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Hyperosmolality Inhibits Exocytosis in Sea Urchin Eggs by Formation of a Granule-Free 
Zone and Arrest of Pore Widening 
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Summary. Hyperosmolality is known to inhibit membrane fusion 
during exocytosis. In this study cortical granule exocytosis in sea 
urchin eggs is used as a model system to determine at what step 
this inhibition occurs. Strongylocentrotus purpuratus eggs were 
incubated in hyperosmotic seawater (Na2SO~, sucrose or sodium 
HEPES used as osmoticants), the eggs activated with 20 b~M 
A23187 to trigger exocytosis, and then quick frozen or chemi- 
cally fixed for electron microscopy. Thin sections and freeze- 
fracture replicas show that at high osmolaljty (2.31 osmol/kg), 
there is a decrease in cortical granule size, a 90% reduction in 
granule-plasma membrane fusion, and formation of a granule- 
free zone between the plasma membrane and cortical granules. 
This zone averages 0.64/zm in thickness and prevents the major- 
ity of granules from docking at the plasma membrane. The re- 
maining granules (-10%) exhibit early stages of fusion which 
appear to have been stabilized; the matrix of these granules re- 
mains intact. We conclude that exocytosis is blocked by two 
separate mechanisms. First, the granule-free zone prevents gran- 
ule-plasma membrane contact required for fusion. Second, in 
cases where fusion does occur, opening of the pocket and disper- 
sal of the granule contents are slowed in hyperosmotic media. 
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Introduction 

Sea urchin eggs, upon activation with either sperm 
or calcium ionophore, undergo cortical granule ex- 
ocytosis. Osmotic forces are definitely involved in 
this process; however, it is not known what the full 
role of water movement is and specifically when in 
exocytosis it occurs. 

Hyperosmolality inhibits exocytosis in sea ur- 
chin eggs (Zimmerberg & Whitaker, 1985) and other 
cells including adrenal chromaffin cells (Hampton & 
Holz, 1983; Pollard et al., 1984), neutrophils (Kazi- 
lek, Merkle & Chandler, 1988), and platelets (Pol- 
lard et al., 1977). It is thought that the lowered wa- 
ter activity in the extracellular space slows or 
prevents swelling of secretory vesicles, though it is 
not clear when swelling occurs (Finkelstein, Zim- 

merberg & Cohen, 1986; Holz, 1986). One possibil- 
ity is that swelling is a prerequisite for membrane 
fusion. Observations in model systems show that 
artificial vesicles fuse to planar membranes when an 
osmotic gradient is created between the vesicle- 
containing compartment and the t r a n s  compartment 
(Cohen, Zimmerberg & Finkelstein, 1980; Cohen 
et al., 1984). Furthermore, in cortical fragments of 
sea urchin eggs, calcium is thought to induce swell- 
ing of granules prior to exocytosis (Zimmerberg, 
Sardet & Epel, 1985; Zimmerberg & Whitaker, 
1985). 

A second possibility is that water movement 
and granule swelling occur just after granule-plasma 
membrane fusion. In mast cells, for example, it ap- 
pears that membrane fusion actually precedes gran- 
ule swelling as indicated by a correlation of electro- 
physiological and microscopic data (Breckenridge 
& Almers, 1987; Zimmerberg et al., 1987). Further- 
more, water and ion movement appear to be impor- 
tant for widening of the exocytic pore and dispersal 
of granule contents in several systems. Cortical 
granule content dispersal in sea urchin eggs can be 
blocked by high molecular weight polymers (Whita- 
ker & Zimmerberg, 1987; Chandler, Whitaker & 
Zimmerberg, 1989), while calcium ions are required 
for proper discharge of trichocysts in Paramecium 
(Plattner, Reichel & Matt, 1977; Bilinski, Plattner & 
Matt, 1981; Gilligan & Satir, 1983). 

Hyperosmolality may also affect other aspects 
of exocytosis unrelated to granule swelling. In neu- 
trophils, hyperosmolality inhibits components of 
the intracellular calcium signal responsible for trig- 
gering exocytosis (Kazilek et al., 1988). Hyperos- 
molality also activates the Na+/H + antiport result- 
ing in cytoplasmic alkalinization in lymphocytes 
(Grinstein et al., 1985) and erythrocytes (Parker & 
Castranova, 1984). Since a rise in intracellular pH is 
thought to induce actin polymerization in sea urchin 
eggs (Begg & Rebhun, 1979), it is reasonable to ex- 
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pect  that  hype rosmola l i ty  might  affect cytoskele ta l  
e lements  i nvo lved  in pos i t ion ing  the granules  wi thin  
the egg cortex.  The  m e c h a n i s m  of osmot ic  inhibi-  
t ion, then ,  could  be more  complex  than  mere  pre- 
ven t ion  of  swell ing.  

