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—Mini Review—

Aging of Oocyte-coating Structures 
and Dicalcin

Mayu Hanaue and Naofumi Miwa*

Department of Physiology, Toho University School of Medicine, Tokyo 143-8540, Japan

Abstract:  Maternal ferti l i ty decreases with aging,
possibly owing to qualitative changes in the egg itself
and  the  egg -hous ing  cond i t i on  o f  t he  fema le
reproductive tract.  Since sperm first interact with the
egg-coating structures, age-dependent alterations of
egg-coating structures may be related to reduced fertility
in aged female mammals.  Quantitative genetic and
biochemical studies of specimens prepared from aged
mammals have revealed altered expression patterns of
antioxidant- and apoptosis-related proteins in cumulus
cells, and a substantial decrease in the amount of ZP-
constituent glycoproteins.  Histochemical studies have
demonstrated an increase in the number of apoptotic
cumulus ce l ls  and s ign i f icant  a l tera t ion in  the
appearance of ZP with irregular plaques in aged
specimens.  Biophysical studies have shown that both
susceptibility to digestion with protease and mechanical
stiffness are reduced in the ZP aged in vitro.  We
recently characterized a novel suppressive factor of
fertilization, dicalcin, in the cumulus-oocyte complex.
The expression level of dicalcin in the cultured normal
human fibroblasts increases with the passage of time,
which implies an age-dependent increase in i ts
expression in the normal female reproductive tract.  The
potential increase in dicalcin expression with aging
would represent a qualitative change of the egg-coating
structure, augment its inhibitory role on fertilization,
thereby causing decreased fertility in aged female
mammals.
Key words:  Aging, Fertil ization, Zona pellucida,
Cumulus cell, Dicalcin

Introduction

It is well known that the fertilization rate decreases as

maternal age increases, and this decrease has often
been attributed to the gradual depletion of oocytes as
well as to a decrease in oocyte quality with aging [1–4].
However, natural fertilization occurs in the oviductal
lumen as a result of sequential, well-coordinated sperm-
egg interaction, and therefore the decreased fertility
observed naturally may involve gradually-occurring
dysfunction of ferti l ization processes.  Since the
fertilization process begins with the proper interaction
be tween  spe rm and  egg-coa t i ng  s t r uc tu res ,
characterization of age-dependent changes in egg-
coating structures will be helpful for understanding the
molecular basis of reduced fertilization with aging.

The innate egg-coating structures of eutherian
mammals are composed of (i) the zona pellucida (ZP), a
relatively thick, elastic acellular coat comprised of
several glycoproteins, which lies immediately next to the
egg, and (ii) the cumulus oophorus, the outermost layer
of the cumulus-oocyte complex (COC), which is
constituted by cumulus cells and fibrous extracellular
matrix, including hyaluronic acid (HA) and fibronectin
[5].  According to the currently prevailing model of
fertilization processes, acrosome-intact capacitated
sperm recognize oligosaccharides of ZP-constituent
glycoproteins, and then sperm initiate acrosomal
reaction (AR), penetrates the ZP, and fuses with egg
plasma membrane (for reviews see [6–11]).  Recent
s tudies us ing advanced genet ic  and record ing
techniques have revealed new and valuable details
regarding mechanisms of fertilization.  For example,
Gahlay et al. found that eggs from transgenic mice,
mutated to prevent glycosylation on ZP proteins, are still
capable of binding to sperm and being fertilized, which
suggests that oligosaccharides on ZP proteins may not
be necessary for sperm-binding and induction of the AR
[12].  Jin et al. demonstrated that most fertilizing murine
sperm undergo the AR during the passage through the
cumulus oophorus, which strongly suggests that the site
of initiation of the AR is somewhere within the cumulus
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oophorus, not the ZP [13].  As confirmed by many
previous studies, the ZP certainly has the ability to
induce the AR, but the ZP may not be the sole site for
AR initiation.  Instead, the cumulus oophorus is likely to
be essential for induction of the AR and subsequent
fertilization success, particularly under physiological
conditions.  Thus, although much attention has been
paid to the ZP as a uniquely important extracellular coat
of the egg, we consider the cumulus oophorus as an
essential part of the egg-coating structure in this review.

