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The aim of this study was to evaluate the distribution
of inhibin/activin �, �A and �B subunits and follistatin
in immature oocytes and in matured oocytes before and
after IVF. Denuded oocytes were submitted to a whole-
mount immunofluorescence procedure. Specimens were
imaged and fluorescent intensities quantified by scanning
laser confocal microscopy. Immunoreactivity for inhibin
� subunit (both �C and pro-� regions), abundant in the
ooplasm of immature oocytes, decreased after maturation
(a 68% and 88% decrease, respectively; P < 0.001), but
increased after IVF by 2- and 5.7-fold, respectively (P <

0.01). Intense staining for �A was detected in immature
oocytes (predominantly in the outer ooplasm and zona
pellucida) but after maturation and fertilization it was
localized mainly in the zona pellucida, perivitelline space
and oolemma. Immunoreactivity for �A in the ooplasm
decreased by 58% after maturation (P < 0.001) but
increased again by 75% after fertilization (P < 0.01).
Immunoreactivity for �B was localized mainly in the

zona pellucida and did not change after maturation.
However, immunoreactivity for �B was not detected
in the zona pellucida after fertilization, but remained
unchanged in unfertilized oocytes. Immunoreactivity for
follistatin was detected in the ooplasm and zona pellucida
of immature oocytes but decreased progressively in
the ooplasm after maturation (a 63% decrease; P <

0.001) and did not change after IVF. Examination of
partially denuded cumulus–oocyte complexes confirmed
abundant expression of �C, pro-�, �A and follistatin
immunoreactivity in cumulus cells, whereas �B subunit
staining was weak or absent in cumulus cells, but intense
in the zona pellucida. In conclusion, the present study
shows that qualitative and quantitative changes in the
distribution of inhibin/activin subunits and follistatin
accompany oocyte maturation and fertilization. The
possibility, indicated by these observations, that activin
A and activin B may play distinct roles in bovine oocyte
maturation and fertilization warrants further study.

Introduction

Inhibins and related peptides are expressed by mural
and cumulus granulosa cells and are implicated in the
regulation of follicle development, oocyte maturation
and embryo development. Although the nature of
inhibin-specific receptors has not yet been fully re-
solved (Bernard et al., 2002), activin receptors were
characterized some years ago and were found in several
types of cell including granulosa and cumulus cells
and oocytes (Sugino et al., 1988; Sadatsuki et al.,
1993; Cameron et al., 1994; Izadyar et al., 1998),
indicating that activin and follistatin may exert autocrine
or paracrine roles in follicle and oocyte development.
Indeed, evidence from functional studies in vitro supports
a role for these peptides in the regulation of bovine
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oocyte maturation and acquisition of developmental
competence (Stock et al., 1997; Silva and Knight, 1998;
Silva et al., 1999).

Although several previous studies have examined
the intrafollicular expression of mRNA and protein
for inhibin/activin � and �A subunits, follistatin and
activin receptors (rat: Cameron et al., 1994; sheep:
Braw-Tal, 1994; cow: Hulshof et al., 1997), there are only
limited data on their localization in bovine cumulus–
oocyte complexes (COC) from antral follicles (Izadyar
et al., 1998). In particular, comparison of pro-� and �B
subunit distribution in immature and in vitro matured
(IVM) bovine oocytes has not been reported previously
and, to the authors’ knowledge, the possibility that
subsequent IVF affects the expression of inhibin-related
proteins in oocytes has not been examined in any species.

Therefore, the aim of the present study was to use
a quantitative immunohistochemical procedure to
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investigate whether the distribution of inhibin/activin �,
�A and �B subunits and follistatin in bovine oocytes
varies in a definitive pattern during IVM with or without
subsequent IVF.

