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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 continuous bi layers, the

ing most marked by 2-3 min . By 5-8 min the ER re-
turned to an organization simi lar to that of the unferti -
l ized egg . The cortical network also changed at ferti l i -
zation ; i t became disrupted and eventual ly recovered .
Di I label ing al lowed continuous observations of the ER
during pronuclear migration and mitosis . Di I -stained
membranes accumulated in the region of the microtu-
bule array surrounding the sperm nucleus and centriole
(the sperm aster) as it migrated to the center of the

spread of the dye supports the concept that the ER is

 

egg ; this accumulation persisted near the centrosomes
a cel l -wide, interconnected compartment . In time lapse

 

and zygote nucleus throughout pronuclear fusion and
observations, the internal cisternae were seen to be in
continuous motion, whi le the cortical ER was station-
ary . After ferti l ization, the internal ER appeared to
become more f inely divided, beginning as a wave ap-
parently coincident with the calcium wave and becom-

HE 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 traff ic with the Golgi apparatus
(Palade, 1975) , and have structural interactions with micro-
tubules (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 com-
plexity 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 DiOC b (3)
(Terasaki et al . , 1984) . This dye permeates the plasma mem-
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the f irst two mitotic cycles . We have used a new meth-
od 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 .

brane and stains many i f not al l intracel lular membranes ; i t
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 in-
volves introducing a longer alkyl chain f luorescent dicar-
bocyanine 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 through-
out 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, unpub-
l 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 soy-
bean oi l (Wesson cooking oi l ) and microinjected the dye-
saturated oi l into the cytoplasm of sea urchin eggs . Using
confocal microscopy (White et al . , 1987) , we found that the
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dye spread through the ER , but not i nto other organel l es , thus
al l owi ng us to v i sual i ze the structure of the ER i n the egg .

Prev i ous stud i es i n f i xed preparat i ons have prov i ded ev i -
dence for transformat i ons i n ER organ i zat i on that accom-
pany phys i o l og i cal changes i n oocytes and eggs. A structural
reorgan i zat i on of the ER occurs dur i ng oocyte maturat i on of
the f rog Xenopus (Gard i ner and Grey , 1983 ; Campanel l a
et al . , 1984 ; Charbonneau and Grey , 1984 ; Larabel l and
Chand l er , 1988) ; the ER ci sternae come to surround the cor -
t i cal granu l es , estab l i sh i ng the ER i n a form and l ocat i on that
may serve to rel ease cal ci um and cause cort i cal granu l e exo -
cytos i s at fert i l i zat i on . A s i mi l ar devel opment of tubu l ar ER
around the cort i cal granu l es occurs between the v i tel l ogen i c
oocyte and the mature egg i n the sea urch i n (Henson et al . ,
1990) . Ind i cat i ons of changes i n ER structure at fert i l i zat i on
i ncl ude the f i nd i ng that the ER appears to be d i srupted on
cort i ces der i ved f rom recent l y fert i l i zed sea urch i n eggs
(Sandet , 1984; Henson et al . , 1989) ; a quest i on remai ns
however whether th i s i s a change i n the ER or a change i n
the cortex that causes i t to shear d i f ferent l y when the cortex
i s prepared af ter fert i l i zat i on . In Renopus , el ectron mi cros -
copy has shown that j unct i ons between the cort i cal ER and
p l asma membrane decrease at fert i l i zat i on (Gard i ner and
Grey , 1983) and i n another f rog , D i scog l ossus , fert i l i zat i on
resu l ts i n a rearrangement of the subcort i cal ER near the an i -
mal po l e (Campanel l a et al . , 1988) . Us i ng the D i I - o i l drop
i n j ect i on techn i que, we have now made cont i nuous observa-
t i ons of the rearrangements of the ER i n the l i v i ng sea urch i n
egg dur i ng fert i l i zat i on . We f i nd that wi th i n the f i rst 20 mi n
af ter fert i l i zat i on , the ER throughout the egg cytop l asm un -
dergoes a dramat i c sequence of structural changes .

Mater i al s and Methods

Sea urch i ns (Lytech i nus p i ctus) were obtai ned f rom Mar i nus , Inc. (Ven i ce,
CA) ; th i s speci es was used because of the opt i cal cl ar i ty of i ts eggs . Eggs
and sperm were obtai ned by i n j ect i on of0. 5 M KCI i nto the coel omi c cav i ty .
The gametes were suspended i n art i f i ci al sea water. Exper i ments were per -
formed at 22 - 24°C .