We have recently identified a novel suppressive
mediator of fertilization, named dicalcin.  Dicalcin was
originally identified in frog species (Xenopus laevis and
Rana catesbeiana) [14, 15], and the primary structure of
dicalcin consists of two S100-protein-like regions
connected by a linker region, featuring this single
molecule as a “dimer form of S100 calcium-binding
protein”.  S100 proteins constitute a family of small (10-
14 kDa) calcium-binding proteins and, to date, more
than twenty members have been identified.  S100
proteins exist as homo or hetero dimers in solution,
regulate various extra- and intracellular events, thereby
exerting important functions in a variety of cells (for
reviews see [16, 17]).  Frog dicalcin is present in the
vitelline envelope (VE), a structure equivalent to the
mammalian ZP and, through binding to VE-constituent
glycoprotein, it remarkably inhibits fertilization in vitro
[18].  Most recently, our phylogenetic and biochemical
analyses revealed that mouse S100A11, one of the
S100 protein family, is the mouse counterpart of frog
dicalcin.  Mouse S100A11, which is thereafter referred
to as mouse dicalcin to make this review more readily
understandable, is present in the plasma membrane of
cumulus  ce l l s  in  the  COC in  the  ov iduc t ,  and
suppresses in vitro fertilization in a dose-dependent
manner [19].

Many studies have demonstrated that significant age-
related changes occur in the ZP as well as in the
cumulus cell layer.  However, the results have not yet
been collated, and therefore it seems timely to review
the age-related details regarding the egg-coating
structures.  In this review, after a brief description of the
biology of the egg-coating structures and the effects of
dicalcin on fertilization, we will introduce the age-related
changes in these structures, and discuss possible age-
dependent change of dicalcin expression and its
involvement with reduced fertility in advanced aged
mammals.  The term of “aging” sometimes has different
meanings in the l i teratures, depending upon the
experimental conditions utilized therein.  For example, it
means: (i) to grow older, (ii) the passage of time within

the oviductal lumen and (iii) the passage of time under
some experimental conditions after preparation or
dissection.  To avoid potential confusion, in this review,
we refer particularly to the latter two cases, (ii) and (iii),
as “in vivo aging” and “in vitro aging”, respectively.

Cumulus Cells

Composition and metabolism
 The cumulus oophorus comprises cumulus cells and

fibrous extracellular matrix, including HA and fibronectin
[5].  There is a close intercellular communication
between the oocyte and cumulus cells via gap junctions
and paracrine factors, and therefore the metabolism of
oocyte and cumulus cells is mutually dependent (for
review see [20]).  Oocytes secrete soluble factors,
including GDF9 and BMP15, and regulate cumulus cell
differentiation and maturation, and conversely cumulus
cells provide nutritional support and environmental
information mediated by cAMP (for reviews see [21,
22]).  Around the ovulatory phase, cumulus cells starts
to synthesize and secrete HA, the major structural
backbone of the cumulus matrix, and the COC gradually
expands in the so- called cumulus expansion.  Cumulus
expansion is considered to be important for ovulation
because inhibition of HA generation in vivo decreases
the ovulation rate in the mouse [23].  During cumulus
expansion, HA molecules are held together by several
cumulus cell- and serum-derived proteins, including
inter--trypsin inhibitor (II), tumor necrosis factor -
induced protein 6 (TNFAIP6 or TSG6) and pentraxin 3,
and all of them are considered to strengthen and
stabilize the HA network.  Knockout studies have
demonstrated the crucial role of these HA-stabilizing
proteins during in vivo fertilization [24–27].