Materials and Methods

Preparation of immature, mature and fertilized oocytes

Ovaries from randomly cyclic cattle were obtained
from an abattoir and immature COCs were aspirated
from follicles (2–10 mm diameter) using a syringe
fitted with a 19-gauge needle. Mature fertilized oocytes
and mature unfertilized oocytes were obtained by
subjecting COCs to IVM with or without IVF using
the methods described by Silva and Knight (1998).
Briefly, COCs were washed twice in WM (TCM199 with
25 mmol Hepes buffer l−1 supplemented with 10%
heat-inactivated calf serum, 50 iu penicillin ml−1 and
50 �g streptomycin ml−1) and once in MM (TCM199
supplemented with 10% oestrous cow serum, 0.4 mmol
L-glutamine l−1, 0.2 mmol pyruvate l−1, 2.5 iu eCG ml−1

(Folligon; Intervet, Boxmeer), 50 iu penicillin ml−1 and
50 �g streptomycin ml−1). Groups of 20 oocytes were
cultured in 60 �l droplets of MM, under mineral oil for
22–247 h, at 38.58◦C in a humidified atmosphere of 5%
CO2. Only oocytes with expanded cumulus cells and
an enlarged perivitelline space were used. In addition,
comparisons were made between IVM oocytes and
immature oocytes that had been incubated in droplets of
bovine follicular fluid (bFF) rather than oocyte maturation
medium for the duration of the IVM procedure.

For fertilization, COCs were washed in IVF-TALP
(Tyrode’s albumin lactate pyruvate; Silva and Knight,
1998) before being transferred in groups of approxi-
mately ten oocytes, to 20 �l fertilization drops of
IVF-TALP, under mineral oil. For capacitation of the
spermatozoa, frozen–thawed semen (three or four straws)
was washed four times by centrifugation (800 g for 5 min
each time) in sperm TALP medium (Silva and Knight,
1998) and once in IVF-TALP. The sperm pellet was
then suspended in IVF-TALP at a concentration of 2 ×
106 spermatozoa ml−1 before being placed into the IVF
drops (final concentration: 1 × 106 spermatozoa ml−1).
The oocytes and spermatozoa were incubated at 38.5◦C
in a humidified atmosphere of 5% CO2, for 22–24 h.
Unfertilized mature oocytes were obtained by incubating
COCs in IVF medium alone (lacking spermatozoa) under
the same conditions as fertilized oocytes.

COCs were routinely denuded of cumulus cells by
incubation and vortexing (2 min at 37◦C) with hyalur-
onidase (1 mg ml−1; Sigma, Poole) in PBS immedia-
tely before fixing, to allow better penetration of anti-
bodies into the oocyte during the immunohistochemical
procedure. Oocytes were then washed in PBS and
fixed for 30 min with 2% paraformaldehyde–0.1%
glutaraldehyde in PBS (pH 7.4), before immunostaining.

Antibodies

The inhibin �C subunit antiserum used (PPD2/4) was
raised in a rabbit immunized against a synthetic peptide
corresponding to the N-terminal sequence (residues 1–
32) of the mature, fully processed �C subunit of human
inhibin (Knight et al., 1989). The anti-pro-� antibody
used was a mouse monoclonal antibody (mAb) raised
against the pro region of the full-length inhibin � subunit
precursor (clone INPRO; Groome et al., 1995). The
PPD2/4 and INPRO antibodies were used at a 1 : 1000
dilution.

The anti-�A subunit antibody used was a mouse mAb
raised against a synthetic peptide corresponding to the
C-terminal sequence (82–114) of the human �A-subunit
(clone E4; Groome and Lawrence, 1991). The anti-�B
subunit antibody used was a mouse mAb raised against
a synthetic peptide corresponding to the C-terminal
sequence (82–114) of the human �B subunit (clone
13/14; Groome et al., 1996), which had a 1% cross-
reactivity with the �A subunit in ELISA (Groome et al.,
1996). The anti-�A and anti-�B mAbs were used at a
1 : 1000 and 1 : 4000 dilution, respectively. The purified
INPRO, E4 and 13/14 mouse mAbs were provided by
N. Groome (Oxford Brooks University, Oxford).

The anti-follistatin antibody used to stain granulosa
cells was a mouse mAb raised against human re-
combinant follistatin-288 (clone 17/2; Evans et al.,
1998). A chicken polyclonal antiserum raised in an
adult cockerel against human recombinant follistatin-
288 (Tannetta et al., 1998) was used to immunostain
COCs, denuded oocytes and embryos to allow double
immunostaining with follistatin and �A/�B subunits.
The anti-follistatin mAb and polyclonal antiserum
were used at a 1 : 14 (70 �g ml−1) and 1 : 500 dilution,
respectively.

