
INFORMATION TO USERS

This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.

The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.

1. The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity.

2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to begin filming at the upper left hand corner 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the first row and continuing on until complete.

4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department.

5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy.

University
Micrdrilms

International
300 N. ZEEB ROAD, ANN ARBOR. Ml 4 8 1 0 6  
18 BEDFO RD ROW, LONDON WC1R 4 E J,  ENGLAND



7913175

WILK v EUGENE WARREN
STRUCTURAL CHANGES IN THE FERTiILUED ARBACIA 
EGG DURING THE FIRST MITOTIC OYCLE.

CITY UNIVERSITY OF NEW YORK, P H .D . ,  1979

University
Micrcxilms

International 300  n . z e e b  r o a d , a n n  a r b o r , mi  4 b i o 6

@  1979

EUGENE WARREN WILK

ALL RIGHTS RESERVED



PLEASE NOTE:

In a l l  cases th i s  m ate r ia l  has been filmed In the  b e s t  p o ss ib le  
way from the a v a i la b le  copy. Problems encountered with th i s  
document have been id e n t i f i e d  here with a check mark .

1. Glossy photographs ^

2. Colored i l l u s t r a t i o n s  ________

3. Photographs with dark background

4. I l l u s t r a t i o n s  a re  poor copy ________

5. P r in t  shows through as th e re  i s  t e x t  on both s id es  o f  page __________

6. I n d i s t i n c t ,  broken o r  small p r i n t  on severa l p a g e s ___________throughout

7. T igh tly  bound copy with p r i n t  l o s t  in sp ine  _________

8. Computer p r in to u t  pages with i n d i s t i n c t  p r i n t  ________

9. Page(s) _ _  lacking  when m ateria l  rece iv ed , and not a v a i la b le  
from school o r au tho r ________

10. Page(s) _________ seem to  be m issing in numbering only as te x t
follows ________

11. Poor carbon c o p y ________

12. Not o r ig in a l  copy, several pages with b lu rred  type _________

13. Appendix pages a re  poor copy _________

14. O riginal copy with l i g h t  type _________

15. Curling and wrinkled pages _________

16. O th e r __________

University
Micn5nlms

International
3 0 0 N. ZEEB RD.. ANN ARBOR. Ml 4 8106  '3131 761-4700



STRUCTURAL CHANGES IN THE FERTILIZED ARBACIA 

EGG DURING THE FIRST MITOTIC CYCLE

fey

Eugene W, W ilk

A d i s s e r t a t i o n  su b m itte d  to  th e  G rad u ate  F a c u l ty  
in  B io lo g y  in  p a r t i a l  f u l f i l l m e n t  o f  th e  r e q u i r e ­
m ents f o r  th e  d e g re e  o f  D o c to r  o f  P h ilo so p h y , The 
C ity  U n iv e r s i ty  o f  New Y ork .

1979



* ■
11

Eugene Wilk

Th i s  m a n u s c r i p t  has been read  and a c c e p t e d  f o r  t he  Ex e cu t i ve  
Committee in Biology in s a t i s f a c t i o n  o f  t h e  d i s s e r t a t i o n  
r e qu i r e m e n t  f o r  t h e  d e g r ee  o f  Doctor  o f  Ph i l o s o p h y .

—*______
Chairman o f  Examining Committee 
P r o fe s s o r  Wm̂  Cohen

January 22, 1979

December 1 9 , 1978 
Date

Date Ex e cu t i ve  O f f i c e r  
P ro fe sso r Louis G. Moriber

? ro f . K. Lyser /

P ro f . R /G ra n t

P ro f , R. Bloodgo

Hunter College
i n s t  i t u t  ion

Hunter College
I n s t i t u t i o n

P ro f . T . Jensen  

P ro f . R, Gavin

(a ) ^ sP
P ro f .YE. Wang (j

Lehman College
I n s t  i t u t  ion

Brooklyn C ollege
i n s t i t u t i o n

R o ck efe lle r U n iv e rs ity  
Inst  i t u t  ion

A lb e rt E in s te in  College o f Medic ine  
1n s t  i t u t  ion

The Ci ty  U n i v e r s i t y  o f  New York



i i i

A b s tr a c t

STRUCTURAL CHANGES IN THE FERTILIZED ARBACIA 

EGG DURING THE FIRST MITOTIC CYCLE

by
Eugene W. W ilk 

A d v ise r i  P r o f e s s o r  W illiam  D. Cohen

Changes i n  c e l l  s t r u c t u r e  d u r in g  th e  f i r s t  m i t o t i c  c y c le  

o f  th e  s e a  u r c h in  A rb a c ia  p u n c tu la t a  w ere o b se rv e d  by l i g h t  

and e l e c t r o n  m ic ro sc o p y . The m a tu re  u n f e r t i l i z e d  eg g , s t r e a k  

s ta g e i  p ro p h a s e , m e ta p h a se , and  an a p h ase  w ere s tu d i e d .

C ytoplasm  o f  th e  m a tu re  egg  c o n ta in s  y o lk  g r a n u le s ,  p i g ­

m ent v a c u o le s ,  l i p i d  d r o p l e t s ,  c o r t i c a l  g r a n u le s ,  m ito c h o n d r ia ,  

and a  h e te ro g e n e o u s  sm ooth v e s i c u l a r  ER. No m ic ro tu b u le s  a r e  

p r e s e n t .

D u rin g  B tre a k  s t a g e ,  a  s t r e a k  zone d e v o id  o f  y o lk ,  p ig ­

m ent, and  l i p i d  d r o p l e t s  e n c i r c l e s  th e  n u c le u s .  I t  i s  shaped  

l i k e  a  c u rv e d , e lo n g a te d  d o n u t w ith  th e  n u c le u s  i n  th e  h o le .  

I t s  m a jo r  com ponents a r e  rough  s a c c u l a r  ER and a n n u la te  la m e l­

l a e .  What a p p e a rs  to  be C -m ic ro tu b u le s  can be s e e n  among th e  

l a t t e r ,  s u g g e s t in g  a  r e l a t i o n s h i p  t o  m ic ro tu b u le s .  A lthough  

i t  e x c lu d e s  m ost o r g a n e l l e s ,  th e  s t r e a k  do es n o t  e x c lu d e  heavy

b o d ie s  w hich a r e  fo u n d  i n  o r  n e a r  th e  zo n e ., T h is  o r g a n e l le  co n -
/

sists of a granular dense mass bounded incompletely by annulate 
lamellae. It, too, seems to be associated with microtubules. 
Since the streak zone apparently determines the plane and axis 
of the future mitotic apparatus, and since both annulate lamel­
lae and heavy bodies (which are localized in this zone) die-
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a p p e a r  j u s t  b e fo re  th e  g row th  o f  p ro p h a se  m ic r o tu b u le s ,  i t  i s  

p ro p o sed  t h a t  th e s e  o r g a n e l le s  p ro b a b ly  s t o r e  o r  p r o c e s s  m ic ro -  

tu b u le  p r o t e i n .

At p ro p h a se  th e  e x c lu s io n  zone becom es t h i c k e r  and s h o r t e r ,

no lo n g e r  c o n ta in in g  a n n u la te  la m e l la e  o r  heav y  b o d ie s .  M ost

o f  th e  s a c c u l a r  ER h a s  become sm ooth . N ear th e  n u c le u s  sm ooth

tu b u l a r  ER p re d o m in a te s .  S in c e  Ca -d e p e n d e n t ATPase a c t i v i t y
+ +p ea k s  a t  t h i s  t im e , t u b u l a r  ER may f u n c t io n  to  rem ove Ca in  

a  m anner a n a lo g o u s  to  t h a t  o f  m usc le  s a rc o p la s m ic  r e t i c u lu m .  

M ito c h o n d ria  s u r ro u n d in g  th e  n u c le u s  may a l s o  s e rv e  a s  Ca 

pumps a s  w e l l  a s  s u p p l i e r s  o f  ATP. A d e c re a s e  i n  Ca++ p ro b a b ly  

p e rm its  th e  a ssem b ly  o f  m i t o t i c  a p p a ra tu s  m ic ro tu b u le s  from  

s u b u n i t s  r e l e a s e d  from  t h e i r  s to r a g e  s i t e s .

As m ic ro tu b u le s  become o r i e n te d  and grow to w ard  th e  n u c ­

l e u s ,  some a p p a r e n t ly  p u sh  p o r t io n s  o f  th e  n u c l e a r  e n v e lo p e  

inw ard  tow ard  th e  chromosomes w h ile  o th e r s  ru n  a lo n g  th e  n u c ­

l e a r  s u r f a c e .  The m ic r o tu b u le - c o n ta in in g  " f in g e r s "  o f  c y to ­

p lasm  a r e  th o u g h t to  be  an  in te r m e d ia te  s ta g e  i n  m i t o t i c  a p ­

p a r a tu s  a s se m b ly . T h e ir  m ic ro tu b u le s  a r e  p ro b a b ly  i n t e r p o l a r  

o n es a l th o u g h  th e r e  i s  a  p o s s i b i l i t y  t h a t  th e y  may become 

a t ta c h e d  to  chrom osom es. Such m ic ro tu b u le s  o f te n  te r m in a te  a s  

C -m ic ro tu b u le s  and th e  " f in g e r s "  e x te n d  o n ly  a s  f a r  a s  t h e i r  

m ic ro tu b u le s  d o . E v id en ce  o f  n u c l e a r  e n v e lo p e  breakdow n and 

r e l e a s e  o f  n u c l e a r  p o re s  i n t o  th e  cy to p la sm  i s  a l s o  o b s e rv e d .

A t m e tap h ase  th e  m i t o t i c  a p p a ra tu s  i s  c o m p le te , c o n s i s t i n g  

o f  two a s t e r s  s e p a r a te d  by th e  s p in d l e ,  th e  chromosom es a l ig n e d  

a t  th e  m etaphase  p l a t e .  I n  th e  ch ro m o so m e-to -p o le  r e g io n ,  o n ly  

10# o f  th e  m ic ro tu b u le s  a r e  C -m ic ro tu b u le s  w h ile  a t  th e  p l a t e ,  

o v e r  50# a r e  C -m ic ro tu b u le s .  T h is  i s  in  s i t u  c o n f irm a t io n



o f  w ork done p r e v io u s ly  on  i s o l a t e d  s p i n d l e s .  Smooth s a c c u l a r  

ER r a d i a t e s  from  th e  a s t e r  and s u r ro u n d s  th e  s p in d le  p e r ip h e ry  

Smooth t u b u l a r  ER i s  fo u n d  i n  th e  c e n t e r  o f  th e  s p in d le *  e s ­

p e c i a l l y  n e a r  th e  chrom osom es.

A t an a p h ase  th e  chromosom es s e p a r a te  and move to w ard  th e  

p o le s*  d e f in in g  an  in te r z o n e  a r e a  b etw een  th em . O ver $0% o f  

in te r z o n e  m ic ro tu b u le s  a r e  C -m ic ro tu b u le s*  a g a in  c o n f irm in g  

e a r l i e r  w ork on i s o l a t e d  s p in d l e s .  A naphase ER i s  much red u ce d  

e s p e c i a l l y  i n  th e  i n t e r z o n e .  I t  i s  d i s t r i b u t e d  i n  th e  same way 

a s  m e tap h ase  ER e x c e p t  t h a t  t h e r e  i s  more m ix in g  o f  th e  sm ooth 

s a c c u l a r  ER w ith  th e  sm ooth tu b u l a r  ER.

I s o l a t e d  s p in d l e s  f ix e d  in  t h e  p re s e n c e  o f  t a n n ic  a c id  

d e m o n s tra te  t h a t  C -m ic ro tu b u le s  h av e  l e s s  th a n  13 p r o t o f i l a ­

m ents* p o s s i b ly  e x p la in in g  t h e i r  f a i l u r e  t o  fo rm  a  c y l in d e r .  

P o l a r i z a t i o n  m ic ro sco p y  on  Ia r te c h in u s  y a r i e g a t u n  z y g o te s  shows 

a  g r e a t  d e c l in e  i n  i n t e r z o n a l  b i r e f r in g e n c e *  some o f  w hich  

may be due to  i n t e r z o n a l  C -m ic ro tu b u le s  jn .  v i v o .
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I .  INTRODUCTION

I t  i s  120 y e a r s  s in c e  V irchow  (1858) w ro te  Mom nis 

c e l l u l a  e c e l l u l a , "  c a l l i n g  a t t e n t i o n  to  th e  f a c t  t h a t  a l l  

c e l l s  a r i s e  from  p r e v io u s ly  e x i s t i n g  c e l l s .  E v e r ss in c e *  

e l u c i d a t i o n  o f  th e  m echanism s u n d e r ly in g  c e l l  d i v i s i o n  h a s  

b een  a  m a jo r  g o a l  i n  c e l l  b io lo g y .  N e v e r th e le s s *  th e  f o r ­

m a tio n , c o n t r o l ,  an d  f u n c t io n  o f  th e  m i t o t i c  a p p a ra tu s  (MA), 

th e  com plex o f  o r g a n e l l e s  r e s p o n s ib le  f o r  chromosome move­

m en t, a r e  s t i l l  p o o r ly  u n d e r s to o d .

The fu n d am e n ta l n a tu r e  o f  m i to s i s  i s  r e f l e c t e d  i n  i t s  

enorm ous l i t e r a t u r e ,  w hich  h a s  b een  rev ie w e d  many t im e s  

p r e v io u s ly  (W ilso n , 1928 t S c h ra d e r ,  1953) M azia , 1961) 

L e v in e , 1963) N ic k la s ,  1971) B a je r  and M o le -B a je r , 1972; 

Inoue and S te p h e n s , 1975)* T hus, o n ly  a  summary o f  th e  m ost 

im p o r ta n t a s p e c t s  w i l l  be p r e s e n te d  h e r e .

A. The M i to t ic  A p p a ra tu s  o f  A nim al C e l ls  

^  C l a s s i c a l  c y to lo g y  ( s e e  re v ie w s  ab o v e) shows t h a t  a t  

th e  tim e  o f  c e l l  d i v i s i o n  th e r e  i s  a  d ra m a tic  r e o r g a n iz a t io n  

o f  c e l l  s t r u c t u r e .  The new assem b lag e  o f  o r g a n e l l e s  w hich  

e f f e c t s . m i t o s i s  i s  c a l l e d  th e  m i t o t i c  a p p a ra tu s  (MA). 

G e n e ra lly  i t  c o n s i s t s  o f  chromosom es (" c h ro m a tic  f i g u r e " )  

and a  f i b r o u s  com ponent ( " a c h ro m a tic  f i g u r e " ) .  The l a t t e r

h a s  two com ponents* th e  s p in d le  lo c a te d  c e n t r a l l y  and
% * *

roughly shaped like an American football,- and the asters, 
one at each end of the spindle, their fibers radiating from 
a central point CFig. 1). The central point is referred to 
as the pole and is in the centrosome region.

Although all spindle fibers run roughly parallel to the 
spindle axis, two types of fibers can be distinguished! 
interpolar or continuous (also "non-chromosomal") fibers



FIGURE 1 . D iagram  o f  th e  t y p i c a l  an im al zy g o te  m i t o t i c  a p ­

p a r a tu s  r e p r e s e n t in g  rae tap h ase  and an ap h ase  a s  se e n  by l i g h t  

m ic ro sc o p y . At m etap h ase  th e  chromosom es' (CC) a r e  a l ig n e d  

on th e  m etaphase  p l a t e  o f  th e  s p iq d le  w hich s e p a r a te s  th e  

two a s t e r s .  D u rin g  a n a p h a se , th e  chromosomes have s e p a ra te d  

and move to  th e  p o le s  (P ) w hich c o n ta in  c e n t r i o l e s  ( r e p r e ­

s e n te d  by p ro m in en t d o t  a t  th e  c e n te r  o f  each  a s t e r ) .  A lso 

a t  a n a p h a se , th e  s p in d le  e lo n g a te s  and th e  a s t e r s  grow l a r ­

g e r .  .Chromosomes a r e  a t t a c h e d  to  th e  s p in d le  by th e  chromo­

som al f i b e r s  ( s o l i d  l i n e s )  w h ile  i n t e r p o l a r  o r  c o n tin u o u s  

f i b e r s  (d ash ed  l i n e s )  seem to  e x te n d  from  one p o le  to  th e  

o th e r  th ro u g h  th e  i n t e r z o n e ,  th e  a r e a  betw een  th e  two s e t s  

o f  a l ig n e d  chromosomes a s  th e y  m ig ra te  to  th e  p o l e s .
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e x te n d in g  from  one p o le  tow ard  th e  o th e r ,  and chromosom al 

f i b e r s  e x te n d in g  from  chromosomes to  p o le s  (F ig , 1) .

Chromosomes a r e  c o n f in e d  to  th e  s p in d le ,  a l ig n in g  a t  i t s  

m id -p lan e  to  form  th e  m etaphase p l a t e .  D uring  anap h ase  th e y  

s e p a r a te  in to  two g ro u p s , each  g roup  m ig ra t in g  to  a  p o le  

and r e a c h in g  i t  a t  te lo p h a s e .  Chromosomal f i b e r s  a p p e a r  to  

be a t ta c h e d  to  chromosomes a t  s p e c i f i c  s i t e s ,  th e  k in e to c h o r e s .

E le c t r o n  m ic ro sco p y  r e v e a l s  th e  p re se n c e  o f  m ic ro tu b u le s  

(MTs) i n  th e  MA w h ere , l i k e  th e  f i b e r s  o f  l i g h t  m ic ro sco p y , 

th e y  r a d i a t e  from  th e  p o le s  and in  th e  s p in d le  a r e  a l ig n e d  

p a r a l l e l  to  i t s  a x i s .  They have a l s o  been  o b se rv ed  a t ta c h e d  

to  k in e to c h o re s  and a r e  deemed p r im a r i ly  r e s p o n s ib le  f o r  th e  

f ib r o u s  ap p ea ran ce  o f  th e  MA, MTs re sem b le  h o llo w  ro d s  and 

a re  betw een  20 and 25 nm in  d ia m e te r .  The w a l ls  a r e  u s u a l ly  

composed o f  13 p r o to f i la m e n ts  w hich  bond l a t e r a l l y .  Each 

p r o to f i la m e n t  c o n s i s t s  o f  a  c h a in  o f  tu b u l in  monomers, a  

g lo b u la r  p r o t e in  (L e d b e t te r  and P o r t e r ,  1963* G rim stone and 

K lug, 1966} T iln e y  e t  a l . ,  1973)* MT s t r u c t u r e ,  f u n c t io n ,  

and b io c h e m is try  have been  rev iew ed  many tim e s  r e c e n t ly  

(H e p le r  and F a l e v i t z ,  197^* S o i f e r ,  1975i Snyder and M cIn tosh , 

1976 i S tep h en s  and E dds, 1976) and w i l l  n o t  be rev iew ed  h e r e .

E le c t r o n  m icroscopy  a l s o  r e v e a ls  many o th e r  f e a t u r e s

common to  m i to t i c  a p p a ra tu s e s  o f  an im al c e l l s .  These 

in c lu d e  c e n t r i o l e s  a t  th e  a s t r a l  p o le s ,  smooth ER, r i b o -  

so m e -lik e  p a r t i c l e s ,  and a  " fu zz y "  m a te r ia l  a ro u n d  MTs, 

a l l  h a v in g  b een  r e c e n t ly  rev iew ed  ( F o re r ,  19691 S an g e r , 1 9 7 7 ).

B. C u r re n t H ypo theses o f  M ito s is

T here a re  f o u r  m a jo r  c u r r e n t  h y p o th e se s  o f  m i to s i s  w hich 

seek  to  e x p la in  th e  m echan ism (s) o f  anaphase  chromosome 

movement a n d /o r  an ap h ase  s p in d le  e lo n g a tio n *  T hree o f  th e
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f o u r  depend p r i n c i p a l l y  on MTs o r  t h e i r  c r o s s - b r id g e s  w h ile  

th e  f o u r th  in v o k e s  an  a c to in y o s in - l ik e  c o n t r a c t io n .

The "dynam ic e q u i l ib r iu m  h y p o th e s is "  was p ro p o sed  by 

Inoue and S a to  (196?) who s u g g e s te d  t h a t - a  dynam ic e q u i l ib r iu m  

e x i s t s  betw een  assem b led  MTs and a p o o l o f  t u b u l i n  s u b u n i t s .  

C e n t r io le s ,  k in e to c h o r e s ,  and th e  c e l l  p l a t e  o f  p l a n t  c e l l s ,  

a c t i n g  a s  o r i e n t i n g  c e n te r s  and w ith  o th e r  f a c t o r s  m ig h t s h i f t  

t h i s  e q u i l ib r iu m  a s  n eed ed  to w ard  assem bly  o r  d is a s s e m b ly . Such 

changes m ig h t, i n  some way, move chromosomes to  th e  p o l e s .

A " s l i d i n g  MT m echanism " a n a lo g o u s  to  th e  s l i d i n g  o f  mus- 

c l e  m ic ro f i la m e n ts  was p ro p o sed  by M cIn to sh , H e p le r ,  and Van 

Wie ( 1 9 6 9 ) .  Assum ing t h a t  MTs a r e  p o la r iz e d  and c i t i n g  th e  

p re s e n c e  o f  c r o s s - b r id g e s ,  th e y  s u g g e s te d  t h a t  th e  l a t t e r  fu n c ­

t i o n  a s  do th e  m yosin c r o s s - b r id g e s  o f  m u sc le , i . e .  a s  an ATPase 

m aking and b re a k in g  c o n ta c t  c y c l i c a l l y ,  and g e n e r a t in g  th e  f o r c e  

f o r  s l i d i n g  o f  MTs o f  o p p o s i te  p o l a r i t y .  S in c e  chromosomes a re  

a t ta c h e d  to  MTs, a s  th e  l a t t e r  s l i d e ,  th e  fo rm e r  move.

A t h i r d  M T-dependent m odel was s u g g e s te d  by B a je r  (1973) 

and i s  o f te n  r e f e r r e d  to  a s  th e  " z ip p e r "  m ode l. In  t h i s  h y ­

p o t h e s i s ,  n o n - p a r a l l e l  MTs i n t e r a c t  l a t e r a l l y  l i k e  two p ie c e s  

o f  m a te r i a l  b e in g  z ip p ed  to g e th e r .  The i n t e r a c t i o n  betw een  

r a d i a t i n g  chrom osom al f i b e r s  and n e ig h b o r in g  non-chrom osom al 

f i b e r s  i s  deemed c a p a b le  o f  p u l l i n g  a t ta c h e d  chromosomes to  

th e  p o l e s .

The f in d in g  o f  a c t i n  i n  th e  ch ro m o so m e-to -p o le  r e g io n  o f  

th e  s p in d le  by heavy  m erom yosin b in d in g  (F o r e r  and B ehnke, 1972j 

F o r e r ,  197^) and by im m u n o flu o rescen ce  (Cande e t  a l . ,  1975*1977) 

r e s u l t e d  i n  much s p e c u la t io n  t h a t  a c to m y o s in - l ik e  i n t e r a c t i o n s
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a r e  r e s p o n s ib le  f o r  a t  l e a s t  ch ro m o so m e-to -p o le  m ovem ents. I t  

h a s  been  c a lc u l a t e d  t h a t  a  s in g l e  t h i c k  f i l a m e n t  and i t s  a t t e n ­

d a n t  t h i n  f i l a m e n ts  e x te n d in g  from  th e  p o le  to  th e  chromosomes 

c o u ld  e a s i l y  p ro d u ce  1 ,0 0 0  t im e s  th e  f o r c e  need ed  to  p u l l  a  

chromosome to  th e  p o le  ( F o r e r ,  1969)*

Common to  a l l  th e s e  h y p o th e se s  i s  th e  a t te m p t  to  e x p la in  

th e  g e n e ra t io n  o f  f o r c e  r e q u i r e d  to  move chrom osom es. There a re  

a l s o  o th e r  p ro b lem s o f  a  fu n d am en ta l n a tu re *  How d o es  th e  c e l l  

c o n t r o l  th e  t im e , p l a c e ,  and r a t e  o f  MT o r  a c t i n  m ic ro f i la m e n t 

assem b ly ?  By w hat s t r u c t u r a l  r o u te  i s  assem b ly  and d is a s s e m b ly  

a c h ie v e d ?  W hile none o f  th e s e  q u e s t io n  have b een  a d e q u a te ly  a n ­

sw ered , t h e i r  e x p lo r a t io n  i s  v i t a l  to  u n d e r s ta n d in g  m i t o s i s .

C. BACKGROUND

B ecause th e  l a r g e  volume o f  l i t e r a t u r e  on m i t o s i s  p r e ­

c lu d e s  e x te n s iv e  re v ie w  h e r e ,  th e  l i t e r a t u r e  d is c u s s e d  h as  

b een  s e le c te d  a s  m ost d i r e c t l y  r e l e v a n t  to  th e  e x p e r im e n ta l  

work p e rfo rm e d . I t  i s  t h e r e f o r e  l im i t e d  p r im a r i l y  to  work on 

z y g o te s  o f  s e a  u r c h in s  and o th e r  m a rin e  s p e c ie s .

1 . l i g h t  M icroscopy

L ig h t m ic ro sco p y  h a s  been  u sed  to  s tu d y  th e  s e a  u rc h in  

m i t o t i c  a p p a ra tu s  in  l i v i n g  c e l l s  ( in  v iv o ) .  in  s e c t io n s  o f  

f ix e d  and s ta in e d  c e l l s  ( in  s i t u ) ,  and a f t e r  i s o l a t i o n ,

a .  P o la r i z i n g  m ic ro sco p y  in  v iv o

B ecause s e a  u r c h in  eg g s a r e  l a r g e  and o f te n  c o n ta in  much 

p ig m e n t, th e y  have been  g e n e r a l ly  ex c lu d ed  from  p o l a r i z a t i o n  

s t u d i e s .  N e v e r th e le s s ,  work done on v a r io u s  l i v i n g  m arin e  e g g s , 

e s p e c i a l l y  by Inoue  (196*4-* Inoue and S a to , 1967) have d em o n s tra ­

te d  t h a t  th e  m i t o t i c  s p in d le  i s  b i r e f r i n g e n t  and t h a t  much o f  

th e  b i r e f r i n g e n c e  i s  r e l a t e d  to  th e  s t a t e  o f  MT a s s e m b ly /d is ­
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asse m b ly . S in c e  s e v e r a l  d i f f e r e n t  t r e a tm e n t s  ( c o ld ,  c o l c h ic in e ,  

p r e s s u r e )  a f f e c t  t h i s  b i r e f r i n g e n c e  in  a  way s u g g e s t in g  an  e q u i­

l ib r iu m  r e a c t i o n ,  th e  dynam ic e q u i l ib r iu m  h y p o th e s is  was p ro ­

p o sed  a s  th e  b e s t  model to  f i t  th e  d a t a  .(In o u e  and S a to ,  1 9 6 7 ) .

More r e c e n t  work ( K ie h a r t  and In o u e , 1976) h a s  shown t h a t  

1 .0  mM CaCl2 m ic r o - in j e c t e d  in to  m arin e  embryo s p in d le s  c a u se s

r e v e r s i b l e  l o s s  o f  b i r e f r i n g e n c e .  T h is  d e m o n s tra te s  t h a t  s p in d le
+ +MTs in  v iv o  a r e  Ca - l a b i l e  l i k e  th o s e  ill  v i t r o  (W eisen b erg , 

1 9 ? 2 a ) . T hat th e  l o s s  o f  s p in d le  b i r e f r i n g e n c e  i s  r e v e r s i b l e  by 

c e l l  a c t io n  s u g g e s ts  t h a t  Ca++ c o n c e n t r a t io n  n e a r  th e  s p in d le  i s  

c a r e f u l ly  r e g u la t e d ,  f u r t h e r  su p p o r te d  by th e  f a c t  t h a t  when 

even  h ig h e r  d o se s  a re  m ic r o - in j e c t e d  away from  th e  s p in d le ,  no 

such  l o s s  i s  o b s e rv e d . In  a  s i m i l a r  v e in ,  a n t ib o d ie s  to  egg  myo­

s i n  m ic r o - in j e c t e d  in to  b la s to m e re s  p r e v e n t  c y to k in e s i s  b u t  n o t  

m i to s i s  (K ie h a r t  e t  a l , ,  1977) r a i s i n g  d o u b ts  a b o u t ac to m y o sin  

h y p o th e s e s  o f  chromosome m ovem ent. M oreover, c y to c h a la s in  B, an 

i n h i b i t o r  o f  a c t i n - l i k e  m ic ro f i la m e n t-d e p e n d e n t  p r o c e s s e s  i n  

many s y s te m s , d o es  n o t  i n h i b i t  m i to s i s  ( C a r t e r ,  1 9 6 7 ) .

b .  L ig h t  m ic ro sco p y  in  v iv o  and in  s i t u  

M ost s t r u c t u r a l  d a t a  from  l i g h t  m ic ro sco p y  o f  s e a  u r c h in  

eggs comes from  v ie w in g  e i t h e r  f ix e d ,  s e c t io n e d ,  and s ta in e d  

m a te r ia l  o r  l i v i n g  c e l l s  from  s p e c ie s  w ith  l e s s  p ig m e n t. The 

m a jo r s t u d i e s  o f  m o rp h o lo g ic a l change a s  a  r e s u l t  o f  f e r t i l i z a ­

t i o n  w ere r e p o r te d  by W ilso n  ( l8 9 5 f  1928 ; W ilso n  and M athews, 

I 8 9 5 ) and  H arvey (1 9 5 6 ) , and d id  much to  a id  o u r  u n d e r s ta n d in g  

o f  th e  te m p o ra l se q u en ce  o f  m i t o s i s  a t  th e  l i g h t  m ic ro sco p e  l e v e l .

S ea u r c h in  eg g s  m a tu re  i n  th e  o v ary  and h av e  a l r e a d y  com­

p le te d  t h e i r  m e io t ic  d i v i s i o n s  when th e  a n im a ls  spaw n. S e v e ra l  

h o u rs  a f t e r  sh e d d in g  th e  second  p o l a r  body th e y  can  be f e r t i l i z e d .



As seen  by l i g h t  m ic ro sco p y , th e  m atu re  A rb a c ia  egg h as  

an e c c e n t r i e ,  s p h e r i c a l  n u c le u s ,  a p p ro x im a te ly  1 1 .5  .Mm in  

d ia m e te r .  In  a d d i t io n  to  th e  n u c le u s  and o th e r  u s u a l  o r g a n e l le  

l i k e  m ito c h o n d r ia , th e  cy to p lasm  c o n ta in s  y o lk  g r a n u le s ,  p ig ­

m ent v a c u o le s ,  and l i p i d  d r o p l e t s  a l l  d i s t r i b u t e d  random ly , 

fo rm in g  a  homogeneous c y to p la sm . The p ig m en t v a c u o le s  c o n ta in  

"ech inochrom e" w hich  im p a r ts  to  th e  egg i t s  r e d d is h  c o lo r  and 

makes m ic roscopy  o f  th e  w hole egg  v e ry  d i f f i c u l t .  The egg  a ls o  

h as  c o r t i c a l  g r a n u le s  w hich  b re a k  open upon f e r t i l i z a t i o n ,  

r e l e a s i n g  t h e i r  c o n te n ts  o u ts id e  th e  c e l l  membrane, A v i t e l ­

l i n e  membrane o v e r l i e s  th e  c e l l  membrane and l i f t s  o f f  th e  

s u r f a c e  a f t e r  f e r t i l i z a t i o n .  S u rro u n d in g  th e  egg  i s  a  j e l l y  

l a y e r  some 20 ;um t h i c k ,  d e m o n s tra te d  by th e  o b s e rv a t io n s  t h a t  

packed  eggs do n o t  to u ch  each  o th e r  and t h a t  sperm  o f te n  g e t  

s tu c k  in  i t  fo rm in g  a  " h a lo "  aro u n d  th e  eg g .

I t  i s  d i f f i c u l t  to  d e te rm in e  th e  p o l a r i t y  o f  th e  egg 

b e c a u s e , a s  j u s t  m e n tio n e d , th e  cy to p la sm  i s  u n ifo rm  th ro u g h ­

o u t .  The p o la r  b o d ie s  a re  form ed a t  th e  an im al p o le  b u t  can ­

n o t  be u sed  a s  a  m ark er b ec au se  th e y  do n o t  rem ain  u n t i l  

m a tu r i ty .  The m ic ro p y le  i s  lo c a te d  in  th e  egg j e l l y  a t  th e  

an im al p o le  b u t  c a n n o t be se en  e x c e p t  by th e  a d d i t io n  o f  I n d ia  

in k  to  sw e ll th e  j e l l y .  Not u n t i l  th e  8 - c e l l  s t a g e ,  when an 

uneven d i v i s io n  r e s u l t s  in  th e  fo rm a tio n  o f  m icrom eres a t  th e  

v e g e ta l  p o le ,  can  p o l a r i t y  be e a s i l y  d e te rm in e d . B e s id e s  b e in g  

s m a l le r  th a n  th e  o th e r  c e l l s ,  m icrom eres a l s o  la c k  p ig m e n t. 

They a r e  th u s  e x c e l l e n t  m ark e rs  f o r  th e  v e g e ta l  p o le  b u t  o n ly  

in  s t a g e s  su b se q u e n t to  th o s e  u n d e r  i n v e s t i g a t i o n  h e r e .

Upon f e r t i l i z a t i o n ,  many changes o c c u r  a t  th e  c e l l  s u r ­

f a c e .  When th e  sperm  to u c h e s  th e  eg g , a  sm a ll f e r t i l i z a t i o n  

cone r i s e s  above th e  sp e rm a to zo o n . A lthough  t h i s  a p p e a rs
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e a r l i e s t ,  i t  i s  e a s i e r  to  se e  th e  n e x t  s t e p ,  th e  l i f t i n g  o f  th e  

v i t e l l i n e  membrane by a b o u t 5 Mm to  form  a  f e r t i l i z a t i o n  mem­

b ra n e  aro u n d  th e  c e l l .  T h is  i s  th e  m ost v i s i b l e  s ig n  t h a t  f e r ­

t i l i z a t i o n  h a s  o c c u r r e d .  D u rin g  t h i s  t im e , th e  c o r t i c a l  g r a n u le s  

r e l e a s e  t h e i r  c o n te n ts  i n t o  th e  p e r i v i t e l l i n e  sp a ce  betw een  th e  

egg  s u r f a c e  and th e  f e r t i l i z a t i o n  membrane. Some o f  t h i s  m a te r ia l  

c o n t r ib u t e s  to  th e  h y a l in e  l a y e r  aro u n d  th e  eg g . T h is  l a y e r  

th ic k e n s  to  2 to  3 and h e lp s  b in d  th e  b la s to m e re s  to g e th e r .

I t  can be p re v e n te d  from  fo rm in g  o r  d is s o lv e d  by C a - f re e  s e a  

w a te r  to  make l y s i s  e a s i e r .  F i n a l l y ,  p ig m en t v a c u o le s ,  w hich 

had been  u n ifo rm ly  d i s t r i b u t e d  in  th e  u n f e r t i l i z e d  eg g , m ig ra te  

to  th e  c o r te x  w here th e y  form  a h e a v i ly  p igm en ted  l a y e r .

In  a d d i t io n  to  th e s e  s u r fa c e  r e a c t i o n s ,  many i n t e r n a l  

ch an g es a r e  t a k in g  p l a c e .  A f te r  th e  sperm  h ead  e n t e r s  th e  eg g , 

i t  d o es  an a b o u t - f a c e  so t h a t  i t s  b a s a l  body f a c e s  th e  egg 

n u c le u s .  From th e  b a s a l  body , r a y s  a p p e a r  fo rm in g  a  sperm  a s t e r  

( F ig ,  2 :2 )  w hich grow s a s  th e  sperm  n u c le u s  m eets  and f u s e s  

w ith  th e  egg n u c le u s .  At t h i s  p o in t  th e  a s t e r  s p re a d s  th ro u g h ­

o u t  th e  c e l l  r e s u l t i n g  i n  th e  m o n a s te r  s ta g e  ( F ig .  2 : 3 ) .

As th e  r a y s  o f  th e  m o n a s te r  d i s a p p e a r ,  th e  " s t r e a k  s ta g e "  

( F ig .  2 :^ )  b e g in s .  I t s  name comes from  th e  c l e a r  s t r e a k ,  

f r e e  o f  p ig m en t and m ost g r a n u le s ,  w hich seem s to  form  around  

th e  n u c le u s  a t  t h i s  s t a g e .  C re n a tio n  o f  th e  c e l l  s u r f a c e  i s  

f i r s t  o b se rv e d  a t  t h i s  t im e .

The s t r e a k  s ta g e  i s  im p o r ta n t  b ec a u se  i t  o c c u rs  j u s t  b e ­

f o r e  assem b ly  o f  th e  m i t o t i c  a p p a ra tu s  and p r o v id e s  th e  f i r s t  

s ig n  o f  th e  su b se q u e n t s p in d le  a x i s .  A t th e  l i g h t  m ic ro sco p e  

l e v e l ,  how ever, n o th in g  seem s to  h ap p en , a s  i f  th e  c e l l  w ere 

a r r e s t e d .  I n  f a c t ,  a  c o r re s p o n d in g  s ta g e  in  th e  unp igm en ted



FIGURE 2 . C l a s s i c a l  l i g h t  m ic ro sco p y  v iew s o f  s e c t io n e d  

A rb a c ia  p u n c tu la t a  z y g o te s  d u r in g  v a r io u s  s ta g e s  o f  th e  

m i to t i c  c y c le .  R eproduced from  THE AMERICAN ARBACIA AND 

OTHER SEA URCHINS by E th e l  Browne H arvey (p u b lis h e d  by 

P r in c e to n  U n iv e r s i ty  P r e s s ,  1 9 5 6 ): P la t e  V "Normal d e ­

v elopm en t ( s e c t i o n s ) " .  R e p r in te d  by p e rm is s io n  o f  

P r in c e to n  U n iv e r s i ty  P re s s .

The c e l l s  were f ix e d  in  B o u in 's  f i x a t i v e  and s ta in e d
. - c

w ith  H e id e r ih a in 's  h e m a to x y lin . LM x *4-50.

1. U n f e r t i l i z e d  egg

2. Sperm and sperm  a s t e r

3 . P ro n u c le a r  fu s io n

4 . S tr e a k  s t a g e ; Note th e  e n la rg e d  n u c le u s

5 . P ro p h ase

6. M etaphase

7. Anaphase

8 . T e lo p h ase

9 . Second c le a v a g e

10. Second c le a v a g e

11. F o u r - c e l l  s ta g e

12. E a r ly  b i a s t u l a ;  N ote th e  la c k  o f  a s t e r s
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egg  o f  L v te c h in u s  v a r i e g a tu s  i s  c a l l e d  th e  "p au se"  (W ilso n , 1895 i 

W ilson  and M athews, 1895) f o r  t h i s  v e ry  r e a s o n .  Such eggs do n o t  

have a  r e c o g n iz a b le  s t r e a k  p resu m ab ly  b ecau se  th e r e  i s  no p ig m en t 

to  d i f f e r e n t i a t e  b e tw een  th e  n o n -p ig m en ted  s t r e a k  zone and th e  

p igm en ted  c y to p la sm  aro u n d  i t .  U n fo r tu n a te ly ,  th e  a p p a re n t  q u i ­

e scen c e  o f  th e  s t r e a k  s ta g e  h a s  l im i t e d  i t s  s tu d y  a l th o u g h t  i t  

a c c o u n ts  f o r  30% o f  th e  m i t o t i c  c y c le  and o b v io u s ly  c o n t r ib u t e s  

to  th e  fo rm a tio n  o f  th e  m i t o t i c  a p p a r a tu s .  Even th e  3 -d im e n s io n a l 

shape o f  th e  s t r e a k  zone h a s  n o t  been  a d e q u a te ly  d e te rm in e d .

The A rb a c ia  n u c le u s  e n la r g e s  to  a p p ro x im a te ly  16 Jim in  

d ia m e te r  arid becom es e l l i p t i c a l  a s  chromosomes a p p e a r .  The 

n u c l e a r  en v e lo p e  d i s a p p e a r s  and a  s p in d le  w ith  an  a s t e r  a t  each  

p o le  i s  form ed ( F ig .  2*5)* The chromosomes rem a in  s c a t t e r e d  

u n t i l  m etaphase  when th e y  a r e  a l ig n e d  in  a m etaphase  p l a t e .

The m i t o t i c  a p p a ra tu s  i s  com ple te  a t  m e tap h a se , c o n s i s t i n g  o f  

two a s t e r s  w ith  a  s p in d le  s e p a r a t i n g  them ( F ig .  2 * 6 ).

At an ap h ase  th e  chromosomes s e p a r a te  i n to  two s e t s ,  one 

s e t  o f  a l ig n e d  chromosom es g o in g  to  one p o le  and thje o th e r  s e t  

g o in g  to  th e  o p p o s i te  p o le  ( F ig .  2 * 7 ) . At te lo p h a s e  th e  chrom o­

somes have  re a c h e d  th e  p o le s  in  th e  a s t e r s  and become v e s ic u ­

l a r  (F ig .  2 * 8 ) . The v e s i c l e s  f u s e  fo rm in g  new n u c l e i  a s  th e  

c le a v a g e  fu rro w  d iv id e s  th e  c e l l  i n  two (F ig .  2 * 9 )• The tim e  

from  f e r t i l i z a t i o n  to  f i r s t  c le a v a g e  i s  50 min a t  23°C. As i s  

th e  c a se  f o r  m ost b i o l o g i c a l  p r o c e s s e s ,  lo w er te m p e ra tu re  

p ro lo n g s  th e  c e l l  c y c le  so  t h a t  a t  20°C, f o r  exam ple , c le a v a g e  

o c c u rs  a t  a b o u t 1 h r  a f t e r  f e r t i l i z a t i o n .

c .  Im m unofluo rescence  in  s i t u

In  th e  p a s t  few  y e a r s  ad v an ce s  i n  im m u n o flu o rescen ce  

te c h n iq u e s  i n  s i t u  have made i t  p o s s ib le  to  l o c a t e  p r o t e i n s



deemed im p o r ta n t i n  m i to s i s  in c lu d in g  tu b u lin *  a c t i n ,  m yosin* 

c a lc iu m -d e p e n d e n t r e g u l a t o r ,  and m ic r o tu b u le - a s s o c ia te d  p r o ­

t e i n s  (MAPs). The te c h n iq u e  u s u a l ly  in v o lv e s  t r e a tm e n t  o f  

v a r io u s  mammalian c e l l s  in  c u l tu r e  w ith  a c e to n e  o r  g ly c e r o l  

to  make them p e rm eab le  to  a n tib o d y  o r  o th e r  s p e c i f i c  p ro b e s  

l i k e  heavy-m erom yosin .

F u l l e r ,  B r in k le y ,  and B o u g h te r (1975) u s in g  b o v in e  b r a in  

t u b u l in  a n t ib o d ie s  t h a t  had  been  made f l u o r e s c e n t ,  found  a  

f a i n t  f lu o re s c e n c e  aro u n d  th e  n u c le u s  and co n d e n s in g  chrom o­

somes a t  p ro p h a se  o f  r a t  kan g aro o  ( P o to ro u s  t r i d a c t v l i s ) c e l l s .  

D u ring  p ro m etap h ase  a  c e n t r a l  s p o t  o f  f lu o re s c e n c e  su rro u n d e d  

by chromosomes becom es more s p in d le - s h a p e d  w ith  chromosom es 

th ro u g h o u t. The e n t i r e  m i t o t i c  a p p a r a tu s ,  in c lu d in g  th e  i n t e r ­

zo n e , i s  f l u o r e s c e n t  d u r in g  m etaphase  and an ap h ase  b u t  th e  

f lu o re s c e n c e  d e c re a s e s  a t  t e lo p h a s e .  S in c e  th e  c y to p la s m ic  

background  f lu o r e s c e n c e  in c r e a s e s  a t  t h i s  p o in t ,  monomer r e ­

l e a s e  from  d e p o ly m e r iz in g  MTs i s  s u g g e s te d .

S an g er (1975) u s e d  f l u o r e s c e n t l y - l a b e l l e d  h eav y -m ero - 

m yosin to  l o c a t e  a c t i n  i n  r a t  k an g aro o  (P t-K 2 ) c e l l s  and 

found f lu o re s c e n c e  in  n u c l e o l i ,  k in e to c h o r e s ,  c e n t r i o l a r  

r e g io n ,  and chrom osom al s p in d le  f i b e r s .  S in ce  a c t i n  was n o t  

p r e s e n t  i n  c o n tin u o u s  s p in d le  f i b e r s  o r  i n  a s t r a l  f i b e r s ,  he 

s u g g e s te d  an a c t in -m y o s in  i n t e r a c t i o n  a s  th e  m echanism  f o r  

ch ro m o so m e-to -p o le  movement. In d e e d , F u jiw a ra  and P o l la r d  

(1975) found  m yosin  b o th  i n  th e  s p in d le  and p o la r  a r e a  b u t  n o t  

i n  th e  in te r z o n e  o f  HeLa c e l l s  u s in g  f l u o r e s c e n t  a n t im y o s in .

C ande, L a z a r id e s ,  and M cIn tosh  (1975* 1977) u se d  i n d i r e c t  

im m u n o flu o rescen ce  on ly s e d  r a t  k an g a ro o  (P t-K l)  c e l l s  and 

r e p o r te d  a c t i n  i n  am orphous form  a t  th e  p o le s  and a  f i b r o u s  

form  ru n n in g  fro m  chromosome to  p o le*  They p o in te d  o u t  t h a t
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/

f lu o r e s c e n c e  a t  th e  p c & g s ^ i s ^ f i r s t  v iewed in  l a t e  p rophase  

w h ile  t h a t  o f  th e  s p in d le  d o es  n o t  a p p e a r  u n t i l  prornetaphase 

and c o n t in u e s  th ro u g h  an a p h ase . S in ce  colcem id p re v e n te d  

f i b r o u s  a c t i n  f lu o r e s c e n c e  b u t  n o t  p o l a r  amorphous a c t i n

f l u o r e s c e n c e ,  a  r o l e  f o r  t u b u l i n  i n  th e  c o n t r o l  o f  a c t i n
/

p o ly m e r iz a t io n  i s  s u g g e s te d .  As m entioned  b e f o r e ,  i t  was th e  

p re s e n c e  o f  a c t i n  d e m o n s tra te d  by th e s e  methods t h a t  l e d  to  

h y p o th e se s  o f  chromosome movement b a se d  on a c t i n  i n t e r a c t i o n s .

