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THREE- DI MENSI ONAL STRUCTURE OF THE CENTRAL

MI TOTI C SPI NDLE OF DI ATOMA VULGARE

428

J . RI CHARD McI NTOSH, KENT L . McDONALD, M. KAYE EDWARDS,

and B. M. ROSS

Fr om t he Depar t ment of Mol ecul ar , Cel l ul ar and Devel opment al Bi ol ogy, Uni ver si t y of Col or ado,

Boul der , Col or ado 80309

ABSTRACT

Cent r al mi t ot i c spi ndl es i n Di at oma vul gar e have been i nvest i gat ed usi ng ser i al

sect i ons and el ect r on mi cr oscopy . Spi ndl es at bot h ear l y st ages ( bef or e met aphase)

and l at er st ages of mi t osi s ( met aphase t o t el ophase) have been anal yzed . We have

used comput er gr aphi cs t echnol ogy t o f aci l i t at e t he anal ysi s and t o pr oduce st er eo

i mages of t he cent r al spi ndl e r econst r uct ed i n t hr ee di mensi ons . We f i nd t hat at

pr omet aphase, when t he nucl ear envel ope i s di sassembl i ng, t he spi ndl e i s con-

st r uct ed f r om t wo set s of pol ar mi cr ot ubul es ( MTs) t hat i nt er di gi t at e t o f or m a

zone of over l ap . As t he chr omosomes become or gani zed i nt o t he met aphase

conf i gur at i on, t he pol ar MTs, t he spi ndl e, and t he zone of over l ap al l el ongat e,

whi l e t he number of MTs i n t he cent r al spi ndl e decr eases f r om >700 t o - 250 .

Most of t he t ubul es l ost ar e shor t ones t hat r esi de near t he spi ndl e pol es . The

pr evi ousl y descr i bed decr ease i n t he l engt h of t he zone of over l ap dur i ng anaphase

cent r al spi ndl e el ongat i on i s cl ear l y demonst r at ed i n st er eo i mages . I n addi t i on,

we have used our t hr ee- di mensi onal dat a t o det er mi ne t he l engt hs of t he spi ndl e

MTs at var i ous t i mes dur i ng mi t osi s . The di st r i but i on of l engt hs i s bi modal dur i ng

pr omet aphase, but t he shor t t ubul es di sappear and t he l ong t ubul es el ongat e as

mi t osi s pr oceeds . The di st r i but i ons of MT l engt hs ar e compar ed t o t he l engt h

di st r i but i ons of MTs pol ymer i zed i n vi t r o, and a model i s pr esent ed t o account f or

our f i ndi ngs about bot h MT l engt h changes and mi cr ot ubul e movement s .

KEY WORDS mi t osi szyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" mi cr ot ubul es
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Much of t he physi ol ogi cal r esear ch t hat has been

done on mi t osi s has empl oyed a r at her smal l gr oup

of cel l t ypes whi ch have become j ust l y f amous

t hr ough t hei r sui t abi l i t y f or a par t i cul ar ki nd of

i nvest i gat i on, f or exampl e, mi cr obeam i r r adi at i on

or chr omosome mi cr omani pul at i on . EMst udi es of

t hese or gani sms have been car r i ed out , and some

quant i t at i ve i nf or mat i on about t hei r spi ndl e f i ne

st r uct ur e i s avai l abl e ( r evi ewed i n r ef er ences 3 and

7) . I n gener al , t hough, t he cel l s sui t abl e f or de-

t ai l ed physi ol ogy and el egant l i ght mi cr oscope

st udy have been di f f i cul t t o exami ne t hor oughl y

wi t h t he EM, because t hei r spi ndl es ar e 6- 50 t t m

i n l engt h and di spl ay 600- 5, 000 mi cr ot ubul es

( MTs) i n a si ngl e cr oss sect i on.

Over t he past f ew year s, st udi es on t he f i ne

st r uct ur e of mi t osi s i n a wi de var i et y of l ower

eukar yot i c cel l s have been publ i shed ( r evi ewed i n

r ef er ences 8, 11, 17, and 30) . These st udi es have

shown t hat t he spi ndl es of some f ungi and al gae
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ar e apt l y sui t ed f or det ai l ed st udy wi t h t he EM,

because t he spi ndl es ar e smal l , cont ai n onl y a f ew

MTs, and ar e compar at i vel y wel l or der ed. Unf or -

t unat el y, i t wi l l be di f f i cul t t o get det ai l ed physi o-

l ogi cal i nf or mat i on about t hese cel l s, j ust because

t hey ar e so smal l . One i s t her ef or e i n a t echni cal

di l emma as t o how t o car r y out a t hor ough, wi de-

r angi ng st udy of spi ndl e st r uct ur e and physi ol ogy

i n any si ngl e cel l . One woul d l i ke t o devel op

met hods t hat woul d gi ve hi gh r esol ut i on st r uct ur al

det ai l of t he l ar ger , exper i ment al l y accessi bl e spi n-

dl es .

Ther e ar e at l east t hr ee ways i n whi ch t hi s mi ght

be done . One i s t o use t he dat a f r om ser i al sect i ons

t o make st at i c, mechani cal model s of mi t ot i c spi n-

dl es- a t hor ough but cumber some appr oach . A

second, mor e f easi bl e sol ut i on i s hi gh vol t age el ec-

t r on mi cr oscopy ( HVEM) of whol e i sol at ed spi n-

dl es or t hi ck sect i ons of spi ndl es . The avai l abl e

dat a on HVEMof l ar ge spi ndl es ( 2, 5, 18, 19, 21,

22) show, however , t hat t her e i s so much compl ex-

i t y i n t he i mages t hat quant i t at i on, e. g. , pl ot t i ng

t he cour se of ever y MT, i s an essent i al l y i mpossi bl e

t ask . Wi t h smal l spi ndl es, t he HVEM has been

mor e successf ul . The st udy by Pet er son and Ri s

( 28) i s one of t he most compl et e quant i t at i ve st ud-

i es of mi t osi s on any or gani sm; yet , even wi t h t hi s

spi ndl e, i t i s di f f i cul t t o f ol l ow i ndi vi dual MTs

al ong t hei r ent i r e l engt h and t o r esol ve t hei r ends

at t he spi ndl e pol es . The f i nal opt i on f or r eal i zi ng

t ot al spi ndl e st r uct ur e at hi gh r esol ut i on i s t o

anal yze and r econst r uct spi ndl es f r om ser i al sec-

t i ons usi ng comput er gr aphi cs t echnol ogy . The

val i di t y and usef ul ness of t hi s appr oach f or st udy-

i ng t he di st r i but i on of cel l s i n or gani sms or t i ssues

( 10, 12, 31, 39, 40) , or of or ganel l es wi t hi n cel l s

( 27, 34) , i s wel l est abl i shed . We have al r eady

shown ( 21, 22) t hat t hi s ki nd of anal ysi s can al so

be appl i ed t o spi ndl e st r uct ur e st udi es, but t her e

ar e speci al pr obl ems not encount er ed i n whol e cel l

or whol e or gani sm r econst r uct i ons . The pr obl ems

ar e chi ef l y ones of maxi mi zi ng r esol ut i on and

mi ni mi zi ng di st or t i on . Despi t e t hese di f f i cul t i es,

we have f ound t hat t he appr oach i s usef ul f or

anal yzi ng and vi sual i zi ng mi t ot i c spi ndl e st r uct ur e .

I n t hi s paper and t he one whi ch f ol l ows ( 15) ,

we have used comput er gr aphi cs t echnol ogy t o

hel p r econst r uct t he cent r al spi ndl e of Di at oma

vul gar e i n t hr ee di mensi ons and have obt ai ned

dat a on t he i nt er act i on of spi ndl e t ubul es . We

have sel ect ed Di at oma f or t he f i r st i nvest i gat i on of

t hi s ki nd f or sever al r easons : ( a) t he number of

MTs i n t he spi ndl e and t he over al l spi ndl e di men-

si ons ar e r easonabl e f or a pi l ot st udy, ( b) we had

a body of ser i al sect i on dat a al r eady on hand, ( c)

we coul d use exi st i ng hand- t r acki ng dat a ( 16) as

a cont r ol f or t he accur acy of some aspect s of t he

comput er anal ysi s, and ( d) new i nf or mat i on on

pr omet aphase and ear l y met aphase st ages woul d

al l owus t o ext end t he exi st i ng body of knowl edge

on t he cent r al spi ndl e of t hi s or gani sm. Thi s paper

r epor t s on spi ndl e st r uct ur e al ong t he pol e- t o- pol e

axi s at var i ous st ages of mi t osi s . I n t he next paper

( 15) , we deal wi t h t he cr oss- sect i onal ar r angement

of t he cent r al spi ndl e MTs . The pr ognosi s f or

usi ng comput er gr aphi cs as an ai d f or t he det ai l ed

st r uct ur al st udy of bi gger spi ndl es i s di scussed .

