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Abstract: In vitro fertilization (IVF) and intracytoplasmic
sperm injection (ICSl) are highly specialized procedures
used for artificial production of successive generations
of domestic animals. However, in pigs, the efficacy of
these procedures in generating viable embryos is still
poor. We focus here on both IVF and ICSI in pigs in
relation to the physiology of fertilization (morphological
changes and nuclear remodeling). This knowledge
should contribute to the development of advanced
technologies for in vitro production of zygotes that have
the potential for full-term development to the offspring
stage after transfer to recipients.
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Introduction

In vitro fertilization (IVF) and intracytoplasmic sperm
injection (ICSI) are highly specialized procedures used
for artificial production of successive generations of
domestic animals. In humans, they are considered to
be assisted reproductive technologies for producing
healthy babies. In domesticated animals, they are
expected to produce viable zygotes at low cost and low
time input and are expected to contribute not only to the
enhancement of animal industries, such as for meat and
milk production, but also to establishment of new
biotechnologies, such as advanced sperm conservation
and gene transfer. However, in spite of the recent
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progress in these fields, the efficacy (survival ability and
quality) of IVF and ICSI embryos still seems to be low.
Under physiological conditions, capacitated
spermatozoa and a matured oocyte encounter each
other, the acrosome reaction of the sperm is then
induced, and the reacted spermatozoa penetrate
through the zona pellucida and proceed into the
perivitelline space. After the fusion of both gamete
membranes, the sperm nuclear contents are exposed to
the ooplasm. The chromatin of the sperm nucleus is
remodeled into a typical somatic state and participates
in subsequent morphological chromosomal activities,
such as decondensation of sperm nuclei and formation
of the male pronucleus (MPN) to complete fertilization.
Especially in ICSI, the process of fertilization is
presumably unphysiological and may thus reduce the
efficacy of embryo production because a whole
spermatozoon with its acrosome and cell membranes is
introduced directly into the ooplasm. Alternatively, the
injected sperm heads may complete their chromatin
remodeling in the same way as in natural sperm
penetration. The relationship between these
possibilities and the successful development of sperm-
injected oocytes has not yet been investigated in detail.
Here, we focus on both IVF and ICSI in pigs in terms of
the physiology of fertilization. This basic knowledge will
contribute to the development of advancing
technologies for in vitro production of zygotes that have
the potential for full-term development to the offspring
stage after transfer to recipients. It will also help us to
better understand the cellular events induced by ICSI.
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Fig. 1. Morphological changes in penetrating boar spermatozoa after IVF.

A) Condensed

spermatozoon just after membrane fusion 2 h after insemination; B) decondensing sperm
head 4 h after insemination (upper right; spermatozoa with their original shapes that have
not penetrated but are attached to the zona pellucida can be seen in different focal planes);
C) recondensing sperm head 5 h after insemination; D) initiation of a male pronucleus (the
chromatin mass from the recondensed sperm nucleus still exists, and formation of the
pronuclear membrane is not complete); and E) well-developed male and female pronuclei.
Arrows indicate sperm tails. Scale bars represent 10 gm.

Sperm Nuclear Remodeling during Porcine IVF

The penetrated sperm nucleus is remodeled from
sperm-specific nuclear protein called protamines to
somatic histones. This biochemical change or nuclear
remodeling is considered to be accompanied by unique
morphological changes that are required for successful
fertilization. In summary, the cytological changes are as
follows: after fusion of the acrosome-reacted sperm
plasma membrane with the oocyte membrane,
decondensation followed by recondensation into a mass
of chromatin occurs, but the shape does not remain the
same as the original. The recondensed nuclei have a
fist shape instead of an oval spatulate shape. The
nuclei then decondense again, resulting in MPN
formation (typical porcine sperm heads after penetration
are shown in Fig. 1). In the next section, we will focus
on the sequences of morphological and molecular
change in gamete chromatin during IVF in pigs.

