
Introduction

Techniques that have been developed for isolating and
culturing preantral follicles from a range of rodents have
produced developmentally competent oocytes and viable
offspring (Eppig and Schroeder, 1989; Roy and Greenwald,
1989; Torrance et al., 1989; Spears et al., 1994; Cortvrindt
et al., 1996). The limited success of these rodent culture
systems has resulted in attempts to develop similar methods
that can be applied to humans (Abir et al., 1997; Wright et
al., 1999) and domestic species (reviews: Telfer et al., 2000;
Van den Hurk et al., 2000).

For livestock production, the culture of small oocytes
could potentially provide a large population of female germ
cells. Advances have been made in transferring aspects of
the rodent systems to the development of pig follicle
systems in vitro (Hirao et al., 1994; Wu et al., 2001).
However, less densely packed follicles, more fibrous
stromal tissue, larger follicles and slow follicular growth
have all played a role in delaying a successful system for
isolation and culture of bovine preantral follicles.

Complete growth of bovine preantral follicles in vitro is
ambitious as preantral development takes 4–5 months;
therefore, prolonged culture is necessary if developmentally
competent oocytes are to be obtained. In addition, as the
follicles increase in size, problems of nutrient restriction and
insufficient gas and waste exchange may arise. In previous
studies that used bovine preantral follicles, culture was
terminated long before the preovulatory stage (Figueiredo et
al., 1995; Hulshof et al., 1995; Ralph et al., 1995; Gutierrez
et al., 2000; Saha et al., 2000). Nevertheless, preantral
follicles from sheep and cattle have been grown to the antral
stage of development in vitro (Cecconi et al., 1999; Gutierrez
et al., 2000; McCaffery et al., 2000), indicating that follicle
differentiation can be achieved under culture conditions.
However, follicle culture systems for domestic ruminants
have been unsuccessful in obtaining oocytes capable of
undergoing meiotic maturation.

McCaffery et al. (2000) identified markers of follicle
health using a serum-free culture system for bovine
preantral follicles. The present study aims to determine
further optimum conditions for the support of oocyte growth
and granulosa cell differentiation during the early stages of
development.

Ascorbic acid, a dietary requirement for primates and a
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During ovarian folliculogenesis, ascorbic acid may be
involved in collagen biosynthesis, steroidogenesis and
apoptosis. The aims of this study were to determine the
effects of ascorbic acid on bovine follicle development in
vitro. Preantral follicles were cultured for 12 days in
serum-free medium containing ascorbic acid (50 µg ml–1).
Half of the medium was replaced every 2 days, and
conditioned medium was analysed for oestradiol and
matrix metalloproteinase 2 (MMP-2) and MMP-9
secretion. On day 12, cell death was assessed by TdT-
mediated dUTP-biotin nick end labelling (TUNEL). In the
absence of serum, there was significant (P < 0.05) follicle
growth and oestradiol secretion over the 12 day culture
period. Ascorbic acid had no effect on these parameters.

The addition of serum from day 0 stimulated follicle
growth (P < 0.05), but compromised follicle integrity. By
day 12 of culture, a higher proportion of follicles remained
intact in the presence of ascorbic acid in serum-free
conditions (P < 0.05), and significantly (P < 0.01) less
granulosa and theca cell death was observed in these
follicles than in control follicles. Moreover, ascorbic acid
significantly (P < 0.05) increased production of MMP-9, an
enzyme involved in basement membrane remodelling. In
conclusion, this culture system was capable of supporting
follicle differentiation over the 12 day culture period.
Furthermore, ascorbic acid maintains bovine follicle
health and basement membrane remodelling in vitro.
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few other mammals, has been implicated in several
processes associated with follicular and luteal develop-
ment. It is widely distributed in animal tissues, and the
highest concentrations are found in the pituitary, adrenal
gland and gonads (Luck et al., 1995). Ascorbic acid
accumulates in granulosa cells, theca interna, luteal cells
and in oocytes (Kramer et al., 1933; Hoch-Ligeti and
Bourne, 1948; Deane, 1952). Acting as an antioxidant,
ascorbic acid has been implicated in the processes of
hormone secretion, gonadal tissue remodelling and
apoptosis (Luck et al., 1995). 

