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ABSTRACT

The degr ee of mechani cal coupl i ng of chr omosomes t o t he spi ndl es of Nephr ot oma

and Tr i mer at r opi s pr i mar y sper mat ocyt es var i es wi t h t he st age of mei osi s and t he

bi r ef r i ngent r et ar dat i on of t he chr omosomal f i ber s . I n ear l y pr omet aphase, bef or e

bi r ef r i ngent chr omosomal f i ber s have f or med, a bi val ent can be di spl aced t owar d

a spi ndl e pol e by a si ngl e, cont i nuous pul l wi t h a mi cr oneedl e . Resi st ance t o

pol ewar d di spl acement i ncr eases wi t h i ncr eased devel opment of t he chr omosomal

f i ber s, r eachi ng a maxi mum at met aphase. At t hi s st age ki net ochor es cannot be

di spl aced > 1 i t m t owar d ei t her spi ndl e pol e, even by a f or ce whi ch i s suf f i ci ent t o

di spl ace t he ent i r e spi ndl e wi t hi n t he cel l . The abol i t i on of bi r ef r i ngence wi t h

ei t her col cemi d or vi nbl ast i ne r esul t s i n t he l oss of chr omosome- spi ndl e at t ach-

ment . I n t he absence of bi r ef r i ngent f i ber s a chr omosome can be di spl aced

anywher e wi t hi n t he cel l . The phot ochemi cal i nact i vat i on of col cemi d by i r r adi a-

t i on wi t h 366- nm l i ght r esul t s i n t he r ef or mat i on of bi r ef r i ngent chr omosomal

f i ber s and t he concomi t ant r e- est abl i shment of chr omosome at t achment t o t he

spi ndl e . These r esul t s suppor t t he hypot hesi s t hat t he bi r ef r i ngent chr omosomal

f i ber s anchor t he chr omosomes t o t he spi ndl e and t r ansmi t t he f or ce f or anaphase

chr omosome movement .
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vi nbl ast i ne

The r esul t s of t he mi cr omani pul at i on st udi es pr e-

sent ed i n t he pr ecedi ng paper ( 3) demonst r at e t hat

f r om mi d- pr omet aphase t hr ough anaphase, f l exi -

bl e but r el at i vel y i next ensi bl e f i ber s at t ach t he

ki net ochor es of each bi val ent t o t he spi ndl e pol es .

These mechani cal l y demonst r abl e at t achment f i -

ber s ar e f ound t o have t he same spat i al l ocat i on as

t he opt i cal l y det ect abl e bi r ef r i ngent spi ndl e f i ber s .

Al t hough t hese r esul t s suggest t hat t he bi r ef r i ngent

chr omosomal f i ber s ar e t he st r uct ur es whi ch at t ach

t he chr omosomes t o t he spi ndl e, t hey do not r ul e

out t he possi bl e par t i ci pat i on of a nonbi r ef r i ngent

component of t he spi ndl e f i ber .

St udi es wi t h var i ous physi cal and chemi cal

agent s suppor t t he hypot hesi s t hat t he bi r ef r i ngent

chr omosomal f i ber s anchor t he chr omosomes t o
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t he spi ndl e . I n Chaet opt er us oocyt es, wher e one

spi ndl e pol e i s at t ached t o t he cel l membr ane, t he

gr adual appl i cat i on of col d ( 18, 20) , hi gh hydr o-

st at i c pr essur e ( 32, 33) , or col chi ci ne ( 17) , r esul t s

i n t he shor t eni ng of t he spi ndl e and t he concomi -

t ant t r ansl at i on of t he chr omosomes t o t he cel l

sur f ace . However , when hi gh r at es of depol ymer -

i zat i on ar e i nduced wi t h t hese agent s, spi ndl e f i ber

bi r ef r i ngence f ades wi t hout spi ndl e shor t eni ng .

Under t hese condi t i ons no chr omosome mot i on i s

obser ved. I nst ead, t he posi t i ons of t he chr omo-

somes become r andom, as i f t hey had been r e-

l eased f r om t hei r at t achment si t es ( 33) .

Cent r i f ugat i on exper i ment s on di vi di ng cel l s

al so i mpl i cat e bi r ef r i ngent spi ndl e f i ber s i n chr o-

mosome- spi ndl e at t achment . The appl i cat i on of a

cent r i f ugal f or ce of 7, 000 g f or 15 mi n t o di vi di ng

r oot - t i p cel l s of Vi ci a f aba and Al l i um cepa f ai l s t o

di spl ace t he chr omosomes wi t hi n t he spi ndl e ( 37) .

However , i f t he cel l s ar e f i r st t r eat ed wi t h ei t her

col chi ci ne or chl or al hydr at e and t hen cent r i f uged,

t he chr omosomes ar e compl et el y di spl aced t o t he

cent r i f ugal end of t he cel l ( 37) . Si nce bot h col chi -

ci ne and chl or al hydr at e ar e known t o di sr upt

spi ndl e f i ber s, t hese obser vat i ons suggest t hat t hese

f i ber s anchor t he chr omosomes t o t he spi ndl e .

I f t he bi r ef r i ngent chr omosomal f i ber s ar e r e-

sponsi bl e f or t he obser ved chr omosome- spi ndl e

at t achment , t hen t hey ar e l i kel y candi dat es f or t he

t r act i on el ement s whi ch move t he chr omosomes i n

anaphase . However , For er ( 12) has concl uded

f r om UV- mi cr obeam i r r adi at i on st udi es of cr ane

f l y sper mat ocyt es t hat t he mechani cal i nt egr i t y of

t he bi r ef r i ngent chr omosomal f i ber s i s not neces-

sar y f or chr omosome movement and, t her ef or e,

t hat t hey cannot be t he t r act i on f i ber s . He post u-

l at es i nst ead t hat a second, nonbi r ef r i ngent com-

ponent of t he chr omosomal f i ber bot h pr oduces

and t r ansmi t s t he f or ce f or chr omosome move-

ment .

We have i nvest i gat ed t he r el at i onshi p bet ween

bi r ef r i ngent chr omosomal f i ber s and mechani cal

at t achment f i ber s . We r epor t her e st udi es on t he

st r engt h of chr omosome at t achment t o t he spi ndl e

i n r el at i on t o t he st age of di vi si on and t he degr ee

of devel opment of t he bi r ef r i ngent f i ber s .

