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ABSTRACT 

The corpus luteum is an endocrine gland which fonns in the ovary each 

reproductive cycle, secretes progesterone, and regresses if pregnancy does not occur. An 

understanding of the factors and mechanisms that detennine the function and lifespan of 

the cOIpus luteum is fundamental to the understanding of the mechanisms that cause luteal 

dysfunction. Prostaglandin F2a (PGF2a) is the primary lutelytic agent in ewes and 

appears to initiate luteal regression by altering cytosolic-free calcium ([Ca2+]i) and 

stimulating calcium-dependent intracellular pathways. The primary focus of this 

dissertation was to investigate the roles of PGF2a and calcium in the regulation of 

progesterone secretion in the ovine cOIpus luteum. In fura-2 loaded large cells, PGF2a 

(0.5 JlM) induced a rapid transient increase in [Ca2+]i followed by a sustained elevation 

of [Ca2+]i. The transient nature of the [Ca2+]i increase was due, at leac;t in part, to the 

ability of PGF2a to stimulate (p<O.OS) 4SCa2+ efflux. PGF2a did not alter [Ca2+]i in 

small cells. The PGF2a-induced calcium transient was modified by incubation of large 

cells in conditions known to alter calcium homeostasis. The transient was attenuated by 

incubation of large cells in Ca2+-free medium (± EGTA). These results suggest that 

PGF2a induces release of calcium from intracellular calcium pools. However, pre

incubation (2 min) of large cells with 1 mM LaCl3 eliminated the PGF2a-induced calcium 

transient, suggesting a role of extracellular calcium. Two different results were observed 

in this study regarding the role of calcium in the regulation of progesterone secretion. 

First, the inhibitory effect of PGF2a on secretion of progesterone was reduced under 

conditions that reduced the magnitude of the PGF2a-induced calcium transient. Second, 

a sustained elevation or reduction in [Ca2+li level also reduced basal progesterone 

secretion in large cells. Thus, both phases of the PGF2a-induced [Ca2+li response, 

transient increase and sustained elevation, appear to be linked to the inhibitory action of 
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PGF2a on progesterone secretion. Finally, this study provides evidence to suggest that 

large and small cells differ in their ability to regulate calcium homeostasis. 



Introduction 

CHAPTER 1 

INTRODUCTION 

1 2 

The human menstrual cycle (28 day cycle in humans) consists of a series of events 

characterized by monthly changes in secretion of gonadotropic hormones, luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH), from the anterior pituitary, and 

the steroid hormones, estrogen and progesterone, from the ovary. Two significant results 

of the estrous cycle are the maturation of a single ovum and preparation of the uterine 

endometrium for implantation of the fertilized ovum. The cycle consists of three distinct 

phase, the follicular phase, ovulation, and the luteal phase. The follicular phase (days 1 

to 14) is characterized by development of a single follicle to maturation and an increase in 

estrogen secretion. The follicle is composed of two steroidogenic cell types, granulosa 

and theca cells, both of which are necessary for the secretion of estrogen. At ovulation 

(day 14) the follicle ruptures and releases the ovum into the pelvic peritoneal space. The 

remaining follicle is transformed into the corpus luteum during the luteal phase (days 15 

to 28). The transformation is regulated by LH and FSH, and is characterized by 

enlargement and extensive capillarization of the corpus luteum, and an increase in 

progesterone secretion and a decrease in estrogen secretion. Progesterone is the steroid 

hormone absolutely required for preparation of the uterus for implantation and 

maintenance of pregnancy. If fertilization and implantation do not occur the corpus 

luteum regresses, progesterone secretion decreases and the estrous cycle is terminated. 

Maintenance of a properly functioning corpus luteum is absolutely required for 

successful reproduction. Luteal phase defect is a clinically recognized condition 

characterized by inadequate production of progesterone by the corpus luteum. Luteal 

phase defect has been identified in a small portion (3-5%) of infertile females and in a 
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significant proportion (40%) of females who suffer from recurrent spontaneous abortions 

(Daya et al., 1988, Wentz, 1979). A better understanding of luteal phase defect could be 

gained by an improved understanding the factors that determine the function and lifespan 

of the corpus luteum. 