In  w hat may be a m a jo r  b r e a k th ro u g h ,  Welsh and Dedman 

(1977) r e p o r t e d  th e  p re s e n c e  o f  c a lc iu m -d e p en d e n t r e g u l a t o r  

by im m unofluorescence i n  th e  s e v e r a l - mammalian c u l t u r e s  ex ­

am ined. I t s  f lu o r e s c e n c e  p a t t e r n  i s  s i m i l a r  to  t h a t  o f  a c t i n  

and i t  can s u b s t i t u t e  f o r  t ro p o n in -C  i n  th e  r e g u l a t i o n  o f  s k e l ­

e t a l  muscle ac to m y o sin  ATPase. R e c e n t ly ,  i t  was shown to  be r e ­

s p o n s ib le  f o r  in  v i t r o  c o n t r o l  o f  Ca++ s e n s i t i v i t y  i n  MT p o ly ­

m e r iz a t i o n /d e p o ly m e r iz a t io n  r e a c t i o n s ,  s u g g e s t in g  a  m a jo r  r o l e  

f o r  t h i s  p r o t e i n  in  m i t o s i s  (Marcum e t  a l . ,  1978).

Im m unofluorescence h as  a l s o  been used  to  s tu d y  M T -assoc i-  

a t e d  p r o t e i n s .  Lockwood (1977) made an a n t ib o d y  to  one o f  t h e s e ,  

tu b u l in -a s s e m b ly  p r o t e i n ,  which seems n e c e s s a ry  f o r  b o th  MT 
i n i t i a t i o n  and e l o n g a t i o n .  I t s  f lu o re s c e n c e  p a t t e r n  in  r a t

t

kangaroo ( P t -K l)  c e l l s  mimics t h a t  o f  a n t i t u b u l i n ,  i . e . ,  i t  

s t a i n s  th e  c y to p la sm ic  MT n e tw ork  u n t i l  m i to s i s  when th e  n e t ­

work d i s a p p e a r s .  I t  i s  a l s o  found i n  th e  m i t o t i c  s p in d le  and 

i t s  s t a i n i n g  i s  b o th  c o ld  and co lcem id  s e n s i t i v e .  A s i m i l a r  

f i n d i n g  f o r  a  h ig h  m o le c u la r  w e ig h t  M T -asso c ia ted  p r o t e i n  in  

mouse n e u ro b la s to m a  (N115) and r a t  f i b r o b l a s t  (3T3) c e l l s  was 

r e c e n t l y  r e p o r t e d  ( S h e r l i n e  and S ch iav o n e , 1977)* H ere , to o ,  

th e  c y to p la sm ic  MT ne tw ork  from n u c le u s  to  p e r ip h e r y  i s  f l u o r ­

e s c e n t ,  a s  a r e  th e  n e u r i t e s  a f  th e  n e u ro b la s to m a  c e l l s .  The
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c r o s s - b r id g e s  on MTs c i t e d  by p ro p o n e n ts  o f  th e  s l i d i n g  MT 

h y p o th e s i s  o f  m i t o s i s  (M cIn tosh  e t  a l . »  1969) m ight a l s o  be 

c o n s id e re d  a  ty p e  o f  M T -asso c ia ted  p r o t e i n .

A lthough th e  s p e c i f i c  r o l e ( s )  each  o f  th e s e  p r o t e i n s  p la y  

in  a s se m b ly » f u n c t i o n ,  o r  c o n t r o l  o f  th e  m i t o t i c  a p p a ra tu s  

rem ains  unknown, im m unofluorescence c o n t in u e s  to  y i e l d  much 

in fo rm a t io n  on th e  b io c h e m is t r y  o f  m i t o s i s  as  w e l l  a s  i t s  

tem p o ra l seq u en ce .

d . The i s o l a t e d  m i t o t i c  a p p a ra tu s  

In  1952, u s in g  s e a  u r c h in  eg g s , Mazia and Dan were f i r s t  

to  i s o l a t e  m i t o t i c  a p p a ra tu s e s  from  c e l l s  f i x e d  in  co ld  e th a n o l .  

By 1961, Mazia ( e t  a l . )  had i s o l a t e d  them from l i v i n g  c e l l s  

u s in g  a d i s u l f i d e  r e a g e n t .  The f o l lo w in g  y e a r ,  Kane (1962a) 

showed t h a t  u n d e r  c o n t r o l l e d  pH c o n d i t io n s  n o n - e l e c t r o l y t e s , 

l i k e  p ro p y le n e  g l y c o l ,  co u ld  s u b s t i t u t e  f o r  d i s u l f i d e  r e a g e n t s ,  

a s  cou ld  a l c o h o l s  and s e v e r a l  o t h e r  a g e n ts  t h a t  i n h i b i t  p r o t e in  

s o l u b i l i z a t i o n  (Kane, 1965)* Such m i t o t i c  a p p a ra tu s e s  a r e  b i r e -  

f r i n g e n t ,  s t a b i l i z e d  by d i v a l e n t  c a t i o n s ,  and pH s e n s i t i v e  

(Goldman and Rebhun, 1969). U l t r a s t r u c t u r a l l y , i s o l a t e s  r e t a i n  

t h e i r  MTs and d i s p l a y  v e s i c l e s  and r ib o s o m e - l ik e  p a r t i c l e s  

(Kane, 1962b; Rebhun and S an d er ,  1967; Goldman and Rebhun,

1969). The hope h as  been t h a t  a t  some tim e , such i s o l a t e s  would 

be c a p a b le  o f  f u n c t io n i n g ,  i . e . ,  to  move chromosomes in  a 

norm al m an n er ,so  th e y  can be u sed  a s  a  model sy s tem .

Goode and Roth (1969) r e p o r t e d  chromosome movement in  i s o ­

l a t e d  ameba m i t o t i c  a p p a ra tu s e s  when Mg++ and ATP a r e  added b u t  

t h i s  r e s u l t s  from m i t o t i c  a p p a ra tu s  e l o n g a t i o n .  S i m i l a r l y ,  Cohen 

(1968) r e p o r t e d  s w e l l in g  and s h r in k in g  o f  i s o l a t e d  As. p u n c t u la t a  

and S j d r o e b a c h ie n s i s  m i t o t i c  a p p a r a tu s e s ,  a s  w e l l  a s  chromo­
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some s e p a r a t i o n  by m i t o t i c  a p p a ra tu s  e l o n g a t io n  based  upon pH 

and p o l y e l e c t r o l y t e  e f f e c t s .  In  no c a s e ,  how ever, were observed  

movements th e  same a s  in . v iv o  o n e s .  The r e a s o n  f o r  t h i s  i n a b i l i t y  

t o  f u n c t io n  may w e l l  be l o s s  o f  m a te r ia l ' ,  s in c e  F o re r  and 

Goldman (1972) found a  hQ% to  80fo d e c re a s e  i n  a p p a r a tu s  d ry  

m a t t e r  a f t e r  i s o l a t i o n  when compared to  th e  amount th o u g h t  

p r e s e n t  in. v iv o  from i n t e r f e r e n c e  m ic ro sco p y . J u s t  what m a te r i a l  

i s  l o s t  d u r in g  i s o l a t i o n  i s  unknown, b u t  i t s  i n v e s t i g a t i o n  

m ight shed l i g h t  on th e  mechanism o f  m i t o t i c  a p p a ra tu s  f u n c t io n .

A new ap p ro ach  to  f u n c t i o n a l  i s o l a t e d  m i t o t i c  a p p a ra tu s e s  

was s p u r re d  by th e  i n t r o d u c t i o n  o f  Ca++- r e g u l a t i n g  m edia which 

su p p o r t  MT assem bly  i n  v i t r o  (W eisenberg , 1972 ) .  Cande e t  a l .  

(197*0 r e p o r t e d  norm al chromosome movement i n  m i t o t i c  a p p a r a tu s e s  

from r a t  kangaroo  (P t - K l )  c e l l s  l y s e d  in  such  a medium to  which 

Carbowax was ad d ed . A f t e r  some d i f f i c u l t y  i n  r e p ro d u c in g  t h e i r  

r e s u l t s ,  th e y  have now begun to  e x p lo re  t h i s  sy s tem . Rebhun e t  

a l .  (197*+) u sed  a  s i m i l a r  medium w i th o u t  Carbowax on s u r f  clam 

zygo te  m i t o t i c  a p p a ra tu s e s  and th o u g h t  some chromosome movement 

may have o c c u rre d  in  c e l l s  ly s e d  d u r in g  anaphase b u t  were n o t  

d e f i n i t e  a b o u t i t .  In  any e v e n t ,  even  w ith  th e  new p o ly m e r i­

z in g  m edia, r e g u l a r  and r e p r o d u c ib le  m i t o t i c  chromosome s e p a r a ­

t i o n  and movement h as  o n ly  r e c e n t l y  been a t t a i n e d  in  ly s e d  

c e l l s  and i t s  s tu d y  on ly  j u s t  begun.

N e v e r th e le s s ,  much o f  what i s  known a b o u t  th e  m i t o t i c  

a p p a ra tu s  h a s  come from work on th e  m i t o t i c  a p p a ra tu s  i s o l a t e d  

from  s e a  u r c h in  z y g o te s .  Mazia e t  a l .  (1961) d e m o n s tra te d  th e  

p re se n c e  o f  a  Mg - s t i m u l a t e d  ATFase, a s  w e l l  a s  a  Ca - s t i m ­

u l a t e d  one (1 9 7 2 ) .  Both o f  th e s e  a r e  p ro b a b ly  im p o r ta n t  i n  

m i t o t i c  a p p a ra tu s  assem bly  o r  f u n c t i o n .  Rebhun and S ander  ( 1 9 6 7 )
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c o r r e l a t e d  b i r e f r i n g e n c e  m easurem ents  w i th  num bers o f  MTs;

Cohen and Rebhun (1970) m easured  th e  amount o f  t u b u l i n  r e q u i r e d  

f o r  m i t o t i c  a p p a r a tu s  assem bly* Zimmerman ( I9 6 0 ;  1 9 6 3 ) found 

i n t e r z o n a l  RNA a s  w e l l  a s  i n c r e a s e d  s o l u b i l i t y  o f  th e  i n t e r ­

zone i n  v a r io u s  s o l v e n t s ;  Rebhun e t  a l .  (197*0 d e m o n s tra te d  

t h a t  k in e to c h o r e s  a c t  a s  i n i t i a t i o n  s i t e s  f o r  MT assem bly ; 

B ib r in g  e t  a l .  (1976) showed MT p r o t e i n  from  i s o l a t e d  s e a  

u r c h in  m i t o t i c  a p p a r a tu s e s  d i f f e r  from  t h a t  o f  c i l i a  and f l a -  

g e l l a  o f  th e  same s p e c i e s ;  Salmon and J e n k in s  (1977) found  

m i t o t i c  a p p a r a tu s e s  i s o l a t e d  in  one o f  th e  new p o ly m e r iz in g  

m edia were "*C& - l a b i l e  and may c o n ta in  d y n e in ,  th e  ATPase 

found  a t t a c h e d  to  th e  o u t e r  d o u b le t s  o f  c i l i a  and f l a g e l l a ;  

S tep h e n s  (1972) d e m o n s tra te d  th e  im p o r ta n ce  o f  te m p e ra tu re  

p r i o r  to  n u c l e a r  breakdown by " te m p e ra tu re  jumps" u s in g  i s o ­

l a t i o n  to  m easure th e  s i .z e ,  fo rm , and b i r e f r i n g e n c e  o f  

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

One i n t e r e s t i n g  u l t r a s t r u c t u r a l  d i s c o v e r y  was th e  f i n d ­

in g  by Cohen and G o t t l i e b  (1971) o f  C -m ic ro tu b u le s  (C-MTs) i n  

th e  m etaphase p l a t e  and i n t e r z o n e  o f  i s o l a t e d  A. p u n c t u l a t a  

m i t o t i c  a p p a r a tu s e s  (Kane m e th o d ) .  They a r e  deemed to  be MTs 

t h a t  have n o t  c l o s e d ,  a p p e a r in g  C -shaped  r a t h e r  th a n  0 -sh ap ed  

i n  c r o s s - s e c t i o n .  C-MTs have been o b se rv e d  i n  s e v e r a l  o t h e r  

sy s tem s i n . s i t u  a n d ,  m ost r e c e n t l y ,  i n  v i t r o  ( s e e  d i s c u s s i o n ) ,  

w here th e y  a re '  b e l i e v e d  to  be an i n t e r m e d ia t e  form  i n  MT a s ­

sembly o r  d i s a s s e m b ly .  T h e i r  r o l e  i n  m i t o s i s  re m a in s  unknown.

The b io c h e m is t r y  o f  th e  i s o l a t e d  m i t o t i c  a p p a r a tu s  h a s  

been  rev iew ed  ( F o r e r ,  1 9 6 9 ) a s  have t h e  m ethods and a d v a n ta g e s  

o f  th e  new er i s o l a t i o n  te c h n iq u e s  (Zimmerman, Zimmerman, and 

F o r e r ,  1977s T u rn e r  and M c In to sh , 1 9 7 7 ) .



2. E l e c t r o n  M icroscopy

E l e c t r o n  m ic ro sco p y  was u sed  on s e a  u r c h in  eg g s  a s  e a r l y  

a s  1943 (Harvey and A n d e rso n ) ,  b u t  n o t  u n t i l  th e  i n t r o d u c t i o n  

o f  g lu t a r a ld e h y d e  a s  a  f i x a t i v e  ( S a b a t i n i  e t  a l . ,  1962; 1963; 

19640 was good f i x a t i o n  o f  c y to p la s m ic  MTs p o s s i b l e ,  a l th o u g h  

th e y  a r e  a  m a jo r  s t r u c t u r a l  e le m e n t o f  th e  m i t o t i c  a p p a r a t u s .  

Thus, work done w i th o u t  g lu ta r a ld e h y d e  ( H a r r i s ,  1965; 196?; V er- 

hey  and M oyers, 196?; Sanchez and P o r r a ,  1972) i s  o f  p o o r  q u a ­

l i t y .  A lso ,  f o r  some unknown r e a s o n ,  f i x a t i o n  w i th  m ix tu re s  o f  

g lu ta r a ld e h y d e  and o t h e r  f i x a t i v e s ,  u s u a l l y  p a ra fo rm a ld e h y d e  

Bal e t  a l . ,  1968; Longo and A nderson , 1968; Sachs and A nderson ,

1970) o r  a c r o l e i n  (A n d erso n , 1970; Longo, 1972; T i ln e y  and M ars- 

l a n d ,  1969) d id  n o t  g iv e  s a t i s f a c t o r y  r e s u l t s .  A n o th e r  p roblem  

h a s  been  f i x a t i o n  a t  low te m p e r a tu r e  (Longo, 1972; Sanchez and 

P o r r a ,  1972* Verhey and M oyers, 1967) s i n c e  th e  m i t o t i c  a p p a r a ­

t u s  i n  v iv o  i s  c o l d - l a b i l e  ( In o u e ,  1 9 6 4 ) .  The b e s t  f i x a t i v e  to  

d a t e  i s  t h a t  o f  T i ln e y  and G ib b in s  {1 9 6 9 ) who used  i t  t o  s tu d y  

mesenchyme f o rm a t io n  i n  l a t e r  embryos o f  A. u u n c t u l a t a . A lthough  

o t h e r  f i x a t i v e s  were t e s t e d  (T a b le  3» p .  31)» t h i s  was th e  o n ly  

one which p r e s e r v e d  u l t r a s t r u c t u r a l  d e t a i l s  and was t h e r e f o r e  

th e  one u sed  i n  t h i s  i n v e s t i g a t i o n .

E l e c t r o n  m ic ro sco p y  h a s  shown t h a t ,  i n  a d d i t i o n  to  th e  

g r a n u le s  and o r g a n e l l e s  v i s i b l e  by l i g h t  m ic ro sc o p y , s e a  

u r c h in  eggs  arid z y g o te s  c o n t a in  a n n u la te  l a m e l l a e ,  heavy  

b o d ie s ,  and MTs ( H a r r i s ,  1965; 1967; A nderson , 1 9 7 0 ) .  The 

d is a p p e a ra n c e  o f  t h e  fo rm e r  o r g a n e l l e s  j u s t  b e f o r e  m i t o t i c  

a p p a r a tu s  assem b ly  s u g g e s t s  t h a t  even  a n n u la t e  l a m e l l a e  and 

heavy  b o d ie s  have  a  r o l e  i n  c e l l  d i v i s i o n ,  a s  e x p lo re d  more 

f u l l y  b e lo w . T h a t MTs have su ch  a  r o l e  i s  o b v io u s  s in c e  a s
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m entioned  above ( S e c t io n  A) th e y  a r e  a  m a jo r ,  u n i v e r s a l  s t r u c ­

t u r a l  e le m e n t o f  th e  m i t o t i c  a p p a r a tu s  and a p p e a r  to  be r e s p o n ­

s i b l e  f o r  th e  f i b e r s  se en  by l i g h t  m ic ro sco p y  in  s i t u  and f o r  

a t  l e a s t  a  m a jo r  p a r t  o f  th e  b i r e f r i n g e n c e  se en  i n  v iv o  (Rebhun 

and S a n d e r ,  1967s F o r e r ,  1969)*
✓

E le c t r o n  m ic ro sco p y  h as  a l s o  been  used  to  s u p p o r t  th e  

s l i d i n g  MT th e o ry  (M cIntosh  e t  a l . ,  1 9 6 9 ) w i th  th e  o b s e r v a t io n  

o f  MT c r o s s - b r i d g e s  p r o j e c t i n g  from MTs. A lso ,  i t  h a s  p roduced  

e v id e n c e  t h a t  s p in d l e  e lo n g a t i o n  i n  d ia to m s  i s  e f f e c t e d  by MT 

s l i d i n g  ( P ic k e t t -H e a p s  e t  a l . ,  1975; T i p p i t  e t  a l , ,  1975).

O ther  h y p o th e se s  o f  chromosome movement a l s o  depend on MTs 

(Inoue and S a to ,  1967; B a je r ,  1973) a s  m entioned  p r e v i o u s l y .

A n n u la te  l a m e l l a e  may p a r t i c i p a t e  i n  m i t o s i s  by way o f  

t h e i r  r e c e n t  i m p l i c a t i o n  i n  MT s y n t h e s i s .  In  1975 D eB rabander 

and B o rg e rs  d e m o n s tra te d  t h a t  fo rm a t io n  o f  a n n u la t e  l a m e l l a e  i s  

in d u ced  by th e  p r e s e n c e  o f  d ru g s  w hich d e s t r o y  MTs ( c o l c h i c i n e ,  

v i n b l a s t i n e ,  v i n c r i s t i n e ,  p o d o p h y l lo to x in ,  and r o t e n o n e ) .  The c u l ­

tu r e d  c e l l s  u sed  do n o t  n o rm a lly  p ro d u ce  a n n u l a t e  l a m e l l a e ,  

and o n ly  th e  d i s a p p e a ra n c e  o f  MTs was c o r r e l a t e d  w i th  t h e i r  

ap p e a ra n c e  s in c e  d o sa g e s  t h a t  d id  n o t  d e s t r o y  MTs had no 

e f f e c t .  E a r l i e r ,  D a le s  e t  a l . (1973) r e p o r t e d  t h a t  f e r r i t i n -  

l a b e l l e d  t u b u l i n  a n t ib o d y  accu m u la ted  in  th e  a n n u l i  o f  n u c l e a r  

p o re s  and a n n u la te  l a m e l l a e  b u t  d i s c o u n te d  i t  b ec au se  c o n t r o l s  

showed s i m i l a r ,  a l th o u g h  w eak er , b i n d in g .

A nnu la te  l a m e l l a e  n o rm a lly  p r o l i f e r a t e  i n  th e  A. p u n c tu -  

l a t a  p r im a ry  o o c y te  a f t e r  y o lk  f o rm a t io n  l a t e  i n  o o g e n e s is  

(B al e t  a l . ,  1968; Verhey and Moyer, 1 9 6 7 ) .  At t h e  tim e o f  

th e  s t r e a k  s t a g e ,  th e y  a r e  a  m a jo r  p a r t  o f  th e  s t r e a k  (Longo,

197 2 ) . S in ce  a n n u la t e  l a m e l l a e  b r e a k  down when th e  n u c l e a r  

en v e lo p e  d o e s ,  th e y  c a n n o t  be se e n  i n  th e  m i t o t i c  a p p a r a tu s
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( H a r r i s ,  1969s Longo, 197 2 ) , b u t  have been  im p l i c a t e d  in  th e  

sperm  a s t e r  (Longo and A nderson , 1968) and c le a v a g e  fu r ro w in g  

( T i ln e y  and M a rs la n d ,  1968; S c h ro e d e r ,  1 9 6 9 ) .  A n n u la te  la m e l la e  

have been  s t u d i e d  e x t e n s i v e l y  ( s e e  K e s s e l ,  1968  and W is h n i tz e r ,  

1973 f o r  r e v ie w s )  b u t  t h e i r  n a t u r e  and r o l e  rem a in  unknown.

"Heavy b o d ie s "  were f i r s t  r e p o r t e d  by A f z e l i u s  (1957) in  

European  s e a  u r c h in  s p e c i e s  and th e n  con firm ed  by H a r r i s  ( 1 9 6 7 ) 

f o r  th e  P a c i f i c  s e a  u r c h in  S t r o n g y l o c e n t r o t u s  p u r p u r a tu s  w hich 

have a s  many a s  1500 p e r  m a tu re  e g g . U l t r a s t r u c t u r a l l y , th e y  

a p p e a r  a s  d e n s e ly  p a c k e d ,  r ib o s o m e - l ik e  g r a n u le s  bounded on 

s e v e r a l  s i d e s  b u t  n o t  c o m p le te ly  e n c lo s e d  by a n n u l a t e  l a m e l l a e  

( H a r r i s ,  1967)* S in ce  i t  i s  l i k e l y  t h a t  th e y  c o n t a in  RNA (A f­

z e l i u s ,  1956; H a r r i s ,  196 9 ) , H a r r i s  s u g g e s te d  t h a t  th e y  may be 

a  s i t e  o f  m a te r n a l ,  masked mRNA a t t a c h e d  to  r ib o s o m e s .  T h e i r  name 

was d e r iv e d  from  th e  f a c t  t h a t  c e n t r i f u g a t i o n  o f  r i p e  u n f e r t i l ­

iz e d  eggs b ro u g h t  them to  th e  c e n t r i f u g a l  p o le  ( A f z e l i u s ,  195 6 ) , 

a l th o u g h  t h i s  i s  n o t  t r u e  f o r  p u r p u r a tu s  and A. p u n c t u l a t a  

where th e y  a r e  b ro u g h t  to  th e  l i g h t  h a l f  ( H a r r i s ,  1 9 6 9 ) .

In  n o rm a l ,  u n c e n t r i f u g e d  eggs  o f  A. p u n c t u l a t a  heavy 

b o d ie s  have been  r e p o r t e d  i n  p r im a ry  o o c y te s  d u r in g  o o g e n e s is  

(A nderson , 1 9 6 8 ) b u t  no r e p o r t s  on l a t e r  s t a g e s  e x i s t  so t h a t  

t h e i r  f a t e ,  e s p e c i a l l y  d u r in g  m i t o s i s ,  i s  unknown. H a r r i s ' s  

s t u d i e s  on S .̂ p u r p u r a tu s  (1967 ; 1969) showed t h a t  u n l i k e  Ar­

b a c i a . th e y  arfe p ro d u ced  i n  a s s o c i a t i o n  w i th  th e  o o t id  n u c le u s  

and s c a t t e r  w id e ly  th ro u g h  th e  c y to p la sm . Even a f t e r  f e r t i l i ­

z a t i o n ,  5 to  10 w ere s e e n  to u c h in g  th e  fem a le  p r o n u c le u s  b u t  

n o t  a f t e r  p r o n u c le a r  f u s i o n .  She r e p o r t e d  ( 1 9 6 9 ) t h a t  a t  

s t r e a k  s t a g e ,  th o s e  i n  th e  s t r e a k  a l i g n  p a r a l l e l  t o  i t  b u t  do
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n o t  p la y  a fo rm a tiv e  r o l e .  Like a n n u la te  l a m e l la e ,  heavy 

b o d ie s  d is a p p e a r  when th e  n u c l e a r  envelope d o es .  A ccording  to  

H a r r i s  (1969) th o se  in  th e  a s t e r s  c o n t r ib u te  t h e i r  a n n u la te  

la m e l la e  to  th e  membranous p o r t io n  o f  th e  m i t o t i c  a p p a ra tu s  

w h ile  th e  g ra n u le s  d i s a p p e a r  in to  th e  g r e a t  background mass 

o f  cy to p lasm ic  r ibosom es which she th o u g h t th e s e  g ra n u le s  to  

b e .  The a c tu a l  r o l e  o f  heavy b o d ie s ,  e s p e c i a l l y  in  A. •punctu­

l a t a  where they  have n o t  been r e p o r te d  p re v io u s ly  i n  th e  

f e r t i l i z e d  egg, rem ains unknown.

3* Biochem ical E ven ts

The u n f e r t i l i z e d  egg i s  r e l a t i v e l y  i n a c t i v e ;  th e re  i s  ... 

l i t t l e  s y n th e t i c  a c t i v i t y  and m etabolism  i s  m inim al. Upon 

f e r t i l i z a t i o n ,  the  egg becomes a c t iv e  s y n t h e t i c a l l y  and 

numerous b io ch em ica l changes en su e . Many of th e s e  have been 

s tu d ie d  in  S. p u rp u ra tu s  and have been review ed r e c e n t ly  

(Epel e t  a l . ,  1969; E p e l ,  1975; 1977).

Changes in  io n  c o n c e n t r a t io n s  a p p a re n t ly  i n i t i a t e  th e  

e v e n ts .  W ith in  th r e e  seconds o f  f e r t i l i z a t i o n ,  an in f lu x  of 

Na+ io n s  r e s u l t s  in  a  membrane d e p o l a r i z a t io n  ana logous to  an 

a c t io n  p o t e n t i a l  which p ro p a g a te s  around the  c e l l  and may be 

r e l a t e d  to  an e a r l y  b lo ck  to  polysperm y, A few seconds l a t e r ,  

th e  c o n c e n tr a t io n  o f  f r e e  cy to p lasm ic  Ca++ io n s  in c r e a s e s  and 

t h i s  i s  a s s o c ia te d  w ith  th e  c o r t i c a l  r e a c t i o n  which i s  t r i g -  

gered  by Ca .' S im u lta n eo u s ly ,  Na i s  pumped in to  th e  c e l l  a s  

H+ i s  pumped o u t ,  r a i s i n g  th e  pH from 6 .6  to  7 .2 .  NAD k in a se  

i s  a c t i v a t e d ,  c o n v e r t in g  NAD to  NADP w ith  th e  l a t t e r  more 

im p o r ta n t  i n  s y n t h e t i c  a c t i v i t y .  One p ro p o sa l  f o r  m i t o t i c  

a p p a ra tu s  assem bly in v o lv e s  NADP l e v e l s  (Rebhun e t  a l . ,  1975). 

The main pathway f o r  su g a r  m etabolism  i s  the  p e n to se  sh u n t
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(E pe l e t  a l . ,  1969) w hich  a l s o  i n c r e a s e s  NADP l e v e l s  and 

c r e a t e s  r i b o s e  s u g a r s  f o r  s y n t h e t i c  p r o c e s s e s .  Oxygen consump­

t i o n  i n c r e a s e s  f i v e - f o l d  w h i le  g lu c o s e - 6 -p h o s p h a te  d e h y d ro ­

genase  i s  r e l e a s e d  i n t o  th e  c y to p la sm . These changes a l l  

o c c u r  w i th in  th e  f i r s t  m in u te  and a r e  th u s  term ed  th e  e a r l y  

ch a n g es .  The Ca++ l e v e l  r e t u r n s  to  i t s  o r i g i n a l  v a lu e  w i th in  

t h r e e  m in u te s  w h i le  th e  pH change re m a in s  f o r  t e n  m in u te s  

b e f o r e  s lo w ly  r e t u r n i n g  t o  n o rm a l .

The l a t e  changes  o c c u r  w i th in  th e  f i r s t  te n  m in u te s .

P r o t e in  s y n t h e s i s  b e g in s  to  r i s e  and i n c r e a s e s  f i v e - f o l d  a s  

does l i p i d  s y n t h e s i s .  K+ p e r m e a b i l i t y  i n c r e a s e s  and t r a n s ­

p o r t  mechanisms f o r  amino a c i d s ,  p h o s p h a te ,  and n u c l e o t i d e s  

a re  a c t i v a t e d ,  a l th o u g h  DNA s y n t h e s i s  does n o t  b e g in  . q n t i l  

a f t e r  p r o n u c le a r  f u s i o n  (E p e l ,  1 9 6 9 ) .  These l a t e  e v e n ts  seem 

to  depend upon th e  l o s s  o f  a c id  (pH r i s e )  t h a t  o c c u r s  d u r in g  

th e  f i r s t  t e n  m in u te s  a f t e r  f e r t i l i z a t i o n  (E p e l ,  197 7 ) .

As m en tioned  p r e v i o u s l y ,  c o n t r o l  o f  Ca c o n c e n t r a t i o n  

i s  n e c e s s a r y  f o r  MT p o ly m e r iz a t io n  i n  v i t r o  (W eisenberg , 1972) 

and such  c o n t r o l  can  be se en  i n  v iv o  by m i c r o i n j e c t i o n  (K ie -  

h a r t  and In o u e , 1 9 7 6 ) .  I t  i s  th u s  im p o r ta n t  to  s tu d y  l o c a l  

f r e e  Ca++ c o n c e n t r a t i o n s  a t  v a r io u s  t im e s  d u r in g  c e l l  d i v i s i o n ,  

a l th o u g h  t h i s  i s  t e c h n i c a l l y  im p o s s ib le  a t  p r e s e n t .  N e v e r th e ­

l e s s ,  some i n t e r e s t i n g  i n d i r e c t  d a t a  h as  been  c o l l e c t e d .
Il c

U sing r a d i o a c t i v e  -'Ca in  s e a  w a te r ,  C l o t h i e r  and T im our- 

i a n  (1972) found  t h r e e  p ea k s  o f  Ca++ u p ta k e  from  and su b s e q u e n t  

r e l e a s e  back i n t o  th e  s e a  w a te r  d u r i n g  s e a  u r c h in  z y g o te  

m i t o s i s .  These p ea k s  o c c u r  d u r in g  p ro p h a s e ,  m e tap h a se , and 

c y t o k in e s i s ,  so i n c r e a s e d  Ca++u p ta k e  may be im p o r ta n t  to  con­

t r o l  o f  m i t o t i c  a p p a r a tu s  assem bly  a s  w e l l  a s  membrane f u r ­

ro w in g . A lso , a s  m en tio n ed  p r e v i o u s l y ,  a  C a - s t im u la te d  ATPase
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h a s  been  found i n  i s o l a t e d  m i t o t i c  a p p a r a tu s e s  (M azia e t  a l . ,

1972* P e t z e l t ,  1 9 7 2 ) .  I t s  a c t i v i t y  p ea k s  j u s t  b e f o r e  n u c l e a r  

b reakdow n, in  m e tap h a se , and w henever m o n a s te r s  o r  c y t a s t e r s  

a r e  form ed ( P e t z e l t  and Von L e d e b u r - V i l l e g e r ,  1 9 7 3 ) .  I t  seems 

a n a lo g o u s  to  t h a t  o f  m uscle  s a r c o p la s m ic  r e t i c u lu m  where i t  i s  

in v o lv e d  i n  Ca++ r e g u l a t i o n .  A s i m i l a r  r o l e  d u r in g  m i t o s i s  i s  

p r o b a b le ,  e s p e c i a l l y  s in c e  a  " r e l a x i n g  f a c t o r "  h a s  b een  r e p o r t e d  

in  s e a  u r c h in  z y g o te s  ( K in o s h i t a  and Y az ak i,  1 9 6 7 ) .  I t  i s  i n t e r e s ­

t i n g  t h a t  c e l l  d i v i s i o n  s t o p s  in  s e a  u r c h in  z y g o te s  when th e  ATP 

l e v e l  i s  re d u c e d  e x p e r i m e n ta l ly  to  50% o f  norm al ( E p e l ,  1 9 6 9 ) .  

A lthough  much more ATP re m a in s  th a n  i s  needed  to  move chromosomes 

to  th e  p o l e s ,  t h e r e  i s  no movement. T h is  s u g g e s t s  t h a t  th e  h i g h e r  

l e v e l s  o f  ATP a r e  r e q u i r e d  f o r  Ca pumping and t h a t  such  pumping 

i s  r e q u i r e d  f o r  m i t o s i s .  A lthough  no r o l e  h a s  b een  e s t a b l i s h e d  

f o r  th e  Mg - s t i m u l a t e d  ATPase found  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  (M azia e t  a l . ,  1 9 6 1 ) ,  i t  may be in v o lv e d  i n  f o r c e  

g e n e r a t i o n  (by an a lo g y  w i th  d y n e in  and myosin A TPase).

D. THE SEA URCHIN ZYGOTE AS A SYSTEM FOR STUDYING CELL DIVISION

Sea u r c h in s  have  been  u sed  r o u t i n e l y  a s  a  s o u rc e  o f  

d i v i d i n g  c e l l s  f o r  w e l l  o v e r  100 y e a r s .  The a n im a ls  a r e  ea sy  

to  c o l l e c t  i n  l a r g e  num bers and i n  r e c e n t  y e a r s ,  r i p e  ones can 

be o b ta in e d  a t  m ost t im e s  o f  th e  y e a r .  F o r  exam ple , A, p u n c tu  

l a t a  from th e  w a te r s  o f f  New J e r s e y  a r e  r i p e  i n  th e  summer 

w h i le  th o s e  from  F l o r i d a  a r e  r i p e  even i n  th e  w i n t e r .  They can 

a l s o  be k e p t  i n  m arin e  a q u a r i a  w i th  l i t t l e  c a r e .

There  a r e  many a d v a n ta g e s  in  u s in g  s e a  u r c h in  g a m e te s .

They a r e  e a s y  to  o b t a i n  by e l e c t r i c a l  s t i m u l a t i o n  o r  KC1 i n ­

j e c t i o n  w hich cau se  th e  a n im a l  to  spawn. As many a s  4 ,0 0 0 ,0 0 0  

eggs  can  be o b ta in e d  from  one r i p e  fem a le  (A_. p u n c t u l a t a )
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and e x t e r n a l  f e r t i l i z a t i o n  o c c u rs  im m ed ia te ly  upon in se m in a ­

t i o n  in  a r t i f i c i a l  s e a  w a te r  y i e l d i n g  n e a r l y  100?S a c t i v a t i o n .  

A e ra t io n  o r  g e n t l e  m agne tic  s t i r r i n g  a s s u re  r e a s o n a b le  synch ­

rony  even beyond th e  f i r s t  d i v i s i o n ,  p e r m i t t i n g  e x p e r im e n ta ­

t i o n  w ith  m i l l i o n s  o f  eggs a t  n e a r l y  th e  same m i t o t i c  s t a g e .

In  a d d i t i o n ,  th e  eggs can be a c t i v a t e d  by a r t i f i c i a l  p a r th e n ­

o g e n e s i s .  Sea u r c h in  eggs a re  l a r g e ;  t h a t  o f  A. p u n c t u l a t a . 

which i s  s m a l le r  th a n  th o s e  o f  many o t h e r  s p e c i e s ,  i s  75 >um 

in  d ia m e te r  and i t s  m i t o t i c  a p p a ra tu s  i s  50 ;um i n  l e n g th ,  

o b se rv a b le  even a t  low m a g n i f i c a t io n .  I t  shou ld  a l s o  be n o te d  

t h a t  z y g o te s  i n  g e n e ra l  a r e  p ro b a b ly  s p e c i a l i z e d  f o r  c e l l  

d i v i s i o n  and may e x a g g e ra te  c e r t a i n  a s p e c t s  o f  c e l l  d i v i s i o n  

r e l a t i v e  to  o ther ty p e s  o f  d i v i d i n g  c e l l s .  T h is  sh o u ld  f a c i l i ­

t a t e  th e  s tu d y  o f  th e  m i t o t i c  p ro c e s s  i n  much th e  same way 

as  th e  s tu d y  o f  s t r i a t e d  m uscle h as  h e lp e d  th e  s tu d y  o f  

c e l l  m o t i l i t y .

A. p u n c t u l a t a  i s  one o f  th e  b e s t  s tu d i e d  s p e c i e s ,  e s p e c ­

i a l l y  a t  th e  Marine B io lo g ic a l  L ab o ra to ry  a t  Woods H o le , Mas­

s a c h u s e t t s ,  i t s  n o r th e rn -m o s t  h a b i t a t ,  where i t  i s  r i p e  in  

the  summer. A lthough i t  h a s  p r e s e n te d  some problem s in  f i x a ­

t i o n ,  th e  eggs o f  t h i s  s p e c ie s  a re  e a s i e r  to  f i x  f o r  e l e c t r o n  

m icroscopy th an  many o t h e r s .  The p h y s io lo g y  and c y to lo g y  o f  

A. p u n c tu la t a  has been com piled and rev iew ed in  a now c l a s s i c  

boolt on s e a  u r c h in s  (Harvey, 1956), one which can be used  as  

th e  s t a r t i n g  p o in t  f o r  many i n v e s t i g a t i o n s .  F o r  a l l  th e s e  

r e a s o n s ,  A, p u n c t u l a t a  was chosen f o r  t h i s  s tu d y .

E. Major R esearch  O b je c t iv e s

As h a s  been  i n d i c a t e d  in  th e  d i s c u s s io n  above , biochem ­

i c a l  in fo rm a t io n  a b o u t  c e l l  d i v i s i o n  h as  now advanced beyond 

u l t r a s t r u c t u r a l .  M oreover, p a r t l y  b ecau se  o f  th e  d i f f i c u l t y
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o f  work h as  been done on i s o l a t e d  m i t o t i c  a p p a r a tu s e s .  As 

a l r e a d y  m en tioned , how ever, up to  80?5 of th e  m a t e r i a l  i s  l o s t  

d u r in g  i s o l a t i o n  and some o f  what rem ains i s  a  p ro d u c t  o f  th e  

i s o l a t i o n  i t s e l f  (F o re r  and Goldman, 1972). Thus, a r t i f a c t  

i s  a  m ajor p o s s i b i l i t y .  One would l i k e  to  o b se rv e  th e  m i t o t i c  

a p p a ra tu s  in_ s i t u  to  f in d  o u t  what i s  p r e s e n t  o r  m is s in g  

compared w ith  i s o l a t e s .  L o s t  m a te r i a l  may w e l l  be r e s p o n s ib le  

f o r  th e  i n a b i l i t y  o f  th e  i s o l a t e d  m i t o t i c  a p p a ra tu s  to  f u n c t io n .

Only one s tu d y  h as  e v e r  been done on th e  u l t r a s t r u c t u r e  

o f  m i t o t i c  s t a g e s  i n  A_. p u n c t u la t a  (Longo, 1972) b u t  i t  

s u f f e r s  from f i x a t i o n  a t  4 ° c ,  a te m p e ra tu re  u n s u i t a b l e  f o r  

s tu d y in g  c o l d - l a b i l e  MTs, a  m ajor component o f  th e  m i t o t i c  

a p p a ra tu s  and th e  one t h a t  may be r e s p o n s ib le  f o r  i t s  f u n c t io n .  

Of s p e c i a l  i n t e r e s t  h e re  i s  th e  f i n d i n g  by Cohen and G o t t l i e b  

(1971) o f  C-MTs, e s p e c i a l l y  in  th e  in te r z o n e  o f  i s o l a t e d  

m i t o t i c  a p p a r a tu s e s .  I t  i s  p o s s i b l e ,  however, t h a t  they  a re  

an a r t i f a c t  o f  i s o l a t i o n .  I f  they  a r e  n o t ,  th en  t h e i r  e x i s t ­

ence in  th e  in te r z o n e  m igh t be an im p o r ta n t  c lu e  to  m i t o t i c  

a p p a ra tu s  f u n c t io n .  To d a t e ,  t h e r e  i s  no knowledge a s  to  how 

MTs assem ble o r  d is a s se m b le  in  v i v o .

The s u b s t r u c tu r e  o f  m i t o t i c  C-MTs has  n o t  p r e v io u s ly  

been  e s t a b l i s h e d .  Are th ey  m erely  MTs t h a t  have n o t  c lo s e d ,  

o r  a r e  th e y  in c o m p le te ,  h a v in g  l e s s  than  th e  u s u a l  13 pro  t o - 

f i l a m e n t s  (T i ln e y  e t  a l . ,  1973)7 I f  th e  l a t t e r  i s  t r u e ,  th en  

would i s o l a t i o n  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 io n s  c o n v e r t  

them to  norm al MTs? In  f a c t ,  i f  th e y  a re  s t i l l  p r e s e n t  i n  

such a  medium, i t  i s  s t r o n g  ev id en ce  t h a t  th e y  a r e  n o t  a r t i ­

f a c t s  o f  th e  h ex y len e  g ly c o l  i s o l a t i o n  te c h n iq u e .  F i n a l l y ,  

s in c e  b i r e f r i n g e n c e  i s  a r e f l e c t i o n  o f  th e  amount o f  assem bled



MTs, do C-MTs a f f e c t  i t ?  T h is  would d e m o n s tra te  an e f f e c t  in  

v iv o  o f  a  s t r u c t u r e  o b se rv e d  i n  s i t u .

B e s id e s  MTs, th e  o th e r  m a jo r  component o f  th e  m i t o t i c  

a p p a r a tu s  i s  ER. The r e c e n t  advances  in  b io c h e m is t r y  d i s c u s -  

sed  above have shown t h a t  Ca r e g u l a t i o n  i s  im p o r ta n t  b o th  

i n  v i t r o  and i n  v i v o . S ince  Ca++ i s  known to  t r i g g e r  m uscle  

c o n t r a c t i o n  and to  be c o n t r o l l e d  by th e  s a rc o p la s m ic  r e t i c u ­

lum. (P o d o lsk y ,  1968; E b ash i e t  a l . ,  1969), a s  an a n a lo g o u s  

system  ER a s s o c i a t e d  w i th  th e  m i t o t i c  a p p a r a tu s  may be an im­

p o r t a n t  r e g u l a t o r  o f  MT assem bly  and m i t o t i c  a p p a r a tu s  con­

t r o l .  By a f f e c t i n g  l o c a l  Ca++ l e v e l s ,  p e rh a p s  in  c o n ju n c t io n  

w ith  th e  Ca - s t i m u l a t e d  ATPase ( a s  s u g g e s te d  by B ryan, 1975) 

i t  m ig h t even by r e s p o n s i b l e  f o r  m i t o t i c  a p p a r a tu s  f u n c t io n  

i f  th e  dynam ic e q u i l i b r iu m  h y p o th e s i s  i s  c o r r e c t .  I t  i s  t h e r e ­

f o r e  o f  im p o r ta n ce  to  i n v e s t i g a t e  changes in  ER a s  a  f u n c t i o n  

o f  m i t o t i c  s t a g e  and in  r e l a t i o n  to  MT d i s t r i b u t i o n .  T h is  h a s  

j i o t  been  done a d e q u a te ly  in  p r e v io u s  w ork.

I n t e r p r e t a t i o n  o f  e a r l i e r  s t r u c t u r a l  d a t a  h a s  been  l i m ­

i t e d  to  a  g r e a t  d e g re e  b e c a u se  o f  th e  m ethods em ployed. F or  

exam ple , Longo (1972) removed a l i q u o t s  o f  f e r t i l i z e d  eggs 

p e r i o d i c a l l y  f o r  e x a m in a t io n  by b o th  e l e c t r o n  and l i g h t  m ic ­

ro s c o p y .  I t  was assumed t h a t  th e  s ta g e  o b se rv ed  i n  m ost c e l l s  

in  th e  l i g h t  m ic ro sco p e  was th e  same o b se rv e d  in  th e  s p e c i f i c

s e c t i o n s  sam pled i n  th e  e l e c t r o n  m ic ro s c o p e .  W hile i t  i s  t r u e
/

t h a t  good syn ch ro n y  can be a c h ie v e d ,  i t  i s  by no means p e r ­

f e c t  and i s  v a r i a b l e  from  one b a tc h  o f  eggs  to  a n o t h e r ,  t h e r e ­

by i n t r o d u c i n g  an e le m e n t  o f  d o u b t .

