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Preface 

T h e or ig ins of cell and m o l e c u l a r b io logy a r e r o o t e d firmly in s tud ies on 

fertilization. T h o s e familiar with the classic m o n o g r a p h of Ε . B . Wilson (1928), 

' T h e Cell in D e v e l o p m e n t a n d H e r e d i t y , " will r e cogn ize tha t a l m o s t all of 

the cen t ra l and still cha l lenging p r o b l e m s in cell and m o l e c u l a r b io logy w e r e 

inves t iga ted first in a d e v e l o p m e n t a l s y s t e m , often an i n v e r t e b r a t e g a m e t e o r 

e m b r y o . Exper imenta l manipula t ions of eggs from lower ve r t eb ra t e s , especial ly 

amphib ians , e x p a n d e d the conc lus ions der ived from these fertilization s tudies . 

M o r e o v e r , t he r e c e n t a d v a n c e s in rou t ine ly re l iable m e t h o d s for in vitro fer-

t i l izat ion a n d e m b r y o cu l tu re of m a m m a l i a n o o c y t e s , inc luding t h o s e f rom 

h u m a n s , c o u p l e d wi th the p o w e r of m o l e c u l a r p r o b e s a r e resu l t ing in conc lu -

s ions wi th i m p o r t a n t and often surpr i s ing impl ica t ions for cell a n d m o l e c u l a r 

b io logy. 

While the fields of cell and molecula r biology have profited from fertilization 

as a model sys t em for detai led invest igat ions , unders t and ing of the fertilization 

p r o c e s s has a d v a n c e d c o r r e s p o n d i n g l y owing to this sc ru t iny as wel l a s to 

the relat ive ease of designing exper imenta l a p p r o a c h e s . Indeed , the availability 

of sophis t ica ted m e t h o d s and p robes is genera t ing cons iderab le n e w knowledge 

a b o u t t he m e c h a n i s m s a c c o u n t i n g for g a m e t e fo rma t ion , r ecogn i t ion a n d fu-

s ion , re in i t ia t ion of t he e g g ' s m e t a b o l i s m , b l o c k s to p o l y s p e r m y , a n d c y t o -

skele ta l and moti l i ty e v e n t s , a s well a s t he c h a n g e s in the p ronuc le i wh ich 

pe rmi t s y n g a m y and the ac t iva t ion of n e w g e n e e x p r e s s i o n . 

T h e goal of ' T h e Cell Biology of F e r t i l i z a t i o n " and its c o m p a n i o n v o l u m e 
4 T h e M o l e c u l a r Biology of F e r t i l i z a t i o n " is to br ing t o g e t h e r r e v i e w s f rom 

leading l abo ra to r i e s in w h i c h v a r i o u s a s p e c t s of t he fer t i l izat ion p r o c e s s a r e 

s tud ied . A n a s s o r t m e n t of e x p e r i m e n t a l a p p r o a c h e s is p r e s e n t e d , us ing m e t h -

ods of cell biology, molecular biology, b iochemis t ry , b iophys ics , enzymology , 

and i m m u n o l o g y . T h o u g h o u r goal w a s to solicit a r t ic les o n exc i t ing r e s e a r c h 

a r e a s , a d ivers i ty of an imal m o d e l s is c o n s i d e r e d . R e p r e s e n t a t i v e s f rom five 
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xvi i i Preface 

i n v e r t e b r a t e phy la a re p r e s e n t e d , inc luding n e m a t o d e s , c l a m s , i n s e c t s , asc i -

d i a n s , and the c lass ic sea u rch in . A m p h i b i a n s and m a m m a l s a r e the bes t 

u n d e r s t o o d v e r t e b r a t e s , and it is e n c o u r a g i n g tha t a d ive rs i ty of m a m m a l s a r e 

now being explored . T h e articles cons ider the familiar m o u s e , rat , and h a m s t e r 

m o d e l s , and a l so inqui re a b o u t the fer t i l izat ion p r o c e s s in fa rm a n i m a l s , in-

c luding p igs , s h e e p , and the W i s c o n s i n favor i t e , t he c o w , as well as t he an imal 

wi th c o n s e q u e n t i a l clinical and e th ica l c o n s i d e r a t i o n s , h u m a n s . 

T h e c h a p t e r s c o v e r va r ious a s p e c t s of fer t i l izat ion a s s tud ied f rom different 

po in t s of v iew by va r ious a u t h o r s . T h e s e c h a p t e r s s u m m a r i z e w o r k at va ry ing 

levels of o rgan iza t ion . In m a n y c a s e s w e a s k e d the c o n t r i b u t o r s to res t r ic t 

t h e m s e l v e s to s tud ies of o n e pa r t i cu la r p r o b l e m or wi th a specif ic a p p r o a c h . 

T h e a u t h o r s w e r e a s k e d to inc lude an o v e r v i e w of the field, to r e v i e w r ecen t 

and ac t ive r e s e a r c h in the i r o w n l a b o r a t o r i e s , and to d e s c r i b e the c o n c l u s i o n s 

in a m a n n e r wh ich wou ld be readi ly u n d e r s t o o d by a b r o a d r ange of b io log is t s , 

inc luding t h o s e j u s t beg inning s tud ies of fer t i l izat ion as well a s t h o s e in allied 

a r e a s . T h e y w e r e e n c o u r a g e d to specu l a t e on the fu ture d i r ec t ions of fertil-

ization research and to cont r ibu te n e w and unpubl i shed mater ia l . W e ant ic ipate 

tha t t h e s e v o l u m e s will p r o v i d e b a c k g r o u n d and p e r s p e c t i v e s in to r e s e a r c h 

on fert i l izat ion tha t will be of u s e to a b r o a d r ange of sc i en t i s t s , inc luding 

a d v a n c e d s t u d e n t s in t e re s t ed in f u n d a m e n t a l cell and m o l e c u l a r p r o c e s s e s , 

cell b io logis t s , mo lecu l a r b io log is t s , d e v e l o p m e n t a l b io log i s t s , gene t i c i s t s , 

b i o c h e m i s t s , b iophys i c i s t s , and r e p r o d u c t i v e b io log is t s . 

E a c h b o o k is subd iv ided in to t h r ee s e c t i o n s . 4T h e Cell Bio logy of Fer t i l -

i z a t i o n " first c o n s i d e r s s p e r m b e h a v i o r and mot i l i ty . Pa r t II r e v i e w s a s p e c t s 

of egg a r c h i t e c t u r e , ranging from ex t race l lu la r r e m o d e l i n g , t h r o u g h cor t ica l 

and cy toske le t a l s t r u c t u r e , to the o rgan iza t ion of the nucle i w h i c h pa r t i c ipa te 

in fer t i l izat ion and e m b r y o g e n e s i s . Pa r t III e v a l u a t e s t he r egu la to ry ions in-

vo lved in egg ac t iva t ion a s well as the m a n n e r in w h i c h the s p e r m ini t ia tes 

this c a s c a d e of e v e n t s . I ts c o m p a n i o n v o l u m e 4' T h e M o l e c u l a r Biology of 

F e r t i l i z a t i o n " begins wi th a se r ies of c h a p t e r s on the m o l e c u l e s invo lved in 

s p e r m - e g g recogni t ion and b inding . Pa r t II e x p l o r e s p r o n u c l e a r fo rma t ion , 

ac t iva t ion , and the cy toske le t a l e v e n t s resu l t ing in s y n g a m y and cell cyc l e 

p rog re s s ion . Par t III c o v e r s o n c o g e n e s , g e n e e x p r e s s i o n , and n u c l e a r de te r -

mina t ion at fert i l izat ion and dur ing e m b r y o g e n e s i s . It is o u r h o p e tha t t h e s e 

b o o k s will p rov ide the r e a d e r wi th a d e e p e r app rec i a t i on of t he p r e s e n t s t a t e 

of knowledge and the future di rect ions for cellular and molecular invest igat ions 

on fer t i l izat ion, wh ich is the cri t ical e v e n t br idging o u r d i scon t inu i ty in gen-

e r a t i o n s . 

W e a re indeb ted to the Cell Biology ser ies e d i t o r s , D r s . D e n n i s B u e t o w , 

Ivan C a m e r o n , G e o r g e Padi l la , and A r t h u r Z i m m e r m a n for cheerful ly an-

swer ing a myr i ad of q u e s t i o n s and p rov id ing helpful a d v i c e . W e a re grateful 
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I. INTRODUCTION 

F o r successfu l fer t i l iza t ion, the s p e r m m u s t loca te the egg and be able to 

fuse wi th the egg p l a s m a m e m b r a n e . In m a n y s p e c i e s , t h e s e func t ions a re 

a c h i e v e d t h r o u g h s p e r m moti l i ty and the a c r o s o m e r eac t i on . S p e r m mot i l i ty , 

t he p rog re s s ive m o v e m e n t and its ve loc i ty , is of ten d e p e n d e n t on t he ac t iv i ty 

of a single f lagel lum ( G i b b o n s , 1981), a n d in m a n y i n v e r t e b r a t e s , Chemotax i s 

occu r s in r e sponse to material in egg coa t s (Miller, 1985). In at least one species 

of sea u r ch in , a specific egg pep t ide s e r v e s as a c h e m o a t t r a c t a n t and a l so 

3 
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s t imula tes s p e r m resp i ra t ion (Ward et al., 1985b; S u z u k i and G a r b e r s , 1984). 

T h e a c r o s o m e reac t ion o c c u r s n e a r the egg sur face to p r e p a r e the s p e r m for 

fusion wi th the egg p l a s m a m e m b r a n e . E x o c y t o s i s of the a c r o s o m a l g ranu le 

e x p o s e s p ro t e ins n e c e s s a r y for s p e r m - e g g b inding a n d / o r fusion ( r ev i ewed in 

T i lney , 1985; D a n , 1967; S h a p i r o et al., 1981; T r i m m e r and V a c q u i e r , 1986) 

and is a l so t r iggered by specific c o m p o n e n t s of the egg coa t (SeGal l and L e n -

na rz , 1979; W a s s a r m a n et al., 1985; W a s s a r m a n , 1987). 

Th i s c h a p t e r r e v i e w s s tud ies tha t c h a r a c t e r i z e the abil i ty of egg fac tors to 

ini t iate the a c r o s o m e reac t ion and to affect s p e r m moti l i ty by a l ter ing ion 

m o v e m e n t s a c r o s s the s p e r m p l a s m a m e m b r a n e . I n c r e a s e s in in t race l lu lar p H 

(pHj) and intracellular [ C a
2 +

] ( [Ca
2 +

 ]j) a re key signals involved in the a c r o s o m e 

reac t ion in ech ino ids ( S c h a c k m a n n et al., 1981; L e e et al., 1983; T r i m m e r et 

al., 1986) and p robab ly in m a m m a l s (Yanag imach i and U s u i , 1974; Meize l , 

1984; M u r p h y and Y a n a g i m a c h i , 1984) a n d wi th a l t e ra t ion of s p e r m moti l i ty 

by pep t ides i so la ted from egg je l ly ( H a n s b r o u g h and G a r b e r s , 1981a; R e p a s k e 

and G a r b e r s , 1983). In this r e v i e w , I s u m m a r i z e ex is t ing d a t a and h y p o t h e s e s 

about pHj and [ C a
2 +

] j changes in spe rm and specula te on mechanis t ic direct ions 

an t i c ipa ted to br ing o u r u n d e r s t a n d i n g of s p e r m b e h a v i o r to a level tha t c an 

be in t e rp re t ed in t e r m s of r egu la to ry mo lecu l e s in t he p l a s m a m e m b r a n e . Be-

c a u s e e c h i n o d e r m s p rov ide a r ich s o u r c e of egg fac to rs i m p o r t a n t to s p e r m 

funct ion , and de ta i led phys io logica l s tud ies h a v e b e e n pe r fo rmed wi th t he se 

f ac to r s , I h a v e focused m y a t t en t ion on s tud ies us ing t h e s e i n v e r t e b r a t e s . 

O t h e r r ev i ews h a v e r ecen t ly b e e n pub l i shed , wh ich p r o v i d e m o r e genera l 

ana ly se s of the a c r o s o m a l r eac t ion (Ti lney , 1985), d i r ec t ed s p e r m m o v e m e n t 

o r Chemotax is (Mil ler , 1985), m a m m a l i a n s p e r m r e c e p t o r s ( W a s s a r m a n et al., 

1985), and the mammal ian spe rm a c r o s o m e react ion (Meizel , 1984; W a s s a r m a n , 

1987). 

II. T H E A C R O S O M E REACTION 

A. Background 

T h e m o d e r n cell b iology and phys io logy of the a c r o s o m e r eac t ion h a v e 

the i r or igins in a ser ies of morpho log ica l s tud ies by J e a n D a n (1952, 1954a,b). 

D a n o b s e r v e d c h a n g e s in the a c r o s o m a l region in bo th sea u rch in a n d starfish 

s p e r m , w h e n they w e r e e x p o s e d to
 4

' e g g w a t e r " ( s e a w a t e r con ta in ing egg 

surface mate r i a l s ) . A s t icky s u b s t a n c e a p p e a r e d to be r e l eased f rom the ac -

r o s o m a l g ranu le in sea u rch in s p e r m and a small rod of ~ 1 μπι e x t e n d e d from 

the apical tip within a few seconds after e x p o s u r e to egg wa te r or in the absence 

of a n y egg fac tors if the s p e r m w e r e p laced in s e a w a t e r at p H 9.2. In o t h e r 



1. Ionic Regulation of Sperm Acrosome Reaction 5 

e c h i n o d e r m s , th is a c r o s o m a l rod w a s c o n s i d e r a b l y longer (20-30 μιτι) and w a s 

sugges ted to b e the th in f i lament o b s e r v e d to c o n n e c t t he s p e r m a n d the egg 

dur ing fer t i l izat ion (Colwin a n d C o l w i n , 1956; D a n , 1954a). E x t e n s i o n of t he 

a c r o s o m a l rod w a s s h o w n to resu l t f rom ac t in p o l y m e r i z a t i o n (Ti lney et al., 

1973, 1978). B lebb ing of the m e m b r a n e ove r ly ing the f i lament a s it e x t e n d s 

sugges ted tha t a l t e ra t ion of the in t race l lu la r v o l u m e resu l t s f rom w a t e r a n d 

ion m o v e m e n t s dur ing the r eac t i on (Ti lney and I n o u é , 1982). 

Fo r both inver tebra te (Dan , 1954b) and mammal i an (Yanagimachi and Usui , 

1974) s p e r m , ex t r ace l lu l a r C a
2 +

 is r equ i r ed for the a c r o s o m e r eac t i on . Th i s 

r e q u i r e m e n t ref lects a need for C a
2 +

 en t ry t o i nc r ea se [Ca
2 +

 L . I n c r e a s e s in 

cy toso l i c [Ca
2 +

 ] a t t end m o s t , if not all , e x o c y t o t i c c h a n g e s in cell b iology and 

can resul t e i the r f rom e n h a n c e d e n t r y a c r o s s t he p l a s m a m e m b r a n e o r by 

re lease from an in t race l lu la r s i te . By fol lowing
 4 5

C a
2 +

 u p t a k e in to sea u rch in 

s p e r m , w e conf i rmed tha t C a
2 +

 en t ry w a s e n h a n c e d w h e n egg je l ly s t imula ted 

the a c r o s o m e reac t ion ( S c h a c k m a n n et al., 1978; K o p f and G a r b e r s , 1980). 

Unl ike the morpho log ica l c h a n g e s of the r eac t i on itself, w h i c h a r e c o m p l e t e 

wi th in s e c o n d s ,
 4 5

C a
2 +

 u p t a k e c o n t i n u e s for t ens of m i n u t e s and r e p r e s e n t s 

C a
2 +

 a c c u m u l a t i o n by the m i t o c h o n d r i a ( C a n t i n o et al., 1983; S c h a c k m a n n 

and S h a p i r o , 1981). Re l ea se of C a
2 +

 f rom an in t race l lu la r site is unl ikely in 

s p e r m on morpho log ica l g r o u n d s . In t race l lu la r C a
2 +

 r e l ea se o c c u r s f rom the 

e n d o p l a s m i c r e t i cu lum which is a b s e n t in s p e r m . T h e s p e r m midp i ece d o e s 

con ta in m i t o c h o n d r i a , t he n u m b e r va r i e s a m o n g different s p e c i e s , and t h o u g h 

m i t o c h o n d r i a can a c c u m u l a t e and r e l ea se C a
2 +

 (Carafol i , 1982), t h e s e o rgan-

elles a re not cur rent ly thought to do so u n d e r physiological condi t ions (Somlyo 

et al., 1985). Us ing [Ca
2 +

 ] j i n d i c a t o r s , no e v i d e n c e for in t race l lu la r r e l ease 

has b e e n found in sea u rch in s p e r m (see Sec t ion I I ,C ) . 

M e a s u r e m e n t of H
+
 efflux a c c o m p a n y i n g the a c r o s o m e react ion in echinoid 

spe rm (Tilney et al., 1978; S c h a c k m a n n et al., 1978) suggested that an increase 

in pHj is i m p o r t a n t a s wel l . T i lney et al. (1978) found tha t e v e n in t he a b s e n c e 

of s eawa te r C a
2 +

, i onophores that increased pH; (nigericin and X537A) caused 

ac t in p o l y m e r i z a t i o n , a l t hough o rgan i zed f i laments did no t fo rm. M e m b r a n e 

fusion b e t w e e n a c r o s o m a l and p l a s m a m e m b r a n e s did no t o c c u r un l e s s C a
2 + 

w a s p r e s e n t . W h e n h igher c o n c e n t r a t i o n s of t he w e a k - b a s e N H J w e r e u sed 

to i nc rea se p H ; in starf ish s p e r m , e x t e n d e d f i laments w e r e o b s e r v e d , a l t hough 

the ac rosomal granule was still p resen t (Schroede r and Chr i s ten , 1982). Ti lney 

sugges ted tha t t he a c r o s o m e r eac t i on cou ld b e r e d u c e d to a t w o - s t e p p r o c e s s , 

C a
2 +

- d e p e n d e n t m e m b r a n e fusion and p H - d e p e n d e n t ac t in p o l y m e r i z a t i o n . 

T h e bas ic p r inc ipa l s of th is h y p o t h e s i s h a v e r e m a i n e d c o r r e c t . H o w e v e r , sub -

sequen t m e a s u r e m e n t s revealed egg jel ly increases p H | by only —0.2 p H uni ts . 

In c o n t r a s t , i o n o p h o r e s a n d the w e a k - b a s e N H J i n d u c e d subs tan t ia l ly la rger 

i nc r ea se s (on the o r d e r of 0.5 p H un i t s ) . Add i t iona l r egu la to ry func t ions for 

pHi a r e l ikely (see Sec t ion I I , E ) . 
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B. Initiation of the Acrosome Reaction, Ion Requirements, and Inhibitors 

In sea urchin spe rm, the a c r o s o m e react ion is s t imulated by high-molecular-

weight material in the
 4
' j e l l y" coat sur rounding the egg. " E g g j e l l y " is a mix ture 

of several c o m p o n e n t s including pep t ides , g lycopro te ins , and a sulfated fucose 

p o l y m e r ( H o t t a et al., 1970; SeGal l a n d L e n n a r z , 1979; K o p f et al., 1979). 

Puri f icat ion of a single ac t ive c o m p o n e n t ha s b e e n a c h i e v e d , and t h e fucose 

sulfate m o l e c u l e d e m o n s t r a t e s spec ie s specif ici ty in its abi l i ty to ini t iate the 

a c r o s o m e react ion . H o w e v e r , in its mos t pu re form, the fucose sulfate po lymer 

is r e p o r t e d to ini t iate t he a c r o s o m e r eac t i on on ly at s e a w a t e r C a
2 +

 c o n c e n -

t ra t ions in e x c e s s (36 mM) of t h o s e r equ i r ed for na t ive egg je l ly (ha l f -maximal 

r e s p o n s e at ~ 3 mM). T h e d a t a sugges t t ha t t he fucose sulfate mo lecu l e m a y 

be a l t e red dur ing i so la t ion . I ts abil i ty t o b ind C a
2 +

 is d e c r e a s e d (SeGal l and 

L e n n a r z , 1981). 

Ident i f ica t ion of an egg je l ly r e c e p t o r h a s ye t to be a c h i e v e d for e c h i n o d e r m 

s p e r m . Spec ies -spec i f ic b inding h a s b e e n m e a s u r e d by SeGal l and L e n n a r z 

(1981) us ing
 1 2 5

I - l abe l ed egg je l ly ( p r e s u m a b l y labe led on t he p ro te in c o m -

ponen ts ) . R e c e p t o r molecule(s) w e r e not identified, and the interact ion b e t w e e n 

the fucose sulfate molecule and specific spe rm m e m b r a n e c o m p o n e n t s remains 

incomple t e ly def ined . In t he m o u s e , a single g l y c o p r o t e i n , Z P 3 , in t he z o n a 

pe l luc ida s u r r o u n d i n g t he egg has b e e n found to ini t ia te t he a c r o s o m e r eac t ion 

(Bleil and W a s s a r m a n , 1983, 1987; W a s s a r m a n et al., 1985) a n d h a s r ecen t ly 

b e e n s e q u e n c e d . T h e o l i ogosaccha r ide po r t i on of t h e mo lecu l e r e t a ins t h e 

abil i ty to b ind s p e r m after p r o t e o l y s i s , bu t t h e p ro t e in pa r t of t h e mo lecu l e 

is n e c e s s a r y to ini t iate the a c r o s o m e r eac t i on . It h a s ye t to be d e t e r m i n e d 

h o w Z P 3 b inding i nc r ea se s [ C a
2 +

] j . 

Severa l m o n o v a l e n t ca t ion m o v e m e n t s (in add i t ion t o H
 +
 ) a r e i m p o r t a n t 

to the a c r o s o m e r eac t i on . Egg je l ly s t imula te s no t on ly C a
2 +

 a n d H
+
 efflux, 

but also N a
+
 up t ake and efflux of K

+
 ( S c h a c k m a n n and Shap i ro , 1981 ; Can t ino 

et al., 1983). T h e d e g r e e of N a
+
 u p t a k e and K

+
 efflux is e x t e n s i v e . At least 

half the ce l lu lar [K
 +
 ] is los t , a n d the in t race l lu la r [ N a

+
] i n c r e a s e s by >2- fo ld , 

as the abil i ty of the s p e r m p l a s m a m e m b r a n e to ma in ta in a n o r m a l m o n o v a l e n t 

ca t ion d i s t r ibu t ion (high [K
 +
 ] inside) is s eve re ly c o m p r o m i s e d . Influx of N a

+ 

o c c u r s wi th a t ime c o u r s e s imilar t o H
+
 efflux ( S c h a c k m a n n and S h a p i r o , 

1981) and sugges t s tha t N a
+

- H
+
 e x c h a n g e t a k e s p l a c e , a l t hough the s to ichi -

o m e t r y is > 1 : 1 ( C a n t i n o et al., 1983). R e m o v a l of N a
+
 f rom the s e a w a t e r 

by subs t i tu t ion of c h o l i n e
+
 , t o main ta in o s m o t i c a n d ionic s t r eng th , p r e v e n t s 

ini t iat ion of the a c r o s o m e r eac t ion by egg je l ly , bu t a l so l o w e r s t he p H 4 f rom 

- 7 . 4 to 6.8 (Chr i s t en et al., 1982; L e e et al., 1983; L e e , 1984a,b; Bibr ing et 

ai, 1984). F r o m these initial obse rva t ions , it is c lear that mult iple ionic changes 

o c c u r in r e s p o n s e to egg je l ly . Seve ra l a p p r o a c h e s h a v e b e e n used to a r r ive 

at t he conc lu s ion tha t t he i nc r ea se in b o t h pHj a n d [Ca
2 +

 L is essen t ia l for t he 

a c r o s o m e r eac t ion a n d tha t t h e y a r e t he p r i m a r y ionic p a r a m e t e r s . 
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A l t e r n a t e m e c h a n i s m s of ini t iat ing t he a c r o s o m e r eac t i on h a v e b e e n in-

ves t iga ted as an a p p r o a c h to u n d e r s t a n d i n g t h e c h a n g e s i n d u c e d by egg je l ly . 

E a c h of t h e s e a l t e r n a t e m e t h o d s of ini t iat ing t h e a c r o s o m e r eac t i on is a s s o -

ciated with increased
 4 5

C a
2 +

 up t ake and e levat ion of the pH; to —7.6 or grea ter . 

T h e C a
2 +

 i o n o p h o r e A23187 ini t ia tes t he a c r o s o m e r eac t i on ( D e c k e r et al., 

1976; Col l ins and E p e l , 1977; T a l b o t et al., 1976) a n d i n c r e a s e s b o t h C a
2 + 

en t ry and H
+
 efflux (Ti lney et al., 1978). E l eva t i ng the ex t r ace l lu l a r p H to 

—9 o r m o r e ini t ia tes the a c r o s o m e r eac t i on ( D a n , 1952; D e c k e r et ai, 1976; 

Gregg a n d M e t z , 1976; Col l ins a n d E p e l , 1977), i n c r e a s e s t h e pH; , in i t ia tes 
4 5

C a
2 +

 up t ake independen t of s eawa te r [ N a
+
] (Garc ia -Soto and D a r s z o n , 1985), 

and increases [ C a
2 +

] j (R. W . S c h a c k m a n n , unpubl i shed) . Addi t ional ly , placing 

s p e r m in an artificial s e a w a t e r in w h i c h all bu t 2 0 - 3 0 m M N a
+
 ha s b e e n re -

p laced by c h o l i n e
+
 a l so t r iggers t he a c r o s o m e r eac t i on (Shap i ro et al., 1980; 

S c h a c k m a n n a n d S h a p i r o , 1981). U n d e r t h e s e c o n d i t i o n s , N a
+

- H
+
 e x c h a n g e 

o c c u r s t o i n c r e a s e pHj t o 7.6 o r h igher (Chr i s t en et al., 1982, 1983c; L e e et 

al., 1982, 1983) and to initiate
 4 5

C a
2 +

 up t ake and increased [ C a
2 +

] ; ( S c h a c k m a n n 

and S h a p i r o , 1981; L e e et al., 1983; S c h a c k m a n n a n d C h o c k , 1986). T h e ion-

o p h o r e niger ic in a t c o n c e n t r a t i o n s tha t ini t ia te t he a c r o s o m e r eac t i on in sea 

u rch in s p e r m initially c a t a l y z e s K
+

- H
+
 e x c h a n g e and s u b s e q u e n t l y c a u s e s a 

s e c o n d a r y , N a
+
- d e p e n d e n t i n c r e a s e in pHj a n d [ C a

2 +
 ]j ( S c h a c k m a n n et al., 

1978; S c h a c k m a n n a n d C h o c k , 1986; G a r b e r s , 1981; L e e et al., 1983; Ga rc i a -

S o t o et al., 1987). T h e initial K
+

- H
+
 e x c h a n g e co l l apse s the t r a n s p l a s m a 

m e m b r a n e [K
 +
 ] g r ad i en t , d e p o l a r i z e s t he p l a s m a m e m b r a n e po ten t i a l , and 

l eads initially t o a d e c r e a s e in pH; ( S c h a c k m a n n et al., 1984; S c h a c k m a n n 

and C h o c k , 1986). It is on ly af ter t he N a
+
- d e p e n d e n t i n c r e a s e in pHj tha t 

morphological changes a re obse rved . In con t ras t , the [ C a
2 +

] ; increase initiated 

by niger ic in beg ins i m m e d i a t e l y a n d d e m o n s t r a t e s tha t C a
2 +

 e n t r y a lone d o e s 

no t ini t iate t h e a c r o s o m e r eac t i on . F u r t h e r e v i d e n c e for this po in t is p r e s e n t e d 

in Sec t ion I I , D . 

Inh ib i to r s k n o w n to b lock s o m e t y p e s of e i the r C a
2 +

 o r K
+
 c h a n n e l ac t iv i ty 

p reven t the a c r o s o m e reac t ion . Verapami l , D600, and several d ihydropyr id ines 

inhibit C a
2 +

 c h a n n e l ac t iv i ty in o t h e r cell t y p e s and inhibit t he a c r o s o m e re-

ac t ion ( S c h a c k m a n n et al., 1978; K a z a z o g l o u et al., 1985; G a r c i a - S o t o and 

D a r s z o n , 1985). I nc reas ing the s e a w a t e r [K
 +
 ] f rom 10 to 20 m M p r e v e n t s egg 

je l ly f rom init iat ing t he a c r o s o m e r eac t ion as d o e s t e t r a e t h y l a m m o n i u m , an 

inhibitor of K
+
 channe l s ( S c h a c k m a n n et al., 1978). T h e s e inhibitors all p reven t 

4 5
C a

2 +
 u p t a k e ( S c h a c k m a n n et al., 1978) a n d par t of the i nc r ea se in ρ Η ; 

(Chr i s t en et al., 1983b; G a r c i a - S o t o et al., 1987). R e d u c i n g the s e a w a t e r p H 

to 7 o r l ower effect ively b l o c k s the a c r o s o m e r eac t ion as wel l . L o w p H can 

b lock C a
2 +

 c h a n n e l ac t iv i ty (Iijima et al., 1986), bu t a l so l o w e r s pHj (Chr i s t en 

etal., 1982, 1983c). 

T h e o b s e r v a t i o n s on ini t iat ion and inhibi t ion of the a c r o s o m e r eac t ion sug-

gest that egg jelly s t imulates mult iple ionic changes to increase pHj and [Ca
2 +

 ]j. 
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A l imita t ion of this genera l a p p r o a c h is tha t inh ib i to rs wh ich b lock the egg 

je l ly a c r o s o m e r eac t ion in m a n y c a s e s d o no t p r e v e n t t he a c r o s o m e r eac t ion 

t r iggered b y t h e s e a l t e rna t e m e t h o d s . F o r e x a m p l e , t he C a
2 +

 c h a n n e l b l o c k e r s 

do not p reven t initiation of the a c r o s o m e react ion by the 20 m M N a
+
- c h o l i n e

+ 

m e d i u m , bu t d o inhibi t t r igger ing b y high s e a w a t e r p H ( G a r c i a - S o t o and Dar -

szon , 1985; G a r c i a - S o t o et al., 1987). E l e v a t e d ex t r ace l lu l a r [K
 +
 ] b locks in-

duc t i on by 20 m M N a
+
/ c h o l i n e

+
, bu t not by high ex t r ace l lu l a r p H . T e t r a -

e t h y l a m m o n i u m inhibi ts ne i the r a l t e rna t e m e t h o d , bu t effect ively b locks egg 

je l ly . T h e s e e x a m p l e s s e rve to d e m o n s t r a t e tha t e a c h of t he a l t e rna t e m e t h o d s 

of ini t iat ing t he r eac t ion has u n i q u e p r o p e r t i e s tha t a re no t ident ica l wi th egg 

je l ly a n d , t he r e fo re , c a n n o t be a s s u m e d to ini t ia te t he ident ica l s e q u e n c e of 

b iochemica l e v e n t s . 

S tud ies with m a m m a l i a n s p e r m sugges t s o m e similar m e c h a n i s m s m a y op -

e r a t e . Bes ides the r e q u i r e m e n t for ex t e rna l C a
2 +

 , e v i d e n c e that i nc reased 

[Ca
2 +

 ] j is n e c e s s a r y for the a c r o s o m e reac t ion is de r ived f rom the abil i ty of 

the C a
2 +

 ionophore A23187 to initiate the a c r o s o m e react ion in several species 

(Yanag imach i and U s u i , 1974; Ta lbo t et al., 1976). In h a m s t e r s p e r m , a r ise 

in the a c r o s o m a l g ranu le pH, w a s found to be a s s o c i a t e d wi th the a c r o s o m e 

reac t ion (Meizel and D e a m e r , 1978). G u i n e a pig s p e r m a l so d o not u n d e r g o 

the a c r o s o m e react ion at r educed extracel lular p H (Murphy and Yanagimachi , 

1984). A r e q u i r e m e n t for ex t race l lu l a r [K
 +
 ] and a l t e red ac t iv i ty of the N a

f
, 

Κ
+
- A T P a s e h a s a l so b e e n impl ica ted in t he a c r o s o m e r eac t ion ( M r s n y and 

Meizel , 1981), but how or if these obse rva t ions are linked to changes in [Ca
2 +

 Jj 

o r pH; is not yet u n d e r s t o o d . T h e C a
2 +

 c h a n n e l b l o c k e r s ve rapami l and di-

h y d r o p y r i d i n e s d o not inhibit the a c r o s o m e reac t ion in gu inea pig s p e r m (Rol-

dan et al., 1986), bu t m e m b r a n e po ten t i a l - sens i t ive C a
2 +

 en t ry m e c h a n i s m s 

have recent ly been repor ted in o the r mammal ian spe rm (Babcock and Pfeiffer, 

1987). 

C. [ C a
2 +

] i Changes and the Acrosome Reaction 

4 5
C a

2 +
 m e a s u r e m e n t s a l low us to d e m o n s t r a t e tha t egg je l ly e n h a n c e s C a

2 + 

influx. F o r fur ther defini t ion of the C a
2 +

 c h a n g e s i m p o r t a n t to the a c r o s o m e 

react ion, i sotope up take is inadequa te , as mi tochondr ia l accumula t ion p reven t s 

eva lua t ion of the a m o u n t of C a
2 +

 en t e r ing the s p e r m dur ing the few s e c o n d s 

of the r eac t ion itself. Add i t iona l ly , it d o e s not p r o v i d e in format ion a b o u t 

c h a n g e s in free [Ca
2 +

 L . I s o t o p e u p t a k e r e m a i n s useful a s a s imple m e a n s of 

a sce r t a in ing w h e t h e r C a
2 +

 en t ry is e n h a n c e d ( K o p f et al., 1983, 1984). 

I n c o r p o r a t i o n of t he C a
2 +

 i nd ica to r s fura-2, indo-1 ( G r y n k i e w i c z et al., 

1985), o r qu in2 (Ts ien et al., 1982) in to s p e r m a l lows d i rec t m e a s u r e m e n t of 

[Ca
2 +

 ] j c h a n g e s a s soc i a t ed wi th t he a c r o s o m e r eac t ion ( T r i m m e r et al., 1986). 

T h e s e dyes are sensi t ive to [Ca
2 +

 ] j in the submic romola r range rout inely found 
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in ce l l s . In s p e r m loaded wi th e i the r indo-1 o r fura-2, egg je l ly in i t ia tes a rapid 

r ise in [ C a
2 +

L f rom a basa l c o n c e n t r a t i o n of —100 n M to 1-2 μ Μ wi th in 10 

sec . T h e a b s o l u t e va lues a r e d e p e n d e n t on a s s u m p t i o n s m a d e to ca l ib ra te t he 

ind ica to r s wi th in t h e s p e r m . W e can d i rec t ly d e m o n s t r a t e tha t t he rapid in-

c r e a s e s t imula ted by egg je l ly a r i ses f rom C a
2 +

 e n t r y a n d no t in t race l lu la r 

r e l e a s e , as t he [Ca
2 +

 ] ; c h a n g e s a r e d e p e n d e n t on ex t r ace l lu l a r [Ca
2 +

 ] . F igu re 

1 s h o w s i n c r e a s e s in [Ca
2 +

 ] j a s a func t ion of t h e s e a w a t e r [Ca
2 +

 ] . W h e n je l ly 

is a d d e d ( a r r o w 1) to t he s p e r m in t he a b s e n c e ( < 1 0 μ Μ ) of ex t r ace l lu l a r 

[Ca
2 +

 ] , no i n c r e a s e o c c u r s wi th in t he s p e r m . Th i s is t r u e e v e n if je l ly is a d d e d 

immed ia t e ly af ter d i lu t ion of s p e r m in to C a
2 +

- f r e e s e a w a t e r , fo l lowing p r o -

longed i ncuba t i on in a m e d i u m con ta in ing C a
2 +

 t o load a n y po ten t i a l in t ra-

cel lular r e l ea se s i te . Add i t i on of C a
2 +

 ( a r r o w 2) after je l ly r esu l t s in a r ap id , 

subs tan t i a l i nc r ea se in [Ca
2 +

 ] j . If C a
2 +

 is a d d e d to a c o n c e n t r a t i o n of 9 m M 

or m o r e (A a n d B) , t h e i nc r ea se in [ C a
2 +

] ; is s u s t a i n e d . Th i s is c h a r a c t e r i s t i c 

of successfu l ini t ia t ion of t he a c r o s o m e r e a c t i o n . If insufficient ex t r ace l lu l a r 

C a
2 +

 ex i s t s to ini t ia te t he a c r o s o m e r eac t ion to a high p e r c e n t a g e , t h e i n c r e a s e 

b e c o m e s t r ans i en t . In this pa r t i cu la r e x p e r i m e n t , add i t ion of 4 m M C a
2 +

 af ter 

egg je l ly a l lows for a —20-fold i n c r e a s e in [ C a
2 +

] ; , fo l lowed b y a subs tan t i a l 

d e c r e a s e (C) . Th i s t y p e of t r ans i en t i n c r e a s e in [Ca
2 +

 ] j is cha rac t e r i s t i c of 

c h a n g e s in [ C a
2 +

] j s t imula ted by egg je l ly w h e n t h e a c r o s o m e r eac t i on is in-

hibi ted b y v e r a p a m i l , t e t r a e t h y l a m m o n i u m , o r by e l ev a t ed s e a w a t e r [K
 +
 ] (R. 

W . S c h a c k m a n n , u n p u b l i s h e d d a t a ) . T h a t i s , a subs tan t i a l initial i n c r e a s e o c -

cu r s t o a l o w e r p e a k [ C a
2 +

] j , a n d this is fo l lowed by a s e c o n d a r y d e c r e a s e in 

[ C a
2 +

] , 

T h e t ransient behav io r of [ C a
2 +

] j w h e n the react ion is inhibited d e m o n s t r a t e s 

tha t s p e r m h a v e the c a p a c i t y to r egu la te [Ca
2 +

 ] j . T h e s p e r m m u s t con ta in 

wi thin the i r p l a s m a m e m b r a n e s m o l e c u l e s tha t not only a l low for e n h a n c e d 

C a
2 +

 e n t r y , but a l so m o l e c u l e s tha t c an l o w e r [Ca
2 +

 ] j . P r e s u m a b l y a C a
2 +

 -

t r ans loca t ing A T P a s e a n d / o r N a
+
- C a

2 +
 e x c h a n g e is r e spons ib l e for C a

2 +
 r e -

m o v a l . B o t h ac t iv i t ies exis t in s p e r m of o t h e r spec i e s (Rufo et al., 1984; Brei t -

bar t et al., 1985), bu t h a v e yet to be d o c u m e n t e d in s ea u rch in s p e r m . It is 

unl ikely tha t t he d e c r e a s i n g par t of t he t r ans i en t r e su l t s f rom mi tochondr i a l 

accumula t ion , as it is not p reven ted by uncoupl ing agents (R. W. S c h a c k m a n n , 

unpub l i shed da t a ) . 

T h e abil i ty to rapidly m e a s u r e [Ca
2 +

 L g rea t ly e n h a n c e s o u r k n o w l e d g e of 

ear ly c h a n g e s i m p o r t a n t to t he a c r o s o m e r e a c t i o n , bu t d o e s not def ine t he 

type of en t ry mechan ism(s ) ac t iva ted by egg je l ly . Act iva t ion of C a
2 +

 channe l s 

is a c c e p t e d as t he m o s t l ikely h y p o t h e s i s , a n d the fol lowing o b s e r v a t i o n s sup -

por t th i s . T h e C a
2 +

 c h a n n e l a n t a g o n i s t s v e r a p a m i l , D600 , a n d severa l d ihy-

d r o p y r i d i n e s b lock the a c r o s o m e r eac t i on and pa r t of t he initial r ise in [Ca
2 +

 L 

o v e r a s imilar c o n c e n t r a t i o n r ange ( S c h a c k m a n n et al., 1978; K a z a z o g l o u et 

al., 1985). F o r e x a m p l e , ve r apami l b l o c k s bo th t he a c r o s o m e r eac t i on and the 

initial i nc rea se in [Ca
2 +

 ] j wi th ha l f -maximal inhibi t ion at —10 μ Μ (R. W . 
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1 2 [Ca
2
^] ixK d 

I 

I 1 

100 s e c o n d s 

Fig. 1. Sperm were loaded with the C a
2 +

 indicator indo-1 as descr ibed in T r immer et 

al. (1986) and diluted into C a
2 +

- f ree artificial seawate r to a final concen t ra t ion of 2 x 10
8 

sperm/ml . At a r row 1, egg jelly (35 μg fucose equivalents /ml) was added . F luorescence 

emission was followed at 405 nm with exci ta t ion at 355 nm. At a r row 2, C a
2 +

 was added 

from a 1 M stock to give final concen t ra t ions of (A) 19 m M , (B) 9 mM, (C) 4 m M , (D) 1 

mM, and (E) 0.1 m M . [Ca
2 +
 L cal ibrat ions were performed as descr ibed in T r immer et al. 

(1986). 
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S c h a c k m a n n , u n p u b l i s h e d ) . S e v e r a l d i h y d r o p y r i d i n e s a r e a l so effect ive in t he 

s a m e c o n c e n t r a t i o n r a n g e . T h e s e c o n c e n t r a t i o n s a r e qu i t e high c o m p a r e d to 

t h o s e u s e d to se lec t ive ly inhibi t C a
2 +

 c h a n n e l s in m a n y exc i t ab l e t i s sues 

( F l e c k e n s t e i n , 1977; H a g i w a r a a n d B y e r l y , 1981). T h e high c o n c e n t r a t i o n s 

n e c e s s a r y t o inhibi t t h e a c r o s o m e r eac t ion limit t he s t r eng th of a r g u m e n t s tha t 

the d rugs ac t specif ical ly to b lock C a
2 +

 c h a n n e l s in the s p e r m . F o r e x a m p l e , 

high (mic romola r ) c o n c e n t r a t i o n s of t he d i h y d r o p y r i d i n e s c a n inhibi t p h o s -

p o d i e s t e r a s e ac t iv i ty a s well ( M i n o c h e r h o m j e e a n d Roufoga l i s , 1984; N o r m a n 

et al., 1983). E v e n in m a m m a l i a n t i s s u e s , h o w e v e r , C a
2 +

 c h a n n e l s s h o w con-

s iderab le var iabi l i ty in r e s p o n s i v e n e s s to t h e s e inh ib i tors ( H a g i w a r a et al., 

1981; C o g n a r d et al., 1986), a n d p e p t i d e t ox in s k n o w n to differential ly inhibi t 

v e r t e b r a t e C a
2 +

 c h a n n e l s ( R e y n o l d s et al., 1986) a r e ineffect ive a t b lock ing 

C a
2 +

 m o v e m e n t s in i n v e r t e b r a t e C a
2 +

 c h a n n e l s ( M c C l e s k e y et al., 1987). A 

less se lec t ive C a
2 +

 c h a n n e l inh ib i tor , t he ino rgan ic ca t ion C o
2 +

 ( H a g i w a r a 

and T a k a h a s h i , 1967), b l o c k s b o t h t he a c r o s o m e r eac t i on a n d pa r t of t h e egg 

j e l ly - s t imula ted i n c r e a s e in [ C a
2 +

L ( T r i m m e r et al., 1987). A s s h o w n in F ig . 

2, egg je l ly a l lows for B a
2 +

 e n t r y in to t h e s p e r m , a n d th is ac t iv i ty is par t ia l ly 

inhibi ted b y v e r a p a m i l . C a
2 +

 c h a n n e l s p a s s B a
2 +

 a m o n g severa l o t h e r d iva len t 

ions (Hag iwara and O h m o r i , 1982). C o
2 +

 partially b locks B a
2 +

 en t ry into spe rm 

as well (R. W . S c h a c k m a n n , u n p u b l i s h e d ) . All of t h e s e d a t a a r e c o n s i s t e n t 

wi th t he C a
2 +

 c h a n n e l h y p o t h e s i s , bu t fu r the r ana lys i s r equ i r e s ident i f ica t ion 

a n d c h a r a c t e r i z a t i o n of single c h a n n e l ac t iv i t ies us ing e l ec t rophys io log ica l 

[ B a
2 +

] i x K d 

P*V**VA*\***V«v^^ A Oos 

! - o . „ 

Vfc****^ - 1 . 8 0 

I 1 

100 s e c o n d s 

Fig. 2 . Sperm were loaded with fura-2 as descr ibed in T r immer et al. ( 1986) and diluted 

into C a
2 +

- f ree artificial seawate r to a final concen t ra t ion of 2 x 10
8
 sperm/ml . Ba

2 +
 was 

added to a total concen t ra t ion of 10 mM in Β and C from a 1 M s tock solut ion. N o C a
2 + 

or B a
2+

 was added in A. In B, 40 μ Μ verapamil was added prior to the recording. Egg jelly 

was added to 35 μg fucose equivalents /ml to initiate the changes . F luorescence emission 

was followed at 500 nm with exci ta t ion at 380 nm. Calibrat ion was performed as descr ibed 

(Tr immer et al., 1986). 
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m e t h o d s . A p re l imina ry r epo r t of C a
2 +

 c h a n n e l ac t iv i ty f rom s p e r m w a s re-

cen t ly p r e s e n t e d ( L i e v a n o et al., 1987). 

It is l ikely tha t egg je l ly ac t i va t e s s p e r m K
+
 c h a n n e l s a n d tha t th is ac t iv i ty 

cont r ibu tes to regulat ion of [ C a
2 +

L and pHj . Inhibit ion of the a c r o s o m e react ion 

and the sus t a ined i nc r ea se in [Ca
2 +

 L by t e t r a e t h y l a m m o n i u m o r by inc reas ing 

the s e a w a t e r [K
 +
 ] sugges t s K

+
 c h a n n e l i n v o l v e m e n t a n d poss ib le regu la t ion 

by the p l a s m a m e m b r a n e po ten t ia l ( S c h a c k m a n n et al., 1978, 1981; Garc ia -

S o t o et al., 1987). T e t r a e t h y l a m m o n i u m inhibi ts a va r i e ty of t y p e s of [K
 +
 ] 

c h a n n e l s and t e t r a e t h y l a m m o n i u m - s e n s i t i v e c h a n n e l s h a v e b e e n identif ied in 

s p e r m m e m b r a n e p r e p a r a t i o n s ( L i e v a n o et al., 1985; G u e r r e r o et al., 1987). 

Ac t iva t ion of K
+
 c h a n n e l s is e x p e c t e d t o h y p e r p o l a r i z e t h e s p e r m p l a s m a 

m e m b r a n e po ten t ia l a n d r ecen t m e m b r a n e po ten t i a l m e a s u r e m e n t s us ing the 

f luorescen t d y e , 3 , 3 ' - d ip ropy l t h i ad i ca rbocyan in [d iS-C 3- (5) ] , r evea l a rapid 

t r ans i en t hype rpo l a r i z a t i on ini t ia ted wi th egg je l ly ( G a r c i a - S o t o et al., 1987; 

G o n z a l e z - M a r t i n e z and D a r s z o n , 1987). S u c h a h y p e r p o l a r i z a t i o n poss ib ly 

ac t iva t e s the m e m b r a n e po ten t i a l - sens i t ive N a
+

- H
+
 e x c h a n g e d e s c r i b e d in 

Sec t ion I I I ,Β ( L e e , 1984a,b, 1985; L e e and G a r b e r s , 1986) and m a y give r ise 

to at least pa r t of t he i nc r ea se in pH; ( S c h a c k m a n n and S h a p i r o , 1981). Ad-

di t ional ly , ac t iva t ion of the N a
+
- H

 +
 e x c h a n g e is d i rec t ly a s s o c i a t e d wi th a 

C a
2 +

 e n t r y m e c h a n i s m tha t is insens i t ive t o v e r a p a m i l ( see Sec t ion Ι Ι Ι , Β ; and 

S c h a c k m a n n a n d C h o c k , 1986), a n d the a c r o s o m e r eac t i on m a y be a s soc i a t ed 

wi th ac t iv i ty of mul t ip le C a
2 +

 e n t r y m e c h a n i s m s . In s u p p o r t of th is idea is 

t he o b s e r v a t i o n tha t v e r a p a m i l , w h e n a d d e d after i nduc t ion of t he a c r o s o m e 

r eac t i on , inhibi ts only —30% of the
 4 5

C a
2 +

 u p t a k e ( S c h a c k m a n n et al., 1978). 

In con t ras t , addit ion of verapamil pr ior to egg jel ly b locks 9 5 % of
 4 5

C a
2 +

 u p t a k e . 

Inhibi t ion of the a c r o s o m e r eac t ion by i n c r e a s e d s e a w a t e r [K
 +
 ] c an a l so 

be exp la ined if a hype rpo la r i z ing s t ep o c c u r s a n d is r equ i r ed for the r eac t i on . 

T h e s p e r m m e m b r a n e po ten t ia l is d e p o l a r i z e d by i n c r e a s e d ex t r ace l lu l a r [K
 +
 ] 

( S c h a c k m a n n * ^ al., 1981, 1984); this inhibits N a
+

- H
+
 exchange (Lee , 1984a,b, 

1985; L e e and G a r b e r s , 1986) and m a y p r e v e n t pa r t of t he i nc rease in pHj and 

ac t iv i ty of the ve rapami l - insens i t ive C a
2 +

 e n t r y m e c h a n i s m . H o w e v e r , not all 

of the rise in pHj occu r s by m e a n s of N a
+
— H

+
 exchange . Chr is ten et al. (1983b) 

found tha t , e v e n in the a b s e n c e of bo th N a
+
 and C a

2 +
, egg je l ly w a s c a p a b l e 

of increas ing pHj . 

Subsequen t to the initial hyperpolar iza t ion , substant ia l (—25 m V ) , sus ta ined 

depo la r i za t ion of t he p l a s m a m e m b r a n e po ten t i a l o c c u r s ( S c h a c k m a n n et al., 

1981, 1984; G a r c i a - S o t o et al., 1987). S ince depo l a r i za t i on of t h e p l a s m a m e m -

b r a n e po ten t i a l a c t i va t e s C a
2 +

 c h a n n e l s in o t h e r ce l l s , it h a s b e e n sugges ted 

to ac t iva t e C a
2 +

 c h a n n e l s in s p e r m (Shap i ro et al., 1985). H o w e v e r , b e c a u s e 

m e m b r a n e potent ial m e a s u r e m e n t s rely on equi l ibr ium dis tr ibut ion of diffusible 

l ipophil ic ions wh ich t a k e s m a n y s e c o n d s o r e v e n m i n u t e s in s p e r m , it is no t 

k n o w n w h e t h e r depo la r i za t ion a c c o m p a n i e s o r fo l lows the rap id i n c r e a s e s in 
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[ C a
2 +

] j and pHj (which a re comple t e within —10 sec) . F u r t h e r exper imen ta t ion 

m u s t b e p e r f o r m e d to d e t e r m i n e if r ap id , a s ye t u n d e t e c t e d , depo la r i z ing s t eps 

o c c u r to d i rec t ly a c t i va t e C a
2 +

 c h a n n e l s o r if t h e initial r i se in [ C a
2 +

] j r e su l t s 

f rom a t y p e of C a
2 +

 c h a n n e l ac t i ve a t h y p e r p o l a r i z e d po t en t i a l s . 

D. Membrane Components Regulating C a
2 +

 Entry and the Increase in pHi 

A t t e m p t s to identify t he m e m b r a n e c o m p o n e n t s invo lved in ion m o v e m e n t s 

dur ing the a c r o s o m e r eac t ion fall in to t w o c a t e g o r i e s . A t rad i t iona l p h a r m a -

cological a p p r o a c h has c h a r a c t e r i z e d b ind ing of a ca l c ium c h a n n e l an t agon i s t , 

v e r a p a m i l . A s e c o n d a p p r o a c h has b e e n to identify m e m b r a n e p r o t e i n s im-

por tan t to the a c r o s o m e react ion with ant ibodies to spe rm m e m b r a n e pro te ins . 

Ant ibodies ( L o p o and Vacqu ie r , 1980; Saling et al., 1982; Podell and Vacquie r , 

1984a; T r i m m e r et al., 1985, 1987) h a v e b e e n d e v e l o p e d tha t affect the ac -

r o s o m e r eac t i on and fer t i l izat ion. 

B o t h N a
+
 c h a n n e l s a n d C a

2 +
 c h a n n e l s h a v e b e e n purif ied f rom exc i t ab l e 

t i s sue by v i r tue of the i r high affinity for l igands , w h i c h b lock o r in o t h e r w a y s 

a l te r the i r ac t iv i ty . Us ing a s p e r m p l a s m a m e m b r a n e p r e p a r a t i o n , b ind ing of 

the C a
2 +

 c h a n n e l b l o c k e r , [
3
H ] v e r a p a m i l , h a s b e e n a n a l y z e d ( K a z a z o g l o u et 

al., 1985). Specific binding with a Kd of 11 μΜ w a s de te rmined and c o r r e s p o n d s 

c lose ly to c o n c e n t r a t i o n s effect ive at inhibi t ing t he a c r o s o m e r eac t i on a n d 

b lock ing the i n c r e a s e in [Ca
2 +

 ]j. T h e affinity for t he an t agon i s t is low w h e n 

c o m p a r e d wi th b ind ing to high-affinity s i tes in m u s c l e o r n e r v e (F locke rz i et 

al., 1986) a n d the tota l n u m b e r of specif ic s i tes (600 p m o l / m g of m e m b r a n e 

p ro te in ) is qu i t e high. It is unl ikely tha t s u c h a c o n c e n t r a t i o n of C a
2 +

 c h a n n e l s 

ex i s t s , and it ha s b e e n sugges ted tha t v e r a p a m i l m a y b ind to o t h e r m e m b r a n e 

c o m p o n e n t s as well as to C a
2 +

 channe l s (Kazazog lou et al., 1985). Compet i t ion 

for [
3
H]verapami l binding by unlabeled verapami l o r by s t e reo i somers of D600 

( m e t h o x y v e r a p a m i l ) s h o w s b ind ing to s p e r m m e m b r a n e s is highly se l ec t ive , 

a l t hough inhibi t ion of t he a c r o s o m e r eac t i on s h o w s no s u c h s t e r e o i s o m e r se-

lec t iv i ty . T h e a c r o s o m e r eac t ion is b l o c k e d by a n u m b e r of d i h y d r o p y r i d i n e s 

at s ignificantly different c o n c e n t r a t i o n s , ind ica t ing a d e g r e e of se lec t iv i ty 

a m o n g t h e s e d r u g s . B e c a u s e the affinity for v e r a p a m i l is l o w , th is a p p r o a c h 

has ye t to identify specif ic m e m b r a n e p ro t e in s tha t might s e r v e a s C a
2 +

 c h a n -

ne l s . 

U s e of ant ibodies to spe rm m e m b r a n e pro te ins as a tool to invest igate spe rm 

funct ion and the a c r o s o m e r eac t ion is well e s t a b l i s h e d . M e t z et al. (1964) 

s h o w e d tha t fer t i l izat ion cou ld be b l o c k e d wi th a n t i s p e r m a n t i b o d i e s . M o r e 

r ecen t ly , L o p o and V a c q u i e r (1980) a n d Sal ing et al. (1982) s h o w e d tha t an-

t ibodies to specif ic s p e r m m e m b r a n e p ro t e in s inhibi ted t he a c r o s o m e r eac t i on 

in Strongylocentrotus purpuratus and Arbacia punctulata, respec t ive ly . L o p o 
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found tha t an t i bod i e s to an 80-kDa p ro te in b l o c k e d the a c r o s o m e r eac t ion 

ini t iated wi th egg j e l ly , bu t tha t e l eva t ed p H - o r ionophore - in i t i a t ed r eac t i ons 

w e r e unaf fec ted . E c k b e r g and M e t z (1982) s h o w e d wi th A. punctulata s p e r m 

tha t an a n t i b o d y tha t inhibi ted the a c r o s o m e r eac t i on a l so i m m u n o p r e c i p i a t e d 

a 68-kDa m e m b r a n e p ro te in . T h e y sugges t ed this might b e an " e g g j e l l y " 

r e c e p t o r . Podel l and V a c q u i e r (1984a) found wi th S. purpuratus s p e r m tha t 

an t i bod i e s b inding bo th 80- and 210-kDa m e m b r a n e p r o t e i n s no t on ly b locked 

the a c r o s o m e reac t ion ini t ia ted by egg j e l ly , bu t a l so inhibi ted
 4 5

C a
2 +

 u p t a k e 

and H
+
 efflux. T h e r eac t ion cou ld b e ini t ia ted wi th a l t e rna t e t r igger ing me t h -

o d s , such a s i nc r ea sed ex t r ace l lu l a r p H which b y p a s s e d the no rma l je l ly- t r ig-

ge red e v e n t s . A lec t in , w h e a t g e r m agglut in in , w a s a l so found to bind to the 

210-kDa p ro te in and inhibi ted the a c r o s o m e r eac t i on (Podel l and V a c q u i e r , 

1984b). 

T h e in te res t in the 210-kDa an t igen led T r i m m e r et al. (1985) to d e v e l o p 

m o n o c l o n a l an t i bod i e s ( m A b ) to this and o t h e r s p e r m m e m b r a n e p r o t e i n s . 

Different an t ibod ie s to this p ro te in h a v e different phys io log ica l effects on the 

s p e r m . T w o an t ibod ie s m A b J10/14 and m A b J4/4 b o t h b ind to the 210-kDa 

an t igen and revea l its loca t ion on the s p e r m tail and in t he a c r o s o m a l reg ion . 

E a c h se lec t ive ly r eac t s wi th t he an t igen by i m m u n o p r e c i p i t a t i o n of s p e r m 

m e m b r a n e s . H o w e v e r , m A b J4/4 d o e s no t inhibi t t he a c r o s o m e reac t ion and 

d o e s not p r e v e n t
 4 5

C a
2 +

 u p t a k e o r t he i nc r ea se in pHj . In c o n t r a s t , m A b J10/ 

14 and F a b f r agmen t s of J10/14 a r e b o t h p o t e n t inh ib i to rs of t h e a c r o s o m e 

reac t ion and b lock
 4 5

C a
2 +

 u p t a k e a n d the i nc r ea se in pHj . 

B a s e d on its abil i ty to b lock the ion m o v e m e n t s , T r i m m e r et al. (1985) 

initially sugges ted tha t m A b J10/14 cou ld b ind to a n d b lock a C a
2 +

 en t ry 

m e c h a n i s m in t he s p e r m p l a s m a m e m b r a n e . U s i n g the in t race l lu la r C a
2 +

 in-

d i ca to r s fura-2 and i n d o - 1 , w e w e r e su rp r i sed t o find tha t m A b J10/14 ac tua l ly 

inc reased [Ca
2 +

 ] i t o e v e n h igher c o n c e n t r a t i o n s t h a n egg je l ly d o e s ( T r i m m e r 

et al., 1986), in a p p a r e n t c o n t r a d i c t i o n t o t he i so t o p e u p t a k e d a t a . H o w e v e r , 

as no t ed a b o v e in Sec t ion I I ,C and by T r i m m e r et al. (1986),
 4 5

C a
2 +

 u p t a k e 

a s s a y s mi tochondr i a l a c c u m u l a t i o n af ter i nduc t ion of t he a c r o s o m e r eac t ion . 

N o long- te rm inc rea se in
 4 5

C a
2 +

 is s t imula ted by m A b J10/14, b e c a u s e the 

a c r o s o m e reac t ion is not in i t ia ted . In c o n t r a s t , fura-2 is d i s t r ibu ted t h r o u g h o u t 

the s p e r m and r e s p o n d s to s u b m i c r o m o l a r [ C a
2 +

L c h a n g e s . T h e a m o u n t of 
4 5

C a
2 +

 wh ich e n t e r s the s p e r m to c a u s e t h e s e c h a n g e s is qu i t e l imited ( < 1 

nmol /10
8
 s pe rm) and c a n n o t be easi ly r e so lved by fol lowing

 4 5
C a

2 +
 u p t a k e . 

T h e s e o b s e r v a t i o n s i l lus t ra te the l imits of
 4 5

C a
2 +

 u p t a k e as a m e a s u r e of p h y s -

iologically significant c h a n g e s in [Ca
2 +

 L . 

C o n s i s t e n t wi th the i r abil i ty to inhibit t he a c r o s o m e r eac t i on , bo th m A b 

J10/14 and the F a b f ragment to m A b J10/14 a re effect ive at s t imula t ing C a
2 + 

e n t r y , bu t m A b J4/4 is w i thou t effect. In t he a b s e n c e of ex t r ace l lu l a r C a
2 +

, 

m A b J10/14 c a u s e s no i nc r ea se in [Ca
2 +

 ] j ( T r i m m e r et al., 1986). m A b J10/14 
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does not increase ρΗ 4 and p reven t s the increase w h e n egg jel ly is subsequent ly 

a d d e d . T h e m o n o c l o n a l an t i bod i e s such as J10/14 effect ively s e p a r a t e t he pHj 

and [Ca
2 +

 ] j s t e p s ( T r i m m e r et al., 1986). S ince m A b J10/14 d o e s no t ini t ia te 

the a c r o s o m e r e a c t i o n , t h e s e d a t a a l so d i rec t ly d e m o n s t r a t e tha t i n c r e a s e d 

[Ca
2 +

 ] j a l one is insufficient to ini t ia te t h e a c r o s o m e r eac t i on . H o w e v e r , if 

[Ca
2 +

 ] j is i n c r e a s e d wi th m A b J10/14 a n d the pHj is i n c r e a s e d by an a l t e rna t e 

m e t h o d , as wi th a d d e d N H 4

+
, t he a c r o s o m e r eac t i on is in i t ia ted . T h e impor -

t a n c e of bo th t he i nc r ea se of pHj a n d [Ca
2 +

 L t o ini t ia t ion of t he a c r o s o m e 

react ion is conf i rmed, and the da t a suggest the changes m a y result from activi ty 

of s e p a r a t e b iochemica l p a t h w a y s . 

T h e ability to inhibit the egg je l ly-s t imulated a c r o s o m e react ion or to initiate 

it, if t he pH; is s epa ra t e ly i n c r e a s e d , sugges t s tha t a n t i b o d y - s t i m u l a t e d C a
2 + 

e n t r y m a y be re la ted to o r ident ica l wi th C a
2 +

 e n t r y s t imula ted by egg je l ly . 

F u r t h e r s imilar i t ies a r e ev iden t f rom e x a m i n a t i o n of inh ib i tor effects on m A b 

J10/14-s t imula ted i n c r e a s e s in [Ca
2 +

 ] j . A s s h o w n in T a b l e I, e a c h of the in-

hibitors of the egg je l ly-s t imulated changes is a lso effective at partially inhibiting 

the i nc r ea se in [Ca
2 +

 ] j s t imula ted wi th m A b J10/14. T e t r a e t h y l a m m o n i u m , 

v e r a p a m i l , o r i n c r e a s e d [K
 +
 ] (not s h o w n ) all par t ia l ly p r e v e n t the i nc r ea se in 

[Ca
2 +

 ] j . W h e a t g e r m agglut inin b l o c k s nea r ly all of t he a n t i b o d y - s t i m u l a t e d 

i n c r e a s e , bu t it is no t ye t k n o w n w h e t h e r this affects a n t i b o d y b ind ing . A s 

wi th egg j e l ly , B a
2 +

 en t ry is a l so s t imu la t ed by m A b J10/14 a n d the inorgan ic 

C a
2 +

 channe l b locker , C o
2 +

, is effective at inhibiting e i ther B a
2 +

 o r C a
2 +

 en t ry 

(R. W . S c h a c k m a n n , u n p u b l i s h e d ) . 

A n in te res t ing q u e s t i o n is w h e t h e r t h e 210-kDa an t igen is by itself a C a
2 + 

TABLE I 

Inhibition of mAb J10/14 Induced [ C a
2 +

] i Increase" 

Condi t ions [ C a
2 +

] , χ ΚΛ 

Control 0.20 

m A b J 1 0 / 1 4 ( 3 0 μ g / m l ) 1.3 

mAb J10/14 (30 μg/ml) + 30 μΜ verapamil 0.60 

m A b J10/14 (30 μg/ml) + 10 mM TEA' ' 0.95 

m A b J10/14 (30 μg/ml) + 40 μg/ml WGA* 0.35 

"Strongylocentrotus purpuratus sperm were loaded with indo-1 as described (Schackmann 

and Chock , 1986; T r immer et al., 1986). Fol lowing dilution into artificial seawate r , m A b 

J10/14 was added in the p resence or absence (control) of inhibitors of the ac rosome react ion 

and changes in [Ca
2 +
 L were followed. Data p resen ted were de te rmined 4 min after ant ibody 

was added . The initial increase has partly col lapsed. The behavior of the inhibitors is more 

readily observed during the relaxat ion phase of the [Ca
2 +

 ]j changes . 

' T E A , Te t r ae thy l ammonium. 

' W G A , Whea t germ agglutinin. 
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en t ry m e c h a n i s m ( T r i m m e r et al., 1985; T r i m m e r , 1987). O n the s imple bas i s 

of n u m b e r s of b inding si tes for the an t igen on the s p e r m sur face (—150,000/ 

cel l ) , it s e e m s an unl ike ly c a n d i d a t e for this ro le . Us ing a p l a s m a m e m b r a n e 

surface a r e a of —40 μ π τ ^ ρ ε π τ ι , this y ie lds a m o l e c u l a r dens i t y of > 3 0 0 0 / μ π ι
2
, 

a va lue wh ich e x c e e d s r e p o r t e d va lues for all bu t t he h ighes t N a
+
 c h a n n e l 

dens i t i e s (Hi l le , 1984). T h e a m o u n t of C a
2 +

 en t e r i ng s p e r m s t imula ted wi th 

an t i bod i e s d o e s not r equ i re such a large c h a n n e l d e n s i t y . T h e ra te dur ing the 

first 10 sec of a n t i b o d y s t imula t ion is e s t i m a t e d f rom
 4 5

C a
2 +

 d a t a at a p p r o x -

imate ly < 0 . 2 n m o l / 1 0
8
 s p e r m sec o r ~ 1 0

6
 i ons / sec for a single s p e r m . C a

2 + 

c h a n n e l s and c h a n n e l s in genera l p a s s ions at the r a t e of ~ 1 0
6
/ s e c . E v e n if 

the c h a n n e l s w e r e only o p e n for an a v e r a g e of 10 m s e c , t he ra te of C a
2 +

 en t ry 

into s p e r m can be a c c o u n t e d for by as few as 100 c h a n n e l s , wh ich is t h r ee 

o r d e r s of m a g n i t u d e less than the n u m b e r of an t igen m o l e c u l e s p r e s e n t . T h e 

i ssue t hen b e c o m e s o n e of h o w m a n y m o l e c u l e s might be ac t iva t ed by initial 

a n t i b o d y b inding and h o w m a n y mo lecu l e s c o m p r i s e a single c h a n n e l . At this 

t ime , no in format ion ex i s t s on h o w m u c h b inding o c c u r s wi th in t he first few 

s e c o n d s fol lowing a n t i b o d y add i t i on , bu t if t he n u m b e r is sufficiently small 

and if s u b s e q u e n t b inding d o e s not ac t i va t e add i t iona l c h a n n e l s , t he numer i ca l 

a rgumen t s p resen ted above may not be valid. Interest ingly, recent b iochemical 

expe r imen t s with rod ou te r segments have a lso found m o r e channel molecules 

t han p red ic t ed by physio logica l m e a s u r e m e n t s ( A p p l e b u r y , 1987). A l t e rna -

tively, binding of the m Abs to the 210-kDa protein m a y s t imulate C a
2 +

 channel 

ac t iv i ty indi rec t ly t h rough a l t e ra t ion of a s e c o n d m e s s e n g e r s y s t e m wi th in the 

s p e r m or p e r h a p s by ac t iva t ing o t h e r c h a n n e l t y p e s to a l te r t he p l a s m a m e m -

b r a n e po ten t i a l . T h e d a t a s t rongly a rgue tha t t h e 210-kDa an t igen is invo lved 

in C a
2 +

 en t ry into spe rm, and further exper imenta t ion should reveal proper t ies 

of this impor t an t s p e r m m e m b r a n e p ro te in and h o w it func t ions to regu la te 

C a
2 +

 en t ry in to s p e r m . 

A s e c o n d a n t i b o d y , m A b J18/29, s t imula te s t he a c r o s o m e reac t ion by a 

m e c h a n i s m tha t c lose ly a p p r o x i m a t e s egg je l ly ( T r i m m e r et al., 1987). Unl ike 

m A b J10/14, m A b J18/29 increases both [ C a
2 +

L and pHj . T h e inhibitory pa t te rn 

is ident ical to tha t of egg je l ly . T h a t is , t e t r a e t h y l a m m o n i u m , [K
 +
 ] e and ve-

rapami l a re all effective at b lock ing the a c r o s o m e r eac t i on s t imula ted by this 

a n t i b o d y ( T r i m m e r et al., 1987) at c o n c e n t r a t i o n s c lose t o t h o s e tha t inhibit 

egg jel ly. Inc reases in [ C a
2 +

] j by m A b J18/29 are partially b locked by inhibitors 

of the a c r o s o m e r eac t ion . Inhib i t ion is s imilar to tha t of egg je l ly- in i t ia ted 

c h a n g e s . m A b J18/29 is cu r r en t ly t he on ly " n o n - j e l l y " t r igger of the r eac t ion 

tha t is sens i t ive to t e t r a e t h y l a m m o n i u m , and it l ooks qu i t e p romis ing as a 

def ined mode l m e t h o d of ini t ia t ion. In p r inc ip le , b ind ing of this a n t i b o d y m a y 

reveal the identity of the " e g g jelly r e c e p t o r . " Interest ingly, m A b J18/29 binds 

to severa l m e m b r a n e p ro t e ins on W e s t e r n b lo t s a p p a r e n t l y by recogn iz ing a 

c o m m o n fea tu re of e a c h of the p r o t e i n s . A m o n g t h e s e p r o t e i n s is the 210-kDa 
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g lycop ro t e in . Binding of an t i bod i e s to mul t ip le p ro t e in s wi th a c o m m o n d e -

t e r m i n a n t h a s b e e n r e p o r t e d in o t h e r o r g a n i s m s ( B l o o d g o o d et al., 1986; S. 

W a r d et al., 1986). T h e o b s e r v a t i o n tha t mul t ip le m e m b r a n e p r o t e i n s a r e in-

vo lved in m A b J18/29 b ind ing is c o n s i s t e n t wi th t he idea tha t mul t ip le ionic 

c h a n g e s n e e d to o c c u r for t he a c r o s o m e r eac t ion to p r o c e e d . 

E. Relationship of Increased pHj to Increased [ C a
2 +
L 

Ini t ia t ion of the a c r o s o m e r eac t ion is a l w a y s a c c o m p a n i e d by an i nc rea se 

in pHj to —7.6 o r g rea t e r . I n c r e a s e d [Ca
2 +

 ]j w i t h o u t t he i nc r ea se in pHj d o e s 

not ini t iate t he a c r o s o m e r eac t ion and sugges t s tha t t he r ise in pHj is no t a 

d i rec t c o n s e q u e n c e of the [Ca
2 +

 ]j i n c r e a s e . Add i t iona l ly , us ing the w e a k b a s e 

N H J to i nc r ea se pHj , severa l l abo ra to r i e s h a v e found tha t N H J a lone is in-

sufficient to c a u s e a c o m p l e t e a c r o s o m e r eac t i on ( T r i m m e r et al., 1986; 

S c h r o e d e r and C h r i s t e n , 1982). N H ^ - I O m M ) , wh ich i n c r e a s e s pHj to a 

g r e a t e r d e g r e e t han d o e s egg je l ly , d o e s no t subs tan t ia l ly i nc rea se [Ca
2 +

 L 

( T r i m m e r et al., 1986; S c h a c k m a n n a n d C h o c k , 1986). T h e d a t a sugges t tha t 

an egg j e l l y - induced i nc r ea se in pHj of—0.2 U is no t the sole r egu la to ry m e c h -

anism for act ivat ing C a
2 +

 en t ry . A n o t h e r l abora tory , h o w e v e r , has used higher 

[Ca**], 

I 1 

100 s e c o n d s 

Fig. 3 . Spe rm were loaded with fura-2 as descr ibed in Fig. 2 and diluted into C a
2 +

- f r e e 
artificial seawate r at pH 7.8. In A, no C a

2 +
 or B a

2 +
 was added . In B, 10 m M C a

2 +
 was 

added prior to recording. In C and D, 10 m M B a
2 +

 was added prior to recording. In C, 40 
μ Μ verapamil was also added 10 sec after recording was begun. N H 4

+
 (10 mM) was added 

from a 1 M stock solut ion, pH adjusted to 8.0, to initiate the changes in intracellular C a
2 + 

or B a
2 +

. F luorescence emiss ion was at 500 nm with exci ta t ion at 380 nm. T h e B a
2 +

- f u r a - 2 
dissociat ion cons tan t has been de te rmined to be a ~5-fold higher than the C a

2 +
- f u r a - 2 dis-

sociat ion cons tan t ; hence the increase in the [ B a
2 +

] j is —200 t imes that for [Ca
2
~]j . 
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c o n c e n t r a t i o n s of N H J to ini t iate the a c r o s o m e r eac t ion and has r e p o r t e d 

s o m e ini t iat ion a t 10 mM N H 4 ( G a r c i a - S o t o a n d D a r s z o n , 1985; G a r c i a - S o t o 

et al., 1987). T h e reason for these different obse rva t ions has not been resolved. 

T h e di f ferences m a y reflect a s p e c t s of [ C a
2 +

 L r egu la t ion by pHj , wh ich w e 

have yet to a d e q u a t e l y a d d r e s s . F o r e x a m p l e , F ig . 3 s h o w s tha t 10 mM N H 4 

i nc r ea se s [ C a
2 +

 L on ly sl ightly. In c o n t r a s t , 10 mM N H J is ve ry effective at 

s t imula t ing i nc rea sed B a
2 +

 en t ry into the s p e r m . S ince B a
2 +

 a c t i v a t e s the 

C a
2 +

- A T P a s e m u c h less effectively t han C a
2 +

 (Pfleger and Wolf, 1975) and 

since B a
2 +

 en t ry through C a
2 +

 channe l s can preven t inact ivat ion of the channel 

( E c k e r t and T i l lo t son , 1981), it is poss ib le tha t i n c r e a s e d pHj s t imu la t e s not 

only C a
2 +

 e n t r y , but a l so C a
2 +

 r e m o v a l , and tha t e n t r y of B a
2 +

 is s t imula ted 

to a g r e a t e r d e g r e e than B a
2 +

 r e m o v a l . B a
2 +

 en t ry s t imula ted with N H 4 is 

not b locked as efficiently by ve rapami l as is tha t s t imula ted by egg je l ly (Fig. 

2); it r e m a i n s to be seen if the en t ry m e c h a n i s m s s t imula ted a r e the s a m e . 

H o w e v e r this c u r r e n t p r o b l e m is r e s o l v e d , it is l ikely tha t man ipu la t i on of pHj 

affects severa l b iochemica l r egu la to ry s y s t e m s wi th in the s p e r m . 

III. INCREASES IN pH, A N D [Ca
2 +
 L BY PEPTIDES F R O M EGG JELLY 

A. Background 

Ear ly o b s e r v a t i o n s ( O h t a k e , 1976a,b) d e m o n s t r a t e d the e x i s t e n c e in egg 

je l ly of mater ia l tha t s t imula ted s p e r m re sp i r a t ion . T h e ma te r i a l , wh ich cou ld 

be dialyzed a w a y from the a c r o s o m e reaction-tr iggering subs tance in egg jel ly, 

w a s highly effect ive at r e d u c e d s e a w a t e r p H (6.6) , bu t w a s a lmos t ineffect ive 

on s p e r m in no rma l s e a w a t e r at p H 8. T h e low-molecu la r -we igh t mate r ia l w a s 

sensi t ive to p ro teases and had o the r p roper t i e s , suggest ing that it w a s a pep t ide . 

S u b s e q u e n t puri f icat ion of this r e sp i r a to ry -ac t iva t ing mater ia l r evea led the 

ear ly p r ed i c t i ons to b e c o r r e c t , and seve ra l p e p t i d e s h a v e b e e n i so la ted a n d 

s e q u e n c e d ( K o p f et al., 1979; H a n s b r o u g h and G a r b e r s , 1981a; G a r b e r s et 

al., 1982; S u z u k i et al., 1981, 1984). T h e p e p t i d e s " s p e r a c t " i so la ted f rom S. 

purpuratus and H. pulcherrimus and ' ' r e s a c t " from A. punctulata d o not c ross -

r eac t . S y n t h e t i c p e p t i d e s mimic all biological effects of t h e na t ive s u b s t a n c e , 

and s t ructural analogs have been used to s tudy the b iochemis t ry and physiology 

resul t ing f rom pep t ide b ind ing ( G a r b e r s et al., 1982; D a n g o t t a n d G a r b e r s , 

1984; S h i m o m u r a and G a r b e r s , 1986; S h i m o m u r a et al., 1986). T h e pep t i de s 

s t imula te s p e r m mot i l i ty , as well as resp i ra t ion in s e a w a t e r at p H 6.6 ( K o p f 

et al., 1979; H a n s b r o u g h and G a r b e r s , 1981b; S h i m o m u r a and G a r b e r s , 1986) 

and c a n , u n d e r a p p r o p r i a t e c o n d i t i o n s , s t imula te r esp i ra t ion at a lkal ine p H 

(Suzuki and G a r b e r s , 1984). T h e y s t imulate rapid, t ransient increases in cyclic 
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nuc leo t ide c o n c e n t r a t i o n s ( H a n s b r o u g h a n d G a r b e r s , 1981a; G a r b e r s et al., 

1982; Suzuki et al., 1984; S h i m o m u r a and G a r b e r s , 1986). At p H 8, the pept ide 

resac t a c t s a s a c h e m o a t t r a c t a n t for Arbacia s p e r m ( W a r d et al., 1985b). 

C h e m o t a x i s r e q u i r e s C a
2 +

 ( W a r d et al., 1985b), w h e r e a s s t imula t ion of r e s -

p i ra t ion r equ i r e s N a
+
, bu t not C a

2 +
 ( H a n s b r o u g h and G a r b e r s , 1981b). 

B. Mechanism of Peptide Activity 

T h e bas i s of t he r e sp i r a to ry s t imula t ion at l o w - s e a w a t e r p H c a n b e u n d e r -

s tood in t e r m s of t he regula t ion of s ea u rch in s p e r m moti l i ty a n d resp i ra t ion 

by pHj (Chr i s t en et al., 1982, 1983a,c ; R e p a s k e a n d G a r b e r s , 1983; L e e et 

al., 1983). Binding of the p e p t i d e s s p e r a c t o r r e sac t ini t ia tes a rapid N a
+
-

d e p e n d e n t efflux of H
+
 ( H a n s b r o u g h a n d G a r b e r s , 1981b; R e p a s k e and Gar -

b e r s , 1983). S p e r a c t s t imula te s N a
+
 u p t a k e , and th is N a

+
- H

+
 e x c h a n g e in-

c r e a s e s pHj ( H a n s b r o u g h and G a r b e r s , 1981b; R e p a s k e and G a r b e r s , 1983). 

Moti l i ty and resp i ra t ion a r e s t rongly c o u p l e d t h r o u g h the d y n e i n A T P a s e ac -

t ivi ty in sea u rch in s p e r m , s ince d y n e i n ac t iv i ty is r egu la ted by p H 4 (Chr i s t en 

et al., 1983a). D y n e i n ac t iv i ty is a b s e n t in vivo, w h e n the p H is ~ 7 o r b e l o w 

and re sp i r a t ion is min ima l . I n c r e a s e d pHj ini t ia tes A T P hyd ro ly s i s wh ich in 

tu rn s t imu la t e s ox ida t i ve p h o s p h o r y l a t i o n . W h e n s p e r m a re in n o r m a l sea-

w a t e r , t he pHj in s p e r m is —7.4 and r e sp i r a t ion is nea r ly m a x i m a l . F u r t h e r 

i nc r ea se s in pHj d o not fu r ther s t imula t e r e sp i r a t i on . By p lac ing s p e r m at 

r e d u c e d s e a w a t e r p H to l ower pHj , basa l r e sp i r a t ion r a t e s a re d e c r e a s e d so 

tha t pep t ide - s t imu la t ed i n c r e a s e s in pHj c a n s t imula te r e sp i r a t ion . 

Pep t ide - s t imu la t ed N a
+

- H
+
 e x c h a n g e has p r o p e r t i e s s imilar to t he N a

+
-

H
+
 e x c h a n g e ac t i va t ed by N a

+
 add i t ion to s p e r m in N a

+
- f r e e s e a w a t e r ( L e e , 

1984a,b, 1985; L e e and G a r b e r s , 1986; S c h a c k m a n n a n d C h o c k , 1986). T h e 

e x c h a n g e is inhibi ted by inc reas ing s e a w a t e r [K
 +
 ] f rom 10 to 20 m M o r m o r e . 

It is u n i q u e a m o n g N a
+

- H
+
 e x c h a n g e s in tha t it is insens i t ive t o ami lo r ide 

and c a n be inhib i ted by depo l a r i za t i on of t h e p l a s m a m e m b r a n e po ten t i a l . It 

has b e e n c h a r a c t e r i z e d in in tac t s p e r m , in in tac t flagella, a n d in flagellar m e m -

b r a n e ves ic les ( L e e , 1984a,b, 1985). R e c e n t w o r k by L e e a n d G a r b e r s (1986) 

sugges t s tha t t he e x c h a n g e is no t ac t i ve w h e n s p e r m a re in n o r m a l s e a w a t e r , 

bu t is s t imula ted by p e p t i d e b ind ing . T h e m e m b r a n e po ten t i a l of s p e r m in 

s e a w a t e r is depo l a r i zed c o m p a r e d to N a
+
- f r e e c o n d i t i o n s ( S c h a c k m a n n et al., 

1984). T h e initial ionic s tep following pep t ide binding is thought to be act ivat ion 

of Κ
 +
 channe l s to hyperpola r ize the p l a sma m e m b r a n e potent ia l and to the reby 

ac t iva t e the N a
+

- H
+
 e x c h a n g e ( L e e a n d G a r b e r s , 1986). 

Though C a
2 +

 is not requi red for respi ra tory- o r moti l i ty-st imulat ing act ivi ty , 

the pep t ide r e sac t will no t s t imula te Chemotax i s in t he a b s e n c e of s e a w a t e r 

[Ca
2 +

 ] ( W a r d et al., 1985b). If C a
2 +

 is p r e s e n t in s e a w a t e r , t he p e p t i d e spe rac t 
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s t imula te s a r ap id , t r ans i en t i n c r e a s e in [Ca
2 +

 ] j , w h i c h resu l t s f rom C a
2 +

 e n t r y 

a c r o s s the p l a s m a m e m b r a n e ( S c h a c k m a n n a n d C h o c k , 1986). Th i s r e s p o n s e 

is m o r e l imited in s ize (3-fold inc rease ) a n d d u r a t i o n ( re l axes wi th in 60 sec) 

t h a n the i nc r ea se s t imula ted by in tac t egg je l ly o r t he m o n o c l o n a l an t i bod i e s 

m e n t i o n e d in t he p r e v i o u s sec t ion . T h e [ C a
2 +

 L i n c r ea se is s e c o n d a r y t o t he 

N a
+

- H
+
 e x c h a n g e , as the e x c h a n g e o c c u r s w i t h o u t a n y ex t r ace l lu l a r C a

2 +
, 

and pep t ide s t imula t ion of C a
2 +

 e n t r y is not o b s e r v e d w i thou t ex t race l lu l a r 

N a
 +
 . If t he N a

+
- H

+
 e x c h a n g e is b l o c k e d wi th ex t r ace l lu l a r [K

 +
 ] , C a

2 +
 en t ry 

is a l so p r e v e n t e d . Whi le a p r ec i s e m e c h a n i s m for C a
2 +

 e n t r y c a n n o t yet be 

p r e s e n t e d , the d a t a sugges t tha t en t ry resu l t s e i the r f rom N a
+
- C a

2 +
 e x c h a n g e 

fol lowing N a
+
 e n t r y o r e lse f rom ac t iva t ion of a ca t ion c h a n n e l insens i t ive to 

ve rapami l ( S c h a c k m a n n and C h o c k , 1986). Seve ra l f ea tu res of t he C a
2 +

 en t ry 

s t imula ted by spe rac t sugges t t he m e c h a n i s m is subs tan t ia l ly different f rom 

that ini t ia ted dur ing the a c r o s o m e r eac t ion o r by t he a n t i b o d i e s . A l though 

e x c e s s s e a w a t e r [K
 +
 ] inhibi ts bo th egg je l ly and spe rac t i n c r ea s e s in [Ca

2 +
 L , 

the pept ide-s t imulated increase in [ C a
2 +

] j is comple te ly b locked , w h e r e a s only 

the sus ta ined par t of the egg je l ly c h a n g e is b l o c k e d . T h e initial r ise in [Ca
2 +

 L 

by egg je l ly is only slightly d e c r e a s e d (R. W . S c h a c k m a n n , u n p u b l i s h e d da t a ) . 

T h e sperac t - in i t i a ted i nc r ea se is a l so unaf fec ted by the C a
2 +

 c h a n n e l b l o c k e r 

verapamil o r by C o
2 +

 (R. W. S c h a c k m a n n , unpubl i shed da ta ) . T h e da t a suggest 

that at least t w o types of C a
2 +

 en t ry m e c h a n i s m s m a y be s t imulated by different 

egg f ac to r s . 

Unl ike the egg je l ly " r e c e p t o r , " s p e r a c t and r e sac t r e c e p t o r s h a v e b e e n 

identified by cova l en t ly c ross - l ink ing rad io labe led r e c e p t o r ana logs to s p e r m 

m e m b r a n e s (Dango t t and G a r b e r s , 1984; S h i m o m u r a et al., 1986). In S. pur-

puratus, spe rac t b inding is to a 77 -kDa p ro t e in . In A. punctulata, t he r e sac t 

r e c e p t o r a p p e a r s to be t he p l a s m a m e m b r a n e g u a n y l a t e c y c l a s e . In bo th spe-

c ie s , pep t ide b inding is a s s o c i a t e d wi th a r ap id , t r ans i en t ac t iva t ion of the 

guany la t e cyc l a se and a rapid (wi thin 3 sec) i nc r ea se in in t race l lu la r c G M P 

(Ben t ley et al., 1986a,b; H a n s b r o u g h and G a r b e r s , 1981b; R a m a r a o and Gar -

b e r s , 1985; S h i m o m u r a a n d G a r b e r s , 1986; Suzuk i et al., 1984; W a r d et al., 

1985a). S u b s e q u e n t l y , the g u a n y l a t e c y c l a s e is i nac t iva t ed , and in A. punc-

tulata, this is a s s o c i a t e d wi th d e p h o s p h o r y l a t i o n and an a p p a r e n t molecu la r -

weight shift of th is e n z y m e on S D S gels ( W a r d a n d V a c q u i e r , 1983; W a r d et 

al., 1985a; Suzuk i et al., 1984; Ben t l ey et al., 1986a,b) . D e p h o s p h o r y l a t i o n 

can be s t imula ted w i thou t p e p t i d e s by inc reas ing the pHj wi th N H 4

+
 o r by 

e leva t ing the ex t race l lu la r p H (G. E . W a r d et al., 1986; S h i m o m u r a et al., 

1986). P h o s p h o r y l a t i o n of t he g u a n y l a t e c y c l a s e can be a c h i e v e d by lower ing 

pHj . T h e s e f indings sugges t t ha t o n e t a rge t for b iochemica l regu la t ion by pHj 

within the spe rm is the phosphory la t ion s ta te and activity of guanyla te cyc lase . 

T h e s imilar t ime c o u r s e for i n c r e a s e s in c G M P a n d c A M P , [Ca
2 +

 ]j and pHj , 

sugges t s r e l a t ionsh ips exis t b e t w e e n the ion m o v e m e n t s and cyc l ic nuc leo t ide 
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c o n c e n t r a t i o n s ( H a n s b r o u g h a n d G a r b e r s , 1981b; S h i m o m u r a et al., 1986; 

S c h a c k m a n n a n d C h o c k , 1986). At this po in t , r e l a t i onsh ips b e t w e e n c G M P 

and ion c h a n g e s a r e on ly beg inn ing to b e e x p l o r e d . F o r e x a m p l e , it h a s ye t 

to be d e t e r m i n e d if i nc r ea sed ex t r ace l lu l a r K
+
 b l o c k s cyc l ic nuc l eo t i de in-

c r e a s e s o r j u s t t he ion c h a n g e s . By ana logy wi th o t h e r s y s t e m s such as t he 

rod o u t e r s e g m e n t , w e an t i c ipa t e the f inding of c G M P - a c t i v a t e d c h a n n e l s in 

s p e r m m e m b r a n e s . If such c h a n n e l s a r e a c t i v a t e d by i n c r e a s e d c G M P and if 

t he c h a n n e l ac t iv i ty is s u b s e q u e n t l y b l o c k e d by a depo la r i z ing c o n c e n t r a t i o n 

of K
 +
 , c h a n g e s in c G M P m a y be less affected by the i n c r e a s e d ex t r ace l lu l a r 

[K
 +
 ] t h a n a r e [ C a

2 +
L and pHj c h a n g e s . 

Add i t iona l d a t a , w h i c h s u p p o r t a ro le for cyc l ic n u c l e o t i d e s , a r e de r ived 

f rom u s e of t h e cyc l ic nuc l eo t i de p h o s p h o d i e s t e r a s e inh ib i tor m e t h y l i s o b u -

ty lxan th ine ( M I X ) to s t imula t e p e p t i d e - m e d i a t e d ion c h a n g e s in s p e r m . M I X 

e n h a n c e s the [ C a
2 +

] j increase and N a
+
 u p t a k e s t imulated by the pept ide sperac t 

( S c h a c k m a n n a n d C h o c k , 1986). T h e resu l t ing i n c r e a s e s a r e su s t a ined s imilar 

to t h o s e ini t ia ted wi th egg je l ly du r ing the a c r o s o m e r e a c t i o n . If sufficient 

M I X is p r e s e n t , s p e r a c t c a n ini t ia te t he a c r o s o m e r eac t i on in S. purpuratus 

s p e r m . H o w e v e r , un l ike t h e egg j e l ly i n c r e a s e , s p e r a c t - p l u s - M I X c h a n g e s a r e 

insens i t ive to v e r a p a m i l , a n d th is c o m b i n a t i o n ref lec ts an a l t e rna t i ve m e t h o d 

of ini t iat ing t h e a c r o s o m e r eac t i on . M I X a l so c a n e n h a n c e
 4 5

C a
2 +

 u p t a k e in 

a b a l o n e s p e r m ( K o p f et al., 1983, 1984). 

IV. S U M M A R Y 

In this chap te r , I have briefly rev iewed s tudies on ion m o v e m e n t s impor tan t 

to the sea u rch in a c r o s o m e r eac t ion and to the s t imula t ion of s p e r m by p e p -

t ides . Rap id i n c r e a s e s of b o t h pHj a n d [Ca
2 +

 L a r e ea r ly e v e n t s ini t ia ted by 

b inding of t he egg-der ived ma te r i a l s to r e c e p t o r s o n t he s p e r m p l a s m a m e m -

b r a n e . B o t h p e p t i d e s and egg je l ly s t imula te rapid N a
+
 u p t a k e , H

+
 efflux, 

and C a
2 +

 en t ry and probably ac t iva te channe l s that pass K
+
. Inc reased [Ca

2 +
 ]; 

o c c u r s f rom C a
2 +

 e n t r y a c r o s s t he p l a s m a m e m b r a n e . If ini t ia ted by egg je l ly 

o r by an t i bod i e s tha t b ind the 210-kDa an t igen , i n c r e a s e s a r e par t ia l ly b l o c k e d 

by e i the r C a
2 +

 a n t a g o n i s t s s u c h as v e r a p a m i l o r by a l t e r a t ions e x p e c t e d to 

affect K
+
 c h a n n e l ac t iv i ty ( inc reased ex t r ace l lu l a r [K

 +
 ] o r t e t r a e t h y l a m m o -

n ium) . If in i t ia ted wi th egg-der ived p e p t i d e s such as s p e r a c t , i n c r e a s e s in 

[Ca
2 +

 ] i a r e c o m p l e t e l y b l o c k e d by i n c r e a s e d ex t r ace l lu l a r [K
 +
 ] a n d a r e in-

sens i t ive to v e r a p a m i l . Ac t iv i ty of a m e m b r a n e po ten t i a l - sens i t ive N a
+
- H

 + 

e x c h a n g e is invo lved in regula t ing mot i l i ty and the a c r o s o m e r e a c t i o n , and 

th is e x c h a n g e c a n s t imula t e C a
2 +

 e n t r y b y a m e c h a n i s m s imilar t o tha t s t im-

ula ted by s p e r a c t . It is not yet k n o w n w h e t h e r this m e c h a n i s m of C a
2 +

 en t ry 
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is ac t ive dur ing the a c r o s o m e react ion and cons t i tu tes the verapamil- insensi t ive 

e n t r y m e c h a n i s m m e n t i o n e d in Sec t ion I I , C , bu t t h e abi l i ty of ex t r ace l lu l a r 

[K
 +
 ] t o b lock the r eac t ion is sugges t ive . S e a u rch in s p e r m , t he r e fo re , con ta in 

at least t w o different C a
2 +

 en t ry m e c h a n i s m s . O n e of t h e s e is funct ional ly 

linked to the 210-kDa m e m b r a n e prote in . E v i d e n c e also suggests multiple types 

of K
+
 c h a n n e l s m a y funct ion dur ing s p e r m ac t iva t ion . I n c r e a s e d [K

 +
 ] b locks 

b o t h pep t ide - and egg j e l ly - s t imula ted c h a n g e s , bu t t e t r a e t h y l a m m o n i u m only 

affects t he a c r o s o m e r eac t i on . W h e t h e r t h e s e va r ious m e m b r a n e func t ions 

are del ineated along the length of the spe rm remains an impor tan t cons idera t ion 

for s p e r m cell b io logy . 

O t h e r genera l and i m p o r t a n t biological q u e s t i o n s r e m a i n u n a n s w e r e d . F o r 

e x a m p l e , h o w d o t h e t r ans i en t i n c r e a s e s in p H j , [ C a
2 +

 ] i , a n d c G M P re la te t o 

Chemotax is o r o t h e r a l t e ra t ions in flagellar b e n d i n g ? B r o k a w and N a g a y a m a 

(1985) demons t r a t ed that a l terat ion of C a
2 +

- c a l m o d u l i n concen t ra t ions affects 

flagellar bend ing in p e r m e a n t s p e r m m o d e l s , bu t it s e e m s unl ike ly tha t C a
2 + 

changes , even with increased pHj , a re sufficient by themse lves for the complex 

r e q u i r e m e n t s of d i r ec t ed m o v e m e n t . W e h a v e only t o look at the c o m p l e x i t y 

of bacterial Chemotaxis t o realize that studies with sperm have just begun t o 
examine the b iochemis t ry involved. L ikewi se , a l though the a c r o s o m e react ion 

is in t imate ly c o n n e c t e d to i n c r e a s e d pHj a n d [Ca
2 +

 ]j, mul t ip le s i tes of ac t ion 

a r e e x p e c t e d for e a c h of t h e s e in t race l lu la r s ignals . F o r e x a m p l e , ac t in p o -

lymer iza t ion r equ i r e s t h e pHj i n c r e a s e , bu t t h e pHj i n c r e a s e s m a y b e d i rec t ly 

invo lved in regula t ing [Ca
2 +

 L a s well (Sec t ion I I , E ) . 

F ina l ly , c h a n g e s in pHj and [Ca
2 +

 ]j a r e by n o m e a n s t he on ly i m p o r t a n t 

s ignaling p r o c e s s e s k n o w n to o c c u r du r ing s p e r m ac t iva t ion . c A M P c h a n g e s 

resul t ing f rom or poss ib ly invo lved in ini t iat ing t he a c r o s o m e r eac t i on h a v e 

been rev iewed e l sewhere (Garbers and Kopf, 1980), and s tudies a re n o w being 

pe r fo rmed tha t impl ica te ro les for G T P - b i n d i n g p ro t e in s ( K o p f et al., 1986) 

and phospha t idy l inos i to l t u r n o v e r ( D o m i n o a n d G a r b e r s , 1988) in s p e r m b io-

chemis t ry and physiology. T h e spe rm, as d o o the r cel ls , m a k e s use of c o m m o n 

regu la to ry p a t h w a y s to p r e p a r e itself for fer t i l iza t ion, bu t m a n y of t h e s e reg-

u la to ry s y s t e m s a r e on ly beg inn ing to b e e x p l o r e d in t h e ma l e g a m e t e . 
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eggs con t a in in the i r e n d o p l a s m i c r e t i cu lum (E i sen and R e y n o l d s , 1985) all 

t he ca l c ium t h e y need for d e v e l o p m e n t a n d tha t the ca l c ium is r equ i r ed to 

m a k e the sea u rch in s p e r m c o m p e t e n t for fer t i l izat ion ( D a n , 1954). 

I. T H E ROLE OF CALCIUM IN CAPACITATION 

Bas ic inves t iga t ions a i m e d at in vitro fer t i l izat ion led to t he d i s c o v e r y of 

the p h e n o m e n o n cal led s p e r m capac i t a t i on (Aus t in , 1951; C h a n g , 1951), a n d , 

in t u r n , s tud ies of in vitro c a p a c i t a t i o n led to t he f inding tha t ex t r ace l lu l a r 
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ca lc ium is an essen t ia l pa r t i c ipan t in caus ing the a c r o s o m e reac t ion ( D a n , 

1954; D a n et al., 1964; Y a n a g i m a c h i and U s u i , 1974). 

T h e necess i ty of ca l c ium in ex t r ace l lu l a r fluid p r o v i d e s no insight as to its 

m o d e of ac t ion, but the use of radioact ive
 4 5

C a soon yielded useful information. 

Th i s r e v i e w of ca l c ium funct ion in s p e r m a t o z o a will be r e s t r i c t ed p r e d o m i -

nan t ly to the cells of the bull and the gu inea pig. 

Bov ine ep id idymal s p e r m a t o z o a con ta in a pool of 4 - 1 0 (6.4 ± 0.8) nmol of 

c a l c i u m / 1 0
s
 cel ls tha t c an be mobi l ized by the ca l c ium i o n o p h o r e A23187 

( B a b c o c k et al., 1979), bu t t h e s e cells c a n t a k e u p 2 5 - 5 0 nmo l w h e n incuba t ed 

with 0 .1 -0 .2 m M C a C l 2 for 20 min ( B a b c o c k et al., 1976). T h e u s e of a va r ie ty 

of inh ib i to r s , of f luorescen t m o n i t o r s , and of e l ec t ron mic roana ly s i s y ie lded 

resu l t s cons i s t en t with the major i ty of t he ca l c ium going to t he s p e r m mi to-

c h o n d r i a ( B a b c o c k et al., 1975, 1976, 1978). L o w c o n c e n t r a t i o n s of A23187 

(0 .01-0 .5 nmol /mg of s p e r m pro te in ) m o v e the a c c u m u l a t e d ca l c ium from the 

m i t o c h o n d r i a to a c o m p a r t m e n t (cy toso l? ) f rom w h i c h it can a p p a r e n t l y be 

p u m p e d ou t of the cell to t he s u s p e n d i n g m e d i u m . I n c r e a s i n g the i o n o p h o r e 

c o n c e n t r a t i o n (0 .5 -5 .0 nmol /mg pro te in ) o v e r c o m e s the abil i ty of the mi to -

chondr ia l and p l a s m a m e m b r a n e t r a n s p o r t m e c h a n i s m s to c o p e wi th the ion-

o p h o r e ' s inf luence: ca l c ium is equ i l ib ra ted b e t w e e n m i t o c h o n d r i a , c y t o s o l , 

and ex t race l lu la r m e d i u m w h e t h e r o r not t he m i t o c h o n d r i a a r e gene ra t ing en-

ergy by ox ida t ion of me tabo l i t e s ( B a b c o c k et al., 1976). T h e p r e s e n c e of p h o s -

pha te e n h a n c e s calc ium re tent ion , and ca lc ium also increases p h o s p h a t e up take 

( B a b c o c k et al., 1975, 1976). 

E x p e r i m e n t s d e m o n s t r a t i n g tha t A23187 , in t he p r e s e n c e of c a l c ium, wou ld 

induce the a c r o s o m e react ion ( S u m m e r s et al., 1976; Reyes et al., 1977; G r e e n , 

1978) lead to the pos tu la te that " t h e immedia te cause of the a c r o s o m e react ion 

is an i nc rea se in the c y t o p l a s m i c free ca l c ium c o n c e n t r a t i o n " ( G r e e n , 1978). 

E v i d e n c e tha t ca l c ium uptake is i ndeed a s s o c i a t e d wi th the a c r o s o m e re -

ac t ion w a s first p r o v i d e d by Singh et al. (1978). In c o n t r a s t to the rapid u p t a k e 

of ca lc ium by bull ep id idymal s p e r m a t o z o a , initial c a l c ium u p t a k e by gu inea 

pig ep id idymal s p e r m a t o z o a is r e s t r i c t ed a n d is not affected by c a r b o n y l -

c y a n i d e - p - t r i f l u o r o m e t h o x y p h e n y l h y d r a z o n e , an u n c o u p l e r of ox ida t ive 

p h o s p h o r y l a t i o n . Th i s ind ica tes tha t t he ca l c ium is b o u n d to the o u t e r sur face 

of the s p e r m , not t r a n s p o r t e d a c r o s s the p l a s m a m e m b r a n e . After 1 h r of 

i ncuba t ion at 37°C in min imal capac i t a t i on m e d i u m (Roger s and Y a n a g i m a c h i , 

1975) (110 m M N a C l , 25 m M N a H C 0 3 , 1 m M s o d i u m p y r u v a t e , 1 m M C a C l 2) 

e n e r g y - d e p e n d e n t ca l c ium u p t a k e b e g a n and s imu l t aneous ly t he n u m b e r of 

a c r o s o m e - r e a c t e d cel ls i nc r ea sed . In the p r e s e n c e of 70 n M A23187 , ca l c ium 

u p t a k e began at o n c e and r e a c h e d a m a x i m u m at 60 min . T h e 1-hr lag in 

o c c u r r e n c e of a c r o s o m e r eac t ion w a s cu t to less t h a n 30 min in the p r e s e n c e 

of the i o n o p h o r e (Singh et al., 1978). 

Incuba t ing gu inea pig ep id idymal s p e r m a t o z o a for 3 0 - 6 0 min in an i so ton ic 
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solution conta ining lac ta te , p y r u v a t e , and b ica rbona te r ende r s t hem pe rmeab le 

to C a
2 +

. T h e p r e s e n c e of m e t a b o l i z a b l e suga r s o r of 2 - d e o x y g l u c o s e d e l a y s 

the a c r o s o m e r eac t i on (Roge r s a n d Y a n a g i m a c h i , 1975), b e c a u s e t h e y inhibit 

t he e n h a n c e m e n t of pe rmeab i l i t y (Corone l a n d L a r d y , 1987). T h e b iochemica l 

p r o c e s s e s invo lved in a l ter ing pe rmeab i l i t y t o ca l c ium u n d e r phys io logica l 

cond i t i ons h a v e not b e e n e luc ida t ed , bu t a r e be ing s tud ied in severa l l abo-

r a to r i e s . A grea t va r i e ty of agen t s and c o n d i t i o n s has b e e n found to i n d u c e 

t he a c r o s o m e r e a c t i o n ; the c o m m o n bas i s for the i r effect in all spec i e s s tud ied 

is an i n c r e a s e d m e m b r a n e pe rmeab i l i t y t o C a
2 +

 . 

II. THE DISCOVERY OF CALTRIN 

T h e rapid up t ake of ca lc ium by bovine epid idymal s p e r m a t o z o a is abol ished 

w h e n they a r e e j acu la ted . D e s p i t e t he high c o n c e n t r a t i o n of ca l c ium in b o v i n e 

semina l fluid ( D r e v i u s , 1972), e j acu la ted s p e r m con t a in n o m o r e mobi l i zab le 

ca l c ium (7 ± 1 n m o l / 1 0
8
 cells) t h a n ep id idyma l ce l l s , and the e jacu la ted cel ls 

d o not t a k e u p ca l c ium e i the r f rom the semina l fluid o r f rom i so ton ic m e d i a 

after they are washed free of seminal fluid (Babcock et al., 1979). T h e inhibitory 

mater ia l of t h e semina l fluid is r e t a ined on the p l a s m a m e m b r a n e of t he s p e r m , 

a s is e v i d e n c e d by re la t ive ly s low u p t a k e of ca l c ium by m e m b r a n e ves ic les 

f rom e jacu la ted s p e r m as c o m p a r e d wi th t he u p t a k e by ves ic les f rom epid id-

ymal cel ls (Rufo et al., 1984). T h e add i t ion of spe rm-f ree semina l fluid to 

freshly co l lec ted ep id idyma l s p e r m inhibi ts the i r n o r m a l ca l c ium u p t a k e . A p -

p r o x i m a t e l y 1 mg of semina l p l a s m a p ro t e in in 1 ml e x e r t s 5 0 % inhibi t ion of 

C a
2 +

 u p t a k e by 5 x 10
7
 b o v i n e ep id idyma l s p e r m ( B a b c o c k et al., 1979). 

T h e s e f indings p r o m p t e d a s e a r c h for t he inh ib i tory fac to r in semina l p l a s m a 

(Singh, 1980; Rufo et al., 1982). 

The calcium t r a n s p o r t mh ib i t o r (cal tr in) w a s found to b e a p ro t e in tha t be -

h a v e d on S e p h a d e x G-50 and on S D S - p o l y a c r y l a m i d e gel e l e c t r o p h o r e s i s in 

glass t u b e s , a s if it had a m o l e c u l a r weigh t of 10,000 (Rufo et ai, 1982). O n 

s lab ge l s , it mig ra t e s as a p ro t e in of 5000-6000 M W . S e q u e n c i n g the p ro te in 

( S c h e m e 1) d i sc losed its m o l e c u l a r we igh t t o be 5411 ( L e w i s et al., 1985). 

12 

Se r -Asp Glu L y s - A l a - S e r - P r o - A s p L y s - H i s - H i s - A r g - P h e - S e r - L e u - S e r - A r g - T y r -

24 
Ala Lys -Leu - Ala- Asn- Arg - Leu- Ala- Asn Pro Lys -Leu - Leu -Glu -Thr -Phe - Leu-
36 47 
Ser -Lys -Trp- I l e -Gly- Asp- Arg-Gly- Asn- Arg-Ser -Val 

Scheme 1. The sequence of amino acids in caltr in. 
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W h e n the s equence was es tabl i shed, it b e c a m e appa ren t that caltrin is identical 

wi th b o v i n e semina l p l a smin , a p ro te in tha t had b e e n i so la ted by R e d d y and 

B h a r g a v a (1979) a n d s h o w n to p o s s e s s an t ibac te r i a l ac t iv i ty . T h e s e q u e n c e 

of the first 24 a m i n o ac ids in ca l t r in w a s ident ica l wi th tha t r e p o r t e d by Thei l 

and Sche i t (1983) for semina l p l a smin . H o w e v e r , t h e s e g m e n t s 2 4 - 3 4 a n d 3 5 -

45 w e r e t r a n s p o s e d in the s e q u e n c e of Thei l a n d Sche i t as c o m p a r e d to tha t 

of L e w i s et al. Thei l and Sche i t a l so inc luded an e x t r a lys ine at pos i t ion 46 , 

wh ich w a s not p r e s e n t in ca l t r in . W e a s s u m e d tha t the p ro t e in s w e r e ident ical 

and tha t an e r r o r had b e e n m a d e in t he G o t t i n g e n l a b o r a t o r y in pos i t ion ing 

the t rypt ic pep t ides . An addit ional anomaly was the repor t ing of the molecular 

m a s s of the p ro te in f rom the a m i n o acid c o m p o s i t i o n w i thou t c o r r e c t i o n for 

the w a t e r loss in pep t ide b o n d fo rma t ion . S e d i m e n t a t i o n ve loc i ty and equi -

l ibr ium runs y ie lded an a p p a r e n t m o l e c u l a r weigh t in a g r e e m e n t wi th t he er-

r o n e o u s , ca lcu la ted va lue . A n e w , par t ia l s e q u e n c e d e t e r m i n a t i o n of seminal 

p lasmin r e p o r t e d from B h a r g a v a ' s l a b o r a t o r y (S i t a r am et al., 1986) is in ag ree -

m e n t wi th t he s e q u e n c e e s t ab l i shed by L e w i s et al. and conf i rms the ident i ty 

of cal t r in and semina l p l a smin . 

III. PROPERTIES A N D FUNCTION OF CALTRIN 

T h e anoma lous behavior of this prote in dur ing s tudies of its molecular weight 

by different p r o c e d u r e s has b e e n o b s e r v e d in e a c h of t h e l abo ra to r i e s inves -

t igat ing it ( R e d d y and B h a r g a v a , 1979; S ingh , 1980; Rufo et al., 1982; Thei l 

and Sche i t , 1983). Significant a m o u n t s of c y s t e i n e w e r e found in t he a m i n o 

acid a n a l y s e s ( R e d d y and B h a r g a v a , 1979; Rufo et al., 1982), bu t not in the 

pep t ide s e q u e n c e (Theil and Sche i t , 1983; L e w i s et al., 1985). T h e p ro te in 

con t a in s no c a r b o h y d r a t e . It d o e s no t b ind ca l c ium. 

Cal t r in o r ig ina tes in t he semina l ves ic les of t he bull (S ingh, 1980; Rufo et 

al., 1982), bu t a l so has b e e n found in t he a m p u l l a e a n d the c o r p u s p r o s t a t e 

(Shivaji et al., 1984). 

T h e isoelectric point of caltrin is 8.3 (Rufo et al., 1982). T h e higher isoelectric 

po in t s ( > 9 ) for a par t ia l ly effect ive p r e p a r a t i o n (Singh, 1980) and for semina l 

plasmin (pi = 9.8) (Reddy and Bhargava , 1979) can be expla ined by the partial 

o r to ta l r e m o v a l of a n i o n s f rom this bas ic p ro te in du r ing the pur i f icat ion p r o -

c e d u r e s (San Agus t in et al., 1987). 

Bo th c r u d e semina l p l a s m a ( B a b c o c k et al., 1979) and purif ied ca l t r in (Rufo 

et al., 1982) inhibit ca l c ium u p t a k e by b o v i n e ep id idyma l s p e r m f rom 80 to 

near ly 100%. Dur ing pur i f icat ion by Singh (1980), m a x i m a l inhibi t ion by the 

h o m o g e n e o u s p ro te in d e c r e a s e d to 2 5 - 4 0 % . It w a s p o s t u l a t e d t h a t
4
' a l imited 

p ro teo lys i s o r modif ica t ion of (cal tr in) m a y resul t in loss of inh ib i tory ac t iv i ty 
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wi thou t impai r ing its abil i ty t o b ind to t h e s p e r m sur face r e c e p t o r s . " It w a s 

a s s u m e d tha t t he d e n a t u r e d m o l e c u l e s c o m p e t e d wi th t he inh ib i to ry fo rm at 

the binding sites on the spe rm, thus yielding a p la teau in the ex ten t of inhibit ion. 

Publicat ion of S ingh ' s purification p r o c e d u r e w a s de layed until a m o r e effective 

p r e p a r a t i o n of t he purif ied ca l t r in w a s o b t a i n e d (Rufo et al., 1982). 

It ha s n o w b e e n found tha t t he highly inh ib i to ry p u r e p ro t e in c a n b e con-

ver ted to a noninhibi tory form by re ten t ion of the prote in on a ca t ion exchange 

c o l u m n and e lu t ion wi th 0.5 M N a C l . T h e non inh ib i to ry fo rm of t h e p ro t e in 

b inds to ep id idyma l s p e r m at t he s a m e loca t ions tha t b ind inh ib i to ry ca l t r in 

(San Agus t in et al., 1987) (see b e l o w ) , w h i c h s u p p o r t s S i n g h ' s h y p o t h e s i s . 

T h e p r o c e d u r e of R e d d y a n d B h a r g a v a (1979) y ie lds a p ro t e in tha t d o e s no t 

inhibit ca lc ium t ranspor t by epid idymal s p e r m , b e c a u s e the inhibi tory p rope r ty 

is lost at the C M - S e p h a d e x co lumn purification s tep (San Agust in et al., 1987). 

Bo th na t ive ( inhibi tory) and non inh ib i t o ry fo rms of ca l t r in inhibi t t he g r o w t h 

of Escherichia coli ( unpub l i shed d a t a ) a s w a s or iginal ly d e s c r i b e d for semina l 

p lasmin ( R e d d y and B h a r g a v a , 1979). 

IV. E N H A N C E M E N T OF CALCIUM T R A N S P O R T BY CALTRIN 

Cal t r in tha t h a s b e e n sub jec t ed to r e t en t i on on the ca t ion e x c h a n g e res in 

not on ly l acks t he abil i ty to b lock ca l c ium t r a n s p o r t in to ep id idyma l sper -

m a t o z o a , b u t , as s h o w n in F ig . 1, it is a power fu l e n h a n c e r of ca l c ium u p t a k e 

by bull s p e r m (San Agus t in et al., 1987). T h e s ignif icance of th is f inding will 

be d i s c u s s e d in a la te r s ec t ion of this c h a p t e r . T h e c o n f o r m a t i o n of cal t r in 

c h a n g e s in the t r ans i t ion f rom inhib i tory to s t imu la to ry fo rm. T h e la t te r fo rm 

c o m b i n e s wi th t e t r acyc l i ne to e n h a n c e f l u o r e s c e n c e , w h e r e a s t h e fo rmer d o e s 

no t . 

B e c a u s e t r e a t m e n t of the p r o t e i n wi th ca t ion e x c h a n g e r s c a u s e d a loss of 

ca l c ium t r a n s p o r t inh ib i to ry ac t i on , t h e effect of a n i o n s f rom semina l fluid 

w a s e x a m i n e d . Semina l p l a s m a w a s d e p r o t e i n i z e d , w a s acidif ied t o p H 1.5, 

w a s h e a t e d t o 90°C, a n d af ter centr i fuging to r e m o v e d e n a t u r e d p ro t e in , w a s 

e x t r a c t e d r e p e a t e d l y wi th e t h e r . T h e mate r i a l r ema in ing after e v a p o r a t i o n of 

the e t h e r w a s f rac t iona ted on a B ioGe l P-2 c o l u m n , a n d t w o c o m p o n e n t s w e r e 

found to r e s t o r e inh ib i to ry ac t iv i ty to de ion i zed ca l t r in . O n e of t h e s e has b e e n 

identified a s c i t r a t e ; the o t h e r ha s b e e n par t ia l ly pur i f ied, is a p p a r e n t l y q u a n -

t i ta t ively m o r e effect ive t h a n c i t ra te in r e s to r ing inh ib i tory ac t iv i ty , bu t ha s 

not yet b e e n c h a r a c t e r i z e d . T r e a t i n g ca l t r in , f rom w h i c h a n i o n s h a v e b e e n 

r e m o v e d , wi th e i t he r c i t r a t e o r t h e a s ye t u n c h a r a c t e r i z e d f rac t ion , fo l lowed 

by gel f i l trat ion to r e m o v e e x c e s s a n i o n s m a k e s t he p ro t e in fully a s effect ive 

in b lock ing ca l c ium as w h e n original ly i so la ted . 
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Fig. 1. (A) Calcium uptake in bovine epididymal spe rma tozoa . Epididymal spe rma tozoa 

(8 x 10
8
 cells/ml) previously incubated for 15 min in Ν KM plus 10 m M DL -ß-hydroxybutyra te 

were t ransferred to the assay medium without CaCl 2 and conta ined the indicated addi t ions: 

· , none ; ψ , 30 μΜ A23187; Α- 5 μ Μ C I C C P ; • , 0.400 mg/ml caltrin (inhibitory activity lost 

during prolonged s torage) ; x , 0.400 mg/ml fresh cal tr in; • , 0.400 mg/ml fresh caltrin passed 

through CM Sephadex G-25 cat ion exchanger . The final cell count was 4 x 10
7
 cells/ml, 

and the final volume was 1 ml. Ten minutes after addit ion of cells to the assay medium, 

C a C l 2 containing
 4 5

C a was added to a final concen t ra t ion of 0.2 m M (t = 0). At indicated 

times during the assay, 0.200-ml aliquots were taken out for determination of calcium uptake. 

A representa t ive result of several exper imen t s is shown. (B) Calc ium up take in bovine ejac-

ulated spermatozoa. The assay was carried out as described in A with the following additions: 

· , none ; ψ , 30 μΜ A23187; ± , 5 μΜ C I C C P ; • , 350 μg/ml anticaltr in IgG; x , 225 μg/ml 

anticaltrin IgG. Values shown are the mean of triplicate de te rmina t ion . [From San Agustin 

et al. (1987).] 

Bull s e m e n c o n t a i n s 350-1150 m g of c i t r ic ac id/100 ml ( M a n n , 1964) wi th 

an a v e r a g e c o n c e n t r a t i o n of 35 mM, a n d it is l ikely tha t ca l t r in is ma in t a ined 

in its inhib i tory form by this high c o n c e n t r a t i o n of c i t r a t e t o g e t h e r wi th the 

s e c o n d an ion no t ye t ident if ied. 

V. EXPERIMENTS WITH ANTIBODIES TO CALTRIN 

H o m o g e n e o u s bovine caltrin w a s used to induce the format ion of ant ibodies 

in r abb i t s . T h e an t ibod ie s r e a c t e d wi th b o v i n e semina l p l a s m a to yield a single 

prec ip i t in line in the O u c h t e r l o n y d o u b l e diffusion tes t . T h e a n t i b o d y rec -

ogn ized a l so a p ro te in f rom t h e semina l ves ic les of t h e gu inea pig, bu t t h e 

prec ip i t in c o m p l e x differs slightly f rom tha t fo rmed wi th b o v i n e ca l t r in . T h e 
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Fig. 2. Site of caltrin binding to (A) ejaculated or (B) epididymal bovine spe rma tozoa . 

W a s h e d , ejaculated sperm were t rea ted with anticaltr in rabbit serum and subsequent ly with 

goat anti-rabbit IgG labeled with f luorescein i so th iocyanate . The epididymal cells (B) were 

first exposed to 0.4 mg cal tr in/10
8
 cells in 1 ml, then washed and t reated as a b o v e . The 

photos were taken with a Zeiss f luorescence mic roscope . Epididymal cells not exposed to 

caltr in, but subjected to the ant ibodies in s equence , did not f luoresce significantly. [From 

San Agustin et al. (1987).] 

an t ibod i e s t o b o v i n e ca l t r in did no t r e ac t wi th e x t r a c t s of seve ra l o t h e r t i s sues 

inc luding p r o s t a t e g land , coagu la t ing g land , a n d ep id idymis of t h e gu inea pig, 

ra t , m o u s e , a n d h a m s t e r . 

T h e si te of ca l t r in b ind ing to b o v i n e s p e r m has b e e n d e t e r m i n e d by t h e 

s t a n d a r d d o u b l e a n t i b o d y t e c h n i q u e us ing goa t an t i - rabb i t IgG labe led wi th 

f luoresce in i s o t h i o c y a n a t e to l oca t e t h e c a l t r i n - r a b b i t IgG c o m p l e x . B o v i n e 

ep id idyma l s p e r m a t o z o a s h o w n o reg ions of i n t ense f l u o r e s c e n c e w h e n ex -

p o s e d to t h e t w o an t i bod i e s in s e q u e n c e . T h e f l u o r e s c e n c e exh ib i t ed b y e jac-

u la ted cel ls so t r e a t e d is s h o w n in F ig . 2A . W a s h e d , e j acu la ted s p e r m re ta in 

cal t r in o v e r t he a c r o s o m e a n d o n the tai l . A smal l spo t of f l u o r e s c e n c e is 

d e t e c t e d a t t h e j u n c t u r e of t he h e a d a n d m i d p i e c e . Ca l t r in n e i t h e r b i n d s to 

the distal por t ion of the head be low the pe r iac rosomal b a n d , no r to the midpiece 

w h e r e t he m i t o c h o n d r i a a r e l oca t ed . B o v i n e e p i d i d y m a l s p e r m tha t h a d b e e n 

t r ea t ed wi th ca l t r in r e t a ined a n t i b o d i e s on t h e s a m e a r e a s a s e jacu la ted cel ls 

(Fig . 2B) . 
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VI. POSTULATED ROLE FOR CALTRIN 

T h e dua l b e h a v i o r of b o v i n e ca l t r in , d e p e n d i n g o n its con fo rma t iona l s t a t e , 

invi tes t he fol lowing h y p o t h e s i s c o n c e r n i n g its func t ion . At t h e t ime of e jac-

ulat ion, caltr in se rves to inhibit ca lc ium t ranspor t by the N a
+
- C a

2 +
 exchange r 

(Rufo et al., 1984) f rom semina l fluid in to t h e a c r o s o m e . It t h u s p r e v e n t s 

p r e m a t u r e d e v e l o p m e n t of the a c r o s o m e r e a c t i o n , w h i c h w o u l d resu l t in t he 

loss of a c r o s o m a l e n z y m e s a s the s p e r m m o v e u p the female r e p r o d u c t i v e 

t rac t . O n c e s p e r m h a v e m o v e d a w a y from the semina l fluid d e p o s i t e d in t he 

female , an ions m a y slowly diffuse from the caltrin b o u n d to the spe rm surface. 

It is a l so poss ib le tha t t he b o u n d o rgan ic a n i o n s a r e u s e d a s an e n e r g y s o u r c e 

by e i the r s p e r m o r t he t i s sues of t he female t r ac t . O n c e sufficient a m o u n t s 

of t he a n i o n s h a v e b e e n los t , t he c o n f o r m a t i o n of ca l t r in a l t e r s so as t o m a k e 

it an i n d u c e r of ca l c ium u p t a k e . C a l c i u m t a k e n in to t h e a c r o s o m e ac t i va t e s 

p h o s p h o l i p a s e A 2 ; t he resu l t ing d i s c o m p o s i t i o n of t h e phospho l ip id b i layer 

c a u s e s the fusion of a c r o s o m a l a n d p l a s m a m e m b r a n e c o m p o n e n t s , the i r v e s -

icu la t ion , a n d r u p t u r e so a s to r e l ea se t h e a c r o s o m a l c o n t e n t s . 

In several o the r spec ies , the epid idymal s p e r m a t o z o a d o not t ake u p ca lc ium 

as d o b o v i n e ep id idymal s p e r m . T h e s e inc lude the g u i n e a pig, r abb i t , a n d dog . 

T h e gu inea pig has a ca l t r in l ike p ro te in in its semina l ve s i c l e s , and the semina l 

ves ic le c o n t e n t s inhibi t ca lc ium u p t a k e by ep id idyma l cel ls tha t h a v e b e e n 

i n c u b a t e d at 37°C for 30 min u n d e r cond i t i ons tha t a c t i va t e ca l c ium u p t a k e 

(Corone t et al., 1988). W h e t h e r t he g u i n e a pig ca l t r in even tua l l y b e c o m e s an 

i n d u c e r of ca l c ium u p t a k e has no t b e e n d e t e r m i n e d , bu t t h e de ion i zed and 

s t imula to ry form of b o v i n e ca l t r in h a s b e e n found to i n d u c e rap id ca lc ium 

u p t a k e by dog ep id idyma l s p e r m (unpub l i shed d a t a ) . 

If ca l t r in b o u n d o v e r t he a c r o s o m a l reg ion r egu la t e s t he d e v e l o p m e n t of 

the a c r o s o m e r eac t i on , it is logical to inqu i re a s to t h e func t ion of t he ca l t r in 

b o u n d o v e r the tai l . M a n y y e a r s ago Y a n a g i m a c h i found tha t s p e r m a c q u i r e 

a " h y p e r a c t i v a t i o n " s ta te j u s t p r io r to fert i l izing o v a e i the r in vitro (Yana-

g imach i , 1969) o r in vivo (Yanag imach i a n d M a h i , 1976). H y p e r a c t i v a t e d m o -

tility invo lves a g r e a t e r d e g r e e of b e n d i n g of t h e s p e r m tai l , g r e a t e r tail ex -

c u r s i o n , and m o v i n g in c i rc les r a t h e r t h a n l inear ly . T h i s h y p e r a c t i v i t y is 

d e p e n d e n t on the p re sence of ca lc ium in spe rm of the gu inea pig (Yanagimachi 

a n d U s u i , 1974), bull ( B a b c o c k et al., 1976; S ingh et al., 1983), r abb i t ( S u a r e z 

et al., 1983), m o u s e ( M o r t o n et al., 1978; C o o p e r , 1984), a n d h a m s t e r ( M o r t o n 

et al, 1974; K a t z et al., 1978; S u a r e z et al., 1984). It s e e m s l ikely tha t ca l t r in 

cou ld be regula t ing the avai labi l i ty of C a
2 +

 to t he d y n e i n A T P a s e a n d t h u s 

inf luencing the c h a r a c t e r of the mot i l i ty . I m m e d i a t e l y af ter m a t i n g , t he ex-

c lus ion of C a
2 +

 by the inhib i tory form of ca l t r in w o u l d pe rmi t m o d e r a t e l y 

v i g o r o u s , l inearly p r o g r e s s i v e moti l i ty t h u s faci l i tat ing m o v e m e n t t h r o u g h the 
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u t e r u s a n d in to t he fal lopian t u b e s . W h e n ca l t r in c h a n g e s c o n f o r m a t i o n so a s 

to e n h a n c e ca l c ium u p t a k e , t he m o r e v i g o r o u s mot i l i ty a n d c i rcu la r p a t h tha t 

e n s u e s might faci l i tate m o v i n g s p e r m a t o z o a ou t of m u c o s a l folds in t h e re -

p r o d u c t i v e t r ac t and in to t he cen t r a l l u m e n ( S u a r e z a n d O s m a n , 1987) and 

then aid in dr iv ing t h e s p e r m a t o z o o n t h r o u g h the c u m u l u s l aye r a n d the z o n a 

pe l luc ida a n d t h u s pe rmi t fusion wi th t h e egg p l a s m a m e m b r a n e . 

Th i s small p ro t e in exh ib i t s a va r i e ty of p r o p e r t i e s t ha t sugges t it to h a v e 

i m p o r t a n t b iological func t ions . W e m u s t r e m e m b e r , h o w e v e r , t ha t b o v i n e e p -

id idymal s p e r m a r e fully c a p a b l e of i m p r e g n a t i n g c o w s , d e s p i t e t h e a b s e n c e 

of fac to rs f rom semina l fluid ( L a r d y a n d G h o s h , 1952). 
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References 

I. INTRODUCTION 

S p e r m moti l i ty usua l ly refers to s w i m m i n g m o t i o n p rope l l ed by a bea t ing 

f lagel lum. In fact , t he a b u n d a n c e and avai labi l i ty of f lagel lated s p e r m , par -

t icular ly f rom sea u r c h i n s , h a v e m a d e t h e s e cel ls va luab le m o d e l s for s t udy ing 

all a spec t s of micro tubule -based motil i ty (see rev iews by G i b b o n s , 1981; L inck , 

1982; B r o k a w , 1986). T h e r e a r e , h o w e v e r , o t h e r t y p e s of s p e r m tha t lack fla-

41 
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gella and m u s t u s e a l t e rna t ive m e t h o d s to r e a c h o o c y t e s ( r e v i e w e d in R o o s e n -

R u n g e , 1977). A m o n g t h e s e a r e t he a m o e b o i d s p e r m of n e m a t o d e s . 

In te res t in n e m a t o d e s p e r m d a t e s b a c k o v e r a c e n t u r y to v a n B e n e d e n ' s 

s tudy of s p e r m a t o g e n e s i s in Ascaris megalocephala (van B e n e d e n and Ju l i an , 

1884). T h e s e cel ls h a v e c o n t i n u e d to fasc ina te b io logis ts b e c a u s e t hey lack 

t w o of t he card ina l f ea tu res of o t h e r s p e r m — t h e f lagellum and the a c r o s o m e . 

In 20 yea r s of e x t e n s i v e e x a m i n a t i o n of n e m a t o d e s p e r m with the e l ec t ron 

m i c r o s c o p e , the equ iva l en t of an a c r o s o m e o r a mot i le a x o n e m e h a v e n e v e r 

been found ( r ev iewed by F o o r , 1970; A n y a , 1976). T h e s e s tud ies did revea l 

tha t w h e n s p e r m c o m p l e t e d e v e l o p m e n t t hey t a k e o n an a m o e b o i d s h a p e by 

e x t e n d i n g a p s e u d o p o d . A s a resu l t , n e m a t o d e s p e r m h a v e b e e n f requen t ly 

refer red to a s a m o e b o i d ce l l s . It w a s no t unti l 1977, h o w e v e r , t ha t t he first 

r epor t of moti l i ty in vitro conf i rmed tha t t he p s e u d o p o d is r e spons ib l e for 

l ocomot ion (Wright and Somerv i l l e , 1977). 

N e m a t o d e spe rm motility has n o w b e c o m e the subject of in tensive analys is . 

As p red ic t ed by the i r m o r p h o l o g y , t h e s e cells exhib i t m a n y of the f ea tu res of 

o t h e r a m o e b o i d ce l l s , such a s the i r p a t t e r n s of l o c o m o t i o n , s u b s t r a t e a t t a ch -

m e n t , and p l a s m a m e m b r a n e mobi l i ty . N e m a t o d e s p e r m , h o w e v e r , lack the 

a c t i n - m y o s i n contract i le sys t em typically assoc ia ted with crawling m o v e m e n t 

in eukaryo t ic cells . In this rev iew, w e descr ibe p rogress t oward unders tand ing 

h o w t h e s e s p e r m m o v e w i thou t us ing e i the r t he m i c r o t u b u l e - b a s e d m o t o r ex-

pec t ed for a ma le g a m e t e o r t he ac t in f i l amen t -based m o t o r e x p e c t e d for an 

a m o e b o i d cel l . 

II. PREPARATION FOR MOTILITY : ACTIVATION OF 

N E M A T O D E SPERM 

Like m a n y flagellated s p e r m , it a p p e a r s tha t all n e m a t o d e s p e r m a re s to red 

in the ma le in an immot i le form a n d go t h r o u g h a rap id t r an s fo rma t ion to an 

ac t ive ly mot i le s t a t e , a p r o c e s s w e call sperm activation. Un l ike the i r fla-

gel la ted c o u n t e r p a r t s , h o w e v e r , ac t iva t ion of n e m a t o d e s p e r m invo lves a 

morpho log ica l t r ans fo rma t ion after t he c o m p l e t i o n of s p e r m a t o g e n e s i s . S p e -

cial ized m e m b r a n o u s o rgane l l e s fuse wi th t he p l a s m a m e m b r a n e , a n d the cell 

e x t e n d s a p r o m i n e n t p s e u d o p o d . Th i s p r o c e s s has b e e n s tud ied in detai l in 

Ascaris lumbricoides ( F o o r and M c M a h o n , 1973; A b b a s a n d C a i n , 1979; S e p -

s e n w o l , 1982; S e p s e n w o l et al., 1986; S e p s e n w o l and Taft , 1988) and in Cae-

norhabditis elegans ( N e l s o n a n d W a r d , 1980; W a r d et al., 1983). S p e r m f rom 

b o t h spec ie s form the i r p s e u d o p o d s in s t ages (Fig . 1): (1) e l abo ra t i on of e lon-

ga ted f i lopodia o v e r o n e h e m i s p h e r e of t he cel l , (2) conso l ida t i on of t he fil-

o p o d i a in to a single b l e b , (3) c o n s t r u c t i o n of a small spa tu l a t e p s e u d o p o d , (4) 
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Fig. 1. Stages of in vitro act ivat ion of Ascaris spe rm from t ime-lapse films. Drawings 

are of inactive spermat ids r emoved from the seminal vesicle into H E P E S - N a C l buffer, 7.4, 

and act ivated with a vas deferens superna tan t . Suspens ion is sealed in a well sl ide, is imaged 

with phase-cont ras t op t ics , and is r ecorded by t ime-lapse c inematography . (A) Stage 0. In-

act ive cells from seminal vesicle are spherical to ovoid cells containing n u m e r o u s small 

vesicles; no evidence of blebbing is indicated. (B) Stage 1 (2-7 min after addition of activator). 