Function
 Since the cumulus is absent at fertilization in some

species such as the goat, and the eggs without the
cumulus are able to ferti l ize in vitro [28–30], the
cumulus oophorus has sometimes been considered as
unnecessary for fertilization success [11].  However, in
other species, including mice, hamsters and pigs, the
presence of the cumulus is beneficial for in vitro
fertilization since the rate of fertilization increases
compared to that in its absence [31].  Interestingly,
recent studies have demonstrated some physiological
act ions o f  cumulus ce l ls ,  which contr ibutes to
fertilization success.  Tamba et al. demonstrated that
cumulus cells produce chemokines, such as CCL7, that
serve to attract sperm.  Subsequently, they activate
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prostaglandin E2/cAMP signaling, and loosen the
extracellular fibronectin network among cumulus cells,
which ultimately makes better microenvironment for
sperm penetration [32].  Hasegawa et al. showed that
cumulus cells secrete a glycosylphosphatidylinositol-
anchored protein to prevent complement-dependent
activation of sperm in the oviduct [33].  Most recently,
Jin et al. combined genetic engineering and real-time
video recording to demonstrate that sperm undergo the
AR while passing through the cumulus layer and
acquire the ability to fertilize the egg [13].  Thus, the
cumulus layer is likely to play a crucial role in naturally
occurring fertilization, at least in some mammalian
species.

Age-dependent Changes of Cumulus Cells

Changes in gene expression levels
A quantitative PCR analysis has shown that creatin

kinase B (CKB) and peroxiredoxin 2 (PRDX2) are
expressed at higher levels (~6–8 fold increases) in older
(≥38 years) women than in younger (≤28 years) women
[34].  In addition, an immunohistochemical study found
that the percentage of cumulus cells immunopositive for
apoptosis-related proteins was altered in aged women
[35].  In that study, the mean percentage of Fas-
immunoposi t ive cumulus cel ls  was found to be
significantly lower in the older (≥38 years) group than
that in the younger (<38 years) group (~30% of younger
group vs. ~23% of older group), and the percentage of
cumulus cells immunopositive for its cognate ligand,
Fas-L, was, in reverse, greater in the older group (~9%
of the younger group vs. ~14% of the older group) [35].
Altered expression levels of antioxidant- (CKB and
PRDX2) and apoptosis-related (Fas and Fas-L) proteins
may be related to some mechanisms for defending
cumulus cells against oxidative stress, and thereby
serve to prevent their apoptosis in older women.

Increase in the number of apoptotic cumulus cells
There are some clinical reports suggesting a positive

relationship between the age-dependent increase in the
percentage of  apoptot ic  cumulus ce l ls  and the
fertilization rate.  Lee et al. showed that the incidence of
apoptotic cumulus cells is significantly higher in older
(≥41 years) women than in younger (≤30 years) women
(~1.6% of the older group vs. ~0.6% of the younger
group), and the fertilization rate following IVF-ET of
identical individuals was significantly reduced in older
women compared with younger women (~40% of the
older group vs. ~88% of the younger group) [36].  Høst

et al. also reported that at the ICSI treatment, the
percentage of apoptotic cumulus cells in non-fertilized
COCs is greater (~8.5%) than that (~5.1%) in fertilized
COCs [37].  The results of these studies suggest an
age-dependent correlation between the apoptosis of
cumulus cells and the fertilization rate; therefore, the
apoptotic status of the whole cumulus layer may affect
the establ ishment  of  the microenv i ronment for
fertilization success.

The Zona Pellucida

Appearance
The thickness of ZP shows considerable variation

across species (e.g., 1–2 m thin in marsupials and 16
m in the pig) [38].  At the light microscopic level, ZP
has an optically homogeneous structure in some
species (e.g., mice and rats), whereas it has two or
more distinct layers with different optical densities in
others (e.g., rabbits and pigs) [38].  Scanning electron
microscopical analyses have revealed that the outer
surface of the ZP has a spongy appearance with 0.3–
0.5 m pores, whereas the inner one is more densely
packed and has a f ine granular or microtubular
appearance in most mammals [39].  Since the outer ZP
with fenestration is more penetrable for sperm in
humans [40], the spongy appearance is considered to
ref lect  the matur i ty  o f  the ZP and favor  sperm
penetrability.