A n o th e r  p rob lem  common to  a l l  p r e v io u s  u l t r a s t r u c t u r a l  

work on s e a  u r c h i n  m i t o t i c  a p p a r a tu s e s  i n  s i t u  i s  th e  l a c k  o f  

c e l l  o r i e n t a t i o n .  Random s e c t i o n i n g  th ro u g h  p e l l e t s  o f  z y g o te s
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makes i t  d i f f i c u l t  o r  im p o ss ib le  to  know s e c t i o n  l o c a t i o n  o r  

o r i e n t a t i o n  w ith  r e s p e c t  to  th e  c e l l  and th e  m i t o t i c  a p p a ra ­

t u s  a x i s .  M oreover, any s p in d le  c r o s s - s e c t i o n s  o b se rv ed  can­

n o t  be s ta g e d  w i th o u t  s e r i a l  s e c t io n in g . '-

To overcome th e  p roblem s c i t e d  above , th e  p r e s e n t  s tu d y  

h a s  employed th ic k  Epon s e c t i o n s  o f  c e l l s  f ix e d  a t  v a r io u s  

t im e s .  T h is  i s  n e c e s s a r y  because  osmium t e t r o x i d e ,  r e q u i r e d  

to  g e t  good f i x a t i o n ,  r e n d e r s  whole eggs opaque. Thick s e c t i o n s  

make th e  a c c u r a te  s e l e c t i o n  o f  c e l l s  o f  known s ta g e  and o r i e n ­

t a t i o n  p o s s i b l e .  These were th e n  re-em bedded and p r e - s e l e c t e d  

c e l l s  s e r i a l l y  t h i n  s e c t io n e d  ( e i t h e r  c r o s s  o r  l o n g i t u d i n a l l y )  

f o r  e l e c t r o n  m ic ro sco p y , p e r m i t t i n g  3 -d im e n s io n a l  j m a l y s i s .

The m a jo r  e x p e r im e n ta l  o b j e c t i v e  o f  t h i s  work was to  

examine changes in  c e l l  f i n e  s t r u c t u r e  a t  c r i t i c a l  s t a g e s  o f  

th e  f i r s t  m i t o t i c  c y c le  in  A, p u n c t u l a t a . The i n i t i a l  fo cu s  

was on MTs and ER, i n  p a r t i c u l a r ,  a t te m p t in g  to  e s t a b l i s h  the  

r e a l i t y  ( o r  a r t i f i c i a l  n a t u r e )  and s u b s t r u c tu r e  o f  C-MTs, In  

th e  co u rse  o f  t h i s  i n v e s t i g a t i o n ,  u l t r a s t r u c t u r a l  e v id e n c e  

h as  been ob se rv ed  s u g g e s t in g  th e  invo lvem en t o f  a n n u la te  

la m e l la e  and heavy b o d ie s  w ith  m i t o s i s .  A d d i t io n a l  m ajor 

o b j e c t i v e s  o f  t h i s  work were to  c o r r e l a t e ,  where p o s s i b l e ,  

in  s i t u  s t r u c t u r a l  e v e n ts  w ith  known b io c h em ica l  o n es ,  and to  

compare in  s i t u  s p in d l e  s t r u c t u r e  w ith  t h a t  o f  t h e  i s o l a t e d  

s p i n d l e .  '



IX . MATERIALS AND METHODS 

A. C o l l e c t i o n  o f  Eggs and Sperm

M ature A rb a c ia  p u n c t u l a t a  were o b ta in e d  from  th e  F l o r i d a  

M arine B i o l o g i c a l  Specimen C o .,  I n c . ,  Panama C i ty ,  F l o r i d a  

and from  th e  Shark R iv e r  M arine L a b o r a to ry ,  W a ll ,  New J e r s e y .  

They were k e p t  a t  20°C i n  l a r g e  a q u a r i a  f i l l e d  w i th  I n s t a n t  

Ocean s y n t h e t i c  s e a  s a l t s  (Aquarium System s I n c . )  d i s s o l v e d  

in  d i s t i l l e d  w a te r .

Sea u r c h in s  were sexed  by p l a c i n g  them a b o r a l  s id e  up 

i n  a  f i n g e r  bowl f i l l e d  to  a b o u t  1 cm w ith  I n s t a n t  Ocean se a  

w a te r .  E l e c t r i c a l  s t i m u l a t i o n  a t  10 to  15 v o l t s  th ro u g h  n o n ­

t o x i c  l e a d  e l e c t r o d e s  p la c e d  a c r o s s  th e  gonopores  in d u c ed  

sh e d d in g  ( a f t e r  H arvey , 1 9 5 6 ) .  The r e d d i s h  eggs a r e  e a sy  to  

d i s t i n g u i s h  from  th e  w h i t i s h  sperm o f  th e  m a le s .

Fem ales s e l e c t e d  f o r  egg  c o l l e c t i o n  were th o ro u g h ly  

washed w ith  M arine B i o l o g i c a l  L a b o ra to ry  fo rm u la  (MBL Form ulae 

and Methods V, 1956) s y n t h e t i c  s e a  w a te r  (T a b le  1) to  remove 

any sperm a d h e r in g  to  th e  a n im a ls .  MBL fo rm u la  s e a  w a te r  was 

th e  on ly  one u se d  i n  c o n t a c t  w i th  eggs  and was made up f r e s h  

by d i l u t i o n  o f  3X s to c k  s o l u t i o n .  Eggs were c o l l e c t e d  by 

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

down on a  b e a k e r  f u l l  o f  MBL fo rm u la  s e a  w a te r .  T h is  c a u s e s  

im m ediate  sh e d d in g  o f  eggs i n  lo n g  r e d  th r e a d s  o r  i n  t h i c k  

clumps t h a t  s in k  to  th e  b o tto m  o f  th e  b e a k e r  where th e y  form  

a  t h i c k  c a r p e t .  The "egg  w a te r"  was removed and th e  eggs  

washed 3 to  5 t im e s  i n  f r e s h  MBL s e a  w a te r  to  remove i n h i b i t i o n

Sperm w ere c o l l e c t e d  by e i t h e r  rem oving  th e  t e s t e s  o r  by 

e l e c t r i c a l  s t i m u l a t i o n  a c r o s s  th e  g o n o p o re s .  I n  th e  l a t t e r  

c a s e ,  th e  s e a  u r c h in  rem a in ed  a b o r a l  s i d e  up in  a  f i n g e r  bowl 

and th e  sperm c o l l e c t e d  by P a s t e u r  p i p e t t e .



TABLE 1

MBL FORMULAE FOR SYNTHETIC SEA WATERS 

WITH CALCIUM ( g / l )  MOORE'S CALCIUM-FREE ( g / l )

SALT M 3X S tock IX 5X S tock

NaCl 24 .72 7 ^ .1 6 25 .48 127.40

KC1 0 .6 7 2 .01 0 .7 2 3 .6 0

CaClg* 2HpO 

MgCl2 -6H20

1 .36 4 .0 8

4 .6 6 13 .98 6 .9 4 34 .70

MgS04 *?H2O 6 .2 9 18.87 4 .1 1 20 .55

NaHC03 0 .1 8 added
l a t e r ;  
s e e  below

In  p r a c t i c e , MBL sea- w a te r  w i th ca lc iu m  was made up a s

a  3X s to c k  and d i l u t e d  a s  n e e d e d .  0 .1 8  g / l  NaHCO^ was added 

o n ly  a f t e r  d i l u t i o n  to  p r e v e n t  p r e c i p i t a t i o n .  The c a lc iu m -  

f r e e  s e a  w a te r  was made up a s  a  5X s to c k  and d i l u t e d  as  

n e e d e d .  S to c k s  were r e f r i g e r a t e d  u n t i l  u se d .



F e r t i l i z a t i o n  was e f f e c t e d  by p o u r in g  100 ml o f  a  sperm 

s u s p e n s io n  i n t o  100 ml o f  an  egg  s u s p e n s io n  and p o u r in g  back  

and f o r t h .  The sperm s u s p e n s io n  was made by a d d in g  1 d ro p  o f  

sperm to  100 ml MBL s e a  w a te r ,  m ix in g  th o r o u g h ly ,  p o u r in g  o f f  

a l l  b u t  40 m l, and r e f i l l i n g  to  100 ml w i th  MBL s e a  w a te r .  I f  

"d ry "  sperm from  e x c i s e d  t e s t e s  was u se d ,  a l l  b u t  10 to  20 ml 

was poured  o f f  and th e  re m a in d e r  f i l l e d  to  100 m l. The egg 

s u s p e n s io n  c o n s i s t e d  o f  a l l  th e  eg g s  from one fe m a le ,  u s u a l l y  

a b o u t  3 to  5 ml when p ac k ed , suspended  in  100 ml o f  MBL s e a  

w a te r  s t i r r e d  m a g n e t i c a l ly .  A f t e r  w ash ing  i n  MBL s e a  w a te r  to  

remove e x c e s s  sperm , some z y g o te s  were removed a s  a  c o n t r o l  

to  make su re  t h a t  th e  f e r t i l i z a t i o n  r a t e  was a t  l e a s t  95# 

and deve lopm en t n o rm a l .  A l l  e x p e r im e n ts  w ere done i n  a  w a te r  

b a th  a t  20°C w ith  c o n s t a n t ,  g e n t l e ,  m ag n e tic  s t i r r i n g  o f  th e  

c e l l s  to  m a in ta in  sy n c h ro n y .

B, In  S i t u  S tu d ie s

The z y g o te s  were a l lo w ed  to  d ev e lo p  u n t i l  th e  d e s i r e d  

m i t o t i c  s t a g e  (T ab le  2) and th e n  f ix e d  in  6# g lu ta r a ld e h y d e  

in  MBL se a  w a te r  ( a f t e r  T i ln e y  and G ib b in s ,  1969) by a d d in g  

e q u a l  volum es o f  z y g o te  s u s p e n s io n  to  12# g lu ta r a ld e h y d e  i n  

MBL fo rm u la  s e a  w a te r ,  pH 7 .6 .  The f i x a t i v e  was p r e p a r e d  by 

a d d in g  24- ml o f  50# g lu ta r a ld e h y d e  (EMS, F o r t  W ash ing ton , P a . )  

to  33*3 ml o f  3X MBL s to c k  s o l u t i o n  and a f t e r  a d j u s t i n g  th e  

pH to  7 .6 ,  a d d in g  enough d i s t i l l e d  w a te r  to  make a  t o t a l  v o l ­

ume o f  100 m l.  A f t e r  1 ,5  h r  o f  f i x a t i o n ,  th e  c e l l s  were 

washed tw ic e  i n  MBL s e a  w a te r  and once i n  0 .1  M p h o sp h a te  

b u f f e r ,  pH 7 . 2 .  They w ere th e n  p o s t f i x e d  i n  1# osmium t e t r o x -  

id e  i n  0 .1  M p h o sp h a te  b u f f e r ,  pH 7 .2  f o r  30 m in . O th e r  m ethods 

o f  f i x a t i o n  w ere t r i e d  (T ab le  3) h u t  d id  n o t  r e s u l t  i n  th e  

same q u a l i t y  o f  f i x a t i o n .  These m ethods in c lu d e d  some w i th o u t



31

TABLE 2

ALL CELLS EXAMINED BY ELECTRON 

MICROSCOPY AT EACH MITOTIC STAGE

Type o f  S tag e  Numbers
S tudy  Examined o f  C e l l s

In  s i t u  U n f e r t i l i z e d  3

S t r e a k  2

P rophase  1

M etaphase 2

Anaphase ^

H exylene
g ly c o l
i s o l a t e s

M etaphase

Anaphase

0

3

M odified  
p o ly m e r iz a ­
t i o n  m edia

M etaphase

Anaphase

2

1

TABLE 3

VARIOUS FIXATION MEDTHODS TRIED 

G lu ta ra ld e h y d e  P r im ary  F i x a t i v e  ( fo l lo w e d  by) OsO^ P o s t f i x a t i o n  

2 .5 $  i n  70$ MBL s e a  w a te r  2$ i n  MBL s e a  w a te r

2,5%  i n  100$ MBL s e a  w a te r  1$ i n  d i s t i l l e d  w a te r

2 .5 $  i n  100$ MBL s e a  w a te r  None

6$ i n  0 .5 $  M sodium a c e t a t e ,  pH 6 ,1 *  None*

6$ i n  100$ MBL s e a  w a t e r  None

6$ in  100$ MBL s e a  w a te r* *  1$ i n  p h o sp h a te* *

♦ H a r r i s ,  1965 
* * T iln e y  and G ib b in s ,  1969



32

osmium t e t r o x i d e  i n  an a t t e m p t  to  p r e v e n t  th e  eggs  from  b e ­

coming opaque . In  a d d i t i o n ,  to  su p p lem en t g lu ta r a ld e h y d e  f i x ­

a t i o n  when osmium t e t r o x i d e  was n o t  u se d ,  s o l u t i o n s  o f  2% 

u r a n y l  a c e t a t e  in  e i t h e r  70%>* 95%* o r  100%> e t h a n o l  a t  60°C 

were u sed  to  s t a i n  th e  eggs b e f o r e  com plete  d e h y d r a t io n .  In  

a l l  c a s e s ,  c o n t r o l s  showed t h i s  to  be o f  no h e l p .

The osmium t e t r o x i d e  was p i p e t t e d  o f f  and a f t e r  3 w ashes 

in  d i s t i l l e d  w a te r ,  th e  c e l l s  were d e h y d ra te d  in  e th a n o l  ( 50%, 

70%, 95%* 100%), fo l lo w e d  by p ro p y le n e  o x id e ,  and i n f i l t r a t e d  

w ith  Epon (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 edar Grove,

N . J . ) .  BEEM c a p s u le s  o r  h e m ih y p e rb o lo id  SPB c a p s u le s  (BEEM,

I n c . ,  Bronx, N .Y .)  were used  f o r  em bedding. P o ly m e r iz a t io n  

was e f f e c t e d  by h e a t i n g  a t  6o°C f o r  3 d a y s .

The Epon b lo c k s  were trimmed to  f a c e s  o f  a b o u t  1 mm on 

a s id e  and t h i c k  s e c t io n e d  by e i t h e r  g l a s s  o r  diamond k n iv e s  

on a S o r v a l l  P o r te r -B lu m  MT-2 u l t r a m ic ro to m e .  S e c t io n s  o f  5 

to  10 >um th i c k n e s s  were p la c e d  in  im m ersion o i l  on a  s l i d e  

and viewed w ith  a  Z e i s s  phase  c o n t r a s t  m ic ro sco p e  ( F ig .  3 ) .

When a c e l l  o f  th e  d e s i r e d  m i t o t i c  s t a g e  and o r i e n t a t i o n  was 

fou n d , i t  was p h o to g ra p h e d  th ro u g h  a Nikon M-35s camera back  

a t t a c h e d  to  th e  p h ase  c o n t r a s t  m ic ro sco p e  th ro u g h  a Z e is s  

a d a p t e r .

The s e c t i o n  was th e n  re-em bedded  f o r  t h i n  s e c t i o n i n g  by 

w ash ing  o f f  th e  im m ersion  o i l  i n  2%> MICRO s o l u t i o n  ( I n t e r ­

n a t i o n a l  P ro d u c ts  C o rp . ,  T re n to n ,  N . J . ) ,  r i n s i n g  w i th  w a te r ,  

a i r  d r y in g ,  and w ash in g  w i th  Epon. The s e c t i o n  in  a  d ro p  o f  

Epon was p ic k e d  up by a  P a s t e u r  p i p e t t e  and p la c e d  e i t h e r  on 

th e  t i p  o f  a  BEEM c a p s u le  embedment b la n k  o r  on to p  o f  a 

Chang f l a t  em bedding mold embedment b la n k  (EMS, F o r t  Wash­

in g to n ,  P a . )  p r e p a r e d  p r e v io u s l y  by p o ly m e r iz in g  Epon w i th o u t



.33

FIGURE 3* Use o f  t h i c k  s e c t i o n s .

3A. T y p ic a l  t h i c k  s e c t i o n  th ro u g h  a  p e l l e t  o f  s t r e a k  s t a g e  

c e l l s  embedded in  Epon. These s e c t i o n s  were viewed to  

s i n g l e  o u t  c e l l s  o f  d e s i r e d  s ta g e  and o r i e n t a t i o n .  They 

were th e n  re-em bedded  f o r  t h i n  s e c t i o n i n g  and e l e c t r o n  

m ic ro sco p y .

Phase C o n t r a s t .  X180 

3B. T y p ic a l  trimmed f a c e  o f  a  BEEM b lo c k  w ith  a  re-em bedded 

t h i c k  s e c t i o n .  The f a c e  i s  a p p ro x im a te ly  200 jam X 100 >im.

The c e l l  on th e  r i g h t  i s  th e  s t r e a k  s ta g e  c e l l  o f  F ig .  15. 

Note th e  i r r e g u l a r ,  t r a p e z o i d a l  shape  o f  th e  f a c e .

D i s s e c t i n g  S cope . X100

FIGURE 4 . I n te r z o n e  o f  e a r l y  an ap h ase  c e l l .  Note th e  many 

C-?/lTs (C -a r ro w s ) .  Normal MTs (0 -a r ro w s )  a re  e a s i e r  to  d i s ­

t i n g u i s h  s in c e  some C -shaped s t r u c t u r e s  a r e  am biguous ( ? - a r -  

ro w s ) .  O penings betw een  th e  ends o f  C-MTs may v a ry  i n  l e n g th  

from  f a i r l y  l a r g e  (C * -a rro w s)  to  f a i r l y  sm a ll  ( C * ' - a r r o w s ) . 

Som etim es, 2 C-MTs may j o i n  t o g e t h e r  to  form  an S -sh ap e  

(S - a r ro w ) .  Sometimes 2 norm al MTs a r e  c o n n e c te d  by a  s h o r t ,  

l i n e - l i k e  s t r u c t u r e  b r i d g i n g  th e  d i s t a n c e  betw een  them (B -a r ro w ).  

See page 4 2 . EM. X58,500



34

©

©m*&($$.

4 k

I:



35

a  specim en i n  th e  p r o p e r  m old. In  th e  c a se  o f  th e  Chang m old, 

th e  u n d e r s id e  i s  " s c r a t c h e d "  so t h a t  i t  i s  t r a n s l u c e n t  b u t  

n o t  t r a n s p a r e n t .  I f  th e  s e c t i o n  i s  added to  t h i s  s i d e  and a  

d ro p  o f  Epon s p re a d  to  f i l l  i n  th e  s c r a t c h e s ,  th e  b la n k  b e ­

comes t r a n s p a r e n t  and th e  s e c t i o n  e a s i l y  s e e n .  The b la n k s  

w i th  t h e i r  s e c t i o n s  i n  a  d rop  o f  Epon were p la c e d  i n  an oven 

a t  60°C f o r  2 to  3 days  f o r  p o ly m e r i z a t io n .

Trimming f o r  t h i n  s e c t i o n i n g  th e  t h i c k  s e c t i o n  l o n g i t u ­

d i n a l l y ,  i . e . ,  p a r a l l e l  t o . t h e  s p in d l e  a x i s ,  was done by 

p l a c i n g  th e  BEEM c a p s u le  re-em bedm ents u n d e r  a 3ausch  and 

Lomb s t e r e o s c o p i c  zoom d i s s e c t i n g  m ic ro sco p e  eq u ip p ed  w ith  

33X e y e p ie c e  l e n s e s  which make i t  c a p ab le  o f  99X t o t a l  mag­

n i f i c a t i o n .  By m a tc h in g  phase  c o n t r a s t  p h o to m ic ro g ra p h s  to  

th e  view o f  th e  s e c t i o n s  in  th e  d i s s e c t i n g  m ic ro sc o p e ,  i t  was 

p o s s i b l e  to  l o c a t e  and i d e n t i f y  a  d e s i r e d  c e l l .  J u d ic io u s  

tr im m ing  i s o l a t e d  th e  c e l l  from  i t s  n e ig h b o r s .  A lthough  t h i s  

o f t e n  m eant tr im m in g  a  b lo c k  f a c e  to  a s  l i t t l e  a s  200 ^m i n  

l e n g th  ( F ig ,  3 $ ,  i t  makes i t  p o s s i b l e  to  d i s t i n g u i s h  t h i s  

z y g o te  e a s i l y  from  any n e ig h b o r  i n  th e  e l e c t r o n  m ic ro s c o p e .

Trimming f o r  c r o s s - s e c t i o n i n g  th e  t h i c k  s e c t i o n ,  i . e . ,  

p e r p e n d i c u l a r  to  th e  s p i n d l e  a x i s ,  was even more d i f f i c u l t .  

The phase  c o n t r a s t  p h o to m ic ro g ra p h s  were examined to  see  how 

th e  d e s i r e d  zy g o te  i n  th e  f l a t  embedment sh o u ld  be o r i e n t e d  

f o r  t r im m in g . 'A  l i n e  was drawn on th e  p r i n t  p e r p e n d i c u l a r  to  

th e  z y g o t e ' s  s p i n d l e  a x i s  a  l i t t l e  i n  f r o n t  o f  where s e c t i o n ­

in g  o f  th e  a c t u a l  c e l l  sh o u ld  b e g i n .  The c e l l s  th ro u g h  w hich  

t h i s  l i n e  p a s se d  s e rv e d  a s  m a rk e rs .  Under th e  d i s s e c t i n g  

m ic ro s c o p e ,  an  i n d u s t r i a l  r a z o r  b la d e  was p r e s s e d  d e e p ly  i n to  

th e  Epon a lo n g  th e  c o r r e s p o n d in g  c e l l s  and th e n  hammered



u n t i l  th e  embedment s p l i t .  The p a r t  w i th  th e  d e s i r e d  c e l l  

(whose "new" s id e  now c o r re s p o n d s  t o  th e  l i n e )  was p la c e d  in  

a  v i s e - t y p e  h o l d e r  and f u r t h e r  trimm ed u n d e r  th e  d i s s e c t i n g  

m ic ro sco p e  u s in g  a  C hina m arker  to  mark th e  edge o f  t h e  p l a s ­

t i c  to  be rem oved. T h is  i s  d i f f i c u l t  b ec au se  th e  c e l l  co u ld  n o t  

be se en  on edge w h i le  tr im m in g . R e l ia n c e  on th e  marks made 

on th e  edge w h ile  v ie w in g  th e  c e l l  ( s e c t i o n )  b r o a d s id e  and 

from o t h e r  a n g le s  i s  t h e r e f o r e  n e c e s s a r y .  T h is  r e s u l t s  i n  th e  

d e s i r e d  c e l l  i s o l a t e d  a t  th e  t i p  i n  c o r r e c t  o r i e n t a t i o n  f o r  

t h i n  s e c t i o n i n g .

The f a c e s  o f  a l l  b lo c k s  were made a s  i r r e g u l a r  t r a p e -  

z o i d s ,  w i th  one s id e  m aking a more a c u te  a n g le  w i th  th e  base  

th a n  th e  o t h e r  s i d e .  T h is  d i f f e r e n t i a t e s  each  c o m e r  and 

p e r m i t s  i d e n t i f i c a t i o n  o f  th e  d e s i r e d  c e l l  a s  w e l l  a s  th e  

d i r e c t i o n  o f  s e c t i o n i n g  when v ie w in g  w ith  t h e  e l e c t r o n  m ic ro ­

scope .

S e r i a l  s e c t i o n i n g  was done w i th  a DuPont diamond k n i f e
*

on a  S o r v a l l  P o r te r -B lu m  MT-2 u l t r a m ic r o to m e .  S e c t io n s  were 

e i t h e r  s i l v e r - g r e y  (6 0  nm) o r  s i l v e r  (90 nm) d e p e n d in g  upon 

w h e th e r  th e y  would be c o l l e c t e d  on fo rm v a r -c o a te d  lo o p s  o r  on 

c o p p e r  mesh g r i d s  (200 o r  300 mesh* P e lc o ,  T u s t in ,  C a l . ) .  The 

number o f  s e c t i o n s  c u t ,  a s  w e l l  a s  t h e i r  c o l o r ,  was r e c o rd e d  

f o r  l a t e r  use  i n  d e t e r m in in g  th e  l o c a t i o n  o f  each  s e c t i o n  

w i th in  th e  c e l l .  S i l v e r - g r e y  s e c t i o n s  were p ic k e d  up a s  a 

r ib b o n  on w ire  lo o p s  c o a te d  w i th  fo rm v a r  (M onsanto C o r p . ) .  

U ncoa ted , a c e to n e -w a sh e d ,  s l o t  g r i d s  (P e lc o )  w ere  p la c e d  on 

a  p eg  o f  s i m i l a r  d i a m e te r  co v ered  w i th  p a r a f i l m  (Am erican 

Can C o .,  Neenah, W is e .)  w hich  k ee p s  them from  s h i f t i n g  p o s i ­

t i o n .  W hile v ie w in g  th ro u g h  th e  d i s s e c t i n g  m ic ro s c o p e ,  th e  

s e c t i o n s  on t h e  f o r m v a r - c o a te d  lo o p s  were p la c e d  d i r e c t l y



o v e r  th e  s l o t  i n  th e  g r i d  and p a s se d  down o v e r  th e  g r i d  and 

p eg , b r e a k in g  th e  fo rravar  c o n n e c t io n  to  th e  lo o p  and d r a p in g  

th e  fo rm v a r  o v e r  th e  g r i d .  J e w e le r s  f o r c e p s  removed e x c e s s  

fo rm v a r  so t h a t  i t  co u ld  n o t  be p e e le d  o f f  a c c i d e n t a l l y .

S t a i n i n g  was done f o r  20 min i n  s a t u r a t e d  u r a n y l  a c e t a t e
f

i n  50%. e th a n o l  (Dawes, 1971) Follow ed by 5 to  7 min in  l e a d  

c i t r a t e  (R ey n o ld s , 1 9 6 3 ) .  Mesh g r i d s  were f l o a t e d  on d ro p s  

o f  s t a i n  p la c e d  on p a r a f i l m  i n  a P e t r i  d i s h .  The b o tto m  o f  

th e  P e t r i  d i s h  was l i n e d  w ith  a f i l t e r  p a p e r  soaked  w ith  

e i t h e r  50%> e th a n o l  f o r  u r a n y l  a c e t a t e  o r  sodium h y d ro x id e  f o r  

l e a d  c i t r a t e .  S in c e  h a n d l in g  ten d ed  to  b re ak  th e  fo rm v a r ,  

s l o t  g r i d s  were o f t e n  s t a i n e d  by th e  H irao k a  method ( P o ly ­

s c i e n c e s ,  I n c . ,  R y d a l ,  P a . )  which r e s u l t e d  i n  s l i g h t l y  more 

c o n ta m in a t io n .  In  t h i s  method th e  g r i d s  a r e  made to  s ta n d  u p ­

r i g h t  by p l a c i n g  an edge o f  each  g r i d  in  s p e c i a l  s l o t s  c u t  

i n t o  a  f l e x i b l e ,  s l o w - t o - r e l a x  p l a s t i c  s h e e t .  The s h e e t  w i th  

i t s  a t t a c h e d  g r i d s  i s  th e n  tu rn e d  u p s ide -dow n  o v e r  a  w e l l  o f  

s t a i n  so . t h a t  th e  g r i d s  a r e  a l l  submerged and s t a i n e d  a t  one 

t im e .  Washing i s  done i n  th e  same way so t h a t  h a n d l in g  o f  

g r i d s  w i th  j e w e le r s  f o r c e p s  i s  m in im ized .

A l l  s e c t i o n s  were v iew ed  w i th  an H i t a c h i  HS-8 e l e c t r o n  

m ic ro sco p e  o p e r a t i n g  a t  50 kV,

C. M i t o t i c  A p p a ra tu s  I s o l a t i o n

1. H exylene g ly c o l  

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 tu s e s  i n  h e x y le n e  g ly c o l  

( a f t e r  Kane, 1 9 6 2 ) ,  eggs w ere  c o l l e c t e d ,  washed and f e r t i l i ­

zed a s  above e x c e p t  t h a t  50 ml o f  sperm  s u s p e n s io n  was added 

to  50 ml o f  egg s u s p e n s io n  g e n t ly  s t i r r i n g  m a g n e t i c a l l y .  The 

eggs and a l l  s o l u t i o n s  were k e p t  a t  20°C. To s o f t e n  and s w e l l  

th e  f e r t i l i z a t i o n  membrane p r i o r  to  i t s  rem o v a l,  100 ml o f  a
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f r e s h  2 mg/ml m e rcap to e th y lg lu c o n am id e  s o l u t i o n  (CycloChemi- 

c a l  Corp.* Los Angeles* C a l . )  was added to  th e  eggs 30 sec  

a f t e r  f e r t i l i z a t i o n  (M azia e t  a l . ,  1961). The s o l u t i o n  i s  made 

by d i s s o l v i n g  th e  m e rc ap to e th y lg lu c o n am id e  i n  M oore 's  (MBL 

Formulae and Methods V, 1956) c a lc iu m - f r e e  s e a  w a te r  (T ab le  

1) and a d j u s t i n g  th e  pH to  8 .2  w i th  NaOH. T his  s o l u t i o n  must 

be made up f r e s h  and used  im m ed ia te ly .

A f te r  10 min o f  s t i r r i n g *  th e  c e l l s  were pou red  th ro u g h  

a  f i n e  s i l k  mesh (D ufour b o l t i n g )  s t r e t c h e d  a c r o s s  a  s y r in g e  

b a r r e l  (end removed) to  s t r i p  o f f  th e  f e r t i l i z a t i o n  membranes 

( H a r r i s ,  1 965 ) . A f t e r  s e t t l i n g ,  th e  c e l l s  were washed tw ice  

i n  c a lc iu m - f r e e  s e a  w a te r  and g e n t ly  s t i r r e d  u n t i l  a s t e r s  

became a p p a r e n t .  At t h i s  p o i n t  th e  z y g o te s  were washed tw ice  

i n  m onova len t s a l t  s o l u t i o n  c o n s i s t i n g  o f  19 p a r t s  0 .5  M NaCl 

and 1 p a r t  0 .5  M KC1 w hich removes d i v a l e n t  c a t i o n s  f a c i l i t a ­

t i n g  l y s i s .  Washing was done by g e n t l e ,  hand c e n t r i f u g a t i o n  

's e d im e n t in g  z y g o te s  i n  c o n ic a l  c e n t r i f u g e  tu b e s .

L y s is  was acco m p lish ed  by su sp e n d in g  th e  c e l l s  i n  i s o ­

l a t i o n  medium c o n s i s t i n g  o f  1 .0  M hex y len e  g ly o o l  (2 -m e th y l-  

2 , 4 , - p e n ta n e d io l ;  M atheson, Coleman, and B e l l ,  E a s t  R u th e r ­

f o r d ,  N . J . )  i n  0 .1  M p o ta s s iu m  p h o sp h a te  b u f f e r ,  pH 6 .3 ,  A f t e r  

30 s e c  th e  p igm ented  s u p e r n a t a n t  was d i s c a r d e d  and th e  c e l l s  

r e su sp e n d e d .  S w i r l in g  on a  v o r te x  m ix er  r e s u l t e d  i n  r e l e a s e  

o f  th e  m ito tifc  a p p a r a tu s e s  from  th e  c e l l s .  G en tle  c e n t r i f u ­

g a t io n  s e p a r a t e s  th e  suspended  m i t o t i c  a p p a r a tu s e s  from  th e  

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

were th en  s t o r e d  on i c e ;  An e q u a l  volume o f  0 .0 0 6  M MgCl2 i n  

i s o l a t i o n  medium a t  0°C was added to  make a  f i n a l  c o n c e n t r a ­

t i o n  o f  0 .0 0 3  M. T h is  h e lp s  to  p r e s e rv e  th e  s t r u c t u r e  o f  th e



m i t o t i c  a p p a r a tu s  (Goldman and Rebhun, 1969). From t h i s  p o i n t  

on , th e  i s o l a t i o n  medium c o n ta in e d  0 .0 0 3  M MgClg. F iv e  w ashes 

i n  i s o l a t i o n  medium w i th  Mg++ a t  0°C was fo l lo w e d  by su sp e n ­

s io n  i n  th e  same medium a t  room te m p e r a tu r e .  T h is  was r e ­

q u i r e d  to  p r e v e n t  th e  t a n n i c  a c id  from  p r e c i p i t a t i n g  i n  th e  

n e x t  s t e p .

The m i t o t i c  a p p a r a tu s e s  w ere f i x e d  by a d d in g  an e q u a l  

volume o f  5# g lu ta r a ld e h y d e  and 16% t a n n i c  a c id  (S igm a, S t .  

L o u is ,  Mo.) in  i s o l a t i o n  medium w ith  Mg , pH 6 .3 ,  making a  

f i n a l  c o n c e n t r a t i o n  o f  2 .5 #  g lu ta r a ld e h y d e  and 8/S t a n n i c  a c id  

(M iz u h ira -a n d  F u ta e s a k u ,  1971* T i ln e y  e t  a l . ,  1973)» The 

s o l u t i o n  was p r e p a r e d  by a d d in g  th e  t a n n i c  a c id  to  h o t ,  con­

c e n t r a t e d  s to c k  s o l u t i o n s  and c o n t in u e d  h e a t i n g  in  a w a te r  

b a t h .  The g lu t a r a ld e h y d e  was ad d ed , th e  pH a d j u s t e d  to  6 .3  

w i th  3 N KOH, and d i l u t e d  to  th e  p r o p e r  volume j u s t  b e fo re  

u s e .  The s to c k  s o l u t i o n s  used  were 0 .5  M p o ta s s iu m  p h o sp h a te  

b u f f e r ,  0 . 0 6 M MgCl^, and 50# g lu ta r a ld e h y d e  (EM g rad e  from 

EMS, F o r t  W ash ing ton , P a « ) .

A f t e r  1 h r  f i x a t i o n  a t  room te m p e r a tu r e ,  th e  m i t o t i c  

a p p a r a tu s e s  were washed tw ic e  w i th  i s o l a t i o n  medium and p o s t ­

f ix e d  w i th  1% osmium t e t r o x i d e  i n  i s o l a t i o n  medium, pH 6.3*

^5 min l a t e r  th e  osmium was removed by P a s t e u r  p i p e t t e  and 

th e  m i t o t i c  a p p a r a tu s e s  washed tw ic e  w i th  d i s t i l l e d  w a te r .

D e h y d ra t io n  and i n f i l t r a t i o n  was a s  d e s c r ib e d  a b o v e .  The
/

a p p a r a tu s e s  were f la t - e m b e d d e d  d i r e c t l y  i n  Chang m olds (EMS) 

and p o ly m e riz e d  a t  60°C f o r  3 d a y s .  A f te rw a rd s ,  a  l i g h t  c o a t  

o f  Epon was a p p l i e d  t o  th e  t r a n s l u c e n t  b o tto m  s u r f a c e ,  i n v e r ­

t e d ,  and r e t u r n e d  t o  t h e  oven f o r  2 to  3 d ay s  m ore, r e s u l t i n g  

i n  t r a n s p a r e n c y  f o r  p h ase  c o n t r a s t  m ic ro sc o p y .

The f l a t  embedments w ere ta p e d  by t h e i r  e d g e s  to  a  g l a s s
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s l i d e  and viewed by p h ase  c o n t r a s t  m ic roscopy  to  f i n d  m i to t i c  

a p p a r a tu s e s  o f  th e  p r o p e r  s ta g e  and c o n d i t i o n .  When such  a 

m i t o t i c  a p p a ra tu s  was s e e n ,  i t s  l o c a t i o n  was marked w i th  a 

S an fo rd  S h a rp ie  f e l t - t i p p e d  m ark e r  p en . At l e a s t  f o u r  d o t s  

were p la c e d  on th e  s u r f a c e  o f  th e  Epon around  th e  m a x im a lly -  

narrow ed  cone o f  l i g h t  coming from  th e  c o n d e n se r .  A " s c r a t c h e r "  

co u ld  n o t  be used  b e c a u se  i t  moved th e  b lo c k ;  o t h e r  ty p e s  o f  

m ark e rs  and pens  would n o t  w r i t e  on th e  Epon. The m i t o t i c  

a p p a ra tu s  was th e n  p h o to g rap h ed  th ro u g h  th e  m ic ro sc o p e .

U sing an a d d i t i o n a l  2X o b j e c t i v e  l e n s  {Bausch and Lomb) 

on th e  99X d i s s e c t i n g  m ic ro s c o p e ,  th e  m i t o t i c  a p p a r a tu s e s  

cou ld  be seen  and th e  d o t s  used  a s  a g u id e  to  th e  s e l e c t e d  

one, A r a z o r  b la d e  was pushed th ro u g h  th e  Epon deep  i n t o  th e  

embedment p e r p e n d i c u la r  to  th e  s p in d l e  a x i s  where s e c t i o n i n g  

o f  th e  d e s i r e d  m i t o t i c  a p p a r a tu s  was to  b e g in .  A hammer was 

used  to  s p l i t  th e  b lo c k ,  which was f u r t h e r  trimm ed a s  d e s c r ib e d  

above, u s in g  m ark e r  d o t s  and th e  h igh -pow ered  d i s s e c t i n g  

m ic roscope  to  remove e x c e s s  p l a s t i c  and i s o l a t e  th e  d e s i r e d  

m i t o t i c  a p p a ra tu s  a t  th e  t i p .  F u r t h e r  work was done a s  d e ­

s c r ib e d  above f o r  th e  m i t o t i c  a p p a r a tu s  in. s i t u .

2 . M odified  p o ly m e r iz in g  medium

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 tu s e s  i n  PIPES ( p i p e r a z i n e -  

K ,N '- b i s  [2 -e th an e  s u l f o n i c  ac id ]  ) ,  b u f f e r  ( a f t e r  Rebhun e t  a l . ( 

197*0» eggs were c o l l e c t e d ,  w ashed , f e r t i l i z e d , - a n d  h a n d le d  

a s  in  th e  h ex y le n e  g ly c o l  i s o l a t i o n  u n t i l  th e  d e s i r e d  m i t o t i c  

s ta g e  was r e a c h e d .  The z y g o te s  were th e n  washed in  M o o re 's  

c a lc iu m - f r e e  s e a  w a te r  3 t im e s  i n  o r d e r  to  remove Ca w hich  

d e s t r o y s  MTs i n  th e s e  p r e p a r a t i o n s  (Rebhun e t  a l . ,  197*0. Two 

d i f f e r e n t  EGTA c o n c e n t r a t i o n s  were u sed  in  th e  i s o l a t i o n s ,  20 

mM and 50 mM (Rebhun, 1976) to  c h e l a t e  endogenous c a lc iu m .
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A ll  s o l u t i o n s  c o n ta in e d  0 ,1  M PIPES b u f f e r  ( P; S igm a), 10 mM 

TAME (Tj p - t o s y l  a r g i n i n e  r a e t h y le s t e r  HCl) w hich  i s  an  i n h i b ­

i t o r  o f  p r o t e o l y t i c  enzymes (S ig m a), 0 .2 5  mM MgCl^ (M), and 
e i t h e r  20 mM EGTA (E -20 ) o r  50 mM EGTA (E -5 0 ) .  The i s o l a t i o n

m edia a r e  th u s  d e s ig n a te d  PTME-20 and PTME-50 b e lo w . Wash 

s o l u t i o n s  in c lu d e d  e i t h e r  0 .6  M g l y c e r o l  (G-PTME-20) in  th e  

lo w e r  and 0 .5  M g l y c e r o l  (G-PTME-50) i n  th e  h i g h e r  EGTA con­

c e n t r a t i o n .  T h is  e n s u r e s  i s o t o n i c i t y  and p r e v e n t s  e a r l y  c e l l  

l y s i s .  S u cro se  was n o t  a s  good a s  g l y c e r o l  f o r  t h i s  p u rp o s e ,  

r e s u l t i n g  in  deform ed c e l l s  and i n h i b i t i o n  o f  d i v i s i o n .

A f t e r  rem oval o f  f e r t i l i z a t i o n  membranes and th e  3 washes 

in  C a - f r e e  s e a  w a te r ,  th e  c e l l s  were washed i n  e i t h e r  G-PTME- 

20 o r  G-PTME-50, pH 6 .8 5  (by KOH). I s o l a t i o n  was e f f e c t e d  by 

s u s p e n s io n  o f  th e  z y g o te s  i n  3X t h e i r  volume o f  e i t h e r  PTME-20 

o r  PTME-50 to  w hich  0 .5 #  T r i t o n  X-100 (Sigma) was ad d ed . V or- 

t e x i n g  ly s e d  th e  c e l l s  r e l e a s i n g  t h e i r  m i t o t i c  a p p a r a t u s e s .

These were f i x e d  w i th  2 .5 #  g lu t a r a ld e h y d e  in  e i t h e r  PTME-20 o r  

PTME-50, pH 6 .8 5  a t  room te m p e ra tu r e  b ecau se  th e  MTs a r e  c o ld -  

l a b i l e  in  th e s e  s o l u t i o n s  j u s t  a s  th e y  a r e  i n  v iv o  (Rebhun e t  

a l . ,  19?^)» Three w ashes i n  d i s t i l l e d  w a te r  were fo l lo w e d  by 

p o s t f i x a t i o n  i n  1# osmium t e t r o x i d e  f o r  1 h r  a t  pH ?• No t a n n i c  

a c id  was used  b e c a u se  i t  fo rm s p r e c i p i t a t e s  in  t h e s e  m ed ia .  The 

i s o l a t e d  m i t o t i c  a p p a ra tu s e s  were th e n  h a n d le d  a s  d e s c r ib e 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 .

D. C ounts o f  M ic ro tu b u le s

MTs were co u n ted  by v ie w in g  p r i n t s  o f  MTs a t  m a g n i f i c a ­

t i o n s  o f  a b o u t 5 0 ,000X and t a b u l a t i n g  them w i th  two hand 

c o u n t e r s ,  one f o r  0 -  o r  no rm al MTs and one f o r  C-MTs. Each 

MT was c ro s s e d  o u t  w i th  a  C hina m ark er  so t h a t  none co u ld  be
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co u n ted  tw ic e .  S in c e  s e r i a l  s e c t i o n i n g  was d o n e t th e  e x a c t  

l o c a t i o n  o f  th e  c r o s s  s e c t i o n  w i t h i n  th e  c e l l  was known. I n  

th e s e  c o u n t s ,  o n ly  o b v io u s  C- and 0-MTs w ere  t a b u l a t e d  (C- 

and 0 -a r ro w s ,  F i g ,  4 )  w h i le  ambiguous ones were n o t  ( ? - a r r o w s ,  

F i g .  4 ) ,  On th e  o t h e r  h a n d , when two C-MTs w ere v iew ed  a t ­

ta c h e d  by t h e i r  ends  to  form  an  S -s h a p e ,  th e y  w ere co un ted  

a s  two C-MTs (S -a r ro w , F ig  4 ) .  I n  g e n e r a l ,  C-MTs were more 

d i f f i c u l t  to  r e c o g n iz e  w i th  c e r t a i n t y  t h a t  O-MTs. A lthough  

u s u a l l y  shaped  l i k e  th e  l e t t e r  "C", th e  o p en in g s  be tw een  th e  

ends o f  th e  "C" may v a r y  i n  s i z e  (compare C *-arrow  w i th  C ' * -  

a r ro w , F ig .  4 ) . A lso ,  sm a l l  C-MTs o f  o n ly  a  few p r o t o f i l a ­

m ents may a p p e a r  a s  s h o r t ,  s t r a i g h t  segm ents  r a t h e r  th a n  

cu rved  ones  and th e  rough  backg round  c o n c e a l  i t .  D e s p i te  

th e s e  p ro b le m s ,  many C-MTs w ere o b v io u s  and e a s i l y  t a b u l a t e d .

E. P o l a r i z a t i o n  M icroscopy

P o l a r i z a t i o n  m ic ro sco p y  was p e rfo rm ed  on L v te c h in u s  

v a r i e g a t u s  z y g o te s  b e c a u se  p ig m en t p r e s e n t  i n  th e  A rb a c ia  

-p u n c tu la ta  egg  p r e v e n t s  such  v ie w in g  i n  t h a t  s p e c i e s .  A 'Z e i s s  

m ic ro sco p e  eq u ip p ed  f o r  p o l a r i z a t i o n  m ic ro sco p y  was used  to  

d e t e c t  b i r e f r i n g e n c e .  The s e a  u r c h i n s  w ere o b ta in e d  from  th e  

Bermuda B i o l o g i c a l  S t a t i o n  and eggs  c o l l e c t e d  by i n j e c t i o n  

o f  0 .5  M KCL s o l u t i o n  (H arvey , 1956)* Sperm were o b ta in e d  

by rem oving  th e  t e s t e s  and gam etes  were th e n  t r e a t e d  l i k e  

th o s e  o f  A rb a c ia  p u n c t u l a t a .
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I I I .  RESULTS

A. F in e  S t r u c t u r e  o f  th e  M a tu re , U n f e r t i l i z e d  A rh a c ia  Egg

When v iew ed w ith  t h e  e l e c t r o n  m ic ro s c o p e ,  th e  m a tu re ,  

u n f e r t i l i z e d  A rb a c ia  egg r e v e a l s  a  cy to p la sm  f i l l e d  w i th  

o r g a n e l l e s ,  g r a n u l e s ,  and v a c u o le s .

1 . E ndoplasm ic  R e tic u lu m

The m atu re  egg  does n o t  have th e  u s u a l  ty p e  o f  ER, i . e . ,  

i t  d o es  n o t  form  a  r e t i c u lu m  in  th e  c e l l .  R a th e r ,  t h e r e  a r e  

numerous v e s i c l e s  o f  a s s o r t e d  s i z e s  and many i r r e g u l a r  i n  shape 

(v ,  F ig .  5)* Some a r e  a b o u t  1 .0  pm i n  d ia m e te r ,  a l th o u g h  most 

a re  s m a l l e r  th a n  m i to c h o n d r ia .  They a r e  bounded by a  100 A 

t h i c k  membrane and a few have a fu z z y  m a t e r i a l  w i th in  ( v l ,

F ig .  6 ) .

The v e s i c l e s  o f  t h i s  ER a r e  o f t e n  found i n  c o n t a c t  w ith  

o t h e r  o r g a n e l l e s  and g r a n u l e s ,  so  th e y  may s h u t t l e  among them 

and p l a y  a r o l e  i n  i n t r a c e l l u l a r  t r a n s p o r t .  Yolk g r a n u le s  (Y l, 

F ig .  5)» p igm en t v a c u o le s  (P ,  F ig .  5)> G olg i a p p a r a tu s e s  (G, 

F ig .  5» i n s e t ) ,  a n n u la t e  l a m e l l a e  (A, F ig .  7 ) ,  and m ito c h o n ­

d r i a  (M il ,  F i g .  5) a r e  a l l  s e e n  i n  c o n t a c t  w i th  ER v e s i c l e s .

