Human Reproduction Update 1996, Vol. 2, No. fip. 29-42 © European Society for Human Reproduction and Embryology

The cortical reaction and development of
activation competence in mammalian oocytes

Tom Ducibella

Departments of Obstetrics/Gynecology and Anatomy & Cellular Biology, Tufts University School of Medicine, and New
England Medical Center, Boston, MA, USA

TABLE OF CONTENTS Cortical granules

Cortical granules 29 The blocks to polyspermic fertilization (Jaffe and Gould,

Mechanism of the cortical reaction 30 . )
1985) are necessary to prevent the incorporation of two
Development of competence to undergo CG ;. : )
release 3o  Sperm nuclei into the zygote’s genome that would result in
, , abnormal development. In most mammals, dispermic fer-
Cytoplasmic maturation and human IVF 34 . S
. tilization is usually prevented by a combination of the fer-
Cytoplasmic response after ICSI 36 . ,
. tilized egg’s blocks to polyspermy and low sperm number
A developmental temporal window for normal egg : .
CG release and activation 37 in the Fallopian tube. However, >1% of natural human
conceptions (Bouet al, 1975; Golbus, 1981) and 0% of
Acknowledgements 38 A A ;
those from in-vitro fertilization (IVF) (Hammitet al,
References 38

1993) result in triploid embryonic abortions, the majority
from dispermic fertilization (Beatty, 1978; Jacaisal,

1978; Kola and Trounson, 1989). Currently, reproductive
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Fallopian transfer, and IVF) are used to treat infertility,
produce needed domestic animals, or help save endangerec
species. However, much higher sperm concentrations are
used than occur in the oviduct during natural conception (in
the case of IVF, 100-1000 times higher) and the rate of
polyspermy is increased. At the other extreme, only a
single spermatozoon is used in intracytoplasmic sperm in-
jection (ICSI) and the normal process of initial spermato-
zoon—egg interaction appears to be bypassed.

Many mammalian eggs utilize an extracellular zona
pellucida (ZP) block to polyspermy and a plasma mem-
brane block, the relative contributions of which vary in
different species (Yanagimachi, 1994). In biochemical
terms, little is known about the plasma membrane block in
mammals (Wolf, 1981) and a possible role for cortical
granules (CG) remains unresolved (Yanagimachi, 1994).
The membrane depolarization block to polyspermy found
in other animal eggs has not been detected in studies of
mammalian eggs (Jaffe and Gould, 1985).
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Blocks to polyspermic fertilization are necessary to pre-
vent the incorporation of two sperm nuclei into a zygote’s
genome, which would result in abnormal development.
Many mammalian eggs utilize both an extracellular zona
pellucida block to polyspermy and a plasma membrane
block. Although little is known about the plasma mem-
brane block in mammals, fertilization results in zona
glycoprotein modifications caused by enzymes released
by the egg and its cortical granules (CG). This article
reviews other recent investigations demonstrating that
the oocyte’s ability to cause CG release and the block to
polyspermy develops near the time of ovulation. The
development of normal ‘activation competence’ is likely
to involve preovulatory changes in the oocyte’s ability to
signal the release of intracellular calcium as well as to
respond to this calcium increase, resulting in CG exocy-
tosis. Because normal activation competence appears to
have a brief temporal window after oocyte meiotic mat-
uration is resumed and since the oocytes are collected at
various stages in assisted reproductive procedures, these
studies are relevant to optimizing clinical success.
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Figure 1.Working model for the mechanism of the cortical reaction in mammalian eggs. The release of egg intracellular Ca continues to be
most important known messenger involved in cortical granule (CG) release, although its downstream targets that ultimately cause exocyt
remain to be firmly established. As described in the text, this model has been compiled from experimental data from many laboratories. See
for abbreviations. PiP= inositol phosphate; DAG = diacylglycerol; PKC = protein kinase C; X = hypothetical protgmnirisitol 1,4,5-tris-
phosphate; CaBP = calcium-binding proteins

