
Embr yoni c Fi br obl ast Mot i l i t y and Or i ent at i on

Can Be I nf l uenced by Physi ol ogi cal El ect r i c Fi el ds

ABSTRACT

	

Epi t hel i al l ayer s i n devel opi ng embr yos ar e known t o dr i ve i on cur r ent s t hr ough

t hemsel ves t hat wi l l , i n t ur n, gener at e smal l el ect r i c f i el ds wi t hi n t he embr yo . We hypot hesi zed

t hat t he movement of mi gr at or y embr yoni c cel l s mi ght be gui ded by such f i el ds, and r epor t

her e t hat embr yoni c quai l somi t e f i br obl ast mot i l i t y can be st r ongl y i nf l uenced by smal l DC

el ect r i c f i el ds . These cel l s r esponded t o such f i el ds i n t hr ee ways : ( a) The cel l s mi gr at ed

t owar ds t he cat hodal end of t he f i el d by ext endi ng l amel l i podi a i n t hat di r ect i on . The t hr eshol d

f i el d st r engt h f or t hi s gal vanot axi s was bet ween 1 and 10 mV/ mmwhen t he cel l s wer e cul t ur ed

i n pl asma . ( b) The cel l s or i ent ed t hei r l ong axes per pendi cul ar t o t he f i el d l i nes . The t hr eshol d

f i el d st r engt h f or t hi s r esponse f or a 90- mi n i nt er val i n t he f i el d was 150 mV/ mm i n F12

medi um and bet ween 50 and 100 mV/ mm i n pl asma . ( c) The cel l s el ongat ed under t he

i nf l uence of f i el d st r engt hs of 400 mV/ mmand gr eat er . These f i br obl ast s wer e t her ef or e abl e

t o det ect a vol t age gr adi ent at l east as l ow as 0 . 2 mV acr oss t hei r wi dt h . El ect r i c f i el ds of at

l east 10- f ol d l ar ger i n magni t ude t han t hi s t hr eshol d f i el d have been det ect ed i n vi vo i n at

l east one ver t ebr at e t hus f ar , so we bel i eve t hat t hese f i el d ef f ect s encompass a physi ol ogi cal

r ange .

The di r ect i onal movement of cel l s dur i ng embr yogenesi s,

wound heal i ng, and t umor i nvasi veness has been wel l docu-

ment ed ( 42, 43) . I n par t i cul ar , t her e ar e many i nst ances when

embr yoni c cel l s mi gr at e as i ndi vi dual cel l s dur i ng embr yogen-

esi s and consi st ent l y f ol l ow a pr eci se pat hway t owar d t hei r

f i nal dest i nat i on ( e . g . , neur al cr est , pr ecar di ac mesenchyme,

pr i mor di al ger m cel l s, and l at er al movement of mesobl ast

away f r omt he pr i mi t i ve st r eak, t o name a f ew) . The mecha-

ni sms behi nd t hi s behavi or r emai n obscur e . Sever al candi -

dat es have been pr oposed and i ncl ude ext r i nsi c i nf l uences

such as cont act i nhi bi t i on, cont act gui dance, chemot axi s, and

di f f er ent i al adhesi veness ( hapt ot axi s) as wel l as i nt r i nsi c f ac-

t or s pr ogr ammed wi t hi n t he cel l s . One l ess expl or ed envi r on-

ment al f act or t hat mi ght gui de cel l movement i s an el ect r i c

f i el d. Embr yoni c el ect r i c f i el ds can be gener at ed by i on cur -

r ent s dr i ven i nt o t he embr yo by t he epi t hel i um whi ch i s wel l

known t o pump i n posi t i ve i ons such as Na' ( 23) . Such

embr yoni c cur r ent s have al r eady been measur ed exi t i ng t he

pr i mi t i ve st r eak of chi ck gast r ul ae ( 20) and t he bl ast opor e of

f r og neur ul ae ( 36) i n addi t i on t o emi nat i ng f r om t he cut
sur f ace of wounds ( 3) and r egener at i ng l i mbs ( 5) , wher e

mor phogenesi s i s al so occur r i ng . Fur t her mor e, t her e i s good

evi dence f r om t i ssue cul t ur e st udi es t hat some cel l s, such as
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amoebae ( 44, 37) , macr ophages ( 31) , l eukocyt es ( 9, 14) , and

sl i me mol ds ( 1) , show sensi t i vi t y t o i mposed el ect r i cal f i el ds

by di spl ayi ng a gal vanot act i c r esponse . Recent l y, a r el at ed

phenomenon of embr yoni c cel l gal vanot r opi smhas al so been

obser ved i n devel opi ng neur ons . Thi s cel l t ype gr ows t owar d

t he cat hode i n a DC el ect r i c f i el d ( 19, 16, 13, 33) . I t i s

i mpor t ant t o not e t hat t he f i el d st r engt hs t hat el i ci t t hese

gal vanot r opi c and gal vanot act i c r esponses i n vi t r o ar e qui t e

smal l and may wel l be gener at ed i n vi vo .

We have been par t i cul ar l y i nt er est ed i n t he r ol e of el ect r i c

f i el ds i n gui di ng mor phogenet i c movement s of i ndi vi dual

embr yoni c cel l s and have pr evi ousl y demonst r at ed t hat quai l

somi t i c f i br obl ast s and quai l neur al cr est cel l s di spl ay a st r i k-
i ng sensi t i vi t y t o el ect r i c f i el ds as l ow as 150 mV/ mm by
or i ent i ng per pendi cul ar t o t he f i el d and mi gr at i ng t owar ds t he

cat hode ( 12, 30) . Thr ee ot her l abs have r ecent l y obser ved

si mi l ar gal vanot axi s behavi or i n neur al cr est and epi t hel i al

cel l s ( 7, 40, 26) . I n t hi s paper we descr i be i n det ai l t he behavi or

of somi t e f i br obl ast s i n a i mposed el ect r i c f i el d under a var i et y

of exper i ment al condi t i ons. Her e we r epor t a much l ower
t hr eshol d t han pr evi ousl y r epor t ed f or t he gal vanot axi s r e-
sponse of bet ween 1 and 10 mV/ mmi n pl asma . We chose

somi t i c scl er ot ome cel l s f or t hese st udi es si nce t hey i ni t i al l y
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under go a di r ect ed vent r al di sper si on ar ound t he neur al t ube

dur i ng devel opment . For a r evi ew of t he di r ect ed movement s

of embr yoni c f i br obl ast s, see Tr i nkaus ( 43) .

MATERI ALS AND METHODS

Cel l Cul t ur e

Cel l cul t ur es wer e est abl i shed as pr evi ousl y descr i bed ( 25) . Br i ef l y, neur al

t ubes and associ at ed t i ssues wer e exci sed f r om22- somt t e quai l embr yos ( Co-

t ur ni x cot ur ni x j aponi ca) and di gest ed wi t h f ul l - st r engt h pancr eat i n ( Gi bco

Labor at or i es, Gr and I sl and, NY) unt i l al l somi t i c, not ochor dal , and epi t hel i al

t i ssues coul d be di ssect ed away wi t h shar pened t ungst en needl es . Somi t es wer e

cut i nt o pi eces, t r ansf er r ed ont o aci d- washed 22 x 9- mmcover sl i ps ( Gol d Seal

Cl ay Adams, Par si ppany, NJ) , and gr own i n F12 medi um( Gi bco Labor at or i es)

cont ai ni ng 10% f et al cal f ser umand 3%chi ck embr yo ext r act . The cel l s wer e

al l owed t o spr ead on t he cover sl i p f or 48 h i n a 5% C02 i ncubat or at 37° C

bef or e pl aci ng t hemi n our exper i ment al chamber f or st udy .

Exper i ment al Pr ot ocol

I mmedi at el y bef or e each exper i ment , t he cover sl i p cont ai ni ng t he cel l s was

washed 3 x i n F12 medi um cont ai ni ng 10 mMHEPES buf f er , but no ser um

or embr yo ext r act . The cover sl i p was t hen pl aced i n a speci al l y desi gned

chamber ( Fi g . 1 a) , whi ch consi st ed of a 45 x 50- mm cover sl i p gl ass bot t om

ont o whi ch t wo 6 x 25- mm pi eces of no . 2 cover sl i p wer e waxed t o f or ma 9-

mmwi de t r ough. The no . l cover sl i p wi t h cel l s on i t was pl aced i n t hi s t r ough

whi ch was f i l l ed wi t h t he pr ot ei n- f r ee F12 medi um ( pH 7 . 0) and seal ed wi t h a

cover gl ass and si l i con hi gh- vacuum gr ease ( Dow Comi ng Cor p. , Mi dl and, MI )

t o pr event desi ccat i on. The f l ui d hei ght over t he cel l s var i ed f r om 90 t o 180

j um, dependi ng on t he t hi ckness of t he wax l ayer . Hei ght s >200, umor <90 km

r esul t ed i n unaccept abl e l evel s of cel l deat h. For t he cr oss- cur r ent f l ui d f l ow

exper i ment s t he chamber was modi f i ed as shown i n Fi g . 1 b so t hat t wo t r oughs

wer e f or med, al l owi ng us t o pass f l ui d over t he cel l s per pendi cul ar t o t he el ect r i c

