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ABSTRACT

Mammalian fertilization is a complex cascade process consisting of sperm migration through the female reproduc-
tive tract, physiological changes to sperm such as sperm capacitation and acrosome reaction, and sperm-egg interaction 
in the oviduct in vivo. On the other hand, in vitro fertilization (IVF) is a process by which egg cells are fertilized 
by sperm outside the body: in vitro. IVF has been used for a variety of purposes in reproductive biotechnology for 
human and animals. The discovery of sperm capacitation in 1951 promoted the development of IVF technology. In 
the initial stage of IVF, sperm capacitation in preincubation medium was shown to be essential to fuse with eggs. 
Besides, sperms should detour some of the in vivo regulations for IVF. This review introduces a general mammalian 
fertilization process, including sperm capacitation, removal of cumulus matrix, acrosome reaction, and sperm-egg 
fusion and focuses on the roles of key biochemical molecules, signal mechanisms, and genes involved during IVF 
and novel results of sperm-oocyte interaction elucidated in various gene-knockout mice models. 
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INTRODUCTION

While invertebrates whose motile sperm is immediately able 
to fertilize eggs reproduce by external fertilization, most mam-
mals employ internal fertilization via multiple sophisticated 
processes. In the initial stage of fertilization, a mammalian sperm 
should be capacitated to fertilize an egg, which is the physio-
logical changes that confer on the sperm the ability to fertilize, 
collectively called “capacitation” (Eliasson, 1966; Ikawa et al., 
2010). Sperm capacitation happens in the female reproductive 
tract. When a sperm starts to move for fertilization through the 
ejaculation, a sperm is in a decapacitated state and has low 
motility because cholesterol is rich in the sperm plasma mem-
brane. Therefore, the excessive cholesterol should be removed 
for sperm capacitation. Several factors such as methyl-β- 
cyclodextrin (MBCD) and albumin are known to be involved 
with the removal of cholesterol in the plasma membrane (Choi 
and Toyoda 1998; Ilangumaran and Hoessli, 1998; van Gestel 
et al., 2005; Kato et al., 2010).

The capacitated sperms pass through the cumulus matrix, 

which is surrounding an oocyte and beneficial for fertilization 
in vivo (Rodger and Bedford, 1982; Tanghe et al., 2002), using 
several surface molecules and then bind to the zona pellucida 
(ZP) after dispersing the cumulus cells. Next, acrosomal exo-
cytosis so called acrosome reaction (AR) is required for the 
completion of next sequential processes of fertilization, inclu-
ding ZP binding, penetration of ZP, and sperm-egg fusion 
(Gupta and Bhandari, 2011).

In this review we discuss on the mechanisms underlying 
mammalian in vitro fertilization (IVF) which has been studied 
recently. IVF is a process by which egg cells are fertilized by 
sperms outside the body: in vitro. IVF is a major treatment in 
infertility when other methods of assisted reproductive techno-
logy have failed. Therefore, IVF has become an important 
application in human infertility clinics and animal reproduction 
during the last several decades. For IVF, sperms bypass some 
of the in vivo regulations. Here, we focus on the studies regar-
ding sperm capacitation, removal of cumulus cells, AR, ZP 
binding, and egg-sperm fusion in the IVF process. 
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1. Sperm Capacitation
In order to be capacitated, cholesterol in sperm plasma mem-

brane should be removed by an influx of Ca2+ ions and increase 
in internal-acrosomal pH, which result in phospholipid redistri-
bution within the sperm plasma membrane and the activation 
of sperm adenyl cyclase. Changes in plasma membrane pho-
spholipid content and distribution (Snider and Clegg, 1975) are 
followed by cholesterol efflux during capacitation that dramati-
cally reduces the ratio of cholesterol to phospholipid in sperm 
plasma membrane (Davis, 1981).

