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EFFECT OF INSULIN AND FIBRONECTIN ON THE
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Summary—Granulosa cells from fully differentiated bovine follicles were cultured in serum-
free medium for 4 days. At the end of culture, the number of viable cells was low (10-15%
of cells plated on day one) and only progesterone secretion responded to FSH.

Insulin increased the number of viable cells at the end of culture (EDs, # 70 ng/ml) and
stimulated progesterone secretion (EDj, # 50 ng/ml); the secretion of oestradiol-178 over basal
value was evident only for concentrations of 1000 and 10,000 ng/ml.

FSH acted synergistically with insulin to modify steroid secretion. In the presence of 50 ng/
ml of insulin, dose-response studies indicated that secretion of progesterone was maximal at
10 ng/ml of FSH and plateaud thereafter, while oestradiol output peaked at 2 ng/ml of FSH,
decreasing at higher concentrations.

When cells were seeded in wells precoated with fibronectin, a comparison with cells cultured
on plastic showed an increase (30-40%) in the number of viable cells at the end of culture
and in oestradiol secretion but a decrease in progesterone output.

These results indicate that granulosa cells from large bovine follicles, cultured in a
serum-free medjum containing insulin, maintain their steroidogenic potency for at least 4 days.
Moreover, they show that oestradiol and progesterone synthesis are differentially sensitive to
FSH concentrations and that fibronectin increases oestradiol secretion in response to FSH.

0960-0760/91 $3.00 + 0.00
Copyright © 1991 Pergamon Press plc

INTRODUCTION

It has been clearly established that follicular
growth depends on hypophyseal gonadotropins.
More recent data have shown that the effects of
these hormones are modulated by autocrine/
paracrine factors. Evidence for this has been
obtained from in vitro experiments using rat
granulosa cells. However, it is increasingly
apparent that species differences exist (for
example see the recent review of Hutz [1] on the
effect of oestrogens). Thus the regulation of
granulosa cell function must be established for
each species.

For cultured bovine granulosa cells, some
data dealing with the control of their prolifer-
ation and their secretion of progesterone and
oxytocine are available [2-8]). Most of these
results were, however, obtained in the presence
of serum which often has a more important
effect than the agonist tested. Moreover,
dose-response curves to establish optimal cul-
ture conditions were not performed and the
secretion of oestradiol-178, when studied, was
not maintained.
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The present report describes an investigation
of culture conditions in a defined serum-free
medium which allow bovine granulosa cells to
remain responsive to FSH.

It has been observed that some responses of
cultured granulosa cells may depend on the
stage of development of the follicles (Rhesus
monkey [9], Marmoset monkey [10], human
[11], bovine [7], porcine [12]). The current
investigation was restricted to granulosa cells
obtained from fully differentiated follicles.

MATERIALS AND METHODS

Animals

Three-month-old Holstein x Friesian female
calves were injected i.m. with 1500 IU PMSG
(Intervet, Angers, France). Previous exper-
iments [13] have shown that the occurrence of
oestrus, the peak of oestradiol-178 concen-
tration in peripheral blood and maximum fol-
licular development are observed 110-130h
after this treatment. Therefore to obtain fully
differentiated but not luteinized follicles as a
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source of granulosa cells, the animals were killed
96 h after PMSG injection.

Cell culture

To collect granulosa cells, 815 mm diameter
follicles were punctured and rinsed 10 times
with INRA F, medium (IMV, L’Aigle, France)
containing 2% heparine. The cell suspensions
were pooled.

After centrifugation (300 g, 7 min) the super-
natant was discarded. To improve dissociation
the cells were treated according to Campbell
[14): 0.5ml of 6.8 mM EGTA (SERVA) in
Menezo B, medium without cholesterol (API
System SA Montralieu-Vercieu, France) were
added and the tubes incubated at 37°C for
15min. After centrifugation the supernatant
was discarded and the cells resuspended in
Menezo B, medium. The viability, as assessed by
trypan blue exclusion, was between 80 and 90%.

Cells (approx. 0.3 x 10%/well) were plated in
48-well Costar plates in 0.5m! Ham’s F,
medium (Gibco) buffered with 20 mM Hepes
buffer, pH 7.4, and supplemented with 1 mg/l
human transferrin (Sigma), 100 uM ascorbic
acid (Prolabo, Paris France), 20 mg/l gentam-
icin (Gentaline, Unicet Levallois Perret,
France), 4 mg/l nystatin (Seromed) and 10’ M
Ad-androstenedione (Steraloids). Culture was
performed at 37°C under a water-saturated gas
phase of 95% air and 5% CO,. Medium was
collected and replaced every day.

