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ABSTRACT

	

Thi s ar t i cl e descr i bes a new appar at us f or maki ng si mul t aneous

opt i cal measur ement s on si ngl e muscl e f i ber s at t hr ee di f f er ent wavel engt hs

and t wo pl anes of l i near pol ar i zat i on . Ther e ar e t wo modes of oper at i on : mode

1 measur es t he i ndi vi dual absor bances of l i ght l i near l y pol ar i zed al ong and

per pendi cul ar t o t he f i ber axi s, and mode 2 measur es r et ar dat i on ( or bi r ef r i n-

gence) and t he aver age of t he t wo absor bance component s . Al t hough some

i nt act f r og t wi t ch f i ber s wer e st udi ed, most exper i ment s used cut f i ber s ( Hi l l e,

B. , and D. T. Campbel l . 1976 . Jour na l of Gener al Physi ol ogy . 67 : 265- 293)

mount ed i n a doubl e- Vasel i ne- gap chamber ( Kovacs, L . , E. Ri os, and M. F .

Schnei der . 1983 . Jour na l of Physi ol ogy . 343 : 161- 196) . The end- pool segment s

wer e usual l y exposed f or 2 mi n t o 0 . 01% saponi n . Thi s pr ocedur e, used i n

subsequent exper i ment s t o make t he ext er nal membr anes i n t he end pool s

per meabl e t o Ca i ndi cat or s ( Mayl i e, J . , M. I r vi ng, N. L . Si zt o, G. Boyar sky, and

W. K. Chandl er . 1987 . Jour nal of Gener al Physi ol ogy . 89 : 145- 176 ; Mayl i e, J . ,

M. I r vi ng, N. L . Si zt o, and W. K. Chandl er . 1987 . Jour na l of Gener al Physi ol ogy .

89 : 41- 143) , was r out i nel y empl oyed so t hat al l our cut f i ber r esul t s woul d be

compar abl e . A si mpl e met hod, whi ch does not r equi r e mi cr oel ect r odes, al l owed

cont i nual est i mat i on of a f i ber ' s membr ane ( rzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , ) and i nt er nal l ongi t udi nal ( r )

r esi st ances as wel l as t he ext er nal r esi st ance ( r e) under t he Vasel i ne seal s . The

val ues of r � , and r ; obt ai ned f r omcut f i ber s wi t h t hi s met hod agr ee r easonabl y

wel l wi t h val ues obt ai ned f r om i nt act f i ber s usi ng mi cr oel ect r ode t echni ques .

Opt i cal measur ement s wer e made on r est i ng and act i on pot ent i al - st i mul at ed

f i ber s . The i nt r i nsi c f i ber absor bance, def i ned oper at i onal l y as l og o of t he r at i o

of i nci dent l i ght t o t r ansmi t t ed l i ght i nt ensi t y, was si mi l ar i n i nt act and cut

pr epar at i ons, as wer e t he changes t hat accompani ed st i mul at i on . On t he ot her

hand, t he r est i ng bi r ef r i ngence and t he peak of t he act i ve change i n cut f i ber s

wer e, r espect i vel y, onl y 0 . 8 and 0 . 7 t i mes t he cor r espondi ng val ues i n i nt act

f i ber s . Bot h t he ampl i t ude and t he hal f - wi dt h of t he act i ve r et ar dat i on si gnal

i ncr eased consi der abl y dur i ng t he t i me cour se of cut f i ber exper i ment s ; a
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t wof ol d i ncr ease i n 2 h was not unusual . Such changes ar e pr obabl y due t o a

pr ogr essi ve al t er at i on i n t he i nt er nal st at e of t he cut f i ber s .

I NTRODUCTI ON

Si nce t he f i r st myopl asmi c Ca t r ansi ent was r epor t ed by Jobsi s and O' Connor

( 1966) , much ef f or t has been di r ect ed t owar d det er mi ni ng f r ee [ Ca] i nsi de

muscl e cel l s . Muscl e Ca t r ansi ent s may l ast onl y 10- 20 ms, so t hat t he met hod

of measur ement must have good t i me r esol ut i on . Measur ement s of opt i cal

pr oper t i es of Ca i ndi cat or s ar e f r equent l y used f or t hi s pur pose . These com-

pounds, on compl exi ng Ca, under go a change, such as i n absor bance ; i n f avor abl e

cases, t hi s change can be measur ed wi t hi n a f r act i on of a mi l l i second . Acompl et e

descr i pt i on of t he opt i cal si gnal s of t en r equi r es t he use of l i ght of sever al

wavel engt hs and t wo pl anes of l i near pol ar i zat i on .

Recent exper i ment s i n t hi s l abor at or y have i l l ust r at ed t hi s r equi r ement ( Bayl or

et al . , 1982a- c ; see al so Mi l edi et al . , 1982) . I sol at ed t wi t ch f i ber s wer e i nj ect ed

wi t h ar senazo I I I , and changes i n absor bance wer e measur ed af t er st i mul at i on.

Thr ee di f f er ent component s coul d be r esol ved i n t he opt i cal si gnal s . One

component appear ed t o t r ack myopl asmi c Ca ; t hi s was best measur ed usi ng l i ght

of wavel engt h 650- 660 r i m. A second component was det ect ed when l i near l y

pol ar i zed l i ght was used ; at cer t ai n wavel engt hs, t he change i n absor bance f or

l i ght pol ar i zed al ong t he f i ber axi s was di f f er ent f r om t hat f or l i ght pol ar i zed

per pendi cul ar t o t hi s axi s . The di f f er ence bet ween t he t wo si gnal s, t he di chr oi c

si gnal , was best measur ed at 570 r i m, near t he i sosbest i c wavel engt h f or changes

i n pH, Mg, or Ca . A t hi r d component was i nt r i nsi c t o t he f i ber ; i t was measur ed

at wavel engt hs wher e t he i ndi cat or i s t r anspar ent ( 750 nm, f or exampl e) and was

used t o cor r ect si gnal s at ot her wavel engt hs t o obt ai n t he absor bance changes of

t he i ndi cat or . Thus, i n muscl e, ar senazo I I I gi ves t wo di st i nct si gnal s, Ca and

di chr oi c, but t he r esol ut i on of t hese si gnal s r equi r es l i ght of at l east t hr ee

di f f er ent wavel engt hs ( such as 570, 660, and 750 nm) and t wo pl anes of l i near

pol ar i zat i on .

A l i mi t at i on of t he exper i ment al appar at us of Bayl or et al . ( 1982a- c) was t hat

i t coul d measur e opt i cal changes at onl y one wavel engt h and one pl ane of l i near

pol ar i zat i on at a t i me . Si nce i t woul d be conveni ent t o make measur ement s at

t hr ee wavel engt hs and t wo pl anes of l i near pol ar i zat i on si mul t aneousl y, we

desi gned and const r uct ed t he necessar y equi pment . Wi t h mi nor modi f i cat i on,

t hi s equi pment can al so si mul t aneousl y measur e absor bance and r et ar dat i on ( or

bi r ef r i ngence) ; t hi s i s usef ul si nce, af t er st i mul at i on, t her e i s a change i n f i ber

r et ar dat i on, one component of whi ch appear s t o be r el at ed t o exci t at i on- con-

t r act i on coupl i ng ( Bayl or and Oet l i ker , 1977x) . Thi s ar t i cl e descr i bes t he new

appar at us and i t s t heor y of oper at i on .

The f i r st exper i ment s wi t h t hi s appar at us wer e car r i ed out on i nt act f i ber s

i nj ect ed wi t h ar senazo 111 . Then Dr . S. M. Bayl or t ol d us about r ecent r esul t s

whi ch showed t hat ar senazo I I I does not t r ack myopl asmi c f r ee [ Ca] i n a si mpl e

and r api d f ashi on . The Ca- r el at ed absor bance change consi st s of at l east t wo

component s, an ear l y one t hat t r acks f r ee [ Ca] r api dl y, wi t hi n 1- 2 ms, and a
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l at er one t hat t r acks [ Ca] wi t h a del ay of - 10 ms ( Bayl or et al . , 1983 ; Qui nt a-

Fer r ei r a et al . , 1984) . We t her ef or e deci ded t o t r y ot her i ndi cat or s .

Two of t he most pr omi si ng possi bi l i t i es, ant i pyr yl azo I I I and mur exi de, ar e

di f f i cul t t o i nj ect i nt o i nt act f i ber s . On t he ot her hand, cut f i ber s ( Hi l l e and

Campbel l , 1976) ar e easi l y l oaded wi t h ant i pyr yl azo I I I ( Kovacs et al . , 1979) .

They have sever al ot her advant ages over i sol at ed i nt act f i ber s : ease of pr epar a-

t i on, hi gh t ol er ance t o r epeat ed depol ar i zat i on under vol t age cl amp, and con-

veni ent measur ement of t he ext ent of bi ndi ng of i ndi cat or s t o myopl asmi c

const i t uent s ( Mayl i e et al . , 1987b) . Consequent l y, t he exper i ment al appar at us

used f or i nt act f i ber s was modi f i ed t o accommodat e cut f i ber s . Thi s ar t i cl e

descr i bes our cut f i ber t echni que, i ncl udi ng a si mpl e met hod f or est i mat i ng

passi ve el ect r i cal pr oper t i es, whi ch does not r equi r e t he use of i nt er nal mi cr o-

el ect r odes . I t al so descr i bes some of t he i nt r i nsi c opt i cal pr oper t i es of cut f i ber s

and compar es t hem wi t h t hose of i nt act f i ber s .

METHODS

Exper i ment al Chamber

Most exper i ment s used cut muscl e f i ber s ( Hi l l e and Campbel l , 1976) f r om col d- adapt ed

Rana t empor ar i a . The met hod of di ssect i on and t he exper i ment al chamber wer e si mi l ar

t o t hose empl oyed by Kovacs et al . ( 1983) , whose ar t i cl e shoul d be consul t ed f or addi t i onal

det ai l s . A st r et ched semi t endi nosus or i l i of i bul ar i s muscl e was exposed t o a Ca- f r ee, hi gh-

K r el axi ng sol ut i on ( Tabl e I A) , whi ch caused a t r ansi ent cont r act i on f ol l owed by r el axa-

t i on . A 6- 12- mm l engt h of a si ngl e f i ber was t hen i sol at ed and car ef ul l y t r ansf er r ed t o a

Luci t e chamber cont ai ni ng t he same r el axi ng sol ut i on . Once i n t he chamber , t he cut f i ber

segment was at t ached, ei t her wi t h Vasel i ne and Scot ch t ape ( Kovacs et al . , 1983) or wi t h
smal l Luci t e cl amps, t o mobi l e pedest al s i n t he t wo end pool s and st r et ched t o a sar comer e
spaci ng of 3 . 4- 4 . 5 j i m. Two Vasel i ne seal s ( VS) wer e t hen appl i ed t o pr ovi de el ect r i cal
i sol at i on bet ween t he cent r al pool and t he t wo end pool s ( Fi g. 1) . Two Luci t e cover s,
appl i ed t o t he end pool s, pr ovi ded addi t i onal i sol at i on of t he sol ut i ons .

To i nt r oduce Ca i ndi cat or s i nt o cut f i ber s f r om t he end- pool sol ut i ons, t he sur f ace
membr ane i n t he end pool s was usual l y made per meabl e by saponi n ( Endo and I i no,
1980) . The end- pool t r eat ment consi st ed of a 2- mi n exposur e t o r el axi ng sol ut i on

cont ai ni ng 0 . 01 %saponi n ( Si gma Chemi cal Co . , St . Loui s, MO) , f ol l owed by a t hor ough

r i nsi ng wi t h saponi n- f r ee r el axi ng sol ut i on . Thi s was t hen r epl aced wi t h i nt er nal sol ut i on

( Tabl e I A) . The cent r al - pool sol ut i on was changed t o ei t her Ri nger ' s or TEA sol ut i on

( Tabl e I B) . The concent r at i on of saponi n and t he exposur e t i me wer e somewhat ar bi t r ar y .

A 2- mi n exposur e t o 0 . 01% saponi n pr oduced f i ber s t hat al most al ways t ook up t he

i ndi cat or , wher eas a 1- mi n exposur e f r equent l y gave f i ber s t hat di d not . Al t hough Ca

i ndi cat or s wer e not used i n t hi s ar t i cl e, except f or t he exper i ment i n Fi g . 16, t he saponi n

t r eat ment was nonet hel ess empl oyed, except wher e i ndi cat ed, so t hat t hese r esul t s coul d

be compar ed wi t h l at er r esul t s obt ai ned f r omf i ber s cont ai ni ng an i ndi cat or .

I n one exper i ment r epor t ed l at er ( Fi gs . 1 and 6 i n Mayl i e et al . , 1987c) , not ches ( N)
r at her - t han saponi n wer e used t o f aci l i t at e i ndi cat or ent r y i nt o t he end- pool segment s
( Fi g . 1) .

Agar - br i dges, f i l l ed wi t h t he appr opr i at e end- pool or cent r al - pool sol ut i on, pr ovi ded

el ect r i cal connect i ons bet ween each compar t ment i n t he chamber and a smal l si de pool

f i l l ed wi t h 3 MKCl and f i t t ed wi t h an Ag/ AgCl pel l et . Separ at e si de pool s wer e used t o

measur e vol t age and pass cur r ent .
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Rel axi ng 120 . 5 0 . 1 1 . 0 0 0

	

0

I nt er nal

	

75 . 5 5 0. 1 6. 8 5 5 . 5 20

( B) Ext er nal sol ut i ons

MM MM MM MM MM MM MM AM

Ri nger ' s 120 0 2. 5 0 2. 15 0. 85 1 . 8 0

TEA

	

0 120 0 2. 5 2. 15 0. 85 1 . 8 1

The pH of t he end- pool sol ut i on was adj ust ed t o 7 . 0 by addi ng KOH. The pH of t he ext er nal sol ut i ons

was 7. 1 . The f r ee Mg concent r at i on i n t he i nt er nal sol ut i on was cal cul at ed as 1 . 0 mM.

At t he begi nni ng of each exper i ment , t he br i dge t hat nor mal l y connect s EP, t o i t s si de

pool was t empor ar i l y r emoved, a 3 MKCI agar br i dge was pl aced bet ween t he KCI - f i l l ed

si de pool s used t o measur e vol t age i n t he CP and EP, compar t ment s, and any r esi dual

pot ent i al di f f er ence was nul l ed t o zer o . At t he end of t he exper i ment , t he measur ement

was r epeat ed so t hat el ect r ode dr i f t , usual l y 0- 3 mV, coul d be assessed .

EP,

X

	

300 pm

	

500 t t m

	

300 pm

	

X

TABLE I

NaCl TEACI KCI

	

RbCl Na2HPO4 NaH2PO4 CaCl 2 TTX

EP2

FI GURE 1 .

	

Schemat i c di agr am of t he doubl e- gap chamber used f or cut muscl e

f i ber s . The sol ut i on t hat bat hes t he f i ber i s separ at ed i nt o t hr ee compar t ment s by

t wo Vasel i ne seal s ( VS) . EP, denot es t he l ef t - hand end pool , used f or measur i ng

vol t age, V l , and EP2 denot es t he r i ght - hand end pool , used f or passi ng cur r ent , 12,

as wel l as moni t or i ng vol t age, V2 . CP denot es t he cent r al pool , whi ch was hel d at

ear t h pot ent i al by a hi gh- gai n ampl i f i er . The cur r ent f r om t he ampl i f i er , whi ch

equal s 12 , was det er mi ned by measur i ng t he vol t age acr oss t he f eedback r esi st ance,

R. S denot es t he 50- f t m spot used f or opt i cal r ecor di ng . The ent r y of i ndi cat or i nt o

t he f i ber i n t he t wo end- pool r egi ons was f aci l i t at ed by ei t her cut t i ng not ches ( N) ,

usual l y 100- 200 um ( = X) f r om t he Vasel i ne seal s, i n t he end- pool r egi ons of t he

f i ber , or exposi ng t hese r egi ons f or 2 mi n t o a sol ut i on cont ai ni ng 0 . 01 % saponi n

( saponi n- t r eat ed r egi ons ar e i ndi cat ed by t he dashed l i nes) .

Sol ut i ons

( A) End- pool sol ut i ons

K2- cr eat i ne

K- gl ut amat e PI PES EGTA MgSO4 Gl ucose Nat - ATP phosphat e

mM MM MM MM MM MM MM
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For act i on pot ent i al st i mul at i on, a 0 . 1- 1 . 0- ms pul se of depol ar i zi ng cur r ent , 12 , was

appl i ed t o EP2 ( Fi g . 1) . Thi s was added t o t he st eady hyper pol ar i zi ng cur r ent , updat ed
ever y 5 s by t he comput er , whi ch was r equi r ed t o mai nt ai n V, , t he pot ent i al i n EP, , at

- 90 mV . The ampl i t ude of t he act i on pot ent i al was r out i nel y measur ed usi ng a st or age
osci l l oscope ( model 5113, Tekt r oni x, I nc . , Beaver t on, OR) . I n some exper i ment s, V, was
cont r ol l ed usi ng t he vol t age- cl amp t echni que . Convent i onal f eedback el ect r oni cs wer e
empl oyed and t he command pul ses wer e r ounded by an RC ci r cui t wi t h a 1- ms t i me
const ant .

The t emper at ur e i n t he cent r al - pool r egi on was measur ed wi t h a t her mi st or ( Fenwal
I nc . , Ashl and, MA) posi t i oned near t he f i ber . A Pel t i er devi ce ( Cambi on Di v . , Mi dl and-
Ross Cor p . , Cambr i dge, MA) , whi ch ser ved as a pl at f or m f or t he chamber , cool ed t he
pr epar at i on t o 17- 19' C.

