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ABSTRACT Laser l i ght scat t er ed by nonst i mul at ed r at car di ac muscl e

bat hed i n physi ol ogi cal sal i ne cont ai ni ng a [ Ca" ] of 0. 4- 2 . 5 mMdi spl ays

scat t er ed- l i ght i nt ensi t y f l uct uat i ons ( SLI F) ; t he f r equenci es of bot h SLI F

and r est i ng f or ce ar e Ca" dependent . Di r ect i nspect i on of t hese muscl es by

phase- cont r ast mi cr oscopy under i ncoher ent i l l umi nat i on r eveal ed t he pr es-

ence of spont aneous asynchr onous cel l ul ar mot i ons t hat ar e al so Ca"

dependent . The physi cal pr oper t i es of t he scat t er ed l i ght ar e compat i bl e

wi t h t he hypot hesi s t hat SLI F ar e due t o t he di ast ol i c mot i on, except f or

t he dependence on scat t er i ng angl e, whi ch may be per t ur bed because t he

muscl es ar e opt i cal l y t hi ck . To det er mi ne whet her di ast ol i c SLI F and mot i on

ar e an i nt r i nsi c pr oper t y of act i vat ed myof i l ament s, phot on- count i ng aut o-

cor r el at i on of t he scat t er ed l i ght was per f or med bot h i n r at r i ght - vent r i cul ar

papi l l ar y muscl es ski nned wi t h t he det er gent Tr i t on X- 100 ( 1%) and i n

muscl es wi t h i nt act membr anes under condi t i ons t hat al t er cel l ul ar Ca++

f l uxes . I n ski nned muscl es act i vat ed over a r ange of Ca++ f r om t hr eshol d t o

maxi mum f or ce pr oduct i on, nei t her SLI F nor asynchr onous mot i on was

obser ved when Ca ++ was buf f er ed t o const ant val ues . I n i nt act muscl es t he

f r equency of SLI F and t he ampl i t ude of di ast ol i c mot i on wer e ( a) mar kedl y

i ncr eased by subst i t ut i ng K+ or Li + f or Na+ i n t he bat h ; ( b) not al t er ed by

ver apami l ( 1 AM) ; and ( c) r ever si bl y abol i shed by caf f ei ne ( ?10 mM) . These

pr oper t i es ar e exact l y t hose of mechani cal osci l l at i ons t hat have been ob-

ser ved i n i sol at ed car di ac cel l f r agment s, whi ch ar e t he r esul t Ca++ osci l l a-

t i ons caused by Ca++ r el ease f r omt he sar copl asmi c r et i cul um( SR) . We i nf er

t hat mechani cal osci l l at i ons caused by spont aneous Ca++- i nduced Ca ++ r e-

l ease f r om t he SR occur i n i nt act nonst i mul at ed car di ac muscl e even i n t he

absence of Ca++ over l oad and ar e t he pr i nci pl e cause of SLI F, and t hat

myopl asmi c [ Ca++ ] i n " r est i ng" muscl e i s not i n a mi cr oscopi c st eady st at e .

Addr ess r epr i nt r equest s t o Dr . Edwar d G. Lakat t a, Car di ovascul ar Sect i on, Ger ont ol ogy
Resear ch Cent er , Nat i onal I nst i t ut e on Agi ng, Bal t i mor e, MD21224 .
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I NTRODUCTI ON

I nt ensi t y f l uct uat i ons i n coher ent l i ght scat t er ed f r omcompl ex st r uct ur es
ar e a wel l - known phenomenon . Li ght scat t er ed f r om a compl ex obj ect
consi st s of a super posi t i on of many wavef r ont s t r avel i ng by opt i cal pat hs
of di f f er ent l engt hs . Thi s r esul t s, i f t he scat t er i ng obj ect i s st at i onar y ( at
t he mi cr oscopi c l evel ) , i n r andom i nt er f er ence f r i nges vi si bl e t o t he eye
as a speckl e pat t er n . I f some mi cr oscopi c pr ocess wi t hi n t he obj ect causes
t he opt i cal pat hl engt hs t o var y wi t h t i me, t he r andomi nt er f er ence pat t er n

wi l l f l uct uat e, mani f est ed by a sci nt i l l at i on of t he speckl e pat t er n ( i f t he

f l uct uat i on i s sl ow enough t o be r esol ved by t he eye) and by f l uct uat i on

of t he scat t er ed- l i ght i nt ensi t y measur ed at a si ngl e poi nt i n t he scat t er i ng

pat t er n . Pr ocesses t hat can cause t hi s ef f ect ar e of t wo ki nds : mi cr oscopi c

mot i on of t he l i ght scat t er er s i n t he obj ect or f l uct uat i on of t he r ef r act i ve

i ndex of st r uct ur es i n t he obj ect .

Lappe and Lakat t a ( 1980) showed t hat i nt ensi t y f l uct uat i ons ar e pr esent

i n l aser l i ght scat t er ed f r oml i vi ng i sol at ed r at papi l l ar y muscl es bat hed i n

physi ol ogi c sal i ne cont ai ni ng a [ Ca" ] of 0. 4- 2 . 5 mMi n t he unst i mul at ed

st at e, when t he muscl es ar e appar ent l y qui escent . By aut ocor r el at i ng t he

i nt ensi t y of t hese f l uct uat i ons as a f unct i on of t i me, t he aver age f r equency

( f , , ) was def i ned as t he r eci pr ocal of t he t i me f or 50% decay of t he
aut ocor r el at i on f unct i on ( see bel ow) . I t was obser ved t hat ( a) f ' . , depended
di r ect l y on t he concent r at i on of Ca" bat hi ng t he muscl e, [ Ca" ] , and i n

t he absence of [ Ca" ] , ( buf f er ed wi t h EGTA) t he f l uct uat i ons di sappear ed ;
( b) f , , var i ed wi t h [ Ca" ]; when t he l at t er was i ncr eased by appl i cat i on of

ouabai n, by depol ar i zi ng t he sar col emma wi t h KCI , or by l ower i ng

[ Na' ] , , whi ch i ndi cat es t hat t he l evel of [ Ca" ]; i s pr obabl y of pr i mar y

i mpor t ance i n medi at i ng t he Ca" ef f ect on l i ght - scat t er i ng f l uct uat i ons .

I t was al so obser ved t hat a f r act i on of t he r est i ng t ensi on i n non- Ca" -

over l oaded r at papi l l ar y muscl es was Ca" dependent , and t hat t he Ca" -

dependent r est i ng f or ce cor r el at ed cl osel y and usual l y l i near l y wi t h f ,
dur i ng al l t he above mani pul at i ons . These r esul t s wer e i nt er pr et ed as

showi ng t hat scat t er ed- l i ght i nt ensi t y f l uct uat i ons ( hencef or t h SLI F) ar e

due t o an act i ve phenomenon t hat pr obabl y i nvol ves Ca" act i vat i on of

myof i l ament s even i n t he r est i ng or di ast ol i c st at e .

I n t he pr esent st udy t hr ee par al l el appr oaches wer e t aken t o det er mi ne

t he mechani sm of SLI F i n hear t muscl e . ( a) Papi l l ar y muscl es wer e

exami ned by phase- cont r ast mi cr oscopy under coher ent i l l umi nat i on i n

or der t o det ect t he pr esence of SLI F mani f est ed as sci nt i l l at i on of t he

speckl e pat t er n pr oduced i n t he i mage, and under i ncoher ent i l l umi nat i on

t o see whet her mot i on coul d be obser ved and whet her t hi s var i ed wi t h

SLI F i n st at es i n whi ch SLI F ar e known t o var y . ( b) Phot on- count i ng

aut ocor r el at i on of t he scat t er ed l i ght was per f or med, t he f l uct uat i on

spect r um was exami ned as a f unct i on of t he scat t er i ng angl e, and t he

phot on st at i st i cs of t he scat t er ed l i ght wer e st udi ed. These dat a per mi t

i nf er ences as t o t he pr esence of l ongi t udi nal mot i on of scat t er er s and t he
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f r act i on of l i ght t hat has been scat t er ed by i ndependent l y f l uct uat i ng

syst ems . ( c) The ef f ect on SLI F of i nt er vent i ons desi gned t o di ssect

physi ol ogi cal l y t he f l uct uat i on pr ocess was exami ned . These i ncl uded

" chemi cal ski nni ng" of t he muscl e and di r ect act i vat i on t he myof i l ament s

wi t h st eady l evel s of f r ee Ca" ; bl ocki ng el ect r i cal event s at t he sar co-

l emma by r emovi ng [ Na' ] , , depol ar i zi ng wi t h hi gh l evel s of [ K' } ] e, or

bl ocki ni sl ow channel s wi t h ver apami l ; bl ocki ng sar copl asmi c r et i cul um

( SR) Ca + t r anspor t by appl i cat i on of caf f ei ne ; and combi nat i ons of t hese

i nt er vent i ons .

As descr i bed bel ow, t hese st udi es showed t hat SLI F ar e cor r el at ed wi t h

t he pr esence of r andom, asynchr onous, wavel i ke mechani cal osci l l at i ons

t hr oughout t he di ast ol i c muscl e, whi ch under mi cr oscopi c exami nat i on

appear t o be par t i al l y per i odi c at any one l ocat i on wi t hi n t he muscl e .

Because of mul t i pl e scat t er i ng ef f ect s, as wel l as t he absence of a quant i -

t at i ve descr i pt i on of t he mechani cal osci l l at i ons, i t i s not possi bl e t o

cal cul at e t he spect r um of scat t er ed- l i ght f l uct uat i ons quant i t at i vel y . We

show, however , by exami ni ng a model of f i r st - or der scat t er i ng f r om an

ar r ay of scat t er er s i n par t i al l y per i odi c asynchr onous mot i on, t hat t hi s

model can expl ai n many of t he qual i t at i ve f eat ur es of t he cor r el at i on

f unct i ons, pr ovi ded t hat Ca" and caf f ei ne ar e assumed t o act on t he

mechani cal ampl i t ude and f r equency of t he mechani cal osci l l at i ons i n

pr escr i bed ways . These assumpt i ons t ur n out t o bear a cl ose r esembl ance

t o t he pr oper t i es of osci l l at i ons t hat ot her s have st udi ed i n si ngl e car di ac

cel l s and cel l f r agment s and whi ch ar e bel i eved t o be due t o spont aneous

Ca" - i nduced Ca" r el ease f r omt he SR. The occur r ence of asynchr onous

cel l ul ar mot i on i n di ast ol e expl ai ns, at l east i n par t , t he pr evi ousl y ob-
ser ved Ca" - dependent r est i ng t one . By exami ni ng a hi ghl y i deal i zed

model of i ndependent asynchr onous cel l ul ar osci l l at or s, we show t hat

t empor al synchr oni zat i on of cel l s ( e . g . , by a depol ar i zi ng st i mul us) coul d

pr oduce osci l l at or y f or ce t r ansi ent s, i . e . , a t wi t ch f ol l owed by af t er con-

t r act i ons, si mi l ar t o t hose af t er cont r act i ons t hat ar e r out i nel y obser ved i n

r at papi l l ar y muscl es af t er st i mul at i on .

METHODS

Muscl e Pr epar at i on

Wi st ar r at s wei ghi ng 300- 500 g wer e ki l l ed by cer vi cal di sl ocat i on and t he hear t s
wer e pl aced i n oxygenat ed Kr ebs- Ri nger bi car bonat e or HEPES- buf f er ed sol u-
t i on ( Lakat t a and Lappe, 1981) cont ai ni ng a ( Ca" ] of 1 mM, a [ K+] of 4. 2 mm,
and a [ Me' ] of 1 . 0 mM. Ri ght - vent r i cul ar papi l l ar y muscl es ( 100- 400 / Mdi am)
wer e di ssect ed and mount ed bet ween st ai nl ess- st eel cl i ps at t ached t o a f or ce
t r ansducer ( UC- 2; St at ham I nc . , Oxnar d, CA) and per f used wi t h Kr ebs sol ut i on
at 28° C, ei t her i n a 3- ml l i ght - scat t er i ng chamber or i n a 5- ml pl ast i c pet r i di sh
mount ed on t he st age of an i nver t ed mi cr oscope ( Lei t z Di aver t ; E. Lei t z, I nc . ,
Rockl ei gh, NJ) . Muscl es wer e f i el d- st i mul at ed ( SD9 ; Gr ass I nst r ument Co . ,
Qui ncy, MA) at 24 mi n- ' wi t h pl at i num wi r e el ect r odes . Af t er t he devel oped
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f or ce st abi l i zed, muscl es wer e st r et ched t o t he peak of t he l engt h- devel oped f or ce
cur ve ( sar comer e l engt h 2. 0- 2 . 2 j . m i n t hose muscl es t hi n enough t o show a
di f f r act i on pat t er n) and equi l i br at ed f ur t her f or 2 h.