And reproductive tract fluids such as the oviductal and fo-
llicular fluids also act to remove cholesterol by cholesterol 
binding proteins during capacitation in vivo (Langlais et al., 
1988). After passing through the uterus, a sperm moves to the 
oviduct where cumulus-oocyte complexes (COCs) secrete the 
progesterone that is known as the sperm chemoattractant in 
humans and rabbits (Guidobaldi et al., 2008; Oren-Benaroya et 
al., 2008). A sperm is hyperactivated in the last stage of ca-
pacitation and shows the increase in amplitude, asymmetrical 
beating, frequency of the flagellar movement, and lateral dis-
placement of the sperm head, altogether resulting in an in-
creased sperm velocity (Suarez 1996; Olson et al., 2011), which 
is calcium dependent (Yanagimachi and Usui, 1974; Demott 
and Suarez, 1992; Holtzmann et al., 2011). Hyperactivated 
sperms are detached from the oviductal reservoir. The gradual 
release of sperm from the isthmus also helps to reduce the 
number of sperm available at the point of fertilization and can 
avoid polyspermy (Hunter, 1996). A study of the time rela-
tionship of fertilization in the mice indicated that the capaci-
tation occurs within a very short time (about 1 hour) (Braden 
and Austin, 1954).     

However, IVF adopts other regulation processes in sperm 
capacitation. IVF unlike in vivo fertilization must remove 
cholesterol by artificial means (Langlais et al., 1988). The ma-
jor material for cholesterol removal is MBCD that promotes 
sperm capacitation in vitro by decreasing the amount of cho-
lesterol in the plasma membrane. The concentration of MBCD 
is crucial for effective capacitation induction (Choi and To-
yoda, 1998; Ilangumaran and Hoessli, 1998; van Gestel et al., 
2005; Kato et al., 2010) and also related with exposure of 
some proteins that are involved in capacitation-dependent 
processes and ZP binding (van Gestel et al., 2005). The 
physiological meaning of raft redistributing in the sperm sur-
face is to create protein complexes involved in ZP binding 
(Tanphaichitr et al., 2007; van Gestel et al., 2007). Using a 

high concentration of albumin in culture medium is also 
essential to decrease the sperm cholesterol/phospholipid ratio 
(Davis et al., 1980; Harrison and Gadella, 2005; Travert et al., 
2009). Albumin also reduces the amount of sialic acid, gan-
glioside, and triglyceride in the sperm plasma membrane (Harri-
son and Gadella, 2005). Serum albumin or heparin is com-
monly used for in vitro capacitation for this purpose. Sodium 
bicarbonate is also required in in vitro capacitation media 
(Valencia et al., 1984; Jaiswal et al., 1998; Dapino et al., 
2009). The changes in sperm plasma membrane and possibly 
in the outer acrosomal membrane result in increased fluidity 
and fuseability of sperm membrane (Gadella et al., 1999). In 
addition, IVF usually requires thousands of sperm hyperac-
tivated in sperm capacitation to increase the rate of success.

 
2. The Removal of Cumulus Matrix
After sperm capacitation, a sperm interacts with and pene-

trates the barrier of cumulus matrix that surrounds the oocyte 
and is rich in proteins and carbohydrates such as hyaluronan, 
an unsulfated glycosaminoglycan. Hyaluronic acid (also known 
as hyaluronan) is composed of repeating disaccharide units of 
N-acetyl-D-glucosamine and D-glucuronic acid and is one of 
the most common glycosaminoglycans which are present in 
the extracellular matrix of connective tissues (Kreil, 1995; Ba-
ba et al., 2002; Hong et al., 2009). The mammalian COCs are 
ovulated into the peritoneal or bursal cavity, picked up by the 
oviductal infundibulum, and transported into the ampulla 
where fertilization takes place (Talbot et al., 1999). The COCs 
that are dispersed by sperm hyaluronidase are unique to the 
egg of mammals (Bedford and Kim, 1993). However, that cu-
mulus removal affects fertilization rates is species dependent 
(Vergara et al., 1997). Though the removal of the cumulus ma-
trix by hyaluronidase increased in vitro fertilization rates in 
human (Lavy et al., 1988; Vergara et al., 1997), the removal 
in cattle or pigs decreased the sperm penetration (Wang et al., 
1995; Zhang et al., 1995; Suzuki et al., 2000; Fatehi et al., 2002). 
Nevertheless, the cumulus matrix is beneficial for fertilization. 
Genetic deletion of genes involved in synthesizing and stabili-
zing the COCs suppresses fertilization in vivo (Rodger and Bed-
ford 1982; Tanghe et al., 2002). The cumulus cells in the COCs 
also supply the oocytes with nutrients; pre-ovulatory oocytes 
are at a relatively long distance from the vascular supply of oxy-
gen, nutrients, and signals, and under meiotic arrest (Dekel, 
1988; Eppig, 1989; Tanghe et al., 2002). 