D i ICIS (3) : 1 , 1 ' - d i octadecy l - 3 , 3 , 3 ; 3 ' - tetramethy l i ndocarbocyan i ne per -
ch l orate (D i I ) l was obtai ned f rom Mo l ecu l ar Probes (Eugene, OR) . A
saturated so l ut i on of D i l i n o i l was made by mi x i ng several crystal s of D i l
i n 100 p l of soybean o i l (Wesson o i l ; obtai ned f rom Food Buoy , Woods
Ho l e, MA, and Sutton Pl ace Gourmet , Bethesda, MD ; l ots f rom both
sources behaved s i mi l ar l y) . The so l ut i on was kept at room temperature, and
was used over a per i od of several days .

The D i l so l ut i on was mi cro i n j ected i nto eggs hel d between paral l el cov -
ers l i ps of number zero th i ckness (K i ehart , 1982) . The eggs were observed
dur i ng i n j ect i on us i ng a standard Zei ss upr i ght mi croscope wi th a IOx
phase contrast ob j ect i ve . The o i l so l ut i on was mi cro i n j ected wi th a constr i c-
t i on p i pette connected to a mi crometer syr i nge (H i ramoto , 1974 ; K i sh i -
moto , 1986) . Af ter i n j ect i on , the chamber ho l d i ng the eggs was transferred
to the stage of the confocal mi croscope . Insemi nat i on was accomp l i shed by
i ntroduci ng a sperm suspens i on through the open s i de of the i n j ect i on
chamber.

Eggs were observed us i ng a l aser scann i ng confocal mi croscope (Model
600; Bi o - Rad Laborator i es , Oxnard , CA) wi th an argon l aser for i l l umi na-
t i on and coup l ed wi th a Zei ss Ax i op l an or a N i kon Opt i phot mi croscope .
Observat i ons were made us i ng a Zei ss Pl anapo 63 x N . A . 1 . 4 ob j ect i ve l ens
or a N i kon Pl anapo 60x N . A . 1 . 4 ob j ect i ve l ens . For the observat i ons , the
l aser was used at fu l l power wi th a 1 or 3 % neutral dens i ty f i l ter , and wi th
the confocal aperture between 3 and 5 . A stepper motor was used for co l l ect -
i ng Z - ser i es i mages ; th i s motor had a mi n i mum step s i ze of 0. 18 wm for
the Zei ss mi croscope and 0. 1 tm for the N i kon mi croscope .

Images were stored on a Panason i c 3031F opt i cal memory d i sk recorder

1 . Abbrev i at i on used i n th i s paper : D i l , 1 , 1 ' - d i octadecy l - 3 , 3 , 3 ' , 3 ' - tetra-
methy l i ndocarbocyan i ne perch l orate .
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(OMDR) . The OMDR was operated i n i ts on l i ne mode, us i ng macro pro -
grams run by the Bi oRad confocal mi croscope sof tware . Scal e bar cal i bra-
t i ons were obtai ned by record i ng i mages of a stage mi crometer for each
zoom sett i ng and scann i ng speed used , for both x and y d i rect i ons . To make
the f i gures , the v i deo mon i tor was photographed us i ng 35 - mm f i l m (TMAX
100 ; Eastman Kodak Co. , Rochester , NY) . A mon i tor wi th an ad j ustab l e
v i deo i mage hei ght was used to obtai n i dent i cal magn i f i cat i on i n z and y
d i rect i ons .

Resu l ts

Internal and Cort i cal ER of the Unfert i l i zed Egg
Af ter i n j ect i on i nto a sea urch i n (Lytech i nus p i ctus) egg of

Fi gure 1. Spread i ng of D i I f rom an i n j ected o i l drop i nto the ER
of an unfert i l i zed egg . (A) 5 mi n af ter i n j ect i on . The dye has moved
f rom the o i l drop i nto the nearby cytop l asm but has not yet spread
across the egg . (B) 30 mi n af ter i n j ect i on . The dye has spread
throughout the cytop l asm but i s st i l l more concentrated near the o i l
drop . (C) 30 mi n af ter i n j ect i on . An opt i cal sect i on showi ng the
nucl eus . Bar , 50 um .
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Fi gure 2 . ER of the unfert i l i zed egg . An opt i cal sect i on s l i ght l y bel ow the top sur face of the egg . Ci stemae ( l amel l ar sheets) are seen i n
the central reg i on , wi th the tubu l ar network at the per i phery. Bar , 10 Am .

a drop of soybean o i l saturated wi th D i l (4 - 20 p l , 0 . 5 - 3%
of the egg vo l ume) , the dye spread throughout the egg (110
Am d i ameter ) over a per i od of t i 30 mi n (Fi g . 1 , A and B) .
Al though l i tt l e detai l cou l d be d i scerned by convent i onal
f l uorescence mi croscopy , observat i ons wi th the confocal
mi croscope al l owed v i sual i zat i on of a system of ci sternae
( l amel l ar sheets) and tubu l es that we i dent i fy , as wi l l be con -
s i dered i n the D i scuss i on , as the ER .