Al though  hype rosmot i c  effects on exocytos is  
are well  k n o w n ,  it is surpr is ing that  there are few, if 
any,  s tudies  in the l i tera ture  that  ac tual ly  d o c u m e n t  
such effects on  g ranu le -p l a sma  m e m b r a n e  fus ion  at 
the E M  level.  In  this repor t  we de te rmine  the ultra- 
s t ruc tura l  basis  for hype rosmot i c  inhib i t ion  of ex- 
ocytos is  in the sea u rch in  egg cor tex.  In  bo th  quick- 
f rozen  and  chemica l ly  fixed eggs, the major i ty  of 
cort ical  granules  b e c o m e  separa ted  f rom the p l a sma  
m e m b r a n e  by  an essent ia l ly  organel le-f ree  zone  
formed by  ex tens ive  reo rgan iza t ion  of the cort ical  
cy toske le ton .  A small  por t ion  of granules  r ema in  
docked,  however ,  and  in ac t iva ted  cells these al low 
us to v isual ize  ear ly  stages of m e m b r a n e  fus ion  that  
have b e e n  ar res ted  by  hype rosmot i c  condi t ions .  

Materials and Methods 

Pacific sea urchins, Strongylocentrotus purpuratus, were ob- 
tained commercially (Marinus, Irvine, CA) and maintained at 
11~ in artificial seawater ("Tropicmarin," Dr. Biener, GMBH, 
West Germany). Release of gametes was stimulated by injecting 
0.5 M KC1 into the body cavity. Eggs were collected in seawater 
at 10~ passed twice through a 150-/zm mesh nylon cloth, acid 
dejellied at pH 5.0 for 11 min, washed twice in seawater, and kept 
at 10~ until use. Sperm were collected "dry," kept at 5~ and 
diluted 1 : 1000 with seawater 5 min before use to fertilize eggs. 
For our experiments, we used batches of eggs in which 95% or 
greater showed elevation of the fertilization envelope (FE) upon 
fertilization. 

All experiments were performed at 15~ in artificial seawa- 
ter (ASW) containing (in mM/liter): NaCI, 484; KC1, 10; MgCI2, 
27; MgSO4, 29; CaCI2, 11; NaHCO3,2.4; pH 8.1; 1.07 osmol/kg. 
Hyperosmotic seawater (HSW) was prepared by addition of ei- 
ther Na2SO4, sucrose or sodium HEPES to ASW. Osmolality 
was measured using a Wescor vapor pressure osmometer, which 
had been calibrated using standard NaC1 solutions. 

All experiments followed a standard protocol. A 0. l-ml ali- 
quot of packed eggs was added to 0.9 ml ASW or HSW, preincu- 
bated 5 rain, then activated by addition of calcium ionophore 
A23187 (final concentration 20 k~M). A23187 was added from a 
DMSO stock; final concentration was 1%, which did not affect 
exocytosis or cortex morphology (Whitaker & Zimmerberg, 
1987). Five min after activation, eggs were either quick frozen or 
chemically fixed for EM, or examined for FE elevation by light 
microscopy. Egg viability was not affected by hyperosmotic 
treatment since the fertilization rate in ASW after a 10-min incu- 
bation at 2.31 osmol/kg was greater than 95%. 

Samples for freeze fracture or thin sectioning were chemi- 
cally fixed by addition of an equal volume of 4% glutaraldehyde 
in ASW or HSW identical to that used for incubation. Fixation 
was carried out at room temperature for 1 hr, then continued 
overnight at 5~ The eggs for freeze fracture were washed, sus- 
pended in 25% glycerol/75% ASW or HSW for 30 rain, and pel- 
leted by a brief (< 1 sec) submaximal velocity spin in a microfuge. 

A drop of pelleted eggs was then placed on gold-alloy specimen 
carriers and frozen in melting Freon. Samples were fractured at 
-110~ in a Balzers 400 freeze-etch unit (Balzers AG, Balzers, 
Liechtenstein), allowed to etch 15 sec, and replicated with plati- 
num-carbon from an electron beam gun mounted at a 45 ~ angle. 
Replicas were cleaned overnight in bleach, rinsed by floating on 
distilled water, placed on formvar-coated carbon-stabilized cop- 
per grids, and visualized in a Philips 201 EM at 80 kV. 