The lifespan of the corpus luteum is determined by the interaction of luteotropic 

and luteolytic agents. Secretion of progesterone is stimulated by the luteotropic honnone, 

LH. However, the response of the corpus luteum to LH diminishes during the later stages 

of the luteal phase and may be a factor in the initiation of luteal regression (Behrman et 

al.,1979, Rothchild, 1981, Behrman et al., 1982). Luteal regression (luteolysis) is a 

complex series of events characterized by decreased luteal blood flow, morphological 

changes of the corpus luteum, decreased serum progesterone levels, and finally 

disintegration of the corpus luteum (Nett et al., 1976, Braden et al., 1988). 

Prostaglandin F2a (PGF2a) has been identified as the endogenous luteolytic 

agent in many species, including the ewe (McCracken et al., 1970). The following 

evidence suggests that PGF2a is the luteolytic agent: 1) in vivo administration of PGF2a 

induces regression, 2) PGF2a is present in uterine tissue, and 3) inhibition of either 

PGF2a synthesis or PGF2a action prolongs the lifespan of the corpus luteum (Behrman 

et al., 1979, Litch and Condon, 1988). In contrast to a loss of sensitivity to LH, the 

corpus luteum increases its sensitivity to PGF2a during the course of the luteal phase 

(Lahav et al., 1988, Rothchild, 1981). The mechanisms that mediate the luteolytic actions 

of PGF2a are unclear. 

Animal Model 

The ovine corpus luteum has been extensively characterized and is considered an 

adequate model for studying the regulation of luteal function in humans. Factors that 

make the ewe a good model for studying luteal regression include: 1) the steroidogenic 
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cell types that compose the ovine corpus luteum are similar to that of the human corpus 

luteum (O'Hara et al., 1987, Chenigi et al., 1988, O'Shea et al., 1979, Rodgers and 

O'Shea, 1982, Fitz et al., 1982, Rodgers et al., 1983, Rodgers et al., 1985); 2) 

progesterone production is stimulated by LH in both ovine and human corpus luteum 

(Kaltenbach et al., 1968, Fuller and Hansel, 1970); 3) luteolysis is induced by PGF2a in 

ovine corpus luteum (McCraken, 1970); and 4) multiple ovulations (i.e. superovulated) 

can be induced in the ewe so that adequate amounts of luteal tissue can be collected (Hild

Petito et al., 1987). The steroidogenic regulation of luteal cells from superovulated ewes 

has been shown to be functionally comparable to cells from nonnally cycling ewes (Hild

Petito, et al., 1987). 

Distinct luteal cell types 

Two morphologically and biochemically distinct steroidogenic cell populations, 

designated large (>22 J.1m) and small (12-22 J.1m), have been identified in the corpus 

luteum of several species, including the ewe (O'Shea et al., 1979, Rodgers and O'Shea, 

1982, Fitz et al., 1982) and human (O'Hara et al., 1987, Chenigi et al., 1988). The small 

cells are thought to originate from the theca cells and large cells from the granulosa cells 

of the follicle. However, a differentiation of small cells into large cells has also been 

proposed (Alila and Hansel, 1984, Farin et al., 1988). The cell population is dynamic 

during the course of the luteal phase, with regression being characterized by a loss of 

cells, and in one study, a preferential loss of small cells (Schwall et al., 1986). 

