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ABSTRACT

We examined the responsiveness of large luteal cells (LLC),
small luteal cells (SLC), and endothelial cells of the Day 4 and
Day 10 bovine corpus luteum (CL) to prostaglandin (PG) F2a and
endothelin (ET)-1. Using a single-cell approach, we tested the
ability of each agonist to increase the cytoplasmic concentration
of calcium ions ([Ca21]i) as function of luteal development. All
tested concentrations of agonists significantly (P 5 0.05) in-
creased [Ca21]i in all cell populations isolated from Day 4 and
Day 10 CL. Day 10 steroidogenic cells were more responsive
than Day 4 cells to PGF2a and ET-1. Response amplitudes and
number of responding cells were affected significantly by ago-
nist concentration, luteal development, and cell type. Response
amplitudes were greater in LLC than in SLC; responses of max-
imal amplitude were elicited with lower agonist concentrations
in Day 10 cells than in Day 4 cells. Furthermore, on Day 10, as
the concentration of PGF2a increased, larger percentages of SLC
responded. Endothelial cells responded maximally, regardless of
agonist concentration and luteal development. In experiment 2,
we tested the developmental responsiveness of total dispersed
and steroidogenic-enriched cells to the inhibitory actions of
PGF2a and ET-1 on basal and LH-stimulated progesterone accu-
mulation. The potency of PGF2a steroidogenic-enriched cells on
Day 4 was lower than on Day 10; in contrast, the potency of
ET-1 was not different. Therefore, ET-1 was a tonic inhibitor of
progesterone accumulation rather than a mediator of PGF2a ac-
tion. The lower efficacy of PGF2a in the early CL more likely is
related to signal transduction differences associated with its re-
ceptor at these two developmental stages than to the inability
of PGF2a to up-regulate ET-1.

calcium, corpus luteum function, ovary, progesterone, signal
transduction

INTRODUCTION

The corpus luteum (CL) is a transient gland that is nec-
essary for maintenance of pregnancy, and its regression is
essential for normal ovarian cyclicity. In the majority of
species studied, prostaglandin (PG) F2a is the primary factor
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responsible for cessation of luteal progesterone (P4) pro-
duction and luteal cell involution. This luteolytic process
involves interactions between at least three luteal cell pop-
ulations: endothelial cells, and the two steroidogenic cells
(large luteal cells [LLC] and small luteal cells [SLC]). Stud-
ies to understand luteal physiology have devoted greater
attention to the steroidogenic than to the endothelial cell
population. Yet, endothelial cells contribute approximately
50% of the total cell population of the CL [1]. They are
known to express the PGF2a receptor [2], and PGF2a has
been reported to have direct effects on bovine luteal en-
dothelial cells [3].

In vitro studies examining direct effects of PGF2a on P4
production by luteal steroidogenic cells have produced in-
consistent results [4, 5], and these results have not always
agreed with those of in vivo studies. One possible reason
for the discrepancy between the in vivo and in vitro results
is that the actions of PGF2a are not exerted directly on
steroidogenic cells but, rather, are mediated by the luteal
endothelial cells [5]. A large body of data supports the no-
tion that endothelin (ET)-1, secreted by luteal endothelial
cells, plays an essential role during luteolysis. It has been
hypothesized that the luteal role of ET-1 might be to me-
diate the luteolytic actions of PGF2a [3, 6–13].

In cows and various other animals in which PGF2a in-
duces luteolysis, the CL of the early estrous cycle (Days
1–5) is resistant to the luteolytic action of a dose of PGF2a

that induces luteolysis in mid to late CL (Days 8–15). The
mechanisms responsible for this insensitivity of the early
CL to PGF2a are not fully understood; however, several
possibilities have been implicated [14–16]. In the context
of ET-1 as a mediator of the luteolytic actions of PGF2a,
an additional mechanism that might participate in the re-
sistance of the early CL has been reported [6]. It has been
proposed that because the luteolytic actions of PGF2a re-
quire the intermediary role of ET-1 and administration of
PGF2a can induce ET-1 gene expression only during the
late luteal phase, it is reasoned that during the early luteal
phase, the CL is insensitive to the luteolytic actions of
PGF2a. However, it has been demonstrated recently that al-
though an injection of PGF2a does not up-regulate ET-1
synthesis in the early CL, the local regulation of the entire
luteal ET system occurs in such a manner that a steady
increase occurs in the luteal content of ET-1 from Day 1
[17]. More importantly, the amount of mature ET-1 peptide
in Day 4 and Day 10 CL did not differ [17]. These latter
observations raise the possibility that if the early CL has
the capacity to respond to the available ET-1, then the luteal
role for ET-1 is unlikely to be mediation of the luteolytic
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actions of PGF2a. The test of this hypothesis would require
examining the sensitivity of the CL to ET-1 and PGF2a as
a function of luteal development. To our knowledge, no
studies have examined these three cell populations in vitro
to determine their sensitivity to PGF2a and ET-1 as a func-
tion of luteal development. The urgency of including luteal
endothelial cells in studies to understand the mechanisms
of luteolytic sensitivity in the CL is accentuated by the
observation that one of the direct actions of PGF2a on luteal
endothelial cells of the Day 10 CL is to modulate the ex-
pression of several genes of the ET system [5].

In luteal steroidogenic cells, PGF2a activates its plasma
membrane G protein-coupled receptor. Some controversy
exists regarding the steroidogenic cell type expressing these
receptors; it appears that in the cow, both LLC and SLC
express the receptor, with LLC having a higher expression
[2, 3, 18]. Nevertheless, PGF2a, binding to its cognate re-
ceptor in the steroidogenic cells, activates the membrane-
bound, phosphoinositide-specific phospholipase (PL) C,
yielding inositol 1,4,5-trisphosphate and diacylglycerol
[19]. Indeed, in bovine luteal cells, PGF2a stimulates phos-
phatidylinositol 4,5-biphosphate hydrolysis and mobilizes
intracellular Ca21 [20, 21]. Accordingly, calcium and pro-
tein kinase (PK) C have been shown to be the intracellular
mediators of actions of PGF2a in luteal cells [22]. Despite
the fact that direct actions of PGF2a in luteal endothelial
cells have been reported, to our knowledge no studies have
addressed the relationship between the intracellular medi-
ators of actions of PGF2a in endothelial luteal cells. The
possibility that intracellular signal transduction mechanisms
might contribute to the insensitivity or resistance of the
early CL has not been explored in the whole CL or in any
individual luteal cell population.