MATERI ALS AND METHODS

Di at oma vul gar e Bor y was col l ect ed l ocal l y and f i xed

ei t her wi t h st andar d met hods ( 29) or wi t h a semi - si mul -

t aneous appl i cat i on of gl ut ar al dehyde and osmi um t e-

t r oxi de ( 32, 36) . The l at t er met hod gi ves bet t er gener al

cel l pr eser vat i on, but t he MT component s of t he spi ndl e

st r uct ur e as r ef l ect ed i n t he l engt h di st r i but i ons and MT

number di st r i but i ons ar e t he same wi t h t he t wo met hods .

Fi xed mi t ot i c cel l s wer e i dent i f i ed i n t hi n waf er s of Epon

wi t h t he l i ght mi cr oscope, sel ect ed, or i ent ed, and ser i al l y

sect i oned as pr evi ousl y descr i bed ( 16) . Sect i ons wer e

st ai ned wi t h ur anyl acet at e and l ead ci t r at e, and exam-

i ned i n a Phi l i ps 300 EM equi pped wi t h a goni omet er

st age. Thi s st age al l owed us t o r ot at e successi ve sect i ons

about t he opt i cal axi s so t hat t hey wer e i n t he same

or i ent at i on r el at i ve t o t he phot ogr aphi c f i l m, and t o t i l t

each sect i on t o br i ng i t i nt o t he best possi bl e cr oss-

sect i onal vi ew. Pi ct ur es wer e t aken at an i nst r ument

magni f i cat i on of 35, 000 on 3 1/ 4 x 4 i nch f i l m and pho-

t ogr aphi cal l y enl ar ged t o a f i nal magi nf i cat i on of

120, 000 .

The t wo- di mensi onal coor di nat es of each MT i n t he

cent r al spi ndl e wer e di gi t i zed usi ng a home- made, pol ar

coor di nat e di gi t i zer desi gned by Lee Peachey of t he

Uni ver si t y of Pennsyl vani a ( 27) . The r epr oduci bi l i t y of

t he di gi t i zer i s wi t hi n ±0. 01 mm; i t s accur acy i s wi t hi n

about ±0 . 1 mm. The r el i abi l i t y of st yl us pl acement by

t he oper at or i dent i f yi ng t he cent er of a mi cr ot ubul e i s

about ±0 . 3 mm, appr oxi mat el y one- t ent h of a mi cr ot u-

bul e di amet er at t he magni f i cat i on used. The posi t i ons

of al l t he mi cr ot ubul es on one sect i on wer e di gi t i zed, and

t hei r coor di nat es wer e pr i nt ed ont o paper t ape . Asecond

mi cr ogr aph was t hen posi t i oned on t he di gi t i zer so t hat

i t s mi cr ot ubul es wer e appr oxi mat el y i n r egi st er wi t h t he

MTs on t he f i r st , and t he pr ocess was r epeat ed. Rei t er -

at i on conver t ed t he ent i r e st r uct ur e of t he cent r al spi ndl e

t o comput er - compat i bl e f or m.

The di gi t i zed posi t i ons of t he cent r al spi ndl e MTs

wer e pl aced on di sc st or age by a Cont r ol Dat a Cor po-

r at i on ( CDC) 6400 at our Uni ver si t y Comput er Cent er .

The mi cr ot ubul e posi t i ons coul d t hen be cal l ed up, sec-

MCI NTOSHET At , .
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t i on- pai r by sect i on- pai r , and di spl ayed on t he scr een of

a CDC 774 i nt er act i ve gr aphi cs t er mi nal dr i ven by a

CDC 1700 mi ni comput er and i nt er f aced wi t h a CDC

6400 . I n our syst em, t he f i r st sect i on i s di spl ayed as a set

of X' s and t he second as a set of O' s, so t he oper at or can

di st i ngui sh t he t wo dat a set s on t he scr een. At t hi s t i me

t he set of poi nt s r epr esent i ng mi cr ot ubul e cent er s f r om

t he second sect i on can be t r ansl at ed and r ot at ed r el at i ve

t o t he f i r st set t o achi eve opt i mumal i gnment of t he dat a

f r om t he t wo mi cr ogr aphs. I f t he speci men i n t he EM

was t i l t ed i n passi ng f r om one sect i on t o t he next , a

uni axi al di st or t i on of t he dat a i s now evi dent . Thi s

di st or t i on can be t empor ar i l y r emoved by a t r ansf or ma-

t i on det er mi ned vi sual l y at t he gr aphi cs t er mi nal . When

t he dat a f r om t he t wo sect i ons ar e r easonabl y super -

posed, t he oper at or cal l s up a comput er - medi at ed t r ack-

i ng r out i ne. The r out i ne oper at es upon a f r act i on of t he

t ot al spi ndl e cr oss- sect i on ar ea at any one t i me, st ar t i ng

at t he l ower l ef t - hand cor ner of t he i mage and mar ki ng

of f a r ect angl e whi ch wi l l , on t he aver age, cont ai n 10

MTs f r om t he f i r st sect i on . The comput er asks whet her

t her e i s a mi cr ot ubul e cent er i n t he second sect i on l yi ng

wi t h X and Y val ues l ess t han 3/ 2 MT di amet er s away

f r om each t ubul e cent er i n t hi s subset of t he MTs i n t he

f i r st sect i on . A t wo- di mensi onal vect or i s now dr awn

f r om each poi nt i n t he subset of poi nt s f r om t he f i r st

sect i on t o any poi nt i n t he second sect i on t hat l i es wi t hi n

t he t r i al sear ch r adi us, and t he aver age of al l such

connect i ng vect or s i s cal cul at ed . The t wo pi ct ur es ar e

t hen t r ansl at ed by t he negat i ve of t hi s aver age vect or t o

i mpr ove t he l ocal al i gnment . Each MT i n t he subset of

t he f i r st sect i on i s agai n compar ed agai nst t hose on t he

second sect i on t o ask whet her a t ubul e now l i es wi t hi n a

di st ance of one MT di amet er . Cor r espondences i dent i -

f i ed at t hi s second scan ar e st or ed . The r out i ne now

r edef i nes t he ar ea of sear ch t o i ncl ude hal f t he ol d

t ubul es and hal f newt ubul es, and t he pr ocess i s r ei t er at ed

unt i l t he ent i r e cr oss- sect i on ar ea has been scanned .

Tr acki ng MTs i n t hi s way t akes t he comput er - 5 s f or

100 t ubul e pai r s.

At t he end of t he t r acki ng pr ocess, t he dat a f r om t he

t wo sect i ons ar e agai n di spl ayed as X' s and O' s, wi t h any

poi nt s i dent i f i ed as successi ve posi t i ons al ong t he same

MT now l i nked by a l i ne segment . MT posi t i ons i dent i -

f i ed as ei t her an Xor an Owhi ch have no mat ch bl i nk

t o at t r act t he at t ent i on of t he oper at or . The mat ches ar e

t hen checked agai nst t he or i gi nal mi cr ogr aphs t o make

sur e t hat t her e ar e no di gi t i zi ng er r or s or i ncor r ect

mat ches . To ai d i n t hi s check, t he sect i ons pr ecedi ng and

f ol l owi ng t he t wo sect i ons al r eady vi si bl e can be di s-

pl ayed on t he scr een usi ng di f f er ent symbol s . They t oo

can be al i gned r el at i ve t o t he exi st i ng sect i ons i n or der

t hat one may t r ack by eye over a gr eat er MT l engt h t han

a si ngl e sect i on pai r . When t he oper at or i s sat i sf i ed wi t h

t he cor r espondences di spl ayed upon t he scr een, t hey ar e

st or ed i n memor y, and he pr oceeds t o t he next sect i on

pai r , so MT posi t i ons on t he sect i on di spl ayed as O' s i n

t he cor r espondences j ust det er mi ned now become X' s
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and t he MTs of t he new sect i on ar e di spl ayed as O' s .

Any t r ansf or mat i ons made t o f aci l i t at e det er mi nat i on of

cor r espondences at t he i nt er act i ve gr aphi cs t er mi nal ar e

er ased as t he oper at or pr oceeds, so t he or i gi nal di gi t i zed

dat a ar e al ways used i n f i nal det er mi nat i ons of spi ndl e

st r uct ur e . The t r acki ng pr ocess i s r ei t er at ed unt i l one has

pr ocessed al l pai r s of adj acent sect i ons .