The structural and functional differences between ovine large and small cells 

suggest that the cell types may have different roles in luteal function. The evidence to 

support different roles include: 1) small cells contain a significant number of receptors for 

the luteotropic honnone, LH, but few low affinity (Kd = 409 nM) receptors for PGF2a, 

the primary luteolytic honnone. Whereas large cells contain few LH receptors, but a 
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significant number of high affinity receptors (Kcl = 17.4 oM) for PGF2a (Fitz, et al., 

1982, Balapure et al., 1989). 2) The regulation of progesterone secretion in the two cell 

types is different In small cells progesterone secretion is stimulated by LH via activation 

of the cyclic AMP-dependent pathway (cAMP-dependent), whereas in large cells 

secretion of progesterone is LH- and cAMP-independent (Fitz et al., 1982, Hoyer et al., 

1984, Hoyer and Niswender, 1985, Hoyer and Niswender, 1986, Harrison et al., 1987, 

Hild-Petito et al., 1987). 3) The basal rate of progesterone secretion is five fold greater in 

large cells than small on a per cell basis (Fitz et al., 1982, Rodgers et al., 1983a). 4) 

Production of the protein hormone, oxytocin, has been localized in large, but not small 

cells (Rodgers et al., 1983b, Sawyer and Moeller, 1985). Recent evidence suggests a 

potential role of oxytocin in luteal regression (Abdelgadir et al., 1987, Hooper et al., 

1986, Hooper et al., 1987). It has been proposed that PGF2a stimulates secretion of 

oxytocin (Abdelgadir et al., 1987) which in turn stimulates uterine PGF2a secretion 

(Hooper et al., 1986, Flint and Sheldrick, 1982). This positive feedback loop established 

between luteal oxytocin and uterine PGF2a may be necessary to ensure the completion of 

luteal regression (Fuchs, 1987, Hooper and Thornburn, 1987). Together, these 

observations suggest that large cells are the targets for luteolysis in the ovine corpus 

luteum. In addition, the functional differences between large and small cells necessitate 

the use of isolated large and small cell preparations. 

Luteal regression 

Although the evidence is clear that PGF2a initiates luteolysis, neither the site of 

action nor the mechanism of action of PGF2a have been adequately described. Two 

potential sites of action of PGF2a have been proposed. Since PGF2a is a potent 

vasoconstrictor, one site of action is at the level of the ovarian vasculature. A reduction in 

luteal blood flow was demonstrated in ewes injected with PGF2a (Niswender et al., 
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1976, Nett et al., 1976, Nett and Niswender, 1981). The reduction in blood flow 

preceded a decrease in serum progesterone levels, and a positive correlation between 

luteal blood flow and serum progesterone levels was demonstrated (Niswender et al., 

1976, Nett et al., 1976, Nett and Niswender, 1981). 

However, other observations have suggested that PGF2a.-induced reduction in 

luteal blood flow does not initiate luteolysis. First, blood flow studies in rats and rabbits 

have demonstrated that a PGF2a.-induced reduction in blood flow followed, rather than 

preceded reductions in serum progesterone levels (Pang and Behnnan, 1979, Behnnan et 

al., 1979). Second, a luteolytic effect was demonstrated when PGF2a. was injected 

directly into the corpus luteum (Behnnan et al., 1979). Although reductions in blood 

flow may not initiate luteolysis, deprivation of luteotropic factors, metabolites, and/or 

oxygen are possible consequences of luteal blood flow reductions and may contribute to 

the process of luteal regression. 

More recently, high affinity PGF2a. receptors have been localized on the plasma 

membrane of large luteal cells (Fitz et al., 1982, Balapure et al., 1989). These 

observations suggest that PGF2a. acts directly at the level of the luteal cell, and more 

specifically, in the ewe at the level of the large luteal cell. However, the biochemical 

mechanisms subserving the luteolytic actions of PGF2a. in large luteal cells have not been 

adequately described. 

Potential intracellular mechanisms of luteolysis 

In most tissues, maintenance of calcium homeostasis is important for basic cellular 

function and optimal responsiveness to hormonal stimulation. A transient increase in 

[Ca2+]i, induced by hormonal stimulation, can activate cellular enzymes, change 

membrane permeability and stimulate processes such as contraction or secretion. 

Inositol-1,4,S-trisphosphate (IP3) and protein kinase C (PKC) are associated with two 
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branches of a calcium-mediated second messenger pathway found in many tissues 

(Berridge, 1987). IP3 has been reported to bind to specific intracellular receptors and 

initiate release of calcium from non-mitochondrial stores in several cell types (Berridge, 

1987; Kuno and Gardner, 1987; Ng et al., 1988). Increased [Ca2+li levels activate 

Ca2+-dependent enzymes, including PKC and ea2+-calmodulin protein kinases, which 

in turn alter cellular function. 