The f l uorescent i mage appeared to i nd i cate that the dye
had l abel ed i nterconnected sheets of membrane arranged i n
apparent l y random or i entat i ons (Fi gs . 1 , 2 , 5 D , 6 A, and 7
A) . The l amel l ar sheets were seen both i n cross - sect i on and
en face, wi th d i mens i ons of N1 - 10 Am . The sheet - l i ke nature
of these structures was further demonstrated by taki ng ser i al
opt i cal sect i ons at 1 - gm i nterval s (Fi g . 3 A) . S i mi l ar patterns
of var i ous l y or i ented sheets of membrane were observed
throughout the cytop l asm, at depths of 2 to 50 Am ; however ,
a l evel s deeper than - 20 Am, the qual i ty of the i mages was
poorer , such that i nd i v i dual ci sternae were l ess d i st i nct . The
cel l nucl eus was v i s i b l e as a dark, dye- f ree area - 20 - 30 Am
bel ow the sur face and was surrounded by a cont i nuous br i ght
boundary (Fi g . 1 C) .

Movement of ER membranes was seen i n i mages taken i n
the same focal p l ane at 1 - or 2 . 6 - s i nterval s (Fi g . 3 B) . When
observed i n t i me- l apse v i deo , al l of the membranes were i n
mot i on , i n apparent l y random d i rect i ons . One component of
th i s mot i on was trans l at i on of ci sternae i n the p l ane of the
opt i cal sect i on ; observat i ons of four success i ve f rames
showed i nd i v i dual ci sternae mov i ng 0 . 7 - 1 . 6 um i n 7. 8 s (aver -

Terasaki and Jaf fe ER i n Li v i ng Sea Urch i n Eggs

age = 1 . 0 Am, n = 11) . Because observat i ons were l i mi ted
to a s i ng l e focal p l ane and were not faster than 1 per s , we
cou l d not character i ze the movements of the ER i n greater
detai l .

The stai n i ng pattern i n the cortex of the egg ( the reg i on
of the egg ad j acent to the p l asma membrane) appeared as a
network of i nterconnected tubu l es . In an opt i cal sect i on
s l i ght l y bel ow the cortex (Fi g. 2) , the network was v i s i b l e
around the per i phery . In an opt i cal sect i on at the cortex l evel ,
on l y the network was v i s i b l e (Fi gs. 4 , 5 A, 8 A) . The areas
encl osed by the i nterconnect i ng tubu l es had d i mens i ons of
t i l Am . In contrast to the i nternal ci sternae, the cort i cal net -
work d i d not move when observed i n t i me l apse sequences .
In ser i al opt i cal sect i ons at 0. 3 - Am i nterval s (Fi g. 5) , the cor -
t i cal network appeared cl ear l y i n on l y one sect i on (Fi g . 5 A) .
At 0. 9 Am beyond the cortex l evel , the stai n i ng pattern
showed randoml y or i ented sheets of membranes l i ke those
throughout the deeper cytop l asm (Fi g. 5 D) . Between the
cortex and the i nternal reg i on was a trans i t i on zone wh i ch
seemed to cons i st of tubu l es or i ented perpend i cu l ar to the
p l asma membrane .

Except i n the reg i on d i rect l y ad j acent to the o i l drop ,
where smal l stai ned ob j ects were somet i mes observed (not
shown) , and at the nucl ear envel ope, the on l y structures
stai ned were the i nterconnect i ng sheets i n the i nter i or of the
egg and the tubu l ar network at the cortex . D i l d i d not stai n
the cort i cal granu l es or the yo l k granu l es ; these are abun -
dant , membrane bound organel l es - 1 Am i n d i ameter l o -
cated respect i vel y at the cortex (see Henson et al . , 1989) and
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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

 

granule and yolk granule membranes would be expected to
Hylander, 1974) . These observations support the interpreta-

 

stain .
t ion that Di I di ffuses from the oi l droplet through contacts
with the interconnected membranes of the ER . I f Di I was in-

 

Changes of the ER at Ferti l ization

stead spreading through the aqueous regions of the cyto-

 

At ferti l ization, both the internal and cortical ER underwent
plasm and then partitioning into membranes, the cortical

 

a rapid change in structure, fol lowed by a slower return to
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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 .

a conf iguration simi lar to that of the unferti l ized egg. The in-
temal 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
shi ft 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 dis-
rupted (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 sur-
face 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 init ial 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
f irst 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

