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Abstract: Oocyte maturation is a key issue in current
animal biotechnology. This study was designed to ex-
amine effects of incubation temperature and cumulus
investment on in vitro maturation (IVM) of porcine co-
cytes. Cumulus-oocyte complexes were recovered from
slaughterhouse ovaries. The oocytes, surrounded com-
pletely or partially with cumulus cells (completely- and
partially-enclosed groups, respectively), were incubated
for 44 h at either 37°C or 39°C, and progression of meio-
sis and changes in the cytoskeleton distribution were
evaluated by fluorescence staining. Prior to maturation
culture (0 h), 94-100% of the oocytes were at the ger-
minal vesicle (GV) stage. At 24 h IVM, a significantly
greater number of the oocytes showed signs of GV
breakdown (GVBD) when incubated at 39°C than at 37°C
(96% vs. 61% and 92% vs. 40% for completely- and par-
tially-enclosed groups, p<0.01, respectively).
Percentages of the oocytes which reached metaphase-
Il (M-1l) at 36 h IVM was higher at 39°C than at 37°C
(p<0.01), whereas no significant difference was found in
the maturation rate at 44 h IVM. The completely-en-
closed oocytes had a significantly higher maturation rate
than did the partially-enclosed oocytes (90% vs. 68% for
37°C and 91% vs. 53% for 39°C, p<0.01 respectively).
Fluorescence staining showed that transzonal microfila-
ments were abundant at the GV and M-I stages (0 to 24
h), but decreased in number at the M-Il stage (36 to 44
h) and that there was no remarkable difference in the dis-
tribution of microtubules and microfilaments within the
ooplasm, irrespective of the incubation temperature or
the condition of cumulus attachment. These observa-
tions suggest that GVBD and meiotic progression may
be drastically delayed by a 2°C decrease in incubation
temperature and that the cumulus condition may affect
porcine oocyte maturation.
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The events occurring during maturation and fertiliza-
tion are temperature sensitive [1, 2]. In the bovine, the
maximal cumulus expansion was obtained between 35
and 39°C, but not at 41°C, and the oocyte maturation
was also inhibited at 41°C [1]. In pigs, a higher percent-
age of polar body formation was noted when cultured at
39°C than at 37°C, although meiotic progression during
in vitro maturation (IVM) of the oocytes was not men-
tioned [3]. Another factor affecting the IVM of oocytes
is the contribution of the cumulus investment. Cumulus
cells play a very important role during oocyte growth
and maturation by supplying nutrients [4-6] and/or mes-
senger molecules [7-9] and mediating the effects of
hormones on the cumulus-oocyte complex (COC) [10].
The proportion of oocytes capable of IVM is lower when
cumulus cells are previously removed [11, 12]. The
maturation status of the oocyte may be directly influ-
enced via modifications in the mode of interaction
between the oocyte and the surrounding follicular cells
[13]. Our previous study [14] showed that the cumulus
cell projections consist mainly of microfilaments, which
are abundant at the germinal vesicle (GV) and
metaphase-l (M-1) stages, but which are fewer in num-
ber at the M-Il stage. In the bovine, it is well known that
the cumulus investment character and the ooplasm ap-
pearance of the oocyte are good indicators of the oocyte
potential to mature in vitro [15, 16]. But no data con-
cerning this have been available on pigs. Thus the
objective of this study was to investigate the influence
of incubation temperature and the cumulus investment
character on IVM of porcine oocytes. With this aim
porcine oocytes, surrounded completely or partially with
cumulus cells, were matured in vitro at either 37°C or
39°C. The progression of meiosis and changes in the
cytoskeleton distribution were evaluated by fluorescence
staining.



Materials and Methods

Preparation and culture of oocytes

Ovaries were collected from prepubertal gilts at a
local slaughterhouse and transported to the laboratory
within 1-1.5 h in Dulbecco’s phosphate buffered saline
(Gibco, Grand Island, NY) containing 0.1% polyviny! al-
cohol (Sigma, St. Louis, MO)(DPBS-PVA) at 37°C.
Porcine COCs were aspirated from antral follicles (2-5
mm in diameter) with an 18-gauge needle fixed to a 10
ml disposable syringe. Groups of 10-15 COCs were
washed and transferred to NCSU23 medium supple-
mented with 10% (v/v) porcine follicular fluid, 10 i.u./ml
eCG (Teikoku Hormone Mfg. Co., Ltd., Tokyo) and 10
i.u./ml hCG (Mochida Pharmaceuticals, Tokyo, Japan)
[14]. The COCs were cultured for 24 h, then incubated
in NCSU23 without hormonal supplements until 44-h
time point in an atmosphere of 5% CO, at 37°C or
39°C. At 0, 24, 36 and 44 h IVM, oocytes were pro-
cessed for fluorescence staining.