f i el d l i nes. Chamber s wer e mai nt ai ned at 37° C wi t h an ai r cur t ai n i ncubat or
( Sage model 279, Sage I nst r ument s Di v . , Or i on Resear ch, I nc . , Cambr i dge,
MA) dur i ng t he exper i ment s . Di r ect cur r ent ( DC) was appl i ed t hr ough Ag-
AgCI el ect r odes i mmer sed i n sal i ne- f i l l ed wel l s t hat wer e connect ed i n t ur n t o
t he chamber wel l s by 10- cm l ong 2% agar br i dges . Cur r ent was measur ed
cont i nuousl y wi t h a Kei t hl ey model 600B el ect r omet er ( Kei t hl ey I nst r ument s,
I nc . , Cl evel and, OH) and t he vol t age acr oss t he chamber was measur ed di r ect l y
wi t h a vol t met er by i nser t i ng Ag- AgCI el ect r odes i nt o t he ends of t he chamber
t r ough at t he begi nni ng and end of each exper i ment . Thi s di r ect vol t age
measur ement pr ovi ded t he f i el d st r engt h val ues r epor t ed her e . We f i nd t hat
t hi s i s mor e accur at e t han a cal cul at i on of t he f i el d st r engt h based on t he

cur r ent and chamber cr oss- sect i onal ar ea whi ch usual l y yi el ds f or unknown

r easons a val ue appr oxi mat el y t wof ol d l ar ger t han t he act ual f i el d st r engt h . The

FI GURE 1 Exper i ment al chamber s
used t o appl y t he el ect r i c f i el d t o
t he cel l cul t ur es . The chamber bot -
t om i s a 45 x 50- mmpi ece of no . 1
1/ z cover sl i p gl ass. A pi ece of 5- mm
t hi ck pl exi gl ass was mi l l ed out t o
f or m t he wel l s and waxed t o t he
gl ass bot t om. ( a) St andar d chamber
t hat was used i n most exper i ment s .
( b) Modi f i ed chamber t hat was used
i n t he cr oss- cur r ent f l ui d f l ow ex-
per i ment s .

Quant i t at i on of Cel l Behavi or

cel l s wer e obser ved wi t h a Ni kon Di aphot i nver t ed mi cr oscope, and t hei r

behavi or was r ecor ded wi t h an RCA vi deo camer a and a Panasoni c t i me- l apse

vi deo t ape deck. Af t er each exper i ment , cul t ur es wer e f i xed wi t h 2 . 5%gl ut ar -

al dehyde i n 0 . 1 MNaCacodyl at e buf f er and phot ogr aphed.

The above exper i ment al pr ot ocol was var i ed i n sever al ways . Occasi onal l y,

ei t her Hanks' basi c sal t sol ut i on ( HBSS) cont ai ni ng 10 mMHEPES buf f er , or

chi cken pl asma ( Gi bco Labor at or i es) di l ut ed 1 : 1 wi t h F12- HEPES, was subst i -

t ut ed f or F12 medi um i n t he chamber . The pl asma was di l ut ed t o pr event

cl ot t i ng. I n ot her exper i ment s t he cel l s wer e embedded i n a hydr at ed col l agen

l at t i ce pr epar ed exact l y as descr i bed by El sdal e and Bar d ( 11) . I n some exper i -

ment s t he modi f i ed chamber of Fi g. 1 b was used so t hat a cr oss- cur r ent f l ui d

f l ow coul d be i mposed on t he cel l s . Al l f i gur es descr i be exper i ment s done i n

F12 medi um unl ess not ed ot her wi se i n l egend.

DI RECTED MOTI LI TY :

	

The di r ect i on of movement and ot her behavi or al

r esponses t o t he el ect r i c f i el ds wer e det er mi ned f r omvi deo t apes. Di r ect i on and

speed of movement wer e measur ed by t r aci ng t he posi t i on of cel l nucl ei ever y

10 mi n f r om t he vi deo scr een ont o acet at e sheet s . The di r ect i on of l amel l i po-
di um ext ensi on and cel l r et r act i on wer e al so ascer t ai ned by obser vi ng t hese

t i me- l apse r ecor di ngs.

PERPENDI CULAR ALI GNMENT:

	

The or i ent at i on of a cel l wi t h r espect

t o t he el ect r i c f i el d was def i ned as a f unct i on of cos 26, wher e 6 i s t he angl e
f or med by t he i nt er sect i on of a l i ne dr awn t hr ough t he l ong axi s of each cel l

wi t h a l i ne dr awn per pendi cul ar t o t he f i el d l i nes ( Fi g. 2) . Thi s pol ar i zat i on

f unct i on was chosen f or conveni ence si nce i t var i es on a scal e f r om- I t o 1 . A

cel l whose l ong axi s i s al i gned per pendi cul ar t o t he f i el d l i nes wi l l have a

pol ar i zat i on of 1, and a cel l whose l ong axi s i s per f ect l y al i gned wi t h t he f i el d

wi l l have a pol ar i zat i on of - 1 . Fur t her mor e, a cel l whose l ong axi s i s or i ent ed

at 45° , hal f way bet ween t hese ext r emes, wi l l have a pol ar i zat i on of 0. Thus, a

r andoml y or i ent ed popul at i on of cel l s wi l l have an aver age pol ar i zat i on ( def i ned

by Eocos 26/ N) of 0 . Thi s aver age pol ar i zat i on was cal cul at ed f or each

exper i ment wi t h t he use of a di gi t i zi ng t abl et and comput er . An 8 x 10- i n

phot ogr aphi c enl ar gement of a 40 x phase phot omi cr ogr aph of t he cel l s was

pl aced on t he di gi t i zi ng t abl et ( Houst on I nst r ument s Hi pad 191Z, Houst on,
TX) and t he end poi nt s of t he l ong axi s of each cel l wer e i nput ed t o t he

comput er . The aver age pol ar i zat i on f or t he cel l popul at i on ( Eo cos 26/ N) was
t hen cal cul at ed and t he si gni f i cance of t hi s t wo- di mensi onal or i ent at i on di st r i -

but i on agai nst r andomness was cal cul at ed usi ng Rayl ei gh' s di st r i but i on as

descr i bed by Cur r ay ( 7) . The pr obabi l i t y t hat t he popul at i on i s r andoml y

or i ent ed i s gi ven by p = e-10Nx' ° - ` I wher e L = [ ( Eosi n 26) 2 + ( Eocos 26?] ' ~2
/

N( 0 . 01) , and Ni s t he t ot al number of cel l s. We use a pr obabi l i t y l evel of 0. 01

as t he l i mi t f or si gni f i cant pol ar i zat i on . I n most cases t he pol ar i zat i on was

measur ed bef or e and af t er a 90- mi n exposur e t o an el ect r i c f i el d, but i n some

exper i ment s mor e f r equent phot ogr aphs wer e t aken so t hat t he t i me cour se of

t he cel l or i ent at at i on r esponse coul d be det er mi ned.
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Fi br obl ast Gal vanot axi s
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CELLELONGATI ON :

	

The cel l l engt h var i es wi t h t he t i me of exposur e t o

t he f i el d and wi t h f i el d st r engt h. I t was measur ed di r ect l y f r om t he enl ar ged

phot ogr aphs wi t h t he ai dof t hedi gi t i zer andcomput er . Ther e i s al ar ge st andar d

devi at i on of - 25 ur n when 300 cel l s ar e aver aged, but si gni f i cant di f f er ences i n

l engt h coul d be det ect ed under cer t ai n condi t i ons .

RESULTS

We have pr evi ousl y r epor t ed t hat quai l somi t e f i br obl ast s
r espond i n t hr ee ways t o an appl i ed el ect r i c f i el d ( 30) . These
ar e: ( a) t he cel l s mi gr at e t owar ds t he cat hodal end of t he f i el d;

FI GURE 2 A dr awi ng depi ct i ng t he f unct i on used t o quant i t at e

or i ent at i on wi t h r espect t o t he f i el d ( i . e . , pol ar i zat i on) . Dashed l i nes

r epr esent el ect r i c f i el d l i nes. Pol ar i zat i on i s expr essed as a f unct i on

of Cos 20, wher e 0 i s t he angl e t hat t he l ong axi s of a cel l makes

wi t h a l i ne dr awn per pendi cul ar t o t he f i el d l i nes . Thus, a cel l

or i ent ed per pendi cul ar t o t he f i el d l i nes wi l l have a pol ar i zat i on

val ue of 1 ; par al l el t o t he f i el d, a val ue of - 1 ; and a val ue of 0 when

or i ent ed at a 45° angl e t o t he f i el d .

0 mV/ mm
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( b) t he cel l s or i ent i n t he f i el d so t hat t hei r l ong axes ar e

per pendi cul ar t o t he f i el d l i nes; ( c) t he cel l s al so el ongat e

under t he i nf l uence of r el at i vel y hi gh f i el d st r engt hs . We

pr esent her e a det ai l ed char act er i zat i on of t hese r esponses .