Morphological changes in oocyte and sperm chromatin
After initiation of co-incubation of IVM oocytes and

frozen-thawed epididymal spermatozoa [1-4] in pigs,

the first evidence of sperm penetration into the ooplasm

is seen at 2 h (Fig. 2A). At this time, the chromatin of
the oocytes is still at metaphase-Il (Fig. 3A), and none
of the penetrated sperm heads have decondensed (Fig.
3B). The rate of penetration of oocytes by sperm (Fig.
2A) and the number of sperm heads per oocyte (Fig.
2B) increase with the time elapsed after insemination.
The penetrated sperm heads begin to decondense 3 h
after insemination, recondense from 5 h after
insemination, and finally reach full development into
MPNs by 8 h after insemination (Fig. 3B). The detailed
morphological changes that occur in the penetrated
boar sperm nuclei are shown in Fig. 1. Simultaneously,
meiosis of the matured oocytes progresses from the
metaphase-Il to telophase-Il stage with increasing time
elapsed after insemination. Finally, the oocyte
produces a female pronucleus after extrusion of the
second polar body (Fig. 3A). In our system, we
conducted co-culture of gametes for only 3 h to reduce
the chance of gamete encounter and thus help to
prevent polyspermy. However, the results of IVF could
be dramatically different if the conditions for IVF were
different, for example, in terms of the medium used and
the time allowed for insemination. The morphological
changes in the penetrating sperm nuclei have not been
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Fig. 2. Rate of sperm penetration and number of spermatozoa per oocyte.
Porcine oocytes matured in vitro were inseminated and fixed in
whole-mount preparations 2, 3, 4, 5, 6, 8, or 10 h after insemination.
The oocytes were stained with 1% (w/v) aceto-orcein and examined
by phase-contrast microscopy. Means + SEM are presented.
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Fig. 3. Oocyte nuclear status (A) and morphological changes in
penetrating sperm nuclei of pig oocytes fertilized in vitro (B).
Sperm penetration was initiated 2 h after insemination; however,
the oocyte chromatin was arrested at the metaphase-II stage.
Oocytes were activated and their nuclear status proceeded to the
anaphase-II stage at 3 h after insemination. After reaching the
telophase-II stage, the female pronucleus began to develop.
Female pronucleus formation with a second polar body occurred
before 10 h after insemination in all oocytes penetrated by sperm.
At 2 h after insemination, all of the spermatozoa were condensed.
Decondensing nuclei began to be observed after 3 h and male
pronuclei after 5 h. Male pronuclear formation occurred in about
80% of the penetrated sperm nuclei. Means = SEM are presented.
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Nuclear remodeling of boar sperm nuclei during in vitro fertilization. A)

Protamine dissociation from the nucleus and B) histone association with the
nucleus. Two hours after insemination, protamine dissociation was initiated from
the penetrating sperm nuclei, which were still condensed. Four hours after
insemination, histone association with the nuclei, which were also condensed, was
observed. Recondensed nuclei could not be distinguished from condensed ones.

reported in detail in any mammal, with the sole
exception of mice [5]. The results of that study and our
findings suggest that the length of time from the
initiation of anaphase or telophase in oocytes to MPN
formation of the penetrated sperm nuclei is similar in the
two species (mouse, 160 min; pig, 2-3 h).

Protamine dissociation and histone association of
penetrated sperm heads

As spermatogenesis or sperm maturation proceeds,
the sperm nuclear DNA becomes packed tightly with
strongly basic DNA-binding proteins, which are termed
protamines or sperm-specific nuclear proteins.
Mammalian sperm protamines, which contain cysteine,
differ from those of other species, such as fish,
amphibians, and birds [6, 7]. The fundamental structure
of sperm chromatin is not completely understood;
however, it has been shown that mammalian sperm
protamines have many disulfide (S—S) bonds. The
formation of these S-S linkages makes sperm nuclei
tight, or compact, and resistant to detergents [8, 9],
trypsin [10], and micrococcal nuclease [11]. It has been
suggested that chromosomal remodeling after

penetration of sperm into the ooplasm requires two
steps, reduction of S-S to S—H and then, replacement
of protamines by somatic histones [12]. Recently, it has
been reported that the ability for S—S reduction in the
ooplasm depends on the concentration of free thiol
glutathione [7, 13] resulting from cytoplasmic maturation
[14, 15].

In our laboratory, we used immunohistochemical
methods to evaluate the correlation between
morphological changes in the penetrating sperm nuclei
and the dynamics of protamine dissociation from, or
histone association into, sperm nuclei during IVF of
porcine oocytes. We purified protamines from porcine
sperm nuclei and developed an antiserum against them.
After affinity purification, we used the antiserum to
perform immunohistochemical analysis of paraffin
sections of the inseminated oocytes [16]. The
proportion of sperm nuclei in a condensed state that
reacted with the antiserum was 87% for sperm nuclei
that had penetrated at 2 h post-insemination, and this
decreased to 20% and 13% for penetration at 3 h and 5
h post-insemination, respectively (Fig. 4A). During the
whole insemination period, none of the decondensing
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sperm nuclei or MPNs reacted with the antiserum.
These results indicate that protamine is dissociated
from boar sperm nuclei before decondensation during
IVF.