Adequate turnover of components of the extracellular
matrix of the follicle is essential for normal follicle growth,
follicle repair after ovulation (Himeno et al., 1984) and
subsequent development of the corpus luteum (Luck and
Zhao, 1993). In species that have large follicles, such as
humans and cattle, there is a high demand for collagen IV (a
major constituent of the basement membrane). Ascorbic
acid has been implicated in the biosynthesis of collagen,
both at the gene level (Padh, 1991) and during protein
synthesis (Pinnell, 1985; Hulmes, 1992). The enzymes
involved in the turnover of collagen during follicle growth
are the matrix metalloproteinases (MMPs), which are
regulated by their endogenous tissue inhibitors of
metalloproteinases (TIMPs). A serum-free culture system for
bovine preantral follicles was used to show that MMP and
TIMP activities are secreted in vitro, and that MMP-9, TIMP-
1 and TIMP-2 are markers of follicle health (McCaffery et
al., 2000). Ascorbic acid may act to regulate these factors
(Pfeffer et al., 1998; Murray et al., 2001). 

The presence of high concentrations of ascorbic acid in
endocrine tissues is thought to be important for the
production of steroid hormones (Tsuji et al., 1989). In cows,
concentrations of ascorbic acid in follicular fluid tend to be
higher during the early part of the oestrous cycle (days 1–10
after ovulation) (Wise, 1987). This sequestration of ascorbic
acid may occur to allow rapid expansion of the follicle or to
facilitate post-ovulatory steroidogenesis (Luck et al., 1995).
However, Sanyal and Datta (1979) reported that ascorbic
acid at high concentrations inhibits steroidogenesis. Any
effect of ascorbic acid on hormone synthesis during early
follicular development remains to be clarified.

The role of ascorbic acid as a free radical scavenger is
well understood. It is thought that follicular atresia is
initiated as a consequence of inadequate protection of
maturing granulosa cells from the damaging effects of reactive
oxygen species (Tilly and Tilly, 1995). Oxidants induce
apoptosis in cultured granulosa cells, and the addition of FSH
or antioxidants, such as ascorbic acid, inhibit this response
(Tilly and Tilly, 1995). In addition to follicular atresia, ascorbic
acid deficiency causes premature resumption of meiosis and
oocyte destruction (Kramer et al., 1933).

The aim of the present study was to use a serum-free
culture system (McCaffery et al., 2000) to investigate the
effects of ascorbic acid on bovine preantral and early antral
follicle development in vitro. Follicle growth and integrity
of the basement membrane were assessed during the

culture period, and the effect of ascorbic acid on MMP
production, oestradiol secretion and follicular cell death
were investigated. 

Materials and Methods 

Isolation of preantral follicles 

Bovine ovaries from random stages of the oestrous cycle
were obtained from an abattoir and transported at 258C. In a
laminar flow hood, ovaries were rinsed with 70% alcohol,
and thin slices of ovarian cortex were taken using a scalpel
and placed in dissection medium (Leibovitz’s medium;
GIBCO BRL, Life Technologies Ltd, Paisley) supplemented
with sodium pyruvate (2 mmol l–1), glutamine (2 mmol l–1),
BSA (Fraction V; 3 mg ml–1), penicillin G (75 µg ml–1) and
streptomycin (50 µg ml–1). All chemicals were obtained
from Sigma Chemicals (Poole) unless otherwise stated.
Preantral follicles (146.02 6 1.71 µm) were isolated from
the cortical slices under a dissecting microscope using 25-G
needles. Approximately 15–30 follicles were isolated on
each day of culture. Follicles with an intact basement
membrane and an even distribution of granulosa and theca
layers were selected for culture.

Culture of preantral follicles 

For the control group, preantral follicles (n = 88) were
cultured individually for 12 days in 96-well plates (Bibby
Sterilin Ltd, Stone, Staffs) in 250 µl culture medium
(McCoy’s 5a medium with bicarbonate (Sigma)) supple-
mented with Hepes (20.0 mmol l–1), BSA (0.1%), L-glutamine
(3.0 mmol l–1), penicillin (100.0 iu ml–1), streptomycin
(0.1 mg ml–1), transferrin (2.5 µg ml–1), selenium (4.0 ng
ml–1), androstenedione (10–7 mol l–1) and insulin (10.0 ng
ml–1). For the first treatment group (n = 82), 50 µg L-ascorbic
acid sodium salt ml–1 was added to the control medium and
follicles were cultured for 12 days. The effect of fetal bovine
serum (FBS, 10%) on follicles from day 6 of culture onwards
was also investigated with the addition of FBS to follicles in
either ascorbic acid-treated (n = 33) or control (n = 33)
groups. In addition, FBS was added to control (n = 20) or
ascorbic acid-treated medium (n = 20) on day 0 and
follicles were cultured for 10 days. Plates were incubated
for 10 or 12 days in a sterile humidified atmosphere of air
with 5% CO2 at 378C. Each set of cultures (n = 12) was
performed under identical conditions. Follicle diameters
were measured under a dissection microscope at 2 day
intervals, and follicles that maintained their three-
dimensional morphology were defined as intact. Half of the
medium was replaced every second day, and this
conditioned medium was stored at –208C for subsequent
MMP analysis, or for analysis of oestradiol content.