Each t wo- di mensi onal poi nt mar ki ng an MT i n a

sect i on i s now r egar ded as a t hr ee- di mensi onal poi nt ,

usi ng sect i on number as t he coor di nat e al ong t he spi ndl e

axi s . The col l ect i on of t hr ee- di mensi onal poi nt s cor r e-

spondi ng t o one MT can now be handl ed as a set . For

exampl e, t hose set s r epr esent i ng MT wi t h one end i n t he

vi ci ni t y of a pol e can be i dent i f i ed and or der ed by

mi cr ot ubul e l engt h f or di spl ay . At t hi s t i me, we cal cul at e

hi st ogr ams of MT number vs. posi t i on al ong t he spi ndl e

axi s, var i ous pr oper t i es of t he cr oss- sect i onal MT densi t y

di st r i but i on, and ot her usef ul di spl ays f or spi ndl e anal -

ysi s . The t hr ee- di mensi onal poi nt s al ong each MT ar e

al so used t o cal cul at e t wo- di mensi onal pr oj ect i ons of t he

t hr ee- di mensi onal st r uct ur e ont o any chosen pl ane . Fi g .

I shows a smal l r egi on of such a pr oj ect i on f r om an

anaphase spi ndl e . I t i s cl ear t hat t he r econst r uct i on con-

t ai ns l i nes wi t h suf f i ci ent l y shar p bends t hat t hey do not

cl osel y r esembl e spi ndl e MTs i n l ongi t udi nal or i ent at i on .

These bends ar e caused by nat ur al cur vat ur e of t he MTs,

by el ect r on opt i cal and pr i nt i ng di st or t i ons, by smal l

di gi t i zi ng er r or s, and most i mpor t ant l y, by var i at i on i n

t he pr oj ect i on of t he sect i ons r esul t i ng f r om t i l t i n t he

goni omet er st age dur i ng mi cr oscopy . To f aci l i t at e vi ew-

i ng of t hese compl ex i mages, we have smoot hed t he

cur ves r epr esent i ng each MT by usi ng a pol ynomi al of

chosen or der f i t t ed by t he met hod of l east squar es t o t he

poi nt s t hat r epr esent each t ubul e. The pr ogr ams al l ow

t he oper at or t o sel ect t he or der of t hi s pol ynomi al , but

we have f ound t hat f our t h- or der f unct i ons ser ve t he

pur pose wel l . Fi g . 2 i s a f our t h- or der smoot hi ng of t he

same dat a di spl ayed i n Fi g . l . The out put f r om t hi s

FI GURE 1

	

MT l i nkages i n a r egi on of t he anaphase 1

spi ndl e bef or e a cur ve- f i t t i ng pol ynomi al i s appl i ed .

 o
n
 O

c
to

b
e
r 2

1
, 2

0
1
4

jc
b
.ru

p
re

s
s
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

Published November 1, 1979

http://jcb.rupress.org/


FI GURE 2 The same r egi on af t er cur ve- f i t t i ng wi t h a

f our t h- or der pol ynomi al .

t hr ee- di mensi onal r econst r uct i on i s ei t her a mi cr of i l m

di spl ay of t he r el evant gr aphs and hi st ogr ams or a Cal -

comp Pl ot t er dr awi ng of t he t wo- di mensi onal pr oj ect i on

of t he f ul l spi ndl e st r uct ur e . We have used st andar d

st er eo pr oj ect i on met hods t o gener at e t wo si mi l ar pi c-

t ur es of each spi ndl e i n or der t o al l ow st er eo vi ewi ng,

and t hus t o obt ai n a sense of t he t hr ee- di mensi onal

ar chi t ect ur e of t he r econst r uct ed spi ndl e .

Whi l e our r econst r uct i ons of t he spi ndl e r epr esent a

st ep f or war d i n t he compl et eness and ease of spi ndl e

st r uct ur e anal ysi s, t her e ar e l i mi t at i ons t o our cur r ent

met hods whi ch must be made cl ear . We now know t hat

one shoul d det er mi ne t he r el at i onshi p bet ween a known

st r uct ur e and i t s i mage i n t he EMat t he magni f i cat i on

chosen f or wor k, and det er mi ne how t hi s r el at i onshi p

changes at di f f er ent angl es of speci men t i l t and di f f er ent

hei ght s, usi ng di f f er ent obj ect i ve l ens cur r ent s t o br i ng

t he speci men i nt o accur at e f ocus . I t woul d t hen be

possi bl e t o devi se a di gi t al t r ansf or mat i on t o nor mal i ze

al l mi cr ogr aphs and r emove t he sever al el ect r on opt i cal

and t i l t i ng di st or t i ons by comput at i on . I t wi l l be seen,

upon car ef ul vi ewi ng of our t hr ee- di mensi onal r econ-

st r uct i ons, t hat we have i ncl uded a cer t ai n amount of

di st or t i on by not r emovi ng t he ef f ect s of var i at i on i n

f ocus and t i l t . Sect i on t hi ckness shoul d be measur ed by

quant i t at i ve el ect r on mi cr oscopy at t he t i me t he or i gi nal

mi cr ogr aphs ar e obt ai ned. We pl anned t o measur e sec-

t i on t hi ckness wi t h a quant i t at i ve i nt er f er ence mi cr o-

scope but f ound t hi s met hod unr el i abl e f or t hi n sect i ons

pl aced on sl ot gr i ds . The speci men suppor t f i l ms on

many of our gr i ds wer e br oken by t he t i me we r eal i zed

t he i mpor t ance of quant i t at i ve el ect r on mi cr oscopy at

l ow magni f i cat i on f or det er mi ni ng sect i on t hi ckness, so

i n t hi s st udy we ar e unabl e t o use a par amet er mor e

accur at e t han sect i on number t o descr i be posi t i on al ong

t he spi ndl e axi s .

The accur acy of t hi s scal i ng f act or i s l i mi t ed by t he

uni f or mi t y of sect i on t hi ckness . I n ef f ect , we ar e assum-

i ng t hat al l our sect i ons ar e of t he same t hi ckness. Thi s

assumpt i on i s j ust i f i ed by our f i ndi ng t hat when t he

spi ndl e si ze i n a Cal comp dr awi ng i s def i ned by sect i on

number , i . e . , al l spi ndl es ar e scal ed such t hat a 40- sect i on

spi ndl e i s j ust hal f t he l engt h of an 80- sect i on spi ndl e .

et c . , t he r at i o of t he spi ndl e wi dt h i n t he dr awi ng t o i t s

wi dt h on t he or i gi nal mi cr ogr aphs i s const ant f r om one

spi ndl e t o t he next t o wi t hi n 10%. Anot her way of

checki ng t he accur acy of sect i on number as a par amet er

r ef l ect i ng axi al posi t i on i s t o see howt he spi ndl e l engt hs

det er mi ned i n cr oss sect i on ( sect i on number ) x ( avg

sect i on t hi ckness - 750 f 1) agr ee wi t h t he l engt hs of ot her

Di at oma spi ndl es of equi val ent st age i n mi t osi s measur ed

di r ect l y f r om l ongi t udi nal sect i ons ( Tabl e 1) . Except f or

t he t el ophase cel l , t he f i gur es ar e i n good agr eement . I t

i s possi bl e t hat t he t el ophase sect i ons wer e t hi nner t han

750 f l whi ch woul d r educe bot h t he spi ndl e l engt h and

t he l engt h of t he i ndi vi dual t ubul es r epor t ed her e f or

t hat cel l .

Ear l y i n our anal ysi s we deci ded t o use t he eye of a

bi ol ogi st r at her t han some comput er - medi at ed pat t er n

r ecogni t i on r out i ne t o i dent i f y t he posi t ons of t he mi cr o-

t ubul es i n cr oss sect i on. We have had enough exper i ence

wi t h unsuccessf ul at t empt s at aut omat ed t ubul e r ecog-

ni t i on t o r eal i ze t hat t hi s was a good deci si on . Anot her

deci si on, namel y t o mi ni mi ze har dwar e pur chases, has

l ed us t o omi t t hr ee pot ent i al l y usef ul devel opment s : t he

phot ogr ammet r i c cor r ect i ons of di st or t i on ment i oned

above, a conveni ent compar i son bet ween t he mi cr o-

gr aphs and t he di gi t i zed dat a, and some sor t of i nt er ac-

t i ve qual i t y cont r ol on t he f i nal st r uct ur e of t he spi ndl e .