A series of studies have implied that calcium or Ca2+ -dependent mechanisms 

mediate the luteolytic action of PGF2a in luteal cells. First, incubation of luteal cells with 

pharmacological agents known to increase [ea2+]i inhibited secretion of progesterone in 

ovine large cells (Hoyer and Marion, 1989), and LH-stimulated cAMP accumulation in rat 

luteal cells (Dorflinger et al., 1984, Baum and Rosberg, 1987). Although [Ca2+]i levels 

were not measured in these studies, the observations suggest an inhibitory action of 

calcium in luteal cells. 

Second, activation of Ca2+ -dependent PKC by phorbol esters inhibited basal 

progesterone secretion in ovine large luteal cells (Hoyer and Marion, 1989, Wiltbank et 

al., 1988, Conley et al., 1988) and LH-stimulated cAMP production in rat luteal cells 

(Baum and Rosberg, 1987). In addition, endogenous protein substrates for calcium

dependent protein kinases have been demonstrated in soluble fractions of ovine large 

luteal cells (Hoyer and Kong, 1989). Recently, PGF2a has been shown to activate PKC 

by stimulating the translocation of cytosolic PKC to the plasma membrane in rat (Musicki 

et al., 1989) and swine (Wheeler, 1989) luteal cells. 

Third, PGF2a stimulates phospholipase C activity in large and small bovine luteal 

cells (Davis et al.,1988) and induces increases in IP3leveis in bovine (Davis et al., 1987, 

Davis et al., 1988), rat (Lahav et al., 1988, Lahav, et al., 1989), and ovine (McCann and 

Flint, 1987) luteal cells. 
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Finally, several recent studies have demonstrated that PGF2a initiates a transient 

increase in cytosolic-free calcium ([Ca2+Ji) followed by a sustained elevation of [Ca2+]i 

in rat (Pepperell et al., 1989), bovine (Alila et al., 1989, Davis et al., 1987), and ovine 

luteal cells (Wiltbank et al., 1989). Although the evidence from previous studies suggest 

a role of [Ca2+]j in mediating the luteolytic actions ofPGF2a, an increase in [Ca2+]j has 

also been observed in bovine luteal cells in response to the luteotropic agents, hCG and 

LH (Davis et al., 1986, Davis et al., 1987, Alila et al., 1989). However, LH did not alter 

[Ca2+)j levels in either ovine large or small luteal cells (Wiltbank et aI., 1989). The 

significance of the LH-induced and PGF2a-induced calcium responses in bovine luteal 

cells with respect to luteal regression remains to be determined. 

The role of calcium in progesterone secretion 

Although it is clear that PGF2a induces an increase in [Ca2+Ji and stimulates 

Ca2+ -dependent intracellular pathways, the relationships between calcium events and 

cellular events associated with luteolysis have not been elucidated. In many cells, an 

transient increase in [Ca2+]j or activation of Ca2+-dependent enzymes stimulate cell 

function. However, in luteal cells Ca2+ appears to inhibit cell function, at least during 

luteolysis. Calcium and/or Ca2+ -dependent mechanisms could interfere with 

progesterone secretion by inhibiting one or more enzymes of the steroidogenic pathway. 

Progesterone production can be limited by the delivery of cholesterol to the steroidogenic 

pathway in the mitochondria (Jnaba and Wiest, 1985, Semesh et al., 1988, Torjesen and 

Aakvaag, 1984), but calcium has been shown to facilitate delivery of cholesterol to the 

mitochondria in several cell types (Beckett and Boyd, 1977, Veldhuis et al., 1984). 

