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ABSTRACT

Exocyt osi s of cor t i cal gr anul es was obser ved i n sea ur chi n eggs, ei t her qui ck-

f r ozen or chemi cal l y f i xed af t er exposur e t o sper m. Fer t i l i zat i on pr oduced a wave

of exocyt osi s t hat began wi t hi n 20 s and swept acr oss t he egg sur f ace i n t he

f ol l owi ng 30 s. The f r ont of t hi s wave was mar ked by f usi on of si ngl e gr anul es at

wel l - separ at ed si t es . Towar d t he r ear of t he wave, gr anul e f usi on became so

abundant t hat t he egg sur f ace was l ef t wi t h conf l uent pat ches of gr anul e mem-

br ane . The r esul t i ng r edundancy of t he egg sur f ace was accommodat ed by

el abor at i on of char act er i st i c br anchi ng mi cr ovi l l i , and by an i nt ense bur st of

coat ed vesi cl e f or mat i on at - 2 mi n af t er i nsemi nat i on.

Fr eeze- f r act ur e r epl i cas of eggs f i xed wi t h gl ut ar al dehyde and soaked i n gl ycer ol

bef or e f r eezi ng di spl ayed f or ms of gr anul e membr ane i nt er act i on wi t h t he pl asma

membr ane whi ch l ooked l i ke what ot her i nvest i gat or s have consi der ed t o be

i nt er medi at es i n exocyt osi s . These wer e smal l di sks of membr ane cont act or

membr ane f usi on, whi ch of t en occur r ed i n mul t i pl e si t es on one gr anul e and al so

bet ween adj acent gr anul es . However , such membr ane i nt er act i ons wer e never

f ound i n eggs t hat wer e qui ck- f r ozen wi t hout f i xat i on, or i n eggs f i xed and f r ozen

wi t hout exposur e t o gl ycer ol . Gl ycer i nat i on of f i xed mat er i al appear ed t o be t he

i mpor t ant var i abl e; mor e concent r at ed gl ycer ol pr oduced a gr eat er abundance of

such " i nt er medi at es . " Thus, t hese st r uct ur es may be ar t i f act s pr oduced by dehy-

dr at i ng chemi cal l y f i xed membr anes, and may not be di r ect l y r el evant t o t he

mechani sm by whi ch membr anes nat ur al l y f use.
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Sea ur chi n eggs cont ai n a si ngl e l ayer of cor t i cal

gr anul es j ust under t he pl asma membr ane, whi ch

under go exocyt osi s dur i ng f er t i l i zat i on ( 1, 3, 7, 8,

22, 30, 38) . Thi s so- cal l ed " cor t i cal r eact i on" oc-

cur s i n a wave t hat or i gi nat es at t he poi nt of sper m
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at t achment and t r avel s t he ent i r e sur f ace of t he

egg wi t hi n 30 s ( 7, 22, 30, 38) . I n t he exocyt ot i c

r eact i on, t he membr anes of t he cor t i cal gr anul es

f use wi t h t he pl asma membr ane and r el ease en-

zymes, whi ch i n t ur n cause t he vi t el l i ne l ayer t o

r i se away f r om i t s nor mal posi t i on cl ose t o t he egg

pl asma membr ane and become a t ough f er t i l i za-

t i on envel ope ( 1, 3, 8, 22, 38) . Cor t i cal gr anul e

exocyt osi s i s t r i gger ed by an i ncr ease i n t he cyt o-
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pl asmi c f r ee cal ci umconcent r at i on ( 21, 35) , whi ch

r esul t s f r om a r el ease of i nt r acel l ul ar l y st or ed cal -

ci um ( 2l , 36) . I n ot her eggs, t hi s r i se i n t he i nt r a-

cel l ul ar cal ci um l evel has been vi sual i zed wi t h a

cal ci um- sensi t i ve phot opr ot ei n ( 10) and seen t o

sweep acr oss t he egg j ust i n f r ont of t he wave of

exocyt osi s .

Thi s wavel i ke spr ead of exocyt osi s of f er s an

oppor t uni t y t o det er mi ne t he sequence of event s

t hat occur s dur i ng exocyt osi s, si mpl y by obser vi ng

i n t he el ect r on mi cr oscope t he spat i al di st r i but i on

of t he di f f er ent st ages of exocyt osi s acr oss t he egg

sur f ace . Ear l y st ages of exocyt osi s wi l l pr edomi -

nat e at t he f r ont of t he wave, whi l e i nt er medi at e

and l at er st ages wi l l be mor e abundant at t he

mi ddl e and r ear of t he wave .

Ear l y st ages mi ght be expect ed t o i ncl ude, f i r st ,

a cl ose apposi t i on of t he gr anul e and pl asma mem-

br anes, such as was f i r st obser ved i n t hi n sect i ons

of capi l l ar y endot hel i al cel l s ( 26) , cel l s speci al i zed

f or vesi cl e shut t l i ng . Such cl ose apposi t i on of t he

t wo i nvol ved membr anes has si nce been f ound i n

a wi de var i et y of ot her cel l s t hat car r y out exocy-

t osi s ( 6, 18, 19, 20, 23, 25, 26, 37) . Membr ane

cont act s have al so been r ecogni zed i n f r eeze- f r ac-

t ur e r epl i cas of secr et or y cel l s, wher e t hey com-

monl y appear as i nt r amembr ane par t i cl e ( I MP) -

f r ee domes i n t he pl asma membr ane over l yi ng

secr et or y gr anul es ( 6, 20, 24) . The absence of I MPs

on t hese domes has been hel d as evi dence of

depl et i on of membr ane pr ot ei ns f r om t he zone of

i mpendi ng membr ane f usi on .

Ot her i nt er medi at e st ages of exocyt osi s mi ght

al so be expect ed, t hough t hey have been l ess wel l

subst ant i at ed . Pal ade and Br uns' ( 26) ear l y st udy

of t he capi l l ar y al so pr ovi ded mi cr ogr aphs i n

whi ch i t appear ed t hat par t s of t he apposed vesi cl e

and pl asma membr anes at t he si t e of t he f usi on

had been el i mi nat ed, because onl y t wo dar k l i nes

r emai ned, whi ch pr esumabl y i mpl i ed one si ngl e

bi l ayer membr ane . Such a " bi l ayer di aphr agm"

has al so been seen qui t e di st i nct l y i n one f r eeze-

f r act ur e st udy of exocyt osi s i n zoospor es, wher e i t

coul d be di st i ngui shed f r om si mpl e cont act of t wo

adj acent membr anes ( 29) .