MATERI ALS AND METHODS

I nvest i gat i ons wer e car r i ed out on pr i mar y sper mat ocyt es

of t he cr ane f l y, Nephr ot oma f er r ugi nea Fabr i ci us and

t he gr asshopper , Tr i mer at r opi s mar i t i ma Har r i s . Cr ane

f l i es wer e r ear ed i n t he l abor at or y accor di ng t o t he
met hod descr i bed by Begg ( 2) . Gr asshopper s wer e pe-

r i odi cal l y col l ect ed f r om a wi l d popul at i on i n Br i gant i ne,

N. J . and wer e mai nt ai ned i n t he l abor at or y as pr evi ousl y

descr i bed ( 3) . Pr epar at i on of sper mat ocyt e smear s, mi -

cr omani pul at i on, mi cr oscopy, phot ogr aphy, and dat a

anal ysi s wer e per f or med as pr evi ousl y descr i bed ( 3) .

Dr ug Tr eat ment
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Sper mat ocyt es wer e t r eat ed wi t h ei t her

col cemi d ( CI BA Phar maceut i cal Co . , Summi t , N. J . ) or

vi nbl ast i ne sul f at e ( El i Li l l y & Co . , I ndi anapol i s, I nd. )

t o abol i sh spi ndl e f i ber bi r ef r i ngence . For t hi s pur pose

a cr ane f l y Ri nger ' s sol ut i on was devel oped whi ch i s

based upon t he i oni c composi t i on of t he l ar val haemo-

l ymph ( 10) . The Ri nger ' s sol ut i on cont ai ns 70mMNaCl ,

45 mMsucr ose, 25 mMt r i ci ne ( N- Tr i s [ hydr oxymet h-

yl ] - met hyl gl yci ne) pH 7 . 2, 15 mMNaHCO3 , 8 mMKCI ,

8 MMMgC12 , and 6 mMCaC12 . Pr epar at i ons of sper -

mat ocyt es made wi t h t hi s sol ut i on wer e i ndi st i ngui shabl e

f r om t hose made i n t he st andar d way ( 2) . I nt act t est es

wer e i mmer sed f or 10 mi n i n 5 ml of Ri nger ' s sol ut i on

cont ai ni ng ei t her I x 10 - 6 Mcol cemi d or 5 x 10 6 M

vi nbl ast i ne .

GRASSHOPPER: Sper mat ocyt es wer e t r eat ed wi t h

ei t her 5 x 10 - 6 Mcol cemi d or 1 x 10- 5 Mvi nbl ast i ne by

i mmer si ng 6- 10 t est i cul ar l obes f or 15 mi n i n gr asshopper

Ri nger ' s sol ut i on ( 28) cont ai ni ng t he appr opr i at e dr ug.

Col cemi d Rever sal

Ar onson and I noue ( 1) have shown t hat t he ef f ect s of

col cemi d on di vi di ng sea ur chi n eggs can be r ever sed by

br i ef i r r adi at i on wi t h 366- nm l i ght . We have used t hi s

t echni que t o compar e chr omosome- spi ndl e at t achment

i n t he pr esence and absence of bi r ef r i ngence i n t he same

Nephr ot oma sper mat ocyt e . Test es wer e t r eat ed f or 5 mi n

wi t h 1 x 10 - 6 Mcol cemi d and t hen t r ansf er r ed t o I x

10- 8 Mcol cemi d f or an addi t i onal 5 mi n . Sper mat ocyt e

pr epar at i ons made f r om t hese t est es showed no det ect a-

bl e spi ndl e bi r ef r i ngence . I ndi vi dual sper mat ocyt es wer e

i r r adi at ed wi t h 366- nm l i ght by t he met hod of Ar onson

and I noue ( I ) . I r r adi at i on f or 2 mi n r esul t ed i n t he

r ef or mat i on of bi r ef r i ngent spi ndl es whi ch compl et ed

anaphase .

Exper i ment al Pr ot ocol

The st r engt h of chr omosome at t achment t o t he spi ndl e

was t est ed at var i ous di vi si on st ages r angi ng f r omnucl ear

membr ane br eakdown t o l at e met aphase by at t empt i ng

t o di spl ace a chr omosome al ong t he i nt er pol ar spi ndl e

axi s ( Fi g. 1) . Thi s mani pul at i on was car r i ed out as
f ol l ows: The cel l was or i ent ed so t hat movement of t he

mi cr omani pul at or j oyst i ck i n a nor t h- sout h di r ect i on

moved t he mi cr oneedl e al ong t he i nt er pol ar spi ndl e axi s .
A chr omosome was engaged wi t h t he mi cr oneedl e wi t h
t he j oyst i ck posi t i oned at t he cent er of i t s r ange of

movement . The j oyst i ck was t hen moved i n a si ngl e,

cont i nuous mot i on t o t he end of i t s r ange of movement ,
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FI GURE l Di agr am of mi cr omani pul at i on showi ng

t hr ee chr omosomes and t hei r associ at ed spi ndl e f i ber s

( a) . Fi g. l b and c r epr esent t he t wo al t er nat i ve r esponses

t o pul l i ng a bi val ent t owar d a spi ndl e pol e . I n Fi g. 1 b

t he bi val ent st r et ches, but t he ki net ochor es r emai n f i xed .

I n Fi g . 1 c t he ent i r e bi val ent i s di spl aced i n t he di r ect i on

of t he pul l . N, mi cr oneedl e . Heavy ar r ows i ndi cat e di -

r ect i on of pul l .

pul l i ng t he chr omosome t owar d a spi ndl e pol e . Bef or e

mani pul at i on, t he bi r ef r i ngent r et ar dat i on of t he chr o-

mosomal f i ber was measur ed at t he ki net ochor e of t he

chr omosome whi ch was t o be oper at ed upon . I n ear l y

di vi si on st ages, bef or e chr omosomal f i ber s wer e di scer n-

i bl e, t he r et ar dat i on of t he spi ndl e adj acent t o t he ki net -

ochor e was measur ed. The oper at i on was car r i ed out

wi t h phase- cont r ast opt i cs . Obser vat i ons bef or e and af t er

mani pul at i on wer e made wi t h ei t her phase- cont r ast op-

t i cs t o det er mi ne chr omosome posi t i on, or pol ar i zat i on

opt i cs t o obser ve spi ndl e f i ber mor phol ogy and r et ar da-

t i on .

Spi ndl e bi r ef r i ngence was al t er ed exper i ment al l y wi t h

ei t her col cemi d or vi nbl ast i ne, as descr i bed above, and

chr omosome anchor age wi t hi n t he cel l was t est ed, Except

f or noni r r adi at ed dr ug- t r eat ed cel l s, al l t he cel l s consi d-

er ed i n t hi s r epor t compl et ed a nor mal anaphase subse-

quent t o mani pul at i on . The cul t ur e t emper at ur e r anged

f r om 22° - 25° C.