Highly-purified FSH (pFSH prepared by Dr
Y. Combarnous, INRA Nouzilly, France; batch
C. Y. 1737 111, FSH activity 41 x NIH FSH P1,
LH activity lower than 0.5%) and bovine insulin
(Sigma) were added from the beginning of the
culture and renewed daily. Within a culture,
each dose was tested in 3 wells.

In some cases, fibronectin (fibronectin from
bovine plasma, Sigma) was added to the wells
(3 ug/well) and incubated for 30-60 min at 37°C
before seeding [15].

The culture was stopped after 4 days. The
medium was collected and stored at —20°C
until assayed for oestradiol-178 and progester-
one content, and the number of viable cells
estimated.

Assay of oestradiol-178 and progesterone

Oestradiol-178 and progesterone were
measured without extraction using previously
described radioimmunoassays [16,17]. The
specificity of these methods was further checked
by checking that dilution curves (dilutions cor-
responding to 50, 25, 12.5, 6.25 and 3.12 ul of
medium) of 10 samples obtained in different
culture conditions were parallel to the standard
curves.

Each sample was measured in duplicate.

DNA assay

The number of cells plated 24 h after seeding
and at the end of culture was estimated by
measuring the amount of DNA in the wells. The
assay was adapted from Sorger and Germinario
[18] with the following modifications.

o We observed that both the DNA liberated
during culture and the presence of dead cells
lead to an overestimation of the number of
viable cells (Table 1). Therefore, before the
solubilization of the cells, dead cells and free
DNA were eliminated by a trypsin/DNase treat-
ment as suggested by Farookhi [19]: trypsin
(20 ug/ml; Gibco) was added to the wells for
1.5min at 37°C, inhibited by serum and fol-
lowed by DNase (50 ug/ml; DNase I, type IV,
Sigma) for 10 min at 37°C.

o In order to eliminate background due to
inhomogeneity of samples, the extracts were
sonicated for 5s according to Brunk ez al. [20].

o In view of range of DNA to be assayed, the
concentration of 4’,6-diamidino-2-phenylindole
(Dapi, Serva) was reduced to 20 ng/ml [21].

DNA was assayed using calf thymus DNA
(Sigma) as standard and it was assumed that

Table 1. Validation of the DNA assay for the estimation of the number of viable cells
at different times of culture

Duration of Methods
culture
(h) A B C D
24 231.2+ 3.6 471.0+ 4.6 3422428 2342+ 14
72 202.1+104 3927+ 128  288.1 +4.6 207.6 +4.4

'Number of cells x 10~

The number of viable cells was estimated after 24 or 72 h of culture by different methods:
A—trypsinization (trypsin 0.1% in medium for 4-5min at 37°C) and counting;
B—DNA assay; C—DNA assay but the monolayer was treated with DNase before
solubilizing the cells; D—DNA assay but dead cells and free DNA were removed by
the trypsin/DNase treatment as described in Materials and methods. Data represent

the mean +SEM of 3 wells.
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10 ug of DNA corresponded to 1.4 x 10¢ cells
22, 23].

Data analysis

Experimental data are presented as
mean + SEM. Data were subjected to one-way
analysis of variance or to two-way analysis of
variance to study interactions. The EDs, were
calculated with the help of Graph PAD pro-
gramm (ISI Software).

RESULTS

Effect of insulin on the response to FSH

When granulosa cells were seeded on plastic
in the absence of insulin, less than 15% of cells
attached 24 h after seeding were still present on
D, of culture. A dose-response curve was ob-
served for progesterone (Fig. 1) but secretion of
oestradiol could not be detected (data not
shown).

Insulin by itself increased in a dose-dependent
manner both the number of viable cells on day
4 (P < 0.001, ED,, # 70 ng/ml, Fig. 2) and pro-
gesterone secretion (P < 0.001, EDy, # 50 ng/ml,
Fig. 4). An effect of insulin on oestradiol
secretion was noticed only at concentrations of
1000 and 10,000 ng/ml (P < 0.01).

