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CROSS- SECTI ONAL STRUCTURE OF THE CENTRAL MI TOTI C

SPI NDLE OF DI ATOMA VULGARE

Evi dence f or Speci f i c I nt er act i ons bet ween Ant i par al l el Mi cr ot ubul es

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

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

Dur i ng t he t r ansi t i on f r ompr omet aphase t o met aphase, t he cr oss- sect i onal ar ea of

t he cent r al spi ndl e of Di at oma decr eases by a f act or of near l y t wo, bot h at t he

pol es and at t he r egi on of over l appi ng mi cr ot ubul es ( MTs) near t he spi ndl e

equat or . The densi t y of spi ndl e MT packi ng st ays appr oxi mat el y const ant t hr ough-

out mi t osi s . Opt i cal di f f r act i on anal ysi s of el ect r on mi cr ogr aphs shows t hat t he

packi ng of t he MTs at t he pol es at al l st ages of mi t osi s i s si mi l ar t o t hat expect ed
f or a t wo- di mensi onal l i qui d . Anal ysi s of t he r egi on of over l ap r eveal s mor e

packi ng r egul ar i t y : dur i ng pr omet aphase, a squar e packi ng emer ges t hat di spl ays

suf f i ci ent or gani zat i on by l at e met aphase t o gener at e f i ve or der s of di f f r act i on;

dur i ng anaphase t he packi ng i n t he over l ap r egi on shi f t s t o hexagonal ; at t el ophase,

i t r et ur ns t o squar e . Fr om t he dat a pr ovi ded by ser i al sect i on r econst r uct i ons of

t he cent r al spi ndl e, i t i s possi bl e t o i dent i f y t he pol ar i t y of al most ever y spi ndl e

MT, t hat i s, t o i dent i f y one pol e wi t h whi ch t he MT i s associ at ed . Near nei ghbor

anal yses of MTs i n cr oss sect i ons of t he over l ap r egi on show t hat MTs pr ef er

ant i par al l el near nei ghbor s . These near nei ghbor s ar e most of t en f ound at a

spaci ng of - 40 nmcent er - t o- cent er , whi l e par al l el near nei ghbor s i n t he zone of

over l ap ar e spaced essent i al l y at r andom. These r esul t s ar e evi dence f or a speci f i c

i nt er act i on bet ween ant i par al l el MTs . I n some sect i ons def i ni t e br i dges bet ween
MTs can be seen . Our f i ndi ngs show t hat cer t ai n necessar y condi t i ons f or a sl i di ng
f i l ament model of anaphase spi ndl e el ongat i on ar e met .

KEY WORDS mi t osi s - mi cr ot ubul es
cent r al spi ndl e
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ant i par al l el i nt er act i on

Sl i di ng f i l ament model s f or anaphase spi ndl e el on-
gat i on, such as t he ones pr oposed by McI nt osh et
al . ( 18) , Ni ckl as ( 22) , McDonal d et al . ( 16) , or
Mar gol i s et al . ( 15) , al l r equi r e t hat ant i par al l el
mi cr ot ubul es ( MTs) l i e suf f i ci ent l y cl ose t o one
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anot her t o be abl e t o i nt er act . Publ i shed el ect r on
mi cr ogr aphs showi ng sect i ons of mi t ot i c f i gur es
f r equent l y r eveal t hat spi ndl e MTs ar e bunched
and t hus l i e cl ose t o one or mor e nei ghbor s ( c. f .
r ef er ences 4, 9, 11, 14, 19, and 29) . Some exper i -
ment al t r eat ment s i nduce bunchi ng of spi ndl e t u-
bul es ( 25) . Wi t h onl y a f ew except i ons ( 10, 11, 17,
31) , however , t her e i s no i nf or mat i on about t he
di r ect i onal i t y of t he i ndi vi dual mi cr ot ubul es i n
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t hese bundl es, so i t i s i mpossi bl e t o say whet her
one bunch r ef l ect s a cl ust er i ng of ant i par al l el MTs .

I t i s nowwel l est abl i shed t hat MTs possess an
i nt r i nsi c mol ecul ar di r ect i onal i t y . ( We wi l l use t he
t er m " di r ect i onal i t y" r at her t han t he mor e com-
mon t er m " pol ar i t y" t o avoi d t he ambi gui t y ar i s-
i ng f r om t he f act t hat a " pol ar MT" coul d mean
one possessi ng pol ar i t y or one at t ached t o a spi ndl e
pol e . ) St r uct ur al st udi es have r eveal ed t he asym-
met r i c shape of t he t ubul i n subuni t s of t he MT
wal l , and t hese subuni t s ar e ar r anged head- t o- t ai l
wi t hi n a pr ot of i l ament , gi vi ng t he whol e MT a
di r ect i onal i t y ( 2, 7) . Fur t her , MTs may be br oken
at r andom posi t i ons, and each f r agment wi l l ser ve
as a di r ect i onal seed i n t he sense t hat i t wi l l gr ow
f ast er at one end t han at t he ot her ( I , 8) . Al t hough
t her e i s bot h st r uct ur al and f unct i onal evi dence
f or MT di r ect i onal i t y, t hi s char act er i st i c of MTs i s
not vi si bl e i n f i xed, sect i oned mat er i al , so t he
di r ect i onal i t y of an MT i n a mi cr ogr aph i s usual l y
unknown . At pr esent , t her e i s no di r ect i onal i t y
pr obe f or MTs anal ogous t o heavy mer omyosi n
decor at i on of act i n f i l ament s ( 12) , so det er mi na-
t i on of MT di r ect i onal i t y r equi r es some ot her ap-
pr oach.

I t i s r easonabl e t o assume t hat al l t he MTs
emanat i ng f r om a gi ven MT- or gani zi ng cent er
have t he same di r ect i onal i t y . I n t he wor k pr e-
sent ed her e, we use t he i nf or mat i on f r om t hr ee-
di mensi onal r econst r uct i ons of t he cent r al spi ndl e
of Di at oma t o l ook f or an associ at i on of each MT
wi t h a pol e and t o assi gn i t a di r ect i onal i t y on t hat
basi s . Our knowl edge of t he det ai l s of spi ndl e
st r uct ur e t hen al l ows us t o l ook at a cr oss sect i on
of t he spi ndl e i n t he r egi on of over l ap and t o
i dent i f y t he di r ect i onal i t y of al most ever y MT i n
t he ar r ay . One publ i shed st udy of a f ungus has
used t he same appr oach, but no par t i cul ar or der -
i ng of ant i par al l el MTs was obser ved ( 11) . The
anal ysi s of di r ect i onal i t y di st r i but i ons i n t hat spi n-
dl e was pr obl emat i cal , because di r ect i onal i t y of
onl y about one- t hi r d of t he MTs coul d be det er -
mi ned. Most of t he r emai ni ng spi ndl e MTs ex-
t ended f r om pol e t o pol e, and t hei r di r ect i onal i t y
was t her ef or e ambi guous by t he cr i t er i on used .
These mi cr ot ubul es pr esumabl y possessed a mo-
l ecul ar di r ect i onal i t y ; i t si mpl y coul d not be det er -
mi ned. Di at oms ar e a mor e f avor abl e mat er i al
wi t h whi ch t o appr oach t hi s pr obl embecause most
of t he MTs of t he cent r al spi ndl e ar e associ at ed
wi t h onl y one spi ndl e pol e ( 16) . Ti ppi t et al . ( 29)
used t hi s f act and t he par t i cul ar l y wel l - or der ed
over l ap r egi on of Mel osi r a t o i nf er a t endency of

444

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 83, 1979

MTs f r om opposi t e pol es t o l i e cl ose t o one an-
ot her . I n t hei r r ecent st udy of Fr agi l ar i a, Ti ppi t et
al . ( 31) have t r acked MTs f r om t hei r pol es i nt o t he
r egi on of over l ap and det er mi ned qual i t at i vel y
t hat mi cr ot ubul es pr ef er near nei ghbor s f r om op-
posi t e pol es . The spi ndl e of Fr agi l ar i a i s an el egant
mat er i al f or cer t ai n t hr ee- di mensi onal r econst r uc-
t i on st udi es, but t he smal l number of mi cr ot ubul es
i n t he spi ndl e i s a l i mi t at i on on t he ki nds of
quant i t at i ve anal ysi s t hat can be appl i ed .

I n t hi s st udy, we exami ne t he MT- packi ng pat -
t er ns i n t he pol ar and over l ap r egi ons of cent r al
spi ndl es of Di at oma vul gar e at var i ous st ages of
mi t osi s . Thi s or gani sm has t he vi r t ues f or our
pr esent pur poses t hat a di r ect i onal i t y may be as-
si gned t o essent i al l y ever y MT i n t he cent r al spi n-
dl e, and yet t he spi ndl e i s l ar ge enough t o al l ow
r at her det ai l ed opt i cal and numer i cal anal ysi s . We
f i nd a change i n t he packi ng of t he spi ndl e mi cr o-
t ubul es at t he t r ansi t i on f r om met aphase t o ana-
phase, and we f i nd a mar ked t endency f or t ubul es
t o associ at e wi t h nei ghbor s of opposi t e pol ar i t y .
Par al l el near nei ghbor s seem t o i gnor e each ot her .
The si gni f i cance of t hese obser vat i ons i s di scussed
i n t he l i ght of cur r ent t hought s about mi t ot i c
mechani sms .

MATERI ALS AND METHODS

The pr epar at i on of cel l s f or el ect r on mi cr oscopy ( 24, 30)

and t he comput er pr ocessi ng of t he ser i al sect i on dat a
( 20) have been descr i bed el sewher e . For t hi s st udy, some
of t he dat a wer e anal yzed ent i r el y by comput er , ot her
dat a wer e i ni t i al l y pr ocessed by comput er and t hen
f ur t her anal yzed by hand, and st i l l ot her dat a wer e
obt ai ned di r ect l y f r om t he or i gi nal mi cr ogr aphs of spi n-
dl e cr oss sect i ons .

Cent r al Spi ndl e Cr oss- Sect i onal Ar ea and

MT Densi t y

The ar ea of t he cent r al spi ndl e i n cr oss sect i on was
det er mi ned f r om a phot ogr aphi c enl ar gement of each
sect i on ( x 120, 000) . An envel ope was dr awn ar ound t he
bundl e of cent r al spi ndl e MTs ; t he envel ope passed j ust
out si de t he wal l s of al l t he t ubul es l yi ng at t he edge of
t he ar r ay. Thi s cur ve was t r aced wi t h a pl ani met er t o
gi ve an ar ea i n squar e cent i met er s . The aver age of t hr ee
such t r aci ngs was obt ai ned f or each sect i on, and MT
densi t i es wer e t hen cal cul at ed f or each cr oss sect i on i n
number of MTs per squar e mi cr omet er .

