
The Or gani zat i on of Act i n Fi l ament s

i n t he St er eoci l i a of Cochl ear Hai r Cel l s

ABSTRACT

	

Wi t hi n each t aper i ng st er eoci l i um of t he cochl ea of t he al l i gat or l i zar d i s a bundl e

of act i n f i l ament s wi t h >3, 000 f i l ament s near t he t i p and onl y 18- 29 f i l ament s at t he base

wher e t he bundl e ent er s i nt o t he cut i cul ar pl at e ; t her e t he f i l ament s spl ay out as i f on t he

sur f ace of a cone, f or mi ng t he r oot l et . Decor at i on of t he hai r cel l s wi t h subf r agment 1 of

myosi n r eveal s t hat al l t he f i l ament s i n t he st er eoci l i a, i ncl udi ng t hose t hat ext end i nt o t he

cut i cul ar pl at e f or mi ng t he r oot l et , have uni di r ect i onal pol ar i t y, wi t h t he ar r owheads poi nt i ng

t owar ds t he cel l cent er . The r est of t he cut i cul ar pl at e i s composed of act i n f i l ament s t hat show

r andom pol ar i t y, and numer ous f i ne, 30 A f i l ament s t hat connect t he r oot l et f i l ament s t o each

ot her , t o t he cut i cul ar pl at e, and t o t he membr ane . Acar ef ul exami nat i on of t he packi ng of t he

act i n f i l ament s i n t he st er eoci l i a by t hi n sect i on and by opt i cal di f f r act i on r eveal s t hat t he

f i l ament s ar e packed i n a par acr yst al l i ne ar r ay wi t h t he cr ossover poi nt s of al l t he act i n hel i ces

i n near - per f ect r egi st er . I n t r ansver se sect i ons, t he act i n f i l ament s ar e not hexagonal l y packed

but , r at her , ar e ar r anged i n scal l oped r ows t hat pr esent a f est ooned pr of i l e . We demonst r at ed

t hat t hi s pr of i l e i s a pr oduct of t he cr ossbr i dges by exami ni ng ser i al sect i ons, sect i ons of

di f f er ent t hi cknesses, and t he same st er eoci l i um at t wo di f f er ent cut t i ng angl es . The f i l ament

packi ng i s not al t er ed by f i xat i on i n di f f er ent medi a, r emoval of t he l i mi t i ng membr ane by

det er gent ext r act i on, or i ncubat i on of ext r act ed hai r cel l s i n EGTA, EDTA, and Ca" and ATP.

Fr om our r esul t s, we concl ude t hat t he st er eoci l i a of t he ear , unl i ke t he br ush bor der of

i nt est i nal epi t hel i al cel l s, ar e not desi gned t o shor t en, nor do t he f i l ament s appear t o sl i de past

one anot her . I n f act , t he st er eoci l i um i s l i ke a l ar ge, r i gi d st r uct ur e desi gned t o move as a l ever .

Ther e ar e 3- 10 r ows of st er eoci l i a on t he api cal sur f ace of each

hai r cel l i n t he cochl ea ( or gan of Cor t i ) and a si ngl e ci l i um, t he

" ki noci l i um. " The l at t er i s pr esent i n submammal i an ver t e-

br at es and i n devel opi ng mammal s but not i n t he mat ur e

mammal i an cochl ea . Wi t hi n each st er eoci l i um i s a popul at i on

of f i l ament s ( 7) . The st er eoci l i um, t hen, r esembl es a l ar ge

mi cr ovi l l us r at her t han a ci l i um, but because t he wor d st er eo-

ci l i um i s f i r ml y ent r enched i n t he l i t er at ur e, we wi l l cont i nue

t o use i t , al t hough i t i s mi sl eadi ng. The f i l ament s i n t he

st er eoci l i a of t he equi l i br i um or gan have r ecent l y been i dent i -

f i ed as act i n f i l ament s by t hei r abi l i t y t o decor at e wi t h myosi n

subf r agment 1 ( S1) ( 9) . Wher e i t coul d be det er mi ned, t he

ar r owheads pr oduced f r omt he i nt er act i on of S 1 wi t h t he act i n

f i l ament s appear ed t o poi nt t owar ds t he cel l cent er i ndi cat i ng

t he pol ar i t y of t he act i n f i l ament s . Fr om t hese obser vat i ons,

Fl ock and Cheung ( 9) pr oposed t hat t her e i s a si mi l ar i t y
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bet ween t he st er eoci l i a of t he equi l i br i um or gan and mi cr ovi l l i

pr esent i n t he api cal sur f ace of i nt est i nal epi t hel i al cel l s ( 20) .

Thi s l at t er pr epar at i on i s capabl e of movement i n vi t r o ( 18) .

The hai r cel l s i n t he equi l i br i um or gan, i n t he l at er al - l i ne

syst em of f i shes and aquat i c amphi bi ans ( see r ef er ence 8) , and

i n t he cochl ea ( see r ef er ence 8) al l have a si mi l ar mor phol ogy .

Accor di ngl y, Fl ock and Cheung ( 9) suggest ed a f unct i onal

homol ogy among t he st er eoci l i a i n t he l at er al l i ne, i n t he

equi l i br i um or gan, i n t he cochl ea, and i n mi cr ovi l l i on i nt es-

t i nal epi t hel i al cel l s, a cont ent i on wi t h whi ch we di sagr ee .

Our i ni t i al r eason f or i nvest i gat i ng t he st er eoci l i a was t hat

t hey r epr esent anot her exampl e of a hi ghl y or der ed bundl e of

act i n f i l ament s . As we began a char act er i zat i on of t hi s uni que

bundl e of act i n f i l ament s, i t became cl ear t hat an under st andi ng

of t he st r uct ur e of t he st er eoci l i um i s essent i al f or a det er mi -

nat i on of t he mechani sm of mechani cal i nput i nt o t he cel l . I n
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par t i cul ar , we wonder ed whet her t he st r uct ur e of t he act i n

f i l ament bundl e pl ays a r ol e i n f i ne f r equency di scr i mi nat i on

( t he so- cal l ed second f i l t er ) . We, t her ef or e, began an expl or a-

t i on of t he hai r cel l s i n t he cochl ea t o see whet her t he ar r ange-

ment of t he act i n f i l ament s i n t he st er eoci l i a mi ght ef f ect t hei r

st i f f ness and mot i on. We chose t he al l i gat or l i zar d as our

exper i ment al syst em f or t hr ee r easons . Fi r st , t he st er eoci l i a i n

t he ear of t hi s or gani sm ar e among t he l ongest on r ecor d, 31

[ , m i n l engt h ( 2 l ) . Second, exper i ment al mani pul at i ons can be

easi l y car r i ed out , because t he cochl ea i s r eadi l y accessi bl e ( 22) .

Thi r d, l i zar d ear s ar e unusual i n t hat f r equency sel ect i vi t y ( t he

pr i mar y f i l t er ) i s not r el at ed t o t he basi l ar membr ane .

Our f i r st st ep was t o anal yze t he mor phol ogy of t he st er eo-

ci l i a and t he api cal sur f ace of t he hai r cel l s i n t he cochl ea or ,

mor e speci f i cal l y, i n t he basi l ar papi l l a usi ng t hi n sect i ons of

i nt act , det er gent - ext r act ed, and S 1- decor at ed papi l l ae . We t hen

car ef ul l y anal yzed t he packi ng of t he act i n f i l ament s wi t hi n t he

st er eoci l i a by use of opt i cal - di f f r act i on and t hi n- sect i oni ng

t echni ques and t r i ed t o see whet her we coul d al t er t he packi ng

by i ncubat i ng t he demembr anat ed ear i n sol ut i ons t hat mi ght

physi ol ogi cal l y change t he packi ng or whet her i n vi t r o move-

ment s of t he f i l ament bundl es coul d be i nduced as i n i nt est i nal

mi cr ovi l l i ( 18) .

These obser vat i ons show t hat t her e ar e si mi l ar i t i es bet ween

t he st er eoci l i a i n t he ear and t he mi cr ovi l l i i n i nt est i nal epi t he-

l i al cel l s but , mor e i mpor t ant l y, t her e ar e st r i ki ng di f f er ences,

many of whi ch cl ear l y r el at e t o t he f unct i onal pr oper t i es of

t hese t wo cel l t ypes. Mor e speci f i cal l y, mot i l e event s such as

t he shor t eni ng seen t o occur i n mi cr ovi l l i of i nt est i nal epi t hel i al

cel l s ar e not appl i cabl e t o t he ear . Rat her , t he st er eoci l i um i s

a l ar ge, r i gi d st r uct ur e desi gned t o move l i ke a l ever . Mor e

unexpect ed i s t hat t he packi ng of t he act i n f i l ament s i n t he

st er eoci l i a i s st r i ki ngl y di f f er ent f r om t hat i n any of t he ot her

bi ol ogi cal syst ems pr evi ousl y st udi ed .

MATERI ALS AND METHODS

Or gani sms

Al l i gat or l i zar ds ( Ger r honot us mul t i car i nat us) pur chased f r om West er n Zoo-

l ogi cal Suppl y Co . ( Monr ovi a, Cal i f ) wer e anest het i zed wi t h sodi um pent obar -

bi t al ( Nembut al ) at a dosage of 0. 07 mg/ g of body wei ght . The cochl ear duct was

r emoved, usi ng t hedi ssect i on t echni que descr i bed by Mi l l er ( 16) , and t he adj acent

t i ssue was di ssect ed away f r omt he basi l ar papi l l a wi t h f i ne f or ceps and sci ssor s .

The basi l ar papi l l a was t hen f i xed, det er gent ext r act ed, or handl ed accor di ng t o

t he pr ocedur es descr i bed bel ow. I n one case t he st apes was r emoved, t he r ound

wi ndow membr ane was cut t hr ough, and f i xat i ve was per f used t hr ough t he

cochl ea bef or e t he cochl ear duct was r emoved.

Pr epar at i on of S1

SI was i sol at ed and pur i f i ed af t er t he met hod of Mur r ay ( 23) , whi ch was

modi f i ed f r om Lowey et al . ( 15) . The S I was gener ousl y suppl i ed by Dr .

Annemar i e Weber of t he Uni ver si t y of Pennsyl vani a .

Decor at i on wi t h S1

The papi l l a was f i r st i ncubat ed i n Tr i t on X- 100 ( Si gma Chemi cal Co . , St .

Loui s, Mo. ) i n 30 mMTr i s- HCl and 3 mMMgC12 at pH 7 . 5 f or 5- 10 mi n, t hen

washed i n buf f er cont ai ni ng 3 mM Mg" , and i ncubat ed i n 4 mg/ ml SI i n 0 . 05

Mphosphat e buf f er at pH 6. 8 f or I h at 0 ° C. The papi l l a was t hen r i nsed i n

phosphat e buf f er t wi ce t o r emove unbound S1, f i xed i n l %gl ut ar al dehyde i n 0. 1

Mphosphat e buf f er cont ai ni ng 2% t anni c aci d at pH 6 . 8 f or 45 mi n ( 2) , washed

i n col d buf f er , post f i xed i n I %OS0 4 i n 0 . 1 Mphosphat e buf f er at pH 6. 4 f or 45

mi n at 0° C, washed t hr ee t i mes i n di st i l l ed wat er , and st ai ned en bl oc wi t h 0. 5%

ur anyl acet at e f or 2- 3 h at 0° C. The t i ssue was t hen dehydr at ed i n acet one and

embedded .

Fi xat i on

Anumber of di f f er ent f i xat i on condi t i ons bef or e and af t er det er gent ext r act i on

as wel l as af t er det er gent ext r act i on and i ncubat i on i n var i ous medi a wer e

at t empt ed . The r easons f or usi ng t hese pr ocedur es wi l l be di scussed i n di f f er ent

sect i ons of Resul t s . I n each case, at l east t wo papi l l ae wer e f i xed so t hat t r ansver se

and l ongi t udi nal sect i ons coul d be obser ved.

THE I NTACT PAPI LLA:

	

( a) A2%par af or mal dehyde, 2% gl ut ar al dehyde i n

O. l Mphosphat e buf f er at pH 7. 4 was per f used t hr ough t he oval wi ndow; t he

papi l l a was t hen di ssect ed out and i mmer sed i n t he f i xat i ve. Fi xat i on was car r i ed

out at r oom t emper at ur e i ni t i al l y, t hen at 4° C over ni ght . The t i ssue was t hen

washed i n 0 . 1 Mphosphat e buf f er at pH 6 . 4 and f i xed i n I %OS04 i n phosphat e

buf f er f or 1 h 15 mi n at 0° C. The t i ssue was washed i n di st i l l ed wat er and st ai ned

en bl oc i n 0. 5%ur anyl acet at e over ni ght , dehydr at ed, and embedded t he next

day .