Here, we report the results of two experiments designed
to test the hypothesis that ET-1 is a mediator of the luteo-
lytic actions of PGF2a and that it might participate in the
resistance of the early CL. Specifically, we have investi-
gated the sensitivity of these three luteal cell populations,
from the point of view of signal transduction, to PGF2a and
ET-1 as a function of luteal development (Day 4 vs. Day
10). The sensitivity of total dispersed (a mixture of ste-
roidogenic and endothelial luteal cells) and steroidogenic-
enriched luteal cells to the inhibitory actions of PGF2a and
ET-1 on basal and LH-stimulated P4 accumulation also was
examined at these two developmental stages. The answers
to the questions posed in the present studies are important,
because they will help us to understand as well as fine-tune
the luteal role of ET-1 and the mechanisms participating in
the resistance of the early CL to the luteolytic actions of
PGF2a.

MATERIAL AND METHODS

CL Collection

Non-lactating beef cows were observed visually for estrus twice daily
at approximately 12-h intervals for a minimum of 30 min per observation.
The day when standing estrus was observed was designated as Day 0 [22].
After two cycles, Day 4 and Day 10 CL were collected by blunt dissection
(Day 10) or ovariectomy (Day 4) via supravaginal incision under epidural
anesthesia. For the epidural anesthesia, 6–9 ml of 2% lidocaine were ad-
ministered to cows weighing 450–700 kg (Butler Company, Columbus,
OH). The CL or ovary was collected into ice-cold PBS (pH 7.4) and
transported to the laboratory within 15–30 min after collection. This in-
vestigation was conducted in accordance with the Guide for the Care and
Use of Agricultural Animals in Research and Teaching. The West Virginia
University Animal Care and Use Committee reviewed and approved the
protocol for the tissue collection (ACUC no. 01-0809).

Luteal Cell Dispersion and Purification

In the laboratory, the CLs were dissected free of connective tissue,
weighed, placed in cell dispersion medium (CDM; medium 199 [M199]
containing 0.1% BSA, 25 mM Hepes, and 100 U/ml of fungicide), and
cut into small (;1 mm3) fragments. The tissue fragments were washed
twice with CDM and placed into 5 ml of fresh CDM containing collage-
nase type IV (420 U/ml/g tissue; Gibco, Invitrogen Life Technologies,
Carlsbad, CA). After 1 h of incubation at 358C in a shaking (200-rpm)
water bath (New Brunswick Scientific, Edison, NJ), the digestion mixture
was aspirated several times with a Pasteur pipette to dissociate the tissue
mechanically. Undigested tissue was allowed to settle, and the supernatant
was transferred to a 50-ml, sterile plastic tube to collect the cells by cen-
trifugation (100 3 g for 5 min). The dissociated cells were washed twice
with CDM and placed on ice. The undigested tissue was returned to the
shaking water bath in fresh CDM/collagenase. This procedure was re-
peated until all the tissue had been digested. The pooled dispersed luteal
cells were filtered through a sterile nylon membrane to remove any re-
maining tissue debris. Luteal endothelial cells were separated by a pro-
cedure described previously [12]. Briefly, magnetic tosylactivated beads
(Dynal Biotech, Lake Success, NY) were coated with BS-1 lectin (0.15
mg/ml; Vector Laboratories, Inc, Burlingame, CA) for 24 h at room tem-
perature. The beads were washed and stored at 48C until use. Dispersed
luteal cells were suspended in 1% PBS, mixed with beads at a bead:
endothelial cell ratio of 1:3, and placed for 25 min at 48C on a rocking
platform. The bead-adherent cells were washed with 1% PBS and concen-
trated using a magnetic particle concentrator (Dynal Biotech, Lake Suc-
cess, NY). Both BS-1-adhering (endothelial cells) and nonadherent cells
(steroidogenic-enriched luteal cells) were collected by this procedure. In
the present study, all cells in the population that we call endothelial cells
had beads attached, but the cell purity of the fraction was not characterized
further. Similarly, the cell population that we call steroidogenic cells did
not have beads attached, but they represented a heterogeneous population
of cells, including fibroblasts, pericytes, lymphoid, and any endothelial
cells not removed by our separation procedure. Cell viability and density
were determined using trypan blue exclusion and a hemocytometer; luteal
cell viability was greater than 96%.

Single-Cell Calcium Measurements

The cell density of the enriched populations of luteal cells was adjusted
to 1 3 105 cells/ml by adding bicarbonate-buffered M199 supplemented
with 5.0% fetal calf serum (FCS). This initial concentration of FCS in the
M199 allowed luteal cell attachment to the microscope slides. A 60-ml
aliquot of the cell suspension was applied to a Cunningham chamber con-
structed on poly-L-lysine-coated microscope slides [23, 24]. The Cunning-
ham chambers were maintained overnight in a tissue-culture incubator
(378C, 95% air/5% CO2). Poly-L-lysine, M199, FCS, and penicillin-strep-
tomycin were from Life Technologies (Grand Island, NY).

The following day, the cells were used for calcium measurements. The
tissue-culture media in these experiments consisted of 127 mM NaCl, 5
mM KCl, 1.8 mM CaCl2, 2 mM MgCl2, 5 mM KHPO4, 5 mM NaHCO3,
10 mM Hepes, 10 mM glucose, and 0.1% BSA at pH 7.4. Luteal cells
were loaded with 1 mM fura-2/AM (Calbiochem, San Diego, CA) in ex-
perimental medium (without hormones) for 20 min at 378C. The cells were
washed with experimental medium and incubated for an additional 20 min
at 378C to allow cytoplasmic de-esterification of the fura-2/AM dye.