Detection of cell death in follicle whole mounts by
TUNEL (TdT-mediated dUTP-biotin nick end labelling)

At the end of the 12 day culture period, follicles were
transferred to 24-well culture plates (Corning Costar) and

488 F. H. Thomas et al.

Downloaded from Bioscientifica.com at 05/23/2023 08:25:43PM
via free access



then washed (10 min, PBS, 378C). Cultured follicles (n = 35)
and freshly isolated follicles (negative controls: n = 8) were
permeabilized and prefixed (40 min; 0.5% (v/v) Triton-
X100, 0.25% (w/v) paraformaldehyde in PBS at 378C), and
then fixed (30 min; 4% (w/v) paraformaldehyde in PBS at
room temperature), washed in PBS (2 3 10 min) and stored
(0.02% (w/v) NaN3 in PBS, 48C). Follicles were washed and
equilibrated to room temperature with PBS (20 min; 2 3 10
min). Samples were then incubated with proteinase K
(Roche Diagnostics) (40 min, 17.1 µg ml–1 in PBS, 378C),
refixed at room temperature (20 min, 3% (w/v) para-
formaldehyde in PBS) and washed (10 min, 0.01% (v/v)
Triton-X100 in PBS; 2 3 10 min PBS). A preincubation with
TdT buffer (10 min, 30 mmol Tris–HCl l–1, pH 7.2,
140 mmol sodium cacodylate l–1, 1 mmol cobalt chloride
l–1) was carried out before incubation with TUNEL reaction
mixture (2.5 h, 378C in the dark) from an in situ cell death
detection kit, Fluorescein (Roche), which was prepared
according to the manufacturer’s instructions. Still in the
dark, follicles were washed in PBS (2 3 10 min) and
incubated with propidium iodide (1 h, 2.5 µg ml–1, room
temperature) in bovine pancreatic RNase A (Roche).
Samples were washed (20 min, 0.01% (v/v) Triton-X100 in
PBS; 2 3 10 min PBS) and equilibrated in 50% Vectashield
(Vector Laboratories Ltd, Southgate) overnight at 48C.
Follicles were mounted in 100% Vectashield on concave
microscope slides and stored at 48C in the dark. Follicle
sections were analysed for fluorescein dUTP incorporation
using the Leica TCSNT confocal system (Leica Micro-
systems, Milton Keynes). A single scan was taken through
the centre of each follicle, as determined by central
positioning of the propidium iodide stained germinal
vesicle in the oocyte, using a 3 63 water corrected PLAPO
lens. If the germinal vesicle was not detected, the largest
cross-section of the follicle was used for analysis.
Simultaneous scans at 488 nm (the green channel that
shows any TUNEL labelled DNA) and 568 nm (the red
channel that shows propidium iodide stained nuclear
material) were taken. The number of TUNEL-labelled cells
(granulosa and theca) and the number of propidium iodide
stained cells in each middle section were counted. Owing
to substantial loss of theca cells in groups treated with
serum, the effect of ascorbic acid on theca cell death was
analysed in the serum-free groups only.