1994), the cortical reaction releases CG enzymes thegtablish a complete biochemical inventory of CG contents
change the ZP, resulting in the important extracellular Z&hd how they individually and collectively participate at a
block to polyspermy found in many animals (Wolf, 1981)molecular level in the blocks to polyspermy.
and humans (Kola and Trounson, 1989). Fertilization-as-
sociateql biocher_nical modifications of one or more ZP gl}f\'/lechanism of the cortical reaction
coproteins (designated ZP1, ZP2 and ZP3) have been
reviewed extensively in animals (Wassarman, 1990; Blelf) sea urchin and amphibian eggs (reviewed by Turner and
1991; Dunbaret a|’ 1991; Liang and Dean, 1993)’ butJaﬁe, 1989; NUCCite”i, 1991; Bement, 1992), the bio-
much less is known in humans (Shabanowitz and O’Rarkhemical pathways involved in activating CG release have
1988; Ducibellat al, 1995; Moot al, 1995). been studied and mammalian eggs appear to be similar
In sea urchin’ amphibian and mammalian eggs, CG éghough not identical to those of marine €eggs (reVieWGd in
cortically localized, 0.1-im diameter, membrane-bound, Miyazaki et al, 1993). Figure 1 should be considered a
secretory granules whose contents include enzymes that m¢@king model for mammalian CG release. Research on
ify and remove sperm receptors from the extracellular inve§td9 activation pathways is proceeding rapidly and, at the
ments of eggs upon fertilization (reviewed by Schuel, 1988me of writing, there are varying amounts of evidence for
Cran and Esper, 1990; Ducibella, 1991; Hoodbhoy and T4lifferent parts of this mechanism. Egg activation may be
bot, 1994). In the mouse, the fertilization-associated releasdfiated by a sperm receptor-coupled G-protein pathway
CG enzymes changes the ZP: the ZP2 polypeptide is cleatédne et al, 1988; Miyazaket al, 1990; Williamset al,
to ZP2 (although still held together by intrachain disulphidel992; Mooreet al, 1993), or by spermatozoon—egg fusion
bonds); ZP3, while apparently not cleaved, undergoesf@lowed by the passage of a sperm factor into the egg
carbohydrate modification resulting in a loss of sperm-bindytoplasm (Dalet al, 1985; Stice and Robl, 1990; Swann,
ing activity and an inability to induce the acrosome reactioh?90, 1994), or a combination of several mechanisms.
(Wassarman, 1990; Milleet al, 1993). Studies of factors Downstream of these fascinating unresolved early events
released by activated eggs suggest that CG contain a tryp§yhitaker and Swann, 1993), the elevation of second
like enzyme activity (Gwatkiet al, 1973; Wolf and Hamada, Messengers in the inositol phosphate {RiBscade leads
1977), ovoperoxidase activity (Gulyas and Schmell, 1980),thhe release of intracellular c«_sllcmm (Clapham, 1995) that
21-34x 103 M, proteinase that cleaves ZP2 (Moller andS necessary for CG exocytosis.
Wassarman, 1989), a ¥3.0-3 M, protein of unknown func-
tion (Pierceet al, 1990, 1992) and ad-acetylglycosamini-
dase activity that may be responsible for modification of ZP® sea urchin eggs, fertilization results in a stimulation of
(Miller et al, 1993). The 7% 103 M, protein and glycosami- PIPturnover and the production of second messengers—
nidase have been localized to intact CG. These importanbsitol 1,4,5-trisphosphate @P and diacylglycerol
studies suggest that mammalian CG contain several proteiBAG) (Ciapaet al, 1992). PIR appears to play a role in
with different activities. However, future research remains thhe amount of Ca released in activated amphibian eggs

Inositol 1,4,5-trisphosphate
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(Larabell and Nuccitelli, 1992). In mammalian eggs, elevtertilization responses (Shen and Buck, 1990). In mam-
ated IR causes the release of egg intracellular calcium (Cajalian eggs, Ca or DAG stimulates egg activation and
(reviewed in Miyazaket al, 1993), which is required for CG PKC inhibitors down-regulate activation events (Gallicano
release. Microinjection of Frauses Ca transients (Miyaza-et al, 1993). In hamster eggs, PKC and its catalytic subunit
ki et al, 1990; Kline and Kline, 1994), CG secretion (&tan are involved in cytoplasmic reorganization in activated
al., 1988) and the ZP2 modification (Kurasatal, 1989; eggs (Gallicanet al, 1995). In other secretory cells, PKC
Ducibellaet al, 1993). Also, an antibody to theslfeceptor is involved in granule release (Trifagd al, 1992; Bur-
inhibits sperm-induced Ca transients (Miyazldl, 1992) goyne and Morgan, 1993) and may act by phosphorylating
and ZP modifications as well as later events in egg activatiarhypothetical protein (X in Figure 1), stimulating exocyto-
(Xu et al, 1994). To the best of our current knowledge, ais. There remain several unanswered questions. It is not
fertilization, Ca release appears to be mediated principakkypown whether PKC phosphorylates another kinase, a
through IR in mammalian eggs (Miyazaki al, 1993). messenger or a structural protein in the cytoskeleton or
Although functional ryanodine receptors (Ayabal, 1995)  secretory granule membrane that is involved in CG release.
and ryanodine-sensitive Ca stores (Swann, 1992) are predeqtially importantly, it has not been demonstrated in mam-
in mouse eggs, ryanodine receptor-mediated Ca releasenalian eggs that fertilization causes PKC-induced CG re-
not required for mouse egg activation (Kline and Klinelease. The effects of PKC inhibition on CG release in

1994; Ayabeet al, 1995). mammalian eggs undergoing fertilization have not been
reported. The critical question is what signalling pathways
Calcium does the spermatozoon activate at fertilization.

