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Summary. The qualitative profiles of the proteins synthesized by sheep oocytes at
various stages of maturation were determined by electrophoretic separation in one
dimension on polyacrylamide SDS gels.

No change in protein synthetic pattern was observed in oocytes removed before or

up to 6 h after the release ofLH in vivo. By 9 h intermediate changes had taken place in at
least 12 separate protein bands. Marked alterations in the synthesis of some proteins
were apparent 15 h after LH; formation of proteins in 5 of the original bands was

either reduced or not detectable, while new synthesis was evident from the appearance of
7 additional bands.

The pattern of proteins produced by oocytes cultured within the follicle cor-

responded closely with that observed in vivo: changes in synthesis were initiated about
9 h after addition of gonadotrophin and were completed by 15 h. Oocytes cultured out-
side the follicle in a gonadotrophin-containing medium did not exhibit a change in pro-
tein synthesis and at 15 h only those proteins produced during the early stages of
maturation were being synthesized.

Introduction

The nucleus of the mammalian oocyte enters prophase of the first meiotic division in the fetal gonad
and thereafter remains in the dictyate stage until activated by the preovulatory release of gonado¬
trophin. The ensuing period of maturation is characterized by a series of clearly defined meiotic
events in the nucleus. However, normal maturation also appears to be characterized by changes in
the cytoplasm, because oocytes cultured outside the follicle satisfy the morphological criteria for
nuclear maturation but fail to promote normal development of the male pronucleus following sperm
penetration and have no capacity for further development (Thibault & Gérard, 1973; Moor &
Trounson, 1977). We therefore believe that the gross morphological changes in the nucleus hitherto
accepted as evidence of maturation are an inadequate index of the complete maturation of the oocyte
and, in an attempt to define molecular correlates of normal cytoplasmic maturation, we have ex¬

amined the profiles ofproteins synthesized by sheep oocytes at various times after exposure to gonado-
trophins in vivo and in vitro.

Materials and Methods

Protein synthesis by oocytes matured in vivo

Oocytes undergoing maturation in vivo were obtained from sheep in which the preovulatory re¬

lease of LH was precisely timed by sequential treatment of each animal with PMSG, prostaglandin
analogue (ICI 80,996) and LH-RH (Trounson, Willadsen & Moor, 1976). In our sheep maximal
LH release occurs within 2 h of the LH-RH injection (A. O. Trounson & R. F. Simons, unpublished
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observation). Ovaries were removed at laparotomy immediately after the LH-RH injection (0 h)
or at 3, 6, 9 and 15 h thereafter. Oocytes were obtained from non-atretic follicles of between 3 and 5
mm diameter (R. M. Moor, M. F. Hay, D. G. Cran and H. M. Dott, unpublished) and placed in
basic medium (Dulbecco's phosphate-buffered saline containing 1 -0 mg glucose/ml, 2-6 mg lactate/ml
and 004 mg pyruvate/ml) supplemented 1 % (v/v) with heterologous sheep serum. In preparation
for incubation with radioactive amino acid, the oocytes were denuded of cumulus and corona cells
by repeated pipetting before being transferred for 1-2 min to basic medium containing 0-1 % pro¬
tease (Sigma, London). Removal of the thinned and expanded zona pellucida was effected mechanical¬
ly after thorough washing in basic medium containing 1 % heterologous sheep serum.

Protein synthesis was determined by incubating, under sterile conditions, groups of 15-30 of
the denuded, zona pellucida-free oocytes in 50 pi protein-free basic medium containing 50 pCi
L-[35S]methionine (sp. act. 300-400 Ci/mmol : Radiochemical Centre, Amersham). After incubation
for 3 h at 37°C in a humidified air atmosphere, groups of 5 oocytes (4-8 groups at each stage) were

washed free of unbound label, placed in 20 µ lysis buffer (Van Blerkom & Brockway, 1975) and
frozen at —80°C until required for assay.

Labelled proteins were separated by electrophoresis at 15 A constant current for 5 h on poly¬
acrylamide slab gels (7-5-15 % convex gradient) containing sodium dodecyl sulphate (Van Blerkom &
Brockway, 1975). After electrophoresis the gels were infiltrated with the scintillant PPO, dried under
vacuum and exposed to RP 54 X-ray film for 1-5 weeks at —70°C (Laskey & Mills, 1975).

