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ABSTRACT

	

Bi r ef r i ngence of t he mi t ot i c appar at us ( MA) and i t s change dur i ng mi t osi s i n sea

ur chi n eggs wer e quant i t at i vel y det er mi ned usi ng t he bi r ef r i ngence det ect i on appar at us r e-

por t ed i n t he pr ecedi ng paper ( Hi r amot o et al . , 1981, J . Cel l Bi ol . 89 : 115- 120) . The bi r ef r i ngence

and t he f or m of t he MA ar e r epr esent ed by f i ve par amet er s : peak r et ar dat i on ( SP) , t r ough

r et ar dat i on ( St ) , i nt er pol ar di st ance ( D, ) , t he di st ance ( D2 ) bet ween chr omosome gr oups

movi ng t owar d pol es, and t he di st ance ( D3) bet ween t wo r et ar dat i on peaks . Di st r i but i ons of

bi r ef r i ngence r et ar dat i on and t he coef f i ci ent of bi r ef r i ngence i n t he spi ndl e wer e quant i t at i vel y

det er mi ned i n MAs i sol at ed dur i ng met aphase and anaphase . The di st r i but i on of mi cr ot ubul es

( MTs) cont ai ned i n t he spi ndl e was det er mi ned i n i sol at ed MAs assumi ng t hat t he obser ved

bi r ef r i ngence of t he spi ndl e i s at t r i but abl e t o t he f or m bi r ef r i ngence caused by r egul ar l y

ar r anged MTs . The di st r i but i on coi nci ded f ai r l y wel l wi t h t he di st r i but i on of MTs i n i sol at ed

MAs det er mi ned by el ect r on mi cr oscopy . Under t he same assumpt i on, t he di st r i but i on of MTs

i n t he spi ndl e i n l i vi ng cel l s dur i ng mi t osi s was det er mi ned . The r esul t s show t hat t he

di st r i but i on of MTs and t he t ot al amount of pol ymer i zed t ubul i n ( MTs) i n t he spi ndl e change

dur i ng mi t osi s, suggest i ng t he assembl y and di sassembl y of MTs as wel l as t he di sl ocat i on of

MTs dur i ng mi t osi s .

Si nce t he pi oneer i ng wor k of Runnst r om ( 26) and Schmi dt ( 31,
32) , t he mi t ot i c f i gur es of many ki nds of l i vi ng cel l s have been
known t o be bi r ef r i ngent . I mpr ovement of pol ar i zat i on mi cr o-
scope t echni que has made i t possi bl e t o measur e t he var i at i on
of bi r ef r i ngence r et ar dat i on wi t hi n t he mi t ot i c appar at us ( MA)
and i t s change dur i ng mi t osi s ( 34, 35) . I noue ( 13) f ound t hat
t he mi t ot i c spi ndl e consi st s of many bi r ef r i ngent f i ber s by
pol ar i zat i on mi cr oscopy . Devel opment of el ect r on mi cr oscopy
has r eveal ed t hat a number of mi cr ot ubul es ( MTs) ar e or i ent ed
i n t he pol e- t o- pol e di r ect i on i n t he spi ndl e and i n r adi al
di r ect i on i n t he ast er , so t hat i t has been gener al l y assumed
t hat t he spi ndl e f i ber s and ast r al r ays obser ved by l i ght mi -
cr oscopy consi st of MTs . Sat o et al . ( 30) demonst r at ed t hat t he
bi r ef r i ngence of t he spi ndl e i sol at ed f r om t he sea- st ar oocyt e
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was mai nl y at t r i but abl e t o t he MTs; t hey demonst r at ed t he
quant i t at i ve coi nci dence of obser ved and t heor et i cal bi r ef r i n-

gence r et ar dat i on of t he spi ndl e i mmer sed i n medi a of var i ous
r ef r act i ve i ndi ces, based on t he t heor i es of Wi ener ( 38) and
Br agg and Pi ppar d ( 1) on t he bi r ef r i ngence of mi xed bodi es .
However , i t i s undeci ded whet her t he spi ndl e bi r ef r i ngence i n
l i vi ng cel l s i s sol el y at t r i but abl e t o MTs ( e . g . , see r ef er ences 4
and 25) .

I f t he bi r ef r i ngence of t he spi ndl e i s mai nl y at t r i but abl e t o
MTs, i t may be possi bl e t o f ol l ow t he behavi or of MTs i n t he
spi ndl e i n l i vi ng cel l s f r ombi r ef r i ngence measur ement s . MTs
ar e consi der ed t o pl ay i mpor t ant r ol es i n mi t ot i c event s such as
chr omosome movement and spi ndl e el ongat i on, but t hey ar e
i nvi si bl e by or di nar y l i ght mi cr oscopy . We under t ook t he



pr esent st udy t o obt ai n quant i t at i ve dat a on t he bi r ef r i ngence

of mi t ot i c appar at us and i t s change dur i ng mi t osi s i n t he sea
ur chi n egg. We concl ude t hat t he bi r ef r i ngence of t he i sol at ed
spi ndl e r esul t s mai nl y f r om t he f or m bi r ef r i ngence of al i gned

MTs . We have est i mat ed changes i n di st r i but i on of t he number

of MTs i n t he spi ndl e dur i ng mi t osi s f r om our quant i t at i ve
bi r ef r i ngence measur ement of t he spi ndl e i n l i vi ng cel l s .

MATERI ALS AND METHODS

Mat er i al s

Obser vat i ons and measur ement s wer e made of f er t i l i zed eggs and i sol at ed

mi t ot i c appar at uses of t he sand dol l ar Cl ypeast er j aponi cus. Eggs wer e depr i ved

of f er t i l i zat i on membr anes and hyal i ne l ayer s by t r eat i ng wi t h I Mur ea sol ut i on

f or 1- 2 mi n shor t l y af t er i nsemi nat i on, washed f our t i mes wi t h Ca- f r ee ar t i f i ci al

seawat er , and t hen kept i n Ca- f r ee ar t i f i ci al seawat er .

Mi t ot i c appar at uses ( MAs) wer e i sol at ed by t he gl ycer ol / Mg" / Tr i t on X- 100

met hod ( 29) or t he gl ycer ol / t ubul i n met hod ( 28) at r oomt emper at ur e.

Obser vat i on and Measur ement of

Bi r ef r i ngence Ret ar dat i on

Asemi aut omat ed bi r ef r i ngence det ect i on appar at us was r epor t ed i n det ai l i n

t he pr evi ous paper ( 11) . A dr op of egg suspensi on was put on a st r ai n- f r ee sl i de .

Gl ass r ods of 60 t o 80- pi n di amet er suppor t ed a cover sl i p t hat compr essed t he

eggs t o 50- 65% of t hei r or i gi nal ( - 120 pi n) di amet er s . I n t hi s condi t i on, mi t osi s

and cl eavage pr oceeded nor mal l y and t he axi s of t he mi t ot i c spi ndl e was f or med

par al l el t o t he pl anes of t he sl i de and t he cover sl i p. The eggs wer e i n cont act

wi t h t he sl i de and t he cover sl i p over f l at ar ea of - 100- pi n di amet er , whi ch

suf f i ci ent l y r eveal ed t he MA i n t he cel l . For i sol at ed MAs, t he cover sl i p was

suppor t ed on a st r ai n- f r ee sl i de by pi eces of cover sl i p ( ~ 150- , umt hi ckness) . The

sl i dewas set on t he st age of t heappar at us wi t h t he azi mut h of t he spi ndl e axi s of

t he MAs t o be measur ed at 45° wi t h r espect t o t he vi br at i on di r ect i on of t he

pol ar i zer . The l enses i ncl uded a x 40 r ect i f i ed obj ect i ve ( NA = 0. 65 ; Ni ppon

Kogaku K. K. , Tokyo, Japan) and a r ect i f i ed condenser ( f = 8 mm, NA = 1 . 15

or f = 16 mm, NA = 0. 52, Ni ppon Kogaku K. K. ) . Obser vat i on and phot ogr aphy

wer e made by i l l umi nat i ng t he ent i r e mi cr oscope f i el d wi t h r ed l i ght ( >600- nm

wavel engt h) , whi l e t he r et ar dat i on measur ement was made f or a smal l squar e

ar ea ( 2 x 2 , um' ) at t he cent er of a 5- pi n- squar e ar ea i l l umi nat ed by gr een l i ght

( 546- nmwavel engt h) . These t wo wavel engt hs of l i ght wer e mi xed on a di chr oi c

mi r r or set under t he pol ar i zer and par t i al l y separ at ed on anot her di chr oi c mi r r or

set above t he ocul ar t o per mi t obser vat i on of t he ent i r e mi cr oscope f i el d wi t h

si mul t aneous measur ement of t he bi r ef r i ngence r et ar dat i on.

