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ABSTRACT

For this experiment it was hypothesized that endothelin 1
(END1) acting through its receptors, endothelin receptor type A
(ENDRA) and/or endothelin receptor type B (ENDRB), on granu-
losal cells (GC) of ovine preovulatory follicles would inhibit steroid
production, and therefore, prevent the premature luteinization of
granulosal cells of those follicles. The ovaries of 17 Suffolk ewes
were removed by mid-ventral laparotomy after two doses of
PGF2, (5 mg; three h apart). Granulosal cell were harvested un-
der sterile conditions from the two or three largest follicles. Ali-
quots of 15 pL of GC suspension from each presumed preovula-
tory follicle were cultured in 96-well plates containing a solution of
185 pL of Ham’s F12 supplemented medium and treatments (sin-
gle and combined effects of LH, END1, ENDRA and ENDRB).
According to estradiol (Ez) concentration in follicular fluid (FF),
presumed preovulatory follicles were categorized in estrogen-
active and estrogen-inactive follicles. Data from 20 estrogen-
active follicles (collected from 13 ewes) challenged to 10 different
treatments were examined by analysis of variance. Accumulation
of E; and progesterone (P,4) by cultured GC was not affected by
either LH or END1 or the END receptor blockers. Granulosal cells
from follicles with the greatest concentration of E; in FF produced
on the average significantly more E; and P, than follicles with
lower concentrations of E; in FF (P<0,0001). In conclusion, under
the experimental conditions of this study, END1 did not affect
steroid production by GC from preovulatory follicles in sheep, and
therefore the working hypothesis was not supported.
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RESUMEN

En este experimento fue hipotetizado que la endotelina 1
(END1) actuando a través de sus receptores tipo A (ENDRA) y/o
tipo B (ENDRB) en células de la granulosa obtenidas de foliculos
ovulatorios, inhibiria la produccién de esteroides previniendo la
prematura luteinizacion de las células de la granulosa (CG). Los
ovarios de 17 ovejas Suffolk fueron removidos mediante laparo-
tomia ventral, luego de dos dosis de PGF;, (5 mg; tres horas de
intervalo entre dosis). Las CG fueron colectadas bajo condiciones
de asepsia de los dos o tres foliculos mas grandes. Alicuotas de
15 uL de CG en suspension, de cada presunto foliculo preovula-
torio, fueron cultivadas en placas de 96 hoyos que contenian una
solucion de 185 pL de medio suplementado Ham’s F12 mas los
tratamientos (efectos individuales o combinados de LH, END1,
ENDRA y ENDRB). De acuerdo a la concentracion de estradiol
(E2) en el fluido folicular (FF), los presuntos foliculos preovulato-
rios fueron clasificados en estrogénicamente activos o inactivos.
Los datos de la producciéon de E; y de progesterona (P4) en el
medio de cultivo de 20 foliculos estrogénicamente activos some-
tidos a 10 tratamientos diferentes se analizaron mediante analisis
de varianza. La concentracion acumulada de E; y P4 en el medio
luego de 24 h de cultivo no fue afectada por la LH, ni END1, ni
por los antagonistas de los receptores de END1 y sus combina-
ciones. Las CG colectadas de foliculos con mayor concentracion
de E; en el FF produjeron en promedio mayor cantidad de E; y
P4 que los obtenidos de foliculos con menor concentracion de
estradiol (P<0,0001). En conclusion, bajo las condiciones experi-
mentales aplicadas en este estudio, END1 no afectd la produc-
cién de esteroides por las células de la granulosa obtenidas de
foliculos preovulatorios ovinos, y por lo tanto la hipétesis no fue
cofirmada.

Palabras clave: Foliculo preovulatorio, endotelina 1, células de
la granulosa, progesterona, estradiol, ovejas.
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INTRODUCTION

In sheep (Ovis aries), follicular growth occurs in a wave-like
pattern with typically three to four follicular waves during every es-
trous cycle [22]. Follicular dominance is not as marked in sheep
as it is in the cow (Bos taurus-Bos indicus) [24, 39]. Neither the
presence of a large follicle induced by exogenous follicular stimu-
lating hormone (FSH) nor supraphysiological concentrations of
estradiol released from implants prevented emergence of a new
wave of follicles [6, 14]. Likewise, more than two antral follicles
from ultimate and penultimate waves of the cycle may reach ovu-
latory status and eventually ovulate [7, 44].

