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Abstract. 

 

Proteins inserted into the cell surface by exo-
cytosis are thought to be retrieved by compensatory en-
docytosis, suggesting that retrieval requires granule 
proteins. In sea urchin eggs, calcium influx through
P-type calcium channels is required for retrieval, and 
the large size of sea urchin secretory granules permits 
the direct observation of retrieval. Here we demon-
strate that retrieval is limited to sites of prior exocyto-
sis. We tested whether channel distribution can account 
for the localization of retrieval at exocytotic sites. We 

find that P-channels reside on secretory granules before 
fertilization, and are translocated to the egg surface by 
exocytosis. Our study provides strong evidence that the 
transitory insertion of P-type calcium channels in the 
surface membrane plays an obligatory role in the mech-
anism coupling exocytosis and compensatory endo-
cytosis.
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Introduction

 

Upon fertilization, calcium release from internal stores
triggers sea urchin egg cortical granule exocytosis (Epel,
1977; Hagiwara and Jaffe, 1979; Shen, 1995). The physio-
logical role of cortical granule exocytosis is to prevent
polyspermy (Epel, 1977), and to erect a physical barrier
around the egg that protects it during the early stages of
development (Miyake and McNeil, 1998). These functions
require extensive secretion across the entire egg surface.
The amount of exocytosis is so extensive that the addition
of cortical granule membranes to the cell surface doubles
the surface area of the egg (Jaffe et al., 1978; Schroeder,
1979). Fortunately, as is observed in many other cells
(Nordmann et al., 1974; Thomas et al., 1990; Parsons et al.,
1994; Rosenboom and Lindau, 1994; Artalejo et al., 1995;
Smith and Betz, 1996; Smith and Neher, 1997; Engisch and
Nowycky, 1998), cortical granule exocytosis in sea urchin
eggs is followed by endocytotic membrane retrieval that
compensates for the increase in cell surface area (Whalley
et al., 1995). In the sea urchin egg fertilization initiates the
depolarization of the membrane potential from 

 

2

 

70 mV
to 0 mV (Jaffe and Robinson, 1978) which opens 

 

v

 

-aga-
toxin sensitive (P-type) voltage-gated calcium channels
(Vogel et al., 1999). Calcium influx through these channels
in turn triggers compensatory endocytosis (Vogel et al.,
1999). As is the case in most other cell types, other aspects

of compensatory endocytosis in sea urchin eggs are poorly
understood. In many cells it is believed that prior exocyto-
sis is required for compensatory endocytosis because spe-
cific retrieval of granule membrane proteins has been ob-
served (Phillips et al., 1983; Patzak et al., 1984; Thilo, 1985;
Patzak and Winkler, 1986; Pow and Morris, 1991; Nord-
mann and Artault, 1992). However, the mechanism that
directs specific retrieval of granule membrane components
is not known (Warren and Mellman, 1999). We show that
in sea urchin eggs compensatory endocytosis requires
prior exocytosis, and that granule proteins are selectively
retrieved. We also show that the dependence of compen-
satory endocytosis on prior exocytosis arises, at least in
part, from the subcellular localization of P-type calcium
channels in the membranes of the secretory granules.
Thus, exocytosis inserts calcium channels into a depolar-
ized plasma membrane, and calcium influx through these
channels triggers selective retrieval of the cortical granule
membrane in which it resides.

 

Materials and Methods

 

Obtaining and Handling Gametes

 

Sea urchins (

 

Strongylocentrotus purpuratus

 

) were obtained from Marinus
and maintained in artificial seawater (ASW)

 

1

 

 in marine aquaria. ASW is
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routinely prepared by dissolving Instant Ocean (Aquarium Systems) per
the manufacturer’s directions and adjusting the osmolarity to 1,000 

 

6 

 

10
mOsm and pH to 8.0. For experiments ASW was prepared using the for-
mula of the Marine Biological Laboratory: 425 mM NaCl, 9 mM KCl,
9.3 mM CaCl

 

2

 

, 19.9 mM MgCl

 

2

 

, 25.5 mM MgSO

 

4

 

, and 2.1 mM NaHCO

 

3

 

.
Eggs and sperm were obtained as previously described (Vogel et al.,
1999).

 

Imaging Focal Exocytosis and Endocytosis

 

Sea urchin eggs were attached to a polylysine-treated coverslip as previ-
ously described (Vogel et al., 1999). A Zeiss Axiophot microscope with a
cooled CCD camera (Photometrics, Sensys) was used to image focal ele-
vation of the egg fertilization envelope and focal uptake of tetramethyl-
rhodamine dextran using a 40

 

3

 

 1.0 NA objective. Focal fertilization enve-
lope elevation was imaged using differential interference contrast (DIC)
optics and a rhodamine filter set was used to image tetramethylrhodamine
dextran fluorescence. DIC and fluorescence images were superimposed
with Adobe Photoshop. All figures were prepared with Adobe Photoshop
and Adobe Illustrator.

 

Membrane Retrieval Assay

 

A fluid phase uptake assay that measures the amount of tetramethyl-
rhodamine dextran (mol. wt. 3000) was used to quantitate the percent re-
trieval as previously described (Vogel et al., 1999).

 

Labeling Eggs with Alexa Maleimide

 

The vitelline membrane of eggs in suspension was removed by treatment
with 10 mM dithiothreitol and 50 mM glycine in artificial seawater (ASW)
at pH 9.1

 

 6 

 

0.1 for 10 min at 9

 

 6 

 

2

 

8

 

C (Epel et al., 1970). Next, eggs were
washed three times in ASW and incubated with ASW containing 4 

 

m

 

M
Alexa 488 maleimide (Molecular Probes) prepared from a 10-mM stock of
the dye in DMSO. Eggs were washed three times with ASW to remove
dye that had not covalently attached to the egg surface.

 

Labeling Eggs with Concanavalin A

 

The vitelline membrane was removed from eggs as described above and
eggs were attached to polylysine-treated coverslips (0.1 mg/ml) and
placed into a perfusion chamber. Eggs were perfused with ASW contain-
ing a green fluorescent conjugate of concanavalin A and Oregon green
488 (2 

 

m

 

g/ml; Molecular Probes) for 15 min. Free concanavalin A was re-
moved with three ASW washes. In some experiments newly exposed con-
canavalin A binding sites on activated eggs were labeled with the red flu-
orescent conjugate of concanavalin A and Texas red (2 

 

m

 

g/ml; Molecular
Probes).

 

Labeling Eggs with Octadeclyrhodamine

 

Eggs were labeled with the lipidic fluorescent dye octadeclyrhodamine
(R18; Molecular Probes) by perfusion with ASW containing 20 

 

m

 

M R18
(prepared freshly from a 10-mM stock solution in ethanol) for five
minutes. Nonincorporated R18 micelles were removed by three washes
with ASW.

 

Confocal Microscopy

 

A Molecular Dynamics confocal microscope (Multiprobe 2001) with an
argon-krypton laser was used for all confocal laser scanning imaging. For
imaging Alexa 488 fluorescence or Oregon green fluorescence (green
channel) with either tetramethylrhodamine dextran, Alexa 594, or Texas
red fluorescence (red channel) we used the 488- and 568-nm excitation la-
ser lines, a 530 

 

6 

 

15-nm filter (green channel) and a 590-nm longpass
emission filter (red channel), and a Nikon 60

 

3

 

 1.2 NA PlanApo objective
on an inverted microscope. We used the 568-nm excitation laser line and a
590-nm longpass emission filter to image octadeclyrhodamine and tetra-
methylrhodamine fluorescence.

 

Agatoxin Immunofluorescence Microscopy

 

Anti-agatoxin–specific antibody was purchased from Calbiochem. The
outer vitelline membrane was removed to allow access of antibodies and
antibody conjugates to the surface of the plasma membrane using the pro-
tocol of Epel (Epel et al., 1970). Unfertilized eggs and calcium ionophore-

activated eggs (50 

 

m

 

M, A23187) were incubated with 100 nM 

 

v

 

-agatoxin-
IVA (Calbiochem) for 7 min, washed, and then fixed with 4% formalde-
hyde in ASW for 20 min. In control experiments agatoxin was omitted.
Following fixation all samples were washed in ASW and perfused with a
1:1,000 dilution of normal goat IgG in ASW to block nonspecific antibody
binding. Next the samples were incubated for 1 h at RT in ASW supple-
mented with 1% BSA and a 1:500 dilution of a rabbit anti-agatoxin anti-
body (Calbiochem). Finally, after several washes in ASW supplemented
with 1% BSA, the samples were incubated with a 1:2,000 dilution of a goat
anti–rabbit IgG conjugated to tetramethylrhodamine for 1 h, washed, and
visualized by confocal microscopy.