Cell a t t aches to the subs t ra te . P seudopod first appea r s as a bleb or ruffle to one side of the 

spe rm cell. (C) Stage 2 (4-8 min) . A pulsat i le , spatula te p seudopod ex t ends and ro ta tes 

ove rhead . Cytoplasmic vesicles begin to coa lesce . Phase-dark villar project ions b e c o m e 

visible, originating at the leading edge of the p seudopod and migrating to cell body . (D) 

Stage 3 (6-8 min). Pulsatile pseudopod extends and makes rapid sweeps overhead; coalescence 

of vesicles into a refractile ring of material o c c u r s . (E) Stage 4 (16-32 min) . Marked increase 

in pseudopodia l activity occu r s : the p seudopod e x t e n d s , flattens on the subs t ra te , r e t rac t s , 

ro ta tes to a new posit ion and again e x t e n d s , f lat tens, r e t r ac t s , e t c . Vesicles have fused into 

one or two large refractile bodies . (F) Stage 5 (19-42 min) . Onse t of t ranslat ional motility 

(crawling). Pseudopod ex t ends , flattens out and a t t aches to the subs t ra te , and begins to 

move rapidly along a relatively straight t rack . Migrat ion of villar project ions ove r the pseu-

dopod and the major b ranches of the radial fiber complexes are best obse rved at this s tage. 

As cells m o v e , they break free of cel l-body a t t achmen t . 
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e s t a b l i s h m e n t of un id i rec t iona l m e m b r a n e f low, a n d (5) e x t e n s i o n of t he p seu -

dopod and the onse t of m e m b r a n e ruffling. Dur ing the last s tage , the p s e u d o p o d 

is e l eva t ed and w a v e s b a c k and for th wi th t he cell b o d y a n c h o r e d to t he s u b -

s t r a t e . T h e p s e u d o p o d even tua l ly a t t a c h e s to t he s u b s t r a t e a n d the cell beg ins 

to c rawl fo rward (see Sec t ion I I I , C ) . T h e m e m b r a n e m o v e m e n t tha t beg ins 

ear ly in ac t iva t ion pe r s i s t s t h rough full mot i l i ty . 

In Ascaris, t he na t ive agen t tha t t r iggers ac t iva t ion is s e c r e t e d f rom the 

g landu la r ep i the l ium of the v a s d e f e r e n s , t he t e rmina l s t r u c t u r e in t he ma le 

r e p r o d u c t i v e t rac t ( F o o r and M c M a h o n , 1973). T h e v a s is sea led off f rom the 

semina l ves ic le by a m u s c u l a r va lve ( F o o r , 1976). O t h e r n e m a t o d e s con t a in 

s imilar g l andu la r cel ls in the i r va s d e f e r e n s , bu t t h e r e is n o d i rec t e v i d e n c e 

tha t t h e y p r o d u c e a s p e r m a c t i v a t o r . In g e n e r a l , h o w e v e r , n e m a t o d e m a l e s 

a c c u m u l a t e inac t ive s p e r m a t i d s in the i r semina l ves ic les tha t a c t i va t e only 

after pass ing through the vas to the female r ep roduc t ive t ract dur ing copula t ion . 

T h e p r e s e n c e of a c t i va t ed s p e r m in the semina l ves i c l e , n o t e d in s o m e r e p o r t s 

( e .g . , Wr igh t a n d Somerv i l l e , 1984), m a y b e mis l ead ing . Dur ing copu l a t i on o r 

even in handl ing and dissect ion , ac t iva tor m a y regurgi ta te th rough the muscu la r 

va lve in to t he semina l ves ic le ( N e l s o n and W a r d , 1980). A c lea r e x c e p t i o n to 

this a n a t o m i c a l a r r a n g e m e n t for ac t iva t ion o c c u r s in C. elegans h e r m a p h r o -

d i t e s . T h e y c o n t a i n n o h o m o l o g s to t h e v a s d e f e r e n s and m u s c u l a r v a l v e , bu t 

the i r s p e r m a t i d s ac t i va t e and m o v e to the s p e r m s to rage po in t , t he s p e r m a -

t h e c a , to awai t the i r o o c y t e s u c c e s s o r s f rom the g o n a d . 

In the t w o spec ie s in wh ich ac t iva t ion has b e e n s tud ied in vitro, Ascaris 

and C. elegans, t h e r e a r e severa l c o m m o n r e q u i r e m e n t s . T h e p r o c e s s is de -

p e n d e n t on m o n o v a l e n t c a t i o n s , usua l ly N a
+
, bu t K

+
 and L i

+
 a r e a l so ef-

fective. T h e cells b e c o m e irreversibly inact ive w h e n incubated briefly in media 

lacking t h e s e c a t i o n s . L o w c o n c e n t r a t i o n s of p r o t e a s e s can ini t iate ac t iva t ion 

in vitro, a l though ne i t he r s p e c i e s exh ib i t s d e t e c t a b l e e n d o g e n o u s s p e r m p ro -

t e a se ac t iv i ty , no r d o p r o t e a s e inh ib i tors b lock in vitro ac t iva t ion by o t h e r 

agen t s ( A b b a s and Ca in , 1979; W a r d et al., 1983). In f lagellated s p e r m , the 

s u d d e n onse t of rapid flagellar bea t ing is a c c o m p a n i e d by a s h a r p i nc rea se in 

a d e n y l a t e c y c l a s e ac t iv i ty and 3 ' , 5 ' - cyc l i c A M P ( c A M P ) leve ls ( r ev i ewed by 

H o s k i n s and Cas i l l as , 1975). A g e n t s wh ich i n c r e a s e e n d o g e n o u s c A M P as 

well as ce l l -pe rmea t ing ana logs of c A M P can i n d u c e ac t iva t ion in vitro. In 

Ascaris s p e r m , h o w e v e r , t h e r e is no d e t e c t a b l e e n d o g e n o u s a d e n y l a t e c y c l a s e 

e n z y m e ac t iv i ty , n o r d o e s t h e l ipophi l ic ana log , d ibu ty ry l c A M P , i n d u c e ac -

t iva t ion or i nc rea se moti l i ty in ac t i va t ed s p e r m ( S e p s e n w o l et al., 1986). 

T h e ini t iat ion of s p e r m ac t iva t ion in C. elegans is r e m i n i s c e n t of the c u r r e n t 

acid-efflux m o d e l for ac t iva t ion of s ea u rch in s p e r m . T h e o n s e t of flagellar 

moti l i ty is p r e c e d e d by a s h a r p r ise in in te rna l p H , m o n i t o r e d ex te rna l ly a s 

a sudden efflux of H
+
. This acid efflux has been linked to a N a

+
- H

+
 exchange r 

in the s p e r m p l a s m a m e m b r a n e ( H a n s b r o u g h and G a r b e r s , 1981; L e e , 1984). 
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T h e monova len t ca t i onophore , monens in , thought to favor N a
+

- H
+
 e x c h a n g e , 

ac t ivates C. elegans spe rm in vitro. W e a k bases such as t r i e thanolamine , which 

e n t e r the cell and ra ise in terna l p H , a r e a l so effect ive s p e r m a c t i v a t o r s . P ro -

t e a s e s , h o w e v e r , ac t iva t e s p e r m w i t h o u t ra is ing in t race l lu la r p H ; the i r m o d e 

of ac t ion is still u n c l e a r ( W a r d et al., 1983). 

Ascaris s p e r m a re a n a e r o b i c a n d ac t i va t e poor ly in o x y g e n a t e d m e d i a . E x -

cep t for p r o t e a s e s , syn the t i c agen t s tha t a c t i va t e C. elegans s p e r m a re no t 

effective on Ascaris s p e r m in vitro. T h e r e h a s , h o w e v e r , b e e n s o m e p r o g r e s s 

t o w a r d identifying the na t ive a c t i v a t o r in Ascaris. F o o r a n d M c M a h o n (1973) 

first d e m o n s t r a t e d tha t Ascaris s p e r m cou ld be ac t iva t ed by e x t r a c t s of t he 

vas d e f e r e n s . T h e ac t ive agen t is b o t h hea t and p r o t e a s e sens i t ive ( A b b a s and 

Ca in , 1979). Us ing rad io labe led v a s de f e r ens p r o t e i n s , A b b a s and Ca in (1981) 

d e m o n s t r a t e d tha t t w o s p e c i e s , 56,000 a n d 9,000 D a by S D S - g e l e l e c t r o p h o -

res i s , b ind to i so la ted s p e r m m e m b r a n e s . M o n o c l o n a l an t i bod i e s g e n e r a t e d 

agains t a c t i v a t o r in v a s de fe rens h o m o g e n a t e s b ind to biological ly ac t ive c o m -

p o n e n t s in t he r ange of 50 ,000-70 ,000 D a ( S . S e p s e n w o l and C . J o h n s o n , 

u n p u b l i s h e d o b s e r v a t i o n s ) . R e c e n t s t u d i e s , us ing rapid i o n - e x c h a n g e frac-

t iona t ion of va s de fe rens s u p e r n a t a n t s , s h o w a s ingle , peps in - sens i t i ve 58,000-

D a b a n d on s i lver -s ta ined S D S gels a s s o c i a t e d wi th s p e r m ac t iva t ion ac t iv i ty 

(S . Sepsenwol , unpubl i shed obse rva t ions ) . O t h e r fract ionation p r o c e d u r e s a re 

u n d e r w a y to fur ther c h a r a c t e r i z e this p ro t e in . 

E v e n t h o u g h t h e r e a r e o b v i o u s d i f ferences in t h e m e c h a n i s m unde r ly ing 

s p e r m ac t iva t ion a m o n g va r ious spec ie s of n e m a t o d e s , in e a c h c a s e , the end 

resul t is t he fo rma t ion of a p s e u d o p o d and the ini t ia t ion of sur face mot i l i ty . 

T o g e t h e r , t h e s e e v e n t s p r e p a r e n e m a t o d e s p e r m for a t y p e of l o c o m o t i o n tha t 

d e p e n d s on an in te rp lay b e t w e e n the p s e u d o p o d c y t o p l a s m a n d the mobi le 

p l a s m a m e m b r a n e . 

III. M E M B R A N E DYNAMICS A N D L O C O M O T I O N 

A. The Pattern of Locomotion 

In vitro mot i l i ty has n o w b e e n e x a m i n e d in s p e r m f rom four s p e c i e s , C. 

elegans ( N e l s o n et al., 1982), A. lumbricoides ( N e l s o n and W a r d , 1981; S e p -

senwol and Taft , 1988), Nematospiroides dubius (Wright a n d S o m m e r v i l l e , 

1977, 1985), and Nippostrongylus brasiliensis (Wright and Sommerv i l l e , 1984). 

T h e s e cel ls differ in s ize and s h a p e , bu t exhib i t t he s a m e morpho log ica l a s y m -

m e t r y (Fig . 2a and b) and p a t t e r n of m o v e m e n t (Fig . 2c) by e x t e n d i n g a p seu -

d o p o d to pull t h e m s e l v e s o v e r the s u b s t r a t e . Usua l ly w h e n the p s e u d o p o d is 

f o r m e d , it pe r s i s t s so tha t c h a n g e s in t he d i rec t ion of m o v e m e n t a r e a c c o m -
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Fig. 2. Morphology and motility of C. elegans sperm, (a) Scanning e lect ron micrograph 
of a crawling cell. The pseudopod is studded with short projections several of which (arrows) 
ex tend forward to contac t the subs t ra te in front of the rest of the cell. Pho tographed at 45° 
stage tilt. Bar, 1 μηι. (b) Thin section e lectron micrograph showing internal a symmet ry . The 
organelles are packed into the rounded cell body . The a r row indicates an intact , bilobed 
m e m b r a n o u s organel le ; a r rowheads indicate several m e m b r a n o u s organel les that have fused 
with the p lasma membrane leaving a pe rmanen t saclike invagination (no fusion pores are 
visible in this sect ion) . The pseudopod (p) is organelle free, n, Nuc l eus . Bar , 500 nm. (c) 
A sequence of N o m a r s k y D1C micrographs showing t rans locat ion of a spe rma tozoon over 
a glass slide. In the second panel , the cell collides with a rounded spermat id , but cont inues 
movemen t . The interval be tween panels equals 20 sec . Bar, 5 μπι . [Reproduced , with copy-
right permiss ion of the publ isher , from Rober t s and St re i tmat te r (1984).] 
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pl ished by a l te r ing t he p s e u d o p o d i a l c o n t o u r ; on ly occas iona l ly is the pseu -

dopod re t rac ted and reformed in a n e w direct ion (Wright and Somervi l le , 1977; 

N e l s o n et al., 1982). S p e r m f rom C. elegans, N. brasiliensis, and N. dubius 

a re a b o u t 7 -10 μπι long a n d c rawl at 10-20 μη ι /min . Ascaris s p e r m a re m u c h 

larger . W h e n the i r p s e u d o p o d s a r e fully e x t e n d e d , t h e s e cel ls a r e a b o u t 25 

μπι in length and m o v e at m o r e t h a n 70 μπ ι /min ( S e p s e n w o l , 1982). 

L o c o m o t i o n of e a c h of t h e s e cel ls is a c c o m p a n i e d by v igo rous sur face m o -

bil i ty. Th i s is of ten manifes t a s t he m o v e m e n t of knob l ike p ro j ec t ions tha t 

form at the front of the cel l , s w e e p r e a r w a r d o v e r t he su r face , and d i s a p p e a r 

at t he b a s e of the p s e u d o p o d (Wright and Somerv i l l e , 1977; N e l s o n et al., 

1982; S e p s e n w o l and Taft , 1988; see a l so Fig . 6) . Nippostrongylus brasiliensis 

s p e r m form cons t r i c t i on r ings a r o u n d the i r p s e u d o p o d s tha t exhib i t a s imilar 

t ip-to-base m o v e m e n t (Wright and Somervi l le , 1984). As exist ing cons t r ic t ions 

migra te t o w a r d the cell b o d y , n e w o n e s a re f o r m e d , so tha t a s m a n y as t h r e e 

such r ings m a y b e vis ible at o n e t ime . In all c a s e s , t he m e m b r a n e a r t i cu la t ions 

m o v e r e a r w a r d at a b o u t the s a m e ra te a s t he cell c r a w l s f o r w a r d . 

B. Mobility of Surface Membrane Components 

T h e use of several types of m e m b r a n e m a r k e r s to s tudy m e m b r a n e dynamics 

on C. elegans s p e r m h a s s h o w n tha t t he a p p a r e n t m o v e m e n t of p s e u d o p o d i a l 

project ions reflects actual m o v e m e n t of m e m b r a n e c o m p o n e n t s . F o r e x a m p l e , 

la tex b e a d s a t t a c h e d to the p s e u d o p o d sur face exhib i t t he s a m e b e h a v i o r as 

the p s e u d o p o d i a l p ro jec t ions ( R o b e r t s and W a r d , 1982a). A s s o o n as t h e s e 

b e a d s bind to t he p s e u d o p o d su r face , t h e y a r e s w e p t r e a r w a r d to the b a s e 

w h e r e t hey s t o p . T h e y a r e no t in te rna l ized o r r e l e a s e d , no r d o they migra te 

o n t o the cell b o d y o r r e tu rn to t he p s e u d o p o d . B e a d s tha t b ind to the cell 

b o d y d o no t m o v e at all . Paral le l e x p e r i m e n t s us ing f luo rescen t - t agged lec t ins 

(Rober t s and W a r d , 1982b) confi rmed the a s y m m e t r y of m e m b r a n e m o v e m e n t , 

by showing tha t s p e r m c a n c lea r t he f luo rescen t p r o b e f rom the p s e u d o p o d , 

but not t he cell b o d y . 

R e c e n t l y , col loidal gold con juga te s of a m o n o c l o n a l a n t i b o d y to m e m b r a n e 

p ro t e ins (go ld -ABY) h a v e b e e n u s e d to e x a m i n e the p a t t e r n of m e m b r a n e 

d y n a m i c s in g r e a t e r detai l ( P a v a l k o a n d R o b e r t s , 1987). S p e r m i n c u b a t e d in 

g o l d - A B Y exhib i t an initial un i fo rm d i s t r ibu t ion of l abe led an t igen on the i r 

p s e u d o p o d i a l su r face (Fig. 3a) . M o v e m e n t of an t igen o v e r t he sur face beg ins 

wi th c l e a r a n c e of gold par t i c les f rom the t ips of the p s e u d o p o d i a l p ro jec t ions 

(Fig. 3b) and p r o c e e d s unti l m o s t of t he g o l d - A B Y has b e e n r e m o v e d f rom 

the p s e u d o p o d and a c c u m u l a t e d on the sur face of the cell b o d y - p s e u d o p o d 

j u n c t i o n (Fig. 3c) . T h e r e m o v a l of an t igen f rom the p s e u d o p o d is c o m p l e t e d 

in a b o u t 2 min . 
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Fig. 3 . (a-c) Clearance of gold-ABY-labeled m e m b r a n e prote ins from the pseudopod 

surface on C. elegans sperm. Cells fixed immediately after a 15-min incubat ion in gold-ABY 

exhibit a uniform distribution of surface-bound gold particles (a). A 5-sec wash before fixation 

results in c learance of gold part icles from the tips of the pseudopodia l project ions (ar rows 

in b). After a 2-min wash , most of the label has been r emoved from the pseudopod and the 

gold part icles have accumula ted on the surface at the cell b o d y - p s e u d o p o d junc t ion (ar-

rowheads in c) . (d and e) Insert ion of new m e m b r a n e protein on to the pseudopod surface. 

Cells were incubated first in unlabeled ant ibody then pulse labeled with gold-ABY. A 5-sec 

pulse results in labeling only at the tips of the pseudopodia l project ions (d). After a 2-min 

pulse, the entire pseudopod surface is labeled (e). Bar, 100 nm. [Reproduced , with copyright 

permiss ion of the publ isher , from Pavalko and Rober t s (1987).] 

A var ia t ion of this e x p e r i m e n t s h o w e d tha t t he t ip - to -base m o v e m e n t of 

p s e u d o p o d i a l m e m b r a n e p ro t e ins is a c c o m p a n i e d by c o n t i n u o u s , local ized as -

sembly of n e w an t igen o n t o the p s e u d o p o d sur face . In this c a s e , s p e r m w e r e 

i ncuba t ed first in un labe led a n t i b o d y to s a tu r a t e the i r ex is t ing sur face an t igen . 

Brief e x p o s u r e of t h e s e cells to g o l d - A B Y revea l ed inse r t ion of n e w ant igen 

o n t o the sur face at the t ips of the p s e u d o p o d i a l p ro jec t ions (Fig. 3d) . T h e n e w 

an t igen then m o v e s r e a r w a r d , and local ized a s s e m b l y c o n t i n u e s so tha t wi th in 
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2 min the popu la t ion of p s e u d o p o d i a l su r face an t igen is c o m p l e t e l y r e n e w e d 

(Fig. 3e) . 

C. Correlation between Membrane Movement and Substrate Attachment 

T h e p a t t e r n of cen t r ipe t a l m e m b r a n e m o v e m e n t a c c o m p a n i e d by po la r i zed 

m e m b r a n e a s s e m b l y exh ib i t ed by C . elegans s p e r m is sha r ed by a n u m b e r of 

o t h e r t y p e s of c r awl ing cells ( r ev i ewed in S inger a n d Kupfe r , 1986). O b s e r -

va t ions of the p a t t e r n of c e l l - s u b s t r a t e a t t a c h m e n t ( s ee , for e x a m p l e , K o l e g a 

et al., 1982) suggest that the mobili ty of the p la sma m e m b r a n e may be essent ial 

in o r d e r for c rawl ing cel ls to gain t he t r ac t ion n e c e s s a r y for t r a n s l o c a t i o n . 

T h e pa t t e rn of s u b s t r a t e a t t a c h m e n t u n d e r C. elegans s p e r m s u p p o r t s th is 

h y p o t h e s i s . 

W h e n C. elegans s p e r m a t o z o a c r a w l , on ly the p s e u d o p o d c o n t a c t s the s u b -

s t ra te ( R o b e r t s , 1983). At the front of the cel l , s eve ra l of t he p s e u d o p o d i a l 

p ro jec t ions e x t e n d fo rward and a t t a c h to t he s u b s t r a t e a h e a d of the main m a s s 

of the p s e u d o p o d (Fig . 2a) . T h e cell b o d y is d r agged a long at the r ea r , e i the r 

e l eva t ed slightly off t he s u b s t r a t e o r ca r r i ed a t o p the trai l ing po r t i on of the 

p s e u d o p o d . In t e r f e r ence ref lect ion m i c r o s c o p y of live s p e r m h a s s h o w n tha t 

only ra re ly is the en t i re u n d e r s i d e of t he p s e u d o p o d in c o n t a c t wi th t he sub -

s t ra te ( R o b e r t s and S t r e i t m a t t e r , 1984). I n s t e a d , the cell c o n t i n u o u s l y fo rms 

d i sc re t e c o n t a c t z o n e s a long the leading e d g e . T h e s e s i tes r e m a i n s t a t i ona ry 

re la t ive to the s u b s t r a t e as t he cell p r o g r e s s e s o v e r t h e m . W h e n the c o n t a c t s 

r each the r ea r of t he p s e u d o p o d , t hey d i s a p p e a r . T h u s , t he c o n t a c t s i t e s , l ike 

p s e u d o p o d i a l p ro jec t ions and su r f ace -a t t a ched b e a d s , m o v e f rom the front to 

the r ea r of t he cell at t he s a m e s p e e d tha t the cell c r a w l s fo rwa rd . 

T a k e n t o g e t h e r , t he resu l t s of t h e s e e x p e r i m e n t s s h o w tha t t he p rec i s e c h o -

r e o g r a p h y of m e m b r a n e m o v e m e n t a l lows C. elegans s p e r m to es tab l i sh and 

maintain the t ract ion that they need for locomot ion . T h e a s sembly of m e m b r a n e 

at t he t ips of t he p s e u d o p o d i a l p ro j ec t ions p r o v i d e s a c o n t i n u o u s supp ly of 

c o m p o n e n t s for c o n s t r u c t i n g c o n t a c t s at t he f o r w a r d m o s t po in t o n the cel l . 

T h u s , as old a t t a c h m e n t s m o v e to t he r ea r of the cel l , n e w o n e s a r e fo rmed 

a long the a d v a n c i n g f ront , a l lowing l o c o m o t i o n to c o n t i n u e . 

T h e re la t ionship of pseudopodia l m e m b r a n e mobil i ty to subs t ra te a t t a c h m e n t 

and t r ans loca t i on l eave o p e n the q u e s t i o n of t h e m a c h i n e r y gene ra t i ng t he 

force for mot i l i ty . Ea r ly o n , R o b e r t s and W a r d (1982b) s p e c u l a t e d tha t cen-

t r ipeta l m e m b r a n e flow a lone cou ld p rope l s p e r m l o c o m o t i o n . In o t h e r cel ls 

tha t c r a w l , p ropu l s ion is a func t ion usua l ly a s s o c i a t e d wi th c o n t r a c t i o n of 

c y t o p l a s m i c a c t i n - m y o s i n c o m p l e x e s ( r e v i e w e d in Po l l a rd , 1981), bu t ne i the r 

ac t in f i l aments no r m y o s i n a r e p r e s e n t in C. elegans s p e r m a t o z o a ( see Sec t ion 

IV) . N e m a t o d e s p e r m d o , h o w e v e r , c o n t a i n a n e w t y p e of n o n a c t i n f i l aments 
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tha t m a y be ac t ive ly invo lved in l o c o m o t i o n . T h e a t t en t i on of seve ra l i nves -

t iga tors is n o w focused on the s t r u c t u r e , c o m p o s i t i o n , and funct ion of t h e s e 

unusua l f ibers . 

IV. CYTOSKELETAL ELEMENTS IN SPERM 

Caenorhabditis elegans s p e r m u n d e r g o a c o m p l e t e c h a n g e in cy toske l e t a l 

o rgan iza t ion du r ing t h e s p e r m a t o g e n e s i s . Before m e i o s i s , s p e r m a t o c y t e s c o n -

tain n u m e r o u s ac t in f i laments ( N e l s o n et al., 1982; R o b e r t s , 1987a) and mi-

c r o t u b u l e s ( W a r d , 1986). After me ios i s , e a c h s e c o n d a r y s p e r m a t o c y t e g ives 

r ise t o four s p e r m a t i d s , w h i c h bud f rom t h e po le s of t h e p a r e n t cell (Wolf et 

al., 1978). T h e m i c r o t u b u l e s and ac t in f i laments fail to seg rega te to the de -

ve loping s p e r m a t i d s a n d , t h u s , a r e left beh ind in an a n u c l e a t e res idual b o d y . 

A s a resu l t , t he j u x t a n u c l e a r cen t r io l e is t h e on ly tubu l in -con ta in ing s t r u c t u r e 

in s p e r m a t i d s ( W a r d , 1986). P o s t m e i o t i c loss of m i c r o t u b u l e s o c c u r s in s p e r m 

from mos t o t h e r spec i e s of n e m a t o d e s a s wel l . T h e r e a re on ly a few r epo r t s 

of mic ro tubu le - l ike s t r u c t u r e s in n e m a t o d e s p e r m a t o z o a , s u c h as t he b u n d l e s 

of tubu les in the nonmot i l e tail l ike e x t e n s i o n f rom the cell b o d y in Aspicularis 

tetraptera spe rm (Lee and A n y a , 1967) and the single layer of regularly spaced 

tubules that under l ies the ent i re p l a s m a l e m m a of Heterodera spe rm (Shepherd 

et al., 1973; S h e p h e r d and C la rk , 1976, 1983). E v e n in t h e s e c a s e s , the iden-

tification of tubul in in t h e s e s t r u c t u r e s has not b e e n con f i rmed . 

Because n e m a t o d e spe rm locomot ion is so similar to the ac t in-based crawling 

m o v e m e n t of o the r m e t a z o a n cells , the loss of act in filaments dur ing spermat id 

fo rmat ion is surpr i s ing . N o n e t h e l e s s , seve ra l i n d e p e n d e n t a p p r o a c h e s h a v e 

s h o w n tha t ac t in is on ly a m i n o r s p e r m p ro te in a n d is no t i nvo lved in mot i l i ty . 

C y t o c h a l a s i n s , wh ich a r e p o t e n t inh ib i tors of a c t i n -ba sed m o v e m e n t s (Tan-

e n b a u m , 1978), h a v e no effect on the moti l i ty of Ascaris, C. elegans, o r N. 

brasiliensis s p e r m ( N e l s o n a n d W a r d , 1981; N e l s o n et al., 1982; Wr igh t and 

Somerv i l l e , 1985). Paral le l b iochemica l a n a l y s e s h a v e s h o w n tha t ac t in c o m -

pr ises on ly 0 . 5 % of the tota l ce l lu lar p ro t e in in Ascaris s p e r m ( N e l s o n and 

W a r d , 1981) and e v e n l e s s , 0 . 02%, in s p e r m from C. elegans ( N e l s o n et al., 

1982). Th i s small a m o u n t of ac t in can be d e t e c t e d by ind i rec t immunof luo -

r e s c e n c e , bu t c o r r e s p o n d i n g f i laments c a n n o t b e found us ing p r o b e s specific 

for F -ac t in , such a s phal lo id in o r h e a v y m e r o m y o s i n ( N e l s o n et al., 1982; 

R o b e r t s , 1987a). T h e ac t in filaments p r e s e n t in t he p r e s p e r m a t i d s tages of 

s p e r m a t o g e n e s i s p r o v i d e t he pos i t ive con t ro l for t h e s e a s s a y s . S p e r m a t o c y t e 

ac t in filaments d e c o r a t e wi th bo th phal lo id in and h e a v y m e r o m y o s i n , and 

meio t i c cy tok ines i s is b locked by c y t o c h a l a s i n s ( N e l s o n et al., 1982; R o b e r t s , 

1987a). 
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E v e n t h o u g h n e m a t o d e s p e r m lack ac t in f i l aments , t h e y a r e no t devo id of 

c y t o p l a s m i c f ibers . In fact , f i laments h a v e b e e n r e p o r t e d in t he p s e u d o p o d s 

of severa l spec ie s of n e m a t o d e s ( F o o r , 1970; B e a m s a n d S e k h o n , 1972; C la rk 

et al., 1972; M c L a r e n , 1973; B u r g h a r d t a n d F o o r , 1975; S h e p h e r d a n d C la rk , 

1976, 1983; U g w u n n a a n d F o o r , 1982; Wr igh t a n d So merv i l l e , 1985). T h e or-

gan iza t ion and c o m p o s i t i o n of t h e s e f i l aments h a v e b e e n e x a m i n e d on ly in 

C. elegans and Ascaris s p e r m . T h e p a t t e r n of l o c o m o t i o n exh ib i t ed by t h e s e 

t w o t y p e s of s p e r m is near ly ident ica l (Sec t ion Ι Ι Ι , Α ) , bu t t he o rgan i za t i on of 

the i r filaments is no t . 

T h e p s e u d o p o d s of C. elegans s p e r m c o n t a i n an a m o r p h o u s g r a n u l a r cy-

t o p l a s m tha t is so d e n s e tha t t he f i l aments e m b e d d e d wi th in a r e difficult to 

d is t inguish ( R o b e r t s , 1983). F ixa t i on in t he p r e s e n c e of d e t e r g e n t s , such a s 

Tr i ton X-100 o r s a p o n i n , r e m o v e s e n o u g h of t h e c y t o p l a s m to a l low the fil-

a m e n t s to b e e x a m i n e d by bo th c o n v e n t i o n a l and h igh-vol tage e l ec t ron mi-

c r o s c o p y ( H V E M ) (T. M . R o b e r t s , u n p u b l i s h e d o b s e r v a t i o n s ) . T h e filaments, 

wh ich a r e 2 - 3 n m w i d e , a r e l inked t o g e t h e r t o fo rm a loose m e s h w o r k tha t 

e x t e n d s t h r o u g h o u t the p s e u d o p o d . M a n y of t he cor t ica l f i l aments a b u t t he 

inner face of t he p l a s m a m e m b r a n e so tha t t he filament n e t w o r k a p p e a r s to 

be l inked at mul t ip le , but a p p a r e n t l y r a n d o m , s i tes to t he cell su r face . B o t h 

sect ioned spec imens and crit ical-point dried whole m o u n t s have been examined 

by H V E M w i t h o u t r evea l ing m o r e highly o r d e r e d a r r a y s of filaments in t h e s e 

ce l l s . 

Ascaris s pe rm, in con t ras t , conta in f i laments organized into long, f requent ly 

b r a n c h e d fiber complexes t ha t c o u r s e for seve ra l m i c r o m e t e r s t h r o u g h t h e 

p s e u d o p o d to t e r m i n a t e in e a c h of t he vil lar p ro j ec t ions tha t m o v e a long t h e 

sur face (F igs . 4 a n d 5) (Pawley et al., 1986; S e p s e n w o l and R i s , 1988). T h e 

c o m p l e x e s a r e a b o u t 150 n m in d i a m e t e r . T h e indiv idual f i l aments r a n g e in 

t h i c k n e s s f rom 2 to 10 n m a n d , t h u s , a r e m o r e va r i ab le t h a n the th in f i l aments 

in C. elegans s p e r m . Wi th in e a c h c o m p l e x , t he f i l aments a r e i n t e r m e s h e d and 

r ad ia t e o u t w a r d in all d i r ec t ions in a
 4

' b o t t l e - b r u s h " conf igura t ion . A t the i r 

free e n d s , t h e s e rad ia t ing f ibers of ten a s s o c i a t e e i the r wi th s imilar filaments 

f rom ad jacen t c o m p l e x e s o r wi th t h e p l a s m a m e m b r a n e (Fig . 5) . T h e inne r 

face of the p l a sma m e m b r a n e is thick and e lec t ron o p a q u e and , in s o m e reg ions , 

a p p e a r s t o b e c o m p o s e d of a c a r p e t of sho r t fibers. F i l a m e n t s f rom t h e fiber 

c o m p l e x e s tha t a p p r o a c h the p l a s m a m e m b r a n e , pa r t i cu la r ly a t t he e n d s of 

t he c o m p l e x e s in t he vil lar p r o j e c t i o n s , bu t a l so e l s e w h e r e a long t h e su r face , 

inser t in to th is t h i c k e n e d , inne r face of t he p l a s m a l e m m a . 

T h e fiber complexes are so p rominen t tha t they a re visible u n d e r differential 

in te r fe rence (DIC) and p h a s e c o n t r a s t op t i c s and h a v e b e e n e x a m i n e d in live 

sperm by enhanced v ideo D I C mic roscopy . Surpris ingly, the ent i re a s semblage 

of fiber c o m p l e x e s m o v e s r e a r w a r d a s a uni t in c o n c e r t wi th the villar p r o -

j e c t i o n s on the cell sur face (Fig . 6; S e p s e n w o l and Ris , 1988). T h e a n a t o m i c a l 
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Fig. 4. High-voltage e lectron microscopy s te reomicrograph of a whole mount of an As-

caris sperm act ivated on a gold grid and fixed in 2 % glu tara ldehyde in 0.1 M H E P E S buffer 

(pH 7.4) containing 0 . 1 % Tri ton X-100. Postfixation in 0 . 1 % O s 0 4 . Stained with 1% uranyl 

ace ta te and critical-point dried. Bar, 2 μπι ; tilt angle , 12°. 

assoc ia t ion of fiber c o m p l e x e s and the p l a s m a m e m b r a n e t o g e t h e r wi th the 

o b s e r v a t i o n of comigra t ion of c o m p l e x e s and villar p ro jec t ions in live s p e r m 

sugges t tha t the s p e r m c y t o s k e l e t o n p lays a role in m o v i n g m e m b r a n e c o m -

p o n e n t s o v e r the cell su r face . 

T h e nonact in fi laments in n e m a t o d e spe rm may be c o m p o s e d of major spe rm 

pro te in ( M S P ) , a family of 14,200-Da p o l y p e p t i d e s tha t c o m p r i s e s 1 0 - 1 5 % of 

the total cellular protein in both C. elegans (Klass and Hi r sh , 1981) and Ascaris 

(Ne l son and W a r d , 1981) s p e r m . In C. elegans, M S P is s y n t h e s i z e d in sper-

m a t o c y t e s f rom a mul t igene family ( B u r k e and W a r d , 1983; K la s s et al., 1984) 

and a c c u m u l a t e s exc lus ive ly in t he f ibrous b o d i e s ( W a r d and K l a s s , 1982; 

R o b e r t s et al., 1986). T h e s e o rgane l l e s , wh ich a re cha rac t e r i s t i c of n e m a t o d e 

spe rm, are a s sembled as paracrys ta l l ine a r rays of fibers (Fig. 7a) with repor ted 

d i a m e t e r s tha t r ange from 4.5 n m in C. elegans (Ward et al., 1981) to 7 n m 

in Ascaris (Favard , 1961) and Rhabditis pellio (Pas te rnak and Samoiloff, 1972). 

Fo l lowing me ios i s , the f ibrous bod ie s s eg rega te to the c y t o p l a s m of the de -

ve loping s p e r m a t i d s (Fig. 7b) a n d , wi th the loss of ac t in f i laments and mi-

c r o t u b u l e s to the res idual b o d y , b e c o m e the only f i l amen tous c o m p o n e n t in 

the cel l . W a r d and K l a s s (1982) u sed an a n t i b o d y to M S P in immunof luo re s -

c e n c e a s s a y s to d e m o n s t r a t e tha t , w h e n the f ibrous b o d i e s segrega te to the 
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Fig. 5. High-voltage e lect ron microscopy s te reomicrograph of a sect ion 0.13 μπι thick 

through the pseudopod of an ac t ivated sperm. T h e cells were fixed in 2 . 5 % glutara ldehyde 

in 0 .1% H E P E S buffer (pH 7.4) containing 0 .05% saponin and 0 .2% tannic acid, followed 

by postfixation in 0 .1% O s 0 4 , and staining with 1% uranyl ace ta t e . Sect ions were stained 

with 7 . 5 % uranyl magnes ium ace ta te and lead c i t ra te . Th ree fiber complexes are seen in 

c ross sect ion. F ibers radiat ing from the axes of the fiber complexes in termesh with those 

of adjacent complexes and insert into the dense layer on the inner side of the plasma membrane 

(arrow). Bar , 200 nm; tilt angle , 20°. 

s p e r m a t i d s a n d d i s a s s e m b l e , M S P s p r e a d s t h r o u g h o u t t he c y t o p l a s m . After 

s p e r m ac t iva t ion , M S P c o n c e n t r a t e s in the p s e u d o p o d . T h u s , M S P fol lows 

the rou te from fibrous body to p s e u d o p o d predic ted for a filament po lypep t ide . 

P re l iminary r e su l t s f rom severa l e x p e r i m e n t s sugges t tha t the p s e u d o p o d i a l 

f i laments in Ascaris s p e r m d o , in fact , con t a in M S P . F o r e x a m p l e , a m o n o -

clonal a n t i b o d y to M S P labels the f i lament c o m p l e x e s in Ascaris s p e r m by 

i m m u n o f l u o r e s c e n c e a n d d e c o r a t e s m a n y of t he individual f i l aments in im-

munogo ld a s s a y s . In add i t i on , w h e n cell-free e x t r a c t s of Ascaris s p e r m a re 

w a r m e d to 39°C u n d e r a n a e r o b i c c o n d i t i o n s ( to a p p r o x i m a t e t he e n v i r o n m e n t 

in the po rc ine in tes t ine) f i l aments 4 - 5 n m in d i a m e t e r a s s e m b l e in vitro. T h e s e 

f i laments d e c o r a t e wi th gold con juga t e s of t h e s a m e a n t i b o d y tha t labels the 

fi laments in the p s e u d o p o d (T. R o b e r t s , S. S e p s e n w o l , and H . Ris , unpubl i shed 
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Fig. 6. Light micrographs of an act ivated sperm with the cell body at the top . Several 
villi (v) and fiber complexes are visible (compare with Fig. 5). Pho tographed from v ideo tape ; 
interval be tween frames equals 5 sec . Villi originate at the forward edge of the pseudopod 
and move toward the cell body at a uniform rate (see villi numbered 1-3). A branched fiber 
complex (arrow) moves at the same rate toward the cell body without much change in shape . 
Nomarsk i D I C , Axiomat with x 100 oil immers ion object ive . 

o b s e r v a t i o n s ) . Efforts a re u n d e r w a y to d e t e r m i n e if f i l aments will a s s e m b l e 

from purif ied f rac t ions of Ascaris M S P , an a p p r o a c h tha t shou ld identify the 

f i lament po lypep t i de dec i s ive ly . 

Major s p e r m p ro te in is no t s imply a f r agmen t of ac t in . T h e M S P g e n e s f rom 

b o t h C. elegans ( B u r k e and W a r d , 1983; K l a s s et al., 1984; W a r d et al., 1988) 

and Ascaris (Benne t t a n d W a r d , 1986) h a v e b e e n c l o n e d ; t h e y exhib i t n o ho -

mology to t he n e m a t o d e ac t in g e n e s . In add i t ion t o the i r re la t ive ly low m o -

lecular weight , mos t m e m b e r s of the M S P family a re bas ic (pi ~ 8.5), a l though 
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Fig. 7. F ibrous bodies in C. elegans sperm, (a) Thin sect ion of a pr imary spe rmatocy te 

showing the parallel a r ray of fibrous body fi laments enve loped by m e m b r a n e der ived from 

a m e m b r a n o u s organel le , the remainder of which is not shown in this sect ion. Bar , 100 nm. 

(b) A spermat id (st) budding from the paren t cell leaving behind a residual body (rb). All 

of the fibrous bodies (arrows) have segregated to the spermat id cy top lasm. Bar, 1 μπι . (b) 

Reproduced from The Journal of Cell Biology, 1981, Vol . 9 1 , pp . 26-44 by copyright per-

mission of The Rockefel ler Univers i ty Press . ] 

o n e form in C. elegans is neu t ra l (pi = 7.1) (K la s s and H i r s h , 1981; B u r k e 

and W a r d , 1983). T h e s e p r o p e r t i e s of M S P a re d is t inc t f rom five o t h e r fine, 

nonac t i n filament p o l y p e p t i d e s , s p a s m i n , t ek t in , t i t in, e c h i n o n e m a t i n , a n d 

giardin ( r ev i ewed in R o b e r t s , 1987b). T h u s , M S P m a y r e p r e s e n t a n e w t y p e 

of f i lament p ro t e in . 

A r e all of the filaments in t he f ibrous b o d i e s a n d p s e u d o p o d s of C. elegans 

and Ascaris s p e r m p o l y m e r s of M S P ? Cer t a in ly t he var iabi l i ty of filament 

d i a m e t e r ( e .g . , 4 .5 n m in t he fibrous b o d i e s v e r s u s 2 - 3 n m in t he p s e u d o p o d 

in C . elegans; 2 - 1 0 n m in Ascaris p s e u d o p o d s ) r equ i r e s e x p l a n a t i o n . S o m e 

variabi l i ty has a l so b e e n o b s e r v e d a m o n g the filaments tha t a s s e m b l e in vitro 

from cell-free e x t r a c t s ; c lose e x a m i n a t i o n has r evea l ed tha t a few 2- to 3-nm 

fi laments coexis t with the 4- to 5-nm fibers. T h e wider filaments a r e not uniform 

and f requen t ly a p p e a r s t r a n d e d and f rayed at the i r e n d s , a s if c o m p o s e d of 
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t w o t ightly twis ted subfibr i ls . W e c a n n o t rule ou t the poss ibi l i ty of mul t ip le 

t y p e s of f i laments in t h e s e ce l l s , bu t t h e ava i lab le s t ruc tu ra l a n d b iochemica l 

da t a suggest tha t s o m e of the var ia t ion in fiber d i a m e t e r cou ld be the resul t 

of different c o n f o r m a t i o n s of the s a m e 2- to 3-nm subfibri l . 

V. T O W A R D A M O D E L FOR N E M A T O D E SPERM MOTILITY 

It is r e m a r k a b l e tha t the p h e n o m e n o l o g y of a c t i n - p o o r n e m a t o d e s p e r m has 

so many similarities to the ac t in-based ( i .e . , cytochalas in-sensi t ive) locomot ion 

of o ther crawling me tazoan cells. T h e r e are t w o features of ac t in-based motility 

tha t a r e espec ia l ly r e l evan t to n e m a t o d e s p e r m mot i l i ty . (1) Unidirectional 

membrane flow—polarized m e m b r a n e a s s e m b l y resu l t s in d i r ec t ed m e m b r a n e 

m o v e m e n t by d isp lac ing exis t ing sur face c o m p o n e n t s r e a r w a r d a n d p r o v i d e s 

the surface c o m p o n e n t s n e e d e d to c o n s t r u c t s u b s t r a t e a t t a c h m e n t s at the 

leading edge of the cell. (2) Formation of oriented filament assemblies—(actin) 

f i laments a t t a ch or a re nuc l ea t ed at m e m b r a n e reg ions in c o n t a c t wi th the 

s u b s t r a t e and a s s e m b l e in to m e s h w o r k s o r b u n d l e s . T h e s e a s s e m b l i e s p re -

s u m a b l y a n c h o r to s tab le e l e m e n t s of the c y t o s k e l e t o n t o w a r d the pass ive 

s ide of t h e cel l , a l t hough in n e m a t o d e s p e r m , it is no t c l ea r tha t t h e a n t i m e m -

b r a n e e n d s of the M S P f i lament a r r a y s a r e a t t a c h e d . 

A cen t ra l ques t i on is sha r ed by r e s e a r c h on ac t in- r ich c rawl ing cel ls and 

MSP- r i ch n e m a t o d e s p e r m : h o w is fo rce g e n e r a t e d for c r awl ing? At p r e s e n t , 

this ques t i on has not b e e n expl ic i t ly a n s w e r e d for ac t i n -based a m o e b o i d cells 

( H a r r i s , 1976; A b e r c r o m b i e , 1980; Smal l et al., 1982; Ge ige r , 1982; S inger 

and Kupfe r , 1986). C o n s t r u c t i o n of a mode l for n e m a t o d e s p e r m l o c o m o t i o n 

should s tar t wi th the c lea r -cu t r e l a t ionsh ip b e t w e e n un id i rec t iona l m e m b r a n e 

flow o v e r the p s e u d o p o d and the spec ia l ized c y t o s k e l e t o n . T h e abil i ty to cor-

re la te cy toske l e t a l a n a t o m y wi th its b e h a v i o r d u r i n g c r awl ing is a d is t inc t ad-

v a n t a g e , bu t m a n y q u e s t i o n s a b o u t n e m a t o d e s p e r m r e m a i n . D o the f i laments 

exe r t t ens ion on the m e m b r a n e to d r ive its cen t r ipe t a l f low or v ice v e r s a ? A r e 

the p r o c e s s e s of a s s e m b l y of filaments at the t ip a n d d i s a s s e m b l y of f i laments 

at the b a s e a m a c h i n e for p s e u d o p o d t r a c t i o n ? W h i c h c o m p o n e n t s a n c h o r the 

m e m b r a n e to the s u b s t r a t e ? A r e t he r e m o l e c u l e s o t h e r t han M S P tha t regu la te 

filament a s s e m b l y and a r c h i t e c t u r e ? T h e s e q u e s t i o n s a re sufficient to p rope l 

r e s e a r c h on n e m a t o d e s p e r m moti l i ty for s o m e t ime . T h e bas ic too ls for this 

r e s e a r c h a l r eady exis t : Ascaris s p e r m p rov ide a b u n d a n t mater ia l for b io-

c h e m i c a l , s t ruc tu ra l , and behav io ra l s t ud i e s . Caenorhabditis elegans ha s be -

c o m e a r ich s o u r c e of m u t a n t s tha t affect s p e r m d e v e l o p m e n t , m o r p h o l o g y , 

and moti l i ty (Ward et al., 1981; W a r d , 1986). F r o m e v e r y a s p e c t , t h e s e cells 

have yie lded u n e x p e c t e d r e su l t s ; w e e x p e c t to be su rp r i sed aga in . 
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I . I N T R O D U C T I O N 

Dur ing the pas t c e n t u r y , a re la t ively small n u m b e r of o r g a n i s m s h a v e c o m e , 

t h rough va r ious pa ths and for va r ious r e a s o n s , to be v i ewed as a p p r o p r i a t e 

mode l s y s t e m s for the s tudy of d e v e l o p m e n t (see S lack , 1983). A m o n g the 

most impor tan t of these is the amphib ian e m b r y o . N o w h e r e has the amphib ian 

e m b r y o b e e n m o r e impor t an t t han in the s tudy of the role of the c y t o s k e l e t o n 

in d e v e l o p m e n t . Cy toske l e t a l e l e m e n t s h a v e b e e n impl ica ted in the de te r -

mina t ion of e m b r y o n i c a x e s ; dur ing gas t ru l a t ion , c h a n g e s in the c y t o s k e l e t o n 

a re p r e s u m e d to under l i e the fo rma t ion of bo t t l e ce l l s , t he involu t ion of the 

p r e s u m p t i v e m e s o d e r m , and the fo rmat ion of the neura l fo lds . T h e c y t o s k e l -

e ton also plays a c lear role in cellular migrat ion and cellular morphology within 

la te r -s tage e m b r y o s . W e w e r e original ly d r a w n to the deve lop ing Xenopus 

e m b r y o b e c a u s e it r e p r e s e n t s an in vivo s y s t e m in wh ich to s tudy the funct ion 

of i n t e rmed ia t e f i l aments , a major c o m p o n e n t of the c y t o s k e l e t o n in h igher 

e u k a r y o t i c ce l l s . 

Tradi t ional ly, the role of the cy toske le ton in morphogenes i s has been studied 

by a c o m b i n a t i o n of light and e l ec t ron m i c r o s c o p y t o g e t h e r wi th the use of 

d rugs tha t affect c y t o s k e l e t o n o rgan iza t i on . Th i s a p p r o a c h , whi le unden iab ly 

useful , is a l so inheren t ly l imited by the difficulty in c rea t ing t h r e e - d i m e n s i o n a l 

images of an objec t the size and opac i ty of the a m p h i b i a n o o c y t e and ear ly 

e m b r y o . C o n v e n t i o n a l m e a n s of ob ta in ing de ta i led t h r ee -d imens iona l infor-

mat ion from such a s p e c i m e n r equ i r e the p r e p a r a t i o n and ana lys i s of serial 

s ec t i ons . T h e t ime requ i red for such an ana lys i s is subs tan t ia l and the infor-

mat ion ob t a ined m a y not a l w a y s revea l the t r ue c o m p l e x i t y of the s t r u c t u r e 

u n d e r s t u d y . It w a s for this r e a s o n tha t w e first d e v e l o p e d a cor t ica l who le -

m o u n t i m m u n o c y t o c h e m i c a l m e t h o d tha t enab l ed us to r e so lve deta i l s of cy-

tokera t in o rgan iza t ion , r eo rgan i za t i on , and a n i m a l - v e g e t a l a s y m m e t r y in 

Xenopus o o c y t e s and e m b r y o s ( K l y m k o w s k y et al., 1987) tha t had b e e n c o m -

pletely o v e r l o o k e d by c o n v e n t i o n a l sec t ion ana lys i s . 

Our original whole -mount me thod was not able to visualize s t ruc tures within 

the in ter ior of the e m b r y o . A n d r e w M u r r a y (Un ive r s i t y of Cal i fornia , San 

F ranc i sco ) so lved the p r o b l e m of o o c y t e - e m b r y o opac i ty by deve lop ing an 

improved solution for match ing the refractive index of yolk platelets , render ing 

the e m b r y o t r a n s p a r e n t (Fig. 1 A - C ) . S u b s e q u e n t l y , w e d e v e l o p e d a f ixat ive 

that p r e s e r v e s s t r u c t u r e , whi le a l lowing an t ibod ie s the size of IgMs (900,000 

Da) to p e n e t r a t e the 1 .2-mm-diameter o o c y t e . W e a l so d e v e l o p e d a m e t h o d 

to b leach the cor t ica l p igment g r a n u l e s , whi le leaving the an t igenic i ty of m a n y 

p ro te ins unaffec ted . U s e d t o g e t h e r (Table I) , t h e s e m e t h o d s m a k e poss ib le 

h igh-resolu t ion m a p p i n g of p ro t e in s and cy toske le t a l o rgan iza t ion in t h r ee di-

m e n s i o n s (Fig. I D and E ) . 

S ince o u r resu l t s a re for the mos t par t u n p u b l i s h e d and the field of the 



Fig. 1. Whole -mount immunocy tochemis t ry . Stage XI Xenopus e m b r y o s are shown be-
fore clearing (A) and after clearing (B) and after bleaching and clearing (C). Β and C are 
optical sec t ions . Whole -mount immunocy tochemis t ry of a stage V oocy te with R L 1 , an IgM 
ant ibody directed against nuclear pore c o m p o n e n t s (Snow et al., 1987), reveals both the 
domain s t ruc ture of the nuclear enve lope and the cortical localization of annula te lamellae 
(D); higher magnification of a RLl-s ta ined stage III oocyte reveals details of structural domains 
in nuclear enve lope (E) . Bar in A, 100 μιτι for A - C ; bars in D and E , 100 μ ιη . 
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TABLE I 

Whole-Mount Immunocytochemical Staining of Xenopus 

1. Place oocy te s , eggs, and e m b r y o s into a microfuge tube and r emove the excess 

liquid. Fix by adding 1 ml of one-part D M S O : four -parts methanol (Den t ' s 

Fixat ive) . (Eggs and embryos should be dejellied prior to fixation with 2 % cyste ine 

pH 8.0.) Fix overnight at - 2 0 ° C . 

2. Bleach embryos for 48 hr at room tempera tu re in 20% D M S O : 10% hydrogen 

peroxide : methanol . Bleached e m b r y o s may be s tored in 100% methanol at - 2 0 ° C 

for future use . 

3. Wash embryos 2 t imes in Tris-buffered saline (TBS) at room tempera tu re for 20 min. 

4. Add pr imary ant ibody plus 20% newborn calf se rum; incubate overnight at 4°C. K e e p 

volume to a min imum to avoid damaging the cor tex of the cell(s). 

5. Wash 3 t imes in T B S at room t empera tu re ; each wash should be 2-hr long. 

6. Incubate with appropr ia te ly diluted ant i -mouse Ig -pe rox idase an t ibody. Dilute 

ant ibody into T B S plus 20% serum. Incuba te overnight at 4°C with rocking. 

7. Wash 3 t imes with T B S as in S tep 5. 

8. Incubate in 0.5 mg/ml diaminobenizidine (DAB) in T B S plus 0 .02% hydrogen 

peroxide for 6 hr at room tempera tu re with rock ing—DAB should be filtered before 

use . Rocking is crucial at this s tage! 

9. Wash 2 t imes in 100% methanol for 5 min each t ime. 

10. Soak in one-par t benzyl alcohol : two -parts benzyl benzoa te (Mur ray ' s Clear) for 15 

min; mount in M u r r a y ' s for microscopy . All s teps (up to mount ing for microscopy) 

can be done in microfuge tubes . They are not dissolved by M u r r a y ' s solut ion. 

c y t o s k e l e t o n in Xenopus d e v e l o p m e n t is r a t h e r ec l ec t i c , this r e v i e w will be 

s o m e w h a t u n c o n v e n t i o n a l . After a br ief i n t roduc t ion of t he c y t o s k e l e t o n , w e 

will p resent an exigesis of the role of the cy toske le ton dur ing oogenes i s , oocy te 

m a t u r a t i o n , a n d the ear ly s t ages of d e v e l o p m e n t , u p to neu ru l a t i on . W h e r e 

a p p r o p r i a t e , w e will i l lus t ra te h o w w h o l e - m o u n t i m m u n o c y t o c h e m i s t r y can 

conf i rm a n d e x t e n d p r e v i o u s o b s e r v a t i o n s . R e a d e r s i n t e r e s t ed in a m o r e c o m -

plete o v e r v i e w of Xenopus d e v e l o p m e n t a r e re fe r red to G e r h a r t (1980), S lack 

(1983), Ke l le r (1985), G e r h a r t and Ke l l e r (1986), a n d N i e u w k o o p et al. (1985). 

A n o v e r v i e w of a n u m b e r of t op i c s in a m p h i b i a n d e v e l o p m e n t c a n b e found 

in S lack (1985). 

11. CYTOSKELETAL SYSTEMS 

T h e r e are three major cytoskele ta l sys t ems in eukaryo t i c cells: micro tubules 

( M T s ) , mic rof i l aments ( M F s ) , a n d i n t e r m e d i a t e f i l aments ( IFs ) . M i c r o t u b u l e s 

are c o m p o s e d of a- and ß-tubulin toge ther with a n u m b e r of assoc ia ted .pro te ins 
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(Dus t in , 1984; O l m s t e a d , 1986). T h e y h a v e a d i s t inc t po la r i ty , r evea l ed by the 

different p o l y m e r i z a t i o n k ine t i cs of the i r t w o e n d s . M i c r o t u b u l e s fo rm the 

s t ruc tu ra l bas i s of t he mi to t i c a n d me io t i c sp ind les a n d an e x t e n s i v e n e t w o r k 

t h r o u g h o u t t he i n t e r p h a s e cel l . Wi th in the typica l i n t e r p h a s e cel l , M T s rad ia t e 

f rom o n e o r m o r e M T c e n t e r ( s ) ; t he M T c e n t e r is genera l ly a s s o c i a t e d wi th 

a c loud of il l-defined mater ia l tha t of ten , bu t no t a l w a y s , s u r r o u n d s a pa i r of 

centr io les (for r ev iew, see Pe te r son and B e r n s , 1980; Br inkley , 1985). In m a n y 

cell t ypes , the Golgi appa ra tus is c losely assoc ia ted with and p e r h a p s organized 

by the M T c e n t e r ( T h y b e r g a n d M o s k a l e w s k i , 1985). T h e focal o rgan iza t i on 

of t he Golgi a p p a r a t u s a p p e a r s to p lay a major ro le in d i r ec t ed cell m o v e m e n t 

and p e r h a p s ce l lu lar a s y m m e t r y (see S inger and K u p f e r , 1986, for r e v i e w ) . 

T h e M T s themse lves act as t r acks for the m o v e m e n t of intracel lular organel les 

(Scho ley et al., C h a p t e r 6, th is v o l u m e ) . T h e m e c h a n i s m b y w h i c h the M T 

c e n t e r is pos i t i oned wi th in t he cell r e m a i n s u n c l e a r ( see K i r s c h n e r and Mit-

c h i s o n , 1986, for specu la t i on ) . 

Mic ro f i l ament s a r e c o m p o s e d of ac t in a n d a s s o c i a t e d p ro t e in s (Pol lard and 

C o o p e r , 1986; S tosse l et al., 1985). Mic ro f i l amen t s a r e c o n c e n t r a t e d in t he 

c o r t e x of t he cel l , bu t a l so can be found wi th in t he ce l lu lar in te r ior (Sch l iwa 

and Van B le rkom, 1981). T h e y are int imately involved in cell m o v e m e n t , which 

is m e d i a t e d b y M F - a s s o c i a t e d c e l l - s u b s t r a t e a d h e r e n c e j u n c t i o n s (Bur r i dge , 

1986; T r i n k a u s , 1984). T h e s t ruc tu ra l in tegr i ty of t i s sues is m a i n t a i n e d in large 

m e a s u r e by M F - a s s o c i a t e d c e l l - e x t r a c e l l u l a r ma t r ix and ce l l -ce l l a d h e s i o n 

j unc t ions . In addi t ion, act in a p p e a r s to be a major c o m p o n e n t of the amphib ian 

a n d m a m m a l i a n o o c y t e n u c l e u s ( S c h e e r a n d D a b a u v a l l e , 1985). T h e r e su l t s 

of i n t r anuc l ea r inject ion of an t i ac t in a n t i b o d i e s a n d ac t in -b ind ing p r o t e i n s 

sugges t t ha t ac t in o r an ac t in l ike p ro t e in m a y b e invo lved in t r ansc r ip t i on 

( S c h e e r et al., 1984; S c h e e r , 1986). 

In m o s t of t he h igher o r g a n i s m s e x a m i n e d to d a t e , ac t in and the tubu l ins 

a r e e n c o d e d by a family of g e n e s , a n d specif ic g e n e s a r e often e x p r e s s e d in 

a t issue-specific m a n n e r . T h e physiological significance of this differential gene 

e x p r e s s i o n r e m a i n s o b s c u r e ( C o w a n et al., 1987; L o p a t a a n d C l e v e l a n d , 1987; 

S c h a t z et al., 1986). 

I n t e r m e d i a t e filaments a r e m o r e d i v e r s e in subun i t p ro t e in s t r u c t u r e t h a n 

e i the r ac t in o r tubu l in . T h e s e p r o t e i n s s h a r e a c o n s e r v e d s t ruc tu ra l mot i f a n d 

form u l t r a s t ruc tu ra l ly s imilar filaments tha t a r e inso lub le u n d e r phys io log ica l 

cond i t i ons ( see T r a u b , 1985; S t e ine r t and P e r r y , 1985; B i e s s m a n n a n d W a l t e r , 

C h a p t e r 8, th i s v o l u m e ) . A b o u t 30 I F p r o t e i n s a r e c u r r e n t l y r e co g n i zed in 

m a m m a l s , inc luding t h e n u c l e a r l amins a n d five t y p e s of c y t o p l a s m i c - I F p ro -

te ins : v i m e n t i n , d e s m i n , glial fibril lary ac id ic p ro t e in , t he neu ro f i l amen t p r o -

t e ins , and t h e c y t o k e r a t i n s ( F r a n k e , 1987). T h e r e c e n t ident i f icat ion of a n e r v e 

g r o w t h f ac to r - induced I F p ro t e in in ra t d i s t inc t f rom t h e p r e v i o u s l y def ined 
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c la s ses (see L e o n a r d et al., 1988 and r e f e r ences the re in ) i l lus t ra tes tha t n e w 

in t e rmed ia t e f i lament p ro t e in s r e m a i n to be d i s c o v e r e d . 

Bo th c y t o p l a s m i c and n u c l e a r I F s a r e e x p r e s s e d in a ce l l - type-specif ic m a n -

ner . A l though p r e s e n t in m o s t cel ls of h igher v e r t e b r a t e s and in s o m e cells 

of i n v e r t e b r a t e s (see Bar tn ik et al., 1985, 1986), t he func t ion of I F s r e m a i n s 

en igmat i c . T h e e x p e r i m e n t a l d i s rup t ion of I F s by the inject ion of an t i - IF an-

t ibodies in to cu l tu r ed cells ha s n o a p p a r e n t effect o n cel lu lar b e h a v i o r o r mor -

pho logy ( K l y m k o w s k y , 1981; L in and F e r a m i s c o , 1981; Gawl i t t a et al., 1981; 

L a n e and K l y m k o w s k y , 1982; K l y m k o w s k y et al., 1983). Essen t i a l ly ident ical 

resu l t s w e r e ob t a ined w h e n c y t o k e r a t i n f i lament o rgan iza t ion w a s d i s rup t ed 

by the express ion of a t runca ted cy tokera t in prote in (Albers and F u c h s , 1987). 

T h e inappropr ia te express ion of I F pro te ins in cul tured cells has also provided 

little c lue a s to the i r funct ion (Kre i s et al., 1983; Gu id i ce and F u c h s , 1987). 

T o d a t e , the on ly expe r imen ta l l y d e m o n s t r a t e d funct ion of c y t o p l a s m i c IFs 

is in the fo rma t ion of frog v i rus 3 c y t o p l a s m i c a s s e m b l y s i tes (Mur t i et al., 

1988). W h e t h e r i n t e r m e d i a t e f i laments ac tua l ly h a v e a significant funct ion in 

the no rma l cell ou t of its a p p r o p r i a t e o rgan i smic c o n t e x t r e m a i n s to be seen 

(see L a n e and K l y m k o w s k y , 1982; K l y m k o w s k y et al., 1983). 

III. T H E CYTOPLASMIC A S Y M M E T R Y OF T H E O O C Y T E 

P e r h a p s the m o s t s t r ik ing fea tu re of t he Xenopus o o c y t e , a s ide f rom its 

large s ize , is its vis ible a s y m m e t r y . T h e m a t u r e o o c y t e has a p i g m e n t e d ' ' a n -

i m a l " h e m i s p h e r e , a lightly p i g m e n t e d " v e g e t a l " h e m i s p h e r e , and an unpig-

m e n t e d equa to r i a l b a n d . T h e d e v e l o p m e n t of o o c y t e a s y m m e t r y a p p e a r s to 

begin ea r ly , a rguab ly wi th t he a s y m m e t r y of t he pa ren t a l o o c y t e ( G e r h a r t , 

1980). In Xenopus, the cel ls tha t g ive r ise to t he g e r m line or ig ina te f rom the 

ve ry vege ta l -mos t c y t o p l a s m i c region of t he egg. Th i s region c o n t a i n s cor t ica l 

mater ia l of ill-defined n a t u r e refer red to as " g e r m p l a s m " (for r e v i e w s , see 

N i e u w k o o p and Su tasu rya , 1979; H e a s m a n et al., 1984). Ear ly in deve lopmen t , 

p r imordia l g e r m cel l s , wh ich a re de r ived f rom b l a s t o m e r e s tha t con t a in g e r m 

p l a sm, can be easi ly r ecogn ized and a l r eady p o s s e s s a d i s t inc t ive axis of 

a s y m m e t r y def ined by a j u x t a n u c l e a r m a s s of m i t o c h o n d r i a ( A l - M u k t a r and 

W e b b , 1971). In o o g e n e s i s , t he r e is a c l ea r ind ica t ion of n u c l e a r a s y m m e t r y 

as wel l , s ince dur ing the ear ly p h a s e s of m e i o s i s , t he c o n d e n s e d c h r o m o s o m e s 

b e c o m e a s soc i a t ed wi th the inner sur face of t he n u c l e a r e n v e l o p e at a poin t 

w h e r e the o u t e r e n v e l o p e is j u x t a p o s e d wi th the mi tochond r i a l m a s s . T h e 

n u c l e a r - m i t o c h o n d r i a l m a s s ax is pe r s i s t s largely u n d i s t u r b e d unti l v i te l logen-

esis ( A l - M u k t a r and W e b b , 1971; D u m o n t , 1972; Wyl i e et al., 1986). T h e mi-



4. Whole-Mount Analyses 69 

t ochondr i a l m a s s f r agmen t s dur ing s tage II of o o g e n e s i s ( acco rd ing to t he 

c lass i f icat ion s c h e m e of D u m o n t , 1972)
2
 a n d mate r i a l f rom the mi tochondr i a l 

m a s s a c c u m u l a t e s at w h a t a p p e a r s to be the fu ture vege ta l po le (see Sec t ion 

I I I ,C ) . F r a g m e n t a t i o n of t he mi tochondr i a l m a s s p r e c e d e s t he a s y m m e t r i c a c -

c u m u l a t i o n of specific m R N A s ( C a p c o and Jeffery , 1982; Rebagl ia t i et al., 

1985; Mel ton , 1987) and the a symmet r i c deposi t ion of p igment ( D u m o n t , 1972) 

and yolk (Dani lch ik and G e r h a r t , 1987). 

W h e t h e r t he c y t o s k e l e t o n p lays a d i rec t ro le in t he e s t a b l i s h m e n t of cy-

top l a smic a s y m m e t r y wi th in t he o o c y t e r e m a i n s unc l ea r . A n a l t e rna t ive p o s -

sibility is tha t the e lec t r ica l field a s s o c i a t e d wi th t he Xenopus o o c y t e is t he 

p r ime m o v e r . Th i s field, first m e a s u r e d by R o b i n s o n (1979) wi th an ex t r a -

cel lu lar v ibra t ing p r o b e e l e c t r o d e , is p r e s e n t in s tage III o o c y t e s , a n d p e r h a p s 

ear l ier . It cou ld p r o v i d e b o t h the d i rec t iona l i ty a n d m o t i v e force unde r ly ing 

o o c y t e a s y m m e t r y by e l e c t r o p h o r e s i n g p ro t e in s and p r o t e i n - n u c l e i c ac id 

complexes within the oocy t e . E v e n if the o o c y t e s ' electrical field is the pr imary 

effector of c y t o p l a s m i c a s y m m e t r y , t he c y t o s k e l e t o n is l ikely t o play an im-

p o r t a n t ro le in es tab l i sh ing a n d / o r ma in ta in ing the a s y m m e t r i c a l d i s t r ibu t ion 

of ion channe l s and p u m p s that p r e sumab ly p r o d u c e this field. T h e availability 

of long-term cul ture m e t h o d s that suppor t the in vitro d eve lopmen t of Xenopus 

o o c y t e s (Wal l ace a n d Misu lov in , 1978; Dan i lch ik a n d G e r h a r t , 1987), t o g e t h e r 

wi th m e t h o d s for the i r s u b s e q u e n t m a t u r a t i o n and fer t i l izat ion (J. R o b e r t s and 

J . C . G e r h a r t , p e r s o n a l c o m m u n i c a t i o n ) , o p e n s t he poss ibi l i ty of d i rec t ex-

pe r imen ta l s tud ie s of the m o l e c u l a r m e c h a n i s m s unde r ly ing the d e v e l o p m e n t 

of o o c y t e a s y m m e t r y . 

2
Stage I oocy tes have not yet begun to accumula te yolk, are be tween 50 and 300 μιη in 

d iameter , and have a t ransparen t cy top lasm. Thei r nucleus is central ly located and their 

nuclear enve lope is smooth . The mitochondria l m a s s , a lso known as the Balbiani body , is 

spherical . The transi t ion be tween stage I and stage II oocy tes is charac ter ized by the ap-

pearance of multiple ex t r ach romosona l nucleol i , the appea rance of charac ter is t ic folding of 

the nuclear enve lope , an increase in overall d iamete r to 300-450 μ ιη , and the beginning of 

yolk deposi t ion (vitellogenesis) . In stage II , the mi tochondr ia l mass begins to fragment in 

a character is t ic manner . Stage III oocy tes cont inue in diplotene and grow in d iamete r to 

be tween 450 and 600 μπι . They are now opaque due to the accumula t ion of yolk; pigment 

begins to appear uniformly. By stage IV, the oocy te has increased in d iamete r to 0.6-1 mm 

and has en te red late d ip lo tene . L a m p b r u s h c h r o m o s o m e s have now begun to re t rac t ; the 

nucleus has moved toward the animal pole , and some nucleoli have begun to migrate to the 

cen te r of the nuc leus . Animal and vegetal hemispheres are now dist inguishable due to their 

differential p igmenta t ion . In stage V o o c y t e s , large yolk platelets have b e c o m e localized in 

the vegetal hemisphere , the c h r o m o s o m e s have re t rac ted into the cen te r of the nuc leus , and 

the cell has reached a d iameter of 1-1.2 m m . Yolk accumula t ion has ended in the stage VI 

oocy te , and an equator ia l band of unpigmented cor tex appea r s . Nucleol i b e c o m e less prom-

inent and nuclei b e c o m e s highly infolded at their vegetal pole . 
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A. Microtubules and Microtubule Centers 

With in the mi tochondr i a l m a s s of t he ear ly o o c y t e a r e Golgi e l e m e n t s and 

a pai r of cen t r io les ( A l - M u k t a r and W e b b , 1971; Billet a n d A d a m , 1976). T h e 

p r e s e n c e of cen t r io l e s sugges t s tha t the mi tochondr i a l m a s s m a y a l so be the 

site of a M T cen te r and that the mi tochondr ia l mass itself may be an e laborat ion 

of the a s soc i a t i on b e t w e e n the Golgi a p p a r a t u s a n d the M T c e n t e r found in 

m a n y t y p e s of cel ls ( see Sec t ion II) . Whi le it is t e m p t i n g to s p e c u l a t e tha t t he 

mi tochondr i a l m a s s - n u c l e a r ax is def ines the fu ture a s y m m e t r y of the o o c y t e -

e m b r y o , it is w o r t h r e m e m b e r i n g tha t not all a m p h i b i a h a v e a mi tochondr i a l 

m a s s (as po in ted ou t , bu t no t i l lus t ra ted , b y Malac insk i in S lack , 1985, p . 15). 

N e v e r t h e l e s s , t hey m a y all h a v e a p r ee s t ab l i shed a s y m m e t r y ax is b a s e d on 

the less c o n s p i c u o u s M T c e n t e r . A s imple mod e l for o o c y t e a s y m m e t r y is 

tha t the n u c l e u s - m i t o c h o n d r i a l m a s s ax is is a r e s idue of the final mi to t ic di-

vis ion tha t p r o d u c e d the o o c y t e and tha t o o c y t e a s y m m e t r y ref lects an e lab-

o ra t ion of this original a s y m m e t r y . At p r e s e n t , t h e r e is p r e c i o u s little d i rec t 

e v i d e n c e to suppor t th is h y p o t h e s i s (see G e r h a r t , 1980). 

Using sect ion-based immunocy tochemis t ry , Pa lacek et al. (1985) found that 

t he bulk of the tubul in i m m u n o r e a c t i v i t y in ear ly o o c y t e s w a s a s s o c i a t e d wi th 

the mi tochondr i a l m a s s ; ve ry little w a s found in t he c y t o p l a s m (see the i r Fig. 

5). A c c o r d i n g to bo th Pa lacek et al. (1985) a n d Wyl i e et al. (1985), tubul in 

a s s o c i a t e s wi th t he f ragment ing mi tochond r i a l m a s s in s t age II o o c y t e s . In 

la te r -s tage o o c y t e s , tubul in i m m u n o r e a c t i v i t y is found in a radial p a t t e r n (Fig. 

2 F and G) . Th i s radial d i s t r ibu t ion s e e m s to reflect tubul in- r ich c y t o p l a s m i c 

domains ra ther than the dis tr ibut ion of M T s , s ince cy top lasmic pro te ins (Smith 

et al., 1986), nuc leo la r an t i gens , and r i b o s o m e s ( M . W . K l y m k o w s k y , un-

pub l i shed o b s e r v a t i o n ) d i sp lay a s imilar radial d i s t r ibu t ion . 

W e h a v e found s o m e w h a t different r e su l t s us ing w h o l e - m o u n t i m m u n o -

cy tochemis t ry with a monoclona l an t ibody d i rec ted against ß-tubulin and rabbit 

> 
Fig. 2. Whole-mount labeling of oocy tes with ant iviment in and anti tubulin ant ibodies . 

Stage I oocy tes were labeled with the ant iviment in ant ibodies 14h7 (A and E) and RV202 
(B-D) . 14h7 labels the mitochondria l mass (ar row in A) and the vimentin-posi t ive thecal 
cells of the follicular layer; a through-focus series (B-D) of a single oocy te reveals that 
RV202 labels only the thecal cells and not the mitochondria l mass . The fragmentat ion of 
the mitochondrial mass can be visualized using 14h7 labeling (E) . Arabic numera ls refer to 
s tages in the process of fragmentat ion. N o t e the " b a s k e t w o r k " staining in oocy tes indicated 
by the number 3 and the arrows in E. Stage I oocytes (arrow) are not stained by a monoclonal 
anti-ß-tubulin ant ibody (F) , whe reas larger oocy tes are s tained in a character is t ic radial 
manner . In cont ras t , an t ide tyrosyla ted α-tubulin ant ibody (G) labels all stage oocy tes in-
tensively. In later s tages , this ant ibody reacts with discre te s t ruc tures in the cor tex of the 
oocy te (white a r rows in H) . Bar in A, 50 μπι for Α - D ; bar in E , 100 μιτι; bar in F , 100 μηπ 
for F and G; bar in H, 25 μηι. 
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an t ibod i e s specific for t y ro sy l a t ed o r d e t y r o s y l a t e d α- tubul in ( G u n d e r s e n et 

al., 1984). F i r s t , n o n e of the an t i bod i e s w e u s e d labeled t he mi tochondr i a l 

m a s s (Fig. 2 F and G) . T h e an t i -ß - tubu l in a n t i b o d y did not s ta in small (s tage 

I) o o c y t e s at all , bu t labe led larger o o c y t e s in the radial m a n n e r d e s c r i b e d by 

Pa l acek et al. (1985) (Fig. 2F) . A n t i b o d i e s aga ins t b o t h t y r o s y l a t e d and de -

t y ro sy l a t ed α - tubul in s ta ined all s t age o o c y t e s in a radia l m a n n e r (Fig . 2G) . 

Th i s resul t sugges t s tha t the e p i t o p e r ecogn i zed by an t i -ß - tubu l in is b locked 

in ear ly o o c y t e s . T h e n a t u r e of the d i s c r e p a n c y b e t w e e n o u r r esu l t s and t h o s e 

of Pa l acek et al. (1985) and Wyl ie et al. (1985) wi th r e g a r d s to tubul in and 

the mitochondr ia l mass is unc lear ; it is possible that their ant i tubulin an t ibodies 

r e ac t ed wi th a non tubu l in c o m p o n e n t of t h e m i t o c h o n d r i a l m a s s ( see Sec t ion 

I I I ,C) , o r a l t e rna t ive ly , tha t the fo rm of tubul in in t he mi tochondr i a l m a s s 

m a y be u n r e a c t i v e wi th the an t i bod i e s w e u s e d . 

W h e t h e r there is an associa t ion be tween tubulin and the mi tochondr ia l m a s s , 

it is fairly c l ea r tha t the bulk of the tubul in wi th in t he o o c y t e is no t in mic ro -

tubu la r fo rm. E l e c t r o n m i c r o s c o p i c s tud ie s find few M T s ( D u m o n t and Wal -

lace , 1972; F r a n k e et al., 1976; H e i d e m a n n et al., 1985). T h e r e a s o n for the 

re la t ive a b s e n c e of M T s wi th in the o o c y t e is no t a lack of tubu l in , s ince col-

chicine-binding s tudies indicate that tubulin a m o u n t s to 1% of the total soluble 

p ro te in of s tage II t h r o u g h s tage VI o o c y t e s a n d t h r o u g h o u t ear ly e m b r y o g e n -

esis (Pes te l l , 1975). T r e a t m e n t of o o c y t e s wi th v inb las t ine i n d u c e s t he for-

ma t ion of large tubul in c rys t a l s tha t a r e loca ted p r imar i ly in t he o o c y t e c o r t e x 

( D u m o n t a n d W a l l a c e , 1972) a n d in a s soc i a t i on wi th t h e n u c l e a r e n v e l o p e . In 

vitro e x p e r i m e n t s ind ica te tha t o o c y t e tubul in will no t p o l y m e r i z e and tha t it 

will ac t ive ly inhibit the po lymer i za t i on of bra in a n d egg tubul in (Gard and 

K i r s c h n e r , 1987a). Wi th o o c y t e m a t u r a t i o n (Sec t ion IV) , t he tubul in b e c o m e s 

readi ly p o l y m e r i z a b l e in to M T s , as d e m o n s t r a t e d by the m a s s i v e a s s e m b l y 

of M T s o n t o injected M T c e n t e r s ( G u r d o n , 1968; H e i d e m a n n a n d K i r s c h n e r , 

1975, 1978; K a r s e n t i et al., 1984) a n d the abil i ty of egg tubul in to p o l y m e r i z e 

in vitro (Gard and K i r s c h n e r , 1987a). Th i s sugges t s tha t t h e r e is a pos i t ive 

b lock to M T po lymer i za t i on in the o o c y t e . 

E v i d e n c e for tubul in c o m p l e x e s c o m e s f rom s tud ies of o o c y t e tubul in a n d 

t u b u l i n - t y r o s i n e l igase. Tubu l in d e t y r o s y l a t i o n a p p e a r s t o o c c u r p r imar i ly on 

p o l y m e r i c , but not necessa r i ly m i c r o t u b u l a r , fo rms of tubul in ( W e b s t e r et al., 

1987 and r e f e rences the re in ) . P r e s t o n et al. (1981) found n o t y r o s y l a t a b l e t ub -

ulin in stage II—IV o o c y t e s , even after t r ea tmen t with ca rboxypep t ida se , which 

in o t h e r s y s t e m s r e n d e r s tubul in t y r o s y l a t a b l e ( G u n d e r s e n et al., 1984). Th i s 

resul t sugges t s t ha t m u c h of t h e tubu l in in t h e ear ly o o c y t e is he ld in a fo rm 

tha t c a n n o t reac t wi th t he t u b u l i n - t y r o s i n e l igase o r c a r b o x y p e p t i d a s e . Ty-

rosy la tab le tubul in a p p e a r s at s t ages V a n d VI of o o g e n e s i s , e v e n t h o u g h 

t he r e a r e still few M T s p r e s e n t (P re s ton et al., 1981), sugges t ing a c h a n g e in 

the form of tubul in s e q u e s t r a t i o n dur ing o o g e n e s i s , p e r h a p s in p r e p a r a t i o n for 
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o o c y t e m a t u r a t i o n a n d ear ly d e v e l o p m e n t . T h e n a t u r e of this p u t a t i v e aggre-

ga ted form of tubul in is u n k n o w n . W h o l e - m o u n t i m m u n o c y t o c h e m i s t r y wi th 

a n t i d e t y r o s y l a t e d tubul in a n t i b o d y r evea l s d i s c r e t e tubu l in -con ta in ing s t ruc -

t u r e s in t he c o r t e x of l a te r - s tage o o c y t e s (Fig . 2 H ) . W h e t h e r t h e s e s t r u c t u r e s 

a r e in fact i nvo lved in tubul in s e q u e s t r a t i o n r e m a i n s t o be d e m o n s t r a t e d . 

Whi le the bulk of o o c y t e tubul in a p p e a r s t o b e in a n o n p o l y m e r i z a b l e , non -

m i c r o t u b u l a r fo rm (see a b o v e ) , s tud ies on t he effects of d rugs tha t d e p o l y -

mer ize convent iona l micro tubules suggest that the re is a functionally significant 

popu la t ion of m i c r o t u b u l e s wi th in b o t h Xenopus ( C o l m a n et al., 1981) and 

Rana ( L e s s m a n et al., 1986; L e s s m a n , 1987) o o c y t e s . In Xenopus, t r e a t m e n t 

of la te -s tage o o c y t e s wi th e i the r n o c o d a z o l e o r v inb las t ine r e su l t s in t he 

m o v e m e n t of the nuc leus t oward the co r t ex ; this m o v e m e n t is in the ant igravi ty 

d i r ec t ion , a n d the n u c l e u s is often found f la t tened aga ins t t h e c o r t e x (M. W . 

K l y m k o w s k y , u n p u b l i s h e d o b s e r v a t i o n s ) . T h e o b s e r v a t i o n sugges t s tha t mi-

c r o t u b u l e s play a role in ma in ta in ing the pos i t ion of t he n u c l e u s wi th in t he 

oocy te . W h e t h e r this is a direct effect due to in terac t ions b e t w e e n micro tubules 

and the n u c l e u s (see P a l a c h e k et al., 1985) o r is an indi rec t effect d u e t o t he 

inf luence of m i c r o t u b u l e s on t he overa l l c o n s i s t e n c y of the o o c y t e c y t o p l a s m 

r e m a i n s to b e d e t e r m i n e d . In a n y c a s e , t h e s e resu l t s sugges t tha t m i c r o t u b u l e s 

play a role in d e t e r m i n i n g the overa l l o rgan i za t i on of t he o o c y t e . 

B. Cortical Organization and Microfilaments 

T h e o o c y t e , like all e u k a r y o t i c ce l l s , has a d is t inc t p l a s m a m e m b r a n e - a s -

soc ia ted M F - r i c h c o r t e x (Bray et al., 1985; V a c q u i e r , 1981; L o n g o , C h a p t e r 

5, th is v o l u m e ) . In add i t ion to M F s , t he cor t i ca l reg ion of the o o c y t e c o n t a i n s 

the contract i le prote in myos in , coa ted ves ic les , cort ical g ranu les , and e l emen t s 

of t he e n d o p l a s m i c r e t i cu lum ( C a m p a n e l l a a n d A n d r e u c c e t t i , 1977). Dur ing 

o o g e n e s i s , c y t o k e r a t i n - t y p e I F s (Sec t ion I I I ,C) and a n n u l a t e d lamel lae (Fig . 

ID) (Ba l insky and D e v i s , 1963; M . W . K l y m k o w s k y , u n p u b l i s h e d o b s e r v a -

t ions) a l so b e c o m e local ized in t h e cor t i ca l r eg ion . T h e c o r t e x of the la ter-

stage oocy te has a dist inct an ima l -vege ta l polari ty reflected by the dis t r ibut ion 

of p igmen t g r a n u l e s , by t he o rgan iza t i on of c y t o k e r a t i n f i l aments (Sec t ion 

I I I ,C) , by the th ickness of the co r t ex , by the dis t r ibut ion of i n t r a m e m b r a n e o u s 

pa r t i c l e s , and in t he fluidity of t h e m e m b r a n e (Dic tus et al., 1984; N i e u w k o o p 

et al., 1985). 

T h e p r e s e n c e of M F s in the c o r t e x of the Xenopus o o c y t e w a s s tud ied in 

detai l by F r a n k e et al. (1976). E x a m i n a t i o n of i so la ted c o r t i c e s by i m m u n o -

f luorescence mic roscopy indicates that the act in is organized in small " w h o r l s " 

tha t a r e i n t e r c o n n e c t e d b y finer b u n d l e s of M F s . A s ye t , t h e r e is little infor-

mat ion as to w h e t h e r this type of M F organiza t ion is charac ter i s t ic of all o o c y t e 

s t ages , o r w h e t h e r t h e r e is an a n i m a l - v e g e t a l a s y m m e t r y in M F o rgan i za t i on . 
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In c o n t r a s t to tubu l in , t he bu lk of t he ac t in in the s tage VI o o c y t e , whi le 

u n p o l y m e r i z e d , is c lear ly p o l y m e r i z a b l e (Clark a n d M e r r i a m , 1978; M e r r i a m 

and C la rk , 1978). T r e a t m e n t of la te -s tage o o c y t e s wi th t h e an t imic rof i l ament 

d rug c y t o c h a l a s i n Β c a u s e s t he mot t l ing of p igmen t in t he an imal h e m i s p h e r e 

and the d i spe r s ion of cor t ica l s t r u c t u r e s ( C o l m a n et al., 1981); in te res t ing ly , 

the mot t l ing of p igmen t ind ica ted by c y t o c h a l a s i n is b l o c k e d w h e n o o c y t e s 

a r e t r ea t ed s imu l t aneous ly wi th c y t o c h a l a s i n a n d an a n t i m i c r o t u b u l e d rug 

(co lch ic ine : C o l m a n et al., 1981; n o c o d a z o l e : M . W . K l y m k o w s k y , u n p u b -

l ished o b s e r v a t i o n s ) , fur ther e v i d e n c e for a significant m i c r o t u b u l e s y s t e m 

wi th in the o o c y t e (see a b o v e ) . In the subcor t i ca l c y t o p l a s m of t he o o c y t e , 

ac t in a l so has b e e n r e p o r t e d to a s s o c i a t e wi th yolk p la te le t s ( C o l o m b o , 1983), 

w h e r e it m a y play a role in ma in ta in ing the a s y m m e t r y of yo lk-p la te le t d is -

tr ibution (Danilchik and Gerha r t , 1987) and in the con t rac t ions of the cy top lasm 

a s soc i a t ed wi th c l eavage (Sec t ion V) . 

A major s t ruc tu ra l f ea tu re of the o o c y t e c o r t e x a r e the microvi l l i . Cor t ica l 

M F b u n d l e s often a p p e a r to c o n n e c t wi th the M F c o r e of the microvil l i (see 

M o o s e k e r , 1985). Dur ing o o c y t e d e v e l o p m e n t t he n u m b e r and s h a p e of t h e s e 

microvil l i c h a n g e d rama t i ca l l y , and t h e s e c h a n g e s c o r r e s p o n d to pe r iods of 

in tens ive vi te l logenin impor t and yo lk-p la te le t fo rma t ion (Dani lch ik and Ger -

ha r t , 1987). C h a n g e s in microvil l i a l so o c c u r in r e s p o n s e to m a t u r a t i o n and 

fer t i l izat ion (Sec t ions IV and V) . 

C. Intermediate Filaments 

It is still no t c l ea r w h e t h e r o o c y t e s con t a in v i m e n t i n - t y p e i n t e r m e d i a t e fil-

a m e n t s . F r a n z et al. (1983) failed to d e t e c t v imen t in wi th in o o c y t e s by e i the r 

s ec t i on -based i m m u n o f l u o r e s c e n c e m i c r o s c o p y o r t w o - d i m e n s i o n a l gel e lec-

t r o p h o r e s i s . O n the o t h e r h a n d , G o d s a v e et al. (1984a) found v imen t in im-

m u n o r e a c t i v i t y a s soc i a t ed wi th the mi tochondr i a l m a s s of ear ly o o c y t e s . W e 

have examined oocy te s using t w o monoc lona l an t ibodies that reac t specifically 

wi th v imen t in in Xenopus A 6 ce l ls : 14h7, w h i c h w a s g e n e r a t e d aga ins t A 6 cell 

r e s i d u e s , and RV202 , wh ich w a s g e n e r a t e d aga ins t m a m m a l i a n v imen t in by 

F r a n z R a m a e k e r s (Un ive r s i t y of N i j emgen) . B o t h an t i bod i e s labe led t he vi-

men t in -con ta in ing follicle theca l cel ls tha t s o m e t i m e s r e m a i n a s s o c i a t e d wi th 

o o c y t e s ; 14h7 s t rongly labeled the mi tochondr i a l m a s s , w h e r e a s RV202 did 

not (Fig. 2 A - D ) . Bo th an t ibod ie s r eac t wi th an inso lub le , 55 -kDa p o l y p e p t i d e 

in A 6 ce l l s ; th is p o l y p e p t i d e a p p e a r s to be v imen t in (Den t et al., 1989). 14h7, 

bu t no t R V 2 0 2 , r e ac t s wi th an inso luble p o l y p e p t i d e of 57 k D a . L i k e w i s e , 

14h7, bu t no t RV202 , r e a c t s wi th p o l y p e p t i d e s in t he egg (Den t et al., 1989). 

T h e s e resu l t s sugges t tha t t he egg, and p r e s u m a b l y t he o o c y t e a s wel l , 

e x p r e s s e s a p o l y p e p t i d e d is t inc t f rom, bu t immunolog ica l ly r e l a t ed , t o 

v imen t in . 



4. Whole-Mount Analyses 75 

In any c a s e , i m m u n o c h e m i c a l s ta in ing wi th 14h7 a l lows the v i sua l iza t ion 

of the r eo rgan iz ing m i t o c h o n d r i a l m a s s dur ing s tage II of o o g e n e s i s (Fig . 2E) . 

First , the mi tochondr ia l mass often begins to fragment into a n u m b e r of smaller 

s t r u c t u r e s a s s o c i a t e d wi th the n u c l e a r e n v e l o p e . N e x t , s t r a n d s of mate r ia l a re 

seen m o v i n g a w a y f rom the m i t o c h o n d r i a l m a s s , w h i c h is still t he largest of 

t h e s e s t r u c t u r e s . T h e s e s t r a n d s often fo rm a kind of " b a s k e t w o r k " on the 

mi tochondr i a l m a s s s ide of the o o c y t e (Fig . 2 E ) . A s t he original m i tochond r i a l 

m a s s c o m p l e t e s its r eo rgan i za t i on , t he satel l i te s t r u c t u r e s a s s o c i a t e d wi th t he 

nuc l eus d i s a p p e a r and s t r a n d s of ma te r i a l a r e seen b e t w e e n the n u c l e u s and 

the p r e s u m p t i v e vege ta l o o c y t e c o r t e x . S imi lar r e su l t s h a v e b e e n r e p o r t e d by 

b o t h G o d s a v e et al. (1984b), Wyl ie et al. (1985), and Pa l acek et al. (1985). 

T h e r eo rgan iza t i on of the m i t o c h o n d r i a l m a s s p r e c e d e s the r ed i s t r ibu t ion of 

bo th yolk (Dani lch ik and G e r h a r t , 1987) a n d V g l m R N A ( M e l t o n , 1987). 

W h e t h e r the r eo rgan iza t ion of t he mi tochond r i a l m a s s is a p r e r equ i s i t e for, 

o r the first readi ly o b s e r v a b l e r e s p o n s e to a c o m m o n p r o c e s s of c y t o p l a s m i c 

r eo rgan iza t ion r e m a i n s to be d e t e r m i n e d ( see a b o v e ) . A n u n a m b i g u o u s def-

init ion of the c o m p o n e n t s r e cogn i zed by an t iv imen t in an t i bod i e s du r ing t h e s e 

s t ages cou ld well b e useful in un rave l ing th is p r o c e s s . 

C y t o k e r a t i n - t y p e I F s w e r e first r e p o r t e d in Xenopus o o c y t e s by Gall et al. 

(1983). F r a n z et al. (1983) d e m o n s t r a t e d t he p r e s e n c e of t h r ee c y t o k e r a t i n 

p r o t e i n s , a t y p e II c y t o k e r a t i n of 56,000 D a , and t w o t y p e I c y t o k e r a t i n s of 

46 and 42 k D a . T h e t y p e II c y t o k e r a t i n a p p e a r s to be h o m o l o g o u s to c y t o -

ke ra t in s # 8 ( e n d o A) in m a m m a l s ( F r a n z and F r a n k e , 1986). 

G o d s a v e et al. (1984a) ca r r i ed ou t a de ta i l ed s tudy of t he d i s t r ibu t ion of 

cy tokera t in immunoreac t iv i ty th rough oogenes i s . T h e y found that cy tokera t in 

i m m u n o r e a c t i v i t y first a p p e a r e d in s tage I o o c y t e s as s p a r s e cor t ica l t h r e a d s . 

In l a te r - s tage p rev i t e l logen ic o o c y t e s , th is cor t ica l s ta in ing i n c r e a s e d in in-

tens i ty a n d s o m e subcor t i ca l s ta in ing w a s found ; c y t o k e r a t i n s ta ining w a s a l so 

found to s u r r o u n d a n d invade the mi tochond r i a l m a s s . Dur ing v i te l logenic 

s tages , cy tokera t in immunoreac t iv i ty is found in the cor tex and as fine s t rands 

runn ing radial ly t h r o u g h the e n d o p l a s m . T h e y a l so n o t e d a c l ea r d i f ference 

in t he o rgan iza t ion of t h e s e radial c y t o k e r a t i n s t r a n d s b e t w e e n an imal and 

vegeta l h e m i s p h e r e s . G o d s a v e et al. (1984a) a l so found c y t o k e r a t i n s ta in ing 

a s s o c i a t e d wi th the n u c l e a r e n v e l o p e du r ing the ear ly v i te l logenic s t ages . Dur -

ing the la ter s t ages of o o g e n e s i s , t he c y t o k e r a t i n s y s t e m b e c o m e s increas ing ly 

cor t ica l and has a d is t inc t a n i m a l - v e g e t a l a s y m m e t r y tha t c an be s een c lear ly 

us ing w h o l e - m o u n t i m m u n o c y t o c h e m i s t r y ( K l y m k o w s k y et al., 1987). T h e 

c y t o k e r a t i n s of t he vege ta l h e m i s p h e r e h a v e a g e o d e s i c - t y p e of o rgan i za t i on , 

w h e r e a s the cy tokera t ins of the animal hemisphe re appea r largely d isorganized . 

T h e m o l e c u l a r m e c h a n i s m unde r ly ing the r eo rgan i za t i on of c y t o k e r a t i n 

p ro t e ins dur ing o o g e n e s i s is u n k n o w n . O n e poss ibi l i ty is t ha t t he p a t t e r n of 

c y t o k e r a t i n gene e x p r e s s i o n itself c h a n g e s du r ing o o g e n e s i s . A l t e rna t ive ly , 

c h a n g e s in pos t t r ans l a t i ona l modi f ica t ion in e i t he r c y t o k e r a t i n o r c y t o k e r a t i n -
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as soc i a t ed p ro t e in s m a y be invo lved . T h e r eo rgan iza t i on of c y t o k e r a t i n fila-

m e n t s dur ing o o c y t e m a t u r a t i o n and fer t i l iza t ion, o n the o t h e r h a n d , is c lear ly 

m e d i a t e d by pos t t r ans l a t iona l m e c h a n i s m s (Sec t ion V) . T h e red i s t r ibu t ion of 

c y t o k e r a t i n dur ing the la ter s t ages of o o g e n e s i s f rom the e n d o p l a s m to the 

c o r t e x m a y , in pa r t , an t i c ipa te its u se in the co r t i ca l - ep i the l i a l l ayer of the 

e m b r y o . 

A r ecen t r epor t by Ponde l and King (1987) sugges t s tha t t he c y t o k e r a t i n 

s y s t e m of the la te-s tage o o c y t e m a y play a role in the loca l iza t ion of ma te rna l 

m R N A s , specifically the V g l m R N A . V g l e n c o d e s a p ro t e in h o m o l o g o u s to 

t r ans fo rming g r o w t h fac to r -ß ( T G F - ß ) ( W e e k s a n d M e l t o n , 1987) and the 

t r ans l a t ed p r o d u c t of the V g l m R N A a p p e a r s t o play a role in the induc t ion 

of m e s o d e r m ( K i m m e l m a n and K i r s c h n e r , 1987). In t h e la te -s tage o o c y t e , 

V g l is local ized to the vegeta l c o r t e x (Me l ton , 1987). W h e n inso lub le r e s idues 

a re i sola ted from la te -s tage Xenopus o o c y t e s , t he V g l m R N A , unl ike o t h e r 

m R N A s , copur i f ies wi th the insoluble f ract ion (Ponde l a n d King , 1987). T h e 

major c o m p o n e n t of this inso luble f ract ion is the c y t o k e r a t i n s . Dur ing o o c y t e 

matura t ion , cy tokera t in organizat ion b reaks d o w n ( K l y m k o w s k y et al., 1987), 

the cy tokera t ins themse lves b e c o m e soluble ( K l y m k o w s k y and Maynel l , 1989), 

and the V g l m R N A no longer a s s o c i a t e s wi th t he inso luble f ract ion (M. L . 

King, personal communica t ion ) . In the egg, Vg l m R N A is found to have moved 

a w a y from the cor tex and occupies a sizable por t ion of the vegetal hemisphere 

( W e e k s and M e l t o n , 1987). If V g l c an be s h o w n to phys ica l ly in te rac t with 

t he o o c y t e ' s c y t o k e r a t i n s y s t e m , t hen t h e r e w o u l d b e a s t rong c a s e tha t cy-

toke ra t in a s y m m e t r y has funct ional s ignif icance . T h a t funct ional ly significant 

i n t e rac t ions b e t w e e n i n t e rmed ia t e f i laments and c y t o p l a s m i c c o m p o n e n t s can 

o c c u r is d e m o n s t r a t e d by the i n v o l v e m e n t of v i m e n t i n - t y p e i n t e r m e d i a t e fil-

a m e n t s in the o rgan iza t ion of frog v i rus 3 c y t o p l a s m i c a s s e m b l y s i tes (Mur t i 

etal, 1988). 

IV. T H E T R A N S F O R M A T I O N F R O M O O C Y T E T O E G G 

In vivo, the s tage VI o o c y t e is t r a n s f o r m e d in to the egg in r e s p o n s e to 

p i tu i tary h o r m o n e s ; m a t u r a t i o n o c c u r s in vitro in r e s p o n s e to p r o g e s t e r o n e . 

It is c lear tha t n e w R N A t r ansc r ip t i on , p ro te in s y n t h e s i s , and c h a n g e s in p ro -

tein p h o s p h o r y l a t i o n all play significant ro les in o o c y t e m a t u r a t i o n ( S c h u e t z , 

1985; Mai ler , 1985). M a t u r a t i o n is a c c o m p a n i e d by a n u m b e r of c h a n g e s in 

bo th the foll icular l ayer and wi th in the o o c y t e itself. T h e macrovi l l i of the 

inner shee t of follicle cells d i s c o n n e c t f rom the o o c y t e , a n d the foll icular shee t 

r u p t u r e s to r e l ease the m a t u r e o o c y t e . Wi th in the o o c y t e , m a t u r a t i o n leads 

to a genera l i nc rease in ce l lu lar ac t iv i ty . T h e first major s t ruc tu ra l l a n d m a r k 
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is t he b r e a k d o w n of t he n u c l e a r e n v e l o p e . In s o m a t i c t i s sue , n u c l e a r e n v e l o p e 

b r e a k d o w n is t h o u g h t to be m e d i a t e d b y the h y p e r p h o s p h o r y l a t i o n of the nu-

c lea r lamin p ro t e in s ( N e w p o r t and F o r b e s , 1987). In t he o o c y t e , t h e r e is a 

c lear polari ty to nuc lear enve lope b r e a k d o w n , which begins at the basal surface 

of the n u c l e u s . B r e a k d o w n is a c c o m p a n i e d by the loca l iza t ion of R N A - c o n -

ta in ing g r anu l e s (nuage) t o t he basa l reg ion and the migra t ion of nucleol i to 

the apica l sur face ( B r ä c h e t et al., 1970). N u c l e a r p ro t e in s r e l eased du r ing the 

c o u r s e of n u c l e a r e n v e l o p e b r e a k d o w n a r e loca t ed pr imar i ly in the an imal 

h e m i s p h e r e , in reg ions of smal l - and m e d i u m - s i z e d yolk p la te le t s ( H a u s e n et 

ai, 1985). In add i t i on , t h e y s e e m to diffuse rap id ly t h r o u g h the cor t ica l reg ion 

of the o o c y t e ( D r e y e r et al., 1983; H a u s e n et al., 1985). S o m e of t h e s e n u c l e a r 

c o m p o n e n t s b e c o m e r e s e q u e s t e r e d in to t he nuc le i of specif ic cell t y p e s at 

va r ious s t ages of e m b r y o g e n e s i s , sugges t ing tha t t h e y m a y play a role in t he 

con t ro l of ce l lu lar d i f ferent ia t ion ( D r e y e r et al., 1981). 

A r o u n d the t ime of n u c l e a r e n v e l o p e b r e a k d o w n , t he b lock on M T poly-

mer i za t ion is r e l e a sed , and a n e t w o r k of M T s a p p e a r s at t he basa l reg ion of 

the d i s in tegra t ing n u c l e a r e n v e l o p e ( H u c h o n a n d O z o n , 1985, as c i ted by He i -

d e m a n n et al., 1985). T h e s e M T s r e o r g a n i z e to fo rm the b a r r e l - s h a p e d meio t i c 

sp indle (Fig . 3A) . T h e sp ind le po les of t he o o c y t e sp ind le differ f rom t h o s e 

of mi to t ic cells in tha t t h e y a p p e a r to lack cen t r io l e s a n d a r e m o r e diffusely 

o rgan i zed . T h e meio t i c sp ind le m o v e s t o w a r d the an imal h e m i s p h e r e c o r t e x 

in a p rocess that appea r s to d e p e n d on M F s ; M T s d o not a p p e a r to be involved, 

s ince c h r o m o s o m e s c o m e to local ize at the an imal pole e v e n in the i r a b s e n c e 

( R y a b o v a et al., 1986). T h e m o v e m e n t of t he me io t i c sp ind le is a c c o m p a n i e d 

by the migra t ion of p igmen t ou t of the c o r t e x w h i c h p r o d u c e s an u n p i g m e n t e d 

region wi th in the an imal h e m i s p h e r e . Me ios i s I e n d s wi th the e x t r u s i o n of t he 

first po la r b o d y , p r o c e e d s in to me ios i s I I , and a r r e s t s at m e t a p h a s e I I . A n 

i m p o r t a n t s ta r t ing poin t for s tudy ing the regu la t ion of t he M T c y t o s k e l e t o n 

dur ing oocy te matura t ion may be the recent ly identified X M A P , a micro tubule-

assoc ia ted prote in from Xenopus eggs that a p p e a r s with matura t ion , s t imulates 

M T a s s e m b l y , a n d is p h o s p h o r y l a t e d du r ing mi tos i s (Gard and K i r s c h n e r , 

1987b). 

Dur ing o o c y t e m a t u r a t i o n , t he s y s t e m of cor t ica l c y t o k e r a t i n f i l aments is 

d i s rup t ed ( K l y m k o w s k y et al., 1987; K l y m k o w s k y a n d M a y n e l l , 1987). T h e 

m e c h a n i s m of this f r agmen ta t ion is unc l ea r . C y t o k e r a t i n f i l aments c a n c h a n g e 

the i r o rgan iza t ion ( F r a n k e et al., 1983) a n d a r e k n o w n to f r agmen t ( F r a n k e 

et al., 1982; L a n e a n d K l y m k o w s k y , 1982; L a n e et al., 1982; Tol le et al., 

1987) dur ing mi tos i s in a n u m b e r of epi thel ia l cell t y p e s . T h e b ind ing of an-

t i cy toke ra t in an t i bod i e s can a l so c a u s e t he f r agmen ta t ion of c y t o k e r a t i n fil-

a m e n t s ( K l y m k o w s k y , 1982; L a n e and K l y m k o w s k y , 1982; K l y m k o w s k y et 

al., 1983; Tol le et al., 1985; Mayne l l a n d K l y m k o w s k y , 1989), a n d I F orga-

n iza t ion is sens i t ive to the me tabo l i c s ta te of t he cell (Tolle et al., 1987; 
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K l y m k o w s k y , 1988). C y t o k e r a t i n f r agmen ta t ion cou ld a l so be d u e t o c h a n g e s 

in pos t t r ans l a t i ona l modi f ica t ion , a s a p p e a r s to be t he c a s e wi th the n u c l e a r 

lamins , and/or the binding of pro te ins re leased from the nuc leus dur ing nuclear 

e n v e l o p e b r e a k d o w n . 

Mic ro f i l ament s a l so u n d e r g o a significant c h a n g e du r ing m a t u r a t i o n . T h e 

c o r t i c a l - s u b c o r t i c a l M F s y s t e m , wh ich is i n c o m p e t e n t to u n d e r g o C a
2 +

- m e -

diated cont rac t ion in the o o c y t e , b e c o m e s c o m p e t e n t to con t rac t (Sect ion V ,A) . 

It is t e m p t i n g to s p e c u l a t e tha t p ro t e in p h o s p h o r y l a t i o n , k n o w n to p lay a key 

role in o o c y t e m a t u r a t i o n (Ezze l l et al., 1983; G a r d and K i r s c h n e r , 1987b; 

see Mal le r , 1985; O z o n et al., 1987), a l so r egu la t e s M T p o l y m e r i z a t i o n , M F -

based con t rac t ion , and cy tokera t in organiza t ion , result ing in the reorganizat ion 

of the o o c y t e ' s c y t o s k e l e t o n in p r e p a r a t i o n for fer t i l izat ion and ear ly deve l -

o p m e n t . 

V. C Y T O S K E L E T A L DYNAMICS A N D T H E DETERMINATION OF 

EMBRYONIC AXES 

If the s tudy of Xenopus ear ly d e v e l o p m e n t h a s s h o w n no th ing e l s e , it ha s 

d e m o n s t r a t e d t he d e v e l o p m e n t a l i m p o r t a n c e of t he a r r a n g e m e n t and rear -

r a n g e m e n t of c y t o p l a s m i c c o m p o n e n t s wi th in t he egg. T h e c y t o s k e l e t o n is 

c lear ly i m p o r t a n t in gene ra t i ng t h e s e r e a r r a n g e m e n t s , a l t hough the de ta i led 

m e c h a n i s m s by w h i c h it a c t s a r e for t he m o s t pa r t o b s c u r e . In th is s ec t ion , 

w e will e x a m i n e w h a t is k n o w n and h y p o t h e s i z e d a b o u t t he c y t o s k e l e t o n in 

t he first cell c y c l e . 

< 

Fig. 3 . Whole -mount labeling of the egg, early post fertilization and later-stage e m b r y o 

with anti tubulin and ant iacetyla ted tubulin an t ibodies . Staining with ant i-ß-tubulin an t ibody 

reveals the meiotic spindle of the unfertilized egg (ar row in A). Within 15-20 min after 

fertilization (B), it is possible to visualize both the meiotic spindle (short a r row) and the 

nascent sperm as ter (long a r row) . The sperm as te r expands dramatical ly (C). La t e r in the 

period leading up to first c leavage , a global sys tem of or iented cort ical MTs can be seen 

(D; or ienta t ion indicated by a r row) . An ant ibody against ace ty la ted α-tubulin reveals the 

p resence of ace ty la ted tubulin in mitotic spindles (E) der ived from rapidly cleaving, stage 

8 e m b r y o s . Acety la ted tubulin is also found in the neural fold region of stage 20 e m b r y o s 

(arrow in F) and in ciliated epidermal cells (black a r rows in G) , nerve roots (a r rows in H) , 

and what appea r to be neuronal cell bodies (black on white on black a r row in G) in the 

neural tube region of a stage 35 e m b r y o . (G and H are different optical sec t ions from the 

same e m b r y o viewed from the dorsal side.) Bar in C , 100 μηι for Α - D ; bar in E , 10 μπι ; 

bar in F , 100 μηι. 
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A. Fertilization 

T h e Xenopus egg is fert i l ized by a single s p e r m pene t r a t i ng the an imal 

h e m i s p h e r e . T h e specif ici ty for t he an imal h e m i s p h e r e is a s ye t u n e x p l a i n e d , 

but the an imal h e m i s p h e r e c lear ly differs f rom the vege ta l h e m i s p h e r e in a 

n u m b e r of physical proper t ies (see Sect ion Ι Ι Ι ,Β) , including a grea te r potential 

for c o n t r a c t i o n in r e s p o n s e to C a
2 +

 (Ezze l l et al., 1985; M e r r i a m et al., 1983). 

In r e s p o n s e to the pene t r a t i on of the s p e r m , an ac t iva t ion w a v e t r ave l s f rom 

the an imal to the vege ta l po le ( H a r a and T y d e m a n , 1979). T h e ac t iva t ion w a v e 

is c h a r a c t e r i z e d by the l eng then ing of the microvi l l i , t he c o n t r a c t i o n of the 

cor tex , and the exocy tos i s of the cortical granules (Takeichi and K u b o t a , 1984). 

Apparen t ly , it is initiated and propaga ted by a rise in intracellular C a
2 +

 (Gingell, 

1970; S c h r o e d e r and S t r i ck l and , 1974; B u s a and Nucc i t e l l i , 1985; K u b o t a et 

al., 1987). 

G iven the high c o n c e n t r a t i o n of M F s in t he cor t ica l region of the egg and 

the k n o w n i n v o l v e m e n t of M F s in con t r ac t i l e p r o c e s s e s , o n e might suspec t 

that the cort ical con t rac t ion and the lengthening of microvilli a re a direct result 

of C a
2 +

- d e p e n d e n t , M F - m e d i a t e d e v e n t s . H o w e v e r , e x p e r i m e n t s des igned to 

tes t th is h y p o t h e s i s h a v e g iven c o n t r a d i c t o r y r e su l t s . M a n e s et al. (1978) re-

po r t ed tha t injection of c y t o c h a l a s i n Β did not halt cor t ica l c o n t r a c t i o n . O n 

the o t h e r h a n d , Ezze l l et al. (1985) r e p o r t e d tha t yV-ethylmaleimide- t reated 

heavy meromyos in ( N E N - H M M ) , which inhibits myos in -media ted , M F - b a s e d 

con t rac t i l e e v e n t s , inhibi ted bo th t he cor t ica l c o n t r a c t i o n and l eng then ing of 

microvi l l i . C h r i s t e n s e n et al. (1984) found tha t cor t ica l c o n t r a c t i o n in b i sec ted 

eggs is myos in d e p e n d e n t and inhibi ted by N E M - H M M . Given tha t c y t o -

cha las in Β ac t s pr imar i ly by b lock ing the a s s e m b l y of M F s a n d by caus ing 

the d e p o l y m e r i z a t i o n of labile M F s , it s e e m s tha t a s tab le popu la t ion of M F s 

med ia t e cor t ica l c o n t r a c t i o n in the fert i l ized egg. 

Fe r t i l i z a t i on -ac t i va t i on a l so begins a p r o c e s s tha t r esu l t s in the reorgan i -

zat ion of the egg ' s cy tokera t in sys tem ( K l y m k o w s k y et al., 1987; K l y m k o w s k y 

and Mayne l l , 1987). T h e aggrega ted c y t o k e r a t i n p ro te in of the egg is first re-

o rgan ized into a global s y s t e m of o r i en ted f i l aments . Th i s initial d i rec t iona l i ty 

d i s a p p e a r s by the t ime of first c l eavage and m a y c o r r e s p o n d to the M T - m e -

d ia ted , c o r t i c a l - e n d o p l a s m i c ro ta t ion (Fig . 3 D ; Sec t ion V , C ) . By s e c o n d 

c l e a v a g e , the cor t ica l c y t o k e r a t i n f i laments form a cha rac t e r i s t i c " f i s h n e t " 

s y s t e m tha t c o v e r s t he surface of t he vege ta l h e m i s p h e r e ( K l y m k o w s k y et 

al., 1987). Whi le a p p a r e n t l y inf luenced by M T s dur ing the pe r iod leading u p 

to first c l e a v a g e , t h e r eo rgan iza t ion of c y t o k e r a t i n s d o e s no t d e p e n d o n M T s , 

as it o c c u r s in the p r e s e n c e of n o c o d a z o l e . C y t o k e r a t i n r eo rgan iza t ion a l so 

o c c u r s in t he p r e s e n c e of c y c l o h e x i m i d e ( K l y m k o w s k y a n d Mayne l l , 1987) 

and the re fo re a p p e a r s to be d u e to c h a n g e s in fac to rs tha t regu la te c y t o k e r a t i n 

o rgan iza t ion a n d no t t o t he syn the s i s of n e w c y t o k e r a t i n p r o t e i n s . 
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Β. Aster Formation and Pronuclear Migration 

Dur ing p r o n u c l e a r mig ra t ion , wh ich o c c u r s du r ing the first half of the first 

cell c y c l e , b o t h p ronuc le i fo rm M T - b a s e d a s t e r s and begin to migra te t o w a r d 

the c e n t e r of t he cel l ; t he s p e r m p r o n u c l e u s m o v e s f rom the s p e r m e n t r y poin t 

and the egg p r o n u c l e u s d e s c e n d s f rom the an imal pole ( U b b e l s et al., 1983; 

S t e w a r t - S a v a g e and G r e y , 1982) (Fig. 3B) . T h e s p e r m a s t e r is la rger t h a n the 

e g g ' s , so large in fact tha t its e x p a n s i o n can be seen as a pos t fer t i l iza t ion 

c o n t r a c t i o n w a v e on the sur face of t he egg ( H a r a et al., 1977; U b b e l s et al., 

1983). By w h o l e - m o u n t i m m u n o c y t o c h e m i s t r y , it is poss ib le to v isua l ize t he 

initial fo rma t ion (Fig . 3B) a n d g r o w t h of t he s p e r m a s t e r until it f o rms a d e n s e 

c a p of M T s (Fig . 3C) (A. Ellis and M . W . K l y m k o w s k y , u n p u b l i s h e d obse r -

va t ion) . W e can v isua l ize the meio t i c sp ind le of t he egg u p to 20 -25 min af ter 

fer t i l izat ion (Fig . 3B) . Migra t ion of b o t h p ronuc l e i d e p e n d s on the s p e r m a s t e r 

( M a n e s and Barb ie r i , 1977; S u b t e l n y and B r a d t , 1963; Bre id is and E l in son , 

1982; U b b e l s et al., 1983); the func t ion of t he egg a s t e r , if a n y , is unc l ea r . 

Migra t ion of the s p e r m p r o n u c l e u s is a c c o m p a n i e d by t h e fo rma t ion of a 

trail of p igmen t f rom the c o r t e x tha t fo l lows the pa th of t he s p e r m p r o n u c l e u s 

into the cy top lasm (Palacek et al., 1978). This spe rm trail forms after re laxat ion 

of the cor t ica l c o n t r a c t i o n a b o u t 10 min in to fer t i l izat ion ( S t e w a r t - S a v a g e and 

G r e y , 1982). I ts fo rma t ion a p p e a r s to d e p e n d on the s p e r m a s t e r , s ince it a l so 

forms w h e n eggs a re injected with a spe rm h o m o g e n a t e conta ining a M T cen te r , 

but not w h e n eggs a r e p r i ck -ac t i va t ed . 

C. Dorsal-Ventral Polarity 

T h e d o r s a l - v e n t r a l po la r i ty of the initially radial ly s y m m e t r i c egg is de te r -

mined by the rota t ion of the cor tex relat ive to the under ly ing cy top la sm (Ancel 

and V i t e m b e r g e r , 1948; V i n c e n t et al., 1986; V i n c e n t a n d G e r h a r t , 1987). Th i s 

ro ta t ion o c c u r s in t he midd le (0 .45 -0 .8 of t he t ime to first c l eavage ) of t he 

first cell cycle and resul ts in the format ion of a gray c rescen t on the p rospec t ive 

dorsa l s ide of the e m b r y o . T h e ro t a t ion d e p e n d s o n the M T c y t o s k e l e t o n in 

tha t it is d i r ec t ed a w a y from the si te of t he s p e r m en t ry and d e p e n d s o n the 

integr i ty of t he M T s y s t e m dur ing the pe r iod of ro t a t i on . 

M a n e s and Barbieri (1976, 1977) d e m o n s t r a t e d that eggs injected with spe rm 

homogena t e form a gray c rescen t oppos i t e the site of injection, but that buffer-

injected eggs fo rm a g ray c r e s c e n t in a pos i t ion i n d e p e n d e n t of the si te of 

inject ion. U b b e l s et al. (1983) n o t e d tha t v inb las t ine a n d co l ch i c ine , d r u g s 

tha t inhibit M T a s s e m b l y , inhib i ted t he r ed i s t r ibu t ion of yolk tha t no rma l ly 

a c c o m p a n i e s fer t i l iza t ion. Yo lk r ed i s t r ibu t ion a l so d o e s no t o c c u r in pr ick-

ac t iva t ed eggs , wh ich lack a s p e r m a s t e r . 
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Evidence for a direct role of M T s in the p roduc t ion of do r sa l -ven t r a l polarity 

c o m e s from several sources . M a n e s et al. (1978) s h o w e d that colchicine inhibits 

g ray c r e s c e n t fo rma t ion e v e n in p r i ck -ac t iva t ed eggs , w h i c h h a v e n o s p e r m 

as te r . Schar f and G e r h a r t (1983) found tha t the d e t e r m i n a t i o n of the d o r s a l -

ven t ra l ax is by the s p e r m is sens i t ive to co ld , high p r e s s u r e , a n d u l t raviole t 

light dur ing a cr i t ical pe r iod in the first cell cyc l e tha t c o r r e s p o n d s to the 

per iod of cor t ica l ro t a t ion . T h e s e t r e a t m e n t s a re k n o w n to affect M T integr i ty 

in o t h e r s y s t e m s , and a role for M T s w a s fur ther ind ica ted by the o b s e r v a t i o n 

tha t t h e s e t r e a t m e n t s cou ld be inhibi ted by h e a v y w a t e r , w h i c h is k n o w n to 

stabilize M T s . F u r t h e r m o r e , El inson (1985) m e a s u r e d the level of po lymer ized 

tubul in in artificially ac t iva t ed eggs t h r o u g h o u t t he cell cyc l e and found tha t 

it d r o p p e d at fer t i l izat ion, bu t r o se to p r eac t i va t i on levels at t he t ime of the 

cor t ica l ro t a t ion . 

T h e M T s y s t e m involved in the cor t ica l ro t a t ion c a n be v isua l ized d i rec t ly 

us ing w h o l e - m o u n t c y t o c h e m i s t r y (Fig . 3D) ( B . R o w n i n g a n d J . C . G e r h a r t , 

pe r sona l c o m m u n i c a t i o n ) . A s y s t e m of paral lel M T s , o r i en t ed wi th r e s p e c t to 

the s p e r m en t ry po in t , fo rms and gi rdles the en t i r e egg. It b e a r s a s t r iking 

similar i ty to the t r ans i en t s y s t e m of cor t ica l M T s d e s c r i b e d in s ea u rch in eggs 

dur ing the per iod leading up to first c l eavage (Ha r r i s 1979; H a r r i s et al., 1980), 

sugges t ing tha t a spiral ro t a t ion of the c o r t e x wi th r e s p e c t to t he e n d o p l a s m 

m a y p lay an i m p o r t a n t ro le in the e s t a b l i s h m e n t of e m b r y o n i c a x e s in sea 

urchin . In normal deve lopmen t , this sys t em of M T s appea r s to direct the initial 

o r i en ta t ion of c y t o k e r a t i n f i laments ( K l y m k o w s k y et al., 1987). W h e t h e r it 

p r o v i d e s t he force o r s imply the o r i en ta t ion for the cor t ica l ro ta t ion r e m a i n s 

unc lea r . 

D. Preparation for First Cleavage 

H a r a et al. (1977) d e s c r i b e d a ser ies of t w o sur face c o n t r a c t i o n w a v e s tha t 

o c c u r 20 and 10 min before first c l e a v a g e in Xenopus. By o b s e r v i n g c a r b o n 

par t ic les on t he surface of the n e w t eggs , Sawa i (1982) d e t e r m i n e d tha t the 

first of t h e s e p r e c l e a v a g e w a v e s is a r e l axa t ion w a v e and tha t the s e c o n d 

c o r r e s p o n d s to a w a v e of cor t ica l stiffening. T h e o c c u r r e n c e of this s e c o n d 

w a v e c o r r e l a t e s wi th the acqu i s i t ion by the c o r t e x of t he abil i ty to form a 

c leavage furrow (Sawai and Y o n e d a , 1974; Sawa i , 1972, 1982; see also Sect ion 

V , E ) . 

Ea r ly d rug e x p e r i m e n t s w e r e in t e rp re t ed to m e a n tha t t h e s e w a v e s a re not 

med ia t ed by the M T - and M F - b a s e d c y t o s k e l e t o n , s ince t h e y o c c u r in the 

p r e s e n c e of co l ch i c ine , v inb la s t ine , and c y t o c h a l a s i n B ( H a r a et al., 1980; 

C h r i s t e n s e n and M e r r i a m , 1982). C h r i s t e n s e n a n d M e r r i a m (1982) sugges ted 
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tha t t h e s e sur face w a v e s a r e r e l a t ed to an a c t i n - i n d e p e n d e n t c o n t r a c t i o n of 

the subcor t i ca l ma t r ix t r iggered by C a
2 +

 ( M e r r i a m et al., 1983; M e r r i a m and 

S a u t e r e r , 1983). H o w e v e r , E l i n son (1983) found a c y t o c h a l a s i n B-sens i t ive 

stiffening of t he c y t o p l a s m a b o u t 20 min p r io r to c l e a v a g e . H e sugges t ed tha t 

th is stiffening r e p r e s e n t s a M F - b a s e d ge la t ion of t he c y t o p l a s m tha t might ac t 

to " f i x " the s t r u c t u r e of t he r e o r g a n i z e d c y t o p l a s m . 

E. First Cleavage 

M u c h of o u r ear ly k n o w l e d g e r ega rd ing the role of M F s a n d M T s in cy-

tok ines i s w a s ga ined f rom m a n i p u l a t i o n s of t he first c l e a v a g e cyc le of a m -

phib ian eggs . T h e i r large s ize a l lows e a s y m a n i p u l a t i o n of t h e sp indle or i -

en t a t ion a n d the c l eav ing c o r t e x . In Xenopus, t he first c l eavage p l ane often 

corre la tes with the left-right axis of the e m b r y o (Klein, 1987). T h e re la t ionship 

b e t w e e n the o r i en t a t i on of the sp ind le a n d its abil i ty to i n d u c e a c l e a v a g e 

furrow in the cor tex has been a fruitful a r ea of s tudy since Zo t in ' s expe r imen t s 

of 1964. H e s h o w e d tha t ro t a t ion of t he sp ind le af ter first c l e a v a g e by 90° 

resu l t s in t he fo rma t ion of the s e c o n d c l e a v a g e fu r row para l le l , r a t h e r t h a n 

perpendicu la r , to the first. In addi t ion , w h e n mult iple basal bod ies ( H e i d e m a n n 

and K i r s c h n e r , 1978) o r cen t r io l e s (Mai le r et al., 1976) a r e in jec ted in to t he 

egg t h e y fo rm a s t e r s and i n d u c e mul t ip le c l e a v a g e f u r r o w s . T h u s , it is t he 

a s t e r , no t t he sp indle o r the c h r o m o s o m e s , tha t d e t e r m i n e s t he p l ane of t he 

c l eavage fu r row. T h e m e c h a n i s m by w h i c h a s t e r s d e t e r m i n e t he pos i t ion of 

the c l eavage fu r row r e m a i n s o b s c u r e (see A s n e s and S c h r o e d e r , 1979). 

A n u m b e r of elegant expe r imen t s have examined the ability of the cy top la sm 

to i n d u c e a fu r row in t h e c o r t e x a n d the abil i ty of t h e c o r t e x to r e s p o n d . T h e 

initial s tud ies on t h e c l eavage fu r row w e r e d o n e by W a d d i n g t o n (1952). H e 

d ra ined n e w t eggs of c y t o p l a s m before first c l e a v a g e a n d in t e rca l a t ed a ce l -

l o p h a n e s t r ip b e t w e e n the c o r t e x and subcor t i ca l c y t o p l a s m s h o w i n g tha t t he 

co r t ex , once induced , c leaves a u t o n o m o u s l y (see a lso Se lman and Wadd ing ton , 

1955). Work ing with the newt , Sawai et al. (1969) d e m o n s t r a t e d that the co r t ex 

cou ld b e cu t a h e a d of t he fu r row w i t h o u t a r r e s t ing t he fu r row (see a l so D a n 

and K o j i m a , 1963), t ha t d i s p l a c e m e n t of t h e subcor t i ca l c y t o p l a s m d i sp l aces 

the c leavage furrow, and that t ransplan ta t ion of subcor t ical cy top l a sm, der ived 

from a region in front of the c leavage fu r row ' s pa th , would induce the format ion 

of a c l eavage fu r row in reg ions tha t w o u l d no t no rma l ly c l e a v e . T h e s e r e su l t s 

h a v e b e e n conf i rmed in Xenopus ( S a w a i , 1983). T h e abil i ty of t he c o r t e x to 

form a c l e a v a g e fu r row m o v e s as a mer id iona l b a n d f rom t h e an ima l to t he 

vege ta l po le du r ing c l e a v a g e ( S a w a i , 1972, 1974) a n d c o r r e s p o n d s to t h e p re -

c l eavage w a v e of cor t ica l c o n t r a c t i o n and c y t o p l a s m i c stiffness ( see Sec t ion 

V , D ) . T h e s e w a v e s of c o n t r a c t i o n p r e c e d e all ea r ly c l e a v a g e s , no t j u s t t he 
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first , and a p p e a r to be d r iven by a c y t o p l a s m i c c lock ( S a w a i , 1979; H a r a et 

al., 1980). 

Ear ly e l ec t ron m i c r o s c o p i c s tud ies on first c l e a v a g e s h o w e d the p r e s e n c e 

of f i laments sub jacen t to t he c l eavage fu r row ( B l u e m i n k , 1970; S e l m a n and 

P e r r y , 1970; Ka l t , 1 9 7 l a , b ; Singal a n d S a n d e r s , 1974). T o m a n y , this obse r -

va t ion sugges ted a " p u r s e - s t r i n g " m o d e l for c l e a v a g e fu r row cons t r i c t i on . 

S u p p o r t for this m o d e l c a m e w h e n Pe r ry et al. (1971) w e r e ab le to d e c o r a t e 

the fur row f i laments wi th the S, f r agment of m y o s i n , t h u s d e m o n s t r a t i n g tha t 

they a re M F s . U n e x p e c t e d l y , w h e n B luemink ( 1 9 7 l a , b ) t r e a t e d eggs with cy-

tocha las in B , he found tha t it c a u s e d the r eg res s ion of t he c l e a v a g e , bu t did 

not inhibit the initial fo rmat ion of t he c l eavage fu r row. T h e a p p e a r a n c e of the 

c leavage furrow in cytochalas in B-treated e m b r y o s is due to the impermeabi l i ty 

of the egg m e m b r a n e to c y t o c h a l a s i n ; o n c e t he n e w m e m b r a n e of the c l eavage 

fur row is fo rmed by the fusion of m e m b r a n e ves i c l e s , c y t o c h a l a s i n e n t e r s and 

c a u s e s a r eg res s ion of the initial fu r row ( D e L a a t et al., 1973, 1974; D e L a a t 

and B l u e m i n k , 1974). T h e in t race l lu la r inject ion of c y t o c h a l a s i n Β comple t e ly 

b locks the fo rma t ion of the c l e a v a g e fu r row ( L u c h t e l et al., 1976). C a
2 +

 p r o b -

ably regu la tes M F - b a s e d c o n t r a c t i o n of t he fu r row, s ince t h e r e is a t r ans i en t 

r ise in in t race l lu la r C a
2 +

 j u s t before c l eavage ( B a k e r and W a r n e r , 1972). 

VI. G ASTIPULATION, N E U R U L A T I O N , A N D B E Y O N D 

A m p h i b i a in genera l and Xenopus in pa r t i cu la r a r e i m p o r t a n t s y s t e m s for 

the s tudy of m o r p h o g e n e t i c m o v e m e n t in ea r ly d e v e l o p m e n t . In this s ec t i on , 

w e will briefly r e v i e w the ro le of t he c y t o s k e l e t o n in t h e s e m o v e m e n t s (see 

Kel le r , 1985, for a m o r e c o m p l e t e r e v i e w ) . 

A. Microfilaments and Microtubules 

W a d d i n g t o n and P e r r y (1966; Pe r ry and W a d d i n g t o n , 1966) w e r e t he first 

to sugges t tha t M F s and M T s play a role in the cell e longa t ion and apical 

cons t r i c t ion n e c e s s a r y for bo t t l e cell fo rma t ion du r ing gas t ru la t ion and neura l 

fold fo rma t ion . Th i s idea w a s e x p a n d e d on by B a k e r and S c h r o e d e r (1967), 

w h o a rgued s t rongly tha t the M F s in t he ap i ce s of neura l p la te cel ls cons t r i c t 

by a purse - s t r ing m e c h a n i s m and tha t the M T s a r e r e spons ib l e for c o n c o m -

mi tan t e longa t ion of t h e s e ce l l s . S u p p o r t for th is m e c h a n i s m c o m e s f rom the 

w o r k of B u r n s i d e (1971, 1973), w h o s h o w e d tha t a s the ap i ces of n e w t cells 

cons t r i c t , the i r M F s b e c o m e m o r e d e n s e , sugges t ing a sl iding f i lament mode l 

of cons t r i c t i on . B u r n s i d e a l so po in t ed ou t tha t t he tota l length of M T s in t he se 
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cells is c o n s t a n t as t he cel ls e l o n g a t e . Th i s o b s e r v a t i o n s u p p o r t s t he idea tha t 

M T s g e n e r a t e ce l lu lar e longa t ion b y sliding pas t e a c h o t h e r . 

E x p e r i m e n t a l man ipu l a t i on of t he c y t o s k e l e t o n p r o v i d e d fur ther e v i d e n c e 

for t he role of M T s and M F s in n e u r u l a t i o n . Kar funke l (1971) u s e d v inb las t ine 

to s h o w tha t d i s rup t ion of M T s c o r r e l a t e s wi th t he inhibi t ion of c h a n g e s in 

cell m o r p h o g e n e s i s dur ing gas t ru l a t ion a n d n e u r u l a t i o n . In pa r t i cu la r , b o t h 

v inb las t ine and h e a v y w a t e r s t o p p e d neura l p la te cel ls f rom e longa t ing . Burn -

side (1973) r e p o r t e d tha t c y t o c h a l a s i n Β ha l t s n e u r u l a t i o n . In an a t t e m p t to 

avoid the potent ial artifacts assoc ia ted with the use of cy tochalas in B , Mess ie r 

and Seguin (1978) used p res su re to d is rupt M F s and M T s in Xenopus e m b r y o s . 

T h e y w e r e able to d e m o n s t r a t e that p re s su res of 4000 psi for 180 min d is rupted 

apical M F s , bu t no t M T s , and r e su l t ed in an e x p a n s i o n of t h e apical end of 

the cel ls ; t r ea tmen t for 330 min caused depo lymer iza t ion of M T s and rounding 

u p of no rma l ly e longa te ce l l s . 

Similar e x p e r i m e n t s y ie lded different r e su l t s w h e n appl ied to t he Xenopus 

gas t ru la . C o o k e (1973) no t ed a l m o s t inc identa l ly tha t t he mi to t ic inhib i tor Col -

c e m i d , whi le hal t ing mi to s i s , a l lowed m o s t of t h e m o r p h o g e n e t i c m o v e m e n t s 

of gas t ru la t ion to c o n t i n u e . By inject ing c y t o c h a l a s i n Β and co lch ic ine in to 

the b la s tocoe l of b las tu la , Naka t su j i (1979) s h o w e d tha t c y t o c h a l a s i n Β im-

mediate ly inhibited gast rula t ion, but that colchicine inhibited gastrula t ion only 

a s mi to t ic cel ls b e g a n to a c c u m u l a t e . 

M i c r o t u b u l e s a r e often pos t t r ans l a t i ona l ly modif ied b y ace ty l a t i on a n d d e -

ty rosy l a t i on (see W e b s t e r et al., 1987 a n d réf. t he r e in ) . A l t h o u g h t h e s e m o d -

if icat ions a p p e a r to c o r r e l a t e wi th t h e s tab i l iza t ion of M T s , the i r phys io log ica l 

s ignif icance is unc l ea r . T o s tudy t h e d i s t r ibu t ion and even tua l l y t he func t ion 

of s tab le M T s , w e h a v e b e g u n to u s e a n t i b o d i e s d i r ec t ed aga ins t a c e t y l a t e d 

α- tubul in (P ipe rno a n d Fu l le r , 1985) a n d d e t y r o s y l a t e d α- tubul in ( G u n d e r s e n 

et al., 1984). T u b u l i n - a c e t y l a s e ac t iv i ty is c lear ly p r e s e n t in t he egg , a s t he 

meio t i c sp ind le is heav i ly labe led b y a n t i a c e t y l a t e d α- tubul in a n t i b o d y (not 

s h o w n ) ; mi to t ic sp ind les and m i d b o d i e s in t he ear ly e m b r y o a l so c o n t a i n ace t -

y la ted tubul in (Fig . 3 E ) . Th i s is su rp r i s ing , s ince t h e cel ls of t h e ea r ly b l a s tu l a 

a r e d ividing e v e r y 30 min a n d w o u l d no t b e e x p e c t e d to con t a in m a n y long-

lived M T s . In Drosophila, a c e t y l a t e d tubu l in a p p e a r s on ly af ter t he pe r iod of 

rapid n u c l e a r d iv is ion h a s e n d e d (Wolf et al., 1988). In l a t e r - s t age Xenopus 

e m b r y o s , w e find n o significant s ta in ing of mi to t i c sp ind les b y an t i a ce ty l a t ed 

α- tubul in a n t i b o d y (not s h o w n ; C h u et al., 1989). 