Eggs for thin sectioning were post-fixed in 1% osmium in 
seawater for 1.5 hr, rapidly dehydrated in a graded alcohol se- 
ries, and embedded in Araldite 502. Silver sections were stained 
with 2% uranyl acetate and Reynolds' lead citrate (Reynolds, 
1963) and viewed as above. 

Samples to be quick frozen were pelleted by a brief(<l sec) 
submaximal velocity spin in a microfuge. After removal of the 
supernatant, an 8-/xl aliquot was placed on an aluminum planchet 
and the sample was quick frozen on a liquid helium-cooled cop- 
per block in the machine designed by Heuser et al. (1979). Sam- 
ples were stored in liquid nitrogen and fractured directly on the 
planchet using the procedure described above. 

Measurements of cortical granule length and width and cor- 
tical granule-plasma membrane separation were made from nega- 
tives of freeze-fracture replicas. Negative magnification was de- 
termined by calibration with a diffraction grating replica. 
Measurements were restricted to granules that had been frac- 
tured in a manner leaving a complete ovoid view of the granule 
membrane. A parameter related to cross-sectional area of the 
cortical granules, k, was determined using the formula for the 
area of an ellipse: 

k = abTg 

where a = I granule length and b = I granule width. Validity of 
this method was determined by comparing actual cross-sectional 
area with k for 20 cortical granules; cross-sectional area and k 
were highly correlated (r = 0.996). 

Results 

Act iva t ion  of S. purpuratus eggs with ca lc ium 
ionophore  in A S W  (1.07 osmol /kg)  resul ts  in near ly  
100% F E  e leva t ion  wi th in  5 min  (square,  Fig. 1). In  
cont ras t ,  eggs ac t iva ted  in NazSO4-HSW (ASW 
con ta in ing  Na2SO4 to inc rease  osmolal i ty)  exhibi t  a 
progress ive  inh ib i t ion  in F E  e leva t ion  as the me- 
d ium osmola l i ty  is i nc reased  (tr iangles,  Fig. 1); inhi- 
b i t ion  be c ome s  ev iden t  at an osmola l i ty  of 1.48 os- 
mol /kg  and  is comple te  by  2.31 osmol /kg .  Similar  
resul ts  are ob ta ined  for the o ther  osmot ican t s  in- 
e luding sucrose  (circles,  Fig. 1) and  sod ium H E P E S  
(data not shown) and  in Lytechinus pictus eggs 
(Z immerberg  & Whi taker ,  1985). Inh ib i t ion  of F E  
e leva t ion  is no t  due to the osmot ic  proper t ies  of the 
vi tel l ine layer  or the F E  as these  are pe rmeab le  to 
water  and  ions.  

E x a m i n a t i o n  by  light mic roscopy  shows that as 
osmola l i ty  of the m e d i u m  is increased ,  there  is a 
progress ive  c rena ted  appea rance  to the eggs (Fig. 
2B and  C) in c o m p a r i s o n  to eggs in A S W  (Fig. 2A). 
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Fig. 1. Inhibition of FE elevation in S. purpuratus eggs incu- 
bated in HSW. Eggs were preincubated in Na2SO4-HSW (A) or 
sucrose-HSW (O) for 5 rain, then 20 b~M A23187 was added. Eggs 
were scored for FE elevation using light microscopy 5 rain later 

Eggs treated with A23187 in Na2SO4-HSW at osmo- 
lalities that result in partial inhibition (1.79 and 1.90 
osmol/kg) exhibit localized bubbles of FE elevation 
(Fig. 2B) suggesting incomplete cortical granule ex- 
ocytosis; at higher osmolalities FE elevation is ab- 
sent (Fig. 2C). 

At the ultrastructural level, the cortex of S. pur- 
puratus eggs displays a single layer of ovoid cortical 
granules just under the plasma membrane (Fig. 3A). 
In thin sections, cortical granules exhibit a charac- 
teristic lamellar structure (Fig. 3B). Five min after 
addition of A23187, cortical granule exocytosis is 
complete, exocytic pockets are gone, and the con- 
tents of the cortical granules are dispersed in the 
extracellular space (Fig. 3C). As seen in freeze- 
fracture replicas, the surface of the activated egg is 
studded with microvilli having finger-like exten- 
sions from broad bases (Fig. 3D). 

