obscr-.ahms that at ‘Teast three- different types of CSR 'do

aedistribute ‘or - the sarface of. fikroblasts in MESPONSE 10 -

oscillatory ES: ‘of freqnencms ﬂ1ms’r£rr ‘too -thase nsed in the
present sudy.. The time scale-: for CSR: sedistribution is

cnmml:em with: the .time. course’ of the E‘% induced’ [(_nz'*}

- increase, ‘Tor example; a | Hz or. {0 Hz LS induces CSR

redisiebution- on a. time scalé of ~13 win (32} Parther,

‘theoretical tréamment shows that: redistribution of lateralty -
. nobile and electrically charged C5Rs {e.g., glycoprutmns}

dois altet MEP INNR \M cangol tule o the: p0331h1hly
that- Ca2+ channels Gie;, VDCCs) themselves are laterally

. mobllc, and are thereby redistributed on the cell surface in
- mspunse (o BS. Alhough VGOC expression in the cell

membrane  of fibroblasts could  be ohserved using

- fluorescently “conjugated | anti-YGCC - dntibodies, - direct
" experimental abat,rvdLlﬂn of . ¥oec rajlblnbullun is

difficult, due to ‘poor ” signal- to-npise ratic. Mire

'sophlsncatccl experiments  using . single pamelc wracking

techmigues ae uniderivay 10 quanm‘y, willh mm-precision, the
mation of individual - celt srface “recepioes, including ion

. channels, in response (o strong and weak oscitlatory S,

. Finally, the €Ca?*); has been shown fo be an

importaut regulator of cell adhesion (52). ¢t influx can



" Regulation of chleium tntey

‘induce cc]] adhcs:on dnd mglanon in plalelets (53)
neutrophils ['14} codoihelial oelh(aﬂ and fibroblasts (12).

Streteh-induced calciom channel activativn in kﬂrammcytcs L l
leads- 1o cell: detachmem and: subsequem cell reledse (38),

_ suggesting that: Cd2+ m[lux contrds: t:ellular mechamc& s

“Becanse Ca?+: dependent cell Adhésion and. mouhty are two _
of the eritical factors thit. “determine tissue integrty and

1l mermn ‘wiethods of control-of the (C42+}; Tevel oouid play
an meortanl role in cell- and; tissuc enginegring.’ By

appiymg optimal ES. nnn-mvnawely, we have dcmonstrateci ; L

that the". (Ca®*)y, level can be f%ulated Wlth":“lt GﬂUSIﬂE .- 16. Oguma, F. K. &8 W. Hai: Acalc:um requirement for

-:elLula: damagcs
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