( b) The papi l l ae wer e f i xed by i mmer si on i n 1% gl ut ar al dehyde ( 8%st ock

f r omEl ect r on Mi cr oscope Sci ences, For t Washi ngt on, Pa . ) i n 0. 05 Mphosphat e

buf f er at pH6. 8 f or 30 mi n, washed i n 0. 1 Mphosphat e buf f er , post f i xed i n I %

OsO, i n 0 . 1 Mphosphat e buf f er at pH 6. 3 f or 45 mi n at 0 ° C, washed i n di st i l l ed

wat er , and st ai ned en bl oc i n 0. 5%ur anyl acet at e f or 3 h . The t i ssue was r api dl y

dehydr at ed and embedded i n Ar al di t e .

( c) The papi l l ae wer e f i xed by i mmer si on i n a sol ut i on cont ai ni ng I % OS04 ,

I % gl ut ar al dehyde i n 0. 1 Mphosphat e buf f er at pH 6 . 3 f or 40 mi n at 0° C. The

t i ssue was t hen washed i n di st i l l ed wat er , st ai ned en bl oc f or 3 h at 0 ° C, r api dl y

dehydr at ed, and embedded . The f i xat i ve was made up i mmedi at el y bef or e use .

DETERGENT EXTRACTI ON :

	

( d) The papi l l ae wer e ext r act ed wi t h 1%Tr i t on

X- 100, i n 30 mMTr i s and 5 MMMgC1 2 at pH 7. 3 at 0 ° C f or 10 mi n, f i xed i n 1%

gl ut ar al dehyde i n 30 mMTr i s and I MMMgCl 2 at pH 7 . 3 f or 30 mi n, washed i n

0 . 1 Mphosphat e buf f er at pH 6. 8, and post f i xed i n I % OS0 4 i n 0 . 1 Mphosphat e

buf f er at pH 6 . 3 f or 40 mi n at 0° C. The pr epar at i on was t hen washed i n di st i l l ed

wat er , st ai ned en bl oc, dehydr at ed, and embedded as ment i oned above .

( e) The papi l l ae wer e ext r act ed wi t h 1% Tr i t on X- 100 i n 30 mMTr i s and 3

mM MgC12 at pH 7 . 5 at 0 ° C and i ncubat ed f or 3 h i n 30 mM Tr i s buf f er

cont ai ni ng 40 mMMgC12 . Fi xat i on was car r i ed out by t he addi t i on of gl ut ar al -

dehyde t o t he above sol ut i on . The f i nal concent r at i on of t he gl ut ar al dehyde was

1%. The pr epar at i on was t hen washed i n Tr i s- MgC12 buf f er , post f i xed i n I %OS04

i n 0. 1 Mphosphat e buf f er at pH 6 . 3 f or 45 mi n at 0 ° C, washed i n di st i l l ed wat er ,

st ai ned en bl oc, dehydr at ed and embedded.

I NCUBATI ON I N THE ABSENCE OF DI VALENT I ONS: ( f ) The papi l l ae

wer e ext r act ed wi t h I % Tr i t on X- 100 i n 30 mM Tr i s cont ai ni ng 5 mM EDTA

and 5 mMEGTA at pH 7 . 3 f or 30 mi n at 0 ° C. At t he end of t he 30- mi n per i od,

t he papi l l ae wer e f i xed i n I %gl ut ar al dehyde i n 0. 05 Mphosphat e buf f er at pH

6. 8, washed, and post f i xed i n I % OS04 i n 0 . 1 Mphosphat e buf f er at pH 6 . 3 f or

40 mi n at 0° C, washed i n di st i l l ed wat er , st ai ned en bl oc, dehydr at ed, and

embedded .

ADDI TI ON OF CA' * AND ATP TO THE DEMEMBRANATED PAPI LLAE :

( g) Papi l l ae wer e i mmer sed i n 1% Tr i t on X- 100 i n 30 mMTr i s, 3 mmCaC1 2 , 2

MMMgC12, 1 mMATP at pH 7 . 3 f or 10 mi n, t hen f i xed f or 5 mi n i n t he above

sol ut i on wi t hout Tr i t on X- 100 but wi t h I % gl ut ar al dehyde . The papi l l ae wer e

t hen f i xed f or 30 mi n i n I %gl ut ar al dehyde i n 0. 05 Mphosphat e buf f er at pH 6 . 8

f or 25 mi n, washed i n buf f er , post f i xed i n 1%OS04 i n 0 . 1 Mphosphat e buf f er at

pH 6 . 3 f or 40 mi n at 0° C, washed i n di st i l l ed wat er , st ai ned en bl oc, dehydr at ed,

and embedded .

( h) Papi l l ae wer e i mmer sed i n 1%Tr i t on X- 100 i n 30 mMTr i s, I mmMgC1 2

at pH 7 . 3 f or 15 mi n at 0 ° C wi t h t hr ee changes, i ncubat ed f or 10 mi n at r oom

t emper at ur e i n 30 mMTr i s, 3 mMCaCl , , 2 mMMgC12 , 1 mMATP at pH 7. 2

f or 10 mi n at 22° C, f i xed i n t he above sol ut i on wi t h I %gl ut ar al dehyde f or 5 mi n,

t hen f i xed f or 25 mi n i n I %gl ut ar al dehyde i n 0. 05 Mphosphat e buf f er at pH 6. 8,

washed, and post f i xed i n I % Os04 i n 0. 1 Mphosphat e buf f er at pH 6 . 3 f or 40

mi n at 0° C. The papi l l ae wer e t hen washed i n di st i l l ed wat er , st ai ned en bl oc,

dehydr at ed, and embedded .

Tr ansmi ssi on El ect r on Mi cr oscopy

Af t er dehydr at i on, t he papi l l ae wer e f l at - embedded i n Ar al di t e or Epon . The

papi l l ae coul d t hen be or i ent ed on a Sor val l Por t er - Bl um I I ul t r ami cr ot ome

( DuPont Co . , Sor val l Bi omedi cal Di v. , Wi l mi ngt on, Del . ) . Thi ck sect i ons wer e

cut and t hen st ai ned wi t h t ol ui di ne bl ue. When t he appr opr i at e dept h i n t he bl oc

was f ound, t hi n sect i ons wer e cut wi t h a di amond kni f e and t he gr ey sect i ons

wer e col l ect ed on uncoat ed gr i ds and st ai ned wi t h ur anyl acet at e and l ead ci t r at e .

For each of t he ei ght pr ocedur es at l east t wo ear s wer e exami ned, one sect i oned

l ongi t udi nal l y, t he ot her t r ansver sel y . The gr i ds wer e exami ned pr i mar i l y wi t h a

Phi l i ps 200 el ect r on mi cr oscope . Some t i l t i ng of t he sect i ons was car r i ed out by

means of a Phi l i ps 301 el ect r on mi cr oscope . Ser i al sect i ons wer e col l ect ed on

col l oi di n- coat ed sl ot t ed gr i ds. Sect i on t hi ckness was measur ed af t er t he met hod

of Reedy ( 25) . The mi cr oscope was cal i br at ed by use of a st andar d gr i d cont ai ni ng

28, 000 l i nes/ i n ( Er nest F. Ful l am, I nc. , Schenect ady, N. Y. ) at t he begi nni ng of
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t hi s st udy and t owar d t he end. Unf or t unat el y, we f ound t hat t he mi cr oscope had

changed magni f i cat i on by - 15% dur i ng t hi s per i od .

Scanni ng El ect r on Mi cr oscopy

The papi l l ae wer e pr epar ed as descr i bed above i n f i xat i on pr ocedur e a, except

t hat t he t i ssue was r i nsed i n 2% t anni c aci d af t er t he al dehyde f i xat i on. Af t er

dehydr at i on t hr ough a gr aded ser i es t o absol ut e et hanol , t he papi l l ae wer e cr i t i cal -

poi nt dr i ed i n l i qui d car bon di oxi de i n a Samdr i PVT- 3 appar at us ( Bi odynami cs

Resear ch Cor p. Rockvi l l e, Md . ) , sput t er coat ed wi t h gol d usi ng a Hummer I I

i nst r ument ( Techni cs, I nc. , Al exandr i a, Va. ) t hat had been modi f i ed t o a t r i ode,

and exami ned wi t h an Et ec Aut oscan scanni ng el ect r on mi cr oscope.

Di f f r act omet r y

Di f f r act i on pat t er ns of t he el ect r on mi cr ogr aphs wer e made wi t h a di f f r act om-

et er , usi ng a l aser as a l i ght sour ce and a 35- mmcamer a t o r ecor d t he di f f r act i on

pat t er n . The syst em was desi gned and bui l t by E. Sal mon and D. DeRosi er .

RESULTS

The Anat omy of t he Li zar d Ear

We ar e i ncl udi ng i n t hi s subheadi ng a br i ef summar y of t he

basi c anat omy of t he hai r cel l i n t he l i zar d ear t o ai d t he r eader

not f ami l i ar wi t h t hi s subj ect . Det ai l s can be f ound i n Mul r oy

( 21) and Bagger - Sj 6back and Wer sal l ( 1) . The new i nf or mat i on

i ncl uded i n t hi s r epor t begi ns i n t he next subheadi ng .

The basi l ar papi l l a, t he obl ong or gan cont ai ni ng t he hai r

cel l s, measur es ^- 4, 000 l t m i n l engt h and 50 Am i n wi dt h. The

papi l l a can be subdi vi ded i nt o t wo r egi ons, api cal and basal .

The api cal r egi on i s over l ai n by a t ect or i al membr ane and

r esponds t o f r equenci es bel ow 900 cycl es/ s ( 31) ; t he maxi mum

hei ght of t he st er eoci l i a her e i s 7 t Lm. The basal r egi on i s not

over l ai n by a t ect or i al membr ane and t he maxi mumhei ght of

t he st er eoci l i a on adj acent hai r cel l s i ncr eases syst emat i cal l y

f r om 12 t i n at t he basal end t o 31 f . m at t he j unct i on bet ween

t he api cal and basal r egi ons . These cel l s r espond t o f r equenci es

of 1, 000- 4, 000 cycl es/ s ( 31) .

Each hai r cel l ( - 150/ ear ) i s i sol at ed f r om t he nei ghbor i ng

cel l s by a r i ng of suppor t i ng cel l s . The l at t er ar e connect ed t o

t he hai r cel l s and t o adj acent suppor t i ng cel l s by gap j unct i ons,

t i ght j unct i ons, and desmosomes ( 24) . Mi cr ovi l l i , - 0 . 5 pi n i n

l engt h, ext end f r om t he api cal sur f ace of t he suppor t i ng cel l s

i nt o t he endol ymphat i c f l ui d ( see Fi g . l and 2) .

The hai r cel l s ar e much l ar ger i n di amet er t han t he suppor t -

i ng cel l s ( Fi g. 1) and have, j ust beneat h t hei r api cal sur f aces,

an ext ensi ve f i l ament ous pl at e, t he cut i cul ar pl at e ( Fi g . 2) .

Wher eas t he api cal sur f ace of t he cut i cul ar pl at e i s f l at , t he

basal sur f ace bul ges out wel l i nt o t he cyt opl asm ( Fi g . 2) .

Pr oj ect i ng f r om t he cent r al par t of t he pl at e ar e as many as 75

st er eoci l i a ( Fi g . 1) . These ar e or gani zed i nt o r ows ( t he maxi -

mumnumber of r ows encount er ed was 10) . Each hai r cel l al so

has a si ngl e ki noci l i um ( Fi g . 1) , whi ch i s anchor ed by a basal

body l ocat ed wi t hi n t he cyt opl asm i n a not ch i n t he cut i cul ar

pl at e . The ki noci l i um l i es wi t hi n t he r ow of l ongest st er eoci l i a

and i t s l ocat i on mar ks t he mor phol ogi cal pol ar i t y of t he cel l ;

t hat i s, di spl acement of t he st er eoci l i a t owar ds t he ki noci l i um

depol ar i zes t he hai r cel l , di spl acement away f r om t he ki noci -

l i um hyper pol ar i zes t he cel l ( 12) .

