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Abstract. This study aimed to compare the quality and the penetration ability of frozen–thawed spermatozoa
from three microminipigs and Large White boars and to evaluate the effects of caffeine and heparin as well as
the sperm–oocyte co-incubation length on the fertilization and embryonic development in vitro. Results showed
that the fertilization rates of spermatozoa from three microminipig boars were significantly lower than those
of a Large White boar. In the post-thaw spermatozoa from one of three microminipig boars, the sperm quality,
penetration ability, and the oocyte development after in vitro fertilization were significantly lower than those of
the spermatozoa from other boars. The caffeine supplementation in the fertilization media increased the rates of
fertilization and blastocyst formation for the microminipig spermatozoa with low sperm quality. In addition to
caffeine supplementation, the rates of fertilization and blastocyst formation after using microminipig spermato-
zoa were significantly higher with a 10 h sperm–oocyte co-incubation than with 3 h of co-incubation length. Our
results indicate that the differences between the males and the breed influence the quality and fertility of frozen–
thawed boar spermatozoa. In conclusion, the presence of caffeine in the in vitro fertilization (IVF) medium and
adequate length of sperm–oocyte co-incubation may have beneficial effects for improving IVF results when
using microminipig spermatozoa with low quality.

1 Introduction

Microminipigs have a tiny body size (7 to 8 kg for a 6-month-
old mature pig), which provides many advantages for labo-
ratory use, including ease of handling, small rearing spaces,
and low doses of test substances (Kaneko et al., 2011). A
cross between microminipigs and the large western pig is ex-
pected to result in a smaller pig than the western pig. This
method is useful, for example, when miniaturizing genet-
ically modified animals produced from large western pigs.
However, the natural mating of microminipigs with the large
western pig is difficult due to differences in size. Therefore,
the use of in vitro fertilization (IVF) is one of the useful tools

for the production of a crossbreed using frozen–thawed sper-
matozoa of microminipigs as an alternative to natural mating.

Cryopreserved semen allows the use of single ejaculates
for the repeated production of the crossbreed, potentially im-
proving IVF consistency by eliminating inter-ejaculate vari-
ability observed with fresh semen. However, the freezing
and thawing processes result in compromised sperm func-
tion and IVF success. It has been suggested that various cir-
cumstances are associated with the low fertility of frozen–
thawed boar spermatozoa, which include damage to the sper-
matozoa during the freeze–thaw process (Yeste, 2016). It is
well known that individual differences in the susceptibility
of sperm cells to low temperatures between boars exist (Wa-
terhouse et al., 2006). Moreover, the response of sperm to
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cryopreservation and the motility of frozen–thawed sperma-
tozoa may vary between different breeds. Therefore, it is cru-
cial to identify the differences between the males and differ-
ent breeds in the fertility of frozen–thawed boar spermatozoa
for the improvement of IVF results.

Mammalian spermatozoa are not immediately capable of
fertilizing an egg until they undergo capacitation, either
within the female reproductive tract or in a suitable medium
in vitro. Caffeine is a well-known non-specific inhibitor
of phosphodiesterase and a potent capacitation inducer of
porcine spermatozoa (Funahashi et al., 2000). Induction of
capacitation and the acrosome reaction by caffeine results
in a high sperm penetration rate, indicating that several im-
motile spermatozoa have the potential to become motile as
a result of caffeine treatment (Corcuera et al., 2007; Funa-
hashi and Nagai, 2001). By contrast, heparin is the most po-
tent inducer of bovine sperm capacitation and the acrosome
reaction (Parrish, 2014). In pigs, heparin has been reported
to enhance in vitro capacitation of porcine sperm as assessed
using chlortetracycline staining (Dapino et al., 2006). There-
fore, there is a possibility that capacitating agents, such as
caffeine and heparin, may improve the fertility of frozen–
thawed boar spermatozoa with low quality.

This study was designed to evaluate the quality, penetra-
tion ability, and oocyte development of frozen–thawed sper-
matozoa from microminipigs. To improve the poor penetra-
tion ability of microminipig spermatozoa, we evaluated the
effects of caffeine and heparin supplementation during IVF
and sperm–oocyte co-incubation length on the fertilization
and development of porcine oocytes.