Many studies with marine eggs and isolated cortical prepara-
tions from sea urchin eggs (reviewed by Trimmer and Vacé lcium-bindi ‘i
quier, 1986) demonstrate that Ca is the most importanta cum=bInaing proteins

known positive messenger for CG release. The increase in _ _
intracellular free Ca during mammalian fertilization appearat Present, there are a large number of potential calcium-
to be driven principally by an #fmediated pathway rather Pinding proteins (CaBP) (other than PKC) that may be in-

than a cADP-ribose, ryanodine receptor mechanism (Miy¥0lved in CG  exocytosis. These include regulatory
zakiet al, 1993; Kline and Kline, 1994). Blocking Ca e|ev_molecules, like calmodulin, and structural proteins involved

ation with injected Ca buffers prevents CG release in mouemedulating the cytoskeleton. Like other secretory cells,
eggs (Kline and Kline, 1992a). In hamsters (Steinkadt the mammalian egg cortex contains a layer of filamentous

1974) and mice (Ducibellet al, 1990a,b), the egg’s endo- actin (Longo and Chen, 1985) in which mammalian CG are
genous Ca stores are sufficient to stimulate CG release. likely to be embedded. The final translocation of CG to the

plasma membrane at fertilization may require a modifica-
tion, shortening, or depolymerization of filaments. In other
cell types, these changes are often mediated by a combina-

DAG is generated early during sea urchin fertilization (Ciap#n of actin-binding proteins and second messengers. At
and Whitaker, 1986). In amphibian eggs, protein kinase least one of these proteins, gelsolin, acts as an actin-severing
(PKC) agonists cause egg activation events (Bement apiptein atll pM Ca (Yinetal, 1990), which is similar to the
Capco, 1989) and PKC appears to act downstream of cgosolic Ca concentration at fertilization. However, gelsolin
(Bement and Capco, 1990). Mouse eggs treated with ex@vering activity is also down-regulated by polyphospho-
genous phorbol esters or DAG (both protein kinase C agbositides (Janmey and Stossel, 1987), which makes their
nists) undergo CG release (Ducibedfaal, 1993), zP2 analysis at fertilization interesting and challenging.
modification (Endcet al, 1987a,b) and other ZP changes A role for calmodulin, a Ca-dependent signalling pro-
(Colonnaet al, 1989), all of which are observed after fer-t€in, in promoting CG exocytosis is likely from studies of
tilization. Both Ca and DAG may be involved in activating®99s and secretory cells. In sea urchin eggs, antibodies to
normal CG release because phorbol esters alone do not c&geodulin (Steinhardt and Alderton, 1982) and the anti-

a complete zona reaction (Eneloal, 1987b). calmodulin antagonist trifluoroperazine (Baker and
Whitaker, 1979), inhibited CG fusion with the plasma

membrane in in-vitro studies. In other cells, granule secre-
tion is sensitive to calmodulin inhibitors and antibodies,
Fertilized sea urchin eggs activate phospholipid-dependemtd calmodulin binds to secretory granule membranes (re-
PKC (see above), and PKC inhibition down-regulategiewed in Trifaroet al, 1992).

Diacylglycerol

Protein kinase C
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Development of competence to undergo CG continuous network in the cortex, closely associated with
release CG, and can store as well as release intracellular Ca (see
Nuccitelli et al, 1989; Terasaki and Sardet, 1991; Jaffe and