In order to pass through the COCs, a sperm secretes the hya-



Important Components in IVF Process 289

luronidase enzymes such as PH20/SPAM1 and HYAL5 that 
are present on the sperm surface probably to support sperm 
penetration through cumulus matrix and dispersion of cumulus 
cells during fertilization (Myles and Primakoff 1997; Kim et 
al., 2005). Capacitation appears to be prerequisite for success-
ful cumulus penetration (Rogers and Morton, 1973), because 
proteolytic processing, unmasking, or release of the sperm hya-
luronidases occurs at that time. In contrast, premature acroso-
mal exocytosis disturbs cumulus passage of sperms (Tesarik, 
1989). Even under the presence of apigenin (also known as hya-
luronidase inhibitor), however, a sperm could penetrate the cu-
mulus cells and bind with ZP. Therefore, sperm hyaluronidase 
may just assist a sperm in accessing to ZP not by the hyalu-
ronan-degrading activity but by unknown function(s) (Kang et 
al., 2010). Sperm adhesion molecule 1 (SPAM1), which was 
the first identified as ZP-binding protein PH-20 (Primakoff et 
al., 1985), is present on the plasma membrane of both acro-
some-intact and acrosome-reacted sperm (Baba et al., 2002). 
However, SPAM1 was later proven to have hyaluronidase acti-
vity and to be involved in passage of sperm through the COCs 
(Primakoff et al., 1988; Lin et al., 1994). The originally des-
cribed ZP-binding ability of SPAM1 is not prerequisite because 
sperms of Spam1-knockout mice have been shown to bind with 
the ZP as well as be fertile, although the mutant sperm shows 
a decreased ability to disperse cumulus cells in vitro (Baba et 
al., 2002). Spam1-defective sperms preserve about 40% of 
their hyaluronidase activity. Although hyaluronoglucosamini-
dase 5 (Hyal5) was demonstrated to be an additional sperm 
specific hyaluronidase (Kim et al., 2005), the fertility of sperms 
from Hyal5-knockout mice was analogous to that of wild-type 
mice, both in vitro and in vivo (Kimura et al., 2009). Therefore, 
it looks like that Spam1 has more important roles for sperm 
to penetrate the cumulus cells than Hyal5 (Kim et al., 2008).

3. Acrosome Reaction (AR) and Penetration to Zona Pellucida (ZP)
The tip of the sperm head is covered with a golgi-derived 

exocytic organelle, an acrosome. The capacitating process of a 
sperm is accompanied by acrosome exocytosis called AR, which 
is essential for a sperm to fuse with an egg and a prerequisite 
for ZP binding (Saling and Storey, 1979; Cross and Meizel, 
1989; Lai et al., 1996). AR also can be induced in vitro with 
solubilized ZP (Florman and Storey, 1982; Cherr et al., 1986; 
Fukami et al., 2001). However, the intact ZP is not enough to 
induce AR (Baibakov et al., 2007). Human cumulus cells se-
cret progesterone to induce AR (Patrat et al., 2000). Moreover, 