Det er mi nat i on of Aver age Near - Nei ghbor

Posi t i onal Rel at i onshi ps by

Opt i cal Di f f r act i on

The Four i er t r ansf or m of a di st r i but i on of poi nt s i s an
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ef f ect i ve way t o st udy aver age spaci ngs and t o i dent i f y

any t endency of t he poi nt s t o cl ust er i nt o or gani zed

gr oups . Opt i cal di f f r act i on i s an economi cal and conven-

i ent way t o obt ai n t he ampl i t udes of t he Four i er t r ans-

f or m, and hence t o see symmet r i es and aver age spaci ngs .

The opt i cal di f f r act i on pat t er n of an el ect r on mi cr oscope

negat i ve of t he Di at oma spi ndl e cr oss sect i on i s compl ex:

t he t r ansf or m of t he st r uct ur e of a si ngl e MT i s seen

mul t i pl i ed t i mes t he t r ansf or m of an i l l - def i ned l at t i ce,

f ur t her conf used by t he t r ansf or m of mat r i x mat er i al i n

t he spi ndl e. We obt ai ned mor e usef ul di f f r act i on pat t er ns

of t he spi ndl e by r epr esent i ng t he posi t i on of each MT

wi t h a si ngl e dot . A pi ece of t r aci ng paper was pl aced

over a mi cr ogr aph of t he spi ndl e enl ar ged t o about

x 120, 000, and a No . 2 dr af t i ng pen was used t o make a

smal l spot of bl ack i nk at t he cent er of each spi ndl e

t ubul e . Thi s t r aci ng was copi ed ont o 35- mm Kodal i t h

f i l m t o make ahi gh cont r ast negat i ve i n whi cht he l ar gest

di mensi on of t he ar r ay of dot s was - - 2 cm. Thi s negat i ve

was used as a di f f r act i on mask i n a di f f r act omet er con-

st r uct ed f r om a 5- mWHeNe l aser ( Spect r a- Physi cs I nc . ,

Laser Pr oduct s Di v . , Mount ai n Vi ew, Cal i f . ) and a Spec-

t r a- Physi cs beam- expandi ng t el escope t hat pr oduces a l -

i nch- di amet er beam, coher ent t o X/ 10 . The t el escope was

set f or a 2- m f ocal l engt h, and t he mask was si mpl y

pl aced i n f r ont of t hi s l ens ( 27) . The opt i cal t r ansf or m

was r ecor ded usi ng a 35- mmr ef l ex camer a wi t h no l ens .

To cal i br at e and t est t he per f or mance of our di f f r ac-

t omet er , we made a squar e l at t i ce of dot s wi t h t he No . 2

dr af t i ng pen and pr ocessed i t as we di d our r egul ar dat a.

Fi g . 1 a i s t he mask of t he squar e l at t i ce whose di f f r act i on

pat t er n i s shown i n Fi g. 1 b. We r ecor ded mor e t han 12

or der s of di f f r act i on i n t hi s t r ansf or m whi ch i s l i mi t ed

by t he 35- mm f or mat . When vi ewed di r ect l y on t he

di f f r act omet er , 17 or der s of di f f r act i on f r om t he squar e

l at t i ce ar e vi si bl e wi t hi n t he cent r al maxi mumof di f f r ac-

t i on f r om t he dot s .

Comput er Model i ng of Pol e St r uct ur e

To hel p us i nt er pr et di f f r act i on pat t er ns of t he spi ndl e

pol es, we gener at ed model st r uct ur es by comput er . A

r ect angul ar boundar y of sel ect ed axi al r at i o and cont ai n-

i ng a gi ven number of poi nt s was used t o mi mi c a

par t i cul ar spi ndl e cr oss sect i on. The comput er t hen

pl aced t he poi nt s wi t hi n t he boundar y by t aki ng coor -

di nat es f r oma r andomnumber gener at or , subj ect t o one

const r ai nt . At t he begi nni ng of a r un, we woul d deci de

how cl ose t wo poi nt s mi ght l i e, r ef l ect i ng t he pr oper t y

t hat MTs cer t ai nl y do not over l ap, and ar e gener al l y

separ at ed, cent er - t o- cent er , by a di st ance even l ar ger

t han t hei r di amet er . Whenever t he r andom number gen-

er at or pr oduced a poi nt l yi ng cl oser t o an exi st i ng poi nt

t han t hi s pr esel ect ed di st ance, i t was di scar ded . As t he

" zone of excl usi on" ar ound t he poi nt s was i ncr eased, i t

woul d t ake l onger and l onger t o pl ace t he sel ect ed num-

ber of poi nt s i n t he r ect angl e ( beyond a cer t ai n zone si ze

f or gi ven i ni t i al condi t i ons, i t i s of cour se i mpossi bl e t o

pl ace al l t he poi nt s) . Wi t h appr opr i at el y chosen condi -

FI GURE 1

	

Di f f r act i on mask of a r egul ar squar e ar r ay

of poi nt s ( a) , and t he opt i cal t r ansf or m of t hat pat t er n

( b) .

t i ons, such a set of " r andoml y pl aced poi nt s" begi ns t o

appr oach hexagonal cl ose packi ng . We anal yzed our

comput er - gener at ed dot pat t er ns i n par al l el wi t h t he dot

pat t er ns obt ai ned f r omt he spi ndl es.

I dent i f i cat i on of MT Di r ect i onal i t y i n

Cr oss Sect i on

Our comput er pr ogr ams f or t hr ee- di mensi onal r econ-

st r uct i on i ncl ude a r out i ne t hat wi l l i dent i f y t he posi t i on

and di r ect i onal i t y of ever y MT on a mi cr of i l m pr i nt of

each sect i on. These ar e obt ai ned by usi ng t he t hr ee-

di mensi onal di spl ays pr esent ed i n t he pr evi ous paper

( 20) t o deci de t he number of sect i ons at each ext r eme of

t he spi ndl e t hat shoul d be cal l ed " t he pol e" i n t he sense

t hat many MTs or i gi nat e t her e . Al l MTs t hat end i n one

pol e ar e i dent i f i ed and pl aced i n one set ; t hose t hat end

i n t he ot her pol e ar e pl aced i n a second set . MTs wi t h

one end i n each pol e ( cont i nuous t ubul es) f or m a t hi r d

set , and t hose wi t h ends i n nei t her pol e ( f r ee MTs) f or m

a f our t h . The t ubul es of each set ar e r epr esent ed by a

di f f er ent symbol , so t hat a di spl ay of a spi ndl e cr oss

sect i on r eveal s t he pol ar associ at i ons of each MT. Fi g .

2a i s such a di spl ay f or a sect i on i n t he over l ap r egi on of

t he l at e met aphase spi ndl e di scussed i n t hi s and t he

pr evi ous paper ( 20) . Car ef ul compar i son of t he MT

pat t er ns i n t hi s f i gur e wi t h t he or i gi nal mi cr ogr aph ( Fi g.

15) shows how accur at el y t he comput er r epr esent at i on

mat ches t he or i gi nal MT posi t i ons . Al so, i f one compar es

McDONALD ET AL .
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FI GURE 2 ( a) Comput er - gener at ed di spl ay of mi cr o-

t ubul e posi t i on and di r ect i onal i t y f r om sect i on 39 of t he

l at e met aphase spi ndl e . The ci r cl es and r ect angl es ar e

pol ar MTs of opposi t e di r ect i onal i t y, t he dol l ar si gns ar e

MTs whi ch appear t o r un f r om pol e t o pol e, and t he

t r i angl es ar e f r ee MTs . ( b) I l l ust r at i on of F cal cul at i on,

see t ext f or det ai l s. Ci r cl es and r ect angl es ar e MTs of

opposi t e di r ect i onal i t y .

t hi s sect i on wi t h a pr evi ousl y publ i shed mi cr ogr aph ( Fi g .

5 of r ef er ence 16) whi ch i s f r om t he same spi ndl e but

f our sect i ons r emoved f r om Fi g . 15, one get s an i mpr es-

si on of howeasy i t i s t o mat ch MT posi t i ons f r omsect i on

t o sect i on i n Di at oma, and t o see wher e MTs dr op out

and begi n i n t he spi ndl e over l ap r egi on.

Near - Nei ghbor Anal ysi s

The comput er pr ogr ams al so det er mi ne t he number

and di r ect i onal i t y of nei ghbor i ng MTs t hat l i e wi t hi n a

speci f i ed di st ance f r om each MT i n a gi ven sect i on . The

r esul t s of t hese measur ement s ar e pr i nt ed out as a t abl e

f or each sect i on t hat shows t he number of MTs f r om

each pol e, and t he t ot al number of nei ghbor s of each

di r ect i onal i t y wi t hi n t he speci f i ed sear ch r adi us, usi ng

each t ubul e i n t ur n as a cent er . For exampl e, sect i on 40

of t he anaphase 1 spi ndl e ( Fi g . 16) has 80 MTs f r omone

pol e, cal l i t t he l ef t , and 82 MTs f r om t he ot her , cal l i t

t he r i ght . At a sear ch r adi us of 1 . 7 MT di amet er s, t he

MTs f r omt he l ef t pol e have 44 nei ghbor s t hat ar e of t he

same di r ect i onal i t y, and 144 of t he opposi t e di r ect i onal -

i t y, i . e . , f r om t he r i ght pol e . The r i ght pol ar MTs have

t he cor r espondi ng 144 l ef t pol ar nei ghbor s and 36 nei gh-

bor s of t he same di r ect i onal i t y . Thi s anal ysi s has been

done f or each sect i on at a ser i es of sear ch r adi i , speci f i ed

i n f r act i ons of an MT di amet er . We used t he di amet er of

an MT ( MT Di am) as our uni t of measur ement t o

mai nt ai n a consi st ent i nt er nal st andar d. Di at om MTs,
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l i ke t hose f r om many ot her or gani sms, ar e - 25 nm i n

di amet er , and so MT Di am i s conver t ed t o nanomet er s

f or conveni ence i n r eadi ng t hi s paper .

Our f i r st way of usi ng t hese dat a t o st udy near nei gh-

bor r el at i onshi ps bet ween MTs was t o det er mi ne an

annul ar r adi al di st r i but i on . One MT was t aken as t he

cent er of an annul us 5 nmwi de and i nner r adi us equal

t o 27 . 5 am. The number s of MTs of l i ke and unl i ke

di r ect i onal i t y whose cent er s l ay i n t he annul us wer e

count ed. Cor r espondi ng val ues wer e obt ai ned usi ng ev-

er y t ubul e on t he sect i on as a cent er of t he annul us, and

t hese val ues wer e summed . Wi t h t hi s met hod each i nt er -

t ubul e r el at i onshi p i s count ed t wi ce, so each sum was

t hen di vi ded by 2. A si mi l ar sum was cal cul at ed f or

annul i of i dent i cal wi dt h, usi ng i nner r adi i of 32. 5, 37 . 5

am, et c . These sums wer e di vi ded by t he number of MTs

i n t he sect i on t o f aci l i t at e compar i sons bet ween di f f er ent

sect i ons and di f f er ent spi ndl es . The set of such sums f or

a gi ven sect i on const i t ut es an annul ar r adi al di st r i but i on .