Eggs incubated in Na2SO4-HSW (2.31 osmol/ 
kg) exhibit a radically different architecture (Fig. 
4A). Cortical granules have separated from the 
plasma membrane resulting in a granule-free zone 
(GFZ). The GFZ is organelle-free except for frag- 
ments of cortical endoplasmic reticulum (arrow, 

Fig. 2. Phase-contrast micrographs of eggs activated with 
A23187 in ASW or Na2SOg-HSW. (A) Eggs activated in ASW 
(1.07 osmol/kg) exhibit fully elevated FEs (arrow). (B) Eggs acti- 
vated in Na2SO4-HSW (1.90 osmol/kg). FE elevation is absent or 

partial (arrow). (C) Eggs activated in Na2SO4-HSW (2.31 osmol/ 
kg) show no FE elevation. Specimens were fixed in 2% glu- 
taraldehyde in ASW or HSW identical to that used in preincuba- 
tion. 550• 
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Fig. 3. Electron micrographs of the egg cortex in ASW (1.07 osmol/kg) before (A, B) and after (C, D) activation. (A) Freeze-fracture 
replica of quick-frozen egg reveals that cortical granules (CG) lie in a single layer just under the plasma membrane (PM). 34,000 x. (B) 
Granules have a characteristic internal lamellar structure. 61,200 x. (C) Five min after activation with A23187, exocytosis is complete 
and the granule contents have dispersed in the egg. 30,000• (D) Freeze-fracture replica of fixed eggs demonstrates the presence of 
long finger-like microvilli 5 min after activation. 34,000x 



Fig. 4. The egg cortex before (A-C) and after (D) activation in Na2SO4-HSW (2.31 osmol/kg). (A) Freeze-fracture replica of an egg 
quick frozen after a 10-rain incubation in Na2SO4-HSW. Most cortical granules (CG) are widely separated from the plasma membrane 
(PM) creating a granule-free zone (GFZ). Occasional granules remain docked. (B) Cortical endoplasmic reticulum (CER) is the only 
organelle in the GFZ. 80,600 x. (C) Thin sections of eggs fixed in NazSO4-HSW show that the GFZ is filled with cytoskeletal elements. 
54,100x. (D) The GFZ in an egg preincubated in Na2SO4-HSW (2.31 osmol/kg), activated 5 rain later with 20/ZM A23187, and fixed 5 
rain after ionophore addition. Granules are still well separated from the plasma membrane and granule-plasma membrane fusion is 
absent. 34,000x. 
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Fig. 5. (.4) Histogram of cortical granule-plasma membrane sep- 
aration. The closest approach between individual cortical gran- 
ules and the plasma membrane was measured on negatives of 
eggs that had been incubated in either ASW (1.07 osmol/kg) 
(solid bars) or in Na~SO4-HSW (2.31 osmol/kg) for 10 min 
(hatched bars). Samples were fixed in 2% glutaraldehyde, freeze 
fractured, and replicas photographed at 5,000• (B) Percentage 
of cortical granules greater than 0.5/xm from the plasma mem- 
brane as a function of seawater osmolality, Measurements were 
made as in Fig. 5A. Osmolality of the seawater was increased by 
adding Na2SO4. (C) Histogram distribution for cross-sectional 
area of cortical granules of eggs incubated in ASW (1.07 osmol/ 
kg) (solid bars) or in Na2SO4-HSW (2.31 osmol/kg) (hatched 
bars). Measurements were made as described in Fig. 5,4 

Fig. 4B). In addition, cortical granules have a fur- 
rowed appearance and appear shrunken in compari- 
son to their ovoid shape in ASW. Thin sections 
(Fig. 4C) show that the GFZ appears to contain 
cytoskeletal filaments, possibly polymerized actin, 
but this needs to be verified. 

Eggs activated in Na2SO4-HSW (2.31 osmol/kg) 
show almost no signs of granule fusion after addi- 
tion of A23187. Both replicas (Fig. 4D) and thin 
sections (Fig. 6A) demonstrate that the GFZ is 
maintained during activation and that cortical gran- 
ules and the plasma membrane are unable to fuse 
because of their separation. These results were not 
dependent on fixative osmolality, since formation of 
the GFZ and lack of granule fusion was seen in both 
quick-frozen and glutaraldehyde-fixed samples. 