In many animals, when immature eggs are fertilized, thég,era'_saki_, 1994; fand referenc_es.the_rein). Direct_an_d indirect
fail to undergo CG release and increased sperm penetrafigffiization studies of the distribution of Ca binding and
of the egg’s extracellular coat and/or polyspermy are ofggulatory proteins are consistent with their _Iocallzatlon in
served (sea urchins: Longo, 1978; amphibians: Elinsoffie ER. These include theslféceptor, a ryanodine receptor/
1986, mammals: Cherr and Ducibella, 1990). The mo§ta release channel, calsequestrin and calreticulin (Henson
outstanding example is in the pig: when human chorionf-» 1989, 1990; McPhers@t al, 1992; Kumeet al, 1993,
gonadotrophin was given 2 days early in the oestrous cycleryset al, 1994; Ayabeet al, 1995; Shiraisfet al, 1995).
92% of the oocytes were polyspermic from in-vivo fertiliz1P3 induces Ca release principally from the ER in studies of
ation of meiotically immature oocytes (Hunter al, 0ocyte cytoplasmic fractions (Han and Nuccitelli, 1990).
1976). Both mouse (Ducibella and Buetow, 1994) anBuring meiotic maturation in amphibian (Camparedial,
human (Van Blerkomet al, 1994) germinal vesicle 1984;Charbonneau and Grey, 1984) and mammalian (Duci-
(GV)-stage oocytes undergo fertilizationvitro, but CG  bellaet al, 1988b; Mehimanret al, 1995; Shiraishet al,
release is, respectively, undetectable or severely reducéd95) oocytes, the cortical ER appears to increase in quantity
Because CG enzymes are responsible for an extracelluPain proximity to CG. Many Ca regulatory proteins (above)
block to polyspermy, increased sperm penetration of infiSO relocate with the ER to the oocyte cortex during matura-
mature eggs is likely to be due to a failure of normal cdion. The ER and Wreceptor relocation during maturation
release. The inability of mouse pre-ovulatory oocytes fjould provide the optimal arrangement for CG release: the
undergo CG release and establish the ZP block to poBtimulus (spermatozoa), the response machinery (e.g. the
spermy is of increasing interest clinically, because hum&R), and effectors for the zona block (CG) are spatially
and domestic animal IVF procedures collect oocytes deolocalized. It is noteworthy that relatively little cortical ER
rectly from their follicles prior to ovulation. is observed in some marine eggs that do not undergo CG
The incompetence of fertilized immature oocytes téelease (Luttmer and Longo, 1985). In secretory cells using
undergo a normal ZP block could, in theory, be due to aptracellular Ca as a second messenger, the importance of the
insufficient number of CG, their distance from the plasmgpatial organization of stored Ca (ang teptors because
membrane, the structure of the oocyte cortex, or an incom@ey may colocalize) has been emphasized (Cheek, 1989).
tent signalling pathway for CG exocytosis. Before meiotic The development of competence to undergo CG release
maturation, CG are absent from the cortex in marsupial (Md#@s well as egg activation) is likely to depend on not only the
et al, 1992) and pig (Cran and Cheng, 1985) oocytes a@sition of Ca stores and Ca regulatory proteins, but also
during maturation undergo substantial migration into théeir concentration and functional status. In mature mam-
cortex. In contrast, human CG are present in the cortex of Ghalian eggs, intracellular Ca release is primarily controlled
and metaphase | stage oocytes, and during in-vitro cultu?g @ mechanism involving sfnduced release (Miyazadd
their number may increase (Suzetkal, 1981; Sathananthan al., 1993; Kline and Kline, 1994; Ayabet al, 1995;
and Trounson, 1982), although this has not been quantified Miiyazaki, 1995) as described previously. In theory, this re-
quantitative studies, mouse GV-stage oocytes from antral pigase mechanism could be developmentally gated at many
ovulatory follicles have no deficiency in the number or spatigioints in the egg’s signalling pathway, e.g. the production/el-
location of CG compared to ovulated metaphase Il eggyation of IR, the IR-responsive Ca-release mechanism and
(Ducibellaet al, 1988a,b). The latter studies indicate that C@ownstream Ca-dependent targets. These categories could
number and CG distance from the plasma membrane canbetfurther subdivided. For example, the Ca-release mechan-
account for the incompetence of full-grown GV-stage mousgm can be affected by the concentration of cytosolic and
oocytes to undergo CG exocytosis. luminal (ER) Ca, and the status of thgréteptor (Berridge,
Because of the central importance of the explosive releak®93; Marshall and Taylor, 1993). Receptor activity, in turn,
of intracellular Ca to CG exocytosis and egg activation inan be modulated by its phosphorylation state (Supattapone
general at fertilization (Jaffe, 1985), maturation-associated al, 1988), isoform (Furuichet al, 1989; Sudhoét al,
regulation of Ca release from cytoplasmic stores is likely t8991) and number. A tetramer of four receptors is thought to
be involved in the development of competence to undergepresent the §sensitive ER release channel (Wagenknecht
CG release. Recent evidence indicates that the Ca storehais#, 1989; Maedat al, 1990). Isolation of the §receptor
is the egg’s endoplasmic reticulum (ER). Studies in seand modulation of its activity by cytosolic Ca have been
urchin and amphibian oocytes demonstrate that the ER isegorted in amphibian eggs (Pagysl, 1992), whose large
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size is advantageous. Investigating maturation-associateduring normal meiotic maturation, mouse oocytes acquire
changes in this elaborate; iféceptor-ER ‘control centre’ for the ability to undergo CG exocytosis in three phases (Figure
Ca release will serve as an interesting, if initially dauntinA and B): incompetence (GV stage), localized CG release
challenge. The groundwork has been laid by studies demdfrom GV to metaphase 1), and normal global release (meta-
strating that oocytes acquire the ability to undergo full Cphase I1). Detailed quantitative studies indicate that the per-
release at the end of maturation (Clebal, 1990; Fujiwara centage of CG loss, location of release, time course of CG
et al, 1993; Mehimann and Kline, 1994). release, and sensitivity to thimerosal were all altered in ooc-