RESULTS

Pr omet aphase Mani pul at i ons

I n pr omet aphase, bef or e bi r ef r i ngent chr omo-
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somal f i ber s devel op, a bi val ent can be di spl aced

by pul l i ng i t t owar d ei t her spi ndl e pol e . Thi s r esul t

was consi st ent l y obser ved i n a t ot al of 10 Tr i mer -

at r opi s and 11 Nephr ot oma sper mat ocyt es. I n ear l y

pr omet aphase a si ngl e pol ewar d pul l moves a

bi val ent t he ent i r e di st ance t o t he spi ndl e pol e

( Fi g . 2) . The same mani pul at i on i n mi d t o l at e

pr omet aphase di spl aces a bi val ent a var i abl e di s-

t ance ( Fi gs . 3 and 4) wi t h t he magni t ude of di s-

pl acement decr easi ng as t he cel l appr oaches me-

t aphase .

Al t hough chr omosomes f r om bot h Tr i mer at r o-

pi s and Nephr ot oma sper mat ocyt es r espond i den-

t i cal l y t o pr omet aphase mani pul at i ons, t he behav-

i or of chr omosomes af t er mani pul at i on di f f er s si g-

ni f i cant l y bet ween t he t wo speci es . When a chr o-

mosome i s exper i ment al l y di spl aced t owar d a

spi ndl e pol e i n Tr i mer at r opi s sper mat ocyt es, i t i m-

medi at el y begi ns t o mi gr at e back t o t he equat or

wi t h a vel oci t y r angi ng bet ween 0. 8 and 2 pm/

mi n. I n Nephr ot oma sper mat ocyt es, however , a

mani pul at ed bi val ent shows no di r ect ed move-

ment t owar d t he spi ndl e equat or . I nst ead, t he

chr omosome wander s about i t s newl ocat i on, even-

t ual l y mi gr at i ng t o t he met aphase pl at e al ong wi t h

t he nonmani pul at ed chr omosomes. Exampl es of

t he post mani pul at i on movement s of chr omosomes

f r om t he Tr i mer at r opi s sper mat ocyt e shown i n Fi g .

2 and t he Nephr ot oma sper mat ocyt e shown i n Fi g .

4 ar e pr esent ed gr aphi cal l y i n Fi gs . 5 and 6, r e-

spect i vel y .

The behavi or of mani pul at ed bi val ent s af t er

pol ewar d di spl acement i n pr omet aphase r ef l ect s

t he nor mal pat t er n of pr omet aphase chr omosome

movement i n nonmani pul at ed sper mat ocyt es f r om

t hese t wo speci es . I n Tr i mer at r opi s sper mat ocyt es

t he chr omosomes i mmedi at el y begi n t o mi gr at e

t owar d t he spi ndl e equat or af t er nucl ear mem-

br ane br eakdown . Ti me- l apse movi es of t hi s pr oc-

ess show t hat wi t hi n 20- 30 mi n of nucl ear di sso-

l ut i on t he chr omosomes t ake up an appr oxi mat el y

equat or i al posi t i on, whi ch t hey mai nt ai n f or t he

r emai nder of pr omet aphase . As t he cel l ap-

pr oaches anaphase and bi r ef r i ngent chr omosomal

f i ber s devel op, t he chr omosomes become mor e

pr eci sel y al i gned i n t he pl ane of t he met aphase

pl at e . The uni val ent X chr omosome i s an excep-

t i on t o t hi s gener al pat t er n and wander s back and

f or t h bet ween t he spi ndl e pol es unt i l t he onset of

anaphase ( 25) .

I n Nephr ot oma sper mat ocyt es, on t he ot her

hand, pr omet aphase chr omosome movement s ar e

uncoor di nat ed and hi ghl y var i abl e . An i ndi vi dual

bi val ent may sl owl y dr i f t t owar d t he equat or or
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Mani pul at i on of a Tr i mer at r opi s bi val ent i n ear l y pr omet aphase . I n t hi s and i n al l subsequent
pl at es t he t i me wi t h r espect t o t he mani pul at i on i s gi ven i n t he l ower l ef t of each f r ame . Ar r ows i ndi cat e

t he posi t i on of t he mani pul at ed bi val ent . - 5 . 2 and - 4 . 3 mi n, Br i ght and dar k compensat i on, pol ar i zat i on
opt i cs . Ret ar dat i on ( r ) = 0. 8 nm. - 2 . 1 mi n, Chr omosomes scat t er ed t hr oughout t he spi ndl e . 0 . 0 mi n,

Ri ng- shaped chr omosome di spl aced t o upper spi ndl e pol e . Mi cr omani pul at i on needl e appear s as whi t e

ar ea i n upper r i ght of f r ame . 0 . 6 mi n, Needl e r emoved ; t he mani pul at ed bi val ent r emai ns at pol e. 7 . 0- 14 . 5
mi n, Mani pul at ed bi val ent moves t owar d equat or al ong wi t h nonmani pul at ed chr omosomes . 241 mi n,
Cel l cl eaved . Bi val ent di spl aced 13 l umby t he mani pul at i on . Bar , 10 gm.

may mi gr at e r epeat edl y back and f or t h bet ween

t he spi ndl e pol es bef or e becomi ng al i gned on t he

met aphase pl at e . Thi s same chr omosome behavi or

has been descr i bed by Di et z i n sper mat ocyt es f r om

t wo ot her speci es of cr ane f l i es ( 8, 9) .

Met aphase Mani pul at i ons

I n met aphase, when t he bi r ef r i ngent chr omo-
somal spi ndl e f i ber s r each t hei r maxi mum degr ee
of or gani zat i on, a bi val ent cannot be si gni f i cant l y

di spl aced t owar d ei t her spi ndl e pol e . No except i on
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t o t hi s r esponse was obser ved i n t he si x Tr i mer a-

t r opi s and ei ght Nephr ot oma sper mat ocyt es st ud-

i ed . I n t he Tr i mer at r opi s sper mat ocyt e shown i n

Fi g. 7, di st i nct bi r ef r i ngent chr omosomal f i ber s

ar e associ at ed wi t h t he ki net ochor es of t he mani p-

ul at ed chr omosome . Al t hough t he mani pul at i on

di spl aces t he spi ndl e wi t hi n t he cel l and def or ms

t he mi t ochondr i al sheat h, t he bi val ent i s pul l ed

<0. 5 pm away f r om i t s or i gi nal posi t i on on t he

met aphase pl at e. Thus, t he di st ance whi ch a bi v-

al ent can be di spl aced t owar d a spi ndl e pol e by a

si ngl e cont i nuous pul l wi t h t he mi cr oneedl e i s

i nver sel y pr opor t i onal t o t he degr ee of devel op-

ment of t he bi r ef r i ngent chr omosomal f i ber s .