A c e t y l a t e d tubul in is c o n c e n t r a t e d in t he neura l folds du r ing neu ru l a t i on 

and wi th in t he ci l ia ted cel ls of t he e p i d e r m i s (Fig . 3 F - H ) . N e u r o n s and the i r 

p r o c e s s e s a r e heavi ly s ta ined by t h e a n t i a c e t y l a t e d α- tubul in a n t i b o d y (Fig . 

3G and H ) , a n d the p r e s e n c e of a c e t y l a t e d tubu l in cou ld p r o v e to b e a useful 

m a r k e r for at leas t s o m e c l a s se s of n e u r o n s (Chu et al., 1989). D e t y r o s y l a t e d 
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tubul in is found in the ci l iated ep ide rmina l cel ls and pr imar i ly in n o n n e u r o n a l 

cells in la te r -s tage e m b r y o s (not s h o w n ; C h u et al., 1989). 

Β. Intermediate Filaments 

T h e cy tokera t in sys tem of the early e m b r y o , like that of the late-stage oocy te 

is c o m p o s e d of only three cy tokera t in p ro te ins . It has a dist inct an imal -vege ta l 

a s y m m e t r y tha t pe r s i s t s pa s t e m b r y o n i c s tage 6 ( K l y m k o w s k y et al., 1987) 

(all e m b r y o n i c s tages a c c o r d i n g to N i e u w k o o p a n d F a b e r , 1975). Wel l in to 

gas t ru la t ion , t he c y t o k e r a t i n s y s t e m s of an ima l h e m i s p h e r e cells differ q u a n -

t i ta t ively and p e r h a p s qual i ta t ive ly f rom t h o s e of t he m u c h la rger vegeta l 

h e m i s p h e r e b l a s t o m e r e s (Fig . 4) . C y t o k e r a t i n a s y m m e t r y in t he ear ly e m b r y o 

can be affected s o m e w h a t by inver t ing the fert i l ized egg, bu t t he c y t o k e r a t i n 

s y s t e m re ta ins its original a s y m m e t r y ( K l y m k o w s k y and M a y n e l l , 1987). T h e 

funct ion of c y t o k e r a t i n a s y m m e t r y in the ear ly e m b r y o is u n c l e a r , a s is the 

funct ion of the ear ly e m b r y o n i c c y t o k e r a t i n s y s t e m itself. 

T h e cy tokera t in sys tem of the later e m b r y o is integrated into a supracel lular 

s y s t e m t h r o u g h d e s m o s o m a l - t y p e a d h e r e n c e j u n c t i o n s (Pe r ry , 1975). T h e 

funct ion of this c y t o k e r a t i n s y s t e m is u n c l e a r . It cou ld p r o v i d e m e c h a n i c a l 

s tabil i ty to the epi thel ia l l ayer of t he Xenopus e m b r y o du r ing the c o u r s e of 

gas t ru la t ion and a f t e rward . H o w e v e r , c y t o k e r a t i n filaments d o no t a p p e a r to 

be essen t ia l c o m p o n e n t s in a m p h i b i a n gas t ru l a t ion , s ince t h e y a p p e a r on ly 

dur ing neu ru la t ion in t he u r o d e l e Triturus (Pe r ry , 1975). T o e x a m i n e the func-

tion of the embryon ic cy tokera t in sys tem direct ly , w e have carr ied out a series 

of expe r imen t s using the in t raembryonic injection of an t icy tokera t in ant ibodies 

(Maynell and K l y m k o w s k y , 1989). Fert i l ized eggs w e r e injected with an t ibody 

dur ing the first third of the first cell c y c l e . E m b r y o s in jected wi th t he an t i -ß -

tubulin an t ibody E7 (Chu and K l y m k o w s k y , 1987) o r the cy tokera t in ant ibodies 

A E 1 (Sun et al., 1985) o r l h 5 ( K l y m k o w s k y et al., 1987) had n o m o r e t han 

a t r ans i en t d i s rup t ion of the i r n o r m a l c y t o k e r a t i n s y s t e m s and d e v e l o p e d nor-

mal ly . In c o n t r a s t , bo th the m o n o c l o n a l a n t i c y t o k e r a t i n an t i bod i e s A E 3 (Sun 

et al., 1985) and a l F A (Pruss et al., 1981) caused specific defects in gastrulat ion 

w h e n injected in to fert i l ized eggs . N e i t h e r a n t i b o d y had an o b v i o u s effect on 

— > 
Fig. 4. Organizat ion of cytokera t in filaments in the gastrulat ing e m b r y o . A stage 10.5 

embryo stained with the monoclonal ant icytokera t in ant ibody A E 3 is shown in three optical 
sect ions (A-C) . A focuses on the cytokera t in sys tem of the yolk plug, Β focuses on the 
vegetal side of the b las topore , and C focuses on the animal side of the b las topore . The 
organizat ion of cytokera t in filaments in the yolk-plug cells is visualized at higher power (D) 
or after squashing the e m b r y o and viewing it using a 63 x p l anapochromat lens (E) . Bar in 
C, 100 μπι for A - C ; bar in D, 100 μπι; bar in E , 10 μπι . 
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d e v e l o p m e n t pr ior to gas t ru la t ion and ne i the r p r o d u c e d a d r a m a t i c d i s rup t ion 

of cor t ica l c y t o k e r a t i n o rgan i za t i on , leaving the m e c h a n i s m of the i r ac t ion 

unc lea r . 

Dur ing the c o u r s e of o u r s t ud i e s , w e h a v e found tha t in ce r t a in b r o o d s of 

e m b r y o s , the fo rma t ion of the ear ly e m b r y o n i c c y t o k e r a t i n s y s t e m is d e l a y e d . 

In s t ead of forming by the end of the first o r s e c o n d cell c y c l e , a n o r m a l cy-

toke ra t in s y s t e m did no t a p p e a r unti l s t age 5 t o 7 ( K l y m k o w s k y a n d M a y n e l l , 

1987). Th i s o b s e r v a t i o n ind ica tes tha t a t r ans i en t d i s rup t i on of c y t o k e r a t i n 

o rgan iza t ion dur ing the ear ly b las tu la s tage of d e v e l o p m e n t p r o d u c e s n o sig-

nificant defect in deve lopmen t . Similar resul ts have b e e n obta ined by E m e r s o n 

& P e d e r s o n (1987) in the ear ly m o u s e e m b r y o . 

VII. CYTOSKELETAL PROTEINS AS M A R K E R S OF 

DIFFERENTIATION 

Cytoske l e t a l p ro t e in s h a v e b e e n u s e d wi th good resu l t s a s m a r k e r s of dif-

ferent ia t ion in Xenopus. E n c o d e d by mul t igene famil ies , specif ic cy toske l e t a l 

subuni t p ro t e ins a r e often e x p r e s s e d in a ce l l - type-speci f ic m a n n e r . T h e s e 

p ro t e in s a re genera l ly major ce l lu lar p ro t e in s a n d the re fo re e a s y to d e t e c t by 

b iochemica l and i m m u n o c h e m i c a l m e t h o d s . F igu re 5 i l lus t ra tes s o m e key 

e v e n t s in ear ly Xenopus e m b r y o g e n e s i s and the t iming of t he a p p e a r a n c e of 

va r ious cy toske l e t a l p ro t e in s d i s c u s s e d b e l o w . 

A. Skeletal Muscle Actin and Myosin 

G u r d o n et al. (1985) h a v e used the skele ta l m u s c l e ac t in gene to s tudy me-

sode rma l di f ferent ia t ion. Us ing a c D N A p r o b e , t h e y d e m o n s t r a t e d tha t a lo-

#f / / / 
S t a g e S( I B| 10 ' ' 19 25 ( 3ß ,36 

early cytokeratins 12. vfmentin? *
 30 40

 50 HOURS 

epidermal cytokeratins - NFm- *- GFAP ·» 

desmin- -

skeletal muscle actin/myosin ·• 

neuronal acetylated tubulin- -

Fig. 5. Xenopus deve lopment and the express ion of cytoskeleta l pro te ins . Aster isks 
indicate work done in the laboratory of the au thor s . 
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cal ized d e t e r m i n a n t in t he s u b e q u a t o r i a l reg ion is n e c e s s a r y and sufficient for 

t he gene ra t i on of a c t i n - p r o d u c i n g cell l i neages , i . e . , t he m e s o d e r m of t he s o m -

i tes . Th i s d e t e r m i n a n t is a p p a r e n t l y no t d e p e n d e n t o n ce l l - ce l l i n t e r a c t i o n s , 

s ince d i s soc i a t ed b l a s t o m e r e s still p r o d u c e ske le ta l m u s c l e ac t in . T o fol low 

the e x p r e s s i o n of musc le -spec i f ic p r o t e i n s , w e h a v e u s e d the m o n o c l o n a l 

m u s c l e ac t in a n t i b o d y B4 (suppl ied b y J . L e s s a r d , C inc inna t i , O h i o ) , t he an-

tifast skele ta l m u s c l e m y o s i n a n t i b o d y F 5 9 , and the an t i s l ow ske le ta l m u s c l e 

m y o s i n an t i bod i e s S46 a n d S58 (suppl ied by J. B . Mil ler , S tanford U n i v e r s i t y , 

Pa lo A l t o , Cal i fornia) . In w h o l e - m o u n t i m m u n o c y t o c h e m i s t r y , b o t h m u s c l e 

actin and fast musc le myos in w e r e first exp re s sed at s tages 17-18 and appea red 

in the somi t ic m y o t o m e pr io r t o somi t i c s e g m e n t a t i o n a n d ro t a t i on (Chu et 

al., 1989). S low skele ta l m u s c l e i so forms a p p e a r signif icantly la te r t h a n the 

fast t y p e , a c c u m u l a t i n g in significant a m o u n t on ly after s t age 46 (McMi l l an 

and K l y m k o w s k y , u n p u b l i s h e d o b s e r v a t i o n s ) . 

B. Intermediate Filament Proteins 

I n t e r m e d i a t e f i lament subun i t p r o t e i n s a r e an o b v i o u s c h o i c e for s tud ies of 

ce l lu lar d i f ferent ia t ion, s ince different I F p ro t e in s a r e e x p r e s s e d in different 

t i s sues a n d a re re la t ive ly e a s y to a s s a y immuno log ica l ly . T h e c y t o k e r a t i n p r o -

te ins p r o v i d e a par t i cu la r ly good e x a m p l e . Dur ing d e v e l o p m e n t in Xenopus, 

t he original t h r e e c y t o k e r a t i n s of t h e egg a r e j o i n e d by a s e c o n d g r o u p a r o u n d 

the t ime of the midb la s tu l a t r ans i t ion ( J o n a s et al., 1985; W i n k l e s et al., 1985; 

J a m r i c h et al., 1987). M o l e c u l a r ana lys i s i nd ica t e s tha t t he e x p r e s s i o n of at 

least o n e of t h e s e c y t o k e r a t i n s is i n d e p e n d e n t of ce l l - ce l l i n t e r a c t i o n s , sug-

ges t ing tha t its e x p r e s s i o n m a y be m e d i a t e d by d e t e r m i n a n t s p r e s e n t in t he 

egg, a s in the c a s e of ske le ta l m u s c l e ac t in (Sa rgen t et al., 1986). 

I m m u n o c y t o c h e m i c a l and b i o c h e m i c a l s tud ie s ind ica te tha t t h e r e a r e t w o 

bas ic t y p e s of c y t o k e r a t i n p ro t e in s in t he ear ly e m b r y o . T h o s e r e s t r i c t ed to 

the e m b r y o n i c e p i d e r m i s and t h o s e found in b o t h t he e p i d e r m i s and in te rna l ly 

( G o d s a v e et al., 1986). In o u r s t u d i e s , t he m o n o c l o n a l an t i bod i e s A E 1 and 

A E 3 a p p e a r to r eac t specif ical ly wi th e p i d e r m a l c y t o k e r a t i n s in e m b r y o s of 

s tage 35 and ear l ie r . T h e m o n o c l o n a l a n t i b o d y l h 5 ( K l y m k o w s k y et al., 1987) 

r ecogn ize s the 56 -kDa c y t o k e r a t i n of t he egg a n d labels b o t h e p i d e r m a l and 

in ternal s t r u c t u r e s , inc luding the lumina l su r face of t he neura l t u b e . It d o e s 

not a p p e a r to label the ci l ia ted cel ls of t he e p i d e r m i s (not s h o w n ) . In add i t i on , 

G o d s a v e et al. (1986) h a v e def ined an t i bod i e s tha t r evea l d i f fe rences in cy-

toke ra t in e x p r e s s i o n b e t w e e n e p i d e r m i s a n d neura l fold reg ions in s tage 17 

e m b r y o s . T h u s , c y t o k e r a t i n - t y p e i n t e r m e d i a t e filament p r o t e i n s p r o v i d e spe -

cific m a r k e r s for a n u m b e r of cell t y p e s wi th in the ea r ly Xenopus e m b r y o . 



Fig. 6. Whole-mount immunolocal izat ion of viment in in the e m b r y o . The monoclonal 
ant i -mammalian vimentin ant ibody RV202 was used to visualize the express ion of vimentin. 
In stage 22 e m b r y o s (A, side v iew; B , dorsal v iew; C , anter ior view), vimentin immuno-
reactivity is found in the neural tube and head regions . Cross sec t ions , p repared by cutt ing 
the e m b r y o in half after immunolabel ing, reveal that viment in is located primarily on the 
menengial surface of the neural tube , s (in C) , the location of the anter ior cement gland, 
ρ —» a (in A) , Poster ior- to-anter ior axis for A, B , and F . η (in D and E) , N o t o c h o r d . In stage 
28 embryos (E , c ross sect ion) , vimentin is located in the menegial region, and vimentin-
posit ive cells are found surrounding the somite surfaces . T h e distr ibution of vimentin in 
stage 35 embryos is quite complex . F i l lustrates this complexi ty in a c lose-up view of the 
dorsal region of a stage 35 e m b r y o . The dark band at the top of the figure is the neural tube , 
the repeated divisions are the somi tes , and o ther vimentin-posi t ive cells can be seen 
throughout the optical sect ion. Bar in E , 100 μηι for A - E ; bar in F , 50 μηι. 
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T h e I F p ro te in v imen t in is a l so a useful m a r k e r for ea r ly d i f ferent ia t ion . 

G o d s a v e et al. (1986) r e p o r t e d t he first a p p e a r a n c e of v imen t in in t he s tage 

25 e m b r y o , w h e r e it is found at t he marg in of t h e neu ra l t u b e . T o fur ther 

c h a r a c t e r i z e t h e p a t t e r n of v imen t in e x p r e s s i o n , w e h a v e u s e d w h o l e - m o u n t 

i m m u n o c y t o c h e m i s t r y t o m a p v imen t in e x p r e s s i o n du r ing ear ly Xenopus d e -

v e l o p m e n t (Den t et al., 1989). W e first find v imen t in e x p r e s s i o n a long t he 

marg ins of t he neura l t u b e at s tage 19 (F igs . 6 A - D ) . T h e v imen t in -pos i t i ve 

cel ls of t he neura l t u b e a p p e a r to be radia l glia ( see a l so G o d s a v e et ai, 1986). 

By stage 2 2 - 2 3 , v iment in-posi t ive cells a re found over laying the somi tes (Figs. 

6 D - F ) ; v imen t in -pos i t i ve cel ls loca ted ven t ra l to t he s o m i t e s a r e o b s e r v e d 

beg inn ing at s tage 24. 

G o d s a v e et al. (1986) r e p o r t e d tha t t he glial-specific I F p ro t e in G F A P first 

a p p e a r s in t he neura l t u b e at s tage 33 , a n d tha t t he large neu ro f i l amen t p ro t e in 

a p p e a r s at s tage 48 ( sw imming t a d p o l e ) . W e h a v e u s e d an t i bod i e s d i r ec t ed 

aga ins t d e s m i n and the low (NF1)- a n d midd le ( N F m ) - m o l e c u l a r - w e i g h t neu-

rofilament pro te ins to visualize the pa t te rn of express ion of these in te rmedia te 

filament t y p e s (Chu et al., 1989); w e find tha t d e s m i n is first e x p r e s s e d in t h e 

somi t ic m y o t o m e beg inn ing at s tage 2 0 - 2 1 . T h e neura l - spec i f ic p ro t e in N F m 

a p p e a r s first a t s tage 25 , w h e r e a s Ν Fl d o e s no t a p p e a r unti l a p p r o x i m a t e l y 

s tage 4 3 . 

T h e nuclear lamins are a l so expressed in a cell-type-specific manner in 
Xenopus ( K r o h n e and B e n a v e n t e , 1986). T h e o o c y t e and ear ly e m b r y o exp re s s 

a single l amin p r o t e i n , lamin I I I . L a m i n III even tua l l y d i s a p p e a r s at t adpo l e 

stage, bu t reappears in m y o c y t e s , neurons, and Sertoli cel ls of t he adult or-

gan i sm ( B e n a v e n t e et al., 1985; S t ick and H a u s e n , 1985). L a m i n I is found 

in all somat ic cells after the midblas tula (stage IX) t ransi t ion. Lamin II appea r s 

in all s o m a t i c cel ls after midgas t ru l a s t age . L a m i n IV is found in s p e r m . 

VIII. CONCLUSIONS 

Whole -moun t immunocy tochemis t ry is a major a d v a n c e in the tools avai lable 

for the s tudy of Xenopus d e v e l o p m e n t . It e l imina tes t h e t i m e - c o n s u m i n g and 

often i n a d e q u a t e p r o c e s s of r e c o n s t r u c t i n g serial s ec t i ons in o r d e r to ob ta in 

a c c u r a t e t h r e e - d i m e n s i o n a l images of t h e o o c y t e , egg , o r e m b r y o . It is s imple 

a n d i n e x p e n s i v e t o c a r r y o u t , ye t it p r o v i d e s a d r a m a t i c n e w p e r s p e c t i v e f rom 

wh ich to v i ew d e v e l o p m e n t . M a n y s a m p l e s c a n be p r e p a r e d s imu l t aneous ly 

a n d e x a m i n e d in shor t o r d e r . F o r e x a m p l e , w e h a v e b e e n ab le to v isua l ize 

t h e r eo rgan iza t ion a n d a s y m m e t r y of c y t o k e r a t i n s wi th in t he o o c y t e and ear ly 

e m b r y o ( K l y m k o w s k y et al., 1987); the reorganiza t ion of the nuc lear enve lope 

(Fig. I D a n d E ) , a n n u l a t e l amel lae ( K l y m k o w s k y , u n p u b l i s h e d o b s e r v a t i o n s ) , 
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mi tochondr i a l m a s s (Fig . 2 A - E ) , a n d tubul in (Fig . 2 F - H ) dur ing o o g e n e s i s ; 

the r eo rgan iza t i on of tubul in dur ing the pe r iod of first c l eavage (Fig. 3 A - D ) ; 

the e x p r e s s i o n of a ce ty l a t ed tubul in wi th in t he e m b r y o (Fig . 3 E - H ; C h u et 

al. f 1989); the o rgan iza t ion of c y t o k e r a t i n s dur ing gas t ru l a t ion (Fig . 4) ; and 

the a p p e a r a n c e of v imen t in dur ing e m b r y o g e n e s i s (Fig . 6; D e n t et. al., 1989). 

In add i t ion , B . R o w n i n g and J . C . G e r h a r t (pe r sona l c o m m u n i c a t i o n ) h a v e 

u sed w h o l e - m o u n t i m m u n o c y t o c h e m i s t r y to clarify t he r e l a t ionsh ip b e t w e e n 

M T s a n d the c o r t i c a l - e n d o p l a s m i c ro ta t ion tha t d e t e r m i n e s t he d o r s a l - v e n t r a l 

ax is of the e m b r y o . It a p p e a r s tha t t h e s e s a m e m e t h o d s , t o g e t h e r wi th β-

galac tos idase-based fusion pro te ins , can be used to s tudy the factors regulating 

the t e m p o r a l and spat ia l p a t t e r n of g e n e e x p r e s s i o n (M. W . K l y m k o w s k y , 

u n p u b l i s h e d o b s e r v a t i o n ) ; it m a y e v e n be poss ib l e to u s e c l ea red o o c y t e s and 

e m b r y o s in in situ hybr id i za t ion ana lys i s for m R N A loca l iza t ion . 

All th is is no t to sugges t tha t w h o l e - m o u n t s ta in ing is not w i thou t its d r a w -

b a c k s . It is still not poss ib le to ob ta in the m a x i m u m theore t i ca l r e so lu t ion of 

t he light m i c r o s c o p e us ing w h o l e - m o u n t s p e c i m e n s of Xenopus, b e c a u s e of 

the difficulty in obtaining the high-resolut ion, long-working-dis tance object ives 

r equ i red to image t h rough the 1.2-mm-thick Xenopus o o c y t e . A m o r e se r ious 

d r a w b a c k is the out-of-focus information that rout inely con t amina t e s s tandard 

m i c r o s c o p i c images . Whi le this is genera l ly not a se r ious p r o b l e m in s tud ies 

of cu l tu red ce l l s , wh ich a re on the o r d e r of 2 0 - 5 0 μπι th ick , it is a significant 

p r o b l e m in the 0 .5- to 1.2-mm-thick Xenopus o o c y t e - e m b r y o . T h e r e a re t h r ee 

poss ib le w a y s to c i r c u m v e n t this p r o b l e m . T h e first is to s imply s q u a s h the 

s ta ined o o c y t e o r e m b r y o and v iew it us ing h igh- reso lu t ion ob jec t ives (F igs . 

3E a n d 4 E ) ; th is h a s t he o b v i o u s d i s a d v a n t a g e of d e s t r o y i n g t h e th ree-d i -

mens iona l qual i ty of the s p e c i m e n , bu t it is fast , i n e x p e n s i v e , and in m a n y 

c a s e s effect ive. T h e s e c o n d is the use of c o m p u t a t i o n a l m e t h o d s to r e m o v e 

the out-of- focus informat ion (Agard and S e d a t , 1983). A th i rd w a y m a y b e 

the use of confoca l m i c r o s c o p y (see W h i t e et al., 1987). 

T h e s implic i ty of w h o l e - m o u n t i m m u n o c y t o c h e m i s t r y m a k e s it m u c h ea s i e r 

to e x a m i n e the effects of va r ious e x p e r i m e n t a l m a n i p u l a t i o n s on o o g e n e s i s 

and e m b r y o g e n e s i s . Of the m e t h o d s ava i lab le for s tudy ing the role of the cy -

to ske l e ton in t h e s e p r o c e s s e s , t w o s e e m to be par t i cu la r ly p romis ing : t he in-

tracellular injection of monoclona l ant ibodies and the in t roduct ion of synthe t ic 

(dominan t nega t ive effect) m u t a t i o n s ( H e r s k o w i t z , 1987). B o t h offer def ined 

r eagen t s wi th wh ich to m a n i p u l a t e cy to ske l e t a l o rgan iza t ion and func t ion . 

A n t i b o d i e s d i r ec ted agains t specific cy toske l e t a l o r c y t o s k e l e t a l - a s s o c i a t e d 

p ro te ins can be g e n e r a t e d in o r d e r to b lock pa r t i cu la r func t ions w i t h o u t p ro -

duc ing the global d i s rup t ion of the c y t o s k e l e t o n typica l ly found wi th ant i -

cytoskele ta l d rugs . Similarly, synthet ic muta t ions can p r o d u c e specific defects 

in cy toske le t a l func t ion . F o r e x a m p l e , Lev i t t et al. (1987) found tha t the 
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express ion of a mu tan t ß-actin induces specific changes in cellular morpho logy 

p r e s u m a b l y by modifying the i n t e r ac t i ons b e t w e e n ac t in and o t h e r p ro t e in s 

wi th in t he cel l . A l b e r s a n d F u c h s (1987) found tha t t he e x p r e s s i o n of a t run-

c a t e d c y t o k e r a t i n p ro t e in c a u s e s the d i s rup t ion of c y t o k e r a t i n f i lament or-

gan iza t ion , s imilar t o tha t p r o d u c e d by in jec ted a n t i b o d y . B o t h a n t i b o d i e s a n d 

syn the t i c m u t a t i o n s c a n be de l ive red in to specif ic b l a s t o m e r e s a n d t h e r e b y 

p roduce pheno typ ic mos iacs (see M o o d y , 1987 for fate m a p of 32-cell e m b r y o ) . 

A n t i b o d i e s c a n , in t h e o r y at l eas t , be p r e p a r e d aga ins t a l m o s t a n y pa r t of t h e 

mo lecu l e of in te res t ; syn the t i c m u t a n t s m a y no t b e so f lexible . H o w e v e r , 

w h e r e a s t he supp ly of a n t i b o d y wi th in t he o o c y t e o r e m b r y o is l imited by t h e 

a m o u n t initially i n t r o d u c e d , a D N A - e n c o d e d syn the t i c m u t a n t g e n e p r o d u c t 

cou ld be m a i n t a i n e d at high levels t h r o u g h ongo ing t r a n s c r i p t i o n - t r a n s l a t i o n . 

W h i c h e v e r m e t h o d p roves appropr ia te in any par t icular c a s e , the combina t ion 

of t h e s e t e c h n i q u e s t o g e t h e r wi th e x p e r i m e n t a l s impl ic i ty a n d global per -

spec t ive offered by w h o l e - m o u n t i m m u n o c y t o c h e m i s t r y o p e n s a n e w rea lm 

in t he e x p e r i m e n t a l s t udy of d e v e l o p m e n t m e c h a n i c s . 
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t h i c k n e s s ( 1 -5 μπι ) de l imi ted ex t e rna l ly by the p l a s m a m e m b r a n e (F igs , l a -

d and 2 a - c ) . Th i s l aye r is , for t he m o s t pa r t , free of yo lk , but in m a n y s p e c i e s , 

c o n t a i n s g r anu l e s tha t a r e f o rmed dur ing o o g e n e s i s ; t h e s e o rgane l l e s c o m e to 

lie on ly wi th in t he egg c o r t e x a n d , h e n c e , a r e cal led cor t ica l g r a n u l e s . In ad-

di t ion to cor t ica l g r a n u l e s , th is l ayer c o n t a i n s c i s t e r n a e of e n d o p l a s m i c re t ic -

u l u m , r i b o s o m e s , a n d cy toske l e t a l e l e m e n t s . D e m a r c a t i o n of the c o r t e x f rom 

the d e e p e r c y t o p l a s m o r s u b c o r t e x has no t b e e n sa t is factor i ly identif ied. 

Despi te difficulties in defining the co r t ex as a s t ructural enti ty having precise 

l imi ts , t he t e r m has b e e n u s e d in a c o n c e p t u a l s e n s e by n u m e r o u s cel lu lar 

and d e v e l o p m e n t a l b io log is t s , w h o c o n t i n u e to d e m o n s t r a t e the i m p o r t a n c e 

of this l aye r for m a n y d e v e l o p m e n t a l p r o c e s s e s . T h e c o r t e x is first to reac t 

to the c o n t a c t of s p e r m , and dur ing p r o c e s s e s of m a t u r a t i o n , fer t i l iza t ion, and 
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Fig. 1. Cor t ices of unfertilized (a, b , and c) and fertilized (d) sea urchin (Arbacia punc-

tulata) eggs, (a) Cor tex of an Arbacia egg depict ing cortical granules (CG) and microvilli 
(MV). Y B , Yolk body, (b) Freeze-fracture replica of the P-face of the p lasma m e m b e r of 
an Arbacia egg containing numerous intramembraneous particles and dome-shaped elevations 
(ar rows) , which indicate the presence of underlying cort ical granules . M V , Microvilli , (c) 
Port ion of an Arbacia egg cor tex showing the vitelline layer (VL) , cort ical endoplasmic 
ret iculum (arrows) , which is closely associa ted with the p lasma m e m b r a n e (PM) and cortical 
granules (*). (d) Cor tex of a fertilized Arbacia egg possess ing e longated microvilli (MV). 

ear ly d e v e l o p m e n t , it u n d e r g o e s d y n a m i c c h a n g e s in s t r u c t u r e a n d func t ion . 

Fol lowing inseminat ion in many spec ies , it has been shown to unde rgo changes 

in v i s c o e l a s t i c - m e c h a n i c a l p r o p e r t i e s ( r ev i ewed by V a c q u i e r , 1981). It m a y 

a lso d e m o n s t r a t e s t r eaming m o v e m e n t s in wh ich
 4

' i n f o r m a t i o n " or " m o r -

phogene t i c d e t e r m i n a n t s " b e c o m e local ized to specific ce l lu lar reg ions and 

w h e r e specific local iz ing ac t iv i t i es , such as t h o s e a s s o c i a t e d wi th the ye l low 



Fig. 2. Cor t ices of unfertilized mouse (a, c, d, and e) and hams te r (b) eggs, (a) Scanning 
electron micrograph of a ma tu re , oviductal mouse egg showing the microvillus-free a rea 
( M V F A ) that is associa ted with the underlying meiotic appa ra tus and a por t ion of the mi-
crovil lus area (MVA) that is character is t ic of the remainder of the egg surface, (b) Surface 
of a hams te r egg along with the microvil lus a rea . Cort ical granules (CG) are associa ted with 
the p lasma m e m b r a n e (PM). M V , Microvilli , (c) Sect ion through the microvillus-free a rea 
of a mouse egg depict ing a port ion of the under lying meiot ic appa ra tus (*). Al though the 
p lasma m e m b r a n e (PM) in the region of the meiotic spindle undu la tes , it is not projected 
into microvilli . Vesicles (V) and mi tochondr ia (M) are restr ic ted from the cortical region, 
which is rich in actin and indicated by the a r rows . C H , Meiotic c h r o m o s o m e s , (d) Matu re 
mouse egg incubated in rabbit antiact in se rum followed by FITC-labeled goat anti-rabbit 
ant ibody demons t ra t ing cortically located act in . The f luorescent layer is enhanced in the 
region associa ted with the microvillus-free a rea (arrow), (e) Same prepara t ion shown in d 
photographed with differential cont ras t opt ics . T h e a r row points to the meiotic spindle , 
which underl ies the microvillus-free area . 
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crescen t of ascidian eggs and the gray c rescen t of amphib ian eggs , a re manifest 

( r ev i ewed b y D a v i d s o n , 1986). 

In this r e v i e w , s t ruc tu ra l and funct ional c h a n g e s of t he egg c o r t e x , as a 

resul t of g a m e t e fusion a n d cor t ica l g r anu le d e h i s c e n c e , a r e p r e s e n t e d and 

d i s cus sed . P r o c e s s e s re la ted to a s p e c t s p r e s e n t e d he r e h a v e b e e n r e v i e w e d 

and p rov ide addi t iona l p e r s p e c t i v e s of d y n a m i c c h a n g e s the egg c o r t e x under -

goes at fertilization (Schroeder , 1979, 1981; Gu lyas , 1980; Shapi ro et al., 1980; 

El inson, 1980; Vacquie r , 1981; Schue l , 1985; L o n g o , 1985; M a r o et al., 1986a). 

I. ARCHITECTURE OF T H E EGG CORTEX 

T h e co r t i ce s of sea u rch in eggs , wh ich p r o v i d e t he bas i s of m u c h tha t is 

k n o w n regard ing egg cor t ica l s t r u c t u r e , a r e l ined wi th a l aye r of cor t ica l g ran-

ules abou t 1 μ ιη in d i a m e t e r (Fig. l a ) . In Strongylocentrotus, t h e r e a r e a b o u t 

18,000 of t h e s e organe l les /egg ( V a c q u i e r , 1981). T h e y a r e m a n u f a c t u r e d by 

the Golgi c o m p l e x and b e c o m e c lose ly a s s o c i a t e d wi th the p l a s m a m e m b r a n e 

dur ing o o c y t e d e v e l o p m e n t ( A n d e r s o n , 1968; see a l so Szo l los i , 1967). T h e 

co r t i ce s of s o m e o p h u r o i d , a n t h o z o a , and p o l y c h a e t e eggs con ta in a l ayer of 

cor t ica l g r a n u l e s , five to six d e e p (Pas t ee l s , 1966; H o l l a n d , 1979; Fa l lon and 

Aus t in , 1967; D e w e l and C la rk , 1974). Eggs of t h e a sc id i an Ciona and the 

s a l a m a n d e r Triturus d o no t h a v e cor t ica l g r anu le s ( H o p e et al., 1963; Rosa t i 

et al., 1977; see a lso El inson, 1986). In Ciona, a popula t ion of granules located 

in the s u b c o r t e x r e p o r t e d l y func t ions as cor t ica l g r anu l e s (Rosa t i et al., 1977). 

U l t r a s t ruc tu ra l l y , cor t ica l g r anu le s of sea u rch in eggs d i sp lay va r i a t ions in 

o rgan iza t ion d e p e n d i n g on the spec ie s ( S c h u e l , 1985). T h e p a t t e r n s tha t a re 

o b s e r v e d reflect the o rgan iza t ion of its c o m p o n e n t s tha t local ize to specific 

po r t i ons of the ex t race l lu l a r c o a t s tha t d e v e l o p fol lowing cor t ica l g ranu le de-

h i s cence ( A n d e r s o n , 1968; S c h u e l , 1985). T h e c o n t e n t of Arbacia cor t ica l 

g ranu les is d i s t inguished by a c r e n a t e d , cen t ra l m a s s , s u r r o u n d e d by s o m e 

lenticular material (Fig. l a ) . In Strongylocentrotus, t he re is a spiral of e lec t ron-

dense mater ia l , which is assoc ia ted with an a m o r p h o u s m a s s . T h e organizat ion 

of cor t ica l g ranu le in ternal c o m p o n e n t s of Mytilus ( H u m p h r e y s , 1967) and 

o t h e r o r g a n i s m s has a l so b e e n d e s c r i b e d . T h e cor t ica l g r a n u l e s in a m p h i b i a n 

and m a m m a l i a n eggs d o not s h o w unusua l ly c o m p l e x p a t t e r n s and a r e filled 

with e lec t ron-dense granular material (Fig. 2c ; K e m p and Is tock , 1967; Gu lyas , 

1980). 

Cort ical granule con ten t s from sea u rch ins , amphib ians , and m a m m a l s have 

b e e n e x a m i n e d d i rec t ly by b iochemica l and c y t o c h e m i c a l t e c h n i q u e s and in-

di rec t ly by ana lys i s of the m e d i u m fol lowing the i r d i s cha rge (for a r e v i e w , 

see Schue l , 1985). Ca lc ium, ser ine p ro t ea se , and sulfated mucopo lysaccha r ides 
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a p p e a r to b e un ive r sa l c o m p o n e n t s of t h e s e s t r u c t u r e s . P e r o x i d a s e , ß l , 3 -g lu -

c o n a s e , hya l ine p r o t e i n , ß - g l u c u r o n i d a s e , and o t h e r p ro t e in s a r e a l so p r e s e n t 

in t he cor t ica l g r anu l e s of s o m e o r g a n i s m s . 

A l t h o u g h the s t r u c t u r e of t he sea u rch in egg c o r t e x has b e e n a n a l y z e d by 

a n u m b e r of t e c h n i q u e s , the n a t u r e of the a s soc i a t i on of t he cor t ica l g r anu l e s 

and the p l a s m a m e m b r a n e r e m a i n s an e n i g m a (Mil lonig, 1969; De t e r ing et al., 

1977; L o n g o , 1981, 1985). E l e c t r o n m i c r o s c o p y of c o n v e n t i o n a l l y p r e p a r e d 

eggs s h o w s the c y t o p l a s m i c reg ion a s s o c i a t e d wi th t he cor t ica l g r anu le s a n d 

p l a s m a m e m b r a n e a s re la t ive ly u n s p e c i a l i z e d , i . e . , lacking a n y a p p a r e n t m o d -

ification w h i c h might s e r v e to a t t a c h t he t w o s t r u c t u r e s ( A n d e r s o n , 1968; Mil-

lonig, 1969). H o w e v e r , with quick-frozen and f reeze-subst i tu ted p repa ra t ions , 

f i laments j o in cor t ica l g r anu le s t o t he p l a s m a m e m b r a n e and e x t e n d f rom the 

g ranu le s in to the c y t o p l a s m ( C h a n d l e r , 1984). T h e s e filaments m a y c o n t r i b u t e 

to the a t t a c h m e n t of t he cor t i ca l g r a n u l e s t o t he p l a s m a m e m b r a n e . 

T h e connec t ion of the cort ical granules to the o o l e m m a is sufficiently s t rong 

to survive forces encoun te r ed dur ing the isolation of p l a sma m e m b r a n e - c o r t i c a l 

g ranu le c o m p l e x e s (De te r ing et ai, 1977) a n d du r ing p r e p a r a t i o n of cor t ica l 

l a w n s , w h e r e t he c y t o p l a s m is s h e a r e d a w a y ( V a c q u i e r , 1975). T h e n o r m a l 

a t t a c h m e n t of cor t ica l g r anu l e s t o t he ove r ly ing p l a s m a m e m b r a n e can be 

d i s rup t ed by c h o a t r o p i c a g e n t s , u r e t h a n e and t e r t i a ry a m i n e s , re inforc ing the 

idea tha t a specia l a t t a c h m e n t ex i s t s b e t w e e n the t w o s t r u c t u r e s ( L o n g o and 

A n d e r s o n , 1970; V a c q u i e r , 1975; H y l a n d e r and S u m m e r s , 1981; D e c k e r and 

K i n s e y , 1983). 

Modi f ica t ions of t he sea u rch in egg p l a s m a m e m b r a n e h a v e b e e n o b s e r v e d 

in a reas occupied by cort ical granules with freeze-fracture repl icas , by scanning 

e l ec t ron m i c r o s c o p y , and wi th filipin s ta in ing for t he d e m o n s t r a t i o n of 3ß -

h y d r o x y s t e r o l c o m p o n e n t s ( L o n g o , 1981; C a r r o n a n d L o n g o , 1983; Z i m m e r -

be rg et al., 1985). T h e p l a s m a m e m b r a n e modi f ica t ions s een wi th f reeze-frac-

ture replicat ion a re d o m e - s h a p e d a reas lacking i n t r a m e m b r a n o u s part icles (Fig. 

l b ) . T h e s e modi f ica t ions a p p e a r to fo rm as a resu l t of t he a s soc i a t i on of the 

cor t ica l g r anu le wi th the p l a s m a l e m m a , i . e . , t h e y a r e lack ing in the p l a s m a 

m e m b r a n e of fer t i l ized and i m m a t u r e eggs in w h i c h the cor t ica l g r anu le s a r e 

a b s e n t o r no t loca l ized to t he c o r t e x ( L o n g o , 1981). F u r t h e r m o r e , t he d o m e -

s h a p e d a r e a s d i s a p p e a r w h e n the m a t u r e egg is t r e a t e d wi th a m i n e s ( L o n g o , 

1981). T h e s e special izat ions a re bel ieved to represen t specific con tac t s b e t w e e n 

the p l a s m a m e m b r a n e a n d the cor t ica l g r a n u l e , wh ich p r o d u c e o r s t imula te 

cond i t i ons r equ i r ed for b i l ayer fus ion. 

U n i q u e pa t t e rn ing of i n t r a m e m b r a n o u s par t i c les poss ib ly i n d u c e d by s t ruc -

t u r e s sub jacen t to t he p l a s m a m e m b r a n e h a v e b e e n d e s c r i b e d in n u m e r o u s 

cells hav ing s e c r e t o r y ac t iv i t ies (Sat i r et al., 1973; F r i end a n d F a w c e t t , 1974; 

Sat i r , 1976; Be i s son et al., 1976; W e i s s et al., 1977a,b; K i n s e y a n d K o e h l e r , 

1978). In addi t ion, clearings of i n t r a m e m b r a n o u s part icles have been obse rved 
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in po r t i ons of t he p l a s m a m e m b r a n e a s s o c i a t e d wi th s e c r e t o r y ves ic les and 

a re genera l ly c o n s i d e r e d to r e p r e s e n t a r e a s d e p l e t e d of m e m b r a n e p ro te ins 

at the fusion z o n e (Chi et al., 1975; L a w s o n et al., 1977; Orc i et al., 1977; 

Orci and Per re le t , 1977; A m h e r d t et al., 1978; Swift and M u r k h e r j e e , 1978; 

T h e o d o s i s et al., 1978). 

Unl ike the s i tua t ion tha t ex i s t s in m o s t o t h e r ce l l s , in Xenopus o o c y t e s , 

the Ε-face of the p l a s m a m e m b r a n e is e n d o w e d wi th a h igher c o n c e n t r a t i o n 

of i n t r a m e m b r a n o u s par t i c les t han the P-face (B luemink and T e r t o o l e n , 1978). 

A l though the overa l l dens i ty of i n t r a m e m b r a n o u s par t i c les is the s a m e in the 

an imal h e m i s p h e r e v e r s u s t he vege ta l h e m i s p h e r e , t h e r e is a p r e p o n d e r a n c e 

of small i n t r a m e m b r a n o u s par t i c les in t he an imal h e m i s p h e r e tha t B luemink 

and Ter too len (1978) suggested might b e involved wi th cort ical morphogenes i s 

fol lowing in semina t ion . F reeze - f r ac tu re rep l icas of t he p l a s m a m e m b r a n e of 

m a m m a l i a n eggs h a v e a l so b e e n e x a m i n e d and a l o w e r i n t r a m e m b r a n o u s par-

ticle dens i ty has b e e n no t ed at t h o s e s i tes of p r e s u m p t i v e cor t ica l g ranu le 

e x o c y t o s i s ( K o e h l e r et al., 1982; Suzuk i a n d Y a n a g i m a c h i , 1983; see a l so K o -

eh le r et al., 1985). 

T h e p l a s m a m e m b r a n e of the sea u rch in (Arbacia) egg is ref lected into shor t 

microvi l l i , w h i c h lack a c o r e of ac t in mic ro f i l amen t s (Fig. l b ; C a r r o n and 

L o n g o , 1982). T h e unde r ly ing cor t ica l g r anu le s t end to be s i tua ted in a r e a s 

which lack microvil l i ( S c h r o e d e r , 1979; L o n g o , 1981). In a m p h i b i a n and m a m -

malian eggs , the microvilli a re relatively longer and conta in a microf i lamentous 

c o r e (Phill ips et al., 1985; L o n g o and C h e n , 1985). A t t a c h e d to the sea u rch in 

o o l e m m a is a g lycoca lyx o r vi tel l ine l ayer (Fig . l c ; A n d e r s o n , 1968; K i d d , 

1978). It is this s t r u c t u r e to wh ich s p e r m bind via b indin ( V a c q u i e r and M o y , 

1977) and w h i c h , at t he t ime of cor t ica l g ranu le e x o c y t o s i s , b e c o m e s d e t a c h e d 

from the egg sur face to form the fer t i l izat ion m e m b r a n e (see K a y and S h a p i r o , 

1985). 

In m a n y o r g a n i s m s , par t i cu la r ly sea u r c h i n s , t he s t r u c t u r e of t he c o r t e x is 

vir tual ly ident ica l a long all r eg ions of t h e egg su r face . H o w e v e r , in eggs tha t 

a re fert i l ized at m e t a p h a s e I o r II of me ios i s ( e .g . , m o l l u s c s , a n n e l i d s , and 

v e r t e b r a t e s ) , t he meio t i c sp ind le is pos i t i oned wi th in t h e c o r t e x a n d t h e cy-

t o p l a s m a s s o c i a t e d wi th this s t r u c t u r e usua l ly differs in its c o m p o s i t i o n to 

o t h e r reg ions of the egg c o r t e x (Fig. 2 a - e ) . F o r e x a m p l e , in m a m m a l i a n eggs 

the region wh ich over l i e s t he meio t ic sp ind le is d i s t ingu i shed by the a b s e n c e 

of microvil l i and cor t ica l g r a n u l e s , by a d imin i shed affinity to t he p lan t lect in 

c o n c a n a v a l i n A , and b y the p r e s e n c e of a d e n s e l aye r of ac t in f i l aments ( John-

son et al., 1975; E a g e r et al., 1976; N i c o s i a et al., 1977, 1978; Phil l ips and 

Shalgi, 1980; Albert ini , 1984; Ebenspe rge r and Ba r ro s , 1984; M a r o et al., 1984, 

1986a,b; L o n g o and C h e n , 1985; K a r a s i e w i e z and S o l t y n s k a , 1985; V a n Bler-

k o m and Bell , 1986; C a p c o and M c G a u g h e y , 1986). T h i s reg ion has b e e n re -

ferred to a s t he microvi l lus-f ree a r e a (Fig. l a a n d c ; L o n g o and C h e n , 1985). 
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In m a m m a l i a n o o c y t e s a s t he meio t i c sp ind le d e v e l o p s , it m o v e s t o the 

an imal po le . In h a m s t e r o o c y t e s , a cor t i ca l g ranule- f ree a r e a a p p e a r s in t he 

c o r t e x wi th the ar r iva l of t he m e t a p h a s e sp ind le a s a resu l t of t he pe r iphe ra l 

migration and exocy tos i s of cort ical granules (Okada et al., 1986). Concomi t an t 

wi th the cor t ica l loca l iza t ion of the meio t i c sp ind le is t he fo rma t ion of a th ick-

ened layer of act in f i laments and the d i sappea rance of microvilli ( L o n g o , 1985; 

Van Ble rkom and Bell, 1986), suggest ing that localization of the meiot ic spindle 

and a s s o c i a t e d cor t ica l modi f ica t ions a r e l inked (Fig . Id a n d e) . E x p e r i m e n t a l 

s u p p o r t for this c o n t e n t i o n has b e e n p r e s e n t e d ( L o n g o a n d C h e n , 1985; V a n 

B l e r k o m a n d Bell , 1986; M a r o et al., 1986a,b) . 

A l t h o u g h a meio t i c sp indle is no t fo rmed in m o u s e o o c y t e s t r ea t ed wi th 

co lch ic ine , t he c h r o m o s o m e s m o v e to t he egg c o r t e x and a microvi l lus- f ree 

a rea forms in the region of the cor tex assoc ia ted with the c h r o m o s o m e s (Longo 

and C h e n , 1985). M o r e o v e r , w h e n the me io t i c c h r o m o s o m e s a r e p r e v e n t e d 

from moving to the egg co r t ex , a microvillus-free a rea does not deve lop (Longo 

and C h e n , 1984, 1985; V a n B l e r k o m and Bel l , 1986; see a l so M a r o et al., 

1986a,b). Biva len t c h r o m o s o m e s t r ans fe r r ed to ge rmina l ves ic le - in tac t o r ma-

tur ing o o c y t e s a r e a l so c a p a b l e of induc ing a loca l ized th i cken ing of ac t in , 

the loss of microvi l l i , and a r e d u c t i o n of sur face g l y c o p r o t e i n s (Van B l e r k o m 

and Bel l , 1986). T h e s e o b s e r v a t i o n s s h o w tha t i n t e rac t ion of t he me io t i c c h r o -

m o s o m e s wi th t he egg c o r t e x br ings a b o u t t h e fo rma t ion of t he mic rov i l lus -

free a r e a and tha t t he capac i t y for this t r a n s f o r m a t i o n o c c u r s p r io r to ge rmina l 

ves ic le b r e a k d o w n . M o r e o v e r , the cor t i ca l and p l a s m a m e m b r a n e polar i ty 

tha t is e s t ab l i shed at m e t a p h a s e I a n d II in m o u s e o o c y t e s is i n d u c e d r a t h e r 

t h a n p reex i s t i ng ; t he en t i re sur face of t he o o c y t e is c a p a b l e of d i f ferent ia t ion 

in r e s p o n s e to the p r e s e n c e of c h r o m o s o m e s (Van B l e r k o m and Bell , 1986). 

S u b s e q u e n t to its migra t ion to t he egg c o r t e x , t he meio t i c sp ind le b e c o m e s 

a n c h o r e d to t he p l a s m a m e m b r a n e ( C h a m b e r s , 1917; C o n k l i n , 1917; Sh imizu , 

1981a). In Tubifex, t he meio t i c a p p a r a t u s a p p e a r s to be t e t h e r e d to t he egg 

surface by s t ructura l connec t ions b e t w e e n a f i lamentous cort ical layer , possibly 

ac t in , a n d m i c r o t u b u l e s of t he pe r iphe ra l a s t e r (Sh imizu , 1981a). A s imilar 

m o r p h o l o g y is a l so s een in Ilyanassa o o c y t e s ( B u r g e s s , 1977). In t e res t ing ly , 

meio t ic sp ind le a t t a c h m e n t t o the egg sur face in Chaetopterus is co lch ic ine 

sensi t ive and unaffected by cy tochalas in B (Hamaguch i et al., 1983). In cont ras t 

to o b s e r v a t i o n s wi th t he eggs of s o m e i n v e r t e b r a t e s ( L o n g o , 1972; Peauce l l i e r 

et al., 1974), c y t o c h a l a s i n Β p r e v e n t s t he cor t ica l loca l iza t ion of the meio t i c 

sp ind le in ma tu r ing m o u s e o o c y t e s , sugges t ing tha t a c y t o c h a l a s i n B-sens i t ive 

c o m p o n e n t of t he cy to ske l e t a l s y s t e m is invo lved in th is m o v e m e n t ( W a s -

s a r m a n et al., 1976; L o n g o and C h e n , 1985). T h e ro les tha t m i c r o t u b u l e s , 

microf i laments , and possibly o the r cy toskele ta l s t ruc tures m a y serve in cort ical 

loca l iza t ion and a t t a c h m e n t of t he meio t i c sp ind le t o the egg sur face w a r r a n t s 

fur ther inves t iga t ion . Wi th r e s p e c t to s tud ies in m a m m a l s , ac t in has b e e n 
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d e m o n s t r a t e d in nucle i and in mi to t ic sp ind les and h a s b e e n impl ica ted in 

force p r o d u c t i o n of c h r o m o s o m e m o v e m e n t s dur ing mi tos i s ( Z i m m e r m a n and 

F o r e r , 1981). In light of t h e s e inves t iga t ions a n d s tud ies d e m o n s t r a t i n g the 

d i s rup t ive effects of c y t o c h a l a s i n Β on ac t in ( Y a h a r a et al., 1982; Sch l iwa , 

1981), an ac t in -based s y s t e m m a y be r e spons ib l e for t he cor t ica l local iza t ion 

of the meio t ic sp indle in m o u s e o o c y t e s ( L o n g o a n d C h e n , 1984, 1985). 

II. CORTICAL G R A N U L E REACTION 

E x o c y t o s i s of cor t ica l g r anu le s has b e e n s tud ied in eggs of i n v e r t e b r a t e s , 

v e r t e b r a t e s , and m a m m a l s and a p p e a r s to invo lve s imilar p r o c e s s e s (Fig. 3 ; 

A n d e r s o n , 1968; E l i n son , 1980; G u l y a s , 1980). In sea u r c h i n s , s p e r m - e g g 

b inding is fo l lowed by the d e h i s c e n c e of cor t ica l g r anu l e s tha t under l i e the 

p l a s m a l e m m a , a n d e x o c y t o s i s s p r e a d s f rom the poin t of g a m e t e c o n t a c t in a 

w a v e to the o p p o s i t e po le of the egg (Afzel ius , 1956; E n d o , 1961; W o l p e r t 

and M e r c e r , 1961; A n d e r s o n , 1968; Mil lonig, 1969; see a lso H o l l a n d , 1980; 

L o n g o et al., 1982). In s o m e spec i e s of p e l e c y p o d s and a n n e l i d s , cor t ica l 

granules a re p resen t , but d o not unde rgo exocy tos i s or a change at fertilization 

(Pas tee l s and de H a r v e n , 1962; R e b h u n , 1962; H u m p h r e y s , 1967). T h e fate 

of cor t ica l g ranu le c o n t e n t s and the d e v e l o p m e n t of ex t r ace l lu l a r l ayers sur-

round ing ac t iva t ed eggs h a v e b e e n r e v i e w e d ( K a y and S h a p i r o , 1985). 

T h e m e c h a n i s m s by wh ich the egg p l a s m a and the cor t ica l g ranu le m e m -

b r a n e s fuse and the n a t u r e of the i n t e r m e d i a t e s in this p r o c e s s a re unc lea r . 

Us ing t r ansmi s s ion e l ec t ron m i c r o s c o p y , A n d e r s o n (1968) and Millonig (1969) 

indica ted tha t o p e n i n g of cor t ica l g r anu l e s m a y o c c u r via mul t ip le fusions 

b e t w e e n the cor t ica l g ranu le m e m b r a n e and o o l e m m a , and t h e r e b y , a ser ies 

of ves ic les , c o m p o s e d of m e m b r a n e de r ived f rom bo th the cor t ica l g ranu le s 

and o o l e m m a , a re r e l eased to the per ivi te l l ine s p a c e . Us ing f reeze- f rac ture 

rep l i cas , C h a n d l e r and H e u s e r (1979) w e r e u n a b l e to find i n t e rmed ia t e s tages 

of cor t ica l g ranu le m e m b r a n e - p l a s m a m e m b r a n e fus ion, sugges t ing that the 

fusion p r o c e s s is c o m p l e t e d ve ry rap id ly . T h e y ind ica ted tha t a single po re 

is f o rmed , wh ich i nc rea se s in s ize to a l low d e h i s c e n c e of the cor t ica l g ranu le 

c o n t e n t s . Th i s sugges t s tha t all of the m e m b r a n e del imi t ing a cor t ica l g ranu le 

is i n c o r p o r a t e d in to the egg p l a s m a m e m b r a n e w h e n the t w o s t r u c t u r e s fuse . 

T h e cur ren t paradigm regarding the m e c h a n i s m s of cort ical granule d ischarge 

is tha t ca l c ium func t ions as an essen t ia l in t race l lu la r m e s s e n g e r (for r e v i e w s , 

see S h e n , 1983; W h i t a k e r and S t e i n h a r d t , 1985; Jaffe, 1985). T h e re l ease of 

ca l c ium from different ce l lu lar c o m p a r t m e n t s has b e e n d e m o n s t r a t e d for sea 

urch in eggs ( Z u c k e r et al., 1978; Z u c k e r and S t e i n h a r d t , 1978), and the s to re 

involved wi th cor t ica l g ranu le d i s cha rge a p p e a r s to be a s s o c i a t e d wi th t he 
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Fig. 3 . Diagramat ic representa t ion of cort ical changes in a fertilized sea urchin egg. (A) 

Cor tex of an unfertilized egg depict ing cortical g ranules , p lasma m e m b r a n e (PM), vitelline 

layer (VL) , and short microvilli (MV). T h e cort ical endoplasmic re t iculum, normal ly present 

in association with the plasma membrane , is not depicted. C G M , Cortical granule membrane . 

(B) Cort ical granule discharge and vitelline layer e levat ion. (C and D) A port ion of the 

cortical granule contents has joined with the vitelline layer to form the fertilization membrane 

(FM) . The remaining cortical granule material remains in the perivitelline space to b e c o m e 

the hyaline layer ( H L ) . Immediate ly following cort ical granule d ischarge , por t ions of the 

p lasma m e m b r a n e b e c o m e involved in endocy tos i s as ev idenced by endocy to t i c pits and 

vesicles ( E P and EV) . T h e surface of the fertilized egg is projected into e longate microvilli 

(EMV) containing a core of actin filaments (AF) . 

e n d o p l a s m i c r e t i cu lum loca ted wi th in t he egg c o r t e x (Fig . l c ; see L u t t m e r 

and L o n g o , 1985, for d i s cus s ion ) . A l m o s t all ca l c ium-b ind ing abil i ty of the 

unfer t i l ized s e a u rch in egg is found in a la rge par t i c le f rac t ion ( m i c r o s o m e s ) 

i so la ted by differential cent r i fugat ion (S t e inha rd t a n d E p e l , 1974). C o n s i s t e n t 

wi th th is o b s e r v a t i o n a r e d e m o n s t r a t i o n s tha t p r e p a r a t i o n s of ves ic les de r ived 

from Xenopus eggs a re able to seques t e r ca lc ium in an A T P - d e p e n d e n t m a n n e r 

(Cartaud et al., 1984) and that ca lc ium is assoc ia ted with the p l a sma m e m b r a n e 
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and cortical g ranules , as well as cort ical endop lasmic re t iculum of sea urchin eggs 

(Cardas i s et al., 1978; S a r d e t , 1984). In add i t ion , e l e c t ron m i c r o s c o p i c s tud ies 

have demons t r a t ed special ized regions of the egg endop lasmic re t iculum that a re 

a s s o c i a t e d wi th the cor t ica l g ranu le s in Xenopus, s ea u r ch in , and m o u s e o v a 

( C a m p a n e l l a and A n d r e u c c e t t i , 1977; G a r d i n e r and G r e y , 1983; S a r d e t , 1984; 

L u t t m e r and L o n g o , 1985). T h e s e o b s e r v a t i o n s , as well a s (1) t he s t r ik ing mor -

phologica l s imilar i ty of t he p l a s m a m e m b r a n e - e n d o p l a s m i c r e t i cu lum assoc i -

a t ion o b s e r v e d in Xenopus, m o u s e , and s ea u rch in eggs to t he t r a n s v e r s e t ubu le 

and s a r c o p l a s m i c r e t i cu lum of m u s c l e cel ls ( E n d o , 1977; G a r d i n e r a n d G r e y , 

1983; S a r d e t , 1984; L u t t m e r and L o n g o , 1985) and (2) the t e m p o r a l co r r e l a t ion 

of cort ical endop lasmic re t iculum deve lopmen t and the capac i ty of Xenopus eggs 

to p ropaga te a w a v e of cort ical granule exocy tos i s (Cha rbonneau and G r e y , 1984; 

C a m p a n e l l a et al., 1984), sugges t tha t t he c lose a s soc i a t i on of t he p l a s m a m e m -

brane and cort ical endop lasmic re t iculum t r ansduces the in teract ion of gametes 

in to an in t race l lu la r ca l c ium r e l e a s e , w h i c h then t r iggers t he cor t ica l g ranu le re -

ac t ion and the ac t iva t ion of d e v e l o p m e n t . 

At t he c o m p l e t i o n of the cor t ica l g r anu le r eac t ion in the eggs of sea u r c h i n s , 

amphib ians , and fish, virtually all of the cortical granules have been d ischarged . 

In mice , a substant ial n u m b e r of cort ical granules (about 2 5 % of the populat ion) 

a re e x o c y t o s e d before s p e r m - e g g fus ion; t he r e m a i n d e r a r e d e h i s c e d at fer-

t i l izat ion (Nicos i a et al., 1977). In Sabellaria, t he cor t ica l g ranu le r eac t ion is 

initiated w h e n the eggs are spawned into sea wa te r (Pas tee ls , 1965). In Urechis, 

a subse t of cor t ica l g r anu le s is r e l ea sed at i n s e m i n a t i o n ; the r e m a i n d e r a r e 

d i scha rged la ter wi th the e l eva t ion of the vi tel l ine l ayer (Paul , 1975). 

F o r o r g a n i s m s w h o s e eggs d o no t p o s s e s s cor t ica l g r anu l e s n o r u n d e r g o a 

cor t ica l g ranu le r e a c t i o n , it is c lea r tha t cor t ica l g r anu le e x o c y t o s i s is not a 

r equ i red fea tu re for fer t i l izat ion, n o r for egg ac t iva t ion and d e v e l o p m e n t . Fur -

t h e r m o r e , inhibi t ion of the cor t ica l g r anu le r eac t i on in sea u r ch in s d o e s not 

impai r e v e n t s of fer t i l izat ion and c l eavage ( L o n g o and A n d e r s o n , 1970; V a c -

qu ie r , 1975; S c h m i d t and E p e l , 1983). 

III. M E M B R A N E CHANGES AT FERTILIZATION 

As a c o n s e q u e n c e of the cort ical granule reac t ion , the re is the external iza t ion 

of cor t ica l g ranu le c o n t e n t s wh ich h a v e p ro found s t ruc tu ra l and phys io log ica l 

effects on the egg (for r e v i e w s , see S h a p i r o and E d d y , 1980; S h a p i r o et al., 

1981; K a y and S h a p i r o , 1985). Inse r t ion of cor t ica l g ranu le m e m b r a n e in to 

the egg p l a s m a m e m b r a n e is fo l lowed by d r a m a t i c s t ruc tu ra l c h a n g e s of t he 

c o r t e x and o o l e m m a (Fig. 3). T h e r e su l t an t m e m b r a n e of the fert i l ized egg 

has b e e n refer red to as a m o s a i c , indica t ing tha t it is d e r i v e d f rom severa l 
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s o u r c e s ; i . e . , t he egg p l a s m a m e m b r a n e , t h e cor t ica l g r anu l e m e m b r a n e , and 

the s p e r m p l a s m a l e m m a (Colwin a n d C o l w i n , 1967; A n d e r s o n , 1968; S c h r o e -

de r , 1979). T h e r e is essen t ia l ly a doub l ing of t he sur face a r e a of the ac t i va t ed 

ech ino id egg as a resu l t of t h e cor t ica l g r anu le r e a c t i o n , i . e . , t he s u m total of 

m e m b r a n e del imi t ing all of t he cor t ica l g r anu l e s wi th in t he egg is equ iva l en t 

to the surface a rea of the egg p lasma m e m b r a n e and bo th sources of m e m b r a n e s 

a re be l i eved to be c o m p l e t e l y i n c o r p o r a t e d wi th t he cor t ica l g r anu le r eac t ion 

( S c h r o e d e r , 1979; V a c q u i e r , 1981). T h a t all of the m e m b r a n e del imi t ing t he 

cor t ica l g r anu l e s a n d the p l a s m a m e m b r a n e of t he unfer t i l ized egg b e c o m e a 

par t of t he p l a s m a l e m m a of t he a c t i v a t e d o v u m has no t b e e n e s t ab l i shed (see 

A n d e r s o n , 1968; Mil lonig , 1969). 

S ince m a n y a s p e c t s of fer t i l izat ion a r e m e m b r a n e - m e d i a t e d e v e n t s leading 

to egg ac t i va t i on , it is no t unl ike ly tha t a c h a n g e in t he p l a s m a m e m b r a n e is 

an ob l iga to ry s t ep in ce l lu lar ac t iva t ion ( P a r d e e et al., 1974; C a m p i s i and 

Scande l l a , 1978). Po ten t i a l c h a n g e s in t h e o rgan iza t i on of m e m b r a n e l ipids 

fol lowing in semina t ion h a v e b e e n s tud i ed , and the resu l t s a r e c o n t r o v e r s i a l . 

Us ing e l ec t ron spin r e s o n a n c e s p e c t r o s c o p y , C a m p i s i and Scande l l a (1978, 

1980a) d e m o n s t r a t e d an i n c r e a s e in bu lk m e m b r a n e fluidity of s ea u r ch i n eggs 

after fertilization. H o w e v e r , b e c a u s e the spin label (fatty acid) w a s equi l ibrated 

a m o n g all subce l lu la r m e m b r a n e f r ac t ions , it cou ld no t be d e t e r m i n e d w h e t h e r 

(1) o v u m ac t iva t ion is a c c o m p a n i e d by a c h a n g e in to ta l ce l lu lar m e m b r a n e s 

to a m o r e fluid s t a t e o r (2) m o r e spec ia l i zed m e m b r a n e s ( such as t he p las -

m a l e m m a ) e n t e r e d a m o r e fluid s t a t e , a n d t h e p r o b e w a s s h o w i n g the a v e r a g e 

c h a n g e of a l t e red a n d u n a l t e r e d m e m b r a n e s . C h a n g e s of m e m b r a n e l ipids a c -

company ing act ivat ion are p robably not a resul t of the cort ical granule reac t ion , 

as eggs partially ac t iva ted by a m m o n i a s h o w e d a similar effect. In expe r imen t s 

wi th cor t i ca l f r ac t ions , it h a s b e e n s h o w n tha t t he fluidity of t he fert i l ized egg 

c o r t e x is less t h a n tha t of t he unfer t i l ized egg c o r t e x (Campis i a n d S c a n d e l l a , 

1980b). A d d i n g ca l c ium to cor t ica l f rac t ions f rom unfer t i l ized eggs r e su l t ed 

in a fluidity d e c r e a s e in vitro. It h a s b e e n sugges t ed tha t th is c h a n g e m a y 

r e p r e s e n t an a l t e ra t ion in m e m b r a n e s t r u c t u r e r a t h e r t h a n a d i rec t i n t e rac t ion 

of ca l c ium wi th phospho l ip id g r o u p s (Campi s i a n d Scande l l a , 1980b). 

A n o t h e r a p p r o a c h to t he q u e s t i o n of poss ib l e o rgan iza t iona l c h a n g e s in egg 

p l a s m a m e m b r a n e l ipids h a s b e e n e x p l o r e d wi th the f luo rescen t p r o b e , mer -

ocyan ine 540 (Fre idus et al., 1984). T h e s e s tudies indicate that cort ical granule 

fusion resu l t s in c h a n g e s in p l a s m a m e m b r a n e lipid o rgan i za t i on , i .e . , m e m -

b r a n e l ipids b e c o m e m o r e loose ly o r g a n i z e d . 

A n a l y s e s of m e m b r a n e lipid c h a n g e s in s ea u rch in and m o u s e eggs us ing 

f l uo re scence p h o t o b l e a c h i n g r e c o v e r y sugges t tha t fer t i l izat ion is no t a c c o m -

pan ied by a c h a n g e in bu lk m e m b r a n e v i scos i ty ; r a t h e r it is a s s o c i a t e d wi th 

a l t e ra t ions in the e n s e m b l e of lipid d o m a i n s (Wolf et al., 1981a,b; Wol f and 

Z i o m e k , 1983). T h e different lipid ana logs e m p l o y e d by Wol f et al. ( 198 l a ,b ) 
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ind ica ted the e x i s t e n c e of lipid d o m a i n s , differing in c o m p o s i t i o n or phys ica l 

s t a tes f rom the a v e r a g e for t he p l a s m a m e m b r a n e . T h e s e resu l t s sugges t the 

e x i s t e n c e of gel and fluid lipid d o m a i n s wi th in the egg p l a s m a m e m b r a n e , the 

propor t ion and compos i t ion of which change upon fertil ization. At fertilization, 

t he r e m a y be a r eo rde r ing of lipid d o m a i n s , w h i c h r e l ea se inac t ive p ro t e ins 

from gel reg ions of t he p l a s m a m e m b r a n e in to fluid r e g i o n s , w h e r e t hey wou ld 

b e c o m e ac t i ve . C h a n g e s in lipid c o m p o s i t i o n and gel - f lu id t r a n s f o r m a t i o n s at 

fert i l izat ion cou ld ac t iva t e p ro t e in func t ions no t requ i r ing the syn thes i s o r 

inser t ion of n e w ma te r i a l s in to t he m e m b r a n e . 

Studies have been per formed in sea urchin (Arbacia) eggs t rea ted with filipin 

to de t ec t a l t e ra t ions in m e m b r a n e s t e ro l s a t ac t iva t ion ( C a r r o n a n d L o n g o , 

1983). T h e p l a s m a m e m b r a n e s of t r e a t e d , unfer t i l ized eggs p o s s e s s n u m e r o u s 

f i l ip in-s terol c o m p l e x e s , whi le f ewer c o m p l e x e s a r e a s s o c i a t e d wi th m e m -

b r a n e s del imi t ing cor t ica l g r a n u l e s , ind ica t ing tha t t he p l a s m a m e m b r a n e is 

re la t ively r ich in ß - h y d r o x y s t e r o l s (de Kruijff and D e m e l , 1974; C a r r o n and 

L o n g o , 1983). Th i s d i c h o t o m y d o e s no t a p p e a r to b e re la ted to a filipin im-

pe rmeab i l i t y , and di f ferences in filipin s ta in ing of the p l a s m a and cor t ica l 

g ranu le m e m b r a n e s m a y r e p r e s e n t d i f ferences in s terol c o n t e n t . B iochemica l 

ana lys i s ( D e c k e r and K i n s e y , 1983), h o w e v e r , ind ica te tha t the cho les t e ro l 

c o n t e n t of cor t ica l g r anu le s is significantly h igher t h a n tha t of t he egg p l a s m a 

m e m b r a n e , suggesting tha t , following the cort ical granule reac t ion , there would 

b e a subs tan t i a l i n c r e a s e in p l a s m a l e m m a c h o l e s t e r o l . A n a l y s e s of fert i l ized 

egg p lasma m e m b r a n e s failed to confirm this expec ta t ion (Decker and Kinsey , 

1983). 

Fo l lowing its fusion wi th the p l a s m a l e m m a , m e m b r a n e fo rmer ly del imi t ing 

cor t ica l g ranu le s u n d e r g o e s a rapid i nc r ea se in the n u m b e r of f i l ip in-s terol 

c o m p l e x e s ( C a r r o n and L o n g o , 1983). O t h e r t han reg ions invo lved in e n d o -

c y t o s i s , t he p l a s m a m e m b r a n e of t he z y g o t e p o s s e s s e s a h o m o g e n e o u s dis-

t r ibu t ion of f i l ip in-s tero l c o m p l e x e s a n d a p p e a r s s t ruc tu ra l ly s imilar to that 

of the unfer t i l ized o v u m . 

H o w the cor t ica l g r anu le m e m b r a n e might a c q u i r e an i n c r e a s e in f i l ip in-

s terol c o m p l e x e s has not b e e n d e t e r m i n e d . L a t e r a l d i s p l a c e m e n t of s te ro ls 

f rom m e m b r a n o u s r eg ions d e r i v e d f rom t h e original egg p l a s m a m e m b r a n e 

m a y be invo lved (F r i end , 1982); h o w e v e r , t h e r e is n o e v i d e n c e d o c u m e n t i n g 

such a p r o c e s s in ac t i va t ed eggs . S te ro l s h a v e b e e n s h o w n to diffuse rapidly 

in b i layers (T räub le and S a c k e r m a n n , 1972), wh ich is c o n s i s t e n t wi th an ex-

t r eme ly rapid la tera l d i s p l a c e m e n t of s te ro l s in to m e m b r a n e p a t c h e s de r ived 

from cor t ica l g r anu le s ( C a r r o n and L o n g o , 1983). 

F l u o r e s c e n c e p h o t o b l e a c h i n g r e c o v e r y e x p e r i m e n t s h a v e b e e n pe r fo rmed 

wi th m o u s e eggs us ing p r o b e s to m e m b r a n e p r o t e i n s , sugges t ing tha t inter-

ac t ions with cytoskele ta l c o m p o n e n t s m a y regulate m e m b r a n e prote in diffusion 

(Wolf and Z i o m e k , 1983). A s wi th m e m b r a n e l ip ids , t he p ro t e in s p r o b e d d e m -
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o n s t r a t e d a h e t e r o g e n e o u s d i s t r ibu t ion . M o r e o v e r , a l t hough " n e w " m e m -

b r a n e s ( i . e . , cor t ica l g r anu l e a n d s p e r m p l a s m a m e m b r a n e s ) a r e a d d e d to the 

egg p l a s m a l e m m a at ferti l ization, the re is n o general ized effect on the diffusion 

of m e m b r a n e p ro te in in t he m o u s e egg. 

Binding s tud ies us ing p lan t lec t ins a l so h a v e b e e n ut i l ized in an effort to 

d e m o n s t r a t e poss ib le m e m b r a n e c h a n g e s b e t w e e n fert i l ized a n d unfer t i l ized 

eggs . Inves t iga t ions wi th m o u s e a n d h a m s t e r eggs h a v e s h o w n tha t c o n c a n -

aval in Α-b ind ing s i tes c h a n g e quan t i t a t i ve ly fol lowing fer t i l izat ion (Yanagi -

mach i a n d N i c o l s o n , 1976; DeFe l i c i a n d S i r a c u s a , 1981). In a sc id ian eggs , 

b o t h the agglut inabi l i ty and n u m b e r of c o n c a n a v a l i n A r e c e p t o r s i nc r ea se fol-

lowing act ivat ion (O'Del l et ai, 1973). T h e s e changes in lectin binding following 

fer t i l izat ion m a y reflect modi f ica t ions in t he n a t u r e a n d / o r s t r u c t u r e of t he 

b inding s i tes t h e m s e l v e s . A l t e r a t i ons in lec t in b ind ing m a y a l so be inf luenced 

by m e m b r a n e fluidity and funct ional s t a t e s of t h e c y t o s k e l e t o n ( K a r s e n t i et 

ai, 1977; Marsha l l and He in ige r , 1979). In t h e sea u rch in Strongylocentrotus, 

t w o c lasses of concanava l in Α-binding sites have been identified: a high-affinity 

site a s s o c i a t e d wi th t he vi tel l ine l aye r a n d a low-affinity si te a s s o c i a t e d wi th 

the p la sma m e m b r a n e . T h e n u m b e r of low-affinity sites doub les at ferti l ization, 

poss ib ly a s a resu l t of t he inse r t ion of cor t ica l g r anu le m e m b r a n e ( V e r o n a n d 

S h a p i r o , 1977). A l t h o u g h the i n c r e a s e in low-affinity b ind ing s i tes m a y be d u e 

to the a p p e a r a n c e of c rypt ic s i tes , the re is no doubl ing w h e n eggs a re ac t iva ted 

wi th a m m o n i a , s u p p o r t i n g t he no t ion tha t t h e i nc r ea se in n u m b e r of s i tes is 

c a u s e d b y the add i t ion of cor t ica l g r anu l e m e m b r a n e to t he egg p l a s m a l e m m a . 

E x a m i n a t i o n of f reeze- f rac ture r ep l i cas of unfer t i l ized sea u r ch i n eggs d e m -

o n s t r a t e s a significant d i f ference in t he n u m b e r of i n t r a m e m b r a n o u s pa r t i c l es 

wi th in t h e p l a s m a l e m m a and the cor t i ca l g r anu le m e m b r a n e . In Arbacia, t he 

n u m b e r of i n t r a m e m b r a n o u s pa r t i c l e s wi th in t he P-face of t he cor t ica l g r anu le 

m e m b r a n e is a b o u t 3 0 % of tha t in t he P-face of t he egg p l a s m a m e m b r a n e 

( L o n g o , 1981). S tud ie s h a v e b e e n ca r r i ed ou t to d e t e r m i n e w h a t h a p p e n s t o 

this d i c h o t o m y fol lowing cor t i ca l g r anu le e x o c y t o s i s ; i . e . , w h e t h e r loca l ized 

a r e a s , c o r r e s p o n d i n g to p a t c h e s of cor t i ca l g r anu le m e m b r a n e , a r e p r e s e n t 

wi th in t he p l a s m a m e m b r a n e of t he fert i l ized egg o r w h e t h e r pa r t i c l e s wi th in 

t he p l a s m a m e m b r a n e of the a c t i v a t e d egg a r e h o m o g e n e o u s l y d i s t r i bu ted . A 

h o m o g e n e o u s d i s t r ibu t ion of pa r t i c les w o u l d sugges t an in te rmix ing of c o m -

p o n e n t s wi th in t he m o s a i c m e m b r a n e . T h e m o s a i c p a t t e r n of t he fert i l ized 

egg p l a s m a l e m m a , in t e r m s of i n t r a m e m b r a n o u s pa r t i c l e s , is t e m p o r a r y ; r ec -

ogn izab le d i f ferences b e t w e e n the original egg p l a s m a m e m b r a n e and cor t ica l 

g ranu le m e m b r a n e a r e lost s o o n after cor t ica l g r anu le e x o c y t o s i s (Po l lack , 

1978; Chand le r and H e u s e r , 1979; L o n g o , 1981). P a t c h e s , conta ining a r educed 

n u m b e r of i n t r a m e m b r a n o u s part ic les and co r respond ing to the former cort ical 

g ranu le m e m b r a n e , a r e no t found in t he p l a s m a m e m b r a n e of t he ac t i va t ed 

egg. Th i s ind ica te s a rap id a l t e ra t ion in t he c o m p o s i t i o n of cor t ica l g r anu le 
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m e m b r a n e fol lowing its fusion wi th t he p l a s m a m e m b r a n e . By 4-min pos t in -

s emina t i on , t h e dens i ty of i n t r a m e m b r a n o u s pa r t i c l e s in t h e P-face of t h e p las -

m a m e m b r a n e of the fertilized egg is slightly r educed from that of the m e m b r a n e 

of the unfer t i l ized egg, sugges t ing a poss ib le " f l o w " of i n t r a m e m b r a n o u s par-

t icles f rom the o o l e m m a into m e m b r a n e de r ived f rom the cor t ica l g r a n u l e s . 

Th i s sugges t ion is in keep ing wi th t he fluid c h a r a c t e r of m e m b r a n e s and is 

consis tent with s c h e m e s repor ted for o the r cells (F rye and Edidin , 1970; Singer 

and N i c o l s o n , 1972). 

Changes in the distr ibution of i n t r a m e m b r a n o u s part icles occu r in the p lasma 

m e m b r a n e of Spisula eggs , w h i c h d o no t h a v e a cor t ica l g r anu le r eac t i on . 

Fo l lowing ac t iva t ion , t h e r e is an a p p r o x i m a t e 2-fold i nc r ea se in dens i ty of 

i n t r a m e m b r a n o u s par t i c les wi th in t he p l a s m a m e m b r a n e of Spisula eggs (Lon-

go , 1976a,b). T h e functional significance of this m e m b r a n e change and w h e t h e r 

it is re la ted to the d e v e l o p m e n t of a b lock to p o l y s p e r m y h a v e not b e e n de -

t e r m i n e d . 

IV. I N T E G R A T I O N O F T H E S P E R M AND E G G P L A S M A M E M B R A N E 

Tha t all of the s p e r m p l a s m a m e m b r a n e is i n c o r p o r a t e d in to the egg p l a s m a 

m e m b r a n e at fertilization is a s s u m e d in m a n y ins tances , a l though exper imenta l 

e v i d e n c e has not verified this u n e q u i v o c a l l y . E l e c t r o n m i c r o s c o p i c s tud ies of 

s p e r m inco rpo ra t i on in s o m e i n v e r t e b r a t e s and m a m m a l s h a v e d e m o n s t r a t e d 

m e m b r a n o u s e l e m e n t s at the si te of g a m e t e fusion tha t a p p e a r to be de r ived 

f rom the fused s p e r m a n d / o r t h e egg p l a s m a l e m m a (F rank l in , 1965; Co lwin 

and Co lwin , 1967; Piko, 1969; Z a m b o n i , 1971; Bedford and C o o p e r , 1978). 

Inse r t ion of s p e r m p l a s m a m e m b r a n e c o m p o n e n t s in to the egg p l a s m a m e m -

brane has been demons t r a t ed by O ' R a n d (1977), w h o used i soant i serum against 

who le rabbi t s p e r m . Fer t i l i zed rabbi t eggs lyse w h e n i n c u b a t e d wi th the an-

t ibody and compl iment . Unferti l ized eggs are unaffected, suggest ing that spe rm 

ant igen a r e e x p o s e d on the sur face of the fert i l ized egg. 

Inves t iga t ions examin ing the in tegra t ion of t he s p e r m and egg p l a s m a m e m -

b r a n e s at fer t i l izat ion, w h e r e o n e of t h e g a m e t e s h a s b e e n l abe led , h a v e b e e n 

car r ied out in bo th i n v e r t e b r a t e s and m a m m a l s ( Y a n a g i m a c h i et al., 1973; 

Gabe l et al., 1979; L o n g o , 1982). Pr ior to s p e r m - e g g fusion in h a m s t e r s , t he 

s p e r m p l a s m a m e m b r a n e of the p o s t a c r o s o m a l region d o e s not bind col loidal 

iron h y d r o x i d e . O n c e g a m e t e fusion has b e e n in i t ia ted , h o w e v e r , the fo rmer 

sperm p lasma m e m b r a n e is able to bind this m a r k e r (Yanagimachi et al., 1973). 

T h e rapid i nc rea se in col loidal i ron h y d r o x i d e b ind ing on the i nco rpo ra t ing 

s p e r m head is be l ieved to be a resul t of in te rmix ing of s p e r m - e g g m e m b r a n e 

c o m p o n e n t s c o m p a r a b l e t o t he in te rmingl ing of an t igen ic d e t e r m i n a n t s after 
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fusion of soma t i c cel ls ( F r y e a n d Ed id in , 1970). T h e s e o b s e r v a t i o n s , h o w e v e r , 

d o no t e x c l u d e t he poss ibi l i ty t ha t col lo idal i ron h y d r o x i d e - b i n d i n g r e c e p t o r s 

a r e enzyma t i ca l l y a d d e d to s p e r m p l a s m a m e m b r a n e o l i g o s a c c h a r i d e s after 

fusion o r tha t col loidal i ron h y d r o x i d e - b i n d i n g m e m b r a n e c o m p o n e n t s a r e in-

se r ted in to t he s p e r m p l a s m a m e m b r a n e fol lowing fer t i l iza t ion. 

Similar e x p e r i m e n t s h a v e b e e n ca r r i ed ou t wi th the surf c l a m , Spisula, in 

wh ich c o n c a n a v a l i n A b ind ing to t he egg, bu t no t to the s p e r m p l a s m a m e m -

brane , has been demons t r a t ed by the horse rad i sh pe rox idase -d i aminobenz id ine 

r eac t ion ( H R P - D A B ; L o n g o , 1982). B e c a u s e of this d i c h o t o m y in lect in bind-

ing, c h a n g e s in t he affinity of t he s p e r m p l a s m a l e m m a fol lowing its fusion and 

in tegra t ion wi th c o m p o n e n t s of the egg p l a s m a m e m b r a n e can b e fo l lowed. 

By 1-min p o s t i n s e m i n a t i o n , t he p l a s m a m e m b r a n e s of fert i l ized Spisula eggs 

reac t wi th c o n c a n a v a l i n A - H R P - D A B and a r e a s s o c i a t e d uni formly wi th en-

z y m a t i c p r ec ip i t a t e , e x c e p t at s i tes of s p e r m i n c o r p o r a t i o n . T h e s e p o r t i o n s 

of u n s t a i n e d p l a s m a m e m b r a n e a r e d e r i v e d f rom the s p e r m a n d a r e loca l ized 

to the a p e x of t he fer t i l izat ion c o n e . F r o m 2- to 4-min p o s t i n s e m i n a t i o n , H R P -

D A B reac t ion p r o d u c t g radua l ly b e c o m e s a s s o c i a t e d wi th all of t he m e m b r a n e 

del imi t ing t he fer t i l izat ion c o n e . By 4-min p o s t i n s e m i n a t i o n , no di f ference in 

s ta ining of p l a s m a m e m b r a n e s d e r i v e d f rom the egg o r t he s p e r m is d e t e c t e d . 

T h e s e o b s e r v a t i o n s a r e c o n s i s t e n t wi th t he m o v e m e n t of c o n c a n a v a l i n A-

binding s i tes f rom the egg p l a s m a l e m m a in to t he s p e r m p l a s m a m e m b r a n e . 

Similar resu l t s h a v e a l so b e e n o b t a i n e d us ing ca t ion ized ferr i t in- labeled ga-

m e t e s of the sea u r ch in , Arbacia, w h i c h a l so s h o w e d tha t significant rear -

r a n g e m e n t s o c c u r in the egg and s p e r m p l a s m a m e m b r a n e s fol lowing g a m e t e 

fus ion, giving r ise to a s y m m e t r i e s in m e m b r a n e t o p o g r a p h y ( L o n g o , 1986a). 

C o m p o n e n t s of b o t h m e m b r a n e s a r e r ed i s t r i bu ted wi th in t he b i l ayer ad jacen t 

to and del imi t ing t he fer t i l izat ion c o n e . 

N o t all c o m p o n e n t s of the s p e r m a n d egg p l a s m a m e m b r a n e a p p e a r to in-

t e rmix rap id ly fol lowing g a m e t e fus ion. S e a u rch in and m o u s e eggs fert i l ized 

wi th f luorescen t - o r
 l 2 5

I - l a b e l e d s p e r m r e p o r t e d l y re ta in a topograph ica l ly 

m o s a i c su r face , a s if t he la tera l mobi l i ty of s p e r m p l a s m a m e m b r a n e c o m -

p o n e n t s w e r e r e s t r i c t ed a n d r e t a ined as a d i sc ree t p a t c h (Gabe l et al., 1979; 

S h a p i r o et al., 1982). It is r e m a r k a b l e tha t s o m e i n c o r p o r a t e d spe rm-su r f ace 

p ro t e in s pers i s t wi th in a loca l ized a r e a , de sp i t e r e a r r a n g e m e n t s of t he egg 

p l a s m a m e m b r a n e involv ing e x o c y t o s i s of cor t ica l g r anu l e s and e n d o c y t o s i s . 

S imi lar e x p e r i m e n t s h a v e a l so ind ica ted tha t labe led s p e r m c o m p o n e n t s (sur-

face and mi tochondr i a l ) a r e in te rna l i zed after fer t i l izat ion ( G u n d e r s e n et al., 

1982); s o m e p ro t e in s pers i s t in tac t , whi le o t h e r s u n d e r g o a specif ic , l imited 

deg rada t i on ( G u n d e r s e n and S h a p i r o , 1984; G u n d e r s e n et al., 1986). T h e s e 

resu l t s a re c o n s i s t e n t wi th e l ec t ron m i c r o s c o p i c s t u d i e s , ind ica t ing the in-

corpora t ion of por t ions of the spe rm p la sma m e m b r a n e (Bedford, 1972; Colwin 

and C o l w i n , 1967; Bedford and C o o p e r , 1978; Y a n a g i m a c h i a n d N ö d a , 1970). 
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V. F E R T I L I Z A T I O N C O N E F O R M A T I O N 

At the si te of g a m e t e fus ion, a p r o t u b e r a n c e f o r m s , wh ich has b e e n referred 

to as the fer t i l izat ion o r i n c o r p o r a t i o n c o n e (Fig. 4a and b ; L o n g o and An-

d e r s o n , 1968; L o n g o , 1973; S c h a t t e n and S c h a t t e n , 1980; Ti lney and Jaffe, 

1980). F o r m a t i o n of this s t r u c t u r e in m a n y i n v e r t e b r a t e s i nvo lves a m o v e m e n t 

of egg cy top lasm into the region sur rounding the spe rm nuc leus , mi tochondr ia , 

and a x o n e m a l c o m p l e x , resu l t ing in a p r o t r u s i o n at t he site of s p e r m en t ry 

( L o n g o , 1973). T h e fer t i l izat ion c o n e i nc r ea se s in s ize as m o r e of the egg 

c y t o p l a s m s u r r o u n d s i n c o r p o r a t e d s p e r m c o m p o n e n t s , wh ich in tu rn m o v e 

d e e p e r in to the o v u m . B a s e d on scann ing e l ec t ron m i c r o s c o p i c o b s e r v a t i o n s , 

it has b e e n c la imed tha t microvil l i in t he region of g a m e t e fusion c lus t e r and 

engulf the s p e r m a t o z o o n (Cline et al., 1983; S c h a t t e n a n d S c h a t t e n , 1980). 

A l though microvi l la r e longa t ion is first r e cogn ized in the vicini ty of g a m e t e 

fusion, the i r i n v o l v e m e n t in s p e r m i n c o r p o r a t i o n w a s not a p p a r e n t by t r ans -

miss ion e l ec t ron m i c r o s c o p y ( L o n g o , 1980). 

During early s tages of spe rm incorpora t ion , the fertilization cone is relatively 

smal l ; it i n c r ea se s grea t ly in s ize after the s p e r m n u c l e u s p a s s e s t h rough it 

and c o m e s to res t wi th in t he egg c o r t e x ( L o n g o , 1980; S c h a t t e n and Maz ia , 

1976). T h e m a x i m u m size of fer t i l izat ion c o n e s va r i e s d e p e n d i n g on the or-

gan i sm in q u e s t i o n ; in m a t u r e Arbacia eggs , t hey m e a s u r e a p p r o x i m a t e l y 6 

μηι in length by 4 μηι in d i a m e t e r , 5- to 7-min p o s t i n s e m i n a t i o n . T h e y then 

r eg res s and a re r e a b s o r b e d by 10-min p o s t i n s e m i n a t i o n . In te res t ing ly , in Ar-

bacia, t he fer t i l izat ion c o n e s tha t form on i m m a t u r e eggs a r e m u c h larger t han 

t h o s e tha t d e v e l o p on m a t u r e o v a , e .g . , s izes of 25 μηι in length by 10 μηι in 

d i a m e t e r a re not u n u s u a l (Fig . 4a and b ; Seifriz, 1926; T i lney and Jaffe, 1980; 

Dale and San te l l a , 1985). 

Sur face a r e a m e a s u r e m e n t s of sea u rch in o o c y t e fer t i l izat ion c o n e s ind ica te 

that cons iderably m o r e m e m b r a n e delimits this cort ical project ion of cy top lasm 

tha t c a n be a c c o m m o d a t e d by the s p e r m p l a s m a m e m b r a n e ( L o n g o , 1986a). 

T h a t is , if all of the s p e r m p l a s m a m e m b r a n e b e c o m e s a par t of the del imi t ing 

m e m b r a n e of the fer t i l izat ion c o n e , it wou ld c o m p r i s e less t han 10% of the 

surface a r ea . Th i s and the a b s e n c e of e v i d e n c e d e m o n s t r a t i n g a con t r i bu t ion 

from the s p e r m a t o z o o n o t h e r t han its p l a s m a l e m m a ind ica te tha t m o s t of the 

m e m b r a n e (90% plus) del imi t ing t he fer t i l izat ion c o n e is de r ived f rom the o o -

c y t e . Qua l i t a t ive a s s e s s m e n t of o o c y t e s at different t imes fol lowing insemi-

na t ion wi th different d e g r e e s of p o l y s p e r m y ind ica te tha t the p r e s e n c e of mi-

crovill i is inverse ly re la ted to the n u m b e r and the size of fer t i l izat ion c o n e s . 

Th i s sugges t s tha t microvil l i a r e r e t r a c t e d in to t he o o c y t e su r face ; the m e m -

b r a n e t hus p r o d u c e d a c c o m m o d a t e s fer t i l izat ion c o n e e x p a n s i o n (Dale and 

Sante l la , 1985; L o n g o , 1986a). T h e s e c o n c l u s i o n s a r e cons i s t en t wi th o b s e r -
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va t ions in s o m a t i c ce l l s , ind ica t ing tha t su r face mate r ia l s t o r ed in m i c r o e x -

t e n s i o n s of s u s p e n d e d cu l t u r ed cel ls is u s e d du r ing s p r e a d i n g (see T r i n k a u s , 

1980; E r i c k s o n a n d T r i n k a u s , 1976; R o v e n s k y a n d Vas i l i ev , 1984). 

R e c e n t s tud ie s h a v e a l so d e m o n s t r a t e d tha t t h e fer t i l izat ion c o n e s of in-

s e m i n a t e d sea u rch in o o c y t e s ( L o n g o , 1986a,b) h a v e a d i s t inc t ive c r e n u l a t e d 

a p p e a r a n c e w h i c h differs f rom tha t of t he r e m a i n d e r of t he o o c y t e (Fig . 4b) . 

M e m b r a n e - d e l i m i t i n g fer t i l izat ion c o n e s a l so h a s a m u c h l o w e r affinity for 

agen t s tha t s ta in nega t ive ly c h a r g e d and c a r b o h y d r a t e mo ie t i e s (Fig . 4b) . Th i s 

d i f ference in sur face p r o p e r t i e s of m e m b r a n e del imi t ing t he si te of s p e r m - e g g 

fusion is no t d u e solely to i n c o r p o r a t e d s p e r m p l a s m a m e m b r a n e a n d d o e s 

no t o c c u r w h e n i n s e m i n a t e d o o c y t e s a r e i n c u b a t e d in c y t o c h a l a s i n B . T h e s e 

o b s e r v a t i o n s ind ica te tha t fol lowing i n semina t i on significant r e a r r a n g e m e n t s 

of sur face m o l e c u l e s t a k e s p lace wi th in t h e egg p l a s m a l e m m a tha t give r ise 

to a symmet r i e s in m e m b r a n e t opography . T h e y a re a lso cons is ten t with repor t s 

(E lgsae t e r and B r a n t o n , 1974; S h e e t z et al., 1980; W u et al., 1982; T a n k et 

al., 1982; J a c o b s o n et al., 1984) that e l emen t s of the cytoskele ta l sys t em affect 

la teral m o v e m e n t of m e m b r a n e c o m p o n e n t s and impl ica te ac t in in the re -

c r u i t m e n t of m e m b r a n e to t h e fer t i l izat ion c o n e . T h a t o o c y t e microvil l i m a y 

be invo lved wi th fer t i l izat ion c o n e e x p a n s i o n impl ies this a s y m m e t r y m a y 

o c c u r a s a resu l t of (1) t h e migra t ion of specif ic c o m p o n e n t s f rom the egg 

p l a s m a m e m b r a n e in to t he d o m a i n of t he fer t i l izat ion c o n e o r (2) the mod i -

f icat ion of a m o r e genera l pool of p l a s m a m e m b r a n e c o m p o n e n t s a s t h e y be -

c o m e a pa r t of the fer t i l izat ion c o n e . 

Migra t ion of sur face c o m p o n e n t s , b o t h s p e r m and egg d e r i v e d , wi th in the 

p l a s m a m e m b r a n e of t he z y g o t e is c o i n c i d e n t wi th d r a m a t i c c h a n g e s in t he 

funct ional s ta te of t he egg , w h i c h in tu rn cou ld be a resul t of funct ional al-

t e r a t i ons of t he m e m b r a n e . T h e m o v e m e n t of sur face m o l e c u l e s m a y be in-

vo lved in n e w m e m b r a n e func t ions s imilar , for e x a m p l e , to t he ac t iva t ion of 

a d e n y l a t e c y c l a s e , resu l t ing f rom the la tera l mobi l i ty of m e m b r a n e m o l e c u l e s 

(Mar t in , 1983). 

In sea u rch in eggs , fer t i l izat ion c o n e s a r e filled wi th n u m e r o u s b u n d l e s of 

ac t in f i l aments tha t s h o w a polar i ty w h e n r e a c t e d wi th h e a v y m e r o m y o s i n or 

SI (Ti lney and Jaffe, 1980), i . e . , t he a r r o w h e a d c o m p l e x e s tha t form a re di-

r ec t ed to the c e n t e r of the egg. T h e mic ro f i l amen t s found in the fer t i l izat ion 

c o n e a r e p o l y m e r i z e d in situ f rom co r t i ca l , m o n o m e r i c ac t in a s few ac t in fil-

a m e n t s a r e p r e s e n t in the egg c o r t e x (Spud i ch and S p u d i c h , 1979; Cl ine et 

al., 1983). W h e t h e r and h o w ac t in in t he fer t i l izat ion c o n e might funct ion to 

effect s p e r m i n c o r p o r a t i o n is no t en t i re ly c lea r . Ac t in f i l aments of t he s p e r m 

a c r o s o m a l p r o c e s s a r e a l so po la r i zed wi th t he h e a v y m e r o m y o s i n - a c t i n ar-

r o w h e a d s po in t ing t o the s p e r m n u c l e u s . C o n s e q u e n t l y , egg m y o s i n cou ld not 

br idge sliding ac t in f i laments of b o t h t he fer t i l izat ion c o n e a n d the a c r o s o m a l 

p r o c e s s to br ing a b o u t s p e r m n u c l e u s i n c o r p o r a t i o n (Ti lney a n d K a l l e n b a c h , 
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1979); b o t h se t s of ac t in filaments a r e po la r i zed in the w r o n g d i r ec t ion , w h e n 

c o m p a r e d to the o r i en ta t ion of m y o s i n and ac t in of a s a r c o m e r e . It is poss ib le 

that act in f i laments p resen t in the fertilization cone might be primari ly involved 

in the e leva t ion and e n l a r g e m e n t of this cor t ica l p ro jec t ion of c y t o p l a s m . 

C y t o c h a l a s i n B , a d rug tha t d i s rup t s ac t in mic ro f i l amen t s , ha s b e e n s h o w n 

to inhibit sur face ac t iv i ty of fert i l ized sea u rch in eggs , s u c h as microvi l la r 

e longa t ion a n d fer t i l izat ion c o n e fo rma t ion ( L o n g o , 1980; see a l so S c h a t t e n 

et al., 1986). C y t o c h a l a s i n B- t rea ted eggs u n d e r g o a cor t ica l g r anu l e r eac t i on , 

e l eva te a fer t i l izat ion m e m b r a n e , a n d a r e me tabo l i ca l ly ac t i va t ed (Gou ld -So -

m e r o et al., 1977; L o n g o , 1978). T h e s e o b s e r v a t i o n s a r e c o n s i s t e n t wi th the 

suggest ion tha t , at the site of game te fusion, the re is a localized polymer iza t ion 

of ac t in tha t pa r t i c ipa t e s in t he fo rma t ion of the fer t i l izat ion c o n e . In add i t i on , 

e x p e r i m e n t s wi th c y t o c h a l a s i n Β a l so ind ica te tha t t r e a t e d sea u rch in eggs 

can be ac t iva ted by spe rm, but spe rm fail to en t e r the egg ( L o n g o , 1978; Gould-

S o m e r o et al., 1977). H o w the s p e r m is c a p a b l e of ac t iva t ing t he egg in this 

i n s t ance w i thou t en te r ing it ha s no t b e e n d e t e r m i n e d . It is poss ib le tha t the 

a c r o s o m a l p r o c e s s fuses wi th the egg p l a s m a m e m b r a n e , bu t s ince ac t in and 

its p o l y m e r i z a t i o n a r e impa i r ed , t he b r idge l inking the fused s p e r m and egg 

is weak , and the spe rm is r e m o v e d from the egg surface by exocy tos ing cort ical 

g r a n u l e s . A n o t h e r poss ib i l i ty , c o n s i s t e n t wi th r e c e n t o b s e r v a t i o n s tha t ionic 

ac t iva t ion of Lytechinus eggs p r e c e d e s s p e r m - e g g p l a s m a m e m b r a n e fusion 

(Longo et al., 1986), is that cy tocha las in Β inhibits fusion of the egg and spe rm 

and that g a m e t e con tac t -b ind ing in this ins tance is sufficient for egg act ivat ion. 

In te leos ts , the fertilizing s p e r m a t o z o o n en te r s a region of the egg cy top lasm 

tha t a p p e a r s to be highly spec ia l i zed . A t t he b a s e of the m i c r o p y l e , the p l a s m a 

m e m b r a n e of the unfer t i l ized egg is d i f ferent ia ted in to a s t r u c t u r e a p p a r e n t l y 

des igned for s p e r m b ind ing . It is a shor t p ro jec t ion in Fundulus ( B r u m m e t t 

and D u m o n t , 1979), a c lu s t e r of microvi l l i in Cyrinus ( K u d o , 1980), Rhodeus 

(Oh ta and I w a m a t s u , 1983), a n d Brachydanio ( H a r t and D o n o v a n , 1983). In 

the eggs of s o m e t e l e o s t s , t he si te of s p e r m i n c o r p o r a t i o n m a y lack cor t ica l 

granules (Brummet t and D u m o n t , 1979; K o b a y a s h i and Y a m a m o t o , 1981; Har t 

and D o n o v a n , 1983), o r g r anu l e s m a y b e p r e s e n t , bu t t hey a r e smal le r t han 

those in o the r regions of the cor tex (Gilkey et al., 1978). Changes in the te leost 

< 
Fig. 4. Ferti l ization cones of inseminated sea urchin {Arbacia punctulata) oocy tes , (a) 

Scanning electron micrograph of an inseminated oocy te depict ing a fertilization cone (FC) 

and surrounding area possess ing relatively few microvilli . S, Spe rm. Spec imen fixed 12-min 

post inseminat ion. (b) Ferti l ization cone of an oocy te (8-min post inseminat ion) incubated in 

concanaval in A. T h e amoun t of pe rox idase -d iaminobenz id ine react ion product bound to 

the plasma m e m b r a n e (arrows) increases from the apex (A) to the base (B) of the fertilization 

cone . No te the crenula ted surface of the fertilization cone . 
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egg c o r t e x a s s o c i a t e d wi th fer t i l izat ion c o n e f o r m a t i o n , a s d e t e r m i n e d by 

scann ing e l ec t ron m i c r o s c o p y , h a v e b e e n d e s c r i b e d ( B r u m m e t t et al., 1985; 

K u d o , 1980; K u d o and S a t o , 1985; O h t a and I w a m a t s u , 1983; I w a m a t s u and 

O h t a , 1978). 

At the site of s p e r m e n t r y in a n u r a n s , a microvi l lus- f ree b leb of c y t o p l a s m 

fo rms , p r e s u m a b l y funct ional ly equ iva l en t to a fer t i l izat ion c o n e (P ichera l , 

1977; E l inson a n d M a n e s , 1978; P ichera l and C h a r b o n n e a u , 1982). Even tua l l y 

it d i s a p p e a r s and is r ep l aced by a small c l u m p of e longa t e microvi l l i . T h e 

microvi l lus-f ree b leb is be l ieved to be p i n c h e d off in Pleurodeles, leaving the 

microvil l i on the sur face of t he fert i l ized egg (P ichera l , 1977; P ichera l and 

C h a r b o n n e a u , 1982). If th is is t he c a s e , t h e n it is poss ib le tha t p l a s m a m e m -

b r a n e c o m p o n e n t s , a s well a s o t h e r s p e r m - d e r i v e d s t r u c t u r e s , a r e e l imina ted 

from the egg. T h e site of spe rm en t ry repor ted ly remains de tec tab le as a c lump 

of microvil l i for at least 2 hr . 

Fo l lowing t h e fusion of t h e egg a n d s p e r m p l a s m a m e m b r a n e s in m a m m a l s , 

t o n g u e s of c y t o p l a s m s u r r o u n d the an t e r i o r po r t i on of the s p e r m head (Piko, 

1969), forming a ves ic le tha t is p r e s e n t for a t ime wi th in the zygo te (Yana-

g imach i a n d N ö d a , 1970). At t he si te of g a m e t e fus ion , a p r o t r u s i o n of cy-

t o p l a s m fo rms wh ich is h o m o l o g o u s to the fer t i l izat ion c o n e s s een in inver-

t eb ra t e eggs and is often re fe r red to as an i n c o r p o r a t i o n c o n e (Shalgi et al., 

1978; Z a m b o n i , 1971; for r e v i e w s , see G a d d u m - R o s s e , 1985; M a r o et al., 

1986a). A s in sea u r c h i n s , the i n c o r p o r a t i o n c o n e of fert i l ized m a m m a l i a n eggs 

r e a c h e s its m a x i m u m only after t he s p e r m h e a d has e n t e r e d the c o r t e x (Gad-

d u m - R o s s e , 1985). In m o u s e eggs , th is p r o t r u s i o n is filled wi th c y t o p l a s m i c 

o rgane l les found in o t h e r reg ions of t he z y g o t e , a n d a long its p l a s m a l e m m a 

is a p r o m i n e n t l aye r of ac t in ( M a r o et al., 1984, 1986b). Su r face m o v e m e n t s 

a l so o c c u r in fert i l ized rat and m o u s e o o c y t e s ( G a d d u m - R o s s e et al., 1984; 

Battaglia and G a d d u m - R o s s e , 1984; W a k s m u n d z k a et al., 1984). This t ransient 

activity involves localized e levat ions of the cort ical cy top la sm, which d i sappear 

fol lowing i nco rpo ra t i on of the s p e r m tai l . F o r m a t i o n of cor t ica l e l eva t ions is 

sensit ive to cy tochalas in Β and occu r s w h e n eggs a re ac t iva ted with the calc ium 

i o n o p h o r e A23187. T h e s e o b s e r v a t i o n s sugges t tha t the cor t ica l e l eva t ions a re 

a mani fes ta t ion of cy toske l e t a l c h a n g e s of t he o o c y t e involv ing ac t in and a re 

cha rac t e r i s t i c of t he ac t iva t ion p r o c e s s e s and not d e p e n d e n t on the p r e s e n c e 

of s p e r m c o m p o n e n t s . 

VI . M I C R O V I L L A R E L O N G A T I O N 

It h a s b e e n s h o w n tha t the tota l sur face a r e a of cor t ica l g r anu le m e m b r a n e 

in a Strongylocentrotus egg is g rea te r than that of the p l a s m a l e m m a (Schroeder , 

1979). H e n c e , if all t he cor t ica l g ranu le m e m b r a n e is i n c o r p o r a t e d in to the 
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egg p l a s m a l e m m a , t h e r e w o u l d b e at leas t a 2-fold i nc r ea se in sur face a r e a of 

the egg at fer t i l izat ion. H o w e v e r , by 16-min p o s t i n s e m i n a t i o n t he sur face a r e a 

of the ac t i va t ed egg is on ly slightly la rger t h a n tha t of t he u n a c t i v a t e d o v u m , 

indica t ing a rap id a c c o m m o d a t i o n in sur face m e m b r a n e . T h e microvi l l a r e lon-

gation that occu r s following inseminat ion m a y be one m e a n s of a c c o m m o d a t i n g 

a sur face i nc r ea se in t he ac t i va t ed sea u rch in egg ( E d d y a n d S h a p i r o , 1976; 

Sch roede r , 1979). H o w e v e r , surface a r ea m e a s u r e m e n t s indicate that e longated 

microvil l i c a n n o t c o m p e n s a t e for all t he cor t ica l g r anu le m e m b r a n e tha t might 

b e i n c o r p o r a t e d , a n d m e m b r a n e in te rna l i za t ion has b e e n p r o p o s e d as a m e c h -

a n i s m to quan t i t a t ive ly modify t he sur face a r e a of a c t i va t ed eggs ( S c h r o e d e r , 

1979). 

Rapid e longat ion of microvilli is bel ieved to occu r primari ly in a reas occupied 

by the original p l a s m a m e m b r a n e ( C h a n d l e r and H e u s e r , 1981) and m a y t a k e 

place only at si tes on the egg surface, w h e r e cort ical granules have exocy tosed 

(F i she r et al., 1982). H o w e v e r , m o r e r e c e n t inves t iga t ions ( F i s h e r et al., 1985) 

ind ica te tha t it m a y o c c u r in s ea u rch in eggs in w h i c h cor t ica l g r anu le e x o -

cy tos i s ha s b e e n inh ib i ted , bu t af ter s o m e d e l a y . By 2-min p o s t i n s e m i n a t i o n , 

c y t o p l a s m i c u p h e a v a l s d e v e l o p at t h e b a s e s of e longa t ing microvi l l i and fo rm 

m o u n d s w h i c h p o s s e s s t w o to four microvi l l i p ro jec t ing f rom the i r a p i c e s . By 

5-min p o s t i n s e m i n a t i o n , the m o u n d s sh r ink a n d a r e i n t e r c o n n e c t e d by ruffles 

of c y t o p l a s m ( C h a n d l e r and H e u s e r , 1981). S imi lar morpho log ica l c h a n g e s 

along the bases of microvilli have a lso been descr ibed for Spisula eggs ( L o n g o , 

1976a). In sea u r c h i n s , t h e s e c h a n g e s a r e a resu l t of the r eo rgan i za t i on of the 

cor t ica l cy toske l e t a l s y s t e m , w h i c h g ives r ise to a c o r t e x tha t is p ro jec t ed 

in to e longa te microvi l l i a n d c o n t a i n s cy to ske l e t a l e l e m e n t s , e n d o p l a s m i c re -

t i cu lum, and g r o u n d s u b s t a n c e (Fig . Id ) . 

A l t h o u g h p r e s e n t in high c o n c e n t r a t i o n in unfer t i l ized o v a , few o r n o ac t in 

f i laments a r e found a s s o c i a t e d wi th t h e c o r t i c e s of unfer t i l ized e c h i n o d e r m 

eggs a n d re la t ive ly little ( 9 - 2 0 % ) of t h e to ta l egg ac t in pool is p r e s e n t in the 

p o l y m e r i z e d fo rm (Spud ich a n d S p u d i c h , 1979; O t t o et al., 1980; Coffe et al., 

1982; Y o n e m u r a a n d K i n o s h i t a , 1986). B iochemica l s tud ies (Spud ich and 

S p u d i c h , 1979; O t t o et al., 1980) a n d f luo rescen t m i c r o s c o p i c o b s e r v a t i o n s 

wi th N B D - p h a l l i c i d i n ( Y o n e m u r a and K i n o s h i t a , 1986) d e m o n s t r a t e tha t 

m o n o m e r i c , cor t ica l ac t in is i n d u c e d to p o l y m e r i z e in to f i l aments at fertiliz-

a t ion . Ac t in has a l so b e e n d e m o n s t r a t e d in t he co r t i ce s of a m p h i b i a n and 

m a m m a l i a n eggs (Clark and M e r r i a m , 1978; M a r o et al., 1984; R e i m a a n d 

L e h t o n e n , 1985; L o n g o and C h e n , 1985). 

I nves t i ga t i ons , wi th b o t h in tac t eggs a n d i so la ted co r t i c e s e x p o s e d to dif-

ferent ionic c o n d i t i o n s , d e m o n s t r a t e tha t microv i l l a r e longa t ion is s t imula ted 

by the ca l c ium flux cha rac t e r i s t i c of egg ac t iva t ion ( C a r r o n a n d L o n g o , 1980, 

1982; Begg et al., 1982). A s a c o n s e q u e n c e of this p r o c e s s , microvi l l i i n c r ea se 

t h r ee to four t imes the i r original length a n d ob t a in po la r i zed b u n d l e s of ac t in 

f i laments (Burgess and Sch roede r , 1977). Microvil lar e longat ion does not occu r 
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when eggs are incubated in media such as a m m o n i a , which induces an increase 

in in t race l lu la r p H . H o w e v e r , ac t in f i lament b u n d l e fo rma t ion is t r iggered by 

an i nc r ea se in in t race l lu la r p H . F o r m a t i o n of ac t in f i lament b u n d l e s is not 

n e c e s s a r y for m ic ro villar e longa t ion , bu t is r equ i red for rigid s u p p o r t of mi-

crovilli . It has been suggested that even t s of act ivat ion pr ior to the intracellular 

p H inc rea se i nduce t he fo rmat ion of cor t ica l microf i l ament n e t w o r k s and mi-

crovi l la r e longa t ion ( C a r r o n a n d L o n g o , 1982). T h e mic ro f i l amen t s p rov ide 

the s t ruc tu ra l a n d / o r con t rac t i l e f r a m e w o r k for s u p p o r t of the egg sur face , 

wh ich is u n d e r g o i n g e x t e n s i v e r e a r r a n g e m e n t . Microf i l ament o rgan iza t ion 

wi thin the microvi l l i , i .e . , b u n d l e fo rma t ion , m a y t h e n be a c o n s e q u e n c e of 

c y t o p l a s m i c a lka l in iza t ion . H e n c e , ac t in f i lament b u n d l e fo rma t ion in the cor-

tex of the fert i l ized sea u rch in egg a p p e a r s to be a t w o - s t e p p r o c e s s (Ti lney 

and Jaffe, 1980): (1) the p o l y m e r i z a t i o n of ac t in to form f i laments r a n d o m l y 

or iented , but in mos t c a se s , with one end in con tac t with the p la sma m e m b r a n e , 

fo l lowed by (2) the a s soc ia t ion of f i laments by m a c r o m o l e c u l a r b r idges to 

form b u n d l e s . 

Microvi l la r e longa t ion a l so o c c u r s in fert i l ized m e d a k a eggs ( I w a m a t s u and 

O h t a , 1976). Microvi l l i e longa te s t a r t ing a t t he o p e n i n g of d e h i s c e d cor t ica l 

g r a n u l e s ; this is fo l lowed by a p r o p a g a t i o n of microvi l l i a long the sur face of 

the d e h i s c e d cor t ica l g r a n u l e . Th i s c h a n g e is a c c o m p a n i e d by the fo rmat ion 

of an e l e c t r o n - d e n s e layer , poss ib ly ac t in , tha t unde r l i e s t h e fo rmer cor t ica l 

g ranu le m e m b r a n e . 

T h e m e c h a n i s m s of cor t ica l r eo rgan iza t ion a r e not k n o w n , bu t a re likely 

to invo lve ac t in -b ind ing p ro t e in s as d e s c r i b e d in o t h e r s y s t e m s (Craig and 

Pol la rd , 1982). T h e d i s t r ibu t ion of α-act in in dur ing fer t i l izat ion has b e e n in-

ves t iga ted by micro in jec t ion of r h o d a m i n e - l a b e l e d α-ac t in in in to living sea 

u rch in eggs ( M a b u c h i et al., 1985). Th i s p r o b e is uni formly d i s t r ibu ted in t he 

c y t o p l a s m of unfer t i l ized eggs . U p o n fer t i l izat ion, h o w e v e r , it c o n c e n t r a t e s 

in the zygote cor tex including the fertilization c o n e . Migrat ion of f luorescent ly 

labeled α-act in in in to microvil l i a p p a r e n t l y d o e s not o c c u r . Aggrega t ion of 

ac t in filaments and the i r a s soc ia t ion wi th bund l ing p ro t e in , e .g . , fasc in , m a y 

give r ise to microf i lament b u n d l e s in egg microvil l i (Spud ich and A m o s , 1979; 

O t t o et al., 1980; Ti lney and Jaffe, 1980; D e R o s i e r and E d d s , 1980; M a b u c h i 

and N o n o m u r a , 1981). A profil in-like p ro te in m a y p r e v e n t ac t in f rom poly-

merizing in the unfertilized egg (Mabuch i , 1981; H o s o y a et al., 1982). Al though 

fascin is found in the unfer t i l ized sea u rch in egg a n d has b e e n local ized in 

microvil l i of fert i l ized o v a , its in t e rac t ion wi th ac t in has no t b e e n s h o w n to 

be calc ium or p H sensi t ive (Bryan and K a n e , 1982). H e n c e , o the r act in-binding 

p ro te ins m a y be i n s t rumen ta l in microvi l la r e longa t ion ; c y t o p l a s m i c alkal in-

izat ion m a y give r ise to microf i lament b u n d l e fo rma t ion by p r o m o t i n g inter-

ac t i ons b e t w e e n ac t in and ac t in -b ind ing p r o t e i n s . In th is c o n t e x t , O t t o and 

Schroede r (1984) have shown that 1-methyladenine s t imulates starfish oocy te s 
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to u n d e r g o major o rgan iza t iona l c h a n g e s involv ing ac t in , fasc in , and a 220-

k D a p ro t e in . 

In add i t ion to c h a n g e s in microv i l l a r c o n f o r m a t i o n , t he eggs of a n u m b e r 

of different an ima l s u n d e r g o c h a n g e s in cor t ica l r igidity a n d c o n t r a c t i o n tha t 

appea r to involve an ac tomyos in sys t em (see Vacqu ie r , 1981). Cyclical changes 

in sur face t ens ion and c o n t r a c t i o n h a v e b e e n c o r r e l a t e d wi th cy to ske l e t a l al-

t e r a t i ons (Coffe et al., 1982) and a l so o c c u r in a n u c l e a t e egg f r agmen t s wi th 

the s a m e cyc le as in n o r m a l e m b r y o s ( Y o n e d a et al., 1978; Sh imizu , 1981b; 

Y a m a m o t o and Y o n e d a , 1983). T h e s e obse rva t ions indicate that egg act ivat ion 

ini t ia tes p r o c e s s e s tha t a r e a u t o n o m o u s of t he n u c l e u s , tha t r egu l a t e , in a 

cycl ica l m a n n e r , c o r t i c a l - c y t o s k e l e t a l c o m p o n e n t s a n d c y t o p l a s m i c c o n t r a c -

t ion . 

In add i t ion t o con t r ac t i l e p r o c e s s e s , t he cor t ica l c y t o s k e l e t o n of fer t i l ized 

and unfer t i l ized eggs m a y a l so be i m p o r t a n t for o t h e r func t ions . F o r e x a m p l e , 

c o m p a r i s o n of s ea u rch in eggs a n d z y g o t e s ind ica te a co r r e l a t i on b e t w e e n the 

ac t iva t ion of p ro t e in syn thes i s and the a s soc i a t i on of p o l y s o m e s wi th t he cor-

tical c y t o s k e l e t o n ( M o o n et al., 1983). 

VI I . E N D O C Y T O S I S 

I m m e d i a t e l y fol lowing the cor t ica l g r anu le r eac t i on a n d c o n c o m i t a n t wi th 

the elongat ion of microvilli is the deve lopmen t of endocy to t i c pits and vesicles 

( A n d e r s o n , 1968; C h a n d l e r a n d H e u s e r , 1979, 1981 ; D o n o v a n a n d H a r t , 1982; 

F isher and R e b h u n , 1983; Ca r ron and L o n g o , 1984; Sa rde t , 1984). Endocy to s i s 

in sea urchin eggs c o m m e n c e s as a burs t 3- to 5-min pos t insemina t ion in which 

po r t i ons of the p l a s m a m e m b r a n e a r e t a k e n in to t h e c y t o p l a s m . W h e t h e r por -

t ions of the original p l a s m a l e m m a o r t he cor t ica l g r anu l e m e m b r a n e a r e pref-

erent ia l ly e n d o c y t o s e d h a s no t b e e n d e t e r m i n e d . In light of o b s e r v a t i o n s d e m -

ons t r a t ing significant c h a n g e s in the c o m p o s i t i o n of the egg p l a s m a m e m b r a n e 

at fer t i l iza t ion, it s e e m s unl ike ly tha t d i s c r e t e p a t c h e s of m e m b r a n e pers i s t 

in tac t to be se lec t ive ly e n d o c y t o s e d . 

W h e n the cor t ica l g r anu le r e ac t i on is inhib i ted by high p r e s s u r e , t he en-

d o c y t o t i c bu r s t tha t i m m e d i a t e l y fol lows is inhibi ted ( F i s h e r et al., 1985). In-

te res t ing ly , in such c a s e s , e n d o c y t o s i s o c c u r s m u c h la ter t h a n o b s e r v e d in 

u n t r e a t e d z y g o t e s . T h e s e resu l t s sugges t t ha t cor t ica l g r anu le e x o c y t o s i s is 

not t he on ly c a u s e of sur face t r a n s f o r m a t i o n s involv ing e n d o c y t o s i s . 

Tha t endocy tos i s follows the cort ical granule react ion suggests a m e c h a n i s m 

for b o t h su r face -a rea r e d u c t i o n and ce l l - sur face r e m o d e l i n g , wh ich m a y be 

r e l evan t to phys io logica l c h a n g e s cha rac t e r i s t i c of fert i l ized eggs . T h a t en-

d o c y t o s i s fol lows the cor t ica l g r anu le r e ac t i on is c o n s i s t e n t wi th o b s e r v a t i o n s 
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in s e c r e t o r y cells w h e r e , after e x o c y t o s i s , e x c e s s m e m b r a n e m a y be r e m o v e d 

from the cell sur face in t he form of e n d o c y t o t i c ves ic les (Pel le t ier , 1973; Orci 

et al., 1973; Kal ina and Robinovi tch , 1975; Oliver and H a n d , 1978). T h e extent 

of m e m b r a n e internalized by endocy tos i s at fertilization appea r s to be ex tens ive 

and pe r s i s t s up to t he t ime of c l e a v a g e . W h e t h e r p inocy to s i s r e m a i n s c o n s t a n t 

o v e r this pe r iod has no t b e e n e s t a b l i s h e d ; h o w e v e r , it ha s b e e n e s t i m a t e d tha t 

abou t 26,300 μ η ι
2
 of sur face membrane/ 'S trongylocentrotus egg is r e s o rb ed by 

e n d o c y t o s i s dur ing the first 4 min of fer t i l izat ion ( F i s h e r and R e b h u n , 1983). 

Th i s r e p r e s e n t s a p p r o x i m a t e l y 4 6 % of t he m e m b r a n e p r e s u m a b l y a d d e d to 

the egg sur face by cor t ica l g r anu le e x o c y t o s i s . T h e re l a t ionsh ip b e t w e e n cor-

tical granule exocy tos i s and endocy tos i s , in t e rms of the quant i ty of m e m b r a n e 

in flux, is unc l ea r s ince (1) t he ra te of m e m b r a n e in te r io r iza t ion is u n k n o w n , 

(2) the a m o u n t of cor t ica l g r anu le m e m b r a n e a d d e d to t h e z y g o t e sur face has 

not b e e n e s t ab l i shed , and (3) m e c h a n i s m s o t h e r t han e n d o c y t o s i s , wh ich m a y 

c o n t r i b u t e to t he r educ t i on of sur face a r e a , h a v e no t b e e n e l imina ted . 

Fo l lowing the a p p e a r a n c e of t r a c e r in e n d o c y t o s i s ves ic les of fert i l ized Ar-

bacia eggs , label has b e e n o b s e r v e d in l y s o s o m e s ( C a r r o n and L o n g o , 1984). 

Th i s t rans i t ion ind ica tes tha t the t r a c e r t r ave l s f rom o n e ce l lu lar c o m p a r t m e n t 

to a n o t h e r . T h a t label is loca l ized to l y s o s o m e s of z y g o t e s e x a m i n e d u p to 

60-min pos t inseminat ion also suggests that surface m e m b r a n e may be degraded 

or modif ied. M e m b r a n e c o m p o n e n t s m a y t h e n r e e n t e r c y t o p l a s m i c p r e c u r s o r 

poo l s by t r ave r s ing t h e l y sosoma l m e m b r a n e t o b e ut i l ized at la te r s t ages of 

e m b r y o g e n e s i s (De D u v e and W a t t i a u x , 1966; H o l t z m a n , 1976). 
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I. I N T R O D U C T I O N
1 

A n u m b e r of in t race l lu la r mot i le p r o c e s s e s a r e d e p e n d e n t o n m i c r o t u b u l e s 

(MTs) (Schl iwa, 1984; M c i n t o s h , 1984), and m a n y such MT-based m o v e m e n t s 

o c c u r du r ing fer t i l izat ion in an ima l cel ls ( S c h a t t e n , 1982). In e c h i n o d e r m s , for 

'Abbrevia t ions : A M P P N P , 5 ' -Adenylyl imidod iphospha te ; ATP -7 -S , adenos ine 5 ' -0-(3-
th io t r iphosphate) ; BS A, bovine se rum-a lbumin; D I C , differential interference con t ras t ; 
D M S O , dimethyl sulfoxide; D T T , di thiothrei tol ; E D T A , e thy lenediamine te t raace t ic acid; 
E G T A , ethylene glycol bis(ßaminoethyl ether)-yV,N,yV',yV'-tetraacetic acid; H M r , high relative 
molecular weight ; 8-azido-ATP, 8-azidoadenosine 5 ' - t r iphosphate ; M A P s , microtubule-as-
sociated proteins; M r, relative molecular weight; MT, microtubule; N E M , yV-ethylmaleimide; 
ρ 130, 130-kDa polypept ide ; P A G E , Polyacrylamide gel e lec t rophores i s ; P i ? inorganic phos -
phate; P M S F , phenylmethyl sulfonyl fluoride; RT, room temperature ; SBTI , soybean trypsin 
inhibitor; S D S , sodium dodecyl sulfate; U V , ul traviolet ; va lap , vasel ine : lanolin : paraffin 
(1 : 1 : 1). 
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e x a m p l e , wh ich a r e a favor i te subjec t for s tudy ing fer t i l iza t ion, cell d iv is ion , 

and e m b r y o g e n e s i s ( S c h a t t e n , 1982; S c h r o e d e r , 1986), m i c r o t u b u l e s a r e be -

l ieved to d r ive (1) s p e r m flagellar mot i l i ty ; (2) p r o n u c l e a r migra t ion leading 

to s y n g a m y ; (3) m o v e m e n t s a s s o c i a t e d wi th t he mi to t ic sp ind le [ such as c h r o -

m o s o m e c o n g r e s s i o n to the m e t a p h a s e p l a t e , c h r o m o s o m e to po le m o v e m e n t 

(anaphase A) , and spindle elongat ion (anaphase B)] ; plus (4) organel le , vesicle , 

and par t ic le t r a n s p o r t . It is likely tha t ce r t a in p ro t e in s tha t in t e rac t wi th M T s 

se rve as m o t o r s to g e n e r a t e fo rces for t h e s e m o v e m e n t s , bu t n o n e , wi th the 

e x c e p t i o n of dyne in in s p e r m moti l i ty ( G i b b o n s , 1981), has ye t b e e n unequ i -

vocal ly ident if ied. Ce r t a in ly , o u r u n d e r s t a n d i n g of t he m e c h a n i s m s of c y t o -

p lasmic M T - b a s e d m o v e m e n t s wou ld be i m p r o v e d if t he ident i ty of the m e -

c h a n o c h e m i c a l f ac to r s tha t g e n e r a t e t h e r e l evan t mot i l e fo rces w e r e k n o w n . 

H e r e w e r ev iew o u r s t ud i e s , wh ich h a v e b e e n a imed at identifying m e -

c h a n o c h e m i c a l p ro t e in s tha t might g e n e r a t e force for c y t o p l a s m i c M T - b a s e d 

m o v e m e n t s . W e h a v e w o r k e d wi th cel ls f rom t w o different an ima l t y p e s . S e a 

u rch ins h a v e b e e n used b e c a u s e the i r g a m e t e s and ear ly e m b r y o s exhibi t a 

n u m b e r of M T - b a s e d m o v e m e n t s ; t hey a r e the re fo re likely to r e p r e s e n t a r ich 

s o u r c e of M T - b a s e d m o t o r s . W e h a v e a l so w o r k e d wi th the n e m a t o d e , Cae-

norhabditis elegans, b e c a u s e this an imal d o e s not p o s s e s s mot i le cilia, and it 

t he re fo re r e p r e s e n t s a p romis ing s y s t e m for looking for c y t o p l a s m i c m o t o r s 

wi thou t r isk of c o n t a m i n a t i o n by flagellar d y n e i n . T h e s t r a t egy w e have used 

to identify M T - b a s e d m o t o r s is b a s e d on o u r k n o w l e d g e of t h e b e h a v i o r of 

t w o b e t t e r - c h a r a c t e r i z e d m e c h a n o e n z y m e s , m y o s i n and dyne in ( J o h n s o n , 

1985). T h e s e p ro t e ins b o t h in te rac t wi th e l e m e n t s of the c y t o s k e l e t o n and use 

A T P to g e n e r a t e mot i le fo rce . M y o s i n a n d d y n e i n b ind to ac t in o r M T s in a 

nuc leo t ide - sens i t ive fash ion , such tha t a c t o m y o s i n a n d d y n e i n mic ro tubu l e 

c o m p l e x e s form in the a b s e n c e of n u c l e o t i d e , bu t b o t h c o m p l e x e s a re dis-

sociated by A T P . Thei r cycles of a t t a chmen t , force genera t ion , and de t achmen t 

a re d r iven by A T P hydro lys i s ( J o h n s o n , 1985). R e c e n t l y , a nove l M T - b a s e d 

m e c h a n o e n z y m e cal led k ines in has b e e n identif ied in squid a x o p l a s m (Vale 

et al., 1986). Th i s p ro te in a l so u s e s A T P to g e n e r a t e force and s h o w s A T P -

sens i t ive b ind ing to M T s , s o if fits in to t h e genera l p a t t e r n def ined by m y o s i n 

and d y n e i n . T o identify M T - a s s o c i a t e d m o t o r s f rom sea u rch in eggs and from 

C. elegans, w e fo l lowed the s a m e pa r ad igm and h a v e sough t M T - a s s o c i a t e d 

pro te ins that interact with M T s in a nucleot ide (or nucleot ide analog)-sensi t ive 

m a n n e r . Th i s a p p r o a c h has a l lowed us to identify severa l c a n d i d a t e s for cy-

t o p l a s m i c , M T - b a s e d m o t o r s in t h e s e o r g a n i s m s , a s d e s c r i b e d b e l o w . 

II. PREPARATION OF SEA URCHIN EGG MICROTUBULES 

Unfer t i l ized sea u rch in eggs ( S c h r o e d e r , 1986) s tockpi le large quan t i t i e s of 

mi to t ic sp indle p r o t e i n s , sufficient to s u p p o r t the mul t ip le d iv i s ions , wh ich 

o c c u r dur ing ear ly e m b r y o g e n e s i s ; f u r t h e r m o r e , it is e a s y to ob ta in large 
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quant i t ies of these cells (up to 100 ml packed eggs). T h e unfertil ized sea urchin 

egg the re fo re r e p r e s e n t s a p romis ing s o u r c e of b iochemica l ly useful quan t i t i e s 

of sp indle p r o t e i n s . In co l l abo ra t i on wi th E . D . S a l m o n , w e se t ou t t o i so la te 

and a n a l y z e t h e s e p ro t e in s by us ing taxo l to p r e p a r e M T s (Va l l ee , 1982) f rom 

unfer t i l ized egg cy toso l i c e x t r a c t s (Scho l ey et al., 1984, 1985; D i n e n b e r g et 

al., 1986; see a l so Val lee a n d B l o o m , 1983; B l o o m et al., 1985). Brief ly, un-

fert i l ized s ea u rch in eggs co l l ec ted f rom 2 5 - 5 0 an ima l s a r e p o o l e d , dejel l ied, 

and w a s h e d , a n d t h e n h o m o g e n i z e d in " e x t r a c t i o n b u f f e r . " T h e h o m o g e n a t e 

is cent r i fuged to yield a c l ea r e x t r a c t s u p e r n a t a n t . Add i t i on of 20 μ Μ taxo l 

p lus 1 m M G T P to this so lu t ion p r o m o t e s M T a s s e m b l y , a n d the resu l t ing 

p o l y m e r is co l l ec t ed by cen t r i fuga t ion in to a pe l le t , t h e n w a s h e d wi th a fu r ther 

cent r i fugat ion in " e x t r a c t i o n b u f f e r " con t a in ing t axo l a n d G T P (see Fig . 1 for 

detai ls) . W e consis tent ly obta in 2 -5 mg M T prote in from 10 ml p a c k e d , dejellied 

eggs . M i c r o t u b u l e s h a v e b e e n p r e p a r e d us ing taxo l f rom a va r i e ty of s p e c i e s , 

including Strongylocentrotus purpuratus, Strongylocentrotus droebachiensis, 

Strongylocentrotus franciscanus, Lytechinus pictus and Lyt echinus variegat us 

(Scho ley et al., 1984; J . M . S c h o l e y a n d R. J . Les l i e , u n p u b l i s h e d ; Val lee a n d 

B l o o m , 1983; B l o o m et ai, 1985). W h e n v i e w e d in t he e l ec t ron m i c r o s c o p e , 

negat ively s tained sea urchin egg cy top lasmic M T s a re cove red in pro jec t ions , 

which m a y co r r e spond to micro tubule-assoc ia ted pro te ins (MAPs) (Vallee and 

B l o o m , 1983; S c h o l e y et ai, 1984). S D S - P A G E revea l s tha t a n u m b e r of 

p o l y p e p t i d e s , in add i t ion t o tubu l in , c o s e d i m e n t wi th t he M T s , and a r e , t h e r e -

fore , c a n d i d a t e s for be ing M A P s (Fig . 2) (Val lee a n d B l o o m , 1983;, 1985; 

S c h o l e y et al., 1984,1985). In add i t i on , a n t i b o d i e s ra i sed aga ins t a n u m b e r of 

p o l y p e p t i d e c o m p o n e n t s of t h e s e M T p r e p a r a t i o n s , inc luding p o l y p e p t i d e s of 

M r - 235,000, 205,000, 150,000, 37,000 (Val lee a n d B l o o m , 1983), 77,000 

(B loom et al., 1985), a n d the 130,000-M r subun i t of s ea u r ch i n egg k ines in 

(Scho ley et al., 1985), all s ta in t h e mi to t i c sp ind le of f ixed, d iv id ing sea u r ch i n 

eggs . T h e s e resu l t s s u p p o r t t h e h y p o t h e s i s t ha t t a x o l - a s s e m b l e d egg M T s r ep -

r e sen t useful "aff ini ty l i g a n d s " for isola t ing a n d c h a r a c t e r i z i n g p ro t e in s of 

t he mi to t ic sp ind le . 