Fr eeze- f r act ur e has al so r eveal ed t hat i n many

pr ot ozoa a di st i nct membr ane speci al i zat i on her -

al ds t he exact l ocat i on wher e exocyt osi s wi l l occur .

Thi s speci al i zat i on, t er med by t he or i gi nal obser v-

er s a " r oset t e, " consi st s of sever al unusual l y l ar ge

I MPS t hat ar e ar r anged i n a r i ng ar ound t he spot

i n t he pl asma membr ane wher e exocyt osi s i s al -

ways f ound ( 33) . Cur r ent evi dence suggest s t hese
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I MPS may be cal ci um channel s i n t he pl asma

membr ane ( 32) . Asi mi l ar associ at i on of synapt i c

vesi cl e exocyt ot i c si t es and l ar ge I MP' s has been

obser ved at t he f r og neur omuscul ar j unct i on and

at ot her neur onal synapses ( 15) . So f ar , however ,

no ot her secr et or y cel l s have been f ound t o have

mor phol ogi cal l y i dent i f i abl e si t es f or exocyt osi s .

I n t hi s r epor t , qui ck f r eezi ng of sea ur chi n eggs

dur i ng exocyt osi s r eveal s t hat membr ane f usi on

does not occur at physi cal l y di f f er ent i at ed si t es on

t he pl asma membr ane and does not appear t o

pr oceed t hr ough any of t he i nt er medi at es de-

scr i bed above . Fur t her mor e, compar i son of eggs

qui ck- f r ozen ver sus t hose f r ozen by convent i onal

means shows t hat t he t r adi t i onal soak i n ant i -

f r eezes may pr oduce ar t i f act s whi ch can be con-

f used wi t h i nt er medi at es of exocyt osi s .

MATERI ALS AND METHODS

Paci f i c sea ur chi ns St r ongyl ocent r ot us pur pur at us wer e

obt ai ned ei t her commer ci al l y ( Paci f i c Bi omar i ne Suppl y

Co . , Veni ce, Cal i f . ) or cour t esy of Dr . Dani el Mazi a and

kept at 11° C i n ar t i f i ci al seawat er ( " I nst ant Ocean, "

Aquar i um Syst ems I nc . , East l ake, Ohi o) . They wer e

i nduced t o shed eggs or sper m by i nj ect i ng 0 . 5 MKCl

i nt o t hei r coel em. Shed eggs wer e cl eaned of j el l y by

passi ng t hem t hr ough a 150- f m mesh nyl on cl ot h and

st i r r ed gent l y i n f r esh seawat er at 10° C unt i l r eady f or

use . Sper mwas col l ect ed " dr y" and kept at 5° C. 10 mi n

bef or e f er t i l i zat i on, sper m was di l ut ed 1 : 100 wi t h sea-

wat er , and t hen t he eggs and sper m wer e br ought t o

r oom t emper at ur e f or al l t he exper i ment s .

Fer t i l i zat i on was car r i ed out by mi xi ng 1 ml of a 1%

sper m suspensi on wi t h 6 ml of an egg suspensi on whi ch

woul d pack down t o - 0. 1- 0. 2 ml of eggs on cent r i f uga-

t i on . Then, at t he appr opr i at e t i mes, t he f er t i l i zed eggs

wer e f i xed by addi ng an equal vol ume of 3 . 7% gl ut ar al -

dehyde i n di l ut ed seawat er ( 80% of nor mal t oni ci t y) .

Al dehyde f i xat i on pr oceeded f or 1 h at r oom t emper a-

t ur e, af t er whi ch t he eggs wer e washed i n seawat er and

pr ocessed f ur t her .

Eggs f or f r eeze- f r act ur e wer e next suspended i n 30%

gl ycer ol - 701/1 c seawat er f or 1 . 5 h, and packed by cent r i f -

ugat i on at 100 g f or l mi n . A dr op of t he packed cel l s

was sandwi ched bet ween t wo gol d " hat s" whi ch wer e

coat ed wi t h a concent r at ed sol ut i on of pol yvi nyl al cohol

so t hat t hey woul d st i ck t oget her af t er f r eezi ng ( compar e

wi t h Paul i et al . [ 271) . Fr eezi ng was accompl i shed by

pl ungi ng t hese sandwi ches i nt o mel t i ng Fr eon 22 at

- 150° C. Unet ched sampl es wer e f r act ur ed at - 130° C i n

a Bal zer s 301 uni t ( Bal zer s Cor p . , Nashua, N. H. ) , and

r epl i cat i on was done wi t h pl at i num car bon f r om an

el ect r on beamgun mount ed at 45° C. Al t er nat i vel y, sam-

pl es wer e f r act ur ed at - I 10 ° C and al l owed t o et ch 20 s

bef or e r epl i cat i on . Repl i cas wer e cl eaned wi t h met hanol

and sodi um hypochl or i t e and vi ewed i n a JEM 100B



el ect r on mi cr oscope at 80 kV.

Ot her eggs wer e post f i xed i n 1%osmi um t et r oxi de i n

di l ut ed seawat er ( 75%) f or 1 . 5 h at r oom t emper at ur e,

washed i n seawat er , and bl ock- st ai ned wi t h 1% ur anyl

acet at e i n 50 mMNa acet at e buf f er , pH 5. 0, f or l h i n

t he dar k at r oom t emper at ur e. They wer e dehydr at ed

wi t h gr aded et hanol s and embedded i n Engl i sh Ar al di t e .

Si l ver sect i ons wer e cut on a Por t er - Bl um MT- 2B ul t r a-

mi cr ot ome ( DuPont I nst r ument s- Sor val l , DuPont Co. ,

Newt own, Conn . ) and st ai ned wi t h 10% ur anyl acet at e

i n 50%met hanol , f ol l owed by 0. 4%l ead ci t r at e i n 0 . 15 N

NaOH.