Di r ect ed Mi gr at i on

The di r ect i on of cel l mi gr at i on was det er mi ned by t r aci ng

t he movement of cel l nucl ei f r omt he vi deo scr een at 10- mi n

i nt er val s . We f i r st st udi ed t he ef f ect s of r el at i vel y l ar ge f i el ds

because t he r esponse was so dr amat i c . Cel l s i n a 600 mV/

mm f i el d consi st ent l y moved t owar d t he cat hode ( Fi g . 3) ,

wher eas i n cont r ol cul t ur es t he cel l s moved r andoml y i n al l

di r ect i ons. At pr ogr essi vel y l ower f i el d st r engt hs t hi s r esponse

became st eadi l y l ess pr onounced ( Fi g . 4) . However , even at

t he l ower f i el d st r engt h of 200 mV/ mmt hat pr oduces mi ni -

mal al i gnment of t he cel l s per pendi cul ar t o t he f i el d l i nes ( see
bel ow) , si gni f i cant l y mor e cel l mi gr at i on was di r ect ed t owar ds
t he cat hode t han t owar ds t he anode . I n f act , we wer e sur pr i sed

t o f i nd t hat t he negat i ve gal vanot axi s coul d be easi l y det ect ed
at 10 mV/ mm. The l ower f i el d of 1 mV/ mmyi el ded si gni f i -

cant negat i ve gal vanot axi s i n t hr ee exper i ment s and no si g-

ni f i cant gal vanot axi s i n t hr ee ot her exper i ment s . Ther ef or e,

t hi s f i el d st r engt h i s pr obabl y ver y cl ose t o t he t hr eshol d f or

t hi s di r ect ed mi gr at i on r esponse . The aver age cosi ne of t hi s

di st r i but i on of mi gr at i on di r ect i ons ( 2; n cos 0/ n) i s not si gni f i -

cant l y di f f er ent f r omt hat measur ed i n t he absence of a f i el d,

wher eas t he aver age cosi ne f or t he 10 mV/ mmcase i s cl ear l y

si gni f i cant l y di f f er ent . When t he cur r ent di r ect i on was r e-

ver sed t he cel l s st opped t hei r cat hodal l y di r ect ed movement

and began mi gr at i ng i n t he opposi t e di r ect i on ( Fi g . 5) . Thi s

r esponse t o r ever sed f i el ds i s usual l y much f ast er and st r onger

t han t he r esponse t o t he i ni t i al f i el d, as i f t he cel l s had been

" sensi t i zed" by t hei r pr evi ous exposur e t o t he el ect r i c f i el ds .

Thi s " sensi t i zat i on" i s qui t e i mpor t ant because i t suggest s t hat

t he cel l s may r espond t o even smal l er f i el ds af t er a shor t t i me

i n a f i el d.

We st udi ed t hi s di r ect i onal mi gr at i on i n mor e det ai l i n t he

600 mV/ mmf i el d and f ound t hat i t can be account ed f or by

t he f act t hat any new pr ocesses pr oduced by t he cel l s ar e

al ways di r ect ed t owar d t he cat hode- f aci ng si de of t he al i gned

cel l ( Fi g . 6) . The gr eat est per cent age of t hese new pr ocesses

600 mV/ mm

FI GURE 3

	

These t r aci ngs r epr esent

t he pat hways t aken by f i br obl ast s i n

a cont r ol ( l ef t ) and 600- mV/ mmDC

f i el d ( r i ght ) . Each poi nt r epr esent s

t he cent er of t he nucl eus t r aced ev-

er y 10 mi n f r om t he vi deo scr een .

The anode and cat hode ar e mar ked

by + and - , r espect i vel y . The ar -

r owheads i ndi cat e t he l ast t i me

poi nt and consequent l y t he di r ec-

t i on of movement . Tr ansl ocat i on

appear s r andom i n t he cont r ol cul -

t ur e, whi l e t he cel l s ar e al l di r ect ed

t owar ds t he cat hode i n t he 600- mV/

mmf i el d .



Di r ect i on of Cel l Mi gr at i on

~70°

	

1 mV/ mm

	

90'

0. 05: 0 . 06 ( 128)

A~~

270°

	

10 mV/ mm

	

90° A=

0. 18t o. 08 ( 86)

FI GURE 4

	

Hi st ogr ams demonst r at i ng t he di r ect i on of cel l mi gr at i on

dur i ng 90 mi n ( 120 mi n i n t he 1- and 10- mV/ mmcases) i n f i el ds of

var yi ng st r engt hs . 0° f aces t he cat hodal end of a ver t i cal l y di r ect ed

el ect r i c f i el d. The net mi gr at i on di r ect i on was det er mi ned by dr aw-

i ng a l i ne bet ween t he posi t i on of t he cel l nucl eus bef or e and af t er

90 mi n i n t he i ndi cat ed f i el d st r engt h . The hei ght of each bar i s

pr opor t i onal t o t he number of cel l s obser ved t o move i n t hat

di r ect i on and bar l engt hs r epr esent i ng one, t wo, and f our cel l s,

r espect i vel y, ar e on t he l ower r i ght of t he f i gur e . The aver age cosi ne

pl us or mi nus SEMand t ot al number of cel l s count ed i s i ndi cat ed

bel ow t he f i el d st r engt h val ue i n each hi st ogr am. Thi s aver age wi l l

be near 0 f or a r andom di st r i but i on of mi gr at i on di r ect i ons and wi l l

be near 1 i f most cel l s move t owar d t he negat i ve pol e . Nor mal l y

f i br obl ast s pl at ed at l ow cel l densi t y mi gr at e r andoml y ( 0 mV/ mm) .

At 600 mV/ mm, cat hodal l y di r ect ed mi gr at i on i s st r i ki ng. Even f i el d

st r engt hs as l ow as 10 mV/ mm r esul t i n pr edomi nant mi gr at i on

t owar d t he negat i ve pol e . At 1 mV/ mm t her e may be a sl i ght

mi gr at or y t endency t owar ds t he cat hode, but t hi s ef f ect i s onl y

obser ved i n hal f of t he exper i ment s and i s not si gni f i cant accor di ng

t o t he aver age cosi ne and st andar d er r or . Exper i ment al medi um

was chi ck pl asma i n 1 and 10 mV/ mm.

wer e di r ect ed exact l y t owar ds t he negat i ve pol e, but l amel l i -
podi a al so ext ended t hr oughout t he 180° demar cat ed by t he
si de of t he al i gned cel l f aci ng t he cat hode . These l amel l i podi a

ar e unusual i n t hat t hey wer e gener al l y f or med al ong t he l ong

si des of a cel l so t hat t he cel l s appear ed t o cr awl si deways ( Fi g.
7) . However , at f i el d st r engt hs bel owt he 150 mV/ mmt hr esh-

ol d f or t he or i ent at i on ef f ect ( see bel ow) , t he cel l s had t he

mor e t r adi t i onal f i br obl ast mor phol ogy wi t h t he l amel l i po-

di um ext endi ng i n t he di r ect i on of mi gr at i on and t he l ong

axi s al i gned wi t h t he di r ect i on of movement . The l amel l i podi a

t hat f or med i n a 600 mV/ mm- f i el d wer e al so qui t e changea-

bl e. For exampl e, t he cent er of such a pr ocess was f r equent l y

obser ved t o cease pr ot r usi on so t hat event ual l y t he l amel l i -

podi a ext ended onl y f r om ei t her end of t hese el ongat e cel l s .

These " canoe- shaped" cel l s st i l l moved si deways t owar ds t he

negat i ve pol e, si nce t he pr ocesses at each end pr i mar i l y ex-

t ended t owar d t he cat hode . However , t her e was some st r et ch-

i ng al ong t he cel l axi s t hat r esul t ed i n t he el ongat i on r esponse

at hi gher f i el ds .

The aver age speed of movement can al so be i nf l uenced by

t he el ect r i c f i el d . Ther e was no si gni f i cant change i n t hi s
aver age speed f or l ow f i el d st r engt hs of up t o 300 mV/ mm,

but f or 400 mV/ mmand gr eat er t her e was r oughl y a 40%

i ncr ease i n t he aver age speed ( Tabl e I ) . Si nce t hi s accel er at i on

al so occur r ed at t he t hr eshol d f or t he r et r act i on r esponse, t hi s
i ncr ease i n speed of movement may be due t o r et r act i on-

i nduced spr eadi ng ( 6) .

Or i ent at i on Response

ORI ENTATI ON AT DI FFERENT FI ELD STRENGTHS:

Fi br obl ast s i n cont r ol cul t ur es or i n cul t ur es phot ogr aphed

bef or e f i el d appl i cat i on wer e r andoml y di st r i but ed wi t h no

pr edomi nant or i ent at i on of t hei r l ong axes . Thi s yi el ds an

aver age pol ar i zat i on ver y near zer o as shown i n Tabl e I I .

