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MOVElrIENTS OF ECHINOCHROM3 PIGMENT GRANULES 
IN SEA URCHIN EMBRYOS 

Abstract 

. by 

ANN MGTCALF BELAMGER 

Characteristic movements of echinochrome pigment granules are  

known t o  accompany specific.events i n  the embryonic development..of 

the sea urchin Arbacia punctulata, Pigment granules i n  unfertilized 

eggs exhibit randomly directed sal tatory movements, ..,AS.:fertiliza- 

tion, the .  majority of these granules migrate t o  the egg cortex and 

become embedded therein. During cleavage, the echinochrome granules 

tend to  accumulate in the coi-tex. of .the furrow region and decrease in . 

concentration..at the poles; this may re f lec t  cortical. ac t iv i t i es  

rather than individual granule movements, . A t  the 4-cell stage, pig- 

ment granules begin t o  migrate out of the region which w i l l  become 

the cortex of the micromeres,.lesving a "clear areaW,on each b1asto'- 
-- 

mere. T h i s  Investigation has ' been concerned with processes involved 

in  each of these movements, with particular emphasis on clear  area 

formation and its relationahlp t o  mitosis and cleavage, 



. . 

. Prefer t i l iea t ion  sa l t a t ion ,  migration t o  t h e  cortex at  fer-  

t i l i z a t i o n  and foxmation of c l ea r  areas in the  presunptive kcromere 

region occurred normally in .eggs.treated with colcemid o r  vlnblas- 

'tine, but. were inhibited by eytochalasln B. This suggests t,hat these 

movements.. do. no t  require . mbrotu'bules, ..but. may. involve 8licrofllanents 

o r  o$her cy.toehalas5.n B-smsitive structures. . . . . . . .. . , . 

. . - Inh ib i t ion  of cleavage by. cyto&alasln B, dld not prevent the  

accumulation of.. pigment. w u l e s  in ..the ..furrow region. .Ruffling of 

the  h y a l h e  layer..above. the  , . result-. band.of .pigment w a s  a l so  ob- 

served. in .these .eggs, ... Thus, .certain. pmcesses associated with.  , 

cleavage can .continue. i n  .the absence of furrowing. 

. . .. .. M-tion .of. pigment granules out of t h e  presumptive. micro- 

mere.rsgibn, t o  form Qeaz .areas l s . . the  ear l ies t . .v is ib le  s ign  oof dif- 
l 

f e r e n t h t i b n  . of nxicromeres. .In .the present study, . th i s .  process oc- 

curred .at,.the;'normal time without previous mitosis o r  cleavage i n  eggs 
. . . , 

which were, blocked .before. .pronuclear .fusion.. o r  at laetaphase. with col- 

eemid o r  vinblastlne, or durlng propkse  . with Y-radiation.. o r  puromy- 

xlno . . T h i s  suggests . that.  formation. bf c lear  areas is .  part . of a. cycle 

of cor t ica l  events inv&lved in differentiation..  which is .independent 

of mitosis and cleavage, . .  . . .  . . . . . .  

Movements of .Individual p-ent granules. leading. t o  c lea r  

area formation In  colcemid-.treated, . non-dividing . eggs. were. oriented . -- -. 

predominantly toward.. the  .perfmeter of the. presumptive .micramere. re- 

*, .. . No. long saltatory. movements were observed .in. t h l s  region .and 

r a t e s  of granule movement were comparable with those In other  por- 
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INTRODUCTION 

Eggs of the sea urchin Arbacia'punctulata contain e c h o -  

chrome pigment granules which undergo character is t ic  movements during 

early embryonic development. These movements provide a system f o r  

investigating both the process of pigment granule movement and the 

cor t i ca l  phenomena Involved in cleavage and ce l lu la r  different iat ion,  

part icular ly the  formation of micromeres. 

Movements of echinochrome n a n u l e s  In nomally4eveloplng e m s  

In 'nnferti l ieed Arbacia eggs, the  membrane-bound echinochmme 

granules (0.5 - 2 . h  In diameter) a re  distr4buted throughout the  cy- 
C 

toplesrn and exhibit  randomly directed.eZltatory movements. Each sal- 

t a t ion  consists of a non-Brownian, "Jump-like" movement along a 

s t r a igh t  path of 1 - 5u a t  s speed w i t h i n  t h e  &nge of 0.3 - O,Bu/sec 

( p a r p a r t ,  19531 1964). Ulthin about ten  minutee after fe r t i l i za t ion ,  

nearly all of the  pigment granules migrate t o  the  cortex of the  egg 

(~cClendon, 1909) (~lgure 1) and cease to  s a l t a t e  (parpart, 1964). 

The echinochrome granules which do. not reach t h e  cortex (up to  1%) 

continue to display sa l ta tory  movements and l a t e r  become associated 

with the as te r s  of .  the  mitotic apparatus (~ebhun, 1972). Pigment . -,- 

granules in the cortex of f e r t i l i zed ,  non-dividing eggs.show a slow, 

seemingly random migration ( ~ c o t t  , 1960). . D h h g .  .the f irst  cleavage, 

the  concentration of pigment granules increases in the  furrow region 
' 

-1- 



Figure 1. Unfertilized and fer t i l i zed  Arbacla eggs.. In unfertil- 
ized eggs, pigment granules are scattered throqhout 
the cytoplasm [A) surface and B )  equatorial viewsl. 
After fert i l izat ion,  the majority of pigment gxanules 
have migrated to  the cortex [c) surface and D) equa- 
tor ia l  viewsl. x 480. 
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and decreases at  t h e  po les i  Thereafter ,  pigment granules become 

evenly d i s t r ibu ted  i n  t h e  cor tex of t h e  r e su l t i ng  blas'tomeres, then 

accumulate p re f e r en t i a l l y  a t  t h e  poles, and f i n a l l y  r e tu rn  t o  a uni- 

. form d i s t r i bu t ion  before t h e  next cleavage  an, 1951; 1954). These 

echinochrome granule movements associated with t h e  d iv i s ion  cycle  a r e  

thought t o  r e f l e c t  t h e  a c t i v i t i e s  of por t ions  of t h e  cor tex r a t h e r  

than t h e  independent movement of granules  an, 1954; Scot t ,  1960). 

The four th  cleavage of t h e  s ea  urchin embryo is unequal, 

giving r i s e  t o  a r i n g  of e igh t  mesomeres at t h e  animal pole, a quar- 

t e t  of macromeres near.  t h e  equator and a quar te t  of micromeres st t h e  

vegetal  pole. I n  Arbacia, t h e  micromeres c o n t a i n  few, if  any, pig- ' 

ment granules ( ~ i g u r e  2). .During t h e  4-cell  stage,  pigment granules.. . . 

begin t o  migrate out of t h e  r e g i o n  t h a t  ;ill become t h e  micromeres, 

leaving a "clear  area" on each blastomere (Figure 3). Occasionally, 

t h i s  movement can be detected as ear ly  as t h e  2-cell s t age   organ, 

1893). The formation of micromeres is one of t h e  e a r l i e s t  v i s i b l e  

s t eps  i n  t h e  d i f f e r en t i a t i on  of t h e  embryonic axis.  The p r i o r  disap- 

pearance of pigment from t h a t  region.suggests  t h a t  t h e  cortex d i f f e r -  

en t ia tes . . a t  an even e a r l i e r  s tage  (see Section 4). The vegetal  

pigment-free zone is maintained through t h e  b l a s t u l a  s tage  (Figure 4). 

A t  t h e  beginning of gas t ru la t ion ,  t h e  unpigmented micromere deriva- 

t i v e s  migrate i n t o  t h e  blas tocoele  forming primary mesenchyme c e l l s ,  . 
- 

which w i l l  eventually s e c r e t e  t h e  l a r v a l  skeleton, Pigment granules 

remain evenly d i s t r i bu t ed  over t he  ou te r  surface of t h e  embryo u n t i l  

t h e  ear ly  pluteus  s tage,  a t  which time groups of twenty t o  t h i r t y  



Figure 2. Sixteen-cell embryo [A) vegetal and B) lateral viewal, 
T l ~ c  concen%ration o f  oohinochrome- i s  wuch 
lower in the micromeres ( M I )  than in either the macro- 
meres (HA) or the mesomeres (ME)* x M0. 

Figure 3.  our-cell' embryo. Echlnochrome granules have begun t o  
migrate.ont of the region uhich uill.become the micro- 
'awe6 at the 16-cell stage, leaving a "cI..aar area" on 
each blastomere, x 480. 

Figure 4. Blastula. The derivatives of the micromeres can be 
identified by the  low concentration of echinochrome 
panules* x 480. -. 
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granules coalesce, forming l a r g e  pigment spo ts  ( ~ i g u r e  5 ) .  I n  t h e  

adu l t  Arbacia, echinochrome pigment is located in t h e  red amoebocytes 

o f  t h e  pe r iv i s ce ra l  f l u i d  and in t h e  t e s t  (exoskeleton) as well as i n  

t h e  eggs :: ( ~ a r v e y  , 1956). 
. .. . . 

2. Proper t ies  of echinochrome piament 

The functions of echinochrome pigment during both embryonic 

development and adu l t  l i f e  a r e  unknown, The name "echinochrome" 
. . 

(~ac l~unn ,  1885) designates not one; but a 'family of 'polyhydroxynaph- 

thoquinone pigments, which occur i n  a number of echinoid species  ' 
. . 

(~oodwin,  1969). Fri6dheim (1932) claimed t h a t  exogen- : 

ously appl ied echinochrome increases  r e sp i r a t i on  sixteen-fold i n  . 

Paracentrotus l i v i d u s  and Sphaerechinus granular is ,  but Tyler  (1939) 

showed t h a t  t h i s  does not occur i n  Strongylocentrotus purpuratus. 

lIartaliirin and h i s  colleagues (1939) proposed t h a t  echinochrome is a 

sperm ac t iva t i ng  agent i n  Arbacia l i x u l a ;  t h i s  was disputed by Tyler . 

(1939) f o r  S. purpuratus and by Cornman (19)si) f o r  - A. punctulata. 

Echinochrome from 11. punctula ta  amoebocytes seems t o  be t h e  oxidant 

Ln a reve r s ib l e  oxidation-reduction react ion,  but does not  appear t o  

form a d issoc iab le  compound with molecular oxygen (~annan, 19'27). 

~1;s- and Vell inger (1928) demonstrated t h a t  echinochrome from A. - 
punctula ta  eggs is an ind ica tor  of pH, appearing orange below pH 4,' 

v i o l e t  between pH 4 and pH 6, and yellow above pH 6. Echinochrome 

is apparently bound t o  prote in  i n  Arbacia l i x u l a  eggs ( ~ u h n  and Wal- 

l en f  e l s ,  1939). 
Z 



Figure 5. Pluteus larva. Echinochrome granules have aggregated 
Into groups, forming large pigment spots, which appetar 
white in  t h i s  negative Image. x 480. 
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Since  eggs of  many s e a  urchin  spec ies  conta in  no echinochrome, 

it seems probable t h a t  echinochrome granules  are unnecessary f o r  nor- 

m a l  development and t h a t  t h e i r  movements a r e  i n d i c a t i v e  of 

o t h e r  developmental processes. The present  i n v e s t i g a t i o n  has  been 

p a r t i c u l a r l y  concerned with t h e  migrat ion of  echinochrome granules  

o u t  of ,  t h e  region which w i l l  become t h e  micromeres of t h e  16-cell  

s tage.  

3. 'l'he r o l e  of  micromeres in s e a  urchin  development 

The s m a l l ,  vege ta l  c e l l s  known as micromeres are n o t  only 

t h e  progeni tors  of  t h e  primary mesenchyme c e l l s  r e spons ib le  f o r .  

ske le ton  formatfon (see Section I ) ,  but  a r e  a l s o  capable of  exer t -  . . 

i n g  an induct ive  in f luence  on surrounding blastomeres, A s  mentioned 

previously,  t h e  micromere d e r i v a t i v e s  migrate i n t o  t h e  b las tocoe le  

j u s t  before t h e  formation ' of  t h e  archenteron (gas t ru la t ion) .  A sec- 

ondary archenteron can be  induced by t r a n s p l a n t a t i o n  of  a q u a r t e t  of 

micromeres from a 16-cel l  s t a g e  onto a complete 32-cell  embryo. An 

archenteron can a l s o  be induced by implantat ion of a q u a r t e t  of  m i -  - 

cromeres onto t h e  e q u a t o r i a l  s u r f a c e  o f  an i s o l a t e d  animal half-em- 

bryo , which normally does n o t  g a s t r u l a t e  ( see  Horstadius , 1939). 

Micromeres have been extens ively  s tud ied  i n  an at tempt t o  f i n d  spe- 

c i f i c  c e l l u l a r  c h a r a c t e r i s t i c s  which might expla in  t h e i r  a b i l i t y  t o  

induce formation o f  t h e  archenteron. 

y I n  u l t r a s t r u c t u r a l  s t u d i e s ,  only t h e  micromeres have been 

shown t o  form cytoplasmic connections with t h e  o t h e r  blastomeres of 

t h e  16-cel l  s tage.  Por t ions  of t h e  c e l l  membranes between micromeres 



and adjoining blastomeres apparently disappear during interphase, 

leaving  rows of vesicles  ( ~ u c c i - ~ i n a f r a  e t  al., 1968; H a g s t r h  and 

ddnning, 1969). This occurs both -- i n  s i t u  and a f t e r  implantation of 

a micromere onto a macro- o r  mesomere (HagstrEm and LGnning, 1969; 

LGnning and Hagstrzm, 1971). Cytoplasmic streaming and movement of 

granules between micromeres and macromeres have been observed in time 

&apse films (~agstrtim and LGnning, 1965; 1969), demonstrating t h a t  

these in t e rce l lu l a r  bridges a r e  open connections which allow cyto- 

plasmic exchange between blastomeres. Isolated micromeres i n  cul ture  

exhibit  formation of pseudopodia, amoeboid ac t iv i ty ,  cytoplasmic 

streaming and nuclear pulsation. These phenomena have not been ob- 

served i n  macromeres or  mesomeres and a r e  most evident i n  aggregates 

of micromeres during interphase, when open connections e x i s t  hatween 

the  c e l l s  (Hags t rh  and LBnning, 1965; 19.69~ Pucci-Minafra e t  al., 

1968). .The increased cytoplasmic mobility of -the micromeres as well 

as t h e i r  a b i l i t y  t o  form syncytia with neighboring blastomeres may 

f a c i l i t a t e  t ransport  of substances involved in induction of the  ar- 

chenteron. 

In  his tological  sections of 16-cell embryos stained with 

Giemsa, Agrell. (1958) observed a t rans ien t ,  p referent ia l  s ta in ing  of 

t h e  m.icromeres during interphase. [Interphase is prolonged i n  the  

micromeres, which thus cleave a t  a slower r a t e  than e i the r  macro- o r  

mesomeres mi heel, 1892; Kuhl and Kuhl, 19%; Zeuthen, 1951) .I Treat- 

ment with ribonuclease removed the  cytoplasmic s taining from a l l  

blastomeres. Thus, Agrell concluded t h a t  only the  micromeres active- 



l y  synthesize RNA during the  16-cell stage, H i s  observation stimu- 

l a t e d  a se r i e s  of investigations of the  relat ionship of RNA synthesis 

and transport  t o  spec i f ic  micromere functions, When 16-cell stages 

3 were pulse-labelled with H-uridine, t he  l abe l  was found a1most .e~-  

elusively over the micromeres in autoradiographs (Czihak, 1965), thus 

supporting Agrell 's conclusion. However, i f  embryos were pulse-la- 

3 belled with H-uridine at the  16-cell s tage and .then incubated in  'sea 

water f o r  an hour before f i x a t i o n ,  l abe l  was observed' i n  the other 

3 blastomeres as well. Y5en micromeres label led with H-uridine were 
. . 7 

transplanted onto unlalielled animal half-embryos, l abe l  appeared i n  

t h e  cytoplasm of t h e  animal blastomeres ( ~ z i h a k  and Harstadius, 

1970). I f  16-cell stages were t rea ted  with 8-azaguanine, an antime- 
;B 

t abo l i t e  known t o  :pmduce defective RNA ( ~ a ~ n b e r ~ c r  &. , 1963), no 

archenteron formed, even though the  primary mesenchyme migrated nor- 

mally and a skeleton was subsequently produced (Czihak, 1965) . .. . These 

observations suggest t h a t  most of the  RNA produced at  the  16-cell 

s tage is synthesized in the  micromeres and can be transported t o  ad- 

joining blastomeres, RNA produced at  t h i s  time seems t o  be specif- 

i c a l l y  involved i n  formation of the  archenteron. in whole 'qnbryos, and 

thus, micromere RNA might be the  agent responsible f o r  the  induction 

of an archenteron by transplanted ' micromeres, 

4 I n  contrast  t o  the  e a r l i e r  observations, Hynes and Gross 

(1970) have found t h a t  micromeres incorporate 'H-uridine in to  RNA it 

only f ive  t o  eight times the  r a t e  (per m i l l i g r a m  protein) of meso- 

meres o r  macromeres respectively, Incorporation was' measured i n  



suspensions of the  three c e l l  types separated on Ficol l  gradients 

a f t e r  pulse-labelling of 8- t o  16-cell embryos,' Using a s i m i l a r  

technique, Spiegel and ~ u i i n s t e i n  (1962) found three-i. t o  :'five-fold 

differences in the  r a t e s  of incorporation between micromeres and 

mesomeres or  macromeres respectively, These authors maintained t h a t  

such differences in incorporation r a t e s  of micromeres as compared 

with other  blastomeres cannot account f o r  t h e  autoradiographic obser- 

I vations described above (~ ,e , . ,  Czihak, 1965; Czihak and Hiirstadius , 

1970). In  addition, Spiegel and Rubinstein (1972) observed no trana- 

' 

p o r t  of label led RNA from micromeres t o  other  blastomeres in  reaggre- 

gation experiments, They suggest t ha t  changes i n  precursor pools and 

inadequate d i lu t ion  of excess label led precursor may explain these 

I n  summary, it appears t h a t  RNA is not synthesized exclusive- 

l y  i n  the  micromeres of the  16-cell stage, but is produced there at  

a ' h ighe r  r a t e  .than i n  the  other  blastomeres, Migration of label led 

material  from t h e  micromeres t o  adjoining blastomeres has been dem- 

onstrated, but it is not cer ta in  whether t h i s  consis ts  of RNA o r  RNA 

precursors, Although some species of RNA produced during the  16-cell 

s tage seems t o  be involved in the.induction of the  archenteron, t he  

poss ib i l i t y  t h a t  micromere RNA is the spec i f ic  inducer requires fur- 

/ 

' t h e r  investigation, . 