Protein synthesis by oocytes cultured in vitro

Oocytes were cultured within the intact ovarian follicle (intrafollicular oocyte) or outside the
follicle (extrafollicular oocyte). Non-atretic follicles (3-5 mm diameter) were dissected from the
ovaries of untreated sheep between Days 4 and 14 of the cycle. Intrafollicular oocytes were cultured
for 3, 9 or 15 h in 5 % C02 in air under hyperbaric conditions (1-5  IO5 Pa) in Medium 199A sup¬
plemented with 2 pgFSH (NIH-FSH-S8)/ml, 1 pgLH(NIH-LH-S18)/mland 1 pg oestradiol-17ß/ml
(see Moor & Trounson, 1977). Extrafollicular oocytes surrounded by their cumulus cells were re¬
moved from the follicle and cultured for 15 h in stoppered test tubes at atmospheric pressure in the
same medium and gas phase used for the intrafollicular oocytes. The procedures for denudation of
oocytes after culture, incubation and separation of labelled proteins were as described above.

Results

Protein synthesis by oocytes matured in vivo

Representative examples of gels showing the profile of proteins synthesized by groups of 5 oocytes
at 3 and 15 h after the injection of LH-RH are shown in Plate 1. Text-figures 1 (a)-(e) show the changes
in synthesis of 12 selected protein bands by groups ofoocytes examined at intervals during maturation
in vivo. Oocytes taken from follicles at 0, 3 or 6 h after injection of LH-RH yielded similar protein
profiles (Text-figs la-c). There was a pronounced change in protein synthesis between 6 and 15 h
after LH-RH administration (Text-figs lc and le). Many protein bands changed qualitatively and
quantitatively over this period, but the 12 that could be most clearly resolved are indicated in Plate 1.
Seven of the protein bands showed a marked increase (A, B, D, E, G, I, K) and the other 5 bands dis¬
appeared or became very weak (C, F, H, J, L). Oocytes removed at 9 h showed an intermediate
pattern in which some of the protein bands characteristic of early maturation were still present in
a proportion of oocytes and not all of the bands associated with later maturation had yet appeared
(Text-fig. Id).

Protein synthesis by oocytes cultured in vitro

The profiles of proteins synthesized by oocytes cultured within the intact follicle in vitro corres¬

ponded closely with those observed when oocytes were matured in vivo. The protein bands C, F, H,
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PLATE 1

Electrophoretic separation of proteins synthesized by sheep oocytes matured in vivo for (a) 3 h and (b) 15 h
after injection of LH-RH. Letters indicate protein bands changing during this period. Bands C, F, H, J and
L are strong early in maturation, and bands A, B, D, E, G, 1 and  are strong late in maturation.
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Text-fig. 1. Changes in the pattern of synthesis of 12 electrophoretically separated protein bands (A to L;
see Plate 1) in sheep oocytes at various times after exposure to gonadotrophins in vivo or in vitro. The
diagrams show the percentage of oocytes in which the protein bands A to L are strongly present (black),
weakly present (stippled) or absent (white), a-e, oocytes matured in vivo for 0, 3, 6, 9 and 15 h respectively,
after LH-RH injection; f-h, intrafollicular oocytes cultured in vitro (see text) for 3, 9 or 15 h; i, extra¬
follicular oocytes cultured in vitro (see text) for 15 h.

J and L (early proteins) were present in almost all the oocytes cultured for 3 h; bands A, B, D, E, G,
I and  (late proteins) were, by contrast, largely absent at this stage (Text-fig. If). After 9 h culture
an intermediate pattern of proteins was observed (Text-fig. la), whilst at 15 h there was active
synthesis of'late' proteins and little synthesis of the proteins characteristic of early maturation stages
in vivo (Text-fig. Ih). Removal of the oocyte from the follicle before culture affected profoundly its
subsequent synthetic capacity (Text-fig. li). Even after 15 h in culture in the presence of LH extra¬
follicular oocytes were still synthesizing only those proteins associated, in intrafollicular oocytes,
with early maturation.