Composition
ZP is composed of several substances, including

protein, sugar and inorganics.  For example, porcine ZP
contains protein (71%), neutral hexose (19%), sialic
acid (2.7%), and sulfate (2.4%) [41].  The major
constitutive proteins are represented by a few different
ZP proteins.  For example, the human ZP contains four
ZP proteins: ZP1 (100 kDa), ZP2 (~75 kDa), ZP3 (~55
kDa) and ZP4 (~65kDa), and the murine ZP has three
ZP protein: ZP1 (~200kDa), ZP2(~120 kDa) and
ZP3(~83kDa) (for a review see [42]).  There is a
comparable sequence homology among ZP proteins in
different species.  Sequence homologies of ZP2 and
ZP3 among different mammals are relatively high (e.g.,
~57% identity between human and mouse ZP2 and
~67% for ZP3), whereas ZP1 shows a lesser homology
(~33% between human and mouse ZP1) [43].  ZP
proteins are synthesized in growing oocytes, secreted
simultaneously and assembled with each other by
noncovalent interactions, forming ZP filaments within
the ZP.  The association of ZP proteins depends upon
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the presence of a hallmark ~260-amino-acid-sequence
motif, called the ZP domain, that is conserved among
ZP proteins in several tissues, including epithelial cells
and neural tissues [44].  On the basis of stoichiometry of
the interaction between ZP proteins, the schematic
arrangement of ZP filaments is assumed as follows:
ZP2 and ZP3 constitute a long filament with a width of
~7 nm, and ZP1 crosslinks each filament [45].

Oligosaccharide distribution within the ZP
During the past few decades, oligosaccharides

coupled to ZP proteins have been considered to play a
key role in the interaction between sperm and the ZP in
a variety of species, including mammals and amphibians
(for a review see [7]).  An immunohistochemical study of
ZP proteins of various species (e.g., mouse, rat,
hamster, rabbit, cat, dog and pig) demonstrated species-
specific variations in lectin-binding patterns, and the
extent  of  the var ia t ion was corre la ted wi th the
evolutionary relationship among the species: greater
similarity between closely related species and lower one
between distantly related species [46].  For example,
Dolichos biflorus agglutinin (DBA, a lectin with a
preferential binding to -GalNac terminal) binds only to
the mouse ZP proteins, whereas Griffonia simplicifolia
(GS-I, preferential binding to -Gal) binds to ZP proteins
of mice and rats, but not to ZP proteins of hamsters and
rabbits.  The same study also showed that lectin-
reactive residues were unevenly distributed throughout
the depth of the ZP.  For example, DBA and GS-I
reacted with the inner portion of the ZP, whereas Ricinus
communis agglutinin I (RCA-I, preferential binding to -
Gal), wheat germ agglutinin (WGA, preferential binding
to GlcNAc) and peanut agglutinin (PNA, Gal-1-3-
GalNAc) interacted with the outer portion of the ZP.
Thus, specific oligosaccharides such as -Gal, -
GalNAc are distributed differently throughout the same
ZP, and these variations in distribution may underlie
molecular mechanisms involved with species-specific
interactions between sperm and ZP.

Association of oviductal proteins with the ZP
Several lines of evidence have shown that the ZP

interacts with some oviductal proteins that exist
extracellularly in the oviductal lumen (for reviews see
[47, 48]).  They include oviductin and osteopontin, both
of which are known to be secreted from the oviductal
epithelium into the oviduct and act there on the COC,
a f fec t i ng  the  e f f i c i ency  o f  f e r t i l i za t i on .
Immunohistochemical  s tudies have shown that
exogenously applied oviductin and osteopontin interact

with bovine ZP, demonstrating a uniform distribution
throughout the ZP [49]. However, their target ZP
proteins and the precise mechanism of their actions
remain unknown.