 

Immunogold Electron Microscopy

 

Eggs were fixed for 1 h at 4

 

8

 

C in PKME buffer (50 mM Pipes, pH 6.7, 425 mM
KCl, 10 mM MgCl

 

2

 

, 5 mM EGTA, and 1 mM benzamidine) containing
1% glutaraldehyde and 0.2% picric acid to provide both adequate mor-
phologic detail and antigen reactivity. Eggs were dehydrated with a
graded ethanol series (10 min each in 70, 80, and 85% and three times 10
min in 90%) then infiltrated twice for 30 min with one part 90% ethanol:
two parts LR White resin (Electron Microscopy Sciences), and then over-
night in 100% LR White resin. The following morning the eggs were em-
bedded in gelatin capsules containing fresh LR White resin and cured for
48 h at 65

 

8

 

C. Thin sections (700Å) were cut and mounted on nickel grids.
Immunostaining was begun within 4 h of cutting the sections and the pro-
cedure followed has been previously described (Smith and Jarett, 1993).
In brief, sections were blocked overnight at 4

 

8

 

C in TBS (50 mM Tris-HCl
and 145 mM NaCl), pH 7.4, containing 1% bovine serum. Sections were
then transferred to primary antibody diluted in TBS containing 0.1% BSA
for 2 h at room temperature. The production of affinity-purified P-type
(BC-

 

a

 

1A

 

) and L-type (BC-

 

a

 

1D

 

) calcium channel–specific antibodies have
been described previously (White et al., 1998). BC-

 

a

 

1A

 

 and anti-agatoxin
(Calbiochem) were used at 1:2,000 dilution. Controls for BC-

 

a

 

1A

 

 included
substituting 1:2,000 preimmune IgG, 1:2,000 preabsorbed IgG for BC-

 

a

 

1A

 

and omission of primary antibody. Controls for anti-agatoxin included
substituting normal rabbit IgG for anti-agatoxin, omission of primary anti-
body, and staining of eggs with anti-agatoxin antibody that had not been
incubated with agatoxin-TK. After incubation with primary antibody or
controls the sections were washed four times with TBS containing 1%
BSA and once in PBS (10 mM sodium phosphate buffer, 145 mM NaCl,
pH 7.4) with 1% BSA. The washed sections were incubated with 15-nm
diam colloidal gold–labeled anti-rabbit IgG for 1 h at room temperature.
(The anti-rabbit IgG was obtained from Sigma.) The colloidal gold and
antibody complex were prepared as described previously (Smith and
Jarett, 1993). The sections were washed four times with PBS and 1% BSA
and two times with deionized water. The tissue was counterstained with
2% aqueous uranyl acetate for 3 min. The stained sections were examined
in a JEOL 1010 transmission electron microscope and digital images were
recorded with Advanced Microscopy Techniques Corp software (Kodak
Megaplus 6.1I camera).

 

Quantitative Analysis of the Distribution of Colloidal 
Gold Particles

 

Six blocks of fixed eggs from each incubation condition were embedded
for each experiment. Thin sections were cut from each of the six blocks
and duplicate grids from three blocks stained on two separate days. 25–40
randomly selected images were recorded at high magnification (25–
40,000

 

3

 

) for each experimental condition. No more than two images were
recorded of any given egg. The distribution of gold particles on cellular
membrane domains, e.g., the microvilli, plasma membranes, subcortical
vesicles, cortical granule membrane, clear translucent cytoplasmic vesi-
cles, and yolk granule membranes, was determined by counting gold parti-
cles associated with those membranes and measuring the length of mem-
brane included in the image whether or not it was labeled with gold. The
results were expressed as particles per micron of membrane. The distribu-
tion of gold particles on various cellular organelles, e.g., cortical granule
core, yolk granule core, mitochondria, and cytoplasm, was similarly deter-
mined except the surface area of those structures was determined and the
results expressed as particles/

 

m

 

2

 

.

 

Immunoblotting

 

Membranes were prepared from isolated sea urchin cortical granules us-
ing the protocol of Vater and Jackson (Vater and Jackson, 1989) and sep-
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arated by 7.5% SDS-PAGE. Proteins were electroblotted onto nitrocellu-
lose and blocked with TBS supplemented with 1% BSA and 0.05%
Tween-20. All blots were incubated at 1 

 

m

 

g/ml of antisera. Peptide prein-
cubation was with a twofold molar excess of either P-type immune peptide
or L-type immune peptide (White et al., 1998). Immunoreactivity was de-
tected with a goat anti–rabbit antisera conjugated to alkaline phosphatase
using a ProtoBlot

 

®

 

 detection kit (Promega).

 

Quantitative Morphometry

 

Quantitative analysis of the effects of fertilization and/or agatoxin on the
number of cortical granules and subcortical vesicles was performed on 20
low magnification (10,000

 

3

 

) prints from each of two experiments for each
condition. Cortical granules were identified by their proximity to the
plasma membrane and characteristic electron-dense luminal inclusion.
Subcortical vesicles were identified by their proximity to and often conti-
nuity with the plasma membrane and the lack of electron-dense luminal
inclusion, while translucent vesicles were identified as vesicular structures
located more than 1 

 

m

 

m from the plasma membrane.

 

Results

 

Imaging the Specificity of Compensatory Endocytosis

 

Exocytosis inserts granule proteins and lipids into the cell
surface. Coupled endocytotic membrane retrieval removes
membrane from the cell surface, but in sea urchins it is not
known if the retrieved membrane is comprised of compo-
nents whose origin is solely the cortical granule mem-
brane, components from the plasma membrane, or a mix-
ture of components from both sources. We devised an
imaging strategy to directly test if plasma membrane com-
ponents are specifically retrieved by compensatory re-
trieval. Egg membrane surface proteins were labeled with
Alexa 488 maleimide before fertilization (Fig. 1 a). The
plasma membrane components labeled by this reagent
(membrane proteins with free sulfhydryl groups) were not
internalized by endocytotic membrane retrieval (i.e., they
did not colocalize with the fluid phase marker tetramethyl-
rhodamine dextran; see Fig. 1 a, B) upon activation with
calcium ionophore. Occasionally, we did observe a limited
amount of fluorescent plasma membrane marker internal-
ization. However, internalized Alexa 488 did not colocal-
ize with the fluid phase marker. Presumably under certain
circumstances Alexa 488 maleimide can be transported
into the egg by a separate mechanism. In control experi-
ments, we left Alexa 488 maleimide on after fertilization
and confirmed that under these conditions some Alexa
dye does colocalize in the same intracellular inclusions as
the fluid phase marker (Fig. 1 a, C). Colocalization with
the fluid phase marker suggests that Alexa 488 maleimide
labels both plasma membrane proteins as well as compo-
nents tightly associated with the membrane surface. Upon
membrane retrieval, some of these labeled components
extend into the lumen of these intracellular inclusions. A
similar labeling pattern was observed with the fluorescent
membrane probe FM1-43 in neuroendocrine cells (Angle-
son et al., 1999). Plasma membrane components prela-
beled with a green fluorescent conjugate of concanavalin
A were not retrieved by compensatory endocytosis, while
a red conjugate applied after egg activation was retrieved
(Fig. 1 b). It is known that concanavalin A binds to glu-
cosans attached to the egg plasma membrane, as well as
with components on the granule membrane (Veron and
Shapiro, 1977; Veron et al., 1977). Because the binding

specificity of maleimide and concanavalin A are quite dif-
ferent, and because these reagents will bind to a broad
spectrum of membrane proteins, we conclude that the ma-
jority of proteins retrieved by compensatory endocytosis
did not originate in the plasma membrane.

Compared with membrane proteins, the low mass of
membrane lipids and their limited interaction with other
cellular components tend to endow them with a greater
lateral mobility in the membrane. We wished to determine
if a plasma membrane lipid marker would also be ex-
cluded from retrieval by compensatory endocytosis. Such
an exclusion would be no trivial matter. It is known that
cortical granule-plasma membrane fusion forms a mosaic
surface comprised of granule and plasma membrane do-
mains (Schroeder, 1979). Granule exocytosis randomly in-
serts enough granule membrane into the egg surface to
double its surface area (Jaffe et al., 1978). Because en-
docytotic membrane retrieval occurs over a 15-min time
course (Whalley et al., 1995), and because the diffusion co-
efficients of lipids in the sea urchin plasma membrane are
on order 10

 

2

 

9

 

 cm

 

2

 

/s (Wolf et al., 1981), endocytotic mem-
brane retrieval should randomly retrieve roughly half of
the lipids originally found in the plasma membrane (if lip-
ids are free to diffuse between plasma membrane and
granule domains). When eggs were labeled with the fluo-
rescent lipid marker octadecyl rhodamine (R18), washed,
and then activated, R18 was indeed observed in both the
membranes retrieved by endocytosis and on the cell sur-
face (Fig. 1 c). Thus, it appears that unlike most plasma
membrane proteins, a plasma membrane lipid marker
mixes freely with cortical granule membrane lipids upon
membrane fusion. Similar conditions might explain why
some cortical granule components are not retrieved after
fertilization (Conner et al., 1997).

