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A b s t r a c t

THE STRUCTURE AND FORMATION OF THE MITOTIC SPINDLE 

Or DROSOPHILA MELANOGASTER BLASTEMA EMBRYOS

by

Any M i l s t e d

A d v ls o r i  P r o f e a s o r  W il l ia m  D. Cohen

M i t o t i c  s p i n d l e s  In  s i t u  a r e  s u r ro u n d e d  by m u l t i p l e  l a y e r s  o f  

a p i n d l e - d e l i m i t i n g  membranes th r o u g h o u t  m i t o s i s .  At p ro p h a se  a 

c o n s p ic u o u s  r e g i o n  o f  t u b u l a r  e n d o p la sm ic  r e t i c u l u m  a p p e a r s  In  a s s o c i ­

a t i o n  w ith  b o th  t h e  s p i n d l e - d e l l m l t l n g  membranes and w i th  cy x o p la sm ic  

membranes. A r o l e  f o r  t u b u l a r  ER and s p i n d l e - d e l l m l t l n g  membranes In  

t h e  c o n t r o l  o f  Ca l e v e l s  and  In  m lc r o tu b u le  a s se m b ly  and  d is a s s e m b ly  

I s  s u g g e s t e d .

H exylene  g l y c o l  I s o l a t e d  s p i n d l e s  a p p e a r  v e r y  f l b r c u s ,  and t h e i r  

p h y s i o l o g i c a l  r e s p o n s e s  a r e  s i m i l a r  t o  th o s e  o f  s i m i l a r l y  i s o l a t e d  

s p i n d l e s  o f  o t h e r  s p e c i e s .

An I s o l a t i o n  medium w hich em ploys t u b u l i n  p o ly m e r i z a t i o n  c o n d i ­

t i o n s  was used  t o  i s o l a t e  s p i n d l e s  w hich  p r e s e r v e  m a jo r  In  s i t u  

m o r p h o lo g ic a l  c h a r a c t e r i s t i c s  o f  D ro s o p h i la  s p i n d l e s .  In  su ch  I s o l a t e d  

s p i n d l e s ,  f o u r  m a jo r  i n t e r z o n a l  f i b e r s  a r e  v i s i b l e  u n d e r  p hase  c o n t r a s t .  

T h is  number may be s i g n i f i c a n t  s i n c e  m e la n o g a s te r  h a s  f o u r  p a i r s  o f

chrom osom es. Each i n t e r z o n a l  f i b e r  ha3 a  a id  body a t  I t s  m id re g io n  i n  

a n a p h a s e ,  At t e l o p h a s e  th e  f o u r  m id b o d ie s  o f  a n ap h a se  a p p a r e n t l y  

c o a l e s c e  l a t e r a l l y  I n t o  one l a r g e  m idbody, and  o n ly  one i n t e r z o n a l  f i b e r  

c an  be s e e n .

D uring a l l  m i t o t i c  s t a g e s  s t r u c t u r e s  0 .7  pm in  d i a m e t e r  a r e  p r e s e n t  

a t  th e  p o s i t i o n  e x p e c te d  f o r  c e n t r i o l e s .  These a r e  to o  l a r g e  t o  be
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a c c o u n te d  f o r  by an  I n d i v i d u a l  c e n t r i o l e j  th e y  have been te rm ed  c e n t r i o l e  

co m p lex es .

The s c a n n in g  e l e c t r o n  m ic ro sco p e  (SEM) was U3e d  i n  o r d e r  t o  o b t a i n  

a  t h r e e  d im e n s io n a l  im p r e s s io n  o f  w hole i s o l a t e d  s p i n d l e s .  M ethods were 

d e v e lo p e d  f o r  f o l l o w i n g  I n d i v i d u a l  s p i n d l e s  th r o u g h  a l l  s t e p s  o f  p r o c e s s ­

in g  f o r  th e  3EM, The SEH shows a  p r o g r e s s i v e l y  more o r d e r e d  s p i n d l e  

fram ew ork d e v e lo p in g  from  p ro p h a se  th r o u g h  an ap h a se  and  t e l o p h a s e .  

Chromosomes have been  I d e n t i f i e d  on th e  s p i n d l e ,  and c e n t r i o l e  com­

p le x e s  have been d e s c r i b e d .  The c e n t r i o l e  com plex  a p p a r e n t l y  c o n s i s t s  

o f  a  c e n t r i o l e  p lu s  a s s o c i a t e d  m a t e r i a l ,  which I t s e l f  h a s  s u b s t r u c t u r e .  

A ttach m en t o f  t h e  c e n t r i o l e  com plex t o  t h e  r e s t  o f  th e  m i t o t i c  a p p a r a t u s  

i s  t e n u o u s .  L a r g e r  d i a m e t e r  s p i n d l e  f i b e r s  a r e  s e e n  t o  oe composed of 

s m a l l e r  d i a m e te r  f i b r i l s  a r r a n g e d  in  b u n d le s .

T h in  s e c t i o n s  th ro u g h  s p i n d l e s  i s o l a t e d  u n d e r  t u b u l i n  p o ly m e r iz ­

in g  c o n d i t i o n s  v e r i f y  th e  p re s e n c e  o f  m id b o d ie s  in  i s o l a t e s .  M idbodies  

a r e  n o t  o b v io u s  in  th e  SEM. In  t h i s  s y s te m ,  i n  which c y t o k i n e s i s  d o e s  

n o t  o c c u r  d u r i n g  t h e  b la s t e m a  s t a g e  o f  d e v e lo p m e n t ,  m id b o d ie s  seem n o t  

t o  be d i r e c t l y  in v o lv e d  in  c y t o k i n e s i s .

Using a  f l a t t e n e d  m e tap h ase  s p i n d l e  v iew ed in  t h e  SEM, i t  i s  

p o s s i b l e  t o  e s t i m a t e  th e  amount o f  t u b u l i n  r e q u i r e d  t o  c o n s t r u c t  t h i s  

s p i n d l e .  A p p ro x im a te ly  2 . 0  -  h .6  x 10 monomers o f  t u b u l i n  p e r  s p i n d l e

—swould be needed )  t h e r e f o r e  a b o u t  1 . 2 - 2 , 8 x 10 gm p e r  embryo would 

be enough t o  c o n s t r u c t  a l l  t h e  s p i n d l e s  p r e s e n t  in  th e  s y n c y t i a l  embryo 

a t  t h i s  s t a g e .  T h is  d a t a  i s  in  good ag re em e n t  w i th  t h a t  p r e v i o u s l y  

p u b l i s h e d  f o r  b o th  num bers o f  monomers p e r  s p i n d l e  in  o t h e r  s p e c i e s  

t'.nd numbers o f  gram s o f  t u b u l i n  p e r  embryo in  m e la n o g a s t e r .
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I .  I n t r o d u c t i o n

Tiie s t r u c t u r e  o f  m i t o t i c  end  m e io t l c  s p i n d l e s  h a s  been  exam ined  in  

many d i v e r s e  s p e c i e s ,  b o th  i n  s i t u  ( f o r  e x a m p le , S c h r a d e r ,  1953* H a r r i s ,  

1962i Roth and  D a n ie l s ,  1962; R obb ins  and  J e n t z c h ,  1969* B a j e r  and 

M o le -B a je r ,  1 9 6 9 ) and a f t e r  i s o l a t i o n  (Rebhun and S h a r p i e s s ,  1964; Kane, 

1962; M u l le r ,  1970; F o r e r  and Zimmerman, 1974* Rebhun, Rosenbaum,

L e fe b v re  and S m ith ,  1 9 7 4 ) ,  The m ajo r  s t r u c t u r a l  e le m e n ts  common t o  a l l  

s p i n d l e s  s t u d i e d  t o  d a t e  a r e  m i c r o tu b u le s ,  and s p i n d l e  o r g a n i z a t i o n ,  

f u n c t i o n  and  c o n t r o l  a r e  p ro b a b ly  b a sed  a t  l e a s t  p a r t l y  upon th e  

p r o p e r t i e s  o f  s p i n d l e  m ic r o tu b u le s  and  c e l l u l a r  c o n t r o l  o v e r  them .

V a r io u s  t e c h n i q u e s  have been u sed  t o  s tu d y  s p i n d l e  s t r u c t u r e ,  

I n c lu d in g  t h i n  s e c t i o n i n g  (Kane, 1962* Goldman and Rebhun, 1969* Cohen 

and G o t t l i e b ,  1971* M cIn tosh  and  L a n d is ,  1971* B r in k le y  and C a r t w r i g h t ,  

1971; F uge , 1973) and  n e g a t i v e  s t a i n i n g  f o r  t r a n s m i s s i o n  e l e c t r o n  

m ic ro sco p y  (TEM) ( K i e f e r  e t  a l , , 1 9 6 6 ) ,  h ig h  v o l t a g e  t r a n s m i s s i o n  

e l e c t r o n  m ic ro sco p y  (M cIn tosh  e_t a l , , 1975) en d  phase  c o n t r a s t ,  p o l a r i ­

z in g  and I n t e r f e r e n c e  l i g h t  m ic ro sco p y  (Kane and  F o r e r ,  1965; Rebhun 

and S a n d e r ,  196? ; Cohen, 1968; F o r e r  and Goldman, 1972; In o u e ,  B o r is y  

and K i e h a r t ,  1974; Salmon, 1 9 7 5 ) .  D uring th e  c o u r s e  o f  t h e  work d e s ­

c r i b e d  h e r e ,  s c a n n in g  e l e c t r o n  m ic ro sco p y  (SEK) h a s  a l s o  been employed 

in  o r d e r  t o  p ro v id e  new i n f o r m a t io n  on I s o l a t e d  s p i n d l e  o r g a n i z a t i o n  and 

s t r u c t u r e  ( M i l s t e d ,  Cohen and Lampen, 1 9 7 7 ) .  The a b b r e v i a t i o n  3EM w i l l  

r e f e r  h e re  t o  bo th  s c a n n in g  e l e c t r o n  m ic ro sco p y  and th e  s c a n n in g  e l e c t r o n  

m ic ro s c o p e ;  s i m i l a r l y ,  th e  a b b r e v i a t i o n  TEM w i l l  be a p p l i e d  t o  b o th  

t r a n s m i s s i o n  e l e c t r o n  m ic ro sco p y  and th e  t r a n s m i s s i o n  e l e c t r o n  m ic ro ­

scope  .

The t r a d i t i o n a l  method used  in  t h r e e  d im e n s io n a l  r e c o n s t r u c t i o n



o f  a  s p i n d l e  h a s  b een  s e r i a l  t h i n  s e c t i o n i n g  th r o u g h  whole a i t o t i c  

c e l l s  (M cIn tosh  and L a n d is ,  1 9 7 1 l B r in k l e y  and C a r t w r i g h t ,  1 9 7 1 f 

T i p p i t ,  McDonald and P i c k e t t - H e a p s ,  1975)* T h is  method i s  e x t r e m e ly  

t e d i o u s  and t im e  consum ing , and i t  l i m i t e  th e  number o f  s p i n d l e s  which 

can  be exam ined  in  t h i s  way. High v o l t a g e  t r a n s m i s s i o n  e l e c t r o n  

m ic ro sco p y  o f  1 jim t h i c k  s e c t i o n s  (M cIn tosh  e t  a l , , 1975), w h ile  e n a b l i n g  

th e  v ie w e r  t o  exam ine an  e n t i r e  s e r i a l l y  t h i c k  s e c t i o n e d  s p i n d l e  in  

r e l a t i v e l y  few s e c t i o n s ,  i s  n o t  r o u t i n e l y  a v a i l a b l e .  N e g a t iv e  s t a i n i n g  

o f  l a r g e  s p i n d l e s ,  su c h  a s  th o s e  o f  s e a  u r c h i n  z y g o te s  ( K i e f e r  e t  a l , .

1 9 6 6 ) i s  n o t  a  good method f o r  d e m o n s t r a t i n g  s p i n d l e  f i n e  s t r u c t u r e ,  

a l t h o u g h  i t  m igh t be u s e f u l  f o r  e x am in in g  s m a l l e r  s p i n d l e s  o f  r e l a ­

t i v e l y  s im p le  s t r u c t u r e .

S can n in g  e l e c t r o n  m ic ro s c o p y ,  in  c o m p ar iso n  w i th  t h e  above m ethods 

w hich use  t r a n s m i t t e d  e l e c t r o n s ,  a l lo w s  g r e a t  d e p th  o f  f i e l d  and d i r e c t  

t h r e e - d i m e n s i o n a l  im ag ing  o f  o b j e c t s ,  p e r m i t t i n g  v i s u a l i z a t i o n  o f  

g e n e r a l  s t r u c t u r a l  o r g a n i z a t i o n  in  b u t  one o r  a  few m ic ro g ra p h s ,  SEM 

h a s  r e c e n t l y  been  a p p l i e d  to  th e  s tu d y  o f  o r g a n e l l e s ,  and  i t  i s  o f  

m ost v a lu e  In  th e  c a s e  o f  s t r u c t u r e s  t o o  l a r g e  o r  to o  t h i c k  f o r  TEM 

whole m ounts (K e rsey  and rfe3s e l l s ,  19?6( K i r s c h n e r ,  R u s l i  and  M a r t in ,  

1 9 7 5 ) .  I s o l a t e d  m i t o t i c  s p i n d l e s  c an  be in c lu d e d  in  t h i s  c a t e g o r y i  

w ith  a p p r o p r i a t e  p r e p a r a t i o n  m ethods t h e r e  s h o u ld  be no s u r r o u n d in g  

membranes o r  o t h e r  m a t e r i a l  o b s c u r in g  th e  v iew  o f  th e  s p i n d l e s '  f i b r o u s  

s t r u c t u r e .  In  o r d e r  t o  make use  o f  th e  a d v a n ta g e s  o f f e r e d  by SEM, 

s p i n d l e s  must n e c e s s a r i l y  be i s o l a t e d  and  f r e e  o f  a d h e r in g  c y to p la s m ic  

d e b r i s .

A lthough  numerous s p i n d l e s  from  w id e ly  v a r i e d  s p e c i e s  have been  

exam ined  w ith  many d i f f e r e n t  m e thods , th e  manner in  w hich th e  m i t o t i c



a p p a r a t u s  f u n c t i o n s  i s  n o t  c l e a r l y  u n d e r s to o d .  A m u t e r  o f  m odels  

have t e e n  p ro p o sed  t o  e x p l a i n  chromosome movement and s p i n d l e  e lo n g a ­

t i o n  i ( a j  p o ly m e r i z a t io n  and  d e p o ly m e r i z a t io n  o f  s p i n d l e  m i c r o tu b u le s  

has  been s u g g e s te d  by Inoue (1 9 6 0 | Inoue and S a to ,  1 9 6 ? ) j ( b j  a  s l i d i n g  

f i l a m e n t  t h e o r y  o f  chromosome movement p o s t u l a t e s  movement o f  m ic ro ­

t u b u l e s  a lo n g  e ac h  o t h e r  and in  some c a s e s  a p p a r e n t  c r o s s b r i d g e s  have 

been s e e n  betw een  a d j a c e n t  m ic r o tu b u le s  (M cIn to sh ,  H e p le r  and  Van H ie ,

1969i H e p le r ,  M cIntosh  and C le la n d ,  1970) I ( c )  a  " z i p p e r "  h y p o t h e s i s  

h as  been p ro p o sed  by S a j e r  ( 1 9 7 3 ) ,  and (d )  a c t o m y o s i n - l i k e  m echanism s 

have a l s o  been  s u g g e s te d  (Rebhun, 196?( F o r e r ,  1969, 197*0. T here  h a s  

long  been e v id e n c e  a c c u m u la t in g  t h a t  t h e r e  m igh t be o r i e n t e d  com ponents  

in  a d d i t i o n  t o  m i c r o tu b u le s  which c o n t r i b u t e  t o  s p i n d l e  f i b e r  b i r e ­

f r i n g e n c e  ( F o r e r ,  1 9 6 6 i Goldman and Rebhun, 1 9 6 9 1 F o r e r  and Goldman,

19721 F o r e r ,  197*+), A c t i n - l i k e  m ic r o f i l a m e n t s  m igh t be one o t h e r  compo- 

n e n t .  O th e r  s t u d i e s  u s in g  p o l a r i z e d  l i g h t  i n d i c a t e  t h a t  a l l  s p i n d l e  

b i r e f r i n g e n c e  i s  due t o  m ic r o tu b u le s  a l o n e ,  how ever ( In o u e  and S a to ,  1967 ), 

S p in d le  I s o l a t i o n  has  been a  m a jo r  a p p ro a c h  t o  th e  s tu d y  o f  morpho­

lo g y  and c h e m is t r y  o f  s p i n d l e s .  I s o l a t e d  s p i n d l e s ,  f r e e  o f  o b s c u r in g  

c y to p la sm  and i n t e r f e r i n g  c y to p la s m ic  f l u i d s  and s t r u c t u r e s  su ch  a s  

membranes and r ib o s o m e s ,  have s e rv e d  a s  s i m p l i f i e d  sy s te m s  f o r  t h e  s tu d y  

o f  th e  m i t o t i c  a p p a r a t u s ,  w ith  th e  a d v a n ta g e  t h a t  e x p e r im e n t a l  c o n d i ­

t i o n s  can  be a l t e r e d  by c h a n g in g  th e  d e f in e d  medium in  which th e  s p i n d l e s  

a r e  b a th e d .  U su a l ly  s p i n d l e s  a r e  n o t  c l e a r l y  s ee n  in  l i v i n g  c e l l s ,  bu t 

a f t e r  I s o l a t i o n  th e y  a r e  r e a d i l y  v i s i b l e  u n d e r  phase  c o n t r a s t .  As a  

c o n se q u e n c e ,  s p i n d l e s  o f  t h e  d e s i r e d  3 ta g e  and o r i e n t a t i o n  can  be s e l e c t e d  

and t h e i r  s t r u c t u r a l  and p h y s i o l o g i c a l  p r o p e r t i e s  s t u d i e d .  dquash  

p r e p a r a t i o n s  o f  m i t o t i c  c e l l s  and em bryos le n d  th e m s e lv e s  t o  s t u d i e s  

i n v o lv in g  m edia v a r i a b l e s  such  a s  pH, s i n c e  s o l u t i o n s  can  e a s i l y  be



p e r f u s e d  betw een  c o v e r s l l p  and s l i d e  In  su ch  a  p r e p a r a t i o n .  The u l t i ­

m ate s p i n d l e  model would be one t h a t  f u n c t i o n s  a f t e r  rem o v a l from  a  

c e l l .  Such a  model h a s  n o t  y e t  been d e v e lo p e d ,  a l th o u g h  many a t t e m p t s  

have been made, b e g in n in g  w ith  t h e  work o f  H off man-Ber l i n g  (195*0 .

S p in d le s  were f i r s t  i s o l a t e d  in  1952 by Mazia and Dan, who 

a r r e s t e d  d i v i s i o n  o f  s e a  u r c h in  z y g o te s  and s t a b i l i z e d  th e  m i t o t i c  

a p p a r a t u s  by f i x i n g  c e i l s  i n  c o ld  e t h a n o l ,  t h e n  s e l e c t i v e l y  s o l u b i l i z e d  

c e l l s  w i th  d l g i t o n l n t  t h e s e  a l c o h o l - d e t e r g e n t  i s o l a t e d  s p i n d l e s  were n o t  

v e r y  s o l u b l e  (M azia  and Dan, 1952 j .  N ext came th e  f i r s t  d i r e c t  i s o l a t i o n  

o f  th e  m i t o t i c  a p p a r a t u s  by l y s i s  o f  c e l l s  i n t o  a  medium c o n t a i n i n g  th e  

d i s u l f i d e  r e a g e n t ,  d i t h l o d l g l y c o l  (M azia  e t  a l ^ ,  1 9 6 1 J, Kane l a t e r  

showed t h a t  an  - 3 - 3 -  r e a g e n t  i s  n o t  n e c e s s a r y  f o r  i s o l a t i o n  and u sed  

i n s t e a d  a  p e n e t r a t i n g  n o n - e l e c t r o l y t e  a t  pH 6 .2  (Kane, 1 9 6 2 j 1 9 6 5 ) .

K a n e 's  h e x y le n e  g l y c o l  i s o l a t i o n  medium was commonly used  by many 

w o rk e rs ,  and c o n s i s t e d  o f  1 2 t  h e x y len e  g l y c o l , 0 .0 1  M p o ta s s iu m  

p h o s p h a te ,  pH 6 . 3 ,  used  f o r  I s o l a t i o n  a t  room t e m p e r a t u r e .

S ince  th e  s u c c e s s  o f  t f e i s e n b e rg  (1 9 7 2 )  i n  p o ly m e r iz in g  t u b u l i n  

i n t o  m ic r o tu b u le s  Ui v i t r o  u s in g  a  c a lc iu m  c h e l a t o r ,  SGTA ( E th y le n e -  

g l y c o l - b l s -  ( -am i n o e th y l  e t h e r )  N, N' - t e t r a - e c e t i c  a c i d ) ,  new s p i n d l e  

i s o l a t i o n  m edia have been d e v e lo p e d  based  on th e  cadcium  l a b i l i t y  o f  

m ic r o t u b u l e s .  Such a  medium h a s  been  used  by Kebhun e t  a l ,  (1979) f o r  

i s o l a t i o n  o f  m i t o t i c  a p p a r a t u s e s  which can i n c o r p o r a t e  h e t e r o l o g o u s  

t u b u l i n  and  a ssem b le  i t  i n t o  b i r e f r i n g e n t  f i b e r s  s i m i l a r  t o  th o s e  o f 

m i t o t i c  a p p a r a t u s e s  in  l i v i n g  c e l l s .  A s l i g h t l y  m o d if ie d  v e r s i o n  o f  

t h e  i s o l a t i o n  medium o f  Rebhun e t  a l .  (1979)  was used in  t h i s  s t u d y  f o r  

most s p i n d l e  i s o l a t i o n .  G ly c o ls  a r e  now t o t a l l y  e l i m i n a t e d  from  i s o l a ­

t i o n  m edia  such  a s  t h e s e .



S e m i- ly s e d  " n o d e la "  o f  m i t o t i c  c e l l s  w hich p r e s e r v e  aoae  in  v iv o  

f u n c t i o n s  and show l i m i t e d  m o t i l i t y  have r e p o r t e d l y  been  o b ta in e d  by 

Cande e t  a l .  (19?*+). The s p i n d l e s  o f  su ch  s e m i - ly s e d  c e l l s  a re  s a i d  

t o  lo s e  b i r e f r i n g e n c e  when c o o le d ,  r e g a i n  i t  when warmed, and  show some 

a n ap h a se  movement. The m i t o t i c  a p p a r a t u s e s  I s o l a t e d  by Rebhun e t  a l . 

( 19?*+) w i l l  l e n g th e n  when h e t e r o l o g o u s  t u b u l i n  i s  added t o  th e  medium.

The m i t o t i c  a p p a r a t u s  h a s  a l s o  been i s o l a t e d  u s in g  a  d im e th y l  

s u l p h o x i d e / g l y c e r o l  medium ( F o r e r  and Zimmerman, 197*+), * d l t h l o d l -  

p ro p a n o l  medium ( S a k a i ,  1 9 6 6 ) ,  and l i t h i u m  In  s e a w a t e r  fo l lo w e d  by 

s t o r a g e  in  c o ld  e t h a n o l  and l y s i s  In  T r i t o n  X -e th a n o l  (M azia  e t  a l . , 

1 9 7 2 ) .

None o f  th e  I s o l a t i o n  m ethods c u r r e n t l y  a v a i l a b l e  i s  e n t i r e l y  

s a t i s f a c t o r y .  M i t o t i c  a p p a r a t u s e s  In  l i v i n g  c e l l s  a r e  c o l d  and p r e s ­

s u r e  l a b i l e ,  w h e rea s  m i t o t i c  a p p a r a t u s e s  i s o l a t e d  In  o r g a n ic  s o l v e n t s  

have s t a b l e  b i r e f r i n g e n c e  a t  low t e m p e r a t u r e s ,  a l th o u g h  th o s e  i s o l a t e d  

r e c e n t l y  by Rebhun e t  a l .  (197*+) a r e  c o ld  l a b i l e  f o r  a  s h o r t  t im e  a f t e r  

i s o l a t i o n .  When I s o l a t e d  in  a  h e x y le n e  g l y c o l  medium, m i t o t i c  

a p p a r a t u s e s  c o n t a i n  o n ly  a b o u t  lCbC o f  th e  d ry  m a t t e r  p r e s e n t  in  th e  

m i t o t i c  a p p a r a t u s  in  v iv o  ( F o r e r ,  1969; F o r e r  an d  Goldman, 1 9 7 2 ) ,  so  

t h a t  much m a t e r i a l  i s  l o s t  in  t h e  i s o l a t i o n  p r o c e d u r e .  Am m en tio n ed  

a b o v e ,  chromosome movement l i k e  t h a t  s e e n  i n  v iv o  h a s  n o t  been  s e e n  in  

i s o l a t e d  m i t o t i c  a p p a r a t u s e s .

A lm ost a l l  th e  o rg a n ism s  u sed  f o r  th e  s tu d y  o f  *he m i t o t i c  

a p p a r a t u s  have l a r g e  num bers o f  chrom osom es, w hich c o m p l ic a te  s t r u c ­

t u r a l  a n a l y s i s  o f  t h e i r  s p i n d l e s ,  and  none o f  t h e  o rg a n ism s  i s  w e l l  

known c y t o g e n e t i c a l l y .  These d i f f i c u l t i e s  have been  a v o id e d  by th e  

u se  o f  e a r l y  em bryos o f  D r o s o p h i l a  m e la n o g a s te r  f o r  a  s t r u c t u r a l  s tu d y



o f  m i t o t i c  s p i n d l e  f o r m a t i o n  and f u n c t i o n ,  s i n c e  m e la n o g a s te r  h a s  

a  s m a l l  number o f  w e l l  c h a r a c t e r i s e d  chromosomes ( 2n“ 8 ) ,  and  i t s  

b io lo g y  and g e n e t i c s  have  lo n g  been  s t u d i e d  ( S o n n e n b l ic k ,  1 9 5 0 1 

L i n d s le y  and  G r e l l ,  1 9 6 7 ) .  The r a p i d  r a t e  o f  m i t o s i s  (one co m p le te  

d i v i s i o n  t a k e s  t e n  m in u te s  o r  l e a s  a t  t h i s  s t a g e )  (R a b in o w itz ,  1 9 6 1 ) ,  

l a r g e  s i z e  o f  th e  em bryo ( 0 ,2  mn i n  d i a m e te r  x 0 ,5  m  in  l e n g t h ) ,  and 

o c c u r r e n c e  o f  many s y n c h ro n o u s  n u c l e i  o r  s p i n d l e s  i n  a  sy n cy t iu m  d u r in g  

e a r l y  d ev e lo p m en t  were a l s o  o f  a d v a n ta g e  in  t h l 3  work.

Methods f o r  h a n d l in g  em bryos and ex am in in g  them w ith  l i g h t  m ic ro ­

sco p y  and  TBM a r e  a v a i l a b l e  ( H u e t t n e r ,  19331 R a b in o w i tz ,  199 '!t Okada 

and H a d d in g to n ,  1959l Mahowald, 1963a, 1963b | F u l l l l o v e  and J a c o b s o n ,  

1 9 7 1 ) ,  and th e  s p e c i e s  o f f e r s  th e  e v e n t u a l  p o s s i b i l i t y  o f  u s in g  a v a i l ­

a b l e  m u ta n ts  w i th  d i f f e r e n t  num bers o f  chromosomes ( L in d s l e y  and G r e l l ,

1 9 6 7 ) in  o r d e r  t o  exam ine th e  e f f e c t s  o f  chromosome c o n t e n t  on s p i n d l e  

o r g a n i z a t i o n .

O nly em bryos i n  t h e  b la s t e m a  d i v i s i o n s  were s t u d i e d  h e r e .  B la s ­

tem a d i v i s i o n s  a r e  th e  t e n t h  th ro u g h  t w e l f t h  ( o r  p o s s i b l y  th e  

t h i r t e e n t h ,  s e e  Z a lo k a r ,  1976) d i v i s i o n s  a f t e r  f e r t i l i z a t i o n .  In  

D, m e la n o g a s te r  th e  eg g  i s  f e r t i l i z e d  i n  th e  u t e r u s ,  and  a t  th e  t im e  

o f  f e r t i l i z a t i o n  th e  f i r s t  m e io t i e  d i v i s i o n  o f  th e  egg  i s  in  p r o g r e s s .  

Bmhryos can  be d e p o s i t e d  im m e d ia te ly  a f t e r  f e r t i l i z a t i o n ,  o r  t h e y  can  

be r e t a i n e d  in  th e  u t e r u s  f o r  a  v a r i a b l e  p e r io d ,  so m etim es  u n t i l  j u s t  

b e f o r e  t h e  em ergence  o f  th e  l a r v a .  The f i r s t  e i g h t  o r  n in e  m i t o t i c  

d i v i s i o n s  o c c u r  in  th e  i n t e r i o r  o f  t h e  em bryo. A f t e r  t h e  n i n t h  d i v i ­

s i o n ,  n u c l e i  move t o  th e  em bryo s u r f a c e ,  where t h e y  re m a in  i n  a  

sy n cy t iu m  f o r  t h r e e  t o  f o u r  more sy n c h ro n o u s  d i v i s i o n s  (R a b in o w itz ,

19611 S o n n e n b l ic k ,  1 9 5 0 ) .  A f t e r  th e  n i n t h  d i v i s i o n  p o le  c e l l s  bud o f f

6 .



from  th e  s y n c y t iu m  a t  t h e  p o s t e r i o r  p o le  o f  t h e  em bryo. T hese  p o le  

c e l l s  a r e  r e a d i l y  v i s i b l e  w i th  t h e  l i g h t  m ic ro s c o p e  i n  d e c h o r l o n a t e d  

em b ry o s ,  an d  th e y  s e r v e  a s  a  m a rk e r  f o r  t h e  b e g in n in g  o f  t h e  b l a s t e m a  

s t a g e .  A f t e r  a  t o t a l  o f  tw e lv e  o r  t h i r t e e n  s y n c h r o n o u s  m i t o t i c  

d i v i s i o n s ,  th e  em bryo s u r f a c e  i n d e n t s  and p la sm a  membranes fo rm , 

s e p a r a t i n g  th e  n u c l e i  i n t o  I n d i v i d u a l  c e l l s  f o r  t h e  f i r s t  t im e  ( F ig u r e  

l ) .  A f t e r  th e  t e n t h  d i v i s i o n ,  and  a g a i n  a f t e r  t h e  e l e v e n t h  d i v i s i o n ,  

t h e  p la sm a  membrane f u r r o w s  Inw ard  s l i g h t l y  and  r e v e r s l b l y  (H ahow ald , 

1963a ) ,  p ro d u c in g  a  c h a r a c t e r i s t i c  p e b b le d  s u r f a c e  w hich c a n  be d e t e c t e d  

w i th  l i g h t  m ic ro s c o p y .  At t h e  t im e  o f  t h e  f i r s t  c y t o k i n e s i s ,  a s  t h e  

b l a s t o d e r m  fo r m s ,  a s  many a s  65OO n u c l e i  ( Z a l o k a r ,  1 9 7 0  may be p r e s e n t  

a t  t h e  em bryo  s u r f a c e ,  c l o s e l y  packed  In  h e x a g o n a l  a r r a y s  ( F u l l i l o v e  

and J a c o b s o n ,  1 9 7 1 ) .  A f t e r  th e  b l a s t o d e r m  i s  fo rm e d  m i t o t i c  s y n c h ro n y  

I s  l o s t .

M i t o s i s  o c c u r s  e x t r e m e l y  r a p i d l y  In  Ih m e la n o g a s t e r  w i th  one 

c o m p le te  d i v i s i o n  l a s t i n g  an  a v e r a g e  o f  9 .1  m in u te s  i n  th e  t e m p e r a t u r e  

r a n g e  o f  2 4 o- 3 0 °  G. At 2 9 °  C , , t h e  t e m p e r a t u r e  commonly u s e d  In  t h e s e  

s t u d i e s ,  I n t e r p h a s e  l a s t s  3 , b  m in u te s ,  p ro p h a s e  b-.O m in u te s ,  m e ta p h ase  

0 , 3  m in u te s ,  a n a p h a s e  1 , 0  m in u te  and  t e l o p h a s e  0 . 9  m in u te s  ( R a b in o w i t z ,  

1 9 ^ 1 ) .

When th e  D, m e l a n o g a s t e r  egg  i s  l a i d  I t  I s  s u r r o u n d e d  by an  opaque 

c h o r i o n  w hich  c an  be rem oved w i th  aodiu* h y p o c h l o r i t e  ( H i l l ,  19**5) and 

by an  i n n e r  v i t e l l i n e  membrane c o a t e d  w i th  a  waxy l a y e r  (K in g ,  1 9 7 0 ) .

Both  th e  waxy l a y e r  and  th e  v i t e l l i n e  membrane r e s i s t  a t t e m p t s  a t  

p e r m e a b l l i z a t i o n  ( S o n n e n b l l c k ,  1 9 5 0 ) .  T r a d i t i o n a l l y  em bryos  have  been  

p u n c tu r e d  w i th  a  s m a l l  s h a r p  o b j e c t  t o  a l l o w  p e n e t r a t i o n  o f  f i x a t i v e  I n t o  

t h e  em bryo , a l t h o u g h  many a g e n t s  have  been r e p o r t e d  t o  i n c r e a s e  perm e­



a b i l i t y  o f  t h e s e  s t r u c t u r e s  ( h e p t a n e i  Z a lo k a r ,  19711 o c t a n e i  Llmbourg 

and Z a lo k a r ,  1 9 7 3 1 T r i t o n  X-lOOi S a y l e s ,  P r o c u n ie r  and B row der, 1 9 7 3 1 

e t h e r  In  70% a l c o h o l i  Widmer and G e h r in g ,  197^1 b u t a n o l i  F a u s to -  

S t e r l l n g ,  Z h e u t l l n  and  Brown, 1 9 7 9 ) .

The c y to lo g y  o f  th e  b la s t e m a  d i v i s i o n s  h a s  been w e l l  c h a r a c t e r i z e d  

w i th  l i g h t  m ic ro s c o p y  by H u e t tn e r  (1 9 3 3 )  and R ab in o w itz  (1991 ) u s in g  

s t a i n e d  p a r a f f i n  s e c t i o n s ,  and  th e  a p p e a ra n c e  o f  s p i n d l e s  in  th e  l i g h t  

m ic ro sco p e  In  t h i s  s t u d y  was compared w i th  the ^ n  s i t u  work o f  t h e s e  

e a r l i e r  m l c r o s c o p l s t s .  S in c e  t h i s  s t a g e  o f  d ev e lo p m en t  h a s  n o t  

p r e v i o u s l y  been  s t u d i e d  a t  t h e  u l t r a s t r u c t u r a l  l e v e l ,  i t  was d e s i r a b l e  

t o  i n v e s t i g a t e  th e  g e n e r a l  c y to lo g y  o f  th e  embryo and o f  s p i n d l e s  in  

s i t u . The d e s c r i p t i o n  o f  m i t o s i s  In  s i t u  which w i l l  be p r e s e n t e d  h e r e  

can  be compared w i th  e l e c t r o n  m ic r o s c o p ic  s t u d i e s  o f  t h e  embryo a t  

l a t e r  s t a g e s ,  su ch  a s  th e  t im e  o f  b la s to d e r m  f o r m a t io n  (Mahowald, 1963s ,  

1963bt F u l l i l o v e  and  J a c o b s o n ,  1971) and w i th  work on th e  u l t r a s t r u c t u r e  

o f  th e  egg  ( f o r  r e v ie w  se e  K ing, 1970) and  s p e r m a to c y te s  ( i t o ,  i 9 6 0 ) .

Hie o n ly  e l e c t r o n  m ic ro s c o p ic  d a t a  on t h i s  s t a g e  i s  an  o c c a s i o n a l  m ic ro ­

g ra p h  o f  th e  c y to p la sm  of b la s t e m a  em bryos in  p a p e r s  d e a l i n g  p r i m a r i l y  

w i th  o t h e r  d e v e lo p m e n ta l  s t a g e s  (Okada and W addlngton , 1 9 5 9 1 Mahowald, 

1963a, 1 963b).