546

FI GURE 3

	

Mani pul at i on of a Tr i mer at r opi s bi val ent i n l at e pr omet aphase . Ar r ows i ndi cat e ki net ochor e

posi t i ons of mani pul at ed bi val ent . - 11 . 7 mi n, Pol ar i zat i on opt i cs ( F = 1 . 3 nm) . - 1 . 2 mi n, Chr omosomes

near l y al i gned on met aphase pl at e. 0 . 0 mi n, Bi val ent pul l ed t owar d upper pol e . 0 . 5 mi n, Needl e r emoved .

The mani pul at ed bi val ent was di spl aced 7 , amby t he oper at i on . 9 . 5 mi n, Bi val ent r et ur ns t o equat or . Not e

t hat t he ki net ochor e r egi ons appear st r et ched. 84 mi n, Tel ophase . Bar , 10 , um.

Chr omosome Mani pul at i on i n Col cemi d

and Vi nbl ast i ne- Tr eat ed Cel l s

The physi cal anchor age of chr omosomes wi t hi n

t he cel l has al so been st udi ed i n sper mat ocyt es

whose spi ndl e bi r ef r i ngence has been ar t i f i ci al l y
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al t er ed wi t h ei t her col cemi d or vi nbl ast i ne. Spi ndl e

bi r ef r i ngence i s compl et el y abol i shed i n Nephr o-

t oma sper mat ocyt es by t r eat ment wi t h ei t her 1 x

10
- 6

Mcol cemi d or 5 x 10 - 6 Mvi nbl ast i ne . Con-

cent r at i ons of 5 x 10- 6 Mcol cemi d and 1 x 10 - 5

Mvi nbl ast i ne ar e necessar y t o dest r oy Tr i mer at r o-

pi s spi ndl e bi r ef r i ngence . Col cemi d- t r eat ed Ne-

phr ot oma sper mat ocyt es show a decr eased t ol er -

ance t o mi cr omani pul at i on . Onl y - 10% of t he

dr ug- t r eat ed cel l s sur vi ve mani pul at i on . I n addi -

t i on, many col cemi d- t r eat ed Nephr ot oma cel l s al so

l yse spont aneousl y . No si mi l ar dr ug sensi t i vi t y was

obser ved f or Tr i mer at r opi s sper mat ocyt es nor wer e

Nephr ot oma sper mat ocyt es adver sel y af f ect ed by

vi nbl ast i ne .

When spi ndl e bi r ef r i ngence i s abol i shed wi t h

ei t her col cemi d or vi nbl ast i ne, a bi val ent shows no

evi dence of mechani cal at t achment i n r esponse t o
mi cr omani pul at i on ( Fi gs . 8 and 9) . I n cel l s i n

whi ch t he chr omosomes ar e scat t er ed t hr oughout

t he cyt opl asm, an i ndi vi dual bi val ent can be di s-
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Mani pul at i on of a Nephr ot oma bi val ent i n ear l y pr omet aph<se . Ar r ows i ndi cat e ki net ochor e

posi t i ons of mani pul at ed bi val ent . - 5 . 2 and - 4. 3 mi n, Br i ght and dar k compensat i on, pol ar i zat i on opt i cs
( r ' = 0. 7nm) . - 1 . 4 mi n, Bi val ent s scat t er ed al ong i nt er pol ar axi s . 0 . 0 mi l , Bi val ent pul l ed t owar d upper
pol e. The spi ndl e i s compr essed by t he oper at i on. 0. 5 mi n, The bi val ent was di spl aced 4 um by t he

mani pul at i on and t he i nt er pol ar di st ance shor t ened . 8. 6 mi n, Spi ndl e has r ecover ed i t s nor mal mor phol ogy .

36 mi n, Chr omosomes al i gned on t he met aphase pl at e . 82 mi n, Anaphase. . Bar , 10 Am.
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FI GURE 5

	

Gr aph of post mani pul at i on movement of
bi val ent i n Tr i mer at r opi s sper mat ocyt e shown i n Fi g . 2 .
Ti me i s pl ot t ed wi t h r espect t o t he mani pul at i on. The
equat or i s t aken t o be t he mi dpoi nt bet ween t he spi ndl e

pol es . Cl osed ci r cl es, mani pul at ed bi val ent . Open

squar es, i nt er pol ar di st ance . Aver age bi val ent vel oci t y
1 . 0 / i m/ mi n .

pl aced anywher e wi t hi n t he cel l wi t hout al t er i ng

t he posi t i ons of t he ot her bi val ent s ( Fi g . 8) . The

mani pul at ed bi val ent does not move back t owar d
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FI GURE 6 Gr aph of post mani pul at i on movement of
bi val ent i n Nephr o, ' oma sper mat ocyt e shown i n Fi g . 4 .

Ti me i s pl ot t ed wi t h r espect t o t he mani pul at i on . The

equat or i s t aken t o be t he mi dpoi nt bet ween t he spi ndl e
pol es . Cl osed ci r cl es, mani pul at ed bi val ent . Open
squar es, i nt er pol ar di st ance,

posi t i on, but t oget her wi t h t he non-

mani pul at ed chr omosomes gr adual l y dr i f t s t owar d

t he cent er of t he cel l at a r at e of - 0. 1 Am/ mi n .

( Fi g. 8, 0. 5- 21 . 5 mi n. ) .

ent Fi ber s and Chr omosome- Spi ndl e At t achment
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I n dr ug- t r eat ed Tr i mer at r opi s and Nephr ot oma

sper mat ocyt es, chr omosomes ar e most of t en f ound

cl umped t oget her i n a gr oup . Her e t he chr omo-

somes appear t o be mut ual l y adhesi ve . Onl y r ar el y

can an i ndi vi dual bi val ent be pul l ed f r ee f r om

such a cl ust er of chr omosomes . Usual l y t he adhe-

si ve f or ces bet ween t he chr omosomes ar e gr eat er

t han t he vi scous dr ag r esul t i ng f r om t he at t empt ed

mani pul at i on of one of i t s member s, and t he cl us-

t er moves as a whol e ( Fi g . 9, - 2. 2- 0 . 6 mi n) .
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Mani pul at i on of a Tr i mer at r opi s bi val ent at met aphase . Ar r owi ndi cat es mani pul at ed bi val ent .
- 6 . 4 and - 4 . 7 mi n, Dar k and br i ght compensat i on, pol ar i zat i on opt i cs ( 1' = 2 . 0 nm) . Wel l - devel oped
chr omosomal f i ber s ar e associ at ed wi t h t he chr omosomes . - 0 . 7 mi n, Chr omosomes al i gned on met aphase
pl at e . 0. 0 mi n, Bi val ent pul l ed t owar d upper pol e . 0. 7 mi n, The mani pul at ed bi val ent has been di spl aced
<0 . 5 j km by t he oper at i on; however , t he ent i r e spi ndl e has been di spl aced i n t he di r ect i on of t he pul l , and
t he mi t ochondr i al sheat h has been def or med . 8 . 6 mi n, Anaphase . Bar , Mum.