However, addition of PGF2a to luteal cells reduced the activities of cholesterol esterase 

and cholesterol ester synthase, two enzymes associated with cholesterol metabolism, as 

well as progesterone production (Behrman et al., 1979, Torjesen and Aakvaag, 1984). In 
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addition, incubation of placental tissue in 3 mM [ea2+]e also reduced cholesterol delivery 

and progesterone secretion (Semesh et al., 1988). Although [Ca2+Ji levels were not 

measured in either of these studies, the results imply a potential inhibitory role of Ca2+. 

Cholesterol side chain cleavage cytochrome P450 (P450scC> is the enzyme 

responsible for conversion of cholesterol to pregnenolone and represents a rate limiting 

step in progesterone synthesis (Richards and Hedin, 1988). Increases in mitochondrial 

[Ca2+] stimulates pregnenolone synthesis by increasing the proportion of cholesterol 

bound to P450scc (Simpson et al., 1975). However, in luteal cells, activation of PKC by 

phorbol esters has been shown to inhibit pregnenolone synthesis by inhibiting the activity 

of P450scc (TOIjesen and Aakvaag, 1984, Veldhuis and Demers, 1986). The enzyme 

responsible for conversion of pregnenolone to progesterone, 3B-HSD, also demonstrates 

ea2+-dependence, but to a lesser extent than P450scc (Tsang et al., 1988). 

Calcium may also interact with the cAMP pathway. Adenylate cyclase, the 

enzyme responsible for cAMP production, has been shown to be inhibited by increased 

levels of [Ca2+Ji in rat (Dorflinger et al., 1984) and primate luteal cells(Rojas et al., 

1989). This finding may explain an anti gonadotropic effect of PGF2a. However, a 

recent study with rat luteal cells demonstrated that a calcium ionophore-induced increase 

in· [Ca2+Ji is not sufficient to account for the antigonadotropic actions of PGF2a 

(Pepperell et al., 1989). This result suggests that the luteolytic actions of PGF2a 

includes more than just an increase in [Ca2+]i. 

In addition to a direct interaction of Ca2+ with the steroidogenic pathway, 

alterations in [Ca2+]i may also playa more generalized role in luteal function. Alterations 

in luteal membrane fluidity and membrane composition have been shown to occur with 

the progression of luteolysis (Carlson et al., 1984, Davis and Clark, 1983, Riley and 

Carlson, 1985). Both PGF2a and Ca2+ have been shown to stimulate the activity of 



20 

PLA2 and PLC, two membrane bound enzymes associated with membrane phospholipid 

metabolism (Riley and Carlson, 1987). Furthermore, lipid peroxidation occurs in rat 

corpus luteum during luteolysis (Behrman and Preston, 1989). Lipid peroxidation is a 

physiological process occurring in cell membranes, however excessive activation of lipid 

peroxidation has been shown to negatively affect cell function. Lipid peroxidation can be 

activated by an increase in [Ca2+li (Meerson et al., 1982). Alterations in the physical 

properties of cell membranes may playa key role in luteolysis since localized changes in 

lipid metabolism can alter membrane receptor activity, membrane bound enzyme activity, 

ion transport, and/or membrane integrity (Carlson et al., 1984, Davis and Clark, 1983, 

Spector and Yorek, 1985). 

Impairment of membrane barrier function is a key event in disease development 

and can result in an inability of the cell to maintain calcium homeostasis. Studies with 

myocardial cells (Buja et al., 1988, Dhalla et al., 1988) and hepatocytes (Starke et aI, 

1986) have demonstrated that cell function is disrupted in the presence of sustained high 

levels of [Ca2+li and cell death occurs if calcium levels are not returned to resting levels. 

Since the end result of luteal regression is destruction of the corpus luteum, a PGF2a-

induced sustained increase in [Ca2+]i might be one mechanism responsible for decreased 

secretion of progesterone and cell degeneration associated with luteolysis. 

Mechanisms of cytosolic calcium regulation in luteal cells. 