The bi r ef r i ngence r et ar dat i on was det er mi ned f r om t he i nt ensi t y of l i ght

emer gi ng f r om t he 2- pi n- squar e ar ea ment i oned above, when t he compensat or

( Br ace- Kohl er compensat or ; Ni ppon Kogaku K. K. ) was set at a def i ni t e angl e,

by r ef er ence t o t he r el at i on bet ween t he l i ght i nt ensi t y and compensat or angl e

whi ch had been det er mi ned bef or ehand f or ar ef er ence ar ea wi t hout bi r ef r i ngence

( 11) . I n measur i ng t he bi r ef r i ngence of t he MA i n l i vi ng cel l s, an ar ea i n t he egg

cyt opl asm near t he MA was used as t he r ef er ence ar ea, wher e bot h t he i nt ensi t y

of st r ay l i ght and t he at t enuat i on of t he l i ght i nt ensi t y ar e pr act i cal l y t he same as

t hose of t he ar ea of MA. I n measur ement s of t he i sol at ed MA, a nonbi r ef r i ngent

ar ea at t he per i pher y of t he MA was used as t he r ef er ence because t he at t enuat i on

of l i ght i s al most t he same as by t he MA.

The var i at i on of r et ar dat i on wi t h di st ance al ong t he spi ndl e axi s or al ong l i nes

per pendi cul ar t o t he axi s ( cr oss l i nes) was det er mi ned by measur i ng t he l i ght

i nt ensi t y when t he sl i de was moved i n t he di r ect i on of t he spi ndl e axi s or t he

di r ect i on per pendi cul ar t o t he axi s at a const ant speed ( 8 pi n/ s) . Thest age- dr i vi ng

mechani smwas descr i bed i n t he pr evi ous paper ( l 1) .

I n i sol at ed MAs, t he r et ar dat i on of var i ous si t es i n t he same MA was al so

det er mi ned f r om t he angl e of t he compensat or gi vi ng mi ni muml i ght i nt ensi t y

( ext i nct i on angl e, r o) by equat i on 31 = - 8 l si n2r o, wher e 82 i s t he r et ar dat i on f or

t he sampl e ar ea and 8, i s t he r et ar dat i on of t he compensat or ( 24. 7 nmor 27 . 7 nm

f or l i ght of 546- mm wavel engt h) .

Det er mi nat i on of t he Coef f i ci ent

of Bi r ef r i ngence

The coef f i ci ent of bi r ef r i ngence of t he spi ndl e at var i ous di st ances f r om t he

spi ndl e axi s was det er mi ned by t he met hod descr i bed by Hi r amot o et al . ( 12) f or

det er mi ni ng t he r ef r act i ve i ndex of t he egg pr ot opl asm. I n t hi s cal cul at i on, i t was

assumed t hat t he spi ndl e i s composed of many concent r i c cyl i ndr i cal shel l s wi t h

uni f or m bi r ef r i ngence of a def i ni t e t hi ckness ( 0. 8 pi n) f r om t he cent er af t er

122

	

THE JOURNAL Of CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 89, 1981

smoot hi ng t he r et ar dat i on cur ve. Usi ng a pr ogr ammabl e cal cul at or ( HP- 67 ;

Hewl et t - Packar d Co. , Pal o Al t o, Cal i f. ) , t he coef f i ci ent of bi r ef r i ngence of t he

out er most shel l was f i r st det er mi ned, t hen t he coef f i ci ent of t he next shel l was

det er mi ned usi ng t he coef f i ci ent of t he f i r st shel l , and so on unt i l t he coef f i ci ent s

of al l shel l s wer e det er mi ned .

Est i mat i on of t he Number of MTs i n t he Spi ndl e

f r om Ret ar dat i on Dat a

The r el at i ve amount of bi r ef r i ngent mat er i al i n t he spi ndl e was est i mat ed f r om

dat a of bi r ef r i ngence r et ar dat i on, assumi ng t hat ( a) t he densi t y of t hebi r ef r i ngent

mat er i al i s pr opor t i onal t o t hecoef f i ci ent of bi r ef r i ngence and ( b) t he opt i cal axi s

of t he mat er i al i s par al l el t o t he spi ndl e axi s at any r egi on of t he spi ndl e. Because

t he r et ar dat i on r epr esent s t he i nt egr al of t he coef f i ci ent of bi r ef r i ngence of t he

di st ance al ong t he r ay, t he r el at i ve amount of bi r ef r i ngent mat er i al f ound i n a

cr oss sect i on of t he spi ndl e was r epr esent ed by t he i nt egr al ( M) of t he r et ar dat i on

wi t h r espect t o t he di st ance al ong t he l i ne cr ossi ng t he spi ndl e axi s at r i ght angl es,

such t hat

wher e r ( x) i s t he r et ar dat i on at di st ance x on t hat l i ne f r omt he spi ndl e axi s . The

di st r i but i on pat t er n of bi r ef r i ngent mat er i al al ong t he axi s of t he spi ndl e can be

r epr esent ed by Mval ues at var i ous cr oss sect i ons of t he spi ndl e, wi t hout def i ni ng

t he nat ur e of t he mat er i al i n det ai l . I f t he Mval ue i s i nt egr at ed wi t h r espect t o

t he di st ance al ong t he spi ndl e axi s f r om pol e t o pol e, we obt ai n t he r el at i ve

amount of bi r ef r i ngent mat er i al i n t he spi ndl e cor r espondi ng t o " vol ume- bi r e-

f r i ngence" i nt r oduced by Mar ek ( 18) .

I f i t i s f ur t her assumed t hat t hespi ndl e bi r ef r i ngence i s ent i r el y at t r i but abl e t o

t he MTs al i gned i n par al l el t o t he spi ndl e axi s, t he number of MTs i n t he spi ndl e

i s est i mat ed by appl yi ng t he t heor i es of Wi ener ( 38) and Br agg and Pi ppar d ( 1)

t o t he bi r ef r i ngence of t he spi ndl e as f ol l ows ( cf. r ef er ence 30) . Accor di ng t o

Br agg and Pi ppar d ( 1) and Sat o et al . ( 30) , t he coef f i ci ent of bi r ef r i ngence ( B) of

a mi xed body made up of a number of or i ent ed r odl et s i n a uni f or mmedi um i s

gi ven by

B= I +
[ n22

+f ( n,
2
- n22WI 2

M=
J

r ( x) dx,

	

( 1)

-
r nz

z

+

	

f ni z - nzz)

1 + ( I - f ) ( ( n~ 2 - nzz) / nz2) / 2]

	

'

	

( 2)

wher e I i s t he coef f i ci ent of i nt r i nsi c bi r ef r i ngence, n, i s t he r ef r act i ve i ndex of

t he r odl et s, n 2 i s t hat of t he medi um, andf i s t he vol ume f r act i on occupi ed by t he

r odl et s . When f i s suf f i ci ent l y smal l as compar ed wi t h uni t y ( f << 1) ,

( n 1
2 _ nz2) 2

B= I + 2n2( n 2 + n22)
f

Because t he coef f i ci ent of i nt r i nsi c bi r ef r i ngence ( I ) i s consi der ed t o be pr opor -

t i onal t o vol ume f r act i on ( f ) of r odl et s, t he coef f i ci ent of t he t ot al bi r ef r i ngence

( B) i s pr opor t i onal t o f . I f i t i s assumed t hat t he bi r ef r i ngence of t he spi ndl e i s

at t r i but abl e t o MTs r egul ar l y ar r anged i n t he spi ndl e wher e Eq. 2 i s appl i cabl e,

z
)

2

B = I +

	

( ni
z

- nz
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n,

	

( 4)
2n2 ( n, + n2)

i n whi ch I i s t he coef f i ci ent of i nt r i nsi c bi r ef r i ngence of t he MTs; n, and n 2 ar e

r ef r act i ve i ndi ces of t he MT and t he medi um, r espect i vel y ; A i s t he ar ea of cr oss

sect i on of t he MT; and n i s t he number of MTs per uni t ar ea of t he cr oss sect i on .

Subst i t ut i ng 3 . 0 x 10
- 12

cm2 cal cul at ed f r om t he di mensi ons of t he cr oss sect i on

of MT ( 24 nmi n out er di amet er and 14
r un

i n i nner di amet er ; cf . r ef er ence 3) f or

A, 1 . 512 f or n, ( accor di ng t o r ef er ence 30) and 1 . 345 ( r ef r act i ve i ndex of t he

i sol at i on medi um) f or nz i nt o Eq . 3, t he coef f i ci ent of bi r ef r i ngence of i sol at ed

spi ndl e ( Bi ) i s gi ven by

Br = I + ( 6 . 2 x 10- 1° ) nz,

	

( 5)

wher e n, i s t he number of MTs per uni t ar ea of t he cr oss sect i on of t he i sol at ed

MA. ( Subscr i pt I means i sol at ed MA and subscr i pt L means MA i n l i vi ng cel l i n

t he pr esent paper . )

I n t he case of t he spi ndl e i n t he l i vi ng cel l , t he r ef r act i ve i ndex of t he

pr ot opl asm sur r oundi ng MTs shoul d be used as n2. I t i s cal cul at ed, f r om t he

r ef r act i ve i ndex of t he spi ndl e ( 1 . 365 i n Cl ypeast er egg ( 121) and t he vol ume

occupi ed by t he MTs i n t he spi ndl e ( 0. 5- 1%, see bel ow) , t o be 1 . 364, because t he

r ef r act i ve i ndex of t he mi xed body i s gi ven by t he second or t he t hi r d t er mof t he



r i ght si de of Eq. 2. Subst i t ut i ng t hi s val ue f or n2 i nt o Eq. 3, t he coef f i ci ent of

bi r ef r i ngence of t he spi ndl e i n t he l i vi ng cel l ( BL) i s gi ven by

BL - I + ( 4. 8 x 10 - " ) n, , .