Col cemi d Rever sal wi t h 366- nmLi ght

The i r r adi at i on of col cemi d- t r eat ed Nephr ot oma

sper mat ocyt es wi t h 366- nm l i ght r esul t s i n t he

i nact i vat i on of t he dr ug and t he concomi t ant r ef -

or mat i on of f unct i onal bi r ef r i ngent spi ndl es . By

combi ni ng t hi s met hod of col cemi d r ever sal wi t h

mi cr omani pul at i on, we have been abl e t o st udy

chr omosome anchor age i n bot h t he pr esence and

absence of bi r ef r i ngence i n t he same cel l . Nephr o-
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t oma sper mat ocyt es wer e used i n t hese exper i -

ment s because t he dur at i on of pr omet aphase i s

si gr nf i cant l y shor t er t han i n Tr i mer at r opi s sper ma-

t ocyt es ( - 1 ' / z vs . - 6 h) and because t he ef f ect s of

col cemi d ar e mor e easi l y r ever sed .

An exampl e of such an exper i ment i s shown i n

Fi g . 9 . The col cemi d- t r eat ed sper mat ocyt e has no

det ect abl e bi r ef r i ngence associ at ed wi t h i t s chr o-

mosomes ( - 5 . 8 mi n) , whi ch ar e cl umped t oget her

i n t he cent er of t he cel l ( - 2 . 2 mi n) . Al l t hr ee

bi val ent s ar e di spl aced by pul l i ng t he cent r al bi v-

al ent t owar d t he l ower edge of t he cel l ( 0 . 0 and

0. 6 mi n) , wher e t hey r emai n unt i l i r r adi at ed . I r -

r adi at i on of t he cel l f or 2 mi n wi t h 366- nm l i ght

r esul t s i n t he f or mat i on of a bi pol ar spi ndl e wi t h

di st i nct bi r ef r i ngent chr omosomal f i ber s ( 38 . 3

) . When t he bi val ent at t he f ar r i ght of t he

spi ndl e i s nowpul l ed t owar d t he l ower pol e ( 46 . 5

mi n) , t he ent i r e spi ndl e shi f t s i n t he di r ect i on of

t he pul l , and t he bi val ent moves cl oser t o t he



FI GURE 8

	

Chr omosome mani pul at i on i n a col cemi d- t r eat ed Tr i mer at r opi s sper mat ocyt e . The cel l had
been i n col cemi d f or - - - 30 mi n at t he t i me of mani pul at i on . Ar r ow i ndi cat es mani pul at ed bi val ent . - 2 . 7

mi n, Pol ar i zat i on opt i cs . No spi ndl e bi r ef r i ngence i s det ect abl e . - 1 . 5 mi n, Chr omosomes and mi t ochondr i a
ar e scat t er ed t hr oughout t he cyt opl asm. 0. 0 mi n, Bi val ent pul l ed t owar d upper edge of cel l . 0 . 5 mi n,
Bi val ent di spl aced t o cel l mar gi n. 9 . 5- 21 . 5 mi n, Al l chr omosomes, i ncl udi ng mani pul at ed bi val ent sl owl y
move t owar d cent er of cel l . Bar , 10 j m.

i nt er pol ar axi s . However , t he mani pul at i on does

not di spl ace t he bi val ent t owar d t he spi ndl e pol e .

DI SCUSSI ON

Bi r ef r i ngent Fi ber s and

Chr omosome- Spi ndl e At t achment

The exper i ment s r epor t ed her e wer e desi gned t o

t est t he mechani cal pr oper t i es of chr omosomal

spi ndl e f i ber s at var i ous t i mes dur i ng di vi si on by

at t empt i ng t o di spl ace a chr omosome al ong t he

i nt er pol ar spi ndl e axi s . The di spl acement of a

chr omosome t owar d ei t her spi ndl e pol e woul d

necessi t at e a change i n t he l engt h of i t s chr omo-

somal f i ber s, t hus pr ovi di ng a r el at i ve measur e of

t he st r engt h of chr omosome- spi ndl e at t achment .

The r esul t s of t hese exper i ment s demonst r at e a

cl ear cor r el at i on bet ween t he st r engt h of a chr o-

mosome' s at t achment t o t he spi ndl e and t he degr ee

of devel opment of t he bi r ef r i ngent chr omosomal

f i ber s . I n ear l y pr omet aphase, bef or e chr omo-

somal f i ber s ar e det ect abl e, an i ndi vi dual bi val ent

can be di spl aced t o a spi ndl e pol e by a si ngl e

cont i nuous pul l wi t h t he mi cr oneedl e . Resi st ance

t o pol ewar d di spl acement i ncr eases wi t h i ncr eased

devel opment of t he chr omosomal f i ber s . Dur i ng

met aphase, when di st i nct bi r ef r i ngent f i ber s ar e

associ at ed wi t h t he chr omosomes, a bi val ent can-
not be si gni f i cant l y di spl aced t owar d ei t her spi ndl e

pol e . I nst ead, t he ent i r e spi ndl e shi f t s as a si ngl e

body i n t he di r ect i on of t he pul l .

The same cor r el at i on bet ween bi r ef r i ngence and
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FI GURE 9

	

Chr omosome mani pul at i on and col cemi d r ever sal i n a Nephr ot oma sper mat ocyt e . The cel l

had been i n col cemi d f or - 40 mi n at t he t i me of mani pul at i on . Ar r ow i ndi cat es mani pul at ed bi val ent s.

- 5 . 8 mi n, Pol ar i zat i on opt i cs . No spi ndl e bi r ef r i ngence i s det ect abl e . - 2. 2 mi n, The t hr ee aut osomal

bi val ent s ar e gr ouped t oget her i n t he cent er of t he cel l . 0. 0 mi n, Bi val ent pul l ed t owar d l ower edge of cel l .