III. SEA URCHIN EGG MICROTUBULE-ASSOCIATED ATPase 

ACTIVITY 

A n A T P a s e tha t is M T a s s o c i a t e d w o u l d r e p r e s e n t a p laus ib le c a n d i d a t e 

for a c y t o p l a s m i c o r mi to t ic M T - b a s e d m o t o r . T h e r e f o r e , w e a n a l y z e d o u r 

M T p r e p a r a t i o n s for A T P a s e ac t iv i ty (Scho ley et al., 1984, 1985; D i n e n b e r g 

et al., 1986; P o r t e r et al., 1988) a n d found tha t t h e y h y d r o l y z e A T P wi th a 

specific ac t iv i ty a p p r o x i m a t e l y 10- to 30-fold h igher t h a n the c o r r e s p o n d i n g 

egg c y t o p l a s m i c e x t r a c t s u p e r n a t a n t (Tab le I ) . In t h e a b s e n c e of a s s e m b l e d 
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WASHED/DEJELLIED SEA URCHIN EGGS 

HOMOGENATE 

Low-Speed Centrifugation 

I 1 1 
PELLET - discard LOW-SPEED EXTRACT SUPERNATANT 

High-Speed Centrifugation 

ι 1 1 
SUPERNATANT PELLET- discard 

. 1 . ~ 
LIPID LAYER HIGH-SPEED EXTRACT SUPERNATANT 

(opaque)-discard (clear) 
TAXOL + GTP 

+AMPPNΡ " -AMΡPN Ρ 

centrifuge over centrifuge over 
sucrose cushion sucrose cushion 

. I . I 
MICROTUBULES SUPERNATANTS MICROTUBULES 
+Kinesin ' TKinesin 
+HM r 3 (NH ) 2S0 4 PRECIPITATE +HM r 3 
+MT-associated ATPase(s) +MT-associated 
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< 
Fig. 1. S c h e m e for Fract ionat ing Sea Urchin Eggs . (1) Collect eggs, (a) Inject 0.56 M 

KCl into coelomic cavity and collect eggs in t r ipour beakers filled with seawate r (in a cold 

room) . Collect for ~ 1 hr. (b) Pool eggs and pour 7 t imes through 150-μπι nitex screen , (c) 

Gent ly pellet eggs in 50-ml plastic t ubes , using tab le top I E C centrifuge (setting 1 for ap-

proximately 10-30 sec/spin). Aspirate off supernatant . Resuspend eggs in C A
2 +

- f r e e seawater 

using plastic d ispo pipets . Spin two more t imes until all eggs are sed imented and jelly coat 

d i sappears . Rinse and spin once with small amoun t of ex t rac t ion buffer. (2) P repare micro-

tubules and kinesin. (a) Resuspend eggs into 2 vo lumes of ext rac t ion buffer [0.1 M pipes , 

2.5 m M M g ( C H 3C O O ) 2, 5 m M E G T A, 0.1 m M E D T A , 0.9 M glycerol , 0.1 m M P M S F , 1 

μg/ml peps ta t in , 1 μg/ml leupept in , 10 μg/ml aprot inin , 0 .5 . m M D T T , p H 6.9]. Homogen ize 

eggs on ice in 45 ml Whea ton homogenizer , pest le A , with six full s t rokes (down and up 

equals one s t roke) . Color should change from a deep orange to a milky " D r e a m s i c l e " orange 

as cells are lysed. (b) Pour homogena te into Beckman Ti50 tubes , ba lance them, and spin 

in Ti50 ro tor using the Beckman ultracentrifuge (25,000 rpm for 30 min at 4°C). (c) R e m o v e 

middle , c lear layer with a Pas teur pipet and place into new set of Ti50 tubes . Balance tubes 

and spin in Ti50 rotor using the Beckman ultracentrifuge (45,000 rpm for 60 min at 4°C). 

(d) Collect middle c lear extract carefully. (If necessa ry , can freeze this ex t rac t in liquid N 2 

and store in - 7 0 ° C Revco. ) Add 2 μΐ/ml taxol (10 m M stock solution in D M S O ) (to 20 μΜ) 

and 10 μΐ/ml G T P (0.1 M stock) (to 1 mM) to ext rac t (in o rder to assemble MTs) and incubate 

at room tempera tu re for 20 min on a rocker , (e) Add 25 μΐ/ml A M P P N P (0.1 M stock) (to 

2.5 mM) to M T extrac t and incubate for 10 min at room tempera tu re on a rocker , (f) Place 

extract in new Ti50 centrifuge tubes over a cushion of 15% sucrose containing 20 μ Μ taxol , 

1 m M G T P , and 2.5 m M A M P P N P . Spin A M P P N P M T ext rac t in Sorvall RC-5 , using H B 4 

Swinging bucke t ro tor to pellet k ines in/MTs (12,000 rpm for 45 min at 4°C). (g) Resuspend 

and wash M T pellet with 5 ml ext rac t ion buffer containing 20 μ Μ taxol , 0.1 m M G T P in 

the Beckman ultracentrifuge (spin at 27,000 rpm for 20 min at 4°C) Ti50 rotor , (h) Decan t 

superna tan t and r emove all superna tan t possible with a cot ton swab . Resuspend pellet in a 

2 ml Whea ton homogenizer on ice with 1 ml ext rac t ion buffer containing 0.1 M N a C l , 10 

m M M g S 0 4, and 10 m M A T P , 20 μ Μ taxol , 1 m M G T P (RT or 4°C overnight) . Place ho-

mogenate in Ti50 centrifuge tubes and spin in Ti50 ro tor using Beckman ultracentrifuge 

(25,000 rpm for 20 min at 4°C). (i) Collect superna tan t and run over BioGel A-5m co lumn 

which has been preequi l ibrated with ext rac t ion buffer containing 1 m M A T P . After loading 

the sample , elute co lumn with ext rac t ion buffer, (j) Collect fractions and assay for MT-

gliding activity by video mic roscopy . Kinesin is expec ted at # a v — 0.5 and H M r 3 nearer 

the void vo lume . (3) Isolation of soluble cy toplasmic dynein from unfertilized egg ext rac t 

deple ted of taxol-assembled MTs . (a) A 5 5 % sa tura ted ( N H 4) 2S 0 4 fraction from the super-

natant , which remained after pelleting taxol-assembled MTs from ext rac t (plus or minus 

A M P P N P ) , is ch romatographed on a 2.5 x 43-cm BioGel A-5m co lumn preequi l ibrated and 

eluted in the " K C l - T r i s " buffer of Prat t et al. (1984), and fractions are ana lyzed for protein 

concent ra t ion and A T P a s e act ivi ty. F rac t ions , which possess an A T P a s e activity of ap-

proximately 20 nmol of Pi released/min/ml are pooled for subsequen t phosphocel lu lose chro-

matography , (b) The pooled A T P a s e fractions are loaded on to a phosphocel lu lose co lumn 

preequi l ibrated in the same K C l - T r i s buffer. T h e A T P a s e is e luted by a 0.5 M NaCl buffer 

s tep and is ana lyzed for protein concen t ra t ion and A T P a s e act ivi ty. (See also Fig. 2.) 
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Fig. 2. SDS-po lyac ry l amide gel analysis of fractions obta ined during fractionation of 
sea urchin egg. Micro tubules were prepared from an unfertilized sea urchin egg high-speed 
extract superna tan t (EXT) without A M P P N P t rea tment as descr ibed in detail in Fig. 1. 
Protein present in the ext rac t minus MTs (Ε - M) was precipi ta ted in 5 5 % ( N H 4) 2S 0 4, and 
collected by centrifugation. The resuspended precipi ta te was loaded on to a 2.5 x 43-cm 
BioGel A-5m co lumn, preequi l ibrated, and eluted with K C l - T r i s buffer (Pratt et al., 1984). 
The ATPase peak from the BioGel co lumn (B) was loaded on to a 1.3 x 11-cm D E A E -
Sephacel co lumn, preequi l ibrated, and washed with K C l - T r i s buffer. The bound ATPase 
was eluted using a linear gradient of 0 .05-0.30 M NaCl buffer. The A T P a s e peak from the 
DEAE-Sephace l column (D) was dialyzed against an ext rac t ion buffer, then applied to a 1 
x 4-cm column of phosphocellulose, preequilibrated, and washed with the extraction buffer. 

The bound ATPase was eluted with a 0.5 M NaCl buffer s tep (PC). More recent ly , we have 
observed that prepara t ions of similar purity and activity can be obta ined without using the 
DEAE-Sephace l co lumn (Porter et al., 1988). D Y N , Flagellar dynein ; C I L , embryon ic cilia; 
H C , Dynein heavy chain; T U B , Tubul in . This gel was silver s ta ined. 
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M T s , this A T P a s e r e m a i n s so lub le w h e n egg e x t r a c t s a r e cen t r i fugea (Scho ley 

et al., 1984; D i n e n b e r g et al., 1986). W h e n M T s a r e fo rmed in egg e x t r a c t s 

us ing t axo l , t he a m o u n t of A T P a s e tha t c o s e d i m e n t s wi th t he M T s u p o n sub -

s e q u e n t cent r i fuga t ion d e p e n d s on the so lven t c o n d i t i o n s . F o r e x a m p l e , M T s 

s e d i m e n t e d f rom egg e x t r a c t s s u p p l e m e n t e d wi th 0.5 M N a C l con t a in g rea t ly 

r e d u c e d A T P a s e ac t iv i ty , w h e r e a s add i t ion of 1-10 m M A T P o r A M P P N P 

(Youn t et al., 1971) t o t he e x t r a c t had little effect on t he specif ic A T P a s e 

activity of the co r re spond ing M T prepara t ions (Table I). Mic ro tubu les p repa red 

from egg ex t rac t s t rea ted with apy ra se (Meyerhof , 1945) to r educe e n d o g e n o u s 

nuc leo t ide c o n c e n t r a t i o n s cons i s t en t ly p o s s e s s e d h igher A T P a s e ac t iv i ty , bu t 

w e d o no t k n o w w h e t h e r the a p y r a s e is itself con t r i bu t ing t o t he m e a s u r e d 

ac t iv i ty . 

It w a s original ly p r o p o s e d (Scho ley et al., 1984) tha t the A T P a s e ac t iv i ty 

of sea u rch in egg M T s w a s d u e to t he p r e s e n c e of c y t o p l a s m i c dyne in (Pra t t , 

1984). This hypo thes i s was suppor ted by the obse rva t ion that ou r M T s conta in 

p o l y p e p t i d e s tha t c o e l e c t r o p h o r e s e wi th sea u rch in s p e r m flagella d y n e i n A-

b a n d s a n d con ta in p o l y p e p t i d e s tha t c r o s s - r e a c t on i m m u n o b l o t s wi th blot-

affinity-purified an t i bod i e s to flagellar d y n e i n h e a v y c h a i n s (Scho ley et al., 

1984, 1985; D i n e n b e r g et al., 1986). M o r e r e c e n t l y , h o w e v e r , w e h a v e found 

tha t the a m o u n t of t he dyne in - r e l a t ed A T P a s e ac t iv i ty in M T p r e p a r a t i o n s is 

re la t ive ly low [less t h a n 2 5 % of t he to ta l M T - a s s o c i a t e d A T P a s e (Po r t e r et 

al., 1988)]. 

F u r t h e r m o r e , w e h a v e m e a s u r e d the M T - a s s o c i a t e d A T P a s e ac t iv i ty u n d e r 

va r ious c o n d i t i o n s (Tab le I) . Seve ra l c h a r a c t e r i s t i c s of this ac t iv i ty differ f rom 

t h o s e of d y n e i n . F o r e x a m p l e , t he M T - a s s o c i a t e d A T P a s e p o s s e s s e s l ower 

s u b s t r a t e specif ici ty t h a n d y n e i n (100% ac t iv i ty in A T P , 7 1 % in G T P ) , a n d a 

higher Km for A T P (146 μ Μ ) . In addi t ion, its r e spons e to v a n a d a t e and changes 

in the N a C l c o n c e n t r a t i o n s is different f rom d y n e i n (see D i n e n b e r g et al., 

1986; P o r t e r et al., 1988). T h e s e r e su l t s sugges t ed tha t o u r M T p r e p a r a t i o n s 

a l so con t a in an A T P a s e ac t iv i ty tha t differs f rom d y n e i n ( D i n e n b e r g et al., 

1986; P o r t e r et al., 1988). 

R e c e n t l y , Col l ins a n d Val lee ( 1986a,b) h a v e d e s c r i b e d t h e p r e s e n c e in sea 

u rch in egg cy toso l i c e x t r a c t s of an A T P a s e tha t p o s s e s s e s a s e d i m e n t a t i o n 

coefficient of 10 S and r equ i r e s t he p r e s e n c e of a s s e m b l e d M T s for ac t iv i ty . 

T h e A T P a s e ac t iv i ty of this 10 S f rac t ion r equ i r e s d iva len t c a t i o n s ( M g
2 +

 o r 

C a
2 +

 ) and is no t inhibi ted by 100 μ Μ v a n a d a t e . It h y d r o l y z e s G T P at a b o u t 

1.4 t imes t he r a t e a t w h i c h it h y d r o l y z e s A T P , a n d its ac t iv i ty is inhibi ted 

a b o u t 9 0 % by 2 m M TV-ethylmalemide o r 0.25 M N a C l . F u r t h e r m o r e , t he 10 

S A T P a s e c o s e d i m e n t s wi th M T s (bo th in t h e p r e s e n c e a n d a b s e n c e of A T P ) 

and is the re fo re l ikely to c o n t r i b u t e to t h e A T P a s e ac t iv i ty of s ea u r ch i n egg 

M T p r e p a r a t i o n s . T h e p o l y p e p t i d e c o m p o s i t i o n of t he A T P a s e p r e s e n t in this 

10 S f rac t ion has no t ye t b e e n def ined , a n d its loca l iza t ion wi th in cel ls is 
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u n k n o w n , bu t t he e n z y m e is a p romis ing c a n d i d a t e for a c y t o p l a s m i c M T -

b a s e d m o t o r (Coll ins a n d Va l l ee , 1986a,b) . 

T h e s imples t i n t e rp re t a t ion of t he cu r r en t l y ava i lab le d a t a is tha t b o t h cy-

top l a smic dyne in- l ike A T P a s e s a n d the 10 S M T - a c t i v a t e d A T P a s e ac t iv i ty 

c o n t r i b u t e t o s ea u rch in egg M T - a s s o c i a t e d A T P a s e ac t iv i ty . F o r e x a m p l e , 

t he v a n a d a t e sens i t iv i ty (30 -50%) and G T P a s e : A T P a s e ra t io ( ^ 0 . 7 ) of egg 

M T s can be c o n s i d e r e d to resu l t f rom a c o m b i n a t i o n of dyne in- l ike ac t iv i t ies 

(vanada te sensit ivity approach ing 100%; G T P a s e : A T P a s e approach ing 0) and 

10 S A T P a s e ac t iv i t ies ( v a n a d a t e sens i t iv i ty — 0 % ; G T P a s e : A T P a s e — 1.4). 

W h e t h e r o t h e r e n z y m e s , such as k ines in (see b e l o w ) , a l so c o n t r i b u t e to A T P 

hydro lys i s by sea u rch in egg M T s is no t ye t k n o w n . M i c r o t u b u l e - a s s o c i a t e d 

A T P a s e s h a v e b e e n d e s c r i b e d in o t h e r o r g a n i s m s a n d cell t y p e s ( r ev i ewed in 

Pra t t , 1984; Scho ley et al., 1984; Vale et ai, 1986), bu t the i r r e l a t ionsh ip to 

t he sea u rch in egg M T - a s s o c i a t e d A T P a s e is unc l ea r . 

IV. SEA URCHIN E G G H M r 3 

In o u r initial c h a r a c t e r i z a t i o n of s ea u r ch in egg m i c r o t u b u l e p r e p a r a t i o n s 

(Scho ley et al., 1984), w e d e s c r i b e d a g r o u p of h igh -molecu la r -we igh t ( H M r ) 

p o l y p e p t i d e s ( M r — 350,000) w h i c h c o s e d i m e n t e d wi th m i c r o t u b u l e s . W e de -

sc r ibed t h r e e p o l y p e p t i d e s , H M r 1, H M r 2 , a n d H M r 3 in o r d e r of d e c r e a s i n g 

a p p a r e n t s ize on S D S - p o l y a c r y l a m i d e ge l s . T h e e x a c t c o m p o s i t i o n of t h e s e 

H M r po lypept ides var ies in different M T p repa ra t ions , bu t the fas ter migrat ing 

of t h e s e , H M r 3 , is cons i s t en t ly p r e s e n t . By gel d e n s i t o m e t r y , t h e r e a re a p -

p rox ima te ly 0.5 mol H M r 3/100 mol tubul in d i m e r in o u r m i c r o t u b u l e p r epa -

rat ions (Scholey et al., 1985). O n 5 - 7 . 5 % S D S - p o l y a c r y l a m i d e gels (Laemel l i , 

1970) (using a c r y l a m i d e d i m e r : m o n o m e r ra t io = 2.7 C : 30 Τ o r 1 C : 25 T ) , 

H M r 3 c o - e l e c t r o p h o r e s e s wi th t he Α - b a n d of sea u r ch i n s p e r m flagellar 21 S 

dyne in (Fig. 2) (Scho ley et al., 1984, 1985; D i n e n b e r g et al., 1986). 

H M r 3 c a n b e par t ia l ly e x t r a c t e d f rom m i c r o t u b u l e s b y differential centrif-

uga t ion in 5 -10 m M M g A T P (Scho ley et al., 1984, 1985; P o r t e r et al., 1988) 

and essen t ia l ly to ta l ly e x t r a c t e d f rom m i c r o t u b u l e s wi th (1) 0.5 M N a C l 

(Scho ley et al., 1984, 1985) o r (2) 0.1 M N a C l , 7 . 5 -1 0 m M M g A T P (Scho ley 

et al., 1985). W h e n sea u rch in egg h igh - speed -ex t r ac t s u p e r n a t a n t s con ta in ing 

a s s e m b l e d M T s a r e t r ea t ed wi th 0.5 M N a C l o r 0.1 M N a C l p lus 10 m M 

M g A T P , H M r 3 d o e s no t c o s e d i m e n t wi th m i c r o t u b u l e s (J. M . S c h o l e y and 

M . E . Po r t e r , u n p u b l i s h e d ) . In c o n t r a s t , t r e a t m e n t of egg e x t r a c t s wi th 

A M P P N P d o e s no t g rea t ly affect t he a m o u n t of H M r 3 t ha t c o s e d i m e n t s wi th 

M T s (Scho ley et al., 1985). T h e A T P sens i t iv i ty of m i c r o t u b u l e b ind ing by 

H M r 3 is cons i s t en t wi th its hav ing a m e c h a n o c h e m i c a l func t ion ; m y o s i n , 
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d y n e i n , and k ines in a r e all d i s soc i a t ed f rom the i r cy to ske l e t a l co fac to r by 

A T P . 

O u r ea r ly e x p e r i m e n t s sugges t t ha t H M r 3 p o s s e s s e d an A T P a s e like tha t 

of c y t o p l a s m i c d y n e i n (Scho ley et al., 1984). F o r e x a m p l e , w e r e p o r t e d 

(Scholey et al., 1984) that dur ing fract ionat ion of M T by (1) high salt ex t rac t ion , 

fo l lowed by gel f i l trat ion o r s u c r o s e dens i t y g rad ien t f r ac t iona t ion , o r (2) A T P 

e x t r a c t i o n , a dyne in- l ike Mg A T P a s e ac t iv i ty copur i f ied wi th H M r 3 . O u r m o r e 

r ecen t e x p e r i m e n t s i nd ica t e , h o w e v e r , tha t t h e s e e x t r a c t s c o n t a i n e d a m i x t u r e 

of the so lub le a x o n e m a l d y n e i n s a s well a s t he M T - a s s o c i a t e d H M r 3 poly-

pep t ide (Po r t e r et al., 1988). 

O u r ear ly s tud ies ind ica ted tha t H M r 3 w a s re la ted to flagellar d y n e i n (Di-

n e n b e r g et ai, 1986). A n t i s e r a w e r e ra i sed in r a t s i m m u n i z e d wi th par t ia l ly 

purified flagellar d y n e i n . D y n e i n h e a v y cha in an t i bod i e s w e r e purified f rom 

the c r u d e a n t i s e r u m us ing b lo t s of e l ec t rophore t i ca l l y purif ied flagellar d y n e i n 

Α - b a n d as affinity l igands . T h e s e monospec i f i c h e a v y cha in an t i bod i e s c r o s s -

r e a c t e d wi th p o l y p e p t i d e s in t h e H M r 3 reg ion on 6% (30 Τ : 2 .7 C) S D S gels 

( D i n e n b e r g et al., 1986). T h e s e d a t a sugges t ed tha t H M r 3 is immunolog ica l ly 

re la ted to flagellar d y n e i n Α - b a n d s . H o w e v e r , on h igh- reso lu t ion S D S gels 

containing 3 .2% Polyacry lamide and a 0 - 8 M u r ea gradient (P iperno and L u c k , 

1979), t he H M r 3 reg ion is r e so lved in to at leas t t h r e e p o l y p e p t i d e s . T w o of 

these coe lec t rophorese with dyne in Act and dyne in A ß (Dinenberg et al., 1986), 

but the major b a n d is a l o w e r mo lecu l a r -we igh t p o l y p e p t i d e ( P o r t e r et al., 

1988). T h e a m o u n t of the A a - and A ß - b a n d s re la t ive to t he th i rd p o l y p e p t i d e 

is var iab le f rom p r e p a r a t i o n to p r e p a r a t i o n and spec i e s t o s p e c i e s . O u r m o r e 

r ecen t e x p e r i m e n t s h a v e sugges t ed tha t t h e a p p a r e n t c ros s - r eac t iv i t y of t he 

H M r 3 reg ion wi th flagellar d y n e i n a n t i b o d i e s is d u e t o t he p r e s e n c e of the 

so luble c y t o p l a s m i c dyne in h e a v y c h a i n s tha t c o s e d i m e n t wi th s o m e of the 

M T prepara t ions and not with the t rue MT-assoc ia ted H M r 3 po lypept ide itself 

(Po r t e r et al., 1988). H o w e v e r , v e r y r e c e n t w o r k ind ica te s tha t t he H M r 3 

p o l y p e p t i d e m a y b e a d y n e i n i soform tha t is d i s t inc t f rom the so luble d y n e i n , 

a s e v i d e n c e d by its suscept ib i l i ty t o v a n a d a t e - i n d u c e d p h o t o c l e a v a g e (Po r t e r 

etal, 1988). 

T o s u m m a r i z e , w e initially t h o u g h t tha t H M r 3 in o u r M T p r e p a r a t i o n s w a s 

c y t o p l a s m i c d y n e i n and tha t th is e n z y m e cou ld a c c o u n t for t he sea u rch in egg 

M T - a s s o c i a t e d A T P a s e ac t iv i ty (Scho ley et al., 1984). S u b s e q u e n t ana lys i s 

ha s r evea l ed t ha t th is i n t e rp re t a t i on w a s overs impl i f i ed . S o m e c y t o p l a s m i c 

d y n e i n is p r e s e n t in o u r M T p r e p a r a t i o n s , a c c o u n t i n g for (1) t he a p p a r e n t 

cross-react ivi ty b e t w e e n H M r 3 and the flagellar dyne in heavy chain an t ibodies ; 

(2) t he p r e s e n c e of A a - a n d A ß - c h a i n s on h igh- reso lu t ion S D S ge l s ; and (3) 

t he dyne in- l ike M g A T P a s e ac t iv i ty t ha t copur i f ies wi th H M r 3 , fol lowing 0.5 

M N a C l ex t rac t ion of S. purpuratus o r S. droebachiensis M T s and gel filtration 

o r s u c r o s e dens i t y g rad ien t f r ac t iona t ion . It is n o w c lea r , h o w e v e r , tha t t he 
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M T - a s s o c i a t e d A T P a s e ac t iv i ty is no t j u s t d u e to d y n e i n (see a b o v e ) . F u r t h e r , 

H M r 3 c o n t a i n s a p o l y p e p t i d e tha t d o e s no t c o e l e c t r o p h o r e s e with the dyne in 

h e a v y c h a i n s , n o r d o e s it c r o s s - r e a c t wi th ant if lagel lar d y n e i n a n t i b o d i e s . Th i s 

p o l y p e p t i d e s e e m s t o b e a dyne in l ike M A P tha t b i n d s t o M T s in an A T P -

sens i t ive m a n n e r . A fur ther c h a r a c t e r i z a t i o n of its effects o n M T mot i l i ty , 

p o l y m e r i z a t i o n , and its loca l iza t ion in cel ls w o u l d b e va luab l e . 

V. " S O L U B L E " SEA U R C H I N E G G C Y T O P L A S M I C D Y N E I N 

Sea u rch in eggs obv ious ly con t a in a large n u m b e r of different A T P a s e s . 

Egg h o m o g e n a t e s d i sp lay m u c h h igher specif ic A T P a s e ac t iv i t ies than o u r 

h igh-speed s u p e r n a t a n t s of egg e x t r a c t (Tab le I ) , sugges t ing tha t a good deal 

of A T P a s e is no t e x t r a c t e d from the pa r t i cu la t e m a t t e r in t he eggs u n d e r o u r 

condi t ions . High-speed ex t rac t supe rna t an t s p repa red u n d e r similar condi t ions 

to o u r s (Coll ins and Va l l ee , 1986a,b) yield A T P a s e ac t iv i t ies s ed imen t ing on 

s u c r o s e g r ad i en t s wi th s e d i m e n t a t i o n coeff ic ients of (1) 6 S, (2) 12 and 20 S 

( cy top la smic d y n e i n ) , and (3) 10 S ( M T - a c t i v a t e d A T P a s e ac t iv i ty ) . W e find 

tha t 1 0 - 5 0 % of the total M g A T P a s e ac t iv i ty p r e s e n t in o u r egg e x t r a c t high-

s p e e d s u p e r n a t a n t s c o s e d i m e n t s wi th M T s , t he r e m a i n d e r r e m a i n s so lub le , 

e v e n w h e n addi t iona l M T s a r e a d d e d to t he e x t r a c t ( D i n e n b e r g et al., 1986). 

W e h a v e purified a dyne in- l ike M g A T P a s e ac t iv i ty f rom th is M T - d e p l e t e d 

ex t r ac t s u p e r n a t a n t by c o l u m n c h r o m a t o g r a p h y . In o u r ear ly w o r k , w e used 

( N H 4 ) 2 S 0 4 f r ac t iona t ion , BioGel A-5m c h r o m a t o g r a p h y , and h y d r o x y a p a t i t e 

c h r o m a t o g r a p h y (Scho ley et al., 1984). H o w e v e r , w e h a v e recen t ly modif ied 

the p r o c e d u r e by us ing (1) D E A E - S e p h a c e l and p h o s p h o c e l l u l o s e c h r o m a -

t o g r a p h y o r (2) p h o s p h o c e l l u l o s e c h r o m a t o g r a p h y a lone in p l ace of t he hy-

d r o x y a p a t i t e c o l u m n (Pra t t et al., 1984; P o r t e r et al., 1988) (Fig. 2 and Tab le 

II) . W e h a v e c h a r a c t e r i z e d this purif ied p ro t e in in s o m e detai l and find that 

it p o s s e s s e s p r o p e r t i e s ve ry s imilar t o t h o s e of flagellar d y n e i n (Por t e r et al., 

1988). (1) O n h igh- reso lu t ion S D S gels (P ipe rno and L u c k , 1979), o n e sees 

p o l y p e p t i d e s tha t c o e l e c t r o p h o r e s e wi th flagellar dyne in Act- a n d A ß - p o l y -

pep t ides (D inenbe rg et al., 1986; P o r t e r et al., 1988). Th i s is cons i s t en t wi th 

t he pa t t e rn of p o l y p e p t i d e s s een in p r e p a r a t i o n s of e m b r y o n i c cil ia. (2) O n 

i m m u n o b l o t s of 5 - 7 . 5 % Laemel l i ge ls , t he purif ied p ro te in b inds an t ibod ie s 

ra ised aga ins t sea u rch in s p e r m flagellar 21 S d y n e i n Α - b a n d s and blot-affinity 

purified aga ins t dyne in A (D inenbe rg et al., 1986; P o r t e r et al., 1988). It is 

the re fo re immunolog ica l ly re la ted to s p e r m flagellar d y n e i n h e a v y c h a i n s . (3) 

T h e purified e n z y m e s e d i m e n t s at 20 S o n s u c r o s e dens i t y g r ad i en t s and is 

c o n v e r t e d to a 10 S par t ic le in the p r e s e n c e of 0 . 1 % Tr i ton X-100 (Por t e r et 

al., 1988). Col l ins and Val lee (1986a) a l so r epo r t tha t t he re la t ive a m o u n t s of 
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TABLE II 

Preparation of "Soluble" Cytoplasmic Dynein from MT-Depleted Egg Extract" 

Protein A T P a s e 

Total Specific Total 

Volume Protein protein activity (nmol PJ activity 

Sample (ml) (mg/ml) (mg) min/mg) (nmol P /min) 

BioGel A-5m 18.0 0.63 11.3 49.8 560.0 

D E A E - S e p h a c e l 12.0 0.15 1.8 97.8 176.0 

Phosphocel lu lose 8.0 0.06 0.5 306.0 136.0 

"Summary of protein yields and specific activit ies of peak A T P a s e fractions obta ined during 

purification of soluble A T P a s e . BioGel A-5m, peak A T P a s e fraction from BioGel A-5m 

co lumn; D E A E - S e p h a c e l , peak A T P a s e fraction from D E A E Sephacel co lumn; phospho-

cel lulose, peak A T P a s e fraction from phosphocel lu lose co lumn. Prote in concent ra t ion was 

de te rmined using Bio-Rad protein assay dye reagent concen t ra t e (Bradford, 1976). A T P a s e 

activity was determined by colorimetric assay for inorganic phosphate (Ames, 1966; Waxman 

and Goldberg , 1982). 

12 and 20 S c y t o p l a s m i c d y n e i n d e p e n d on buffer c o n d i t i o n s . T h e e n z y m a t i c 

proper t ies of the soluble A T P a s e are similar to those of flagellar dyne in . U n d e r 

cond i t i ons in w h i c h flagellar d y n e i n has a specif ic ac t iv i ty of 1.0-2.5 μπιοί / 

min /mg , t he c o l u m n A T P a s e has specif ic ac t iv i ty of 150-600 nmol /min /mg . 

T h e effects of var ious A T P a s e inhibitors and changes in p H , monova len t cat ion 

c o n c e n t r a t i o n , d iva len t ca t ion c o m p o s i t i o n , o r nuc l eo t i de s u b s t r a t e on t he 

ac t iv i ty of t he t w o e n z y m e s w a s s imilar ( D i n e n b e r g et al., 1986; P o r t e r et al., 

1988). T h e r e f o r e , on the bas i s of its s i ze , p o l y p e p t i d e c o m p o s i t i o n , c r o s s -

reac t iv i ty wi th flagellar d y n e i n a n t i b o d i e s , a n d e n z y m a t i c p r o p e r t i e s , w e con-

c lude tha t t he A T P a s e w e h a v e purif ied f rom M T - d e p l e t e d h igh-speed su-

p e r n a t a n t s of egg e x t r a c t s is a c y t o p l a s m i c d y n e i n (Pra t t , 1984; H i s a n a g a and 

Saka i , 1983; D i n e n b e r g et al., 1986; P o r t e r et al., 1988). 

T h e so lub le c y t o p l a s m i c dyne in b inds w e a k l y t o M T s in h igh- speed egg 

e x t r a c t s (Scho ley et al., 1984; P o r t e r et al., 1988). B a s e d o n r e c o v e r y of A T P -

ase ac t iv i ty a n d flagellar d y n e i n a n t i g e n s , w e e s t i m a t e tha t less t h a n 10% of 

so luble egg d y n e i n is r e c o v e r e d in t a x o l - a s s e m b l e d M T s (Po r t e r et al., 1988). 

V I . SEA U R C H I N E G G K I N E S I N 

W e b e g a n looking for a M T t r a n s l o c a t o r on t he bas i s of r e p o r t s tha t e x t r a c t s 

of squid a x o p l a s m wou ld s u p p o r t M T - b a s e d , A T P - d e p e n d e n t m o v e m e n t of 

ves i c l e s , d r iven by a t r a n s l o c a t o r tha t ex i s t ed pr imar i ly in so lub le fo rm, wi th 

a f ract ion se rv ing to c ross - l ink M T s to t h e m o v i n g ves ic les (see Va le et al., 



152 J. M. Scholey et al. 

1986, for a r ev i ew of this field). W e w e r e s t ruck by the s imilar i ty b e t w e e n 

this t r a n s l o c a t o r and c y t o p l a s m i c d y n e i n , wh ich a l so ex i s t s p r e d o m i n a n t l y in 

a so luble fo rm. T h e key o b s e r v a t i o n by L a s e k and B r a d y (1985) tha t the non-

h y d r o l y z a b l e A T P ana log adeny ly l i m i d o d i p h o s p h a t e ( A M P P N P ) (Y o u n t et 

al., 1971) " f r e e z e s " a x o p l a s m i c ves ic le m o t i o n on M T s sugges ted tha t the 

ana log cou ld i n d u c e s t rong b ind ing b e t w e e n the t r a n s l o c a t o r s a n d M T s . W e 

r e a s o n e d tha t A M P P N P might e n h a n c e M T b ind ing by the dyne in p r e s en t in 

sea u rch in egg c y t o p l a s m i c e x t r a c t s (Scho ley et al., 1985). 

T a x o l - a s s e m b l e d M T s w e r e , t he r e fo r e , p r e p a r e d from c y t o p l a s m i c e x t r a c t s 

of unfer t i l ized sea u rch in eggs in the p r e s e n c e and a b s e n c e of A M P P N P ; the 

amoun t of var ious M A P s (MT-assoc ia ted proteins) cosed iment ing with tubulin 

w a s e x a m i n e d on S D S ge ls . Surpr i s ing ly , add i t ion of A M P P N P did not affect 

the amoun t of dyne in heavy chain or MT-assoc ia ted A T P a s e activity appear ing 

in t h e pel le t , bu t it g rea t ly e n h a n c e d t h e a m o u n t of a 130,000 M r (130K) poly-

pep t ide ( M r = 129,000 ± 4 ,000, η = 11) c o s e d i m e n t i n g wi th the M T s . Th i s 

130K polypept ide could be released from the M T s by differential centrifugation 

in A T P , then par t ia l ly purified by gel f i l tration c h r o m a t o g r a p h y (Scho ley et 

al., 1985; P o r t e r ^ / . , 1987). 

In several respec t s this 130K prote in resembled kinesin, the protein bel ieved 

to t r ans loca t e ves ic les a long squid axona l M T s . (1) K ines in t o o w a s identified 

and isola ted by its affinity for M T s in the p r e s e n c e of A M P P N P (Vale et al., 

1985b). (2) A v i d e o m i c r o s c o p y a s s a y s h o w e d tha t f rac t ions con ta in ing the 

130K p o l y p e p t i d e c a u s e d b e a d s to m o v e a long M T s and M T s to m o v e o v e r 

a glass cove r s l ip (F igs . 3 and 4) in a m a n n e r ind i s t ingu ishab le f rom tha t de -

scr ibed for squid a x o p l a s m i c k ines in . (3) Specif ic an t i bod i e s ra i sed agains t 

e l ec t rophore t i ca l ly purified 130K p o l y p e p t i d e exh ib i t ed a c l ea r c ro s s - r eac t i on 

wi th t he major p o l y p e p t i d e c o m p o n e n t (110K) of squ id k ines in , suppo r t i ng 

the h y p o t h e s i s tha t the sea u rch in egg 130K p o l y p e p t i d e r e p r e s e n t s k ines in . 

(4) T h e 130K pro te in s e d i m e n t s wi th an S-value of 9.5 S on s u c r o s e dens i ty 

g r a d i e n t s , and it e lu t e s f rom BioGel A-5m c o l u m n s wi th a par t i t ion coefficient 

> 
Fig. 3 . Cosedimenta t ion of ρ 130 kinesin activity in c rude ex t rac t s of sea urchin eggs. 

The following fractions were run on a 5 - 1 5 % Polyacrylamide gel (b), blotted to nitrocellulose 
(a), and probed with a blot-affinity-purified ant ibody to ρ 130 (Scholey et al., 1985). ΑΤΡ-
P, Pellet of M T following addit ion of 10 m M M g A T P to the cell ex t rac t . A T P - S , A T P su-
pernatant containing motility act ivi ty, which was loaded on to a 5 - 1 5 % sucrose densi ty gra-
dient . 12-20, Even numbered fractions from the sucrose gradient of the A T P superna tan t . 
Motility activity peaked at 9.5 S in fractions 13-17, which also conta ined the p l 3 0 ant igen. 
A M P P N P - S , Superna tan t from cell ex t rac t , which was t reated with 10 m M M g A M P P N P 
and centrifuged to r emove MTs . A M P P N P - P , Pellet of A M P P N P - t r e a t e d MTs containing 
the p l 3 0 ant igen. Identical results were obta ined with the ant ibody to the squid 110-kDa 
kinesin polypept ide . (See Por ter et al., 1987.) 
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Fig. 4. Sea urchin egg kinesin induces MT gliding over glass coverslips. Partially purified 

sea urchin egg kinesin was al lowed to adhere to a glass covers l ip , mixed with taxol-stabil ized 

brain microtubules and 50 μ Μ A T P , and then sealed to a glass slide. Micro tubule gliding 

on the covers l ip surface was viewed by v ideo-enhanced DIC mic roscopy . Shown here are 

four f rames taken from the v ideo moni tor at 14-sec intervals . T h e ends of th ree numbered 

microtubules are indicated (*), and their direction of movement is shown through the sequence 

(—»). These microtubules are gliding at a ra te of 0.39 ± 0.08 μηι /sec . Bar, 5 μηι. [From 

Porter et al. 1987).] 

Κ.Λ„ — 0 .5 , sugges t ing tha t it r e s e m b l e s squid k ines in in con ta in ing mul t ip le 

s u b u n i t s . W h e t h e r t he na t ive sea u rch in p ro te in c o n t a i n s subun i t s in add i t ion 

to t he 130K p o l y p e p t i d e h a s no t ye t b e e n d e t e r m i n e d (Scho ley et al., 1985; 

P o r t e r et al., 1987; see Vale et al., 1986, for r ev i ew) . N o n e t h e l e s s , t he s im-

ilarit ies b e t w e e n the 130K pro te in f rom sea u r c h i n s a n d the m i c r o t u b u l e t r ans -

loca to r f rom squid a x o p l a s m a re s t rong e n o u g h to w a r r a n t o u r cal l ing the sea 

u rch in p ro te in k ines in . 

W e h a v e n o w used an in vitro v i d e o m i c r o s c o p i c a s s a y (Allen et al., 1981; 

I n o u é , 1981 ; Vale et al., 1985a ,b ,c ; S c h n a p p et al., 1985) to c h a r a c t e r i z e s o m e 

of the mot i le p rope r t i e s of sea u rch in egg k ines in (Po r t e r et al., 1987; C o h n 

et al., 1987). Par t ia l ly purif ied k ines in is a d s o r b e d to a g lass c o v e r s l i p , mixed 

with taxol-stabil ized M T s and A T P , and v iewed by v ideo-enhanced differential 
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interference con t ras t mic roscopy . T h e MT-t rans loca t ing activity of the purified 

egg k ines in is qua l i t a t ive ly s imi lar to t he a n a l o g o u s ac t iv i ty o b s e r v e d in c r u d e 

e x t r a c t s of s ea u rch in eggs (Fig . 4) (P rye r et al., 1986) and r e s e m b l e s the 

ac t iv i ty of n e u r o n a l k ines in wi th r e s p e c t to t he m a x i m a l r a t e of M T m o v e m e n t 

( > 0 . 5 μπ ι / s ec ) . K i n e s i n a l so i n d u c e d gl iding of flagellar a x o n e m e s s t r ipped of 

the i r d y n e i n a r m s . A x o n e m e s gl ide at r a t e s c o m p a r a b l e to t h o s e of singlet 

M T s . L a t e x b e a d s c o a t e d wi th sea u r ch in egg k ines in m o v e t o w a r d the p lus 

end of M T s a t t a c h e d to i so la ted c e n t r o s o m e s . In add i t i on , a x o n e m e s , w h i c h 

w e r e s e e d e d wi th bra in tubu l in , w e r e o b s e r v e d to glide wi th the i r " m i n u s 

e n d s " lead ing . T h u s , t he po la r i ty of M T - b a s e d m o v e m e n t i n d u c e d by sea 

u rch in egg k ines in is t he s a m e a s tha t i n d u c e d by n e u r o n a l k ines in . T h e m o -

t i l i ty -ac t iv i ty of s ea u rch in egg k ines in r e q u i r e s nuc l eo t i de t u r n o v e r . F o r ex-

a m p l e , t he nuc l eo t i de ana logs A T P - 7 - S a n d A M P P N P i m m e d i a t e l y inhibit M T 

gliding in t h e p r e s e n c e of e q u i m o l a r A T P a n d c a u s e M T s to b ind " i m m o t i l e " 

to k ines in on the g lass su r face . T h e photoaff in i ty ana log of A T P , 8-azido-

A T P , inhibits sea urchin egg kines in- induced motili ty in a U V - d e p e n d e n t , A T P -

sens i t ive fash ion . M g
2 +

 a n d n u c l e o t i d e s a r e b o t h r equ i r ed for ac t iv i ty ; A T P 

dep le t i on , by d ia lys is o r a p y r a s e , a n d che l a t i on of M g
2 +

 , us ing E D T A , b lock 

moti l i ty a n d i n d u c e a " r i g o r l i k e " s t a t e . T h e ac t iv i ty of s ea u r ch in egg k ines in 

is inhibi ted b y high c o n c e n t r a t i o n s of [ N E M ] ( > 3 - 5 m M ) o r v a n a d a t e ( > 5 0 

μ Μ ) . T h e nuc l eo t i de r e q u i r e m e n t of s ea u rch in egg k ines in is fairly b r o a d 

( A T P > G T P > I T P , C T P , and U T P ) , a n d t h e r a t e of M T m o v e m e n t i n c r e a s e s 

in a s a tu r ab l e fash ion wi th t he [ A T P ] . W h e n the r ec ip roca l of t he r a t e of M T 

gliding v e r s u s t he r ec ip roca l of the A T P c o n c e n t r a t i o n a r e p lo t t ed (L ine -

w e a v e r - B u r k e ) , w e ob ta in a V m ax — 0 . 5 - 0 . 7 μπ ι / s ec and an a p p a r e n t Km t ha t 

va r ies a r o u n d 60 μ Μ A T P . W e c o n c l u d e tha t t he mot i le ac t iv i ty of egg k ines in 

is ind i s t ingu ishab le f rom tha t of n e u r o n a l k ines in ( P o r t e r et ai, 1987; C o h n 

et al., 1987; S c h o l e y et al., 1988). 

T h e observa t ion that the MT-t rans loca t ing act ivi ty of sea urchin egg kinesin 

is A T P d e p e n d e n t sugges t s tha t t he p ro te in might be an A T P a s e . O t h e r m e -

c h a n o c h e m i c a l p r o t e i n s (dyne in and m y o s i n ) a r e A T P a s e s , and t h e r a t e at 

wh ich t h e y h y d r o l y z e A T P is c o u p l e d to mot i l i ty and c o n s e q u e n t l y ac t i va t ed 

by M T s and ac t in f i l aments , r e s p e c t i v e l y . S ince k ines in m o v e s M T s at a ve-

loci ty of 500 n m / s e c , a n d a s s u m i n g e a c h k ines in c ro s s -b r idge m o v e s t he M T 

a d i s t a n c e of a b o u t 10 n m ( 1 - 2 subun i t s ) and a s s u m i n g 1 m o l e c u l e of A T P is 

h y d r o l y z e d pe r c ros s -b r idge c y c l e , w e might e x p e c t a r a t e of A T P hydro lys i s 

of 500/10 = 50 A T P / s e c for ac t i ve k ines in m o l e c u l e s . R e c e n t l y , K u z n e t s o v 

and Gelfand (1986) succeeded in obta ining p repara t ions of bov ine brain kinesin 

w h i c h , in t he p r e s e n c e of M T s , h y d r o l y z e A T P at r a t e s e x p e c t e d for ac t ive 

k ines in . T h e i r pur i f icat ion p ro toco l i nvo lves c h r o m a t o g r a p h i c f rac t iona t ion 

of a b ra in e x t r a c t , fo l lowed by affinity pur i f ica t ion of k ines in via M T binding 

in inorgan ic t r i p o l y p h o s p h a t e in s t ead of A M P P N P . T h e b o u n d k ines in is re -
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l eased f rom M T s wi th A T P , t hen sub jec ted to gel f i l trat ion and i on -exchange 

c h r o m a t o g r a p h y . T h e purified mate r ia l h y d r o l y z e s A T P at a r a t e of 6 0 - 8 0 

nmol /min /mg , bu t the ac t iv i ty is s t imula ted severa l fo ld by M T s to a V m ax — 

4.6 μπ ιο1 /π ι ίη /π^ . 

R e c e n t l y , C o h n et al. (1987) r e p o r t e d tha t s ea u rch in egg k ines in is a l so an 

MT-ac t i va t ed M g - A T P a s e , and they r e p o r t e d tha t t he inhib i tors A M P P N P , 

v a n a d a t e , E D T A , and Mg-free A T P c a u s e a d o s e - d e p e n d e n t inhibi t ion in bo th 

the ve loc i ty of k ines in -d r iven M T gliding a n d the M T - a c t i v a t e d M g - A T P a s e 

ac t iv i ty . F u r t h e r m o r e , on the bas i s of o b s e r v a t i o n s tha t t h r e e p r o p e r t i e s a re 

sha red by m y o s i n , d y n e i n , and k ines in , n a m e l y , (1) fo rma t ion of a b o u n d 

c o m p l e x wi th ac t in o r M T s in the a b s e n c e of M g - A T P , (2) d i s soc ia t ion of the 

c o m p l e x by M g - A T P , and (3) ac t iva t ion of A T P a s e ac t iv i ty by ac t in o r M T s , 

t h e s e w o r k e r s p r o p o s e tha t t he m e c h a n o c h e m i c a l cyc l e s of k ines in , m y o s i n , 

and d y n e i n m a y h a v e f ea tu re s in c o m m o n (Scho l ey et al., 1988). 

O n e i m p o r t a n t ques t i on r ema in ing c o n c e r n s t he funct ion of k ines in wi th in 

cel ls . A s d i s c u s s e d in a r e cen t r e v i e w (Vale et al., 1986), k ines in is a good 

c a n d i d a t e for b o t h an o rgane l le t r a n s l o c a t o r and a mi to t i c m o t o r . I n d e e d , t he 

observa t ion that kinesin is p resen t in sea urchin eggs , a cell t ype w h e r e mitosis 

is a p r ima ry funct ion of M T s , s u p p o r t s t he h y p o t h e s i s tha t k ines in m a y be a 

m e c h a n o c h e m i c a l fac tor for s o m e form of mot i l i ty a s s o c i a t e d wi th the mi to t ic 

sp ind le . In add i t i on , the o b s e r v a t i o n tha t monospec i f i c an t i bod i e s to k ines in 

s ta in t h e mi to t ic sp ind le in f ixed, d iv id ing s e a u r ch i n eggs a d d s fur ther s u p p o r t 

for the no t ion tha t k ines in might be i m p o r t a n t for c h r o m o s o m e o r ves ic le 

m o v e m e n t dur ing mi tos i s (Scho ley et al., 1985), as d i s c u s s e d in m o r e detai l 

in recent rev iews (Vale et al., 1986; Mi tch ison , 1986). H o w e v e r , it is impor tan t 

t o e m p h a s i z e tha t t h e loca l iza t ion of k ines in in t h e sp ind le d o e s no t a d d r e s s 

the ques t i on of its funct ion t h e r e , and fu ture w o r k will be a imed at p rob ing 

the funct ion of k ines in in living cel ls ( see Vale et al., 1986, for d i s cus s ion ) . 

VII. A MICROTUBULE-ASSOCIATED M O T O R F R O M C. ELEGANS 

T h e e v i d e n c e tha t sea u rch in egg d y n e i n s play a role in mi to t ic mo t ion or 

in t race l lu la r t r a n s p o r t is e q u i v o c a l . T h e s e d y n e i n s m a y be cil iary p r e c u r s o r s 

tha t a r e s tockp i led in the egg a n d m a y h a v e no role in c y t o p l a s m i c M T - b a s e d 

t r a n s p o r t . Ident i fying a c y t o p l a s m i c d y n e i n in an o r g a n i s m tha t d o e s not m a k e 

cilia o r flagella wou ld grea t ly simplify the s tudy of its ro le(s ) . 

T h e free-living soil n e m a t o d e C. elegans d o e s not form mot i le cilia o r flag-

ella. T h e s p e r m of this o r g a n i s m a re a m o e b o i d ( N e l s o n et al., 1982); ne i the r 

the e m b r y o s , the g o n a d s , n o r the in tes t ine a r e ci l ia ted ( C h i t w o o d and Chi t -

w o o d , 1974); and a l though t he r e a r e d o u b l e t M T s in t he six m e c h a n o s e n s o r y 
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n e u r o n s (Ward et al., 1975), t h e s e a p p e a r to be pas s ive ly invo lved in force 

t r a n s d u c t i o n r a t h e r t h a n mot i l i ty . T h e fine s t r u c t u r e of t h e s e n e u r o n s r evea l s 

no d y n e i n a r m s on t h e d o u b l e t M T s (Chalfie and T h o m p s o n , 1982). W e h a v e 

c h o s e n C. elegans a s a su i tab le spec i e s for t he s tudy of c y t o p l a s m i c d y n e i n s 

in ce l lu lar t r a n s p o r t b e c a u s e of its lack of c o n t a m i n a t i n g a x o n e m a l d y e n i n s 

and its sui tabi l i ty for g e n e t i c , m o l e c u l a r g e n e t i c , and de ta i led morpho log i ca l 

ana lys i s . 

W e h a v e identif ied a p ro t e in in C. elegans t ha t s h a r e s m a n y p r o p e r t i e s wi th 

a x o n e m a l d y n e i n ( L y e et ai, 1987). W e h a v e again u s e d taxol (Va l lee , 1982) 

to s t imula te t he p o l y m e r i z a t i o n of M T s in co ld e x t r a c t s of g rav id adul t ne -

m a t o d e s . Seve ra l p o l y p e p t i d e s pel le t in t he p r e s e n c e , bu t no t in t he a b s e n c e , 

of a s s e m b l e d M T s . O n e of t h e s e a s s o c i a t e d p o l y p e p t i d e s exh ib i t s A T P - s e n -

sitive binding to the po lymer . If the A T P concen t ra t ion in the ex t rac t is r educed 

us ing e i the r a p y r a s e o r h e x o k i n a s e a n d g l u c o s e , t he a m o u n t of t he H M r po ly-

pep t ide ( M r , —400K) tha t b inds to t h e M T s is significantly e n h a n c e d . Th i s 

p o l y p e p t i d e c a n s u b s e q u e n t l y be e x t r a c t e d f rom the M T s wi th 10 m M M g A T P 

plus 100 mM N a C l . T h e H M r po lypep t ide and a Mg A T P a s e activity cosed imen t 

on s u c r o s e g r ad i en t s at a p p r o x i m a t e l y 20 S (Fig . 5) . Th i s A T P a s e ac t iv i ty is 

m o r e t h a n 5 0 % inhib i ted by e i the r 10 μ Μ v a n a d a t e , 1 m M N - e t h y l m a l e i m i d e , 

o r 5 m M A M P P N P . T h e A T P a s e is e n h a n c e d 5 0 % by 0 . 2 % Tr i ton X-100. L i k e 

axonema l dyne in , the C. elegans 400K polypept ide displays vanadate-sens i t ive 

p h o t o c l e a v a g e . T h e s e p r o p e r t i e s a r e all dyne in - l ike . 

W h e n the 20 S p ro t e in is a d s o r b e d to a g lass cove r s l i p a n d e i the r M T s or 

flagellar a x o n e m e s a r e a d d e d , it p r o m o t e s a n u c l e o t i d e - d e p e n d e n t M T t r a n s -

locat ion. In o u r ear ly work , a x o n e m e s that have been e longated at their " p l u s " 

end wi th phosphoce l lu lose -pur i f i ed tubul in gl ided wi th the i r m i n u s e n d s lead-

ing, sugges t ing tha t the C. elegans m o t o r d i sp l ayed s imilar po la r i ty of m o t i o n 

to tha t of k ines in . S u b s e q u e n t w o r k , h o w e v e r , us ing d e m e m b r a n e d s p e r m has 

s h o w n tha t t he C. elegans m o t o r m o v e s ob jec t s t o w a r d the m i n u s e n d of 

a x o n e m a l M T s ( L y e et al., 1988). Th i s is t he s a m e d i r ec t ion of mot i l i ty tha t 

is found for a x o n e m a l a n d b o v i n e b ra in d y n e i n s ( F o x a n d Sa l e , 1987; P a s c h a l 

and Va l l ee , 1987), s u p p o r t i n g the h y p o t h e s i s t ha t t he C. elegans m o t o r is a 

c y t o p l a s m i c d y n e i n . M i c r o t u b u l e s m o v e at a b o u t 1.5 ± 0.53 μ π ι / s e c , signif-

icant ly fas te r t h a n wi th k ines in u n d e r c o n d i t i o n s of sa tu ra t ing A T P , a n d the 

mo t ion is A T P specific a n d is b l o c k e d by 10 μ Μ v a n a d a t e , 1 m M N - e t h y l -

m a l e i m i d e , o r by 0.5 m M A T P - 7 - S . Mot i l i ty is s l o w e d , bu t no t b l o c k e d , by 

[ A M P P N P ] = [ATP] . T h e s e charac ter i s t ics differ from the p roper t i es descr ibed 

for s ea u rch in egg k ines in . T h e rough ly para l le l inhibi t ion of t h e A T P a s e and 

the moti l i ty by severa l r e a g e n t s sugges t s tha t t he e n z y m e ac t iv i ty and the 

moti l i ty a r e c a u s e d by the s a m e p ro t e in o r p ro t e in c o m p l e x , bu t its role in 

c y t o p l a s m i c o r mi to t ic M T - b a s e d moti l i ty is p r e s e n t l y u n k n o w n ( L y e et al., 

1987). 
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Fig. 5. Purification of the nema tode motility factor from A T P deple ted ex t rac ts of gravid 
adult C. elegans. (A) A Coomass ie-s ta ined 3 - 8 % Polyacrylamide gradient gel showing the 
binding of the 400K polypept ide to assembled M T s . L a n e 1 con ta ins the ext rac t to which 
G T P and taxol will be added . Lane 2 is the pellet that resul ts when MTs are prepared in 
the p resence of nocodazole ra ther than taxol . Lane 3 conta ins the taxol M T pellet. Lane 4 
conta ins the material that remains in the superna tan t when taxol MTs are incubated in ATP-
containing buffer, and lane 5 conta ins the MTs that pellet in the p resence of A T P . Lane 6 
conta ins Tetrahymena flagellar dynein as a marke r , and lane M conta ins molecular-weight 
s tandards ( x 10

3
). (B) A Coomass ie-s ta ined 3 - 8 % Polyacrylamide gradient gel showing the 

protein profile of a 5 -20% sucrose densi ty gradient . Lane Ρ is the material that sediments 
through the gradient into a pellet. Lanes 1-11 are fractions from the gradient. Lane M contains 
molecular-weight s tandards ( x 10

3
). The fractions that are indicated by an asterisk are the 

only ones that contain in vitro motil i ty-inducing act ivi ty. They also cosed iment with a peak 
of ATPase activity at approximate ly 20 S. 
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VII I . C O N C L U D I N G R E M A R K S 

A var ie ty of p u t a t i v e M T - b a s e d m o t o r s h a v e b e e n d e s c r i b e d in r ecen t y e a r s 

(Table I I I ) . T h e s e p ro t e in s can be c o n s i d e r e d a s c a n d i d a t e s for pe r fo rming a 

n u m b e r of mot i le func t ions wi th in ce l l s . F o r the p u r p o s e s of d i s c u s s i o n , w e 

have divided these pro te ins into th ree c lasses . Class I, the pro te ins that perform 

a k n o w n , M T - b a s e d , m e c h a n o c h e m i c a l func t ion in living ce l l s , con t a in only 

a single m e m b e r (flagellar d y n e i n , t he A T P a s e tha t g e n e r a t e s force for M T -

sliding in a x o n e m e s ) . It should be n o t e d , h o w e v e r , tha t c u r r e n t e v i d e n c e sug-

ges t s tha t i nne r a n d o u t e r a r m d y n e i n differ, a n d it is l ikely tha t t h e r e a r e at 

least t w o flagellar d y n e i n s . F u t u r e w o r k will be a imed at u n d e r s t a n d i n g in 

de ta i led m o l e c u l a r t e r m s the p r ec i s e m e c h a n i s m s by wh ich t h e s e e n z y m e s 

c o n v e r t t he c h e m i c a l e n e r g y s to red in A T P in to M T sliding ( J o h n s o n , 1985). 

In C las s I I , w e h a v e g r o u p e d t o g e t h e r t h o s e p ro t e in s tha t h a v e b e e n d e m -

ons t ra ted to induce MT-based m o v e m e n t s (bead t rans locat ion and micro tubule 

gliding) in vitro. T h e s e a r e a t t r a c t i ve c a n d i d a t e s for pe r fo rming m e c h a n o -

chemica l func t ions in living ce l l s , a l t hough t h e r e is as ye t no d i rec t e v i d e n c e 

tha t th is is t he c a s e (Vale et al., 1986). K i n e s i n , for e x a m p l e , is t h o u g h t to 

TABLE III 

Summary of Putative Cytoplasmic Microtubule-Associated Motors 

Class Puta t ive t rans loca tor Source 

I. Proteins known to cause Flagellar dynein Eukaryo t ic cilia and 

MT-movemen t in vivo flagella 

II . Prote ins known to cause Kinesin Var ious cell types 

MT-movemen t in vitro 

Retrograde t rans loca tor Squid axop lasm, C. 

= cytoplasmic dynein elegans, bovine brain, 
and H e L a cells 

C. elegans ' ' m o t o r " C. elegans 

III . Proteins not yet S T O P s (stable tubule Ver tebra te brain 

demons t ra t ed to cause only proteins) 

MT-movemen t in vivo 

or in vitro 

H M r 3 Sea urchin eggs 
Soluble , axonemal , and Sea urchin eggs 

cy toplasmic dynein 
Microtubule-associa ted Var ious cell types 

ATPases 
10 S MT-act iva ted Sea urchin eggs 

A T P a s e 
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g e n e r a t e force for m o v i n g a x o p l a s m i c ves ic les in the a n t e r o g r a d e d i rec t ion 

(from cell b o d y to synapse ) whi le c y t o p l a s m i c d y n e i n s m a y se rve as " r e t r o -

g rade t r a n s l o c a t o r s " (Vale et al., 1985c; Pascha l a n d Va l l ee , 1987; L y e et al., 

1988), wh ich a r e t h o u g h t t o m o v e ves ic les in t h e r e v e r s e d i r ec t ion . S e a u rch in 

egg k ines in is a c a n d i d a t e for p laying s o m e role in c h r o m o s o m e , ves ic le , or-

gane l le , o r p r o n u c l e a r t r a n s l o c a t i o n s . Specu l a t i on a b o u t the funct ion of the 

C. elegans dyne in- l ike m o t o r m u s t awa i t d e t e r m i n a t i o n of its ce l lu lar locali-

za t ion . F u t u r e r e s e a r c h on t h e s e p ro t e in s will be a i m e d at (1) e luc ida t ing the i r 

func t ions in living ce l l s , for e x a m p l e , by a n t i b o d y o r a n t i s e n s e R N A micro in-

j ec t i on ( M a b u c h i and O k u n o , 1977; I zan t and W e i n t r a u b , 1984), o r by gene 

d i s rup t ion (Neff et al., 1983) and (2) ident ifying the ce l lu lar c o m p o n e n t s wi th 

which t h e s e p ro t e in s in te rac t to g e n e r a t e mot i le fo rce . 

C lass III inc ludes p ro t e in s for wh ich on ly c i r cums tan t i a l e v i d e n c e sugges t s 

a motil i ty-related function, but at p resen t there is no direct ev idence that these 

p ro t e in s can g e n e r a t e mot i le fo rce e i the r in vivo o r in vitro. T h e s e inc lude t h e 

M T - a s s o c i a t e d A T P a s e s found in a va r i e ty of cell t y p e s , w h o s e ro les in M T -

b a s e d moti l i ty a re u n k n o w n : the M T - a s s o c i a t e d H M r 3 and the so luble a x o -

nemal- l ike c y t o p l a s m i c d y n e i n , wh ich h a v e b e e n identif ied in sea u rch in egg 

cy top lasm. Also in this c lass a re the S T O P (stable- tubule only prote ins) , which 

confer s tabi l i ty to bra in M T s and a r e r e p o r t e d to " s l i d e " a long M T s . W h e t h e r 

t h e s e p ro t e ins can g e n e r a t e mot i le force is u n k n o w n (Margol i s et al., 1986). 

N o d o u b t fu ture s tud ies will be a i m e d at improv ing the c h a r a c t e r i z a t i o n of 

t he se p ro t e in s and p rob ing the i r mot i l i ty - induc ing p r o p e r t i e s . 

It s e e m s likely tha t the list of pu t a t i ve M T - a s s o c i a t e d m o t o r s (Table III) 

will c h a n g e ve ry rapidly in the n e a r fu ture . T h e ac t ive r e s e a r c h in this a r e a 

m a y b e e x p e c t e d t o i n c r e a s e t he ca t a log of p u t a t i v e M T - b a s e d m o t o r s and 

clarify o u r u n d e r s t a n d i n g of t h o s e a l r eady ident i f ied. 
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I. INTRODUCTION 

T h e b r o a d p r o b l e m s of fer t i l izat ion w e r e def ined by the o p e n i n g y e a r s of 

the p r e s e n t c e n t u r y . T h e y w e r e t he ac t iva t ion of the egg, the in t raspeci f ic 

fusion of g a m e t e s leading to a un ion of the i r nuc le i , and the fa tes of the cen-

t r o s o m e s of the r e s p e c t i v e g a m e t e s . 

T h e s tudy of the ac t iva t ion of the egg has th r ived for r e a s o n s first no t ed 

by L o e b (1909); it r e p r e s e n t s an o p p o r t u n i t y for a d e e p e r s t udy of the n a t u r e 

of " s t i m u l a t i o n . " L o e b ' s p e r c e p t i o n has b e e n jus t i f ied by m o d e r n d e v e l o p -
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meri ts , s o m e of wh ich a re d i s c u s s e d in o t h e r c h a p t e r s in this b o o k . H o w e v e r , 

o n e detai l has e v a d e d us so far; w e d o not yet k n o w h o w to th ink of a sper-

m a t o z o o n as an ac t iva to r . 

C lea r ly , w e h a v e l ea rned m o r e a b o u t t he fusion of g a m e t e s and nucle i s ince 

Bover i (1907) p roved the c h r o m o s o m a l basis of inher i tance by his expe r imen t s 

on d i s p e r m i c eggs ( e x p e r i m e n t s tha t w e r e so s imple t echn ica l ly and so p r o -

dig ious in te l lec tual ly) . T h e b ind ing of s p e r m a t o z o a to eggs h a s b e e n s tud ied 

at a qu i te d e e p m o l e c u l a r leve l , and the a p p r o a c h of p ronuc le i is u n d e r s t o o d 

in t e r m s of the b e h a v i o r of m i c r o t u b u l e s . 

T h e ro le of c e n t r o s o m e s in fer t i l izat ion w a s o n c e t he sub jec t of l ively lit-

e r a t u r e , beg inn ing wi th B o v e r i ' s t h e o r y of fer t i l izat ion (Bove r i , 1891), ac -

co rd ing to w h i c h unfer t i l ized eggs de r ive the i r c e n t r o s o m e f rom the ma le ga-

m e t e s . T h e s e c e n t r o s o m e s d iv ide and s e p a r a t e to fo rm the po les for t he first 

mi tos i s ; t h e y a r e t he a n c e s t o r s of the c e n t r o s o m e s in all t he cel ls in t he de -

ve loping o r g a n i s m . T h e m a t e r n a l c e n t r o s o m e s , w h i c h had b e e n o p e r a t i v e dur-

ing t he meio t i c d iv i s ions , b e c o m e inac t ive in s o m e w a y . Bove r i b a s e d his 

t h e o r y on sound e v i d e n c e . O n e c a n n o t d i spu t e it in t h e c a s e s he s tud ied (As-

caris eggs a n d sea u rch in eggs) ; t h e r e c e n t r o s o m e s cou ld b e r e so lved as par -

t ic les . M o d e r n t e c h n i q u e s e m p l o y i n g a n t i c e n t r o s o m e an t ibod i e s conf i rm tha t 

t he hema toxy l i n - s t a i ned par t i c les w e r e i ndeed c e n t r o s o m e s . T h e po les of the 

first mi to t ic sp indle w e r e fo rmed at t he ma le p r o n u c l e u s ; tha t fact ha s b e e n 

conf i rmed by r e c e n t t e s t s . In P o l y s p e r m i e eggs , t he n u m b e r of po les at the 

first mi tos i s w a s tw ice t he n u m b e r of s p e r m tha t e n t e r e d t he egg. T h u s , t he 

e v i d e n c e w a s o v e r w h e l m i n g — b u t cou ld t he c o n c l u s i o n b e g e n e r a l i z e d ? T h a t 

r ema ins a p r o b l e m , bu t it is on ly o n e of t he s o u r c e s of la ter confus ion . 

B o v e r i ' s t h e o r y of fer t i l izat ion is a lmos t ce r ta in ly valid for m a n y c a s e s and 

it m a k e s biological s e n s e . It is logical , b e c a u s e it is o n e w a y of a s su r ing that 

r e p r o d u c t i o n will r equ i r e t w o p a r e n t s , t h u s c o m b i n i n g t w o se t s of g e n e s . As 

we shall see (F igs . 1-5), the n e w e s t e v i d e n c e ( S c h a t t e n et al., 1986; P a w e l e t z 

et al., 1987a,b) conf i rms the o b s e r v a t i o n s of Bover i and o t h e r s (e .g . , Wi lson 

and Learn ing , 1895) on sea u rch in eggs . In the n o r m a l c a s e , the poles of the 

first c l eavage sp indle c a n be t r aced b a c k to the s p e r m c e n t r o s o m e . T h e sou rce 

of confus ion w a s the p ropos i t i on tha t the m a t e r n a l c e n t r o s o m e b e c o m e s in-

ac t ive fol lowing me ios i s . T h a t p ropos i t i on d i s tu rbed the o t h e r w i s e defens ib le 

thes i s of the gene t i c con t inu i ty of c e n t r o s o m e s . It w a s soon cha l l enged by 

the s u c c e s s e s of e x p e r i m e n t s on artificial p a r t h e n o g e n e s i s . 

T h e s u b s e q u e n t d e b a t e , the o u t c o m e of wh ich w a s genera l indifference to 

the p r o b l e m itself, would not h a v e b e e n as u n p r o d u c t i v e if the c o n t e s t a n t s 

had r e m e m b e r e d tha t artificial p a r t h e n o g e n e s i s w a s indeed artificial . It might 

then h a v e b e e n r ecogn ized tha t the s t r e n u o u s m e t h o d s of p a r t h e n o g e n e s i s 

w e r e the m e a n s of r e s to r ing the ac t iv i ty of the m a t e r n a l c e n t r o s o m e . 
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II. THE C E N T R O S O M E : S T R U C T U R E A N D FUNCTION 

Fer t i l i za t ion of t he sea u rch in egg is a highly c o m p l e x p r o c e s s ( see L o n g o , 

1973; G u i d i c e , 1973; a n d this v o l u m e ) : t he e n c o u n t e r of t he s p e r m a t o z o o n 

and the egg se t s a c a s c a d e of m e t a b o l i c e v e n t s in to m o t i o n , w h i c h a r e ac -

c o m p a n i e d b y s t ruc tu ra l a l t e ra t ions s ta r t ing at t h e egg sur face a n d m o v i n g o n 

t o w a r d the c e n t e r of t he egg. T h e s p e r m a t o z o o n is engulfed b y microvi l l i a n d 

t h e n the c y t o p l a s m of the egg a n d s o o n the s p e r m h e a d s t a r t s to t r a n s f o r m 

into the male p ronuc leus . M o v e m e n t s of the male and female pronucle i , which 

a r e m e d i a t e d by cy to ske l e t a l e l e m e n t s of t h e egg c y t o p l a s m , b r ing t h e m n e a r 

to each o the r to enable fusion (see Scha t t en , 1981a,b,c; Scha t t en and Scha t t en , 

1981). After fus ion, t he ma le c h r o m a t i n c o n t i n u e s its d e c o n d e n s a t i o n a n d be -

c o m e s mixed wi th t he female c h r o m a t i n , unt i l c o n d e n s a t i o n of t he to ta l c h r o -

mat in of t he z y g o t e n u c l e u s p r e p a r e s t he cell for mi tos i s . Dur ing e m b r y o g e n -

es i s , pa r t i cu la r ly in its ea r ly s t ages , cell d iv is ion is t he m o s t e v i d e n t a n d m o s t 

i m p o r t a n t p r o c e s s . After fusion of t h e p r o n u c l e i , t w o m i c r o t u b u l a r a s t e r s c a n 

b e seen in c lo se a s soc i a t i on wi th t he z y g o t e n u c l e u s , b u t in o p p o s i t e pos i t i ons 

(see S c h a t t e n et al., 1986; P a w e l e t z et al., 1987a,b) . T h e y r e p r e s e n t t w o po le s 

of t he mi to t i c sp ind le , wh ich s o o n b e c o m e ac t ive in t h e t r a n s p o r t of t he c h r o -

m o s o m e s to t h e t w o p o l e s . After c y t o k i n e s i s , t h e d a u g h t e r cel ls d o no t res t 

for a long pe r iod , bu t i m m e d i a t e l y p r e p a r e for t he n e x t d iv i s ion . A cha in of 

d iv i s ions h a s n o w b e g u n , w h i c h d o e s no t end unti l t he o r g a n i s m is c o m p l e t e . 

Dur ing all t h e s e d iv i s ions , t he fo rma t ion of t w o mi to t ic po l e s ou t of o n e c e n t e r 

(b ipo la r iza t ion ; M a z i a , 1961, 1978) is t he m o s t i m p o r t a n t p a r t , s ince on ly a 

b ipo la r sp ind le c a n g u a r a n t e e an o r d e r e d d i s t r ibu t ion of t h e c h r o m o s o m e s to 

t he d a u g h t e r ce l l s . By this b ipo la r i za t ion p r o c e s s , t h e long ax is of t h e sp ind le 

is d e t e r m i n e d , a n d t h e des t i na t i on of t h e s epa ra t i ng c h r o m o s o m e s is def ined . 

T h e p l ane of c l eavage a l w a y s is o r i e n t a t e d p e r p e n d i c u l a r t o t h e long ax is of 

the spindle; t h u s , the direct ion of cy tokines is is de te rmined also by the locat ion 

of the t w o p o l e s . T h e phys ica l e m b o d i m e n t of t he po les is r e p r e s e n t e d by t h e 

c e n t r o s o m e s (Bove r i , 1900; M a z i a , 1984, 1987; P a w e l e t z et ai, 1984, 1987a,b; 

Scha t t en et al., 1986). C e n t r o s o m e s a re definite co rpusc l e s ; their form is a l tered 

in a cycl ica l w a y in t he mi to t ic c y c l e , a n d du r ing t h e s e s t ruc tu ra l c h a n g e s , 

the t w o po le s for t he n e x t mi tos i s a r i s e . 

In de ta i led r e v i e w a r t i c l e s , M a z i a (1984, 1987) d e s c r i b e d the role of the 

c e n t r o s o m e s and the funct ion of mi to t i c po l e s : the c e n t r o s o m e m u s t be con -

s idered as a f lexible s t r u c t u r e . Dur ing d iv i s ion , c e n t r o s o m e s a r e t r ans fe r red 

to the d a u g h t e r ce l l s , t hey a r e r e p r o d u c e d t h e r e , and by the i r s ep a r a t i o n from 

e a c h o t h e r , t he t w o po les for t he nex t mi tos i s a re f o r m e d . C e n t r o s o m e s can 

h a v e different fo rms in different cell t y p e s , wh ich can a l te r du r ing the life of 
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the cel l , but the form of t he c e n t r o s o m e s dur ing mi tos i s finally d e t e r m i n e s 

the s h a p e of the sp ind le . 

Dur ing the ear ly inves t iga t ions of the p r o b l e m s of fer t i l izat ion and cell re-

p r o d u c t i o n (see Wi l son , 1925; W a s s e r m a n n , 1929), in o r d e r to exp la in the 

p r o c e s s of fer t i l izat ion the real i ty of c e n t r o s o m e s as phys ica l b o d i e s w a s dis-

c o v e r e d (Bove r i , 1900). T h e egg loses its c e n t r o s o m e s (in the i r funct ioning 

form) dur ing o o g e n e s i s a n d , t he r e fo re , m u s t " w a i t " for the s p e r m to br ing in 

funct ioning c e n t r o s o m e s , wh ich h a v e b e e n p r e s e r v e d in the s p e r m dur ing 

s p e r m a t o g e n e s i s . T h e s e i n c o r p o r a t e d c e n t r o s o m e s ac t as mic ro tubu le -o rga -

nizing c e n t e r s ( M T O C s ) to form the mi to t ic a p p a r a t u s in t he fert i l ized egg. 

T h e s e m i c r o t u b u l e s a r e r e spons ib l e for the c o n n e c t i o n b e t w e e n c h r o m o s o m e s 

and p o l e s , but to rea l ize this e n g a g e m e n t of the c h r o m o s o m e s to the po l e s , 

an in tens ive c o o p e r a t i o n b e t w e e n c e n t r o s o m e (pole) and k i n e t o c h o r e s is nec -

e s s a r y (Maz ia et al., 1981). 

T h o u g h c e n t r o s o m e s (for t e rmino logy in the old l i t e ra tu re see Wi l son , 1925; 

W a s s e r m a n n , 1929) h a v e b e e n k n o w n for nea r ly a h u n d r e d y e a r s (see B o v e r i , 

1900), e l ec t ron m i c r o s c o p i c s tud ies h a v e a d d e d m o r e in format ion to the un-

d e r s t a n d i n g of the i r s t r u c t u r e and funct ion by s tudy ing c e n t r i o l e s , w h i c h m u s t 

be c o n s i d e r e d as ind ica to r s for c e n t r o s o m e s ( see W h e a t l e y , 1982). De ta i l ed , 

fine s t ruc tu ra l o b s e r v a t i o n s , h o w e v e r , h a v e r e v e a l e d tha t m i c r o t u b u l e s of the 

mi to t ic a p p a r a t u s d o not o r ig ina te f rom cen t r io l e s p r o p e r , bu t f rom the o s -

miophi l ic c loud a r o u n d the cen t r io l e s (pe r i cen t r io la r ma te r i a l , o smioph i l i c 

ma te r i a l ; see P e t e r s o n a n d B e r n s , 1980; W h e a t l e y , 1982). In r e c e n t y e a r s , it 

ha s b e c o m e m o r e ev iden t tha t c e n t r o s o m e s c o m p r i s i n g osmioph i l i c ma te r i a l , 

shor t m i c r o t u b u l e s , and in a n u m b e r of cell t y p e s , cen t r io l e s a r e real M T O C s 

(Gould and Borisy , 1977). Cent r io les in this respec t only act as adve r t i s emen t s 

of c e n t r o s o m e s (Maz ia , 1984). T h e r e is n o w a hos t of l i t e ra tu re (Bajer and 

Molé-Baje r , 1972; P i c k e t t - H e a p s and Tipp i t , 1978; W h e a t l e y , 1982) d e m o n -

s t ra t ing a regu la r d e v e l o p m e n t of mi to t ic sp ind les w i t h o u t c e n t r i o l e s , bu t cen-

t r o s o m e s m u s t be p r e s e n t to o rgan ize a n d o r i e n t a t e m i c r o t u b u l e s to form a 

b ipolar sp ind le . Bover i (1900) has d e s c r i b e d " d a s C e n t r o s o m als cyk l i s ches 

G e b i l d e " (see a l so M a z i a , 1984, 1987; P a w e l e t z et al., 1984; S c h a t t e n et al., 

1986). H e could s h o w tha t the c e n t r o s o m e in the sea u r ch i n egg u n d e r g o e s a 

cycl ical c h a n g e in s h a p e . S ince t h e n the c e n t r o s o m e cyc le h a s b e e n near ly 

forgot ten and neg lec ted . Only r ecen t ly cou ld t h e s e d a t a b e conf i rmed and 

e x t e n d e d by e l ec t ron m i c r o s c o p i c s tud ies on " t h e c e n t r o s o m e cyc le in the 

mi to t ic c y c l e " ( P a w e l e t z et al., 1984, 1987a,b) . W e shall see in t he nex t par t 

of this c h a p t e r tha t the c e n t r o s o m e t r a n s f o r m s f rom a spher ica l s t r u c t u r e t o 

a flat, e longa ted p la te l ike fo rma t ion , w h i c h subd iv ide s in to t w o c l u b - s h a p e d 

b o d i e s , wh ich in tu rn go o v e r in to s p h e r e s aga in . T h e s e a l t e ra t ions in s h a p e 

d o no t only inf luence the s h a p e of t he sp ind le bu t a l so t he a r r a n g e m e n t s of 

c h r o m o s o m e s , impl ica t ing s t rong la tera l i n t e r ac t ions of t he m i c r o t u b u l e s in 

the half -spindle . 
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C e n t r o s o m e s ac t as mi to t ic po l e s : f rom the w o r k o n m o n o p o l a r mi to t ic 

appa ra tus (Bover i , 1903; Bajer et al., 1980; Bajer and Molé-Bajer , 1981; Maz ia 

et al., 1981), it is well k n o w n that a single c e n t r o s o m e is capab le of coopera t ing 

wi th k i n e t o c h o r e s to form a c o m p l e t e and no rma l ly func t ion ing hal f -spindle . 

In t h e s e m o n o p o l a r sp ind le s , t he c h r o m o s o m e s a re a r r a n g e d in a m e t a p h a s e -

like p l a t e , t he k i n e t o c h o r e facing the po le ( c e n t r o s o m e ) is engaged to t h e half-

sp indle by m i c r o t u b u l e s a n d , t h u s , is c o n n e c t e d to t h e po l e , whi le t he s i s te r 

k i n e t o c h o r e poin t ing a w a y f rom the pole is c o m p l e t e l y void of m i c r o t u b u l e s 

(Maz ia et al., 1981). It c a n be d e m o n s t r a t e d tha t t he c h r o m o s o m e s in this 

half-spindle can a p p r o a c h the po le a n d fo rm a n e w n u c l e u s , bu t t he cell fails 

to u n d e r g o c l e a v a g e . T h e s e d a t a ind ica te tha t c e n t r o s o m e s a r e r e spons ib l e 

for the o rde r ly d i s t r ibu t ion of t he c h r o m o s o m e s a n d c a n , t h e r e fo r e , b e con -

s idered as " r e p r o d u c t i v e o r g a n s " of t he cell (Maz i a , 1984, 1987). A s w a s 

a l r eady briefly m e n t i o n e d in eggs , func t ion ing c e n t r o s o m e s a r e lost du r ing 

o o g e n e s i s : it m u s t b e a s s u m e d tha t , at t h e end of t he meio t i c d iv i s ions du r ing 

which c e n t r o s o m e s still exist in the matur ing egg, the functioning c e n t r o s o m e s 

a r e d i s in t eg ra t ed , and the r e m n a n t s , w h i c h r e m a i n in t he m a t u r e , unfer t i l ized 

egg, a r e obv ious ly no t c a p a b l e of func t ion ing like in tac t c e n t r o s o m e s . Th i s 

c an c lear ly be seen dur ing the d e v e l o p m e n t of t h e n o n p o l a r mi to t ic a p p a r a t u s 

(Maz ia , 1974; P a w e l e t z a n d M a z i a , 1978, 1979): t he unfer t i l ized sea u r ch i n 

egg can be ac t i va t ed by v a r i o u s different m e a n s , e .g . , a m m o n i a c a l sea w a t e r , 

(see Maz ia et al., 1975) to en te r the cell cyc le . It is ev ident from the repl icat ion 

of t he c h r o m o s o m e s , w h i c h t h e n c o n d e n s e , a n d the s u b s e q u e n t b r e a k d o w n 

of the n u c l e a r e n v e l o p e , tha t a de fec t ive mi to t ic a p p a r a t u s is f o r m e d ; the 

c h r o m o s o m e s a r e a r r a n g e d at t he p e r i p h e r y of an as te r l ike fo rma t ion of 

m i c r o t u b u l e s . N e i t h e r cen t r io l e s n o r t he typ ica l c o m p a c t c e n t r o s o m e s a r e p re -

sen t in t he n o n p o l a r mi to t ic a p p a r a t u s , bu t m i c r o t u b u l e s o r ig ina te f rom small 

foci of o smioph i l i c ma te r i a l , w h i c h is v e r y s imilar to tha t found in n o r m a l 

c e n t r o s o m e s . T h e s e osmioph i l i c foci m u s t b e r e m n a n t s of t he func t ion ing 

c e n t r o s o m e . W e h a v e to a s s u m e tha t s u c h a d e n a t u r e d c e n t r o s o m e is 

r e spons ib l e for t he fo rma t ion of t h e n o n p o l a r mi to t i c a p p a r a t u s , bu t c a n n o t 

d e v e l o p a b ipo la r sp ind le . In th is r e la t ion , w e h a v e to a sk w h a t o c c u r s dur -

ing artificial p a r t h e n o g e n e s i s in w h i c h b ipo la r mi to t ic a p p a r a t u s e s a r e fo rmed 

in spi te of t he lack of t he s p e r m and c l e a v a g e t a k e s p lace (see M a z i a , 1978). 

T h e q u e s t i o n can be a n s w e r e d b y a s s u m i n g t ha t , du r ing t h e s e e x p e r i m e n t a l 

t r e a t m e n t s , t he r e m n a n t s of t h e d i s in t eg ra t ed c e n t r o s o m e in t h e unfert i l -

ized egg a r e r e n a t u r e d t o form a func t ion ing c e n t r o s o m e , w h i c h c a n t h e n ac t 

s imilarly to a n o r m a l o n e (see K a l l e n b a c h a n d M a z i a , 1982). T h e s e r ena tu r -

ing p r o c e s s e s , h o w e v e r , o b v i o u s l y n e e d v e r y specia l p r e r e q u i s i t e s , b e c a u s e 

t hey o c c u r on ly in f requen t ly ; p a r t h e n o g e n e s i s is a r a r e e v e n t (Maz ia , 

1984). 

E x a m p l e s in the l i t e ra tu re desc r ib ing v a r i o u s different t y p e s of sp ind les 

with different t y p e s of bod ie s in the po la r r eg ion , e .g . , in l o w e r p lant and 
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animal cells ( F u g e , 1976), a n d the e x i s t e n c e of, e .g . , b a r r e l - s h a p e d sp ind les 

in h igher p l an t s , a p p a r e n t l y wi th no po la r s t r u c t u r e s (see Bajer and Molé -

Bajer , 1972) c lear ly p r o v e tha t c e n t r o s o m e s can a s s u m e different s h a p e s and 

fo rms and tha t adve r t i s ing s t r u c t u r e s (cen t r io les a n d po la r bod ies ) c a n e i the r 

be a b s e n t o r can va ry f rom cell t y p e to cell t y p e . In all c a s e s , h o w e v e r , t he 

c e n t r o s o m e s a r e c a p a b l e of forming a b ipo la r mi to t ic a p p a r a t u s . By m e a n s of 

a n t i c e n t r o s o m e a n t i b o d i e s , W i c k (1985) cou ld c lear ly s h o w c e n t r o s o m e s in 

the po la r reg ions of the b a r r e l - s h a p e d sp indle of h igher p l an t s . 

It was ment ioned earlier that c e n t r o s o m e s are charac te r ized by their capaci ty 

for o rgan iz ing and o r i en ta t ing m i c r o t u b u l e s (ac t ing a s M T O C s ) ; it cou ld , h o w -

eve r , be s h o w n tha t t h e y obv ious ly can a l so be c o n s i d e r e d a s m e m b r a n e -

organ iz ing or - a s sembl ing c e n t e r s ( see M a z i a , 1984). Dur ing the fo rma t ion of 

the mitot ic appa ra tus in the cen te r of the fertilized sea urch in egg, for example , 

w h e r e la ter on the sp indle is found , a c lea r z o n e c a n b e identif ied w h i c h is 

free of o b s c u r i n g s t r u c t u r e s such as yolk g r anu l e s o r m i t o c h o n d r i a . Th i s c lear 

z o n e is filled wi th d e n s e l y p a c k e d m e m b r a n o u s s t r u c t u r e s w h i c h s u r r o u n d 

the c h r o m o s o m e s and the m i c r o t u b u l e s ( H a r r i s , 1975) a n d s e e m to or ig ina te 

from the c e n t r o s o m a l reg ion . In r e cen t y e a r s , a hos t of a r t ic les h a v e b e e n 

pub l i shed (see P a w e l e t z , 1981; H e p l e r and W o l n i a k , 1984; P a w e l e t z a n d 

S c h r o e t e r , 1986) a b o u t the e x i s t e n c e of m e m b r a n e s in a defini te p a t t e r n in 

the mi to t ic a p p a r a t u s of a va r i e ty of ce l l s . T h e o r d e r e d a r r a n g e m e n t of such 

s t r u c t u r e s is a sk ing for an o rgan iz ing p r inc ip le ; t h e bes t c a n d i d a t e c a n be s een 

in t he c e n t r o s o m e . 

Tak ing all t he b e f o r e - m e n t i o n e d d a t a in to a c c o u n t , M a z i a (1984) p r o p o s e d 

the fol lowing n a t u r e of the c e n t r o s o m e . (1) C e n t r o s o m e s c a n a s s u m e different 

s h a p e s in different cel ls a n d can c h a n g e the i r s h a p e s in different phys io logica l 

s tages of the cell t y p e . (2) C e n t r o s o m e s a r e c o m p o s e d of s u b u n i t s . (3) E a c h 

c e n t r o s o m a l uni t ini t iat ing m i c r o t u b u l e s def ines its s ta r t ing po in t and its di-

rec t ion of g r o w t h . (4) T h e a r r a n g e m e n t of the ini t iat ing un i t s and of the i r ori-

en ta t ion d e t e r m i n e s t he form of the s t r u c t u r e s (e .g . , mi to t ic a p p a r a t u s ) , wh ich 

is buil t u p of m i c r o t u b u l e s . 

T h e s e p ropos i t i ons on the n a t u r e of c e n t r o s o m e s a r e s u p p o r t e d by expe r -

imenta l d a t a , wh ich will be p r e s e n t e d in t he nex t pa r t of th is c h a p t e r . A n o t h e r 

idea , h o w e v e r , shou ld briefly be m e n t i o n e d he r e a l t hough the ava i lab le ex-

pe r imen ta l d a t a h a v e no t ye t b e e n i n t e rp re t ed in this w a y : w h e n s tudy ing the 

fo rmat ion of the po la r bod ie s dur ing the m a t u r a t i o n of t he s tarf ish egg ( N . P a w e -

letz and D . M a z i a , u n p u b l i s h e d o b s e r v a t i o n s ) , an in t ima te a s soc i a t i on of o n e 

of the c e n t r o s o m e s ( i . e . , po les of the me io t i c spindle) wi th the c o r t e x of the 

egg b e c o m e s ev iden t . T h e s h a p e of this c e n t r o s o m e d e p e n d s on the b e h a v i o r 

of the cor t ica l reg ion , w h i c h , la ter o n , fo rms the e n v e l o p e of t he po la r b o d i e s . 

It can be s u p p o s e d tha t the c e n t r o s o m e of the me io t i c sp indle in t he neigh-

bo rhood of the cor tex de te rmines the size of the cort ical pa t ch , which b e c o m e s 
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t he e n v e l o p e of t he po la r b o d i e s , a n d the a r r a n g e m e n t of t he con t r ac t i l e e le -

m e n t s to p inch it off. If w e t rans fe r t h e s e r e su l t s a n d suppos i t i ons to t he p r o b -

l ems of c l eavage af ter n u c l e a r d iv i s ion , w e c a n a rgue tha t t he c e n t r o s o m e s 

might a l so d e t e r m i n e t he pa r t of the c o r t e x w h i c h fo rms t h e c l eavage fu r row 

a n d its d i r ec t ion in send ing m e s s a g e s o r e v e n c e n t r o s o m a l un i t s to t he e q u a t o r 

of t he egg us ing m i c r o t u b u l e s , w h i c h r ad i a t e ou t f rom b o t h a s t e r s a n d m e e t 

and c r o s s in t he equa to r i a l reg ion a s rai ls for t h e t r a n s p o r t . 

Th i s h y p o t h e s i s cou ld b e e x p e r i m e n t a l l y t e s t e d b y s tudy ing careful ly t h e 

s h a p e a n d b e h a v i o r of t he c e n t r o s o m e s in cel ls in w h i c h c l eavage is on ly at-

t e m p t e d a n d d o e s no t t a k e p l ace in t h e fo rm of a con t r ac t i l e r ing. F o r n o w 

the ques t ion of h o w the c leavage furrow is de t e rmined in an anas t ra l appa ra tu s 

has t o r e m a i n o p e n . 

Th i s sec t ion has t r ied t o e luc ida t e t he s t r u c t u r e a n d the func t ion of t he 

c e n t r o s o m e as t he e m b o d i m e n t of t h e mi to t i c p o l e , bu t on ly little h a s b e e n 

said a b o u t t he b ipo la r i za t ion p r o c e s s du r ing w h i c h the t w o mi to t i c po l e s of a 

b ipo la r sp indle a r e f o r m e d ; the b ipo la r i za t ion , h o w e v e r , is o n e of t h e m o s t 

i m p o r t a n t p r o c e s s e s dur ing cell d iv i s ion (Maz ia , 1978). It ha s b e e n d e s c r i b e d 

before tha t du r ing m a t u r a t i o n , t he sea u r c h i n egg , a s in m a n y o t h e r o o c y t e s , 

loses its func t ioning c e n t r o s o m e by d i s in t eg ra t ion . T o g u a r a n t e e b ipa ren t a l 

i n h e r i t a n c e , t he s p e r m m u s t , t h e r e f o r e , b r ing in func t ion ing c e n t r o s o m e s , 

which have to take ove r the necessa ry funct ions dur ing all subsequen t mi toses . 

In t h e fol lowing s e c t i o n s , w e will d e s c r i b e t he b e h a v i o r of t h e c e n t r o s o m e s 

before a n d dur ing the first mi tos i s in t h e fer t i l ized sea u r ch i n egg a n d t ry to 

exp la in t he b ipo la r i za t ion p r o c e s s ( see a l so P a w e l e t z et al.y 1984, 1987a,b) . 

III. T H E FIRST BIPOLARIZATION IN T H E FERTILIZED EGG 

E v e n careful u l t r a s t ruc tu ra l a n a l y s e s of t he unfer t i l ized sea u rch in egg by 

m e a n s of sequen t ia l s ec t ions cou ld not d e m o n s t r a t e no rma l ly funct ioning cen-

t r o s o m e s , a s s u m i n g tha t t hey a r e ind ica ted by the e x i s t e n c e of cen t r io l e s o r 

a n y o t h e r o rgan i zed s t r u c t u r e ; cen t r io l e s o r s imilar s t r u c t u r e s a re ne i the r 

p r e s e n t s o m e w h e r e in the c y t o p l a s m no r in t he n e i g h b o r h o o d of the female 

p r o n u c l e u s . K a l l e n b a c h and M a z i a (1982) h a v e s h o w n in sea u rch in eggs tha t 

artificial m e a n s such as h y p e r t o n i c t r e a t m e n t c an i nduce the fo rma t ion of cen -

t r io les , w h i c h , in t u r n , ind ica te t he d e v e l o p m e n t of c e n t r o s o m e s . Th i s o c c u r s 

a l w a y s in the n e i g h b o r h o o d of t he female p r o n u c l e u s . T h e i r d a t a s h o w tha t 

the p o t e n c y to form c e n t r o s o m e s is p r e s e n t in the unfer t i l ized egg, tha t it can 

be r e n a t u r e d by specia l t r e a t m e n t , bu t tha t it d o e s not r e p r e s e n t a n o r m a l , 

funct ioning c e n t r o s o m e . It l ooks as if a func t ion ing c e n t r o s o m e in i n t e rphase 

or an ana log m u s t s o m e h o w be re la ted to o r e v e n a s s o c i a t e d wi th the n u c l e u s . 

T h e t y p e of a s soc i a t i on is not yet k n o w n (for d i s c u s s i o n , see B o r n e n s , 1977). 
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This is c o m p l e t e l y different in t he s p e r m a t o z o o n : L o n g o a n d A n d e r s o n 

(1968, 1969) and L o n g o (1973) h a v e d e s c r i b e d t w o cen t r io l e s a t t he b a s e of 

the s p e r m h e a d . T h e p rox ima l cen t r io le is l oca t ed n e a r a b o w l - s h a p e d d e p r e s -

sion of t he s p e r m n u c l e u s , t h e cen t r io l a r fossa , whi le t he dis ta l cen t r io le can 

be found in its n e i g h b o r h o o d p e r p e n d i c u l a r to t he p r o x i m a l o n e ( L o n g o a n d 

A n d e r s o n , 1969). After the spe rm has en te red the egg, the following a l tera t ions 

can be s een : the s p e r m h e a d t r a n s f o r m s in to t h e ma le p r o n u c l e u s b y d e c o n -

dens ing its ch romat in , and the bowl -shaped depress ion of the nuc lear enve lope 

(cen t r io la r fossa equa l s c e n t r o s o m a l fossa) r e m a i n s vis ible a t t he b a s e . A t t he 

b o t t o m of t he fossa , the inne r n u c l e a r m e m b r a n e is s t rongly osmioph i l i c and 

s o m e w h a t t h i c k e r t h a n the res t of t he n u c l e a r m e m b r a n e s , o b v i o u s l y b y a p -

pos i t ion of osmioph i l i c ma te r i a l . T h e fossa is filled wi th f ine, fibrillar mate r ia l 

wi th a r a t h e r high osmioph i l i a . T h e s e fibrils c o n n e c t o n e cen t r io le ( L o n g o ' s 

and A n d e r s o n ' s p rox ima l cen t r io le ) wi th t he n u c l e a r e n v e l o p e of t he ma l e 

p r o n u c l e u s . Th i s cen t r io le is s u r r o u n d e d b y osmioph i l i c ma te r i a l a n d is of ten 

so d e n s e l y e n w r a p p e d tha t i ts t u b u l a r c o m p o s i t i o n is par t ly h idden (Fig . Id ; 

see a l so Fa i s et ai, 1986). In spi te of th is o b s c u r i n g ma te r i a l , it is e v i d e n t 

tha t on ly o n e cen t r io le is p r e s e n t . In s o m e c a s e s , th is cen t r io le still a c t s a s a 

basa l b o d y for t he a x o n e m e , t h e fo rmer s p e r m tail (Fig . l a ) . L a t e r o n , t he 

s p e r m tail d e t a c h e s f rom the s p e r m h e a d , c a n b e found in its n e i g h b o r h o o d 

(Fig. 2a) , a n d s o o n b e c o m e s r e s o r b e d . Or ig ina t ing f rom the osmioph i l i c m a -

ter ia l , m i c r o t u b u l e s r ad ia t e ou t espec ia l ly t o w a r d b o t h f lanks of t he cen t r io le 

(Fig . l a ) , so tha t th is s t r u c t u r e m u s t be c o n s i d e r e d as a M T O C . I ts func t ion 

as a M T O C a n d the osmioph i l i c ma te r i a l s u r r o u n d i n g the cen t r io l e c lear ly 

identify th is s t r u c t u r e as a c e n t r o s o m e . In t h e fol lowing t ex t , w e will call th is 

a s s e m b l y t h e s p e r m - h e a d c e n t r o s o m e . T h e a s t e r of m i c r o t u b u l e s a r o u n d this 

c e n t r o s o m e m u s t be c o n s i d e r e d a s t he s p e r m a s t e r , w h i c h c a n eas i ly b e iden-

tified by i m m u n o f l u o r e s c e n c e by m e a n s of an t i bod i e s aga ins t tubul in (see 

S c h a t t e n , 1981a ,b ,c) . 

< 
Fig. 1. (a) The chromat in of the male p ronuc leus ( d P N ) is slightly d e c o n d e n s e d . T h e 

sperm-head cen t rosome (C) is in connec t ion with the cen t rosomal fossa (CF) ; the a x o n e m e 
(A) of the spe rm tail is still p resen t . A r r o w h e a d s indicate micro tubules , (b) T h e male mi-
tochondr ion (c?M) is clearly dist inguishable from the female mi tochondr ia (9M) by its size 
and the a r rangement of the cr is tae mi tochondr ia les . The mi tochondr ia l c en t ro some (C) is 
partly separa ted from the mitochondr ia l p ro t rus ion . 9P N is the female p ronuc leus ; a r row-
heads indicate micro tubules , (c) T h e mi tochondr ia l c en t ro some (C) a t t ached to the male 
mi tochondr ion (c?M) has s tar ted to redupl ica te , though its centr iole is still immature , (d) 
Zygote nucleus (ZN) jus t after comple te fusion of the two pronucle i . T h e chromat in of the 
pronuclei (9 and 6) have not yet mixed comple te ly . T h e sperm-head cen t ro some (C) is now 
a t tached to the enve lope of the zygote nuc leus . Micro tubules (a r rowheads) are originating 
from the c e n t r o s o m e . The cen t rosomal fossa (CF) is still recognizable . 
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T h e fact tha t the s p e r m tail ( a x o n e m e ) r e m a i n s a t t a c h e d to t he s p e r m h e a d 

in t he ear ly s tages after i n c o r p o r a t i o n of t he s p e r m leads to t he a s s u m p t i o n 

tha t the m i d p i e c e , wh ich main ly c o n s i s t s of o n e large m i t o c h o n d r i o n ( L o n g o 

and A n d e r s o n , 1969), is a l so i n c o r p o r a t e d t o g e t h e r wi th t he s p e r m h e a d . 

Careful fine s t ruc tu ra l a n a l y s e s ( P a w e l e t z et al., 1987a) of t h e p e r i n u c l e a r 

reg ion a b o u t 20 min af ter t h e e n t r a n c e of t h e s p e r m , bu t p r io r t o t h e fusion 

of t he t w o p r o n u c l e i , h a v e s h o w n the s p e r m m i t o c h o n d r i o n d e t a c h e d f rom 

the s p e r m h e a d a n d tai l , bu t r e m a i n e d in t he n e i g h b o r h o o d of the female p r o -

n u c l e u s (Fig . 2a a n d b ) . T h i s m i t o c h o n d r i o n is c lear ly d i s t ingu i shab le f rom 

the egg m i t o c h o n d r i a b y its l a rger s ize and a different a r r a n g e m e n t of the 

cr is tae mi tochondr ia les . Very often, a nosel ike pro tus ion of the mi tochondr ion 

is f o r m e d , w h i c h is c r o w n e d by a smal l , d e n s e l y p a c k e d a c c u m u l a t i o n of o s -

miophi l ic ma te r i a l (Fig. l b ) . Th i s a c c u m u l a t i o n o b v i o u s l y is t ight ly a t t a c h e d 

to the mi tochondr ia l p ro t rus ion ; within this accumula t ion , micro tubules canno t 

be ident if ied, bu t it a c t s as a c e n t e r of a smal l a s t e r of m i c r o t u b u l e s , w h i c h 

rad ia te ou t f rom the p e r i p h e r y of t he a c c u m u l a t i o n (Fig . l b ) . D u e to t he s t rong 

osmioph i l i a and the n a t u r e of this s t r u c t u r e as a M T O C , w e a s s u m e tha t it is 

the s e c o n d c e n t r o s o m e , w h i c h c o m e s in wi th t h e s p e r m . In t he fol lowing t ex t , 

w e will call this t he m i t o c h o n d r i a l c e n t r o s o m e . It is ident ica l w i th t he dis ta l 

cen t r io le d e s c r i b e d by L o n g o a n d A n d e r s o n (1968, 1969). 

I m m u n o c y t o c h e m i c a l s tudies with ant ibodies against c e n t r o s o m e s (Scha t ten 

et al., 1986) often r evea l t w o br ight spo t s a t t he b a s e of t he s p e r m h e a d , t h u s 

demons t ra t ing t w o c e n t r o s o m e s pe r s p e r m a t o z o o n . Shor t ly after incorpora t ion 

of t he s p e r m in to t he egg , o n e s p e r m a s t e r c a n be identif ied ( S c h a t t e n , 1981a). 

T h e e lec t ron microscopic examina t ion , h o w e v e r , s h o w s t w o ra the r small a s te r s 

a r o u n d e a c h of t he t w o c e n t r o s o m e s . H o w c a n this a p p a r e n t c o n t r a d i c t i o n 

be e x p l a i n e d ? At t he beg inn ing of t he migra t ion of t he t w o p ronuc l e i t o w a r d 

e a c h o t h e r , t he t w o a s t e r s a t t he s p e r m h e a d a r e so n e a r to e a c h o t h e r t ha t 

the re la t ive ly low reso lu t ion of t h e i m m u n o f l u o r e s c e n t image d o e s not r e s o l v e 

t w o c e n t e r s . L a t e r on w h e n a l r eady t w o a s t e r s c an b e s e e n , the t w o c e n t r o -

s o m e s h a v e s e p a r a t e d far e n o u g h f rom e a c h o t h e r to be r eco g n i zed by light 

m i c r o s c o p y , bu t th is o c c u r s on ly af ter fusion of the t w o p ronuc l e i ( S c h a t t e n 

et al., 1986). A l r e a d y before fusion w h e n the ma le p r o n u c l e u s has a p p r o a c h e d 

the female o n e , t he t w o c e n t r o s o m e s s ta r t to s e p a r a t e f rom e a c h o t h e r , bu t 

bo th a r e in t he in t ima te n e i g h b o r h o o d of t he female p r o n u c l e u s (Fig . 2a) a n d , 

< 
Fig. 2. (a) The three important e lements of fertilization are in close ne ighborhood to 

each other. 6 M is the male mitochondrion, 9 M is the female mitochondria, A is the axoneme 

of the sperm tail, d P N is the male p ronuc leus , and 9 PN is the female pronuc leus , (b) T w o 

cen t rosomes (C, and C 2) are located in oppos i te posit ion to the zygote nucleus (ZN) . C, is 

the s ta t ionary (former sperm head) , C 2 is the movable (former mitochondrial) c en t ro some . 
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as will be d e s c r i b e d in detai l la ter , in c o n t a c t wi th t h e n u c l e a r m e m b r a n e by 

m e a n s of m i c r o t u b u l e s . 

T h e s p e r m head wi th t he a t t a c h e d c e n t r o s o m e a p p r o a c h e s the female p ro -

nuc leus m o r e a n d m o r e . In spi te of the d e c o n d e n s a t i o n of the ma le c h r o m a t i n , 

t he fo rm of t h e ma le p r o n u c l e u s still is an el l ipsoid (F ig . l a ) . T h e c e n t r o s o m a l 

fossa is clearly visible and has a p p r o a c h e d the surface of the female p ronuc leus . 

Shor t p r o t r u s i o n s of the e n v e l o p e of t he m a t e r n a l n u c l e u s a r e forming t o w a r d 

the ma le p r o n u c l e u s . F ina l ly , the t w o ne ighbor ing e n v e l o p e s fuse , so tha t a 

c o n t i n u u m b e t w e e n the t w o in te r io rs of t he p ronuc l e i is p r e s e n t ( see L o n g o 

and A n d e r s o n , 1968; L o n g o , 1973). T h e initially n a r r o w , d i aphragm- l ike c o n -

nec t ion b e t w e e n the t w o fo rmer p ronuc le i i n c r e a s e s in s ize unti l t he ma le 

c h r o m a t i n , wh ich is still m o r e c o n d e n s e d t h a n the female o n e , is i n c o r p o r a t e d 

comple te ly into the former female nuc leus . Both types of ch romat in obviously 

mix wi th e a c h o t h e r , s i nce , a shor t t ime after fus ion , t h e y can no longer be 

d i s t ingu ished f rom e a c h o t h e r . 

After fusion, the e n v e l o p e of the ma le p r o n u c l e u s b e c o m e s comple t e ly par t 

of the e n v e l o p e of the zygo te n u c l e u s ; this m e a n s tha t the s p e r m - h e a d cen-

t r o s o m e , wh ich has been a t t a c h e d p rev ious ly to the n u c l e a r e n v e l o p e of the 

male p r o n u c l e u s by a fine fibrillar n e t w o r k , is n o w c o n n e c t e d with the zygo te 

nuc leus (Fig. Id) . S ince the c e n t r o s o m a l fossa d o e s not r eg res s rapidly nor 

d o e s the osmioph i l i a of the inner n u c l e a r m e m b r a n e van i sh , th is c e n t r o s o m e 

can be r ecogn ized c lear ly until shor t ly before t he b r e a k d o w n of t he nuc l ea r 

e n v e l o p e for the first mi to t ic p r o p h a s e . 

T h e mi tochondr i a l c e n t r o s o m e a l so u n d e r g o e s s o m e c h a n g e s . T h e accu -

mula t ion of osmioph i l i c mater ia l s e p a r a t e s f rom the p r o t r u s i o n of the mi to-

c h o n d r i o n (Fig. l b ) . Dur ing this t ime , the c o m p a c t a c c u m u l a t i o n t r ans fo rms 

into a ho l low cy l inde r in wh ich shor t p i eces of m i c r o t u b u l e s b e c o m e vis ible . 

Th i s ind ica tes the " c r y s t a l l i z a t i o n " of a n e w cen t r io le wi thin the osmiophi l i c 

m a s s (see Fig. l c ) . Whi le the cen t r io le in t he s p e r m - h e a d c e n t r o s o m e exhib i t s 

the length , wh ich is genera l ly k n o w n for cen t r io l e s of h igher an ima l s , the 

cyl inder (procentr iole) of the mi tochondr ia l c e n t r o s o m e has only half the length 

of a no rma l cen t r io le (F igs , l c and 2b) . 

In spi te of the i m m a t u r e cen t r io l e , this c e n t r o s o m e a l so ac t s as a M T O C 

and is the c e n t e r of a s e c o n d a s t e r (Fig. l b ; for d i scuss ion of the ident i f icat ion 

of t w o " s p e r m " a s t e r s , see a b o v e ) , s ince m i c r o t u b u l e s rad ia te out into near ly 

all d i r ec t i ons , e x c e p t t o w a r d the fo rmer point of a t t a c h m e n t at the mi to-

c h o n d r i o n . T h e r e mus t be a c lose re la t ionsh ip b e t w e e n this c e n t r o s o m e and 

the surface of the female p ronuc leus o r the zygote nuc leus , respect ively , since 

the nuc lea r surface exh ib i t s d e e p invag ina t ions a n d shor t p r o t r u s i o n s j u s t op -

pos i te to the c e n t r o s o m e (Fig. l b ) . Th i s is obv ious ly rea l ized by small b u n d l e s 

of micro tubules , which span be tween nucleus and c e n t r o s o m e . In slightly later 

s t ages , the s p e r m m i t o c h o n d r i o n is no longer v is ib le ; it is e i the r r e s o r b e d 
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comple t e ly o r d i s in tegra ted in to smal le r un i t s , wh ich can no longer be dis t in-

gu i shed from the egg m i t o c h o n d r i a . T h e s epa ra t i on of the mi tochondr i a l cen-

t r o s o m e and the s p e r m m i t o c h o n d r i o n f rom each o t h e r o c c u r s only w h e n the 

c o m p l e x has r e a c h e d a defini te shor t d i s t a n c e f rom the egg o r z y g o t e n u c l e u s , 

s ince a sol i tary (mi tochondr i a l ) c e n t r o s o m e far a w a y from the n u c l e u s could 

n e v e r be found . 

T h e fac ts tha t on ly o n e s p e r m a s t e r c a n be seen in i m m u n o f l u o r e s c e n c e 

images of an t i tubu l in an t i bod i e s in the ear ly s t ages after i nco rpo ra t i on of t he 

s p e r m (see S c h a t t e n , 1981a) and tha t t he ma le m i t o c h o n d r i o n r e m a i n s a l w a y s 

in c lose n e i g h b o r h o o d to the s p e r m head ind ica te tha t the s epa ra t i on of the 

t w o c e n t r o s o m e s from each o the r into oppos i t e posi t ions at the zygote nucleus 

can t a k e p lace only w h e n the w h o l e c o m p l e x has r e a c h e d a defini te d i s t ance 

from the egg or zygo te n u c l e u s , r e s p e c t i v e l y . T h e s p e r m - h e a d c e n t r o s o m e 

and the mi tochondr i a l c e n t r o s o m e s e e m to be a s s o c i a t e d o r re la ted to the 

zygo te n u c l e u s at r a n d o m , bu t , at t he beg inn ing , n e v e r in o p p o s i t e pos i t ions 

(Fig. 2a) . H o w then d o e s the first b ipo la r i za t ion o c c u r (see a l so P a w e l e t z et 

ai, 1987b)? T h e spe rm-head c e n t r o s o m e s tays a t t ached to the nuc lear enve lope 

of the zygote nuc leus near ly all the t ime; it is, therefore , conce ivab le to a s s u m e 

tha t it r e m a i n s s t a t i ona ry w i thou t be ing m o v e d , whi le the mi tochondr i a l cen-

t r o s o m e is the m o v a b l e (mot i le?) o n e . T h e s p e r m - h e a d c e n t r o s o m e ve ry often 

can be found at the t ip of a p r o t r u s i o n of the n u c l e a r e n v e l o p e (Fig. 2b) . Th i s 

t ip is c h a r a c t e r i z e d by the b o w l - s h a p e d d e p r e s s i o n of the c e n t r o s o m a l fossa 

and the s t rong osmioph i l i a of t he inner n u c l e a r m e m b r a n e at the b o t t o m of 

the bowl . T h e fossa n o w has b e c o m e shal lower , but is still clearly recognizable 

(Fig. Id) . T h e centr iole of the s ta t ionary c e n t r o s o m e , which has been formerly 

the s p e r m - h e a d c e n t r o s o m e , is c h a r a c t e r i z e d by an osmioph i l i c
 fc

'bottom,'' 

wh ich " c l o s e s " the p rox ima l (o r i en ta ted t o w a r d the n u c l e a r surface) end of 

the cyl inder (Fig. 2b). In addi t ion, the proximal half of the micro tubula r triplets 

is e n w r a p p e d d e n s e l y in s t rongly osmioph i l i c ma te r i a l . Th i s c o v e r e d par t of 

the s p e r m - h e a d cen t r io le c o r r e s p o n d s exac t ly to the initial s ize of the mi to -

chondr i a l c en t r i o l e . 

S o o n after fusion of t he t w o p ronuc le i (in a few c a s e s a l so before fus ion) , 

bo th cen t r io l e s s tar t to r edup l i ca t e (see Fig . l c ) . T h e d a u g h t e r of the s p e r m -

head cen t r io le is fo rmed in t he p rox ima l half exac t ly p e r p e n d i c u l a r to the 

m o t h e r cen t r io l e . T h e mi tochondr i a l c en t r i o l e , wh ich is only half as long as 

a no rma l cen t r io l e , s t a r t s r edup l i ca t ion still in its initial small s i ze ; h e r e , the 

d a u g h t e r is of t he s a m e ( r e d u c e d ) s ize as the m o t h e r (see Fig. Id) . 

F r o m t h e r e su l t s o b t a i n e d f rom o b s e r v a t i o n s of t he m i t o c h o n d r i a l c e n t r o -

s o m e , o n e c a n a r g u e tha t , t o func t ion a s a M T O C , a m a t u r e (fully s ized) cen -

tr iole is no t n e c e s s a r y ; t he s a m e is t r ue for its r edup l i ca t i on . A b o u t 10 min 

after fusion of t h e t w o p r o n u c l e i , t h e t w o c e n t r o s o m e s , e a c h con ta in ing o n e 

pai r of c e n t r i o l e s , c a n b e found n e a r o r at t h e n u c l e a r su r f ace , bu t no t ye t in 
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o p p o s i t e pos i t ions . O n e pai r r e p r e s e n t s the fo rmer s p e r m - h e a d c e n t r o s o m e ; 

it is still in c o n n e c t i o n wi th the n u c l e a r su r face , whi le t h e s e c o n d pa i r be longs 

to the former mitochondria l c e n t r o s o m e , which is still free (Fig. 2b). A s a l ready 

m e n t i o n e d be fo re , m i c r o t u b u l e s a r e rad ia t ing ou t f rom bo th c e n t r o s o m e s in 

all d i r ec t i ons , bu t main ly t o w a r d the n u c l e a r su r face . In t he n e i g h b o r h o o d of 

bo th c e n t r o s o m e s , the n u c l e a r sur face is deep ly i nvag ina t ed , and p r o t r u s i o n s 

a re a lso fo rmed . Small b u n d l e s of m i c r o t u b u l e s a r e found wi th in t h e s e nuc l ea r 

folds , s o m e t i m e s in d i rec t c o n t a c t wi th t he n u c l e a r e n v e l o p e at t he b o t t o m of 

the c ryp t . T h e s e b u n d l e s or ig ina te obv ious ly at t he c e n t r o s o m e s a n d , by e lon-

ga t ion , a r e forcing the nuc l ea r e n v e l o p e to invag ina te . S imi lar o b s e r v a t i o n s 

could be m a d e in m a m m a l i a n cel ls dur ing ear ly p r o p h a s e , w h e n m i c r o t u b u l e s 

induce invag ina t ions of the n u c l e a r sur face ( P a w e l e t z , 1974). M i c r o t u b u l e s 

c a n n o t only be found wi thin the folds of the n u c l e a r e n v e l o p e , bu t a l so as 

t angen t s to the sur face of the n u c l e u s . S o m e t i m e s t h e s e m i c r o t u b u l e s a re sur-

r o u n d e d and e n w r a p p e d d e n s e l y by osmioph i l i c ma te r i a l . F r o m t h e s e r e su l t s , 

w e c o n c l u d e tha t t h e t w o c e n t r o s o m e s a r e s e p a r a t e d f rom e a c h o t h e r a n d 

brought into oppos i te posi t ions by m e a n s of mic ro tubu les , which g row b e t w e e n 

t h e m , t h e r e b y push ing t h e m a p a r t . Th i s is ve ry s imilar to w h a t w a s d e s c r i b e d 

for cel ls of h igher an ima l s by R a t t n e r a n d B e r n s (1976a,b) for t h e s e p a r a t i o n 

of centr io les . Toge the r with the ou tgrowing mic ro tubu les , osmiophi l ic material 

is sp read a long o n e s ide of the sur face of t he z y g o t e n u c l e u s , unti l t he t w o 

c e n t r o s o m e s fo rm o n e flat c e n t r o s o m a l p la te on t o p of t h e n u c l e a r su r face . 

Such a c e n t r o s o m a l p la te shou ld b e ab le to ac t as a M T O C ; t h e r e fo r e , o n e 

would e x p e c t an a s y m m e t r i c m i c r o t u b u l a r s t r u c t u r e or ig ina t ing f rom or n e a r 

the nuclear surface. W h e n mitot ic appa ra tu se s of s tages before the first mitot ic 

p r o p h a s e a r e i so la ted , nucle i wi th an a s y m m e t r i c m i c r o t u b u l a r a p p a r a t u s a re 

found , and the m i c r o t u b u l e s s e e m to or ig ina te f rom the sur face of t he n u c l e u s . 

Careful light m i c r o s c o p i c o b s e r v a t i o n s (D . M a z i a and N . P a w e l e t z , u n p u b -

l ished) revea l tha t the m i c r o t u b u l e s in fact o r ig ina te at o r ve ry n e a r to the 

nuclear surface, but at the oppos i te side from w h e r e the micro tubula r appa ra tus 

s e e m s to s ta r t , so tha t the m i c r o t u b u l e s a r e e n w r a p p i n g the n u c l e u s like a 

b a s k e t . W e h a v e cal led t h e s e a p p a r a t u s e s " b e a r d s . " T h e i r d e v e l o p m e n t can 

be explained by the a s sumpt ion that the flat cen t rosomal plate ac ts as a M T O C 

from which the m i c r o t u b u l e s g r o w out in only o n e d i r ec t ion , n a m e l y , t o w a r d 

the nuc l eus and pas t it. T h e s e b e a r d s a r e p r e c u r s o r s of t he mi to t i c sp ind le , 

wh ich " c r y s t a l l i z e s " ou t as s o o n as the c e n t r o s o m a l p la te c o n t i n u e s its de -

v e l o p m e n t and spli ts in to t w o hal f -p la tes . At t he beg inn ing of t he sp indle for-

m a t i o n , the a s t e r s a p p e a r r a t h e r a s y m m e t r i c wi th longer m i c r o t u b u l e s at the 

side of the p r e v i o u s b e a r d ; wi th p r o c e e d i n g t i m e , h o w e v e r , t he as t ra l r ays 

b e c o m e s y m m e t r i c . Whi le the b e a r d fo rma t ion before t he first mi tos i s is ex-

p re s sed only r a t h e r w e a k l y , it c an bes t be identif ied before t he s e c o n d and 

the thi rd mi tos i s . 
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T h e p h e n o m e n o n of t he b e a r d ind ica te s tha t the c e n t r o s o m e at this t ime is 

a flat c a p on t o p of o n e s ide of the z y g o t e n u c l e u s wi th t he pa i rs of cen t r io les 

n e a r o r at the e n d s , bu t a l w a y s in the n e i g h b o r h o o d of the n u c l e u s (see a l so 

M a z i a , 1987). 

Dur ing all t h e s e p r o c e s s e s , t he f o r m e r s p e r m - h e a d c e n t r o s o m e still s t ays 

a t t a c h e d to t h e n u c l e a r e n v e l o p e ; it i s , t h e r e f o r e , c o n c e i v a b l e tha t it r e m a i n s 

s t a t i o n a r y , whi le t h e f ree , f o r m e r m i t o c h o n d r i a l c e n t r o s o m e is m o v e d o n an 

a r c a r o u n d one-ha l f of t he n u c l e u s dur ing the s p r e a d i n g p r o c e s s of t he cen -

t r o s o m e . T h e r e is n o o t h e r e x a m p l e k n o w n in w h i c h o n e c e n t r o s o m e is s ta-

t i ona ry , whi le t he s e c o n d is m o v a b l e . T h o u g h the m e c h a n i s m of sp read ing of 

t he c e n t r o s o m e d o e s no t s e e m to b e u n i q u e , t h e s i tua t ion of t h e t w o c e n t r o -

s o m e s is no t on ly u n i q u e , bu t this is t he on ly t ime in t he e m b r y o n i c deve l -

o p m e n t of t he s ea u rch in w h e n o n e c e n t r o s o m e is a t t a c h e d to t h e n u c l e a r 

e n v e l o p e . It c a n a l r eady be r e v e a l e d h e r e t ha t , du r ing all fol lowing m i t o s e s , 

bo th c e n t r o s o m e s a r e free f rom t h e n u c l e a r e n v e l o p e and t ha t , on ly before 

t he first m i to s i s , is th is pecu l i a r b e h a v i o r e x p r e s s e d . 

It c an be d e m o n s t r a t e d tha t t he c h a r a c t e r i s t i c f ea tu res of t h e f o r m e r s p e r m -

head c e n t r o s o m e , t he b o w l - s h a p e d d e p r e s s i o n a n d the s t rong osmioph i l i a , 

b e c o m e w e a k e r wi th p r o c e e d i n g t i m e . Shor t l y be fo re t h e o n s e t of t h e b r e a k -

d o w n of t he n u c l e a r e n v e l o p e , t he f o r m e r s p e r m - h e a d c e n t r o s o m e , t o o , c a n 

be found d e t a c h e d f rom the n u c l e a r e n v e l o p e . D e e p invag ina t ions n e a r the 

c e n t r o s o m e s on b o t h po les of t he slightly e longa t ed p r e p r o p h a s e n u c l e u s a r e 

cha rac t e r i s t i c for th is s t age . T h e p r e v i o u s l y smal l - s ized m o t h e r and d a u g h t e r 

cen t r io les of t h e fo rmer mi tochond r i a l c e n t r o s o m e s n o w exhib i t the i r full s i ze , 

wh ich is k n o w n f rom m a n y o t h e r cell t y p e s a n d c h a r a c t e r i s t i c of t h e s p e r m -

head cen t r io l e s f rom the beg inn ing . B o t h pa i r s of cen t r io l e s a r e e n w r a p p e d 

in a thin l aye r of osmioph i l i c ma te r i a l . T h e t w o c e n t r o s o m e s h a v e r e a c h e d 

the i r final pos i t i on , t he first b ipo la r i za t ion p r o c e s s of t he sea u r ch i n deve l -

o p m e n t is f in ished, and the b ipo la r mi to t i c a p p a r a t u s can b e fully e s t ab l i shed . 

IV. T H E C E N T R O S O M A L C Y C L E IN T H E MITOTIC C Y C L E 

W e d e s c r i b e d a b o v e tha t t he c e n t r o s o m e s , w h i c h had b e e n b r o u g h t in by 

t he s p e r m , h a v e fo rmed a th in flat p la te n e a r one-ha l f of t h e sur face of t he 

p r e p r o p h a s e n u c l e u s . Wi th p r o c e e d i n g t ime du r ing p r o p h a s e , t he c e n t r o s o m a l 

plate separa tes into t w o half-plates; dur ing p r o m e t a p h a s e , it s tar ts to c o n d e n s e 

m o r e a r o u n d the pa i r of cen t r io l e s to b e c o m e nea r ly a s p h e r e (Fig. 3a a n d b ; 

see P a w e l e t z et al, 1984; S c h a t t e n et aL, 1986). 

In t he fol lowing t ex t , w e will c o n c e n t r a t e o u r a t t en t i on o n on ly o n e of t he 

t w o c e n t r o s o m e s bu t a l w a y s k e e p in mind tha t t he s a m e c h a n g e s a l so t a k e 

p lace in t he s e c o n d hal f -spindle . 
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Whi le , du r ing p r o m e t a p h a s e , t he c e n t r o s o m a l m a s s c o n c e n t r a t e s a r o u n d 

the pa i r of c e n t r i o l e s , in m e t a p h a s e , t he c e n t r o s o m e has b e c o m e a s p h e r e 

(Fig. 3a) . T h e pa i r of cen t r io l e s is s u r r o u n d e d by s t rongly osmioph i l i c mate r ia l 

and is loca ted nea r ly in the c e n t e r of t he s p h e r e . S o m e m i c r o t u b u l e s a r e ra-

dia t ing ou t f rom the p e r i p h e r y of t he c e n t r o s o m e , and a few of t h e m can be 

found wi th in the c e n t r o s o m e itself. T h e c e n t r o s o m e is n o w the c e n t e r of the 

as ter ; the majority of as te r micro tubules g row out from a spherical shell , which 

is la rger t h a n the c e n t r o s o m e and loca t ed in s o m e d i s t a n c e f rom it. T h e z o n e 

in b e t w e e n exh ib i t s on ly a few m i c r o t u b u l e s , wh ich a r e not eas i ly ident i f iable , 

e .g . , by immuno log ica l m e a n s (see S c h a t t e n et al., 1986). 

T o u n c o u p l e t he b e h a v i o r of t he c h r o m o s o m e s du r ing mi tos i s f rom tha t of 

the c e n t r o s o m e s , w h i c h no rma l ly go h a n d in h a n d bu t m a k e an u l t r a s t ruc tu r a l 

ana lys i s m o r e c o m p l i c a t e d , w e u s e d a t e chn ica l t r i ck , w h i c h w a s i n t r o d u c e d 

by M a z i a et al. (1960) a n d d i s c u s s e d la te r o n b y H a r r i s (1976), S lude r (1978), 

and M a z i a et al. (1981): fer t i l ized eggs en t e r ing t h e first mi tos i s a r e t r e a t e d 

wi th 2 - m e r c a p t o e t h a n o l . Whi l e t he c h r o m o s o m a l cyc l e is a r r e s t e d in m e t a -

p h a s e , t he c e n t r o s o m a l cyc l e g o e s on a n d c a n , t h u s , b e inves t iga ted in deta i l 

i n d e p e n d e n t of t h e mi to t i c s tage ( P a w e l e t z et al., 1984). 

T h e spher ica l c e n t r o s o m e of t he m e t a p h a s e sp indle s o o n s t a r t s to e l o n g a t e , 

t h e r e b y b e c o m i n g nea r ly e l l ipsoid (Fig . 3b) . Th in sec t ions t h r o u g h t h e cen-

t ro some reveal a l tera t ions in the locat ion of the cent r io les . T h e y have separa ted 

from e a c h o t h e r , bu t ma in ta in the i r r e c t a n g u l a r o r i en t a t ion (Fig . 4a) . T h e 

e longa t ion p r o c e s s of t he c e n t r o s o m e c o n t i n u e s , resu l t ing in a s t r e t c h e d , flat-

t ened s t r u c t u r e , w h i c h n o w r e s e m b l e s a c igar (Fig . 4a) . T h e f la t tening p r o c e s s 

goes on unt i l , in thin s e c t i o n s , on ly a r a t h e r thin osmioph i l i c line c a n b e seen 

(F igs . 4b and 5b) ; s ec t i ons u n d e r v a r i o u s ang les t h r o u g h the flat c e n t r o s o m e , 

h o w e v e r , c lear ly s h o w tha t a flat p l a t e , i n s t ead of a l ine , ha s f o r m e d . Dur ing 

the sp read ing a n d f la t tening of t he c e n t r o s o m e , t he cen t r io l e s h a v e s e p a r a t e d 

m o r e ; t h e y a re n o w loca t ed in t he foci of t he v e r y flat e l l ipsoid (Fig . 4a) . T h e 

final s t age of t he c e n t r o s o m e is a v e r y e longa ted flat p la te (F igs . 4a a n d 5a 

and b) wi th cen t r io l e s n e a r t o , bu t no t exac t l y at t he end of, t he osmioph i l i c 

accumula t ion . T h e da t a clearly indicate tha t , dur ing the spreading and flattening 

p rocess of the c e n t r o s o m e , the centr io les have a lso separa ted from each o ther . 

H o w e v e r , t hey a l w a y s r e m a i n ins ide t h e c e n t r o s o m e . A s c a n b e identif ied in 

u l t ra th in s e c t i o n s , t h e y still re ta in the i r c h a r a c t e r i s t i c r e c t a n g u l a r o r i en t a t ion 

< 
Fig. 3 . (a) A cen t ro some during early p r o m e t a p h a s e . One centr iole (C) is found in this 

section in the middle of the accumulation of osmiophilic material. Microtubules (arrowheads) 
are visible within the c e n t r o s o m e . (b) A cen t ro some during late m e t a p h a s e . T h e osmiophil ic 
material has concen t ra ted more a round one of the centr ioles (C). C o m p a r e to a. 



182 Neidhard Paweletz and Daniel Mazia 



7. Mitotic Pole Formation in Fertilized Eggs 183 

Fig. 5. (a) The c h r o m o s o m e s (CH) in te lophase are parallel and move to the flat plate 

of the cen t rosome (C), not to the centr ioles (not visible in this sect ion) , (b) The osmiophil ic 

material (OS) in this thin sect ion formed an ex tended thin osmiophil ic line. This is the form 

of the cen t rosome in late te lophase . C o m p a r e to a. 

(Fig. 4a) . Th i s fact a s k s for a s y s t e m of cy toske l e t a l e l e m e n t s , wh ich k e e p s 

t he cen t r io l e s in the i r r e s p e c t i v e o r i e n t a t i o n s . Wi th in t he m e t a p h a s e c e n t r o -

s o m e , micro tubules have been s h o w n (Fig. 3a). Careful u l t ras t ructural ana lyses 

revea l a w h o l e s y s t e m of m i c r o t u b u l e s ; small b u n d l e s of t h e m a re e x t e n d i n g 

be tween the centr ioles within the cen t rosomal pla te . While a few micro tubules 

s eem to originate in the ne ighborhood of the cent r io les , the re are small bundles 

wi th in t he c e n t r o s o m e runn ing nea r ly p e r p e n d i c u l a r to the long axis of the 

spindle (Fig. 4c). T h e e lec t ron microscop ic da t a a re confi rmed by obse rva t ions 

with the polar izat ion mic roscope (Pawele tz et al., 1984; D . Mazia , unpubl ished) 

< 
Fig. 4. (a) The cen t ro some has s tar ted to spread and e longate . T h e two centr ioles (C, 

and C 2) have separa ted from each o ther , their rec tangular or ienta t ion is p rese rved , (b) T h e 

cen t rosome is visible in the form of an osmiophil ic line which co r r e sponds to an e longated 

flat p la te . C is one of the centr io les . (c) Small micro tubular bundles (a r rowheads) are visible 

within the c e n t r o s o m e . C is one of the cent r io les . 
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by an t i tubul in i m m u n o f l u o r e s c e n c e (G. S c h a t t e n and H . S c h a t t e n , u n p u b -

l i shed) , showing a m i c r o t u b u l a r c y t o s k e l e t o n wi th in t he s p r e a d c e n t r o s o m e . 

T h e s e da ta speak in favor of the a s sumpt ion that micro tubules are not involved 

only in the s epa ra t i on of the cen t r io l e s wi th in t he c e n t r o s o m e , bu t a l so a r e 

r e spons ib l e for t he sp read ing and f la t tening of t he c e n t r o s o m e itself. In cells 

of h igher a n i m a l s , it cou ld b e s h o w n b y R a t t n e r and B e r n s ( 1976a,b) tha t 

m i c r o t u b u l e s a r e s epa ra t ing t he cen t r io l e s du r ing ear ly p r o p h a s e . In the old 

l i t e ra ture (see Wi l son , 1925; W a s s e r m a n n , 1929), t h e s ep a ra t i o n of the cen-

t ro somes by m e a n s of spindle fibers ( i .e . , bund les of micro tubules) is descr ibed 

as c e n t r o d e s m o s e . It n o w b e c o m e s e v i d e n t tha t t he s a m e o r a v e r y s imilar 

mechan i sm of spreading of the c e n t r o s o m e dur ing the early and the late mitot ic 

s tages is effect ive. 

T h e flat c e n t r o s o m a l p la te th ins ou t in its c e n t e r , and t w o c l u b - s h a p e d ac -

c u m u l a t i o n s a r e f o r m e d , wh ich s o o n t r ans fo rm in to s p h e r e s . T h u s , o n e cen-

t r o s o m a l cyc le c o m e s to its end and the nex t beg in s , whi le t he cell goes in to 

its nex t d iv is ion . 

T h e resu l t s d e s c r i b e d he r e for the fer t i l izat ion of s ea u rch in eggs might be 

valid for severa l o t h e r t y p e s of s p e r m a n d o o c y t e s , wh i l e , in o t h e r t y p e s , still 

o t h e r m e c h a n i s m s of b ipo la r iza t ion and the c e n t r o s o m a l cyc le might o c c u r . 

In a n y c a s e , t h e s e f indings m u s t be seen in a m u c h w i d e r c o n t e x t of the s t ruc -

tu re and funct ion of c e n t r o s o m e s and the i r role in fer t i l iza t ion. In de ta i led 

r e v i e w s , Maz i a (1984, 1987) has p r e s e n t e d a p i c tu re of the c e n t r o s o m e , wh ich 

r e a c h e s far b e y o n d fer t i l izat ion. 
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I. INTRODUCTION 

T h e c y t o s k e l e t o n is a c o m p l e x , t h r e e - d i m e n s i o n a l a r r a y of poss ib ly inter-

l inked c o m p o n e n t s , cons i s t ing of m i c r o t u b u l e s , ac t in mic ro f i l amen t s , and in-

t e rmed ia t e - s i zed f i laments ( IF ) . Specif ic p ro t e in s a re a s s o c i a t e d wi th each 
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c o m p o n e n t , adding ano the r level of complexi ty to the sys t em. T h e cy toske le ton 

is invo lved in n u m e r o u s in t race l lu la r m o v e m e n t s tha t o c c u r dur ing a n d im-

mediate ly after fertilization and in the early c leavage s tages of embryogenes i s . 