After dye loading, the Cunningham chamber was placed on the stage
of an Olympus PROVIS AX70 microscope (Olympus America, Inc., Mel-
ville, NY) equipped for epifluorescence microscopy. All experiments were
performed at room temperature (22–258C). The excitation light was sup-
plied by a mercury short arc photo-optic lamp source (OSRAM; B&B
Microscopes, Warrendale, PA). The excitation wavelengths were selected
by 340- and 380-nm filters (half-bandwidth, 2 nm; Chroma Technology
Corporation, Brattleboro, VT) mounted in a rotating filter wheel (MAC
2000; Ludl Electronic Products, Hawthorne, NY) between the mercury
lamp and the microscope. The rotating filter wheel was operated by a
LAMDA 10-2 controller (Scanalytic, Inc., Fairfax, VA). This automated
shutter and filter controller allowed acquisition of images for dual-wave-
length microscopy. Fluorescence images were collected via the objective
lens and passed through a barrier filter (transmission wavelength, 490–
600 nm) to the face of a PVCam camera (Photometric SenSys, Michigan
City, IN). These images were acquired and analyzed using IPLAB ratio
software for the Macintosh computer (Version 3.2; Scanalytic, Inc., Fair-
fax, VA). For further analysis, the cell responses were represented as
changes in the 340/380-nm fluorescence ratio over time. Changes in fluo-
rescence ratio at these two wavelengths have been demonstrated to be
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FIG. 1. Representative traces to illustrate the ability of PGF2a (1000 ng/
ml) and ET-1 (100 nM) to evoke a specific rise in the intracellular con-
centration of Ca21 in single LLC isolated from Day 10 bovine CL. The
cells were isolated and prepared for fura-2/AM imaging of [Ca21]i as de-
scribed in Materials and Methods. Data are the relative fluorescence ratio
(340/380 nm) over time (sec). Cells were exposed at the indicated time
(arrows) to vehicle media (top), media containing 1000 ng/ml of PGF2a

(middle), and media containing 100 nM ET-1 (bottom).

caused by changes in [Ca21]i. Microscopic fields were selected using a
bright-field image where cell size and cell morphology could be deter-
mined. Both steroidogenic cells were round, with SLC being less than 20
mm in diameter and LLC being greater than 20 mm in diameter. The
endothelial cells were flat, spindle shaped, and had one or two magnetic
beads attached. This field-selection procedure allowed recording of two to
three cells per slide.

Experiment 1
Experiment 1 examined developmental sensitivity of luteal cells to

PGF2a, and ET-1. Specifically, single-cell studies were conducted to com-
pare the ability of PGF2a and ET-1 to elicit [Ca21]i responses by luteal
steroidogenic and endothelial cells isolated from Day 4 and Day 10 CL.
The ability of different concentrations of agonists (PGF2a: 0, 10, 100, and
1000 ng/ml; ET-1: 0, 10, 100, and 1000 nM) to stimulate a rise in [Ca21]i
was examined using a protocol previously described for porcine granulosa
cells [25]. To our knowledge, the cellular effector system activated by the
ET receptor in bovine luteal cells has not been studied. However, in por-
cine granulosa cells, the ET receptors have been shown to activate the
PLC effector system [25, 26]; therefore, we expected these receptors to
use a signal transduction mechanism similar to that in bovine luteal cells.
Each agonist concentration was evaluated in three slides per experimental
animal. At least six independent replicates (experimental animals) were
performed for each developmental stage of the CL. This experiment tested
the ability of two agonists to stimulate a rise in [Ca21]i as a function of
the developmental stage of the CL and the concentration of agonist. At
least two variables were examined: the fold-increase of the elicited change
in fluorescence ratio, and the percentage of cells responding to each ag-
onist concentration.

Experiment 2
Experiment 2 also examined the developmental sensitivity of luteal

cells to PGF2a and ET-1. Specifically, responsiveness of Day 4 and Day
10 luteal cells to varying concentrations of PGF2a (0, 10, 100, and 1000
ng/ml) or ET-1 (0, 10, 100, and 1000 nM) was tested by measuring the
basal and LH (100 ng/ml)-stimulated P4 accumulated during a 4-h interval
in cultures of total dispersed and steroidogenic cells. Preliminary obser-
vations had indicated that LH at the concentration used here was effective
in stimulating P4 accumulation in luteal cells obtained from Day 4 and
Day 10 CL. The total dispersed and steroidogenic cells were cultured in
24-well plates (1 3 103 steroidogenic cells/well). The cells were added in
small aliquots to wells containing 1 ml of M199 with increasing concen-
tration of PGF2a and ET-1. The cells were incubated for 4 h at 378C (95%
air, 5% CO2). After incubation, cell-free medium was removed from each
well and frozen until assayed for measurement of P4. Measurements of P4
in the culture media were performed using an RIA as described previously
[27]. The standard curve for this RIA ranged from 10 to 800 pg/ml, and
the intra- and interassay coefficients of variation were 9.2% and 12.8%,
respectively.

Statistical Analysis
Statistical analyses were performed using JMP 3.0, a statistical soft-

ware program from Statistical Analysis System [28]. Data are presented
as the mean 6 SEM for all experiments. The data for fold-increase (340/
380-nm ratio) and P4 concentration were log-transformed to meet the as-
sumptions of normality, and for data presentation, all the means were back-
transformed accordingly. Two-way ANOVA was used to determine effects
of different treatments. The Tukey-Kramer honestly significant difference
test was used to compare the different treatments. A value of P , 0.05
was considered to be statistically significant.

RESULTS

Experiment 1: [Ca21]i Responses

All tested concentrations of PGF2a and ET-1 elicited sig-
nificant (P , 0.05) and agonist-specific elevations in
[Ca21]i in both populations of steroidogenic cells (LLC and
SLC) isolated from Day 4 (not shown) and Day 10 CL
(Figs. 1 and 2). Agonist specificity of the response was
demonstrated by the observation that changes in the fluo-
rescence ratio in cells challenged with media alone (top of
Figs. 1 and 2) were of lower magnitude than those asso-

ciated with an agonist challenge (middle [PGF2a] and bot-
tom [ET-1] of Figs. 1 and 2). Representative traces of the
elevations in [Ca21]i observed in LLC (Fig. 1) and SLC
(Fig. 2) isolated from a Day 10 CL when challenged with
media (top, Fig. 2), PGF2a (1000 ng/ml) (middle, Figs. 1
and 2), and ET-1 (100 nM) (bottom, Figs. 1 and 2) are
shown. Traces obtained from Day 4 cells were similar and
are not shown. The agonists typically stimulated greater
fold-increases in [Ca21]i in LLC (P 5 0.03) than in SLC
(Figs. 1 and 2).