The l engt h of each st er eoci l i um i s pr eci sel y det er mi ned not

onl y r el at i ve t o t he posi t i on of t he hai r cel l on t he basi l ar

papi l l a, but al so i n r el at i on t o t he par t i cul ar r ow i n whi ch t he

st er eoci l i um i s f ound on a par t i cul ar hai r cel l ( Fi g. 1) . As i s

easi l y appr eci at ed i n Fi g. 1, t he st er eoci l i a of adj acent r ows ar e

of di f f er ent hei ght s pr esent i ng a st ai r casel i ke pr of i l e. Fur t her
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compl i cat i ng t he si t uat i on i s t he f act t hat each st er eoci l i um

t aper s . The t aper i ng of t he st er eoci l i a i s most pr onounced near

t he cut i cul ar pl at e . Each st er eoci l i um, t hen, i s shaped l i ke a

penci l wi t h t he shar pened poi nt r est i ng on t he api cal sur f ace of

t he cel l ( Fi gs . 1 and 2) . At t he poi nt of cont act bet ween t he

st er eoci l i um and t he cut i cul ar pl at e, t he f i l ament s pr esent i n

t he st er eoci l i a ar e embedded i n a dense mat er i al and ext end

i nt o t he cut i cul ar pl at e as a r oot l et ( Fi gs . 2 and 4) .

New Obser vat i ons Regar di ng t he St er eoci l i a

Wi t h par af or mal dehyde- gl ut ar al dehyde f i xat i on ( pr ocedur e

a) or convent i onal gl ut ar al dehyde f ol l owed by OS04 f i xat i on,

i nf or mat i on on t he subst r uct ur e of t he st er eoci l i a, t he cut i cul ar

pl at e, and t he r oot l et i s not easi l y obt ai ned . However , i f t he

mor e sol ubl e mat er i al s ar e ext r act ed and at t he same t i me t he

f i l ament s ar e bet t er pr eser ved as wi t h our gl ut ar al dehyde f i x-

at i on t echni que ( pr ocedur e b) or si mul t aneous gl ut ar al dehyde-

OS04 f i xat i on ( pr ocedur e c) , or i f t he t i ssue i s ext r act ed f i r st

wi t h det er gent ( pr ocedur e d) t hat wi l l r emove t he membr anes

and unbound pr ot ei ns and t hen f i xed wi t h our gl ut ar al dehyde

t echni que, new i nf or mat i on can be r eadi l y obt ai ned . Wi t h

t hese t echni ques t he st er eoci l i a, whi ch can measur e up t o 0 . 8

, um i n di amet er at t he di st al end and yet onl y 0 . 13 l m at i t s

j unct i on wi t h t he cut i cul ar pl at e, ar e seen t o cont ai n a bundl e

of par al l el f i l ament s each of whi ch measur es - - - 50 ± 5 A i n

di amet er ( Fi g . 3) . We have est i mat ed f r om t r ansver se sect i ons

t hat t her e can be >3, 000 f i l ament s wi t hi n a si ngl e st er eoci l i um

( t he act ual count was 3, 163) . These f i l ament s t er mi nat e at or

near t he membr ane at t he t i p of t he st er eoci l i um ( Fi g . 3) ;

somet i mes ( al t hough most f r equent l y t hi s i s not t he case) t he

f i l ament s t er mi nat e i n some mat er i al of gr eat er densi t y . Be-

cause t he st er eoci l i a t aper as t hey appr oach t he cut i cul ar pl at e,

i t seems r easonabl e t o suggest t hat t he f i l ament s wi t hi n t he

cent er of t he st er eoci l i um r un f r om t he di st al end i nt o t he

cut i cul ar pl at e j ust as t he l ead of a penci l r uns down t he mi ddl e

of t he penci l , but t he f i l ament s at t he per i pher y of t he bundl e

t er mi nat e i n a r egul ar f ashi on . We, i n f act , have conf i r med t hi s

suggest i on by an exami nat i on of S t - decor at ed st er eoci l i a ( see

bel ow) . We can f i nd no obvi ous mor phol ogi cal speci al i zat i ons

at t he poi nt of cont act bet ween t he t er mi nat i ng f i l ament s i n

t he t aper and t he pl asma membr ane .

The r oot l et can be seen t o consi st of a par al l el ar r ay of

f i l ament s embedded, at l east near t he poi nt of cont act , bet ween

t he st er eoci l i um and t he cut i cul ar pl at e i n some denser mat er i al

( Fi gs. 4 and 5) . The f i l ament s i n t he r oot l et ar e ar r anged as i f

on t he sur f ace of a cone so t hat , i n t r ansver se sect i ons, t he

f i l ament bundl e appear s as a doughnut . I n f avor abl e sect i ons,

par t i cul ar l y t hose exposed t o det er gent ext r act i on, i t i s possi bl e

t o count t he number of f i l ament s i n t he r oot l et . I n di f f er ent

sect i ons we count ed 18- 29 f i l ament s maki ng up t he r oot l et

( Fi g. 5) . ( The exact number i s di f f i cul t t o det er mi ne because

some f i l ament s, by bei ng or i ent ed somewhat obl i quel y, may be

mi ssed . ) Ther ef or e, of t he >3, 000 f i l ament s i n a st er eoci l i um,

onl y 18- 29 penet r at e i nt o t he cut i cul ar pl at e . Each of t hese

f i l ament s measur es - 65 A i n di amet er , wher eas t he f i l ament s

i n t he body of t he st er eoci l i um ( of t en i n t he same sect i on, e. g . ,

Fi g . 4) measur e onl y 50 A i n di amet er . Thi s di f f er ence i n

di amet er bet ween t he t wo f i l ament s i s r eal and r epr oduci bl e.

I n gener al , t he f i l ament s i n t he doughnut ar e onl y one f i l ament

l ayer t hi ck . At t he poi nt of cont act bet ween t he st er eoci l i um

and t he cut i cul ar pl at e, however , t he doughnut can be mor e

t han one f i l ament r ow i n t hi ckness ( Fi g . 5 a and b) .



FI GURE 1

	

Scanni ng el ect r on mi cr ogr aph of t he st er eoci l i a ( S) ext endi ng f r om a si ngl e hai r cel l . The si ngl e ki noci l i um ( K) i s

i ndi cat ed . The api cal sur f ace of t he hai r cel l s i s f l at as a r esul t of t he under l yi ng cut i cul ar pl at e . Per i pher al t o t hi s f l at sur f ace ar e

shor t mi cr ovi l l i , whi ch ext end f r om t he suppor t i ng cel l s t hat sur r ound and separ at e adj acent hai r cel l s f r om t hei r nei ghbor s . X

5, 000 .

FI GURE 2

	

Thi n sect i on t hr ough t he api cal sur f ace of a hai r cel l whose papi l l a was f i xed wi t h pr ocedur e a . On ei t her si de of t he

hai r cel l i s t he cyt opl asm of a suppor t i ng cel l ( SC) . Hai r cel l s can be easi l y r ecogni zed by t hei r st er eoci l i a ( S) , t he l ar ge cut i cul ar

pl at e ( C) and t he api cal cyt opl asm r i ch i n mi t ochondr i a ( M) . The bowl - shaped cut i cul ar pl at e does not ext end al l t he way t o t he

l at er al mar gi ns of t he cel l . I n t hi s r egi on t her e i s f r equent l y some dense mat er i al ( D) . The bases of each st er eoci l i um ent er t he

cut i cul ar pl at e as a r oot l et ( R) . X 8, 200 .

Exami nat i on of Tr ansver se Sect i ons

Tr ansver se sect i ons of t he st er eoci l i a show a di st i nct i ve

pat t er n i n t he or gani zat i on of t he f i l ament s t hat i s unusual and

i nt er est i ng . We f i nd t hat t he f i l ament s show a consi der abl e

degr ee of or der , yet t hey ar e not ar r anged i n a r egul ar l at t i ce.

I nst ead, t he connect i ons bet ween nei ghbor i ng f i l ament s f ol l ow

ar cs t hat ar e st acked upon each ot her i n r ows t o gi ve a f est ooned

pat t er n ( Fi g. 6) r emi ni scent of t he pat t er n of f ol ds i n dr apes

t hat ar e pul l ed t o t he si de of a wi ndow. We have exami ned

numer ous sect i ons i n whi ch al l t he st er eoci l i a f r oma si ngl e cel l

ar e cut i n cr oss sect i on. I n t hese t he di r ect i on and per i od of

f est ooni ng ar e t he same f or al l st er eoci l i a f r om a si ngl e cel l

( Fi g. 6) . I n sect i ons i n whi ch t he ar r angement of t he st er eoci l i a

appear s di st ur bed, pr obabl y as t he r esul t of t he di ssect i on, bot h

t he per i od and t he di r ect i on of f est ooni ng ar e di f f er ent i n

adj acent st er eoci l i a f r om t he same cel l . I n sect i ons such as t hese

i t i s cl ear t hat t he f est ooned pat t er n i s not r el at ed t o t he

di r ect i on of cut t i ng, as can be det er mi ned by kni f e mar ks and

chat t er . Thus t he pat t er n i s cl ear l y not a compr essi on ar t i f act .

We i ni t i al l y t hought t hat per haps t he f est ooned pat t er n

mi ght be an ar t i f act of f i xat i on . Accor di ngl y, we f i xed t he

basi l ar papi l l a i n a var i et y of medi a . Pr ocedur e c, consi st i ng of

bot h gl ut ar al dehyde and osmi um t et r oxi de si mul t aneousl y

pr esent , i s par t i cul ar l y i nt er est i ng because Fl ock et al . ( 10)

demonst r at ed t hat wi t h gl ut ar al dehyde f i xat i on al one t he st er -

eoci l i a di d not r emai n r i gi d when bent wi t h a f i ne needl e . Al so,

si mul t aneous f i xat i on t ends t o el i mi nat e i mper f ect i ons t hat

occur wi t h gl ut ar al dehyde f i xat i on al one ( 11) . We al so f i xed

papi l l ae af t er det er gent ext r act i on i n medi a of di f f er ent com-

posi t i ons ( pr ocedur es d, f , and g) . I n al l cases, t he f est ooned

pat t er n of packi ng of t he act i n f i l ament s was i nvar i ant .

The f est ooned pat t er n, t hen, r epr esent s some aspect of t he

or gani zat i on of t he f i l ament s i n t he st er eoci l i a . Because i t of t en

happens t hat nei ghbor i ng st er eoci l i a, even i n adj acent cel l s,

have si mi l ar l y or i ent ed f est ooni ng, i t i s of i nt er est t o r el at e t he

or i ent at i on of t he pat t er n t o t he di r ect i on of sound pr opagat i on

or , mor e speci f i cal l y, t o t he movement of t he endol ymphat i c

f l ui d . Thi s can be done by exami ni ng t he posi t i on of t he

ki noci l i um r el at i ve t o t he st er eoci l i a, because t he movement of

t he st er eoci l i a t owar d t he ki noci l i um depol ar i zes t he cel l ( 12) .

When t hi s was done, we f ound one case of t he st er eoci l i a
bendi ng per pendi cul ar t o t he f est ooni ng and anot her of t hem
bendi ng par al l el t o i t . Sever al ot her s showed i nt er medi at e
posi t i ons . Thus t he f est ooned pat t er n cannot be r el at ed t o t he

mot i ons of t he st er eoci l i a caused by sound .

I n sect i ons wher e t he ar r angement of t he st er eoci l i a f r oma

si ngl e cel l i s di st ur bed t he var i at i on i n per i od of t he f est ooned

pat t er n can be consi der abl e . For exampl e, i n one mi cr ogr aph

we measur ed per i ods of 450, 1, 000, and 2, 450 A f or adj acent

st er eoci l i a. These val ues ar e l ar ge r el at i ve t o t he cent er t o

cent er spaci ng of 90 A bet ween adj acent f i l ament s ( Fi g . 6) .

Because l ar ge, var i abl e per i odi ci t i es ar e of t en associ at ed wi t h
Moi r e pat t er ns t hat can ar i se f r om t he super posi t i on of det ai l

at di f f er ent l evel s wi t hi n t he speci men, we t i l t ed some of t he

sect i ons i n t he el ect r on mi cr oscope . Ti l t angl es of up t o 50°

wer e t r i ed wi t h t he t i l t axi s par al l el t o and per pendi cul ar t o t he

f est ooned pat t er n . No changes i n t he di r ect i on or per i od of t he

pat t er n wer e obser ved .
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FI GURE 3 Thi n sect i on t hr ough t he t i p of a st er eoci l i um f i xed by

pr ocedur e c . Not e t hat t her e i s a t r ansver se per i odi ci t y r unni ng

acr oss t he f i l ament s . Some ar eas have been i ndi cat ed by t he ar r ows .