The second and t hi r d of t hese j obs we have accompl i shed

on t he spi ndl es shown her e by mor e t edi ous met hods

accept abl e i n t he cur r ent st udy . By omi t t i ng t he f i r st , we

have concl uded our st udy wi t h sl i ght l y di st or t ed f i nal

spi ndl e st r uct ur es . These di st or t i ons wi l l be di scussed

bel ow; we accept t hem f or t he moment si nce r emovi ng

t hem wi l l r equi r e maj or newsof t war e devel opment . We

hope t o r ebui l d our pr ogr ams over t he next f ew year s.

i ncor por at i ng t he exper i ence f r om t hi s st udy and t he

i mpr oved gr aphi cs t echnol ogy cur r ent l y avai l abl e .

TABLE I

Compar i son of Cent r al Spi ndl e Lengt hs as

Det er mi nedf r om Longi t udi nal vs . Cr oss Sect i ons

No. of

Det er mi ned f r om t he spi ndl es used i n t he pr esent

st udy .
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St age

Lengt h i n l ongi -

t udi nal sect i on

gm

l ongi t u-

di nal

sampl es

Lengt h i n xs'

( avg sect i on =

750 A t hi ck)

gm

Pr omet aphase 3. 00 2 3. 50

Met aphase 5. 25 5 5. 25

Anaphase 6- 7. 0 5 6- 7. 2

Tel ophase 7- 8. 0 2 9 . 4
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RESULTS

When a mi t ot i c spi ndl e i s cut i nt o ser i al cr oss

sect i ons, st r uct ur al det ai l s al ong t he spi ndl e axi s

ar e f r agment ed . The si mpl est f or m of r eassembl i ng

t he spi ndl e i s t o pl ot t he number of MTs per cr oss

sect i on agai nst t he sect i on number al ong t he spi n-

dl e axi s . Fi gs . 3 and 4 por t r ay t he cent r al spi ndl e

of a pr omet aphase cel l and a met aphase cel l wi t h

t hi s si mpl e r epr esent at i on. Si nce t he sect i on num-

ber di f f er s f r om Fi gs . 3 t o 4, we i nf er t hat t he

met aphase spi ndl e i s l onger t han t he pr omet a-

phase . The gr aphs demonst r at e t hat t he number

of MTs per sect i on at met aphase i s l ess t han at

pr omet aphase. They al so i ndi cat e a t r end whi ch

can be f ol l owed t hr ough mi t osi s by compar i ng

t hese dat a wi t h pr evi ousl y publ i shed gr aphs of

MT number vs . posi t i on f or Di at oma ( 16) . At

pr omet aphase, t he axi al di st r i but i on of MT num-

ber shows t hr ee peaks : one cent r al peak, and one

near each pol e . Fr om pr omet aphase t hr ough an-

aphase t he pol ar peaks decr ease monot oni cal l y

r el at i ve t o t he t r oughs. The cent r al peak i s com-

par at i vel y st abl e t hr ough mi t osi s and appr oxi -

mat el y r et ai ns i t s hei ght r el at i ve t o t he t r ough on

ei t her si de unt i l l at e anaphase or t el ophase ( 16) .

By t r acki ng MTs f r omone sect i on t o anot her i t

i s possi bl e t o i dent i f y t he sect i on i n whi ch each

t ubul e of a spi ndl e begi ns and ends . Fi gs . 5 and 6

show t he axi al di st r i but i ons of MT l engt h and

posi t i on f or t he pr omet aphase and met aphase cel l s

shown i n Fi gs . 3 and 4. Agai n, t he absci ssa of t he

gr aph i s sect i on number , r ef l ect i ng posi t i on al ong

t he spi ndl e axi s . The or di nat e of each gr aph has

no geomet r i cal si gni f i cance wi t h r espect t o t he

st r uct ur e of t he spi ndl e . I t does ser ve, however , t o

i ndi cat e t he number of MTs i n t he spi ndl e at
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MT di st r i but i on pr of i l es f or cent r al
spi ndl es i n pr omet aphase ( Fi g . 3) and ear l y met aphase
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FI GURES 5 and 6 The di st r i but i on of MT ends f or
pr omet aphase ( Fi g. 5) and ear l y met aphase ( Fi g . 6)
spi ndl es. The MTs ar e ar r anged al ong t he spi ndl e axi s
( =absci ssa) accor di ng t o t hei r poi nt s of or i gi n and t er -
mi nat i on . The or di nat e ser ves t o i ndi cat e t he number of

MTs i n each spi ndl e or hal f - spi ndl e . The cont i nuous
MTs and f r ee MTs and t hei r poi nt s of or i gi n and t er -
mi nat i on ar e shown at t he bot t omof each f i gur e .

di f f er ent posi t i ons al ong t he spi ndl e axi s . These

gr aphs ar e sl i ght l y di f f er ent f r om t he compar abl e

ones f or Di at oma publ i shed pr evi ousl y because

t hese t wo spi ndl es cont ai n t oo many MTs t o be

r esol ved as i ndi vi dual l i nes i n a pr i nt abl e di spl ay

of r easonabl e si ze. For t hese gr aphs al l pol ar MTs

( def i ned as MTs wi t h one end on a pol e, t he ot her

end f r ee) of each hal f - spi ndl e wer e or der ed wi t h

r espect t o t he posi t i on of t hei r nonpol ar ends al ong

t he spi ndl e axi s, and an envel ope was dr awn

ar ound t he endi ngs of t he MTs . I t i s t he envel ope

whi ch i s di spl ayed . Fr agment MTs ( havi ng nei t her

end at a pol e) or cont i nuous MTs ( wi t h bot h ends

at a pol e) ar e di spl ayed separ at el y at t he bot t om

of each gr aph . I n pr omet aphase t he whol e cent r al

spi ndl e cont ai ns 730 pol ar MTs ( 392 + 338 i n t he

t wo hal f - spi ndl es) . I n met aphase t her e ar e 526

pol ar MTs ( 255 + 271) . These number s ar e con-

si der abl y hi gher t han t he val ues obt ai ned f or t he
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t ot al pol ar MTs of t he Di at oma spi ndl es f r om l at er

st ages whi ch r ange f r om214 t o 262 ( 16) .

Thi s di st r i but i on i s conveni ent f or st udyi ng t he

axi al posi t i ons of MTs at var i ous t i mes dur i ng

mi t osi s . Much geomet r i cal i nf or mat i on i s l ost ,

however , because t he di spl ay i s an i nt el l ect ual

const r uct r at her t han a physi cal r epr esent at i on of

t he f ul l spi ndl e . A mor e compl et e pr esent at i on of

spi ndl e st r uct ur e i s avai l abl e as a r esul t of t he

comput er pr ogr ams we have used i n t hi s st udy .

Fi g . 7 i s a st er eo pr oj ect i on of t he MTs i n t he

cent r al spi ndl e of t he pr omet aphase cel l pr evi ousl y

shown i n Fi gs . 3 and 5 . The wi dt h and dept h of

t he spi ndl e ar e i n accur at e pr opor t i on i n t hi s pr o-

j ect i on, but t he l engt h ( t he ver t i cal di mensi on) has

been shor t ened by a f act or of 2 t o f aci l i t at e vi ew-

i ng. At f i r st si ght t hese i mages ar e f or mi dabl y

compl ex, but car ef ul st er eo vi ewi ng wi l l per mi t

i nt er pr et at i on of t he spi ndl e st r uct ur e . Most t u-

bul es ar e seen t o have one end near a pol e. The

pol ar r egi ons cont ai n many shor t t ubul es, account -

i ng f or t he peaks i n mi cr ot ubul e number seen at

t he spi ndl e ends i n Fi g . 3 . St er eo vi ewi ng r eveal s

t hat t he shor t t ubul es ar e appr oxi mat el y uni f or ml y

di st r i but ed over t he cr oss- sect i onal ar ea of t he

spi ndl e pol e . Many of t he shor t t ubul es at t he

l ower pol e ar e cur ved and r un f or por t i ons of t hei r

l engt h at shar p angl es wi t h r espect t o t he spi ndl e

axi s . The cur vat ur es of t he shor t MTs on opposi t e

si des of t he spi ndl e gener al l y f ace one anot her . We

i nt er pr et t hese hi ghl y cur ved t ubul es as ar t i f act s of

our r econst r uct i ons r esul t i ng f r om t he changes i n

t he sect i on t i l t and f r om t he smal l number of

poi nt s def i ni ng t hese cur ves . Thi s i nt er pr et at i on i s

suppor t ed by t he f ol l owi ng f our obser vat i ons : ( a)

shor t , cur ved MTs ar e f ound al ong t he spi ndl e

wher e sect i ons wer e t i l t ed i n t he EMt o i mpr ove

vi ewi ng ; ( b) t he cur vat ur e i s sl i ght near t he spi ndl e

axi s and i ncr eases wi t h i ncr easi ng di st ance f r om

t he axi s; ( c) i n t he one spi ndl e wher e no changes

i n sect i on t i l t angl e wer e i nt r oduced, t he cur vat ur es

of shor t t ubul es ar e much l ess ; and ( d) no such

cur ved MTs ar e seen i n l ongi t udi nal sect i ons of

Di at oma spi ndl es ( 29) .

