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Abstract: We evaluated the effect of two monolayers de-
rived from reproductive cells on in vitro maturation and
fertilization of porcine oocytes. Cumulus-oocyte com-
plexes were cultured in medium alone or co-cultured for
48hr on the monolayer of porcine oviductal epithelial cells
(pOEC) or granulosa cells (pGC). Assessment of nuclear
maturation revealed that oocytes matured in pGC signifi-
cantly reached metaphase of the second meiotic division
compared to those in control (76% vs 55%; p<0.05) and
did not differ from the pOEC (69%). Following 18hr of
insemination, the proportion of penetrated oocytes in con-
trol (82%) was greater (p<0.01) compared with pGC
(56%) but did not differ from the pOEC (68%). The pro-
portion of oocytes that underwent polyspermy was lower
(p<0.01) in pOEC (38%) and pGC (46%) compared to
control (78%). More number of male pronuclei were
formed in the oocytes matured on pOEC than pGC (37%
vs 19%; p<0.05). There was no difference between
POEC and control (28%). In all groups, irrespective of
immature or mature stage, some oocytes at germinal
vesicle stage formed a male pronucleus within their cy-
toplasm. It was suggested that the monolayer of pGC
or pOEC was effective for preventing oocytes from
polyspermy and that the monolayers from pOEC were
superior for promoting male pronuclear formation by in-
creasing monospermy. That immature oocytes may also
have an ability to form a male pronucleus in their cyto-
plasm was indicated.
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Since the first report of Edwards [5] on the in vitro
maturation of pig oocytes, the oocytes of this species
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have been frequently used as a model to study resump-
tion of meiosis in mammals [17, 28]. Although the
technique forin vitro fertilization in domestic animals
has been improved to the extent that the high rate of
penetration are not accompanied by major problems of
multiple sperm entry, pig oocytes differ from those of
most other species in that undergo high incidence of
polyspermy when fertilized in in vitro [15] and their
polyspermy represents the major unsolved problem. It
is difficult to distinguish that the high polyspermy is re-
lated either to the maturation of the male and femaie
gametes before insemination or to the condition of in
vitro fertilization. In several studies, it has been sug-
gested that only oocytes cuitured in follicles [16],
co-cultured with granulosa cells [18, 27], or cultured
within the cumulus in medium with LH [26] show good
developmental competence after fertilization. There have
been some reports that a glycoprotein deposition on the
zona pellucida [29] facilitates either more synchronous
exocytosis of the cortical granular contents or physi-
ological responses of the substance to cortical granular
materia {1, 8, 10], leading to a functional block to
polyspermy, and that the presence of a portion of the
follicular wall and to a lesser extent, granulosa cells
during maturation increases the incidence of oocytes
with only one male pronucleus [32]. The recent report
by Nagai and Moor [20] suggested that the secretory
products from oviduct cells co-cultured with gametes
may act to influence the incidence of polyspermy in pig
eggs fertilized in in vitro. To increase the extent of
cytoplasmic maturation which is essential for successful
maturation and subsequently for getting normal-fertil-
ized oocytes, it may be expected that the reproductive
cells create well condition for co-culture during the in
vitro maturation. By applying co-culture method, it is
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possible to produce large numbers of viable pig em-
bryos that represent a comparative research resource
for the study of early preimplantation development.
Therefore, the final purpose of this experiment was to
determine the most efficient in vitro condition for the
production of normally fertilized porcine oocytes.

Materials and Methods

Culture of pOEC: Pig oviducts were obtained from a
local slaughterhouse and transported to the laboratroy
in mPBS supplemented with 200 units penicillin and
200 ug streptomycin/mi. After dissection, oviducts were
briefly immersed in 70% ethanol. Their epithelial cells
derived from an ampullar portion of oviduct were gently
scraped with a microscopic slide, transferred to a coni-
cal tube containing 5 ml of TCM-199 supplemented with
10% FCS and antibictics and washed twice by centrifu-
gation at 1,000 g for 5 min. Finally, a portion of cells
were resuspended in fresh culture medium, seeded in
4-well plates (300 ul suspension per well) and cultured
for 4—-6 days at 39 °C and 5% CO, in humidified air.
After culture, medium was renewed with mPBS and some
unattached cells were discarded. Monolayers were de-
veloped to 70-80% confluence prior to initiation of
co-culture with oocytes. Prior (5 hr) to oocytes cuiture,
confluent cells were washed twice with TCM-199 con-
taining 10% FCS and maturation medium, and then used
for the co-culture with oocytes.

