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Abstract — During terminal development of antral follicles, granulosa cells progressively lose their
proliferative activity. Romanov (ovulation rate = 3) and lle-de-France (ovulation rate = 1) breeds of
sheep were compared for fractions of proliferating granulosa cells, determined by in vitro continu-
ous FH] thymidine labelling. In both breeds, the fraction of proliferating cells decreased with increas-
ing follicular size according to a sigmoid-shaped curve. After linearization, the slope of the regres-
sion line was higher (in absolute value) in Romanov, compared to lle-de-France ewes
(p=0.02). In vivo FSH treatment led to a decrease in the slope of the regression line in Romanov ewes
only (p=0.03). These results suggest that during terminal follicular development (1) the rate of cell
cycle exit is higher in granulosa cells of Romanov, compared to lle-de-France follicles, and (2)
Romanov granulosa cells are more responsive to exogenous FSH in term of proliferation. These
mechanisms may underlie differential dynamics of follicular development in poly- and mono-ovu-
lating breeds of sheep.

ovary / follicle / growth / cell cycle / ovulation rate

Résumé— Proportion de cellules de granulosa proliférantes dans les follicules ovariens en

cours de développement terminal dans deux races ovines de prolificités différentas.cours du
développement terminal des follicules ovariens, les cellules de granulosa perdent progressivement leur
activité de prolifération. Les proportions de cellules de granulosa proliférantes ont été déterminées par
une technique de marquage continu in vitro a la thymidine tritiée, dans deux races ovines de prolifi-
cités différentes, la race Romanov (nombre d'ovulations = 3) et la race lle-de-France (nombre d’ovu-
lations = 1). Dans ces deux races, les résultats ont montré que la proportion de cellules de granulosa
proliférantes diminue selon une courbe sigmoide quand la taille des follicules & antrum augmente. Apres
linéarisation, la pente de la droite de régression est plus forte (en valeur absolue) dans la race
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Romanov, par rapport a la race lle-de-Frapce @,02). L’administration de FSH diminue la pente

de la droite de régression dans la race RomgmeW(03), mais pas dans la race lle-de-France. Ces
résultats suggerent qu'au cours du développement terminal des follicules ovariens (1) les cellules
de granulosa sortent plus rapidement du cycle cellulaire de prolifération dans la race Romanov ;
(2) les cellules de granulosa de brebis Romanov sont plus sensibles, en termes de prolifération, a un
traitement par FSH que les cellules de brebis lle-de-France. Ces mécanismes peuvent expliquer, au
moins en partie, les différences de dynamiques du développement folliculaire terminal observées
entre races de brebis de prolificités différentes.

ovaire / follicule / croissance / cycle cellulaire / taux d’ovulation

1. INTRODUCTION activities have not yet been understood. Sec-
ond, the importance of this shift in the reg-
During terminal follicular development, ulation of ovulation rate is not known.
granulosa cells undergo terminal differenti-Clearly, the presence of the Fec gene of
ation characterized by high expression anhyperprolificity in the Booroola ewe is asso-
activity of luteinizing hormone (LH) recep- ciated with a more precocious maturation
tors and steroidogenic enzymes, as well ¢of follicles and a sharp decrease in the size
drastic changes in peptid synthesis [10, 3%of preovulatory follicles, which reaches only
32]. In sheep, the P450 aromatase enzyme3 mm diameter in FecFec ewes [9, 17, 18,
detectable in follicles larger than 2 mm26]. Accordingly, follicles of prolific breeds
diameter and aromatase activity increaseovulate at a smaller size associated with a
dramatically when follicles enlarge to a pre-lower number of granulosa cells, compared
ovulatory size of 6-7 mm diameter [12, 20to mono-ovulating breeds of sheep, as it has
38]. In a similar way, LH receptors arebeen shown in the Belclare breed [30] and,
expressed by granulosa cells of folliclesto a lower extent, in Finnish Landrace [40],
larger than 3 mm diameter, beyond whictFinn [2, 6, 7] and Romanov [6] breeds.
the sensitivity of granulosa cells to LH Investigations on the granulosa cell kinet-
increases to high levels in preovulatory fol-ics through a mathematical modelling
licles [1, 3, 39, 40]. In parallel with these approach [4] have suggested that the smaller
changes, granulosa cells progressively losnumber of granulosa cells in the preovula-
their proliferative activity [14]. In sheep, tory follicles of poly-ovulating breeds could
we have previously shown that the prolif-be accounted for by a faster increase in the
erative activity of granulosa cells decreasecell cycle exit rate. In addition, recent evi-
drastically in follicles between 2 and 6 mmdence indicate that the terminal maturation
diameter, and that this decrease corresponof follicles occurs earlier in the prolific
to cell cycle exit [21, 24]. Romanov (ovulation rate = 3) than in the