Mouse IgG was isolated from normal mouse serum
using a protein G-agarose column (Pharmacia Biotech,
Amersham Biosciences, Little Chalfont) and used at
a 1 : 1000 dilution as control for the mouse mAbs
(INPRO, E4 and 13/14), or at a 1 : 14 dilution for anti-
follistatin mAb. Normal rabbit serum (Sigma) was used
as a control for the inhibin antiserum (PPD2/4) at the
same dilution (1 : 1000) and normal chicken serum
(1 : 500) was used as a control for the chicken anti-
follistatin antibody. Additional controls also included
the antibodies preincubated with the respective peptides
used as immunogens.

The secondary antibodies used were Texas red-
conjugated anti-rabbit IgG (10 �g ml−1) made in goat
(Fluorescent kit, cat. no. Fl-1200; Vector Laboratories,
Peterborough), Texas red-conjugated and fluorescein-
conjugated anti-mouse IgG (10 �g ml−1) made in horse
(Fluorescent kit, cat. no. Fl-2100; Vector Laboratories),
and fluorescein-conjugated anti-chicken IgG made
in rabbit (Sigma, cat. no. F8888) used at a 1 : 320
dilution.
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Immunostaining of oocytes

Oocytes were subjected to a whole-mount immuno-
staining procedure based on the methods described by
Slager et al. (1991) and Albano et al. (1993).

Fixed oocytes were washed in PBS and quenched for
5 min with 0.05% (w/v) solution of sodium borohydrate
(Merck Sharpe & Dohme, Harlow) in PBS to reduce
fluorescence background. They were washed again and
permeabilized by incubation for 10 min with 0.1% (v/v)
Triton-X100 (Sigma) in PBS. After washing with PBS,
the oocytes were blocked with 2% (w/v) BSA and 3%
appropriate normal serum (goat, horse or rabbit serum) in
PBS and 0.1% (w/v) NaN3. After 1 h they were transferred
to the first antibody or control solutions diluted in PBS
containing 0.5% (w/v) BSA and 0.1% (w/v) NaN3, and
incubated overnight at room temperature.

Oocytes were then washed for 45 min in PBS, trans-
ferred to the second antibody solution diluted in
PBS containing 0.5% (w/v) BSA and 3% normal serum
and incubated for 1 h. Finally, they were washed in
0.1% (v/v) Triton-X100 in PBS for 1 h, washed again
in PBS and mounted on slides using an anti-fading
mounting medium (Vectashield, cat. no. H1000, Vector
Laboratories). An anti-fading mounting medium contain-
ing propidium iodide (Vectashield, cat. no. H1300,
Vector Laboratories) was also used for DNA counter-
staining on some occasions. Specimens were stored at
4◦C in a moist box until they were imaged on a Leica
TCS-NT laser confocal microscope (Leica Lasertechnik
GmbH, Heidelberg), which allows both analysis of
optical sections and quantitation of the intensity of
immunostaining. All oocytes stained with a given
antibody were imaged during the same session on the
confocal microscope. Care was taken to ensure that the
settings on the microscope (for example, laser intensity,
photomultiplier voltage, contrast) were kept constant for
each particular antibody (and respective control serum
or IgG) to allow accurate comparison of fluorescence
intensities in individual specimens.

Experimental design, validation of relative fluorescence
intensity measurements and statistical analysis

For quantitative comparisons, the optical sections
corresponding to the mid-point of oocytes (the widest
optical section) were sampled. The associated software
(TCS-NT Version 1.5.451) was used to calculate the
total pixel intensity values of each section which
were divided by the respective area, thus giving an es-
timate of the average relative fluorescence intensity (RFI)
of the oocyte mid-section. Two areas were quantified,
one corresponding to the whole oocyte (including the
zona pellucida) and one excluding the zona pellucida
(including the ooplasm, oolema and perivitelline space).
Backgrounds (that is, normal serum or IgG controls)
obtained for each developmental stage were subtracted,

and the results presented as means ± SEM. A validation
experiment in which 25 individual immunostained
oocytes were imaged three times over a 5 h period gave
an overall mean coefficient of variation value of 12.1%,
thus demonstrating the repeatability of this quantitative
approach. In practice, only one image of each oocyte
was captured for analysis but at least ten individual
oocytes were sampled at each stage, and the experiment
was performed twice with similar results.

