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ing most marked by 2-3 min . By 5-8 min the ER returned to an organization simi lar to that of the unferti l ized egg . The cortical network also changed at ferti l i zation ; it became disrupted and eventual ly recovered .
Di I label ing al lowed cont inuous observations of the ER
dur ing pronuclear migrat ion and mitosis . Di I -stained
membranes accumulated in the region of the microtubule array surrounding the sperm nucleus and centriole
(the sperm aster) as it migrated to the center of the
egg ; this accumulat ion persisted near the centrosomes
and zygote nucleus throughout pronuclear fusion and
the first two mitotic cycles . We have used a new method to observe the spatial and temporal organization of
the ER in a l iving cel l , and we have demonstrated a
striking reorganization of the ER at ferti l ization .

ER is the site of protein synthesis (Palade and
Siekevitz, 1956) and l ipid synthesis (Wi lgram and
Kennedy, 1963) and it is one of the intracel lular com
partments involved in calcium regulation (Streb et al ., 1984 ;
Ross et al ., 1989) . The ER has distinct functional domains,
such as the nuclear envelope (Watson, 1955) , and rough and
smooth ER (Palade, 1955) ; there are other morphological ly
identi f iable domains that may have functional signi f icance,
such as cisternae and tubules (Palade and Porter, 1954) , and
cortical and noncortical ER (Porter, 1961) . ER membranes
participate in membrane traffic with the Golgi apparatus
(Palade, 1975) , and have structural interactions wi th microtubules (Terasaki et al ., 1986) and actin f i laments (Kachar
and Reese, 1988) . In view of al l of these characteristics, the
ER may be comparable to the plasma membrane in complexity of function and perhaps exceeds it in morphological
complexity.
New information about the distribution of the ER has been
obtained with the f luorescent dicarbocyanine dye D iOCb (3)
(Terasaki et al ., 1984) . This dye permeates the plasma memAddress correspondence to Mark Terasaki , Bui lding 36, Room 2A-29, NIH,
9000 Rockvi l le Pike, Bethesda, MD 20892 . On request, a videotape of the
results described in this paper wi l l be provided at cost .

brane and stains many if not al l intracel lular membranes ; it
has been primari ly useful in the periphery of cultured cel ls
where the ER is a single two dimensional layer that can
be easi ly distinguished from other membranes (Terasaki ,
1989) . To investigate the three dimensional distribution of
ER in l iving cel ls, we have adapted a method that has been
used for visual izing the complex form of neurons in intact
tissues . This method for staining the plasma membrane involves introducing a longer alkyl chain f luorescent dicarbocyanine dye "Di I" (DUC, e (3) or DUC43) ) into contact
with the cel ls ; the l ipophi l ic dye transfers into the plasma
membrane and di ffuses within the membrane bi layer throughout the neuronal processes (Honig and Hume, 1986, 1989 ;
see also Haugland, 1989) . This dye has recently been used
to stain the ER and sarcoplasmic reticulum in broken cel l
preparations where Di I aggregates contact and incorporate
in the membrane bi layer and then di ffuse within it (Henson
et al ., 1989 ; Baumann et al ., 1990 ; Terasaki , M ., J. H .
Henson, D. A . Begg, B . Kaminer , and C. Sardet, unpubl ished results) . To apply a source of Di I to the membrane of
the ER in an intact l iving cel l , we dissolved the dye in soybean oi l (Wesson cooking oi l) and microinjected the dyesaturated oi l into the cytoplasm of sea urchin eggs . Using
confocal microscopy (Whi te et al ., 1987) , we found that the
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Abstract . The ER of eggs of the sea urchin Lytechi nus pictus was stained by microinjecting a saturated
solution of the f luorescent dicarbocyanine Di ICtg(3)
(Di I) in soybean oi l ; the dye spread from the oi l drop
into ER membranes throughout the egg but not into
other organel les . Confocal microscopy revealed large
cisternae extending throughout the interior of the egg
and a tubular membrane network at the cortex . Since
di ffusion of Di I is conf ined to cont inuous bi layers, the
spread of the dye supports the concept that the ER is
a cel l -wide, interconnected compartment . In t ime lapse
observations, the internal cisternae were seen to be in
cont inuous mot ion, whi le the cortical ER was stationary. After ferti l ization, the internal ER appeared to
become more f inely divided, beginning as a wave apparently coincident wi th the calcium wave and becom-

(OMDR) . The OMDR was operated in its on l ine mode, using macro programs run by the BioRad confocal microscope software . Scale bar cal ibrations were obtained by recording images of a stage micrometer for each
zoom setting and scanning speed used, for both x and y directions. To make
the figures, the video moni tor was photographed using 35-mm f i lm (TMAX
100 ; Eastman Kodak Co., Rochester, NY) . A monitor with an adjustable
video image height was used to obtain identical magni f ication in z and y
directions .