Mi cr oscopy

Muscl es mount ed as descr i bed wer e posi t i oned so t hat t he f r ee edge of t he
muscl e coul d be exami ned by phase- cont r ast mi cr oscopy, usi ng a 25- magni f i ca-
t i on phase- cont r ast obj ect i ve and a 12 . 5- magni f i cat i on eyepi ece. The i mage was
phot ogr aphed usi ng a 16- mmH16 mot i on pi ct ur e camer a ( Bol ex, Zur i ch, Swi t -
zer l and) at 18 f r ames/ s . Two al t er nat i ve sour ces of i l l umi nat i on wer e used . I n

each scene t he muscl e was f i r st phot ogr aphed whi l e i l l umi nat ed f r om above by
i ncoher ent t ungst en l i ght t hr ough a gr een f i l t er , usi ng t he nor mal i l l umi nat i on
opt i cs of t he mi cr oscope . The same scene was t hen phot ogr aphed wi t h t he muscl e

di r ect l y i l l umi nat ed by t he beamof a 5- mWHe- Ne l aser ( 632. 8 nm; 147, Spect r a-
Physi cs I nc . , Mount ai n Vi ew, CA) di r ect ed on t he muscl e f r omabove, t hr ough
t he f r ee sur f ace of t he per f usi on f l ui d, f r oman angl e of 20' above t he hor i zont al .
Under coher ent i l l umi nat i on, t he out l i nes of t he muscl e wer e vi si bl e, but t he
i nt er nal st r uct ur e was domi nat ed by t he coar se speckl e pat t er n f or med t hr ough
t he mi cr oscope and camer a opt i cs . When l i vi ng muscl e was exami ned i n t he
absence of Ca" , a st at i onar y speckl e pat t er n was obser ved; i n t he pr esence of
Ca" , t he speckl e pat t er n appear ed t o be i n a const ant st at e of r andom " mot i on"
wi t h br i ght speckl es and dar k al t er nat i ng i n r api d sequence at any one l ocat i on .
Thi s ef f ect r esul t s f r omt he i nt ensi t y f l uct uat i ons, whi ch ar e pr esent at each poi nt
i n t he scat t er i ng f i el d, but ar e i ndependent at di f f er ent poi nt s separ at ed by mor e
t han a " coher ence ar ea" ( Sal eh, 1978) , cr eat i ng t he i l l usi on of chaot i c mot i on .
Muscl es wer e phot ogr aphed under t he f ol l owi ng condi t i ons : i mmedi at el y af t er
mount i ng, af t er equi l i br at i on f or 2 h, af t er addi t i on of 10 mMcaf f ei ne t o t he
per f usi on medi um, af t er r emoval of caf f ei ne, dur i ng t he f or ce t r ansi ent pr oduced
by r emovi ng [ Na' ] , , and af t er t he muscl e had been " chemi cal l y ski nned" i n t he

mi cr oscope chamber by t he pr ot ocol descr i bed bel ow.

Li ght - Scat t er i ng St udi es

For f or mal l i ght - scat t er i ng st udi es t he muscl e was per f used i n a 3- ml chamber
wi t h si des made f r om gl ass mi cr oscope sl i des as descr i bed i n Lappe and Lakat t a
( 1981) . The muscl e was i l l umi nat ed by a beam of He- Ne l aser l i ght , col l i mat ed
by passage t hr ough a 1- mm pi nhol e and pol ar i zed hor i zont al l y ( i n t he pl ane
cont ai ni ng t he l ong axi s of t he muscl e) , di r ect ed at r i ght angl es t o t he l ong axi s .
The l aser i nt ensi t y was adj ust ed by r ot at i ng a hal f - wave pl at e bet ween t he l aser
( l i near l y pol ar i zed) and t he hor i zont al pol ar i zi ng f i l t er . Li ght scat t er ed i n t he
hor i zont al pl ane at an adj ust abl e angl e was col l ect ed t hr ough an adj ust abl e
pi nhol e ( 75- 400 j m) l ocat ed 20 cm f r om t he muscl e and f ocused by a convex
l ens on a second aper t ur e of 600 umdi amat t he ent r ance t o a phot omul t i pl i er
t ube ( Fi g. 1) . The ar r angement was desi gned so t hat t he ef f ect i ve obj ect was a
ci r cul ar r egi on of t he i l l umi nat ed muscl e def i ned by t he 600- umaper t ur e i n t he
i mage pl ane ( and t her ef or e const ant i n si ze) , whi l e t he adj ust abl e pi nhol e det er -
mi ned t he number of coher ence ar eas ( Sal eh, 1978) f r om whi ch l i ght was
col l ect ed . A l i near pol ar i zer was pl aced i n t he col l ect i on pat hway t o sampl e
scat t er ed l i ght of a si ngl e ( usual l y hor i zont al ) pol ar i zat i on. Li ght was col l ect ed
on a phot on- count i ng phot omul t i pl i er t ube ( 111151 ; Mal ver ne I nst r ument s,
Wor cest er , Engl and) and t he count s wer e anal zyed by a di gi t al aut ocor r el at or
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( K7025 ; Mal ver ne I nst r ument s) . Cor r el at i on f unct i ons wer e comput ed by di gi -
t al l y aver agi ng t he pr oduct n( t ) n p ( t + At ) wher e n( t ) i s t he number of phot ons
count ed dur i ng a sampl e per i od at t i me t , and np( t + At ) i s t he phot on count at
t i me ( t + At ) pr escal ed by a power of 2 so as t o be expr essi bl e wi t hi n t he f our -

bi t r ange of t he second channel of t he cor r el at or . ( I t can be shown [ Sal eh, 1978]

t hat t he expect at i on val ue of t hi s " si ngl e pr escal e" aut ocor r el at i on f unct i on i s

di r ect l y pr opor t i onal t o t he f ul l di gi t al cor r el at i on f unct i on n( t ) n ( t + At ) ,

pr esumi ng onl y t hat t he l i ght f or ms a st at i onar y r andompr ocess . ) The cor r el at or

was cont r ol l ed by a desk- t op comput er ( 9825A; Hewl et t - Packar d Co. , Pal o Al t o,

CA) , whi ch aut omat i cal l y sel ect ed aver agi ng t i mes and pr escal e l evel s so as t o
obt ai n a pr eci si on of 5% i n accor dance wi t h equat i ons i n Sal eh ( 1978) . The

MI CROMETER

MI CRO COMRI TER

HP I I 8m

FI GURE 1 .

	

Bl ock di agr am of appar at us f or f or mal quasi - el ast i c l i ght - scat -
t er i ng st udi es of r at papi l l ar y muscl es . The scat t er i ng angl e and t he si ze of
t he pi nhol e ar e adj ust abl e . The convex l ens i s posi t i oned so as t o f or m a
r eal i mage of t he muscl e on t he 600- jum aper t ur e of t he phot omul t i pl i er
housi ng .

cor r el at i on f unct i ons wer e nor mal i zed by t he HP- 9825A by di vi di ng by t he
t heor et i cal asympt ot i c val ue of t he cor r el at i on f unct i on ( n ) 2 comput ed f r om t he
r at e of phot on count i ng aver aged over t he ent i r e dat a- col l ect i on i nt er val ( t ypi -
cal l y 1, 000 t i mes t he l ar gest val ue of At f or whi ch t he aut ocor r el at i on f unct i on
i t sel f was comput ed) . The val ues of At and t ot al aver agi ng t i mes wer e chosen
i t er at i vel y so as t o gi ve nomi nal 5%pr eci si on t o t he est i mat es of f . / , and ampl i t ude .
Fi g . 2 shows a t ypi cal nor mal i zed aut ocor r el at i on f unct i on of l i ght scat t er ed at

30° f r oma r est i ng muscl e . As shown,. / , i s def i ned as I , wher e t y, i s t he t i me
27r t . , ,

f or t he aut ocor r el at i on f unct i on t o decay 50% of t he way t o basel i ne . The
aut ocor r el at i on ampl i t ude, def i ned as g( 0) - 1, was al so comput ed on- l i ne ; i t i s a
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measur e of t he degr ee of i nt ensi t y modul at i on of t he l i ght , bei ng equal t o
( var i ance of i nt ensi t y) / ( mean i nt ensl t y) 2 . I n cases wher e f , , i s smal l , aver agi ng
t i mes of sever al mi nut es r esul t ed . I n such cases, t he pr esence of ver y l ong per i od
f l uct uat i ons ( such as woul d r esul t f r omsl ow secul ar st r et chi ng of t he i l l umi nat ed
muscl e segment ) woul d r esul t i n hi gher val ues of ampl i t ude and l ower est i mat es
of f p t han woul d appear f r omi nspect i on of t he aut ocor r el at i on f unct i on . Because
i t cannot be det er mi ned what f r act i on of l ong per i od f l uct uat i ons i s " ar t i f act ual , "
i t i s di f f i cul t t o def i ne t he t r ue accur acy of t he measur ement s i n cases wher e t he

aut ocor r el at i on decay i s not compl et e wi t hi n sever al seconds, except as an upper

l i mi t on t he ampl i t ude and a l ower l i mi t onf , , .

Chemi cal Ski nni ng

To det er mi ne whet her scat t er ed- l i ght f l uct uat i ons, as obser ved ei t her under t he

mi cr oscope or i n t he aut ocor r el at i on exper i ment s, ar e pr oduced when myof i l a-

t %
DELAY I r nsl

FI GURE 2. Nor mal i zed phot on- count aut ocor r el at i on f unct i on of l aser
l i ght scat t er ed at 30° f r om a papi l l ar y muscl e gi vi ng an f , , of 5. 1 Hz . The

nor mal i zed aut ocor r el at i on f unct i on i s def i ned as ( n( t ) n( t + At ) ) / ( n ( t ) ) 2
( t he pr escal ed cor r el at i on was act ual l y comput ed and mul t i pl i ed by t he

pr escal e f r act i on, gi vi ng t he same r esul t [ Sal eh, 1978] ) . The def i ni t i on of
t he aut ocor r el at i on ampl i t ude, A, and t he hal f - decay t i me, t . � f r om whi ch

f , , i s det er mi ned, ar e shown .

ment s ar e di r ect l y act i vat ed by const ant l evel s of f r ee Ca++ , muscl es wer e

chemi cal l y ski nned by t he f ol l owi ng pr ot ocol desi gned t o ensur e dest r uct i on of

membr aneous or ganel l es, t her eby per mi t t i ng cont r ol of myopl asmi c [ Ca" ]. Af t er

muscl es wer e mount ed and equi l i br at ed and f , , was measur ed, t he muscl es wer e

cool ed t o 22 ° C( whi ch had l i t t l e ef f ect on f , , ) and t hen per f used f or 30 mi n wi t h

Kr ebs- Ri nger cont ai ni ng 5 mM EGTA and no Ca" . Membr anes wer e t hen

di sr upt ed by a 30- mi n per f usi on wi t h Tr i t on X- 100 ( 1%) di ssol ved i n a r el axi ng

sol ut i on cont ai ni ng 100 mMKCI , 7 mMMgC1 2 , 5 mMATP, 3 mMEGTA, 7 . 5

mMcr eat i ne phosphat e, and 0. 05 mg/ ml cr eat i ne phosphoki nase, and buf f er ed

t o pH 7. 0 wi t h 25 mMi mi dazol e . Det er gent was r emoved by washi ng wi t h f r esh
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r el axi ng sol ut i on, af t er whi ch st epwi se act i vat i on was pr oduced by per f usi on wi t h
sol ut i ons made up t o a known pCa f r om r el axi ng sol ut i on usi ng t he comput er
pr ogr ams of Fabi at o and Fabi at o ( 1979) . Act i vat i on cur ves wer e r epeat ed t wo
or mor e t i mes i n each muscl e, and at t he end of t he exper i ment , ATP was
r emoved f r omt he r el axi ng sol ut i on t o demonst r at e pr oduct i on of r i gor f or ce as
evi dence f or compl et eness of ski nni ng ( Reuben and Wood, 1979) .

I nt act Muscl e St udi es

I nt act muscl es wer e per f used wi t h gr aded concent r at i ons of caf f ei ne ( 0 . 1- 20
mM) di ssol ved i n t he Kr ebs per f usat e buf f er ed t o pH 7. 4 and made up t o
const ant osmot i c st r engt h wi t h sucr ose . I n ot her st udi es, Na' was r epl aced by
Li ' i n t he bat h and t he r esul t i ng t r ansi ent s of f or ce and f i , wer e measur ed . I n
ot her muscl es, depol ar i zat i on of t he sar col emma was pr oduced by r epl aci ng NaCI
wi t h equi mol ar KCI and t he r esul t i ng f or ce t r ansi ent s andf i , wer e moni t or ed f or
30 mi n. The ef f ect of ver apami l was st udi ed by t he f ol l owi ng pr ot ocol . Muscl es
wer e equi l i br at ed and devel oped f or ce was measur ed . St i mul at i on was t hen
st opped, and t he muscl es wer e per f used f or 30 mi n wi t h dl - ver apami l ( 1 E1M)

di ssol ved i n Kr ebs, whi l ef i , was measur ed i nt er mi t t ent l y . Af t er t hi s, t he muscl es

wer e agai n st i mul at ed, wi t h t he r educt i on of devel oped f or ce t aken as evi dence
of sl ow channel bl ockade . Each of t hese pr ot ocol s wer e r epeat ed i n addi t i onal
muscl es, whi ch wer e st udi ed under t he mi cr oscope usi ng bot h coher ent and
i ncoher ent i l l umi nat i on as descr i bed above.

RESULTS

Di r ect Mi cr oscopi c St udi es

The f r ee edge of i nt act papi l l ar y muscl es was exami ned at a magni f i cat i on
of 312 under i ncoher ent i l l umi nat i on . At t hi s magni f i cat i on, i nt er nal
st r uct ur es ar e r esol ved as a j umbl e of det ai l , especi al l y away f r om t he
edge, wher e t he muscl e i s opt i cal l y t hi ck . Sar comer e st r uct ur e was f ai nt l y
vi si bl e and obser ved onl y i n some pr epar at i ons at t hi s magni f i cat i on . I n
muscl es exami ned shor t l y af t er mount i ng i n per f usat e [ Ca" ] of 1 mM, a
cont i nuous, chaot i c " squi r mi ng" mot i on was obser ved, whi ch gr adual l y
di mi ni shed i n ampl i t ude wi t h t i me, becomi ng qui t e subt l e af t er sever al
hour s . I n muscl es equi l i br at ed i n per f usat e cont ai ni ng 3 mMCa" , t he
mot i on cont i nued i ndef i ni t el y at an ampl i t ude t hat was conspi cuous at
t he magni f i cat i on empl oyed . Descr i pt i on of t he mot i on i s necessar i l y
subj ect i ve ; i t appear ed t o consi st of r andom waves of cont r act i on pr o-
ceedi ng i n bot h di r ect i ons al ong t he muscl e, asynchr onous t hr oughout
t he l engt h . Ther e was an appar ent pr ef er r ed di r ect i on of t hese waves .
I ndi vi dual waves appear ed t o be r oughl y 10- 30 l i m i n l engt h and coul d
be seen al ong t he edge of t he muscl e as bul ges t hat di ed out and r e-
f or med as t hey t r avel ed, r esembl i ng wat er waves r ol l i ng ont o a beach .
Wi t hi n t he body of t he muscl e, t he waves appear ed under phase cont r ast
as dar k bands wi t hi n whi ch l ongi t udi nal t o- and- f r o mot i on of subcel l ul ar
st r uct ur es was seen . Over al l , t he ent i r e muscl e appear ed t o be i n a st at e
of r andom mot i on ; however , exami nat i on of smal l r egi ons showed a
t endency t owar d l ocal per i odi ci t y of t he mot i on, t he est i mat ed f r equenci es
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of whi ch wer e ^- 1- 2 Hz, al t hough t hi s var i ed f r om one poi nt on t he

muscl e t o anot her . The excur si on of any one poi nt i n t he muscl e appear ed

t o be ^ " 1- 10 um under t hese condi t i ons . When t he muscl e was Ca"

l oaded by r epl aci ng Na' i n t he medi umwi t h Li +, t he squi r mi ng mot i ons

became l ar ger , somewhat f ast er , and possi bl y mor e di sor der ed . The

over al l i mpr essi on t hen was of a " washi ng machi ne" wi t h pr omi nent

per i odi c osci l l at i on of smal l domai ns of t he muscl e, compl et el y asynchr o-
nous f r om one r egi on t o anot her even wi t hi n t he 200- Am l engt h of t he
mi cr oscope f i el d . The pr edomi nance of uni di r ect i onal wave t r avel was

not appar ent under t hese condi t i ons .