A f ew exper i ment s wer e per f or med on si ngl e i nt act f i ber s i sol at ed f r om t he t i bi al i s

ant er i or l ongus muscl e. Si l ver l oops, t i ed t o t he t endon ends, wer e at t ached t o t wo

t ungst en hooks mount ed on mi ni at ur e t r ansl at or s . To hel p r educe movement ar t i f act s,

t he f i ber was st r et ched t o a sar comer e l engt h of 3 . 7- 4 . 2 j mand l ower ed ont o a 1- mm

pedest al . The pedest al , whi ch was i n t he pat h of i nci dent l i ght , was cut f r om a 1 . 8- mm-

t hi ck quar t z pl at e t hat ser ved as t he bot t om of t he chamber . Two pl at i num wi r es,

embedded i n t he quar t z pl at e on ei t her si de of t he pedest al , wer e used f or act i on pot ent i al

st i mul at i on .

Opt i cal Measur ement s

The opt i cal met hods wer e si mi l ar t o t hose used by Bayl or et al . ( 1982a) , except t hat
pr ovi si on was made t o measur e i nt ensi t i es si mul t aneousl y at t hr ee di f f er ent wavel engt hs

and t wo pl anes of l i near pol ar i zat i on . Fi g . 2 shows a di agr amof t he appar at us, i ncor por at ed

i nt o a Rei cher t ( Buf f al o, NY) r esear ch mi cr oscope . The shut t er ( S) and phot odi odes ( PD)
wer e connect ed t o an 11/ 23 or 11/ 73 LS1 comput er syst em ( Di gi t al Equi pment Cor p . ,

Mar l bor o, MA) , whi ch cont r ol l ed t he exper i ment and handl ed dat a col l ect i on .
Br i ef l y, i nci dent l i ght wi t h a wavel engt h r ange of appr oxi mat el y 400- 850 nm was

f ocused, usi ng Kohl er - t ype i l l umi nat i on, t o a 50- j m spot , 1 . 5- 3 . 0 W/ cm2 ( measur ed
assumi ng a phot odi ode ef f i ci ency of 0 . 45 A/ W, EG&G, El ect r o- Opt i cs Di v . , Sal em, MA) ,
on t he f i ber . The emer gi ng l i ght was col l ect ed and separ at ed i nt o t hr ee beams wi t h t wo
beam- spl i t t i ng cubes ( BSC) . The t hr ee wavel engt hs f or measur ement wer e det er mi ned by
t he t hr ee i nt er f er ence f i l t er s, a, , X2, and Xs ; t he X, f i l t er coul d be easi l y changed dur i ng
an exper i ment . Li ght of each wavel engt h was spl i t i nt o t wo beams of or t hogonal l i near
pol ar i zat i on by a pol ar i zi ng beam- spl i t t i ng Thompson pr i sm( BST) . I n most exper i ment s,
10- mmbandpass ( i . e . , f ul l - wi dt h, hal f - maxi mumbandpass) f i l t er s wer e used f or X, and 30-
nmbandpass f i l t er s wer e used f or X2 and a s . Consequent l y, t he X2 r ecor ds, t aken wi t h hal f
t he t r ansmi t t ed l i ght and a 30- nmbandpass f i l t er , usual l y cont ai ned t he l east amount of
noi se, and t he X, r ecor ds, t aken wi t h a quar t er of t he t r ansmi t t ed l i ght and a 10- nm
bandpass f i l t er , cont ai ned t he gr eat est amount of noi se .

Each pol ar i zed beam was f ocused by a l ens ( L4) ont o one of si x phot odi odes . Each
phot odi ode was connect ed t o an oper at i onal ampl i f i er ci r cui t ( not shown) , whi ch had a
f eedback r esi st ance of 10 Mg . Ei ght el ect r i cal si gnal s, f r om t he si x phot odi odes, f r om
vol t age, V, , and f r om t he vol t age acr oss R ( whi ch i s pr opor t i onal t o 1 2 , Fi g . 1) , went t o
separ at e i nst r ument at i on ampl i f i er s ( model 3606AG, Bur r - Br own Cor p . , Tucson, AZ)

wi t h a gai n of I - 1, 024, whi ch coul d be set by t he comput er . Thi s st age was usual l y
f ol l owed by ei ght - pol e Bessel f i l t er s ( model ATF76- L8ML, Bur r - Br own Cor p . ) wi t h a
cut of f f r equency of 0 . 625, 2 . 5, or 10 kHz . The ei ght si gnal s wer e mul t i pl exed and
sampl ed by a 12- bi t A/ D conver t er ( model DT2782, Dat a Tr ansl at i on, Mar l bor o, MA)
wor ki ng i n di r ect memor y access mode . The st andar d sampl i ng r at e was 40 kHz ( 5 kHz
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per channel ) , al t hough i n a f ew exper i ment s, whi ch wi l l be i ndi cat ed, 8 or 100 kHz was

used . The cut of f f r equency of t he Bessel f i l t er s was usual l y set t o 0 . 625 kHz .

Dur i ng an exper i ment , t he shut t er was cl osed, except when measur ement s of l i ght

i nt ensi t y wer e bei ng made . At t he begi nni ng of a measur ement , t he vol t age f r om each

phot odi ode ampl i f i er was sampl ed whi l e t he shut t er was cl osed, and t hen sampl ed agai n

af t er t he shut t er was opened . The di f f er ence bet ween t he t wo vol t ages gave t he r est i ng

l i ght i nt ensi t y .

The phot odi ode ci r cui t was t hen changed t o a sampl e- and- hol d mode of oper at i on i n

whi ch t he r est i ng l evel of phot odi ode vol t age was subt r act ed f r omt he ensui ng si gnal and

t he gai n was i ncr eased by a f act or of 10 . I n chr onol ogi cal or der , basel i ne dat a wer e

sampl ed, t he f i ber was st i mul at ed el ect r i cal l y, dat a wer e col l ect ed, and t he shut t er was

cl osed .

The dat a wer e i ni t i al l y pr ocessed bef or e bei ng st or ed . Fi r st , si nce t he ei ght dat a channel s

wer e mul t i pl exed t o a si ngl e A/ D conver t er , t he pr eci se moment of dat a acqui si t i on

di f f er ed f r om one channel t o t he next by t he sampl e i nt er val . Channel s 2- 8 wer e

synchr oni zed t o channel 1 by l i near i nt er pol at i on . Second, each t r ace was compr essed by

a f act or of 2 by keepi ng ever y ot her poi nt cal cul at ed as an aver age ( 1 : 2 : 1) of t he or i gi nal

PD

L4
T

PD

L4

BST

M
OBJ

CON

POL
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( pr evi ous : pr esent : next ) poi nt s . Thi r d, dur i ng t he f i nal t i me cour se of a si gnal , when

changes ar e sl ow, onl y ever y f i f t h poi nt of t he 1 : 2 : 1 t r ace was kept . Thi s poi nt was

obt ai ned by quadr at i cal l y smoot hi ng t he or i gi nal 1 : 2 : 1 poi nt and t he t hr ee poi nt s on

ei t her si de of i t ( Hammi ng, 1977, p . 34) . Al l t r aces i n t hi s and t he t hr ee ar t i cl es t hat

f ol l ow ( Mayl i e et al . , 1987a- c) r epr esent si ngl e sweeps ; si gnal aver agi ng was not used .

The appar at us descr i bed i n Fi g . 2 was used i n t wo di f f er ent conf i gur at i ons, as di a-

gr ammed i n Fi g . 3 . Mode 1 was used t o measur e t he absor bance of l i ght l i near l y pol ar i zed

bot h al ong and per pendi cul ar t o t he f i ber axi s . Mode 2 was used t o measur e opt i cal

r et ar dat i on as wel l as aver age absor bance, i . e . , t he absor bance t hat woul d be measur ed

wi t h unpol ar i zed l i ght . Mode 2 t her ef or e gi ves l ess compl et e i nf or mat i on about absor bance

t han mode 1 and was used onl y when measur ement s of opt i cal r et ar dat i on wer e r equi r ed .

These t wo modes of oper at i on ar e descr i bed bel ow.

Mode 1 . I n mode 1 ( Fi g . 3) , unpol ar i zed i nci dent l i ght was f ocused on a muscl e f i ber

( MF) l yi ng i n t he pl ane of t he paper ( st r i ct l y speaki ng, a smal l l i near pol ar i zat i on pr ef er ence

was pr esent owi ng t o t he shape of t he l amp f i l ament ) . At each wavel engt h, t he t r ansmi t t ed

l i ght was spl i t by t he beam- spl i t t i ng Thompson pr i sm i nt o component s pol ar i zed l i near l y

al ong t he f i ber axi s ( 0° l i ght ) and per pendi cul ar t o t he f i ber axi s ( 90° l i ght ) .

Si nce measur ement s of t he absor bance of Ca i ndi cat or s wer e pl anned, l i ght i nt ensi t i es

wer e r out i nel y expr essed i n t er ms of absor bance, A, accor di ng t o t he usual f or mul a:

Ao = l ogi o[ I o( i ) 1I o( t ) J_

	

( 1)

FI GURE 2 .

	

( opposi t e)

	

Schemat i c di agr am of t he opt i cal appar at us used t o measur e

si mul t aneousl y t he i nt ensi t y of t r ansmi t t ed l i ght at t hr ee di f f er ent wavel engt hs and

t wo pl anes of l i near pol ar i zat i on . SM, spher i cal mi r r or . TH, 100- W t ungst en-

hal ogen l amp power ed by a st abi l i zed power suppl y ( model ATE 15- 15M, Kepco,

I nc . , Fl ushi ng, NY) . L1, col l ect i ng l ens ( Schoef f el I nst r ument Co . ) . HF, heat f i l t er

( Schot t Gl ass Technol ogi es, I nc . , Dur yea, PA) or col d wi ndow ( Omega Opt i cal ,

I nc . , Br at t l ebor o, VT) pl us, somet i mes, a cut - on f i l t er ( Schot t Gl ass Technol ogi es) .

S, shut t er f or l i mi t i ng exposur e of t he pr epar at i on t o l i ght . FD, f i el d di aphr agm f or

pr ovi di ng a spot of i l l umi nat i on on t he pr epar at i on . PM, pl ane mi r r or . L2, t ube

l ens ( 300- mmspher i cal achr omat i c doubl et , Mel l es Gr i ot , I r vi ne, CA) f or pr oduci ng

a par al l el beam. POL, pl ast i c pol ar i zer ( Pol ar oi d Cor p . , Cambr i dge, MA) f or

pr oduci ng l i near l y pol ar i zed l i ght i n mode 2 oper at i on ( Fi g. 3) . CON, condenser

obj ect i ve ( H20 i nf i ni t y- cor r ect ed obj ect i ve, magni f i cat i on 20x, NA 0 . 4, E. Lei t z,

I nc . , Rockl ei gh, NJ) f or f ocusi ng l i ght ont o t he f i ber . MF, muscl e f i ber pl aced i n

exper i ment al chamber wi t h a 170- 180- , m gl ass cover sl i p at t he bot t om ( al t hough

t he l ens condenser obj ect i ve i s desi gned f or use wi t h a 1 . 8- mm quar t z c over sl i p, i t

was ver i f i ed bot h t heor et i cal l y and exper i ment al l y t hat ext r emel y good opt i cal

r esol ut i on can be obt ai ned wi t h t he t hi n gl ass cover sl i p and a 1 . 9- mm pat h of

aqueous sol ut i on bet ween t he cover sl i p and t he muscl e f i ber ) . OBJ, wat er i mmer si on

obj ect i ve ( 25x, NA 0 . 6, E. Lei t z, I nc . ) f or col l ect i ng t r ansmi t t ed l i ght . L3, t ube l ens

( 50- mm pi ano- concave l ens, Mel l es Gr i ot ) f or pr oduci ng a par al l el beam. BSC,

beam- spl i t t i ng cube ( Kar l Lambr echt Cor p . , Chi cago, I L) f or separ at i ng l i ght i nt o

t wo beams . X, , I X2, and I t s, t hr ee- cavi t y i nt er f er ence f i l t er s wi t h 10- or 30- nmbandpass

( Di t r i c Opt i cs, I nc . , Hudson, MA) . BST, beam- spl i t t i ng Thompson pr i sm ( Kar l

Lambr echt Cor p . ) f or spl i t t i ng t he i ncomi ng l i ght i nt o t wo beams, one l i near l y

pol ar i zed i n t he pl ane of t he di agr am ( devi at ed beam) and one l i near l y pol ar i zed

per pendi cul ar t o t he di agr am ( undevi at ed beam) . L4, l ens ( 18- mm pi ano- convex

l ens, Mel l es Gr i ot ) t o f ocus l i ght ont o PD, a phot odi ode ( UV- 100B, EG&G) .
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The i nt ensi t i es of i nci dent and t r ansmi t t ed l i ght ar e denot ed by I ( i ) and I ( t ) , r espect i vel y ;

B ( = 0 or 90) r ef er s t o 0 ° or 90° l i ght . Absor bance def i ned i n t hi s manner i ncl udes

cont r i but i ons f r om l i ght scat t er i ng ( i ncl udi ng r ef l ect i on, r ef r act i on, and di f f r act i on) as

wel l as t r ue absor bance . The i nci dent l i ght i nt ensi t y was ver y st abl e; i n 50 exper i ment s,

i t decr eased, on aver age, t o 0 . 9946 of i t s i ni t i al val ue i n 154 mi n, wi t h a st andar d devi at i on

of 0 . 0057 .

( ( ( ( C I C C I J C C J ( C C ( ( OMF

DAe

	

I n( I 0)
~B( t ) l I B( t ) .

FI GURE 3 .

	

Schemat i c i l l ust r at i ons of t he t wo modes of oper at i on of t he appar at us

i n Fi g . 2 . Measur ement s i n mode 1 gi ve t he absor bance of l i ght l i near l y pol ar i zed

at 0 ° and 90* wi t h r espect t o t he f i ber axi s . Measur ement s i n mode 2 gi ve t he

aver age absor bance ( i . e . , t he aver age of val ues f or 0° and 90° pol ar i zed l i ght ) and

opt i cal r et ar dat i on . See t ext f or addi t i onal det ai l s .

Changes i n absor bance, AA, ar e gi ven by t he di f f er ent i al f or m of Eq . 1 :

Exper i ment al r esul t s ar e f r equent l y expr essed as a l i near combi nat i on of Ao and Ago ( or ,

cor r espondi ngl y, AAo and [ Ago ) :

( i ) A( 1 : 1) = [ Ao + Ago ] / 2 . Thi s i s t he

unpol ar i zed l i ght .

( i i ) A( S) = Ao - Ago . Thi s di f f er ence

t hat some of t he absor bi ng st r uct ur es or mol ecul es ar e not r andoml y or i ent ed .

( i i i ) A( 1 : 2) = [ Ao + 2Ago] / 3 . I f t he absor bi ng st r uct ur es or mol ecul es ar e al l

or i ent ed, Ao i s equal t o Ago. I n t he pr esence of di chr oi sm, however , Ago i s di f f er ent f r om

Ao . For a cel l such as muscl e, wi t h r adi al symmet r y, i t can be shown t hat A( 1 : 2) gi ves t he

aver age absor bance t hat woul d be measur ed wi t h

i s t he l i near di chr oi sm. A nonzer o val ue i mpl i es

r andoml y
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absor bance t hat woul d be measur ed i f t he absor bi ng st r uct ur es wer e r andoml y or i ent ed

( Bayl or et al . , 1982c) ; i . e . , A( 1 : 2) i s not i nf l uenced by or i ent at i on or changes i n or i ent at i on .

Mode 2 . For mode 2 oper at i on, a l i near pol ar i zer ( POL i n Fi g . 2) was pl aced i n t he

l i ght pat h t o pol ar i ze t he i nci dent l i ght i n t he di r ect i on per pendi cul ar t o t he pl ane of t he

paper ( Fi g . 3) . The muscl e f i ber was or i ent ed at 45' wi t h r espect t o t hi s pl ane . The beam-

spl i t t i ng Thompson pr i sm separ at ed t he t r ansmi t t ed l i ght i nt o component s pol ar i zed

par al l el ( I I l i ght ) and per pendi cul ar ( 1 l i ght ) t o t he i nci dent beam. Thi s ar r angement

of pol ar i zat i on el ement s i s si mi l ar t o t hat empl oyed by Eber st ei n and Rosenf al ck

( 1963) , except t hat t hey measur ed t he i nt ensi t y of I I and 1 l i ght i n separ at e r uns,

af t er r ot at i ng an anal yzer 90 ° .

I n mode 2, t he r el at i onshi p bet ween t he i nt ensi t i es of i nci dent and t r ansmi t t ed

l i ght depends on t he amount of opt i cal r et ar dat i on, R, i nt r oduced by t he f i ber as

wel l as on t he absor bances Ao and Ago . Val ues of Rand A( 1 : 1) can be det er mi ned

f r om t hese i nt ensi t i es usi ng t he t heor y gi ven i n t he Appendi x of Bayl or et al . ( 1984) .

Accor di ng t o t hei r Eqs . A20 and A16, I I I ( t ) and I 1 ( t ) ar e gi ven by t he r el at i onshi ps

wi t h

0 r epr esent s t he phase shi f t bet ween t r ansmi t t ed l i ght pol ar i zed al ong and per pendi cul ar

t o t he f i ber axi s and i s r el at ed t o opt i cal r et ar dat i on, R, by t he f or mul a

and

0 = 2r R/ a,

	

( 6)

I n al l pr evi ous r epor t s of t he use of Ca i ndi cat or s i n muscl e and i n our own exper i ment s

( Mayl i e et al . , 1987a- c) , t he measur ed val ues of A( b) and AA( b) have been suf f i ci ent l y

smal l t hat t he cosh( ) t er m can be t aken as 1 and t he t anh( k) A~ t er mcan be i gnor ed ; f or

exampl e, i n t he exper i ment s descr i bed i n Bayl or et al . ( 1982a, c) , I A( b) 1 < 0 . 03 and

I AA( b) 1 < 0 . 002 . Thus,

I I I ( t ) 1, 110)
10- n( I : 1)

= . [ cosh( ) + cos( O) ] , ( 3)2

I 1( t ) / I p( i )
10- " ( I : 1)

= . [ cosh( ) - cos( O) ] , ( 4)2

~
l n( 10)

= ( 5)
2

i n whi ch a denot es wavel engt h .