Resul ts
Internal and Cort ical ER of the Unferti l ized Egg
After injection into a sea urchin (Lytechinus pictus) egg of
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dye spread through the ER, but not into other organel les, thus
al lowing us to visual ize the structure of the ER in the egg .
Previous studies in f ixed preparations have provided evi dence for transformations in ER organization that accompany physiological changes in oocytes and eggs. A structural
reorganization of the ER occurs during oocyte maturation of
the frog Xenopus (Gardiner and Grey, 1983 ; Campanel la
et al ., 1984 ; Charbonneau and Grey, 1984 ; Larabel l and
Chandler, 1988) ; the ER cisternae come to surround the cortical granules, establ ishing the ER in a form and location that
may serve to release calcium and cause cortical granule exocytosis at ferti l ization . A simi lar development of tubular ER
around the cortical granules occurs between the vitel logenic
oocyte and the mature egg in the sea urchin (Henson et al .,
1990) . Indications of changes in ER structure at ferti l ization
include the f inding that the ER appears to be disrupted on
cortices derived from recently ferti l ized sea urchin eggs
(Sandet, 1984; Henson et al ., 1989) ; a question remains
however whether this is a change in the ER or a change in
the cortex that causes it to shear di fferently when the cortex
is prepared after ferti l ization . In Renopus, electron microscopy has shown that junctions between the cortical ER and
plasma membrane decrease at ferti l ization (Gardiner and
Grey, 1983) and in another frog, Discoglossus, ferti l ization
results in a rearrangement of the subcortical ER near the ani mal pole (Campanel la et al ., 1988) . Using the Di I -oi l drop
injection technique, we have now made continuous observations of the rearrangements of the ER in the l iving sea urchin
egg during ferti l ization . We f ind that within the first 20 min
after ferti l ization, the ER throughout the egg cytoplasm undergoes a dramatic sequence of structural changes .
Mater ials and Methods
Sea urchins (Lytechinus pictus) were obtained from Marinus, Inc. (Venice,
CA) ; this species was used because of the optical clarity of its eggs . Eggs
and sperm were obtained by injection of0.5 M KCI into the coelomic cavity.
The gametes were suspended in artificial sea water. Exper iments were performed at 22-24°C .
Di ICIS (3) : 1,1' -dioctadecyl -3,3,3;3' -tetramethyl indocarbocyanine perchlorate (Di I) l was obtained from Molecular Probes (Eugene, OR) . A
saturated solution of Di l in oi l was made by mixing several crystals of Di l
in 100 pl of soybean oi l (Wesson oi l ; obtained from Food Buoy, Woods
Hole, MA, and Sutton Place Gourmet , Bethesda, MD ; lots from both
sources behaved simi larly) . The solution was kept at room temperature, and
was used over a period of several days .
The Di l solution was microinjected into eggs held between paral lel coversl ips of number zero thickness (Kiehart, 1982) . The eggs were observed
during injection using a standard Zeiss upright microscope with a IOx
phase contrast objective . The oi l solution was microinjected wi th a constriction pipette connected to a micrometer syringe (Hiramoto, 1974 ; Kishi moto, 1986) . After injection, the chamber holding the eggs was transferred
to the stage of the confocal microscope. Insemination was accompl ished by
introducing a sperm suspension through the open side of the injection
chamber.
Eggs were observed using a laser scanning confocal microscope (Model
600; Bio-Rad Laboratories, Oxnard, CA) with an argon laser for i l lumination and coupled with a Zeiss Axioplan or a Nikon Optiphot microscope.
Observations were made using a Zeiss Planapo 63 x N . A . 1.4 objective lens
or a Nikon Planapo 60x N .A . 1.4 objective lens. For the observations, the
laser was used at ful l power with a 1 or 3 % neutral density filter, and with
the confocal aperture between 3 and 5 . A stepper motor was used for col lecting Z-series images ; this motor had a minimum step size of 0 .18 wm for
the Zeiss microscope and 0.1 tm for the Nikon microscope .
Images were stored on a Panasonic 3031F optical memory disk recorder
1 . Abbreviation used in this paper: Di l , 1,1' -dioctadecyl -3,3,3' ,3' -tetramethyl indocarbocyanine perchlorate .

