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LOCAL REGULATORY EFFECTS OF ACTIVIN A AND FOLLISTATIN
ON MEIOTIC MATURATION OF RAT OOCYTES
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SUMMARY: Activin A and follistatin identified in follicular fluids have been
shown to regulate follicular development. Activin A, in a dose responsive manner,
increased the percentage of germinal vesicle breakdown that served as a marker for
the resumption of meiosis of oocytes in vitro, especially these obtained from
immature follicles. This effect of activin A was inhibited by the activin-binding
protein, follistatin.  Follistatin alone exerted an inhibitory effect on oocyte
maturation. Reverse transcription and polymerase chain reaction revealed the
expression of activin # A and activin type IIA receptor gene transcripts in the
oocytes. Activin A, along with follistatin, appears to play a local regulatory role in
the meiotic maturation of rat 00Cytes. o 1993 academic Press, Inc.

Activin A, a dimer of the inhibin J -subunit, was originally identified in
porcine ovarian fluid. This agent exerts biological effects on the release of FSH
by pituitary cells in vitro which oppose those of inhibin; while inhibin suppresses
FSH release, activin A stimulates it (1, 2). Activin A acts on thecal and granulosa
cells (3-5) and oocytes (6), suggesting that it has an intraovarian paracrine effect.
In addition to inhibin and activin, follicular fluid contains the polypeptide
follistatin, a binding protein of activin A that suppresses FSH release in a manner

similar to inhibin (7,8).
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The development and maturation of oocytes are initiated by the secretion of
FSH from the pituitary glands followed by a surge of luteinizing hormone (LH)
that is mediated by follicle cells (9). Nuclear maturation events, such as
breakdown of germinal vesicles, progress spontaneously in vitro when oocytes are
obtained from mature follicles (10,11). Although activin and follistatin are
believed to regulate follicular development, little information is available about the
roles played by these and other factors in mammalian oocytes. Understanding the
hormonal interactions and possible factor(s) that are involved in the developmental
process called maturation may be important in improving techniques used for in

vitro fertilization in man, since maturation is essential to fertilization and

subsequent development (12).

We assessed the roles of activin A and follistatin in oocyte maturation and

investigated the expressions of activin and its receptor in the oocytes themselves.

MATERIALS AND METHODS

Rats and oocytes: Immature (25-day-old) female Wistar rats were injected
subcutaneously with 10 IU of pregnant mare serum gonadotropin (PMS). Ovarian
oocytes were collected by puncturing the growing follicles of the ovaries either 24,
36, or 48 h after PMS treatment; the yield was 20 to 25 oocytes per ovary.
Cumulus-oocyte complexes were incubated in modified Biggers-Whitten-
Wittingham (mBWW) medium (13) supplemented with either recombinant activin
A, a kind gift from Dr. Eto, produced from Chinese hamster ovary cells (14),
follistatin, a generous gift from Dr. Sugino, purified from porcine follicular fluids
(15), or both, in a humidified atmosphere of 95% air and 5% CO2 at 37°C. At the
indicated times the oocytes were recovered and the cumulus cells were removed by
repeatedly drawing each oocyte-cumulus cell complex into a micropipette having a
bore slightly larger than an oocyte, then expelling it. The medium was in 1 ml of
phosphate-buffered saline (PBS), pH 7.4 containing 300 IU hyaluronidase/ml.
Denuded oocytes were washed twice in 1 ml of ice-chilled PBS without
hyaluronidase. Oocytes were examined by interference contrast microscopy for
evidence of maturation. Meiotically arrested oocytes were marked by the presence
of the nuclear structure or germinal vesicle (GV). Breakdown of the germinal
vesicle (GVBD) served as a marker for the resumption of meiosis or oocyte
maturation. Each treatment group consisted of approximately 100 oocytes from
several independent experiments.

RNA extraction: A total of 100 cumulus-oocyte complexes or denuded oocytes
obtained from the ovaries of PMS-treated rats were washed five times with PBS.
PolyA* RNA was extracted by use of the Micro-Fast Track mRNA isolation kit
(Invitrogen, San Diego), which allowed the direct isolation of polyA* RNA from a
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very small number of cells. To offset the efficiency difference in RN A extraction,
an internal standard, i.e., 10¢ copies of a synthetic polyA* RNA pAW 109 that was
transcribed from the plasmid pAW 109, was added to each batch that was lysed in
a detergent-based buffer. The lysates of 100 oocytes or cumulus-oocyte
complexes and internal standard RNA were then applied directly to oligo (dT)
cellulose for adsorption. The resulting polyA* RNA pellet was resuspended in 6
plof 10 mM Tris-HCI1, pH 7.6, 1 mM EDTA and the two 2 x| aliquots were
used for each RT-PCR reaction, one for the activin 3 A mRNA assay and the other
for assay of activin type IIA receptor mRNA and internal standard RNA.