F o r e x a m p l e , cy toske l e t a l e l e m e n t s m a y be r equ i r ed in d i s t r ibu t ing " m o r -

phogene t i c d e t e r m i n a n t s " o r m R N A a s y m m e t r i c a l l y in the egg c y t o p l a s m , 

and an i n v o l v e m e n t of cy toske le t a l c o m p o n e n t s in th is " o o p l a s m i c segrega-

t i o n " p r o c e s s has b e e n p r o p o s e d in a va r i e ty of s p e c i e s , such as a sc id ians 

(Reverber i , 1975; S a w a d a and Osana i , 1981; Jeffery and Meier , 1983), mol lusks 

(Raff, 1972; G u e r r i e r et al., 1978; S c h m i d t et al., 1980), anne l ids ( E c k b e r g , 

1981; Sh imizu , 1982; Peauce l l i e r et al., 1974; Swal la et al., 1985), and n e m -

a t o d e s ( S t r o m e and W o o d , 1983). M o r e o v e r , ro t a t ion e x p e r i m e n t s wi th Xe-

nopus eggs and t r ea tment with p re s su re , low t e m p e r a t u r e , and U V light suggest 

tha t the cy toske le t a l f r a m e w o r k m a y play a funct ional ro le in d e t e r m i n i n g the 

d o r s o v e n t r a l ax is of the deve lop ing v e r t e b r a t e e m b r y o ( U b b e l s et al., 1983; 

S c h a r f a n d G e r h a r t , 1983). 

Whi le c o n s i d e r a b l e w o r k has b e e n d o n e to e luc ida t e the funct ion of mi-

c r o t u b u l e s and microf i l aments in ear ly e m b r y o g e n e s i s , little is k n o w n a b o u t 

the con t r ibu t ion of the I F c y t o s k e l e t o n . Th i s is p r o b a b l y d u e t o the fact tha t 

no o b v i o u s func t ion cou ld ye t b e a s s igned to t h e I F c y t o s k e l e t o n ( see Sec t ion 

I I ,B ) . T h e a p p a r e n t a b s e n c e of I F p o l y p e p t i d e s in a few cu l tu red cell l ines 

( V e n e t i a n e r et al., 1983; T r a u b et al., 1983) sugges t s tha t t h e p r e s e n c e of I F 

m a y not be r equ i r ed in all cell t y p e s at all t i m e s , ye t the i r e v o l u t i o n a r y con-

se rva t ion and the i r w i d e s p r e a d o c c u r r e n c e in v e r t e b r a t e and i n v e r t e b r a t e an-

imals (see Sec t ion V ) , a s well a s in p l an t s ( D a w s o n et al., 1985), a r g u e s for 

the i r i n v o l v e m e n t in bas ic ce l lu lar func t ions . In this c h a p t e r , w e r e v i e w the 

c u r r e n t s ta te of k n o w l e d g e on I F in ear ly e m b r y o n i c d e v e l o p m e n t a n d p r e s e n t 

s o m e resu l t s of o u r o w n w o r k on the c h a r a c t e r i z a t i o n of I F p o l y p e p t i d e s in 

ear ly Drosophila e m b r y o g e n e s i s . 

II. STRUCTURE A N D FUNCTION OF INTERMEDIATE FILAMENTS 

A. Classification, Primary Sequence, and Structure of Vertebrate 

Intermediate Filaments 

I n t e r m e d i a t e f i laments exhib i t a d i a m e t e r of 7-11 nm a n d , t o g e t h e r with 

the 6-nm act in mic rof i l aments and the 25-nm m i c r o t u b u l e s , c o m p r i s e the cy-

toske le ta l a r c h i t e c t u r e of h igher e u k a r y o t i c ce l l s . Immuno log ica l and bio-

chemica l w o r k has e s t ab l i shed the e x i s t e n c e of five s u b c l a s s e s of I F p ro t e ins 

tha t a re e x p r e s s e d in a t i ssue-speci f ic m a n n e r in a lmos t all v e r t e b r a t e cel ls : 

s o m e 30 different ke ra t ins (40-70 kDa) in ep i the l ia , a t r iplet of neurof i l ament 
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pro te ins (135,105 and 65 k D a ) in n e u r o n a l ce l l s , glial fibrillar ac id ic p ro t e in 

(50 kDa) in as t rogl ia l ce l l s , v imen t in (53 k D a ) in cel ls of m e s e n c h y m a l or igin , 

and d e s m i n (52 k D a ) in m u s c l e ce l l s . T h e s e p r o t e i n s , a l t hough different in 

the i r m o lecu l a r w e i g h t s , s h a r e m o r e o r less a m i n o ac id h o m o l o g y , bu t m o r e 

i m p o r t a n t l y , all I F subun i t s a re buil t a c c o r d i n g to a c o m m o n p lan : e a c h has 

a cen t ra l α-hel ical rod d o m a i n of 311-314 a m i n o ac ids tha t h a s a highly con -

se rved s e c o n d a r y s t r u c t u r e , wh ich is f lanked by e n d d o m a i n s of va r i ab le s ize 

and chemica l c h a r a c t e r . Seve ra l g e n e s cod ing for different I F p o l y p e p t i d e s 

h a v e r ecen t ly b e e n c loned f rom va r ious v e r t e b r a t e o r g a n i s m s , and nuc l eo t i de 

s e q u e n c e a n a l y s e s h a v e con f i rmed ea r l i e r i m m u n o l o g i c a l , b i o c h e m i c a l , a n d 

s t ruc tu ra l f indings . I F p ro t e in s in v e r t e b r a t e s s h a r e c o n s i d e r a b l e s e q u e n c e 

h o m o l o g y wi th the nuc l ea r l amins ( M c K e o n et al., 1986), w h i c h g ives t h e m 

similar p h y s i c a l - c h e m i c a l p r o p e r t i e s , resu l t ing in co i so la t ion of ke ra t in I F 

p ro te ins and l amins f rom B H K - 2 1 cel ls ( G o l d m a n et al., 1986). De ta i l ed re -

views on I F po lypept ides and the I F cy toske le ton have been publ ished recent ly 

(S te iner t et al., 1985; L a z a r i d e s , 1980, 1982; T r a u b , 1985; W a n g et al., 1985). 

Β. Possible Function of Intermediate Filaments 

E l e c t r o n m i c r o s c o p i c s tud ies h a v e r evea l ed tha t I F , at leas t t he neurofi l -

a m e n t s , a re c ross - l inked to o t h e r cy to ske l e t a l c o m p o n e n t s ( e .g . , E l l i sman and 

Po r t e r , 1980; H o d g e and A d e l m a n , 1980; Sch l iw a and v a n B l e r k o m , 1981; 

H i r o k a w a , 1982; S c h n a p p and R e e s e , 1982). Th i s o b s e r v a t i o n is c o r r o b o r a t e d 

by b iochemica l ( A a m o d t a n d Wi l l i ams , 1984), a s well as by i m m u n o c y t o -

c h e m i c a l , e v i d e n c e ( B l o o m and Va l l ee , 1983), pa r t i cu la r ly sugges t ing t he in-

vo lvement of micro tubule-assoc ia ted pro te ins as cross- l inkers b e t w e e n I F and 

m i c r o t u b u l e s . I F m a y a l so b e c o n n e c t e d t o t h e n u c l e a r and t h e ce l lu lar m e m -

b r a n e s (Blose a n d C h a c k o , 1976; L e h t o et al., 1978; J o n e s et al., 1982, 1985; 

G r e e n and G o l d m a n , 1986). T h e s e o b s e r v a t i o n s sugges t t ha t it m a y b e t he 

main funct ion of the I F c y t o s k e l e t o n t o p r o v i d e s o m e s tab le a n d solid s u p p o r t 

to t he c y t o p l a s m i c a r c h i t e c t u r e , a n d t h e p r e s e n c e of neu ro f i l amen t s in a x o n s 

and of ke ra t in s in epi thel ia l cel ls is c o n s i s t e n t wi th this no t ion . 

T h e func t ions of I F in s t ruc tu r ing t he c y t o p l a s m m a y inc lude a n c h o r i n g the 

nuc l eus wi th in t he cell ( L e h t o et al., 1978; Smal l and Ce l i s , 1978; W a n g et 

al., 1979; H e n d e r s o n a n d W e b e r , 1980), a s well a s ma in ta in ing the p r o p e r 

intracellular s t ruc ture dur ing mitosis ( I sh ikawa et al., 1968; Blose , 1979; Zieve 

et al., 1980). H o w e v e r , whi le v imen t in f i l aments r e m a i n in tac t du r ing mi tos i s 

and form a d e n s e cage a r o u n d the mi to t ic sp ind le a p p a r a t u s ( H y n e s and D e s -

t r e e , 1978; G o r d o n et al., 1978; B l o s e , 1979; A u b i n et al., 1980; Z i eve et al., 

1980; Blose a n d Bushne l l , 1982), c y t o k e r a t i n f i l aments a r e t r ans ien t ly d is -

aggrega ted dur ing cell d iv is ion in severa l epi thel ia l ce l l s , and the subun i t s 
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aggrega te in to m a n y small c y t o p l a s m i c s p h e r e s ( H o r w i t z et al., 1981; L a n e 

et al., 1982; F r a n k e et al., 1982b). 

E x p e r i m e n t a l d i s rup t ion of the I F c y t o s k e l e t o n in cu l tu r ed cells by va r ious 

m e a n s h a s b e e n u s e d t o e luc ida t e its func t ion . It h a s b e e n k n o w n for s o m e 

t ime tha t the I F c y t o s k e l e t o n co l l apses at t he n u c l e u s after t r e a t m e n t with 

Co lcemid ( G o l d m a n and K n i p e , 1972; Blose and C h a c k o , 1976; S ta rge r and 

G o l d m a n , 1977; H y n e s a n d D e s t r e e , 1978). O t h e r c h e m i c a l s and t r e a t m e n t s 

affecting t he I F c y t o s k e l e t o n inc lude v a n a d a t e ( W a n g and C h o p p i n , 1981), 

uncouplers of oxidat ive phosphory la t ion (Maro and Bo rn en s , 1982), acry lamide 

(Ecker t , 1985), toxins (Sharpe et al., 1980), virus infections (Murt i and G o o r h a 

1983; B e n - Z e ' v e , 1984), and hea t s h o c k ( F a l k n e r et al., 1981; T h o m a s et al., 

1982; W e l c h and S u h a n , 1985). Specif ic d i saggrega t ion of t he I F c y t o s k e l e t o n 

and aggrega t ion of t h e I F mate r ia l in p e r i n u c l e a r c a p s can a l so be ach i eved 

by micro in jec t ion of an t i bod i e s d i r ec t ed to specific I F p o l y p e p t i d e s o r to I F -

a s soc i a t ed p ro t e ins ( K l y m k o w s k y , 1981, 1982; Gawl i t t a et al., 1981; Lin and 

F e r a m i s c o , 1981; L a n e and K l y m k o w s k y , 1982; K l y m k o w s k y et al., 1983; 

Tolle et al., 1986). T h e s e e x p e r i m e n t s s h o w e d tha t co l l apse of the I F c y t o -

ske le ton at the n u c l e u s after inject ion of specific an t i bod i e s a p p a r e n t l y did 

no t affect cell m o r p h o l o g y , o rgane l l e o r g r anu le t r a n s p o r t , cell l o c o m o t i o n , 

m e m b r a n e ruffling, o r mi tos i s . H o w e v e r , t r e a t m e n t wi th a c r y l a m i d e ( E c k e r t , 

1985) o r v a n a d a t e ( W a n g and C h o p p i n , 1981) resu l t ed in a c o n c e n t r a t i o n of 

c y t o p l a s m i c o rgane l l e s at t h e c e n t e r of t h e cell n e a r t h e n u c l e u s , sugges t ing 

in te rac t ion of I F wi th m i t o c h o n d r i a ( M o s e - L a r s e n et al., 1983). T h e effects 

of hea t s h o c k , wh ich a l so d e s t r o y s the I F c y t o s k e l e t o n ( F a l k n e r et al., 1981; 

T h o m a s et al., 1982; B i e s s m a n n et al., 1982; W a l t e r a n d B i e s s m a n n , 1984a), 

a re m o r e difficult to a s s e s s , b e c a u s e hea t s h o c k a l so c a u s e s a n u m b e r of ad-

di t ional c h a n g e s in the c y t o p l a s m (Welch and S u h a n , 1985). 

T h e e x a c t funct ion of the I F c y t o s k e l e t o n is not k n o w n , bu t it s e e m s m o s t 

l ikely to p r o v i d e a s t ruc tu ra l c o m p o n e n t to t he c y t o p l a s m as p r o p o s e d by 

L a z a r i d e s (1980). S ince the effects of d i s rup t ion of t he I F c y t o s k e l e t o n on 

the deve lop ing e m b r y o h a v e no t ye t b e e n s tud ied , pub l i shed w o r k on the 

e x p r e s s i o n of I F p o l y p e p t i d e s and the d i s t r ibu t ion of the I F c y t o s k e l e t o n in 

oogenes i s and e m b r y o g e n e s i s tha t will be r e v i e w e d in the fol lowing s e c t i o n s , 

r ema ins desc r ip t i ve . 

III. INTERMEDIATE FILAMENT PROTEINS IN S P E R M A T O Z O A 

Ear l ie r w o r k by F r a n k e et al., (1979) us ing t i s sue s ec t i ons of gu inea pig 

tes t i s failed to d e t e c t v imen t in in s p e r m a t o z o a , bu t s h o w e d an e l a b o r a t e vi-

men t in c y t o s k e l e t o n in Ser tol i ce l l s . Only r ecen t ly h a v e I F b e e n d i s c o v e r e d 
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in s p e r m a t o z o a (Vi r t anen et al., 1984). Ind i r ec t i m m u n o f l u o r e s c e n c e s ta in ing 

of methanol-f ixed h u m a n spe rm d e m o n s t r a t e d a un ique localizat ion of v iment in 

in the s p e r m h e a d : v imen t in is found in a n a r r o w b a n d enc i rc l ing t he s p e r m 

head in the equa to r i a l s e g m e n t region tha t is l oca t ed at t he m o r e p o s t e r i o r 

region of t he a c r o s o m e . Th i s spec ia l ized sur face reg ion pe r s i s t s after c o m -

ple t ion of t he a c r o s o m a l r eac t i on and a p p e a r s t o ini t ia te t he fusion of t he 

s p e r m wi th t he sur face m e m b r a n e of t he egg ( B a r r o s and F r a n k l i n , 1968; Bed-

ford , 1971). M o r e o v e r , b ind ing of r h o d a m i n e - c o n j u g a t e d Helix pomatia lect in 

s h o w e d similar ly c o m p a r t m e n t a l i z e d d i s t r ibu t ion of s o m e 7V-acetylgalacto-

s a m i n e g lycocon juga t e s at the sur face of t he equa to r i a l s e g m e n t reg ion . B o t h 

s ta ining p a t t e r n s a r e unaffec ted by T r i t on X-100 t r e a t m e n t , sugges t ing s o m e 

c y t o s k e l e t a l - c e l l sur face in t e rac t ion tha t s tabi l izes this conf igura t ion of t he 

equator ia l segment . O the r cytoskele ta l e l emen t s (actin, tubul in , and α-spectr in) 

a re a l so qu i t e d is t inc t ly d i s t r ibu ted in t he s p e r m a t o z o a n cell (V i r t anen et al.y 

1984). T h e s e s tudies suggest that specific in terac t ions b e t w e e n the cy toske le ton 

and spec ia l ized cell sur face d o m a i n s m a y be invo lved in t he regu la t ion of cell 

sur face e v e n t s a s s o c i a t e d wi th t he a c r o s o m a l r eac t ion and fer t i l iza t ion. 

IV. EXPRESSION OF INTERMEDIATE FILAMENT PROTEINS IN 

EARLY E M B R Y O N I C D E V E L O P M E N T OF VERTEBRATES 

A. Mouse 

T h e t e m p o r a l a n d spat ia l e x p r e s s i o n of I F p ro t e in s has b e e n s tud ied ex-

tens ive ly in m o u s e e m b r y o g e n e s i s . T h e first I F p ro t e in s tha t can be d e t e c t e d 

in the m o u s e e m b r y o a r e m e m b e r s of t he c y t o k e r a t i n family . Slightly different 

resul ts have been ob ta ined , possibly d u e to different an t ibodies and t echn iques . 

L e h t o n e n a n d c o l l a b o r a t o r s ( L e h t o n e n a n d B a d l e y , 1980; L e h t o n e n et al., 

1983b), us ing a po lyc lona l s e r u m to s m o o t h m u s c l e 10-nm f i lament p ro te in o r 

to h u m a n c y t o k e r a t i n p o l y p e p t i d e s , found c ro s s - r eac t i ng p o l y p e p t i d e s in cy-

toske le ta l p r e p a r a t i o n s of o o c y t e s and all c l eavage s t ages , a s well a s e v i d e n c e 

for 10-nm-thick f i laments in d e t e r g e n t - e x t r a c t e d 2- o r 4-cel l -s tage e m b r y o s , 

tha t b e c o m e m o r e a b u n d a n t in la te r s t a g e s , espec ia l ly in b l a s t o c y s t s (Fig. 1 

a and e ) . T h e c y t o k e r a t i n s a r e p r o b a b l y initially p r e s e n t in a non f i l amen tous 

conf igura t ion in c l eavage - s t age e m b r y o s , bu t la ter o rgan i ze in to wel l -def ined 

f i l aments . Th i s no t ion is s u p p o r t e d by indi rec t i m m u n o f l u o r e s c e n c e s ta ining 

of m o u s e o o c y t e s and ear ly c l eavage - s t age e m b r y o s wi th a m o n o c l o n a l an-

t ibody (OCS-1 ) , d i r ec t ed aga ins t c y t o k e r a t i n p r o t e i n s f rom m o u s e o o c y t e s 

( L e h t o n e n , 1985). Th i s a n t i b o d y g a v e p u n c t u a t e s ta in ing of o o c y t e s a n d mor -

u lae (Fig. 1 b a n d c ) , sugges t ing a s soc i a t i on of t he an t igen wi th pa rac rys t a l l i ne 
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a r rays , found abundan t ly in the cy top la sm of m o u s e o o c y t e s . A dist inct fibrillar 

o rgan iza t ion w a s r evea l ed in t he t r o p h e c t o d e r m cel ls of e x p a n d e d b l a s t o c y s t s 

(Fig. 1 d and f). O s h i m a et al. (1983) found tha t m e m b e r s of the c y t o k e r a t i n 

family ( e n d o A and B) a re e x p r e s s e d a s ear ly a s the 4- to 8-cell s t age , and 

o t h e r l abo ra to r i e s h a v e a l so r e p o r t e d g o o d e v i d e n c e for the p r e s e n c e of cy-

toke ra t in p o l y p e p t i d e s a n d 10-nm f ibers in b las tu la and m o r u l a , but failed to 

de tec t kera t ins in early c leavage-s tage e m b r y o s ( Jackson et al., 1980). It s eems 

likely that failure to de tec t cy tokera t ins in early c leavage-s tage m o u s e e m b r y o s 

may be due to lack of sensit ivity in the m e t h o d s employed and that cy tokera t ins 

a r e indeed e x p r e s s e d at t h e s e s t ages . Th i s no t ion is s u p p o r t e d by quan t i t a t i ve 

SI m a p p i n g e x p e r i m e n t s wi th a D N A f ragment of the c loned e n d o A c y t o -

kera t in g e n e , wh ich r evea l ed the p r e s e n c e of e n d o A m R N A in 8-cell m o r u l a e 

( D u p r e y et al., 1985). 

T h e t r ans i t ion f rom the 8-cell m o r u l a t o t h e b l a s t o c y s t is an i m p o r t a n t m o r -

phologica l e v e n t in m a m m a l i a n e m b r y o g e n e s i s , w h e n the e m b r y o u n d e r g o e s 

c o m p a c t i o n , and j u n c t i o n s b e t w e e n b l a s t o m e r e s a r e f o rmed (Ducibe l la and 

A n d e r s o n , 1975). T h e i n v o l v e m e n t of cor t ica l cy to ske l e t a l e l e m e n t s in this 

p r o c e s s has b e e n inves t iga ted b y Duc ibe l l a et al. (1977). After o n e o r t w o 

m o r e c l e a v a g e s , cav i t a t ion beg in s , and b y d a y 3 - 4 , the fo rming b l a s t o c y s t is 

c o m p o s e d of an o u t e r l ayer of d i f ferent ia ted cel ls ( the t r o p h e c t o d e r m ) a n d an 

inner cell m a s s c o m p o s e d of a few mu l t i po t en t ce l l s . C y t o k e r a t i n - t y p e I F p r o -

teins are abundan t ly synthes ized at b las tocys t s tage (van B le rkom et al., 1976; 

Brule t et al., 1980; J a c k s o n et al., 1980, 1981; O s h i m a et al., 1983) a n d fo rm 

typica l I F b u n d l e s in t he cel ls of the t r o p h e c t o d e r m , as v isua l ized by indi rec t 

i m m u n o f l u o r e s c e n c e o r e l ec t ron m i c r o s c o p y (Paul in et al., 1980; K e m l e r et 

al., 1981; J a c k s o n et al., 1980, 1981; L e h t o n e n et al., 1983b; O s h i m a et al., 

1983; L e h t o n e n , 1985). Express ion of kera t in- type I F in the t rophoblas t ic cells 

is c o n c o m i t a n t wi th the fo rma t ion of d e s m o s o m e j u n c t i o n s (Ducibe l la et al., 

1975; J a c k s o n et al., 1980, 1981) and d e m o n s t r a t e s tha t t h e s e cells r e p r e s e n t 

< 
Fig. 1. Cytokera t in prote ins in mouse oocy tes and cleavage-s tage e m b r y o s as revealed 

by indirect immunof luorescence with ant i -human cytokera t in ant ibodies (a) and the mono-
clonal ant ibody O C S - 1 , directed against mouse oocy te cytoskele ta l prote ins (b, c, and d) . 
Three b las tomeres of a 4-cell-stage e m b r y o (a, x 3 8 5 ) , an oocy te (b, x 3 3 3 ) , a morula (c, 
x 2 9 6 ) , and a b las tocyst (d, x 2 5 9 ) . Elec t ron micrograph of a de te rgent -ex t rac ted 4-cell-
stage e m b r y o showing 10-nm-thick filaments (arrow) that are often associa ted with the para-
crystall ine a r rays (PC) present in mouse oocy tes and early e m b r y o s (e, χ 44,400). Immu-
noelect ron micrograph of a de te rgent -ex t rac ted mouse blas tocyst s tained with the OCS-1 
ant ibody and gold-conjugated secondary an t ibody . The label is associa ted with 10-nm-thick 
filaments, apparent ly represent ing tonofi laments a t tached to a d e s m o s o m e (D) (f, x 32,560). 
[a and e are repr in ted , with permiss ion from Dev. Biol., Leh tonen et al. (1983b); b , c, d, 
and f are repr inted, with permiss ion from J. Embryol. Exp. Morphol., Leh tonen (1985).] 
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the earliest embryon ic differentiation event of epithelial cha rac te r . By cont ras t , 

no c y t o k e r a t i n m R N A or p ro t e in s a re d e t e c t a b l e in the inner cell m a s s (Paul in 

et al., 1980; Brule t et al., 1980; J a c k s o n et al., 1980, 1981; K e m l e r et al., 

1981; O s h i m a et al., 1983; D u p r e y et al., 1985). 

An t ibod i e s aga ins t v imen t in a n d d e s m i n failed to d e t e c t any e x p r e s s i o n of 

t h e s e t y p e s of I F p ro t e in s at t he b l a s tocys t s t age ( J a c k s o n et al., 1980; Paulin 

et al., 1980). V imen t in is first e x p r e s s e d in t he m e s o d e r m ce l l s , wh ich form 

b e t w e e n the t w o epi thel ia l cell l aye r s at d a y s 8 -9 ( J a c k s o n et al., 1981), and 

v iment in p ro te in can then be d e t e c t e d by P o l y a c r y l a m i d e gel e l e c t r o p h o r e s i s 

( F r a n k e et al., 1982a, 1983), ind ica t ing ear ly dif ferent ia t ion of m e s o d e r m for 

wh ich v iment in is a m a r k e r p ro te in . S ince t h e s e cel ls a re mos t ly de r ived from 

the embryon ic e c t o d e r m and have exp res sed cy tokera t ins , they mus t te rmina te 

the syn thes i s of c y t o k e r a t i n s a n d then e x p r e s s a n o t h e r t y p e of I F p ro te in 

(vimentin) . This switch from cytokera t in to v iment in express ion occu r s within 

a few h o u r s ( F r a n k e et al., 1982a, 1983), and c o e x p r e s s i o n of bo th t y p e s of 

I F p ro t e ins in par ie ta l e n d o d e r m cel ls ha s b e e n r e p o r t e d ( L a n e et al., 1983; 

L e h t o n e n et al., 1983a). L a t e r in d e v e l o p m e n t , v imen t in is r ep laced by glial 

fibrillar ac id ic p ro te in in the p r o s p e c t i v e as t rogl ia l ce l l s , and neurof i l ament 

p ro t e ins a r e e x p r e s s e d in ma tu r ing n e u r o n s . 

B. Xenopus 

In c o n t r a s t to m o u s e , Xenopus o o c y t e s a n d eggs c o n t a i n a large pool of 

ma te rna l ly s to red I F p ro t e in . T h e r e is n o c o n c l u s i v e e x p l a n a t i o n for this ma-

te rna l supp ly of I F p r o t e i n s , a n d o n e c a n on ly s p e c u l a t e a b o u t its funct ion: 

it m a y p r o v i d e a f r a m e w o r k for mic ro f i l amen t s a n d m i c r o t u b u l e s t o a l low 

e x t e n s i v e m o v e m e n t s of t he c o r t e x re la t ive to t he c y t o p l a s m tha t o c c u r after 

fer t i l izat ion ( G e r h a r t et al., 1981). A l t e rna t i ve ly , it might b e r equ i r ed for 

main ta in ing p r o p e r c y t o p l a s m i c o rgan iza t ion dur ing o o c y t e m a t u r a t i o n and 

the excep t iona l ly fast c l eavage of a m p h i b i a n e m b r y o s . 

In p rev i te l logenic o o c y t e s , t w o c l a s ses of I F p ro t e in s s e e m to be p r e s e n t , 

v iment in and ke ra t in . By t w o - d i m e n s i o n a l gel e l e c t r o p h o r e s i s of cy toske le t a l 

p r e p a r a t i o n s , o n e bas ic ( type II) a n d t w o ac id ic ( type I) c y t o k e r a t i n p o l y p e p -

t ides h a v e b e e n identif ied in s tage VI v i te l logenic o o c y t e s ( F r a n z et al., 1983). 

T h e s e c y t o k e r a t i n s a r e no t specif ic to the o o c y t e , bu t a p p e a r again la ter in 

d e v e l o p m e n t in in tes t inal m u c o s a cel ls of t he adu l t , ye t t hey a r e different from 

the c y t o k e r a t i n s e x p r e s s e d f rom the zygo t ic nucle i of the epi thel ia l e c t o d e r m 

dur ing the gas t ru la s tage ( Jonas et al., 1985; Miya tan i et al., 1986; J a m r i c h , 

et al., 1987). Wi th the bas ic c y t o k e r a t i n c D N A , c loned f rom an o v a r y c D N A 

l ibrary , the p r e s e n c e of its m R N A w a s d e m o n s t r a t e d in v i te l logenic o o c y t e s 

( F r a n z and F r a n k e , 1986), conf i rming ear l ie r in vivo label ing t r ans la t ion ex -

p e r i m e n t s ( F r a n z et al., 1983). 
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W h e r e a s unf ixed , a l d e h y d e - , o r e thanol - f ixed o o c y t e s failed to s tain wi th 

an t iv imen t in an t i bod i e s ( F r a n z et al., 1983; G o d s a v e et al., 1984b), TCA-f ixed 

material showed posi t ive reac t ion with th ree different ant iv iment in an t ibodies , 

recognizing a slightly smaller prote in than mammal i an v iment in , and a possibly 

IF-assoc ia ted 66-kDa prote in (Godsave et al., 1984b). M o r e o v e r , an ant i -bovine 

hoof p r eke ra t i n s e r u m (Gall et al., 1983), a s well as t h r ee different m o n o c l o n a l 

an t ike ra t in a n t i b o d i e s , r e cogn ized an t igens in Xenopus o o c y t e s ( G o d s a v e et 

al., 1984a). T h e d i s t r ibu t ion of v imen t in s ta in ing differs m a r k e d l y f rom tha t 

of ke ra t in s ta ining (Wyl ie et al., 1985): in t he p rev i te l logen ic o o c y t e , t he ma-

jo r i ty of v imen t in is a s s o c i a t e d wi th t he mi tochondr i a l c loud s u r r o u n d i n g the 

n u c l e u s , and s o m e s ta in ing w a s o b s e r v e d t h r o u g h o u t the c y t o p l a s m as a net-

work of f i laments . Mos t of the kerat in is localized in the subcort ical cy top la sm, 

but s o m e ke ra t in s ta in ing w a s found enc i rc l ing t he p e r i n u c l e a r mi tochondr i a l 

c loud . In pos tv i t e l logen ic s t ages , v imen t in a p p e a r s t o be cod i s t r i bu t ed wi th 

the e x p a n d i n g mi tochondr i a l c loud a n d s h o w s a s y m m e t r i c d i s t r ibu t ion in the 

an imal a n d vegeta l h e m i s p h e r e s , p r o b a b l y d u e to d i f ferences in yolk dis tr i -

but ion . Kera t in staining b e c o m e s m o r e in tense in the per inuclear region during 

vi te l logenic s t a g e s , and f i laments a r e s ta ined in the an imal h e m i s p h e r e , wh ich 

projec t radial ly f rom the n u c l e u s to t he kera t in - r ich c o r t e x . In the m a t u r e 

o o c y t e a d e n s e shee t of c y t o k e r a t i n f i laments is loca ted u n d e r n e a t h the c o r t e x 

wi th s o m e fibrils e x t e n d i n g f rom the pe r iphe ra l c y t o p l a s m in to t he inner par t 

of the o o c y t e , w h e r e a s o t h e r s p ro jec t t o w a r d the p l a s m a m e m b r a n e (Fig. 2). 

Th i s I F c y t o s k e l e t o n is i n t e r w o v e n wi th t he cor t ica l ac t in f i laments (Gall et 

al., 1983). In w h o l e - m o u n t p r e p a r a t i o n s , qu i t e regu la r c y t o k e r a t i n a r r a y s can 

be seen in the vege ta l h e m i s p h e r e , w h e r e a s c y t o k e r a t i n s in t he an imal hemi -

s p h e r e a p p e a r to be less regular ly o rgan i zed ( K l y m k o w s k y et al., 1987). U p o n 

m a t u r a t i o n of t he o o c y t e , a c c o m p a n i e d by b r e a k d o w n of the germina l ves ic le , 

both types of I F pro te ins unde rgo r ea r r angemen t s : in the ma tu re egg, v iment in 

b e c o m e s a lmos t even ly d i s t r i bu t ed , and a fine n e t w o r k of v imen t in s ta ining 

is obse rved th roughou t the cy top la sm that is inheri ted by all of the b las tomeres 

(Godsave et al., 1984b). T h e cort ical cy tokera t in f i laments of the ma tu re oocy te 

d i sappear , and cy tokera t in staining is found in a m o r p h o u s aggregates and some 

isola ted f i lament f r agmen t s ( G o d s a v e et al., 1984a; K l y m k o w s k y et al., 1987), 

r emin i scen t of ke ra t in fiber b r e a k d o w n dur ing mi tos i s ( H o r w i t z et al., 1981; 

F r a n k e et al., 1982b; L a n e et al., 1982). 

Wi th fer t i l izat ion o r u p o n pr ick ac t i va t i on , a g r adua l t r ans i t ion f rom a p u n c -

tate to f ibrous cy tokera t in staining pa t te rn is obse rved , beginning in the vegetal 

h e m i s p h e r e ( K l y m k o w s k y et al., 1987). By the t ime of first c l e a v a g e , large 

bundles of cy tokera t in f i laments a re appa ren t in the vegetal hemisphe re , giving 

r ise to a qu i t e regu la r m e s h w o r k . T h e r eo rgan i za t i on of ke ra t i n s in the an imal 

h e m i s p h e r e is s imilar , bu t less d r a m a t i c , and a p p a r e n t l y d o e s not resul t in an 

i n t e r c o n n e c t e d f i lament s y s t e m . S ince ke ra t in f ibers r e s ide a l m o s t exc lus ive ly 

in the cor t ica l l ayer , t he m o s t superf icial cel ls of t he b las tu la will inheri t t he 
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bulk of c y t o k e r a t i n a s c l eavage p r o c e e d s . T h e fate of t h e s e ear ly c y t o k e r a t i n s 

is unc l ea r , and dur ing gas t ru l a t i on , a n e w set of c y t o k e r a t i n s is e x p r e s s e d in 

the epi thel ia l e c t o d e r m ( Jonas et al., 1985; Miyan t an i et al., 1986; J a m r i c h , 

et al., 1987). 

V. INTERMEDIATE FILAMENTS IN INVERTEBRATES 

A. Immunological and Ultrastructural Evidence 

Unti l r e c e n t l y , I F p ro t e in s h a v e b e e n found on ly in v e r t e b r a t e ce l l s , bu t 

t h e r e is n o w good e v i d e n c e for seve ra l t y p e s of I F in i n v e r t e b r a t e s . E v e n 

t h o u g h t h e y fo rm f i laments of a b o u t 10 n m in d i a m e t e r , t he m o n o m e r i c po ly-

p e p t i d e s v a r y c o n s i d e r a b l y in s ize f rom spec ie s to s p e c i e s . Bu t a s po in t ed ou t 

ear l ie r , t he different c l a s se s of I F p r o t e i n s in v e r t e b r a t e s a l so exhib i t qu i t e 

different m o l e c u l a r w e i g h t s , ye t a r e buil t a c c o r d i n g to t h e s a m e gene ra l s t ruc -

tura l p r inc ip le . T o d a t e , no th ing is k n o w n a b o u t a m i n o ac id s e q u e n c e a n d 

s e c o n d a r y s t r u c t u r e of a n y i n v e r t e b r a t e I F p r o t e i n , bu t it w o u l d no t b e sur-

pr is ing to find c o m m o n s t ruc tu ra l e l e m e n t s a n d reg ions tha t a r e c o n s e r v e d in 

evolut ion , since t w o different monoc lona l an t ibodies have been genera ted that 

r ecogn ize I F p o l y p e p t i d e s in v e r t e b r a t e s , as well a s in i n v e r t e b r a t e s (P rus s 

et al., 1981; F a l k n e r et al., 1981). T h e s e t w o an t i bod i e s h a v e b e e n used to 

d e m o n s t r a t e t he p r e s e n c e of I F in i n v e r t e b r a t e s by indi rec t i m m u n o f l u o r e s -

c e n c e , i m m u n o e l e c t r o n m i c r o s c o p y , and p ro te in b lo t t ing . M o r e o v e r , I F in 

inver tebra tes exhibit charac ter i s t ics similar to their ve r t ebra te homologs , such 

as insolubi l i ty in buffers con ta in ing 1% Tr i t on X-100, sens i t iv i ty to C o l c e m i d , 

to hea t s h o c k , and o t h e r s t r e s s , and the capabi l i ty to r e a s s e m b l e in vitro. 

Using a c o m b i n a t i o n of t h e s e t e c h n i q u e s , I F h a v e b e e n found in a x o n s of 

m o l l u s k s , such as squid (Gi lber t et al., 1975; Gi lbe r t , 1976; H u n e e u s a n d D av -

i son , 1970; L a s e k et al., 1979; R o s l a n s k y et al., 1980; Zackrof f a n d G o l d m a n , 

1980), Aplysia ( L a s e k et ai, 1979; P r u s s et al, 1981; L a s e k et al., 1983), and 

Loligo ( L a s e k et al., 1979; Phi l ips et al., 1983), a n d in a x o n s of t he anne l id 

< • 
Fig. 2. Cytokera t in filaments in Xenopus oocy tes and act ivated eggs. Indirect immu-

nof luorescence staining of mature oocy tes with ant ikerat in ant ibody of isolated pieces of 
peripheral cy top lasm including cor tex (a, x 4 5 0 ) . Elect ron micrograph of act ivated eggs 
showing immunogold staining of isolated cor t ices (b, x 40,000); higher magnification of a 
bundle of in termedia te filaments labeled with ant ikerat in ant ibody and gold-conjugated sec-
ondary ant ibody (c, x 84,000). [Reprinted, with permiss ion from Biologie Cellulaire, Gall 
et al. (1983).] 
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Myxicola (Gi lber t et al., 1975; L a s e k a n d Hof fman , 1976; L a s e k et al., 1979; 

Eag les et al., 1981; Phil ips et ai, 1983). E l e c t r o n m i c r o s c o p i c e v i d e n c e for 

neuro f i l amen t s in a r t h r o p o d s has b e e n pub l i shed (Foe l ix and H a u s e r , 1979; 

Keil and S te inbrecht , 1984), and in te rmedia te f i laments in nonneurona l t i ssues 

h a v e b e e n d e t e c t e d by immunolog ica l m e t h o d s a n d e l ec t ron m i c r o s c o p y in 

Drosophila ( F a l k n e r et al., 1981; W a l t e r a n d B i e s s m a n n , 1984a; W a l t e r and 

A l b e r t s , 1984). T h e s e p ro t e in s a r e poss ib ly re la ted to v imen t in a n d d e s m i n . 

K e r a t i n - t y p e I F p ro t e in s h a v e b e e n d e t e c t e d in t h e m o l u s k , Helix pomatia 

(Bartnik et al., 1985), and in musc le and epithelial cells of m e m a t o d e s (Bartnik 

et al., 1986). I F h a v e b e e n d e s c r i b e d in t h e sea u rch in t u b e foot (Har r i s and 

S h a w , 1984). T a k e n t oge the r , t h e s e d a t a p r o v i d e s t rong e v i d e n c e for evo lu -

t ionary c o n s e r v a t i o n of I F c y t o s k e l e t o n s . 

B. The Monoclonal Anti-Drosophila Intermediate Filament Antibody Ah6 

O u r w o r k in the pas t severa l y e a r s ha s b e e n c o n c e r n e d wi th t he c h a r a c -

te r iza t ion of the I F c y t o s k e l e t o n in Drosophila t i s sue -cu l tu re cel ls ( F a l k n e r 

et al., 1981; B i e s s m a n n et al., 1982; W a l t e r a n d B i e s s m a n n , 1984a). W e h a v e 

p r e p a r e d severa l m o n o c l o n a l an t i bod i e s ( e .g . , A h 6 a n d Ah3) aga ins t a 46 -kDa 

major c y t o p l a s m i c p ro te in f rom Drosophila t i s sue -cu l tu re cells ( F a l k n e r et 

al., 1981) and d e m o n s t r a t e d tha t t he an t igen is r e l a t ed t o the v e r t e b r a t e I F 

p ro t e in s v imen t in (Wal t e r and B i e s s m a n n , 1984a). T h e s e f indings p r o v i d e d 

ev idence for the p re sence of IF-re la ted pro te ins in Drosophila and also o p e n e d 

a n e w sea rch for s imilar p o l y p e p t i d e s in o t h e r i n v e r t e b r a t e phy l a , s ince the 

A h 6 a n t i b o d y r ecogn i ze s a highly c o n s e r v e d e p i t o p e (Wal t e r a n d B i e s s m a n n , 

1984b). T h e A h 6 e p i t o p e w a s loca l ized to t h e first 116 a m i n o ac ids at the 

a m i n o - t e r m i n u s of c h i c k e n d e s m i n (K . W e b e r , p e r s o n a l c o m m u n i c a t i o n ) , 

wh ich pos i t ions it ou t s i de the cen t r a l α-hel ical rod d o m a i n of I F p o l y p e p t i d e s 

tha t is r ecogn ized by the highly c ro s s - r eac t i ng a n t i - h u m a n glial fibrillar ac id ic 

p ro te in a n t i b o d y of P r u s s et al. (1981; Ge i s l e r et al., 1983). W e a l so s tud ied 

the effects of hea t s h o c k , C o l c e m i d , a n d i o n o p h o r e s o n the Drosophila I F 

c y t o s k e l e t o n ( F a l k n e r et al., 1981; B i e s s m a n n et al., 1982; W a l t e r and Biess -

m a n n , 1984a) a n d found tha t t h e s e t r e a t m e n t s c a u s e d t h e co l l apse of the I F 

c y t o s k e l e t o n at t he cell n u c l e u s . 

T h e 46 k D a I F p o l y p e p t i d e tha t w a s original ly u s e d as an t igen r e p r e s e n t s 

only o n e m e m b e r of a g r o u p of six r e l a t ed Drosophila p o l y p e p t i d e s tha t all 

c a r ry t he A h 6 e p i t o p e . T h e n a t u r e of t h e s e o t h e r p r o t e i n s is no t c l ea r , bu t w e 

h a v e s h o w n (Wal te r a n d B i e s s m a n n , 1984a) tha t a t leas t t h r e e of t h e m (40, 

46 , and 68 k D a ) a l so ca r ry the IF-speci f ic e p i t o p e loca t ed in t h e α-hel ical rod 

d o m a i n r ecogn ized by the antiglial fibrillar ac id ic p ro t e in a n t i b o d y (P russ et 
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ai, 1981) a n d tha t t he 40 -kDa p ro t e in r e a c t s wi th a m o n o c l o n a l a n t i b o d y di-

r ec t ed aga ins t v e r t e b r a t e d e s m i n ( M . W a l t e r , u n p u b l i s h e d o b s e r v a t i o n ) . 

M o r e o v e r , o u r A h 6 a n t i b o d y c lear ly r e c o g n i z e s v imen t in a n d d e s m i n in ver -

t e b r a t e cells ( F a l k n e r et al., 1981; W a l t e r a n d B i e s s m a n n , 1984a), a n d w e 

c o n c l u d e d tha t Drosophila t i s sue cu l tu re cel ls ( K c line) e x p r e s s a family of 

re la ted I F p o l y p e p t i d e s . In ear ly Drosophila e m b r y o s , on ly five (80, 68 , 5 3 , 

46 , and 40 k D a ) of t he six I F p o l y p e p t i d e s a r e e x p r e s s e d , as d e m o n s t r a t e d 

by i m m u n o b l o t t i n g (Wal t e r a n d A l b e r t s , 1984), a n d the 110-kDa p o l y p e p t i d e 

e x p r e s s e d in K c cel ls is a p p a r e n t l y a b s e n t in e m b r y o s . 

It is not c lea r to wh ich c lass of v e r t e b r a t e I F the five e m b r y o n i c Drosophila 

p o l y p e p t i d e s a r e r e l a t ed . S ince m o l e c u l a r we igh t s of i n v e r t e b r a t e I F poly-

pep t i de s a re ve ry different f rom t h o s e of the i r v e r t e b r a t e c o u n t e r p a r t s (see 

Refs . in Sec t ion V , A ) , mo lecu l a r we igh t s c a n n o t be u sed for c lass i f ica t ion. 

Tissue-spec i f ic e x p r e s s i o n (e .g . , e p i d e r m a l , n e u r o n a l , o r m e s e n c h y m a l ) m a y 

be used as an addi t iona l c r i t e r ion a s s o o n as m o n o c l o n a l an t i bod i e s aga ins t 

a subse t o r individual Drosophila I F p o l y p e p t i d e s b e c o m e ava i l ab le , but def-

inite c lass i f icat ion of t h e s e i n v e r t e b r a t e I F p ro t e in s will r equ i re a m i n o acid 

s e q u e n c e c o m p a r i s o n wi th the i r v e r t e b r a t e h o m o l o g s . In o u r c a s e , w e h a v e 

obta ined prel iminary ev idence (as desc r ibed above) that the 46-kDa Drosophila 

I F is re la ted to v e r t e b r a t e v imen t in a n d tha t the 40 -kDa Drosophila p ro te in 

is re la ted to v e r t e b r a t e d e s m i n ; the o t h e r m e m b e r s of the I F family tha t a re 

r ecogn ized by the A h 6 a n t i b o d y a re as ye t unclass i f ied . It s e e m s the re fo re 

ve ry likely tha t I F p r o t e i n s , o t h e r t han c y t o k e r a t i n s , a re e x p r e s s e d ve ry ear ly 

in Drosophila e m b r y o s . 

VI. THE C Y T O S K E L E T O N IN DROSOPHILA A N D OTHER DIPTERAN 

E M B R Y O S 

A. Cytoplasmic Events in Early Insect Embryogenesis 

In insect e m b r y o n i c d e v e l o p m e n t , t he ear ly nuc l ea r d iv i s ions o c c u r ve ry 

rapidly ( eve ry 8-10 min in Drosophila) wi th in a s y n c y t i u m (Fig . 3). In Dro-

sophila, all of the nucle i a re loca ted in the in te r ior of the e m b r y o until n u c l e a r 

cyc le 8 and migra te o u t w a r d to the p e r i p h e r y dur ing n u c l e a r cyc l e s 9 and 10. 

A few pole cell nuc le i , giving r ise to t he g e r m ce l l s , r e a c h the pos t e r i o r end 

of the e m b r y o du r ing nuc l ea r cyc l e 9, whi le the res t ( excep t for the yolk cell 

nuclei) a r r ive in the subcor t i ca l yolk-free p l a s m a layer in i n t e r p h a s e of cyc le 

10. Cell m e m b r a n e s a r e fo rmed la te r at n u c l e a r cyc le 14. Dur ing the first 10 

nuclear division cyc les that o c c u r synchroneous ly in Drosophila, no significant 

nuc l ea r R N A syn the s i s is d e t e c t a b l e , s o m e g e n e s a re t r a n s c r i b e d in cyc le s 
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Fig. 3. Schemat ic drawing of early embryonic stages of D. melanogaster before gas-
trulat ion. This figure is modified from Zalokar and Erk (1976) to show the appearance of 
polar and somatic buds . The number beside each e m b r y o co r r e sponds to the total number 
of nuclear division cyc les . Embryos are shown in longitudinal sect ion and with their anter ior 
ends at the top . They are depicted without vitelline m e m b r a n e s to emphas ize the changes 
in the surface morphology. Solid black circles represent nuclei , stippled regions denote yolk, 
and nontex tured regions deno te the yolk-free regions of the cy top lasm. The average time 
required for stages 1-9 is 8 min at 25°C; stages 10, 11, 12, 13, and 14 occupy about 9, 10, 
12, 21 , and more than 65 min, respect ively . [Reprinted, with permiss ion from J. Cell Sei., 

Foe and Alber ts (1983.)] 
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11-13 , bu t the bulk of zygo t ic g e n e s is b e c o m i n g ac t ive ly t r an sc r i bed dur ing 

the ce l lu lar b l a s t o d e r m s tage in n u c l e a r cyc l e 14 (Za loka r , 1976). 

After the m a t u r e egg is fer t i l ized, seve ra l p r o c e s s e s o c c u r in the c y t o p l a s m 

tha t c an be a t t r i bu t ed to the ac t ion of cy to ske l e t a l e l e m e n t s : migra t ion of 

female and male pronucle i , format ion of a cy top lasmic yolk-free island a round 

e v e r y zygo t ic n u c l e u s (energ id) , migra t ion of t h e s e ene rg ids to t he c o r t e x of 

the e m b r y o in nuclear cyles 9 and 10, yolk con t rac t ions , cy top lasmic s t reaming, 

sa l t a to ry par t ic le m o v e m e n t s , and the fo rma t ion of po la r c a p s and c l eavage 

fu r rows . In m a n y i n sec t s , s o m e of t h e s e c y t o p l a s m i c e v e n t s c an o c c u r in the 

a b s e n c e of c l e a v a g e nuc le i , sugges t ing t he ac t ion of a n u c l e u s - i n d e p e n d e n t 

c y t o p l a s m i c p r o g r a m in the ear ly c l eavage s t ages of e m b r y o g e n e s i s ( r ev iewed 

by K r a u s e and S a n d e r , 1962; C o u n c e , 1973). T h i s p h e n o m e n o n , wh ich w a s 

later t e rmed " p s e u d o c l e a v a g e , " was first desc r ibed in insects by Seiler (1924). 

S u b s e q u e n t l y , c o n t r a c t i o n s of t he c y t o p l a s m of unfer t i l ized eggs h a v e b e e n 

obse rved by Imaizumi (1954) and by Schne t t e r (1965), and cy top lasmic islands 

tha t form a n d d iv ide in t he a b s e n c e of c l eavage nucle i h a v e b e e n o b s e r v e d 

in a small pe rcen tage of unfertilized eggs in nonpar thenogene t i c insects (Mahr , 

1960a,b; Scr iba , 1964; Schne t t e r , 1965). Pseudoc leavage also occu r s in cer ta in 

female s ter i le m u t a n t s tha t g ive r ise t o haplo id b l a s t o d e r m s (Za loka r et al., 

1975), and s t r u c t u r e s a r e fo rmed in the pe r iphe ra l c y t o p l a s m tha t r e s e m b l e 

wi ld - type s t r u c t u r e s in the a b s e n c e of the n o r m a l n u m b e r of zygo t ic nuclei 

( F r e e m a n et al., 1986). M o r e o v e r , in e x p e r i m e n t a l l y c o n s t r i c t e d e m b r y o s , 

w h e r e one-ha l f d o e s no t con ta in a n y nuc le i , c y t o p l a s m i c aggrega te s wi th in 

the re t i cu la r c y t o p l a s m a re fo rmed ( M a h r , 1960a). Wolf r e p o r t e d (1980, 1985) 

tha t migra t ion c y t a s t e r s , cons i s t ing of l a rge , radia l ly o r i en t ed m i c r o t u b u l e s , 

c an a p p e a r and e v e n migra te in the a b s e n c e of nuc le i . F ina l ly , i r rad ia t ion of 

ear ly e m b r y o s tha t c a u s e s a r r e s t of n u c l e a r d iv i s ions d o e s not in ter fere wi th 

the fo rma t ion a n d c l eavage of c y t o p l a s m i c i s l ands ; h o w e v e r , no migra t ion of 

t h e s e " e m p t y " ene rg ids o c c u r s ( S c h n e i d e r - M i n d e r , 1966). 

Excep t for the format ion of mitot ic spindles by mic ro tubu les , no cytoskele ta l 

e l e m e n t has yet u n a m b i g u o u s l y b e e n a s s o c i a t e d wi th the a b o v e - m e n t i o n e d 

c y t o p l a s m i c e v e n t s , and n o funct ion at all ha s yet b e e n ass igned to the I F 

c y t o s k e l e t o n . S o m e a t t e m p t s in th is d i r ec t ion , s imilar to t h o s e d o n e in o t h e r 

s y s t e m s , h a v e b e e n m a d e by inject ion of d r u g s tha t affect m i c r o t u b u l e s (col-

chic ine) o r mic ro f i l aments ( cy tocha la s in ) in to Drosophila (Za loka r and E r k , 

1976; F o e and A l b e r t s , 1983) and o t h e r d ip t e r an e m b r y o s (Wolf, 1978, 1985; 

K a i s e r et al., 1982). T h e s e e x p e r i m e n t s ind ica te tha t n u c l e a r migra t ion to the 

p e r i p h e r y , n u c l e a r e longa t ion at b l a s t o d e r m s t age , sa l t a to ry m o v e m e n t s of 

yolk pa r t i c l e s , a n d yolk c o n t r a c t i o n s a r e inhibi ted by co lch ic ine and tha t nu-

c lea r pu l sa t ion , c y t o p l a s m i c s t r e a m i n g , yolk c o n t r a c t i o n s , the longi tudinal 

migra t ion of e n e r g i d s , and the spac ing of nucle i at b l a s t o d e r m a re affected by 

cy tocha l a s in . 
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B. Distribution of Intermediate Filament Proteins, Tubulin, and Actin in 

Drosophila Embryos 

In this c h a p t e r , w e d e s c r i b e the d i s t r ibu t ion of cy toske le t a l c o m p o n e n t s in 

ear ly Drosophila e m b r y o g e n e s i s . A s w e h a v e s u m m a r i z e d a b o v e , nuc lea r 

c l eavages and n u c l e a r migra t ion o c c u r wi th in a s y n c y t i u m , wh ich a l lows o n e 

to s tudy the distr ibution and rea r rangement of all cy toske le tons s imul taneously 

wi thin this giant cel l . M o r e o v e r , e x p e r i m e n t a l m a n i p u l a t i o n s , as well as mi-

croinjection t echn iques , a re great ly facilitated in the developing insect e m b r y o , 

and t oge the r wi th r e c o m b i n a n t D N A t e c h n i q u e s and gene t i c a n a l y s e s , this 

s y s t e m will ce r ta in ly be ve ry powerful in e luc ida t ing the role of the different 

cy toske le t a l c o m p o n e n t s in ear ly e m b r y o g e n e s i s . 

1. Ultrastructure 

Unfo r tuna t e ly , ve ry few u l t r a s t ruc tu ra l s tud ies a d d r e s s i n g the d i s t r ibu t ion 

of cy toske le t a l e l e m e n t s in insec t eggs and ear ly c l eavage - s t age e m b r y o s a re 

ava i lab le , wh ich is mainly d u e to t echn ica l difficulties c a u s e d by the p r e s e n c e 

of yolk and the i m p e r m e a b l e vitel l ine m e m b r a n e . Ear ly e l ec t ron m i c r o s c o p i c 

s tud ies failed t o d e t e c t a n y cy toske l e t a l e l e m e n t s in t h e Drosophila egg and 

e m b r y o ( O k a d a and W a d d i n g t o n , 1959; M a h o w a l d , 1963a), poss ib ly d u e to 

p o o r c o n s e r v a t i o n of t he se s t r u c t u r e s . L a t e r , Z iss le r and S a n d e r (1973, 1977, 

1982), inves t iga t ing eggs and e m b r y o s of t he c h i r o n o m i d midge Smittia tha t 

con ta in s less yolk t han Drosophila, r e p o r t e d the o c c u r r e n c e of i so la ted mi-

c r o t u b u l e s in the pe r i p l a sm, whi le m i c r o t u b u l e s a s s o c i a t e d with cen t r io les 

and c y t a s t e r s w e r e o b s e r v e d m o r e f requen t ly . A we l l - conse rved c y t a s t e r in 

the anter ior part of the fertilized gall midge (Wachtliella) egg has been obse rved 

by Wolf (1978, 1980). Its m i c r o t u b u l e s s e e m to e x t e n d into the subcor t i ca l 

c y t o p l a s m and migra t ion of this c y t a s t e r to the pe r iphe ry o c c u r s e v e n in the 

a b s e n c e of an a t t a c h e d n u c l e u s (Wolf, 1980). 

I so la ted microf i lament b u n d l e s h a v e b e e n found in t he newly laid egg of 

Chironomus anthracinus (Ziss ler and S a n d e r , 1982) tha t m a y be de r ived from 

the ring cana l c o n n e c t i n g the o o c y t e with the n u r s e ce l l s . In the o o c y t e of 

the p a e d o g e n e t i c gall midge Heteropeza pigmaea, a m e s h w o r k of microfila-

m e n t s is a s soc i a t ed wi th the n u c l e u s , sugges t ing its i n v o l v e m e n t in the ob -

se rved nuc l ea r pu l sa t ions (Wen t et al., 1978). 

Wi th r e spec t to the d i s t r ibu t ion of cy toske l e t a l e l e m e n t s , d e v e l o p m e n t a l 

s t ages shor t ly before and du r ing ce l lu la r iza t ion of t he b l a s t o d e r m h a v e b e e n 

analyzed more extens ively . At these s tages , all nuclei , excep t the vi te l lophages, 

have migra ted to the pe r i phe ry and d e n s e l y p o p u l a t e the subcor t i ca l region 

of the e m b r y o . T h e initially spher ica l nucle i t h e n e longa te d r ama t i ca l l y , and 

c l eavage fu r rows begin to g r o w inward from the egg sur face b e t w e e n the e lon-
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ga ted nuc le i . At this t i m e , b u n d l e s of m i c r o t u b u l e s a p p e a r tha t a re o r i en ted 

paral lel to the d i rec t ion of n u c l e a r e longa t ion (Ful l i love and J a c o b s o n , 1971). 

In the paedogene t i ca l ly deve lop ing e m b r y o of t he gall midge Heteropeza pyg-

maea, wh ich d e v e l o p wi th in the h e m o c o e l of t he m o t h e r la rva and lack the 

i m p e r m e a b l e vi tel l ine m e m b r a n e and c h o r i o n , n u m e r o u s m i c r o t u b u l e s h a v e 

been obse rved that a re mainly assoc ia ted with c leavage fur rows , but a lso occu r 

in the pe r iphe ra l l ayer of the egg and a r o u n d the c l eavage nuclei ( J u n q u e r a , 

1985). 

Fibr i l lar mate r ia l tha t s u p p o s e d l y c o n s i s t s of ac t in mic ro f i l amen t s has b e e n 

found unde rnea th the inward growing c leavage furrows in Drosophila e m b r y o s 

(Mahowald , 1963b; Fulli love and J a c o b s o n , 1971), and a band of microfi laments 

has b e e n o b s e r v e d ad jacen t to the p l a s m a m e m b r a n e in c y t o p l a s m i c c o n n e c -

t ions be tween the embryon ic cells and the yolk sac dur ing gastrulat ion (Rickoll , 

1976). 

I F h a v e no t ye t b e e n d e s c r i b e d in a n y s tage of Drosophila e m b r y o g e n e s i s . 

O u r a t t e m p t s t o local ize I F h a v e b e e n successfu l in h e p t a n e - p e r m e a b i l i z e d 

e m b r y o s (see b e l o w ) , and a l t hough th is t e c h n i q u e d o e s no t p r e s e r v e t he ul-

t r a s t r u c t u r e v e r y well b e c a u s e it e x t r a c t s m a n y c y t o p l a s m i c c o m p o n e n t s , it 

l eaves t he inso lub le c y t o s k e l e t o n b e h i n d . U s i n g the IF-spec i f ic m o n o c l o n a l 

a n t i b o d y A h 6 (see Sec t ion V , B ) and go ld -con juga ted s e c o n d a r y a n t i b o d y in 

immunoe lec t ron mic roscopy , 10-nm f i laments , as well as a m o r p h o u s mater ia l , 

w e r e labe led in t he p e r i p h e r y of the e m b r y o (Fig . 4) . 

It is ev iden t tha t t he u l t r a s t ruc tu ra l ana lys i s of t he cy toske l e t a l a r c h i t e c t u r e 

Fig. 4. Elect ron micrograph of a sect ion through a Drosophila e m b r y o before nuclear 

migrat ion. In termedia te filaments are labeled in these heptane-permeabi l ized e m b r y o s by 

the ant i - IF ant ibody Ah 6 and gold-conjugated secondary an t ibody. Bar, 0.5 μηι. 
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in insect eggs and e m b r y o s remains qui te f ragmentary , mainly due to the above -

m e n t i o n e d technica l p r o b l e m s with f ixat ion and sec t ion ing of this mate r ia l . 

A different a p p r o a c h b e c a m e feasible wi th the d i s c o v e r y of Z a l o k a r and co-

w o r k e r s that h e p t a n e pe rmeab i l i z e s the vi tel l ine m e m b r a n e and m a k e s the 

interior of the egg access ible to fixatives (L imbourg and Za lokar , 1973; Za lokar 

and E r k , 1976, 1977). Th i s t e c h n i q u e , as modif ied by Mi tch i son and Seda t 

(1983), has p r o v e d ve ry useful in local izing an t igen ic d e t e r m i n a n t s in who le -

m o u n t Drosophila e m b r y o s . P r e v i o u s l y , e m b r y o s had to be p u n c t u r e d wi th 

a needle to permit the fixative to en te r and then devitell inized manual ly , which 

only a l lowed ana lys i s of a m u c h smal le r n u m b e r of s p e c i m e n s . 

2. Immunofluorescence 

Reac t ion with specific an t ibod ie s o r labe led phal lo idin r evea led a r r a y s of 

tubul in ( W a r n and W a r n , 1986; K a r r and A l b e r t s , 1986), ac t in ( W a r n and Ma-

grath , 1983; Warn et al., 1984, 1985), as well as I F pro te ins (Wal ter and Alber t s , 

1984; 1988; Miller et al., 1985) in the subcor t i ca l l ayer of the ear ly Drosophila 

e m b r y o . In this sect ion, we wan t to summar ize these obse rva t ions , a t tempt ing 

to recons t ruc t a three-dimensional pic ture of the r ea r r angemen t s of these three 

cy toske le t a l e l e m e n t s dur ing the ear ly s tages of e m b r y o g e n e s i s . Th i s desc r ip -

tion will p rov ide the bas i s for o u r u n d e r s t a n d i n g of h o w the cy toske le t a l ele-

m e n t s m a y in te rac t wi th e a c h o t h e r and w h a t the i r funct ion might be dur ing 

the phase of ex t remely rapid nuclear divis ions. Specific emphas i s will be given 

to the d i s t r ibu t ion of the I F p r o t e i n s . 

Whi le m o n o c l o n a l an t ibod ie s ra i sed aga ins t v e r t e b r a t e o r yeas t tubul in and 

actin cross- reac t with their Drosophila homologs , an t i -ver tebra te I F ant ibodies 

s h o w e d no c ros s - r eac t iv i ty , wi th t he no t ab l e e x c e p t i o n of t he a n t i - h u m a n glial 

fibrillar ac id ic p ro te in a n t i b o d y (P russ et al., 1981; see a l so Sec t ion V , A ) . 

A l though this m o n o c l o n a l a n t i b o d y has b e e n s h o w n to r ecogn ize I F poly-

pep t ides in p ro te in b lo ts f rom Drosophila t i s sue -cu l tu re cel ls (Wal t e r and 

B i e s s m a n n , 1984a), it fails to conv inc ing ly s tain I F by indi rec t immunof luo -

r e s c e n c e in e m b r y o s (our o w n o b s e r v a t i o n ) a n d in f rozen t i s sue sec t ions of 

Drosophila (Bar tn ik et al., 1985). Th i s m a y b e d u e to a pa r t i cu la r sens i t iv i ty 

of the ep i tope in the Drosophila I F c y t o s k e l e t o n to s t a n d a r d f ixat ion p r o c e -

d u r e s . W e h a v e the re fo re used o u r o w n m o n o c l o n a l a n t i b o d y A h 6 tha t w a s 

m a d e agains t o n e of the Drosophila I F p o l y p e p t i d e s ( F a l k n e r et al., 1981). 

a. The Cytoskeleton before Nuclear Migration. Dur ing the ear ly nuc l ea r 

c l eavage s tages (nuc lea r cyc le s 1-8), tubu l in , ac t in , and I F p ro t e ins a re lo-

cal ized in the subcor t i ca l yolk-free c y t o p l a s m (Fig. 5). M i c r o t u b u l e s s e e m to 

form a f i l amentous n e t w o r k , ac t in s h o w s a p u n c t a t e d i s t r ibu t ion , and I F p ro -

te ins d o not a p p e a r to be o rgan ized in to pa r t i cu la r s t r u c t u r e s , but even ly oc -

c u p y the subcor t i ca l c y t o p l a s m . T h e u n s t a i n e d reg ions might b e d u e t o t he 
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Fig. 5. Indirect immunof luorescence staining of whole-mount Drosophila embryos in 

nuclear cycle 4, prior to nuclear migrat ion. Staining with anti tubulin (a and d) , antiactin (b 

and e) and ant i in termedia te filament protein an t ibody Ah 6 (c and 0 reveals organizat ion of 

these three cytoskeleta l e lements in the cortical cy top lasm. Bar in a, 100 μιη in a, b , and 

c; bar in f, 5 μπι in d, e, and f. [a, b , d, and e are repr inted, with permission from J. Cell 

Biol., Ka r r and Alber ts (1986).] 

presence of mul t ivesicular bodies that a re also found at that stage in the cor tex 

( M a h o w a l d et al., 1981). F r o m the pos i t ive i m m u n o f l u o r e s c e n c e wi th the A h 6 

a n t i b o d y in n u c l e a r cyc le 4 e m b r y o s , as well as in unfer t i l ized eggs , w e con-

c lude tha t , s imilar to Xenopus, t he Drosophila egg is ma te rna l ly suppl ied with 

a large pool of I F p r o t e i n s . 

b. Nuclear Migration and Pole Cell Formation. Dur ing t e l o p h a s e of nuc lea r 

cyc le 8 and i n t e r p h a s e of n u c l e a r cyc l e 9, the nuclei begin the i r o u t w a r d mi-

g ra t ion . Migra t ing nuclei a p p e a r to be a s s o c i a t e d wi th a m i c r o t u b u l a r a r r ay 
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( K a r r and A l b e r t s , 1986) r emin i scen t of the migra t ion c y t a s t e r d e s c r i b e d in 

Wachtliella (Wolf, 1978). T h e subcor t i ca l a r r a y s of I F and ac t in r emain un-

c h a n g e d , and no a s soc ia t ion of I F wi th migra t ing nuclei cou ld be o b s e r v e d 

at the reso lu t ion of indirect i m m u n o f l u o r e s c e n c e . 

A g r o u p of s even nuclei on a v e r a g e r each the p o s t e r i o r end of the e m b r y o 

dur ing i n t e rphase of nuc l ea r cyc le 9, o n e n u c l e a r d iv is ion before the rest of 

the nuclei popu la t e the subcor t i ca l c y t o p l a s m . T h e s e " p o l e cell n u c l e i " a re 

the p rogen i to r s of the germ-cel l l ine. W h e r e t h e s e nuclei r each the su r face , 

highly folded p r o t r u s i o n s ( " p o l a r b u d s " ) form a b o v e e a c h n u c l e u s . T h e s e 

b u d s g r o w rapidly in s ize , and a d is t inc t F-ac t in- r ich layer b e c o m e s a s soc i a t ed 

with the p l a s m a m e m b r a n e o v e r the a r e a of t he bu lge , as v i sua l ized by rho-

damine-coupled phalloidin. Polar nuclei , as well as their co r respond ing " p o l a r 

b u d s , " d iv ide twice before they a r e c l eaved off f rom the e m b r y o to form the 

pole cel ls . Dis t r ibu t ion of ac t in dur ing the s h a p e c h a n g e s and c l eavages of 

po lar b u d s h a v e b e e n d e s c r i b e d by W a r n et al. (1985). T h e I F p ro t e in s ga the r 

into a d e n s e r a r e a at the b a s e of the po la r b u d s in wh ich the nuclei inser t into 

the c a p s and form a ring a r o u n d e a c h pole cell n u c l e u s (Fig. 6 a and b) . Th i s 

rea r rangement of I F occu r s prior to the reorganizat ion in the rest of the e m b r y o 

at cyc le 10. 

c. Cytoskeletal Rearrangements during Syncytial Blastoderm Stages. Dur ing 

in terphase of nuclear cycle 10, the somat ic nuclei reach the subcort ical region, 

and " s o m a t i c b u d s " form a b o v e e a c h n u c l e u s . T h e s e s o m a t i c b u d s a re m u c h 

smal le r than the po la r b u d s d e s c r i b e d a b o v e . As the migra t ing ene rg ids e n t e r 

the pe r ip l a sm, d r a m a t i c r e a r r a n g e m e n t s of the t h r ee cy toske le t a l e l e m e n t s in 

the c o r t e x o c c u r . Th i s r e a r r a n g e m e n t , t he re la t ive spat ial d i s t r ibu t ion of the 

c y t o s k e l e t o n s , and the i r r e la t ionsh ip to e a c h o t h e r can bes t be de sc r ibed by 

double- labe l i m m u n o f l u o r e s c e n c e . 

N u c l e a r cyc le 10 r e p r e s e n t s a t rans i t ion pe r iod du r ing w h i c h cy toske le t a l 

reorganizat ion occu r s th roughout the e m b r y o . O n e of the first not iceable even t s 

is the r eo rgan iza t ion of ac t in in the s o m a t i c b u d s , w h e n the nucle i r e a c h the 

pe r ip l a sm. T h e ac t in d i s t r ibu t ion at n u c l e a r cyc l e 10 differs f rom tha t at la ter 

mi to t ic cyc le s ( K a r r a n d A l b e r t s , 1986): at i n t e r p h a s e , br ight a r e a s of ac t in 

s ta ining a p p e a r a b o v e e a c h n u c l e u s . Ac t in fo rms a c a p o v e r e a c h n u c l e u s 

( W a r n et al., 1984), whi le the a r e a b e t w e e n ene rg ids s e e m s to be d e p l e t e d of 

ac t in s ta in . Dur ing the fol lowing p r o p h a s e , ac t in is d i s t r ibu ted in a b ipo la r 

fashion a b o v e each c e n t r o s o m e . At m e t a p h a s e , actin forms a diffuse cap a b o v e 

each sp ind le , and by the end of the mi to t ic c y c l e , ac t in is aga in c o n c e n t r a t e d 

o v e r e ach d a u g h t e r n u c l e u s . 

T h e tubulin pat tern during nuclear cycle 10 reveals an a r ray of micro tubules 

that closely su r rounds each nuc leus at in te rphase , while the cy top lasm be tween 

energ ids is dep le t ed of m i c r o t u b u l e s e x c e p t for a few f i laments c o n n e c t i n g 
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Fig. 6. Indirect immunof luorescence of whole-mount Drosophila e m b r y o s stained with 
ant i - IF ant ibody Ah 6, demons t ra t ing rea r rangements of I F prote ins as migrating nuclei 
reach the subcort ical IF layer (a and c) . Nuclei a re visualized in the same prepara t ion by 
staining with the f luorescent Hoechs t dye 33258 (b and d) . Pole cell nuclei jus t benea th the 
subcort ical cy top lasm at the pos ter ior end of the e m b r y o (a and b) and concent ra t ion of 
intermediate filament proteins in pole cells and around somatic nuclei after they have reached 
the subcort ical cy top lasm (c and d) are indicated. Bar in b , 7 μπι in a and b ; bar in d, 15 
μηι in c and d. 
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each energid to its neighbor . W h e n the nuclei en te r p r o p h a s e , the cen t ro somes 

m o v e to the o p p o s i t e s ides of e a c h n u c l e u s , and the a r r ay of m i c r o t u b u l e s 

spli ts into t w o ha lves as the m i c r o t u b u l e s form the mi to t ic sp ind les . At me -

t a p h a s e , mos t m i c r o t u b u l e s a re o rgan ized in the sp ind le s , and by the end of 

te lophase of cycle 10, micro tubules again radiate from the newly formed nuclei . 

Fig. 7. Whole-mount Dt *ophila e m b r y o s at nuclear cycles 10 (a and b), 12 (c and d) , 
and 14 (e and 0 stained w' the ant i - IF ant ibody Ah 6 (a, c, and e) and Hoechs t dye (b, 
d, and 0 · Although no cell nembranes are present at these syncytial s tages , in termediate 
filaments appear highly concen t ra ted in cytoplasmic a reas a round each nucleus . Bar, 100 
μηι. 
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T h e I F r e a r r a n g e at n u c l e a r cyc l e 10 in to a d e n s e a r r ay a r o u n d each n u c l e u s 

(Fig. 6 c and d) . At i n t e r p h a s e and p r o p h a s e , e a c h n u c l e u s b e c o m e s enc lo sed 

by I F pro te ins , and the staining be tween the energids dec rea se s . At m e t a p h a s e , 

I F prote ins o c c u p y the a rea a round each spindle , and at t e lophase , I F prote ins 

a re again loca ted in a cage l ike s t r u c t u r e a r o u n d e a c h n u c l e u s , leaving a d a r k , 

uns t a ined a r e a a b o v e e a c h n u c l e u s . 

During the following nuclear divisions in the syncy t ium, I F pro te ins localize 

preferentially in the cy top lasmic island a round each nuc leus . Since the n u m b e r 

Fig. 8. Whole -mount Drosophila e m b r y o s at nuclear cycle 12 labeled s imul taneously 

with ant i - IF ant ibody Ah 6 (a, d, and g), visualized with rhodamine-conjugated secondary 

antibody, antitubulin antibody (b, e, and h), visualized with fluorescein-conjugated secondary 

an t ibody, and Hoechs t dye (c, f, and i). Different s tages of mitosis are shown: p rophase (a, 

b , and c) , me t aphase (d, e , and f), and te lophase (g, h, and i). Bar , 12.5 μηι. 
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of nuclei i n c r e a s e s , the s p a c e b e t w e e n t h e m d e c r e a s e s wi th e a c h n u c l e a r di-

v is ion, resu l t ing in a highly s t r u c t u r e d I F s ta in ing p a t t e r n tha t r e s e m b l e s cell 

b o r d e r s , e v e n t hough no cell m e m b r a n e s a r e p r e s e n t ye t (Fig . 7). I F p ro t e ins 

d o no t r e a r r a n g e d rama t i ca l ly du r ing m i t o s e s , a s d o ac t in a n d tubul in . T h e 

d i s t r ibu t ion of tubul in is essen t ia l ly the s a m e as d e s c r i b e d for nuc l ea r cyc le 

10, whi le I F o c c u p y the s p a c e a r o u n d e a c h sp ind le . F igure 8 s h o w s p ro - , 

me ta - , and t e l o p h a s e in a t r ip le -s ta ined e m b r y o . In t e l o p h a s e , the b o r d e r s 

b e t w e e n the ene rg ids a re not as o b v i o u s , bu t t hey re form as s o o n as the nuclei 

r each the nex t i n t e r p h a s e . Dur ing n u c l e a r cyc l e s 11-14, t he ac t in d i s t r ibu t ion 

is different f rom tha t in cyc le 10: it d o e s not s h o w a b ipo la r d i s t r ibu t ion tha t 

follows the c e n t r o s o m e s . Ins tead , after the cap ove r each nuc leus in in terphase 

is fo rmed (Fig . 9) , w h e r e I F s h o w the u n s t a i n e d n u c l e u s as a b lack ho le , the 

actin b reaks d o w n in p r o p h a s e , and a fine line of bright act in staining del ineates 

the b o r d e r b e t w e e n the c lose ly s p a c e d d o m a i n s in m e t a p h a s e . Th i s c r e a t e s a 

Fig. 9. Whole-mount Drosophila embryos at nuclear cycle 12 (a, b , and c) and 13 (d, 
e, and f) labeled s imultaneously with ant i - IF ant ibody Ah 6 (a and d) , visualized with rho-
damine-conjugated secondary an t ibody , antiact in ant ibody (b and e) , visualized with fluo-
rescein-conjugated secondary an t ibody, and Hoechs t dye (c and f). To demons t r a t e the 
redistribution of cytoskeletal elements during mitosis, interphase (a, b , and c) and metaphase 
(d, e, and f) are shown. Bar, 12.5 μηι. 
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dis t inc t h o n e y c o m b p a t t e r n tha t e x t e n d s o v e r t he w h o l e e m b r y o su r face . T h e 

I F p ro t e ins r e m a i n wi th in t he h o n e y c o m b p a t t e r n , a s c an b e seen in Fig. 9. 

By the end of mi tos i s , ac t in again r e o r g a n i z e s in to c a p s t r u c t u r e s o v e r e a c h 

n u c l e u s . 

T o inves t iga te h o w far the tubu l in , I F , o r ac t in m e s h w o r k s r e a c h d o w n in to 

the c y t o p l a s m f rom the p l a s m a m e m b r a n e , e m b r y o s tha t had p rev ious ly b e e n 

s ta ined by indi rec t i m m u n o f l u o r e s c e n c e w e r e e m b e d d e d in to E p o n , and 5-

μπι sec t ions w e r e cu t and o b s e r v e d (Fig . 10). Whi le ac t in is c lose ly a s s o c i a t e d 

wi th t he p l a s m a m e m b r a n e of t he e m b r y o s a n d r e a c h e s d o w n in to the region 

of ad jacen t sp ind les at m e t a p h a s e , m i c r o t u b u l e s a r e loca ted in t he sp ind les 

( K a r r and A l b e r t s , 1986). I F a r e m o s t l y loca l ized n e a r t he p l a s m a m e m b r a n e , 

even ly s ta in ing the w h o l e e m b r y o n i c su r face , and o rgan i ze c lose to t he nucle i 

after t h e y h a v e r e a c h e d the p e r i p l a s m at cyc l e 10. A s t ronge r s ta in ing of I F 

prote ins on each side of the nuc leus can be seen at a later s tage , which confirms 

Fig. 10. Sect ions of fixed Drosophila e m b r y o s pres ta ined with ant i - IF ant ibody Ah 6 

(a, c, and e) and Hoechs t dye (b, d, and f). In premigrat ion stages (a and b), staining of 

in termediate filament prote ins is found evenly dis t r ibuted in the subcort ical cy toplasm (a); 

at cycle 10 (c and d) , after the somat ic nuclei have reached the subcort ical cy top lasm, IF 

proteins begin to concen t ra te on both sides of each nucleus (c), and this IF distr ibution 

becomes more p ronounced at cycle 14 (e and f). Bar , 7 μιτι. 
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Fig. 11. Schemat ic representa t ion of the distr ibution of tubulin (lines), actin (stipples), 

and intermediate filaments (crosses) in the subcort ical cy top lasm of a Drosophila embryo 

at synctial b las toderm stage as der ived from whole-mount stained embryos (a and c) and 

sect ions (b and d). The distr ibution of the three cytoskele ta l e lements is shown in interphase 

(a and b) and in me taphase (c and d) . At in terphase (a and b), the nuclear membrane is 

intact, and the nuclei are sur rounded by IF , sparing the area above each nucleus . Actin 

forms a cap over each nucleus that r eaches to the borde r s of the cy toplasmic is lands. Mi-

crotubules radiate ou tward from the nucleus and down toward the cen te r of the embryo . 

At metaphase (c and d) , the c h r o m o s o m e s are arranged in the me taphase plate be tween the 

two halves of the spindle formed by micro tubules . Actin has moved to the per iphery of the 

cytoplasmic is lands, whereas IF lie be tween the actin array and the spindle. 

the o b s e r v a t i o n on w h o l e - m o u n t e m b r y o s . F igu re 11 is a s c h e m a t i c r ep re -

sentat ion of the reorganizat ion of all th ree cytoskele ta l e lements during mitosis 

in t he syncyt ia l b l a s t o d e r m . 

VII. CONCLUSION 

T h e syncyt ia l Drosophila e m b r y o p r o v i d e s an ideal s y s t e m to s tudy the 

d i s t r ibu t ion a n d r e a r r a n g e m e n t s of the t h r e e major c y t o s k e l e t a l c o m p o n e n t s 

( IF , tubul in, and actin) by indirect immunof luorescence . T h e s e s tudies showed 
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tha t the t h r e e cy to ske l e t a l e l e m e n t s o c c u p y d is t inc t r eg ions in t he subcor t i ca l 

c y t o p l a s m and tha t t h e y a r e r ed i s t r i bu ted qu i t e differently du r ing mi tos i s . A 

g r o u p of I F p o l y p e p t i d e s is d e p o s i t e d ma te rna l l y in to t he egg a n d r e m a i n s 

a p p a r e n t l y una l t e r ed unti l t he nucle i h a v e mig ra t ed in to t he subcor t i ca l cy-

top lasm. T h e n a d ramat i c r ea r r angemen t of I F mater ia l o c c u r s , and I F pro te ins 

a c c u m u l a t e a r o u n d e a c h n u c l e u s . It r e m a i n s t o b e s h o w n w h e t h e r this spat ia l 

r eo rgan iza t ion is a c c o m p a n i e d by a s s e m b l y of filaments f rom I F m o n o m e r s . 

V e r y little is k n o w n a b o u t t he d y n a m i c a s p e c t s of the I F c y t o s k e l e t o n in gen-

era l . 

T h e s e o b s e r v a t i o n s du r ing Drosophila e m b r y o g e n e s i s a r e cons i s t en t wi th 

the no t ion tha t I F s e r v e s o m e s t ruc tu ra l funct ion t o the c y t o p l a s m , wh ich 

m a y be a c h i e v e d by a n c h o r i n g the nucle i in t he s y n c y t i u m , by p rov id ing a 

solid a t t a c h m e n t si te for m i c r o t u b u l e s o r mic ro f i l amen t s , o r by o rgan iz ing 

c y t o p l a s m i c d o m a i n s a r o u n d e a c h n u c l e u s well be fore ce l lu la r iza t ion . T h e s e 

p r e s u m e d func t ions a r e not mutua l ly e x c l u s i v e ; in fact , t hey a re r a t h e r c lose ly 

re la ted . It is no t unl ike ly tha t ke r a t i n s found in ear ly m o u s e e m b r y o s a n d in 

Xenopus eggs s e r v e t he s a m e func t ions . Poss ib le quan t i t a t i ve d i f ferences of 

I F a m o u n t s a m o n g t h e s e spec i e s m a y reflect different n e e d s for I F s t ruc tu ra l 

func t ions , s ince in Drosophila and Xenopus e m b r y o s n u c l e a r d iv i s ions and 

c l eavage o c c u r at a m u c h fas te r r a t e t h a n in m o u s e e m b r y o s . 

I F a r e usua l ly r e g a r d e d as t i ssue-speci f ic m a r k e r p r o t e i n s . F o r e x a m p l e , 

e x p r e s s i o n of neu ro f i l amen t s o c c u r s at a cha rac t e r i s t i c t ime in different ia t ing 

n e u r o n s dur ing rat (Raju et al., 1981) a n d c h i c k e n ( T a p s c o t t et al., 1981a,b) 

deve lopmen t , and the kerat in compos i t ion is a charac ter i s t ic m a r k e r for var ious 

ep i the l ia . H o w e v e r , ke ra t i n s e x p r e s s e d in ear ly frog e m b r y o n i c d e v e l o p m e n t 

a re no t e m b r y o specif ic , bu t a r e s imply a s u b s e t of ke ra t i n s tha t a r e e x p r e s s e d 

again at a m u c h la te r s tage in ce r t a in s imple ep i the l ia ( F r a n z et al., 1983). W e 

d o no t ye t k n o w w h e t h e r all o r a s u b s e t of t he e m b r y o n i c Drosophila I F a r e 

e x p r e s s e d in a n y adul t t i s sue (we d id , h o w e v e r , find t h e m in larval sa l ivary 

g lands ; Fa lkne r et al., 1981), but it s eems reasonab le to a s s u m e that , in analogy 

to t he s i tua t ion in Xenopus, t he s a m e I F p o l y p e p t i d e s tha t w e find in e m b r y o s 

a r e e x p r e s s e d again la te r in d e v e l o p m e n t . T h u s , p r e s e n c e of I F in undiffer-

en t i a t ed e m b r y o s m a y be r econc i l ed by a s s u m i n g a ve ry genera l funct ion for 

I F in e m b r y o g e n e s i s . 

S ince eggs and e m b r y o s of a l imited n u m b e r of spec i e s h a v e so far b e e n 

tes ted for the p r e sence of I F and s ince F r a n z et al. (1983) repor ted the absence 

of ce r t a in ke ra t i n s in Triturus a n d Pleurodeles e m b r y o s , it is imposs ib l e to 

general ize from ou r obse rva t ions on Drosophila to o the r o rgan i sms . H o w e v e r , 

e v i d e n c e is a c c u m u l a t i n g tha t I F p lay an i m p o r t a n t role in s t ruc tu r ing the 

cy top lasm and m a y have impor tan t influence on ear ly deve lopmenta l p roces ses 

in v e r t e b r a t e and i n v e r t e b r a t e e m b r y o s . 
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I . I N T R O D U C T I O N : T H E K A R Y O S K E L E T O N A N D I T S D Y N A M I C 

N A T U R E 

Ferti l ization and d e v e l o p m e n t exac t a ser ies of d e m a n d s on the intracellular 

m a c h i n e r y tha t r egu la t e s n u c l e a r a r c h i t e c t u r e . Dur ing fer t i l iza t ion, t he highly 

c o n d e n s e d s p e r m n u c l e u s tha t is i n c o r p o r a t e d in to the c y t o p l a s m of the egg 

d é c o n d e n s e s and s u b s e q u e n t l y b e c o m e s s u r r o u n d e d by an a n n u l a t e d n u c l e a r 

e n v e l o p e of p r e d o m i n a t e l y m a t e r n a l or igin . S ince m o s t eggs a r e fert i l ized as 

o o c y t e s , c h a n g e s in s p e r m n u c l e a r a r c h i t e c t u r e du r ing fer t i l izat ion a re ac -

compan ied by d ramat i c a l tera t ions in the ka ryoske le ton of the o o c y t e nuc leus . 

S u c h a l t e ra t ions inc lude the d e c o n d e n s a t i o n of the m a t e r n a l meio t ic c h r o -
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m o s o m e s and the s u b s e q u e n t fo rmat ion of the female p r o n u c l e u s and po la r 

b o d y n u c l e u s . Fer t i l i za t ion is typical ly c o m p l e t e d pr ior to t he first mi to t ic 

division as the male and female pronuclei fuse. Dur ing the compl ica ted p rocess 

of p r o n u c l e a r fus ion, the t w o n u c l e a r m e m b r a n e s tha t c o n s t i t u t e the nuc lea r 

e n v e l o p e of the female p r o n u c l e u s mus t c o a l e s c e wi th c o r r e s p o n d i n g m e m -

b r a n e s in the ma le p r o n u c l e u s . A s t h e s e e v e n t s a re be ing c o m p l e t e d , a ser ies 

of re la ted c h a n g e s t a k e s p lace in t he o rgan iza t ion of t he c y t o s k e l e t o n . Va r ious 

a l t e ra t ions in n u c l e a r a r c h i t e c t u r e a l so o c c u r dur ing s u b s e q u e n t d e v e l o p m e n t , 

as the c y t o p l a s m of t he z y g o t e b e c o m e s pa r t i t ioned in to ce l lu lar un i t s with 

va ry ing d e v e l o p m e n t a l fa tes . 

D e s c r i p t i o n s of t he m o l e c u l a r b io logy of t h e k a r y o s k e l e t o n a r e rapid ly ad-

vanc ing , and it is n o w c lea r tha t severa l c l a s se s of p ro t e in s c o n s t i t u t e d i sc re t e 

p a r t s of t he k a r y o s k e l e t o n . T h e n u c l e u s is s e p a r a t e d f rom the c y t o p l a s m by 

a d o u b l e - m e m b r a n e d nuc l ea r e n v e l o p e tha t is s t u d d e d wi th oc t agona l nuc lea r 

p o r e s . R e c e n t l y , a n e w c lass of g l y c o p r o t e i n s in t he n u c l e a r p o r e c o m p l e x , 

cal led n u c l e o p o r i n s , has b e e n inves t iga ted (Dav i s a n d Blobe l , 1986; Pa rk et 

al., 1987; S n o w et al., 1987). At least s o m e of t h e s e g l y c o p r o t e i n s a r e unusua l 

in that they conta in O-linked /V-acetylglucosamine ex p o s ed on the cy top lasmic 

and n u c l e a r faces of the p o r e s , r a t h e r t han on the luminal su r faces (Hol t et 

al., 1987; P a r k et al., mi). 

T h e n u c l e a r l amina , d i s c o v e r e d by F a w c e t t (1966), r e s ides sub jacen t to the 

inner nuc l ea r m e m b r a n e and c o m p r i s e s p o l y p e p t i d e s tha t r a n g e f rom 60 to 80 

k D a (for r e v i e w s , see G e r a c e , 1986; K r o h n e and B e n a v e n t e , 1986; F r a n k e , 

1987). L a m i n s share cons iderable homology in pr imary and seconda ry s t ruc ture 

wi th i n t e rmed ia t e f i lament p ro t e in s (F i she r et al., 1986; M c K e o n et al., 1986; 

K r o h n e et al., 1987; Wol in et al., 1987), and the s u p r a m o l e c u l a r o rgan iza t ion 

of t h e s e p ro t e in s has b e e n s h o w n to be an e l a b o r a t e qu i l twork of 10-nm fil-

a m e n t s tha t r e s e m b l e i n t e rmed ia t e f i laments in u l t r a s t r u c t u r e (Aebi et al., 

1986). In m a m m a l s , t he t h r ee major t y p e s of l amins a r e des igna t ed A , B , and 

C ( G e r a c e and Blobe l , 1982). A t the o n s e t of mi tos i s , t he n u c l e a r l amina be-

c o m e s h y p e r p h o s p h o r y l a t e d ( O t t a v i a n o and G e r a c e , 1985). C o n c o m i t a n t wi th 

this h y p e r p h o s p h o r y l a t i o n , l amins A a n d C d i s soc i a t e f rom the n u c l e a r en-

ve lope a n d d i s p e r s e in to t he c y t o p l a s m . L a m i n B , h o w e v e r , r e t a in s its a s -

soc ia t ion wi th f r agmen t s of t he inner n u c l e a r m e m b r a n e . 

B e t w e e n the l amins and the c h r o m a t i n r e s ides a n o t h e r c lass of p ro t e in s 

refer red to as pe r iphe ra l nuc l ea r a n t i g e n s , PI (Cha ly et al., 1984), o r per i -

c h r o m i n ( M c K e o n et al., 1983). T h e s e p ro t e in s a r e 2 7 - 3 3 k D a and c h a r a c -

ter is t ical ly u n d e r g o a c h a n g e at mi tos i s . Un l ike l amins A and C , h o w e v e r , 

pe r iphera l n u c l e a r an t igens c o n d e n s e a r o u n d e a c h c h r o m o s o m e at mi tos i s , 

effectively e n s h e a t h i n g the c h r o m a t i d s . 

K n o w l e d g e regard ing the n u c l e a r ma t r ix is re la t ive ly i n c o m p l e t e , but ad-

v a n c e s a re be ing m a d e . F o r e x a m p l e , a p r i m a r y c o m p o n e n t of the n u c l e a r 
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mat r ix , t o p o i s o m e r a s e I I , p r o v i d e s a r e m a r k a b l e e x a m p l e of a p ro te in tha t 

c o m b i n e s s t r u c t u r e and func t ion . T o p o i s o m e r a s e II is an e n z y m e tha t o c c u r s 

in the c h r o m o s o m e scaffold a n d is c a p a b l e of cu t t ing bo th s t r a n d s of D N A . 

T h e cu t s t r a n d s a r e t h e n swive led in to t igh te r o r l oose r coi ls before be ing 

l igated at the i r c o r r e c t e n d s . A s a major c o n s t i t u e n t of the c h r o m o s o m e scaf-

fold, t o p o i s o m e r a s e II is well s i tua ted for c o n d u c t i n g its l igating ac t iv i t ies 

dur ing coi l ing and uncoi l ing of t he c h r o m o s o m e s ( E a r n s h a w a n d H e c k , 1985; 

E a r n s h a w et al., 1985). 

A n o t h e r act ive a rea of resea rch in nuc lea r a rch i tec ture involves c e n t r o m e r e s 

and k i n e t o c h o r e s . A l t h o u g h t h e s e t e r m s h a v e b e e n u s e d i n t e r c h a n g e a b l y , a 

c e n t r o m e r e is the ac tua l po r t i on of c h r o m a t i n tha t c o r r e s p o n d s t o the p r i m a r y 

cons t r i c t ion of a c o n d e n s e d c h r o m o s o m e . A k i n e t o c h o r e , on t he o t h e r h a n d , 

is often closely assoc ia ted with the c e n t r o m e r e and cons is t s of a p ro te inaceous 

p l aque to w h i c h the sp indle f ibers a t t a c h . W h e n c loned c e n t r o m e r i c D N A is 

inse r t ed in to p lasmid D N A , the e x o g e n o u s D N A is ca r r i ed f rom gene ra t i on 

to gene ra t i on wi th high fidelity and t h u s p r o v i d e s a b i o a s s a y for t he a c c u r a c y 

of the c loned s e q u e n c e (B loom and C a r b o n , 1982). A n u n d e r s t a n d i n g of the 

mo lecu l e s cons t i tu t ing t he k i n e t o c h o r e w a s initially a d v a n c e d b y the use of 

a u t o i m m u n e se ra (Moro i et al., 1980; T a n et al., 1980), and it n o w a p p e a r s 

that k ine tochores conta in 18-, 80-, and 140-kDa subuni t s , referred to as C E N P -

A , C E N P - B , and C E N P - C , r e spec t ive ly ( E a r n s h a w and Rothf ie ld , 1985; Val-

vidia a n d Br ink ley , 1985; B a l c z o n and Br ink ley , 1987; P a l m e r et al., 1987). 

C lon ing of k i n e t o c h o r e g e n e s has b e g u n ( E a r n s h a w et al., 1987). 

T h e s c o p e of this c h a p t e r is to r e v i e w k n o w l e d g e a b o u t t he o rgan iza t ion 

of the k a r y o s k e l e t o n and c o n s i d e r its chang ing n a t u r e dur ing fer t i l izat ion a n d 

d e v e l o p m e n t . 

II. NUCLEAR LAMINS 

A. Comparative Biochemistry of Lamins 

L a m i n s i so la ted f rom severa l t y p e s of cel ls h a v e b e e n c h a r a c t e r i z e d b io-

chemica l ly in v e r t e b r a t e s of t he C la s s M a m m a l i a ( h u m a n s , m i c e , a n d ra t s ) , 

C las s A v e s ( ch i cken ) , and C la s s A m p h i b i a (Xenopus). B i o c h e m i c a l d a t a a r e 

a lso ava i lab le on t he l amins of t w o i n v e r t e b r a t e s , Drosophila ( P h y l u m Ar-

th ropoda , Class Insecta) and Spisula (Phy lum Mol lusca , Class Bi val via). Mos t 

of t he b iochemica l s tud ies c o n d u c t e d on l amins h a v e ut i l ized nucle i i so la ted 

from rat l ivers . T o p r o v i d e a founda t ion for u n d e r s t a n d i n g the d y n a m i c n a t u r e 

of t he n u c l e a r l amina dur ing fer t i l izat ion a n d d e v e l o p m e n t , th is s ec t ion sum-

m a r i z e s t he sa l ient b iochemica l p r o p e r t i e s of ra t l amins a n d c o m p a r e s t h e m 

wi th t he d a t a ava i l ab le on l amins of o t h e r o r g a n i s m s . 
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T h e t h r ee major l amins of the ra t , de s igna t ed A , B , and C , c an b e dis t in-

gu i shed by di f ferences in the i r m o l e c u l a r we igh t s (M r) and i soe lec t r ic po in t s 

(p/ ) ( G e r a c e a n d Blobe l , 1982; K r o h n e and B e n a v e n t e , 1986). L a m i n A h a s 

a mo lecu l a r weight of a p p r o x i m a t e l y 70,000, w h e r e a s l amins Β and C h a v e 

M r s of a b o u t 67,000 a n d 60,000, r e spec t i ve ly . A s n o t e d by St ick and H a u s e n 

(1985), h o w e v e r , the a p p a r e n t m o l e c u l a r we igh t s a s c e r t a i n e d for e a c h t y p e of 

lamin can be grea t ly affected by t h e gel s y s t e m u s e d in t h e ana lys i s of t h e s e 

p ro t e in s . 

T h e i soe lec t r ic po in t s of l amins A a n d C a r e nea r ly neu t ra l ( K r o h n e and 

B e n a v e n t e , 1986). In add i t ion to a c o r r e s p o n d e n c e in p / s , l amins A and C 

exhibi t s imilar p e p t i d e d iges t ion m a p s ( L a m a n d K a s p a r , 1979; G e r a c e and 

Blobe l , 1982) and subs tan t i a l r eg ions of ident i ty in p r i m a r y and s e c o n d a r y 

s t ruc tu r e b a s e d on s e q u e n c i n g of h u m a n c D N A c l o n e s (F i she r et al., 1986; 

M c K e o n et al., 1986). It is no t ye t poss ib le to d i sc r imina t e b e t w e e n lamins 

A a n d C b a s e d on immuno log ica l affinities ( L e h n e r et al., 1986). H e n c e , t h e s e 

t w o lamins a re often re fer red to a s a single A/C c o m p l e x ( S c h a t t e n et al., 

1985). 

Unlike lamins A /C , lamin Β has an acidic pi of < 5 . 5 ( K r o h n e and B e n a v e n t e , 

1986). M o r e o v e r , t h e p e p t i d e m a p of lamin Β differs m a r k e d l y f rom t h o s e of 

lamins A and C ( G e r a c e and Blobe l , 1982; K a u f m a n n et al., 1983). A l though 

s o m e cross-react ivi ty exis ts a m o n g all th ree t ypes of mammal i an lamins (Burke 

et al., 1983), lamin Β can be rou t ine ly d i s t ingu i shed f rom lamins A/C us ing 

va r ious m o n o c l o n a l an t i bod i e s ( M c K e o n et al., 1983) o r a u t o i m m u n e se ra 

(Maul et al., 1987). R e c e n t l y , a quan t i t a t ive ly m i n o r t ype of n o n - B lamin with 

an ac id ic pi h a s b e e n identified in m a m m a l i a n nucle i ( L e h n e r et al., 1986). It 

has b e e n sugges ted tha t th is lamin be re fer red to as lamin D ( L e h n e r et al., 

mi). 
As in m a m m a l s , t h r ee dis t inct l amins h a v e b e e n c h a r a c t e r i z e d in s tud ies 

of c h i c k e n f ib rob las t s ( L e h n e r et al., 1986, 1987). L a m i n A of c h i c k e n s ( M r 

69,000) has a neutral pi and appea r s to co r r e spond to the lamin A of m a m m a l s . 

T h e o t h e r t w o av i an l amins , re fe r red t o a s Β , a n d B 2 , m ig ra t e t o ac id ic p o -

s i t ions , w h e n sub jec ted to t w o - d i m e n s i o n a l gel e l e c t r o p h o r e s i s and h a v e M r s 

of 68,000 a n d 66 ,000, r e s p e c t i v e l y . L a m i n B , is a quan t i t a t ive ly m i n o r c o m -

p o n e n t of t h e n u c l e a r l amina tha t a p p a r e n t l y c o r r e s p o n d s in its b iochemica l 

p r o p e r t i e s t o m a m m a l i a n lamin B . L a m i n B 2 , o n t he o t h e r h a n d , fo rms the 

bulk of the ac id ic l amins in c h i c k e n s a n d s e e m s to b e re la ted in s t r u c t u r e to 

the m i n o r " l a m i n D " of m a m m a l i a n nuc le i . N o c o u n t e r p a r t of m a m m a l i a n 

lamin C has b e e n identif ied in c h i c k e n s . 

In the frog Xenopus, five t y p e s of l amins , d e s i g n a t e d L, , L „ , L 1 U, L l v, and 

A , have been charac te r ized ( K r o h n e et al., 1981, 1987; B e n a v e n t e and K r o h n e , 

1985). L a m i n L, ( M r 72,000) and lamin L n ( M r 68,000) a r e found in va r ious 

adult somat ic cel ls , as well as in the b la s tomeres of pos tgas t ru la deve lopmen ta l 

s t ages . L a m i n L, a p p a r e n t l y c o r r e s p o n d s to lamin Β of m a m m a l s , w h e r e a s 
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lamin L „ is p r o b a b l y t he c o u n t e r p a r t of m a m m a l i a n lamin C ( K r o h n e et al., 

1987; Wol in et al., 1987). L a m i n L,„ r e s e m b l e s lamin L „ in tha t it is l ike t he 

A/C lamins of m a m m a l s and has a M r of 68 ,000. L a m i n L H I, h o w e v e r , is found 

p r e d o m i n a n t l y in o o c y t e s o r in p re la rva l d e v e l o p m e n t a l s t ages a n d o c c u r s in 

only a few adult somat ic cells (e .g . , musc l e s , n e u r o n s , and Sertoli cells). L a m i n 

L I V has a Mr of 75,000 and is found exc lus ive ly in s p e r m a t i d s o r s p e r m a t o z o a 

( B e n a v e n t e and K r o h n e , 1985). Th i s lamin exh ib i t s a specif ic c ros s - r eac t iv i t y 

wi th lamin L,,, T h u s , it m a y be m o r e l ike l amins A/C t h a n lamin B , bu t t he 

e x a c t r e l a t ionsh ip of lamin L I V t o m a m m a l i a n l amins A , B , o r C r e m a i n s to 

be d e t e r m i n e d . L a m i n A h a s a p r ed i c t ed M r of 75,000 and o c c u r s in all adu l t 

soma t i c cel ls e x a m i n e d , e x c e p t for e r y t h r o c y t e s ( K r o h n e et al., 1987). A m i n o 

acid s e q u e n c e s ob t a ined from c D N A c lones ind ica te tha t lamin A of Xenopus 

c o r r e s p o n d s t o m a m m a l i a n lamin A ( K r o h n e et al., 1987). 

A c c o r d i n g to Smi th et al. (1987), t he fruitfly Drosophila melanogaster has 

t w o major t y p e s of l amins tha t a r e ca l led D m , and D m 2 in r e fe rence to the 

o r g a n i s m ' s scientif ic n a m e . D m , has a M r of 74,000, w h e r e a s D m 2 has a M, 

of 76,000. T h e i soe lec t r ic po in t s of t h e s e t w o lamins a p p e a r to be i n t e rmed ia t e 

b e t w e e n t h o s e of l amins A/C and Β (Smi th et al., 1987), and the overa l l re-

la t ionsh ip of the t w o insec t l amins to t he t h r e e l amins of m a m m a l s r e m a i n s 

unc lea r . 

Lamin- l ike p o l y p e p t i d e s wi th M r s tha t differ f rom t h o s e of D m , and D m 2 

h a v e b e e n r e p o r t e d in o t h e r s tud ies of Drosophila. A c c o r d i n g to Risau et al. 

(1981), the n u c l e a r e n v e l o p e s of K c cel ls in Drosophila con t a in an 80,000 M r 

pro te in tha t m a y r e p r e s e n t a l amin . Lamin- l ike p ro t e in s wi th M r s of 67,000 

and 65,000 ( F u c h s et al., 1983) o r 70,000 a n d 68,000 ( M c K e o n et al., 1983) 

h a v e a l so b e e n i so la ted . T h e 68,000 M r p ro te in c r o s s - r e a c t s wi th a h u m a n 

a u t o i m m u n e s e r u m tha t r e cogn i ze s l amins A/C ( M c K e o n et al., 1983). T h e 

re la t ionships of the o the r types of puta t ive lamins in Drosophila to mammal i an 

l amins has no t b e e n d e t e r m i n e d . A single l amin , re fer red to a s l amin G (Maul 

and S c h a t t e n , 1986) o r c lamin (Maul et al., 1987), has b e e n i so la ted f rom the 

nuc l ea r e n v e l o p e s of p r i m a r y o o c y t e s p r o d u c e d by the c l am Spisula. L a m i n 

G h a s a m o l e c u l a r weigh t of 67,000 a n d an i soe lec t r ic po in t w h i c h is in ter-

m e d i a t e b e t w e e n t h o s e of m a m m a l i a n l amins A/C and Β (Maul et al., 1984). 

Immuno log i ca l s tud ies ind ica te tha t lamin G r e s e m b l e s m a m m a l i a n l amins 

A /C m o r e c lose ly t h a n it d o e s lamin Β (Maul et al., 1984). 

B. Lamins during Fertilization 

C h a n g e s in the c o m p o s i t i o n of l amins dur ing g a m e t o g e n e s i s h a v e b e e n re -

cently rev iewed ( K r o h n e and B e n a v e n t e , 1986; Maul and Scha t t en , 1986; M o s s 

et al., 1987; M a u l , 1988). In this s ec t ion , t he n a t u r e of t he l amins in fully 

fo rmed g a m e t e s of m a m m a l s , c h i c k e n , Xenopus, a n d sea u r c h i n s is s u m m a -
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rized. In addi t ion, the redistr ibut ion of lamins dur ing fertilization is cons idered 

in the ca se of the m o u s e , Xenopus, sea u r ch in , and c l am. 

Based on u l t r a s t ruc tu ra l o b s e r v a t i o n s ( F a w c e t t , 1966) a n d i m m u n o f l u o r e s -

cence s tudies (Stick and S c h w a r z , 1982), a nuc lear lamina a p p e a r s to be lacking 

in the s p e r m a t o z o a of mice . Maul et al. (1986), on t he o t h e r h a n d , r epo r t tha t 

lamins can be identified by i m m u n o f l u o r e s c e n c e m i c r o s c o p y in p a t c h y lo-

ca t ions a long the n u c l e a r e n v e l o p e of m o u s e s p e r m . T h e y p r o p o s e tha t dif-

f e rences in f ixation p r o t o c o l s can a c c o u n t for t he a p p a r e n t a b s e n c e of l amins 

r epo r t ed by p r e v i o u s w o r k e r s . S imi lar ly , M o s s et al. (1987) r epo r t tha t lamin 

Β p o l y p e p t i d e s a re p r e s e n t at all s t ages of m o u s e s p e r m a t o g e n e s i s . It shou ld 

be n o t e d , h o w e v e r , tha t de ta i led a n a l y s e s of b o v i n e s p e r m by i m m u n o c y t o -

chemica l m e t h o d s and i m m u n o b l o t t i n g failed to d e t e c t a n y lamins in t he fully 

m a t u r e s p e r m of this m a m m a l ( L o n g o et al., 1987). In s t ead of l amins , the 

major ka ryoske l e t a l e l e m e n t s in b o v i n e s p e r m cons i s t of t w o d is t inc t se t s of 

bas ic p r o t e i n s , referred to as calicin (60 kDa) and mul t ip le -band p o l y p e p t i d e s 

(56-74 kDa) ( L o n g o et al., 1987). 

L a m i n s a p p e a r to be lacking in the s p e r m of c h i c k e n , b a s e d on i m m u n o -

f luo rescence m i c r o s c o p y (St ick and S c h w a r z , 1982). T h e a b s e n c e of lamins 

in the fully fo rmed s p e r m of c h i c k e n s has r ecen t ly b e e n conf i rmed by im-

munob lo t t i ng m e t h o d s ( L e h n e r et al., 1987). 

In s p e r m of the frog Xenopus, no l amins a r e d e t e c t a b l e by immunof luo -

r e s c e n c e m i c r o s c o p y (St ick and S c h w a r z , 1982). U s i n g b iochemica l m e t h o d s , 

h o w e v e r , the sperm-spec i f ic lamin L l v c an be i so la ted f rom purified p repa -

ra t ions of s p e r m n u c l e a r e n v e l o p e s ( B e n a v e n t e and K r o h n e , 1985). A p a t c h y 

d i s t r ibu t ion of lamin L I V a long the inner sur face of the s p e r m n u c l e a r e n v e l o p e 

has b e e n a s c e r t a i n e d in i m m u n o l a b e l e d s p e c i m e n s e x a m i n e d by e l ec t ron mi-

c r o s c o p y ( B e n a v e n t e and K r o h n e , 1985). 

In the sea urchin Lytechinus varie gat us, lamins have been de tec ted in sperm 

by i m m u n o f l u o r e s c e n c e m i c r o s c o p y uti l izing h u m a n a u t o i m m u n e se ra that 

r ecogn ize lamins A/C o r Β ( S c h a t t e n et al., 1985). In the fully fo rmed s p e r m , 

lamins a p p e a r to o c c u r on ly at the a c r o s o m a l and cen t r io l a r fos sae . 

T h e composi t ion of lamins in fully deve loped female game te s varies great ly, 

d e p e n d i n g on the s tage of meios i s at wh ich fer t i l izat ion o c c u r s . T h e m o u s e 

o o c y t e , for e x a m p l e , is a r r e s t e d at m e t a p h a s e of the s e c o n d meio t i c divis ion 

directly prior to fertilization and thus lacks a nuclear enve lope and polymer ized 

lamina (Scha t t en et al., 1985). S imi lar ly , the n u c l e a r l amina in the germinal 

vesic le (GV) of the fully fo rmed p r i m a r y o o c y t e in the frog Xenopus d e p o -

lymer izes dur ing G V b r e a k d o w n and is p r e s u m a b l y in a so luble s ta te as the 

m e t a p h a s e - a r r e s t e d o o c y t e is fer t i l ized. T h e G V of the c l am Spisula, on the 

o the r , r ema ins in tact pr ior to fer t i l izat ion and p o s s e s s e s (1) a p o l y m e r i z e d 

lamina tha t is c o m p o s e d of lamin G a n d (2) a s to re of so lub le B-like l amins 

d i spe r sed t h r o u g h o u t the n u c l e o p l a s m of the G V (Maul et al., 1987). Un l ike 
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mos t o t h e r a n i m a l s , sea u r ch in s c o m p l e t e meios i s p r ior to fer t i l izat ion, and 

the p r o n u c l e u s of e ach unfer t i l ized egg c o n t a i n s bo th lamins A/C and lamin 

Β (Scha t t en et al., 1985). 

During fertilization in mice , lamins of the A/C and Β types b e c o m e associa ted 

with the n u c l e a r e n v e l o p e of the n a s c e n t female p r o n u c l e u s (Fig. 1 A - C ; 

Scha t ten et al., 1985). T h e male p ronuc leus that deve lops from the incorpora ted 

s p e r m head a l so a c q u i r e s lamins A/C and Β dur ing fer t i l izat ion (Fig. 1 D - F ) . 

At the c o m p l e t i o n of s y n g a m y dur ing the first mi to t ic d ivis ion in mice (Fig. 

1 G - I ) , l amins a s s o c i a t e d wi th t he ma le and female p ronuc le i c o a l e s c e and 

form the l amina of the nuclei in the 2-cell e m b r y o (Fig. 1 J - L ) . 

L a m i n s s u r r o u n d i n g the ma le p r o n u c l e u s in the fert i l ized egg of mice a re 

p r e s u m a b l y de r ived f rom m a t e r n a l s o u r c e s , a l t hough d i rec t conf i rmat ion of 

this suppos i t i on is lack ing . In Xenopus, a m a t e r n a l origin of ma le p r o n u c l e a r 

l amins s e e m s l ikely, b a s e d on the resu l t s of i m m u n o b l o t t i n g s tud ies in wh ich 

d e m e m b r a n a t e d s p e r m h e a d s a r e injected in to fully fo rmed p r ima ry o o c y t e s 

(Stick and H a u s e n , 1985). In such invest igat ions , multiple male pronuclei form 

in the c y t o p l a s m of e a c h injected o o c y t e , but on ly the oocy te - spec i f i c form 

lamin L i n is d e t e c t e d . 

R e c e n t s tud ies of fer t i l izat ion ind ica te the acqu i s i t ion of l amins by the na s -

cen t p ronuc l e i in mice c a n b e b l o c k e d by va r ious ag en t s tha t d e p o l y m e r i z e 

micro tubules (Figs. 2 and 3; H . Scha t t en et al., 1988). In sea u rch ins , h o w e v e r , 

the acqu i s i t ion of the l amins a r o u n d the z y g o t e n u c l e u s is no t inhibi ted by 

m i c r o t u b u l e - d e p o l y m e r i z i n g agen t s ( H . S c h a t t e n et al., 1988). O n e poss ib le 

exp l ana t i on for t h e s e resu l t s is tha t lamin acqu i s i t ion dur ing the me io t i c di-

v is ions in mice r equ i r e s p o l y m e r i z e d m i c r o t u b u l e s in the egg c y t o p l a s m , 

w h e r e a s no such need for c y t o p l a s m i c m i c r o t u b u l e s ex i s t s in t he c a s e of sea 

u r c h i n s , wh ich c o m p l e t e me ios i s p r io r to fer t i l iza t ion. 

In the c l am Spisula, t he G V b r e a k s d o w n 7 -10 min after s p e r m p e n e t r a t i o n 

(Maul and Scha t t en , 1986). N o polymer ized lamina is visible until the pronucle i 

a r e f o r m e d , s ince the n u c l e a r e n v e l o p e d o e s not r e fo rm dur ing the s e c o n d 

meio t i c d iv is ion (Maul and S c h a t t e n , 1986). 

C. Changes in Lamin Composition during Development 

In all c a s e s e x a m i n e d , the c o m p o s i t i o n of t he l amins a s s o c i a t e d wi th the 

n u c l e a r e n v e l o p e u n d e r g o e s s o m e sor t of a c h a n g e dur ing o n t o g e n y . S u c h 

c h a n g e s can invo lve the s imple add i t ion or de le t ion of a pa r t i cu l a r kind of 

l amin . A l t e rna t ive ly , a specific t y p e of lamin m a y be lost at o n e s tage in de -

v e l o p m e n t and r e a c q u i r e d at a s u b s e q u e n t s t age . R e v i e w e d b e l o w a re t he d a t a 

on on togene t ic changes in lamin compos i t ion in six s y s t e m s — m o u s e , ch icken , 

Xenopus, Drosophila, c l am , and sea u r ch in . In add i t ion to a c o n s i d e r a t i o n of 
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t he s t r eng th and var iabi l i ty of the r e p o r t e d e v i d e n c e , s o m e overa l l t r e n d s in 

t he o n t o g e n e t i c va r i a t ions in lamin c o m p o s i t i o n a re d i s c u s s e d at t he end of 

the sec t ion . 

1. Xenopus 

L a m i n L I H is t he only lamin in t he nucle i of b l a s t o m e r e s u p to the t en th o r 

e l even th c l eavage (St ick and H a u s e n , 1985; K r o h n e and B e n a v e n t e , 1986). 

Since t ranscr ip t ion is hal ted after fertilization and is not reinit iated until midway 

th rough the b las tu la s tage ( N e w p o r t and K i r s c h n e r , 1982), it is c lea r tha t the 

l amins i n c o r p o r a t e d in to t he nucle i of t he ear ly e m b r y o m u s t a r i se f rom a 

s tockpi le of lamin L,„ a c c u m u l a t e d in t he p r i m a r y o o c y t e p r io r to fer t i l izat ion. 

I m m u n o b l o t t i n g s tud ies of e n u c l e a t e d o o c y t e s sugges t tha t t he su rp lus lamin 

L m is s to red as u n a c t i v a t e d m a t e r n a l t r a n s c r i p t s wi th in t he G V r a t h e r t h a n 

as cy top lasmic pools of m a s k e d m R N A or t rans la ted lamins (Stick and H a u s e n , 

1985). F o r b e s et al. (1983) h a v e ca l cu la t ed tha t the G V of t he fully g r o w n 

p r imary o o c y t e c o n t a i n s e n o u g h n u c l e a r c o n s t i t u e n t s to p r o v i d e for a p p r o x -

imately 1000 nuc lear enve lopes wi thout requir ing addit ional t ranscr ip t ion . This 

va lue c o r r e s p o n d s fairly well to the 2000-4000 nucle i tha t a r e p r e s e n t in the 

blastula at the t ime of t ranscr ip t ion reinit iation ( N e w p o r t and Ki r schner , 1982) 

and lends further suppor t to the not ion tha t lamins of the early Xenopus e m b r y o 

a re de r ived f rom s to r e s of m a t e r n a l L l n t r a n s c r i p t s . 

At t he midb la s tu l a t r ans i t ion s tage ( M B T ) , the B-like lamin L{ is p r e s e n t 

in add i t ion to lamin L 1 H (St ick a n d H a u s e n , 1985). T h e a p p e a r a n c e of lamin 

L, at this s tage in deve lopmen t s eems to be due to a de novo synthes is involving 

the ac t iva t ion of m a t e r n a l t r a n s c r i p t s . Th i s c o n c l u s i o n is b a s e d on the fact 

tha t (1) no c y t o p l a s m i c poo l s of l amins a r e d e t e c t a b l e p r io r to M B T and (2) 

the poten t inhibitor of t ranscr ip t ion , α-amani t in , does not b lock the a p p e a r a n c e 

< 
Fig. 1. Nuc lea r lamins and periperal nuclear ant igens during mouse fertilization and 

early deve lopment . ( A - C ) Unferti l ized oocy te . (A) T h e PI periperal ant igens enshea the the 
surface of each meiotic c h r o m o s o m e (MC). (Β) Lamin staining is lost in the ovula ted oocy te , 
which is a r res ted at the second meiotic me taphase (lamins A/C). (C) Hoechs t D N A fluo-
rescence . ( D - F ) Pronuclea te egg. (D) T h e PI per ipheral ant igens are associa ted with the 
rims of the male and female pronuclei and with the polar body nuc leus . (E) The lamins A/ 
C reassocia te with the nuclear surface, and character is t ical ly the polar body nucleus (PB) 
stains only weakly . F , female; M. male . (F) Hoechs t D N A f luorescence . (G- I ) Mitotic egg. 
(G) At p rophase , the PI ant ibody against the per ipheral ant igens is redis t r ibuted from the 
pronuclear surfaces to cove r each c h r o m o s o m e . (H) T h e lamins A/C dissocia te from the 
mitotic c h r o m o s o m e s . (I) Hoechs t D N A f luorescence . ( J - L ) Cleavage . (J) As the daughte r 
nuclei reform after first division, the per ipheral ant igens dissocia te from the decondens ing 
c h r o m o s o m e s and reassocia te with the nuclear per iphery (PI antigen in J ) . (K) The lamins 
A/C associa te with the reformed nuclear enve lope . (L) Hoechs t D N A f luorescence . Bars , 
10 μιη . [From Scha t ten et al. (1985).] 
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of lamin at M B T . A similar de novo s yn the s i s of lamin L n i f rom ac t iva t ed 

ma te rna l t r an sc r i p t s o c c u r s at M B T (St ick a n d H a u s e n , 1985). 

At t he gas t ru l a s tage of d e v e l o p m e n t , t he C-like lamin L „ begins to be de -

t ec ted a long wi th l amins L 1 H and L, (St ick and H a u s e n , 1985). W h e t h e r the 

syn thes i s of lamin L n at gas t ru la t ion invo lves the ac t iva t ion of m a t e r n a l t ran-

scr ip ts o r a de novo t r ansc r ip t ion f rom e m b r y o n i c g e n e s r e m a i n s to be de -

t e r m i n e d . 

Dur ing s u b s e q u e n t d e v e l o p m e n t , t he levels of lamin L M1 g radua l ly d imin i sh . 

By the t ime the l a rva h a t c h e s , large a m o u n t s of l amins L, and L „ a r e found 

in the major i ty of s o m a t i c cell nucle i ( K r o h n e et al., 1981), and lamin L m is 

p r e s e n t in on ly a few highly di f ferent ia ted ce l l s , such as m u s c l e s , n e u r o n s , 

and Ser to l i cel ls ( B e n a v e n t e et al., 1985). In add i t ion to l amins L, and L „ , 

lamin A o c c u r s in m o s t s o m a t i c cells of the adu l t , bu t it has no t b e e n found 

in p r e n e u r u l a d e v e l o p m e n t a l s t ages ( K r o h n e et al., 1987). 

S u c h o b s e r v a t i o n s ind ica te t he o n t o g e n e t i c c h a n g e s in l amin c o m p o s i t i o n 

exh ib i t ed by Xenopus a r e m o r e c o m p l e x t h a n t h o s e o b s e r v e d in o t h e r ver-

t e b r a t e s . Un l ike t he s i tua t ion in mice a n d c h i c k e n s w h e r e only l amins A/C 

a re acqu i r ed at la te r s t ages of d e v e l o p m e n t , b o t h a B-like fo rm of lamin and 

the embryon ic - spec i f i c lamin L 1 H a r e s y n t h e s i z e d dur ing t h e b las tu la s tage in 

Xenopus. A t gas t ru l a t ion , p r o d u c t i o n of a th i rd l amin , t he C-like lamin L u , 

a p p e a r s t o be s w i t c h e d o n , and lamin A beg ins t o b e s y n t h e s i z e d at s o m e 

u n d e t e r m i n e d t ime fol lowing neu ru l a t i on . 

2 . Chicken 

L a m i n s B , a n d B 2 a r e p r e s e n t in subs tan t i a l a m o u n t s dur ing ear ly deve l -

o p m e n t in c h i c k e n s ( L e h n e r et al., 1987). L a m i n A , on t he o t h e r h a n d , is 

essen t ia l ly lacking in ear ly e m b r y o s ( L e h n e r et al., 1987). Dur ing e m b r y o -

genes i s , lamin B , d e c r e a s e s in c o n c e n t r a t i o n wi th in m a n y t i s s u e s , and lamin 

< 
Fig. 2. Microtubule inhibitors prevent the acquisi t ion of nuclear lamins during mouse 

fertilization. Oocytes fertilized in vitro in the presence of colcemid permit sperm incorporation. 

T h e cytoplasmic ar ray of micro tubules in these oocy tes is depo lymer ized , and only the 

incorpora ted a x o n e m e of the sperm is identified by ant i tubulin ant ibodies (A). Colcemid 

t rea tment causes the maternal chromat in to d isperse th roughout the oop lasm, as seen by 

Hoechs t - labeled D N A f luorescence (B). N o lamins are evident a round the incorpora ted 

male pronucleus or the meiotic c h r o m o s o m e s in colcemid- t rea ted spec imens (C). By 12-hr 

pos t inseminat ion , meiotic c h r o m o s o m e s occur in a highly condensed s ta te , as judged by 

D N A f luorescence (E) . By cont ras t , PI ant igens sur round the incorpora ted male nucleus 

and the condensed meiotic c h r o m o s o m e s in colcemid- t rea ted spec imens at 12-hr postin-

seminat ion (D). N o lamins are de tec ted at this t ime (F) . (Bar, 10 μηι) . [From G. Scha t ten 

et al. (1988).] 
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Fig. 3 . High-voltage electron microscopy of colcemid- t rea ted oocy tes at 12-hr postin-
seminat ion. The sperm (top) and egg chromat in (bot tom) remain as condensed masses at 
the oocyte cor tex in the p resence of colcemid (A). Control oocy tes at this t ime display well-
decondensed pronuclei at the egg cen te r with annula ted nuclear enve lopes . (B) A wide plate 
is found in associat ion with the sperm chromat in (ar row); it has the typical t r i laminar ap-
pearance of a k ine tochore . (C and D) S te reo pair of the region adjacent to that shown in Β 
from a serial set of sect ions of condensed chromat in . A kinetochore- l ike s t ruc ture is present 
on both sides (arrows) of this sperm nucleus . Ano the r k ine tochore could be obse rved at the 
apex of the sperm nucleus after tilting the spec imen. Bar, 10 μηι (A); bar , 1 μηι ( B - D ) [From 
G. Scha t ten et al. (1988).] 
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A u n d e r g o e s a p r o g r e s s i v e i n c r e a s e in e x p r e s s i o n . L a m i n B 2 , on the o t h e r 

h a n d , r e m a i n s at a re la t ive ly c o n s t a n t level t h r o u g h o u t d e v e l o p m e n t . 

T h e s e q u e n c e of va r ia t ion in lamin c o m p o s i t i o n dur ing d e v e l o p m e n t of 

c h i c k e n s sugges t s tha t lamin B , is cha rac t e r i s t i c of re la t ive ly undi f ferent ia ted 

cel ls , w h e r e a s lamin A t e n d s to be found in di f ferent ia ted ce l l s . A similar 

d i s t r ibu t ion of lamin t y p e s o c c u r s in t he l e u k o c y t e s of adu l t s p e c i m e n s , a s 

p r e c u r s o r s of l y m p h o c y t e s a n d m a c r o p h a g e s con ta in low a m o u n t s of lamin 

A , bu t increas ing ly g r e a t e r a m o u n t s of this lamin a r e e x p r e s s e d dur ing the 

different ia t ion of m a c r o p h a g e s ( L e h n e r et al., 1987). 

3. Mouse 

Fer t i l i zed eggs of mice con ta in b o t h l amins A/C and B , b a s e d on d a t a o b -

ta ined f rom i m m u n o f l u o r e s c e n c e m i c r o s c o p y ( S c h a t t e n et al., 1985; S t e w a r t 

and B u r k e , 1987; H o u l i s t o n et al., 1988). C o r r e l a t i v e i m m u n o b l o t t i n g inves -

t iga t ions by S t e w a r t and B u r k e (1987) ind ica te tha t (1) l amins A/C a re no 

longer p r e s e n t after t he first 2 - 4 c l e a v a g e s and (2) on ly lamin Β is s y n t h e s i z e d 

in la te r p r e i m p l a n t a t i o n s t ages . I m m u n o f l u o r e s c e n c e s tud ies c o n d u c t e d by 

S c h a t t e n et al. (1985) a l so ind ica te tha t l amins A/C a re lacking in m o r u l a e a n d 

b l a s t o c y s t s . 

Accord ing to Scha t t en et al. (1985), lamins A/C are de tec tab le in adult mice , 

and subsequen t immunof luorescence invest igat ions conduc t ed by S tewar t and 

B u r k e (1987) revea l tha t l amins A/C a re d e t e c t a b l e at 8-day s p o s t i m p l a n t a t i o n 

in a few cel ls of t he t r o p h o b l a s t a n d at 9-days p o s t i m p l a n t a t i o n in t he e m b r y o 

p r o p e r . Co r r e l a t i ve i m m u n o b l o t t i n g a n a l y s e s ag ree well wi th t h e s e f indings , 

as A/C lamins begin to be d e t e c t e d in t he e m b r y o at a b o u t 10-day s pos t im-

p lan ta t ion (S t ewar t and B u r k e , 1987). 

A r e c e n t r e p o r t by H o u l i s t o n et al. (1988) highl ights t he c o m p l e x i t y of in-

t e rp re t ing s o m e of the r e p o r t e d r e su l t s (d i scussed Sec t ion I I ,C ,7 ) . In s u p p o r t 

of the repor t s by Scha t t en et al. (1985) and S tewar t and Burke (1987), Houl i s ton 

et al. (1988), us ing i m m u n o p r e c i p i t a t i o n , p r e s e n t e v i d e n c e tha t v i r tual ly n o 

lamins A/C a re syn thes ized at e i ther the 8-cell s tage or in b las tocys t s . H o w e v e r , 

t h e s e w o r k e r s a r e ab le to d e t e c t all l amins at all t he s t ages t h e y s tud ied us ing 

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

T h e dis t r ibut ion of lamins in developing m o u s e e m b r y o s indicates that lamin 

Β is p r e s e n t t h r o u g h o u t o n t o g e n y . L a m i n s A / C , on the o t h e r h a n d , t end to 

be a b s e n t after the first few c l e a v a g e s a n d on ly r e a p p e a r m u c h la ter in de -

v e l o p m e n t . A s imilar acqu i s i t ion of l amins A/C at re la t ive ly late s t ages of 

different ia t ion o c c u r s in ac t i va t ed e m b r y o n a l c a r c i n o m a cel ls of mice (Lebe l 

et al., 1987; S t e w a r t at B u r k e , 1987). A s in m o u s e e m b r y o g e n e s i s , lamin Β 

is e x p r e s s e d t h r o u g h o u t d i f ferent ia t ion , w h e r e a s l amins A/C a re only ev iden t 

in cell l ines tha t a r e well d i f ferent ia ted . 
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4. Drosophila 

In the fruitfly Drosophila, on ly lamin D m , ( M r 74,000) is p r e s e n t in ear ly 

e m b r y o s , a c c o r d i n g to the s tud ies of Smi th and F i s h e r (1984) and Smi th et 

al. (1987). By ha t ch ing , lamin D m 2 ( M r 76,000) is p r e s e n t in quan t i t i e s tha t 

a r e equa l to o r slightly g r e a t e r t h a n t h e c o n c e n t r a t i o n s of lamin D m , . F u c h s 

et al. (1983) h a v e identif ied lamin- l ike p ro t e in s in 0- to 2-hr-old e m b r y o s of 

Drosophila that localize at M r 67,000 and 65,000 in immunob lo t s . Al ternat ively , 

lamin-l ike p ro t e in s wi th M r s of 70,000 a n d 68,000 h a v e b e e n i so la ted f rom 16-

hr-old e m b r y o s ( M c K e o n et ai, 1983). T h e r e l a t ionsh ips of t h e s e l o w e r m o -

lecu la r -weight n u c l e a r e n v e l o p e p ro t e in s to D m , o r D m 2 r ema in unc l ea r , al-

t hough p re l iminary s tud ies ind ica te a c lo se r affinity to lamin Β ( G r e u n b a u m 

etal, 1988). 

In add i t ion t o a swi t ch in lamin c o m p o s i t i o n t ha t is o b s e r v e d du r ing d e -

v e l o p m e n t in Drosophila, a rapid and quan t i t a t i ve c o n v e r s i o n of D m 2 to D m , 

occurs in r e sponse to heat shock (Smith et al., 1987). This conver s ion involves 

a d e c r e a s e in p h o s p h o r y l a t i o n and in t u rn r e su l t s in a m o r e rigid l amina 

(McConne l l et al., 1987). It is h y p o t h e s i z e d tha t the c h a n g e in lamin t y p e and 

the c o n c o m i t a n t i nc rea se in s t ruc tu ra l rigidity s e r v e to c o m p e n s a t e for an 

i nc reased fluidity of the n u c l e a r e n v e l o p e b r o u g h t a b o u t by the r ise in t em-

p e r a t u r e (Smi th et al., 1987). 

5. Clam 

In the fertilized egg of the c lam Spisula, only the A/C-like lamin G is p resen t 

in the l amina of the female p r o n u c l e u s (Maul et al., 1984, 1987; Mau l and 

S c h a t t e n , 1986). Dur ing s u b s e q u e n t d e v e l o p m e n t , l amin G r e m a i n s t he ex -

c lus ive t y p e of lamin d e t e c t a b l e f rom 2 hr of e m b r y o g e n e s i s (Maul et al., 

1987) to t he 48-hr-old larval s tage (Maul a n d S c h a t t e n , 1986). Adu l t s o m a t i c 

ce l ls , on t he o t h e r h a n d , exhib i t a B-like lamin reac t iv i ty , r a t h e r t han lamin 

G reac t iv i ty (Maul et al., 1987). T h e e x a c t poin t in d e v e l o p m e n t , w h e n the 

composi t ion of the lamina swi tches from lamin G to lamin B , remains u n k n o w n . 

6. Sea Urchin 

Based on i m m u n o f l u o r e s c e n c e s tud ies us ing m o n o c l o n a l an t i bod i e s and 

po lyc lona l an t ibod ie s tha t r ecogn ize l amins A/C o r Β ( S c h a t t e n et al., 1985), 

a c o m p l e x s e q u e n c e of o n t o g e n e t i c c h a n g e s in lamin c o m p o s i t i o n o c c u r s in 

sea urchins . T h e fertilized egg exhibi ts lamin Β react ivi ty and an A/C react ivi ty 

tha t is r ecogn ized by a po lyc lona l a n t i b o d y . By the b las tu la s t age , no lamin 

Β reac t iv i ty is o b s e r v e d , and the po lyc lona l a n t i b o d y aga ins t l amins A/C fails 

to stain the l amina . I n s t e a d , a m o n o c l o n a l a n t i b o d y tha t is d i r ec t ed agains t 
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l amins A/C g ives pos i t ive r e su l t s for t he n u c l e a r e n v e l o p e s of b las tu la - s t age 

e m b r y o s . In the a b s e n c e of co r r e l a t i ve i m m u n o b l o t t i n g , it is no t ye t c lea r 

whe the r this swi tch in staining pa t t e rn of the A/C lamins r ep resen t s a s econda ry 

modif ica t ion of i m m u n o r e a c t i v e e p i t o p e s o r t he c o m p l e t e r e p l a c e m e n t of o n e 

set of l amins by a n o t h e r t y p e tha t is r e c o g n i z e d on ly by the m o n o c l o n a l an-

t i body . In e i t he r c a s e , it s e e m s likely tha t t he A/C lamins u n d e r g o s o m e sor t 

of a c h a n g e by the b las tu la s tage in d e v e l o p m e n t . 

At the gas t ru l a and p lu t eus l a rva s t ages , t he s ta in ing p a t t e r n is ident ica l to 

tha t o b s e r v e d in b l a s tu l ae , a s no lamin Β is d e t e c t e d a n d the A /C lamins a r e 

r ecogn ized by the m o n o c l o n a l a n t i b o d y . A t t he adul t s t age , lamin Β i m m u -

noreac t iv i ty r e a p p e a r s , and t h e A/C lamins a r e s ta ined by the po lyc lona l an-

t i body , bu t no t by the m o n o c l o n a l fo rm. It is h y p o t h e s i z e d tha t t he r e a p -

p e a r a n c e of lamin Β and the s e c o n d swi t ch in A/C i m m u n o r e a c t i v i t y o c c u r s 

at larval m e t a m o r p h o s i s ( S c h a t t e n et al., 1985). 

7. Overview 

Before a t t e m p t i n g to s y n t h e s i z e the resu l t s of s tud ies o n c h a n g e s in lamin 

c o m p o s i t i o n du r ing d e v e l o p m e n t , seve ra l w o r d s of c au t i on shou ld be n o t e d . 