	

( 6)

I f i t i s f ur t her assumed t hat t he coef f i ci ent of i nt r i nsi c bi r ef r i ngence ( I ) i s

negl i gi bl e as compar ed wi t h t he t ot al coef f i ci ent of bi r ef r i ngence ( B I and BL) , t he

number of MTs per uni t cr oss sect i on of t he spi ndl e i s gi ven by

and

I f t he ar eal i nt egr al of t he coef f i ci ent of bi r ef r i ngence over t he cr oss sect i on of t he

spi ndl e ( vi z . t he i nt egr al of t he r et ar dat i on al ong t he cr oss l i ne) i s Mr i n t he

i sol at ed spi ndl e and ML i n t he spi ndl e i n t he l i vi ng cel l , t he t ot al number s of MTs

i n t he cr oss sect i on ( NI and NL) ar e gi ven by

and

Er r or s i nt r oduced by assumpt i ons used f or der i vat i on of above equat i ons wi l l be

exami ned i n t he Di scussi on .

Obser vat i on of Di f f er ent i al I nt er f er ence

Mi cr oscopy

To conf i r m cyt ol ogi cal event s i n l i vi ng eggs, we obser ved t hem wi t h a

di f f er ent i al i nt er f er ence mi cr oscope ( Bi ophot wi t h di f f er ent i al i nt er f er ence opt i cs,

Ni ppon Kogaku K. K. ; and i n ear l y exper i ment s, BHB- 333- N, Ol ympus Opt i cal

Co . , Tokyo, Japan) . Phot omi cr ogr aphs wer e t aken of t he same egg at i nt er val s,

usi ng Kodak Panat omi c X f i l m. For some eggs, t he sl i de was r epeat edl y t r ans-

f er r ed f r omt he st age of t he bi r ef r i ngence det ect i on appar at us t o t he st age of t he

di f f er ent i al i nt er f er ence mi cr oscope f or ext ended compar i sons of cyt ol ogy and

bi r ef r i ngence. To do t hi s, we adj ust ed t he mechani cal st age of each mi cr oscope

bef or e t he st ar t of an exper i ment so t hat t he egg t o be measur ed appear ed at t he

cent er of t he opt i cal f i el d i n each case . I n i sol at ed MAs, chr omosomes coul d be

cl ear l y obser ved t hr ough t he vi ewf i nder of t he bi r ef r i ngence det ect i on appar at us.

El ect r on Mi cr oscopy

I sol at ed MAs wer e f i xed by addi ng 0 . 2 ml of 10%r edi st i l l ed gl ut ar al dehyde

( f i nal concent r at i on = 2%) t o I ml of i sol at i on medi um. Af t er 15 mi n, t hi s f i xat i ve

was r epl aced by 1% osmi umt et r oxi de/ 0. 4 Msodi umacet at e, pH 7. 0, f or 30 mi n .

Af t er t hr ee changes of 70%et hanol , t he MAs wer e st ai ned by i ncubat i ng i n I %

ur anyl acet at e i n 70%et hanol f or 2 h . Dehydr at i on was compl et ed wi t h et hanol

and pr opyl ene oxi de and a smal l vol ume of i sol at ed MAs i n pr opyl ene oxi de was

l ayer ed ont o 1 ml of Epon i n a pol ypr opyl ene mi cr ocent r i f uge t ube . MAs wer e

f or ced out of t he pr opyl ene oxi de and i nt o t he Epon by cent r i f ugi ng at 5, 000 g

f or 10 mi n. Pr opyl ene oxi de was t hen r emoved .

Epon cont ai ni ng t he MAs was scooped out of t he cent r i f uge t ube ont o a f l at

sheet of pol ypr opyl ene and al l owed t o spr ead i n a desi ccat or f or 12 h. The spr ead

f i l m of Epon was t hen pol ymer i zed at 60° C whi l e st i l l i n a desi ccat or .

I ndi vi dual MAs coul d be anal yzed ver y car ef ul l y f or mi t ot i c st age and

or i ent at i on wi t h a Nomar ski di f f er ent i al i nt er f er ence mi cr oscope ( Car l Zei ss,

Ober kochen, W. Ger many ; see Fi g. 6) . Sel ect ed MAs wer e cut out of t he sheet ,

mount ed wi t h t he MA axi s upr i ght , r ei nf or ced wi t h addi t i onal Epon wher e

necessar y, and sect i oned t r ansver sel y . Ser i al sect i ons of 0. 25 pi n wer e obt ai ned

wi t h a di amond kni f e; ever y sect i on i n a compl et e ser i es was col l ect ed and/ or

r ecor ded . Sect i ons wer e exami ned i n a Phi l i ps EM 300 el ect r on mi cr oscope

oper at ed at 100 kV wi t h a 35- Wi n aper t ur e. They wer e not st ai ned af t er sect i oni ng .

Sect i ons di spl ayi ng unobscur ed cr oss sect i ons of MAs wer e exami ned ; some

of t hese r epr esent i ng i mpor t ant l evel s wer e phot ogr aphed at X 13, 000. Lar ge

phot omont ages pr i nt ed at X 34, 000 wer e ar r anged so t hat al l MTs i n a gi ven

cr oss sect i on coul d be count ed. The posi t i ons of t hese sect i ons wer e det er mi ned

by r ef er r i ng t o t he sect i on number s, t he di st ances f r om sect i ons cont ai ni ng t he

cent r osomes and ot her di st i nct i ve mar ker s, par t i cul ar l y chr omosomes, t hat coul d

be r el at ed t o t he l i ght mi cr ogr aph of t he MA.

RESU LTS

Bi r ef r i ngence of t he MA dur i ng Mi t osi s

Fi g. 1 cor r el at es bi r ef r i ngence r et ar dat i on measur ement s

al ong t he spi ndl e axi s wi t h t he cyt ol ogi cal appear ance of t he
same MAi n a compr essed l i vi ng egg. Bi r ef r i ngence r et ar dat i on
al ong t he axi s exhi bi t s a pat t er n of change t hat cor r esponds t o
t he st age of mi t osi s . As pr evi ousl y descr i bed by Swann ( 34, 35) ,

t he bi r ef r i ngence i s posi t i ve i n t he di r ect i on of t he spi ndl e axi s

FI GURE 1

	

A ser i es of osci l l ogr aph r ecor ds of t he di st r i but i on al ong

t he spi ndl e axi s of bi r ef r i ngence r et ar dat i on of t he MA i n a l i vi ng

egg and di f f er ent i al i nt er f er ence mi cr ogr aphs of t he same egg dur i ng

mi t osi s . The osci l l ogr aph r ecor ds and t he mi cr ogr aphs wer e t aken at

t he t i me i ndi cat ed by ar r ows ( cf . ver t i cal scal e on t he r i ght of t he

f i gur e showi ng t he t i me af t er i nsemi nat i on) . The r et ar dat i on scal e

f or t he ei ght h r ecor d i s common f or al l t he r ecor ds .
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n, = ( 1 . 61 X 10' 3) Br ( 7)

na = ( 2. 08 X 10" ) BL. ( 8)

N, _ ( 1 . 61 X l 0" ) M, ( 9)

NL _ ( 2. 08 X 10' 3) ML . ( 10)



and di spl ays a pai r of peaks st r addl i ng t he equat or i al pl ane .
Bi r ef r i ngence r et ar dat i on decr eases away f r om t he peaks,
r eachi ng an i nt er medi at e l evel at t he equat or and near l y di s-
appear i ng at t he pol es . The hei ght of t he peaks of r et ar dat i on
i ncr eases dur i ng pr omet aphase and r eaches a maxi mum at
mi d- anaphase bef or e decr easi ng agai n . The hei ght of t he
t r ough i n t he equat or i al pl ane r eaches a maxi mum at t he
begi nni ng of anaphase, and t hen decr eases.