Electron microscopy has fa i l ed  t o  reveal any organelle o r  in- 

clusion which is unique t o  the  cytoplasm of the  micromeres ( ~ u c c i - ~ i -  

nafra  & &, , 1968; H a g s t r z m  and LBnning, 1969! L'cinning and Hagstr6m, 



1971). Pucci-Minafra and 'colleagues (1968) reported t h a t  the  cyto- 

plasm of isolated micromeres appeared t o  be r icher  i n  vesicles  of the  . 
endoplasmic reticulum than t h a t  of macro- o r  mesomeres, They a l so  

suggested t h a t  t h e  concentration of mitochondria is higher i n  the m i -  

cromeres, b u t , d i r e c t  counts were not reported. Custafson and'lenique 

(1952) have reported increasing numbers of Nile blue sulfate-staining 

n ~ n i ~ l . e s ,  presumably mitochondria, in c 'e l ls  nearer t o  the  animal pole 

i n  sea  &chin gastrulae, However, in u l t ras t ruc tura l  s tudies  of both 

16-cell stages and gastrulae of several sea  urchin species, Berg and 

h i s  colleagues (1962) observed no differences i n  the  concentration of 

mitochondria between animal and vegetal blastomeres. Vegetal pole 

mitochondria appeared l a rge r  i n  th in  sect ions of gastrulae,  but no 

differences i n  mitochondria1 s i z e  were observed i n  t he  blastomeres of 

the  16-cell s tage  e erg ahd Long, 1964). 1n a recent u l t r a s t ruc tu ra l  

study, Lznning and Hagstrzm (1971) found t h a t  the  r a t i o  of the  number. 

of mitochondria t o  the  number of yolk granules is twice as high i n  

the  micromeres.as in the  macro- o r  mesomeres. However, they did not 

.calculate the  number of mitochondria per un i t  volume i n  the  three  

c e l l  types, A s  ye t ,  invest igat ions. intd the  possible r o l e  of mito- 

chondria i n  micromere special izat ion have f a i l e d  t o  demonstrate any 

pronounced differences i n  the  s i z e  o r  concentration of these organ- 

e l l e s  between micromeres and other  blastomeres of the  16-cell stage, . / - .  

One cytological fea ture  which distinguishes the  micromeres, , 

at l e a s t  i n  Arbacia embryos, is the near absence of cer ta in  @;ranula;r 

inclusions from these blastomeres, Most of the granules which s t a i n  



metachromatically with toluidine blue (meta-granules) seem t o  be ex- 

.eluded from the  cytoplasm of the  micromeres. I n  macromeres, mesomeres 

and all blastomeres of e a r l i e r  stages,  t he  meta-granules a r e  found in 

a region which encircles  the  a s t e r s  o r  the  nucleus ( ~ u r c h i l l ,  1963). 

. . Breakdown of these granules appears t o  be necessary f o r  a r t i f i c i a l  

induction of furrowing i n  Arbacia eggs ( ~ ~ a r s i a n d ,  Zirnmerman and Au- 

c l a i r ,  1960) and t h e i r  presence seems t o  determine which fragments of 

centrifuged eggs a r e  able t o  cleave (KO jima, 1959a; 1959b). 

Meta-granules appear t q , e x h i b i t  acid phosphatase a c t i v i t y  and a r e  be- 

l ieved t o  be lysosomes : ( ~ u r c h i l l ,  1963). If these interpretat ions 

a r e  correct ,  t he  absence of meta-granules could have a profound efr-'!:: 

f e c t  on the  physiology of the,micromeres. 
4 

I n  Arbacia, the  cortex o f  t he  micromeroo is nearly devoid of 

echinochrome pigment granules, which were evenly d is t r ibuted  i n ' t h e  

cortex of f e r t i l i z e d  eggs before cleavage. Migration of echinochrome 
. . 

granules out of the  micromere cortex begins as early as the  2-cell 

s tage (see Section I.!). This w a s  regarded by Morgan and Spooner 

(1909) as an indication of concurrent inf lux of other  materials. 
. . 

Such a process could introduce spec i f ic  substances i n t o  the micromere 

region; a l te rna t ive ly ,  exclusion of materials alone might confer 

functional spec i f i c i ty  on the  micromeres, I n  any case, the movement 

. of pigment out of the  micromere cortex suggests t h a t  this cytoplasmic - - - '  

l ayer  is involved in  ear ly events leading t o  the d i f fe rent ia t ion  of  

micromeres, 
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4. The r o l e  of the  ega cortex i n  micromere d i f fe rent ia t ion  

The mechanical propert ies  and behavior of the  egg surface . 

appear. t o  be determined not only by the  plasma membrane, but a l so  by 

an underlying layer  of cytoplasm known as the  cortex. This region is 

often characterized by the  presence o r  absence of spec i f i c  granules 

o r  organelles. Cortical granules i n  unfer t i l ized  sea  urchin eggs 

( ~ e r c e r  and Wolpert, 1962; Gross e t  e., 1960) and pigment p n u l e s  

i n  Pasacentrotus ( ~ a r v e y ,  1933) and f e r t i l i z e d  Arbacia eggs (~rown,  

1934) a r e  local ized i n  the  cortex and cannot be dislodged by centr i -  

fugation. On t h e  basis  of micromanipulation s tudies ,  Chambers (1917) . . , 

suggested t h a t  t he  cortex is a region of gelat& o r  high viscosi ty  

cytoplasm. When f e r t i l i z e d  Arbacia eggs were centrifuged a t  high hy- 

d ros t a t i c  pressures, thought t o  l i q u i f y  certain typso of ge ls ,  Brom 

-(.1934-) observed tha t  pigment granules formerly embedded i n  the  cortex 

could be displaced. This l ed  t o  the  hypothesis of a "cor t ica l  gel" 

which is l iqu i f i ed  by exposure t o  high pressures and may account f o r  

some of the  s t ruc tu ra l  properties of the  egg surface (Marsland, 1939; 

1950; 1956). The concept of the  cortex as a d i s t i n c t  morphological 

e n t i t y  was fur ther  supported by the  discovery of several methods f o r  

t h e  i so la t ion  of co r t i ca l  fragments and in t ac t  co r t i ca l  s h e l l s  ( ~ o t o -  

mura, 1954; Allen, 1955; 1957; Sakai, 1960). 

The thickness of t h e  cortex, based on measurements' of the  

peripheral granular layer  observed i n  the  hyaline zone of centrifuged 

eggs, is between 1 . 5 ~   itchis is on, 1956) and 6.OP ( ~ a r s l a n d  and Lan- 

dau, 1954). The apparent width of the  co r t i ca l  gel ,  determined as 



t he  distance between the  edge of an injected o i l  droplet  and the  

plasma nkmbrane of the  advancing furrow, is 4 - 5~ (~hanber s  and Ko- 

p a ,  1937). When a microneme w a s  drawn through the  cytoplasm, a 
, .  ' 

. . 

narrow cor t i ca l  layer  remained Immobile. Its thickness was estimated 

t o  be 3p (~ i ramoto ,  1957). Electron microscopy has revealed no 

s t ruc tu ra l  special izat ion of the  co r t i ca l  cytoplasm which might cor- 

respdnd t o  a gel  layer  of these dimensions. A mllch narrowor layer  

(0.1 - 0 . 2 ~ )  of 110 - 60 2 filaments has been observed jus t  under the  

plasma membrane, primaxily in the  furrow region during cleavage 

( ~ e r c e r  and Wolpert, 19581 Weinstein, 1964; Schroeder, 1972). 

Bundles of similar filaments, which form the  cores of surface micro- 

v i l l i ,  a l so  extend down in to  t h e  co r t i ca l  region of Strongylocentro- 

t u s  eggs ' ( ~ a r r i s  , 1968). - 
Since the  extent and character of the  co r t i ca l  layer  remains 

somewhat uncertain, . the  term cortex w i l l  be used here t o  r e f e r  simply 

t o  the  layer  of undetermined thickness i n  which the  echinochrorne 

granule$ become embedded a t  f e r t i l i za t ion .  

Changes in the  birefringence and t h e  r i g i d i t y  of the  cortex 

occur at f e r t i l i z a t i o n  and continue in cycles associated with the 

cleavage process. Cort ical  birefringence disappears at f e r t i l i z a -  

t i on ,  re turns during the  sperm a s t e r  stage, and reaches a high l eve l  

during metaphase and telophase ( ~ o n r o y  and. Montalenti, 1 9 4 ;  Mitchi- . .;= 

son and Swann, 1952).   he r i g i d i t y  of the cortex increases jus t  af-  

t e r  f e r t i l i z a t i o n ,  then returns t o  a low l eve l  u n t i l  mitosis, and 

f i n a l l y  reaches a maximum during anaphase ( l i tch ison  and Swann, 



1954). Although these co r t i ca l  changes appear t o  be involved i n  

. cleavage, they a l so  occur i n  colchicine-treated, non-dividing eggs, 

demonstrating the  independence of cer ta in  co r t i ca l  events from m i -  

t o s i s  and cleavage. 

Regional differences i n  the  properties of the cortex have 

a l so  been observed during the  cleavage process. Eggs burst  prefer- 

en t i a l ly  in  the  polar regions when cytalysii  w s i  lneluced by d i l u t e  

sea  na ter  ( ~ u s t ,  1922; Chambers, 1938), and several other a,gents 

( ~ u n o ,  1954). Howevert. cytolysis  occurred i n  the  furrow region alone 

when cleaving eggs were t rea ted  with sodium tungstate o r  ac id i f ied  

sea  water. The formation of rows of b l i s t e r s  in the  furrow region . 

was obsekved i n  eggs exposed t o  a l k a l i  o r  heat shock ( ~ u n o ,  1954). 
.P 

The furrow cortex appeared t o  bulge out in  eggs placed. in hypertonic 

sea water a f t e r  heat shock o r  i n  eggs t reated with dinitrophenol o r  

sodium azide. (~uno-KO ji m a ,  1957). 

Cyclic changes. and regional differences in ' the  cortex of t h e  

sea  urchin egg a lso  appear t o  determine both the  time and the  s i t e  of 

micromere formation. Driesch (1893 ; 1906) observed tha t  micromeres 

appeared at the  normal time a f t e r  f e r t i l i z a t i o n .  i n  eggs developing i n  

d i l u t e  sea water. Since mitosis was delayed by t h i s  treatment, m i -  

cromeres were produced when the  embryos had only reached the  8-cell 

stage. When phenyl urethane was used t o  induce mitotic delay, Paint- . -  ' 

e r  (1915) observed the  formation of micromeres as ear ly as the  & c e l l  . 

stage. He proposed t h a t  



. . . at the  time of f e r t i l i z a t i o n  progressive changes, 
which go on independently of the  nucleus and of cleavage, 
a r e  i n i t i a t e d  i n  t he  cytoplasm of t he  eggs . , . and , . . 
di f fe ren t ia t ion ,  as far as t h e  formation of t he  micromere 
is concerned i n  t h e  sea urchin egg, is  dependent upon cy- 
toplasmic oxidation, t h e  nucleus and t h e  cleavage process 
playing no d i r e c t  pa r t  here. (~heoph i lu s  Painter ,  1915) 

~ i c r o m e r e s  can a l s o  form as ear ly  as the '2 -  o r  4-cell s tage  in em- 

bryos in which mitot ic  delay has been induced by X-radiation (RUS- 

t ad ,  1960), W-radiation (~keda, 1965) o r  mustard gas ( ~ a r v e ~ ,  1956). 

Thus, t h e  time of micromere fonnation seems t o  be independent of t h e  

number of mitoses o r  cleavages which have occurred. 

I n  eggs centrifuged before f e r t i l i z a t i o n ,  Morgan and Spooner 

(1909) noted t h a t  t h e  s i t e  of micromere formation is unrelated t o  t h e  

a x i s  of s t r a t i f i c a t i o n .  Micromeres always appeared at t h e  intersec-  

t i o n  of cleavage planes nearest  t o  t h e  vegetal pole. This  iuggasts 

t h a t  t he  pos i t ion .of  t h e  micromeres as determined by some cytoplasmic 

component (-such ssv.th8 cortex)'! whiCh.-cannot.. b8::displaced by centr i fu-  

gation. . . 

It appears t h a t  a s e r i e s  of c o r t i c a l  changes is i n i t i a t e d  a t  

f e r t i l i z a t i o n ,  continues independently of mitot ic  and cleavage cycles 

and may be involved in t h e  d i f f e r en t i a t i on  of micromeres, The move- 

ment. of pigment granules in Arbacia embryos represents  another s e r i e s  

of c o r t i c a l  events during development. A portion of t h i s  investiga- 

t i o n  has been devoted t o  observations of these  pigment granule move- . . 

ments and t h e i r  re la t ionsh ips  t o  o ther  embryonic processes such as 

mitosis and cleavage, 

-.. 



5. Mechanisms of  i n t r a c e l l u l a r  organel le  movement 

The movement of echinochrome granules i n  Arbacia e g g s . i s  one 

example of s e l e c t i v e  t rans loca t ion  which can r e s u l t  i n  t h e  unequal 

d i s t r i bu t i on  of  a p a r t i c u l a r  organel le  within a c e l l .  Such dif feren-  

t i a l  movement is e s sen t i a l  f o r  t h e  normal functioning of  many adu l t  

c e l l  types and a l s o  appears . to  be involved in loca l i za t i on  processes 

i n  developing embryos. Organelle movement (pr imari ly  s a l t a t i o n )  has 

been d i r e c t l y  observed in a number of  systems, Metachromatic 8-gran- 

u i e s  i n  Sp isu la  eggs (~ebhun ,  1959; 1963; 1964) and yolk granules in 

Pec t i na r i a  eggs (~ebhun ,  1964) undergo s a l t a t o r y  movements i n  t h e  as- 

tral regions of  t h e  mi to t ic  apparatus. Pigment granules move t o  and 

from t h e  cen te r  of chromatophores i n  t h e  sk in  of Fundulus, causing 

changes i n  t h e  co lor  of t h e  f i s h  ( ~ i k l e  -- e t  al., 1966; Green, 1968). 

I n  cul tured c e l l s ,  a va r i e ty  of p a r t i c l e s  including pinosomes, lyso- 

somes, a i p i d  ves ic les  and ingested carbon p a r t i c l e s  d i sp lay  s a l t a t o r y  
. . 

movements ( see  Freed and Lebowitz, 1970). Observation of axonal flow 

i n  cul tured neurons has revealed independent movements of c e r t a i n  

granules (~urdwood, 1965; Pomerat e t  al., 1967; Chang, 1972). Iso- 

lated drop le t s  of cytoplasm from t h e  in ternodal  c e l l s  of t h e  a lgae  

i it el la and Chara a l s o  contain p a r t i c l e s  which exh ib i t  s a l t a t o r y  

movements ' ( ~ a n i ~ a ,  1959) . . 
The k ine t i c s ,  degree of o r i en t a t i on  and s p e c i f i c i t y  of .-. . 

granule movement vary i n  d i f f e r e n t  systems. Although many hypotheses 

have been proposed t o  explain these  movements, i n  no case  is t h e  

mechanism of movement thoroughly understood ( see  review by Rebhun, 



. .  1972). The occurrence of Brownian processes in' low viscosi ty  channels 

has been proposed as one possible explanation, ~ n o t h e r  hypothesis 

involves the  generation of loca l  e l ec t r i c  f i e l d s  by waves propagated 

. along cytoplasmic filaments . ( ~ e  jnowicz, 1971). An interact ion resem- . 

bling t h a t  of ac t in  and myosin in muscle has a l so  been postulated be- 

tween the  p a r t i c l e  and some cytoplasmic f iber .  On the  bas is  of elec- . 

t ron  microscope s tudies ,  microtubules (2508) and microfilaments (502) 

have been suggested a s  l i n e a r  elemente which might be.involved i n  

p a r t i c l e  movements i n  $everal systems freviewedi.by Rebhun, 1972). 

Colchicine, whfchseemstodisruptmicrotubules, does not . 

i n t e r f e r e  with p re fe r t i l i za t ion  sa l t a t ion  of echinochrome granules or  

. with t h e i r  migration t o  the  cortex at  f e r t i l i z a t i o n  (Rebhun, 1967). 

~y tocha l&in  B,  a mnlrl metabolite which i n  tliought t o  disrupt  micro- 

filaments, does inh ib i t  s a l t a to ry  movements of pigment granules i n  

unfer t i l ized  Arbacis eggs (v& Wie, 1969). However, s a l t a t i o n  of the 

echinochrome granules which do not migrate t o  the cortex at  f e r t i l i -  

. zation continues in the  presence of cytochalasin B,  but is inhibi ted 
. . 

by colchicine (Rebhun, 1972b2. These observations suggest t h e  . 

b i l i t y  t h a t  echinochrome granule movements can involve e i the r  .micro- 

filaments o r  microtubules, depending on the locat ion o f , t h e  granules. 

and the  s tage of development of the  embryo. However,'no d i r e c t  assad 

c ia t ion  between pigment granules and microfilaments o r  microtubules . -  

other  than spindle microtubules has been observed in electron micro- 

graphs of Arbacia eggs, This might be a r e s u l t  of the d i f f i c u l t y  i n  

preserving the  s t ruc ture  of the  cytoplasm of the  Arbacia-egg during 



, .  . 
f h a t  ion. 

Pa r t  of t he  present invest igat ion has been devoted t o  fur ther  

observations of pigment granule movements in normal' eggs and in  those 

exposed, t o  colcemid (N-desacetyl-~-meth~l  colchicine) and cytochalaS- 

6. Purpose 

This invest igat ion has been concerned with t h e  movements' of 

echinochrome granules i n  Arbacia embryos both as examples of intra-'  

c e l l u l a r  organelle movements and as a s e r i e s  of c o r t i c a l  changes re- 

l a t e d  t o  embryonic development. Using colcemid and cytochalasin B,  

an attempt was made t o  determine whether microtubules and/or micro- * .  

fi laments might be involved i n  these movements. . In t h e  course .of 

t h i s  work, it was observed t h a t  t h e  migration of pigment granules out 

of t h e  presumptive micromere region occurred at  t h e  normal time i n  

colcemid-treated, non-dividing eggs. This observation suggested t h a t  

pigment granule migration out of t he  micromere region, which is an 

ear ly  c o r t i c a l  event r e l a t ed  t o  micromere d i f f e r en t i a t i on ,  might be 

independent of t h e  mitot ic  and cleavage cycles. I n  order  t o  t e s t  

this hypothesis, t h e  occurrence of t h i s  phenomenon was s tudied in 

eggs i n  which mitosis  and/or cleavage had been i n h i b i t i d  and in eggs 

exposed t o  a var ie ty  of o ther  experimental treatments. An addi t ional  
-. 

objedt ive has been t h e  character izat ion of t h e  movements of individu- 

al pigment granules during t h e i r  migration out  of t h e  presumptive 

micromere region, by means' of time-lapse photomicrography, Movement 



. . 

during t h i s  process has been compared with those of  echinochrome 

granules in other stages and regions o f  the embryo. . 