Preovulatory follicles produce greater amounts of estra-
diol [7], and elevated concentrations of circulating estradiol trig-
ger the gonadotropin surge and the consequent ovulation pro-
cess [38]. After the luteinizing hormone (LH) surge, the pre-
dominant pattern of steroid production by the preovulatory folli-
cles changes rapidly from estrogen (E;) to progesterone (P4)
as the main steroid secreted by granulosal and thecal cells [20,
40]. The downregulation of P450-17a-hydroxylase and P450
aromatase in thecal and granulosal cells, respectively, and
upregulation of P4 receptor in the two types of steroidogenic
cells appear to support this change [34, 54]. Likewise, steroid
production by granulosal and thecal cells of large follicles is
regulated by numerous factors through autocrine and paracrine
actions: insulin [45], bond morphogenesis proteins (BMPs)
[10], BMP15 [35], growth differentiation factor 9 (GDF9) [47],
inhibin [33], estradiol [46], insulin growth factors (IGFs) [45],
and endothelin 1 (END1) [1, 16]. These factors modulate ster-
oid production through autocrine and paracrine mechanisms,
and might prevent premature differentiation of granulosal and
thecal cells of preovulatory follicles prior to LH/FSH surge.

Endothelin 1, a 21-amino acid peptide was described
originally as a potent vasoconstrictor [56] and later associated
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with modulation of steroidogenesis in follicular and luteal tis-
sue from rats [49, 50], pigs (Sus scrofa domestica) [16, 30,
36, 37], cows [1, 23], ewes [13] and human beings (Homo sa-
piens) [11,12]. Endothelin 1 is synthesized and secreted from
ovarian granulosal cells, and greater amounts of END1 were
detected in larger than in smaller antral follicles [19, 30]. The
antisteroidogenic effect on granulosal cells appeared to be
mediated via endothelin receptor type A (ENDRA) in pigs [17]
and endothelin receptor type B (ENDRB) in rats [31]. The
END1 mRNA expression in pigs was detected first around the
antral stage, increased as the follicles grew, and decreased
rapidly after ovulation [19]. In the rat (Rattus rattus) ovary, in-
hibition of P4 production in granulosal cells by END1 was as-
sociated with downregulation of cholesterol side-chain cleav-
age enzyme (P450scc) and 3-beta-hydroxysteroid dehydroge-
nase (3p-HSD) and upregulation of 20-alpha-hydroxysteroid
dehydrogenase (20a-HSD), 5a-reductase and 3-alpha-hydro-
xysteroid dehydrogenase 3a-HSD [49], enzymes implicated in
synthesis and metabolism of P4, respectively. Moreover, in
bovine microdialyzed mature follicles, END1 inhibited P4 se-
cretion and stimulated E; secretion [1, 2]. Although there is no
evidence of a role of END1 in regulating steroidogenesis in
sheep follicles, on the basis of previous experimental evi-
dence, it is possible to speculate that END1 acting through
autocrine and paracrine mechanisms, might prevent prema-
ture luteinization of granulosal cells prior to the LH surge in
sheep as suggested in other species [19, 49].

The objective of this study was to examine the effect of
blocking ENDRA and ENDRB on follicular steroid production
by granulosal cells from preovulatory follicles in sheep. The hy-
pothesis was that END1 acting through ENDRA and/or ENDRB
would inhibit steroid production, and therefore, prevent the pre-
mature luteinization of granulosal cells of ovine preovulatory
follicles.
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FIGURE 1. PROTOCOL FOR COLLECTION OF PREOVULATORY FOLLICLES IN SHEEP.
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MATERIALS AND METHODS