Fi g . 2 shows changes i n t he peak r et ar dat i on ( Sp) and t r ough
r et ar dat i on ( 8, ) t oget her wi t h t he di st ance bet ween t he cent er s

of ast er s ( i nt er pol ar di st ance, D) ) , t he di st ance bet ween sepa-
r at i ng chr omosome gr oups ( D2) and t he di st ance bet ween t he
t wo peaks ( D3 ) aver aged f or 8- 12 exampl es . The di st ance ( D4 )

bet ween t he poi nt s showi ng mi ni mumr et ar dat i on at t he pol es
i n osci l l ogr aph r ecor ds coi nci ded wi t h t he i nt er pol ar di st ance

( D1 ) det er mi ned i n di f f er ent i al i nt er f er ence mi cr ogr aphs of t he

same egg. I n aver agi ng t hese char act er i st i cs, cur ves of t hei r

changes wi t h t i me i n i ndi vi dual eggs wer e aver aged so t hat t he
moment s when D2 r eaches 15 I mwer e t aken as t he t i me or i gi n,

and means and st andar d devi at i ons of t hese char act er i st i cs

wer e comput ed ever y mi nut e . The cur ves of peak r et ar dat i on

shown i n Fi g. 2 ar e si mi l ar t o t hose r epor t ed by I noue and Sat o

( 15) and St ephens ( 33) , wher eas t hey do not coi nci de wi t h t he

r esul t s of Swann ( 34, 35) , who concl uded t hat t he r et ar dat i on

r eaches t he maxi mum at met aphase. I t can be seen i n Fi g . 2

t hat Sp and SL i ncr ease i n par al l el dur i ng pr omet aphase and

met aphase. I t can al so be seen i n Fi g . 2 t hat ( D1 - D3) / 2, t he

~i l l l l \ ~l l l \ ~~
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FI GURE 2

	

Aver aged changes i n t he peak r et ar dat i on ( Sp) and t r ough

r et ar dat i on ( S, ) t oget her wi t h t he di st ances bet ween t he cent er s of

ast er s ( D1) , bet ween t he separ at i ng chr omosome gr oups ( D2) , and

bet ween t he t wo r et ar dat i on peaks ( D3) of t he MAs i n l i vi ng cel l s .

Ci r cl es wi t h ver t i cal bar s i ndi cat e means and st andar d devi at i ons .

I nset s schemat i cal l y show par amet er s 8, , , . 5" 01, D2, and D, , . The

change i n t he di st ance ( D4) bet ween t he poi nt s of mi ni mum r et ar -

dat i on ( cf . i nset ) i s not shown i n t he gr aph, because i t pr act i cal l y

coi nci des wi t h t he change i n D 1 . The or i gi n of t i me scal e i s def i ned

as t he t i me when t he di st ance bet ween separ at i ng chr omosome

gr oups i s 15 , um, whi ch pr act i cal l y cor r esponds t o t he t i me when

t he r at i o of S, t o Sp i s 0. 3 ( see t he t ext ) .

di st ance bet ween t he poi nt of peak r et ar dat i on and t he pol e, i s

al most unchanged dur i ng pr omet aphase, met aphase, and ear l y

anaphase, and t hat t he di st ance bet ween t he chr omosome
gr oup and t he pol e, ( D1 - D2) / 2, i s unchanged dur i ng ear l y

t el ophase and gr adual l y i ncr eases dur i ng l at e t el ophase .

The bi r ef r i ngence of ast r al r ays i s posi t i ve wi t h r espect t o

t hei r axi s, as al r eady r epor t ed by pr evi ous i nvest i gat or s ( e. g . ,

see r ef er ences 32 and 34) . Smal l r et ar dat i on peaks at t he si des

of t he r ecor ds i n Fi g . 1 at 53- 57 mi n r esul t f r om t he bi r ef r i n-
gence of ast r al r ays r adi at i ng i n t he di r ect i on of t he spi ndl e

axi s . The ar ea showi ng bi r ef r i ngence expands as mi t osi s pr o-
ceeds, cor r espondi ng t o t he gr owt h of ast er s .

Bi r ef r i ngence of I sol at ed MAs

Fi g. 3 shows a t ypi cal r esul t of t he bi r ef r i ngence r et ar dat i on

of an anaphase MA i sol at ed by t he gl ycer ol / Mg" / Tr i t on X-

100 met hod ( 29) . The pat t er n of r et ar dat i on al ong t he spi ndl e

axi s i n t he MA ( cf . Fi g . 3 b) was si mi l ar t o t hat of t he MA i n

a l i vi ng egg at t he same st age. Det ai l ed anal ysi s of 9 i sol at ed

anaphase MAs and 11 i sol at ed met aphase MAs r eveal ed t hat

bot h t he i nt er pol ar di st ance and t he di st ance bet ween r et ar -

dat i on peaks i n i sol at ed MAs wer e al most t he same as t hose of

MAs i n l i vi ng eggs at t he same st age . Bot h t he peak r et ar dat i on

and t he r et ar dat i on at t he equat or i al pl ane i n i sol at ed MAs

wer e l ar ger t han t hose i n MAs i n a l i vi ng cel l at t he same st age .

However , t he peak r et ar dat i on i n i sol at ed MAs near l y coi nci des

wi t h t hat i n l i vi ng MAs when t he l at t er i s mul t i pl i ed by 1 . 3,

whi ch i s t he r at i o of 6. 2 x 10 - 14 i n Eq. 5 t o 4. 8 x 10- 14 i n Eq .

6 f or cor r ect i ng t he di f f er ence i n r ef r act i ve i ndex of t he medi um

sur r oundi ng t he MA. The r et ar dat i on at t he equat or i al pl ane

i n i sol at ed MAs was sl i ght l y smal l er t han 1 . 3 t i mes t he r et ar -

dat i on at t he equat or i al pl ane i n l i vi ng MAs .

The r et ar dat i on was al so det er mi ned at var i ous poi nt s on t he

spi ndl e axi s i n i sol at ed MAs f r omt he compensat or angl e gi vi ng

mi ni muml i ght i nt ensi t y ( ext i nct i on angl e) . Ret ar dat i on val ues

t hus obt ai ned pr act i cal l y coi nci ded wi t h val ues obt ai ned f r om

t he l i ght i nt ensi t y when t he compensat or angl e r emai ns con-

st ant . Thi s i mpl i es t hat det er mi ni ng t he r et ar dat i on by t he

l at t er met hod i nt r oduces a negl i gi bl e er r or because of t he

FI GURE 3

	

Bi r ef r i ngence r et ar dat i on of an anaphase MS i sol at ed by

t he gl ycer ol / Mg" / Tr i t on X- 100 met hod . Ret ar dat i on i n b i s mea-

sur ed al ong t he spi ndl e axi s i ndi cat ed by b i n t he pol ar i zat i on

mi cr ogr aph shown i n a . Ret ar dat i ons i n c, d, and e wer e measur ed

al ong t he cr oss l i nes i ndi cat ed by c, d, and e r espect i vel y, i n t he

mi cr ogr aph a .



di f f er ence i n absor pt i on and scat t er i ng of l i ght bet ween t he

sampl e ar ea and t he r ef er ence ar ea.

The peak r et ar dat i on and t he var i at i on i n r et ar dat i on i n

MAs i sol at ed by t he gl ycer ol / t ubul i n met hod ( 28) wer e si mi l ar

t o t hose i n MAs i sol at ed by t he gl ycer ol / Mg" / Tr i t on X- 100

met hod ( 29) .

Fi g. 3 c, d, and e shows di st r i but i ons of bi r ef r i ngence r et ar -

dat i on al ong cr oss l i nes i ndi cat ed by c, d, and e, r espect i vel y,

i n Fi g. 3 a . The r et ar dat i on di spl ays a peak at t he spi ndl e axi s

and di mi ni shes t owar d t he per i pher y of t he spi ndl e. Ret ar da-

t i on on var i ous cr oss l i nes al ong t he spi ndl e axi s i s qual i t at i vel y

si mi l ar , al t hough t he peak val ues ar e di f f er ent , as i s expect ed

f r om t he di st r i but i on cur ve al ong t he spi ndl e axi s .

Coef f i ci ent of Bi r ef r i ngence of t he MA

Fi g . 4 shows t he bi r ef r i ngence r et ar dat i on and t he cal cul at ed

coef f i ci ent of bi r ef r i ngence f or a cr oss l i ne 4 [ , m f r om t he

equat or i al pl ane of t he spi ndl e i n an i sol at ed anaphase MA.

Separ at e cal cul at i ons wer e made f or each hal f of t he sect i on .

The coef f i ci ent of bi r ef r i ngence i s gener al l y uni f or m near t he

cent er of t he spi ndl e, and i t gr adual l y f al l s t owar d t he per i ph-

er y . Si mi l ar cur ves of t he coef f i ci ent of bi r ef r i ngence wer e

obt ai ned i n ot her sect i ons of t he spi ndl e ( e . g . , t he equat or i al

pl ane) .