Most o f  th e  v e s i c u l a r  ER a p p e a r s  to  be sm ooth . Where 

r ib o so m e s  a r e  s e e n  to  a b u t  th e  v e s i c l e s ,  i t  i s  d i f f i c u l t  to  

d e te rm in e  w h e th e r  th e y  a r e  r e a l l y  on th e  membrane and n o t  j u s t  

p a r t  o f  th e  g r e a t  number o f  f r e e  r ib o so m e s  d o t t i n g  th e  b a c k ­

g ro u n d . In  any c a s e ,  t h e r e  i s  no o b v io u s  e x t e n s i v e  rou g h  ER.

2 . Yolk

Yolk g r a n u le s  (Y, F i g .  5 ) a r e  p e rh a p s  t h e  m ost s t r i k i n g  

f e a t u r e .  There  a r e  a  g r e a t  many o f  t h e s e  l a r g e ,  e l e c t r o n -  

d en se  g r a n u le s  d i s t r i b u t e d  th ro u g h o u t  th e  c y to p la s m . In  s e c -
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FIGURE 5* C ytoplasm  o f  t h e  m a tu re  u n f e r t i l i z e d  egg . The 

l a r g e ,  e l e c t r o n - d e n s e  y o lk  g r a n u le s  (Y) a r e  th e  m ost o b v io u s  

f e a t u r e .  The ER i s  a l l  smooth and v e s i c u l a r  ( v ) .  I t  i s  o f ­

t e n  a s s o c i a t e d  w ith  y o lk  (Y l)  and m i to c h o n d r ia  ( M i l ) .  M ito ­

c h o n d r ia  a l s o  seem to  be a s s o c i a t e d  w ith  y o lk  (Y 2). A lthough  

most m i to c h o n d r ia  a r e  ro u n d , some a r e  e lo n g a te d  (M i2). L ip id  

d r o p l e t s  (L) can be d i s t i n g u i s h e d  from  y o lk  by th e  membrane 

c l o s e l y  apposed  to  th e  l i p i d  a s  w e l l  a s  t h e i r  g r e y i s h  c o l o r  

s in c e  l i p i d  i s  l e s s  e l e c t r o n - d e n s e  th a n  y o lk .  M ito c h o n d r ia  

do n o t  a s s o c i a t e  w i th  l i p i d  a t  t h i s  s t a g e .  P igm ent v a c u o le s  

(P) a r e  seen  th ro u g h o u t  th e  c y to p la sm  u n t i l  a f t e r  f e r t i l i z a ­

t i o n  when m ost m ig ra te  to  t h e  c o r t e x .  EM x 1 6 ,4 0 0 .

In s e t*  G olg i a p p a r a tu s  ( G) .  They a r e  s m a l l ,  w id e ly  s c a t ­

t e r e d ,  and few i n  number i n  th e  m a tu re  egg . V e s i c le s  

o f  ER (v )  a r e  o f t e n  found  in  c o n t a c t  w i th  them .

EM x 1 6 ,4 0 0 .

FIGURE 6 . High m a g n i f i c a t i o n  o f  n u c l e a r  a r e a  o f  egg . Nuc­

l e u s  (N) i s  su r ro u n d e d  by n u c l e a r  e n v e lo p e  (NE). The en ­

v e lo p e  i s  composed o f  two membranes c o a te d  on th e  c y t o ­

p la s m ic  s id e  w i th  fu z z y  m a t e r i a l  (F ) i n t e r r u p t e d  by u n ­

c o a te d  a r e a s  (U ). The n u c le u s  h as  i n t e r c o n n e c te d  f i b e r s  o f  

v a r io u s  d ia m e te r s  i n  th e  n u c le o p la s m .  Membranes a round  y o lk  

g r a n u le s  (YM) and amorphous m a t e r i a l  i n  th e  v e s i c u l a r  ER 

( v l )  a r e  o b v io u s .  P a r t  o f  an ER v e s i c l e  (v )  a d j a c e n t  to  

a y o lk  g r a n u le  (Y l)  i s  shown. EM x 4 8 ,1 0 0 .
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t i o n s  th e y  u s u a l l y  a p p e a r  ro u n d , e l l i p s o i d ,  o r  p e a r - s h a p e d ,  

and may be o v e r  1 .5  îm lo n g .  These d i f f e r e n c e s  a r e  p ro b a b ly  

due t o  th e  v a r i o u s  p l a n e s  o f  s e c t i o n  th ro u g h  th e  g r a n u l e .

H ig h e r  m a g n i f i c a t io n  r e v e a l s  a  t h i n ,  60 .to  60 8 t h i c k  i r r e g ­

u l a r  membrane ( YM, P ig .  6 ) a ro u n d  th e  y o lk .

Many o f  t h e  y o lk  g r a n u le s  a p p e a r  to  be i n  i n t i m a t e  con­

t a c t  w i th  s m a l l ,  a p p a r e n t ly  smooth v e s i c l e s  o f  ER, A lso ,  

m i to c h o n d r ia  (Mi) a r e  o f t e n  found  i n  c o n t a c t  w i th  y o lk  (Y2,

F ig .  5 ) .  A lthough  th e  l a r g e  m a jo r i t y  o f  y o lk  g r a n u le s  e x h i b i t  

a  homogeneous e l e c t r o n  d e n s i ty *  a  few a r e  h e te ro g e n e o u s  (Y3,

Fig* 8 ) .  These few a r e  s e e n  t o  be i n  c o n t a c t  w i th  m i to c h o n d r ia  

and s u g g e s t  t h a t  th e  y o lk  i s  b e in g  m e ta b o l iz e d .

3 .  P igm ent V acuo les

P igm ent v a c u o le s  a r e  a n o t h e r  p ro m in en t  f e a t u r e  o f  th e  

A rb a c ia  egg . They a p p e a r  a s  l a r g e ,  c i r c u l a r ,  e l e c t r o n - t r a n s ­

p a r e n t  v a c u o le s  (P ,  F i g .  5)* In  th e  l i v i n g  egg  th e y  c o n ta in  

th e  r e d d i s h  "ech inoch rom e" p ig m e n t.  T h is  p ig m en t i s  l o s t  

d u r in g  th e  p r e p a r a t i o n  o f  th e  c e l l s  f o r  e l e c t r o n  m ic ro sco p y  

so t h a t  e x c e p t  f o r  a  few  w isp s  o f  m a t e r i a l ,  th e  v a c u o le s  

e x h i b i t  l i t t l e  i n t e r n a l  s t r u c t u r e  ( T i ln e y  and M a rs lan d , 1 9 6 9 ) .  

T h e i r  i d e n t i f i c a t i o n  was made e a sy  by th e  f a c t  t h a t  a l th o u g h  

d i s p e r s e d  th ro u g h o u t  th e  u n f e r t i l i z e d  egg , a t  f e r t i l i z a t i o n  

m ost m ig ra te  to  th e  c o r t e x ,  fo rm in g  a  h i g h ly  p igm en ted  l a y e r

a ro u n d  th e  e n t i r e  z y g o te .  A lthough  som etim es d i f f i c u l t  t o  d i s ­

t i n g u i s h  from  ER v e s i c l e s ,  i n  m ost c a s e s  t h e i r  s i z e  and w ispy  

c o n t e n t  d i f f e r e n t i a t e  them . In  f a c t ,  th e  p ig m en t v a c u o le s  a r e  

o f t e n  found  i n  c o n t a c t  w i th  ER v e s i c l e s  (P , F i g s .  5  and  9 ) .

4 .  L ip id  D r o p l e t s

The l i p i d  d r o p l e t s  (L , F i g .  5 )  a r e  n o t  a s  a b u n d a n t  a s
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FIGURE 7* A n n u la te  l a m e l l a e  (A) o f  u n f e r t i l i z e d  eg g . They 
a r e  c o a te d  w ith  an am orphous fu z z y  m a t e r i a l  ( F ) .  What i s
p o s s i b l y  a  p o re  i n  f a c e  v iew  (Po) i s  s e e n  n e a rb y .  An i n t e r ­
a c t i o n  w ith  v e s i c u l a r  ER (v )  i s  s u g g e s te d  by i t s  p ro x im i ty  
and a p p a re n t  c o n n e c t io n .  EM x 2 0 ,6 0 0 .

FIGURE 8 . H e te ro g en eo u s  form  o f  y o lk  g r a n u le s  (Y3) in  th e  
egg . They have an e l e c t r o n - t r a n s p a r e n t  c e n t e r  and a r e  s u r ­
rounded  by m i to c h o n d r ia  (M i) .  Note m ito c h o n d r io n  w i th  a
d e n se  g r a n u le  ( g ) .  EM x 2 0 ,6 0 0 ,

FIGURE 9* C o r t i c a l  r e g io n  o f  eg g . E xcep t f o r  th e  c o r t i c a l  
g r a n u le s  (C ), a l l  o t h e r  g r a n u l e s ,  p a r t i c l e s ,  and o r g a n e l l e s  
a r e  random ly d i s t r i b u t e d .  Note a s s o c i a t i o n  o f  p igm ent v a c ­
u o le  (P) w ith  ER v e s i c l e  ( v ) .  The egg  membrane has  s h o r t  
m i c r o v i l l i  (mV) e x c e p t  o v e r  c o r t i c a l  g r a n u l e s .  L ip id  (L ) ,  
m i to c h o n d r ia  (M i), and y o lk  (Y) a r e  s e e n .  EM x 1 4 ,2 0 0 ,
I n s e t ,  H ig h e r  m a g n i f i c a t i o n  o f  th e  c o r t i c a l  g ra n u le  (C ) .

I t s  p e r ip h e r y  i s  l e s s  e l e c t r o n - d e n s e  th a n  i t s  co re  o f  
f i n e  g r a n u l e s .  Note th e  t y p i c a l  t r i l a m i n a r  a p p e a ra n c e  
o f  th e  c e l l  membrane (CM). EM x 4 1 ,9 0 0 .

FIGURE 10. N u c le a r  r e g io n  o f  u n f e r t i l i z e d  eg g .  N ucleus (N) 
i s  s p h e r i c a l  and su r ro u n d e d  by n u c l e a r  en v e lo p e  (NE) w i th  
few p o r e s .  N ucleoplasm  h a s  a  f i b r o u s ,  homogeneous n e tw o rk .  
Note th e  p r e s e n c e  o f  t h e  same ty p e s  o f  p a r t i c l e s  and o rg a n ­
e l l e s  a s  in  th e  r e s t  o f  th e  c y to p la sm : l i p i d  d r o p l e t s  (L ) ,
m i to c h o n d r ia  (M i), and v e s i c u l a r  ER ( v ) .  One o f  th e  v e s ­
i c l e s  i s  f i l l e d  w i th  an amorphous m a t e r i a l  ( v l )  d i s t i n g u i s h e d  
from  l i p i d  d r o p l e t s  (L) by i t s  i r r e g u l a r  membrane w hich i s  
n o t  c l o s e l y  apposed- to  t h e  c o n t e n t s .  EM x 15*200.
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y o lk  g r a n u le s  b u t  t h e i r  e l e c t r o n - d e n s e  a p p e a ra n c e  and c i r c u l a r  

p r o f i l e  i n  e l e c t r o n  m ic ro g ra p h s  make them h a rd  to  d i s t i n g u i s h  

from  th e  l a t t e r .  F o r t u n a t e l y ,  upon c e n t r i f u g a t i o n  o f  e g g s ,  th e y  

m ig r a te  to  th e  c e n t r i p e t a l  p o le ,  m aking t h e i r  i d e n t i f i c a t i o n  

e a s i e r .  T h ere ,  i t  can be s e e n  t h a t  th e y  a p p e a r  a s  a  l i g h t e r  

g re y  th a n  y o lk  g r a n u le s  and can th u s  be d i s t i n g u i s h e d  from th e  

l a t t e r  (A nderson , 1970)- A lso , th e  l i p i d  d r o p l e t s  a r e  g e n e r a l l y  

s m a l l e r ,  a b o u t 0 . 5  to  0 , 8  jum in  d i a m e t e r ,  and a r e  u s u a l l y  ro u n d .  

T h e i r  membrane i s  more o b v io u s  th a n  t h a t  o f  th e  y o lk  g r a n u le  and 

c l o s e l y  a d h e re s  to  th e  l i p i d .  T h is  l a t t e r  f e a t u r e  d i s t i n g u i s h e s  

them from ER v e s i c l e s  c o n t a in i n g  amorphous m a t e r i a l  ( v l ,  F ig .  6 ) .

5 .  M ito c h o n d r ia

M ito c h o n d r ia  a r e  found  th ro u g h o u t  th e  e g g . They o f t e n  a p ­

p e a r  i n  g ro u p s  o f  two o r  t h r e e  ( o r  more) and som etim es a lo n e  

(Mi, F ig .  5)« As m en tioned  above , th e y  a r e  o f t e n  c o n t ig u o u s  w ith  

y o lk  g r a n u le s  (Y2, F ig .  5 and Y3, F i g .  8 ) .  Many have s m a l l ,  i r ­

r e g u l a r  b le b s  (b ,  F ig .  9 )  b u t  o n ly  r a r e l y  i s  one found  w ith  a  

g r a n u l e .  These g r a n u le s  a r e  ve ry  s m a l l  when th e y  do o c c u r  (g ,

F i g .  8 ) .

Most m i to c h o n d r ia  a r e  round o r  s l i g h t l y  e l l i p s o i d .  They 

a r e  a b o u t  0 .5  pm i n  d i a m e t e r .  A few a r e  e lo n g a te d  to  a b o u t  0 .9  

pm and may r e p r e s e n t  m i to c h o n d r ia  i n  th e  a c t  o f  d i v i s i o n  s in c e  

th e y  u s u a l l y  have a  c e n t r a l  c o n s t r i c t i o n  (Mi2, F i g ,  5 ) .

6 , G o lg i A p p a ra tu s

U nlike  t h e  im m ature o o c y te  w hich  h as  much G o lg i to  a s s i s t  

i n  c o r t i c a l  g r a n u le  p r o d u c t io n  (A nderson , 1 9 6 8 ) ,  th e  m atu re  

egg  h a s  o n ly  a  few s c a t t e r e d  G o lg i a p p a r a tu s e s  (G, F i g .  5» 

i n s e t )  and t h e s e  a r e  s m a l l .  They a r e  composed o f  th e  u s u a l  

s t a c k  o f  membranes and v e s i c l e s ,  t h e  l a t t e r  p resu m ab ly  f u s i n g
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w ith  o r  b u d d in g  from  th e  s t a c k .

7 .  C o r te x

C lose o b s e r v a t io n  o f  th e  c e l l  membrane (CM, F i g .  9» i n s e t )  

r e v e a l s  i t s  t r i l a m i n a r  n a t u r e .  The membrane i s  i r r e g u l a r  b e ­

ca u se  o f  th e  s h o r t  m i c r o v i l l i  (mV, F ig .  9 ) w hich p r o j e c t  

o n ly  a b o u t  0 . 2  jum from  th e  egg  s u r f a c e .

A lthough  c o r t i c a l  g r a n u le s  (C, F ig .  9 ) can be found  

th ro u g h o u t  th e  c y to p la sm  o f  th e  imm ature o o c y te  (A nderson , 

196 8 ) , th e y  a r e  r e s t r i c t e d  to  th e  c o r t e x  o f  th e  m a tu re  eg g . 

T h e re ,  th e y  a r e  b a r e l y  s e p a r a te d  from  th e  c e l l  membrane.

(The c o r t i c a l  g r a n u le  i n  F ig .  9 i s  ^0 A from  th e  p lasm a 

membrane a t  i t s  c l o s e s t  p o i n t . )

A rb a c ia  c o r t i c a l  g r a n u le s  a r e  bounded by a  membrane, 

have  a  c i r c u l a r  p r o f i l e ,  and a r e  a b o u t  1 .0  ;im i n  d ia m e te r .

They have a  b i p a r t i t e  s t r u c t u r e .  The p e r ip h e r y  h a s  a  more 

even and l e s s  e l e c t r o n - d e n s e  a p p e a ra n c e  th a n  th e  g r a i n y ,  

e l e c t r o n - d e n s e  c e n t e r .  Such g r a n u le s  a r e  n o t  found  d i r e c t l y  

u n d e r  a  m i c r o v i l l u s .

The c o r t e x  a l s o  c o n t a in s  y o lk  (Y ), l i p i d  ( L ) ,  ER v e s i c l e s  

( v ) ,  m i to c h o n d r ia  (M i) ,  and p ig m en t (P , F i g ,  9)*

8 .  A n n u la te  L am ellae

P a tc h e s  o f  a n n u l a t e  l a m e l l a e  a r e  found  i n  t h e  m a tu re  eg g , 

e s p e c i a l l y  n e a r  th e  c o r t e x  (A, F i g ,  7 ) .  They have a l s o  been  

r e p o r t e d  i n  th e  im m ature o o c y te  (A n d e rso n , 1968) and  a s  p a r t  

o f  a n o t h e r  o r g a n e l l e ,  t h e  heavy body ( H a r r i s ,  1 9 6 7 ) ,  (T h is  

s tu d y  co u ld  n o t  c o n f i rm  th e  e x i s t e n c e  o f  h eav y  b o d ie s  i n  t h e  

m a tu re  eg g . Of th e  s m a l l  num ber o f  heavy  b o d ie s  t h a t  may be 

p r e s e n t ,  none a p p e a re d  i n - t h e  few s e c t i o n s  s u rv e y e d .  Only a  

l i m i t e d  number o f  s e c t i o n s  w ere exam ined b e c a u se  t h i s  s t a g e
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was n o t  c r i t i c a l ,  b e in g  used  o n ly  f o r  co m p ar iso n . They a r e  com­

monly found  d u r in g  th e  s t r e a k  s ta g e  (HB, F i g .  1 9 ) ,  h o w ev e r .)

C o a t in g  th e  l a m e l l a e  and e a s i l y  s e e n  be tw een  th e  s t a c k s  

o f  l a m e l l a e  i s  a  " f u z z y ” m a t e r i a l  (F , F i g ,  7 ) .  T h is  m a t e r i a l  

i s  r e g u l a r l y  i n t e r r u p t e d  by u n c o a te d  a r e a s .  The l a m e l l a e  o f ­

t e n  a p p e a r  to  be c o n t in u o u s  w ith  v e s i c l e s  o f  th e  ER (v ,  F ig .

? ) •  Face  v iew s o f  w hat may be a  p o re  o f  th e  a n n u la t e  l a m e l la e  

a r e  o f t e n  se en  n e a rb y  (P o , F ig .  7)*

9 ,  M ic ro tu b u le s

No u n e q u iv o c a l  MTs a r e  seen  a l th o u g h  MTs o f  m e io t i c  a p p a r ­

a t u s e s  had been  p r e s e n t  p r e v i o u s l y  d u r in g  p o l a r  body fo r m a t io n .

10. N ucleus

The n u c l e a r  e n v e lo p e  i s  c i r c u l a r  w i th  no i r r e g u l a r i t i e s  

(NE, F ig ,  1 0 ) .  The n u c le o p la s m  i s  f i b r o u s  and e v e n ly  d i s t r i b ­

u te d  th ro u g h o u t  t h e  n u c le u s  (N, F i g .  1 0 ) .  H ig h e r  m a g n i f i c a t io n  

o f  th e  n u c l e a r  e n v e lo p e  (NE, F ig .  6 ) shows t h a t  i t  i s  co a te d  

on th e  c y to p la s m ic  s id e  w i th  a  f u z z  s i m i l a r  to  t h a t  o f  th e  

a n n u la t e  l a m e l l a e  (F , F i g s .  6 and ? ) .  L ik e  th e  a n n u l a te  l a ­

m e lla e  f u z z ,  t h e  n u c l e a r  e n v e lo p e  fu z z  i s  d i s c o n t i n u o u s ,  l e a v in g  

many a r e a s  u n c o a te d  (U, F i g .  6 ) .  The e a r l y  o o cy te  n u c l e u s  i s  

r e p o r t e d  to  have many p o r e s  (A nderson , 1 9 6 8 ) ,  b u t  th e  m atu re  

egg  n u c le u s  d o es  n o t  a p p e a r  to  have  a s  many ( F ig s .  6 and 1 0 ) ,

The p e r i n u c l e a r  a r e a  ( F i g .  10) c o n t a in s  many y o lk  g r a n u le s  (Y), 

l i p i d  d r o p l e t s  (L ) ,  m i to c h o n d r ia  (M i) ,  and ER v e s i c l e s  ( v ) .

B. F in e  S t r u c t u r e  o f  t h e  S t r e a k  S tag e

From p h ase  c o n t r a s t  l i g h t  m ic ro g ra p h s  o f  s e r i a l  l o n g i t u ­

d i n a l  s e c t i o n s  th ro u g h  a  r e p r e s e n t a t i v e  s t r e a k  s t a g e  c e l l  

( F i g .  11 , A to  I ) ,  a  c l a y  model may be c o n s t r u c t e d  show ing
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FIGURE 11. S e r i a l  s e c t i o n s  th ro u g h  th e  s t r e a k  s t a g e  c e l l .
The s e c t i o n s  were c u t  a t  4 pm. Note th e  l a c k  o f  l a r g e  p a r t i c l e s  
i n  th e  s t r e a k  zone ( S ) .  The n u c le u s  (N) and n u c l e o lu s  (Nu) 
a r e  c l e a r l y  v i s i b l e .  I n  F i g .  f  th e  n u c le u s  can  be  se e n  to  
p r o t r u d e  b o th  above and below  th e  p la n e  o f  t h e  s t r e a k .  The 
lo w e r  l i m i t  o f  each  m ic ro g rap h  c o r re s p o n d s  to  an e q u a to r  o f  
th e  c e l l .  Phase  c o n t r a s t  x 1050.

FIGURE 12. D iagram o f  th e  r e l a t i o n s h i p  be tw een  th e  n u c le u s  
( f i l l e d  i n )  and th e  s u r ro u n d in g  s t r e a k  b ased  on a  c la y  model 
r e c o n s t r u c t i o n  o f  th e  s e r i a l  s e c t i o n s  o f  F i g .  11.
A. S ide  v iew . The n u c le u s  p r o t r u d e s  l e s s  above th a n  below  

t h e  s t r e a k .  Note how th e  s t r e a k  bends downward a lo n g  i t s  
lo n g  a x i s .

3 .  Viewed from  to p .  The n u c le u s  i s  e c c e n t r i c  w i th  r e s p e c t  to  
th e  s h o r t e r  a x i s .  Along t h i s  a x i s ,  th e  s id e  away from th e  
n u c le u s  i s  ro u n d e r  and i t s  edge t h i n n e r  th a n  th e  s id e  
c l o s e r  to  th e  n u c l e u s .

FIGURE 13- Thick  s e c t i o n  o f  s t r e a k  s ta g e  c e l l s  v iew ed by 
d a r k f ie 4 4  i l l u m i n a t i o n .  There a r e  no r e f r a c t i l e  p a r t i c l e s  
in  th e  s t r e a k  zo n e . D a r k f i e l d  LM x 3 6 5 .

FIGURE 14, Thick  s e c t i o n  com paring  an u n f e r t i l i z e d  m atu re  egg 
to  a s t r e a k  s t a g e  c e l l .  The c e l l  w i th  th e  s t r e a k  zone (S) i s  
su rro u n d e d  by a  f e r t i l i z a t i o n  membrane (FI") and h a s  a d e e p ly  
p igm en ted  l a y e r  (P) j u s t  u n d e r  i t s  s u r f a c e ,  " r u f f l e d "  by 
num erous, lo n g  m i c r o v i l l i  (mV). O c c a s io n a l ly ,  s id e  c h a n n e ls  
(30) o f  s t r e a k  zone can be i d e n t i f i e d .  No f e r t i l i z a t i o n  mem­
b ra n e  s u r ro u n d s  th e  u n f e r t i l i z e d  egg (UN) b u t  sm a l l  c o r t i c a l  
g r a n u le s  (C) can be s e e n  a s  w h i te  p a r t i c l e s  j u s t  u n d e r  i t s  
smooth s u r f a c e .  I t s  n u c le u s  (N) i s  ro u n d . The n u c le u s  o f  th e  
s t r e a k  s ta g e  c e l l  d o es  n o t  a p p e a r  i n  t h i s  s e c t i o n .
Phase c o n t r a s t  x 620.
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th e  3 - d im e n s io n a l  s t r u c t u r e  o f  th e  s t r e a k  and i t s  r e l a t i o n s h i p  

to  t h e  n u c l e u s .  The model (diagrammed i n  F ig ,  12) r e v e a l s  t h a t  

t h e  s t r e a k  r e s e m b le s  a  d o n u t  e lo n g a te d  and b e n t  downward a lo n g  

one a x i s ,  i t s  h o le  e c c e n t r i c ,  e s p e c i a l l y . w i t h  r e s p e c t  to  th e  

o t h e r ,  s h o r t e r  a x i s .  The n u c le u s  o c c u p ie s  th e  h o l e ,  p r o t r u - .  

d in g  on ly  b a r e l y  above b u t  more so below  th e  s t r e a k .

L ig h t  and e l e c t r o n  m ic ro sco p y  show t h a t  th e  s t r e a k  i s  an 

a r e a  from w hich roost o r g a n e l l e s  a r e  e x c lu d e d .  In  f a c t ,  d a r k -  

f i e l d  i l l u m i n a t i o n  ( F ig .  13) c l e a r l y  d e m o n s t r a te s  th e  e x c lu s io n  

o f  n e a r l y  a l l  r e f r a c t i l e  p a r t i c l e s .  Phase m ic ro sco p y  r e v e a l s  

n o t  o n ly  th e  ab se n c e  o f  p a r t i c l e s  in  th e  zo n e , b u t  a l s o  th e  

p r e s e n c e  o f  s i d e  c h a n n e ls  (SC) a s  d i s c u s s e d  below .

The c e l l  i n  th e  s t r e a k  s ta g e  i s  v e ry  d i f f e r e n t  from  th e  

* u n f e r t i l i z e d  egg ( C e l l  UN, F ig .  1 4 ) .  The l a t t e r  c e l l  h a s  no 

f e r t i l i z a t i o n  membrane b u t  i t  h a s  a  v i t e l l i n e  membrane c l o s e l y  

apposed  to  i t s  s u r f a c e  ( n o t  v i s i b l e  h e r e ) .  The f e r t i l i z e d  c e l l ,  

on th e  o t h e r  h an d , h a s  a  p ro m in e n t  f e r t i l i z a t i o n  membrane. The 

egg  h as  a  smooth s u r f a c e  w i th  l i g h t  c o r t i c a l  g r a n u le s  (C) j u s t  

u n d e r  i t .  The s t r e a k  s t a g e  c e l l  h a s  an  i r r e g u l a r  s u r f a c e  due to  

i t s  many lo n g  m i c r o v i l l i  (mV) and h as  l o s t  i t s  c o r t i c a l  g r a n ­

u l e s  by e x o c y to s i s  s h o r t l y  a f t e r  f e r t i l i z a t i o n .  A lso ,  th e  p i g ­

ment v a c u o le s ,  found  th ro u g h o u t  th e  u n f e r t i l i z e d  e g g ,  have 

l a r g e l y  m ig ra te d  t o  th e  c o r t e x  o f  th e  f e r t i l i z e d  c e l l ,  fo rm in g  

a  d a rk  l a y e r  j u s t  u n d e r  th e  s u r f a c e  a l l  a round  th e  c e l l  (P , F ig .  

1 4 ) ,  These d i f f e r e n c e s  i n  th e  c o r t e x  can  be  more e a s i l y  se en  

by e l e c t r o n  m ic ro sco p y  (com pare F i g ,  15 w i th  F i g .  9 ) .

E l e c t r o n  m ic ro g ra p h s  o f  th e  s t r e a k  r e v e a l  t h a t  th e  s t r e a k  

zone i s  f u l l  o f  i n t r a c e l l u l a r  membranes, th e  m ost o b v io u s  ones
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FIGURE 15. Low m a g n i f i c a t i o n  v iew  o f  p o r t i o n  o f  s t r e a k  s ta g e  

c e l l .  The s t r e a k  zone h as  few p a r t i c l e s  and c o n s i s t s  m o s t ly  

o f  s a c c u l a r  ER (SER) and a n n u l a te  la m e llae -  (A ). P a r t  o f  a  s id e  

ch a n n e l (SC) i s  v i s i b l e  w hich  a l s o  c o n ta in s  ER. V e s i c u l a r  ER 

(v )  i s  much re d u c e d  b o th  i n  amount and s i z e  o f  v e s i c l e s  b u t  

i s  s t i l l  random ly d i s t r i b u t e d  th r o u g h o u t .  M ito c h o n d r ia  (Mi) 

a r e  a l s o  s c a t t e r e d  th ro u g h o u t  and now d i s p l a y  an a f f i n i t y  f o r  

l i p i d  d r o p l e t s  ( L ) r a t h e r  th a n  th e  more p l e n t i f u l  y o l k .  The 

p la sm a membrane h a s  lo n g  m i c r o v i l l i  (mV) w hich a r e  a l s o  more 

num erous th a n  th o s e  o f  th e  u n f e r t i l i z e d  egg . The c o r t e x  i s  

r i c h  i n  p igm en t v a c u o le s  (P ) ,  l e a v i n g  th e  r e s t  o f  th e  c y to ­

p lasm  l e s s  p ig m en te d . C o r t i c a l  g r a n u le s  a r e  no l o n g e r  s e e n ,  

h a v in g  ex o c y to se d  a f t e r  f e r t i l i z a t i o n .  The N ucleus (N) h a s  

p ro m in e n t  n u c l e o l i  (Nu) a b u t t i n g  a  m o s t ly  r e g u l a r  n u c l e a r  e n ­

v e lo p e  (NE). S u rro u n d in g  th e  n u c le u s  i s  s a c c u l a r  ER (SER).

EM. X 4 ,100

I n s e t .  The same c e l l  a s  i t  a p p e a re d  i n  t h i c k  s e c t i o n  b e f o r e  

b e in g  l o n g i t u d i n a l l y  s e c t i o n e d  f o r  e l e c t r o n  m ic ro sc o p y .

The n u c le u s  (N) w i th  n u c l e o lu s  ( u n l a b e l l e d ) ,  th e  f e r t i l i ­

z a t i o n  membrane ( PM) ,  and th e  s t r e a k  zone (S ) a r e  c l e a r l y  

v i s i b l e .

Phase c o n t r a s t .  X500
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b e in g  lo n g  c i s t e m a e  o f  m o s t ly  rough  ER and a n n u la te  l a m e l ­

l a e  (SER and A, F i g s .  15* 16* 17, and 1 8 ) .  A lthough  numerous 

m i to c h o n d r ia  l i n e  th e  s t r e a k  z o n e 's  p e r i p h e r y , (Mi*. F i g s . 15 

and 1 6 ) ,  on ly  o c c a s i o n a l l y  a r e  th e y  found  i n  th e  c e n t r a l  a r e a  

o f  th e  s t r e a k .  E x cep t f o r  such m i to c h o n d r ia  and heavy  b o d ie s  

(HB, F ig s .  16 and 1 9 ) ,  a l l  o t h e r  l a r g e  o r g a n e l l e s  and p a r t i ­

c l e s  l i k e  y o lk ,  l i p i d ,  and p ig m en t a r e  g e n e r a l l y  ex c lu d e d  

from  th e  s t r e a k ,  r e s u l t i n g  in  t h e i r  ab sen ce  i n  phase  c o n t r a s t  

m ic ro g rap h s  ( F ig s .  13 and 1*0.

1. E ndoplasm ic R e ticu lu m

There a r e  two ty p e s  o f  ER in  th e  s t r e a k  s t a g e .  The m inor 

component i s  s i m i l a r  to  t h a t  o f  th e  u n f e r t i l i z e d  egg, i . e . ,  

i t  i s  v e s i c u l a r  (v ,  F i g .  16) b u t  th e  l a r g e r  v e s i c l e s  a r e  no 

l o n g e r  p r e s e n t  (compare F ig .  16 w ith  F ig .  5 ) .  T h is  form  i s  

found  th ro u g h o u t  th e  w hole c e l l  i n c l u d i n g  th e  s t r e a k  zone 

(v ,  F ig s .  15 and 1 6 ) .  Sm all v e s i c l e s  a re  o f t e n  found  i n  a s ­

s o c i a t i o n  w i th  m i to c h o n d r ia  and a r e  a b o u t  0 . 3  to  O .^ pm in  

d ia m e te r  ( F i g s . l 6 and 18, i n s e t ) .  The v e s i c u l a r  ER i s  a lw ays 

sm ooth.

The m a jo r  component seems to  be f l a t t e n e d  c i s t e r n a e  o f  

m o s t ly  rough s a c c u l a r  ER, th e  r ib o so m es  d i s t r i b u t e d  somewhat 

u n e v e n ly  and o f t e n  show ing p r e f e r e n c e  f o r  one s id e  o f  a  s a c ­

c u le  (SER ', F ig .  1 7 ) .  The. c i s t e r n a e . a p p e a r  to  be d i s c o n t i n u ­

ous b u t  a l i g n ' i n  p a r a l l e l  rows (SER, F ig  . 17 and 1 8 ) .  These 

rows ru n  f o r  such  lo n g  d i s t a n c e s  t h a t  th e y  a r e  e a s y  to  se e  a t  

low m a g n i f i c a t i o n  ( F ig .  15) c o u r s in g  th r o u g h o u t  th e  c e l l  even 

in  th e  c o r t e x ,  b u t  e s p e c i a l l y  g a th e r e d  i n  th e  s t r e a k  z o n e . The 

c i s t e m a e  may c o n ta in  an amorphous m a t e r i a l  w i th  f i n e  g r a i n s  

(GER, F ig .  1 8 ) .
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A lthough s a c c u l a r  ER te n d s  to  ru n  i n  a l l  d i r e c t i o n s  o u t ­

s i d e  th e  s t r e a k  z o n e ,  i n s i d e  th e  zone th e y  g e n e r a l l y  ru n  p a r a l ­

l e l  to  th e  a x i s  o f  t h e  s t r e a k  and e x te n d  around  th e  n u c le u s  

( P i g s .  15 and 1 6 ) ,  O c c a s io n a l ly ,  some ER. from  th e  s t r e a k  p e r i ­

p h e ry  bends away from  th e  zone i n t o  t h e  g e n e r a l  c y to p la sm  f o r ­

ming s id e  c h a n n e ls  (SC) t h a t  can be se en  n o t  o n ly  in  e l e c t r o n  

m ic ro g ra p h s  ( F ig .  15) b u t  even  in  l i g h t  m ic ro g ra p h s  ( F ig .  1*0 

a s  w e l l .  W herever an e l l i p s o i d  ( o r  any o t h e r  a s s y r a e t r i c  sh a p e )  

y o lk  g r a n u le  a b u t s  s a c c u l a r  ER, th e  g r a n u le * s  lo n g  a x i s  i s  a l ­

ways p a r a l l e l  t o  t h a t  o f  th e  ER ( F ig s .  15 and 1 7 ) .  F i n a l l y ,  ER 

s a c c u l e s  a r e  o f t e n  c o n t in u o u s  w ith  a n n u l a t e  l a m e l l a e  (AER, F i g . 1 7 ) .

2 . A nnu la te  L am ellae

A n n u la te  l a m e l l a e  a r e  u s u a l l y  se en  i n  s t a c k s  o f  2 o r  3 b u t  

s t a c k s  o f  4 o r  5 a r e  n o t  uncommon (A, F i g s .  16, 17, and 1 8 ) .  A 

fu z z y  m a t e r i a l  can  be se en  to  c o a t  t h e  l a m e l l a e  b o th  i n t r a c i s -  

t e m a l l y  (F) and a lo n g  th e  s u r f a c e ,  o f t e n  be tw een  l a m e l l a e  (F* ,

F i g .  1 8 ) .  There  a r e  s p a c e s  be tw een  th e  fu z z y  m a t e r i a l  (U and 

U*, F i g .  18) which g e n e r a te  a  r a i l r o a d  t r a c k  a p p e a r a n c e .  Such 

s p a c e s  o f t e n  c o n t a in  one o r  two g r a n u le s  (g  and g ' , F i g .  18) 

a b o u t  175 & i n  d i a m e t e r .  Som etim es, w hat a p p e a r s  to  be a  C-MT 

i s  a l s o  p r e s e n t ,  a lw ays  betw een  l a m e l l a e ,  n e v e r  i n t r a c i s t e m a l l y  

( c - a r r o w s ,  F i g s .  17 and  1 8 ) .  The i n t r a c i s t e m a l  sp a c e  v a r i e s  

betw een  300 and 500 S . Two l a m e l l a e  may l i e  a s  c l o s e  to  each  

o t h e r  a s  850 S', a l th o u g h  a p p e a r in g  to  be c l o s e r  b e c a u se  o f  th e  

fu z z y  c o a t i n g .

T a n g e n t i a l  s e c t i o n s  th ro u g h  th e  a n n u l i  ( F ig ,  17, i n s e t )  

r e v e a l  th e  p o r e s  t o  be h e x a g o n a l ly  p a c k e d .  A c e n t e r  to  c e n t e r  

s p a c in g  o f  o n ly  1400 8  r e v e a l s  how t i g h t l y  th e y  a r e  p a c k e d .

O f te n ,  a  g r a n u le  o f  a b o u t  200 8  a p p e a r s  in  th e  c e n t e r
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FIGURE 16 . S t r e a k  zone o £ : c e l l  shown i n  F ig .  l^f. I t  c o n s i s t s  

o f  s a c c u l a r  ER (SER) and v e s i c u l a r  ER (v )  a s  w e l l  a s  a n n u la t e  

l a m e l l a e  (A ). A n n u la te  l a m e l l a e  a r e  a l s o  p a r t  o f • th e  heavy 

body (HB) i n  th e  c e n t e r  o f  th e  m ic ro g ra p h .  ‘Much o f  th e  s a c c u ­

l a r  ER i s  rou g h  (rE R ). M ito c h o n d r ia  (Mi) l i n e  th e  s t r e a k  and 

c o n ta in  dense  g r a n u le s  ( g ) .  They a r e  som etim es a s s o c i a t e d  

w i th  v e s i c u l a r  ER ( v ) .  A p igm en t v a c u o le  (P) i s  a l s o  a t  th e  

s t r e a k  z o n e 's  p e r i p h e r y .  A lthough d i f f i c u l t  to  see  a t  t h i s  

m a g n i f i c a t i o n ,  a  few MTs can be r e s o lv e d  ( a r ro w ) .

EM X15,600

FIGURE 1 7 . H ig h e r  m a g n i f i c a t io n  o f  a n o th e r  p a r t  o f  th e  same 

s t r e a k  zone . The s a c c u l a r  q u a l i t y  o f  th e  ER i s  r e a d i l y  a p p a r ­

e n t  (SER). Sometimes r ib o so m e s  a t t a c h  to  o n ly  one s id e  (S E R ') .  

A n n u la te  la m e l la e  (A) a r e  o f t e n  c o n t in u o u s  w i th  ER (AER). C-MTs 

a r e  b a r e l y  v i s i b l e  among th e  a n n u la te  l a m e l l a e  ( c - a r r o w s ) .  

Normal MTs a r e  p r e s e n t  i n  th e  s t r e a k  zone ( a r r o w s ) .  A V -shaped 

G olg i a p p a r a tu s ’ ( G) i s  p r e s e n t  a t  th e  p e r i p h e r y .  Note t h a t  

th e  lo n g  a x i s  o f  th e  y o lk  g r a n u le s  (Y) i s  p a r a l l e l  t o  th e  

lo n g  a x i s  o f  th e  s a c c u l a r  ER. A dense  g r a n u le  £g) i s  found  

i n  th e  m i to c h o n d r io n .

EM. X 30,^00

I n s e t .  T a n g e n t ia l  s e c t i o n  th ro u g h  th e  p o r e s  o f  (a n )  a n n u la te  

l a m e l l a ( e ) .  The p o re s  (Po) a r e  t i g h t l y  packed  i n  a  h ex a g o n a l  

a r r a y .  A c e n t r a l  g r a n u le  (g )  can  be s e e n  i n  each  o n e .

EM. X^?»300
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FIGURE 18. A n n u la te  l a m e l l a e  from  c e l l  o f  F i g .  14. P a tc h e s  

o f  f u z z y ,  amorphous m a t e r i a l  a r e  se en  b o th  w i t h i n  th e  l a m e l ­

l a e  (F )  and betw een  th e  l a m e l l a e  ( F ' ) .  C le a r  a r e a s  s e p a r a t e  

such  p a t c h e s  (U and U* r e s p e c t i v e l y ) .  Smal*l d en se  g r a n u le s  a r e  

found  in  such  a r e a s  w i t h i n  l a m e l l a e  (g )  and betw een  l a m e l l a e  

( g 'K  What a p p e a r s  to  be C-MTs can be o b se rv e d  betw een  l a m e l ­

l a e  ( c - a r r o w s )  and p e rh a p s  i n  th e  g e n e r a l  a r e a  o f  th e  s t r e a k  

zone (C -a r ro w ) .  Normal MTs (O -a rro w s)  and s a c c u l a r  ER (SER) 

a r e  commonly o b se rv ed  i n  th e  s t r e a k  zone . Much o f  t h i s  ER 

c o n t a in s  g r a n u l a r  m a t e r i a l  (GER). EM x 71,500*

I n s e t .  A n e a rb y  m ito c h o n d r io n  (Mi) w i th  a t t a c h e d  v e s i c l e  ( v ) .  

EM x 5 8 ,8 0 0 ,

18A. H ig h e r  m a g n i f i c a t io n  o f  u p p e r  r i g h t  a r e a  o f  a n n u l a t e  l a ­

m e lla e  o f  F ig .  18. The 3 C-MTs ( c - a r r o w s )  and a few  p o s ­

s i b l e  o n es  ( ? - a r r o w s )  a r e  shown. EM x 8 8 ,0 0 0 .

FIGURE 19!. Heavy body (HB) from  th e  same c e l l .  I t  c o n s i s t s  

o f  a  dense  mass (DM) su r ro u n d e d  in c o m p le te ly  by a n n u l a t e  l a ­

m e l la e  (A) w hich a r e  c o n t in u o u s  w i th  s a c c u l a r  ER (AER). The i n ­

c o m p le te n e s s  o f  th e  b o u n d in g  membrane makes i t  im p o s s ib le  to  

d e f i n e  i t s  e x a c t  b o u n d a r i e s .  Thus, w h e th e r  t h e  MTs ( a r ro w s )  

o r  v e s i c l e  (v )  a r e  a c t u a l l y  i n  th e  heavy  body o r  n o t  i s  com­

p l e t e l y  a r b i t r a r y .  They a r e ,  how ever, i n  an a r e a  where th e  

l a m e l l a e  a r e  u n c o a te d ,  r e s e m b l in g  s a c c u l a r  ER (AER). Two o f  

th e  MTs (B -a rro w ) a r e  c o n n e c te d  by a  b r i d g e - l i k e  s t r u c t u r e .

Some i n t e r a c t i o n  betw een  th e  dense  mass and a n n u la t e  l a m e l la e  

may be o c c u r r in g  where th e y  a r e  c l o s e s t  th ro u g h  a  t r a n s f e r  o f  

m a t e r i a l  (T) be tw een  th e  tw o . O th e r  a n n u l a te  l a m e l l a e  a r e  i n  

th e  s t r e a k  zone n e a r  th e  heavy  b o d y . EM x 7 0 ,0 0 0 .
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o f  th e  p o re  ( g ,  F i g .  17, i n s e t ) .

I n  l o c a t i o n ,  th e  a n n u la t e  l a m e l l a e  a r e  fo u n d  i n  th e  same 

p l a c e s  a s  th e  s a c c u l a r  ER, They a r e  c l o s e  t o  and o f t e n  p a r a l ­

l e l  th e  n u c l e a r  e n v e lo p e  (A, F i g .  2 1 ) .  They a r e  p r e s e n t  i n  

th e  s t r e a k  zone ( F i g s .  15, 16, 1 7 , and 1 8 ) ,  i n  th e  s id e  

c h a n n e ls  (SC), and a t  th e  p e r ip h e r y  o f  th e  s t r e a k  n e a r  th e  

c o r t e x  ( F ig .  1 5 ) .  A n n u la te  l a m e l l a e  a r e  g e n e r a l l y  a l i g n e d  

p a r a l l e l  t o  th e  ER and th e  lo n g  a x i s  o f  th e  s t r e a k .

3 .  G o lg i A p p a ra tu s

The s t r e a k  s t a g e  c e l l  seems to  have  more G o lg i th a n  th e  

m a tu re ,  u n f e r t i l i z e d  e g g .  A lthough  some G olg i a p p a r a tu s e s  

a p p e a r  th ro u g h o u t  th e  c e l l ,  m ost a r e  found  e i t h e r  j u s t  i n s i d e  

o r  j u s t  o u t s i d e  th e  b o r d e r s  o f  th e  s t r e a k  zone (G, F ig .  1 7 ) ,  

S ta c k s  o f  G o lg i s a c c u l e s  a r e  o f t e n  fo u n d  i n  p a i r s  a t  an  a c u te  

a n g le  t o  each  o t h e r  (G, F i g .  1 7 ) .