MATERIALS AND METHODS 

1. Obtaining and handlins gametes 

Adult Arbacia punctulata were collected by' t h e  Supply De- 

partment of the  Marine Biological Laboratory, Woods Hole, Massachu- 

. s e t t s ,  o r  &trchased from Clendle Noble, Panama City,  Florida, Ani- 

mals were maintained i n  running sea water o r  in  aerated, r e f i l t e r e d  
i 

Ins tan t  Ocean in a c i rcu la t ing  aquarium ( ~ o d e l  110 C ,  Aquarium Sys- 

tems, Eastlake, 0hio). 

Spawning was usually induced by application of 10 - 12 vol t s  

(AC) acr6.p the  t e s t  of the  animal by means o f  a Powerstat var iable  

transformer (superior Elec t r ic  Company, Br is to l ,  ~ o n n e c t i c u t )  (HW- 

vey, 1952). Occasionally, gametes were obtained by inject ion of 

0.53M K C 1  i n to  the  coelom ( ~ ~ l e r ,  1 9 4 ) .  Eggs were shed in to :  a 

beaker of f i l t e r e d  (whatman #I f i l t e r  paper) sea water o r  Ins tan t  

Ocean; sperm were collected "dry" using a Pasteur pipette.  P r i o r  t o  . 

f e r t i l i z a t i o n ,  eggs were washed three  times with f i l t e r e d  sea water. 

Dilute  suspensions of eggs i n  p e t r i  o r  stender dishes i e r 6  f e r t i l i z e d  

with a few drops of a d i lu t ion  of sperm i n  sea water approximately 

equal t o  1:1000. Embryos were allowed t o  develop at  room temperature 
... 

which was constant f o r  any one experiment and varied between 20' and 

2 6 ' ~  in  d i f fe rent  experiments. 



2. Experimental t reatments . - 
Observations of pigment granule movements were made on both 

normal eggs and those  exposed t o  a v a r i e t y  of agents. A l l  chemicals 

used were dissolved i n  f i l t e r e d  s e a  water, Mi l l ipore - f i l t e red  s ea '  

water o r  I n s t a n t  Ocean. ' R e s u l t s  of  experiments us ing I n s t a n t  Ocean 

f o r  maintenance o f  animals; cu l t u r e  of embryos o r  preparat ion of so- 
, . 

l u t i o n s  were always v e r i f i e d  using s e a  wat.er. Pigment granule  move- 

ments were s tud ied  i n  eggs t r e a t e d  with w e n t s  which i n h i b i t  mi tos is  

by i n t e r f e r i n g  with microtubule function. Eggs were exposed t o  

- 1 0 - ~ b I  colcernid (CIBA ~ha rmaceu t i c a l  Company, Summit, New Je r -  

sey)  o r  t o  loo5 - 100% v inb l a s t i ne  s u l f a t e    elb ban, E l i  L i l l y  and 

Company, Indianapol is ,  Indiana). Observations of pigment granule 

movements were a l s o  made on eggs i n  uhihh mi to t i c  delay l i d '  be611 in- 

duced .by exposure t o  up t o  25OkR of Y-radiation from a cesium 137 

source. The dose r a t e  used was approximately bk~/minute. I n  order  

t o  i nves t i ga t e  t h e  movement o f  pigment granu1.e~ i n  eggs i n  which 

cleavage (cytokines is)  , but  no t  mi tos i s  (karyokinesis)  was inh ib i t ed ,  

eggs were t r e a t e d  with 0.5 - 5 . 0 ~ / m l  cytochtrlasin B (a generous g i f t  

o f  S . Be Car ter ,  imperial Chemical I ndus t r i e s  Limited, Macclesf i e l d ,  

~ n g l a n d )  . This  mold metabol i te  is thought t o  a c t  by s e l e c t i v e  de- 

s t r u c t i o n  o r  d i so r i en t a t i on  o f  40 - 608. microf i laments , but  t h i s  in- 

t e r p r e t a t  ion has been questioned ( s ee  DISCUSSION). Cytochalasin B 

(CB) was dissolved i n  dimethyl su l fox ide  (DMSO) and s e a  water was 

added t o  make a s tock so lu t i on  of 5pg/ml CB and 0.5 pe r  c en t  DMSO. 

P a r a l l e l  observations were made on eggs t r e a t e d  with a so lu t i on  of 



0.5 per cent DMSO ' in  sea water, Observations of pigment granule 

movements were made on eggs i n  which protein synthesis was inhibited 

by treatment with 10-'11 puromycin ( ~ u t r i t i o n a l  Biochemicals Corpora- 

t i on ,  Cleveland, 0hio). Pigment granule movements were a l so  investi-  

gated i n  eggs. which .had been incubated a t  temperatures of -2' - 8 ' ~  I 

f o r  various periods of t ine.  

Eggs were exposed t o  concentrations of sea  water ranging from 

50 t o  20$ i n  an attempt t o  determine i f  the  pigment-free cortex of , 

t h e  micromeres d i f f e r s  i n  mechanical s t rength from the  r e s t  of the  

egg surface. E Q u l  volumes of d i s t i l l e d  water and f i l t e r e d  sea  water 
... 

were combined t o  make 50% sea water. Sodium chJoride (0.3~/ml) was 

added t o  f i l t e r e d  sea water t o  make 20@ sea water, In  5@ sea w a i - :  

t e r ,  localized evagikt.ions of the  egg surface uere formed. A t  con- 

centrations approaching 20@ sea water, one o r  several invaginations 

were produced. A t  the time of migration of pigment granules out of 

the  micromere region, both normal and colcemid-treated eggs were 

placed i n  concentrations of sea  water which produced s ingle  evagina- 

t ions  o r  invaginations on most eggs. The location of the evagination 

o r  invagination with respect t o  t h a t  of the  "clear area" was noted. 

For sons of these experiments, f e r t i l i z a t i o n  membranes uere removed 

with 1M glycerol according t o  the method of Kane (1970). 

.-. . 

3. Light microscope observations and time lapse photomicrography 

Eggs were observed and photographed i n  sealed chambers, which 

consisted of a glass  s l i d e  and a coverslip separated by a r ing  of a 



vaseline-paraffin mixture. A l l  observations were made with a Zeiss  

GF'L microscope, using e i t h e r  a 16X o r  a N e o f l u a r  M I X  object ive with 

1OX oculars. A 100 watt lamp I n  a Zeiss  l a rge  lamp housing was used 

with a Kodak Wratten #li f i l ter ,  a Zelss  Griinfl l ter  VG 9 and a Zeiss 

Ilirmeschutsfilter. Photomicrographs were taken on Kodak High Con- 

trast Copy f i l m ,  High Speed Ektachrome B f a  o r  Kodachrome I1 f i l m ,  

using a Leitz MIKAS attachment with n 35m camera baolc. 

For ana lys i s  of pigment granule movements, s i n g l e  eggs were 

photographed every t h T y  o r  s i x t y  seconds f o r  up t o  f i f t y  minutes 

using the  40X objective. Each frarae i n  a given series was enlarged 

approximately tne lve  times and pr inted on a single shee t  (8 x 10 in 

o r  @ x 13 fn) of Kodabromide F-5 paper. The overa l l  ~t;ergnification 
.R . . 

off t he  p r b t s  was approximately MOO Ciaas l i f e  sise (i.e., - - imm 

.0.2p) . 
, . .  . 

4. fkocedurea f o r  ana lys i s  of pigment 8;rmule movements 

The purpose o f  thi6 ana lys i s  has been t o  character iee  t h e  

migration of  pigment granules out  of the  presumptive micromere re- 

gion, w i t h  rmpect t o  t h e  .following questionat (1) Are t h e  move- 

ments of individual granules di rec ted  toward t h e  perimeter '  of  t h e  

micromere region, o r  a r e  they randorn in direct ion? (2) Are t h e  
. . movements of pigment granules leading t o  the formation of  a c l e a r  

.-- 

area quant i ta t ive ly  similar to pigment granule movements observed at 

o ther  s tages? The measurements t o  be described were 40 on time 

lapse  photomicrographs of colcemid-treated, non-dividing eggs during 



' the formation of a c l m  area, For co'rapariaon, the  same measurements 

were made on another region of an egg at the  same stage and on both 

normal and colcemid-treated, f e r t i l i e e d  eggs, i n  which the  pigment 

g r a d e s  had migrated t o  the  cortex, but In which cleavage had not 

yet  begum . . 

In  order t o  t r ace  the  movements of individual pigraent gran- 

ules, a number w s s  aasiepled t o  ..each of the granules I n  .focus on a 

p r i n t  of the. first frame of a ser igs  (approxinately 100 t o  200 gran- 

ules per  egg) .' .. . These granules ..were, nualbered accordingly In succes- 

s ive  frame80 The following .records. were kept. t o  detemnbe which 

granules could be followed.throughout the period of.fi1mb.g and would 

thua be sui table f o r  the  analysis of  individual movements, For each 
. . 

frane, t h e  numbers. of any granules which could not be- identif ied with 

.csrtalniy were rreeePdQd. A record was also kept of which granules 

dtsappeaccd. from t h e  focal .  plane or became indistlngulshable fros 
. . 

surrounding. granules (usually at  tha, e e  of t h e  region In focus) I n  

each frame. 

a. Paths of Individual granules during c lea r  a v ~ a  faneation 

The paths. .of individual granules were traced In order t o  ob- 
. . 

tain a qual i ta t ive  description of pigeent granule movenents during 

the  stages.considered,. . A  grid of 0.5 cm squares drawn on 8 sheet of 
. . 

transparent p l w t i c  w a a  placed over each franre In  a given s ~ r f e s  and 

the  coordinates of the  centera of part icular  granules were recorded. 

The coordinates were rounded t o  the nearest 0,2jcn and nsaeuremcsata 

wore made on h e 8  takm at  2 minute intervals. I n  each ser ies ,  the  





Figure 6.ih Illustration of the use of a circular grid to record 
r positions of Individual granules with respect t o  t h e  
center of t h e  clear area being formed. x 4800. 
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Figure 7. Mesrsureraent of changes in. distances between ' pairs of 
granules Columns A, B , . . . J are measurements (m) 
of the distance between rnembers.of 45 granule pairs 
In enlargenants of h e 8  taken at one minute inter- 
v a l s ~  . Columns. 1, 2, , , , 9 are ,the aMolute values: of 
tho differences between corresponding measurements 
b a n  sucaassfve franaes. Figures In  Row X are the 

'. average changes in Inter-granule distance for each . 
mlnute interval; . 



Granule 
pairsr 

. . 
A v e q e  1.36 2.71 2.24 2.67 2.96 2.69 2.64 3.13 4.13": 
change 
in . - .  

-inter- . ' . . 
granule . 
d ls  tance 



of  pigment granules during clear area formstion in colcemid-treated 

eggs .with movemeate in another portion of  colcemld-treated egis a t  

the same stage a.nd I n  both normal and colcemid-treated, f er t i l i eed  

eggs prior to  the time of division. 



. . 

RESULTS 

1. Inhib i tors  of microtubules and microfilaments 

a. . General - technf que 

I n  experiments involving exposure of eggs t o  inh ib i tors ,  t he  

exact time and duration of a given treatmerit w a s  varied,  in s rdor  t o  

ad jus t  t o  dif ferences  i n  t h e  timing of developmental events between 

eggs obtained from different  females and at  d i f f e r en t  times during 

the  breeding season. Several concentrations o r  inh ib i tory  treatments 

were investigated concurrently, so  t h e  time 0.f each spec i f i c  observa- 

t i o n  was a l so  variable. Whenever possible,  observations have been 

reported here i n  terms of t h e  developmental s tage of control  eggs. 

(A t imetable of sea urchin development is presented i n  Table 1.) 

Unless s p e c i f i c a l y  noted otherwise, t h e  longest  time in t e rva l  re-  

corded f o r  a given e f f ec t  s i g n i f i e s  termination of t h e  experiment, 

r a the r  than cessation of  t h e  effect .  

b. Colcemid 

Concentrations of colcemid grea te r  than, o r  equal t o  

2.7 x ~ o - ~ M  a r e  known t o  prevent migration and subsequent fusion of 

pronuclei when applied t o  sea  urchin eggs 5 minutes a f t e r  f e r t i l i z a -  . -.; 

t i o n  (~immerman and Zimmerman, 1967). If eggs a r e  t r ea t ed  at meta- 

phase with t he  same concentrations, t he  mitot ic  spindle  is  destroyed 

and cleavage is  blocked ( ~ a u a i a  and Mazia, 1961). 



. . 

TABLE 1 . 
. . 

SCHEDULE OF WWTS IN THE EARLY DEVELOPMENT 
OF AREACIA PUNCTULATA EMBRYOS* 

Event T h e ,  after Fertil ization 
, (at' 23OC) 

completion o f  fert i l i sat&n membrane 2 rnin 

Pronuclear fusion (msnaster stage)  10 IoLn 

Streak stage. (early prophase) 20 - 35 m h  

Metaphase T .  J+Q m i n  

First  cleavage (2-cel l  'stage) 50 m i n  

Second cleavage (&cel l  stage) 78 min 

~ h i r d  cleavage (8-cel l  stage) 103 m i n  
9 

~ o u r t h  cleavage (16-cell stage. - 
micromere format ion) 130 - 135 Fain 

Blastula (hatched) 7 - 8 -  

Gastrula 12 - 15 hre ' 

Pluteus larva 1 day 

* - - 
Adapted from Harvey, 1956. 
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-6 I n  t h e  present experiments, eggs were exposed t o  2,7 x 1 0  M 

t o  2.7 x lo-% colcemid f o r  various i n t e rva l s ,  i n  order t o  invest i -  

ga t e  whether t h e  occurrence of pigment granule movements depends upon 

the  presence of microtubules and/or upon t h e  mitotic cycle. Treat- 

'ment was in i t s a t ed  during colcemid-sensitive mitotic s tages  and dur- 

ing, o r  p r i o r  t o ,  spec i f i c  pigment granule movements. 

Unfer t i l ized eggs were tzeated with colcemid f o r  5, 15, or 

60 minutes, then e i t h e r  washed or allowed t o  remain i n  t he  drug dur- 

ing  and a f t e r  ' .f e r t i l i z a t i o n ,  I n  other  experiments, eggs were placed 

i n  colcemid a f t e r  f e r t i l i z a t i o n  but before pronuclear fusion,  at 

metaphase, o r  j u s t  a f t e r  divis ion 1, 2 o r  3. I n  an attempt t o  de l e t e  

,single divis ions ,  pulses of 2 - 15 minutes were sometimes applied, 

usual ly  during metaphase. 

Mitosis and cleavage.--During t h e  course of these  experi- 

ments, no cleavage was noted during t h e  period of observation of pig- 

ment granule movement i n  eggs remaining i n  concentrations of 

2.7 x lo-% o r  greater ,  Occasional i r r egu la r  furrows were observed 

i n  these eggs a f t e r  several  hours of treatment, A concentration of 

-6 2.7 x 10 M colcemid w a s  of ten in su f f i c i en t  t o  prevent mitosis, When 

colcemid-blocked eggs were returned t o  s ea  water a f t e r  shor t  t r e a t -  

ments, mitosis and cleavage resumed, but furrowing was usually q u i t e  

i r r egu la r  . .-. 

Sal ta tory movement,--Colcemid concentrations as high a s  

2.7 x ~ o - ~ N  had no e f f ec t s  on sa l t a to ry  movements of echinochrome 

granules i n  upf e r t  11 h e d l  egg8 .T P Egment ~:granules~:5n~eggs:..observbd 



after 90' minutes of colcemid treatxaent exhibited apparently normal 
. . 

s u t a t i o n s .  Higher concentrations d id  i n h i b i t  sd l t a to ry  movement. 

I n  eggs t r ea t ed  with 2.7 x 1o03f4 colcsmid, s a l t a t i o n  vae still appar- 

en t  after 15 minutes, but by 90 minutes t h e  pigment granules were 

ewollen and clumped together. After  12 lainutes of exposure t o  a p  
. . 

proximately loo% colcemid, no s s l t a t o r y  moveae~ts  were observed Ira 

u n f e r t i l i ~ e d  egg6. I n  these eggs, pigment granule8 were a l so  suollen 
. . ... . . 

. . 

. . 
and subsequently lysed. . . .. . 

. .. . . .. . .  

Higration t o  t h e  cor tex and "slow. shiftingm.--Echhochrome 

' s a n u l e s  completed t h e i r  migriation t o  t h e  cor tex at  t h e  nomal  time - 
. . .  . .., 

-4 in eggsexposed t o  up t o  2.7. x 10 H. colcemid.. , lornal migration w a s  
. . .  

soas t ines  observed i n  ~ . ~ . x . I o - ~ M  colcemid ae"well. : However, at  t h i s  
. . 

concentration, pigment granules a f t e n  ..tended t o  ac~umulate i n  the  

cen te r  of t h e  egg.rather  .khan in .  t h e  cortex. If these  eggs were 
:. . . . . . . . .. . . _  .. . 

. . 

washed,.the central .aggregat ion disappeared and movement t o  t h e  tor- 
. , 

. . . t e x  was coarpletd. " '.  
. . 

. . 
' ' _  a 

The slow migration of echinochome granules which occurs In 
.. . . ' .  . . .  . 

t h e  cortex of f e r t i l i z e d  eggs. p r i o r  to. .division was unaffected by 
. . 

colcemld coneentrstlons as high as 2 . 7 ' ~  ~ o ' ~ M .  
. . 