Because of the importance of calcium in the regulation of cell function, calcium is 

tightly regulated in cells by a number of calcium transport mechanisms associated with 

cellular organelles such as the plasma membrane, endoplasmic reticulum, and 

mitochondria. Failure of these mechanisms results in cellular dysfunction and ultimately 

cell death (DhaUa et al., 1982). Essential to the understanding of the role of calcium in 

luteal regression is a basic knowledge of the localization and movements of calcium 
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involved in the luteolytic actions of PGF2a. Although PGF2a initiates a calcium 

response in luteal cells, the calcium compartments and calcium transport mechanisms 

responsible for this response have not been clearly defmed. 

Cytosolic-free calcium levels are regulated by the rate of Ca2+ influx and efflux 

and on the buffering capacity of intracellular organelles. If the PGF2a-induced calcium 

transient is predominantly controlled by calcium transport across the plasma membrane, 

then the response should be affected by the presence or absence of extracellular calcium. 

Removal of extracellular calcium did not eliminate the PGF2a-induced calcium transient 

in rat (Pepperell et al., 1989) and bovine (Davis et al., 1987) luteal cells. These results 

suggest that calcium released from intracellular stores contribute to the PGF2a-induced 

calcium response. The converse was demonstrated in ovine large cells, in which the 

PGF2a-induced transient was completely eliminated in Ca2+-free medium (Wiltbank et 

al., 1989). However, in these same cells, CoCI2, an inhibitor of transmembrane calcium 

flux, attenuated, but did not eliminate the PGF2a-induced calcium transient (Wiltbank et 

al., 1989). Since incubation of cells in Ca2+-free medium depletes intracellular calcium 

pools as well as calcium influx, the lack of an effect of PGF2a in the absence of 

extracellular calcium cannot be absolutely attributed to zero influx (BorIe, 1981). Further 

studies are required to determine the identity of PGF2a-sensitve calcium pools in large 

and small luteal cells. 

Calcium channels located in the plasma membrane are important in the 

maintenance of resting [Ca2+1i levels and in the agonist-induced alterations in [Ca2+]i. 

The type or function of calcium channels that exist in luteal cells has not been extensively 

studied. Incubation of large luteal cells in high K+ medium (Le. depolarization medium) 

did not alter [Ca2+1i levels, which suggests that ovine large luteal cells do not contain 

voltage dependent calcium channels (Wiltbank et al., 1989). As indicated previously, IP3 



22 

has been reported to activate calcium channels and initiate release of calcium from non

mitochondrial intracellular stores in several cell types (Berridge, 1987; Kuno and 

Gardner, 1987; Ng et al., 1988). Although PGF2a induces both an increase in IP3 and 

an increase in [Ca2+li (Davis et aI., 1987), the relationship between IP3 and calcium 

release in luteal cells has not been determined. 

The plasma membrane also contains two calcium transport mechanisms important 

in regulating [Ca2+1i, Ca2+-ATPases and Na+-Ca2+ exchange. A Ca2+-ATPase has 

been identified in rat luteal membranes (Verma and Penniston, 1981, Minami and 

Penniston, 1987), and a Na+-Ca2+ exchanger has been proposed to exist in the plasma 

membrane of rat luteal tissue (Gore and Behrman, 1984). The function of these calcium 

transport mechanisms have not been examined in detail in large and small luteal cells. 

However, in rat myometrial plasma membranes PGF2a decreased the activity of 

Ca2+,Mg2+-ATPase (Deliconstantinos, et al, 1986). In addition, results from 45Ca2+ 

flux studies in swine ovarian cells suggested that an initial action of PGF2a may be 

inhibition ofCa2+/Mg2+-dependent ATPase (Veldhuis, 1987). 

In addition to the plasma membrane, [Ca2+1i levels are also regulated by 

intracellular calcium stores. These stores include cytosolic buffers (i.e. calcium binding 

proteins), or intracellular organelles such as endoplasmic reticulum, mitochondria, and 

possibly calciosomes (Malgaroli et aI, 1988). Although the participation of these 

intracellular calcium stores in regulating calcium have been studied extensively in other 

cell types, the role of these stores in luteal cell function have not been investigated. 