A( 1 : 1) and R can be est i mat ed f r om I I I and I 1 by combi ni ng Eqs . 3 and 4 .

t he equat i ons ar e si mpl y added t o gi ve

For A( 1 : 1) ,

A( 1 : 1)
I K( i )

= l ogzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , [ cosh( ) ] + l ogo
1111( t ) I 1 ( t ) ]

( 7)
+

Changes i n A( 1 : 1) ar e gi ven by t he di f f er ent i al f or m of Eq . 7 :

I
AI I I ( t ) + DI 1 ( t )

AA( 1 : 1) = -
l n( 10)

f t anhQ) A~
I I I ( t ) + I 1( t )

( 8)

A( 1 : 1) = l og, or
I p( i )

I I I ( t ) - +, 1( t ) ] ( 9)

I +
AA( 1 : 1 ) ^

' 11 11( t ) Al - L( t )
- ( 10)

l n( 10) I I I ( t ) + I l ( t )



1 0

The phase shi f t 0 can be obt ai ned by t aki ng t he di f f er ence bet ween Eqs . 3 and 4, and
t hen di vi di ng by t he sum:

For I A( b) I < 0 . 03, t he cosh( ) t er m i s suf f i ci ent l y cl ose t o uni t y t hat Eq . I 1 can be r epl aced
wi t h

cos( ( k) ' Z I i i ( ) ) - I L( t )

	

( 12)
hi ( t ) + I 1( t )

Changes i n phase shi f t ar e gi ven by r ear r angi ng t he di f f er ent i al f or mof Eq . 11, and t hen
maki ng t he appr oxi mat i ons cosh( ) ; z 1 and t anhQ) ; : z i ; :

Measur ement s of I AR I t hat accompany act i on pot ent i al st i mul at i on have peak val ues of
0 . 1- 0 . 6 nm ( Bayl or and Oet l i ker , 1977b ; Tabl e I V of t hi s ar t i cl e) , whi ch, f or 500 < a <

800 t un, gi ve a r ange of 0 . 0008- 0 . 008 f or A0 . The upper l i mi t s gi ven above f or I A( b) I

and I AA( b) I cor r espond t o I ~A~ I < 0 . 00008 . I n most exper i ment s, t an( 4) ) , f or t he
wavel engt hs empl oyed, was gr eat er t han or appr oxi mat el y equal t o 1, so t hat t he second
t er m on t he r i ght - hand si de of Eq . 13 was much smal l er i n magni t ude t han t he f i r st t er n) .
I n t hi s case, t he f ol l owi ng appr oxi mat i on can be used :

The t hr ee beam- spl i t t i ng cubes ( Fi g . 2) t r ansmi t ( and r ef l ect ) di f f er ent f r act i ons of I I
and 1 l i ght . These f r act i ons wer e det er mi ned exper i ment al l y f or each l i ght pat h,
and cor r ect i on f act or s wer e i nt r oduced i n appl yi ng Eqs . 7- 12 t o mode 2 r ecor ds .
These f act or s ar e not r equi r ed i n t he anal ysi s of mode 1 measur ement s ( Eqs . 1 and
2) or i n det er mi ni ng A0 wi t h Eq . 14, apar t f r om t he use of si n( O) as a scal i ng f act or .

RESULTS

El ect r i cal Measur ement s
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cos( O) = cosh( )
I 11( t ) + I . L( t )

0~
N si n( o) A L( t ) _ W11( t ) _ ~

2

	

[ 11 ( t )

	

I i i ( t ) ]

	

t an( o)

AO
N si n( )

	

~L( t ) - Al i t )

2

	

. ~ I L( t )

	

I 11( t )

( 13)

( 14)

Passi ve el ect r i cal pr oper t i es of cut f i ber s . I n t he f ol l owi ng anal ysi s, V, denot es
vol t age i n t he vol t age- measur i ng end pool , EP, , and V2 and 1 2 denot e vol t age
and cur r ent i n t he cur r ent - passi ng end pool , EP2 ( Fi g . 1) .

Af t er a f i ber was mount ed i n t he doubl e- Vasel i ne- gap chamber and t he end-

pool r egi ons wer e t r eat ed wi t h 0 . 01 %saponi n f or 2 mi n t o make t hemper meabl e,

t he bat hi ng sol ut i ons wer e r epl aced by i nt er nal sol ut i on i n t he end pool s and by
Ri nger ' s or TEA sol ut i on i n t he cent r al pool ( Tabl e 1) . 3- 13 mi n l at er , el ect r i cal
r ecor di ng was begun . Fi g . 4A shows t he f i r st measur ement s of V, r ecor ded i n
t he absence of cur r ent 12 [ cal l ed Vt ( I 2 = 0) ] pl ot t ed agai nst f i ber di amet er . Dat a
ar e shown f r om 55 f i ber s i n Ri nger ' s sol ut i on on whi ch a compl et e st eady st at e

cabl e anal ysi s was done . The val ue of V, ( 12 = 0) var i ed f r om - 22 t o - 53 mV,
wi t h an aver age val ue of - 36 . 5 mV, and showed l i t t l e cor r el at i on wi t h f i ber
di amet er . These val ues ar e subst ant i al l y l ess negat i ve t han t he nor mal r est i ng
pot ent i al , appr oxi mat el y - 90 mV. Thi s depol ar i zat i on occur s because t he f i ni t e
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ext er nal r esi st ance under t he t wo Vasel i ne seal s ( VS i n Fi g. 1) al l ows t he

depol ar i zed end- pool segment s of a f i ber t o el ect r i cal l y shunt t he membr ane i n

t he cent r al pool .

1- 2 mi n af t er t he measur ement s i n Fi g . 4A wer e made, VI was set t o - 90 mV

by i nj ect i ng t he necessar y cur r ent , 12, i nt o t he cur r ent - passi ng end pool . Exper i -

E - 60
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>
- 30

a

a 0 . 8

0

0 . 4

0

G 2 . 0

O
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1
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i 0 1
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O
0

0
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FI GURE 4.

	

El ect r i cal par amet er s, measur ed i n t he doubl e- Vasel i ne- gap chamber ,

pl ot t ed agai nst f i ber di amet er , Ri nger ' s sol ut i on . ( A) End- pool pot ent i al , V, , meas-

ur ed i n t he absence of appl i ed cur r ent ( i . e . , 12 = 0) . The measur ement s wer e made,
on aver age, 8 mi n af t er t he f i ber was mount ed and t he end- pool r egi ons wer e

t r eat ed wi t h saponi n . ( B) Rat i o of t he act ual hol di ng cur r ent at V, = - 90 mV t o

t hat pr edi ct ed f r omEq . 18, usi ng t he r esul t s i n A, C, and D. ( Cand D) Measur ement s

of 0V2 / 0V, ( = a, ) and 07 2 / 0V, ( = a2) associ at ed wi t h a 200- 400- ms pul se of

ampl i t ude appr oxi mat el y - 20 mV i n V2 . These measur ement s, as wel l as t hose of

hol di ng cur r ent used i n B, wer e made, on aver age, 12 mi n af t er t hose i n A. The

cent r al pool cont ai ned Ri nger ' s sol ut i on and t he end pool s cont ai ned i nt er nal

sol ut i on . Sar comer e spaci ng, 3 . 5- 4 . 2 Am; aver age t emper at ur e, 18 . 3° C. See t ext

f or addi t i onal det ai l s .

ment s wer e t er mi nat ed, and wer e not i ncl uded i n Fi g . 4A, i f t he magni t ude of

12 ei t her exceeded 0 . 2 j A or was not st abl e but pr ogr essi vel y i ncr eased wi t h

t i me . Ot her wi se, af t er about 5- 15 mi n, t he exact val ues of V2 and 12 wer e

r ecor ded . I f t he st eady st at e passi ve el ect r i cal behavi or of t he syst em i s l i near , V2

and 12 ar e r el at ed t o VI i n t he f ol l owi ng way :



1 2 THE JOURNAL OF GENERAL PHYSI OLOGY - VOLUME 89zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 1987

V2 = a, V, + b, ,

	

( 15)

12 = a2 V, + b2 ,

	

( 16)

wher e a, , a2, b, , and b2 ar e const ant s t hat do not depend on vol t age or cur r ent .

The f ol l owi ng ar gument shows t hat t hese f our const ant s ar e not i ndependent .

Wi t hout ext er nal cur r ent , 1 2 = 0 and consequent l y Eq . 16 becomes a2V, = - b2-

Symmet r y r equi r es t hat V, and V2 be equal , so t hat Eq . 15 becomes ( 1 - a , ) V, _

b, . Combi ni ng t hese t wo expr essi ons gi ves

b, = ( a, - 1) 62/ a2 .

	

( 17)

Consequent l y, measur ement s of t hr ee i ndependent quant i t i es ar e suf f i ci ent t o
descr i be t he syst em.

Fr om a hol di ng pot ent i al V, = - 90 mV, t he t wo const ant s a, and a2 wer e
r out i nel y det er mi ned by i mposi ng a 200- 400- ms pul se of ampl i t ude appr oxi -
I nat el y - 20 mV i n V2 and measur i ng 0V2 , 012 , and AV, . The r at i o 0V2 / 0V, gi ves
a, ( Fi g . 4C) and 01 2 / 0V, gi ves a2 ( Fi g . 4D) . The r at i o 0V2/ 0V, changed l i t t l e

wi t h f i ber di amet er , wher eas t he appar ent i nput conduct ance, 012/ AV, , i ncr eased .
The t hi r d i ndependent const ant , b, or b2 , can be det er mi ned ei t her f r om V, ( 12

= 0) or f r om t he l at er measur ement of hol di ng cur r ent made when a, and a2

wer e det er mi ned [ cal l ed I 2( V, = - 90 mV) ] . For a l i near syst em, Eq . 16 r equi r es

t hat

12( V, = - 90 mV) = a2 [ - 90 mV - V, ( I 2 = 0) ] .

	

( 18)

Fi g . 4B shows a pl ot of t he r at i o of t he measur ed hol di ng cur r ent , 12( V, = - 90

mV) , t o t he pr edi ct ed hol di ng cur r ent ( t he r i ght - hand si de of Eq . 18) . On

aver age, t he measur ed val ue was 0 . 705 t i mes t hat pr edi ct ed .

Some of t hi s di scr epancy may be due t o t he 3- 13- mi n depol ar i zat i on i n

Ri nger ' s sol ut i on t hat pr eceded t he measur ement of V, ( I 2 = 0) . Dur i ng t hi s t i me,

t he i oni c composi t i on of t he myopl asm may have become di f f er ent f r om t hat i n

an i nt act f i ber at - 90 mV; f or exampl e, t he f i ber may have gai ned Cl . Any such

changes shoul d have been r ever sed l at er when V, was set t o - 90 mV and 12( V,

_ - 90 mV) , a, , and a2 wer e measur ed .
Anot her possi bl e r eason f or t he di scr epancy i n Fi g . 4B i s el ect r i cal nonl i near i t y

of t he membr ane . Any such nonl i near i t y owi ng t o K channel s shoul d be much
r educed i n TEAsol ut i on ( St anf i el d, 1970 ; Tabl e 1B) . Fi g . 5 shows measur ement s,
si mi l ar t o t hose i n Fi g . 4, made on 13 f i ber s wi t h TEA sol ut i on i n t he cent r al

pool . The r at i o of measur ed t o pr edi ct ed hol di ng cur r ent i n t hi s sol ut i on ( Fi g .

5B) had an aver age val ue of 0 . 94 compar ed wi t h 0 . 705 i n Ri nger ' s sol ut i on .

Eq . 18, t hen, gi ves a mor e accur at e pr edi ct i on of hol di ng cur r ent i n TEA

sol ut i on t han i n Ri nger ' s . Si nce t hi s di f f er ence may be caused by a vol t age-

sensi t i ve K conduct ance t hat i s bl ocked by TEA, we deci ded t o det er mi ne b, and

b2 , i n bot h Ri nger ' s and TEA sol ut i on, f r om t he hol di ng cur r ent 1 2( V, = - 90

mV) r at her t han V, ( I 2 = 0) . Consequent l y, t he t hr ee i ndependent par amet er s a, ,

a2 , and b2 ( cal cul at ed f r om t he hol di ng cur r ent usi ng Eq . 16) wer e det er mi ned

f r om measur ement s made cl ose t o - 90 mV; b, was cal cul at ed f r om Eq . 17 .

The Appendi x shows how, usi ng si mpl e assumpt i ons, t he const ant s a, , a2 , and

b2 can be cal cul at ed f r om t hr ee cabl e par amet er s : r � � t he f i ber membr ane
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r esi st ance f or uni t l engt h ; r i , t he i nt er nal r esi st ance per uni t l engt h ; and r e , t he

ext er nal r esi st ance under t he Vasel i ne seal s per uni t l engt h . Conver sel y, rzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� � r i ,

and r e can be cal cul at ed, usi ng an i t er at i ve comput er pr ogr am, f r om a, , a2 , and
62 . Fi g . 6 shows t he val ues of cabl e par amet er s i n Ri nger ' s sol ut i on det er mi ned
f r om t he const ant s i n Fi g. 4 .

Fi g . 6A shows r � , pl ot t ed agai nst t he r eci pr ocal of f i ber di amet er , d . Al t hough
t he dat a show scat t er , t he smal l er f i ber s appear t o have a l ar ger membr ane
r esi st ance f or uni t l engt h . I f i oni c conduct ance wer e conf i ned t o t he sur f ace
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FI GURE 5.

	

El ect r i cal par amet er s, measur ed i n t he doubl e- Vasel i ne- gap chamber ,
pl ot t ed agai nst f i ber di amet er , TEA sol ut i on . The exper i ment al desi gn was si mi l ar
t o t hat i n Fi g . 4 except t hat t he cent r al pool cont ai ned TEA sol ut i on . The measur e-
ment s i n A wer e made, on aver age, I 1 mi n af t er saponi n t r eat ment ; t he ot her
measur ement s wer e made 10 mi n l at er . Sar comer e spaci ng, 3 . 4- 4 . 1 gym; aver age
t emper at ur e, 18 . 5° C.

membr ane, and i f f i ber s of di f f er ent di amet er had t he same val ue of speci f i c
membr ane r esi st ance, Rm, t hen r � , woul d depend l i near l y on 1/ d . The st r ai ght
l i ne i n Fi g . 6 A r epr esent s a l east - squar es f i t wi t h Rm= 2, 660 SE . cm2 . A si mi l ar

anal ysi s of t he TEA r esul t s ( Fi g . 7A) gi ves Rm= 5, 581 SZ . cm2 . I f , on t he ot her

hand, a subst ant i al par t of t he i oni c conduct ance wer e l ocat ed i n t he membr anes

of t he t r ansver se t ubul es, t he r el at i onshi p bet ween r m and 1/ d woul d be cur vi -
l i near , wi t h a sl ope t hat pr ogr essi vel y i ncr eases as 1/ d i ncr eases . The dat a i n
Fi gs . 6A and 7A seem consi st ent wi t h t hi s possi bi l i t y .
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Exper i ment al wor k on i nt act f i ber s, r evi ewed by Adr i an ( 1983) , gi ves a val ue

of ^- 4, 000 S2- cm2 f or R� , i n Ri nger ' s sol ut i on . Thi s net r esi st ance i s det er mi ned

by t he r esi st ances t o K i ons, ^ - 12, 000 p . cm2 , and Cl i ons, ~6, 000 S2 " cm2 , act i ng

i n par al l el . The val ue of 2, 660 Q- cm2 f or R� , i n cut f i ber s i n Ri nger ' s sol ut i on i s

c
1 . 00 r -

0. 98

0. 94

0. 92

0. 90

0`

8

0

0

0

50 100 150

Di amet er ( Nm)

FI GURE 6.

	

Est i mat es of passi ve el ect r i cal pr oper t i es of muscl e f i ber s i n Ri nger ' s

sol ut i on . The measur ement s i n Fi g . 4 wer e anal yzed usi ng t he t heor y i n t he

Appendi x ( Eq . A30) i n whi ch t he r ever sal pot ent i al , Vr , var i es l i near l y wi t h di st ance

under t he Vasel i ne seal s . ( A) r � , i s pl ot t ed agai nst ( 100 um) / d, wher e d, f i ber

di amet er , i s gi ven i n mi cr ons . The st r ai ght l i ne r epr esent s a l east - squar es f i t wi t h

t he speci f i c r esi st ance of t he membr ane R� , = 2, 660 Sl . cm2 . ( B) r ; i s pl ot t ed agai nst

[ ( 100 um) / d] 2 . The st r ai ght l i ne r epr esent s a l east - squar es f i t wi t h t he i nt er nal

speci f i c r esi st ance R; = 242 52 - cm. ( C) The r at i o r e / ( r e + r ; ) i s pl ot t ed agai nst d. The

aver age val ue i s 0 . 971 .
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somewhat smal l er t han t he val ue f or i nt act f i ber s, ^- 4, 000 12 . cm2 . I n TEA
sol ut i on, i n whi ch t he K conduct ance i s near l y abol i shed, t he val ue of 5, 581 St

cm2 f or RzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , i n cut f i ber s i s si mi l ar t o t hat expect ed i n i nt act f i ber s f or t he
r esi st ance t o Cl i ons al one, - 6, 00012 . cm2 . The bet t er agr eement i n TEAsol ut i on

1 . 00

0. 98

0. 96

092

0. 90

c

wo 0e

a 0

0T
50 100 150
Di amet er ( vm)

FI GURE 7 . Est i mat es of passi ve el ect r i cal pr oper t i es of muscl e f i ber s i n TEA
sol ut i on . Si mi l ar t o Fi g . 6 . The st r ai ght l i nes i n A and B ar e l east - squar es f i t s wi t h
R� , = 5, 581 9- cm' and R; = 214 9- cm, r espect i vel y . The aver age val ue i n C i s

0 . 983 .

( al so compar e Fi gs . 5B and 4B) may be par t l y due t o r emoval of nonl i near K
cur r ent s, bot h i n t he cent r al r egi on and under t he Vasel i ne seal s .