Day 4 CL. In steroidogenic cells isolated from Day 4
CL, a dose-dependent effect of PGF2a on the fold-increase
of the elicited rise in [Ca21]i was observed only in the LLC
population. The fold-increases in [Ca21]i stimulated by
PGF2a at the concentrations of 10 and 100 ng/ml were
greater than those observed with media alone (Fig. 3A) but
were not different from each other (P 5 0.29). The fold-
increase of the Ca21 transients elicited by PGF2a at the con-
centration of 1000 ng/ml were greater than those elicited at
lower concentrations (Fig. 3A).

The percentage of Day 4 LLC responding to a challenge
with 10 ng/ml PGF2a was greater than that of those chal-
lenged with media alone (70% 6 2.3% vs. 6.3% 6 4.5%),
and this percentage was not increased (P 5 0.34) as the
cells were challenged with greater concentrations of PGF2a

(Table 1).
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FIG. 2. Representative traces to illustrate the ability of PGF2a (1000 ng/
ml) and ET-1 (100 nM) to evoke a specific rise in the intracellular con-
centration of Ca21 in single SLC isolated from Day 10 bovine CL. The
cells were isolated and prepared for fura-2/AM imaging of [Ca21]i as de-
scribed in Materials and Methods. Data are the relative fluorescence ratio
(340/380 nm) over time (sec). Cells were exposed at the indicated time
(arrows) to vehicle media (top), media containing 1000 ng/ml of PGF2a

(middle), and media containing 100 nM ET-1 (bottom).

FIG. 3. PGF2a-induced changes in the intracellular Ca21 levels in LLC
and SLC studied on (A) Day 4 (0 ng/ml, n 5 121 SLC and 98 LLC; 10 ng/
ml, n 5 105 SLC and 89 LLC; 100 ng/ml, n 5 107 SLC and 118 LLC;
1000 ng/ml, n 5 114 SLC and 103 LLC) and (B) Day 10 (0 ng/ml, n 5
102 SLC and 100 LLC; 10 ng/ml, n 5 135 SLC and 126 LLC; 100 ng/ml,
n 5 125 SLC and 123 LLC; 1000 ng/ml, n 5 112 SLC and 133 LLC).
Values are presented as mean 6 SEM, and comparisons were made with-
in cell type, developmental stage, and treatment. Different letters on top
of bars represent significantly different values (P , 0.05).

TABLE 1. Percentage of SLC and LLC responding to ET-1 and PGF2a with a rise in the intracellular concentration on Ca21 as a function of agonist
concentration and luteal development.a

Day 4

SLC LLC

Day 10

SLC LLC

ET-1 (nM)
0

10
100

1000

1.2 6 2.3b (121)
75 6 6.3c (115)
60 6 5.5c (125)
80 6 1.6c (110)

6.3 6 4.5b (98)
70 6 2.3c (96)
66 6 12.1c (116)
57 6 2.3c (102)

1 6 1.2b (102)
58.3 6 2.3c (125)

90 6 1d (104)
100d (103)

3b (100)
72.7 6 4.5c (123)

80 6 2.3c (114)
81.8 6 2c (116)

PGF2a (ng/ml)
0

10
100

1000

1.2 6 2.3b (121)
80 6 5.6c (105)
85 6 5.6c (107)
83 6 2c (114)

6.3 6 4.5b (98)
100c (89)
100c (118)
88 6 2.6c (103)

1 6 1.2b (102)
75 6 8.1c (135)

71.4 6 5.6c (125)
100d (112)

3b (100)
80 6 5.6c (126)
58 6 9.8d (123)

85.7 6 4.5c (133)
a Values represent the mean 6 SEM. Numbers in parentheses denote the number of cells in each treatment group. For each cell type, comparisons are
made within each agonist concentration.
b–d Values marked with different superscripts differ significantly (P , 0.05).

In the SLC population, PGF2a induced elevations in
[Ca21]i of lower amplitude than those elicited by compa-
rable PGF2a concentration in LLC; furthermore, this am-
plitude was not increased as the cells were challenged with
greater concentrations of PGF2a (Fig. 3A). In SLC, the per-
centage of responding cells did not increase as concentra-
tions of PGF2a increased (P 5 0.84); it remained near the
80% 6 5.6% that was observed with the lowest tested con-
centration (Table 1).

The actions of ET-1 in inducing transient elevations in
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FIG. 4. ET-1-induced changes in the intracellular Ca21 levels in LLC and
SLC studied on (A) Day 4 (0 nM, n 5 121 SLC and 98 LLC; 10 nM, n 5
115 SLC and 96 LLC; 100 nM, n 5 125 SLC and 116 LLC; 1000 nM, n
5 110 SLC and 102 LLC) and (B) Day 10 (0 nM, n 5 102 SLC and 100
LLC; 10 nM, n 5 125 SLC and 123 LLC; 100 nM, n 5 104 SLC and 114
LLC; 1000 nM, n 5 103 SLC and 116 LLC). Values are presented as the
mean 6 SEM, and comparisons were made within cell type, develop-
mental stage, and treatment. Different letters on top of bars represent
significantly different values (P , 0.05).

FIG. 5. (A) PGF2a-induced and (B) ET-1-induced changes in the intra-
cellular Ca21 levels in endothelial cells studied on Day 4 (PGF2a: 0 ng/
ml, n 5 126; 10 ng/ml, n 5 128; 100 ng/ml, n 5 126; 1000 ng/ml, n 5
117; ET-1: 0 nM, n 5 126; 10 nM, n 5 103; 100 nM, n 5 117; 1000
nM, n 5 120) and on Day 10 (PGF2a: 0 ng/ml, n 5 124; 10 ng/ml, n 5
136; 100 ng/ml, n 5 113; 1000 ng/ml, n 5 134; ET-1: 0 nM, n 5 124;
10 nM, n 5 107; 100 nM, n 5 128; 1000 nM, n 5 128). Values are
presented as the mean 6 SEM, and comparisons were made within de-
velopmental stage and treatment. Letters on top of bars represent signif-
icantly different values (P , 0.05).