General experimental procedure

Seventeen nonpregnant cycling Suffolk ewes (range 60-
100 kg) with at least one previous estrous cycle of normal
length (15 to 19 days) were used in the experiment, conducted
in fall of 2006 (September-December) with ewes from the West
Virginia University research flock. For observation of estrus (12
h intervals), ewes were penned with a vasectomized ram bear-
ing a harness with a crayon in the area of the brisket; standing
estrus was confirmed by teasing with another vasectomized
ram. Fourteen days after estrus (estrus = day 0) ewes were in-
jected (i.m.) with two doses (5 mg each) of PGF,, (Lutalyse®,
Pfizer Animal Health, New York, NY-USA) three h apart [27] to
induce luteolysis. To verify that a surge of LH had not occurred
before collection of follicles, jugular blood samples (8 mL) were
collected at h -3, 0, 6, 12, 18, 24, 30 and 36 in relation to the
second dose of PGFy, (FIG. 1). Blood samples were refriger-
ated (Whirlpool, OZR134A, Canada) for 24 h to allow them to
clot, and then centrifuged (International Equipment Company,
IEC, Centra-7R, USA) for 20 minutes at 1400 yg. Serum was
collected and kept at -20°C until radioimmunoassay (Multipur-
pose Scintillation Counter, USA) for LH.

Thirty six to 40 hours after the second dose of PGFy,,
ewes were anesthetized with 0.3 mg/kg diazepam (Valium, 5
mg/mL; Roche Pharmaceutivals, Nutley, NJ-USA) and 7 mg/kg
ketamine (Vetamine, 100 mg/mL; Mallinckrodt Veterinary,
Mundelein, IL-USA), and then placed on a mixture of halothane
(Halocarbon Laboratries, Riveredge, NJ-USA), oxygen (2.0
L/min) and nitrous oxide gas (1.0 L/min) until bilateral ovariec-

tomy was carried out through a mid-ventral incision. Immedi-
ately after ovariectomy, ovaries of each ewe were placed in
cold phosphate buffered saline (PBS) and stored on ice until
completion of the surgery. Follicles were dissected and granu-
losal cells were harvested. All animal procedures were ap-
proved by West Virginia University Institutional Animal Care
and Use Committee (ACUC # 05-1205).

Culture of granulosal cells and treatments

Ovarian stroma from 28 presumed preovulatory follicles
(1.7 £ 0.8 follicles/ewe) was removed and the diameter of each
dissected follicle was recorded (9.2 + 1.5 mm). Using a 22-
gauge needle attached to a 3 mL syringe, follicular fluid (FF) of
each follicle was aspirated and centrifuged (Centra, Interna-
tional Equipment Company, Nashville, TN-USA) at 400 x g at
4°C for 5 min and the supernatant stored at -20°C (Isotemp
Freezer, Fisher Scientific, Suwanee, GA-USA) for subsequent
steroid determination by RIA; the remaining granulosal cells
were added to those granulosal cells obtained directly from the
follicle (see below).

Each follicle was bisected under sterile conditions and
granulosal cells were scraped gently from the basement mem-
brane with a spatula into F12 Nutrient Mixture (Ham’s F12) media
supplemented with sodium bicarbonate (0.01 M), antibiotics (1.5
mg of penicillin/mL and 2.5 mg of streptomycin/mL) and 19-OH
androstenedione (1 uM) [32]. Granulosal cells were rinsed in cold
Ham’s F12 supplemented medium, centrifuged at 400 x g for 5
min at 4°C and resuspended in 200 uL of cold Ham’s F12 sup-
plemented medium. This last procedure was repeated twice. The
number of cells and cell viability were estimated using a hemocy-

TABLE |
TREATMENTS USED TO EVALUATE THE ROLE OF END1 IN STEROID PRODUCTION BY GRANULOSAL CELLS FROM
PREOVULATORY FOLLICLES IN SHEEP.