Calibrated sets of red and green fluorescent beads
(InSpeck Beads, 6 �m diameter; Molecular Probes,
Leiden), having different stated relative percentage
fluorescence values were used to evaluate the linearity
of the RFI measurements made. These beads were
mounted on slides at high bead density and clusters of
beads contained within 12 randomly selected 100 �m ×
100 �m areas were imaged using similar photomultiplier
settings to those used to capture oocyte images (of similar
area). Linearity of RFI measurements was excellent for
both red and green beads up to a mean value of
about 60 (Fig. 1), although the response was clearly
curvilinear at higher values due to an increasing degree
of pixel saturation. Most of the RFI values quantified
in these experiments were within the linear range
5–60.

ANOVA was applied to assess the significance of
differences in mean RFI values between groups. Where
a significant F ratio was obtained, post hoc Fisher’s
protected least-squares difference (PLSD) test was used
to compare individual means. A P value < 0.05 was
considered to be significant.

Results

Representative confocal images of double-immuno-
stained mature COCs (partially denuded before immuno-
staining) are shown (Fig. 2). Cumulus cells showed
strong immunostaining for �A subunit and follistatin
(Fig. 2a,d,e,g,j), moderate staining for � subunit (both
pro-� and �C regions; Fig. 2b,k) and weak staining
for �B subunit (Fig. 2h). No immunostaining was
detected in respective controls (Fig. 2m–o). Double
immunofluorescence staining with follistatin and �B
subunit antibodies showed that �B-immunoreactivity
is apparently present in the outer edge of the zona
pellucida, surrounding the follistatin immunostaining,
as two layers of staining corresponding respectively to
follistatin and �B can be observed in the zona pellucida
(Fig. 2g–i).

Positive immunostaining for inhibin � subunit (both
pro-� and �C region) was detected throughout the
ooplasm and zona pellucida of immature oocytes
(Fig. 3a,m). Intense immunostaining for �A subunit and
follistatin was co-localized mainly in the outer ooplasm
and zona pellucida of immature oocytes (Fig. 3d,j). In
contrast, immunoreactivity for �B subunit was weak
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Fig. 1. Relationship between observed relative fluorescence in-
tensity (RFI) values and stated RFI values of clusters of pre-calibrated
(a) InSpeck green and (b) InSpeck red fluorescent beads imaged
using the confocal microscope and associated software.

in the ooplasm but intense in the zona pellucida
(Fig. 3g).

After IVM and IVF, immunostaining for �A subunit
and follistatin was localized mainly in the zona
pellucida, perivitelline space and oolema (Fig. 3e,f).
Immunoreactivity for �-subunit (both pro-� and �C
region) remained localized in the zona pellucida and

Fig. 2. Confocal microscope images of partially denuded matured bovine cumulus–oocyte complexes (COCs) after double immunostaining
with: (a) anti-�A subunit antibody; (b) anti-�C subunit antibody; (c) double-stained with anti-�A subunit (fluorescein) and anti-�C subunit
(Texas red) antibodies; (d) anti-follistatin antibody; (e) anti-�A subunit antibody; (f) double-stained with anti-follistatin (fluorescein) and
anti-�A subunit (Texas red) antibodies; (g) anti-follistatin antibody; (h) anti-�B subunit antibody; (i) double-stained with anti-follistatin
(fluorescein) and anti-�B subunit (Texas red) antibodies; (j) anti-follistatin antibody; (k) anti-pro-� antibody; and (l) double-stained with
anti-follistatin (fluorescein) and anti-pro-� (Texas red) antibodies. Controls include double-stained with: (m) mouse IgG (fluorescein) and
normal rabbit serum (NRS) (Texas red); (n) chicken serum (CS) (fluorescein) and NRS (Texas red); and (o) anti-�C subunit (Texas red) and
anti-�A subunit (fluorescein) antibodies preincubated with �C and �A subunits. The yellow colour corresponds to the overlap of Texas red
(red) and fluorescein (green) staining. Scale bars represent 50 �m.

ooplasm after IVM and IVF (Fig. 3b,c,n,o), whereas �B
subunit staining was localized only in the zona pellucida
of non-fertilized oocytes, and was not detected after
fertilization (Fig. 3h,i).

Comparison of the intensities of fluorescence
indicated that the abundance of inhibin/activin subunits
and follistatin in the ooplasm decreased after IVM (Fig. 4).
In comparison with immature oocytes, immunostaining
for the �C subunit, pro-� region, �A, �B subunits and
follistatin was reduced by 68, 88, 58, 40 and 63%,
respectively (P < 0.001) in the ooplasm of mature
oocytes. However, in oocytes incubated in bFF to prevent
maturation, staining for the � and �B subunits was
unchanged (Fig. 4). In contrast, immunostaining for
follistatin and the pro-� region decreased in oocytes
kept in bFF (Fig. 4). The intense immunoreactivity for
�B subunit observed in the zona pellucida of immature
oocytes remained unchanged in mature oocytes or
oocytes kept in bFF (Figs 3 and 4).