I t  was a n t i c i p a t e d  t h a t  i s o l a t i o n  o f  s p i n d l e s  from  th e  s y n c y t i a l  

embryo sh o u ld  be r e l a t i v e l y  e a s y  s i n c e  t h e r e  a r e  no p la sm a  membranes 

s e p a r a t i n g  n u c l e i  o r  s p i n d l e s  from  e a c h  o t h e r  in  th e  main c y to p la s m ic  

mass o f  t h e  e a r l y  em bryo. C rane f l y  s p e r m a to c y te  m e i o t l c  s p i n d l e s  had  

been  i s o l a t e d  by M u l le r  (1 9 7 2 ) ,  i n d i c a t i n g  t h a t  I n s e c t  s p i n d l e  i s o l a t i o n  

was p o s s i b l e .  JX. m e la n o g a s te r  m i t o t i c  s p i n d l e s  can  be I s o l a t e d  u s in g  

e i t h e r  h e x y le n e  g l y c o l  ( M i l s t e d  and Cohen, 1973) o r  a  m o d if ie d  t u b u l i n



p o ly m e r iz in g  medium ( M i l s t e d ,  Cohen and L a*pen , 1 9 7 6 ) .  S p in d l e s  I s o l a t e d  

In  th e  l a t t e r  medium a p p e a r  u n d e r  phase  c o n t r a s t  t o  have r e l a t i v e l y  

s im p le  s t r u c t u r e ,  w i th  a  s m a l l  number o f  m a jo r  f i b e r s .  I n  th e  c o u r s e  o f  

t h i s  work, I t  was fo u n d  t h a t  " c l e a n "  s p i n d l e s ,  f r e e  o f  m ost a d h e r in g  

c y to p la s m ic  m a t e r i a l  and  re m a rk a b ly  l i k e  th o s e  d e s c r i b e d  In  3ltu by 

H u e t tn e r  (1 9 3 3 ) ,  R a b in o w i tz  (1 9 4 1 )  and SonnsnbUck (1 9 5 0 )  c o u ld  be 

r o u t i n e l y  p r e p a r e d .

Most c e l l s  from  w hich s p i n d l e s  have been i s o l a t e d  a r e  e g g s  o r  

o o c y te s  o f  m arine  o rg a n is m s  su ch  a s  s u r f  c lam s  (Rebhun and S h a r p l e s s ,  

1964} Rebhun e t  a l . , 1974) and s e a  u r c h i n s  (M azia  e t  a l . , 1961} Kane, 

1962} Goldman and Rebhun, 1969) Inoue and S a to ,  1967} f o r e r  and 

Zimmerman, 1 9 7 4 ) .  I s o l a t e d  s p i n d l e s  have a l s o  been p r e p a r e d  from  3ome 

c u l t u r e d  mammalian c e l l s  (M cIn tosh  e t  a l . . 1975* S is k e n  £ t  a l . . 1 9 6 7 ) ,  

and I n s e c t  s p i n d l e s  have  now been  i s o l a t e d  from  m e la n o g a s t e r  ( t h i s  

p a p e r )  and  th e  creme f l y  P a l e s  f e r r u g l n e a  ( M u l le r ,  1 9 7 2 ) .

Major o b j e c t i v e s  o f  t h i s  work were ( l )  t h e  s tu d y  o f  th e  c y to lo g y  

o f  m i t o s i s  in  jJj_ m e la n o g a s te r  in  s i t u  w i th  TEM, (2 )  t h e  i s o l a t i o n  o f  

s p i n d l e s  from  t h i s  s p e c i e s ,  ( 3 ) th e  e x a m in a t io n  o f  th e  m orphology  o f  

whole I s o l a t e d  s p i n d l e s ,  u l t i m a t e l y  o b t a i n i n g  a  t h r e e  d im e n s io n a l  

im p r e s s io n  o f  them , and ( 4 )  th e  v i s u a l i z a t i o n  w i th  e l e c t r o n  m ic ro ­

sco p y  o f  th e  s p i n d l e  f i b e r s  s e e n  In  l i g h t  m ic ro sco p y  In  o r d e r  t o  s e e  I f  

t h e s e  s p i n d l e  f i b e r s  a r e  composed o f  m i c r o t u b u l e s .

The r e s u l t s  o f  t h i s  s tu d y  s h o u ld  f u r t h e r  o u r  u n d e r s t a n d in g  o f 

m i t o t i c  m echanism s, o f  th e  s t r u c t u r e  o f  th e  Ih_ m e la n o g a s te r  s p i n d l e  

i n  th e  b la s t e m a  s t a g e  b o th  In  s i t u  and a f t e r  i s o l a t i o n ,  and  p e r h a p s ,  

o f  th e  s t r u c t u r a l  b a s i s  f o r  th e  m i t o t i c  sy n ch ro n y  s e e n  in  t h i s  sy s te m .



I I .  M a t e r i a l s  and m ethods

A. Embryo c o l l e c t i o n

W ild - ty p e  D r o s o p h i la  m e la n o g a s te r  were o b ta in e d  f ro m  s t o c k s  which 

had  o r i g i n a l l y  come from  th e  C a ro lin a ,  B i o l o g i c a l  S u p p ly  C o . ,  B u r l i n g t o n ,  

N.C. C u l t u r e s  were m a in ta in e d  on I n s t a n t  D r o s o p h i l a  Medium ( C a r o l i n a )  

su p p lem en te d  w i th  v i a b l e  b a k e r s '  y e a s t  ( F le i s c h m a n n * s ) and  k e p t  i n  h a l f ­

p i n t  g l a s s  b o t t l e s  s t o p p e r e d  w i th  p l a s t i c  c u l t u r e  b o t t l e  p lu g s  ( C a r o l i n a ) .  

F o r  embryo c o l l e c t i o n  u n e th e r is s e d  f l i e s  o f  b o th  a e x e s  were t r a n s f e r r e d  

i n t o  egg l a y i n g  cham bers  c o n s i s t i n g  o f  an  open en d ed  g l a s s  c y l i n d e r  w i th  

one end c o v e r e d  with n y lo n  mesh (32 s p a c e s / i n c h ) ,  t h ro u g h  w hich em bryos , 

b u t  n o t  a d u l t  f l i e s ,  c o u ld  p a s s .  The o t h e r  end  o f  th e  c y l i n d e r  was 

c o v e re d  w i th  a  p l a s t i c  P e t r i  d i s h  c o v e r  which had a  h o le  m e l te d  in  i t s  

c e n t e r  in  o r d e r  t o  f a c i l i t a t e  th e  t r a n s f e r  o f  f l i e s  I n t o  t h e  cham ber.

A f t e r  t r a n s f e r  t h e  h o le  was c o v e re d  w i th  Paraf11m  (A m erican  Can C o , , 

Neenah, W lsa ) .  A l a y i n g  cham ber was p la c e d  i n  t h e  bo ttom  o f  a  P e t r i  

d i s h  which had been n e a r l y  f i l l e d  w i th  Z% a g a r ,  t h e  s u r f a c e  o f  which 

was c o v e re d  w i th  a  f e r m e n te d  s u g a r - y e a s t  m ix tu r e .  A p p ro x im a te ly  £ t e a ­

spoon  s u g a r  and i  ounce package o f  y e a s t  were d i s s o l v e d  in  a  s m a l l  amount 

o f  warm t a p  w a te r  and  a l lo w e d  t o  f e rm e n t  ( a f t e r  M oss lge , 1 9 6 6 ) ,  The 

cham ber on th e  a g a r  s u b s t r a tu m  was p la c e d  In  a  m e ta l  pan o r  g l a s s  bowl 

l i n e d  w i th  damp p a p e r  t o w e l s ,  a l l  o f  w hich  was c o v e re d  In  o r d e r  t o  

e x c lu d e  l i g h t ,  These  cham bers  were p re p a re d  t h e  e v e n in g  b e f o r e  em bryos 

were t o  be c o l l e c t e d .

Newly f e r t i l i z e d  egg3 were c o l l e c t e d  th e  f o l l o w i n g  m o rn ing . L ay ing  

cham bers  were f i r s t  p la c e d  on f r e 3h P e t r i  p l a t e s  f o r  a b o u t  30 m in u te s ,  

t h e n  t r a n s f e r r e d  t o  a n o t h e r  f r e s h  s u b s t r a t e  f o r  embryo c o l l e c t i o n .  F r e s h  

fo o d  a p p a r e n t l y  s t i m u l a t e d  egg  l a y i n g .  T h is  f i r s t  t h i r t y  m in u te  l a y i n g



p e r io d  o f  t h e  day a l lo w e d  F i l e s  t o  l a y  any e g g s  w hich haul been f e r t i ­

l i z e d  and  r e t a i n e d  In  th e  u t e r u s .  3uch e g g s  were u s u a l l y  ad v an ced  In  

d e v e lo p m en t  and were r o u t i n e l y  d i s c a r d e d .  Embryos f o r  e x p e r i m e n t a l  u se  

were c o l l e c t e d  d u r in g  a  f i f t e e n  m inu te  p e r i o d .  With t h e s e  p r e c a u t i o n s  

t h e  m a j o r i t y  o f  e g g s  c o l l e c t e d  d u r i n g  t h e  f i f t e e n  m inu te  c o l l e c t i o n  

p e r io d  were new ly f e r t i l i z e d .

F o r  c o l l e c t i o n  o f  l a r g e  num bers o f  em bryos t h e  s u r f a c e  o f  t h e  a g a r  

was washed w ith  a  g e n t l e  s t r e a m  o f  d i s t i l l e d  w a te r  I n t o  a  f i l t e r  a p p a r a ­

t u s  c o n s i s t i n g  o f  a  p l a s t i c  B uchner f u n n e l  l i n e d  w i th  f i l t e r  p a p e r .  

Embryos were washed w ith  d i s t i l l e d  w a te r  o r  D r o s o p h i l a  R i n g e r ' s  s o l u t i o n

(7 .5  g .  NaCI, 0 .3 5  g .  KG1 , 0 .2 1  g .  CaCl2 in  one l i t e r  o f  w a te r .  E p h r u e s i

and B e a d le ,  1 9 3 6 ) ,  th e n  d e c h o r i o n a t e d  w i th  2 . 5 ^  sodium  h y p o c h l o r i t e  

( d i l u t e d  C h lo ro x )  ( H i l l ,  19^5) f o r  a p p r o x im a te ly  one m in u te .  Embryos 

were a g a in  washed in  R i n g e r ' s  o r  w a te r ,  w i th  a  f i n a l  r i n s e  In  d i s t i l l e d  

w a te r ,  G e n t le  s u c t i o n  f i l t r a t i o n  was used  a t  a l l  s t e p s .  The f i l t e r  

p a p e r  w i th  th e  em bryos l y i n g  on i t  was removed from  th e  f u n n e l  and 

em bryos were t r a n s f e r r e d  i n t o  d i s t i l l e d  w a te r  in  g l a s s  P e t r i  d i s h e s ,  

w here t h e y  rem a in ed  u n t i l  t h e y  r e a c h e d  th e  b la s t e m a  s t a g e .  Embryo 

d ev e lo p m en t  was m o n i to re d  u s in g  a  d i s s e c t i n g  m ic ro sco p e  w i th  i l l u m i n a ­

t i o n  from  b e n e a th  t h e  sp ec im e n .  The a p p e a ra n c e  o f  th e  embryo a t  

d i f f e r e n t  s t a g e s  o f  d ev e lo p m en t  i s  shown in  F ig u r e  1, A new ly l a i d

f e r t i l i z e d  egg w i th  opaque c h o r io n  i n t a c t  I s  shown In F ig u r e  l a ;  a

p r e - b l a s t e m a  embryo a f t e r  d e c h o r l o n a t i o n  i s  s e e n  In  F ig u r e  Lb; -,h>; 

umbryo i n  F ig u r e  l c  i s  a t  t h e  b la s t e m a  s t a g e ,  i d e n t i f i a b l e  b e c a u s e  o f  

th e  t y p i c a l  p e b b le d  a p p e a ra n c e  o f  t h e  embryo s u r f a c e  1 a  b la s to d e r m  

embryo i s  shown in  F ig u r e  Id  f o r  p u rp o s e s  o f  c o m p a r iso n .

When o n ly  a  s m a l l  number o f  em bryos was n e ed e d ,  i n d i v i d u a l  em bryos



were l i f t e d  o f f  t h e  a g a r  s u b s t r a tu m  a t  t h e  end o f  th e  l a y i n g  p e r io d  

w ith  s m a l l  f o r c e p s ,  and  were p la c e d  In  a  d e p r e s s i o n  d i s h  w i th  b la c k  

e l e c t r i c a l  t a p e  on I t s  u n d e r s i d e ,  p e r m i t t i n g  th e  w h i te  em bryos t o  be 

s e e n  by e y e .  Washing and d e c h o r i o n a t i o n  were c a r r i e d  o u t  In  th e  

d e p r e s s i o n  d i s h ,  and em bryos were l a t e r  t r a n s f e r r e d  t o  a  g l a s s  P e t r i  

d i s h  and m o n i to re d  a s  d e s c r i b e d  ab o v e .

B. M i t o s i s  in  s i t u

Embryos o f  t h e  p ro p e r  s t a g e  were t r a n s f e r r e d  t o  p l a s t i c  P e t r i  

d i s h e s ,  t o  which th e y  a d h e r e ,  f o r  f i x a t i o n  f o r  t r a n s m i s s i o n  e l e c t r o n  

m ic ro sco p y  (TEH). F o r  m a n ip u la t in g  and t r a n s f e r r i n g  em bryos , s m a l l  

f o r c e p s ,  g l a s s  P a s t e u r  p l p e t s  and  d e n t a l  r e a m e rs  ( F ig u r e  2 )  were u s e d .  

F i x a t i o n  was u s u a l l y  in  F i x a t i v e  Ai 2 . 5 ^  g lu t a r a l d e i y d s  In  0 .0 6 2  M 

sodium  c a c o d y la t e  b u f f e r ,  pH 7 . 2 ,  w i th  s u c r o s e  added  t o  a  f i n a l  c o n ce n ­

t r a t i o n  o f  0 .2  M ( F u l l i l o v e  and J a c o b s o n ,  1 9 7 1 ) .  S in ce  th e  v i t e l l i n e  

membrane i s  im perm eable  t o  t h i s  f i x a t i v e ,  a  h o le  was p u n c tu re d  th ro u g h  

v i t e l l i n e  and p lasm a membranes ( u s u a l l y  a t  th e  p o s t e r i o r  p o le  o f  th e  

em bryo) u s in g  a s c r e w - th r e a d e d  d e n t a l  re a m e r  ( F ig u r e  2 ) .  The embryo 

was p u n c tu re d  w i t h i n  15 m in u te s  o f  b e in g  c o v e re d  w i th  f i x a t i v e  and  i t s  

v i t e l l i n e  membrane was d i s s e c t e d  o f f ,  a f t e r  w hich f i x a t i o n  was a l lo w e d  

t o  p ro c e e d  a t  room te m p e r a t u r e  f o r  1 -  2 h o u r s .  F i x a t i v e  B was u sed  in  

an  e f f o r t  t o  f i x  em bryos w i th o u t  p u n c tu r in g  them . 10 ml o f  f r e s h l y  

d i s t i l l e d  h e p ta n e  ( a  g i f t  o f  Dr. 3 , R aps) was shaken  w i th  10 ml o f  25^  

g l u t a r a l d e h y d e  f o r  a b o u t  5 m in u te s .  Embryos were f i x e d  f o r  1 -  2 

m in u te s  in  th e  g l u t a r a l d e h y d e - c o n t a l n i n g  h e p ta n e  which had  been 

s e p a r a t e d  from th e  aq u eo u s  g l u t a r a l d e h y d e  p hase  i n  a  s e p a r a t o r y  

f u n n e l  (Z a lok& r, 1 9 7 1 ) .  A f t e r  th e  b r i e f  e x p o su re  t o  h e p ta n e ,  em bryos 

were p la c e d  in  F i x a t i v e  A (a b o v e )  in  w hich th e  v i t e l l i n e  membrane co u ld



P l a t e  I , D. m elanO ftaa te r  em bryos t t o o l s

F ig u r e  1

F lft u re  2

D r o s o p h i la  m elanO ftas te r  l i v i n g  em bryos . ( a )  Embryo w ith  
a l l  em bryon ic  membranes. D o rs a l  c h o r i o n i c  a p p en d a g e s  a r e  
p a r t l y  v i s i b l e  ( a r ro w s } .  C h o r io n ic  s u b s t r u c t u r e  I s  s e e n  
a t  t h e  p o s t e r i o r  p o le  ( a r ro w h e a d ) ,  (b )  D e c h o r io n a te d  
embryo, p r e - b l a s t e m a  s t a g e .  Note homogeneous I n t e r i o r  and 
sp ace  be tw een  v i t e l l i n e  membrane (VM) and em bryo, ( c )  Decho­
r i o n a t e d  embryo In  th e  b la s t e m a  s t a g e ,  P o le  c e l l s  ( p c j  a r e  
p r e s e n t ,  and I n d e n t a t i o n s  In  th e  embryo s u r f a c e  can  be s ee n  
( a r r o w s ) ,  which g i v e  th e  embryo s u r f a c e  a  c h a r a c t e r i s t i c  
p e b b led  a p p e a r a n c e .  (d )  B la s to d e rm  em bryo, d e c h o r i o n a t e d ,  
Phase c o n t r a s t ,  X 1?8 . Bar I s  100 um.

T o o ls ,  From to p  t o  b o tto m t s c r e w - th r e a d e d  d e n t a l  r e a m e r |  
s t r a i g h t  d e n t a l  re a m e r j  p l a s t i c  s l i d e  w i th  r e c e s s e d  h o l e ,  
in  which a c o a te d  g r i d  i s  p l a c e d ;  m lc ro -h o m o g e n is e r  p e s t l e  
o f  s h a rp e n e d  p la t in u m  w ir e ;  m lc ro -h o m o g en iz e r  m o rta r ,  a  10 
u l  p i p e t  h e a te d  and  drawn o u t  t o  form  a  c o n s t r i c t e d  r e g io n  
( a r ro w ) ,  X 1 ,0 b





be e a s i l y  removed w i th o u t  p u n c tu r in g  t h e  p lasm a  membrane o f  t h e  em bryo. 

Embryos rem a in ed  in  F i x a t i v e  A f o r  a t  l e a s t  a n o t h e r  h o u r .

A f t e r  f i x a t i o n  i n  g l u t a r a l d e h y d e  a l l  em bryos were washed tw ic e  f o r  

5 m in u te s  each  t im e  in  0 .0 6 2  M sodium  c a c o d y l a t e ,  pH 7 . 2 ,  and  were th e n  

p o s t - f i x e d  in  2% osmium t e t r o x i d e  in  0 .0 6 2  M sodium  c a c o d y l a t e ,  pH 7 . 2 ,  

f o r  1 -  5 h o u r s .  Embryos were a g a in  washed tw ic e  in  b u f f e r  and were 

o f t e n  a l lo w e d  t o  re m a in  o v e r n i g h t  in  a  t h i r d  change  o f  b u f f e r .  Dehydra­

t i o n  was c a r r i e d  o u t  th ro u g h  a  s t a n d a r d  e t h a n o l  s e r i e s  i n t o  p ro p y le n e  

o x id e .  Embryos were p la c e d  in  a  p ro p y le n e  o x id e -E p o n  m ix tu r e  o v e r n i g h t  

and  were f l a t  embedded th e  n e x t  d ay  in  f r e s h  Epon m ix tu re  in  Chang 

em bedding  molds (C hang, 1 9 7 1 ) .  The Epon was c u re d  in  a  60° C. oven f o r  

a t  l e a s t  U8 h o u r s .  At t h a t  t im e  embedments were removed and t h e i r  

rough  lo w e r  s u r f a c e s  were r e c o a t e d  w i th  Epon, and embedm ents were 

c u re d  a n o t h e r  US h o u r s .  The Epon m ix tu re  (R .P .  C a r g i l l e  L a b o r a t o r i e s ,  

I n c . )  c o n s i s t e d  o f  26 ml o f  Epoxy c a s t i n g  R es in  D (Epon 8 1 2 ) ,  17 ml o f  

Epoxy H a rd en e r  N.H.A. (N adlc  H e th y l  A n h y d r id e ) ,  12 ml o f  Epoxy H a rd en e r

D .D .S .A , (D odeceny l S u c c in ic  A n h y d r id e )  and 0 .5 5  “ 1 o f  Epoxy A c c e l e r a t o r  

B B.D.M.A. (N -B enzyl D im e th y la m in e ) ( L u f t ,  196 1 ).

F l a t  embedments were s e c u r e d  in  v i s e  clam p c h u c k s , ro u g h  trim m ed 

by hand w i th  s i n g l e  edged  r a z o r  b lad es  and  mounted on a  S o r v a l l  ffT-2 

P o r te r -B lu m  u l t r a m ic r o to m e  f o r  t h i c k  and t h i n  s e c t i o n i n g .  T h ick  s e c ­

t i o n s  0 . 5 - 2  l̂lb t h i c k  were c u t  w i th  an  o ld  Dupont diamond k n i f e  f o r  

i d e n t i f i c a t i o n  o f  m i t o t i c  s t a g e .  Embryos were a lw ay s  s e c t i o n e d  

p e r p e n d i c u l a r  t o  t h e i r  lo n g  a x i s ,  w ith  t h e  u n p u n c tu re d  p o le  a t  th e  

b lo c k  f a c e .  T h ick  s e c t i o n s  were c o l l e c t e d  w i th  a  p la t in u m  w ire  lo o p  

and p la c e d  on a  g l a s s  s l i d e ,  which was th e n  warmed t o  prom ote a d h e s io n  o f  

th e  p l a s t i c  s e c t i o n  t o  th e  g l a s s .  A v a r i e t y  o f  s t a i n s  was used  on t h i c k

15.



s e c t i o n s .  One s u c c e s s f u l  s t a i n  was f r e s h l y  p r e p a r e d  0 , 1 ^  t o l u i d i n e  

b lu e  in  2 .5 *  sodium  c a r b o n a t e ,  pH 11 w hich was a p p l i e d  t o  t h e  s e c t i o n  

on a  warming t r a y  f o r  a b o u t  5 m in u te s ,  a f t e r  w hich th e  s e c t i o n  co u ld  

be d e s t a i n e d  s l i g h t l y  w i th  ? 0 Ĵ e t h a n o l  i f  n e c e s s a r y ,  f o l lo w e d  by 

100< e t h a n o l ,  x y le n e ,  and im m ersion  o i l  i n  w hich th e  s e c t i o n  was 

m ounted . The o t h e r  s t a i n  which gave s a t i s f a c t o r y  r e s u l t s  r o u t i n e l y  

was P aragon  M u l t ip le  S t a i n  f o r  F ro zen  S e c t i o n s  (P a rag o n  C .N.C, Go,

I n c . ,  B ronx, N .Y .) ,  which was a p p l i e d  t o  th e  s e c t i o n s  f o r  1 - 2  m in u te s  

a t  room t e m p e r a t u r e  ( S p u r lo c k ,  S k in n e r  and K a t t i n e ,  1 9 6 6 ) ,  T h ick  s e c ­

t i o n s  were s t a i n e d  in  o r d e r  t o  v i s u a l i z e  chromosomes more e a s i l y .  

O b s e r v a t io n s  o f  t h i c k  s e c t i o n s  were made u s in g  a  Z e i s s  phase  c o n t r a s t  

m ic ro s c o p e ,  and s e c t i o n s  were p h o to g ra p h e d  w ith  a  Nikon cam era  back 

mounted on a  t r I n o c u l a r  m ic ro sco p e  h e ad ,  u s in g  Kodak P lu s  X or 

o c c a s i o n a l l y  Kodak T r l-X  f i l m ,  d e v e lo p e d  in  Kodak M icrodo l-X  d i l u t e d  

1 *3 .

Thin s e c t i o n s  f o r  TEM were c u t  on th e  same m icro tom e u s in g  a  Dupont 

diamond k n i f e ,  w i th  I n t e r f e r e n c e  c o l o r s  o f  g r a y  -  g o ld ,  i n d i c a t i n g  s e c ­

t i o n  t h i c k n e s s  o f  a p p r o x im a te ly  50 -  100 n». S e c t i o n s  were c o l l e c t e d  

on 200 o r  300 mesh c o p p e r  g r i d s  which were som etim es  c o a t e d  w ith  

F o r a v a r  ( 0 .2  5 - 0 , K  Form var 1 5 /9 5  E M onsanto , S p r i n g f i e l d ,  M ass .)  in  

e th y l e n e  d l c h l o r i d e .  S t a i n i n g  o f  t h i n  s e c t i o n s  was u s u a l l y  c a r r i e d  

o u t  in  a  H lra o k a  S t a i n i n g  K i t  ( P o l y s c i e n c e s ) .  T h in  s e c t i o n s  were d o u b le  

s t a i n e d  in  a  s a t u r a t e d  aq u eo u s  s o l u t i o n  o f  u r a n y l  a c e t a t e  f o r  20 m in u te s  

(W atson , 1958 ) i  fo l lo w e d  by 7 m in u te s  i n  l e a d  c i t r a t e  (R e y n o ld s ,  1 9 6 3 ).  

B es t  r e s u l t s  were a c h ie v e d  when th e  l e a d  c i t r a t e  was p re p a re d  f r e s h l y  

e a c h  t im e ,  u s in g  newly made 1 N NaOH in  b o i l e d  d e i o n i z e d ,  d i s t i l l e d  

w a te r .



Specim ens were v iew ed in  a  H i t a c h i  H5-8 e l e c t r o n  m ic ro sco p e  

o p e r a t e d  a t  50 KV. M ic ro g ra p h s  were t a k e n  a t  m a g n i f i c a t l o n s  be tw een  

i*,100X and 18,OOOX on Kodak e l e c t r o n  M icro sco p e  f i l m ,  e s t a r  t h i c k  

ba3e ,  which waa d e v e lo p e d  in  Kodak D-19 d i l u t e d  l t 2 .  TEM n e g a t i v e s  

were p r i n t e d  on Kodak o r  A gfa p h o to g r a p h ic  p a p e r ,  g r a d e s  2 - 6  and 

d e v e lo p e d  in  Kodak D ek to l  p a p e r  d e v e l o p e r .  T h in  s e c t l o n a  were exam ined  

from  3 i n t e r p h a a e ,  2 p r o p h a s e , 1 m e tap h ase  and 3 a n a p h a se  em bryos , and 

many d i f f e r e n t  s p i n d l e s  i n  e a c h  embryo were o b s e r v e d .

In  a d d i t i o n  to  D̂_ m e la n o g a s te r  em bryos , sone  c e l l s  from  an e s t a b ­

l i s h e d  l i n e  o f  _Dj_ m e la n o g a s te r  c u l t u r e d  c e l l B  were exam ined  f o r  

c o m p a r a t iv e  p u r p o s e s ,  and a s  a  p o s s i b l e  f u t u r e  s o u rc e  o f  m i t o t i c  

s p i n d l e s .  The c e l l s  were from  a l i n e  o r i g i n a l l y  e s t a b l i s h e d  by 

S c h n e id e r  (1972) from em bryos 20- 2b h o u r s  o l d .  Or. R, S e d e r o f f  o f  

Colum bia U n l v e r s t l y  k i n d l y  p ro v id e d  t h e s e  c e l l s .  The c e l l s  had been 

grown in  s u s p e n s io n  c u l t u r e s  in  m o d if ie d  S c h n e i d e r ' s  medium (G ib co )  

su p p lem en ted  w i th  5% serum . C u l tu r e s  c o n t a i n i n g  a p p r o x im a te ly  b x 10^ 

c e l l s / m l  were f i x e d  i n  2.5% g l u t a r a l d e h y d e  in  0 ,0 0 5  M sodium  c a c o d y l a t e ,  

pH 7 , f o r  2 h o u r s ,  t h e n  were c e n t r i f u g e d  and washed tw ic e  w ith  0 .0 6 2  M 

sodium  c a c o d y l a t e ,  pH 7 . 2 .  P o s t - f i x a t i o n  was In  2% OsOq in  0 .0 6 2  M 

sodium c a c o d y l a t e ,  pH 7 . 2 .  S u b se q u en t  w a sh in g s ,  d e h y d r a t i o n  and 

em bedding  were c a r r i e d  o u t  a s  ab o v e , e x c e p t  t h a t  some c e l l s  were 

embedded in  BEEM h e m l - h y p e r b o l l c  c a p s u l e s  b e c a u se  o f  s m a l l  sam ple  s i z e ,

C. I s o l a t e d  m i t o t i c  s p i n d l e s

S p in d l e s  were f i r s t  i s o l a t e d  In  K a n e 's  i s o l a t i o n  medium (Kane, 1 9 6 5 ) 

c o n s i s t i n g  o f  12% h e x y le n e  g l y c o l ,  0 ,0 1  M p o ta s s iu m  p h o s p h a te ,  pH 6 .3 .  

I n d i v i d u a l  em bryos In  th e  b la s t e m a  s t a g e  were p la c e d  on a  s l i d e ,  and 

th e  w a te r  d ro p  s u r r o u n d in g  th e  embryo was removed and r e p l a c e d  w ith  a



s w i l l  d ro p  o f  I s o l a t i o n  medium. Irfhen th e  p r e p a r a t i o n  was c o v e re d  w i th  

a g l a s s  c o v e r s l l p ,  t h e  w e ig h t  o f  th e  c o v e r s l l p  was u s u a l l y  enough t o  

l y s e  th e  em bryo. I f  n o t ,  t h e  c o v e r s l l p  was g e n t l y  t a p p e d .  P r e p a r a t i o n s  

were exam ined  In  Z e i s s  phase  c o n t r a s t  and  p o l a r i s i n g  m ic ro s c o p e s .

F o r  n e g a t i v e  s t a i n i n g  a  s m a l l  d ro p  o f  i s o l a t i o n  medium c o n t a i n i n g  

s p i n d l e s  was p la c e d  on a  Fornrvar c o a te d  g r i d  and  s t a i n e d  w i th  1% u r a n y l  

a c e t a t e .

S p in d le s  were a l s o  i s o l a t e d  u s in g  a  m o d if ie d  t u b u l i n  p o ly m e r iz in g  

medium ( Rebhun e t  a l . . 197*0. T h is  medium w i l l  be r e f e r r e d  t o  a s  TPM.

I t  c o n ta i n e d  0 ,1  K PIPES ( P i p e r a z l n e - N - N '- b i s - ( 2 - e t h a n e  S u l f o n ic  A c id ) ) ,

1 mM M gC^, 5 mM SGTA ( £ t h y l e n e g l y c o l - b i s - ( - a « i n o e t h y l  e t h e r )  N ,N '-  

t e t r a a c e t i c  a c i d ) ,  10 mH TAME ( p - t o s y l  a r g i n i n e  m e t h y l e s t e r  HCLj, and 

O.biC T r i t o n  X-100, b ro u g h t  t o  pH 6 ,8  w i th  KOH. In  some p r e p a r a t i o n s  

1 mM GTP (g u a n o s in e  5 '  t r i p h o s p h a t e )  was p r e s e n t .

P r e p a r a t i o n s  i n te n d e d  f o r  phase c o n t r a s t  o r  p o l a r i z i n g  m ic ro sco p y  

were made in  th e  same way a s  th o s e  d e s c r i b e d  ab o v e .  G la s s  c o v e r s l i p s ,  

r a t h e r  th a n  p l a s t i c  ones  u sed  f o r  p r o c e d u r e s  d i s c u s s e d  below , p e r m i t t e d  

t h e  c l e a r e s t  v ie w in g  and p h o to g ra p h y .

For r o u t i n e  p r e p a r a t i o n s  th e  em bryos were a l lo w e d  t o  d e v e lo p  a t  

room t e m p e r a tu r e  and were l y s e d  i n t o  T P M a t  room t e m p e r a tu r e  (2 1 - 2 2 °  C . ) .  

A d d i t i o n a l  e x p e r im e n t s  were p e rfo rm ed  in  which th e  d e c h o r i o n a t e d  embryos 

were c o o le d  p r i o r  t o  l y s i s ,  i n  a t t e m p t s  t o  o b t a i n  s p i n d l e  p o l a r  r e g i o n s  

in  which th e  m ic r o tu b u le  o r g a n i z i n g  c e n t e r  (M T 0 G, P l c k e t t - H e a p s , 1969) 

m ig h t  be s e e n  mors e a s i l y .  Some s u c c e s s  was a c h ie v e d  by c h i l l i n g  f o r  

a p p r o x im a te ly  25 m in u te s  a t  6 °  G . , f o l lo w e d  by l y s i s  I n  T P H w i th o u t  

C T P a t  room t e m p e r a t u r e .

F o r  n e g a t i v e  s t a i n i n g  o f  s p i n d l e s  f o r  T E M, a  m in i-h o m o g e n iz e r  and



s p e c i a l l y  d e s ig n e d  s l i d e  were u sed  ( F ig u r e  2 ) ,  The h o m o g en ize r  was a  

10 u l  p i p e t  which had  been p u l l e d  o u t  so  t h a t  I t s  I n n e r  d i s a s t e r  a t  th e  

p o i n t  o f  c o n s t r i c t i o n  was l e s s  th a n  t h e  d i a j e e t e r  o f  an em bryo, The 

m lm l - p e s t l e  was a  s h a rp e n e d  p la t in u m  w ire  t h i n  enough t o  p a a s  i n t o  th e  

m ln l-h o m o g e n lz e r .  One d e c h o r lo n a t e d  em bryo c o u ld  be drawn up I n t o  th e  

h o m o g e n iz e r ,  a lo n g  w i th  a  s m a l l  volume o f  i s o l a t i o n  medium ( l e s s  th a n  

5 u l ) .  When th e  embryo was p u n c tu re d  w i th  t h e  s h a rp e n e d  w i r e ,  th e  

s p i n d l e s  were a l l  c o n t a i n e d  w i t h i n  th e  s m a l l  volume o f  i s o l a t i o n  medium, 

which c o u ld  be d e p o s i t e d  o n to  a  p re p a re d  g r i d ,  f o r  ex am p le .  I f  d e s i r e d ,  

p a r t  o f  t h e  hom ogenate c o u ld  be p la c e d  on a  s l i d e  f o r  m o n i to r in g  o f  

m i t o t i c  s t a g e  o f  t h a t  embryo. The p l a s t i c  s l i d e  had  been  d r i l l e d  th r o u g h ,  

p ro d u c in g  a  h o le  s m a l l e r  th a n  th e  d i a m e t e r  o f  a  g r i d ,  and  i n  a d d i t i o n  a  

seco n d  d e p r e s s i o n  had  been  d r i l l e d  a ro u n d  th e  e d g e s  o f  th e  f i r s t  h o l e ,  

p ro d u c in g  a  r e c e s s e d  p l a t f o r m  on w hich a  g r i d  c o u ld  s i t  and  be v iew ed 

w i th  l i g h t  m ic ro s c o p y ,  n i l s  p e r m i t t e d  o b s e r v a t i o n  o f  t h e  f a t e  o f  th e  

p r e p a r a t i o n  from  th e  t im e  o f  s p i n d l e  i s o l a t i o n  th ro u g h  n e g a t i v e  s t a i n i n g .  

G r id s  were som etim es  f a s t e n e d  to  s l i d e s  w i th  d o u b le  s t i c k  t a p e  o r  

s u p p o r te d  on i n v e r t e d  h y p e r b o l i c  BEEM c a p s u l e s  t o  im m o b il iz e  them d u r in g  

spec im en  p r e p a r a t i o n .

G r id s  were c o a t e d  w i th  F orm var, w i th  c a r b o n - s t a b i l i z e d  c o l l o d i o n  

( 0 . 53t p a r lo d io n  in  amyl a c e t a t e ) ,  o r  w i th  c a r b o n - s t a b i l i z e d  Form var (a  

g i f t  from th e  l a b  o f  Dr, E. de  H a rv e n ) ,  U s u a l ly  t h e s e  s u r f a c e s  were 

t r e a t e d  w i th  p o l y l y s i n e  in  w a te r  ( l  m g/m l) (M az ia ,  S c h a t t e n  and S a l e ,  

1 9 7 5 ) ,  r i n s e d  th o r o u g h ly  and a l lo w e d  t o  a i r  d r y  b e f o r e  s p i n d l e s  were 

d e p o s i t e d  on th e  g r i d s .  P o l y l y s i n e  c o a t i n g s  prom ote a d h e s io n  o f  s p i n d l e s  

and o th e r  n e g a t i v e l y  c h a rg e d  s t r u c t u r e s  t o  t r e a t e d  s u r f a c e s  1 t h i s  t r e a t ­

ment was done in  an  e f f o r t  t o  Improve s p i n d l e  r e t e n t i o n  in  t h e s e  

p r e p a r a t l o n s .

19.