FSH and insulin interacted to improve the
maintenance of cell viability (P < 0.001, Fig. 3)
with no differences among the doses of FSH
tested. They also interacted to stimulate pro-
gesterone secretion (P < 0.001, Fig. 4). A simi-
lar interaction was also observed with reference
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Fig. 1, Effect of treatment with FSH on progesterone
secretion by bovine granulosa cells. The cells were cultured
for 4 days in Ham’s F,, medium supplemented with ascorbic
acid (100 uM), transferrin (10 ug/ml), Ad-androstenedione
(10-"M) and different amounts of FSH. The medium was
changed every day. The secretion of progesterone during the
last 24 h, corrected for the number of viable cells measured
at the end of culture, is presented. Data represent the mean
+ SEM of triplicate wells of a representative experiment
repeated 4 times.
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Fig. 2. Effect of treatment with insulin on the number of
viable bovine granulosa cells. Cells were cultured as
described in the legend of Fig. 1, with different amounts of
insulin. The number of viable cells was estimated at the end
of culture and expressed as a percentage of those present
24h after seeding. Data represent the mean +SEM of
triplicate wells of 4 separate experiments.
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to oestradiol secretion (P < 0.001). However,
1 ng/ml of FSH led to an increase, whereas 5
and 10 ng/ml of FSH decreased this secretion
(Fig. 5).

Whether insulin was tested alone or in the
presence of FSH, the EDy;, on the maintenance
of cell viability and progesterone secretion was
between 50 and 100 ng/mi.

Effect of fibronectin on the response to FSH in
the presence of 50ng/ml of insulin

It has frequently been demonstrated that at
concentrations higher than 50 ng/ml the activity
of insulin is due to interaction with IGF, recep-
tors [24]. This dose was therefore selected
in order to produce a “pure” insulin effect.
The response of granulosa cells was further
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Fig. 3. Effect of treatment with insulin in the presence of
different amounts of FSH on the number of viable granu-
losa cells. Cells were cultured as described in the legend of
Fig. 1 with different amounts of insulin and 0 (O——0),
L (A——-A), 5 (0——¢) or 10 (O-+--Q) ng/ml of FSH.
The number of viable cells was estimated at the end of
culture and expressed as a percentage of those present 24 h
after seeding. Data represent the mean of triplicate wells of
4 separate experiments. SEM are not represented for clarity.
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Fig. 4. Effect of treatment with insulin in the presence of
different amounts of FSH on progesterone secretion by
bovine granulosa cells. Cells were cultured as described in
the legend of Fig. 1, with different amounts of insulin and
0 (O0—0), 1 (A—A), 5 (0——<) or 10 (O-:+--O)
ng/ml of FSH. The secretion of progesterone during the last
24 h corrected for the number of viable cells measured at the
end of culture is presented. Data represent the mean + SEM
of triplicate wells of a representative experiment repeated
3 times.

characterized for a larger range of FSH concen-
trations (1-100 ng/ml) when cultured with or
without fibronectin as an attachment factor.

In the presence of fibronectin, the number of
cells attached after 24 h was slightly increased
but the main effect was on the subsequent
maintenance of viability (P <0.001, Fig. 6).
Whether the cells were cultured on plastic or on
fibronectin, FSH increased the number of viable
cells but no dose-related differences were ob-
served. The secretion of progesterone increased
with the dose of FSH, but the highest oestradiol
secretion was observed with 2 ng/mi of FSH,
dramatically decreasing thereafter (Fig. 7).
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Fig. 5. Effect of treatment with insulin in the presence of
different amounts of FSH on oestradiol secretion by bovine
granulosa cells. Cells were cultured as described in the
legend of Fig. 1, with different amounts of insulin and 0
(O—=0), 1 (A——A), 5 (6——9¢) or 10 (O:+--0)
ng/ml of FSH. The secretion of oestradiol-178 during the
last 24 h corrected for the number of viable cells measured
at the end of culture is presented. Data represent the mean

+ SEM of triplicate wells of a representative experiment

repeated 3 times.
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Fig. 6. Effect of treatment with FSH and fibronectin in the
presence of 50 ng/ml of insulin on the number of viable
bovine granulosa cells. Cells were seeded on plastic
(A-—-A) or after treatment of wells with fibronectin
(3 pg/em?) (O——0) and cultured as described in the
legend of Fig. 1 with 50ng/ml of insulin and different
amounts of FSH. The number of viable cells was estimated
at the end of culture and expressed as a percentage of those
present 24 h after seeding. Data represent the mean +SEM
of triplicate wells of 3 separate experiments.