CL& areas.--During t h e  '+cell' . .. s tage  of normallpcleaving 

eggs, echhochrome granules begin t o  migrate out of t h e  presumptive 

micromere region, leaving a "clear  areaH at the  vegetal  pole. (See -; 

. ,  

INTRODUCTION, Seetion 1 .) I n  undivided eggs, which had been exposed t o  . 

colcemid continuously from 60 minutes before f e r t i l i z a t i o n ,  c l e a r  

areas were formed at  t h e  same time as ' i n  controls  (F'igure 8). Thia 



Figure 8.6; Clev  area6 in coloekd-treated eggs (A and B ) .  
.p C) Another region of the cortex of an egg at the  

same stage and *om the same female, as (B). x 480, 





. phenomenon occurred consistently in colceruid concentrations as high 

as 2.7 x ~ o - ~ N ,  sometimes in 2.7 x ~ o - ~ M ,  but was not  observed i n  

10-% . colcemid. From morphological similarities, it seems reasonable 

t o  assume t h a t  the  formation of a c lea r  area marks the  location of 

t h e  vegetal pole i n  a colcemld-treated egg as w e l l  as i n  a cleaving 

egg* 

Clear areas i n  undivided eggs were generally circular in 

shape, but some variation ww observed among eggs from a s ingle  fe- 

male o r  between those from different  females (Figure 9). These pig- 

ment-free regions ranged f r o m  20 t o  9 in diameter ( ~ i g u r e  lo), 

correspondfng t o  approximately 7 - 2s of t h e  sqrface area of the  

undivided egg.' There appeared t o  be some variation In  the  proportion 

of pigment granules which mbgrated out  of t h e  region ( ~ i g u r e  11) . 
OccasionaXly, a smsll, densely pigmented region remained i n  t h e  ten- 

ter  of t h e  c lea r  asea ( ~ l g u r e  12). I n  rare instances, more than one 

clear area  was observed on a single egg (Figure 13). These uncommon 

pat terns appeared most often in eggs which had been exposed t o  col- 

camid f o r  several hours. 

Summary,--Treatment with concentrations of colceraid which 

completelj Inhibited mitosis a d  cleavage (2.7 x lom5 - 2.7 x ~ o ~ M )  

had no appaxent ef fec ts  on any of t h e  echinochrorne granule movements 

studied. very high colcemid concentrations (approximately lo-%) did * -. 

inh ib i t  these movements, .but toxic ef fec ts  including aggregathon, 

swelling and l y s i s  of pigment &ranules were a l so  observed at these 

concentrations. From an embryological standpoint, t h e  observation 











12. Acmnulation o f  pigment granules in the center of a 
clear area. T h i s  egg was photographed at 143 mln~es 
after fsrtllisationl clear areas w e r e  rwombly cow 
plete by 120 ainutes. x 480, 

Figure 13. An egg contdrchg two  clear area8. Thie egg uaa 
elongated, suggesting some aba!amClity. However, 
two clear areas w e r e  occasionally observed on eggs 
which appeared norad in all  othcue respects, x 480, 
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t h a t  migration of pigment granules out of the  presumptive rnicromere 

region occurs at  the  nornal time in colcemid-treated eggs, which have 

never undergone mitosis o r  cleavage, appears t o  be especially s ignif-  . . . 

i cant  . 
. .  . . . c, Vinblastine 

Treatment with ~ o - ~ M  t o  10-'~ vinblastine has been shown t o  

disrupt  spindle microtubules, thus blocking mitosis in mammalian 

c e l l s  ( ~ r i s h a n ,  1968) and meiosis i n  oocytes of Pect inar ia  ( ~ e n s c h  
4 ,  

and Malawista, 1968) anti of the s t a r f i s h  P isas te r  ( ~ a l a w i s t a  and 

Sato, 1969). Observations of pigment granule movements were made on 

-4 ! 
unfer t i l ized eggs placed i n  10 M vinblastine and on f e r t i l i z e d  eggs 

in; e i the r  1oo5PI o r  10-~Pl vinblast  ine before pronuclear fusion 

o r  a t  f i r s t  metaphase.. 

No inhibi t ion of sa l t a to ry  movement of echinochrome granules 

was observed i n  unfer t i l ized  eggs a f t e r  38 minutes of vinblast ine 

treatment. Migration of pigment granules t o  the  cortex and subse- 

quent formation of c l ea r  areas  occurred i n  eggs which had been placed 

i n  vinblastine 2 minutes ,a f te r  f e r t i l i za t ion .  Pronuclear migration 

and fusion were inhibi ted i n  these eggs and cleavage was nbt observed.. 

Cleavage did occur i n  some of t h e  eggs t reated with vinblast ine a t  

metaphase, but normal c l ea r  areas were formed whether o r  not the  eggs 
/ 

had cleaved. C l e a r  areas In vinblastine-treated eggs appeared t o  be 

smaller than those i n  colcemid-treated eggs, and formed s l igh t ly  

l a t e r  than those i n  the  controls. 



I n  Arbacia eggs.:,treatment with cytochalasin B (CB) j u s t  be-. 

f o r e  o r  during cleavage, i n h i b i t s  t h e  formation o r  completion of t h e  

cleavage furrow, while mitos is  continues normally ( ~ c h r o e d e r ,  1972). 

This  has been in te rpre ted  as t h e  r e s u l t  of s e l e c t i v e  des t ruc t ion  of 

a band of  40 - 602 microfilaments i n  t h e  furrow region, I n  order t o  

determine whether t h e  cleavage process and/or microfilaments are  re-  

quired f o r  pigment granule movements, eggs .were exposed ' to .  CB during 

cleavage and at  s tages  which exh ib i t  spec i f i c  pigment granule move- 

ments. For  most experiments, eggs were exposed t o  1 - 5~.1g/ml CB, but  

concentrat ions as low as 0, 05pg/ml. were a l s o  used. Concentrations 

required t o  produce t h e  e f f e c t s  reported here var ied between eggs 

from d i f f e r en t  females, Attempts were made t o  reverse  t h e  e f f e c t s  

of CB by washing t h e  drug out  a f t e r  a sho r t  exposure. Even though 

some processes which had been inh ib i ted  by CB d id  resume a f t e r  wash- 

ing ( see  below), these  eggs r a r e l y  survived t o  undergo normal devel- 

opment, I n  t h e  following experiments, no d i f fe rences  were observed 

between normal eggs and those  t r e a t e d  with concentrat ions of DMSO 

equivalent  t o  those  present  i n  CB solutions.  

Sa l t a to ry  movement.--Saltatory movements of echinochrome 

granules ceased within 5 2 10 minutes a f t e r  un fe r t i l i z ed  eggs were 

placed i n  CB, This e f f e c t  was observed cons i s ten t ly  at co'ncentra- 

t i o n s  of  2.5 - 5.oPg/ml and soroetimes even i n  9 g / m l .  Lower concen- 

t r a t i o n s  had l i t t l e  o r  no e f f ec t ,  If eggs were subsequently washed, 

s a l t a t o r y  movements could again be observed. 



Activation.--Treatment of unfer t i l ized  eggs with CB a l so  re-  

su l ted  i n  the elevation of f e r t i l i z a t i o n  membranes. ' After these ac- 

t ivated eggs were washed, the  migration of pigment granules t o  the  

cortex was'completed, but no cleavage w a s  observed.. Some c l ea r  areas  

appeared a f t e r  several hours, 

.Migration t o  the  cortex.--Nigration of higment granules t o  

the cortex was inhibi ted when eggs were t rea ted  with 2.5 - 5.oPg/ml 

CB within 1 t o  5 minutes a f t e r  f e r t i l i za t ion .  A s  soon as these eggs 

could be observed a f t e r  washing, the  d is t r ibut ion  of pigment granules 

appeared t o  be the  same as i n  controls, 

Mitosis,--It has been reported t h a t  CB blocks cleavage with- 

out in te r fer ing  with mitosis in a number of c e l l  types (car te r ,  1967; 

Ridler and Smith, 1968; Krishan and Ray-Chaudhuri, ,1969; Schroedcr, 
. . 

19708 Bluemink, 1971; 1972; Estensen, 1971; Hammer - e t  -* al 9 1971), in- 

cluding.Arbacia eggs. (~chroede r ,  1972). However, i n  the  present .ex- 
. . 

periments, delay of mitotic stages or  complete a r r e s t  of the  cycle 

often occurred when eggs were t rea ted  at  ear ly stages with concentra- 

t ions  of CB su f f i c i en t  t o  i n h i b i t  cleavage. The monajter and the  

ear ly prophase "streak" stages were delayed o r  .prolonged, when eggs 

were exposed t o  1.5 - 5.0pg/ml CB beginning between 3 and 10 minutes 

a f t e r  f e r t i l i z a t i o n ,  A t  t he  time of first cleavage i n  t h e  controls,  

most of these CB-treated eggs were still i n , t h e  s t reak s tage and no ..:. 

pigment bands had formed. Most eggs never progressed beyond t h i s  

stage, but a small percentage (especial ly  at  lower concentrations) 

l a t e r  formed spindles and an equatorial  band of pigment. '..Since the  



exposure times required t o  i n h i b i t  mitosis were longer than those 

which allowed any degree of recovery, it is possible t h a t  t h i s  inhi-  
. a '  

b i t i on  represents a general tox ic  e f f ec t  r a the r  than a spec i f i c  m i -  

t o t i c  block. 

Cleavage,--If f e r t i l i z e d  Arbacia eggs a r e  exposed t o  CB ju s t  

before o r  during cleavage, furrows e i t h e r  form and regress ,  o r  f a i l  

t o  form (~chroede r  , 1972). I n  t h e  present experiments, accumulation 

of pigment at the  equator was observed i n  eggs i n  which 

furrowing had been inhTbited by CB treatment (2.5 - 5 . 0 ~ ~ / m l ) , "   hie 

re su l t ed  i n  t he  formation of a concentrated band of  pigment (Figure 

14) accompanied by ru f f l i ng  of t he  hyaline layer  i n  t he  same region 

(Figure $5). The morphology of these equator ia l  pigment bands was 
;e 

eomewhnt variable,  I n  addit ion t o  continuous rings of pigment, bands 

with a s t r iped  (Figure 16) o r  splotchy (Figure 17) appearance were 

observed i n  some eggs, ~ c c a s i o n a l l ~ ,  pigment disappeared completely 

from t h e  equatorial  region (possibly because of p re fe ren t i a l  l y s i s  of 

granules),  leaving< a c l e a r  band (Figure l a ) ,  The occurrence of these 

var ia t ions  depended t o  some extent on t h e  CB concentrations: cont in- .  

uous r ings  at low concentrations, s t r i ped  and spl'otchy bands a t  in- 

termediate concentrations and c l ea r  bands at  high concentrations, 

The character of a s ing le  band often changed with time (Figure 20) 

and movement of individual granules could be observed within t h i s  r e - . - .  

gion (Figure 21). I n  some eggs remaining in CB a f t e r  bands have 

formed, the  pigment granules returned t o  an even d i s t r i bu t ion  over 

t h e  egg cortex, However, bands sometimes pers is ted u n t i l  t h e  next 



Figure 14. Concentrated bands of pigment in the furrow region 
' of egg8 in.which cytokinesis w a s  inhfbited by cyto- 

: cha,lasln B e  x 480, 

Figure 15. . Ruffling of the hyaline layer in the furrow region 
of eggs in which cytokitnesls w a s  inhibited by oyto- 
chn.lnsln B e  The eggs shown In Figure 14 were pho- 
tographed here with the condenser diaphragm closed 
down t o  show the hyaline layer. x 480. 
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F m  17, "S~lotchy" band of pfCpent in a e y t o u u i n  ~ ~ t r ~ t e d  
~0 IK 480. 
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Figr~a 180 el-. or p i g ~ ~ e ~ ~ t - f r e e  band in r cytoc~rsin '&%re- 
ed egg, x 480. .,, , , 
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Fig;ure 19. Bands of pignent correspondfng to both the first and 
the second cleavage ftmxms. This egg w a s  placed in 
cytochalasin B prior to first division and formed a 
pigment band at the equator, The band w a 8  retaindl 
until the next cleavage when a second band fonued 
perpendicular to the first, Photographed at 90 
arinutes after ftrtilizatfon. x 480. 
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Figure 20, Fmmtion of a pigment band and changes in I t s  appear- 
ance. This egg was placed in CB at 43 min 30 sec af- 
ter  fertilisation. A) 48 rmin 45 ssc, B) 52 lirZn 15 sec, 
C) 52 sin 45 sac, D) 53 min 15 am, g) -41) mln 15 emr 
F) 55 &I 30 see, G) 56 slin, H) 60 m i .  15 seee 
x m. 
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F%gma 21e Howmtent of p%gmmt granules ~%thin a pignsnt band. 
Eggs w e r e  placed ia cytochalasin B at 58 lainutes after 
f&ilitatione A) 66 nin 4 eea, B) 66 min 43 sac, 
C) 67 orin 6 sec, D) 67 zain 35 see. x 1200. 
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cleavage, when a second band w a s  formed (Figure 19),  o r  u n t i l  t he  

eggs began t o  show the  adverse e f fec ts  of prolonged CB treatment, 

Clear areas.--Since prolonged exposures to'CB resul ted i n  a 

, number of e f f ec t s  on the d is t r ibut ion  of pigment granules (see below) 

it has been impossible t o  determine whether o r  not the  process of 

c l ea r  a rea  formation can occur i n  eggs t rea ted  with CB from f e r t i l i -  

zation onward. A few complete c lear  areas  were observed a f t e r  'normal 

and colcemid-treated eggs were placed i n  1 - SPg/ml CB at the  begin- 

ning of c lear ' .area formation. However, because of var iat ion i n  the  

time of c1ea.r a rea  formation among eggs from the  same female, these 

c l ea r  areas might have been nearly complete at  the  time of exposure 

t o  CB. I n  order t o  determine whether the  individual granule move- 

ments resulting i n  c lear  area formation were inhibi ted by CB, time 

lapse photomicrographs were made o f  a,colcemid-treated eg& exposed 

t o  SPg/ml CB as c lear  a rea  w a s  formihg. ' L i t t l e ,  i f  any, movement 

of pigment granules was observed i n  t h i s  egg as compared with eggs 

: t reated with colcemid alone (Figures 22 and 23). 

Effects  of prolonged exposures t o  CB.--Several apparent 

changes at the  c e l l  surface o r  in the  cortex were obsewed i n  eggs 

t rea ted  with 1 - 5pg/ml CB f o r  lopger than 10 minutes. In  both un- 

f e r t i l i z e d  and f e r t i l i z e d  eggs, the  c e l l  surface became wrinkled o r  

bumpy (Figure 24). The hyaline layer  of f e r t i l i z e d  eggs appeared t o  . - -  
increase in width and acquired a granular texture (Figure 25). Fig- 

ment granules i n  the  cortex of f e r t i l i z e d  eggs appeared t o  aggregate 

i n  small groups, giving the  eggs a mottled appearance (Figure 26). 



Figure 22. Colcemid-treated egg plaoed in  oytochalasin B at the 
beginning of  clear area formation (120 lninutes after 
fertilization). A)  131 lain, B) 132 m i n ,  C) 133 min, 
D)  134 min. P i e e n t  granules remain close to their 
o n g -  p6sitions. Campare with granules in the sgg 
in Figure 27 wMch wm trceated with colcemid alone. 
x 1200. 
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Figure 23. Movamcwt of pig;raent granules during formation of a 
clssr area in a colcemid-treated egg. A) 118 min, 
B) 119 orin, C) 120 lain, D) 121 m i n .  x im, 





F i g u i  24. Surface wrfnklfng in a cytocha3asin B-treated egg 
( A  B) Control egg. Hyaline layer (HL) and fer- 
tilisation membrane (FH). x 480. 

Figure 25. Hyaline layer h y y e ~ p & y  In  a cyfoehrtlasb B-treat- 
ed egg. Compare with Figure 24~. x 480. 

FLgure 27. Lysis o f  the majority of the p-ent granules in a 
cpto~hala~ftl B-treated egg. x 480. 

Figure 28. Extrusion of pigaent granules Info the hyaline layer 
of a cytochalasln B-treated egg. % 480. 





Uhen eggs were placed ' in  CB jus t  before cleavage, a s i m i l a r ,  but 

. t ransient ,  aggregatien of pigment often occurred over the  whole egg 

surface, Frequently the  majority of pigment granules in t h e  cortex 

of f e r t i l i z e d  eggs.appeared t o  lysa,  leaving the  eggs nearly mplg- 
. . 

mentad ( ~ i g u r a  27). Apparent extrusion of pigment granules from the  

cortex out i n t o  t h e  .hyaline layer was also observed ( ~ i g u r e  28). 

mmts of echlnochrome. grarmles in .unfertilized eggs. and %heir migra- 

t i o n  t o  the.  certm. at St+llieation,. . . Movuatnts of Individual pigraent 

granules involved In  .clear area formation were also. lnhibi t tb .  When 

Furrotting w a s  inhibi ted by.CB, a.concentrarted band of pfgment gran- 

ules a p p a s r d ,  in .the furraw region, where blebe of the  h y a l b e  layer  

also uoc&~61.. Exp06ue.t~~ eS often resulted inactivation of unfer- 
. . 

t i l i s e d  eggs.. . .Pr~langed exposurea t e t  CB resul ted i n  .mitotic delay 

and arrest, v r i n k l i a g  of t h e  ;ell surface, hyrlina l aye r  hypertrophy 

and t h e  aggregation, lysis and extrusion of pigment granules. , 
. . . . . . . . . . . , - . 

2. Other t reatments .  

fk . Purolaycln 

Pmomycin  lo-'^) inhib i ta  mitosis In  t h e  ear ly prophase 

mstreakM ratage a.nB a lso  subs tant ia l ly  inh ib i t s  protein synthesis in 

f e r t i l l s e d  eggs of Paracentrotus l iv idus  (~1~1th. 1961). Ia order t o  
.-. 

debanaine.whethar pigment granule ~ovementa could occur under these . 

conditions, observations were made on unfer t i l ized  eggs exposed t o  
-4 ' 

10 # puromycin. . Salfatory movements,of echinochrome granules In un- 

f e r t i l i z e d  eggs were unaffected.by 127 minutes of puromycin treat- 
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those which were able . , ts aleave. 

c. Low tempaerturas 

Unfertiliaed and f e r t i l i e d l  eggs were incubated a t  tempera- 

tures  between -2' and 8 ' ~  f o r  periods'of 1 t o  24 hours t o  investigate , ' 

whether n o d  pigment granule ntoveenents could oontinue at these tan- 

p u r a t w ,  . E g g s  w e r e  placed in the  cold jus t  a f t e r  f e r t l l i s a t i o n  o r  

after pigment grmulels had migrated t o  the cortex. .Mitosis and 

cleavage w e r e  greatly d6layed or. .blockd at these temperatures. If 

eggs were placed i n  the  cold betwean 1 and 3.minutes after.fert1lisa- 

tiom, migration of pigment granules. to the  cortex was often still in- 

complete a f t e r  2. - .3. hours. Resbmt ion .  of these eggs to room tgar 

pera tme allowed thihs pmoess to oocus, followed by nearly no& 

cleavage and development. When eggs were placed in the  cold after 

pigment migration to the cortex, c lear  artas. had .not. beg;rm . to  f o r m  

within 5 - 8 hours. .Clear areas appeared withitn .an. hour after these 

eggs were returned t o  room temperature and mitosis and cleavage re- 

smGd at a p p r o x h t e l y . t h e  same timer Complete c l ea r  area and occa- 

e i o d  clsavlng eggs were observed bctween.10 and.20 hours of incuba- 

t ion  between bOand 8'~. . Eggs exposed to low t e n p r a t u r w  f o r  10 t o  

20 hours also displayed lzrge, localized evaginations.or bulges, 

which were re la t ive ly  Free of pigment. .However,. normal clear areas - 
. 

were observed in other portions. of. .the cortex of eggs ... exhibiting 

waghations.  A f t e r  these eggs had been returned to room temperature, 

t h e  e v a g h t i o n s  disappeared, leaving pigmenGPree regions, which 

could not subsequently be diet inmished from normal clew areas. 



d. Treatment with' hypo- and hypertonic sea water 

To investlgaie whbther the  cortex of the c lea r  area di f f i r ed  

in jwebenica.1 strength from the remainder of the  cortex, eggs were 

exposed t o  hypo- o r  hypertonic sea wart&. Normal and colcemid-treat- 

ed eggs, wifhor.*i thout  f a r t i l l e a t i o n  mamkn?anes, were placed in 

hypo- o r  hypertonic sea .water at the  time of clear area fornation. 