The coef f i ci ent of bi r ef r i ngence at t he cent er of t he spi ndl e

was 1- 2 x 10- " i n MAs i sol at ed dur i ng met aphase or ear l y

anaphase . Thi s val ue cor r esponds t o 1 . 6- 3 . 2 x 109 MTs/ cm2

( 16- 32 Ws/ pmt ) of t he cr oss sect i on of t he spi ndl e ( cf . Eq . 6)

and t o 0. 5- 1 x 10- 2 ( 0 . 5- 1%) of t he ar ea coupl ed by MTs i n

t he cr oss sect i on ( f val ue i n Eqs . 1 and 2) .

Di st r i but i on of Bi r ef r i ngent Mat er i al i n I sol at ed

Spi ndl e and Est i mat i on of MT Number f r om

Bi r ef r i ngence Dat a

Fi g. 5 shows t he i nt egr at ed val ues of r et ar dat i on ( M) at

var i ous sect i ons of an i sol at ed anaphase spi ndl e, r epr esent i ng

t he di st r i but i on of bi r ef r i ngence mat er i al i n t he spi ndl e ( cf . Eq.

1) . Li ke t he di st r i but i on pat t er n of r et ar dat i on, t he cur ve of an

M val ue exhi bi t s a pai r of peaks st r addl i ng t he equat or i al

pl ane . The di st ance bet ween t he t wo peaks i n anaphase MAs

was l ar ger t han t hat i n met aphase MAs .

Because t he r el at i on bet ween an Mval ue and t he number of
MTs i s gi ven by Eq . 9, t he di st r i but i on shown i n Fi g . 5

r epr esent s di r ect l y t he di st r i but i on of t he number of MTs ( cf .

4

FI GURE 4 The di st r i but i ons of bi r ef r i ngence r et ar dat i on and t he

coef f i ci ent of bi r ef r i ngence i n t he sect i on 4 pm away f r om t he

equat or i al pl ane of t he spi ndl e i n an i sol at ed anaphase MA. The

coef f i ci ent s of bi r ef r i ngence ( open ci r cl es) wer e cal cul at ed f or each

hal f of t he di st r i but i on of r et ar dat i on ( cl osed ci r cl es) i n t he sect i on,

assumi ng axi al symmet r y of t he spi ndl e st r uct ur e .

FI GURE 5

	

The di st r i but i on al ong t he spi ndl e axi s of t he number of

MTs i n an i sol at ed anaphase MA det er mi ned f r om bi r ef r i ngence

dat a. The amount s of bi r ef r i ngent mat er i al i n cr oss sect i ons ar e

expr essed by t he i nt egr al of t he r et ar dat i on wi t h t he di st ance al ong

t he cr oss l i ne ( cf . l ef t scal e) . The number of MTs i n cr oss sect i on ( cf .

r i ght scal e) i s cal cul at ed assumi ng t hat t he bi r ef r i ngence of t he

spi ndl e i s sol el y t he r esul t of t he f or m bi r ef r i ngence by MTs ar r anged

i n par al l el t o t he spi ndl e axi s . ( a) Pol ar i zat i on mi cr ogr aph of t he MA

used i n det er mi ni ng t he MT number . x 1, 100 . ( b) Di st r i but i on of

t he MT number . The posi t i ons of chr omosome gr oups ar e shown

by hat ched r ect angl es, and cr osses i ndi cat e t he cent er s of ast er s .

r i ght - hand ver t i cal scal e i n Fi g . 5) , i f i t i s f ur t her assumed t hat

t he spi ndl e bi r ef r i ngence can be at t r i but ed ent i r el y t o t he f or m

bi r ef r i ngence of or i ent ed MTs .

I f t he number of MTs i n cr oss sect i on i s i nt egr at ed al ong t he

ent i r e l engt h of t he spi ndl e, we obt ai n t he t ot al l engt h of t he

MT when al l t he MTs i n t he spi ndl e ar e connect ed i n ser i es .

The t ot al l engt h of MT was cal cul at ed t o be 6 . 2 cmi n spi ndl e

shown i n Fi g . 3 . Thi s val ue cor r esponds t o 17 . 6 pg of pol ym-

er i zed t ubul i n, because t he mass of a 1- cm MT i s 2 . 83 pg i f i t

i s assumed t hat each MT consi st s of a hel i x of t ubul i n wi t h a

pi t ch of 8 nmand 13 di mer mol ecul es of 1 . 05 x 105 dal t ons per

pi t ch ( cf . r ef er ences 3 and 24) . Thi s i s compar abl e t o t he

amount of t ubul i n ( 10- 20 pg) cal cul at ed f r om el ect r on mi cr o-

scope dat a by Cohen and Rebhun ( 2) and t hat ( 26 . 4 pg)

cal cul at ed f r ombi ochemi cal dat a by Sakai ( 27) i n MAs i sol at ed

f r om sea ur chi n eggs .

I f t he spi ndl e bi r ef r i ngence i n l i vi ng cel l s ar i ses f r om t he

f or mbi r ef r i ngence r esul t i ng f r omor i ent ed MTs, t he coef f i ci ent

of t hei r bi r ef r i ngence wi l l be - 0. 77 ( 4. 8 x 10- 14/ 6 . 2 x 10- 14)

( see Eqs . 5 and 6) t i mes t he coef f i ci ent of t he i sol at ed MAs,

owi ng t o t he di f f er ence of pr opor t i onal f act or s, pr ovi ded t hat

MTs pr esent i n l i vi ng cel l s ar e wel l pr eser ved dur i ng t he

i sol at i on pr ocedur e. The bi r ef r i ngence r et ar dat i on of t he spi n-

dl e i n l i vi ng cel l s i s al so expect ed t o be - 0. 77 t i mes t hat of t he

spi ndl e i n t he i sol at i on medi um. As al r eady ment i oned above,

t he peak r et ar dat i on of t he spi ndl e i n an i sol at ed MA was i n
f act - 1 . 3 ( =1/ 0. 77) t i mes t he peak r et ar dat i on i n t he spi ndl e

i n a l i vi ng cel l at t he same st age .
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Number of MTs i n t he Spi ndl e of t he I sol at ed

MA Det er mi ned by El ect r on Mi cr oscopy

MTs wer e count ed as cr oss- sect i oned pr of i l es i n phot omon-
t ages r epr esent i ng sel ect ed l evel s al ong a compl et e ser i es of
sect i ons of an i sol at ed MA. Resul t s of a compl et e ser i es f or

mi d- anaphase ar e shown i n Fi g. 6 . The cor r espondi ng di f f er -

ent i al i nt er f er ence mi cr ogr aph of t he same MA bef or e i t was

sect i oned i s shown i n Fi g . 6 a . The l ocat i on of chr omosomes i s

pl ot t ed t oget her wi t h t he MT count s, and spi ndl e pol es ar e

mar ked by cr osses ( Fi g . 6) . The l ocat i on of a " spi ndl e pol e" i n

di f f er ent i al i nt er f er ence and el ect r on mi cr ogr aphs i s t aken as

t he cent er of t he dense cent r al mass of t he cent r osome .

Bot h t he absol ut e val ue of t he MT number and i t s var i at i on

wi t h t he di st ance al ong t he spi ndl e axi s shown i n t hi s f i gur e

coi nci de f ai r l y cl osel y wi t h t hose of t he i sol at ed anaphase

spi ndl e i n Fi g . 5, whi ch i s at pr act i cal l y t he same st age as t he

spi ndl e i n Fi g . 6. These f act s suggest t hat t he bi r ef r i ngence of

t he i sol at ed spi ndl e mai nl y ar i ses f r om t he f or m bi r ef r i ngence

r esul t i ng f r om a r egul ar ar r angement of MTs. However , t he

possi bi l i t i es of a cont r i but i on of i nt r i nsi c bi r ef r i ngence and t he

pr esence of ot her bi r ef r i ngent el ement s ar e not excl uded, as

wi l l be di scussed l at er .

The number s and di st r i but i on of MTs wer e al so det er mi ned

f or met aphase MAs by el ect r on mi cr oscopy and f r om bi r ef r i n-

gence dat a . The r esul t s f r omt he t wo t echni ques agai n coi nci ded

wel l . By di r ect count i ng, t he peaks at met aphase wer e 3, 000

MTs i n t he i sol at ed met aphase MA and t hose at anaphase

wer e about 3, 500 MTs, as shown i n Fi g. 6 . Thi s di f f er ence i s

FI GURE 6

	

Di st r i but i on of t he number of MTs i n an i sol at ed ana-

phase MAdet er mi ned by el ect r on mi cr oscopy . The number of MTs

was count ed i n el ect r on mi cr ogr aphs at var i ous cr oss sect i ons of t he

spi ndl e. The number of chr omosomes was al so count ed i n sect i ons .