Are proteins inserted into the plasma membrane by
cortical granule exocytosis specifically retrieved by com-
pensatory endocytosis? Experiments suggest that cortical
granule membrane proteins are specifically retrieved be-
cause protein components labeled on the surface with
Alexa 488 maleimide (Fig. 1 a) or concanavalin A (Fig. 1
b) after fertilization and cortical granule exocytosis were
translocated into the egg. To test if components inserted
into the egg surface after fertilization are retrieved we
took advantage of our ability to trap cortical granule com-
ponents in the cell surface (Vogel et al., 1999). Eggs were
labeled with Alexa 488 maleimide, washed, activated with
calcium ionophore, and placed in calcium-free sea water to
arrest endocytosis. Next, cortical granule membrane pro-
teins inserted into the egg surface were labeled with Alexa
594 maleimide, washed, and imaged by confocal micros-
copy (Fig. 2 A). We observed eggs whose plasma mem-
brane were labeled in patches of red (Alexa 594), green
(Alexa 488), and yellow (where the Alexa 488 and 594 sig-
nals overlapped). After as much as 15 min after activation,
endocytotic retrieval was initiated by depolarization in
normal sea water (9.3 mM CaCl

 

2

 

) containing 50 mM po-
tassium (Vogel et al., 1999). Subsequent confocal micros-
copy of these eggs (Fig. 2 B) revealed a dramatic segrega-
tion of the two markers. Alexa 594–labeled membranes
(the red cortical granule marker) were internalized, while
the vast majority of Alexa 488–labeled membrane (the
green plasma membrane marker) remained on the egg
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Figure 1. Compensatory endocytosis excludes retrieval of plasma membrane proteins but not lipids. (a) The vitelline membrane of eggs
in suspension was removed, surface proteins were labeled with Alexa 488 maleimide, and then imaged by confocal microscopy (see A).
Next, eggs were activated with 25 mM A23187 and 30 mM tetramethylrhodamine dextran was added as a fluid phase marker of endocy-
tosis. After 15 min the eggs were washed three times in ASW and green (Alexa 488) and red (tetramethylrhodamine) fluorescence was
imaged (B). In control experiments the eggs were treated as in the first experiment except Alexa 488 maleimide was not removed be-
fore egg activation (see bottom time line). Eggs were imaged 15 min after activation with calcium ionophore (C). All pictures in a are
representative micrographs, n 5 8, from five different egg preparations. (b) The vitelline membrane was removed and surface proteins
were labeled with a green fluorescent conjugate of concanavalin A and Oregon green 488 (2 mg/ml). Next, eggs were activated with
A23187 and perfused with a red fluorescent conjugate of concanavalin A and Texas red to label any new exposed concanavalin A bind-
ing sites. After a 15-min incubation, the activated eggs were washed three times with ASW and imaged by confocal microscopy (D). A
Z-axis series of 15 images spaced 1 mm apart was used in conjunction with a look-through algorithm to generate a three-dimensional
rendition of the egg viewed from directly above (08) or after being rotated by 508. Pictures in b are representative micrographs, n 5 9,
from nine different egg preparations. (c) Eggs were labeled with the lipidic fluorescent dye octadeclyrhodamine and imaged by confocal
microscopy (see E). Eggs were activated with a 1:1,000 dilution of sperm and the same egg was imaged again 15 min later (see F). Note
the formation of fluorescent intracellular inclusions and a few elongated microvilli extending out from the surface. All pictures in c are
representative micrographs, n 5 11, from five different egg preparations. Bars: (A) 5 mm; (D) 10 mm; (E and F) 1 mm.



 

Smith et al. 

 

Endocytosis and Calcium Channel Insertion

 

759

 

surface. Thus, depolarization triggered specific retrieval of
membranes inserted into the egg surface long after fertili-
zation (Fig. 2).

 

Exocytosis Is Required for Compensatory Endocytosis

 

By definition, compensatory endocytosis is preceded by
exocytosis, and in the sea urchin egg exocytosis is the phys-
iologically relevant trigger for membrane retrieval. None-
theless, the mechanism of compensatory endocytosis may
not inherently require prior exocytosis. For example, re-
trieval might be triggered by a plasma-membrane flacidity
sensor, or by the binding of secreted ligands to cell surface
receptors. Activation of the hypothetical cell surface sen-
sors would then activate a signaling pathway to initiate
membrane retrieval. If such a coupling mechanism was op

 

-

 

erant in the sea urchin egg, one could imagine that activa-
tion of the appropriate signaling pathway might trigger re-
trieval even in the absence of exocytotic activity. Clearly,
it is important to test if exocytosis is required for retrieval.

 

Specific retrieval of granule components suggests that
prior exocytosis is required for compensatory endocytosis.
If prior cortical granule exocytosis is an absolute require-
ment for compensatory endocytosis, (a) membrane re-
trieval should occur only at sites where exocytosis has oc-
curred, and (b) depolarization-triggered gating of P-type
calcium channels should only trigger retrieval when gran-
ule components are present on the cell surface. We ex-
ploited the ability to trigger exocytosis focally (Lawson et al.,
1978; Chambers and Hinkley, 1979) to test the first predic-
tion. We used focal application of a calcium ionophore to
trigger exocytosis focally (rather than globally). Eggs were
placed in sea water containing the fluid phase marker tet-
ramethylrhodamine dextran and the calcium ionophore
A23187 was focally applied to the egg with a micropipette.
This resulted in local cortical granule exocytosis mani-
fested by focal elevation of the fertilization envelope.
When eggs were subsequently perfused with sea water to
remove extracellular fluid phase marker and imaged by
fluorescent microscopy, large red fluorescent inclusions
were observed only at the sites where cortical granule exo-
cytosis had occurred (Fig. 3). Other eggs in the field were
not activated and had no fluorescent inclusions. Fluid
phase uptake evoked in this manner was completely
blocked by 

 

v

 

-agatoxin TK (which blocks the calcium in-
flux required for endocytotic membrane retrieval [Vogel
et al., 1999]), yet focal elevation of the fertilization enve-
lope was still observed (data not shown). It is known that
ionophore-mediated calcium influx does not rescue re-
trieval activity in agatoxin-treated cells in normal seawater
(with 9.3 mM calcium; Vogel et al., 1999). Calcium iono-
phores did rescue retrieval activity when the extracellular
calcium concentration was elevated to 

 

.

 

12 mM (Vogel et al.,
1999). Therefore, in this experiment where we use normal
sea water, focal cortical granule exocytosis was triggered
by ionophore-mediated calcium influx, while focal mem-
brane retrieval was triggered by P-channel–mediated cal-
cium influx. Since the depolarization required to open
channels is presumed to be uniform across the egg surface,

Figure 2. Compensatory endocytosis selectively retrieves cortical
granule membrane proteins. The vitelline membranes of eggs in
suspension were removed. Next, eggs were washed three times in
ASW and incubated with ASW containing Alexa 488 maleimide
to label-free sulfhydryl groups on the egg surface. Eggs were then
washed three times with ASW to remove dye that had not co-
valently attached. Eggs were activated with 25 mM A23187 and 3
min later placed into calcium-free ASW to trap cortical granule
membranes in the cell surface. Newly introduced sulfhydryl
groups on the egg surface were now labeled with Alexa 594 male-
imide (4 mM in ASW). After three washes with ASW to remove
nonincorporated Alexa 594, the Alexa 488 (green) and Alexa 594
(red) fluorescence was imaged by confocal microscopy (A). The
two indicators were primarily distributed on the surface of the
egg. Membrane depolarization and the subsequent compensatory
endocytosis was triggered by the addition of 9.3 mM calcium
chloride and 50 mM potassium chloride as indicated on the pro-
tocol time line. Subsequent imaging revealed a dramatic segre-
gation of the two fluorescent indicators (B). All pictures are
representative micrographs, n 5 5, from five different egg prepa-
rations. Bar, (A) 5 mm.

Figure 3. Compensatory endocytosis occurs at sites where exocy-
tosis has occurred. Sea urchin eggs were attached to a polylysine-
treated coverslip as previously described (Vogel et al., 1999).
Eggs were incubated in artificial sea water (ASW) containing
100 mM tetramethylrhodamine dextran (3,000 mol wt; Molecular
Probes) and activated by focal application of the calcium iono-
phore A23187 (50 mM) with a micropipette. After partial eleva-
tion of the fertilization envelope was observed, the eggs were
washed in sea water to remove exogenous tetramethylrhodamine
dextran. Bar, 20 mm.
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these observations are consistent with the notion that cor-
tical granule exocytosis is required for subsequent com-
pensatory endocytosis.

Furthermore, depolarization-triggered gating of P-type
calcium channels should only trigger retrieval when gran-
ule components are present on the cell surface. To test
this, endocytotic membrane retrieval was triggered 15 min
after fertilization (by depolarizing eggs with 50 mM extra-
cellular potassium in the presence of the normal extracel-
lular calcium concentration) either in eggs perfused with
calcium-free seawater after fertilization, or in eggs main-
tained in normal seawater. Placing eggs in calcium-free
seawater after fertilization trapped cortical granule mem-
branes in the cell surface (Vogel et al., 1999), while eggs
maintained in normal seawater completed membrane re-
trieval within 15 min (Whalley et al., 1995). Retrieval was
monitored by the uptake of a fluid phase marker, tetra-
methylrhodamine dextran, as previously described (Whalley
et al., 1995; Vogel et al., 1999). We found that endocytotic
membrane retrieval was only triggered by elevated extra-
cellular potassium when cortical granule membranes had
been previously trapped in the cell surface (Fig. 4). De-
polarization triggered retrieval 15 min after fertilization
was blocked by treatment with 

 

v

 

-agatoxin TK (data not
shown). Excess retrieval was not observed when the nor-
mal time course of membrane retrieval was allowed to
transpire before high potassium depolarization (Fig. 4).
These data suggest that granule exocytosis and calcium in-
flux through P-type channels are both required for com-
pensatory endocytosis. We cannot, however, rule out the
possibility that retrieval removes P-channels from the cell
surface. If this were the case, depolarization would fail to
trigger further endocytosis because the voltage-sensitive
calcium channel would no longer be present in the plasma
membrane. Indeed, upon reflection it occurred to us that
P-type calcium channels might reside exclusively in the
membranes of cortical granules. Such a limited localiza-
tion would then constrain membrane retrieval to sites of
exocytosis, and compensatory endocytosis would remove
P-channels from the cell surface.