Figure 1. Spreading of Di I from an injected oi l drop into the ER
of an unferti l ized egg. (A) 5 min after injection. The dye has moved
from the oi l drop into the nearby cytoplasm but has not yet spread
across the egg . (B) 30 min after injection . The dye has spread
throughout the cytoplasm but is sti l l more concentrated near the oi l
drop . (C) 30 min after injection . An optical section showing the
nucleus . Bar, 50 um .
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a drop of soybean oi l saturated wi th D i l (4-20 pl , 0 . 5 - 3%
of the egg volume) , the dye spread throughout the egg (110
Am diameter) over a per iod of ti 30 mi n (Fig . 1, A and B) .
Al though l ittle detai l could be discerned by convent ional
f luorescence microscopy, observat ions wi th the confocal
microscope al lowed visual izat ion of a system of cisternae
( lamel lar sheets) and tubules that we identi fy, as wi l l be considered in the Discussion, as the ER .
The f luorescent i mage appeared to indicate that the dye
had labeled interconnected sheets of membrane arranged in
apparent ly random or ientat ions (Figs . 1, 2, 5 D, 6 A, and 7
A) . The lamel lar sheets were seen both in cross-sect ion and
en face, wi th dimensions of N1 - 10 Am . The sheet - l ike nature
of these structures was further demonstrated by taking serial
opt ical sect ions at 1-gm intervals (Fig . 3 A) . Simi lar patterns
of var iously or iented sheets of membrane were observed
throughout the cytoplasm, at depths of 2 to 50 Am ; however ,
a levels deeper than - 20 Am, the qual i ty of the images was
poorer , such that individual cisternae were less dist inct . The
cel l nucleus was visible as a dark, dye- free area - 20 - 30 Am
bel ow the surface and was surrounded by a cont inuous br ight
boundary (Fig . 1 C) .
Movement of ER membranes was seen in images taken in
the same focal plane at 1- or 2 .6-s intervals (Fig . 3 B) . When
observed in t ime- lapse video, al l of the membranes were in
mot ion, in apparent ly random di rect ions . One component of
this mot ion was translat ion of cisternae in the plane of the
opt ical sect ion ; observat ions of four successive frames
showed individual cisternae mov i ng 0 .7-1 .6 um in 7.8 s (aver -

age = 1 .0 Am, n = 11) . Because observat ions were l imi ted
to a single focal plane and were not faster than 1 per s, we
could not character ize the movements of the ER in greater
detai l .
The staining pattern in the cortex of the egg (the region
of the egg adjacent to the plasma membrane) appeared as a
network of interconnected tubules . In an opt ical sect ion
sl ight ly below the cortex (Fig. 2) , the network was visible
around the per iphery. In an opt ical sect ion at the cortex level ,
only the network was visible (Figs. 4, 5 A, 8 A) . The areas
enclosed by the interconnect ing tubules had dimensions of
t i l Am . In contrast to the internal cisternae, the cort ical net work did not move when observed in t ime lapse sequences .
In serial opt ical sect ions at 0 . 3 - Am intervals (Fig. 5) , the cor tical network appeared clear ly in only one sect ion (Fig . 5 A) .
At 0.9 Am beyond the cortex level , the staining pattern
showed randomly or iented sheets of membranes l ike those
throughout the deeper cytoplasm (Fig. 5 D) . Between the
cortex and the internal region was a transi t ion zone wh i ch
seemed to consist of tubules or iented perpendicular to the
plasma membrane .
Except in the region di rect ly adjacent to the oi l drop,
where smal l stained objects were somet imes observed (not
shown) , and at the nuclear envelope, the only structures
stained were the interconnect ing sheets in the inter ior of the
egg and the tubular network at the cortex . D i l did not stain
the cort ical granules or the yolk granules ; these are abundant , membrane bound organel les - 1 Am in diameter located respect ively at the cortex (see Henson et al . , 1989) and
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Figure 2 . ER of the unferti l ized egg . An optical section sl ightly below the top surface of the egg . Cistemae ( lamel lar sheets) are seen in
the central region, wi th the tubular network at the per iphery. Bar , 10 Am .
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Figure 3. ER of the unferti l ized egg . (A) Serial optical sections in 1-Am steps 7-10 Am from the surface . Arrowheads point to a long curved
l ine that is present in each section, indicating that it is a membrane sheet seen in cross section . (B) Sequential scans of an optical section