2 Materials and methods

2.1 Animal care

All animal care and the experiments were performed follow-
ing the Guide for the Care and Use of Laboratory Animals
prepared by the Institutional Animal Care and Use Commit-
tee of Tokushima University.

2.2 Semen collection and cryopreservation

Semen collection and cryopreservation were performed as
previously described (Namula et al., 2018). Briefly, semen
was collected from three microminipig boars (1.5–2 years
old) with unknown results of sperm parameter, fertilization,
and artificial insemination (AI) and from a Large White boar
(3 years old) with known in vitro fertilization results but un-
known sperm parameter and AI results, using the “gloved-
hand” technique. Semen samples were diluted with the first
extender, which consisted of 0.4 mg/mL D-fructose (Sigma-
Aldrich, St. Louis, MO, USA), 2.9 mg/mL Tris (hydrox-
ymethyl) aminomethane (Tris; Sigma-Aldrich), 1.59 mg/mL
citric acid monohydrate (Wako Pure Chemical Industries,
Osaka, Japan), 0.2 mg/mL amikacin sulfate (Meiji, Tokyo,

Japan), and 20 % (v/v) egg yolk in distilled water. The se-
men samples were cooled to 5 ◦C from room temperature and
then diluted to a final concentration of 2× 108 cells/mL with
the second extender (the first extender supplemented with
3 % (v/v) glycerol (Wako Pure Chemical Industries) and
0.74 % (v/v) EQUEX STM paste (Miyazaki Kagaku, Tokyo,
Japan)). The spermatozoa were loaded into the 0.25 mL
French straws and frozen in liquid nitrogen. On the day of
the examination, the straw was immediately submerged into
a 38 ◦C water bath for 10 s for thawing.

2.3 Assessment of motility and quality of sperm

The motility and quality of frozen–thawed spermatozoa from
three microminipig boars and a Large White boar were exam-
ined. Briefly, motility analyses of frozen–thawed spermato-
zoa were performed using the computer-assisted sperm anal-
ysis system (sperm class analyser: SCA v.4.2; MICROPTIC,
Barcelona, Spain). The motility analysis was based on the ex-
amination of 25 consecutive digitized images obtained from
three to five fields using a × 10 phase contrast objective, and
at least 500 spermatozoa per sample were analysed using an
image capture speed of 40 ms. Viability, plasma membrane
integrity, and acrosome integrity analyses were conducted
using a live–dead stain combination (SYBR-14/propidium
iodide (PI), LIVE/DEAD Sperm Viability Kit; Molecular
Probes, Inc., Eugene, OR, USA), the hypo-osmotic swelling
test (Ahmad et al., 2003), and fluorescein isothiocyanate-
labelled peanut agglutinin (FITC-PNA; Vector Laboratories,
Inc., Burlingame, CA, USA), respectively, according to the
methods described by Wittayarat et al. (2012).

2.4 Assessment of penetration ability of sperm and
oocyte development

Oocyte collection, in vitro maturation, fertilization, and em-
bryo culture were carried out as described previously (Nishio
et al., 2018). Briefly, we obtained pig ovaries from pre-
pubertal crossbred gilts (Landrace×Large White×Duroc
breeds) at a local slaughterhouse. Cumulus–oocyte com-
plexes (COCs) with a uniform ooplasm and compact cumu-
lus cell mass were collected by ovary slicing and then cul-
tured in a maturation medium at 39 ◦C in a humidified incu-
bator containing 5 % CO2. The maturation medium consisted
of tissue culture medium 199 with Earle’s salts (TCM 199;
Invitrogen Co., Carlsbad, CA, USA), supplemented with
10 % (v/v) porcine follicular fluid, 0.6 mM cysteine (Sigma-
Aldrich, St. Louis, MO, USA), 50 µM sodium pyruvate
(Sigma-Aldrich), 2 mg/mL D-sorbitol (Wako Pure Chemi-
cal Industries Ltd., Osaka, Japan), 50 µM β-mercaptoethanol
(Wako Pure Chemical Industries Ltd.), 10 IU/mL equine
chorionic gonadotropin (Kyoritu Seiyaku, Tokyo, Japan),
10 IU/mL human chorionic gonadotropin (Kyoritu Seiyaku),
and 50 µg/mL gentamicin (Sigma-Aldrich). After maturation
for 20–22 h, the COCs were cultured for an additional 24 h
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in the maturation medium without hormones under the same
conditions.