F i r s t , m u c h of t he d a t a on this subjec t cons i s t s solely of o b s e r v a t i o n s m a d e 

by i m m u n o f l u o r e s c e n c e m i c r o s c o p y . T h e s e o b s e r v a t i o n s can in tu rn b e con -

founded by e r r o n e o u s resu l t s tha t a r i se w h e n ana lyz ing an t igens wi th e p i t o p e s 

of similar immunoreac t iv i ty . T h u s , s o m e of the so-called posi t ive identifications 

of l amins A/C o r Β at ce r t a in s t ages of d e v e l o p m e n t m a y ac tua l ly reflect the 

p r e s e n c e of a n o t h e r t y p e of lamin o r e v e n a n o n l a m i n m a c r o m o l e c u l e tha t 

c r o s s - r e a c t s wi th t he se ra u s e d for ana ly s i s . T h e u s e of m o n o c l o n a l an t i bod i e s 

t ends to yield m o r e specific resu l t s , but e v e n monoc lona l an t ibodies can exhibi t 

c ros s - r eac t iv i ty a m o n g the t h r e e major t y p e s of m a m m a l i a n l amins ( B u r k e et 

al., 1983). Nega t ive resul ts ob ta ined by immunof luorescence mic roscopy mus t 

a l so be i n t e rp re t ed c o n s e r v a t i v e l y , s ince pos t t r ans l a t i ona l modi f i ca t ions o r 

o t h e r a l t e ra t ions of e p i t o p e reac t iv i ty m a y m a s k the p r e s e n c e of l amins . Cor -

r o b o r a t i o n of i m m u n o f l u o r e s c e n c e o b s e r v a t i o n s wi th d a t a d e r i v e d f rom im-

m u n o b l o t t i n g m e t h o d s he lps to sor t ou t s o m e of the p r o b l e m s a s s o c i a t e d wi th 

i m m u n o f l u o r e s c e n c e t e c h n i q u e s . It shou ld be n o t e d , h o w e v e r , tha t i m m u -

noblo t t ing m a y fail to d e t e c t fo rms of l amins tha t d o not c r o s s - r e a c t wi th t he 

an t i bod i e s u s e d for t he b lo t s . In s u m , t h e n , t he r e p o r t e d ident i f ica t ions of a 

type of lamin being e i ther p resen t o r absen t at a par t icular s tage in deve lopmen t 

m a y be mis lead ing in s o m e c a s e s . 

With these cavea t s in mind, a few basic t r ends can never the less be d i scerned 

in t he d a t a r e v i e w e d a b o v e . F o r e x a m p l e , l amins tha t r e s e m b l e m a m m a l i a n 

lamin Β t end to be p r e s e n t dur ing m u c h of d e v e l o p m e n t , inc luding the ear ly 

s t ages . E m b r y o s and e m b r y o n a l c a r c i n o m a cel ls of mice p o s s e s s lamin Β 



240 Stephen Strieker et al. 

t h r o u g h o u t d i f ferent ia t ion, a n d the frog Xenopus ha s a B-like lamin f rom the 

midb las tu la s tage o n w a r d . C h i c k e n s lose the i r s t ruc tu ra l c o u n t e r p a r t to m a m -

mal ian lamin Β dur ing d e v e l o p m e n t , bu t re ta in re la t ive ly c o n s t a n t levels of 

a n o t h e r ac id ic lamin tha t m a y funct ion ana logous ly to lamin Β ( L e h n e r et al., 

1987). T h e t w o excep t ions t o the rule that B-like lamins a re p resen t th roughou t 

m u c h of o n t o g e n y a r e exh ib i t ed by (1) t he c l am Spisula, w h i c h a p p a r e n t l y 

d i sp lays lamin Β reac t iv i ty a s soc i a t ed wi th the n u c l e a r e n v e l o p e on ly dur ing 

pos t l a rva l s t ages , and (2) the sea u r ch in , w h i c h loses its B-like lamin dur ing 

ear ly e m b r y o n i c s t ages and on ly r e a c q u i r e s l amin Β reac t iv i ty in pos t l a rva l 

s t ages . 

A n o t h e r c o m m o n fea tu re of m a n y d e v e l o p m e n t a l s e q u e n c e s is tha t the syn-

thes is of A/C-l ike l amins is sw i t ched on at la ter s t ages of d i f ferent ia t ion. S u c h 

a p a t t e r n o c c u r s in c h i c k e n e m b r y o s a n d in e m b r y o n a l c a r c i n o m a cel ls of 

mice . Slight va r i a t ions on this t h e m e o c c u r dur ing e m b r y o g e n e s i s in mice , 

Xenopus, and sea u r c h i n s . In m o u s e e m b r y o s , l amins A /C r e a p p e a r in pos t -

implantat ion s tages after having been lost in early c leavage s tages . In Xenopus, 

an e m b r y o n i c form of an A/C-l ike lamin is r e p l a c e d by adu l t t y p e s of a C-like 

lamin and an Α-l ike lamin at the gas t ru la s tage and at p o s t n e u r u l a s t ages , 

r e spec t ive ly . T h e sea u rch in d i sp lays A/C-l ike reac t iv i ty t h r o u g h o u t deve l -

o p m e n t , bu t m a y u n d e r g o a c h a n g e in t h e e x a c t t y p e of A /C l amins tha t a r e 

p r e s e n t at la ter s t ages of e m b r y o g e n e s i s . T h e c l am Spisula r e p r e s e n t s an ex-

cep t ion to the rule tha t A/C reac t iv i ty is co r r e l a t ed wi th la ter s t ages of dif-

fe ren t ia t ion , s ince the A/C-l ike form of lamin in Spisula is a p p a r e n t l y p r e s e n t 

dur ing all s t ages of d e v e l o p m e n t u p t o t h e larval s t age , bu t t h e n is lost in 

adul t soma t i c t i s sues . 

Such o b s e r v a t i o n s ind ica te tha t t he d e v e l o p m e n t a l p r o g r a m s of an ima l s 

typical ly inc lude a d is t inc t c h a n g e in the t y p e s of l amins tha t a r e s y n t h e s i z e d . 

In s o m e c a s e s , such a s t he midb la s tu l a s tage in Xenopus, t h e c h a n g e in lamin 

composi t ion is clearly corre la ted with a significant turning point in the on togeny 

of the o r g a n i s m . It is unc l ea r , h o w e v e r , exac t ly w h a t ro les t h e s e c h a n g e s in 

the types of lamins m a y play dur ing deve lopmen t . F o r e x a m p l e , no unequivoca l 

e v i d e n c e is ava i lab le to s h o w tha t the e x p r e s s i o n of a n y of the different t y p e s 

of l amins dur ing d e v e l o p m e n t is t empora l l y o r funct ional ly co r r e l a t ed with 

cel lular e v e n t s tha t d e t e r m i n e the d e v e l o p m e n t a l fate of a pa r t i cu la r cell t y p e . 

E v e n in the case of lamin L,„ , which in adult somat ic cells of Xenopus, appea r s 

to be highly specific for m u s c l e s , n e u r o n s , and Ser tol i ce l l s , the fates of t h e s e 

three types of cells a re de te rmined prior to M B T , the t ime at which express ion 

of L „ i is r e s u m e d ( K r o h n e a n d B e n a v e n t e , 1986). 

In o r d e r to u n d e r s t a n d m o r e fully t h e funct ional s ignif icance of o n t o g e n e t i c 

c h a n g e s in lamin c o m p o s i t i o n , severa l major top ics n e e d to be a d d r e s s e d . 

F i r s t , c o r r o b o r a t i v e i m m u n o b l o t t i n g inves t iga t ions a r e r equ i red in c a s e s such 

as s ea u rch in d e v e l o p m e n t in wh ich the d a t a ava i lab le a r e b a s e d solely f rom 
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i m m u n o f l u o r e s c e n c e o b s e r v a t i o n s . M o r e o v e r , s ince lamin c o m p o s i t i o n has 

b e e n a n a l y z e d b iochemica l ly in on ly a few g r o u p s of a n i m a l s , t he add i t iona l 

c h a r a c t e r i z a t i o n s of l amins a n d the c o n c o m i t a n t p r o d u c t i o n of an t i bod i e s 

aga ins t t h e s e l amins a r e r equ i r ed for v a r i o u s t a x a . S u c h s tud ies w o u l d p r o v i d e 

valuable compara t ive da t a that m a y help to reveal t r ends that a re not present ly 

ev iden t in t he l i t e ra tu re . In add i t i on , t he d e v e l o p m e n t of an t i bod i e s aga ins t 

nove l fo rms of l amins in o t h e r g r o u p s of o r g a n i s m s m a y he lp to c o r r e c t r e su l t s 

of prev ious s tudies , s ince deve lopmenta l s tages that w e r e o n c e repor ted e i ther 

to lack l amins o r t o con t a in on ly a pa r t i cu l a r t y p e of lamin m a y ac tua l ly revea l 

addi t iona l t y p e s of l amins b a s e d on i m m u n o b l o t t i n g a n a l y s e s uti l izing t h e s e 

n e w an t i l amin a n t i b o d i e s . 

III. K I N E T O C H O R E S , T H E NUCLEAR MATRIX, A N D OTHER 

K A R Y O S K E L E T A L C O M P O N E N T S 

A. Kinetochores 

Since k i n e t o c h o r e s a r e e ssen t i a l for t he a t t a c h m e n t of c h r o m o s o m e s to 

sp ind le m i c r o t u b u l e s , the i r p r e s e n c e a n d b e h a v i o r du r ing the e v e n t s of m a m -

malian fertilization a re of in teres t , s ince these even t s over lap with bo th meiosis 

a n d mi tos i s . K i n e t o c h o r e s a r e t r a ced wi th i m m u n o f l u o r e s c e n c e m i c r o s c o p y 

us ing a u t o i m m u n e se ra f rom pa t i en t s wi th C R E S T s c l e r o d e r m a (ca lc inos i s , 

R a y n a u d ' s p h e n o m e n o n , e s o p h a g e a l dysmot i l i t y , s c l e r o d a c t y l y , t e l ang iec ta -

sia) . In m o u s e o v u l a t e d o o c y t e a r r e s t e d at s e c o n d me io t i c m e t a p h a s e , t he 

k i n e t o c h o r e s a r e initially d e t e c t a b l e a s pa i red s t r u c t u r e s a l igned at t h e sp ind le 

e q u a t o r (Fig . 4) . At meio t i c a n a p h a s e , t he k i n e t o c h o r e s s e p a r a t e a n d r e m a i n 

a l igned at t h e dis ta l s ides of t h e c h r o m o s o m e s unti l t e l o p h a s e , w h e n the i r 

a l ignment p e r p e n d i c u l a r to t he sp ind le ax is is los t . T h e female p r o n u c l e u s and 

the s e c o n d po la r b o d y n u c l e u s e a c h r e c e i v e a d e t e c t a b l e c o m p l e m e n t of ki-

ne tocho re s . M a t u r e spe rm have ne i ther de tec tab le c e n t r o s o m e s no r de tec tab le 

k i n e t o c h o r e s , a n d shor t ly after s p e r m i n c o r p o r a t i o n , k i n e t o c h o r e s b e c o m e 

de tec tab le in the decondens ing male p ronuc leus . In pronucle i , the k ine tochores 

a re initially d i s t r ibu ted r a n d o m l y a n d la te r found in a p p o s i t i o n wi th nuc leo l i . 

At mi to s i s , t he k i n e t o c h o r e s b e h a v e in a p a t t e r n s imilar t o tha t o b s e r v e d at 

meiosis o r mitosis in somat ic cells: i rregular dis t r ibut ion at p r o p h a s e , a l ignment 

at m e t a p h a s e , s epa r a t i on at a n a p h a s e , a n d r ed i s t r ibu t ion at t e l o p h a s e . T h e y 

a re a l so d e t e c t a b l e in l a te r - s tage e m b r y o s . C o l c e m i d t r e a t m e n t d i s r u p t s t he 

meiot ic spindle and resul ts in the d ispers ion of the meiot ic c h r o m o s o m e s along 

the o o c y t e c o r t e x ; the c h r o m o s o m e s r e m a i n c o n d e n s e d wi th d e t e c t a b l e ki-

n e t o c h o r e s . Fer t i l i za t ion of c o l c e m i d - t r e a t m e n t o o c y t e s r e su l t s in t he incor-
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Fig. 4. K ine tochores ( K I N E T ) during the comple t ion of the second meiotic division in 
mouse oocy tes . Ovula ted oocy tes are ar res ted at second meiotic me taphase ( A - C ) . The 
c h r o m o s o m e s , de tec ted with Hoechs t dye 33258 ( D N A , A, D, F , and H) , are aligned at the 
equa to r of the meiotic spindle. The k ine tochores appea r as paired s t ruc tures associa ted with 
each c h r o m o s o m e (ar rows in B). T h e k ine tochores are j u x t a p o s e d be tween the spindle mi-
cro tubules (MTs in C) and the c h r o m o s o m e s (A). Cytoplasmic as te rs (bot tom of C) are not 
associa ted with k ine tochores (compare B). At anaphase as the c h r o m o s o m e s separa te (D), 
the k ine tochores retain their al ignment perpendicular to the spindle axis ( K I N E T in E) and 
are found at the polar regions of the chromosomes (D). By telophase (F and G), the registration 



9. Nuclear Architectural Changes 243 

pora t i on of a s p e r m , wh ich is u n a b l e to d é c o n d e n s e in to a ma le p r o n u c l e u s . 

R e m a r k a b l y k i n e t o c h o r e s b e c o m e d e t e c t a b l e at 5-hr p o s t i n s e m i n a t i o n , sug-

gesting that the e m e r g e n c e of the pa terna l k ine tochores is not strictly d e p e n d e n t 

on ma le p r o n u c l e a r d e c o n d e n s a t i o n . T h e s e r e su l t s sugges t tha t t he p a t h w a y s 

leading to the e x p o s u r e of the male k ine tochores a re regulated separa te ly from 

t h o s e invo lved in p r o n u c l e a r d e c o n d e n s a t i o n , n u c l e a r lamin acqu i s i t i on , and 

the o n s e t of D N A s y n t h e s i s . 

B. The Nuclear Matrix and snRNP Localization 

Dur ing fer t i l izat ion and d e v e l o p m e n t , t h e n u c l e a r ma t r ix an t igens u n d e r g o 

a d r a m a t i c r ed i s t r ibu t ion ( S c h a t t e n et al., 1985; P r a t h e r et al., 1988). In t he 

m o u s e , t he PI an t igens e n s h e a t h e t he me io t i c c h r o m o s o m e s of t he o o c y t e 

and s u b s e q u e n t l y shift to a pe r iphe ra l pos i t ion l ining the n u c l e a r e n v e l o p e s 

of the ma le p r o n u c l e u s , female p r o n u c l e u s , and po la r b o d y . S imi lar ly , PI 

reac t iv i ty is o b s e r v e d a r o u n d the c o n d e n s e d c h r o m o s o m e s du r ing the first 

mi tos i s , a n d a pe r iphe ra l r im of s ta in ing is vis ible in t he nucle i of t he t w o 

d a u g h t e r cel ls p r o d u c e d by this cell d iv i s ion . 

O t h e r n u c l e a r ma t r ix a n t i g e n s — P I I , P I 2 , a n d I I — a r e p r e s e n t in t he cy-

t o p l a s m and n u c l e a r ma t r ix of m o u s e o o c y t e s at t he G V s tage . T h e s e an t igens 

a r e d e t e c t a b l e in t he c y t o p l a s m of me io t i c o o c y t e s , bu t a r e no t p r e s e n t in 

p ronuc le i (Fig . 5) o r ear ly 2-cell nuc le i . T h e y r e a p p e a r du r ing t h e mid 2-cell 

s tage and a r e p r e s e n t in 8- to 16-cell nucle i (Fig . 6) . T h e n u c l e a r a p p e a r a n c e 

of t h e s e an t igens c o r r e l a t e s wi th t he t r ans i t ion f rom m a t e r n a l con t ro l of de -

v e l o p m e n t t o zygo t ic con t ro l of d e v e l o p m e n t in t he m o u s e at t he 2-cell s tage 

(F lach et al., 1982). PI1 an t igen co loca l i zes wi th an t i -Sm w h i c h r e c o g n i z e s 

U l , U 2 , U 4 , U 5 , and U 6 (Cha ly et al., 1987). T h e p r e d o m i n a t e fo rm of U l 

R N A in t h e o o c y t e and 2-cel l -s tage egg is U l a R N A ( L o b o et al., 1988). By 

the 8-cell s t age , t h e to ta l a m o u n t of U l R N A has i n c r e a s e d 2- t o 3-fold, and 

the p r o p o r t i o n of U l a h a s d imin i shed f rom > 8 5 to < 6 0 % . At t h e b l a s t o c y s t 

s t age , t h e a m o u n t of U l b R N A has r i sen t o 6 0 % of t h e to ta l ( L o b o et al., 

1988). T h e c h a n g e s in t he d i s t r ibu t ion of v a r i o u s an t igens dur ing fer t i l izat ion 

a n d ea r ly d e v e l o p m e n t s e r v e t o i l lus t ra te t h e d r a m a t i c c h a n g e s in R N A syn-

thes i s and R N A p r o c e s s i n g tha t t he egg u n d e r g o e s . 

< 
of the k ine tochores ( K I N E T in G) is weake r (ar rows in the inset of G) . As the second polar 
body forms (H and I) , the k ine tochores ( K I N E T in I) b e c o m e more randomly posi t ioned 
over the chromosome masses (DNA, H) . Bars , 10 μ ιη. Insets: approximately 2 x photographic 
enlargement over sur rounding figure. Bars , 10 μπι . [From G. Schat ten et al. (1988).] 
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C. Other Karyoskeletal Constituents 

It wou ld b e na ive to a s s u m e tha t w e u n d e r s t a n d the c o m p l e x i t y of nuc l ea r 

a r c h i t e c t u r e . F u r t h e r , t he d i s c o v e r y of add i t iona l c o m p o n e n t s is p r ed i c t ed as 

is the p rognos t i c a t i on tha t the i r e x p r e s s i o n o r inse r t ion will b e found to be 

regu la ted du r ing fer t i l izat ion and du r ing d e v e l o p m e n t . T o p o i s o m e r a s e II 

( E a r n s h a w and H e c k , 1985; E a r n s h a w et al., 1985) and the nuc leopor ins (Davis 

and B lobe l , 1986; Ho l t et al., 1987; S n o w et ai, 1987) might b e e x p e c t e d to 

be ka ryoske l e t a l p ro t e in s of d e v e l o p m e n t a l in t e res t . I n d e e d as k n o w l e d g e 

abou t t he p r o p e r t i e s a n d c o m p o n e n t s of t he n u c l e a r ma t r ix b e c o m e b e t t e r 

identif ied, inves t iga t ion of t he b e h a v i o r of t h e s e p ro t e in s at fer t i l izat ion and 

dur ing d e v e l o p m e n t will be of c o n s i d e r a b l e in t e res t . 

IV. FUTURE R E S E A R C H 

In a t t e m p t i n g to c o n d u c t m o r e d i rec t a n a l y s e s of t h e func t ions of k a r y o -

skele ta l p ro t e in s du r ing fer t i l izat ion a n d d e v e l o p m e n t , s eve ra l t y p e s of m a -

n ipula t ive e x p e r i m e n t s cou ld b e p e r f o r m e d . F o r e x a m p l e , t h e mic ro in jec t ion 

of an t i l amin a n t i b o d i e s in to mi to t i c cel ls h a s b e e n s h o w n in s o m e c a s e s to 

d i s rup t t h e n o r m a l p r o d u c t i o n of d a u g h t e r nuc le i ( B e n a v e n t e a n d K r o h n e , 

1986). Similarly, the microinject ion of an t ibodies against l amins , k ine tocho re s , 

o r s t ruc tu ra l p r o t e i n s of t he n u c l e u s in to b l a s t o m e r e s of d e v e l o p i n g e m b r y o s 

m a y he lp t o d e t e r m i n e w h e t h e r a pa r t i cu l a r k ind of k a r y o s k e l e t a l c o m p o n e n t 

is n e c e s s a r y at a specif ic s tage in d i f ferent ia t ion in o r d e r for d e v e l o p m e n t to 

p r o c e e d no rma l ly . 

A re la ted t y p e of e x p e r i m e n t w o u l d b e t he i so la t ion of l amins o r o t h e r e le-

m e n t s of t he n u c l e a r a r c h i t e c t u r e f rom e m b r y o s at o n e s tage in d e v e l o p m e n t 

and the i n t roduc t i on of f l uo rosce ina t ed d e r i v a t i v e s of t h e s e p r o t e i n s in to b las -

t o m e r e s at a different s tage in d e v e l o p m e n t . S u c h h e t e r o l o g o u s p r o t e i n s cou ld 

be i n t roduced by micro in jec t ion o r by cell fusion to d e t e r m i n e if s tage-specif ic 

fo rms of the k a r y o s k e l e t a l c o m p o n e n t s inf luence d e v e l o p m e n t a l p a t t e r n s . 

T h e m o lecu l a r c h a r a c t e r i z a t i o n s of l amins and k i n e t o c h o r e s h a v e recen t ly 

b e e n a d d r e s s e d . S u p p l e m e n t a l c lon ing of k a r y o s k e l e t a l e l e m e n t s shou ld p ro -

vide valuable s t ructural information and enable the synthes is of relatively large 

<r-
Fig. 5. Immunofluorescence distribution of nuclear matrix antigens in pronucleate mouse 

eggs. (A, C, E , and G) Hoechs t s tained eggs. (B , D, F . and H) Cor respond ing nuclear matrix 

local izat ions. (B) Ant ibody to P I , (D) ant ibody to P I I , (F) ant ibody to PI2, and (H) ant ibody 

to I I . Bars , 10 μηι. [From Pra ther et al. (1988).] 
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quan t i t i e s of t h e s e p r o t e i n s . T h e purif ied p r o d u c t s cou ld t h e n b e u s e d as m o -

lecular p r o b e s to faci l i tate va r i ous s tud ies on t h e ro les of t h e k a r y o s k e l e t o n 

in fer t i l izat ion a n d d e v e l o p m e n t . 
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I. INTRODUCTION 

T w o major p r o b l e m s conf ron t t he egg a t fer t i l iza t ion. O n e is to r e s t o r e the 

diploid s t a t e a n d ini t iate t he d e v e l o p m e n t of a n e w ind iv idua l . T h e o t h e r is 

to o v e r c o m e the inhosp i t ab le e n v i r o n m e n t o u t s i d e of t he o v a r y . T h e newly 

ovu la t ed egg n e e d s to be vu lne rab l e e n o u g h to fuse wi th a s p e r m , ye t r o b u s t 
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e n o u g h to e n s u r e the surv iva l of t he ear ly e m b r y o . In the i r de l ica te t r ans i t ions 

from o v a r y to e m b r y o , m e t a z o a n eggs p r o t e c t t h e m s e l v e s by the cor t ica l re -

ac t ion of fer t i l izat ion. 

T h e cor t ica l r eac t ion invo lves a modif ica t ion of the egg sur face in o r d e r to 

p ro t ec t the ear ly e m b r y o f rom s u p e r n u m e r a r y s p e r m and o t h e r de l e t e r ious 

a g e n t s . T h e ex t race l lu l a r coa t is c o n v e r t e d to a modif ied shell f rom wh ich the 

e m b r y o la te r h a t c h e s , e i the r to b e c o m e i n d e p e n d e n t (as wi th m a n y inver te -

b r a t e s and s o m e v e r t e b r a t e s ) o r to implan t in t he u t e r ine wall (as wi th m a m -

mals ) . T h e ex t race l lu la r r emode l ing a t t e n d a n t u p o n the cor t ica l r eac t ion w a s 

first de sc r ibed by D e r b e s o v e r 130 y e a r s ago (1847) and h a s b e e n r ecogn ized 

as o n e of the pr inc ipa l e v e n t s of fer t i l izat ion s ince the tu rn of t he c e n t u r y . 

J a c q u e s L o e b , a phys ica l b iochemis t w h o b e g a n cons ide r ing p r o b l e m s of de -

ve lopment at that t ime , examined the re la t ionship b e t w e e n the cort ical changes 

of eggs and ac t iva t ion of the d e v e l o p m e n t a l s e q u e n c e . A l though t h e s e t w o 

e v e n t s had a p p e a r e d to be inex t r i cab ly l inked , L o e b p r o v i d e d e v i d e n c e for 

dissociat ion of the t w o p roces ses and specula ted u p o n the b iochemical changes 

tha t a c c o m p a n y fo rmat ion of the fer t i l izat ion m e m b r a n e of i n v e r t e b r a t e eggs . 

H e s u s p e c t e d 

. . . that the membrane formation is the result of a p rocess of secret ion of a liquid from the 

egg; and that this secretion or the throwing out of certain substances of the egg is the important 

feature, for the lifting up of the surface layer of the egg (the m e m b r a n e formation proper) 

is only a mechanical consequence of this secret ion but of no impor tance in itself. ( L o e b , 

1905, p . 154.) 

L o e b w e n t on to p r o v i d e a n o t h e r hypo the t i c a l sugges t ion 

. . . that the fertilization m e m b r a n e is preformed in the unfertilized egg and is merely the 

peripheral film of pro toplasm which is lifted up from the egg through the swelling and li-

quifaction of some protein lying undernea th in the cort ical layer of the egg. When lifted up 

from the egg the preformed m e m b r a n e undergoes a modificat ion; it b ecomes thicker and 

tougher . ( L o e b , 1913, p . 218.) 

T h e s e ideas e m a n a t i n g f rom L o e b ' s s tud ies on fer t i l izat ion and artificial par-

t h e n o g e n e s i s r e m a i n r e l evan t to c u r r e n t m o l e c u l a r m e c h a n i s m s for the ex t ra -

cel lular r emode l ing tha t o c c u r s wi th fer t i l izat ion. 

A l though ex t race l lu la r r e m o d e l i n g o c c u r s in m o s t c a s e s w h e r e eggs leave 

the p ro t ec t ion of the o v a r y to b e c o m e fer t i l ized, on ly ce r t a in s y s t e m s h a v e 

b e e n c h a r a c t e r i z e d at a m o l e c u l a r level . T h e pr inc ipa l i n v e r t e b r a t e s y s t e m is 

the sea u rch in egg , and a m o n g v e r t e b r a t e s t he a m p h i b i a n egg has p r o v i d e d 

the c lea res t p i c tu r e . L e s s in format ion ex i s t s a b o u t fish and m a m m a l i a n fer-

t i l izat ion. Seve ra l r e cen t r e v i e w s deal wi th egg sur face c h a n g e s at fer t i l izat ion 

and the b lock to p o l y s p e r m y (Schmel l et al., 1983; K a y and S h a p i r o , 1985). 

In this c h a p t e r , w e c o n c e n t r a t e u p o n m o l e c u l a r a l t e r a t ions in t he egg c o a t s 

and t ry to identify ce r t a in c o m m o n fea tu res in the i r modi f i ca t ions . A s with 

m a n y con t ro l s y s t e m s in mo lecu l a r and cell b io logy , s t rong s imilar i t ies and 
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cer ta in in te res t ing d i f ferences exis t b e t w e e n s p e c i e s . W e a r e j u s t beg inn ing 

to see t he ou t l ines of the r egu la to ry e v e n t s tha t a l low an egg to be fert i l ized 

by on ly o n e s p e r m a n d t h e n to be p r o t e c t e d dur ing ear ly d e v e l o p m e n t . T h e 

shel ter p rov ided by the newly formed fertilization enve lope al lows the e m b r y o 

to u n d e r g o cr i t ica l , ea r ly d e t e r m i n a t i v e e v e n t s in an i so la ted e n v i r o n m e n t . 

T h e ub iqu i ty of this cor t ica l r eac t ion ind ica te s t he i m p o r t a n c e of such a p ro -

tec t ive e v e n t . 

11. SPECIFIC SYSTEMS OF EGG C O A T MODIFICATION 

A. The Sea Urchin Fertilization Envelope 

This c lass ic e x a m p l e of ex t r ace l lu l a r r e m o d e l i n g after fer t i l izat ion invo lves 

a c o m p l e x a r r a y of morpho log ica l c h a n g e s tha t o c c u r in m o r e o r less d i s c r e t e 

s tages ( V e r o n et al., \911\ r e v i e w e d in K a y a n d S h a p i r o , 1985). T h e first s tage 

is ini t ia ted u p o n mixing of the t w o ce l lu lar c o m p a r t m e n t s tha t c o n t a i n fertil-

izat ion e n v e l o p e p r e c u r s o r s : the egg g lycoca lyx (vitel l ine layer ) t ha t is c o -

va len t ly a t t a c h e d to the p l a s m a m e m b r a n e ( K i d d , 1978) a n d the c o n t e n t s of 

egg s e c r e t o r y ves i c l e s , t he cor t ica l g r a n u l e s . Fer t i l i za t ion i n d u c e s a w a v e of 

cor t ica l g r anu le e x o c y t o s i s tha t c a u s e s t he vi tel l ine l aye r to e l eva t e f rom the 

egg su r face , s ta r t ing at the si te of s p e r m e n t r y a n d p r o p a g a t i n g a r o u n d the 

en t i re egg wi th in a m i n u t e . T h e s e c o n d s tage invo lves a r e s t r u c t u r i n g of t he 

e levated vitelline layer and the depos i t ion of paracrys ta l l ine a r rays of secre ted 

cortical vesicle pro te ins on the modified scaffold (Chandle r and H e u s e r , 1980). 

T h e final s tage of fer t i l izat ion e n v e l o p e m o r p h o g e n e s i s is c h a r a c t e r i z e d b y a 

c h a n g e in its phys ica l p r o p e r t i e s : it is c o n v e r t e d f rom a soft, p l iable s t r u c t u r e 

to a h a r d , p r o t e c t i v e c o a t . T h e m a t u r e fer t i l izat ion e n v e l o p e is r e f rac to ry to 

bo th chemical and mechanica l d is rupt ion , but is degraded by a specific ha tching 

e n z y m e s e c r e t e d by the b las tu la l a rva ( I sh ida , 1936). 

Dur ing the pas t t w o d e c a d e s , s ignificant a d v a n c e s h a v e b e e n m a d e o n b io-

chemica l m e c h a n i s m s unde r ly ing th is s t r ik ing e x a m p l e of ex t r ace l lu l a r mor -

p h o g e n e s i s . A l though the p i c tu re tha t ha s e m e r g e d is far f rom c o m p l e t e , t he 

o b s e r v e d morpho log ica l t r ans i t ions a r e a s s o c i a t e d wi th highly o rgan i zed m o -

lecular e v e n t s involv ing b o t h spat ia l and t e m p o r a l r egu la to ry c o n t r o l s . 

/. The Vitelline Layer 

T h e vitelline layer p lays several roles for the sea urchin egg. Species-specific 

s p e r m r e c e p t o r s of the vi tel l ine l ayer m e d i a t e g a m e t e a s soc i a t i on (e .g . , see 

Ross ignol et al., 1984). T h e s e s p e r m r e c e p t o r s a r e r e m o v e d at fer t i l izat ion by 
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r e l eased cor t ica l ves ic le p ro t ease ( s ) tha t a l so h y d r o l y z e a t t a c h m e n t s b e t w e e n 

the vitel l ine layer and the p l a s m a m e m b r a n e (Carrol l and E p e l , 1975; Car ro l l , 

1976). T h e vitel l ine l ayer e l eva t e s d u e to o s m o t i c effects of the cor t ica l ves ic le 

c o n t e n t s (e .g . , L o e b , 1913). T r a n s f o r m a t i o n of the e l eva t ed vi tel l ine l aye r in to 

a scaffold for fer t i l izat ion e n v e l o p e a s s e m b l y invo lves m o r e e x t e n s i v e p ro -

t eo lys i s . If eggs a re i so topical ly labeled on the i r ex t r ace l lu l a r su r faces ( the 

vitel l ine layer and p l a s m a m e m b r a n e ) p r io r to fer t i l iza t ion, less t han 5% of 

this sur face mater ia l is found in the fer t i l izat ion e n v e l o p e ( S h a p i r o , 1975; E . 

S. K a y , u n p u b l i s h e d o b s e r v a t i o n s ) . In a s s e m b l e d , u n h a r d e n e d (soft) fertil-

izat ion e n v e l o p e s , mos t of the egg sur face mate r i a l is a s s o c i a t e d wi th ve ry 

large insoluble c o m p o n e n t s . O n e so luble vi tel l ine l ayer c o m p o n e n t tha t e n d s 

up in the fer t i l izat ion e n v e l o p e is a —305,000 M r p e p t i d e fo rmed of t w o ap -

pa ren t ly ident ica l —170,000 M r , d isulf ide- l inked s u b u n i t s ( E . S. K a y and P . 

J . W e i d m a n , unpub l i shed o b s e r v a t i o n s ) . T h e s e vi tel l ine l ayer p ro t e in s a r e a p -

pa ren t ly cri t ical to the a s s e m b l y p r o c e s s , for eggs wi th d i s r u p t e d vi tel l ine 

l ayers d o not form fert i l izat ion e n v e l o p e s ( E p e l , 1970; Epe l et a\.y 1970). T h e 

ex ten t to which proteolyt ic modification is necessa ry for fertilization enve lope 

a s s e m b l y pe r se is not c lear . A l t h o u g h p ro t eo lys i s is r equ i r ed to r e l ease the 

vitel l ine layer f rom the egg su r face , it m a y not be n e e d e d for the s ec r e t ed 

p ro t e ins to a s soc i a t e with the scaffold, for the unmodi f ied vi tel l ine layer of 

unfert i l ized eggs c o n t a i n s specific b ind ing s i tes for a cor t ica l ves ic le -de r ived 

c o m p o n e n t ( see be low) . T h e d i a m e t e r of t he fer t i l izat ion e n v e l o p e is nea r ly 

twice tha t of the egg, so tha t l imited p ro t eo ly t i c c l e a v a g e s o r o t h e r g lycoca lyx 

modif ica t ions m a y a l low the vitel l ine l ayer scaffolding to e x p a n d a n d / o r m a y 

facil i tate the p e n e t r a t i o n of r e l eased cor t ica l g r anu l e p ro t e in s t h r o u g h this lat-

t i c e w o r k . A n egg sur face t r a n s g l u t a m i n a s e ac t iv i ty faci l i ta tes this p r o c e s s (D . 

E . Bat tagl ia and Β . M. S h a p i r o , u n p u b l i s h e d d a t a ) . 

2. Cortical Granule Vesicle
1
 Exocytosis 

T h e egg e m p l o y s C a
2 +

 a s a m e d i a t o r of b o t h e x o c y t o s i s and fer t i l izat ion 

e n v e l o p e a s s e m b l y . Fer t i l iza t ion i n d u c e s a t r ans i en t r e l ease of C a
2 +

 f rom in-

t race l lu la r s t o r e s ; th is p r o p a g a t e s f rom the si te of s p e r m fusion a r o u n d the 

egg c o r t e x , ac t iva t ing the e x o c y t o t i c m a c h i n e r y in an exp los ive w a v e of se -

cret ion ( reviewed in Whi t ake r and S te inhard t , 1985; E isen and Reyno lds , 1985; 

see a l so T u r n e r and Jaffe, C h a p t e r 12, this v o l u m e ) . T h e p ro t e ins s e c r e t e d 

from the cor t ica l ves ic les fall in to t h r ee ca t ego r i e s : hya l in , an e m b r y o n i c cell 

a d h e s i v e tha t fo rms a C a
2 +

- d e p e n d e n t , a m o r p h o u s gel on the sur face of the 

Ά class of vesicles located beneath the eggs' surface that undergo exocytosis at fertilization 
was originally called cortical granules or cortical alveoli (in fish), on morphological g rounds . 
We prefer the term cortical vesicle , but use them in terchangeably . 
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n a s c e n t e m b r y o ( S t e p h e n s and K a n e , 1970; C i t k o w i t z , 1971); so lub le p ro t e in s 

tha t a r e not i n c o r p o r a t e d in to the fer t i l izat ion e n v e l o p e , inc luding p r o t e a s e s 

tha t modify the vi tel l ine l ayer (Carrol l and E p e l , 1975; V a c q u i e r et al., 1973) 

and a ß - l ,3 -g lucanohydro lase of u n k n o w n function (Epel et al.y 1969; Trusche l 

et al., 1986); and s t ruc tu ra l c o m p o n e n t s of t he fer t i l izat ion e n v e l o p e ( B r y a n , 

1970a) that assoc ia te with the modified vitelline layer matr ix u n d e r the influence 

of d iva len t c a t i ons in s e a w a t e r ( e .g . , see K a y a n d S h a p i r o , 1985). T h e la t te r 

cons i s t of a p p r o x i m a t e l y five pr inc ipa l p o l y p e p t i d e s ( K a y et al., 1982; E . S. 

K a y , u n p u b l i s h e d o b s e r v a t i o n s ; W e i d m a n and K a y , 1986) t w o of w h i c h , o v o -

p e r o x i d a s e a n d pro teo l ia i s in , h a v e b e e n purified a n d c h a r a c t e r i z e d . 

3. Ovoperoxidase 

O v o p e r o x i d a s e is the e n z y m e r e spons ib l e for c ross - l ink ing , and t h e r e b y 

hardening, the fertilization enve lope . It uses H 2 0 2 formed in a CN~- insens i t ive 

respi ra tory burs t at fertilization ( F o e r d e r et al., 1978) to ca ta lyze the format ion 

of d i tyros ine cross- l inks b e t w e e n a subse t of adjacent pept ides in the a s sembled 

fertilization enve lope (Foe rde r and Shap i ro , 1977; Hal l , 1978; K a y and Shap i ro , 

1987). Purified o v o p e r o x i d a s e is a 70,000 M r h e m e g lycop ro t e in tha t is s imilar 

in ca ta ly t i c a n d spec t ra l p r o p e r t i e s to l a c t o p e r o x i d a s e (Dei t s et al., 1984). 

L ike m o s t p e r o x i d a s e s , it c a t a l y z e s t he ox ida t ion of ha l ides and a va r i e ty of 

pheno l i c c o m p o u n d s , as well as t y r o s i n e , a n d t h u s p o s e s a po ten t i a l h a z a r d 

to the n a s c e n t e m b r y o . T h e ac t iv i ty of o v o p e r o x i d a s e a p p e a r s to b e regu la ted 

by a c o m b i n a t i o n of m e c h a n i s m s . T h e first is a t iming de lay tha t p r e v e n t s the 

e n z y m e from ach iev ing full ac t iv i ty unti l it is a s s e m b l e d in to the fer t i l izat ion 

e n v e l o p e (Dei t s and S h a p i r o , 1985, 1986). T h e ac t iv i ty of o v o p e r o x i d a s e is 

p H d e p e n d e n t , wi th ρΚΛ of —6.5. At low p H , i . e . , c o n d i t i o n s tha t ex is t in the 

secret ion milieu of the egg (see Dei ts and Shap i ro , 1985, for further d iscuss ion) , 

t he e n z y m e is i nac t ive . W h e n the inac t ive e n z y m e e n c o u n t e r s a h igher p H , 

a s ex i s t s in the bulk sea w a t e r ( p H 8.0), t h e r e is a lag in t he o n s e t of o v o -

p e r o x i d a s e ac t iv i ty (tl/2 = —30 sec ) , t h e r e b y s u p p r e s s i n g o v o p e r o x i d a s e ac -

t ivi ty unti l t he e n z y m e is well a w a y f rom the sur face of t he n a s c e n t e m b r y o 

(—90 sec pos t fer t i l iza t ion) . In the a s s e m b l e d fer t i l izat ion e n v e l o p e , o v o -

p e r o x i d a s e is fully a c t i ve , w i thou t a n y s low t r ans i t i ons u p o n p H shift (Dei t s 

and S h a p i r o , 1986). 

A s e c o n d m e c h a n i s m tha t r egu la t e s o v o p e r o x i d a s e ac t iv i ty is the t iming of 

H 2 0 2 p r o d u c t i o n . T h e burs t of H 2 0 2 s y n t h e s i s beg ins —2 min after fer t i l izat ion 

and p e a k s at 7 - 8 min ( F o e d e r et al., 1978), well after a s s e m b l y of the fertil-

izat ion e n v e l o p e is c o m p l e t e . Desp i t e y e a r s of in tens ive inves t iga t ion , the 

mechan i sm of H 2 0 2 p roduc t ion at fertilization is ju s t emerging . In the p resence 

of N A D ( P ) H and an egg c y t o p l a s m i c 4- th iohis t id ine cal led ovo th io l ( T u r n e r 

et al., 1986), o v o p e r o x i d a s e c a t a l y z e s C a
2
- d e p e n d e n t , C N - res i s tan t H 2 0 2 
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p r o d u c t i o n in vitro ( T u r n e r et al., 1985). H o w e v e r , seve ra l o b s e r v a t i o n s m a d e 

it c lea r tha t the o v o p e r o x i d a s e - o v o t h i o l s y s t e m is no t invo lved in H 2 0 2 p ro -

duc t i on in vivo ( T u r n e r et al., 1987). I n s t ead o v o t h i o l , p r e s e n t at 5 m M in 

eggs, may pro tec t the egg from react ive oxygen toxici ty , s ince it r eac t s quickly 

wi th H 2 0 2 ( T u r n e r et al., 1986). A n N A D P H - s p e c i f i c o x i d a s e leading to H 2 0 2 

p r o d u c t i o n has r ecen t ly b e e n identified (J. W . H e i n e c k e a n d Β . M . S h a p i r o , 

unpub l i shed da t a ) . 

O v o p e r o x i d a s e a l so is r egu la ted by spat ia l c o n s t r a i n t s . O v o p e r o x i d a s e is 

s e q u e s t e r e d in the fer t i l izat ion e n v e l o p e , l imiting its ca ta ly t i c ac t iv i t ies to sub -

s t r a t e s wi th in this s t r u c t u r e . T h e inse r t ion of o v o p e r o x i d a s e in to t he e n v e l o p e 

is a c c o m p l i s h e d by the fo rma t ion of a 1 : 1 c o m p l e x b e t w e e n o v o p e r o x i d a s e 

and a s e c o n d cor t ica l g ranu le p ro t e in , p ro teo l ia i s in . Th i s c o m p l e x then b inds 

to the vi tel l ine scaffold, w h e r e pro teo l ia i s in has specif ic a t t a c h m e n t s i tes 

( W e i d m a n and S h a p i r o , 1986). 

4. Proteoliaisin 

Proteol ia is in is a highly a s y m m e t r i c p ro te in of —235,000 M r ( W e i d m a n et 

al., 1986). Unl ike m a n y ex t race l lu l a r p r o t e i n s , it d o e s not a p p e a r to be a gly-

c o p r o t e i n , no r a r e a n y of its k n o w n in t e r ac t i ons c a r b o h y d r a t e d e p e n d e n t . I ts 

amino acid compos i t ion is dis t inct ive: Gln/Glu, A s n / A s p , Gly , and C y s accoun t 

for 5 0 % of the r e s i d u e s ; all of the C y s r e s i d u e s ( > 2 0 0 ) a re in d isul f ides . 

W h e r e a s pro teol ia i s in is a s u b s t r a t e for o v o p e r o x i d a s e - c a t a l y z e d d i ty ros ine 

fo rmat ion in vivo ( K a y et al., 1982; K a y and S h a p i r o , 1987), it c o n t a i n s rel-

a t ively few a r o m a t i c a m i n o ac ids (—30 t y r o s i n e s / m o l e c u l e ) . T h e a m i n o acid 

c o m p o s i t i o n and s o m e o t h e r cha r ac t e r i s t i c s of p ro teo l ia i s in a re s tr ikingly s im-

ilar to t h o s e of t h r o m b o s p o n d i n , a c o n s t i t u e n t of d i v e r s e m a m m a l i a n ex t ra -

cel lular ma t r i ce s (Majack and B o r n s t e i n , 1986) and fibrin c lo ts (Si lvers te in et 

al., 1986). 

T h e in te rac t ion of pro teo l ia i s in wi th o v o p e r o x i d a s e , b o t h in vitro and in 

vivo, is d e p e n d e n t o n , and specif ic for, C a
2 +

 (K05 = 50 μ Μ ( W e i d m a n et al., 

1985). A l though its affinity for o v o p e r o x i d a s e is no t unusua l ly high [Kd = —1 

μ Μ ( W e i d m a n et al., 1986)], t he c o m p l e x can be e x t r a c t e d wi th di lute buffer 

from unc ros s - l i nked fer t i l izat ion e n v e l o p e s and is s tab le to e l e c t r o p h o r e s i s 

u n d e r n o n d e n a t u r i n g cond i t i ons ( W e i d m a n et al., 1985). Pro teol ia i s in b inds 

to the vitelline layer of unfertilized eggs (and p re sumab ly the modified, e leva ted 

vitell ine scaffold after fer t i l izat ion) in a r eve r s ib l e , d iva len t c a t i o n - m e d i a t e d 

interact ion that is independen t of its associa t ion with ovope rox idase (Weidman 

and S h a p i r o , 1986). T h e major s e a w a t e r d iva len t c a t i ons ( C a
2 +

 a n d M g
2 +

 ) 

h a v e a synerg is t i c effect on this b inding in t e r ac t ion , w h i c h invo lves vi tel l ine-

layer b inding s i tes of different affinities. T h e h ighes t affinity s i tes (Kö = 0.2 

μ Μ ) o c c u r at the lowes t f r equency (8 x 10
7
 s i tes/egg) a n d a re found in the 
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p r e s e n c e of M g
2 +

 (K05 = 2.5 m M ) . S i tes of l o w e r affinity ( K d = 0.5 μ Μ ) a re 

m o r e t h a n six t imes a s a b u n d a n t (5.5 x 10
8
 s i tes/egg) and a r e specif ic for 

C a
2 +

 (#L0.5 = 200 μ Μ ) . In t he p r e s e n c e of b o t h C a
2 +

 and M g
2 +

, t h e r e a r e 

tw ice a s m a n y s i tes , bu t the affinity is l o w e r (K = 1.4 μ Μ ) . A l t h o u g h the 

m e c h a n i s m of s y n e r g i s m for t he d iva len t ca t ion effects is u n c l e a r , o n e expla-

na t ion is tha t w h e n b o t h ca t i ons a r e p r e s e n t b ind ing o c c u r s on b o t h s ides of 

the vi tel l ine l ayer , w h e r e a s w h e n on ly C a
2 +

 is p r e s e n t b inding is r es t r i c ted to 

t he in terna l s ide of the vi tel l ine l ayer , w h e r e the p ro te in is p r o v i d e d at se -

c re t ion . If this exp l ana t i on is c o r r e c t , t h e n the small n u m b e r of M g
2 +

- spec i f i c 

sites might facilitate the t r anspor t of the ovoperox idase -p ro teo l i a i s in complex 

a c r o s s t he vi tel l ine scaffold dur ing fer t i l izat ion e n v e l o p e a s s e m b l y , t h e r e b y 

a c c o u n t i n g for t he 2-fold i nc r ea se in si te n u m b e r . 

5. Assembly and Cross-Linking 

O v o p e r o x i d a s e a s s o c i a t e s wi th t h e vi tel l ine l aye r of unfer t i l ized eggs on ly 

w h e n b o u n d to pro teo l ia i s in ( W e i d m a n a n d S h a p i r o , 1986). T h e phys ica l cha r -

ac te r i s t i c s of p ro teo l ia i s in (its a s y m m e t r y , i n d e p e n d e n t b ind ing d o m a i n s , and 

the flexible s t r u c t u r e sugges t ed by its high g lyc ine c o n t e n t ) sugges t t ha t it 

a c t s a s an e x t e n d e d t e t h e r tha t a n c h o r s o v o p e r o x i d a s e to t he vi tel l ine l ayer . 

In the p r e s e n c e of H 2 0 2 , t he b o u n d o v o p e r o x i d a s e c a t a l y z e s t he i r r eve r s ib le 

a s soc i a t i on of pro teo l ia i s in and t h e vi tel l ine l ayer , p r e s u m a b l y by forming 

d i ty ros ine c ross - l inks b e t w e e n t h e s e t w o na tu ra l s u b s t r a t e s . T h i s , c o u p l e d 

wi th t he o b s e r v a t i o n tha t o v o p e r o x i d a s e c a t a l y z e s p ro t e in c ross - l ink ing m o s t 

efficiently w h e n a s s e m b l e d in to the fer t i l izat ion e n v e l o p e ( K a y and S h a p i r o , 

1987), sugges t s tha t pro teo l ia i s in j u x t a p o s e s o v o p e r o x i d a s e a n d its s u b s t r a t e s 

a p p r o p r i a t e l y for t he h a r d e n i n g r eac t i on t o o c c u r . A l imited s u b s e t of fertil-

ization enve lope c o m p o n e n t s , in addi t ion to proteoliaisin and the vitelline layer , 

a r e t a rge t s for c ross - l ink ing in vivo ( K a y et al., 1982; K a y a n d S h a p i r o , 1987) 

and e a c h mo lecu l e of o v o p e r o x i d a s e c a t a l y z e s t he fo rma t ion of on ly 5 -10 

c ross - l inks ( K a y a n d S h a p i r o , 1987). 

As ide from the ovoperox idase -p ro teo l i a i s in complex , the o the r cons t i tuen ts 

of t he fer t i l izat ion e n v e l o p e de r ived f rom the cor t ica l g r anu le s a r e less well 

c h a r a c t e r i z e d . T w o m a c r o m o l e c u l a r agg rega t e s p r e s e n t in unc ros s - l i nked fer-

t i l izat ion e n v e l o p e s , wi th d is t inc t e l e c t r o p h o r e t i c b e h a v i o r , s i ze , and c o m -

posit ion, a re subs t ra tes for cross-l inking in vivo (E . S. K a y and P . J . W e i d m a n , 

unpub l i shed o b s e r v a t i o n s ) . T h e larges t of t h e s e c o m p l e x e s is sphe r i ca l , wi th 

a S t o k e s r ad ius > 1 0 0 Â . T h i s c o m p l e x c o m p r i s e s 5 -10 g l y c o p r o t e i n s tha t a r e 

subs t ra tes for ovoperox idase -ca ta lyzed di tyros ine format ion in vivo and canno t 

be e x t r a c t e d f rom c ross - l inked fer t i l izat ion e n v e l o p e s ( K a y et al., 1982; K a y 

and S h a p i r o , 1987). T h e s e c o n d m a c r o m o l e c u l a r c o m p l e x of soft fer t i l izat ion 

m e m b r a n e s is sphe r i ca l , wi th an a p p a r e n t S t o k e s r ad ius of 69 Â . It c o n t a i n s 
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t he r emain ing cor t ica l g ranu le -de r ived p ro t e in s of less t han 110,000 D a (ex-

c luding o v o p e r o x i d a s e ) inc luding t w o p ro t e in s of 108,000 and 56,000 D a tha t 

a r e held t o g e t h e r by a l inkage tha t is d i s r u p t e d in 10 m M E G T A . 

T h e re la t ionship b e t w e e n the s t ructural uni ts seen by high-resolut ion e lec t ron 

m i c r o s c o p y on the sur faces of the fer t i l izat ion e n v e l o p e and the severa l m a c -

r o m o l e c u l a r c o m p l e x e s d e s c r i b e d a b o v e is u n c e r t a i n . In the p r e s e n c e of di-

va len t c a t i o n s , the cor t ica l g ranu le e x u d a t e p r o t e i n s form a pa rac rys t a l l i ne 

p rec ip i t a t e tha t has a sur face u l t r a s t r u c t u r e s imilar to tha t of the fert i l izat ion 

enve lope (Bryan , 1970b). This aggregat ion might be media ted in par t by specific 

a s soc ia t ion b e t w e e n pro teol ia i s in and the vi tel l ine scaffolding, bu t the m e c h -

an i sm by w h i c h the o t h e r p ro te in c o m p l e x e s inser t is still no t c lea r , no r is 

the n a t u r e of the vi tel l ine r e c e p t o r for p ro teo l ia i s in . 

B. The Amphibian Fertilization Envelope 

Ext race l lu l a r r e m o d e l i n g in a m p h i b i a n fer t i l izat ion has b e e n s tud ied mos t 

by the a s s e m b l y of the fer t i l izat ion e n v e l o p e of Xenopus laevis. A l though the 

deta i led ana lys i s of fer t i l izat ion e n v e l o p e a s s e m b l y in this spec ie s began c o m -

parat ively recent ly , a substant ial a m o u n t of information is available concern ing 

the m e c h a n i s m s involved (see Schmel l et al., 1983, for r ev i ew) . T h e mor-

pho logy of fer t i l izat ion e n v e l o p e a s s e m b l y is s imilar , but not iden t ica l , to that 

of the sea u rch in . 

/. The Egg Coat 

T h e Xenopus egg is s u r r o u n d e d by t h r e e l ayers of je l ly coa t tha t a re de -

pos i ted on the egg as it t r a v e r s e s the ov iduc t ( Y u r e w i c z et al., 1975). T h e 

i n n e r m o s t of t h e s e , J l , is c lose ly a p p o s e d to a th ick vitel l ine e n v e l o p e w h i c h , 

a l though a t t a c h e d to t h e p l a s m a m e m b r a n e , is s e p a r a t e d f rom the egg sur face 

by an ~1-μιτ ι per ivi te l l ine s p a c e (Wyr i ck et al., 1974). T o g e t h e r t h e s e l ayers 

compr i se the extracel lular fertilization enve lope p recu r so r c o m p a r t m e n t (Grey 

et al., 1974). T h e in t race l lu la r c o m p a r t m e n t is c o m p o s e d of t w o t y p e s of cor -

tical g ranu les " ( v e s i c l e s ) " : 1.5-μπι g r anu le s nex t to the p l a s m a m e m b r a n e in 

bo th h e m i s p h e r e s of the egg, and less c lose ly a s s o c i a t e d 2.5-μιτι g r anu le s p re -

d o m i n a n t l y in the vegeta l h e m i s p h e r e (Grey et al., 1974). At fer t i l iza t ion, a 

w a v e of e x o c y t o s i s s p r e a d s a r o u n d the egg from the si te of s p e r m e n t r y , and 

the vitel l ine e n v e l o p e lifts a w a y f rom the p l a s m a m e m b r a n e (Wolf, 1974a,b). 

S e c r e t e d p ro t e in s diffuse t h r o u g h t h e vi te l l ine e n v e l o p e t o mix wi th t h e J l 

l ayer of je l ly and form a th in , e l e c t r o n - d e n s e layer t e r m e d the F - l aye r b e t w e e n 

J l and the vi tel l ine e n v e l o p e (Wyr ick et al., 1974). T h e resu l t an t fer t i l izat ion 

enve lope is impenet rab le to spe rm (Grey et al., 1976), m o r e stable to disrupt ion 
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by a q u e o u s solvents than the vitelline enve lope (Wolf et al., 1976), and res is tant 

to t ryp t i c d iges t ion (Wolf, 1974b). E s c a p e f rom this i n t e g u m e n t o c c u r s w h e n 

the l a rva r e l ea se s a specif ic ha t ch ing e n z y m e tha t w e a k e n s t he fer t i l izat ion 

e n v e l o p e and a l lows it to be r u p t u r e d ( U r c h a n d H e d r i c k , 1981a,b) . 

2. Cortical Vesicle (Granule) Exocytosis 

As with the sea urchin egg, the cort ical reac t ion in Xenopus eggs is inducible 

by the C a
2 +

 i o n o p h o r e A23187 in the a b s e n c e of ex te rna l C a
2 +

, sugges t ing 

tha t a r e lease of in t race l lu la r C a
2 +

 is r e s p o n s i b l e for t r igger ing e x o c y t o s i s 

( M o n k and H e d r i c k , 1986). A n e n d o p l a s m i c r ec t i cu lum a s s o c i a t e d wi th the 

cor t ica l g r anu le s in m a t u r e o o c y t e s ( C a m p a n e l l a and A n d r e u c c e t t i , 1977) is 

sugges ted to be the s o u r c e of in t race l lu la r C a
2 +

 invo lved in e x o c y t o s i s (Cha-

b o n n e a u and G r e y , 1984). Un l ike t he s i tua t ion wi th sea u r c h i n s , t he vi tel l ine 

e n v e l o p e d o e s no t a p p e a r to be e x t e n s i v e l y r e m o d e l e d dur ing the a s s e m b l y 

p r o c e s s , for its m o r p h o l o g y is largely c o n s e r v e d in the fer t i l izat ion e n v e l o p e 

(Grey et al., 1974; see b e l o w ) . T h e c o n v e r s i o n of the vi tel l ine e n v e l o p e to a 

fer t i l izat ion e n v e l o p e is t h u s morpho log ica l ly def ined by the fo rmat ion of the 

F- layer . Bo th cor t ica l ves ic le e x o c y t o s i s a n d an in tac t J l l ayer a re n e c e s s a r y 

to p r o d u c e the F- layer . If t he je l ly coa t is r e m o v e d pr ior to fer t i l iza t ion, t he 

F- layer is no t f o r m e d , t he s e c r e t e d p r o t e i n s diffuse a w a y from the egg, and 

the solubility charac ter i s t ics of the e levated vitelline enve lope remain the s ame 

as t h o s e of t he unfer t i l ized egg (Wolf, 1974a,b; Wolf et al., 1976). 

3. The Cortical Granule Lectin 

A p p r o x i m a t e l y 7 0 % of t he p ro te in r e l eased f rom cor t ica l g r anu l e s is c o m -

p o s e d of a C a
2 +

- d e p e n d e n t , ga lac tose-spec i f ic agglut in in (Grey et ai, 1974). 

Th i s cor t ica l g r anu le lect in has an a p p a r e n t m o n o m e r Mr of 43 ,000 ( G e r t o n 

and Hedr i ck , 1986) and exis ts in soluble cort ical granule exuda t e a s mul t imeric 

agg rega t e s , e v e n in t he p r e s e n c e of d iva len t ca t ion c h e l a t o r s (Wolf, 1974b). 

T h e J l l aye r c o n s i s t s of t h r e e mino r , n o n g l y c o s y l a t e d p r o t e i n s and o n e major 

sulfated 90 k D a (Wolf et al., 1976) g lycop ro t e in ( Y u r e w i c z et al., 1975) tha t 

s e rve s as t he l igand for the cor t ica l g r anu le lect in (Birr a n d H e d r i c k , 1979). 

T h e in t e rac t ion b e t w e e n the je l ly c o m p o n e n t and the cor t ica l g r anu l e lect in 

resu l t s in t he fo rma t ion of a C a
2 +

- d e p e n d e n t p rec ip i t a t e tha t c an b e d e t e c t e d 

in vitro by the format ion of a precipit in line in double diffusion s tudies (Wyrick 

et al., 1974) a n d in vivo by t he fo rma t ion of t he F - l aye r b e t w e e n the J l l aye r 

and the vi te l l ine e n v e l o p e . T h e agglut in in r eac t i on is no t spec i e s speci f ic , be -

c a u s e the cor t ica l g r anu le lect in f rom Xenopus agg lu t ina tes egg je l ly f rom 

o t h e r a m p h i b i a n s , a l t hough it d o e s no t affect s ea u rch in egg je l ly (Wyr i ck et 

al., 191 A). T h e lect in d o e s no t in te rac t wi th s eve ra l o t h e r s y n t h e t i c a n d na tu ra l 

c a r b o h y d r a t e p o l y m e r s (Wyr i ck et al., 1974). 



260 Bennett M. Shapiro et al. 

4. Assembly Reactions 

A l t h o u g h the fo rmat ion of the F - l aye r is r equ i r ed for t r a n s f o r m a t i o n of the 

vi tel l ine e n v e l o p e in to a fer t i l izat ion e n v e l o p e , it d o e s no t c o n s t i t u t e t he sole 

b lock to s p e r m pe rmeab i l i ty n o r d o e s it a p p e a r solely r e s p o n s i b l e for t he 

p h y s i c o c h e m i c a l p r o p e r t i e s of t he fer t i l izat ion e n v e l o p e . In s tud ies of t he in-

t e rac t ion of s p e r m wi th i so la ted egg e n v e l o p e s (Wolf, 1974a,b) , b o t h s ides of 

the vi tel l ine e n v e l o p e w e r e r e c e p t i v e t o s p e r m p e n e t r a t i o n , w h e r e a s in t he 

fer t i l izat ion e n v e l o p e b o t h t he o u t e r (F- layer ) s ide a n d the i nne r (non F- layer ) 

s ide w e r e i m p e n e t r a b l e , sugges t ing tha t t h e F - l aye r is no t t he on ly b lock to 

s p e r m e n t r y . W h e n the F - l aye r is e x t r a c t e d f rom t h e fer t i l izat ion e n v e l o p e s 

(using che la tors and/or galactose) the residual enve lope , t e rmed a V E * , re ta ins 

the modif ied phys ica l a n d chemica l p r o p e r t i e s tha t c h a r a c t e r i z e t he in tac t fer-

t i l izat ion e n v e l o p e (Wolf, 1974a,b) . On ly — 5 % of t h e e x o c y t o s e d cor t ica l 

g ranu le lect in is a s s o c i a t e d wi th t he F- layer , and t h e r e m a i n d e r is found in 

so luble fo rm wi th in t he per i vi tel l ine s p a c e (Wolf, 1974a,b; U r c h a n d H e d r i c k , 

1981b). T h u s , the F - l aye r a p p e a r s to ac t a s a pe rmeab i l i t y ba r r i e r a n d m a y 

facil i tate chemica l c o n v e r s i o n of t he vi tel l ine e n v e l o p e by t r app ing o t h e r m o d -

ifying agen t s o r e n z y m e s wi th in t he per iv i te l l ine s p a c e . 

T h e mo lecu l a r c h a n g e s tha t a c c o m p a n y the a l t e ra t ion of vi tel l ine e n v e l o p e 

solubil i ty and s p e r m pene t rab i l i ty a r e sub t l e a n d m o r e difficult to c h a r a c t e r i z e 

t han F- laye r fo rma t ion . A l though the fer t i l izat ion e n v e l o p e is genera l ly m o r e 

s tab le t h a n the vi tel l ine e n v e l o p e , it c an b e solubi l ized by hea t , d e t e r g e n t s , 

and chao t rop ic agents (Wolf et al., 1976; G e r t o n , and Hedr i ck , 1986) indicating 

tha t t he fo rmat ion of c o v a l e n t b o n d s is p r o b a b l y no t invo lved in its stabil i-

za t ion . I m m u n o l o g i c a l a n a l y s e s ind ica te tha t all vi te l l ine e n v e l o p e an t igens 

are found in the fertilization enve lope (Wolf et al., 1976), but t w o minor vitelline 

e n v e l o p e c o n s t i t u e n t s a re a l t e red in t he fer t i l izat ion e n v e l o p e ( G e r t o n and 

H e d r i c k , 1986). T h e vi tel l ine e n v e l o p e cons i s t s of a p p r o x i m a t e l y s e v e n p e p -

t ides rang ing f rom 37,000 to 120,000 M r , wi th t w o c o m p o n e n t s of 37,000 and 

41,000 compr i s ing m o r e t h a n two- th i rd s of the e n v e l o p e p ro t e in (Wolf et al., 

1976; G e r t o n and H e d r i c k , 1986). Fer t i l i za t ion e n v e l o p e s f rom wh ich the F -

layer ha s b e e n e x t r a c t e d g ive an ident ica l profi le , wi th o n e e x c e p t i o n : t w o 

m i n o r vi tel l ine e n v e l o p e c o m p o n e n t s of 69,000 a n d 64,000 Mr had b e e n shifted 

to l o w e r M r (66,000 a n d 61,000, r e spec t ive ly ) ( G e r t o n a n d H e d r i c k , 1986). 

Pep t ide m a p p i n g r evea l s tha t the t w o vi tel l ine e n v e l o p e p e p t i d e s a r e r e l a t ed 

and tha t t he r e d u c t i o n in size is a s s o c i a t e d wi th a single g l y c o p e p t i d e f r agmen t 

c o m m o n to b o t h p ro t e in s (Ge r ton and H e d r i c k , 1986). T h e c l eavage si te a p -

p e a r s t o b e n e a r the c a r b o x y - t e r m i n u s of t h e s e p r o t e i n s , s ince b o t h re ta in 

b locked amino - t e rmin i after vi tel l ine e n v e l o p e to fer t i l izat ion e n v e l o p e con -

vers ion (Ger ton and Hedr i ck , 1986). Al though this m a y be a limited pro teo ly t ic 

even t , ne i ther its role in altering fertilization enve lope p roper t i e s , nor the na tu re 

of the p r o c e s s i n g e n z y m e is k n o w n . 
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T h e agen t r e s p o n s i b l e for affecting t he hyd ro ly s i s of t h e s e p r o t e i n s p re -

sumably is re leased from the cort ical ves ic les . T h e nonlect in por t ion of cort ical 

g ranu le e x u d a t e (—30% of the p r o t e i n ; Wolf, 1974b) c o n t a i n s five major and 

four m i n o r g l y c o p r o t e i n s ranging f rom 22,000 to 117,500 M r (Grey et al., 1976) 

that a p p e a r to res ide in the peri vitelline space after fertil ization. W h e n partially 

s e p a r a t e d b y gel f i l t ra t ion, all f rac t ions cou ld b lock fer t i l iza t ion, p r e s u m a b l y 

by modifying the vi tel l ine e n v e l o p e of t he unfer t i l ized egg (P rody et ai, 1985). 

Desp i t e in t ens ive effor ts , ne i t he r p ro t eo ly t i c (Wolf, 1974a,b; G e r t o n a n d H e d -

rick, 1986) n o r p e r o x i d a s e ac t iv i t ies ( G r è v e a n d H e d r i c k , 1978) h a v e b e e n 

found, a l though an —40,000 Mr N-ace ty l -ß-D-glucosaminidase has been purified 

f rom cor t ica l g r anu le e x u d a t e (P rody et al., 1985; G r è v e et al., 1985). Th i s 

e n z y m e a n d an a n o l o g o u s g l u c o s a m i n i d a s e f rom j a c k b e a n s r e n d e r eggs un-

fert i l izable (P rody et al., 1985) sugges t ing tha t c l eavage of s o m e c a r b o h y d r a t e 

c o m p o n e n t ( s ) of t he vi tel l ine e n v e l o p e a l t e r s s p e r m - e g g i n t e r a c t i o n s . 

T h e p re sence of mult iple fertilization inhibitory factors in the cort ical granule 

sec re t ion (P rody et al., 1985) sugges t s tha t still unident i f ied c h a n g e s o c c u r in 

the c o n v e r s i o n of t he vi tel l ine e n v e l o p e t o t he fer t i l izat ion e n v e l o p e . T o tes t 

for con fo rma t iona l c h a n g e s tha t wou ld b e u n d e t e c t e d by c o m p o s i t i o n a l ana l -

y s e s , t he re la t ive access ib i l i ty of vi tel l ine e n v e l o p e and fer t i l izat ion e n v e l o p e 

c o m p o n e n t s to iodinat ion w a s assessed (Nish ihara et al., 1983). N o quali tat ive 

d i f ferences w e r e o b s e r v e d b e t w e e n the vi te l l ine e n v e l o p e a n d fer t i l izat ion en-

ve lope . H o w e v e r , cer ta in quant i ta t ive differences in labeling w e r e seen , which 

m a y h a v e b e e n d u e to t he F - l aye r b lock ing a c c e s s to in te r ior s i t es . In bo th 

vitel l ine e n v e l o p e and fer t i l izat ion e n v e l o p e s , a pr inc ipa l p ro te in of —41,000 

Mr w a s no t i so topica l ly labe led by p e r o x i d a s e - c a t a l y s e d iod ina t ion in in tac t 

o r hea t solubi l ized e n v e l o p e s , bu t w a s readi ly iod ina ted after t he e n v e l o p e s 

w e r e d i s soc i a t ed wi th g u a n i d i n e - H C l , sugges t ing tha t th is c o m p o n e n t e i the r 

lies bu r i ed wi th in the vi tel l ine e n v e l o p e o r ha s bu r i ed ty rosy l r e s i d u e s . T h e 

re la t ionsh ip of s u c h c h a n g e s in s t r u c t u r e t o fer t i l izat ion e n v e l o p e a s s e m b l y 

r e m a i n s o b s c u r e . 

C. The Fish Chorion 

M o s t inves t iga t ions of fish fer t i l izat ion h a v e b e e n ca r r i ed ou t on t e l e o s t s , 

a well s tud ied r e p r e s e n t a t i v e of w h i c h is t h e fresh w a t e r fish Oryzias latipes 

(or m o r e c o m m o n l y the m e d a k a ) . In c o n t r a s t to t he ex t ens ive ly e x p l o r e d fer-

t i l izat ion e n v e l o p e a s s e m b l y of e c h i n o d e r m s a n d a m p h i b i a n s , re la t ive ly little 

r e s e a r c h has e x a m i n e d the r e m o d e l i n g of t he fish ex t r ace l lu l a r m a t r i x , the 

cho r ion . T h u s , t he m o l e c u l a r m e c h a n i s m by w h i c h fish c h o r i o n s h a r d e n is 

still a m a t t e r of specu l a t i on . 

T h e m e d a k a egg is s u r r o u n d e d by a s ingle , c o m p l e x , 1 5 ^ m - t h i c k p ro te in -

containing chor ion that funct ions after fertilization in pro tec t ing the developing 
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e m b r y o from e n v i r o n m e n t a l h a z a r d s such as rapid c h a n g e s in salinity and 

des s i ca t ion . T h e cho r ion and its enc lo sed per iv i te l l ine fluid p r o v i d e a s ter i le 

and s tab le e n v i r o n m e n t for the deve lop ing e m b r y o , as a t t e s t e d to by the fra-

gility of d e c h o r i o n a t e d e m b r y o s ( r ev i ewed in D u m o n t a n d B r u m m e t t , 1985). 

F ish s p e r m h a v e d i rec t a c c e s s to t he egg p l a s m a m e m b r a n e only t h rough a 

channel through the chor ion , the micropyle , located at the animal pole . M e d a k a 

fert i l izat ion is no rma l ly m o n o s p e r m i c , but r e m o v a l of t he c h o r i o n pe rmi t s 

p o l y s p e r m y (Saka i , 1961) by p rov id ing addi t iona l s i tes for s p e r m e n t r y . T h u s , 

the mic ropy le (usual ly only o n e s p e r m wide at its inner e n d ) , the c h o r i o n , 

and the cor t ica l r eac t ion ac t in c o n c e r t as a b lock to p o l y s p e r m y : only one 

ta rge t site ex i s t s , and s u p e r n u m e r a r y s p e r m a re forced ou t of the mic ropy le 

which is c losed after cor t ica l g ranu le e x o c y t o s i s (G insbu rg , 1961, 1972). 

/. Cortical Vesicle Exocytosis 

A r o u n d the beginning of the c e n t u r y it w a s found tha t fish eggs cou ld be 

ac t iva ted by plac ing t h e m in so lu t ions of high ca l c ium c o n c e n t r a t i o n , o r by 

ce r ta in insul ts to the p l a s m a m e m b r a n e which w e r e effect ive on ly if ex te rna l 

ca lc ium w a s p r e s e n t . It n o w a p p e a r s tha t at fer t i l izat ion a w a v e of e l eva t ed 

C a
2 +

 p r o p a g a t e s t h rough the c y t o p l a s m (R idgeway et al., 1977) to c a u s e the 

first visible change , a progress ive b r e a k d o w n of the cort ical vesicles (or alveoli) 

tha t begins n e a r the mic ropy le at the an imal pole a n d e n d s at the vege ta l pole 

( Y a m a m o t o , 1961). T h e leading edge of the C a
2 +

 w a v e p r ecedes cort ical vesicle 

fusion, a n d no fusion o c c u r s in reg ions tha t t he C a
2 +

 w a v e d o e s not e n t e r 

(Gilkey et al., 1978; R i d g e w a y et al., 1977). 

T h e cor t ica l g ranu le s of the m e d a k a r ange in s ize f rom 5-40 μιτι and a re 

found in a c lose ly p a c k e d layer b e n e a t h the p l a s m a m e m b r a n e , e x c e p t for a 

small a r ea ad jacen t to the an imal pole ( Y a m a m o t o , 1961). T h e i r c o n t e n t s vary 

d e p e n d i n g on the spec ie s and inc lude neu t ra l p o l y s a c c h a r i d e s , acid m u c o -

p o l y s a c c a r i d e s , and g lycop ro t e in s ( r ev i ewed in Gi lkey , 1981; L a a l e , 1980), as 

well as an u n c h a r a c t e r i z e d " h a r d e n i n g e n z y m e ' ' (Zo t in , 1958; see be low) . 

Upon fusion, the cortical granules d ischarge their con ten t s into the perivitelline 

s p a c e . T h e in tact c h o r i o n is freely p e r m e a b l e to w a t e r , g a s e s , sa l t s , d y e s , and 

a m i n o a c i d s , but larger mo lecu l e s a re r e ta ined in t he per ivi te l l ine s p a c e (Ya-

m a m o t o , 1961), so tha t mater ia l r e l eased by e x o c y t o s i s fo rces the e las t ic c h o -

rion to m o v e a w a y from the p l a s m a m e m b r a n e by an o s m o t i c m e c h a n i s m 

( Y a m a m o t o , 1962). 

2. Chorion Modifications 

Al though t he r e is no visual e v i d e n c e tha t the c o n t e n t s of the g ranu le s a r e 

i n c o r p o r a t e d in to the c h o r i o n , a r eac t ion b e t w e e n the c h o r i o n and s o m e re -

leased c o m p o n e n t s must occu r since the chor ion loses its elasticity and ha rdens 
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( r ev iewed in Y a m a m o t o , 1961; G i lkey , 1981). Th i s h a r d e n i n g p r o c e s s is c o m -

pleted in the m e d a k a in abou t 30 min (Oht suka , 1957) and the ha rdened chor ion 

r ema ins a r o u n d the deve lop ing e m b r y o unti l ha t ch ing , w h e n it is d iges ted by 

a specific meta l lopro tease secre ted by the e m b r y o ( Y a m a m o t o and Y a m a g a m i , 

1975; Y a m a g a m i , 1981). 

T h e teleost chor ion is c o m p o s e d of t w o main layers : a thick (15 μηι) protein-

con ta in ing inner l ayer in wh ich a n e t w o r k of f ibers is a r r a n g e d in l amel lae , 

and a t h inne r (0.3 μηι) po ly saccha r ide - r i ch o u t e r l ayer wi th m a n y shor t p r o -

j e c t i o n s a n d a t t ach ing f i l aments . T h e inner l ayer c h a n g e s m o s t p ro found ly 

after fer t i l izat ion. Fo l lowing fer t i l izat ion t he inner l ayer , t he c o n t e n t s of the 

cor t ica l ves ic les and C a
2 +

 in te rac t to b e c o m e a c o m p a c t , h a r d e n e d s t r u c t u r e 

( D u m o n t a n d B r u m m e t t , 1985; G i lkey , 1981; B lax te r , 1969; G i n s b u r g , 1972; 

Y a m a m o t o , 1961). At the t ime of ha t ch ing the so luble mate r ia l r e l ea sed f rom 

the cho r ion c o n t a i n s h igh-molecu la r -we igh t g l y c o p r o t e i n s ( Y a m a m o t o and 

Y a m a g a m i , 1975) tha t had b e e n c o n s t i t u e n t s of the inner l aye r ( Y a m a g a m i , 

1981). A b iochemica l ana lys i s of the p ro t eo ly t i c p r o d u c t s of t he inner l ayer 

of the m e d a k a c h o r i o n ( Y a m a g a m i , 1981) sugges ted tha t six g l y c o p r o t e i n s , 

f rom 86,000 to 210,000 M r , w e r e l inked t o g e t h e r to form the i n t e r c o n n e c t e d 

fibrillar n e t w o r k of the m a t u r e c h o r i o n . U p o n ovu la t ion a final je l ly l ayer is 

d e p o s i t e d on the c h o r i o n su r face . T h e je l ly l ayer a l so u n d e r g o e s p h y s i c o -

chemica l c h a n g e s after egg ac t iva t ion ; it d e v e l o p s an i n c r e a s e d s t i ck ines s , to 

a d h e r e eggs to e n v i r o n m e n t a l s u b s t r a t e s o r e a c h o t h e r ( N a k a n o , 1956, 1969). 

Diva len t c a t i ons play an i m p o r t a n t role in the r emode l ing of the cho r ion 

( r ev iewed in Y a m a m o t o , 1961). If eggs a r e t r ans fe r red to C a
2
' - f r e e so lu t ion 

after i n semina t ion , h a r d e n i n g is inh ib i ted . Th i s C a
2 +

 r e q u i r e m e n t ob t a in s for 

only a shor t f ract ion (5 min) of the tota l t ime requ i red for c o m p l e t e cho r ion 

ha rden ing (Zot in , 1958). T h e ra te of c h o r i o n ha rden ing is d e p e n d e n t on the 

C a
2 +

 c o n c e n t r a t i o n ( O h t s u k a , 1957). M g
2 +

 is a l so effect ive. 

A " h a r d e n i n g e n z y m e " (Zot in , 1958) w a s impl ica ted in the h a r d e n i n g re-

ac t ion , b e c a u s e per ivi te l l ine fluid f rom ac t i va t ed eggs c a u s e s h a r d e n i n g of 

o t h e r eggs . H a r d e n i n g is inhibi ted by C N ( O h t s u k a , 1957, 1960, 1964) sug-

ges t ing tha t it m a y be an ox ida t ive p r o c e s s , as wi th the sea u rch in egg w h e r e 

a pe rox idase is involved in cross-l inking. In the t rout egg, G lu -Lys i sopept ides 

a r e p r e s e n t in the c h o r i o n s of fer t i l ized, bu t not unfer t i l ized eggs ( L o n n i n g et 

al., 1984), ind ica t ing tha t the fo rmat ion of c o v a l e n t e-(X-glutamyl) lysine c r o s s -

l inks b e t w e e n ad jacen t p o l y p e p t i d e s m a y a l so s tabi l ize t he e n v e l o p e . D e s p i t e 

t h e s e h in t s , t he b iochemica l n a t u r e of c h o r i o n h a r d e n i n g r e m a i n s undef ined . 

S o m e inves t iga to r s h a v e s p e c u l a t e d tha t h a r d e n i n g of m e d a k a ( O h t s u k a , 

1960, 1964) and salmonid (Zotin, 1958) egg chor ions may be caused by secret ion 

of oxid iz ing and c ross - l ink ing agen t s by the egg i n d e p e n d e n t l y of cor t ica l ve -

sicle fus ion, but w e feel tha t t h e s e ideas should be i n t e rp re t ed wi th c a r e . In 

a lmost all such r e p o r t s e i the r (1) h a r d e n i n g a p p e a r e d a b n o r m a l o r w a s poor ly 

c h a r a c t e r i z e d ; (2) p r o p e r fer t i l izat ion con t ro l s w e r e not d o n e ; o r (3) s o m e 
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cor t ica l g ranu le b r e a k d o w n m a y h a v e o c c u r r e d , s ince s o m e eggs a l w a y s au-

toac t iva t e ( Y a m a m o t o , 1955). T h u s , it is likely tha t the ex t race l lu l a r coa t 

modi f ica t ions in fish eggs , as with o t h e r a n i m a l s , a re d u e to the cor t ica l re-

ac t ion . 

D. The Mammalian Zona Pellucida 

A cha rac t e r i z a t i on of the r emode l ing of the m a m m a l i a n z o n a pe l luc ida after 

fert i l izat ion has b e e n h inde red by the l imited quan t i t i e s of mater ia l ava i l ab le , 

but several recent a p p r o a c h e s have been fruitful. Radiolabel ing and mechanica l 

isolat ion of m o u s e o o c y t e s (Bleil and W a s s a r m a n , 1980a,b) and isolat ion of 

large a m o u n t s of mater ia l f rom ova r i an o o c y t e s by s ieving t e c h n i q u e s used 

for pig ( D u n b a r et al., 1980, 1981), b o v i n e (Gwa tk in et al., 1979, 1980), and 

rabbi t ( D u n b a r et al., 1981) o o c y t e s h a v e i l luminated t he m a c r o m o l e c u l a r 

c o m p o s i t i o n of the z o n a pe l luc ida . A l though o o c y t e s i so la ted by s ieving t ech-

n iques h a v e not b e e n used for fer t i l izat ion s t u d i e s , m a t u r e m o u s e eggs h a v e 

p rov ided in format ion a b o u t the b iochemica l c h a n g e s in z o n a pe l luc ida gly-

c o p r o t e i n s at fer t i l izat ion ( r ev i ewed in W a s s a r m a n et al., 1984, 1985a). S o 

o u r d i scuss ion focuses on the m o u s e egg s y s t e m . 

T h e z o n a pe l luc ida fulfills t w o i m p o r t a n t ro l e s . F i r s t , t he modif ied z o n a 

pe l luc ida is a b lock agains t p o l y s p e r m y ( G w a t k i n , 1977), wh ich wou ld lead 

to a b n o r m a l d e v e l o p m e n t and ear ly e m b r y o n i c d e a t h (Piko, 1969). T h e z o n a 

reac t ion a l te rs s p e r m r e c e p t o r s such tha t add i t iona l s p e r m can a t t a c h bu t will 

not b ind . F u r t h e r m o r e , s p e r m tha t h a v e par t ia l ly p e n e t r a t e d the z o n a pr ior 

to fert i l izat ion a r e p r e v e n t e d f rom fur ther en t ry ( r ev i ewed in W a s s e r m a n et 

al., 1985b). S e c o n d , the modif ied z o n a pe l luc ida s e r v e s a p ro t ec t i v e ro le . T h e 

h a r d e n e d z o n a pe l luc ida p r o t e c t s the ear ly e m b r y o before implan ta t ion and 

ma in ta ins a specific b iochemica l m i c r o e n v i r o n m e n t in the per ivi te l l ine s p a c e 

( K a p u r and J o h n s o n , 1986; O k a d a et al., 1986). 

/. Cortical Vesicle Exocytosis 

After pene t r a t i ng the z o n a pe l luc ida , t he s p e r m tha t fuses wi th the egg trig-

gers a c o m p l e x ser ies of e v e n t s . T r a n s i e n t e l eva t ions in in t race l lu la r C a
2 +

 a r e 

seen in m o u s e ( C u t h b e r t s o n et al., 1981; C u t h e r b e r t s o n and C o b b o l d , 1985) 

and h a m s t e r eggs (Miyazak i et al., 1986) after artificial ac t iva t ion and fertil-

iza t ion ; they p r o p a g a t e as a w a v e f rom the poin t of s p e r m - e g g fusion bidi-

rec t ional ly o v e r the surface of the egg. T h e ac t iva t ion of h a m s t e r eggs by 

i o n o p h o r e A23187, wh ich is i n d e p e n d e n t of ex t e rna l C a
2 +

 and t hus d u e to 

C a
2 +

 r e l ease from internal s t o r e s , i n d u c e s a z o n a r eac t ion a p p a r e n t l y ident ica l 

to tha t of n o r m a l fer t i l izat ion (S te inha rd t et al., 1974). Cor t ica l g r anu le s fuse 
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with the p l a s m a m e m b r a n e , leading to e x p u l s i o n of the i r c o n t e n t s and z o n a 

ha rden ing . In p r e p a r a t i o n for imp lan ta t i on in the u t e r u s , the b l a s tocys t r ids 

itself of the z o n a t h r o u g h a specif ic ha t ch ing p r o c e s s ( P e r o n a and W a s s a r m a n , 

1986). 

Cor t i ca l g r anu le s a re a gene ra l f ea tu re of t he m a m m a l i a n egg ( r e v i e w e d in 

G u l y a s , 1980; G u r a y a , 1983). T h e y con t a in g l y c o p r o t e i n s and t w o e n z y m e s , 

a t ryps in- l ike p r o t e a s e ( B a r r o s and Y a n a g i m a c h i , 1971; G w a t k i n et al., 1977) 

and a p e r o x i d a s e (Gu lyas and S c h m e l l , 1980; Schmel l and G u l y a s , 1980), tha t 

h a v e b e e n impl ica ted in modifying the z o n a pe l luc ida (d i scus sed b e l o w ) . 

2 . The Zona Pellucida 

Al though the z o n a pe l luc ida va r ies b e t w e e n m a m m a l i a n s p e c i e s , s o m e gen-

eral s t ruc tu ra l f ea tu res a re c o n s e r v e d . It is a p o r o u s s t r u c t u r e c o m p o s e d of 

po lysacchar ides and g lycoprote ins in a th ree d imensional ne twork that permits 

large mo lecu l e s a n d small v i ruses to p e n e t r a t e (see G w a t k i n , 1977; D u n b a r , 

1983; D u n b a r and Wolgemuth , 1984). Z o n a pel lucidae of different species vary 

in the i r suscept ib i l i ty to ac id , b a s e , hea t , o r e n z y m a t i c d iges t ion (see D u n b a r , 

1983; D u n b a r a n d W o l g e m u t h , 1984; G w a t k i n , 1977). H e a t i n g d i saggrega tes 

s o m e z o n a pe l luc idae in to h igh-molecu la r -we igh t c o m p l e x e s ( D u n b a r et al., 

1980; G w a t k i n et al., 1980; Ahuja and Bolwel l , 1983) tha t c an be i so la ted by 

gel f i l trat ion and fur ther d i s soc ia t ed in to the i r c o n s t i t u e n t g l y c o p r o t e i n s by 

S D S and r educ ing agen t s (Bleil and W a s s a r m a n , 1980b). Z o n a pe l luc ida gly-

c o p r o t e i n s f rom p r o c i n e ( D u n b a r et ai, 1981), h a m s t e r (Ahuja and Bolwel l , 

1983), m o u s e (Bleil a n d W a s s a r m a n , 1980b), and rabbi t ( D u n b a r et al., 1981) 

eggs cons i s t of d i sc re t e se t s of p ro t e in famil ies c h a r a c t e r i z e d by c h a r g e and 

molecu la r -we igh t h e t e r o g e n e i t y . W h e n p o r c i n e z o n a pe l luc idae a r e deg lyco -

sy la ted wi th e n d o F , t he t h r e e major g lycop ro t e in famil ies d e c r e a s e in m o -

lecular weigh t and h e t e r o g e n e i t y ( D u n b a r a n d W o l g e m u t h , 1984) cons i s t en t 

wi th the idea tha t the z o n a pe l luc ida is c o m p o s e d of a small set of p o l y p e p t i d e 

cha ins wi th d i s c r e t e c a r b o h y d r a t e mod i f i ca t ions . 

T h r e e u n i q u e m o u s e egg z o n a pe l luc ida g l y c o p r o t e i n s d e s i g n a t e d Z P 1 , Z P 2 , 

and Z P 3 (200, 120, and 83 k D a , r e spec t ive ly ) a re well c h a r a c t e r i z e d . T h e s e 

a r e ac id ic s i a lopro te ins tha t a c c o u n t for all of t he p ro te in in t he m o u s e z o n a 

pe l luc ida and a b o u t 10% of the p ro t e in of the m a t u r e m o u s e o o c y t e . T h e t h r e e 

g lycop ro t e in s a r e s y n t h e s i z e d and s e c r e t e d by the g rowing o o c y t e p r io r to 

ovu la t ion ( r ev i ewed in W a s s a r m a n et al., 1984). M a t u r e Z P 1 , Z P 2 , a n d Z P 3 

con ta in N- l inked o l i gosaccha r ides ( G r è v e et al., 1982; Rol le r and W a s s a r m a n , 

1983) and Z P 2 a n d Z P 3 h a v e O-l inked c a r b o h y d r a t e r e s i d u e s ( F l o r m a n and 

W a s s a r m a n , 1985; W a s s a r m a n et al., 1984) tha t might b e i m p o r t a n t in the 

z o n a modi f ica t ion r eac t ion (see b e l o w ) . 

T h e t h r e e m o u s e z o n a pe l luc ida p ro t e in s a re o rgan i zed in to long, in t e rcon-
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nected filaments with a recognizable s t ructural repeat (Grève and W a s s a r m a n , 

1985) tha t form a t h r ee -d imens iona l ma t r ix . E x p o s u r e of the intact z o n a pel-

lucida to chymot ryps in results in limited proteolys is of Z P 1 , w h e r e a s exposu re 

to d i th io thre i to l (DTT) resu l t s in the r educ t ion of i n t e r m o l e c u l a r disulf ide 

l inkages of ZP1 (Grève and W a s s a r m a n , 1985). Bo th t r e a t m e n t s give rise to 

u n b r a n c h e d z o n a f i laments of s imilar l eng ths , sugges t ing tha t ZP1 ac t s as a 

c ross- l inking pro te in at f i lament b r a n c h po in t s wi th in the z o n a pe l luc ida . 

3. Modifications in the Zona at Fertilization 

N o m a r k e d c h a n g e s in ex t race l lu l a r coa t m o r p h o l o g y a re seen after m a m -

malian fert i l izat ion in c o n t r a s t to w h a t is found in o t h e r an ima l s (Phill ips and 

Shalgi , 1980). H o w e v e r p h y s i c o c h e m i c a l c h a n g e s o c c u r , as e v i d e n c e d by 

c h a n g e s in r e s i s t ance to va r ious chemica l (disulfide b o n d r educ ing agen t s and 

low p H ) , e n z y m a t i c ( p r o t e a s e s ) , and phys ica l (heat) t r e a t m e n t s (see D u n b a r , 

1983; D u n b a r and W o l g e m u t h , 1984; G w a t k i n , 1977). 

O v o p e r o x i d a s e - m e d i a t e d d i ty ros ine fo rmat ion s imilar to tha t of the sea ur-

chin egg has been impl ica ted in z o n a h a r d e n i n g . P e r o x i d a s e ac t iv i ty is a s -

soc ia ted wi th in tac t cor t ica l g ranu le s in unfer t i l ized m o u s e eggs , and with the 

egg sur face , z o n a pe l luc ida , and pa r t i cu la te m a t t e r of the per ivi te l l ine space 

in artificially ac t iva ted eggs (Gu lyas and S c h m e l l , 1980; Schmel l and G u l y a s , 

1980). Moreove r , pe rox idase inhibitors and some tyros ine analogs inhibit zona 

ha rden ing . H o w e v e r , no e v i d e n c e yet ex i s t s for i n t e r m o l e c u l a r c ross - l ink ing 

of z o n a pe l luc ida g l y c o p r o t e i n s in such a r e ac t i on . 

S p e r m r e c e p t o r ac t iv i ty h a s b e e n d e m o n s t r a t e d us ing c o m p e t i t i o n a s s a y s 

in solubi l ized p r e p a r a t i o n s of z o n a e from m o u s e eggs (Bleil and W a s s a r m a n , 

1980c). T h e Z P 3 g lycopro t e in a p p e a r s to be bo th the s p e r m r e c e p t o r and the 

i nduce r of the a c r o s o m e reac t ion at fer t i l izat ion ( r e v i e w e d in W a s s a r m a n et 

al., 1985a,b). T h e s p e r m r e c e p t o r ac t iv i ty of Z P 3 is d e p e n d e n t on its O-l inked 

c a r b o h y d r a t e c o m p o n e n t s only ( F l o r m a n et al., 1984; W a s s a r m a n et al., 

1985b), w h e r e a s the a c r o s o m e induc ing ac t iv i ty of Z P 3 is d e p e n d e n t u p o n 

bo th the c a r b o h y d r a t e and the p o l y p e p t i d e po r t ion of the mo lecu l e ( F l o r m a n 

et al., 1984; F l o r m a n and W a s s a r m a n , 1985). 

Z o n a pe l luc idae f rom 2-cell e m b r y o s no longer con ta in s p e r m - r e c e p t o r ac -

t ivi ty , cons i s t en t wi th the idea tha t the s p e r m r e c e p t o r b e c o m e s inac t iva ted 

dur ing fert i l izat ion (Bleil and W a s s a r m a n , 1980c; I n o u e and Wolf, 1975). Pu-

rified Z P 3 from unfert i l ized eggs c o m p e t e s for s p e r m binding to eggs , but ZP3 

isola ted from 2-cell e m b r y o s is ineffective in r educ ing s p e r m binding (Bleil 

and W a s s a r m a n , 1980c) and inducing the a c r o s o m e r eac t i on . T h e m e c h a n i s m 

for inac t iva t ion of Z P 3 at fert i l izat ion is not k n o w n ; its mobi l i ty on S D S -

P A G E d o e s not c h a n g e (Bleil and W a s s a r m a n , 1980c; Bleil and W a s s a r m a n , 

1983). 
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T h e major g lycop ro t e in in the m o u s e z o n a pe l luc ida , Z P 2 , is subjec t to 

l imited p ro t eo lys i s fol lowing fer t i l izat ion o r artificial ac t iva t ion of m o u s e eggs 

(Bleil et al., 1981). U n d e r r educ ing c o n d i t i o n s , Z P 2 from e m b r y o s , d e s i g n a t e d 

ZP2f, mig ra t e s on S D S - P A G E wi th an a p p a r e n t m o l e c u l a r weigh t of 90,000 

ins tead of 120,000 for Z P 2 from unfer t i l ized eggs . T h e cor t ica l e x u d a t e a lone 

is e n o u g h to t r igger this c o n v e r s i o n , sugges t ing tha t cor t ica l g r anu le p r o t e a s e s 

m a y be r e spons ib l e for the modi f ica t ion . T h e role tha t th is modi f ica t ion p lays 

in t he p h y s i c o c h e m i c a l c h a n g e s of t he z o n a r e a c t i o n , o r indeed h o w a n y of 

t he o t h e r c h a n g e s a re ref lec ted in a l t e red z o n a p r o p e r t i e s , r e m a i n in te res t ing 

sub jec t s for s t u d y . 

III. MECHANISM OF EXTRACELLULAR REMODELING DURING 

FERTILIZATION 

H a v i n g c o n s i d e r e d t he c u r r e n t k n o w l e d g e of specific egg coa t a l t e ra t ions 

at fer t i l iza t ion, w e begin to g l impse severa l m o l e c u l a r m e c h a n i s m s tha t a re 

re ta ined wi th r e m a r k a b l e c o n s t a n c y in t he d i v e r s e s y s t e m s e x p l o r e d . T o p ro -

vide a s u m m a r y of t h e s e m e c h a n i s m s is h a z a r d o u s , in tha t not all h a v e b e e n 

found in all egg s y s t e m s ; n o n e t h e l e s s , it is useful in focus ing a t t en t ion on 

p r o b l e m s tha t r equ i r e fur ther b iochemica l exp lo r a t i on . 

A. Increased Intracellular C a
2 + 

G a m e t e m e m b r a n e fusion ini t ia tes a p r o p a g a t i n g w a v e of s ec re t i on . T h e 

c u r r e n t mode l for this s ec re t ion invo lves inosi tol t r i s p h o s p h a t e ( IP 3) ac t ing as 

an effector of C a
2 +

 r e l ease f rom the o o p l a s m i c r e t i cu lum. T h e resu l t an t C a
2 + 

w a v e induces exocy tos i s , the reby serving as the t ransmi t te r of the fertilization 

signal f rom the si te of s p e r m e n t r y t h r o u g h o u t the spher ica l egg. As ide from 

be ing the agen t of the cor t ica l r e ac t i on , C a
2 +

 in i t ia tes a po r t ion of the de -

ve lopmenta l s equence and thus se rves as a b ranch point b e t w e e n the p a t h w a y s 

of d e v e l o p m e n t a l ini t iat ion and e m b r y o p r o t e c t i o n tha t w e r e the sub jec t s of 

L o e b ' s inves t iga t ions . 

T h e sec re t ion of t he cor t ica l r eac t i on is an e x a m p l e of a ce l lu lar c o n t r o l 

s t r a tegy tha t r e s e m b l e s l a b o r a t o r y c h e m i s t r y . T w o cel lu lar c o m p a r t m e n t s a re 

phys ica l ly s e p a r a t e d as if in different r eac t i on f lasks ; w h e n the i r c o n t e n t s a re 

combined , a chemical reac t ion occu r s with n e w produc t format ion . This a l lows 

the egg to r e m o d e l its sur face on ly after e n t r y of t he fert i l izing s p e r m , in o r d e r 

to end u p wi th a specia l ex t r ace l lu l a r e n v i r o n m e n t a n d a p r o t e c t i v e shel l . 
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B. Limited Proteolysis 

Limi ted p ro teo lys i s s e e m s to be o n e of t he ear ly e v e n t s after s ec r e t i on , 

e v e n t h o u g h cor t ica l ves ic le p r o t e a s e s a r e not l inked u n a m b i g u o u s l y to o n e 

or a n o t h e r func t ion . P ro teo lys i s ha s severa l po ten t ia l ro les : it m a y r e m o v e 

s p e r m r e c e p t o r s f rom the g l y c o c a l y x ; it m a y a l low the vitel l ine layer to m o v e 

a w a y from the p l a s m a m e m b r a n e ; o r it m a y modify the g lycoca lyx as o n e 

s tep in the a s s e m b l y or ha rden ing p r o c e s s . F o r e x a m p l e , such a p ro teo ly t i c 

c l eavage m a y be r equ i red w h e r e a h a r d e n e d egg coa t is fo rmed wi thou t co -

va len t c ross - l ink ing . N o n c o v a l e n t a s s e m b l y is ini t ia ted by p ro t eo lys i s in o t h e r 

s y s t e m s , such as the c o n v e r s i o n of f ibr inogen to p o l y m e r i z e d fibrin. 

C. Assembly 

S o m e sec re t ed p ro t e ins a re a s s e m b l e d into t he ex t r ace l lu l a r ma t r i x , as bes t 

s h o w n in the a m p h i b i a n and sea u rch in s y s t e m s . T h e a m p h i b i a n egg s e c r e t e s 

a lectin tha t b e c o m e s par t of the fer t i l izat ion e n v e l o p e , its l igand be ing a c o m -

p o n e n t of the je l ly c o a t . T o g e t h e r t h e s e form the F- layer of the fert i l izat ion 

e n v e l o p e . Pro teol ia i s in s ec re t ed by the sea u rch in egg has b inding si tes on 

the unfer t i l ized, unmodi f ied egg vitel l ine layer . S ince it a l so b inds o v o p e r o x -

idase , pro teol ia is in inser t s the e n z y m e into a l imited c lass of s i tes in the a s -

s embled fert i l izat ion e n v e l o p e . O v o p e r o x i d a s e is a s t o i c h o m e t r i c c o m p o n e n t 

of the fert i l izat ion e n v e l o p e , and it is a l so the e n z y m e tha t c ross - l inks it. T h e 

a s s e m b l y reac t ion s e e m s to be an i m p o r t a n t coo rd ina t i ng s t ep w h e r e b y the 

fertilization enve lope ach ieves new proper t ies . W e still do not k n o w the ex ten t 

to which the severa l p h y s i c o c h e m i c a l a l t e ra t ions in the ex t r ace l lu l a r coa t a re 

dependen t upon these non-convalen t a s sembly in teract ions o r the mechan i sms 

by wh ich they o c c u r . 

D. Cross-Linking 

Al though h a r d e n i n g of the egg coa t is a f requen t s eque l a of fer t i l izat ion, 

the b iochemica l p a t h w a y of the c ross - l ink ing r eac t ion has b e e n d e m o n s t r a t e d 

only for the sea u rch in egg. T h e d i ty ros ine c ross - l inks i n t r o d u c e d by o v o -

p e r o x i d a s e form a large ( ~ 1 0
1 6

 Da) cova len t ly s tabi l ized ma t r i x . P re l iminary 

resu l t s f rom m a m m a l i a n fer t i l izat ion sugges t tha t s imilar c ross - l ink ing m a y 

occur , but this has yet to be d o c u m e n t e d . In using H 2 0 2 to effect cross-l inking, 

the egg has e m p l o y e d a two-edged s w o r d . B e c a u s e it m u s t a c c o m p l i s h an 

o x i d a t i o n - r e d u c t i o n ex t race l lu la r ly , it u s e s this diffusable r eac t ive o x y g e n in-

t e r m e d i a t e ; h o w e v e r if H 2 0 2 diffusion w e r e to o c c u r in te rna l ly , the po ten t ia l 

is g rea t for s e v e r e gene t ic and c y t o p l a s m i c d a m a g e . It is in te res t ing in this 
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regard tha t s ea u rch in eggs h a v e high c o n c e n t r a t i o n s of a nove l th ioh i s t id ine , 

ovo th io l , t ha t r e ac t s wi th h y d r o g e n p e r o x i d e . Ovo th io l d e r i v a t i v e s a re found 

in o t h e r t y p e s of eggs , inc luding t h o s e f rom t w o spec ie s of t e leos t f ish, sug-

gesting that fish may employ a similar peroxida t ive m e c h a n i s m and use ovothiol 

as the p r o t e c t a n t aga ins t ce l lu lar d a m a g e f rom reac t ive o x y g e n . 

E. The Perivitelline Milieu 

T h e resu l t of t he a b o v e p r o c e s s e s is to form a fer t i l izat ion e n v e l o p e a r o u n d 

the egg. Th i s is o n e c o m p o n e n t of t he la te b lock to p o l y s p e r m y , b e c a u s e it 

clearly is a bar r ier to spe rm pene t ra t ion . T h e fertilization enve lope also p ro tec t s 

t he d e v e l o p i n g ea r ly e m b r y o by ac t ing a s a shel l . Y e t a n o t h e r i m p o r t a n t role 

for this s t r u c t u r e m a y b e in p rov id ing a u n i q u e ex t race l lu l a r e n v i r o n m e n t . T h e 

milieu b e t w e e n t h e p l a s m a m e m b r a n e of t h e egg a n d the ex t r ace l lu l a r c o a t 

( the per iv i te l l ine s p a c e ) m a y h a v e d is t inc t p r o p e r t i e s . T h e fer t i l izat ion c o a t s 

of m o s t eggs a r e p e r m e a n t to on ly small m o l e c u l e s ; t h u s , t he per iv i te l l ine 

e n v i r o n m e n t cou ld b e b o t h s ter i le a n d of def ined c o m p o s i t i o n . T h e ba r r i e r to 

bac ter ia m a y b e of special impor t ance w h e r e eggs a re living in the o p e n o c e a n ; 

in the sea u rch in egg , e l eva t ion of t he vi tel l ine l aye r s w e e p s a w a y mic roo r -

gan isms and ensu re s sterility within the perivitell ine space , al lowing the e m b r y o 

to d e v e l o p in a germ-f ree e n v i r o n m e n t . S o m e of t he s e c r e t e d m a c r o m o l e c u l e s 

t r apped within the perivitelline space m a y play a role in de te rmining the na tu re 

of this spec ia l ex t race l lu l a r e n v i r o n m e n t . S ince t h e y a r e loca l ized a r o u n d the 

egg, t h e y m a y modify o t h e r c o m p o n e n t s t ha t p a s s t h r o u g h the fer t i l izat ion 

e n v e l o p e . In t he c a s e of t he sea u r ch in egg , for e x a m p l e , t he p e r o x i d a s e a s -

sembled in the fertilization enve lope is locked into a high-activity conformat ion . 

It cou ld po ten t ia l ly ac t a s a s o u r c e of p e r o x i d a t i v e d a m a g e to b a c t e r i a o r o t h e r 

o r g a n i s m s tha t e n c o u n t e r t he egg, b y us ing h y d r o g e n p e r o x i d e e i the r r e l ea sed 

f rom the egg o r f rom a po ten t i a l p r e d a t o r . T h u s , t he fer t i l izat ion e n v e l o p e 

might s e r v e a s a chemica l sh ie ld , b y b o m b a r d i n g p a t h o g e n s o r p r e d a t o r s wi th 

highly r eac t i ve p e r o x i d a t i v e p r o d u c t s . It is n o t e w o r t h y tha t ea r ly sea u r ch i n 

e m b r y o s with intact fertilization enve lopes can pass th rough the digest ive t ract 

of p r e d a t o r t u n i c a t e s w i thou t d a m a g e ( M . L e v i n e and D . E p e l , u n p u b l i s h e d 

d a t a ) , w h e r e a s unfer t i l ized eggs o r e m b r y o s w i t h o u t fer t i l izat ion e n v e l o p e s 

are des t royed . Al though these ideas a re specula t ive and the detai ls of p ro tec t ive 

effects (if any ) effected by the e n v i r o n m e n t of vi tel l ine e n v e l o p e a n d per iv i -

tel l ine s p a c e a r e u n k n o w n , an exp lo r a t i on of t he u n i q u e per iv i te l l ine m i c r o e n -

v i r o n m e n t of eggs tha t e m p l o y the cor t ica l r eac t i on is w a r r a n t e d . It is a c o m -

m o n o b s e r v a t i o n tha t e m b r y o s lacking fer t i l izat ion e n v e l o p e s d o no t d e v e l o p 

as well as t h o s e tha t kep t the i r c o a t s o n . Th i s might b e d u e to a specia l en-

v i r o n m e n t in t he per iv i te l l ine s p a c e a s well as to t he h a r d e n e d p r o t e c t i v e fer-



270 Bennett M. Shapiro et al. 

t i l izat ion e n v e l o p e . Bo th m a y be cri t ical ex t r ace l lu l a r modi f ica t ions tha t a l low 

ear ly e m b r y o s to b e c o m e viable a n i m a l s . 

Note Added in Proof 

T h e p e r o x i d a s e ac t iv i ty sugges ted to h a r d e n fish c h o r i o n s in sec t ion I IC 

has now been demons t r a t ed u l t racytochemical ly in the vitelline and fertilization 

e n v e l o p e s of eggs of the fish Tribolodon hakonensis (S . K u d o et al.y 1988). 
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I. T H E FERTILIZATION PROCESS IN H U M A N S 

After the p e n e t r a t i o n of the z o n a pe l luc ida by a s p e r m a t o z o o n , fusion wi th 

the o o l e m m a o c c u r s . T h e initial r eac t ion of t he h u m a n o o c y t e to fusion wi th 

the s p e r m head is a rapid a n d p r o g r e s s i v e r e l ease of t he cor t ica l g r anu le con -

t en t s f rom u n d e r t he o o l e m m a ( S a t h a n a n t h a n and T r o u n s o n , 1982). Th i s ap -

p e a r s t o p r o g r e s s f rom the si te of s p e r m fusion and m a y be a c c e l e r a t e d by 

the rapid efflux of ca lc ium ions from the o o c y t e . Rapid m o v e m e n t of molecules 

b e t w e e n c lose ly a p p o s e d m e m b r a n e s such as t h o s e s u r r o u n d i n g the cor t ica l 

g ranu le s and the p l a s m a m e m b r a n e resu l t in the i r fus ion, re leas ing cor t ica l 

c o n t e n t s in to t he per iv i te l l ine s p a c e . Cor t i ca l g r a n u l e s m a y fuse wi th o n e an-

o t h e r at the s a m e t ime . T h e cor t ica l c o n t e n t s c o n t a i n a z o n a - h a r d e n i n g sub -

s tance which diffuses into the inner z o n a caus ing the z o n a reac t ion . Al terat ion 
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o c c u r s to the chemica l s t r u c t u r e of the inner z o n a wh ich b e c o m e s m o r e e lec-

tron d e n s e , t raps any sperm in the vicinity, and p reven t s t hem from penet ra t ing 

t h rough the z o n a pe l luc ida . Th i s is t he m e c h a n i s m wh ich no rma l ly b locks 

p o l y s p e r m y , and a n y subs tan t ia l de lay of the cor t ica l r eac t ion o r a b r e a k in 

the z o n a will usua l ly resul t in fer t i l izat ion by m o r e t han o n e s p e r m . 

S p e r m fusion wi th the o o l e m m a a l so ini t ia tes the c o m p l e t i o n of meios i s in 

the o o c y t e . T h e d a u g h t e r c h r o m a t i d s held in t he s e c o n d m e t a p h a s e s tage a re 

s e p a r a t e d by the m i c r o t u b u l e s of the a n a p h a s e sp ind le , and o n e c o m p l e t e set 

of c h r o m o s o m e s is expe l led from the o o c y t e in t he ex t ru s ion of the s econd 

po la r b o d y ( S a t h a n a n t h a n et al., 1986a). N u c l e a r m e m b r a n e s begin to form 

a r o u n d the set of c h r o m o s o m e s re t a ined by the o o c y t e in c lose p rox imi ty to 

the s e c o n d po la r b o d y . T h e s p e r m head d é c o n d e n s e s in t he o o p l a s m and de -

t a c h e s f rom the f lagel lum. Specif ic c y t o p l a s m i c fac to r s (pro te ins ) a re requ i red 

for th i s , wh ich a r e g e n e r a t e d dur ing o o c y t e m a t u r a t i o n (Thibau l t , 1977). A 

nuc lea r m e m b r a n e is a l so fo rmed a r o u n d the s p e r m c h r o m o s o m e s . 

D e c o n d e n s i n g s p e r m h e a d s can be loca ted in the o o p l a s m wi th in 3 hr of 

insemina t ing h u m a n o o c y t e s in vitro ( M c M a s t e r et al., 1978; S a t h a n a n t h a n et 

al. 1986a,b). P ronuc le i a re visible by 6 hr and m o v e f rom per iphera l loca t ions 

to the c e n t e r of the o o c y t e by 12 hr after i n semina t i on . T h e male and female 

p ronuc le i in the h u m a n a re a b o u t equa l in size and r ema in s e p a r a t e but ve ry 

c lose t oge the r until 2 0 - 2 4 hr after i n semina t ion at wh ich t ime the nuc lea r 

m e m b r a n e d i s a p p e a r s , and a b ipo la r sp ind le fo rms wi th a p i c e s at o p p o s i t e 

poles of the p ronuc le i . T h e c o n d e n s i n g c h r o m o s o m e s a re mixed on the met -

a p h a s e p la te of the first c l eavage divis ion at s y n g a m y . T h e p ronuc le i a re no 

longer visible dur ing s y n g a m y and the t ime b e t w e e n d i s a p p e a r a n c e of the 

p ronuc le i and the first c l eavage divis ion is 3 -6 hr . 

I I . D I S P E R M I C F E R T I L I Z A T I O N IN A N I M A L S A N D H U M A N S 

In ce r ta in i n s t ances a de lay in the cor t ica l g r anu le r eac t ion o r a b r e a c h in 

the zona pellucida al lows more than one s p e r m a t o z o o n to pene t ra t e the oocy te 

and g ives r ise to a Po ly spe rmie z y g o t e . D i s p e r m i c fer t i l izat ion is the mos t 

c o m m o n form of po lyspermia . T h e pene t ra t ion of more than one spe rma tozoon 

and the fo rmat ion of m o r e than o n e ma le p r o n u c l e u s is a n o r m a l o c c u r r e n c e 

in s o m e an imal eggs , no tab ly t h o s e l aden wi th yo lk . Only o n e of the male 

p ronuc le i u n d e r g o e s s y n g a m y wi th the female p r o n u c l e u s , and the o t h e r ap -

pa ren t ly offer no in te r fe rence to n o r m a l d e v e l o p m e n t (Aus t in and W a l t o n , 

1960). Th i s cond i t ion is re fer red to as phys io log ica l p o l y s p e r m y and has b e e n 

r e c o r d e d in m a n y in sec t s , the p o l y z o a , s o m e m o l l u s k s , the e a r t h w o r m , the 

l a m p r e y , u r o d e l e s , r ep t i l e s , and b i rds (see Aus t i n and W a l t o n , 1960). In o t h e r 

spec i e s , the p r e s e n c e of s u p e r n u m e r a r y p ronuc le i p r e c l u d e s no rma l deve l -
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o p m e n t , and this cond i t i on has b e e n re fe r red to as pa tho log ica l p o l y s p e r m y . 

P o l y s p e r m y in m a m m a l s be longs to t h e la t te r c l a s s . 

T h e subd iv i s ion of p o l y s p e r m y in to t w o ca t ego r i e s ref lects t he t w o m e c h -

a n i s m s tha t ex is t in t he an imal egg in r e s p o n s e to such fer t i l iza t ion. T h e first 

m e c h a n i s m , R o t h s c h i l d ' s (1954) t y p e I inh ib i t ion , is the b lock to p o l y s p e r m y 

in the vi tel l ine sur face o r t he z o n a r eac t i on in m a m m a l i a n eggs . T h e s e c o n d 

m e c h a n i s m , t y p e II inhibi t ion , p r e v e n t s t he a p p r o a c h and s y n g a m y of m o r e 

t han o n e ma le p r o n u c l e u s wi th t he female p r o n u c l e u s . In an ima l s w h e r e pa th -

ological p o l y s p e r m y o c c u r s the t y p e I inhibi t ion a p p e a r s to be o p e r a t i o n a l , 

w h e r e a s in an ima l s wi th phys io log ica l p o l y s p e r m y t y p e II inhibi t ion is o p -

e ra t iona l (Aus t in and W a l t o n , 1960). N e i t h e r m e c h a n i s m is fully effect ive in 

p r e v e n t i n g p o l y s p e r m y . 

T h e p r o c e s s e s invo lved in phys io logica l p o l y s p e r m y a re well exempl i f ied 

in the u r o d e l e , Triturus helveticus. All the ma le p ronuc le i a r e m a i n t a i n e d in 

a n o r m a l fashion until o n e of t h e m c o m e s in to c o n t a c t wi th t he female p ro -

nuc l eus fusing wi th it. T h e s u p e r n u m e r a r y ma le p ronuc le i t h e n d e g e n e r a t e , 

beg inning first in t he n e a r e r p ronuc l e i , and la te r involv ing the o t h e r s ( F a n k -

h a u s e r , 1948). In a n o t h e r u r o d e l e , Diemictylus viridescens, all t he s u p e r n u -

m e r a r y p ronuc le i d e g e n e r a t e s i m u l t a n e o u s l y . Aus t in and W a l t o n (1960) h a v e 

suggested that in T. helveticus, an inhibitory subs tance diffuses from the fusion 

n u c l e u s , o r its i m m e d i a t e c y t o p l a s m i c s u r r o u n d i n g s , and tha t th is s u b s t a n c e 

p rogress ive ly s u p p r e s s e s the s u p e r n u m e r a r y ma le p r o n u c l e i . 

T h e sea u rch in egg h a s b e e n e x t e n s i v e l y s tud ied and is a good mo d e l of 

pathological po lyspe rmy . H e r e , severa l , bu t not necessar i ly all, male pronuclei 

e n t e r s y n g a m y wi th t he female p r o n u c l e u s . T h e ma le p ronuc l e i m a y a l so fuse 

with each o the r at syngamy . In the frog egg, type I inhibition evident ly ope ra t e s 

and only one male p ronuc leus usually fuses with the female p ronuc leus (Aust in 

and W a l t o n , 1960). 

W e (Kola et al., 1987) and o the r s (Sa thanan than and T r o u n s o n , 1985; Angell 

et al., 1986) h a v e d e m o n s t r a t e d tha t b o t h s p e r m in d i s p e r m i c h u m a n o o c y t e s 

d é c o n d e n s e a n d form individual p r o n u c l e i . C o n s e q u e n t l y , a t r i p r o n u c l e a r hu-

m a n z y g o t e resu l t s (Fig . 1). T h e s e p ronuc l e i d o migra te t o w a r d o n e a n o t h e r 

and c o m e t o g e t h e r at t h e c e n t e r of t he o o c y t e before s y n g a m y . W e h a v e a l so 

s h o w n ( K o l a et al., 1987) tha t such t r i p r o n u c l e a r z y g o t e s d o h a v e a t r iploid 

c o m p l e m e n t of c h r o m o s o m e s before the first c l e a v a g e d iv is ion . It is t h u s c lea r 

that h u m a n oocy t e s employ Ro thsch i ld ' s type I inhibit ion, and that po lyspe rmy 

is pa tho log ica l . 

A. Incidence of Dispermic Fertilization 

Although the inc idence of d i spermic h u m a n fertilization in vivo is u n k n o w n , 

1% of all cl inical ly r e cogn i zed p r e g n a n c i e s in vivo a r e t r ip loid . T h e major i ty 

of t h e s e t r iploid c o n c e p t u s e s a r e d e r i v e d f rom d i s p e r m i c fer t i l izat ion ( J a c o b s 
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Fig. 1. Photomicrograph of a t r ipronuclear human zygote ( χ 176). The photomicrograph 

clearly shows three pronuclei that have migrated to the cen te r of the oocy te . The first and 

second polar bodies (arrows) are also seen, demons t ra t ing that the t r ipronuclear state of the 

oocyte is due to dispermic fertilization. (Reproduced with permiss ion from Biology of Re-

production.) 

et al., 1978). O n the o t h e r h a n d , the i nc idence of t r iploid z y g o t e s in in vitro 

fert i l ized h u m a n o o c y t e s is a p p r o x i m a t e l y 5%. In e x c e s s of 8 0 % of t h e s e tri-

ploid z y g o t e s a re d u e to d i s p e r m i c fer t i l iza t ion, t he r e m a i n d e r be ing digynic 

in origin ( T r o u n s o n et al., 1988). A q u e s t i o n wh ich cou ld b e p o s e d is , is the 

inc idence of d i s p e r m i c fer t i l izat ion (and t r ip loidy) h igher in in vitro fert i l ized 

h u m a n o o c y t e s w h e n c o m p a r e d to t h o s e fert i l ized in vivo? Th i s ques t i on will 

be e x a m i n e d la ter (Sec t ion I I ,C ,2 ) . 

B. The First Cleavage Division of Dispermic Human Zygotes 

W e (Kola et al., 1987) and o t h e r s ( R u d a k et al., 1984) h a v e s tud ied t he 

t r i p ronuc l ea r h u m a n z y g o t e s j u s t before t he first c l e a v a g e d iv is ion and h a v e 

d e m o n s t r a t e d tha t t h e s e z y g o t e s a re ka ryo typ ica l ly t r ip loid . C a u t i o n shou ld 
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be e x e r c i s e d , h o w e v e r , in tha t s o m e m o n o s p e r m i c fert i l ized eggs can h a v e a 

c y t o p l a s m i c v a c u o l e p r e s e n t wh ich m a y h a v e a g ro s s morpho log ica l a p p e a r -

a n c e and d i m e n s i o n of a p r o n u c l e u s . Th i s h a s b e e n re fe r red to a s a p s e u d o -

p r o n u c l e u s (Van B l e r k o m et al., 1987). T h e s e v a c u o l a t e d o o c y t e s can b e dis-

t ingu ished f rom t rue d i s p e r m i c eggs by the a b s e n c e of nucleol i in the 

p s e u d o p r o n u c l e u s . 

Al though it has been d e m o n s t r a t e d that d i spermic zygotes a re karyotypical ly 

t r ip loid , t h e r e h a v e b e e n r e p o r t s in t he l i t e ra tu re ( R u d a k et al., 1984; Angel l 

et al., 1986) of c l eavage - s t age d i s p e r m i c e m b r y o s be ing ka ryo typ ica l l y e i the r 

diploid o r t r ip lo id , o r hav ing seve re ly a b n o r m a l c h r o m o s o m e c o m p o s i t i o n s . 

W e h a v e focused on the p a t t e r n of t he first c l e a v a g e d iv is ion in d i s p e r m i c 

zygotes in o rde r to clarify the origins of the variat ion in c h r o m o s o m e n u m b e r s . 

Of 29 o o c y t e s s tud ied , w e found ( K o l a et al., 1987) tha t 18 c l eaved d i rec t ly 

and s y n c h r o n o u s l y f rom 1- to 3-cells , (F igs . 2 a n d 3), 7 c l eaved to m o r p h o -

logically normal 2-cell e m b r y o s (Fig. 4), and 4 c leaved to 2-cells plus a var iable 

s ize e x t r u s i o n (Fig . 5) . 

1. Cleavage to 3-CeUs 

T h e finding of d i s p e r m i c z y g o t e s c l eav ing s imu l t aneous ly from 1- to 3-cells 

w a s conf i rmed by us us ing t ime- l apse c i n e m a t o g r a p h y . T h e regular i ty of the 

t h r ee b l a s t o m e r e s in such e m b r y o s va r i ed . S o m e e m b r y o s had regular -s ized 

3-cells (Fig . 2), bu t o t h e r s had t h r ee i r regular -s ized b l a s t o m e r e s with o n e large 

and t w o smal le r - s ize b l a s t o m e r e s (Fig . 3). T h e c l eavage of 1- to 3-cells is a 

re la t ively r a re p h e n o m e n o n in m a m m a l i a n ce l l s , and w e h a v e only found o n e 

o t h e r such r e p o r t . Aus t in and B r a d e n (1953) s tud ied d i s p e r m i c rat eggs pr ior 

to the first c l eavage d iv is ion and s h o w e d tha t all t he c h r o m o s o m e s f rom the 

haploid se t s in d i s p e r m i c rat eggs pa r t i c ipa ted in the first c l e a v a g e d iv is ion . 

A l though m o s t of the first c l eavage d iv is ion sp ind les w e r e o b s e r v e d to be 

b ipo la r , a t r ipo la r sp ind le w a s o b s e r v e d on o n e o c c a s i o n (Aus t in and W a l t o n , 

1960). 

In sea u r c h i n s , h o w e v e r , t w o o r m o r e s p e r m nucle i con juga te wi th the egg 

n u c l e u s t o form a t r iploid o r po lyp lo id fu s ion -nuc leus . S u c h eggs usua l ly p ro -

d u c e a q u a d r i p o l a r o r t r ipo la r sp ind le and d iv ide d i rec t ly a n d s y n c h r o n o u s l y 

to 3-cells (Wi l son , 1928). O . H e r t w i g and F . Fol first r e p o r t e d ( see Wi l son , 

1928) tha t sea u rch in eggs fert i l ized by t w o s p e r m a t o z o a resul t in t h r e e o r 

fou r - co rne red sp ind les be ing fo rmed and mul t ipo la r c l eavage o c c u r r i n g . T h e 

e m b r y o c o n s e q u e n t l y d iv ides d i rec t ly to a 3-or 4-cell e m b r y o . After t h e initial 

mul t ipo la r d iv i s ion , c l e a v a g e p r o c e e d s by regu la r b ipo la r d iv i s ions a n d a mor -

phologica l ly n o r m a l looking b las tu la is p r o d u c e d . In a small p e r c e n t a g e of 

c a s e s t h e s e b la s tu lae p r o d u c e n o r m a l l a rvae . T h e major i ty p r o d u c e a r ange 

of a b n o r m a l o r " m o n s t r o u s " l a rvae (Wi l son , 1928) a n d d e a t h e n s u e s . 
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Fig. 2. Photomicrograph of a 3-cell e m b r y o with regular-size b las tomeres resulting from 

the direct c leavage of a t r ipronuclear zygote ( x 348). One b las tomere (arrow) is b inucleated . 

T h e four a s t e r s in d i s p e r m i c sea u rch in eggs a r i se by t he fo rma t ion of t w o 

cen te r s in connec t ion with each s p e r m a t o z o o n . Bover i (see Wilson , 1928) found 

that t r i a s te r s a re readi ly p r o d u c e d by shak ing the d i s p e r m i c eggs , wh ich often 

p r e v e n t s t he d iv is ion of o n e c e n t e r . In o u r s t u d y on d i s p e r m i c h u m a n o o c y t e s , 

w e did not find a n y o o c y t e s c leav ing to 4-cel ls . It is poss ib le t ha t , b e c a u s e 

of the cons tan t m o v e m e n t of the d ispermic oocy t e s for microscopic evalua t ion , 

the divis ion of o n e of the c e n t e r s w a s p r e v e n t e d , and c o n s e q u e n t l y no 4-cell 

e m b r y o w a s found after the first c l eavage d iv is ion . H o w e v e r , it is c lea r tha t 

d ispermic h u m a n o o c y t e s , like sea urchin oocy t e s but unlike rat o o c y t e s , result 

in a mul t ip le c l eavage after the first d iv is ion . Th i s is c o n t r a r y to t he sugges t ion 

of Aus t in and W a l t o n (1960), w h o p r o p o s e d tha t the u n i q u e fea tu re of poly-

s p e r m y in m a m m a l i a n eggs ( inferred chiefly f rom o b s e r v a t i o n s on rat eggs) 

is tha t a l though p o l y a n d r o u s s y n g a m y o c c u r s , it d o e s not usua l ly resul t in the 

fo rmat ion of a mul t ipo la r sp ind le . T h e y fur ther sugges t ed , on t he bas i s tha t 

p o l y s p e r m y did not resul t in mul t ip le c l e a v a g e , tha t the s p e r m a s t e r is of less 

i m p o r t a n c e in c l eavage in m a m m a l s t h a n in n o n m a m m a l s (Aus t in and B r a d e n , 
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Fig. 3 . Photomicrograph of a 3-cell e m b r y o (one large, two smaller b las tomeres) der ived 

from the direct c leavage of a t r ipronuclear human zygote ( x 3 4 8 ) . 

1953; Aus t in and W a l t o n , 1960). O u r d a t a on d i s p e r m i c h u m a n eggs v io la tes 

this e x p e c t a t i o n and sugges t s tha t the s p e r m a s t e r a n d / o r c e n t r o s o m e m a y 

play an i m p o r t a n t role in the o rgan iza t ion of the sp indle at the first c l eavage 

d iv is ion . S c h a t t e n et al. (1986) h a v e r ecen t ly d e m o n s t r a t e d tha t the m o u s e 

s p e r m a t o z o o n lacks c e n t r o s o m e s , and tha t c e n t r o s o m e s in the m o u s e a re ma-

ternal ly inher i t ed . F u r t h e r s tud ies on the inhe r i t ance of c e n t r o s o m e s ( i . e . , 

w h e t h e r the i r i nhe r i t ance is m a t e r n a l o r pa te rna l ) a re ce r ta in ly ind ica ted in 

h u m a n s . 

In the frog egg, only o n e ma le p r o n u c l e u s fuses wi th the female p r o n u c l e u s , 

but the a s t e r s tha t form in con junc t ion wi th the s u p e r n u m e r a r y male p ronuc le i 

c a u s e a mul t ip le first c l eavage d iv i s ion . A p r o g r e s s i v e c l eavage m a y o c c u r , 

each nuc l eus ( inc luding the fusion nuc leus ) wi th its a t t e n d a n t as t ra l s y s t e m , 

giving rise to a s e p a r a t e b ipo la r mi to t ic f igure. T h e c l eavage t hus p r o d u c e d 

is m o r e o r less regu la r , a c c o r d i n g to the n u m b e r of s p e r m a t o z o a that have 

e n t e r e d the egg , a n d m a n y of the resul t ing b l a s t o m e r e s a re b i n u c l e a t e . It is 

in te res t ing tha t o n e of the d i s p e r m i c h u m a n eggs which c l eaved to a 3-cell 
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e m b r y o with regular b l a s t o m e r e s had o n e b inuc lea t e b l a s t o m e r e (Fig. 2). It 

is t hus poss ib le tha t th is is the resul t of a t e t r a s t e r egg which c l eaved to 3-

ins tead of 4 ce l l s , wi th o n e b l a s t o m e r e t hus be ing b i n u c l e a t e . O b v i o u s l y this 

sugges t ion is specu la t ive and the ae t io logy or s ignif icance of the b inuc lea t e 

b l a s t o m e r e has not b e e n firmly e luc ida t ed . 

2 . Cleavage to 2-CeUs 

T h e c l eavage of d i s p e r m i c eggs to regu la r - look ing , 2-cell e m b r y o s (Fig. 4) 

could h a v e b e e n e x p e c t e d to o c c u r on the bas i s of p r e v i o u s o b s e r v a t i o n s on 

lower m a m m a l s (Aus t in and B r a d e n , 1953). T h e s e w o r k e r s d e m o n s t r a t e d tha t 

the e x t r a ma le p r o n u c l e u s in d i s p e r m i c rat eggs c o m e into c o n t a c t with the 

female p r o n u c l e u s and all c o n t r i b u t e to the first c l eavage sp ind le . T h e y found 

all but o n e of the eggs fo rmed no rma l b ipo la r sp ind les and d e m o n s t r a t e d that 

t he se eggs c l eave to normal ly a p p e a r i n g 2-cell e m b r y o s . T h e y a l so d e m o n -

Fig. 4. Photomicrograph of a morphological ly normal 2-cell e m b r y o derived from the 

direct c leavage of a t r ipronuclear human zygote ( x 174). (Reproduced with permission from 

Biology of Reproduction. ) 
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s t ra ted tha t d i s p e r m i c rat a n d m o u s e eggs did not h a v e nucle i wh ich w e r e 

significantly larger t h a n t h o s e of n o r m a l ( m o n o s p e r m i c ) eggs (Aus t in and Bra-

d e n , 1955). T h e y c o n c l u d e d , on the bas i s of the a b o v e e v i d e n c e , tha t the 

d i spe rmic rat egg d e v e l o p s in to a t r iploid e m b r y o . T h e finding tha t only 2 4 % 

of d i spe rmic h u m a n eggs c l eaved to 2-cells w a s t h u s u n e x p e c t e d . 

3. Cleavage to 2-Cells plus an Extrusion 

F o u r of t w e n t y - n i n e d i s p e r m i c o o c y t e s c l e aved to 2-cells p lus an ex t ru s ion 

(Fig. 5). It appea r s from the ka ryo type da t a (discussed later) that the ext rus ion 

r e p r e s e n t s an en t i re haploid set of c h r o m o s o m e s . W h e t h e r the e x t r u s i o n r ep -

r e sen t s a m a t e r n a l o r pa te rna l g e n o m i c c o m p l e m e n t c a n n o t be e luc ida ted on 

the bas i s of c u r r e n t d a t a . W e h a v e b e e n u n a b l e to find r e p o r t s in o t h e r an imal 

spec ies of the t w o s p e r m p ronuc le i a n d the egg p r o n u c l e u s c o m i n g t o g e t h e r 

Fig. 5. Photomicrograph of a 2-cell-plus-extrusion e m b r y o , der ived from the direct 

cleavage of a t r ipronuclear human zygote ( x 174). T h e two b las tomeres are clearly visible. 

The extrusion is indicated by an a r row. (Reproduced with permiss ion from Biology of Re-

production.) 
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and then o n e en t i re haploid set of c h r o m o s o m e s not pa r t i c ipa t ing in mi to t i s . 

W h a t has been r e p o r t e d , h o w e v e r , is tha t in d i s p e r m i c sea urch in eggs , on 

o c c a s i o n s , o n e of the s p e r m m a y r ema in s e p a r a t e in the p r o t o p l a s m and d o e s 

not con juga te with the egg p r o n u c l e u s . F u r t h e r m o r e , in the h e n ' s egg, only 

one sperm pronuc leus conjugates with the egg nuc leus , and the supe rnumera ry 

o n e s d i s t r ibu te t h e m s e l v e s n e a r the marg ins of the b l a s tod i sc w h e r e they re-

main dur ing the la ter p h a s e s of fer t i l izat ion and the initial c l eavage s t ages . 

T h e y u n d e r g o a ce r ta in a m o u n t of d iv i s ion , forming small g r o u p s of d a u g h t e r 

nuc le i , and t h e s e d iv i s ions a r e f requen t ly a c c o m p a n i e d by part ia l c l eavage of 

the s u r r o u n d i n g c y t o p l a s m on the marg in of the b l a s tod i sc (Olsen , 1942). At 

a la ter pe r iod , w h e n the egg has r e a c h e d the 32-cell s t age , t hey have usual ly 

u n d e r g o n e d e g e n e r a t i o n and h a v e d i s a p p e a r e d . H o w e v e r , o n e impor t an t dis-

t inguishing fea ture in the d i spe rmic h u m a n egg is that all the p ronuc le i con-

j u g a t e , and the rea f te r an en t i re set of c h r o m o s o m e s is e x t r u d e d . Th i s third 

s i tua t ion , of d i s p e r m i c h u m a n eggs c l eav ing to 2-cells p lus an e x t r u s i o n , is a 

fur ther e x a m p l e of the viola t ion of e x p e c t e d cell b e h a v i o r by t he se d i spe rmic 

h u m a n o o c y t e s . 

C. Chromosomal Composition of Dispermic Eggs before the 

Second Cleavage Division 

Although d ispermic fertilization occu r s at a f requency of some 5 % in h u m a n 

in vitro fer t i l izat ion, ve ry little in format ion ex i s t s a b o u t the s u b s e q u e n t c h r o -

m o s o m a l c o m p o s i t i o n of e m b r y o s de r ived f rom such o o c y t e s , and the infor-

ma t ion tha t d o e s exis t sugges t s a c o m p l e x p i c tu r e . A s d i s c u s s e d in Sec t ion 

I I , Β , it has b e e n d e m o n s t r a t e d tha t d i s p e r m i c eggs a r e ka ryo typ ica l ly tr iploid 

before the first c l eavage d iv is ion . After the first c l eavage d iv i s ion , h o w e v e r , 

r e p o r t s of va r ious c h r o m o s o m a l c o m p o s i t i o n s of e m b r y o s de r ived f rom dis-

pe rmic o o c y t e s ex is t . V a n B l e r k o m et al. (1984) r e p o r t e d tha t a t r i p ronuc l ea r 

zygo te had d e v e l o p e d to the 12-cell s tage and tha t on the bas i s of D N A mi-

c ro f luor ime t ry , o n e of t he b l a s t o m e r e s w a s d ip lo id . R u d a k et al. (1984), on 

the o t h e r h a n d , k a r y o t y p e d a c l eavage - s t age e m b r y o wh ich w a s de r ived from 

a t r i p ronuc l ea r zygo te and found o n e cell in mi tos i s wh ich cons i s t ed of 33 

c h r o m o s o m e s . Angell et al. (1986) k a r y o t y p e d 5 such e m b r y o s and found o n e 

t r iploid, o n e diploid , and th ree with seve re ly a b n o r m a l c h r o m o s o m a l cons t i -

t u t i ons . T w o m o r e e m b r y o s w e r e found to h a v e an a p p r o x i m a t e l y diploid 

D N A c o n t e n t on the bas is of mic rof luor imet r ic m e a s u r e m e n t s (Angell et al., 

1986). 