7 Am from the surface, taken at intervals of 2 .6 s. Scanning time per frame = 2 s. Arrowheads indicate a region in which changes can
be seen . When viewed in time- lapse video, al l of the membranes are seen to be moving. Bar, 10 Am.
throughout the interior (see Frankl in, 1965 ; Summers and
Hylander, 1974) . These observations support the interpretation that Di I di ffuses from the oi l droplet through contacts
wi th the interconnected membranes of the ER . If Di I was instead spreading through the aqueous regions of the cytoplasm and then partitioning into membranes, the cortical
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granule and yolk granule membranes would be expected to
stain .
Changes of the ER at Fert i l izat ion

At ferti l ization, both the internal and cortical ER underwent
a rapid change in structure, fol lowed by a slower return to

93 2

Figure 4. ER of the unferti l ized egg . An optical section through the
cortex of the egg, showing the tubular network . Bar, 10 Am .
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a conf iguration simi lar to that of the unferti l ized egg. The intemal ER appeared to change to a more f inely divided state ;
subsequently, the large sheets and spaces between the sheets
reappeared (Figs. 6 and 7) . This phenomenon was most
clearly observed at levels <20 pm from the surface (10 Am
in Figs. 6 and 7) . Deeper in the cytoplasm, simi lar changes
in the conf iguration of the ER could be detected, but the opti cal images at these levels were relatively poor. By changing
the focus during the observation period, we excluded the
possibi l ity that the observed changes were due to an axial
shift in the region of the egg that was in the focal plane . A
transformation of the cortical ER also occurred ; soon after
ferti l ization, the cortical layer of tubular membranes was disrupted (Fig . 8 B) . Later, a network of cortical membranes
was reestabl ished (Fig . 8 C) . These changes in the structure
of the ER were observed in 12 out of 12 eggs ( from 8 di fferent
animals) that were observed at various depths from the surface during ferti l ization . Observations with transmitted l ight
microscopy showed that these eggs elevated their ferti l ization
envelopes normal ly, indicating that normal cortical granule
exocytosis occurred .
The initial changes in the ER, observed at depths 10-20
Am from the surface, began within 1 min after ferti l ization,
as determined by the observation that they occurred at about
the same time as the egg underwent a contraction of the
cytoplasm (compare the shape of the egg in Fig 6, A and B )
(n = 5 eggs) . This contraction is known to occur within the
first minute after ferti l ization (Schatten, 1981 ; Eisen et al .,
1984 ; Hafner et al ., 1988) . The changes in the ER began as
a wave of altered morphology that traveled across the egg
(Fig . 6 B) . In eggs oriented such that the ferti l ization cone

ER of the unferti l ized egg. Serial optical sections in 0.3Am steps, moving from the cortex deeper into the cytoplasm . (A)
The network of tubular membranes in the cortex . (B) 0.3 Am beyond the cortical layer of ER . Bright dots may represent cross sections of ER tubules oriented perpendicular to the cel l surface . (C)
0.6 Am beyond the cortical layer. (D) 0.9,um beyond the cortical
layer. Bar, 10,um .
Figure S.
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Figure 6. Change in the ER structure at ferti l ization . Optical sections 10 / Am below the egg surface. (A) Before ferti l ization . (B) 13 s after
the change in the ER structure was first detected. In compar ison with A, a change in structure can be seen in the lower hal f of the egg
but not in the upper hal f. The arrow marks the region where sperm entry was subsequently observed. (C) 2 .0 min after the ER change
began. Large cistemae seen in A are no longer visible. (D) 5.4 min after the ER change began. Large lamel lar sheets are reappearing .
(E) 8 .5 min after the ER change began. The structure of the ER is simi lar to that before ferti l ization . Bar, 50 pm .
marking the point of sperm entry could be seen, the wave was
observed to start in that area (n = 3 eggs) . Because the wave
did not have a sharp front, it was not possible to measure precisely the t ime requi red for the wave to cross the egg ; however, this t ime was est imated to be -15-30 s (n = 4 eggs) .