Under coher ent ( l aser ) i l l umi nat i on, t he i nt er nal det ai l of t he muscl e

was compl et el y over shadowed by t he speckl e i nt er f er ence pat t er n . I n t he

l i vi ng muscl e, t hi s speckl e pat t er n was i n a t ur moi l of chaot i c mot i on,

wi t h br i ght and dar k speckl es changi ng pl aces r api dl y as i nt ensi t y f l uc-

t uat ed at di f f er ent poi nt s of t he f i el d . The appar ent speed of speckl e

mot i on var i ed wi t h t he Ca" bat hi ng t he muscl e ; dur i ng l ow- Na' cont r ac-

t ur e, t he " mot i on" began t o bl ur as t he f r equency of i nt ensi t y f l uct uat i ons

appr oached t he f l i cker - f usi on f r equency of t he eye . I n t he absence of

Ca++, . or when t he muscl e was subj ect ed t o pr ol onged depr i vat i on of

oxygen and subst r at e, or when membr anes wer e dest r oyed wi t h Tr i t on

X- 100, t he squi r mi ng mot i on seen under i ncoher ent l i ght was abol i shed .

Under t he same condi t i ons, t he speckl e pat t er n seen under coher ent

i l l umi nat i on was ent i r el y st at i onar y .

Coher ent Li ght - Scat t er i ng St udi es

Fi g . 3 shows t he r aw ( un- nor mal i zed) phot on- count aut ocor r el at i on f unc-

t i ons f or a muscl e i n sever al concent r at i ons of Ca" . As can be seen, t he

sl ope of t he aut ocor r el at i on decay i ncr eased wi t h [ Ca" ] , , as pr evi ousl y

descr i bed usi ng anal og cor r el at i on t echni ques ( Lappe and Lakat t a, 1980 ;

Lakat t a and Lappe, 1981) . Fi g . 4 shows t he ef f ect of var i at i on of [ Ca++] e
on f , , der i ved f r om t hese cor r el at i on f unct i ons . By usi ng di gi t al phot on-

count i ng cor r el at i on t echni ques, i t was possi bl e t o r ecover t he absol ut e

ampl i t ude of t he cor r el at i on decay, whi ch has been pl ot t ed on t he same

f i gur e . At l ow l evel s of [ Ca++ ] e , as f l , decr eased ( Fi g . 4) , t he cor r el at i on

ampl i t ude decr eased f r om t he asympt ot i c val ue seen at hi gher [ Ca++ ] e "

Roughl y speaki ng, t he ampl i t ude i s a measur e of t he f r act i on of t he l i ght

r eachi ng t he det ect or t hat i s i nt ensi t y modul at ed; mor e pr eci sel y, i t i s

r el at ed t o t he phot on st at i st i cs of t he scat t er ed l i ght .

Coher ent l i ght scat t er ed by a st at i onar y obj ect has const ant i nt ensi t y ;

accor di ng t o quant umt heor y, t he number of phot ons det ect ed i n a f i xed

sampl i ng per i od f l uct uat es r andoml y wi t h a Poi sson di st r i but i on . The

cor r el at i on ampl i t ude i s so def i ned t hat i t i s zer o f or const ant - i nt ensi t y

( Poi sson) l i ght . Li ght t hat i s t he super posi t i on of a l ar ge number of

wavef r ont s of r andom and i ndependent l y var yi ng phases has a ci r cul ar

Gaussi an el ect r omagnet i c f i el d di st r i but i on ; i n t hi s case, t he number of

phot ons i n a f i xed sampl i ng i nt er val ( shor t compar ed wi t h t he cor r el at i on
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t i me) , i n t he l i mi t wher e t he det ect or i s smal l compar ed wi t h a coher ence

ar ea ( Sal eh, 1978) , has an exponent i al di st r i but i on . Exponent i al l y di st r i b-

ut ed l i ght has a cor r el at i on ampl i t ude of 1 . 0 . Li ght t hat i s a mi xt ur e of

coher ent l i ght scat t er ed f r om st at i onar y st r uct ur es and Gaussi an l i ght

scat t er ed f r om a l ar ge number of f l uct uat i ng st r uct ur es wi l l have an

i nt er medi at e di st r i but i on, wi t h i nt er medi at e val ues of ampl i t ude. Ot her

ef f ect s t hat may r educe t he ampl i t ude i ncl ude t he f i ni t e si ze of t he

det ect or ar ea, t he pr esence of onl y a smal l number of i ndependent l y

f l uct uat i ng scat t er er s i n t he i l l umi nat i on vol ume, or t he l i mi t at i on of t he

z
o_

z

z
0

W

O
U
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AT I MSI

	

TI ME ( S)

FI GURE 3 .

	

Raw ( un- nor mal i zed) phot on- count aut ocor r el at i on f unct i ons
of l i ght scat t er ed at 30° f r omone muscl e at t hr ee concent r at i ons of bat hi ng
Ca' . The basel i nes have been di spl aced t o suppr ess t he const ant basel i ne
( n( t ) ) 2 caused by t he mean i nt ensi t y of t he l i ght . The r api di t y of cor r el at i on
decay cl ear l y var i es wi t h Ca" , as r ef l ect ed i n t he l evel of f i , cal cul at ed f r om
t hese cor r el at i on f unct i ons . The r i ght - hand panel s show t he f l uct uat i ng
component of i nt ensi t y i n t he t i me domai n, whi ch i l l ust r at es t he r el at i onshi p

of t he cor r el at i on f unct i on t o t he f r equency of i nt ensi t y f l uct uat i ons .

f l uct uat i on of opt i cal pat hl engt h of any one scat t er er t o val ues smal l er
t han a wavel engt h . The l at t er si t uat i on per t ai ns, f or exampl e, when t he

scat t er er s ar e al l i n mot i on but ar e const r ai ned t o move wi t hi n a f r act i on

of a wavel engt h of l i ght f r om t hei r or i gi nal posi t i ons .

To quant i t at e phot on st at i st i cs of l i ght scat t er ed f r om r at papi l l ar y

muscl e, t he pr obabi l i t y di st r i but i on f or t he ar r i val of n phot ons dur i ng

any 2- ms sampl e wi ndow ( shor t compar ed wi t h tzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , ) wi t hi n a 2- mi n aver -
agi ng per i od ( l ong compar ed wi t h coher ence t i me) was measur ed ( Fi g .

5) . For compar i son, exponent i al and Poi sson di st r i but i ons ar e pl ot t ed on

t he same f i gur e, showi ng t hat t he dat a ar e wel l f i t by t he exponent i al
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di st r i but i on i n t hi s case, wher e t he muscl e was equi l i br at ed i n a [ Ca" ] , of
2 mMand measur ement s wer e made t hr ough t he smal l est ( 75 , um) pi nhol e

t o sampl e a f r act i on of a coher ence ar ea . Use of l ar ger pi nhol es r esul t ed

i n devi at i on f r om t he exponent i al di st r i but i on at l owphot on number s, as

expect ed . These r esul t s ar e compat i bl e wi t h ( t hough not suf f i ci ent t o
pr ove r i gor ousl y) t he pr esence of Gaussi an st at i st i cs i n t he scat t er ed l i ght

at moder at e and upper l evel s of [ Ca" ] , , . However , t he r esul t s of di r ect
mi cr oscopy showed t hat al l st r uct ur es i n t he t i ssue under go di spl acement s
gr eat er t han a wavel engt h of l i ght under t hese condi t i ons and t hat t he
si ze of t he co- movi ng r egi on appear ed t o be much smal l er t han t he
i l l umi nat ed ar ea of t he muscl e i n t he scat t er i ng appar at us . These condi -
t i ons woul d be expect ed t o gi ve r i se t o f i el d st at i st i cs t hat wer e appr oxi -

0

CALCI UM MM

FI GURE 4 .

	

The ef f ect of var i at i on of bat hi ng [ Ca" ] on f l , and cor r el at i on
ampl i t ude of l i ght scat t er ed at 30° f r om a t ypi cal r at papi l l ar y muscl e .

mat el y Gaussi an . Decr easi ng t he i l l umi nat ed ar ea of t he muscl e t o 200

Amdi d not r esul t i n det ect abl e changes i n phot on st at i st i cs .
The si mpl est expl anat i on of t he decr ease i n cor r el at i on ampl i t ude i n

l ow [ Ca" ] , ( Fi g . 4) woul d be t hat t he f l uct uat i ng di spl acement of scat t er -
er s becomes appr eci abl y smal l er t han t he wavel engt h of l i ght . The me-

chani cal ampl i t ude of t he t i ssue mot i on seen dur i ng mi cr oscopy wi t h
i ncoher ent i l l umi nat i on cer t ai nl y var i ed wi t h Ca" ; si nce f l uct uat i ons i n

t he l aser speckl e pat t er n wer e st i l l vi si bl e when t he mot i on was t oo subt l e

t o be def i ned wi t h cer t ai nt y under i ncoher ent l i ght , i t i s di f f i cul t t o

excl ude t he possi bi l i t y t hat , at l ow l evel s of Ca" , r egi ons wi t hi n t he

muscl e ar e ent i r el y st at i onar y, whi ch woul d have a si mi l ar ef f ect on t he

phot on st at i st i cs as t hat caused by a uni f or mdecl i ne i n t he di spl acement

ampl i t ude of al l r egi ons of t he muscl e .

The var i at i on of f l , and cor r el at i on ampl i t ude wi t h scat t er i ng angl e i n
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t he hor i zont al pl ane i s shown i n Fi gs . 6 and 7. Fi g . 6A shows t he mean
and st andar d devi at i on of f , , f r om f i ve di f f er ent muscl es, nor mal i zed t o
uni t y f or each muscl e at an angl e of 30° . The t r end t owar d a l i near

i ncr ease i n f , wi t h si ne B i s evi dent and cont i nues t o hi gher val ues of B,

whi ch we have st udi ed i n ot her muscl es . The " bump" i n t he cur ve at

angl es of 24- 27* appear s t o be a r eal phenomenon, i nsof ar as i t i s seen

i n most i ndi vi dual muscl es . Thi s phenomenon i s pr obabl y r el at ed i n some

way t o sar comer e di f f r act i on ef f ect s, al t hough t he exact r el at i onshi p i s

not cl ear , si nce t he di f f r act i on maxi ma occur r ed at 18' and 38* i n t hese

NUMBR OF PHOTONS

FI GURE 5 .

	

A post er i or i - measur ed phot on- count pr obabi l i t y di st r i but i on of
l aser l i ght scat t er ed at 30° f r oma r at papi l l ar y muscl e . The or di nat e shows
t he l og pr obabi l i t y of det ect i ng n phot ons dur i ng any 2- ms i nt er val i n a 2-
mi n aver agi ng per i od, as a f unct i on of n . For compar i son ar e shown an
exponent i al di st r i but i on ( st r ai ght l i ne) expect ed f or ci r cul ar Gaussi an l i ght
and a Poi sson di st r i but i on ( dashed cur ve) expect ed f or st eady coher ent l i ght
havi ng t he same mean i nt ensi t y .

muscl es ( whi ch wer e car ef ul l y sel ect ed t o have pr omi nent di f f r act i on

pat t er ns) .

I t i s of i mpor t ance t hat f , , ext r apol at ed t o a scat t er i ng angl e of zer o

does not go t o zer o . As di scussed i n Bonner and Car l son ( 1975) and

Haskel l and Car l son ( 1981) , f or syst ems i n whi ch f l uct uat i ons ar e caused
by l ongi t udi nal mot i on of scat t er er s, f , , wi l l be a f unct i on of t he si ne of

t he scat t er i ng angl e t hat vani shes at zer o angl e . The exact var i at i on i s

r el at ed t o t he st at i st i cal nat ur e of t he mot i on, bei ng l i near i n cases wher e

t he mot i on pr oceeds at const ant vel oci t y f or di st ances l onger t han t he

wavel engt h of l i ght , quadr at i c f or uni di r ect i onal Br owni an mot i on, et c .
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Accor di ngl y, t he pr esence of si gni f i cant f l uct uat i on f r equency at zer o
scat t er i ng angl e mi ght be t aken as evi dence t hat f l uct uat i ons of r ef r act i ve
i ndex r at her t han mot i on wer e r esponsi bl e f or most of t he f l uct uat i on .
Such a concl usi on i s onl y war r ant ed i f t he muscl e can be consi der ed
opt i cal l y t hi n, i . e . , mani f est i ng l i t t l e or no mul t i pl e scat t er i ng and not
showi ng " deep- phase scr een" ef f ect s, whi ch occur when t he di r ect opt i cal

pat hl engt h t hr ough t he muscl e var i es by mor e t han a wavel engt h f r om

poi nt t o poi nt . Car di ac muscl e consi st s of a var i et y of mi cr oscopi c st r uc-

t ur es ( e . g . , 40%mi t ochondr i a, SR, myof i l ament s, et c . ) ar r anged i r r egu-

12 A

0L
0 025 0 . 5
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FI GURE 6 .