Fi g. 6B shows r i pl ot t ed agai nst 1/ d2 f or f i ber s i n Ri nger ' s sol ut i on . The
st r ai ght l i ne i s a l east - squar es f i t cor r espondi ng t o a val ue of 242 9- cm f or Ri ,

t he i nt er nal speci f i c r esi st ance . The val ue f or f i ber s i n TEA sol ut i on was 214 12
cm ( Fi g . 7B) . These val ues ar e sl i ght l y gr eat er t han t hat est i mat ed f or i nt act
f i ber s at 18° C, 180 12- cm, usi ng Ri = 16912- cmat 20° C and Q10 = 0 . 73 ( Hodgki n
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and Nakaj i ma, 1972) . They ar e al so sl i ght l y gr eat er t han t he aver age val ue, 204
12 - cm, r epor t ed by Hi l l e and Campbel l ( 1976) f or cut f i ber s st udi ed at 5 ° C.

Fi gs . 6 C and 7 Cshow r e/ ( r e + r ) pl ot t ed agai nst d. Thi s r at i o i s a measur e of

t he qual i t y of t he Vasel i ne seal s ; i t i s equal t o t he measur ed vol t age i n t he end

pool , V, , di vi ded by t he t r ue membr ane pot ent i al i n t he cent r al pool next t o t he

Vasel i ne seal t hat adj oi ns EP, ( Appendi x Eq . A4 wi t h I , = 0) . The aver age val ue

was 0 . 971 i n Ri nger ' s sol ut i on ( Fi g . 6C) and 0. 983 i n TEA sol ut i on ( Fi g . 7C) .

The r ange of val ues, 0. 92- 0 . 99, l i es wi t hi n t he r ange est i mat ed by Kovacs et al .

( 1983) , 0. 8- 1 . 0 .

The gener al concl usi ons f r om t hese r esul t s ar e t hat t he met hod f or est i mat i ng

l i near cabl e pr oper t i es wor ks r easonabl y wel l , especi al l y f or f i ber s i n TEA

sol ut i on, and t hat t he passi ve el ect r i cal pr oper t i es of cut f i ber s, f or t he most par t ,

ar e si mi l ar t o t hose pr evi ousl y r epor t ed f or i nt act f i ber s .

TABLE 11

Cabl e Par amet er s i n Cut Muscl e Fi ber s

Col umn 1 gi ves t he ext er nal sol ut i on i n t he cent r al r egi on and col umn 2 gi ves t he

assumpt i on made about V, and i t s dependence on posi t i on under t he Vasel i ne seal .

The val ues i n col umns 3- 5 wer e obt ai ned f r om l east - squar es f i t s of r , vs . I / d and r ;

vs . 1/ d2 and f r om t he aver age val ue of r , / ( r e + r ; ) ( Fi gs . 6 and 7) ; r m, r ; , and r , wer e

cal cul at ed f r om t he dat a i n Fi gs . 4 and 5 usi ng t he t heor y gi ven i n t he Appendi x . Eq .

A30 was used f or V, = ( x/ L, ) - VRP and Eq . A31 was used f or const ant V, . VRP was t aken

t o be - 90 mV. On aver age, t he measur ement s i n Ri nger ' s sol ut i on wer e made at

18 . 3° C, 20 mi n af t er saponi n t r eat ment ; t hose i n TEA sol ut i on wer e made at 18 . 5° C,

22 mi n af t er saponi n t r eat ment .

Ef f ect of di f f er ent assumpt i ons concer ni ng t he r ever sal pot ent i al under t he
Vasel i ne seal s . The est i mat es of cabl e par amet er s shown i n Fi gs . 6 and 7 wer e
obt ai ned on t he assumpt i on t hat V, _, t he r ever sal pot ent i al f or membr ane under
t he Vasel i ne seal s ( VS i n Fi g . 1) , var i ed f r om zer o next t o t he end pool s, whi ch
cont ai ned hi gh- K i nt er nal sol ut i on, t o - 90 mV next t o t he cent r al pool , whi ch
cont ai ned l ow- K Ri nger ' s or TEA sol ut i on . For mat hemat i cal conveni ence, a
l i near spat i al var i at i on acr oss t he seal s was assumed . Cal cul at i ons wer e al so made
wi t h const ant Vr ; t hi s was set t o ei t her 0 or - 90 mV, val ues t hat shoul d br acket
t he act ual V, - . The r esul t s ar e gi ven i n Tabl e 11 . The est i mat es of R� , ( or r � , )
changed appr eci abl y wi t h di f f er ent assumpt i ons about VT, wher eas t hose of R; ( or
r ) and r e / ( r e + r ; ) di d not .

El ect r i cal measur ement s : act i on pot ent i al . The t r aces l abel ed a i n Fi g . 8, A
and B, show t he same vol t age r ecor d, pl ot t ed on di f f er ent t i me bases, obt ai ned

( 1)
Sol ut i on used

( 2)

Assumed V,

( 3)

R� ,

9 . cml

( 4)

R;

, f l - cm

( 5)

r , / ( r . + r ; )

Ri nger ' s VRP 3, 040 244 0 . 967

Ri nger ' s ( x/ L, ) ' VRP 2, 660 242 0 . 971

Ri nger ' s 0 1, 912 237 0 . 984

TEA VRP 6, 363 214 0 . 981

TEA ( x/ L 1 ) " VRP 5, 581 214 0 . 983

TEA 0 4, 019 211 0 . 989



I RVI NG ET AL .

	

I nt r i nsi c Opt i cal Pr oper t i es of Cut Muscl e Fi ber s

	

17

f r om a convent i onal KCI - f i l l ed mi cr oel ect r ode i nser t ed i nt o a f i ber i n t he cent r al

r egi on near t he EP, Vasel i ne seal . The t r aces l abel ed b show t he same r ecor d

super i mposed on a vol t age r ecor d, V, , t aken f r om EP, . The mi cr oel ect r ode

si gnal was scal ed by a f act or of 0 . 977 so t hat i t s peak ampl i t ude woul d mat ch

100

MV

100
MV

100

mV

c

0 ( ms)
10

	

0 ( ms) 1

	

0 ( ms) 2

FI GURE 8 .

	

Act i on pot ent i al measur ement s usi ng t he doubl e- Vasel i ne- gap cham-

ber . Tr ace a i n panel A shows t he vol t age r ecor ded f r om a mi cr oel ect r ode i nser t ed

i nt o t he f i ber i n t he cent r al - pool r egi on ^- 50 Fcm f r om t he edge of t he Vasel i ne seal

next t o EP, . The el ect r ode, f i l l ed wi t h 3 MKCI , had a r esi st ance of 4 MSI i n Ri nger ' s

sol ut i on at r oom t emper at ur e . The mi cr oel ect r ode made a 20° angl e wi t h t he

hor i zont al so t hat i t woul d f i t under t he wat er i mmer si on obj ect i ve . Because of t hi s

shal l ow i ncl i ne, t he di st al 1 cm or so of t he mi cr oel ect r ode was cover ed by t he

cent r al - pool sol ut i on, hel d at ear t h pot ent i al . To avoi d t he sl owi ng of r esponse t hat

t he capaci t ance acr oss t he mi cr oel ect r ode wal l woul d nor mal l y pr oduce, t he mi cr o-

el ect r ode was shi el ded by a coat i ng of Ag pai nt dr i ven wi t h t he uni t y gai n out put

f r om t he mi cr oel ect r ode ampl i f i er ; t he Ag pai nt was i nsul at ed by M- coat D ( Mi cr o-

measur ement s, Romul us, MI ) and f i nger nai l pol i sh . The peak ampl i t ude of t he

act i on pot ent i al was 137 . 2 mV. The t r aces l abel ed b i n panel A show t wo super i m-
posed act i on pot ent i al s, one wi t h a peak ampl i t ude of 134 . 0 mV r ecor ded f r omend

pool EP, and t he ot her f r om t he mi cr oel ect r ode, t r ace a, scal ed by 0 . 977 . The
t r aces i n B ar e si mi l ar t o t hose i n A except f or t he di f f er ence i n t i me base . Al l

r ecor ds i n Aand B wer e t aken wi t h a 10- kHz ei ght - pol e Bessel f i l t er . Fi ber di amet er ,
88 pm; sar comer e spaci ng, 3 . 7 , m; Ri nger ' s sol ut i on ; t emper at ur e, 19 . 4° C; hol di ng

pot ent i al , - 90 mV; t i me af t er saponi n t r eat ment , 30 mi n ; f i ber 101084 . 2 . The

act i on pot ent i al t r aces i n C wer e r ecor ded f r om end pool EP, i n a di f f er ent f i ber .

The f i r st r ecor d was t aken wi t hout a Bessel f i l t er , t he mi ddl e r ecor d wi t h a 10- kHz

ei ght - pol e Bessel f i l t er , and t he l ast r ecor d wi t h a 0 . 625- kHz ei ght - pol e Bessel f i l t er .

Fi ber di amet er , 73 Am; sar comer e spaci ng, not r ecor ded ; Ri nger ' s sol ut i on ; t em-

per at ur e, I 7 . 9° C; hol di ng pot ent i al , - 90 mV; t i me af t er saponi n t r eat ment , 25

mi n ; f i ber 100584 . 2 . I n t he exper i ment s i n Fi gs . 8 and 9, onl y one channel of dat a

was sampl ed at a t i me, at a sampl i ng r at e of 100 kHz .

t hat of t he end- pool si gnal . Accor di ng t o l i near cabl e t heor y ( Eq . A4 wi t h I , =

0) , t hi s f act or shoul d equal r e/ ( r e + r ; ) , whi ch i s est i mat ed t o be 0 . 965 usi ng t he

pr ocedur e descr i bed above . These t wo val ues ar e i n good agr eement .

I n most exper i ment s, vol t age and opt i cal si gnal s wer e f i l t er ed bef or e bei ng

sampl ed by t he A/ D conver t er ( see p. 5 f or mor e det ai l s) . Fi g . 8 C shows t he
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ef f ect of di f f er ent f i l t er s on t he act i on pot ent i al . End- pool ( EPI ) si gnal s wer e

sampl ed usi ng no f i l t er ( f i r st t r ace) , a 10- kHz, ei ght - pol e Bessel f i l t er ( second

t r ace) , and a 0 . 625- kHz, ei ght - pol e Bessel f i l t er ( t hi r d t r ace) . A Bessel f i l t er

i nt r oduces a const ant t i me del ay f or l ow- f r equency component s of a si gnal ; hi gh-

f r equency component s ar e al so del ayed, but t o a l esser degr ee, and ar e at t en-

uat ed. Wi t h an ei ght - pol e f i l t er , t he const ant l ow- f r equency del ay i s equal t o t he

r eci pr ocal of t he cut of f f r equency . The mi ddl e t r ace i n C shows an accur at e

t empor al wavef or m of t he act i on pot ent i al , but del ayed by 0. 1 ms as expect ed

f or t he 10- kHz f i l t er . The l ast t r ace shows mar ked at t enuat i on and i s i ncl uded

i n t he compar i son because t he 0. 625- kHz f i l t er was used r out i nel y i n r uns

i nvol vi ng opt i cal measur ement s ; t hi s f i l t er pr oduced no not i ceabl e at t enuat i on

of t he opt i cal r ecor ds ( see Fi g . 16) .

I n al l f i gur es, t he or i gi n of t he t i me base cor r esponds t o t he i ni t i at i on of

el ect r i cal st i mul at i on, whet her by an act i on pot ent i al shock or by a vol t age- cl amp

st ep, shi f t ed by t he l ow- f r equency t i me del ay expect ed f or t he Bessel f i l t er . Thus,

t he t = 0 mar ker i n Fi g . 8, A and B ( 10- kHz f i l t er ) , was pl aced 0. 1 ms af t er t he

cur r ent pul se was st ar t ed . No del ay was used i n ( , ' .

End- pool ( EPI ) act i on pot ent i al s wer e measur ed i n a t ot al of 51 f i ber s hel d at

- 90 mV. The aver age ampl i t ude 10- 42 mi n ( aver age val ue, 21 mi n) af t er

saponi n t r eat ment was 133 . 8 mV ( r ange, 127- 144 mV; aver age t emper at ur e,

18 . 3° C) , whi ch cor r esponds t o an aver age over shoot of +43 . 8 mV. These EPI

val ues shoul d be di vi ded by r e/ ( r e + r ; ) t o gi ve t r ue val ues of membr ane pot ent i al .

The aver age r at i o i n Ri nger ' s sol ut i on, 0. 971, gi ves - 92 . 7 mV f or t he r est i ng

pot ent i al , 137 . 8 mV f or t he ampl i t ude of t he act i on pot ent i al , and +45 . 1 mV

f or t he over shoot . These number s ar e si mi l ar t o t hose obt ai ned wi t h mi cr oel ec-

t r odes i n i nt act sar t or i us f i ber s at 20° C, wher e, on aver age, t he r est i ng pot ent i al

i s - 88 mV, t he act i on pot ent i al ampl i t ude i s 129 mV, and t he over shoot i s +41

mV ( Per sson, 1963) .

El ect r i cal measur ement s : vol t age cl amp. Fi g . 9 shows vol t age r ecor ds associ -

at ed wi t h a 20- ms hyper pol ar i zat i on f r om a hol di ng pot ent i al of - 90 mV i n

Ri nger ' s sol ut i on . I n A, t he t r ace of l ar ger f i nal ampl i t ude ( - 51 . 6 mV) was

r ecor ded wi t h a mi cr oel ect r ode, j ust af t er i nser t i on i nt o t he cent r al r egi on of

t he f i ber near t he EP, Vasel i ne seal . The smal l er - ampl i t ude t r ace ( - 50 . 3 mV)

was measur ed 28 s l at er i n EPI ( Fi g . 1) . As ment i oned i n t he pr ecedi ng sect i on,

t he r at i o 50 . 3/ 51 . 6 = 0. 975 shoul d cor r espond t o r e/ ( r e + r ; ) , whi ch i s equal t o

0 . 977 accor di ng t o t he l i near cabl e anal ysi s . These t wo val ues ar e i n good

agr eement .

Af t er t he r ecor ds i n Fi g . 9A wer e obt ai ned, t he mi cr oel ect r ode was wi t hdr awn

and i nser t ed near t he EPZ Vasel i ne seal . Then, 5 mi n af t er t he measur ement s i n

Fi g . 9A, t he vol t ages wer e measur ed agai n ( Fi g . 9B) . The f i nal ampl i t ude

measur ed wi t h t he mi cr oel ect r ode was l ar ger t han bef or e, al t hough t he EP,

pot ent i al was unchanged. Fi nal l y, t he mi cr oel ect r ode was wi t hdr awn and r ei n-

ser t ed near t he EP ] Vasel i ne seal t o make a br acket i ng measur ement ( not shown) .

Dur i ng t he cour se of t he exper i ment , t he change i n pot ent i al measur ed wi t h t he

mi cr oel ect r ode sl owl y decl i ned . The f i r st measur ement s, near EP ] , gave - 51 . 6

mV j ust af t er i nser t i on of t he mi cr oel ect r ode and - 51 . 4 mV j ust bef or e wi t h-
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dr awal . The second set of measur ement s, near EP2 , gave - 53 . 6 mV j ust af t er

i nser t i on and - 53 . 0 mVj ust bef or e wi t hdr awal . The t hi r d set of measur ement s,

near EP, , gave - 50 . 7 mV j ust af t er i nser t i on . The r at i o of pot ent i al changes at

t he t wo ends of t he f i ber i n t he cent r al - pool r egi on can be obt ai ned f r om t he

r at i os 53 . 6/ 51 . 4 = 1 . 043 and 53 . 0/ 50 . 7 = 1 . 045 ( aver age val ue, 1 . 044) .

20
MV

A

r - I

( ms)
20

	

0 ( ms)
20

FI GURE 9 .

	

Measur ement s of membr ane hyper pol ar i zat i on under vol t age cl amp .
Each panel shows r ecor ds, t aken wi t h a 10- kHz ei ght - pol e Bessel f i l t er , of end- pool

pot ent i al V, and t he mi cr oel ect r ode pot ent i al associ at ed wi t h a 20- ms hyper pol ar i -

zat i on . I n A, t he mi cr oel ect r ode was i nser t ed i nt o t he f i ber i n t he cent r al - pool

r egi on 75 Am f r omt he Vasel i ne seal next t o EP, ; i n B, i t was i nser t ed 35 Amf r om

t he seal next t o EP2 . I n each panel , t he mi cr oel ect r ode r ecor d i s t he one wi t h t he

l ar ger f i nal ampl i t ude . The mi cr oel ect r ode was f i l l ed wi t h 3 M KCI and had a

r esi st ance of 7 MQ i n Ri nger ' s sol ut i on at r oom t emper at ur e . Si nce Ag pai nt

shi el di ng was not used, t he r esponse of t he mi cr oel ect r ode was sl ower t han t hat of

t he end pool . Fi ber di amet er , 76 Am; sar comer e spaci ng, 4 . 1 Am; Ri nger ' s sol ut i on ;
t emper at ur e, 18 . 6- 18 . 7 ° C ; hol di ng pot ent i al , - 90 mV; t i me af t er saponi n t r eat -

ment , 30 mi n i n A and 35 mi n i n B; f i ber 101084 . 1 .

Thi s exper i ment al l y measur ed r at i o can be compar ed wi t h t he t heor et i cal r at i o

AVi , b/ AVi . a f or t he muscl e segment i n t he cent r al pool ( see Appendi x) :

AVi , b/ AVi . a = cosh( L 2 / A2 ) +

	

r ,

	

L. f ( LI / Ai ) .
si nh( L2/ A2) 1

,

	

( A34)
r e + r i L, 1

	

L2/ A2

i n whi ch f ( L, / A, ) i s def i ned by

f ( Li / Al ) =

20

MV

L, / A,

t anh( L, / A, )
( A13)

L, and L2 ar e t he l engt hs of t he Vasel i ne seal s and t he cent r al - pool r egi on,

r espect i vel y . A, and A2 ar e t he cor r espondi ng space const ant s of t he f i ber , whi ch

depend on r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , and r i and, i n t he case of A, , r e . For t he f i ber i n Fi g . 9, r � , = 1 . 302

MS2 . cm, r ; = 4 . 757 MQ/ cm, and r e = 205 . 73 MQ/ cm. The f i r st t er m on t he

r i ght - hand si de of Eq . A34 gi ves t he r at i o expect ed i f t he l ef t - hand Vasel i ne seal

pr ovi ded per f ect i nsul at i on and r e wer e i nf i ni t e ; t hi s gi ves cosh( L 2/ A2 ) = 1 . 005 .