After the initial wave crossed the egg, the dimensions of
the sheets of membrane cont inued to decrease over the next
1-3 min (Figs. 6- C and 7 B) . At this t ime, the sizes of the
ER components were so smal l that their organizat ion could
not be clearly discerned wi th the l ight microscope, but bright
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Figure 7. Change in the ER structure at ferti l ization . Opt ical sections 10 Am below the egg surface . Higher magni f icat ion views
from another egg l ike that shown in Fig. 6. (A) Before ferti l ization .
(B) 2 min after the ER change began . (C) 14 min after the ER
change began . Bar, 10 Am .

dots in the i mage suggested the presence of tubular ER (Fig .
7 B) . Br ight dots wh i ch might be interpreted as opt ical sect ions through tubular ER were also seen in the thin transi t ional layer between cort ical and internal ER in the unferti l ized egg (Fig. 5 B) . However , except in this region, br ight
dots of comparable size were not general ly seen in the ER
of unfert i l ized eggs or in ferti l ized eggs after 10 mi n . At 3-5
mi n after the initial change, the internal ER began to reassemble into larger sheets (Fig. 6 D) . By 5-8 min, the internal
ER had returned to an organizat ion simi lar to that of the unferti l ized egg (Fig . 6 E and 7 C) , except in the region of the
developing sperm aster, as wi l l be descr ibed below. These
measurements of the kinet ics of the division and reformat ion
of the ER structure were made from cont inuous recordings
of 4 eggs that were viewed at 10 - 20 pm f rom the surface .
Observat ions at the cortex showed that the disrupt ion of
the cort ical network occurred wi thin 1-2 mi n after sperm
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Figure 8 . Change in cortical ER structure at ferti l ization . (A) Before ferti l ization . (B) 4 .6 min after the ER change began. The corti cal ER network has been disrupted . (C) 27 min after the ER change
began . The cortical ER network is reforming. Bar, 10 Am .

were added to the observat ion chamber. At - 10 - 30 mi n after
ferti l ization, the network pattern of the cort ical ER began to
reappear (Fig . 8 C) . By the t ime of cleavage, the ER in the
cortex closely resembled the ER in the cortex of the unferti l ized egg (not shown) . These changes in the cort ical ER net work were seen in three out of three eggs examined, but thei r
t ime course was not determined precisely.
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Accumulation of Di I -stained membranes during pronuclear migration . Times indicate minutes after ferti l ization . (A)
6 min . Symbols indicate the female and malepronuclei . Membrane
accumulation around the male pronucleus is already occurring . Increased accumulation is seen at subsequent time points . (B) 10 min.
(C) 12 min . (D) 14 min . (E) 22 min . Pronuclear fusion has occurred . Bar, 50 pm .

Accumulat ion of DU-stained Membranes around
the Male Pronucleus and Zygote Nucleus
Dur ing the period of pronuclear migration, Di I -stained
membranes accumulated around the male pronucleus (Figs .
9 and 10) (observations in five eggs) . No such accumulation
was seen around the female pronucleus ; however, when
the female pronucleus reached the male pronucleus, it became engul fed in the membranes associated with the male
pronucleus. The membranes around the male pronucleus
were seen in the same location as the microtubules that
surround the male pronucleus during its migration (Longo
and Anderson, 1968 ; Bestor and Schatten, 1981 ; Hamaguchi
et al ., 1985) , and were al igned in a radial pattern l ike that
of the microtubule aster. Wi thin the mass of Di I stained
membranes, the two pronuclei fused and formed the zygote
nucleus (Fig . 9) .
The membranes remained accumulated around the zygote
nucleus throughout the - 30 min between pronuclear fusion
and the beginning of mitosis (continuous observations of
four embryos) . At the t ime of mitosis (Fig . 11), the membranes around the nucleus became arranged in a pattern
simi lar to that of the microtubule arrays (Harris, 1975 ; Bestor and Schatten, 1981 ; Hamaguchi et al ., 1985 ; Henson et
al ., 1989) . Components of the membranes in the mitotic apparatus were al igned l ike the astral microtubules as wel l as
the spindle microtubules (Fig . 11, A, B, and C) . No obvious
breakdown of the Di I -stained membranes in the mitotic ap-
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Accumulation of DU-stained membranes during pronuclear migration . Same embryo as Fig . 9. (A) 7 min after ferti l ization. (B) 15 min. The female and male pronuclei are now in contact . The image brightness was set to optimize the image of the
membrane array several microns from the nuclei , although this
resulted in saturation of the f luorescence image closer to the nuclei .
At lower image brightness or smal ler confocal aperture, structural
detai l in the more central region still could not be resolved, for reasons as discussed in the text . Bars, 10 Am .