Thi s per i odi ci t y i s best vi sual i zed by squi nt i ng al ong t he sur f ace of

t he mi cr ogr aph per pendi cul ar t o t he f i l ament s . X 148, 000 .

Changes i n t he pat t er n wer e obser ved, however , when we

al t er ed t he t hi ckness and di r ect i on of sect i oni ng . Fi r st , we

f ound t hat t he f est ooned pat t er n pr esent i n a 230 A( Fi g . 7a)

sect i on can no l onger be f ound i n a ser i al sect i on 450 A i n

t hi ckness ( Fi g . 7b) . The sect i on t hi ckness coul d be accur at el y

measur ed by hal vi ng t he di amet er of t he t hi nnest sect i on f ol d

( see r ef er ence 25) . I n f act , t he t hi ckest sect i on cl ear l y showi ng

f est ooni ng i s 275 A. Second, i n succeedi ng ser i al sect i ons, each

130 Ai n t hi ckness, we have f ound t hat t he f est oons appear

t o shi f t l at er al l y acr oss t he st er eoci l i um ( see t he bi g ar r ows i n

Fi g . 8) . The per i od and di r ect i on of t he mot i f ar e unchanged .

Thi r d, when t he angl e of a st er eoci l i um r el at i ve t o t he kni f e i s

changed 10° , t he per i od of f est ooni ng i s changed f r om seven

r epeat s ( Fi g . 9 a) t o ni ne r epeat s ( Fi g. 9 b) on t he same st er eo-

ci l i um.

Opt i cal Di f f r act i on St udi es of

Longi t udi nal Sect i ons

I n f avor abl e l ongi t udi nal sect i ons we see i mages r emi ni scent

of an act i n par acr yst al ( Fi g . 3) . The f eat ur es expect ed t o be

seen i n t he di f f r act i on pat t er ns of t he bundl es and t hei r r el a-

t i onshi p t o t he f eat ur es i n t he i mage ar e shown schemat i cal l y

i n Fi g . 10 .

When we t ook opt i cal di f f r act i on pat t er ns of some of t he

l ongi t udi nal sect i ons of st er eoci l i a, we f ound pr omi nent r ef l ec-

t i ons l yi ng on l ayer l i nes char act er i st i c of act i n ( Fi g . 11) . The

absol ut e spaccnns of t he l ayer l i nes seem t o var y wi t h t he

f i xat i on pr ocedur e and ar e subst ant i al l y l ess t han t hose of

nat i ve act i n : f or exampl e, wi t h pr ocedur e b we obser ve spaccnns

24 8

	

TI I L JOURNAL Or CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 66, 1980

FI CURE 4

	

Thi n sect i on cut t hr ough t he basal end of a st er eoci l i um

and t he cut i cul ar pl at e. Of i nt er est i s t he t ubul ar r oot l et ( R) com-

posed of f i l ament s t hat penet r at e t hr ough t he f i l ament s i n t he

cut i cul ar pl at e . Thi s papi l l a was ext r act ed wi t h t he det er gent , Tr i t on

X- 100, t hen f i xed by pr ocedur e d. X 60, 000 .

of 347, 55 . 3, and 47 . 5 A and wi t h pr ocedur e c we measur e

val ues of 246, 46 . 7, and 34 . 2 A. Al t hough such val ues ar e l ess

t han t hose expect ed f or pur e act i n, 375, 59, and 51 A, t her e i s

no r eason t o suspect t hat t hi s shr i nkage i s not j ust an ar t i f act

of t he pr epar at i ve pr ocedur e f or mi cr oscopy . Reedy ( 25) has

al so f ound 10- 20% shr i nkage i n t he f i xi ng and embeddi ng of

muscl e f or mi cr oscopy . Fr omt he r at i o of t he spaci ng of t he 1 /

375 and 1/ 59 A l ayer l i nes, a val ue t hat i s not sensi t i ve t o

shr i nkage, we can det er mi ne t he scr ew par amet er of t he f i l a-

ment s, whi ch l i es i n t he r ange f ound f or di f f er ent act i ns f r om

bot h muscl e and nonmuscl e sour ces. Mor e speci f i cal l y, i n t he

act i n f i l ament s i n t he st er eoci l i a t her e ar e 2. 159 act i n uni t s per

t ur n, whi ch f al l s bet ween t he val ue of 2. 167 f or r abbi t skel et al

muscl e act i n ( 17) and 2. 154 f or act i n f r om Li mul us sper m ( 4) .

The val ue of 2. 159 act i n uni t s per t ur n t el l s us t hat t he act i n

f i l ament s i n t he ear ar e not unusual l y t i ght l y or l oosel y t wi st ed,

a measur ement t hat i s i mpor t ant because i n Li mul us sper m a

change i n t he t wi st of t he act i n hel i x i s cl osel y cor r el at ed wi t h

t he movement of t hat syst em ( 5) .



FI GURE 5

	

Tr ansver se sect i ons t hr ough t he r oot l et at pr ogr essi vel y deeper l evel s i n t he cut i cul ar pl at e . I ndi vi dual f i l ament s i n t he

r oot l et can be i dent i f i ed and count ed . The r oot l et appear s as a cone t hat i ncr eases i n di amet er t he f ar t her i t penet r at es i nt o t he

cut i cul ar pl at e . Ext endi ng per i pher al l y f r om t he r oot l et and al so ext endi ng acr oss t he r oot l et i n c and d ar e f i ne f i l ament s, 30 R i n

di amet er , t hat i nt er connect t he r oot l et f i l ament s . Fi xat i on i s by pr ocedur e c. x 154, 000 .

The di st ance bet ween r owl i nes ( a measur ement of t he cent er

t o cent er spaci ng of act i n f i l ament s ( see Fi g . 11) i s 1/ 89 A- ' .

The i nt er f i l ament spaci ng, t her ef or e, i s 89( 2/ , 13- ) A = 103 A.

Ther e i s an addi t i onal f eat ur e t o t he di f f r act i on pat t er n of

st er eoci l i a t hat t el l s us about t he r el at i onshi p bet ween nei gh-

bor i ng act i n f i l ament s . The r ow l i nes ar e t i l t ed of f t he ver t i cal

by 10° ( Fi g . 11) . Thus t he cr ossover poi nt s of adj acent f i l ament s

ar e al most , but not qui t e, i n r egi st er ; t hey ar e shi f t ed axi al l y by

103 A( t an10 ° ) = 18 A r el at i ve t o t he cr ossover poi nt s of t he

adj acent act i n hel i ces . Thi s measur ement i s accur at e t o ±5 A.

Fi ne Fi l ament s Associ at ed wi t h t he Root l et and

t he Cut i cul ar Pl at e

An exami nat i on of t hi n sect i ons cut t hr ough t he cut i cul ar

pl at e usi ng f i xat i on pr ocedur es b, c, and d r eveal s t hat i t i s

composed of what appear s t o be a net wor k of f i ne f i l ament s

t r avel i ng i n al l di r ect i ons . The f i l ament s var y i n t hi ckness f r om

30- 60 A. Car ef ul scr ut i ny of t he r oot l et f i l ament s t hat ext end

f r om t he st er eoci l i a r eveal s t hat t hese f i l ament s ar e i nt er con-

nect ed by f i ne, 30 Af i l ament s ( Fi g . 5 d) . I n l ongi t udi nal sect i on

t hese f i ne f i l ament s have a l adder l i ke appear ance . I n t r ansver se

sect i ons t hr ough t he r oot l et , we f r equent l y see t hat t he r oot l et

f i l ament s ar e connect ed t oget her i n a spokel i ke ar r angement

r emi ni scent of a wagon wheel ( Fi g. 5 d) . These spokes ar e

composed of t he 30 A f i l ament s t hat ar e of t en not wel l or der ed.

I n t r ansver se sect i ons t hr ough t he compact r oot l et i n det er gent -

ext r act ed papi l l ae at t he j unct i on wi t h t he st er eoci l i um, we f i nd

f i ne f i l ament s ( 30 A) t hat ext end f r om t he r oot l et r adi al l y

out war d t owar d wher e t he membr ane shoul d be ( Fi g . 12) . We

pr esume t hat t hese f i ne f i l ament s st abi l i ze t he connect i on be-

t ween t he membr ane and t hi s par t of t he r oot l et . The i mages

of t he 30 A f i l ament s ar e par t i cul ar l y cl ear i n papi l l ae f i xed

si mul t aneousl y wi t h gl ut ar al dehyde and osmi um t et r oxi de

( pr ocedur e c) ( Fi g . 5) , or f i xed af t er det er gent ext r act i on ( pr o-

cedur es d and e) ( Fi g. 12) .

Ot her par t s of t he cut i cul ar pl at e al so show or der t hat

consi st s of par al l el ar r ays of f i l ament s each - 60 A i n di amet er

i nt er connect ed by f i ne, 30 A f i l ament s . These ar r ays t end t o be

f ound at t he l at er al and basal mar gi ns of t he cut i cul ar pl at e

and ar e not or i ent ed wi t h r espect t o t he r oot l et f i l ament s . I n

cer t ai n cut i cul ar pl at es t hey can be ver y pr omi nent . Mi cr ot u-
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FI GURE 6 Thi n t r ansver se sect i ons t hr ough t wo st er eoci l i a cut mi dway al ong t hei r l engt hs . The f i l ament s ar e not hexagonal l y
packed, but ar e ar r anged t o pr oduce a f est ooned pat t er n ( see t r aci ng) . The ar r ows i ndi cat e t he per i od of f est ooni ng . Not e t hat t he
pat t er n of adj acent st er eoci l i a i s i dent i cal . Fi xat i on i s by pr ocedur e b. x 170, 000 .

bul es ar e of t en f ound at t he mar gi ns ( bot h l at er al and basal ) of
t he cut i cul ar pl at e. Most f r equent l y, 60 Af i l ament s r un par al l el

t o t he mi cr ot ubul es, bei ng separ at ed by - 100 A f r om t hem.

Ti ny cr oss- connect i ons bet ween t hese t wo t ypes of f i br ous

st r uct ur es ar e f ound .

Decor at i on of t he Act i n Fi l ament s wi t h

Myosi n S1

The f i l ament s wi t hi n t he st er eoci l i a decor at e wi t h S 1 t o gi ve
t he char act er i st i c ar r owhead appear ance, as was pr edi ct ed f r om
t he r esul t s of Fl ock and Cheung ( 9) on t he hai r cel l s of t he
vest i bul ar appar at us ( equi l i br i umor gan) . Unl i ke t he r esul t s of
Fl ock and Cheung ( 9) , under our condi t i ons t he decor at i on
i nduces t he f i l ament s i n t he st er eoci l i a t o spl ay apar t and t hus
t he pol ar i t y of most , i f not al l , of t he f i l ament s wi t hi n a si ngl e
sect i on can be r eadi l y det er mi ned ( Fi g. 13) . We have l ooked at
many i mages si mi l ar t o t hat i l l ust r at ed i n Fi g. 13 and i nvar i abl y
al l t he f i l ament s decor at e and, i nt er est i ngl y, t he ar r owheads on
al l t hese f i l ament s poi nt t owar d t he cel l cent er . Thus t he

pol ar i t y of al l t he f i l ament s i n t he st er eoci l i a i s t he same . The
f i l ament s i n t he r oot l et al so decor at e and t he pol ar i t y i s i den-
t i cal t o t hat of t he f i l ament s i n t he st er eoci l i a; t hat i s, t he
ar r owheads poi nt t owar ds t he cel l cent er ( Fi g . 14) . These
f i l ament s, t hen, woul d pr esumabl y ext end f r om t he r oot l et t o
t he t i p of t he di st al end of t he st er eoci l i a .

I n some pr epar at i ons t he membr ane l i mi t i ng t he t aper i ng
por t i on of t he f i l ament bundl e r emai ns and we can demonst r at e
concl usi vel y t hat t he per i pher al l y l ocat ed f i l ament s i n t he
bundl e t er mi nat e on or ver y near t he membr ane ( Fi g. 13) .
Fr omt hese i mages, t hen, t her e i s no evi dence t hat t he per i ph-
er al f i l ament s t wi st or coi l over one anot her but , r at her , t hey
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ext end st r ai ght f r om t he t i p of t he st er eoci l i um t o t hei r t er mi -
nat i on poi nt . I n addi t i on, i t appear s t hat t he f i l ament s i n t he
r oot l et t hat begi n i n t he cut i cul ar pl at e ext end up t he mi ddl e
of t he st er eoci l i um.