Figure S. ER of the unferti l ized egg . Serial optical sections in 0.3-
Am steps, moving from the cortex deeper into the cytoplasm . (A)
The network of tubular membranes in the cortex . (B) 0.3 Am be-
yond the cortical layer of ER . Bright dots may represent cross sec-
t ions 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 .
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Fi gure 6. Change i n the ER structure at fert i l i zat i on . Opt i cal sect i ons 10 / Am bel ow the egg sur face. (A) Before fert i l i zat i on . (B) 13 s af ter
the change i n the ER structure was f i rst detected . In compar i son wi th A, a change i n structure can be seen i n the l ower hal f of the egg
but not i n the upper hal f . The arrow marks the reg i on where sperm entry was subsequent l y observed . (C) 2 . 0 mi n af ter the ER change
began . Large ci stemae seen i n A are no l onger v i s i b l e. (D) 5. 4 mi n af ter the ER change began . Large l amel l ar sheets are reappear i ng .
(E) 8 . 5 mi n af ter the ER change began . The structure of the ER i s s i mi l ar to that before fert i l i zat i on . Bar , 50 pm .

marki ng the po i nt of sperm entry cou l d be seen , the wave was
observed to start i n that area (n = 3 eggs) . Because the wave
d i d not have a sharp f ront , i t was not poss i b l e to measure pre-
ci sel y the t i me requ i red for the wave to cross the egg ; how-
ever , th i s t i me was est i mated to be - 15 - 30 s (n = 4 eggs) .

The Journal of Cel l Bi o l ogy , Vo l ume 114 , 1991

Af ter the i n i t i al wave crossed the egg , the d i mens i ons of
the sheets of membrane cont i nued to decrease over the next
1 - 3 mi n (Fi gs. 6 - C and 7 B) . At th i s t i me, the s i zes of the
ER components were so smal l that thei r organ i zat i on cou l d
not be cl ear l y d i scerned wi th the l i ght mi croscope, but br i ght
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Fi gure 7. Change i n the ER structure at fert i l i zat i on . Opt i cal sec-
t i ons 10 Am bel ow the egg sur face . H i gher magn i f i cat i on v i ews
f rom another egg l i ke that shown i n Fi g. 6. (A) Before fert i l i zat i on .
(B) 2 mi n af ter the ER change began . (C) 14 mi n af ter the ER
change began . Bar , 10 Am .

dots i n the i mage suggested the presence of tubu l ar ER (Fi g .
7 B) . Br i ght dots wh i ch mi ght be i nterpreted as opt i cal sec-
t i ons through tubu l ar ER were al so seen i n the th i n trans i -
t i onal l ayer between cort i cal and i nternal ER i n the unfert i l -
i zed egg (Fi g. 5 B) . However , except i n th i s reg i on , br i ght
dots of comparab l e s i ze were not general l y seen i n the ER
of unfert i l i zed eggs or i n fert i l i zed eggs af ter 10 mi n . At 3 - 5
mi n af ter the i n i t i al change, the i nternal ER began to reas -
semb l e i nto l arger sheets (Fi g. 6 D) . By 5 - 8 mi n , the i nternal
ER had returned to an organ i zat i on s i mi l ar to that of the un -
fert i l i zed egg (Fi g . 6 E and 7 C) , except i n the reg i on of the
devel op i ng sperm aster , as wi l l be descr i bed bel ow. These
measurements of the ki net i cs of the d i v i s i on and reformat i on
of the ER structure were made f rom cont i nuous record i ngs
of 4 eggs that were v i ewed at 10 - 20 pm f rom the sur face .

Observat i ons at the cortex showed that the d i srupt i on of
the cort i cal network occurred wi th i n 1 - 2 mi n af ter sperm

Terasaki and Jaf fe ER i n Li v i ng Sea Urch i n Eggs

Fi gure 8 . Change i n cort i cal ER structure at fert i l i zat i on . (A) Be-
fore fert i l i zat i on . (B) 4 . 6 mi n af ter the ER change began. The cort i -
cal ER network has been d i srupted . (C) 27 mi n af ter the ER change
began . The cort i cal ER network i s reformi ng. Bar , 10 Am .

were added to the observat i on chamber. At - 10 - 30 mi n af ter
fert i l i zat i on , the network pattern of the cort i cal ER began to
reappear (Fi g . 8 C) . By the t i me of cl eavage, the ER i n the
cortex cl osel y resemb l ed the ER i n the cortex of the unfert i l -
i zed egg (not shown) . These changes i n the cort i cal ER net -
work were seen i n three out of three eggs exami ned , but thei r
t i me course was not determi ned preci sel y.
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Fi gure 9. Accumu l at i on of D i I - stai ned membranes dur i ng pronu -
cl ear mi grat i on . T i mes i nd i cate mi nutes af ter fert i l i zat i on . (A)
6 mi n . Symbo l s i nd i cate the femal e and mal e pronucl ei . Membrane
accumu l at i on around the mal e pronucl eus i s al ready occurr i ng . In -
creased accumu l at i on i s seen at subsequent t i me po i nts . (B) 10 mi n.
(C) 12 mi n . (D) 14 mi n . (E) 22 mi n . Pronucl ear fus i on has oc-

curred . Bar , 50 pm .