W e (Ko la et al., 1987) k a r y o t y p e d e m b r y o s tha t had c l eaved to 3-cells , 2-

cells p lus an e x t r u s i o n , and 2-cells j u s t before the s e c o n d c l eavage d iv is ion . 

T h e fol lowing resu l t s w e r e o b t a i n e d . 
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/. Karyotype of Embryos That Cleave to 3 Cells 

Of 18 3-cell e m b r y o s , 13 w e r e k a r y o t y p e d , a n d 1 o r m o r e mi to t ic cel ls w e r e 

ob t a ined in 10 of t h e s e e m b r y o s . N o n e of the cel ls had an e x a c t t r iploid o r a 

diploid k a r y o t y p e . T h e y all had c h r o m o s o m a l c o m p o s i t i o n s of b e t w e e n 34 

and 57 c h r o m o s o m e s / c e l l . F u r t h e r m o r e , in t h o s e e m b r y o s tha t had m o r e t h a n 

o n e cell in mi tos i s , t he n u m b e r s of c h r o m o s o m e s in e a c h cell va r i ed . T w o 

e m b r y o s had t h r e e cel ls in mi tos i s , and the tota l n u m b e r of c h r o m o s o m e s in 

t h e s e 3-cells w a s 138, t hus indica t ing tha t the 69 c h r o m o s o m e s / c e l l a t t he 

zygo te s tage had rep l ica ted itself. 

In te res t ing ly , the k a r y o t y p e of t h e s e 3-cell e m b r y o s fur ther para l le ls tha t 

of the sea u rch in . A s d i s c u s s e d ear l ie r in this c h a p t e r (Sec t ion Ι Ι , Β , Ι ) , in 

d i s p e r m i c sea u rch in eggs , bo th s p e r m p ronuc le i con juga te wi th t he egg p r o -

nuc l eus p r o d u c i n g a t r ipo la r o r q u a d r i p o l a r sp ind le a n d c l eave at o n c e in to 

3- o r 4-cel ls . In t h e s e c a s e s t he c h r o m o s o m e s a re r a n d o m l y d i s t r ibu ted and 

a lmos t a l w a y s i r regular ly to the t h r ee o r four po l e s . T h e resu l t ing nuc le i , 

t he re fo re , r ece ive va ry ing n u m b e r o r c o m b i n a t i o n s of c h r o m o s o m e s . T h e re-

sul ts a re plainly a p p a r e n t to the e y e in the cel ls of the resu l t ing l a r v a e , wh ich 

a l w a y s s h o w c o n s p i c u o u s va r i a t ions in the s ize of t he nucle i (Wi l son , 1928). 

After the initial t r ipo la r o r q u a d r i p o l a r d iv i s ion , t he d i s p e r m i c eggs c o n t i n u e 

to s e g m e n t by b ipo la r mi tos i s , and often p r o d u c e f r ee - swimming l a r v a e ; but 

in the g rea t major i ty of c a s e s , d e v e l o p m e n t s o o n e r o r la ter b e c o m e s a b n o r m a l 

and d e a t h e n s u e s . In te res t ing ly , Bover i (1902, 1907) d e m o n s t r a t e d tha t t he 

pa thologica l effect is not d u e to the a b n o r m a l c h r o m o s o m e n u m b e r s bu t to 

the i r false c o m b i n a t i o n s a n d , t hus as far b a c k as 1902, p r o p o s e d tha t the in-

dividual c h r o m o s o m e s m u s t be qua l i t a t ive ly different . 

O u r d a t a (Ko la et al., 1987) ind ica te s tha t the d i s p e r m i c h u m a n egg fo rms 

a t r ipo lar sp indle a n d t hus c l e a v e s to 3 cells (Fig . 8) . F u r t h e r m o r e , t he ka ry -

o t y p e d a t a d i s c u s s e d a b o v e sugges t s tha t c h r o m o s o m e segrega t ion o n such a 

t r ipo lar sp indle is r a n d o m and i r regular a s in t he sea u rch in . T h e q u e s t i o n as 

to h o w far such e m b r y o s will c o n t i n u e to d e v e l o p has not ye t b e e n e luc ida t ed , 

but it is r e a s o n a b l e to a s s u m e tha t , as in the sea u rch in e m b r y o , the deve l -

opmenta l potential of most such e m b r y o s is res t r ic ted . It is poss ib le , h o w e v e r , 

tha t by c h a n c e the no rma l c h r o m o s o m e c o m b i n a t i o n c a n be a c h i e v e d in the 

3-cells of o n e e m b r y o . In d i s p e r m i c sea u rch in eggs of 719 t r i a s t e r eggs , 58 

perfect plutei w e r e ob t a ined as c o m p a r e d to 1 (or poss ib ly 2) of 1500 t e t r a s t e r 

eggs (see Wi l son , 1928). It is c l a imed tha t t h e s e f igures a p p r o x i m a t e fairly 

well to the t heo re t i c e x p e c t a t i o n a c c o r d i n g to t he t h e o r y of p robabi l i t i e s (Wil-

son , 1928). O b v i o u s l y , the p robabi l i ty of the c o r r e c t c o m b i n a t i o n resu l t ing 

from the r a n d o m segrega t ion of c h r o m o s o m e s on a t r ipo lar sp ind le in h u m a n s 

is m u c h lower t han that of the sea u r ch in , b e c a u s e of t he h igher n u m b e r of 

c h r o m o s o m e s in the h u m a n . 
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2 . Karyotype of Embryos That Cleave to 2-Cells 

Out of s even e m b r y o s tha t c l eaved to 2-cel ls , a k a r y o t y p e w a s a t t e m p t e d 

on six of t h e s e . F o u r of the six e m b r y o s had 1 o r m o r e cel ls in mi tos i s . All 

four e m b r y o s w e r e c h r o m o s o m a l l y t r iploid (Fig. 6) . E v i d e n c e p r e s e n t e d by 

Bea t ty (1957) a n d Aus t in a n d B r a d e n (1953) d e m o n s t r a t e d tha t d i s p e r m i c fer-

t i l izat ion in o t h e r m a m m a l s resu l t s in t r ip lo idy . Bea t ty (1957) has sugges ted 

that tr iploid e m b r y o s a re mos t unl ikely to su rv ive to b i r th . 

In h u m a n s the vas t major i ty of t r iploid c o n c e p t u s e s a re s p o n t a n e o u s l y 

a b o r t e d . H o w e v e r , U c h i d a a n d F r e e m a n (1985) h a v e r e p o r t e d t he live bir th 

of seven triploid infants, mos t of w h o m died in the neonata l per iod. Borgaonkar 

(1984) a lso r epo r t ed on five l ive-born tr iploid infants w h o su rv ived from 2 to 

7 m o n t h s . Recen t ly a t r iploid chi ld , w h o su rv ived for 1OI/2 m o n t h s , w a s d o c -

umen ted (Sherard et al., 1986). T h e child had mult iple congenital abnormal i t ies , 

and it has been c la imed to be the longest surv iva l of a tr iploid infant. 

O u r d a t a t hus d e m o n s t r a t e s tha t only 2 4 % of t r iploid z y g o t e s a re k a r y o -

typical ly t r iploid after the first c l eavage d iv is ion ( K o l a et al., 1987). Th i s sug-

gests that the inc idence of tr iploidy (and d i spermic fertilization) may be similar 

in o o c y t e s fert i l ized in vitro o r in vivo. T h e bas i s for th is sugges t ion is that 

after the first c l eavage d iv is ion , only an a p p r o x i m a t e o n e four th of the original 

5 % (equal to 1.25%) of t r ipronuclear zygotes in in vitro fertilized oocy te s remain 

t r iploid, c o m p a r e d to 1% of all in vivo c l inical ly r e co g n i zed c o n c e p t i o n s . 

Fig. 6. Karyo type of a cell from a t r ipronuclear human zygote that had cleaved to a 
morphologically normal 2-cell e m b r y o ( x 8 7 0 ) . The karyo type demons t r a t e s that the cell is 
triploid (69XXX). (Reproduced with permission from Biology of Reproduction.) 



11. Dispermic Human Fertilization 289 

O u r d a t a a l so sugges t s tha t in this s e c o n d c a s e , in wh ich the o o c y t e s c l eave 

to morpho log ica l ly no rma l - look ing , 2-cell e m b r y o s which a re ka ryo typ ica l ly 

t r ip loid , a b ipo la r sp indle is f o r m e d , and all t he c h r o m o s o m e s g a t h e r on the 

m e t a p h a s e p la te (Fig. 8). Th i s s i tua t ion is w h a t a p p e a r s to be ope ra t i ng in 

o t h e r m a m m a l s (Aus t in and W a l t o n , 1960). 

3. Karyotype of Embryos That Cleave to 2-Cells plus an Extrusion 

A k a r y o t y p e w a s o b t a i n e d in all four e m b r y o s tha t c l eaved to 2-cells p lus 

an e x t r u s i o n . T h r e e of the four e m b r y o s had bo th cells in m e t a p h a s e , and 

each of the 2-cells had a diploid k a r y o t y p e (Fig. 7). In the r ema in ing e m b r y o , 

2 i n t e rphase nuclei and 23 c h r o m o s o m e s w e r e o b t a i n e d . Th i s d a t a sugges t s 

tha t in this third c a s e , w h e r e e m b r y o s c l e a v e to 2-cells p lus an e x t r u s i o n , a 

b ipo la r sp indle is fo rmed and only a diploid set of c h r o m o s o m e s g a t h e r on 

the m e t a p h a s e p la te (Fig. 8). T h e r e a s o n s w h y an en t i re haploid set of c h r o -

m o s o m e s is e x c l u d e d f rom the m e t a p h a s e p la te at the first c l eavage divis ion 

is unc l ea r . O n e possibi l i ty is tha t t he c h r o m o s o m e s of o n e p r o n u c l e u s have 

a different d e g r e e of c o n d e n s a t i o n f rom the o t h e r t w o , and they c o n s e q u e n t l y 

d o not g a t h e r on the m e t a p h a s e p la t e . 

M u r r a y et al. (1985) found four s h e e p e m b r y o s tha t w e r e 1 N - 2 N m o s a i c s . 

Fig. 7. (a) Karyo type and (b) me taphase spread of a cell from a 2-cell-plus-extrusion 

embryo ( x 8 7 0 ) . These pho tomicrographs demons t r a t e that the cell has a diploid (46XY) 

karyo type . (Reproduced with permiss ion from Biology of Reproduction.) 
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CLEAVAGE PATTERNS & KARYOTYPIC ANALYSIS OF 
TRIPRONUCLEAR HUMAN OOCYTES 
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Fig. 8. Diagram demons t ra t ing the cleavage pa t te rns and karyotypic analysis , chro-
mosomal composition, and possible mechanisms of tripronuclear human zygote development. 

O n e of the e m b r y o s c o n t a i n e d o n e haploid and t w o diploid s e t s . M u r r a y et 

al. (1985) a sc r ibed t h e s e hap lo id -d ip lo id m o s a i c s to Po ly spe rmie fer t i l izat ion. 

L o n g and Wil l iams (1980) a l so o b t a i n e d a 1 N - 2 N m o s a i c in the i r s tud ies on 

s h e e p e m b r y o s and similarly a sc r ibed this to Po lyspe rmie fer t i l izat ion. T h e s e 

two si tuat ions are ana logous to the h u m a n whe re the 2-cells are karyotypical ly 

diploid and the ex t ru s ion a p p e a r s t o be hap lo id ; t hus giving rise to a h a p l o i d -

diploid m o s a i c . It m a y t hus be poss ib le tha t d i s p e r m i c s h e e p o o c y t e s b e h a v e 

like d i spe rmic h u m a n o o c y t e s . 

T h e fate of the ex t ru s ion is u n c l e a r f rom o u r s tud i e s . It is u n k n o w n w h e t h e r 

the ext rus ion degenera tes later dur ing embryogenes i s , or even whe the r it fuses 

with one of the b la s tomeres . Fu r the r s tudies which invest igate the deve lopmen t 

of t h e s e e m b r y o s la ter in p re imp lan t a t i on e m b r y o g e n e s i s is w a r r a n t e d . 

It is t emp t ing to specu l a t e tha t if t he ma te rna l set of c h r o m o s o m e s w e r e 

e x t r u d e d f rom the m e t a p h a s e p l a t e , a n d tha t if t he divis ion only invo lved t w o 

pa te rna l se ts of c h r o m o s o m e s , that th is m a y be a m e c h a n i s m in which the 

hyda t id i fo rm mole is de r ived . Th i s m a y be an e tological m e c h a n i s m for the 

46XY hydat idiform mole . H o w e v e r , the finding that 46XX hydat idiform moles 

a re h o m o z y g o u s at all loci wou ld mil i ta te aga ins t t he sugges t ion tha t such a 
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m e c h a n i s m o p e r a t e s in the e t io logy of t he 4 6 X X (ent i re ly h o m o z y g o u s ) hy-

da t id i form m o l e . 

III. FUTURE RESEARCH DIRECTIONS 

F u t u r e r e s e a r c h should be d i r ec t ed at an e luc ida t ion of the i m p o r t a n c e of 

the c e n t r o s o m e s in h u m a n fer t i l izat ion. Simi lar s tud ies h a v e recen t ly b e e n 

pe r fo rmed in the m o u s e (G. S c h a t t e n et al., 1985; H . S c h a t t e n et al., 1986). 

Fer t i l iza t ion in the sea u rch in is d e p e n d e n t on the pa te rna l con t r i bu t i on of 

c e n t r o s o m e s . In the m o u s e , the c e n t r o s o m e s are maternal ly inheri ted (Schat ten 

et al., 1986). T h e d a t a d i s c u s s e d in th is c h a p t e r , i . e . , t he mul t ip le c l eavage 

of d i spe rmic h u m a n o o c y t e s , sugges t s tha t t he pa te rna l c e n t r o s o m e s m a y be 

impor t an t in o rgan iz ing the sp indle in t he h u m a n . 

A l though w e h a v e p r o p o s e d ce r t a in m e c h a n i s m s tha t o p e r a t e at the first 

c l eavage d iv is ion of d i s p e r m i c h u m a n z y g o t e s , fur ther r e s e a r c h is r equ i red to 

p r o v e o r d i s p r o v e w h e t h e r o r not t h e s e m e c h a n i s m s a re o p e r a t i o n a l . T h e 

ques t i on as to w h y t h r ee different m e c h a n i s m s o p e r a t e a l so n e e d s to be ad-

d r e s s e d . 

IV. CONCLUSIONS 

It is c lea r f rom the e v i d e n c e p r o d u c e d in this c h a p t e r tha t t he major i ty of 

d i spe rmic h u m a n o o c y t e s fail to d e v e l o p in to t r iploid e m b r y o s . T h e o o c y t e s 

tha t fail to d e v e l o p in to tr iploid e m b r y o s e i the r c l eave d i rec t ly to 3-cells o r 

to 2-cells p lus an e x t r u s i o n . T h e mul t ip le c l eavage of Po ly spe rmie o o c y t e s 

v io la tes the e x p e c t e d ce l lu lar b e h a v i o r of such o o c y t e s on the bas i s of d a t a 

on l o w e r m a m m a l s , such a s r a t s , a n d is sugges t ive of a role for pa te rna l cen-

t r o s o m e s in the o rgan iza t ion of the first mi to t ic sp ind le . In this regard the 

d i spe rmic h u m a n z y g o t e b e h a v e s in a s imilar m a n n e r to the d i s p e r m i c sea 

u rch in z y g o t e . T h e c l eavage of s o m e of t h e s e d i s p e r m i c o o c y t e s to 2-cells 

(which a r e ka ryo typ ica l ly diploid) p lus an ex t ru s ion fur ther v io la tes the ex-

pec t ed cell b e h a v i o r of d i s p e r m i c h u m a n o o c y t e s b a s e d on o b s e r v a t i o n s in 

ra t s in wh ich all such o o c y t e s d e v e l o p into tr iploid e m b r y o s . 
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I. INTRODUCTION 

Guanine nucleot ide binding pro te ins , or G-pro te ins , a re a class of m e m b r a n e 

p ro te ins tha t ac t as i n t e rmed ia t e s b e t w e e n m e m b r a n e r e c e p t o r s and effector 

p ro te ins in signal t r a n s d u c t i o n p a t h w a y s . S o m e r e c e p t o r s a re sens i t ive to 

chemicals ( h o r m o n e s , neuro t ransmi t t e r s , odo ran t s ) , while in the visual sys tem, 

t h e r e c e p t o r is sens i t ive t o light. T h e effector p r o t e i n s c a n be e n z y m e s , such 

as a d e n y l a t e c y c l a s e , c G M P p h o s p h o d i e s t e r a s e , t he p h o s p h o d i e s t e r a s e which 

hydro lyzes phosphat idyl inosi tol 4 ,5-b isphosphate (P IP 2) , o r ion channe l s such 

as the p o t a s s i u m c h a n n e l in ca rd i ac m u s c l e (Ya tan i et al., 1987). C u r r e n t re-

sea rch is beg inning to s h o w tha t G-p ro t e ins s e rve a va r i e ty of func t ions , in-

c luding regula t ion (s t imula t ion o r inhibi t ion of an effector p ro t e in ) , in tegra t ion 

( s u m m a t i o n of inpu t s f rom different t y p e s of r e c e p t o r s ) , d ivers i f ica t ion of the 

r e s p o n s e (ac t iva t ion of severa l different t y p e s of effectors by a single t ype of 

r e c e p t o r ) , ampl i f ica t ion (ac t iva t ion of m a n y mo l ecu l e s of a pa r t i cu la r effector 

by o n e r e c e p t o r mo lecu l e ) , and poss ib ly a l so a d a p t a t i o n (var ia t ion of t h e mag-

ni tude of the amplification s tep) . Fo r excel lent rev iews concern ing G-prote ins , 

see S t r y e r and B o u r n e (1986) a n d G i l m a n (1987). 

G-pro te ins cons i s t of t h r ee s u b u n i t s , α , β , and 7 . T h e α subuni t is be l ieved 

to be the c o m p o n e n t tha t a c t i va t e s the effector p r o t e i n , and the d ivers i ty of 

G-pro te ins a r i ses pr imar i ly from d ivers i ty in this subun i t . T h e α subuni t of 

G s , ( the G-pro te in that s t imula te s a d e n y l a t e c y c l a s e ) , has a m a s s of 45 -52 

k D a ; the α subuni t of Gj ( the G-pro te in tha t inhibi ts a d e n y l a t e cyc l a se ) , has 

a mass of 41 kDa . T h e α subuni ts of both G 0 (a G-protein of u n k n o w n function) 

and t ransduc in (the G-protein in visual t ransduc t ion) a re 39 kDa . T h e β subuni ts 

(35-36 kDa) a re highly c o n s e r v e d a m o n g different G - p r o t e i n s , w h e r e a s the 7 
subuni ts (8 kDa) , show s o m e variabil i ty. T h e α subuni t can bind and hydro lyze 

G T P to form G D P . Wi th G T P b o u n d , the α subuni t d i s soc i a t e s f rom β^ , and 

can in te rac t with effector p ro t e in s . O n c e the G T P is h y d r o l y z e d to G D P , the 

α subuni t a s s o c i a t e s wi th ß 7 again to form an inac t ive c o m p l e x . T h e e x c h a n g e 

of G D P for G T P is s low, but the p r e s e n c e of an exc i t ed r e c e p t o r a c c e l e r a t e s 

the e x c h a n g e of b o u n d G D P for G T P , t h e r e b y ca ta lyz ing the ac t iva t ion of the 

G-pro te in . 

T h e par t i c ipa t ion of G-p ro t e in s in a ce l lu lar p r o c e s s c a n be identified by a 
n u m b e r of m e a n s . 
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1. A s y s t e m involv ing a G-pro te in r equ i r e s G T P . Th i s is b e c a u s e the ac -

t iva t ion of t he G-pro te in invo lves the e x c h a n g e of G D P (bound to the 

inac t iva ted G-pro te in ) for G T P ( the b ind ing of wh ich c a u s e s ac t iva t ion 

of the G-pro te in and d i s soc ia t ion of α f rom ß 7 ) . 

2. M e m b r a n e s prelabeled with radioact ive guanine nucleot ides usually show 

an i nc rea sed r e l ease of label w h e n the G-pro te in is s t imu la t ed . 

3. G u a n o s i n e - 5 ' - 0 - ( 3 - t h i o t r i p h o s p h a t e ) (GTP -7 -S ) and guany l -5 ' - imidod i -

p h o s p h a t e [ G p p ( N H ) p ] , hydro lys i s - r e s i s t an t ana logs of G T P , p r o d u c e 

an i r revers ib le ac t iva t ion of G - p r o t e i n s . Th i s is b e c a u s e G T P - 7 - S o r 

G p p ( N H ) p b e c o m e b o u n d to the ac t ive site of the α subun i t , bu t a re not 

h y d r o l y z e d to G D P . 

4. G u a n o s i n e - 5 ' - 0 - ( 2 - t h i o d i p h o s p h a t e ) ( G D P - ß - S ) , a metabo l ica l ly s tab le 

ana log of G D P , inac t iva te s G-p ro t e in s by c o m p e t i n g wi th G T P for the 

guan ine nuc l eo t ide b inding s i te . 

5. C h o l e r a tox in ( C T X ) and pe r t u s s i s tox in (PTX) ca t a lyze the ADP- r i -

bosy la t ion of the α s u b u n i t s of G - p r o t e i n s ; C T X is specific for G s and 

t r a n s d u c i n , P T X is specif ic for Gj, G 0 and t r a n s d u c i n ( h o w e v e r , see O w -

e n s et al., 1985). If r ad ioac t ive N A D is p r e s e n t wi th t he t o x i n s , label ing 

of t he G-p ro t e ins r e su l t s , a l lowing the i r d e t e c t i o n . T h e tox ins a l so affect 

the funct ion of the G - p r o t e i n s ; C T X c a u s e s i r revers ib le ac t iva t ion by 

p r even t i ng G T P h y d r o l y s i s , whi le P T X c a u s e s inac t iva t ion by s tabi l iz ing 

the G-pro te in in t he inac t ive G D P - b o u n d s t a t e . 

6. T h e p r e s e n c e of G-p ro t e in s can a l so be d e t e c t e d us ing an t i bod i e s to G-

pro te in subun i t s (see M u m b y et al., 1986). 

Th i s c h a p t e r c o n c e r n s t he funct ion of G-p ro t e ins in o o c y t e m a t u r a t i o n , and 

in the ac t iva t ion of s p e r m and eggs at fer t i l iza t ion. 

II. O O C Y T E MATURATION 

A. Hormone Interaction with a Membrane Receptor Inhibits Adenylate 

Cyclase 

In m a n y a n i m a l s , inc luding a m p h i b i a n s , fish, m a m m a l s , a n d s tarf ish , the 

fully g r o w n o o c y t e s in t he o v a r y a r e a r r e s t e d at the first meio t ic p r o p h a s e , 

and con ta in a large n u c l e u s o r ge rmina l ves ic le . H o r m o n a l s t imula t ion leads 

to m a n y b iochemica l and morpho log ica l c h a n g e s , inc luding ge rmina l ves ic le 

b r e a k d o w n ( G V B D ) and r e s u m p t i o n of me ios i s (see M a s u i and C l a r k e , 1979). 

In the frog, meio t ic m a t u r a t i o n is be l i eved to be re in i t ia ted by p r o g e s t e r o n e 

(Masui a n d C l a r k e , 1979); a re la ted s te ro id i n d u c e s m a t u r a t i o n in the fish 

o o c y t e ( N a g a h a m a and A d a c h i , 1985), a n d it is l ikely tha t a s te ro id func t ions 
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to s t imula te meios i s in m a m m a l i a n o o c y t e s as well (see Tsafr i r i , 1985; Epp ig , 

1986). In the s tarf ish, the ma tu ra t i on - induc ing h o r m o n e is 1-methyladenine 

(1-MA) ( K a n a t a n i et al., 1969). 

P r o g e s t e r o n e and 1-MA are t hough t to ac t at the o o c y t e su r face . Micro in-

j ec t i on of p r o g e s t e r o n e (Masu i a n d M a r k e r t , 1971), o r of 1-MA ( K a n a t a n i and 

H i r a m o t o , 1970) d o e s not resul t in m a t u r a t i o n , and en t ry of t h e s e h o r m o n e s 

into the o o c y t e c y t o p l a s m d o e s no t a p p e a r to be r equ i r ed to s t imula te ma-

turat ion. Desoxycor t i cos t e rone bound to agarose beads ( I sh ikawa et al., 1977) 

and a n o t h e r p r o g e s t e r o n e ana log , and ros t a -4 -ene -3 -one -17ß -ca rboxy l i c ac id , 

b o u n d to a so luble p o l y m e r (Baul ieu et ai, 1978) bo th p r o m o t e G V B D in frog 

oocy tes at similar concen t ra t ions to u n b o u n d h o r m o n e . Similarly, w h e n up take 

of 1-MA by starfish o o c y t e s is d e c r e a s e d by use of 1 ,9-d imethyladenine , the 

r e s p o n s e to 1-MA is no t modif ied ( D o r é e and G u e r r i e r , 1975). T h e s e resu l t s 

suggest tha t p r o g e s t e r o n e and 1-MA in te rac t wi th r e c e p t o r s in the o o c y t e 

p l a s m a m e m b r a n e . 

T o identify a r e c e p t o r for p r o g e s t e r o n e , the frog o o c y t e sur face c o m p l e x 

(a p l a s m a m e m b r a n e and vitel l ine e n v e l o p e p r e p a r a t i o n tha t might a l so have 

conta ined some residual follicle cells and cy top lasm) was photoaffinity labeled 

with a p r o g e s t e r o n e ana log . Th i s identified a single s te ro id b inding c o m p o n e n t 

of M r 110,000, wi th a Kd for s te ro id b ind ing s imilar to t he E C S () for induc t ion 

of o o c y t e m a t u r a t i o n (Sad le r and Mai le r , 1982). T h e s e f indings sugges t tha t 

the 110,000 M r b ind ing p ro te in is the p r o g e s t e r o n e r e c e p t o r ; h o w e v e r , the 

effects of p r o g e s t e r o n e on b inding of t he labe led ana log a r e c o m p l e x , so this 

conc lus ion is t e n t a t i v e . T h e r e is a l so e v i d e n c e for a r e c e p t o r for 1-MA in the 

starfish o o c y t e p l a s m a m e m b r a n e (Yosh ikun i et al., 1988). 

T h e intracellular signaling sys tem that coup les act ivat ion of the p roges te rone 

r e c e p t o r to meio t ic m a t u r a t i o n a p p e a r s to invo lve inhibi t ion of a d e n y l a t e cy-

c lase (AC) . App ly ing p r o g e s t e r o n e to t he frog o o c y t e sur face c o m p l e x de -

c reases the activity of A C by abou t 5 0 % (Sadler and Mailer , 1981), and oocy te s 

e x p o s e d to p r o g e s t e r o n e u n d e r g o a 1 0 - 5 0 % d r o p in c A M P ; this d e c r e a s e is 

hypothes ized to lead to the reinitiation of meiosis (Speaker and Butcher , 1977; 

Mai ler and K r e b s , 1977; Mal le r et al., 1979; Sad l e r and Mal le r , 1981; Scho r -

de re t -S la tk ine et al., 1982; Cicirelli and Smi th , 1985). In s u p p o r t of this hy-

p o t h e s i s , inject ion of the r egu la to ry subun i t of c A M P - d e p e n d e n t k inase p ro -

m o t e s m a t u r a t i o n , whi le the ca ta ly t i c subun i t inhibi ts it (Mai le r and K r e b s , 

1977). In add i t ion , inc reas ing o o c y t e A C ac t iv i ty by injecting c h o l e r a toxin 

(Sad le r and Mai le r , 1981) o r app ly ing forskol in ( S c h o r d e r e t - S l a t k i n e and Bau-

lieu, 1982) inhibi ts p r o g e s t e r o n e - i n d u c e d m a t u r a t i o n (Mai le r et al., 1979). A 

similar p a t h w a y involv ing c A M P m a y funct ion in m a m m a l s (Borns l aege r et 

al., 1986) and in starfish ( D o r é e et al., 1981; Mei jer and Z a r u t s k i e , 1987). 

S ince G-pro te ins a re well k n o w n to link sur face r e c e p t o r s to t he A C s y s t e m 

in o t h e r cells (Gi lman , 1984), it w a s an exc i t ing poss ibi l i ty tha t a G-pro te in 
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might a l so be invo lved in this s ignal ing s e q u e n c e in the o o c y t e . Th i s led to 

s tud ies e x a m i n i n g the poss ibi l i ty tha t G-p ro t e in s might regu la te A C in frog 

o o c y t e s . O t h e r s tud ies e x a m i n e d the role of G-p ro t e in s in ini t iat ing G V B D , 

i n d e p e n d e n t of the ques t i on of w h e t h e r t he p a t h w a y did o r did not involve 

A C . T h e s e t w o a p p r o a c h e s will be c o n s i d e r e d b e l o w . 

B. Evidence That G-Proteins Regulate Adenylate Cyclase in Frog Oocytes 

A s in m o s t o t h e r cel ls ( see G i l m a n , 1984), A C in the frog o o c y t e sur face 

c o m p l e x is r egu la ted by t w o G - p r o t e i n s , G s and Gj. W h e n a h o r m o n e o r t r a n s -

mi t te r b inds to a r e c e p t o r tha t is c o u p l e d to G s , G s is a c t i va t ed and s t imu la t e s 

A C ; this i n c r e a s e s the p r o d u c t i o n of c A M P (Fig. 1). W h e n a h o r m o n e or 

Stimulatory Progesterone Inhibitory 
Signal Signal 

\ - * / l o o ! / \
 c

 Ü / 

V / \ / \ / 

— { G s p _ — / ^ ~ ^ 1 Gj Pr_ 

C T X — ® — \ j—©—/ V - © — \ h—Θ—PTx 

ATP 

cAMP 
• 
• 

Inhibition of Meiotic Maturation 

Fig. 1. G-protein regulation of adenyla te cyc lase , showing the p roposed inhibition of 
G s by proges te rone in the frog oocy te m e m b r a n e , and the p roposed pa thway leading to 
meiotic matura t ion . Acetylchol ine is known to inhibit AC activity of the frog oocy te surface 
complex , by way of G ( (Sadler et al., 1984), and there is some ev idence to suggest that 
epinephr ine may st imulate frog oocy te AC activity of the oocy te surface complex by way 
of G s ( K u s a n o et al., 1982; Van Ren te rghem et al., 1985). T h e available ev idence does not 
definitively demons t r a t e that this regulatory sys tem is located entirely in the oocy te p lasma 
membrane , as opposed to follicle cell m e m b r a n e s . T h e a r row connect ing Gj to AC does not 
imply that the mechan i sm of inhibition is direct (see Gi lman, 1987, for detai ls) . 
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t ransmi t te r binds to a r ecep to r that is coupled to Gj, G { is ac t iva ted and inhibits 

A C ; this d e c r e a s e s the p r o d u c t i o n of c A M P (Fig. 1). T h e d i s c o v e r y tha t t h e s e 

t w o G-pro te ins a re p r e s e n t and funct ional in t he frog o o c y t e sur face c o m p l e x 

c a m e largely f rom the u s e of P T X and C T X . Pe r tu s s i s tox in c a t a l y z e s t he 

ADP- r ibosy l a t i on of the α subuni t of Gj, c aus ing inhibi t ion of G,, w h e r e a s 

C T X ca ta lyzes the ADP-r ibosyla t ion of the a subuni t of G s , caus ing st imulat ion 

of G s ( F i g . 1). 

W h e n m e m b r a n e s f rom Xenopus o o c y t e s a r e [
3 2

P ] A D P r ibosy la t ed by in-

cuba t i on wi th P T X and
 3 2

P - l a b e l e d N A D , label is i n c o r p o r a t e d in to a single 

subs t ra te of 40 k D a (Olate et al., 1984) or 41 k D a (Sadler et al., 1984; G o o d h a r d t 

et al., 1984). Th i s PTX-sens i t i ve p o l y p e p t i d e c o m i g r a t e s wi th the α subuni t 

of h u m a n e r y t h r o c y t e Gj (Ola te et al., 1984). I n c u b a t i o n of o o c y t e m e m b r a n e s 

with C T X resu l t s in label i nco rpo ra t i on in to a 42 -kDa s u b s t r a t e (Ola te et 

al., 1984), o r 45- and 52-kDa (and severa l o the r ) s u b s t r a t e s (Sad le r et al., 

1984; G o o d h a r d t et al., 1984). T h e s e d a t a ind ica te tha t at least t w o G-pro-

te ins a re p r e s e n t in frog o o c y t e s . It is c o n c e i v a b l e , h o w e v e r , t ha t s o m e of the 

G-pro te ins a re ac tua l ly in res idual follicle cel ls on t he o o c y t e . T h e o b s e r v a -

t ion tha t inject ion of C T X into the o o c y t e c y t o p l a s m s t imula t e s A C (Sad le r 

and Mai le r , 1981) a rgues tha t at least s o m e of t he G-p ro t e in s a re in the 

o o c y t e p l a s m a m e m b r a n e and no t in follicle ce l l s . H o w e v e r , d u e to the 

t echnica l difficulty in r e m o v i n g follicle cells f rom frog o o c y t e s , s u b s e q u e n t 

r e fe rences to " o o c y t e " G - p r o t e i n s , a d e n y l a t e c y c l a s e , o r r e c e p t o r s shou ld 

be u n d e r s t o o d to m e a n p ro t e ins a s s o c i a t e d wi th o o c y t e s after r e m o v a l of 

mos t of the follicle ce l l s . 

T h e oocy te G-prote ins function like G s and Gj to regulate adenyla te cyc lase . 

G T P , G p p ( N H ) p , the f luoride ion, a n d C T X , w h i c h a r e k n o w n s t imula to r s 

of G s ( H o w l e t t et al., 1979; M o s s and V a u g h a n , 1979), all a c t i va t e o o c y t e A C 

( Jo rdana et al., 1981; Sad le r and Mai le r , 1981). E v i d e n c e for a funct ional G ; 

in the o o c y t e sur face c o m p l e x c o m e s f rom the finding tha t a 3 5 % inhibi t ion 

of o o c y t e A C by ace ty l cho l ine can be p r e v e n t e d by P T X (Sad le r et al., 1984). 

Pe r tuss i s toxin m a y o r m a y not h a v e an effect o n basa l A C ac t iv i ty (Sad le r 

et al., 1984; Ola te et al., 1984). In c o n c l u s i o n , b o t h G s- m e d i a t e d ac t iva t ion 

and Gj-mediated inhibi t ion a p p e a r to be invo lved in regula t ing t he level of 

c A M P in t he o o c y t e (see Fig. 1). 

C. Does a G-Protein Mediate Progesterone-Induced Inhibition of Adenylate 

Cyclase in Frog Oocytes? 

Since p r o g e s t e r o n e c a u s e s a d e c r e a s e in A C ac t iv i ty of the o o c y t e surface 

c o m p l e x , and s ince the o o c y t e A C ac t iv i ty can be regu la ted by G - p r o t e i n s , 

it s e e m e d logical to infer tha t p r o g e s t e r o n e ' s ac t ion on A C is med ia t ed by 
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w a y of a G-p ro te in . Surpr i s ing ly , th is inhibi t ion a p p e a r s not to be m e d i a t e d 

by G ;. 

1. P re t r ea tmen t of oocy t e s with P T X d o e s not p reven t the inhibition of A C 

by p roges te rone (Sadler et al., 1984; Ola te et al., 1984; G o o d h a r d t et al., 

1984; Mulne r et al., 1985), even though the P T X t r ea tmen t is sufficient to 

ADP-r ibosy la te mos t , if not all, of the G ; (Sadler et al., 1984; Ola te et ai, 

1984). In con t ras t , P T X preven t s the inhibition of A C by h o r m o n e s and 

t ransmi t te rs that act th rough G; (e .g . , G o o d h a r d t et al., 1984), including a 

3 5 % inhibition of oocy te A C by acety lchol ine (Sadler et al., 1984). 

2. App ly ing p r o g e s t e r o n e to t he o o c y t e sur face c o m p l e x , p r e l o a d e d wi th 

[
3
H ] G T P , resu l t s in a r e d u c e d g u a n i n e nuc l eo t ide r e l ease o r e x c h a n g e 

ra te (Sad le r and Mai le r , 1983, 1985). Th i s resu l t differs f rom resu l t s in 

G r m e d i a t e d s y s t e m s ; h o r m o n e s w h i c h ac t t h r o u g h Gj, to r e d u c e A C ac -

t ivi ty , i nc rea se the g u a n i n e nuc l eo t i de e x c h a n g e ra te (Michel and Lef-

k o w i t z , 1982). 

3 . G D P - ß - S might be e x p e c t e d to inhibit G, func t ion , yet G D P - ß - S d o e s 

not p r e v e n t t he p r o g e s t e r o n e inhibi t ion of A C ( J o r d a n a et al., 1984). 

If p r o g e s t e r o n e d o e s not ac t by w a y of Gj, h o w might it r e d u c e a d e n y l a t e 

cyc l a se ac t iv i ty? T h e o b s e r v a t i o n tha t p r o g e s t e r o n e reduces the g u a n i n e nu-

cleot ide exchange ra te of the oocy te surface complex (Sadler and Mailer , 1983, 

1985) has b e e n i n t e rp re t ed as an ind ica t ion tha t p r o g e s t e r o n e m a y ac t by s low-

ing the ra te of t u r n o v e r of g u a n i n e n u c l e o t i d e s b o u n d to G s , and the re fo re 

p r e v e n t i n g G s a c t iva t ion (Fig. 1). A l t e rna t i ve ly , p r o g e s t e r o n e might inhibi t 

o o c y t e A C by w a y of a different , a s ye t un ident i f ied , G-p ro te in (Ola te et al., 

1984), o r by a p a t h w a y i n d e p e n d e n t of a G-p ro t e in . 

D. Does a G-Protein Mediate Progesterone-Induced Germinal Vesicle 

Breakdown in Frog Oocytes? 

I r r e spec t i ve of w h e t h e r a G-pro te in r egu la t e s p r o g e s t e r o n e - i n d u c e d inhi-

bi t ion of A C , s tud ies wi th P T X sugges t tha t a G-pro te in m a y , in s o m e w a y , 

be invo lved in med ia t ing p r o g e s t e r o n e - i n d u c e d G V B D in Xenopus o o c y t e s . 

S ince P T X inhibi ts ce r t a in G - p r o t e i n s , P T X might be e x p e c t e d to inhibit p ro -

g e s t e r o n e - i n d u c e d G V B D , if a G-pro te in w a s invo lved in the p r o c e s s . C o n -

s is tent wi th this idea , o n e s tudy (Sad le r et al., 1984) r e p o r t e d tha t P T X , at a 

c o n c e n t r a t i o n ou t s i de the o o c y t e of 0.4 μg /ml , s lowed G V B D in r e s p o n s e to 

0.1 μ Μ p r o g e s t e r o n e . Pe r tu s s i s tox in did no t s low G V B D in r e s p o n s e to 10 

μΜ p r o g e s t e r o n e . H o w e v e r , a n o t h e r s tudy ( M u l n e r et al., 1985) r e p o r t e d that 
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P T X increased t he ra te of G V B D in r e s p o n s e to p r o g e s t e r o n e (1 μ Μ ) . T h e 

P T X w a s appl ied e i the r ex te rna l ly (2 μg/ml) o r injected (6 n g / o o c y t e ) . Poss ib le 

r e a s o n s for the differing resu l t s inc lude d i f ferences in t he c o n c e n t r a t i o n or 

suppl ie r of P T X and di f ferences in the m e t h o d s of ob ta in ing the o o c y t e s , such 

as w h e t h e r the frogs w e r e h o r m o n a l l y " p r i m e d . " 

T h e s e o b s e r v e d effects of P T X invo lved small modi f ica t ions in t he rate of 

G V B D ; in no c a s e did P T X c o m p l e t e l y b lock G V B D or s t imula te it in the 

a b s e n c e of p r o g e s t e r o n e . T h u s the P T X e x p e r i m e n t s sugges t tha t a G-pro te in 

might be par t of the coup l ing b e t w e e n 1-MA a n d G V B D , bu t a r e no t conc lu -

s ive . T h e bes t e v i d e n c e for G-pro te in i n v o l v e m e n t in med ia t ing t he p roges -

t e r o n e r e s p o n s e is the o b s e r v a t i o n tha t p r o g e s t e r o n e d e c r e a s e s t he ra te of 

guanine nucleot ide exchange (Sadler and Mailer , 1983, 1985). This observa t ion 

sugges t s an u n u s u a l effect of the r e c e p t o r for p r o g e s t e r o n e o n the G-pro te in : 

the r e c e p t o r a p p e a r s to inhibit r a t h e r t h a n s t imula te t h e G-p ro te in . 

E . A Role for ras Proteins in Maturation? 

T h e ras g e n e s , wh ich e n c o d e 21-kDa p r o t e i n s , a r e p r e s e n t in m o s t spec i e s , 

and frog o o c y t e s a p p e a r to con ta in a low level of r a s p ro t e in s (Sad le r et al., 

1986). T h e ras p ro t e in s a r e s imilar to G-p ro t e in s in tha t t h e y h a v e G T P a s e 

ac t iv i ty , s e q u e n c e h o m o l o g y wi th G - p r o t e i n s , a n d a r e loca l ized on the cy-

top l a smic face of m e m b r a n e s (see r e f e rences in B i r c h m e i e r et al., 1985). T h e 

funct ion of ras p ro t e in s in v e r t e b r a t e s is no t k n o w n , bu t it has b e e n sugges ted 

tha t in t r a n s m e m b r a n e signal t r a n s d u c t i o n in me io t i c m a t u r a t i o n in frog o o -

c y t e s , a ras p ro te in might p lay a ro le a n a l o g o u s to tha t of a G-pro te in (Bi rch-

me ie r et al., 1985; Sad le r et al., 1986). In y e a s t , r as p r o t e i n s ac t iva t e A C , but 

injection of ras p ro t e in s in to frog o o c y t e s d o e s no t s t imula te o r inhibit A C 

(B i r chme ie r et al., 1985). Surpr i s ing ly , h o w e v e r , inject ion of 10 ng of ras p r o -

tein c a u s e s me ios i s , a l though the t ime c o u r s e is s l ower t h a n tha t i n d u c e d by 

p r o g e s t e r o n e . Th i s w o r k sugges t s tha t t he r e might b e an a l t e rna t ive p a t h w a y 

tr iggering me ios i s , tha t b y p a s s e s c h a n g e s in c A M P levels (B i r chme ie r et al., 

1985); h o w e v e r , t he o o c y t e d i s in tegra t ion p r o d u c e d by inject ion of > 2 0 ng of 

ras p ro te in m a k e s such a conc lu s ion t e n t a t i v e . 

An t ibod i e s to ras p ro te in inhibit t he A C ac t iv i ty of t he Xenopus o o c y t e 

surface c o m p l e x by a b o u t 5 0 % (Sad le r et al., 1986). In add i t i on , a n t i b o d y 

injection a c c e l e r a t e s t he induc t ion of me ios i s by p r o g e s t e r o n e , and in s o m e 

c a s e s , i n d u c e s me ios i s in t he a b s e n c e of p r o g e s t e r o n e (Sad le r et al., 1986). 

T h e s e resu l t s differ f rom t h o s e of B i r c h m e i e r et al. (1985) in tha t t hey s u p p o r t 

the h y p o t h e s i s tha t ras p ro t e in s in the o o c y t e ac t i va t e A C . H o w e v e r , c r o s s -

reac t ion of the an t ibod ie s wi th G-p ro t e ins ( such a s G s) has no t b e e n ruled ou t . 
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F. Possible Role of G-Proteins in the Regulation of Meiotic Maturation in 

Other Species 

M e c h a n i s m s con t ro l l ing meio t i c m a t u r a t i o n in m a m m a l i a n o o c y t e s a re no t 

well u n d e r s t o o d , bu t c A M P a p p e a r s to be invo lved (see B o r n s l a e g e r et al., 

1986). T h e effects of C T X on c u m u l u s - o o c y t e c o m p l e x e s (Deke l and B e e r s , 

1980; B o r n s l a e g e r and S c h u l t z , 1985) and on fol l ic le-enclosed o o c y t e s ( F r é t e r 

and S c h u l t z , 1984) sugges t tha t a G-p ro te in in the c u m u l u s o r g r a n u l o s a cells 

cou ld funct ion in t he regula t ion of m a t u r a t i o n . G-p ro t e in s m a y a l so be p r e s e n t 

in the o o c y t e itself ( M a n e j w a l a et al., 1986), bu t t he poss ib le role of such G-

pro te ins in meio t i c m a t u r a t i o n is u n k n o w n . 

In jec t ions of P T X and G D P - ß - S into s tarf ish o o c y t e s h a v e p r o v i d e d s t rong 

e v i d e n c e tha t a G-p ro te in m a y m e d i a t e 1-MA induced m a t u r a t i o n of starf ish 

o o c y t e s (Shill ing a n d Jaffe, 1987). P e r t u s s i s tox in ( 2 - 6 μg/ml) b l o c k s G V B D 

in r e s p o n s e to 1-MA (0 .1 -10 μ Μ ) , a n d G D P - ß - S (2 -4 m M ) par t ia l ly inhibi ts 

the r e sponse . Effects of C T X on starfish o o c y t e matura t ion a re less cons is ten t . 

O n e s tudy r e p o r t e d tha t inject ion of C T X s t imula ted G V B D in r e s p o n s e to 

subthreshold concen t ra t ions of 1-MA (Dorée and Ki sh imo to , 1981). H o w e v e r , 

in a n o t h e r s t u d y , inject ion of C T X par t ia l ly inhib i ted G V B D in r e s p o n s e to 

1-MA ( F . Shill ing and L . A . Jaffe, u n p u b l i s h e d ) . F u r t h e r e x p e r i m e n t s will be 

requ i red to d e t e r m i n e w h a t G-p ro t e in s m a y be p r e s e n t in starf ish o o c y t e s , 

how 1-MA might ac t iva te these G-pro te ins , and h o w G-protein act ivat ion might 

lead to G V B D . 

III. SPERM ACTIVATION 

A. Binding of ZP3 to a Receptor in the Mouse Sperm Membrane Initiates 

the Acrosome Reaction 

Act iva t ion of s p e r m motility ( L e e and G a r b e r s , 1986), Chemotaxis of s p e r m 

t o w a r d eggs ( W a r d et al., 1985), a n d the induc t ion of t he a c r o s o m e r eac t ion 

(Bleil and W a s s a r m a n , 1986) a r e all t h o u g h t t o b e mediated by r e c e p t o r s in 

the s p e r m plasma m e m b r a n e . Of pa r t i cu la r r e l e v a n c e to this c h a p t e r , t he in-

t e rac t ion of m o u s e s p e r m wi th a g lycop ro t e in in t he z o n a pe l luc ida , Z P 3 , in-

i t iates the a c r o s o m e r eac t ion (Sal ing et ai, 1979; Bleil and W a s s a r m a n , 1983). 

S tud ie s of t he b ind ing of
 I 2 5

I - labe led Z P 3 to t h e p l a s m a m e m b r a n e of m o u s e 

s p e r m h e a d s sugges t tha t a r e c e p t o r for Z P 3 is p r e s e n t in t he s p e r m p l a s m a 

m e m b r a n e (Bleil a n d W a s s a r m a n , 1986). B ind ing of Z P 3 to th is r e c e p t o r p r e -

sumably initiates the a c r o s o m e react ion by w a y of a second messenge r sys t em. 
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D o e s a G-pro te in link ac t iva t ion of the Z P 3 - r e c e p t o r to the ini t iat ion of the 

a c r o s o m e r e a c t i o n ? 

B. Gj- or G 0-like Proteins Are Present in Sperm, While G s-like Proteins 

Appear to Be Absent 

G-pro te ins h a v e b e e n identified in s p e r m f rom b o t h i n v e r t e b r a t e and ver-

tebra te species (Kopf et al., 1986; Bent ley et al., 1986). In all species examined , 

α subun i t s of t h e s e p ro t e in s c lose ly r e s e m b l e Gj o r G 0 in mo lecu l a r weight 

(39 ,000-41,000) , label ing by P T X , and l imited p ro t eo ly t i c d iges t p a t t e r n s . T h e 

P T X s u b s t r a t e f rom sea u rch in s p e r m copur i f ies wi th G T P - b i n d i n g act iv i ty 

(Bent ley et al., 1986). A n t i b o d i e s aga ins t β subun i t s of G-p ro t e ins h a v e b e e n 

used to d e m o n s t r a t e the p r e s e n c e of β subun i t s in s p e r m ( K o p f et al., 1986; 

Ben t l ey et al, 1986). 

U s e of cho l e r a tox in , h o w e v e r , has no t identif ied a n y G s- l ike p ro t e ins in 

s p e r m (H i ldeb rand t et al., 1985; K o p f et al., 1986; Ben t l ey et al., 1986). Th i s 

sugges t s tha t e i the r G s is a b s e n t in s p e r m , o r tha t p r e s e n t m e t h o d s h a v e failed 

to de t ec t it. S ince s p e r m con t a in a high level of A C ac t iv i ty , the p r e s e n c e of 

G s might be expec t ed ; howeve r , the spe rm A C is not s t imulated by the fluoride 

ion, G p p ( N H ) p , C T X , or a d d e d G s , sugges t ing tha t it is no t regu la ted by G s 

(H i ldeb rand t et al., 1985; K o p f et al., 1986; Ben t l ey et al., 1986). 

C. Evidence That a G-Protein Mediates Induction of the Mouse Sperm 

Acrosome Reaction by the Zona Pellucida 

T o tes t the h y p o t h e s i s tha t a G r o r G 0- l i ke p ro te in m e d i a t e s the induc t ion 

of the a c r o s o m e reac t ion by Z P 3 , E n d o et al. (1987) e x p o s e d m o u s e s p e r m 

to P T X , k n o w n in o t h e r s y s t e m s to inac t iva te t h e s e G-p ro t e in s . T h e y found 

tha t P T X b locked the z o n a - i n d u c e d a c r o s o m e r eac t i on , sugges t ing tha t the 

reac t ion is med ia t ed by a G-pro te in ( E n d o et al., 1987). Th i s phys io logica l 

effect of P T X is a c c o m p a n i e d by A D P - r i b o s y l a t i o n of a 41 -kDa p o l y p e p t i d e ; 

the po lypep t i de r e s e m b l e s the α subun i t of Gj, o r poss ib ly G 0 . T h e inhib i tory 

effect of P T X on the a c r o s o m e r eac t ion is b locked by G T P - 7 - S , suppor t ing 

the idea tha t P T X is ac t ing by w a y of a G-p ro te in , and h e n c e tha t the zona -

induced a c r o s o m e reac t ion is m e d i a t e d by a G-p ro te in . 

Surprisingly though , GTP -7 -S is only a very w e a k s t imulator of the a c r o s o m e 

reac t ion . T h e ta rge t of the P T X - s e n s i t i v e G-pro te in of the m o u s e s p e r m is 

u n k n o w n . Possibi l i t ies inc lude the regu la t ion of a p l a s m a m e m b r a n e ion chan -

nel ( leading to an influx of ex t race l lu l a r c a l c ium) , regula t ion of P I P 2 p h o s -

p h o d i e s t e r a s e ( leading to the r e l ease of in t race l lu la r c a l c i u m ) , o r m o d u l a t i o n 

of a d e n y l a t e cyc l a se ( E n d o et al., 1987). 
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IV. EGG ACTIVATION 

A. Responses of the Sea Urchin Egg to Fertilization 

T h e first r e s p o n s e of the sea u rch in egg to fer t i l izat ion is a depo la r i za t i on 

of the p l a s m a m e m b r a n e , wh ich p r e v e n t s fu r ther s p e r m from fusing wi th the 

egg (Jaffe, 1976). T h e s p e r m - e g g in te rac t ion t h e n s t imula te s the m e t a b o l i s m 

of p o l y p h o s p h o i n o s i t i d e s ( T u r n e r et al., 1984), resu l t ing in t he c l e a v a g e of 

P I P 2 by t he e n z y m e P I P 2 p h o s p h o d i e s t e r a s e to p r o d u c e inosi tol 1,4,5-tris-

p h o s p h a t e ( In sP 3) a n d d iacy lg lycero l ( D A G ) in t he egg (C iapa and W h i t a k e r , 

1986). I n s P 3 s t imulates the re lease of ca lc ium from intracellular s tores (Clapper 

and L e e , 1985; O b e r d o r f e / al., 1986; S w a n n a n d W h i t a k e r , 1986), c aus ing 

the fusion of t h o u s a n d s of cor t ica l ves ic les wi th t he p l a s m a m e m b r a n e ( H a m -

aguchi and H i r a m o t o , 1981; W h i t a k e r and I rv ine , 1984; T u r n e r et al., 1986). 

Th i s e x o c y t o s i s resu l t s in the e l eva t ion of the fer t i l izat ion e n v e l o p e , a per -

m a n e n t ba r r i e r to t he e n t r y of addi t iona l s p e r m (Schue l , 1978). T h e o t h e r 

p roduc t of P I P 2 phosphod ie s t e r a se act ivi ty , D A G , has been s h o w n to s t imulate 

the N a
+

- H
+
 an t ipo r t in the sea u rch in egg , resu l t ing in an i nc r ea se in acid 

efflux ( L a u et al., 1986; S h e n and B u r g a r t , 1986). D A G is t h o u g h t to s t imula te 

p ro te in k inase C ; d i rec t s t imula t ion of p ro te in k inase C wi th p h o rb o l e s t e r s 

a l so resu l t s in a s t imula t ion of N a
+

- H
+
 e x c h a n g e , and an i nc r ea se in p ro te in 

syn thes i s in sea u rch in eggs ( S w a n n and W h i t a k e r , 1985). O t h e r r e s p o n s e s 

ac t iva t ed by fer t i l izat ion inc lude ac t iva t ion of N A D k i n a s e , i n c r e a s e s in re -

d u c e d n i co t i namide n u c l e o t i d e s , i nc r ea sed o x y g e n c o n s u m p t i o n , ac t iva t ion 

of a m i n o acid t r a n s p o r t , ini t iat ion of D N A s y n t h e s i s , and s t imula t ion of cell 

d ivis ion (see W h i t a k e r and S t e i n h a r d t , 1985). S o m e of t h e s e e v e n t s m a y a l so 

resul t f rom I n s P 3 and D A G p r o d u c t i o n . 

H o w c a n the s p e r m , ac t ing at t he egg su r face , r egu la te t he p r o d u c t i o n of 

I n s P 3 and D A G ? G-p ro t e ins h a v e b e e n s h o w n to regu la te p r o d u c t i o n of I n s P 3 

and D A G in o t h e r s y s t e m s (see S t r y e r and B o u r n e , 1986), so the poss ib le 

i n v o l v e m e n t of G-p ro t e ins in egg ac t iva t ion w a s an a t t r ac t ive h y p o t h e s i s . 

B. Sea Urchin Eggs Contain G-Proteins 

T o look for G-p ro t e ins in sea u rch in eggs , t h e label ing of egg p ro t e in s in 

the p r e s e n c e of C T X a n d P T X and
 3 2

P - l a b e l e d N A D w a s e x a m i n e d . O i n u m a 

et al. (1986) found a 39-kDa s u b s t r a t e for P T X in t he d e t e r g e n t e x t r a c t e d 

m e m b r a n e s of w h o l e eggs . Th i s 39-kDa p ro t e in copur i f ied wi th t he abil i ty to 

bind G T P - 7 -
3 5

S , a s wou ld be e x p e c t e d for a G-p ro t e in . W h e n a c o m p l e x of 

sea urchin egg p lasma m e m b r a n e s , cort ical ves ic les , and assoc ia ted m e m b r a n e s 

was i n c u b a t e d wi th t o x i n s , label w a s i n c o r p o r a t e d in to t w o s u b s t r a t e s ( T u r n e r 
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et al., 1987). C h o l e r a toxin ca t a lyzed the A D P - r i b o s y l a t i o n of a 47 -kDa sub -

s t ra te , and P T X labeled a 40-kDa subs t ra te . T h u s it a p p e a r s that the sea urchin 

egg c o n t a i n s a P T X - s e n s i t i v e G r o r G 0- l i ke G-p ro t e in , wi th an α subun i t of 

39 -40 k D a , and a C T X - s e n s i t i v e G s- l ike G-pro te in wi th an α subun i t of 47 

k D a . By i m m u n o b l o t t i n g , β subun i t s of G-p ro t e ins h a v e a l so b e e n identified 

in sea u rch in eggs ( O i n u m a et al., 1986). 

F u r t h e r ana lys i s of the sea u rch in egg P T X s u b s t r a t e s h o w e d similar i t ies 

with G 0 ( O i n u m a et al., 1986). O n an S D S gel , t he P T X s u b s t r a t e migra ted 

with a G from rat bra in , and not with o t j . F u r t h e r m o r e , the sea urchin egg protein 

c ro s s - r eac t ed w e a k l y wi th an a n t i b o d y aga ins t rat b ra in a u , but not with an 

an t i body aga ins t a,. 

C. Evidence that the Cholera Toxin-Sensitive G-Protein Regulates Exocytosis 

in Sea Urchin Eggs 

T o tes t the h y p o t h e s i s tha t a G-pro te in w a s a c o m p o n e n t of t he s t imula to ry 

p a t h w a y leading to e x o c y t o s i s of cor t ica l ve s i c l e s , s ea u rch in eggs w e r e mi-

croinjected with the hydrolysis- res is tant analog of G T P , G T P -7 - S . This caused 

exocytos i s (Turner et al., 1986) (Fig. 2a). [In the series of expe r imen t s repor ted 

by T u r n e r et al. (1986), all of the eggs injected with G T P -7 - S (30 μ Μ ) u n d e r w e n t 

e x o c y t o s i s . In s o m e s u b s e q u e n t e x p e r i m e n t s , t he r e s p o n s e to G T P - 7 - S w a s 

m o r e var iab le (P . R. T u r n e r and L . A . Jaffe, u n p u b l i s h e d ) . T h e r e a s o n for 

this var iabi l i ty is not u n d e r s t o o d . ] In jec t ion of G T P (100 μ Μ ) did not c a u s e 

e x o c y t o s i s ( S w a n n et ai, 1987). T h e s t imula t ion of e x o c y t o s i s by G T P - 7 - S 

w a s a c c o m p a n i e d by a r ise in in t race l lu la r ca l c ium ( S w a n n et al., 1987), and 

the e x o c y t o s i s cou ld be b locked by pre in jec t ion of t h e ca l c ium buffer E G T A 

( T u r n e r et al., 1986). 

Micro in jec t ion , but not ex t e rna l app l i ca t ion , of C T X or C T X subuni t A a lso 

resu l ted in e x o c y t o s i s ( T u r n e r et al., 1987). T h e e x o c y t o s i s in r e s p o n s e to 

C T X inject ion w a s b l o c k e d by pre in jec t ing eggs wi th E G T A , sugges t ing tha t 

C T X w a s s t imula t ing e x o c y t o s i s by w a y of an i nc r ea se in [Ca
 2 +

 ] t . Th i s hy-

po thes i s is s u p p o r t e d by the o b s e r v a t i o n tha t micro in jec t ion of c A M P , or a 

hydro lys i s - re s i s t an t ana log of c A M P , did not c a u s e e x o c y t o s i s ( T u r n e r et al., 

mi). 
If the ac t iva t ion of a G-pro te in is r equ i r ed for e x o c y t o s i s , t hen inac t iva t ion 

of the G-protein should p reven t the st imulat ion of exocy tos i s by spe rm. Indeed , 

w h e n eggs w e r e pre in jec ted wi th G D P - ß - S , wh ich ac t s as a c o m p e t i t i v e in-

hibi tor of G T P at the r egu la to ry site of G - p r o t e i n s , s p e r m w e r e p r e v e n t e d 

from s t imula t ing e x o c y t o s i s ( T u r n e r et al., 1986; S w a n n et al., 1987) (Fig . 

3a) . N e v e r t h e l e s s , s p e r m e n t e r e d the egg c y t o p l a s m ( S w a n n et ai, 1987). If 

G D P - ß - S - i n j e c t e d eggs w e r e s u b s e q u e n t l y injected wi th I n s P 3, e x o c y t o s i s re-
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Fig. 2 . Ca lc ium-dependent exocytos i s s t imulated by G T P - 7 - S . (a) An egg which was 

injected with 28 μ Μ G T P - 7 - S . Bar , 25 μ ιη . (b) An egg which was first injected with a 1 : 3 
mixture of 0.2 M C a E G T A and 0.2 M E G T A ([Ca

2 +
 ] = 0.1 μ Μ , [EGTA] = 1.6 m M ) , and 

then injected with 28 μ Μ G T P - 7 - S . [From T u r n e r et al. (1986).] 



310 Paul R. Turner and Laurinda A. Jaffe 

Fig. 3. GDP-ß-S effects on exocytos i s s t imulated by sperm or InsP 3. (a) The lower egg 
was injected with 3 m M G D P - ß - S ; the t w o uppe r eggs are uninjected cont ro ls . After insem-
ination, both control eggs elevated fertilization enve lopes , but the injected egg did not . The 
specks around the eggs are sperm heads . Bar, 50 μπι . (b) An egg which was injected with 
3 m M GDP-ß -S and was then injected with 28 n M InsP 3. T h e fertilization envelope elevated 
after the injection of InsP 3. [From Turne r et at. (1986).] 

sui ted ( T u r n e r et al., 1986) (Fig. 3b) , ind ica t ing tha t t he s t ep involving the 

C T X - s e n s i t i v e G-pro te in p r e c e d e s t he s t ep involv ing I n s P 3 (F ig . 4) . 

T h e ta rge t of the ac t iva t ed G-pro te in is u n k n o w n . T h e G-pro te in m a y reg-

ula te P I P 2 p h o s p h o d i e s t e r a s e , the e n z y m e wh ich p r o d u c e s I n s P 3 and D A G , 

as has been sugges ted in o t h e r s y s t e m s (Cockcrof t a n d G o m p e r t s , 1985). T h a t 

t he a m o u n t s of t he p o l y p h o s p h o i n o s i t i d e s i n c r e a s e fol lowing fer t i l izat ion, bu t 

p r ior to e x o c y t o s i s ( T u r n e r et al., 1984), sugges t s tha t ce r t a in k inases h a v e 

been ac t i va t ed , and the G-pro te in cou ld in te rac t wi th t h e s e k inases (see Pike 

and E a k e s , 1987; C h a h w a l a et al., 1987). It is c o n c e i v a b l e tha t a G-pro te in 

cou ld h a v e m o r e than o n e ta rge t . 

In ject ion of P T X in to s ea u rch in eggs did no t s t imula t e o r inhibit cor t ica l 

ves ic le e x o c y t o s i s , but s ince the P T X w a s not fully in so lu t ion , the a m o u n t 

of P T X injected w a s not k n o w n ( T u r n e r et al., 1987). T h e r e f o r e , the inter-
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Fig. 4. P roposed role of a G-protein in egg act ivat ion. T h e G-protein is act ivated by the 

sperm, possibly by way of a recep tor in the egg p lasma m e m b r a n e . T h e G-protein s t imulates 

the product ion of I n s P 3 and D A G , leading to exocytos i s and o ther deve lopmenta l even t s . 

The G-protein may stimulate P IP 2 phosphodiesterase, or kinases which phosphorylate inositol 

lipids, or o the r e n z y m e s ; it might also act directly on ion channe l s . This model is based on 

exper iments with sea urchin, frog, and hams te r eggs. 

preta t ion of these expe r imen t s is unclear . F u r t h e r m o r e , since P T X act ion may 

requ i r e t ime (Shill ing and Jaffe, 1987), it will b e i m p o r t a n t to e x a m i n e the 

effects of inject ing P T X m o r e t h a n 1 hr before i n semina t i on . T h e funct ion of 

the P T X - s e n s i t i v e G-pro te in in t he sea u rch in egg r e m a i n s to be d e t e r m i n e d . 

D. G-Proteins and Activation of Other Developmental Events in Sea Urchin 

Eggs 

O b s e r v a t i o n s of G T P - 7 - S - i n j e c t e d eggs sugges t t ha t , in add i t ion to a r ise 

in calc ium and exocy tos i s , G-protein act ivat ion m a y also result in the act ivat ion 

of N a
+

- H
+
 e x c h a n g e , N A D ( P ) r e d u c t i o n , n u c l e a r e n v e l o p e b r e a k d o w n , 

c h r o m o s o m e condensa t ion , and D N A synthes is (Dargie et al., 1986). W h e t h e r 

s o m e o r all of t h e s e e v e n t s resul t f rom the p r o d u c t i o n of I n s P 3 and D A G (Fig. 

4), or w h e t h e r they result from interact ion of the G-protein with o the r e n z y m e s , 

is u n k n o w n . 
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E. G-Proteins and Activation of Eggs of Other Species 

Inject ion of G T P - 7 - S in to Xenopus eggs r e su l t ed in e x o c y t o s i s of cor t ica l 

vesicles and a change in m e m b r a n e potent ial like that occurr ing at fertilization; 

t he se r e s p o n s e s did not o c c u r if t he eggs w e r e p re in jec ted wi th t he ca lc ium 

che l a to r B A P T A (Kl ine and Jaffe, 1987, a n d u n p u b l i s h e d resu l t s ) . F u r t h e r 

e v i d e n c e tha t a G-pro te in might be invo lved in ac t iva t ing frog eggs c a m e from 

e x p e r i m e n t s in wh ich e x o g e n o u s se ro ton in o r m u s c a r i n i c ace ty l cho l ine ( M l ) 

r e c e p t o r s w e r e i n t r o d u c e d into Xenopus egg m e m b r a n e s ; w h e n se ro ton in or 

ace ty lcho l ine w a s app l i ed , t he eggs p r o d u c e d an ac t iva t ion po ten t ia l and 

u n d e r w e n t cor t ica l ves ic le e x o c y t o s i s a s well a s e n d o c y t o s i s and cor t ica l con -

t rac t ion as o c c u r after fer t i l izat ion (Kl ine et al., 1988). S ince the se ro ton in 

and ace ty lcho l ine r e c e p t o r s tha t w e r e i n t r o d u c e d a r e k n o w n to ac t by w a y of 

G-pro te ins (Dasca l et al., 1986; N o m u r a et al., 1987), it w a s p r o p o s e d tha t 

neuro t ransmi t t e r s ac t ivate the egg by interact ing with an e n d o g e n o u s G-protein 

tha t is no rma l ly ac t i va t ed by s p e r m . 

Inject ion of G T P - 7 - S in to h a m s t e r eggs r e su l t ed in a se r ies of pe r iod ic r ises 

in in t race l lu lar ca l c ium and h y p e r p o l a r i z a t i o n s of t he m e m b r a n e ; t h e s e re -

s p o n s e s w e r e ve ry m u c h like t h o s e o c c u r r i n g at fer t i l izat ion ( M i y a z a k i , 1988). 

Inject ion of G D B - ß - S inhibi ted the h y p e r p o l a r i z a t i o n s in r e s p o n s e to s p e r m 

but not in r e s p o n s e to s u b s e q u e n t inject ion of I n s P 3 (Miyazak i , 1988). T h e s e 

o b s e r v a t i o n s s u p p o r t t he c o n c l u s i o n tha t a G-pro te in m a y be invo lved in the 

ac t iva t ion of m a m m a l i a n eggs at fer t i l izat ion. 

V. U N A N S W E R E D QUESTIONS 

T h e s tudy of G-p ro t e ins in g a m e t e s ha s identif ied the i r funct ion in o o c y t e 

m a t u r a t i o n , s p e r m ac t iva t ion , and egg ac t i va t i on , and has p o s e d m a n y ad-

dit ional q u e s t i o n s . 

With regard to oocy te g rowth and matura t ion (Sect ion II): Are the G-proteins 

of the frog o o c y t e local ized exc lus ive ly in t he o o c y t e p l a s m a m e m b r a n e , o r 

a re t hey a l so p r e s e n t in follicle ce l l s? D o e s t he m o d e l p r e s e n t e d in Fig . 1 app ly 

to spec ie s o t h e r t h a n frogs? D o e s t he t y p e , n u m b e r , a n d / o r func t ion of G-

prote ins change during ma tu ra t ion? W h y is G; p re sen t? D o G-prote ins regulate 

o o c y t e g r o w t h in s o m e w a y ? 

Wi th regard to s p e r m funct ion (Sec t ion I I I ) : If s p e r m d o not p o s s e s s a G s , 

bu t d o p o s s e s s a G i ? t hen the regula t ion of a d e n y l a t e c y c l a s e is m a r k e d l y 

different f rom tha t seen in o t h e r s y s t e m s . T h e ta rge t e n z y m e ( s ) for the P T X -

sens i t ive G-pro te in (Gj?) is at p r e s e n t u n k n o w n . It will a l so be of g rea t in te res t 

to determine if a G-protein r egu la tes o t h e r sperm ac t iv i t i e s , such a s motility, 

Chemotaxis, a n d / o r c apac i t a t i on . 
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With regard t o the ac t iva t ion of d e v e l o p m e n t (Sec t ion IV) : A r e G-pro te ins 

p r e sen t in the eggs of m a m m a l s and o t h e r s s p e c i e s ? If s o , d o t hey funct ion 

in the ac t iva t ion of d e v e l o p m e n t at fer t i l iza t ion? W h a t is the funct ion of the 

PTX-sens i t ive G-protein in the sea urchin egg? In frog o o c y t e s , a PTX-sens i t ive 

G-pro te in has b e e n s h o w n to func t ion as G i ? t o inhibit a d e n y l a t e c y c l a s e (Sec-

t ion II) . D o e s this G-p ro te in func t ion (if p r e s e n t ) as Gt in the m a t u r e frog egg? 

D o e s t he s p e r m ac t i va t e the G-pro te in via a r e c e p t o r in t he sea u rch in egg 

p l a s m a m e m b r a n e ? It might p r o v e poss ib le to u s e t he G-pro te in to identify 

such a recep tor . Is the target e n z y m e for the G-protein P I P 2 phosphod ie s t e r a se , 

o r is it a k inase wh ich p h o s p h o r y l a t e s the lipid p r e c u r s o r s of P I P 2? D o G-

p r o t e i n s , a c t i va t ed at fer t i l iza t ion, s t imula te o t h e r e n z y m e s as wel l? D o G-

prote ins direct ly o p e n or c lose ion channe l s? Final ly, it will be of great interest 

to e x a m i n e w h e t h e r G-p ro t e in s func t ion in t he regu la t ion of o t h e r a s p e c t s of 

e m b r y o n i c d e v e l o p m e n t , such a s cell d iv i s ion , i nduc t ion , a n d p a t t e r n for-

ma t ion . 
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I. INTRODUCTION 

T h e na tu re of wa te r in cel ls , and its re la t ionship to cell s t ruc ture and function 

is a subjec t of inc reas ing r e s e a r c h in te res t ( D r o s t - H a n s e n and Clegg , 1979; 

Beal l , 1980; L ing , 1984; Clegg , 1984; Beal l et al., 1984). B e c a u s e of the het-
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e rogenous na ture of cellular interfaces, regions of grea te r and lesser restr ict ions 

of the mobi l i ty of w a t e r mo lecu l e s might be e x p e c t e d to exis t . T w o e x t r e m e 

m o d e l s of cel lular w a t e r h a v e b e e n p r o p o s e d by Clegg (1984). T h e first mode l 

c o n s i d e r s the c y t o p l a s m as cons i s t ing of an a q u e o u s so lu t ion in wh ich the 

w a t e r is t hough t to be s imilar to p u r e o r bulk w a t e r wi th the e x c e p t i o n of a 

small f ract ion of b o u n d w a t e r (wa te r of hyd ra t i on ) loca ted p rox imal ly to in-

t race l lu la r su r faces . T h e s e c o n d mode l of ce l lu lar w a t e r c o n t e n d s tha t mos t 

if not all t he ce l lu lar w a t e r in t e rac t s wi th m a c r o m o l e c u l e s such tha t it differs 

(physical ly) in its ro ta t iona l and t r ans loca t iona l p r o p e r t i e s f rom tha t of pu re 

wa te r . S ince w a t e r p lays a cen t ra l b iochemica l role in all ce l lu lar ac t iv i ty w e 

canno t hope to fully under s t and molecular and cellular function wi thout further 

informat ion on the p r o p e r t i e s of ce l lu lar w a t e r . S u c h in format ion has recen t ly 

been gained in s tudies on changes in the phys ica l -chemica l p roper t ies of wa te r 

in unfer t i l ized and fert i l ized sea u rch in eggs . 

N u c l e a r magne t i c r e s o n a n c e ( N M R ) s p e c t r o s c o p y is a m e t h o d wh ich has 

b e e n used to s tudy the phys ica l p r o p e r t i e s of w a t e r mo l ecu l e s in va r ious cells 

and t i s sues . In this m e t h o d , ene rgy is t r ans fe r red to w a t e r p r o t o n nuc l ea r 

par t ic les (from ou t s ide s o u r c e s such as m a g n e t s and r ad io f r equency e lect r ica l 

circuits) which d is turbs their equil ibr ium s ta te . O n e of the m e a s u r e m e n t s m a d e 

of the t ime wh ich o c c u r s b e t w e e n the ini t iat ion of equ i l ib r ium p e r t u r b a t i o n 

and the r e tu rn to an equ i l ib r ium cond i t ion is cal led t he spin- la t t ice re laxa t ion 

which has a cha rac t e r i s t i c t ime c o n s t a n t , de s igna t ed as T , . T h e T, re laxa t ion 

t ime is a m e a s u r e of the a v e r a g e of r e l axa t ion r a t e s of t he bulk and hyd ra t i on 

w a t e r f rac t ions . 

R e c e n t l y , a Fas t P r o t o n Diffusion ( F P D ) ana ly t ica l a p p r o a c h has b e e n in-

t r o d u c e d (Fu l l e r ton et al., 1983, 1986; M e r t a et al., 1986) wh ich p r o p o s e s tha t 

multiple fast exchanging hydra t ion c o m p a r t m e n t s cons t i tu te the physical s ta tus 

of w a t e r in biological s y s t e m s . A c c o r d i n g to t he F P D mo d e l t h e s e c o m p a r t -

m e n t s (or p h a s e s ) cons i s t of four d is t inc t m a s s e s of w a t e r wh ich a re def ined 

on the bas i s of the i r f r eedom of m o l e c u l a r m o t i o n , as d i c t a t ed by the inter-

ac t ions b e t w e e n w a t e r mo lecu l e s and o t h e r chemica l s p e c i e s . A bulk w a t e r 

c o m p a r t m e n t r e sembl ing p u r e w a t e r cons i s t s of w a t e r mo l ecu l e s w h o s e m o -

lecular mo t ion d e p e n d s on in t e r ac t ions only wi th o t h e r w a t e r m o l e c u l e s . O n 

the o t h e r h a n d , w a t e r of hyd ra t i on p h a s e s , i . e . , s t r u c t u r e d , b o u n d and su-

p e r b o u n d w a t e r c o m p a r t m e n t s cons i s t of w a t e r m o l e c u l e s tha t a r e mot iona l ly 

p e r t u r b e d by m a c r o m o l e c u l e s . T h e F P D ana lys i s of t he g lobu la r p ro t e in , ly-

s o z y m e , sugges t s tha t w a t e r m o l e c u l e s in t he s t r u c t u r e d c o m p a r t m e n t a re 

mot iona l ly p e r t u r b e d bu t not d i rec t ly b o u n d to m a c r o m o l e c u l e s ; w a t e r mol-

ecu les in the b o u n d p h a s e a re d i rec t ly h y d r o g e n b o n d e d to m a c r o m o l e c u l a r 

po la r s i t es ; and w a t e r mo lecu l e s in the s u p e r b o u n d w a t e r c o m p a r t m e n t a re 

b o u n d to ionic s i tes on m a c r o m o l e c u l e s . E a c h of t h e s e p h a s e s can be i so la ted 

and c h a r a c t e r i z e d by s t e p w i s e d e h y d r a t i o n and N M R ana lys i s of p r o t o n re -

laxat ion t imes (Fu l l e r ton et al., 1986; M e r t a et al., 1986). 
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II. SEA URCHIN STUDIES 

A. NMR Analysis 

N M R s p e c t r o s c o p y w a s u s e d to m e a s u r e t he w a t e r p r o t o n spin la t t ice re-

laxa t ion t imes (T,) of unfer t i l ized and fert i l ized sea u rch in eggs of Strongy-

locentrotus purpuratus ( Z i m m e r m a n et al., 1985, 1987) and Lytechinus var-

iegat us ( C a m e r o n et ai, 1987). S ince t h e s e m e a s u r e m e n t s re la te to w a t e r 

m o l e c u l e s , t hey can be inf luenced by d i f ferences in the egg s a m p l e fluid (sea-

w a t e r ) . T o e l imina te this poss ibi l i ty t he egg cel ls w e r e uni formly p a c k e d to a 

c o n s t a n t v o l u m e in 1 ml N M R t u b e s a n d the free w a t e r a b o v e the p a c k e d 

eggs w a s r e m o v e d pr io r to T , m e a s u r e m e n t s . In add i t ion , s ince je l ly c o a t s 

w e r e found to affect T, r e l axa t ion t i m e , t h e y w e r e rou t ine ly r e m o v e d f rom 

the sea u rch in eggs wi th acidified s e a w a t e r ( p H 5) pr ior to pack ing cells in 

t he N M R s a m p l e t u b e s . T, (spin- la t t ice) r e l axa t ion t imes w e r e m e a s u r e d im-

med ia t e ly after s a m p l e p r e p a r a t i o n us ing a P rax i s m o d e l II i n s t r u m e n t (Prax is 

C o r p . , S a n A n t o n i o , T e x a s ) e q u i p p e d wi th a 0.25 tes la p e r m a n e n t m a g n e t , a 

s ample coi l , and R. F . pu i se r t u n e d to 10.7 M H z . T h e pu l sed p r o t o n N M R 

re laxa t ion a n a l y s e s en l i s ted a s a tu ra t i on r e c o v e r y pu l se s e q u e n c e of 90°-τ-90°. 

A n in te r faced m i c r o c o m p u t e r p r o v i d e d rap id d a t a acqu i s i t ion and ana lys i s . 

T h e T, decay cu rve is the p roduc t of the resul tant analysis of 30 free-induction-

d e c a y ( F I D ) p e a k he ights wi th a s e q u e n c e of inc reas ing in t e rpu l se de lay t imes 

(Fu l l e r ton et al., 1986). 

In o r d e r to a s s e s s the poss ib le inf luence of d i f fe rences in in t race l lu la r w a t e r 

c o n t e n t b e t w e e n unfer t i l ized and fert i l ized sea u rch in eggs o n T, r e l axa t ion 

t ime m e a s u r e m e n t s , it w a s n e c e s s a r y t o d e t e r m i n e t he w a t e r c o n t e n t and cell 

v o l u m e of the cel ls at the d e v e l o p m e n t a l s t ages s tud ied . W a t e r c o n t e n t w a s 

a s s e s s e d by weighing s a m p l e s f rom N M R t u b e s in p r e t a r e d weighing p a n s 

fol lowed by d e h y d r a t i o n in a v a c u u m o v e n at 90°C until a s tab le weigh t w a s 

reached . T h e difference be tween the initial we t weight and the final dry weight 

of the s a m p l e s w a s u s e d to d e t e r m i n e the p e r c e n t a g e of w a t e r in the ce l l s . 

T h e r e w e r e n o significant d i f ferences found in w a t e r c o n t e n t dur ing the first 

cell cyc le of fert i l ized eggs (Fig . 1). Cell v o l u m e ca l cu la t ions w e r e m a d e f rom 

d iamete r m e a s u r e m e n t s which were m a d e with the aid of an ocular mic rome te r 

in con junc t ion wi th a Ze i s s m i c r o s c o p e (100 x magni f ica t ion) . F o r v o l u m e 

m e a s u r e m e n t s , egg f la t tening w a s a v e r t e d by us ing a mic ros l ide w i thou t a 

cove r s l i p , a n d by us ing a w a t e r i m m e r s i o n lens (Fig . 2) . V o l u m e ca l cu la t ions 

m a d e f rom t h e egg d i a m e t e r m e a s u r e m e n t s y ie lded the fol lowing va lue s : (1) 

unfer t i l ized eggs a v e r a g e d 3.159 χ 10
5
 ± 0.054 μ π ι

3
 (η = 30), and (2) fert i l ized 

eggs p r o p e r p o s s e s s e d an a v e r a g e v o l u m e of 3.35 χ 10
5
 ± 0.09 μ η ι

3
 (η = 30). 

T h e v o l u m e of the unfer t i l ized egg and the v o l u m e of the fert i l ized egg p r o p e r 

w a s no t significantly different (p > .05). Fo l lowing fer t i l izat ion the e l eva t ion 
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Fig. 1. Wate r proton Τ, (A) and the percentage of water (B) in eggs of the sea urchin 

S. purpuratus are shown at var ious stages of the cell cyc le . Each measuremen t was made 

on a separa te freshly packed sample of eggs. The Τ at me taphase is statistically lower than 

the o ther T, values in the fertilized eggs. The wate r content of the fertilized and unfertilized 

eggs did not change at each of the s tages . [From Z immerman et al. (1985).] 

of the fert i l izat ion m e m b r a n e w a s r e spons ib l e for a large overa l l i nc rease in 

egg v o l u m e . T h e p h o t o m i c r o g r a p h in Fig . 2 i l lus t ra tes this c h a n g e in overa l l 

v o l u m e at fer t i l izat ion. 

N M R m e a s u r e m e n t s of unfer t i l ized and fert i l ized sea u rch in eggs r evea led 

a major i nc rea se in T, w a t e r p r o t o n re laxa t ion t ime u p o n fer t i l izat ion. In S. 

purpuratus ( Z i m m e r m a n et al.y 1985) the m e a n w a t e r p r o t o n re laxa t ion t ime 

of unfer t i l ized eggs w a s 520 m s e c . Fo l lowing fer t i l iza t ion, the T, t ime rose to 

991 m s e c . Lytechinus variegatus eggs s h o w e d an i nc rea se in T, t ime from 385 

msec to 929 msec at fertilization. This increase was in large m e a s u r e accoun ted 

for by the a c c u m u l a t i o n of ex t r ace l lu l a r w a t e r in t he per ivi te l l ine s p a c e (Zim-

m e r m a n et al., 1985, 1987; M e r t a et al., 1986; C a m e r o n et al., 1987). A n a l y s e s 

of the con t r ibu t ion of w a t e r in the per ivi te l l ine s p a c e c o m p a r t m e n t to T, re-

laxat ion m e a s u r e m e n t s of fert i l ized eggs w e r e ca r r i ed out by chemica l d is-

sec t ion of the fer t i l izat ion m e m b r a n e and hya l ine layer . In e x p e r i m e n t s on S. 

purpuratus (Z immerman et al., 1987) the fertilization m e m b r a n e was p reven ted 

from forming by t rea t ing unfer t i l ized eggs wi th 0 . 0 1 % p a n p r o t e a s e for 10 min 

which enzymat i ca l ly r e m o v e s the vi tel l ine m e m b r a n e f rom which the fertil-
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Fig. 2. Photomicrograph of unflattened, unfertilized and fertilized sea urchin eggs. Thirty 

unfertilized eggs like that on the left average 3.16 χ 10
5
 ± 0.05 μιη- in vo lume. After fer-

tilization, the volume of the fertilized egg proper was 3.35 x 10
s
 ± 0.09 {(m) = 30) μιτι

λ 

(not significantly changed from the unfertilized egg), but with the elevation of the fertilization 

m e m b r a n e (right), the overall vo lume of the egg increased about 2-fold. Bar, 20 μηι. [From 

Merta et al. (1986).] 

iza t ion m e m b r a n e is f o r m e d . A n o t h e r m e t h o d u s e d to r e m o v e the fer t i l izat ion 

m e m b r a n e w a s d i th ioe ry th r i to l t r e a t m e n t w h i c h in ter feres wi th disulfide 

bond ing in t he newly forming fer t i l izat ion m e m b r a n e (Epe l et al., 1970). Ye t 

a n o t h e r m e t h o d of fer t i l izat ion m e m b r a n e r e m o v a l w a s u s e d on L. variegatus 

eggs . T h e s e eggs w e r e t r ea t ed wi th 1 μ Μ 3-amino- l , 2 ,4 - t r i azo le for 3 min at 

6 min pos t fer t i l iza t ion a n d t h e n p a s s e d t h r o u g h a 4 x ny lon s c r e e n to r e m o v e 

the m e m b r a n e s ( C a m e r o n et al., 1987). S e a u rch in eggs sub jec ted to a n y o n e 

of the a b o v e t r ea tmen t s d o not deve lop a fertilization m e m b r a n e but d o deve lop 

an in tac t hya l ine l aye r fol lowing i n semina t i on wi th s p e r m . T h e hya l ine l ayer 

w a s p r e v e n t e d f rom forming by cu l tu r ing such eggs wi th C a
2 +

- f r e e sea w a t e r . 

In e x p e r i m e n t s wi th S. purpuratus ( Z i m m e r m a n et al., 1987), p r o t o n T, re -

laxa t ion t ime m e a s u r e m e n t s as well a s cell v o l u m e m e a s u r e m e n t s w e r e m a d e 

on (1) unfer t i l ized eggs , (2) fert i l ized eggs , (3) fert i l ized eggs wi th a hya l ine 

layer bu t wi th t he fer t i l izat ion m e m b r a n e r e m o v e d , and (4) fert i l ized eggs 

wi thou t the fer t i l izat ion m e m b r a n e and the hya l ine l ayer (Table I). T h e r e w a s 

a significant d e c r e a s e in bo th T, t ime and v o l u m e in the a b s e n c e of a fertil-

izat ion m e m b r a n e . R e m o v a l of the hya l ine l ayer c a u s e d a fu r ther significant 

d e c r e a s e in T, t ime and v o l u m e . T h e T, t ime of fert i l ized eggs w i thou t the 

fert i l izat ion m e m b r a n e a n d hya l ine l aye r did not differ significantly f rom the 

T, of unfer t i l ized eggs . T h u s , e a c h of t he e x t r a n e o u s c o a t s c o n t r i b u t e s to the 
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TABLE I 

Analysis of the Proton T, Relaxation Time (msec) and of Cell Volume of (1) the Unfertilized 

Egg, (2) the Fertilized Egg within the Raised Fertilization Membrane (FM), (3) Fertilized 

Egg plus the Hyaline Layer but less the Fertilization Membrane, and (4) Fertilized Egg less 

both the Hyaline Layer and Fertilization Membrane
0 ,b 

Extracel lular m e m b r a n e 

(1) (2) (3) (4) 

FM + 

Hyal ine + + -

Trea tmen t s Ferti l ized Washed 

after PP 3 x in 

or D T E C a
2 +

- f ree 

t rea tment seawate r 

N o t rea tment 307 644 

325 692 

387 611 

342 580 

335 538 

Panpro tease (PP) 277 423 456 

treated prior to 344 489 371 

inseminat ion 357 443 284 

Dithioerythri tol 327 440 394 

(DTE) t reated 336 533 297 

362 445 293 

Mean ± SE 336.3 ± 8.3 613.0 ± 23.6 462.2 ± 15.3 390.8 ± 21.0 

"The justification for pooling T, values from different t r ea tments in each column is that 

the different t rea tments did not cause significantly different mean T, values as tes ted by 

A N O V A . 

^Results of A N O V A : F ratio = 47; ρ of F value = < . 0 0 1 . S/N/K multiple range test 

showed that all co lumn means excep t (1) and (4) to be significantly different (p < .05). 

Volume in μπ ι
3
 ± S E : (1) 3.17 x 10

5
 ± 0.10; (2) 6.27 χ 10

5
 ± 0 .11 ; (3) 3.60 x 10

5
 ± 

0.04; (4) 2.57 x 10
5
 ± 0.15. Resul ts of A N O V A : F rat io = < 0 . 0 0 0 1 , S/N/K multiple range 

test shows all means to be significantly different; ρ < .05; η = 22-58 eggs for each condi t ion. 

overa l l p r o t o n T, r e l axa t ion t ime in the fert i l ized eggs . S imi lar resu l t s w e r e 

ob t a ined wi th L. variegatus eggs ( C a m e r o n et al., 1987). 

B. FPD Analyses 

T h e w a t e r in unfer t i l ized and fert i l ized Strongylocentrotus eggs has b e e n 

fur ther c h a r a c t e r i z e d wi th the F P D m o d e l t o def ine the b e h a v i o r of the in-

t race l lu la r w a t e r c o m p a r t m e n t s ( M e r t a et al., 1986). Wi th this m e t h o d e a c h 
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fast-exchanging wa t e r c o m p a r t m e n t w a s sequent ial ly r e m o v e d by dehydra t ion , 

and the T, r e l axa t ion r a t e s a n d w a t e r c o n t e n t of e a c h c o m p a r t m e n t w a s de -

t e r m i n e d . T h e N M R t i t ra t ion se r i e s , c o n d u c t e d at sequen t i a l hyd ra t i on s t a t e s , 

cons i s t en t ly y ie lded single e x p o n e n t i a l T , r e l axa t ion b e h a v i o r t h r o u g h o u t the 

p r o c e s s for b o t h unfer t i l ized and fert i l ized egg s a m p l e s . T h e T, r e l axa t ion 

ra tes 1/T,(sec" ') , a re plot ted against co r re spond ing concen t ra t ion levels (grams 

solid p e r 100 g wa te r ) (F igs . 3 a n d 4) . In this c o n t e x t , " s o l i d " refers to d ry 

m a s s , wh ich c o n s i s t s of all ce l lu lar c o m p o n e n t s e x c e p t w a t e r . 

T h e N M R t i t ra t ion d a t a for t he unfer t i l ized and fert i l ized sea u rch in eggs 

is g raphica l ly i l lus t ra ted in Fig . 3A, and B , r e spec t ive ly . L i n e a r r eg res s ion 

and exponent ia l cu rve ana lyses for each set of da ta were conduc t ed to ascer ta in 

the bes t poss ib le fit. T h e l inear c u r v e " f i t s " g a v e h igher co r r e l a t ion coeffi-

c i en t s . T h e l inear co r re l a t ion va lues (as s h o w n on T a b l e II) revea l t h r ee l inear 

s e g m e n t s . E a c h line c o r r e s p o n d s to a d is t inc t w a t e r c o m p a r t m e n t , wh ich is 

c h a r a c t e r i z e d by the s lope and i n t e r cep t s of this l ine . T h e initial , s e c o n d , and 

third line s e g m e n t s d e m a r c a t e t he bu lk , s t r u c t u r e d , and b o u n d w a t e r p h a s e s , 

r e spec t ive ly . Po in t s of i n t e r sec t ion e n a b l e o n e to d e t e r m i n e the m a s s of w a t e r 

in e a c h f rac t ion . T a b l e II s u m m a r i z e s t h e s e a n a l y s e s and lists t he a m o u n t of 

w a t e r in e a c h of the c o m p a r t m e n t s . T h e r ange of va lues s h o w n in Fig . 3 did 

not require spec imen heat ing which could c a u s e dena tu ra t ion and F P D analysis 

is t he re fo re appl ied on ly to d a t a in th is r a n g e . 

T o gain in format ion on poss ib le s u b c o m p a r t m e n t s wi th in t he b o u n d w a t e r 

c o m p a r t m e n t , M e r t a et al., (1986) co l l ec ted N M R t i t ra t ion d a t a o v e r a w i d e r 

r ange of h y d r a t i o n s t h a n cou ld be o b t a i n e d by v a c u u m d e h y d r a t i o n at r o o m 

t e m p e r a t u r e . U p o n acqu i s i t ion of a c o n s t a n t m a s s , d e h y d r a t i o n w a s fur ther 

p r o m o t e d by a dai ly 10°C s t e p w i s e i n c r e a s e in t e m p e r a t u r e u p to 90°C. T h e 

e x t e n d e d r ange of T, r e l axa t ion va lues o b t a i n e d by this p r o c e d u r e is s h o w n 

in Fig . 4A and B . T h e hor izon ta l l ine s e g m e n t 1/T, = 10.686 ± 0 . 1 8 sec
 1 

r e p r e s e n t s t he T, r e l axa t ion ra te of t he p o o l e d , d ry solid f rac t ions after lipid 

e x t r a c t i o n . I n t e r s ec t i on of this l ine wi th t he th i rd line s e g m e n t f rom the left 

g ives an e s t i m a t e of t h e s u p e r b o u n d w a t e r c o m p a r t m e n t . In the unfer t i l ized 

eggs (Fig . 4A) t he in t e r sec t ion is 26 .307, 10.686. In the fert i l ized eggs (Fig . 

4B) t he in t e r sec t ion is 27.386, 10.686. T h e s u p e r b o u n d w a t e r c o m p a r t m e n t is 

therefore cons idered to be a s u b c o m p a r t m e n t of the bound wa te r c o m p a r t m e n t 

d e t e r m i n e d by the F P D m o d e l ana lys i s (Table I I ) . T h e s u p e r b o u n d w a t e r 

c o m p a r t m e n t a m o u n t s to 3.80 a n d 3.65 g of wa te r /100 g r a m s of d ry sol ids for 

the unfer t i l ized and fert i l ized eggs , r e s p e c t i v e l y . 

Table III summar i ze s the a m o u n t of w a t e r in each of the wa t e r c o m p a r t m e n t s 

in unfer t i l ized and fert i l ized eggs . 

A c c o r d i n g to t he F P D m o d e l , t he bu lk w a t e r c o m p a r t m e n t is m a d e u p of 

u n p e r t u r b e d bulk w a t e r m o l e c u l e s w h i c h c o m p r i s e the largest p h a s e in the 

eggs . Unfer t i l ized and fert i l ized eggs c o n t a i n e d 238 and 470 g of wa te r /100 g 

of solids, respect ive ly , by gravimetr ic m e a s u r e m e n t s (Table III) . Of this wa te r , 
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Fig. 3 . Fast proton diffusion (FPD) model plots of unfertilized (A) and fertilized (B) sea 

urchin eggs. Each point represents an independent T, (spin lattice) relaxation rate mea-

surement, 1/T,(sec'), at its respective hydration level (Ms/M, gram dry mass per gram water). 

Both 1/T, and Ms/M values can be readily conver ted to T, relaxat ion time (sec) and gram 

water per gram dry mass respect ively , by taking the reciprocal (1/jc) of any coordina te value 

from the plots . Line and curve best fit regression analysis yielded three linear segments on 
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128 and 56 g of wa te r /100 g of sol ids a r e in the r e s p e c t i v e hyd ra t i on c o m -

p a r t m e n t s . T h u s 111 and 414 g of wa te r /100 g of solid a r e in the bulk w a t e r 

p h a s e for the unfer t i l ized and fert i l ized ce l l s , r e s p e c t i v e l y . T h e c o r r e s p o n d i n g 

1/T, r a t e s of bulk w a t e r in the unfer t i l ized and fert i l ized eggs , as e x t r a p o l a t e d 

from the F P D plot (Fig . 3 and T a b l e 2) w e r e 0.272 sec
 1

 (T, - 3861 msec ) 

and 0.570 sec
 1

 (T, = 1799 m s e c ) , r e s p e c t i v e l y ; t h e s e r e l axa t ion r a t e s in un-

fert i l ized and fert i l ized eggs w e r e no t s ta t is t ica l ly different f rom the ra te for 

bulk w a t e r 0.37 s e c "
1
 d u e to the large re la t ive s p r e a d , ( S E E ) s t a n d a r d e r r o r 

of e s t ima t ion = 0.913 and 0 .259, r e s p e c t i v e l y . 

T h e s t r u c t u r e d w a t e r c o m p a r t m e n t is m a d e u p of w a t e r m o l e c u l e s tha t a re 

mot iona l ly p e r t u r b e d b y , bu t no t b o u n d to m a c r o m o l e c u l e s (Fu l l e r ton et al., 

1986). In unfer t i l ized eggs , th is f ract ion c o n t a i n s 94.5 g of wa te r /100 g d ry 

m a s s . T h e T, t ime for the s t r u c t u r e d w a t e r c o m p a r t m e n t is 191 ± 39 m s e c 

for unfer t i l ized eggs a n d 131 ± 28 m s e c for fert i l ized eggs . 

T h e bound wa te r c o m p a r t m e n t , in which molecules a re bel ieved to be e i ther 

ionical ly o r h y d r o g e n b o n d e d to m a c r o m o l e c u l e s , c h a n g e d f rom 33 g for un-

fert i l ized to 21 g pe r 100 g d ry m a s s in fert i l ized eggs . E x t r a p o l a t e d T, t ime 

va lues for this b o u n d w a t e r c o m p a r t m e n t in unfer t i l ized and fert i l ized eggs 

w e r e 42 ± 1.2 m s e c and 50 ± 0.6 m s e c , r e spec t ive ly (Tab le II) . 

F ina l ly , the s u p e r b o u n d w a t e r c o m p a r t m e n t , c o m p r i s e d of w a t e r m o l e c u l e s 

tha t a re b o u n d to ionic s i tes on m a c r o m o l e c u l e s (Fu l l e r ton et al., 1986), w a s 

roughly es t imated for each egg sample . Unferti l ized and fertilized eggs yielded 

3.80 and 3.65 g/100 g r a m s d ry m a s s , r e s p e c t i v e l y . T h e s e quan t i t i e s of w a t e r 

a re subf rac t ions of the b o u n d w a t e r c o m p a r t m e n t . 

A n ana lys i s of t he a b o v e d a t a , as d e t e r m i n e d by the F P D mo d e l (Table IV) 

r evea l s the c o n t r i b u t i o n tha t e a c h of t he t h r e e w a t e r f rac t ions m a k e to the 

overall spin-latt ice re laxat ion ra te of unfertil ized and fertilized eggs. T h e resul ts 

in T a b l e IV ind ica te tha t in unfer t i l ized eggs , t he re l axa t ion ra te is d o m i n a t e d 

by the s t ruc tured (38%) and bound (60%) w a t e r fract ions, while the bulk wa te r 

c o m p a r t m e n t c o n t r i b u t e s only 2 % . In fert i l ized eggs , t he con t r i bu t i on of the 

bulk w a t e r f rac t ion i n c r e a s e s to 4 4 % , whi le the c o n t r i b u t i o n s f rom the hy-

dra t ion w a t e r f ract ion ( s t ruc tu red p lus b o u n d ) is p r o p o r t i o n a t e l y d e c r e a s e d . 

C a n the u p t a k e of 232 g bulk wa te r /100 g d ry m a s s , tha t o c c u r s u p o n fertil-

iza t ion , a c c o u n t for t he overa l l sp in- la t t ice r a te c h a n g e ? A s can be seen in 

Tab le I V , the ca l cu la t ed T, r e l axa t ion r a t e c h a n g e d u e to influx of 232 g wa te r / 

< •—• • 
each of the plots . The values of Ms/M > 3 . 0 3 for unfertilized eggs and > 4 . 6 9 for unfertilized 

eggs were independent of concent ra t ion and were averaged . The three segments , from left 

to right, represent bulk, s t ruc tured , and bound wate r c o m p a r t m e n t s . The pa ramete r s of each 

compar tmen t were obta ined from points of intersect ion and K-intercepts of the respect ive 

line segment . [From Mer ta et al. (1986).] 
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Fig. 4. Graphic representation of the further dehydration of unfertilized (A) and fertilized 

(B) egg samples by heating. A constant mass was achieved on day 27 of vacuum dehydration. 
Dehydra t ion was further p romoted by t empera tu re elevat ion (a daily 10°C s tepwise increase 
in t empera tu re up to 90°C) in vacuum oven . After 9 days of heat ing, a lipid ext rac t ion was 
carried out . An es t imate of the mass of superbound water , i .e . , that fraction ionically bound 
to macromolecu les , was obtained from the da ta by calculat ing the point of intersect ion be-
tween the line segment which decreased in slope and the line 1/T, = 10.686 ± 0.18 s e c "

1
, 

which co r responds to the relaxat ion rate of the pooled , dry solid fraction (lipid ex t rac ted) . 
[From Mer ta et al. (1986).] 
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TABLE III 

Water Compartments in Unfertilized and Fertilized Sea Urchin Eggs (g water/ 

100 g dry mass)" 

Change on 

C o m p a r t m e n t Unfertil ized Ferti l ized fertilization 

Superbound 3.80" 3.65" - 0 . 1 5 ( - 4 % ) ' 

Polar bound 29.2 17.7 - 1 1 . 5 ( - 3 9 % ) 

Total bound 33.0 21.3 - 11.7 ( - 3 5 % ) 

St ruc tured 94.5 34.3 - 6 0 . 2 ( - 6 4 % ) 

Total wa te r of 127.5 55.6 - 7 1 . 9 ( - 5 6 % ) 

hydrat ion 

Bulk intracellular 111.0 182.4'' + 7 1 . 4 ( + 6 4 % ) 

Bulk perivitelline 0.0 232.0'' + 2 3 0 . 0 

Total bulk 111.0 414.4' ' + 303.4 ( + 2 7 3 % ) 

Grand Total 238.0 470.0 + 2 3 2 . 0 ( + 98%) 

"From Mer ta et al. (1986). 

"From the da ta repor ted in Fig. 4 (see text ) . 

"Percentage change . 

' 'Calculated from the fact that the vo lume of the egg p roper did not show 

significant differences be tween fertilized and unfertilized eggs (see text ) . 

100 g d ry m a s s is 2 .92. Th i s ca l cu la t ed ra te differs f rom the m e a s u r e d ra te 

(1.58) wi th an e r r o r of + 8 4 . 8 % . T h u s M e r t a et al. (1986) verified tha t m o s t 

of the c h a n g e in re laxa t ion ra te at fer t i l izat ion can be a c c o u n t e d for by u p t a k e 

of bulk w a t e r as sugges ted by Z i m m e r m a n et al., (1985). H o w e v e r the cal-

cu la ted re laxa t ion ra te of the fert i l ized eggs us ing the F P D m o d e l (1.15) differs 

f rom the m e a s u r e d ra te (1 .58; Z i m m e r m a n et al., 1985) wi th an e r r o r of only 

- 2 7 . 2 % . T h u s use of the F P D mode l w h i c h t a k e s in to a c c o u n t the re laxa t ion 

ra te of e a c h w a t e r c o m p a r t m e n t g ives a m o r e a c c u r a t e e x p l a n a t i o n of the 

overa l l r e l axa t ion ra te of fert i l ized eggs t h a n d o e s the a s s u m p t i o n tha t all of 

the re l axa t ion ra te c h a n g e at fer t i l izat ion is d u e to u p t a k e of bulk w a t e r . 

C. Changes Accompanying Fertilization That May Be Related to 

Hydrational Modifications 

As s h o w n p rev ious ly d r a m a t i c a l t e r a t ions in the ce l lu lar h y d r a t i o n c o m -

p a r t m e n t s co inc ide wi th fer t i l izat ion in t he sea u rch in egg (Tab les II and I I I ) . 

This hydra t ion modification may be assoc ia ted with o the r intracellular changes 

which o c c u r at fer t i l izat ion. F o r e x a m p l e , shifts in c o n c e n t r a t i o n of va r i ous 

in t race l lu lar ions a re k n o w n to o c c u r at fer t i l izat ion (Schmid t et al., 1982). A 

t r ans ien t r ise in C a
2 +

 c o n c e n t r a t i o n fol lows the s p e r m - i n d u c e d r e l ease of C a
2 + 
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s t o r e s . Th i s e v e n t is a c c o m p a n i e d by an influx of N a
+
 and a rapid depo la r -

izat ion of the egg p l a s m a m e m b r a n e (Schmid t et al., 1982). A N a
4
- d e p e n d e n t 

efflux of H
+
 r e su l t s in a r ise in the in te rna l p H from a p p r o x i m a t e l y 0.4 to 0.6 

p H uni t s to a b o u t p H 7.2 ( L e e and E p e l , 1983). T h e i nc r ea se in in t race l lu la r 

p H t r iggers an i n c r e a s e in p ro te in syn the s i s as p reex i s t ing m e s s e n g e r R N A s 

a re u n m a s k e d and r i b o s o m e s b e c o m e a c t i v a t e d . In add i t i on , nuc l eo t ide and 

a m i n o acid t r a n s p o r t is ac t iva t ed ( R e b h u n et al., 1982). T h u s n u m e r o u s ionic 

c h a n g e s m a y be re la ted to the o b s e r v e d a l t e ra t ions of in t race l lu la r w a t e r at 

fertilization. E v e n t s , such as changes in concen t ra t ion of ions might profoundly 

affect the c o n f o r m a t i o n - d e p e n d e n t w a t e r b ind ing and s t ruc tu r ing capac i t i e s 

of m a c r o m o l e c u l e s such as p r o t e i n s . 

E x t e n s i v e r eo rgan iza t ion of the cy to ske l e t a l f r a m e w o r k a l so a c c o m p a n i e s 

fertilization. F o r e x a m p l e , cort ical r e se rves of G-act in are rapidly po lymer ized 

(Spud ich et al., 1982) and so luble ac t in d r o p s f rom 0.58 ng/egg in t he unfer-

ti l ized egg to 0.40 ng/egg in t he fert i l ized egg (Ot to et al., 1980). At t he s a m e 

t ime , cor t ica l ac t in g o e s f rom an a v e r a g e of 0.056 ng/egg in t he unfer t i l ized 

egg to 0.24 ng/egg in t he fert i l ized egg (Ot to et al., 1980). T h u s a co r r e l a t ion 

m a y exis t b e t w e e n ac t in p o l y m e r i z a t i o n and a d e c r e a s e d h y d r a t i o n f rac t ion . 

Al though act in is only 1.4% of total egg prote in , it cons t i tu tes 7 % of the soluble 

p ro te in in unfer t i l ized egg e x t r a c t s ( B r y a n a n d K a n e , 1982) a n d m a y still p lay 

a major ro le in c h a n g e s in the ce l lu lar h y d r a t i o n f rac t ion . F o r e x a m p l e , F -

ac t in in t he c y t o p l a s m i c e n v i r o n m e n t readi ly b inds p ro t e in s (Clegg, 1984; 

Sch l iwa et al., 1981; M o o n et al., 1983) a n d p o l y r i b o s o m e s ( M o o n et al., 

1983). H e n c e by d e c r e a s i n g the in t e rac t ive avai labi l i ty of sur faces of s o m e 

in t race l lu la r m a c r o m o l e c u l e s , ac t in cou ld effect ively limit the i r abil i ty to per -

tu rb w a t e r m o t i o n . 

D. Changes in Water Proton Relaxation Time during the Cell Cycle 

Dur ing the first cell c y c l e , the T, r e l axa t ion t ime s h o r t e n e d at mi tos i s and 

lengthened at cy tokines is with no change in wa te r con ten t (Fig. 1) ( Z i m m e r m a n 

et al., 1985, 1987; C a m e r o n et al., 1987). Z i m m e r m a n et al., (1987) and C a m -

e r o n et al., (1987) e x a m i n e d the poss ibi l i ty tha t e v e n t s a s s o c i a t e d wi th the 

per ivi te l l ine s p a c e w e r e r e spons ib l e for T , t ime f luc tua t ions dur ing mi tos i s 

and c y t o k i n e s i s . T h e y found no d i f ferences in the cell cyc l e p a t t e r n of T , 

relaxat ion t ime changes be tween normal eggs and eggs that lacked a fertilization 

m e m b r a n e and hya l ine layer . Th i s ind ica tes tha t t he f luc tua t ions in T, re lax-

a t ion t ime in sea u rch in eggs dur ing mi tos i s a n d c y t o k i n e s i s a r e d u e to intra-

cel lular e v e n t s . 

C a m e r o n et al. (1985, 1987) d e m o n s t r a t e d tha t it is poss ib le to e x a m i n e 

c h a n g e s in the s ta te of h y d r a t i o n w a t e r in t he c y t o p l a s m by ana lyz ing c h a n g e s 
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in the g r o w t h of in t race l lu lar ice c rys t a l s u p o n rapid f reezing. T h e g r o w t h of 

ice c rys t a l s in biological ma te r i a l s is d e p e n d e n t o n the w a t e r c o n t e n t of the 

cell and its m a c r o m o l e c u l a r c o m p o s i t i o n . Ice c rys ta l impr in t s ize is l imited 

by the n u m b e r of w a t e r mo lecu l e s tha t c a n migra te to an ice c rys ta l n ida t ion 

site pr ior to cool ing to the poin t w h e r e c o m p l e t e f reezing of the cell o c c u r s . 

Cel lu lar w a t e r is s t r u c t u r e d by its i n t e r ac t ions wi th p ro te in su r faces . 

W a t e r mo lecu l e s in the s t r u c t u r e d w a t e r s ta te diffuse m o r e rapidly wi thin 

the layer a long a p ro te in sur face t h a n they c a n diffuse a w a y from the pro te in 

surface in to the u n s t r u c t u r e d w a t e r s u r r o u n d i n g s . T h u s , cel ls wi th long fila-

m e n t o u s p ro te in a s s e m b l a g e s p rov ide longer su r faces a long wh ich w a t e r can 

migra te to an ice c rys ta l n ida t ion s i te . It wou ld t h e n a p p e a r tha t t w o cells of 

equal w a t e r c o n t e n t m a y s h o w different s ized ice c rys t a l s d e p e n d i n g u p o n the 

g lobular o r f i l amentous n a t u r e of the m a c r o m o l e c u l e s in the cel l . In this w a y , 

ice c rys ta l size is a m e a s u r e of the a m o u n t of hyd ra t i on w a t e r and length of 

surface a long wh ich w a t e r c an m o v e in the cell ( C a m e r o n et al., 1985). 

Ice c rys ta l impr in t s ize w a s e x a m i n e d in thin s ec t ions of L. variegatus eggs 

dur ing the first cell cyc le ( C a m e r o n et al., 1987). T h e s e eggs w e r e f rozen in 

liquid p ropane at regular intervals during the first cell cyc le ; the frozen samples 

w e r e s ec t ioned to a t h i c k n e s s of 1-2 μπ ι , c r y o a b s o r b e d , e x a m i n e d , and p h o -

t o g r a p h e d in t he scann ing t r a n s m i s s i o n e l ec t ron m i c r o s c o p e . T h e ice c rys ta l 

imprint size in the cy top lasm of the eggs s h o w e d cell cyc le -dependen t changes 

in rad ius size wh ich para l le led t h o s e seen wi th m e a s u r e m e n t s of T, r e l axa t ion 

t ime (Fig. 5). T h u s , t he r e w a s a d r o p in ice c rys ta l s ize dur ing mi tos i s and a 

r ise to p remi tos i s levels dur ing c l e a v a g e . 

E. Relationship of Cytoskeletal Changes to Changes in Water Proton 

Relaxation Time during the Cell Cycle 

What macromolecu la r even t s might accoun t for the pa t te rn of wa t e r order ing 

o b s e r v e d dur ing the cell cyc l e? Cy toske l e t a l c h a n g e s such as tubul in poly-

merizat ion occu r at mitosis , and act in polymer iza t ion a c c o m p a n i e s fertilization 

(Spud ich et al., 1982) and is invo lved in the con t r ac t i l e r ing a n d cor t ica l mi-

crofi laments which form at c leavage . In addi t ion, the ice crysta l da t a d iscussed 

p rev ious ly sugges t s tha t T, t ime m e a s u r e m e n t s dur ing the cell cyc le reflect 

the s ta te of the m a c r o m o l e c u l e s . T h u s , c h a n g e s in the egg c y t o s k e l e t o n at 

fer t i l izat ion and dur ing the cell cyc le m a y be r e spons ib l e for c h a n g e s in the 

w a t e r p r o t o n N M R signal o b s e r v e d . 

T h e poss ib le role tha t t he cy toske l e t a l p ro t e in tubul in might p lay in w a t e r 

p r o t o n re laxa t ion t ime c h a n g e s w a s e x a m i n e d wi th t he u s e of t axo l , a mic ro -

tubule inducing agent , and colchicine and low t empe ra tu r e which depo lymer ize 

mic ro tubu l e s ( Z i m m e r m a n et al., 1985, 1987). T r e a t m e n t of unfer t i l ized sea 
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Fig. 5 . Cell cyc le-dependent changes in cy toplasmic ice crystal size during the first cell 

cycle of L. variegatus eggs. A small sample of concentrated eggs was frozen in liquid propane 

cooled in liquid ni t rogen. Frozen l -μιη sect ions of frozen eggs were examined in a scanning 

electron mic roscope , and the radii of cy toplasmic ice crystal imprints were measured at 

var ious t imes after inseminat ion. The da ta is p resen ted as the percen tage of first cell cycle 

to account for variability in the c leavage t ime among the different ba tches of eggs. Er ror 

bars indicate the s tandard e r ror of the mean . [From Cameron et al. (1987).] 

urch in eggs wi th 10 μΜ t axol for 120 min c a u s e d the fo rma t ion of n u m e r o u s 

c y t a s t e r s con ta in ing m i c r o t u b u l e s . W h e n 10 μΜ co lch ic ine w a s a d d e d to such 

taxol t r ea t ed ce l l s , t he c y t a s t e r s d i s a p p e a r e d . T h e d a t a in T a b l e V s h o w s tha t 

t he T, r e l axa t ion t ime of the unfer t i l ized eggs w a s no t significantly c h a n g e d 

d u e to d r u g t r e a t m e n t ( Z i m m e r m a n et al., 1987). In o t h e r e x p e r i m e n t s , taxol 

(10 μΜ) w a s a d d e d to cu l t u r e s of fert i l ized eggs 55 min pos t fe r t i l i za t ion . At 

75 min pos t fe r t i l i za t ion , t he mi to t i c sp ind les of t he t axo l - t r ea t ed eggs w e r e 

o b s e r v e d to be m u c h larger t h a n tha t of the n o n t a x o l t r e a t e d eggs . T h e T, 

r e laxa t ion t ime of t he eggs wi th a taxol en la rged mi to t ic sp indle did no t va ry 

significantly f rom tha t of the no rma l - s i ze mi to t ic sp ind le . In add i t i on , eggs in 
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TABLE V 

Analysis of the Effects of Taxol and Colchicine Treatment on the Proton T, Relaxation Time and 

on Cell Volume of Unfertilized Sea Urchin Eggs 

T, relaxation t ime Cell volume 

N u m b e r of 

Trea tmen t and N u m b e r of runs Mean ± S E eggs Mean ± S E 

durat ion (n) (msec) (η) (μπι
3
) 

Taxol 4 297 ± 7.3 21 3.17 x 10
s
 ± 0.5 

(120 min) 

Colchicine 4 284 ± 4.2 48 3.39 χ 10
5
 ± 0.4 

(30 min) 

Taxol (120 min) 4 306 ± 6.5 48 3.48 χ 10
5
 ± 0.3 

+ Colchicine 

(last 30 min) 

Untrea ted 4 279 ± 9.0 21 3.35 χ 10
5
 ± 0.9 

Results of A N O V A F ratio = 0.216 F ratio - 1.17 

(not significant) (not significant) 

mitos is w e r e t r ea t ed wi th co lch ic ine to e x a m i n e the ro le of m i c r o t u b u l e a s -

sembly ( a s soc ia t ed wi th the mi to t ic a p p a r a t u s ) in t he i n c r e a s e in w a t e r o r d e r 

o b s e r v e d at m e t a p h a s e . T h e co lch ic ine - induced d i s a s s e m b l y of the mi to t ic 

sp indle in sea u rch in eggs did not affect the p r o t o n T, r e l axa t ion t ime . T h u s , 

nei ther taxol- induced assembly nor colchic ine- induced d isassembly of cellular 

micro tubules could be linked to measurab le changes in the p ro ton T, re laxat ion 

t ime in fert i l ized sea u rch in eggs . 

T h e i n v o l v e m e n t of the cy toske le t a l p ro t e in ac t in in c h a n g e s in the phys ica l 

p rope r t i e s of w a t e r dur ing the cell cyc l e w a s s tud ied wi th the u s e of c y t o -

cha las in Β wh ich d i so rgan izes ac t in f i l aments . S e a u rch in eggs w e r e t r ea t ed 

wi th 25 μ Μ cy tocha l a s in Β pr ior to t he beg inn ing of mi tos i s ( C a m e r o n et al., 

1987; Z i m m e r m a n et al., 1987). T h e resu l t s of t h e s e e x p e r i m e n t s s h o w e d tha t 

the fall in T] r e l axa t ion t ime dur ing mi tos i s w a s no t inhibi ted b y c y t o c h a l a s i n 

B , but the r ise in T, r e laxa t ion t ime at c l e a v a g e w a s c o m p l e t e l y abo l i shed 

(Fig. 6). T h u s the co r re l a t ion b e t w e e n G- a n d F-ac t in t r ans i t ion and the e x t e n t 

of cel lular hyd ra t i on w a t e r wh ich o c c u r s shor t ly after fer t i l izat ion m a y a lso 

o c c u r at mi tos is and c y t o k i n e s i s . 

Th i s pos tu l a t ed p a t t e r n of p o l y m e r i z a t i o n of ac t in after fer t i l izat ion, de -

po lymer i za t ion at mi tos i s , and p o l y m e r i z a t i o n at c l eavage is cons i s t en t wi th 

the o b s e r v a t i o n s of a n u m b e r of i nves t iga to r s . After fer t i l izat ion in S. pur-

puratus, t h e r e is a bu r s t of microvi l la r e longa t ion , fo l lowed by a s e c o n d bur s t 

tha t c e a s e s pr ior to mi tos i s , but at n o t ime dur ing the first cell cyc le is t he re 
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Fig. 6. Water proton T, relaxation time in eggs of S. purpuratus treated with cytochalasin 

B . Ferti l ized eggs (at 15°C) were t rea ted with 25 μηι cytochalas in Β at 70 min after insem-

ination. T, values of cytochalas in- t rea ted (o--o) and control cells (Δ Δ) are plotted as a 

function of t ime after inseminat ion. At 120 min, 6 5 % of control cells displayed furrows. The 

cytochalas in- t rea ted cells showed a dec rease in T, values at mitosis , similar to control cells . 

At cy tokines i s , the control cells displayed an increase in T, va lues ; howeve r , the T, values 

of cytochalas in- t rea ted cells remained low. [From Z i m m e r m a n et al. (1987).] 

any ev idence for a shor tening of microvilli (Schroede r , 1979). O t to et al. (1980) 

o b s e r v e d tha t p r io r to fer t i l izat ion in t he H a w a i i a n s ea u r c h i n , Tripneustes 

gratilla, 9.2% of the to ta l ac t in in the egg p o l y m e r i z e d . After fer t i l iza t ion, 

3 5 % of the tota l ac t in w a s p o l y m e r i z e d . T h e y a t t r i bu t ed this c h a n g e in the 

a m o u n t of ac t in p o l y m e r i z e d to microvi l l a r e longa t ion . T h e r e a re t w o c y t o -

logical e v e n t s at t he t ime of c l e a v a g e involv ing the p o l y m e r i z a t i o n of ac t in . 

Usu i a n d Y o n e d a (1982) r e p o r t e d the a p p e a r a n c e of a m e s h w o r k of ac t in fil-

a m e n t s in the egg c o r t e x at a n a p h a s e of t he first cell cyc le w h i c h i nc rea sed 

in dens i ty dur ing t e l o p h a s e . T h e o t h e r e v e n t involv ing ac t in at the t ime of 

c l eavage is t he a s s e m b l y of t h e con t r ac t i l e r ing. T h e s o u r c e of con t r ac t i l e -

ring ac t in is not k n o w n . It ha s not b e e n a s c e r t a i n e d w h e t h e r t he con t rac t i l e 
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ring a s s e m b l e s from a pool of m o n o m e r i c ac t in , o r w h e t h e r ac t in in the c o r t e x 

d e p o l y m e r i z e s to p r o v i d e act in subun i t s ( M a b u c h i , 1986). A n o t h e r phys ica l 

p r o p e r t y of the egg tha t is re la ted t o the s t a t e of ac t in p o l y mer i za t i o n is p ro -

top la smic v i scos i ty . T h e p a t t e r n of c h a n g e s in the c o n s i s t e n c y of the p ro to -

p la sm ( H i r a m o t o , 1970) s h o w s s imilar cell c y c l e - d e p e n d e n t c h a n g e s as seen 

with T, relaxat ion t ime and ice crystal imprint s ize. While all these observa t ions 

a re cons i s t en t wi th the c h a n g e s in T, r e l axa t ion t ime and ice c rys ta l imprint 

size be ing re la ted to the s ta te of po lymer i za t i o n of ac t in , t hey a re far f rom 

conc lus ive e v i d e n c e . T h e r e is little e v i d e n c e to ind ica te tha t t h e r e is a de -

po lymer i za t ion of ac t in at mi tos i s in a large e n o u g h p r o p o r t i o n of cel lular 

ac t in to c a u s e the fall in T , r e l axa t ion t ime and ice c rys ta l impr in t s ize . H o w -

eve r , the s tud ies c i ted w e r e c o n c e r n e d wi th cor t ica l ac t in , and n o n e deal t wi th 

ac t in in the res t of the egg, t he c y t o m a t r i x ac t in . E v e n t s involv ing the s ta te 

of c y t o m a t r i x ac t in po lymer i za t i on m a y be m o r e i m p o r t a n t to c h a n g e s in T, 

relaxation t ime and ice crystal imprint size than even t s involving cortical act in. 

S ince the po lymer i za t i on and d e p o l y m e r i z a t i o n of ac t in m a y be an expla-

na t ion for the c h a n g e s in T, r e laxa t ion t ime and ice c rys ta l impr in t s ize in 

vivo, the c h a n g e s in the phys ica l p r o p e r t i e s of w a t e r u p o n po lymer i za t i on of 

purified ac t in w e r e inves t iga ted as an in vitro co r r e l a t e to the c h a n g e s in T, 

re laxa t ion t ime and ice c rys ta l impr in t s ize o b s e r v e d in L. variegatus eggs . 

T o d o th i s , T, r e l axa t ion t imes and ice c rys ta l radii w e r e m e a s u r e d for an 

act in so lu t ion at va r i ous c o n c e n t r a t i o n s of p o t a s s i u m ch lo r i de , a salt k n o w n 

to p r o m o t e the po lymer i za t i on of ac t in ( B r y a n and K a n e , 1982). T h e poly-

mer iza t ion of ac t in w a s ev iden t m a c r o s c o p i c a l l y as an i nc rea se in v i scos i ty 

and gela t ion of the so lu t ion and mic roscop ica l ly as the p r e s e n c e of f ibrous 

m a t s . T h e ice c rys ta l r ad ius w a s seen to i n c r e a s e u p o n p o l y mer i za t i o n of the 

ac t in so lu t ion . Th i s w a s a t t r i bu t ed to the c h a n g e of t he ac t in from the g lobular 

m o n o m e r s ta te to a f i l amen tous s t a t e b e c a u s e t h e r e w a s n o c h a n g e in w a t e r 

c o n t e n t . 

T h e resu l t s of the in vitro e x p e r i m e n t s wi th ac t in a re cons i s t en t wi th an 

in te rp re ta t ion of the c h a n g e s in the p r o p e r t i e s of in t race l lu la r w a t e r , dur ing 

the first cell cyc le , being related to actin polymer iza t ion and depolymer iza t ion . 

H o w e v e r , the t rans i t ion of a po r t ion of the tota l ce l lu lar ac t in from a g lobu la r 

to a f i l amentous form c a n n o t exp la in c o m p l e t e l y t he T, r e laxa t ion t ime and 

ice c rys ta l impr in t s ize c h a n g e s . 

It has been shown that the re are cell cyc le -dependen t changes in the motional 

p rope r t i e s of cel lular w a t e r in sea u rch in eggs , as ref lec ted by c h a n g e s in 

p r o t o n N M R Τ, re laxa t ion t ime a n d ice c rys ta l impr in t s ize . T h e s ta te of po -

lymer iza t ion of c y t o p l a s m i c ac t in is sugges t ed as the mos t likely m a c r o m o -

lecular fea ture of the egg tha t cou ld a c c o u n t for t h e s e c h a n g e s , b a s e d on ex-

p e r i m e n t s by C a m e r o n et al. (1987) and Z i m m e r m a n et al. (1987) showing 

tha t cy tocha l a s in Β t r e a t m e n t d i s rup t s t he p a t t e r n of c h a n g e s in T, t ime in 
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t he egg. T h e pos tu l a t ed p a t t e r n of cell c y c l e - d e p e n d e n t c h a n g e s in the s ta te 

of ac t in p o l y m e r i z a t i o n is no t i ncons i s t en t wi th o b s e r v a t i o n s in ac t in in vivo, 

and c h a n g e s in the mot iona l p r o p e r t i e s of w a t e r d u e to this pos tu l a t ed pa t t e rn 

would be cons i s t en t wi th the cha r ac t e r i s t i c s of w a t e r a s s o c i a t e d wi th purified 

act in p o l y m e r i z e d in vitro. T h e p o l y m e r i z a t i o n o r d e p o l y m e r i z a t i o n of c y t o -

p lasmic ac t in cou ld not a c c o u n t for the m a g n i t u d e of T , r e l axa t ion t ime 

c h a n g e s , sugges t ing tha t in add i t ion to t he s ta te of ac t in p o l y m e r i z a t i o n , o t h e r 

m a c r o m o l e c u l a r e v e n t s mus t o c c u r to m a k e th is h y p o t h e s i s t e n a b l e . Clegg 

(1984) has sugges ted tha t the a s soc i a t i on of c y t o p l a s m i c p ro t e in s wi th ac t in 

filaments in t he c y t o m a t r i x c h a n g e s t he e x t e n t of h y d r a t i o n w a t e r in t he cy-

top lasm. If this is t rue , the changes in T, re laxat ion t ime and ice crystal imprint 

size dur ing the first cell cyc l e of L. variegatus eggs not a c c o u n t e d for by ac t in 

po lymer i za t i on cou ld c o n c e i v a b l y be d u e to the
 fc

'docking'' of c y t o p l a s m i c 

p ro t e in s to filamentous ac t in in the c y t o m a t r i x . T h u s o n e might env i s ion tha t 

e ach g lobu la r p ro te in mo lecu l e h a s a l ayer of h y d r a t i o n w a t e r and tha t the 

po lymer i za t i on of such g lobu la r p ro t e in s r e l ea se s h y d r a t i o n w a t e r f rom be -

t w e e n the d o c k e d mo lecu l e s to b e c o m e bulk w a t e r . S u c h a mode l c an be u sed 

to exp la in the w a t e r r e laxa t ion and h y d r a t i o n w a t e r c h a n g e s wh ich o c c u r at 

fer t i l izat ion and du r ing the first cell cyc l e in sea u rch in eggs . 
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It is a l m o s t t a k e n for g r an t ed tha t mi tos i s is con t ro l l ed and regu la ted by 

C a ions . T h e y a r e espec ia l ly su i ted to pe r fo rm local ly and spat ia l ly such a 

funct ion g iven by the i r u n i q u e ionic p r o p e r t i e s . F o r an e x t e n s i v e d i s cus s ion 

of this top ic t h e r e a d e r is re fer red t o B laus te in (1984) and R a s m u s s e n (1984). 

N e w m e t h o d s h a v e b e c o m e ava i lab le in r e c e n t y e a r s to loca te ca l c ium and 

e v e n to v i sua l ize free C a i o n s , bu t no t in f requent ly the i n t e rp re t a t i on of the 

d a t a w a s b a s e d o n the d o g m a of C a ions g o v e r n i n g the c o u r s e of mi tos i s . In 

this r e v i e w , w e will cr i t ical ly e x a m i n e the d a t a so far a c c u m u l a t e d , and w e 

will ask h o w strongly the da t a really suppor t the idea of mitosis being governed 

by C a ions . It is purposefu l ly i n t e n d e d to be p r o v o c a t i v e a n d d o e s no t c la im 

to p r e s e n t a c o m p l e t e o v e r v i e w of t he r e l evan t l i t e ra tu re . F o r a n o t h e r r ecen t 

r ev iew of t he t o p i c , t he r e a d e r is re fe r red t o P o e n i e and S t e i n h a r d (1987). 

Mi tos i s c a n be def ined a s a s e q u e n c e of e v e n t s leading to t he equa l dis t r i -

bu t ion of t he c h r o m a t i n in to t h e t w o d a u g h t e r nucle i after w h i c h the cell 

u n d e r g o e s c y t o k i n e s i s to give r ise to t w o d a u g h t e r ce l l s . T h e beg inn ing of 
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mitos is m a y be arb i t rar i ly set to the v isual o n s e t of c h r o m a t i n c o n d e n s a t i o n 

and the a c c o m p a n y i n g s epa ra t i on of t he c e n t r o s o m e s . 

T o s tudy the role of ca l c ium dur ing this p r o c e s s , o n e can e x a m i n e c o m -

p o n e n t s of the mi to t ic p r o c e s s for the i r C a sens i t iv i ty , s e a r c h for ca l c ium in 

the mi to t ic a p p a r a t u s , look for C a - s e q u e s t e r i n g s y s t e m s at mi tos i s , follow 

quali tat ive and quant i ta t ive changes in the intracellular ca lc ium, or , by analogy 

with o t h e r k n o w n C a - d e p e n d e n t p r o c e s s e s , t ry to identify c o m p o n e n t s with 

similar func t ions and p r o p e r t i e s as in t he k n o w n s y s t e m s . 

I. MICROTUBULES ARE SENSITIVE TO CALCIUM 

M i c r o t u b u l e s form the main par t of t he mi to t ic a p p a r a t u s ( r ev i ewed by In-

o u é , 1981). At the beginning of mi tos i s the in t race l lu la r m i c r o t u b u l a r n e t w o r k 

undergoes a comple te reorganizat ion giving rise to the bipolar mitot ic appa ra tus 

(cf. H a r r i s , 1982; H o l l e n b e c k and C a n d e , 1985; B a l c z o n and S c h a t t e n , 1983; 

S c h a t t e n et al., 1985). S ince the p ionee r ing w o r k of W e i s e n b e r g (1972), mi-

c r o t u b u l e s h a v e b e e n k n o w n to d e p e n d on the a b s e n c e of m o r e t han mic rom-

olar a m o u n t s of ca l c ium in o r d e r to u n d e r g o a s s e m b l y . 

T w o w a y s of ach iev ing such a sens i t iv i ty h a v e b e e n sugges t ed : Tubu l in 

itself is t hough t to bind ca lc ium t h e r e b y chang ing f rom a p o l y m e r i z a b l e in to 

a n o n p o l y m e r i z a b l e s ta te ( B e r k o w i t z and Wolff, 1981; S e r r a n o et al., 1986). 

T h e la t te r a u t h o r s d e s c r i b e tubul in a s hav ing a high-affinity Ca-b ind ing site 

with a dissociat ion cons tan t in the o rde r of 10
 6

 M and a n o t h e r class containing 

severa l low-affinity s i tes tha t h a v e a d i s soc ia t ion c o n s t a n t of 10
 4

 M. At p r e s -

en t , it is u n c l e a r if th is p r o p e r t y is c o m m o n to tubul in f rom all s o u r c e s o r is 

r es t r i c ted on ly t o tubul in of n e u r o n a l or igin . A s long as a s s e m b l y c o m p e t e n t 

tubul in is not i so la ted f rom mi to t ic a p p a r a t u s and s h o w n to b ind ca l c ium, o n e 

should p r o b a b l y refrain f rom cons ide r ing a ca l c ium sens i t iv i ty of the mi to t ic 

a p p a r a t u s as a d i rec t c o n s e q u e n c e of a c a l c i u m - t u b u l i n in te rac t ion (cf. Su-

p r e n a n t and R e b h u n , 1983). S u c h a p r o p e r t y is m o s t p r o b a b l y c o n v e y e d to 

tubul in by Ca - sens i t i ve , m i c r o t u b u l e - a s s o c i a t e d p ro t e in s (Val lee and B l o o m , 

1983; L e e and Wolff, 1984); bu t in tha t c a s e , it is not p r o v e d tha t such an 

o b s e r v a t i o n appl ies a l so to mi tos i s . 