Age-dependent Changes of the ZP

ZP appearance and expression levels of ZP proteins
Scanning electron microscopic observation have

revealed that the ZP of oocytes, dissected from the
oviduct 37 h after an hCG injection (i.e. in vivo aged
ZP), had irregular plaques and ZP-constituent filaments
were separated from one another by a space of ~0.3 m
in width [50].  A quantitative microarray analysis using
young (5- to 6-weeks) and old (42- to 45-weeks) murine
oocytes demonstrated that the amounts of ZP1, ZP2
and ZP3 mRNAs in old oocytes declined to 48%, 42%
and 37% of those in young oocytes, respectively [51].
Another quantitative PCR analysis using young (170-d-
o) and old (4-y-o) gilt oocytes showed that the copy
numbers of ZP1, ZP2 and ZP3 in older oocytes were
reduced to 87%, 78% and 68% of those in younger
oocytes, respectively [52].  Thus, the expression level of
every ZP protein decreases with aging, although the
precise relationship between the expression level of ZP
proteins and the fertilization rate remains unknown.

Oligosaccharide distribution within the ZP
Since oligosaccharides within the ZP are considered

to be the essential signal for sperm-ZP interaction, age-
dependent alterations in their distribution patterns within
the ZP was expected to be observed.  However, no
differences with aging have yet been demonstrated.  An
immunohistochemical study by Longo et al. reported
unaltered staining patterns of ConA and ferritin between
“in vitro“ aged (12 h after dissection from the oviduct)
and unaged ZPs (1 h after dissection): ConA stained the
inner layer of the ZP and polycationized ferritin stained
the whole ZP uniformly [50].

Susceptibility of ZP to digestion with protease
After fert i l ization, ZP modif ication occurs as a

consequence of cort ical granule exocytosis and
chemical reaction by an internal substance, possibly
glycosidase, which changes the biochemical properties
of the ZP.  Due to this modification, the ZP of the
fertilized egg becomes more resistant to proteolysis,
which is considered to prevent polyspermy (for a review
see [53]).  An alteration of ZP similar to the above has
also been shown to occur spontaneously in the course
of oocyte aging in an in vitro experiment.  During the
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treatment of mouse ZP with -chymotrypsin, the
dissolution rate declined to ~50% of the control in in
vitro aged eggs (12 h after dissection from the oviduct)
compared with that of the control (1 h after dissection)
[50], which implies that potential reorganization of the
ZP occurs in aged oocytes, thereby causing the
observed decrease in fertility and penetrability of in vitro
aged COCs [54–56].

Mechanical stiffness of ZP
Vision-based in situ cellular force measurement has

enabled the characterization of the mechanical stiffness
of ZP-bearing oocytes.  It should be noted that this
stiffness represents the overall stiffness of oocytes, i.e.
oocyte itself and ZP.  According to this measurement,
old (40~45-weeks) oocytes have significantly lower
stiffness compared with young (8~12-weeks) oocytes
(~51% of the force necessary for the identical deflection
in the young oocytes) [57], which suggests that aged ZP
is “softer” in the physical sense.

Dicalcin

Ident i f icat ion as a novel  suppress ive factor  o f
fertilization in Xenopus laevis

Dicalcin is a recently identified, novel suppressive
mediator of fertilization.  In the frog Xenopus laevis,
dicalcin is localized prominently in the frog egg-coating
extracellular envelope, called the vitelline envelope
(VE), and binds to frog gp41 (the equivalent molecule of
mammalian ZP3).  Exogenously applied dicalcin inhibits
sperm-binding to the VE and sperm-penetration through
the VE, resulting in a remarkable dose-dependent
reduction in the efficiency of in vitro fertilization (~14 %
of control in the presence of 4 M dicalcin).  Meanwhile,
the inactivation of endogenous dicalcin by the specific
antibody dramatically increases the eff iciency of
fertilization (~208% of control in the presence of 50 mg/L
ant ibody)  [18] .   Thus,  the ef f ic iency of  in  v i t ro
fertilization is dependent upon the amount of dicalcin
within the frog VE.  We further characterized the
molecu la r  ac t ion  o f  f rog  d ica lc in  in  ex tens ive
biochemical experiments, and our results strongly
suggest that dicalcin induces some conformational
changes in gp41, through binding to the protein core
portion of gp41, and probably regulates the surface
configuration of oligosaccharides on gp41 as well as the
three-dimensional structure of the entire filamentous
VE, which ultimately leads to alteration of an overall
distribution of oligosaccharides within the VE (Fig. 1).