[Ca21]i in steroidogenic cells isolated from Day 4 CL were
remarkably similar to those described for PGF2a. That is, a
dose effect of ET-1 on the elicited rise in [Ca21]i was ob-
served only in the LLC population. A maximal response in
the ET-1-induced transient elevations in [Ca21]i was ob-
served at a concentration of 100 nM (Fig. 4A).

As observed for PGF2a, the ET-1-induced transient ele-
vations in [Ca21]i in the SLC population were of lower
amplitude than those elicited by a comparable concentra-
tion of ET-1 in LLC. Furthermore, this amplitude was not
increased as the cells were challenged with greater concen-
trations of ET-1 (Fig. 4A). The percentage of SLC respond-
ing to a challenge with increasing concentrations of ET-1,
as observed for PGF2a, did not differ from the percentage
that responded to the lowest tested concentration (Table 1).

All concentrations of PGF2a and ET-1 tested on endo-
thelial cells elicited significant and agonist-specific tran-
sient elevations in [Ca21]i. Furthermore, the lowest tested
concentration for each agonist elicited maximal responses
by endothelial cells (Fig. 5). The percentage of responding
endothelial cells was not affected by the concentration of
ET-1 used in the challenge. For Day 4 samples, no respond-
ers were observed from 126 endothelial cells stimulated
with media alone, and when endothelial cells were stimu-
lated with PGF2a (10 ng/ml, n 5 128; 100 ng/ml, n 5 126;
1000 ng/ml, n 5 117), 93% 6 3% of the cells responded
with maximal elevations in [Ca21]i. For Day 10 samples, 1
of 124 endothelial cells stimulated with media responded
with an elevation in [Ca21]i; in contrast, when stimulated
with PGF2a (10 ng/ml, n 5 136; 100 ng/ml, n 5 113; 1000
ng/ml, n 5 134), 94–100% of the cells responded with

maximal elevations in [Ca21]i. Similar results were obtained
when endothelial cells were stimulated with ET-1. For Day
4 endothelial cells stimulated with ET-1 (10 nM, n 5 103;
100 nM; n 5 117; 1000 nM, n 5 120), 100% of the cells
responded with maximal elevations in [Ca21]i. For Day 10
endothelial cells stimulated with ET-1 (10 nM, n 5 107;
100 nM, n 5 128; 1000 nM, n 5 128), 93% 6 5.6% of
the cells responded with maximal elevations in [Ca21]i.

Day 10 CL. In Day 10 LLC, PGF2a at a concentrations
of 10 ng/ml elicited maximal rises in [Ca21]i. In fact these
responses were greater (P 5 0.04) than those elicited by
the highest concentration of PGF2a on Day 4 LLC (Fig. 3),
and the percentage of responding cells or the elevations in
[Ca21]i were not increased as the PGF2a concentration was
increased (Fig. 3B and Table 1).

In the SLC population, the lowest concentration of
PGF2a induced maximal elevations in [Ca21]i that, again,
were of lower amplitude than those elicited by comparable
concentrations of PGF2a on LLC. Increasing the concentra-
tion of PGF2a did not result in a further increase (P 5 0.84)
of the observed responses (Fig. 3B). Nevertheless, the am-
plitude of these responses was higher (P , 0.05) than those
elicited by PGF2a in Day 4 SLC (Fig. 3).

Increasing the concentrations of PGF2a resulted in a pro-
gressive increase in the percentage of responding SLC.
When these SLC were challenged at the concentration of
10 ng/ml, 75% 6 8.1% of the cells responded. It remained
at 71.4% 6 5.6% when the PGF2a concentration was in-
creased to 100 ng/ml, and then it was increased to 100%
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FIG. 6. Effects of PGF2a on progesterone
accumulation on Day 4 by (A) total dis-
persed cells and (B) steroidogenic cells on
Day 10 by (C) total dispersed cells and (D)
and steroidogenic cells. Values are repre-
sented as the mean 6 SEM. Letters on top
of bars represent significantly different val-
ues (P , 0.05).

when the concentrations of PGF2a was increased to 1000
ng/ml (Table 1).

In LLC, the lowest tested concentration of ET-1 (10 nM)
elicited elevations in [Ca21]i of maximal amplitude (Fig.
4B). Additionally, the percentage of responding cells was
not increased by increasing the ET-1 concentration (Table
1).

As described for PGF2a, ET-1 induced lower elevations
in [Ca21]i in SLC compared with those in LLC (P 5 0.003)
(Fig. 4B). However, these ET-1-stimulated elevations in
[Ca21]i were greater (P 5 0.002) in SLC isolated from Day
10 CL than in those isolated from Day 4 CL (Fig. 4). The
ET-1-induced Ca21 transients were not affected by the con-
centration of ET-1 used (Fig. 4B), indicating that they rep-
resented a maximal response. The percentage of SLC re-
sponding was affected by the concentration of ET-1 used.
At the concentration of 10 nM, ET-1 elicited responses in
58.3% 6 2.3% of the cells challenged. This percentage was
increased to 90% 6 1% when the concentration of ET-1
was increased to 100 nM, and no additional change was
observed when ET-1 was used at the concentration of 1000
nM (Table 1).

The developmental stage of the CL did not influence the
sensitivity of the endothelial cells to PGF2a or ET-1; the
Ca21 transients elicited by the low agonist concentration
were maximal in both developmental stages (Fig. 5). Fur-
thermore, the percentage of responding endothelial cells did
not differ with day (data not shown), and the lowest tested
concentration of agonist elicited a maximal percentage of
responding cells.

Experiment 2: Ability of PGF2a and ET-1 to Inhibit Basal
and LH-Stimulated P4 Production

Day 4 CL. Basal P4 accumulation in the cultures of total
dispersed cells was 3.74 6 0.33 ng/ml, and a 66% inhibi-
tory effect of PGF2a on the amount of accumulated P4 was
observed only at the highest tested concentration (1000 ng/
ml) (Fig. 6A). When these Day 4 total dispersed luteal cells
were stimulated with 100 ng/ml of LH, the amount of ac-
cumulated P4 was increased to approximately fivefold that

accumulated under basal conditions (Fig. 6A). Superim-
posing the PGF2a treatment at the concentrations of 100
and 1000 ng/ml significantly enhanced the stimulatory ef-
fect of LH (P 5 0.0001) on the accumulated P4 (Fig. 6A).