The maj or i t y of t he f i l ament s i n t he cut i cul ar pl at e al so
decor at e, i ndi cat i ng t hat t hey ar e act i n ; yet , unl i ke t he r oot l et
f i l ament s, t he bul k appear t o be r andoml y or i ent ed ( Fi g. 14) .
However , t her e ar e al so a number of 30 A f i l ament s t hat do
not decor at e ( Fi g. 14) . Because al l t he f i l ament s i n t he st er eo-
ci l i a decor at e, as i s t r ue of al l t hei r ext ensi ons i n t he r oot l et
and t he act i n f i l ament s i n t he cut i cul ar pl at e, i t i s unl i kel y t hat
t hese f i ne, 30 A f i l ament s di d not decor at e because of a l ack of
S 1 . I nst ead t hese f i l ament s const i t ut e a second popul at i on of
f i l ament s t hat ar e not act i n, a concl usi on st r engt hened by t he
f act t hat t hey ar e t oo sl ender t o be act i n. These 30 A f i l ament s
seem t o be conf i ned t o t he cut i cul ar pl at e, as t hey ar e r ar el y
seen amongst t he act i n f i l ament s i n t he st er eoci l i a. I n gener al
t hese 30 A f i l ament s connect act i n f i l ament s t oget her . Some
appear t o ext end t owar ds wher e t he membr ane i s, or woul d be .

S 1 decor at i on al so shows us t hat t he cut i cul ar pl at e i s i sol at ed

f r omt he l at er al sur f ace of t he cel l . The cut i cul ar pl at e f i l ament s

do not r each out t owar ds t he membr ane at t he api col at er al
sur f ace of t he cel l . I nst ead, t her e i s anot her set of act i n f i l ament s
i n t he hai r cel l s ( Fi g . 15) . Thi s popul at i on penet r at es i nt o a
dense f i l ament ous mat er i al t hat at f oci i s at t ached t o t he l at er al
sur f ace of t he cel l . I t i s not ewor t hy t hat t her e i s a cor r espondi ng

dense f i l ament ous mat er i al i n t he suppor t i ng cel l s t hat at t ach

t o t he l at er al sur f ace of t he suppor t i ng cel l membr ane opposi t e
t he i nser t i on of t he dense mat er i al i n t he hai r cel l ( Fi gs . 2 and
l 5) . Thi s second popul at i on of f i l ament s ( i nser t ed i nt o t he
dense mat er i al ) ext ends i nt o t he cyt opl asmi n al l di r ect i ons, but

i s easi l y di f f er ent i at ed f r om t he f i l ament s maki ng up t he cut i c-



ul ar pl at e, al t hough bot h decor at e. The r esul t of havi ng t wo

popul at i ons of f i l ament s i n t he api cal cyt opl asm i s t hat t he

l at er al sur f aces of t he cel l ar e st abi l i zed, as i s t he cent r al r egi on

( cut i cul ar pl at e) , but t he cut i cul ar pl at e i s not physi cal l y con-

nect ed t o t he l at er al f i l ament s . Movement of t he pl at e, t hen,

woul d not di st or t t he l at er al sur f aces of t he cel l except by f l ui d

coupl i ng.

I ncubat i on of Demembr anat ed Papi l l ae wi t h

Medi a Lacki ng Di val ent Cat i ons or Cont ai ni ng

Ca" , Mg" , and ATP

Longi t udi nal and t r ansver se sect i ons t hr ough t he st er eoci l i a

and t he cut i cul ar pl at e wer e exami ned f r om cel l s demembr a-

FI GURE 7 Ser i al sect i ons cut t hr ough t he same st er eoci l i um. The

sect i on t hi ckness can be measur ed af t er t he met hod of Reedy ( 25)

i n whi ch t he t hi nnest f ol d wi l l be t wi ce t he t hi ckness of t he sect i on .

Not e t hat a i s 230 X i n t hi ckness, yet b i s 450 R i n t hi ckness . Of

i nt er est i s t hat i n t hi n sect i ons ( a) t he f est ooni ng i s obvi ous ( see

ar r ows) , wher eas i n t hi cker sect i ons ( b) t he f est ooni ng di sappear s .

x 100, 000 .

FI GURE 8

	

Thr ee ser i al sect i ons of t he same st er eoci l i um . By car ef ul
exami nat i on of t he posi t i on of t he l ar ge ver t i cal ar r ow on t hese
t hr ee sect i ons, i t i s cl ear t hat i n ser i al sect i ons t he f est ooned pat t er n
i s shi f t i ng hor i zont al l y . Anot her way t o see t hi s i s t o l ook at t he

r i ght edge ( smal l ar r ows) . Not i ce t hat t he f i l ament s ar e el ongat ed

hor i zont al l y i n a, ver t i cal l y i n b, and hor i zont al l y agai n i n c . x

92, 000.
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Thi n sect i ons of t he same st er eoci l i um. I n a, we see seven f est oons, as i l l ust r at ed by t he ar r ows and t he scal l oped i nk

l i ne . I n b, wher e t he bl ock has been t ur ned 10° away f r om t he kni f e, we can see ni ne f est oons . x 78, 000 .

FI GURE 10 ( a) A di agr am of a par acr yst al l i ne ar r ay of act i nl i ke

f i l ament s i n whi ch t he cr ossover poi nt s of t he hel i ces ar e i n r egi st er .

The l i nes i ndi cat e one of t he pr omi nent hel i cal f ami l i es, one havi ng

a pi t ch of 59 A, anot her of 51 A, and t he t hi r d of 375 A i s i ndi cat ed

by t he st i ppl i ng . Adj acent f i l ament s ar e separ at ed by 115 A. ( b) A

di agr am of t he expect ed di f f r act i on pat t er n of t he ar r ay i l l ust r at ed

i n a . The pat t er n consi st s of a ser i es of hor i zont al l ayer l i nes t hat

ar i se f r om t he hel i cal symmet r y of t he act i n . These l ayer l i nes occur

at spaci ngs of 1/ 375, 1/ 59, and 1/ 51 A - ' . The st r ong spot s on t he

di f f er ent l ayer s ar e l i ned up ver t i cal l y i n col umns cal l ed r ow l i nes .

The r ow l i nes ar i se f r om t he par acr yst al l i ne ar r angement of t he

adj acent f i l ament s . Spaci ng of t he r ow l i nes i s 1/ 115 A- ' .

nat ed and t hen i ncubat ed i n a sol ut i on cont ai ni ng EGTA and

EDTA t o chel at e out al l t he di val ent cat i ons ( pr ocedur e f ) .

The packi ng of t he f i l ament s i nt o t he par acr yst al l i ne- f est ooned

appear ance was not al t er ed ( Fi g. 16) . Thi s i ndi cat es t hat t he

br i dges hol di ng adj acent act i n f i l ament s t oget her do not r el y

on Mg" or Ca" di r ect l y or i ndi r ect l y and t hat t he par acr ys-

t al l i ne packi ng cannot be at t r i but abl e t o Mg" . Al so t he pack-

i ng and r el at i onshi p of t he f i l ament s r el at i ve t o t he cut i cul ar

pl at e di d not change .

We al so demembr anat ed papi l l ae i n a sol ut i on cont ai ni ng

Ca" and Mg" - ATP ( pr ocedur e h) , or , i n anot her exper i ment ,

f i r st demembr anat ed and t hen i ncubat ed t he papi l l ae i n Ca"

and Mg" - ATP ( pr ocedur e g) . Unl i ke t he i nt est i nal mi cr ovi l l i ,

t he st er eoci l i a di d not move i nt o t he cut i cul ar pl at e . I n f act ,

t hi s pr ocedur e was r epeat ed t wi ce mor e, usi ng new papi l l ae,

wi t h i dent i cal r esul t s ; f ur t her mor e, we coul d not see any di f -
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f er ences i n t he cut i cul ar pl at e . I n addi t i on, t her e was no change

i n t he packi ng of t he act i n f i l ament s i n t r ansver se or l ongi t u-

di nal sect i ons, t he i mage appear i ng i dent i cal t o Fi g . 16 .

DI SCUSSI ON

The new i nf or mat i on pr esent ed i n t hi s r epor t i s t he f ol l owi ng :

f i r st , we have descr i bed t he pol ar i t y of al l t he act i n f i l ament s

i n t he st er eoci l i a, i n t hei r r oot l et s, i n t he cut i cul ar pl at e, and

at t ached t o t he l at er al membr anes . Second, we have descr i bed

a popul at i on of 30 A f i l ament s i n t he cut i cul ar pl at e t hat do

not decor at e wi t h S 1 and t hat appear t o f unct i on i n cr oss-

l i nki ng t he f i l ament s t o each ot her and t o t he membr ane .

Thi r d, we have exami ned t he packi ng of t he f i l ament s i n t he

st er eoci l i a and have f ound t hat t hey ar e al i gned i nt o par acr ys-

t al l i ne or der wi t h t he cr ossover poi nt s i n near - per f ect r egi st er .

Four t h, we have shown t hat t he f i l ament s i n t r ansver se sect i on

show a f est ooned pat t er n t hat we i nt er pr et as i ndi cat i ng t hat

t he act i n f i l ament s ar e br i dged t oget her at f r equent and r at her

pr eci sel y di ct at ed i nt er val s, al t hough, unl i ke ot her par acr yst al s

of act i n, t he f i l ament s ar e not hexagonal l y packed . Fi f t h, t he

appl i cat i on of medi a def i ci ent i n di val ent cat i ons or cont ai ni ng

magnesi um and/ or cal ci um and ATP does not change t he

packi ng of t he act i n f i l ament s .

Fl ock and Cheung ( 9) have suggest ed a homol ogy bet ween

t he st er eoci l i a i n t he ear and t he br ush bor der of i nt est i nal

epi t hel i al cel l s . I n t he di scussi on t hat f ol l ows we wi l l f i r st show,

by a compar i son of t hese t wo syst ems, t hat t hey ar e ver y

di f f er ent and concl ude t hat t hey do not act i n an anal ogous

f ashi on : t he mi cr ovi l l us has a desi gn t hat al l ows i t t o shor t en,

wher eas t he st er eoci l i a ar e desi gned t o pi vot . We wi l l t hen

descr i be what mi ght be t he consequences of t he packi ng of t he

act i n f i l ament s i n t he st er eoci l i a .

Evi dence agai nst Funct i onal Homol ogy bet ween

St er eoci l i a i n t he Ear and Mi cr ovi l l i of I nt est i nal

Epi t hel i al Cel l s

Ther e ar e t wo obvi ous si mi l ar i t i es bet ween t he mi cr ovi l l i

and t he st er eoci l i a : ( a) bot h cont ai n act i n f i l ament s and ( b) al l
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( a) Longi t udi nal sect i on t hr ough t wo st er eoci l i a f i xed accor di ng t o pr ocedur e b. The di f f r act i on pat t er n of t he ar ea

out l i ned by t he dot t ed l i nes i s shown i n b . Not e t hat t her e ar e pr omi nent r ef l ect i ons on t he 1/ 59, 1/ 51, and 1/ 375 , $ l i nes, but

because of shr i nkage t he measur ed val ues ar e smal l er . The r ow l i nes at 1/ 89 A- ' ar e t i l t ed of f t he ver t i cal by 10 ° as i ndi cat ed by

t he sol i d l i nes of di f f er i ng t hi ckness . ( a) x 73, 000 .

FI GURE 12 Cr oss sect i ons t hr ough t he bases of t wo st er eoci l i a at

t he poi nt wher e t he st er eoci l i a make cont act wi t h t he pl asma

membr ane cover i ng t he cut i cul ar pl at e . Of i nt er est ar e t he 30- A

f i l ament s t hat ext end f r om t he r oot l et t owar ds wher e t he membr ane

woul d be l ocat ed . These pr epar at i ons wer e f i r st ext r act ed wi t h

det er gent , t hen f i xed ( pr ocedur e d) . x 146, 000 .

t he act i n f i l ament s have t he same pol ar i t y . Yet , t he desi gn of

t hese t wo syst ems i s ver y di f f er ent , whi ch must r el at e t o di f f er -

ences i n t hei r f unct i ons .