Primer_ pairs: Primers used for amplification of activin 3 A sequence were ATCA-
TCACCTTTGCCGAGTCAG (residues 529-550; sense strand) and TCTTACAGC-
AAATGTTGACCTT (residues 1105-1126; antisense strand), as derived from the
rat 8 A cDNA sequence (16). Primers for amplification of activin type IIA
receptor sequence, i.e., GCAAGGGGAAGATTTGGTTGTGTC (residues 595-618;
sense strand) and GTCTGACAGTGAGCCCTTTTCATG (residues 808-831;
antisense strand), were constructed from the cDNA sequence described by
Mathews and Vale (17). The other pair of primers for internal standard RNA
(pPAW109) was obtained from Perkin-Elmer/Cetus (Norwalk), as pAWI109
primers. PCR with these activin 8 A and activin type IIA receptor primers yielded
598 base pairs (bp) and 237 bp products, respectively.

RT-PCR: Each 2 41 of polyA* RNA aliquot was incubated with 5 units of rTth
DNA polymerase (Perkin-Elmer/Cetus, Norwalk) for 15 min at 70C in a total
reaction volume of 20 x 1 containing 1 XrTth reverse transcriptase buffer (10 mM
Tris-HCI, pH 8.3, 90 mM KCI), 0.2 mM of each dANTP, 1 mM MnClz, and 10
pmol of the appropriate antisense primer. The reverse transcription reaction was
stopped by placing the tube on ice. PCR was performed in the same tube after the
addition of 80 u 1 of chelating buffer (5% glycerol, 10 mM Tris-HCI, pH 8.3, 100
mM KCI, 0.75 mM EGTA, 0.05% Tween 20) containing 1.8 mM MgCl: and 10
pmol of the appropriate sense primer. PCR was performed in a DNA thermal
cycler (Perkin-Elmer/Cetus, Norwalk) according to the following protocol: an
initial denaturation at 95°C for 2 min was followed by 50 cycles of 1-min
denaturation at 95°C, annealing and extending the primers for 1 min at 60C. A
further 7-min extension at 60°C was performed to extend any remaining single-
strand products. Ten microliters of the PCR-amplified products were
electrophoresed in 1% agarose gel containing 0.5 x g/ml ethidium bromide and
were then photographed.

Statistical analysis: The data were analyzed by y 2 test, with P<0.05 considered to
be significant.

RESULTS

Oocytes in mature follicles are induced to undergo spontaneous meiotic
maturation when incubated as cumulus-oocyte complexes. As shown in Table 1,
35.8% of the oocytes from mature follicles obtained 48 h after PMS treatment lost

their GV in 1 h of incubation. Resumption of meiosis was also observed in oocytes
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Table 1. Germinal vesicle breakdown as a function of time after PMS treatment
and the effects of activin A on cumulus-oocyte complexes

Hours after PMS Percentage of Germinal Vesicle Breakdown
Control Activin A, 10 ng/ml
24 15.9 31.7*
36 17.8 33.0*
48 35.8% 47.1

*, p<0.05 compared with untreated controls.
$, p<0.05 compared with that obtained 12 h earlier.

from maturing follicles. Percentages of GVBD in oocytes obtained 24 and 36 h
after PMS, however, were significantly lower than that in oocytes obtained 48 h
after PMS. Activin A, at a dose of 10 ng/ml, served as a potent inducer of oocyte
maturation, increasing the percentage of GVBD in the oocytes; the increase was
significantly greater in oocytes obtained from immature follicles, i.e., 24 and 36 h
after PMS treatment. Induction of oocyte maturation by activin A was dose

dependent (Fig. 1). The effect was significant and maximal at a dose of 1 ng/ml.

N Dfsok
30f [as]
a >
> (O]
@ 20f &%l "
> T *
= 3 {
8 g.f?o
510t
a
0 1 1
0 1 2

@0 C ADO1 AD A1 A1D @ Hours in culture
Figure 1. Concentration-dependence of activin A induced maturation of cumulus
cell-enclosed oocytes. GVBD was analyzed in oocytes obtained 24 h after PMS
treatment and incubated for 1 h in the presence of the indicated concentrations
(ng/ml) of activin A (A). *, p<0.05 compared with untreated controls.
Figure 2. Time course of meiotic maturation in cumulus cell-enclosed oocytes.