These patterns were similar in cells cultured
with or without fibronectin, but in the presence
of fibronectin the secretion of progesterone
was decreased (P <0.001), whereas that of
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Fig. 7. Effect of treatment with FSH in the presence of
50ng/ml of insulin on progesterone and oestradiol
secretions by bovine granulosa cells seeded on plastic (a)
or fibronectin (b). Cells were seeded on plastic or after
treatment of wells with fibronectin (3 ug/cm?) and cultured
as described in the legend of Fig. 1 with 50 ng/mi of insuln
and different amounts of FSH. The secretion of progester-
one (A----- A) and oestradiol ((J——[1) during the last
24 h corrected for the number of viable cells measured at the
end of culture is presented. Data represent the mean +SEM
of triplicate wells of a representative experiment repeated
3 times.
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oestradiol increased (P <0.001) when com-
pared with cells cultured on plastic.

Is the effect of fibronectin on steroid secretion
related to its effect on the maintenance of cell
viability?

As cell density is reported to affect steroid
secretion of cultured granulosa cells [25, 26], we
tested the hypothesis that the effect of
fibronectin on steroid secretion in response to
FSH was due to differences in the number of
cells present at the end of culture.

Cells were seeded on plastic, and at the same,
and at half the previous density on fibronectin
in the presence of 50 ng/ml of insulin and
5 ng/ml of FSH. The results of two experiments
reported in Table 2 show that the effect of cell
density cannot account for all the differences in
steroid secretion between cells cultured with or
without fibronectin. Both oestradiol and pro-
gesterone secretions increased when cell density
decreased for those cultured on fibronectin.
However, at a similar density the presence of
fibronectin increased oestradiol and decreased
progesterone secretion on day 4 when compared
with cells cultured on plastic.

DISCUSSION

There are disadvantages to culturing cells in
the presence of serum or on an extracellular
matrix of unknown composition: the mainten-
ance of cell viability is the result of an equi-
librium between negative and positive effects of
serum components (see for review [27] and [28])
and the effect of agonists can be masked (as for
FSH [29, 30]) or amplified by unknown sub-
stance(s). For these reasons, we established our
culture without serum and thus the observed
effects are strictly a function of the substances
added.

When granulosa cells obtained from fully
differentiated follicles were stimulated with FSH
alone, a dose-response curve for progesterone
secretion was observed but the number of
viable cells at the end of culture was low and
no secretion of oestradiol-17f§ could be
measured. Insulin alone improved the number
of viable cells on day 4 and induced in a
dose-dependent manner the secretion of pro-
gesterone as has previously been demonstrated
for porcine granulosa cells [31, 32]. A limited
effect on oestradiol secretion was noticed with
the highest doses of insulin tested (1 and
10 ug/ml),

Table 2. The effect of fibronectin and cell density on steroids secretion in response to FSH

Cells cultured on fibronectin

Cells cultured on plastic

Oestradiol®

Progesterone?
1655.2 +-45.8

Cell
number'

Oestradiol’

Cell
number’ Progesterone?

Oestradiol®

640.3 + 78.1

Progesterone®

Cell
number'

32.
55

939.5 + 73.8

333.5+88

3123+9.2

276409
432432

759.2 + 56.5
5274+ 103

236.0+ 5.5

537.2+29.0 + 66.1 1+ 1.6 258.0 + 14.2
501.6 +20.8 452.5+226 970129

1.7
1.1

8+
8+ 1.

Experiment 1
Experiment 2

1(x 1073). *(ng/24 h/10° cells). *(pg/24 h/10° cells).

f 50 ng/ml of insulin and 5 ng/ml of FSH.

Cells were seeded on plastic and at the same (A) and at half (B) the previous density on fibronectin in the presence o!

After 4 days both the number of cells and the steroid secretion were measured.

Data represent the mean + SEM of 6 wells.

In experiment 1, the difference in oestradiol secretion by cells cultured on plastic and cells cultured at the same density on fibronectin is not significant; in
experiment 2, this difference is significant with P < 0.05. Within an experiment, all other differences are significant with P < 0.01.
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Insulin enhanced the secretion of progester-
one in response to FSH, as previously observed
in other species [33-35], with an apparent EDs,
of approx. 50 ng/ml.