Figure 10.

paratus or in the surrounding cytoplasm was seen at the time
of the nuclear envelope breakdown (Fig. 11 B) . Di l - labeled
embryos proceeded through normal first and second cleavage . Throughout this period, Di l -stained membranes remained accumulated around the nucleus, even during interphase (Fig. 11 D) . Membrane accumulation in the cel l center
throughout the mitotic cycle was observed in continuous
recordings from four embryos . Al though later development
was not observed systematical ly, two embryos were seen to
develop to normal mesenchyme blastulae.
Attempts to resolve detai l in the central regions of the
sperm aster and mitotic asters where the membranes were
most dense were unsuccessful , probably in part because the
membranes were separated by distances smal ler than the
resolution of the l ight microscope ( -200 nm ; see Longo and
Anderson (1968) and Harris (1975) for electron micrographs
of these regions) . Also, these structures were beyond the
-10-Am region from the surface where the best images could
be obtained . The dye appeared, nevertheless, to be conf ined
primari ly to the ER, since there was no evidence in regions
at the edge of the dense masses (Figs. 10 and 11 C) of staining of the yolk platelets, membrane-bound organel les of
suff icient size to be seen if dye was incorporated (Frankl in,
1965 ; Summers and Hylander, 1974) . However , we cannot

exclude the possibi l ity that membrane-bound organel les derived from the Di I -stained ER by subsequent membrane
budding were also stained . The presence of smal l . bright
patches in the cytoplasm (see Figs . 9-11) suggested that with
time, this may be occurring .
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D iscussion
Staining of the ER by Intracel lular Injection
ofa Di I -saturated Oi l Drop
Di I is a l ipophi l ic molecule that has two 18 carbon alkyl
chains ; these chains intercalate into the bi layer of red blood
cel l membranes (Axelrod, 1979) . In many other cel ls as
wel l , Di I has been found to stain only membranes (see
Haugland, 1989) . Di I di ffuses within bi layers (Fahey et al .,
1977) , but does not transfer at appreciable rates to adjacent
membranes (Dragsten et al ., 1981 ; Honig and Hume, 1986) ,
presumably because of its strong association with bi layers
via its long carbon chains. Thus, in the egg, Di l is very l ikely
to spread in a continuous membrane bi layer, though it could
also stain other membrane compartments through dye transfer by membrane traffic.
An antibody to a calsequestrin- l ike protein has been

Downloaded from www.jcb.org on September 3, 2005

Figure 11. Distribution of Di l -stained membranes during mitosis . (A) Late prophase . (B) Metaphase or early anaphase . (C) Telophase .
(D) Interphase. As described both here and in the text, we were unable to obtain better resolution of the membranes in the dense central
region . Bars : (A, C, and D) 50 Am ; (B) 10,um .
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Characterization of the ER of Urn ferti l ized Eggs
The Di l staining method shows two major forms of the ER
in the unferti l ized egg : a stationary tubular network at the
cortex, and a moti le, uni formly distributed system of interconnected lamel lar sheets (cisternae) in the interior. The
movements of the interior ER are apparently independent of
microtubules, because few if any microtubules are present in
the unferti l ized egg (Harris et al ., 1980) . In contrast, the
two-dimensional network of tubular ER in the thin periphery
of cultured cel ls and in growth cones of sympathetic neurons
undergoes constant rearrangements, including tubule extensions, retractions, branchings, and fusions, which are closely related to microtubules (Terasaki et al ., 1986 ; Lee and
Chen, 1988 ; Dai ley and Br idgman, 1989 ; Sanger et al . ,
1989 ; Lee et al ., 1989) .
The staining by Di I provides evidence for extensive continuity of sea urchin egg ER . Since Di I di ffuses only in continuous bi layers, a simple explanation of its staining is that
the cortical network and interior cisternae are completely interconnected and compr ise al l of the ER . However , the staining does not def initively prove this, because as noted above,
there may be discontinuous ER membranes that are not
stained by dye di ffusion, and it is conceivable that discontinuous ER membranes could be stained through dye transfer
by membrane traffic, or that discontinuous ER compart ments are stained through multiple contacts with the oi l
droplet . The continuity of ER membranes is of interest because a cel l -wide interconnected membrane could serve
to coordinate processes throughout the cytoplasm (e .g.,
Palade, 1956; Porter, 1961) ; the spread of Di l in sea urchin
eggs suggests that at least part of the ER forms such a compartment .