The aver age annul ar r adi al di st r i but i ons t hat we pr esent

f or t he pol es ar e aver age di st r i but i ons usi ng dat a f r om

bot h pol es of a gi ven cel l . I n t he over l ap r egi on, t he

di st r i but i ons we pr esent ar e t he aver ages of t he di st r i -

but i ons f r om t hr ee adj acent sect i ons at t he mi ddl e of t he

zone of over l ap. For t he annul ar r adi al di st r i but i ons

l abel ed " r andom, " di r ect i onal i t y was assi gned t o t he

MTs i n a mi cr ogr aph usi ng t he sequence of odd and

even number s pr oduced by a r andomnumber gener at or .

The mi cr ogr aph was t hen pr ocessed as descr i bed above .

These r andom annul ar r adi al di st r i but i ons const i t ut e a

sor t of cont r ol , ser vi ng as a r ef er ence f r om whi ch t o

det er mi ne t he pr obabi l i t y t hat t he di st r i but i ons we have

obser ved i n t he Di at oma spi ndl e mi ght have ar i sen by

chance .

The annul ar r adi al di st r i but i ons ar e a vi vi d di spl ay of

any pr ef er ence t hat one di r ect i onal i t y of MT mi ght have

f or ot her s of i t s ki nd or of a di f f er ent ki nd. They ar e not ,

however , a good way of seei ng i f t wo ki nds of MTs

i gnor e one anot her . Thi s can be seen as f ol l ows : I magi ne

a set of N poi nt s di st r i but ed at r andom on a pl ane of

ar ea A. The aver age densi t y of t he poi nt s i s p = N/ A.

The st at ement " di st r i but ed at r andom" r eal l y means t hat

i n any smal l ar ea on t hi s pl ane ( dA) , t he most pr obabl e

number of poi nt s ( dN) t o be f ound i n ( dA) i s gi ven by

( dN) = p( dA) . For such a r andom, or uni f or m di st r i bu-

t i on of poi nt s, t he annul ar r adi al di st r i but i on descr i bed

above woul d be cal cul at ed f r om:

dN = pdA = p2nr dr ,

wher e r i s t he r adi us of t he annul us and dr i s t he wi dt h

of t he annul us .

Thus f or a r andom di st r i but i on of poi nt s on a pl ane,

t he aver age annul ar r adi al di st r i but i on woul d be a

st r ai ght l i ne wi t h a sl ope pr opor t i onal t o t he densi t y of

t he poi nt s . I t i s r easonabl y easy t o t el l howst r ai ght a l i ne

i s, but i t i s di f f i cul t t o measur e t he densi t y of an ar r ay of

MTs wi t h pr eci si on, because t he ar r ays cont ai n gaps, and
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t he edges of t he ar r ay ar e har d t o i dent i f y unambi gu-
ousl y . We t her ef or e f ound t hat we coul d not r eadi l y use
t he annul ar r adi al di st r i but i ons as a way t o assess t he
uni f or mi t y or r andomness of t he MTs i n a spi ndl e cr oss
sect i on.

Ther e i s a r el at ed descr i pt i on of i nt er t ubul e spaci ng
whi ch ci r cumvent s t hi s pr obl em. For t hi s anal ysi s we
have det er mi ned t he aver age di st ance, F f r om an MT t o
al l i t s near nei ghbor s of a par t i cul ar di r ect i onal i t y t hat
l i e wi t hi n a gi ven sear ch r adi us, R. r ,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� amueu = rp i s def i ned
as f ol l ows :

Let npxj be t he number of MTs t hat ar e par al l el t o t he
j ' h MT and whi ch l i e wi t hi n a ci r cl e, r adi us R dr awn
wi t h t he j ` h MT as i t s cent er ( Fi g. 2b) . naR, i s t he
equi val ent number of ant i par al l el MTs. Let r � be t he
di st ance f r om t he j t h MT t o t he i t h MT. Def i ne:

1
r pi ( R) = - E r , 7,

npsi

wher e onl y di st ances t o par al l el MTs ar e consi der ed ;

F, ( R) = - E r ,
n � r t i

wher e onl y ant i par al l el MTs ar e consi der ed . Def i ne :

and

1 N

r p( R) = N

	

r pl ( R)
i

t
N

F. ( R) =
N

	

&JR) ,

wher e Ni s t he t ot al number of MTs i n t he ar r ay .
The behavi or of r ( R) f or a l ar ge number of evenl y

di st r i but ed poi nt s i n a pl ane i s gi ven by r ( R) = 2/ 3 R.

When ci r cl es of di amet er Sar e si mi l ar l y di st r i but ed i n a
nonover l appi ng ar r ay, t hen:

These t wo r esul t s and t he behavi or of t he l at t er expr es-
si on ar e der i ved i n t he Appendi x . Si nce r ( R) i s i nde-
pendent of densi t y, we can use t hi s par amet er as a
conveni ent way t o l ook at t he r andomness of a gi ven
ar r ay of MTs by compar i ng r ( R) f or t hat di st r i but i on
wi t h r cal cul at ed above f or a uni f or m di st r i but i on. By
keepi ng t r ack of t he di r ect i onal i t y of t he MTs i n an
ar r ay, we have been abl e t o det er mi ne i p ( R) and , , ( R)
i n t he zone of over l ap and compar e each of t hese di st r i -
but i ons wi t h t he one expect ed f or a uni f or mdi st r i but i on.

RESULTS

MT- Packi ng Pat t er n dur i ng Mi t osi s

Fi g . 3 a and b show opt i cal di f f r act i on pat t er ns
of el ect r on mi cr ogr aphs of sect i ons f r om near a
pol e and f r om t he zone of over l ap of t he pr ome-

t aphase spi ndl e; Fi g. 3 c and d ar e compar abl e

pat t er ns f or met aphase. The pr i nci pal f eat ur e of

t he pol ar pi ct ur es ( Fi g. 3 a and c) i s t he di f f r act i on

pat t er n of an MT i n cr oss sect i on . No wel l - def i ned

l at t i ce f unct i on i s vi si bl e, yet t her e i s suf f i ci ent
noi se t hat i t i s har d t o say what t he t r ansf or mof

t he ar r angement of t he t ubul es mi ght be . I n Fi g.

3 b and d an i l l - def i ned l at t i ce f unct i on i s seen
modul at i ng t he i nt ensi t i es der i ved f r om MT di f -
f r act i on . Agai n, noi se i s a pr obl em, and t he ap-
pr oxi mat e si mi l ar i t y of t he si ze of t he MT and t he

spaci ng bet ween t he MTs makes t he di f f r act i on

pat t er n di f f i cul t t o i nt er pr et .
Fi g . 4 a and b ar e masks pr epar ed f r omt r aci ngs

of t he same sect i ons used t o pr epar e Fi g . 3 a and

b . Fi g. 5 a and b ar e t he opt i cal di f f r act i on pat t er ns
of t hese t r aci ngs . A compar i son of Fi g . 5 a and b
wi t h Fi g . 3 a and b and Fi g . 7 a and b wi t h Fi g . 3 c

and d shows t he i mpr ovement i n cl ar i t y obt ai ned
by usi ng a smal l dot t o r epr esent t he posi t i on of
each MT r at her t han t he i mage of t he MT i t sel f .

We can excl ude t he possi b; l i t y t hat any of t he
di f f r act i on maxi ma i n t hi s or i i i our ot her pat t er ns
der i ved f r om di f f r act i on by t he dot s used t o r ep-

r esent MT posi t i on . I n t he or i gi nal masks, t he
aver age dot di amet er i s one- t ent h of t he aver age
di st ance bet ween dot s, so t he f i r st nul l f r om di f -

f r act i on of t he dot s t hemsel ves woul d l i e at about
t he same pl ace as t he t ent h di f f r act i on maxi mum

f r om t he ar r angement of t he dot s . The f i f t h or der

FI GURE 3

	

Opt i cal t r ansf or ms of EM negat i ves f r om
sect i ons near a pol e ( a) and i n t he over l ap r egi on ( b) of
a pr omet aphase spi ndl e, and t he pol e ( c) and over l ap ( d)
of a met aphase spi ndl e .

McDONALD ET AL .
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FI GURE 4 Di f f r act i on masks pr epar ed f r om t he sec-
t i ons used t o make Fi g . 3 a and b . Fi g . 4 a i s t he pol ar
sect i on ; Fi g. 4 b i s f r om t he over l ap r egi on of t he pr o-
met aphase spi ndl e .

of di f f r act i on f r om t he ar r angement of t he dot s i s
t hus at t enuat ed t o about t wo- f i f t hs of i t s nat ur al

i nt ensi t y by a " st r uct ur e f act or " dependent upon
t he si ze of t he dot used t o r epr esent t he posi t i on of
each MT.

Fi gs . 6- 10 show di f f r act i on pat t er ns obt ai ned
f r om dot t r aci ngs of t he pol ar and over l ap r egi ons

of ear l y and l at e met aphase ( Fi gs . 6 and 7) , ear l y
and mi d- anaphase ( Fi gs . 8 and 9) , and t el ophase

( Fi g. 10) . I n ever y case t he over l ap zone i s mor e

or der ed t han t he pol e . We see a maxi mumof t wo
di f f r act i on or der s at t he pol es ( Fi g . 10a) , and a
maxi mumof f i ve di f f r act i on or der s at t he over l ap
( vi ew Fi g . 7b f r omt he si de) . I t i s al so evi dent f r om
t he opt i cal t r ansf or ms t hat t her e i s a change i n

packi ng pat t er n of MTs i n t he over l ap r egi on
dur i ng mi t osi s. I n pr omet aphase ( Fi g . 5 b) , t he
pat t er n appear s r oughl y ci r cul ar , wi t h some sug-
gest i on of a hexagonal shape . Two and per haps
t hr ee di f f r act i on or der s ar e seen . Dur i ng met a-
phase ( Fi gs . 6 b and 7 b) t he pat t er n becomes
pr edomi nant l y squar e, showi ng an i ncr ease i n
bot h t he number of or der s and t he squar eness of
t he pat t er n wi t h t i me . I n anaphase ( Fi gs. 8 b and
9 b) on t he ot her hand, t he pat t er n i s pr edomi -
nant l y hexagonal . I n t el ophase, t he zone of over l ap
i s shor t and cont ai ns onl y a f ew MTs ( cf . r ef er ence

16, Fi g . 17) ; t he opt i cal di f f r act i on pat t er n of t hi s
r egi on i s bl ur r ed by t he pauci t y of MTs ( Fi g. 10 b) ,
but t he packi ng i s di st i nct l y squar e, and t hr ee,

448
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FI GURES 5- 10

	