4 .  M ito c h o n d r ia

M ito c h o n d r ia  a r e  u b i q u i t o u s  and may be se en  even  i n  th e  

s t r e a k  zone w hich  e x c lu d e s  m ost e v e r y t h in g  e l s e . ( F i g s .  15 and 

1 6 ) ,  They a r e  o f t e n  found  i n  l a r g e  g ro u p s  a lo n g  th e  boundary  

o f  th e  s t r e a k  zone (M i, F i g s .  15 and 1 6 ) .  M ito c h o n d r ia  a r e  

som etim es found  a s s o c i a t e d  w i th  v e s i c u l a r  ER a s  m en tio n ed  a -  

b o v e ,  and o c c a s i o n a l l y  seem to  i n c o r p o r a t e  th e  v e s i c l e s  w i th in

t h e i r  o u t e r  membranes ( F ig .  18, i n s e t ) .
/

I n  th e  s t r e a k  s t a g e ,  m i to c h o n d r ia  a r e  a lm o s t  n e v e r  a s s o c i  

a t e d  w i th  y o l k .  I n s t e a d ,  many can  be found  a s s o c i a t e d  w i th  

l i p i d  d r o p l e t s  (L , F i g .  1 5 ) .  A lso ,  more o f  t h e  s t r e a k  s t a g e  

m i to c h o n d r ia  have  d e n se  g r a n u le s  i n  them th a n  th o s e  o f  th e  

u n f e r t i l i z e d  eg g  ( g ,  F ig s ' .  16  and 1 7 ) .
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5* Heavy B od ies

A lthough  heavy  b o d ie s  have b een  r e p o r t e d  i n  th e  A rb a c ia  

o o c y te  (A nderson , 1968) s c a t t e r e d  th r o u g h o u t  th e  c y to p la sm ,

I n  t h e  s t r e a k  s t a g e  th e y  seem to  g a t h e r - i n  o r  n e a r  t h e  s t r e a k  

zone (HB, F ig ,  16 and 1 8 ) ,  The heavy  body c o n s i s t s  o f  a  d en se  

mass (DM) o f  m a t e r i a l  su r ro u n d e d  a t  l e a s t  p a r t i a l l y  by annu­

l a t e  l a m e l l a e  ( F i g s .  1 6 , 19, and 2 0 ) ,  The dense  mass i s  com­

posed  o f  a  h e te ro g e n e o u s  c o l l e c t i o n  o f  e l e c t r o n - d e n s e  g r a n u le s  

and an  amorphous f u z z  ( F i g s .  19 and 2 0 ) .  There may be some 

i n t e r a c t i o n  be tw een  th e  d en se  mass and th e  a n n u l a t e  l a m e l l a e .  

A reas  where t r a n s f e r  o f  m a t e r i a l  m ig h t be o c c u r r i n g  a r e  r e a d i l y  

found  (T, F i g s .  19 and 2 0 ) .  A n n u la te  l a m e l l a e  n e a r e s t  th e  

dense  mass a r e  c o a te d  m ost h e a v i l y ,  w h i le  th o s e  f u r t h e r  away 

may be even  u n c o a te d .  I n  a d d i t i o n ,  f u z z y ,  amorphous m a t e r i a l  

i s  found  betw een  th e  d en se  mass and a n n u la te  l a m e l l a e  b u t  i s  

n o t  s e e n  i n  a r e a s  w here t h e  heavy  body l a c k s  a n n u l a t e  l a m e l l a e  

(F , F ig ,  2 0 ) .  Such m a t e r i a l  m ig h t a l s o  be r e s p o n s i b l e  f o r  h e a v i ­

e s t  c o a t in g  o f  th e  n e a r e s t  l a m e l l a .  F u r t h e r  away, th e  la m e l la e  

seem to  become p a r t  o f  th e  c i s t e m a e  o f  th e  ER (AER, F i g ,  1 9 ) .

Heavy b o d ie s  o f  th e  s t r e a k  s t a g e  a r e  a lw ays found  w i th  

a t  l e a s t  one MT n e a rb y  and u s u a l l y  more ( a r ro w s .  F i g s .  19 

and 2 0 ) .  E lem en ts  o f  th e  v e s i c u l a r  ER (v .  F ig .  19) and even 

y o lk  g r a n u le s  (Y, F ig .  20) a r e  som etim es o b se rv e d  i n  th e  

heavy  b o d ie s . - L ik e  o t h e r  a n n u la t e  l a m e l l a e  i n  th e  s t r e a k  zo n e , 

th o s e  o f  th e  heavy  b o d ie s  a l s o  l i n e  up p a r a l l e l  t o  th e  s a c c u l a r  

ER and th e  lo n g  a x i s  o f  t h e  s t r e a k  zone-. There may be more 

th a n  one a n n u la t e  l a m e l l a  a ro u n d  any one s id e  o f  th e  d e n se  

mass ( F i g .  19) b u t  t h i s  may s im p ly  be an  a c c i d e n t a l  p r o x im i ty  

t o  a n n u la t e  l a m e l l a e  n o rm a l ly  found  i n  th e  s t r e a k  z o n e .  In
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FIGURE 20 . Heavy body l o c a t e d  i n  a  s id e  c h a n n e l  o u t s i d e  

th e  s t r e a k  zone ( s e e  i n s e t ) .  A y o lk  g r a n u le  (Y) i s  n e a r  

t h e  dense  mass (DM) b u t  th e  a n n u la t e  l a m e l l a e  (A) bou n d in g  

t h e  mass d o es  n o t  e x te n d  t o  th e  g r a n u le .  A fu z z y ,  amorphous 

c o a t i n g  (F) i f  found  be tw een  th e  a n n u la t e  l a m e l l a e  and dense  

m ass . I t s  s i m i l a r i t y  t o  m a t e r i a l  in  th e  d en se  mass s u g g e s t s  

t r a n s f e r  o f  m a t e r i a l  be tw een  th e  two ( T ) .  MTs ( a r ro w s )  a r e  

a lw ay s  p r e s e n t  n e a r  heavy  b o d ie s  even when such  b o d ie s  a r e  

o u t s i d e  th e  s t r e a k  zone . EM x 5 2 ,1 0 0 .

I n s e t .  Low m a g n i f i c a t io n  m ic ro g ra p h  show ing r e l a t i o n s h i p  

o f  heavy  body ( b r a c k e t e d )  to  th e  s t r e a k  zone (S) and 

i t s  s i d e  c h a n n e l  (SC ). EM x ^ ,1 0 0 .

FIGURE 21. P e r i n u c l e a r  a r e a  o f  s t r e a k  s t a g e  c e l l .  The 

n u c l e u s  (N) I s  bounded by an i n t a c t  n u c l e a r  en v e lo p e  (NE). 

S u rro u n d in g  t h i s  en v e lo p e  a r e  s a c c u l a r  ER (SER) and annu­

l a t e  l a m e l l a e  (A ). As u s u a l ,  th e  a n n u la t e  l a m e l l a e  a p p e a r  

t o  be c o n t in u o u s  w i th  ER (AER). I n  th e  n u c le o p la sm  some 

ch ro m a tin  f i b e r s  seem to  be c o n d e n s in g .  EM x  3 9 ,3 0 0 .
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a d d i t i o n ,  i t  i s  i n t e r e s t i n g  to  n o te  t h a t  a l l  t h e  heavy b o d ie s  

shown a r e  from  th e  c e l l  o f  F i g .  14, none b e in g  se e n  i n  th e  

c e l l  shown i n  F ig .  1 5 . W hether t h i s  i s  due to  th e  p la n e  o f  

s e c t i o n  (w hich  i s  m ost l i k e l y ) ,  th e  amount o f  tim e  i n t o  th e  

s t r e a k  s t a g e ,  o r  some o t h e r  v a r i a b l e  rem a in s  unknown.

6 . M ic ro tu b u le s

There a r e  MTs i n  th e  s t r e a k  s t a g e  c e l l  b u t  th e y  a r e  few 

and c o n f in e d  to  th e  s t r e a k  zone ( a r ro w s ,  F i g s .  17, 18, and 1 9 ) .  

No p a r t i c u l a r  o r i e n t a t i o n  i s  r e a d i l y  a p p a r e n t .  They may o c c u r  

a lo n e  o r  i n  g ro u p s  o f  2 o r  3 ( a r ro w s ,  F i g s .  17 and 1 9 ) .  In  

f a v o r a b le  s e c t i o n s ,  a  few C-MTs may be d i s c e r n e d  (C -a r ro w s ,

F i g s .  17 and 1 8 ) .  C-MTs a r e  a l s o  se en  f r e q u e n t l y  n e a r  o r  among 

a n n u la te  l a m e l l a e  ( F i g s .  17, 18, and 18A). As m en tioned  above , 

some MTs a r e  a lw ays found n e a r  (p e rh a p s  w i t h i n )  heavy  b o d ie s  

( F i g s .  19 and 2 0 ) .

7 . N ucleus

The n u c le u s  o f  th e  s t r e a k  s ta g e  c e l l  i s  d i f f e r e n t  from 

t h a t  o f  th e  u n f e r t i l i z e d  egg . I t s  n u c le o p la sm  ( F ig .  21) i s  more 

g r a n u l a r  and l e s s  w ispy  th a n  th e  u n f e r t i l i z e d  egg n u c le u s  ( F ig .  

6 ) .  F u r th e rm o re ,  t h e  n u c l e a r  en v e lo p e  h as  d e v e lo p e d  b o th  e v a -  

g i n a t i o n s  (EV) and i n v a g i n a t i o n s  (IN , F i g s .  22, 23, and 2 4 ) ,  

n e v e r  se en  i n  th e  m a tu re ,  u n f e r t i l i z e d  e g g . The e v a g i n a t i o n s

o f  membrane a p p e a r  to  be to o  few i n  number to  e x p l a i n  th e  l a r g e
*

amount o f  ER and a n n u l a t e  l a m e l l a e  i n  th e  s t r e a k  z o n e . The 

n u c l e a r  i n v a g i n a t i o n s  a r e  i n t e r e s t i n g  b e c a u se  th e y  may r e s u l t  

i n  i n t r a n u c l e a r  a n n u l a t e  l a m e l l a e .  Such s t r u c t u r e s  can  be p r o ­

duced i n  a t  l e a s t  t h r e e  ways ( F i g s .  22 , 23, and 24) b u t  a l l  form 

a s a c - l i k e  s t r u c t u r e  bounded by in v a g in a t e d  n u c l e a r  e n v e lo p e .
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FIGURE 22 , S e r i e s  o f  s e c t i o n s  th ro u g h  th e  s t r e a k  s t a g e  

n u c le u s  (N ). A s m a l l ,  h e a v i l y  c o a te d  i n v a g i n a t i o n  (IN) 

and a  s m a l l  e v a g in a t io n  (EV) o f  n u c l e a r  en v e lo p e  a r e  

shown. What i s  p ro b a b ly  a  sm a ll  n u c l e o lu s  (Nu) can be 

s e e n .  A y o lk  g r a n u le  (Y) i s  i n  th e  n e a rb y  c y to p la sm .

The i n v a g i n a t i o n  re s e m b le s  a d e l a m in a t io n ,  th e  n u c l e a r  

e n v e lo p e  seem ing  to  rem ain  i n t a c t  th ro u g h o u t .  EM x 2 2 ,0 0 0 ,

FIGURE 23* S e r i a l  s e c t i o n s  th ro u g h  th e  s t r e a k  n u c le u s  

(N) showing i n v a g i n a t i o n  o f  n u c l e a r  e n v e lo p e  (NE) by 

fo rm a t io n  o f  an in v a g i n a t i n g  s t a l k  (IN) w hich  b a l lo o n s  

o u t  a t  i t s  end ( F ig s .  b ,  c ,  and d ) .  The s t a l k  h a s  no 

c e n t r a l  ch a n n e l  i n  i t  to  a l lo w  th e  cy to p lasm  to  come i n ,

EM x 2 2 ,0 0 0 .

FIGURE 2^. S e r i a l  s e c t i o n s  o f  i n v a g i n a t i o n  by " b a l l o o n i n g ” 

o f  th e  s t r e a k  s t a g e  n u c l e a r  en v e lo p e  (NE) d i r e c t l y  i n t o  

th e  n u c le u s  (N ), Thus, a g a in ,  a l th o u g h  th e  i r r e g u l a r l y -  

shaped " b a l lo o n "  h as  much volum e, no cy to p la sm  can come 

i n .  EM x  2 2 ,0 0 0 .
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C. F in e  S t r u c t u r e  o f  P rophase

In  m ost s p e c i e s ,  i n c lu d in g  A rb a c ia  n u n c t u l a t a . p ro p h a se  

chromosome c o n d e n s a t io n  b e g in s  p r i o r  to  breakdown o f  n u c l e a r  

e n v e lo p e .  Such c e l l s  lo o k  l i k e  s t r e a k  c e l l s  e x c e p t  t h a t  th e  

p a r t i c l e  e x c lu s io n  zones  now a p p e a r  s h o r t  and w ide r a t h e r  

th a n  lo n g  and t h i n ,  and th e y  no lo n g e r  c u rv e  (S , F ig .  2 5 ) .

E l e c t r o n  m ic ro sco p y  r e v e a l s  changes  o f  f i n e  s t r u c t u r e  in  

th e  ER, a n n u l a t e  l a m e l l a e ,  G o lg i a p p a r a t u s e s ,  m i to c h o n d r ia ,  

heavy b o d ie s ,  MTs, and n u c l e u s .

1 . E ndoplasm ic  r e t i c u lu m

The s a c c u l a r  ty p e  o f  ER i s  now g r e a t l y  red u ce d  and i s  l o ­

c a te d  p r i m a r i l y  o u t s i d e  th e  e x c lu s io n  zone and in  th e  c e l l  p e ­

r i p h e r y  (SER and rER, F i g s .  26, 2? , 28, and 2 9 ) .  In  i t s  p l a c e  

t h e r e  i s  t u b u l a r  smooth ER (TER, F i g s ,  26 , 28, 3 0 , and 3 1 ) .  Some 

o f  th e  r e m a in in g  c i s t e r n a e  a p p e a r  to  be rough  ER (rER, F i g s .  26 

and 2 ? ) .  The b an d s  o f  s a c c u l a r  ER around  th e  n u c le u s  have  a l s o  

b*een l a r g e l y  r e p l a c e d  by t u b u l a r  ER ( F i g s .  26, 3 0 , and 3 1 ) .  The 

v e s i c u l a r  ty p e  o f  ER i s  s t i l l  found  e x c e p t  t h a t  i t  i s  r a r e l y  

a s s o c i a t e d  w i th  th e  many m i to c h o n d r ia  ( v ,  F i g s .  26, 28 and 2 9 ) .

2 . A n n u la te  L am e llae

A n n u la te  l a m e l l a e  have  c o m p le te ly  d i s a p p e a r e d ,  even 

from th e  e x c lu s io n  zone ( F ig s .  26, 28, 30 , and 3 1 ) .  Occa­

s i o n a l l y ,  a  few c i s t e r n a e  c o n n e c te d  by a  s m a l l  amount o f  

" fu z z y 1 m a t e r i a l  (A?) a r e  s e e n  n e a r  n u c l e a r  e v a g i n a t i o n s  (EV) 

p o k in g  i n t o  t h e  c y to p la sm  o f  th e  s t r e a k  ( F i g .  30) w hich  a r e  

d e s c r ib e d  more f u l l y  b e lo w . A lso p r o f i l e s  o f  p o r e s  a r e  found  

n e a r  th e  n u c le u s  (Po , F i g s .  31» 3 2 , and 33)* I t  i s  d i f f i c u l t  

to  t e l l  w h e th e r  t h e s e  a r e  rem n an ts  o f  a n n u l a t e  l a m e l l a e  o r
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FIGURE 25• T h ick  s e c t i o n  o f  th e  l a t e  p ro p h a se  c e l l .  The 

n u c le u s  (N) h a s  a  p ro m in e n t ,  u n a t t a c h e d  n u c l e o lu s  (N u). 

su r ro u n d e d  by c o n d e n s in g  c h ro m a tin  ( c c )  b e g in n in g  to  form 

chromosomes. The e x c lu s io n  zones  (S) a r e  s h o r t e r  and  w id e r  

th a n  th o s e  o f  th e  s t r e a k  s t a g e .  Phase c o n t r a s t  x 1 ,3 0 0 .

FIGURE 26, The e x c lu s io n  zone f u l l  o f  v e s i c u l a r  (v) and t u b u l a r  

(TER) smooth ER. Some s a c c u l a r  ER, b o th  ro u g h  (rER) and 

smooth (SER) can be found  a t  th e  z o n e 's  p e r i p h e r y .  MTs ( a r ­

row s) a r e  e a s i l y  fo u n d , some even seem to  to u c h  th e  n u c le u s  

(N ). M ito c h o n d r ia  (Mi) w i th  t h e i r  dense  g r a n u le s  (g )  a r e  

s t i l l  p r e s e n t  in  th e  zone b u t  do n o t  seem to  a s s o c i a t e  w ith  

v e s i c l e s .  EM x 2 8 ,6 0 0 .
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FIGURE 2 ? .  C o r t i c a l  a r e a  o f  p ro p h ase  c e l l .  The c e l l  

s u r f a c e  s t i l l  h a s  many m i c r o v i l l i  (mV) o v e r ly in g  a  

h e a v i l y  p igm ented  l a y e r  ( P ) .  L ip id  d r o p l e t s  (L) a r e  

s t i l l  su rro u n d e d  "by m i to c h o n d r ia  (Mi) w hereas  y o lk  

g r a n u le s  ( Y) a r e  n o t .  Rough s a c c u l a r  ER (rER) and 

v e s i c u l a r  ER (v )  a r e  p r e s e n t .  The t u b u l a r  ty p e  i s  

n o t ,  c o n f in e d  e n t i r e l y  to  th e  e x c lu s io n  z o n e . EM x  1 6 ,2 0 0 .

FIGURE 28. G olg i a p p a r a tu s  a t  p e r i p h e r y  o f  p ro p h ase  

e x c lu s io n  zone . The G olg i (G) h a s  manyi v e s i c l e s  around  

i t  s u g g e s t in g  t h a t  i t  i s  a c t i v e .  S a c c u la r  ER (SER) i s  

found d i s t a l  t o  i t  w h ile  t u b u l a r  ER (TER) i s  found  

p r o x im a l ly ,  c l o s e r  to  th e  e x c lu s io n  zone ( S ) .  V e s i c u l a r  

ER (v )  and a  m ito c h o n d r io n  w i th  a  dense  g r a n u le  (g )  a r e  

a l s o  shown. EM x ^ 1 ,0 0 0 .

FIGURE 29* A rea j u s t  o u t s i d e  o f  t h i s  e x c lu s io n  zone 

(S) p e n e t r a t e d  by MTs ( a r r o w s ) .  V e s i c u l a r  (v )  and s a c ­

c u l a r  (SER) ER a r e  p r e s e n t .  M ito c h o n d r ia  (Mi) w ith  

dense  g r a n u le s  (g )  s u r ro u n d  l i p i d  d r o p l e t s  (L) b u t  

n o t  y o lk  (Y ). EM x 25 , 600 ,
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FIGURE 30 . A rea o f  p ro p h ase  e x c lu s io n  zone w ith  e v a g i -  

n a t i o n s  (EV) from th e  n u c le u s  c l e a r l y  v i s i b l e .  They 

a re  e a s i l y  recongraized s in c e  th e  n u c l e a r  enve lope  i s  

a  "doub le"  membrane, e a s i l y  d i s t i n g u i s h e d  from th e  s i n g l e  

membrane around  v e s i c l e s  and v a c u o le s .  Subsequent 

s e c t i o n s  show th e  e v a g in a t io n s  e n l a r g in g  and " fu s in g "  

to  form th e  "whole" n u c le u s  ( as  i n  F ig .  3 6 ) .  This 

a r e a  has  m ito c h o n d r ia  (M i), v e s i c u l a r  (v) and t u b u l a r  

(TER) ER, and many MTs ( a r ro w s ) ,  some o f  w hich a re  C-MTs 

(C -a r ro w s ) .  What may be th e  rem nant o f  a n n u la te  l a m e l la e  

(A?) i s  seen  w ith  some MTs (a r ro w s)  n e a rb y .  EM x 2 9 ,7 0 0 .

FIGURE 31• C r o s s - s e c t io n  n e a r l y  t a n g e n t i a l  to  th e  p r o ­

phase  n u c le u s  (N) w ith  n u c l e a r  en ve lope  (NE) i n t a c t  on 

l e f t  b u t  n o t  on r i g h t  where t u b u l a r  ER (TER) seems to  

mix w ith  n u c leo p la sm  ( a t  $ s i g n s ) .  The p o re s  (Po) n e a r  

th e  n u c l e a r  e v a g in a t io n  (EV) may be from th e  n u c le a r  

e n v e lo p e .  Many MTs (a r ro w s)  a re  seen  n e a rb y .  A fu z z y ,  

amorphous m a t e r i a l  (F) and m ito c h o n d r ia  (Mi) a r e  a l s o  

p r e s e n t .  EM x 3 0 ,8 0 0 .
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p a r t  o f  n u c l e a r  e n v e lo p e ,  p e rh a p s  b e in g  r e l e a s e d  d u r in g  n u c l e a r  

en v e lo p e  breakdow n. S e r i a l  s e c t i o n i n g  d e m o n s t r a te s  t h a t  such  

p o re s  may e x i s t  in d e p e n d e n t ly  i n  th e  c y to p la sm , i . e . ,  n o t  a t ­

ta c h e d  to  membranes (P o , F ig .  3 2 ) .  There may be some a t ta c h m e n t  

o r  i n t e r a c t i o n  w ith  MTs ( a r ro w s .  F i g s .  3Q, 31 , 3 2 , and  33) w hich 

a r e  a lw ays p r e s e n t  among th e  p o r e s .  S e r i a l  s e c t i o n s  r e v e a l  MTs 

above and below  th e  p o r e s  a s  w e l l  a s  a t  th e  l e v e l  o f  t h e  p o re s  

( F ig s .  32 and 3 3 ) .  One s e t  o f  s e r i a l  s e c t i o n s  s u g g e s t s  t h a t  

v e s i c l e s  o f  e i t h e r  ER o r  G o lg i e x te n d  th ro u g h  th e  a r e a  where 

th e  p o re s  a r e  (G?, F i g .  32B, C, and D ).

3 .  G o lg i-*A ppara tu s

G o lg i a p p a r a tu s e s  a r e  found i n  abundance b o th  n e a r  th e  e x -
i-'**

e l u s i o n  zone and i n  th e  r e s t  o f  th e  c e l l .  U n lik e  th e  a p p a ra ­

tu s e s  o f  th e  p r e v io u s  s t a g e ,  V -shaped s a c c u l a r  s t a c k s  a r e  se en  

o n ly  o c c a s i o n a l l y .  S in c e  m ost s t a c k s  a r e  s t r a i g h t  r a t h e r  th a n  

cu rv ed  (G, F ig .  2 8 ) ,  i t  i s  d i f f i c u l t  to  d i s t i n g u i s h  th e  fo rm in g  

f a c e  from  th e  m a tu r a t io n  f a c e .

M ito c h o n d r ia

M ito c h o n d r ia  a r e  th e  same a s  b e f o r e  m o r p h o lo g ic a l ly  b u t  a p ­

p e a r  to  be more num erous, e s p e c i a l l y  in  th e  e x c lu s io n  zone and 

around  th e  n u c le u s  (Mi, F i g s .  26, 30• and 3 1 ) .  They a r e  o f t e n  

i n  g ro u p s  and s t i l l  a s s o c i a t e  w i th  l i p i d  d r o p l e t s  (L) r a t h e r  

th a n  y o lk  g r a n u le s  (Y, F i g s .  27 and 2 9 ) .  T h e i r  a s s o c i a t i o n  

w ith  v e s i c u l a r  ER h as  a p p a r e n t ly  en d ed , b u t  more m i to c h o n d r ia  

have dense  g r a n u le s  th a n  b e f o r e  ( g .  F i g s .  26 , 28, and 2 9 ) .

5 .  Heavy B o d ies

N e i th e r  heavy  b o d ie s  n o r  t h e i r  r e c o g n i z a b l e  re m n a n ts  a r e

s e e n .



FIGURE 32 . S e r i a l  s e c t i o n s  th ro u g h  p ro p h a se  p e r i n u c l e a r  

r e g i o n .  The n u c le u s  (N) and i t s  n u c l e a r  en v e lo p e  (NE) 

a r e  i n  u p p e r  l e f t .  F i g .  e i s  expanded to  show g e n e r a l  

a r e a .  T h is  r e g io n  c o n t a in s  p o r e s  (Po) w hich  seem to  he 

" lo o s e "  i n  th e  c y to p la sm , i . e . ,  n o t  co n n e c te d  'to e i t h e r  

th e  n u c l e a r  en v e lo p e  o r  a n n u l a te  l a m e l l a e . Many MTs 

( a r ro w s ,  F i g s .  a ,  b ,  c ,  and d )  a r e  se e n  to  co u rse  among 

them . Nearby a r e  v e s i c l e s  o f  what may be G o lg i a p p a r a tu s  

(G?, F i g s .  c ,  d ,  and e ) .  I n  some i n s t a n c e s ,  v e s i c l e s  

(v )  n e a r  th e  n u c le u s  (N) seem to  have MTs ( v - a r r o w s .

F i g s .  b ,  c ,  and f )  c o n n e c t in g  th e  two o r g a n e l l e s  t o g e t h e r .  

T h is  o c c u rs  i n  an a r e a  where t h e r e  i s  some e v id e n c e  o f  

p o s s i b l e  n u c l e a r  en v e lo p e  breakdown ($ ,  F i g .  d ) .  Many 

o t h e r  MTs m ig h t a l s o  make c o n t a c t  w i th  th e  n u c le u s  ( a r ro w s ,  

F i g s .  e and f ) .  F i g s .  a ,  b ,  c ,  d , and f t  EM x 3 1 ,9 0 0 .

F ig .  e :  EM x 33 ,000

FIGURE 33* S e r i a l  s e c t i o n s  th ro u g h  a  g ro u p  o f  p e r i n u c l e a r  

p o re s  from  th e  same c e l l .  The p o re s  (Po) a r e  i n  t h r e e  

rows p e r p e n d i c u l a r  to  th e  n u c le u s  (N) on th e  lo w e r  r i g h t .  

A lthough  th e  p o re s  w i th in  e a c h  row seem to  be h e ld  t o ­

g e t h e r  by an amorphous m a t e r i a l ,  w hich may be membrane 

c u t  t a n g e n t i a l l y ,  betw een  rows no such  m a t e r i a l  e x i s t s .

MTs ( a r ro w s )  can  be se en  among th e  p o r e s ,  EM x 2 8 ,6 0 0
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6 . M ic ro tu b u le s

MTs a r e  lo n g e r  and i n  g r e a t e r  number th a n  i n  th e  s t r e a k  

s t a g e .  A lthough th e  m a jo r i ty  a r e  found i n  th e  e x c lu s io n  zone^ 

( F ig .  2 6 ) ,  some e x te n d  i n t o  th e  s u r ro u n d in g  cy to p la sm  (a r ro w s .

F ig .  29)* A lthough many s t i l l  seem to  be random, m ost ru n  t o -
✓

ward th e  n u c le u s  ( F ig .  2 6 ) .  A few p ro b a b ly  ru n  a lo n g  th e  n u c l e a r  

en v e lo p e  b u t  do n o t  p e n e t r a t e  i t .  T h is  i s  s u g g e s te d  by  th e  many 

o b l iq u e  s e c t i o n s  o f  MTs t h a t  seem to  touch  b u t  n o t  p e n e t r a t e  

th e  n u c l e a r  enve lope  (a r ro w s .  F i g s .  26 and 3 2E ). MTs may a l s o  

be r e s p o n s i b l e  f o r  p u sh in g  p a r t  o f  th e  n u c l e a r  en v e lo p e  inw ard , 

fo rm in g  in v a g in a t io n s  c o n ta in in g  MTs (IN , F i g s .  34 and 3 5 )•

These a r e  d e s c r ib e d  more f u l l y  be low . A few C-MTs (C -a r ro w s ,

F i g .  30) can be  s e e n  b u t  norm al MTs a r e  th e  r u l e .

As n o te d  above, many MTs a r e  found n e a r  th e  p o re s  

o f  e i t h e r  a n n u la te  l a m e l la e  o r  n u c l e a r  enve lope  ( F ig s ,  31*

32, and 33)* Sometimes a  v e s i c l e  a p p e a rs  to  have a  MT e x te n d -  

^ i n g  to  th e  n u c l e a r  enve lope  b u t  i t  may be an i l l u s i o n  ( v - a r — 

row s, F ig .  32B and C ). I t  i s  i n t e r e s t i n g  t h a t  t h i s  i s  n e a r  

an a r e a  p o s s ib ly  e x h i b i t i n g  n u c l e a r  enve lope  breakdown ($ ,

F ig .  32D).

7 .  N ucleus

The n u c le u s ,  a l th o u g h  s t i l l  en c lo se d  in  th e  n u c l e a r  e n ­

v e lo p e ,  i s  i r r e g u l a r  b ecau se  i t  h a s  b u lg e s  and i n d e n t a t i o n s .  

N u c le a r  e v a g in a t io n s  may ex ten d  f o r  3 to  b  i n t o  th e  c y to ­

p la sm ic  e x c lu s io n  zone (EV, F ig .  3 1 ) .  In  c r o s s  s e c t i o n ,  th e s e  

e v a g in a t io n s  re sem b le  i r r e g u l a r  v e s i c l e s  e n c lo se d  by two mem­

b ra n e s  (EV, F ig .  3 0 ) .  They a r e  m ost p rom inen t on th e  s i d e s  o f  

th e  n u c l e u s  p resu m ab ly  f a c i n g  t h e  c e n t r i o l e s ,  and  MTs can  be 

se en  among them ( a r ro w s .  F ig .  3 0 ) .  No condensed  c h ro m a tin  i s  

found w i t h i n  su c h  e v a g i n a t i o n s .
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FIGURE 34. S e r i a l  s e c t i o n s  th ro u g h  an a r e a  o f  th e  p ro p h ase  

n u c le u s  ( N) showing how a  s i n g l e  MT (a rro w ) can be a s s o c i ­

a t e d  w ith  a  n u c l e a r  e n v a g in a t io n  ( IN ) .  In  t h i s  way, p a r t  

o f  th e  cy top lasm  as  w e l l  a s  n u c l e a r  enve lope  (NE) a r e  

b ro u g h t  in to  th e  n u c le u s .  Two s e c t i o n s  a r e  m is s in g  b e ­

tween F ig .  d and F ig .  e .  EM x 4 4 ,0 0 0 .

FIGURE 35* S e r i a l  s e c t i o n s  o f  p ro p h ase  n u c le u s  showing 

r e l a t i o n s h i p  o f  MTs w ith  th e  n u c l e a r  in v a g in a t io n s  (IN ^, 

IN,,, and IN ^). MTs (a r ro w s ,  F ig s .  a ,  b , and d )  seem to  

push th e  n u c l e a r  enve lope  (NE) inw ard  to  form  an in v a g i ­

n a t i o n  (IN2 , F ig s .  a and b) which ends j u s t  a f t e r  th e  MT 

seems to  te rm in a te  (a r ro w , F ig .  d ) .  Such in v a g in a t io n s  

may make c o n ta c t  w ith  th e  ch ro m a tin  condensing  to  form 

chromosomes ( c c ) .  The ends o f  such  MTs may be C-MTs 

(c -a r ro w  o f  IN^, F ig .  c )  e s p e c i a l l y  j u s t  b e f o r e  th e  

t e r m in a t io n  o f  th e  in v a g in a t io n  (1N^, F ig .  d ) .  In  g e n e r a l ,  

th e  more MTs p r e s e n t ,  th e  l a r g e r  and d e e p e r  th e  i n v a g i ­

n a t i o n  (IN ^, F ig .  f ) .  Some ex ten d  f o r  4 jmm which i s  

o n e - q u a r t e r  o f  th e  way th ro u g h  th e  n u c le u s .  EM x 2 9 ,4 0 0 .
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C o n v e rs e ly ,  i n v a g i n a t i o n s  o f  n u c l e a r  e n v e lo p e  c o n t a i n i n g  

cy to p la sm  and MTs a r e  s e e n  i n  th e  n u c le u s  ( IN , P ig s*  3 4 , 3 5 ,l
and 3 6 ) .  S e r i a l  s e c t i o n i n g  r e v e a l s  t h a t  such  c y to p la s m ic  

" f i n g e r s ” may e x te n d  f o r  o v e r  4 ;un, i  o f  th e  way th ro u g h  th e  

n u c l e u s ,  b e f o r e  th e y  d i s a p p e a r  (IN , F i g ,  3 6 ) .  A lth o u g h  i t  i s  

o b v io u s  t h a t  th e  i n v a g i n a t i o n s  do n o t  o v e r l a p  a t  t h i s  t im e ,  

t h e i r  grow th  tow ard  th e  c e n t e r  o f  th e  n u c le u s  from  o p p o s i t e  

s i d e s  s u g g e s t s  t h a t  o v e r la p  and i n t e r a c t i o n  may be p o s s i b l e  

s l i g h t l y  l a t e r  i n  p ro p h a s e .  At t h e i r  d e e p e s t  p e n e t r a t i o n  i n  

t h i s  one p ro p h a se  c e l l  s t u d i e d ,  th e y  a r e  o n ly  a b o u t  3 o r  4 

pm from  th e  m idd le  o f  th e  15-^xm n u c l e u s .  Most o f  th e  i n v a ­

g i n a t i o n s ,  how ever, do n o t  p e n e t r a t e  a s  d e e p ly  (IN 2 , P i g .  3 5 ) .

One f e a t u r e  common to  most o f  th e s e  i n v a g i n a t i o n s  a r e  

MTs. In  f a c t ,  MTs t e r m in a te  j u s t  b e f o r e  th e  i n v a g i n a t i o n  d o e s .  

( IN j and IN2 , P ig .  35)* The i n v a g i n a t i o n  may b e g in  w i th  many 

MTs i n  a  r e l a t i v e l y  w ide a r e a  and by a t t r i t i o n  t e r m i n a te  w ith  

one MT i n  a  n a rro w  tu b e .  O c c a s io n a l ly ,  o n ly  one o r  two MTs 

can be found  i n  t h e  i n v a g i n a t i o n  ( F ig .  34) w hich  th e n  re m a in s  

a  narro w  tu b e  th ro u g h o u t  i t s  l e n g t h .  Such tp b e s  a r e  a b o u t

0 .2 5  <um i n  d i a m e t e r .  In  r a r e  i n s t a n c e s ,  a  n a rro w  i n v a g i n a t i o n  

may o c c u r  w i th o u t  any MT a p p a r e n t .  Some " i n t r a n u c l e a r "  MTs
■

may be s h o r t ,  l o n g i t u d i n a l  ones (A rrow s, F ig .  35) o r  even  

C-MTs (C -arro w , P ig .  35)* Such C-MTs u s u a l l y  o c c u r  j u s t  b e ­

f o r e  MT t e r m i n a t i o n .

S e r i a l  s e c t i o n s  r e v e a l  a  p o s s i b l e  c o n n e c t io n  be tw een  

th e  i n v a g i n a t i o n s  and th e  c o n d e n s in g  chromosomes (CC) s in c e  

th e  fo rm e r  seem to  be g row ing  tow ard  th e  l a t t e r  (IN g, P i g .  3 5 ) .  

As n o te d  ab o v e , a l th o u g h  MTs a p p e a r  to  to u c h  th e  n u c l e a r  en ­

v e lo p e ,  i n  no i n s t a n c e  do th e y  p e n e t r a t e  i t  (A rrow s, F i g s .  26 

and 32E ). R a th e r ,  t h e  p r e s e n c e  o f  so many o b l iq u e  MTs n e a r



FIGURE 3 6 . S e c t io n  th ro u g h  th e  p ro p h a se  n u c l e u s .  I t s  en v e lo p e  

(NE) i s  i n t a c t  b u t  i r r e g u l a r .  C ondensing  chromosomes ( c c )  

a p p e a r  a s  e l e c t r o n - d e n s e  clumps o f  m a t e r i a l .  M T -co n ta in in g  

i n v a g i n a t i o n s  IN) can s t i l l  be se en  i n  t h i s  s e c t i o n  a b o u t  

b /nn i n t o  th e  n u c l e u s .  A s m a ll  amount o f  i n t r a n u c l e a r  mem­

b ra n e  (IM) w hich re s e m b le s  s a c c u l a r  ER i s  p r e s e n t .  A c o n s p ic ­

uous i n t r a n u c l e a r  v a c u o le  (Va) i s  one o f  s e v e r a l  seen  i n  o t h e r  

s e c t i o n s .  A n o th er  a p p e a r s  i n  th e  i n s e t .  The s e c t i o n  i s  su p ­

p o r te d  by a  fo rm v a r  f i l m  v i s i b l e  i n  th e  u p p e r  l e f t  and lo w e r  

r i g h t .  S in ce  th e  p ro p h a se  t h i c k  s e c t i o n  ( F ig .  25) was c r o s s ­

s e c t i o n e d ,  t h i s  s e c t i o n * s  w id th  i s  th e  same a s  th e  t h i c k n e s s  

o f  th e  o r i g i n a l  t h i c k  s e c t i o n .  EM x 1 9 ,8 0 0 .

I n s e t .  A no ther  i n t r a n u c l e a r  v a c u o le .  I t  a p p e a r s  to  be s u r ­

rounded  by a  d o u b le  membrane. In  t h i s  r e s p e c t ,  i t  r e se m b le s  

th e  n u c l e a r  e n v e lo p e .  I n t r a v a c u o l a r  membranes (IVM) a r e  

v i s i b l e  w i t h i n  th e  v a c u o le .  EM x 3^»600.
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th e  n u c le u s  ( P ig .  32) s u g g e s t s  t h a t  th e y  c o u r s e  a lo n g  th e  

n u c l e a r  s u r f a c e .

E v idence  o f  n u c l e a r  en v e lo p e  breakdown i s  d i f f i c u l t  to  

f i n d  b u t  i s  p r e s e n t  n e v e r t h e l e s s .  S m all g ap s  i n  t h e  en v e lo p e  

( $ ,  F i g .  32D), a l th o u g h  r a r e l y  s e e n ,  p ro b a b ly  grow w id e r  and 

more numerous w i th  t im e .  A lso , some m ix in g  o f  c y to p la sm  w ith  

n u c le o p la sm  may a l r e a d y  be se en  b u t  i n t e r p r e t a t i o n  i s  d i f ­

f i c u l t  ($ ,  F ig .  3 1 ) .

The n u c le o p la sm  h a s  condensed  i n t o  chromosomes e a s i l y  

v i s i b l e  a s  e l e c t r o n - d e n s e  clumps by e l e c t r o n  m ic ro sco p y  (CC,

F i g s .  35 and 3 6 ) ,  o r  a s  r a t h e r  b ro a d  th r e a d s  by phase  m ic ro -
«*c

scopy (CC, F ig .  2 5 ) .  Few a r e  s e e n  a t  th e  p e r ip h e r y  o f  th e  

n u c l e u s ;  many a r e  g rouped  a b o u t  t h e  c e n t r a l ly - lo c a te d -< -n u c le -  

o lu s  (Nu, F ig .  25) w hich a t  t h i s  s t a g e  h a s  l o s t  i t s  connec­

t i o n  to  th e  n u c l e a r  en v e lo p e  j u s t  p r i o r  to  i t s  d i s a p p e a r a n c e .

A no ther  i n t e r e s t i n g  f e a t u r e  p e c u l i a r  to  th e  p ro p h a se  

n u c le u s  i s  th e  p r e s e n c e  o f  am orphous, e l e c t r o n - t r a n s p a r e n t  

v a c u o le s  (Va, F ig .  3 6 ) .  These may be su r ro u n d e d  by a  s i n g l e  

(F ig .  3 6 ) o r  d o u b le  ( F ig .  3 6 , i n s e t )  membrane. Som etim es, 

th e y  e n c lo s e  o t h e r  membranous e le m e n ts  (IVM, F i g .  3 6 , i n s e t ) .  

O c c a s io n a l ly ,  i n t r a n u c l e a r  membranes r e s e m b l in g  th e  n u c l e a r  

en v e lo p e  a r e  s e e n  (IM, F i g .  3 6 ) .  These do n o t  e n c lo s e  p a r t  

o f  th e  c y to p la sm  and do n o t  form  c i r c u l a r  p r o f i l e s .  They a r e ,  

t h e r e f o r e ,  v e ry  d i f f e r e n t  from  th e  n u c l e a r  i n v a g i n a t i o n s .

D. F in e  S t r u c t u r e  o f  th e  M etaphase C e l l .

At m etaphase  th e  n u c l e a r  en v e lo p e  h a s  a l r e a d y  d i s a p p e a r e d ,  

th e  chromosomes (CC) a r e  a l i g n e d  on th e  m etaphase  p l a t e  (MP), 

and th e  m i t o t i c  a p p a r a tu s  (MA) h a s  b een  assem bled  ( F ig .  37A. 

and B ) .  The m i t o t i c  a p p a r a tu s  h a s  th e  a p p e a ra n c e  o f  two 

s p h e re s  a d h e r in g  t o  each  o t h e r  a lo n g  t h e  m etaphase  p l a t e .
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FIGURE 37• T h ick  s e c t i o n s  o f  m etaphase  c e l l s .

37A. The m i t o t i c  a p p a r a tu s  i s  f u l l y  formed (MA). The

c h ro m a tin  h a s  f u l l y  condensed  i n t o  many sm a ll  chromo­

somes ( c c )  a l ig n e d  i n  th e  c e n t e r  o f  th e  a p p a r a t u s .
/

Phase c o n t r a s t  x 725*

37B. The m i t o t i c  a p p a r a tu s  c o n s i s t s  o f  two l a r g e ,

s p h e r i c a l  a s t e r s  (As) s e p a r a t e d  by a  n a r ro w e r  s p i n d l e  

r e g io n  (S p ) .  The c e n t e r  o f  t h e  s p in d l e  where th e  

chromosomes a r e  a l i g n e d  form s th e  m etaphase  p l a t e  (MP). 

Phase c o n t r a s t  x 725*

FIGURE 3 8 . L o n g i tu d in a l  s e c t i o n  th ro u g h  th e  m etaphase  

s p in d l e  o f  F ig .  37A. A l i n e  o f  chromosomes ( c c )  a r e  a t  

th e  c e n t e r  o f  th e  s p i n d l e .  A sm a l l  G o lg i a p p a r a tu s  (G) 

i s  a t  th e  p e r i p h e r y  a l i g n e d  w i th  th e  chromosomes ( s e e  

F ig ,  44 f o r  h ig h e r  m a g n i f i c a t i o n ) .  A no ther  ( G ' ) i s  j u s t  

o u t s i d e  th e  m i t o t i c  a p p a r a t u s .  The e n t i r e  s p in d l e  i s  s u r ­

rounded  by s a c c u l a r  ER (SER) b u t  m ost o f  th e  ER in  th e  

s p in d l e  i t s e l f  i s  t u b u l a r  (TER). Some ER fo rm s lo o p s  

(LER), S p in d le  MTs (a r ro w )  can be r e s o lv e d  even  a t  t h i s  

low m a g n i f i c a t i o n .  M ito c h o n d r ia  (Mi) su r ro u n d  th e  s p i n d l e ,  

b e in g  found  b o th  among t h e  s a c c u l a r  ER and beyond b u t  n o t  

w i th in  th e  s p in d l e  i t s e l f .  O th e r  g r a n u l e s ,  o r g a n e l l e s ,  

and p a r t i c l e s  a r e  e x c lu d e d .  EM x 6 ,3 0 0 .
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1. E ndoplasm ic  R e tic u lu m

E l e c t r o n  m ic ro sco p y  r e v e a l s  smooth s a c c u l a r  ER i n  th e  mi­

t o t i c  a p p a r a tu s ,  m ost o f  i t  fo rm in g  a  t h i c k  band a ro u n d  th e  

s p in d le  and e s p e c i a l l y  a lo n g  edges  o f  th e  m e taphase  p l a t e  (SER 

P ig .  38)* The i n n e r  a r e a  o f  th e  s p i n d l e , n e a r  th e  chromosomes 

h a s  m o s tly  t u b u l a r  ER a l th o u g h  s a c c u l a r  ER i s  a l s o  p r e s e n t .  

Thus, s p in d l e  c r o s s  s e c t i o n s  th ro u g h  ch ro m o so m e-to -p o le  ( F ig .  

39) o r  m etaphase  p l a t e  ( F i g .  40) r e g io n s  have t u b u l a r  ER (TER) 

In  th e  a s t e r  t h e r e  i s  a  l i t t l e  t u b u l a r  ER n e a r  th e  c e n -  

t r i o l e  (Ce, F i g s .  4 l  and 42) and s a c c u l a r  ER (SER) r a d i a t i n g  

from more d i s t a l  r e g i o n s ,  e s p e c i a l l y  tow ard  th e  s p in d l e  (S p , 

F i g ,  4 l ) .  O f te n ,  lo o p s  o f  s a c c u l a r  ER (LER, F i g .  41) can be 

found . In  g e n e r a l ,  a s t e r  ER r a d i a t e s  ou tw ard  from  th e  c e n t r i -  

o l a r  r e g io n  much a s  MTs d o .  V e s i c u l a r  ER i s  p r e s e n t  in  b o th  

s p in d l e  and a s t e r s ,  and i s  d i s t r i b u t e d  p e r i p h e r a l l y  (v ,  F i g .  

4 i ) .  In  t h i s  r e s p e c t  i t  i s  s i m i l a r  to  th e  s a c c u l a r  ER w hich 

i*S a l s o  a t  th e  p e r i p h e r y .  Thus, th e  o v e r a l l  p a t t e r n  seems to  

be one in  w hich th e  s a c c u l a r  and v e s i c u l a r  ER i s  found a t  th e  

p e r ip h e r y  w h ile  th e  t u b u l a r  ER i s  found  i n  th e  i n t e r n a l  a r e a s  

o f  th e  m i t o t i c  a p p a r a t u s .  T h is  d i f f e r e n c e  may be s e e n  i n  

c r o s s - s e c t i o n  a t  th e  b o r d e r  o f  th e  m i t o t i c  a p p a r a tu s  where th e  

p e r i p h e r a l  s a c c u l a r  ER g iv e s  way to  t h e  i n t e r n a l  t u b u l a r  ER 

even  b e f o r e  th e  MTs o f  th e  s p in d l e  a r e  seen  ( F ig ,  4 3 ) .