Culture of pGC: Cells were recovered during oocytes
collection just after follicular aspirations. Oocytes were
immediately removed from aspirations, and remaining
cells were centrifuged at 250 g for & min. Cells were
resuspended in culture medium (TCM-199 containing
10% FCS and antibiotics). After further wash, the celiu-
lar number and viability was determined by use of a
hemacytometer and the method of trypan blue exclu-
sion. A total of 1 x 105 cells/ml was placed in 4-well
plate and incubated for 4—6 days before co-culture with
oocytes. The subsequent treatments were performed
as did in pOEC culture.

Oocytes Collection and Maturation: Oocytes were
collected by aspiration of the follicles (2-5 mm in diam-
eter) of pig ovaries. Only those oocytes completely
surrounded by compact cumulus cells were used for
experiments, washed 3 times with TCM-199 containing
0.25 mM sodium pyruvate, 0.34 ml/100 ml sodium DL-
lactate (60% syrup), 23.8 mM hydrogen carbonate, and
0.1 mg/ml dibekacin sulfate. Oocytes were then trans-
ferred into the monolayer of pOEC or GC in 4-well plates
containing 500 y of TCM-199 supplemented with 10%

FCS (fetal calf serum), 1 mg/ml BSA (bovine serum
albumin), 15 IU/ml PMSG (pregnant mare serum go-
nadotropin) and 15 IU/ml hCG (human chorionic
gonadotropin) or into the medium alone (control) and
cultured for 48 hr.

In Vitro Fertilization: The cultured oocytes were
washed twice in B.O. medium, and groups of 20 oo-
cytes were transferred into 4-well plates containing 400
pl of B.O. medium supplemented with 10 ug/ml heparin,
3 mg/ml BSA and 5 mM caffeine. Motile spermatozoa
were obtained by centrifuging a 500 ul of thawed se-
men for 10 min at 700 g. Spermatozoa were counted
by a hemacytometer, diluted with an appropriate vol-
ume of fertilization medium and preincubated for 2 hr.
The sperm suspension (25 ul) was added to each drop
of fertilization medium to obtain a final concentration of
2 x 10 spermatozoa/mil. On 6 hr after insemination,
oocytes were freed from cumulus cells in culture me-
dium (TCM-199 supplemented with 10% FCS and 10
ung/ml insulin), washed and cultured for further 12 hr
(about 15 zygotes per 100 ul droplet medium) at 39 °C
in a humidified atmosphere of 5% CO, and 95% air
before fixation.

Evaluation of Oocytes: The oocytes were mounted
on a slide with a whole-mount procedure and fixed for
48 hr in ethanol : acetic acid (3:1 v/v). The nuclear
status of oocytes were examined under a phase-con-
trast microscope after staining with 1% orcein in 45%
acetic acid according to the criteria of Hunter and Polge
[9]. Sperm penetration and male pronuclear develop-
ment were determined as described by Ding et al. [4].
The presence of unswollen or swollen sperm heads or
male pronuclei in the ooplasm was taken as evidence
of sperm penetration. The penetrated oocytes with one
or more full size male pronuclei were considered to have
undergone normal male pronuclear development.

Data were analyzed by Chi-square analysis to deter-
mine the differences between experimental groups.