Appl i cat i on of an ext er nal DC el ect r i c f i el d r esul t ed i n a

r edi st r i but i on of t he cel l s so t hat t hey t ended t o become

or i ent ed per pendi cul ar t o t he f i el d l i nes ( Fi g. 8) . The gr eat est

degr ee of al i gnment occur r ed at 600 mV/ mmwhi ch pr oduces

an aver age pol ar i zat i on of 0. 8 i n ~60 mi n ( a pol ar i zat i on

val ue of 1 means t hat ever y cel l i s per f ect l y al i gned per pen-

di cul ar t o t he f i el d) . Thi s f i el d st r engt h shoul d pr oduce a

vol t age dr op of 12 mV acr oss an aver age cel l t hat i s 20 ; m

wi de, or 48 mV al ong i t s 80 am l engt h i f i t s axi s i s al i gned

wi t h t he f i el d . At decr easi ng f i el d st r engt hs t he cel l s ar e

pr ogr essi vel y l ess al i gned, and t he l owest f i el d st r engt h t hat

yi el ded a si gni f i cant pol ar i zat i on i n pr ot ei n- f r ee medi umaf t er

90 mi n was 150 mV/ mm( Tabl e I I ) . However , f or l onger f i el d

appl i cat i ons of 3- 4 h, si gni f i cant pol ar i zat i on coul d be de-
t ect ed f or 100- mV/ mm f i el ds ( Tabl e 111) .

Thi s pol ar i zat i on r esponse was al so dependent on t he me-
di um used i n t he chamber s . I n chi ck pl asma, f or exampl e,
t he cel l s agai n achi eved maxi mum or i ent at i on at 600 mV/

mm, but t he t hr eshol d f or a r esponse was l ower ed t o bet ween

50 and 100 mV/ mmf or a 90- mi n exposur e t o t he f i el d ( Fi g .
9 ; Tabl e 11) . The r eason f or t hi s l ower t hr eshol d i s not known
but i t i s wor t h not i ng t hat t he cel l s appear ed heal t hi er under
t hese condi t i ons and t hat t he pl asma pr obabl y r epr esent ed a

mor e physi ol ogi cal medi umf or t he cel l s .
CONTROL EXPERI MENTS: We conduct ed a var i et y of

cont r ol exper i ment s t o be sur e t hat t he cel l s wer e r espondi ng

t o t he el ect r i c f i el d i t sel f , and not t o some f i el d- i nduced

envi r onment al vect or . I t i s ver y unl i kel y t hat t he el ect r i c f i el d

pr oduces a st andi ng gr adi ent of a cul t ur e medi um pr ot ei n,

si nce t he F12 medi um used cont ai ns no ser um or embr yo

ext r act . However , we al so conduct ed t hese exper i ment s i n

Hanks' sal i ne whi ch, unl i ke F12, i s f r ee of ami no aci ds and
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FI GURE 6

	

Hi st ogr ams r epr esent i ng

t he di r ect i on of t he i ni t i al l amel l i -

podi um ext ensi on af t er appl i cat i on

of an el ect r i c f i el d . 0° f aces t he

cat hodal end of t he ver t i cal l y di -

r ect ed f i el d . The hei ght of each bar

i s pr opor t i onal t o t he number of

pr ocesses measur ed and bar l engt hs

r epr esent i ng one, t wo, and f our

cel l s, r espect i vel y, ar e gi ven on t he

l ower r i ght of t he f i gur e . The aver -

age cosi ne of t he di st r i but i on pl us

or mi nus t he SEMand t ot al number

of cel l s count ed i s gi ven bel ow t he

f i el d st r engt h i n each hi st ogr am. I n

cont r ol s, l amel l i podi a ar e ext ended

r andoml y, but i n t he 600- mV/ mm

f i el d al l pr ocesses ar e di r ect ed t o-

war ds t he cat hodal hemi spher e,

wi t h t he gr eat est per cent age ex-

t ended t owar ds 0° . Not e t hat many

l amel l i podi a pr ot r ude per pendi cu-

l ar t o t he f i el d and ar e appar ent l y

r esponsi bl e f or t he el ongat i on phe-

nomenon obser ved at t he hi gher

f i el d st r engt hs .

i s composed onl y of sal t s . The same or i ent at i on r esponse was

obser ved ( Tabl e I I I ) . I t i s unl i kel y t hat t he cel l s t hemsel ves

ar e pr oduci ng some f act or t hat i s el ect r ophor esed and i nf l u-

enci ng nei ghbor i ng cel l s si nce an i mposed f l ui d f l ow of 100
Am/ s per pendi cul ar t o t he f i el d l i nes had no weakeni ng ef f ect
on t he r esponse ( Tabl e I I I ) . Anot her cont r ol desi gned t o
r educe el ect r o- osmot i c f l ui d f l ow was t o pl ace t he cel l s i n a

col l agen gel . Thi s el i mi nat ed t he bul k f l ui d f l ow t hr ough t he

chamber as i ndi cat ed by par t i cl e movement , but had ver y

l i t t l e ef f ect on t he or i ent at i on r esponse at hi gh f i el d st r engt hs
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FI GURE 5

	

The di st ance and di r ect i on of f i br obl ast mi gr at i on i n a 10- mV/ mm f i el d was det er mi ned f r om vi deot apes of t hr ee

exper i ment s . ( a) The vect or s r epr esent t he di st ance and di r ect i on of movement over 2 h wi t h t he cat hode at t he t op and t he

anode at t he bot t om of t he di agr am. The dot t ed l i ne r epr esent s t he boundar y bet ween t he cat hode and anode hemi spher es .

The maj or i t y of cel l s cl ear l y mi gr at e t owar d t he negat i ve pol e . ( b) The same f i el ds of cel l s wer e obser ved f or 1 h af t er t he pol es

of el ect r i c f i el d wer e r ever sed . The maj or i t y of cel l s have r ever sed t hei r di r ect i on of mi gr at i on and r espond mor e r api dl y t o t he

r ever sed f i el d as i f t hey had been " sensi t i zed" by t he pr evi ous exposur e t o a f i el d . Exper i ment al medi um was chi ck pl asma .

Angl e of Lamel l i podi um Ext ensi on

( Tabl e I 1I ) . Fi nal l y, t he appl i cat i on of al t er nat i ng cur r ent was
f ound t o have no or i ent i ng ef f ect . Fi el ds of up t o 1, 200 mV/

mmpeak- t o- peak at 60 Hz f or 90 mi n pr oduced no si gni f i cant

pol ar i zat i on ( Tabl e I I I ; Fi g. 8, g and h) .
TI ME COURSE OF ORI ENTATI ON RESPONSE :

	

Thet i me
cour se of t he cel l or i ent at i on r esponse can be st udi ed by
anal yzi ng sequent i al phot ogr aphs of cel l cul t ur es dur i ng t hei r

exposur e t o el ect r i c f i el ds . We f ound t hat i n a 600 mV/ mm-

f i el d t he cel l s had al r eady devi at ed si gni f i cant l y f r om a r an-
dom or i ent at i on wi t hi n 5 mi n of f i el d appl i cat i on, al t hough



t he pol ar i zat i on was st i l l qui t e smal l ( 0 . 13) . Wi t hi n 60 mi n

t he cel l popul at i on had at t ai ned i t s maxi mi um pol ar i zat i on

( Fi g . 10) . At l ower f i el d st r engt hs t wo di f f er ences wer e not ed
i n t he or i ent at i on r esponse . Fi r st , t he i ni t i at i on of t hi s r e-

sponse was obser ved l at er as t he f i el d st r engt hs wer e decr eased.

A si gni f i cant change i n or i ent at i on was not det ect ed unt i l 20

mi n af t er f i el d appl i cat i on at 400 mV/ mm, and not unt i l 30
mi n at 200 mV/ mm. Second, t he t i me needed t o r each

maxi mal r esponse was l onger t he l ower t he f i el d st r engt h, and

t he degr ee of pol ar i zat i on was pr ogr essi vel y l ess. Mor eover ,

t he r esponse appear ed t o be near l y l i near wi t h t i me f or l ow

f i el d st r engt hs and di st i nct l y nonl i near f or hi gher f i el d

st r engt hs .

Si nce t he 90- mi n t i me- per i od chosen was somewhat ar bi -

t r ar y, sever al l onger exper i ment s wer e car r i ed out ( Tabl e 111) .

These i ndi cat ed t hat t he t hr eshol d f i el d i n F12 was at l east as
l ow as 100 mV/ mmf or a 3- h per i od, and t hat t he aver age

pol ar i zat i on appear ed t o i ncr ease wi t h t i me i n some cases .

Thr ee of t hese ext ended t i me st udi es ar e i ncl uded i n Fi g . 10,
and bot h t he 300- and 500- mV/ mm f i el d st r engt hs r esul t ed

i n a sl i ght l y i ncr eased pol ar i zat i on when t he cel l s wer e exposed

f or l onger t i mes .
Si nce quai l somi t i c f i br obl ast s do not move ver y r api dl y i n

cul t ur e ( aver age speed i s 0 . 8 um/ mi n) , we wer e i nt r i gued by

t he ver y r api d, 5- mi n i ni t i at i on of t he r eor i ent at i on t hat

occur r ed when t he l ar ger f i el ds wer e appl i ed . Ti me- l apse vi deo
anal ysi s r eveal ed t he appar ent cause of t hi s r api d onset of
r eor i ent at i on . We f ound t hat cel l pr ocesses di r ect ed t owar ds

FI GURE 7 ( a) Phase mi cr ogr aph of f i br obl ast s

af t er 90 mi n i n a 600- mV/ mm, ver t i cal l y or i ent ed

f i el d . The cat hode i s at t he t op of t he mi cr ogr apl i .