Next, we used immunohistochemical analysis with
monoclonal anti-histone H1 antibody (Leinco
Technologies, Inc., St. Louis, MO, USA) [17] to evaluate
the replacement of nuclear protein by histone in boar
spermatozoa during IVF. Immunohistochemistry of
serial sections of oocytes that had been matured and
co-cultured with boar spermatozoa for 2 to 6 h was
carried out. At 2 to 3 h after insemination, penetrating
sperm nuclei in the condensed state were not
immunoreactive (Fig. 4B). At 4 to 5 h after
insemination, some of the condensed sperm nuclei
were immunoreactive in part or the whole area of the
nucleus, and all of the decondensing nuclei and MPNs
were immunoreactive. At 6 h after insemination, the
decondensing sperm nuclei and well-developed MPNs
were immunoreactive.

These results suggest that remodeling of sperm
nuclear protein from protamines to histone H1 is
initiated at the time of sperm penetration and before the
onset of decondensation and MPN formation in pigs.
However, some studies of mammalian fertilized oocytes
have concluded that removal of protamine during
fertilization occurs as the sperm nucleus decondenses
[18]. Furthermore, protamine loss has been reported to
occur as histones appear in the well-developed MPN of
mice [19]. Until now, the reasons for this discrepancy in
the timing of protamine disappearance among species
had not been clarified. Spermatozoa from many
species, including boars, contain only a single type of
protamine, called protamine 1 [20]. However, two types
of protamine, protamine 1 and 2, have been reported in
mice [21]. This variety in protamines may mean that
protamines are remodeled in mice through a pathway
different from that in pigs and other mammals. A recent
study of somatic cell transfer into mature porcine
oocytes suggests that nuclear remodeling, including
one of the core histones (histone H3), phosphorylation,
and acetylation may be important for reprogramming of
cloned embryos [22]. However, precise information on
the core histone modification during remodeling of
penetrated sperm nuclei is not available in relation to
fertilization of mammalian oocytes, although information
is available for sea urchin [23] and Xenopus [24] oocytes.

Unsolved problems in porcine IVF
In pigs, successful IVF of in vitro-matured oocytes
from unfrozen [25] and frozen-thawed [26] spermatozoa

has been reported previously. Since then, polyspermic
fertilization has been the most important and unsolved
problem in porcine IVF [27]. Polyspermy can also be
observed in in vivo fertilization of in vivo-matured
oocytes under physiological [28] and experimental
conditions when an excessive number of capacitated
sperm are present at the fertilization site [29]; however,
the incidence of polyspermy is much higher in IVF
(65%) than in in vivo fertilization (30—40%) [30]. The
molecular mechanism for preventing polyspermy is not
understood clearly [31]. Furthermore, the data from
Han et al. [32] and our (Somfai et al., unpublished
observations) laboratory suggests the possibility of
embryonic development even after polyspermy,
although the ploidy of polyspermic embryos is
determined at the zygote stage before the first cell
division in accordance with the pronuclear location [33].
Information on this phenomenon is limited, and
therefore generation of porcine embryos capable of
normal development to the piglet stage is open to
further discussion.

ICSI and Recent Advances

ICSl| is a technique being established in many
mammals to generate live offspring when their
spermatozoa lack motility, resulting in infertility. Since
the 1990s, there have been reports of successful
production of live offspring after ICSI using both in vivo-
matured (human [34] and mouse [35-37]) and IVM
(cattle [38], ram [39], and rabbit [40]) oocytes. These
reports confirm the cytoplasmic ability for fertilization
and development to term after ICSI in both in vivo-
matured and IVM oocytes in mammals. Boar
spermatozoa are capable of being frozen and stored as
genetic resources, but they sometimes show great loss
of motility, or immotility, after thawing, depending upon
the individual from which the spermatozoa was
collected [41]. For such spermatozoa, ICSI is the
optimum procedure for producing the next generation of
pigs. The first successful production of piglets after
ICSI| was reported using in vivo-matured oocytes [42,
43]. Several years later, the use of porcine IVM oocytes
for ICSI resulted in living piglets [44—47]. However, the
rate of development to the piglet stage has remained
low, and it is therefore important to seek possibilities for
effectively generating embryos after ICSI that have the
ability to develop to term. In the next section, we will
focus on the differences between ICSI and physiological
fertilization and discuss the attempts to overcome these
situations.
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Table 1. Fertilization and embryonic development by sperm after treatment for acrosome reaction