Reorganization of the ER at Ferti l ization
The structural change in the ER at ferti l ization begins as a
wave that passes across the egg within <30 s, l ike the wave
of Ca release (Eisen et al ., 1984 ; Swann and Whitaker, 1986 ;
Hafner et al ., 1988 ; Hamaguchi and Hamaguchi , 1990) .
Then the organization of the ER returns to an arrangement
simi lar to that of the unferti l ized egg ; this is completed by
5-8 min after ferti l ization . In Lytechinus pictus, cytoplasmic
Ca returns towards its preferti l ization level wi th a roughly
simi lar time course (Crossley et al ., 1991) , although an exact
compar ison of kinetics cannot be made because our measurements and those of Crossley et al . were made at di fferent
temperatures. The approximate temporal correlation of the
rise and fal l in intracel lular Ca and the structural changes in
the ER suggests that these events are related, particularly
since the source of Ca that is released at ferti l ization is probably the ER (Eisen and Reynolds, 1985 ; Han and Nuccitel l i ,
1990 ; Terasaki , M ., and C . Sardet, unpubl ished results) .
The initial change in the ER structure occurs throughout
the cytoplasm. The uni form, apparently nonpolarized distri bution of the ER begins to change at about the time microtubules first appear in the cytoplasm as an astral array around
the sperm nucleus (see Longo and Anderson, 1968 ; Bestor
and Schatten, 1981 ; Hamaguchi et al ., 1985) . At this time,
Di l -stained membranes accumulate near the sperm pronucleus as it migrates to the center of the egg . The presence
of tubular membranes in the sperm aster was previously de-
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shown to label ER membranes in sea urchin eggs (Henson
et al ., 1989) . Staining by Di l resembles this label ing very
closely. The calsequestrin- l ike protein is seen in ER cisternae by electron microscopic observations of immunoperoxi dase stained sections ; it is also seen by immunof luorescence
microscopy of semi -thin frozen sections as a "tubuloreticular
network throughout the egg (Henson et al ., 1989) . The pattern of antibody staining appears very much l ike Di l staining, but which the better resolution afforded by serial confocal images reveals to be a system of interconnected lamel lar
sheets. The staining by both techniques corresponds wi th
conventional electron microscopy, which shows prof i les of
ER cisternae throughout the egg cytoplasm (see Longo and
Anderson, 1968 ; Summers and Hylander, 1974; Luttmer
and Longo, 1985 ; Henson et al ., 1989) . Both the antibody
and Di l also label a cortical network that corresponds to
rough ER seen on isolated egg cortices by electron microscopic methods (Sardet, 1984 ; Chandler, 1984) and by staining with f luorescent dyes (Henson et al ., 1989 ; Terasaki ,
M ., J . H . Henson, D. A . Begg, B . Kaminer , and C . Sardet,
unpubl ished results) . A continuous boundary around the nucleus is labeled by both methods ; correspondingly, electron
microscopic studies have shown that the outer membrane of
the nuclear envelope often has ribosomes bound to it and is
in continuity with other elements of rough ER (Watson,
1955) . Lastly, two other organel les, the cortical granules and
the yolk granules, are not stained by either technique . Thus,
both techniques speci f ical ly stain at least major parts of the
ER of the sea urchin egg.
It is not known, however, if these techniques stain al l of
the ER . It is possible that some ER membranes do not contain the calsequestrin- l ike protein or that some ER membranes are discontinuous with the DJI -stained ER membranes . It is also possible that the methods label other
compartments besides the ER . Both techniques show a concentration of membranes in the mitotic apparatus ; prof i les of
smooth tubular membranes in this region have been observed by electron microscopy (Harris, 1975) . Al though
these membranes may be smooth ER, some of them may be
parts of other, recently discovered organel les, such as the
trans-Golgi network (Gri ff iths and Simons, 1986) , an "intermediate compartment" between the ER and Golgi apparatus
(Lippincott-Schwartz et al ., 1990) , or tubular lysosomes
(Swanson et al ., 1987) ; these other organel les could conceivably contain the calsequestrin- l ike protein or be stained
by Di I through membrane traffic.
Regardless of these considerations, the observed staining
by Di I , within the t ime frame of the present experiments, is
of a membrane system that corresponds with known characteristics of the ER . The novelty of the staining by Di I is that
it al lows temporal observations of the three dimensional organization of the ER in a l iving cel l . Sea urchin embryos injected wi th Di l -saturated oi l drops develop normal ly, undergoing normal cortical granule exocytosis and early cleavage,
and in prel iminary observations, developing to blastulae.
The occurrence of these normal physiological processes indicates that Di l is not perturbing cel lular functions . Wi th
this technique, f ixation damage is avoided, and the use of a
l iving cel l al lows observation of ER moti l ity and structural
changes . This enables us to add new information to that
known from previous studies of f ixed eggs .