	

( A) Var i at i on of f i , wi t h t he si ne of t he scat t er i ng angl e i n t he
hor i zont al pl ane f or f i ve papi l l ar y muscl es . The cur ve r epr esent s t he mean
of t he cur ves obt ai ned by nor mal i zi ng t he f , , of each muscl e t o uni t y at 30°
scat t er i ng angl e . The er r or bar s r epr esent t he st andar d devi at i on among
muscl es . ( B) Var i at i on of nor mal i zed f i , wi t h scat t er i ng angl e i n t he hor i -
zont al ( l ongi t udi nal ) and ver t i cal scat t er i ng pl anes aver aged i n t hr ee addi -
t i onal muscl es . f y, was nor mal i zed t o t he val ue at 5° i n each muscl e, and
t he bar s r epr esent t he SEM. The poi nt s wer e f i t by l i near r egr essi ons wi t h
a sl ope of 0. 039 i n t he hor i zonal pl ane and 0. 010 i n t he ver t i cal pl ane ; P <

0. 008 .

l ar l y, so i t woul d not be sur pr i si ng i f a muscl e many cel l s deep mani f est ed

deep- phase scr een ef f ect s . Thi s i s conf i r med by t he f act t hat onl y at t he

t hi nnest edge of t he muscl es was i t possi bl e t o r esol ve subcel l ul ar st r uc-

t ur es by phase- cont r ast mi cr oscopy . These muscl es appear ed t r ansl ucent

r at her t han t r anspar ent under t he di ssect i ng mi cr oscope, and t hey ob-

scur ed most of t he di r ect l aser beam i l l umi nat i ng t hem. Fur t her mor e,

mi cr oscopy of t he edge of act i vel y f l uct uat i ng muscl es showed t hat i ndi -

vi dual cont r act i l e waves pr oduce movi ng " bul ges" sever al mi cr ons or

mor e i n hei ght on t he sur f ace of t he muscl e . The geomet r i cal t hi ckness

of t he muscl e t her ef or e f l uct uat es by t hi s much, so i t i s not unl i kel y t hat
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t he di r ect ( zer o angl e) opt i cal t hi ckness f l uct uat es by a si gni f i cant f r act i on

of a wavel engt h . The r esul t i ng deep- phase scr een ef f ect woul d pr oduce

si gni f i cant i nt ensi t y f l uct uat i ons even at ver y l ow scat t er i ng angl es .

Fi g . 6B shows t he var i at i on of f l , i n t hr ee addi t i onal muscl es i n whi ch

angl e scans wer e per f or med bot h i n t he hor i zont al and ver t i cal pl anes

( i . e . , t he pl anes par al l el and per pendi cul ar t o t he muscl e axi s) . The angul ar

var i at i on i n t he ver t i cal pl ane i s si gni f i cant l y l ess t han t hat i n t he hor i zont al

pl ane, as woul d be expect ed i f t he under l yi ng mot i on i s l ar gel y al ong t he

axi s of t he muscl e .

Fi g . 7 shows t he var i at i on of cor r el at i on ampl i t ude wi t h scat t er i ng angl e
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0 0

SCATTERI NG ANGLE I degl

FI GURE 7 .

	

Scat t er i ng angl e dependence of t he aut ocor r el at i on ampl i t ude
( a pur e number ) aver aged f r om muscl es i n Fi g . 6A. Muscl es chosen wer e
t hi n enough t o show good di f f r act i on pat t er ns, whi ch al l had t he f i r st - or der
peak at 18° . The er r or bar s ar e t he SEM. Li ght was col l ect ed t hr ough a
200- Ampi nhol e, whi ch r esul t ed i n maxi mal ampl i t ude of l ess t han uni t y f or
Gaussi an l i ght .

f or t hr ee muscl es . The ampl i t ude i s essent i al l y const ant f or scat t er i ng
angl es above 12° and i s equal t o t he val ue at 30° , whi ch, as di scussed
above, i s compat i bl e wi t h Gaussi an st at i st i cs ( pi nhol e 200, um i n t hi s case) .
Bel ow 12' t he ampl i t ude f al l s of f somewhat , but i t does not appr oach
zer o, as woul d be expect ed f or f i r st - or der scat t er i ng f r oma l i near ar r ay
of const r ai ned movi ng scat t er er s . The r easons f or t hi s ar e pr esumabl y t he
same as di scussed above f or t he l ow- angl e behavi or of f l ,. Ther e was no
si gni f i cant var i at i on of ampl i t ude wi t h angl e i n t he ver t i cal pl ane i n t he
muscl es shown i n Fi g . 6B.

The f act t hat t he ampl i t ude does decr ease somewhat at l ower angl es
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suggest s t hat zer o- angl e opt i cal pat hl engt h f l uct uat i ons ar e at most about

one wavel engt h ; however , si mi l ar r esul t s coul d occur i f l ow- angl e scat -

t er ed l i ght consi st ed of an admi xt ur e of unmodul at ed f i r st - or der scat t er -

i ng and i nt ensi t y- modul at ed, mul t i pl y scat t er ed l i ght . The f act t hat t he

ampl i t ude does not decr ease on t he di f f r act i on peak at 18 ° at f i r st seemed

sur pr i si ng, si nce t hese measur ement s wer e made bef or e our mi cr oscopi c

st udi es of t he mot i on . Ampl i t ude mi ght be expect ed t o decr ease at t he

peak because of t he admi xt ur e of el ast i cal l y scat t er ed ( coher ent ) l i ght

di f f r act ed by t he per i odi c sar comer e l at t i ce . Thi s has been shown t o be

t he case i n si ngl e skel et al muscl e f i ber s by Haskel l and Car l son ( 1981) .

However , car di ac muscl e consi st s of a l ar ge number of shor t cel l s . The

di f f r act i on pat t er n i s t her ef or e a super posi t i on of cont r i but i ons f r om

many shor t segment s of per i odi c l at t i ce whose r el at i ve phases ar e r andom

si nce t hey ar e not i n r egi st r y . Thi s i s conf i r med by t he f act t hat t he

di f f r act i on peaks act ual l y consi st , when exami ned cl osel y, of a f i ne,

r andomspeckl e pat t er n on whi ch t he di f f r act i on pat t er n i s super i mposed

as a modul at i on envel ope . Rel at i vel y gr oss, di ast ol i c cont r act i l e waves of

t he sor t t hat we have seen, whose " wavel engt h" i s l ong compar ed wi t h

sar comer e spaci ng but shor t compar ed wi t h t he i l l umi nat i ng beamdi am-

et er , woul d have t he ef f ect of r andoml y shi f t i ng t he phases of t he di f f er ent

cel l ul ar subl at t i ce cont r i but i ons t o t he di f f r act i on pat t er n, gi vi ng r i se t o

Gaussi an f i el d st at i st i cs even at t he di f f r act i on peak . Measur ement s of

phot on st at i st i cs at t he di f f r act i on peak show a near l y exponent i al di st r i -

but i on except f or f al l - of f i n t he f i r st f ew bi ns, whi ch i ndi cat es t hat onl y a

smal l f r act i on of t he l i ght at t he peak i s i n f act unmodul at ed i n t hi s

pr epar at i on . I t i s of i nt er est t hat at ver y hi gh l evel s of [ Ca" ] , t he

di f f r act i on pat t er n i t sel f i s suppr essed ( Lakat t a and Lappe, 1981) , possi bl y

because of shor t - r ange di sor der of sar comer e l engt hs pr oduced when t he

r andom waves of cont r act i on ar e i nt ense . I t i s i ndeed not ewor t hy t hat

SLI F can be r eadi l y measur ed on t hi ck muscl es t hat show l i t t l e or no

di f f r act i on pat t er n .

As descr i bed above, t he r andom t i ssue mot i on seen under t he mi cr o-

scope appear s t o be at l east par t i al l y per i odi c on a l ocal scal e, wi t h an

est i mat ed domi nant per i od of t he or der of 1 Hz ; any per i odi ci t y of t he

SLI F at t hi s f r equency woul d not have been obser ved i n t he cor r el at i on

f unct i ons shown above, as t hey wer e cal cul at ed onl y t o At = 225 ms . We

t her ef or e exami ned t he aut ocor r el at i on f unct i on on a l onger t i mebase

( and at hi gher gai n) , sear chi ng f or secondar y peaks i ndi cat i ve of per i o-

di ci t y . As shown i n Fi g . 8, no such peaks wer e seen out t o At = 3 s i n t he

case of act i vel y f l uct uat i ng muscl es under nor mal l evel s of Ca" l oadi ng .

The r easons f or t hi s, and t he condi t i ons under whi ch such peaks ar e seen,

ar e di scussed i n t he Appendi x i n t he cont ext of model cal cul at i ons of

scat t er i ng .

Chemi cal - ski nni ng St udi es

To det er mi ne whet her t he Ca" - dependent SLI F and t he t i ssue mot i ons

t hat appear t o be associ at ed wi t h t hem ar e an i nt r i nsi c r esul t of Ca"
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act i vat i on of myof i l ament s, muscl es wer e chemi cal l y ski nned as descr i bed
above . These chemi cal l y ski nned muscl es wer e capabl e of r ever si bl e
act i vat i on t o pr oduce - 75%of t wi t ch f or ce at mi cr omol ar l evel s of f r ee
Ca" . Fi g . 9 shows a f or ce- pCa cur ve, obt ai ned as an aver age f r om si x
muscl es . The cur ves ar e qui t e r epr oduci bl e wi t hi n and among muscl es,
and r esembl e t hose obt ai ned by ot her s i n " det er gent - ski nned" pr epar a-
t i ons ( McCl el l an and Wi negr ad, 1978 ; Endo and Ki t azawa, 1978) and
mechani cal l y ski nned car di ac cel l s ( Fabi at o and Fabi at o, 1975x) . As shown
i n t he upper panel of t he f i gur e, di r ect act i vat i on by Ca" buf f er ed t o
const ant l evel s di d not pr oduce SLI F. The cor r el at i on f unct i on of scat -
t er ed l i ght was compl et el y f l at ( f l , = 0) at al l l evel s of act i vat i on . I n t hese
pr epar at i ons, r emoval of ATP pr oduced r i gor f or ce ( agai n wi t h f l y = 0)
t hat was r ever si bl e i f ATP was qui ckl y r epl aced. Addi t i on of caf f ei ne di d
not pr oduce cont r act ur e . These r esul t s ar e compat i bl e wi t h t he assump-

z
0

W
cc

. . . . . w. . . . . . . w. . . . . . wu. . . . . . . . . . . . . . . . . . w

AT ( ms)
FI GURE 8.

	

Long t i mebase aut ocor r el at i on f unct i on of l i ght scat t er ed at
30° f r om a papi l l ar y muscl e i n Ca" of 2 mM. The t i mebase i s 3 s and t he
gai n has been i ncr eased t o sear ch f or secondar y cor r el at i on peaks, r esul t i ng
i n an over f l ow of t he pr i mar y peak . The basel i ne has been suppr essed .

t i on t hat myof i l ament s wer e di r ect l y act i vat ed by const ant l evel s of f r ee
Ca" , wi t h f unct i onal dest r uct i on of sar col emma and SR.

When t he same chemi cal - ski nni ng pr ocedur e was car r i ed out i n t he
mi cr oscope chamber , t he r andom di ast ol i c mot i on di sappear ed af t er
ski nni ng, and t he muscl e appear ed st at i onar y bot h i n r el axi ng sol ut i on
and over t he ent i r e r ange of Ca" act i vat i on . The speckl e pat t er n of t he
ski nned muscl e under coher ent i l l umi nat i on was st at i onar y at al l l evel s of
act i vat i on .

I nt act Muscl e St udi es

The above r esul t s i ndi cat e t hat SLI F and t he r andom di ast ol i c mot i on
wi t h whi ch t hey appear t o be associ at ed ar e not an i nt r i nsi c pr oper t y of
myof i l ament s i n a st eady st at e of act i vat i on . However , f l uct uat i ng act i va-
t i on of t he myof i l ament s, i . e . , t hat caused by. f l uct uat i ons of myopl asmi c
[ Ca" ] wi t hi n t he cel l i n di ast ol e, coul d pr oduce mot i on . To det er mi ne
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For ce- pCa cur ve f or t he act i vat i on of det er gent - ski nned r at

papi l l ar y muscl es i n cont r act ur e sol ut i ons Ca" - buf f er ed wi t h 3 mMEGTA.

The l ower panel shows r el at i ve f or ce pr oduced ( mean ± SEM, n = 6) . The

upper panel shows f , ,� whi ch was al ways zer o ( absent SLI F) at al l l evel s of

act i vat i on .

whet her f l uct uat i ons of t hi s sor t gener at ed by f l uct uat i ng sar col emmal

cur r ent s cause SLI F, muscl es wer e exposed t o condi t i ons expect ed t o

bl ock var i ous t ees of sar col emmal el ect r i cal pr ocesses, vi z . [ Na' ] , = 0 t o

di sabl e t he Na channel s, [ K+] e = 144 mMt o depol ar i ze t he sar col emma,

or ver apami l ( 1 1AM) t o bl ock Ca" channel s . The r esul t s ar e shown i n Fi g .