F o r n e g a t i v e  s t a i n i n g ,  a  d ro p  o f  hom ogenate  was d e p o s i t e d  on th e  g r i d  

and a l lo w e d  t o  s t a n d  f o r  1 - 1 0  m in u te s .  As t h i s  d r o p  d r i e d  up o r r a n  o f f  

t h e  g r i d ,  2.5%  g l u t a r a l d e h y d e  in  T P H was added  and th e  p r e p a r a t i o n  was 

f i x e d  f o r  1 - 6 0  m in u te s .  The f i x  was removed by to u c h in g  th e  edge o f  

th e  g r i d  t o  f i l t e r  p a p e r ,  and  a  d ro p  o f  s t a i n  was im m e d ia te ly  p la c e d  on 

th e  p r e p a r a t i o n .  G r id s  were n e g a t i v e l y  s t a i n e d  f o r  30 s e c .  -  1 m i n , , 

u s u a l l y  i n  2% p h o s p h o t u n g s t a t e , pH 7 ,  o r  i n  2 p a r t s  P T A a t  pH 7 t o  

one p a r t  0,1%  b o v in e  serum  a lb u m in  (Dawes, 1 9 7 1 ) .  A f t e r  s t a i n i n g  th e  

g r i d s  were a g a in  to u c h e d  t o  th e  edge  o f  f i l t e r  p a p e r ,  and were th e n  r e a d y  

f o r  v ie w in g .

F o r SEM, p l a s t i c  c o v e r s l l p s  were em ployed (A. H. Thomas C o .,  P h i l a ­

d e l p h i a ,  P a , ) ,  These were p r e c le a n e d  f o r  a p p r o x im a te ly  one h o u r  in  

M icro  c l e a n i n g  s o l u t i o n  ( I n t e r n a t i o n a l  P ro d . C o rp . ,  T r e n to n ,  N. J , ) ,  

r i n s e d  w i th  w a te r  and  in c u b a t e d  in  a  s o l u t i o n  o f  p o l y l y s i n e  in  w a te r  

( l  mg/ml, M azla , e t  a l . , 1975) f o r  up t o  48 h o u r s ,  u n d e r  r e f r i g e r a t i o n  

t o  p r e v e n t  b a c t e r i a l  c o n ta m in a t i o n .  S u b s e q u e n t ly ,  th e  c o v e r s l l p s  were 

r i n s e d  w e l l  In  w a te r  and a l lo w e d  t o  d r y .  G la s s  s l i d e s  were s i l i c o n e  

c o a t e d  ( S i l l c l a d ,  C lay  Adams, I n c . ,  N .Y . , N .Y .) in  o r d e r  t o  f a v o r  

a d h e s io n  o f  s p i n d l e s  t o  t h e  p o l y l y s i n e - c o a t e d  c o v e r s l l p s .  Embryos i n  

t h e  b la s t e m a  d i v i s i o n s  were l y s e d  b e tw een  s l i d e  and c o v e r s l l p  i n  TPM 

w i th o u t  GTP, and th e  s p i n d l e s  were p e r f u s e d  w i th  a d d i t i o n a l  TPM t o  

remove much o f  t h e  c y to p la s m ic  d e b r i s .  W ith in  5 m in u te s  o f  l y s i s  T P M  

c o n t a i n i n g  2 . 0  o r  2 . 5 ^  g l u t a r a l d e h y d e  a t  pH 6 ,8  was p e r f u s e d  u n d e r  th e  

c o v e r s l l p ,  and  t h e  p r e p a r a t i o n ,  s t i l l  on th e  s l i d e ,  was p la c e d  in  a  

m o is t  cham ber f o r  l - l £  h o u r s .  The cham ber c o n s i s t e d  o f  a  P e t r i  d i s h  

w i th  m o is t  f i l t e r  p a p e r  in  th e  b o t to m , G lu ta r a ld e h y d e  was removed by 

p e r f u s i o n  w ith  s e v e r a l  c h a n g e s  o f  0 .1  M PIPES b u f f e r ,  pH 6 . 8 . 3 u b se -



q u e n t l y  1% i n  0 .1  M PIPE3, pH 6 .8  was p e r f u s e d  u n d e r  t h e  c o v e r -

a l i p  and a l lo w e d  t o  rem a in  t h e r e  f o r  30 -60  m in u te s ,  w ith  t h e  p r e p a r a ­

t i o n  a g a in  h e ld  In  t h e  mol3 t  cham ber. Osmium was th e n  removed by p e r f u ­

s i o n  w i th  s e v e r a l  ch an g es  o f  b u f f e r .

P r e p a r a t i o n s  were exam ined  u n d e r  phase  c o n t r a s t  f o r  p o s s i b l e  c a n d i ­

d a t e  s p i n d l e s  s u i t a b l e  f o r  f u r t h e r  3EM p r o c e s s i n g .  In  g e n e r a l ,  t h e

b e s t  sp ec im e n s  were th o s e  l y i n g  a l o n e ,  f r e e  o f  o t h e r  s p i n d l e s  and  a d h e r ­

in g  d e b r i s .  T h a t  t h e r e  were r e l a t i v e l y  few su ch  s p i n d l e s  r e m a in in g  i s  

p ro b a b ly  due  t o  p e r f u s i o n ,  d u r in g  w hich s p i n d l e s  were o c c a s i o n a l l y  s ee n  

t o  d e ta c h  from  th e  c o v e r s l l p .

The p r e - s e l e c t e d  c o v e r s l l p  p r e p a r a t i o n s  were c a r e f u l l y  removed from  

t h e i r  s l i d e s  and p la c e d  in  s m a l l  P e t r i  d i s h e s  o f  0 .1  M PIPES, pH 6 ,3 .  

They were th e n  d e h y d r a te d  in  an  e t h a n o l  s e r i e s  and p a sse d  th ro u g h  a 

g ra d e d  s e r i e s  o f  e t h a n o l - F r e o n  113 m ix tu r e s  I n t o  IQQjt F reo n  113 

(CCl^ F -C C l^ F ) ,  Most o f  t h e  d e h y d r a t i o n ,  c r i t i c a l  p o in t  d r y i n g ,  s p e c i ­

men m o u n tin g ,  m e ta l  c o a t i n g  and spec im en  v ie w in g  was p e rfo rm ed  In  th e  

l a b o r a t o r y  o f  Dr, E, de  Harven a t  M emorial 3 1 o a n -K .e t te r in g  C an ce r  C e n te r ,  

N .Y ,,  N.Y. Some sam p le s  were a l s o  p re p a re d  and exam ined  in  th e  l a b o r a ­

t o r y  o f  Dr, T. E, J e n s e n  a t  Lehman C o l le g e  o f  The C ity  U n i v e r s i t y  o f  New 

York, B ronx, N.Y.

C r i t i c a l  p o in t  d r y in g  (A n d erso n , 1951) was c a r r i e d  o u t  In  F reo n  13 

(CCIF^) (Cohen, Marlow and G a rn e r ,  1968) in  a  c r i t i c a l  p o i n t  d r y e r  

d e s ig n e d  f o r  p r o c e s s i n g  c o v e r s l l p s  ( d e s ig n e d  by Dr. V, B y s t r i c k y ,

M emorial S l o a n - K e t t e r l n g  C an ce r  C e n te r )  o r  in  a  Bomar c r i t i c a l  p o i n t  

d r y e r  ( a t  Lehman C o l l e g e ) .

C r i t i c a l  p o in t  d r i e d  sp ec im en s  were ex am in ed , w h ile  d r y ,  u n d e r  

phase  c o n t r a s t ,  S p in d le s  were s t i l l  r e c o g n i z a b l e ,  and th e y  were



p h o to g ra p h e d  f o r  l a t e r  r e f e r e n c e  and t h e i r  l o c a t i o n  n a rk e d  by c i r c l i n g  

o r  s c r a t c h i n g  th e  r e g i o n  w i th  a  S h e a f f  n i c r o  o b j e c t  m a rk e r  (A. H, Thomas 

C o , ) n o u n te d  on th e  m ic ro sc o p e .  A p p r o p r i a te  a r e a s  o f  t h e  p l a s t i c  c o v e r -  

s l i p s  were c u t  o u t  w i th  s c i s s o r s  and n o u n ted  on 3 E H s t u b s  w i th  d o u b le ­

s t i c k  t a p e .  P l a s t i c  c o v e r s l l p s  were u sed  f o r  a l l  3 K M p r e p a r a t i o n s  

b eca u se  th e y  c o u ld  be n a rk e d  and trimmed e a s i l y .

S i l v e r  c o n d u c t iv e  p a i n t  was a p p l i e d  t o  th e  c o v e r s l l p  e d g e s  on th e  

s t u b ,  and th e  p r e p a r a t i o n  was c o a te d  w ith  a p p r o x im a te ly  200 A ngstrom s of 

g o ld  o r  g o ld - p a l l a d i u m  in  a  Denton r o t a t i n g ,  t i l t i n g  vacuum e v a p o r a t o r  

o r  in  a  Hummer s p u t t e r - c o a t e r , Most sp ec im e n s  were exam ined  and ph o to ­

g rap h ed  in  a  Cambridge 3 t e r e o s c a n  34 3 E H a t  20 KV, u s in g  z e r o  t i l t  

f o r  e a s i e s t  r e c o g n i t i o n  o f  p r e - s e l e c t e d  i n d i v i d u a l  s p i n d l e s  when com­

pared  w ith  l i g h t  m ic ro g ra p h s  (p h a se  c o n t r a s t ) ,  A few p r e p a r a t i o n s  were 

exam ined in  a  J e o l e o  JSN-U3 3J£M a t  25 KV, 0° t i l t .  A l l  p h o to g ra p h s  were 

ta k e n  on P o la r o i d  55 p/N f i l m ,  th e  n e g a t i v e s  c l e a r e d  i n  sodium  s u l f i t e ,  

and p r i n t s  made on low c o n t r a s t  p a p e r s  (Kodak PI -  F 3 ) .  i p l n d l e a  were 

o b s e rv e d  in  16 d i f f e r e n t  3EM p r e p a r a t i o n s .  U s u a l ly  more th a n  one 

s p i n d l e  In each  p r e p a r a t i o n  was a v a i l a b l e  f o r  s t u d y .

L a te  a n a p h a s e - t e lo p h a s e  s p i n d l e s  were exam ined w i th  T E M a f t e r

i s o l a t i o n  and f i x a t i o n  a lm o s t  I d e n t i c a l  t o  t h a t  used  f o r  3 £  M p re p a ­

r a t i o n s .  Many em bryos p e r  p r e p a r a t i o n  were ly s e d  betw een  two p l a s t i c  

c o v e r s l i p s ,  o n ly  one o f  w hich was t r e a t e d  w ith  p o l y l y s i n e .  A g r i d -  

work was s c r a t c h e d  on th e  s i d e  o f  th e  p o l y l y s i n e  t r e a t e d  c o v e r s l l p  

which was n o t  t o  have  s p i n d l e s  a p p l i e d  t o  i t .  T h i s  g r id - w o r k  l a t e r

s i m p l i f i e d  l o c a t i o n  o f  p ro m is in g  a r e a s  o f  th e  p r e p a r a t i o n .  Qabryos

were l y 3ed  in  T P M w i th o u t  G T P and u s u a l l y  a f t e r  5 m in u te s  2 . 5 ^  

g l u t a r a l d e h y d e  in  T P M was p e r f u s e d  betw een  th e  c o v e r s l i p s .  A l l



p r e p a r a t i o n s  were p la c e d  on a  s l i d e  In  a  m o is t  P e t r i  d i s h  and were f i x e d  

f o r  a t  l e a s t  one h o u r .  Specim ens were t h e n  r i n s e d  w i th  T P H and p o s t -  

f i x e d  f o r  30 M in u tes  i n  1* OsOq, i n  0 .1  M PIPES, pH a p p r o x im a te ly  ? .

A f t e r  t h i s  th e y  were r i n s e d  w e l l  w i th  w a te r .  At t h i s  p o i n t  th e  c o v e r ­

s l i p s  were s e p a r a t e d  and s u b s e q u e n t  d e h y d r a t i n g  s o l u t i o n s  were d r i b b l e d  

d i r e c t l y  on th e  c o v e r s l l p  w hich had been  t r e a t e d  w i th  p o l y l y s i n e .  Dehy­

d r a t i o n  was th ro u g h  a  g ra d e d  e t h a n o l  s e r i e s  i n t o  100;t e t h a n o l ,  th e n  

th ro u g h  an  e th a n o l - E p o n  a e r i e s  d i r e c t l y  i n t o  100;t Epon. Each s t e p  o f  

t h i s  d e h y d r a t i n g  and em bedding  to o k  no l o n g e r  th a n  5 m in u te s .  P r e p a r a ­

t i o n s  were t h e n  exam ined  in  o r d e r  t o  v e r i f y  w hich s id e  o f  th e  c o v e r ­

s l l p  had th e  s p i n d l e s .  C o v e r s l i p s  were c u t  i n t o  c o n v e n i e n t l y  s i z e d  

p i e c e s  w i th  s c i s s o r s  and p la c e d ,  s p i n d l e s  u£ In  Chang f l a t  em bedding 

m olds . More Epon was added  t o  t h e  m o lds , p ro d u c in g  a s p i n d l e  p r e p a r a ­

t i o n  which was sandw iched  betw een a  ( s e c t i o n a b l e )  p l a s t i c  c o v e r s l l p  and 

a  t h i n  Epon s h e e t .  Specimen b lo c k s  were p o ly m e r iz e d  f  o r  bd h o u r s .

A f t e r  rem oval from  m olds, th e  p r e p a r a t i o n s  were exam ined  under  

phase c o n t r a s t  and s p i n d l e s  o f  th e  d e s i r e d  s t a g e  were s e l e c t e d  and 

p h o to g ra p h e d .  These s p i n d l e s  were s u b s e q u e n t l y  r e l o c a t e d  f o r  t h i n  s e c ­

t i o n i n g ,  O f te n  t h e  p l a s t i c  c o v e r s l l p  was found  to  p e e l  away from  th e  

Epon embedment d u r in g  t r im m in g .  When i t  d id  n o t ,  I t s  p r e s e n c e  made t h i n  

s e c t i o n i n g  more d i f f i c u l t  due to  i t s  c u t t i n g  p r o p e r t i e s ,  which d i f f e r e d  

from  th o s e  o f  Epon, T h in  s e c t i o n s  were c o l l e c t e d  on Form var c o a te d  s l o t  

g r i d s  o r  u n c o a te d  mesh g r i d s  and s t a i n e d  a s  d e s c r i b e d  ab o v e .  I t  was 

o b se rv e d  t h a t  s p i n d l e s  l a y  v e r y  c loB e t o  th e  edge  o f  t h e  Epon embedment, 

and som etim es  th e  s e c t i o n s  te n d e d  t o  c u r l  up a lo n g  t h i s  e d g e .



I I I .  R e s u l t s

The te rm  propha.se a s  u se d  h e re  w i l l  r e f e r  t o  t h e  m i t o t i c  s t a g e  b e t ­

ween i n t e r p h a s e  and th e  a p p e a ra n c e  o f  a  t y p i c a l  m e tap h ase  f i g u r e ,  

f o l l o w i n g  th e  t e r m in o lo g y  o f  H u e t tn e r  (1 9 3 3 ) .  S in c e  s p i n d l e s  o f  t h i s  

s t a g e  a r e  a lm o s t  c o m p le te ly  su r ro u n d e d  by s p i n d l e - d e l i m i t i n g  membranes, 

th e  terra " p r o - m e ta p h a s e " i s  n o t  d i r e c t l y  a p p l i c a b l e  h e r e .

A. M i to s i s  i n  s i t u  

Phase c o n t r a s t  o b s e r v a t i o n s

T hick  s e c t i o n s  ( 0 , 3  -  2 ^un) o f whole em bryos embedded in  tp o n  were 

exam ined u n d e r  phase  c o n t r a s t  m ic ro s c o p y .  P r e l i m i n a r y  e x a m in a t io n  o f 

t h i c k  s e c t i o n s  p e r m i t t e d  th e  s e l e c t i o n  o f  o n ly  th o s e  m i t o t i c  s t a g e s  

d e s i r e d  f o r  f u r t h e r  t h i n  s e c t i o n i n g .

I n t e r p h a s e  o f  a  b la s t e m a  s t a g e  d i v i s i o n  i s  i n d i c a t e d  by th e  p re s e n c e  

o f  n u c l e i  (N) a t  t h e  embryo s u r f a c e  ( F i g u r e s  3 a*nd 9 ) .  fc>vidence o f  th e  

r e v e r s i b l e  i n d e n t a t i o n s  o f  th e  p lasm a membrane w hich o c c u r  a f t e r  d i v i ­

s i o n s  10 and 11 (Mahowald, 1963a )  a r e  s e e n  a ro u n d  many n u c l e i  ( a r r o w s ,  

F ig u r e  3 ) .  P ro p h ase  s p i n d l e s  show a v a r i e t y  o f  i r r e g u l a r  s h a p e s  in  t h i n  

s e c t i o n s  ( F ig u r e  5 ) .  In  a l l  c a s e s ,  chromosomes ( c h )  can  be s e e n  w i t h i n  

an  e n c l o s i n g  s t r u c t u r e ,  p e rh a p s  a  membrane. By e a r l y  a n a p h a s e th e  bound­

a r y  betw een  th e  m i t o t i c  a p p a r a t u s  and th e  c y to p la s m ,  w hich was v e ry  

o b v io u s  in  e a r l i e r  s t a g e s ,  s t i l l  r e m a in s ,  a l t h o u g h  i t  i s  n o t  so  t h i c k  

(F ig u re  6 ).  In  f a v o r a b l e  s p i n d l e s  ( a r r o w s ,  F ig u r e  6 ) th e  bo u n d ary  i s  

s ee n  a s  a  r a t h e r  s h a r p  d e m a r c a t io n .  Chromosomes a r e  s e e n  t o  be g ro u p ed  

i n t o  s e t s ,  and th e y  i d e n t i f y  t h i s  a s  an  e a r l y  a n ap h a se  B e c t io n ,

L a t e r  i n  a n a p h a se  s p i n d l e s  have e l o n g a t e d  and  chromosome arm s a r e  

o b v io u s ,  a l t h o u g h  r e l a t i v e l y  few in  number ( F i g u r e s  ?  and 8 ) ,  The s h a r p  

d e m a r c a t io n  betw een s p i n d l e  and c y to p la s m  s e e n  in  e a r l i e r  s t a g e s  h a s
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F ig u r e  3 

F ig u r e  4 

F ig u r e  5

F ig u r e  6

F ig u r e  ? 

F ig u re  8

T h ick  Epon c r o s s  s e c t i o n s  th ro u g h  em bryos. T o lu id in e  b lue  
s t a i n e d .  Phase c o n t r a s t .  B ars  a r e  10 p a .  In  a l l  em bryos 
th e  v i t e l l i n e  membrane was d i s s e c t e d  o f f  a t  th e  tim e  o f  
f i x a t i o n .

I n t e r p h a s e  em bryo, f i x a t i v e  A. N u c le i  (N) and s u r f a c e  
i n d e n t a t i o n s  ( a r r o w s )  a r e  s e e n ,  X 1647

I n t e r p h a s e  em bryo, f i x a t i v e  B. N u c le i  (N) and many y o lk  
s p h e r e s  ( Y) can  be i d e n t i f i e d .  X

Near t h e  a n t e r i o r  p o le  o f  a  p ro p h a se  em bryo. At t h e  p o le  
s p i n d l e s  a r e  p r e s e n t  th r o u g h o u t  c r o s s  s e c t i o n s .  F i x a t i v e  A, 
Chromosomes (c h )  a r e  v i s i b l e  w i t h i n  membrane-bound p ro p h a se  
s p i n d l e s  (a r ro w s  o u t l i n e  one su ch  s p i n d l e ) .  X 1715

Near t h e  ( i n t e r i o r  p o le  o f  an  e a r l y  a n ap h a se  e a b r y o .  S p in ­
d l e s  ( s p )  a r e  s e e n  in  l o n g i t u d i n a l  and c r o s s  s e c t i o n .  
Chromosomes (c h )  a r e  g ro u p ed  in  s e t s ,  and s p i n d l e s  a r e  
c l e a r l y  s e p a tra te d  from  c y to p la sm  by a  boundary  ( a r r o w s ) .  
F i x a t i v e  A. X 1715

Anaphase em bryo, f i x a t i v e  A. S p in d l e s  l i e  c l o s e  t o  t h e  embryo 
s u r f a c e  and c o n t a i n  chromosomes ( c h ) in  l o n g i t u d i n a l  s e c t i o n .  
Yolk s p h e r e s  (Y) a r e  a l s o  v i s i b l e .  X 1260

Anaphase em bryo, f i x a t i v e  B. In  one o f  th e  s p i n d l e s  ( s p )
3een here, one set o f  chromosomes (ch) is  near the spindle 
pole, X 1260
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b l u r r e d .  S p in d l e s  sp p ea x  t o  l i e  v e ry  c l o s e  t o  t h e  e s b r y o  s u r f a c e  a t  

t h i s  t im e .  In  F ig u r e  8 th e  p la n e  o f  s e c t i o n  p a s s e s  th ro u g h  one s e t  o f  

chromosomes ( c h ) ,  and  f o u r  t r a i l i n g  arm s a r e  v i s i b l e .

TBM

TTiin s e c t i o n s  were c u t  f r o *  em bryos a f t e r  I d e n t i f i c a t i o n  o f  th e  

s l t o t i e  s t a g e .  I n t e r p h a s e  n u c l e i  ( F i g u r e s  9 - 1 1 )  show c i r c u l a r  p r o -  

f i l e s  and a r e  c o n t a i n e d  by n u c l e a r  a e * b r a n e s  w i th  r l b o s o a e s  on t h e i r  

o u t e r  s u r f a c e  ( a r r o w s ,  F ig u r e  1 1 ) ,  A t y p i c a l  v iew  o f  a  n u c le u s  and 

s u r r o u n d in g  c y t o p l a s *  c o n t a i n i n g  m i to c h o n d r ia  ( ■ ) ,  a u l t i v e s i e u l a r  

b o d ie s  (m vb), e x t e n s i v e  ro u g h  and s * o o th  e n d o p la sm ic  r e t l c u l u *  (RER,

3ER), membrane p a t c h e s  o r  p o s s i b l e  G o lg i  com plexes  ( * ) ,  a  d e n se  body 

(DB) ( p o s s i b l y  a  l i p i d  d r o p l e t  o r  y o lk  g r a n u l e ) ,  A b o d ie s  (A) (K in g , 

1970) and num erous r ib o so m e s  I s  shown in  F ig u r e  9.

Gaps In  th e  n u c l e a r  » e * b ra n e s  a r e  p r e s e n t  ( a r ro w s ,  F ig u r e  9 ) .  and In 

c r o s s  s e c t i o n s  o f  t h e  membrane no s t r u c t u r e s  c o r r e s p o n d i n g  t o  pore  

com plexes  a r e  s e e n  ( F ig u r e s  9 and 1 1 ) .  In  s e c t i o n s  t a n g e n t i a l  t o  

n u c l e a r  membranes, how ever, e v id e n c e  o f  po re  s t r u c t u r e  i s  more o b v io u s  

( F ig u re  1 0 ) ,  What a p p e a r  t o  be re m n a n ts  o f  n u c l e a r  membrane s u r f a c e  

s t r u c t u r e s ,  p e rh a p s  p o o r ly  p r e s e r v e d  p o re  co m p le x es ,  a r e  s e e n  i n  some 

c a s e s  ( a r r o w s ,  F ig u r e  1 0 ) .  Tliese m easure  a b o u t  120 -  130 nm in  

d i a m e t e r .

C hrom atin  i s  g e n e r a l l y  In  a  d i s p e r s e d  s t a t e ,  e x c e p t  f o r  a  few a r e a s  

where I t  may be a s s o c i a t e d  w ith  th e  n u c l e a r  membranes ( F ig u r e  9 ) .  A 

s m a l l  number o f  c y to p la s m ic  m ic r o tu b u le s  2^  nm in  d ia m e te r  were s ee n  in  

t h i s  embryo.

In c u l t u r e d  c e l l s  o f  m e la n o g a s te r  ( o r i g i n a l l y  l i n e  2 , S c h n e id e r ,  

L972) p o re  com plexes  ( PC) a r e  c l e a r l y  p r e s e n t  and  th e  n u c l e a r  e n v e lo p e



P l a t e  I I I .  I n t e r p h a s e  em bryo. F i x a t i v e  A. TEM. In  t h e s e  and a l l  m ic ro ­
g r a p h s  w hich f o l l o w ,  b a r s  a r e  1 um u n l e s s  o th e r w is e  s t a t e d .

F ig u r e  9, I n t e r p h a s e  n u c le u s  (N ). The s u r r o u n d in g  c y to p la sm  c o n t a i n s  
m i to c h o n d r ia  (m ), A b o d ie s  ( a ) ,  a  m u l t i v e s i c u l a r  body (mvb), 
rough  e n d o p la s m ic  r e t i c u l u m  (RER), sm ooth e n d o p la s m ic  r e t i ­
culum (SER), a  d e n se  body (DBj and numerous r ib o s o m e s .  Arrows 
i n d i c a t e  gap s  in  t h e  n u c l e a r  membranes. X 13 ,2 0 0  
**show p o s s i b l e  G o lg i  com plexes  o r  a r e a a o f  SER,

F ig u r e  10, N u c le a r  membrane o f  an i n t e r p h a s e  embryo in  t a n g e n t l a l  s e c ­
t i o n ,  C hrom atin  ( c h ) ,  u n i d e n t i f i e d  16 nm r i n g s  ( s i n g l e  
a r r o w s )  and  re m n a n ts  o f  p o re  com plexes  (d o u b le  a r r o w s )  a r e  
s e e n ,  X 55•000

F ig u re  11, N u c le a r  membranes in  c r o s s  s e c t i o n ,  show ing r ib o s o m e s  ( r )  
on th e  o u t e r  membrane. X 50 ,000
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lo o k a  l i k e  t h a t  c l a s s i c a l l y  d e s c r i b e d  ( F i g u r e s  12 and 1 3 ) .  In  F ig u r e  

13 c o n t i n u i t y  can  be s e e n  be tw een  t h e  o u t e r  n u c l e a r  e n v e lo p e  and RER. 

Many c y to p la s m ic  m i c r o t u b u l e s  a r e  s e e n ,  som etim es  r e a c h i n g  l e n g t h s  a s

g r e a t  a s  2 u * .  These  c e l l s  have a  p ro m in en t  n u c l e o l u s  ( F ig u r e  1 2 , N u)|
/

n u c l e o l i  a r e  n o t  p r e s e n t  i n  b la s t e m a  em bryos , b u t  a p p e a r  a t  th e  tim e  

o f  b la s to d e r m  f o r m a t i o n .

P ro p h ase  and m e tap h ase  s p i n d l e s  a r e  bounded by a s  many a s  t h r e e  

s e t s  o f  membrane l a y e r s ,  e a c h  o f  w hich I s  a p p a r e n t l y  composed o f  two 

u n i t  membranes ( F i g u r e s  14 and  1 7 ) ,  s e p a r a t e d  by a  n a rro w  sp ace  o f  

v a r i a b l e  w id th .  W hile many d i s c o n t i n u i t i e s  in  t h e s e  s p i n d l e - d e l i m i t i n g  

membranes a r e  v i s i b l e  w i th  e l e c t r o n  m ic ro s c o p y ,  i n  t h i c k e r  s e c t i o n s  f o r  

l i g h t  m ic ro sc o p y  ( F ig u r e  5» e x a m p le ) t h e r e  a p p e a r s  t o  be one mem­

b ra n e  s u r r o u n d in g  t h e  p ro p h aae  s p i n d l e ,  from  w hich th e  im p r e s s io n  o f 

an  " i n t r a n u c l e a r  s p i n d l e "  (M etz , 1926) c o u ld  a r i s e .  These  s p i n d l e -  

d e l i m i t i n g  membranes do n o t  a p p e a r  t o  be t y p i c a l  n u c l e a r  e n v e lo p e s ,  

s i n c e  t h e r e  13 no s u g g e s t i o n  o f  n u c l e a r  p o r e s ,  n o r  a r e  r ib o s o m e s  found  

on th e  o u t e r  membrane s u r f a c e  a l o n e .

In n e a r l y  a l l  t h i n  s e c t i o n s  s t u d i e d  from  s p i n d l e s  a t  p ro p h a se  a 

membranous a r e a  a p p e a r s  in  a s s o c i a t i o n  w i th  th e  s p i n d l e ,  o f t e n ,  b u t  

n o t  a lw a y s ,  a t  what c o u ld  c o r r e s p o n d  t o  a  p o l a r  r e g i o n  (TM, F ig u r e s  

1 4 -1 6 ) .  T h i s  a r e a  may c o n s i s t  o f  t u b u l a r  e n d o p la sm ic  r e t i c u l m .  Broad 

e x p a n s e s  o f  membrane a r e  n e v e r  s e e n  In  any  p la n e  o f  s e c t i o n  th ro u g h  

such  an a r e a ,  s u g g e s t i n g  t h a t  t h e s e  a r e  narrow  d i a m e te r  c h a n n e l s  i n  th e  

c y to p la s m .  T h is  p o l a r  "ca p "  o f  membranes i s  s e e n  t o  be a s s o c i a t e d  w i th ,  

and p e rh a p s  c o n t in u o u s  w i th ,  b o th  t h e  membranes s u r r o u n d in g  th e  s p i n d l e  

and th e  c y to p la s m ic  membrane s y s te m s  ( F ig u r e  1 6 ) .

Numerous m i c r o tu b u le s  can  be found  w i t h i n  t h e  s p i n d l e ,  bo th  in



P l a t e  IV. m e l a n o g a s t e r  c e l l s  i n  c u l t u r e  ( S c h n e i d e r ' s  l i n e  2 ) .  TiCM

F ig u re  12. I n t e r p h a s e  c e l l  w ith  t y p i c a l  n u c l e a r  e n v e lo p e  (NK), pore
com plexes  (P C ), n u c l e o l u s  (N u), and long  c y to p la s m ic  m ic ro ­
t u b u l e s  (m t ) .  X 2 2 ,1 0 0

F ig u r e  1?. N u c le a r  e n v e lo p e  o f  an I n t e r p h a s e  c e l l  i n  c r o s s  s e c t i o n ,  w ith  
pore  com plexes  (PC). The o u t e r  membrane o f  th e  n u c l e a r  
e n v e lo p e  i s  c o n t in u o u s  w i th  rough  e n d o p la sm ic  r e t i c u l u m  
( a rro w  ) .  X Jj-9 ,100
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P l a t e  V, P rophase  s p i n d l e  In  s i t u . F i x a t i v e  A, TEM.

F ig u r e  l b .  T y p ic a l  t r i a n g u l a r  sh ap e  o f  th e  p rophaae  s p i n d l e ,  A l a r g e  
r e g io n  o f  t u b u l a r  membrane (TM) l a  o b v io u s .  S p in d le -  
d e l i m i t i n g  membranes a p p e a r  t o  be a r r a n g e d  In  two o r  more 
l a y e r s ,  e ac h  o f  which i s  composed o f  two u n i t  membranes 
( i n s e t i  a r r o w ) .  W ith in  th e  s p i n d l e  c h ro m a t in  ( c h ) ,  smooth 
e n d o p la sm ic  r e t i c u l u m  (SEK), and many m ic r o tu b u le s  ( i n s e t i  
m t) a r e  p r e s e n t .  M ito c h o n d r ia  (m) and an  A body (A) a r e  
seen  in  t h e  c y to p la s m .  X 2 b , 900, I n s e t ,  X 3 b ,200
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P l a t e  VI. P rophaae  s p i n d l e ,  w ith  a d j a c e n t  t u b u l a r  membrane r e g i o n .  
F i x a t i v e  A. TEM,

F ig u r e  15, P ro p h ase  s p i n d l e ,  w ith  chromosomes ( c h )  and  an  a r e a  o f  
t u b u l a r  membrane (TM) p a r t l y  v i s i b l e .  X 1 7 ,9 ^ 0

F ig u re  16. H ig h e r  m a g n i f i c a t i o n  v iew  o f  th e  t u b u l a r  membrane r e g i o n  o f  
t h i s  s p i n d l e  T u b u la r  membranes a r e  o c c a s i o n a l l y  s e e n  in  
c i r c u l a r  p r o f i l e  ( c p ) ,  T h is  "cap "  o f  membranes a p p e a r s  to  
be c o n t in u o u s  w ith  b o th  th e  s p l n d l e - d e l l a i t l n g  membranes 
( s i n g l e  a r r o w s )  and c y to p la s m ic  membranes (d o u b le  a r r o w s )
X 2 7 ,1 0 0
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o b l iq u e  and c r o s s  s e c t i o n s  ( F i g u r e s  1*+ and 1 7 ) ,  and c o n d e n s in g  chromo­

somes a r e  v i s i b l e  ( c h ,  F ig u r e  15 and 1 7 ) ,  I n s i d e  th e  s p i n d l e  i n d i v i d u a l  

r ib o s o m e s  c an  be s e e n ,  a s  w e l l  a s  a  s m a l l  amount o f  smooth e n d o p la sm ic

r e t i c u l u m  (3ER, F ig u r e  1 4 ) ,  F i x a t i o n  a p p e a r s  t o  be good, a s  ju d g e d  by

th e  a p p e a ra n c e  o f  m i t o c h o n d r i a l  c r i s t a e .  In  t h i n  s e c t i o n s  from  a n o th e r  

p ro p h a se  em bryo a  l a r g e  number o f  m ic r o tu b u le s  I s  p r e s e n t  b o th  i n s i d e  

t h e  s p i n d l e  and Im m ed ia te ly  o u t s i d e  t h e  f i r s t  l a y e r  o f  s p i n d l e - d e l i m i t i n g  

membrane ( F ig u r e  1 7 ) ,

A p ro b a b le  k l n e to c h o r e  i s  s e e n  in  o b l iq u e  s e c t i o n  in  F ig u r e  18 (k )  

from  an e a r l y  a n ap h a se  em bryo. In t h i s  s e c t i o n  m ic r o tu b u le s  a r e  s l i g h t l y  

wavy, and 2 - 1  m ic r o tu b u le s  a r e  s e e n  t o  e n t e r  t h e  k ln e to c h o r e  d i r e c t l y .  

M ic r o tu b u le s  h e re  have a  d i a m e te r  o f  a b o u t  2 j  nm.

In e a r l y  a n a p h a se  membranous m a t e r i a l  a round  th e  s p i n d l e  can  s t i l l  be 

s e e n  ( F ig u r e  1 9 ) .  In  most p l a c e s  t h e  membranes a p p e a r  t o  be a r r a n g e d  in  

a  d o u b le  l a y e r  w i th  many o b v io u s  g a p s .  At b o th  s p i n d l e  p o le s  membrane 

"c a p "  r e g i o n s  a r e  s ee n  (TM). More SEH i s  a l s o  s e e n  i n s i d e  t h e  s p i n d l e ,

e s p e c i a l l y  to w a rd s  t h e  p o l e s .  O f te n  t h i s  3t£fl a p p e a r s  a s  a  c i r c l e  ab o u t

175 nm in  maximum d ia m e te r .  As l a  th e  c a s e  w ith  p ro p h a se  s p i n d l e s ,  a l l  

o r g a n e l l e s  e x c e p t  i n d i v i d u a l  r ib o s o m e s ,  some S1£H, m ic r o tu b u le s  and 

chromosomes a p p e a r  t o  be e x c lu d e d  from  th e  s p i n d l e  r e g i o n .  "Empty’' 

o r g a n e l l e s  (L) a r e  p r o b a b ly  e x t r a c t e d  l i p i d  d r o p l e t s .  J i n c e  t h i s  F ig u re  

i s  an  o b l iq u e  l o n g i t u d i n a l  s e c t i o n  th ro u g h  an e a r l y  an ap h a se  s p i n d l e ,  o n ly  

one s e t  o f  chromosomes 5s v i s i b l e  in  t h i s  s e c t i o n .  The s p i n d l e  l i e s  v e ry  

n e a r  th e  embryo s u r f a c e  (PM).

In  t h e  m id -a n a p h a s e  embryo exam ined  a l l  o r g a n e l l e s  a p p e a r  w e l l  p r e ­

s e r v e d  ( F ig u r e s  2 0 -2 5 )*  F ig u r e  20 i s  a  s l i g h t l y  o b l iq u e  l o n g i t u d i n a l  

s e c t i o n  th ro u g h  an  a n a p h a s e  s p i n d l e  show ing r e p r e s e n t a t i v e s  o f  b o th



F l a t e  VI I .  P ro p h ase  s p i n d l e j  k l n e t o c h o r e ,  F i x a t i v e  A, TEM.