Not e t hat even t hough t he cel l s ar e or i ent ed

per pendi cul ar t o t he f i el d, al l l amel l i podi a ( ar r ow-

heads) ext end f r om t he si des of t he cel l s t owar d

t he negat i ve pol e. ( b and c) Two phase mi cr o-

gr aphs of t he same cel l s phot ogr aphed af t er 30

and 60 mi n, r espect i vel y, i n a 600- mV/ mm DC

el ect r i c f i el d . The cat hode i s at t he t op of t he

mi cr ogr aph . The ar r ow mar ks a pi ece of debr i s

t hat pr ovi des a f i xed r ef er ence poi nt . The cel l s

have t r ansl ocat ed near l y 50, um t owar ds t he cat h-

ode i n 30 mi n . Not e t hat t he cel l s ar e movi ng

per pendi cul ar t o t hei r l ong axi s and t hat l amel l i -

podi a ext end al ong t hei r ent i r e l engt h . Bar , 100

Am. x 150 .

t he posi t i ve pol e ar e r api dl y r et r act ed i nt o t he cel l body
begi nni ng - 4 mi n af t er appl i cat i on of t he f i el d ( Fi g. 11) . I f
t he cel l s have sever al pr ocesses di r ect ed t owar ds t he posi t i ve
pol e, t he pr ocess most t angent i al t o t he f i el d l i nes was gener -
al l y t he f i r st t o be r et r act ed . I n cont r ol f i el ds wher e no cur r ent
was passed over t he cel l s, t he pr ocesses wer e r et r act ed r an-
doml y over t he cour se of obser vat i on . Event ual l y, al l pr ocesses
di r ect ed t owar d t he anode wer e r et r act ed . As a r esul t , t he
r emai ni ng cel l pr ocesses wer e gener al l y di r ect ed per pendi cul ar
t o t he f i el d l i nes . Some pr ocesses st i l l r emai ned ext ended
t owar ds t he negat i ve pol e, but many of t hese wer e l ost wi t h
l onger t i me i n cul t ur e, possi bl y due t o t he st r et chi ng r esponse

of t he cel l s ( see bel ow) , or wer e conver t ed l at er i nt o l amel l i -

podi a ( see Fi g. 7) . I n some cases cel l s t hat wer e not pr eci sel y

per pendi cul ar t o t he f i el d wi l l r eadj ust t hei r posi t i on l at er by
l amel l i podi al - di r ect ed movement . The t hr eshol d f or t hi s r e-
t r act i on phenomenon was ar ound 400 mV/ mm( Fi g . 11) si nce

bel ow t hi s f i el d st r engt h r et r act i on appear ed r andom.

El ongat i on

At f i el d st r engt hs of 400 mV/ mmor gr eat er t her e was al so
an el ongat i on r esponse t hat r esul t ed i n l onger , t hi nner cel l s .

The aver age l engt h of t hese cel l s af t er 48 h i n cul t ur e was - 80
jum. However , af t er - 1 h i n a f i el d of 400 mV/ mmor gr eat er
t hi s l engt h began t o i ncr ease t o ~90 pm( Fi g . 12) . I n t he l ower

f i el d st r engt hs t hi s el ongat i on was not obser ved . I nst ead t he

cel l s act ual l y shor t ened sl i ght l y . Thi s st r et chi ng r esponse was
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TABLE I

Speed of Movement i n DC El ect r i c Fi el ds

( 74)

Speed of movement i s cal cul at ed f r om di spl acement val ues over 10- mi n
i nt er val s . Val ues i n par ent heses r epr esent t he number of cel l s . The di f f er -
ence bet ween t he aver age speeds was t est ed f or si gni f i cance usi ng St udent ' s
t - t est and assumi ng unknown and unequal var i ances . The l evel of si gni f i -
cance f or t he t - t est i s gi ven by t he P- val ue .

* Speed si gni f i cant l y di f f er ent f r omf i el d st r engt h .
' ± SD.
s Mar gi nal l y si gni f i cant .

See above f or 0, 50, 200, 400 mV/ m.

pr edi ct ed af t er our obser vat i ons of t he angl e of l amel l i podi um

ext ensi on ( Fi g. 6) whi ch showed a l ar ger number of l amel l i -

podi a at 90 ° and 270° t han el sewher e on t he cel l except at 0° ,

f aci ng t he cat hode.

DI SCUSSI ON

NewFi ndi ngs

We have di scover ed a r emar kabl e exampl e of embr yoni c
f i br obl ast gal vanot axi s i n whi ch physi ol ogi cal DC el ect r i c
f i el ds i nf l uenced di r ect i on of mi gr at i on, cel l or i ent at i on, and
cel l shape. As we st at ed i n a pr el i mi nar y r epor t of t hi s phe-

nomenon ( 30) , t hi s i s t he f i r st exampl e of gal vanot axi s i n

embr yoni c cel l s and onl y t he second case of per pendi cul ar
or i ent at i on ( t he f i r st bei ng Xenopus muscl e cel l el ongat i on

[ 16] ) . Recent l y, t wo ot her l abor at or i es have i ndependent l y

f ound t hat amphi bi an neur al cr est cel l s exhi bi t t he same t hr ee

t ypes of r esponse t o st eady f i el ds ( 40, 7) , and we have al so

obser ved t he or i ent at i on r esponse i n quai l neur al cr est cel l s

( 12, 30) . A t hi r d embr yoni c cel l t ype t hat has r ecent l y been

f ound t o exhi bi t t hi s per pendi cul ar or i ent at i on r esponse i s t he

Xenopus epi t hel i a] cel l ( 26) , al t hough gal vanot axi s t owar ds

t he cat hode i s onl y obser ved at ver y hi gh f i el d st r engt hs .

TABLE I I

Aver age Pol ar i zat i on of Fi br obl ast s af t er 90 Mi n i n I ndi cat ed

Fi el d St r engt h and Medi um

Pr obabi l i t y t hat

di st r i but i on i s

Fi el d st r engt h

	

Pol ar i zat i on*

	

r andom

mV/ mm

F- 12 medi um

± SEM; val ues i n par ent heses i ndi cat e t he number of cel l s .

FI GURE 8

	

Mi cr ogr aphs of t he same f i el d of 48- h quai l somi t e f i br obl ast s t aken bef or e and af t er el ect r i c f i el d appl i cat i on . I n al l

mi cr ogr aphs t he f i el d l i nes ar e ver t i cal wi t h t he cat hode at t he t op of t he phot ogr aph . Al l ar e i n F12 medi um except c and d,

whi ch ar e i n pl asma . ( a and b) Bef or e and af t er 90 mi n i n a 200- mV/ mmDC el ect r i c f i el d . Some r eor i ent at i on of t he cel l s can be

det ect ed . ( c and d) Bef or e and af t er 90 mi n i n a 400- mV/ mm DC f i el d . These cel l s have become mor e obvi ousl y al i gned

per pendi cul ar t o t he f i el d l i nes . ( e and f ) Bef or e and af t er 90 mi n i n a 600- mV/ mm f i el d . Near l y al l of t he cel l s ar e al i gned

per pendi cul ar t o t he f i el d . Not e al so t hat t he cel l s have el ongat ed mor e t han t hose at l ower f i el d st r engt hs . ( g and h) Bef or e and

af t er 90 mi n i n an AC f i el d of 1, 200 mV/ mmpeak- t o- peak at 60 Hz . Bar , 500, um. x 36 .
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0 - 0 . 08 ± 0 . 05 ( 176) 0 . 17

0 - 0 . 01 ± 0 . 04 ( 255) 0 . 98

0 - 0 . 08 ± 0 . 07 ( 106) 0. 46

40 - 0 . 04 ± 0 . 04 ( 300) 0 . 10

73 0 ± 0 . 05 ( 218) 0 . 87

93 - 0 . 04 ± 0 . 05 ( 211) 0 . 08

160 0 . 17 ± 0. 06 ( 128) 0 . 03

180 0 . 20 ± 0 . 04 ( 264) 10- 5

200 0 . 36 ± 0 . 04 ( 230) 10- "

200 0 . 41 ± 0. 04 ( 271) 10
- 20

220 0 . 33 ± 0. 05 ( 189) 10- '

300 0 . 26 ± 0 . 04 ( 270) 10- 10

300 0 . 34 ± 0. 04 ( 261) 10
- 14

325 0 . 57 ± 0 . 03 ( 281) 10
- 41

366 0 . 47 ± 0 . 03 ( 330) 10- 35

400 0 . 63 ± 0. 03 ( 235) 10- 42

400 0 . 62 ± 0 . 03 ( 217) 10- 38

450 0 . 66 ± 0 . 03 ( 266) 10- 51

500 0 . 78 ± 0 . 02 ( 260) 10- 99

500 0 . 61 ± 0 . 03 ( 243) 10- 41

550 0 . 92 ± 0 . 01 ( 196) 10- 99

600 0 . 80 ± 0. 03 ( 196) 10- 56

600 0 . 81 ± 0 . 02 ( 200) l 0- 56

600 0 . 86 ± 0. 02 ( 173) 10- 57

700 0 . 87 ± 0 . 02 ( 157) 10 - 53

800 0 . 81 ± 0 . 03 ( 151) 10- , .