2 . A n n u la te  l a m e l l a e  and Heavy B od ies

No a n n u la te  l a m e l l a e  o r  heavy b o d ie s  a r e  se en  d u r in g  

m e ta p h a se .

3 .  G o lg i A p p a ra tu s

An a c t i v e  G o lg i  a p p a r a tu s  i s  found  a t  m e taphase  j u s t
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FIGURE 39« C r o s s - s e c t i o n  th ro u g h  th e  m e taphase  chromo-

s o m e - to -p o le  r e g io n  n e a r  t h e  chromosomes. T h is  s e c t i o n

i s  from th e  c e l l  shown i n  F i g ,  37B. Among th e  num erous

MTs (a r ro w s )  a r e  a  few C-MTs ( C -a r ro w s ) .  Much smooth
/

t u b u l a r  ER (TER) i s  a l s o  p r e s e n t .  EM x ^5»000 .

FIGURE ^ 0 ,  C r o s s - s e c t i o n  th ro u g h  th e  m etaphase  p l a t e  

o f  th e  c e l l  shown i n  F ig ,  37B. There a r e  many C-MTs 

(C -a rro w s)  r e l a t i v e  to  th e  number o f  norm al MTs ( a r r o w s ) .  

Chromosomes (CC) and smooth t u b u l a r  ER (TER) a r e  a l s o  

p r e s e n t .  EM x 33»600 .
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FIGURE 4*1. L o n g i tu d in a l  s e c t io n  th rough  th e  metaphase a s t e r  

o f  th e  c e l l  shown in  F ig .  37A. At th e  c e n te r  o f  th e  a s t e r  (As) 

i s  a  s in g l e  c e n t r i o l e  (C e), i . e .  no d a u g h te r  c e n t r i o l e  i s  p r e s ­

e n t .  MTs (a rrow s) r a d i a t e  from th e  v i c i n i t y  o f  th e  c e n t r i o l e✓
b u t  do n o t  touch  i t .  ER a l s o  seems to  r a d i a t e  from th e  cen -  

t r i o l a r  r e g io n ,  most o f  i t  t u b u la r  (TER) a l th o u g h  some s a c ­

c u l a r  ER (SER) i s  found a t  th e  p e r ip h e ry ..  Looped ER (LER) can 

a l s o  be found, e s p e c i a l l y  on th e  s id e  where-.th e  s p in d le  (Sp) 

i s  l o c a t e d .  V e s ic u la r  ER (v) i s  m ostly  p e r ip h e r a l  as  a re  the  

m ito ch o n d r ia  (M i). Some m ito c h o n d r ia  (Mi-1) a r e  s t i l l  

a s s o c ia t e d  w ith  v e s i c l e s .  . EM x 14 ,300 .

FIGURE 42. H igher m a g n if ic a t io n  o f  th e  c e n t r i o l e  in  F ig .  41.

The tu b u la r  n a tu r e  o f  th e  c e n t r i o l e  (Ce) i s  o b se rv e d .  A lthough 

i t  i s  s e c t io n e d  o b l iq u e ly ,  th e  MTs o f  i t s  w a l l s  can be d i s ­

t in g u is h e d  (a r ro w h e a d s) .  Many o th e r  MTs o f  th e  m i t o t i c  ap ­

p a r a tu s  (arrow s) su rround  i t  b u t  none a c t u a l l y  touch  th e  

c e n t r i o l e .  EM x 82 ,500 .
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p e r i p h e r a l  to  th e  l i n e  o f  chromosomes on th e  m etaphase  p l a t e  

(G, F i g s ,  38 and 4 4 ) ,  I t  h a s  v e s i c u l a r  s w e l l in g s  on b o th  f a c e s  

i n d i c a t i n g  i t s  a c t i v e  s t a t e .  W hether i t s  d i s t r i b u t i o n  i s  r a n ­

dom o r  nonrandom th ro u g h o u t  th e  c e l l  c o u ld  n o t  be d e te rm in e d ,  

b u t  s i m i l a r  p a tc h e s  a r e  found  j u s t  o u t s i d e  th e  m i t o t i c  a p ­

p a r a t u s  (G1, F ig ,  3 8 ) ,  A lso , an ap h ase  seems to  have a  G o lg i 

a p p a r a tu s  a t  th e  chromosome l i n e ,  to o  ( s e e  an ap h ase  s e c t i o n ) .

4 ,  M ito c h o n d r ia

M ito c h o n d r ia  a r e  l a r g e l y  ex c lu d ed  from  th e  s p in d l e  and 

m etaphase  p l a t e  (Mi, F ig ,  38) a s  w e l l  a s  from th e  c e n t r i o l a r  

r e g io n  (Mi, F ig .  4 l )  b u t  a r e  found a l l  o v e r  th e  p e r ip h e r y  o f  

th e  m i t o t i c  a p p a r a t u s ,  e s p e c i a l l y  in  th e  band o f  s a c c u l a r  ER 

a t  th e  b o r d e r  o f  th e  m etaphase  p l a t e  (Mi, F ig ,  38)* They a re  

a l s o  found n e a r  th e  c e l l  c o r t e x  (Mi, F ig .  4 5 ) .  As b e f o r e ,  th e  

m i to c h o n d r ia  a r e  o f t e n  c o n t ig u o u s  to  l i p i d  d r o p l e t s  (L, F i g s .

43 and 45) and d i s p l a y  sm a ll  d en se  g r a n u le s  ( g , F i g .  4 3 ) ,  Ves­

i c u l a r  c o n n e c t io n s  can be o b se rv e d  (M i-1 , F i g s .  4 l  and 4 3 ) .

5 . M i t o t i c  a p p a r a tu s

The m i t o t i c  a p p a r a tu s  i s  f u l l y  fo rm ed , c o n s i s t i n g  o f  c e n -  

t r i o l e s  (Ce, F i g s .  41 and 4 2 ) ,  a s t e r s  (As, F i g s .  37 and 4 l ) ,  

s p in d le  (Sp , F i g s .  37B and 3 8 ) ,  and chromosomes ( c c ,  F i g s .  37A 

and 38) a l ig n e d  on th e  m etaphase p l a t e  (MP, F ig .  37B ).

The c e n t r i o l e  (Ce, F i g s .  4 l  and 42) i s  0 .2  jum i n  d ia m e te r .  

I t  i s  i n  th e  c e n t e r  o f  th e  a s t e r  and i s  t h e  f o c a l  p o i n t  o f  

b o th  th e  MTs ( a r ro w s )  and ER ( F ig .  4 1 ) ,  These ru n  p a r a l l e l  

to  each  o t h e r  and a r e  th e  m a jo r  s t r u c t u r a l  e le m e n ts  o f  th e  

a s t e r .  M i to c h o n d r ia  a r e  n o t  found n e a r  th e  c e n t r i o l e .  R a th e r ,  

th e y  rem a in  s e v e r a l  m ic ro m e te rs  away, l o o s e l y  s u r ro u n d in g  th e
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FIGURE 4 3 . C o n t in u i ty  o f  m etaphase m i t o t i c  a p p a r a tu s  ER w ith  

t h a t  o f  th e  g e n e r a l  cy to p lasm . ER c o n t in u e s  from th e  s p in d le  

where i t  i s  m o s t ly  t u b u l a r  (TER) th ro u g h  th e  p e r ip h e ry  where 

i t  i s  s a c c u l a r  (SER) in to  th e  s u r ro u n d in g -c y to p la s m . L i t t l e  

rough ER can  be fo u n d . M ito c h o n d r ia  s t i l l  su r ro u n d  l i p i d  

d r o p l e t s  (L) and c o n ta in  dense  g r a n u le s  ( g ) .  They s t i l l  seem 

to  c o n ta in  v e s i c l e s  (M i-1 ) .  EM x 1 8 ,0 0 0 .

$

FIGURE 44. G olgi a p p a ra tu s  a l ig n e d  w ith  th e  chromosomes o f  

th e  m etaphase p l a t e .  T h is  i s  th e  same G olgi a p p a ra tu s  (G) o f
,-c

F ig .  33 a t  h ig h e r  m a g n i f i c a t io n .  I t s  p ro x im ity  to  th e  chromo­

somes (CC) makes i t  n o te w o r th y .  The numerous v e s i c l e s  o f  

v a r io u s  s i z e s  a lo n g  b o th  f a c e s  o f  th e  a p p a ra tu s  s u g g e s ts  

t h a t  i t  i s  a c t i v e .  EM x 50»700.

FIGURE 45. The c o r t e x  o f  th e  m etaphase c e l l .  Numerous m ic ro ­

v i l l i  a re  s t i l l  p r e s e n t .  Many m ito c h o n d r ia  (M i), e s p e c i a l l y  

s u r ro u n d in g  l i p i d  d r o p l e t s  (L) can be se e n .  E lem ents  o f  ER 

(ER) and v e s i c l e s  (v )  a r e  found n e a r  th e  c e l l  s u r f a c e .

EM x 14 ,350 .
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c e n t r i o l e  (Mi, F ig .  4-1). H ig h e r  m a g n i f i c a t io n  o f  th e  c e n t r i o l e  

(Ce, F ig .  42) h e lp s  r e v e a l  i t s  own m ic ro tu b u la r  s u b s t r u c t u r e .  

S e r i a l  s e c t i o n i n g  d id  n o t  r e v e a l  a  d a u g h te r  c e n t r i o l e .  A l­

though many MTs o r i g i n a t e  n e a r  th e  c e n t r i o l e ,  none a c t u a l l y
/

to u ch  i t  (a r ro w s ,  F ig .  4 2 ) .

As n o te d  above , th e  a s t e r  s u r ro u n d s  th e  c e n t r i o l e  and 

i s  composed o f  ER and MTs r a d i a t i n g  from i t  ( F ig .  4 l ) .  Much o f  

th e  ER n e a r  th e  c e n t r i o l e  i s  t u b u l a r .  Toward th e  s p i n d l e ,  s a c ­

c u l a r  ER may be seen  and i s  o f t e n  found a s  c o n t in u o u s  lo o p s  

o r  c i r c l e s  (LER, F ig ,  4 l ) .  V e s i c u la r  ER (v) i s  found m ostly  

i n  th e  p e r ip h e r y  o f  th e  a s t e r , ( F i g .  4 l ) ,

The s p in d le  i s  composed o f  many MTs and much ER ( F ig .

3 9 ) .  In  th e  chrom osorae-to-pole  r e g io n  n e a r  th e  chromosomes 

(F ig .  3 9 ) a p p ro x im a te ly  90% o f  th e  MTs a re  no rm al ( a r ro w s ,

Fig* 3 9 ) .  The o t h e r  10% a r e  C-MTs (C -arro w s, F i g ,  3 9 ) .  In  th e  

m etaphase p l a t e  r e g io n ,  how ever, th e  r a t i o  o f  C-MTs to  n o r ­

mal MTs ch an g es . Thus, o n ly  ab o u t 50% o f  th e  MTs a r e  com plete 

w h ile  th e  o th e r  50% a r e  C-MTs ( F ig .  40 and T ab le  4 ) .  Both n o r ­

mal and C-MTs a r e  su rro u n d e d  by a  c l e a r  zone dev o id  o f  b ack ­

ground r ibosom es  and o t h e r  sm a ll  p a r t i c l e s , ( F i g s .  39 and 4 0 ) .

TABLE 4

TABULATION OF METAFHASE SPINDLE MICROTUBULES 

REGION OF SPINDLE NUMBERS OF MTs PER CENT C-MTs

C-MTs O-MTs

M etaphase p l a t e  328 306 51 .70

C hrom osom e-to-pole
n e a r  th e  chromosomes 41 383  9*67
T h e .d a ta  was c o l l e c t e d  from  one m etaphase c e l l  by  com bining 
th e  c o u n ts  from s e v e r a l  s e c t i o n s .  The a b s o lu te  v a lu e s  ca n n o t  
be  compared a s  th e y  r e f l e c t  o n ly  th e  number o f  s e c t i o n s  co u n ted .
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In  l o n g i t u d i n a l  s e c t i o n s  C-MTs a r e  d i f f i c u l t  to  d i s t i n ­

g u i s h .  I t  i s  th o u g h t  t h a t  th e y  a r e  form ed when a  MT h a s  l e s s  

th a n  th e  u s u a l  13 p r o t o f i l a m e n t s .  T h is  p r e v e n t s  t h e  MT from  

c l o s i n g  up so t h a t  i t  form s a  "C" i n  c r o s s - s e c t i o n  r a t h e r  th a n  

an " 0 " .  From model a n a l y s i s ,  Cohen and d o t t l i e b  (1971) f e l t  

t h a t  i n  l o n g i t u d i n a l  s e c t i o n  th e y  may a p p e a r  a s  a  w idened a r e a  

o f  th e  MT, i . e . ,  a s  g r e a t e r  th a n  th e  u s u a l  250 8 d ia m e te r  b e ­

cause  th e y  a r e  l y i n g  f l a t  r a t h e r  th a n  rounded  up (W -arrow s,

F ig .  4 6 ) .  A l t e r n a t i v e l y ,  th e y  may a p p e a r  a s  an  e x t e n s io n  o f  one 

edge o f  th e  MT w h i le  th e  o t h e r  edge s t o p s  ( 1 -a r ro w ,  F ig .  4 6 ) ,  

A lthough such a r e a s  o f  MTs have  been  fo u n d , i t  i s  im p o s s ib le  to  

e q u a te  them d e f i n i t i v e l y  w i th  l o n g i t u d i n a l  v iew s o f  C-MTs.

T h e ir  l o c a t i o n  a t  th e  m etaphase  p l a t e ,  how ever, i s  s u p p o r t i v e .

E. F in e  S t r u c t u r e  o f  th e  Anaphase C e l l

The chromosomes s e p a r a t e  w i th  th e  o n s e t  o f  an ap h ase  and 

rem ain  a l ig n e d  in  s e t s  d u r in g  t h e i r  po lew ard  movement. As 

•£hey move a p a r t ,  t h e  chromosomes (CC) d e f in e  an i n t e r z o n a l  a r e a  

( I ,  F i g s .  47, 48 , and 49) betw een  them . N a t u r a l l y ,  a s  th e  

chromosome s e t s  move f u r t h e r  a p a r t ,  t h i s  i n t e r z o n e  grows l o n g e r .  

S im u l ta n e o u s ly ,  t h e  s p in d l e  e l o n g a te s  so t h a t  th e  p o l e s  grow 

15# f u r t h e r  a p a r t  (H arvey , 1 9 5 6 ) .  In  a d d i t i o n ,  th e  an ap h ase  

a s t e r  (As) i s  l a r g e r  (H arvey , 1956) and p r o j e c t s  r a y s  i n t o  

th e  s u r ro u n d in g  c y to p la sm  ( F i g s .  47 and 4 8 ) .

1 . E ndoplasm ic R e tic u lu m

The d i s t r i b u t i o n  o f  ER a t  an ap h ase  r e s e m b le s  t h a t  o f  

m e tap h a se . From th e  c e n t r i o l a r  r e g io n  s a c c u l a r  ER r a d i a t e s  in  

a l l  d i r e c t i o n s  a s  a  m a jo r  s t r u c t u r a l  e lem e n t o f  th e  a s t e r  (As, 

F i g .  4 9 ) .  On th e  s p in d l e  s i d e  o f  th e  a s t e r s ,  t u b u l a r  ER mix­

in g  w ith  some s a c c u l a r  ER e x te n d s  t o  t h e  chromosomes (SE R ',
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FIGURE 46. P o s s ib le  C-MTs i n  l o n g i t u d i n a l  s e c t i o n  a t  th e  meta 

phase p l a t e .  I t  i s  th o u g h t  t h a t  i f  th e  p ro to f i l a m e n ts  o f  a 

C-MT were j u s t  l y i n g  f l a t  w ith o u t  c u r l i n g ,  i t  would re sem b le  

a  s t r a i g h t  l i n e  i f  viewed edge-on in  l o n g i t u d i n a l  s e c t i o n .  

Such s in g l e  l i n e s  c o n t in u in g  from norm al MTs can be seen  

( 1 -a r ro w s ) .  A l t e r n a t i v e l y ,  i f  th e  f l a t t e n e d  p r o to f i l a m e n ts  

were viewed b r o a d s id e ,  i t  sh o u ld  form  an image re se m b lin g  a 

widened MT s in c e  f l a t t e n e d  p r o to f i l a m e n ts  cover  a  g r e a t e r  

a r e a  th a n  th o se  fo ld e d  up to  form th e  normal MT c y l in d e r .

They may a l s o  ap p e a r  l i g h t e r  s in c e  on ly  one l a y e r  o f  p r o to ­

f i l a m e n ts  r a t h e r  th an  two i s  b e in g  v iew ed. Such widened a r e a s  

o f  MTs a re  a l s o  observed  (W -arrow s). T h e i r  appearance  among 

th e  chromosomes (CC) o f  th e  metaphase p l a t e  i s  s u p p o r t iv e  

because t h i s  r e g io n  o f  th e  s p in d le  has  the  h ig h e s t  p e r c e n ta g e  

o f  C-MTs. EM x 4 5 ,0 0 0 .
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P ig .  4 9 ) .  S a c c u la r  ER form s a  band a round  th e  e n t i r e  s p in d le  

(SER, F ig .  49) w i th  c o n t i n u i t y  i n t o  s u r ro u n d in g  cy to p lasm  in  

some p la c e s  (SER, F ig .  5 0 ) .  Sm all am ounts o f  rough  ER (rER, 

F ig .  50) a r e  som etim es se en  h e re  b u t  t h e . r e s t  i s  sm ooth. 

V e s i c u la r  ER a l s o  s u r ro u n d s  th e  m i t o t i c  a p p a r a tu s  b u t  most 

o f  i t  i s  w i th in  th e  a s t e r s  (v ,  F ig .  4 9 ) .  As b e f o r e ,  th e  v e s i c ­

u l a r  ER i s  o f t e n  a s s o c i a t e d  w i th  m i to c h o n d r ia .  The in te r z o n e  

( I ,  F ig .  49) h as  much l e s s  ER as  com parisons  o f  c r o s s  s e c t i o n s  

o f  ch rom osom e-to -po le  r e g io n s  ( F ig ,  51) w ith  i n t e r z o n e  r e g io n s  

( F ig .  5?)  d e m o n s t r a te s .  I n te r z o n e  o f  e a r l y  a n a p h a se ,  how ever, 

d o es  have more ER (ER, F ig .  53) th a n  m id -an ap h ase  ( F ig .  51)-

2. A nnu la te  L am ellae  and Heavy B odies

No a n n u la te  la m e l la e  o r  heavy b o d ie s  a p p e a r  d u r in g  a n a ­

p h ase  .

3 . G o lg i A p p ara tu s

Sm all p a tc h e s  o f  G o lg i a p p a ra tu s  w i th  few l a m e l l a e  a re  

l o c a t e d  in  th e  p e r ip h e r y  o f  th e  m i t o t i c  a p p a r a tu s  and n e a r  

where th e  chromosomes a r e  found (G, F i g .  49.)-. They a r e  a l s o  

found away from th e  m i t o t i c  a p p a ra tu s  in  th e  g e n e ra l  c y t o ­

plasm  (G, F ig .  5 0 ) .
t

4 . M ito c h o n d r ia

.Anaphase m i to c h o n d r ia  a r e  l i k e  th e  m etaphase  o n e s .  They 

su r ro u n d  th e  m i t o t i c  a p p a r a tu s  and a re  a s s o c i a t e d  w ith  v e s i c u -  

u l a r  ER and l i p i d  d r o p l e t s  (Mi, F ig .  4 9 ) .  Sm all g r a n u le s  

w i th in  m i to c h o n d r ia  a r e  s t i l l  p r e s e n t  (g ,  F ig .  5 0 ) .

5 .  M ic ro tu b u le s

MTs r a d i a t e  from th e  c e n t r i o l a r  r e g io n  a s  a m a jo r  s t r u c ­

t u r a l  component o f  th e  a s t e r .  W ith in  th e  s p i n d l e ,  r a d i a t i n g  

MTs in te r m in g le  w i th  MTs coming from  th e  chromosomes them -
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FIGURE 47 . Thick s e c t i o n  o f  e a r l y  anaphase  c e l l .  The 

s e t s  o f  chromosomes (CC) have begun to  move a p a r t ,  l e a v in g  

a sm a ll  r e g io n ,  th e  i n t e r z o n e  ( I )  between them. The 

s p in d le  (Sp) i s  e a s i e r  to  d i s t i n g u i s h  from th e  a s t e r s  

(As) th a n  i n  th e  case  o f  th e  m etaphase m i t o t i c  a p ­

p a r a t u s .  Phase c o n t r a s t  x 1 ,1 0 0 .

FIGURE 48. Thick s e c t i o n  o f  m id-anaphase c e l l .  The 

in t e r s o n e  r e g io n  ( I )  h a s  grown l a r g e r  as  th e  s e t s  o f  

chromosomes ( c c )  move f u r t h e r  a p a r t ,  s t i l l  a l ig n e d ,  

tow ard th e  p o l e s .  The s p in d le  (Sp) i s  d e f in e d  b e ­

tween th e  two a s t e r s  (A s ) .  Phase c o n t r a s t  x 1 ,200 .
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FIGURE ^9* L o n g i tu d in a l  s e c t i o n  th ro u g h  t h e  m i t o t i c  

a p p a r a tu s  o f  th e  m id -an ap h ase  c e l l  o f  F i g .  *+8'. The

s p i n d l e  i s  su r ro u n d e d  by m o s t ly  smooth s a c c u i a r  ER
/

(SER) w hich  seems to  r a d i a t e  from  th e  p o le s  i n  th e  a s t e r  

(A s ) .  Smooth ER, m o s t ly  t u b u l a r  b u t  w i th  some c i s t e m a e  

(SE R ') e x ten d  to  th e  chromosomes ( c c ) .  Only some o f  

* t h i s  ER e x te n d s  i n t o  th e  i n t e r z o n e  ( I ) .  T h ere ,  th e  

ER does  n o t  ru n  in  any p a r t i c u l a r  d i r e c t i o n  a s  i s  th e  

case  w i th  th e  r a d i a t i n g  ER o f  th e  a s t e r s  and th e  i n t e r -  

p o l a r  ER t h a t  s u r ro u n d s  th e  s p in d l e  (SER). V e s i c u la r  ER 

(v )  s u r ro u n d s  th e  m i t o t i c  a p p a r a tu s  b u t  i s  n o t  found in  

q u a n t i t y  in  th e  s p in d l e  i t s e l f ,  and t h i s  i s  e s p e c i a l l y  

t r u e  o f  th e  i n t e r z o n e .  Numerous m i to c h o n d r ia  (Mi) con­

t i n u e  to  s u r ro u n d  th e  m i t o t i c  a p p a r a tu s .  They, a re  

s t i l l  a s s o c i a t e d  w i th  l i p i d  d r o p l e t s  (L ) .  L ike  th e  

m etaphase  c e l l  ( F ig .  3 8 ) ,  th e  anaphase  c e l l  h a s  a  

Golgi- a p p a r a tu s  (G) i n  a l ig n m e n t  w ith  th e  chromosomes 

a t  th e  p e r ip h e r y  o f  th e  s p i n d l e .  EM x 5*800,
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FIGURE 50 . C o n t in u a t io n  o f  an ap h ase  m i t o t i c  a p p a ra tu s  

ER i n t o  t h a t  o f  th e  g e n e r a l  c y to p la sm . Smooth ER from 

th e  m i t o t i c  a p p a r a tu s  (w h i te  SER) seems to  c o n t in u e  i n t o  

th e  g e n e r a l  cy to p la sm  ( b la c k  SER). Rough ER (rER) i s  

som etim es s e e n  b u t  i n  v e ry  sm a l l  am ounts . A G olg i a p ­

p a r a t u s  (G) i n  th e  g e n e r a l  c y to p la sm , h a v in g  few v e s ­

i c l e s ,  i s  p ro b a b ly  n o t  v e ry  a c t i v e .  M ito c h o n d r ia  

around  l i p i d  d r o p l e t s  (L) a r e  a  common s i g h t .  A m ito ­

c h o n d r io n  may have one (g )  o r  more ( g * ) dense  g r a n u l e s .  

EM x 1 1 ,0 0 0 .

FIGURE 51* C r o s s - s e c t i o n  th ro u g h  th e  ch rom osom e-to -po le  

r e g io n  o f  a  m id -an ap h ase  c e l l .  A lthough  m ost o f  th e  MTs 

a r e  no rm al ones  ( a r r o w s ) ,  s e v e r a l  C-MTs (C -a r ro w s)  can 

be fo u n d . A sm a ll  amount o f  smooth ER (ER) i s  a l s o  

p r e s e n t .  T h is  s e c t i o n  i s  r e p r e s e n t a t i v e  o f  th e  a r e a  

n e a r  th e  chromosomes. EM x  4 4 ,8 0 0 .
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FIGURE 52 . C r o s s - s e c t io n  th rough  th e  middle o f  th e  in te rz o n e

o f  th e  same m id-anaphase c e l l  a s  F ig .  51* There a re  o b v io u s ly
/

few er MTs than  in  F ig .  51 * m ainly  because  th e  in te rz o n e  has  

on ly  i n t e r p o l a r  MTs whereas s e c t io n s  from th e  chromosome-to- 

p o le  r e g io n  in c lu d e  chromosomal MTs in  a d d i t io n  to  th e  i n t e r -  

p a l a r  o nes . S ince o v er  h a l f  th e  i n t e r z o n a l  MTs a r e  C-MTs (C- 

a r ro w s ) ,  norm al ones (a rrow s) a re  h a r d e r  to  f i n d .  An S -shaped 

MT (S -arrow ) p ro b ab ly  c o n s i s t s  o f  two C-MTs t h a t  a re  jo in e d  

to g e th e r .  ER i s  sp a rs e  and d i f f i c u l t  to  re c o g n iz e  b u t  i s  

p r e s e n t  n e v e r th e le s s  (ER). EM x 75 ,000 .

FIGURE 53* C ro s s - s e c t io n  th ro u g h  th e  in te rz o n e  o f  th e  e a r l y  

anaphase o f  F ig .  H-?, Because i t  was s e c t io n e d  s l i g h t l y  o b l iq u e ,  

a chromosome (CC) i s  p r e s e n t .  There a re  more MTs (a r ro w s)  

th an  in  th e  in te rz o n e  o f  th e  m id-anaphase above (F ig . 52) b u t 

p a r t  o f  t h i s  i s  due to  e x t r a  chromosomal MTs from th e  s l i g h t l y  

o b liq u e  c u t .  N e v e r th e le s s ,  th e  many C-MTs p r e s e n t  (C -arrow s) 

s u g g e s ts  t h a t  i t  i s  m ostly  in te r z o n e .  Two MTs a t ta c h e d  to  

each  o th e r  th rough  a  b r i d g e - l i k e  s t r u c t u r e  (B-arrow ) and an 

S-MT (S -arrow ) a re  p r e s e n t .  I t  i s  a l s o  easy to  see  t h a t  th e re  

i s  more smooth ER (ER) than  in  the  m id-anaphase , EM x 58 ,500 .
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s e l v e s .  Such chromosomal MTs a r e  o b v io u s ly  m is s in g  from  th e  

i n t e r z o n e  r e s u l t i n g  in  fe w e r  MTs in  t h i s  r e g io n .  Thus* a 

com parison  o f  s p in d l e  c r o s s  s e c t i o n s  shows many more MTs i n  

th e  ch ro m o so m e-to -p o le  r e g io n  ( P ig .  51) th a n  in  th e  i n t e r -
i

zone ( F ig .  5 2 ) .

A no ther  m a jo r  d i f f e r e n c e  be tw een  th e  i n t e r z o n e  and th e  

r e s t  o f  th e  s p in d l e  in v o lv e s  th e  s t r u c t u r e  o f  th e  MTs them ­

s e l v e s .  C-MTs a re  a t  l e a s t  6 o r  7 t im e s  more p r e v a l e n t  in  

th e  i n t e r z o n e  th a n  i n  th e  ch ro m o so m e-to -p o le  r e g io n .  In  f a c t ,  

w e l l  o v e r  h a l f  th e  MTs o f  th e  i n t e r z o n e  a r e  C-MTs w h i le  o n ly  

10yc o r  l e s s  o f  th e  MTs o f  th e  ch ro m o so m e-to -p o le  r e g io n  a re  

(T a b le  5; a l s o  compare F i g s .  5 2 and 53 w ith  F ig .  51)*

L ike norm al MTs, C-MTs a r e  u s u a l l y  su r ro u n d e d  by an 

e l e c t r o n - t r a n s p a r e n t  c l e a r  zone . Y e t, S-MTs (S -a r ro w , F ig .

53) and p e rh a p s  even b r id g e d  MTs (B -a rro w , F ig .  5 3 ) ,  w hich  

seem to  be c o n n e c te d  to  each  o t h e r  th ro u g h  a  b r i d g e - l i k e  

s t r u c t u r e ,  a r e  form ed th ro u g h  t h i s  zone so a t  l e a s t  t h e s e  

s t r u c t u r e s  a r e  n o t  r e s t r i c t e d  by i t .

I t  i s  im p o s s ib le  to  a t t a c h  any s i g n i f i c a n c e  to  th e  a p ­

p a r e n t  i n c r e a s e  i n  i n t e r z o n e  C-r.iTs be tw een  e a r l y  and mid­

a n ap h ase  (T a b le  5 ) -  The e a r l y  an ap h ase  i n t e r z o n e  i s  so n a r ­

row t h a t  a l l  s e c t i o n s  have some chromosomes i n  them . I t  i s  

l i k e l y ,  t h e r e f o r e  t h a t  th e  chromosomal MTs a r e  in c lu d e d  and 

in c r e a s e  th e  co u n t o f  norm al 0-MTs. T h is  h a s  th e  e f f e c t  o f  

d e c r e a s i n g  th e  p e r c e n ta g e  o f  C-MTs. The a b s o lu t e  num bers can ­

n o t  be compared b e c a u se  th e  a r e a  c o u n te d ,  a s  w e l l  a s  th e  num­

b e r s  o f  am biguous M Ts,. d i f f e r .  I t  i s  i n t e r e s t i n g  to  n o t e ,  how­

e v e r ,  t h a t  th e  p e r c e n ta g e  o f  C-MTs i n  th e  ch rom osom e-to -po le  

r e g io n s  d id  i n c r e a s e  from  e a r l y  to  m id -a n a p h a se .



TABLE 5

TABULATION OF ANAPHASE SPINDLE MICR0TUBULE3 

REGION OF SPINDLE NUMBERS OF MTs. . . PERCENT C-MTs

C-MTs 0 -MTs

E a r l i '  Anaphase

I n te r z o n e  1^6 l M  50

C hrom osom e-to-pole
n e a r  th e  chromosomes 19 282 6

Mid Anaphase

I n te r z o n e  86 ^7 65

C hrom osom e-to-pole
n e a r  th e  chromosomes 69 617 10

T h is  d a t a  was c o l l e c t e d  from  one e a r l y  and one m id -an ap h ase  
c e l l .  The num bers o f  MTs a r e  combined co u n ts  from s e v e r a l  
s e c t i o n s  i n  th e  r e g io n  i n d i c a t e d .  S in ce  th e  a b s o lu t e  v a lu e s  
r e f l e c t  o n ly  how many s e c t i o n s  and how l a r g e  an a r e a  v;as 
c o u n te d ,  th e y  c a n n o t  be d i r e c t l y  com pared.



F .  F in e  S t r u c t u r e  o f  I s o l a t e d  S p in d le s

C-MTs w ere found  i n  l a r g e  num bers a t  th e  m e tap h ase  p l a t e  

and i n t e r z o n e  o f  A,. m m c t u l a t a  s p i n d l e s  a f t e r  i s o l a t i o n  in  

h e x y le n e  g l y c o l  (Cohen and G o t t l i e b ,  1971), and i n  s i t u  a s  

r e p o r t e d  i n  th e  p r e s e n t  w ork . Their: s u b s t r u c t u r e  m ust, t h e r e ­

f o r e ,  be e s t a b l i s h e d ,

1 . The S u b s t r u c t u r e  o f  C-MTs

S p in d le s  i s o l a t e d  i n  h e x y le n e  g l y c o l  and f i x e d  w i th  

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

n e g a t i v e l y - s t a i n e d  image o f  C-MTs when t h i n  s e c t i o n s  a r e  

v iew ed i n  t h e  e l e c t r o n  m ic ro s c o p e .  High m a g n i f i c a t i o n  ( F ig .

5^A and B) r e v e a l s  t h a t  th e y  have l e s s  th a n  th e  13 p r o t o f i l ­

am ents n o rm a l ly  found  i n  Aj, p u n c t u l a t a  s p in d l e  MTs ( F ig .  5^C 

and T i ln e y  e t  a l . ,  1973)* Mo o b v io u s  C-MT w i th  13 p r o t o f i l ­

am ents  i s  o b s e rv e d ,  a l th o u g h  some w i th  12 e x i s t  ( F ig .  5^B ). 

Some have a s  few  a s  4 o r  5 "but s i n c e  th e y  re se m b le  s t r a i g h t  

l i n e s ,  i t  i s  n o t  c e r t a i n  t h a t  th e y  a re '  in d e e d  MTs. A lso ,

C-MTs w i th  few p r o t o f i l a r a e n t s  a r e  m ost u s u a l l y  s e e n  a s  s l i g h t ­

l y  o b l iq u e  m aking i t  d i f f i c u l t  i f  n o t  im p o s s ib le  to  c o u n t  th e  ' 

a c t u a l  number o f  s u b u n i t s .  Thus, C-MTs a r e  p ro b a b ly  n o t  a s  

s t i f f  a s  n o rm al MTs .'or even  C-MTs w i th  10 o r  more s u b u n i t s  

w hich  a r e  n o t  a s  p ro n e  t o  a p p e a r  s l i g h t l y  o b l iq u e  i n  c r o s s -  

s e c t i o n  (Compare th e  c l a r i t y  o f  s u b u n i t s  i n  F i g .  5*0 .

Because i t  was o f t e n  d i f f i c u l t  t o  co u n t  t h e  num ber o f  

s u b u n i t s ,  an o th e r* m e th o d  b a s e d  on c u r v i l i n e a r  m easurem en ts  

(T a b le  6) was d e v e lo p e d .  A f l e x i b l e  w i r e 'w a s  p la c e d  a ro u n d  

th e  c i r c u m fe re n c e  o f  p r i n t s  (x270*000) o f  n o rm al MTs o f  13 

s u b u n i t s  ( T i ln e y  e t  a l , ,  1973)•  and m easu red  t o  o b t a i n  an 

a v e ra g e  c u r v i l i n e a r  s u b u n i t  l e n g t h  o f  6 2 .6  ft* U s in g  t h e  same
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m ethod, th e  num bers o f  s u b u n i t s  i n  C-MTs w hich  c a n n o t  be d i ­

r e c t l y  co u n ted  may be a p p ro x im a te d  (T ab le  6 ) .  The c e n t e r  to  

c e n t e r  d i s t a n c e  be tw een  s u b u n i t s  a v e ra g e s  35 8 .  In  g e n e r a l ,  th e  

more s u b u n i t s ,  th e  more c u r v a tu r e  so  t h a t  9 p r o t o f i l a m e n t s  ( F ig .  

5*f-A) do n o t  cu rv e  a s  much a s  12 ( F ig .  5^B) o r  13 ( F ig .  5^C ).

2. S p in d le s  I s o l a t e d  i n  M o d if ied  MT P o ly m e r iz a t io n  Medium 

I s o l a t i o n  o f  s p i n d l e s  i n  th e  m o d if ie d  MT p o ly m e r i z a t io n  

medium (Rebhun e t  a l . ,  197*0 r e v e a l s  t h a t  i n  th e  medium con­

t a i n i n g  o n ly  20 mM EGTA, C-MTs a lm o s t  t o t a l l y  d i s a p p e a r  a l th o u g h  

a few a r e  s t i l l  p r e s e n t  (C -a r ro w s ,  F i g s .  55 and 5 6 ) .  They a re  

d i s t r i b u t e d * i n  th e  same way, i . e . ,  th e y  a r e  e a s i e r  to  f i n d  i n  

th e  m etaphase  p l a t e  ( F ig .  56) o r  i n t e r z o n e  th a n  i n  th e .c h ro m o -
; V*

s o m e - to -p o le  r e g io n  ( F ig .  55) where t h e r e  a r e  p r a c t i c a l l y  no n e . 

M o rp h o lo g ic a l ly  th e y  a r e  th e  same a s  th o s e  found  in  s i t u  and 

a f t e r  i s o l a t i o n  in  h e x y le n e  g l y c o l .  £

Due to  th e  a c t i o n  o f  T r i t o n  X-100 d e t e r g e n t ,  i s o l a t e s  in  

m o d if ie d  p o ly m e r i z a t io n  medium do n o t  p r e s e r v e  any membranous 

s t r u c t u r e s  ( F i g s .  55 and 5 6 ) a l th o u g h  ER i s  a  m a jo r  s t r u c t u r a l  

component i n  s i t u . I s o l a t e s  in  h e x y le n e  g l y c o l ,  how ever, have 

smooth membranous v e s i c l e s  s i m i l a r  to  m icrosom es (Kane, 1962b 1 

Goldman and Rebhun, 1 9 6 9 ) .  Thus, a l th o u g h  th e  o rd e re d  s t r u c ­

t u r e  o f  ER a s  se en  in  s i t u  d i s a p p e a r s ,  th e  membranes do n o t .

A no ther  d i f f e r e n c e  betw een  i s o l a t e s  in  m o d if ie d  polym ­

e r i z a t i o n  medium and i s o l a t e s  in  h e x y le n e  g ly c o l  i s  th e  p r e s ­

ence o f  a  f i l a m e n to u s  m a t e r i a l  i n  t h e  fo rm e r  b u t  n o t  th e  l a t ­

t e r .  T h is  f i l a m e n to u s  m a t e r i a l  form s a  n e tw o rk  i n  th e  b a c k ­

ground ( F I ,  F i g .  5 5 ) .  T h is  n e tw o rk  i s  more o b v io u s  i n  s e c t i o n s  

from  ch ro m o so m e-to -p o le  r e g io n s  ( F ig .  55) th a n  th o s e  from



TABLE 6

CURVILINEAR MEASUREMENTS OF C-MT CROSS SECTIONS

MEASURED CIR­

CUMFERENCE (mm)1

ACTUAL CIR­

CUMFERENCE ( S ) 2

LINEAR

SUBUNITS3

PROBAJ

SU3UN:

9 .0 333 5 .4 3 5

1 0 . 0 370 5 .91 6

1 1 .9 440 7 . 0 2 7

1 2 . 0 444 7 .0 9 7

1 2 .3 4 55 7 .2 7 7

1 3 .4 496 7 .9 2 8

1 5 .5 574 9 .1 7 9

1 6 ,8 622 9 .9 4 10

1 3 .0 666 1 0 .6 4 11

O-MT: 21 ,3 738 12.59 13

,*4

1. M easured by c a r e f u l l y  o v e r l a y in g  MTs a s  th e y  a p p e a r  in  

p r i n t s  o f  270 ,000  X m a g n i f i c a t i o n  w i th  a  f l e x i b l e  w ire  

and th e n  m e a su r in g  th e  l e n g t h  o f  th e  w i r e .

2. M easured by d i v i d i n g  th e  l e n g th  o b ta in e d  i n  "1" above 

by 2 7 0 , 0 0 0 .

3 .  The a c t u a l  c i r c u m fe re n c e  a s  o b ta in e d  I n  "2" d iv id e d  by 

6 2 . 6  th e  c u r v i l i n e a r  l e n g t h  o b ta in e d  f o r  1 s u b u n i t ,

4 . The n e a r e s t . w hole num ber.
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FIGURE 54. MT s u b u n i t s .  The s u b u n i t s  were viewed w ith  
a  JEOL 100CX e l e c t r o n  m icroscope and a p p e a r  to  be nega­
t i v e l y  s t a in e d  by b e in g  f ix e d  in  th e  p re se n ce  o f  t a n n ic  
a c id  a f t e r  i s o l a t i o n  in  h exy lene  g ly c o l .  I t  i s  obv ious  
t h a t  C-MTs (F ig s .  A and B) a re  composed o f  l e s s  th a n  13 
s u b u n i ts  ( p r o to f i l a m e n t s ) .  A lso , th e  more s u b u n i ts  
p r e s e n t ,  th e  more c u rv a tu re .
54a . A C-MT w ith  9 s u b u n i t s .  *
54b . Two C-MTs o f  12 s u b u n i t s  each . They a re  a t ta c h e d  

to  each  o t h e r  in  such a way t h a t  i f  one would t w i s t  
around th e  a t ta c h m e n t s i t e ,  an S-MT would r e s u l t .

54C. Two normal MTs f o r  com parison . Note th e  in c re a s e d  
c u rv a tu re  t h a t  o ccu rs  w ith  th e  a d d i t io n  o f  th e  one 
s u b u n i t  to  make 13 and th e re b y  c lo s in g  the  MT c y l in d e r .  

EM x 300 ,000 .

FIGURE 55. C r o s s - s e c t io n  o f  th e  chrom osom e-to-pole re g io n  
o f  an anaphase s p in d le  i s o l a t e d  in  th e  m odified  p o ly m e r i­
z a t io n  medium (20 mM EGTA). T h is  s e c t io n  i s  lo c a te d  n e a r  
th e  chromosomes. A r a r e  C-MT i s  shown (C -arrow ). A f i l ­
amentous m a te r ia l  (F l )  i s  a l s o  p r e s e n t .  Note th e  t o t a l  
absence o f  membranes, p ro b ab ly  due to  th e  a c t io n  o f  the  
T r i to n  X-100 d e te r g e n t  used d u r in g  i s o l a t i o n .  EM x 42 ,000 .

*
FIGURE 56 . C r o s s - s e c t io n  th ro u g h  th e  metaphase p l a t e  o f  a 
s p in d le  i s o l a t e d  i n  m odified  p o ly m e r iz a t io n  medium (20 mM 
EGTA). ■ In  s i t u , t h i s  a r e a  i s  f u l l  o f  C-MTs (see  F ig .  40) 
and ER. As above, th e re  a re  no membranes from th e  ER and 
th e  nyjaber o f  C-MTs (C -arrow s) i s  g r e a t l y  red u ced . In  
f a c t ,  t h i s  m icrograph was chosen because  i t  had more C-MTs 
than  o t h e r s .  A chromosome (CC) i s  a l s o  p r e s e n t .  EM x 49 ,500 
EM x 4 9 ,5 0 0 .

FIGURE 57 . S p in d le  b i r e f r i n g e n c e  d u r in g  th e  f i r s t  m i to t i c  
cy c le  o f  th e  L v tech in u s  v a r ie g a tu s  z y g o te . Note t h a t  the 
in te rz o n e  has  l i t t l e  b i r e f r i n g e n c e  a l th o u g h  MTs a r e  known 
to  be p r e s e n t  in  s i t u . A s te r s  a re  n o t  b i r e f r i n g e n t  s in c e  
t h e i r  f i b e r s  a re  n o t  p a r a l l e l ,  r a d i a t i n g  in  a l l  d i r e c t i o n s ,  
a .  m etaphase; b to  f .  anaphase to  te lo p h a s e  d u r in g  th e  
n e x t  f i v e  m in u tes .  P o l a r i z a t i o n  m icroscopy x 450.

FIGURE 5 8 . S p in d le  b i r e f r i n g e n c e  d u r in g  th e  t h i r d  m i to t i c  
cy c le  o f  th e  L v tech in u s  v a r i e g a tu s  z y g o te . Note th e  la c k  
o f  b i r e f r i n g e n c e  i n ' t h e  f o u r  in t e r z o n e s .  P o l a r i z a t i o n  
m icroscopy x 450.
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m etaphase  p l a t e  ( F ig .  56) o r  i n t e r z o n e .  No such  n e tw o rk  i s  

s e e n  i n  s i t u .

3 .  M ic ro tu b u le  C le a r  Zones

U n lik e  MTs i n  s i t u  which have a  c l e a r  zone a ro u n d  them,

MTs o f  i s o l a t e d  m i t o t i c  a p p a r a tu s e s  l a c k ' s u c h  zo n es  and a r e  

o f t e n  se en  to  to u c h  each  o t h e r .

G. Sea U rch in  S p in d le  B i r e f r i n g e n c e

U sing  z y g o te s  o f  L v te c h in u s  v a r i e g a t u s  w hich  have l i t t l e  

i n t e r f e r i n g  p ig m e n t ,  p o l a r i z a t i o n  m ic ro sco p y  can  be perfo rm ed  

d e m o n s t r a t in g  changes  i n  s p i n d l e  b i r e f r i n g e n c e  from  m etaphase  

to  t e lo p h a s e  ( F i g .  57)* T h is  r e v e a l s  an  a lm o s t  t o t a l  ab sen ce  

o f  b i r e f r i n g e n c e  i n  th e  i n t e r z o n e  d u r in g  th e  m i t o t i c  c y c le .

T h is  l a c k  o f  b i r e f r i n g e n c e  e x a c t l y  c o r r e l a t e s  w i th  th e  d i s ­

t r i b u t i o n  o f  C-MTs i n  A. p u n c t u l a t a  s p i n d l e s .  The same b i ­

r e f r i n g e n c e  p a t t e r n  c o n t in u e s  a t  l e a s t  i n t o  th e  4 - c e l l  s t a g e  

( F ig .  58)* The s l i g h t  d e c r e a s e  o b se rv e d  i n  b i r e f r i n g e n c e  a t  

th e  m etaphase  p l a t e  d u r in g  m etaphase  ( F ig .  57a) i s  p ro b a b ly  

due to  th e  p r e s e n c e  o f  th e  n o n - b i r e f r i n g e n t  chromosomes t h a t  

a r e  a l i g n e d  t h e r e .