Treatments Description Dosages
1 Control Ham'’s F12 (Sigma-Aldrich, Milwaukee, WI) -
supplemented media
LH Luteinizing hormone (LH, NIADDK-oLH-25 AFP 5551B;) 150 ng/mL
END1 Endothelin-1 peptide (END1; Bachem Bioscience Inc, 100 nM
King of Prussia, PA)
LH+ END1 as above
5 ENDRAa selective END receptor type A antagonist (ENDRAa): BQ-610 1500 nM
(Azepane-1-carbonyl-leu-D-Trp(For)-D-Trp-OH; Bachem
Bioscience Inc, King of Prussia, PA)
ENDRAa+LH+ END1 as above
ENDRBa selective END receptor type B antagonist (ENDRBa): BQ-788 1000 nM
(N-cis-2,6-Dimethylpiperidinocarbonyl)-D-Nle-OH; Bachem
Bioscience Inc, King of Prussia, PA)
8 ENDRBa +LH+END1 as above
9 ENDRAa+ ENDRBa END receptor types A and B antagonist (ENDRA+B) as above
10 ENDRAa+ENDRBa+ LH+END1 as above
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tometer and trypan blue exclusion dye, respectively. According
to the number of granulosal cells harvested from each follicle,
an additional volume of Ham’s F12 supplemented medium was
added to the cell suspension. Approximately 5.9 + 2.6 x 10°
cells were cultured in each well. Nevertheless, because differenti-
ating viable and non-viable cells by the trypan blue method was
sometime difficult, steroid concentrations per well were normal-
ized against total protein content per well and expressed as pg of
steroid per pg of protein in 24 h. Total protein at end point of the
incubation period was quantified by colorimetric method using the
Coomassie Protein Assay (Pierce Biotechnology, Inc., Rockford,
IL-USA) [9].

Aliquots of 15 pL of granulosal cell suspension obtained
from each presumed preovulatory follicle were cultured in 96-
well plates containing a solution, previously equilibrated at
37°C, of 185 yL of Ham’s F12 supplemented medium and
treatments (TABLE I). Cultures were incubated at 37°C in a hu-
midified atmosphere (5% CO, and 95% air) for 24 h. Once fin-
ished the incubation period, the medium was removed carefully
from each well, centrifuged (3000 x g for 1 min at room tem-
perature) and stored at -20°C for subsequent steroid assays by
RIA. Cultured granulosal cells and the remaining volume of
granulosal cells suspension were stored at -20°C.

Radioimmunoassays for LH, progesterone, and estradiol

Concentrations of P4 and E, in FF and culture media,
and LH concentrations in serum were measured in duplicate by
RIA as previously described [25, 42, 53]. LH assay sensitivity
averaged 0.54 ng/mL, and the intraassay coefficient of varia-
tion was 15%. Intraassay coefficients of variation and sensitivi-

14 -

—_—— -
oW
11

Estrogen accumultion
(pg/ng protein)
S OO

ties for steroids in unextracted FF were 8.6%, and 34 pg/tube
for P4 and 10.6%, and 32 pg/tube for E,, respectively. For ster-
oids in culture media, the inter- and intra-assay coefficients of
variation and sensitivities were P4, 12.3%, 14.4%, and 0.20
ng/mL; and E,, 13.0%, 14.9%, and 0.25 pg/mL.

Statistical analysis

Concentrations of P4 and E, in culture media were
evaluated by one-way analysis of variance using the General
Linear Model (GLM) procedure of SAS [48]. Differences
among means were compared by the LSM procedure of SAS.
Data were expressed as mean * SEM. Antral follicles with
greater concentrations of P4 than E, were considered atretic
[28] and estrogen-inactive (P4>E;) [29] and these follicles
were removed from the analysis. Estrogen-active follicles
(E2>P4) were categorized according to E; concentration in FF
into three groups (1: < 250 ng/mL; 2: > 250 < 350 ng/mL, and
3: > 350 ng/mL) and included as a discrete variable in the sta-
tistical model. Two ewes had concentrations of LH greater
than 180 ng/mL in samples collected at 24 or 30 h after the
second dose of PGF, (indicative of LH surge), and their folli-
cles were excluded from the analysis. The final number of fol-
licles examined was 20, which were collected from 13 ewes.
For nine of these follicles, cells were cultured in duplicate and
the average value was utilized.

RESULTS AND DISCUSSION
Accumulation of E; and P4 was not affected by either LH

or END1 or the END receptor blockers (FIG. 2). Correlations
between concentration of E; in FF and E» and P4 accumulation
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FIGURE 2. EFFECTS OF LH, END1, ENDRAa (BQ-610) AND ENDRBa (BQ-788) ON PRODUCTION OF ESTRADIOL
AND PROGESTERONE BY OVINE GRANULOSAL CELLS ISOLATED FROM PREOVULATORY FOLLICLES. BARS
REPRESENT MEAN + SEM OF ESTRADIOL (PANEL A) OR PROGESTERONE (PANEL B) ACCUMULATION EXPRESSED
IN pg/ug OF PROTEIN IN 24 HOURS.
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TABLE Il
STEROID ACCUMULATION IN MEDIA FROM CULTURED GRANULOSAL CELLS ACCORDING TO ESTRADIOL
CONCENTRATION IN FOLLICULAR FLUID FROM PREOVULATORY FOLLICLES.