( a) Di f f er ent i al i nt er f er ence mi cr ogr aph of t he MA used i n count i ng

t he MT number . X 2, 000. ( b) Di st r i but i on of t he MT number . Open

ci r cl es r epr esent t he number of MTs i n t he cr oss sect i ons, cl osed

ci r cl es r epr esent t he number of chr omosomes, and cr osses i ndi cat e

t he cent er s of ast er s .
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mat ched by t he bi r ef r i ngence f or i sol at ed MAs at si mi l ar st ages

and f or MAs i n l i vi ng cel l s as ment i oned i n l at er sect i on ( cf .

Fi g. 9) .

The t ot al number of chr omosomes i n Cl ypeast er eggs appear s

t o be ^- 44, based i n par t on t he number of dense chr omosomes

somet i mes vi si bl e i n i sol at ed MAs vi ewed f r om a pol ar or i -
ent at i on by di f f er ent i al i nt er f er ence mi cr oscopy . The appr oxi -
mat e number of ki net ochor e MTs i n a hal f - spi ndl e was det er -

mi ned t o be 1, 459, as f ol l ows : I n one par t i cul ar l y f avor abl e

sect i on of an anaphase MA( Fi g . 6) , 38 chr omosomes coul d be

di scer ned . Cl ust er s of MTs appear ed i n posi t i ons pr evi ousl y
occupi ed by chr omosomes i n sever al near by sect i ons and wer e

i nf er r ed t o be ki net ochor e- associ at ed MTs . Ther e wer e count ed

and wer e f ound t o aver age 33 . 16 ( n = 38 ; r ange, 14- 57) .

Ther ef or e, i f t her e ar e 44 chr omosomes, t he t ot al number of

ki net ochor e MTs i s 44 X 33 . 16 = 1, 459 .

Because t he maxi mumnumber of MTs i n a hal f - spi ndl e of

t hi s MA was 3, 500, i t appear s t hat f ewer t han hal f ar e

associ at ed wi t h ki net ochor es and t he r emai nder ar e not i n MTs

pr esent i n t hi s sect i on.

Change i n t he Number of MTs i n t he Spi ndl e

dur i ng Mi t osi s

The number of MTs i n a cr oss sect i on of t he spi ndl e i n l i vi ng

cel l s can be det er mi ned f r om t he i nt egr al of r et ar dat i on al ong

t he cr oss l i ne usi ng Eq . 10, i f i t i s assumed t hat t he spi ndl e

bi r ef r i ngence i s at t r i but abl e t o t he f or mbi r ef r i ngence of or i -

ent ed MTs .

Ret ar dat i on measur ement s wer e r epeat edl y made al ong t he

l i nes per pendi cul ar t o t he spi ndl e axi s ( cr oss l i nes) i n t he same

egg dur i ng mi t osi s . I n t hi s exper i ment , successi ve measur e-

ment s wer e made ( a) al ong t he spi ndl e axi s, ( b) al ong t he cr oss

l i ne passi ng t he cent er of an ast er ( spi ndl e pol e) , ( c) al ong t he

cr oss l i ne passi ng t he poi nt about one- si xt h of t he spi ndl e

l engt h t owar d t he equat or i al pl ane f r omt he pol e, ( d) al ong t he

cr oss l i ne passi ng t he poi nt about one- t hi r d of t he spi ndl e

l engt h f r om t he pol e, and ( e) al ong t he cr oss l i ne at t he

equat or i al pl ane . Such a ser i es of f i ve successi ve measur ement s

was r epeat ed sever al t i mes dur i ng mi t osi s .

Fi g . 7 shows a t ypi cal r esul t . I n measur ement s al ong t he

cr oss l i ne passi ng t he spi ndl e pol e ( second col umn) , t he r et ar -

dat i on i s l ow at t he cent er and has a pai r of t r oughs at poi nt s

sever al mi cr omet er s f r om t he cent er , i ndi cat i ng peaks of bi r e-

f r i ngence t hat ar e posi t i ve wi t h r espect t o t he axes of ast r al r ays

( her e l yi ng at r i ght angl es t o t he spi ndl e axi s) . I n measur ement s

acr oss t he spi ndl e ( t hi r d, f our t h, and f i f t h col umns) , a si ngl e

peak was obser ved at t he poi nt cr ossi ng t he axi s . Thi s r esembl es

measur ement s acr oss t he spi ndl e i n i sol at ed MAs ( cf . Fi g . 3 c,

d, and e) . I r r egul ar i t i es i n r ecor ds may be caused by di scont i n-

ui t i es and par t i al over l ap of spi ndl e " f i ber s" and ast r al r ays.

The r et ar dat i on of t he spi ndl e i n l i vi ng cel l s must be mea-

sur ed r api dl y, because bi r ef r i ngence changes dur i ng mi t osi s .

Fur t her mor e, r et ar dat i on shoul d be measur ed al ong many

cr oss l i nes t o obt ai n a di st r i but i on of MT number al ong t he

spi ndl e axi s si mi l ar t o t hat of an i sol at ed MA ( e . g . , Fi g . 5) . I n

t hi s exper i ment , i t t akes - 6 s t o obt ai n a si ngl e r ecor d r epr e-

sent i ng t he di st r i but i on al ong a cr oss l i ne ( scanni ng speed, 8

pm/ s) . Ret ar dat i on changes ver y l i t t l e wi t hi n t hi s shor t t i me,

but i t changes consi der abl y bet ween consecut i ve measur e-

ment s . Consequent l y, t he i nt egr al s of r et ar dat i on al ong t he

cr oss l i ne obt ai ned f r om successi ve r ecor ds ar e t hose f or t he

spi ndl e at di f f er ent st ages . I n t he pr esent st udy, di st r i but i ons of



MT number i n t he spi ndl e at var i ous st ages of mi t osi s wer e

est i mat ed as f ol l ows .

Fi g . 7 shows t hat t he maxi mum r et ar dat i on i s di f f er ent i n

each sect i on of t he spi ndl e and t hat i t changes wi t h t i me, yet

t he wi dt h of t he spi ndl e i s not par t i cul ar l y changed . I n t he

f ol l owi ng anal ysi s, we def i ne t he " wi dt h" of t he spi ndl e as t he

val ue of t he r et ar dat i on i nt egr at ed over t he cr oss l i ne di vi ded

by t he maxi mumr et ar dat i on i n t hat sect i on ( i n anal ogy wi t h

ar ea di vi ded by r adi us) . I f t he maxi mum r et ar dat i on and t he
wi dt h of t he spi ndl e ar e known at t he same t i me i n al l t he
sect i ons i n t he spi ndl e, i t shoul d be possi bl e t o det er mi ne t he
di st r i but i on of i nt egr al s of r et ar dat i on over t he ent i r e l engt h of

t he spi ndl e.
The wi dt h of t he spi ndl e was det er mi ned onl y at cer t ai n

st ages of mi t osi s and sel ect ed cr oss l i nes . Ther ef or e we have
est i mat ed t he changes i n wi dt h al ong t he l engt h of t he spi ndl e
as f ol l ows . Open ci r cl es i n Fi g. 8 a and b show t he change i n
t he wi dt h det er mi ned f r omt he r ecor ds of r et ar dat i on at var i ous
sect i ons i n t he spi ndl e dur i ng mi t osi s . Usi ng f our successi ve
r ecor ds al ong cr oss l i nes ( cf . Fi gs . 7 and 8) , t he wi dt hs at
def i ni t e di st ance ( 2 p, m, 4 pi n, 6 pi n, et c . ) f r om t he equat or i al
pl ane wer e est i mat ed by i nt er pol at i on ( cf . cl osed ci r cl es i n Fi g .
8) and t hese val ues wer e pl ot t ed agai nst t i me ( cl osed ci r cl es i n
Fi g . 8 b) . Af t er connect i ng al l val ues at t he same di st ance f r om

t he equat or i al pl ane wi t h smoot h cur ves ( dashed l i nes i n Fi g .
8 b) , we ar r i ved at est i mat ed wi dt hs al ong t he spi ndl e at t he
st ages t hat cor r espond t o t hose when t he var i at i ons i n r et ar -
dat i on wi t h di st ance al ong t he spi ndl e axi s wer e det er mi ned
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FI GURE 7

	

A ser i es of osci l l ogr aph r ecor ds of bi r ef r i ngence r et ar dat i on al ong t he spi ndl e axi s and t he cr oss l i nes obt ai ned f r om t he

same l i vi ng egg dur i ng mi t osi s . The f i r st col umn r epr esent s r ecor ds of r et ar dat i on al ong t he spi ndl e axi s . Recor ds of t he second

col umn ar e t hose of r et ar dat i on al ong t he cr oss l i ne passi ng t he cent er of one of t he ast er s . Recor ds of t he t hi r d col umn ar e of

r et ar dat i on al ong t he cr oss l i ne passi ng t he poi nt on t he spi ndl e axi s about one- si xt h of t he spi ndl e l engt h f r om t he cent er of t he

ast er . Recor ds of t he f our t h col umn ar e r et ar dat i on al ong t he cr oss l i ne passi ng t he poi nt on t he spi ndl e axi s about one- t hi r d of t he

spi ndl e l engt h f r om t he cent er of t he ast er . Recor ds of t he f i f t h col umn ar e of r et ar dat i on al ong t he cr oss l i ne at t he equat or i al

pl ane of t he spi ndl e .