Qui ck- f r eezi ng was done wi t h t he machi ne desi gned

by Heuser et al . ( 14, 16) whi ch ut i l i zes a f al l i ng pl unger

t o pr ess sampl es of t i ssue or i sol at ed cel l s agai nst a

copper bl ock cool ed by l i qui d hel i um. A dr op of concen-

t r at ed egg suspensi on was pl aced on a f r agment of a

cover gl ass pr evi ousl y coat ed wi t h pr ot ami ne sul f at e .

Cover gl asses, af t er car ef ul washi ng and r i nsi ng, wer e

coat ed by i mmer si on i n 2% cyanami de f or 5 mi n, 0. 2%

pr ot ami ne sul f at e f or 5 mi n, t hen bot h t oget her f or 30-

60 mi n . Coat ed cover gl asses wer e r i nsed t hor oughl y and

ai r dr i ed j ust bef or e use. Eggs wer e al l owed t o set t l e on

t he cover gl asses f or 20- 30 mi n, t hen f er t i l i zed by di ppi ng

t he cover gl asses i nt o a 1%sper m suspensi on . Thi s di p

washed away excess eggs and l ef t a monol ayer of f er t i l -

i zed eggs adher i ng t o t he cover gl ass . The cover gl ass was

t hen pl aced on a cushi on of l i ver at t he pl unger t i p, and

t hen dr opped, by gr avi t y, ont o t he ver y col d copper

bl ock . Met hods f or subsequent f r act ur i ng and r epl i cat i on

of such qui ck- f r ozen sampl es have been descr i bed by

Heuser et al . ( 14) .

Al l i l l ust r at i ons of f r eeze- f r act ur e r epl i cas have been

phot ogr aphi cal l y r ever sed and pl at i num deposi t s appear

whi t e ; t he di r ect i on of shadowi ng was f r om t he t op or

upper l ef t cor ner of each f i gur e .

RESULTS

Thi n sect i ons of sea ur chi n eggs di spl ayed a si ngl e

l ayer of membr ane- bounded cor t i cal gr anul es j ust

under t he pl asma membr ane . The gr anul es wer e

easi l y r ecogni zed by t hei r st r i at ed cont ent s ( Fi g .

1 A) . The pl asma membr ane di spl ayed a r egul ar

ar r ay of shor t , st ubby mi cr ovi l l i and was uni f or ml y

cover ed by t he vi t el l i ne l ayer whi ch appear ed i n

t hi n sect i ons, such as Fi g . I A, as a t hi n, di st i nct

l ami na - 20 nmout si de t he pl asma membr ane . I n

f r eeze- f r act ur e r epl i cas of qui ck f r ozen eggs, t he

cor t i cal gr anul es wer e di st i nct and wer e al ways

vi si bl y separ at ed f r om t he pl asma membr ane and

f r om each ot her ( Fi g, 1 B) . Mi cr ovi l l i on t he

pl asma membr ane usual l y br oke dur i ng f r act ur e

and l ef t a r egul ar ar r ay of what l ooked l i ke st umps

when vi ewi ng t he P f r act ur e f ace, as i n Fi gs . 1 and

2 . Bet ween t hese st umps, Mace i nt r amembr ane

par t i cl es appear ed t o be r andoml y di st r i but ed,

bot h i n eggs t hat had been qui ck f r ozen ( Fi g. 2)

and i n eggs t hat had been f i xed, gl ycer i nat ed, and

f r ozen ( not shown) . E- f ace par t i cl es i n egg pl asma

membr anes wer e f ewer and l ess pr omi nent t han i n

t he P f ace, but wer e al so r andoml y di st r i but ed

( Fi g . 3) . Thus, nei t her f ace di spl ayed speci al i zed

ar r ays of i nt r amembr ane par t i cl es t hat coul d r ep-

r esent si t es f or sper m bi ndi ng or si t es f or cor t i cal

gr anul e exocyt osi s .

Pr evi ous st udi es have shown t hat t he f i r st cor -

t i cal gr anul es begi n t o di schar ge at t he poi nt of

sper m penet r at i on, and t hat subsequent gr anul es

ar e r ecr ui t ed i n a wave t hat spr eads out f r om t hat

poi nt over t he sur f ace of t he egg . I n l i ght mi cr os-

copy of t hi ck sect i ons, t he f i r st si gns of t he wave

coul d be seen at 20- 30 s af t er i nsemi nat i on, at

whi ch t i me appear ed a l ocal i zed el evat i on of t he

vi t el l i ne l ayer above gaps i n t he cont i nuous r owof

dar k gr anul es t hat r i ng t he cel l per i pher y ( ar r ow,

Fi g . 4A) .

Bet ween 30 and 60 s, eggs di spl ayed var yi ng

st ages of pr opagat i on of t hi s exocyt ot i c wave, st ar t -

i ng wi t h a pr ogr essi ve i ncr ease i n t he abundance

of i ndi vi dual exocyt ot i c pr of i l es ( ar r ows, Fi g . 4 B) ,

and pr oceedi ng t o conf l uent ar eas of t ot al gr anul e

di schar ge . By 60 s, most eggs appear ed t o have

di schar ged al l t hei r gr anul es, and t hei r vi t el l i ne

membr anes wer e compl et el y r ai sed ( Fi g . 4 C) .

The doubl e- r epl i ca f r eeze- f r act ur e t echni que

yi el ded par t i cul ar l y expansi ve vi ews of t he egg

pl asma membr ane whi ch of t en di spl ayed t hi s wave

of r el ease as a cl ear - cut t wo- di mensi onal pat t er n .

Such a pat t er n i s seen i n Fi g . 4 D, wher e si t es of

gr anul e f usi on wer e bl ackened t o make t hemmor e

vi si bl e . Thi s f i gur e i l l ust r at es t he f r ont of t he wave

wher e exocyt ot i c i mages ar e f ew and f ar bet ween,

t he mi ddl e wher e t hey ar e abundant enough t o l i e

adj acent t o each ot her i n many pl aces, and t he

r ear of t he wave wher e exocyt ot i c gr anul es i nvol ve

t he whol e ar ea and t hus become t ot al l y conf l uent .