Detection of MMP-2 and MMP-9 in culture medium

MMP-2 and MMP-9 activities were detected in culture
medium by gelatin zymography as described by Riley et al.
(1999). In brief, 100 µl samples of serum-free culture
medium from individual follicles (from five independent
cultures carried out under identical conditions) on day 8 of
culture (n = 24) were dialysed against distilled H2O in small
‘tube-o-dialyser’ dialysis tubes with a 15 kDa cut-off
(Chemicon International, London) before being lyophilized
and reconstituted in 7.5 µl of 0.1% (w/v) SDS in H2O. Samples
were separated by SDS-PAGE using 7.5% gels containing 

1 mg gelatin ml–1 on a minigel apparatus (BioRad, Hemel
Hempstead). Gels were washed (2 3 15 min, 2.5% (v/v)
Triton-X100; 2 3 2 min TBS 3 10) and then incubated
overnight at 378C in digestion buffer (50 mmol Tris l–1; 0.2
mol NaCl l–1; 5 mmol CaCl2 l–1, 1 µmol ZnCl2 l–1; 0.02%
(v/v) Brij-35). Gels were stained for 3 h at 238C (0.5% (w/v)
Coomassie blue R250 in 30% methanol:10% (v/v) 
glacial acetic acid in H2O) and then destained (staining
solution with Coomassie blue omitted). This revealed 
clear bands where the gelatin had been degraded by
gelatinase activity. MMP-2 and MMP-9 were identified by
comparison with molecular weight markers and control
standards of human amniotic fluid collected during labour
at term (Riley et al., 1999). MMP activities as detected by
zymography were measured by transmission densitometry
(G-700 Densitometer; BioRad). Relative intensities were
derived from zymogram gels by comparison with parallel
background readings of equal area and calculated using
dedicated software (Quantity One; BioRad). Densitometric
readings were compared only with another gel examined
under precisely the same conditions (that is, the same
electrophoresis run and identical buffers, stains and
incubation periods). 

Detection of oestradiol in culture medium

Concentrations of oestradiol in unextracted serum-free
culture media (n = 87) were determined by radio-
immunoassay as described by Webb et al. (1985). The
sensitivity of the assay was 36 pg ml–1. The intra- and
interassay coefficients of variation were 4.0 and 4.8%,
respectively.

Statistical analyses 

Mean percentage increases in follicle diameter in the six
experimental groups on day 8, and the four experimental
groups on day 12 were compared using one-way ANOVA
followed by t tests to allow for individual comparisons
among groups. Within each group, correlations were
obtained between percentage increase in follicle diameter
and the percentage of follicles that remained intact during
culture. In addition, the proportion of follicles remaining
intact on every second day of culture was compared using a
2-proportions test. Follicles cultured for 12 days were
assessed for granulosa and theca cell death by TUNEL. The
percentage of labelled granulosa cells was compared
among the four groups by ANOVA. In addition, the number
of labelled granulosa cells as a proportion of the total
number of cells in each treatment group was compared
using chi-squared analysis. The effect of ascorbic acid on
theca cell death was analysed in the serum-free groups
using a 2-sample t test. Oestradiol secretion was measured
in serum-free control and ascorbic acid-treated follicles,
and values were compared using ANOVA and subsequent
2-sample t tests. The MMP densitometry data were analysed
using a 2-sample t test. 
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Results

Follicle growth

Follicles were cultured for 12 days in serum-free medium
in the presence (n = 82) or absence (n = 88) of ascorbic
acid. In addition, FBS was added to follicles cultured in the
presence or absence of ascorbic acid on day 0 (n = 40) or
day 6 (n = 66) of culture. There was significant follicle
growth in all treatment groups (P < 0.01) (Fig. 1). Follicles
cultured in medium containing serum from day 0 were
terminated at day 10 because of an increased incidence of
follicle rupture. As a result of follicle loss in these groups,
only measurements up to day 8 of culture were used for
measurement of follicle growth (Fig. 1b). On day 8 there

was a significant difference in the percentage of follicle
growth among all treatment groups (P < 0.05). Follicles
cultured in serum (with and without ascorbic acid) from day
1 of culture had a higher percentage increase in follicle
diameter by day 8 than follicles cultured in serum-free
medium (P < 0.05). However, serum alone did not signifi-
cantly increase the percentage increase in follicle diameter
compared with follicles treated with ascorbic acid in serum-
free medium. When FBS was added to follicles on day 6,
there was no difference in percentage follicle growth by day
12 compared with control or ascorbic acid-treated follicles
in the absence of serum.