Classification of the oocytes

COCs were classified into two groups according to
the condition of cumulus investment: completely- or par-
tially-enclosed groups. The former were oocytes with
compact cumulus oophorus which tightly adheres to the
zona pellucida in more than four-layers thick. The latter
were oocytes containing less than three layers of cumu-
lus cells not completely surrounding the oocyte.
Denuded oocytes were not used in the present study.

Fluorescent observations

Methods for preparing samples for fluorescent ob-
servations have been reported previously [14]. Oocytes
with or without cumulus cells were fixed in a microtu-
bule stabilization buffer [17] at 37°C for 1 h, washed
extensively and blocked overnight at 4°C in the wash
medium (calcium-free DPBS containing 2% BSA, 2%
goat serum, 0.2% milk powder, 0.2% sodium azide and
0.1% Triton-X). The fixed samples were then exposed
overnight (at 4°C) to anti-J tubulin primary antibodies
(1:200; Sigma), washed, and then incubated with fluo-
rescein isothiocyanate (FITC)-conjugated secondary
antibody (1:200; Sigma) at 37°C for 2 h. After rinsing,
the samples were stained with rhodamine-phalioidin
(1:1000; Molecular Probes, Eugene, OR, USA) for mi-
crofilaments for 1 h, washed again, then stained for
DNA with Hoechst 33342 (10 pg/mi) in mounting me-
dium containing PBS and glycerol (1:1). The oocytes
were finally mounted on slides and examined to assess
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the nuclear configuration and the distribution of microtu-
bules and microfilaments.

The samples were viewed under an Olympus micro-
scope (BX-FLA, Olympus, Tokyo, Japan). A U-MNIBA
filter set (Olympus) was used for FITC, a U-MWIB set
(Olympus) was used for rhodamine, and a U-MWU set
(Olympus) for Hoechst. A cooled CCD video system
(ImagePoint, Photometrics Ltd., Tucson, AZ, USA) was
used to obtain images on a computer and color adjust-
ment was done with IPLab-Spectrum P software (Signal
Analytics Corporation, Vienna, VA, USA).

Data analysis
Proportional data were analyzed by chi-square test.

Results

Meiotic progression at different temperatures and
cumulus conditions are summarized in Table 1. Per-
centages of GV breakdown (GVBD) and maturation
during incubation in the experimental groups are com-
pared in Fig. 1. Prior to maturation culture (0 h), almost
all oocytes (94-100%) were at the GV stage. In the
completely-enclosed oocytes, the percentage of oocytes
showing GV breakdown was 96% after 24 h of incuba-
tion at 39°C, but decreased to 61% when incubated at
37°C (p<0.01). This is also true of the oocytes partially
surrounded with cumulus cells (92% vs. 40%, p<0.01).
Likewise, at 36 h IVM, the percentage of oocytes that
reached M-Il was significantly higher at 39°C than at
37°C (69% vs. 12% for the completely-enclosed oo-
cytes, p<0.01 and 46% vs. 19% for the partially-enclosed
oocytes, p<0.01). After 44 h of incubation, however,
the frequency of oocytes that finally reached M-Il did
not differ significantly with temperature in each cumulus
condition (Table 1). On the other hand, it was evident
that the completely-enclosed oocytes matured in signifi-
cantly higher proportion than did the partially-enclosed
oocytes (90% vs. 68% for 37°C, p<0.01 and 91% vs.
53% for 39°C, p<0.01).

Fluorescence staining showed that the cumulus cell
projections, which consisted mainly of microfilaments,
were abundant at the GV and M-I stages (0 to 24 h, Fig.
2a), but decreased in number at the M-Il stage (36 to
44 h, Fig. 2b). The degree of cumulus expansion and
the distribution of microtubules and microfilaments in
the M-Il oocytes in the completely- and partially-enclosed
groups and at different incubation temperatures did not
differ remarkably. Microtubules were mainly located in
the meiotic spindle (photo not shown) and microfila-
ments were strongly stained on the peripheral coplasm
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Table 1. Meiotic progression of the porcine oocytes matured in various conditions