ACTI N FI LAMENT- MEMBRANE ASSOCI ATI ON : I n t he

st er eoci l i a of t he ear , t he l at er al separ at i on of t he f i l ament

bundl e f r om t he membr ane i s 100 A. I n some pl aces t he

separ at i on i s gr eat er , but t hi s appear s t o be t he r esul t of

i mpr oper f i xat i on . The cl ose associ at i on of f i l ament s and mem-

br anes i s pr esumabl y t he mechani cal l i nk r esponsi bl e f or open-

i ng i on channel s .

The f i l ament cor e bundl e i n t he mi cr ovi l l i of t he i nt est i ne, i n

cont r ast , i s separ at ed f r om t he membr ane by - 200- 300 A( 30) .

Pr esumabl y t hi s space per mi t s di f f usi on of absor bed f at t y aci ds,

sugar s, et c . ( 20) .

THE ORGANI ZATI ON AND FUNCTI ON OF THE ROOTLET

I N BOTH SYSTEMS- THE ROLE OF THE 30 A FI LAMENTS :

I n sect i ons cut t hr ough t he cut i cul ar pl at e, we ar e st r uck by an

enor mous number of 30 A f i l ament s t hat ar e not act i n f i l a-

ment s . Thi s i s par t i cul ar l y obvi ous i n pr epar at i ons decor at ed

wi t h S l . The r oot l et syst em i n t he cut i cul ar pl at e act s l i ke t he

r oot s of a t r ee t hat spr ead under gr ound, spl ayi ng l at er al l y, t o

anchor t he t r ee . These r oot s i nt er t wi ne and ar e t hen cr oss-

l i nked by t he 30 A f i l ament s t o ot her under gr ound r oot s ( t he

enor mous number of act i n f i l ament s i n t he cut i cul ar pl at e) . I n

cont r ast , i n t he br ush bor der of i nt est i nal epi t hel i al cel l s, t he

bul k of t he f i l ament s i n t he t er mi nal web ar e t he cor e f i l ament s

ext endi ng f r om t he mi cr ovi l l i . The r oot l et s, i nst ead of spl ayi ng

out war d, r esembl e t he si ngl e t ap r oot of a t r ee. Begg et al . ( 2)

have descr i bed a popul at i on of 30 A f i l ament s i n t he br ush

bor der si mi l ar i n mor phol ogy t o t hose descr i bed her e i n t he

hai r cel l s, al t hough t he or gani zat i on i s di f f er ent ; t hei r 30 E1

f i l ament s, i nst ead of connect i ng f i l ament s wi t hi n a bundl e t o

t hose i n t he t er mi nal web, ar e onl y f ound at t he per i pher y of

t he cor e f i l ament bundl e. Thus t he r oot l et f i l ament s of t he

st er eoci l i a ar e desi gned t o be f i r ml y anchor ed i n t he cut i cul ar

pl at e al l owi ng t he st r uct ur e t o pi vot as a r i gi d l ever at t he poi nt

of connect i on wi t h t he cut i cul ar pl at e, as has been obser ved by

Fl ock et al . ( 10) .

THE API CAL CELL SURFACE- CUTI CULAR PLATE VS .

TERMI NAL WEB : I n bot h t he br ush bor der and i n t he hai r

cel l s t her e i s a popul at i on of f i l ament s at t he l evel of t he zonul a

adher ens at t ached t o t he l at er al mar gi ns of t he cel l ( 13 ; Ti l ney,

unpubl i shed obser vat i ons) . I n t he br ush bor der t he chemi cal
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Fi c ; uRE 13 Thi n sect i on t hr ough t he basal end of a st er eoci l i um

t hat was demembr anat ed and t hen decor at ed wi t h subf r agment 1

of myosi n ( S1) . Not e t hat al l t he f i l ament s ar e decor at ed and t he

ar r owheads al l poi nt t owar ds t he cut i cul ar pl at e . A f r agment of t he

membr ane ( PM) l i mi t i ng t he basal end of t he st er eoci l i um r emai ns .

I t i l l ust r at es howt he f i l ament s t er mi nat e i n an or der ed way as t he

st er eoci l i um t aper s . x 102, 000.
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FI GURE 14 Sect i on t hr ough t he cut i cul ar pl at e f r om a papi l l a de-

membr anat ed and t hen decor at ed wi t h S1 . I t i s of i nt er est t hat t he

maj or i t y of t he f i l ament s i n t he cut i cul ar pl at e ar e act i n f i l ament s ;

t hei r pol ar i t y i s r andom. The r oot l et i s compr i sed of act i n f i l ament s

even i n t he r egi on wher e t he dense mat er i al sur r ounds t he r oot l et

f i l ament s . These f i l ament s have t he same pol ar i t y as t he act i n

f i l ament s i n t he st er eoci l i a wi t h whi ch t hey ar e cont i nuous . The

ar r ows i ndi cat e a second set of f i ne f i l ament s t hat do not decor at e

and t hat appear i n posi t i ons si mi l ar t o t he 30- A f i l ament s i l l ust r at ed

i n Fi gs . 5 and 12 . x 72, 000 . I nset , hi gher magni f i cat i on of t he r egi on

near t he membr ane . Of not e ar e t he 30- A f i l ament s at t ached t o t he

r oot l et ( see doubl e ar r ow) . x 117, 000 .

nat ur e of t hese f i l ament s i s st i l l cont r over si al , but Rodewal d et

al . ( 26) have demonst r at ed t hat addi t i on of ATP and Mg" or

Ca" l eads t o a compr essi on or r educt i on i n si ze of t he api cal

cel l sur f ace . The i mpr essi ve f eat ur e i n t hi s syst em i s t hat t he

api cal cel l sur f ace of t he epi t hel i al sheet r emai ns i nt act when

det er gent ext r act ed ( 20) , t he api col at er al sur f ace behavi ng as a

uni t , not as i sol at ed cel l s . Thus t he f i l ament s at t ached t o t he

l at er al sur f aces of t he cel l ar e i n di r ect cont i nui t y wi t h t he

t er mi nal web ( 13) . The onl y br eak i n t hi s sheet i s seen when

one encount er s gobl et cel l s. I n t he hai r cel l s, i n cont r ast , t he

f i l ament s t hat ext end f r om t he l at er al mar gi ns of t he hai r cel l

ar e not i n di r ect cont i nui t y wi t h t he act i n f i l ament s of t he

cut i cul ar pl at e, but r at her ar e separ at ed by a t hi n l ayer of

cyt opl asm. Thi s f act was est abl i shed i n S1- decor at ed cel l s af t er

det er gent ext r act i on . Thi s ar r angement of f i l ament s st r uct ur al l y



FI GURE 15

	

Thi n sect i on t hr ough t he api cal end of a hai r cel l f r om a papi l l a demembr anat ed and decor at ed wi t h S1 . A por t i on of

a suppor t i ng cel l ( SC) i s seen on t he r i ght . Not e t hat t he cut i cul ar pl at e ( C) wi t h i t s r oot l et ( R) i s separ at ed f r om t he l at er al sur f ace

of t he cel l . Near t hi s sur f ace i s some dense mat er i al ( D) f r om whi ch ar e i nser t ed a number of decor at ed act i n f i l ament s t hat

const i t ut e a second set , as t hey do not make cont act wi t h t he cut i cul ar pl at e . Dense masses of mat er i al and associ at ed act i n

f i l ament s ar e pr esent i n t he suppor t i ng cel l . The basal end of t he ki noci l i um ( K) i s al so i l l ust r at ed : i t i s not i nser t ed i nt o t he

cut i cul ar pl at e . X 9, 200 .

i sol at es t he cut i cul ar pl at e f r om t he l at er al mar gi ns of t he cel l .
Al so i n t he ear , i n cont r ast t o t he i nt est i ne, t her e i s a second

popul at i on of cel l s, t he suppor t i ng cel l s, whi ch cont ai n wi t hi n
t hei r api cal cyt opl asml ar ge bundl es of act i n f i l ament s at t ached
t o t he l at er al membr ane sur f aces . Of t en t he bundl es of f i l a-
ment s i n a suppor t i ng cel l i nt er act wi t h a r egi on of t he mem-
br ane bet ween t he suppor t i ng cel l and t he hai r cel l wher e t her e

i s a cor r espondi ng bundl e of f i l ament s at t ached t o t he hai r cel l

membr ane . The f i l ament s i n t he suppor t i ng cel l i nt er act t o
f or m a r i ng of f i br ous el ement s ar ound each hai r cel l . The

suppor t i ng cel l s al so cont ai n a l ar ge popul at i on of mi cr ot ubul es
par al l el t o t he l ong axi s of t he cel l ; pr esumabl y, t hese t ubul ar
el ement s act t o st abi l i ze t he l ong axi s of t he cel l . Thus t he
sensor y epi t hel i um of t he ear seems t o be desi gned t o al l ow t he

cut i cul ar pl at e t o f l oat r el at i vel y unat t ached, l i ke a cor k i n
l i qui d, yet t he i nt egr i t y of t he epi t hel i um i s mai nt ai ned l ar gel y
by t he t wo t ypes of f i br ous el ement s i n t he suppor t i ng cel l s
and i n t he api col at er al por t i on of t he hai r cel l s . I n essence,
l ooki ng down on t he epi t hel i um, one get s t he i mpr essi on of
Swi ss cheese wi t h t he hol es bei ng t he spaces wi t hi n whi ch t he
cut i cul ar pl at e and i t s associ at ed st er eoci l i a f l oat .

STEREOCI LI A ARE DESI GNED TOPI VOT RATHER THAN

SHORTEN : The st er eoci l i a of t he ear t aper , havi ng some 3, 000
f i l ament s at t he t i p but onl y 18- 29 at t he base wher e t he
st er eoci l i um ent er s t he cel l body. Thi s t aper i s not gr adual , but
occur s l ar gel y at t he base so t hat t he st er eoci l i um r esembl es a
shar pened penci l . I f t he st er eoci l i um wer e desi gned t o shor t en,
we woul d not expect t o see such t aper i ng at t he base wher e t he
f or ce woul d be gener at ed .

I n cont r ast , t he mi cr ovi l l i i n t he i nt est i nal br ush bor der ,
whi ch can shor t en i n vi t r o ( 18) , have a const ant , smal l number
( 20- 30) of f i l ament s al ong t he whol e l engt h . When t he same
condi t i ons t hat cause a shor t eni ng of t he mi cr ovi l l us ar e appl i ed
t o t he st er eoci l i um, no shor t eni ng occur s.

Thus, t he st r i ki ng di f f er ences i n desi gn bet ween t hese t wo
syst ems, and t he f ai l ur e of cal ci umand ATP t o i nduce shor t en-
i ng of t he st er eoci l i a, l ead us t o concl ude t hat t he st er eoci l i a
ar e desi gned t o behave as l ever s, not t o shor t en .

The Packi ng of Act i n Fi l ament s i n t he St er eoci l i a

I MPLI CATI ONS OF THE OPTI CAL DI FFRACTI ON PAT-

TERNS : We wi l l begi n wi t h a br i ef di scussi on of what can be
l ear ned about t he packi ng of act i n f i l ament s f r om t he opt i cal
di f f r act i on pat t er ns . Act i n of t en f or ms bundl es i n vi vo and i n
vi t r o i n whi ch t he cr ossover poi nt s of nei ghbor i ng f i l ament s
ar e exact l y i n r egi st er . A por t i on of such an ar r angement i s
shown schemat i cal l y i n Fi g . 10. Each f i l ament consi st s of a
f ami l y of hel i ces as a r esul t of t he ar r angement of subuni t s .
One hel i x of pi t ch 59 A can be dr awn t hr ough al l t he subuni t s
of t he f i l ament s . I n one t ur n of t hi s hel i x, whi ch i s l ef t - handed,
t her e ar e sl i ght l y over t wo subuni t s . Feat ur es such as gr ooves
or r i dges t hat par al l el t hi s hel i x gi ve r i se t o t he cor r espondi ng
( hor i zont al ) 1/ 59 A- ` l ayer l i ne i n t he opt i cal di f f r act i on pat -
t er n shown schemat i cal l y i n Fi g. 10b. Ther e i s a second hel i x,
i n t hi s case r i ght - handed, whi ch al so goes t hr ough t he subuni t s ;
t hi s hel i x has a pi t ch of 51 Aand gi ves r i se t o a 1/ 51 A- t l ayer
l i ne i n t he opt i cal di f f r act i on pat t er n. Ther e i s a t hi r d hel i x,
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FI GURE 16

	

Longi t udi nal and t r ansver se sect i ons t hr ough st er eoci l i a

t hat wer e demembr anat ed, i ncubat ed i n 5 mM EGTA and 5 mM

EDTA, and t hen f i xed ( pr ocedur e e) . Not e t hat t he f i l ament s have

t he same packi ng as i n unt r eat ed st er eoci l i a i n bot h l ongi t udi nal ( a)

and t r ansver se ( b) sect i ons . ( a) X 140, 000, ( b) X 103, 000 .

act ual l y a pai r of r i ght - handed hel i ces, havi ng a pi t ch of 375

A; t hi s has a cor r espondi ng l ayer l i ne of 1/ 375 A' . The r at i o

of t he pi t ches of t he 59 A and t he 375 Ahel i ces det er mi nes

exact l y t he number of uni t s per t ur n ( U/ t ) of t he si ngl e hel i x

( U/ t = 2 + 59/ 375 = 2. 157) . Pi t ches var y f or di f f er ent act i ns,

but U/ t has al ways been f ound t o l i e bet ween 2. 15 and 2. 17 .