20～40% of capacitated mice sperms spontaneously undergo 
AR in IVF media such as TYH and HTF and those sperms are 
efficiently able to fertilize eggs in vitro without the cumulus 
cells or solubilized ZP (Nakagata et al., 1997; Vergara et al., 
1997). The mechanism of the AR has been well known. Brie-
fly, a transient calcium influx gives rise to the activation of 
phospholipase C (PLC), which incurs inositol 1,4,5-triphosphate 
(IP3) and diacylglycerol (DAG) from phosphatidylinositol 4,5 
bisphosphate (PIP2). IP3 releases calcium from intracellular 
stores, and DAG mediates PKC activation and phosphorylation 
of substrate proteins. These early events promote a following 
calcium influx by way of transient receptor potential cation 
channels (TRPCs), which lead to the complete AR (Fukami et 
al., 2001; Buffone et al., 2009; Ikawa et al., 2010). The soluble 
NSF attachment protein receptor (SNARE) complex controls the 
sperm AR (Kierszenbaum 2000). Sperms from hydrocephaly 
with hop gait (Hyh) mice, which have a spontaneous point 
mutation in the α-SNAP-encoding gene (Napa), exhibit se-
verely impaired fertility (Batiz et al., 2009). Mice lacking 
complexin-1 (Cplx1), which associates with the SNARE com-
plex and modulates its function (Reim et al., 2001; Maximov 
et al., 2009), also generate sperms with an impaired ability to 
undergo progesterone-induced ARs. These genes are related 
with the SNARE complex. Although Napa and Cplx1 disrup-
ted mutant sperms are severely damaged in their ability to 
undergo ligand-induced ARs, these sperms are still able to fer-
tilize with eggs in vitro (Roggero et al., 2007; Zhao et al., 
2007; Maximov et al., 2009).  

After dispersing the cumulus cells and passing through the 
COCs, sperm reaches the ZP, the last obstacle before meeting 
the egg, undergoing AR. The main elements of the ZP in mice 
are three glycoproteins, ZP1, ZP2 and ZP3. Whereas, in hu-
mans, it is composed of four components (ZP1, ZP2, ZP3 and 
ZP4) (Gupta and Bhandari, 2011). In mice, O-linked glycans of 
ZP3 function as the primary sperm receptor and are involved 
in the AR, whereas in humans, N-linked glycans of ZP1, ZP3, 
and ZP4 are critical for AR induction. ZP4 also has been iden-
tified in some species, but its species-specific function remains 
to be determined (Bleil and Wassarman, 1980; 1983; Arnoult 
et al., 1996; Lefievre et al., 2004; Gupta and Bhandari, 2011). 
During the passage of a sperm through the ZP, ZP2 is known 
to function as a secondary receptor for acrosome-reacted sperm. 
If an oocyte has been fertilized with one sperm, ZP2 is con-
verted to ZP2f by an oocyte secretory enzyme(s) to prevent 
polyspermy (Bleil et al., 1988; Kurasawa et al., 1989). ZP1 is 
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known as cross-linked ZP2/ZP3 heterodimers and makes the 
filamentous structure of the ZP (Green, 1997). Eggs can form 
ZP in the absence of either ZP1 or ZP2 and sperms can fer-
tilize these eggs (Rankin et al., 1999; Rankin et al., 2001). 
However, Zp3-knockout mice could not form ZP (Liu et al., 
1996; Rankin et al., 1996). ZP not only functions as a receptor 
for sperm but also acts as a species-specific barrier (Ikawa et 
al., 2010).