Basal P4 accumulation in cultures of steroidogenic cells
was twice the amount accumulated in the cultures of total
dispersed luteal cells. Superimposing the PGF2a treatment
on these Day 4 luteal steroidogenic cells did not affect basal
or LH-stimulated P4 accumulation (Fig. 6A).

In the cultures of total dispersed cells used to test the
effect of ET-1, basal P4 accumulation was 3.65 6 0.38 ng/
ml, and ET-1 did not have any effect at any of the concen-
trations tested (Fig. 7A). When cultures were stimulated
with 100 ng/ml of LH, the amount of accumulated P4 was
increased to approximately fivefold that accumulated under
basal conditions (Fig. 7A). When ET-1 was included in the
treatment, it induced a dose-dependent inhibition of the LH-
stimulated P4 accumulation. At 10 nM, ET-1 significantly
inhibited P4 accumulation by 54.1% (Fig. 7A); increasing
the concentration of ET-1 to 100 nM brought about an in-
hibition of approximately 71.9% (Fig. 7A). Additional in-
creases in the ET-1 concentration did not further increase
this inhibitory action on the accumulated P4 (Fig. 7A).

As in the experiments with PGF2a, basal P4 accumulation
in cultures of steroidogenic cells isolated from Day 4 CL
was twice the amount accumulated in the cultures of total
dispersed luteal cells (Fig. 7B). Superimposing an ET-1
treatment on these steroidogenic cells induced a dose-de-
pendent inhibition of the basal P4 accumulation (Fig. 7B).
The lowest tested concentration of ET-1 (10 nM) did not
reduce the amount of P4 accumulated. However, at 100 nM,
ET-1 induced a reduction of approximately 82.9%, and at
the concentration of 1000 nM, the inhibition was further
increased to approximately 94.2% (Fig. 7B). In contrast,
the LH-stimulated P4 accumulation in these Day 4 steroido-
genic cells was significantly and maximally inhibited by
the lowest tested concentration of ET-1 (Fig. 7B).

Day 10 CL. Basal P4 accumulation in cultures of total
dispersed cells was approximately 3.6-fold higher than in
those isolated from the Day 4 CL, 13.43 6 5.18 ng/ml. A
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FIG. 7. Effects of ET-1 on progesterone
accumulation on Day 4 by (A) total dis-
persed cells and (B) steroidogenic cells on
Day-10 by (C) total dispersed cells and (D)
steroidogenic cells. Values are presented
as the mean 6 SEM. Letters on top of bars
represent significantly different values (P ,
0.05).

63% inhibitory effect of PGF2a on the amount of accu-
mulated P4 was observed only at the highest tested con-
centration (1000 ng/ml) (Fig. 6C). When Day 10 dispersed
luteal cells were stimulated with 100 ng/ml of LH, the
amount of accumulated P4 was increased to approximately
1.6-fold that accumulated under basal conditions (Fig. 5B).
Superimposing a PGF2a treatment on these luteal steroido-
genic cells did not affect their LH-stimulated P4 accumu-
lation (Fig. 6C).

Again, basal P4 accumulation in steroidogenic cell cul-
tures was more than double the amount accumulated in cul-
tures where endothelial cells were present. Superimposing
a PGF2a treatment on these cells induced a dose-dependent
inhibition of basal P4 accumulation (Fig. 6D). The lowest
tested concentration of PGF2a (10 ng/ml) induced approx-
imately 37% inhibition, and at 1000 ng/ml, PGF2a induced
an inhibition of approximately 80% (Fig. 6D). When cul-
tures were stimulated with 100 ng/ml of LH, the amount
of accumulated P4 was increased to approximately 2.25-
fold that accumulated under basal conditions (Fig. 6B). Su-
perimposing the PGF2a treatment on these steroidogenic
cells induced a dose-dependent inhibition of the LH-stim-
ulated P4 accumulation (Fig. 6D). The lowest tested con-
centration of PGF2a (10 ng/ml) did not have any effect, but
at a concentration of 100 ng/ml, an inhibition of approxi-
mately 37% was observed (Fig. 6D). At the concentration
of 1000 ng/ml, an inhibition of approximately 61.5% was
induced (Fig. 6D).

Again, in cultures of total dispersed luteal cells used to
examine the effect of ET-1, basal P4 accumulation on Day
10 was higher than that in those isolated from the Day 4
CL (Fig. 7C). An ET-1-induced inhibitory effect on the
amount of accumulated P4 was observed only at the highest
tested concentration (1000 nM) (Fig. 7C). When these cells
were stimulated with 100 ng/ml of LH, the amount of ac-
cumulated P4 was increased to approximately 1.6-fold
above that accumulated under basal conditions (Fig. 7C).
An ET-1-induced inhibitory effect was observed only at the
highest tested concentration (1000 nM) (Fig. 7C).

In contrast, in steroidogenic cells, ET-1, even at 10 nM,
maximally inhibited basal P4 accumulation. The maximal

inhibitory effect of ET-1 on basal P4 accumulation was
79.7% (Fig. 7D). Luteinizing hormone stimulated P4 ac-
cumulation to 97.10 6 7.12 ng/ml, a 2.9-fold increase over
basal accumulation, and ET-1, in a dose-dependent manner,
inhibited this stimulatory effect of LH. At 10 nM, ET-1
induced an inhibition of approximately 45% (53.2 6 8.78
ng/ml), and at 100 nM, the inhibition was further aug-
mented to approximately 81% (18.28 6 2.27 ng/ml). The
highest tested concentration of ET-1 (1000 nM) further de-
creased the LH-induced P4 accumulated by 87% (Fig. 7D).