Chi ck pl asma

0 0 ± 0 . 05 ( 201) 0. 20

0 0 . 05 ± 0 . 04 ( 249) 0 . 39

25 0 . 02 ± 0 . 05 ( 182) 0 . 89

25 0 . 03 ± 0 . 04 ( 250) 0 . 06

50 0 . 01±0. 05( 191) 0 . 23

50 0 . 09 ± 0 . 05 ( 225) 0. 15

50 0 . 05 ± 0 . 06 ( 157) 0. 66

50 0 . 10 ± 0 . 04 ( 248) 0 . 02

50 0 . 14 ± 0 . 05 ( 174) 0. 002

100 0 . 17 ± 0 . 05 ( 173) 0. 006

100 0 . 15 ± 0 . 04 ( 244) 0 . 002

200 0 . 35 ± 0 . 04 ( 266) 10 - 15

200 0 . 14 ± 0 . 04 ( 258) 0 . 005

400 0 . 57 ± 0 . 03 ( 230) 10- 35

400 0 . 58 ± 0 . 03 ( 232) 10- 34

400 0 . 57 ± 0 . 03 ( 230) 10- 35

500 0 . 73 ± 0 . 03 ( 230) 10- 56

600 0 . 77 ± 0 . 02 ( 232) 10- 61

600 0 . 88 ± 0 . 02 ( 156) 10- 53

Fi el d

st r engt h

mV/ mm

Aver age

speed

um/ mi n=

Fi el d

st r engt h*

mV/ mm

p T

Degr ees

of f r ee-

dom

0 0 . 82 ± 0 . 31 400 <0 . 1 1 1 . 62 74

( 31) 500 <0. 001 5 . 04 83

600 <0 . 001 4. 07 78

50 0 . 75 ± 0. 25 400 <0. 01 2 . 52 80

( 46) 500 <0 . 001 6. 68 81

600 <0. 001 6 . 06 120

200 0 . 82 ± 0. 36 400 <0. 1 1 1 . 35 73

( 33) 500 <0 . 005 4. 59 82

600 <0. 005 3 . 62 72

400 0 . 93 ± 0. 38 500 <0 . 005 3 . 31 98

( 46) 600 <0. 01 2 . 35 104

500 1 . 26 ± 0. 48

( 53)

600 1 . 13 ± 0. 42



Aver age Pol ar i zat i on of Fi br obl ast s under Var i ous Condi t i ons or

Longer Fi el d Appl i cat i ons

Pr obabi l i t y

t hat t he

TABLE I I I

* ± SEM; val ues i n par ent heses i ndi cat e number of cel l s .

= I n pl asma.

Gal vanot axi s was not obser ved i n di ssoci at ed chi ck embr yo

mesoder m cel l s ( 39) . However t hi s negat i ve r esul t must be

vi ewed wi t h some caut i on because t he 1- mm- hi gh chamber

used i s l i kel y t o heat t he cel l s si nce r esi st i ve heat i ng i s pr opor -

t i onal t o t he cr oss- sect i onal ar ea of t he cur r ent pat h . I n f act ,

quai l f i br obl ast s begi n t o r ound up and det ach when our

chamber hei ght exceeds 200, um. Mor eover , t he cel l s shown

i n Fi g. 4 of t hat paper do not appear t o be wel l spr ead and

heal t hy .

The most exci t i ng aspect of our r esul t s i s t he ext r emel y l ow

t hr eshol d f or t he gal vanot axi s r esponse of - 1 mV/ mm. Much
l ar ger f i el ds t han t hi s have al r eady been measur ed beneat h

t he epi t hel i um near a smal l wound ( 3) , and, as di scussed

bel ow, i t i s ver y l i kel y t hat embr yoni c el ect r i cal f i el ds of t hi s

magni t ude ar e pr esent dur i ng t he st age i n devel opment when

t hese f i br obl ast s mi gr at e out of t he scl er ot ome .
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FI GURE 9

	

Aver age pol ar i zat i on i n t he or i ent at i on of a popul at i on

of f i br obl ast s af t er 90 mi n i n a DC el ect r i c f i el d at t he i ndi cat ed

f i el d st r engt h i n F12 ( 0) and chi cken pl asma ( O) . Each poi nt r epr e-

sent s t he aver age cos 20 f or 150- 300 cel l s, and t he bar s i ndi cat e

SEM. Cel l s ar e maxi mal l y pol ar i zed at ^ - 600 mV/ mm i n bot h F12

and i n pl asma, but t he t hr eshol d f or t hi s r esponse appear s t o be

l ower i n pl asma ( 50 mV/ mm) t han i n F12 ( 150 mV/ mm) .

T

Ot her Exampl es of Cel l Gal vanot axi s

600 MV/ mm r

a sno
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FI GURE 10

	

Aver age pol ar i zat i on of a popul at i on of f i br obl ast s i n

t he i ndi cat ed DC f i el d st r engt h wi t h r espect t o t i me . The 100- ,

300- , and 500- mV/ mmexper i ment s wer e conduct ed f or ext ended

t i me per i ods and t he f i nal pol ar i zat i on i s pl ot t ed on t he f ar r i ght

wi t h t he measur ement t i me i n mi nut es i ndi cat ed next t o i t . Bar s

r epr esent st andar d er r or of t he mean ( SEM) . Not e t he l i near i t y of

t he r esponse <400 mV/ mm, and t he r api d onset of or i ent at i on

>400 mV/ mm.

1
195

St udi es of gal vanot axi s have a l ong hi st or y dat i ng back t o

t he l at e 1800' s when l eukocyt es and amoebae wer e f i r st pl aced

i n el ect r i c f i el ds ( 9, 44) . At l east f our cel l t ypes t hat nor mal l y

cr awl on subst r at es have been obser ved t o exhi bi t gal vano-

Fi el d st r engt h
( mV/ mm)

Al t er nat i ng cur r ent

Pol ar i zat i on*

di st r i but i on

i s r andom

Dur at i on

of f i el d

mi n

1, 200 pt p ( 60 Hz) 0 ± 0 . 04 ( 268) 0 . 91 90

1, 200 pt p ( 60 Hz) 0 . 04 ± 0 . 04 ( 283) 0 . 66 90

600 pt p ( 88 Hz) - 0 . 03 ± 0 . 04 ( 263) 0 . 83 90

600 pt p ( 88 Hz) 0 . 08 ± 0 . 05 ( 216) 0 . 07 90

Hanks' sal i ne me-

di um

548 0 . 72 f 0 . 03 ( 301) 10
- 99

62

450- 600 0 . 81 ± 0 . 02 ( 224) 10- 64 127

600 0 . 66 ± 0 . 04 ( 136) 10- Z8 90

Cr oss- cur r ent f l ui d

f l ow

600 0 . 58 ± 0 . 04 ( 263) 10- 39 90

600 0 . 73 ± 0 . 03 ( 230) l o- 34 90

330 0 . 31 ± 0 . 04 ( 226) 10- 10 90

Col l agen gel embed-

ded

505 0 . 80 ± 0 . 02 ( 127) l 0- 36 128

600 0 . 68 ± 0 . 04 ( 137) 10- 2 e 90

Ext ended t i mes of

f i el d appl i cat i on

15 0 . 05 ± 0 . 05 ( 236) 0 . 54 180

25 - 0 . 11 ± 0 . 05 ( 176) 0 . 08 240

25 0 . 02 ± 0 . 06 ( 155) 0. 86 240

25 0 . 11 ± 0 . 05 ( 237) 0 . 06 240

50= 0 . 14 ± 0 . 05 ( 174) 0 . 002 240

100 0 . 16 ± 0 . 04 ( 249) 10- 4 195

150 0 . 04 ± 0 . 05 ( 181) 0 . 40 180

200* 0 . 21 ± 0 . 04 ( 216) 10- 1 150

300 0 . 34 ± 0 . 04 ( 264) 10- 15 150

300 0 . 28 ± 0 . 04 ( 270) 10- 10 176

445 0 . 81 ± 0 . 02 ( 224) 10- 64 127

500 0 . 84 ± 0 . 02 ( 256) 0 180

505 0 . 80 ± 0 . 02 ( 127) 10- 36 128

725 0 . 85 ± 0 . 02 ( 273) 0 95



FI GURE 11 Thi s hi st ogr am sum-

mar i zes t he or i ent at i on of t he f i r st

pr ocess t o be r et r act ed af t er t he

cur r ent was appl i ed as det er mi ned

f r om vi deo t apes . 0° r epr esent s t he

cat hodal end of t he f i el d and 180°

i s t he anodal end . The hei ght of

each bar i s pr opor t i onal t o t he num-

ber of pr ocesses measur ed and bar

l engt hs r epr esent i ng one, t wo, and

f our cel l s, r espect i vel y, ar e gi ven on

t he l ower r i ght of t he f i gur e . The

aver age cosi ne of t he di st r i but i on

pl us or mi nus SEM and t ot al cel l s

count ed ar e gi ven bel ow t he f i el d

st r engt h f or each hi st ogr am. Thi s av-

er age wi l l appr oach - 1 as mor e cel l s

r et r act pr ocesses f aci ng 180° . I n 0-

and 200- mV/ mm f i el ds pr ocesses

r et r act r andoml y . However , i n bot h

t he 400- and 600- mV/ mm f i el ds t he

maj or i t y of t he pr ocesses r et r act ed

ar e di r ect ed t owar ds t he anode .