After IVF, immunostaining for �A subunit increased
(about 75% increase in oocytes excluding the zona
pellucida, P < 0.01) in both fertilized and unfertilized
oocytes, whereas follistatin staining was not changed
(Fig. 5). In contrast, �B subunit immunoreactivity was
not detected in the zona pellucida of fertilized oocytes
(P < 0.0001), although it remained unchanged in
oocytes kept in IVF medium alone (unfertilized oocytes;
Fig. 5). Immunoreactivity for the �C subunit and pro-
� region increased in the ooplasm of fertilized oocytes
by 2- and 5.7-fold respectively (P < 0.01). However,
although �C subunit staining in the oocyte ooplasm also
showed a similar increase in unfertilized oocytes (oocytes
incubated in IVF medium without spermatozoa), staining
for the pro-� region was significantly lower (P < 0.0001)
in unfertilized oocytes and did not differ from that in
mature oocytes (Fig. 5).

Discussion

The present study shows that differential localization and
quantitative change in the distribution of inhibin/activin
subunits and follistatin accompany IVM and IVF of
bovine oocytes. In agreement with the findings of pre-
vious studies in mouse (Albano et al., 1993) and bovine
oocytes (Izadyar et al., 1998), �, �A and �B subunits
and follistatin were found in bovine oocytes obtained
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Fig. 2. For legend see facing page.
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Fig. 4. Quantitative comparison of relative fluorescence intensities (arbitrary units)
of ex vivo immature oocytes and oocytes incubated in MM (TCM199 supplemented
with 10% oestrous cow serum, 0.4 mmol L-glutamine l−1, 0.2 mmol pyruvate l−1, 2.5 iu
eCG ml−1 (Folligon), 50 iu penicillin ml−1 and 50 �g streptomycin ml−1) (IVM) or in
bovine follicular fluid (bFF) after immunostaining with (a) anti-�C, (b) anti-�A, (c) anti-
follistatin, (d) anti-�B and (e) anti-pro-�-inhibin. �: Oocyte + zona pellucida; �: oocyte
– zona pellucida. Values are means ± SEM. The number of replicates is indicated in
columns. *P < 0.05 compared with immature group.

from small- to medium-sized antral follicles (2–10 mm
in diameter). The more intense staining for the �A
subunit compared with the � subunit, in particular in
the outer ooplasm, indicates that most of the �A in

Fig. 3. Confocal microscope images of immunostained bovine oocytes before and after in vitro maturation (IVM) and IVF. Immuno-
localization of �C subunit (Texas red) in (a) immature, (b) mature and (c) fertilized oocytes; immunolocalization of �A subunit (fluorescein)
in (d) immature, (e) mature and (f) fertilized oocytes; immunolocalization of �B subunit (Texas red) in (g) immature, (h) mature and
(i) fertilized oocytes; immunolocalization of follistatin (fluorescein) in (j) immature, (k) mature and (l) fertilized oocytes; immunolocalization
of pro-� region of the � subunit (Texas red) in (m) immature, (n) mature and (o) fertilized oocytes. Scale bars represent 50 �m.

the oocyte is likely to be in the form of activin A.
This is in agreement with work of Albano et al. (1993)
in which high expression of �A and low expression
of � subunit were found in mouse oocytes. The high
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Fig. 5. Quantitative comparison of relative fluorescence intensities (arbitrary units) of in
vitro matured (IVM) oocytes, fertilized IVM oocytes (+Fert) and non-fertilized IVM oocytes
(–Fert) after immunostaining with (a) anti-�C, (b) anti-�A, (c) anti-follistatin, (d) anti-�B and
(e) anti-pro region of �-inhibin. �: Oocyte + zona pellucida; �: oocyte – zona pellucida.
Values are means ± SEM. The number of replicates is indicated in columns. *P < 0.05
compared with mature group.

expression and secretion of �/�A subunits and follistatin
in the surrounding cumulus cells indicates that these
peptides are taken up by the oocyte rather than
synthesized within the oocyte. Since no � subunit
mRNA was found to be expressed by bovine oocytes
(Izadyar et al., 1998), this is most likely the case for the
�-inhibin immunoreactivity detected in oocytes in the
present study. However, as bovine oocytes are known to
express �A and follistatin mRNA (Izadyar et al., 1998), it
is likely that some of the activin A and follistatin present
in the ooplasm is produced by the oocyte itself.