II. FROM CALCIUM TO CALMODULIN T O MICROTUBULES 

A more coheren t pic ture emerges w h e n the re la t ionship be tween calmodul in 

and tubulin is ana lyzed . Calmodul in is an ub iqu i tous , small prote in that changes 

its configuration upon binding of ca lc ium in a very character is t ic way ( reviewed 
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by K r e t s i n g e r , 1979; B a b u et al., 1985; Wi l l i ams , 1986; K l e e et al., 1986; C o x , 

1988). S u c h a p r o n o u n c e d a l t e ra t ion , its high in t race l lu la r c o n c e n t r a t i o n , and 

its solubi l i ty p r o p e r t i e s m a k e it t he ideal c a n d i d a t e for confe r r ing effects of 

ca lc ium to a t a rge t . In fact , us ing indi rec t i m m u n o f l u o r e s c e n c e t e c h n i q u e s 

with an t i bod i e s to ca lmodu l in , it w a s s h o w n tha t ca lmodu l in o c c u r s in the 

mi to t ic a p p a r a t u s of an imal cells ( A n d e r s o n et al., 1978; W e l s h et al., 1978; 

M a r c u m et al., 1978; D e M e y et al., 1980), as well a s of p lan t cel ls ( V a n t a r d 

et al., 1985). S u c h resu l t s h a v e b e e n conf i rmed by the inject ion e x p e r i m e n t s 

of f luorescent ly labeled calmodul in showing the s ame distr ibut ion of the prote in 

as obta ined on fixed cells (Zavor t ink et al., 1983; Welsh et al., 1981 ; H a m a g u c h i 

and I w a s a , 1982; H a m a g u c h i et al., 1985; S t e m p l e et al., 1988). K e i t h et al. 

(1983, 1985a) w e n t e v e n o n e s t ep fur ther w h e n t h e y injected C a - s a t u r a t e d 

calmodul in into f ibroblasts . Only the C a - c a l m o d u l i n complex caused the local 

d i sso lu t ion of m i c r o t u b u l e s ; n o such effect w a s o b s e r v e d w h e n ca lmodu l in 

a lone w a s in jec ted . M o r e o v e r , the in t race l lu la r mobi l i ty of t he C a - c a l m o d u l i n 

w a s sha rp ly r e d u c e d in c o n t r a s t to t he Ca-free p r o t e i n , sugges t ing a poss ib le 

local restr ict ion of ca lc ium effects. In o rde r to mainta in the skeptical a p p r o a c h , 

the m i n i m u m of a r g u m e n t s for t he i n v o l v e m e n t of C a - c a l m o d u l i n in t he reg-

ula t ion of mi tos i s wou ld b e : (1) T h e o c c u r r e n c e of ca lmodu l in in t he mi to t ic 

a p p a r a t u s a long the k i n e t o c h o r e f ibers a n d at t he po les at a n a p h a s e a p p e a r s 

to be u n a m b i g u o u s l y a c c e p t a b l e and (2) C a - s a t u r a t e d ca lmodu l in c a n c a u s e 

in vivo d i s a s s e m b l y of m i c r o t u b u l e s . It still r e m a i n s u n p r o v e d w h e t h e r t he 

cell itself appl ies such a sys tem for local depo lymer iza t ion at the var ious mitot ic 

s t e p s . N i s h i d a and K u m a g a i (1980) a n d a l so S a l m o n (1982), on t he o t h e r h a n d , 

h a v e s h o w n tha t the ca l c ium sens i t iv i ty of e c h i n o d e r m sp ind les is no t a l t e red 

by the add i t ion of purif ied ca lmodu l in o r its an t agon i s t , t r i f luoperaz ine . 

T h e r e f o r e , a d i rec t t u b u l i n - c a l m o d u l i n r e l a t ionsh ip a p p e a r s to b e r a t h e r im-

p r o b a b l e . 

III. EFFECTS OF Ca IONS ON MITOTIC SPINDLES IN VIVO A N D 

IN VITRO 

N a t u r a l l y , t he main in te res t is a l w a y s focused on o b s e r v a t i o n s o b t a i n e d 

with living cells. Unfor tuna te ly , only very few biologists were for tunate enough 

to c o n c e i v e feasible and meaningful e x p e r i m e n t s . T h e a l r eady c lass ical ex-

per iments by Kiehar t (1981) are such an e x a m p l e . Using the sea urchin e m b r y o 

and the c lear ly visible p r o p e r t y of the mi to t i c a p p a r a t u s to s h o w bi re f r ingence 

in polarized light, he injected C a ions on to var ious sites of the mitot ic appa ra tus 

and o t h e r loca t ions in the cel l . If t he inject ion site w a s c lose e n o u g h to the 

mi to t ic a p p a r a t u s , t he sp indle f ibers w e r e d i s so lved . N o such effect cou ld be 
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o b s e r v e d after an inject ion of C a ions at s i tes m o r e d i s t an t to the mi to t ic 

a p p a r a t u s . W h e r e a s such a resul t conf i rms the suscept ib i l i ty of the sp indle 

f ibers to artificially i n t r o d u c e d high C a c o n c e n t r a t i o n s ( > 1 0 ~
6
 M ) , it d o e s not 

h a v e a n y d i rec t bea r ing on the in vivo c o n d i t i o n s . H i s s e c o n d o b s e r v a t i o n 

a p p e a r s to be m u c h m o r e i m p o r t a n t , n a m e l y , tha t t he artificially i nduced high 

C a c o n c e n t r a t i o n is rapidly t a k e n u p by a C a - s e q u e s t e r i n g s y s t e m in o r c lose 

to the mi to t ic a p p a r a t u s . After such an u p t a k e h a s o c c u r r e d , t he b i ref r ingence 

of the mi to t ic a p p a r a t u s is r e s t o r e d and mi tos i s r e s u m e d . F r o m t h e s e resu l t s 

o n e can cer ta in ly c o n c l u d e tha t a ve ry p o t e n t C a t r a n s p o r t s y s t e m is p r e s e n t , 

but not necessa r i ly tha t such a s y s t e m is ac tua l ly u s e d for t he mi to t ic p r o c e s s . 

In ject ion of C a ions has a lso b e e n u s e d by I zan t (1983) in P t K cel ls . In 

c o n t r a s t to K i e h a r t (1981), I zan t found tha t t h e s e cel ls a l r e ady a r e killed by 

inject ion of C a ions a b o v e 50 μ Μ (need le c o n c e n t r a t i o n ) , w h e r e a s t he sea 

u rch in eggs su rv ived inject ion of mi l l imolar C a ions . Seve ra l r e su l t s a r e re -

m a r k a b l e in his pape r : (1) In jec t ion of m i c r o m o l a r ca l c ium at m e t a p h a s e ac -

ce l e r a t e s the o n s e t of a n a p h a s e c o m p a r e d to t he inject ion of a cell wi th an 

un re l a t ed buffer, (2) In ject ion of a C a - E G T A buffer wi th a low C a c o n c e n -

t ra t ion ( < 1 0
 7

 M) p ro longs t he o n s e t of a n a p h a s e , (3) A n a p h a s e itself is not 

suscep t ib le to C a inject ions a n d , (4) C h r o m o s o m e spl i t t ing c a n n o t b e i nduced 

by an i nc rea se in ca l c ium as d e m o n s t r a t e d by the inject ion of C a o n t o c h r o -

m o s o m e s of cells a r r e s t e d in m e t a p h a s e by n o c o d a z o l e . T h e s e resu l t s po in t 

to ' ' s o m e " funct ion of C a ions at t he m e t a p h a s e - a n a p h a s e t r ans i t ion , bu t 

t hey s e e m to e x c l u d e a d i rec t c o n n e c t i o n to t h e spl i t t ing of t h e c h r o m o s o m e s , 

p rov ided tha t n o c o d a z o l e - a r r e s t e d c h r o m o s o m e s r e s e m b l e t he in vivo con-

d i t ions . T h e s e resu l t s c o n c e r n i n g the m e t a p h a s e - a n a p h a s e t r ans i t ion c a n n o t 

give a sufficiently satisfying a n s w e r a s ye t , a l t hough e v i d e n c e for a C a - d e -

p e n d e n t essen t ia l e v e n t c o m e s a l so f rom the w o r k of H e p l e r (1985) showing 

the e x t e n s i o n of m e t a p h a s e in Tradescantia s t a m e n hai r cel ls w h e n ca l c ium 

is artificially r e d u c e d . T h e insens i t iv i ty of a n a p h a s e to t he C a in ject ions is 

intriguing. Only if one a s s u m e s the p r e sence of a very powerful Ca-seques te r ing 

s y s t e m a long the k i n e t o c h o r e f ibers efficiently r e m o v i n g the injected c a l c i u m , 

can o n e r econc i l e t h e s e resu l t s wi th a regu la t ion of a n a p h a s e p r o g r e s s by 

ca l c ium. Al t e rna t ive ly , it m u s t be p o s t u l a t e d tha t bo th a n a p h a s e A a n d Β c a n 

p r o c e e d w i thou t be ing u n d e r the con t ro l of c a l c ium, a r a t h e r sacr i leg ious idea 

in t h e s e t i m e s . F i rs t s u p p o r t for such a poss ibi l i ty can b e found in the r ecen t 

s tudies by Gorbsky et al. (1987) showing a relatively a u t o n o m o u s k ine tochore . 

T h e ques t i on of C a d e p e n d e n c e is m o r e indi rec t ly a p p r o a c h e d in the ex-

p e r i m e n t s of W a g e n a a r (1983). By chang ing the ex t e rna l C a c o n c e n t r a t i o n and 

at the s a m e t ime the pe rmeab i l i t y p r o p e r t i e s of the cell (mi to t ic sea u rch in 

eggs), he could change the ra te of c h r o m o s o m e m o v e m e n t and , t he reby , speed 

up the mi to t ic p r o c e s s . T a k e n at face v a l u e , t h e s e resu l t s d e m o n s t r a t e c lear ly 

tha t mi tos i s d e p e n d s on a highly o r d e r e d in t race l lu la r ionic e n v i r o n m e n t , and 
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tha t a n y a l t e ra t ion espec ia l ly of C a ions c h a n g e s the t i c k - t a c k r h y t h m of the 

c o m p l e x cell cyc l e c lock . D o such artificial i n t e r f e rences real ly ind ica te the 

na tu ra l funct ion of t h e s e ions in t he u n t r e a t e d cel l? 

A similar ind i rec t resul t is r e p r e s e n t e d by the w o r k of Y o s h i m o t o and Hir-

a m o t o (1985) and Y o s h i m o t o et al. (1985). T h e y m e a s u r e d the efflux of free 

ca l c ium at va r i ous s t ages of the cell c y c l e , in sea u rch in eggs a s well a s in 

Medaka eggs , af ter pe rmeab i l i z ing t he cell wi th C a I o n o p h o r A 23187. W h e n -

e v e r a cell popu la t ion r e a c h e d the last s tage of mi to s i s , t he efflux d e c r e a s e d 

indica t ing a m i n i m u m in t he c y t o p l a s m i c level of free ca l c ium. It is no t c lea r 

if such a holistic a p p r o a c h really p rov ides useful c lues regarding the C a control 

of mi tos i s , bu t f rom t h e s e e x p e r i m e n t s a s well as f rom o t h e r s ( s ta r t ing wi th 

the ear ly Xenopus e x p e r i m e n t s by B a k e r a n d W a r n e r , 1972; S c h a n t z , 1985) 

it can be a c c e p t e d tha t dur ing mi tos i s C a levels c h a n g e c o n t i n o u s l y . 

IV. CALCIUM C H A N G E S AT MITOSIS 

A confirmation for this hypothes i s w a s ob ta ined by Benne t t and Mazia (1981) 

w h e n unfer t i l ized sea u rch in eggs tha t had b e e n fused wi th fert i l ized e m b r y o s 

u n d e r w e n t on ly cor t ica l g r anu le b r e a k d o w n in t he unfer t i l ized half w h e n the 

fert i l ized half b e g a n mi tos i s , an ind ica t ion tha t an i n c r e a s e in free ca l c ium 

had o c c u r r e d in t he mi to t ic cel l . 

A n o t h e r a p p r o a c h w a s u s e d by W o l n i a k a n d Bar t (1985a). T h e y appl ied 

quin-2 ex te rna l ly to s t a m e n hai r cel ls f rom Trade scantia. T h e add i t ion of th is 

C a c h e l a t o r ind i rec t ly l o w e r e d the in t race l lu la r C a c o n c e n t r a t i o n a n d r e su l t ed 

in an a r r e s t of t he cells at t he m e t a p h a s e - a n a p h a s e t r ans i t i on . It will b e seen 

la ter tha t th is po in t is a l luded to by s o m e a u t h o r s a s exhib i t ing a d r a m a t i c 

i nc rea se ( " b u r s t " ) of free ca l c ium in o t h e r ce l l s . Still , th is e x p e r i m e n t , as 

well as o the r s , does not p rove conclus ively the essent ial and direct involvement 

of C a ions in the con t ro l of mi tos i s . A m o r e bas ic a r g u m e n t app l ies to t h e s e 

resu l t s : A s W o l n i a k and Bar t (1985b) h a v e s h o w n , the C a c h a n n e l b l o c k e r 

Ni fed ip ine , w h e n p r e s e n t dur ing mi to s i s , b l o c k s the s t a m e n hair cel ls in m e -

t a p h a s e . W h e n Nifed ip ine is r e m o v e d by inac t iva t ion wi th u l t rav io le t light, 

anaphase occurs within minutes but only w h e n calc ium is p resen t in the outs ide 

m e d i u m . Th i s s h o w s c lear ly an influx of C a ions f rom the o u t s i d e n e c e s s a r y 

for the en t ry into a n a p h a s e . Similar obse rva t ions have been repor ted by Hep le r 

(1985) w h o s h o w e d tha t t r e a t m e n t of Trade scantia s t a m e n hai r cel ls wi th L a
3 + 

or D600 e x t e n d e d m e t a p h a s e t rans i t t i m e , a n d tha t the add i t ion of C a C l 2 to 

the m e d i u m p r o m o t e d a n a p h a s e o n s e t . S u c h resu l t s h a v e no t b e e n ob t a ined 

wi th an imal ce l l s . It is an e s t ab l i shed fact , for e x a m p l e , tha t fert i l ized sea 

u rch in eggs d e v e l o p perfec t ly well in a c o m p l e t e l y Ca-free e n v i r o n m e n t (cf. 
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D u b e et al., 1985). R e c e n t l y , H e p l e r (1986) a n a l y z e d the c o u r s e of ca l c ium 

f luc tua t ions in Tradescantia s t a m e n hai r cel ls du r ing mi tos i s us ing a r s e n a z o -

III wi th special e m p h a s i s to the m e t a p h a s e - a n a p h a s e t r ans i t ion . H e o b s e r v e d 

an i nc rea se at tha t t ime , bu t such an i nc rea se o c c u r r e d after t he c h r o m o s o m e s 

had split ( H e p l e r and C a l l a h a m , 1987). O n e is n o w faced wi th t he r a t h e r un-

satisfying s i tua t ion tha t comp le t e ly different r e su l t s a r e o b t a i n e d by different 

a u t h o r s us ing differing C a d y e s and cell t y p e s . 

Ke i th et al. (1985b) u sed quin-2 and o b s e r v e d p lan t e n d o s p e r m cel l s ; they 

actually found a slight increase of ca lc ium at the poles th roughout the dura t ion 

of a n a p h a s e . R a t a n et al. (1986) us ing fura-2 and P t K cells found an i nc r ea se 

in who le cell ca l c ium bu t no significant ca l c ium i n c r e a s e s ins ide t he mi to t ic 

a p p a r a t u s . N o m e t a p h a s e - a n a p h a s e bu r s t w a s found . 

In an e x t e n s i v e and w e l l - d o c u m e n t e d s t u d y , Poen ie et al. (1985) us ing fura-

2 on sea u rch in eggs o b s e r v e d a
 ς

' b u r s t ' ' in free ca l c ium in all cel ls at the 

m e t a p h a s e - a n a p h a s e t r ans i t ion , be s ide s severa l small i n c r e a s e s at nuc l ea r en-

ve lope b r e a k d o w n ( N E B ) . Th i s i nc rea se in free ca l c ium at the m e t a p h a s e -

a n a p h a s e t rans i t ion w a s s o m e t i m e s o b s c u r e d by the a l r eady high in ternal C a 

level . T h e s a m e g r o u p a l so found an i nc r ea se in P t K cel ls at m e t a p h a s e and 

re la ted it to spli t t ing of the c h r o m o s o m e s (Poen ie et al., 1986). Wi th regard 

to the C a
2 +

 d e p e n d e n c y of N E B , s o m e m o r e i m p o r t a n t fac ts have e m e r g e d 

from the w o r k of S t e inha rd t and A l d e r t o n (1988) and Twigg et al. (1988). T h e 

fo rmer a u t h o r s a n a l y z e d in d e p t h the i nc r ea sed C a
2 +

 r e q u i r e m e n t for N E B 

in a m m o n i a - a c t i v a t e d sea u rch in eggs . T h e y found tha t b lock ing the inc rease 

of in t race l lu lar C a
2 +

 by va r ious c h e l a t o r s immed ia t e ly before N E B revers ib ly 

p r e v e n t e d this e v e n t . T h e ac tua l C a
2 +

 i n c r ea s e s d e s c r i b e d by the a u t h o r s 

s h o w e d tha t the c o n c e n t r a t i o n of in t race l lu la r C a
2 +

 r a i ses by a fac tor of 2 

(from - 1 . 5 x 10
 7

 to 3 x 10
 7

 M). Twigg et al. (1988) d e m o n s t r a t e d in sea 

urch in eggs the suscept ib i l i ty of N E B and c h r o m a t i n c o n d e n s a t i n to i nc reases 

in in t race l lu la r ca l c ium. S u c h a f luc tua t ion w a s induced i n t r a c e l l u l a r ^ by in-

ositol 1 ,4 ,5- t r i sphosphate o r C a buffers and cou ld be p r e v e n t e d by C a c h e -

la to rs . Addi t iona l ly , the a u t h o r s found tha t the n u c l e u s is not c o n t i n u o u s l y 

sens i t ive to such f luc tua t ions , bu t tha t s o m e ' ' c o n d i t i o n i n g
1
 ' a n d / o r syn thes i s 

of p ro te in mo lecu l e s mus t o c c u r before the C a effects can t a k e p l ace . T h e s e 

resu l t s refine o u r emerg ing p ic tu re of t he w a y C a
2 4

 ions m a y exe r t va r ious 

regu la to ry func t ions dur ing the cell c y c l e , be ing d e p e n d e n t on the p r e s e n c e 

of the c o r r e s p o n d i n g r e c e p t o r mo lecu l e t ha t , in t u r n , m a y be s y n t h e s i z e d pe-

r iodical ly . 

T a k e n at face va lue , all of t h e s e resu l t s conf i rm a ca lc ium r e q u i r e m e n t for 

N E B . T h e C a
2 +

 f luc tua t ions dur ing the s e c o n d half of mi tos i s , h o w e v e r , a re 

still p ieces of a puzz le sea rch ing for the i r p lace in the p i c tu re . Of c o u r s e , 

specu la t ion pe r s i s t s tha t t he c o n t i n u o u s d i s a s s e m b l y of m i c r o t u b u l e s at the 

k i n e t o c h o r e s is d r iven by local i nc r ea se s of c a l c ium, a n d , in such a c a s e , an 
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artificial increase of ca lc ium would not influence mitosis since the kinetochoria l 

c o m p a r t m e n t s w o u l d be p r o t e c t e d by the powerfu l C a - s e q u e s t e r i n g s y s t e m . 

At the p r e s e n t s t age , o n e c a n n o t ye t defini t ively c o n n e c t overa l l ca l c ium 

c h a n g e s wi th an o r d e r e d p r o g r e s s t h r o u g h mi tos i s . W e can l ikewise a s s u m e 

tha t the C a d y e s wi th the i r high affinity for ca l c ium ac t compe t i t i ve ly wi th 

Ca-b ind ing p r o t e i n s . By chang ing m a n y of t h e m in t racel lu lar ly in to a Ca-free 

s ta te , one again ach ieves an unspecific a l terat ion of sys t ems not directly related 

to mi tos i s . A good e x a m p l e of s u c h s y s t e m s is t he Ca -ac t i va t ed p r o t e a s e s 

( r ev iewed in S u z u k i , 1987), w h i c h w o u l d p r o b a b l y be c h a n g e d in the i r ac t iv i ty 

by the p r e s e n c e of t h e che l a to r . 

T h e insens i t iv i ty of mi tos i s to c h a n g e s in t he in t race l lu la r C a c o n c e n t r a t i o n 

is d e m o n s t r a t e d conv inc ing ly if C a ions a r e not i n t r o d u c e d to the mi to t ic a p -

p a r a t u s [as e x t r e m e l y " m i n a t o r y i o n s '
1
 ( R a s m u s s e n , 1984)] d u e t o local se-

q u e s t r a t i o n in a ve ry fast and efficient m a n n e r (cf. t he c lass ical e x p e r i m e n t s 

by R o s e and L o e w e n s t e i n , 1975, 1976). Th i s c a n be a c h i e v e d by the inject ion 

of inosi tol 1 ,4 ,5- t r i sphosphate . If th is c o m p o u n d is injected in phys io logica l 

c o n c e n t r a t i o n s (—10
 6

 M final c o n c e n t r a t i o n ) in to mi to t ic sea u rch in eggs , 

the C a
2 +

 c o n c e n t r a t i o n can be s h o w n to r ise i n s t a n t a n e o u s l y (M. Hafne r and 

C. Pe tze l t , u n p u b l i s h e d ) . N e v e r t h e l e s s , ne i the r a r e d u c t i o n in b i re f r ingence 

nor a c h a n g e in the ra te of the mi to t ic p r o g r e s s can be o b s e r v e d . 

W h a t o t h e r g r o u p s of m o l e c u l e s r e m a i n to be s tud ied wi th regard to the i r 

Ca susceptibil i ty at mi tos is? Chromat in condensa t ion d e p e n d s to a high degree 

on the c o n t i n u o u s p r e s e n c e of C a - c a l m o d u l i n (Chafou leas et al., 1984), 

w h e r e a s a r e l a t ionsh ip to the spl i t t ing of t he c h r o m o s o m e s r e m a i n s to be d e m -

ons t ra ted (cf. Izant , 1983). E v e n less c lear is the case for ca lc ium as control l ing 

agent in a poss ib le so l -ge l t r an s fo rma t ion o c c u r r i n g in the mi to t ic a p p a r a t u s 

involv ing the ac t in s y s t e m . A l t h o u g h m a n y y e a r s of e v i d e n c e h a v e s h o w n tha t 

ac t in o c c u r s in t he sp indle (cf. S a n g e r , 1978), no i n v o l v e m e n t of an a c t i n -

m y o s i n s y s t e m in mi tos i s ha s b e e n p r o v e d . O n the c o n t r a r y , K i e h a r t et al. 

(1982) w e r e u n a b l e to b lock mi tos i s by t he inject ion of a n t i m y o s i n a n t i b o d i e s . 

W h e t h e r m o l e c u l e s invo lved in m i c r o t u b u l e - d e p e n d e n t m o v e m e n t in o t h e r 

cel lular p r o c e s s e s , a s is k ines in , a r e ac tua l ly regu la ted at mi tos i s by ca l c ium 

is at p r e s e n t c o m p l e t e l y u n c l e a r (cf. S c h o l e y et al., 1985; Va le et al., 1985). 

W h a t w e h a v e n o w is a b u n d a n t e v i d e n c e tha t du r ing mi tos i s C a
2 +

 ions al-

w a y s u n d e r g o f luc tua t ions , bu t , b e s i d e s specu l a t i on , t h e r e is not t he sl ightest 

p r o v e d causa l link to a n y e v e n t in the real u n t r e a t e d mi to t ic cel l . H o w e v e r , 

in o r d e r to s t r eng then the c a s e for the i m p o r t a n c e of ca l c ium in m i t o s i s — 

albeit in an indirect w a y — w e will look at the p r e sence of Ca-regulat ing sys t ems 

at the site w h e r e mi tos i s o c c u r s , t he mi to t ic a p p a r a t u s , as e v i d e n c e tha t such 

a c lose r e l a t ionsh ip m u s t h a v e its funct ional e q u i v a l e n t , o t h e r w i s e evo lu t ion 

would not h a v e a l lowed su rv iva l . W e will t he re fo re e x a m i n e the " h a r d f a c t s
11 

for the p r e s e n c e of Ca - r egu l a to ry s y s t e m s in the mi to t ic a p p a r a t u s . 
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V. CALCIUM IN T H E MITOTIC APPARATUS 

Before such an e n d e a v o r is u n d e r t a k e n , o n e can a sk w h e t h e r t h e r e is a 

m o r e d i rec t w a y to s h o w tha t ca l c ium has a r egu la to ry func t ion in t he mi to t ic 

a p p a r a t u s t h a n by us ing C a inject ion e x p e r i m e n t s , a s d e s c r i b e d a b o v e . In the 

age of the d o g m a of m i c r o t u b u l e all i m p o r t a n c e , it w a s on ly a c o n s e q u e n c e 

tha t m e t h o d s w e r e d e v e l o p e d to p r e s e r v e (or g e n e r a t e ? ) C a sens i t iv i ty in iso-

lated mitot ic appa ra tu se s (Salmon and Segall , 1980; R e b h u n et al., 1980; Kel ler 

et al., 1982). T h e s a m e a r g u m e n t can be u sed h e r e a s in all o t h e r c a s e s w h e r e 

i so la ted mi to t ic a p p a r a t u s h a v e b e e n d e s c r i b e d wi th regard to ce r t a in p r o p -

e r t i e s , loca l iza t ion of m o l e c u l e s , e t c . S ince t h e y a r e u n a b l e t o pe r fo rm in vitro 

as in vivo, t he resu l t s o b t a i n e d a r e not of sufficient proof. In t he c a s e of C a 

local iza t ion us ing c h l o r o t e t r a c y c l i n e in i so la ted mi to t i c a p p a r a t u s of s ea ur-

c h i n s , the a r g u m e n t s a re m u c h s t ronge r for a t r ue in v/vo-like p r o p e r t y of the 

mi to t ic a p p a r a t u s . S c h a t t e n et al. (1982) s h o w e d , h o w e v e r , t he d i s t r ibu t ion 

of ca l c ium to be d e p e n d e n t on the m o d e of i so la t ion . T h e r e f o r e , all of t h e s e 

e x p e r i m e n t s a l low o n e to c o n c l u d e tha t Ca - sens i t i ve mi to t i c a p p a r a t u s can 

be ob t a ined on ly u n d e r ce r t a in c o n d i t i o n s , and tha t c a l c i u m c a n b e found in 

mi to t ic a p p a r a t u s con ta in ing m e m b r a n e ves ic les by us ing c h l o r o t e t r a c y c l i n e . 

Ca -con ta in ing m e m b r a n e s in the mi to t ic a p p a r a t u s h a v e b e e n d e m o n s t r a t e d 

on an u l t r a s t ruc tu ra l level by H e p l e r and his c o - w o r k e r s . F o r an e x t e n s i v e 

desc r ip t ion of t h e s e and re la ted r e su l t s , t he r e a d e r is re fe r red to a r e v i e w by 

H e p l e r and Woln i ak (1984). 

In sho r t , C a p rec ip i t a t e s a r e s h o w n to o c c u r ins ide of m e m b r a n e c i s t e rn ae 

along the c h r o m o s o m a l fibers and a p p e a r to engulf the mitot ic a p p a r a t u s . Such 

resul ts have been obta ined in plant cel ls , w h e r e a s an equiva lent C a localization 

in the mi to t ic a p p a r a t u s of an imal cel ls ha s no t b e e n a c h i e v e d so far. 

VI. Ca-SEQUESTERING M E M B R A N E S IN T H E MITOTIC APPARATUS 

A n e l abo ra t e m e m b r a n e s y s t e m is found in a lmos t all mi to t ic cells of an imal 

or plant origin. Moll and Pawele tz (1980) d e m o n s t r a t e d such a sys t em in mitot ic 

m a m m a l i a n ce l l s , bu t it w a s H a r r i s (cf. 1975, 1978, 1982) w h o in desc r ib ing 

the m e m b r a n e s in the mitot ic appa ra tus of sea urchin eggs l inked these sys t ems 

to the C a regula t ion of mi tos i s . D o e s such a h y p o t h e s i s h a v e its s u p p o r t in 

the e x i s t e n c e of an identif ied C a t r a n s p o r t s y s t e m ? At p r e s e n t , s eve ra l lab-

o ra to r i e s h a v e r epo r t ed on C a - s e q u e s t e r i n g m e m b r a n e s ac t ive dur ing mi tos i s . 

Suprynowicz and Mazia (1985) used electrically permeabi l ized sea urchin eggs 

and fol lowed the C a u p t a k e t h r o u g h the cell c y c l e . T h e y found cyc l ic osci l -

la t ions wi th a m a x i m u m of the u p t a k e a t p r o p h a s e and a s e c o n d o n e at te lo-
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p h a s e . T h e s e r e su l t s s h o w c lear ly tha t C a f luc tua t ions o c c u r dur ing mi tos i s , 

but b e c a u s e of the p r o p e r t i e s of t he m e t h o d u s e d , t h e C a u p t a k e c a n n o t b e 

re la ted t o a local ly def ined si te in t h e cel l ; t he des i r ed causa l c o n n e c t i o n to 

the c o u r s e of mi tos i s is no t poss ib l e . 

A different a p p r o a c h w a s u sed by Si lver et al. (1980). T h e y i so la ted m e m -

b rane -con t a in ing mi to t i c a p p a r a t u s f rom sea u rch in eggs and found t h e m ca-

pable of seques ter ing ca lc ium. If one cons ide rs the a b o v e descr ibed a b u n d a n c e 

of m e m b r a n e s in and a round the mitot ic appa ra tu s and t akes into cons idera t ion 

the me thod of isolat ion, i .e . , b reaking u p cells in hypo ton ic m e d i u m conta in ing 

10 mM E D T A , it is no surprise that such mitot ic appa ra tu se s seques te r ca lc ium. 

In 1986, Si lver r e p o r t e d on the ident i f ica t ion of an e n z y m e tha t had i m m u -

nological s imilar i t ies wi th t he w e l l - k n o w n C a - A T P a s e of t he s a r c o p l a s m i c 

r e t i cu lum. H e t ook t h e s e c o m m o n e p i t o p e s as an ind ica t ion of c o m m o n func-

t ion in a mi tos is -speci f ic C a - s e q u e s t e r i n g s y s t e m . At p r e s e n t , it s e e m s to be 

m o s t des i r ab le t o ob ta in m o r e re l iable d a t a for s u c h a h y p o t h e s i s s ince the 

resul ts would have immedia te and impor tan t implicat ions on our unders t and ing 

of C a regula t ion at mi tos i s . 

T h e r e a r e a few o t h e r r e p o r t s on t he i so la t ion of C a - s e q u e s t e r i n g ves ic les 

poss ib ly invo lved in C a regu la t ion at m i to s i s . I n o u e a n d Y o s h i o k a (1982) d e -

scribe Ca-seques te r ing vesicles from unfertil ized and fertilized sea urchin eggs 

w h e r e t he u p t a k e c a p a c i t y is i n c r e a s e d five t imes in t he fert i l ized eggs . In 

the i r p re l imina ry f indings , C l a p p e r a n d L e e (1985) r e p o r t e d tha t s ea u rch in 

egg m e m b r a n e s tha t s e q u e s t e r ca l c ium c a n be i so la ted f rom the e n d o p l a s m i c 

r e t i cu lum, bu t tha t C a r e l ea se c a n be i n d u c e d b y inosi to l 1 ,4 ,5- t r i sphosphate 

and by r ecen t ly d i s c o v e r e d o t h e r s e c o n d m e s s e n g e r s . 

VII. CALCIUM RELEASE BY INOSITOL P O L Y P H O S P H A T E S 

M u c h in te res t is cu r r en t l y focused o n the in t race l lu la r m e s s e n g e r inosi tol 

1 ,4 ,5- t r i sphosphate ( InsP 3) a n d its a c t i on in t he regu la t ion of cy toso l i c C a
2 + 

levels (Ber r idge and I rv ine , 1984; B e r r i d g e , 1986). T h e i m p o r t a n c e of I n s P 3 

as an in t race l lu la r s e c o n d a r y m e s s e n g e r is d e m o n s t r a t e d by its abil i ty t o s t im-

ula te a va r ie ty of c o m p l e x phys io log ica l p r o c e s s e s w h e n in jec ted in to living 

cells (Fe in et al., 1984; T u r n e r et al., 1986; S w a n n a n d W h i t a k e r , 1986). I n s P 3 , 

wh ich is r e l ea sed in to t h e c y t o s o l f rom phospha t i dy l i nos i t o l b i s p h o s p h a t e in 

the p l a s m a m e m b r a n e , ha s b e e n identif ied a s t he i n t e r m e d i a r y m e s s e n g e r be -

t w e e n agonis t b ind ing a n d r e l ea se of c a l c i u m . T h e o t h e r p r o d u c t of th is hy-

dro lys i s is d iacy lg lyce ro l , w h i c h a c t s on t h e s t imula t ion of p ro te in k inase C 

( N i s h i z u k a , 1984). T h e n a t u r e of th is t r a n s d u c t i o n m e c h a n i s m t h u s r e su l t s in 

a b i furcat ion of t he signal p a t h w a y (Ber r idge a n d I r v i n e , 1984). Mobi l i za t ion 
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of ca lc ium by I n s P 3 s e e m s pr imar i ly r e spons ib l e for t r igger ing a va r i e ty of 

ce l lu lar p r o c e s s e s , w h e r e a s the d iacy lg lycero l p ro t e in k ina se C p a t h w a y ac -

c o u n t s for the m o d u l a t i o n of h o w t h e C a signal ac t s o n its ce l lu lar t a rg e t s . 

T h e r e is n o w c o n s i d e r a b l e e v i d e n c e tha t all of t he ca l c ium re l eased by I n s P 3 

or ig ina tes solely f rom the e n d o p l a s m i c r e t i cu lum. M u c h of t he e v i d e n c e is 

b a s e d on us ing pe rmeab i l i z ed cel ls and m i c r o s o m e f rac t ions . B lock ing the 

u p t a k e of ca l c ium in to t he m i t o c h o n d r i a us ing va r ious inh ib i tors h a s no effect 

on u p t a k e in to t he e n d o p l a s m i c r e t i c u l u m , n o r is t h e s u b s e q u e n t r e l ease by 

I n s P 3 inhibi ted (S t r eb et al., 1983, 1985; B iden et al., 1984; P r e n t k i et al., 

1984; H i r a t a et al., 1984; C l a p p e r a n d L e e , 1985). H o w e v e r , t h e n o n m i t o -

chondrial C a s tores in situ m a y be he te rogenous with regard to their sensit ivity 

to I n s P 3; on ly a f ract ion of t he e n d o p l a s m i c r e t i cu lum m a y r e l ea se ca l c ium 

u p o n s t imula t ion by I n s P 3 (Mua l l em et a l . , 1985; C l a p p e r and L e e , 1985; O b -

e rdor f et al., 1986). 

In add i t ion to the ear ly ionic e v e n t s at fer t i l izat ion leading to an i nc r ea se 

of ca l c ium and p H t h r o u g h ac t iva t ion of t he N a
+

- H
+
 e x c h a n g e r ( S w a n n and 

Whi taker , 1983), ano the r intriguing aspec t of the phospha t idy l inositol p a t h w a y 

is its possible involvement in the contro l of mi tos is . C iapa and Whi t ake r (1986) 

find a s e c o n d p h a s e of inosi tol p o l y p h o s p h a t e p r o d u c t i o n af ter t he s p e r m -

induced C a t r ans i en t dec l i ne s , ind ica t ing t ha t I n s P 3 func t ions a s a s e c o n d 

m e s s e n g e r dur ing the cell c y c l e . In add i t ion , l i th ium ions h a v e b e e n s h o w n 

to b lock mi tos i s in sea u rch in eggs and Tradescantia s t a m e n ha i r cel ls (Sil lers 

and F o r e r , 1985; W o l n i a k , 1986, 1987). It h a s b e e n sugges t ed tha t th is effect 

w a s a c h i e v e d by b lock ing the c o n v e r s i o n of inosi tol 1-phosphate t o myoin-

ositol to p reven t resynthes i s of phosphat idyl inosi to l and , subsequen t ly , further 

r e l ease of ca l c ium (Sillers a n d F o r e r , 1985; W o l n i a k , 1986). T h e abil i ty of 

exogenuos ly applied m y o i n o s i t o l to o v e r c o m e this b lock w a s t aken as ev idence 

for a p h o s p h o i n o s i t o l - m e d i a t e d r e l ea se of c a l c ium. H o w e v e r , t h e effectors of 

t he r e l ease m e c h a n i s m for t he local regu la t ion of C a c o n c e n t r a t i o n wi th in the 

mi to t ic a p p a r a t u s r e m a i n o b s c u r e . M o r e o v e r , a s t h e i m p r e s s i v e s tud ies by 

S h e r m a n et al. (1985) and A c k e r m a n n et al. (1987) s h o w , such e x p l a n a t i o n s 

a r e far t oo s imple . O n e is faced wi th mul t ip le w a y s of gene ra t i ng t h e v a r i o u s 

inosi tol p h o s p h a t e s w h e r e b y the l i th ium b lock m a y b e b y p a s s e d . 

Al though all k n o w n p roces ses leading to the p roduc t ion of I n s P 3 a re r ecep to r 

s t imula ted t h r o u g h hydro lys i s of phospha t idy l inos i t o l a n d r equ i r e an ex t ra -

cel lu lar agon i s t , it is c o n c e i v a b l e tha t a c o o r d i n a t i o n b e t w e e n the mi to t ic a p -

p a r a t u s and the c o r t e x m a y b e invo lved in t he b r e a k d o w n of phospha t idy l i -

nos i to l . In add i t ion to I n s P 3, o t h e r m e d i a t o r s for C a r e l ea se such as G T P a n d 

N A D P have been demons t r a t ed ( W o l f e / al., 1987; C lapper et ai, 1986; C h u e h 

and Gill , 1986). T h e la t te r is k n o w n to i n c r e a s e after fer t i l izat ion (Epe l et al., 

1981). N A D P w a s a d d e d to In sP 3- r e f r ac to ry h o m o g e n a t e s a n d r e l ea sed near ly 

as m u c h ca l c ium as w a s i n d u c e d by the initial I n s P 3 (C l appe r et al., 1986). 
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T h e s e f indings o p e n u p exc i t ing n e w w a y s of regu la t ing in t race l lu la r ca l c ium 

in add i t ion to t he v a r i o u s con t ro l m e c h a n i s m s of t he p l a s m a m e m b r a n e and 

the m e m b r a n e s of t he e n d o p l a s m i c r e t i c u l u m , w h i c h t h e m s e l v e s a p p e a r to b e 

regu la ted by different a g e n t s , i . e . , inosi tol 1 ,4 ,5- t r i sphosphate a n d N A D P , 

respect ively . T h e p ic ture b e c o m e s e v e n m o r e complex w h e n the recen t resul ts 

by I rv ine and M o o r e (1986) a r e t a k e n in to c o n s i d e r a t i o n . T h e y d e s c r i b e t he 

e x i s t e n c e of severa l inosi to l p h o s p h a t e s , e a c h c a p a b l e of func t ioning as a 

" s e c o n d m e s s e n g e r " in its o w n w a y . Add i t iona l ly , o n e h a s to rea l ize tha t an 

involvement of c o m p o n e n t s of the p l a sma m e m b r a n e via G-prote ins m a y reflect 

t he in t r ins ic in t e r r e l a t ionsh ip b e t w e e n the mi to t i c a p p a r a t u s a n d t h e p l a s m a 

m e m b r a n e . S u c h a c o n n e c t i o n has no t ye t b e e n e s t ab l i shed for m i to s i s , bu t 

t h e r e is e v i d e n c e s u p p o r t i n g regu la t ion of t h e p o l y p h o s p h o i n o s i t i d e p h o s p h o -

d i e s t e r a s e by a g u a n i n e nuc leo t ide -b ind ing p ro t e in (Cockrof t , 1987). O n e , 

t he r e fo re , w o u l d no t be su rp r i sed if t h e c o m p a r t m e n t a l i z e d regu la t ion of C a 

ions in the mitot ic appa ra tus is o rches t r a t ed by a n u m b e r of cont ro l subs t ances 

and is d i r ec t ed aga ins t s eve ra l , non iden t i ca l C a r egu la to ry s y s t e m s . 

VIII. FUNCTIONAL ANALYSIS OF T H E CALCI U M T R A N S P O R T 

SYSTEM 

In o u r l abo ra to ry w e h a v e d e v e l o p e d m e t h o d s for t he i sola t ion and cha r -

ac te r i za t ion of such a s y s t e m (Petze l t and Wül f ro th , 1984). T h e s e m e m b r a n e s 

s h o w a cell c y c l e - d e p e n d e n t C a u p t a k e wi th a m a x i m u m at mi tos i s . T h e c o m -

plex p ro te in c o m p o s i t i o n has b e e n a n a l y z e d us ing m o n o c l o n a l an t i bod i e s tha t 

w e r e o b t a i n e d by in vitro i m m u n i z a t i o n of l y m p h o c y t e s wi th the i so la ted 

m e m b r a n e s . O n e of t h e s e a n t i b o d i e s , r eac t ing wi th a 46 -kDa p ro t e in , specif-

ically s ta ins t he mi to t ic a p p a r a t u s in in tac t s ea u rch in egs and inhibi ts C a 

up take into the isolated vesicles (Petzelt and Hafner , 1986). If these proper t ies 

a r e indeed a ref lect ion of a s y s t e m not on ly p r e s e n t bu t a l so ac t ive at mi tos i s , 

microinjection of the defined monoc lona l an t ibody should influence the mitot ic 

p r o c e s s (Hafne r a n d Pe tze l t , 1987). A n i m m e d i a t e and p ro found effect c an b e 

o b s e r v e d if mi to t ic sea u rch in eggs a re injected wi th t he a n t i b o d y . A s s h o w n 

in Fig . 1, b i re f r ingence of the mi to t ic a p p a r a t u s s t a r t s to fade a w a y a l m o s t 

immed ia t e ly , the cell a r r e s t e d in mi tos i s . M o r e o v e r , a p re load ing of b l a s to -

m e r e s wi th the C a d y e fura-2 a l lows the ana lys i s of c h a n g e s in the ac tua l 

c o n c e n t r a t i o n of in t race l lu la r c a l c ium. If i ndeed the micro in jec t ion of the an-

t ibody interferes with the C a regulatory sys t em, C a
2 +

 should rise concomi tan t ly 

with reduct ion of the birefringence of the mitot ic a p p a r a t u s . In all cells s tudied 

(see T a b l e I ) , such an i nc rea se can be o b s e r v e d , t h u s es tab l i sh ing a d i rec t 

line from the isola t ion of C a - s e q u e s t e r i n g ves i c l e s , the i r ana lys i s and locali-
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za t ion wi th m o n o c l o n a l an t ibod ie s in in tac t ce l l s , t o t he e x p e r i m e n t a l inter-

fe rence wi th in t race l lu la r C a c o n c e n t r a t i o n s a n d the c o r r e s p o n d i n g effects on 

mi tos i s . T h a t t h e s e m e m b r a n e s a r e not loca ted on ly in the vicini ty of the 

mi to t ic a p p a r a t u s ins ide the w h o l e cell cou ld b e s h o w n by a n e w m e m b r a n e -

p r e s e r v i n g m e t h o d for t h e i sola t ion of t h e mi to t i c a p p a r a t u s . Wi th ce r t a in 

modif icat ions, the immunogenic i ty of the c o m p o n e n t s of the mitot ic appa ra tus 

is p r e s e r v e d , t hus a l lowing the i r i m m u n o c y t o c h e m i c a l loca l iza t ion (Petze l t et 

al., 1987). Figure 2 shows a triple staining of such an isolated mitotic appa ra tus . 

Ant i tubu l in s ta ining ref lects s t ruc tu ra l in tegr i ty ; H o e c h s t d y e r eac t ing wi th 

the c h r o m o s o m e s a l lows a c o r r e c t d e t e r m i n a t i o n of t he mi to t ic s t age ; a n d , 

finally, r eac t ion of the 46-kDa a n t i b o d y p r e s e n t s a p ic tu re of t he loca l iza t ion 

of the ca lc ium t r a n s p o r t s y s t e m in the i so la ted mi to t ic a p p a r a t u s . Dis t r ibu t ion 

of t he ves i c l e s , p r e d o m i n a n t l y local ized in the a s t e r s , c o r r e s p o n d s exac t ly to 

the desc r ip t ion g iven ear l ie r for w h o l e eggs (Pe tze l t a n d Hafne r , 1986) and 

e m p h a s i z e s t he d o m i n a n c e of t he mi to t ic po les for the t h r ee -d imens iona l or-

gan iza t ion of not on ly t h e m i c r o t u b u l e s bu t a l so t he m e m b r a n o u s e l e m e n t s 

(cf. M a z i a , 1986). F r o m all of t h e s e e x p e r i m e n t s o n e c a n n o w d r a w the fol-

lowing c o n c l u s i o n s . (1) A C a - s e q u e s t e r i n g s y s t e m a s s e m b l e s at mi tos is ins ide 

the mi to t ic a p p a r a t u s . It m u s t u n d e r g o modi f ica t ions c o m p a r e d to its s t a te at 

i n t e r p h a s e , s ince the 46-kDa a n t i b o d y d o e s no t r eac t wi th it a t i n t e r p h a s e . (2) 

Micro in jec t ion of the a n t i b o d y immed ia t e ly b l o c k s mi tos i s and c a u s e s d is -

a p p e a r a n c e of the b i ref r ingence of the mi to t ic a p p a r a t u s . (3) Fo l lowing the 

injection of the a n t i b o d y , ca l c ium s ta r t s to r ise immed ia t e ly in the injected 

cell and s t ays at a s u b m i c r o m o l a r leve l ; t he cell r e m a i n s a r r e s t e d , and the 

u n t r e a t e d d a u g h t e r cell d e v e l o p s no rma l ly . 

IX. S U M M A R Y AND O U T L O O K 

W e h a v e p r e s e n t e d m a n y facts (and s o m e fict ions) a c c u m u l a t e d o v e r the 

yea r s all po in t ing to a r egu la to ry funct ion of C a ions in mi tos i s . T h e effects 

Fig. 1. Effect of the injection of the monoclonal ant ibody against the 46-kDa protein 
into a sea urchin b las tomere at mitosis and concomi tan t observa t ion of the intracellular 
f luctuations of free calc ium. In order to obtain an equal distr ibution of the calcium dye fura-
2, a sea urchin egg was injected with —10 μπ\ fura-2 (free acid) , after the second mitosis 
had been reached (a, and a ' ) ; one b las tomere was injected with the ant ibody (see oil droplet 
in the left b las tomere in the following sequence) . Approximate ly 60 sec after injection, the 
birefringence of the mitotic appara tus has d i sappeared (b), and the intracellular calcium is 
greatly increased (b ' ) . c-f, taken every 3 min, show the cont inuing process through mitosis 
of the uninjected b las tomere , whereas the injected one remains b locked, c ' - f demons t r a t e 
that this block is also expressed as a continuation of the elevated calcium level in the injected 
cell. 
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TABLE I 

Anti-46-kDa Protein Antibody Injection into Lytechinus 

pictus Embryos" 

IgM 

Solution injected (mg/ml) Mitosis 

Anti-46-kDa protein' ' 2 -4 0/14" 

Dena tured anti-46-kDa 2 -6 4/4 

protein' ' 

Antihyalin' ' 2 -8 5/5 

Ant ichromosa l protein
7
' 4 -15 4/4 

BSA 5-15 3/3 

Rabbit Ig fraction' 20 3/3 

Injection buffer** — 4/4 

"The high specificity and reproducibi l i ty of the anti-

46-kDa injection exper iments are demons t r a t ed . In no 

case could a cell injected with the ant ibody o v e r c o m e 

the mitotic block. 

''Affinity purified monoclonal an t ibody (mAb) . 

'Tota l protein concen t ra t ion . 

^Potassium aspar ta te (100 mM) and 10 m M H E P E S 

(pH 7.0). 

"Microinjection of affinity-purified m A b into sea urchin 

e m b r y o s of L. pictus caused arres t of mitosis in 14/14 

trials. Direct p ressure injection of o ther ant ibodies or 

se rum prote ins and buffer nei ther affected mitotic ap-

para tus birefringence nor progress through mitosis . 

tha t e x p e r i m e n t a l modi f ica t ions of t he in t race l lu la r C a c o n c e n t r a t i o n h a v e o n 

the mi to t ic p r o c e s s , t he e m e r g i n g p i c tu re of a highly ac t ive C a - s e q u e s t e r i n g 

s y s t e m well p r e s e r v e d t h r o u g h o u t e v o l u t i o n , a n d , as a n e w a n d exc i t ing field, 

the d iscover ies of var ious second messenge r s for the Ca-seques te r ing sys tem(s) 

m a k e it n o w highly sugges t ive tha t c a l c ium a n d mi tos i s a r e in t imate ly and 

causa l ly i n t e r w o v e n . 

T h e r e is on ly o n e (but t he a l l - impor tan t o n e ) i m p e d i m e n t t o o u r p r o g r e s s i v e 

u n d e r s t a n d i n g of such a func t ion : W e d o no t real ly h a v e an in te l lec tual ly sat-

isfying vis ion of t he p i c tu re tha t will e m e r g e f rom all of t h e s e va r ious p i eces 

of t he p u z z l e . In o t h e r w o r d s , in spi te of all t he s p e c u l a t i o n s , w e d o not con -

vincingly k n o w the ta rge t for ca l c ium at mi tos i s . W h e t h e r it will b e the s u m 

of m a n y C a - d e p e n d e n t en t i t i es o r w h e t h e r o n e h a s t o a s s u m e t h e e x i s t e n c e 

of comple t e ly n e w m e c h a n i s m s will be r e cogn i zed only by a c o n t i n u a t i o n of 

the in t ense and fasc ina t ing w o r k on this in t r iguing sub jec t . 
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Fig. 2. Mitotic appara tus from the sea urchin Paracentrotus lividus was isolated using 

modifications of a method developed by Mazia and Savin (cf. Petzelt et ed., 1987). Inherent 

componen t s of the mitotic appara tus are visualized using triple staining of one mitotic ap-

para tus with the respect ive ant ibodies or dyes . Staining with ant i tubul in; the microtubules 

have retained their character is t ic distr ibution and appea rance as in the whole cell , indicating 

the usefulness of the isolation method used. The same mitotic appara tus is stained with the 

anti-46-kD protein, showing the localization of the Ca-sequestering system; a close correlation 

to the distr ibution obtained for whole cells (cf. Petzelt and Hafner, 1986) is found, allowing 

the conclusion that the Ca-seques ter ing sys tem is indeed an intrinsic part of the mitotic 

appara tus , (c) The distr ibution of the c h r o m o s o m e s as seen with Hoechs t dye H-33248, 

showing the metaphase stage of the isolated mitotic appa ra tus . 
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I . I N T R O D U C T I O N 

T h e unfertilized egg is d o r m a n t , and its me tabo l i sm and act ivi ty are a roused 

u p o n fer t i l izat ion. T h e a rousa l of th is cell and c o n c o m i t a n t ini t iat ion of de -

v e l o p m e n t has c a p t u r e d the imagina t ion of d e v e l o p m e n t a l b io logis ts s ince fer-

t i l izat ion first b e g a n to be s tud ied . O n e e x a m p l e is s een in the 1916 pub l ica t ion 

of J a c q u e s L o e b (1916) en t i t led ' Ή ο ν ν t h e S p e r m S a v e s t he Life of t he E g g . " 

P e r h a p s a (male) chauv in i s t i c t i t le , bu t o n e w h i c h well def ines t he p r o b l e m 

of egg ac t iva t ion—how does the spe rm t ransform the egg, a d o r m a n t cell which 

will d ie if not fer t i l ized, in to an ac t ive cell wh ich even tua l ly yie lds an e m b r y o ? 

361 
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S o m e h o w , this s p e r m - e g g c o n t a c t resu l t s in s p e r m i n c o r p o r a t i o n , r e s to ra t ion 

of the diploid g e n o m e , and an in te rmeshed sequence of synthet ic and s t ructural 

changes that culminate in a series of mi toses , coord ina ted cellular m o v e m e n t s , 

and finally a p r o g r a m of gene ac t iv i ty yielding a n e w e m b r y o . 

In this c h a p t e r I will r ev i ew the c u r r e n t s t a tu s of o u r k n o w l e d g e a b o u t egg 

ac t iva t ion at fer t i l izat ion, c o n c e n t r a t i n g on the sea u rch in egg [see r ecen t re-

v iews by S h a p i r o et al (1981), T r i m m e r and V a c q u i e r (1986), W h i t a k e r and 

S te inha rd t (1985), and S w a n n et al., (1987)]. I will begin wi th a brief s u m m a r y 

of wha t is k n o w n abou t the initial signals that e m a n a t e from s p e r m - e g g con tac t , 

pr imar i ly cen te r ing a r o u n d the c h a n g e s in t w o c a t i o n s , a t r ans i en t i nc r ea se 

in intracellular ca lc ium (Ca^) and a pe rmanen t change in intracellular p H (pH, ) . 

T h e s e t w o c h a n g e s a re c o m p l e t e wi th in a few m i n u t e s of s p e r m - e g g c o n t a c t . 

S o m e h o w thei r effects a re last ing and the i r in te rp lay ini t ia tes the p r o g r a m m e d 

s e q u e n c e of d e v e l o p m e n t . W o r k in t he last few y e a r s has p r o v i d e d impor t an t 

insights in to the n a t u r e of t h e s e first e v e n t s . T h e cha l l enge for the fu ture (and 

the major focus of this c h a p t e r ) is to d i sce rn h o w t h e s e t r ans i en t ionic c h a n g e s 

resul t in egg ac t iva t ion . 

I I . S I G N A L T R A N S D U C T I O N M E C H A N I S M S 

It has been k n o w n for more than a decade that , following s p e r m - e g g con tac t , 

there occurs a t ransient increase in C ^ followed closely in t ime by an act ivat ion 

of a N a
+

- H
+
 e x c h a n g e r wh ich e l e v a t e s p H , [see r e v i e w s by Epe l and D u b é 

(1987), W h i t a k e r and S t e inha rd t (1985), and C h a p t e r 12 by T u r n e r and Jaffe 

in this v o l u m e ] . W o r k in the last few y e a r s has d e m o n s t r a t e d tha t t he se t w o 

e v e n t s a re p r e c e d e d by the hydro lys i s of p o l y p h o s p h o i n o s i t i d e s ( P I P 2) . T h e 

c u r r e n t v iew is tha t fol lowing s p e r m - e g g in te rac t ion t h e r e is an inc reased 

t u r n o v e r of P I P 2 ( T u r n e r et al., 1984) and t r ans i en t i n c r ea s e s in the levels of 

inositol t r i p h o s p h a t e (IP,) and diacylglycerol (DAG) (Kamel et al., 1985; Ciapa 

and W h i t a k e r , 1986). Th i s I P 3, in c o m m o n with the s i tua t ion seen in o t h e r 

cell t y p e s , s o m e h o w c a u s e s the r e l ease of C a
2 +

 f rom in t race l lu la r s t o r e s , and 

this m o s t likely a c c o u n t s for the i nc rea se in Ca s no rma l ly seen fol lowing fer-

t i l izat ion. 

T h e s i m u l t a n e o u s p r o d u c t i o n of d iacy lg lycero l en su ing from the hydro lys i s 

of P I P 2 is a p p a r e n t l y the signal for ac t iva t ing N a - H
 +

 e x c h a n g e . T h u s , in-

cuba t ion of eggs in phorbo l e s t e r s , wh ich mimic d iacy lg lycero l in ac t iva t ing 

protein kinase C, initiates a sod ium-dependen t alkalinization of the cell (Swann 

and Whi taker , 1985). This effect can also be seen with synthet ic diacylglycerols 

and wi th o t h e r mimics of d iacy lg lycero l (Shen and Burga r t , 1986; L a u et al., 

1986). 
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T h e initial s tud ies s h o w e d tha t micro in jec t ion of I P 3 in i t ia tes t he C a
2 f

- d e -

p e n d e n t pos t fer t i l iza t ion cor t ica l r eac t ion ( W h i t a k e r and I rv ine , 1984). S u b -

s e q u e n t r e s e a r c h has d e m o n s t r a t e d a d i rec t i nc r ea se in Caj as a c o n s e q u e n c e 

of I P 3 inject ion in to eggs ( S w a n n and W h i t a k e r , 1986) o r f rom add i t ion of I P 3 

to the m i c r o s o m e fract ion of eggs (C lappe r a n d L e e , 1985) o r to i so la ted cor-

t ices ( O b e r d o r f et al., 1986). F ina l ly , u l t r a s t ruc tu ra l s tud ies o n ca l c ium lo-

ca l iza t ion in eggs , us ing a newly d e v e l o p e d f luor ide p rec ip i t a t ion p r o c e d u r e , 

s h o w e d tha t t he major ca l c ium s to re in eggs is in the e n d o p l a s m i c r e t i cu lum 

(Poen ie and E p e l , 1987) a n d tha t th is r e t i cu lum is t r ans ien t ly e m p t i e d of C a
2 + 

after fer t i l izat ion. 

Imaging of this C a
2 +

 r e l ease in single ce l l s , us ing e i the r a e q u o r i n o r fura-

2, ind ica tes tha t the ca l c ium re l ease o c c u r s as a p r o p a g a t e d w a v e m o v i n g 

t h rough the egg beginning at t he poin t of s p e r m - e g g c o n t a c t ( S w a n n and Whi -

t ake r , 1986). T h e t iming of the ca l c ium r e l e a s e , wh ich slightly p r e c e d e s the 

onse t of the cor t ica l r eac t ion as a s s e s s e d by e l eva t ion of the fer t i l izat ion m e m -

b r a n e , is cons i s t en t wi th t he k n o w n ca l c ium sensi t iv i ty of the e x o c y t o s i s 

(Vacqu ie r , 1975; B a k e r et al., 1980) and indeed sugges t s tha t the e x o c y t o s i s 

can be u s e d as an indi rec t v i sua l iza t ion of the in t race l lu la r ca l c ium re l ea se . 

T h e p ropaga ted release of ca lc ium through the cell may be int imately related 

to P I P 2 hyd ro ly s i s . S ince a C a
2 +

- s e n s i t i v e p h o s p h o l i p a s e C has b e e n d e m -

o n s t r a t e d in the egg c o r t e x ( W h i t a k e r and A i t c h i s o n , 1985), an in te res t ing 

s cena r io is tha t r e l ease of ca l c ium at o n e si te in the egg c o r t e x wou ld ac t iva t e 

this p h o s p h o l i p a s e , wh ich w o u l d in tu rn b r e a k d o w n m o r e P I P 2 re leas ing ad-

di t ional I P 3 , e t c . Th i s au toca t a ly t i c s e q u e n c e cou ld t h u s a c c o u n t for t he o b -

se rved ca lc ium w a v e p r o p a g a t i o n t h r o u g h the egg (see S w a n n and W h i t a k e r , 

1986, for a de ta i led d i s cus s ion of this c o n c e p t ) . 

H o w d o e s s p e r m - e g g c o n t a c t ini t ia te ca l c ium r e l e a s e ? W o r k of Jaffe and 

he r c o l l a b o r a t o r s sugges t s tha t a c lass ic G-pro te in is i nvo lved . F o r e x a m p l e , 

injection of GTP7S will directly ac t iva te eggs ; injection of G D P ß s , an antagonis t 

of G-prote ins , p r even t s the act ivat ion by the spe rm (Turner et al., 1986, 1987). 

T h e s e resu l t s sugges t tha t a sperm-spec i f i c p l a s m a m e m b r a n e r e c e p t o r is in-

vo lved , w h o s e ac t ion is m e d i a t e d by a G-p ro t e in , p r o b a b l y c o u p l e d to p h o s -

pho l ipase C . If s o , the e n z y m e might be con t ro l l ed by t w o f ac to r s , s p e r m and 

C a
2 +

 , wi th the C a
2 +

- s e n s i t i v i t y of t he p h o s p h o l i p a s e C a c c o u n t i n g for the 

p r o p a g a t i o n t h r o u g h the egg o n c e t he initial C a
2 +

 r e l ea se o c c u r s at the si te 

of " s u c c e s s f u l " s p e r m b inding to a p l a s m a m e m b r a n e r e c e p t o r . 

O n e p r o b l e m with a n y h y p o t h e s i s a b o u t a p l a s m a m e m b r a n e r e c e p t o r , 

h o w e v e r , is tha t a l t hough m a n y s p e r m b ind to the egg su r f ace , the w a v e of 

ca lc ium re l ease only beg ins at the po in t of c o n t a c t (fusion?) of the fert i l izing 

or " s u c c e s s f u l s p e r m , " as o p p o s e d to all s p e r m - b i n d i n g s i tes . It a p p e a r s tha t 

s imple b inding of s p e r m to the egg d o e s no t neces sa r i l y lead to r e c e p t o r oc -

c u p a n c y and p o l y p h o s p h o i n o s i t i d e h y d r o l y s i s . 
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An al ternat ive possibility is that s p e r m - e g g fusion causes some in termediary 

even t which then resu l t s in p o l y p h o s p h o i n o s i t i d e hyd ro ly s i s . Th i s la t te r idea 

is s u p p o r t e d by t w o o b s e r v a t i o n s . T h e first is tha t inject ion of s p e r m e x t r a c t s 

into eggs will c a u s e egg ac t iva t ion (Dale et al., 1985). 

T h e s econd o b s e r v a t i o n , cons i s t en t with the idea tha t s p e r m might inject 

an ac t ivator , is that s p e r m - e g g fusion apparen t ly occu r s long before the calc ium 

rise can be d e t e c t e d and c lose to the t ime of initial s p e r m - e g g c o n t a c t . F o r 

e x a m p l e , eggs w e r e impa led with a m i c r o e l e c t r o d e and t h e n fixed for la ter 

u l t r a s t ruc tu ra l o b s e r v a t i o n s at va r ious t imes after t he first e lec t r ica l e v e n t 

(fert i l ization poten t ia l ) w a s s een . T h e eggs w e r e t hen serial ly s ec t ioned and 

the t iming of s p e r m - e g g fusion d e t e r m i n e d re la t ive to t he t ime w h e n the e lec-

trical c h a n g e w a s first a p p a r e n t . T h e s e resu l t s s h o w e d morpho log i ca l c r i te r ia 

of fusion 5 -8 sec after the e lec t r ica l e v e n t ( L o n g o et al., 1986). 

A second exper imen t showing that fusion p recedes C a
2 +

 re lease c o m e s from 

s tud ies on c a p a c i t a n c e c h a n g e s . S p e r m a re a d d e d to eggs t h rough a mic ro -

p ipe t te tha t has fo rmed a tight pa t ch a r o u n d the sur face of the egg. M e m b r a n e 

potent ia l c h a n g e s and c a p a c i t a n c e c h a n g e s m e a s u r e d s imu l t aneous ly in the 

pa tch a r e a ind ica te tha t a c a p a c i t a n c e c h a n g e s imilar to tha t e x p e c t e d u p o n 

s p e r m - e g g fusion o c c u r s a lmos t s imu l t aneous ly wi th the initial depo la r i za t ion 

(McCul loh and C h a m b e r s , 1987). 

T h e a b o v e resu l t s t hen ind ica te tha t (1) a s p e r m e x t r a c t can ac t iva te eggs 

and (2) tha t s p e r m - e g g fusion is a ve ry ear ly e v e n t . T h e s e give c r e d e n c e to 

the idea tha t fusion and p e r h a p s inject ion of an a c t i v a t o r m a y be the t r igger 

for the initial P I P 2 hyd ro ly s i s , as o p p o s e d to a r e c e p t o r o c c u p a n c y m e c h a n i s m 

coup led to p h o s p h o l i p a s e C ac t iv i ty as seen in s o m a t i c ce l l s . 

I I I . S T R A T E G I E S F O R S T U D Y I N G E G G A C T I V A T I O N 

A. T h e Descr ipt ion of the Activation Process 

T h e ana lys i s of egg ac t iva t ion first r equ i r e s an u n d e r s t a n d i n g of w h a t is 

ac t i va t ed . W h a t me tabo l i c p a t h w a y s a re t u r n e d o n ? W h a t e n z y m e s b e c o m e 

m o r e o r less ac t i ve? W h a t s t ruc tu ra l c h a n g e s o c c u r ? F ina l ly , a re t h e s e in-

dependen t or in te rconnec ted p a t h w a y s ? D o causal re la t ionships exist be tween 

the var ied r e s p o n s e s of fer t i l iza t ion? 

A listing of s o m e of the c h a n g e s tha t t a k e p lace after fer t i l izat ion is s h o w n 

in Tab le I and Fig. 1. T a b l e I is a listing of the c h a n g e s and Fig. 1 a t t e m p t s 

to put t h e s e in to a chrono log ica l s e q u e n c e so tha t o n e can be t t e r a n a l y z e 

poss ib le causa l i n t e r ac t i ons . 

F igure 2 is a s implis t ic s c h e m a of the t y p e s of in t e rac t ions that might be 



15. Arousal of Activity in Sea Urchin Eggs 365 

TABLE I 

Some Changes That Take Place after Fertilization 

M e m b r a n e even ts 

Depolar izat ion and hyperpolar iza t ion 

P 1 P - P I P 2 t u rnover 

C a
2 +

 influx 

Cort ical granule exocytos i s 

Endocy tos i s 

N a
+
- H

+
 exchange 

Tyros ine kinase increase 

Increased t ranspor t (amino ac ids , phospha te , 

nucleosides) 

Cytoskele ta l changes 

Actin polymerizat ion in cor tex 

Actin extension/bundl ing in microvilli 

Actin polymerizat ion in fertilization cone 

Microtubule-media ted pronuc lear m o v e m e n t s 

Movemen t of acidic vesicles/pigment granules to cor tex 

Cy top la smic -nuc lea r changes 

N A D kinase act ivat ion 

Cytoplasmic alkalinization 

G 6 P D t rans locat ion/change in activity 

L ipoxygenase activity 

Stimulat ion of many e n z y m e ' s activit ies (global effect?) 

Increased respirat ion 

Increased rate of protein synthesis 

Fas te r elongation rate 

Recru i tment of m R N A 

Initiation of D N A synthes is 

i nvo lved ; for e x a m p l e , the en t i re ac t iva t ion cou ld be causa l ly l inked to o n e 

e v e n t , to a " m a s t e r s w i t c h " t y p e of r e a c t i o n , in w h i c h s u b s e q u e n t e v e n t s a re 

l inked in ser ies in a d e p e n d e n t fash ion . In this c a s e , swi tch ing on the m a s t e r 

swi tch o r an ear ly link will lead to i nduc t ion of t he s u b s e q u e n t l inks ; con -

ve r se ly , inhibi t ion of t he m a s t e r swi t ch o r an ear ly link will lead to inhibi t ion 

of the s e q u e n c e . 

A l t e rna t ive ly , fer t i l izat ion might resul t in ac t iva t ion t h r o u g h p r o d u c t i o n of 

o n e o r severa l ac t iva t ing a g e n t s wh ich ac t i n d e p e n d e n t l y to tu rn on va r ious 

p r o c e s s e s in a paral lel fash ion . T h e t w o m o d e l s d e p i c t e d in Fig. 2 a r e , of 

c o u r s e , e x t r e m e s , and the ac t iva t ion in vivo m a y involve a m i x t u r e of t h e s e 

t w o m o d e s . 

Le t us c o n s i d e r s o m e poss ib le m e c h a n i s m s for egg ac t iva t ion . Referr ing to 

Fig. 2, is there a single enzymat i c change , a mas t e r swi tch , which is responsible 
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1 ι— depolar izat ion 

3 — sperm-egg fusion (?) 

10 —PIP /P IP 2 tu rnover 

20 — tree Ca
2
* increase 

— Ca
2
* inf lux ( t im ing unclear) 

Γ Cort ical granule exocytosis 
Prote in Kinase C (?) 
NAD Kinase act ivat ion 

o n J Na* - H* exchange 
Act in po lymer izat ion (cor tex , m i c r o v i l l i , cone) 
Lipoxygenase action 
G6PD translocat ion 

LRespirat ion increase 

Ca
2
*decrease 

Na*,K*-ATPase a c t i v i t y 
60 - 300 - < Endocytosis 

Acidic vesic le movement 
L Hyperpolar izat ion 

Γ Increased t ransport 
300 - 1 8 0 0 - \ Nucleoside phosphorylat ion 

L Increased pro te in synthesis 

600 - ~F t y r o s i n e p ro te in kinase 
L Pronuclear movements 

1200 — DNA synthesis 

I seconds | 

Fig. 1. Timetable of the program of postferti l ization even ts in the zygote of Strongy-
locentrotus purpuratus. Time (in seconds) after s p e r m - e g g contac t . The t imes are meant to 
give a feeling of the sequence of events and the approx imate initiation of each event and 
its relat ionship to o ther postfertilization changes . 

for the ac t iva t ion of all p a t h w a y s in t he egg? A n e x a m p l e cou ld be c h a n g e s 

in the p h o s p h o r y l a t i o n s t a tus of m a n y p r o t e i n s , m e d i a t e d by p ro te in k inases 

or protein phospha t a se s . Ano the r possibili ty could be a zymogenl ike act ivat ion, 

in wh ich a p r o t e a s e is ac t iva t ed ear ly on in the fer t i l izat ion p r o c e s s (e .g . , by 

ca lc ium) wh ich then t u r n s inac t ive p r o e n z y m e s in to ac t ive e n z y m e s in an 

i r revers ib le fash ion . 

Again referr ing to Fig. 2, a n o t h e r op t ion is for severa l m e c h a n i s m s with 

b ranch points . F o r example , covalent modificat ions such as by phosphory la t ion 
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A 

£E —»F 

G->H 

Β 

brH-' 
Fig. 2. T w o views of how s p e r m - e g g contac t might initiate the postferti l ization changes . 

At one extreme (A) is the "mas te r swi tch" or " s e r i e s " or " d e p e n d e n t " model, which assumes 

one change with all o ther events emanat ing from it. The o ther ex t r eme (B) is a " p a r a l l e l " 

or " i n d e p e n d e n t " model in which a number of pr imary changes occur , which initiate in-

dependen t sequences of even t s . 

or p ro t eo lys i s cou ld be the initial c h a n g e , bu t the u l t imate t r ans la t ion of this 

p h o s p h o r y l a t i o n o r p ro t eo lys i s in to egg ac t iva t ion cou ld t h e n involve cell 

s t ruc tu ra l c h a n g e s . A l t e rna t ive ly , ac t iva t ion cou ld e n s u e f rom sub t le c h a n g e s 

in the cel l , such as c h a n g e s in the s t a t e of h y d r a t i o n of p ro t e in s a s s o c i a t e d 

wi th c h a n g e s in the n a t u r e of cell w a t e r . 

B. Experimental Design 

Let us nex t c o n s i d e r e x p e r i m e n t a l s t ra teg ies for s tudy ing egg ac t iva t ion . A 

cri t ical q u e s t i o n is dec id ing wh ich r e a c t i o n s to s tudy in d e p t h . Shou ld o n e 

s tudy a m u l t i e n z y m e s y s t e m , such as p ro te in and D N A s y n t h e s i s ? O r is it 

b e t t e r to s t udy a single e n z y m e in tha t p a t h w a y ? Shou ld o n e res t r ic t a t t en t ion 

only to e n z y m e s invo lved in me tabo l i c a c t i v a t i o n ? O r is it w o r t h w h i l e looking 

at any postferti l ization change , with the p remise that unders tand ing any change 

will g ive ins ights in to the genera l m e c h a n i s m s of egg ac t i va t i on? 

A s an e x a m p l e of the util i ty of this la t te r a p p r o a c h , a s s u m e tha t o n e m a s t e r 

swi tch is o p e r a t i v e at fer t i l izat ion. If s o , t h e n s tudy ing a n y pos t fer t i l iza t ion 

c h a n g e — w h e t h e r it be on the main p a t h w a y of me tabo l i c ac t iva t ion o r on 

some side t r ack—could lead b a c k w a r d to give insights into this mas t e r swi tch. 

S imi lar ly , if t h e r e a r e severa l i n d e p e n d e n t t r a c k s , s tudy ing a n y c h a n g e cou ld 

p rov ide ins ights on tha t p a t h w a y . A l s o , us ing this v i ew, o n e n e e d n ' t res t r ic t 

a t t en t ion to the major syn the t i c s eque l l ae of ac t iva t ion such as p ro te in syn-

thes i s ; r a the r , ins ights might m o r e eas i ly a r i se from s tud ies on single e n z y m e s 

w h i c h , a l though not on the main b i o s y n t h e t i c p a t h w a y , a r e l inked to t h e m by 

s o m e c o m m o n ac t iva t ion m e c h a n i s m . 
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C. Dissection of the Activation Process 

F o u r major s trategies have been used for dissect ing the metabol ic act ivat ion 

of the egg. T h e s e are (1) ac t iva tor cand ida te a p p r o a c h e s , (2) in vivo a p p r o a c h e s , 

(3) in vitro a p p r o a c h e s , and (4) u s e of pe rmeab i l i z ed cel ls as in situ m o d e l s . 

/. Activator Candidate Approaches 

By " a c t i v a t o r c a n d i d a t e " I refer to s tud ies tha t t e s t w h e t h e r specif ic en-

z y m a t i c o r s t ruc tu ra l c h a n g e s a re po ten t i a l c a n d i d a t e s affecting m e t a b o l i c 

c h a n g e . F o r e x a m p l e , o n e might pos i t tha t p ro t e in p h o s p h o r y l a t i o n ac t iv i ty 

is the mas te r switch at fertilization. T o test th is , o n e could examine the pa t te rn 

and a m o u n t of p ro te in p h o s p h o r y l a t i o n before a n d af ter i n semina t i on . Al ter -

na t ive ly , o n e might posi t tha t p r o t e a s e ac t iv i ty is t he swi t ch and tes t this by 

examin ing p ro teo ly t i c ac t iv i ty d i rec t ly . 

a. Phosphorylation. S tud ie s on c h a n g e s in t h e p h o s p h o r y l a t i o n s t a tus of 

prote ins in sea urchin eggs are not s imple , s ince the unferti l ized egg is relatively 

i m p e r m e a b l e to inorgan ic p h o s p h a t e . Ke l le r et al. (1980) c i r c u m v e n t e d this 

p r o b l e m by ana lyz ing the abil i ty to p h o s p h o r y l a t e e n d o g e n o u s s u b s t r a t e p r o -

teins in homogena t e s p repared before and after fertil ization. This s tudy showed 

tha t t he re w e r e d i f fe rences , sugges t ive of b o t h d e p h o s p h o r y l a t i o n a n d p h o s -

pho ry l a t i on , at fer t i l izat ion. 

A n o t h e r a p p r o a c h to b y p a s s the pe rmeab i l i t y p r o b l e m is to i n c u b a t e eggs 

in ve ry high levels of
 3 2

P ; even tua l ly e n o u g h will e n t e r to a s s e s s the p h o s -

phory la t ion s t a tus of p r o t e i n s . Us ing this a p p r o a c h wi th eggs of Arbacia 

punctulata s h o w e d tha t shor t ly after fer t i l izat ion t h e r e w a s i n c r e a s e d p h o s -

phory la t ion of the r i bosoma l p ro te in S6 (Bal l inger a n d H u n t , 1981; Bal l inger 

et al.y 1984). Th i s finding ra i sed the exc i t ing poss ib i l i ty tha t th is c h a n g e might 

be re la ted to the large tu rn on of p ro te in syn the s i s at fer t i l izat ion. H o w e v e r , 

a s imilar s t udy in eggs f rom t w o o t h e r spec i e s s h o w e d tha t a l though t h e r e 

w e r e c o m p a r a b l e i nc r ea se s in p ro te in s y n t h e s i s , t h e r e w a s n o c h a n g e in the 

p h o s p h o r y l a t i o n s t a tu s of this p ro te in ( W a r d et al., 1983). T h u s , t h e r e is a 

c h a n g e in s o m e c a s e s , bu t its ro le is no t c lea r . 

A n o t h e r a p p r o a c h has b e e n to e x a m i n e the t y p e s of p ro t e in k inases and 

pro te in p h o s p h a t a s e s p r e s e n t in eggs . T h e s e s tud ies revea l the p r e s e n c e of 

t y ros ine p ro te in k i n a s e s , wh ich b e c o m e ac t i va t ed 5 -10 min after fer t i l izat ion 

( K i n s e y , 1984; S a t o h a n d G a r b e r s , 1985). T h e role of th is k inase(s ) and the 

n a t u r e of the s u b s t r a t e s p h o s p h o r y l a t e d is no t k n o w n . T h e ub iqu i ty of such 

k inase ac t iv i ty in t e r m s of g r o w t h fac tor ac t ion in s o m a t i c cells m a k e s s tud ie s 

of t h e s e e n z y m e s in eggs of pa r t i cu l a r in te res t . 

T h e i m m a t u r e eggs of o r g a n i s m s tha t a r e s t imula ted by e i the r h o r m o n e or 
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fer t i l izat ion to u n d e r g o ge rmina l ves ic le b r e a k d o w n as a pa r t of t h e egg ma-

tu ra t ion p r o c e s s exhib i t large c h a n g e s in p ro t e in p h o s p h o r y l a t i o n . Pa r t of th is 

a p p e a r s to b e a c o n s e q u e n c e of t h e so-ca l led " m a t u r a t i o n p r o m o t i n g f a c t o r " 

ac t iv i ty ( s ee , e .g . , r e v i e w b y L o h k a a n d Mai le r , 1987). In eggs of Urechis, 

which a r e s t imula ted t o begin m a t u r a t i o n b y fer t i l iza t ion, t h e r e is a large s t ep -

u p in p h o s p h o r y l a t i o n a n d a l so in t he ac t iv i ty of p ro t e in k i n a s e s (Mei jer et 

al.y 1982). T h e p h o s p h o r y l a t i o n c h a n g e s inc lude an ear ly pe r iod of b o t h in-

c r e a s e s and d e c r e a s e s in p h o s p h o r y l a t i o n of specif ic p ro t e in s a n d t h e n a la te r 

gene ra l i zed i nc r ea se in t he p h o s p h o r y l a t i o n s t a tu s of m a n y cell p r o t e i n s . T h e 

la t te r c h a n g e might be re la ted to p h o s p h o r y l a t i o n of n u c l e a r m e m b r a n e p ro -

te ins . T h e role of t he ear ly c h a n g e s , h o w e v e r , is not k n o w n a n d cou ld be of 

g rea t i m p o r t a n c e . 

b. Protease Activity. H i s to r i ca l ly , o n e of t h e ear l ies t e n z y m a t i c c h a n g e s d e -

sc r ibed after fer t i l izat ion w a s an i n c r e a s e in t he ac t iv i ty of v a r i o u s p r o t e a s e s . 

Th i s w a s s tud ied in tens ive ly by L u n d b l a d and R u n n s t r o m in t he la te 1940s 

and 1950s ( s ee , e .g . , L u n d b l a d and R u n n s t r o m , 1962). S u b s e q u e n t w o r k 

s h o w e d tha t t h e r e w e r e at leas t t w o p r o t e a s e s r e l ea sed f rom the cor t i ca l g ran -

ules at fer t i l izat ion ( V a c q u i e r et al., 1972, Car ro l l a n d E p e l , 1975). It is still 

unc lear as to w h e t h e r any of the p ro tease act ivi t ies first desc r ibed by Lundb lad 

a r e c y t o p l a s m i c a n d , t he r e fo re , i nvo lved in egg ac t i va t i on ; t h e poss ib i l i ty is 

intr iguing and mer i t s fur ther w o r k . 

c. Other Covalent Modifications. O t h e r t ypes of cova len t modificat ion could 

be a s s o c i a t e d wi th fer t i l izat ion. E x a m p l e s of t h e s e , such as p ro t e in myr i s -

ty la t ion , A D P r ibosy la t ion , a c e t y l a t i o n , o r m e t h y l a t i o n h a v e no t ye t b e e n ex -

a m i n e d , p e r h a p s b e c a u s e of t h e difficulty of label ing unfer t i l ized eggs ; aga in , 

t h e s e poss ibi l i t ies shou ld be e x p l o r e d . 

2. In Vivo Approaches 

In vivo a p p r o a c h e s r equ i r e first de sc r ib ing what o c c u r s a n d when it o c c u r s . 

S u c h desc r ip t i ve a n d t e m p o r a l l is t ings c a n b e an espec ia l ly helpful tool in 

causa l ana lys i s ( s ee , e .g . , t he ar t ic le b y E p e l et ai, 1974). Refer r ing to t he 

m a s t e r swi tch m ode l in F ig . 2 , for e x a m p l e , o n e might a s s u m e tha t c h a n g e 

A wh ich o c c u r s ear ly cou ld b e invo lved in con t ro l l ing c h a n g e B , bu t tha t 

c h a n g e Β cou ld no t be invo lved in con t ro l l ing c h a n g e A ; d e t e r m i n i n g t h e se-

q u e n c e of e v e n t s c lear ly has heur i s t i c v a l u e . 

O n c e the s e q u e n c e of e v e n t s h a s b e e n d e s c r i b e d , o n e c a n e x a m i n e the con -

s e q u e n c e s of in terfer ing wi th specif ic e v e n t s o r of induc ing specif ic c h a n g e s . 

Th i s a p p r o a c h h a s t he a d v a n t a g e of w o r k i n g wi th the in tac t ce l l , bu t t he d is -

a d v a n t a g e of often d e p e n d i n g u p o n p h a r m a c o l o g i c a l a g e n t s w h i c h of c o u r s e 

a re ra re ly specif ic . 



370 David Epel 

A n o t h e r d i sadvan tage , which is becoming appa ren t from recen t exper imenta l 

d i s sec t ions of con t ro l m e c h a n i s m s , is tha t m a n y cel ls d o no t u s e j u s t o n e 

regu la to ry or effector m e c h a n i s m to con t ro l a specif ic cell func t ion ; t he con -

s e q u e n c e is tha t if t he e x p e r i m e n t e r in ter feres wi th o n e m e c h a n i s m , an al-

t e rna t ive o n e might t a k e o v e r . O n e e x a m p l e has c o m e a b o u t f rom s tud ies on 

sec re t ion in va r ious cell t y p e s . G o m p e r t s (1986) h a s n o t ed tha t e x o c y t o s i s 

can be m e d i a t e d e i the r by p h o s p h o l i p a s e C ac t i on , ut i l izing I P 3 t o con t ro l 

C a
2 +

, by d i acy lg lyce ro l -med ia t ed p ro te in k inase ac t ion or by p h o s p h o r y l a t i o n 

via cyclic A M P - d e p e n d e n t k inases . Inhibiting one m e c h a n i s m need not p reven t 

the cell r e sponse since the a l ternat ive regulatory m e c h a n i s m might c o m p e n s a t e . 

If cel ls can c o m p e n s a t e and use a l t e rna t e m e c h a n i s m s , t h e n a d a n g e r in phar -

macolog ica l s tud ies is tha t o n e might infer tha t a pa r t i cu la r m e c h a n i s m is not 

i m p o r t a n t w h e n in fact it is the no rma l in vivo r egu la to r . 

In spi te of the a b o v e c a v e a t s , w e h a v e l ea rned m u c h a b o u t regula t ion of 

fer t i l izat ion ac t iv i t ies t h rough such in vivo a p p r o a c h e s . O n e e x a m p l e is the 

ques t i on of w h e t h e r t he i nc r ea sed p ro t e in syn the s i s t ha t beg ins 5 -10 min after 

fer t i l izat ion is r equ i red for ini t iat ion of D N A syn the s i s t ha t beg ins at 30 min 

after fer t i l izat ion. Th i s ques t i on c a n be a p p r o a c h e d by p r e v e n t i n g p ro te in syn-

thes i s , as t h r o u g h ferti l izing eggs in t he p r e s e n c e of e m e t i n e . U n d e r t h e s e 

c o n d i t i o n s , e v e n w h e n the p ro te in syn thes i s is a l m o s t 9 9 % inh ib i ted , eggs will 

still go t h rough the first cyc l e of D N A syn the s i s ( W a g e n a a r and M a z i a , 1978). 

Th i s m e a n s tha t t he i nc r ea sed p ro te in syn thes i s tha t o c c u r s after fer t i l izat ion 

is not r equ i red or invo lved in the la ter o n s e t of D N A s y n t h e s i s . 

A n o t h e r e x a m p l e of inhibi t ing o n e p r o c e s s and a s s e s s i n g the effects on a 

la ter e v e n t c o m e s from ask ing w h e t h e r the cor t ica l g r anu le e x o c y t o s i s , wh ich 

begins at 30 sec after fer t i l izat ion a n d is c o m p l e t e d by 60 s e c , is r equ i r ed for 

the inser t ion of the N a
+

- H
+
 e x c h a n g e r in to t he p l a s m a m e m b r a n e . O n e can 

app roach this by inhibiting the cort ical reac t ion th rough placing the eggs unde r 

high h y d r o s t a t i c p r e s s u r e immed ia t e ly after i n semina t i on . W h e n this is d o n e , 

o n e finds tha t t he major por t ion of t h e fer t i l izat ion acid r e l ease a s soc i a t ed 

wi th N a
+

- H
+
 e x c h a n g e still o c c u r s , e v e n t h o u g h the cor t ica l g r anu le e x o -

cy tos i s has b e e n p r e v e n t e d (Schmid t and E p e l , 1983; S w e z e y et al., 1987). 

Th i s r e m o v e s from c o n s i d e r a t i o n t he poss ibi l i ty tha t the N a
+

- H
+
 e x c h a n g e r 

is inser ted into the p lasma m e m b r a n e via cort ical granule exocy tos i s , as occu r s 

in s o m e s y s t e m s (Gluck et al., 1982). 

A third e x a m p l e is the d i s sec t ion of t he role of ρ Η 4 and Ca 4 in egg ac t iva t ion . 

A s w a s no t ed ear l ie r , and will be d e s c r i b e d in m o r e detai l b e l o w , the t w o 

major ionic c h a n g e s wi th c o n s e q u e n c e s for d e v e l o p m e n t a r e a t r ans i en t r ise 

in Caj and a p e r m a n e n t c h a n g e in pHj . O n e can i n d u c e t he pH; c h a n g e d i rec t ly 

by incuba t ion of t he eggs in a m m o n i a o r o t h e r w e a k b a s e s (Shen a n d Ste in-

hard t , 1978; J o h n s o n and Epe l , 1981). This a lso induces cer ta in postferti l ization 

e v e n t s , such a s i nc reased p ro te in syn thes i s a n d ini t iat ion of D N A syn thes i s 
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(Epe l et al., 1974; M a z i a and R u b y , 1974), sugges t ing a d i rec t role of the p H ; 

c h a n g e in t h e s e syn the t i c e v e n t s . W h e n pH; is i n c r e a s e d wi th a m m o n i a , t he 

ca lc ium inc rea se d o e s no t o c c u r (Poen ie et αι., 1985) a n d such ca l c ium-de -

p e n d e n t c h a n g e s as ac t iva t ion of N A D k inase o r t h e induc t ion of t he cor t ica l 

g ranu le e x o c y t o s i s d o no t t a k e p lace ( see , e .g . , Epe l et al., 1974, 1981). T h u s , 

us ing a m m o n i a , o n e can i nduce pHj c h a n g e s bu t no t ca l c ium c h a n g e s a n d c a n 

use th is i n t e rven t ion to a s s e s s w h i c h e v e n t s a r e C a
2 +

 o r p H d e p e n d e n t . 

C o n v e r s e l y , a l lowing the C a
2 +

 c h a n g e to o c c u r whi le p r e v e n t i n g t he pHj 

changes can be ach ieved by act ivat ing eggs with the ca lc ium ionophore A23187 

in sodium-free seawate r . W h e n this is d o n e , N A D kinase act ivat ion and cort ical 

g ranu le e x o c y t o s i s o c c u r (Epe l et al., 1981), bu t t he pHj c h a n g e s d o no t t ake 

p lace (Shen and S t e i n h a r d t , 1979; J o h n s o n and E p e l , 1981). T h e r e is a l so n o 

ini t iat ion of D N A syn thes i s and n o i n c r e a s e in r a te of p ro t e in s y n t h e s i s 

(Wink le r et al., 1980; D u b é et al., 1985). 

3. In Vitro Approaches 

Typica l in vitro a p p r o a c h e s invo lve b r e a k i n g u p the cell by h o m o g e n i z a t i o n 

as a p r e l u d e to a s say ing ac t iv i t ies in the e x t r a c t o r for i sola t ing o rgane l l e s o r 

reg ions of t he cel l . T h e s e a p p r o a c h e s p r o v i d e t h e a d v a n t a g e of a def ined o r 

wel l -cont ro l led s y s t e m ; va r i ab les c a n be l imited a n d indeed pur i f ica t ion of 

individual c o m p o n e n t s can be ach ieved and recons t i tu t ion a t t emp ted . A major 

d i s a d v a n t a g e is tha t the cell in tegr i ty is d e s t r o y e d . 

A n o t h e r p r o b l e m is t he r e p l a c e m e n t o r subs t i t u t ion of t he in t race l lu la r mil-

ieu. Shou ld o n e ut i l ize a m e d i u m tha t m imic s t h e in t race l lu la r o n e ? O r shou ld 

o n e uti l ize a m e d i u m tha t p r o v i d e s o p t i m u m ac t iv i ty for t he pa r t i cu l a r p r o c e s s 

be ing s t ud i ed? 

A p r o b l e m wi th op t imiza t ion is tha t such o p t i m u m c o n d i t i o n s m a y no t b e 

presen t in vivo. F o r e x a m p l e , s tudies on pro te in synthes is in sea urch in lysates 

ind ica te tha t t h e o p t i m u m M g
2 +

 c o n c e n t r a t i o n is 2 - 4 mM (Wink le r and Ste in-

ha rd t , 1981). Ye t t he free m a g n e s i u m c o n c e n t r a t i o n in t he cell is 5 m M (Sui 

and S h e n , 1986) w h i c h is qu i te inh ib i tory for p ro t e in s y n t h e s i s , at leas t in vitro 

(Winkle r a n d S t e i n h a r d t , 1981). Th i s sugges t s tha t us ing the b e s t m e d i u m for 

s tudying a par t icular p rocess m a y be misleading since cells mos t likely p roceed 

at s o m e " b e s t f i t " for the manifold p r o c e s s e s o c c u r r i n g in vivo. 

A n o t h e r a s p e c t of c h o o s i n g the " r i g h t " m e d i a is t h e c h o i c e of t he p r o p e r 

an ion . Cel ls d o no t h a v e high ch lo r ide c o n c e n t r a t i o n s , bu t r a t h e r ut i l ize p r o -

t e ins , a m i n o a c i d s , b i c a r b o n a t e and o t h e r small m o l e c u l e s as t he major in-

t race l lu la r a n i o n s . I n d e e d , inc lus ion of ch lo r ide in the m e d i a c a n h a v e c h a o -

tropic affects and re lease pro te ins from cell s t ruc tu res (Sasaki and Epe l , 1983). 

O n e a p p r o a c h to c i r c u m v e n t such p r o b l e m s , is t o subs t i t u t e o rgan ic a n i o n s 

in the m e d i a , such as g l u c o n a t e o r g l u t a m a t e ( M a z i a et al., 1981; B a k e r et 
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al., 1980). T h e r e a r e sure ly b e t t e r m e d i a t h a n t h e s e a n d b e t t e r m i mi c s of t he 

in t race l lu la r milieu will be eager ly a w a i t e d . 

4. Permeabilized Cell Studies 

A n e w a p p r o a c h , wh ich lies in b e t w e e n the in vitro cell h o m o g e n i z a t i o n 

a p p r o a c h and an in vivo a p p r o a c h is to u s e p e r m e a b i l i z e d ce l l s . T h e s e h a v e 

the a d v a n t a g e of re ta in ing cell s t r u c t u r e whi le hav ing an o p e n p l a s m a m e m -

b r a n e so tha t o n e can d i sce rn t he effects of chang ing v a r i o u s p a r a m e t e r s , 

espec ia l ly small ions ( see , e .g . , B a k e r et al., 1980; S u p r y n o w i c z and M a z i a , 

1985). T h e d i s a d v a n t a g e of this s y s t e m is t ha t s o m e p r o t e i n s a r e genera l ly 

lost f rom t h e s e l eaky ce l l s . A n o t h e r p r o b l e m is t he a f o r e m e n t i o n e d lack of a 

good in t race l lu la r mil ieu. O n e c a n s imula te t he major ionic c o n s t i t u e n t s but 

u l t imate ly miss ing a r e t he smal l m o l e c u l a r we igh t " s o m e t h i n g s " w h i c h cou ld 

be i m p o r t a n t . 

5. Concentrated Cell Lysates 

A four th a p p r o a c h , wh ich is p rov ing par t i cu la r ly useful in t h e ana lys i s of 

me ios i s , is to u s e e x t r e m e l y c o n c e n t r a t e d cell l y s a t e s , typica l ly wi th no o r 

little ex t race l lu l a r milieu a d d e d ( see , e .g . , M a s u i and S h i b u y a , 1987). T h e 

s y s t e m is ideal for frog o o c y t e s w h i c h a r e fragile a n d can b e d i s r u p t e d by 

gent le cent r i fuga t ion . T h e s e ly sa t e s h a v e t he a d v a n t a g e of re ta in ing p ro t e in s 

in a s c o n c e n t r a t e d a form as poss ib l e . A s t h e r e is no p l a s m a m e m b r a n e , o n e 

can easi ly a sce r t a in the effects of different m e d i a , i o n s , e t c . ( s ee , e .g . , L o h k a 

and Mai le r , 1987). 

IV. E X P E R I M E N T A L A N A L Y S I S O F E G G A C T I V A T I O N 

In the fol lowing sec t ions I will go t h r o u g h the c h a n g e s k n o w n to o c c u r after 

fer t i l izat ion, and d e s c r i b e the i r ro le (if any ) in s u b s e q u e n t s t eps of egg ac t i -

va t ion . A r e t h e r e c a u s a l - l i n e a r c h a i n s ? B r a n c h e d c h a i n s ? M a s t e r s w i t c h e s o r 

paral lel p a t h w a y s ? 

A. Ionic C h a n g e s — C a l c i u m 

1. The Calcium Increase 

A s n o t e d , o n e of t he ear ly ( i . e . , less t han 30 sec) pos t fe r t i l i za t ion c h a n g e s 

in t he sea u rch in egg is a large a n d t r ans i en t i n c r e a s e in ca l c ium ion , wh ich 

i nc r ea se s f rom a res t ing level of a p p r o x i m a t e l y 100 n m to a b o u t 2 μ Μ (Poen ie 
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et al., 1985; S w a n n et al., 1987). Pharmacologica l s tudies had initially suggested 

tha t th is ca l c ium inc r ea se might be the major and p r i m a r y t r igger for egg ac -

t iva t ion . F o r e x a m p l e , eggs will ini t ia te m a n y of the syn the t i c seque l l ae of 

fert i l izat ion if C a
2 +

 j is ra i sed by i ncuba t i on of eggs in the ca l c ium i o n o p h o r e 

A23187 (S te inha rd t and E p e l , 1974). C o n v e r s e l y , o n e can inject eggs wi th 

E G T A — w h i c h will p r e v e n t t he C a
2 +

 r i s e — a n d p r e v e n t t he ac t iva t ion of t he 

egg by s p e r m ( Z u c k e r a n d S t e i n h a r d t , 1978). 

A l t h o u g h this sugges t s tha t c a l c ium is c r i t ica l , t he r e cen t ana lys i s of egg 

ac t iva t ion in t e r m s of P I P 2 m e t a b o l i s m sugges t s tha t the ro le of c a l c i u m m a y 

be m o r e c o m p l i c a t e d . F i r s t , a s n o t e d , t h e r e is a ca l c ium-ac t iva t ed p h o s p h o -

l ipase C ( W h i t a k e r and A i t ch i son , 1985); i nc reas ing ca l c ium levels a s wou ld 

occu r in ionophore- t rea ted eggs could ac t iva te this l ipase which would p roduce 

both I P 3 and D A G . M a n y of the subsequen t c o n s e q u e n c e s of fertilization might 

t hen b e m e d i a t e d t h r o u g h the D A G - r e l a t e d regula t ion of p ro t e in k inase C . 

Simi lar ly , the effects of E G T A inject ion cou ld resul t f rom p r e v e n t i n g p h o s -

pho l ipase C ac t iva t ion and the s u b s e q u e n t p r o d u c t i o n of D A G . 

2. Calcium Targets 

a. Cortical Granule Exocytosis. I r r e s p e c t i v e of t h e s e c a v e a t s , w e k n o w a 

n u m b e r of e v e n t s wh ich a r e c a l c i u m - m e d i a t e d a s s h o w n by d i rec t in vitro 

ana lys i s . T h e m o s t d r a m a t i c of t h e s e is t he induc t ion of cor t ica l g ranu le ex-

o c y t o s i s by m i c r o m o l a r a m o u n t s of ca l c ium ( V a c q u i e r , 1975; B a k e r et al., 

1980). T h e bes t descr ip t ion of this has c o m e from studies with isolated cor t i ces , 

and a n u m b e r of p ro t e in s and fac to r s invo lved in this c a l c i u m - m e d i a t e d ex-

ocy tos i s a r e beg inn ing to be identif ied ( B a k e r et al., 1980; S a s a k i , 1984; Z im-

m e r b e r g et al., 1985). 

At p r e s e n t , t he on ly k n o w n ro les of th is e x o c y t o s i s a r e for e l eva t ion of t he 

fer t i l izat ion m e m b r a n e and fo rma t ion of the hya l ine layer . T h e fer t i l izat ion 

m e m b r a n e has severa l ro l e s , inc luding a phys ica l b lock to p o l y s p e r m y as well 

as p r o t e c t i o n for t he ear ly e m b r y o ( s ee , e .g . , K a y and S h a p i r o , 1985). T h e 

e x o c y t o s i s is not a p r e r equ i s i t e for d e v e l o p m e n t ; d e v e l o p m e n t p r o c e e d s nor -

mally if t he sec re t ion is b l o c k e d by high h y d r o s t a t i c p r e s s u r e (Schmid t and 

E p e l , 1983). 

b. NAD Kinase. C a l c i u m is a l so an a c t i v a t o r for t he ca lmodu l in - r egu la t ed 

e n z y m e , N A D k inase (Epe l et ai, 1981). T h e ac t iv i ty of this e n z y m e can be 

a s s e s s e d in vivo by mon i to r ing t he pos t fer t i l iza t ion c o n v e r s i o n of N A D to 

N A D P - N A D P H ( E p e l , 1964). Th i s c h a n g e o c c u r s dur ing the pe r iod w h e n the 

ca lc ium level is high ( S w a n n et ai, 1987), and in vitro s t ud ie s s h o w tha t it is 

regu la ted by ca l c ium via ca lmodu l in (Epe l et al., 1981). T h e c o n c e n t r a t i o n s 

of ca l c ium gove rn ing this r eac t i on a r e 0 .1 -1 μΜ, wh ich is in the in vivo r ange 

( S w a n n et al., 1987). 
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T h e targets of increased N A D P - N A D P H have not been explicitly identified. 

Clear ly t he r e d o x poten t ia l of t he cell is a l t e r ed , and o n e can imagine a myr i ad 

of resul tant effects on b iosynthes i s . Also , expe r imen t s with partially act ivated 

eggs sugges t a role of r e d u c e d pyr id ine nuc l eo t i de s in ini t iat ion of D N A syn-

thes i s ( W h i t a k e r and S t e i n h a r d t , 1981). 

c. Lipoxygenase. A third role for the ca l c ium is t he ac t iva t ion of a l ipox-

y g e n a s e . In vitro, t he sea u rch in e n z y m e c o n v e r t s free a r a c h i d o n i c acid to 

hydroxy fatty ac ids , primarily 11 -HETE and 12 -H E T E (Perry and Epe l , 1985a; 

H a w k i n s a n d B r a s c h , 1987). A s imilar ac t iv i ty can be seen in vivo; if o n e loads 

eggs wi th [
3
H ] a r a c h i d o n i c acid a n d t h e n fert i l izes t h e m , the free a r a c h i d o n i c 

acid is c o n v e r t e d in to p r o d u c t s s imilar to t h o s e p r o d u c e d in vitro (Per ry and 

E p e l , 1985a, b) . 

A p r o b l e m wi th in te rp re t ing this o b s e r v a t i o n , h o w e v e r , is tha t on ly the free 

[
3
H]arachidonic acid added during the exper imen t is conve r t ed to H E T E . Mos t 

of the a d d e d [
3
H ] a r a c h i d o n a t e is l inked in to p h o s p h o l i p i d s , bu t this a rach i -

d o n a t e is not r e l eased at fer t i l izat ion t h r o u g h the ac t ion of p h o s p h o l i p a s e . 

D o e s this m e a n tha t t he r e is n o i n c r e a s e d p h o s p h o l i p a s e A 2? O r d o e s this 

m e a n tha t t h e r e is a large r e se rvo i r of p h o s p h o l i p i d s in the egg , mak ing it 

difficult to d e t e c t r e l ease and c o n v e r s i o n of th is r ad ioac t ive ly labeled a r ach -

i d o n a t e ? C lea r ly , it is i m p o r t a n t to see w h e t h e r 1 1 - H E T E and 1 2 - H E T E a re 

p r o d u c e d in vivo and if so to d i sce rn the i r ro le in egg ac t iva t ion . 

d. Protein Kinase C. P r e s u m a b l y this e n z y m e is ac t ive after fer t i l izat ion. 

T h e c i r cums tan t i a l e v i d e n c e is tha t d iacy lg lycero l i n c r e a s e s after fer t i l izat ion 

(Ciapa and W h i t a k e r , 1986) and tha t pho rbo l e s t e r and o t h e r d iacylg lycero l 

ana logs will i nduce N a
+

- H
+
 e x c h a n g e ( S w a n n a n d W h i t a k e r , 1985; S h e n and 

Burga r t , 1986; L a u et al., 1986). Th i s sugges t s tha t t he N a
+

- H
+
 e x c h a n g e r 

is con t ro l l ed by p ro te in k inase C , bu t t he r e is yet no d i rec t e v i d e n c e for th is . 

If p ro te in k inase C is a c t i v a t e d , h o w e v e r , t h e n the t e m p o r a l l y co inc iden t rise 

in ca l c ium wou ld a u g m e n t the ac t iv i ty of th is e n z y m e . A n a r r ay of p ro te in 

phosphory la t ions might then e n s u e , in addi t ion to the puta t ive phosphory la t ion 

of t he N a
+
- H

 +
 e x c h a n g e r . 

e. Other Roles for Elevated Calcium. U n d o u b t e d l y the ca l c ium inc rea se has 

o t h e r ro les in egg ac t iva t ion in add i t ion to t h o s e l isted a b o v e . In vivo s t ud i e s , 

for e x a m p l e , sugges t s o m e role in the large i nc r ea se in p ro t e in syn thes i s after 

fer t i l izat ion (Wink le r et al., 1980). T h e r e is a l so t he a f o r e m e n t i o n e d role for 

ca l c ium in the a u g m e n t a t i o n - p r o p a g a t i o n of P I P 2 hyd ro ly s i s via its effect on 

p h o s p h o l i p a s e C ( W h i t a k e r and A i t ch i son , 1985). W e recen t ly h a v e d e s c r i b e d 

a C a
2 +

- s e n s i t i v e P I P k i n a s e , w h o s e ac t ion wou ld p r o d u c e m o r e P I P 2 for th is 

p h o s p h o l i p a s e ( O b e r d o r f et al., 1988). Clear ly t h e r e a r e add i t iona l ca l c ium 

ta rge t s and the i r fur ther desc r ip t ion will be eager ly a w a i t e d . 
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3. Calcium and Egg Activation? 

T h e a b o v e s u m m a r y m a k e s c l ea r tha t e l eva t ed cy toso l i c ca l c ium can h a v e 

m a n y effects . A r e a n y of t h e s e C a
2 +

 t a rge t s specif ical ly invo lved in egg ac -

t ivat ion leading to cell d iv i s ion? O r a r e t h e s e c a l c i u m - m e d i a t e d a c t i o n s on 

s i de t r acks not neces sa r i l y invo lved in fo rward ing cell a c t i va t i on? 

A s no t ed a b o v e , t h e r e a r e no ca l c ium t a rge t s clearly i nvo lved in p r o m o t i n g 

the s u b s e q u e n t la te r e v e n t s of d e v e l o p m e n t . T h e C a
2 +

- m e d i a t e d cor t ica l re -

ac t ion is no t n e c e s s a r y for t he a rousa l of cell ac t iv i ty s ince d e v e l o p m e n t p ro -

c e e d s if this C a
2 +

- m e d i a t e d e x o c y t o s i s is p r e v e n t e d by high p r e s s u r e . T h e 

act ion of C a
2 +

- m e d i a t e d N A D kinase , l ipoxygenase , and prote in k inase would 

seem impor tan t , but specific roles for these e n z y m e s have not yet been shown . 

I no t ed ear l ie r ro les for ca l c ium in t he initial signal t r a n s d u c t i o n p r o c e s s of 

fer t i l izat ion and p e r h a p s this is t he major funct ion for the ca l c ium rise in t he 

ac t iva t ion p r o c e s s . C a l c i u m - m e d i a t e d P I P p h o s p h o r y l a t i o n ( O b e r d o r f et al., 

1988) and P I P 2 hyd ro lys i s ( W h i t a k e r and A i t ch i son , 1985) wou ld yield m o r e 

C a
2 +

 and D A G , a n d the s y n e r g i s m of C a
2 +

 and D A G on p ro te in k inase C 

might be the major c o n s e q u e n c e leading to cell ac t iva t ion . If s o , the ac t ion 

of protein kinase C would then be the critical o n e in forwarding egg act ivat ion. 

So far, the only suggested role for this e n z y m e is act ivat ing N a - H
 +

 exchange . 

T h e r e su l t an t pHj c h a n g e m a y b e the cr i t ical c o n s e q u e n c e of t he ac t iva t ion 

s e q u e n c e , and this poss ib i l i ty is d i s c u s s e d b e l o w . 

B. Ionic Changes—Intracellular pH 

I. The pHi Increase Is Important 

A large n u m b e r of in vivo s tud ies ind ica te tha t the pos t fer t i l iza t ion pHj in-

c r e a s e of a b o u t 0.4 un i t s is cr i t ical for egg ac t iva t ion . S ince the pHj i nc r ea se 

is s o d i u m - d e p e n d e n t and affected by ami lo r ide o r ami lo r ide d e r i v a t i v e s , o n e 

can a s s e s s t he effects on ac t iva t ion w h e n eggs a re fert i l ized in sod ium-f ree 

s e a w a t e r o r in the p r e s e n c e of t he ami lo r ide d rugs ( J o h n s o n et al., 1976; S h e n 

and S t e i n h a r d t , 1979; S w a n n and W h i t a k e r , 1985). S u c h s tud ies s h o w tha t 

egg ac t iva t ion is s eve re ly r e p r e s s e d w h e n the pHj i nc rea se is p r e v e n t e d . T h e 

m o v e m e n t s of the s p e r m a n d egg p r o n u c l e u s a r e p r e v e n t e d and the s e q u e n c e 

of pos t fer t i l iza t ion syn the t i c c h a n g e s , such as i n c r e a s e d p ro te in s y n t h e s i s , d o 

not t a k e p lace ( D u b é et al., 1985; S c h a t t e n et al., 1985). E x c e p t i o n s a r e t h o s e 

e v e n t s d i rec t ly m e d i a t e d by c a l c i u m , such a s t h e cor t ica l g r anu le e x o c y t o s i s 

and act ivat ion of N A D kinase ; these occu r w h e n N a
+
- H

+
 exchange is inhibited 

dur ing the ac t iva t ion p r o c e s s , as w h e n eggs a r e ac t i va t ed in sod ium-f ree sea-

w a t e r wi th ca l c ium i o n o p h o r e (Epe l et al., 1981). 
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O n e can similarly assess the role of pHj changes by inducing the pHj increase 

d i rec t ly , a s by incuba t ing eggs in w e a k b a s e s such as a m m o n i a . W h e n this is 

d o n e the pHj r i ses to levels e v e n g r e a t e r t han the pos t fer t i l iza t ion i nc r ea se 

(Shen and Ste inhardt , 1978, 1979; J o h n s o n and Epe l , 1981). T h e c o n s e q u e n c e s 

of a m m o n i a incuba t ion on egg ac t iva t ion inc lude such pos t fer t i l iza t ion e v e n t s 

as cen t r a t i on of t he egg n u c l e u s and ac t iva t ion of p ro te in and D N A syn thes i s 

(Epel et al., 1974; M a z i a and R u b y , 1974; M a r , 1980). 

In vitro s tud ies on p ro te in syn the s i s a l so s u p p o r t the idea tha t pHj c h a n g e s 

a re a major fac tor leading to i nc r ea sed p ro te in s y n t h e s i s . W i n k l e r and L o p o 

h a v e d e v e l o p e d exce l l en t in vitro p ro te in s y n t h e s i s s y s t e m s , wh ich exhibi t 

m a r k e d p H sensi t iv i ty (see r e v i e w by W i n k l e r and G r a i n g e r , 1987). In t h e s e 

sys t ems there is little protein synthes is be low p H 7.0 and a marked accelera t ion 

a b o v e this p H (see Fig . 3). 

2. Problems with the Simple Interpretation that the ρΗ{ Rise Is Important 

Al though the a b o v e resu l t s s t rongly s u p p o r t the idea tha t the ρ Η ; c h a n g e 

is impor tan t , the re a re a l ternat ive exp lana t ions for these resul ts . F o r example , 

pa r t of the e v i d e n c e res t s on e x p e r i m e n t s w h e r e eggs a r e fert i l ized in N a
+
-

free s e a w a t e r . S u c h a m e d i u m cou ld a l so h a v e effects on in t race l lu la r ca l c ium 

leve ls . W h e n free C a
2 +

 i n c r ea se s in ce l l s , t he e x t r a C a
2 +

 is often r e m o v e d 

from the cell by N a
+
- C a

2 +
 e x c h a n g e ( B a k e r et al., 1980). If this e x c h a n g e is 

r e spons ib l e for d e c r e a s i n g the C a
2 +

 level after fer t i l iza t ion, t h e n the inhib i tory 

1 0 - - / 

6 - / 

2
 4 - / 

2- / 

ο ΐ ^ ^ ω — - φ φ φ 9 Φ 9 

0 10 2 0 30 4 0 5 0 60 70 

MINUTES 

Fig. 3 . The pH dependence of protein synthes is in a cell-free sys tem prepared from a 

sea urchin egg lysate . pH 7.4 ( · ) ; pH 6.9 (O). [Redrawn from da ta of Winkler and Steinhardt 

(1981).] 
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effects of l o w - N a
 +
 m e d i a might resu l t not f rom its effects on pHj bu t f rom 

the r e t en t ion of a high and po ten t ia l ly tox ic ca l c ium level . 

T h e in terpre ta t ion of the effects of amilor ide are similarly compl ica ted since 

this d rug has o the r nonspecif ic effects (see d iscuss ion in Epel and D u b é , 1987). 

E v e n the ami lo r ide de r iva t i ve s might be p r o b l e m a t i c , s ince fairly high con -

c e n t r a t i o n s still m u s t be u s e d ( S w a n n a n d W h i t a k e r , 1985). 

T h e effects of a m m o n i a s imilar ly m a y no t be a s d i rec t and s imple a s w a s 

previously a s s u m e d . F o r e x a m p l e , o n e can raise pH; direct ly by simply raising 

the extracel lular p H ( p H J ( Johnson and Epe l , 1981). W h e n this is d o n e , prote in 

syn thes i s is par t ia l ly a c t i v a t e d bu t t h e r e is n o ini t ia t ion of D N A syn the s i s 

such as wou ld o c c u r dur ing i ncuba t ion in a m m o n i a ( D u b é and E p e l , 1986). 

A l s o , t he s t imula t ion of p ro t e in s y n t h e s i s at a pa r t i cu la r pHj c a u s e d by a high 

p H 0 is no t as g rea t a s tha t s t imula ted by a m m o n i a at a s imilar pHj ( i . e . , w h e n 

the pHj is ra i sed t o a s imilar in t race l lu la r level by a m m o n i a ) . Th i s sugges t s 

tha t a m m o n i a is hav ing effects in add i t ion t o t h o s e of s imply ra is ing pH; ( D u b é 

and E p e l , 1986). 

F ina l ly , o n e m u s t be c a u t i o u s a b o u t ex t r apo l a t i ng in vitro f indings to the 

in vivo c a s e . A pe r t i nen t e x a m p l e is c o m p a r i n g the p H effects f rom in vitro 

s tud ies on p ro t e in syn the s i s to t he in vivo s i tua t ion . Bo th in vivo a n d in vitro 

s tud ies a r e cons i s t en t a s r ega rd the i m p o r t a n c e of pH; in tu rn ing on p ro te in 

syn thes i s immediately af ter fer t i l izat ion. O n e can m a n i p u l a t e the pHj of em-

b r y o s by p lac ing t h e m in w e a k ac ids to r e t u r n the pHj of t he e m b r y o s to tha t 

of the unfertilized egg. If this is d o n e dur ing the first 20 min after inseminat ion , 

t he r e is inhibi t ion of p ro t e in syn the s i s a s e x p e c t e d if it is pHj sens i t ive ( D u b é 

et ai, 1985). H o w e v e r , if t he pHj is d r o p p e d to t he unfer t i l ized level af ter t he 

eggs h a v e b e e n fert i l ized for 20 min o r longer , t he r e is little effect on p ro te in 

syn thes i s ( D u b é et al., 1985). T h u s , t h e r e is a d i s c r e p a n c y b e t w e e n the effects 

of pH; in v ivo a n d in vitro. 

T h e in vitro s t ud ie s s h o w high p H sens i t iv i ty (Fig . 3), bu t th is m a y be a 

c a s e of o v e r d e s i g n i n g the m e d i a for op t ima l c o n d i t i o n s . Us ing the p e r m e a -

bil ized cell s y s t e m , w e find tha t t he p H sens i t iv i ty of p ro te in s y n t h e s i s is 

m a r k e d l y d e p e n d e n t on t he m e d i u m . If a g l u c o n a t e - g l y c i n e m e d i u m is u s e d , 

wh ich is o p t i m i z e d for p ro t e in s y n t h e s i s , t h e n p ro te in syn the s i s is i ndeed ve ry 

p H sens i t ive (Wink le r a n d S t e i n h a r d t , 1981). H o w e v e r , if o n e u s e s a g luca-

m i n e - g l u c o n a t e m e d i a o p t i m i z e d for s tudy ing ca l c ium p u m p i n g ( S u p r y n o w i c z 

and M a z i a , 1985) in pe rmeab i l i z ed cel ls (not neces sa r i l y o p t i m u m for p ro te in 

syn thes i s ) , t h e n p ro t e in syn the s i s d o e s no t s h o w such a m a r k e d p H sens i t iv i ty 

(Fig. 4) . T o be s u r e , t he g l y c i n e - g l u c o n a t e m e d i a is u n d o u b t e d l y m o r e " p h y s -

io log ica l " (eggs c o n t a i n g lyc ine a s o p p o s e d to g l u c a m i n e ) , bu t I m a k e this 

compar i son to i l lustrate the p rob lem of media , opt imiza t ion , and p H sensit ivi ty. 

This p rob lem of opt imizat ion w a s also referred to earl ier in t e rms of the finding 

tha t cel ls con ta in " i n h i b i t o r y " levels of m a g n e s i u m , at least a s far a s p ro te in 

syn thes i s is c o n c e r n e d . 
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Fig. 4. The pH dependence of protein synthes is in a permeabi l ized cell sys tem prepared 

from 20-min old sea urchin e m b r y o s . Cells were prepared as descr ibed by Swezey and Epel 

(1988) and then suspended in a g lyc ine-g lucona te media (O) similar to that used by Winkler 

and Steinhardt (1981) or a g lucamine-g lucana te media ( · ) similar to that of Suprynowicz 

and Mazia (1985). The media was supplemented with an amino-acid incorporat ing sys tem 

similar to that of Winkler and Ste inhardt (1981). Incorpora t ion is expressed as counts per 

minute (cpm) incorporated into protein after 20-min incubat ion at the indicated p H . 

3. How Might pH Changes Activate the Egg? 

In spi te of the a b o v e c a v e a t s in i n t e rp re t a t i on of e x p e r i m e n t s w h e r e pHj is 

a l te red bo th in vivo and in vitro, t he s imples t i n t e rp re t a t i on of the in vivo 

s tud ies still is tha t the pHj i nc r ea se is i ndeed n e c e s s a r y for ac t iva t ion of the 

egg. A n i m p o r t a n c e is a l so sugges ted by the ub iqu i ty of the c h a n g e , wh ich is 

seen in so m a n y c a s e s w h e r e cell m e t a b o l i s m a n d ac t iv i ty a re i n c r e a s e d , be 

it by fer t i l izat ion in t he c a s e of eggs o r by g r o w t h fac to rs in t he c a s e of dif-

fe ren t ia ted cel ls (Epe l a n d D u b é , 1987). 

T h e a f o r e m e n t i o n e d s tudy of D u b é et al. (1985) ind ica tes tha t the major 

effect of the pHj c h a n g e m a y o c c u r in the first few m i n u t e s after i n semina t i on . 

Lower ing pHj during this per iod p reven t s act ivat ion of the egg; h o w e v e r , when 

the pH; was reduced to the preferti l ization level at later t imes after fertilization, 

i . e . , la ter t h a n 10-20 min after i n semina t i on , the cel ls n o w p rog re s s t h rough 

D N A syn thes i s and mi tos i s a lbei t at a c o n s i d e r a b l y r e d u c e d ra te (and c y t o -

kines is is impa i r ed ) . T h e s e s tud ies sugges t tha t the pHj i nc rea se is espec ia l ly 

cri t ical for 10-20 min pos t fer t i l iza t ion and tha t t he la ter role of e l e v a t e d pHj 

is for a c c e l e r a t e d r a t e . 

T h e n a t u r e of this initial p H - s e n s i t i v e p r o c e s s a p p a r e n t l y n e c e s s a r y for ac -

t iva t ion is i m p o r t a n t to k n o w . G iven the w ide range of cell ac t iv i t ies that a re 
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affected (microtubule even t s involved in male and female p ronuc leus migrat ion, 

p ro te in s y n t h e s i s , D N A s y n t h e s i s ) , it is p r o b a b l e tha t th is p H - s e n s i t i v e ta rge t 

is s o m e global fac to r in the egg. A n int r iguing c a n d i d a t e is cell s t r u c t u r e . Th i s 

could be th rough s o m e direct p H effect on s t ructural mac romolecu l e s , o r could 

be an indi rec t effect via a p H - s e n s i t i v e e n z y m e , such as p ro te in k inase o r 

p ro te in p h o s p h a t a s e . 

A n a l t e rna t ive role for the pHj c h a n g e , w h i c h cou ld a l so be re la ted t o cell 

s t r u c t u r e affects , is tha t t he N a
+

- H
+
 e x c h a n g e ac t iv i ty is cr i t ical b o t h to ra i se 

pHj and a l so to br ing in c a t i o n s to b a l a n c e c h a r g e on cr i t ical p r o t e i n s and 

o t h e r cell buffers (Epe l and D u b é , 1987; E p e l , 1988). P r o t o n s a r e lost f rom 

the cell du r ing the bou t of e x c h a n g e , a n d the c h a r g e s o n the cell buffers a r e 

initially b a l a n c e d by N a
+
 a n d la te r by K

+
 [ the N a

+
 t ha t is b r o u g h t in to t he 

cell is s u b s e q u e n t l y c h a n g e d for K
+
 via ac t ion of t he N a

+
, K

+
- A T P a s e ( P a y a n 

et al.y 1983)]. Th i s v i ew d o e s no t mi t iga te t he i m p o r t a n c e of pH; c h a n g e s , bu t 

impl ies tha t both t he N a
+
 a n d H

+
 c o m p o n e n t s of t he e x c h a n g e a r e i m p o r t a n t . 

T h e m e c h a n i s m of a m m o n i a ac t ion cou ld t h e n be t o b o t h ra ise pHj and a l so 

to b a l a n c e c h a r g e . 

C. Permeabilized Cell Approach 

T h e a b o v e ana lys i s of cell ac t iva t ion has e m p h a s i z e d the first t h r e e s tudy 

a p p r o a c h e s — a c t i v a t o r c a n d i d a t e , in vivo, a n d in vitro a p p r o a c h e s . W e h a v e 

r ecen t ly begun us ing p e r m e a b i l i z e d cel ls a s a m e a n s t o p r o b e ac t iva t ion a t 

fer t i l izat ion and the f indings a r e t ru ly u n e x p e c t e d ( S w e z e y and E p e l , 1987, 

1988). O u r resu l t s ind ica te a c h a n g e in ac t iv i ty in five ou t of t h e six e n z y m e s 

w e h a v e a s s a y e d so far. T h e c h a n g e a p p e a r s to b e ca l c i u m m e d i a t e d a n d m a y 

r e p r e s e n t a global c h a n g e in the cel l , bu t o n e w h i c h is only a p p a r e n t in t h e 

pe rmeab i l i zed ce l l s . (It is not a p p a r e n t in h o m o g e n a t e s . ) 

M o s t of th is w o r k h a s focused on the e n z y m e g l u c o s e - 6 - p h o s p h a t e d e h y -

d r o g e n a s e ( G 6 P D ) . Th i s e n z y m e w a s long ago d e s c r i b e d a s u n d e r g o i n g a 

change from an insoluble to a soluble form following fertilization ( I sono , 1963). 

H o w e v e r , th is c h a n g e w a s on ly a p p a r e n t in low- ion ic - s t reng th m e d i a ; in high-

salt m e d i a , a mil ieu m o r e c h a r a c t e r i s t i c of t he in vivo s t a te of t he cel l , t he 

e n z y m e w a s a lways soluble , and there w a s no change in activity at fertilization 

( I sono , 1963). This could mean that the postfert i l ization change w a s an artifact. 

T h e real i ty of this p h e n o m e n a w a s s u p p o r t e d w h e n w e found tha t this pos t -

fer t i l izat ion shift in locale cou ld be a t t a ined in t he h igh- ion ic -s t rength m e d i a 

cha rac t e r i s t i c of t h e cell if t he p ro t e in c o n c e n t r a t i o n w a s kep t h igh, as cou ld 

be a c h i e v e d by add ing high c o n c e n t r a t i o n s of o v a l b u m i n to t he h o m o g e n a t e 

( S w e z e y and E p e l , 1986). W e w o n d e r e d w h e t h e r pe rmeab i l i z ed ce l l s , wh ich 

re ta in the high p ro te in c o n t e n t c h a r a c t e r i s t i c of t he in vivo s t a t e , wou ld a l so 
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s h o w a c h a n g e in G 6 P D ac t iv i ty . T o o u r su rp r i se w e found tha t the act iv i ty 

in the pe rmeab i l i z ed , unfer t i l ized egg w a s ba re ly m e a s u r a b l e — o n l y a b o u t 7 % 

of the total ava i lab le ac t iv i ty w a s a p p a r e n t . If t he eggs w e r e fert i l ized and 

then pe rmeab i l i z ed , w e o b s e r v e d a 15 to 20-fold i n c r e a s e in ac t iv i ty to a b o u t 

15 -20% of the ava i lab le ac t iv i ty . A s imilar b e h a v i o r w a s seen for a n u m b e r 

of o t h e r e n z y m e s a s s a y e d , sugges t ing tha t this is a p e r v a s i v e o r global c h a n g e 

affecting m a n y e n z y m e s all at o n c e ( S w e z e y and E p e l , 1987, 1988). 

T h e n a t u r e of the G 6 P D c h a n g e after fer t i l izat ion is not c lea r but a p p e a r s 

to be re la ted to bo th t he C a
2 +

 and pHj i n c r e a s e . C a l c i u m a p p e a r s to be in-

di rec t ly r equ i red for the c h a n g e , and the shift in ac t iv i ty is not i nduced in 

eggs by s imply inc reas ing pHj (as by incuba t ion in a m m o n i a ) . H o w e v e r , t he 

pHj inc rease a c c e n t u a t e s the e x t e n t of t he ac t iva t ion of the e n z y m e ; if o n e 

p r e v e n t s the pHj i nc rea se as by ac t iva t ing eggs in sod ium-f ree m e d i a , G 6 P D 

is ac t iva ted to a b o u t only two- th i rd s of the n o r m a l level . S o , a l though the pH; 

inc rease by itself will not ac t iva te this e n z y m a t i c c h a n g e , it a u g m e n t s the 

r e s p o n s e m e d i a t e d by ca l c ium ( S w e z e y a n d E p e l , 1988). 

Th i s n e w e x p e r i m e n t a l a p p r o a c h us ing pe rmeab i l i z ed cells is a potent ia l ly 

exci t ing o n e as it r evea l s large c h a n g e s in e n z y m i c ac t iv i ty wh ich a re not 

a p p a r e n t f rom s t a n d a r d in vitro s t ud i e s . W e a re n o w ca r ry ing ou t in vivo mea -

s u r e m e n t s to see if t h e s e e n z y m i c c h a n g e s a l so o c c u r in the in tact cel l . If s o , 

the s tudy of fer t i l izat ion wi th t h e s e pe rmeab i l i z ed cel ls cou ld t h r o w m u c h 

light on the ac t iva t ion p r o c e s s . 

O u r c u r r e n t specu la t i ons a r e focused on c h a n g e s in in t race l lu la r s t r u c t u r e -

env i ronment , s ince the p H - a c t i v i t y profile of the e n z y m e in the permeabi l ized 

cell differs radica l ly f rom the s imilar profile in so lu t ion ( S w e z e y and E p e l , 

1988). If s o , th is cou ld sugges t a C a
2 +

- m e d i a t e d , p H - r e q u i r i n g a l t e ra t ion of 

cell s t r u c t u r e as a p r ima ry c o n s e q u e n c e of the fer t i l izat ion r e s p o n s e . 

V. S U M M A R Y AND O V E R V I E W 

Thi s r ev i ew of the egg ac t iva t ion p r o c e s s has s u m m a r i z e d the e v i d e n c e tha t 

c h a n g e s in C a
2 +

 and pHj a p p e a r to be the p r i m a r y effectors of s t ruc tu ra l and 

me tabo l i c c h a n g e after fer t i l izat ion. A major q u e s t i o n I h a v e ra i sed a b o u t the 

initial signal t r a n s d u c t i o n e v e n t is w h e t h e r it is a typical s p e r m r e c e p t o r - m e -

dia ted even t c o u p l e d to P I P 2 h y d r o l y s i s , o r w h e t h e r the fer t i l izat ion p r o c e s s 

is un ique and invo lves the inject ion of an " a c t i v a t o r " by the s p e r m . 

I h a v e a l so ra i sed s o m e c o n c e r n s r ega rd ing the C a
2 +

 ; and pH; c h a n g e s . If 

C a
2 +

 is i m p o r t a n t in ac t iva t ion , w h a t a r e the t a rge t s for e l eva t ed C a
2 4

 tha t 

ac t to effect me tabo l i c c h a n g e ? T h e s e m a y be s o m e of the d o c u m e n t e d C a
2 +

 -

sens i t ive c h a n g e s of fer t i l izat ion, such as N A D k i n a s e ; if s o , h o w e v e r , it is 



15. Arousal of Activity in Sea Urchin Eggs 381 

still u n c l e a r h o w t h e s e ac t to fo rward n e w cell ac t iv i ty . A po ten t ia l ly exc i t ing 

target is the a p p a r e n t C a
2 +

 - m e d i a t e d shift in G 6 P D act iv i ty seen in p e r m e a -

bilized cells . H o w e v e r , ou r analysis indicates that C a
2 +

 does not directly effect 

the e n z y m e in t he pe rmeab i l i z ed cel l , sugges t ing it m a y be a s e c o n d a r y con -

s e q u e n c e of the C a
2 +

 r i se . A s a final c o n s i d e r a t i o n , it m a y be tha t the cr i t ical 

C a
2 +

- d e p e n d e n t change( s ) ha s not ye t b e e n d e s c r i b e d . 

A l t e rna t ive ly , is it poss ib le tha t t he sole role of the C a
2 +

 i nc r ea se is to 

p r o p a g a t e the cor t ica l r eac t ion a r o u n d the egg to effect fer t i l izat ion m e m b r a n e 

e levat ion? O r is its role to s imul taneously p r o d u c e D A G via the C a
2
' - s e n s i t i v e 

l ipase? T h e p r o d u c t i o n of this p ro t e in k inase C ac t i va to r , in c o n c e r t wi th the 

C a
2 +

 r i se , wou ld ac t i va t e the k inase a n d this might u l t imate ly be the main 

effector of cell c h a n g e . 

T h e protein kinase C-media ted pHj increase could well be the major effector 

of n e w cell ac t iv i ty , bu t as no t ed t h e r e a re a l t e rna t ive i n t e rp r e t a t i ons of t he 

e x p e r i m e n t s suppo r t i ng the idea tha t a pHj c h a n g e is cr i t ica l . A major p r o b l e m 

is tha t s imply rais ing t he pHj by rais ing p H 0 is not as effect ive an a c t i v a t o r 

as w h e n the pHj is ra i sed to t he s a m e level by a m m o n i a . P e r h a p s a m m o n i a 

has addi t iona l effects , such as ac t ing—in add i t ion to its affect on pHj—as a 

ca t ion to b a l a n c e p ro te in and buffer c h a r g e ( the N a
+

- H
+
 e x c h a n g e ac t iv i ty 

a l te rs bo th N a
+
 and H

 +
 ). 

A l t e rna t ive ly , the major effect of a m m o n i a (and pHj?) m a y be to ini t iate a 

" C a
2 +

 c l o c k " in the cel l . W h e n eggs a r e a c t i v a t e d wi th a m m o n i a a p r o g r a m 

of c y t o p l a s m i c C a
2 +

 c h a n g e s is a l so ini t ia ted wh ich m a y be cri t ical for t he 

la ter mi to t ic s t ages (Poen ie et al., 1985). [It shou ld b e e m p h a s i z e d , h o w e v e r , 

that the initiation of D N A synthes is and the increased ra te of prote in synthes is 

precede the ammonia - induced C a
2 +

 rise, indicating that the regula tors of these 

syn the t i c e v e n t s a r e a p p a r e n t l y ca l c ium i n d e p e n d e n t (or , a l t e rna t ive ly , cou ld 

e l eva t ed pHj m a k e s o m e p r o c e s s e s sens i t ive to the res t ing C a
2 +

 j l evel?) . ] 

A s s u m i n g tha t pHj is i m p o r t a n t , it w o u l d a p p e a r tha t t he c ruc ia l p H - d e -

p e n d e n t e v e n t is occu r r i ng ea r ly , du r ing the first 10-20 min af ter fer t i l iza t ion. 

It will be cri t ical to u n d e r s t a n d the n a t u r e of this e v e n t a n d its r e l a t i onsh ips , 

if a n y , to the ca l c ium r i se . 

I c lose on the q u e s t i o n of w h e t h e r w e h a v e real ly d e s c r i b e d the major con -

c o m i t a n t s of fer t i l izat ion. Unti l r e c e n t l y , it w a s a s s u m e d tha t t he major c o n -

s e q u e n c e s had b e e n d e s c r i b e d , such as t h o s e d e p i c t e d in T a b l e I a n d Fig . 1. 

But the pe rmeab i l i z ed cell d a t a sugges t s tha t t h e r e m a y be global c h a n g e s in 

cell ac t iv i ty at fer t i l izat ion. At t he m o m e n t , t h e s e a r e seen in p e r m e a b i l i z e d 

ce l l s , and it is u n c l e a r w h e t h e r a s imilar m o d u l a t i o n of cell ac t iv i ty o c c u r s in 

the in tac t cel l . If t he pe rmeab i l i z ed cell is an a c c u r a t e re f lec tor of the in vivo 

s i tua t ion , t hen u n d e r s t a n d i n g this global c h a n g e will r e p r e s e n t a major n e w 

insight in to cell ac t iva t ion . 
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