( ver t i cal t hi n l i nes) . Then val ues of wi dt h at t hese moment s

( dot t ed ci r cl es i n Fi g. 8 b) wer e pl ot t ed agai nst t he di st ance

f r om t he equat or i al pl ane as shown i n Fi g . 8 c. Usi ng t he cur ves

i n Fi g . 8 c i ndi cat i ng t he " shape" of t he spi ndl e and var i at i ons

i n r et ar dat i on wi t h t he di st ance al ong t he spi ndl e axi s ( cf .

r ecor ds i n t he f i r st col umn i n Fi g . 7) t hat ar e r egar ded as t he

var i at i ons i n t he maxi mumr et ar dat i on wi t h t he di st ance, we

obt ai ned val ues of t he i nt egr al of r et ar dat i on ( BL) at var i ous

cr oss l i nes of t he spi ndl e at var i ous moment s dur i ng mi t osi s .

The number of MTs i n cr oss sect i on ( NL) was obt ai ned by Eq .

10 .

An exampl e of t hese r esul t s i s shown i n Fi g . 9 . The posi t i ons

of chr omosome gr oups wer e est i mat ed f r om t he r at i o of peak

r et ar dat i on t o t he r et ar dat i on at t he t r ough i n t he l ongi t udi nal

scanni ng r ecor d r ef er r i ng t o t he r el at i on bet ween 8, 18 t

and Dz shown i n Fi g. 2 . The peak number of MTs al ong t he

l engt h of t he spi ndl e i ncr eases dur i ng ear l y anaphase, wher eas

t he number at t he equat or i al pl ane decr eases i n t hi s st age .

The t ot al amount of pol ymer i zed t ubul i n r epr esent ed by t he

t ot al l engt h of MTs i n a spi ndl e was obt ai ned by i nt egr at i ng

each cur ve wi t h r espect t o t he di st ance al ong t he spi ndl e l engt h .

A r epr esent at i ve r esul t i s shown i n Fi g . 10 . The t ot al amount
i ncr eases dur i ng met aphase and ear l y anaphase and decr eases
dur i ng l at e anaphase and t el ophase . Because t he t ot al l engt h

of MTs changes dur i ng mi t osi s as shown i n t hi s f i gur e, t he

f or mat i on and dest r uct i on of MTs as wel l as t hei r di sl ocat i on

i n t he spi ndl e must be t aken i nt o consi der at i on f or i nt er pr et i ng

t he change i n di st r i but i on of MTs .
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FI GURE 8 The change i n t he " wi dt h" of t he spi ndl e at var i ous

st ages of mi t osi s i n a l i vi ng cel l . Wi dt h i s def i ned as t he val ue of t he

i nt egr al of r et ar dat i on wi t h r espect t o t he cr oss l i ne di vi ded by t he

maxi mum r et ar dat i on i n t hat cr oss l i ne. Open ci r cl es i n a and b

show t he wi dt h det er mi ned f r om t he r ecor ds of r et ar dat i on at

var i ous sect i ons i n t he spi ndl e dur i ng mi t osi s ( cf . Fi g . 7) . Cl osed

ci r cl es i n a show t he wi dt h at def i ni t e di st ances f r om t he equat or i al

pl ane, whi ch i s est i mat ed by i nt er pol at i on usi ng f our successi ve

val ues ( open ci r cl es i n a) and ar e pl ot t ed on t he gr aph showi ng t he

r el at i on bet ween t he wi dt h and t he t i me ( cl osed ci r cl es i n b) . Af t er

connect i ng t he val ues f or t he same di st ance f r om t he equat or i al

pl ane wi t h smoot h cur ves ( dashed l i nes i n b) , wi dt h val ues at t he

moment s ( ver t i cal t hi n l i nes A, B, C, D, E, F, and G) when t he

di st r i but i ons of r et ar dat i on al ong t he spi ndl e axi s wer e measur ed,

ar e obt ai ned at def i ni t e di st ances ( dot ci r cl es) . Then, wi dt h val ues

at t hese moment s ar e pl ot t ed agai nst t he di st ance i n c, wher e t he

" shapes" of t he spi ndl e at var i ous st ages of mi t osi s ar e shown . A

and B, pr omet aphase ; C and D, met aphase ; E and F, anaphase ; G,

t el ophase .

I t has been shown i n t he pr esent st udy t hat t he di st r i but i on of

MTs i n t he spi ndl e can be det er mi ned f r om t he dat a of

bi r ef r i ngence i n l i vi ng spi ndl es as wel l as i sol at ed spi ndl es of

sea ur chi n eggs measur ed wi t h t he appar at us descr i bed i n t he
f or egoi ng paper ( 11) . I n t he det er mi nat i on, we have assumed
t hat ( a) al l MTs ar e al i gned i n par al l el t o t he spi ndl e axi s, ( b)

t he spi ndl e bi r ef r i ngence can be at t r i but ed ent i r el y t o t he f or m

bi r ef r i ngence of MTs, and ( c) t hi s f or m bi r ef r i ngence can be

cal cul at ed by t he equat i on of Br agg and Pi ppar d ( 1) ( Eq. 2 of

t hi s paper ) f or a Wi ener ' s mi xed body consi st i ng of par al l el

r odl et s .

Al t hough assumpt i on a i s not st r i ct l y val i d, because MTs i n

t he spi ndl e ar e not exact l y par al l el t o one anot her , t he r esul t i ng

er r or i n bi r ef r i ngence i s consi der ed t o be smal l . I f MTs devi at ed
10° away f r om t he spi ndl e axi s, t he cal cul at ed r et ar dat i on

val ue woul d be onl y 5%f r omt hat pr edi ct ed by t he t heor y of

bi r ef r i ngence ( cf . r ef er ence 16) . Some addi t i onal cor r ect i ons
may be r equi r ed at t er mi nal par t s of t he spi ndl e wher e MTs
conver ge upon t he cent r osome at an angl e of >10' f r om t he
axi s . Regar di ng assumpt i on b, Rebhun and Sander ( 25) and
Sat o et al . ( 30) showed i n MAs i sol at ed f r omsea ur chi n, cl am,
and sea- st ar eggs t hat t he bi r ef r i ngence of t he spi ndl e i s mai nl y
at t r i but abl e t o MTs, and t hey concur t hat most of t he bi r ef r i n-

FI GURE 9

	

The di st r i but i on of t he number of MTs i n a l i vi ng cel l at

var i ous st ages of mi t osi s . Number s of MTs cal cul at ed f r om t he

pr oduct s of t he r et ar dat i on and wi dt h of t he spi ndl e ar e pl ot t ed f or

var i ous sect i ons of t he spi ndl e . The posi t i ons of chr omosome gr oups

r epr esent ed by hat ched r ect angl es ar e est i mat ed f r om t he r at i o of

t he t r ough r et ar dat i on t o t he peak r et ar dat i on by r ef er r i ng t o t he

change i n t he mean r at i o ( 8, / 8p ) dur i ng mi t osi s shown i n Fi g . 2 .



gence i s a r esul t of t he f or m bi r ef r i ngence. The appl i cabi l i t y of

t he equat i on of Br agg and Pi ppar d ( 1) ( Eq . 2) was shown by

Sat o et al . ( 30) . However , t hey assumed t he cr oss sect i onal ar ea

of a MT t o be - 200 r an' , based on t he di mensi ons of t ubul i n

mol ecul es f or mi ng MTs ; i n cont r ast , we have assumed i t t o be

- 300 nm2 by r egar di ng t he cr oss sect i on as a r i ng 24
r un

i n

out er di amet er and 14 nmi n i nner di amet er , based on el ect r on

mi cr oscope dat a ( 3) . Al t hough i t has not been deci ded whi ch

assumpt i on i s mor e r easonabl e f or t he val ue t o subst i t ut e i nt o

Eq. 2, one of t he expl anat i ons i s t hat t he ef f ect i ve cr oss-

sect i onal ar ea of t he MT i n i sol at ed spi ndl es i s smal l er t han

t hat i n l i vi ng spi ndl es, owi ng t o par t i al l oss or conf or mat i onal

change of i t s st r uct ur e dur i ng t he i sol at i on pr ocedur e . Accor d-

i ng t o Fi g. 2 i n Ti l ney et al . ( 36) , MTs i n i sol at ed MAs measur e

22 nm i n out er di amet er and 16 nmi n i nner di amet er , whi ch

gi ves a cr oss- sect i onal ar ea of - 180 nm2 .