The localization of the �B subunit in the outer edge
of the zona pellucida, distinct from the localization of

the other inhibin/activin subunits, appears to imply that
activin B is specifically attached to the zona pellucida.
As very little staining for �B subunit was found in
the cumulus cells immediately surrounding the oocyte,
this activin B may have been secreted either by the
oocyte itself or by the more distant granulosa cells.
However, using the sensitive technique of RT–PCR,
mRNA transcripts for the �B subunit were undetectable
in mouse oocytes (Albano et al., 1993). If the same is
true for bovine oocytes, it is more likely that the activin
B observed in the zona pellucida is produced by the
granulosa cells. However, no information is available on
the secretion of activin B by bovine granulosa cells due
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to the lack of a specific activin B assay. The possibility
cannot be excluded that the intense �B immunostaining
of the zona pellucida is non-specific and merely reflects
crossreaction of the �B mAb with some component of
the zona pellucida unrelated to activin B. This seems
unlikely, however, as several other antibodies raised
against the �B peptide also exhibited the same staining
reaction with the zona pellucida (data not shown).

The heterogeneity of oocyte immunostaining observed
in particular for the �A subunit and follistatin (fluo-
rescence intensities varying by 12- and 7-fold, respec-
tively) may reflect intrinsic influences on the oocyte
that occur in follicles at different stages of development
and atresia. Since only a proportion of oocytes (about
20–30%) will develop up to blastocyst stage following
IVF and embryo culture, it is generally accepted that
the ooplasm of most oocytes submitted to IVM is not
ready to respond to the maturation conditions (Sirard
and Blondin, 1996; Bevers et al., 1997; Lonergan
et al., 1997). Therefore, it is possible that the relative
amounts of activin A and follistatin present in the oocyte
ooplasm would influence oocyte competence for IVM.
This hypothesis is supported by the previous findings that
activin A stimulates oocyte maturation, an action which
is opposed by follistatin (Stock et al., 1997; Silva and
Knight, 1998).

The reduction in immunoreactivity for �, �A and �B
subunits and follistatin in the ooplasm after maturation
possibly reflects a decrease in the supply of these
proteins, caused by the retraction of the cumulus cell
processes from the zona pellucida (Hyttel et al., 1986).
In the absence of gonadotrophins and growth factors,
cumulus cells do not expand, which may explain the
observation that, in COCs maintained in bFF to block
maturation, no changes were found in �, �A and
�B subunit content in the oocyte ooplasm. However,
immunostaining for follistatin and the pro-region of �-
inhibin was reduced, probably reflecting a reduction in
their secretion by the cumulus cells. Studies conducted
with COCs cultured in whole bFF obtained from small
and medium follicles have shown that bFF inhibits
nuclear maturation (Sirard, 1990; Ayoub and Hunter,
1993). This block in nuclear maturation could have been
mediated by the sustained high content of inhibin and
activin present in the ooplasm of oocytes cultured in
bFF. However, although inhibin A was initially reported
to inhibit the spontaneous nuclear maturation of both
cumulus-enclosed and denuded rat oocytes (O et al.,
1989), studies in bovine oocytes have demonstrated
that inhibin or activin has no effect on resumption of
meiosis (Stock et al., 1997). Therefore, it is unlikely
that the sustained amount of inhibin or activin observed
in the oocytes cultured in bFF was responsible for the
maintenance of meiotic arrest.