The Joumal of Cel l Bi o l ogy , Vo l ume 114 , 1991

Fi gure 10. Accumu l at i on of DU - stai ned membranes dur i ng pronu -
cl ear mi grat i on . Same embryo as Fi g . 9. (A) 7 mi n af ter fert i l i za-
t i on. (B) 15 mi n. The femal e and mal e pronucl ei are now i n con -
tact . The i mage br i ghtness was set to opt i mi ze the i mage of the
membrane array several mi crons f rom the nucl ei , al though th i s
resu l ted i n saturat i on of the f l uorescence i mage cl oser to the nucl ei .
At l ower i mage br i ghtness or smal l er confocal aperture, structural
detai l i n the more central reg i on st i l l cou l d not be reso l ved , for rea-
sons as d i scussed i n the text . Bars , 10 Am .

Accumu l at i on of DU - stai ned Membranes around
the Mal e Pronucl eus and Zygote Nucl eus
Dur i ng the per i od of pronucl ear mi grat i on , D i I - stai ned
membranes accumu l ated around the mal e pronucl eus (Fi gs .
9 and 10) (observat i ons i n f i ve eggs) . No such accumu l at i on
was seen around the femal e pronucl eus ; however , when
the femal e pronucl eus reached the mal e pronucl eus , i t be-
came engu l fed i n the membranes associ ated wi th the mal e
pronucl eus. The membranes around the mal e pronucl eus
were seen i n the same l ocat i on as the mi crotubu l es that
surround the mal e pronucl eus dur i ng i ts mi grat i on (Longo
and Anderson , 1968 ; Bestor and Schatten , 1981 ; Hamaguch i
et al . , 1985) , and were al i gned i n a rad i al pattern l i ke that
of the mi crotubu l e aster . Wi th i n the mass of D i I stai ned
membranes , the two pronucl ei fused and formed the zygote
nucl eus (Fi g . 9) .

The membranes remai ned accumu l ated around the zygote
nucl eus throughout the - 30 mi n between pronucl ear fus i on
and the beg i nn i ng of mi tos i s (cont i nuous observat i ons of
four embryos) . At the t i me of mi tos i s (Fi g . 11) , the mem-
branes around the nucl eus became arranged i n a pattern
s i mi l ar to that of the mi crotubu l e arrays (Harr i s , 1975 ; Bes -
tor and Schatten , 1981 ; Hamaguch i et al . , 1985 ; Henson et
al . , 1989) . Components of the membranes i n the mi tot i c ap -
paratus were al i gned l i ke the astral mi crotubu l es as wel l as
the sp i nd l e mi crotubu l es (Fi g . 11 , A, B, and C) . No obv i ous
breakdown of the D i I - stai ned membranes i n the mi tot i c ap -
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Fi gure 11. D i str i but i on of D i l - stai ned membranes dur i ng mi tos i s . (A) Late prophase . (B) Metaphase or ear l y anaphase . (C) Tel ophase .
(D) Interphase. As descr i bed both here and i n the text , we were unab l e to obtai n better reso l ut i on of the membranes i n the dense central
reg i on . Bars : (A, C, and D) 50 Am ; (B) 10 , um .

paratus or i n the surround i ng cytop l asm was seen at the t i me
of the nucl ear envel ope breakdown (Fi g. 11 B) . D i l - l abel ed
embryos proceeded through normal f i rst and second cl eav -
age . Throughout th i s per i od , D i l - stai ned membranes re-
mai ned accumu l ated around the nucl eus , even dur i ng i nter -
phase (Fi g. 11 D) . Membrane accumu l at i on i n the cel l center
throughout the mi tot i c cycl e was observed i n cont i nuous
record i ngs f rom four embryos . Al though l ater devel opment
was not observed systemat i cal l y , two embryos were seen to
devel op to normal mesenchyme b l astu l ae.

Attempts to reso l ve detai l i n the central reg i ons of the
sperm aster and mi tot i c asters where the membranes were
most dense were unsuccessfu l , probab l y i n part because the
membranes were separated by d i stances smal l er than the
reso l ut i on of the l i ght mi croscope ( - 200 nm ; see Longo and
Anderson (1968) and Harr i s (1975) for el ectron mi crographs
of these reg i ons) . Al so , these structures were beyond the
- 10 - Am reg i on f rom the sur face where the best i mages cou l d

be obtai ned . The dye appeared , neverthel ess , to be conf i ned
pr i mar i l y to the ER , s i nce there was no ev i dence i n reg i ons
at the edge of the dense masses (Fi gs. 10 and 11 C) of stai n -
i ng of the yo l k p l atel ets , membrane- bound organel l es of
suf f i ci ent s i ze to be seen i f dye was i ncorporated (Frankl i n ,
1965 ; Summers and Hy l ander , 1974) . However , we cannot

Terasaki and Jaf fe ER i n Li v i ng Sea Urch i n Eggs

excl ude the poss i b i l i ty that membrane- bound organel l es de-
r i ved f rom the D i I - stai ned ER by subsequent membrane
budd i ng were al so stai ned . The presence of smal l . br i ght
patches i n the cytop l asm (see Fi gs . 9 - 11) suggested that wi th
t i me, th i s may be occurr i ng .