Report Treatment for Sperm without Male pronuclear Blastocyst®
acrosome reaction an acrosome (%) formation® (%) % Average cell no.
Katayama et al. 1 mg/ml progesterone for 10 min 61.4%* 48.5% - -
[50] Control 5.6 25.7 - -
Nakai et al. 10 M calcium ionophore for 120 min ~ 78.6%* - 8.6 25.6
[44] Control 58.4% - 4.0 22.7

*0ocytes were examined at 12 h post-insemination. *Embryos were examined on the sixth day post-insemination. *Acrosome sta-
tuses were examined under transmission electron microscope. SAcrosome statuses were examined and under light microscope after
triple-staining. *The data of the treated group was significantly higher than that of the control (P<0.05).

Acrosome introduced into the ooplasm

In many cases during ICSI, the spermatozoa with
their complete structures are injected into ooplasm.
The acrosome, with its content, outer membrane, and
cell membrane, is still present around the sperm
nucleus in the ooplasm, even after injection. In mice,
both the membrane [48] and acrosomal content [49]
may induce failure of completion of fertilization and
development. Previous reports using porcine oocytes
have suggested that removal of the acrosomal
membrane causes delay or failure of MPN formation
[50], but it does not affect embryonic development to the
blastocyst stage [44] (Table 1). Katayama et al. [50]
reported that MPN formation after injection with
acrosome reaction-induced spermatozoa was 48.5%,
but without treatment, it was 25.7%. Nakai et al. [44]
reported that the rates of blastocyst formation were not
significantly different between the two groups. The
rates for oocytes injected with acrosome reaction-
induced sperm heads and for those injected with control
sperm heads were 8.6% and 4.0%, respectively. The
mean number of cells in the blastocysts did not differ
significantly between the two groups (25.6 and 22.7,
respectively). Although the methods for induction of
acrosome reaction differed between the two papers
(progesterone and calcium ionophore A23187,
respectively), there seems to be a certain mechanism
supporting embryonic development after incorporation
of either acrosome- or membrane-intact spermatozoa.
In fact, the acrosome appears to disintegrate in the
ooplasm even when the acrosome reaction does not
take place before injection [51].

Induced decondensation of sperm nuclei and oocyte
activation

In many injected porcine oocytes, the female
pronucleus forms but most of the sperm heads do not
decondense [52]. As stated above, this phenomenon
has a close relationship to the sperm chromatin

remodeling that accompanies morphological change.
The injected sperm nuclei must be remodeled into the
typical somatic state and must then participate in
subsequent chromosomal activities, such as nuclear
decondensation and formation of an MPN. Remodeling
of sperm nuclei requires the reduction of S-S bonds, a
process regulated by ooplasmic glutathione [7, 13, 14,
53], and the replacement of protamines by histones
[12]. These events are considered essential for the
completion of fertilization in pigs [16, 17]. If it were
possible to regulate the S-S status of sperm nuclei
before injection, the relationship between S-S reduction
and sperm decondensation or pronucleus formation
would become clearer and the efficacy of porcine ICSI
might be improved. On the other hand, oocyte
activation is also an event fundamental to embryonic
development in ICSI. In mice [36, 54], hamsters [55],
humans [56], and rabbits [57], ICSI alone is sufficient to
activate oocytes for embryonic development. However,
artificial oocyte activation in pigs is considered essential
for successful ICSI; additional electrical stimulation after
ICSI results in better embryonic development than
injection alone [58]. It has also been reported that
oocyte activation by electrical stimulation enhances
both normal fertilization after injection of round
spermatids [59] and the development of oocytes to the
blastocyst stage after ICSI with frozen-thawed sperm
[60]. However, the precise effect of oocyte stimulation
on embryonic development, in relation to sperm
decondensation has not yet been clarified. We
conducted the following experiments to evaluate the
effect of oocyte stimulation in relation to the induced
decondensation of sperm heads before injection.
Spermatozoa were divided into two groups; one group
was pretreated with 1% Triton X-100 (TX-100) and 5
mM dithiothreitol (DTT) (T+D group) and the other
group was left untreated. They were then injected into in
vitro matured oocytes [61]. Similarly, electrical
stimulation (1.5 kV/cm, 20-us DC pulse) was either
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Fig. 5. Time-dependent changes in the rates of decondensation (A, B)
and pronucleus formation (C, D) of boar sperm heads every 1
h after injection into ooplasm. Heads were untreated or
pretreated with 1% Triton X-100 (TX-100) and 5 mM
dithiothreitol (DTT). Electrical stimulation (1.5 kV/cm, 20-us
DC pulse) was applied to the oocytes 1 h after injection [B, D;
stimulation (+)] or was not applied [A, C; stimulation (-)].