*, p<0.05 compared with untreated controls. O, controls; @, activin A 10 ng/ml;
[, follistatin 10 ng/ml; A, activin 10 ng/ml+follistatin 10 ng/ml.
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Follistatin blocks the maturation-inducing action of activin A when both are
added to oocytes in vitro. As shown in Fig. 2, activin A increased the percentage of
GVBD significantly in 1 h; the addition of follistatin at doses of 10 ng/ml to the
incubation medium in the presence of activin A, 10 ng/ml, inhibited its stimulatory
action. The addition of follistatin alone to the medium significantly decreased the
percentage of GVBD in 2 h of culture (Fig. 2).

RT-PCR was performed on mRNA samples from cumulus-oocyte complexes
and from denuded oocytes. The identity of the amplified products was confirmed
by correct sizing on agarose gel. As shown in Fig. 3, both cumulus-oocyte
complexes and denuded oocytes expressed activin 8 A and activin type ITA receptor
transcripts as evidenced by the presence of amplified cDNA fragments of the
correct sizes. The specificity of these bands was determined by cloning and
sequencing the PCR products, which showed a 100% nucleotide sequence identity

with the cloned sequences reported.

<+— 598
+— 237

1 2 3 4

Figure 3. Detection of activin 8 A and activin type IIA receptor transcripts in
cumulus-cocyte complexes and denuded oocytes by RT-PCR. Poly A* RNA was
extracted from 100 cumulus oocyte complexes and denuded oocytes, one-third of
the extraction was reverse transcribed and amplified by 50 cycles of PCR, as
described in MATERIALS AND METHODS. The gel stained by ethidium bromide
was photographed under UV-irradiation. Lane 1, activin type IIA receptor in
denuded oocytes; lane 2, activin B A in denuded oocytes; lane 3, activin type IIA
receptor in cumulus-oocyte complexes; lane 4, activin B A in cumulus-oocyte
complexes. The positions of the expected 237-bp and 598-bp PCR products for
activin type ITA receptor and activin 8 A, respectively, are indicated.
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DISCUSSION

This study demonstrated that activin A stimulates meiotic maturation in rat
cumulus cell-enclosed oocytes and that activin-induced oocyte maturation is
inhibited by follistatin. Since activin A regulates follicular development (3-5,18),
these data provide a close link between follicular development and oocyte
maturation. The stimulatory action of activin A on oocytes was remarkable and
significant both at 24 and 36 h after PMS treatment, when the follicles were
developing; no significant difference was apparent 48 h after PMS, when the
follicles had developed fully (Table 1). The dose study of activin A (Fig. 1)
revealed that activin A exerts its stimulatory effects at 1 ng/ml, which is less than
the physiological concentrations found in follicular fluids of several species
(19,20). It is possible that activin A is a paracrine factor in the acquisition of
meiotic competence of oocytes, a process that depends primarily on FSH.

Follistatin, a putative binding protein of activin A, at a dose of 10 ng/ml
almost fully inhibited the effect of a like dose of activin A (Fig. 2). Follistatin is
capable of binding same dose of activin A (15) and it antagonizes the effects of
activin on steroidogenesis of rat granulosa cells, presumably by competing with
activin for binding to its receptors (18). Follistatin may have inhibitory effects on
cumulus-oocyte complexes in the same manner. Interestingly, follistatin alone
inhibited the meiotic maturation of oocytes (Fig. 2). This finding raises the
possibility of a source(s) of activin A in the cumulus-ococytes complexes other than
the granulosa cells shown to produce activin A (21,22).

We demonstrated the expression of activin receptor gene in mammalian
oocytes for the first time (Fig. 2). It is likely that activin A present in follicular
fluids directly stimulates oocyte maturation via its receptors on the oocytes. In this
report, we also present evidence that activin 8 A is expressed in both cumulus-
oocyte complexes and in the oocytes themselves. Since activin A is a homodimer
of the S A subunits, while inhibin is a heterodimer consisting of the B A subunit
together with an a« subunit (1,2), our data indicate that the oocyte contains mRNA
encoding both activin A and inhibin. Based on our present data that follistatin
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added to the medium exerts inhibitory effects on oocyte maturation, it may be at
least in part activin A that is present, reflecting the presence of 8 A subunit. A
recent study on activin expression during early mouse development reported
agreement with our idea that « subunit protein cannot be detected from the

fertilized egg stage onwards, and that the presence of A subunits reflects the
presence of activin rather than of inhibin (23). These results suggest that activin A,
produced by cumulus-oocyte complexes along with granulosa cells under
modulation by follistatin, may play an important role in oocyte growth and

maturation leading finally to acquisition of fertilization competence.
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