~ g g s  swe~~t3t-1 uniformly under. mild hypotonic treitment, but forrpmi 

localized waginations o r  bulges when the coneat ra t ion  of sea water 

approached 5@. . These evagfnations ware always re la t ive ly  free of 

pigment, making it difficult t o  determine whether the wagination eo- 

incided with the normal c1ear:area. .Nonetheless, clear.areas were 

often o b s m e d  a t .o ther . loca t ions  in eggs with  pronotmeed wagha- 

tfons. Eggs.shrank evenly in s l l g h t l y  .hypertonic solutions, 'but 

f omed' one to several Snva&nations or  depressions in . concentrations 

of Sea . w a t e r  close .to 206..  fn groups of 'eggs. which had esch formed 

a single invagination, .there was no correlation between the  location 

of the  invagination and t h a t  o f  the elear area. 
. . . ,  . ... . ., . .  . 

3. P i a e n t  mmule movement6 durinkclear area formation 

During the  4-cell s tage of normally-cleaving Arbacia  egg^, 

echlnochrome granules begin to. migrate out of the  regloa. which w i l l  

become the  micromeres,.~eaving a pigment-free eon6 or clear areu on 
/ 

each blsstomate (see INTRODUCTION, Section 1). Since this migration ' 

a l so  occurs in colcanid-treated, non-dividing eggs (see RESULTS, Sec- 

t ion  1). It has been possible . t o  investigate the  pigment granule 

movements involved in clear area formation in t h e  absenae of cleavage, 



which iterelf Involves movement of pigment g~aaulam, The f o l l o w l ~ g  

observations and m&ure~&ts were mado on ' t h e  l$ee f i lm of col- 

c d d - t r e a t e d  egg8 forming clear iiCtXaS0 These analyew h&e been 

made in order t o  anewer the  following ques~tionsr (1) Are pigment 

granule movenents specif ical ly oriented toward the  perimeter of the 

micromere region? (2) Are these movements quantitatively siplilar 

t o  those in ~ G ~ ~ O I L B  of the cortex not forming a c lea r  area, or IB the 

cortex of f e r t i l b e d  eggs p r io r  t o  division. 

a. General oberva t ioss  

A ciear area ffrst became evident as a cfrculax region con- 

taining a lower concentration of pigment granulss than the  remainder 

, . of the  egg cortex,. As granules c~n t lnued  to'  migrate out of t h i s  re- 

gion, they accumulated at its perimeter, forming a r iag ia which pig- 

ment granules , were highly concentrated o r  even contiguous . ( ~ i g u r e  29). 

A c l e w  area could f i r s t  be detected 40 - 9 minutes before its corn- 

pletion. Since both t h e  t h e  of appearance and completion were sub- : 

Jective measurexeents, this in terval  represents an approximation of 

the' t lme requlred f o r  c l w  area fonnatio~. 

When. iadlvidual pigment granules were visually observed dur- 

ing the  fornation of a c lear  area; it mrs difficult t o  detect  move- 

menti. Sal tat ions of t h e  magnitudes described f o r  unfert i l ized egg8 
.. ' 

(1 - jumps at 0.3 to'0.8~/sec. Parpart, ,19531 1964) ware never ob- 

served, Comparison of frame6 taken 1 cute apart  revealed t h a t  

g ~ s n u l e s  had moved, but usually only 2)1 or  l e s s  during t h i s  Interval. 

Occasionally, displacements of 9 had occurred withiR a 1 minute 



Figure 29. Clear area formation in  a colcemid-treated egg. &?I. 

Photographed at A )  84, B) 90, C) 111 and D) 131 
<>. minutes af ter  fert i l izat ion,  Note the  concentra- '" ps ,% 

t lon of  pigment granules a t  the rira.of the clear 
area in B o  x 12000 4: 4 
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. . 
t b e  period. . . 

b. Paths of Zadfvldual granules durlng 'clear  area formation 

The coordinates of a number of granules were recorded from 

. each photomicrograph in  a s e r i e s  taken at 2 minute intervals. These 

points were then plotted t o  give approximations of the  paths of indi- 

vidual granules. The paths.09 a group of granules during the  forma- 

tfan of a typicd clear area (one of two analymsl ia d e w )  in a 

- colcemid-troatbd egg a r e  presented in Figure 30. Each granule was 

followed f o r  38 rainutet, o r  u n t i l  it reached the  perimeter of the  re- 

gioa and l e f t  the.  focal plane. . The najor l ty  of pigment granules . . . . 

moved toward the  perimeter of c l ea r  area being formed. However, a 

f e w  graziules did not CUsplay t h i s  oriented movement. For exanple; 
;(J 

graaule~ 32.and 85 moved toward t h e  center of the  region* Also, 
' ,  

granules such. as 6. exhibited movement, but were not displaced sig- 

n i f icant ly  f h m  the i r .or ig ina1 poeiitioa* Regardless of the  general 
. . 

dir&lon.of.movement,,gr~ules moved along e r r a t i a  ra ther  than 

s t r a igh t  paths. Even granules which were hg touscd t h e  perimeter 

occasionally moved in the  opposite direct ion f o r  short  distances (see 

especially granules 12, 17, and 113). No consistent relat ionship w a s  

o b s ~ e d  between the  patterns of kvement of i R i t i a l l y  adjacent gran- 

ules. Sometimes neighboring granules rerrrniaed close t o  one another 

. and folloned siarilar paths (113 and 114). Other pa i r s  of granules 

moved in widely divergent directions (compare 114 and 115). Occra- 

sionally,  one granule, such as 4, remained nearly stationary, while 

moth=, 37, nearby, moved away. 



Figure 30. Paths of individuaJ. granules involved In clear area 
formationc ..Granule positions were recorded f'rom 
frames taken at 2 minute intervals beginning at 76 
minutes and ending at 114 mibutes after fer t i l iea-  

. tion. x 4800, 
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A group of .granules in another region of the' cortex of a col- 

ccmid-treated -egg at t h e  t h e  of clear area formation was followed 
. . 

over a Ib mlnute pariod ( ~ i ~ u r e  31), Novaslants of the  maJority o f  

these pigment granules showed no predominant orientation, During 

t he  mtire period of fixing, granules rarely moved further  than 2p 

fro= their initial positionse However, .several granules (espec id ly  

20, 35 180) novoii in a specif ic  d*rsction. over t o m  distances 

comparable with those.  during t h e  . smg period of time within a c l a w  

=ac EIinoe thb.--olaarP~~ea in t.hia egg mas located at the top of the 

photomicrograph, no. obvious relationship waa evident between these 

oriented. movemmts and fonaation of the  c lea r  area. In general, 

granuleelmoved shorter  ne t  distances during 2 minute intervale in 
9 

thira region t h a n . i n . a  clear area.. , .  . 
I :  . . .  .. . .  

The paths of a number of .pfgraent granules were also traced 
" . 

from photomicrographs 'of a fertilised'colcemid-treated egg pr ior  t o  

t h e  t h e  of first cleavage i n  the  conilols (~igure '32). CrmUe 

movement49 ware followed f o r  22 minutes. The movements of most pig- 

ment granules at this stage were not oriented In  a speci f ic  direct ion 

and graariles rarely moved fur ther  than i;lr from t h e i r  or iginal  posi- 

t ions, However, at least two granules (80, 112) moved t o t a l  diktan- 

ces comparable t o  those observed within the  saae t h e  period during 

c lea r  a rea  formationm The net distancest moved during 2 minute inter-  .F. 

vale i n  t h i s  egg were approximately the  same as those in the  region 

outside of t h e  c lea r  area ( ~ i g u r e  31) and less than those within the  

c lea r  area i n  Figure 30, 



Figure 31. Paths of 3ndi~ldw.l granules i n  another region o f  the 
cortex of an egg during clear area formation. Granule 
positions were recorded from frames taken at 2 minute 
intervals beginning at 76 minutes and ending at 90 E:: .. 
minutes after fertilization. x 4800. 
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Figure 32. Paths of individual granules i n  the cortex of a 
fertilieed egg prior to division. Granule posi- 
tions were reconled from frames taken a t  2 minute 
intervals beginning at 19 minutes and ending at 
41 minutes after fertilization. x 4800. 
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Thus, most pigment panu les  In  the  cortex of f e r t i l i z e d  eggs 

pr ior  t o  division and i n  other reglonls of t h e  egg cortex durlng c lea r  

area formation do not display the  oriented movements c-teristic 

of granules within the  c lear ,a rea ,  and r-In within 2~ of t h e i r  hi- 

tlal positions. However, a few granules In  these eggs & display 

movement i n  a specif ic  direct ion over d i s tmces  comparable with those 

durlng clear  area formation. Net granule displacements during 2 m i n -  

ute  i n t d s  are somewhat la rger  within the  c lea r  area than in t h e  

other region and stage studied, This may reflect orientation ra ther  

than a dlfferrence. in rates of movement. . (see Sec%ion d f o r  a quanti- 

t a t i v e  comparfson of pigment granule movement i n  dif ferent  stages 

and regions). 
. . . . .  . . i .  

Ce  General orientation of pigment granule 
--movements during c lear  area formation 

- .  

Although the  majority of pigment granules 'migrated toward the  . . 

perimeter of the  clssr area and l e f t  the  region ent irely,  P few g r ~ n -  

- ules moved toward the  center of the  region (see Section b, above). A 

.small number of granules could still be observed near t h e  center of 

the  c lear  area after several hours. 

Therefore, the  following procedure was used t o  datermine the  

proportions of pigment granules from different  regions of the  c lea r  

area which moved toward its center o r  toward its perlmetar. The in- 
- ' 

cip ient  clear area was divided I n to  concentric rings, numbared 1 

though 4 From t h e  center t o  the periphery. The number of the  r lng  

i n  which each granule w a s  located uas recorded f o r  the  f irst  and l a s t  
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photomicrogrsph of a s e r i e .  taken over a 40 - 50 minute perlod during 

c lea r  area formation (see HATERIALS AMD METHODS, Section 4, especial- 
. . 

ly Mgure 6 ) .  . . 

. A coqarirsan of t h e  i n i t i a l  and final. dis tr ibut ions of pig- 

ment granules f o r  two typical  c l ea r  areas Is presented in Figure 33. 

The proportion of pigment granules which moved toward the center 

ranged from 1.w (2 granules out of 133 '- Figure 3%) . t o  7.s (10 
t 

granules out of iyl -.Figure 33b). In the clear axea r&pres&tdl by 

Figure 33a, the  only &mules which moved toward the  center were ini- 

t i a l l y  located in rw' 2, several g r m u ~ s s  *e rings 2, 3 arnd 4 had 

moved toward t h e  center of the  c lea r  area represented by Figure 3 3 .  

The ~ro@rklon of granules which woved outside t h e  region covaed by 
.a 

the  circular gr id  locrossed u i t h  increasing iaitbl distance fkom the  

center of the  region in both examples. These o b s ~ ~ ~ e a t i o n s  support 

the  conclusion,.based on Individual granule pat,b, that the  rn+jority 

of pigment panulea a e  moving toward the  perimeter of the  clear 

mta. The presence of emall numbers o f  granules which do not display. 

t h i s  orientation suggests that some granules oan move bdependently 

of whatever fac tor  detenulnes t h e  predominant direct ion of mvament. 

d. Quant ib t fve  comparison of pigment granule 
movements in different 8-8s and regions 

The preceding measurements suggest that c lea r  area formation 

Involves oriented movements of pigment granules over long& distandes 

than those t ravel led by most granules in other regions of the  cortex 

a t  the'same stage o r  in the  cortex of f e r t i l i z e d  eggs prior t o  



Figure 33.. Distribution of pigment granules st the end of clear 
srea ... formation as a fhnction. of.. their  i n i t i a l  loca- 
tion. . The ring. in which each.granule was located 
was recorded for the first and 1ast.frames of a series 
taken Over A ) .  P 3 minute in+emd crnd B )  a 50 ~linute 
interval. This i l lustration presents the final loca- 
t ion  of all granules which were ini t ia l ly  In each 
ring. . . 
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division. The .granule displacements observed during 2 minute Inter- 

vals  in the l a t t e r  egga (section b) were smaller than those' for gran- 

ules within clsar asea. T h i s  difference might represent Increased . 

rates of granule mwemant withln the  clear area o r  iisight be a conse- 

quence of the  oriented movement of w u l e s .  To di f ferent la te .  between 

these possibilltie%, the  U t e r v a l  over which dbsplacsartnts a r e  m e a -  

sured must be .small enough. so .that. grantiles moving randomly. do not 

move back .and. fo r th  with. snaall net .  displacements while granules mov- 

ing in.one dl rec t ion .a t  the same r a t e  display large d f s p l a a e ~ ~ m t s .  

V i s u a l  observation of .pigraant. grand-. in t h e  stages and. regicms . t o  

be co~ilpared revealed no Brownian.. &tfon. .When. successive. fkmw at 

1 d n u t e . 2 n t m r a l s  w t w e  oompared, most gmmule positions had not 

changed substantislly and displacements wae rarely ae great as +. 
Thus, . the .followiag measu2ememts were made on m e s .  taken at. 1 win- 

.. . 

ute  intervals.. To.e lhLnate  tbm errors inherent in meaeurfrrg dis- 

placemeats.usfng; a grid, changes in diskrtlces between t h e  members of 

pd.ra of granules were used as an fiadirect method of comparing the 

ratem of m u l e  movement w i t h i n  different stages md regions. For 

each one minute interval  in a sari-, changes in inter-granule dis- 

tance were naasured for 45 grmule pairs, represslltfng aU comb-- 

t ions  of a group of 10 granules (see PIATERIALS AND IWHODS, Section 

4c). l4earsureotentu were.made on films of two clear araas, three other .- 

regions of eggs at t h e  'same stage, and four fertilizied eggs pr ior  t o  

division (tno no- and two colcemfd-treated eggs). 

Frequency distr ibut ions of changes in inter-granule distance 



i n  each of  t h e  above regions o r  s tages  of eggs from a s ing le  female 

are presented i n  Figure 34. The d i s t r i b u t i o n  of  values f o r  granules.  

w i t h i n  a c l e a r  a rea  d i f f e r s  fmm t h e  others  only in s l i g h t l y  higher 

frequencies of  values between 1.2 and 2 . 0 ~  and In t he  presence of 

several  values greaterthan2,0p, Signif icant ly ,  themeasurements re- 

s u l t i n g  i n  values grea te r  than 2 . 2 ~  within t h e  c l e a r  a rea  (representing 

only 0.696 of t he  t o t a l )  a l l  Involved a pa r t i cu l a r  granule at t h e  edge of 

t h e  region. Themean v a l u e f o r t h e  changeininter-granule dis tance 

within this c l e a r  area .fiiffered by less than O b 2 p  from those f o r  t h e  

o ther  region and sta,ge..rneasured: Since. t h i s  figure represents  t h e  

.experlmenta.l e r r o r  of  t h e  measurements, this difference is not  sig- 

nificant.: Thus, granules. within c l e a r  areas do not  appesr t o  move at 
.s 

greater mt.es than those in o ther  regiono o f .  the cortex o f  egg& at 

t h e  same s t age  o r b  t h e  cor tex of  f e r t i l i z e d  eggs p r io r  t o  division. 

S h c e  these  measurements were made on colcemid-treated eggs, values 

f o r  a colcemid-treated, fertilized egg were compared with those f o r  

a normal egg at  the  same 6-e and.fmm the  same female. The fre- 

quency d i s t r i bu t ions  which .are presented in .Figure 35 demonstrate no 

differences  between these two eggs, 

, -. 
e. Summary . 

Migration of pigment granules ou t  o f t h e  presumptive micro-' 
/ 

mere region of colcemid-treated eggs involves .or iented movement of  

t h e  majority o f  pigment granules toward t h e  perimeter of  t h e  region. 

However, a small percentage of granules move fram the, periphery t o  

t h e  center  of  t h e  region. The r a t e s  o f  pigment granule movement 



Figure 9. Frequency distributions of  changes i n  intergranule 
distance: A). within a, clear area, B)  i n  another re- 
glsn of an egg at the a m s  stage a d  C) in the cor- 
tex  of a fertilized egg prior t o  division. All eggs 
were nhblned from the same female. 
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Figuro 35. Frequency distributions of changes in inter-granule 
&stance in A) control and B) oolcemid-treated, fer- 
tilized eggs prior to division. Both eggs were ob- 
tained from the same female. 
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DISCUSSION 

1, Involvement of microtubules and microfilaments 
in echinochrome m u l e  move~nents. 

a. Microtubules 

. Mlcrotubules which.dieplay an orientation pa ra l l e l  with tha t  

of granule movement have been found ill several type$ 'of Cells ( ~ e -  

viexed by Rebhun, 1972). Treatment. with c6lchicine o r  o t h e r  agents 

thought , to  .disrupt microtubules inhib i t s  aovemmt of some of .  these 

m u l e s , .  including vitally-stained granules. in eggs of t h e  surf 

clam,. SpPsula and the  sea urchin, .Lytechinus (~ebhun, 1972). pigment 

granules ?in ecythrophorea. of the  squi r re l  f i sh , .  ~omocentrus and mel- 

-anophorea:-of . the .  k i l l i f i s h ,  Fundulus (~unqneira and Porter,  1969), 

and various par t ic les  in cultured mamallan c e l l s  (F'reed and Lebo- 

wite, 1970) .  However,. colchicine has no ef fea t  upon sa l ta t ion  of 

echinochrome granules i n  unfertilized Arbacia eggs o r  upon t h e l r :  

nlgration t o  the  cortex at f e r t i l i s a t i o n  (Rebhun,. 1967). On the  

other  hand, colchicine does Inhibi t  t h e  aster-associated s s l t a t o r y  

movements of those echinochrome granules which do not migrate t o , t h e  

cortex. (Rebhun, 1973). This suggests t h a t  microtubules are required 
' 

fo r  some, but not all, movements of pigment granules in Arbacia eggs, . . . 