Fi g . 5 a and b ar e t he opt i cal t r ansf or ms
of t he masks shown i n Fi g . 4 a and b ( pr omet aphase pol e
and over l ap r egi ons, r espect i vel y) . Fi gs . 6a- 10a ar e
t r ansf or ms of si mi l ar masks f r omsect i ons near t he pol es
of an ear l y met aphase ( Fi g . 6a) , l at er met aphase ( Fi g .
7 a) , ear l y anaphase ( Fi g . 8 a) , l at er anaphase ( Fi g . 9 a) ,

and l at e anaphase- t el ophase spi ndl e ( Fi g. 10a) . Fi gs .
6b- 10b ar e t r ansf or ms of sect i ons f r om t he over l ap
r egi ons of t hese same spi ndl es.

per haps f our or der s of di f f r act i on can be seen by
vi ewi ng t he pi ct ur e f r om t he si de .
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Al t hough l ess wel l ar r anged t han t he zone of

over l ap, t he pol es nonet hel ess show some MT

or der i ng . To i nvest i gat e possi bl e or i gi ns of t he
or der we model ed pol e st r uct ur e by comput er i n

ways whi ch woul d al l ow compar i son bet ween di f -

f r act i on pat t er ns of act ual and comput er - gener -

at ed st r uct ur es . Fi g . 11 a- c ar e ar r ays of 200 poi nt s

pl aced at r andom wi t hi n a r ect angul ar boundar y

as descr i bed i n Mat er i al s and Met hods . Whi l e t he
poi nt densi t y of t he t hr ee ar r ays i s t he same, t he
packi ng of t he poi nt s i s mor e r egul ar i n Fi g. I 1 c

t han i n ei t her Fi g. 11 b or a because t he zone of
excl usi on ar ound each poi nt i s l ar ger . The di st ance
of cl osest appr oach bet ween poi nt s expr essed as a

f r act i on of t he shor t di mensi ons of t he r ect angul ar

boundar y i s 0. 025, 0. 058, and 0. 075 f or Fi g . 11 a,
b, and c, r espect i vel y . I f t hese di st ances of excl u-
si on ar e t hought of as MT di amet er s, a di f f er ent
f r act i on of t he t ot al ar ea of t he r ect angl es i s oc-
cupi ed by t he sumof t he ar eas of t he MTs : 0. 028,
0. 151, and 0. 252, f or Fi g . 11 a- c, r espect i vel y . A
di r ect compar i son of t hese ar ea f r act i ons wi t h
t hose f ound at t he pol e of a spi ndl e i s di f f i cul t

because we do not know t he r eal ar ea of excl usi on

of an MT; f ur t her , t her e ar e uncer t ai nt i es i n mea-

sur ement s of t he MT densi t y ( see bel ow) . Assum-

i ng an MT di amet er of 25 nmand t he val ue of
MT densi t y f or t he pr omet aphase pol e shown i n
Fi g. 13 b, t he f r act i on of t he pol e ar ea occupi ed by
MTs i s - 0 . 25 .

The opt i cal t r ansf or ms of Fi g. 11 a- c ar e shown
i n Fi g. 12 a- c . As t he zone of excl usi on ar ound
each poi nt i ncr eases, one, and per haps t wo or der s
of di f f r act i on can be seen i n t he opt i cal t r ansf or ms
( Fi g . 12 c) . Fi gs . 11 a- c and 12 a- c demonst r at e
pi ct or i al l y t he r el at i onshi p bet ween i ncr easi ng po-

si t i onal or der and t he emer gence of det ect abl e
maxi ma i n di f f r act i on pat t er ns. The or der ob-
ser ved by di f f r act i on at t he pol es of t he pr omet a-
phase cel l i s j ust about t hat expect ed on t he basi s
of t he packi ng densi t y, assumi ng r andom t ubul e
pl acement out si de t he zone of excl usi on def i ned

by t he MT di amet er . Di f f r act i on pat t er ns f r omt he
over l ap r egi on ( Fi gs. 5b- 10b) ar e cl ear l y mor e
or der ed t han any of t he r andom poi nt model s,

al t hough t hei r densi t y i s not subst ant i al l y gr eat er .

FI GURE 11 a- c

	

Di f f r act i on masks of MT packi ng pat t er ns gener at ed by comput er model l i ng ( see t ext ) .

FI GURE 12 a- c

	

The opt i cal t r ansf or ms of t he masks shown i n Fi g . 11 a- c, r espect i vel y .

McDONALD ET AL .
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FI GURE 13

	

( a) Changes i n cr oss- sect i onal ar ea of t he cent r al spi ndl e at t he pol es and over l ap at di f f er ent
t i mes i n mi t osi s ( pr omet aphase t o t el ophase) . Because of t he l ar ge MT- f r ee ar ea i n t he axi al r egi on of t he
pr omet aphase spi ndl es over l ap ( see Fi g . 14) , we have ent er ed t wo val ues, i ncl udi ng ( upper poi nt ) and
excl udi ng ( l ower poi nt ) t he ar ea of t hi s r egi on . ( b) Changes i n MT densi t y i n cent r al spi ndl e cr oss sect i ons
at t he pol e and over l ap dur i ng mi t osi s . For pr omet aphase, t he upper over l ap poi nt excl udes t he vacuol at e
ar ea, t he l ower poi nt i ncl udes i t .

Measur ement of Aver age Di st ances

bet ween MTs

CALCULATI ONS FROM CROSS- SECTI ONAL

AREA AND MT DENSI TY: Fi g. 13a shows t he

val ues of cr oss- sect i onal ar ea of t he over l ap and

pol e r egi ons i n t he cent r al spi ndl e of Di at oma at
var i ous st ages of mi t osi s. Dur i ng t he pr omet aphase
t o met aphase t r ansi t i on, t he ar ea at bot h t he pol es

and t he over l ap r egi on dr ops t o about hal f i t s

i ni t i al val ue . Dur i ng l at e met aphase and anaphase,

t he cr oss- sect i onal ar ea of t he over l ap r egi on r e-

mai ns f ai r l y const ant . The ar ea at t he pol es con-
t i nues t o dr op t hr ough l at e met aphase, and t hen

r i ses agai n at anaphase . Bot h t he pol ar and over l ap
ar eas dr op t o t hei r l owest val ues at t el ophase .

Fr om t hese dat a and t he number s of MTs at

cor r espondi ng st ages and pl aces i n t he spi ndl e, we

can det er mi ne t he MT densi t y ( p = No. of MTs

per pmz) at each st age of mi t osi s ( Fi g. 13 b) . I n t he
over l ap r egi on, t he densi t y i ncr eases t o a maxi -

mum at met aphase, and t hen dr ops of f at l at er
st ages, r eachi ng i t s l owest val ue at t el ophase . At
t he pol es t her e i s mor e f l uct uat i on. Ther e i s a
gener al t endency t owar d l ower densi t i es f r om pr o-
met aphase t o l at e anaphase but at t el ophase t her e
i s a def i ni t e i ncr ease i n MT densi t y.

These val ues f or MT densi t y al l ow us t o ap-
pr oxi mat e t he aver age di st ance bet ween MTs i n
t he cent r al spi ndl e . For a per f ect squar e ar r ay, t he
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aver age cent er - t o- cent er spaci ng bet ween t ubul es
woul d be 1/ f ; f or a hexagonal ar r ay, t he val ue
woul d be

- 1. 071f.
Gi ven t he exper i ment al un-

cer t ai nt i es i n p, we wi l l negl ect t he smal l cor r ect i on
f act or s dependent upon t he det ai l s of MT packi ng,
and si mpl y t ake 1/ Vp as an est i mat e of t he aver age
i nt er t ubul e di st ance . The r esul t i ng val ues at t he
pol es ar e 41, 45, 45, 57, 56, and 42 nmf or t he cel l s
gr aphed i n Fi g . 13 b, r esul t i ng i n a mean ± SD =
48 ± 6 nm. The cor r espondi ng val ues i n t he zone
of over l ap ar e 45, 42, 41, 44, 47, and 48 nm, yi el di ng
a mean ±SD=44 ±3nm.

MT densi t y i s a st r ai ght f or war d way t o est i mat e

t he aver age di st ance bet ween MTs, but t he wor t h

of t he measur ement s i s l i mi t ed by t he uncer t ai nt y
i n t he det er mi nat i on of spi ndl e cr oss- sect i onal
ar ea . I t i s i mpossi bl e t o know exact l y howt o dr aw

t he per i met er ar ound t he spi ndl es and, f ur t her ,

some ar eas wi t hi n t he spi ndl e l ook as i f t hey

shoul d be excl uded f r om t he measur ement . For

exampl e, t hi s pr omet aphase spi ndl e cont ai ns an
i sl and of MT- f r ee cyt opl asmi n t he mi ddl e of t he
zone of over l ap ( Fi g . 4b) . Thi s i sl and i s so wel l
def i ned t hat one f eel s r easonabl y conf i dent i n
subt r act i ng i t s ar ea f r om t hat def i ned by t he spi n-
dl e per i met er , but ot her sect i ons and ot her spi ndl es
cont ai n cases t hat ar e l ess cl ear . Thus, spi ndl e MT

densi t i es ar e pr obabl y over est i mat i ng t he aver age

di st ance bet ween near nei ghbor s.

OPTI CAL DI FFRACTI ON: A mor e obj ect i ve
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and r el i abl e measur ement of t he aver age di st ance
bet ween near - nei ghbor MTs can be obt ai ned by
opt i cal di f f r act i on. Usi ng hi gher magni f i cat i on
pr i nt s of Fi gs . 5b- 10 b, we have det er mi ned t he
l engt hs of t he r eci pr ocal l at t i ce vect or s f or each
spi ndl e i n t he zone of over l ap and, usi ng t he
squar e l at t i ce t o cal i br at e t he di f f r act omet er , de-
t er mi ned t he aver age cent er - t o- cent er spaci ngs of
t he MTs ( Tabl e I ) . Two val ues ar e gi ven f or t he
anaphase cel l s, because t hose hexagonal - appear -
i ng l at t i ces ar e act ual l y skewed hexagonal . The
shor t er of t he t wo i nt er t ubul e di st ances i s r at her
cl ose t o t he val ues f ound at ot her t i mes dur i ng
mi t osi s .