Steroid accumulation Concentration of E; in follicular fluid (ng/mL) Significance
by granulosal cells <250 > 250 < 350 > 350 level

Estradiol 0.75 + 0.06° 0.80 + 0.08° 1.97 +0.07° 2P P<0.0001
Progesterone 145.0 + 3.9° 170.8 £ 5.9° 203.4+7.6° b€ P<0.0001
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FIGURE 3. EFFECTS OF LH, END1, ENDRAA (BQ-610) AND ENDRBA (BQ-788) ON PRODUCTION OF ESTRADIOL
AND PROGESTERONE BY OVINE GRANULOSAL CELLS ISOLATED FROM PREOVULATORY FOLLICLES. ACCORDING TO
CONCENTRATION OF ESTRADIOL IN FOLLICULAR FLUID, PREOVULATORY FOLLICLES WERE CATEGORIZED IN THREE

GROUPS (1: <250 ng/mL, 2: > 250 < 350 ng/mL, AND > 350 ng/ mL). BARS REPRESENT MEAN * SEM OF ESTRADIOL
(PANEL A) AND PROGESTERONE (PANEL B) ACCUMULATION EXPRESSED IN pg/g OF PROTEIN IN 24 H. VALUES WERE
STATISTICALLY DIFFERENT BETWEEN GROUPS 1 AND 2 VERSUS GROUPS 3 (*P < 0.001) FOR ESTRADIOL
AND BETWEEN GROUPS 1 AND 3 (*P < 0.02) FOR PROGESTERONE.

in the culture media were 0,30 (P<0,0001) and 0,26
(P<0,0004), respectively. Granulosal cells from follicles with
the greatest concentration of E; in FF produced on the average
significantly more E, and P4 than follicles with lower concentra-
tions of E, in FF (TABLE Il). Treatments did not affect accumu-
lation of E; and P4 in any of the categories of follicles consid-
ered (FIG. 3). However, for all treatments, granulosal cells from
preovulatory follicles with the greatest concentration of E, in FF
produced greater amounts of E; and P4 than preovulatory folli-
cles with lower concentration of E, in FF (FIG. 3).

Granulosal cells from preovulatory follicles with greater
concentrations of estradiol produced more E; and P4, most likely
due to the greater steroidogenic capacity of these follicles [51,
52] compared to follicles with lower estrogenic production.
Dominant follicles expressed greater amounts of mRNA for LH
receptor, P450scc, P450c17 and 3HSD in thecal cells and
P450arom in granulosal cells than subordinate follicles [4, 5, 55].
Moreover, follicular dominance was associated with onset of ex-
pression of LH receptor and 3HSD in granulosal cells [4, 5, 8].
Hence, in the preovulatory follicles collected in this study,
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greater steroid production may be supported by a greater ex-
pression of LH receptor and steroidogenic enzymes in two en-
docrine populations of cells. It is clear that some preovulatory
follicles collected from either the same or different animals may
have had functional advantages over others with lower rank.
Thus, granulosal cells from those follicles reflected more steroi-
dogenic capacity with greater accumulation of E, and P4 after
24 h of culture. In addition, given that the substrate for synthesis
of estradiol was provided in culture media, aromatization of an-
drostenedione to estradiol by granulosal cells was carried out
rapidly.

Unexpectedly, LH did not induce an increase of either E;
or P4. Evidence indicated that LH and FSH stimulated steroid
production by granulosal cells in vitro and END1 prevented that
increment in other species [18, 30, 37, 49]. However, respon-
siveness of LH receptors in follicles exposed to sustained acti-
vation by LH decreased progressively [41, 57], most likely be-
cause components of the downstream signaling pathway were
disrupted [15, 26]. Aggregation of receptors and receptor inter-
nalization is another mechanism of agonist-induced desensitiza-
tion of LH receptors [3, 21]. In this study, preovulatory follicles
were collected at a specific follicular stage prior to LH surge, and
probably were exposed to increasing concentrations of LH over
time. In that circumstance, presence of elevated and sustained
concentrations of LH in culture media may have induced deacti-
vation of LH receptors in granulosal cells, and prevented stimu-
lation of E; and P4 production.