Mouse oocyte maturation studies indicate that the signattes fertilized before metaphase Il (Ducibella and Beutow,
ling pathways involved in CG release are not fully developetP94). Although thimerosal is thought to increase the sensi-
until metaphase Il. Unlike metaphase Il eggs, GV-stadwity of the IR; receptor, it failed to augment CG release in
oocytes do not undergo CG release in response to Ca ionafertilized and fertilized metaphase | oocytes at a con-
phore in the absence of extracellular Ca (Ducilallal, centration that augmented CG release in both of these groups
1990a,c). In this situation, the oocyte must rely on its owof metaphase Il eggs. In contrast to the ability to undergo CG
intracellular Ca stores that appear to be responsible for the frefease, another important indicator of egg activation, the
Ca transient at fertilization. Physiological agonists (spermatextent of initial sperm chromatin decondensation, was not
zoa or IB) do not cause CG release or the ZP block in G\affected (Ducibella and Beutow, 1994).
stage oocytes (Ducibeld al, 1993; Ducibella and Buetow, Because some stages of mouse and human fertilized
1994). In contrast, PKC agonists cause a similar extent of @@-metaphase Il oocytes undergo localized CG release in
release in GV and metaphase Il stages, indicating that the fitkeé immediate vicinity of the fertilizing spermatozoon, it
step(s) in exocytosis—CG fusion with the plasma membraregpears that a ‘primary’ stimulus for exocytosis is acti-
is not deficient in oocytes before metaphase Il (Ducibtlla vated in those cases and the oocyte cortex is competent to
al., 1993). One interpretation of these studies is that there miaitiate the process of CG exocytosis. This localized stimu-
be a deficiency in the normal process of Ca release thatus is likely to be derived from a sperm receptor- or sperm
supported by other investigations. After; liRjection or factor-mediated onset of signalling of egg activation (re-
monospermic fertilization, GV-stage oocytes of starfisliewed by Whitaker and Swann, 1993), and possibly from
(Chibaet al, 1990), mice (Mehimann and Kline, 1994) anca spermatozoon-mediated sensitization of Ca release
hamsters (Fujiwaret al, 1993) do not elevate Ca to the saméSwann, 1994). However, the spread of stimulation of exo-
extent as their mature egg counterparts. Maturation-associatgtbsis, resulting in global release, does not appear to take
changes in the functional status of theréeeptor have been place. In sea urchins, CG release is initiated from the point
proposed to account for the development of the ability wf fertilization, spreads radially (Vacquier and Payne,
elevate Ca to normal intracellular concentrations by meta973), and appears to follow the wave of elevated intra-
phase Il (Chibat al, 1990). IB-induced regenerative, propa- cellular Ca. Because the Ca wave (reviewed in Nuccitelli,
gating Ca release, which is important in spreading a wave1#91; Miyazaket al, 1993) and CG release (Ducibella and
Ca release in metaphase Il eggs, is not as well developedinetow, 1994) originate from the locus of fertilization, a
GV-stage oocytes (Fujiwaret al, 1993; Mehimann and wave of Ca-dependent CG exocytosis is also likely to take
Kline, 1994). Also, it has been reported that between the Qdlace in fertilized metaphase [l mammalian eggs. Because
and metaphase |l stages, there may be a 3- to 4-fold increagtén first Ca transient in fertilized metaphase | mouse
the amount of ionomycin-inducible Ca release (Torebals  oocytes is similar to that in metaphase Il eggs (Mehlmann
1992). and Kline, 1994) and localized Ca release has not yet been
Thus, one working hypothesis is that GV-stage oocytedbserved in fertilized hamster oocytes (Fujiweraal,
are deficientin an early Ca elevation step in the CG exoc¥993), it is possible that localized CG exocytosis in meta-
tosis pathway, but not in the proposed late PKC-dependgatitase | mouse oocytes is not due to localized Ca release.
step (see Figure 1). However, it is not known if all Ca-de- Localized CG release can also occur in maturing oocytes
pendent effectors involved in CG release are present andhe absence of spermatozoa. During normal meiotic mat-
fully functional. Another (not necessarily competing) hy-uration, localized CG release occurs over the metaphase
pothesis is that these effectors develop during maturatispindle in mouse (Ducibellet al, 1990c; Okadat al,
perhaps to minimize spontaneous CG release during th@93) and hamster oocytes (Okatial, 1986; Cheret al,
long life of oocytes in their follicles, just as capacitatiorf988), but has not been detected in oocytes of the pig
potentiates the spermatozoon’s ability to undergo the aci®¢oshidaet al, 1993) and cat (Byeet al, 1992). Is the
some reaction. These studies will require the identificatiapindle-associated localized release in rodent oocytes due
of CaBP involved in CG exocytosis. to a metaphase-associated local release of intracellular Ca?
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Figure 2. (A) The extent of cortical granule (CG) release as a function of oocyte meiotic stage in the mouse is shown. During normal meiot
maturation a CG-free domain appears over the metaphase chromosomes (Control). In oocytes fertilized at the indicated stages of matura
there is a progression from no quantifiable net CG loss from the cortex at the germinal vesicle stage, to localized release at metaphase (me
and finally to global release at meta Il. GVBD = germinal vesicle breakdown; pb = polarB)ojdrescence micrograph of localized CG
release in a maturing mouse oocyte fertilized at meta I, as depiétéchiromatin is blue, CG are red). Maternal chromosomes are shown on the
left and decondensing sperm chromatin on the right, 2 h post-insemination of zona-free oocytes. Note that the CG have been lost over the s
chromatin, whereas the remaining CG-occupied cortex is still densely populated. The area over the maternal chromosomes has the normal
free domain that develops between meta | and Il in mouse and hamster eggs. Quantitative studies have demonstrated that neither the spe
maternal chromosome-associated CG-free domain can be accounted for by CG redistribution alone @atild@i@dc; Ducibella and Beu-