F ig u r e  17, 3 p i n d l e - d e H a l t i n g  membranes in  a  p ro p h a se  em bryo. W ith in
th e  s p i n d l e ,  c h ro m a t in  (c h J  and many m ic r o tu b u le s  a r e  p r e s e n t  
( a t ) .  Im m e d ia te ly  o u t s i d e  th e  in n e rm o s t  membrane l a y e r  
m ic r o tu b u le s  a r e  a l s o  s e e n  ( a r r o w s ) .  X 3 7 ,5 6 0

F ig u r e  18, K ln e to c h o re  from  an  e a r l y  a n ap h ase  em bryo, M ic r o tu b u le s  
d i r e c t l y  e n t e r  t h e  k ln e to c h o r e  ( k ) .  X **4,100
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F l a t e  V I I I .  

F ig u r e  19.

t a r l y  a n a p h a s e  s p i n d l e .  F i x a t i v e  A, Ti£M.

S l i g h t l y  o b l iq u e  s e c t i o n  th ro u g h  an  e a r l y  a n ap h a se  s p i n d l e ,  
show ing o n ly  one s e t  o f  chromosomes ( c h ) .  Smooth endo­
p la s m ic  r e t i c u l u m  v e s i c l e s  a r e  p r e s e n t  i n s i d e  t h e  s p in d le  
( a r r o w s ) ,  and e x t e n s i v e  membranes (TM) a r e  p r e s e n t  a t  b o th  
p o l e s .  L ip id  d r o p l e t s  (L) and th e  p lasm a  membrane (PM) a r e  
a l s o  I n d i c a t e d .  X 1 6 ,9 0 0
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chromosome s e t s .  Membrane l a y e r s  s t i l l  p a r t l y  s u r r o u n d  t h e  s p i n d l e ,  

a l t h o u g h  g a p s  in  th e  membranes a r e  l a r g e r  and more f r e q u e n t  In  t h i s  

s t a g e  th a n  i n  e a r l i e r  3 tag ® s .  Amorphous e l e c t r o n  d e n s e  m a t e r i a l  i s  

o f t e n  s ee n  a s s o c i a t e d  K ith  t h e  s p i n d l e - d e l i m i t i n g  d o u b le  membrane 

l a y e r s  ( a r r o w s ,  F i g u r e s  20 and  2 1 ) .  A t a n g e n t i a l  s e c t i o n  th ro u g h  th e s e  

membranes a t  a  p o le  o f  a n o t h e r  s p i n d l e  in  t h i s  embryo I s  a l s o  shown 

( F ig u r e  2 2 ) ,  Two main membrane l a y e r s  a r e  v i s i b l e ,  and a  s u g g e s t i o n  

o f  n u c l e a r  p o r e s  120-130  nm in  d i a m e te r  i s  s e e n  h e r e  in  t h e  c l e a r  

c i r c u l a r  a r e a s  exp o sed  ( a r r o w s ,  F ig u r e  2 2 ) ,

At t h i s  s t a g e  m ic r o t u b u l e s  a r e  commonly s e e n  b o th  w i th in  th e  s p i n ­

d l e ,  and j u s t  o u t s i d e  th e  membranes s u r r o u n d in g  i t  ( F i g u r e s  22 and 2 b ) .  

R e l a t i v e l y  few m ic r o tu b u le s  a r e  fo u n d  o u t s i d e  th e  s p i n d l e ,  and none have 

been s e e n  f u r t h e r  o u t  i n t o  th e  c y to p la s m ,  M ic r o tu b u le s  a r e  n o t  s e e n  In  

t h e  membrane c a p  r e g i o n .

I n d i v i d u a l  r ib o s o m e s  a r e  found th r o u g h o u t  t h e  s p i n d l e ,  and th e  c i r ­

c u l a r  SER p r o f i l e s  seem t o  be c o n c e n t r a t e d  a t  s p i n d l e  p o l e s .  At th e  

p o le  s e e n  in  F ig u re  23 a l a r g e  number o f  su ch  SER v e s i c l e s  a r e  v i s i b l e ,  

a lo n g  w i th  th e  t u b u l a r  c a p  m a t e r i a l  d i s c u s s e d  above  (TM). Anaphase 

s p i n d l e s  would a p p e a r  t o  be o n ly  p a r t l y  s e p a r a t e d  from  th e  c y to p la sm  

by membrane l a y e r s ,  e x c e p t  a t  t h e i r  p o l e s ,  where th e y  a r e  capped  by a 

mass o f  mem branes. The s p i n d l e  shown in  F ig u r e  2 5t l i k e  a lm o s t  a l l  

s t u d i e d  a t  t h i s  s t a g e ,  l i e s  v e ry  c l o s e  t o  th e  p lasm a membrane o f  th e  

em bryo. D i r e c t  c o n t i n u i t y  o f  p lasm a  membrane and s p i n d l e - d e l i m i t i n g  

membranes h a s  n o t  been  c l e a r l y  d e m o n s t r a t e d ,  a l th o u g h  t h i s  m ic ro g ra p h  

i s  s u g g e s t i v e  o f  i t  ( a r r o w ) .  In  F ig u r e  20 , a l s o ,  th e  s p i n d l e - d e l i m i t i n g  

membranes a p p e a r  t o  b u lg e  o u t  to w ard  th e  p lasm a  membrane.

A p o r t i o n  o f  a n o t h e r  an ap h ase  s p i n d l e  i s  s e e n  in  c r o s s  s e c t i o n



P l a t e  IX. Anaphase s p i n d l e ,  F i x a t i v e  A, TKM.

F ig u re  20.  L o n g i tu d in a l  s e c t i o n  th ro u g h  an  a n ap h a se  s p i n d l e ,  w i th
chromosomes ( c h ) ,  m ic r o tu b u le s  ( a t )  and sm ooth e n d o p la sm ic  
r e t i c u l u m  (SER). In  t h e  c y to p la sm  a  y o lk  sp h e re  (Y ) ,  m i to ­
c h o n d r i a  (m) and l i p i d  d r o p l e t s  (L) a r e  fo u n d .  Arrows 
i n d i c a t e  e l e c t r o n - d e n s e  m a t e r i a l  a s s o c i a t e d  w ith  s p l n d l e -  
d e l l m l t i n g  membranes. X 1 5 ,9 0 0

43.
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P l a t e

F ig u r e

Figure

Anaphase s p i n d l e - d e l i m i t i n g  membranes.  F i x a t i v e  A, TfcM.

21. G ross  s e c t i o n  th ro u g h  o p l n d l e - d e l i m i t i n g  membranes in  an 
an a p h a se  em bryo, K le c t r o n - d e n s e  m a t e r i a l  i s  a s s o c i a t e d  
w ith  l a y e r s  o f  membrane ( a r r o w ) ,  e a c h  l a y e r  a p p a r e n t l y  
composed o f  two u n i t  membranes. M ic r o tu b u le s  ( a t )  a r e  
s e e n  w i t h i n  t h e  s p i n d l e .  X 4 3 ,7 0 0

22. T a n g e n t i a l  s e c t i o n  th ro u g h  th e  s p i n d l e - d e l i m i t i n g  membranes 
o f  an  a n ap h a se  s p i n d l e .  A reas  s u g g e s t i v e  o f  po re  com plexes  
a r e  i n d i c a t e d  ( a r r o w s )  in  th e  two membrane l a y e r s .
X I B , 500

45 .
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P l a t e

Figure

XI. Anaphase s p i n d l e  p o le .  F i x a t i v e  A, TEN,

23. E x te n s iv e  n e a h r a n e s  a t  th e  p o le  o f  an  an ap h a se  s p i n d l e .
A reas  o f  t u b u l a r  a e a b r a n e s  (TH) a s  w e l l  a s  v e s i c u l a r  s a o o th  
e n d o p l a s a i c  r e t l c u l u a  (SER) a r e  p r e s e n t .  X 2 8 ,8 0 0
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P la t e

F ig u r e

F ig u r e

X II .  Anaphase s p i n d l e s  and s p l n d l e - d e l i m i t i n g  membranes. F ix a ­
t i v e  A, TEM,

2b . 3 p i n d l e - d e l i m i t i n g  membranes In  c l o s e  p ro x im i ty  t o  c y t o ­
p la sm ic  rough  e n d o p la s m ic  r e t i c u l u m  (RER), A m ic r o tu b u le  
(m t)  l i e s  j u s t  o u t s i d e  th e  in n e rm o s t  l a y e r  o f  membranes. 
Arrows i n d i c a t e  m i c r o tu b u le s  i n  a  c l u s t e r .  Such an  a r e a  
m ig h t  c o r r e s p o n d  t o  a  s p i n d l e  f i b e r .  X 3 7 ,5 ^ 0

2 5. T h i s  a n ap h a se  s p i n d l e  l i e s  c l o s e  t o  th e  p lasm a  membrane
(PM) and  s p i n d l e - d e l i m i t i n g  membranes a p p e a r  t o  l e a d  o u t  In  
t h e  d i r e c t i o n  o f  th e  p lasm a membrane ( a r r o w ) .  I n s i d e  th e  
s p i n d l e  chromosomes ( c h )  and m ic r o tu b u le s  ( a t )  can  be s e e n .
X 2 9 ,0 0 0
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( F ig u r e  2*0 . Many m ic r o tu b u le s  a p p e a r  i n  c r o a s  and  v e r y  s l i g h t l y  

o b l iq u e  s e c t i o n s .  Many a i c r o t u b u l e s  a p p e a r  t o  be c o n c e n t r a t e d  In  one 

a r e a  o f  t h e  s p i n d l e  ( a r r o w s ) ,  p e rh a p s  c o r r e s p o n d i n g  t o  a  s p i n d l e  f i b e r  

o f  l i g h t  i t i c r o s c o p y .  A lo n e  m ic r o tu b u le  i s  p r e s e n t  j u s t  o u t s i d e  th e  

s p i n d l e - d e l i m i t i n g  membranes ( * t ,  F ig u r e  2 k ) .

Rough e n d o p la s m ic  r e t i c u l u m  (RER) i s  f r e q u e n t l y  s e e n  n e a r  s p i n d l e  

membranes ( F i g u r e s  20 , 21 , 2 k ) .  In  some c a s e s  t h e  RER a p p e a r s  t o  l e a d  

o f f  i n t o  th e  c y to p la s m  and m ig h t  be a b l e  t o  s e r v e  a s  a  com m u n ica tio n s  

c h a n n e l  be tw een  s p i n d l e s  in  t h e  s y n c y t iu m  ( F ig u r e  2 4 ) .

H ep tane  p e r m e a b l l l z e d  em bryos

The t h i c k  s e c t i o n s  o f  F i g u r e s  k  and  8 and th e  t h i n  s e c t i o n s  o f  

F ig u r e s  26 and 27 a r e  from  em bryos p r e - f i x e d  w i th  g l u t a r a l d e h y d e  in  

h e p ta n e ,  W hile f i x a t i o n  a p p e a r s  a d e q u a te  when v iew in g  t h i c k  s e c t i o n s ,  

f o r  e l e c t r o n  m ic ro sc o p y  c o n s i s t e n t  f i x a t i o n  was n o t  o b t a i n e d .  In  f a v o r ­

a b l e  sp ec im e n s  o r g a n e l l e s  a r e  w e l l  p r e s e r v e d  ( F ig u r e  2 6 |  m,L, HER, HE, Y, 

m t) ,  a l th o u g h  n u c l e i  a p p e a r  " e m p t ie r "  th a n  w i th  s t a n d a r d  f i x a t i o n  m ethods . 

In  I n t e r p h a s e  long  c y to p la s m ic  m i c r o tu b u le s  a r e  o b v io u s  f e a t u r e s  ( F ig ­

u re  2 6 ).

In th e  a n a p h a s e  embryo ( F ig u r e  2 7 )  t h e  s p i n d l e  i s  a p p a r e n t l y  d e v o id  

o f  a l l  b u t  chrom osom es. S p i n d l e - d e l i m i t i n g  membranes a r e  s t i l l  r e c o g ­

n i z a b l e ,  a l th o u g h  t h e y  a p p e a r  somewhat s w o l le n  in  c o m p ar iso n  w i th  th e  

membranes f i x e d  In  F i x a t i v e  A ( F ig u r e  2 0 , f o r  e x a m p le ) .  In  g e n e r a l ,  

o r g a n e l l e s  c l o s e  t o  t h e  embryo s u r f a c e  a r e  n o t  a s  w e l l  p r e s e r v e d  a s  th o s e  

f u r t h e r  i n .  Even in  t h i s  ex am p le ,  some o r g a n e l l e s  a p p e a r  t o  be norm al 

(m. F ig u re  2 7 ) .  S in c e  s p i n d l e  m i c r o tu b u le s  sure n o t  p r e s e r v e d  and f i x a ­

t i o n  i s  n o t  c o n s i s t e n t  from  embryo t o  em bryo, t h i s  method o f  f i x a t i o n  

was n o t  used  r o u t i n e l y .



P l a t e  X I I I .  

F ig u r e  26 .

In te rp h a s ©  em bryo, F i x a t i v e  B, TEH.

I n t e r p h a s e  n u c le u s  (N) and c y to p la sm  in  an  embryo p r e ­
f i x e d  i n  g l u t a r a l d e h y d e - e o n t a i n i n g  h e p ta n e .  A " n u c l e a r  
e n v e lo p e "  ("NEM) can  be r e c o g n iz e d ,  and o t h e r  o r g a n e l l e s  
a p p e a r  w e l l  p r e s e r v e d  (RER, Long c y to p la s m ic  m ic ro -
t u b u l e s  a r e  o b v io u s  ( * t ) .  X 2 7 ,5 0 0
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P l a t e  XIV. Anaphase s p i n d l e .  F i x a t i v e  B, TKM.

F ig u r e  2 ? ,  Anaphaee s p i n d l e  in  an  embryo f i x e d  a s  i n  F ig u r e  26 , The
s p i n d l e  i t s e l f  a p p e a r s  "em pty" e x c e p t  f o r  chromosomes ( c h ) .  
Membranes i n  some p l a c e s  s e v e r a l  l a y e r s  t h i c k  ( a r r o w s )  
s u r ro u n d  t h e  " s p i n d l e " .  X 1 8 ,6 0 0
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B, I s o l a t e d  m i t o t i c  s p i n d l e s

L ig h t  m ic ro s c o p y i K a n e 's  I s o l a t i o n  medium

S p in d le s  were f i r s t  I s o l a t e d  from  D ro s o p h i la  u s in g  K a n e 's  I s o l a t i o n  

medium (Kane, L9 6 5 ) .  Hie3e 3 p l n d l e s  were s t u d i e d  w i th  p o l a r i z e d  l i g h t ,  

u n d e r  phase  c o n t r a s t ,  and a f t e r  s t a i n i n g  f o r  t r a n s m i s s i o n  e l e c t r o n  m ic ro ­

sco p y ,

Fmbryos w i l l  u s u a l l y  b u r s t  r e a d i l y  i n t o  i s o l a t i o n  medium u n d e r  th e  

w e ig h t  o f  a  g l a s s  c o v e r s l l p ,  and most o f  th e  c o n t e n t s  w i l l  s p i l l  o u t  o f  

th e  r u p t u r e d  v i t e l l i n e  membrane. At low m a g n i f i c a t i o n s  th e  s p i n d l e s  a r e  

q u i t e  d i f f i c u l t  t o  d e t e c t  in  p h ase  c o n t r a s t ,  b u t  t h e y  a r e  c o n s p ic u o u s  

i n  th e  p o l a r i z i n g  m ic ro sco p e  b eca u se  o f  t h e i r  b i r e f r i n g e n c e  ( F ig u r e  2 b ) ,  

At h i g h e r  m a g n i f i c a t i o n s  in  p o l a r i z e d  l i g h t  th e y  a p p e a r  f i b r o u s ,  w ith  

w e l l  d e f i n e d  p o le s  ( F i g u r e s  29 and 3 0 ) ,  At h ig h  m a g n i f i c a t i o n  u n d e r  

p h a s e c o n t r a s t  s p i n d l e s  which a r e  f r e e  o f  th e  main c y to p la s m ic  mass a r e  

o f t e n  a s s o c i a t e d  w i th  a  s u r r o u n d in g  r e g i o n  o f  n o n - s p i n d l e  m a t e r i a l  which 

o b s c u r e s  them somewhat ( F ig u re  3 1 ) .  T app ing  g e n t l y  on th e  c o v e r s l l p  

u s u a l l y  rem oves t h i s  a d h e r in g  c y to p la s m ,  r e v e a l i n g  th e  chromosomes and 

th e  f i b r o u s  n a tu r e  o f  th e  s p i n d l e  ( F i g u r e s  32 and 3 3 ) .  A s t e r s  a r e  some­

t im e s  a p p a r e n t  ( F ig u r e  3 2 ) ,  b u t  a r e  n o t  p r e s e n t  o r  a r e  l o s t  in  o t h e r  

s p i n d l e s  ( F ig u r e  3 3 ) .  In  many c a s e s  s t r u c t u r e s  m e a s u r in g  a b o u t  0 ,7  îm 

in  d i a m e t e r  a p p e a r  a t  s p i n d l e  p o le s  i n  t h e  p o s i t i o n  e x p e c te d  f a r  

c e n t r i o l e s  ( F ig u r e  3 3 ) .  S p in d le  l e n g t h s  m easure  12 -  15 Jtmt a b o u t  th e  

same a s  f o r  f i x e d  s p i n d l e s  o b s e r v e d  In  s i t u  by l i g h t  m ic ro sco p y  

( H u e t t n e r ,  1 9 3 3 ) .

By means o f  p e r f u s i o n  e x p e r im e n t s  u n d e r  t h e  p o l a r i z i n g  m ic ro sco p e

some o f  th e  s t a b i l i t y  p r o p e r t i e s  o f  I s o l a t e d  s p i n d l e s  have been 

ex am in ed . I f  th e  i s o l a t i o n  medium o f  f r e s h  s p i n d l e s  I s  r e p l a c e d  by 

p e r f u s i o n  w ith  0 ,0 1  m a le a te ,  pH 4 , 5 ,  b i r e f r i n g e n c e  r e m a in s .  However,
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tV, Hexylene g l y c o l  i s o l a t e d  s p i n d l e s .  Phase c o n t r a s t  and p o l a r i ­
z a t i o n  m ic ro s c o p y .  The h a r  in  F ig u r e  28 i s  100 j w t a l l  o t h e r s  
a r e  10 um.

28. At low m a g n i f l c a t l o n  s p i n d l e s  a r e  s e e n  in  p o l a r i z e d  l i g h t  a s  
d o u b le  b r i g h t  s p o t s ,  n e a r  and  b e n e a th  th e  r u p t u r e d  v i t e l l i n e  
membrane. X 130

29. H ig h e r  m a g n i f i c a t i o n  v iew  o f  t h e  a r e a  o f  th e  r e c t a n g l e  in  F ig ­
u re  28 ,  S p in d l e s  ( s p )  can  now be I d e n t i f i e d  a s  m e ta p h a s e ,
X 442

30. A m etaphase  s p i n d l e  t r a p p e d  u n d e r  th e  v i t e l l i n e  membrane ( v j .  
C on v erg in g  f i b e r s  and p o le s  a r e  v i s i b l e ,  X 1460 p o l a r i z a t i o n  
m ic ro sc o p y ,

31. S p in d le s  ( s p ) s e p a r a t e d  from th e  b u lk  o f  th e  c y to p la s m ,  p a r ­
t i a l l y  o b s c u re d  by a d h e r in g  c y to p la s m ic  d e b r i s .  Phase co n ­
t r a s t ,  X 950

32. F ib r o u s  a p p e a ra n c e  o f  an i s o l a t e d  s p i n d l e ,  w i th  chromosomes 
( c h )  v i s i b l e .  Phase c o n t r a s t ,  X 1360

33. P a r t i a l  a s t e r s  v i s i b l e  a f t e r  t a p p in g  th e  c o v e r s l i p .  Chromo­
somes (c h )  and  a  p ro b a b le  e e n t r i o l e  com plex ( c )  a r e  s e e n  
h e r e .  Phase c o n t r a s t ,  X 1140.

34 . A f i e l d  o f  a n a p h a se  s p i n d l e s  ( s p ) .  S e p a r a t i n g  s e t s  o f  c h r o ­
mosomes ( r a t h e r  th a n  s p i n d l e  f i b e r s )  r e n d e r  s p i n d l e s  v i s i b l e .  
Phase c o n t r a s t ,  X 1210.





upon s u b s e q u e n t  r e p la c e m e n t  w i th  HC1 a t  pH 2 ,  i t  d i s a p p e a r s  r a p i d l y ,  

o n ly  p a r t l y  r e a p p e a r i n g  upon r e t u r n  t o  pH b , 5. I f  f r e s h l y  I s o l a t e d  

s p i n d l e s  a r e  p e r f u s e d  w i th  i s o l a t i o n  medium c o n t a i n i n g  a  h ig h  s a l t  

c o n c e n t r a t i o n  ( 0 ,6  M K C l), b i r e f r i n g e n c e  q u i c k l y  d i s a p p e a r s .

S to r a g e  c o n d i t i o n s  have a l s o  been i n v e s t i g a t e d .  When s t o r e d  in  

i s o l a t i o n  medium a t  r o o s  t e m p e r a t u r e  ( a b o u t  2 2 °  C . ) most o f  th e  b i r e ­

f r i n g e n c e  i s  l o s t  w i t h i n  2b h o u r s ,  and t h i s  l o s s  i s  n o t  p r e v e n te d  by 

th e  i n c l u s i o n  o f  0 ,0 0 3  M MgClp in  th e  s t o r a g e  sod ium . With 2b h o u r  

s t o r a g e  in  i s o l a t i o n  medium a t  0°  G , , b i r e f r i n g e n c e  i s  r e t a i n e d ,

TEHi K ane ' s  i s o l a t i o n  medium

When em bryos a r e  ly s e d  i n t o  K a n e 's  i s o l a t i o n  medium and s t a i n e d  

w ith  u r a n y l  a c e t a t e  f o r  TEH e x a m i n a t io n ,  i s o l a t e d  b u n d le s  o f  m ic ro -  

t u b u l e s  a p p r o x im a te ly  20 nm in  d i a m e te r  a r e  found  ( F ig u r e  3 5 ) .

Phase c o n t r a s t  m ic ro s c o p y i  TPM i s o l a t i o n  medium

D. m e la n o g a s te r  s p i n d l e s  i s o l a t e d  by l y s i s  i n t o  m o d if ie d  t u b u l i n  

p o ly m e r iz in g  medium (TPM) (Rebhun e t  a l . , 197b) a r e  r e m a rk a b ly  l i k e  

s p i n d l e s  o f  th e  b la s t e m a  s t a g e  s e e n  in  s i t u  ( F ig u r e  36 from  H u e t t n e r ,  

1 9 3 3 ) .  arwi t h e i r  s t r u c t u r e  a p p e a r s  t o  b e t t e r  d u p l i c a t e  t h a t  o f  s p i n d l e s  

In  s i t u  th a n  d o e s  th e  s t r u c t u r e  o f  s p i n d l e s  I s o l a t e d  by o t h e r  m ethods 

( f o r  e x a m p le s ,  see  F i g u r e s  3 1 - 3 ^ ) .  When view ed u n d e r  p hase  c o n t r a s t  

b la s t e m a  s t a g e  s p i n d l e s  p r e p a r e d  in  TPM a r e  e a s i l y  r e c o g n i s a b l e  even  

a t  low m a g n i f i c a t i o n  and a r e  u s u a l l y  f r e e  o f  a d h e r in g  c y to p la s m .  As was 

n o te d  above  f o r  h e x y le n e  g l y c o l  I s o l a t e s ,  a l l  s p i n d l e s  from  one embryo 

a r e  in  a p p r o x im a te ly  t h e  same m i t o t i c  s t a g e .  O c c a s i o n a l l y  s p i n d l e s  a r e  

clumped t o g e t h e r  in  m a sse s ,  b u t  in  most p r e p a r a t i o n s  t h e r e  a r e  many 

i n d i v i d u a l  s p i n d l e s  which can  be exam in ed . O bvious s t r u c t u r a l  f e a t u r e s  

which th e  I s o l a t e d  s p i n d l e s  s h a r e  w i th  s p i n d l e s  in  s i t u  a r e  s p i n d l e



P l a t e  XVI. M ic r o tu b u le s  I s o l a t e d  in  h e x y le n e  g l y c o l  I s o l a t i o n  mediumi 
m a jo r  m i t o t i c  s t a g e s  a s  s e e n  In  l i g h t  m ic ro sc o p y .

F ig u r e  35. M ic r o tu b u le s  from  an embryo l y s e d  i n t o  h e x y le n e  g l y c o l
i s o l a t i o n  medium and s t a i n e d  w i th  u r a n y l  a c e t a t e  f o r  TEM 
v ie w in g .  M ic ro tu b u le  d i a m e te r  i s  23 s a .  X 1 7 ,^ 0 0

F ig u r e  36, From H u e t tn e r  (1 9 3 3 ) ,  F ig u r e s  2 8 ,  3 ^ , **■!, 50. P ro p h a s e ,
m e ta p h a s e ,  a n a p h a s e  and t e l o p h a s e  s p i n d l e s ,  a l l  p r i n t e d  a t  
co m p arab le  m a g n i f i c a t i o n .  From s t a i n e d  p a r a f f i n  s e c t i o n s  
o f  whole em bryos.
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f i b e r s ,  chromosomes, m id b o d ie s  a n d ,  a t  th e  e x p e c te d  l o c a t i o n s  f o r  

c e n t r l o l e s ,  s t r u c t u r e s  0 .7  in  d i a m e t e r ,  by s l i g h t  a l t e r a t i o n s  i n  th e  

t im in g  o f  embryo l y 3 l s  a l l  th e  m ajor m i t o t i c  s t a g e s  c an  be o b ta in e d  in  

d i f f e r e n t  p r e p a r a t i o n s .  These a r e  i l l u s t r a t e d  in  F ig u r e s  3? -  53 ( f o r  

r e p r e s e n t a t i v e  e x am p les  see  e s p e c i a l l y  F ig u r e s  40 , 42 , 4 6 ,  51).

In  a  t y p i c a l  f i e l d  o f  n u c l e i  from an  I n t e r p h a s e  p r e p a r a t i o n ,  th e

n u c l e i  m easure a b o u t  8 îm in  d ia m e te r  ( F ig u r e  3 7 ) .  Even when n u c l e i

a r e  s e p a r a t e d  from  th e  main clump of m a t e r i a l  a  boundary  o f  some s o r t  

c l e a r l y  e x i s t s  a ro u n d  them ( a r r o w ) ,  irfith th e  p re s e n c e  o f  0 ,4  -  0 ,5 #  

T r i t o n  X-100 In  th e  i s o l a t i o n  medium, many membrane com ponents  s h o u ld  

be d i s r u p t e d ,  so  t h a t  th e  a p p e a ra n c e  o f  " n u c l e a r  membranes" in  t h e s e

p r e p a r a t i o n s  was somewhat s u r p r i s i n g .

E a r ly  p ro p h ase  s p i n d l e s  have two d a r k  s t r u c t u r e s  where c e n t r l o l e s  

sh o u ld  be found  ( F ig u re  3 8 ) .  S in ce  t h e s e  a r e  to o  l a r g e  t o  be i n d i v i ­

d u a l  c e n t r l o l e s ,  th e y  w i l l  be r e f e r r e d  t o  a s  c e n t r i o l e  com plexes  a s  

d i s c u s s e d  below , I n d i c a t i n g  t h a t  th e y  may r e p r e s e n t  c e n t r i o l e ( s )  p lu s  

a s s o c i a t e d  m a t e r i a l .  These c e n t r i o l e  com plexes  axe a lw a y s  seen  in  c l e a n  

p ro p h a se  s p i n d l e s  u n d e r  phase c o n t r a s t .  In F ig u re  38 a  t r i a n g u l a r  s a c -  

l i k e  meshwork o f  c o n d e n s in g  c h ro m a t in  s t r a n d s  can  be s e e n  suspended  b e t ­

ween th e  two c e n t r i o l e  com plexes  ( a r r o w s ) .

The p ro p h a se  s p i n d l e  in  F ig u re  39 i s  a t  s l i g h t l y  l a t e r  s t a g e  th a n  

the  one in  F ig u r e  38. Chromosomes (c h )  have begun t o  a p p e a r  w i t h i n  

th e  p e n d u lo u s  sa c  w hich , w ith  t h e  c e n t r i o l e  c o m p le x e s , c o m p r is e s  th e  

s p i n d l e  a t  t h i s  s t a g e .  The t r i a n g u l a r  m orphology o f p ro p h a se  s p i n d l e s  

i s  most a p p a r e n t  a  l i t t l e  l a t e r  i n  p ro p h a se  ( F ig u r e  4 0 ) .  F ib ro u s  

m a t e r i a l  can be s ee n  r a d i a t i n g  from  th e  c e n t r i o l e  com plexes  ( c ,  c ') 

tow ard  th e  s p i n d l e  m id - r e g io n .  On a  l i n e  be tw een th e  two c e n t r i o l e
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XVII, N u c le i ,  and p ro p h a se  and m etaphase  3 p i n d l e s  I s o l a t e d  in
TPM, Phase c o n t r a s t .  Hie ba r  i n  F ig u re  37 i s  100 pmi a l l
o t h e r s  a r e  10 urn.

37 . A f i e l d  o f  n u c l e i ,  where even  th o s e  s e p a r a t e d  from  th e  c y t o ­
plasm  seem t o  be s u r ro u n d e d  by a  membrane ( a r r o w s ) .  X 570.

38. An e a r l y  p ro p h a se  s p i n d l e ,  w i th  two c e n t r i o l e  com plexes  
i n d i c a t e d  ( a r r o w s ) .  C hrom atin  i s  v i s i b l e  a s  th e  meshwork 
su sp e n d e d  be tw een  th e  c e n t r i o l e  co m p lex es .  X 1365.

39. Somewhat l a t e r  p ro p h a se  s p i n d l e ,  w i th  c e n t r i o l e  com plexes  
( a r r o w s )  and chromosomes e v i d e n t  ( c h ) ,  X 1015.

90 . A g ro u p  o f p ro p h a se  s p i n d l e s ,  C e n t r i o l e  com plexes  ( c , c ' ) f 
chromosomes ( c h )  and chromosome s u b -g ro u p  f o c a l  p o i n t s  
( a r r o w s ) a r e  s e e n ,  X 1790,

91 . A p ro p h ase  s p i n d l e  t r a p p e d  in  a  mass o f  c y to p la s m .  TTie 
s p i n d l e  a p p e a r s  t o  be bound by a  membrane ( a r r o w s ) ,  s e p a ­
r a t i n g  i t  from  th e  r e s t  o f  th e  c y to p la s m .  Chromosomes
( c h ) and a  c e n t r i o l e  com plex ( c )  a r e  a l s o  v i s i b l e .  X 1725.

9 2 . A m etaphase  s p i n d l e .  Both c e n t r i o l e  com plexes  ( c , c ' ) ,  
chromosomes ( c h ) ,  a  s m a l l  number o f  m ajo r  s p i n d l e  f i b e r s ,  
and c o n s t r i c t e d  r e g i o n s  a t  f i b e r  c o n v e rg en c e  p o i n t s  ( a r r o w s )  
a r e  s e e n ,  X 2060 .

93 . Two v iew s  o f  a  m e tap h ase  s p i n d l e ,  L e f t i  s m a l l  chromosomes 
(TV) a p p e a r  t o  be p r e c e d in g  th e  r e s t  o f  th e  chromosomes 
to w ard s  s p i n d l e  p o le s .  R ig h t i  a  c e n t r i o l e  com plex (a r ro w )  
i s  p r e s e n t  a  s h o r t  d i s t a n c e  away from  th e  c o n v e rg en c e  p o i n t  
o f  th e  t h r e e  o r  f o u r  m a jo r  s p i n d l e  f i b e r s .  X 1015.

99 , M etaphase s p i n d l e  w ith  some a s t r a l  m a t e r i a l  p r e s e n t .  Chromo­
somes ( c h )  and a  c o n s t r i c t e d  r e g io n  (a r ro w )  betw een  s p i n d l e  
f i b e r s  and c e n t r i o l e  com plex a re  e v i d e n t ,  X 1905.
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com plexes  a r e  p r e s e n t  two more r a t h e r  i n d i s t i n c t  b la c k  a r e a s  ( a r r o w s ) ,  

These  s e e s  t o  be f o c a l  p o i n t s  f o r  t h e  two chromosome s u b g ro u p s  v i s i b l e  

n e a r  th e  s p i n d l e  m id - r e g io n  ( c h ) .  As in  a l l  s p i n d l e  p r e p a r a t i o n s  

exam ined  u n d e r  phase  c o n t r a s t ,  c e n t r i o l e  com plexes  h e r e  s e a s u r e  a b o u t  

0 ,7  îm in  d i a m e t e r .  These s t r u c t u r e s  a r e  a lw ay s  s e e n  in  p ro p h a s e  s p i n ­

d l e s ,  u s u a l l y  In  m e tap h ase  and l e s s  f r e q u e n t l y  i n  l a t e r  s t a g e s .

The p ro p h a se  s p i n d l e  s e e n  su r ro u n d e d  by c y to p la sm  i s  c l e a r l y  d e f in e d  

by a  l i m i t i n g  m em b ran e - l ik e  s t r u c t u r e ,  g i v i n g  th e  im p r e s s io n  t h a t  th e  

s p i n d l e  i s  i n t r a n u c l e a r  ( F ig u r e  41 , a r r o w s ) .  Two c e n t r i o l e  com plexes  

a r e  p r e s e n t ,  a l th o u g h  o n ly  one o f  them ( c )  i s  v i s i b l e  in  t h i s  p la n e  of 

f o c u s .  The c e n t r i o l e  com plexes  a p p a r e n t l y  l i e  o u t s i d e  th e  s p i n d l e -  

d e l i m i t i n g  membrane, and f i b e r s  r a d i a t i n g  from  them to w a rd s  th e  chromo­

somes a p p e a r  t o  p a s s  th ro u g h  t h i s  membrane. Such a  s t a g e  was a l s o  

d e s c r i b e d  by H u e t tn e r  (1 9 3 3 ) .

At m etaphase  s p i n d l e  p o le s  a r e  w e l l  d e f i n e d  by c e n t r i o l e  c o m p lex es ,  

which som etim es  a p p e a r  s q u a r e - s h a p e d  ( F i g u r e s  42 , 44 , 4 5 ) .  A s m a l l  

number o f  m a jo r  s p i n d l e  f i b e r s ,  u s u a l l y  t h r e e  o r  f o u r ,  a r e  e v i d e n t  

be tw een  chromosomes and p o l e s .  As th e  f i b e r s  c o n v erg e  th e y  c o a l e s c e  

i n t o  a c o n s t r i c t e d  "n eck "  r e g i o n  (a r ro w ,  F ig u r e s  42 and  4 4 ) ,  a  s h o r t  

d i s t a n c e  from th e  c e n t r i o l e  com plex , t o  which th e y  a p p a r e n t l y  d i r e c t l y  

c o n n e c t .  Chromosomes ( c h )  a r e  s e e n  p o s i t i o n e d  in  th e  s p i n d l e  m id - p la n e .  