Fur t her mor e, i f sever al pr ocesses

f r om one cel l ar e di r ect ed t owar ds

t he anode, t he f i r st t o be r et r act ed

i s usual l y t hat most near l y al i gned

wi t h t he f i el d l i nes .

Why St udy Cal vanot axi s?

t axi s : amoebae, sl i me mol ds, l eukocyt es, and macr ophages .

Bot h Amoeba pr ot eus and Physar umpol ycephal um mi gr at e

t owar ds t he cat hode wi t h a t hr eshol d f i el d st r engt h of 250 and

6 mV/ mm, r espect i vel y ( 22, 1) . However , t he amoeba exhi bi t s

onl y a shor t - t er m r esponse, and wi t hi n a f ewmi nut es t he cel l

accommodat es t o t he f i el d and appear s t o i gnor e i t ( 37) . The

amoeba' s mean cat hodal mi gr at i on vel oci t y i ncr eases l i near l y

wi t h t he f i el d st r engt h, but t he sl i me mol d' s vel oci t y i s i nde-

pendent of f i el d st r engt h ( 1) . Bot h t he l eukocyt e and macr o-

phage mi gr at e t owar d t he anode ( 29, 14, 31) , al t hough i t has

been r epor t ed t hat i n smal l f i el ds or i n r egi ons of i nf l amma-

t i on l eukocyt es move t o t he cat hode ( 29, 9) . Ther ef or e, t he

embr yoni c cel l gal vanot axi s r epor t ed her e i s one of t he most

per si st ent behavi or s t hus f ar obser ved.

Thi s r esear ch was pr ompt ed by our specul at i on t hat mi gr a-
t or y embr yoni c cel l s mi ght encount er el ect r i c f i el ds i n t he

embr yo dur i ng nor mal devel opment . Epi t hel i al l ayer s ar e wel l

Angl e of Pr ocess Ret r act i on

0°

270' 600 mV/ mm 90

- 0. 52±0. 10 ( 46)

180`

Oo

270° 400mV/ mm 90 0

- 0 . 47zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 0. 22 ( 13)

180°

NEI

known t o pump i ons and ot her sol ut es acr oss t hemsel ves ( 23) .
These i on movement s ar e of t en el ect r ogeni c and wi l l gener at e
an i on cur r ent acr oss t he cel l l ayer t hat wi l l l eak back t hr ough
r egi ons of l ow i nt er cel l ul ar r esi st ance . Such out war d l eakage
cur r ent s of 100 uA/ cM2 have been det ect ed exi t i ng t he pr i m-

i t i ve st r eak of ear l y chi ck embr yo ( st ages t hr ee t o f i ve) and
r et ur n el sewher e t hr ough t he epi bl ast ( 20) . Thi s cur r ent i s
pr obabl y pumped i nt o t he i nt r aembr yoni c space by t he epi -
bl ast and t hen l eaks out of t he st r eak because i t i s a zone of
j unct i onal di sr upt i on . I t wi l l gener at e a vol t age gr adi ent acr oss
some i ngr essi ng cel l s, and t he magni t ude of t hi s gr adi ent wi l l
depend on t he r esi st i vi t y of t he embr yoni c spaces t hr ough
whi ch t he cur r ent f l ows . Si mi l ar l ar ge cur r ent densi t i es l eave
t he neur al t ube i n Xenopus embr yos ( 36) . Agai n, t hese cur -
r ent s appear t o be dr i ven by a pumpi ng epi t hel i um. The
pot ent i al di f f er ence acr oss t he ski n of t he adul t f r og has been
ext ensi vel y st udi ed ( 23) , and r ecent l y McCai g and Robi nson

( 27) have shown t hat t hi s t r ansepi der mal pot ent i al di f f er ence

f i r st begi ns t o appear at neur ul at i on. However , no gr adi ent s
i n ski n pot ent i al wi t hi n t he embr yo t hat mi ght i nf l uence ner ve
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Aver age f i br obl ast l engt h ver sus t i me i n t he i ndi cat ed

DC el ect r i c f i el ds . At f i el d st r engt hs of 400 mV/ mmor gr eat er t he

cel l s begi n t o el ongat e af t er a var i abl e t i me l ag . At f i el d st r engt hs of

300 mV/ mmor l ess, t he cel l s act ual l y appear t o shor t en somewhat
wi t h t i me i n t he f i el d .

or muscl e gr owt h have t hus f ar been det ect ed . We have made

pr el i mi nar y ext r acel l ul ar cur r ent measur ement s ar ound quai l

embr yos and al so measur ed l ar ge cur r ent s exi t i ng t he neur o-

por e and ent er i ng al ong t he epi bl ast . Fur t her mor e, our pr el i m-

i nar y measur ement s i ndi cat e t hat t he neur al t ube i s i t sel f an

epi t hel i um t hat i s gener at i ng i on cur r ent s and l ocal el ect r i c

f i el ds . These cur r ent s wi l l gener at e vol t age gr adi ent s wi t hi n

t he embr yo t hat wi l l be pr opor t i onal t o t he l ocal r esi st i vi t y .
Thi s r esi st i vi t y wi l l depend on t he nat ur e of t he cel l - cel l

j unct i ons and t he ext r acel l ul ar mat r i x i n t he r egi on, but an

aver age t i ssue r esi st i vi t y i s on t he or der of 1, 000 0- cm( 38) .

Usi ng t hi s r esi st i vi t y val ue, t he measur ed embr yoni c cur r ent

densi t y of 100 I A/ cm' woul d gener at e an i nt er nal vol t age

gr adi ent of 10 mV/ mm, whi ch i s above t he t hr eshol d f i el d

obser ved i n t hi s r epor t . The onl y di r ect measur ement s of

nat ur al vol t age gr adi ent s have been made r ecent l y by Bar ker

et al . ( 3) beneat h t he epi t hel i al l ayer near a wound i n gui nea

pi g ski n . When an i nci si on i s made t hr ough t he gl abr ous'

epi der mi s, a mi cr oamper e f l ows t hr ough each mi l l i met er of

t he cut ' s edge . These wound cur r ent s gener at e l at er al , i nt r a-

epi der mal vol t age gr adi ent s of - 200 mV/ mmnear t he cut .

Si nce t hi s i s - 100- f ol d gr eat er t han t he t hr eshol d f i el d f or

f i br obl ast gal vanot axi s, we bel i eve t hat t he f i el d st r engt hs used

i n our st udy encompass a physi ol ogi cal r ange .

Possi bl e Mechani sms f or t hi s El ect r i c

Fi el d Sensi t i vi t y

Si nce t hi s gal vanot axi s r esponse occur r ed i n pr ot ei n- f r ee

sal i ne or wi t h a per pendi cul ar cr oss- cur r ent f l ow, t he f i el d

appear s t o be exer t i ng a di r ect i nf l uence on t he cel l s t hem-

sel ves r at her t han act i ng i ndi r ect l y on t he cel l s by est abl i shi ng

an ext er nal pr ot ei n gr adi ent , f or exampl e . When t hese f i br o-

bl ast s adher e t o a gl ass subst r at um and ar e pl aced i n an

el ect r i c f i el d, a uni f or m cur r ent wi l l f l ow over t he t ops of t he

f l at t ened cel l s, gener at i ng a l i near vol t age gr adi ent al ong t hi s

upper sur f ace . Si nce t he pl asma membr ane poses a l ar ge

r esi st ance t o cur r ent f l ow, onl y a smal l f r act i on of t he cur r ent

wi l l ent er t he cel l t o gener at e a cyt opl asmi c vol t age gr adi ent .

I n f act , one can cal cul at e t hat t he cyt opl asmi c vol t age gr adi ent

t hr ough t he i nt er i or of a cel l woul d be onl y 10 - ' - 10 - ' t i mes

t he t ot al vol t age gr adi ent acr oss t hat cel l ( 18) . Near l y t he

ent i r e vol t age gr adi ent acr oss t he cel l i s f ound acr oss t he

membr anes f aci ng each pol e of t he f i el d . A cel l pl aced i n a

const ant f i el d of 10 mV per cel l l engt h wi l l " f eel " appr oxi -

mat el y hal f of t hat vol t age acr oss each membr ane f aci ng t he

pol es, r esul t i ng i n a 5- mV depol ar i zat i on at t he cat hodal end

of a 5- mV hyper pol ar i zat i on at t he anodal end . Thus, t he
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most l i kel y i mmedi at e t ar get of an i mposed f i el d i s t he pl asma

membr ane . The f i el d wi l l i mpose a l ocal membr ane pot ent i al

per t ur bat i on and wi l l al so gener at e t he pr evi ousl y ment i oned

l at er al vol t age gr adi ent al ong t he upper membr ane sur f ace.