Follicle integrity 

There was a negative correlation (P < 0.05) between
percentage follicle growth (as described above) and the
percentage of follicles remaining intact (that is, maintaining
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Fig. 1. (a) The effect of ascorbic acid on bovine follicle growth.
Ascorbic acid (s; n = 82) and control (d; n = 88). Values are mean
6 SEM. (b) The effect of serum on bovine follicle growth. Fetal
bovine serum (FBS) was added on day 0 (d; n = 20), FBS was
added on day 6 (h; n = 33), ascorbic acid with FBS was added on
day 0 (s; n = 20) and ascorbic acid with FBS was added on day 6
(m; n = 33). Values are mean 6 SEM. n represents the number of
follicles in each treatment group at the beginning of culture.

Fig. 2. (a) The effect of ascorbic acid on the integrity of bovine
follicles. Ascorbic acid (j; n = 82) and control (h; n = 88). (b) The
effect of serum on the integrity of bovine follicles. Ascorbic acid
with fetal bovine serum (FBS) was added on day 6 (j; n = 33), FBS
was added on day 6 (h; n = 33), ascorbic acid with FBS was added
on day 0 ( ; n = 20) and FBS was added on day 0 ( ; n = 20). 
n represents the number of follicles in each treatment group at the
beginning of culture. 
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Table 1. Effect of ascorbic acid and serum on the percentage cell death in bovine granulosa and theca
cells on day 12 of culture

TUNEL-labelled TUNEL-labelled
granulosa cells theca cells

Treatment (mean % 6 SEM) (mean % 6 SEM)

Day 0 0 6 0a 0 6 0a

Control (day 12) 6.44 6 3.23b 48.68 6 4.42b

Ascorbic acid (day 12) 0 6 0a 20.28 6 1.93ab

Fetal bovine serum (day 12) 12.43 6 4.13b –
Ascorbic acid + fetal bovine serum (day 12) 0 6 0a –

aSignificantly less cell death than the control (P < 0.001).
bSignificantly more cell death than at day 0 (P < 0.001).

(a)

(b)

(i) (ii)

(i) (ii)

Fig. 3. (a) Ascorbic acid-treated bovine follicles on day 12 of culture. (i) Follicle stained with
propidium iodide (red); (ii) theca cells undergoing cell death labelled with fluorescein dUTP (green).
(b) Control follicle on day 12 of culture. (i) Follicle stained with propidium iodide (red); (ii) mural
granulosa cells and theca cells undergoing cell death labelled with fluorescein dUTP (green). Arrows
indicate cell death, as detected by TUNEL. Scale bars represent 100 µm.
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basement membrane integrity) during the 12 days of
culture. For follicles cultured for 10 days, there was a
significant correlation only in the absence of ascorbic acid
(P < 0.05). From day 8 of culture onwards, significantly
(P < 0.05) more ascorbic acid-treated follicles remained
intact in the absence of serum compared with control
follicles and follicles treated with serum from day 0 (Fig. 2).
By day 10, follicles cultured with medium containing serum
from day 0 had a significantly greater loss of basement
membrane integrity than follicles in all other treatment groups
(P < 0.05). By day 12, a higher proportion of follicles cultured
with serum-free medium supplemented with ascorbic acid
remained intact than in any other group (P < 0.05). 

Detection of cell death by TUNEL

Freshly isolated follicles (day 0; n = 8) and follicles
cultured for 12 days (control, n = 9; ascorbic acid, n = 9;
serum added day 6, n = 8; ascorbic acid with serum added
day 6, n = 9) were stained by TUNEL for the occurrence of
cell death. Results were obtained from two TUNEL experi-
ments, using follicles from at least three cultures carried out
under identical conditions. The largest cross-section of the
follicle or the section containing the oocyte germinal
vesicle was analysed using confocal microscopy and image
analysis. The occurrence of cell death (expressed as a
percentage) in the granulosa compartment was significantly
different among all treatment groups (P < 0.05) (Table 1).
There was no granulosa cell death in freshly isolated
follicles or in follicles cultured with ascorbic acid (with or
without serum). There was significantly (P < 0.001) more
granulosa cell death in follicles cultured in control medium
and in those cultured in control medium containing serum
than in day 0 follicles or in follicles treated with ascorbic
acid alone. Follicles treated with serum had less cell death
in granulosa cells when ascorbic acid was also present

(P < 0.001). In addition, follicles cultured with ascorbic acid
displayed a significantly (P < 0.01) lower incidence of theca
cell death than controls (Table 1). Examples of a follicle
with healthy (as assessed by the absence of TUNEL
labelling) granulosa cells and a follicle undergoing
granulosa cell death are shown (Fig. 3).