The m etaphase  B p in d le  o f  F ig u r e  44 a p p e a r s  t o  have a s t r a l  m a t e r i a l  a ro u n d  

b o th  p o l e s .  T h is  was r a r e l y  s e e n ,  and  th e n  on ly  in  p r e p a r a t i o n s  where 

t h e  i s o l a t i o n  medium c o n ta i n e d  CTF. An u n u s u a l l y  c l e a r  v iew  o f  chromo­

somes is  s e e n  on th e  m e tap h ase  s p i n d l e  in  F ig u r e  43 ( l e f t ) ,  A p a i r  o f  

sm a ll  chromosomes a p p e a r s  t o  have moved s l i g h t l y  away from  th e  r e s t  o f 

th e  chromosomes and advanced  a  s h o r t  d i s t a n c e  tow ard  th e  p o le .  These
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X V III . T P M -Iso la te d  a n ap h ase  and t e l o p h a s e  s p i n d l e s .  P hase  con­
t r a s t .  Bars a r e  10 um.

b5. F l a t t e n e d  e a r l y  a n ap h a se  s p i n d l e  w ith  many v e ry  lo n g  f i b e r s  
( t h e  p a th  o f  one i s  i n d i c a t e d  w ith  a r r o w s ) .  Chromosomes 
( c h )  and c e n t r i o l e  com plexes  a r e  a l s o  a p p a r e n t  h e r e .  X l W ^ .

k b , A l a t e  an ap h ase  s p i n d l e ,  with chromosomes m assed n e a r  p o l e s ,
'■ r a i l i n g  chromosome arm s (X ), i n t e r z o n a l  f i b e r s  ( i f ) ,  and 
f o u r  m id b o d lea  ( m b 's )  a r e  I n d i c a t e d ,  X 2060.

k 7 . S p in d l e s  t r a p p e d  In a  m ass. Most o f  them a r e  in  l a t e
a n a p h a s e ,  such  a s  s p i n d l e  ( A) t one i s  In  t e l o p h a s e  ( T ) .  
Presum ed c e n t r i o l e  com plexes  ( c c )  and ra ld b o d les  (mb) a r e  
e v i d e n t .  X 2 0 6 0 ,

h 8 , A v e r y  much f l a t t e n e d  l a t e  a n ap h a se  s p i n d l e ,  w i th  f o u r
c e n t r i o l e  com plexes  p r e s e n t  ( c c ' s )  a t  some d i s t a n c e  from 
th e  massed chrom osom es. X 1725.

k l .  A f i e l d  o f t e lo p h a s e  s p i n d l e s  on a  F o rm v a r -c o a te d  g r i d ,
H e c o n s t l l u t i n g  d a u g h t e r  n u c l e i  (N) a r e  i n d i c a t e d ,  and a 
m libody  can  be s e e n  in  e a c h  s p i n d l e ,  X 700 ,

50. T e lo p h a se  s p i n d l e  w ith  a  midbody ami a  p o s s i b l e  c e n t r i o l e  
complex ( a r r o w ) .  X 700 ,

51. A b e n t  t e l o p h a s e  3 p i n d l e ,  common f o r  t h i s  m i t o t i c  s t a g e .
A s i n g l e  midbody (mb) i s  p r e s e n t ,  X ykQ,

52. A f i e l d  o f  l a t e  t e l o p h a s e  s p i n d l e s .  R e c o n s t i t u t i n g  daugh­
t e r  n u c l e i  (N) a r e  h e ld  t o g e t h e r  by a  s h o r t  s p i n d l e  re m n a n t ,
X 700.
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chromosomes a r e  d e s i g n a t e d  a s  " I t f" ,  s i n c e  R ab in o w itz  (1 9 4 1 )  i n d i c a t e d  

t h a t  th e  f o u r t h  p a i r  o f  chromosomes p r e c e d e s  t h e  o t h e r s  a s  t h e y  move 

to w a rd s  s p i n d l e  p o l e s .

An e a r l y  an ap h ase  s p i n d l e  in  w hich c h r o s o s o s e  s e t s  have s e p a r a t e d  

o n ly  s l i g h t l y  i s  shown in  F ig u re  4 5 .  Both c e n t r i o l e  com plexes  a r e  

v i s i b l e ,  and  su ch  f i b r o u s  m a t e r i a l  a p p e a r s  in  t h e  a s t r a l  r e g i o n  and 

e l s e w h e r e .  Some o f  t h e  f i b r i l s  o r i g i n a t i n g  a ro u n d  th e  lo w e r  c e n t r i o l e  

complex seem t o  e x te n d  w e l l  p a s t  t h e  s p i n d l e  m id reg io n  i n t o  th e  a r e a  

o th e r w i s e  d o m in a ted  by th e  u p p e r  c e n t r i o l e  com plex . The p a th  o f  one 

su ch  f i b r i l  i s  i n d i c a t e d  ( a r ro w s ,  F ig u r e  4-5). S ince  GTP was h e re  

in c lu d e d  in  th e  I s o l a t i o n  medium, c o n d i t i o n s  may have f a v o r e d  p o ly ­

m e r i z a t i o n  o f  endo g en o u s  t u b u l i n  o n to  s p i n d l e  a s t r a l  f i b e r s .  T h is  

p r e p a r a t i o n  i s  w e l l  f l a t t e n e d  o n to  th e  c o v e r s l i p ,  and ev en  th e  chromo­

somes ( c h )  a p p e a r  t o  have f l a t t e n e d  and s p r e a d .

In  a l l  l a t e  a n ap h a se  s p i n d l e s  a  s m a l l  number o f  m a jo r  f i b e r s  i s  

p r e s e n t ,  and e ac h  i s  th i c k e n e d  in  t h e  m ld re g io n ,  fo rm in g  an  a p p a r e n t  

midbody ( F i g u r e s  46 , 4 ? ) .  In  F ig u r e  46 , f o u r  m id b o d ie s  a r e  p r e s e n t  

(mb), and chromosomes a r e  massed a t  th e  p o le s  e x c e p t  f o r  a  t r a i l i n g  arm 

in  e ac h  chromosome s e t  (X). R ab in o w itz  (1 9 4 1 )  i d e n t i f i e d  t h e s e  arm s a s  

b e lo n g in g  t o  th e  X chromosomes. In  e ach  h a l f - s p i n d l e  t h e  arm s a p p e a r  to  

e x te n d  to w a rd s  t h e  same m idbody, a 3 i f  t h e y  were a s s o c i a t e d  w i th  th e  same 

i n t e r z o n a l  f i b e r .  I n t e r z o n a l  f i b e r s  ( i f )  v i s i b l e  in  F ig u r e  46 a r e  o f  

much s m a l l e r  d i a m e te r  th a n  th e  t r a i l i n g  chromosome arms and a p p e a r  to  be 

c o n t in u o u s  w i th  p o l a r  c h ro m a t in .

The mass o f  s p i n d l e s  in  F ig u r e  4? i n c l u d e s  a  t e l o p h a s e  (T) a s  w e l l  a s  

a n ap h a se  s p i n d l e s  ( a ) ,  an i n d i c a t i o n  t h a t  s y n c h ro n y  in  th e  embryo from  

w hich t h e y  were i s o l a t e d  i s  n o t  p e r f e c t .  Even in  such  a  mass, s t r u c t u r a l



d e t a i l s  su ch  a s  m id b o d lea  and  a p p a r e n t  c e n t r i o l e  com plexes  con o f t e n  be 

d e t e c t e d  w i th  c a r e f u l  f o c u s i n g .

'Hie l a t e  a n ap h a se  s p i n d l e  s ee n  i n  F ig u re  *+8 i s  v e r y  much f l a t t e n e d  

a g a i n s t  th e  c o v e r s l i p .  As s e e n  In  F ig u r e  45 , l ° h g  f i b e r s  r a d i a t e  f r o *  

th e  p o l a r  r e g i o n s ,  som etim es  e x t e n d i n g  p a s t  t h e  i n t e r z o n e .  Extrem e 

f l a t t e n i n g  h a s  somewhat o b s c u re d  d e t a i l s  i n  th e  I n t e r z o n e  bu t h a s  

exposed  p o l a r  s t r u c t u r e s .  At e ac h  p o l e ,  some d i s t a n c e  away from  th e  

p o l a r  c h ro m a t in ,  two d i f f e r e n t  s i z e d  d a r k  s t r u c t u r e s  a r e  v i s i b l e .  These 

a r e  in  th e  p o s i t i o n s  where c e n t r l o l e s  s h o u ld  be fo u n d t  c a r e f u l  d i f f e r e n ­

t i a l  f o c u s in g  r e v e a l s  t h a t  t h e s e ,  in  c o n t r a s t  t o  o t h e r  c i r c u l a r  o b j e c t s  

s ee n  in  th e  m ic ro g ra p h ,  a r e  c l o s e l y  a d h e r a n t  t o  t h e  c o v e r s l i p  and do n o t  

a p p e a r  t o  be s p h e r i c a l  when exam ined  In  a l l  p l a n e s  o f  f o c u s .  In  e ac h  

p a i r  one s t r u c t u r e  i s  s l i g h t l y  l a r g e r  th a n  th e  o t h e r .  T h is  would be 

t h e  image e x p e c te d  i f  e a c h  p a i r  c o n s i s t e d  o f  two r o u g h ly  c y l i n d r i c a l  

b o d ie s  l y i n g  a t  r i g h t  a n g l e s  t o  e ac h  o t h e r .  S in c e  a l l  f o u r  s t r u c t u r e s  

a r e  in  t h e  s i z e  ra n g e  o f  0 .5  -  0 ,9  u a ,  t h e y  a re  a l l  to o  l a r g e  t o  be 

a c c o u n te d  f o r  by an  i n d i v i d u a l  c e n t r i o l e  and w i l l  be c a l l e d  c e n t r i o l e  

com plexes  ( c c ) .

T e lo p h a se  s p i n d l e s  a r e  s ee n  in  F i g u r e s  4? and  49  -  53. In  F ig u r e  49 

s p i n d l e s  o f  s l i g h t l y  d i f f e r e n t  s t a g e s  a r e  I n c lu d e d ,  by t e l o p h a s e ,  s p i n ­

d l e s  have  e lo n g a t e d  f u r t h e r ,  and  no more th a n  o n e ,  r e l a t i v e l y  l a r g e  m id- 

body i s  e v e r  s e e n  (mb. F i g u r e s  47 , 50, 51, 5 3 ) .  S p in d l e s  a t  t h i s  s t a g e  

seem t o  be e x t r e m e ly  f r a g i l e ,  and v e r y  o f t e n  th e  e n t i r e  s p i n d l e  a p p e a r s  

t o  be c u rv e d  o r  b e n t ,  a s  i s  m ost o b v io u s  i n  F ig u r e  51. D au g h te r  n u c l e i  

have begun t o  r e c o n s t i t u t e  a t  t h e  p o l a r  e x t r e m i t i e s ,  and a  com pact i n t e r ­

z o n a l  f i b e r ,  o r  p o s s i b l y  a  b u n d le  o f  f i b e r s ,  s e p a r a t e s  them ( F ig u r e  4 9 ) .  

At t e lo p h a s e  c e n t r i o l e  com plexes  a r e  seldom  s e e n ,  a l th o u g h  In  F ig u r e  50



a  p o s s i b l e  c a n d i d a t e  i s  i n d i c a t e d  ( a r r o w ) .

By l a t e  t e l o p h a s e  th e  r e c o n s t i t u t i n g  d a u g h t e r  n u c l e i  (N) a r e  c l e a r l y  

r e c o g n i z a b l e  and a r e  s e p a r a t e d  by a  s p i n d l e  rem n an t ( F ig u r e  5 2 ) ,  T h is  

p a r t i c u l a r  s t a g e  was v e ry  r a r e l y  fo u n d ,  a l th o u g h  one s i m i l a r  s p i n d l e  i s  

p r e s e n t  in  F ig u r e  4 9 .  No co m p arab le  f i g u r e s  a r e  d e s c r i b e d  in  s i t u  by 

l i g h t  n i c r o s c o p i s t s  ( H u e t t n e r ,  1 9 3 3 1 K a b ln o w ltz ,  1 9 4 1 ) ,

I f  em bryos a r e  c o o le d  b e f o r e  l y s i s  i t  I s  p o s s i b l e  t o  o b t a i n  p r e p a r a ­

t i o n s  w i th  In c o m p le te  s p i n d l e s  Bind s m a l l ,  so m etim es  s e p a r a t e  p o l a r  r e g i o n s ,  

in  which th e  c e n t r i o l e  com plex I s  s e e n  t o  a d v a n ta g e  ( F ig u r e  5 4 ) .  A num­

b e r  o f  p o i n t s  r a d i a t e  from th e  d a rk  c e n t r a l  s t r u c t u r e ,  t h e  d i a m e te r  o f  

which i s  in  t h e  ra n g e  o f  0 .7  -  0 .8  11m.

A t h r e a d - l i k e  s t r u c t u r e  o b s e rv e d  in  many p r e p a r a t i o n s  i s  th o u g h t  t o  

be a  sperm  t a i l ,  due t o  i t s  wave p a t t e r n  ( F ig u r e  5 5 ) .  T h i s  F ig u r e  i s  an 

exam ple o f  a  p r e p a r a t i o n  in  w hich th e  embryo c o n t e n t s  d i d  n o t  s p r e a d  w e l l  

on th e  c o v e r s l i p .  C o n s e q u e n t ly ,  most o f  th e  n u c l e i  in  t h e  embryo re m a in  

t r a p p e d  in  t h e  c y to p la s m ic  mass t o  th e  lo w er  r i g h t  in  t h e  m ic ro g ra p h .

The sperm t a i l  ( a r r o w )  a p p e a r s  t o  be cu rv ed  o r  waved in  a  r e g u l a r  p a t t e r n ,  

s i n u s o i d a l  in  some r e g i o n s .

P o l a r i z a t i o n  m ic ro s c o p y  1 TPM i s o l a t i o n  medium

I s o l a t e d  s p i n d l e s  were a l s o  checked  f o r  b i r e f r i n g e n c e  i n  a  few 

e x p e r im e n t s .  S p in d l e s  were fo u n d  t o  be b i r e f r i n g e n t )  F i g u r e s  56 and 57 

show th e  same p r e p a r a t i o n  o f  m e taphase  s p i n d l e s  in  p h ase  c o n t r a s t  ( F i g ­

u re  5 6) and in  p o l a r i z e d  l i g h t  ( F ig u re  5 ? ) .  The l a t e  a n a p h a se  s p i n d l e  

in  F ig u r e  58 a l s o  i s  b l r e f r i n g e n t .  No d e t a i l e d  s t u d i e s  were done w ith  

p o l a r i z e d  l i g h t  on t h i s  p r e p a r a t i o n .

TSM o f  n e g a t i v e l y  s t a i n e d  TPM i s o l a t e d  s p i n d l e s

In i s o l a t i o n  p r e p a r a t i o n s  o c c a s i o n a l l y  an  e n t i r e  s p i n d l e  was r e c o g -
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XIX. S t r u c t u r e s  I s o l a t e d  i n  TPM. Phaae  c o n t r a s t  and p o l a r i ­
z a t i o n  m ic ro s c o p y .  In  F i g u r e s  53 and 55 th e  b a r s  a r e  100 
par in  a l l  o t h e r s  th e  b a r s  a r e  10 um.

53. A f i e l d  o f  t e l o p h a s e  s p i n d l e s  in  which many s p i n d l e s  a r e
t r a p p e d  in  th e  c y to p la s m ic  mass ( l e f t ) .  I n  e a c h  s p i n d l e  one 
midbody (mb) c an  be s e e n .  X 273.

5h. A s p i n d l e  p o l a r  r e g i o n  f r o *  an  embryo c o o le d  b e f o r e  l y s l a
i n t o  TPM, T i l ls  s t r u c t u r e  i s  t h e  same s i z e  ( 0 . 7 - 0 .  ti l u o )  a s
th e  c e n t r i o l e  com plexes  s e e n  a t  s p i n d l e  p o l e s .  X 1?U0,

55. A sperm  t a i l  ( a r r o w s ) ,  a  common s i g h t  i n  many TPM p re p a ­
r a t i o n s .  X 2?3 .

5 6 . Two m etaphase  s p i n d l e s  and  p a r t  o f  a  t h i r d  s e e n  in  phase 
c o n t r a s t .  X 700 .

57. The same s p i n d l e s  a s  in  F ig u r e  5 6 , s e e n  h e re  in  p o l a r i z e d
l i g h t .  Chromosomes and b i r e f r i n g e n t  s p i n d l e  f i b e r s  a r e
e v i d e n t .  X 1120.

58. A naphase s p i n d l e  v iew ed  w ith  p o l a r i z e d  l i g h t .  B i r e f r i n ­
g e n t  s p i n d l e  f i b e r s  a r e  a p p a r e n t .  X 1120,

71 .
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n i e a b l e  a f t e r  n e g a t i v e  s t a i n i n g  ( F i g u r e s  59 and  6 0 ) ,  In  some p r e p a r a ­

t i o n s  c h ro a o s o a e - s h a p e d  s t r u c t u r e s  a b o u t  0 .3 5  In  d i a m e te r  were w e l l  

s p r e a d  ( F i g u r e s  60, 61 j c h ) ,  a l t h o u g h  more o f t e n  t h e  whole s p i n d l e  

rem a in ed  e x t r e a e l y  com pact and  t h u s  was i t s e l f  n o t  am enab le  t o  TEM 

s t u d y .  M ic r o tu b u le s  were f r e q u e n t l y  found  some d i s t a n c e  away f r o *  th e  

s p i n d l e  on th e  g r i d .

F ig u re  62 a p p e a r s  t o  be a  p r e p a r a t i o n  o f  sperm  t a i l ,  which i s  w e l l  

s p r e a d  in  some a r e a s ,  (See F ig u re  55 f ° r  a  sperm  t a i l  i n  phase con­

t r a s t ) ,  5 - 9  f i l a m e n t s  can be s e e n  s p r e a d  o u t  In  th e  a r e a  I n d i c a t e d  

by th e  a r ro w  In  F ig u r e  62 ,

SEM o f  TPM I s o l a t e d  s p i n d l e s

A lthough  I s o l a t e d  s p i n d l e s  co u ld  be r e c o g n iz e d  in  TEM a f t e r  n e g a ­

t i v e  s t a i n i n g ,  th e  whole s p i n d l e  p r e p a r a t i o n s  were to o  t h i c k  t o  be 

r e s o l v e d  in  th e  TEM a t  59 KV. High v o l t a g e  TEM m igh t have  r e s o l v e d  

more s p i n d l e  f i n e  s t r u c t u r e ,  b u t  a n o t h e r  method o f  e x am in in g  I s o l a t e d  

s p i n d l e s  was more r e a d i l y  a v a i l a b l e .

The s c a n n in g  e l e c t r o n  m ic ro sco p e  h a s  been much used  in  th e  s tu d y  

o f  s u r f a c e s  o f  l a r g e  s t r u c t u r e s ,  such  a s  th e  c h o r io n  o f  th e  D ro s o p h i la  

embryo shown in  F ig u r e  63. S in ce  TPM i s o l a t e d  s p i n d l e s  have a l r e a d y  

been d e m o n s t r a t e d  t o  be c l e a n  and , In  most c a s e s ,  f r e e  o f  a d h e r in g  c y t o ­

p la sm ic  d e b r i s ,  s c a n n in g  e l e c t r o n  m ic ro sco p y  (3EM) seemed p ro m is in g  a3 

a  new a p p ro a c h  t o  t h e  s tu d y  o f  m i t o t i c  s p i n d l e  s t r u c t u r e .

The te c h n iq u e  which was d e v e lo p e d  f o r  f o l l o w i n g  th e  f a t e  o f  an 

i n d i v i d u a l  s p i n d l e  th r o u g h o u t  a l l  s t a g e s  o f p r o c e s s in g  f o r  3EM i s  

i l l u s t r a t e d  i n  F i g u r e s  69 -  66 , In  F ig u r e  69 a  h a l f  s p i n d l e  i s  seen  

u n d e r  phase  c o n t r a s t ,  in  b u f f e r .  S c r a t c h e s  on th e  p l a s t i c  c o v e r s l i p  

and p i e c e s  o f  d e b r i s  make c o n v e n ie n t  m a rk e rs  f o r  s p i n d l e  l o c a t i o n  on

73 .



P l a t e

F ig u re

F ig u re

XX, Whole s p i n d l e s  I s o l a t e d  In  TPM and n e g a t i v e l y  s t a i n e d  f o r  
TBH.

59, S p in d l e ,  on p o l y l y s l n e - c o a t e d  Form var, f i x e d  one h o u r  w ith  
g l u t a r a l d e h y d e  in  TPM, s t a i n e d  w ith  p h o s p h o tu n g s t l c  a c id  
i n  bov ine  s e r u *  a lb u m in ,  X 785O.

60, S p i n d l e ,  w i th  chromosomes ( c h )  and  much f i b r o u s  m a t e r i a l  
v i s i b l e .  On p o l y l y s l n e - c o a t e d  c o l l o d i o n ,  f i x e d  one m inu te  
w i th  g l u t a r a l d e h y d e  in  TPM, s t a i n e d  w i th  PTA in  B3A. X 785O.





P l a t e  XXI. T P M -Iso la te d  m a t e r i a l  a f t e r  n e g a t i v e  s t a i n i n g  f o r  TEM.

F ig u r e  b l Well s p re a d  chromosomes (c h )  and a s s o c i a t e d  m a t e r i a l .  
Chromosomes a r e  a b o u t  0 .3 5  um a c r o s s .  T h is  i s  from  th e  
same p r e p a r a t i o n  a s  F ig u r e  60, X ?830 .





P l a t e

Figure

XXII. o p e rn  t a i l ,  n e g a t i v e l y  s t a i n e d .  TEM.

62. D, a e l a n o g a s t e r  sperm t a i l ,  w e l l  s p re a d  in  many a r e a s
X e s p e c i a l l y  a t  a r r o w ) ,  5 - 9  f i l a m e n t s  a r e  v i s i b l e .  From 
th e  same p r e p a r a t i o n  a s  F i g u r e s  60 and 61 . X 2 6 ,3 0 0 .
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t h i s  c o v e r s l i p .  A s p i n d l e  p o le  (p )  c an  be s ee n  c l e a r l y  a t  one end  o f  th e  

s t r u c t u r e ,  w h ile  th e  o t h e r  end I s  l e s s  d i s t i n c t .  T r a i l i n g  f i b r o u s  m a te r ­

i a l  ( a r ro w )  I s  I n d i c a t e d ,  a s  a r e  p a r a l l e l  s c r a t c h e s  (d o u b le  a r r o w s )  and 

b i t s  o f  d e b r i s  ( d ) .  In  F ig u r e  65 t h e  same a r e a  o f  th e  c o v e r s l i p  I s  shown 

a f t e r  c r i t i c a l  p o i n t  d r y i n g .  T h is  I s  p h o to g ra p h e d  u n d e r  phase  c o n t r a s t ,  

th ro u g h  a i r .  The s p i n d l e  p o le  a p p e a r s  a s  a h i g h l y  r e f r a c t i l e  mass ( p ) ,  

and t r a i l i n g  f i b r o u s  m a t e r i a l  i s  a g a in  e v i d e n t  ( a r r o w ) .  P o i n t s  o f  r e f e r ­

en ce  (d , d o u b le  a r r o w s )  a r e  e a s i l y  r e c o g n i z a b l e .  In F ig u r e  66 th e  s p in ­

d l e  i s  shown in  JEM. In  t h i s  and a l l  o t h e r  JEM d e s c r i p t i o n s  w hich  f o l l o w ,  

th e  te rm  " f i b r i l "  w i l l  be used  t o  I n d i c a t e  th e  r e l a t i v e l y  t h i n  s t r u c ­

t u r e  seen  in  JEM, and th e  te rm  " f i b e r "  w i l l  be a p p l i e d  t o  o b v io u s  bun­

d l e s  o f  f i b r i l s .  On th e  b a s i s  o f  t h e  a p p e a ra n c e  b e f o r e  c r i t i c a l  p o in t  

d r y i n g  o f  t h i s  and o t h e r  s p i n d l e s  on th e  3ame c o v e r s l i p  in  phase  con­

t r a s t ,  t h i s  p r e p a r a t i o n  was i d e n t i f i e d  a s  a n a p h a s e ,  A g r e a t  im prove ­

ment In  r e s o l u t i o n ,  compared w ith  p hase  c o n t r a s t ,  I s  a t  once o b v io u s ,

TTie s p i n d l e  p o le  I s  s ee n  t o  be a  p o in t  o f  c o n v erg en ce  f o r  th e  many 

f i b r i l s  w hich make up th e  h a l f  s p i n d l e .  A t h r e e - d i m e n s i o n a l  Im p r e s s io n  

o f  s p i n d l e  s t r u c t u r e  i s  e s p e c i a l l y  e v i d e n t  in  th e  p o le  r e g i o n  ( p ) .  The 

m a t e r i a l  I n d i c a t e d  w ith  th e  a rro w  in  F i g u r e s  64 and 65 i s  seen  in  

F ig u r e  66 t o  be a  cu rv ed  f i b r i l .  S t r u c t u r e s  c o r r e s p o n d in g  t o  chromo­

somes a r e  n o t  found  in  any s t a g e  o f  p r e p a r a t i o n  f o r  t h i s  p a r t i c u l a r  

s p i n d l e ,  s u g g e s t i n g  t h a t  t h e  s p i n d l e  was damaged a t  some t im e  d u r in g  

I s o l a t i o n  o r  f i x a t i o n  r a t h e r  th a n  d u r i n g  th e  c o u r s e  o f  a d d i t i o n a l  JEM 

p r e p a r a t i v e  3 t e p s ,  R e f r a c t i l e  m a t e r i a l  a t  th e  p o le  in  F ig u r e  65 

c o r r e s p o n d s  t o  th e  c o n e - l i k e  shape  o f  t h e  s p i n d l e  p o l e ,  where f i b r i l s  

c o n v e rg e  ( F ig u r e  6 6 ) ,  and d e n s i t y  o f  m a t e r i a l  i s  g r e a t e s t .

E a r ly  p ro p h a se  s p i n d l e s ,  a s  s e e n  w i th  JEM ( F i g u r e s  6d , 69, 70 )  a l l



P l a t e

F ig u r e

F ig u r e

F ig u r e

F ig u r e

X X III .  Ih_ me lam og a s  t e r  c h o r io n  in  3EM( exam ple  o f  t e c h n iq u e  o f
s p i n d l e  l o c a l i z a t i o n  and  i d e n t i f i c a t i o n  in  3EM p r e p a r a ­
t i o n s  .

61 . E n t i r e  c h o r io n  o f  m e la n o g a s te r  em bryo, i n c l u d i n g  d o r ­
s a l  c h o r i o n i c  ap p en d ag es  and show ing some c h o r i o n i c  sub ­
s t r u c t u r e  a t  th e  a n t e r i o r  e n d .  (Compare w ith  F ig u r e  1 
f o r  c h o r i o n i c  s t r u c t u r e ) .  Bar i s  100 um, X 325.

64 . H a lf  s p i n d l e ,  In  b u f f e r  a f t e r  f i x a t i o n  and b e fo re  c r i t i c a l
p o i n t  d r y i n g .  The s p i n d l e  p o le  (p )  a p p e a r s  t o  be a  con­
v e rg e n c e  p o i n t  f o r  l i g h t - d e n s e  m a t e r i a l ,  C o v e r s l i p  r e f e r ­
ence  p o i n t s  ( d ,  a r ro w s )  a r e  c l e a r l y  r e c o g n i z a b l e .  Phase 
c o n t r a s t ,  X ? 5 0 .  Bar I s  10 um.

65. H a lf  s p i n d l e ,  s e e n  a l s o  i n  F ig u r e s  64 and 66 , u n d e r  phase  
c o n t r a s t ,  a f t e r  c r i t i c a l  p o in t  d r y i n g .  A h i g h l y  r e f r a c t i l e  
p o le  (p )  I s  v i s i b l e ,  a s  a r e  b i t s  o f  d e b r i s  ( d ) ,  p a r a l l e l  
s c r a t c h e s  on th e  p l a s t i c  c o v e r s l i p  (d o u b le  a r r o w s ) ,  and a
t r a i l i n g  f i b r i l  n e a r  t h e  s p i n d l e  ( s i n g l e  a r r o w ) .  X ?50 .
Bar i s  10 um.

66. H a lf  s p i n d l e  in  SEM. T h i s  i s  th e  same s p i n d l e  s e e n  in
F i g u r e s  64 and 65 and i s  i d e n t i f i a b l e  by i t s  s h a p e ,  th e
t r a i l i n g  f i b r i l  ( s i n g l e  a r r o w ) ,  and i t s  o r i e n t a t i o n  on
th e  c o v e r s l i p  ( n o t  shown In  t h i s  m ic r o g r a p h ) .  X 2600 .
Bar i s  10 p a .

HI.
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have  th e  a p p e a ra n c e  o f  m assed , t a n g le d  f i b r i l s ,  o f t e n  w i th o u t  d i s t i n c t  

f o c a l  p o i n t s  f o r  t h e  f i b r i l s .  In  one o f  th e  s p i n d l e s  shown In  F ig u r e  

68 , two m a jo r  f o c a l  p o i n t s  a r e  a p p a r e n t ,  how ever ( c , c ' J .  As s e e n  In  

h i g h e r  t a a g n l f l c a t l o n  In  F ig u r e  69 no m a jo r  f i b e r s  a r e  e v i d e n t ,  and 

chromosomes a r e  n o t  v i s i b l e  a t  t h i s  s t a g e  u s in g  3EM, F o r  c o m p a r iso n ,  

F ig u r e  67 shows th e  same t h r e e  s p i n d l e s  o f  F ig u r e  68 a f t e r  c r i t i c a l  

p o i n t  d r y i n g ,  p r i o r  t o  m e ta l  c o a t i n g .  T h a t  t h e s e  a r e  t h e  same s p i n d l e s  

i s  a p p a r e n t  from th e  c o r r e s p o n d in g  p a r t i c l e s  and s c r a t c h e s  i n d i c a t e d  

( l ,  2 ,  3 ) .  F ig u re  6? i s  o f  c o u r s e  v iew ed  th ro u g h  a i r ,  so  t h a t  much 

d e t a i l  l a  l o s t ,  bu t th e  l i g h t  m ic ro g ra p h  I s  v a l u a b l e  In  l o c a t i n g  good 

sp ec im e n s  f o r  s u b s e q u e n t  s c a n n in g ,  and  I t  s u g g e s t s  th e  p re s e n c e  o f  

c e n t r i o l e  com plexes  and chromosomes ( c , c ' , c h ) .

In  l a t e  p ro p h a se  s p i n d l e s  such  a s  t h a t  In  F ig u r e  7 1 ,  r e l a t i v e l y  

t h i c k ,  e l o n g a t e  s m o o th - s u r f a c e d  s t r u c t u r e s  a r e  found  In  th e  p o s i t i o n  

e x p e c te d  f o r  chromosomes on th e  b a s i s  o f  phase  c o n t r a s t  o b s e r v a t i o n s  

o f  th e  same p r e p a r a t i o n .  Based upon t h e i r  t h i c k n e s s  r a n g e  ( 0 , 3 - 0 , 9  

pm) and l o c a t i o n  t h e s e  have been  i d e n t i f i e d  a s  chromosomes ( c h ) .  At 

t h i s  s t a g e  th e  number of i n d i v i d u a l  f i b r i l s  seems r a t h e r  s m a l l ,  and 

th e y  a r e  n o t  y e t  o r g a n iz e d  i n t o  a r e c o g n i z a b l e  s p i n d l e  w i th  m a jo r  

f i b e r s  and d i s t i n c t  p o l e s .  A p p a ren t  m u l t i p l e  f o c a l  p o i n t s  f o r  th e  

f i b r i l s  g iv e  a  c r i s s - c r o s s e d  p a t t e r n  t o  th e  s p i n d l e  e n d - r e g i o n  ( a r r o w ) .

M etaphase  s p i n d l e s  in  SJ£M ( n o t  shown h e r e )  a p p e a r  to  be t h i c k  

s t r u c t u r e s  o f  a  c l a s s i c a l  " s p i n d l e "  s h a p e ,  and f i b r i l s  a r e  a l i g n e d  

i n t o  two c o n e - s h a p e d  h a l f  s p i n d l e s .  L i t t l e  s u r f a c e  d e t a i l  can  be s e e n ,  

and chromosomes a r e  e v i d e n t l y  co v e red  by th e  s u r f a c e  f i b r i l s .

S p in d le s  in  F ig u r e s  72 and 73 sure from th e  same l a t e  an ap h a se  

p r e p a r a t i o n .  In  th e  s p i n d l e  In  F ig u r e  72 any chromosomes p r e s e n t  a r e

83.



P l a t e  XXIV. P ro p h ase  s p i n d l e s  In  3EM| and 3EM compared w i th  l i g h t  
m ic ro sc o p y .  A l l  b a r s  a r e  10 um.

F ig u re  67

F ig u re  68

F ig u re  69

F ig u r e  70

Three  e a r l y  p rophase  s p i n d l e s  s e e n  u n d e r  phase  c o n t r a s t  
a f t e r  c r i t i c a l  p o i n t  d r y i n g .  Note landm arks  on c o v e r s l i p  
( p a r t i c l e s  1 , 2 , 3 ) .  In one s p i n d l e  a p p a r e n t  c e n t r i o l e  com­
p l e x e s  ( c , c * )  and chromosomes can  be s e e n ,  even  h e r e  where 
t h e  p r e p a r a t i o n  i s  v iewed  t h r o u g h  a i r .  X 9*t0.

The same t h r e e  e a r l y  p rophase  s p i n d l e s  shown In  F i g u r e  
6? ,  i n  SEM. P a r t i c l e s  ( 1 , 2 , 3 )  *Jid s p i n d l e  s h a p e s  a r e  r e c o g  
n i s a b l e ,  b u t  no e v i d e n c e  o f  chromosomes I s  s e e n ,  and  a t  t h e  
p o s i t i o n  o f  t h e  e x p e c t e d  c e n t r i o l e  complexes  ( c , c ' )  no 
p o l a r  s t r u c t u r e s  a r e  v i s i b l e ,  X litOO,

A h i g h e r  m a g n i f i c a t i o n  view  o f  th e  s p i n d l e  In  F ig u r e s  67 
and 68 In  which p re su m p tiv e  c e n t r i o l e  com plexes  were 
I n d i c a t e d .  Even a t  t h i s  m a g n i f i c a t i o n  no r e c o g n i z a b l e  
s t r u c t u r e  a r e  s e e n  a t  th o s e  l o c a t i o n s .  X 7000. SEM

Two p ro p h a se  s p i n d l e s ,  th e  u p p e r  one f o ld e d  o v e r  on i t ­
s e l f .  As w ith  o t h e r  p ro p h ase  s p i n d l e s ,  t h e s e  a p p e a r  t o  be 
m asses o f  f i b r i l s ,  w i th  no r e c o g n i z a b l e  s u b s t r u c t u r e .
3EM, X 2550.
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P l a t e  XXV. P ro p h ase  and a n a p h a se  s p i n d l e s  In  SEM,

F ig u re

F i g u r e

71. L a te  p ro p h a se  s p i n d l e ,  showing chromosomes ( c h )  a s  smooth 
s t r u c t u r e s  0 , 1 - 0 . ^  urn In  d i a m e t e r .  Towards s p i n d l e  p o le s  
c r o s s e d  f i b r i l s  a r e  s e e n  ( a r r o w ) .  3EM, X 6250,

72 ,  L a te  a n ap h a se  s p i n d l e ,  somewhat f l a t t e n e d  on t h e  c o v e r -  
s l i p .  A s m a l l  number o f  f i b r i l  b u n d le s  a r e  s e e n  In  th e  
i n t e r z o n e  ( i f ,  i n t e r z o n a l  f i b e r s ) ,  3EM, X 5 0 0 ° .
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p r o b a b ly  b u r l e d  w i t h i n  th e  f i b r i l  b u n d le s .  T i l ls  p a r t i c u l a r  s p i n d l e  

seem s t o  have f l a t t e n e d  a g a i n s t  th e  c o v e r s l i p ,  b u t  i n d i c a t i o n s  o f  a  

s m a l l  number o f  m a jo r  f i b e r s  can  s t i l l  be s e e n  in  th e  l n t e r a o n e  ( i f ) .

In  th e  s p i n d l e  In  F ig u r e  73 th e  p o l e s  a r e  w e l l  d e f i n e d  by c o n v e rg en c e  

o f  f i b r i l s ,  and th e  a l d r e g i o n  o f  th e  s p i n d l e  I s  composed o f  a  r e l a ­

t i v e l y  s m a l l  number o f  i n t e r z o n a l  f i b e r s ,  e ac h  c o n s i s t i n g  o f  s m a l l e r  

f i b r i l s .  The c e n t r a l  f i b e r  ( f )  i s  t h i c k e r  thajn t h e  o t h e r s ,  a b o u t  

0 . 7  urn i n  d i a m e t e r ,  w i th  com ponent f i b r i l s  In  th e  0 .1  -  0 .2  um r a n g e .  

A p p a ren t  a s t r a l  f i b e r s  co n v erg e  to  a  s e r i e s  o f  p o i n t s  a t  t h e  u p p e r  p o le  

( a f ) ,  w h i le  a d d i t i o n a l  a s t r a l  m a t e r i a l  seems skewed in  th e  o p p o s i t e  

d i r e c t i o n  a t  th e  lo w er  p o le .

The lo w er  p o l a r  r e g io n  I s  s e e n  i n  g r e a t e r  d e t a i l  in  F ig u re  7b-. 