The a b sen ce  o f  b i r e f r i n g e n c e  in  th e  i n t e r z o n e  i s  i n t e r ­

e s t i n g  b e c a u se  o r i e n t e d  MTs a r e  known to  be p r e s e n t  and sh o u ld  

be somewhat b i r e f r i n g e n t . W hile i t  i s  t r u e  t h a t  l e s s  b i r e ­

f r i n g e n c e  i s  e x p e c te d  b e c a u se  o f  th e  fe w e r  MTs p r e s e n t ,  n e v e r -  

th e  l e s s ,  some b i r e f r i n g e n c e  sh o u ld  be o b s e rv e d .  S in c e  th e  

i n  s i t u  s tu d y  h a s  shown t h a t  th e  a r e a  h a s  a  h ig h  p e r c e n ta g e  

o f  C-MTs, i t  s u g g e s t s  t h a t  C-MTs may be e x e r t i n g  an  i n f lu e n c e  

on b i r e f r i n g e n c e  o b s e rv a b le  i n  v i v o .
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XV. DISCUSSION

A. S t r u c t u r a l  Changes In  S i t u  V ersus  B io c h e m ic a l  E v en ts  

D uring  th e  F i r s t  M i t o t i c  Cycle

1. Micro tu b u le s  and E ndoplasm ic  ReticCilum
i

E le c t r o n  m ic ro g ra p h s  p r e s e n te d  i n  t h i s  s tu d y  d e m o n s tra te  

t h a t  ER i s  a  m a jo r  p a r t  o f  th e  s e a  u r c h in  c y to p la sm  a t  a l l  

s t a g e s  and i s  p a r t i c u l a r l y  w e l l - s i t u a t e d  in  and around  th e  

m i t o t i c  a p p a r a tu s  d u r in g  i t s  assem bly  and f u n c t i o n .  S in ce  

Ca++ i s  c o n t r o l l e d  by ER in  m uscle  (P o d o lsk y ,  1968; Z b ash i 

and Zndo, 1 968) , I t  i s  n a t u r a l  to  p o s t u l a t e  a  s i m i l a r  r o l e  

f o r  ER In  p u n c t u l a t a  z y g o te s .  In d e e d ,  c a r e f u l  c o n t r o l  o f  

Ca c o n c e n t r a t i o n  i s  a l r e a d y  known to  be n e c e s s a r y  f o r  tu b u -  

l i n  p o ly m e r iz a t io n  in . v i t r o  and t h a t  such  MTs rem a in  Ca 

l a b i l e  (V Jeisenberg, 1 972 ) ,

E v idence  t h a t  Ca i s  im p o r ta n t  in  v iv o  comes from many 

sy s te m s .  The ca lc iu m  io n o p h o re  A23187, w hich r a i s e s  i n t r a -  

c e l l u l a r  Ca l e v e l s ,  was u sed  to  d e m o n s tra te  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 ctin o sp h aeriu m - ' a x o p o d ia .  a  p r o ­

c e s s  known to  r e s u l t  from d is a s s e m b ly  and assem b ly  r e s p e c t i v e ­

l y  o f  MTs (S c h l iw a ,  1 9 7 6 ) .  The same io n o p h o re  was u sed  to  d e -
*

p o ly m e r iz e  t h e  c y to p la s m ic  MT complex i n  c u l t u r e d  c e l l s  

( F u l l e r  e t  a l . ,  197 6 ) .

Of more im p o r ta n c e  to  t h i s  s tu d y ,  how ever, i s  th e  e f f e c t  

o f  Ca on th e  m i t o t i c  a p p a r a tu s .  S is k e n  and V edBrat (1977) 

found  t h a t  HeLa m etaphase  can  be p ro lo n g e d  by k-0% when c e l l s  

a r e  exposed  to  d ru g s  l i k e  n i c o t i n e ,  io n o p h o re  A2318?, and 

c a f f e i n e  which a re  a l l  th o u g h t  to  i n c r e a s e  c y to p la s m ic  Ca 

c o n c e n t r a t i o n  a l th o u g h  by d i f f e r e n t  m echanism s. A more d i r e c t  

ap p ro ac h  was fo l lo w e d  by K ie h a r t  and Inoue7 (1 9 7 6 ) .  As d e s c r ib e d



e a r l i e r  (In tr o d u c t io n ) ,  they m icro -in jected  CaClg in to  Echino- 

derm zygotes  r e s u l t in g  in  the l o s s  o f  sp in d le  b ir e fr in g e n c e  

only when in je c te d  near the sp in d le .  A fter a w h ile ,  the c e l l  

was ob viously  able to  remove t h i s  Ca s in ce  sp in d le  b i r e f r in ­

gence returned to normal. The a b i l i t y  of"the c e l l  to reverse  

a l l  o f  these  experiments su g g ests  th a t  the c e l l  i t s e l f  i s  

capable o f  c o n tr o l l in g  lo c a l  Ca l e v e l s .

Ac t h i s  study shows, three types o f  EH, most o f  i t  smooth 

are found during the hour-long t r a n s i t io n  from u n f e r t i l i z e d  

egg to  c leavage: v e s ic u la r ,  sa ccu la r , and tub ular . Each i s  

dominant a t  d i f f e r e n t  s ta g e s  (summarized in  Table 7)» sug­

g e s t in g  th a t  they might have d i f f e r e n t  fu n c t io n s .  The a v a i l ­

able data suggest th at  o f  the th ree , tubular ER i s  l i k e l y  to
"t"be the primary Ca re g u la to r ,  although i t  may not be the only  

o n e . .T h is  i s  based on the, f a c t  th a t  i t  i s  the dominant form 

when such r e g u la t io n  i s  thought to occur. Since the Ca++- 

s t in u la te d  AfPase found by I.lazia e t  a l .  (1972) and P e tz e l t

(1972) i s  thought to be involved  in  pumping Ca l ik e  th a t  o f  

muscle sarcoplasm ic reticu lum , i t  i s  a good marker. I t s  a c t i v ­

i t y ,  which peaks during prophase ( ju s t  before nu c lear  break­

down) and again in  metaphase ( P e tz e l t  and Von Ledebur-V illeger, 

1973)» fo cu ses  a t te n t io n  on tubular EH. This study has found 

such ER to occupy p o s i t io n s  p er t in en t  to Ca++ r e g u la t io n  

during these  s ta g e s  (Table 7 ) .

During prophase tubular ER surrounds the n u c leu s . Upon 

breakdown of  the n u c lear  envelope, MTs o f  the m ito t ic  appar­

atus polymerize w ith in  t h i s  region  o f  tubular ER. Even before  

n u clear  breakdown, however, MTs grow in  number and le n g th  as  

a s te r s  form on e i t h e r  s id e  o f  the nucleus (7 /ilson , 1895b ) .



TABLE 7

BIOCHEMICAL EVENTS AND STRUCTURAL CHANGES DURING SEA URCHIN ZYGOTE MITOSIS

STAGE
BIOCHEMICAL

EVENTS
SMOOTH ENDOPLASMIC RETICULUM

VE3IC.' SACCULAR TUBULAR
MITO­

CHONDRIA
ANNULATE
LAMELLA!

HEAVY
BODIESMICROTUBULES

MATURE
UNFERT.
EGG

STREAK

PROFHASE

METAPHASE

ANAPHASE

I n a c t iv e

DNA
Cycloheximide, 
puromycin, & 
x-Rayed sperm 
p ro lo n g  o r  
a r r e s t  i t

F i r s t  Ca-up- 
tak e  peak, Ca- 
ATPase peak} 
c r i t i c a l  tu b u ­
l i n  conc.

Second Ca-up- 
ta k e  peak , Ca- 
ATPase peak

Ca-uptake peak 
o f  l a t e  m eta- 
phase d e c l in e s

Through­
o u t  egg

None

Through­
o u t  c e l]  
& i n  
s t r e a k  
zone

Through 
o u t  c e l l  
i n c l .  ex 
e lu s io n  
zone

A s te rs ,  
s p i n d l e , 
& MA p e ­
r ip h e r y

Mostly 
in  a s ­
t e r s  & 
MA p e r ­
ip h e ry

Mostly in  th e  
s t r e a k  zone, 
s id e  ch a n n e ls ,  
& band around 
n u c le u s .  But 
most i s  rough

M ostly  a t  
p e r ip h e ry  o f  
-ex c lu s io n  
zone

None

None

R a d ia te s  in  as 
t e r ,  su rrounds  
s p in d le  p e r ip h  
some in  s p in d l

Much, e sp . 
around th e  
n u c leu s

C en ter  o f  sp in  
d ie  e s p .  n e a r  
chromosomes & 

etnear c e n t r io le s

R a d ia te s  in  a s  
t e r ,  su rrounds  
s p in d le  p e r ip h .  
some mixes w ith  
TER in  C-T-P 
s p in d le  r e g io n

Some mixed in  
sp in d le  w ith  
sa c .  ER iiji-i 
C-T-P re g io n

Through 
o u t  egg

Mostly 
in  & 
around 
s t r e a k  
zone

Many 
n e a r  
nu c leu s  
& around 
zone

MA p e r ­
ip h e ry  
& c o r te x

MA p e r ­
ip h e ry  
& c e l l  
c o r te x

Few, 
d i s ­
p ersed

S tre ak  
zone, 

id e  
channelslz 
1* around 
lu c le u s

None 
seen

P re se n t

In  o r  
near  the  
s t r e a k  
one

None

Few, d i s ­
o r ie n te d  i 
ve ry  few 
C-MTs

None
seen

None

None

None

None

Surround n u c ­
le u s !  a l s o  i n ­
s id e  in v a g in a ­
t i o n s  o f  n uc­
l e a r  envelope

Highly o rd e red  
as  e lem en ts  o f  
VIA i C-MTs a t  
metaphase p l a t e

h ig h ly  o rd e re d  
a s  e lem en ts  o f  
(VIA* C-MTs in  
in te rz o n e
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Some MTs a r e  l o n g  enough t o  sp a n  h a l f  t h e  d i s t a n c e  t o  t h e  

c e n t e r  o f  t h e  n u c l e u s  e n c a se d  i n  f o l d s  o f  n u c l e a r  e n v e lo p e  

( P i g s .  3 4 , 35* and  3 6 ) w hich  have n o t  p r e v i o u s l y  been  r e p o r t e d  

( d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  s e c t i o n  5 b e lo w ) .

At m e ta p h a se ,  t u b u l a r  ER i s  found  i n  th e  c e n t r a l  p a r t  

o f  t h e  s p in d l e  among th e  MTs ( F i g s .  38  and 39) and i n  th e  

c e n tro so m a l  r e g io n  ( P ig .  M )  o f  th e  a s t e r  known to  be a  MT 

n u c l e a t i o n  s i t e .  I t s  p o s i t i o n ,  t h e r e f o r e ,  s a t i s f i e s  th e  r e ­

q u i r e m e n ts  o f  a  Ca++ r e g u l a t o r  c o n t r o l l i n g  MT p o ly m e r i z a t io n  

and c o r r e s p o n d s  w i th  th e  t im e  o f  m i t o t i c  a p p a r a tu s  assem b ly  

w hich i s  com ple ted  a t  m e ta p h a se .  R e c e n t ly ,  t h i s  dense  mass 

o f  membranes a t  m etaphase  was view ed by s c a n n in g  e l e c t r o n  

m ic ro sco p y  i n  s p e c i a l l y  i s o l a t e d  s e a  u r c h in  m i t o t i c  a p p a r a ­

t u s e s  ( S c h a t t e n  and S c h a t t e n ,  1977)*
hC

Of i n t e r e s t  h e r e  a r e  t h e  r a d i o a c t i v e  v Ca e x p e r im e n ts  

o f  C l o t h i e r  and T im ourian  (1972) d e m o n s t r a t in g  t h r e e  p e a k s  o f  

Ca u p ta k e  ( t r a n s p o r t  i n )  from  s e a  w a te r  fo l lo w e d  by i t s  r e ­

l e a s e  ( t r a n s p o r t  o u t )  b a c k  i n t o  t h e  s e a  w a te r  d u r in g  S_. m i r -  

p u r a tu s  zy g o te  d i v i s i o n .  S in c e  th e  ^ C a  seems to  be f r e e l y  

e x c h a n g e a b le ,  i t  i s  th o u g h t  t h a t  i t  re m a in s  f r e e  i n  t h e  c y to ­

p la sm . The f i r s t  two p e a k s  o c c u r  a t  p ro p h a se  and m etaphase  ana 

may have a  r o l e  i n  m i t o s i s .  U n f o r tu n a te ly ,  t h e i r  r e s u l t s  show 

t h a t  i n t r a c e l l u l a r  Ca p r o b a b ly  i n c r e a s e s  d u r in g  p ro p h a c e  

u n t i l  i t s  m id p o in t  and th e n  d e c l i n e s  t o  i t s  n o rm a l l e v e l  by 

th e  end o f  p r o p h a s e .  R i s in g  from  t h i s  l e v e l ,  Ca++ c o n c e n t r a ­

t i o n  a g a in  p e a k s  a t  th e  end o f  m e tap h ase  and th e n  d e c l i n e s  to  

n o rm al d u r in g  a n a p h a s e .  Thus, d u r in g  m ost o f  p ro p h a se  and 

much o f  m e ta p h a se ,  i n t r a c e l l u l a r  Ca++ i s  a c t u a l l y  b e in g  

in c r e a s e d  w h i le  MTs a r e  p o ly m e r iz e d .



One way to  e x p la in  t h i s  apparent c o n tr a d ic t io n  i s  to  r e -  

member th a t  the  Ca - s t im u la te d  ATPase peaks d ur in g  prophase  

and metaphase ( P e t z e l t ,  1972; P e t z e l t  and Von L e d e b u r -V il le g e r ,  

1973)» probably p r o t e c t in g  the m it o t ic  apparatus area by r e ­

ducing i t s  l o c a l  Ca++ c o n c e n tr a t io n .  Evidence f o r  t h i s  can be 

found in  th a t  during  l a t e  prophase, "Ta was removed from the  

c e l l . , T h i s  s u g g e s t s  th a t  the Ca++ pumps are indeed w orking.

Thus, prophase ends and metaphase a c t u a l ly  b eg in s  w ith  a low
+ +l e v e l  o f  fr e e  i n t r a c e l l u l a r  Ca p e r m it t in g  the g rea t  in c r e a s e  

in  MTs p o ly m e r iz in g  as the m ito t ic  apparatus forms.

The r e s u l t s  o f  C lo th ie r  and Timourian a ls o  show th a t  the  

prophase peak occu rs  j u s t  b e fo re  n u c le a r  d isappearance and 

th a t  the m etaphase-anaphase t r a n s i t i o n  occurs a t  the meta- 

phase peak. This s u g g e s t s  th a t  Ca co n c e n tr a t io n  may have a 

r o le  in  s i g n a l l i n g  or t r ig g e r in g  th e s e  e v e n t s .  For exam ple, 

an in c r e a s e  o f  Ca a t  the metaphase p la t e  may cause a rap id  

d isa ssem b ly  o f  c e r t a in  MTs th ere  and le a d  to  chromosome se p ­

a r a t io n .  Such a mechanism f i t s  e a s i l y  in to  the dynamic e q u i l ­

ibrium theory o f  chromosome motion (Inoue and S a to , 1 9 6 7 ) .  

Other, n o n - n i t o t i c ,  r o l e s  fo r  Ca++ f lu x e s  have been proposed  

(C lo th ie r  and Timourian, 1972).

Smooth v e s i c u l a r  EH, l i k e  i t s  tu b u la r  cou n terp art may 

a ls o  a c t  as a Ca r e g u la to r .  This i s  supported by the r e l a ­

t io n s h ip  betv/een v e s ic u la r  ER and m itochon d ria , an o r g a n e l le  

known to  a c t  as a Ca r e g u la to r  (Rasmussen and Goodman, 1975 ) *  

and by the v e s i c u l a r  nature o f  the Ca s e q u e s te r in g  o r g a n e l le  

r e c e n t ly  i s o l a t e d  from mammalian b r a in  by B l i t z  e t  a l .  (1 9 7 7 ) .  

These v e s i c l e s  were rep orted  to  behave l i k e  sa rco p la sm ic  r e ­

t icu lu m  and to  be b io c h e m ic a l ly  very  s im i la r .  For in s t a n c e ,
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th ey  c o n ta in  a  Ca-ATFase t h a t  i s  irarounologically  i d e n t i c a l  to  t h a t  

o f  s a rc o p la s m ic  r e t i c u lu m .  The v e s i c l e s  were d e s c r ib e d  a s  small* 

u s u a l ly  c o a te d ,  and c a p a b le  o f  f u s i n g  to  form l a r g e r  u n c o a te d  

v e s i c l e s .  Coated v e s i c l e s  a re  o f t e n  a p ro d u c t  o f  G o lg i a p p a ra tu s  

and r e c e n t l y  im m unofluorescence was used  /to show t h a t  c a l s e q u e s -  

t r i n ,  th e  C a ~ s e q u e s te r in g  p r o t e i n  o f  s a rc o p la s m ic  r e t i c u lu m ,  f i r s t  

a c cu m u la te s  in  th e  G olg i r e g io n  in  d i f f e r e n t i a t i n g  r a t  s k e l e t a l  

m uscle c u l t u r e s  ( J o rg e n se n  e t  a l . ,  1977)* This cou ld  e x p la in  why 

G olg i a p p a ra tu s  i s  ob se rv ed  n e a r  th e  r e g io n  r e s e rv e d  f o r  th e  mi­

t o t i c  a p p a ra tu s  from th e  s t r e a k  s ta g e  a t  l e a s t  th ro u g h  anaphase  a s  

r e p o r te d  h e r e .  F i n a l l y ,  i n  a  r e c e n t  re v ie w , S anger  (1977) found 

many r e p o r t s  o f  v e s i c l e s  w i th in  and around m i t o t i c  and m e io t ic  

s p in d l e s  i n  b o th  p l a n t  and an im al c e l l s . *

T hat C a - s e q u e s te r in g  v e s i c l e s  may a f f e c t  MTs i s  s u g g e s te d  by 

e x p e r im e n ts  u s in g  crude c h ic k  embryo f r a c t i o n s  c o n ta in in g  such 

v e s i c l e s .  These s t u d i e s  d e m o n s tra te  t h a t  such f r a c t i o n s  can n o t sup ­

p o r t  MT assem bly  i f  th e  v e s i c l e s  a r e  made to  r e l e a s e  t h e i r  Ca++ by 

t r e a tm e n t  w ith  c a f f e i n e ,  T r i t o n  X-100, o r  p h o s p h o l ip a s e . W ithou t 

th e s e  a g e n ts  o r  w i th o u t  th e  v e s i c l e s ,  th e  f r a c t i o n s  e a s i l y  s u p p o r t  

MT p o ly m e r iz a t io n  (B ryan, 1975). Thus, th e  id e a  t h a t  ER may a c t  a s  

a  Ca pump to  c o n t r o l  MT growth seems r e a s o n a b ly  w e l l  s u p p o r te d .

ER, how ever, may n o t  a c t  a lo n e .  As a l r e a d y  m en tioned , m ito ­

c h o n d r ia  a lo n e  can a c t  a s  Ca++ r e g u l a t o r s  (Rasmussen and Goodman, 

1 975) . I t  i s  p o s s i b l e  t h a t  t h e i r  d en se  g r a n u le s  may s im p ly  be a 

s to r a g e  form o f  ca lc iu m . A lso ,  a l l  pumps need  en e rg y  and th e  p ro x ­

im i ty  o f  th e  m ito c h o n d r ia  t o  th e  ER membranes s u g g e s ts  t h a t  th e  

ene rgy  p ro d u c e r  i s  n e a r  th e  consumer.

* Footnote: Direct evidence baa been found for ATP-dependent ^ C a  uptake 
by vesicles in mitotic apparatuses from sea urchin zygotes mechanically 
lysed in polymerizing medium. Triton X-100 disrupts the vesicles releasing 
the ^Ca. (R.B Silver, V.Z. Cande, J.K. Holtz, and R.D. Cole, J. Cell 
Biol. 72: 299a).
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2 . C -M ic ro tu b u le s

T h is  s tu d y  c l e a r l y  d e m o n s t r a te s  t h a t  C-MTs c o n s t i t u t e  a  

m a jo r  p e r c e n ta g e  o f  MTs found  i n  th e  i n t e r z o n e  o f  s e a  u r c h in  

z y g o te s  in  s i t u  and c o n f irm s  t h e i r  e x i s t e n c e  i n  s p i n d l e s  i s o ­

l a t e d  i n  h e x y le n e  g l y c o l  (Cohen and G o t t l i e b ,  1 9 7 1 ) .  F u r t h e r -  

more, p o l a r i z a t i o n  m ic ro sco p y  on L. v a r i e g a t u s  show ing  l a c k  o f  

b i r e f r i n g e n c e  in  th e  an a p h ase  i n t e r z o n e  i s  i n t e r p r e t a b l e  a s  an 

e f f e c t  o f  C-MTs in  v i v o . Such C-MTs a r e  p r o b a b ly  caused  by an 

o p en in g  up o f  th e  MT c y l i n d e r  (B ryan , 1976) and have  been  found 

in  d i v e r s e  s y s te m s .  Some o f  t h e s e  a r e  n a t u r a l , . e . g . , B - s u b f ib e r s  

o f  c i l i a  and f l a g e l l a ,  norm al b i n a r y  f i s s i o n  o f  th e  c i l i a t e  Nas-  

s u l a  (T u c k e r ,  1967)» and c e l l  d i v i s i o n  o f  Haemanthus endosperm  

(L am bert and B a je r ,  1972 j J e n s e n  and B a j e r ,  1 9 7 3 ) .  O th e rs  i n ­

v o lv e  e x p e r im e n ta l  t r e a t m e n t  o f  c e l l s  and in c lu d e  b lo o d  p l a t e l e t s  

r e c o v e r i n g  from c o ld  (Behnke, 1967)* H e l io z o a n  axopods r e t r a c t e d  

by n ic k e lo u s  io n  (R oth  and S h ig e n a k a ,  1 9 7 0 ) ,  and c o ld -sh o c k e d  

mammalian s p i n d l e s  (B r in k le y  and C a r tw r ig h t ,  1 9 7 5 ) .  They were 

o v e r lo o k e d  in  m ic ro g ra p h s  o f  HeLa s p i n d l e s  r e c o v e r i n g  from p r e s ­

s u r e - in d u c e d  d e p o ly m e r iz a t io n  (Salmon e t  a l? ' ,  1 9 7 6 ) .  C-MTs have 

a l s o  been  o b se rv e d  i n  v i t r o , e s p e c i a l l y  a t  th e  b e g in n in g  o f  t u ­

b u l i n  assem bly  ( E r ic k s o n ,  1974j B ryan , 1 9 7 6 ) .  A l l  t h i s  s u g g e s t s  

t h a t  C-MTs a r e  formed when t h e r e  i s  e i t h e r  sudden  g row th  o r  r a ­

p id  d is a s s e m b ly  o f  MTs. A p p a r e n t ly ,  i t  makes no d i f f e r e n c e  whe­

t h e r  t h i s  i s  a  r e s u l t  o f  a  n a t u r a l  dynam ic s i t u a t i o n  a s  in  s e a  

u r c h in  s p i n d l e s  o r  th e  r e s u l t  o f  e x p e r im e n ta l  m a n ip u la t io n  a s  i n  

c o ld -sh o c k e d  c e l l s .  The f i n d i n g  o f  C-MTs u n d e r  c o n d i t i o n s  o f  

sudden  and r a p i d  assem b ly  i n  v i t r o  ( E r i c k s o n ,  1974) s u p p o r t s  

t h i s  h y p o t h e s i s .

The u se  o f  t a n n i c  a c id  d u r in g  f i x a t i o n  r e s u l t s  i n  th e  s t a i n ­

in g  o f  th e  s p a c e s  b e tw een  MT s u b u n i t s  so t h a t  th e y  a p p e a r  a lm o s t



a s  i f  th e y  were n e g a t i v e l y  s t a i n e d  ( F ig .  5*0. C-MTs o f  i s o l a t e d  

m i t o t i c  a p p a r a tu s e s  so f i x e d  r e v e a l  fe w e r  th a n  th e  u s u a l  13 p r o ­

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

o r  rem o v a l.  (B u r to n  and Himes (1978) found more th a n  13 u n d e r  

c e r t a i n  c o n d i t i o n s  o f  in  v i t r o  p o l y m e r i z a t i o n . )  The f i n d i n g  r e ­

p o r t e d  h e r e  o f  red u c e d  num bers o f  C-MTs in  A* P u n c t u l a t a  s p in d l e s  

i s o l a t e d  in  m o d if ie d  p o ly m e r i z a t io n  medium s u g g e s t s  some f i l l i n g  

i n  o f  th e  C-MTs ta n s fo r m in g  them i n t o  norm al o n e s .  C o n s i s t e n t  

w i th  t h i s  h y p o th e s i s  was th e  r e c e n t  r e p o r t  t h a t  r e g e n e r a t i n g  

Chlamvdomonas f l a g e l l a  have such  a  C-MT a t  th e  d i s t a l  end o f  th e  

A - s u b f ib e r  ( D e n t l e r  and Rosenbaum, 1 9 7 7 ) .  S tu d i e s  u s in g  r a d i o -  

a c t i v e l y  l a b e l l e d  t u b u l i n  have shown t h i s  end i s  th e  s i t e  o f  a d ­

d i t i o n  o f  new s u b u n i t s  d u r in g  grow th  (Witman, 1975)* Thus, i t  

a p p e a r s  t h a t  C-MTs r e p r e s e n t  an a c t i v e  i n t e r m e d i a t e  s t a g e  i n  

th e  MT p o ly m e r i z a t i o n /d e p o ly m e r i z a t i o n  r e a c t i o n .

The p r e s e n c e  o f  C-MTs i n  th e  in te r z o n e  r e g io n  a t  anaphase  

i n d i c a t e s ,  t h e r e f o r e ,  t h a t  th e  i n t e r z o n e  i s  an a c t i v e  r e g io n  o f  

s p i n d l e  a s s e m b ly /d is a s s e m b ly  and MT p o ly m e r i z a t io n /d e p o ly m e r i ­

z a t i o n  i n  th e  i n t e r z o n e  o c c u rs  v i a  a  mechanism s i m i l a r  to  t h a t  

s t u d i e d  in  v i t r o  f o r  n e u r o t u b u l i n  ( E r ic k s o n ,  197*0. T hat t h i s  

r e g io n  i s  in d e e d  d i f f e r e n t  from o t h e r  s p in d le  r e g io n s  i s  s u p p o r ­

t e d  by th e  red u c e d  amount o f  ER p r e s e n t  t h e r e  ( s e e  R e s u l t s  s e c ­

t i o n ) .  S i m i l a r  r e d u c t i o n  i n  o t h e r  c e l l  ty p e s  have b een  o v e r lo o k ­

e d ,  a s  i n  th e  HeLa c e l l  i n t e r z o n e  (R obbins and J e n t z s c h ,  1969).

I t  ER a c t s  a s  a  Ca pump, w hich seem l i k e l y ,  th e n  an  e x ­

p l a n a t i o n  f o r  C-MTs in  t h i s  r e g io n  i s  r e a d i l y  a p p a r e n t .  Ca++ 

d i f f u s i n g  i n t o  th e  i n t e r z o n e  d e s t a b i l i z e s  MTs so t h a t  th e y  d e -  

p o ly m e r iz e  and form  C-MTs, Reduced ER in  an a p h ase  i n t e r z o n e  may 

a l s o  e x p l a i n  B r in k le y  and C a r t w r i g h t ' s  r e s u l t s  (1975) d em o n s tra -
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t i n g  d i f f e r e n c e s  i n  s t a b i l i t y  o f  (p re su m ab ly )  th e  same i n t e r ­

z o n a l  MTs betw een  e a r l y  an ap h ase  and te lo p h a s e  (m idbody) i n  c u l ­

tu r e d  mammalian c e l l s .  E a r ly  an ap h ase  i n t e r z o n a l  MTs were found 

to  be c o l d - l a b i l e  w h ile  th o s e  o f  t h e  t e lo p h a s e  midbody w ere n o t .  

T h is  a l s o  s u g g e s t s  t h a t  a  r e g io n  a c t i v e  in  a s s e m b ly /d is a s s e m b ly  

i s  more s e n s i t i v e  to  c o ld  and p e rh a p s  o t h e r  p h y s i c a l  and chem i­

c a l  a g e n t s  th a n  r e g io n s  n o t  so a c t i v e .

W ith r e g a r d  to  th e  s e a  u r c h i n  s p i n d l e ,  C-MTs a t  th e  m eta­

p h ase  p l a t e  a r e  p ro b a b ly  th e  r e s u l t  o f  r a p id  i n t e r p o l a r  MT a s ­

sembly w h ile  th o s e  o f  an ap h ase  i n t e r z o n e  a r e  more l i k e l y  th e  r e ­

s u l t  o f  t h e i r  r a p id  d e p o l y m e r iz a t io n .  C-MTs in  th e  chromosome- 

t o - p o l e  r e g i o n ,  a l th o u g h  p r e s e n t  i n  red u ced  num bers, r e q u i r e  

f u r t h e r  e x p l a n a t i o n .  One p o s s i b i l i t y  i s  t h a t  c y c l in g  o f  t u b u l i n  

th ro u g h  MTs may o c c u r  a s  s u g g e s te d  by Rebhun e t  a l .  (1975) b ased  

upon th e  e f f e c t s  o f  c e r t a i n  p a i r s  o f  a g e n ts  on th e  MT a s s e m b ly /  

d is a s s e m b ly  e q u i l i b r iu m  i n  v i v o . T h is  th e o ry  s t a t e s  t h a t  tu b u ­

l i n  s u b u n i t s  a r e  c o n s t a n t l y  b e in g  added to  MTs a s  o t h e r s  a r e  r e ­

moved, fo rm in g  a  c o n t in u o u s  c y c le  o f  t u b u l i n  on and o f f  th e  MT

w h ile  m a in ta in in g  a  s t e a d y - s t a t e . The a c t i v e  s i t e s  o f  such  MTs 

would p resu m ab ly  show up as. C-MTs. R e c e n t ly ,  M a rg o l is  and W il­

son (1 9 7 8 ) ,  u s in g  ^H-GTP a s  a  t u b u l i n  m arker  in  a  s t e a d y - s t a t e  

assem bly  sy s te m , have  found  e v id e n c e  o f  such  c y c l in g  in  v i t r o .

The f a c t  t h a t  no C-MT w ith  13 p r o t o f i l a m e n t s  co u ld  be 

found s u g g e s t s  t h a t  t h e  a d d i t i o n  o f  th e  t h i r t e e n t h  s u b u n i t  

( o r  p r o t o f i l a m e n t )  c a u s e s  im m edia te  c l o s u r e  o f  th e  MT c y l i n ­

d e r .  S in c e  B - s u b f ib e r s  o f  s e a  u r c h in  f l a g e l l a  a r e  n a t u r a l l y  

composed o f  11 s u b u n i t s  (T i ln e y  e t  a l . ,  1973 )» th e y  a p p a r e n t ly  

rem ain  u n c lo s e d .  P ro b a b ly  t h e r e  i s  so m e th in g  u n iq u e  a b o u t  

such  t u b u l i n  t h a t  m a in ta in s  s p e c i f i c  b in d in g  a f f i n i t y  f o r  p a r -



t i c u l a r  s u b u n i t s  o f  A - s u b f ib e r s  ( T i ln e y  e t  a l . ,  1973)* In d e ed ,  

b io c h e m ic a l  e v id e n c e  a l r e a d y  e x i s t s  showing s e a  u r c h in  c i l i ­

a ry  and f l a g e l l a r  t u b u l i n  to  be d i f f e r e n t  from  m i t o t i c  tu b u ­

l i n  o f  th e  same s p e c i e s  ( B ib r in g  e t  a l . , -  1976) a s  m en tioned  

i n  t h e  i n t r o d u c t i o n .

3 .  S t r e a k  S tag e  E ndoplasm ic  R e tic u lu m

The most o b v io u s  c h a r a c t e r i s t i c  o f  th e  s t r e a k  s t a g e  i s  

th e  s t r e a k  form ed by s h e e t s  o f  ( m o s t ly )  rough  s a c c u l a r  ER ( F ig  

1 5 ) .  The s t r e a k  e x c lu d e s  m ost g r a n u le s  from a  zone s t r e t c h i n g  

a c r o s s  th e  n u c le u s  from  one s id e  o f  th e  c e l l  to  th e  o t h e r .  

S in ce  th e  u n f e r t i l i z e d  egg  d o e s  n o t  have s a c c u l a r  ER, i t  must 

be new ly a s se m b le d .  A lthough  th e  o r i g i n  o f  t h e s e  membranes 

i s  o b s c u re ,  two p o s s i b i l i t i e s  a r e  s u p p o r te d  by u l t r a s t r u c t u r a l  

e v id e n c e  r e p o r t e d  h e r e .  The m ost l i k e l y  i s  t h a t  a  l a r g e  p a r t  

o f  th e  v e s i c u l a r  ER, e s p e c i a l l y  t h e  l a r g e r  v e s i c l e s ,  i s  t r a n s ­

formed by th e  c e l l  i n t o  th e  s a c c u l a r  ER, s in c e  th e  a p p e a ra n c e  

o f  th e  l a t t e r  i s  c o n c o m ita n t  w i th  a  b i g  d e c r e a s e  in  t h e  fo rm er  

The o t h e r  p o s s i b i l i t y  i s  s u p p o r te d  by th e  d i s t r i b u t i o n  o f  s a c ­

c u l a r  ER around  th e  n u c le u s  and a  s m a l l  amount o f  n u c l e a r  

en v e lo p e  v e s i c u l a t i o n ,  s u g g e s t in g  a  n u c l e a r  o r i g i n  f o r  a t  

l e a s t  some o f  th e  ER p ro d u c e d .  A rgu ing  a g a i n s t  t h i s ,  how ever, 

i s  th e  f a c t  t h a t  th e  n u c le u s  a c t u a l l y  grows d u r in g  s t r e a k  

s t a g e .

O th e r  p o s s i b i l i t i e s  e x i s t .  F o r  example*, s in c e  l i p i d  

s y n t h e s i s  i n c r e a s e s  f i v e - f o l d  (E p e l  e t  a l . ,  1969) a f t e r  f e r ­

t i l i z a t i o n ,  de novo s y n t h e s i s  may be p o s s i b l e .  I t  i s  im p o r ta n t  

t o  remember, th o u g h ,  t h a t  t h i s  i s  a  l a t e  change and p ro b a b ly  

co u ld  n o t  a c c o u n t  f o r  a l l  th e  s a c c u l a r  ER, A n o th e r  p o s s i b i l i t y  

i s  t h a t  m i to c h o n d r ia  a r e  r e s p o n s i b l e  f o r  s a c c u l a r  ER e l a b o r a ­
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t i o n .  They a p p e a r  to  he v e s i c u l a t i n g  ( P ig .  18, i n s e t )  and a r e  in  

c o n t a c t  w i th  l i p i d  d r o p l e t s  w hich  co u ld  a c t  a s  a  r e s e r v o i r  o f  

raw m a t e r i a l .  A rgu ing  a g a i n s t  t h i s ,  how ever, i s  t h e  RQ* o f  th e  

f e r t i l i z e d  egg w hich i s  0 .7 1  (R o o t,  1930) i n d i c a t i v e  o f  a  l i p i d  

en e rg y  so u rc e  (L e h n in g e r ,  1975) and e x p l a i n i n g  th e  o b v io u s  m i to ­

c h o n d r ia l  p r o p e n s i t y  f o r  l i p i d  d r o p l e t  a s s o c i a t i o n .  F u r th e rm o re ,  

t h i s  a s s o c i a t i o n  c o n t in u e s  a t  l e a s t  th ro u g h  a n a p h a se ,  w e l l  beyond 

th e  tim e o f  s a c c u l a r  ER e l a b o r a t i o n  d u r in g  th e  s t r e a k  s t a g e .

I f  th e  o r i g i n  o f  s a c c u l a r  ER i s  o b s c u re ,  so to o  i s  i t s  f u n c -  

t i o n .  One o b v io u s  r o l e  m igh t be a s  a  Ca r e g u l a t o r  a n a lo g o u s  

to  m uscle  s a rc o p la s m ic  r e t i c u l u m .  As su c h ,  i t  co u ld  d e c re a s e  

l o c a l  Ca c o n c e n t r a t i o n s  to  a l lo w  m i t o t i c  a p p a r a tu s  MTs t o :. 

grow. In  f a c t  a  few MTs a r e  p r e s e n t  i n  th e  s t r e a k ,  e s p e c i a l l y  

around  a n n u la te  l a m e l l a e  and heavy  b o d ie s .  U n f o r tu n a te ly ,  t h e r e  

i s  no e v id e n ce  t h a t  th e  Ca - a c t i v a t e d  ATPase i s  a c t i v e  a t  s t r e a k  

s t a g e  ( P e t z e l t  and Von L e d e b u r - V i l l e g e r ,  1 9 7 3 ) .  The same i s  

W ue f o r  th e  ^ C a  f l u x  ( C l o t h i e r  and T im o u rian , 1972) which 

shows no p eak s  a t  t h i s  t im e .  Thus, a  Ca r e g u l a t i n g  r o l e  seems 

to  be p r e c lu d e d  by l a c k  o f  any e v id e n c e  i n  i t s  f a v o r .

A no ther  and more l i k e l y  r o l e  would be a s  a  membrane p o o l f o r  

th e  f u t u r e  t u b u l a r  ER, d a u g h te r  n u c l e i ,  o r  even p la sm a  membrane 

d u r in g  c l e a v a g e .  ER i s  r e s p o n s i b l e  f o r  r e p a i r  o f  damaged ameba 

n u c le u s  ( F l e c k in g e r ,  197^1 1976) and Longo (1972) r e p o r t e d  t h a t  

n u c l e a r  en v e lo p e  b r e a k s  down i n t o  s a c c u l a r  e le m e n ts  i n  A. p u n c t -  

u l a t a . A n im a l.a s  w e l l  a s  p l a n t  n u c l e a r  e n v e lo p e  r e s e m b le s  ER 

b io c h e m ic a l ly  ( P h i l i p p  e t  a l . ,  1976) so th e y  may be i n t e r c o n ­

v e r t i b l e  w i th  e a s e .  A lso ,  G o lg i a p p a r a t u s ,  th o u g h t  to  be i n -

*F o o tn o te  t RQ, th e  r e s p i r a t o r y  q u o t i e n t ,  i s  d e f in e d  a s  th e  r a t i o  
o f  C0 2 p roduced  to  0 * consumed and i s  d i f f e r e n t  f o r  each  su b ­
s t r a t e  r e s p i r e d .
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volved  in  membrane tra n sfo r m a tio n s  ('/Jhaley e t  a l . »  1975)* i s  

p r e s e n t  in  the s tr e a k  e a s i l y  a v a i la b le  f o r  such membrane 

a l t e r a t i o n s .  Thus, th ere  i s  some ev id en ce  th a t  one form o f  

membrane may be transform ed in t o  o t h e r s , -

An a l t e r n a t i v e ,  or  perhaps a d d i t io n a l ,  p o s s i b i l i t y  i s  

th a t  ER a c t s  as a p h y s ic a l  b a r r ie r ,  k eep in g  the area f r e e  o f  

many la r g e  g ra n u les  and o r g a n e l l e s ,  and p e r m it t in g  assembly  

o f  the m ito t ic  ap paratu s . C e r ta in ly ,  the o r i e n t a t io n  o f  the  

s tr e a k  i s  such t h a t  i t  p r e sa g e s  the sp in d le  p lane and a x is  

su g g e s t in g  a ca u sa l r e l a t i o n s h i p .

I t  i s  p o s s ib l e  to  pro lon g  s trea k  s ta g e  by treatm en t o f  

eggs w ith  cyc lohex im id e which i n h i b i t s  p r o te in  s y n t h e s i s  (Su­

zuki and Y o sh ita k e , 1973). Another way i s  to s u b je c t  sperm to  

X -rays b e fo re  f e r t i l i z a t i o n ,  in  which case c a f f e in e  and s e v ­

e r a l  o th e r  methyl x a n th in es  (but n ot a l l )  r e v e r se  p ro lo n g a tio n  

on ly  when added a t  the s t a r t  o f  the s tr e a k  (Nakamura, 1974),

S ince  methyl x a n th in e s  are known to in c r e a se  cAI.IF l e v e l s ,  i t  

was f e l t  th a t  t h i s  may be r e s p o n s ib le  f o r  t h e i r  e f f e c t s .  A l­

though both exogenous and endogenous cAXP do n o t  a f f e c t  n o r­

mal c e l l  d i v i s i o n  in  sea  urch in  and S o is u la  eggs (Rebhun e t  

a l . ,  1975)* i t  may p lay  a r o le  in  r e v e r s in g  abnormal p ro lo n ­

g a t io n ,  A_. p u n c tu la ta  DNA i s  sy n th e s iz e d  during s tr e a k  s ta g e  

(Longo and P lu n k e t t ,  1973) and i t  i s  p o s s ib l e  t h a t  the X-ray  

damage to  sperm DNA i s  then r e p a ir e d ,  d e la y in g  s y n t h e s i s  and 

p ro lo n g in g  the s tr e a k  s t a g e .  I t  i s  unknown i f  cA?JP i s  capable  

o f  c ircum venting  or sp eed in g  such r e p a ir .  Cyclohexim ide was 

a ls o  found to  d e la y  DNA s y n th e s i s  (Suzuki and Y o sh ita k e , 1973),  

so t h i s  may be a common mechanism.

Puromycin, an o th er  in h i b i t o r  o f  p ro te in  s y n t h e s i s ,  has
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a d i f f e r e n t  e f f e c t  on s e a  u r c h in  e g g s .  I t  a r r e s t s  c e l l s  a t  

s t r e a k  s ta g e  ( B ib r in g  and C o u s in eau , 1964) r a t h e r  th a n  j u s t  

p ro lo n g in g  s t r e a k  s t a g e .  Y e t, i t  has  no a f f e c t  on DMA s y n th e ­

s i s  (W il t  e t  a l . ,  1 9 6 7 ) .  S in ce  p u ro m y c in •p r e v e n t s  th e  in c r e a s e d  

a c t i v i t y  o f  th e  Ca - s t i m u l a t e d  ATPase, Bryan (1975) su g g e s te d  

t h a t  th e  enzyme i s  r e p o n s ib l e  f o r  th e  d e v e lo p m e n ta l  a r r e s t .

'Why th e  two i n h i b i t o r s  o f  p r o t e i n  s y n t h e s i s  d i f f e r  in  t h e i r  

e f f e c t s  re m a in s  a  q u e s t i o n  t h a t  cou ld  l e a d  to  more in f o rm a t io n  

a b o u t  th e  s t r e a k  s t a g e .

A nnu la te  L am ellae  and N u c le a r  P o res

A nnu la te  l a m e l l a e  have been  e x t e n s i v e l y  rev ie w e d  (K e s s e l ,  

1968; W is c h n i tz e r ,  1970) b u t  s t i l l  rem ain  an  en igm a. The b e s t  

e v id en c e  s u g g e s ts  t h a t  th e y  a r e  p roduced  b y  th e  n u c l e a r  e n v e l ­

o pe , th e  p o r e s  o f  w hich c l o s e l y  re se m b le  th o s e  o f  a n n u la te  

l a m e l l a e .  A n n u la te  l a m e l l a e  a r e  u s u a l l y  found  in  s y n t h e t i c a l l y  

a c t i v e  and m i t o t i c  c e l l s ,  e . g . ,  germ and em bryonic c e l l s ,  c a n ­

c e r  and tum or c e l l s ,  and in  some a d u l t  so m a tic  c e l l s  i n c lu d in g  

c e l l s  from ep id idym us e p i th e l iu m ,  endom etrium , a x i l l a r y  g lan d  

and a d r e n a l  c o r t e x .  B ecause th e y  a re  b a s o p h i l i c ,  th e y  a re  

th o u g h t  to  c o n ta in  r i b o n u c l e o p r o t e i n  o r  n u c l e i c  a c i d .  C o n t in ­

u i t i e s  o f t e n  e x i s t  betv/cen a n n u l a te  l a m e l l a e  and rough  ER, ’

v e s i c u l a r  ER, m i to c h o n d r ia ,  G o lg i a p p a r a tu s ,  and even y o lk .

The p r e s e n t  s tu d y  f in d s  a  r e l a t i o n s h i p  be tw een  a n n u la te  

l a m e l l a e  and m i t o t i c  MTs t h a t  s u g g e s t s  a  r o l e  a s  a  t u b u l i n -  

s t o r i n g  o r g a n e l l e .  I t  i s  based  upon u l t r a s t r u c t u r a l  e v id e n c e  

show ing a n n u la te  l a m e l l a e  to  be i n  i n t i m a t e  c o n t a c t  w i th  MTs 

and even  p e rh a p s  C-MTs. A lso , a n n u la t e  l a m e l l a e  a r e  som etim es 

o b se rv e d  n e a r  c e n t r i o l e s  ( K e s s e l ,  1968) and b o th  o r g a n e l l e s  

a r e  a s s o c i a t e d  w i th  an amorphous " fu zz y "  m a t e r i a l  t h a t  may
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tie t u b u l i n .  T h e i r  l o c a t i o n  i n  th e  s t r e a k  p l a n e ,  t h e i r  d i s a p ­

p e a ra n c e  and r e p la c e m e n t  by m i t o t i c  a p p a r a tu s  assem bly  and 

g row th  s u g g e s t s  such a  r e l a t i o n s h i p .  The l i t e r a t u r e  d e s c r i b e s  

many i n s t a n c e s  o f  t r e a tm e n t  t h a t  r e s u l t s  i n  b o th  p r o l i f e r a t i o n  

o f  a n n u l a te  l a m e l l a e  and i n c r e a s e d  m i t o s e s .  Exam ples in c lu d e  

work w ith  amino a c id  a n a lo g s ,  c h ic k  embryo myocardium i n c u ­

b a te d  a t  re d u c e d  te m p e r a tu r e ,  and endom etrium  t r e a t e d  w i th  

h ig h  c o n c e n t r a t i o n s  o f  e s t r o g e n - p r o g e s t e r o n e  ( K e s s e l ,  19 68).