10 . Repl aci ng t he 144 mMNa' i n Kr ebs sol ut i on by Li ' ( Fi g . I OA) or K+
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( Fi g . I OB) pr oduced f or ce t r ansi ent s t hat decayed wi t hi n 30 mi n t o a l evel
of f or ce equal t o or gr eat er t han cont r ol . Under t hese condi t i ons t he
muscl e was el ect r i cal l y i nexci t abl e . Scat t er ed- l i ght f l uct uat i ons wer e not
abol i shed by t hese pr ocedur es ; r at her , f i , i ncr eased wi t h f or ce dur i ng t he

18

14

8

2

H

.
. t i . . . * OGG, *

24

20

18

8

4

0
%0

t ,

FI GURE 10 . ( A) For ce t r ansi ent ( sol i d l i ne) and f , , ( dot s) f r om a r at
papi l l ar y muscl e i n whi ch [ Na' ] , was r epl aced by Li ' at t he t i me shown by
t he ar r ow. ( B) Si mi l ar f or ce and f , , t r ansi ent s pr oduced by r epl aci ng
[ Na' ] , . by K' i n anot her muscl e . ( C) Measur ement s of f , , bef or e and af t er
addi t i on of ver apami l 1 j uM t o t he bat h . For ce t r aci ngs ar e shown f or t he
muscl e r egul ar l y st i mul at ed 24 t i mes/ mi n bef or e and af t er i ncubat i on wi t h
ver apami l . The scat t er i ng angl e was 30' i n al l cases .

t r ansi ent , consi st ent wi t h an ef f ect of i ncr eased [ Ca++ ] i l oadi ng, and t hen
st abi l i zed at a st eady l evel pr opor t i onal t o r est i ng f or ce . Fi g . I OC shows
t hat ver apami l appl i ed t o r est i ng muscl e caused no change i n f l '. Ver a-
pami l was appl i ed whi l e t he muscl e was r est i ng i n or der t o pr ecl ude t he
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possi bi l i t y t hat i t woul d al t er [ Ca" ]; by r educi ng t he amount of Ca"

ent er i ng dur i ng an act i on pot ent i al . When t he muscl e was l at er st i mul at ed

i n ver apami l , t her e was i n f act a r api d decl i ne i n devel oped f or ce,

i ndi cat i ve of ver apami l ' s ef f ect t o bl ock t he sl ow i nwar d Ca" channel .

We i nt er pr et t he r esul t s of t hese t hr ee st udi es as evi dence t hat known

el ect r i cal pr ocesses at t he sar col emma ar e not di r ect l y r equi r ed f or t he

gener at i on of SLI F. Tabl e I summar i zes t he r esul t s of t he exper i ment s

shown i n Fi g . 10, aver aged over sever al muscl es, whi ch conf i r m t he

r epr oduci bi l i t y, of t hese phenomena.

Fl uct uat i ng act i vat i on of t he myof i l ament s coul d be pr oduced by upt ake

and r el ease of Ca" f r om i nt r acel l ul ar st or es . Caf f ei ne i s bel i eved t o act

di r ect l y on SR, causi ng r el ease of Ca" and pr event i ng i t s r e- upt ake

( Endo, 1977) . At l evel s bel ow20 mMi t pr obabl y does not have si gni f i cant

ef f ect s on myof i l ament s, mi t ochondr i a, or r est i ng membr ane pot ent i al

( Weber , 1968 ; Ki mot o et al . , 1974 ; Bl ayney et al . , 1978) . I t has been

TABLE I

I nt er vent i ons At t empt i ng t o Abol i sh or Reduce SLI F Caused by Sar col emmal -

medi at ed Ca* * Fl uxes

shown t o abol i sh SR- dependent Ca" osci l l at i ons i n car di ac cel l s ( Fabi at o

and Fabi at o, 1973, 1975b; Dani et al . , 1979) . We t her ef or e i nvest i gat ed

t he ef f ect of caf f ei ne on SLI F and t he r andomdi ast ol i c cont r act i l e mot i on .

Fi g. I I A shows t he var i at i on of f , and cor r el at i on ampl i t ude wi t h i ncr eas-

i ng concent r at i ons of caf f ei ne i n sever al muscl es . The exact shape of t he

cur ves var i ed wi t h t he muscl e and t he ambi ent [ Ca" ] . I n some muscl es

t her e was a smal l i ncr ease i n f l , at l ow concent r at i ons of caf f ei ne ; i n al l

muscl es t he f l uct uat i ons wer e event ual l y abol i shed ( f l at aut ocor r el at i on

f unct i on) at l evel s of caf f ei ne of 10 mMor hi gher . Removal of caf f ei ne

r esul t ed i n a r eappear ance of SLI F. Many muscl es show t he behavi or

shown i n t he f i r st t hr ee panel s of t he f i gur e, i n whi ch f l , f al l s t o a pl at eau

val ue ar ound 1 Hz, and, beyond t hi s poi nt , ampl i t ude decr eases unt i l

f l uct uat i ons ar e undet ect abl e ( at whi ch poi nt , by convent i on, f , 4 = 0) . I n

some muscl es, t her e was a st eady decl i ne i n f , , wi t h l i t t l e f al l i n ampl i t ude,

as seen i n t he muscl e i n t he f our t h panel . As di scussed i n t he Appendi x,

t he f or mer t ype of behavi or woul d be expect ed i f caf f ei ne r educed t he

ampl i t ude of t he di ast ol i c r andommot i on wi t hout l ower i ng i t s f undamen-

Cont r ol

f , ( Hz)

Tr ansi ent peak Af t er 30 mi n

[ Na* ] , = 0 2. 74±0. 68 18 . 49±3 . 0 4. 4±1 . 16

( n=7)

[ K* ~ = 144 mM 3. 2±1 . 1 33 . 0±7 . 3 8. 2±0 . 4

( 2i =
3)

Ver apami l ( 10- 6 M) 4. 4±0 . 6 Not measur ed 4. 4±0 . 4

( r a = 5)
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( A) Var i at i on of f l , and aut ocor r el at i on ampl i t ude of l i ght
scat t er ed at 30° f r om f our ( A- D) papi l l ar y muscl es i n [ Ca +] ~ = 2 mMas
i ncr easi ng concent r at i ons of caf f ei ne ar e added t o t he bat h . Each panel
r epr esent s one muscl e . ( B) Reduct i on of f , , ( dot s) t o zer o by caf f ei ne even
i n t he pr esence of zer o Na' cont r act ur e ( cf . Fi g . l 0A) . The sl i ght r i se of f h
at t he cont r act i on peak i s pr obabl y due t o bul k- mot i on ar t i f act .
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t al f r equency, wher eas t he l at t er i ndi cat es t he occur r ence of ver y l ow

f r equency i nt ensi t y var i at i on of si gni f i cant ampl i t ude even i n t he pr esence

of caf f ei ne . Rough cal cul at i on shows t hat a st eady def or mat i on of t he
muscl e by as l i t t l e as 1%/ h woul d account f or t hese var i at i ons, gi ven t he
l ong aver agi ng t i mes used ; t her ef or e, t he occur r ence of t he second t ype
of behavi or may wel l be an ar t i f act of unst eady r est i ng t ensi on or st r ess
r el axat i on of damaged ends . Fi g . I I B shows t he ef f ect of r emovi ng Na'
( r epl aced by Li +) i n t he Kr ebs sol ut i on i n t he pr esence of 10 mMcaf f ei ne .
The f , i ncr ease t hat usual l y accompani es t he r emoval of Na' i n t he

per f usat e ( Fi g . l OA) has been bl ocked by caf f ei ne .

When caf f ei ne ( 10 mM) was appl i ed t o muscl es i n t he mi cr oscope

chamber , t he di ast ol i c r andom mot i on ceased compl et el y wi t hi n <1 mi n.

Under coher ent i l l umi nat i on, a st at i onar y speckl e pat t er n was seen i n t he

pr esence of caf f ei ne . When caf f ei ne was r emoved, t he mot i on of t he

muscl e seen under i ncoher ent l i ght and t he mot i on of t he speckl e pat t er n

under coher ent l i ght gr adual l y r edevel oped i n par al l el over a per i od of

^ - 5- 8 mi n.

MODELS OF SLI F

The r esul t s above i ndi cat e t hat SLI F ar e cl osel y cor r el at ed wi t h t he

pr esence of r andomcel l ul ar mot i on wi t hi n t he muscl e . Al t hough i t i s not

possi bl e t o excl ude t he pr esence of some r ef r act i ve i ndex f l uct uat i ons, i t

can be concl uded t hat t hese ar e not pr esent except i n condi t i ons when

t he mot i on i s al so pr esent and t hus woul d be di f f i cul t t o det ect by coher ent

opt i cal met hods i n t he pr esence of mul t i pl e scat t er i ng .

Fabi at o and Fabi at o ( 19756, 1978a) and Fabi at o ( 1981) have descr i bed

mechani cal osci l l at i ons i n mechani cal l y ski nned car di ac myocyt es wi t h

i nt act SR, subj ect ed t o par t i al EGTA buf f er i ng . By a car ef ul l y r easoned

ser i es of exper i ment s t hey showed t hat mechani cal osci l l at i ons ar e due t o

phasi c osci l l at i ons of Ca" sur r oundi ng t he myof i l ament s caused by r e-

gener at i ve Ca" - i nduced Ca" r el ease f r omt he SR. Among t he pr oper t i es

of t hese osci l l at i ons ar e t he f act s t hat t hei r f r equency and mechani cal

ampl i t ude i ncr ease wi t h t he ambi ent pCa, t hat t hei r ampl i t ude i s de-

cr eased by caf f ei ne i n t he mi l l i mol ar r ange ( wi t h an i ncr ease or no change

i n t hei r f r equency) , and t hat t hey ar e abol i shed by r emovi ng ambi ent

Ca" , by appl yi ng 20 mM caf f ei ne, or by exposur e t o Tr i t on X- 100,

whi ch dest r oys t he SR. I f we hypot hesi ze t hat t he di ast ol i c r andommot i on

t hat we see i n i nt act papi l l ar y muscl es behaves i n t he same way wi t h Ca"

and caf f ei ne as do t he mechani cal osci l l at i ons seen by Fabi at o ( 1981) , t he

qual i t at i ve f eat ur es of SLI F f r equency and ampl i t ude can be expl ai ned

by t he model syst em anal yzed i n t he Appendi x .

FORCE PRODUCTI ON BY RANDOM DI ASTOLI C MOTI ON

Cont r act i on of myof i l ament s anywher e wi t hi n t he muscl e wi l l al ways r esul t

i n a smal l posi t i ve cont r i but i on t o muscl e t ensi on, compar ed wi t h t he

val ue when al l myof i l ament s ar e r el axed . Ther ef or e, i n t he pr esence of
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r andom di ast ol i c mot i on, t her e shoul d be a net posi t i ve act i ve t ensi on

t hat i s t he sumof al l t he cont r i but i ons f r omdi f f er ent waves of cont r act i on

t hr oughout t he muscl e . For a macr oscopi c muscl e, t he phasi c component s

of t ensi on f r om di f f er ent par t s of t he muscl e wi l l l ar gel y cancel because

t hey ar e asynchr onous, r esul t i ng i n an appar ent l y st eady Ca" - dependent

component of r est i ng f or ce . Si nce f l , depends appr oxi mat el y on t he

aver age vel oci t y of poi nt s i n t he t i ssue ( not t he wave vel oci t y of cont r act i l e

waves [ see Appendi x] ) , i t i s not sur pr i si ng t hat i t woul d cor r el at e hi ghl y

wi t h aver age Ca" - dependent r est i ng f or ce, especi al l y when t he var i at i ons

of f , , ar e l ar gel y due t o var i at i ons i n mechani cal ampl i t ude of t he mot i on

( see Appendi x) . The pr esence of di ast ol i c r andom mot i on t her ef or e

pr ovi des an expl anat i on of t he Ca" - dependent r est i ng f or ce obser ved

pr evi ousl y ( Lakat t a and Lappe, 1981) .

To anal yze t he r ol e of Ca" - dependent r andom mot i on i n f or ce pr o-

duct i on i n di ast ol i c muscl e i n mor e det ai l , i t i s necessar y t o model t he

mot i on . For t hi s pur pose we wi l l make t he nai ve assumpt i on t hat t he

muscl e i s as an ar r ay of di scr et e " cel l s, " each of whi ch i ndependent l y

execut es per i odi c cont r act i ons of t he ki nd descr i bed by Fabi at o and

Fabi at o ( 1975b) i n i sol at ed ski nned cel l s . I ndi vi dual cel l s wi l l cont r act

i ndependent l y, and because t hei r per i ods wi l l di f f er f r omt he mean, af t er

a st i mul at ed cont r act i on t hey wi l l get out of st ep wi t hi n a f ew cycl es and

be compl et el y asynchr onous i n t he r est i ng st at e . The di spl acement s gen-

er at ed by one osci l l at or wi l l spr ead passi vel y t hr ough t he macr oscopi c

t i ssue al ong a t hr ee- di mensi onal net wor k of ser i es and par al l el el ast ances ;

t her ef or e, t he ef f ect of one cel l wi l l di e away at di st ances t hat ar e l ar ge

compar ed wi t h a cel l di amet er . The di spl acement of an ar bi t r ar y t i ssue

poi nt i n t he mi dst of a macr oscopi c muscl e wi l l t her ef or e be i nf l uenced

onl y by osci l l at or s i n i t s own nei ghbor hood and wi l l be unaf f ect ed by

di st ant osci l l at i ons and di st ant boundar i es . Fi g . 12A shows schemat i cal l y

howt he mot i on of one poi nt can be gener at ed as t he sumof di spl acement s

caused by t he asynchr onous osci l l at or s i n i t s nei ghbor hood. The aut ocor -

r el at i on f unct i on of t he mot i on can be cal cul at ed as t he sum of t he

aut ocor r el at i on f unct i ons of t he cont r i but i ng osci l l at or s ; t he l at t er ar e al l

posi t i ve per i odi c wave t r ai ns synchr oni zed at At = 0 and t hey add up t o

pr oduce t he char act er i st i c t r ai n of decayi ng peaks expect ed f or t he

aut ocor r el at i on f unct i on of a par t i al l y per i odi c pr ocess, as shown i n Fi g .