DISCUSSION

The results of experiment 1 demonstrate developmental
differences in the ability of PGF2a to evoke increases in
[Ca21]i in both steroidogenic cell types of the bovine CL.
The LLC population of the Day 10 CL had greater sensi-
tivity to PGF2a than that of the Day 4 CL. This interpre-
tation is supported by the observation made in Day 10 LLC
that the lowest concentration of PGF2a elicited maximal
responses in terms of amplitude of the calcium rise and in
terms of the percentage of responding cells. A greater sen-
sitivity of the Day 10 CL to PGF2a also was supported by
two observations made in the SLC population. First, PGF2a

was able to evoke increases in [Ca21]i in Day 10 SLC that
were of greater amplitude than those elicited in Day 4 SLC.
Second, in Day 10 SLC, the percentage of responding cells
increased as a function of the PGF2a concentration used.
Consequently, these developmental differences in the ste-
roidogenic cells could result in an increased ability of
PGF2a to evoke greater increases in [Ca21]i in both steroido-
genic cell types of the Day 10 bovine CL. These functional
findings are consistent with those of previous studies show-
ing that both small and large bovine luteal cells express
PGF2a receptors [2, 20, 29]. Nevertheless, to our knowl-
edge, the present study is the first to demonstrate the ability
of PGF2a to evoke increases in [Ca21]i in SLC and to doc-
ument developmental differences in this ability of PGF2a to
evoke increases in [Ca21]i in bovine luteal steroidogenic
cells. Differences in the magnitude and profiles of agonist-
stimulated increases in [Ca21]i in SLC and LLC have been
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previously and widely reported in bovine and ovine luteal
cells [29–35]. Interestingly, Alila et al. [34] reported dif-
ferences in the LH-stimulated increases in [Ca21]i in SLC
and LLC of the bovine CL, but for LH, it was SLC that
had higher-amplitude responses compared with LLC.

The present results, although stressing the importance of
the intracellular effectors associated with the PGF2a recep-
tor, do not allow an explanation of the cellular mechanism
responsible for this developmental difference. The in vivo
insensitivity to PGF2a in the early CL is not attributable to
a deficiency of high-affinity PGF2a receptors [18]. Never-
theless, it is not known if changes in receptor concentra-
tions in specific cell types could explain the developmental
differences documented in the present study. Alternatively,
it may not be the number of PGF2a receptors that is in-
creased significantly with the development of the CL but,
rather, some aspect of the signal transduction mechanism
associated with the receptor changes. As demonstrated in
experiment 1, the PGF2a receptor is still coupled to the free
calcium intracellular mediator in both developmental stag-
es, but PGF2a action on luteal cells of the early phase CL
is less effective in eliciting a calcium signal. This could be
caused by the lack of one component of the signal trans-
duction pathway that is present during a later developmen-
tal stage. Indeed, we have recently reported that the early
CL expresses lower amount of PKC « than the midphase
CL [36]. Various PKC isozymes are themselves involved
in regulating agonist-induced Ca21 signaling in different
cell types; for example, PKC « is necessary for initiation
of LTD4-induced Ca21 signaling in intestinal epithelial cells
[37]. A recent study by Sen et al. (unpublished results), in
which a PKC isozyme-specific inhibitor was used to block
PKC « selectively, indicates that this isozyme is capable of
modulating the Ca21 signaling ability of PGF2a. It could be
that expression of the full array of PKC isozymes during
the midluteal phase confers a broader network of intracel-
lular mediators, transducing a full range of luteolytic ac-
tions of PGF2a in the Day 10 CL. Partial expression of the
array of PKC isozymes at earlier developmental stages
would render the tissue differentially sensitive to alternative
effects of PGF2a (i.e., stimulatory vs. inhibitory actions).
Nevertheless, important to the validity of generalizing these
possible interpretations, clear evolutionary species differ-
ences exist in this regard, because in the sheep and pig,
PGF2a functions and receptors have been shown to localize
primarily in the LLC [30–32, 38–40].

The results of experiment 1 demonstrate developmental
differences in the ability of ET-1 to evoke increases in
[Ca21]i in both steroidogenic cell types of the bovine CL.
The LLC and SLC populations of the Day 10 CL had
slightly greater sensitivity to ET-1 than those of the Day 4
CL. This is documented clearly by the observation that in
both cell populations of the Day 10 CL, the lowest tested
concentration of ET-1 elicited maximal responses in terms
of amplitude of the calcium rise. This ability of ET-1 to
evoke increases in [Ca21]i of rapid kinetics in both steroido-
genic cell types of the bovine CL is consistent with the
interpretation that the ET receptors expressed in the bovine
CL are linked to the PLC effector system. This finding is
in accord with previous reports that the ET receptors ex-
pressed in porcine granulosa cells were characterized by
their ability to mediate metabolism of membrane inositol
phospholipids, evoking increases in [Ca21]i and activating
PKC [25, 26].

In contrast to the developmental differences in the ste-
roidogenic luteal cell populations, the sensitivity of the lu-

teal endothelial cell populations to PGF2a and ET-1 does
not appear to contribute to the luteolytic insensitivity of the
early CL. Both agonists were able to elicit maximal re-
sponses at the lowest concentration tested, regardless of the
developmental stage of the CL. Therefore, at least regard-
ing [Ca21]i (a likely relevant intracellular mediator), this
observation does not support the suggestion that endothelial
cells of the early CL are not ready developmentally to me-
diate the luteolytic action of PGF2a [6].

The results of experiment 2 agree with the developmen-
tal differences observed in the ability of PGF2a to evoke
increases in [Ca21]i in the steroidogenic luteal cells and
stresses the importance of [Ca21]i in mediating the luteo-
lytic actions of PGF2a. The effectiveness of PGF2a in in-
hibiting basal and LH-stimulated P4 accumulation was ob-
served only in cultures of steroidogenic cells isolated from
Day 10 CL. These findings contrast with the idea proposed
in a previous report [3] that PGF2a does not directly inhibit
P4 production in luteal steroidogenic cells if the endothelial
cells are absent from the tissue culture. However, the ex-
perimental observations for this proposition were based on
experiments conducted with ‘‘luteal-like’’ cells (‘‘LLC’’
and ‘‘SLC’’) and luteal slices. These ‘‘LLC’’ and ‘‘SLC’’
were collected from follicles and then luteinized in vitro. It
is possible that these ‘‘luteal-like’’ cells resemble luteal
cells from the early phase rather than cells from the mid-
phase CL. This technical difference could explain the dis-
crepancy between these two studies; in the present study, a
direct effect of PGF2a in inhibiting basal and LH-stimulated
P4 accumulation was observed only in steroidogenic cell
cultures from Day 10 CL.