The mechanisms regulating the shifinon-prolific lle-de-France (ovulation
between proliferation and terminal differ- 'ate = 1) breed of sheep [1, 15]. Whether
entiation in granulosa cells are Iargelyth's earlier maturation is associated with an

unknown. First, the role of the follicle-stim- €arlier loss of proliferative activity in
ulating hormone (FSH) in this transition hasRomanov granulosa cells has not been estab-
not been established. From available datdished-

FSH both enhances the proliferative activity The objectives of this study were (1) to
of granulosa cells and induces their terminedetermine the changes in the fraction of pro-
differentiation [31, 33, 37]. The mechanismgliferating cells in granulosa cells during ter-
by which FSH can stimulate these oppositminal follicular development, in the



Proliferation of ovine granulosa cells 297

Romanov compared to the lle-de-France lle-de-France ewes (unstimulated groups)
breed of sheep and (2) to study the effects afere slaughtered without treatment. Nine
FSH on the fraction of proliferating granu- Romanov and 9 lle-de-France ewes (stimu-
losa cells in follicles of both breeds. For thidated groups) were treated with intravagi-

purpose, the fraction of proliferating cellsnal sponges impregnated with progestagen
(growth fraction) in granulosa cells was(fluorogestone acetate, 40 mg) for 14 days
measured in antral follicles from Romanovand primed with pFSH, administered intra-

and lle-de-France ewes, with or without inmuscularly 24 h (6 1U) and 12 h (5 IU)

vivo FSH treatment, by a previous|y before Slaughter at day 14. In a pI'EViOUS
described method based on in vitro contin€xperiment, this treatment has been shown

uous PH]thymidine labelling [24]. to increase proliferation rate in granulosa
cells of Romanov follicles [23]. In each

experimental groum(= 9 ewes), the gran-

2 MATERIALS AND METHODS ulosa cells isolated from 3 ewes were pooled
for culture as described below. A total num-
2.1. Reagents and hormones ber of 12 independent cultures of granulosa

cells (3 cultures per experimental group)
Intravaginal fluorogestone acetatewere performed.
sponges to synchronize estrus were obtained
from Intervet (Angers, France). Porcine FSH
from pituitary extract (pFSH activity =  2.3. Granulosa cell isolation
1.15x activity NIH pFSH-P1) used for ~ and culture
injections in animals was obtained from Dr

Y. Combarnous (Nouzilly, France). Gran-  For each culture, follicles from ovaries
ulosa cells were isolated and cultured in Bf 3 ewes of the same experimental group
medium [19] supplemented with bovinewere dissected and allocated to 7 size
transferrin (10 mg.~2, Sigma Chemical Co., classes, according to their diameter,
La Verpilliere, France) and without choles-j.e. class 1 [0.5-1.5 mmh & 17 to 40 fol-
terol. Diethylstilbestrol (DES) and demecol-licles per culture), class 2 [1.5-2.5 mm]
cine (colcemid) were obtained from Sigma(n = 16 to 38 follicles per culture), class 3
Chemical Co. Testosterone was purchasg@.5-3.5 mm] 6 = 5 to 14 follicles per
from Steraloids, Inc. (Wilton, NH). Ovine culture), class 4 [3.5-4.5 mmh & 2 to
fetal serum was prepared from 130 days ol8 follicles per culture), class 5 [4.5-5.5 mm]
fetuses, centrifuged, filtered through a(n = 2 to 3 follicles per culture), class 6
0.22um sterile filter and stored at —20 °C[5.5-6.5 mm] = 1 to 3 follicles per cul-
until use for culture. 3H]Thymidine ture) and class 7 [6.5-7.5 mm] £ O to
(sp. act. 6.7 G@nmolY) was purchased from 4 follicles per culture). The number of avail-
Du Pont De Nemours (Les Ulis, France) able follicles in each size class is subject to
and K5 emulsion for autoradiography waghe variability between experimental groups.
obtained from Ilford (St. Priest, France).For each follicular class, granulosa cell iso-
Feulgen for staining of cells was purchasedgtion was performed as described previ-

from Merck (Schuchardt, Germany). ously [21]. The resulting suspensions of
granulosa cells were seeded in quadrupli-