 

P-Type Calcium Channels Are Absent from the Cell 
Surface of the Unfertilized Egg

 

To test if P-type calcium channels might reside in the corti-
cal granule membrane (as opposed to the plasma mem-
brane) before fertilization we took advantage of the fact
that 

 

v

 

-conotoxin MVIIC is a functionally irreversible in-
hibitor of P-type channels (McDonough et al., 1996),
whereas cadmium is a readily reversible inhibitor. If the
channels are present in the plasma membrane before fer-
tilization, application of 

 

v

 

-conotoxin MVIIC should block
them and prevent endocytosis (Vogel et al., 1999). How-
ever, if they are inserted into the plasma membrane by
exocytosis it should be possible to block them only after
the cortical granules have fused. Virtually every cortical
granule fuses with the plasma membrane by 3 min after
fertilization (Mohri and Hamaguchi, 1990; Vogel et al.,
1996). We treated eggs before and after fertilization with
either cadmium, or with 

 

v

 

-conotoxin MVIIC (Fig. 5). We
found that a 5-min pretreatment (green bars) with either
cadmium or 

 

v

 

-conotoxin MVIIC followed by washing

away unbound inhibitor did not affect membrane retrieval
(Fig. 5). In contrast, treatment with 

 

v

 

-conotoxin MVIIC at
fertilization and washing 3 min after fertilization (yellow
bars) completely blocked endocytotic membrane retrieval.
This same protocol with cadmium did not affect mem-
brane retrieval (Fig. 5), as expected if the cadmium block
of calcium channels is reversible and membrane retrieval
recovers following the transient block. These results also
confirm that the 

 

v

 

-conotoxin MVIIC block of calcium
channels is functionally irreversible in this system. The fact
that a 3-min incubation with 

 

v

 

-conotoxin MVIIC follow-
ing fertilization completely inhibited membrane retrieval

Figure 4. Depolarization triggers compensatory retrieval only
when granule components are present on the egg surface. Eggs
were activated with a 1:1,000 dilution of sperm and washed with
either calcium-free artificial sea water (see Retrieval Arrested
time line) or normal ASW (see Normal Retrieval time line) 3 min
after addition of sperm. The normal extracellular calcium con-
centration (9.3 mM) was restored 10 min after sperm addition for
the Retrieval Arrested eggs. Note: Extracellular calcium addition
at t 5 10 min does not trigger retrieval because the egg mem-
brane potential at that time is hyperpolarized thus keeping
P-type calcium channels closed (Vogel et al., 1999). 15 min after
fertilization eggs were either treated with 50 mM potassium chlo-
ride to depolarize the egg membrane potential or mock treated.
The fluid phase uptake marker (100 mM tetramethylrhodamine
dextran) was also added at 15 min to monitor endocytotic re-
trieval (black bar in time line). At t 5 30 min eggs were washed
and percent retrieval was measured. The depolarization-induced
membrane retrieval was measured (1 Potassium; grey bars) and
compared with eggs that were not depolarized (2 Potassium;
white bars) for eggs placed in calcium-free ASW (Retrieval Ar-
rested) and eggs that had been allowed to undergo their normal
retrieval reactions in normal ASW (Normal Retrieval). All
points are mean 6 SD, n 5 6.
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suggests that a 5-min preincubation with toxin before fer-
tilization gave ample time for toxin binding. Even a 15-min
preincubation with 

 

v

 

-agatoxin TK, another irreversible
P-channel inhibitor, failed to inhibit membrane retrieval
(89.1 

 

6 

 

5.2% retrieval; mean 

 

6 

 

SEM,

 

 n 

 

5 

 

6), while 

 

v

 

-aga-

 

toxin TK treatment between 0 and 3 min resulted in an al-
most complete inhibition of membrane retrieval (9.7 

 

6

 

1.9% retrieval; mean 

 

6 

 

SEM,

 

 n 

 

5 

 

6). Thus, if 

 

v

 

-conotoxin
MVIIC or 

 

v

 

-agatoxin TK-sensitive channels had been pres-
ent before fertilization, they should have been blocked by
toxin pretreatment. We conclude that the P-type channels
required for membrane retrieval are either absent from
the egg surface before fertilization or toxin binding is un-
coupled from channel gating.

Immunolocalization of 

 

v

 

-agatoxin was used to deter-
mine if toxin does bind to channels on the surface of the
unfertilized egg and whether there is an increase in the
number of 

 

v

 

-agatoxin binding sites after fertilization, as
expected if the channels are present on cortical granules.
We used a polyclonal antibody that recognizes both free

 

v

 

-agatoxin and the toxin when it is bound to the P-type
channel (Calbiochem). Confocal microscopy was used to
image the surface fluorescence of unfertilized and fertil-
ized eggs treated with v-agatoxin, the anti-agatoxin anti-
body, and a fluorescent secondary antibody. We found
that there was a dramatic increase in the surface labeling
of the egg following egg activation (Fig. 6 B). Immunogold
electron microscopy with this antibody confirmed that
there was no specific labeling in the egg before activation
(Fig. 7, A and C), but agatoxin binding sites were observed
on the membranes of subcortical vesicular structures
(SVM) and on the membranes of translucent vesicles
(TVM) of fertilized eggs (Fig. 7, B and D). Specific bind-
ing was not observed on microvilli or the flat portions of
the plasma membrane. We did observe nonspecific bind-
ing of gold particles to the core contents of cortical gran-
ules and yolk granules (data not shown). Because the den-
sity of gold particles on these structures was the same
when probed with anti-agatoxin IgG, nonimmune IgG,
and when IgG was omitted completely, we conclude that
this binding is not specific for agatoxin. Low levels (,2
gold particles/mm2) of nonspecific labeling were also
occasionally observed on mitochondria and cytoplasm
(data not shown). Our findings are consistent with the
hypothesis that new v-agatoxin binding sites are inserted
into the surface by cortical granule exocytosis after egg
activation.

Figure 5. P-type channels are inaccessible to toxin before fertili-
zation. Eggs were fertilized in artificial seawater and 100 mM tet-
ramethylrhodamine dextran was added at 5 min after fertilization
and net tetramethylrhodamine dextran uptake was determined
after a 15-min incubation. All points are normalized to a positive
control in the absence of any inhibitor (white bars). Before fertil-
ization some eggs were preincubated with either 500 mM cad-
mium or 5 mM conotoxin MVIIC for 5 min and then washed to
remove free inhibitor (green bars). These eggs were then fertil-
ized and net membrane retrieval was determined. Other eggs in
parallel were fertilized in the presence of either cadmium or
conotoxin and after three min the eggs were washed to remove
free inhibitor (yellow bars). Note the complete inhibition with
the irreversible inhibitor, conotoxin. Finally, some eggs were fer-
tilized in the presence of either cadmium or conotoxin with pre-
incubation (red bars) and without preincubation (blue bars), and
net membrane retrieval was determined after 15 min. 5 mM cono-
toxin MVIIC had no effect on sperm-induced fertilization enve-
lope elevation (Vogel et al., 1999). All points are mean 6 SD, n 5 6
normalized relative to the control.