Temp. Condition Hours of Number of Number (%) of oocytes at each maturational stage®
(°C) of cumulus® maturation oocytes GV ProM M AL-TI1 MII
0Oh 52 51 (98) 1(2)
Completely 24 h 133 52 (39) 44 (33) 36 (27) 1(1)
36 h 65 10 (15) 5 (8) 25(39) 17 (25) 8 (12)
37 44h 162 13 (8) 1(1) 2(1) 0 (0) 146 (90)
Oh 19 19 (100)
Partially 24 h 37 22 (60) 9 (24) 6 (16)
36h 37 4(11) 5(14) 18 (49) 3(8) 7 (19)
44h 59 6 (10) 7(12) 3(5) 3(5) 40 (68)**
0h 102 96 (94) 6 (6)
Completely 24 h 105 4 (4) 25(24)  63(60)  12(11) 1(1)
36 h 126 1(1) 6 (5) 11 (9) 21 (17) 87 (69)
39 44 h 124 2(2) 1(1) 2(2) 6 (5) 113 (91)
0h 92 89 (97) 2(2) 1(1)
Partially 24 h 80 6 (8) 18 (23) 32 (40) 14 (18) 10 (13)
36h 79 7 (9) 5(6) 8(10)  23(29) 36 (46)
44h 68 6(9) 5(7) 3 (4) 18 (27) 36 (53)*

aSee details in text.; P GV, germinal vesicle; ProM, prometaphase, MI, metaphse-1, AI-TI, anaphase-I to telophase-I; MII,
metaphse-II. **, Final maturation rates in the partially-enclosed groups at 37 and 39°C were significantly different from

that in the completely-enclosed group at 39°C (p<0.01).
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Percentages of germinal vesicle breakdown at 0 and
24 h of incubation (A) and maturation rates at 36
and 44 h of incubation (B) in each experimental
group: namely, completely- and partially-enclosed
groups at 37°C (37-C and 37-P, respectively) and
corresponding groups at 39°C (39-C and 39-P, re-
spectively). Double asterisks (**) indicate highly sig-
nificant difference from the rate in the 39-C group
at each time point (p<0.01).

and on the contact surfaces of the oocyte and the polar
body (Fig. 2b).

Discussion

The inability of oocytes lacking cumulus investments
to mature in vitro has been previously shown for bovine
[11, 12, 15, 16] and porcine follicular ococytes [18, 19].
In the present study, maturation rates decreased in the
oocytes surrounded partially with cumulus cells com-
pared to those completely surrounded with cumulus cells
at both 37°C (90% vs. 68%) and 39°C (91% vs. 53%),
supporting the previous observations mentioned above.
The present fluorescence observations demonstrated
that a great reduction in the number of microfilament-
filled, transzonal cumulus cell projections occurred
between the M-I and M-Il stages, suggesting a disrup-
tion of cumulus cell projections during final maturation.
A close association between cumulus cells and the oo-
cyte has been shown to be important in the production
of developmentally-competent oocytes during IVM [10,
20-22). It has therefore been speculated that through
dynamic contacts via transzonal cumulus cell projec-
tions and via inter-cumulus projections, some
substance(s) may actively modulate the maturation of
COCs [14], but no remarkable differences in the distri-
bution of microtubules and microfilaments within M-Il
oocytes were noticed due to the different cumulus con-
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Fluorescent micrographs of immature (a) and mature (b) porcine oocytes showing the distribution of

microfilaments. x 460. Z indicates zona pellucida. a) An oocyte at the germinal vesicle stage before
incubation, showing microfilament-rich peripheral region of the ooplasm. Note abundant transzonal cell
projections. b) A metaphase-II oocyte at 44 h of incubation. The contact surfaces of the oocyte and the
polar body (arrow) show strong response to actin staining. The number of transzonal cell projections has

diminished dramatically.

ditions examined here. Certain factors produced by
cumulus cells during follicular growth or IVM are essen-
tial for the oocyte to acquire the ability to be fertilized
and to sustain normal embryo development [7-9]. Be-
cause it has also been reported that the presence of the
follicle wall during IVM of pig oocytes induces some
modifications in the process of sperm penetration into
the oocyte and the formation of the male pronucleus
[23], further studies are needed to clarify the biological
significance of those factors.

The present study also demonstrated that high matu-
ration rates were obtained after 44 h IVM at both 37°C
and 39°C. But this is not in accordance with the results
obtained by Eng et al. [3], who reported a higher per-
centage of polar body formation when the porcine
oocytes were cultured at 39°C than at 37°C (71% vs.
37%). The difference between the results of the current
and the previous studies [3] may be due to differences
in the culture media used and in the evaluation meth-
ods. In the present study, the final maturation rates at
44 h IVM were similar at 37°C and 39°C, whereas the
frequency of GVBD at 24 h IVM and that of the oocytes
at the M-Il stage at 36 h IVM were higher at 39°C than
at 37°C. These observations suggest that GVBD and
the meiotic progression were drastically affected by a
2°C decrease in incubation temperature.