The maj or i t y of t he cent r al spi ndl e t ubul es wi t h

one end at a pol e ar e l ong enough t o ext end i nt o

t he mi d- r egi on of t he spi ndl e wher e t hey i nt er di g-

i t at e wi t h si mi l ar t ubul es f r omt he opposi t e pol e .

We know f r om l ongi t udi nal sect i ons of t he Di a-

t oma cent r al spi ndl e ( 29) t hat t he t ubul es i n t he

over l ap r egi on ar e most l y st r ai ght . Thus, t he cur -

vat ur e and r esul t i ng obl i que or i ent at i on of t he MT
ends i n t he r egi on of over l ap seen i n Fi g. 7 ( and t o

a l esser ext ent i n t he r emai ni ng st er eo i mages) ar e

pr obabl y ot her ar t i f act s of t he cur ve- f i t t i ng r ou-

t i ne . A f ew of t he l onger t ubul es wi t h one end at

a pol e r un obl i quel y t o t he spi ndl e axi s f or t hei r

ent i r e l engt hs . On account of t he pr esence of cor -

r espondi ng obl i que MT pr of i l es i n t he cr oss sec-

t i ons, we ar e conf i dent t hat t hese t ubul es ar e r eal .

Not e, however , t hat because of our shor t eni ng of

t he spi ndl e, bot h t he obl i qui t y of t hese t ubul es and

t he cur vat ur es ci t ed above have been exagger at ed.

Fi g . 8 i s a st er eo pr oj ect i on of t he met aphase

spi ndl e shown i n Fi g . 6 . The l engt h of t hi s and al l

t he ot her st er eo pai r s have been def i ned by t he

number of sect i ons r equi r ed t o cut f r om one pol e

t o t he ot her , and t hen shor t ened by a f act or of 2

t o ease vi ewi ng .

The i ncr ease i n spi ndl e l engt h f r om pr omet a-

phase t o met aphase i s r eadi l y seen by compar i son

of t he t wo st er eo i mages shown i n Fi gs . 7 and 8 .

The decr ease i n t ot al mi cr ot ubul e number i s r e-

f l ect ed i n t he decr ease i n spi ndl e wi dt h wi t h

r oughl y const ant t ubul e densi t y i n t he spi ndl e

cr oss sect i on. Mi cr ot ubul e densi t y as a f unct i on of

posi t i on al ong t he spi ndl e and of t i me i n mi t osi s

i s consi der ed quant i t at i vel y i n t he next paper ( 15) .

A compar i son of t he pol ar r egi ons of Fi gs . 7- 9

shows t hat t he shor t t ubul es sel ect i vel y di sappear

as mi t osi s pr ogr esses. The l oss account s f or t he

di sappear ance of t he peak i n MT number seen

near t he pol es i n Fi gs. 3 and 4 .

Looki ng at Fi gs . 7- 9, one has t he i mpr essi on

t hat t he spi ndl e becomes bet t er or der ed wi t h t i me .

Thi s i mpr essi on i s due i n par t t o t he f act t hat t he

spi ndl e shown i n Fi g. 9 was t he one set of sect i ons

i n whi ch t i l t di d not have t o be adj ust ed dur i ng

mi cr oscopy of successi ve sect i ons, so t he ar t i f act

al l uded t o above i s mi ni mi zed . I n addi t i on, how-

ever , t hi s spi ndl e i s appar ent l y t he best or der ed of

al l t he spi ndl es we have st udi ed : i t cont ai ns f ew

t ubul e f r agment s ( as def i ned above) , f ew obl i que

t ubul es, and t he packi ng of t he t ubul es appear s

uni f or m al ong t he l engt h of t he spi ndl e . I n t he

f ol l owi ng paper ( 15) we addr ess our sel ves t o a

quant i t at i ve det er mi nat i on of cr oss- sect i onal or der

t hat conf i r ms t hi s i mpr essi on .

Fi gs . 10- 12 show st er eo pr oj ect i ons of t wo an-

aphase spi ndl es and a l at e anaphase- t el ophase

spi ndl e wher e st age has been det er mi ned by t he

posi t i on of t he chr omat i n ( dat a not shown) . The

i mages cor r espond t o anaphase and t el ophase cel l s

shown i n Fi gs . 9, 10, and 12, r espect i vel y, of

McDonal d et al . ( 16) . They show an i ncr ease i n

MT l engt h as mi t osi s pr oceeds . The spl i t t i ng of
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FI GURES 7- 12

	

St er eo pai r s of pr omet aphase ( Fi g . 7) , ear l y met aphase ( Fi g . 8) , met aphase ( Fi g . 9) , ear l y

anaphase ( Fi g . 10) , l at e anaphase ( Fi g . 11) , and t el ophase ( Fi g . 12) cent r al spi ndl es . Not e t he r el at i vel y

l ar ge number of shor t MTs near t he pol es i n Fi g. 7 . I n Fi g . 8, t her e ar e st i l l some shor t MTs near t he pol es .

I n bot h cel l s t hese appear t o be uni f or ml y di st r i but ed at t he pol e, and not r est r i ct ed t o a par t i cul ar r egi on,

e . g . , t he per i pher y . By met aphase ( Fi g . 9) and al l l at er st ages, t he pol es ar e no l onger char act er i zed by

t hese shor t MTs . The pr omet aphase spi ndl e ( Fi g. 7) i s consi der abl y wi der t han t he ot her spi ndl es . The

hal f - spi ndl e l engt hs appear t o i ncr ease t hr oughout mi t osi s . At t el ophase ( Fi g . l 2) , onl y t he l ongest MTs

over l ap i n t he mi d- r egi on .
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one- hal f of t he cent r al spi ndl e at t el ophase i nt o

t wo bundl es i s act ual l y i n agr eement wi t h l ongi -

t udi nal vi ews of a Di at oma spi ndl e i n l at e ana-

phase- t el ophase ( 29) . Al l t hese r econst r uct i ons

cont ai n obl i que t ubul es t hat wander acr oss t he

spi ndl e . Some of t he wander i ng t ubul es have one

end i n t he vi ci ni t y of a pol e, whi l e ot her s ar e f r ee

i n t he sense t hat nei t her end i s near a pol e .

I t i s obvi ous f r oma compar i son of t hese pi ct ur es

t hat t he l engt h of t he zone of over l ap changes

dur i ng t he cour se of mi t osi s . The l engt h of t he

zone may be def i ned quant i t at i vel y i n t wo ways .

By usi ng t he gr aphs of MT number s vs. posi t i on

al ong t he spi ndl e axi s ( e . g. , r i gs . 3 and 4) , we can

det er mi ne t he wi dt h of t he cent r al peak or t r ough

at hal f - hei ght . Thi s measur e i s dependabl e because

t he t hr ee- di mensi onal r econst r uct i ons al l ow us t o

be sur e t hat t her e ar e f ew, i f any, MT f r agment s i n
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t he r egi on of over l ap of pol ar t ubul es . We have

det er mi ned t he wi dt h at hal f - hei ght by f i ndi ng t he

sect i on near est t o t he peak on ei t her si de bef or e

t he r i se i n number begi ns, f or di ng t he sect i on at

ei t her edge of t he peak wher e t he di st r i but i on

begi ns t o l evel of f , and usi ng t he cor r espondi ng

or di nat e val ues t o det er mi ne a hal f - hei ght on

ei t her si de of t he peak . Absci ssa val ues f or t he

hal f - hei ght s wer e t hen det er mi ned by gr aphi cal

i nt er pol at i on . The di f f er ence bet ween t he absci ssal

posi t i ons of t he hal f - hei ght s on ei t her si de of t he

MT peak i s one def i ni t i on of t he l engt h of t he

zone of over l ap ( Tabl e I I ) . A second met hod f or

est i mat i ng t he l engt h of t he zone of over l ap i s

based on gr aphs such as t hose shown i n Fi gs . 5

and 6 . We f i t a st r ai ght l i ne t o t he r egi on of t he

envel ope mar ki ng t he nonpol ar ends of t he l ongest

pol ar t ubul es and ext r apol at ed i t t o meet t he hor -
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Mi t ot i c st age

Lengt h of t he over l ap at

hal f hei ght i n sect i ons

Ext r apol at ed l engt h i n sec-

t i ons

Spi ndl e l engt h i n sect i ons

i zont al l i ne t hat def i nes t he boundar y bet ween t he

t wo hal f - spi ndl es on t he gr aphs . The di st ance on

t he absci ssa bet ween t hese t wo poi nt s of i nt er sec-

t i on i s a second def i ni t i on of t he l engt h of t he zone

of over l ap ( Tabl e I I ) . Thi s met hod i s t he pr ef er r ed

one, because t he st r uct ur e of t he t el ophase zone of

over l ap shows t hat t he l ongest pol ar MTs ar e t he

ones t hat def i ne t he f i nal l engt h of t he zone . Our

dat a show t hat t he zone of over l ap t ends t o i n-

cr ease f r om pr omet aphase t o met aphase and t hen

decr eases mar kedl y dur i ng anaphase.