Both �C and �A subunit contents in oocytes showed
a substantial increase after IVF. However, although
immunostaining for both �C and pro-� was mainly

present in the outer ooplasm, �A subunit immunostaining
was localized mainly in the oolema, perivitelline space
and zona pellucida. Therefore, it is likely that much of
the �A subunit detected is in the form of activin A. In
addition, as follistatin content remains lower after IVF, it
is likely that more activin A is bioavailable (that is, free
rather than follistatin-bound) in fertilized oocytes. Izadyar
et al. (1998) reported an increase in activin receptor type
II localized in the oolema of in vitro matured oocytes.
This finding is consistent with the presence of activin A
in the oolema and perivitelline space observed in the
present study. The distribution of �A immunostaining in
fertilized oocytes also indicates that such activin A is
mostly derived from the cumulus cells which, at this
stage, are still surrounding the oocyte. It should be
emphasized that this increase in the content of activin
A in fertilized oocytes was not caused by fertilization
per se, as no differences in �A immunostaining were
observed between fertilized IVM oocytes and IVM
oocytes maintained for the same time period in the
absence of spermatozoa. In contrast, the substantial
increase (5.7-fold) in immunostaining for the pro region
of �-inhibin observed in the ooplasm of fertilized oocytes
was likely to be triggered by the presence of spermatozoa
or fertilization, as no such increase was observed in
unfertilized oocytes. The physiological significance of
this increase in pro-� forms of inhibin in ooplasm
remains unclear, as the presence of pro-� during IVM
has been found to be detrimental to oocyte maturation
(Silva et al., 1999). However, it could be speculated
that pro-� forms of inhibin play an important role
after oocyte maturation, in fertilization or early embryo
development.

Another finding in the present study was the sudden
disappearance of �B subunit immunoreactivity from the
zona pellucida after fertilization. This disappearance was
likely to be triggered by fertilization, as no such change
was observed in unfertilized oocytes incubated for the
same time period. During fertilization, the zona pellucida
is the site at which sperm–egg recognition occurs.
After sperm–oocyte fusion, propagating waves of free
intracellular Ca2+ induce cortical granule exocytosis and
cell cycle resumption (reviewed by Ben-Yosef and Shalgi,
1998). It is assumed that the lytic enzymes released from
the cortical granules are responsible for the inactivation
of zona pellucida proteins (mainly ZP2 and ZP3),
which in turn prevent further binding and penetration
of spermatozoa (Epifano and Dean, 1994). Therefore, it
is possible that activin B present in the zona pellucida
until fertilization was also proteolytically cleaved by
the lytic enzymes released from the cortical granules
and either shed or rendered non-immunoreactive. The
specific localization of activin B in the zona pellucida
of immature and mature oocytes and its absence after
fertilization could imply a regulatory role for activin B
in sperm binding or fertilization. However, further work
regarding any potential physiological role of activin B
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in the zona pellucida is clearly required to advance this
hypothesis.

The authors thank M. D. Fray (Institute for Animal Health,
Compton, Berkshire, UK) for providing the bovine semen used
in this study, and S. A. Feist for collecting ovaries. This work was
supported by PRAXIS XXI and BBSRC.

References
Albano RM, Groome N and Smith JC (1993) Activins are expressed in

preimplantation mouse embryos and in ES and EC cells and are regulated
on their differentiation Development 117 711–723

Ayoub MA and Hunter AG (1993) Inhibitory effect of bovine follicular fluid
on in vitro maturation of bovine oocytes Journal of Dairy Science 76
95–100

Ben-Yosef D and Shalgi R (1998) Early ionic events in activation of the
mammalian egg Reviews of Reproduction 3 96–103

Bernard DJ, Chapman SC and Woodruff TK (2002) Inhibin binding protein
(InhBP/p120), betaglycan, and the continuing search for the inhibin
receptor Molecular Endocrinology 162 207–212

Bevers MM, Dieleman SJ, Van den Hurk R and Izadyar F (1997) Regulation
and modulation of oocyte maturation in the bovine Theriogenology 47
13–22

Braw-Tal R (1994) Expression of mRNA for follistatin and inhibin/activin
subunits during follicular growth and atresia Journal of Molecular
Endocrinology 13 253–264

Cameron VA, Nishimura E, Mathews LS, Lewis KA, Sawchenko PE and
Vale WW (1994) Hybridization histochemical localization of activin
receptor subtypes in rat brain, pituitary, ovary and testis Endocrinology
134 799–808

Epifano O and Dean J (1994) Biology and structure of the zona
pellucida: a target for immunocontraception Reproduction, Fertility and
Development 6 319–330

Evans LW, Muttukrishna S and Groome NP (1998) Development, validation
and application of an ultra-sensitive two-site enzyme immunoassay for
human follistatin Journal of Endocrinology 156 275–282

Groome N and Lawrence M (1991) Preparation of monoclonal-antibodies
to the beta-A-subunit of ovarian inhibin using a synthetic peptide
immunogen Hybridoma 10 309–316