It has, however, been reported that insulin
has no effect (in porcine granulosa cells [35]) or
amplifies (in human granulosa cells [11]) the
activity of FSH on aromatase function. In
bovine granulosa cells recovered from large
follicles, our dose-response studies showed that
both amplification and inhibition could be
observed depending on the dose of FSH.

It is usually considered that the effects of
doses of insulin higher than 50ng/m! are
mediated through IGF, receptors [24]. Hence,
the effect of FSH was further characterized in
the presence of 50 ng/ml of insulin in order to
avoid responses to IGF, stimulation. In these
conditions, the dose-response curve for pro-
gesterone plateaued at 20 ng/ml of FSH. The
oestradiol response was unexpected: 2 ng/ml of
FSH induced the largest response and for higher
doses a dramatic fall of oestradiol secretion was
observed. This observation could explain why
Skinner and Osteen [7] could not maintain
oestradiol secretion when stimulating bovine
granulosa cells with 100 ng/ml of FSH.

The observation that oestradiol secretion de-
creases when that of progesterone increases,
raised the question of the control of aromatase
activity by steroids. Exogenous progesterone
has been shown to inhibit the induction of
aromatase activity in cultured rat granulosa
cells [36, 37) but 10~° M concentrations of ster-
oids were necessary. More recently, Chan and
Tan [38] have shown that when progesterone
synthesis of porcine granulosa cells was de-
creased by aminoglutethimide, the FSH-in-
duced aromatase activity was augmented.
However, in the present work, the inverse re-
lationship between oestradiol and progesterone
secretion was dependent on the dose of FSH. In
cows, according to the authors, the reported
concentrations of FSH vary between 50 and
300 ng/ml in plasma [39-44] and between 0.5
and 125 ng/ml in follicular fluid [45-47]; differ-
ences in purity of standards cannot explain these
discrepancies. Moreover, Schneyer et al. [48]
suggest that FSH immunoactivity in follicular
fluid, at least in pigs, is not pituitary FSH.
Therefore, it is difficult to assess which of the
concentrations of FSH tested in vitro mimics the
degree of stimulation of granulosa cells in vivo.

Fibronectin was reported to improve granu-
losa cell attachment and the maintenance of cell

viability in a defined medium [15, 49-51]. This
effect was also seen in the present work. Orly et
al. [29] reported that fibronectin was inhibitory
to progesterone production by rat granulosa
cells, whereas Morley et al. [50] found no differ-
ences in oestradiol and progesterone secretions
of cells plated on plastic or on fibronectin.

In our experiments, the steroid response to
FSH was dependent on whether the granulosa
cells were seeded on plastic or on fibronectin
but, again, the effects were different for pro-
gesterone and oestradiol secretion. Compared
to cells plated on plastic, those plated on
fibronectin secreted less progesterone, and more
oestradiol. Therefore, as far as the steroidogenic
response to FSH is concerned, seeding the cells
on fibronectin or decreasing the dose of FSH
had the same effect: the secretion of progester-
one decreased, that of oestradiol increased.

Fibronectin modifies cell function after bind-
ing to a receptor of the integrin family (reviewed
by Ruoslahti [52]). This receptor is connected
with the cytoskeleton which has been reported
to be involved in the transduction of signals
evoked by FSH [53]. These authors have shown
that fibronectin inhibits the action of FSH on
the production of some cytoskeleton proteins
associated with differentiation of granulosa
cells. This could explain why, in our experiment,
when cells were cultured on fibronectin, they
responded as if they were stimulated by a lower
amount of FSH.

Because fibronectin is secreted by granulosa
cells under the control of FSH and insulin
[54-56] and is one of the components of the
extracellular matrix, the present results suggest
that it is more important than just an attach-
ment factor for in vitro studies. It may have a
physiological function in the paracrine control
of granulosa cells and follicles differentiation.

In conclusion, our data indicate that primary
culture of bovine granulosa cells can be estab-
lished and remain responsive to FSH under
defined, serum-free conditions. The defined
system will allow us to study the effects of
growth promoters and differentiative agents on
granulosa cell function in the absence of inter-
ference by serum components.