Tabl e I I shows t hat t he change i n l engt h of t he

zone of over l ap dur i ng anaphase ( appr ox . 31 or 22

sect i ons dependi ng on def i ni t i on) i s not of suf f i -

ci ent magni t ude t o account f or t he anaphase i n-

cr ease i n spi ndl e l engt h ( 56 sect i ons) . I t appear s

f r om t he st er eo pi ct ur es t hat t he mi cr ot ubul es

t hemsel ves el ongat e. We have st udi ed t hi s el on-

gat i on by det er mi ni ng t he di st r i but i on of mi cr o-

t ubul e l engt hs i n each of t hese spi ndl es : Fi g. 13

pr esent s t hese dat a . The l engt h of a mi cr ot ubul e

has been appr oxi mat ed by t he number of sect i ons

t hr ough whi ch i t r uns . Thi s appr oxi mat i on was

deemed adequat e because t he r eal cont our l engt h

of t he MTs, as det er mi ned by summi ng t he t hr ee-

di mensi onal di st ances bet ween t he successi ve

poi nt s al ong a t ubul e, i s gr eat er t han t he l engt h

det er mi ned by sect i on number by onl y a f ew per -

cent i n al most al l cases . The er r or i nt r i nsi c t o our

use of sect i on number as a par axi al posi t i on co-

or di nat e exceeds t he er r or i nt r oduced by negl ect -

i ng MT obl i qui t y . At pr omet aphase t her e ar e t wo

maj or peaks i n t he di st r i but i on, one at shor t MT

l engt h and one at about 28 sect i ons . As mi t osi s

pr oceeds, t he peak of shor t MTs dr amat i cal l y de-

cr eases whi l e t he peak of l onger t ubul es r emai ns

appr oxi mat el y const ant i n ar ea and i ncr eases

sl i ght l y i n br eadt h as i t s mode moves t o a gr eat er

mean l engt h . The t ot al amount of MT pol ymer i n

t he cent r al spi ndl e as cal cul at ed by summi ng al l

MT l engt hs var i es wi t h t i me i n mi t osi s as shown

i n Fi g . 14 .

TABLE I I

Changes i n Lengt h of t he Zone of Over l ap dur i ng Mi t osi s

DI SCUSSI ON

The comput er gr aphi cs t echnol ogy empl oyed i n

t hi s st udy has made i t possi bl e t o get a new l ook

at t he cent r al spi ndl e of Di at oma i n whi ch EM

r esol ut i on i s combi ned wi t h hol i st i c per spect i ve .

The st er eo pr oj ect i ons of t he t ot al t hr ee- di men-

si onal st r uct ur e of t he cent r al spi ndl e ar e compl ex,

but compr ehensi bl e, because of t he abst r act i on of

each MT i nt o a si ngl e cur ved l i ne . The dr awi ngs

pr esent ed her e ar e not i deal , but t hey ar e a st ep

f or war d i n t he det er mi nat i on and por t r ayal of

spi ndl e st r uct ur e .

The gr eat est st r engt h of t he comput er - f aci l i t at ed

appr oach does not , however , l i e si mpl y i n t he vi vi d

di spl ay of qual i t at i ve f eat ur es of t he spi ndl e; t he

comput at i onal power of t he t ool s used makes pos-

si bl e cer t ai n st eps i n dat a pr ocessi ng t hat woul d

be essent i al l y i mpossi bl e wi t h any ot her appr oach .

The val i di t y of t hi s st at ement i s based mor e upon

t he mat er i al of t he f ol l owi ng paper t han of t hi s

one, but t he det er mi nat i on of t he MT l engt h di s-

t r i but i on cur ves suppor t s our cont ent i on .

Ther e i s, i n pr i nci pl e, no upper bound t o t he

number s or l engt hs of MTs t hat coul d be handl ed

wi t h our appr oach . Ther e ar e, however , pr act i cal

l i mi t s t hat shoul d be r eal i zed. Di gi t i zat i on of t u-

bul e posi t i on t akes a f ew seconds f or ever y t ubul e

cr oss sect i on, and t ot al t i me i ncr eases l i near l y wi t h

t he number s of t ubul es and sect i ons . Comput er

t r aci ng of t ubul es f r om sect i on t o sect i on r equi r es

sever al r out i nes t hat empl oy mat r i x mul t i pl i cat i on,

so t he r equi si t e comput er t i me, and hence cost , go

as t he squar e of t he number of t ubul es per sect i on.

Fur t her , t he si ze and qual i t y of t he gr aphi cs t er -

mi nal l i mi t t he number of t ubul es t hat may r ea-

sonabl y be di spl ayed i n any si ngl e cr oss sect i on.

We handl ed no mor e t han 200 t ubul es per sect i on

as a dat a set , and have t hus had t o i nvent met hods

t o put t oget her t wo or mor e subset s of dat a t o

r econst r uct t he whol e spi ndl e of some Di at oma

cel l s . Reconst r uct i on of a l ar ger spi ndl e, such as
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Pr omet aphase

Ear l y met a-

phase Lat e met aphase Ear l y anaphase Mi d anaphase Tel ophase

10 . 7 13 . 1 22 . 2 17 . 0 13 . 0 - 9 . 5

18 . 5 20. 0 27 . 7 21 . 2 19. 2 5 . 4

48 70 69 80 96 125
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FI GURE 13

	

The di st r i but i on of mi cr ombul e l engt hs i n hal f - spi ndl es at pr omet aphase ( P) , ear l y met aphase

( MI ) , met aphase ( M2) , anaphase ( AI and A2) , and t el ophase ( T) .

PROMMETA I META2ANAI ANA 2 TELO

Mi t ot i c St age

FI GURE 14

	

Tot al pol ymer i zed MT pr ot ei n i n spi ndl es

at pr omet aphase t hr ough t el ophase .

t hat of a mammal i an cel l , wi l l r equi r e a si mi l ar

t r i ck unl ess mor e ext ensi ve f aci l i t i es and mor e

modest comput er cost schedul es ar e empl oyed.

Nonet hel ess, we ar e encour aged by our cur r ent

r esul t s t o go on t o st udy not onl y ot her si mpl e

cel l s, but mor e compl ex ones as wel l .

We have used t he f our cel l s f r om t hi s i nvest i -

gat i on whi ch wer e al so par t of a pr evi ous st udy of

Di at oma spi ndl es ( 16) t o assess t he r el at i ve val i di t y

of t he t wo met hods f or t hr ee- di mensi onal r econ-

st r uct i on . For t wo cel l s ( Met a I I and Tel o) t he

cor r espondences wer e exact . For t he ot her t wo

( Ana I and I I ) t her e wer e a f ew di sagr eement s i n

M2

. i
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LENGTH ( SECTI ON NUMBER)

t he sense t hat i ndi vi dual cor r espondences of one

t ubul e f r omone sect i on t o t he next wer e di f f er ent .

I n each case, we f ound upon r eexami nat i on t hat

we pr ef er r ed t he comput er - f aci l i t at ed cor r espond-

ence . Thi s i s not because of some comput er magi c .

Al l cor r espondences wer e ul t i mat el y est abl i shed

by eye; we ar e onl y usi ng t he comput er as a

bookkeeper . Tr acki ng 100 MTs t hr ough 100 sec-

t i ons means 10, 000 cor r espondences whi ch i s ex-

t r emel y t edi ous . The comput er eases t he wor k l oad

by al l owi ng t he bi ol ogi st t o concent r at e on t he

mor e di f f i cul t j obs, such as i dent i f yi ng t he bet t er

of t wo si mi l ar mat ches . The easy cor r espondences

ar e done aut omat i cal l y, and t he bookkeepi ng r e-

qui r es no at t ent i on, so t he qual i t y of t he f i nal

pr oduct i s bound t o be bet t er .