Figure 6. Egg activation in-
creases the number of aga-
toxin binding sites on the egg
surface. (A) Unfertilized eggs
were incubated with 100 nM
v-agatoxin–IVA for 7 min,
washed, and then fixed. (B)
Eggs were activated in ASW
containing 50 mM A23187
and 100 nM agatoxin–IVA
for 7 min before fixation. (C)
Eggs were treated as those in
B but agatoxin was absent.
After fixation all samples

were washed, blocked, and incubated in a 1:500 dilution of a rabbit anti-agatoxin antibody. Next, samples were incubated with a 1:2,000
dilution of a goat anti–rabbit IgG conjugated to tetramethylrhodamine, washed, and visualized by confocal microscopy. Note that there
was virtually no fluorescence observed in unfertilized eggs or in fertilized eggs that were not treated with agatoxin. All pictures are rep-
resentative micrographs, n 5 4, from four different egg preparations, excluding eggs damaged by excessive DTT and/or ionophore
treatment. Bar, 20 mm.
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P-Type Calcium Channels Reside in Cortical Granule 
Membranes before Fertilization

Antibodies specific for either the Aplysia P-type or L-type
calcium channel (White et al., 1998) were used to probe
immunoblots of isolated cortical granule membranes (Fig.
8 A). We found that the P-type–specific antibody (BC-
a1A) specifically bound to components on the sea urchin
cortical granule membranes. The two major granule mem-
brane components observed on immunoblots had molecu-
lar masses of 168.8 6 1.3 (mean 6 SEM, n 5 6) and 135.0 6
2.0 kD (n 5 4). These components were not observed on
immunoblots probed with the Aplysia L-type calcium
channel-specific antibody (BC-a1D), preimmune sera, or
when Aplysia P-type calcium channel peptides were pre-
bound to the BC-a1A. We determined the distribution of
P-type calcium channels by quantifying the amount of
BC-a1A binding (compared with both preimmune IgG and
preabsorbed BC-a1A) using immunogold electron micros-
copy. As mentioned above, nonspecific binding of gold
particles to the core contents of cortical granules and yolk
granules was observed (data not shown). Cortical granule
membranes were the only cellular component of unfertil-
ized eggs that displayed specific labeling (at a density of
0.57 6 0.07 gold particles/mm of membrane cross-section,
mean 6 SD, n 5 4) (Fig. 8, B and D). Specific binding was
not observed on microvilli, plasma membrane, or yolk
granule membrane. 15 min after fertilization most cortical

granules had disappeared due to cortical granule exocyto-
sis. Now specific labeling with BC-a1A was observed in
subcortical vesicles near the egg surface (0.53 6 0.06 parti-
cles/mm), and in the membranes of the electron trans-
lucent vesicles deeper in the cytoplasm (0.51 6 0.03
particles/mm; Fig. 8 C). Cortical granule membranes, sub-
cortical vesicle membranes, and translucent vesicle mem-
branes were the only structures specifically labeled in
these experiments, the density of gold particle labeling was
similar between these structures, and the vesicles bounded
by these membranes were approximately the same size.
These findings suggest that cortical granules fuse with the
plasma membrane to form subcortical vesicles and these
structures are retrieved into the cytoplasm to form translu-
cent vesicles.

To confirm that the subcortical structures labeled by
BC-a1A and by the agatoxin-specific sera represent a tran-
sient intermediate structure of the exocytosis-endocytosis
pathway, we measured the number of cortical granules
and subcortical vesicles observed in electron micrographs
of unfertilized eggs, and in fertilized eggs at 5 and 15 min
after fertilization. In both control and agatoxin-treated
eggs the cortical granules should disappear upon fertiliza-
tion. Furthermore, the number of subcortical vesicles
which appear upon fertilization in agatoxin-treated eggs
(at 5 and 15 min post fertilization) should be approxi-
mately equivalent to the number of cortical granules in un-

Figure 7. Immunogold elec-
tron microscopy of v-aga-
toxin binding sites. (A and
B) Representative micro-
graphs of sea urchin egg thin
sections of unfertilized (A),
and 15 min post-fertilized
eggs (B) that had been pre-
treated with v-agatoxin TK,
washed, fixed, and incubated
successively with a rabbit
anti-agatoxin antibody, and
then with a goat anti–rabbit
IgG coupled to 15-nm gold
particles. The black arrows
indicate examples of the
membrane structures ana-
lyzed: MV, microvilli; CGM,
cortical granule membrane;
PM, plasma membrane;
TVM, translucent vesicle
membrane; SVM, subcorti-
cal vesicle membrane; and
YGM, yolk granule mem-
brane. Note that a typical
gold particle can be observed
at the tip of the arrow
marked SVM in B. Bar, 0.5
mm. (C and D) Gold particle
density per micron of mem-
brane in unfertilized (C) and
15 min post-fertilization eggs

(D) for the different sea urchin egg membrane structures when treated with nonimmune IgG (white bars), no IgG (grey bars), or anti-
agatoxin IgG (black bars). All points are mean 6 SD, n 5 4 experiments with 40 micrographs analyzed in each experiment.
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fertilized eggs because membrane retrieval is inhibited by
agatoxin. In contrast, the number of subcortical vesicles
observed at 5 and 15 min after fertilization in control eggs
should decrease as these structures are internalized by
compensatory endocytosis and should be transported into
the cytoplasm. These dynamic predictions were observed
in our micrographs (Fig. 9). In agatoxin-treated eggs the
number of cortical granules (37.2 6 3.8 structures/micro-
graph, mean 6 SD, n 5 40) observed in unfertilized eggs
and the number of subcortical vesicles at 5 (34.5 6 5.1
structures/micrograph) and 15 min after fertilization (30.6 6
4.7 structures/micrograph) were similar. In control eggs
the number of subcortical vesicles observed 5 min after
fertilization (12.9 6 2.5 structures/micrograph) was less
than the number of cortical granules in unfertilized eggs
(36.4 6 4.1 structures/micrograph), and the number of

subcortical vesicles declined with time (compare 5 and 15
min after fertilization in Fig. 9 A).

Discussion
Little is known about the mechanism of compensatory en-
docytosis and how it is triggered by exocytotic activity.
Specific retrieval of granule membrane proteins has been
observed in chromaffin cells (Phillips et al., 1983; Patzak
et al., 1984; Patzak and Winkler, 1986), mast cells (Thilo,
1985), and in the neurosecretory nerve endings of the neu-
rohypophysis (Pow and Morris, 1991; Nordmann and Ar-
tault, 1992), and these findings suggest that granule com-
ponents are required for retrieval. Here we show in the sea
urchin egg that the mechanism of compensatory endocy-
tosis discriminates against proteins associated with the

Figure 8. Immunolocaliza-
tion of sea urchin egg P-type
calcium channels. (A) Mem-
branes were prepared from
isolated sea urchin cortical
granules and separated on a
7.5% SDS-PAGE. Proteins
were electroblotted onto ni-
trocellulose, blocked and in-
cubated with 1 mg/ml of:
Aplysia P-type–specific affin-
ity-purified rabbit antisera,
BC-a1A; L-type–specific anti-
sera, BC-a1D; BC-a1A preincu-
bated with a twofold excess of
immune peptide, Pre-Ab; and
the preimmune sera of the
rabbit which produced BC-
a1A, Pre-Im. Immunoreactiv-
ity was detected with a goat
anti–rabbit antisera conju-
gated to alkaline phospha–
tase. Arrows on left show ma-
jor components unique to the
P-type–specific antisera. Ar-
rows on right are size mark-
ers. (B and C) Gold particle
density per micron of mem-
brane in unfertilized (B) and
15 min post-fertilization eggs
(C) for the different sea ur-
chin egg membrane struc-
tures (MV, microvilli; CGM,
cortical granule membrane;
PM, plasma membrane; TVM,
translucent vesicle mem-
brane; SVM, subcortical vesi-
cle membrane; and YGM,
yolk granule membrane)
when treated with preim-
mune IgG (white bars), pre-
absorbed BC-a1A (grey bars),
or BC-a1A (black bars). All

points are mean 6 SD, n 5 4 experiments with 40 micrographs analyzed in each experiment. (D–F) Representative micrographs of
unfertilized sea urchin egg thin sections treated with BC-a1A (D), preimmune sera (E), or BC-a1A preabsorbed with immune pep-
tide (F), and then treated with a goat anti–rabbit IgG coupled to 15-nm gold particles. The black arrows indicate gold particles on the cor-
tical granule surface. Note: The nonspecific binding of gold particles over yolk and cortical granule contents in all three micrographs.
Bar, 0.5 mm.
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plasma membrane (Fig. 1), selects for proteins associated
with the granule (Fig. 2), but does not bar the retrieval of
lipids from the plasma membrane (Fig. 1). Furthermore,
we show that compensatory endocytosis only occurs at
sites where exocytosis has occurred (Fig. 3). The spatial
specificity of compensatory endocytosis can be used to
limit the types of mechanisms that can be considered for
this process.

In sea urchin eggs depolarization opens v-agatoxin–sen-
sitive channels and calcium influx through these channels
triggers compensatory endocytosis (Vogel et al., 1999). It
was reasonable to speculate that depolarization of the cell
membrane potential couples exocytosis and compensa-
tory endocytosis by opening plasma membrane resident
P-channels. This simple coupling mechanism must now be
rejected because a cell, particularly a round cell like an
egg, is isopotential, and therefore either depolarized or
not. Focal retrieval cannot be explained by this mechanism
since focal depolarization is not possible. Furthermore, de-
polarization did not trigger additional membrane retrieval
when compensatory endocytosis had been allowed to
run its normal course in fertilized eggs (Fig. 4), nor did
depolarization trigger either cortical granule exocytosis
(Schmidt et al., 1982) or endocytosis (Vogel et al., 1999) in
unfertilized eggs, despite the fact that high extracellular
potassium is known to depolarize the egg membrane po-
tential (Jaffe and Robinson, 1978), and stimulate a vera-
pamil-sensitive calcium influx (Schmidt et al., 1982). Thus,

while depolarization is required to open voltage-gated cal-
cium channels, depolarization alone cannot explain the
coupling of exocytosis and compensatory endocytosis. Ap-
parently, prior cortical granule exocytosis is also required.
Clearly, a full understanding of the coupling of cortical
granule exocytosis and endocytotic membrane retrieval
requires the elucidation of the mechanism of egg depolar-
ization upon fertilization.