Usual l y i n i mages of ar r ays of f i l ament s t he cr ossover poi nt s or

nar r owest aspect s of t he f i l ament s ar e f ound i n r egi st er as i n

Fi g . 10a. I n di f f r act i on pat t er ns t hi s ar r angement has t he

f ol l owi ng consequences : t he st r ongest r ef l ect i ons or spot s ar e
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FI GURE 17

	

Model of t he way i n whi ch l ar ge- scal e per i odi ci t i es can

ar i se . ( a) A r ow of a hexagonal ar r ay of hypot het i cal f i l ament s wi t h

hel i cal l y ar r anged ar ms t hat connect nei ghbor i ng f i l ament s . An

i magi nar y obl i que, t hi n sect i on of t hi s st r uct ur e i s i ndi cat ed by t he

st i ppl ed ar ea . ( b) An end- on vi ew of t he r ow of f i l ament s i n an

obl i que sect i on t aken t hr ough t he ar r ay of f i l ament s i l l ust r at ed i n a

( t he st i ppl ed por t i on of a) . The st i ppl ed por t i ons denot e t hose par t s

of t he f i l ament s and br i dges i ncl uded i n t he sect i on . The unst i ppl ed,

absent por t i ons ar e i ncl uded t o pr ovi de a f r ame of r ef er ence. Not i ce

t hat as t he sect i on r i ses f r om r i ght t o l ef t t he di r ect i on of t he st i ppl ed

ar ms t hat ar e i n t he sect i on changes : at t he r i ght t hey ar e at 3 and

9 o' cl ock ( i . e. , hor i zont al ) ; t hen f ar t her t o t he l ef t t hey swi t ch t o 11

and 5 o' cl ock ; st i l l f ar t her on t hey agai n swi t ch t o 7 and 1 o' cl ock ;

and f i nal l y at t he r i ght edge, r et ur n t o 9 and 3 o' cl ock . ( c) A dr awi ng

of t he pat t er n expect ed f or a t wo- di mensi onal ar r ay of f i l ament s .

Just t hat por t i on of t he f i l ament and i t s ar ms i ncl uded i n t he sect i on

ar e shown. Not e t hat t he pat t er n i s f est oonl i ke and can be seen t o

r epeat af t er 12 f i l ament s .

conf i ned t o t he i nt er sect i on of t he hor i zont al l ayer l i nes ( a

demand of t he hel i cal symmet r y) and t he ver t i cal r ow l i nes ( a

demand of an ar r ay of f i l ament s) . I n t he ar r ay i l l ust r at ed i n

Fi g. 10, t he separ at i on of adj acent f i l ament s as seen i n pr oj ec-

t i ons i s 115 A. The spaci ng bet ween f i l ament s i n t he bundl e i s

115( 2/ f ) = 133 A. The posi t i on of t he r ow l i ne i s, t her ef or e,

1 / 115 A- ' i n t he di f f r act i on pat t er n. I f t he r ow l i ne i s exact l y

ver t i cal , as shown i n Fi g . 10, t he cr ossover poi nt s ar e exact l y i n

r egi st er . I f t he r ow l i ne makes an angl e of 0 of f t he ver t i cal ,

t hen nei ghbor i ng cr ossover poi nt s ar e shi f t ed ver t i cal l y by an

amount of dt anl 9, wher e d i s t he spaci ng bet ween f i l ament s . I f

t he f i l ament s ar e par al l el t o each ot her , but t he cr ossover poi nt s

of nei ghbor i ng f i l ament s ar e not i n r egi st er , t hen, on al l l ayer

l i nes except t he equat or , t he st r ong spot s t hat gi ve r i se t o t he

r ow l i nes woul d not be pr esent . I nst ead, di f f r act ed l i ght woul d

occur al l al ong t he l ayer l i nes, not j ust at one poi nt .

The obser ved t r ansf or m ( Fi g . 11) has t he f eat ur es we have

descr i bed : a hor i zont al set of l ayer l i nes i ndi cat i ng a t ypi cal

act i n st r uct ur e havi ng 2 . 159 U/ t and a near l y ver t i cal set of

r ow l i nes showi ng t hat adj acent act i n f i l ament s have t hei r

cr ossover poi nt s i n near - per f ect r egi st er .

The f i l ament separ at i on f or t he st er eoci l i a measur ed f r om

t he r ow l i nes i s 100 A, about t wi ce t he val ue measur ed f or

par acr yst al s of pur i f i ed muscl e act i n, 60 A ( 17) . Such a l ar ge

val ue suggest s t he pr esence of a cr oss- br i dgi ng pr ot ei n bet ween

act i n f i l ament s whose pr esence r esul t s i n a much l ar ger spaci ng

t han i s f ound i n t he Mg" par acr yst al s cont ai ni ng onl y act i n .

A si mi l ar l ar ge spaci ng ( 90 A) i s obser ved i n " needl es"

( par acr yst al s) of act i n f r om sea ur chi n oocyt es ( 14) , whi ch

cont ai n act i n hel d t oget her by cr oss- br i dges of 55, 000- dal t on

pr ot ei ns . I n t he sea ur chi n mat er i al , DeRosi er et al . ( 4) have



shown t hat t he cr oss- br i dges gi ve r i se t o a 110- A mer i di onal

r ef l ect i on t hat i s not seen i n par acr yst al l i ne speci mens of pur e

act i n . Cr oss- br i dges have al so been obser ved by Spudi ch and

Amos ( 27) i n t he mi cr ovi l l i of sea ur chi n oocyt es . I n t he

mi cr ovi l l i , t he pr esence of cr oss- br i dges i s r ef l ect ed i n t he

mer i di onal r ef l ect i on at 130 A. Thus such a mer i di onal r ef l ec-

t i on coupl ed wi t h a l ar ge f i l ament separ at i on i s st r ong evi dence

of t he pr esence of cr oss- br i dgi ng mat er i al . We have exami ned

many pr epar at i ons of t he st er eoci l i a f or a mer i di onal spot and

have been unsuccessf ul i n f i ndi ng one. On t he ot her hand, i n

t he st er eoci l i a of t he bi r d cochl ea we f i nd a mer i di onal spot at

a spaci ng of 125 A ( Ti l ney and DeRosi er , unpubl i shed obser -

vat i ons) , whi ch i s essent i al l y t he same val ue as was measur ed

f or cr oss- br i dged bundl es of act i n f i l ament s i n ot her syst ems .

However , i n bi r d st er eoci l i a, i n mi cr ovi l l i , i n Myt i l us sper m,

and i n needl es ( par acr yst al s) f r om sea ur chi n oocyt es, t he act i n

f i l ament s ar e packed hexagonal l y, not as i n t he l i zar d st er eo-

ci l i a . The l ack of a mer i di onal spot i n l i zar d st er eoci l i a, t hen,

i s at t r i but abl e t o t he di f f er ence bet ween t he packi ng i n t hi s

syst em and t hat i n ot her syst ems, as wi l l be t he subj ect of a

f or t hcomi ng publ i cat i on .

Thus our opt i cal di f f r act i on r esul t s t el l us t hat t he f i l ament s

i n t he st er eoci l i a ( a) ar e packed wi t h par acr yst al l i ne or der ( an

obser vat i on t hat cannot be made r i gor ousl y by mer el y l ooki ng

at sel ect ar eas of cer t ai n mi cr ogr aphs) , ( b) have t he cr ossover

poi nt s of t he adj acent act i n f i l ament s shi f t ed 20 A r el at i ve t o

t hose of t hei r nei ghbor s, ( c) have a st r uct ur e and number of

uni t s per t ur n si mi l ar t o t hat of ot her act i ns, and ( d) ar e

pr obabl y hel d t oget her by cr oss- br i dges .

WHAT GI VES RI SE TO THE FESTOONI NG:

	

Wet hi nkt hat

t he f est ooned pat t er n ar i ses f r om t he hel i cal ar r angement of

cr oss- br i dges t hat connect adj acent f i l ament s . A si mi l ar mech-

ani smhas been i nvoked t o expl ai n pat t er ns seen i n t hi n sect i ons

of i nsect f l i ght muscl e ( 25) . For t unat el y, our hypot hesi s i s

r eadi l y t est abl e . Our i dea i s per haps most easi l y vi sual i zed by

t he model i n Fi g. 17, i n whi ch we see a bundl e of f i l ament s

wi t h t hr ee set s of cr oss- br i dges ext endi ng f r om each of t hem.

I f we wer e t o cut a t hi n sect i on t hr ough t hi s bundl e, as

i l l ust r at ed by t he st i ppl ed ar ea, we woul d f i r st cut t hr ough t he

l ower set of cr oss- br i dges on t he l ef t most f i l ament s, t hen t he

second set on t he mi ddl e f i l ament s, and f i nal l y t he t op set on

t he r i ght most f i l ament s . I f we wer e t o pi ck up t hi s sect i on, t ur n

i t on i t s f ace and l ook down on i t as one woul d l ook at a sect i on

i n t he el ect r on mi cr oscope, we woul d see t he i mage i ndi cat ed

by t he st i ppl ed ar ea i n Fi g . 17 b . Thi s st i ppl ed ar ea shows t he

br i dges and cr oss sect i ons of f i l ament s i ncl uded i n t hat t hi n

sect i on . Ot her br i dges t hat woul d not be i ncl uded i n t hat

par t i cul ar sect i on ar e al so i ndi cat ed, but t hey ar e not st i ppl ed.

Looki ng down on t he sect i on, t hen, we woul d see f i l ament s as

i ndi cat ed by dashed l i nes i n Fi g . 17 c, one dash r epr esent i ng a

f i l ament and t wo br i dges ext endi ng f r om i t . Not i ce t hat t he

pat t er n gener at ed i n t hi s dr awi ng i s ver y si mi l ar t o t he act ual

f est ooned pat t er n seen i n t he st er eoci l i a .

Ther e ar e t hr ee t est s t hat woul d subst ant i at e our i nt er pr et a-

t i on . Fi r st , i f we cut a sect i on t hat i s t hi ck enough t o i ncl ude at

l east one r epeat of t he cr oss- br i dges i n a si ngl e sect i on, t he

f est ooned pat t er n shoul d di sappear and each f i l ament i n cr oss

sect i on shoul d appear t o have a gr eat er di amet er . Second, i f

we compar e t he same f i l ament i n ser i al t hi n sect i ons, t he

densi t y at t r i but ed t o t he br i dges shoul d r ot at e ar ound t he

f i l ament i n adj acent ser i al sect i ons . To put i t anot her way, i n

successi ve sect i ons t he pat t er n of f est ooni ng shoul d appear t o

shi f t l at er al l y . Thi s can be appr eci at ed by a cl ose exami nat i on

of Fi g. 17 a. I n t he st i ppl ed sect i on, t he f i l ament on t he ext r eme

l ef t has i t s br i dges ext endi ng at 3 and 9 o' cl ock. I n t he next

sect i on up ( assumi ng an equal sect i on t hi ckness) , t he br i dges

f r om t hi s same f i l ament shoul d ext end at 1 and 7 o' cl ock, and

i n t he t hi r d sect i on at I 1 and 5 o' cl ock . Thi r d, i f we compar e

t he per i od of t he f est ooni ng of one sect i on wi t h t hat of anot her

sect i oned f r om t he same st er eoci l i um at a st eeper angl e r el at i ve

t o t he kni f e, we shoul d f i nd one r epeat i n t he pat t er n of br i dges .