Groome NP, Illingworth PJ, O’Brien M, Priddle J, Weaver K and McNeilly
AS (1995) Quantification of inhibin pro-�C-containing forms in human
serum by a new ultrasensitive two-site enzyme-linked immunosorbent
assay Journal of Clinical Endocrinology and Metabolism 80
2926–2932

Groome NP, Illingworth PJ, O’Brien M, Pai R, Rodger FE, Mather JP
and McNeilly AS (1996) Measurement of dimeric inhibin-B throughout
the human menstrual cycle Journal of Clinical Endocrinology and
Metabolism 81 1401–1405

Hulshof SCJ, Figueiredo JR, Beckers JF, Bevers MM, Vanderstichele H
and Van den Hurk R (1997) Bovine preantral follicles and activin:
immunohistochemistry for activin and activin receptor and the effect
of bovine activin A in vitro. Theriogenology 48 133–142

Hyttel P, Callesen H and Greve T (1986) Ultrastructural features of
preovulatory oocyte maturation in superovulated cattle Journal of
Reproduction and Fertility 76 645–656

Izadyar F, Dijkstra G, Van-Tol HTA, Van den Eijenden-van Raaij
AJM, Van den Hurk R, Colenbrander B and Bevers MM (1998)
Immunohistochemical localization and mRNA expression of activin,
inhibin, follistatin, and activin receptor in bovine cumulus–oocyte
complexes during in vitro maturation Molecular Reproduction and
Development 49 186–195

Knight PG, Beard AJ, Wrathall JHM and Castillo RJ (1989) Evidence that the
bovine ovary secretes large amounts of inhibin �-subunit and its isolation
from bovine follicular fluid Journal of Endocrinology 2 189–200

Lonergan P, Khatir H, Carolan C and Mermillod P (1997) Bovine blastocyst
production in vitro after inhibition of oocyte meiotic resumption for
24 h Journal of Reproduction and Fertility 109 355–365

O WS, Robertson DM and Kretser DMD (1989) Inhibin as an oocyte meiotic
inhibitor Molecular and Cellular Endocrinology 62 307–311

Sadatsuki M, Tsutsumi O, Yamada R, Muramatsu M and Taketani Y (1993)
Local regulatory effects of activin and follistatin on meiotic maturation
of rat oocytes Biochemical and Biophysical Research Communications
196 388–395

Silva CC and Knight PG (1998) Modulatory actions of activin-A and
follistatin on the developmental competence of in vitro -matured bovine
oocytes Biology of Reproduction 58 558–565

Silva CC, Groome NP and Knight PG (1999) Demonstration of a suppressive
effect of inhibin �-subunit on the developmental competence of in
vitro matured bovine oocytes Journal of Reproduction and Fertility 115
381–388

Sirard MA (1990) Temporary inhibition of meiosis resumption in vitro
by adenylate cyclase stimulation in immature bovine oocytes
Theriogenology 33 757–767

Sirard MA and Blondin P (1996) Oocyte maturation and IVF in cattle Animal
Reproduction Science 42 417–426

Slager HG, Lawson KA, Van den Eijenden-van Raaij AJM, De Laat
SW and Mummery CL (1991) Differential localization of TGF-�2
in mouse preimplantation and early postimplantation development
Developmental Biology 145 205–218

Stock AE, Woodruff TK and Smith LC (1997) Effects of inhibin A and
activin A during in vitro maturation of bovine oocytes in hormone- and
serum-free medium Biology of Reproduction 56 1559–1564

Sugino H, Nakamura T, Hasegawa Y, Miyamoto K, Igarashi M, Eto Y,
Shibai H and Titani K (1988) Identification of a specific receptor for
erythroid differentiation factor on follicular granulosa cell Journal of
Biological Chemistry 263 15 249–15 252

Tannetta DS, Feist SA, Bleach ECL, Groome NP, Evans LW and Knight PG
(1998) Effects of active immunization of sheep against an amino terminal
peptide of the inhibin �C subunit on intrafollicular levels of activin A,
inhibin A and follistatin Journal of Endocrinology 157 157–168

Received 25 March 2002.
First decision 16 May 2002.
Revised manuscript received 11 September 2002.
Accepted 16 September 2002.

Downloaded from Bioscientifica.com at 05/27/2023 05:14:48AM
via free access