Our data also address the physiological sig-
nificance of the inverse relationships between
oestradiol and progesterone secretions when
FSH concentrations increase.

The biological effects of fibronectin have been
studied as far as cell adhesion and migration,
organization and regulation of the cytoskeleton
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elements are concerned. As reviewed by Amster-
dam and Rotmensch [57], fibronectin and the
other components of the extracellular matrix
must be considered as possible factors in the
regulation of granulosa cell differentiation.

REFERENCES

1. Hutz R. J.: Disparate effects of estrogens on in vitro
steroidogenesis by mammalian and avian granulosa
cells. Biol. Reprod. 40 (1989) 709-713.

2. Fortune J. E. and Hansel W.: The effects of 178-oestra-
diol on progesterone secretion by bovine theca and
granulosa cells. Endocrinology 104 (1979) 1834-1838.

3. Gospodarowicz D., Delgado D. and Vlodavsky I.:
Permissive effect of the extracellular matrix on cell
proliferation in vitro. Proc. Natl Acad. Sci. US.A. 77
(1980) 4094-4098.

4. Savion N., Laherty R., Cohen D., Lui G. M. and
Gospodarowicz D.: Role of lipoproteins and 3-hydroxy-
3-methylglutaryl coenzyme. A reductase in progesterone
production by cultured bovine granulosa cells. Endo-
crinology 110 (1982) 13-22.

5. Luck M. R. and Jungclas B.: Cathecholamines and
ascorbic acid as stimulators of bovine ovarian oxytocine
secretion. J. Endocr. 114 (1987) 423-430.

6. Luck M. R.: Enhanced secretion of oxytocine from
bovine granulosa cells treated with adrenal steroids.
J. Reprod. Fert. 83 (1988) 901-907.

7. Skinner M. K. and Osteen K. G.: Developmental and
hormonal regulation of bovine granulosa cell function
in the preovulatory follicle. Endocrinology 123 (1988)
1668-1675.

8. Holtorf A. P., Furuya K., Ivell R. and McArdle C. A.:
Oxytocine production and oxytocine messenger ribonu-
cleic acid levels in bovine granulosa cells are regulated
by insulin and insulin-like growth factor—I: depen-
dence on developmental status of the ovarian follicle.
Endocrinology 125 (1989) 2612-2620.

9. Channing C. P.: Progesterone and estrogen secretion by
cultured monkey ovarian cell types: influences of follicu-
lar size, serum luteinizing hormones levels, and follicu-
lar fluid estrogen levels. Endocrinology 107 (1980)
342-352.

10. Harlow C. R., Shaw H. J, Hillier S. G. and Hodges
J. K.: Factors influencing follicle-stimulating-hormone
responsive steroidogenesis in Marmoset granulosa cells:
effects of androgens and the stage of follicular maturity.
Endocrinology 122 (1988) 2780-2787.

11. Garzo V. G. and Dorrington J. H.: Aromatase activity
in human granulosa cells during follicular development
and the modulation by follicle-stimulating hormone and
insulin. Am. J. Obstet. Gynecol. 148 (1984) 657-662.

12. Hylka V. W., Kaki M. K. and Di Zerega G. S.:
Steroidogenesis of porcine granulosa cells from small
and medium-sized follicles: effects of follicle stimulating
hormone, forskolin, and adenosin 3, 5’-cyclic mono-
phosphate versus phorbol ester. Endocrinology 124
(1989) 1204-1209.

13. Saumande J. and Testart J.: Plasma levels of oestradiol-
178 in the prepubertal heifer treated to induce superovu-
lation. Theriogenology 2 (1974) 121-129.

14. Campbell K. L.: Ovarian granulosa cells isolated with
EGTA and hypertonic sucrose: cellular integrity and
function. Biol. Reprod. 21 (1979) 773-786.

15. Orly J. and Sato G.: Fibronectin mediates cytokinesis
and growth of rat follicular cells in serum-free medium,
Cell 17 (1979) 295-305.

16. Saumande J.: Radioimmunoassay of oestradiol-178 in
unextracted ewe plasma. Steroids 38 (1981) 425-437.

17.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

Saumande J., Tamboura D. and Chupin D.: Changes in
milk and plasma concentrations of progesterone in cows
after treatment to induce superovulation and their
relationship with number of ovulations and of embryos
collected. Theriogenology 23 (1985) 719-731.