The st er eo i mages of t he Di at oma spi ndl e al l ow

us t o see new f eat ur es i n t he f or mat i on of spi ndl e

st r uct ur e . The devel opment f r om pr omet aphase t o

met aphase i nvol ves i ncr eases i n spi ndl e l engt h, i n

t he l engt h of t he zone of over l ap, and i n t he

aver age l engt h of t he l ong spi ndl e t ubul es . Ther e

i s a decr ease i n t he l engt h of t he shor t t ubul es, i n

t he number of t ubul es, par t i cul ar l y t he shor t ones,

and i n spi ndl e wi dt h and dept h . These obser va-

t i ons i mpl y t hat some l ong MTs ar e suf f i ci ent l y

st abl e t o per si st and el ongat e whi l e al l t he shor t

MTs and some l ong ones di sappear . We woul d
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l i ke t o under st and not onl y t hi s eni gma, but t he

ver y exi st ence of t he shor t pol ar MTs whi ch have

not pr evi ousl y been descr i bed .

To pr ovi de a cont ext i n whi ch t o see t hese

phenomena, l et us l ook at t he ear l y st ages of

spi ndl e f or mat i on i n Di at oma. Spi ndl e f or mat i on

begi ns dur i ng pr ophase . Bef or e pr ophase, a per -

si st ent pol ar compl ex i s vi si bl e i n t he cyt opl asm

( 29) . I t r esembl es t he mat er i al of t he spi ndl e pol es,

but cont ai ns no obvi ous MTs . The compl ex i s bui l t

f r om par al l el pl at es t hat become t he spi ndl e pol es

wi t h some st r uct ur ed, osmi ophi l i c mat er i al i n be-

t ween . Dur i ng pr ophase, MTs appear i n t hi s os-

mi ophi l i c mat er i al , or i ent ed appr oxi mat el y per -

pendi cul ar t o t he pl at es and appear i ng t o r un f r om

pl at e t o pl at e . As pr ophase pr oceeds, t hese MTs

el ongat e, t he pl at es move apar t , t he pl at es enl ar ge

i n ar ea, and t he number of MTs i ncr eases . Recent

dat a f r om Fr agi l ar i a ( 32) , a di at om wi t h a par t i c-

ul ar l y smal l spi ndl e, show t hat dur i ng t hi s pr o-

phase gr owt h al l t he spi ndl e MTs r un essent i al l y

f r ompol e t o pol e ; t he i mages of pr ophase Di at oma

spi ndl es ar e compl et el y consi st ent wi t h t hi s vi ew.

Somet i me at about t he onset of pr omet aphase

when t he nucl ear envel ope br eaks down, t he spi n-

dl e st r uct ur e changes dr ast i cal l y t o yi el d t he pr o-

met aphase st r uct ur e we show her e . Ti ppi t et al .

( 37) , i n t hei r st udy of Fr agi l ar i a, i nf er t hat t he t wo

hal f - spi ndl es sl i de apar t at t he pr ophase t o pr o-

met aphase t r ansi t i on, but st op sl i di ng as t he chr o-

mosomes at t ach t o t he cent r al spi ndl e . Thi s vi ew

i s consi st ent wi t h ever yt hi ng we know, and seems

ent i r el y pl ausi bl e as a mechani sm i n Di at oma as
wel l .

Wi t h t hese f act s i n mi nd, we can i nt er pr et our
obser vat i ons of Di at oma spi ndl e st r uct ur e . Spi ndl e

gr owt h begi ns i n t he cyt opl asm when t he t wo

pl at es of t he per si st ent pol ar compl ex ar e cl ose . As

t he t ubul es gr ow, t he pl at es move apar t ( Fi g. 15) .

I t i s unl i kel y, however , t hat MT pol ymer i zat i on
al one can account f or t he st ages of spi ndl e f or -
mat i on depi ct ed i n Fi g . 15 A and B; some f or mof

MT sl i di ng i s pr obabl e . Thi s concl usi on der i ves
f r om t he obser vat i on t hat i n vi t r o MTs add sub-
uni t s at t hei r ends ( 4, 9) and a gr owi ng MT al ways

adds subuni t s f ast er at one end t hen t he ot her ( 1,
6) . I f MTs i n vi vo behave t he same way, and i f t he
MTs or i gi nat i ng f r omt he t wo pol es ar e equi val ent ,
t hen t he MTs f r om each pol e must sl i de past one
anot her as t hey el ongat e . I f bot h sl i di ng and po-

l ymer i zat i on ar e occur r i ng si mul t aneousl y, one
cannot say a pr i or i whi ch i s mor e l i kel y t o be t he

dr i vi ng f or ce f or spi ndl e el ongat i on .

The t r ansi t i on f r om Fi g . 15 B t o C coul d be

achi eved by st oppi ng t he sl i di ng of t he MTs, and

cont i nui ng t o add subuni t s at t he pol ar ends of t he

MTs . Al t er nat i vel y, t he sl i di ng envi si oned i n ear l y

spi ndl e f or mat i on coul d cont i nue whi l e t he r at e of

pol ymer i zat i on decr eased, gi vi ng r i se t o t he t r an-

si t i on f r om Fi g . 15 B t o C. I n t hi s model , subuni t

addi t i on coul d occur at ei t her t ubul e end, and t he

same r esul t woul d f ol l ow. Regar dl ess of whi ch of

t hese al t er nat i ves i s cor r ect , t he t r ansi t i on wi l l

open up pl aces on t he pol ar pl at es t hat wer e

pr evi ousl y occupi ed by t he di st al ends of MTs

whi ch but t ed agai nst t he pol e opposi t e t o t he one

t hat i ni t i at ed t hem. These empt y pl aces ar e now

exposed t o a cyt opl asm r i ch i n pol ymer i zat i on-

compet ent t ubul i n, and i t i s pl ausi bl e t hat new

MTs shoul d i ni t i at e, t hus account i ng f or bot h t he

pr esence of shor t MTs dur i ng pr omet aphase and

t he hi gh densi t y of MTs seen i n t he st er eo pai r s at
t he spi ndl e pol es ( Fi g. 15 D) . Thi s al so expl ai ns

why t he shor t MTs ar e di st r i but ed al l over t he

i nwar d- f aci ng sur f ace of t he pol ar pl at es r at her

t han l yi ng at t he pl at e per i pher y wher e new( shor t )

MTs mi ght be expect ed t o f or m.

Under st andi ng our obser vat i on t hat t he shor t

MTs di sappear wi t h t i me i n mi t osi s ( Fi g. 15 E)

r equi r es a di f f er ent i dea . I t i s wel l known f r om t he

st udy of MTs i n a var i et y of cel l s t hat cr oss- br i dged

MTs t end t o be mor e st abl e t han MTs not cr oss-

br i dged ( 35, 38) . I t i s al so known t hat mi cr ot ubul e-

associ at ed pr ot ei ns conf er st abi l i t y upon MTs i n

vi t r o by r educi ng t he r at e of MT di sassembl y ( 23) .

I f we make t he assumpt i on, j ust i f i ed i n t he next

paper , t hat MTs f r om ei t her pol e br i dge t o one
anot her pr ef er ent i al l y, t hen t he di sappear ance of
t he shor t MTs whi l e t he l onger ones ar e el ongat i ng

i s expl ai ned . The pr esumed i nt er act i ons bet ween

t he l ong pol ar MTs i n t he zone of over l ap st abi l i ze

t hese t ubul es agai nst di sassembl y, whi l e t he shor t

MTs t hat cannot r each t he zone of over l ap af t er
pr omet aphase, ar e compar at i vel y unst abl e and

di sappear . We ar e suggest i ng t hat t ubul i n assem-

FI GURE 15 Hypot het i cal devel opment of t he cent r al
spi ndl e t hr ough met aphase. See t ext f or det ai l s .
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bl y can occur wi t h di f f er ent equi l i br i a i n nei gh-

bor i ng r egi ons of a cel l as a r esul t of geomet r i cal
consi der at i ons and t he f act or s r el at i ng t ubul e st a-

bi l i t y t o t ubul e i nt er act i on. An anal ogous i dea has
been suggest ed by Sal mon ( 33) who pr oposes t hat
st abi l i t y i s conf er r ed upon cer t ai n spi ndl e MTs by

associ at i ng bot h of t hei r ends wi t h a mi cr ot ubul e-

or gani zi ng cent er .