.’lo re  d i r e c t  e v id e n ce  l i n k i n g  a n n u l a t e  l a m e l l a e  to  tu b u ­

l i n  was p ro v id e d  by D eB rabander and B o rg e rs  (1975) a s  m entioned  

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

i n  c u l t u r e d  c e l l s  when t r e a t e d  w ith  d ru g s  ( c o l c h i c i n e ,  v i n ­

b l a s t i n e ,  v i n c r i s t i n e ,  p o d o p h y l lo to x in ,  and r o te n o n e )  t h a t  

d is a s s e m b le  MTs by d i f f e r e n t  p a th w ay s . S in ce  D a le s  e t  a l .

(1973) had r e p o r t e d  l a b e l l i n g  n u c l e a r  p o re s  and a n n u la te  l a ­

m e lla e  w i th  f e r r e t i n - l a b e l l e d  t u b u l i n  a n t ib o d y ,  D eB rabander 

and B o rg e rs  s u g g e s te d  t h a t  a n n u la t e  l a m e l l a e  and n u c l e a r  

p o re s  were s i t e s  o f  e i t h e r  t u b u l i n  s y n t h e s i s  o r  MT p o ly m e r i ­

z a t i o n .  P r i o r  to  t h i s ,  f u n c t i o n s  p ro p o se d  in c lu d e d  t r a n s p o r t  

o f  n u c l e a r  in f o r m a t io n ,  c o n t r o l  o f  ER form  o r  f u n c t i o n ,  and 

s to r a g e  o f  s p e c i f i c  raw m a t e r i a l s .  The p r e s e n t  s tu d y  s u p p o r t s  

t h i s  l a t t e r  v iew  and s u g g e s t s  t u b u l i n  i s  th e  raw m a t e r i a l .

S im i l a r  e v id e n c e  e x i s t s  f o r  n u c l e a r  p o r e s .  T h e i r  l o c a ­

t i o n ,  d i s a p p e a r a n c e ,  and re p la c e m e n t  by s p in d le  MTs i s  su p ­

p o r t i v e .  The l i t e r a t u r e  shows t h a t  p r o l i f e r a t i n g  c e l l s  and 

tum or c e l l s  have a  g r e a t e r  number o f  p o r e s  th a n  do norm al 

c e l l s  (S v e jd a  e t  a l . ,  1975)* F o r  exam ple , lym phocy tes  s t im u ­

l a t e d  by t r e a tm e n t  w i th  p h y to h e m a g g lu t in in  (FHA) have tw ic e  

a s  many a s  c o n t r o l s  (Maul e t  a l . ,  1971)» h y p e r t r o p h ie d  myo­

ca rd ium  h a s  many more th a n  n o rm al myocardium (Bloom, 1975 ) ,
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and in  a s tudy  r e m in is c e n t  o f  ch ick  embryo m yocard ia l a n n u la te  

la m e l la e ,  p l a n t s  grown a t  low ered te m p e ra tu re s  had more n u c le a r  

p o re s  than  th o se  grown a t  normal te m p e ra tu re s  to  th e  same s ta g e  

(L o t t  and V ollm er, 1975)* Such tem p era tu re  ex p e rim en ts  can be 

i n t e r p r e t e d  as  an a t te m p t to  r e s t o r e  assem bly e q u i l ib r iu m  by 

c o u n te r a c t in g  tem p era tu re  r e d u c t io n  w ith  c o n c e n t r a t io n  in c re a s e  

in  th e  e q u i l ib r iu m  e q u a t io n .  A fuzzy  m a te r ia l  i s  a l s o  found in  

th e  n u c l e a r  pore complex (S cheer  and F ranke, 1969) and p u r i f i e d  

r a t  l i v e r  n u c l e i  w ith  no MTs have h igh  c o lc h ic in e  b in d in g  a c t i ­

v i t y  (Douvas e t  a l . ,  1975)» u s u a l ly  a s s o c ia te d  w ith  tu b u l i n ,  

and su p p o r t in g  th e  tu b u l in - a n t ib o d y  l a b e l l i n g  r e s u l t s  o f  Dales 

e t  a l .  (1973)* A ll o f  th e s e  o b s e rv a t io n s  a re  c o n s i s t e n t  w ith  

a t u b u l i n - s t o r i n g  r o l e  f o r  n u c le a r  p o re s ,

5t Heavy Bodies and a U n ify ing  H ypo thes is  f o r  T u b u lin -  

C o n ta in in g  - S t r u c t u r e s  t

Heavy b o d ie s  c o n s i s t  o f  a dense mass o f  g r a n u la r  and 

fuzzy  m a te r ia l  bounded in c o m p le te ly  by a n n u la te  la m e l la e .

Like a n n u la te  l a m e l la e ,  th ey  a l i g n  in  th e  s t r e a k  and d is a p p e a r  

when th e  n u c le u s  d o es .  T h is  a lso  su g g e s ts  a  r o l e  in  th e  f o r ­

m ation o f  th e  m i to t i c  a p p a ra tu s .  An a t t r a c t i v e  h y p o th e s is  i s  

than  th e  g ra n u le s  found in  th e  dense mass o f  heavy b o d ie s  i s  

the  same m a te r ia l  as  th e  c e n t r a l  g ra n u le s  found in  th e  po res  

o f  a n n u la te  la m e l la e  and n u c l e a r  envelope (F ig .  17, i n s e t )  

and t h a t  th e s e  a re  a  p a r t i c u l a t e  form o f  t u b u l i n .  Of c o u rse ,  

th e  fuzzy  m a te r ia l  may be th e  tu b u l in  o r  th e y  b o th  may be 

t u b u l i n ,  pe rhaps  in  e q u i l ib r iu m  w ith  each o th e r .

W eisenberg (1972b) i d e n t i f i e d  such a  non-MT form o f  t u ­

b u l in  in  S p is u la  eggs by c o lc h ic in e  b in d in g .  He found t h a t
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t h e s e  t u b u l i n - c o n t a i n i n g - s t r u c t u r e s  a r e  sp h e re s  o f  10 to  20 

ju:n i n  d ia m e te r  w ith  an a t t a c h e d  membranous s t r u c t u r e  and con­

t a i n i n g  200 & g r a n u le s  a s  w e l l  a s  a  few s h o r t  MTs. They d i s ­

a p p e a r  a t  th e  tim e th e  n u c le u s  does and d e c re a se  in  number 

whenever MTs a r e  a ssem b led , s u g g e s t in g  t h a t  th e y  a re  e i t h e r  

a s to r a g e  form o r  an in te r m e d ia te  form o f  t u b u l i n  f o r  MT a s ­

sem bly, Overlooked by H e isen b e rg  (1972; H e isen b e rg  and Rosen- 

f e l d ,  1975) i s  th e  f a c t  t h a t  th e y  a re  q u i t e  s i m i l a r  to  se a  

u rc h in  heavy b o d ie s .  S i m i l a r l y ,  mammalian b r a i n  and l i v e r  may 

have p a r t i c u l a t e  form s o f  t u b u l i n  and in  A,, p u n c t u la t a  u n f e r ­

t i l i z e d  eggs as  much a s  20;^ o f  c o l c h ic in e  b in d in g  a c t i v i t y  

i s  found in  th e  p a r t i c u l a t e  f r a c t i o n  (R a f f ,  1975)*

The p o s s ib le  im p o rtan ce  o f  heavy b o d ie s  to  c e l l  d i v i s i o n  

i n  Dchinoderm eggs w a r ra n te d  a  su rvey  o f  th e  l i t e r a t u r e  on 

o th e r  p h y la  f o r  s i m i l a r  o r  r e l a t e d  o r g a n e l l e s ,  H h ile  eggs o r  

o o c y te s  o f  humans ( H e r t ig ,  19*53),  c h ic k e n s  ( B e l l a i r s ,  1967)* and 

m o llu sks  (Rebhun, 1961) have i n t e r s t i n g  s t r u c t u r e s  in v o lv in g  

a n n u la te  l a m e l l a e ,  th e  d ra g o n f ly  o o cy te  has  th e  one most sim ­

i l a r  to  heavy b o d ie s .  D rag o n fly  o o c y te s  c o n ta in  a cy to p la sm ic  

o r g a n e l le  c a l l e d  y o lk  n u c l e i  ( o r  3 a l b i a n i  b o d ie s )  which a re  

n o t  n u c l e i  n o r  do th e y  have a n y th in g  to  do w ith  y o lk .  K esse l  

and Beams ( 19^9 ) s tu d ie d  them in  d e t a i l  and t h e i r  d e s c r i p t i o n  

su g g e s ts  t h a t  they  a re  an a lo g o u s  to  s e a  u r c h in  heavy b o d ie s  

o r  s u r f  clam t u b u l i n - c o n t a i n i n g - s t r u c t u r e s .  Yolk n u c l e i  con­

s i s t  o f  g r a n u la r  dense  m asses w ith  amorphous m a t e r i a l  i n  which 

numerous a n n u la te  la m e l la e  a p p e a r  to  be p ro d u ced . L ike heavy 

b o d ie s ,  th e s e  s t r u c t u r e s  c o n ta in  RNA, a r e  a s s o c i a t e d  w ith  an ­

n u l a t e  l a m e l l a e ,  a r e  p r e s e n t  i n  o o c y te s ,  and have a g r a n u l a r -  

amorphous s t r u c t u r e .  Of even more im p o r ta n c e ,  how ever, i s



t h e i r  a s s o c i a t i o n  w i th  MTs w hich  o f t e n  c o u rse  th ro u g h  t h e i r  

den se  m asses  a l th o u g h  e v e r y t h in g  e l s e  i s  ex c lu d ed  from  t h e s e  

m a sse s .  The m a jo r  d i f f e r e n c e s ,  t h e n ,  a r e  s im p ly  how th e  s t r u c ­

t u r e s  a r e  o r g a n iz e d .  In  heavy b o d ie s  t h e  a n n u la t e  l a m e l l a e

su r ro u n d  th e  dense  mass and th e  MTs a r e  j u s t  o u t s i d e  w h i le
*

i n  y o lk  b o d ie s  t h e  a n n u la te  l a m e l l a e  and MTs a r e  i n s i d e  th e  

d ense  m ass . In  b o th  c a s e s  th e  d en se  m asses have b een  d e s c r ib e d  

a s  c o n t a i n i n g  g r a n u le s  and f i l a m e n t s  and a p p e a r in g  am orphous.

Such i n t e r e s t i n g  s t r u c t u r e s  a r e  n o t  l i m i t e d  to  eggs and 

o o c y te s ,  how ever. A n o th e r  s i m i l a r  s t r u c t u r e  was found  i n  a 

s tu d y  o f  c i l i o g e n e s i s  i n  f e t a l  r a t  lu n g  by S o ro k in  ( 1 9 6 8 ) .  

D u rin g  c i l i o g e n e s i s  one o f  th e  f i r s t  s t e p s  i s  th e  fo rm a t io n  

o f  "amorphous f i b r o - g r a n u l a r  a g g r e g a te s "  o u t  o f  w hich th e  

b a s a l  b o d i e s ,  which a r e  composed o f  MTs, seem to  fo rm . These 

a g g r e g a te s  a r e  a s s o c i a t e d  w ith  a n n u la te  la m e l la e  w hich  o f t e n  

p e n e t r a t e  th e  a g g r e g a te s  and th u s  re se m b le  y o lk  n u c l e i .  In  

f a c t ,  S o r o k i n 's  m ic ro g ra p h s  show t h a t  th e  m a t e r i a l  i n  th e  p o r e s  

o f  th e  a n n u l a te  l a m e l l a e  re se m b le  th e  a g g r e g a te s  a l th o u g h  t h i s  

was o v e r lo o k e d ,  G o lg i a p p a r a tu s  a l s o  a p p e a r s  to  c o n t r i b u t e  to  

th e s e  a g g r e g a te s  w h ich , a s  f a r  a s  i s  known, i s  n o t  th e  ca se  

w i th  th e  o t h e r  s t r u c t u r e s .  YJhether th e s e  f i b r o - g r a n u l a r  a g ­

g r e g a t e s  c o n ta in  t u b u l i n  o r  n o t  i s  unknown b u t  i t s  a s s o c i a t i o n  

w ith  b a s a l  body and c i l i a  f o rm a t io n  i s  s u g g e s t i v e .  A lso , b i o ­

ch em ica l t e c h n iq u e s  (Seaman, I960 ; 1962t  A r g e t s in g e r ,  1965* 

Hoffman, 1965)* t r i t i a t e d  th y m id in e  i n c o r p o r a t i o n ,  and a c r i -  

d in e  o ran g e  s t a i n i n g  (R a n d a l l  and D is b re y ,  1 9 6 5 ) have  im p l i c a ­

t e d  th e  p r e s e n c e  o f  RNA i n  b a s a l  b o d i e s .  I f  th e  f i b r o - g r a n u -  

l a r  mass a l s o  c o n t a i n s  RNA, i t s  an a lo g y  to  heavy b o d ie s  and 

y o lk  n u c l e i  i s  s t r e g t h e n e d .

From a l l  o f  t h e  above i t  i s  p o s s i b l e  t o  h y p o th e s iz e  t h a t
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t h e r e  i s  a  s e p a r a t e  p o o l  o f  t u b u l i n  i n  p a r t i c u l a t e  form  r e ­

sem b lin g  g r a n u le s  and amorphous " f u z z " .  T h is  form i s  found 

i n  p o re s  o f  n u c l e a r  en v e lo p e  and a n n u la t e  l a m e l l a e ,  a s  w e l l  

a s  i n  heavy  b o d ie s ,  t u b u l i n - c o n t a i n i n g - s t r u c t u r e s ,  y o lk  n u c ­

l e i ,  and f i b r o - g r a n u l a r  a g g r e g a t e s .  A l l  fo rm s a r e  p ro b a b ly  

i n t e r c o n v e r t i b l e .  P a r t i c u l a t e  t u b u l i n  i s  p ro b a b ly  r e l e a s e d  

to  form m i t o t i c  a p p a r a tu s  ( o r  c i l i a r y )  MTs when s t r u c t u r e s  

s t o r i n g  such  t u b u l i n  d i s a p p e a r  and th e  t u b u l i n  becomes s o lu b le  

( o r  a t  l e a s t  a v a i l a b l e ) .  E x t r a n u c l e a r  fo rm s , e . g . ,  a n n u la t e  

l a m e l l a e  and heavy b o d ie s ,  a r e  p ro b a b ly  r e q u i r e d  when th e  mi­

t o t i c  a p p a r a tu s  i s  e x tre m e ly  l a r g e  as  i n  s e a  u r c h in  z y g o te s f  

o r  when many a r e  n ee d e d  q u ic k ly  a s  i s  th e  ca se  w i th  s h o r t  c e l l  

c y c le s  o f  e a r l y  developm ent, and i n s e c t  egg  m i t o s i s ;  o r  to  

s e p a r a t e  l a r g e  b u t  d i f f e r e n t - p o o l s  o f  t u b u l i n  a s  i s  th e  c a se  

w i th  s e a  u r c h in  m i t o t i c  and c i l i a r y  t u b u l i n s  which d i f f e r  

b io c h e m ic a l ly  ( B ib r in g  e t  a l . ,  1976) y e t  have  l a r g e  p o o ls  o f  

e q u a l  s i z e  (R a f f  e t  a l . ,  197 5 ) . I t  m ig h t a l s o  e x p l a i n  why S . 

•pu rpura tus  h as  1500 heavy  b o d ie s  p e r  egg ( H a r r i s ,  196?) w h ile  

A. u u n c t u l a t a  h a s  so  few ( t e n s  a t  m o s t ) .  The fo rm e r  egg w ith  

a  d ia m e te r  o f  100 pm h a s  tw ic e  th e  volume (5 2 ^ ,0 0 0  ;unr*) o f  t h e  

l a t t e r  egg o f  75 îra d ia m e te r  (23 0 ,0 0 0  p n P ) .  Thus, more t u b u l i n -  

c o n t a in i n g  heavy b o d ie s  would be r e q u i r e d  to  r a i s e  th e  t u b u l i n  

c o n c e n t r a t i o n  i n  th e  l a r g e r  c e l l  t o  r e a c h  th e  c r i t i c a l  l e v e l .

P a r t i c u l a t e  t u b u l i n  may be im p o r ta n t  i n  th e  c o n t r o l  o f  

m i t o t i c  a p p a ra tu s -  a s se m b ly .  I t  c o u ld  re d u c e  th e  c o n c e n t r a t i o n  

o f  a v a i l a b l e  t u b u l i n  below  th e  c r i t i c a l  p o i n t  r e q u i r e d  f o r  

p o ly m e r i z a t io n  a s  h a s  b e e n  found f o r  assem b ly  i n  v i t r o , th u s  

a s s u r i n g  t h a t  th e  m i t o t i c  a p p a r a tu s  w o n ' t  form  u n t i l  th e  c e l l  

i s  re a d y  f o r  m i t o s i s  (B ry an , 197 5 ) .
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S lu d e r  (1976) h a s  a l r e a d y  shown t h a t  th e  amount o f  tu b u ­

l i n  a v a i l a b l e  f o r  s e a  u r c h in  s p i n d l e  f o rm a t io n  can  be con­

t r o l l e d  by " t i t r a t i o n "  w i th  c o lc e m id ,  a  c o l c h i c i n e  d e r i v a t i v e .

Of s p e c i a l  i n t e r e s t  h e r e  i s  t h a t  i t  o n ly  works i f  added a t  

e a r l y  p ro p h ase  o r  b e f o r e ,  th e  tim e  when a n n u la te  l a m e l l a e ,  

heavy b o d ie s ,  and n u c l e a r  en v e lo p e  a r e  s t i l l  p r e s e n t ,  and 

n o t  a f t e r w a r d .  S in c e  he u se d  o n ly  a  1 to  6 min " p u ls e "  o f  

co lcem id  and th en  washed away w h a te v e r  f r e e  co lcem id  r e ­

m ained, o n ly  bound co lcem id  i s  p r e s e n t  t o  work. I t  would be 

i n t e r e s t i n g  to  know i f  co lcem id  b in d s  to  th e s e  s t r u c t u r e s  

o r  t h e i r  t u b u l i n  s t o r e s .

A d d i t io n a l  e v id e n c e  t h a t  t u b u l i n  e x i s t s  i n  an  u n a v a i l a b l e  

s t a t e  i n  a n n u la t e  l a m e l l a e  and heavy b o d ie s  and n u c l e a r  en ­

v e lo p e  comes from S te p h e n * s  (1972) te m p e ra tu r e  jump e x p e r i ­

m ents on Sj d r o e b a c h i e n s i s . a  c o ld - w a te r  s e a  u r c h i n .  These 

d e m o n s tra te d  t h a t  th e  s i z e  o f  th e  p o o l  a v a i l a b l e  f o r  m i t o t i c  

a p p a r a tu s  assem bly  depends  s p e c i f i c a l l y  ijpon th e  te m p e ra tu re  

j u s t  b e f o r e  n u c l e a r  b reakdow n. A c c o rd in g ' to  th e  g e n e r a l  hypo­

t h e s i s  p r e s e n t e d  h e r e ,  t h i s  i s  th e  tim e wherf a n n u l a t e  l a m e l ­

l a e  and heavy  b o d ie s  would r e l e a s e  t h e i r  t u b u l i n  i n t o  th e  p o o l .  

E l e c t r o n  m ic roscopy  on Sj, d r o e b a c h ie n s i s  a t  th e  v a r i o u s  tern- . 

p e r a t u r e s  co u ld  be im p o r ta n t  and i n f o r m a t i v e .

A no ther  i n t e r e s t i n g  f e a t u r e  o f  t h e s e  p o t e n t i a l  t u b u l i n -  

c o n t a in i n g  s t r u c t u r e s  i s  t h a t  RNA h a s  b ee n  i m p l i c a t e d  i n  a l l  

b u t  t h a t  o f  S p i s u l a . w hich  was n o t  a s sa y e d  (W eisen b e rg , 1972hj 

V Jeisenberg and R o s e n f e ld ,  1975)* I t  i s  b e l i e v e d  t h a t  RNA may 

p la y  a  r o l e  i n  MT assem b ly  o r  f u n c t i o n  s in c e  i t  h a s  b e e n  found  

i n  th e  i n t e r z o n e  o f  th e  i s o l a t e d  m i t o t i c  a p p a r a tu s  (Zimmerman, 

1963) and a t  th e  s p i n d l e  p o l e s  where i t s  d e s t r u c t i o n  i n  v iv o  

a t  p ro p h a se  b lo c k s  m i t o t i c  a p p a r a tu s  assem b ly  ( P e t e r s o n  and



B e rn s ,  1977)* RNA and o t h e r  p o ly a n io n s  p r e v e n t  MT p o ly m e r iz a ­

t i o n  i n  v i t r o , p resu m ab ly  by rem oving  a t  l e a s t  one o f  th e  MT- 

a s s o c i a t e d  p r o t e i n s ,  th o u g h t  t o  be T-f a c t o r ,  i n h i b i t i n g  n u c l e -  

a t i o n  (B ryan , 1975)* I t  th u s  seems l o g i c a l  t h a t  RNA may be

p r e s e n t  t o  p r e v e n t  p o ly m e r i z a t io n  o f  th e  h ig h l y - c o n c e n t r a t e d
/

t u b u l i n  w i t h i n  t h e s e  s t r u c t u r e s .

P a r t i c u l a t e  t u b u l i n  may have o t h e r  f u n c t i o n s  a s  w e l l .

I t  co u ld  c o n se rv e  t h i s  im p o r ta n t  and r e - u s e d  p r o t e i n  by p r e ­

v e n t i n g  i t s  d e s t r u c t i o n .  E v idence  from c e l l  c u l t u r e  s t u d i e s  

have shown such  l o s s  o f  t u b u l i n  to  o c c u r  d u r in g  i n t e r p h a s e  

(K levecz  and F o r r e s t ,  1975) b u t  may n o t  be a  p rob lem  i n  c e l l s  

o f  low  t u b u l i n  r e q u i r e m e n t s .  T u b u lin  can be b r o u g h t  to  where 

i t  i s  n eed ed  and c o n c e n t r a t e d  t h e r e  w i th o u t  assem bly  a s  s u g ­

g e s te d  by a n n u la te  l a m e l l a e  and heavy b o d ie s  i n  t h e  s t r e a k  

and a s t e r  b e f o r e  MT p o ly m e r i z a t i o n .  F i n a l l y ,  t u b u l i n  may be 

p ro c e s s e d  i n  t h e s e  s t r u c t u r e s .  V a r io u s  a u t h o r s  have  s u g g e s te d  

t h a t  th e  t u b u l i n  m o le c u le  i s  a l t e r e d  to  c o n t r o l  i t s  i n  v iv o  

a c t i v i t y .  P r o p o s a l s  i n c lu d e  p h o s p h o r y la t io n ,  r e d u c t i o n  o r  

o x id a t i o n  o f  s u l f h y d r y l  g ro u p s ,  n u c l e o t i d e  changes  o r  exchanges  

t y r o s y l a t i o n ,  c a rb o h y d ra te  a d d i t i o n ,  and M T -a s so c ia te d  p r o t e i n  

a t ta c h m e n t  (S nyder  and M cIn to sh , 1976; S te p h e n s  and Edds,

1976; Rebhun, N ath , and R e m i l la r d ,  1 976 ) .

6 .  The N ucleus

D u rin g  p ro p h a se  th e  n u c le u s  i s  su r ro u n d e d  by smooth 

t u b u l a r  and v e s i c u l a r  ER, a s  w e l l  a s  by m i to c h o n d r ia .  These 

o r g a n e l l e s  a r e  p ro b a b ly  a s s o c i a t e d  w i th  Ca++ r e g u l a t i o n  (R as­

mussen and Goodman, 1975) and a r e  a t  t h e  e x p e c te d  l o c a t i o n  

f o r  such  f u n c t i o n  a t  t h e  tim e  when m i t o t i c  a p p a r a tu s  g row th  

b e g in s  (W ilso n , 1 8 9 5 b )• S in c e  membrane i n t e g r i t y ,  a t  l e a s t  i n  

te rm s  o f  p e r m e a b i l i t y ,  r e q u i r e s  c a lc iu m  (D avson, 196*0, th e y
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may a l s o  be  r e s p o n s i b l e  f o r  t r i g g e r i n g  n u c l e a r  e n v e lo p e  

breakdow n.

P ro p h ase  i s  a l s o  t h e  t im e  when d i s o r g a n i z e d  s t r e a k  MTs, 

w hich  seem t o  c o u rse  th ro u g h  th e  s t r e a k  i n  a l l  d i r e c t i o n s *  

a r e  r e p l a c e d  by o r g a n iz e d  o n es  a round  th e  n u c le u s*  Such 

r e o r g a n i z a t i o n  a t  p ro p h a se  was r e c e n t l y  Confirm ed by  B a j e r  

e t  a l .  (1977) i n  b o th  Haemanthus endosperm  and ( T a r i c h a )  

lu n g  e p i th e l i u m ,  and may be common to  m i t o s i s  i n  g e n e r a l .  I t s  

t im in g  a t  p ro p h a se  c o r r e l a t e s  w i th  l o s s  o f  n u c l e a r  p o r e s ,  

a n n u la te  l a m e l l a e ,  and heavy  b o d ie s  s u g g e s t i n g  t h a t  i n  s e a  

u r c h in s  th e s e  s t r u c t u r e s  may have  so m e th in g  to  do w i th  MT 

n u c l e a t i o n  o r  r e o r g a n i z a t i o n  o r  t u b u l i n  s to r a g e  a s  d i s c u s s e d  

ab o v e . Work w i th  m a rin e  egg assem bly  sy s tem s  i n  v i t r o  h a s  

shown t h a t  n u c l e a t i o n  i s  n e c e s s a r y  f o r  p o ly m e r i z a t io n  (Rebhun 

e t  a l . ,  1975) and t h a t  c e n t r i o l e s  (one ty p e  o f  M T -o rg a n iz in g  

c e n t e r )  m ust be "ac tiva ted**  d u r in g  f e r t i l i z a t i o n  i n  o r d e r  €0  

pro d u ce  o r g a n iz e d  a s t e r s  a s  opposed  t o  j u s t  d i s o r g a n i z e d  MTs 

when a l lo w e d  t o  se ed  MT p o ly m e r i z a t io n  i n  v i t r o  (W eisenberg , 

19 7 2 c) .

The. p r e s e n c e  o f  l o n g  c y to p la s m ic  " f i n g e r s "  w hich c o n ta in  

MTs and p e n e t r a t e  th e  n u c le o p la sm  a t  p ro p h a se  i s  a  m a jo r  d i s ­

co v e ry  o f  t h i s  i n v e s t i g a t i o n .  They a r e  form ed by i n v a g i n a t i o n s  

o f  n u c l e a r  e n v e lo p e ,  p ro b a b ly  in d u c e d  by t h e i r  MTs s in c e  th e y  

a r e  o n ly  a s  w ide a s  t h e  c o l l e c t i o n  o f  MTs accom panying them .

L ik e  c i l i a r y  o r  f l a g e l l a r  MTs, th e y  t e r m i n a t e  s h o r t l y  b e f o r e  

t h e  apex  o f  th e  f i n g e r .  A lthough  a p p a r e n t l y  n e v e r  b e f o r e  r e ­

p o r t e d ,  such  i n v a g i n a t i o n s  may be common t o  o t h e r  p h y la  b u t  

p e rh a p s  e x i s t  f o r  so  s h o r t  a  t im e  d u r in g  n u c l e a r  e n v e lo p e  

breakdow n t h a t  i t  i s  u s u a l l y  im p o s s ib le  t o  f i x  them a t  j u s t  

t h a t  i n s t a n t .  In  f a c t ,  o n ly  one c e l l  among t h e  th o u s a n d s
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scanned  f o r  s t a g i n g  was found to  be a t  t h e  c r i t i c a l  p o i n t  o f  

a s t e r  g row th  i n  th e  p r e s e n c e  o f  an  i n t a c t  n u c l e u s .  Thus, j u s t  

f i n d i n g  such  a  c e l l  i s  a m a jo r  u n d e r t a k in g  even  by th e  method 

used  h e r e  and may e x p l a in  why such  u n iq u e  u l t r a s t r u c t u r e  was 

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

The f u n c t io n  o f  such  f i n g e r s  can o n ly  be g u e s s e d  a t  p r e s ­

e n t l y .  S in ce  th e y  c o n ta in  MTs and a p p e a r  to  grow inw ard  f o r  

s e v e r a l  m ic ro m e te rs  tow ard  chromosomes ( F ig ,  35)» th e  f i n g e r s  

may be a  d e v ic e  to  b r i n g  MTs to  chromosomes. The p o s s i b i l i t y  

t h a t  th e s e  MTs d i f f e r  from o t h e r  m i t o t i c  MTs sh o u ld  n o t  be 

d i s c o u n te d .  A f t e r  a l l ,  th e  o t h e r s  grow in  th e  same d i r e c t i o n  

b u t  o n ly  ru n  a lo n g  th e  n u c l e a r  s u r f a c e  w h ile  th e s e  seem c a p ­

a b le  o f  in d u c in g  i n v a g i n a t i o n .

The s im p le s t  p o s s i b i l i t y  i s  t h a t  th e  f i n g e r s  f u n c t i o n  to  

b r i n g  c o n t in u o u s  ( i n t e r p o l a r )  MTs i n t o  t h e  n u c le u s  b e f o r e  n u c ­

l e a r  b reakdow n, p e rh a p s  in  p r e p a r a t i o n  f o r  i n t e r a c t i o n  w i th  

chromosomal MTs when th e  l a t t e r  a p p e a r .  Such an i n t e r a c t i o n  

i s  e x p e c te d  i n  s l i d i n g  MT t h e o r i e s  o f  chromosome movement 

(M cIn tosh  e t  a l . ,  1969)* They may even p la y  a  r o l e  in  th e  p r o ­

c e s s  o f  n u c l e a r  d i s m a n t l i n g  i f  th e  f i n g e r s  become v e s i c l e s  d e ­

ta c h e d  from  th e  n u c l e a r  en v e lo p e  i n  ag reem en t w i th  L o n g o 's  

(1972) o b s e r v a t io n  t h a t  th e  n u c le u s  b r e a k s  down by fo rm in g  

v e s i c l e s .  An a l t e r n a t e  method o f  n u c l e a r  e n v e lo p e  breakdow n 

i s  s u g g e s te d  by th e  p r e s e n c e  o f  t h e s e  f i n g e r s  and l e a d s  to  an 

a s t o n i s h i n g  r e s u l t .  I f  enough f i n g e r s  a r e  form ed and c o n t in u e  

to  grow th ro u g h  th e  n u c l e u s ,  th e  r e s u l t  would in  many ways r e ­

sem ble a  m etaphase  s p in d le *  MTs r u n n in g  p a r a l l e l  t o  and sa n d ­

w iched among membranes. Such membranes m ig h t even  be c o n s i d e r ­

ed t u b u l a r ,  t h e  dom inan t form  o f  s p in d l e  ER a t  m e ta p h a se .
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In  any e v e n t ,  d i r e c t  s t r u c t u r a l  i n t e r a c t i o n  between MTs 

and n u c le a r  envelope  i s  n o t  u n iq u e . A well-known p re v io u s  

example o f  t h i s  i s  th e  n u c l e a r  s p in d le  p laque  en co u n te red  in  

y e a s t  m i to s i s  which forms an i n t r a n u c l e a r  s p in d le  (P e te r s o n  

e t  a l . ,  1972). A lso , r e l a t i o n s h i p s  between n u c le a r  envelope 

and chromosomes d u r in g  c e l l  d i v i s i o n  have been w e l l  documented 

as  have th e  r e l a t i o n s h i p  between tu b u l in  and membrane ( F i c k e t t -  

Heaps, 1969; H e p le r  and P a l e v i t z ,  197^* S tephens and Edds, 1976).

vVhile th e  assum ption  t h a t  th e  MTs in  th e  n u c l e a r  in v a ­

g in a t io n s  a re  co n tin u o u s  ( i n t e r p o l a r )  i s  th e  one most l i k e l y  

to  be c o r r e c t ,  th e  o th e r  a l t e r n a t i v e ,  t h a t  th ey  a re  non-con- 

t in u o u s  o r  "chromosomal" canno t be r u le d  o u t .  In  t h i s  c a se ,  

they  would grow to  th e  k in e to c h o re  r a t h e r  th a n  from th e  k i n e to -  

ch o re .  They.would be un ique  because  they  would be o f  o p p o s i te  

p o l a r i t y  and o f f e r  a  new t w i s t  to  s l i d i n g  f i la m e n t  h y p o th eses  

o f  chromosome movement. They might even be r e s p o n s ib le  f o r  th e  

l o s s  o f  m a te r i a l  n o ted  a t  th e  k in e to c h o re  d u r in g  anaphase based  

upon measurements o f  b i r e f r i n g e n c e  a lo n g  s in g le  f i b e r s  (F o re r ,  

1976). A l t e r n a t i v e l y ,  they  may be MTs s p e c i a l i z e d  to  c o n ta in  

a c t i 'n  f i l a m e n t s .  F o re r  (197*0 has  a l r e a d y  su g g es ted  t h i s  p o s­

s i b i l i t y  among o th e r s  i n  e x p la in in g  why a c t i n  f i l a m e n ts  have 

n o t  g e n e ra l ly  been seen in  th e  m i t o t i c  a p p a ra tu s ,  a s  was the  

case  in  th e  p r e s e n t  work. I t  has  been shown t h a t  when p u r i f i e d  

t u b u l i n  and a c t i n  a r e  po lym erized  to g e th e r  in, v i t r o , on ly  MTs 

a re  observed  a l th o u g h  a c t i n  i s  d e f i n i t e l y  p r e s e n t  ( I z a n t  and 

M cIntosh , 1977). S t i l l  a n o th e r  p o s s i b i l i t y  i s  t h a t  th ey  may 

a c t a s -g u id e s  to  h e lp  move chromosomes to  t h e i r  s p e c i f i c  

p la c e s  on th e  m etaphase p l a t e  and th e n ,  d u r in g  anaphase , a long  

t h e i r  s p e c i f i c  p a th s  to  th e  p o le s .
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Of c o u rs e ,  i t  i s  p o s s i b l e  t h a t  th e s e  M T -con ta in ing  f i n g ­

e r s  a r e  in v o lv ed  o n ly  i n  p ro p h ase  a c t i v i t y .  The s im u lta n e o u s  

ap p ea rac e  o f  th e s e  MTs w ith  p ro p h ase  co n d e n sa t io n  s u g g e s ts  

t h a t  th e  fo rm er  may be in v o lv e d  i n  th e  l a t t e r  p r o c e s s .  In d eed , 

ev id en ce  h as  been  r e c e n t l y  g a th e re d  d e m o n s tra t in g  t h a t  MTs may 

h e lp  o rg a n iz e  sp e rm a t id  chromosomes (Myles and H e p le r ,  1977). 

D uring  s p e r ra io g e n e s is ,  ch ro m a tin  n o rm a lly  condenses a t  th e  end 

o f  th e  n u c le u s  a s s o c i a t e d  w ith  a  r ib b o n  o f  MTs in  th e  s p e c ie s  

(M a r s i l e a ) s t u d i e d .  When d ru g s  ( c o l c h i c i n e ,  v i n b l a s t i n e ,  and 

p o d o p h y l lo to x in )  a r e  used to  p r e v e n t  t h i s  r ib b o n  from fo rm ing , 

th e  n u c le u s  becomes polym orphous and th e  ch ro m atin  becomes p a r ­

t i a l l y  condensed a t  s e v e r a l  p o in t s  a lo n g  th e  n u c l e a r  e n v e lo p e .  

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  t h e s e  condens ing  p o i n t s  were 

d e s c r ib e d  a s  u s u a l l y  a s s o c i a t e d  w ith  "dense m a te r i a l  n o rm ally  

found a s s o c ia t e d  w i th  b a s a l  b o d ie s  o r  fo rm ing  MTs.”

The r o l e  o f  th e  v a c u o le  in  th e  n u c le u s  i s  d i f f i c u l t  to  

a s s e s s  b u t  may be r e l a t e d  t o  w a te r  r e l e a s e d  by MT assem bly  

(Salmon, 1975) o r  chromosome c o n d e n sa t io n  o r  b o th .  I t  m ight 

a l s o  a c t  a s  a Ga r e g u l a t o r ,  i . e . ,  a s  an i n t r a n u c l e a r  v e s i c ­

u l a r  ER. In  f a c t ,  what a p p e a rs  to  be t u b u l a r  ER segm ents 

were observed  i n s i d e  th e  v acu o le  (F ig .  36, i n s e t ) .  I t  i s  a l s o  

i n t e r e s t i n g  to  n o te  t h a t  i n t r a n u c l e a r  membranes were o bse rved  

n e a r  th e  vacu o le  ( F ig ,  3 6 ) .



5 . Summary and C o n c lu s io n s

D u rin g  t h i s  u l t r a s t r u c t u r a l  study., i t  was found  t h a t  th e  

f i n e  s t r u c t u r e  o f  th e  s e a  u r c h in  z y g o te  changes a s  m i t o s i s  

p ro c e e d s  (sum m arized i n  T ab le  7 , p .  1 2 0 ) .  Many o f  t h e s e  change 

a r e  th o u g h t  t o  p la y  a  d i r e c t  r o l e  i n  e i t h e r  th e  p r e p a r a t i o n  

f o r  m i t o s i s  o r  m i t o s i s  i t s e l f .  The o r g a n e l l e s  in v o lv e d  in c lu d e  

th e  n u c l e u s ,  ER, a n n u la te  l a m e l l a e ,  heavy  b o d ie s ,  and MTs.

Many o f  th e s e  o r g a n e l l e s  a r e  in v o lv e d  i n  th e  s t r e a k  s ta g e  

d u r in g  which rough s a c c u l a r  ER form s a  t h i c k  band— th e  

s t r e a k  — around  th e  n u c l e u s ,  d e l i m i t i n g  th e  f u t u r e  a r e a  and 

a x i s  o f  th e  m i t o t i c  a p p a r a t u s .  B e s id e s  ER (and a  few MTs), 

th e  s t r e a k  c o n ta in s  a n n u la te  la m e l la e  and heavy b o d ie s  b u t  

e x c lu d e s  a l l  o t h e r  o r g a n e l l e s .  Normal MTs a r e  a lw ays o b se rv e d  

i n  o r  n e a r  heavy b o d ie s  and a n n u la t e  l a m e l l a e ,  b u t  o n ly  th e  

l a t t e r  o r g a n e l l e  seems to  c o n ta in  C-MTs among i t s  l a m e l l a e .  

Both o r g a n e l l e s  d i s a p p e a r  by th e  tim e o f  n u c l e a r  en v e lo p e  

breakdown a t  p ro p h a s e .

D uring  p ro p h a s e ,  th e  ER o f  th e  s t r e a k  changes a g a in ,  

becom ing smooth w ith  t u b u l a r  e le m e n ts  n e a r ^ t h e  n u c l e u s .  T h is  

t u b u l a r  ER i s  o b se rv ed  a t  th e  same tim e a s  a  peak  in  a c t i v i t y  

o f  th e  Ca -ATPase. The p ro p h a se  n u c le u s  a l s o  u n d e rg o e s  many , 

ch a n g es .  I t s  g e n e r a l l y  r e g u l a r  s p h e r i c a l  shape i s  t r a n s fo rm e d  

by b o th  lo n g  in v a g in a t io n s  and e v a g i n a t i o n s ,  th e  fo rm e r  o f t e n  

c o n t a in i n g  MTs. These MTs n e v e r  p e n e t r a t e  th e  n u c l e a r  e n v e lo p e  

t e r m i n a t i n g ,  som etim es a s  a  C-M T.(Fig . 35c)  a t  t h e  end o f ' t h e  

i n v a g i n a t i o n .  A reas  o f  p ro p h a se  n u c l e a r  en v e lo p e  a p p e a r  to  be 

b r e a k in g  down a l lo w in g  some m ix in g  o f  n u c le o p la sm  and c y to ­

p la sm . F u r th e rm o re ,  what seem, to  be u n a t ta c h e d  p o re s  can be 

o b se rv e d  n e a r  th e  n u c l e u s ,  p e rh a p s  b e in g  r e l e a s e d  from  th e
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n u c l e a r  e n v e lo p e .

M etaphase s p in d le  ER c o n s i s t s  o f  smooth t u b u l a r  ER 

i n t e r n a l l y  w i th  smooth s a c c u l a r  ER s u r ro u n d in g  i t .  A lthough  

m ost MTs a r e  n o rm a l ,  many C-MTs h a v in g  l e s s  th a n  th e  norm al 

13 p r o t o f i l a m e n t s  a r e  found  a t  th e  m etaphase  p l a t e  w here th e  

chromosomes a r e  a l i g n e d .  W ith th e  o n s e t  o f  a n a p h a se ,  th e  s e t s  

o f  chromosomes s e p a r a t e  fo rm in g  th e  i n t e r z o n e .  The ER o f  th e  

i n t e r z o n e  i s  much red u c e d  compared to  th e  r e s t  o f  th e  s p i n d l e .  

A lthough  th e  ch ro m o so m e-to -p o le  r e g io n  h as  some t u b u l a r  ER, 

m ost an ap h ase  s p in d l e  ER i s  o f  th e  smooth s a c c u l a r  type.. Of 

th e  i n t e r p o l a r  MTs p a s s in g  th ro u g h  th e  i n t e r z o n e ,  m ost a r e  

C-MTs, t h e i r  p e r c e n ta g e  i n c r e a s i n g  w i th  t im e .

The o b s e r v a t io n s  p r e s e n t e d  h e r e  s u p p o r t  some new hypo­

th e s e s  a b o u t  m i t o s i s ,  e s p e c i a l l y  a b o u t  m i t o t i c  a p p a r a tu s  a s ­

sem bly . They s u g g e s t  t h a t  th e  s t r e a k  s ta g e  i s  more im p o r ta n t  

th a n  p r e v i o u s l y  th o u g h t  and t h a t  i t s  n o n -e x c lu d e d  o r g a n e l l e s ,  

a n n u la t e  l a m e l l a e  and heavy  b o d ie s ,  p l a y  a  r o l e  in  m i t o t i c  

a p p a r a tu s  a s se m b ly .  Thus, th e  f o l lo w in g  scheme i s  p roposed*  

T u b u lin  i s  e i t h e r  p r o c e s s e d  o r  s t o r e d  i n  p a r t i c u l a t e  form  in  

th e  p o r e s  o f  a n n u l a te  l a m e l l a e  and n u c l e a r  en v e lo p e  a s  w e l l  a s  

i n  heavy  b o d i e s .  I t  i s  r e l e a s e d  from  th e s e  s t r u c t u r e s  when th e y  

d i s a p p e a r .  E n v iro n m e n ta l  c o n d i t i o n s  a t  th e  tim e o f  r e l e a s e ,  

e . g . ,  te m p e ra tu r e  and th e  p r e s e n c e  o f  d r u g s ,  d e te rm in e  th e  

p o o l  s i z e .  The s o l u b l e  p o o l  o f  t u b u l i n  i s  a ssem b led  i n t o  MTs 

o f  th e  m i t o t i c  a p p a r a tu s  by th e  rem ova l o f  Ca++ i o n .  T h is  i s  

a c c o m p lish ed  by a  Ca++-ATPase l o c a t e d  i n  th e  smooth t u b u l a r  

ER o f  p ro p h a se  and m etap h ase  a c t i n g  i n  a  m anner a n a lo g o u s  to  

m usc le  s a r c o p la s m ic  r e t i c u l u m .  The p ro p h a se  n u c l e a r  in v a g in a ­

t i o n s  c o n t a in i n g  MTs a r e  an  im p o r ta n t  i n t e r m e d i a t e  s ta g e  i n



s p in d l e  fo r m a t io n .  I t  i s  f u r t h e r  p ro p o sed  t h a t  C-MTs a r e  r e a l  

and p ro b a b ly  f u n c t i o n  a s  a  s i t e  o f  a s s e m b ly /d is a s s e m b ly  

d u r in g  m i t o s i s .  Such C-MTs, a s  w e l l  a s  th e  r e d u c t i o n  o f  ER 

i n  th e  i n t e r z o n e ,  may be im p o r ta n t  i n  m i t o t i c  a p p a r a tu s  f u n c t i o n .
f

I t  i s  o b v io u s  t h a t  to  i n v e s t i g a t e  th e s e  h y p o th e s e s  r e ­

q u i r e s  more b io c h e m ic a l  w ork . The b io c h e m ic a l  n a t u r e  o f  th e  

t u b u l a r  ER, a n n u la t e  l a m e l l a e ,  heavy  b o d ie s ,  and n u c l e a r  

e n v e lo p e  m ust be d e te rm in e d  b e f o r e  t h e i r  e x a c t  r e l a t i o n s h i p  

to  MTs can be f i r m l y  e s t a b l i s h e d .  MT p o ly m e r iz a t io n  i n  v iv o  

h as  h a r d ly  been  s t u d i e d  so  i t  i s  im p o s s ib le  to  know i f  th e  

d a t a  from  i n  v i t r o  assem bly  can be d i r e c t l y  a p p l i e d .

In  th e  b e g in n in g ,  i t  was f e l t  t h a t  th e  increased'T-enow- 

le d g e  o f  m i t o t i c  b io c h e m is t r y  c a l l e d  f o r  an u l t r a s t r u e t u r a l  

s tu d y .  Now i t  a p p e a r s  t h a t  t h e r e  a r e  many more b io c h e m ic a l  

q u e s t i o n s  to  a n sw e r .  O b v io u s ly ,  b o th  ty p e s  o f  s tu d y  a r e  

r e q u i r e d  to  s y n e r g i s t i c a l l y  f i n d  a  s o l u t i o n  to  th e  enigma 

o f  c e l l  d i v s i o n .
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