. Sorger T. and Germinario R. J.: A direct solubilization

procedure for the determination of DNA and protein in
cultured fibroblast monolayers. Anal. Biochem. 131
(1983) 254-256.

. Farookhi R.: Granulosa cell fusion to test heterologous

receptor activation of adenylate cyclase. In Proc. 61st
Ann Mtg Endocr. Soc., Anaheim CA (1979) p. 200
(Abstr.).

Brunk C. F., Jones K. C. and James T. W.: Assay of
nanogram quantities of DNA in cellular homogenates.
Anal. Biochem. 92 (1979) 497-500.

Kapuscinski J. and Skoczylas B.: Simple and rapid
fluorimetric method for DNA micro-assay. Anal. Bio-
chem. 83 (1977) 252-257.

Shapiro H. S.: Desoxyribonucleic acid content per cell
of various organisms. In Handbook of Biochemistry and
Molecular Biology, (Edited by G. D. Fasman). CRC
Press, Cleveland, Vol. 2 (1976) pp. 284-306.

Tiersch T. R., Chandler R. W., Wachtel S. S. and
Elias S.: Reference standards for flow cytometry and
application in comparative studies of nuclear DNA
content. Cytometry 10 (1989) 706-710.

Kahn C. R., Baird K. L., Flier J. S., Grunfeld C.,
Harmon J. T., Harrison L. C,, Karlsson F. A., Kasuga
M., King G. L., Lang U. C,, Podskalny J. M and Van
Obberghen E.: Insulin receptors, receptor antibodies,
and the mechanism of insulin action. Recent Prog.
Horm. Res. 37 (1981) 477-538.

May J. V. and Schomberg D. W.: The effect of plating
density on granulosa cell growth and differentiation
in vitro. Mol. Cell. Endocr. 34 (1984) 201-213.
Davoren J. B. and Hsueh A. J. W.: Influence of in vitro
plating density on rat granulosa cell responsiveness to
follicle-stimulating hormone. Life Sci. 39 (1986)
1143-1150.

Barnes D. and Sato G.: Methods for growth of cultured
cells in serum-free medium. Anal. Biochem. 102 (1980)
255-270.

Romijn H. J.: Development and advantages of serum-
free, chemically defined nutrient media for culturing of
nerve tissue. Biol. Cell 63 (1988) 263-268.

Orly J., Sato G. and Erickson G. F.: Serum suppresses
the expression of hormonally induced functions in
cultured granulosa cells. Cell 20 (1980) 817-827.
Lowsky R. and Farookhi R.: A granulosa cell differen-
tiation stage specific cytotoxic activity in bovine and rat
sera. Biol. Reprod. 40 (1989) 1265-1273.

Channing C. P., Tsai V. and Sachs D.: Role of insulin,
thyroxine and cortisol in luteinization of porcine granu-
losa cells grown in chemically defined media. Biol.
Reprod. 19 (1976) 235-247.

Veldhuis J. D., Kolp L. A., Toaff M. E., Strauss J. F.
and Demers L. M.: Mechanisms subserving the trophic
actions of insulin on ovarian cells. J. Clin. Invest. 72
(1983) 1046-1057.

May J. V. and Schomberg D. W.: Granulosa cell
differentiation in vitro: effect of insulin on growth and
functional integrity. Biol. Reprod. 285 (1981) 421-431.
Amsterdam A., May J. V. and Schomberg D. W.:
Synergistic effect of insulin and follicle-stimulating hor-
mone on biochemical and morphological differentiation
of porcine granulosa cells in vitro. Biol. Reprod. 39
(1988) 379-390.

Maruo T., Hayashi M., Matsu H., Ueda Y., Morikawa
H. and Mochizuki M.: Comparison of the facilitation
roles of insulin and insulin-like growth factor I in the func-
tional differentiation of granulosa cells: in vitro studies
with the porcine model. Acta Endocr. 117 (1988) 230-240.



196

36.

37.

38.

39.

41.

42.

43

45,

46.

J. SAUMANDE

Schreiber J. R., Nakamura K. and Erickson G. F.:
Progestins inhibit FSH-stimulated granulosa estrogen
production at a post-cAMP site. Mol. Cell. Endocr. 19
(1980) 165-173.