Chromosomes a rm s ,  w h i le  b u r ie d  u n d e r  f i b r i l s  f o r  much o f t h e i r  l e n g t h ,  

c an  be s e e n  p r o t r u d i n g  from  th e  s p i n d l e  ( c h ) .  They a r e  o f  a  d i f f e r e n t  

t e x t u r e  and t h i c k n e s s  th a n  th e  f i b r i l s ,  m easu r in g  a b o u t  G .b um a c r o s s ,

A p o ly g o n a l  s t r u c t u r e  ( c c )  i s  p r e s e n t  a t  th e  p o s i t i o n  e x p e c te d  f o r  th e  

c e n t r l o l e ,  a d j a c e n t  t o  th e  f i b r i l  c o n v e rg en c e  p o i n t .  I t  a p p e a r s  to  

have a  c e n t r a l  body surrounded  by a  r i n g  o f  m a t e r i a l  w hich i t s e l f  h a s  

r e g u l a r  s u b s t r u c t u r e ,  w ith  s e v e r a l  v e ry  t h i n  f i b r i l s  l e a v i n g  th e  o u t e r  

edge  o f  th e  r i n g  a t  p o in t  p. The d i a m e t e r  o f  t h e  whole s t r u c t u r e ,  

i n c l u d i n g  s u r r o u n d in g  r i n g ,  I s  a p p r o x im a te ly  0 .7  um, and i t s  a t t a c h m e n t  

t o  th e  r e s t  o f  t h e  s p i n d l e  a p p e a r s  r a t h e r  te n u o u s .  A t ta c h e d  t o  t h i s  

s t r u c t u r e  i s  a  s m a l l e r  s t r u c t u r e  a b o u t  t h e  same s i z e  a s  t h e  i n n e r  d iam ­

e t e r  o f  t h e  " s u r r o u n d in g  r i n g ” d e s c r i b e d  above ( a r r o w ) .  From I t s  

p o s i t i o n  and s i z e  t h e  l a r g e r  p o ly g o n a l  s t r u c t u r e  h a s  been te rm ed  a 

c e n t r l o l e  com plex ( c c ) ,  and th e  s m a l l e r  a t t a c h e d  body i s  In  th e  c o r r e c t  

p o s i t i o n  t o  be a  d a u g h te r  c e n t r l o l e .



P l a t e  XXVI . Anaphase s p i n d l e s  In  SEM,

F ig u r e  73

Figure 7*4.

F ig u re  7 *i

A l a t e  a n a p h a se  s p i n d l e  from  th e  3ame p r e p a r a t i o n  a s  F ig u r e  
72 ,  A s m a l l  number o f  I n t e r z o n a l  f i b e r s  ( I f )  a r e  composed 
o f  t h i n n e r  f i b r i l s ,  and some a s t r a l  f i b r i l s  ( a f ) a r e  v i s i b l e  
a t  t h e  u p p e r  p o le .  SEM, X 5000, I n s e t  1 The same s p i n d l e  in  
p hase  c o n t r a s t  a f t e r  c r i t i c a l  p o i n t  d r y i n g .  H igh ly  r e f r a c -  
t i l e  a r e a s  c o r r e s p o n d  to  r e g i o n s  w ith  g r e a t e s t  d e n s i t y .
X 9*40.

H ig h e r  m a g n i f i c a t i o n  v iew  o f  th e  lo w er p o l a r  r e g i o n  o f  th e  
s p i n d l e  shown in  F ig u r e  73 . Chromosome arms ( c h )  a r e  
v i s i b l e ,  a s  i s  a  c e n t r l o l e  com plex  ( c c ) ,  from  one p o i n t  o f  
w hich ( p )  t h r e e  s m a l l  d i a m e t e r  f i b r i l s  d i v e r g e ,  A p o s s i b l e  
d a u g h t e r  c e n t r l o l e  i s  a l s o  i n d i c a t e d  ( a r r o w ) .  SEM, X 1 0 ,0 0 0 .

H ig h ly  f l a t t e n e d  l a t e  an ap h ase  s p i n d l e ,  w i th  t r a i l i n g  arm s 
o f  X chromosomes (X) l i k e  th o s e  In  F ig u r e  9 6 . B a c t e r i a l  
c o n ta m in a t i o n  ( b e ) was p r e s e n t  In  t h i s  p r e p a r a t i o n .  SEM,
X 6900.

69.
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For p u rp o s e s  o f  c o m p ar iso n  t h i s  same s p i n d l e  I s  shown In  th e  I n s e t  

In  F ig u re  73 a s  I t  a p p e a re d  u n d e r  phase  c o n t r a s t  a f t e r  c r i t i c a l  p o i n t  

d r y i n g ,  b e f o r e  m e ta l  c o a t i n g .  The two h i g h l y  r e f r a c t l i e  a r e a s  in  th e  

i n s e t  c o r r e s p o n d  t o  p o l a r  r e g i o n s  o f  g r e a t e s t  d e n s i t y  In  F ig u r e  73.

The v e r y  much f l a t t e n e d  an ap h a se  s p i n d l e  i n  F i g u r e  75* a l t h o u g h  

f rom a  c o n t a m i n a t e d  p r e p a r a t i o n ,  dem oiB t ra te s  t h e  t r a i l i n g  X chromo­

some arms which were d e s c r i b e d  In  phase  c o n t r a s t  ( s e e  F ig u r e  ^ 6 ) .  The 

arms (X) a r e  o p p o s i t e  e a c h  o t h e r  on t h e  s p i n d l e .  These  chromosome arms 

a r e  a b o u t  0 . 3  um w ide ,  and  t h e y  a p p e a r  t o  e x t e n d  from th e  p o l a r  chroma­

t i n  mass I n t o  t h e  i n t e r z o n e .

In t h e  t e l o p h a s e  s p i n d l e  ( F i g u r e  7 6 ) ,  r e c o n s t i t u t i n g  d a u g h t e r  

n u c l e i  (N) a r e  s e e n  a t  o p p o s i t e  e n d s  of  th e  s p i n d l e ,  which now con ­

s i s t s  e n t i r e l y  o f  non-chromosomal f i b r i l s  massed t o g e t h e r  i n t o  a  compact 

i n t e r z o n a l  b und le  a b o u t  0 . 9  um wide a t  i t s  m i d r e g i o n .  T h i s  e n t i r e  s p i n ­

d l e  i s  a b o u t  1 6 .8  um i n  l e n g t h .  The whole s t r u c t u r e  seems t w i s t e d ,  a s  

i f  one end o f  the  s p i n d l e  h a s  been r o t a t e d  w i th  r e s p e c t  t o  t h e  o t h e r .

An i n d i v i d u a l  f i b r i l  ( f )  can  be seen  f o l l o w i n g  a  r o u t e  c o r r e s p o n d i n g  to  

s u ch  a  t w i s t .  On t h e  s u r f a c e  o f  t h e  d a u g h t e r  n u c l e u s  a t  th e  l e f t  i n  

F i g u r e  76 ,  and s e e n  a t  h i g h e r  m a g n l f i c a t i o n  in  F i g u r e  77 ,  t h e r e  a r e  a  

number o f  r i n g - l i k e  f e a t u r e s  v i s i b l e  ( r g ) ,  which measure ab o u t  0 . 2 5  -  

0 . 3  um In  d i a m e t e r .  S t r u c t u r e s  which m igh t  c o r r e s p o n d  t o  c e n t r l o l e  

com plexes  have  n o t  been s ee n  a t  t h i s  s t a g e .  The amorphous m a t e r i a l  

a d h e r i n g  t o  t h e  f i b r i l s  i n  t h e  midd le  o f  t h e  i n t e r z o n e  m igh t  c o r r e s p o n d  

t o  t h e  midbody which i s  s ee n  a t  t h i s  s t a g e  u n d e r  phase  c o n t r a s t ,

TEW of TPM I s o l a t e d  s p i n d l e s

I s o l a t e d  s p i n d l e s  f i x e d  in  t h e  same way a s  th e  iEM p r e p a r a t i o n s ,  

b u t  d e h y d r a t e d  and embedded i n  Epon, were t h i n  s e c t i o n e d  in  o r d e r  t o
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XXVII, T e lo p h a se  s p i n d l e  In  3EM| T P M -iso la te d  n u c le u s  and t e l o ­
phase  s p i n d l e  In  TEM.

76 . T e lo p h a se  s p i n d l e  w i th  cu rved  s t r u c t u r e .  The i n t e r z o n a l  
f i b r i l  bund le  seems t w i s t e d ,  a s  d o e s  t h e  p a th  o f  f i b r i l  
( f ) .  R e c o n s t i t u t i n g  d a u g h te r  n u c l e i  (N) a r e  seen  a t  s p i n ­
d l e  e x t r e m i t i e s .  SEM, X 625O.

77 . H ig h e r  m a g n i f i c a t i o n  v iew  o f  one o f  th e  d a u g h t e r  n u c l e i  
i n  t h e  t e l o p h a s e  s p i n d l e  In  F ig u r e  76 . R i n g - l i k e  s u r f a c e  
f e a t u r e s  ( r g )  a r e  v i s i b l e  h e r e .  SEM, X 1 1 ,8 0 0 .

7d . N ucleus  (N) I s o l a t e d  in  TPM. C hrom atin  ( c h )  re m a in s
a t t a c h e d  t o  t h e  i n n e r  s u r f a c e  o f  t h e  d i s r u p t e d  n u c l e a r  
m em branes, and some m a t e r i a l  a d h e r e s  t o  o u t e r  membrane 
re m n a n ts  a s  w e l l .  TEM, X 1 9 ,8 5 0 .

79 .  L a te  a n a p h a se  o r  e a r l y  t e l o p h a s e  s p i n d l e  w i th  one l a r g e
midbody (mb) and  a  t r a i l i n g  chromosome arm ( c h ) .  P o la r  
c h ro m a t in  1b c o n d e n s in g  i n t o  d a u g h t e r  n u c l e i  (N ). TEM,
X 1 7 ,1 0 0 .





v e r i f y  th e  p r e s e n c e  o r  a b se n c e  o f  some o f  th e  s t r u c t u r e s  w hich , a l th o u g h  

c l e a r l y  p r e s e n t  in  s p i n d l e s  v iew ed u n d e r  phase  c o n t r a s t ,  were n o t  found  

u s i n *  SEM (m id b o d ie s ,  f o r  e x a m p le ) .  In  a d d i t i o n ,  i t  was d e s i r a b l e  t o  

know how much s t r u c t u r a l  d i s r u p t i o n  was cau se d  by th e  d e t e r g e n t  ( T r i t o n  

X-100) p r e s e n t  in  t h e  i s o l a t i o n  medium,

A n u c le u s  I s o l a t e d  in  TPM i s  shown i n  F ig u r e  78 ,  Enough m a t e r i a l  

r e m a in s  t o  g i v e  th e  im p r e s s io n  o f  a  n u c l e a r  b o u n d a ry ,  a l th o u g h  th e  

m a t e r i a l  r e s p o n s i b l e  f o r  t h a t  a p p e a ra n c e  seems to  be m a in ly  c h r o m a t in ,  

a t t a c h e d  t o  re m n a n ts  o f  th e  i n n e r  n u c l e a r  membrane. D i s c o n t i n u i t i e s  

in  th e  m a t e r i a l  do e x i s t ,  and c e r t a i n l y  th e  i n s i d e  o f  t h e  n u c le u s  lo o k s  

"empty*’. A few t r a c e s  o f  t h e  o u t e r  n u c l e a r  e n v e lo p e  can  be s e e n ,  

a l t h o u g h  i t s  a b s o l u t e  i d e n t l f i c a t l o n  would be d i f f i c u l t ,

A p r e p a r a t i o n  o f  s p i n d l e s  in  l a t e  a n a p h a se  -  e a r l y  t e l o p h a s e  was 

ch o sen  f o r  more i n t e n s i v e  s t u d y .  F ig u r e  79 shows su ch  a  s p i n d l e  in  

l o n g i t u d i n a l  s e c t i o n ,  A lo n g  chromosome arm (c h )  t r a i l s  th e  r e s t  o f  

th e  c h r o m a t in ,  which i s  c o n d e n s in g  i n t o  a  d a u g h te r  n u c le u s  (N) a t  th e  

u p p e r  p o le  In  t h i s  m ic ro g ra p h .  A midbody (mb) i s  s e e n  in  th e  s p i n d l e  

I n t e r z o n e ,  The e l e c t r o n - d e n s e  m a t e r i a l  which makes up th e  midbody 

m a t r ix  I s  c l e a r l y  d i f f e r e n t  from  th e  a p p e a ra n c e  o f  c h ro m a t in ,  when 

midbody and t r a i l i n g  arm a r e  com pared . In  F ig u r e  80 th e  same mid body 

( f ro m  a  s e c t i o n  a t  m ost 8 s e c t i o n s  removed from  th e  one shown In  F ig u r e  

7 9 )  i s  s e e n  a t  h i g h e r  m a g n i f i c a t i o n ,  M ic r o tu b u le a  a p p e a r  t o  e n t e r  from  

b o th  s i d e s  o f  th e  m idbody, i n d i c a t i n g  t h a t  m ic r o tu b u le s  from  th e  two 

h a l f  s p i n d l e s  m igh t o v e r l a p  w i t h i n  th e  m idbody. While a  r e g u l a r l y  

r e p e a t i n g  p a t t e r n  i s  s e e n  in  some p a r t s  o f  t h e  midbody m a t e r i a l  b e t ­

ween two m ic r o tu b u le s  ( a r r o w s ) ,  d i s t i n c t  c r o s a b r i d g e s  betw een a d j a c e n t  

m ic r o tu b u le s  have n o t  been d e m o n s t r a t e d ,  Hlbosomes a b o u t  18 nm i n



P l a t e  XXV I I I .  T e lo p h a se  s p i n d l e s  In  TEM.

F ig u re  BO. L a te  a n a p h a se  o r  e a r l y  t e l o p h a s e  s p i n d l e  a id b o d y ,  w i th  
m ic r o tu b u le s  e n t e r i n g  f r o a  b o th  s i d e s .  Some a id b o d y  
m a t e r i a l  i s  a r r a n g e d  in  a  r e g u l a r l y  r e p e a t i n g  p a t t e r n  
( a r r o w s ) .  Numerous r ib o so m e s  ( r )  a d h e re  t o  th e  m ic ro ­
t u b u l e s .  TEM, X 7 4 ,8 0 0 .  Bar i s  100 na .

F ig u r e  81 , The same s p i n d l e .  A g r a t i n g  s e c t i o n  o f  th e  midbody o r 
mid b o d ie s  (mb). A r e c o n s t i t u t i n g  n u c le u s  (N) i s  s e e n  
a t  th e  u p p e r  p o le .  TEM, X 2 0 , ^OO.
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d ia m e te r  a r e  w id e ly  p r e s e n t  in  t h e s e  i s o l a t e d  p r e p a r a t i o n s  ( r ) ,  and 

th e y  l i n e  th e  s u r f a c e  o f  th e  p o l y l y s i n e - c o a t e d  c o v e r s l i p .

In  a  g r a z i n g  s e c t i o n  th ro u g h  th e  i n t e r z o n e  o f  th e  san e  s p i n d l e ,  

t h r e e  m id b o d ie s  and p a r t  o f  a  f o u r t h  a r e  s e e n  (mb, F ig u r e  8 1 ) .  Such 

an image c o u ld  o c c u r  i f  t h e  f o u r  anap h ase  m id b o d ie s  ( F ig u r e  46) had 

c o a le s c e d  l a t e r a l l y ,  fo rm ing  one l a r g e r  t e l o p h a s e  midbody ( s e e  f o r  

exam ple F ig u r e  5 1 ) ,  which s t i l l  r e t a i n s  some s t r u c t u r a l  e v id e n c e  o f  

i t s  o r i g i n ,  The p la n e  o f  t h i s  s e c t i o n  h a s  e v i d e n t l y  c a u g h t  th e  e d g e s  of 

th e  c o a le s c e d  m id b o d ie s .  These ( t h r e e  o r  f o u r )  m id b o d ie s  a r e  e ach  con ­

s i d e r a b l y  s m a l l e r  th a n  th e  one shown in  p a r t i a l  s e c t i o n  in  F ig u r e s  79 

and 80,

A c r o s s  s e c t i o n  th ro u g h  a  r e c o n s t i t u t i n g  n u c l e u s  in  a  t e lo p h a s e  

s p i n d l e  r e v e a l s  many m ic r o tu b u le s  ( ra t) in  I n t i m a te  a s s o c i a t i o n  w ith  

c h ro m a t in  ( F ig u r e  8 2 ) .  C le a r  zo n es  a ro u n d  th e  m ic r o tu b u le s  a re  n o t  

e v id e n t  h e r e .  The p re s e n c e  o f  th e s e  m ic r o tu b u le s  w i th in  th e  r e c o n s t i ­

t u t i n g  n u c le u s  a c c o u n t s  f o r  th e  3f£M image o f  n u c l e i  a t  ex tre m e  e n d s  o f  

t e l o p h a s e  s p i n d l e s  ( F ig u re  7 6 ) .  A p p a re n t ly  th e  n u c l e i  a r e  h e ld  o n to  

s p i n d l e s  by t h e s e  m i c r o tu b u le s ,  which may f u n c t i o n  in th e  movement o f  

n u c l e i  t o  s p i n d l e  e x t r e m i t i e s .

L o n g i tu d in a l  s e c t i o n s  th ro u g h  l a t e  a n ap h a se  s p i n d l e s  a r e  s e e n  in  

F ig u r e s  8") and 84, The chromosomes s ee n  in  F ig u r e  84 a r e  s u r ro u n d e d  

by d e n s e ly  packed m i c r o t u b u l e s ,  which would o b s c u re  them from view  in  

a  33M m ic ro g ra p h  o f  t h i s  s t a g e ,  F ig u re  83 i s  u n u su a l  in  t h a t  i t  shows 

a  p ro b a b le  k in e to c h o r e  in  an i s o l a t e d  s p i n d l e .  The k in e to c h o r e  (k )  

h e lp s  t o  i d e n t i f y  t h i s  s t a g e  a s  a n a p h a s e ,  s in c e  chromosomal m ic ro ­

t u b u l e s  can  be s ee n  betw een  chromosome and p o le .  M ic r o tu b u le s  c o n n e c t  

d i r e c t l y  t o  th e  o u t e r  p o r t i o n  o f  th e  k i n e t o c h o r e ,  which i s  a t t a c h e d  to  

i t s  i n n e r  p o r t i o n  by f i n e  f i b r o u s  m a t e r i a l  ( a r r o w ) .  C e n t r l o l e  com plexes



were n o t  a een  In i s o l a t e d  s p i n d l e s  in  TEM,

9a.
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XXTX, R e c o n s t i t u t i n g  n u c le u s  In  a  t e l o p h a s e  s p i n d l e )  l o n g i ­
t u d i n a l  s e c t i o n s  from  l a t e  a n a p h a se  s p i n d l e s .

8 2 ,  G ross s e c t i o n  th ro u g h  a  r e c o n s t i t u t i n g  n u c le u s  In  t e l o ­
phase  s p i n d l e .  M ic r o tu b u le s  (m t)  a p p e a r  embedded in  
c h r o m a t in ,  TEM, X 6 8 ,2 0 0 .

8 3 , K in e to c h o re  i n  a  T P M -Iso la te d  l a t e  an ap h a se  s p i n d l e .  
F ib r o u s  m a t e r i a l  ( a r ro w )  c o n n e c t s  th e  o u t e r  p o r t i o n  o f  
th e  k i n e to c h o r e  w i th  t h e  r e s t  o f  th e  chromosome. TEM,
X 7 4 ,8 0 0 ,  Bar i3  100 nm,

84, Chromosome arms ( c h ) In  l a t e  a n ap h a se  s p i n d l e  s u r ro u n d e d  
by many m i c r o t u b u l e s ,  c l o s e l y  p ack ed , TEH, X 2 9 ,7 0 0 .





IV. D i s c u s s io n  

A. M i t o s i s  i n  s i t u

D uring  m i t o s i s  in  m e la n o g a s te r  em bryos in  th e  b la s t e m a  d i v i s i o n s ,  

th e  s p i n d l e  i s  s u r ro u n d e d  by m u l t i p l e  l a y e r s  ( o f t e n  2 o r  3 J o f  membranes, 

e ach  l a y e r  a p p a r e n t l y  b e in g  composed o f  two u n i t  membranes ( f o r  exam ple , 

F i g u r e s  lb- ( i n s e t ) ,  20 , 2 7 ) .  " I n t r a n u c l e a r ” s p i n d l e s  were d e s c r i b e d  by 

Metz (1 9 2 6 )  in  D r o s o p h i l a  s p e r m a to c y te s  d u r in g  p ro p h a se  and m e taphase  

o f  m e l o s l s ,  and l a t e r  I t o  ( i 9 6 0 ) showed w ith  e l e c t r o n  m ic ro sco p y  th e  

p r e s e n c e  o f  2 -  7 l a y e r s  o f  p a i r e d  u n i t  membranes s u r r o u n d in g  th e  

n u c l e a r  r e g i o n s  th r o u g h o u t  a l l  me1o t i c  s t a g e s  in  s p e r m a to c y te s  o f  D. 

v l r l l l s .

I n t r a n u c l e a r  s p i n d l e s  a r e  common in  many p r o t i s t a  and f u n g i  ( f o r  a  

re v ie w  s e e  K ubal,  197*)). In  th e  i n s e c t s  i n t r a n u c l e a r  m i c r o tu b u le s  

have been  d e s c r i b e d  In  c r a n e  f l y  s p e r m a to c y te s  (Behnke and  F o r e r ,  1966) 

and in  d ro n e  honey  bee s p e r m a to c y te s  (Hoage and K e s s e l ,  1 9 6 8 ) .

In D*. m e la n o g a s te r  em bryos th e  n u c l e a r  membranes a ro u n d  I n t e r p h a s e  

n u c l e i  do n o t  lo o k  l i k e  norm al n u c l e a r  e n v e lo p e s .  In  c o n t r a s t  to  

t y p i c a l  n u c l e a r  e n v e lo p e s  ( F i g u r e s  12 and 13) t h e s e  n u c l e a r  membranes, 

shown in  F i g u r e s  9 -  11, l a c k  o b v io u s  p o re  com plexes  and show g a p s  of 

v a r i o u s  s i z e s .  Indeed  t h e  p o s s i b l e  rem n an ts  o f  po re  com plexes  i n d i c a t e d  

in  F ig u r e  10 lo o k  much l i k e  t h e  a r e a s  s u g g e s t i v e  o f  pore  com plexes  i n  

a n a p h a se  s p i n d l e - d e l i m i t i n g  membranes ( F ig u r e  2 2 ) .  The s i m i l a r  a p p e a r ­

a n c e ,  w i th  r e s p e c t  t o  t h e s e  a r e a s ,  o f  th e  membranes in  i n t e r p h a s e  and 

a n a p h a se  em bryos s u g g e s t s  t h a t  p e rh a p s  a l l  membranes s u r r o u n d in g  n u c l e i  

and s p i n d l e s  a r e  c l o s e l y  r e l a t e d  t o  e ach  o t h e r  and  a r e  p ro b a b ly  n o t  

t r u e  n u c l e a r  e n v e lo p e s .  F u r t h e r  s u p p o r t  f o r  t h i s  s u g g e s t i o n  i s  s e e n  In  

F i g u r e s  26 and 27 in  em bryos f i x e d  in  t h e  p re s e n c e  o f h e p ta n e .  H ere ,



a l s o ,  ( F ig u r e  26) th e  n u c l e a r  membranes do n o t  a p p e a r  t o  be t y p i c a l  

n u c l e a r  e n v e lo p e s ,  and membranes a ro u n d  th e  a n a p h a se  s p i n d l e  ( F i g ­

u re  2 7 )  and th e  I n t e r p h a s e  n u c le u s  ( F ig u r e  2 6 )  have  a  s i m i l a r  mor­

ph o lo g y ,

Tlie p re s e n c e  o f  l a y e r e d  membranes a ro u n d  th e  s p i n d l e  may be 

r e l a t e d  t o  sy n ch ro n y  o f  d i v i s i o n  i n  t h i s  s y n c y t i a l  embryo. Many 

ex am p les  have  been r e p o r t e d  in  which c e l l s  w hich s h a r e  common c y t o ­

plasm o r  a r e  i n t e r c o n n e c t e d  by c y to p la s m ic  b r i d g e s  d i v i d e  s y n c h r o ­

n o u s ly *  m e la n o g a s te r  e y s t o c y t e s  (Kinderm an and King, 1 9 7 3 ) ,  D. 

v l r l l l s  s p e r m a to c y te s  ( i t o ,  I 9 6 0 ) ,  d ro n e  honey bee s p e r m a to c y te s  

(Hoage and K e s s e l ,  1 9 6 8 ) ,  r a b b i t  o o c y te s  (2am boni and CJondos, 1 9 6 8 ) ,  

and in  s p e r m a t i d s  o f  s e m i n i f e r o u s  t u b u l e s  ( F a w c e t t ,  1 9 6 1 ) .  In many o f  

t h e s e  c a s e s  m i t o s i s  i s  a l s o  " i n t r a n u c l e a r " ,  so  t h a t  i n t r a c e l l u l a r  co n ­

t a c t  and th e  o c c u r r e n c e  o f  i n t r a n u c l e a r  s p i n d l e s  may be r e l a t e d  to  e a c h  

o t h e r  and  t o  th e  phenomenon o f  s y n c h ro n o u s  d i v i s i o n .  The s i t u a t i o n  in  

th e  g i a n t  amoeba Pelomyxa C a r o l i n e n s l s  (Hoth and D a n ie l s ,  1962) i s  

s i m i l a r  t o  t h a t  in  m e la n o g a s te r  embryos* s y n c h r o n o u s ly  d i v i d i n g  

n u c l e i  In  a  sy n cy t iu m  a r e  su r ro u n d e d  by d i s c o n t i n u o u s  membranes ( d e s ­

c r i b e d  a s  re m n a n ts  o f  n u c l e a r  e n v e lo p e )  th r o u g h o u t  m i t o s i s .  However, 

o n ly  one s e t  o f  p a i r e d  ( u n i t )  membranes i s  v i s i b l e  in  t h e  g i a n t  amoeba.

Membrane a r r a n g e m e n ts  s i m i l a r  t o  t h a t  shown h e re  f o r  m e la n o g a s te r  

have been d e s c r i b e d  s u r r o u n d in g  th e  s p i n d l e s  o f  c e r t a i n  o t h e r  s p e c i e s .

In  none o f  t h e s e  c a s e s  a r e  t y p i c a l  n u c l e a r  e n v e l o p e s  p r e s e n t *  t h u s ,  t h e  

t e rm  " I n t r a n u c l e a r "  d i v i s i o n  i s  m i s l e a d i n g .  A g e n e r a l  te rm  which c o u ld  

be a p p l i e d  t o  membranes a ro u n d  s p i n d l e s  i n  a l l  c a s e s  m igh t  s i m p l y  be 

" s p i n d l e - d e l i m i t i n g  m e m b ra n es . " T h i s  te rm  I s  b road  enough t o  i n c l u d e  

a l l  t h e  d i f f e r e n t  fo rm s  and a r r a n g e m e n t s  which 3uch memoranes might t a k e
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y e t  c l e a r l y  d e s c r i b e s  t h e i r  l o c a t i o n .  I t o  r e f e r r e d  t o  memhranes a ro u n d  

D r o s o p h i la  s p e r m a to c y te  s p i n d l e s  a s  " p a r a f u s o r l a l  l a m e l l a e " ( I 9 6 0 ) ,  bu t 

th e  te rm  " s p i n d l e - d e l i m i t i n g  membranes'* I s  more g e n e r a l  and  t h e r e f o r e  

more w id e ly  a p p l i c a b l e .  The p o s s i b i l i t y  t h a t  th e  s p i n d l e - d e l i m i t i n g  mem­

b ra n e s  s e e n  in  m e la n o g a s te r  embryos a r e  a l l  m o d if ie d  n u c l e a r  e n v e lo p e s  

c a n n o t  be e l i m i n a t e d ,

G p i n d l e - d e l l m i t i n g  membranes c o u ld  s e r v e  a s  a  p a r t i a l  b a r r i e r  b e t ­

ween th e  s p i n d l e  r e g i o n  and th e  r e s t  o f  t h e  c y to p la sm .  r e p a r a t i o n  o f  

th e s e  a r e a s  I s  c e r t a i n l y  n o t  c o m p le te ,  s i n c e  l a r g e  g a p s  a r e  p r e s e n t  in  

th e  membranes, and m ic r o tu b u le s  a r e  found  im m e d ia te ly  o u t s i d e  and b e t ­

ween l a y e r s  o f  th e  s p i n d l e - d e l i m i t i n g  membranes ( F ig u r e s  17,  22, 2 b ) ,  

S i m i l a r l y ,  m ic r o tu b u le s  a r e  found  o u t s i d e  th e  s p i n d l e  d u r in g  prophaae  

and t e l o p h a s e  in  c r a n e  f l y  s p e r m a to c y te s  (oehnke and K o re r ,  1 9 6 b ) ,  

s u g g e s t i n g  t h a t  e x t r a - s p i n d l e  m ic r o tu b u le s  may be a  f e a t u r e  o f  i n s e c t  

d i v i s i o n s ,  I t o  ( i 9 6 0 )  d id  n o t  s e e  any m ic r o tu b u le s  in  D r o s o p h i la  s p e r m a t ­

o c y te s  a f t e r  f i x a t i o n  In  OsO^, fo l lo w e d  by d e h y d r a t i o n  in  a l c o h o l s  a t  

a b o u t  b °  C, I t  i s  n o t  l i k e l y  t h a t  m ic r o tu b u le s  o u t s i d e  th e  s p i n d l e - d e ­

l i m i t i n g  membranes a r e  a s t r a l  m ic r o t u b u l e s ,  s i n c e  th e y  have  been s e e n  

h e re  in  p r o p h a s e , when a s t e r s  a r e  n o t  p ro m in en t  ( H u e t t n e r ,  1933) .  a s  

w e l l  a s  in  a n a p h a s e .

A l i k e l y  f u n c t i o n  f o r  s p i n d l e - d e l i m i t i n g  membranes i s  in  c o n t r o l  of 

Ca l e v e l  in  t h a t  r e g io n  o f  th e  c y to p la sm ,  H e ise n b e rg  (1972) 3howed 

t h a t  m ic r o tu b u le s  can  p o ly m e r is e  from  t u b u l i n  i n  v l t r o  in  th e  a b se n c e  o f

c a lc iu m ,  and t h a t  t h i s  p o l y m e r i s a t i o n  i s  p r e v e n te d  by Ga c o n c e n t r a t i o n s

—6 ++o f  b x 10 M o r  g r e a t e r .  Thus Ga l e v e l s  in  th e  s p i n d l e  r e g io n  may

be c r i t i c a l  to  th a  fo r m a t io n  o f  s p i n d l e  m i c r o t u b u l e s .  The membranes 

d e s c r i b e d  h e re  may e s t a b l i s h  a r e a s  in  th e  c y to p la sm  in  which d i f f e r e n t



Ca l e v e l s  o b t a i n ,  th e r e b y  e s t a b l i s h i n g  c o n d i t i o n s  f o r  m ic r o tu b u le  

a s se m b ly  w i th in  th e  s p i n d l e  (low  Ca c o n c e n t r a t i o n ) and  p r e v e n t in g  

p o l y m e r i z a t io n  o f  m ic r o t u b u l e s  o u t s i d e  th e  r e g i o n  d e l i m i t e d  by t h e s e  

membranes (Ca"*"* c o n c e n t r a t i o n s  g r e a t e r  th a n  6 x 1U ^ M), The mem­

b ra n e s  may a c t  l i k e  th e  s a r c o p la s m ic  r e t i c u l u m  o f  s k e l e t a l  m u sc le ,  

w hich can  a c c u m u la te ,  s t o r e  and r e l e a s e  c a lc iu m  (E b a sh i  and Endo, 1 9 6 8 ) .

A r o l e  f o r  c a lc iu m  io n s  in  s p i n d l e  and c y to p la s m ic  m ic r o tu b u le  

a s s e m b ly  in  v iv o  i s  s u g g e s te d  by th e  r e c e n t  work o f  s e v e r a l  d i f f e r e n t  

i n v e s t i g a t o r s .  K ie h a r t  and Inoue (1 9 7 6 )  show t h a t  Ca m i c r o i n j e c t i o n

i n t o  d i v i d i n g  e ch in o d e rm  e g g s  c a u s e s  s p i n d l e  b i r e f r i n g e n c e  t o  d i s a p p e a r  

from a  r e g io n  a p p r o x im a te ly  e q u a l  in  s i z e  t o  th e  i n j e c t e d  d ro p  o f  1 ,0  

mM CaCl , The e f f e c t  i s  r e v e r s i b l e ,  a f t e r  which th e  c e l l  can  c o m p le te  

a n a p h a s e . Loss o f  b i r e f r i n g e n c e  i s  s e e n  o n ly  when CaCl^ i s  i n j e c t e d  

d i r e c t l y  on th e  s p i n d l e i  c o n c e n t r a t i o n s  up to  10 mM a r e  i n e f f e c t i v e  when 

i n j e c t e d  s e v e r a l  m ic ro m e te r s  away from  th e  s p i n d l e ,  s u g g e s t i n g  t h a t  th e  

c e l l  must r a p i d l y  s e q u e s t e r  Ca , U sing th e  c a lc iu m  io n o p h o re  A 23187 

to  i n c r e a s e  th e  i n t r a c e l l u l a r  l e v e l  o f  Ca , J c h l iw a  11976,) showed 

r e v e r s i b l e  r e t r a c t i o n  and r e - e x t e n s i o n  o f  A c t in o s p h a e r lu m  a x o p o d ia .  

A xopodia  s h o r t e n e d  when e x t r a c e l l u l a r  Ca c o n c e n t r a t i o n s  were r a i s e d  

t o  0 ,0 1  mM o r  h i g h e r .  F u l l e r ,  A r tu s  and E l l i s o n  (1 9 7 6 )  d e s c r i b e  th e  

d e p o ly m e r i z a t io n  o f  th e  c y to p la s m ic  m ic r o tu b u le  com plex (CMTC) by 

i n c r e a s i n g  i n t r a c e l l u l a r  Ca l e v e l s  w ith  A 23187 , an e f f e c t  which i s  

a l s o  r e v e r s i b l e ,  A r o l e  was s u g g e s te d  f o r  Ca"*"*" r e g u l a t i o n  in  human 

g r a n u lo c y te  c h e m o ta x is  ( C a l l  i n  and H o s e n th a l ,  1976). The c h e m o ta c t i c  

f a c t o r  C5a ( th e  f i f t h  com ponent of com plem en t) a p p e a r s  t o  in d u ce  i n t r a -  

c e l l u l a r  a sse m b ly  o f  m ic r o tu b u le s  d u r i n g  c h e m o ta x is  by s h i f t i n g  Ca 

o u t  o f  th e  c y to p la sm  in  t r e a t e  ! iv -L .s .
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In t h e  D r o s o p h i l a  embryo, In  which m i t o s i s  o c c u r s  v e r y  r a p i d l y  

( a b o u t  10 m in u te s  p e r  c o m p le te  m i t o t i c  cycle a t  t h i s  s t a g e  i n  d e v e l o p ­

m e n t ) ,  i t  would seem t o  be o f  a d v a n t a g e  t o  have  an y  s t r u c t u r e s  i n v o l v e d  

in  r e g u l a t i o n  of c a l c i u m  l e v e l s  i n  c l o s e  p r o x i m i t y  t o  t h e  s p i n d l e  r e g i o n  

th r o u g h o u t  t h e  m i t o t i c  c y c l e ,  J p i n d l e - d e l l m i t i n g  membranes,  and  a d d i ­

t i o n a l  membranes d i s c u s s e d  below (TM), a r e  i n  t h i s  p o s i t i o n .  I f  t h e  

membranes a r e  r e m n a n t s  o f  n u c l e a r  e n v e l o p e s ,  a s  s u g g e s t e d  by d o th  and 

[ Jan ie l s  (1962)  in  t h e  g i a n t  amoeba, t h i s  t ou ld  be a  f u r t h e r  a d a p t a t i o n  

f o r  r a p i d  m i t o s i s  in  D r o s o p h i l a , s i n c e  u s i n g  n u c l e a r  membrane components  

f o r  a  Ca pumping s y s te m  would be more e f f i c i e n t  t h a n  e l a b o r a t i n g  com­

p l e t e l y  new membrane s y s te m s  e v e r y  10 m i n u t e s .  I f  s p i n d l e - d e l i m i t i n g  

membranes do s e r v e  in  r e g u l a t i o n  o f  Ca l e v e l s ,  t h e  l a c k  o f  s p i n d l e  

m i c r o t u b u l e s  in  t h e  h e p t a n e - t r e a t e d  a n ap h a s e  embryo ^ F ig u re  27)  might  

be e x p l a i n e d  i n  t h i s  wayi i f  h e p t a n e  r a p i d l y  d i f f u s e d  i n t o  t h e  embryos ,  

damaging th e  s p i n d l e - d e l i m i t i n g  membranes and t h e i r  Ca r e g u l a t o r y  

f u n c t i o n  ( t h e s e  membranes do lo o k  s w o l l e n  i n  F i g u r e  2 7 ) ,  th e  im media te  

e f f e c t  co u ld  be r e l e a s e  of Ca from t h e  s p i n d l e - d e l i m i t i n g  memoranes 

and  r a p i d  d e p o l y m e r i z a t i o n  o f  s p i n d l e  m i c r o t u b u l e s .