tow, 1994). Multiple exposures were taken at different focal planes. CG staining was achielzedswithiinarisagglutinin—avidin/Texas Red,

and chromatin staining with Hoechst 33258/DAPI.

Meiotic maturation requires extracellular Ca, but elevatadhtil early events at the site of fertilization and maturation-
intracellular Ca was not observed during meiosis | iassociated changes in the ability to undergo global CG
mouse oocytes (Tombes al, 1992). Perhaps, there areexocytosis are discovered.

localized increases in protein kinase activity at the sites of

f(—?rtlllzatlon ar_\d the metaphase; | spindle that_are rGSpOBS/toplasmic maturation and human IVE

sible for localized CG release in some maturing oocytes:
Further studies are needed to identify the regulatory aiwdith the increasing use of human and domestic animal
structural molecules involved in CG exocytosis in order tovulation induction, IVF, and other assisted reproductive
determine whether they are involved in localized CG raechnologies, the normal mechanisms that control egg mat-
lease as well as normal fertilization-associated exocytosigation and timing of fertilization are being altered and
Thus, the basis for localized release may remain a mystenanipulated externally. For example, in human IVF pro-
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grammes¥0% of the egg masses collected contain praion, suggesting that normal cytoplasmic maturation had
metaphase II-stage oocytes (Flebdl, 1990; Hammitet  not taken place and is more sensitive to accelerated develop-
al., 1993). Because of difficulties in staging oocytes withiment. Because eggs from small antral follicles that are stimu-
the dense cumulus mass, many clinical groups are likelyladed by high concentrations of exogenous gonadotrophins
be inseminating some oocytes that have not reached metee also collected in human IVF, cytoplasmic maturation and
phase Il (Hammitéet al, 1992). If cytoplasmic maturation later development may be compromised in some oocytes
is not completed before fertilization, egg activation byvithout necessarily preventing meiotic maturation, fertiliz-
spermatozoa is not likely to occur normally. In normallyation and even the formation of two pronuclei.
maturing human oocytes, it is important to establish whenIn-vitro maturation of human GV-stage oocytes to meta-
activation competence develops and how long it is maiphase Il followed by insemination has resulted in reduced
tained. This information will dictate the temporal windowfertilization rates and poor clinical success of those eggs
in which fertilization (and hence, assisted reproductivéhat were fertilized (Floo@t al, 1990; Hammittet al,
procedures) should take place. 1993). Possible causes include inadequate culture condi-
In human IVF, many immature oocytes are collectetions, inherent oocyte quality and abnormal recruitment.
and, even after culture, polyspermy rates are significaBlytoplasmic immaturity could lead to a failure to develop
((010%; Hammitet al, 1993). One prediction from animal the signalling pathway mechanisms, informational mol-
studies is that fertilized immature human oocytes will havecules or nutritional stores that may be required later for
a higher rate of zona penetration and/or polyspermy. Atkormal egg activation or preimplantation development.
though polyspermy due to immaturity has been reported dust as maturational asynchrony between cumulus—coronal
human oocytes (Trounsenhal, 1982; Veeck, 1994), care- morphology and nuclear maturity of the egg has been ob-
fully controlled studies are not available and are madserved in stimulated human cycles (Lawdeal, 1984;
difficult by the problem of staging oocytes within theirHammittet al, 1993), asynchrony also has been suggested
dense cumulus. Although meiotically incompetent obetween oocyte nuclear and cytoplasmic maturation, in
delayed GV-stage human oocytes do not become polyhich the latter appeared to be delayed (Sundstrom and
spermic, they appear to undergo higher sperm penetratiditsson, 1988).
of the zona consistent with their failure to undergo com- In animal IVF, culture conditions play an important role
plete CG loss (Van Blerkolet al, 1994). Delayed fertiliz-  in optimizing fertilization rates by preventing zona harden-
ation in many mammals also can result in a highéng. In serum-free medium, the normal maturation-asso-
incidence of polyspermy (Austin, 1974). The relative corciated loss of CG in mouse oocytes results in ZP
tributions of different causes of polyspermy or multiplebiochemical changes, i.e. the conversion of ZP2 tq ZP2
sperm penetration of the zona in human IVF have not be@ucibellaet al, 1990c), leading to a block in sperm pen-
rigorously established. etration (Down®t al, 1986; Choet al, 1987). Follicular
Because precise in-vitro maturation conditions are influid (DeFeliciet al, 1985; Kalaket al, 1993), 5% serum
portant (Eppig, 1991) and have not been optimized fgpownset al, 1986; Choet al, 1987) and fetuin, a specific
human oocytes, a second prediction is that cytoplasnpecotease inhibitor in serum (Schroedeal, 1990; Kalab
maturation is likely to be compromised, resulting in deet al, 1991, 1993), but not albumin (Dowetsal, 1986;
creased clinical success. For example, when mouse (Mticibellaet al, 1990c) prevent these changes in the mouse
stage oocytes underwent meiotic maturation in differe@P. In human eggs, protection from ZP hardening also is
culture media and then all were transferred to the sartikely to be important in maturing oocytes (Ducibelial,
optimized medium for insemination and cleavage, th£990b) because (i) many oocytes are collected before they
groups had significantly different percentages of blastocystach metaphase I, (ii) spontaneous CG loss has been
development (Van de Saradtal, 1990; Eppig, 1991). This observed in cultured human unfertilized eggs (Rousteau
study indicated the importance of maturation conditions aal., 1977; Tamret al, 1990) and (iii) a biochemical change
post-meiotic developmental events. In oocytes from smaiidicative of ZP hardening and CG loss occurs in some
follicles, acceleration of maturation ¢ivovia exogenous cultured human eggs that fail to fertilize in the absence of
gonadotrophins dn vitro via removal from the follicle) serum (Ducibellat al, 1995). Studies are needed of the
followed by IVF results in a lower percentage of viabldhuman ZP during meiotic maturation in the presence or
embryos compared to embryos from oocytes that develbsence of serum, follicular fluid and fetuin.
opedin vivo (Eppiget al, 1992, 1994). In addition, the With regard to routine human IVF, these studies (i)
latter studies demonstrated that accelerated developmsuaggest the importance of the stage of the oocyte in timing
resulted in apparently nhormal nuclear (meiotic) maturaspermatozoon—egg interaction, (i) emphasize the need to
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devise additional methods for staging and tracking the egiggsman egg after insemination (Taydorl, 1993), (iii) Ca
collected and (iii) support the development of improvethcreases are detected after ICSI (Tesdidk, 1994; Tesa-
methods for in-vitro culture and in-vivo follicular matura-rik and Sousa, 1994) and (iv) eggs that have failed fertiliz-
tion that allow meiotically immature oocytes to completation in ICSI have intact CG (Sousa and Tesarik , 1994),
not only nuclear (meiotic) maturation, but also cytoplasmisuggestive of a failure of appropriate Ca elevation.
maturation with the prevention of ZP hardening. The pro- Mammalian fertilization is quickly followed by a series
cess of optimizing oocyte quality would be greatly faciliof Ca oscillations. In hamsters, mice, and rabbits (Miyazaki
tated by biochemical markers of important maturationat al, 1993: Fissore and Robl, 1994: Mehlmann and Kline,
events, especially those involved later in fertilization 01994), following fertilization there is a major Ca transient
early development. One example is the identification dfnmediately followed by several hours of regular, periodic
egg activation and CG exocytosis signalling step(s) thatinsients every 5-10 min, whereas longer intervals have
appear to develop between GV breakdown and metaphag#n observed in bovine eggs (Fissral, 1992). The