D i scuss i on

Stai n i ng of the ER by Intracel l u l ar In j ect i on
ofa D i I - saturated O i l Drop
D i I i s a l i poph i l i c mo l ecu l e that has two 18 carbon al ky l
chai ns ; these chai ns i ntercal ate i nto the b i l ayer of red b l ood
cel l membranes (Axel rod , 1979) . In many other cel l s as
wel l , D i I has been found to stai n on l y membranes (see
Haug l and , 1989) . D i I d i f fuses wi th i n b i l ayers (Fahey et al . ,
1977) , but does not transfer at appreci ab l e rates to ad j acent
membranes (Dragsten et al . , 1981 ; Hon i g and Hume, 1986) ,
presumab l y because of i ts strong associ at i on wi th b i l ayers
v i a i ts l ong carbon chai ns . Thus , i n the egg , D i l i s very l i kel y
to spread i n a cont i nuous membrane b i l ayer , though i t cou l d
al so stai n other membrane compartments through dye trans -
fer by membrane traf f i c .

An ant i body to a cal sequestr i n - l i ke protei n has been

93 7

 on Septem
ber 3, 2005 

www.jcb.org
Downloaded from

 

http://www.jcb.org


shown to l abel ER membranes i n sea urch i n eggs (Henson
et al . , 1989) . Stai n i ng by D i l resemb l es th i s l abel i ng very
cl osel y. The cal sequestr i n - l i ke protei n i s seen i n ER ci ster -
nae by el ectron mi croscop i c observat i ons of i mmunoperox i -
dase stai ned sect i ons ; i t i s al so seen by i mmunof l uorescence
mi croscopy of semi - th i n f rozen sect i ons as a "tubu l oret i cu l ar
network throughout the egg (Henson et al . , 1989) . The pat -
tern of ant i body stai n i ng appears very much l i ke D i l stai n -
i ng , but wh i ch the better reso l ut i on af forded by ser i al confo -
cal i mages reveal s to be a system of i nterconnected l amel l ar
sheets. The stai n i ng by both techn i ques corresponds wi th
convent i onal el ectron mi croscopy , wh i ch shows prof i l es of
ER ci sternae throughout the egg cytop l asm (see Longo and
Anderson , 1968 ; Summers and Hy l ander , 1974; Luttmer
and Longo , 1985 ; Henson et al . , 1989) . Both the ant i body
and D i l al so l abel a cort i cal network that corresponds to
rough ER seen on i so l ated egg cort i ces by el ectron mi cro -
scop i c methods (Sardet , 1984 ; Chand l er , 1984) and by stai n -
i ng wi th f l uorescent dyes (Henson et al . , 1989 ; Terasaki ,
M . , J . H . Henson , D . A . Begg , B . Kami ner , and C . Sardet ,
unpub l i shed resu l ts) . A cont i nuous boundary around the nu -
cl eus i s l abel ed by both methods ; correspond i ng l y , el ectron
mi croscop i c stud i es have shown that the outer membrane of
the nucl ear envel ope of ten has r i bosomes bound to i t and i s
i n cont i nu i ty wi th other el ements of rough ER (Watson ,
1955) . Last l y , two other organel l es , the cort i cal granu l es and
the yo l k granu l es , are not stai ned by ei ther techn i que . Thus ,
both techn i ques speci f i cal l y stai n at l east maj or parts of the
ER of the sea urch i n egg .

I t i s not known , however , i f these techn i ques stai n al l of
the ER . I t i s poss i b l e that some ER membranes do not con -
tai n the cal sequestr i n - l i ke protei n or that some ER mem-
branes are d i scont i nuous wi th the DJI - stai ned ER mem-
branes . I t i s al so poss i b l e that the methods l abel other
compartments bes i des the ER . Both techn i ques show a con -
centrat i on of membranes i n the mi tot i c apparatus ; prof i l es of
smooth tubu l ar membranes i n th i s reg i on have been ob -
served by el ectron mi croscopy (Harr i s , 1975) . Al though
these membranes may be smooth ER , some of them may be
parts of other , recent l y d i scovered organel l es , such as the
trans - Go l g i network (Gr i f f i ths and S i mons , 1986) , an " i nter -
med i ate compartment" between the ER and Go l g i apparatus
(Li pp i ncott - Schwartz et al . , 1990) , or tubu l ar l ysosomes
(Swanson et al . , 1987) ; these other organel l es cou l d con -
cei vab l y contai n the cal sequestr i n - l i ke protei n or be stai ned
by D i I through membrane traf f i c .