Endothelin 1, via either ENDRA or ENDRB was hypothe-
sized to regulate follicular steroid production and prevent prema-
ture luteinization of granulosal cells before the LH surge in
sheep, as suggested for other species [19, 49]. In this experi-
ment, neither individual nor combined presence of LH and
END1 in the culture medium affected the patterns of E; and P4
secretion by granulosal cells isolated from preovulatory follicles.
Hence, the hypothesis that END1 may modulate steroid produc-
tion by granulosal cells from preovulatory follicles was not sup-
ported. Alternatively, the added androstenedione could have
overshadowed detection of an effect when granulosal cells were
incubated alone without thecal cells. Although anti-steroidogenic
actions of END1 were demonstrated in follicles of rats [49, 50],
pigs [16, 30, 37] and human beings [11, 12], such a role of
END1 has not been reported in sheep follicles. In microdialyzed
large bovine follicles, END1 stimulated E, secretion and inhib-
ited P4 and androgen production [1, 2]. Moreover, LH increased
END1 release from mature follicles [1] and ENDRA and ENDRB
were detected in the theca of bovine follicles [2]. Attempts to
identify END1 by immunohistochemistry in follicles from days
two to six of the ovine estrous cycle were not successful (data
not shown). Because the presence of END1 in bovine preovula-
tory follicles was associated with other vasoactive peptides such
as angiotensin Il and atrial natriuretic peptide in microdialyzed
mature follicles [2], a role of END1 in modulating blood flow into
the follicle may be one of its functions.
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Immediately after the LH surge, the pattern of steroid se-
cretion from the preovulatory follicle is known to change abruptly
[20, 40] from estrogen to P4 dominance. It was postulated that
END1, a 21-amino acid peptide with recognized anti-
steroidogenic properties, might modulate steroid production pre-
venting premature luteinization of granulosal and thecal cells
[19, 49]. In this experiment the protocol designed for collection
of large preovulatory follicles was successful and granulosal
cells from 20 of 28 follicles were cultured and challenged to 10
different treatments, resultant from combinations of LH, END1,
ENDRA and ENDRB. However, neither E> nor P4 accumulation
in the culture media was affected by treatments after 24 h of in-
cubation. To interpret these findings, it is important to consider
three aspects. First, granulosal cells from large preovulatory fol-
licles were exposed to greater concentrations of endogenous LH
for several hours and thereafter to supplemented LH during in
vitro incubation. Second, removing granulosal cells in this par-
ticular follicular developmental stage and culturing them in a se-
rum free culture medium may have triggered their luteinization;
as judged by greater concentrations of P4 than E; in the culture
media. Third, as occurs during luteolysis [43], END1 may act in
conjunction with other locally produced ovarian mediators regu-
lating follicular steroid production, and therefore, the absence of
these factors in the culture media may have allowed luteiniza-
tion of granulosal cells. Apparently, a more appropriate culture
system would be necessary to test the role of END1 in steroid
production by granulosal cells in large preovulatory follicles in
sheep. Alternatively, collection of preovulatory follicles earlier,
and incorporation of FSH and serum in culture media, may allow
elucidation of the role of END1 in modulating steroid production
by granulosal cells prior to ovulation in ewes. In earlier in vitro
studies, FSH-simulated P4 production by granulosal cells col-
lected from small- and medium-sized swine follicles was inhib-
ited by END1 [16, 18, 37]. However, END1 also reduced pro-
duction of LH-stimulated P4 by granulosal cells isolated from
medium-sized follicles in pigs [30].

CONCLUSION

Granulosal cells from preovulatory follicles with greater
concentration of E; in FF had more steroidogenic capacity, as
judged by greater accumulation of E; and P4 after 24 h of incu-
bation culture. Under the experimental conditions of this study,
END1 did not affect LH-stimulated steroid production by granu-
losal cells from preovulatory follicles in sheep, and therefore
the proposed hypothesis was not supported. Collection of
younger preovulatory follicles and incorporation of FSH and se-
rum in the culture medium may allow clarify whether END1 has
a role in follicular function in the sheep.
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