Lenz et al. [1] reported that temperatures ranging

between 35 and 39°C had no deleterious effects on
resumption and completion of meiosis of bovine oocytes,
but the oocyte maturation was inhibited at 41°C. They
also showed that oocytes matured at 39°C (the core
body temperature of the species) had significantly higher
rates of in vitro fertilization than at 35°C, 37°C, or 41°C.
In mice, pronuclear embryos suffered deleterious ef-
fects on 39°C incubation, 2°C higher than the core body
temperature of the species (37°C), whereas two-cell
embryos seemed to be less susceptible to high incuba-
tor temperature [24, 25]. These results suggest that the
oocytes may be more sensitive to mild increases (as
higher as a 2°C increase) in incubation temperature
than the embryos. A drastic delay in meiotic progres-
sion responding to a 2°C decrease in incubation
temperature might be associated with a decline in the
cellular metabolic rate, depending upon the tempera-
ture change, and subsequently progression in the cell
cycle may be decelerated. It has been reported that
culturing at 39°C is more advantageous than at 37°C
for the development of porcine ova after sperm penetra-
tion [26].

In the routine work of the in vitro fertilization/embryo
culture programs, recovery, transfer and culture of oco-
cytes (and also embryos) have been performed to avoid
extreme temperature shock, but with reduced tempera-
tures. In addition, temperature fluctuation might occur
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in incubators, when the incubator door is frequently
opened. Such a decrease in temperature might ulti-
mately slow the rate of cellular division and affect meiotic
progression and also further development. In human in
vitro fertilization programs, it has been suggested that
the number of incubator door openings, resulting in rapid
temperature changes, affects the rates of fertilization
and pregnancy [27]. The IVM sheep oocytes developed
chromosomal anomalies if allowed to cool approximately
12°C in 3 h [28]. More attention should be paid to
minimizing temperature fluctuation when the oocytes are
manipulated in vitro. In conclusion, it is suggested that
meiotic maturation of the porcine oocytes may be af-
fected by cumulus-oocyte communication and the meiotic
progression may be affected by incubation temperature.

Acknowledgements

The authors thank the staff of the Gene Research
Center at Hirosaki University for use of the image analyz-
ing system, and the staff of the Inakadate Meat Inspection
Office (Aomori, Japan) for supplying pig ovaries.

References

1) Lenz, R.-W., Ball, G.D., Leibfried, M.L., Ax, R.L. and
First, N.L. (1983): In vitro maturation and fertiliza-
tion of bovine oocytes are temperature-dependent pro-
cesses. Biol. Reprod., 29, 173-179.

2) Boone, W.R. and Shapiro, S.8. (1990): Quality control
in the in vitro fertilization laboratory. Theriogenology,
33, 23-580.

3) Eng, L.A., Kornegay, E.T., Huntington, J. and
Wellman, T. (1986): Effects of incubation tempera-
ture and bicarbenate on maturation of pig oocytes in
vitro. J. Reprod. Fertil., 76, 657—662.

4) Eppig, J.J. (1982): The relationship between cumulus
cell-oocyte couping, oocyte meiotic maturation, and
cumulus expansion. Dev. Biol., 89, 268-272.

5) Haghighat, N. and Van Winkle, L.J. (1990): Develop-
mental change in follicular cell-enhanced amino acid
uptake into mouse oocytes that depends on intact
gap junctions and transport system Gly. J. Exp. Zool.,
253, 71-82.

6) Laurincik, J., Kroslak, P., Hyttel, P., Pivko, J. and
Sirotkin, A.V. (1992): Bovine cumulus expansion and
corona-oocyte disconnection during culture in vitro.
Reprod. Nutr. Dev., 32, 151-161.

7) Lawrence, T.H., Beers, W.H. and Guila, N.B. (1978):
Transmission of hormonal stimulation by cell-to-cell
communication. Nature, 272, 501-506.

8) Thibault, C., Szollosi, D. and Gerard, M. (1987): Mam-
malian oocyte maturation. Reprod. Nutri. Dev., 27,
865-896.

9

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

Buccione, R., Schroeder, A.C. and Eppig, J.J. (1990):
Interactions between somatic cells and germ cells
throughout mammalian oogenesis. Biol. Reprod., 43,
543-547.