Five knockout mice strains have now been reported to show 
defective sperm-ZP binding (Clgn-, Ace-, Adam1a-, Adam2-, 
and Adam3-knockout mice) and these genes are also related 
with sperm motility in the mice (Yamaguchi et al., 2009). The 
disruption of calmegin (Clgn) impairs Adam1a/Adam2 and 
Adam1b/Adam2 heterodimerization, and because a disintegrin 
and metalloprotease (Adam) family members control the quan-
tity of Adam3 on the sperm surface, this induces the absolute 
loss of Adam2 and Adam3 from the surface of mature sperm 
(Ikawa et al., 2001; Yamaguchi et al., 2006; Ikawa et al., 
2010). In Adam1b-knockout mice, Adam2 was also found to 
disappear from the sperm, but Adam3 remained intact and the 
sperm were fertile (Kim et al., 2006). The Adam3 protein can 
shortly bind to ZP (Kim et al., 2005). Adam3 requires the 
joint action of Clgn and Adam1a/Adam2 for its quality control 
and maturation during spermatogenesis. The mechanism of 
infertility caused by Ace disruption has been remained unclear 
for many years, since gross levels of ADAMs in sperm are not 
influenced by Ace. However, a substantial decrease in the 
amount of Adam3 in membrane microdomains or an erroneous 
distribution of ADAM3 in Ace-knockout mice might cause the 
defective ZP-binding phenotype (Fukami et al., 2001; Yama-
guchi et al., 2006; Buffone et al., 2009; Ikawa et al., 2010). 
Although Adam3 is the most important factor in the sperm-ZP 
binding, other proteins including the 56-kDa ZP3 receptor 
(ZP3R) and zonadhesin (ZAN) are involved in human sperm 
binding to ZP. ZP3R is a peripheral membrane glycoprotein 
that has been suggested to be a receptor for ZP3 in the mice 
(Cheng et al., 1994; Bookbinder et al., 1995). However, the 
receptor is not essential for mice fertilization (Muro et al., 
2011). ZAN is a large sperm head protein with multiple iso-
forms. ZAN is known to mediate a species-specific ZP adhe-
sion and Zan-knockout male mice are fertile because their 
spermatozoa retain an adhesion capability (Gao and Garbers, 
1998; Tardif et al., 2010). 

Proteolytic cleavage of ZP proteins by sperm surface pro-
teases clears a road for the incoming sperm. Acrosin (Acr) is 

an acrosomal enzyme with chymotryptic activity that is re-
leased during AR (Kawano et al., 2010). Despite several pa-
pers supporting an important role for Acr in ZP binding and 
penetration, sperms from Acr-knockout mice can still fertilize 
eggs, nevertheless with a slight delay compared with wild-type 
sperm (Baba et al., 1994; Adham et al., 1997). Five more testis- 
specific serine proteases (Tesp) have been identified and named 
as Tesp1, 2, 3, 4 and 5 (Kohno et al., 1998; Ohmura et al., 
1999; Honda et al., 2002; Kondoh et al., 2005). Tesp5-defi-
cient epididymal sperms are severely defective in the ability to 
undergo the ZP-induced AR, to penetrate ZP, and to fuse with 
the egg membrane in vitro. Thus, Tesp5 may play an impor-
tant role in AR and penetration to ZP (Kim et al., 2008).

4. Sperm-egg Fusion
After passing through the barrier of ZP, a sperm fuses with 

the egg plasma membrane (Bedford, 1968; Stein et al., 2004; 
Inoue and Okabe, 2008). Only acrosome-reacted sperms can 
fuse with eggs. Sperm fusogens, which are located inner-acro-
some membrane in a fresh sperm, are exposed after AR. One 
of the fusogens, IZUMO, named after Japanese Shinto shrine, 
is an immunoglobulin superfamily protein and essential for 
sperm-egg fusion. Izumo1 that is not exposed before AR relo-
cates from the anterior head of a sperm to the region in which 
fusion will happen (Gupta and Bhandari, 2011). Male mice 
lacking Izumo1 are entirely infertile with no successful fusion 
with eggs, though the sperm from the mice can penetrate ZP 
(Inoue et al., 2005). However, sperms of infertile men have 
the intact IZUMO. For that reason, IZUMO is not the major 
cause of male infertility in human (Hayasaka et al., 2007). 
Testis-specific serine kinase 6 (Tssk6) is a male germ cell-spe-
cific serine kinase. The sperms from mice lacking Tssk6 have 
defects in ZP binding and cannot redistribute Izumo1 properly 
(Spiridonov et al., 2005; Sosnik et al., 2009). The cysteine- 
rich secretory proteins (CRISP) (Cohen et al., 2007), including 
epididymal protein DE (CRISP1) and testicular protein TXP1 
(CRISP2), also have been involved in sperm-egg fusion (Busso 
et al., 2007; Busso et al., 2007; Cohen et al., 2008). Both 
male and female mice immunized with recombinant CRISP1 
displayed reduced fertility (Ellerman et al., 2008).