0 . 6 mi n, Al l t hr ee bi val ent s di spl aced i n di r ect i on of pul l . 16 mi n af t er t he mani pul at i on t he cel l was

i r r adi at ed f or 2 mi n wi t h 366- nm l i ght . 38 . 3 mi n, Bi r ef r i ngent spi ndl e has r ef or med . 44 . 7 mi n, Thr ee

bi val ent s l i e near t he met aphase pl at e. 46 . 5 mi n, Bi val ent pul l ed t owar d l ower pol e . 47 . 0 mi n, Mani pul at ed

bi val ent has been shi f t ed t owar d t he i nt er pol ar spi ndl e axi s, but has not been si gni f i cant l y di spl aced

t owar d t he pol e. 59 . 0 mi n, Anaphase. Bar , 10 t i m.

mechani cal at t achment i s al so f ound when spi ndl e

bi r ef r i ngence i s ar t i f i ci al l y al t er ed wi t h ei t her col -

cemi d or vi nbl ast i ne . I n t he absence of bi r ef r i ngent

chr omosomal f i ber s a bi val ent can be di spl aced

anywher e wi t hi n t he cel l . The phot ochemi cal i n-

act i vat i on of col cemi d by i r r adi at i on wi t h 366- nm

l i ght r esul t s i n t he r ef or mat i on of bi r ef r i ngent

chr omosomal f i ber s and t he concomi t ant r e- est ab-
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l i shment of nor mal chr omosome anchor age t o t he

spi ndl e .

These r esul t s demonst r at e t hat t he est abl i sh-

ment of t he mechani cal at t achment of chr omo-

somes t o t he spi ndl e par al l el s t he devel opment of

bi r ef r i ngent chr omosomal f i ber s . Si nce bi r ef r i n-

gent chr omosomal f i ber s have al so been shown t o

have t he same spat i al di st r i but i on as t he mechan-



i cal at t achment f i ber s ( 3, 28) , t hese obser vat i ons

st r ongl y suggest t hat t he bi r ef r i ngent chr omosomal

f i ber s ar e t he el ement s whi ch anchor t he chr omo-

somes t o t he spi ndl e . However , t he r esul t s do not

excl ude t he possi bi l i t y t hat a nonbi r ef r i ngent com-

ponent of t he chr omosomal f i ber par t i ci pat es i n

chr omosome- spi ndl e at t achment . Such an i nt er -

pr et at i on woul d r equi r e t hat t he nonbi r ef r i ngent

component devel op i n synchr ony wi t h t he bi r e-

f r i ngent f i ber , and t hat i t be ei t her sensi t i ve t o

bot h col cemi d and vi nbl ast i ne or depend upon t he

pr esence of t he bi r ef r i ngent f i ber f or i t s mechani cal

i nt egr i t y . Cl ear l y t he most di r ect i nt er pr et at i on of

our r esul t s i s t hat t he bi r ef r i ngent f i ber i t sel f i s t he

at t achment el ement .

Mechani cal At t achment and Mi cr ot ubul es

A number of di f f er ent l i nes of evi dence suggest

t hat mi cr ot ubul es gi ve r i se t o t he obser ved bi r e-

f r i ngence of spi ndl e f i ber s . The di st r i but i on and

magni t ude of spi ndl e bi r ef r i ngence i s cor r el at ed

wi t h t he di st r i but i on and number of mi cr ot ubul es

i n a var i et y of cel l t ypes ( 16, 20, 22, 30, 31) . La
Fount ai n ( 21) had demonst r at ed t hat i n met a-

phase, f i ve ar eas of hi gh mi cr ot ubul e densi t y occur

i n t r ansver se sect i ons of cr ane f l y sper mat ocyt es,

cor r espondi ng t o t he f i ve chr omosomal f i ber s seen

wi t h pol ar i zat i on mi cr oscopy . Thi s or gani zat i on of

mi cr ot ubul es i nt o chr omosomal spi ndl e f i ber s i s
cl ear l y seen i n hi gh vol t age el ect r on mi cr ogr aphs

of di vi di ng mammal i an t i ssue cul t ur e cel l s ( 23,
24) . The most di r ect evi dence f or t he mi cr ot ubul ar

or i gi n of spi ndl e f i ber bi r ef r i ngence comes f r om

t he wor k of Sat o et al . ( 35) . They have demon-

st r at ed t hat t he bi r ef r i ngence of car ef ul l y f i xed,

i sol at ed spi ndl es measur ed i n i mbi bi ng medi a of

r ef r act i ve i ndi ces bet ween 1 . 33 and 1 . 67 shows a

cl ose f i t t o a Wi ener r odl et f or m bi r ef r i ngence

cur ve . Si nce t hese spi ndl es ar e composed al most

excl usi vel y of mi cr ot ubul es, t hese r esul t s demon-

st r at e t hat or i ent ed ar r ays of mi cr ot ubul es gi ve r i se

t o t he obser ved posi t i ve f or m bi r ef r i ngence .

An addi t i onal l i ne of evi dence whi ch suggest s

t hat spi ndl e f i ber bi r ef r i ngence r esul t s f r om

al i gned mi cr ot ubul es comes f r omi mmunof l uor es-

cent st udi es of di vi di ng cel l s . A number of i nves-

t i gat or s have demonst r at ed t hat spi ndl es st ai ned

wi t h f l uor escent ant i t ubul i n show a near l y i dent i -

cal mor phol ogy t o t hat seen wi t h pol ar i zat i on

mi cr oscopy ( see, e . g . , r ef er ences 4, 13, 14, and 36) .
Recent st udi es usi ng Pt K2 cel l s ( 29) and mouse

3T3 cel l s ( 38) have demonst r at ed t hat t he pat t er n

of ant i t ubul i n st ai ni ng cor r esponds t o t he di st r i -

but i on of mi cr ot ubul es .

The cor r el at i on bet ween t he f or mat i on of bi r e-

f r i ngent f i ber s and t he est abl i shment of chr omo-

some- spi ndl e at t achment t her ef or e suggest s t hat

mi cr ot ubul es ar e t he st r uct ur al el ement s whi ch

anchor chr omosomes t o t he spi ndl e. Thi s hypot h-
esi s i s suppor t ed by t he obser vat i on t hat such

at t achment i s abol i shed by t r eat ment wi t h ei t her

col cemi d or vi nbl ast i ne, agent s whi ch speci f i cal l y

di sr upt mi cr ot ubul es ( 39) . I n addi t i on, ul t r ast r uc-

t ur al st udi es of chr omosomes whi ch have been

det ached f r om t he spi ndl e by mi cr omani pul at i on

showt hat mi cr ot ubul es ar e not associ at ed wi t h t he

ki net ochor es of det ached chr omosomes unt i l t hey
r ei ni t i at e movement ( 5, 27) . Once a det ached chr o-

mosome begi ns t o move agai n, i t can be st r et ched

wi t h t he mi cr oneedl e, demonst r at i ng t hat i t has
become r eat t ached t o t he spi ndl e ( 26) .