We do not see a wel l - def i ned r eci pr ocal l at t i ce
i n t he pol ar opt i cal di f f r act i on pat t er ns, so i n t hi s
r egi on of t he spi ndl e we have measur ed t he aver -
age spaci ng bet ween MTs by r unni ng a mi cr oden-
si t omet er al ong a l i ne t hr ough t he cent er of t he
opt i cal t r ansf or mi n t wo appr oxi mat el y per pendi c-
ul ar di r ect i ons and aver agi ng t he di st ances f r om
t he cent r al maxi mumt o t he f i r st peak of di f f r act ed
i nt ensi t y i n f our di r ect i ons . The val ues f or i nt er -
t ubul e spaci ng at t he pol es pr esent ed i n Tabl e I
ar e det er mi ned f r om t hose aver age di st ances i n
r eci pr ocal space . The val ues f or pr omet aphase and
met aphase- I ar e suspect because t he t r ansf or ms
( Fi gs . 5 a and 6 a) have so l i t t l e or der t hat even
densi t omet er t r aci ngs of t hem f ai l t o r eveal un-
ambi guous peaks. I t i s cl ear t hat t he aver age di s-

TABLE I

Aver age Cent er - t o- Cent er Spaci ng of MTs i n t he
Pol ar and Over l ap Regi ons

Val ues f or t he pol e spaci ngs wer e obt ai ned f r om densi -
t omet r i c t r aci ngs of t he di f f r act i on pat t er ns as descr i bed
i n t he t ext . The over l ap val ues wer e t aken di r ect l y f r om
t he di f f r act i on pat t er ns . The pr omet aphase val ue i s based
on t he assumpt i on t hat t he pat t er n i s ci r cul ar l y symmet -
r i cal . The met aphase- t pat t er n i s compl ex and gi ves
di f f er ent val ues dependi ng on whet her one assumes t he
pat t er n i s squar e ( 41 nm) or hexagonal ( 37 nm) . The
met aphase- 2 and t el ophase val ues assume a squar e di f -
f r act i on pat t er n, and t he anaphase val ues assume a hex-
agonal pat t er n. Because t he hexagons ar e skewed, t wo
val ues ar e possi bl e and bot h ar e i ncl uded her e .

t ances bet ween MTs as seen by di f f r act i on i s uni -
f or ml y l ess t han t hose cal cul at ed f r omMT densi t y .
Thi s i s not sur pr i si ng, si nce t he densi t y met hod
not onl y over est i mat es t he di st ance f or r easons
ci t ed above, i t cal cul at es a t r ue aver age, i ncl udi ng
pl aces whi ch l ack MTs, whi l e t he di f f r act i on
met hod l ooks at t he most common di st ances be-
t ween near nei ghbor s . I t i s mor e sur pr i si ng t hat
t he di st ances measur ed by di f f r act i on r eveal t hat
t he aver age di st ance bet ween near nei ghbor s at
t he pol es i s l ess t han t hat seen i n t he zone of
over l ap, even t hough t he MT densi t y of t he pol e
i s gener al l y l ower t han t hat of t he over l ap ( Fi g .
13 b) .

Di r ect i onal i t y of Near - Nei ghbor MTs

DI RECT I NSPECTI ON : Fr om t he t hr ee- di -
mensi onal r econst r uct i ons of t he spi ndl e, we know
t he pol ar associ at i ons of each cent r al spi ndl e t u-
bul e . Subj ect t o t he assumpt i on of uni f or m di r ec-
t i onal i t y f or al l MTs gr owi ng f r om one pol e, we
can t her ef or e assi gn di r ect i onal i t y t o most of t he
MTs of t he zone of over l ap . Fi gs . 14- 16 show
r epr esent at i ons i n whi ch t he di r ect i onal i t i es det er -
mi ned by comput er have been t r ansf er r ed t o mi -
cr ogr aphs by col or i ng i n t he cent er s of al l MTs
f r om one pol e. The MTs of ambi guous di r ect i on-
al i t y ( see Mat er i al s and Met hods) have been
mar ked wi t h a smal l cr oss ( appar ent cont i nuous
MTs) or a dot ( f r ee MTs) . Over l ap r egi ons f r om
pr omet aphase ( Fi g . 14) , met aphase ( Fi g. 15) , and
anaphase ( Fi g. 16) ar e shown.

Even casual i nspect i on of t hese mi cr ogr aphs
suggest s t hat t he di st r i but i on of ant i par al l el MTs
i s not r andom. Mor e car ef ul consi der at i on wi l l
r eveal f ur t her , mor e subt l e det ai l s of or gani zat i on .
I n pr omet aphase ( Fi g . 14) , f or exampl e, one can
det ect l ocal ar eas of hi gh or der i ng, f r equent l y wi t h
ant i par al l el MTs i n a squar e- packed ar r angement .
I n met aphase ( Fi g . 15) t he ar eas of l ocal or der i ng
seem l ar ger . I n anaphase cr oss sect i on ( Fi g . 16)
t he packi ng shows f ai r - si zed domai ns of a sl i ght l y
skewed hexagonal packi ng . The conf i gur at i on
mar ked i n Fi g . 18 i s sel dom seen at ear l i er st ages
and, i n gener al , t hi s spi ndl e seems l ess wel l or der ed
t han t he pr evi ous st ages . The l at er st ages of mi t osi s
( not i l l ust r at ed) have so f ew MTs i n t he over l ap
t hat i t i s di f f i cul t t o per cei ve any or der i n t he
ar r angement of ant i par al l el MTs .

ANNULAR RADI AL DI STRI BUTI ONS : A
mor e obj ect i ve way t o char act er i ze t he near - nei gh-
bor r el at i ons bet ween MTs i n t he cent r al spi ndl e
over l ap i s t o cal cul at e t he aver age annul ar r adi al

MCDONALD ET AL .
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Mi t ot i c st age Pol e Over l ap

Pr omet aphase 36( ?) 40
Met aphase- 1 32( ?) 41 ( 37)
Met aphase- 2 34 40
Anaphase- 1 39 40( 33)
Anaphase- 2 39 41 ( 37)
Tel ophase 35 39
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FI GURES 14- 16

	

Di agr am of ant i par al l el MTs i n cr oss sect i ons t hr ough t he over l ap r egi on i n pr omet a-

phase ( Fi g . 14) , l at er met aphase ( Fi g . l 5) , and ear l y anaphase ( Fi g . 16) . MTs or i gi nat i ng f r om one pol e

ar e i ndi cat ed by MT pr of i l es f i l l ed wi t h a mar ki ng pen, t hose f r om t he opposi t e pol e ar e unf i l l ed. Pol e- t o-

pol e MTs ar e i ndi cat ed by an X, f r ee NI TS by a dot i n t he cent er . I n t he pr omet aphase spi ndl e t her e ar e

l ocal ar eas of squar e packi ng ( e. g. , t he ar ea wi t h MTs l i nked by a mar ki ng pen) scat t er ed t hr oughout t he

bundl e . I n l at e met aphase ( Fi g. 15) , t he domai ns of or der i ng ar e much l ar ger ( agai n, not e t he MTs

connect ed by mar ki ng pen) . I n anaphase ( Fi g . 16) , t he over al l packi ng pat t er n i s di st i nct l y hexagonal and

t her e i s an ar r angement of ant i par al l el MTs ( l i nked wi t h mar ki ng pen) whi ch i s uncommon at ear l i er

st ages . x 80, 000 .
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di st r i but i ons, l ooki ng at each mi cr ot ubul e t o de-

t er mi ne bot h t he di r ect i onal i t y and t he pr oxi mi t y

of i t s nei ghbor s . Fi gs . 17 a- 21 a show such di st r i -

but i ons at t he pol es wher e essent i al l y onl y one

di r ect i onal i t y of MT i s pr esent . Fi gs . 17 b- 216 ar e

t he di st r i but i ons i n t he over l ap r egi on . Unl i ke

nei ghbor s ar e depi ct ed wi t h open ci r cl es, l i ke

nei ghbor s wi t h f i l l ed ones . Fi gs . 22- 24 ar e der i ved
f r om t he same cel l s used i n Fi gs . 17- 19, but onl y

one sect i on f r om t he over l ap r egi on of each cel l

was used and di r ect i onal i t y was assi gned t o MTs

at r andom as descr i bed i n Mat er i al s and Met hods .

At t he pol es, wher e ant i par al l el near - nei ghbor s ar e

essent i al l y absent , t he MTs show a r ange of near -
nei ghbor di st ances : t her e i s no obvi ousl y pr ef er r ed

cent er - t o- cent er spaci ng unt i l anaphase, and t hen

i t r anges f r om ^- 33- 48 nm( Fi gs. 17 a- 21 a) . I n t he

over l ap r egi on t her e i s a pr onounced f avor i ng of

MT spaci ngs ar ound 42 nmat al l st ages of mi t osi s

except t el ophase, but t hese peaks i n t he di st r i bu-
t i ons ar e due al most ent i r el y t o ant i par al l el nei gh-
bor s . Ext endi ng t he sampl i ng beyond t he near est

nei ghbor s we f i nd t hat wi t h annul i of r adi us equal

t o 62 nm, t he number of ant i par al l el nei ghbor s

dr ops t o al most zer o . St i l l f ar t her out at 68- 78 nm

t her e i s a peak of l i ke- di r ect i onal i t y nei ghbor s . No
t r ends wer e evi dent beyond t hat di st ance ( out t o
125 nmor 5 MT Di am) . When t he MT di r ect i on-

al i t y i s assi gned at r andom on t he same over l ap

mi cr ogr aph, t he chances of f i ndi ng a l i ke or unl i ke
nei ghbor at any gi ven di st ance ar e about equal
( Fi gs . 22- 24) .

For compar i son wi t h t he di at om st r uct ur e, we
i ncl ude t he annul ar r adi al di st r i but i ons expect ed

f or anal ogous ar r ays of MTs i n per f ect squar e and
hexagonal packi ng, ar r anged so as t o maxi mi ze
t he number of near - nei ghbor s of opposi t e di r ec-
t i onal i t y . The r at i os of par al l el and ant i par al l el
MTs at di f f er ent r adi i i n t he t wo ar r ays ar e f un-
dament al l y di f f er ent ( Fi gs . 25a and b) . I n t he
squar e ar r ay t her e i s a st r ong peak of ant i par al l el
MTs at a di st ance equal t o t he magni t ude of t he
l at t i ce vect or ( a) . Ther e ar e peaks of par al l el MTs
at f ( a) and 2( a) , f ol l owed by a peak of ant i par -
al l el s at 15- ( a) ( Fi g . 25a) . I n t he hexagonal ar r ay,
t her e ar e mi xed peaks cont ai ni ng t wi ce as many
ant i par al l el s as par al l el s at ( a) and 13_( a) , f ol l owed
by a peak of par al l el s at 2( a) , and a st r ong mi xed
peak at f ( a) ( Fi g . 25 b) . The Di at oma di st r i bu-
t i ons ar e cl ear l y not i dent i cal t o ei t her model
st r uct ur e, but t hey ar e mar kedl y mor e si mi l ar t o
t he squar e ar r ay t han t he hexagonal . The f i r st
peak i n al l cases i s most l y of ant i par al l el MTs,

al t hough i n anaphase, wher e t her e i s a st r ong
suggest i on of hexagonal packi ng, t he par al l el MT
cur ve peaks cl ose t o t he ant i par al l el peak . Even i n
t hi s case, i t i s not one- hal f of t he ant i par al l el val ue,
and i t does not f al l of f as f ast as t he ant i par al l el

cur ve . Al l di st r i but i ons unt i l t el ophase show a
mar ked peak of ant i par al l el s at - 42 nm and a
br oad peak of par al l el s r angi ng f r om - 60 t o 80
nm. Wi t h t he posi t i on of t he f i r st peak as a meas-
ur e of t he si ze of t he l at t i ce vect or , t he squar e
model woul d pr edi ct a peak of par al l el s at 49 and
at 84 r i m. The hexagonal model woul d pr edi ct a

second peak of ant i par al l el MTs at - 73 nm. Gi ven
t he obvi ous di sor der of t he spi ndl e ar r angement ,
t he obser ved si ngl e br oad peak of l i kes i s not a
bad f i t t o t he pr edi ct i on f r om t he squar e model
but i s a poor f i t t o t he hexagonal model , even i n
t he case of anaphase .