The present study has demonstrated t h a t  prefer t i l iea t ion  sal- 

ta t ion  of echinochro~le pigment granules and t h e i r  migration t o  t h e  

cortex a t ' f e r t i l i z a t i o n  a r e  not inhibited by concentrations of col- 

-94- 



. .  . . . 

cemid (2.7 x loo5.- 2.7 x 1oo3~)  or  vinblastlne (lom5 - IO-~M) which 

are sufficient  t o  block prbnucl&ar fusion and mitosis. (~reatment 

with .10-~Pl colcemld did Inhibit these granule movementsj how- 

ever,. th i s '  concentration produced toxic effects  resulting In  aggrega- 

t ion,  .swelling and lye i s  of. pigment granules,) In  addition, migra- 

t ion of pigment granules out of .the presumptive micromere region, 

which begins during the 4-cell .  stage in nonnal embryos, a lso .  occurred 
/ 

iu non-dividing eggs which had been t reated with these agents. 

Colcemid (N-desacetyl-N-methyl, colchicine) is l e s s  toxic and 

more effective &n disrupting the mitotic spindle than colchicine at 

the  same concentrations (~obayashi and Nakamura, 1957a; 1957b). The. 

molecular mechanism of action of colcemld is generally assumed t o  be 

the same as . t h a t  of colchicine, i.2.. binding t o  microtubule subunit 

protein and thus disrupting o r  preventing assembly of microtubules 

(Taylor, 1965; Borisy and Taylor, 1967). Vinblastine inhibits  m i -  

t o t i c  events by inducing the aggregation of miarotubule protein Into 

crystal l ine arrays and has been reported t o  bind t o  a different s i t e  

than colchlcine (weisenberg and Tirnssheff, 1970; Olmted e t  ale, 

1970). The occurrence of normal pigment granule movements not only 

in colchicine (~ebhun, 1967). but .also in both colcemid snd vinblas- 

t i n e  strengthens the hypothesis tha t  microtubules are  not required 

for  these movements. - .  

Microtubules have not been found In  electron micrographs of 

unfertilized Arbacia eggs, even though other cytoplasmic structures 

(mltochondria, Golgi, annulate lamellae) appeared normal (aee Subin- 



v i l l e  -- e t  al., 1967; Anderson, 19681 1970). ~ ~ i n d 3 . i  microtubules are  

well-preserved In  dividing eggs (Schroeder, 1972), as a re  those In 

the general cytoplasm of l a t e r  devblopmental stages ( ~ i b b l n s  &. . 
1969; TUney and Cibbins, 1969a; 1969bt Tilney and Goddard, 1970), 

Thus, fa i lu re  to  observe microtubules.in unfertilized eggs suggests 

the absence of these structures unless there .are  gross differences in 

the r a t e  and degree of penetration of f ixat ive Into unfertilized, and 

fe r t i l i zed  eggs. 

In summary, it appears that  microtubules a r e  not required fox 

sal tatory moveaents. of echinoehrome granules In  ..unf e r t i l i aed  eggs, 

f o r  t h e e  migration t o  the cortex a t . fe r t i l i za t ion , .  or . . for  t he i r  

movenent out o f . the  presumptive.micromere region, The apparent de- .'" 

pendence of aster-associated. saltations on t h e  preaence of microtub- 

-uTes @ebhun, .1973) suggests '.that. different  cytoplasmic elements are  ' 

involved I n  echlnochrome granule movements I n  different  regions 

and/or stages of development 

b. Microfilaments , . . . 

Cytoplasmic filaments ranglng fro. 40 - 802 in d h e t e r  have 

been obsemed in.a.nwnber of.cells.nh1ch display motile o r  contrac- 

t i l e  behavior. It has been suggested.that these microfilaments may 

be involved in cJrtoplasaclc streaming. i n  plant ce l ls .  (0'Brien. and 
/ 

Thimann, 1966; N a g a l  and Rebhun, ,1966). and in amoeboid. move~nent 

( ~ h i s e y  and Freed, 19?1), - membrane fufflfng (~oldm8n and Fol le t t ,  

1969) and intracellular  par t ic le  movements ( ~ u c k l e ~  and Porter, 1967) 

i n  cultured m d i a n  cel ls ,  A band of microfilaments has been 



found Just  under the plasma membrane i n  the  furrow region of many 

dividing ce l l s  and i a  thought t o  be involved in cytokhesls  (dae 

Schroeder, 1970; 1972). Several embryonic processes, including 

echinoderm gastrulation ( ~ i l n e y  and Gibbins , 1%9b), amphibian ncsur- 

alation ( ~ a k e r .  and. Schroeder,. 1967). and ascidian tell resorption 

(cloney, 1966; 1969) appear t o  involve bundles of microfllaments. 

. Several observations suggest tha t  these. ~ c r o f i l a m e n t s  con- 

sist of ac t iw l ika  ptotelns. Heavy aeromyosin (M) b u d s  t o  micro- 

filaments in.glycerinated preparations of . .a  variety,of m-muscle 

cel ls ,  forming arrowhead configurations s i m i l a r  to . those  formed in 

colabination.. with muscle aet in (~shikawa st al., ..1969; Perry -- e t  a le ,  .: 

1971). Actin-like .proteins have been. isolated fkorn Acanthoeba 

(pollard. e t  'dm ,. 1970), . from plasnodla. of. the scel lu lar  slime.. mold 

Phy- - (~a t ano  and. Oosawa, ' 1966) and Prom unfertllised. eggs . of the 

sea urchins Helaicentrotus and Pseudocentrotus (~iki -~oumura and 00- 

sawa, 1969). .The amino .acid composition Ad other properties of 

these isolated "actins? resemble.those of muscle act in,  Actlns from 

J Physarum (Bachmias et,d';.., ..1970) and Acanthmoeba. (pollard e t  ale, 
_. . - - 

1970) also bind KT.IM. -- i n  vitro, . Thus, . the resemblance of. microfila- 

merits t o  actln supports the.hypothesis that. these structures are in- 
. . 

volved in contract5.l~.processes and motility. . .  

1 Hypotheses of t h e  mechanism of action of CB.--Cytochalasin B . - - 1  

(CB ) , a metabolite of the mold ~elminth&sporf urn dematioideum, w a s  

shown by Caster (1967) t o  Inhibit movement and cytokinesis of cul- 

tured fibroblasts. Schroeder (1969) observed that  cytokinesis In 



Arbacia eggs was inhibited by CB and t h a t  the  band of micmfilamenter 

In the  Avmv region disappeared at  the  same t h e .  Subsequently, the  

. disappearance or disorgenization of 'micro filament bundles was ob- 

served in i varlety of systems i n  which cytokinesis, c e l l  movement o r  

morphogenetic , processes had .been inhibited by CB. The l a t t e r  includ- 

ed invertebrate gastrulation,. ascidian tail resorption, formation of 

tubular glands..ln chlck orlducts,  bmching of mo&a salivary. gland 

e p i t h e l i m  and &ton elongation (see review by wesselis e t  a.l., . 1971). 

On the  basis.  o f .  these observations, . Wessells.and h is .  colleagues sug- 

gested t h a t , t h e  ef fec t  of. CB on..these.processes was .  primarily due t o  
. . 

selective . destruction of 40 .- ,808 . aicrof  ilament?. . . . . ' .. . .' . 

.Since these mlcrofilaments..my contain act in-l ike proteins, 

several investigations have been.concerned.with.the.possible interac- 

- t ion  of CB with actin.. fro .  muscle. Spudich and Lin (19.72) found tha t  

t h e  viscosity..of actomyosin.preparations.f'rorn rabb i t . ske le ta l  muscle 

and the  act ivi ty.  of the  ..acb-HMM ATPase w e r e .  decreased. i n  . the presence 

of CB. These authors suggested that CB.competes with myosin f o r  

.binding to ac t in  filaments. . However., .the. CB concentrationa used I n  

these experiments.were at 1eas t . ten . t imes  those normally used t o  pro- 

duce Inhibition of. microfilament-relat&.processes. ' I n .  addition, CB 
. . 
did  not prevent.tht4 In vl t ro  transformation o f . i so la ted  G-act5n.b 

F-actin, nor did it Interfere with the  HMM. binding to., o r  .release - . 
/ ' 

from, isolated F-actin f i laments  ( ~ o r e r  e t  al. , 1972). . Thus, . i so la t -  

ed act in  filaments can re ta in  several s t ruc tura l  and functional.prop- 

erties I n  concentrations of CB which inh ib i t  moti l i ty  and morphogene- 



sis in non-muscle cells.  Actin within muscle ae l l s  also appears t o  

be res is tant  t o  CB. Hyoblasts cultured in CB were able t o  produce 

act in and myosin and contract spontaneously   anger e t  al,, 1971). 

Spontaneous contraction was also observed In (%-treated cultures of 

cardiac and smooth muscle. c e l l s  isolated fron chick eabryos (sang= 

and Holt%er,. 1972). However, CB reversibly &bit& beating in 

hearts of 13 - l bday  chick .embryos Hyofibrillar organization' was 

~ B O  disrupted in CB-treated hearts (Manaaek e t  al., 1972). The U- 

ference between the responses t o  CB .of cardiac muscle ce l l s  i n  cul- 

ture and in s i t u  might.reflect an effect  on functional interactions 

between ce l l s ,  rather than on properties of individual cells.  . A 

difference i n  permeability t o  CB might also explain t h i s  discrepancy. 

In  any event, Ql. does not always appear. t o  exert an effect  on the 

-.s.tFucture--..the structure o r  function of actln filaments in vi t ro  o r  -- 

. - In certain non-muscle cel ls ,  microfilaments were not disrupt- 
. . 

ed by CB-treatments which Inhibited movement or  morphogenetic proces- 

ses, Microfilaments were still present In  ce l l s  of the  alga, Nitella 

a f t e r  cytoplasmic streaming had been ffinhibited by CB (~ebhun, 1972). 

Leukocytes in which spontaneous motility w a s  inhibited by CB also 

showed no changes In. the arrangement of .  microf ilaments ( ~ e c k e r  et &. , 
1972) . The response of BHK fibroblasts to CB was. variable; i n  aome -, - 

c e l l s  microfilaments disappeared, in others, they m d n e d  i n  the 

normal pattern, and in  a th i rd  group, the microfilament bundles under 

the ce l l  membrane disappeared while other microfilaments were found 



with thicker filaments i n  "muscle-like" conf I gurations  oldma man, 

1972). Chang l i ve r  ce l l s ,  In which endocytosis had been Inhibited by 

Ql still contained mfcrofilaments, but t he i r  distribution within the 

c e l l s  had been a l t e r ed  ( ~ a g n e r  e t  al., 1971). Cessation of axon 

elongation and growth cone act iv i ty  in cultured neurons treated with 

CB was also accompanied by a redistribution, but not a disappearance 

of dcrofflaments (~amada e t  ale, 1970). The band of microfilaments . 

in the f\lrrott region of Xenopus eggs. remained a f t e r  CB-induced forrow 

regression (~luemink, 1971a: 1971b). However, the diameter of these 

ffla~aents w a s  80 - 1002 rather than 40 - 802, which might explsin 
.: . . . . . .. .<, . . ' .. . 

t he i r  insensftivity t o  CB. Thus, i n  the presence of CB, microfila- 
.. . .. . 

ments -myYxx&a3.n. .their . . , structural  integri ty and. organiaation, be re- 

distributed. w i t h i n .  the . ce l l ,  or.. be . c o m p l e t e l y . d ~ p t e d .  .... However, 

the  continued.presence.of microfilaments In  some CB-treated ce l l s  

cannot be regarded a s  proof that these structures a re  able t o  func- 

t ion in CB. . . . . . . . . 

0bservations.of.cleavage Inhibition by.CB In  a number of 

cel ls  led .to an alternative hypothesis that  the primary effect of 

CB is on membrane structures, Membrane .effects could.indlrectly 

cause changes in associated.microfilaments in some ce l l s  (~luemink, 

1971aj 1971b). . Only in HeLa ce l l s  and Arbacia eg@ h a s  complete 
I 

prevention of furrowing been observed (~chroeder, 19'70; 1972). Fur- . 
__ L 

rows were nearly.completed and then regressed In some other cultured 

d i a n  ce l l s  (Carter,, 1967; Krishan and Ray-Chaudhuri, 1969; 

Kfishan, 1971) and i n  Xmopus eggs (~luemink, 1971al 1971b; Hammer 



et  al 1971) t reated with CB. C a r t e r  (1967) suggested t h a t  the  ap- - 9 

parent increase in adhesion t o  t h e  'glass substrate might explaln the 

i n a b i l i t y  of mouse f ibroblasts  t o  complete the  *owing process Fn 

CB. I n  addition t o  the i n i t i a l  furrow formation, growth of new memo 

brane is requfred f o r  c e l l  division . in Xenopus eggs. . Since ftmroning 

began normally in CB-treated Xenopus eggs, . ~luemink (1971a; 1971b) 

 ha^ suggested t h a t  CB inhib i t s  membrane growth and/or junction forma- 

tlon between . blashneres ,  rather. than the  . ac.tiv&r of the equatorial 

band of microfilaments.. Hamraer ernd her ..colleagues (.I9711 have pro- 

posed a similar mechanism f o r  cleavage.inhibition by C B . h  Xenopus 

eggs. If the. equatorial band. of microfilaments does .provide the  fpl- 

petus f o r  furroulng (see Section 2), . the  above observations suggest 

t h a t  CB does not in ter fere  with the  functioning of these microfila- 

-mats  i n  several types of cells.  The initial furrowing In CB-treated 

c e l l s  might have resul ted from a difference in the  permeability of 

t h e  c e l l  membrane t o  CB, ra the r  than from a specif ic  e f fec t  of CB on 

membrane functions. . . . . . 

Inhibition of transport of speci f ic  substances .into c e l l s  

provides further support.for t h e  hypothesis that.CB a f fec t s  memhrane 

properties. In cultured nwnma&m c e l l s  . . treated .with.. Q3 ,.. uptake of 

glucose and glucosamlne ( ~ o h n ,  e t .  al. ,. 1972; Estensen and. P l a g e m ,  . 

1972; . Kletsien e t  ale, 1972; Z.igmond and Hirsch, 1972) and' uridine . - - * -  

and thymidine (~lagemann . and Estensen, 1972) .was. inhibited, while 

other  substances were transported at  the  normal rates.  .This inhibi- 

t i o n  of trahsport appears t o  display a degree of c e l l  speci f ic i ty ,  



since the uptake of RNA p r e c w o r s  in to  chick embryonic ce l l s  was 

normal fn the presence of CB,  a as low and Mayhew, 1972). 

Uhen ce l l s  f romdiffermt  embryonic t issues are  combined in 

culture, they sort out,.forming histotypic aggregates. T h i s  process 

was inhibited by CB i n  isma- combinat&ons..of c e l l s  .   asl lo,^ and Mayhew, 

1972; . Steinberg and Wiseman, 19728 . Sanger and . ~ o l t e e r ,  ,1972) , ., but- . 

continued normally .in others (Armstrong and Parenti, 1972). Failure 

of 0811s. t o  sort out .was. not merely a consequence of inhibition of 

movement. by CB , since. the i n i t i a l  aggregation. was nonnal. .Thus, CB 

apparently interferes with..the specificity. of 'recognition, a t t rac t ion 

and/or. adhesion between ce l l s  o f .  a particular tissue.. These proces- 

. . ses  appear t o  be functions of the c e l l  membrane o r  of extracellular 

surface coats.' .. . . . . . . . .  . 
. . 

. ~bagocytosis and pinocytosis : are also inhibiteti by CB in some 

cells. CB. inhibited. phagocytosis. of bacteria by leukocytes and macro- 

phages  ison on e t  ale, 1971 8 Davis :.& - a1 1971 3 H a l a w i s t a  et al., 

1971) and ~ i n o c ~ t o s i s  of sucrose by Chang l i ve r  ca l l s  (~a.gner, e t  al., 

1971). while uptake. of colloida3. gold or. f e r r i t i n  occurred n o n d l y  

. i n  macrophages (ldills a t  al. , .1972). : Cell membranes a r e  involved in 

these processes. However, a cor t ica l .  layer of.  microfilaments which 

can .bind MI has been observed In .normal.. mouse macrophages (Allison 

e t  al 1971). . It seems quite .possible tha t  the inhibition. of phago- -.- - -* * 

cytosis and pinocytosis by CB w a s  the resu l t  of disruption of these 
. . 

microf ilaments. 



In smnmary, Inhibition of movement, morphogenesis and other 

pmeessss by C B  involvea physiological effects  on components of the 

c e l l  surface, namely membranes and underlying mlcrofilaments, The 

variation i n  CB-sensitivity of similsur processes i n  different ce l l s  

may re f lec t .  intercel lular  differences i n  . the composition of membranes 

and microfllaments. Alternatively, the  degree of involvement of the 

CB-sensitive strueture(s) o r  event(s) in a given process may vaxy be- 

tireen different.  types of cells,. The primary s i t e .  and mechanism of 

action of CB remain uncertain.. In many cel ls ,  the structural  integ- 

r i ty . .  of arrays of. microfilaments w a s  disrupted. .by CB; however, spe- 

c i f i c  binding.of CB t o  possibly homologous act in filaraent8.h muscle 

has not been. demonstrated, . Since both membranes and. mlcrofilaments 

appear . to .be affected, CB may be interfering with.interaction6 within 

-a. complex -of -.dl surface structures' which are Involved in movement 

and morphogenesis. as, well as other processes', . .. 

.Effects of CB on m u l e  movements.--Treatment with CB in- 

h ib i t s  s a l h t o r y .  movements. and cytoplasmic streaming i n  .alga ce l l s  

( ~ e s s e l l s  st al., .1$71; Rebhun,. 1972; Williamson, 1972), movement of 

melanin granules within melanocytes of frog skin. ( ~ ~ G u l r e  and Moell- 

mann, 1972; McGuire . e t  ale, 1972) :and sal tatory movement; of echino- 

chrome granules in unfertilized Arbacia:eggs (van Mie, '1969; B W g e r  

and Rustad, 1972: Rebhun, 1972). . . I n  melanocyte processes, IPicrofila- 

ments df,sappeared when granule movement w a s  inhibited ( ~ c ~ u i r e  and 

Moellman, 1972: McGuire -- e t  al., 1972). 
, 



' 1'n t h e  experiments described herein, CB ' inh ib i ted  ce r t a in  

movements of echinochrome granules, allotted others  t o  continue nor- 

mally and even appeared t o  induce granule movement at  one stage. 