12B. Thi s i s t he mot i on aut ocor r el at i on f unct i on t hat i s used i n t he

Appendi x as
" g( At ) "

i n anal yzi ng t he l i ght - scat t er i ng pr obl em; t he qual i -

t at i ve f eat ur es of t hat anal ysi s do not depend on t he det ai l s of t he model

f r om whi ch i t was obt ai ned, but onl y on t he pr esence of r andompar t i al l y

per i odi c mot i on .

The f or ce measur ed at t he ends of t he muscl e wi l l be t he sum of t he

posi t i ve per i odi c wave t r ai ns pr oduced by al l t he cel l s i n t he muscl e . I f

t her e i s a ver y l ar ge number of cel l s, t her e wi l l be a st eady component

equal t o Nf , wher e Ni s t he number of cel l ul ar osci l l at or s i n t he muscl e

and f i s t he mean f or ce pr oduced at t he ends of t he muscl e by t he
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FI GURE 12 .

	

( A) Schemat i c of t he model of i ndependent cel l ul ar osci l l a-
t or s . The per i odi c asynchr onous cont r act i ons of cel l s 1- 6 cont r i but e i nde-
pendent l y t o t he di spl acement of t he scat t er er i n t hei r nei ghbor hood . The
sum of t hei r cont r i but i ons i s t he r andoml y f l uct uat i ng di spl acement x( t ) ,
whi ch, despi t e i t s appear ance, st i l l has a par t i al per i odi ci t y t hat can be
r eveal ed by aut ocor r el at i on or spect r um anal ysi s . The cur ve shown as x( t )
was comput er - si mul at ed by addi ng up 100 cur ves si mi l ar t o cur ves 1- 6 but
wi t h ar bi t r ar y phases and per i ods nor mal l y di st r i but ed about an aver age
val ue . ( B) The aut ocor r el at i on f unct i on of t he mot i on x( t ) can be cal cul at ed
as t he sumof t he aut ocor r el at i on f unct i ons f or each of t he osci l l at or s . Si nce
t he l at t er ar e al l posi t i ve per i odi c wave t r ai ns wi t h t he same phase ( because
each osci l l at or must be per f ect l y cor r el at ed wi t h i t sel f at At _ 0 r egar dl ess
of i t s absol ut e phase) , t he r esul t i s a ser i es of di mi ni shi ng peaks separ at ed
by i nt er val s at At equal t o t he aver age osci l l at or per i od . The cur ve at t he
bot t omwas obt ai ned by summi ng t he 100 wave t r ai ns si mi l ar t o t he f i ve at
t op . I t i s t he cur ve used as g( At ) i n t he l i ght - scat t er i ng cal cul at i on i n t he
Appendi x .

osci l l at i on of one cel l . The f l uct uat i ng component of f or ce woul d be

f r ms VrN- , wher ef r ms i s t he r oot - mean- squar e f l uct uat i ng component of f or ce

due t o one osci l l at or . Cl ear l y, i n a muscl e composed of t housands of

cel l ul ar osci l l at or s t he st eady f or ce wi l l pr edomi nat e . Suppose, however ,
t hat al l t he osci l l at or s coul d be synchr oni zed at one poi nt i n t i me . Then
t he net f or ce woul d consi st of a summat i on of wave t r ai ns becomi ng
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pr ogr essi vel y out of phase wi t h t i me, exact l y anal ogous t o t he sumi n Fi g .

12B. Thi s has been model ed f or t he case of an i nf i ni t e number of

osci l l at or s whose i nt r i nsi c per i ods ar e di st r i but ed wi t h a pr obabi l i t y densi t y

P( T) . I f f ( t ) descr i bes t he per i odi c f or ce pr oduced by one osci l l at or wi t h

uni t per i od, t hen t he t ot al f or ce at t i me t af t er synchr oni zat i on wi l l be

F( t ) = f ° ° P( t ) f ( t / T) dT.

	

( 1)

FI GURE 13 .

	

Si mul at ed f or ce t r ansi ent s pr oduced by t he synchr oni zat i on
model Eq . 1 . The mi ddl e panel s show f or ce t r ansi ent s obt ai ned by numer i cal
i nt egr at i on of Eq . 1 usi ng t he pr obabi l i t y di st r i but i ons shown i n t he f i r st
panel s as P( T) and t he per i odi c osci l l at i on t r ai n f ( t ) , whi ch was used i n Fi g .

12 . The r i ght - hand panel s show act ual af t er cont r act i ons measur ed f r om r at
papi l l ar y muscl es, sel ect ed f or si mi l ar i t y t o t he cal cul at ed f or ce t r ansi ent s .
I n r owA, a skewed di st r i but i on of osci l l at i on per i ods [ P( t ) = ( T - TO) e- aTI
gi ves r i se t o a f or ce t r ansi ent wi t h a pr omi nent hyper - r el axat i on and a
subt l e nonper i odi c af t er cont r act i on, r esembl i ng t he measur ed t r ansi ent ( a)
f r om a r at papi l l ar y muscl e r ecent l y mount ed i n [ Ca" ] 1 mM. I n r ow B a
symmet r i cal ( Gaussi an) di st r i but i on of per i ods gi ves r i se t o a per i odi c ser i es
of af t er cont r act i ons, r esembl i ng t he measur ed af t er cont r act i ons ( b) f r om a
muscl e i n [ Ca" ] , = 2. 5 and 2. 5 mMcaf f ei ne .

I n Fi g . 13 ar e shown f or ce t r ansi ent s gener at ed by numer i cal i nt egr a-

t i on of Eq . 1 usi ng t wo al t er nat i ve di st r i but i ons of osci l l at or per i ods, one
a symmet r i cal nor mal di st r i but i on, and t he ot her a skewed di st r i but i on .

The pr edi ct ed f or ce shows an i ni t i al l ar ge peak at t he moment of syn-

chr oni zat i on, f ol l owed by a " hyper - r el axat i on, " whi ch occur s when al l

osci l l at or s ar e si mul t aneousl y i n t hei r r el axed phase. Ther e i s t hen a ser i es
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of damped osci l l at i ons whi ch ar e most conspi cuous when t he osci l l at or s

have a nar r ow, symmet r i c di st r i but i on of per i ods . Fi nal l y, f or ce decays t o

t he st eady aver age l evel , whi ch di f f er s f r om t he " hyper - r el axed" f or ce by
t he amount of t he " Ca" - dependent r est i ng f or ce" Nf . Hyper - r el axat i on
and af t er cont r act i ons f ol l owi ng t he t wi t ch ar e wel l - descr i bed phenomena
i n r at car di ac muscl e i n physi ol ogi cal [ Ca" ] , ( Posner and Ber man, 1969)
and i n ot her speci es under condi t i ons of hi gh Ca" l oadi ng ( Bozl er , 1943 ;
Rei t er , 1962 ; Kat zung, 1964 ; Br aveny et al . , 1966 ; Fer r i er , 1976) . Act ual

af t er cont r act i ons r ecor ded f r om r at papi l l ar y muscl es under di f f er ent

condi t i ons of Ca" l oadi ng ar e shown i n t he t hi r d panel of Fi g . 13 f or

compar i son wi t h t he cal cul at ed f or ce t r ansi ent s . Obvi ousl y, t hi s i s not

i nt ended t o i mpl y t hat t he nai ve osci l l at or model pr ovi des a quant i t at i ve

expl anat i on of t hese phenomena, but mer el y t hat synchr oni zat i on of

ongoi ng osci l l at i ons i s one pl ausi bl e mechani smby whi ch af t er cont r act i ons

mi ght be gener at ed. Di r ect mi cr oscopy of muscl es dur i ng st i mul at i on

showed t hat di ast ol i c r andommot i on and t he cor r espondi ng l aser speckl e
mot i on do i n f act cease dur i ng t he hyper - r el axat i on i mmedi at el y af t er t he
t wi t ch and t hen r edevel op dur i ng t he af t er cont r act i on, but whet her t he
mot i ons ar e " synchr oni zed" or r eappear i n f ul l y asynchr onous f or mcoul d
not be deci ded by vi sual i nspect i on .

DI SCUSSI ON

We have f ound by i ncoher ent l i ght mi cr oscopy t hat t i ssue mot i on i s

pr esent on a scal e mor e t han suf f i ci ent t o pr oduce SLI F, and t hat SLI T

ar e det ect ed i n pr eci sel y t hose st at es i n whi ch t he di ast ol i c r andommot i on

i s f ound . Many of t he physi cal char act er i st i cs of SLI F measur ed vi a f or mal

l i ght - scat t er i ng t echni ques ar e compat i bl e wi t h a model i n whi ch t her e i s

wi despr ead asynchr onous mot i on whose mechani cal ampl i t ude i s i n-

cr eased by Ca" and decr eased by caf f ei ne and whose f r equency may

i ncr ease wi t h Ca" . The scat t er i ng angl e dependenci es of f l , and i nt ensi t y

aut ocor r el at i on ampl i t ude ar e not compat i bl e wi t h f i r st - or der scat t er i ng

f r om such a model , but because t hese muscl es ar e opt i cal l y t hi ck, deep-

phase scr een ef f ect s and mul t i pl e scat t er i ng coul d pr oduce t he ki nd of

angl e dependence obser ved even when t he under l yi ng pr ocess i s l ongi -

t udi nal mot i on ( Haskel l and Car l son, 1981) . I n addi t i on, f l uct uat i ng deep-

phase ef f ect s ar e l i kel y t o be pr esent because of var i at i on i n t he t hi ckness

of t he muscl e caused by t he waves of cel l ul ar mot i on as obser ved by di r ect

mi cr oscopy . Accor di ngl y, our dat a nei t her r equi r e nor suggest t he pr es-

ence of r ef r act i ve i ndex f l uct uat i ons, and t hey i ndi cat e t hat such f l uct ua-

t i ons coul d onl y be pr esent concur r ent l y wi t h mot i on .

Asynchr onous mot i on of t he ki nd we descr i be has been obser ved

pr evi ousl y i n car di ac muscl e dur i ng Na' - f r ee cont r act ur e ( Ander son et

al . , 1976) . Our st udi es show t hat si mi l ar but mor e subt l e mot i on al so

occur s under mor e physi ol ogi c condi t i ons and i s easi l y det ect ed by coher -

ent l i ght scat t er i ng . I t i s unl i kel y t hat mot i ons coher ent over many mi - t uns

and i nvol vi ng di spl acement s up t o t ens of mi cr ons coul d be gener at ed by



STERN ET AL .

	

Scat t er ed- Li ght I nt ensi t y Fl uct uat i ons i n Rat Car di ac Muscl e

	

143

any mechani sm ot her t han t he myof i l ament s . The f act t hat st eady act i -
vat i on of myof i l ament s by const ant , buf f er ed l evel s of myopl asmi c [ Ca" ]
does not pr oduce ei t her obser vabl e mot i ons or SLI F, and t hat bot h ar e
suppr essed i n caf f ei ne, shows t hat myof i l ament act i vat i on per se does not
gener at e t hese f l uct uat i ons . Thi s excl udes, f or exampl e, f l uct uat i ons
caused by asynchr onous cycl i ng of cr oss- br i dges at t he sar comer e l evel
( Car l son, 1975 ; Bor j edo and Mor al es, 1977) . The r el at i onshi p of SLI F i n
r at hear t muscl e t o t hose st udi ed i n skel et al muscl e by Bonner and Car l son
( 1975) and Haskel l and Car l son ( 1981) i s conj ect ur al . The l at t er occur
dur i ng maxi mal t et ani c act i vat i on, i n whi ch a st eady st at e of myof i l ament
act i vat i on i s usual l y assumed . The mot i ons t hat we have obser ved i n

car di ac muscl e occur i n t he absence of st i mul at i on and appear t o be
somewhat l ar ger t han t hose i n skel et al muscl e . The " myogeni c" sar comer e
osci l l at i ons obser ved by Fabi at o and Fabi at o ( 1978b) al so ar e pr obabl y
not t he cause of SLI F, si nce t hey shoul d not be abol i shed i n ski nned
myof i l ament s .

Our r esul t s i mpl y t hat i n nonst i mul at ed r at car di ac muscl e, Ca" act i -
vat i ng t he myof i l ament s f l uct uat es i n t i me and space, t her eby dr i vi ng t he
myof i l ament s t o pr oduce t he di ast ol i c r andom mot i on . I t i s not ewor t hy
t hat ear l i er st udi es ( Lappe and Lakat t a, 1980) showed t he pr esence of
vi gor ous SLI F when Ca" was r epl aced i n t he per f usat e i n muscl es
r ender ed hyper per meabl e by EDTA. The f act t hat t he " EDTA- ski nned"
muscl es di d not exhi bi t t he st eep f or ce- pCa cur ves f ound i n det er gent -
ski nned muscl es i n t he pr esent st udy, and t hat t hey di d exhi bi t SLI F,
sug~est s t hat i n t hi s pr epar at i on t he SR i s i nt act and t hat myopl asmi c
[ Ca +] i s i ncompl et el y buf f er ed ( Mi l l er , 1979) .

The pr esent r esul t s per mi t t he i nf er ence t hat t her e ar e f l uct uat i ons of
myopl asmi c [ Ca" ] i n " r est i ng" r at hear t muscl e, and t hat t hese f l uct ua-
t i ons cause di ast ol i c r andom mot i on, whi ch i s t he pr i nci pl e cause of SLI F.
What pr oduces t he Ca" f l uct uat i on? The f act t hat t hey ar e not abol i shed
i n t he absence of Na' , i n t he pr esence of ver apami l , or dur i ng sar col emmal
depol ar i zat i on i ndi cat es t hat el ect r i cal osci l l at i ons at t he sar col emma ar e
not r equi r ed . Thei r behavi or wi t h caf f ei ne and wi t h var i at i on of [ Ca" ];
suggest s t hat t he SR i s i nvol ved i n t hei r pr oduct i on . I n f act , t hi s behavi or
i s cl osel y anal ogous t o t he behavi or of osci l l at i ons i n mechani cal l y ski nned
car di ac cel l s caused by Ca" - i nduced Ca" r el ease t hat have been obser ved
i n di saggr egat ed mouse, r at , and r abbi t vent r i cul ar cel l s ( Bl oom et al . ,
1974 ; Fabi at o and Fabi at o, 1975b ; Fabi at o, 1981) , cul t ur ed car di ac my-
ocyt es ( Goshi ma, 1976) , and di sr upt ed r abbi t vent r i cul ar cel l s ( Dani et
al . , 1979) .