Oestradiol secretion

During the 12 day culture period, there was significant 
(P < 0.01) oestradiol secretion by follicles in serum-free
medium in the presence and absence of ascorbic acid (Fig.
4). No significant differences in oestradiol secretion were
observed between ascorbic acid and control groups.

MMP-2 and MMP-9 secretion

Ascorbic acid-treated (n = 12) and control medium 
(n = 12) from day 8 of culture were analysed for MMP
activity. MMP-2 (72 kDa) and MMP-9 (92 kDa) were
detected in all samples. Densitometric analysis showed that
latent MMP-9 activity was significantly higher in conditioned
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Fig. 5. (a) Representative gelatin zymography gels showing
gelatinase activities in conditioned medium collected from bovine
follicles maintained in culture for 8 days, either untreated (control)
or treated with ascorbic acid. Gelatinase activities corresponding
to the latent forms of matrix metalloproteinases (MMP) MMP-2 and
MMP-9 are indicated. A sample of human amniotic fluid (af)
collected at term was used as a positive control. Molecular weight
markers (mw) are as indicated (kDa). (b) Densitometric analysis
(expressed as relative densitometric units; mean 6 SEM; n = 12) of
the gelatinase activities of the latent forms of MMP-2 and MMP-9
in conditioned medium collected from bovine follicles after 8 days
in culture, with no treatment (control) or treated with ascorbic acid.
*Significantly (P < 0.05) greater MMP-9 activity than controls.
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medium from ascorbic acid-treated follicles (P < 0.05). The
densitometric readings, taken within the range of linear
sensitivity of the zymogram gel, represent a 1.5-fold
increase (3748–5784 densitometric units) in enzyme
activity. An example of a zymogram demonstrating MMP-2
and MMP-9 activity is shown (Fig. 5).

Discussion

The results presented here demonstrate successful growth
and differentiation of bovine preantral follicles cultured for
12 days in a serum-free medium. In addition, ascorbic acid
was found to maintain follicle integrity in the absence of
serum throughout the culture period, reduce the incidence
of cell death, and may participate in the regulation of
remodelling the extracellular matrix.

Ideally, a long-term culture system would be serum-free
to allow the determination of optimal conditions for follicle
development. Replacement of serum with ascorbic acid in
this culture system did not significantly increase follicle
growth, but it did allow the follicles to maintain their
normal morphology throughout the culture period. An
increased rate of follicle growth was shown to correlate
with a significant decrease in follicle integrity during the 12
day culture period. The presence of serum in the culture
medium may have accelerated follicle development at a
rate that could not be sustained, which led to follicle
rupture. In addition, there was substantial theca cell loss
from follicles in serum-treated groups (results not shown).
The effect of serum in promoting migration of theca cells to
the substrate is in agreement with the study by Ralph (1996),
who reported loss of theca cells from bovine preantral
follicles cultured in the presence of serum. Therefore, the
increase in granulosa cell death in serum-treated follicles
reported here may be due to decreased cell adhesion,
which increases the susceptibility of granulosa cells and
other cell types to apoptosis (Peluso, 1997; Sakai et al.,
2000).

Little is known about the regulators of follicle growth
during the gonadotrophin-independent stages of develop-
ment. Early evidence for the role of ascorbic acid has come
from the use of scorbutic guinea-pigs (Kramer et al., 1933);
these guinea-pigs are infertile due to ascorbic acid defi-
ciency and demonstrate degeneration in the follicle wall
that is consistent with loss of basement membrane integrity
(Kramer et al., 1933). Although little is known about the role
of ascorbic acid in facilitation of follicle expansion in the
growth phase, depletion of ascorbic acid is associated with
structural involution in the corpus luteum in conjunction
with increased activity of matrix-degrading enzymes (Endo
et al., 1993). Ascorbic acid, acting as an antioxidant, has
been implicated in collagen biosynthesis (Pinnell, 1985),
which is essential for basement membrane construction
during follicle growth.