For IVF, frozen–thawed spermatozoa from same batch of
each boar were transferred into 6 mL of porcine fertiliza-
tion medium (PFM; Research Institute for Functional Pep-
tides Co., Yamagata, Japan) and washed by centrifuging at
500× g for 5 min. The pelleted spermatozoa were resus-
pended in PFM, and then the oocytes cultured in the mat-
uration medium (around 45 oocytes per repeat in each boar
group) were transferred to the sperm-containing PFM and co-
incubated for 5 h in a humidified incubator containing 5 %
CO2, 5 % O2, and 90 % N2 at 39 ◦C.

Some zygotes were mounted on glass slides 10 h after in-
semination and fixed with acetic acid : ethanol (1 : 3, v/v) for
48–72 h to assess oocyte fertilization. The fixed zygotes were
stained with acetic orcein (1 % orcein in 45 % acetic acid)
and examined using a phase contrast microscope. Oocytes
containing both female and male pronuclei were considered
as fertilized and were categorized as normal or polyspermic
based on the number of swollen sperm heads and/or pronu-
clei in the cytoplasm (Do et al., 2015).

After IVF, the zygotes were washed with pig zygote
medium (PZM-5; Research Institute for Functional Peptides
Co.) and cultured continuously at 39 ◦C in a humidified in-
cubator containing 5 % CO2, 5 % O2, and 90 % N2. Em-
bryos cultured for 3 d were subsequently incubated in porcine
blastocyst medium (PBM; Research Institute for Functional
Peptides Co.) for 4 d. The cleavage and blastocyst formation
were evaluated 3 and 7 d after IVF, respectively.

2.5 Evaluation of sperm concentration

COCs that were matured in vitro for 44 h were co-incubated
for 5 h with two different concentrations (1.0× 106 and
2.0× 106 cells/mL) of frozen–thawed spermatozoa from mi-
crominipig and Large White boars to evaluate the effects of
sperm concentration on the penetration ability of the sperm
and oocyte development after IVF.

2.6 Evaluation of caffeine and heparin supplementation
and sperm–oocyte co-incubation length

The assessment of quality and penetration ability of frozen–
thawed spermatozoa revealed that one of the three mi-
crominipig spermatozoa had lower motility, quality, pene-
tration ability, and embryo development after IVF. More-
over, the sperm concentration did not affect the fertiliza-
tion and embryo development in any of the males. There-
fore, to improve the reduced fertility of the microminipig
spermatozoa, we evaluated the effects of caffeine (3 mM)
and heparin (10 IU/mL) supplementation, either alone or in
combination, in the fertilization medium on the fertiliza-
tion and development of porcine oocytes after IVF using
1.0× 106 cells/mL of spermatozoa. Moreover, we examined
the effects of sperm–oocyte co-incubation length (3–20 h) on

the fertilization and development of porcine oocytes fertil-
ized with frozen–thawed spermatozoa, while supplementing
them with caffeine concentration that we found to be suitable
for the microminipig spermatozoa with low quality.

2.7 Statistical analysis

Each experiment was repeated four to six times. Data on
sperm quality and embryonic development were evaluated
using analysis of variance (ANOVA) using the general lin-
ear model (GLM) procedure of the SAS software (SAS for
Windows, version 9.1, SAS Institute Japan, Tokyo, Japan).
Normality was evaluated with a Kolmogorov–Smirnov test
with a 5 % significance level. Arcsine square root transfor-
mation was carried out when distribution was not normal.
The statistical model included the type of sperm concentra-
tion, the boar, and the two-way interactions. Non-significant
interactions were excluded from the model. Differences with
a probability value (P ) of 0.05 or less were regarded as sig-
nificant.

3 Results

3.1 Evaluation of quality and penetration ability of
frozen–thawed spermatozoa from microminipig and
Large White boars

The motility, viability, plasma membrane integrity, and acro-
somal integrity of frozen–thawed spermatozoa from three
microminipig boars and a Large White boar are shown in
Fig. 1. The total and progressive motility, viability, and
plasma membrane integrity of post-thaw spermatozoa from
the microminipig boar C significantly decreased compared
with those of other boars (P<0.05). There was no significant
difference in the acrosome integrity of post-thaw spermato-
zoa, irrespective of the boar (P>0.05).