Il. Just as specific chromatin configurations allow us tamplitude and/or frequency of the initial or first few transi-
track nuclear meiotic progress, a progression of appropént(s) may determine the extent of CG exocytosis (Kline
ate cytoplasmic markers will provide sequential assesgnd Kline, 1992a). In the human, studies have been limited
ment of cytoplasmic development. These markers woul the availability of mature eggs and the use of aged
be useful in experimental studies of media optimization fainfertilized eggs. Fertilized human eggs undergo Ca os-
in-vitro maturation of GV-stage oocytes and evaluatingjllations with a variable (10—-35 min) frequency (Taglor
new follicular maturation/ovulation induction protocols. gal., 1993). Subzonal insemination (SUZI) of fresh or aged
human eggs is followed by a major Ca transient and Ca
oscillations (Tesarik and Sousa, 1994). Their frequency
(3—15 min) and wave-like propagation from a locus in the

Cytoplasmic maturation is also likely to be important fof99 cortex are similar to those of fertilized animal eggs, and
success in intracytoplasmic sperm injection (ICSI). Altheir amplitude decreases with time over 1-3 h.
though ICSI appears to bypass the initial gamete plasmd” contrast, a study of human ICSI reported two widely
membrane interactions, the egg cytoplasm still has to réeparate Ca ‘episodes’. Human eggs subjected to ICSI are
spond with a signal(s) to activate a programme for embrgharacterized by three phases during the response (Tesarik
onic development and to transform the sperm chromatft @l 1994): an initial Ca increase lasting 2-3 min due to
into a male pronucleus. Normally, both egg activation (d8€ influx of extracellular Ca associated with injection,
mentioned previously) and sperm chromatin transfornfollowed by a 4-12 h period without detectable responses,
ations (Usui and Yanagimachi, 1976; Zirkinal, 1989; and finally, 30—60 min of Ca oscillations with frequencies
Longo, 1990; Perreault, 1990) require metaphase Il ma®f between 1 and 5 min. Oscillations are initiated near the
malian egg cytoplasm, whereas cytoplasm from earli€ertex, but thereafter their source becomes less focused
meiotic stages is not fully competent. Cytoplasmic maturaVith time. The initial Ca transient is not due to the interac-
tion may be incomplete in ICSI eggs in which the sperriton of the spermatozoon with the egg cytoplasm because it
membrane has broken down, but egg activation and coti-detected when either the injection solution without sper-
plete CG release did not occur (Sousa and Tesarik, 199#atozoa or even a pipette without a lumen (in medium with
The process of egg activation in ICSI is of interest fot—2 MM extracellular Ca) is used (Tesaitilal, 1994). In
several reasons: (i) ICSl is a new, clinical procedure to trefis study, this first transient appears to be initiated by
severe male infertility where routine IVF has failed (Palerexogenous Ca, while the participation of CICR(§Rage-
mo et al, 1992; Van Steirtegheet al, 1993a,b), (ii) the nous) — induced Cg@ndogenousyeleasg from internal
ICSI procedure appears to bypass important gamestores has not been rigorously investigated. The injection
plasma membrane interactions involved in egg activatig¢f 1.8 mM Ca into unfertilized rabbit eggs results in a
in unassisted fertilization and (i) new knowledge abouingle Ca transient about one-half the amplitude of that
the ICSI activation mechanism may be applied to improvgbserved upon fertilization (Fissore and Robl, 1994), al-
fertilization and pregnancy rates (Edwards and Van Steifiough the volume of fluid injected in human ICSI may be
teghem, 1993). Although the precise mechanism of edgyger, introducing more Ca. The injection of Ca alone into
activation in ICSI has not been demonstrated, an increasafertilized eggs does not cause Ca oscillations typical of
in intracellular Ca is probably involved because (i) it has a@hose in normal fertilization in animal eggs (lgusa and
obligatory role in normal mammalian fertilization (Kline Miyazaki, 1983; Fissore and Robl, 1994; Kline and Kline,
and Kline, 1992a), (ii) Ca oscillations are observed in thE994) or those in human ICSI after the long delay (Tesarik