Regulated degradation of the extracellular matrix may
provide an important mechanism for regulation of growth
factor availability and activity during follicle development

(McIntush and Smith, 1998). With respect to the preantral
and early antral stages of follicular development, the
contribution of the various MMPs and associated regulators
to follicular remodelling is not well understood. McCaffery
et al. (2000) demonstrated that secretion of MMP-9 and
TIMP-1 and -2 from bovine preantral follicles during culture
are markers of follicle health at day 6. In the present study,
MMP-2 and -9 were secreted by follicles on day 8 of culture
in the presence and absence of ascorbic acid. This finding
indicates that the majority of follicles were able to proceed
to this stage and remain healthy in basic serum-free culture
medium. However, from day 8 onwards there was an
increased loss of basement membrane integrity in the
absence of ascorbic acid, and by day 12 there was an
increase in cell death in these groups. Results from the
present study are in agreement with other studies in vitro
(Rose et al., 1999; Murray et al., 2001), which have
demonstrated promotion of follicle integrity and survival by
ascorbic acid in cultured mouse follicles. The study by
Murray et al. (2001) also reported an increase in MMP and
TIMP activity in the presence of ascorbic acid. The
zymography results presented in the current study
emphasise the usefulness of MMP detection as a means of
monitoring follicle health throughout culture. In addition, it
was shown that ascorbic acid may increase MMP-9 activity,
which implies a role for ascorbic acid in the regulation of
extracellular matrix turnover and the maintenance of
follicle health during long-term culture. In another study,
the importance of maintaining healthy theca cells and their
connections with the granulosa layers in bovine follicle
culture has been emphasized, and a role for these types of
cell in basement membrane remodelling during the early
stages of folliculogenesis was supported (McCaffery et al.,
2000). However, other studies have reported follicle rupture
or loss of theca cells from bovine preantral follicles during
culture (Ralph et al., 1995; Gutierrez et al., 2000). The fact
that ascorbic acid has been identified to significantly 
reduce theca cell death in vitro in the present study may
help to overcome these problems and facilitate normal
folliculogenesis in vitro. 

It is important to define conditions that are conducive to
somatic cell survival to maintain health and normal
development of the oocyte in vitro. The role of ascorbic
acid in the neutralization of free radical species has been
studied extensively. As well as having relevance to follicle
remodelling, the action of ascorbic acid affects the process
of follicular cell death. Tilly and Tilly (1995) reported that
accumulation of free radical species in tropic factor-
deprived follicles is involved in triggering granulosa cell
apoptosis. These authors also found that FSH suppressed
apoptosis in cultured antral follicles of rats, and that this
effect was mimicked by antioxidants including ascorbic
acid. In the culture system used in the present study,
granulosa and theca cells of follicles treated with ascorbic
acid had a significantly lower incidence of cell death (as
analysed by TUNEL) compared with control follicles in
serum-free medium. When serum was added to follicles on
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day 6 of culture, there was significantly more granulosa cell
death by day 12 of culture than in ascorbic acid-treated
follicles. However, this effect was not apparent when serum
was added in conjunction with ascorbic acid. As more
follicles were found to lose basement membrane integrity in
the presence of serum, any deleterious effects may be due to
inappropriate stimulation of follicles by serum during the
early stages of development.

Ascorbic acid had no significant effect on the production
of oestradiol by follicles during the culture period. This
finding is in agreement with a study using cultured mouse
follicles (Murray et al., 2001). Ascorbic acid is thought to
play a similar role in steroidogenesis in the ovary as in the
adrenal gland, in which high concentrations of ascorbic
acid inhibit steroid biosynthesis through inhibition of
hydroxylation systems (Kitabchi, 1967). However, the
precise mechanism through which this is effected is not well
understood. Since ascorbic acid uptake in granulosa cells is
positively regulated by FSH and IGF-I in a synergistic
manner similar to the control of granulosa cell differentia-
tion (Giudice, 1992; Behrman et al., 1996), ascorbic acid
may play an important part in expansion, survival and
steroidogenesis in the later stages of folliculogenesis and
during the establishment of dominance.

In conclusion, it has been shown that ascorbic acid
improves the quality of bovine follicles and their survival in
a serum-free culture system. In addition, a role for ascorbic
acid in the regulation of follicle remodelling by influencing
MMP production was identified. Ascorbic acid had no
effect on oestradiol production or follicle growth in this
study. Further investigations are required to determine
whether the effect of ascorbic acid on follicle health leads to
improvement of oocyte quality in vitro. A technique for
obtaining a source of homogeneous mature oocytes from
bovine ovaries would provide a model for in vitro
maturation and fertilization systems for human oocytes, as
well as facilitating investigations into postovulatory and
embryonic development.
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