Results

The effect of co-culture during the in vitro maturation
of pig oocytes on their fertilization status were evalu-
ated by determining the proportion of oocytes reaching
metaphase of the second meiotic division and their sub-
sequent ability to form a male pronucleus. In all groups,
the cumulus cells were observed to undergo a dramatic
expansion 48 hr after in vitro culture. Completion of
nuclear maturation was determined by the appearance
of chromosomal spreads in metaphase Il plate as well
as an expulsion of first polar body. As shown in Table



1, the proportion of matured oocytes in pGC group (76%)
was significantly higher (p<0.05) than in the control
(55%). On the other hand, the co-culture on the mono-
layer of pOEC resulted in the maturation rate of 69%,
which was not significantly different from the pGC and
control group. The penetration rate was defined as the
percentage of oocytes that had at least one sperm in
their cytoplasm, regardless of the decondensation stage
of sperm nuclei (Table 2). The proportion of oocytes
which underwent penetration was significantly greater
(p<0.01) for oocytes matured in control medium (82%)
than in pGC (56%). The penetration rate of oocytes
matured in pOEC (68%) was not different compared
with pGC and control. On the other hand, the
polyspermic penetration rate of oocytes matured in pOEC
and pGC was 38% and 46%, respectively, which were

Table 1. Maturation rate of porcine follicular oocytes cul-
tured in vitro by various culture conditions

Culture

No. of oocytes No. of oocytes
conditions examined matured (%)
Control 83 46 (55)»
Granulosa cells 42 32 (76)p
Oviductal epithelial cells 51 35 (69)b

a vs b; p<0.05.
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significant differences (p<0.01) compared with control
(79%).

After 18 hr of insemination, the percentage of oo-
cytes capable of sustaining the formation of a male
pronucleus was significantly higher (p<0.05) for the oo-
cytes matured in pOEC (37%) than pGC (19%). Final
analysis was focused on the proportion of ococytes that
formed the male pronuclei at various stages of matura-
tion (GV-GVBD, MI, AI-TI and MIl) by 18 hr of
insemination (Table 3). The proportion of oocytes that
formed the male pronuclei at GV to GVBD stage was
20% (control), 14% (pGC) and 23% (pOEC). These
observations suggest that the porcine oocytes, irrespec-
tive of the meiotic stage of maturation, have an ability to
form a male pronucleus in their cytoplasm, and that the
degree of complete nuclear maturation is not necessary
to the formation of male pronuclei.

Discussion

It is generally believed that follicular cells surround-
ing oocyte exert an inhibitory effect on the nuclear
maturation of oocyte. However, the recent studies of
pig oocyte maturation by either culturing oocytes in me-
dium supplemented with porcine follicular fluid [21] or

Table 2. The rate of fertilization in pig oocytes after in vitro maturation with differ-

ent culture conditions

Treatments  No. of oocytes (%) No. of oocytes (%)
penetrated Polyspermy M PN* M & F PN**
Control 71/ 87 (82) 56/71 (79) 20/71 (28)A8 3/71(4)
pGC 74/132 (56)° 34/74 (46)b 14/74 (19)A 2/74 (3)
pOEC 71/104 (68)> 27/71 (38)b 26/71 (37)B 4/71(6)

*Male pronucleus, ** Male and Female pronucleus.

a vs b; p<0.01, A vs B; p<0.05.

Table 3. The proportion of polyspermic penetration and male pronucleus in various maturation stages

18 hr after insemination

No. of oocytes (%)

Polyspermy Male pronucleus
Nuclear Control pGC pOEC Control pGC pOEC
stages (56)A (347 (27)A (20)8 (14)8 (26)®
GV-GVBD 27 (48) 10 (29) 14 (52)= 4 (20)%0 2 (14) 6(23)
MI 4( 7k 9 (26) 3(11)b 1(5) 32D 5(19)
AILTI 20 (36) 12 (35) 8 (30)2b 10 (50)® 7 (50 6(23)
MII 5(9)p 3(9) 2(7)p® 5 (25)ab 2(14) 9 (35)