What mechanism can then account for focal retrieval at
exocytotic sites? We speculated that prior exocytosis is
required for compensatory endocytosis because cortical
granule membrane components are critical for the re-
trieval mechanism. We hypothesized that the active com-
ponents which respond to depolarization of the cell, the
P-type calcium channels, are themselves limited to exocy-
totic sites by virtue of a cellular localization in secretory
granule membranes. If this were the case, depolarization
and prior granule exocytosis would be required for re-
trieval, and retrieval would be limited to exocytotic sites.
Focal application of calcium ionophore would trigger
focal cortical granule exocytosis and a focal insertion of
P-type calcium channels into the cell surface. These newly
inserted P-channels would respond to a depolarization of
the membrane potential by opening and thus mediate a lo-
cal Ca21 influx. The spatially limited rise in calcium con-
centration would trigger endocytosis only at this site. Volt-
age-gated calcium channels have been found in other
secretory granule membranes, and are known to be tran-
siently inserted into the surface as a result of exocytosis
(Bokvist et al., 1995; Passafaro et al., 1996). In the bag cell
neurons of Aplysia, P-type calcium channels reside on in-
tracellular vesicles and may be inserted into the plasma
membrane upon activation of protein kinase C (White et
al., 1998). While the functional significance of these vesic-
ular calcium channels has not been determined in these
systems, in Aplysia bag cells it was noted that the internal
sites of P-channel immunoreactivity were associated with
membrane recycling sites (White et al., 1998).

Four lines of evidence argue that P-type channels do in
fact reside in cortical granule membranes before fertiliza-
tion and are translocated into the cell surface by cortical
granule exocytosis. First, v-conotoxin MVIIC and v-aga-
toxin TK, specific and essentially irreversible inhibitors of
P-type calcium channels (and of compensatory endocyto-
sis), failed to inhibit retrieval when eggs were pretreated
with the toxins before triggering cortical granule exocyto-
sis. In contrast, these toxins effectively blocked retrieval
when transiently applied to the egg during cortical granule
exocytosis (0–3 min after fertilization). Application of a
reversible inhibitor of P-type channels, cadmium, during
this same short time period failed to block retrieval. Pre-
sumably there was enough calcium influx after removing
cadmium to support complete retrieval.

Second, v-agatoxin did not bind to the surface of unfer-
tilized eggs, but did bind to the surface of fertilized eggs
(Figs. 6 and 7). It is unlikely that v-agatoxin binding in our
experiments, or the binding of secondary and tertiary de-
tection reagents, was caused by nonspecific adhesion to
granule contents deposited on the cell surface by exocyto-
sis because omitting v-agatoxin from our labeling protocol
prevented cell surface labeling (Fig. 6 C), as did omitting
the anti-agatoxin antibody or substituting normal rabbit

Figure 9. Subcortical vesicles are a transient compartment of the
exocytosis–endocytosis cycle. The average number of cortical
granules (grey bars) and subcortical vesicles (black bars) per mi-
crograph was determined in unfertilized eggs, and at 5 and 15 min
after fertilization in the absence (A) or presence (B) of v-aga-
toxin. All points are mean 6 SD, from 40 micrographs.
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sera (Fig. 7 D). Furthermore, there was no change in the
amount of v-agatoxin binding detected on microvilli after
fertilization (Fig. 7). Microvilli would be surrounded by
the secreted contents of cortical granules.

Third, cortical granule membrane components have an
epitope that is recognized by a P-type channel-specific af-
finity-purified antibody, BC-a1A (Fig. 8 A). These compo-
nents were not recognized by an L-type channel specific
affinity-purified antibody, BC-a1D, or when preimmune
sera from the rabbit that produced the BC-a1A antibody
were used. The specificity of BC-a1A was further demon-
strated by its inability to bind to these granule components
when it was prebound to its immunogenic peptide (Fig. 8
A). In contrast, there was no competitive inhibition of
binding when the BC-a1A antibody was preincubated
with an L-type calcium channel peptide (data not shown).
We always observed multiple immunoreactive components
when cortical granule membranes were probed with BC-
a1A in immunoblots. The relative abundance of these com-
ponents was variable between membrane preparations,
and there was a shift toward lower molecular mass species
when frozen membrane samples were reprobed. It is well
known that calcium channel subunits are labile (Conley
and Brammar, 1999), yet inclusion of protease inhibitors
did not prevent the appearance of multiple components.
Nonetheless, the molecular mass of the largest compo-
nent, 169 kD, is an appropriate size for an a1A calcium
channel subunit (Conley and Brammar, 1999), and this
and the lower molecular mass components recognized by
BC-a1A did not appear in our negative controls.

Finally, the only site of specific gold particle labeling
with BC-a1A in the unfertilized egg was on the membranes
of cortical granules (Fig. 8 B). Specific labeling was not ob-
served on the plasma membrane, or on any other intracel-
lular organelle, and the number of gold particles measured
per mm of cortical granule membrane was over five times
that observed on the plasma membrane, or on the cortical
granule membrane when preabsorbed BC-a1A or preim-
mune sera was used. Upon fertilization, gold particle la-
beling with BC-a1A is observed on the membranes of sub-
cortical vesicles and on translucent vesicle membranes.

Subcortical vesicles and translucent vesicles are both
electron-translucent, and in cross-section appear approxi-
mately the same size as cortical granules (see Fig. 7). Many
subcortical translucent vesicles appear under the plasma
membrane in fertilized eggs (Whalley et al., 1995). Be-
cause cortical granules in the unfertilized egg are essen-
tially the only large vesicles observed within 1 mm of the
cell surface, we defined subcortical vesicles as the elec-
tron-translucent vesicles and membrane invaginations that
are located within 1 mm of the cell surface (primarily ob-
served in the fertilized egg). It is not known if all of these
structures are contiguous with the plasma membrane be-
cause serial sections were not reconstructed in this study.
Translucent vesicles, in contrast, are located deeper in the
cytoplasm. While the distinction between these two struc-
tures might be artificial, we felt it was necessary to de-
scribe them as two different structures because some large
electron-translucent vesicles are observed in both unfertil-
ized and fertilized egg, and because many subcortical vesi-
cles might in reality be subcortical invaginations. Nonethe-
less, the density of gold particles observed on subcortical

vesicle membranes and translucent vesicle membranes
was identical to the density observed on the membranes of
cortical granules (z0.5 particles/mm) when BC-a1A was
used as a probe, suggesting that these labeled structures
are all manifestations of the cortical granule membrane at
different stages of the exocytosis-endocytosis cycle, and
that the P-channels density in these membranes have not
been diluted by mixing with plasma-membrane compo-
nents. This interpretation was further substantiated by
counting the average number of cortical granules and sub-
cortical vesicles observed on comparable electron mi-
crographs (Fig. 9). When compensatory retrieval was in-
hibited with v-agatoxin we found that the number of
subcortical vesicles at both 5 and 15 min after fertilization
was comparable with the number of cortical granules ob-
served in the unfertilized egg. In contrast, when endocyto-
sis was allowed to proceed (i.e., no toxins) the number of
subcortical vesicles per micrograph was less than the num-
ber of cortical granules in the unfertilized egg, and this
number declined with time.

Under normal physiological conditions exocytotic sites
are distributed evenly over the entire surface of the egg,
and cortical granule exocytosis is temporally skewed over
a time course of a minute or more (Vogel et al., 1996).
Why, then, do sea urchin eggs have such an intricate mech-
anism to limit P-channels to exocytotic sites? If eggs use a
ubiquitous calcium-activated retrieval mechanism, selec-
tive retrieval of granule membrane proteins could be gen-
erated by selectively exposing granule proteins to elevated
calcium. Such a mechanism for specific retrieval requires
the containment of intracellular calcium in micro-domains
immediately under patches of inserted cortical granule
membrane. Indeed, attempts to image the P-channel–
mediated calcium influx into eggs have failed (Vogel et al.,
1999), suggesting that the calcium influx is limited to re-
gions below the resolution of light microscopy (z0.2 mm).
Furthermore, without calcium containment to the region
under cortical granule membrane patches, focal calcium
influx through P-type calcium channels would initiate a
chain reaction of adjoining cortical granule exocytosis and
thus further channel insertion. Ultimately a single exocy-
totic event would trigger exocytotic events across the en-
tire egg surface. Since a chain reaction is not observed (see
Fig. 3), the calcium influx through P-channels that triggers
compensatory retrieval is likely to be limited to micro-
domains situated immediately under individual surface
resident cortical granule membrane patches. If eggs use
a ubiquitous calcium-activated retrieval mechanism, we
would expect to see a greater amount of membrane re-
trieval with ionophore-mediated influx (compared with
P-channel–mediated influx) because ionophore is likely
to be randomly distributed across the egg surface. The
amount of membrane retrieval triggered by ionophore-
mediated calcium influx, however, was identical to the
amount of retrieval triggered by calcium influx through
P-type calcium channels (Vogel et al., 1999). Thus, selec-
tive exposure to elevated calcium alone is not sufficient to
explain the selectivity of retrieval for granule components.
Distinct patches of granule membrane were observed on
the cell surface 15 min after egg activation when mem-
brane retrieval was arrested (Fig. 2 A), and the gold parti-
cle membrane density observed with the BC-a1A antibody
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was the same in cortical granule membranes, subcortical
vesicle membranes and translucent vesicle membranes
(Fig. 8). For these reasons, we suggest that P-channels, as
well as the majority of proteins associated with the cortical
granule membrane remain associated in membrane rafts
(Brown and London, 1998; Lafont et al., 1998, 1999;
Cheong et al., 1999), and are not free to mix with plasma-
membrane proteins during their short residency on the cell
surface.