Formation of the GFZ was further character- 
ized by quantitative measurements on EM nega- 

tives. A histogram of the distances separating indi- 
vidual cortical granules from the plasma membrane 
shows that normally, in seawater, most granules lie 
within 0.1 /xm of the cell surface (solid bars, Fig. 
5A). In contrast, formation of the GFZ in Na2SO4- 
HSW (2.31 osmol/kg) is accompanied by a granule- 
plasma membrane separation that has a mean of 
0.64 -+ 0.06/zm (+SEM, n = 52) and can be as great 
as 1.5/xm (hatched bars, Fig. 5A). Furthermore, as 
the osmolality of the Na2SO4-HSW is increased, the 
percentage of cortical granules separated by more 
than 0.5/xm from the plasma membrane increases 
progressively in a dose-dependent manner (Fig. 
5B). In addition to formation of the GFZ, increased 
osmolality of the Na2SO4-HSW is accompanied by 
granule shrinkage as indicated by a shift in the 
cross-sectional areas of individual cortical granules 
toward smaller values (Fig. 5C). The difference be- 
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Fig. 6. Cortical granule-plasma membrane interactions in eggs preincubated in Na2SO4-HSW (2.31 osmol/kg) for 5 min, and activated 
with 20 ~M A23187. (.4) Most granules remain separated from the plasma membrane by a GFZ filled with cytoskeletal elements. 
80,000x. (B) The few cortical granules (CG) that remain in close contact with the plasma membrane (PM) fuse forming pores as small 
as 50 nm (arrow). 265,000• (C, D) Frequently there are instances in which the plasma membrane dips toward the granule. (C) 
90,000x. (D) 77,500x. Specimens were fixed with 2% glutaraldehyde 5 min after activation 

tween the mean cross-sectional area of granules 
from the two samples is statistically significant (P < 
0.001, Student 's  t test). 

Although GFZ formation blocks fusion of 89% 
of the cortical granules in eggs activated in 0.6 M 
NazSO4-HSW (2.31 osmol/kg) (312 cortical granules 
counted in three experiments), about 10% of the 
cortical granules do fuse, presumably those that re- 
main docked near the plasma membrane. Granule- 

plasma membrane fusion, when it does occur, is 
arrested at very early stages. In some cases, pores 
as small as 50 nm in diameter are seen joining the 
granule and plasma membranes (Fig. 6B). Prior to 
fusion the plasma membrane appears to dip toward 
the granule bringing the two membranes into close 
proximity (Fig. 6C and D). Membrane fusion oc- 
curs, and the granule is joined to the plasma mem- 
brane by a "na r row-necked"  pore (Fig. 7A and B), 
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Fig. 7, Arrest of pore widening in Na2SO4-HSW. Eggs were activated with A23187 and fixed 5 min later as described in Fig. 6. (A, B) 
The formation of a "narrow-necked" pore (arrow) between the plasma membrane and cortical granule is captured under hyperosmotic 
conditions. (,4) 158,000x. (B) 99,200• (C, D) Hyperosmotic media arrest widening of the exocytic pocket and block dispersal of the 
contents of the granule. (C) 74,400• (D) 55,800x 

which widens to produce  an omega-configured ex- 
ocytic pocke t  (Fig. 7C and D). Invariably,  the gran- 
ule contents have failed to disperse.  In this sample,  
in fact, virtually all granules that exhibited an arrest  
of  granule-plasma membrane  fusion ( -10%)  also 
had intact lamellar structures,  This suggests that 
pore  widening and discharge of  granule contents are 
linked and both are inhibited by hyperosmot ic  me- 
dia. 

Discussion 

An important  finding in this study, entirely unantici- 
pated,  is that hyperosmolal i ty  alters the architec- 
ture in the cortex of  S. purpuratus eggs creating a 
G F Z  separating the majority of  the cortical granules 
from the p lasma membrane .  In ASW, most  granules 
are within 0 .1 /xm of the p lasma membrane ,  where 
as in Na2SO4-HSW (2.31 osmol/kg)  the majority of  
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granules are at least 0.5/xm from the plasma mem- 
brane. Separation increases as osmolality is in- 
creased and the GFZ formed is seen in both quick- 
frozen and chemically fixed eggs suggesting that it is 
not a fixation artifact. Granule-plasma membrane 
separation prevents granule fusion that would nor- 
mally be complete at 5 min after A23187 activation. 
The cortical granules are simply too far from the 
plasma membrane to fuse. 