Hi gher magni f i cat i on of t he pl asma membr ane

near t he f r ont of t hi s wave ( Fi g . 5A) r eveal ed a

f ewi sol at ed exocyt ot i c pocket s, but no ot her maj or

change i n t he sur f ace f r omt hat seen i n unf er t i l i zed

eggs . Ther e was no si gn of any vesi cl es pushi ng

agai nst t he sur f ace t o f or m domes, whi ch mi ght

her al d pr el i mi nar y poi nt s of gr anul e and pl asma

membr ane apposi t i on . St i l l hi gher magni f i cat i on

of t he egg sur f ace ( Fi g . 5 B) r eveal ed t hat t he

membr ane i n t he dept hs of t hese i ndi vi dual exo-

cyt ot i c pocket s di spl ayed a l ower densi t y of Mace

i nt r amembr ane par t i cl es t han t he r est of t he

pl asma membr ane, whi ch was expect ed si nce t he
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FI GURE 1

	

( A) El ect r on mi cr ogr aph of t he cor t ex of an unf er t i l i zed sea ur chi n egg . Cor t i cal gr anul es l i e
i n a si ngl e l ayer j ust beneat h t he pl asma membr ane and have t ypi cal l y st r i at ed cont ent s . The vi t el l i ne
l ayer i s t he t hi n, f uzzy coat j ust out si de t he pl asma membr ane ( ar r ow) . The speci men was f i xed i n
gl ut ar al dehyde, post f i xed wi t h Os0, , bl ock- st ai ned i n ur anyl acet at e, and embedded i n Ar al di t e . ( B)
Fr eeze- f r act ur e r epl i ca of t he cor t ex of an unf er t i l i zed egg . Cor t i cal gr anul es l i e j ust under t he P f ace of
t he pl asma membr ane . The speci men was qui ck f r ozen . Thi s and al l subsequent f r eeze- f r act ur e pl at es
have been phot ogr aphi cal l y r ever sed and pl at i num deposi t s appear whi t e. Bar , 0 . 5 Wm. x 25, 000 .

membr anes of undi schar ged cor t i cal gr anul es i n-

si de t he cel l al so had a l ow par t i cl e densi t y . But

ot her wi se t her e was no si gn of any change i n t he

r andom di st r i but i on of i nt r amembr ane par t i cl es i n

t he pl asma membr ane : t her e wer e no cl ear i ngs or

par t i cl e aggr egat es t hat mi ght i ndi cat e wher e ex-

ocyt osi s was about t o occur at t he moment t he
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wave was st opped . The onl y sequence t hat

emer ged was t hat t he ear l i er st ages of exocyt osi s,

at t he f r ont of a wave and at ear l y t i mes, wer e

r el at i vel y nar r ow openi ngs i nt o under l yi ng gr an-

ul es; and t he l at er st ages, whi ch became mor e

pr eval ent at l at er t i mes, wer e mor e wi del y open or

i n var i ous st ages of col l apse, unt i l event ual l y f l at



FI GURE 2 Pl asma membr ane P f ace of a qui ck- f r ozen, unf er t i l i zed egg . The st umps of f r act ur ed

mi cr ovi l l i appear i n a r egul ar ar r ay ; i nt r amembr ane par t i cl es bet ween mi cr ovi l l i ar e di st r i but ed r andoml y .

Bar , 0. 2 Mm. x 60, 000 .

FI GURE 3

	

Pl asma membr ane E f ace of an unf er t i l i zed egg t hat was f i xed i n gl ut ar al dehyde, gl ycer i nat ed,

and f r ozen i n Fr eon . I nt r amembr ane par t i cl es ar e l ess pr omi nent and r andomi n di st r i but i on . Bar , 0 . 2 pm.

x 60, 000 .



FI GURE 4

	

The wave of cor t i cal exocyt osi s as seen i n l i ght mi cr ogr aphs of t hi ck sect i ons ( A, B, and C)

and i n f r eeze- f r act ur e r epl i cas ( D) . ( A) I ni t i at i on of exocyt osi s at t he poi nt of sper m at t achment , as

i ndi cat ed by l ocal i zed el evat i on of t he vi t el l i ne l ayer ( ar r ow) . ( B) Pr opagat i on of t he wave . At t he wave
" f r ont " t her e ar e numer ous smal l el evat i ons of t he vi t el l i ne l ayer ( ar r ows) whi ch i n el ect r on mi cr ogr aphs

cor r espond t o si t es wher e si ngl e gr anul es have been r el eased . ( C) Exocyt osi s i s compl et e as i ndi cat ed by

a f ul l y el evat ed f er t i l i zat i on membr ane and absence of cor t i cal gr anul es . ( D) " Face- on" vi ew of t he

exocyt ot i c wave i n a f r eeze- f r act ur e r epl i ca . Si t es wher e gr anul e membr anes have f used wi t h t he pl asma
membr ane ar e bl ackened out t o i l l ust r at e t he gr adi ent of exocyt osi s . Eggs wer e f i xed at 30- s post i nsemi -

nat i on ( A and B) or at 60 seconds ( C and D) . Bar , 10 pm. A, B, and C, x 800. D, x 2, 000.

and conf l uent at t he back of t he wave ( Fi g . 6) .

Remar kabl y, many pat ches of l ow par t i cl e densi t y

coul d be f ound on t hese f l at ar eas, suggest i ng t hat

gr anul e membr ane does not mi x wi t h t he pl asma

membr ane as f ast as t he gr anul e can col l apse .

Al l of t hese st r uct ur al f eat ur es of t he exocyt ot i c

wave l ooked t he same i n al dehyde- f i xed eggs as i n

qui ck- f r ozen eggs . The one st r i ki ng di f f er ence was
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t hat i n al dehyde- f i xed and gl ycer i nat ed eggs i t was

common t o f i nd smal l gr oups of exocyt ot i c st o-

mat a wi t hi n t he domai n of a si ngl e cor t i cal gr anul e

( Fi g . 7A) . I n f or t unat e f r act ur es i t was possi bl e t o

conf i r m t hat t hese r epr esent ed mul t i pl e f usi on

poi nt s bet ween one gr anul e membr ane and t he

pl asma membr ane ( Fi g . 7 B) . Some of t hese spot s

of f usi on cont ai ned et chabl e mat er i al i n t hei r cen-



FI GURE 5

	

( A) The " f r ont " of t he exocyt ot i c wave . Depr essi ons r esul t i ng f r omt he f usi on of si ngl e cor t i cal

gr anul es wi t h pl asma membr ane ar e wel l separ at ed by unchanged pl asma membr ane . The speci men was

qui ck- f r ozen 30 s post i nsemi nat i on. Bar , 1 j m. x 12, 000 . ( B) Asi t e wher e gr anul e and pl asma membr anes

have f used . The di f f er ence i n par t i cl e densi t y bet ween t hese membr anes suggest s t hat some of t hei r

component s have not yet mi xed . Speci men was qui ck- f r ozen 30 s post i nsemi nat i on . Bar , 0. 2 Am. x 42, 000 .