The effects of sperm concentration and different boars on
the fertilization and development of porcine oocytes fertil-
ized with frozen–thawed spermatozoa are shown in Table 1.
There were no differences in the rates of total and monosper-
mic fertilization and blastocyst formation between two sperm
concentrations, irrespective of the boar. However, the rates of
total fertilization and blastocyst formation were significantly
lower (P<0.05) in spermatozoa from microminipig boar C
than in spermatozoa from other boars. Moreover, the fertil-
ization rate of spermatozoa from microminipig boars were
significantly lower (P<0.05) than that of spermatozoa from
the Large White boar, irrespective of sperm concentration.

3.2 Effects of caffeine and heparin supplementation and
sperm–oocyte co-incubation length

The effect of caffeine and heparin supplementation on the
fertilization and oocyte development of the spermatozoa
from microminipig C are shown in Table 2. Supplementation
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Figure 1. The total motility (a), progressive motility (b), viability (c), plasma membrane integrity (d), and acrosomal integrity (e) of frozen–
thawed spermatozoa collected from three microminipig boars. As a control, spermatozoa were collected from a Large White boar. Data are
presented as mean± standard error of mean in four replicate experiments, using the same batch of each boar. (a–c) Bars with different letters
differ significantly (P<0.05).

Table 1. Effects of sperm concentration and different boars on the fertilization and development of porcine oocytes fertilized with frozen–
thawed spermatozoa from microminipigs.*

Boar** Sperm No. No. (%) of oocytes*** No. of No. (%) of embryos****

concentration of examined Fertilized Monospermy examined Cleaved Developed to
(×106 cells/mL) oocytes embryos blastocysts

Control 1.0 110 76.1± 5.4a 55.8± 6.0b 240 84.4± 1.1a, c 20.8± 2.1a

2.0 118 76.0± 4.2a 48.9± 4.9b 222 88.3± 1.3a, c 22.9± 1.2a

Microminipig 1.0 127 58.8± 6.3b 61.8± 3.4b 249 82.8± 2.2c. d 19.1± 4.8a

A 2.0 115 61.5± 4.9b 60.0± 5.0b 243 88.7± 2.9a 18.9± 4.1a

Microminipig 1.0 114 56.9± 5.3b 67.2± 4.8b 263 82.1± 3.5c, e 18.1± 3.1a

B 2.0 122 55.8± 6.6b 64.1± 4.2b 230 83.3± 2.6a, c 16.3± 4.8a

Microminipig 1.0 125 12.3± 3.4c 97.1± 2.9a 225 74.8± 3.5b, d, e 2.2± 1.7b

C 2.0 118 16.6± 3.2c 90.0± 10.0a 245 74.2± 3.9b, e 0.8± 0.5b

* Five replicated trials were carried out. Percentages are expressed as mean ± standard error of mean.
* As control, spermatozoa were collected from a Large White boar.
** The monospermic fertilization rate was defined as a ratio of the number of monospermic oocytes to the total number of fertilized oocytes.
*** The blastocyst formation rate was defined as a ratio of the number of blastocysts to the total number of inseminated oocytes.
a–e Values with different superscripts in the same column differ significantly (P<0.05).

of caffeine alone gave significantly higher rates of total fer-
tilization and blastocyst formation but not of cleavage rates
compared with others (P<0.05). In contrast, the supplemen-
tation of heparin alone or in combination with caffeine had
no effects on the fertilization and oocyte development.

The effects of sperm–oocyte co-incubation length on
the fertilization and oocyte development using spermatozoa

from microminipig C are shown in Table 3. The rates of to-
tal fertilization, cleavage, and blastocyst formation were sig-
nificantly higher (P<0.05) after a 10 h co-incubation than
a 3 h co-incubation. However, an increase in co-incubation
length to 20 h did not enhance the sperm penetration ability
and oocyte development. The rate of monospermic fertiliza-
tion decreased when co-incubation lasted for more than 5 h.
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Table 2. Effects of caffeine and heparin supplementation, either alone or in combination, on the fertilization and development of porcine
oocytes fertilized with frozen–thawed spermatozoa from microminipig C*.