Bi r ef r i ngent Chr omosomal Fi ber s

and For ce Tr ansmi ssi on

The demonst r at i on t hat bi r ef r i ngent chr omo-
somal f i ber s have t he same spat i al and t empor al
di st r i but i on as t he mechani cal at t achment f i ber s
suggest s t hat t he bi r ef r i ngent f i ber s ar e t he t r act i on
el ement s whi ch t r ansmi t t he f or ce f or anaphase
chr omosome movement . Thi s concl usi on i s sup-
por t ed by t he obser vat i on t hat t he mechani cal
i nt egr i t y of t he bi r ef r i ngent spi ndl e f i ber s i s nec-

essar y f or chr omosome movement i n Chaet opt er us

oocyt es ( 32- 34) . When t hese cel l s ar e subj ect ed t o
hydr ost at i c pr essur es bet ween 2, 500 and 5, 500 l b/

i n' , spi ndl e bi r ef r i ngence f ades gr adual l y, t he spi n-

dl e shor t ens, and t he chr omosomes ar e moved t o
t he cel l sur f ace . Bot h t he r at e of spi ndl e shor t eni ng

and t he vel oci t y of chr omosome movement i n-

cr ease wi t h i ncr easi ng pr essur e, up t o a maxi mum

of 6, 000 Wi n2. At pr essur es above 6, 000 l b/ i n2,

t he spi ndl e r api dl y depol ymer i zes wi t hout shor t en-

i ng, and no chr omosome movement r esul t s . Si mi -
l ar obser vat i ons have been made wi t h col d or
col chi ci ne as t he depol ymer i zi ng agent ( 17, 18) .
These r esul t s suggest t hat t he mechani cal i nt egr i t y
of t he bi r ef r i ngent spi ndl e f i ber s i s r equi r ed f or
t he pr oper t r ansmi ssi on of mi t ot i c f or ces .

The obser vat i ons r epor t ed her e do not suppor t
For er ' s ( 12) concl usi on t hat t he bi r ef r i ngent chr o-
mosomal f i ber s nei t her pr oduce nor t r ansmi t t he
f or ce f or anaphase chr omosome movement . For er
f ound t hat t he UV- mi cr obeam i r r adi at i on of bi r -
ef r i ngent chr omosomal f i ber s pr oduced a l ocal i zed
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r egi on of r educed bi r ef r i ngence ( 11) . I n a number

of i nst ances chr omosomes whose f i ber s cont ai ned

such a l esi on wer e abl e t o under go appar ent l y

nor mal anaphase movement ( 12) . Fr om t hi s ob-

ser vat i on, For er concl uded t hat t he mechani cal

i nt egr i t y of t he bi r ef r i ngent f i ber i s not r equi r ed

f or chr omosome movement and, t her ef or e, t hat

t hese f i ber s cannot be t he t r act i on el ement s . How-

ever , t he l esi on pr oduced was one of r educed

bi r ef r i ngence r at her t han undet ect abl e bi r ef r i n-

gence . Thus, i t i s qui t e possi bl e t hat a suf f i ci ent

number of mi cr ot ubul es r emai ned i n t he i r r adi at ed

ar ea t o pr ovi de mechani cal cont i nui t y .

The r esul t s r epor t ed her e suppor t t he hypot hesi s

t hat a f ew mi cr ot ubul es ar e suf f i ci ent t o est abl i sh

mechani cal at t achment of a chr omosome t o t he

spi ndl e. By mi d- pr omet aphase, bi val ent s show an

i ncr eased r esi st ance t o pol ewar d di spl acement

compar ed t o ear l y pr omet aphase, yet di st i nct chr o-

mosomal f i ber s ar e not det ect abl e. Thi s obser va-

t i on i ndi cat es t hat f ewer mi cr ot ubul es t han nor -

mal l y occur i n t he bi r ef r i ngent f i ber s at met aphase

can i mpar t a degr ee of mechani cal at t achment and

i s consi st ent wi t h t he i dea t hat a f ew mi cr ot ubul es

r emai ni ng af t er UV i r r adi at i on coul d pr ovi de t he

necessar y mechani cal i nt egr i t y of t he bi r ef r i ngent

chr omosomal f i ber t o account f or For er ' s obser -

vat i ons .

An addi t i onal possi bi l i t y i s t hat t he i r r adi at ed

ar ea of t he f i ber l oses i t s opt i cal ani sot r opy wi t hout

l osi ng i t s mechani cal i nt egr i t y . I f t hi s wer e t he

case, t he ar ea of r educed bi r ef r i ngence woul d r ep-

r esent an ar ea of al t er ed mol ecul ar pr oper t i es

r at her t han an act ual mechani cal l esi on .

I n anal yzi ng hi s dat a, For er has assumed t hat at

any t i me dur i ng chr omosome movement a gi ven

f i ber exer t s al l t he f or ce t hat i t can, and t hat t hi s

f or ce i s opposed by t he chr omosome' s r esi st ance

t o movement . Ther ef or e, when UV- mi cr obeam

i r r adi at i on pr oduced a vi si bl e r educt i on i n t he

or gani zat i on ( bi r ef r i ngence) of t he f i ber wi t hout a

cor r espondi ng r educt i on i n f or ce ( as woul d be

shown under t he above assumpt i on by a decr ease

i n chr omosome vel oci t y) , he concl uded t hat t he

bi r ef r i ngent chr omosomal f i ber coul d not be t he

si t e of f or ce pr oduct i on .

An al t er nat i ve i nt er pr et at i on of For er ' s r esul t s

i s possi bl e i f one assumes t hat r at her t han bei ng

f or ce- l i mi t ed, t he mot i l e syst em i s r at e- l i mi t ed .

Chr omosome vel oci t y woul d t hen be cont r ol l ed by

t he r at e of t ubul i n depol ymer i zat i on r at her t han

by t he number of mi cr ot ubul es oper at i ng ( see

r ef er ences 15, 19, and 20) . By t hi s mechani sm t he
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f or ce avai l abl e woul d be gr eat l y i n excess of t hat

nor mal l y r equi r ed f or chr omosome movement ,

and t hus, t he vel oci t y of chr omosome movement

woul d be unaf f ect ed by a r educt i on i n mi cr ot ubul e

number s .