FI GURE 6 Lat e i n exocyt ot i c wave . The egg sur f ace i s composed al most ent i r el y of f used gr anul e

membr anes i n var i ous st ages of col l apse. Smal l cl umps and si ngl e r ows of t he or i gi nal mi cr ovi l l i st i l l

r emai n . The speci men was qui ck- f r ozen 30- s post i nsemi nat i on . Bar , l pm. x 12, 000.



FI GURE 7

	

( A) Gr oups of et chabl e por es seen dur i ng cor t i cal gr anul e exocyt osi s i n eggs t hat wer e f i xed

wi t h gl ut ar al dehyde, gl ycer i nat ed ( 30%gl ycer ol ) and qui ck- f r ozen. Bar , 0 . 2 pm. x 40, 000 . ( B) A f r act ur e

t hat j umped f r om pl asma t o gr anul e membr ane shows t hat t he por es r epr esent spot s wher e t hese have

f used. Speci men was f i xed, gl ycer i nat ed ( 20% gl ycer ol ) and qui ck- f r ozen . Bar , 0 . 2 pm. x 55, 000. ( C) Some

por es cont ai ned a di aphr agmof i nt r amembr ane par t i cl e- f r ee membr ane t hat was not et chabl e . Speci men

was f i xed, gl ycer i nat ed ( 30% gl ycer ol ) and qui ck- f r ozen . Bar , 0. 2 t m. x 50, 000 .

t er s, i ndi cat i ng t hat t hey wer e compl et el y open

por es i nt o t he under l yi ng gr anul e l umens ; ot her s

had smoot h, f l at , non- et chabl e cent er s whi ch i n-

di cat ed t hat some por t i on of t he t wo i nt er veni ng

membr anes st i l l separ at ed t he gr anul e l umen f r om

t he out si de ( Fi g . 7 C) . Such r emai ni ng " di a-

phr agms" wer e f r ee of i nt r amembr ane par t i cl es

and appear ed i n many i nst ances t o f r act ur e as i f

t hey wer e composed of a si ngl e membr ane bi l ayer

whi ch had become cont i nuous wi t h bot h gr anul e

and pl asma membr anes . I dent i cal di aphr agms

have been seen i n chemi cal l y f i xed zoospor es ( 29)

and t hought t o be i nt er medi at es i n membr ane

f usi on . Chemi cal l y f i xed eggs al so di spl ayed

smal l er pi npoi nt cont act s bet ween gr anul e and

pl asma membr ane, whi ch coul d be seen as depr es-

si ons i n t he pl asma membr ane ( l ar ge ar r ow, Fi g.

8) and as cor r espondi ng bumps i n t he gr anul e
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membr ane ( smal l ar r ow, Fi g. 8) .

I n cont r ast t o t hese obser vat i ons on chemi cal l y

f i xed eggs, qui ck- f r ozen eggs never di spl ayed such

mul t i pl e f oci of f usi on and t hus we began t o

suspect t hat t hese st r uct ur es wer e pr oduced ei t her

by t he al dehyde f i xat i on of eggs or by t he gl ycer -

i nat i on of f i xed eggs . We f ound t hat t hey wer e not

a r esul t of f i xat i on al one, because al dehyde- f i xed

eggs l ooked j ust l i ke unf i xed eggs when t hey wer e

qui ck- f r ozen wi t hout gl ycer i nat i on . On t he ot her

hand, t he put at i ve " f usi on i nt er medi at es" wer e

easy t o f i nd on eggs t hat had been gl ycer i nat ed

af t er f i xat i on, and t hei r abundance i ncr eased pr o-

gr essi vel y as t he gl ycer ol concent r at i on was i n-

cr eased f r om 10 t o 20 and 30%. They appear ed t o

be a di r ect consequence of t he exposur e t o gl ycer ol

and not j ust a r esul t of t he sl ower met hod of

f r eezi ng used f or gl ycer i nat ed eggs, because t hey

wer e vi si bl e even when eggs wer e qui ck- f r ozen

af t er gl ycer i nat i on. We di d t hi s exper i ment be-

cause sl ow f r eezi ng i s known t o pr oduce ar t i f act ual

apposi t i on of membr anes i n cer t ai n si t uat i ons . ( I n

our case, however , sl ow f r eezi ng of f i xed eggs i n

100

FI GURE 8 Pl asma membr ane di mpl es ( l ar ge ar r ow) and cor r espondi ng bumps ( smal l ar r ow) on t he

gr anul e membr ane whose cont act may r epr esent i ni t i al st ages of gl ycer ol - i nduced f usi on . Speci men was

f i xed, gl ycer i nat ed ( 30% gl ycer ol ) and qui ck- f r ozen . Bar , 0. 1 pm. x 140, 000 .
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t he absence of gl ycer ol pr oduced sever e i ce cr yst al

damage but no such cont act s . )

Fur t her evi dence t hat t he put at i ve " f usi on i n-

t er medi at es" i n quest i on wer e ar t i f act s r esul t i ng

f r om exposur e t o gl ycer ol was t hat si mi l ar i nt er -

act i ons appear ed bet ween adj acent gr anul e mem-

br anes, even i n unf er t i l i zed eggs wher e t he gr an-

ul es had not yet become i nvol ved i n exocyt osi s .