The second t er m, whi ch ar i ses because r e i s not i nf i ni t e, has a val ue of 0 . 040 .
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Si nce t he expr essi on i n squar e br acket s i s appr oxi mat el y uni t y, t hi s val ue depends

mai nl y on t he r at i os r ; / r e and L2/ L 1 and i s r el at i vel y i ndependent of r m. Thus,

t he t heor et i cal r at i o OV; , h/ OV; , , i s equal t o 1 . 005 + 0. 040 = 1 . 045, whi ch i s

si mi l ar t o t he measur ed r at i o 1 . 044, and t he magni t ude of t he vol t age i ncr ement

( i . e . , t he amount by whi ch OV; , b/ OV; , , exceeds uni t y) i s pr i mar i l y due t o t he

second t er m i n Eq . A34.

The exper i ment s i n Fi gs . 8 and 9 show t hat est i mat es of r e/ ( r e + r ; ) obt ai ned

f r om l i near cabl e anal ysi s agr ee wel l wi t h val ues obt ai ned f r om di r ect Measur e-

I nent wi t h a I ni cr oel ect r ode . I n t he cent r al r egi on of a cut f i ber , t he i nt er nal
pot ent i al shows a sl i ght var i at i on wi t h di st ance, whi ch i s gr eat er t han t hat

expect ed f or a t er mi nat ed cabl e ( cosh t er m onl y) . Thi s ext r a var i at i on i s due t o

t he i mper f ect el ect r i cal i nsul at i on under t he Vasel i ne seal ; i n t he exper i ment i n

Fi g . 9, t hi s cont r i but ed a 4% change t o AV f r om one end of t he cent r al - pool

r egi on t o t he ot her .

Opt i cal Measur ement s

Wavel engt h dependence of r est i ng i nt r i nsi c absor bance . Thr oughout t hi s ser i es

of ar t i cl es, t he t er m absor bance, as def i ned by Eq . 1, i s used empi r i cal l y t o

descr i be t he r el at i onshi p bet ween i nci dent and t r ansmi t t ed l i ght . The r at i o of

t hese t wo i nt ensi t i es depends on t he opt i cal appar at us ; i n par t i cul ar , si nce l i ght

scat t er ed by a f i ber may not be col l ect ed by t he measur i ng syst em, t he obser ved

r at i o depends on t he numer i cal aper t ur e ( NA) of t he condensi ng and col l ect i ng

obj ect i ves . I n t he exper i ment s descr i bed her e, t he condensi ng obj ect i ve NA was

0 . 4 and t he col l ect i ng obj ect i ve NA was 0. 6 .

Fi g . l 0A shows t he wavel engt h dependence of r est i ng i nt r i nsi c absor bance i n

a t ypi cal f i ber . The ci r cl es r epr esent dat a col l ect ed usi ng mode 1 r ecor di ng ( Fi g .

3) and t he cur ve r epr esent s a l east - squar es f i t of t he empi r i cal equat i on

A( a) = a + b( 550 nm/ a) ' " ,

	

( 19)

wi t h a = 0. 01376, b = 0. 01474, and m = 3 . 1 . Eq . 19 f i t s t he wavel engt h

dependence of r est i ng absor bance, especi al l y at shor t wavel engt hs, bet t er t han

t he si mpl er X- ' n r el at i onshi p ( f i t t ed best t o t hi s set of dat a wi t h m= 1 . 36) used by

Bayl or et al . ( 1982a) . The i mpr oved f i t by Eq . 19 i s not t hought t o r epr esent a

di f f er ence bet ween cut and i nt act f i ber s .

Col umns 2- 4 of Tabl e I I I gi ve val ues of a, b, and mobt ai ned f r om 15 f i ber s

i n whi ch r est i ng absor bance was measur ed at f i ve or mor e wavel engt hs ear l y i n

t he exper i ment . The aver age val ues of a, b, and m wer e 0. 0146, 0. 0154, and

4 . 1, r espect i vel y . On t he ot her hand, an aver age val ue of m= 1 . 23 ( 0 . 07 SEM)

was obt ai ned on t he same f i ber s usi ng t he si mpl er X-̀ r el at i onshi p .

These r esul t s ar e si mi l ar t o t hose r epor t ed f or i nt act f i ber s i n whi ch t he

numer i cal aper t ur es of t he condensi ng and col l ect i ng obj ect i ves wer e compar abl e

t o t hose used her e . Bayl or et al . ( 1982a) f ound an aver age val ue of 0. 028 f or

A( 570) i n i nt act f i ber s . The aver age val ue i n cut f i ber s, cal cul at ed usi ng Eq . 19

and t he mean val ues of a, b, and mgi ven i n Tabl e I I I , i s al so 0. 028 . I n a r ecent

st udy, Bayl or et al . ( 1986) measur ed A( 810) i n i nt act f i ber s ; t he aver age val ues

wer e 0. 022 f or 0° l i ght and 0. 016 f or 90° l i ght , gi vi ng 0. 018 f or A( 810, 1 : 2) .
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The val ue of A( 810, 1 : 2) i n cut f i ber s, obt ai ned f r om Eq . 19 and t he mean val ues

i n Tabl e I I I , i s exact l y t he same . Bayl or et al . ( 1986) al so det er mi ned t he

wavel engt h dependence of r est i ng absor bance, usi ng t he si mpl er X- " " r el at i onshi p .

Thei r aver age val ues of mwer e 1 . 1 f or 0 ° l i ght and 1 . 3 f or 90 0 l i ght ( 480 <_ A

5 810 nm) . The aver age val ue f or t he f i ber s i n Tabl e 111, based on 1 : 2

absor bances, was 1 . 23 ( 0 . 07 SEM) ( 420 <_ X <_ 810 nm) . Thus, i t seems saf e t o

concl ude t hat f r eshl y pr epar ed cut and i nt act f i ber s have t he same r est i ng i nt r i nsi c

absor bance .

FI GURE 10 .

	

Wavel engt h dependence of r est i ng i nt r i nsi c absor bance . Rest i ng ab-

sor bance ( f i l l ed ci r cl es) was measur ed 19- 23 ( A) and 78- 82 mi n ( B) af t er saponi n

t r eat ment . The cur ves show l east - squar es f i t s of Eq . 19 ; i n A, m= 3 . 1, a = 0 . 01376,

b = 0 . 01474 ; i n B, m = 3 . 1, a = 0 . 01123, b = 0 . 01488 . The open ci r cl es i n B gi ve

t he di f f er ence bet ween t he f i l l ed ci r cl es i n A and t hose i n B . Mode 1 r ecor di ng was

used ( Fi g . 3) ; absor bances ar e pl ot t ed as 1 : 2 aver aged val ues ( i . e . , val ues aver aged

usi ng one par t 0 ° pol ar i zat i on and t wo par t s 90 ° pol ar i zat i on) ; f i ber di amet er , 95-

96 Am i n A and 96 j m i n B; sar comer e spaci ng, 3 . 9 um; Ri nger ' s sol ut i on ;

t emper at ur e, 17 . 2- 17 . 4 ° C i n A and 17 . 9- 18 . 0° C i n B; hol di ng pot ent i al , - 90 mV;

f i ber 071284 . 1 .

Changes i n r est i ng i nt r i nsi c absor bance dur i ng t he cour se of an exper i ment . The

f i l l ed ci r cl es i n Fi g . I OB show r est i ng absor bance measur ed ^- 1 h af t er t he dat a

i n Fi g . 10A had been t aken . The absor bance decr eased somewhat dur i ng t he

i nt er val , and t he par amet er s obt ai ned by f i t t i ng Eq . 19 ( cont i nuous cur ve) wer e

a = 0 . 0 1123, b = 0 . 0 1488, and m = 3 . 1 . The change i n absor bance at each

wavel engt h, A mi nus B, has been pl ot t ed as open ci r cl es i n Fi g . I OB ; t hi s shows

no cl ear wavel engt h dependence, as expect ed f r om t he r el at i ve const ancy of b

and m.

Accur at e measur ement s of r est i ng absor bance r el y on a st abl e l i ght sour ce,

and i n exper i ment s wher e t hi s was i mpor t ant , such as i n Fi g . 10, l ong war m- up

per i ods wer e used . The i nt ensi t y of i nci dent l i ght was measur ed at t he begi nni ng
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of t he exper i ment i n Fi g . 10 and at t he end, 135 mi n l at er ; i n t he wavel engt h

r ange 420- 810 nm, i t decr eased, on aver age, by 0. 09%. I nt ensi t y at i nt er medi at e

t i mes was est i mat ed by l i near i nt er pol at i on . Any er r or i nt r oduced by t hi s pr o-

cedur e shoul d be smal l ; a mi st ake of 0. 09% i n t he i nt ensi t y of i nci dent l i ght

woul d change absor bance by 0. 0004 uni t s, an amount sever al f ol d smal l er t han

t he di f f er ence shown by t he open ci r cl es i n Fi g . JOB.

I n t wo ot her exper i ment s ( not shown) , r est i ng absor bance was moni t or ed f or

an ext ended per i od i n t he absence of i ndi cat or . Af t er 1 h, one f i ber showed a

decr ease i n absor bance of 0. 002, i ndependent of wavel engt h, and t he ot her

showed an i ncr ease t hat var i ed f r om 0 . 007 at 810 nmt o 0 . 017 at 430 nm.

TABLE I I I

Rest i ng and Act i ve I nt r i nsi c Absor bance i n Cut Muscl e Fi ber s

Col umn 1 gi ves f i ber r ef er ence ; col umns 2- 4 gi ve par amet er s i n Eq . 19 t hat gi ve l east -

squar es f i t s t o t he r est i ng absor bance dat a ; col umns 5 and 6 gi ve par amet er s f r om Eq .

20 t hat gi ve l east - squar es f i t s t o t he act i ve absor bance dat a associ at ed wi t h a si ngl e

act i on pot ent i al . Absor bance measur ement s on each f i ber wer e made at f i ve or mor e

di f f er ent wavel engt hs ( 420 5 a <- 810 nm) I 6- 46 mi n ( aver age val ue, 28 mi n) af t er

saponi n t r eat ment . Fi ber di amet er s, 70- 118 / Am; sar comer e spaci ngs, 3 . 5- 4 . 5 j um;

Ri nger ' s sol ut i on ; aver age t emper at ur e, 18 . 0° C; hol di ng pot ent i al , - 90 mV.

Rest i ng r et ar dat i on . Mode 2 r ecor di ng ( Fi g . 3) was used t o measur e r est i ng

r et ar dat i on i n si x i nt act and ni ne cut f i ber s . As f ound by Bayl or and Oet l i ker

( 1977b) , r et ar dat i on i s near l y i ndependent of wavel engt h i n t he vi si bl e r ange .

Col umn 3 of Tabl e I V gi ves val ues of r est i ng r et ar dat i on, aver aged f r om

si mul t aneous measur ement s made at t hr ee di f f er ent wavel engt hs, and col umn 4

gi ves val ues of r est i ng bi r ef r i ngence, equal t o r et ar dat i on di vi ded by t he pat h

l engt h ( assumed t o be equal t o t he f i ber di amet er ) . The aver age val ue of

bi r ef r i ngence was 2 . 09 X 10 - 3 i n si x i nt act f i ber s and 1 . 75 X 10 - 3 i n ni ne cut

( 1)

Fi ber

r ef er ence

( 2)

a

( 3)

b

( 4)

m

( 5)

DA( 810)

( 6)

n

061484 . 2 0 . 0186 0, 0108 3 . 5 - 1 . 52 x 10 - 4 0 . 52

061584 . 2 0 . 0224 0 . 0120 4 . 5 - -

061984 . 2 0 . 0149 0 . 0171 6 . 4 - 3 . 87 x 10- 4 1 . 97

062684 . 1 0 . 0190 0 . 0217 3 . 1 - -

070584 . 1 0 . 0105 0 . 0121 4 . 2 - -

070584 . 2 0 . 0118 0 . 0130 4 . 3 - 3 . 59 x 10- 4 0. 99

070984 . 1 0 . 0173 0 . 0094 5 . 5 - 1 . 11 x 10- 4 0 . 72

071184 . 1 0 . 0103 0 . 0083 5 . 3 - 0 . 54 x 10- 4 0 . 83

071184 . 2 0 . 0133 0 . 0148 4 . 2 - 1 . 65 x 10- 4 1 . 18

071284 . 1 0 . 0112 0 . 0200 3 . 1 - 2 . 00 x 10- 4 1 . 06

071284. 2 0 . 0118 0 . 0167 3 . 4 - -

092584 . 1 0 . 0234 0 . 0109 5 . 5 - 1 . 55 x 10- 4 1 . 19

092584 . 2 0 . 0123 0 . 0164 2 . 7 - 5 . 12 x 10- 4 1 . 35

100384 . 1 0 . 0164 0 . 0160 3 . 9 - -

111684 . 1 0 . 0058 0 . 0317 1 . 8 - -

Mean 0 . 0146 0 . 0154 4 . 1 - 2 . 33 x 10 - 4 1 . 09

SEM 0 . 0013 0 . 0015 0 . 3 0 . 50 x 10- 4 0 . 14
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f i ber s . These t wo val ues ar e si gni f i cant l y di f f er ent at t he l evel 0. 01 < P < 0. 025

usi ng t he t wo- t ai l ed t t est .

Our val ue of bi r ef r i ngence i n i nt act f i ber s i s sl i ght l y smal l er t han t hat r epor t ed

by Bayl or and Oet l i ker ( 1977b) , 2 . 25 X 10 - s , per haps because t he met hod used

her e gi ves t he aver age r et ar dat i on over t he 50- Ami l l umi nat ed spot r at her t han

t he maxi mumval ue at t he t hi ckest par t of t he f i ber cr oss- sect i on .

TABLE I V

Rest i ng and Act i ve Ret ar dat i on i n I nt act and Cut Muscl e Fi ber s

( 1) ( 2) ( 3) ( 4) ( 5) ( 6) ( 7) ( 8) ( 9) ( 10)

Rest i ng

	

Rest i ng

	

Peak

	

Peak

	

St eady

	

St eady

	

Ti me t o

Col umn I gi ves f i ber r ef er ence and col umn 2 gi ves di amet er . Col umns 3, 5, and 7 gi ve r est i ng r et ar dat i on,

t he peak change af t er an act i on pot ent i al , and t he st eady l evel r ecor ded 0 . 7- 0 . 9 s af t er st i mul at i on . Col umns

4, 6, and 8 gi ve r est i ng, peak, and st eady bi r ef r i ngence, obt ai ned by di vi di ng col umns 3, 5, and 7 by col umn

2 . Col umn 9 gi ves t he t i me t hat el apsed bet ween t he t i me t o hal f - peak of t he act i on pot ent i al and t he t i me

t o hal f - peak of t he r et ar dat i on si gnal . Col umn 10 gi ves t he hal f - wi dt h of t he r et ar dat i on si gnal . The r esul t s

i n col umns 3- 10 ar e aver age val ues obt ai ned at t wo or t hr ee wavel engt hs . The measur ement s on cut f i ber s

wer e made 13- 23 mi n af t er saponi n t r eat ment . Sar comer e spaci ng, 3 . 7- 4 . 2 dam ; Ri nger ' s sol ut i on ; aver age

t emper at ur e, 16 . 7° C i n A and 17 . 6° C i n B; hol di ng pot ent i al , - 90 i nV.

Opt i cal changes af t er act i on pot ent i al st i mul at i on measur ed i n modes 1 and 2 .

Fi g. 1 1 shows t wo set s of t r aces, one r ecor ded i n mode 1 ( l ef t - hand si de) and t he

ot her r ecor ded i n mode 2 ( r i ght - hand si de) . I n each set , t he t op t r ace shows t he

act i on pot ent i al , at t enuat ed i n ampl i t ude as expect ed f or t he 0. 625- kHz Bessel

f i l t er . The r emai ni ng t r aces show t he out put s f r om t he si x phot odi ode ci r cui t s

Fi ber

r ef er ence

Di am-

et er

km

r et ar d-

at i on

nm

bi r ef r i n-

gence

10- s

r et ar d-

at i on

nm

bi r ef r i n-

gence

10- 6

r et ar d-

at i on

nm

bi r ef r i n-

gence

10- 6

hal f -

peak

ms

Hal f -

wi dt h

ms

( A) I nt act f i ber s

042883 . 1 69 133 . 3 1 . 93 - 0 . 254 - 3 . 68 - 0 . 037 - 0 . 54 14 . 8

042983 . 1 65 126 . 5 1 . 95 - 0 . 154 - 2 . 37 0 . 001 0 . 02 7 . 8

050383 . 1 90 170 . 3 1 . 89 - 0 . 248 - 2 . 76 0 . 030 0 . 33 9 . 2

050683 . 1 82 153 . 8 1 . 88 - 0 . 184 - 2 . 24 0 . 002 0 . 02 10 . 9

050683 . 2 108 257 . 8 2 . 39 - 0 . 343 - 3 . 18 - 0 . 089 - 0 . 82 14 . 2

051183 . 2 94 237 . 3 2 . 52 - 0 . 363 - 3 . 86 - 0 . 043 - 0 . 46 22 . 5

Mean 85 2 . 09 - 3 . 02 - 0 . 24 13 . 2

SEM 0 . 12 0 . 27 0 . 18 2 . 2

( B) Cut f i ber s

061284 . 1 94 162 . 6 1 . 73 - 0 . 222 - 2 . 36 - 0 . 021 - 0 . 22 3 . 76 12 . 7

061484 . 3 86 151 . 9 1 . 77 - 0 . 179 - 2 . 08 - 0 . 028 - 0 . 33 3 . 51 9 . 2

092684 . 1 80 127 . 3 1 . 59 - 0 . 129 - 1 . 61 - 0 . 019 - 0 . 24 3 . 24 10 . 5

100284 . 1 87 158 . 4 1 . 82 - 0 . 167 - 1 . 92 - 0 . 011 - 0 . 13 3 . 44 7 . 6

101784 . 2 102 186 . 7 1 . 83 - 0 . 312 - 3 . 06 - 0 . 056 - 0 . 55 4 . 85 18 . 0

101884 . 1 71 97 . 3 1 . 37 - 0 . 105 - 1 . 48 - 0 . 013 - 0 . 18 3 . 17 12 . 5

101984 . 1 104 202 . 4 1 . 95 - 0 . 224 - 2 . 15 - 0 . 039 - 0 . 38 3 . 49 10 . 4

102284 . 2 98 174 . 3 1 . 78 - 0 . 270 - 2 . 76 - 0 . 039 - 0 . 40 3 . 68 10 . 6

102384 . 2 77 145 . 8 1 . 89 - 0 . 169 - 2 . 19 - 0 . 021 - 0 . 27 3 . 27 8 . 6

Mean 89 1 . 75 - 2 . 18 - 0 . 30 3 . 60 11 . 1

SEM 0 . 06 0 . 17 0 . 04 0 . 17 1 . 0
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scal ed accor di ng t o r est i ng t r ansmi t t ed l i ght . The opt i cal changes occur r ed mor e

sl owl y t han t he act i on pot ent i al and wer e not not i ceabl y at t enuat ed by t he 0 . 625-

kHz Bessel f i l t er s ( see bel ow, Fi g . 16) .