cate at 1Bviable cellscnT2in tissue cul-
2.2. Animals ture chambers mounted on glass microslides
(Lab-Tek, Nunc; Naperville, IL). In a pre-
Adult cyclic ewesif = 36) were allocated vious study, we have shown that a seeding
to 4 experimental groups, according to breedensity varying between 0.5 and<2L0°
and in vivo treatment. Nine Romanov andgranulosa cellsm 2 does not affect the
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estimation of the fraction of proliferating three times with B2 medium (with thymine)
cells by PH]thymidine continuous labelling and fixed with Bohm-Sprenger fixative
[24]. The viability of seeded cells was abouf{formaldehyde 15%, acetic acid 5%,
95%, as determined by trypan blue exclumethanol 80%) at 20 °C for 10 min. Slides
sion (0.125%, final concentration). Cultureswere then stained with Feulgen and dipped
were performed at 37 °C in an atmosphera llford K5 emulsion diluted 1/1 (vol/vol)
of 5% CQ, in B2 medium supplemented with distilled water, air-dried, and exposed
with ovine fetal serum (2%), testosteronefor 6 days at 4 °C. The percentage of
(10-'M) and DES (16’M), as described labelled cells (growth fraction) was esti-
previously [21, 24]. After 24 h of culture, mated by counting the labelled and unla-
medium was changed before cells were sulibelled cells in 40 randomly chosen micro-
mitted to continuous®H] thymidine label- scopic fields (objective 48) for each
ling for 48 h. culture well, so that estimations were made
on 1 000-2 000 cells per well. The preci-
sion of estimations, as assessed by the con-
2.4. Continuous PH]thymidine fidence interval, was higher than 0.97 for
labelling procedure percentages between 20% and 80% and
higher than 0.98 to 0.99 in the other cases.

The procedure of Maekawa and Tsuchiya
[13] was applied to determine the propor-
tion of proliferating cells in granulosa cell
cultures. This method, initially proposed to
determine cell cycle parameters, is alsg .
appropriate for determining the percentagd€ 9rowth fraction was expressed as a per-
of dividing cells in cell populations. Its prin- c€ntage of thymidine labelled cells. Data
ciple consists in the continuous administra®'€ Presented as the means of the measure-

tion of both colcemid to block cell replica- Ments performed with the different follicu-
tion, and PH]thymidine to label all lar classes in three independent cultures.

proliferating cells. As a result, the percent-l N€ changes in the growth fraction with fol-

; i 4 Jicular size were fitted to sigmoidal curves
age of labelled cells increases with time untilcY
a plateau is reached, after a delay Corr$'th GraphPad PRISM Software (San

sponding to the duration of the G1 phase '

2.5. Data analysis

For each of the four experimental groups,

iego, CA, USA). After Logit transforma-

the cycle. The height of the plateau is afion Of the growth fraction, a linear regres-
estimation of the percentage of proliferat-1on Was obtained in each of the four groups.
ing cells in the cell population [8]. For ovine 1 "€ Slopes of the regression lines were com-
granulosa cells, previous studies indicate§@red by ANOVA, followed by post-hoc
that the plateau was reached after a 24 h {MpParsons with the Newman-Keuls test.
48 h labelling period in our culture condi- | NiS @nalysis was also used to compare
tions [24]. Consequently, iffi]thymidine INtercepts with the ordinate axis  0).
continuous labelling experiments, granu-Pifférences witlp>0.05 were not consid-
losa cells were incubated for 48 h in B28red significant.

medium supplemented as described above

but without thymine, and in the presence of

[3H]thymidine (0.25uCi-mL™Y) and col- 3. RESULTS

cemid (20 ngnL—1). At the concentration

we used, treatment with colcemid does not In each experimental group, the growth
impair cell viability and is efficient in block- fraction of granulosa cells decreased from
ing the proliferation of granulosa cells [24]. 70-85% in class 1 follicles to 1-4.5% in
At the end of incubation, cells were washedollicles of preovulatory size (class 6 in the
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group of Romanov unstimulated ewesregression line has been shown to be higher
class 7 in the 3 other groups). The decreag@ absolute value) in the group of Romanov
in the growth fraction with follicular diam- unstimulated ewes, compared to the group of
eter followed a sigmoid-shaped curve. Unexile-de-France unstimulated ewgs<0.02).
pectedly, a transient increase in the growtlFSH treatment led to a decrease in the slope
fraction was observed in class 6 follicles inof the regression line in Romanov ewes
the group of Ille-de-France unstimulatedRomanov stimulated vs. Romanov unstim-
ewes and, less clearly, in class 5 follicles iylated,p = 0.03), but not in Ile-de-France
the group of Romanov stimulated eweswes (Tab. 1). There was no difference
(Fig. 1). between experimental groups in the inter-
After linearization by Logit transforma- cepts with they axis (Tab. I). To state the
tion of the growth fraction, the slope of theweight given to follicular classes with large
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Figure 1.Changes in the growth fraction of granulosa cells with increasing follicular diameter in fol-
licles of Romanov and lle-de-France ewes, with (stimulated groups) and without (unstimulated
groups) in vivo FSH treatment.
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Table I. Relationship between the growth fraction (after Logit transformation) and the follicular
diameter in Romanov and lle-de-France follicles, with and without FSH treatment. Characteristics of
the regression lines (slope and intercept witxis) and values of the correlation coefficiems (