Zuelke, K.A. and Brackett, B.G. (1990): Luteinizing
hormone enhanced in vitro maturation of bovine oo-
cytes with and without protein supplementation. Biol.
Reprod., 43, 784-787.

Fukui, Y. and Sakuma, Y. (1980);: Maturation of bo-
vine oocytes cultured in vitro: Relation to ovarian
activity, follicular size, and the presence or absence
of cumulus cells. Biol. Reprod., 22, 669-673.

Zhang, L., Jiang, S., Wozniak, P.J., Yang, X. and
Godke, R.A. (1995): Cumulus cell function during bo-
vine oocyte maturation, fertilization, and embryo de-
velopment in vitro. Mol. Reprod. Dev., 40, 338-344.
Familiari, G., Verlengia, C., Nottola, S.A., Tripodi,
A., Hyttel, P., Macchiarelli, G. and Motta, P.M. (1998):
Ultrastructural features of bovine cumulus-corona
cells surrounding oocytes, zygotes and early embryos.
Reprod. Fertil. Dev., 10, 315-326.

Suzuki, H,, Jeong, B-S. and Yang, X. (2000): Dynamic
changes of cumulus-cocyte cell communication dur-
ing in vitro maturation of porcine oocytes. Biol.
Reprod., 63, 723-729.

Leibfried, L. and First, N.L. (1979): Characterization
of bovine follicular oocytes and their ability to ma-
ture in vitro. J. Anim, Sci., 48, 76-86.

Shioya, Y., Kuwayama, M., Fukushima, M., Iwasaki,
S. and Hanada, A. (1988): In vitro fertilization and
cleavage capability of bovine follicular oocytes classi-
fied by cumulus cells and matured in vitro.
Theriogenology, 30, 489-496.

Allworth, A.E. and Albertini, D.F. (1993): Meiotic
maturation in cultured bovine oocytes is accompa-
nied by remodeling of the cumulus cell cytoskeleton.
Dev. Biol,, 158, 101-112.

Tsafriri, A. and Channing, C.P. (1975): Influence of
follicular maturation and culture conditions on the
meiosis of pig oocytes in vitro. J. Reprod. Fertil., 43,
149-152,

McGaughey, R.W. (1978): In vitro oocyte maturation.
In: Methods in Mammalian Reproduction (Daniel, J.C.
Jr., ed.), pp.1-20, Academic Press, New York.
Brackett, B.G., Younis, A.I. and Fayer-Hosken, R.A.
(1989): Enhanced viability after in vitro fertilization
of bovine oocytes matured in vitro with high concen-
trations of luteinizing hormones. Fertil. Steril., 52,
319-324.

Saeki, K., Hoshi, M., Leibfried-Rutledge, M.L. and
First, N.L. (1991): In vitro fertilization and develop-
ment of bovine oocytes matured in serum-free me-
dium. Biol. Reprod., 44, 256-260.

Younis, A.L., Brackett, B.G and Fayer-Hosken, R.A.
(1989): Influence of serum and hormones on bovine
oocyte maturation and fertilization in vitro. Gamete
Res., 23, 189-201.



23)

24)

25)

Mattioli, M., Galeati, G. and Seren, E. (1988): Effect
of follicle somatic cells during pig ococyte maturation
on egg penetrability and male pronucleus formation.
Gamete Res., 20, 117-183.

Lavy, G., Diamond, M.P., Pellicer, A., Vaughn, W.K.
and Decherney, A.H. (1988): The effect of the incuba-
tion temperature on the cleavage rate of mouse em-
bryos in vitro. J. In Vitro Fertil. Embryos Trans., 5,
167-170.

Gwazdauskas, F.C., McCaffrey, C. and Sreenan, J.M.
(1992): In vitro preimplantation mouse embryo devel-
opment with incubation temperatures of 37 and 39°C.
J. Assist. Reprod. Gen., 9, 149-154.

26)

27)

28)

Suzuki, etal. — 13

Naito, K., Fukuda, Y. and Ishibashi, I. (1989): Devel-
opmental ability of porcine ova matured in porcine
follicular fluid in vitro and fertilized in wvitro.
Theriogenology, 31, 1049-1057.

Abramczuk, J.W. and Lopata, A. (1986): Incubation
performance in the clinical in vitro fertilization pro-
gram: importance of temperature conditions for the
fertilization and cleavage of human oocytes. Fertil
Steril., 46, 132-134.

Moor, R.M. and Crosby, I.M. (1985): Temperature-
induced abnormalities in sheep oocytes during matu-
ration. J. Reprod. Fertil., 75, 467-473.