Formation of the GFZ was not anticipated be- 
cause previous studies of hyperosmolality effects 
on secretion were limited to enzyme release mea- 
surement and light microscopic observations. In the 
absence of ultrastructural data, these studies attrib- 
uted inhibition to a defect in membrane fusion--the 
absence of granule swelling prior to fusion. It is now 
clear that the major defect is in cytoskeletat organi- 
zation and not in membrane fusion. It appears 
that the cortex becomes filled with cytoskeletal 
filaments, which NBD-phalloidin shows to be fila- 
mentous actin (C.J. Merkle & D.E. Chandler, 
unpublished observation). Evidently extensive re- 
organization of cortical actin occurs. Actin is nor- 
mally located in short filaments in a honeycomb ar- 
rangement within each microvillus; a few longer 
bundles are restricted to areas just beneath the 
plasma membrane (Henson & Begg, 1988). In addi- 
tion, there is a large pool of G-actin in unactivated 
eggs which is thought to serve as a reservoir for 
actin polymerization just after fertilization. Poly- 
merization results in formation of a dense network 
of actin filaments in the embryo cortex (Mabuchi & 
Spudich, 1980). 

Why might actin polymerization occur in re- 
sponse to increases in osmolality? One possibility is 
that hyperosmolality causes an intracellular pH 
change. Many cells respond to hyperosmotic condi- 
tions by activation of a Na+/H + exchanger (Parker 
& Castranova, 1984; Grinstein et al., 1985), which 
moves H + out of the cell. Sea urchin eggs, in fact, 
have such an antiport, which alkalinizes the cyto- 
plasm just after fertilization (Payan, Girard & 
Ciapa, 1983). This pH change at fertilization is 
known to promote cortical actin polymerization 
(Begg & Rebhun, 1979), and therefore it is quite 
possible that hyperosmolality induces actin poly- 
merization by a pH signal in much the same man- 
ner. 

Despite formation of the GFZ, about 10% of the 
cortical granules remain docked at the plasma mem- 
brane. Upon activation these granules fuse with the 
plasma membrane but fusion is arrested at a very 
early stage in hyperosmotic media. From examina- 
tion of these early stages, it appears that fusion can 
be divided into three steps. First, the plasma mem- 
brane dips toward the cortical granule to bring these 

membranes into close contact. Second, a small, 
"narrow-necked" pore forms joining the cortical 
granule to the plasma membrane. Third, the pore 
widens to form an omega-shaped exocytic pocket. 
These steps are consistent with findings showing 
formation of a small pore as an initial step in exocy- 
tosis in mast cells and neutrophils (Chandler & 
Heuser, 1980; Chandler, Bennett & Gomperts, 
1983) and of small indentations in the plasma mem- 
brane toward cortical granules in sea urchin eggs 
(Zimmerberg et al., 1985). 

In sea urchin eggs, hyperosmolality inhibits 
these early steps of fusion and, in particular, widen- 
ing of the exocytic pocket. The granule cores re- 
main intact even in cortical granules in which obvi- 
ous granule-plasma membrane fusion has occurred 
(Fig. 7A and C). Lack of granule content dispersal, 
i.e., the presence of intact lamellar structures, is 
apparent in virtually all fused cortical granules. This 
demonstrates that small molecular weight osmoti- 
cants at sufficiently high osmolalities (>2.31 osmol/ 
kg) can arrest exocytosis immediately after pore 
formation and before the pore has widened. Arrest 
by Na2SO4 and sucrose contrasts to that seen with 
high molecular weight dextrans (Whitaker & Zim- 
merberg, 1987; Chandler et al., 1989). Dextrans also 
inhibit granule matrix dispersal but pore growth 
takes place normally and exocytic pockets are wide 
open (Chandler et al., 1989). This suggests that 
small molecular weight osmoticants specifically in- 
hibit pore growth, possibly by halting granule ma- 
trix dispersal or by stiffening of the cortical cyto- 
skeleton due to actin polymerization. 

In conclusion, our results do not support a role 
for granule swelling as a prerequisite for granule- 
plasma membrane fusion. In fact, our observations 
indicate that granule shrinkage during hyperosmotic 
conditions is not sufficient to block granule-plasma 
membrane fusion if the granules are properly 
docked. This suggests that granule swelling prior to 
fusion is not a sine qua non for exocytosis. Rather, 
the dramatic effect of osmolality on the cortex ap- 
pears to be operating by mechanisms different than 
prevention of granule swelling. Hyperosmolality 
blocks exocytosis in sea urchin eggs by formation of 
a GFZ that separates most cortical granules from 
the plasma membrane. This prevents approach of 
granule and plasma membrane prior to fusion. The 
few granules which remain docked do fuse, but wid- 
ening of the exocytic pocket is arrested immediately 
after the initial pore forms. 
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