A, Total number of polyspermic oocytes.
B, Total number of oocytes that formed a male pronucleus.
a vs b; p<0.01.
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co-culturing with follicular cells [15] indicate that the so-
matic follicular cells play an important role in the
cytoplasmic maturation of oocytes. The present study
clearly demonstrated that the co-culture on pGC led to
a significant increase in the percentage of oocytes that
completed the meiotic maturation as compared with the
control group. The study of metabolic coupling by Motlik
et al. [19] indicated that follicular tissue actively controls
the degree of intercellular cooperation during the de-
velopment of oocytes. Our data suggest that one of the
major effect of such an influence may be due to the
ability of granulosa cells either to modulate the interac-
tion or to prolong the persistence of metabolic
cooperation between cumulus cells and oocyte during
the in vitro maturation. It is considered that the low
maturation rate in control oocyts might be due to the
differences in culture conditions. Two principal factors
known to influence the maturation process in vitro in
many species are protein [2, 20-22] and hormonal
supplements. In pig, meiotic maturation of oocytes is
induced by culture with media containing PMSG, hCG
or PMSG and hCG with or without oestradiol [31]. We
have supplemented maturation medium with a high dose
(15 iu/ml, respectively) of PMSG and hCG, and also
FCS, BSA. Exposure to high concentrations of gonado-
tropin therefore does not seem to promote nuclear
maturation. In addition, it has been reported that fetal
calf serum [24] or BSA [32] exerted to inhibition matura-
tion of pig oocytes. Further studies will be needed to
determine the relationship between hormonal conditions
or protein substances during oocyte maturation.

The reduced rate of sperm penetration of the oo-
cytes cultured in pGC may be due to the reduction of
cell activity following the formation of confluent mono-
layer. Available evidence suggests that granulosa cell
are involved in the synthesis of zona peliucida material
and some zona proteins are produced by granulosa cells
cultured in vitro [14, 19, 24]}. Like these proteins, a
sperm receptor of zona that interacts with 15 kDa glyco-
protein may be synthesized in cumulus cells and then
transferred to the zona pellucida [25]. However, the
chemical nature of such a factor involved in the sperm
penetration remains to be determined in detail.

The presence of pOEC during in vitro maturation
increased the monospermic penetration and the forma-
tion of male pronucleus. Although the role of pOEC for
cytoplasmic maturation required to decondense the pen-
etrated spermatozoa and subsequently to form a male
pronucleus is still unknown, the effect of pOEC on the
male pronuclear formation of pig oocytes may be re-
lated to its ability to prolong the functional interaction

with cumulus cells during the maturation. Most likely,
the result of this study indicates that pOEC efficiently
mediated the metabolic process of cumulus cells in-
volved in cytoplasmic maturation, resulting in the male
pronucleus formation. In all groups of this study, some
immature oocytes could be penetrated by sperm, and
then sperm nucleus underwent decondensation and/or
transformation to a male pronucleus. Our result agreed
with the studies suggesting that sperm nuclear
decondensation within the cytoplasm of GV stage oo-
cytes has been observed in dogs [13], cattle [22] and
pigs [30]. It is known that the somatic compartment is
also required for the transmission of certain amino acid,
nucleosides, and phospholipid precursors to the oocyte.
Apart from their nutrient role, the follicle cells also gen-
erate instructional signals which influence the nucleus
for direct synthesis of certain structural proteins [3]. The
second important factor in the aquisition of competence
by the matured oocytes is hormone which regulates
many events within the follicle cells, including steroid
biosynthesis [6], protein synthesis [12], and the secre-
tion of glycosaminoglycan and hyaluronic acid [7, 11].

In vivo, sperm head swells 1 hr after penetration,
transforms to a male pronucleus 6-8 hr later and first
cleavage of pig eggs occurrs 12—-14 hr after sperm pen-
etration [10]. In the present study, we observed that the
sperm head remained enlarged or transformed to male
pronucleus 18 hr after insemination, but none of the
eggs cleavaged. It seems that cytoplasmic maturation
of the oocytes was not completed until insemination,
followed by an arrest of development as suggested by
Polge and Dziuk [23]. To obtain the tansferable em-
bryos which are normally fertilized in vitro, the interaction
or synergistic action of somatic cells with a various
chemical components involved in the development of
pronuclei as well as hormone levels remains to be fur-
ther studied.
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