Mean percentages + SEM are presented.

applied (stimulated group) or not applied (unstimulated
group) to oocytes 1 h after injection. Morphological
changes in the sperm nuclei were evaluated at hourly
intervals until 10 h post-injection. Unstimulated oocytes
injected with untreated spermatozoa showed a delayed
peak in the rate of nuclear decondensation (39.4% to
44.1%, 3—6 h after injection) compared with oocytes
injected with T+D-treated spermatozoa (57.0% and
52.6%, 1 and 2 h, respectively) (Fig. 5A). However, in
stimulated oocytes, the peak rate in the untreated group
occurred earlier (42.6-44.1%, 2—4 h) and was at the
same time as that observed in the T+D-treated group

(82.5%, 2 h) (Fig. 5B). The rate of MPN formation
peaked 6 h after stimulation (40% to 60%) after injected
oocytes were stimulated with an electrical pulse,
irrespective of whether or not the spermatozoa had
been pretreated (Fig. 5D). In unstimulated oocytes, the
rate of MPN formation did not increase and stayed at
the basal level (less than 20%) throughout the culture
period, regardless of the sperm treatment. Thus, T+D
treatment of spermatozoa did not affect completion of
fertilization (Fig. 5C). We evaluated the effects of
sperm treatment with T+D and electrical stimulation on
the rate of blastocyst formation and the mean number of



cells per blastocyst. Oocytes stimulated after injection
with either T+D-treated or untreated spermatozoa
showed significantly higher percentages of blastocyst
formation (24.8% and 27.1%, respectively) than
unstimulated oocytes (1.1% and 4.1% for T+D-treated
and untreated, respectively; P<0.01). The rate of
blastocyst formation did not differ between the T+D-
treated and untreated groups. The mean number of
cells per blastocyst did not differ among any of the
groups (14.0-29.4 cells). These results suggest that
pretreatment of sperm with TX-100 and DTT shifted the
timing of sperm nuclear decondensation forward.
However, pronucleus formation and development to the
blastocyst stage in vitro were not improved by sperm
treatment. Thus, electrical stimulation of injected
oocytes, but not chemical pretreatment of sperm,
enhances in vitro development to the blastocyst stage in

pigs.

Chromatin remodeling after ICS/

No detailed observations of chromatin remodeling
from protamines to histones in injected sperm heads
have previously been reported elsewhere or in our
laboratories. DTT treatment of sperm before injection
into the ooplasm induces decondensation in the
ooplasm after injection [61]. Completion of replacement
of nuclear proteins may be affected by the degree of
decondensation, which also seems to be an important
factor for the success of fertilization in ICSI.

Applications of ICSI in pigs

The utilization of immature sperm cells in ICSI has
been suggested. In mice, round spermatids [62—64],
secondary spermatocytes [65], and primary
spermatocytes [66—68] can be used for successful
offspring production. In pigs, round spermatids have
been injected [59, 69] and embryos at the blastocyst
stage have been generated [70], but, to our knowledge,
no one has been successful at piglet production after
injection of immature sperm cells, including round
spermatids.

ICSI enables the use of new methods for
conservation of spermatozoa; one of them is freeze-
drying. Viable offspring have been produced by ICSI of
freeze-dried spermatozoa in mice [71-74], rabbits [75],
and rats [76]. However, in pigs [77] and cattle [78], it
has only been reported that oocytes resulting from ICSI
with freeze-dried spermatozoa have developed to the
blastocyst stage. Recently, fertilization by ICSI with
freeze-dried and rehydrated boar sperm and transfer of
the putative zygotes to recipients in our laboratory have
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resulted in fetal development to day 39 of gestation [79].
This suggests the possibility of successful piglet
production from freeze-dried spermatozoa.

ICSI is now considered to be a useful procedure, not
only for producing live offspring from non-motile sperm
cells, but also for generating transgenic animals through
ICSI-mediated gene transfer. Reports of successful
transgenic offspring production by this method have
accumulated in mice [80] and pigs [46, 47, 81]. This
method is expected to have advantages over
conventional methods, such as pronuclear injection
[60].

Conclusion

Recent progress in porcine IVF and ICSI has opened
up the possibility of benefits to pork production and
biomedical sciences; however, there are still problems
with the efficacy of embryo and piglet production.
Normalization during fertilization, at the time when new
life begins, is still needed for these technologies, and for
this reason, further investigations are still necessary.
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