are indicated in the table. In each column, different letters mean significant differences between
groups p < 0.05). Exact values @fare given in the text. S.E.M. are indicated in parentheses in the
table.

Group Slope Intercept (x = 0) r
Romanov unstimulated -1.345a 2.828a -0.88
(n=17) (0.191) (0.731)

Romanov stimulated -0.840b 2.159 a -0.87
(n=20) (0.111) (0.488)

lle—de—France unstimulated -0.768 b 2.226a -0.77
(n=21) (0.147) (0.657)

lle—de—France stimulated —1.000 ab 2.596 a -0.91
(n=20) (0.106) (0.466)

dispersion of values between the three dif- 4. DISCUSSION
ferent cultures, analysis was also performed

without including the follicular classes for Whatever the breed and in vivo treat-

hment, the growth fraction of granulosa cells
o Secreased drastically during terminal fol-
new slopes of regression lines were calCyje|ar development. These results confirm
lated after omitting class 5 follicles in y.o\iqus data showing that the growth frac-
Romanov stimulated ewes, class 4 and cla%)n is clearly lower in large follicles

6 follicles in lle-de-France unstimulated .5_7 1\m diameter), compared to small fol-
ewes, and class 6 follicles in lle-de-Francg.|ag (1-3 mm dia{meter) in sheep [24].

stimulated ewes. These new slopes were Nghay are also in agreement with results
significantly different from those calculated ogined in rat antral follicles, showing that

including all data points (Romanov stimu-yhe growth fraction decreases as follicular
lated: ~0.872 + 0.099) = 17 vs. -0.840 ;¢ 'increases [11]. Moreover, they support
0.111,n=20,p> 0.05; lle-de-France unstim- he existence of an inverse relationship

ulated: ~0.886 £ 0.094=15vs. -0.768 % ayyeen proliferation and differentiation in
0.147,n=21,p > 0.05; lle-de-France stim- granulosa cells.

ulated: —0.990 + 0.108,= 18 vs. —1.000 %
0.106,n = 20). In agreement with the results Unexpected high values of the growth
obtained with all data points, the slope ofraction were observed in some large folli-
the new regression line was higher (in absceles (5 and 6 mm diameter follicles in
lute value) in the group of Romanov unstim-Romanov stimulated and lle-de-France
ulated ewes, compared to the group of lleunstimulated groups, respectively). Within
de-France unstimulated ewgs= 0.04). the ovaries of each animal, the high hetero-
Furthermore, FSH treatment led to ageneity of proliferative activity existing in
decrease in the slope of the new regressiagranulosa cells between terminally devel-
line in Romanov ewes (Romanov stimu-oping follicles of similar size [25] can
lated vs. Romanov unstimulatguk 0.03), explain these results obtained on weak num-
but not in lle-de-France ewes. bers of large follicles. This heterogeneity
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likely results from differences in the devel-non-prolific ++ ewes [36]. This earlier
opmental stage (rapid growth, plateau oterminal differentiation is accompanied by
regression) between follicles within a fol- an earlier loss of granulosa cell prolifera-
licular wave of terminal development. Alter- tion in Fec carrier antral follicles [5], and a
natively, the proliferative activity of granu- lower number of granulosa cells per pre-
losa cells in these large follicles may beovulatory follicle in Booroola Fec carrier
variable between animals, in relationshig16] and in Inverdale I+ ewes [36], com-
with gonadotropin levels in blood just beforepared to non-prolific ++ ewes. Together
the time of slaughtering. In bovine ovarieswith our data, these results suggest that high
studied at the same day of the cycle, the pepvulation rate in prolific breeds is associ-
centage of mitosis in granulosa cells of antrahted with a more precocious maturation of
follicles has been shown to vary more thamgranulosa cells. The mechanisms underlying
threefold among animals [22]. this relationship remain to be investigated.