AVERAGE DI STANCE TO NEAR- NEI GHBORS

OF EACH DI RECTI ONALI TY : Fi g . 26a and b

ar e gr aphs of F vs . R sear ch f or met aphase 2 and
anaphase 1 . The dat a gr aphed as " pol e" ar e t he
aver ages of t he val ues f r omone sect i on near each

pol e . The dat a mar ked over l ap ar e t he aver ages of

t hr ee adj acent sect i ons at t he mi ddl e of t he zone

of over l ap f or each cel l . These dat a ar e di vi ded

i nt o F par al l el and F ant i par al l el as descr i bed i n

Mat er i al s and Met hods .

To hel p i n t he i nt er pr et at i on of t hese cur ves, we

i ncl ude Fi g . 27 whi ch i s a pl ot of Fvs . Rsear ch f or

a r andomar r ay of poi nt s ( sol i d l i ne) and ci r cl es of

di amet er 6 ( dashed l i ne) . Bot h gr aphs ar e pl ot t ed

i n uni t s of S. The por t i on of t he cur ve shown i s

essent i al l y t hat pr esent ed f or t he dat a f r om t he
spi ndl es i n Fi g . 26 a and b, assumi ng S = 25 nm

f or an MT. The r andom ci r cl e cur ve der i ved i n

Mat er i al s and Met hods appr oaches t he r andom

l i ne smoot hl y as R i ncr eases, comi ng cl oser t han

S/ 10 by t he t i me Rsear ch = 68 .

The aver age dat a f r om met aphase 2 and ana-
phase l ar e qui t e si mi l ar . I ndeed t he pr omet aphase
and ot her met aphase and anaphase cel l s ar e

equal l y si mi l ar , so we have not pr esent ed t hem

her e . The cur ve der i ved f r om MTs of t he same

di r ect i onal i t y i n t he over l ap i s a good appr oxi -

mat i on t o a st r ai ght l i ne . I n bot h cel l s, i t s aver age

sl ope i s 0. 68 as pr edi ct ed f or r andoml y pl aced
poi nt s, but i t i s di spl aced upwar ds f r om t he r an-
dompoi nt l i ne . The cur ve der i ved f r omMTs near
t he pol es i s not so st r ai ght , showi ng a sl i ght hump
i ! 1 t he vi ci ni t y of 35 nmand t hen f al l i ng bel ow t he
l i ne of par al l el MTs f r om t he over l ap. The oppo-
si t e di r ect i onal i t y MTs f r om t he over l ap show a

MCDONALD ET AL .
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FI GURES 17 a- 21 a

	

Annul ar r adi al di st r i but i ons of nei ghbor s ( al l t he same di r ect i onal i t y) f or sect i ons
f r om t he pol es of t he pr omet aphase t o t el ophase spi ndl es . NA( R) i s t he number of MTs whose cent er s l i e
i n t he annul i of r adi us R. NT i s t he number of MTs on t he mi cr ogr aph .

FI GURES 17 b- 21 b

	

Annul ar r adi al di st r i but i ons of l i ke ( dashed l i nes) and unl i ke ( sol i d l i ne) nei ghbor s

i n sect i ons f r om t he over l ap r egi ons of t he pr omet aphase t o t el ophase spi ndl es .
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FI GURES 22- 24

	

Di st r i but i on of nei ghbor s i n t he same
sect i ons as Fi gs . 176- 19b, r espect i vel y, but wi t h MT
di r ect i onal i t y assi gned at r andom.

mar ked depar t ur e f r om l i near i t y, l yi ng above t he
ot her cur ves at smal l val ues of R sear ch and
dr oppi ng bel ow t hem as R sear ch i ncr eases . Thi s
behavi or shows t hat ant i par al l el MTs l i e f ar t her
f r om each ot her t han expect ed on a r andom basi s
f or smal l sear ch r adi i , but l i e cl oser t han expect ed
at l ar ger sear ch di st ances.

The par al l el MTs, on t he ot her hand, essent i al l y
i gnor e one anot her . The behavi or of t hei r gr aphs
of r vs . R sear ch i s a good quant i t at i ve f i t t o t he
r andom model ( Fi g . 27) suggest i ng t hey have es-
sent i al l y no af f i ni t y f or one anot her . The gr aph of
r par al l el as a f unct i on of Rsear ch f r om t he zone
of over l ap i s par al l el t o t he r andom poi nt l i ne, but
di spl aced t o hi gher val ues of r , possi bl y because of
second- or der i nt er act i ons wi t h ant i par al l el MTs .
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FI GURE 25

	

Rel at i ve f r equenci es of MT di r ect i onal i t i es
at di f f er ent r adi i f or a squar e packed ( a) and hexagonal l y
packed ( b) ar r ay of MTs . Open bar s ar e MTs of l i ke
di r ect i onal i t y, bl ack bar s ar e MTs of opposi t e di r ect i on-
al i t y .

Met aphose I I

10 20 30 40 50

over l ap por ol l el - ~

60 1 70

R sear ch i n nm

FI GURE 26

	

F( R) gr aphs of MT di st r i but i ons i n a met -
aphase ( a) and an anaphase ( b) spi ndl e . See t ext f or
det ai l s .

The cur ve of r near t he pol e i s essent i al l y super -
i mposabl e on t he cor r espondi ng gr aph f or r an-
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dour l y pl aced ci r cl es of 25 nmdi amet er , except f or
t he smal l hump at - 35 nmi n anaphase 1 and one
ot her cel l ( dat a not shown) . Thi s hump suggest s
t he exi st ence of a weak i nt er act i on bet ween par -
al l el MTs when t hey have no near nei ghbor s of

opposi t e pol ar i t y, However , t he number of MTs
l yi ng at t hese cl ose spaci ngs i s not l ar ge, so t he
sampl e si ze i s smal l and t he case f or such an
i nt er act i on i s not st r ong .

BRI DGES BETWEEN MTS:

	

I n Fi g . 28 one can
see evi dence of connect i ons bet ween some MTs

and " ar ms" ext endi ng f r omot her s . Unf or t unat el y,
we do not have t he compl et e ser i al sect i ons of t hi s
unusual l y wel l - pr eser ved spi ndl e, and t her ef or e

FI GURE 27 F( R) f or r andom di st r i but i ons of poi nt s
( sol i d l i ne) and ci r cl es ( dashed l i ne) . 8 i s t he di amet er of
t he ci r cl es.
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we do not know t he di r ect i onal i t y of t hese i nt er -
connect ed MTs . I t woul d be i nt er est i ng t o know i f
t he br i dges wer e pr ef er ent i al l y di st r i but ed bet ween
MTs of ei t her t he same or opposi t e di r ect i onal i t y .

DI SCUSSI ON

Our var i ous met hods of st udyi ng MT or der dem-
onst r at e t hat t he MTs i n t he r egi on of over l ap ar e
hi ghl y or gani zed compar ed t o t hose at t he pol es .
The r egi on of over l ap i s or der ed i n t wo ways .
Fi r st , t he i ndi vi dual MTs ar e sur r ounded most l y
by near - nei ghbor s of opposi t e di r ect i onal i t y whi ch
l i e at a pr ef er r ed cent er - t o- cent er spaci ng of - 40
nm, and second, t he over al l packi ng pat t er n of
MTs i n t he cent r al spi ndl e shows ei t her a squar e
or hexagonal or gani zat i on, dependi ng on t he st age
of mi t osi s. The obser ved i ncr ease i n cent r al spi ndl e
or der f r om pr omet aphase t o met aphase, t he sub-
sequent al t er at i ons i n MT packi ng changes af t er
t he MTs have al r eady f or med, and t he r el at i ve
l ack of or der at t he pol es i ndi cat e t hat t he pr eci se
or gani zat i on of t he zone of over l ap cannot r esul t
si mpl y f r om pr ef or med or gani zat i on at t he pol es .
Some ot her f act or s must cont r i but e t o t he r el at i on-
shi ps bet ween t he spi ndl e MTs . I n t he absence of
a pl ausi bl e ext er nal or gani zi ng f or ce, a mor e l i kel y
candi dat e f or an or gani zi ng f act or i s a set of
speci f i c i nt er act i ons bet ween near nei ghbor MTs .

The st udy of aver age near - nei ghbor di st ance
( F( R) ) shows t hat i n t he over l ap r egi on, t he di st r i -
but i on of spaci ngs bet ween ant i par al l el near -
nei ghbor s devi at es st r ongl y f r om t hat expect ed f or

FI GURE 28

	

Cr oss sect i on t hr ough t he over l ap of a cent r al spi ndl e . Nei t her t he exact st age nor t he
di r ect i onal i t y of t he MTs i s known, but one can see ei t her ar ms or br i dges pr oj ect i ng f r om most of t he
MTs. x 95, 000 .
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r andoml y di st r i but ed MTs, whi l e t he di st r i but i on
of par al l el near nei ghbor s conf or ms cl osel y t o t he
r andommodel . These dat a suggest t hat t he speci f i c
i nt er act i ons bet ween MTs of t he Di at oma spi ndl e
ar e l i mi t ed t o i nt er act i ons bet ween MTs f r om op-

posi t e pol es . The shape of t he cur ve r el at i ng F t o

R sear ch f or ant i par al l el nei ghbor s shows a

gr eat er - t han- expect ed aver age spaci ng at smal l
sear ch r adi i , but a l ess- t han- expect ed aver age at
l ar ger r adi i . Thi s suggest s t hat ant i par al l el MTs
push each ot her away at cl ose spaci ngs and pul l
each ot her cl oser at l ar ger spaci ngs . Thi s i s mor -
phomet r i c evi dence f or a pot ent i al ener gy wel l of
t he ki nd seen wi t h chemi cal bonds. Such a pot en-
t i al wel l bet ween ant i par al l el MTs coul d expl ai n
why t he aver age di st ance bet ween near nei ghbor s

i n t he zone of over l ap i s l ar ger t han t hat seen by
di f f r act i on at t he pol es, even t hough t he MT den-
si t y at t he pol es i s l ower . The par al l el MTs, on t he

ot her hand, essent i al l y i gnor e one anot her . The

behavi or of t hei r gr aphs of Fvs . Rsear ch i s a good
quant i t at i ve f i t t o t he r andommodel ( Fi g . 27) . The
near - nei ghbor di st r i but i ons cl ose t o t he pol es, on
t he ot her hand, ar e consi st ent wi t h t he i dea t hat
when t her e ar e no near nei ghbor s of opposi t e
di r ect i onal i t y, spi ndl e MTs of t he same di r ect i on-
al i t y can i nt er act weakl y wi t h one anot her .