C p i n d l e - d e l i m i t i n g  membranes a p p e a r  t o  be c o n t i n u o u s  w i th  t u b u l a r  

CH c l u s t e r s  (TM) and w i th  c y t o p l a s m i c  FH ( F i g u r e  1 6 ) ,  and ,  in  a  few 

c a s e s ,  p o s s i b l y  w i th  t h e  p lasm a  membrane ( F i g u r e  2 5 ).  The e n t i r e  I n t r a ­

c e l l u l a r  membrane s y s te m  may t h e r e f o r e  f u n c t i o n  In  a c o o r d i n a t e d  f a s h i o n  

In  the  embryo ,  which seems to  be l a r g e l y  s p e c i a l i z e d  f o r  r a p i d  m i t o s i s  

a t  t h i s  s t a g e  o f  d e v e lo p m e n t .  T h i s  i m p l i e s  co m m unica t ion  w i t h i n  the  

embryo.  As f i r s t  o b s e r v e d  by H u e t t n e r  ( 1 9 3 3 ) ,  when embryos a r e  punc­

t u r e d  d u r i n g  f i x a t i o n ,  I f  t h e  p u n c t u r e  i s  s m a l l  enough s o  t h a t  no 

c y to p la s m  i s  l o s t ,  a  g r a d i e n t  o f  m i t o t i c  f i g u r e s  r e s u l t s ,  w i th  t h o s e



c l o s e s t  t o  th e  p u n c tu re  wound b e in g  a r r e s t e d  e a r l i e s t .  I f ,  how ever, 

t h e  p u n c tu re  I s  l a r g e  and c o n s i d e r a b l e  c y to p la sm  I s  l o s t ,  a l l  s p i n d l e s  

In  t h e  embryo a r e  f i x e d  a t  a p p r o x im a te ly  th e  same m i t o t i c  s t a g e .  These 

f a c t s  a rg u e  a g a i n s t  r a p i d  com m unica tion  sy s te m s  w i t h i n  t h e  em bryo, a t  

l e a s t  o v e r  lo n g  d i s t a n c e s  ( a p p r o x im a te ly  0 ,5  nut from  p o le  t o  p o le  In  t h i s  

e m b ry o ) .  I f  s p i n d l e - d e l i m i t i n g  membranes a r e  c o n t in u o u s  w i th  t h e  p la sm a  

membrane, t h i s  may h e l p  t o  e x p l a i n  s im u l ta n e o u s  c y t o k i n e s i s  which o c c u r s  

In  D r o s o p h i l a  em bryos a f t e r  t h e  l a s t  b la s te m a  d i v i s i o n  (Mahow&ld, 1963 

a ) .  I t  13 u n c l e a r  how much com m unica tion  and c o o r d i n a t i o n  o f  e v e n t s  I s  

t a k i n g  p l a c e  w i t h i n  t h e  embryo a t  t h i s  t im e .

T u b u la r  ER (TM, F i g u r e s  l b - 1 6 )  i s  found  In  o b v io u s  c l u s t e r s  a t  p ro ­

p h ase ,  3uch s p e c i a l i z e d  a r e a s  o f  membrane have  n o t  been d e s c r i b e d  in  

b la s to d e r m  c e l l s  o f  D ro s o p h i la  (Mahowald, 1963a , b |  F u l l l l o v e  and 

J a c o b s o n ,  1971) o r  in  D r o s o p h i la  s p e r m a to c y te s  o r  o o c y te s  (Okada and 

t fa d d ln g to n ,  1959l Mahowald, 1962( K ing, 1 9 7 0 ) ,  and th u s  t h e s e  membrane 

c l u s t e r s  seem to  be c h a r a c t e r i s t i c  o n ly  o f  t h e  b la s te m a  s t a g e  o f  d e v e lo p ­

m en t,  T u b u la r  e le m e n ts  o f  t h e s e  c l u s t e r s  a r e  o f  r a t h e r  c o n s t a n t  d i a ­

m e te r  (30 nm), a s  i s  e x p e c te d  f o r  t y p i c a l  t u b u l a r  SER. SER o f t e n  

f u n c t i o n s  in  t r a n s p o r t  and m e tab o lism  o f  l i p i d s ,  and in d e ed  l i p i d  

d r o p l e t s  and y o lk  s p h e r e s  a r e  common In  em bryos o f  t h i s  s t a g e .  However, 

a n o t h e r  w e l l  docum ented  r o l e  f o r  SER, in  th e  form  o f  t h e  s a r c o p la s m ic  

r e t i c u l u m ,  i s  a s  a  pump and r e s e r v o i r  o f  Ca , which c o u p le s  e x c i t a ­

t i o n  t o  c o n t r a c t i o n  In  th e  m uscle  c e l l  (E b a sh i  and  Endo, 1968( s e e  

a l s o  d i s c u s s i o n  above  o f  s p i n d l e - d e l i m i t i n g  m em branes) . A s i m i l a r  r o l e  

in  th e  r e g u l a t i o n  o f  Ca l e v e l s  may t h u s  be p e rfo rm ed  by SER and 

s p l n d l e - d e l l m i t l n g  membranes in  t h i s  em bryo,

SER v e s i c l e s  c l u s t e r e d  a t  s p i n d l e  p o le s  a r e  a  c h a r a c t e r i s t i c



f e a t u r e  o f  a n ap h a se  In  th e  b la s t e m a  d i v i s i o n s  ( F i g u r e s  1 8 ,  20 and 2 3 ) .  

A lth o u g h  i t  I s  c o n c e iv a b le  t h a t  th e y  a r e  s e r v i n g  a s  m ic r o tu b u le  

i n i t i a t i n g  s i t e s  (MTOC*3 , P i c k e t t - H e a p s ,  1 9 6 9 ) ,  t h i s  I s  n o t  l i k e l y  

s i n c e  MTOC's a r e  g e n e r a l l y  d e n s e ,  am orphous " fu z z y "  r e g i o n s .  Some­

t i m e s ,  h ow ever , MTOC's may be a s s o c i a t e d  w i th  m em branes, a s  In  t h e  c a s e  

o f  some k l n e t o c h o r e s  and n u c l e a r  p la q u e s  ( T a y lo r ,  1 9 7 5 ) .  In  SER- 

m ic r o tu b u le  a s s o c i a t i o n s  p r e s e n t  i n  e a r l y  s e a  u r c h i n  em bryos t h e  mem— 

b ra n e s  p ro b a b ly  f u n c t i o n  a s  a  Ca pump (E , W ilk , p e r s o n a l  communica­

t i o n ) ,  A l i k e l y  p o s s i b i l i t y  i n  th e  D r o s o p h i l a  embryo i s  t h a t  SER 

v e s i c l e s ,  in  a d d i t i o n  t o  t h e  o t h e r  membranes d e s c r i b e d  a b o v e ,  a r e  

a c t i v e  in  c o n t r o l l i n g  Ca l e v e l s  In  th e  m i t o t i c  a p p a r a t u s .

In e a r l y  s t a g e s  o f  b la s to d e r m  f o r m a t i o n  in  m e la n o g a s te r  and D. 

m o n tan a , p r i o r  t o  n u c l e a r  e l o n g a t i o n  and c y t o k i n e s i s ,  s p h e r i c a l  i n t e r -  

p h ase  n u c l e i  a r e  c l o s e l y  a s s o c i a t e d  w i th  l a r g e  num bers o f  SER t u b u l e s  

and  v e s i c l e s ,  which a r e  e s p e c i a l l y  p ro m in en t  a t  t h e  f u t u r e  s i t e  o f  

c l e a v a g e  fu r ro w  fo r m a t io n  (Mahowald, 1963at F u l l i l o v e  and  J a c o b s o n ,

1 9 7 1 ) .  I t  h a s  been  s u g g e s te d  t h a t  t h i s  m igh t be a  m a jo r  s o u rc e  o f  

m a t e r i a l  f o r  th e  new ly  fo rm in g  p lasm a membranes o f  th e  i n d i v i d u a l  

b la s to d e r m  c e l l s  (Mahowald, 1 9 6 3 a ) .

P o la r  c a p s ,  composed o f  t u b u l a r  ER and membrane v e s i c l e s  o f  

g r e a t e r  d i a m e t e r ,  a r e  m ost c o n s p ic u o u s  a t  a n a p h a s e .  T h i s  m a t e r i a l ,  

l i k e  t h a t  d i s c u s s e d  a b o v e ,  i s  in  th e  p o s i t i o n  e x p e c te d  f o r  m ic r o tu b u le  

i n i t i a t i o n  s i t e s  and Ga c o n t r o l l i n g  s t r u c t u r e s .

In t h i s ,  t h e  f i r s t  s tu d y  o f  m i t o s i s  In  t h e  o la a te m a  s t a g e ,  a  m a jo r  

o b j e c t i v e  was th e  p r e s e n t a t i o n  o f  a  g e n e r a l  d e s c r i p t i o n  o f  m i t o s i s  

In  s i t u . A th o ro u g h  e x a m in a t io n  o f  s e r i a l  s e c t i o n s  in  s e a r c h  o f  

c e n t r i o l e s  was n o t  made, and no c e n t r l o l e s  were s e e n .  F u l l l l o v e  and



Ja c o b so n  (1 9 7 1 ) ,  who made a  f e n  s c a t t e r e d  o b s e r v a t i o n s  on p r e -  

b la s to d e r m  em bryos o f  w o n ta n a . s i m i l a r l y  d i d  n o t  o b s e rv e  c e n t r i o l e s .  

In  t h e  b la s t e m a  d i v i s i o n s  o f  m e la n o g a s te r  I t  seems m ost l i k e l y  t h a t  

c e n t r i o l e s  a s  d e s c r i b e d  In  t h e  b la s to d e rm  o f  m e la n o g a s te r  (Mahowald, 

1963bJ a r e  160 nm In  d i a m e t e r  and o n ly  150-175  In  l e n g t h t  t h u s  th e y  

a r e  s h o r t e r  th a n  m ost c e n t r i o l e s  and would a p p e a r  In  o n ly  2 - 4  s e c t i o n s  

a t  m ost.  As d e s c r i b e d  be low , th e  p re s e n c e  o f  c e n t r l o l e  com plexes  In  

I s o l a t e d  s p i n d l e s  o f  b la s t e m a  em bryos I n d i c a t e s  t h a t  c e n t r i o l e s  and 

a s s o c i a t e d  m a t e r i a l  a r e  p a r t  o f  th e  m i t o t i c  a p p a r a t u s  In  s i t u , b u t  

were e i t h e r  s im p ly  n o t  o b s e rv e d  o r  a r e  n o t  w e l l  p r e s e r v e d .  In  c o n t r a s t ,  

lo w e r  o rg a n ism s  w hich have I n t r a n u c l e a r  m i t o s i s  u s u a l l y  do n o t  have  

c e n t r i o l e s  ( F u l t o n ,  1971)» d e m o n s t r a t in g  t h a t  c e n t r i o l e s  a r e  n o t  e s s e n ­

t i a l  f o r  n o rm a l m i t o s i s  in  t h e s e  o rg a n is m s ,  a s  i s  a l s o  t h e  c a s e  in  

h i g h e r  p l a n t s .

C l u s t e r s  o f  r ib o so m e s  (presum ed p o ly so m e s)  were s e e n  In  th e  c y t o ­

p lasm , w h e re a s ,  I n s i d e  th e  s p i n d l e ,  r ib o so m e s  u s u a l l y  o c c u r r e d  s i n g l y .

K in e to c h o r e s  s e e n  In  o b l iq u e  s e c t i o n  In  s i t u  ( F ig u r e  18) seem to  

be s i t e s  o f  r a lc ro tu b u le  a t t a c h m e n t  t o  chrom osom es, a s  e x p e c te d  ( d r i n k l e y  

and S t u b b l e f i e l d ,  1 9 7 0 ) ,  M ic r o tu b u le s  a p p e a r  t o  e n t e r  t h e  o u t e r  p o r ­

t i o n  o f t h e  k i n e to c h o r e  a t  r e g u l a r l y  sp aced  i n t e r v a l s .

In some s e c t i o n s  t h e r e  i s  an I n d i c a t i o n  o f  s p i n d l e  m ic r o tu b u le  

c l u s t e r i n g ,  p o s s i b l y  fo rm in g  a  s t r u c t u r e  c o r r e s p o n d in g  t o  t h e  s p i n d l e  

f i b e r  o f  l i g h t  m ic ro sco p y  ( F ig u r e s  21 and 2 4 ) .  However, e v en  i n  

t h e s e  a r e a s  o f  I n c r e a s e d  m ic r o tu b u le  d e n s i t y ,  i n d i v i d u a l  m i c r o tu b u le s  

a r e  s t i l l  s e p a r a t e d  from  e a c h  o t h e r ,  and no c o n n e c t io n s  be tw een  

n e ig h b o r in g  m ic r o tu b u le s  have  been s e e n .  S in c e  s e r i a l  t h i n  s e c t i o n i n g  

p e r p e n d i c u l a r  t o  th e  s p i n d l e  a x i s  was n o t  d o n e ,  t h e  p o s s i b i l i t y  d o e s



e x i s t  t h a t  i n t e r - m i c r o t u b u l e  c o n n e c t io n s  do  in d e e d  o c c u r  h e r e  b u t  have 

n o t  y e t  been  fo u n d ,

B. I s o l a t e d  s p i n d l e s  o f  M e la n o g a s te r

1. P r o p e r t i e s  o f  s p i n d l e s  I s o l a t e d  in  h e x y le n e  g l y c o l

M i t o t i c  s p i n d l e s  o f  i n d i v i d u a l  em bryos can  be s t a b i l i z e d  by l y s i s  

i n t o  K a n e 's  i s o l a t i o n  medium (K ane, 1965)1 S i m i l a r  s t a b i l i z a t i o n  o f  

c r a n e  f l y  s p e r m a to c y te  m e io t i c  s p i n d l e s  h a s  been  r e p o r t e d  by M u lle r  

f o r  P a le s  f e r r u g l n e a  (N em a to ce ra )  ( M u l le r ,  1 9 7 0 ) ,  £j_ m e la n o g a s te r

s p i n d l e s  e x h i b i t  p r o p e r t i e s  c o n s i s t e n t  w i th  th o s e  r e p o r t e d  f o r  o t h e r  

s p e c i e s  1 I n s t a b i l i t y  and  p r o b a b le  d i s s o l u t i o n  in  h ig h  3a l t  c o n c e n t r a ­

t i o n s  (Kane, 196?) o r  a t  low pH (Cohen, 1 9 6 8 ) ,  i n s t a b i l i t y  o f  b i r e ­

f r i n g e n c e  w ith  s t o r a g e  a t  room te m p e r a t u r e  a s  opposed  t o  0 °  C. (Kane 

and P o r e r ,  1 9 6 5 ) ,  and s t a b i l i t y  a t  pH 4 , 5 ,  w hich I s  w i th in  o r  c lo s e  

t o  t h e  i s o e l e c t r i c  r a n g e  (C ohen, 1 9 6 8 ) .

'ftiese s p i n d l e s  c an  be p re p a re d  e a s i l y  and have th e  a d v a n ta g e  o f  

p o t e n t i a l  co m p ar iso n  w i th  s i m i l a r l y  I s o l a t e d  s p i n d l e s  from  o t h e r  

s p e c i e s ,  s i n c e  t h i s  I s o l a t i o n  medium h a s  been  e x t e n s i v e l y  u sed  f o r  

s e v e r a l  y e a r s .  However, In  t h e  c a s e  o f  D r o s o p h i l a , s p i n d l e s  i s o l a t e d  

in  h e x y le n e  g l y c o l  a p p e a r  t o  c o n t a i n  much more f i b r o u s  and  n o n - f i b r o u e  

m a t e r i a l  th a n  s p i n d l e s  in  s i t u  ( F ig u r e  3 6 ) ,

Rebhun et. a l .  (1 9 7 5 )  have  shown t h a t  t h e  e f f e c t s  o f  g l y c o l s  on 

t h e  in  v iv o  m i t o t i c  a p p a r a t u s  o f  s u r f  clam  e g g s  a r e  i n c r e a s e s  in  th e  

volume and b i r e f r i n g e n c e  o f  t h e  m i t o t i c  a p p a r a t u s ,  in  t h e  a b se n c e  o f  

p r o t e i n  s y n t h e s i s .  S p i n d l e s  I s o l a t e d  h e r e  from  D r o s o p h i l a  may be show ing  

t h e s e  same e f f e c t s  o f  th e  g l y c o l .

2 , P r o p e r t i e s  o f  s p i n d l e s  I s o l a t e d  in  TPM

Use o f  an  I s o l a t i o n  medium b ased  upon t u b u l i n  p o ly m e r iz in g  c o n d i -



t l o n s  and c o n t a i n i n g  p r o t e a s e  I n h i b i t o r  (TAMS) and  d e te r g m n t  ( T r i t o n  

X -100) a s  d e s c r i b e d  by Rebhun e t  a l , (1 9 7 4 )  a l l o w s  th e  p r e p a r a t i o n  

o f  s p i n d l e s  which a r e  n o t  a s  l a r g e  and  d e n se  a s  th o s e  I s o l a t e d  i n  

h e x y le n e  g l y c o l  ( a b o v e ) .  Under phase  c o n t r a s t  su ch  s p i n d l e s  a r e  s e e n  

t o  be c l e a n i  t h a t  i s *  t h e i r  s t r u c t u r e  i s  r e a d i l y  a p p a r e n t ,  a s  a r e  

chrom osom es, m id b o d ie s  and c e n t r l o l a r  co m p lex es .  T h is  l a c k  o f  co n ­

ta m i n a t i o n  w i th  o t h e r  c y to p la s m ic  m a t e r i a l  i s  p ro b a b ly  due n o t  o n ly  

t o  s e l e c t i v e  s t a b i l i z a t i o n  o f  m i c r o t u b u l e - c o n t a l n l n g  s t r u c t u r e s ,  b u t  

a l s o  t o  t h e  d i s p e r s i v e  a c t i o n  o f  d e t e r g e n t  on membrane co m ponen ts .

The m orphology o f  s p i n d l e s  a f t e r  i s o l a t i o n  I s  r e m a rk a b ly  f a i t h f u l  

t o  t h a t  r e p o r t e d  f o r  b la s te m a  s t a g e  s p i n d l e s  i n  s i t u  in  t h e  o l d e r  

l i t e r a t u r e  ( H u e t t n e r ,  1 9 3 3 1 R a b ln o w l tz ,  1 9 4 1 ) ,  T h is  i n c l u d e s  d e t a i l s  

s u ch  a s  m id b o d ie s  and t r a i l i n g  chromosome arm s In  a n a p h a s e .  T r a i l i n g  

arm s were i d e n t i f i e d  a s  t h e  lo n g  arm o f  th e  X chromosomes ( F i g u r e s  46 , 

? 6 ) and " d o t "  chromosomes ( F ig u r e  4 3 )  a r e  known t o  be chromosome IV 

(R a b in o w i tz ,  1 9 4 1 ) ,  Bending  o f  t e l o p h a s e  s p i n d l e s ,  u s u a l l y  s e e n  in  

i s o l a t e s  ( F ig u r e s  4 9 ,  51, 5 3 ) ,  can  a l s o  be fo u n d  in  l i g h t  m ic ro g ra p h s  

o f  s p i n d l e s  _ln s i t u , A m a jo r  d i f f e r e n c e  be tw een  i s o l a t e d  s p i n d l e s  and 

s p i n d l e s  in  s i t u  i s  n o t e d i  p o l a r  s t r u c t u r e s  a r e  u s u a l l y  a b s e n t  in  

i s o l a t e d  t e l o p h a s e  p r e p a r a t i o n s ,  a s  judged  by o b s e r v a t i o n s  u n d e r  phase  

c o n t r a s t .  A cco rd in g  t o  H u e t tn e r  (1 9 3 3 )  a  p a i r  o f  c e n t r i o l e s  i s  p r e s e n t  

a t  each  p o le  in  s i t u  a t  t h i s  s t a g e ,  a  r e l a t i v e l y  lo n g  d i s t a n c e  away 

from  r e c o n s t i t u t i n g  n u c l e i .  T h is  s u g g e s t s  t h a t  th e y  a r e  t e n u o u s l y  

c o n n e c te d  t o  t h e  t e l o p h a s e  s p i n d l e  and p r o b a b ly  f a l l  o f f  d u r in g  i s o l a ­

t i o n .

The m orphology o f  s p i n d l e s  a t  v a r i o u s  s t a g e s  seemed th e  same u n d e r  

p hase  c o n t r a s t  w h e th e r  o r  n o t  9TP was in c lu d e d  in  th e  i s o l a t i o n  medium.



However, GTP d id  seem t o  s t i m u l a t e  f o r m a t i o n  o f  background  f i b r i l s  in  

th e  p r e p a r a t i o n ,  e s p e c i a l l y  in  m a t e r i a l  from n o n - m i t o t i c  em bryos.

These f i b r i l s  p re su m ab ly  r e f l e c t  th e  a v a i l a b i l i t y  o f  a  p o ly m e r iz a b le  

t u b u l i n  p o o l  d u r in g  i n t e r p h a s e ,

TPM i s o l a t e d  s p i n d l e s  a r e  b i r e f r i n g e n t , a s  e x p e c te d  ( F i g u r e s  57.

5 8 ) .  While t h e i r  s t o r a g e  and s t a b i l i t y  p r o p e r t i e s  were n o t  s t u d i e d ,  

i s o l a t e d  s p i n d l e  p r e p a r a t i o n s  were exam ined  a f t e r  n e g a t i v e  s t a i n i n g  f o r  

TEM ( F i g u r e s  5 9 - 6 1 ) ,  M ic r o tu b u le s  23 nm in  d i a m e t e r  were s e e n ,  and 

o c c a s i o n a l l y  chromosomes were p r e s e n t .  Whole s p i n d l e s  g e n e r a l l y  rem a in  

e x t r e m e ly  com pact and th u s  a r e  n o t  f a v o r a b l e  sp ec im en s  f o r  n e g a t i v e  

s t a i n i n g  due t o  t h e i r  d e n s i t y  and t h i c k n e s s .

In  o r d e r  t o  s tu d y  s p i n d l e  s t r u c t u r e  w i th  th e  GEM, s p i n d l e s  m ust be 

I s o l a t e d  and f r e e  o f  d e b r i s ,  and th e y  m ust r e t a i n  th e  in  s i t u  m orphology 

which i s  c h a r a c t e r i s t i c  o f  d i f f e r e n t  m i t o t i c  s t a g e s .  These c r i t e r i a  

a r e  met by TPM p r e p a r a t i o n s ,

3 , GEM a n a l y s i s  o f  s p i n d l e  s t r u c t u r e

3EM im proves  upon both  t h e  r e s o l u t i o n  and d e p th  o f f i e l d  o b t a i n ­

a b l e  w i th  l i g h t  m ic ro sco p y ,  p r o v id in g  a  t h r e e  -  d im e n s io n a l  v iew  o f 

t h e  e n t i r e  s p i n d l e .  Comparable s p i n d l e  r e c o n s t r u c t i o n s  from  s e r i a l  

t h i n  s e c t i o n s  and TEM a r e  d i f f i c u l t  t o  a c h ie v e  and r e q u i r e  e x c e s s i v e  

am ounts  o f  l a b o r  by c o m p a r iso n .  F o r  e x a m in a t io n  o f  g e n e r a l  s t r u c t u r a l  

o r g a n i z a t i o n  o f  I s o l a t e s ,  SEM m ight a l s o  s e r v e  a s  an a l t e r n a t i v e  t o  

h ig h  v o l t a g e  t r a n s m i s s i o n  e l e c t r o n  m ic ro sco p y  (M cIn tosh  e_t a l ,  , 1 9 7 5 ) .

With r e s p e c t  t o  sm a l l  sam ple  p r e p a r a t i o n  m ethods f o r  SEM, use  o f  

p o l y l y s i n e - c o a t e d  c o v e r s l l p s  (M azla e t  a l , . 1975) p e r m i t s  t h e  f o l l o w i n g  

o f  i n d i v i d u a l  s p i n d l e s  u n d e r  phase  c o n t r a s t  th ro u g h  a l l  of th e  p r o c e s s ­

in g  s t e p s .  They can  be p h o to g rap h ed  a f t e r  c r i t i c a l  p o i n t  d r y in g  ( F ig -



u r e s  64, 6 7 ) f o r  s u b s e q u e n t  I d e n t i f i c a t i o n  in  t h e  SEM u s in g  s p i n d l e  

o r i e n t a t i o n  and a d j a c e n t  " la n d m a rk s"  ( F i g u r e s  6 4 - 6 8 ) ,  P o l y l y s i n e -  

c o a te d  p l a s t i c  c o v e r s l i p s  have p ro v en  store c o n v e n ie n t  f o r  m ark ing  and 

c u t t i n g  th a n  e i t h e r  p o l y l y s i n e  o r  F o rm v a r -c o a te d  g l a s s  c o v e r s l i p s  

(Lung, 1 9 7 4 ) .  However, s i g n i f i c a n t  l o s s e s  o f  m a t e r i a l  have  been 

e n c o u n te r e d )  b e t t e r  r e t e n t i o n  o f  m a t e r i a l  m ig h t  be a c h ie v e d  by c o v a ­

l e n t  l i n k i n g  t o  t h e  s u b s t r a tu m  ( V ia l  and P o r t e r ,  1975)«

At t h e  p r e s e n t  t im e  t h i s  i s  th e  o n ly  s tu d y  o f  s p i n d l e  s t r u c t u r e  

in  which th e  SEM i s  u t i l i z e d )  t h u s  c o m p ar iso n  w i th  th e  d a t a  o f  o t h e r s  

i s  n o t  y e t  p o s s i b l e  and  t h e r e f o r e  p ro b lem s  o f  i d e n t i f i c a t i o n  o f  some 

s t r u c t u r e s  may a r i s e .  F o r  i n t e r p r e t a t i o n  o f  SEM d a t a ,  l i g h t  m ic ro ­

sco p y  and  TEM of i s o l a t e d  s p i n d l e  p r e p a r a t i o n s  have  p ro v en  most u s e f u l .

Based on t h e s e  r e s u l t s  i t  seems l i k e l y  t h a t  SEM w i l l  become an 

i n c r e a s i n g l y  p o w e rfu l  t o o l  f o r  su ch  work a s  im provem ents  a r e  made in  

t h e  a r e a s  o f  i n s t r u m e n t  r e s o l v i n g  pow er, spec im en  r e t e n t i o n ,  and r e d u c ­

t i o n  o r  e l i m i n a t i o n  o f  th e  m e ta l  sp ec im en  c o a t i n g .

4 ,  P hase  c o n t r a s t  v e r s u s  SEM

In g e n e r a l ,  t h e r e  i s  good a g re e m e n t  betw een p h ase  c o n t r a s t  and  SEM 

o b s e r v a t i o n s  in  te rm s  o f  s p i n d l e  s i z e  and s h a p e ,  i n d i c a t i n g  t h a t  s p i n ­

d l e  m orphology i s  l i t t l e  a l t e r e d  d u r in g  SEM p r e p a r a t i v e  s t e p s .  In  phase  

c o n t r a s t  much o f  t h e  s p i n d l e  i s  e f f e c t i v e l y  t r a n s p a r e n t ,  so  t h a t  s t r u c ­

t u r e s  3uch a s  chromosomes and c e n t r l o l e  com plexes  a r e  r e a d i l y  v i s i b l e .  

C om parison o f  phase  c o n t r a s t  and  SEM m ic ro g ra p h s  ( F i g u r e s  40 and 6b ,  

f o r  e x am p le )  shows t h a t  t h i s  I s  n o t  t h e  c a s e  f o r  SEM, a s  a n t i c i p a t e d )  

in  p ro p h a se  s p i n d l e s  th e  chromosomes a r e  h id d e n  b e n e a th  a  f i b r o u s  s u r ­

f a c e ,  At l a t e r  m i t o t i c  s t a g e s  s m o o th - s u r f a c e d  o b lo n g  s t r u c t u r e s  

a p p e a r ,  t h i c k e r  th a n  th e  s u r r o u n d in g  f i b r i l s ,  w hich a r e  i d e n t i f i e d  a s



chrom osom es. In  t h e  l a t e  a n a p h a s e  s p i n d l e  in  F ig u r e  73 some o f  t h e s e  

a r e  v i s i b l e *  and i t  i s  l i k e l y  t h a t  o t h e r s  a r e  c o n c e a le d  w i th in  th e  

f i b r o u s  p o l a r  r e g i o n s .  TTie b e s t  e v id e n c e  t h a t  t h e s e  s t r u c t u r e s  a r e  

chromosomes i s  t h e i r  l o c a t i o n  in  f l a t t e n e d  s p i n d l e s  su ch  a s  shown in  

F ig u r e  7 5 ,  In  w hich two t r a i l i n g  arm s o f  X chromosomes a r e  s e e n .

The m a jo r  f i b e r s  s e e n  in  m e tap h ase  and  a n a p h a s e  s p i n d l e 3 u n d e r  

p h ase  c o n t r a s t  ( F i g u r e s  4 2 ,  4 3 ,  4 6 ,  4 7 )  a r e  found  t o  be b u n d le s  o f  

s m a l l e r  f i b r i l s  i n  t h e  3£M. Many o f  t h e s e  f i b r i l s  a r e  in  th e  r a n g e  o f

0 .1  -  0 .2  pm t h i c k ,  a  s i z e  w hich c o u ld  accommodate a b o u t  6 - 2 5  m ic ro ­

t u b u l e s ,  (T h is  e s t i m a t e  t a k e s  i n t o  c o n s i d e r a t i o n  t h e  t h i c k n e s s  o f  th e  

m e ta l  c o a t i n g , b u t  i g n o r e s  p o s s i b l e  c l e a r  z o n e s  o r  i n t e r m i c r o t u b u l e  

m a t e r i a l ) .  In some c a s e s  f i b r i l s  o b s e rv e d  in  t h e  3KM a r e  t h i n  enough 

t o  be a c c o u n te d  f o r  by s i n g l e  m e t a l - c o a t e d  m i c r o t u b u l e s  ( f o r  ex am p le ,  

f i b r i l  " f "  and  th e  f i b r i l s  r a d i a t i n g  from  p o i n t  "p"  i n  F ig u r e  7 4 ) .  The 

a p p a r e n t l y  s i n g l e  i n t e r z o n a l  f i b e r  o b s e rv e d  in  t e l o p h a s e  s p i n d l e s  u n d e r  

phase  c o n t r a s t  ( F i g u r e s  4 9 -5 1 )  i s  s i m i l a r l y  found  to  be c o n s t r u c t e d  of 

s m a l l e r  f i b r i l s  ( F ig u r e  7 6 ) .

The s t r u c t u r e s  s e e n  a t  s p i n d l e  p o l e s  u n d e r  p hase  c o n t r a s t  and 

r e f e r r e d  t o  a s  c e n t r i o l e  com plexes  ( F i g u r e s  3 8 -4 5 ,  4 ? ,  4 6 ,  50 ) have a  

maximum d im e n s io n  o f  a p p r o x im a te ly  0 ,7  pm, and th e  c e n t r a l  b l a c k  body 

o f  p o l a r  r e g i o n s  I s o l a t e d  from  c o o le d  em bryos i s  a b o u t  t h e  same s i z e  

( F ig u r e  5 4 ) .  T h is  v a lu e  seem s to o  g r e a t  t o  be a c c o u n te d  f o r  by a  s im p le  

c e n t r i o l e  o r  c e n t r i o l e  p a i r ,  even  i f  m easurem ent e r r o r  i s  c o n s i d e r e d .  

Mahowald ( 1963b )  r e p o r t e d  t h a t  th e  c e n t r i o l e s  o f  me1a n o g a s t e r  i n  th e

b la s to d e r m  s t a g e s  have  a maximum d i a m e t e r  o f  0 ,1 7 5  and a r e  n o t  been 

found  in  f u l l y  form ed p a i r s .  F u l l i l o v e  and Ja c o b so n  (1971) and F r l t z -  

N ig g l l  and Suda (1 9 7 2 )  show c e n t r i o l e s  su r ro u n d e d  by s a t e l l i t e s  in  th e



fo rm in g  b la s to d e rm  o f  ^  m ontana  and in  s p e r m a to c y te s  o f  me1a n o g a s t e r .

r e s p e c t i v e l y ,  The d i a m e t e r  o f  t h e s e  com plexes  i 3 in  t h e  ra n g e  o f  0 .6  -

0 .8  pm, w hich c o r r e l a t e s  w e l l  w i th  th e  s i z e  o f  t h e  s t r u c t u r e s  s e e n  a t  

p o le s  u n d e r  phase  c o n t r a s t .

In  t h e  p o l a r  p o s i t i o n  o f  some s p i n d l e s ,  3EH r e v e a l s  a  s t r u c t u r e  o f 

r o u g h ly  p o ly g o n a l  s h a p e ,  a b o u t  0 .7  urn in  d i a m e t e r ,  w i th  a  c e n t r a l  body 

a p p r o x im a te ly  0 .2  pm i n  d i a m e te r  ( F ig u r e  ? 9 ) ,  T h is  o b j e c t  c o u ld  be a  

com plex  o f  c e n t r i o l e  p l u s  a c c e s s o r y  m a t e r i a l ,  p o s s i b l y  s a t e l l i t e s ,  which 

would s e r v e  a s  t h e  p o l a r  m ic r o tu b u le  o r g a n i z i n g  c e n t e r  f o r  t h e s e  s p i n d l e s  

( P i c k e t t - H e a p s ,  1 9 6 9 ) .  While s a t e l l i t e s  have r a r e l y  b een  r e p o r t e d  

s u r r o u n d in g  m i t o t i c  c e n t r i o l e s  (de H arven , 1 9 6 8 ) ,  t h e i r  p r e s e n c e  h a 3 been 

shown a ro u n d  m e lo t l c  c e n t r i o l e s  o f  r6 _ me 1 a n o g a s t e r  ( F r i t z - M i g g l i  and  Suda,

1 9 7 2 ) and in  th e  j e l l y f i s h  P h i a l  id  lum g re g a r lu m  ( S z o l l o s i ,  1969-).

One s t r u c t u r e  s ee n  e a s i l y  in  phase  c o n t r a s t  and  n o t  y e t  I d e n t i f i e d  in  

t h e  SEM i s  th e  midbody ( F i g u r e s  9 6 ,  9 ? ,  5 0 , 51> 5 3 ) .  While i t s  a b se n c e  

c o u ld  I n d i c a t e  l o s s  o f  some midbody m a t e r i a l  d u r i n g  SEM p r e p a r a t i v e  

s t e p s ,  a  d i f f e r e n t  e x p l a n a t i o n  may h o ld  1 th e  m idbody, a s  s e e n  in  phase  

c o n t r a s t ,  c o u ld  s im p ly  be a  r e g i o n  o f  i n c r e a s e d  d e n s i t y  due t o  o v e r l a p  

o f  i n t e r z o n a l  m ic r o tu b u le s  o f  o p p o s i t e  p o l a r i t y  a n d / o r  l n t e r u l e r o t u b u l e  

m a t e r i a l  ( P a w e le tz ,  1967j M cIn tosh  e t  a l . , 1 9 7 5 ) .  Such d i f f e r e n c e s  in  

i n t e r n a l  d e n s i t y  would n o t  be e x p e c te d  t o  a p p e a r  u n d e r  SEM.

An i n t e r e s t i n g  f e a t u r e  o f  t e l o p h a s e  s p i n d l e s  i s  t h e  s u b s t r u c t u r e  

a t  th e  s u r f a c e  o f  r e c o n s t i t u t i n g  n u c l e i  s e e n  in  t h e  SEM ( F ig u r e  7 7 ) .

T hese  a p p e a r  t o  be c o i l s  o f  r i n g s  o f  m a t e r i a l  a b o u t  0 .2 5  -  0 ,3  am in  

d i a m e t e r .  In  an  SEM s tu d y  o f  I s o l a t e d  mouse l i v e r  n u c l e i ,  K i r s c h n e r ,

R u s l l  and  M a r t in  (1 9 7 5 )  found  t h a t  n u c l e a r  pore  com plexes  a r e  r e s i s t ­

a n t  t o  t r e a t m e n t  w i th  T r i t o n  X-100. However, t h e  f e a t u r e s  d e s c r i b e d



h e re  a r e  s e v e r a l  t im e s  l a r g e r  t h a n  t y p i c a l  p o re  co m p le x es .  I t  i s  p o s s i ­

b l e  t h a t  t h e y  a r e  e x p o sed  c h ro m a t in  c o i l s ,  b u t  f u r t h e r  work I s  o b v io u s ly  

needed u s in g  a  h i g h e r  r e s o l u t i o n  SEM on i s o l a t e d  t e l o p h a s e  and i n t e r p h a a e  

n u c l e i  i n  o r d e r  t o  c l a r i f y  t h e  n a t u r e  o f  t h e s e  f e a t u r e s .