For er and co- wor ker s ( 5- 9) showed t hat t he bi r ef r i ngence

change does not par al l el t he change i n mi cr ot ubul ar st r uct ur e

i n i sol at ed MAs under hydr ost at i c pr essur e or col d t r eat ment ,

suggest i ng t he pr esence of bi r ef r i ngent nonmi cr ot ubul ar com-

ponent s i n MAs i sol at ed by t hei r met hods . Thi s r esul t may not

be cr uci al f or assumpt i on b, because i t i s possi bl e t hat t he

par t i al l oss or conf or mat i onal change of t he st r uct ur e of t he

MA, whi ch was not det ect abl e by el ect r on mi cr oscopy, oc-

cur r ed by t he pr essur e or col d t r eat ment , or t hat a new hi r e-

f r i ngent component was f or med by deposi t i on of nonmi cr ot u-

bul ar cyt opl asmi c mat er i al i n t he spi ndl e dur i ng t hei r t r eat -

ment . Such a possi bi l i t y was shown by Sat o et al . ( 30) i n t he

spi ndl e bi r ef r i ngence of sea ur chi n eggs f i xed wi t h a hi st ol ogi cal

f i xat i ve .

I t has been shown i n t he pr esent st udy t hat t he peak bi r e-

f r i ngence i n i sol at ed spi ndl es coi nci des, wi t hi n l i mi t s of i ndi -

vi dual var i abi l i t y, wi t h t hat i n l i vi ng spi ndl es at cor r espondi ng

st ages, i f t he di f f er ences i n t he r ef r act i ve i ndex of t he sur r ound-

i ng medi umbet ween i sol at ed MAs and l i vi ng ones i s cor r ect ed .

Thi s f act and t he si mi l ar i t y i n i sol at ed and l i vi ng MAs of t he

bi r ef r i ngence di st r i but i on al ong t he spi ndl e axi s st r ongl y sug-

gest t hat MTs ar e wel l pr eser ved dur i ng i sol at i on pr ocedur es
used i n t he pr esent st udy ( t he gl ycer ol / Mg" / Tr i t on X- 100
met hod [ 29] and t he gl ycer ol / t ubul i n met hod [ 28] ) and t hat
assumpt i ons a- c above ar e r easonabl e .

Recent l y, t he di st r i but i on of MTs i n t he spi ndl e has been
det er mi ned by count i ng MT number s i n el ect r on mi cr ogr aphs

of var i ous spi ndl e cr oss sect i ons i n di f f er ent t ypes of cel l s ( 10,

17, 19- 23, 37) . These i nvest i gat i ons ar e i mpor t ant i n under -

st andi ng t he st r uct ur e of t he spi ndl e as a basi s f or t he mecha-

ni sm of mi t osi s . However , i n t hi s met hod, an el abol at e pr oce-

dur e i s r equi r ed t o obt ai n a ser i es of dat a f or even a si ngl e

spi ndl e, t her e ar e possi bl e changes i n t he spi ndl e st r uct ur e

r esul t i ng f r om unt est ed sour ces of er r or dur i ng f i xat i on f or

el ect r on mi cr oscopy, and i t i s i mpossi bl e t o f ol l ow t he dynami c

changes i n t he spi ndl e st r uct ur e dur i ng mi t osi s f or l i vi ng cel l s .

On t he ot her hand, t he met hod descr i bed i n t hi s paper f or

quant i f yi ng MT number s i n t he spi ndl e f r om bi r ef r i ngence

measur ement s i s appl i cabl e t o a si ngl e l i vi ng spi ndl e. Al t hough

sever al assumpt i ons ar e r equi r ed f or quant i f yi ng t he MT num-

ber , t he act ual pr ocedur e i s si mpl er and f ast er t han el ect r on
mi cr oscopy. Use of a mi cr ocomput er woul d f ur t her si mpl i f y
t he dat a- pr ocessi ng st eps i n t he pr esent met hod. Because t he
pr esent met hod and el ect r on mi cr oscopy compl ement one an-
ot her so wel l , however , t he f ul l expl or at i on of dynami c changes

i n spi ndl e st r uct ur e dur i ng mi t osi s i n var i ous cel l s i s expect ed

t o empl oy bot h met hods .

FI GURE 10

	

The change i n t he t ot al amount of pol ymer i zed t ubul i n

( MT) dur i ng mi t osi s i n a l i vi ng cel l . The t ot al amount ( open ci r cl es)

i s r epr esent ed by t he l engt h of t he MT when al l MTs i n MA ar e

connect ed i n ser i es . The di st ance ( D, ) bet ween t he cent er s of ast er s

and t he di st ance ( D2) bet ween t he separ at i ng chr omosome gr oups

ar e al so shown . The or i gi n of t i me axi s i s def i ned i n t he same way

as t hat i n Fi g . 2 .

An exact cor r el at i on bet ween t he spi ndl e bi r ef r i ngence and

t he mi t ot i c st age has been achi eved i n t hi s st udy by di r ect

obser vat i on of chr omosome behavi or . Thi s i s possi bl e because

Cl ypeast er eggs ar e ver y t r anspar ent . The r esul t s shown i n Fi g .

2 i ndi cat e t hat t he peak r et ar dat i on r eaches a maxi mumdur i ng

mi d- anaphase r at her ' t han met aphase ( 34, 35) . I t shoul d be

not i ced i n Fi g. 2 t hat ( Di - Ds) / 2 ( t he di st ance of t he peak

r et ar dat i on poi nt f r om t he pol e of t he spi ndl e) i s al most un-

changed f r omt he pr omet aphase t hr ough a def i ni t e st age dur i ng

anaphase cor r espondi ng t o t he end of anaphase A ( cf . r ef er ence

14) , af t er whi ch ( D, - D2) / 2 ( t he di st ance of t he chr omosome

gr oup f r om t he pol e) i s unchanged . Al t hough t he si gni f i cance

of t hese r esul t s i s not al t oget her cl ear , t hey may be i mpor t ant

i n under st andi ng t he mechani sms of t he spi ndl e el ongat i on

and chr omosome movement dur i ng mi t osi s .
Mar ek ( 18) i nt r oduced " vol ume- bi r ef r i ngence" ( V- Br ) as a

new measur e i ndi cat i ng t he t ot al amount of bi r ef r i ngent ma-
t er i al i n t he spi ndl e, whi ch i s pr opor t i onal t o t he t ot al amount

of MTs. Al t hough he cal cul at ed t he V- Br t o be ( 7r / 12) x l engt h
x wi dt h x r et ar dat i on of t he spi ndl e ( assumi ng t hat t he spi ndl e

has an el l i pt i cal cr oss sect i on of t he equat or and st r ai ght si des

f r om equat or t o t he pol es) , t he V- Br shoul d be cal cul at ed, t o

be exact , by i nt egr at i ng t he coef f i ci ent of bi r ef r i ngence ( BR)
over t he ent i r e vol ume of spi ndl e as descr i bed i n t he pr esent
paper , because t he coef f i ci ent of BR i s not uni f or m i n t he
spi ndl e . Mar ek ( 18) cal cul at ed t he amount of MTs i n t he

spi ndl e t o be 8. 6 pg f or Mel anopl us di f f er ent i af s and 26 pg f or

Ar phi a xant hopt er a, assumi ng t hat t he spi ndl e BR i s sol el y

at t r i but abl e t o t he f or mBR of al i gned MTs . These val ues ar e
compar abl e t o t he amount expr essed by t he t ot al l engt h ( 1 cm
of whi ch cor r esponds t o 2. 83 pg as ment i oned above) , of MTs

( 17 . 6 pg) i n an i sol at ed spi ndl e obt ai ned i n t he pr esent st udy

and i n a l i vi ng spi ndl e shown i n Fi g. 10 .

I t has been shown i n t he pr esent st udy t hat t he t ot al amount

of BR cor r espondi ng t o t he t ot al amount of pol ymer i zed t u-

bul i n ( MTs) i ncr eases dur i ng pr omet aphase, met aphase, and

ear l y anaphase, r eaches a maxi mum dur i ng anaphase, and

decr eases dur i ng l at e anaphase and t el ophase ( cf . Fi gs . 9 and
10) . The i ncr ease i n t he t ot al amount of pol ymer i zed t ubul i n

( MTs) has al so been shown by l i mi t ed el ect r on mi cr oscope

compar i sons of i sol at ed met aphase and anaphase MAs . The
changes i n t he t ot al amount of pol ymer i zed t ubul i n and i n t he
di st r i but i on of MTs i n t he spi ndl e dur i ng mi t osi s i ndi cat e t hat

t he st r uct ur al changes dur i ng mi t osi s ar e expl ai ned nei t her by
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t he si mpl e di sl ocat i on of pr eexi st i ng MTs such as sl i di ng

bet ween i nt er di gi t at i ng MTs nor by t he si mpl e cont r act i on

and/ or el ongat i on of MTs . Assembl y and di sassembl y of MTs

as wel l as t he di sl ocat i on of MTs must be t aken i nt o consi der -

at i on.
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