Group** No. of No. (%) of oocytes*** No. of No. (%) of embryos****

examined Fertilized Monospermy examined Cleaved Developed to
oocytes embryos blastocysts

Control 124 8.9± 1.3b 100a 246 80.8± 1.5 1.9± 1.0b

Caffeine 116 25.8± 4.1a 83.0± 5.8b 260 85.4± 2.8 5.5± 1.7a

Heparin 127 7.7± 1.2b 100a 251 84.4± 1.6 1.8± 0.9b

Combination 117 11.2± 1.8b 100a 267 83.6± 1.3 1.9± 0.8b

* Six replicated trials were carried out. Percentages are expressed as mean ± standard error of mean. The concentration of
spermatozoa used for in vitro fertilization (IVF) was 1× 106 sperm/mL.
* As control, the cumulus–oocyte complexes were co-incubated with spermatozoa without caffeine (3 mM) and heparin (10 IU/mL).
** The monospermic fertilization rate was defined as a ratio of the number of monospermic oocytes and the total number of fertilized
oocytes.
*** The blastocyst formation rate was defined as a ratio of the number of blastocysts to the total number of inseminated oocytes.
a,b Values with different superscripts in the same column differ significantly (P<0.05).

Table 3. Effects of sperm–oocyte co-incubation length on the fertilization and development of porcine oocytes fertilized with frozen–thawed
spermatozoa from microminipig C*.

IVF length (h) No. of No. (%) of oocytes*** No. of No. (%) of embryos****

examined Fertilized Monospermy examined Cleaved Developed to
oocytes embryos blastocysts

3 113 19.5± 3.6b 93.9± 3.9a 276 78.2± 2.0b 3.6± 0.9b

5 112 28.2± 3.5a, b 64.0± 5.7b 289 85.5± 2.0a, 6.9± 1.0a, b

10 121 35.7± 3.1a 63.8± 3.2b 275 85.4± 1.8a 10.2± 1.9a

20 112 38.0± 5.8a 58.7± 4.7b 276 81.5± 1.5a, b 6.7± 1.3a, b

* Six replicated trials were carried out. Percentages are expressed as mean ± standard error of mean. The concentrations of spermatozoa and
caffeine used for in vitro fertilization (IVF) were 1× 106 sperm/mL and 3 mM, respectively.
* The monospermic fertilization rate was defined as a ratio of the number of monospermic oocytes and the total number of fertilized oocytes.
** The blastocyst formation rate was defined as a ratio of the number of blastocysts to the total number of inseminated oocytes.
a,b Values with different superscripts in the same column differ significantly (P<0.05).

4 Discussion

Cryopreservation causes damage to spermatozoa, leading to
changes in membrane lipid composition, acrosome status,
sperm motility, and viability (Gangwar et al., 2018). The
most obvious sign of cold shock is the loss of motility which
is not regained when the semen is thawed (White, 1993). In
the present study, a Large White boar with known in vitro
fertilization results was used as a control; it has been bred
on the same farm as three microminipig boars. We observed
that in the post-thaw spermatozoa from microminipig boar
C, there was a significant decrease not only in the motility
but also in the other quality parameters (viability and plasma
membrane integrity), the penetration ability, and the oocyte
development after IVF. Although the total and progressive
motility of other microminipig boars (A and B) were similar
to those of the Large White boar (control), the total fertiliza-
tion rate of spermatozoa from the microminipig boars were
lower. It is known that there are variations in sperm quality
among boars and ejaculates of the same boar (Barbas and
Mascarenhas, 2009). Especially, the different males but not

the breed has been suggested to be the main factor influenc-
ing the variability in sperm cryosurvival (Fraser et al., 2014).
However, we found that there were differences in the fertility
of frozen–thawed boar spermatozoa in both different males
and the breed. It has been suggested that there are differences
in the composition of fatty acids in the sperm cell mem-
brane among breeds, influencing capacitation and capability
for cryopreservation (Waterhouse et al., 2004, 2006). There-
fore, the breed-specific difference observed in the present
study may result in part from the different composition of
fatty acids in the sperm cell membrane.