5. TEM o b s e r v a t i o n s

These TEH o b s e r v a t i o n s  were made In  o r d e r  t o  v e r i f y  th e  p re s e n c e  o r  

a b se n c e  o f  s t r u c t u r e s  which a r e  v i s i b l e  w i th  l i g h t  m ic ro s c o p y ,  f o r  

exam ple m id b o d ie s ,  y e t  a r e  n o t  a p p a r e n t  In  SEM. Such s t u d i e s  were t h e r e ­

f o r e  l i m i t e d  t o  a  few  s e l e c t e d  c a s e s .

I n t e r p h a s e  n u c l e i  were exam ined  f o r  th e  e f f e c t s  o f  T r i t o n  X-100 on 

n u c l e a r  e n v e lo p e s  ( F ig u r e  7 8 ) ,  A few re m n a n ts  o f  o u t e r  o r  I n n e r  mem­

b ra n e  p e r s i s t ,  l n d 4c a t e d  c h i e f l y  a s  a d h e r in g  c h r o m a t in ,  w h i le  t h e  b u lk  o f  

n u c l e a r  m a t e r i a l  i s  a b s e n t .  A p p a r e n t ly  a l l  membranes a r e  d i s r u p t e d  by 

t h e  d e t e r g e n t ,  and p o t e n t i a l  membrane f u n c t i o n s  su ch  a s  a c t i v e  Ga 

t r a n s p o r t  w i l l  be a b s e n t  In  I s o l a t e d  p r e p a r a t i o n s .  C o n se q u e n t ly  n o th in g  

r e l a t e d  t o  p o s s i b l e  sp in d le -m e m b ra n e  I n t e r a c t i o n s  can  be s t u d i e d  In  

I s o l a t e s .  F o r  e x am p le ,  t h e  s u r f a c e  o f  r e c o n s t i t u t i n g  d a u g h te r  n u c l e i  

i n  t e l o p h a s e  3 p l n d l e s  w i l l  n o t  be c o v e r e d  w i th  any  r e f o r m in g  n u c l e a r  

membranes ( F i g u r e s  79 and 8 1 ) ,  a s  m ig h t  be t h e  c a s e  In  s i t u . Tlie a b se n c e  

o f  membranes was an  a d v a n ta g e ,  s i n c e  i t  p e r m i t t e d  an  u n o b scu red  v iew  of 

th e  s p i n d l e  f ram ew o rk , which I s  e s s e n t i a l  f o r  SEM a n a l y s i s .

T h a t  chromosome arm s a r e  n o t  a lw ay s  a p p a r e n t  in  SEM I s  e x p l a i n e d  

by th e  p r e s e n c e  o f  num erous m i c r o t u b u l e s  c l o s e l y  packed a ro u n d  t r a i l i n g  

chromosome a rm s ,  a s  i l l u s t r a t e d  In  F ig u r e  8 4 . TTiese m ic r o t u b u l e s  would 

o b s c u re  chromosomes i n  SEM, s o  t h a t  In  many c a s e s  n o t  a l l  chromosomes 

would be v i s i b l e  in  SEM p r e p a r a t i o n s .

Hie p re s e n c e  o f  a  k in e to c h o r e  In  th e  I s o l a t e d  s p i n d l e  shows t h a t

115.



t h i s  s t r u c t u r e , i n t e g r a l  t o  s p i n d l e  a sse m b ly  and f u n c t i o n  in  a l l  

t h e o r i e s  o f  M i t o s i s ,  13 p r e s e r v e d  by TPM i s o l a t i o n  medium. TPM- 

i s o l a t e s  nay t h e r e f o r e  p rove  u s e f u l  f o r  I n  v i t r o  s p i n d l e  a s se m b ly  

s t u d i e s ,  u t i l i z i n g  d i s s o c i a t e d  s p i n d l e  p r e p a r a t i o n s  c o n t a i n i n g  b o th  

chromosomes w i th  k i n e t o c h o r e s  and  c e n t r i o l e  co m p le x es .  These m igh t 

f u n c t i o n  a s  n u c l e a t i n g  s i t e s  u n d e r  p o ly m e r iz in g  c o n d i t i o n s  in  t h e  p r e ­

sen c e  o f  added  t u b u l i n ,  su ch  a s  h a s  been done w i th  b a s a l  b o d ie s ,  f l a g ­

e l l a r  axonemes and n e u ro tu fc u le s  by Rosenbaum e t  a l .  (1975)*  Th® p o s s i ­

b i l i t y  i s  a l s o  r a i s e d  t h a t  k i n e t o c h o r e  s t r u c t u r e  i t s e l f  m igh t be 

exam ined  w i th  3EM in  a  f a v o r a b l e  p r e p a r a t i o n .

The l o c a t i o n  o f  r e c o n s t i t u t i n g  d a u g h t e r  n u c l e i  a t  t h e  e x t r e m i t i e s  

o f  t e l o p h a s e  s p i n d l e s  may be f u n c t i o n a l l y  r e l a t e d  t o  t h e  many m ic ro ­

t u b u l e s  s e e n  w i t h i n  t h e  d a u g h te r  n u c l e i  a t  t h i s  s t a g e  ( F ig u r e  8 2 ) .

These m ic r o tu b u le s  m ig h t  a c t  a s  a  fram ew ork  a lo n g  which n u c l e i  move t o  

t h e i r  t e r m i n a l  p o s i t i o n s .

E l e c t r o n - d e n s e  mid b o d ie s  a r e  p r e s e n t  in  l a t e  a n a p h a se  s p i n d l e s  

( F ig u r e s  79- 8 1 ) .  M idbod ies  a r e  n o t  r e c o g n i z a b l e  in  3EM, a l th o u g h  in  

F ig u r e  76 a  s u g g e s t i o n  o f  i n t e r f i b r l l l a r  m a t e r i a l  can  be s e e n  th r o u g h ­

o u t  much o f  th e  s p i n d l e  m id r e g io n .  In  TEM m ic r o tu b u le s  a p p e a r  t o  e n t e r  

th e  midbody from b o th  h a l f  s p i n d l e s ,  and  r e g u l a r l y  a r r a y e d  m a t e r i a l  can  

som etim es  be seen  be tw een  a d j a c e n t  m ic r o t u b u l e s  w i t h i n  t h e  midbody. 

B r id g e s  betw een  m ic r o tu b u le s  have been  s e e n  in  s p i n d l e s  o f  o t h e r  s p e c i e s  

( f o r  ex am p le ,  H e p le r  e t  a l . . 1 9 7 0 ) ,  and t h e i r  p r e s e n c e  i s  e s s e n t i a l  f o r  

g e n e r a t i o n  o f  f o r c e  i n  a l l  s l i d i n g  m ic r o tu b u le  m odels o f  chromosome 

movement ( S u b i r a n a ,  19 6 8 j  M cIn tosh  e t  a l . , 1 9 6 9 ) N l c k l a s ,  1 9 7 1 ).  E v i­

d en ce  t h a t  t h e  one l a r g e  midbody o f  t e l o p h a s e  i s  th e  r e s u l t  o f  f u s i o n  

o f  f o u r  s e p a r a t e  s m a l l e r  a n a p h a se  m id b o d ie s  i s  shown in  F ig u r e  81 ,  in



w hich  th e  p la n e  o f  s e c t i o n  e v i d e n t l y  p a s s e d  th r o u g h  o n ly  t h e  o u t e r  p o r ­

t i o n  o f  t h e  t e l o p h a s e  m idbody. A s i m i l a r  c a s e  i s  r e p o r t e d  by R obbins  

and  G o n a tas  (1 9 6 4 )  i n  HeLa c e l l s ,  when a n a p h a se  s t e a b o d i e s  composed o f  

o v e r l a p p in g  e n d s  o f  m ic r o t u b u l e s  in  an am orphous m a t e r i a l  move t o  th e  

s p i n d l e  m id p la n e ,  where t h e y  c l u s t e r  and  f u s e .  In  t h a t  sy s tem  th e  te rm  

"raidbody" r e f e r s  t o  t h e  i n t e r z o n a l  m ic r o tu b u le s  and s te m b o d ie s  which 

a r e  com pressed  i n t o  a  narrow  n eck  r e g i o n  in  t e l o p h a s e  a s  t h e  p lasm a  

membrane i n d e n t s .  In  c o n t r a s t ,  in  b la s t e m a  em bryos o f  me l a n  og a s  t e r  

t h e  m id b o d ie s  a r e  n o t  d i r e c t l y  in v o lv e d  in  c y t o k i n e s i s ,  a s  th e  embryo 

a t  t h i s  s t a g e  i s  a  s y n c y t iu m . The p o s s i b i l i t y  r e m a in s  t h a t  in  d r o s o p h i l a  

mid b o d ie s  a r e  in  3orae f a s h i o n  r e l a t e d  t o  th e  r e v e r s i b l e  p lasm a membrane 

I n d e n t a t i o n s  which o c c u r  be tw een  th e  1 0 th  and 1 1 th ,  and betw een 1 1 th  and 

12 th  d i v i s i o n s  a f t e r  f e r t i l i z a t i o n  ( d u r i n g  th e  b la s t e m a  s t a g e ) ,  which 

m ig h t  be s i m i l a r  t o  th e  c o n d i t i o n s  f o r  midbody f o r m a t i o n  p r e s e n t  d u r in g  

e a r l y  c y t o k i n e s i s  i n  HeLa c e l l s .

6 , E v e n ts  o f  t h e  m i t o t i c  c y c le

SEM r e v e a l s  th e  p r o g r e s s i v e l y  more o rd e re d  f i b r o u s  s t r u c t u r e  o f  

s p i n d l e s  a t  d i f f e r e n t  s t a g e s  o f  th e  m i t o t i c  c y c l e .  The r e l a t i v e l y  t h i n  

are! somewhat t a n g le d  f i b r i l s  o f  p ro p h ase  ( F ig u r e s  6 8 , 69 , 7 0 )  assum e a  

more l i n e a r  a r r a n g e m e n t  in  l a t e  p ro p h a se  ( F ig u re  ? l )  and a r e  o r g a n iz e d  

i n t o  b u n d le s  a t  a n a p h a se  ( F i g u r e s  72 , 7 3 ) .  by t e l o p h a s e  ( F ig u r e  76) 

one t h i c k  i n t e r z o n a l  b u n d le  r e m a in s .  In  m etaphase  and a n ap h a se  a s  s e e n  

in  p h ase  c o n t r a s t  ( F i g u r e s  4 2 ,  4 3 ,  46 ,  4 7 ) ,  t h e r e  a r e  a  f a i r l y  s m a l l  

number o f  m a jo r  f i b e r s  v i s i b l e ,  p e rh a p s  t h r e e  o r  f o u r .  F o u r  mid b o d ie s ,  

b u t  n o t  raore, have been  o b se rv e d  in  a n ap h a se  s p i n d l e s ,  a g a i n  s u g g e s t i n g  

t h a t  t h e r e  may be f o u r  M ajo r f i b e r s  In v o lv e d ,  S in c e  D r o s o p h i l a  and 

o t h e r  D Ip te ra  e x h i b i t  t h e  phenomenon o f  so m a t ic  p a i r i n g  o f  hom ologues



d u r i n g  th e  m i t o t i c  c y c l e  (M etz ,  1 9 1 6 ) ,  t h e r e  w i l l  be f o u r  p a i r s  o f  

chromosomes p e r  h a l f - s p i n d l e  In  Dt_ m e la n o g a a te r  ( 2n “  8 ) .  Hie number 

o f  m a jo r  f i b e r s  may t h e r e f o r e  be s i g n i f i c a n t ,  s u g g e s t i n g  a  r e l a t i o n s h i p

betw een  each  chromosome p a i r  and a  m a jo r  non-chrom osom al f i b e r .  T r a i l i n g

chromosome arm s o f t e n  seem a s s o c i a t e d  w i th  one o f  th e  I n t e r z o n a l  f i b e r s  

( f o r  ex am p le ,  F ig u r e  *+6)1 t h i s  c o u ld  be f o r t u i t o u s ,  how ev er .  In  3EH 

a l s o ,  t r a i l i n g  arras seem t o  be d i r e c t l y  o p p o s i t e  e ac h  o t h e r  and may be 

a s s o c i a t e d  w i th  t h e  same i n t e r z o n a l  f i b e r  ( F ig u r e  7 5 ) .  The f o u r  I n t e r ­

z o n a l  f i b e r s  seen  in  l a t e  a n ap h a se  m ig h t  s e rv e  a s  th e  s p i n d l e  f ram ew ork , 

a lo n g  o r  i n s i d e  w hich th e  f o u r  p a i r s  o f  hom ologous chromosomes move 

to w a rd s  th e  p o l e s .

In th e  t r a n s i t i o n  from  a n ap h a se  t o  t e l o p h a s e  s e p a r a t e  i n t e r z o n a l  

f i b e r s  d i s a p p e a r ,  g i v i n g  th e  im p r e s s io n  t h a t  th e y  a s s o c i a t e  l a t e r a l l y  

t o  form th e  t e l o p h a s e  i n t e r z o n a l  f i b r i l  b u n d le .  In  3EM th e  t e l o p h a s e  

i n t e r z o n a l  b u n d le  i s  a b o u t  0 , 9  um t h i c k  ( F ig u re  7 6 ) ,  and t h i s  i s  

s u f f i c i e n t  t o  accommodate a l l  o f  th e  a n ap h a se  i n t e r z o n a l  f i b r i l s  i f

th e y  were to  a s s o c i a t e  l a t e r a l l y  ( F ig u r e  7 3 ) .  d ln c e  t h e r e  i s  no c y t o ­

k i n e s i s  a t  t h e  b la s t e m a  s t a g e ,  th e  p r e s e n c e  o f  m id b o d ie s  I n d i c a t e s  

t h e i r  d i r e c t  In v o lv e m e n t  i n  m i t o s i s ,  p o s s i b l y  a 3 r e g i o n s  o f  o v e r l a p  

betw een non-chrom osom al m ic r o tu b u le s  o f  o p p o s i t e  p o l a r i t y  which have 

been I m p l ic a te d  in  a  s l i d i n g  s p i n d l e  e l o n g a t i o n  mechanism ( P i c k e t t -  

Heaps, McDonald and T i p p l t ,  1 9 7 5 ) .

The o b s e rv e d  b en d in g  o f  t e l o p h a s e  s p i n d l e s  m ig h t  be s i g n i f i c a n t  

in  te rm s  o f  s p i n d l e  m e c h a n ic s .  SEM r e v e a l s  an  a p p a r e n t  t w i s t  o f  th e  

i n t e r z o n a l  f i b e r  b u n d le  ( F ig u r e  7 6 ) ,  s u g g e s t i n g  t h a t  th e  two h a l f -  

s p i n d l e s  m ig h t  r o t a t e  w i th  r e s p e c t  t o  e a c h  o t h e r ,

G. P o s s i b i l i t i e s  f o r  f u t u r e  work w i th  t h i s  sy s te m

1. P a r lo u s  D r o s o p h i la  s t r a i n s  and  m u ta n ts  e x i s t  i n  w hich th e



chromosome number i s  a l t e r e d  ( L i n d s l e y  and G r e l l ,  1 9 6 ? ) ,  These can  be 

u sed  f o r  e x a m in a t io n  o f  t h e  p ro p o se d  c o r r e l a t i o n  betw een  h a p l o i d  c h r o ­

mosome number and th e  number o f  i n t e r z o n a l  f i b e r s  in  a n a p h a s e  s p i n d l e s .  

The san e  ty p e  o f  m a t e r i a l  c o u ld  be u se d  t o  s e e  i f  t h e r e  i s  a  c o r r e l a t i o n  

be tw een  chromosome s i z e  and i n t e r z o n a l  f i b e r  d im e n s io n s .  D u rin g  th e  

c o u r s e  o f  t h i 3  work t h r e e  a n ap h a se  i n t e r z o n a l  f i b e r s  were s e e n  i n  some 

c a s e s ,  s u g g e s t i n g  a  p o s s i b l e  r e l a t i o n s h i p  betw een  f i b e r  s i z e ,  and  t h u s  

i t s  v i s i b i l i t y ,  and chromosome s i z e .  A c co rd in g  t o  c l a s s i c a l  l i g h t  

m i c r o s c o p i s t s  t h e r e  a r e  t h r e e  p a i r s  o f  l a r g e  chromosomes and  one s m a l l  

d o t - l i k e  p a i r  in  m e l a n o g a s t e r .

2 ,  S e r i a l  c r o s s  s e c t i o n s  th ro u g h  i s o l a t e d  a n ap h a se  s p i n d l e s  s h o u ld  

r e v e a l  t h e  number o f  m ic r o tu b u le s  p e r  3 p l n d l e ,  a s  w e l l  a s  th e  number in  

e a c h  non-chrom osom al s p i n d l e  f i b e r .  Such work would p o s s i b l y  l e n d  sup ­

p o r t  t o  a  s l i d i n g  m ic r o tu b u le  h y p o t h e s i s  o f  chromosome movement,

1. S t e r e o - p a i r  im ages o f  s p i n d l e s  i n  SEM would g r e a t l y  i n c r e a s e  th e  

amount o f  i n f o r m a t i o n  a b o u t  3 p in d le  t h r e e  d im e n s io n a l  s t r u c t u r e  which 

can  be o b t a in e d  w i th  t h i s  m ethod,

4 , C e n t r i o l e  com plexes  a r e  p ro b a b ly  p r e s e n t  in  th e  p o l a r  r e g i o n s  

i s o l a t e d  from  c o o le d  em bryos ( F ig u r e  5 4 ) .  The 3 tu d y  o f  t h e s e  s t r u c ­

t u r e s  w i th  SEM and TEM s h o u ld  p rove  f r u i t f u l .  They s h o u ld  a l s o  be 

t e s t e d  f o r  t h e i r  a b i l i t y  t o  a c t  a s  MTOC's by i n c u b a t i o n  u n d e r  p o ly ­

m e r iz in g  c o n d i t i o n s  i n  a  t u b u l i n - c o n t a i n i n g  medium, a s  Roaenbaum e t  a l .  

(1975)  d i d  w i th  o t h e r  KTOG'a.



V. Summary

M i t o t i c  s p i n d l e s  o f  m e la n o g a s te r  em bryos i n  a i t u  a r e  s u r ro u n d e d  

by m u l t i p l e  l a y e r s  o f  membranes which h a r e  b een  te rm e d  s p i n d l e - d e l i m i t ­

in g  membranes. These  membranes, i n  c o n j u n c t i o n  w i th  t u b u l a r  EH p r e s e n t  

a t  s p i n d l e  p o l e s ,  may f u n c t i o n  in  c o n t r o l l i n g  Ca l e v e l s  and t h e r e f o r e  

m ic r o tu b u le  a s s e m b ly  _in v i v o .

S p in d l e s  can  e a s i l y  be i s o l a t e d ,  u s in g  e i t h e r  a  h e x y le n e  g l y c o l  

i s o l a t i o n  medium o r  a  low Ga t u b u l i n  p o ly m e r iz in g  medium (TPM),

T P M - is o la te s  p r e s e r v e  m ajo r  i n  s i t u  c h a r a c t e r i s t i c s  o f  s p i n d l e s ,  and 

t h e r e f o r e  were s e l e c t e d  f o r  f u r t h e r  s tu d y  (b e lo w ) .

In  p h ase  c o n t r a s t ,  f o u r  m a jo r  I n t e r z o n a l  s p i n d l e  f i b e r s  a r e  v i s i b l e .  

T h i s  may be s i g n i f i c a n t  s i n c e  a e l a n o g a s t e r  h a s  f o u r  p a i r s  o f  chromo­

som es. Each i n t e r z o n a l  f i b e r  h a s  a  midbody a t  i t s  a i d r e g i o n .  At t e l o ­

p h ase  th e  f o u r  m id b o d ie s  o f  a n ap h a se  a p p a r e n t l y  c o a l e s c e  ( l a t e r a l l y )  

i n t o  one l a r g e  m ldbody, and o n ly  one b ro a d  i n t e r z o n a l  f i b e r  can  be s e e n .  

The s c a n n in g  e l e c t r o n  m ic ro sco p e  (SEM) was u se d  f o r  p a r t  o f  t h i s  

s t u d y .  M ethods were d e v e lo p e d  f o r  f o l l o w i n g  t h e  f a t e  o f  i n d i v i d u a l  

s p i n d l e s  th ro u g h  a l l  s t e p s  o f  p r c e s s i n g  f o r  t h e  SEM, The SEM shows a  

p r o g r e s s i v e l y  more o r d e r e d  3 p in d le  fram ew ork  d e v e l o p i n g  from  p ro p h a se  

th ro u g h  a n a p h a se  and t e l o p h a s e .  Chromosomes on t h e  s p i n d l e  have been  

i d e n t i f i e d ,  and a  c e n t r i o l e  com plex , a p p a r e n t l y  c o n s i s t i n g  o f  a  c e n t r i o l e  

p lu s  a s s o c i a t e d  m a t e r i a l ,  h a s  been d e s c r i b e d .  L a r g e r  d i a m e t e r  s p i n d l e  

f i b e r s  a p p e a r  t o  be composed o f  b u n d le s  o f  s m a l l  d i a m e t e r  f i b r i l s .

T h in  s e c t i o n s  th r o u g h  TPM I s o l a t e s  v e r i f y  t h e  p r e s e n c e  o f  m id - 

b o d i e s ,  w hich  a r e  n o t  v i s u a l i s e d  w i th  t h e  SEM. In  t h i s  s y s te m ,  i n  which 

c y t o k i n e s i s  d o e s  n o t  o c c u r  d u r i n g  t h i s  s t a g e  o f  d e v e lo p m e n t ,  a i d b o d i e s  

seem n o t  t o  be d i r e c t l y  in v o lv e d  in  c y t o k i n e s i s .



APPENDIX

An estimate of the amount of tubulin In a net*phase spindle.

P r e v io u s  a t t e m p t s  a t  e s t i m a t i n g  t h e  amount o f  t u b u l i n  c o n ta i n e d  In  

a  s p i n d l e  from  s t r u c t u r a l  I n f o r m a t io n  a lo n e  have u t i l i z e d  c r o s s  s e c ­

t i o n s  from  i s o l a t e d  s e a  u r c h i n  m i t o t i c  a p p a r a t u s  (Cohen and Rebhun,

1970) o r  f rom  c ra n e  f l y  s p e r m a to c y te s  (F u g e , 197*0. Based on th e  

num bers o f  m ic r o t u b u l e s  p e r  t h i n  s e c t i o n ,  b o th  r e p o r t s  c a l c u l a t e  a p p r o x l -
Q

m a te ly  10 monomers o f  t u b u l i n  p e r  m e tap h ase  s p i n d l e  ( w i th o u t  a s t e r s )  

(F u g e ,  197*+).

With f a v o r a b l e  sp ec im e n s  and  SEM i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  

amount o f  t u b u l i n  p r e s e n t  In  a  s p i n d l e ,  w ith  th e  added a d v a n ta g e  t h a t  

w ith  SEM th e  e n t i r e  s p i n d l e  I s  v i s i b l e  in  one m ic ro g ra p h ,  t h u s  e l i m i n a ­

t i n g  th e  m a jo r  p rob lem  o f  s p i n d l e  r e c o n s t r u c t i o n  from  t h i n  s e c t i o n s ,  

which was n e c e s s a r y  in  e a r l i e r  s t u d i e s .

A f l a t t e n e d  m e tap h ase  s p i n d l e  w i th o u t  a s t e r s ,  l i k e  t h a t  shown i n  

F ig u r e  8 5 , can  be u sed  f o r  an  e s t i m a t i o n  o f  t u b u l i n  c o n t e n t .  R e s u l t s  

h e r e  can  be compared w i th  t h o s e  s t u d i e s  m en tio n ed  a b o v e ,  awi w i th  a  

c a l c u l a t i o n  o f  t h e  t u b u l i n  c o n t e n t  o f  _D. m e la n o g a s te r  em bryos b a sed  on 

c o l c h i c i n e  b in d in g  a c t i v i t y  (G reen  a t  a l . , 1 9 7 5 ) .

l l i i s  a t y p i c a l  m e tap h ase  s p i n d l e  i s  more f l a t t e n e d  a g a i n s t  th e  

c o v e r s l l p  t h a n  th e  u s u a l  m e tap h ase  s p i n d l e  s e e n  in  SEM, and  th e  

m a j o r i t y  o f  i t s  f i b r i l s  a p p e a r  t o  be v i s i b l e  i n  t h i s  m ic ro g ra p h  

b eca u se  o f  s p r e a d i n g .

The number o f  m i c r o tu b u le s  in  t h i s  s p i n d l e  was e s t i m a t e d  in  th e  

f o l l o w i n g  w ays. At t h r e e  l o c a t i o n s  on t h e  m ic ro g ra p h  p a r a l l e l  l i n e s  

were drawn p e r p e n d i c u l a r  t o  t h e  lo n g  a x i s  o f  th e  s p i n d l e  ( F ig u r e  8 $, a ,  

b , and c ) .  At e ach  o f  t h e s e  l e v e l s  a c r o s s  t h e  s p i n d l e  two num bers were



P l a t e  XXX. 

Figure 9*).

F l a t t e n e d  n te taphase  a p l n d l e  in  SEM.

M etaphaae s p i n d l e ,  e x t r e m e ly  f l a t t e n e d  a g a i n s t  t h e  
c o v e r a l i p ,  a s k i n g  i t  u s e f u l  f o r  an  e s t i m a t i o n  o f  th e  
t u b u l i n  c o n t e n t  o f  t h i 3  s p i n d l e .  At t h r e e  d i f f e r e n t  
l e v e l s  a c r o s s  t h e  s p i n d l e  ( l i n e s  a ,  b , c, l e f t  and r i g h t  
s i d e s  o f  m ic r o g r a p h } m easu rem en ts  were made. SEM,
X 1 0 ,0 0 0 ,



/ Z 3 .



o b ta in e d *  ( l )  a  d i r e c t  m easurem ent o f  t h e  t o t a l  l i n e a r  m i l l i m e t e r s  o f  

f i b r i l l a r  d i a m e t e r s ,  and ( 2 )  c o u n t s  o f  s i z e  c l a s s e s  o f  f i b r i l l a r  d iam ­

e t e r s .

R e s u l t s  o f  t h e  f i r s t  method o f  m e a su r in g  were i l e v e l  a ,  50 nun; 

l e v e l  b , 90 mm; and l e v e l  c ,  92 . 5 nun, F o r  th e  f o l l o w i n g  c a l c u l a t i o n  

i t  was assum ed t h a t  t h e  s p i n d l e  I s  p e r f e c t l y  f l a t  and u n i f o r m ly  one 

m ic r o tu b u le  (m t) t h i c k .  Any n o n - m ic r o tu b u le  m a t e r i a l ,  su ch  a s  c l e a r  

zo n es  a ro u n d  m ic r o t u b u l e s ,  chrom osom es, and th e  m e ta l  c o a t i n g  a p p l i e d  

f o r  SEM, i s  d i s r e g a r d e d .  Each m i l l i m e t e r  in  th e  m ic ro g ra p h  (10,00QX) 

r e p r e s e n t s  100 nm o f  t r u e  l e n g t h ,  and t h e r e f o r e  c o u ld  c o n t a i n  up t o  

f o u r  a d j a c e n t  m ic r o t u b u l e s ,  e a c h  25 run in  d i a m e t e r .  The v a lu e  o b ta in e d  

by t h i s  method w i l l  be a  minimum e s t i m a t i o n ,  s i n c e  th e  s p i n d l e  in  F i g ­

u re  85 i s  p ro b a b ly  more th a n  one a i c r o t u b u l e  t h i c k .

At l e v e l  a i  50 mm x 4 rat/mm -  200 mt a c r o s s  th e  s p i n d l e .  ( C a l c u l a ­

t i o n s  w i l l  be shown o n ly  f o r  l e v e l  a ) .  S in c e  t h i s  i s  a  m e tap h ase  s p i n ­

d l e ,  each  m i r - o tu b u le  w i l l  be assumed t o  e x te n d  from p o le  t o  p o l e ,  o r  

150 mm on th e  m ic ro g ra p h  ( a c t u a l  l e n g t h  ■ 15 um o r  1 5 ,0 0 0  nm). T o t a l  

l e n g t h  in  nm o f mt in  th e  s p i n d l e ,  b ased  on m easu rem en ts  a t  l e v e l  a  a r e  

th a n i  200 irt x 15*000 nm/mt -  3 .0  x 10^ n m /s p in d le

Each m ic r o tu b u le  i s  assumed t o  be composed o f  13 p r o t o f 1la m e n t s ,  and 

th e  63 d im e r  o f  t u b u l i n  h a s  a  m o le c u la r  w e ig h t  o f  a b o u t  1 1 0 ,0 0 0  d a l t o n s ,  

30 t h a t  monomers c o m p r i s in g  th e  p r o t o f i l a m e n t s  have a  m o le c u la r  w e ig h t  

o f  55*000 d a l t o n s  and a  d i a m e t e r  o f  a b o u t  W  A (b  nm) ( E r i c k s o n ,  1 9 7 5 ) .

F o r  l e v e l  a t  3 .0  x 10^* nm o f  m t / s p i n d l e  x 13 p r o t o f i l / m t  ■ 3 9 .0  x 

106 nm o f  p r o t o f i l / s p i n d l e .  T h is  f i g u r e  d i v i d e d  by 4 n m / tu b u l i n  monomer 

-  9 .B  x 10^ m o n o m e rs /s p in d le ,  T tiis  number (an d  r e s u l t s  from l e v e l  bi

7 .8  x 10^ m o n o m e rs /sp in d le  and l e v e l  c i  8 .9  x 10^ m o n o m e rs /s p in d le )  i s



c l e a r l y  much lo w e r  th a n  num bers o b t a i n e d  by Cohen and Rebhun 11970) 

and  Fuge ( l9 ? U ) t Even I f  I t  were assum ed t h a t  t h i s  s p i n d l e  I s  two 

m ic r o t u b u l e s  t h i c k  ( r a t h e r  t h a n  o n e ) ,  r e s u l t s  would o n ly  be in  th e
n

r a n g e  o f  10 m o n o m e rs /s p in d le ,  which i s  s t i l l  an  o r d e r  o f  m ag n itu d e  

lo w e r  t h a n  am ounts  c a l c u l a t e d  by t h e s e  I n v e s t i g a t o r s .

F o r  e s t i m a t i o n  o f  th e  number o f  g ram s o f  t u b u l i n  r e q u i r e d  t o  con­

s t r u c t  t h i s  s p i n d l e ,  an d  a l l  3 p i n d l e s  in  th e  s y n c y t i a l  embryo o f  D, 

m e l a n o g a s t e r , r e s u l t s  a t  l e v e l  a  w i l l  a g a i n  be u s e d i

9 ,8  x 10^ m o n o m e rs /sp in d le  x 5 .5  x 10^  d a l to n s /m o n o m e r  x 

1 ,6 7  x 10-2U g m /d a l to n  ■ 9 .0  x 10 ^  g m /s p in d le .

Up t o  6^00 s p i n d l e s  may be p r e s e n t  by th e  end  o f  th e  b la s t e m a  d i v i ­

s i o n s  ( Z a l o k a r ,  1 9 7 6 ) ,  a l l  o f  w hich o c c u r  w h ile  t h e  embryo I s  s t i l l  a  

s y n c y t iu m ,  so  t h a t  9 ,0  x 10 ^  g m /s p ln d le  x 6500 s p i n d l e s  ■ 5*6 * 10 ^ 

gm/embryo needed  t o  c o n s t r u c t  a l l  t h e  s p i n d l e s  i n  t h e  p r e - b l a s to d e r m  

s t a g e s .

G reen e t  a l .  (1 9 7 5 )  e s t i m a t e  th e  minimum t u b u l i n  p o o l  s i z e  In  D.

m e la n o g a s t e r  d u r in g  th e  f i r s t  5 h o u r s  a f t e r  f e r t i l i z a t i o n  (a  p e r io d

—9 /which I n c l u d e s  t h e  b la s t e m a  d i v i s i o n s )  a t  10 x 10 gm /em bryo, which 

i s  th e  same o r d e r  o f  m ag n itu d e  a s  t h e  minimum e s t i m a t e  c a l c u l a t e d  h e re  

on s t r u c t u r a l  i n f o r m a t i o n  a l o n e .

In t h e  seco n d  m ethod U3ed t o  e s t i m a t e  num bers o f  m i c r o t u b u l e s ,  i t  

was assum ed t h a t  t h e  s p i n d l e  I s  composed o f  m ic r o tu b u le  b u n d le s  which 

a r e  c y l i n d r i c a l ,  and  whose d i a m e t e r  i 3 p r o p o r t i o n a l  t o  t h e  number o f  

m i c r o t u b u l e s  c o n t a i n e d  i n  t h e  b u n d le .  F i b r i l s  were m easu red  and c l a s s i ­

f i e d  i n t o  t h e s e  g r o u p s t



j e v e l F i b r i l  d i a m e te r

l e s s  th a n  
100 nm

a p p ro x .
100 nm

a p p ro x .  
150 nm

a p p ro x .  
250 nm

g r e a t e r  th a n
250 nm

a 10 10 6 4 0

b 8 3 2 9 2

c 29 12 4 2 0

\ssum ed a v e r a g e  0 m t / f l b r l l  d i a m e t e r 1

2 4 6 10 12

0 m t / f l b r i l  ■ ff  r  , and  r  m jr 0 m t / f l b r i l  d i a m e te r

4  r  9 rr 2 5 rr 36 rr

a 18 rr 40 rr 9* TT 100 rr 0

b 8 rr 12 r r 13 rr 225 rr 72 TT

c 29 rr 48 r r 36 7T 50 r r 0

T o t a l  0  o f  a t  a t  e ac h  l e v e l i  

L evel a  512

b 1052

c 666

By t h i s  second  m ethod , num bers o f  m ic r o t u b u l e s  a r e  e s t i m a t e d  a t

1 - 6  t i n e a  g r e a t e r  th a n  by th e  f i r s t  m ethod, o r ,  f o r  l e v e l  a t

7 —82 .5  x 10 m o n o m e rs /sp in d le  and  1 .5  x 10 gm o f  t u b u l in / e m b r y o .  T h is

d a t a  I s  i n  good a g re e m e n t  w i th  t h a t  p u b l i s h e d  f o r  b o th  num bers o f  monom ers/

s p i n d l e  In  o t h e r  s p e c i e s  and num bers o f  gram s o f  t u b u l i n  p e r  embryo i n  D.

m e l a n o g a s t e r .

E s t i m a t i o n  o f  n l c r o t u b u l e  num bers h e re  would be g r e a t l y  Improved



t h ro u g h  use  o f  s t e r e o  p a i r s  o f  m ic ro g ra p h s  o f  su ch  s p i n d l e s ,  p r o v id i n g  

■ ore  a c c u r a t e  I n f o r m a t io n  c o n c e r n in g  f i b r i l  b u n d le  sh ap e  ( c y l i n d r i c a l  

v e r s u s  f l a t t e n e d )  and  th e  p re s e n c e  and p o s i t i o n  o f  chromosomes. T h e re ­

f o r e ,  t h i s  c a l c u l a t i o n  I s  ad v an ced  a s  a  t e n t a t i v e  e s t i m a t i o n ,  b u t  one 

w hich shows th e  p o t e n t i a l  u se  o f  th e  m ethods h e r e  d e v e lo p e d .

A d d i t i o n a l  d a t a  I s  p ro v id e d  by th e  second  s e t  o f  e s t i m a t e d  numbers 

o f  m ic r o t u b u l e s .  The number o f  m ic r o tu b u le s  a t  l e v e l  b , s p i n d l e  mid­

r e g i o n ,  i s  a p p r o x im a te ly  tw ic e  th e  number o f  m ic r o t u b u l e s  e s t i m a t e d  

e i t h e r  a t  l e v e l  a  o r  c ,  s u g g e s t i n g  t h a t  m ic r o tu b u le s  may o v e r l a p  In  

t h e  m idd le  o f  th e  s p i n d l e  and th u s  may be a b l e  t o  s l i d e  r e l a t i v e  t o  

e a c h  o t h e r .
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