The relationship between the inhibitory effectiveness of
PGF2a and the two developmental stages was difficult to
ascertain in cell cultures of total dispersed luteal cells. The
more complicated cellular interactions under these condi-
tions are reflected by the observation that P4 accumulation
consistently was suppressed when the endothelial cells were
cocultured with the steroidogenic cells. Interestingly, this
was observed at both developmental stages. This suppres-
sion in P4 accumulation by endothelial cells most likely was
caused, though not entirely, by the ET-1 secreted by the
endothelial cells. Our preliminary evidence indicates that
this suppression is blocked only partially by a combination
of type A and B ET-receptor antagonists (unpublished ob-
servations), indicating the presence of additional factors be-
sides ET-1 under these tissue-culture conditions. Neverthe-
less, it is of interest that under these conditions in the Day
4 dispersed luteal cells, PGF2a enhanced the stimulatory
effect of LH at concentrations of 100 and 1000 ng/ml, but
inhibited basal P4 accumulation only at the highest concen-
tration, in both Day 4 and Day 10 luteal cells. This stim-
ulatory action of PGs has been observed in previous studies
[41], but in the present study, the stimulatory action of
PGF2a was observed in the Day 4 CL only when the en-
dothelial cells were present. These results raise the possi-
bility that at this developmental stage, the CL not only is
less sensitive to PGF2a but also that the nature of the effects
of PGF2a on P4 accumulation is different from that of those
effects observed later during luteal development. As men-
tioned, the cellular explanation for this observation could
be that partial expression of the array of PKC isozymes at
earlier developmental stages renders the tissue of the early
CL differentially sensitive to alternative effects of PGF2a.

The results of experiment 2 demonstrate that ET-1, un-
like PGF2a, is a paracrine luteolytic agent that has the ca-
pacity to reduce both basal and LH-stimulated P4 accu-
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mulation in the Day 4 and Day 10 bovine CL with similar
potency. Taken together, the comparison of the develop-
mental sensitivity of the bovine CL to PGF2a and ET-1
indicates that the role of ET-1 cannot be simply to mediate
the PGF2a-induced decrease in P4 secretion during luteal
regression. Instead, the relationship between these two im-
portant luteolytic agents at this stage of luteal development
is rather additive. Endothelin-1 and PGF2a, each indepen-
dently of the other, inhibits P4 production by steroidogenic
luteal cells. This interpretation is supported by the report
that an intraluteal injection of an ET-receptor antagonist
before i.m. injection of 10 mg of PG agonist only mitigated
the luteolytic effect of PGF2a [13]. A synergistic interaction
between PGF2a and ET-1 on the release of P4 has been
observed in the ovine CL [42]. Two important corollaries
are derived from this minor, but also important, interpre-
tation about the relationship between these two naturally
occurring luteolytic agents. First, the insensitivity of the
early CL to the ability of PGF2a to induce a decrease in P4
secretion is related more to the differences in developmen-
tal sensitivity to PGF2a than to the absence of ET-1 actions
to mediate the luteolytic action of PGF2a. In late-phase CL,
tonic inhibition by ET-1 would be additive with PGF2a and,
possibly, with several other well-documented changes that
occur at this developmental stage of the CL. For example,
catabolism of PGF2a in the late-phase CL is lower than that
in the PGF2a-resistant CL [14], and PGF2a induces expres-
sion of PGG/PGH synthetase-2 in the ovine CL during lu-
teolysis, establishing a potential positive feedback at this
stage [15]. Also, local interaction of PGF2a with ET-1 and
tumor necrosis factor a on the release of P4 and oxytocin
in ovine CLs in vivo has been reported [42]. Consequently,
it is the additive effect of these developmental changes that
would increase, or enhance, the luteolytic action of PGF2a.
Second, the fact that the two developmental stages exam-
ined have similar sensitivity to ET-1 begs the question as
to the role of ET-1 during the early phase of the CL. As
shown by the results of experiment 2, when endothelial
cells were present in the dispersed luteal cells from Day 4
and Day 10 CL, P4 accumulation was similarly suppressed.
This indicates that the role of ET-1 in the early and late CL
is the same: tonic inhibition of P4 secretion. Although ex-
ogenous PGF2a does not induce ET-1 synthesis, evidence
exists for up-regulation in the gene expression encoding the
type A ET receptor and biologically active ET-1 peptide
over time that is independent of exogenous PGF2a in the
early bovine CL [17, 43]. Consequently, the amounts of
ET-1 present in the Day 4 and Day 10 CL were not different
[17]. The physiological significance of maintaining tonic
inhibition of P4 synthesis might be related to pulsatile se-
cretion of P4 to prevent P4 desensitization of the target tis-
sues. Most hormones are secreted in an episodic manner,
and secretion of P4 has been shown to be episodic in nature
[44].

The observation that ET-1 is able to stimulate a rise in
[Ca21]i in both SLC and LLC is in accord with the reports
that ET-1 receptors are found in both cell types. However,
ET-1 failed to inhibit P4 production by in vitro-luteinized
bovine thecal cells (SLC-like cells) [5]. The data from the
present study do not allow us to distinguish if the calcium
signal translates into an inhibitory action of ET-1 in both
or only one steroidogenic cell. However, if the in vitro-
luteinized SLC are like natural SLC, then there could be
an implication that in SCL, the ET-1-stimulated calcium
signal could be associated with a different cellular response
than inhibiting P4 synthesis.

In summary, the potency of ET-1 to inhibit P4 synthesis
in the Day 4 and Day 10 CL was not different; therefore,
the luteal role for ET-1 appears to be more of a tonic in-
hibitor of P4 synthesis than a mediator of PGF2a action.
Because in the early CL the ET system is up-regulated over
time in a manner that is independent of exogenous PGF2a

and ET-1 is capable of inhibiting P4 synthesis, it is unlikely
at this developmental stage that the inability of PGF2a to
up-regulate the ET-1 could account for the insensitivity of
the early CL. Instead, the lower efficacy of PGF2a in de-
creasing P4 secretion in the early CL more likely might
relate to developmental differences in the signal transduc-
tion associated with the PGF2a receptor at these two de-
velopmental stages.
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