The pi ct ur es pr esent ed her e, combi ned wi t h pr e-
vi ousl y publ i shed i nf or mat i on on di at oms ( 16, 20,
37) show t hat t he ext ent of over l appi ng of t he

i nt er di gi t at i ng pol ar MTs decr eases dur i ng ana-
phase . Thi s change mi ght occur by an act i ve sl i d-

i ng of t he t wo f ami l i es of MTs r el at i ve t o one

anot her , or i t mi ght r esul t f r om a di sassembl y of

subuni t s f r om t he nonpol ar end of each MT wi t h

a cont empor aneous addi t i on of subuni t s at t he

pol ar end . Such " head- t o- t ai l " pol ymer i zat i on of

MTs has been descr i bed at st eady st at e i n vi t r o f or

neur al MTs ( 13) . These ar e not mut ual l y excl usi ve

concept s, and r ecent model s of mi t osi s ( 14, 24)

i ncl ude bot h . I t i s cl ear f r om our dat a t hat some

MT pol ymer i zat i on must occur dur i ng anaphase

t o obt ai n t he obser ved i ncr ease i n aver age MT

l engt h . We t hi nk i t unl i kel y, however , t hat t he

pol ar assembl y model account s f or t he ent i r e

change i n t he zone of over l ap, because t hi s woul d

r equi r e i nser t i on of subuni t s bet ween t he pol e and

t he MT t hat i s pushi ng on i t . I n t he sl i di ng model ,

subuni t addi t i on can occur at t he f r ee MT end

di st al t o t he pol e, a pr i or i a mor e pl ausi bl e sug-

gest i on . I t shoul d be emphasi zed t hat our dat a i s

i nconsi st ent wi t h a model whi ch assumes t hat MT

subuni t s add at t he end di st al t o t he pol e but does

not empl oy act i ve MT sl i di ng .

I t i s of i nt er est t o compar e t he di st r i but i ons of

MT l engt hs seen her e wi t h t heor et i cal di st r i but i ons

of si zes f or pr ot ei n pol ymer s and wi t h empi r i cal

di st r i but i ons f ound wi t h pol ymer i zat i on of t ubul i n

i n vi t r o. The equi l i br i um di st r i but i on of l engt hs

expect ed f or a condensat i on pol ymer i zat i on r eac-

t i on i s a monot oni c- decr easi ng negat i ve exponen-

t i al ( 26) . I f t he syst emhas not r eached equi l i br i um

but has ar r i ved at a const ant monomer concent r a-

t i on af t er assembl y on spont aneousl y f or med

seeds, a Poi sson di st r i but i on i s expect ed ( 25) . The
obser vat i ons concer ni ng pol ymer i zat i on of neu-

r ot ubul i n i n vi vo ar e consi st ent wi t h t hi s l at t er

pr edi ct i on ( 6) .

The bi modal di st r i but i on f ound i n pr omet a-

phase and ear l y met aphase Di at oma i s unl i ke any

ot her l engt h di st r i but i on we have f ound r epor t ed

f or pr ot ei n pol ymer s . Our i nt er pr et at i on of t he
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shor t t ubul es comi ng as a second wave of pol ym-

er i zat i on i s hel pf ul i n r econci l i ng t hi s appar ent l y

uni que di st r i but i on wi t h what i s gener al l y known

about pol ymer l engt hs . I n t hi s i nt er pr et at i on, t he

l ong t ubul es of pr omet aphase woul d be t he r esul t

of t he f i r st wave of MT i ni t i at i on occur r i ng dur i ng

pr ophase . I f t he i ni t i at i on had been t r ul y synchr o-

nous, a Gaussi an di st r i but i on of l engt hs woul d be

expect ed, and t he symmet r y of t he l ong t ubul e

peak at pr omet aphase i s r easonabl y consi st ent
wi t h t hi s vi ew. The shor t t ubul e peak, whi ch ap-
pear s r oughl y Poi sson i n shape, i s pr esumabl y

caused by a second r ound of MT i ni t i at i on, l ess

synchr onous t han t he f i r st . These pol ymer s may

not have t i me f or much el ongat i on bef or e condi -

t i ons change and no l onger f avor pol ymer i zat i on

and gr owt h . The change i n condi t i ons coul d si m-
pl y be t he r educt i on i n t he monomer pool , or i t

coul d be somet hi ng mor e subt l e.

Tabl e I shows t hat t he sect i ons used t o pr epar e

t he t el ophase cel l may have been t hi nner t han t he

sect i ons used f or t he ot her cel l s . I f t hi s i s t r ue, t he

peak descr i bi ng t el ophase t ubul e di st r i but i on i s

t oo f ar t o t he r i ght , but none of our maj or poi nt s

i s af f ect ed. Not e t hat i n " M2, " " Al , " and " A2, "

t her e ar e a ver y f ew MTs t hat ar e subst ant i al l y

l onger t han al l t he r est . These ar e t he f ew cont i n-

uous MTs pr evi ousl y descr i bed by McDonal d et

al . ( 16) . Thei r anomal ous appear ance on t hi s gr aph

i s f ur t her evi dence f or t he poi nt of vi ew pr evi ousl y

expr essed t hat t hey ar e l i kel y t o r epr esent t r acki ng

er r or s . When many MTs begi n and end i n one

r egi on, as happens at t he edges of t he zone of

over l ap, i t i s not sur pr i si ng t hat a f ew t ubul es

shoul d begi n and end wi t hi n a sect i on t hi ckness

al ong t he spi ndl e axi s and near er t han one MT

di amet er i n t he t r ansver se pl ane . Such ends and

begi nni ngs woul d of cour se be i dent i f i ed as " con-

t i nuous" MTs i n our anal ysi s . The compl et e ab-

sence of cont i nuous MTs f r ommet aphase spi ndl es

of Fr agi l ar i a i s consi st ent wi t h t hi s expl anat i on f or

t hei r occur r ence ( 37) .

The decr ease and subsequent i ncr ease i n t ot al

t ubul e l engt h dur i ng mi t osi s woul d seemt o i mpl y

a compl i cat ed set of changes i n t he MT assembl y

equi l i br i um. Thi s need not be t he case, however ,

f or we ar e l ooki ng her e onl y at t he cent r al spi ndl e.

Ther e ar e per i pher al MTs t hat shor t en dur i ng

anaphase ( dat a not shown) , and t hei r subuni t s

may be cycl ed i nt o t he cent r al spi ndl e at const ant

or even decr easi ng assembl y equi l i br i um t o make

t he l ong pol ar MTs el ongat e . I n addi t i on, t he

i ncr ease i n t ot al t ubul e l engt h seen i n t el ophase
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may be exagger at ed on account of t he possi bi l i t y

of t hi nner sect i ons i n t hat spi ndl e .

One can quest i on t he val i di t y of maki ng st at e-

ment s on t he shi f t s i n mi cr ot ubul e l engt h or pol -

ymer equi l i br i um f r om a sampl e of si x cel l s . Our

concer n over t he smal l sampl e si ze has, t o some

ext ent , been r educed by t he obser vat i on t hat each

r el at i onshi p bet ween cel l s whi ch we have st udi ed

has shown consi st ent t r ends, r at her t han shar p

f l uct uat i ons . The t ot al number of MTs dr ops con-

si st ent l y f r om pr omet aphase t o anaphase. The av-

er age l engt hs of bot h t he shor t and t he l ong t ubul es

change consi st ent l y, al bei t i n opposi t e di r ect i ons .

The ext ent of over l ap and t he t ot al amount of

pol ymer i n t he i ni t i al spi ndl e change f i r st i n one

di r ect i on and t hen t he ot her , but t hey show a

smoot h pat t er n of var i at i on . Thus, whi l e our sam-

pl e si ze i s smal l we ar e encour aged by t he i nt er nal

consi st ency of t he dat a t o bel i eve i n i t s qual i t y and

i n t he accept abi l i t y of maki ng compar i sons be-

t ween di f f er ent Di at oma spi ndl es .

A maj or l i mi t at i on of t hi s st udy i s t he l ack of

anal ysi s of ki net ochor e MTs . Thi s i s unavoi dabl e

wi t h Di at oma wher e t he cel l seems t o l ack such

MTs, at l east af t er pr omet aphase . Pi cket t - Heaps i s

cur r ent l y anal yzi ng t he behavi or of ki net ochor es

i n di at oms by l i ght and el ect r on mi cr oscopy, but

l i t t l e i s yet known of t hei r behavi or . Our f ut ur e

pl ans i ncl ude a t hr ee- di mensi onal r econst r uct i on

st udy of an or gani sm possessi ng wel l - def i ned ki -

net ochor es so we can l ook at t he r el at i onshi ps

bet ween pol ar and ki net ochor e t ubul es . I nt er ac-

t i ons bet ween pol ar MTs f r om opposi t e pol es ar e

t he subj ect of t he f ol l owi ng paper ( 15) .

Thi s wor k was suppor t ed by a Nat i onal Sci ence Foun-

dat i on gr ant ( PCM 77- 14796) t o J . Ri char d McI nt osh .

Recei ved f or publ i cat i on 11 Januar y 1979, and i n r evi sed

f or m 29 May 1979 .
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