scribed by Longo and Anderson (1968) , who proposed that
these membranes were ER . Using confocal microscopy of
l iving eggs stained wi th Di l , we have provided additional
evidence that these membranes are ER, and that they are
concentrated in the sperm aster relative to adjacent regions
of the cytoplasm . This accumulat ion of membranes probably
accounts for the accumulat ion of clear cytoplasm in this region, described by Chambers (1939) as "the lake ." Since ER
moves along microtubules in other cel ls (reviewed in Terasaki , 1990) , and since the movement of the female pronucleus into the sperm aster is microtubule mediated (Zimmer man and Zimmerman, 1967; Hamaguchi and Hi ramoto,
1986) , it is possible that the accumulation of membranes
within the sperm aster is due to minus-end-directed motors
associated wi th ER moving along microtubules of the sperm
aster. Once accumulated in the cel l center, the membranes
remain concentrated around the nucleus during mitotic stages
(Harris, 1975 ; Henson et al ., 1989) , as wel l as during interphase.
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Pbssible Functions of the ER Changes at Ferti l ization
The structural changes in the ER are l ikely to have functional
signi f icance with respect to other events occurring at ferti l ization . One such possible function concerns the breakdown
of the sperm nuclear envelope and its reformation after
decondensation of the sperm chromat in . The breakdown of
the sperm nuclear envelope begins at -1-2 min after insemi nation (Longo and Anderson, 1968 ; Arbacia punctulata,
20-23°C) , at about the same t ime that the ER cisternae
throughout the egg cytoplasm are becoming more f inely partitioned . Reformation of the male pronuclear envelope is
complete by ti6 min after insemination (Longo, 1976 ; Arbacia punctulata 20 ° C) , at about the same t ime that the ER
cisternae throughout the egg cytoplasm regain their original
structure. Since the nuclear envelope is continuous with the
ER, and since experimental evidence indicates that the male
pronuclear envelope is derived from the egg ER (Longo,
1976) , it is possible that the breakdown and reformation of
the sperm nuclear envelope are a special case of the general
ER changes . Thus one function of the ER changes could be
to al low breakdown and reformation of the sperm nuclear
envelope, events that are necessary to al low sperm chromatin
to decondense (see Longo and Anderson, 1968) . Al though
we did not observe corresponding changes in the egg nuclear
envelope, this part of the ER could be resistant to the changes
occurring elsewhere . Likewise, it has been observed that the
nuclear envelope at the anterior and posterior ends of the
sperm does not undergo breakdown (Longo and Anderson,
1968 ; Longo, 1976) . Another possible function of the ER
changes within the first few minutes after ferti l ization could
be to faci l itate the initial movement of the sperm nucleus into
the egg cytoplasm, since the partitioning of the ER cisternae
might change the mechanical properties of the cytoplasm
(see Hi ramoto, 1969a,b) . The accumulat ion of membranes
in the center of the ferti l ized egg (see also Harris, 1975 ; Henson et al ., 1989) could be of functional signi f icance in relation to processes that occur during mitosis (Scholey et al .,
1985 ; Petzelt and Hafner, 1986 ; Si lver, 1986) .
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