Regard l ess of these cons i derat i ons , the observed stai n i ng
by D i I , wi th i n the t i me f rame of the present exper i ments , i s
of a membrane system that corresponds wi th known charac-
ter i st i cs of the ER . The novel ty of the stai n i ng by D i I i s that
i t al l ows temporal observat i ons of the three d i mens i onal or -
gan i zat i on of the ER i n a l i v i ng cel l . Sea urch i n embryos i n -
j ected wi th D i l - saturated o i l drops devel op normal l y , under -
go i ng normal cort i cal granu l e exocytos i s and ear l y cl eavage,
and i n prel i mi nary observat i ons , devel op i ng to b l astu l ae.
The occurrence of these normal phys i o l og i cal processes i n -
d i cates that D i l i s not perturb i ng cel l u l ar funct i ons . Wi th
th i s techn i que, f i xat i on damage i s avo i ded , and the use of a
l i v i ng cel l al l ows observat i on of ER mot i l i ty and structural
changes . Th i s enab l es us to add new i nformat i on to that
known f rom prev i ous stud i es of f i xed eggs .

The Journal of Cel l Bi o l ogy , Vo l ume 114 , 1991

Character i zat i on of the ER of Urnfert i l i zed Eggs

The D i l stai n i ng method shows two maj or forms of the ER
i n the unfert i l i zed egg : a stat i onary tubu l ar network at the
cortex , and a mot i l e, un i forml y d i str i buted system of i nter -
connected l amel l ar sheets (ci sternae) i n the i nter i or . The
movements of the i nter i or ER are apparent l y i ndependent of
mi crotubu l es , because few i f any mi crotubu l es are present i n
the unfert i l i zed egg (Harr i s et al . , 1980) . In contrast , the
two - d i mens i onal network of tubu l ar ER i n the th i n per i phery
of cu l tured cel l s and i n growth cones of sympathet i c neurons
undergoes constant rearrangements , i ncl ud i ng tubu l e exten -
s i ons , retract i ons , branch i ngs , and fus i ons , wh i ch are cl ose-
l y rel ated to mi crotubu l es (Terasaki et al . , 1986 ; Lee and
Chen , 1988 ; Dai l ey and Br i dgman , 1989 ; Sanger et al . ,
1989 ; Lee et al . , 1989) .

The stai n i ng by D i I prov i des ev i dence for extens i ve con -
t i nu i ty of sea urch i n egg ER . S i nce D i I d i f fuses on l y i n con -
t i nuous b i l ayers , a s i mp l e exp l anat i on of i ts stai n i ng i s that
the cort i cal network and i nter i or ci sternae are comp l etel y i n -
terconnected and compr i se al l of the ER . However , the stai n -
i ng does not def i n i t i vel y prove th i s , because as noted above,
there may be d i scont i nuous ER membranes that are not
stai ned by dye d i f fus i on , and i t i s concei vab l e that d i scon -
t i nuous ER membranes cou l d be stai ned through dye transfer
by membrane traf f i c, or that d i scont i nuous ER compart -
ments are stai ned through mu l t i p l e contacts wi th the o i l
drop l et . The cont i nu i ty of ER membranes i s of i nterest be-
cause a cel l - wi de i nterconnected membrane cou l d serve
to coord i nate processes throughout the cytop l asm (e . g. ,
Pal ade, 1956; Porter , 1961) ; the spread of D i l i n sea urch i n
eggs suggests that at l east part of the ER forms such a com-
partment .

Reorgan i zat i on of the ER at Fert i l i zat i on
The structural change i n the ER at fert i l i zat i on beg i ns as a
wave that passes across the egg wi th i n <30 s , l i ke the wave
of Ca rel ease (E i sen et al . , 1984 ; Swann and Wh i taker , 1986 ;
Hafner et al . , 1988 ; Hamaguch i and Hamaguch i , 1990) .
Then the organ i zat i on of the ER returns to an arrangement
s i mi l ar to that of the unfert i l i zed egg ; th i s i s comp l eted by
5 - 8 mi n af ter fert i l i zat i on . In Lytech i nus p i ctus , cytop l asmi c
Ca returns towards i ts prefert i l i zat i on l evel wi th a rough l y
s i mi l ar t i me course (Cross l ey et al . , 1991) , al though an exact
compar i son of ki net i cs cannot be made because our mea-
surements and those of Cross l ey et al . were made at d i f ferent
temperatures . The approx i mate temporal correl at i on of the
r i se and fal l i n i ntracel l u l ar Ca and the structural changes i n
the ER suggests that these events are rel ated , part i cu l ar l y
s i nce the source of Ca that i s rel eased at fert i l i zat i on i s proba-
b l y the ER (E i sen and Reyno l ds , 1985 ; Han and Nucci tel l i ,
1990 ; Terasaki , M . , and C . Sardet , unpub l i shed resu l ts) .