Discussion

This study demonstrates that marked qualitative changes occur in protein synthesis during matura¬
tion ofoocytes both in vivo and in vitro under conditions compatible with subsequent normal fertiliza¬
tion and embryonic development (Moor & Trounson, 1977). Caution is necessary in the interpreta¬
tion of some of our findings, since the technique necessitates that oocytes must be removed from the
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follicle and denuded of cumulus and corona cells before being incubated in radiolabelled precursor
amino acid. Spontaneous nuclear activation occurs regularly in oocytes matured outside the follicle
(see Schuetz, 1974) and protein synthesis by denuded oocytes in culture might likewise be unrepre¬
sentative of normal intrafollicular synthetic activity. However, the changes in the profiles of proteins
synthesized during maturation, as distinct from the basal pattern observed before and early in
maturation, seem almost certain not to be artefactual because extrafollicular oocytes cultured for
15 h in hormonally supplemented medium do not synthesize 'late' proteins (Text-fig. l(i)) whereas
intrafollicular oocytes do (Text-fig. 1(h)). The qualitative changes in protein synthesis that occur

during maturation of oocytes in vivo and under optimal culture conditions in vitro can, therefore,
reasonably be interpreted as reflecting normal physiological changes in the synthetic activity of the
oocyte.

The continued presence offive 'early' protein bands (C, F, H, J and L) was characteristic ofoocytes
which have previously been shown to lack the capacity to undergo normal fertilization and de¬
velopment (see Moor & Trounson, 1977). In contrast, the synthesis of Bands A, B, D, E, G, I and
 was detected only in those groups of oocytes in which normal embryonic development would have
occurred after maturation. Since each band on one-dimensional electrophoresis may reflect several
species of protein, and since not all bands have been analysed in detail, the number of proteins show¬
ing functionally dependent changes is greater than the 12 reported here.

The major changes in the protein synthetic pattern occur just before the breakdown of the
germinal vesicle (Dziuk, 1965). Although some protein synthesis is required for completion of meiotic
maturation in the rat (Stern, Rayyis & Kennedy, 1972; Tsafriri, Lieberman, Barnea, Bauminger &
Lindner, 1973), the switch in qualitative protein profile reported here does not appear to be essential
for completion of nuclear maturation since nuclear maturation occurs in extrafollicular oocytes in
the absence of any apparent change in protein synthetic activity. It is possible that additional new

proteins, necessary for the resumption of meiosis (nuclear activation), were synthesized during the
early stages of maturation but were not resolved by the one-dimensional separation methods em¬

ployed. Van Blerkom (1977), using the more sensitive two-dimensional electrophoretic separation of
oocyte proteins (O'Farrell, 1975), has reported some changes in the proteins synthesized by extra¬
follicular rabbit oocytes during in-vitro 'maturation'.

The obvious and marked change in the proteins synthesized by sheep oocytes which occurred at
about 9 h after LH could relate to cytoplasmic and membrane maturation, or even to post-matura-
tional events essential for normal fertilization and development. Evidence to support this conclusion
comes from the observations that (i) nuclear activation can be dissociated from the attainment of
subsequent developmental capacity in sheep oocytes (Moor & Trounson, 1977), and (ii) the pro-
nuclear activating protein which appears in the ooplasm after germinal vesicle breakdown is not
present in the ooplasm of rabbit oocytes matured outside the follicle (Thibault, Gérard & Menezo,
1975). The failure of oocytes cultured outside the follicle to undergo similar changes in protein syn¬
thesis to those observed in oocytes both in vivo and during intrafollicular culture in hormonally sup¬
plemented media may be due to inadequate culture conditions or lack of a specific signal from folli¬
cular cells.

It is not clear from published data whether control of protein synthesis in the maturing oocyte
is exerted at the transcriptional or the translational level. The chromosomes of the mammalian
oocyte, like those of amphibians (La Marca, Smith & Strobel, 1973), are actively synthesizing RNA
from early in follicular growth to within an hour or so of germinal vesicle breakdown and some of
the RNA is released into the ooplasm before germinal vesicle breakdown (Bloom & Mukherjee, 1972;
Rodman & Bachvarova, 1976; Wasserman & Letourneau, 1976). Concomitant with germinal vesicle
breakdown, presynthesized RNA passes into the ooplasm and species of RNA coding for new pro¬
teins synthesized after germinal vesicle breakdown could become available (Rodman & Bachvarova,
1976). However, much of the recently synthesized RNA is carried over into the fertilized egg (Rodman
& Bachvarova, 1976), where it may have a role in early development. The experiments reported here
suggest that the carry-over or activity of recently synthesized protein may also be important for the
success of post-maturation development, in addition to having a role in the final phases of maturation
itself.
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