We do not know if a mechanism involving exocytotic in-
sertion of calcium channels is involved in coupling exocy-
tosis and endocytotic membrane retrieval in other cells.
Clearly, regulation of the exocytotic delivery of channels
and their retrieval from the cell surface will regulate chan-
nel surface density and thus their activity (Strong et al.,
1987; Katsura et al., 1997; Marinelli et al., 1997; Lissin et
al., 1999; Shi et al., 1999). Chromaffin cells treated with
Lambert-Eaton myasthenic syndrome (LEMS) antibod-
ies, many of which primarily bind to P/Q type calcium
channels, showed a decrease in depolarization evoked cal-
cium influx, as well as a decrease in the membrane capaci-
tance phases typically interpreted as exocytosis, and en-
docytotic membrane retrieval (Engisch et al., 1999). While
this might suggest a role for P/Q type channels in exocyto-
sis-endocytosis coupling in chromaffin cells, other meth-
ods that reduce calcium influx, but may not involve P/Q
type channels, also interfere with compensatory endocyto-
sis (Engisch and Nowycky, 1998). In neurons there is also
a tight coupling of exocytosis and membrane retrieval
(Heuser and Reese, 1981; Ramaswami et al., 1994; Henkel
and Betz, 1995). The fact that P-type calcium channels are
found in the plasma membrane of neurons but are absent
from the plasma membrane of unfertilized eggs might sug-
gest that exocytosis-endocytosis coupling in neurons use a
different coupling mechanism. Presumably, P-type chan-
nels in synaptic membranes are inserted into the cell sur-
face by vesicle fusion. It is not known if these vesicles are
synaptic vesicles, nor is it known if P-type channels are re-
trieved and/or recycled. If so, the large potentiation of
neuromuscular transmission observed with LEMS could
be explained by an increase in the number of P/Q type
channels trapped on the presynaptic surface membrane if
retrieval is inhibited by LEMS antibodies. Perhaps the big-
gest difference between the sea urchin egg and the synapse
vis-a-vis exocytosis-endocytosis coupling is the duration of
membrane depolarizing in response to an action potential.
At synapses, the membrane potential remain depolarized
for only milliseconds, while in eggs, depolarization lasts
for minutes. The short depolarization period at synapses
might not allow sufficient time to trigger all fusion compe-
tent secretory vesicles to fuse, nor need it allow for suffi-
cient time to retrieve all previously inserted membranes.
Thus, it is possible that a short depolarization might trig-
ger exocytotic insertion of calcium channels and endocy-
totic removal of previously inserted channels concurrently,
while a long depolarization could allow for both the inser-
tion and retrieval of the same calcium channels in a single
cycle. Consistent with the insertion of calcium channels
upon synaptic vesicle fusion, at the chick calyx synaptic
terminal a distinct inward current was observed coincident
with vesicle discharge (Stanley, 1993). If the mechanism
that we propose couples exocytosis and membrane re-

trieval in the egg is operant at synaptic terminals this
mechanism might also participate in activity-dependent
synaptic recovery after transmission (Dittman and Regehr,
1998; Stevens and Wesseling, 1998; Wang and Kaczmarek,
1998).

In conclusion, we have shown that cortical granule exo-
cytosis is required for compensatory endocytosis and com-
pensatory endocytosis is only observed at sites of prior
exocytosis. Three types of experiments (toxin inhibition of
retrieval activity, anti-agatoxin immunolocalization, and
anti–P-channel immunolocalization) all argue that P-type
calcium channels are absent from the egg surface before
fertilization, but appear on the cell surface immediately af-
ter egg activation. Two types of experiments (immuno-
blotting and immunogold electron microscopy) directly
argue that P-type channels reside on cortical granule
membranes before fertilization. Furthermore, it is known
that cortical granules fuse with the plasma membrane
upon fertilization, and that the only way that an integral
membrane protein like a voltage-gated calcium channel
could be inserted into the cell surface is by exocytotic
membrane fusion. Thus, we conclude that the calcium in-
flux required for compensatory endocytosis in the sea ur-
chin egg can only occur at exocytotic sites because these
are the only sites on the egg surface that have these volt-
age-gated channels.

We thank C. Smith, P. McNeil, K. Engisch, P. Blank, and J. Goldenring
for their input on this project, and the IMMAG imaging core facility for
the use of their imaging equipment. 

This work was supported by start-up funds from the Institute of Molec-
ular Medicine and Genetics, Medical College of Georgia, a Merit Award
from the Veterans Administration, and National Institutes of Health grant
NS36455.

Submitted: 14 October 1999
Revised: 13 January 2000
Accepted: 20 January 2000

References

Angleson, J.K., A.J. Cochilla, G. Kilic, I. Nussinovitch, and W.J. Betz. 1999.
Regulation of dense core release from neuroendocrine cells revealed by im-
aging single exocytic events. Nat. Neurosci. 2:440–446.

Artalejo, C.R., J.R. Henley, M.A. McNiven, and H.C. Palfrey. 1995. Rapid en-
docytosis coupled to exocytosis in adrenal chromaffin cells involves Ca21,
GTP, and dynamin but not clathrin. Proc. Natl. Acad. Sci. USA. 92:8328–
8332.

Bokvist, K., L. Eliasson, C. Ammala, E. Renstrom, and P. Rorsman. 1995. Co-
localization of L-type Ca21 channels and insulin-containing secretory gran-
ules and its significance for the initiation of exocytosis in mouse pancreatic
B-cells. EMBO (Eur. Mol. Biol. Organ.) J. 14:50–57.

Brown, D.A., and E. London. 1998. Functions of lipid rafts in biological mem-
branes. Annu. Rev. Cell Dev. Biol. 14:111–136.

Chambers, E.L., and R.E. Hinkley. 1979. Non-propagated cortical reactions in-
duced by the divalent ionophore A23187 in eggs of the sea urchin, Lytechi-
nus variegatus. Exp. Cell Res. 124:441–446.

Cheong, K.H., D. Zacchetti, E.E. Schneeberger, and K. Simons. 1999. VIP17/
MAL, a lipid raft-associated protein, is involved in apical transport in
MDCK cells. Proc. Natl. Acad. Sci. USA. 96:6241–6248.

Conley, E.C., and W.J. Brammar. 1999. The Ion Channel Facts Book IV: Volt-
age-Gated Channels. Academic Press, San Diego. 860 pp.

Conner, S., D. Leaf, and G. Wessel. 1997. Members of the SNARE hypothesis
are associated with cortical granule exocytosis in the sea urchin egg. Mol.
Reprod. Dev. 48:106–118.

Dittman, J.S., and W.G. Regehr. 1998. Calcium dependence and recovery ki-
netics of presynaptic depression at the climbing fiber to Purkinje cell syn-
apse. J. Neurosci. 18:6147–6162.

Engisch, K.L., and M.C. Nowycky. 1998. Compensatory and excess retrieval:
two types of endocytosis following single step depolarizations in bovine ad-
renal chromaffin cells. J. Physiol. 506:591–608.

Engisch, K.L., M.M. Rich, N. Cook, and M.C. Nowycky. 1999. Lambert-Eaton
antibodies inhibit Ca21 currents but paradoxically increase exocytosis during



Smith et al. Endocytosis and Calcium Channel Insertion 767

stimulus trains in bovine adrenal chromaffin cells. J. Neurosci. 19:3384–3395.
Epel, D. 1977. The program of fertilization. Sci. Am. 237:128–138.
Epel, D., A.M. Weaver, and D. Mazia. 1970. Methods for removal of the vi-

telline membrane of sea urchin eggs. I. Use of dithiothreitol (Cleland Re-
agent). Exp. Cell Res. 61:64–68.

Hagiwara, S., and L.A. Jaffe. 1979. Electrical properties of egg cell membranes.
Annu. Rev. Biophys. Bioeng. 8:385–416.

Henkel, A.W., and W.J. Betz. 1995. Monitoring of black widow spider venom
(BWSV) induced exo- and endocytosis in living frog motor nerve terminals
with FM1-43. Neuropharmacology. 34:1397–1406.

Heuser, J.E., and T.S. Reese. 1981. Structural changes after transmitter release
at the frog neuromuscular junction. J. Cell Biol. 88:564–580.

Jaffe, L.A., S. Hagiwara, and R.T. Kado. 1978. The time course of cortical vesi-
cle fusion in sea urchin eggs observed as membrane capacitance changes.
Dev. Biol. 67:243–248.

Jaffe, L.A., and K.R. Robinson. 1978. Membrane potential of the unfertilized
sea urchin egg. Dev. Biol. 62:215–228.