Her e, t oo, mul t i pl e f oci of f usi on coul d be f ound

bet ween si ngl e pai r s of gr anul es, and some of t hese

f oci wer e t ot al l y open ( Fi g . 9A) whi l e ot her s wer e

bi sect ed by unet chabl e, par t i cl e- f r ee " bi l ayer di a-

phr agms" ( Fi g . 9 B) . I n f act , adj acent gr anul e

membr anes appear ed mor e sensi t i ve t o t hi s gl yc-

er ol ef f ect t han di d t he pl asma membr anes, si nce

t hey wer e of t en f used by 10%gl ycer ol whi l e gr an-

ul e : pl asma membr ane f usi ons became abundant

onl y i n 20 and 30%gl ycer ol .

Exocyt osi s of al l cor t i cal gr anul es pr obabl y adds

enough membr ane t o t he pl asma membr ane t o

doubl e i t s sur f ace ar ea ( 34) whi ch may have ac-

count ed f or t he scal l oped appear ance of t he di s-

char ged eggs t hat we pr epar ed f or t hi n sect i ons



FI GURE 9

	

( A) El ect r on mi cr ogr aph of gl ycer ol - i nduced f usi on bet ween pl asma and gr anul e membr anes

( ar r ows) and bet ween membr anes of adj acent gr anul es . Speci men was f i xed, passed t hr ough 30%gl ycer ol

i n seawat er f or 1 . 5 h, post f i xed i n OSO4, t hen embedded. ( B) Fr eeze- f r act ur e r epl i ca showi ng gl ycer ol -

i nduced f usi on bet ween adj acent cor t i cal gr anul es . Fusi on si t es of t en cont ai ned a non- et chabl e, par t i cl e-

f r ee membr ane di aphr agm t hat was shar ed by bot h gr anul e membr anes ( ar r ows) . Speci men was f i xed,

gl ycer i nat ed ( 10% gl ycer ol ) and qui ck- f r ozen . Bar , 0. 4 um. x 30, 000 .

( Fi g . 10A) . The sur f aces of such eggs, f i xed 60 s

af t er i nsemi nat i on, wer e compar at i vel y f r ee of mi -

cr ovi l l i and possessed onl y a f ewbl unt pr ot r usi ons .

Thei r vi t el l i ne l ayer s wer e t hi ckened and r ai sed

- 5 um above t he sur f ace, t hus const i t ut i ng t he

f er t i l i zat i on membr ane . The i nt er veni ng space was

f i l l ed wi t h dense mat er i al and l i pi d vesi cl es .

Fr eeze- f r act ur e r epl i cas of such di schar ged eggs

al so demonst r at ed t he r edundancy i n t hei r sur f ace

membr ane and t he pauci t y of mi cr ovi l l i ( Fi g .

10B) , and di spl ayed t he pecul i ar l i pi d vesi cl es

t r apped under t he f er t i l i zat i on membr ane .

Eggs f i xed 2 mi n af t er i nsemi nat i on di spl ayed

newl y f or med mi cr ovi l l i t hat wer e hi ghl y ar bor i zed

( Fi g . 11 A and B) . These mi cr ovi l l i l ooked t o us

l i ke qui t e new st r uct ur es, not mer el y el ongat i ons

of t he pr eexi st i ng mi cr ovi l l i as has been pr evi ousl y

st at ed ( 7) . Thi n sect i ons r eveal ed t hat coat ed pi t s

wer e abundant i n t he pl asma membr ane of eggs

f i xed at t hi s t i me ( ar r ows, Fi g. 11 A, and i nser t )

and f r eeze- f r act ur e di spl ayed t he char act er i st i c de-

pl oyment of coat ed pi t s ar ound t he br oad bases of

t he new mi cr ovi l l i ( Fi g . 12) . Hi gher magni f i cat i ons

of t he f r eeze- f r act ur e vi ews of t hese pi t s i l l ust r at ed

t hat t he pat ch of pl asma membr ane i nvol ved pos-

sessed a r el at i vel y hi gh concent r at i on of l ar ge

i nt r amembr ane par t i cl es ( Fi g. 12, i nset ) .

I n eggs f i xed 5 mi n af t er i nsemi nat i on, t he mi -

cr ovi l l i appear ed mor e el ongat ed st i l l , and t hei r

pr ocesses of t en anast omosed t o pr oduce cavi t i es

or t unnel s i n t he cel l sur f ace ( Fi g . 13A) . Fr eeze-

f r act ur e r epl i cas showed t hat t he bases of t hese

mi cr ovi l l i had become connect ed t o f or m r i dges

whi ch cr i sscr ossed t o f or ma net wor k on t he cel l

sur f ace ( Fi g . 13 B) . Thi s net wor k has been seen

bef or e i n scanni ng el ect r on mi cr ogr aphs of f er t i l -
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FI GURE 10

	

( A) El ect r on mi cr ogr aph of t he egg sur f ace at l mi n post i nsemi nat i on . Exocyt osi s i s compl et e

and t he f er t i l i zat i on space i s f i l l ed wi t h vesi cl es and dense secr et or y pr oduct s . The cel l sur f ace i s scal l oped,

a r edundancy pr obabl y due t o t he r api d addi t i on of gr anul e membr ane . Bar , 2 Ji m. x 7, 000. ( B) Fr eeze-

f r act ur e r epl i ca of t he egg pl asma membr ane at I mi n post i nsemi nat i on . The sur f ace i s r edundant wi t h

onl y a f ew scat t er ed mi cr ovi l l i . However , t hese mi cr ovi l l i ( ar r ow) ar e unl i ke t he shor t , st ubby ones seen i n

unf er t i l i zed eggs ; t hei r l engt h f or ecast s t he r api d gr owt h of mi cr ovi l l i t hat wi l l occur i n t he next f ew

mi nut es . Speci men was f i xed, gl ycer i nat ed ( 30% gl ycer ol ) and f r ozen i n Fr eon . Bar , 0 . 5 Wm. x 22, 000 .
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i zed eggs ( 7) . The pl asma membr ane bet ween t he

r i dges was r el at i vel y smoot h and di spl ayed onl y a

f ew di mpl es t hat coul d have been coat ed pi t s .