This v a r i a b i l i t y  i n  response t o  CB re inforces  t h e  hypothesis t h a t  

echinochrome m u l e  movements do not occur by a singSe.rnechanism, 

but r a t h e r  are governed by s t ruc tu re s  o r  processes in pas t i cu l a r  re- 

gions o f . t h e  egg during d i f fe ren t . s tages .  Thus,.conclusions regard- 

i n g  the  mcchanioms of tlse6e.iaovements must t a k e . i n t o  account the So- 

cat ion of t h e  moving gyanulea and the .  concurrent developmental events, 

as well as t h e  8ens i t i v i ty .o f  the.movements t0.m and colcemid. This 

information is surarnarieed i n  .Table 2. . . 

' 

Sal ta t ion  of echinochrome granules in.unfertllized Arbacia 

eggs is rbdom i n  d i rec t ion  (parpart, 1964) and  a p p ~  to rapresent 

-..independent.-granule motion r a the r  than a response t o  .cytoplasnic 

streaming. . Migration bf echinochrome granules t o  t h e  cortex a t  fer-  

t i l i z a t i o n . o c c u r s  by a similar process i n  which most, but not a l l ,  

s a l t a t o r y  movements are oriented toward the cortex. . Both of . these  

"independentH granulb raovements occurred . i n .  t h e  presence.. .of cblcaaid,  . . 

but  were inhibi ted by (23.' If a cytoplasmic s t r u c t u r a l  element is re- 

quired f o r  these movements, t he  preceding observations suggest t h a t  

slicrof ilaments r a the r  than. microtubulks may be . involved. 

Pigment granules associated with t h e  asters of the. mitotic . -. 

apparatus display s a l t a t o r y  novements along t h e  astral rays. However, 

these movements continue i n  CEl , but. no t .  in .colchicine (~ebhun,  1973), 

suggesting involvement of  astral nsicrotubules, butnatmicrofilaments,  



E c H I N o c H R ~ ~  GRANULE MOVEMEWTS 
. I N  COLCEMID AND CYTOCHALASIN B .  

Movement Location AsmcEated .. ~ e n s i t i v ' i t ~  .tot 
Processes (3B Colcemid 

Pref er t i l iza t ion Cytoplasm 
saltat ion 

Blocks No effect  

Migration t o  Cytoplasm Fertilization 
. .. Blocks No effect  

cortex t o  cortex , ,+- 

* .  * 
Aster-associated Cytoplasm Nitosis . No effect  Blocks 
sal tat ion 

Aggregation Codex Pre-cleavage Induces Does not 
into clusters induce 

Equatorial Cortex Cleavage . Enhances , Blocks 
pigment 
accumulation . .. . 

Clem area . . Cortex Blocks** No effect  
formation 

* 
From Rebhun, 1973. Colchlcine rather than colcemid was used l n . t h i s  
experiment. . ' 

** 
In colcdd- t reated,  undivided eggs. 



During cleavage i n  normal ~ r b a c i a  eggs, pigment grax~ulee - 
bedded i n  the  cor tex  tend t o  accumulate i n  the  W r o w  region and be- 

come l e s s  concentrated at the  polee. Thls has' been regarded a e  a , 

r e f l e c t i o n  of c o r t i c a l  &=es involved i n  furrowing r a the r  than a e  . . 

independent granule movement ( see  s ec t i on  2): I n  CB- t r ea ted  egg6 

which d id  not f o m  furmws, t h e  acctn+etion o f  pigment was 

'mch more d rana t ic  than nonncrl, r e s u l t i n g  i n  a n  equa to r i a l  band of 
. . 

c lo se ly  packed granules.  . Tn~e, c o r t i c a l  changee involved i n  mi-& i.:: 

t f o n  o f  pigment granulee t6 the  equoltor during c l e a v q e  a r e  not 

blocked by CB. . . 

Tine t r an s i en t  aggregation of c o r t i c a l  pigment granules i n t o  
'., , 

c l u s t e r $ ,  which was o f t en  induced when eggs were placed i n  CB k t  mete- 

phaee, waa..neve,r seen. i n  normal o r  colcemid-treated eggs. Thfe might 

refleet an o f fee t  of CB orr the  cor tex  o r  p U ~ m  membrane, but  could 

a l s o  be a r e s u l t  of enhanced a f f i n i t y  o r  adhesion between pigment 

granules.  

Movement of individual  g ranu les  comprising c l u s t e r s  and equa. 

to r ic r l  bands was a l s o  observed. This provide8 a. f u r t h e r  demanstra- 

t i o u  that C.3 does not prevent movement of ectinochrame granules wi thin  

t he  co r t ex  of fe r t i l i r aed  Arbacia eggs. These movements might have 

been similar t o  the  "slow shiftiqll  observed i n  the  cor tex  o f '  nonnel 

and colcemid-treated f e r t i l i z e d  eggs. Al te rna t ive ly ,  they might have 
*- 

r e f l e c t e d  cherries o r  moveniente, o f  t he  cor tex  o r  l i q u i f i c a t i o n  o f  i t s  

I1gel1' s t ruc tu re .  Since granules d id  not migrata t j r  Brownian movement 

from t h o  c o r t i c a l  layer i n t o  the  general  cytoplasm i n  these eggs, it  



seems unl ikely t h a t  t he  c o r t i c a l  ge l  was completely disrupted by CB 
< 

treatment, 

Movements of pigment granules leading t o  formation of a clear 

m a  in t h e  cortex of t h e  presumptive micromere region were no t  ln- 

hib i ted  by colcemid, When. CB w a s  added t o .  colcemid-treated eggs as 

clear areas.were beginning t o  form, t h e  movement of individual pig- 

ment granules within this region was inhibited,  The formation of a 

clear a r e a  may be t h e  r e s u l t  of-!!iridependentU granule movement with 

a preferen t ia l  o r ien ta t ion  o r  of. changes or.movements of t he . "co r t i -  

c a l  gel" (see Section 4 f o r  a discussion of these p o s s i b i l i t i e s ) ,  

The s e n s i t i v i t y  of pigment.granule movements within t h e  presumptive 

micromere region t o  CB sugges ts . tha t  they are more.simi1a.r t o  "inde- 

pendent" m u l e  movements, . such .se migration t o  . the cortex, than t o  

t h e  c o r t i c a l  changes Invoived.in cleavage which r e s u l t  in .movement of 

pigment.granules, Alternatively,  t h e  process of c l e a r  a rea  fornat ion 

might involve.both.1ndependent and c o r t i c a l  movements, I n  e i t h e r  

csse,  t h e  inhibi t ion.of  pigment granule movement within t h e  presump- 

t i v e  microlaere region by CB suggests t h a t  microfilaments may be in- 

volved. . . . .  

Thus, t h e  var ia t ion  i n  s e n s i t i v i t y  of d i f f e r en t  pigment gran- 

ule movements t o  CB appears t o  r e f l e c t  t h e  locat ion and general char- 

a c t e r i s t i c s  of t h e  movements, Movements which were inh ib i ted  by CB #.' 

seem t o  involve independent granule movement, with o r  without a pre- 

f e r e n t i a l  orientation.  Granule movements observed in CB e i t h e r  occur 

in the  cortex and appear t o  r e f l e c t  movements of changes 'of t h i s  
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layer  as a whole, o r  are spec i f ica l ly  associated with the  microtubules 

of t h e  mitotic apparatus. , 

The inhibi t ion of Independent granule movement by CB has been 

regarded as support f o r  the.hypothesis t h a t  microfilaments a r e  re- 

quired f o r  these movements, Although microfilaments have n o t  been 

found in electron micrographs.of..unfertilieed Arbacia eggs, they are 

known t o  occur. in. the  co r t i ca l  region .of.. f e r t ~ . s a s ~ . u r c h i n .  eggs 

during certain.  stages, . .In Arbaci a, microfilaments. .have. been observed 

in a. band ( 0 . 2 ~  .thick and .8;0u ..wide, . Schroeder, ,1972). . jus t  .under the  

plasma membrane in t h e  f u r r o w  region during cleavage. The microvi l l i  

of f e r t i l i z e d  Stronti~yloeentrotus eggs contain cores of microfilaments, 

nhich extend doun Into t h e  c o r t i c a l  l a y e r  ( ~ a r r i e ,  1968). . Very few .- 

microf ilaments ha& been observed i n .  t h e  microvi l l i  .of f e r t i l l e e d  Ar- - 
bacla eggs (~chroeder ,  1972). ... .Hewever, they are present .in t h e  ati- - 
c r o v i l l i  of ectodermal.. c e l l s  . of gastrulae,  peudopodlal processes of 

of primary. mesanchyme c e l l s  . (G ibbina . -- a t  sl. , 1 9 6 9 1  Tllney and Gibbins , 
1969a). . and f i lopodia.  of secondary. mesenchyme c e l l s ,  which are in- 

volved in gastrulktion ( ~ l l n e ~  and Glbbins, .1969b). . . . . 

The disappearance of t h e  band of microfilaments i n  the  fur- 

ron region i n  CB ( ~ c h r o d e r ,  1972) demonstrates t h a t  one of t h e  ef- 

f e c t s  of this drug on Arbacia eggs is t h e  disruption of microfila- 

.raents. Inhibi t ion of gastrulat ion by CB in Strongylocentrotus and -. 

Laytechinus embryos ( ~ e s s e l l s  e t .  U., 1971). is a l so  thought t o  in- 

volve ern e f fec t  on microfilaments. Thus, disruption of microfila- 

ments could explain the  present observation8 of inhib i t ion  of pigment 
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. . 
granule movement by CB. Hoxevec, both prefert i l izat ion sal tat ion and 

nigratlon of pigment granules t o  the cortexoccur at stages -in which 

mlcrofilaments have been rarely, if ever, observed, T h i s  might re- 

flect..incrdased l ab i l i t y  of,microfilammts at these.etages o r  they 

might be present. as a fine network, which would be more' difficult t o  

identify than.discrete bundles. of microfilaments,. . 

Alternatively, CB. might be causlng a general effect.  on the 

structural  and/or .functional properties of .the cortex and cell  sur- 

face. This hypothesis is .supported.by observations of changes in the 

appearance.of the.egg surface in..the presence.of CB. The hyaline 

layer, which includes the surface microvilli, . often ..was .hypertraphied 

and granular I n  appearance a f t e r  prolonged CB treatment.. The .surface 

of the egg below. t h i s  layer often became wrinkled or  bumpy. In.  CB (hy- 
. . 

rtllne.layer hyp.ertrophy.and surface wrinkling appeared t o  be separate 

phenomensr,.&ce.-each.was observed alone as well as b combination 

with the other). Although these changes might represent general 

phycsiological.effects.,..or specific effects  on the plasma membrane, , ... .l '  . . . 
they could also .be explained by .disruption of.microfilaments, possi- 

bly i n  the mic16vI11I. . .  The.elevation of normd-appearing fe r t i l i za -  

t ion  newb braes in.unfert l l ized egg? exposed t o  CB.involves changes'in 

both the cortex and plasma membrane. .However, the specific struc- 

tures on which CI .acts  t o  produce this.effect.remab.uncertaln. Ly- 

sis of the majority of pigment granules i n  the  cortex of fe r t i l i zed  

eggs was sometimes observed i n  the presence of CB and. could represent 

an effect  on the membranes surrounding pigment granules;- Since both 



parthenogenetic act ivat ion and pigment granule l y s i s  can be induced 

by a var iety  of experinental treatments (see Harvey, 1956). t h e i r  oc- 

' ,  currence. In CB ntay r e f l e c t  e i t h e r  a non-specific o r  spec i f i c  effect.  

I n  sone eggs, pigment @;ranules.were extruded out in to  t h e  h y a l h e  

layer  a f t e r  prolonged CB' treatment.. This seemed t o  p a r a l l e l  t he  ex- 

t rusion of nuclei..observed by C a s t e r  (1967) in cultured ce l l s .  ' The 

'mec&anism.for these e f f e c t s . i s  unknown. . . . 

. Thus, CB causes severa l .  e f f ec t s  on t h e  c e l l  surface, i n  ad- 

d i t i o n  t o  Inhibi t ing.  cer ta in  pigment. granule mov6ments. Although the  

c e l l  surface changes .might : Involve e f fec t s  on membranes or. other  

s t ruc tures  wi th in . th is . reg ion ,  many of these phenomena could a l so  be 

explained by d i r e c t  o r . i n d i r e c t  e f fec ts  on microfilaments. If pre- 

f e r t i l i e a t i o n  sa l t a t ion  of echinochroxua granules, . the i r . .  migration t o  

the-cortex:-and :movements during c l e a r  area.  foxmation do in f a c t  de- 

pend. on .cytoplasmic . s t ruc tu ra l  elements, lnhibi&ion. af .these move- 

ments by CB suggests t h a t  microfilaments are ,  Involved. 
. . +  . .  . . . . 

2. Pigment m u l e  movements in eggs exposed t o  CB 
before cytokinesls 

Many attempts t o  understand t h e  mechanism of cytoklnesis 'have 

been concerned with the  s i t e  of or ig in  of  the  "active force" causing 

t h e  formation of a furrow. I n  the  "expanding membranew hypothesis, 

Mitchison (1952) and ~wann(1952) proposed that the  polar  cortex ex- , . - 

pands, pushing t h e  furrow i n  passively. Alternatively, Marsland and 

Landau (1954) suggested the  "contract i le  ring" hypothesis involving 

ac t ive  contraction of a band of c o r t i c a l  ge l  at t h e  equator t o  form 



the  furrow, and thus induce passive stretching of the polar cortex, 

The. rastral relaxation" hypothesis of Wolpert (1960) embodies fea- 

tures of each of the preceding hypotheses, but reduces both p o l s  

expansion and equatorial contraction t o  passive processes, Wolpert 

proposed that  material origlnatlng In the as ters  preferentially re- 

laxes tension at the poles, thus allowing contraction a t  the equator, 

In a.#ide variety of ce l ls ,  including Arbacia eggs, a bundle 

of mlerofilaslen ta (the 'contractlie rlng") has been ldentif led be- 

neath the plasma rnern-0 of .the. fwrrow region and is thought t o  

correspond t o  the cort ical .  gel (see Schroeder, ,1970 1 ,1972). These 

rnicrofilsments disappear or  become.diso&iented when cytokinesis is 

inhibited; by. CB in. HeLa ce l l s  and Arbacia eggs (Schroeder, 1970; 
4 

1972). This has been regarded as  evidence that  furrovlng resul ts  

- - . fEam equatorial.cantraction, involving "contractile ringn rnicrofila- 

rments (Schroeder, 1970; 1972) ( for  al ternative in terpre ta t ims .of the 
. . '  

mechanism by which CB inhibi ts  cleavage I n  other ce i ls ,  see Section 

1b) , 

In  Arbacla .eggs,-Dan (1951; 1954) and Scott (1960) have dem- 

onstrated t h a t  pigment granules accumulate i n  the ' furrow region dur- 

ing cleavage and become l e s s  concentrated i n  the polas regions, ' 

. . 

These movements are thought t o  reflect the equatorial contraction and 

polar expansion of the cortex and a re  consistent with a l l  of the 

above hypotheses, 

In the present lnvest igation, . i t  was found that the accumulg- 

t ion of pigment granules I n  the equatorial region occurred in the 



presence of CB, .even though no furrow formed (see Figure 14). A s  

pigment granules migrated toward the  equator, blebs of the  hyaline 

layer  formed above the  concentrated band of  pigment (see Figure 15). 

T h e  accumulation of pigment granules appears t o  correspond t o  t h a t  

observed during normal cleavage; . t he  .hydine l ayer  blebs probably 

represent material t h a t  would have been d is t r ibuted  along the  s ides  

of the   WOW. . . . 

From observations of the  mosements of pigment granules during 

fumowtng, 3cot t  (1960) has inferred that.eortica.1 contraction I n  the  

f u r r o w  region consis ts  of two components; longitudlpal. contraction , 

/ 

(perpendicular t o  the  plane .of  the  furrow) and l a t i t u d i n a l  contrac- 

t i o n  (para l le l  t o  t h e  furrow circumference). A plausible  6xplanation 

f o r  the  accumulation .of .pigment .granules at. the  e q u h r  in CB is that 

-1at4tud-fnal.contraction was Inhibited by.CB-treatment, ..while.longi- 

tudlnal contraction continued. Longitudinal contraction would then 

be independent of l a t i t u d i n a l  contraction, which might involve "con- 

t r a c t i l e  ringN.microfilaments. If .pigmeat accumulation and hyallne 

layer  blebblng a l so  r e f l e c t  p.olar.. expansion, this. expansion nei ther  

induced (as predicted by. the "expanding membrane'' hypothesis) nor re- 

su l ted  from .(as in . the  "contract i le  ring" hypothesis) formation of a 

furrow i n  these CB-treated,. non-dividing'eggs. Polar. expansion 

coupled with longitudinal equatorial  .contractim.may.be events whlch 

are independent of, . and equally as. "active" as furrowing, . 

Thus, cer ta in  phenomena associated with normal.cleavage, in- 

cluding accumulation of pigment and hyaline l aye r  material at the 



equator can occur in  the absence of furrowing, Nornal changes i n  

cort ical .  blrefringenbe and r ig id i ty  have a lso  been observed in ce l l s  

which did not divide (~onroy  and PiontiLenti, 194.7; Swam and Mitchi- 

son, 1953), However, i n  such eggs cleavage did not occur because the 

mitotic spindle had been disrupted by colchlclne treatment, In  this 

connection,.it may be important t o  note that  no concentrated bands of 
I 

pigment o r  hyaline layer blebs were .ever seen i n  colcelafd-treated, 

non-dividing eggs during the.course of the present.experhents, Thus, 

these phenomena .@y: .represent. ac t iv i t i es  .occur2lng during cleavage 

which depend ... on. the. presence of.  a- spindle. o r  ... asters. .. . . . . . . . .  . . 