Present data show differences in the pro- In Romanov ewes, FSH treatment both
liferative activity of granulosa cells betweenincreased the size of the largest follicles
both breeds. Indeed, the slope of the regrefrom 6 to 7 mm diameter, and decreased the
sion line linking the growth fraction of gran- slope of the regression line linking the
ulosa cells and the follicular diameter wasgrowth fraction of granulosa cells and fol-
higher in the prolific Romanov breed, com-licular diameter. These results suggest that
pared to the non-prolific lle-de-France breedFSH has enhanced the growth of large antral
In contrast, no difference was observedollicles in this breed. This stimulating effect
between breeds after FSH treatment. Thes&# FSH could be mediated, at least partly,
results suggest that in vivo (1) the rate oby an increase in the growth fraction of gran-
cell cycle exit during terminal follicular ulosa cells in follicles of 4-5 mm diameter,
development is higher in Romanov,as it can be seen in Figure 1. In contrast, in
compared to lle-de-France follicles; small follicles of 1-2 mm diameter, no effect
(2) Romanov granulosa cells are moreof FSH treatment on the growth fraction of
responsive to exogenous FSH in term ofjranulosa cells was observed. This differ-
proliferation. Previous results in Romanovence in the responsiveness of granulosa cells
and lle-de-France breeds have indicated thatom large and small antral follicles to FSH
for a same follicular size, granulosa cellsmay be due to a difference in the dynamics
from Romanov have higher steroidogenioof the growth fraction after FSH adminis-
capacities and are more responsive to FSHation, or/and to a difference in the mecha-
and LH in vitro in terms of both cAMP and nisms of action of FSH. Recent data indi-
steroid production [1, 15]. Hence, we sug-cate that FSH induces in a rapid and direct
gest that both the loss of cell proliferationway an increase in the expression of cyclin
and terminal differentiation would occur D2 in hypophysectomized rats as well as in
earlier in granulosa cells of Romanov, com+at granulosa cells cultured in serum-free
pared to lle-de-France, follicles. In the pro-conditions [33]. Interestingly, ovarian folli-
lific Booroola Fec+ and FecFec ewescles of cyclin D2-/- mice do not undergo
increased ovulation rate is clearly associrapid growth in response to FSH, but do
ated with precocious maturation of a largeexpress markers of cell cycle exit and ter-
number of small antral follicles which reachminal differentiation [33, 37]. Collectively,
the preovulatory stage at a smaller size thatihese results suggest that FSH would exert
++ follicles [9, 17]. Accordingly, the pro- two types of effects on granulosa cell pro-
lific Inverdale I+ ewes are characterized byliferation. The first effect of FSH is rapid,

a higher responsiveness of granulosa cells @irect and cyclin D2 dependent, and would
LH in term of cAMP production, occurring induce a shortening of the duration of the
at smaller follicular diameters compared tocell cycle by stimulating the transition G1-S
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in granulosa cells, as previously suggested REFERENCES

[27-29]. In Romanov ewes, incubation of
granulosa cells with FSH for 2 h increases$!
thymidine incorporation and this rapid effect
is observed in cells from small as well as
large antral follicles [20]. The second effect
of FSH is delayed, likely indirect and cyclin 2]
D2 independent, and would induce a re-
entry in the cell cycle or slow down cell
cycle exit by acting on the GO-G1 transi-
tion in granulosa cells. Particularly, such an
effect of FSH might be mediated by grovvth[3]
factors originating from granulosa or/and
theca cells, as suggested by data obtained
with hamster follicles [34, 35]. Accordingly, 4]
in follicles of Romanov ewes, we propose
that the stimulating effect of a 24 h FSH
treatment on growth fraction would be indi-
rect, likely mediated by changes in growths;
factor synthesis or bioavailability in follic-
ular cells, and that the kinetics of response of
granulosa cells would be modulated by thei[6]
stage of differentiation.

In conclusion, the results of this study
have shown effects of breed, FSH treatmen!
and maturation stage of follicles on the frac-
tion of proliferating cells in granulosa. The
prolific Romanov breed was characterize;{S]
by an earlier decrease in growth fractio
during follicular growth and a higher sensi-
tivity to FSH in vivo. Further investigations
are needed now to determine the mechi;?]
nism by which FSH exerts its effects on
granulosa cell proliferation. Particularly, it
remains to determine whether FSH is able to
slow down the rate of cell cycle exit or stim-[10]
ulate the re-entry of granulosa cells in the
cell cycle. (1]
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