Fortune J. E. and Vincent S. E.. Progesterone
inhibits the induction of aromatase activity in rat
granulosa cells in vitro. Biol. Reprod. 28 (1983)
1078-1089.

Chan W. K. and Tan C. H.: Aminoglutethimide aug-
ments follicle-stimulating hormone-induced aromatase
activity in cultured porcine granulosa cells. Endocrin-
ology 122 (1988) 2290-2298.

Akbar A. M., Reichert L. E., Dunn T. G., Kaltenbach
C. C. and Niswender G. D.: Serum levels of follicle-
stimulating hormone during the bovine estrous cycle.
J. Anim. Sci. 39 (1974) 360-365.

. Derivaux J., Ectors F., Hendrick J. C. and Franchimont

P.: Déterminations de la FSH plasmatique chez les
Bovins. Ann. Endocr. 38 (1974) 614-621.

Schams D. and Schallenberger E.: Heterologous radio-
immunoassay for bovine follicle-stimulating hormone
and its application during the oestrous cycle in cattle.
Acta Endocr. 81 (1976) 461-473.

Dobson H.: Plasma gonadotrophins and oestradiol
during oestrus in the cow. J. Reprod. Fert. 52 (1978)
51-53.

Mori J., Tomizuka T. and Nakanishi Y.: Plasma levels
of follicle stimulating hormone in cattle under various
reproduction states. JRCS Med. Sci. 8 (1980) 7.

. Bolt D. J. and Rollins R.: Development and application

of a radioimmunoassay for bovine follicle-stimulating
hormone. J. Anim. Sci. 56 (1983) 146-154.
Henderson K. M., McNeilly A. S. and Swanston I. A.:
Gonadotrophin and steroid concentrations in bovine
follicular fluid and their relationship to follicle size.
J. Reprod. Fert. 65 (1982) 467-473.

Dieleman S. J., Bevers M. M., Poortman J. and Van Tol
H. T. M.: Steroid and pituitary hormone concentrations
in the fluid of preovulatory bovine follicles relative to

47.

48.

49.

50.

St

52.

53.

54.

57.

the peak of LH in the peripheral blood. J. Reprod. Fert.
69 (1983) 641-649.

Fortune J. E. and Hansel W.: Concentrations of steroids
and gonadotropins in follicular fluid from normal
heifers primed for superovulation. Biol. Reprod. 32
(1985) 1069-1079.

Schneyer A. L., Reichert L. E., Franke M., Ryan R. J.
and Sluss P. M.: Follicle-stimulating hormone (FSH)
immunoreactivity in porcine follicular fluid is not pitu-
itary FSH. Endocrinology 123 (1988) 487—491.

Buck P. A. and Schomberg D. W.: A serum-free defined
culture system which maintains follicle stimulating hor-
mone responsiveness and differentiation of porcine
granulosa cells. Biol. Reprod. 36 (1987) 167-174.
Morley P., Armstrong D. T. and Gore-Langton R. E.:
Fibronectin stimulates growth but not follicle-stimulat-
ing hormone-dependent differentiation of rat granulosa
cells in vitro. J. Cell. Physiol. 132 (1987) 226-236.
Azhar 8., Tsai L., Maffe W. and Reaven E.: Cultivation
of rat granulosa cells in a serum-free chemically defined
medium a useful model to study lipoprotein metab-
olism. Biochim. Biophys. Acta 963 (1988) 139-150.
Ruoslahti E.: Fibronectin and its receptors. Ann. Rev.
Biochem. §7 (1988) 375-413.

Ben-Ze’Ev A. and Amsterdam A.: In vitro regulation of
granulosa cell differentiation. J. Biol. Chem. 262 (1987)
5366-5376.

Savion N. and Gospodarowicz D.: Patterns of cellular
peptide synthesis by cultured bovine granulosa cells.
Endocrinology 107 (1980) 1798-1807.

. Skinner M. K. and Dorrington J. H.: Control of

fibronectin synthesis by rat granulosa cells in culture.
Endocrinology 155 (1984) 2029-2031.

. Skinner M. K., McKeracher H. L. and Dorrington

J. H.: Fibronectin as a marker of granulosa cell cyto-
differentiation. Endocrinology 117 (1985) 886-892.
Amsterdam A. and Rotmensch S.: Structure-function
relationship during granulosa cell differentiation.
Endocr. Rev. 8 (1987) 309-337.