Chr omosome Movement i n

Dr ug- Tr eat ed Cel l s

Chr omosomes i n col cemi d or vi nbl ast i ne-

t r eat ed sper mat ocyt es showno det ect abl e mechan-

i cal anchor age wi t hi n t he cel l , yet mani pul at ed

and nonmani pul at ed chr omosomes al i ke mi gr at e

t owar d t he cent er of t he cel l at a r at e of - 0 . 1 t m/

mi n . Once t he chr omosomes have col l ect ed i nt o a

mass, i ndi vi dual chr omosomes adher e t o t he ot h-

er s and can no l onger be separ at ed f r om t he r est

of t he gr oup . Mani pul at i on of one chr omosome

now r esul t s i n t he t r ansl at i on of t he ent i r e gr oup .

Al t hough t he mechani sm of t hi s unusual f or m

of congr essi on i s cur r ent l y unknown, t wo possi bl e

expl anat i ons ar e suggest ed by pr evi ous wor k .

Br i nkl ey and St ubbl ef i el d ( 6) have shown t hat i n

di vi di ng Chi nese hamst er cel l s whi ch have been

t r eat ed wi t h l ow concent r at i ons of col cemi d, t he

cent r i ol es become posi t i oned at t he cel l cent er ,

wi t h t he chr omosomes ar r anged about t hem i n a

spher e . Mi cr ot ubul es appear t o connect t he ki ne-

t ochor es of t he i nner chr omat i ds t o t he cent r i ol es,

whi l e t he ki net ochor es of t he out er si st er chr oma-

t i ds ar e devoi d of mi cr ot ubul es . A f ew r adi al l y

al i gned mi cr ot ubul es or i gi nat i ng at a cent r al l y

l ocat ed set of cent r i ol es mi ght pr oduce t he chr o-

mosome movement obser ved i n col cemi d and vi n-

bl ast i ne- t r eat ed sper mat ocyt es . However , t he at -

t achment of chr omosomes t o even a f ew mi cr ot u-

bul es woul d be expect ed t o pr ovi de a det ect abl e

degr ee of anchor age, as Ni ckl as ( 27) has demon-

st r at ed . Si nce t he chr omosomes i n dr ug- t r eat ed

cel l s show no evi dence of at t achment , a mi cr ot u-

bul e- medi at ed mechani smof movement seems un-

l i kel y .

A second, mor e specul at i ve expl anat i on i s sug-

gest ed by Byer s and Por t er ' s ( 7) st udy of pi gment

gr anul e mi gr at i on i n squi r r el f i sh er yt hr ophor es .

The pi gment gr anul es appear t o be embedded i n

an anast omosi ng net wor k of 30- t o 60- A f i l ament s,

t er med mi cr ot r abecul ae . The di st r i but i on of t he

mi cr ot r abecul ae changes i n concer t wi t h t he gr an-

ul e di st r i but i on dur i ng pi gment aggr egat i on and

di sper si on, suggest i ng t hat i t f unct i ons i n t he gen-

er at i on of f or ce f or gr anul e movement . Si mi l ar l y,

t he chr omosomes i n sper mat ocyt es t r eat ed wi t h



ant i mi t ot i c dr ugs may be embedded i n a mi cr ot r a-

becul ar - l i ke net wor k . I n t he absence of mi cr ot u-

bul es t hi s net wor k mi ght under go a gr adual con-

t r act i on, r esul t i ng i n t he obser ved sl ow congr essi on

of t he chr omosomes i nt o t he cent er of t he cel l .

However , t he f act t hat bef or e aggr egat i on t he

chr omosomes ar e f r eel y moveabl e wi t hout det ect -

abl e i nt er act i on ar gues agai nst t he medi at i on of

any or di nar y mechani cal t r act i on syst em and sug-

gest s t hat t he mechani cal pr oper t i es of t he mi cr o-

t r abecul ar net wor k, i f i t i s i nvol ved, ar e except i on-

al l y t enuous.

Concl udi ng Remar ks

The mi cr omani pul at i on st udi es r epor t ed her e

pr ovi de di r ect evi dence t hat t he bi r ef r i ngent chr o-

mosomal f i ber s anchor t he chr omosomes t o t he

spi ndl e and i dent i f y t hese st r uct ur es as t he me-

chani cal at t achment f i ber s whi ch wer e char act er -
i zed i n t he f i r st paper i n t hi s ser i es . Pr evi ous

el ect r on mi cr oscope st udi es as wel l as our obser -

vat i on t hat t he mi cr ot ubul e- depol ymer i zi ng agent s

col cemi d and vi nbl ast i ne abol i sh chr omosome-

spi ndl e at t achment , suggest t hat mi cr ot ubul es ar e

t he st r uct ur al el ement s whi ch gi ve r i se t o t he ob-

ser ved mechani cal pr oper t i es of t he chr omosomal

f i ber s . Thi s concl usi on i s consi st ent wi t h t he ob-

ser vat i on t hat t he mechani cal i nt egr i t y of mi cr o-

t ubul es i s necessar y f or f or ce t r ansmi ssi on i n t he

spi ndl es of Chaet opt er us oocyt es ( 33, 34) . Our
r esul t s cont r adi ct For er ' s ( 12) concl usi on t hat t he
bi r ef r i ngent spi ndl e f i ber s nei t her gener at e nor
t r ansmi t t he f or ce f or chr omosome movement .
I nst ead t hey suggest t hat , r egar dl ess of t he mol ec-
ul ar mechani sm of mi t ot i c f or ce pr oduct i on, t he

bi r ef r i ngent chr omosomal f i ber s ar e t he t r act i on

el ement whi ch t r ansmi t t he f or ce f or anaphase

chr omosome movement .

We wi sh t o t hank Kei gi Fuj i war a, Shi nya moue, Phi l i p
O' Dowd, Edwar d Sal mon, Gr eenf i el d Sl uder , and Dan-
i el Snyder f or numer ous st i mul at i ng di scussi ons dur i ng
t he cour se of t hi s wor k . We ar e al so gr at ef ul t o Davi d
Jemi ol o, Thomas Kel l er , Li onel Rebhun, Ri char d Ro-
dewal d, and Car ol yn Wal ker f or t hei r hel pf ul suggest i ons
on t he manuscr i pt . Thi s wor k was suppor t ed by gr ant s
CA- 0171 f r om t he Nat i onal I nst i t ut es of Heal t h ( NI H) ,
BMS- 7500473 f r om t he Nat i onal Sci ence Foundat i on,
and Tr ai ni ng Gr ant HD- 00030 f r om NI H.

Por t i ons of t hi s wor k wer e submi t t ed t o t he Uni ver si t y
of Pennsyl vani a i n par t i al f ul f i l l ment of t he r equi r ement s
f or t he Doct or of Phi l osophy degr ee .

Recei ved f or publ i cat i on 16 Oct ober 1978, and i n r evi sed

f or m 19 Mar ch 1979.
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