DI SCUSSI ON

I n t hi s f r eeze- f r act ur e st udy of sea ur chi n eggs, we

wer e unabl e t o cat ch i nt er medi at es i n membr ane

f usi on by qui ck f r eezi ng, but i nst ead f ound t hat

cer t ai n st r uct ur es t hought t o be i nt er medi at es

coul d be f ound onl y on eggs exposed t o gl ycer ol

af t er f i xat i on. These st r uct ur es i ncl uded smal l cl us-

t er s of f usi on spot s bet ween t he cor t i cal gr anul e

and pl asma membr anes or bet ween adj acent gr an-

ul e membr anes. Some of t hese f usi on spot s ap-

pear ed t o be si ngl e bi l ayer di aphr agms . Fi xat i on

al one di d not pr oduce t hese st r uct ur es, but t hey

appear ed t o be a r esul t of exposur e t o hi gh con-

cent r at i ons of gl ycer ol . Gl ycer ol at t hese concen-

t r at i ons i s a dehydr ant and has been used t o make

l i vi ng cel l s f use ( 2) ; but , i n t he pr esent si t uat i on,

t he f usi on obser ved occur r ed bet ween f i xed mem-

br anes, so i t s i nt er medi at e st ages wer e not neces-

sar i l y r el evant t o t he way i n whi ch exocyt osi s

occur s nor mal l y .

That gl ut ar al dehyde- f i xed membr anes coul d be

made t o f use by gl ycer ol shoul d not have been

sur pr i si ng, i n vi ew of r ecent st udi es whi ch show

t hat t he membr ane bi l ayer r emai ns i n a ver y l abi l e

st at e dur i ng and af t er f i xat i on . Hast y and Hay ( 11)

have shown t hat al dehyde- f i xed f i br obl ast s de-

vel op bl i st er s i n t he pl asma membr ane whi ch ar e

f r ee of I MPs and ar e of t en puf f ed up f r om beneat h

by cl osel y- apposed bi l ayer vesi cl es . Si mi l ar I MP-

f r ee vesi cl e cont act s wer e f ound i n chol i ner gi c

ner ve t er mi nal s when t hey wer e f i xed i n al dehydes,

especi al l y when t he f i xat i ve cont ai ned hi gh con-

cent r at i ons of di val ent cat i ons ( 4, 12, 13) . Fur t her -

mor e, al dehyde f i xat i on i s known t o pr oduce ves-

i cul at i on of membr ane at si t es of exocyt osi s i n

bot h sea ur chi n eggs ( 5, 7) and mast cel l s ( 19, 20) .

Thus, movement of I MPS and l ocal i zed di st or t i on

of t he membr ane bi l ayer can occur dur i ng, or even

af t er , f i xat i on . Movement of I MPs dur i ng f i xat i on

has al so been f ound t o occur at gap j unct i ons i n

ci l i ar y epi t hel i a ( 31) . The t ypi cal cl ose- packed

hexagonal ar r ay of I MPs whi ch char act er i zed gap

j unct i ons was f ound onl y i n epi t hel i a t hat wer e

al dehyde f i xed ; when t hey wer e qui ck- f r ozen, i n-

st ead, gap j unct i on par t i cl es wer e f ound t o be mor e

r andoml y di sper sed.

Such al dehyde- i nduced changes ar e si mi l ar t o

what ot her s have descr i bed as nat ur al i nt er medi -

at es i n membr ane f usi on. Membr ane cont act s

cl ear ed of I MPS have been descr i bed as a st age of

exocyt osi s i n mast cel l s ( 6, 20) , pancr eat i c bet a

cel l s ( 24) , a st age of apocr i ne secr et i on i n t he

mammar y gl and ( 28) , a st age of acr osome f usi on

i n sper m ( 9) , and a st age of i nt er cel l ul ar f usi on

bet ween myobl ast s ( 17) . For mat i on of smal l I MP-

f r ee vesi cl es has been descr i bed as a st ep i n myo-

bl ast f usi on ( 17) . I n addi t i on, t he gl ycer ol - i nduced

changes t hat we saw i n eggs wer e al most i dent i cal

t o t he I MP- f r ee si ngl e bi l ayer di aphr agms t hat

have been descr i bed as i nt er medi at es of exocyt osi s

i n zoospor es ( 29) . These si mi l ar i t i es suggest t hat

f i xat i on and gl ycer i nat i on coul d pl ay a r ol e i n

det er mi ni ng t he abundance or f i nal appear ance of

any of t hese st r uct ur es .

One coul d poi nt out t hat most of t hese st r uc-

t ur es, i ncl udi ng t he bi l ayer di aphr agms seen i n

zoospor es, have been f ound i n bot h t hi n sect i ons

and f r eeze- f r act ur e . I ndeed, t he mul t i pl e openi ngs

i nt o cor t i cal gr anul es t hat we saw i n gl ycer i nat ed

and f r eeze- f r act ur ed eggs wer e equi val ent t o what

Mi l l oni g ( 22) obser ved i n t hi n sect i ons of sea

ur chi n eggs . Al t hough t hi s coul d ar gue f or val i di t y

of t hese st r uct ur es, i t shoul d be appr eci at ed t hat

bot h met hods of t i ssue pr epar at i on i nvol ve dehy-

dr at i on of membr anes t hat may not have been

compl et el y st abi l i zed by f i xat i on, and may be sub-

j ect t o f ur t her changes .

Even t hough some of t he membr ane i nt er act i ons

j ust ment i oned coul d be ar t i f act s, we shoul d st r ess

t hat t hey have usual l y been f ound onl y i n t he

r egi ons wher e, and at t he t i mes when, membr anes

ar e nat ur al l y f usi ng . Thus, t hey may her al d un-

der l yi ng changes. For exampl e, i n t he case of

cor t i cal gr anul e exocyt osi s, t he abi l i t y of gl ycer ol

t o i nduce mul t i pl e si t es of f usi on bet ween gr anul e

and pl asma membr anes may i ndi cat e t hat t he

pl asma membr ane becomes suscept i bl e t o f usi on

over qui t e a br oad ar ea dur i ng exocyt osi s . Thi s

mi ght happen i f , f or exampl e, i t wer e t o l ose a

cyt opl asmi c coat whi ch nor mal l y bl ocked mem-

br ane cont act .