I n mode 1, t he opt i cal t r aces have been scal ed accor di ng t o Eq . 2 so t hat t he

si gnal s r epr esent changes i n absor bance . Al l si x t r aces, r epr esent i ng t hr ee wave-

l engt hs and t wo pl anes of l i near pol ar i zat i on, have si mi l ar wavef or ms and di f f er

mai nl y i n ampl i t ude .

M LV

100

L

1

A
0. 0003[

Mode 1

	

Mode 2
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FI GURE 11 .

	

Opt i cal changes r ecor ded si mul t aneousl y by si x phot odi odes ( Fi g . 2)

t hat moni t or t r ansmi t t ed l i ght i nt ensi t y at t hr ee di f f er ent wavel engt hs and t wo

pl anes of l i near pol ar i zat i on . Mode 1 : changes i n t he i nt ensi t y of t r ansmi t t ed l i ght

scal ed accor di ng t o Eq . 2 and pl ot t ed as changes i n absor bance f or 0° and 90° l i ght

at t he i ndi cat ed wavel engt hs . The t op t r ace shows t he act i on pot ent i al . I n t hi s and

subsequent f i gur es, i t s magni t ude was r educed by a 0 . 625- kHz ei ght - pol e Bessel

f i l t er . The act ual magni t ude, measur ed on a st or age osci l l oscope, was 136 mV.

Mode 2 : changes i n i nt ensi t y of t r ansmi t t ed l i ght pol ar i zed per pendi cul ar ( 1) and

par al l el ( I I ) wi t h r espect t o t he i nci dent l i ght . These si gnal s ar e expr essed as changes

i n absor bance usi ng Eq . 2 wi t h 0 r epl aced wi t h 1 and I I . The r est i ng i nt ensi t i es of 1

and I I t r ansmi t t ed l i ght at each wavel engt h depend mai nl y on t he r est i ng r et ar dat i on

of t he f i ber ( Eqs . 3 and 4) and t he di f f er ent t r ansmi ssi on and r ef l ect i on coef f i ci ent s

of t he beam- spl i t t i ng cubes ( see Met hods) . For t hese and ot her r easons, nor mal i zi ng

t he opt i cal r ecor ds by r est i ng i nt ensi t y ( Eq . 2) pr oduces di f f er ent peak ampl i t udes

and noi se l evel s i n t he 1 and I I t r aces at each wavel engt h . Bot h mode 1 and mode 2

measur ement s wer e made on t he same f i ber ; f i ber di amet er , 86 Am; sar comer e

spaci ng, 3 . 8 Am; r est i ng r et ar dat i on, 152 nm; Ri nger ' s sol ut i on ; t emper at ur e,

20 . 4° C ( mode 1) and 17 . 7° C ( mode 2) ; hol di ng pot ent i al , - 90 mV ; f i ber 061484 . 3 .

The t r aces i n mode 1 wer e t aken 10 mi n af t er saponi n t r eat ment ; t he t r aces i n

mode 2 wer e t aken 20 mi n af t er saponi n t r eat ment .

I n mode 2, t he t r aces have al so been scal ed by r est i ng t r ansmi t t ed i nt ensi t y

t i mes [ - l n( 10) ] , whi ch i s si mi l ar t o Eq . 2 . Al t hough t he ver t i cal scal e i s l abel ed

i n absor bance uni t s, t he opt i cal si gnal s r ef l ect changes i n bot h absor bance and

r et ar dat i on . A change i n t r ue f i ber absor bance ( or scat t er i ng) changes t he
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i nt ensi t y of 1 and I I l i ght i n t he same di r ect i on, wher eas a change i n r et ar dat i on

pr oduces i nt ensi t y changes i n opposi t e di r ect i ons f or t he t wo pol ar i zat i ons ( Eqs .

A17 and A21 i n Bayl or et al . , 1984) . The r esul t s show t hat t he ear l y opt i cal

t r ansi ent i s due pr i mar i l y t o a change i n r et ar dat i on .

Fi g . 12 shows pr ocessed opt i cal t r aces f r om t he exper i ment i n Fi g . 11 . I n

mode 1, t he aver age of t he 0 ° and 90' absor bance changes i s l abel ed " 1 : 1 . " The

di f f er ence bet ween t he 0° and 90° changes, cal l ed t he di chr oi c si gnal , i s l abel ed

" b . " I n mode 2, t he or i gi nal t r aces ar e combi ned t o gi ve t he change i n 1 : 1

absor bance ( Eq. 10) and t he change i n opt i cal r et ar dat i on, l abel ed " R" ( Eqs . 14

and 6) . Accor di ng t o t he t heor y, t he absor bance si gnal i s not cont ami nat ed by

t he r et ar dat i on si gnal and vi ce ver sa . The changes i n 1 : 1 absor bance det er mi ned

100
MV

AA
0. 0003[

720

	

1 : 1

( ms) ' 50

	

0 ' ( ms)

	

50

FI GURE 12 .

	

Pr ocessed opt i cal t r aces f r omFi g . 11 . Mode 1 : t he aver age of t he r aw

0° and 90 ° absor bance r ecor ds i s denot ed by 1 : 1 ( t o i ndi cat e one par t 0° pol ar i zat i on

and one par t 90 ° pol ar i zat i on) and t he di f f er ence i s denot ed by 6 . Mode 2 : Eq . 10

has been used t o cal cul at e t he aver age absor bance t r ace ( l abel ed " 1 : 1 " ) and Eqs . 6

and 14 have been used t o cal cul at e t he r et ar dat i on t r ace ( l abel ed " R" ) .

i n modes 1 and 2 ar e si mi l ar , al t hough measur ement s made i n mode 2 ar e noi si er

t han t hose i n mode 1 because t he pol ar i zer ( POL i n Fi gs . 2 and 3) r emoves 55-

65%of t he l i ght .

The mai n concl usi ons f r om Fi g . 12 ar e t hat ( a) t he changes i n 1 : 1 absor bance

f ol l ow t he same wavef or m, but wi t h di f f er ent ampl i t udes, at t he t hr ee wave-

l engt hs ; ( b) t he di chr oi c t r aces ar e near l y f l at ; and ( c) t he r et ar dat i on changes ar e

si mi l ar at t he t hr ee wavel engt hs . Si mi l ar r esul t s have been obt ai ned i n i nt act

f i ber s ( Bayl or and Oet l i ker , 1977b ; Bayl or et al . , 1982x) . The onl y consi st ent

di f f er ence we have obser ved i s t hat t he ear l y t r ansi ent absor bance i ncr ease

usual l y seen af t er st i mul at i on of i nt act f i ber s ( Fi gs . 7C, 7D, 8A, and 9A i n Bayl or

et al . , 1982x) i s r ar el y seen i n cut f i ber s . The r eason f or t hi s i s not known.

Wavel engt h dependence of t he act i ve i nt r i nsi c absor bance si gnal . The exper i -

ment i n Fi gs . l l and 12 and ot her s show t hat af t er si ngl e act i on pot ent i al
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st i mul at i on, t he change i n absor bance of a hi ghl y st r et ched cut f i ber has t he

same t empor al wavef or m at di f f er ent wavel engt hs . The r el at i ve ampl i t udes at

t wo wavel engt hs can be det er mi ned by scal i ng one si gnal t o mat ch t he ot her .

The ci r cl es i n Fi g . 13A show t he f act or s t hat scal e t he 810- nm 1 : 1 t r ace i n Fi g .

12, mode 1, t o gi ve l east - squar es f i t s of t he 550- and 720- nm t r aces . The cur ve

l abel ed a was obt ai ned f r omt he r el at i onshi p

AA( a) / AA( 810) = ( 8l 0 nm/ X) ,

	

( 20)

wi t h t he best - f i t val ue n = 0 . 62 . The i nset i n t he upper r i ght shows t he 810- nm

t r ace super i mposed wi t h appr opr i at el y scal ed ver si ons of t he 550- and 720- nm

t r aces .

FI GURE 13 .

	

Wavel engt h dependence of t he changes i n i nt r i nsi c absor bance and

r et ar dat i on associ at ed wi t h one act i on pot ent i al . ( A) Absor bance . The 810- nm 1 : 1

absor bance t r aces i n Fi g . 12 wer e scal ed t o gi ve a l east - squar es f i t t o t he 720- and

550- nm t r aces . The f i l l ed ci r cl es show t he wavel engt h dependence of t he scal i ng

f act or s obt ai ned wi t h mode 1 . The cur ve l abel ed a was comput ed f r omEq . 20 usi ng

n = 0 . 62 . The i nset at t he upper r i ght shows t he act i on pot ent i al s and super i mposed

t r aces at t he t hr ee wavel engt hs, wi t h each t r ace r educed by t he appr opr i at e scal i ng

f act or . The X' s ( cur ve b) and t he i nset at t he l ower l ef t wer e obt ai ned usi ng mode

2, n = 0 . 37 . ( B) Ret ar dat i on . The peak change i n r et ar dat i on i n t he t r aces i n Fi g .

12, mode 2, i s pl ot t ed agai nst wavel engt h . The i nset shows t he act i on pot ent i al and
r et ar dat i on t r aces super i mposed, wi t hout scal i ng .

The X' s i n Fi g . 13A show t he scal i ng f act or s obt ai ned f r om t he 1 : 1 t r aces i n

Fi g . 12, mode 2 . The cur ve l abel ed b was dr awn f r om Eq . 20 usi ng t he best - f i t

val ue n = 0 . 37 . The l ower l ef t - hand i nset shows t he t hr ee t r aces, scal ed and

super i mposed . Wi t hi n t he noi se l evel , t he t r aces ar e t he same .

I n f i ber s cont ai ni ng a Ca i ndi cat or , absor bance measur ement s ar e usual l y

expr essed as 1 : 2 aver ages so t hat any ef f ect s associ at ed wi t h t he or i ent at i on of

t he i ndi cat or mol ecul es ar e el i mi nat ed ; t hi s convent i on has al so been f ol l owed
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f or f ur t her anal ysi s of i nt r i nsi c si gnal s . Because t he i nt r i nsi c di chr oi c si gnal s ar e

ver y smal l ( mode 1 i n Fi g . 12) , t he i nt r i nsi c 1 : 1 and 1 : 2 absor bance aver ages ar e

si mi l ar . Tabl e I I I gi ves i nf or mat i on about act i ve i nt r i nsi c DA( A, 1 : 2) si gnal s

r ecor ded, usi ng mode 1, f r om ni ne f r eshl y pr epar ed cut f i ber s . Col umn 5 gi ves

t he peak magni t ude of DA( 810, 1 : 2) . The aver age val ue, - 2 . 33 X 10' , i s wi t hi n

t he r ange f or i nt act f i ber s gi ven by Bayl or et al . ( 1982a) , - 0 . 5 X 10 - ' t o - 3 X

10- ' . Col umn 6 gi ves t he val ue of n i n Eq . 20 ; i t s aver age val ue was 1 . 09, wi t h a

r ange of 0. 52- 1 . 97 .

Changes i n t he act i ve i nt r i nsi c absor bance si gnal dur i ng t he cour se of an
exper i ment . Qui t e f r equent l y, t he magni t ude of t he act i ve i nt r i nsi c si gnal as wel l

as i t s wavel engt h dependence ( i . e . , t he par amet er n i n Eq . 20) changed dur i ng

t he cour se of an exper i ment . Ther e i s a suggest i on of t hi s i n t he exper i ment i n

Fi g . 13 A. As t i me pr ogr essed, t he magni t ude of AA( 810) i ncr eased, as evi denced

by t he f act t hat t he ampl i t ude of t he t r aces i n t he l ower l ef t - hand i nset i s gr eat er

t han t hat i n t he upper r i ght - hand i nset , r ecor ded 10 mi n ear l i er , and t he power

n decr eased, as evi denced by t he f act t hat cur ve b i s l ess st eep t han cur ve a .

Anot her exampl e i s shown i n Fi g . I 4A. The l ower 720- and 810- nm t r aces

have l ar ger ampl i t udes t han t he upper t r aces t aken 10 mi n ear l i er . Dur i ng t he

cour se of t he exper i ment , ei ght set s of r ecor ds wer e t aken . The ci r cl es i n Fi g .

14B gi ve t he scal i ng f act or s associ at ed wi t h t he f i r st f our set s and t he X' s gi ve

t he f act or s associ at ed wi t h t he l ast f our set s . Dur i ng t he r un, t he wavel engt h

dependence par amet er n i ncr eased ; cur ve b was dr awn f r om Eq . 20 wi t h n =

1 . 0, and cur ve a was dr awn wi t h n = 1 . 4 .

The cause of t he var i at i on i n t he i nt r i nsi c si gnal i s not known. One possi bi l i t y

i s movement ar t i f act ; f i ber s may become l ess wel l i mmobi l i zed as an exper i ment

pr ogr esses . I n a f ew f i ber s, r est i ng sar comer e spaci ng was measur ed at t he opt i cal

r ecor di ng si t e sever al t i mes dur i ng t he exper i ment . No changes wer e det ect ed,

al t hough i n some cases t he ampl i t ude of t he i nt r i nsi c si gnal i ncr eased, as i n Fi gs .

13 and 14 . Smal l changes i n sar comer e spaci ng at t he opt i cal si t e may not have

been det ect ed, however , and t he possi bi l i t y of changes el sewher e, such as under

t he Vasel i ne seal s, was not i nvest i gat ed . Unt i l movement can be r ul ed out , i t

woul d be pr emat ur e t o at t ach much si gni f i cance t o t hi s var i at i on i n t he i nt r i nsi c

si gnal .

Act i ve r et ar dat i on si gnal s . The ci r cl es i n Fi g . 13B show t he wavel engt h

dependence of t he peak ampl i t ude of t he act i ve r et ar dat i on si gnal i n Fi g . 12,
mode 2. The i nset shows t he t hr ee t r aces super i mposed . Wi t hi n exper i ment al

er r or , t he change i n r et ar dat i on i s i ndependent of wavel engt h bet ween 550 and

810 nm, as r epor t ed f or i nt act f i ber s by Bayl or and Oet l i ker ( 19776) and Bayl or

et al . ( 1984) .

Col umn 5 i n Tabl e I V gi ves t he peak val ue of t he r et ar dat i on change t hat

accompani ed a si ngl e act i on pot ent i al i n si x i nt act f i ber s and i n ni ne cut f i ber s

soon af t er t r eat i ng t he end- pool r egi ons wi t h saponi n . Col umn 6 gi ves t he peak

change i n bi r ef r i ngence . The aver age val ue i n i nt act f i ber s, - 3 . 02 X 10- 6 , i s

smal l er t han t he val ue - 3 . 78 X 10 - 6 r epor t ed by Bayl or and Oet l i ker ( 19776) ,
but t he di f f er ence i s not st at i st i cal l y si gni f i cant . The aver age val ue i n cut f i ber s,

- 2 . 18 X 10 - 6 , i s smal l er t han t hat i n i nt act f i ber s, - 3 . 02 X 10- 6 , and t hi s

di f f er ence i s si gni f i cant at t he l evel 0 . 005 < P < 0 . 01 usi ng t he t wo- t ai l ed t t est .
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Col umns 7 and 8 i n Tabl e I V gi ve t he st eady l evel s of r et ar dat i on and

bi r ef r i ngence measur ed 0 . 7- 0 . 9 s af t er st i mul at i on . I n bot h i nt act and cut f i ber s,

t he aver age mai nt ai ned change was negat i ve ; i n cut f i ber s, t he change was

negat i ve i n ever y exper i ment .

The hal f - wi dt h of t he r et ar dat i on si gnal , gi ven i n col umn 10 of Tabl e I V, i s

si mi l ar i n i nt act f i ber s and i n cut f i ber s st udi ed soon af t er saponi n t r eat ment . I n

i nt act f i ber s, i t s aver age val ue was 13 . 2 ms ; i n cut f i ber s, i t was 11 . 1 ms . These

number s ar e not si gni f i cant l y di f f er ent .

FI GURE 14 .