Gl i t sch and Pot t ( 1975) obser ved mi nut e spont aneous f l uct uat i ons i n
r est i ng t ensi on of smal l gui nea pi g at r i al t r abecul ae i n st at es of hi gh Ca"
l oadi ng ; t hese wer e decr eased i n ampl i t ude and t hen suppr essed by
mi l l i mol ar concent r at i ons of caf f ei ne, but wer e not bl ocked by sl ow
channel bl ockade wi t h Mn' or depol ar i zat i on wi t h KCl . Si mi l ar l y, spon-
t aneous vol t age f l uct uat i ons i nduced by Ca" over l oad due t o car di ac
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gl ycosi des have been measur ed i n si ngl e gui nea pi g vent r i cul ar cel l s

( Mat suda et al . , 1982) . These osci l l at i ons wer e abol i shed by i nt r acel l ul ar

EGTA and decr eased i n ampl i t ude wi t h caf f ei ne . The pr i nci pl e di st i nct i on

bet ween t hese spont aneous osci l l at i ons i n gui nea pi g t r abecul ae and cel l s

and t he SLI F obser ved i n r at papi l l ar y muscl es i s t hat t he l at t er can be

det ect ed i n i nt act muscl es under " nor mal " condi t i ons of Ca" l oadi ng .

Possi bl e r easons f or t hi s i ncl ude bot h a speci es di f f er ence and t he gr eat

sensi t i vi t y of t he l aser scat t er i ng met hod t o det ect mot i on t hat i s at t he

l i mi t of r esol ut i on of l i ght mi cr oscopy . I f SLI F ar e i n f act due t o Ca" -

i nduced Ca" r el ease, t hen t he pr esent r esul t s i ndi cat e t hat t hi s pr ocess

occur s under " physi ol ogi c" condi t i ons i n i nt act r at myocar di um. The

pr esence of di ast ol i c SLI F has al so been document ed i n sever al t ypes of

car di ac t i ssue f r om a r ange of speci es . The exper i ment al condi t i ons

r equi r ed f or SLI F t o be pr esent i n t he st eady st at e var y wi t h a gi ven

speci es . Fr og myocar di um, however , does not exhi bi t SLI F even under

condi t i ons . t hat r esul t i n mar ked cel l ul ar Ca" over l oad ( Lakat t a and

Lappe, 191 ; Kor t and Lakat t a, 1981) . Thi s pr onounced speci es var i at i on

i n si mi l ar l y mount ed pr epar at i ons of equal aver age t hi ckness i ndi cat es

t hat SLI F cannot si mpl y be at t r i but ed t o damage sust ai ned at t he ends of

t he t i ssue i n mount i ng ( Vassal l o and Pol l ack, 1982) .

The occur r ence of di ast ol i c r andommot i on i n " r est i ng" r at vent r i cul ar

muscl e pr ovi des an expl anat i on, i n par t at l east , of t he phenomenon of

Ca" - dependent r est i ng f or ce i n non- Ca" - over l oaded muscl es t hat was

ot her wi se somewhat puzzl i ng because f r ee myopl asmi c [ Ca" ] i s usual l y

t hought t o f al l bel owt he l evel r equi r ed f or act i vat i on of t he myof i l ament s

dur i ng di ast ol e . I t i s i mpor t ant t o not e, however , t hat under some

exper i ment al condi t i ons, i . e . , t hose t hat r esul t i n hi gh cel l ul ar Ca"

l oadi ng or when caf f ei ne i s pr esent , " r est i ng" f or ce can exhi bi t a t oni c

Ca" - dependent component . When mechani cal osci l l at i ons ar e pr esent ,

t he waves of cont r act i on ar e asynchr onous and t he mechani cal l oadi ng

condi t i ons seen by t he act i vat ed myof i l ament s wi l l not be i somet r i c ;

t her ef or e, t he r andom di ast ol i c mot i on may do mor e wor k t han t he

aver age l evel of Ca" - dependent di ast ol i c f or ce woul d suggest . Thi s may

account f or t he ver y hi gh r est i ng heat pr oduct i on f ound i n r at myocar -

di um ( Loi sel l e and Gi bbs, 1979) .

As shown i n our " nai ve model " cal cul at i ons, i f t he di ast ol i c mot i on i s

due t o synchr oni zabl e per i odi c osci l l at or s, t hi s mi ght pr ovi de an expl a-

nat i on of t he t r ansi ent s of di ast ol i c f or ce t hat ar e pr oduced af t er a beat .

Even i f t hi s i s t he case, t he cal cul at i on cannot be used t o pr edi ct af t er con-

t r act i ons quant i t at i vel y because i t i gnor es t he f act t hat t he osci l l at i ons

i nvol ve t r avel i ng waves ( bot h i n i nt act muscl e and i sol at ed cel l s) and t hat

t ot al cel l ul ar Ca" l oadi ng may under go i t s own t r ansi ent var i at i ons af t er

Ca" f l uxes acr oss t he sar col emma dur i ng t he act i on pot ent i al .

Af t er cont r act i ons have been obser ved i n associ at i on wi t h per i odi c t r an-

si ent i nwar d cur r ent s f ol l owi ng vol t age st eps i n Pur ki nj e f i ber s t r eat ed

wi t h car di ac gl ycosi des ( Fer r i er et al . , 1973 ; Fer r i er , 1976 ; Leder er and
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Tsi en, 1976 ; Kass et al . , 1978x, b) . Spont aneous f l uct uat i ons of membr ane

cur r ent have al so been obser ved i n t hese pr epar at i ons ( Leder er , 1976 ;

Kass et al . , 1976) , whi ch appear t o have t he same par t i al l y per i odi c

spect r um ( f undament al f r equenci es 1- 2 Hz) as t he t r ansi ent i nwar d

cur r ent t r i gger ed by depol ar i zat i on, as woul d be pr edi ct ed i f t he l at t er

wer e due t o synchr oni zat i on of an ar r ay of i ndependent osci l l at or s . By

st udyi ng t he ef f ect s of membr ane pot ent i al , Ca" bl ocker s, and i oni c

mani pul at i on, Leder er and Tsi en ( 1976) and Kass et al . ( 1978b) al so

concl uded t hat t he pr i mar y event under l yi ng t hese membr ane cur r ent s i s

an osci l l at or y r el ease of Ca" f r omi nt r acel l ul ar st or es . Pr el i mi nar y st udi es

i n Pur ki nj e f i ber s ( Kor t and Lakat t a, 1981) i ndi cat e t hat t hi s t i ssue exhi bi t s

di ast ol i c SLI F even i n t he absence of Ca" over l oad, and t hat gl ycosi des

and ot her f or ms of cel l ul ar Ca" l oadi ng i ncr ease f i , and caf f ei ne abol i shes

f , , i n a f ashi on si mi l ar t o t hat i n r at vent r i cul ar myocar di um. Thi s suggest s

t hat cel l ul ar Ca" osci l l at i ons i n Pur ki nj e f i ber s occur even i n t he absence
of Ca" over l oadi ng and t hat l aser spect r oscopy can be used t o assess
t hese osci l l at i ons wi t hout empl oyi ng depol ar i zi ng vol t age st eps .

A most i mpor t ant concl usi on der i ved f r om t he pr esent st udi es i s t hat
at a gi ven i not r opi c st at e, myopl asmi c [ Ca" ] i s pr obabl y not i n a mi cr o-
scopi c st eady or homogeneous st at e dur i ng di ast ol e . Fur t her mor e, t he
magni t ude and f r equency of myopl asmi c [ Ca" ] osci l l at i ons mani f est as
changes i n SLI F var y di r ect l y wi t h t he i not r opi c st at e i n r at vent r i cul ar

muscl e ( Lakat t a and Lappe, 1981) , whi ch suggest s a possi bl e r ol e i n

exci t at i on- count er act i on coupl i ng . Fi nal l y, st eady st at e concept s such as

di ast ol i c compl i ance, compar t ment al Ca" pool s, or r est i ng sar comer e

l engt h must be eval uat ed wi t h caut i on i n hear t muscl e .

APPENDI X

I f , i n f act , t he t i ssue mot i on i s ent i r el y r esponsi bl e f or SLI F, i t shoul d be possi bl e
t o cal cul at e t he f l uct uat i on spect r um f r om t he mot i on . Unf or t unat el y, even i f
we possessed a compl et e st at i st i cal char act er i zat i on of t he di ast ol i c mot i on ( i . e . ,
t he compl et e space- t i me aut ocor r el at i on moment s of t he di spl acement t o al l
or der s) , t he cal cul at i on of t he scat t er ed- l i ght spect r um i n t he pr esence of deep-
phase scr een and mul t i pl e scat t er i ng ef f ect s woul d be f or mi dabl e . However , a
descr i pt i ve char act er i zat i on of t he mot i on does per mi t exami nat i on of an over -
si mpl i f i ed model syst em i n whi ch f i r st - or der scat t er i ng occur s f r om a r andom
ar r ay of l i ght scat t er er s l ocat ed t hr oughout t he muscl e, whi ch ar e f i xed as t o
t hei r mean posi t i ons, but under go i ndependent f l uct uat i ng di spl acement s about
t hese means .

Let t he l ongi t udi nal posi t i on of t hej t h scat t er er be Xj = xj +yj ( t ) , wher e xj ar e
i ndependent r andomvar i abl es char act er i zi ng t he mean posi t i ons of t he scat t er er s
and yj ( t ) ar e i ndependent st ochast i c pr ocesses descr i bi ng t he mot i on of t he
scat t er er s about t hei r mean posi t i ons . I n r eal i t y, i ndi vi dual l i ght - scat t er i ng st r uc-
t ur es i n t he muscl e wi l l not have i ndependent mot i ons i f t hey ar e wi t hi n a f ew
mi cr ons of one anot her , but mi cr oscopy i ndi cat es t hat t he I - mm i l l umi nat i on
ar ea shoul d cont ai n a l ar ge number of i ndependent l y movi ng r egi ons . The
compl ex el ect r omagnet i c f i el d ampl i t ude ( hor i zont al l y pol ar i zed) wi l l be a super -
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wher e ai i s t he scat t er i ng ampl i t ude of t he j t h scat t er er and k = 2a si n 6/ X i s

def i ned i n t er ms of t he scat t er i ng angl e B and t he wavel engt h X of l i ght . The

f i el d aut ocor r el at i on f unct i on of t he scat t er ed l i ght i s

G( t 1 - t 2)
BE

( E( t 1) E* ( t 2) ) = Z
ai * a, ( e' ( x ; - xt ) ei k[ yi ( t t ) - yt ( t s) 1) .

i . 1

G( At ) = I e- ° 2k2[ ` - g( at ) ]

Si nce t he i l l umi nat ed ar ea t hr ough whi ch xi ar e di st r i but ed i s much l ar ger t han

a wavel engt h of l i ght , onl y t er ms f or whi ch j = l wi l l have si gni f i cant expect at i on

val ues, so t hat

G( t 1 - t 2) = Z
I

ai
I 2( ei k[ yi ( ` ) - y; ( t 2) 1) = I ( ei k[ y( 1i ) - y( t 2) 1)

	

( 4)

wher e I i s t he mean i nt ensi t y of scat t er ed l i ght and we have r emoved t he

subscr i pt s f or t he y' s i n t he exponent i al because t he mot i ons of al l scat t er er s ar e

assumed t o be st at i st i cal l y si mi l ar . To f aci l i t at e cal cul at i on i n t hi s i deal i zed model

we wi l l assume t hat t he r andom mot i ons y( t ) ar e Gaussi an pr ocesses, as woul d be

t he case i f t he di spl acement of a scat t er er wer e t he r esul t of super posi t i on of

numer ous i ndependent r andom f or ces f r om cel l s i n i t s nei ghbor hood . Then t he

expect at i on val ue i n t he l ast l i ne of Eq . 4 can be cal cul at ed t o be ( Sal eh, 1978)

wher e
a2

- - - var y) = ( 1' 2) and g( At ) m ( Y; ( t 1) y( t 2) ) / Q2 i s t he nor mal i zed aut ocor -

r el at i on f unct i on of t he mot i on of t he t ypi cal scat t er er . The f unct i on g( At )

embodi es t he t i me- var yi ng behavi or of t he r andom mot i on, and v i s t he r ms

di spl acement of t he scat t er er by t he mot i on .

The quant i t y act ual l y measur ed i n i nt ensi t y f l uct uat i on spect r oscopy i s t he

aut ocor r el at i on f unct i on of t he i nt ensi t y I ( t ) w 1E( t ) 1' . I f t he number of scat t er er s

i s l ar ge, t he f i el d wi l l have Gaussi an st at i st i cs, and i t can be shown ( cf . Sal eh,

1978) t hat t he i nt ensi t y aut ocor r el at i on f unct i on i s

G(
2
) ( Ot ) = I 2 +

G2( At )
= 12{ 1 + e- 2c2k2[ 1- g( AI ) 1}

	

( 6)

whi ch expr esses t he exper i ment al l y measur ed f unct i on i n t er ms of t he hypot het -

i cal cor r el at i on f unct i on of t he mot i on g( At ) and t he mechani cal ampl i t ude of

t he mot i on o.