Mouse dicalcin as a potential suppressive factor of
fertilization

Most  recent ly ,  we a lso ident i f ied  the  mouse
counterpart of frog dicalcin, and found that mouse
dicalcin also suppresses the efficiency of in vitro
fertilization in a dose dependent manner [19].  Our
molecular phylogenetic and histochemical analyses,
revealed that the primary structure and distribution of
mouse dicalcin are slightly different from those in the
case of frog dicalcin.  The molecular weight of frog
dicalcin is ~24 kDa, whereas that of the mouse
counterpart is ~10 kDa.  Frog dicalcin is localized within
the VE, whereas mouse dicalcin is not localized
significantly in the ZP, and instead, it exists on the

Fig. 1. Schematic model of the suppressive action of frog
dicalcin during fertilization.
The frog egg-coating envelope (called the vitelline
envelope, VE) contains a filamentous network, pores
of which are illustrated in the cylindrical form
(filament pore).  In the absence of dicalcin (-Dicalcin),
a number of sperm-receptors expose to the lumen of
the pore and the pore size is proper for the induction
of acrosome reaction (AR).  In this condition, when
sperm enter the VE, they are capable of undergoing the
AR and subsequently penetrating the VE.  Frog
dicalcin binds to gp41, a major VE-constituent
glycoprotein, leading to allosteric conformational
change of gp41 as well as changes in the three-
dimensional structure of VE filaments.  These changes
induce disorganization of VE filaments: e.g., the
sparse distribution of sperm-receptors and the
enlargement of the VE pore size (+Dicalcin), which
prevents induction of the AR and ultimately causes a
remarkable reduction in the fertilization efficiency.
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plasma membrane of cumulus cells in the COC in the
oviduct.  These differences between frog and mouse
dicalcin may reflect the difference in ferti l ization
competency between them: frog eggs are ready for
fertilization when they are oviposited, whereas murine
eggs are fully susceptible to fertilization when they are
ovulated and deposited in the oviduct as the COC.  It
appears that dicalcin exists in the egg-coating structures
at the time of fertilization-competence, albeit with a
slightly different pattern of distribution across species.  In
the case of mice, the distinct localization on the cumulus
cell membrane strongly suggests its action on cumulus
cells, and we are currently trying to elucidate the precise
mechanism of the action of mouse dicalcin on the COC.

Possible involvement of dicalcin in age-related changes
of oocyte-coating structures

The expression level of mouse dicalcin has been
examined in the aging process in culture.  This in vitro
aging ultimately results in irreversible cessation of cell
growth, which is referred to as cellular senescence [58],
and may mimic some cellular mechanisms underlying
aging process in vivo.  During culture for 12 days, the
expression of mouse dicalcin increases by 5-fold, and is
accompanied by accumulation in the nuclei of normal
human fibroblasts [59].  Our recent study demonstrated
that mouse dicalcin is local ized in the oviductal
epithelial cells and the membrane of cumulus cells of
COCs within the oviduct [19].  It is of interest to examine
whether the expression level of mouse dicalcin on the
cumulus cell membrane increases with aging.  If so, its

inhibitory action on fertilization would be augmented,
which may cause decreased fertility in females with
advanced age.  It is also interesting to investigate its
expression level on the cumulus membrane with the
passage of time in the oviduct (i.e. in vivo aged COCs).
If ovulated COCs spend longer within the oviductal
lumen, they would likely express a greater amounts of
dicalcin, which may account for the reduced fertility of in
vivo aged COCs.

Conclusion

This review focused on age-dependent alterations of
egg-coating structures, including the cumulus oophorus
and the zona pellucida, and described the biological
properties of dicalcin, a suppressive mediator of
fertilization, that regulates the overall distribution
pattern of oligosaccharides within the frog egg-coating
structure.  Some biochemical and biophysical properties
of egg-coating structures (summarized in Table 1) and
possible alteration of dicalcin expression in the female
reproductive tract may be causative mechanisms in
reduced fertility in aged females.  Future studies for
understanding the molecular basis for these changes
may provide possible treatments for infertility in aged
women.
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