	

Wavel engt h dependence of t he changes i n i nt r i nsi c absor bance . ( A)

Act i on pot ent i al s and changes i n 1 : 2 absor bance r ecor ded 28 mi n ( upper set ) and

38 mi n ( l ower set ) af t er saponi n t r eat ment . ( B) Scal e f act or s obt ai ned, as i n Fi g. 13,

f r om t he t r aces i n A and ot her s . The f i l l ed ci r cl es ar e f r om r ecor ds t aken 26- 29

mi n af t er saponi n t r eat ment ; t he X' s ar e f r om r ecor ds obt ai ned 30- 39 mi n af t er

t r eat ment . Cur ves a and b wer e pl ot t ed f r om Eq . 20 usi ng n = 1 . 4 and 1 . 0,

r espect i vel y . Fi ber di amet er , 80 Am; sar comer e spaci ng, 4 . 1 um; Ri nger ' s sol ut i on ;

t emper at ur e, 19. 0- 19 . 3° C; hol di ng pot ent i al , - 90 mV; act ual ampl i t ude of t he

act i on pot ent i al , 138 mV at t he begi nni ng of t he exper i ment and 135 mV at t he

end ; f i ber 071184 . 2 .

Changes i n t he act i ve r et ar dat i on si gnal dur i ng t he cour se of an exper i ment .
Unexpect edl y, t he r et ar dat i on si gnal var i ed consi der abl y dur i ng t he t i me cour se

of many cut f i ber exper i ment s . Fi g . 15A shows r ecor ds f r omt he onl y exper i ment

i n whi ch measur ement s wer e made f or an ext ended per i od wi t hout an i ndi cat or

i nsi de t he f i ber . The t op pai r of t r aces shows act i on pot ent i al s r ecor ded 18 and

117 mi n af t er saponi n t r eat ment . I n t hi s i nt er val , t he peak ampl i t ude decl i ned

sl i ght l y, f r om 134 t nV i n a t o 130 mV i n d, and t he af t er pot ent i al became sl i ght l y

mor e negat i ve . Ot her el ect r i cal par amet er s wer e moni t or ed and t hey al so r e-

mai ned r el at i vel y const ant . The hol di ng cur r ent i ncr eased i n magni t ude f r om

- 83 nA i n a t o - 93 nA i n d ; r � , i ncr eased f r om 0 . 071 t o 0 . 072 MQ. c m; r el ( r e +
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r i ) decr eased f r om0 . 962 t o 0 . 950 . Thus, t he el ect r i cal condi t i on of t he f i ber was

st abl e t hr oughout t he exper i ment .

The opt i cal t r aces a- d i n Fi g . 15A show r et ar dat i on si gnal s r ecor ded dur i ng

t he same exper i ment . The f i r st t r ace ( a) shows an ear l y decr ease i n r et ar dat i on

t hat r api dl y decayed t o a smal l er mai nt ai ned l evel . Thi s wavef or m i s t ypi cal of
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FI GURE 15 . Var i at i on i n t he r et ar dat i on si gnal dur i ng t he cour se of a si ngl e

exper i ment . ( A) Two r ecor ds of t he act i on pot ent i al , super i mposed, and f our t r aces

of AR( 720) . The l et t er s a- d ar e used t o r ef er ence measur ement s made at f our
di f f er ent t i mes . The act ual ampl i t ude of t he act i on pot ent i al was 134 mV at t he
begi nni ng of t he exper i ment ( a) and 130 mV at t he end ( d) . ( B and C) Peak

ampl i t ude and hal f - wi dt h of t he r et ar dat i on si gnal pl ot t ed agai nst t i me af t er saponi n
t r eat ment . Rest i ng r et ar dat i on ( aver age of val ues at 550, 720, and 810 nm) was 163
nmat a, 167 nm at b, 169 nm at c, and 172 nm at d . Fi ber di amet er , 94 Amat t he
begi nni ng of t he exper i ment and 86 Am at t he end ; sar comer e spaci ng, 4 . 1 Am;
Ri nger ' s sol ut i on ; t emper at ur e, 16 . 3- 16 . 5° C; hol di ng pot ent i al , - 90 mV ; f i ber
061284 . 1 .

t hose obt ai ned soon af t er saponi n t r eat ment ( Tabl e I VB) . As t he exper i ment

pr ogr essed ( t r aces b- d ) , t he ampl i t ude of t he ear l y peak became l ar ger , t he hal f -

wi dt h i ncr eased, and t he mai nt ai ned si gnal r ever sed di r ect i on . I n cont r ast , t he

t i me cour se of t he r i si ng phase r emai ned r el at i vel y const ant ; t he t i me t o hal f -

peak of AR af t er t hat of t he act i on pot ent i al was 3 . 69 ms i n a, 3 . 76 ms i n b, 3 . 66
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ms i n c, and 3. 57 ms i n d. Si mi l ar l y, r est i ng r et ar dat i on showed l i t t l e change ; i t

i ncr eased sl i ght l y f r om 163 nm i n a t o 172 nm i n d. Fi g . 15, B and C, shows
pl ot s of peak ampl i t ude and hal f - wi dt h, r espect i vel y, of t he r et ar dat i on t r ansi ent

agai nst exper i ment dur at i on . These r at her mar ked changes i n AR ar e pr obabl y

due t o an al t er at i on i n t he i nt er nal st at e of cut f i ber s dur i ng t he t i me cour se of

an exper i ment ( see Di scussi on) . As f ar as we ar e awar e, such changes have not

been obser ved i n i nt act f i ber s ( Bayl or and Oet l i ker , 1977a, b) .

A pr ot ocol si mi l ar t o t hat i n Fi g . 15 was f ol l owed i n seven ot her exper i -

ment s i n whi ch r et ar dat i on si gnal s wer e moni t or ed f or 44- 209 mi n af t er sap-

oni n t r eat ment and i n t he pr esence of ei t her ar senazo 111, ant i pyr yl azo 111, t et r a-

met hyl mur exi de, or phenol r ed . The peak ampl i t ude of I AR I i ni t i al l y i ncr eased

i n al l seven f i ber s . The hal f - wi dt h i ncr eased i n si x f i ber s ; i n t he sevent h f i ber ,

t he ear l y decr ease i n AR was cut shor t by a l ar ge, posi t i ve mai nt ai ned si gnal ,
mor e mar ked t han t hat i n t r ace d i n Fi g . 15A. The changes i n peak AR and hal f -

wi dt h shown i n Fi g . 15 ar e t her ef or e f ai r l y t ypi cal of r esul t s f r omcut f i ber s .
On t he ot her hand, a change i n t he st eady l evel of AR, such as t hat shown i n

Fi g . 15A, was f ound i n onl y t hr ee f i ber s ; t he ot her f i ve f i ber s showed l i t t l e or no

change . The pr esence of such a change was al ways cor r el at ed wi t h a change i n

t he st eady l evel of t he i nt r i nsi c absor bance si gnal , DA, whi ch, as di scussed above,

may r ef l ect a movement ar t i f act . I n cont r ast , t he i ncr ease i n peak ampl i t ude and

hal f - wi dt h of AR was obser ved consi st ent l y and was not necessar i l y cor r el at ed

wi t h any change i n DA; f or exampl e, i n one exper i ment ( not shown) , t he peak

, AR changed f r om - 0 . 17 t o - 0 . 25 nmand t he hal f - wi dt h i ncr eased f r om 7 . 4 t o

19 . 1 ms, al t hough t he i nt r i nsi c absor bance si gnal r emai ned essent i al l y const ant .

Ef f ect of f i l t er i ng t he opt i cal si gnal s . The el ect r i cal r ecor ds i n Fi g . 8 Cshowed

t hat a 10- kHz, ei ght - pol e Bessel f i l t er del ayed t he act i on pot ent i al wi t h al most

no at t enuat i on, wher eas t he 0. 625- kHz Bessel f i l t er bot h del ayed and at t enuat ed

t he si gnal . Si nce 0. 625- kHz Bessel f i l t er s wer e r out i nel y used i n exper i ment s

wi t h Ca i ndi cat or s t o i mpr ove t he si gnal - t o- noi se r at i o of opt i cal si gnal s, i t was

i mpor t ant t o est abl i sh t hat t hey di d so wi t hout di st or t i ng t he wavef or ms . Test s

wer e made usi ng t et r amet hyl mur exi de, whi ch gi ves a Ca si gnal mor e r api d i n

onset and br i ef er i n dur at i on t han ei t her ar senazo I I I or ant i pyr yl azo I I I ( Mayl i e

et al . , 1987a) . Consequent l y, i t s opt i cal si gnal s shoul d be most vul ner abl e t o

di st or t i on by t he 0. 625- kHz f i l t er .

Fi g . 16A shows el ect r i cal and opt i cal t r aces f r om a f i ber t hat cont ai ned

t et r a met hyl mur exi de . Thr ee set s of r ecor ds wer e obt ai ned i n sequence, usi ng

0. 625- , 10- , and 0. 625- kHz f i l t er s. The t op set of t r aces F' r ows t he act i on

pot ent i al ; t he next set shows AA( 570, 1 : 2) , an absor bance change t hat i s sensi t i ve

t o Ca ; and t he l ower set shows t he i nt r i nsi c si gnal AA( 690, 1 : 2) . Si nce 10- and

0. 625- kHz ei ght - pol e Bessel f i l t er s ar e expect ed t o shi f t t he t empor al wavef or m

by 0 . 1 and 1 . 6 nr s, r espect i vel y, t he t r aces i n Fi g . 16A shoul d be compar ed by

shi f t i ng t he 10- kHz t r aces 1 . 5 ms t o t he r i ght .

Fi g . 16B shows t he shi f t ed 10- kHz t r aces super i mposed on t he aver aged 0 . 625-

kHz t r aces . The t wo act i on pot ent i al r ecor ds ar e mar kedl y di f f er ent , as expect ed

f r om Fi g . 8C. The 10- kHz r ecor d has a peak ampl i t ude of 134 mV, wher eas t he

0 . 625- kHz r ecor d has a peak ampl i t ude of 108 mV. Al t hough t he t empor al
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wavef or m of t he act i on pot ent i al was di st or t ed by t he 0 . 625- kHz f i l t er , t he t i me

t o hal f - peak on t he r i si ng phase st i l l pr ovi des a r el i abl e measur e of t i mi ng ; t hi s

poi nt was r eached 1 . 3 ms l at er wi t h t he 0 . 625- kHz f i l t er t han wi t h t he 10- kHz

f i l t er , a del ay cl ose t o t he expect ed 1 . 5 ms . The 570- and 690- nm absor bant e

50

C- VI

AA

0. 00025

1 1 ,

	

10 kHz

	

1

0
( me)

10

	

0 ( ms)
10

FI GURE 16 .

	

The ef f ect of f i l t er i ng t he act i on pot ent i al and t he opt i cal si gnal s f r om

a f i ber cont ai ni ng t he Ca i ndi cat or t et r amet hyl mur exi de . ( A) Tr aces obt ai ned wi t h

0 . 625- , 10- , and 0 . 625- kHz ei ght - pol e Bessel f i l t er s ; sampl i ng r at e, 100 kHz ; t he

br acket i ng 0 . 625- kHz measur ement s ar e super i mposed . The upper t hr ee r ecor ds

( al l super i mposed) show t he act i on pot ent i al , t he mi ddl e t r aces show AA( 570, 1 : 2) ,

and t he l ower t r aces show AA( 690, 1 : 2) . ( B) Compar i son of t he aver aged t r aces i n

A r ecor ded wi t h 0 . 625- kHz f i l t er s and t he t r aces r ecor ded wi t h t he 10- kHz f i l t er s

but shi f t ed 1 . 5 ms t o t he r i ght t o compensat e f or t he di f f er ent l ow- f r equency t i me

del ays of t he t wo f i l t er s . The f i r st pai r of t r aces shows t he act i on pot ent i al , t he

second pai r shows AA( 570, 1 : 2) , and t he t hi r d pai r shows AA( 690, 1 : 2) . The f our t h

pai r shows t he 0 . 625- kHz M( 690, 1 : 2) aver aged si gnal agai n, and t he same si gnal

f i l t er ed by a 0 . 1- kHz di gi t al Gaussi an f i l t er . Fi ber di amet er , 93 'um; sar comer e

spaci ng, 3 . 7 km; i nt er nal concent r at i on of t et r amet hyl mur exi de, 3 . 7 mM; Ri nger ' s

sol ut i on ; t emper at ur e, 18 . 0° C ; hol di ng pot ent i al , - 90 mV; t i me af t er saponi n

t r eat ment , 81- 83 mi n ; f i ber 101984 . 1 .

t r aces, on t he ot her hand, wer e l i t t l e af f ect ed by t he 0 . 625- kHz f i l t er s, apar t

f r om t he expect ed t i me shi f t . The peak ampl i t ude of t he AA( 570, 1 : 2) si gnal was

- 0 . 00103 wi t h t he 10- kHz f i l t er s and - 0 . 00101 wi t h t he 0 . 625- kHz f i l t er s .

I n exper i ment s wi t h Ca i ndi cat or s, descr i bed i n t he f ol l owi ng t hr ee ar t i cl es

( Mayl i e et al . , 1987a- c) , t he i ndi cat or - r el at ed Ca si gnal was obt ai ned by subt r act -
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i ng a scal ed i nt r i nsi c si gnal , t aken at a wavel engt h wher e t he i ndi cat or does not

absor b, f r om a si gnal t aken si mul t aneousl y at a Ca- sensi t i ve wavel engt h . Si nce

any noi se on t he i nt r i nsi c si gnal i s t r ansf er r ed t o t he cor r ect ed Ca si gnal , t he

i nt r i nsi c si gnal was somet i mes addi t i onal l y f i l t er ed by a 0. 05- 0 . 2- kHz di gi t al

Gaussi an f i l t er ( Col quhoun and Si gwor t h, 1983) . The bot t om pai r of t r aces i n

Fi g . 16B shows t he ef f ect of t hi s f i l t er i ng . The t wo 0. 625- kHz AA( 690, 1 : 2)

si gnal s, one bef or e and t he ot her af t er 0. 1- kHz Gaussi an f i l t er i ng, ar e ver y
si mi l ar , whi ch i ndi cat es t hat t he Gaussi an f i l t er di d not di st or t t he t i me cour se
of t he change i n i nt r i nsi c absor bance .

DI SCUSSI ON

One ai mof t hi s ar t i cl e i s t o descr i be a new appar at us f or maki ng si mul t aneous

opt i cal measur ement s on si ngl e muscl e f i ber s at t hr ee di f f er ent wavel engt hs and

t wo pl anes of l i near pol ar i zat i on . Sever al advant ages of t hi s met hod wi l l be

i l l ust r at ed i n t he f ol l owi ng ar t i cl es ( Mayl i e et al . , 1987a- c) . Fi r st , i n f i ber s t hat

cont ai n a Ca i ndi cat or , i t i s possi bl e t o det er mi ne t he wavef or m of one or t wo
i ndi cat or - r el at ed si gnal s f r om a si ngl e set of si mul t aneous r ecor ds made dur i ng

ei t her act i on pot ent i al st i mul at i on or a vol t age- cl amp st ep . Any change i n t he
i nt r i nsi c absor bance si gnal f r om r un t o r un, such as f r equent l y occur s, i s aut o-
mat i cal l y t aken i nt o account . Second, t he number of t i mes t hat a f i ber needs t o

be st i mul at ed i s subst ant i al l y r educed. Wi t h t he pr evi ous met hod ( Bayl or et al . ,

1982a- c) , si x t o ei ght st i mul i wer e r equi r ed t o get a wel l - br acket ed r esul t ,
wher eas t he new met hod r equi r es onl y a si ngl e st i mul us . Thi s i s especi al l y
i mpor t ant f or vol t age- cl amp exper i ment s i n whi ch st r ong depol ar i zi ng st eps ar e

empl oyed . Thi r d, wi t h mode 2, changes i n absor bance and r et ar dat i on can be

si mul t aneousl y r ecor ded i n a st r ai ght f or war d manner .

Most of t he exper i ment s made wi t h t hi s appar at us wer e car r i ed out on cut

f r og muscl e f i ber s ( Hi l l e and Campbel l , 1976) mount ed i n a doubl e- Vasel i ne- gap

chamber ( Kovacs et al . , 1983) . Measur ement s of i nt r i nsi c absor bance, bot h

r est i ng and af t er act i on pot ent i al st i mul at i on, gave r esul t s i n f r eshl y pr epar ed

cut f i ber s si mi l ar t o t hose obt ai ned pr evi ousl y i n i nt act f i ber s . No at t empt was

made, however , t o r esol ve such measur ement s of absor bance, def i ned oper at i on-

al l y as l og o of t he r at i o of i nci dent t o t r ansmi t t ed l i ght i nt ensi t y, i nt o cont r i bu-

t i ons f r om t r ue f i ber absor bance and t hose f r om l i ght scat t er i ng by t he f i ber .
The wavel engt h dependence of r est i ng absor bance ( Fi g . 10 and Tabl e 111) woul d

be consi st ent wi t h an absor bance cont r i but i on ei t her f r om t he pr esence of

mol ecul es t hat absor b l i ght at shor t wavel engt hs or , si nce t he val ue of m( Eq . 19)

i s cl ose t o 4, f r om Rayl ei gh scat t er i ng .