Wi t h t he assumpt i on t hat t her e i s an i nt er act i on
bet ween t he MTs f r om t he t wo hal f - spi ndl es, i t i s
not sur pr i si ng t hat t he packi ng pat t er n at met a-
phase i s squar e . Pl anar squar e packi ng of t wo
cl asses of obj ect s i s uni que i n havi ng t he pr oper t y
t hat al l near est nei ghbor s may be unl i ke, e. g. , of
di f f er ent di r ect i onal i t y . Because squar e packi ng i s
a nonr andom conf i gur at i on, t her e must be an
i nput of ener gy i nt o t he syst em t o hol d t he MTs i n
t hat ar r angement . The si mpl est and most l i kel y
mechani sm f or pr ovi di ng t hi s ener gy i s t hr ough
speci f i c bonds f or med bet ween ant i par al l el MTs
such t hat t he bondi ng domai ns on t he MT sur f ace
l at t i ces ar e separ at ed by - 90° ar ound t he MT axi s .

I mages of wel l - f i xed Di at oma spi ndl es r eveal
br i dges bet ween some MTs, and t hese may be a
mechani smf or t he i nt er act i ons demonst r at ed mor -
phomet r i cal l y . The br i dges may si mpl y be i n-
vol ved i n st abi l i zi ng t he spi ndl e t hr ough met a-
phase, or t hey mi ght be mechanochemi cal l y act i ve
and par t i ci pat e i n t he MT sl i di ng whi ch we expect
t akes pl ace dur i ng anaphase . The i nt er t ubul e
br i dges we show her e ar e of t he r i ght si ze t o be
dynei n ( 33) , but not hi ng i s known yet of t hei r
chemi st r y . Shoul d t hey t ur n out t o be dynei n- l i ke,
an i nt er est i ng di f f er ence f r om axonemal dynei n

i mmedi at el y emer ges . The i nt er act i ng MTs of t he
spi ndl e ar e ant i par al l el , whi l e adj acent doubl et
MTs of an axoneme ar e par al l el . One coul d ar gue
t hat t he B subf i ber of a doubl et MT i s bui l t upsi de
down, but t he obser vat i on t hat bot h A and B
subf i ber s wi l l nucl eat e r api d gr owt h of si ngl et MTs
usi ng exogenous f l agel l ar t ubul i n, whi l e t he pr ox-
i mal end of a f l agel l ar f r agment gr ows mor e sl owl y
t han t he di st al end ( 3) ar gues t hat Aand B subf i -
ber s ar e par al l el . Any spi ndl e " dynei n" t o be
i dent i f i ed may t her ef or e be f undament al l y di f f er -
ent f r om f l agel l ar dynei n .

I n addi t i on t o t he br i dges, t her e i s an amor phous
mat r i x bet ween MTs i n t he zone of over l ap and
t hi s mat r i x coul d be a f act or i n t he i nt er act i on
bet ween spi ndl e t ubul es . I t mi ght ser ve as a st i cky,
cont r act i l e mat er i al t hat coul d hel p t o pul l i nt o
cl ose associ at i on t he t ubul es st i l l l ong enough t o
r each i nt o t he zone of over l ap as t he hal f - spi ndl es

pul l apar t . The hypot het i cal cont r act i l i t y of t hi s
mat r i x woul d account f or t he cont i nued associ a-

t i on of t he hal f - spi ndl es i n anaphase, even t hough
t he l ongest MTs do not necessar i l y l i e as near
nei ghbor s i n met aphase ( 20) . An i sot r opi c cont r ac-
t i on of t he mat r i x woul d al so account f or t he
decr ease i n vol ume and i ncr ease i n st ai ni ng densi t y
of t he mat r i x dur i ng anaphase ( 16) . Anot her pos-
si bi l i t y concer ni ng t he i nt er t ubul e br i dges and t he
mat r i x i s t hat t he br i dges may be essent i al f or t he
const r uct i on of t he spi ndl e, but t hat some l ess
speci f i c sor t of i nt er act i on, per haps medi at ed by
t he mat r i x mat er i al , i s i mpor t ant f or t ubul e sl i di ng.

The change i n MT packi ng f r om squar e at
met aphase t o hexagonal at anaphase has been seen
i n ot her di at oms ( 14, 30) . I n t hi s st udy t he phe-
nomenon i s document ed i n a somewhat mor e
obj ect i ve way usi ng di f f r act i on, and we al so i den-
t i f y a t r ansi t i on back t o squar e packi ng at t el o-
phase . I t shoul d be expl i ci t l y not ed, however , t hat
t he sampl e si ze st udi ed her e i s smal l . Our st udi es
of aver age spaci ng bet ween MTs ar e based upon
aver ages of t housands of measur ement s, t hanks t o
t he comput er met hods empl oyed, but t he compar -
i son of one st age of mi t osi s wi t h anot her depends
on a sampl e si ze of si x cel l s . Ti ppi t et al . ( 31)
l ooked at MT packi ng i n Fr agi l ar i a and have
poi nt ed out how easi l y one can conver t f r om a
squar e ar r ay t hr ough a " r homboi dal " one t o hex-
agonal packi ng, pr eser vi ng f our ant i par al l el asso-
ci at i ons per MT dur i ng t he t r ansi t i on . Accor di ng
t o t hi s i dea, one woul d expect t hat , al ong one of
t he l at t i ce vect or s, al l t he MTs i n a si ngl e r ow
woul d be of t he same di r ect i onal i t y, whi l e i n t he
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adj acent par al l el r ow, al l t he MTs woul d be of t he
opposi t e di r ect i onal i t y . The ar r angement of t he
ant i par al l el t ubul es i n our anaphase ( hexagonal l y
packed) spi ndl es do not conf or mt o t hi s pr edi ct i on

( Fi g . 16) . Fur t her , even t hough t he MTs i n t he

anaphase spi ndl e ar e appr oxi mat el y hexagonal l y
packed, our quant i t at i ve st udi es of t he di st ances
t o near - nei ghbor s yi el d r esul t s cl oser t o what one
woul d expect f or a squar e ar r ay . I n a per f ect l y
r egul ar hexagon, near est nei ghbor s of t wo cl asses
occur i n a r at i o of f our unl i kes t o t wo l i kes, whi l e

i n a squar e ar r ay, al l near est nei ghbor s ar e of
opposi t e ki nd ( Fi g. 25) . The annul ar r adi al di st r i -
but i ons of near nei ghbor s f or t he anaphase over l ap
show t hat most of t he near est nei ghbor s ar e of
opposi t e di r ect i onal i t y ( Fi gs . 19 b and 20 b) .

These r esul t s, combi ned wi t h t he obser vat i on of
t he r et ur n t o squar e packi ng at t el ophase, suggest
a mechani sm f or t he t r ansi t i on f r om squar e t o
hexagonal ar r angement . Consi der t he act i on of t he
hypot het i cal cont r act i l e i nt er t ubul e mat r i x upon
t he packi ng of t he MTs i n t he zone of over l ap . An
i sot r opi c cont r act i on of t hi s mat er i al woul d t end
t o pul l t he MTs i nt o a cl osest - packed, or hexagonal
ar r ay . The spaci ng bet ween MTs of opposi t e di -
r ect i onal i t y i s r at her pr eci sel y def i ned, whi l e t hat
f ound bet ween nei ghbor s of t he same di r ect i onal -
i t y i s appar ent l y unconst r ai ned . The compr essi on
i nduced by t he hypot het i cal cont r act i on woul d
t her ef or e be expect ed t o have mor e ef f ect on t he
di st ances bet ween nei ghbor s of t he same di r ect i on-
al i t y . I n t hi s model , t he or der l y shi f t pr oposed by
Ti ppi t et al . ( 31) i s r epl aced by an i sot opi c squeez-
i ng of t he squar e l at t i ce i nt o one of hi gher l ocal
densi t y by t he cont r act i l e mat r i x .

I t has l ong been r ecogni zed t hat t he event s
l eadi ng up t o met aphase ar e basi cal l y or gani za-
t i onal : t he condensat i on of t he chr omat i n, t he
or i ent at i on and congr essi on of t he chr omosomes,
and t he f or mat i on of t he spi ndl e . Our di f f r act i on
dat a show t hat t hi s i ncr ease i n or gani zat i on ex-
t ends even t o t he packi ng of t he spi ndl e t ubul es
t hemsel ves. The dat a of t he pr evi ous paper ( 20)
suggest t hat many mi cr ot ubul es di sappear f r om
t he cent r al spi ndl e dur i ng t he pr omet aphase t o
met aphase t r ansi t i on . Gi ven t he evi dence pr e-
sent ed her e f or i nt er act i ons speci f i cal l y bet ween
ant i par al l el t ubul es, we can account f or t he di s-
appear ance of t he shor t t ubul es, t he l engt heni ng
of t he l ong t ubul es, t he i ncr ease i n spi ndl e l engt h,
and t he i ncr ease i n or der of t he spi ndl e by t he
si ngl e assumpt i on t hat MTs whi ch ar e bound t o

458

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 83, 1979

near nei ghbor s ar e mor e st abl e t han MTs whi ch
ar e not . Thi s assumpt i on i s consi st ent bot h wi t h
obser vat i ons on t he var i abl e st abi l i t y of di f f er ent
mi cr ot ubul es i n cel l s ( 28, 32) and wi t h t he i n vi t r o
st udi es showi ng t hat MT- associ at ed pr ot ei ns pr o-
mot e t ubul e st abi l i t y ( 5, 21) .

The l oss of t ubul es ( i ncl udi ng some l ong ones)
and t he i ncr ease i n spi ndl e or der coul d bot h be
due, i n par t , t o t he hypot het i cal st abi l i t y conf er r ed
by ant i par al l el i nt er act i on . Tubul es wi t h many
near nei ghbor s ( t hose i n an or der ed ar r ay) woul d
be expect ed t o be mor e st abl e t han t hose wi t h f ew
nei ghbor s, even i f t hey wer e l ong enough t o ext end
i nt o t he zone of over l ap . Thi s model pr edi ct s t hat
f or t hose spi ndl es i n whi ch t he or der i ng of MTs i s
hi gh f r om t he ver y st ar t , e . g . , Mel osi r a ( 29) , t he
number of cent r al spi ndl e mi cr ot ubul es at al l
st ages of mi t osi s shoul d be about t he same . Ex-
ami nat i on of t he publ i shed cr oss sect i ons of t he

Mel osi r a spi ndl e dur i ng f or mat i on ( Fi g. 18 i n r ef -

er ence 29) shows - 82 MTs per hal f - spi ndl e ( t he
t ot al number of MTs di vi ded by t wo) . The hal f -
spi ndl e count at anaphase ( Fi g. 26 i n r ef er ence 29)
i s - - - 96 .