I f we i ncr ease t he angl e of t he kni f e r el at i ve t o t he f i l ament s,

t he pat t er n of t he f est ooni ng shoul d r epeat i n a shor t er di st ance .

We have car r i ed out al l t hr ee t est s, ( a) I f t he sect i on t hi ckness

exceeds 275 A, t he f est ooni ng di sappear s . ( b) I n successi ve

ser i al sect i ons t he pat t er n of f est ooni ng shi f t s l at er al l y by an

amount pr opor t i onal t o t he t hi ckness of t he sect i on . ( c) A

change i n t he t i l t of t he bl ock r el at i ve t o t he kni f e pr oduces a

change i n t he per i od of t he f est ooni ng . These r esul t s subst an-

t i at e our hypot hesi s t hat t he f est ooned pat t er n i n t hi n sect i ons

i s t he r esul t of t he cr oss- br i dges bet ween f i l ament s .

CONSEQUENCES OF THI S TYPE OF PACKI NG: Bundl es

of act i n f i l ament s have been descr i bed i n a number of syst ems,

e. g. , t he acr osomal pr ocesses of Li mul us and Myt i l us sper m( 28

and 29, r espect i vel y) , mi cr ovi l l i of sea ur chi n eggs ( 3) , f i l opodi a

f r om amebocyt es ( 6) , and needl es r epol ymer i zed f r om ext r act s

of sea ur chi n eggs ( 14) . The f i l ament s i n t hese bundl es var y i n
t hei r degr ee of or der , but seem t o have t wo common f eat ur es :

( a) t he act i n f i l ament s ar e al i gned i n r egi st er ( t he cr ossover

poi nt s of t he act i n hel i ces ar e al i gned si de by si de) and ( b) t hey

ar e ar r anged on a hexagonal l at t i ce ( 4, 27- 29) . One of t he

f eat ur es of t hi s ar r angement i s t hat i t maxi mi zes t he number of

speci f i c cr oss- l i nks t hat can be made bet ween f i l ament s i n a

bundl e . The act i n, mor eover , i s f ound i n associ at i on wi t h one

or mor e addi t i onal pr ot ei ns t hat ser ve t o cr oss- l i nk t he f i l a-

ment s t oget her . One of t he mor phol ogi cal consequences of

usi ng a macr omol ecul ar cr oss- br i dge i s t o i ncr ease t he di st ance

bet ween f i l ament s as compar ed wi t h t hat of a cr yst al of pur i f i ed

act i n f i l ament s hel d t oget her by i ons such as magnesi um. For

exampl e, i n negat i vel y st ai ned i mages of t he acr osomal pr ocess

of Li mul us sper m, t he appar ent spaci ng i s 75 A ( 4) and i n sea

ur chi n egg ext r act s i t i s 75 A ( 4) , wher eas i n pur e act i n

par acr yst al s i t i s onl y 57 A ( 17) . Asecond consequence of t he

cr oss- br i dges shoul d be t he appear ance of per i odi c st r i at i ons

per pendi cul ar t o t he l ong axi s of t he f i l ament bundl e . I n al l

but t he acr osomal pr ocess of Li mul us sper mper i odi c t r ansver se

bands spaced at 110- and 130- A i nt er val s wer e obser ved . These

bands r esul t f r om t he cr oss- br i dgi ng pr ot ei ns t hat bi nd adj acent

f i l ament s onl y wher e cr oss- br i dgi ng can be compl et ed. Cr oss-

br i dgi ng can occur onl y ever y f our t h or f i f t h monomer i c uni t

because of st er i c di f f i cul t i es ar i si ng f r om t r yi ng t o br i dge hel i ces

t oget her i nt o a hexagonal l y packed bundl e . I n t he acr osomal

pr ocess of Li mul us sper m, t he one except i on, t he cr oss- br i dgi ng

pr ot ei n i s bound t o ever y act i n uni t ( 4, 29) , even t hough t he

act ual cr oss- l i nki ng occur s at t he same i nt er val s as i n t he ot her

bundl es .

I n t he st er eoci l i a of t he ear we have demonst r at ed t hat t he
act i n f i l ament s l i e sl i ght l y out of r egi st er i n cont r ast t o t he
bundl es ment i oned her e . I n end- on vi ews of t hi ck sect i ons
wher e t he f est ooned pat t er n i s not so di st r act i ng ( Fi g. 7 b) , t he

act i n f i l ament s ar e not hexagonal l y ar r anged ; i nst ead, t hey do

not appear t o be ver y r egul ar l y or der ed, whi ch i s conf i r med by

di f f r act i on pat t er ns of end- on vi ews . The cent er - t o- cent er spac-

i ng of adj acent f i l ament s i n t r ansver se sect i ons i s 100 A. Thi s

means t hat t her e must be an addi t i onal cr oss- br i dgi ng pr o-

t ei n( s) . I n l ongi t udi nal sect i ons, t r ansver se bands ar e not seen
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and no mer i di onal spot i s f ound i n t he di f f r act i on pat t er ns,

even t hough such a spot i s pr esent i n t he st er eoci l i a of bi r d

cochl ea i n whi ch t he f i l ament s ar e al so hexagonal l y packed

( Ti l ney and DeRosi er , unpubl i shed obser vat i ons) . Fr om t he

dat a pr esent ed, however , i t i s cl ear t hat t he f est ooned ar r ange-

ment i s br ought about by t he cr oss- br i dges, so t he quest i on

ar i ses as t o how t hey ar e ar r anged i n l ongi t udi nal sect i on so

t hat no mer i di onal spot i s seen . One possi bi l i t y i s t hat i n l i zar d

ear s ever y act i n uni t has an auxi l i ar y pr ot ei n( s) bound t o i t as

i n Li mul us sper m; i t i s pr emat ur e, however , t o concl ude t hi s

wi t hout chemi cal st udi es .

The puzzl e i n t he l i zar d st er eoci l i a, and pr esumabl y al so i n

mammal s, i s how t he act i n f i l ament s ar e packed . That usi ng

si x di f f er ent exper i ment al pr ocedur es and/ or f i xat i on t ech-

ni ques made no di f f er ence t o t he packi ng of f i l ament s seen i n

l ongi t udi nal or t r ansver se sect i ons makes i t unl i kel y t hat we

ar e al t er i ng t he or der by our f i xat i on met hods . I f , i n f act ,

f i xat i on wer e not opt i mal , one woul d expect t o see a l ack or

r educt i on of or der or a change i n t he packi ng wi t h di f f er ent

f i xat i on pr ocedur es . By si mi l ar ar gument s i t i s unl i kel y t hat we

ar e " cr eat i ng" or der by f i xat i on because not onl y i s t he same

degr ee of or der vi sual i zed by di f f er ent f i xat i on t echni ques, but

al so i t i s ext r emel y unl i kel y t hat one coul d f or m par acr yst al s

t hat ar e f est ooned so r api dl y dur i ng f i xat i on, because t he

f i l ament s woul d have t o sl i de past one anot her over l ong

di st ances t o get t he cr ossover poi nt s of t he hel i ces i n r egi st er

and t he br i dges hooked up .

At t hi s poi nt we ar e f aced wi t h a par adox . The per i odi c

nat ur e of t he f est ooni ng means t hat st r uct ur al f eat ur es i n any

one ar ea of t he st er eoci l i um ar e i n some sense spat i al l y cor r e-

l at ed wi t h t hose i n al l ot her ar eas, yet t her e i s no r egul ar l at t i ce

t hat woul d hol d t hese mor phol ogi cal f eat ur es i n r egi st er . I n-

st ead, i n t r ansver se sect i ons t he l ocal packi ng of f i l ament s

shows no cr yst al l i ne r egul ar i t y even t hough i n l ongi t udi nal

sect i ons cut f r om t he same bl ocks t he packi ng appear s par a-

cr yst al l i ne . The quest i on ar i ses of howcr oss- br i dges can occur

r egul ar l y bet ween f i l ament s i n a st r uct ur e i n whi ch t he ar r ange-

ment of f i l ament s seems t o have l i mi t ed, i f any, r egul ar i t y . I t

becomes i mpor t ant , t hen, t o det er mi ne howa cel l can bui l d a

r i gi d, par t i al l y or der ed st r uct ur e made of act i n f i l ament s and

t o di scover i t s bondi ng r ul es . The pr i mar y ef f ect of cr oss-

l i nki ng i s t o i ncr ease r i gi di t y, whi ch i s i ndeed a st r i ki ng pr op-

er t y of t he acr osomal pr ocess of Li mul us sper mas wel l as of

t he st er eoci l i a i n t he ear . Fl ock et al . ( 10) demonst r at ed, usi ng

mi cr omani pul at i on met hods, t hat t he st er eoci l i a of bot h i nt act

and Tr i t on- ext r act ed hai r cel l s of t he vest i bul ar appar at us wer e

r i gi d and, i f bent shar pl y, woul d br eak. They suggest ed t hat

t he " st i f f ness of t he st er eoci l i a depends on t he f i br i l l ar cor e . "

Our st udy, by showi ng t hat t he act i n f i l ament s ar e packed i n

par acr yst al l i ne or der t hat i s not changed by a var i et y of medi a,

ext ends t hei r r epor t and expl ai ns why t he bundl e i s st i f f and

t ends t o br eak r at her t han bend shar pl y . Fr omsever al l i nes of

evi dence we concl ude t hat t he par acr yst al l i ne or der i n t he

packi ng of t he f i l ament s must be account ed f or by cr oss- br i dges

bet ween adj acent f i l ament s. Thus a hi ghl y or der ed and pr ob-

abl y maxi mal l y cr oss- br i dged f i l ament bundl e woul d gi ve t he

st er eoci l i um consi der abl e r i gi di t y ; yet because of t he dr amat i c

t aper , bendi ng shoul d occur at t he base of each st er eoci l i um.

Thus each st er eoci l i um i s desi gned t o behave as a st i f f l ever

t hat can bend at i t s base, a concl usi on t hat has been t est ed

exper i ment al l y by mi cr omani pul at i on ( 10) .

One wonder s i f i t i s possi bl e t o al t er t he r i gi di t y of t he

f i l ament bundl e. Ther e ar e t wo si mpl e possi bi l i t i es . One woul d
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be t o al t er t he r i gi di t y by a dr amat i c r educt i on i n t he number

of cr oss- br i dges and t he ot her by changi ng t he pi t ch ( t wi st ) of

t he act i n f i l ament s i n t he bundl e . The l at t er i s known t o occur

dur i ng t he ext ensi on of t he acr osomal pr ocess of Li mul us sper m

( 4, 5) . Ot her possi bi l i t i es, such as t he act i ve sl i di ng of f i l ament s

past one anot her , as occur s i n ci l i a, f l agel l a, or muscl e, ar e

ext r emel y unl i kel y because of t he cr oss- l i nki ng.

We woul d l i ke t o ext end our t hanks t o Mr s . Pat Connel l y who cut
some of t he i ni t i al sect i ons used i n t hi s st udy. Our speci al t hanks go t o
Emma Jean Bat t l es who pr ocessed t he t i ssue and pai nst aki ngl y cut
most of t he sect i ons f or t hi s r epor t . Her pat i ence i s r emar kabl e and

wi t hout i t we coul d not have pr oceeded. We woul d al so l i ke t o t hank

Char l es Pet o and Joseph Di Fr anza f or t echni cal assi st ance i n scanni ng

el ect r on mi cr oscopy . Our appr eci at i on goes t o Dr . James Saunder s
who spent t i me wi t h us i n di scussi ons and cr i t i ci sm of t hi s manuscr i pt .

We wi sh t o t hank Edwar d Sal mon f or t he desi gn and const r uct i on of

t he opt i cal di f f r act omet er and Dr , Car ol i ne Pond f or her hel p i n

mai nt ai ni ng t he l i zar ds. We par t i cul ar l y wi sh t o t hank Dr . Thomas

Pol l ar d who, as edi t or , r ecommended changes i n t he manuscr i pt t hat

i mpr oved i t enor mousl y . We ar e ext r emel y gr at ef ul t o hi m.

Thi s wor k was suppor t ed by t he Nat i onal Sci ence Foundat i on ( gr ant

GB22863 t o L. G. Ti l ney) and t he Nat i onal I nst i t ut es of Heal t h ( gr ant s

GM2189 t o D. J . DeRosi er and NS12801 t o M. J . Mul r oy) .

Recei ved f or publ i cat i on 18 June 1979, and i n r evi sed f or m 21 Mar ch

1980.
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