Sever al pr oper t i es of t he act i ve i nt r i nsi c si gnal seem wel l est abl i shed . Af t er

act i on pot ent i al st i mul at i on i n i nt act f i ber s, t her e i s a smal l , ear l y, and br i ef

i ncr ease i n absor bance ( Bayl or et al . , 1982x) ; t he exper i ment s i n t hi s ar t i cl e show

t hat t hi s i s l ess pr onounced i n cut f i ber s . Thi s smal l i ncr ease i s r api dl y f ol l owed

by a l ar ger decr ease i n absor bance t hat i s si mi l ar i n i nt act ( Bayl or et al . , 1982x)
and cut ( t hi s ar t i cl e) f i ber s, and, at l east i n cut f i ber s, i s mai nt ai ned f or at l east 8

s ( Fi g . 6 i n Mayl i e et al . , 1987x) . Thi s absor bance decr ease has a t i me cour se

t hat i s r el at i vel y i ndependent of wavel engt h i n t he r ange 400 5 X _< 800 ni n and
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an ampl i t ude t hat var i es appr oxi mat el y as I / X. The r i si ng phase of t hi s si gnal

l ags t hat of ei t her t he r et ar dat i on si gnal ( Bayl or and Oet l i ker , 1977b; Fi g . 17 i n

Mayl i e et al . , 1987c) or t he Ca si gnal ( Fi g . 17 i n Mayl i e et al . , 1987c) . The

ampl i t ude of t hi s si gnal summat es wi t h r epet i t i ve st i mul at i on ( Fi g . 6 i n Mayl i e et

al . , 1987a, and our unpubl i shed obser vat i ons on i nt act and cut f i ber s) . A si mi l ar

decr ease i n absor bance, wi t h many of t he above pr oper t i es, has been obser ved

i n cut f i ber s dur i ng vol t age- cl amp depol ar i zat i ons ( Kovacs and Schnei der , 1977 ;

Kovacs et al . , 1983 ; Mel zer et al . , 1986) . The possi bl e or i gi ns of t hi s si gnal ar e

di scussed by Kovacs and Schnei der ( 1977) and by Ri os et al . ( 1983) .

Our exper i ment s showed onl y t wo di f f er ences of consequence bet ween t he

opt i cal pr oper t i es of f r eshl y pr epar ed cut f i ber s and i nt act f i ber s : t he r est i ng

bi r ef r i ngence i n cut f i ber s i s onl y 0 . 82 t i mes t hat i n i nt act f i ber s and t he peak

change af t er an act i on pot ent i al i s onl y 0 . 69 t i mes t hat i n i nt act f i ber s . These

di f f er ences may r esul t f r om a smal l change i n t he anat omi cal pr oper t i es of cut

f i ber s, such as an i ncr ease i n f i ber vol ume dur i ng pr epar at i on, or , i n t he case of

t he act i ve si gnal , changes i n physi ol ogi cal pr oper t i es .

Anot her possi bl e di f f er ence bet ween i nt act and cut f i ber s i s t hat t he wavef or m

of t he r et ar dat i on si gnal i n cut f i ber s can var y consi der abl y dur i ng t he cour se of

an exper i ment ; i n one exper i ment , i t s ampl i t ude and hal f - wi dt h each i ncr eased

t wof ol d i n 2 h . Asi mi l ar change occur s i n t he hal f - wi dt h of t he Ca si gnal but not

i n i t s ampl i t ude ( Fi g . 15 i n Mayl i e et al . , 1987c) . These changes i n t he r et ar dat i on

si gnal , whi ch have not been r epor t ed i n i nt act f i ber s, ar e pr obabl y due t o a

pr ogr essi ve change i n some i nt er nal pr oper t i es of a cut f i ber dur i ng t he t i me

cour se of an exper i ment ( al so see Mayl i e et al . , 1987b, c) .

Thi s ar t i cl e al so descr i bes a si mpl e way, based on l i near cabl e t heor y, t o

est i mat e rzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , and r i i n a cut f i ber , as wel l as r e under t he Vasel i ne seal s . The

met hod, whi ch does not r equi r e mi cr oel ect r odes, can r out i nel y moni t or t he

el ect r i cal condi t i on of a f i ber dur i ng t he cour se of an exper i ment . The val ues of

r � , and r i obt ai ned f r om cut f i ber s wi t h t hi s met hod agr ee r easonabl y wel l wi t h

t he val ues obt ai ned f r om i nt act f i ber s usi ng mi cr oel ect r ode t echni ques . The

agr eement i s bet t er wi t h TEAsol ut i on t han wi t h Ri nger ' s, possi bl y because TEA
r educes nonl i near i t i es i n t he membr ane I - V cur ve t hat mi ght i nt er f er e wi t h
est i mat es der i ved f r om l i near cabl e t heor y .

APPENDI X

Thi s sect i on der i ves t he r el at i onshi ps bet ween t he par amet er s a, , a2 , and b2 , whi ch can be
measur ed i n a saponi n- t r eat ed cut f i ber mount ed i n a doubl e- Vasel i ne- gap chamber ( Ecl s .

15- 17) , and t he el ect r i cal pr oper t i es r , � , r ; , and r e. r m i s t he membr ane r esi st ance of t he
f i ber f or uni t l engt h, r ; i s t he i nt er nal r esi st ance per uni t l engt h, and r e i s t he ext er nal
r esi st ance under t he Vasel i ne seal per uni t l engt h . The val ues of r m, r ; , and r , ar e assumed
t o be i ndependent of di st ance ; i n par t i cul ar , r � , and r i ar e assumed t o be t he same under
t he seal s as i n t he cent r al pool .

The t heor et i cal pr ocedur e di vi des t he f i ber i nt o t hr ee el ect r i cal segment s as di a-
gr ammed i n Fi g. 17 . V, , and i ; , , ( Fi g . 17A) ar e each expr essed as a l i near combi nat i on of
V, and 1, pl us a const ant . V; , b and i ; , b ( Fi g . 17B) ar e expr essed as l i near combi nat i ons of
V; , ; , and i ; , . pl us const ant s, and V2 and 12 ( Fi g . 17 C) ar e expr essed as l i near combi nat i ons
of V; , b and i ; , b pl us const ant s . The r esul t s ar e t hen combi ned, usi ng mat r i x al gebr a, t o gi ve
V2 and 12 as l i near combi nat i ons of V, and 1, pl us const ant s . I f t he l ef t - hand end pool i s
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used t o measur e vol t age, t hen 1, = 0, and V2 and 1 2 ar e each pr opor t i onal t o V, pl us a

const ant ( Eqs . 15- 16) .

V

Seal Regi on of Lengt h L I That Separ at es t he Lef t - Hand End Pool f r om t he

Cent r al Pool ( Fi g. 17A)

Cur r ent , I , , i s i nj ect ed i nt o t he end pool and vol t age, V, , i s measur ed . The i nt er nal

vol t age, V; , :� and i nt er nal cur r ent , i ; . ; � at t he r i ght - hand boundar y of t he seal can be

der i ved as f ol l ows .

FI GURE 17 .

	

Schemat i c di agr am showi ng t he t er mi nol ogy f or vol t age and cur r ent

used i n t he cabl e anal ysi s of cut f i ber s i n t he doubl e- Vasel i ne- gap chamber . ( A) End

pool EP, ( Fi g . 1) and t he adj acent Vasel i ne seal ( VS) of l engt h L, , V, r epr esent s t he

pot ent i al i n t he end pool and 1, r epr esent s t he cur r ent i nj ect ed i nt o i t . The pot ent i al

i nsi de t he f i ber at t he r i ght - hand edge of t he seal i s denot ed as Vi , . and t he i nt er nal

l ongi t udi nal cur r ent ( f l owi ng i n t he di r ect i on shown) i s i ; , ( B) Cent r al - pool r egi on,

l engt h L 2 . The l ef t - hand edge of t he f i ber has i nt er nal vol t age and cur r ent V; , a and

i ; , ; , ( same as t he r i ght - hand edge i n A) ; t he r i ght - hand edge has val ues denot ed by

V; , , , and i ; , b. ( C) End pool EP2 and t he adj acent Vasel i ne seal , l engt h L, , V, b and i ; , b

ar e t he same as i n B. V2 and 12 r epr esent t he vol t age and i nj ect ed cur r ent i n end

pool EP2 . I n t he anal ysi s, t he ext er nal pot ent i al i n t he cent r al pool i s t aken as zer o .

The ext er nal vol t age under t he seal , Ve , and t he i nt er nal vol t age, V; , ar e r el at ed t o t he

ext er nal and i nt er nal cur r ent s, i , . and i ; , by t he wel l - known r el at i ons

wi t h t he added condi t i on t hat

Vi , a

	

Vi , a

	

Vi , b

	

Vi , b

VS

The var i abl e x r epr esent s di st ance al ong t he f i ber axi s . I nt egr at i on of Eqs . A1 and A2

f r om t he l ef t - hand boundar y of t he seal t o t he r i ght - hand boundar y, i n com, i nat i on wi t h

Eq . A3, gi ves

r e +r ;
V, - r ; L, 1, .

	

( A4)
r e

Thi s r el at i onshi p, whi ch al so hol ds dur i ng t r ansi ent s, depends onl y on r e and r ; and not

on speci f i c membr ane pr oper t i es . I f t he l ef t - hand end pool i s used t o measur e vol t age,

t hen I , i s zer o and V, i s r e/ ( r e + r ; ) t i mes t he t r ue membr ane pot ent i al , V; . ; , ,

dVe l dx = - r ei e, ( A 1)

dV; / dx = - r ; i ; , ( A2)

I , = i e + i ; . ( A3)
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Eqs . AI - A3 can be combi ned t o gi ve

=

	

1

	

. ( r , I , - dV/ dx) ,

	

( A5)
r p + r ;

i n whi ch V denot es t he t r ansmembr ane pot ent i al , V; - V. . The st eady st at e sol ut i on f or V
can be obt ai ned f r omt he cabl e equat i on

d' V/ dx z = ( r ; + r r ) i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� �

	

( A6)

i n whi ch i � , r epr esent s membr ane cur r ent per uni t l engt h of f i ber . Thi s equat i on can be
obt ai ned by di f f er ent i at i ng Eqs . A1- A3 and usi ng t he r el at i onshi ps

V, . i s t he r ever sal pot ent i al , i . e . , t he pot ent i al t hat woul d be measur ed i f i � , = 0 .
Si nce t he sol ut i ons i n t he end pool and cent r al pool have ver y di f f er ent concent r at i ons

of K and Cl , V, wi l l var y wi t h x . Two t ypes of var i at i on have been consi der ed .

Case 1 : Li near Var i at i on of V, . The f i r st case i s t hat V, var i es l i near l y wi t h di st ance

acr oss t he Vasel i ne seal , bei ng zer o at t he l ef t - hand edge, wher e t he saponi n- t r eat ed
r egi on i s exposed t o hi gh- K sol ut i on, and VRP at t he r i ght - hand edge, wher e t he f i ber i s
exposed t o Ri nger ' s or TEA sol ut i on . VRP i s t he r est i ng pot ent i al expect ed i n Ri nger ' s
sol ut i on, whi ch wi l l be t aken as - 90 mV. Thus,

V, = ( x/ L, ) VRP.

	

( A10)

The sol ut i on of Eqs . A6, A9, and A10 t hat sat i sf i es t he boundar y condi t i ons at x = 0 and
x = L, , V( 0) = 0 and V( L, ) = V; , , ( si nce t he ext er nal pot ent i al i s zer o i n t he cent r al pool ) ,
i s

Eqs . A4 and A14 al l ow V; , a and i i , . t o be det er mi ned f r om V, and I , . Usi ng mat r i x
not at i on, i f t he col umn vect or s Y, and Y; , ar e def i ned as

( A 15)

V
s

= ( x/ L1) VRP + ( Vi , . - VRP) ' si n

nh(

h( L

x

,

/ A

/ A

, )

l ) '

wher e A, i s t he space const ant under t he seal ( = [ r. / ( r; + r , ) ] ' ) . Eq .
di f f er ent i at ed and combi ned wi t h Eq . A5 t o gi ve

( A11)

AI I can be

r , I
. 11

r i ) L~
. [ VRP + ( Vi . . - VRP) ' ( L~/ Aj ) ) , ( A12)

r e +
r ;

( r e +

wher e

f ( L, l A, )
LI / A,=

'
( A13)

t anh( L, / A l )

Subst i t ut i on of V; , , , f r om Eq . A4, i nt o Eq . A12 gi ves

( L, / A, ) r r + r f ( L, / A, ) 1 - ( L, / A, )
2i . a =

-
_

r , L,
V'

+ I
VRP .RP .

r r + r ; ( r e + r ; ) L,

(
14

)

i � , = - di ; / dx, ( A7)

= di e/ dx . ( A8)

Eq . A6 i s easi l y sol ved i f t he membr ane i s ohmi c, i n whi ch case

i � , = ( V - V, ) / r � , . ( A9)
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and

t hen

and

Y� _

Y, = SY, + VRPA.

	

( A 17)

The mat r i x S and col umn vect or Aar e gi ven by

( r e + r i ) / r e

	

- r i L,

S

	

- ( Li / A, )

	

r e + r i J( L1/ A, )

r , L,

	

r , + r i

A=

0

( L, / A, ) - 1

( r r + r ) L,

( A 16)

( A 18)

( A 19)

Case 2: Const ant Vr . The second case consi der s Vt o be const ant . Ya i s t hen gi ven by

Ya = SY, + VA' ,

	

( A20)

i n whi ch t he mat r i x S i s unchanged and A' i s gi ven by

A' =

0

( L, / A, ) si nh( L, / A, ) + [ 1 - cosh( L, / A, ) ] f ( L, / A, )

( r e + r i ) L,

Cent r al - Pool Regi on of Lengt h LZ ( Fi g. 17B)

Cur r ent , i i , a, i s i nj ect ed i nt o t he f i ber , i n t he cent r al - pool r egi on, at t he boundar y wi t h t he

l ef t - hand seal wher e t he i nt er nal pot ent i al i s Vi , , . The ext er nal pot ent i al i s zer o . Si nce

ext er nal [ K] i s const ant and equal t o t he concent r at i on i n Ri nger ' s or TEA sol ut i on, V, =

VRp . Eqs . A6, wi t h r , = 0, and A9 gi ve t he i nt er nal vol t age and cur r ent . The sol ut i on f or

Vcont ai ns hyper bol i c si ne and cosi ne t er ms whose coef f i ci ent s can be eval uat ed f r om Vi , . ,

and i i , ; , . I n mat r i x not at i on, i f Yb i s def i ned as

( A21)

Vi , b

Yb
= ( A22)

i i , b

t hen

Yb = FYa + V, , B. ( A23)

The mat r i x F and col umn vect or B ar e gi ven by

cosh( L 2/ A2 ) - r i A2si nh( L2/ A2)

F = ~ ( A24)

- si nh( L2/ A2) / ( r i A2 ) cosh( L2/ A2)
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and

wher e t he space const ant A2 = ( rzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , / r ; ) ' ' .

Seal Regi on of Lengt h L, That Separ at es t he Cent r al Pool f r om t he Ri ght - Hand

Pool ( Fi g . 17C)

Thi s i s si mi l ar t o Fi g. 17A, except t hat t he di r ect i on of cur r ent i ; , b i s r ever sed . I f t he

col umn vect or Y2 i s def i ned as

t hen compar i son wi t h Eq . A17 gi ves

( 1 OI

0 - 1

whi ch can be r ear r anged t o gi ve

Combi ned Sol ut i on

1 2

Eqs . A17, A23, and A28 can be combi ned t o gi ve

( A26)

Yb = SY2 + V, PA,

	

( A27)

Eq . A28 appl i es t o case 1, wi t h l i near var i at i on of V, . under t he Vasel i ne seal . For case 2,
wi t h const ant V, _,

Y2 = S_'

1 0

0 - 1

Yb - VS- ' A' .

	

( A29)

1 0

	

1 0

Y2 = S- '
10- I

I FSY, + V, z, S- '

	

I

	

1 ( FA + B) - A

	

,

	

( A30)
0 - I

whi ch appl i es t o case 1, Eq . A10, i n whi ch V, i s assumed t o var y l i near l y wi t h di st ance

under t he Vasel i ne seal .

I f V, . i s assumed t o be const ant ( case 2) , t he equat i on f or Y2 i s obt ai ned f r omEqs . A20,

A23, and A29 :

I 1

	

I

	

' I 1 0

	

'

[ I

1 OI
Y2 = S- 1

	

FSY, + VxPS-	 ~ B + V, S-	 FA - A

	

( A31)

0 - 10	 0 - 1

	

0 - 1

I n ei t her case 1 or case 2, si nce t he l ef t - hand end pool i s used f or measur i ng pot ent i al ,

and hence 1, = 0, t hese r el at i onshi ps bet ween V2 , 12 , and V, have t he same f or m as Eqs .

15 and 16, namel y,
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1 - cosh( L2/ A2)

B = ( A25)
si nh( L2/ A2) / ( r ; A2)
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The coef f i ci ent s a, and a2 do not depend on t he assumpt i ons concer ni ng t he spat i al

var i at i on of V, i n t he gap r egi on, wher eas b, and b2 do .

Var i at i on of Pot ent i al wi t hi n t he Cent r al - Pool Regi on

I n r esponse t o a change i n cur r ent , DI 2 , t he magni t ude of vol t age change AV; , , wi l l be

smal l er t han OV0. The st eady st at e r at i o AV; , b/ OV; , , can be eval uat ed f r om t he above

equat i ons . Accor di ng t o Eq . A23, changes i n t he vect or s Y, and Yb ar e r el at ed by

The f i r st t er m on t he r i ght - hand si de, t he cosh f unct i on, gi ves t he r at i o expect ed i f t he

l ef t - hand Vasel i ne seal pr ovi ded per f ect i nsul at i on so t hat r , was i nf i ni t e and i ; , , = 0. The

second t er m gi ves t he addi t i onal i ncr ement t hat occur s because i ; , , i s not zer o . I n most of

our exper i ment s, f ( L, / A, ) = 1 and si nh( L 2 / A2) = L2 / A2 , so t hat t he t er m i nsi de t he br acket s

i s appr oxi mat el y uni t y .

Thi s wor k was suppor t ed by t he U. S . Publ i c Heal t h Ser vi ce gr ant s NS- 07474 and AM- 37643 .

M. I . was i ni t i al l y a Sci ence and Engi neer i ng Resear ch Counci l Post doct or al Fel l ow and subse-

quent l y a Royal Soci et y Uni ver si t y Resear ch Fel l ow.

Or i gi nal ver si on r ecei ved 5 May 1986 and accept ed ver si on r ecei ved 15 Sept ember 1986 .

37 .

OV; . bl OVi . a = cosh( L2/ A2) - F
r , .

r ;

+ r ; . LLI 2
I f ( L, I A, )

si nh( L2/ A2)

L2 / A2
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desi gni ng and bui l di ng t he phot odi ode ci r cui t r y and f or i nt er f aci ng t he exper i ment al set - up t o
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