The most accurate indication of boar semen quality is vi-
able pregnancies and offspring following AI, but this is not
feasible as a routine method of sperm fertility assay (Lars-
son and Rodriguez-Martinez, 2000). Therefore, IVF seems
to be a helpful method for assessing the penetration ability
of sperm (Xu et al., 1998). In the present study, we investi-
gated whether the concentration of frozen–thawed spermato-
zoa from each boar, the caffeine and heparin supplementa-
tion, and the sperm–oocyte co-incubation length during IVF
have any effects on the fertilization and oocyte development.
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Moreover, when the concentration of frozen–thawed sper-
matozoa from each boar was evaluated, doubling the sperm
concentration did not affect the fertilization and oocyte de-
velopment, irrespective of different males and breed. How-
ever, supplementation of caffeine at least had a beneficial
effect on the penetration ability and blastocyst formation of
the microminipig spermatozoa with low sperm quality. Caf-
feine has been used to induce sperm capacitation and sponta-
neous acrosome reaction in porcine IVF (Funahashi and Na-
gai, 2001; Nagai et al., 2006). The induction of capacitation
and/or acrosome reaction by caffeine results in an increased
rate of sperm penetration into porcine oocytes in vitro (Fu-
nahashi and Nagai, 2001). However, a high incidence of
polyspermic penetration has been observed in almost all
porcine IVF trials with fresh or frozen–thawed spermatozoa
that contain caffeine in the fertilization medium (Funahashi
and Day, 1997; Nagai and Moor, 1990). Our results similarly
showed that caffeine supplementation decreased the rate of
monospermic fertilization; however, the supplementation in-
creased the rate of total fertilization and blastocyst forma-
tion, although there were no effects on the cleavage rates.
In contrast, the supplementation of heparin was not effec-
tive for the improvement of the penetration ability of low-
quality frozen–thawed spermatozoa. Moreover, the combi-
nation of heparin and caffeine resulted in lower efficiency
than caffeine alone for the penetration ability and blasto-
cyst formation. The reason for non-effective supplementa-
tion of heparin on the fertilization remains unclear. How-
ever, it has been suggested that DNA breaks and overoxi-
dation of thiol groups in protamines can play an important
role in chromatin destabilization of frozen–thawed boar sper-
matozoa (Cordova-Izquierdo et al., 2006)) and the less stable
chromatin after heparin treatment is related to more damaged
DNA (Corcuera et al., 2007). Therefore, our results indicate
that the supplementation of heparin during porcine IVF may
not contribute to the improvement of the penetration ability
of spermatozoa with poor quality.

The length of sperm–oocyte co-incubation during insem-
ination is one of the factors that influence IVF results (Coy
et al., 1993; Gil et al., 2007). In the present study, we found
that the penetration and blastocyst formation were improved
by exposing the oocytes to the spermatozoa for 10 h in the
IVF medium containing caffeine. Our results are in agree-
ment with the experiment of Nguyen et al. (2018), who re-
ported that the combination of an elevated caffeine concen-
tration in an IVF medium and an extended interval of IVF
with an optimized concentration is a potent way to improve
the fertilization results for porcine spermatozoa with low fer-
tility. However, the increase in co-incubation length to more
than 5 h decreased the rate of monospermic fertilization. A
longer co-incubation of IVF was effective for zygote produc-
tion, which increased the penetration rate, resulting in high
zygote production rate, although the monospermy rate de-
creased. It has been suggested that a transient co-incubation
of porcine oocytes with spermatozoa in the presence of caf-

feine for 5 or 30 min followed by an additional culture in the
absence of caffeine reduces polyspermic fertilization (Funa-
hashi and Romar, 2004). Therefore, caffeine is useful for the
improvement of IVF results, but its use during the gamete
co-incubation should be considered.

5 Conclusions

The results of the present study indicate that both different
males and the breed may influence the quality and fertility
of frozen–thawed boar spermatozoa. The presence of caf-
feine in the IVF medium has a significant positive effect on
the fertilization efficiency of low-quality microminipig sper-
matozoa. Moreover, an adequate length of sperm–oocyte co-
incubation may improve IVF results.
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