Cytoplasmic response after ICSI
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et al, 1994). In any case, little is known about any earlternal ER Ca, both of which are known to sensitize the IP
effects of this first large Ca transient on the human egg'sceptor (Marshall and Taylor, 1993; Missiaeal, 1994;
endogenous Ca and signalling machinery after ICSI. It fer eggs, see Pargt al, 1992). In order to determine if
entirely possible that this initial Ca elevation is sufficientCSI has an effect on the sensitivity of Ca stores to undergo
for egg CG exocytosis, but not for subsequent events likelease, it would be informative to know if Ca oscillations
second polar body and pronuclear formation, which are nean be induced shortly after ICSI during the observed lag
observed (Tesariét al, 1994). period. IR injection or refertilization (e.g. SUZI) at various

The basis for this unusual Ca response in human ICSI migpes after ICSI could be used to determine if there are
reside in the mechanism controlling intracellular cytosolichanges in sensitivity to Ca release during the lag period.
egg Ca concentrations and in the question of whether spefithough prolonged high cytosolic Ca from the ICSI pro-
factors are involved in egg activation. The long lag period ieedure could inhibit the $Rreceptor, this is unlikely to ex-
which Ca stays low after the initial brief Ca rise is surprisinglain the long lag because injected cytosolic Ca appears to be
unless the egg is still ‘waiting’ for a sperm factor or C4apidly sequestered or pumped out of the cell—Ca con-
oscillations have been suppressed temporarily. It is temptigntrations quickly return to baseline in Ca injection studies.
to invoke the former, in which the sperm membranes mustAlthough one could simplistically interpret ICSI as Ca
break down for a sperm factor(s) to enter the egg cytoplasgtivation after bypassing spermatozoon—-egg membrane
Support for such factors in human ICSI comes from thi@teraction, there remain many unanswered questions. Is
activity of sperm cytosolic fractions (Dozortshal, 1995) there any developmental disadvantage to the significant
and the observation that oscillations fail to appear in sha@mporal separation of the exogenously induced initial Ca
injected eggs without spermatozoa in which only the initidise (with an expected episode of CG release) and later Ca
Ca increase occurs (Tesagikal, 1994). By analogy with Oscillations? Besides CG release, what events are triggered
fertilization events, Ca oscillations should appear shorthy the initial, exogenous Ca transient in both the absence
after (probab|y within minutes) the entry of the proposeand presence of an injeCted Spermatozoon’? What initiates
Sperm factor into the egg Cy‘[oplasm_ The t|m|ng Of Sperme Ca oscillations in ICSI? What is OCCUrring during the
factor release should be indicated by sperm head plaskr@ 129 phase? Do the amplitude and frequency of the Ca
membrane breakdown. An electron microscopic study in tigscillations regulate early developmental events, as pro-
mouse demonstrates that both the sperm plasma membrafged for mouse and bovine egg activation (Vitullo and
and nuclear envelopes have broken down within 1 h of IC§)Zil. 1992; Collagt al, 1993), and have these parameters
(Kimura and Yanagimachi, 1995). Yet, in the human, cheen optimized for clinical success in human ICSI? Does
oscillations do not begin until 4-12 h after ICSI. Interpretdl'€ injection solution play arole in egg activation and, if so,
tion of these data await the identification, after ICSI, of thBave the solutes been optimized? Why do some eggs that
timing of sperm plasma membrane breakdown in the humBfPMote sperm plasma membrane breakdown fail to un-
egg and of Ca oscillations in the mouse egg. In addition, tH§r90 CG release and egg activation (Sousa and Tesarik,
identity of the putative sperm factor(s) remains to be estab294)? It has been proposed that some cases of failed egg
lished. If a sperm factor participates in egg activation durirﬁﬁt'vat'on or aberrant early development may be due to
ICSI (which may or may not be the same sperm factor prét normal Ca release after fertilization (Haghal, 1993).
posed to be involved in normal fertilization), time may be
required to build a sufficient local concentration for activatio& devel tal t | window f |
or to diffuse to the appropriate target, e.g. the cortical ER. evelopmental temporal window for horma

. . _— .egg CG release and activation

Alternatively, the lag period before Ca oscillations in
ICSI may be due to a temporary desensitization of the G&e acquisition of competence to undergo normal CG
release mechanism. However, several mechanisms #xocytosis and the development of the block(s) to poly-
volved in the desensitization of Ca stores do not readipermy are likely to represent a larger, more important and
explain the lag period, because the lag is so much longekiimically relevant process: development of the ability to
duration than that between oscillations after fertilizatiorundergo normal fertilization and activation of develop-
The short fertilization-associated interval between normaient. Both CG release and other zygotic activation events
oscillations is likely to be due to refilling and resensitizinglepend on the release of intracellular Ca, which is regu-
cytoplasmic Ca stores. Refilling involves an ER Ca pumiated by second messengers interacting with cytoplasmic
(Kline and Kline, 1992b) with an }mediated Ca supply Ca stores. An emerging body of evidence is growing that
(Shirakawa and Miyazaki, 1995); whereas resensitizing dtiring the final phase of meiotic maturation, close to the
likely to require lowering cytosolic Ca and increasing cistime of ovulation or oocyte retrieval in the case of human
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