Katsura, T., C.E. Gustafson, D.A. Ausiello, and D. Brown. 1997. Protein kinase
A phosphorylation is involved in regulated exocytosis of aquaporin-2 in
transfected LLC-PK1 cells. Am. J. Physiol. 272:F817–F822.

Lafont, F., S. Lecat, P. Verkade, and K. Simons. 1998. Annexin XIIIb associates
with lipid microdomains to function in apical delivery. J. Cell Biol. 142:1413–
1427.

Lafont, F., P. Verkade, T. Galli, C. Wimmer, D. Louvard, and K. Simons. 1999.
Raft association of SNAP receptors acting in apical trafficking in Madin-
Darby canine kidney cells. Proc. Natl. Acad. Sci. USA. 96:3734–3738.

Lawson, D., C. Fewtrell, and M.C. Raff. 1978. Localized mast cell degranula-
tion induced by concanavalin A–sepharose beads. Implications for the Ca21

hypothesis of stimulus-secretion coupling. J. Cell Biol. 79:394–400.
Lissin, D.V., R.C. Carroll, R.A. Nicoll, R.C. Malenka, and M. von Zastrow.

1999. Rapid, activation-induced redistribution of ionotropic glutamate re-
ceptors in cultured hippocampal neurons. J. Neurosci. 19:1263–1272.

Marinelli, R.A., L. Pham, P. Agre, and N.F. LaRusso. 1997. Secretin promotes
osmotic water transport in rat cholangiocytes by increasing aquaporin-1 wa-
ter channels in plasma membrane. Evidence for a secretin-induced vesicular
translocation of aquaporin-1. J. Biol. Chem. 272:12984–12988.

McDonough, S.I., K.J. Swartz, I.M. Mintz, L.M. Boland, and B.P. Bean. 1996.
Inhibition of calcium channels in rat central and peripheral neurons by
omega-conotoxin MVIIC. J. Neurosci. 16:2612–2623.

Miyake, K., and P.L. McNeil. 1998. A little shell to live in: evidence that the fer-
tilization envelope can prevent mechanically induced damage of the devel-
oping sea urchin embryo. Biol. Bull. 195:214–215.

Mohri, T., and Y. Hamaguchi. 1990. Quantitative analysis of the process and
propagation of cortical granule breakdown in sea urchin eggs. Cell Struct.
Funct. 15:309–315.

Nordmann, J.J., and J.C. Artault. 1992. Membrane retrieval following exocyto-
sis in isolated neurosecretory nerve endings. Neuroscience. 49:201–207.

Nordmann, J.J., P.F. Baker, M. Ravazzola, and F. Malaisse-Lagae. 1974. Secre-
tion-dependent uptake of extracellular fluid by the rat neurohypophysis. Na-
ture. 250:155–157.

Parsons, T.D., D. Lenzi, W. Almers, and W.M. Roberts. 1994. Calcium-trig-
gered exocytosis and endocytosis in an isolated presynaptic cell: capacitance
measurements in saccular hair cells. Neuron. 13:875–883.

Passafaro, M., P. Rosa, C. Sala, F. Clementi, and E. Sher. 1996. N-type Ca21

channels are present in secretory granules and are transiently translocated to
the plasma membrane during regulated exocytosis. J. Biol. Chem. 271:
30096–30104.

Patzak, A., G. Bock, R. Fischer-Colbrie, K. Schauenstein, W. Schmidt, G.
Lingg, and H. Winkler. 1984. Exocytotic exposure and retrieval of mem-
brane antigens of chromaffin granules: quantitative evaluation of immuno-
fluorescence on the surface of chromaffin cells. J. Cell Biol. 98:1817–1824.

Patzak, A., and H. Winkler. 1986. Exocytotic exposure and recycling of mem-
brane antigens of chromaffin granules: ultrastructural evaluation after im-
munolabeling. J. Cell Biol. 102:510–515.

Phillips, J.H., K. Burridge, S.P. Wilson, and N. Kirshner. 1983. Visualization of
the exocytosis/endocytosis secretory cycle in cultured adrenal chromaffin
cells. J. Cell Biol. 97:1906–1917.

Pow, D., and J. Morris. 1991. Membrane routing during exocytosis and endocy-

tosis in neuroendocrine neurones and endocrine cells: use of colloidal gold
particles and immunocytochemical discrimination of membrane compart-
ments. Cell Tissue Res. 264:299–316.

Ramaswami, M., K.S. Krishnan, and R.B. Kelly. 1994. Intermediates in synaptic
vesicle recycling revealed by optical imaging of Drosophila neuromuscular
junctions. Neuron. 13:363–375.

Rosenboom, H., and M. Lindau. 1994. Exo-endocytosis and closing of the fis-
sion pore during endocytosis in single pituitary nerve terminals internally
perfused with high calcium concentrations. Proc. Natl. Acad. Sci. USA. 91:
5267–5271.

Schmidt, T., C. Patton, and D. Epel. 1982. Is there a role for the Ca21 influx
during fertilization of the sea urchin egg? Dev. Biol. 90:284–290.

Schroeder, T.E. 1979. Surface area change at fertilization: resorption of the mo-
saic membrane. Dev. Biol. 70:306–326.

Shen, S.S. 1995. Mechanisms of calcium regulation in sea urchin eggs and their
activities during fertilization. Curr. Top. Dev. Biol. 30:63–101.

Shi, S.H., Y. Hayashi, R.S. Petralia, S.H. Zaman, R.J. Wenthold, K. Svoboda,
and R. Malinow. 1999. Rapid spine delivery and redistribution of AMPA re-
ceptors after synaptic NMDA receptor activation. Science. 284:1811–1816.

Smith, C., and E. Neher. 1997. Multiple forms of endocytosis in bovine adrenal
chromaffin cells. J. Cell Biol. 139:885–894.

Smith, C.B., and W.J. Betz. 1996. Simultaneous independent measurement of
endocytosis and exocytosis. Nature. 380:531–534.

Smith, R.M., and L. Jarett. 1993. Electron Microscopic Immunocytochemical
Approaches to the Localization of Ligands, Receptors, Transducers, and
Transporters. In Handbook of Endocrine Research Techniques. F. De
Pablo, C.G. Scanes, and B.D. Weintraub, editors. Academic Press, Inc., San
Diego. 227–264.

Stanley, E.F. 1993. Single calcium channels and acetylcholine release at a pre-
synaptic nerve terminal. Neuron. 11:1007–1011.

Stevens, C.F., and J.F. Wesseling. 1998. Activity-dependent modulation of the
rate at which synaptic vesicles become available to undergo exocytosis. Neu-
ron. 21:415–424.

Strong, J.A., A.P. Fox, R.W. Tsien, and L.K. Kaczmarek. 1987. Stimulation of
protein kinase C recruits covert calcium channels in Aplysia bag cell neu-
rons. Nature. 325:714–717.

Thilo, L. 1985. Selective internalization of granule membrane after secretion in
mast cells. Proc. Natl. Acad. Sci. USA. 82:1711–1715.

Thomas, P., A. Surprenant, and W. Almers. 1990. Cytosolic Ca21, exocytosis,
and endocytosis in single melanotrophs of the rat pituitary. Neuron. 5:723–733.

Vater, C.A., and R.C. Jackson. 1989. Purification and characterization of a cor-
tical secretory vesicle membrane fraction. Dev. Biol. 135:111–123.

Veron, M., C. Foerder, E.M. Eddy, and B.M. Shapiro. 1977. Sequential bio-
chemical and morphological events during assembly of the fertilization
membrane of the sea urchin. Cell. 10:321–328.

Veron, M., and B.M. Shapiro. 1977. Binding of concanavalin A to the surface of
sea urchin eggs and its alteration upon fertilization. J. Biol. Chem. 252:1286–
1292.

Vogel, S.S., P.S. Blank, and J. Zimmerberg. 1996. Poisson distributed active fu-
sion complexes control the rate and extent of calcium-triggered exocytosis.
J. Cell Biol. 134:329–338.

Vogel, S.S., R.M. Smith, B. Baibakov, Y. Ikebuchi, and N.A. Lambert. 1999.
Calcium influx is required for endocytotic membrane retrieval. Proc. Natl.
Acad. Sci. USA. 96:5019–5024.

Wang, L.Y., and L.K. Kaczmarek. 1998. High-frequency firing helps replenish
the readily releasable pool of synaptic vesicles. Nature. 394:384–388.

Warren, G., and I. Mellman. 1999. Bulk flow redux? Cell. 98:125–157.
Whalley, T., M. Terasaki, M.S. Cho, and S.S. Vogel. 1995. Direct membrane re-

trieval into large vesicles after exocytosis in sea urchin eggs. J. Cell Biol. 131:
1183–1192.

White, B.H., T.A. Nick, T.J. Carew, and L.K. Kaczmarek. 1998. Protein kinase
C regulates a vesicular class of calcium channels in the bag cell neurons of
Aplysia. J. Neurophysiol. 80:2514–2520.

Wolf, D.E., W. Kinsey, W. Lennarz, and M. Edidin. 1981. Changes in the orga-
nization of the sea urchin egg plasma membrane upon fertilization: indica-
tions from the lateral diffusion rates of lipid-soluble fluorescent dyes. Dev.
Biol. 81:133–138.