The concept of di f f er ent i al st abi l i t y of MTs

r esul t i ng f r om st abi l i zat i on by associ at i on of ant i -

par al l el MTs has i nt er est i ng i mpl i cat i ons f or spi n-
dl es i n gener al . Ast r al r ays f r om one pol e pr esum-
abl y al l possess t he same di r ect i onal i t y, whi l e t he
pol ar MTs of t he spi ndl e i t sel f shoul d occasi onal l y
encount er near nei ghbor s f r om t he opposi t e pol e
whi ch shoul d st abi l i ze t hem. The shr i nki ng of t he

ast er as t he spi ndl e gr ows coul d t her ef or e be t he
r esul t of a di f f er ence i n equi l i br i um whi ch der i ves
f r om near nei ghbor associ at i ons r at her t han f r om
any gl obal di f f er ence i n monomer concent r at i on
or some ot her MT assembl y f act or such as t he
concent r at i on of cal ci umi ons .

Our dat a suggest t hat t he physi cal consi st ency

of t he spi ndl e pol e i s l i qui d r at her t han cr yst al l i ne .
The di f f r act i on pat t er ns of t he pol es ar e consi st ent
wi t h t hi s vi ew and r eveal onl y l i mi t ed or gani zat i on

at t he pol es . Mor e i mpor t ant l y, t he t r ansi t i on f r om
pr omet aphase t o met aphase i nvol ves a subst ant i al
r educt i on of pol ar ar ea and pol ar t ubul e number
wi t h l i t t l e change i n pol ar t ubul e densi t y or aver -

age i nt er t ubul e spaci ng . The pr evi ous paper shows

t hat most of t he t ubul es l ost ar e shor t ones t hat

per vade t he cr oss sect i on of t he pol ar r egi on, not
si mpl y t hose at t he spi ndl e per i pher y . We can
concl ude t hat t he pol ar t ubul es whi ch r emai n must
be abl e t o move about , even at t he pol e, i n t he
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pl ane per pendi cul ar t o t he spi ndl e axi s . Thus, t he

pol e must be f l ui d i n char act er .

The cent r al spi ndl e of di at oms may seem uni que

gi ven i t s or gani zed st r uct ur e, but i t i s pr obabl y j ust

a hi ghl y or der ed var i et y of convent i onal cent r al

spi ndl es . Li ght mi cr oscope descr i pt i ons of mi t osi s

have r eveal ed t hat many spi ndl es cont ai n non-

chr omosomal spi ndl e f i ber s l ocal i zed i n t he cent r al

ar ea of t he spi ndl e, r ef er r ed t o col l ect i vel y as t he

cent r al spi ndl e ( 34) . I n di at oms and cer t ai n hyper -

mast i got e f l agel l at es such as Bar bul onympha ( 6,

13, 26) , t he cent r al spi ndl e f i ber s ar e par t i cul ar l y

wel l or der ed, but even among di at oms t her e i s

consi der abl e var i at i on . At one ext r eme t her e i s t he

cent r al spi ndl e of Mel osi r a ( 29) whi ch shows

near l y per f ect squar e packi ng of spi ndl e MTs ; t hen

t her e ar e di at oms l i ke Di at oma and Sur i r el l a ( 30)

wi t h i nt er medi at e t ypes of or der i ng ; and f i nal l y,

t her e i s Li t hodesmi um ( 14) i n whi ch t he cent r al

spi ndl e i s br oken up i nt o bundl es each cont ai ni ng

10- 15 MTs . One can easi l y i magi ne a cont i nuat i on

of t hi s t r end as t he MT cl ust er s spl i t i nt o smal l er

and smal l er bundl es unt i l some mi ni mum f unc-

t i onal si ze i s r eached, per haps as f ew as a pai r of

ant i par al l el MTs . I t i s known f r omEMst udi es of

mi t osi s i n most ot her or gani sms ( 4, 9, 11, 19, 25)

t hat spi ndl e MTs do occur i n pai r s and smal l

bundl es . What i s not known i s whet her t hese MTs

ar e ant i par al l el . A net wor k of i nt er di gi t at ed ant i -

par al l el pol ar MTs di st r i but ed t hr oughout t he

spi ndl e i nst ead of bei ng l ocal i zed i n t he cent er

coul d be f unct i onal l y equi val ent t o t he cent r al

spi ndl e of di at oms . I nt er est i ng except i ons t o t he

uni ver sal i t y of spi ndl e MT bundl es ar e seen i n t he

f ungus Thr aust ot heca ( 10) and t he al ga Cr ypt o-

monas ( 23) . These appear t o be t he onl y known

cases i n whi ch cent r al spi ndl e MTs ar e separ at ed

r at her wi del y f r om one anot her t hr oughout t hei r

l engt hs . Fur t her wor k on ser i al sect i on r econst r uc-

t i on of spi ndl es f r om di ver se or gani sms shoul d

gi ve us t he det ai l ed st r uct ur al i nf or mat i on neces-

sar y at l east t o det er mi ne t he pol ar i t y of t he t ubul es

i n t he bundl es and t o t est t he var i abi l i t y of t hi s

aspect of spi ndl e desi gn .

I n t hi s and t he pr ecedi ng st udy ( 20) we have

used comput er t echnol ogy t o f aci l i t at e a t hr ee-

di mensi onal r econst r uct i on of mi t ot i c spi ndl e

st r uct ur e, and t o i mpl ement cer t ai n r at her det ai l ed

anal yses. Some of t hese anal yses have al so been

done by hand ( 16) f or some of t he same spi ndl es .

We have compar ed t he t i me, cost , and out put of

bot h t ypes of anal yses and have come t o t he

f ol l owi ng concl usi ons : i t t akes l ess t i me and money

t o t r ack spi ndl e t ubul es by hand, but t he amount

and qual i t y of t he dat a avai l abl e wi t h t he hel p of

t he comput er j ust i f i es t he ext r a t i me and expense .

I t i s possi bl e, t hough ver y t i me- consumi ng, t o

manual l y bui l d t hr ee- di mensi onal physi cal model s

f r om ser i al sect i ons . Such model s cont ai n al l t he

i nf or mat i on about spi ndl e st r uct ur e, but i t i s har d

t o ext r act . Al t hough one can t ake st er eo pi ct ur es

of t he model s anal ogous t o t he st er eo pr oj ect i ons

pr esent ed i n t he pr evi ous paper , some of t he dat a

we have obt ai ned, such as t he near - nei ghbor di s-

t r i but i ons, woul d be ext r emel y di f f i cul t t o obt ai n

f r om t he model s by hand . The comput er - f aci l i -

t at ed appr oach i s consi der abl y mor e ver sat i l e and

t he end pr oduct easi er t o vi ew and anal yze. I n t he

cur r ent st udi es, t her e ar e some t echni cal pr obl ems,

such as t he di st or t i on i n t he t hr ee- di mensi onal

r econst r uct i ons ( 20) , but t hese ar e pr obl ems whi ch

we can cor r ect i n subsequent st udi es . We ar e en-

cour aged by t he pr esent r esul t s and bel i eve t hat

anal ysi s of ot her spi ndl es by t hi s met hod wi l l

pr oduce det ai l ed, quant i t at i ve dat a on spi ndl e

st r uct ur e whi ch wi l l be val uabl e f or eval uat i ng

model s of mi t ot i c mechani sm.

APPENDI X

The behavi or of F( R) f or a l ar ge number of evenl y

di st r i but ed, i nf i ni t esi mal poi nt s i n a pl ane may be

wr i t t en down di r ect l y . Let t he poi nt s be r andoml y

pl aced wi t h an aver age densi t y of p, t he aver age

number of poi nt s per uni t ar ea . Choose any of t he

poi nt s as t he cent er of a ci r cl e of r adi us R. The

number of poi nt s i n t he ci r cl e over and above t he

cent r al poi nt wi l l , on t he aver age, be pzR2 . Thei r

aver age di st ance f r om t he cent r al poi nt may be

expr essed :

1
r ( R)

_
pi 7R2 f.	 r ( 27r r pdr ) = 2/ 3 R.

Because t he di st r i but i on i s uni f or m, t hi s wi l l be

t he aver age behavi or f or t he whol e ar r ay .

Si nce MTs ar e poor l y r epr esent ed by i nf i ni t esi -

mal poi nt s, i t i s necessar y t o ext end t hi s anal ysi s

t o an ar r ay of ci r cl es wi t h di amet er S, di st r i but ed

uni f or ml y on a pl ane, t o descr i be t he behavi or of

r ( R) f or MTs t hat have no i nt er act i on except t hat

t hey cannot over l ap . The basi s of t he di st i nct i on

bet ween t hi s case and t he one wi t h t he poi nt s i s

t hat we assume her e t hat no t wo ci r cl es may l i e

wi t h t hei r cent er s cl oser t oget her t han t he ci r cl e
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di amet er S. The ar r ay of ci r cl es i s t hus uni f or mor
r andom but subj ect t o t he const r ai nt of a zone of
excl usi on ar ound t he cent er of each ci r cl e .

Let t he cent er of one ci r cl e f ar f r om an edge of
t he ar r ay ser ve as our or i gi n . Nowt he number of
addi t i onal ci r cl e cent er s i n a gi ven ar ea i s depend-
ent upon r :

p( r ) =o

	

f or

	

r < S

p( r ) = p

	

f or

	

r ? S,

R

r p( r ) 27r r dr

p( r ) 2vr dr

wher e R i s t he r adi us wi t hi n whi ch r i s t o be
cal cul at ed . For t he densi t y f unct i on speci f i ed
above,

S

	

R

Jo

r ( o) 21r r dr +

	

217pr z dr
dr = - f i

	

R

( o) 27r r dr + f 2~r pr dr
n

	

f i

= 2/ 3 R

Physi cal l y, r i s undef i ned f or R<_ S.
As R becomes gr eat er t han S, t he expr essi on

cl ear l y appr oaches 2/ 3 R. I t may be seen by
f act or i ng 1 - ( SI R) f r om t he numer at or and de-
nomi nat or of t he expr essi on t hat YR- s F( R) = S.
These r esul t s ar e di spl ayed gr aphi cal l y i n Fi g . 27,

The aut hor s ar e gr at ef ul t o Dr . Paul Hor owi t z f or hi s
hel p i n t he comput er model i ng of pol e st r uct ur e, and t o
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