The i n i t i al change i n the ER structure occurs throughout
the cytop l asm. The un i form, apparent l y nonpo l ar i zed d i str i -
but i on of the ER beg i ns to change at about the t i me mi crotu -
bu l es f i rst appear i n the cytop l asm as an astral array around
the sperm nucl eus (see Longo and Anderson , 1968 ; Bestor
and Schatten , 1981 ; Hamaguch i et al . , 1985) . At th i s t i me,
D i l - stai ned membranes accumu l ate near the sperm pronu -
cl eus as i t mi grates to the center of the egg . The presence
of tubu l ar membranes i n the sperm aster was prev i ous l y de-
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scr i bed by Longo and Anderson (1968) , who proposed that
these membranes were ER . Us i ng confocal mi croscopy of
l i v i ng eggs stai ned wi th D i l , we have prov i ded add i t i onal
ev i dence that these membranes are ER , and that they are
concentrated i n the sperm aster rel at i ve to ad j acent reg i ons
of the cytop l asm . Th i s accumu l at i on of membranes probab l y
accounts for the accumu l at i on of cl ear cytop l asm i n th i s re-
g i on , descr i bed by Chambers (1939) as "the l ake . " S i nce ER
moves al ong mi crotubu l es i n other cel l s ( rev i ewed i n Ter -
asaki , 1990) , and s i nce the movement of the femal e pronu -
cl eus i nto the sperm aster i s mi crotubu l e med i ated (Z i mmer -
man and Z i mmerman , 1967; Hamaguch i and H i ramoto ,
1986) , i t i s poss i b l e that the accumu l at i on of membranes
wi th i n the sperm aster i s due to mi nus - end - d i rected motors
associ ated wi th ER mov i ng al ong mi crotubu l es of the sperm
aster. Once accumu l ated i n the cel l center , the membranes
remai n concentrated around the nucl eus dur i ng mi tot i c stages
(Harr i s , 1975 ; Henson et al . , 1989) , as wel l as dur i ng i nter -
phase.

Pbss i b l e Funct i ons of the ER Changes at Fert i l i zat i on
The structural changes i n the ER are l i kel y to have funct i onal
s i gn i f i cance wi th respect to other events occurr i ng at fert i l -
i zat i on . One such poss i b l e funct i on concerns the breakdown
of the sperm nucl ear envel ope and i ts reformat i on af ter
decondensat i on of the sperm chromat i n . The breakdown of
the sperm nucl ear envel ope beg i ns at - 1 - 2 mi n af ter i nsemi -
nat i on (Longo and Anderson , 1968 ; Arbaci a punctu l ata,
20 - 23°C) , at about the same t i me that the ER ci sternae
throughout the egg cytop l asm are becomi ng more f i nel y par -
t i t i oned . Reformat i on of the mal e pronucl ear envel ope i s
comp l ete by t i 6 mi n af ter i nsemi nat i on (Longo , 1976 ; Arba-
ci a punctu l ata 20°C) , at about the same t i me that the ER
ci sternae throughout the egg cytop l asm regai n thei r or i g i nal
structure. S i nce the nucl ear envel ope i s cont i nuous wi th the
ER , and s i nce exper i mental ev i dence i nd i cates that the mal e
pronucl ear envel ope i s der i ved f rom the egg ER (Longo ,
1976) , i t i s poss i b l e that the breakdown and reformat i on of
the sperm nucl ear envel ope are a speci al case of the general
ER changes . Thus one funct i on of the ER changes cou l d be
to al l ow breakdown and reformat i on of the sperm nucl ear
envel ope, events that are necessary to al l ow sperm chromat i n
to decondense (see Longo and Anderson , 1968) . Al though
we d i d not observe correspond i ng changes i n the egg nucl ear
envel ope, th i s part of the ER cou l d be res i stant to the changes
occurr i ng el sewhere . Li kewi se, i t has been observed that the
nucl ear envel ope at the anter i or and poster i or ends of the
sperm does not undergo breakdown (Longo and Anderson ,
1968 ; Longo , 1976) . Another poss i b l e funct i on of the ER
changes wi th i n the f i rst few mi nutes af ter fert i l i zat i on cou l d
be to faci l i tate the i n i t i al movement of the sperm nucl eus i nto
the egg cytop l asm, s i nce the part i t i on i ng of the ER ci sternae
mi ght change the mechan i cal propert i es of the cytop l asm
(see H i ramoto , 1969a, b) . The accumu l at i on of membranes
i n the center of the fert i l i zed egg (see al so Harr i s , 1975 ; Hen -
son et al . , 1989) cou l d be of funct i onal s i gn i f i cance i n rel a-
t i on to processes that occur dur i ng mi tos i s (Scho l ey et al . ,
1985 ; Petzel t and Hafner , 1986 ; S i l ver , 1986) .
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