In  .eggs. o f .  t h e  clam, Sdsula, t rea ted  with CB ,. cort ical  

events associated with -.the cleavages forming. polax.bodies. also occur 

In the absence. of fb-rowing. (longo; ,1972) ,. In untreated eggs., the 

spindle migrates. to. 'the cortex,. cor t ica l .  granules a re  moved,. out of 

this . region, . a-.cytoplasmic protrusion .forms and is separated fro81 the 

egg by cleavage. .. When eggs were treated with CB, all of the.above e- 

.vents occurred normally with. the .exception of cleavage, . The cyto- 

plasmic protrusion was resorbbed. and appeared. again a t  the.. time. of 

formation. of. the second polar body .In. CB-treated eggs, . The movement 

of cort ical  granules and appearance. of. cytoplasmic. protrusions may' be 

related.  to.  the .presence. and movement. of ... the. .spindle, ... .The. preceding 

o b s k a t i o n s ,  as well .as those of the present.study .demonetrate tha t  . - . <  

cleavage may involve. a r o u p  of independent events, some of which can 

be separated by CB-treatment, 



3. Differentiation of the presumptive micromere cortex 
In  the  absence of mitosis and cleavage 

. . . . During t h e  '+-cell s&e of normal Arbacia ernbryds, pigslent 
/ 

granules begin t o  migrate out of the region which w i l l  become the  mi- 

cmmeres of the  1 6 - c d l  stage, leaving a. clear  area on each blasto.- 

mere  organ, 1893). The present .study. has deraonstrated t h a t  t h i s  . . 

pigment.migration takes place at  the.normal time in eggs. in which m i -  

t o s i s  and cleavage were prevented by a v ~ i e t y  of experimental tre&- 

merits, Clear axeas .were formed .in .eggs . treated. with. colcemid o r  vin- 

blest ine,  both:  of which. U b i t  l i t o s i s  by. in ter fer ing  with nicrotu- 
. . 

bule functio n... . .C&cem.ld .can.. e i ther  prevent .pronuclear mlgration and 

subsequent fltsion. (~immerrasn and Ziwmewan, .. 1967) o r  ..block mitosis at 

laetaphase ( ~ a .  and W i a ,  1961), depending on . the  tlme of. applica- 

tion. Vlnblastine blocks the  sane stages. In.eggs treated with 

these agents soon a f t e r  f e r t i l i za t ion ,  a mitotic.apparatus was never 

formed and thus could not have.influenced the migration of pigment 

out  of the presumptive -micromere .d. .. . Clear areas also formed in 

undivided .eggs which .had.been exposed. t o  purontycln,. which. blocks m i -  

t o s i s  i n  the early .prophase "streakm. s tage ( ~ u l t i n ,  1961). Protein 

synthesis is b o r n  t o  be substant ial ly reduced in puronycln-treated 

eggs ( ~ u l t i n ,  1961; Black gt a&, 1967). . but the  mi b t i c  inhibi t ion ' , 

may not be a r e s u l t  of a deficiency in  essent ial  proteins (~ebhun 
-. 

et al' 1969; RIsbhua and Monroy, 1970) . .. The formation of c l ea r  areas' - * @ 

was a l so  observed in +irradiated, undivided eggs. Gamma-Irradiation 



of unfertilized eggs  e ens haw and Francis, 1936) o r  newly-fertilized 

eggs (~enshau and Cohen, 1940) causes a dose-dependent delay In m i -  

tosis. T h i s  delay is primarily expressed durlng prophase s-es 
I 

 ensha haw, i940). A s  yet, the specific mechanism of the antimitotlc 

action of Y-irradiation is unknown (see review by Rustad, 1971). 

Clear are- were also observed in non-dividing eggs which had been 

parthenogeneticslly.activated by CB.treatment.and subsequently 

uaahed. . . .Ih eggs which. had been Incubated between 4'. aad ~ O C ,  c lear  

areas .formed in. the absence. of mltosis o r .  cleavage, but st a . m h  

slower ra te .  Thus, the  migration. of. pigment m u l e s  out. o f .  the pre-.  

s w t l v e  micromere reglon occurred. In .both .activated eggs a d  fer- 

t i l ized.eggs . in  which mitosis and cleavage,were blocked at .different 
. . 

atages (before pronuclear fusion, . during prophase - o r .  at. rnataphase) . 
The. migration. of .pigment granules out. o f .  the. presumptive m i -  

cromere.region. is the ear l ies t . .v is ib le  sign of the.differentiat ion of 

micromeres.. Prevlaus observations of micromere. fo-tion at .the nor- 

mal time I n  eggs I n  which mitosis was delayed.suggested that  the time 

of formation of micromeres is'.controlled.bp..a.cytoplasmic "clockn, 

which f s independent of. the. number of .. mitoses which .have. occurred 

(Driesch, 1906~ Painter, 1915;. Harvey, 1956; . Rustad, ,1960; Ikeda, 

1965). Ikeda (1965) proposed that t h i s  "clockw might. Involve rhyth- . , 

mic fluctuations i n . t h e  sulfhydryl content 0 f . a  KC1-soluble protein .-. '  

isolated f h m  sea urchin eggs, which occur. during each division 

cycle. S a m .  (1968) suggested. tha t  these fluctuations might be the 

resu l t  of exchange of sulfhydryl groups between KC1-soluble protein 



in the  cortex and a water soluble protein i n  the cytoplasm, thereby 

increasing the  con t rac t i l i t y  of the  cortex at t h e  tine of cleavage. 

If nitosis was temporarily inhib i ted  by exposure t o  W-radiation, di- 

nitrophenol o r  nitroquinoline oxide during one o r  more d iv i s ion .  

cycles, t h e  sulfhydxyl . cycle continued. In these eggs, micromeres 

were formed at  t h e  fourth.peak of the  sulfhydryl cycle, regardless .of  

t h e  number of c e l l s  which were produced at t h a t  time  an and Ikeda, 
1971). When the  sulRUldry1 cycle ( a d  c l e a v a g ~ )  . w a s  temporarily in- 

h i b i t d .  .by 0.H ether' h sea water, nuclear divis ion continued nor- , '  

mally. .However, when cleava,ge.uas allowed t o  resume in these eggs, 

.no raicrolaeres were fonned at the  divis ion which produced 16 c e l l s  

 a an and :Ikeda, 1971). T h i s  further supports the  hypothesis t h a t  t he  

sulf 'hydry~ cycle m y  be the  cytoplasmic 'clock" re'sponsibls f o r  nd- 

cronere forne~t3.0~1. 

.- - It. has not been determined whether t h e  sulfhydryl. oc- 

curs preferent ia l ly- In .  .the cortex o r  t h e  general cytoplasm o r  repre- 

sen t s  an-.interaction .betetuecn t h e  two ( the  KC1-~oluble protein can be 

i so la ted  mrn both t h e .  cortex and the  cytopla,sm). .Cyclic changes in 

birefringence and r i g i d i t y  associatgd. with cleavage a r e  known t o  oc- 

cur In the  cortex and continue I n  .non-dividing . eggs . t reated .with col- 

chicine ( ~ o n r o y  and Montalenti, 1947; Swam and Mitchison, ,1953). 

However, t he  relat ionship of these co r t i ca l  events to micromere for- . -  

nation has not been Investigated. The present study demonstrates ' 

t h a t  a c o r t i c a l  w e n t  which is spec i f ica l ly  involved in. t he  differen- 

t i a t i o n  of micromeres occurs i n  the  complete absence of mitosis and 



cleavage, 

Several other  examples of "different iat ion without cleavage" 

have been reportedo L i l l i e  (1902) observed t h a t  Chaetopterus eggs 
I 

placed in sea  water-con4iabing K C 1  developed functional c i l i a  and un- 

derwent other: cytoplasmic changes resu l t ing  in a s t ruc ture  resembling 

t h e  normal trochophore larva. These events were observed ln .eggs  

which d id  not cleaver in someeggs mitosis occurred, but i n  others  a 

single nuclear lu;iss wm present. throughout. W e y  (1956). has re- 

ported . the .f&tion. of cytoplasmic protrusions resembling. c i l i a  i n  

"blastulaew from anucleate. Arbacia half-eggs. uhlch had been partheno- 

genet ical ly  activated, Although these "parthenogenetic merogones" 

contained no. nuclei , .cleavage did.occur  during t h e i r  development, I n  

eggs of Rana.pipiens, which.were.induced t o  mature I n  v i t r o  by pro- -- 
gesterone treatment, . a s e r i e s  of morphogenetic movements. resembling 

normal gastrulat ion occurred a f t e r  the  completion of maturation 

(smith and Ecker, 1970). No cleavage was observed i n  these..eggs and 

t h e  i n i t i a l  events of ."pseudogastrulationn could ... occur. .in .eggs from 

which the  germinal vesicle  (nucleus) had.. been removed. p r io r  t o  pro- 

ges teromkeatment , :  Thus, i n . a  number of eggs, .including those of 

Arbacia,.certain..&ents.involved in di f fe rent ia t ion  appear t o  be con- 

t r o l l e d  by cytoplasmic procesaes.uhich a r e  independent of both the  

m1totl.c cycle and cleavage, ... 



4, Characterization of pigment mxnule movements 
during clear area formation 

Analysis of the movement of pigment graxiules out of the  pre- 

sumptive miemmere region of colcemid-treated eggs has been made i n  

order to answer the  following questions: (1) Are p&nent .granule , 

movements within the  presunrptive micromere region preferent ial ly ori- 
. . 

.ented toward its perimeter o r  are they random I n  .direct'ion u P l t i l  

granules become . t rapped.at .  the periphery? (2) Do the r a t e s  of gran- 

ule movement u i t h b  the presumptive microlaere region differ k o m  

those in other regions of the  cortex .of eggs at the  m e  stage or in 

the  cortex of f e r t i l i z e d  eggs pr ior  to division? 

This analysis has revealed t h a t  the  majoklty of plgment pan- 

ules. withln the  presumptive zulcromare region mve predominantly 

toward I t s  perimeter during formation of a elear ttroa. Movements of 
. ... 

individual granules i n  another region of the  cortex of eggs a t  the 

same stage and In t h e  cortex of f e r t i l i z e d  eggs p r io r  t o  division 

show no dominant orientation. The r a t e s  of movement of these pigment 

granules are not substant ial ly d i f ferent  f r o m  those of granules w i t h -  

in cle;u: areas, In addition, treatment of eggs with hypo- o r  hyper- 

tonic sea water revealed no' preferent ial  weakness of the  c e l l  sur fme 

which might correspond to  l iqui f ica t ion  of the "cort ical  gelw, allow- 

ing Increased freedom of granule movement in the  presumptive micro- 
.-. ' 

mere region. These obs&vations demonstrate t h a t  fornation of a 

clear area  resu l t s  fYwla preferent ial  orientatfon of pigment granule 

movements toward the perimeter of the  region and does not require 

i n c ~ s d  rates of granule movement. 



Oriented movement of pigment granules might r e f l ec t  movement 

o f  the  cor t i ca l  gel  as a sheet f m m  the  center t o  the  piriphem of 

the  region, carrying pigment panu les  with it. Alternatively, pig- 

ment g randes  mlght mve Independently within the  cor t ica l  layer  in 

response to  some other  orienting process. Any complete explanation 

of the orientation of pigment granule movements w i t h i n  the  presumptive 

micromere reglon must take in to  account a l l  of the  observations l i s t e d  

in Table 3. . . .  

Movement of  a. ?mall number of granules. toward. the  center of 
- .  

the  presumptive micromere region; .errat ic  r a the r  than s t r s i g h t  gran- 

ule  paths, and independent movement of . ini t iaJ . ly adjacent granules 

would not occur if moving sheets .of  co r t i ca l  ge l  were carrying pig- 
, . 

.e 
m a t  grariules toward the  perimeter of the  region, High concentra- 

t ions  of pigment granules would also be unl ike ly . to  remain in the  

center  of some. c lear  G e a s  (see Figures 8, 11.and 12) as. a r e s u l t  of 

such a process, unless- sheet movement began at some distance from the 

center-of the  region, Thus, the observations reported here suggest 

movement of individual granules ra ther  than of t h e  cor t ica l  layer  as 

a whole. 

Several types of processes, could r e s u l t  in the  observed gran- 

ule movements. According t o  Morgan and Spoaner's ( 1 9 9 )  account of 

c l ea r  area formation, "the red granules . . . move off t o  the s ides  .-.- 

as though material From below was being carried t o  the surface," . 

Thus, one possible explanation slight be preferent ial  assembly of new 

cortex i n  the presumptive micromere region, forcing most pigment 



TABLE 3 

.' .OBSERVATIONS OF PIGMEXI' GRAMULE MOVEMENT 
, . . '. .DURING CLEAR AREA FOFMATION 

1. Pigment granule raoveraents are preferentidly o r i e ~ t e d  toward the 
perimeter o f  the .presumptive micromere reglon. 

. \ .  , 
. . . . .  . .  . . 

2. A slnall number if granules move 'with t h i  opposlte o=lentatlon. 
. . .. 

3. High c~ncer&ra.tiona of pigmeni granules raplaln in the c m t e r  of 
some clear areas (see Figures 8, 11. and 12). . 

4; Granules In i t ia l ly  adJacent t o  each. other. move independently. 
. . . . 

5. Movlng granules ' follow tortuous, rather than straight, paths. 



granules'ta move t o  the perimeter, Locallzed insertion of cor t ica l  

mat& betueen pigment could expialn the Independent move- 

ment of adjacent granules, the i r  e r ra t i c  courses and the fa i lu re  of 

all granules t o  leave the region. . ; 

. . . . 
McClendon (1910) suggested t ha t  the migration of. pigment 

granules t o  the  r h  of .the presumptive micromere region,was analogous 

to similar w u l e  movements in the cortex of other eggs.during polar 
. . 

body formation (see also Longo,. 1972), and. t o  the accumulation of 

pigment g m u l e s  in .the .furrow of. c leavhg -cia eggs.. Tho resem- 

blance between the concentrated ring of pipent .granules at the peri- 

meter of many clear  aseas i n  undivided eggs (see Figurers 8 and 29) 

and the band of .pigment m u l e s  at  the equator of eggs in which 

, cleavage was ' inhibited by CB (see Figure 14) concurs with t h i s  anal- 

0 a . r  T h e - p i m a t  granule'movements involved in .f2uTowlng appear t o  

be a resul t  of equatorial contraction of the cortex accompanied by 

expansion o r  stretching at the poles (see Section 2). Locall,oed ex- 

pansion of the  c e l l  surface could account for a l l  movements of pig- 
. . 

ment granules observed during.clear area formation. In fac t ,  expan- 

sion of the egg surface to forn pigment-free evaginations w a s  ob- 

served a f te r  prolowed incubation-of fe r t i l i zed  eggs at low tempera- 

tures, When these evaginations were reabsorbed ( a t  room temperature), 

the  region remained free of pigment. Unpigmented evaglnations also - -  
formed when eggs were treated with hypotonic sea water o r  when part 

of the egg surface was extruded through a broken fe r t i l i ea t ion  m a -  

brane. Thus, a pigment-free region can appear as the resu l t  of an 

/ 



expansion process,.but does not necessarily do so  i n  the  preamptive 

micromere region of normal o r  am-dividing e g g s .  

' 

Individual. pigment granules.mlght a lso  travel--through orient- 
. . 

ed channels in the  cor t ica l  cytopla6m. However, this would not seem 
. 

t o  explain .the tortuous n a h  of granule paths, including movement 

towatd the  center of the  region.for  short distances. Failure t o  ob- 

serve two granules folloufng the same path is a l so  inconsistent with 
. .  . . . 

t h i ~  W t h e s f s e  ' , .  

Finally,  pigment granule movements might also be associated 
. ! . . . . 

with cytoplasmic s t ruc tura l  elements ' such as microf ilaments o r  micro- 

tubules. The inhibi t ion.  of pigment granule movement within t h e  c lea r  
. . , . . . 

area by CB, but n o t  by colcenid suggests t h a t  zni6rofilaments rather 

than microtubules 'could be involved in these movements (see section 
.. . . . . . . .  . . .., _. . . . . .  

1n summary, . . t h e ,  c h a r a d t e r ~ s t i c s  of - .  pigneqt ,granule mov?rnent 

during claar  area formation &'"fncons~stent with movement of a s h e e t  ' 
. .  . ' .  . ' 

of cor t ica l  ge l  and strongly suggest 'independent movement of each 
. .. 

p m e n t  granule within the  cortex.: 'This  ~lovernent might occur as a 
. . 

r e s u l t  of localized insert ion of n 6 i  cortex, expansion of the c e l l  
. -  . . . . . 

surface, o r  movement of granules throwh cytoplasxnic channels o r  'in 
3 .  

&sociation with oriented mi crof ilaments, 
. . 

.' 

5 Canclusion 

Movements of echinochrome granules in Arbacia embryos r e f l e c t  



cytoplasmic and cor t ica l  events involved in fe r t i l i za t ion ,  mitosis, 

cleavage and ' the different iat ion of mlcromeres. Chacscteristies of 

granule movement (rates ,  orientation'  and sens i t iv i ty  t o  inhibi tors)  

with the  location of the granules and the stage o f  development 
.::-. 

of the  embryo, .&uggesting t h a t  more than one process can r e s u l t  in 
. . , . .  . . 

granule movement. Observations made'in the  course of t h i s  study are 
. . .  ; 

consistent with the  hypothesf s that prefer t i l l5a t ion  sa l ta t ion ,  mi- 
... . .  . . . .  ..... . . " , . . . . . . .  

h l o n  t o  t h e  c k e x  and movement of plgnent granules out  of the '' 
. . . : .  . . . . . .  

presumptive mfcrornere.~egion . . invalve microfilaments, but not micro- 
. . ,  . . .  .I. . 

. . 
... tubules, . . - 

The acctllpulation of pigment granules at the equator of 

c1eavlng:eggs appears . to  be the  r e s u l t  of cor t ica l  processes in- 
* .  . . " . , 

volved hio furroulng. Appearance of a concentrated band of pigment 
. .  8 

granules .at the  equator. of CB-treated eggs. which never formed fur- 

rows demonstrates..that. co r t i ca l  events leading t o  pigment accumula- 
. . 

t ion  are  ,Sndependent.. of. .furrowing. , ' , 

.' Migration of 'pigment granules out  of the  presumptive micro- 
. - 

mere region to form a clear area is the eaxl ies t  v i s ib le  sign of 
. . . , . <  .. 'ki. 

micromere differentiation. Occurrence 'of t h i s  d g r a t i o n  'in non-dli- 
.,.. . . 

vlding eggs which had been blocked before pronuclear fusion, during 

prophase o r  at metaphase demonstrates the independence of this cor- 

t i c a l  differentiat-  froin mitosis and cleavage. -. 

Formation of a c lea r  area in the presumptive micromere region 

involves oriented movement of Individual pigment granules at r a t e s  



no greater than those occurring i n  other regions of the cortex a t  

the same stage or in the cortex of fertilized eggs prior to division, 
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