In female eggs, CD9 and CD81 on the plasma membrane 
belong to the tetraspanin superfamily and form a complex with 
α3β1 (Kaji et al., 2000; Miyado et al., 2000; Tanigawa et 
al., 2008). CD9 is ubiquitously expressed and expected to func-
tion in various cells. Cd9-deficient mice are infertile. Although 
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Table 1. The major components of fertilization

Sperm capacitation (Hyperactivation)

Commonly related with sperm motility: Clgn, Ace, Adam1a, Adam2, or Adam3, Catsper1 

In vivo: Oviductal and follicular fluids

In vitro: MBCD, Heparin, BSA, Ca2+ influx

Cumulus removal in cumulus-oocyte complexes

Oocyte: Hyaluronic acid in cumulus matrix

Sperm: Hyaluronidases (SPAM1/PH20, HYAL5)

Acrosome reaction

Oocyte: Zp1, ZP2, ZP3, ZP4, T-SNARE, progesterone, solubilized ZP

Sperm: V-SNARE (Plcd4, Hyh, Cplx1), Clgn, Ace, Adam1a, Adam2, or Adam3, ZP3r, ZAN, Acr, Tesp5, proteasome

Sperm-egg fusion

Oocyte: CD9, CD81

Sperm: IZUMO1, TSSK6, CRISP1, CRISP2

* MBCD; Methyl beta cyclodextrin, BSA; Bovine serum albumin, ZAN; Zonadhesin, Acr; Acrosin.

they normally produce mature oocytes, these oocytes are not 
able to fuse with sperms (Kaji et al., 2000; Miyado et al., 
2000). CD81, which has a similar structure and function to 
CD9, is also involved in sperm fusion. However, the effects 
of Cd81-knockouts are less drastic than those of Cd9-knock-
outs (Rubinstein et al., 2006; Tanigawa et al., 2008). Although 
both CD9 and CD81 are present on the surface of murine 
oocytes, the expression level of CD9 is not affected by a defi-
ciency of CD81 and vice versa. CD9 is expressed on the oocyte 
microvilli (Runge et al., 2007), whereas CD81 is located in 
microdomain-like structures between microvilli. However, both 
CD9 and CD81 are concentrated at the sperm binding site. 
The Cd9-Cd81 double knockout mice are completely infertile 
(Rubinstein et al., 2006). Therefore, CD9 and CD81 are impor-
tant for coordinating the sperm-egg fusion process in mice. 
The direct interaction between sperm lacking Izumo1 and egg 
lacking Cd9 has not been studied yet.

CONCLUSION

In this review, we highlighted diverse factors involved in 
IVF process in animals. During the last several decades, IVF 
has become an important application in human infertility cli-
nics and animal reproduction. The sperm capacitation is essen-

tial for the successful IVF performance, which is the starting 
process of a complex mammalian fertilization cascade followed 
by cumulus removal, AR, ZP binding, and sperm-egg fusion. 
The more clear understanding on the mechanism of sperm- 
oocyte interaction during fertilization in vivo and in vitro will 
be much helpful for infertility treatments in human and ani-
mals. The major components in IVF process are shown in Ta-
ble 1. IVF is also a powerful tool of mass production for 
experimental animals including genetically engineered mice. 
More detailed mechanism(s) of sperm capacitation, cumulus 
removal, AR, ZP binding, and sperm-egg fusion should be 
uncovered, which will be applied to enhance a higher IVF rate 
in animals and human. 
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