Membr ane pot ent i al per t ur bat i ons mi ght i nf l uence t he or i -
ent at i on or f unct i on of i nt egr al membr ane pr ot ei ns . For ex-

ampl e, t hey ar e wel l known t o af f ect i on per meabi l i t i es vi a

vol t age- sensi t i ve pr ot ei n i on channel s . Such Na' ' , K+, Ca" ,
and Cl - channel s ar e t hought t o be r esponsi bl e f or al l act i on
pot ent i al s . The t hr eshol d f or t hese act i on pot ent i al s i s gener -

al l y a 15- 20- mV depol ar i zat i on, but i t i s possi bl e t hat a

smal l er pot ent i al per t ur bat i on mi ght i ncr ease t he pr obabi l i t y

f or a br i ef per i od i n t he open st at e. Some exper i ment al suppor t

f or t hi s not i on has been f ound i n mouse per i t oneal macr o-

phages pl aced i n a st eady el ect r i c f i el d ( 31) . Fi el ds >400 mV/

mm ( - 10 mV per cel l di amet er ) st i mul at e pseudopodi al

pr ot r usi ve act i vi t y t owar d t he posi t i ve pol e . Thi s r esponse i s

dependent on ext r acel l ul ar Ca" and can be bl ocked by CaZ+

i nf l ux i nhi bi t or s . Ther ef or e i t i s possi bl e t hat t he l ocal mem-

br ane pot ent i al per t ur bat i on ( i n t hi s case a hyper pol ar i zat i on)

i s act i ng t o i ncr ease t he l ocal CaZ+ i nf l ux . The subsequent r i se

i n i nt er nal f r ee Ca21 mi ght t hen i nf l uence pseudopodi um

f or mat i on. However , si nce mot i l i t y i t sel f i s of t en dependent

on ext er nal Ca" , t hese ef f ect s of Ca" i nhi bi t or s may be

bl ocki ng gal vanot axi s onl y secondar i l y . A si mi l ar l i ne of

evi dence has been der i ved f r omst udi es of f r esh- wat er amoe-

bae. These cel l s wer e i nj ect ed wi t h t he Cat + - sensi t i ve phot o-

pr ot ei n, aequor i n . Pul sed el ect r i c f i el d appl i cat i on acr oss such

cel l s ( - 50- 500 mV/ cel l ) i s accompani ed by si mul t aneous

i ncr eases i n Ca2' at t he anodal si de i ndi cat i ng l ocal st i mul at ed

CaZ + ent r y agai n at t he hyper pol ar i zed end ( 41) . Thi s onl y

occur s at a much l ar ger f i el d st r engt h t han we have used her e,

however .

Lat er al vol t age gr adi ent s al ong t he t op sur f ace of t he cel l
mi ght i nf l uence t he di st r i but i on of membr ane pr ot ei ns by

l at er al el ect r ophor esi s . Thi s mechani smf or gener at i ng mem-

br ane asymmet r y was f i r st pr oposed by Jaf f e i n 1977 and has

si nce been demonst r at ed i n var i ous cel l s ( 35, 34) . Di r ect

evi dence f or t hi s l at er al el ect r ophor esi s i n mot i l e cel l s has

been f ound i n macr ophages wher e bot h Con A and Phaseol us

vul gar i s l ect i n r ecept or s ar e r edi st r i but ed by i mposed f i el ds t o

opposi t e ends of t he cel l . Al t hough such a membr ane r ecept or

segr egat i on mi ght wel l be dr i ven by some nonel ect r ophor et i c

mechani sm, si mi l ar membr ane r ecept or movement s i n ot her

cel l s pl aced i n el ect r i c f i el ds have been f ound t o be i ndepend-

ent of cel l ul ar ATP as wel l as mi cr of i l ament s and mi cr ot u-

bul es ( 32) , and qui t e sensi t i ve t o sur f ace char ge as woul d be

expect ed i f el ect r ophor esi s wer e i nvol ved ( 34) . Gr owi ng Xen-

opus neur ons i n cul t ur e exhi bi t a si mi l ar l at er al el ect r opho-

r esi s of Con A r ecept or s t hat i s i mpor t ant f or t he negat i ve

gal vanot r opi sm. I ncubat i on i n 40 gg/ ml Con A dur i ng f i el d

appl i cat i on bl ocks Con A r ecept or mi gr at i on and al so bl ocks

t he gal vanot r opi c r esponse compl et el y .

The ear l i est r esponse t hat we obser ved, t hat of pr ocess

r et r act i on, i s most l i kel y due t o t he membr ane pot ent i al

per t ur bat i on because i t occur s pr ef er ent i al l y i n cel l s al i gned

wi t h t he f i el d t hat wi l l exper i ence a 24- mV change acr oss each

membr ane f aci ng t he pol es i n a 600- mV/ mmf i el d . Fur t her -

mor e, t hi s r esponse i s not obser ved i n f i el ds bel ow 400 mV/

mm, and i t nor mal l y occur s wi t hi n 5- 10 mi n of f i el d appl i -

cat i on whi ch i s t oo soon f or any si gni f i cant l at er al el ect r opho-

r esi s ( 34) . On t he ot her hand, t he cel l mi gr at i on r esponse

exhi bi t s a ver y l ow t hr eshol d of - 1 mV/ mmi n pl asma and



t hi s woul d i mpose onl y a 10- , V per t ur bat i on of t he mem-

br ane pot ent i al acr oss a cel l ' s wi dt h, and a 40- gV per t ur bat i on

al ong t he l engt h . Thi s woul d be a ver y smal l membr ane

pot ent i al per t ur bat i on i n a t ypi cal cel l wi t h a - 70- mV mem-

br ane pot ent i al , but i t i s ver y di f f i cul t t o di st i ngui sh bet ween

t he t wo mechani sms based on t hese dat a .

Thi s manner of l ocomot i on wher e cel l s ext end l amel l i podi a

per pendi cul ar t o t hei r l ong axes i n t he el ect r i c f i el d i s not a

commonl y obser ved f or mof mot i l i t y i n t i ssue cul t ur e, so one

mi ght quest i on t he si gni f i cance of t hi s aspect of t he cel l s'

behavi or . Thr ee poi nt s shoul d be consi der ed her e . Fi r st , t hi s

si deways cr awl i ng was not as pr edomi nant i n cel l s pl aced i n

t he l ower f i el ds near t he t hr eshol d f or per pendi cul ar al i gnment

t hat st i l l st i mul at ed t r ansl ocat i on t owar d t he cat hode ( see Fi g.

3 b) . I n f act , t he t hr eshol d f or di r ect ed mi gr at i on i s at l east an

or der of magni t ude l ower t han t he t hr eshol d f or per pendi cul ar

or i ent at i on. Thus, t he absence of such or i ent at i on i n vi vo

may be due t o l ower nat ur al f i el d st r engt hs . Second, t her e ar e

i ndeed sever al exampl es of t hi s mode of movement i n t he

l i t er at ur e, bot h i n vi vo and i n vi t r o, so t hese movement s ar e

not uni que t o t hese cel l s . Cel l s t hat exhi bi t t hi s mode of

mot i l i t y have somet i mes been r ef er r ed t o as " canoe" cel l s due

t o t hei r shape and i ncl ude Fundul us mesenchyme and epi -

der mal cel l s ( 15, 2, 21) , mammal i an ki dney epi t hel i al cel l s

( 21) , Xenopus epi der mal cel l s ( 4) , and chi cken hear t f i br o-

bl ast s ( 21) . Ther ef or e t hi s mode of f i br obl ast movement ob-

ser ved i n el ect r i c f i el ds i s not t ot al l y wi t hout pr ecedent . Thi r d,

or i ent at i on of t he cel l axi s can be i nf l uenced by cont act

gui dance ( 45, 10) of al i gned subst r at um mat er i al such as

col l agen . I t i s possi bl e t hat al i gned col l agen i n t he embr yo

( 24) most st r ongl y i nf l uences cel l or i ent at i on wher eas t he

el ect r i c f i el d cont r ol s t he di r ect i on of mi gr at i on . I t wi l l be

most i nt er est i ng t o det er mi ne whet her cur r ent s of t he appr o-

pr i at e magni t ude and or i ent at i on t o di r ect f i br obl ast mi gr a-

t i on exi st ar ound t he neur al t ube at t he t i me t hat t hese cel l s

i ni t i at e t hei r mi gr at i on .

Thi s gal vanot act i c r esponse shoul d al so be usef ul f or t he

st udy of cel l mot i l i t y mechani sms . Si nce t hi s r esponse cl ear l y

separ at es t hr ee component s of cel l movement , or i ent at i on,

el ongat i on, and t r ansl ocat i on, i t shoul d be possi bl e t o st udy

t he mechani sms i nvol ved i n each . I n par t i cul ar , f i el d appl i -

cat i on separ at es t he axi s of pol ar i t y f r omt he axi s of mi gr at i on

and can be used t o det er mi ne whi ch or ganel l es ( e . g . Gol gi

appar at us, mi cr ot ubul e- or gani zi ng cent er ) ar e associ at ed wi t h

mi gr at i on and whi ch wi t h t he axi s of pol ar i t y .

We t hank Li onel Jaf f e and Ken Robi nson f or hel pf ul di scussi ons
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