The aut ocor r el at i on f unct i on of t he mot i on g( At ) f or a " par t i al l y per i odi c"

r andom mot i on wi l l be a decayi ng ser i es of peaks separ at ed by i nt er val s equal t o

t he aver age f undament al per i od of t he mot i on . The l ower cur ve i n Fi g . A1 i s an

exampl e of such a f unct i on ; i n t hi s case i t was der i ved f r om a model of t he

mot i on as a super posi t i on of di scr et e osci l l at or s, as di scussed i n t he t ext . The

upper t wo cur ves show t he i nt ensi t y aut ocor r el at i on f unct i on cal cul at ed f r om

Eq. 6 usi ng t he l ower cur ve f or g( At ) and assumi ng t wo di f f er ent val ues ( 142 and

285 nm) f or t he mechani cal ampl i t ude a. For t he smal l er mechani cal ampl i t ude

t he shape of t he i nt ensi t y cor r el at i on f unct i on mi mi cs t hat of t he mot i on cor r e-

l at i on f unct i on . As t he mechani cal ampl i t ude of t he mot i on i ncr eases r el at i ve t o

t he wavel engt h of l i ght , sever al changes occur , as shown i n t he f i gur e . The f i r st
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i s t hat t he st eepness of decay of t he f i r st ( pr i nci pal ) aut ocor r el at i on peak, whi ch
det er mi nes f ,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� i ncr eases . The second i s t hat t he r el at i ve hei ght of t he secondar y
aut ocor r el at i on peaks decr eases . I f t he second peak of g( At ) i s l ess t han t he f i r st
by an amount a, t he second peak of t he i nt ensi t y cor r el at i on wi l l be r educed
( compar ed wi t h t he pr i nci pl e peak) by a f act or e-

ks' s° ,
whi ch decr eases r api dl y

wi t h a . When t he mechani cal ampl i t ude becomes l ar ger t han t he wavel engt h of
l i ght t he second and l at er peaks ar e r educed t o t he poi nt of undet ect abi l i t y . The
t hi r d change i s an i ncr ease of i nt ensi t y cor r el at i on ampl i t ude as mechani cal
ampl i t ude i ncr eases, as di scussed bel ow.

FI GURE Al .

	

Mot i on aut ocor r el at i on f unct i on of a par t i al l y per i odi c r an-
dom poi nt di spl acement ( l ower cur ve) and t he scat t er ed- l i ght i nt ensi t y
cor r el at i on f unct i ons cal cul at ed f r om i t by Eq . 6 ( upper cur ves) f or t wo
val ues of t he r ms di spl acement par amet er ka . For scat t er i ng of He- Ne l aser
l i ght at an angl e of 30' , t hi s cor r esponds t o r ms scat t er er di spl acement s of
142 ( dashed cur ve) and 285 nm( upper sol i d cur ve) . The i ncr eased st eepness
of decay of t he pr i mar y peak and t he suppr essi on of t he secondar y peaks
as ko i ncr eases ar e shown . The mot i on aut ocor r el at i on f unct i on shown was
der i ved f r omt he model of i ndependent cel l ul ar osci l l at or s descr i bed i n t he
t ext . The r i ght - hand panel i s an expanded t i mebase showi ng t he por t i on of
t he i nt ensi t y aut ocor r el at i on f unct i on act ual l y used i n comput i ng f . / i .

I f we hypot hesi ze t hat t he di ast ol i c r andom mot i on we see i n i nt act papi l l ar y
muscl es behaves i n t he same way wi t h Ca" and caf f ei ne as do t he mechani cal
osci l l at i ons seen by Fabi at o ( 1981) , t he qual i t at i ve f eat ur es of SLI F f r equency
and ampl i t ude can be expl ai ned by t he model . I n t he pr esence of l ar ge mot i ons
vi si bl e by i ncoher ent l i ght mi cr oscopy, ak > 1 and t he l i ght - i nt ensi t y cor r el at i on
ampl i t ude woul d be expect ed t o be maxi mal and f , , t o be i ncr eased by r ai si ng
Ca" [ whi ch i ncr eases bot h a and t he domi nant f r equenci es of g( At ) ] and t o be
decr eased by caf f ei ne, whi ch l ower s a . When t he mot i on i s l ar ge, t heor y pr edi ct s
t hat t he secondar y aut ocor r el at i on peaks i ndi cat i ve of per i odi ci t y of t he mot i on
wi l l not appear i n t he l i ght - i nt ensi t y aut ocor r el at i on f unct i ons . When Ca" i s
l ower ed or caf f ei ne i s r ai sed suf f i ci ent l y t o r educe o bel ow a/ 27r , t he i nt ensi t y
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aut ocor r el at i on ampl i t ude woul d be expect ed t o decl i ne st eepl y . The behavi or
of f. / , under t hese condi t i ons depends on how t he under l yi ng mot i on f r equenci es
ar e af f ect ed . I f t he mot i on f r equenci es f al l ( as mi ght be expect ed i n l ow- Ca"
st at es) t hen f i g shoul d f al l smoot hl y t o zer o . I f t he mechani cal spect r um r emai ns
t he same whi l e t he ampl i t ude of t he mot i on decl i nes ( as may be t he case wi t h
caf f ei ne) , t hen f . / , wi l l decl i ne wi t h o unt i l ok M1, beyond whi ch f . / , wi l l pl at eau

whi l e i nt ensi t y aut ocor r el at i on ampl i t ude decl i nes t o zer o ( see bel ow) . I t shoul d

be not ed t hat when t he ampl i t ude i s ver y l ow, measur ement of f l , becomes
di f f i cul t ; i n par t i cul ar , any secul ar def or mat i on of t he i l l umi nat ed segment of

t he muscl e by as much as a wavel engt h of l i ght dur i ng t he sever al mi nut es over
whi ch t he aut ocor r el at i on f unct i on i s aver aged ( e . g. , st r ess r el axat i on of t he

damaged ends of t he muscl e) wi l l r esul t i n spur i ousl y hi gh val ues of ampl i t ude,
l eadi ng t o cor r espondi ngl y l ow est i mat es of f / , f r omt he aut ocor r el at i on f unct i on .

Under condi t i ons i n whi ch ak <_ 1, when a secondar y peak i s pr esent i n t he
mot i on aut ocor r el at i on f unct i on, a secondar y peak i n t he i nt ensi t y aut ocor r el a-

t i on f unct i on i s al so exhi bi t ed, as shown i n Fi g . Al . The osci l l at i ons descr i bed
by Fabi at o and Fabi at o ( 1975a) ar e hi ghl y per i odi c ; t he r andom di ast ol i c mot i on
of i nt act muscl e shows a l ess conspi cuous but def i ni t e l ocal per i odi ci t y . We
t her ef or e sought evi dence of per i odi ci t y by measur i ng aut ocor r el at i on f unct i ons
on a l ong t i mebase i n muscl es i n concent r at i ons of caf f ei ne t hat r educed f , , and
l ower ed cor r el at i on ampl i t ude but l ess t han t hat whi ch abol i shes f l uct uat i ons
ent i r el y . Fi g . A2 shows such an aut ocor r el at i on f unct i on f r om t he same muscl e
shown ( i n t he absence of caf f ei ne) i n Fi g . 8 . I n caf f ei ne, t her e i s now a l at e peak
cor r espondi ng t o a per i odi c component wi t h a per i od of 410 ms . Peaks at 400-
2, 000 ms wer e obser ved r egul ar l y under t hese condi t i ons ; t hey ar e abol i shed at
hi gher l evel s of caf f ei ne when ampl i t ude and f , , go t o zer o . As shown i n t he

f i gur e, t he l ocat i on of t he l at e peak i s i ndependent of scat t er i ng angl e, excl udi ng
t he possi bi l i t y t hat i t i s due t o a Doppl er f r equency caused by st eady mot i on of
par t of t he muscl e . I n any case, st eady mot i on at t he speed r equi r ed over t he 15-
mi n aver agi ng per i od woul d r esul t i n a net t r ansl at i on >1 mm. We t her ef or e

bel i eve t hese peaks ar e evi dence of under l yi ng per i odi ci t y of t he pr ocess i n t he
muscl e .

Cal cul at i on of t he i nt ensi t y cor r el at i on ampl i t ude r equi r es us t o consi der a
poi nt of some subt l et y . When t he mot i on of t he scat t er er s i s l ess t han t he
wavel engt h of l i ght , t he scat t er ed l i ght i nt ensi t y wi l l not be t i me- er godi c, because
t he t i me- mean i nt ensi t y at one poi nt i n t he scat t er i ng pat t er n wi l l depend on t he
par t i cul ar val ues of t he " r andom" mean posi t i ons xj , of whi ch onl y one r eal i zat i on
i s i ncl uded i n any one t i me aver age . The physi cal meani ng of t hi s i s t hat f or
smal l val ues of o, t her e wi l l be a st at i onar y speckl e pat t er n super i mposed on t he
f l uct uat i ng l i ght , and t he val ue of t he ampl i t ude wi l l var y dependi ng on whet her
t he det ect or i s l ocat ed on a br i ght or dar k speckl e of t hi s pat t er n . Ther e ar e t wo
ways t o def i ne t he " aver age" ampl i t ude . One woul d be t o measur e t he i nt ensi t y

aut ocor r el at i on f unct i on on an ensembl e of muscl es ( or , mor e r easonabl y, at a

number of di f f er ent coher ence ar eas i n t he nei ghbor hood of t he same scat t er i ng
angl e i n one muscl e) , aver age t hese cor r el at i on f unct i ons, nor mal i ze t he r esul t ,
and comput e t he ampl i t ude f r om i t . Thi s i s essent i al l y what was done i n t he
above cal cul at i on . To det er mi ne t he ampl i t ude, G2

( At ) shoul d be nor mal i zed by
i t s asympt ot i c val ue at At - - , oo, whi ch gi ves

I - e
- 2k2a2

Aensembl e - I + e- 2k2o2
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The second appr oach, whi ch cor r esponds mor e cl osel y t o t he way t he dat a ar e

act ual l y handl ed, i s t o comput e t he i nt ensi t y aut ocor r el at i on f unct i on at one
poi nt f or one muscl e as a t i me aver age, nor mal i ze i t and comput e t he ampl i t ude,
and t hen aver age t he r esul t over t he r andom posi t i ons xj . I f xj ar e t r eat ed as
f i xed, t he f i el d at one poi nt i n t he scat t er i ng pat t er n may be r esol ved i nt o t he
sumof ci r cul ar Gaussi an l i ght and const ant el ast i cal l y scat t er ed coher ent l i ght ,
t he i nt ensi t y of t he l at t er var yi ng f r om one poi nt t o anot her i n t he st at i onar y
speckl e pat t er n . The aut ocor r el at i on ampl i t ude can be comput ed, i n a t edi ous

. .

	

. . . . . . . . . . . . . . . V

FI GURE A2 .

	

Long t i mebase aut ocor r el at i on f unct i on of l i ght scat t er ed by

a papi l l ar y muscl e i n [ Ca" ] = 2 mMand 2 mMcaf f ei ne, at scat t er i ng angl es

of 30° ( upper panel ) and 10° ( l ower panel ) . Thi s i s t he same muscl e whose
l ong t i mebase aut ocor r el at i on f unct i on was shown i n Fi g. 8 i n t he absence
of caf f ei ne . Not e t he pr esence of secondar y aut ocor r el at i on peaks i n t he
pr esence of caf f ei ne and t he f act t hat t he posi t i on of t he secondar y peak i s
i ndependent of angl e, whi ch i ndi cat es t hat i t i s caused by a per i odi c pr ocess
i n t he muscl e r at her t han a Doppl er shi f t caused by st eady mot i on .

but st r ai ght f or war d manner , and t hen aver aged over t he ensembl e of possi bl e
val ues of xj . The r esul t i szyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

� 1 + 2y/ ( e k2
° s

- 1)
Apoi nt avemge = f , [ 1 + y/ ( ekYos -

1) ] 2 dy .

The ampl i t ude cal cul at ed i n t hese t wo ways i s pl ot t ed as a f unct i on of v i n Fi g.
A3 f or t he case of 30 ° scat t er i ng of He- Ne l i ght . Bot h cal cul at i ons show si mi l ar
behavi or : f or mot i on l ar ge compar ed wi t h t he wavel engt h, t he ampl i t ude i s uni t y,

c . . . .
. . . . . . . . . . . . . . . . . . . . ' � � ,

W

Q
O
U

8=10°

z
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cor r espondi ng t o Gaussi ah st at i st i cs . When t he mot i on becomes smal l er t han t he
wavel engt h, t her e i s a r api d decl i ne of A unt i l i s appr oaches zer o when t he
mot i on i s undet ect abl e by vi si bl e l i ght .

When t he ampl i t ude i s smal l ( mechani cal l y and opt i cal l y) , t he shape of t he
aut ocor r el at i on f unct i on of t he l i ght becomes t he same as t hat of t he under l yi ng
mot i on . I n t hi s case, f , , appr oaches a pl at eau val ue ( as a f unct i on of a) , whi ch i s
det er mi ned by t he f r equenci es of t he under l yi ng mechani cal mot i on . I f a be-

comes l ar ge, on t he ot her hand, t he i nt ensi t y aut ocor r el at i on f unct i on t ends
t owar d a Gaussi an shape r egar dl ess of t he det ai l s of g( At ) ; i n t hi s case, t he l i ght
spect r um i s a Doppl er spect r um r el at ed t o t he di st r i but i on of i nst ant aneous
vel oci t i es of scat t er er s . The r ms vel oci t y of scat t er er s i s f ound t o be ( f or t he case

W
0

z 0. 5
0

0
U

RMS DI SPLACEMENT ( j . an)

FI GURE A3 .

	

Aver age cor r el at i on ampl i t ude cal cul at ed f r om Eq . 7 ( sol i d
cur ve) or Eq . 8 ( dashed cur ve) as a f unct i on of scat t er er r ms di spl acement
f or t he model of He- Ne l aser l i ght scat t er ed at 30° f r om an ar r ay of
i ndependent scat t er er s under goi ng r andom const r ai ned mot i ons about
t hei r mean posi t i ons . The shape of t he cur ves i s i ndependent of t he det ai l s
of t he mot i on aut ocor r el at i on f unct i on .

of f i r st - or der scat t er i ng)
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V, ms = l f i , ;

	

l = 0. 37 Am,

	

( 9)

wher e Vans i s i n mi cr omet er s per second and f , , i s i n her t z . These vel oci t i es
appear t o be wel l wi t hi n t he r ange est i mat ed by i ncoher ent mi cr oscopy .
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