Qui ck f r eezi ng can be t hought of as sampl i ng

one par t i cul ar amount i n a bi ol ogi cal pr ocess,

because t he i nt er val bet ween t he t i me when i t

st ar t s t o af f ect t he pr ocess and t he t i me when i t

compl et el y hal t s i t i s r el at i vel y br i ef . El sewher e we

demonst r at e t hat i t i s - 2 ms or l ess ( 14) . Thus,

when a pr ocess i s goi ng on r epet i t i vel y or cont i n-

uousl y, as i s cor t i cal gr anul e exocyt osi s at t he peak

of t he wave, qui ck f r eezi ng shoul d yi el d i mages of

each st age i n t he pr ocess, and i n a r el at i ve abun-

dance t hat shoul d be pr opor t i onal t o how l ong
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FI GURE I I

	

( A) El ect r on mi cr ogr aph of t he egg per i pher y at 2 mi n post i nsemi nat i on showi ng hi ghl y

ar bor i zed mi cr ovi l l i . Bet ween t he mi cr ovi l l i ar e numer ous i nvagi nat i ons ( ar r ows) whi ch have dense coat s

t ypi cal of endocyt osi s ( i nset ) . Bar , 0 . 5 i xm. X 23, 000; i nset , X 120, 000 . ( B) Cr ossf r act ur e of t he egg per i pher y

2 mi n af t er i nsemi nat i on . Numer ous, l ong, and hi ghl y br anched mi cr ovi l l i have appear ed. Speci men was

f i xed, gl ycer i nat ed ( 30%gl ycer ol ) and f r ozen i n Fr eon. Bar , 0. 5 Am. X 22, 000 .
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FI GURE 12

	

Fr eeze- f r act ur e r epl i ca of t he egg pl asma membr ane 2 mi n af t er i nsemi nat i on ( P f ace) .

Coat ed pi t s ar e i nt er sper sed among t he l ar ge, mesa- l i ke bases of cr ossf r act ur ed mi cr ovi l l i and, as seen i n

t he i nset , ar e associ at ed wi t h l ar ge i nt r amembr ane par t i cl es . Bar , 0. 5 Am. x 25, 000; i nset , x 80, 000.
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FI GURE 13

	

( A) El ect r on mi cr ogr aph of t he egg per i pher y 5 mi n post i nsemi nat i on . Mi cr ovi l l i now have

l ong t hi n br anches whi ch occasi onal l y j oi n t o pr oduce t unnel s or cavi t i es i n t he ext r acel l ul ar space . ( B)

Fr eeze- f r act ur e r epl i ca of t he egg pl asma membr ane 5 mi n post i nsemi nat i on . Thi s E- f ace vi ew shows t hat

t he mi cr ovi l l i ( whi ch ar e al l cr oss- f r act ur ed) have become ar r anged i n a net wor k of r i dges, wi t h cl ear

pl asma membr ane bet ween. Bar , 0. 5 f m. x 18, 000 .
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each st age l ast s . Ther e shoul d be l i t t l e wor r y t hat

cer t ai n i nt er medi at es i n t he pr ocess wi l l accumu-

l at e because l at er st ages ar e bl ocked pr ef er ent i al l y,

whi ch can be a pr obl em wi t h al dehyde f i xat i on

( 15) . Thus, col l apse of gr anul e membr anes af t er

exocyt osi s must r equi r e sever al seconds because i n

ever y case t hi s pr ocess was caught i n a var i et y of

st ages j ust af t er t he passage of t he wave f r ont . I t s

dur at i on i s 3- 5 s i f one assumes a wave vel oci t y of

- 5 p, m/ s . I n compar i son, t he i ni t i al st ages of exo-

cyt osi s must be ext r emel y f ast , because we saw

over 1, 000 gr anul e openi ngs wi t hout f i ndi ng any-

t hi ng t hat l ooked l i ke a pr el i mi nar y st age . Unf or -

t unat el y, i f such st ages l ast ed, say, onl y 5 ms of

t he over al l t hr ee t o 5 s, t hey woul d compr i se onl y

one out of 500 of t he openi ngs we saw and coul d

have been over l ooked . I f t hei r l i f et i me wer e

shor t er , t hey woul d be even mor e r ar e .

The l at er consequences of exocyt osi s wer e f ai t h-

f ul l y por t r ayed by ei t her chemi cal f i xat i on or

qui ck f r eezi ng, i ndi cat i ng t hat t hey occur r el at i vel y

sl owl y . Al t hough col l apse of t he gr anul e mem-

br ane af t er exocyt osi s t ook sever al seconds, mi xi ng

of some gr anul e and pl asma membr ane compo-

nent s, as j udged by I MP di st r i but i on, t ook l onger .

The pl asma membr ane r edundancy cr eat ed by

exocyt osi s appear ed t o be r esol ved by t he f or ma-

t i on of coat ed pi t s, whi ch became pl ent i f ul by 2

mi n af t er f er t i l i zat i on and di ed out agai n af t er 5

mi n . Tr acer exper i ment s ar e needed t o conf i r m

t hat t hese coat ed pi t s wer e i ndeed endocyt ot i c and

t hat t hey occur i n suf f i ci ent quant i t y t o r educe t he

sur f ace ar ea . The excess sur f ace ar ea was al so used

i n f or mat i on of new mi cr ovi l l i , hi ghl y anast omot i c

i n f or m, wi t hi n 5 mi n af t er f er t i l i zat i on . The r el a-

t i onshi p of t hese shape changes t o r eor gani zat i on

of f i l i ment ous st r uct ur e i n t he cor t i cal cyt opl asm

of eggs i n a subj ect of cur r ent i nqui r y.

We woul d l i ke t o t hank Bar bar a Nagl e and Dani el Mazi a
f or sea ur chi ns and advi ce i n ear l y exper i ment s, and

Par r i s Ki dd and Dani el Fr i end f or hel pf ul di scussi ons

and encour agement . Thi s st udy was car r i ed out dur i ng

t enur e of a post doct or al f el l owshi p f r omt he Phar maceu-

t i cal Manuf act ur er s' Associ at i on Foundat i on, t o D. E.

Chandl er , and was suppor t ed by gr ant s f r om t he Uni t ed

St at es Publ i c Heal t h Ser vi ce ( NS 11979) and t he Mus-

cul ar Dyst r ophy Associ at i on .
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