Summary 

Although the evidence from previous studies suggests that the luteolytic action of 

PGF2a is mediated by alterations in [Ca2+]i in large luteal cells, several aspects of the 

PGF2a-induced calcium response and the role of calcium in luteolysis are still unclear. A 
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better understanding of luteal function with regards to the initiation and mediation of 

luteolysis in cells of the corpus luteum will require a greater knowledge of 1) the 

localization and movements of calcium involved in the luteolytic actions ofPGF2a, 2) the 

role of Ca2+ in regulating luteal function and; 3) the functional differences between large 

and small cells with respect to calcium metabolism. 

Objectives 

The primary objective of this research was to obtain a better understanding of the 

role of calcium in the luteolytic actions of PGF2a in ovine large and small luteal cells. 

The experimental approach included measurement of intracellular calcium using the 

fluorescent dye, fura-2, and 45Ca2+ under a variety of conditions known to alter calcium 

homeostasis, with parallel measurements of progesterone secretion. The specific 

objectives of this research were : 

Objective 1 : To investigate and characterize the effect of PGF2a on 

calcium homeostasis in ovine large and small cells from 

superovulated ewes. 

Objective 2 : To investigate the relationship between alterations in [Ca2+]j 

and secretion of progesterone in ovine large and small cells. 

and 

Objective 3 : To determine if large and small cells differ in their ability to 

regulate [Ca2+1i. 
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Western range ewes were synchronized with injections of PGF2a (i.m., 10 mg, 

Lutalyse; Upjohn Company, Kalamazoo, MI, USA) on days -12 and -3. Follicular 

development was induced with a subcutaneous injection of pregnant mares' serum (1000 

ru, s.c., Day -3) followed (day 0) with an injection of human chorionic gonadotropin 

(hCG; 750 ru, i.v., Sigma Chemical Co., St. Louis, MO, USA). The experiments to be 

perfonned require large numbers of separated fractions of small and large luteal cells. 

Therefore, this treatment protocol was utilized to induce multiple ovulations so that 

sufficient numbers of cells could be recovered (Hild-Petito et al., 1987). 

Tissue collection 

Corpora lutea were surgically collected on day 10 from superovulated western range 

ewes as described by Hild-Petito et a1. (1987). Corpora lutea were pooled and placed in 

sterile Medium 199 (Gibco Laboratories, Grand Island, NY, USA) supplemented with 

(gil) : 0.35 NaHC03, 4.7 Hepes, 1.0 BSA, 0.079 penicillin G, 0.1 streptomycin 

sulphate, 0.05 neomycin sulphate, pH 7.35 for transport to the laboratory. 

Tissue preparation 

Corpora lutea were decapsulated, sliced and enzymatically dissociated into single 

cell suspensions (0.4% collagenase: Worthington Biochemical, Malvern, PA, USA; 

0.0025% DNAse: Sigma; complete Hanks; pH 7.35; Hild-Petito, 1987). Dissociation 

proceeded by incubation, 3-5 hr, in a shaking water bath at 37°C until visible clumps 

disappeared. Dissociated cells were washed with Medium 199 (5 times), collected by 

centrifugation (900xg, 4 min, 22°C), and resuspended in Medium 199. Single cell 

suspensions were separated into large and small cell fractions by elutriation as described 
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by Fitz, et al. (1982). The separated cells were collected by centrifugation (2000 rpm, 

22°C, 5 min) and resuspended in Medium 199. Cell counts were performed with a 

haemocytometer. Typically the small cell fraction (12-22 J.1ID) was free of large cells and 

the large cell fraction (> 22 J.lm) contained 10-20% small cells by number. 

Incubation medium 

The pH of Hanks medium was adjusted to 7.15 for all experiments in this study 

to optimize [Ca2+]i measurements. The reduced pH did not significantly affect the basal 

progesterone secretion or viability of either large or small cells (data not shown). When 

LaCl3 was used, a modified medium was used in which NaH2P04, NaHC03 and 

MgS04 were omitted (modified Hanks medium; MH medium: 140 mM NaCI, 5 mM 

KCI, 1.67 mM CaCI2, 10 mM Hepes, 0.8 mM MgCI2, 0.1 % BSA, 1 mM glucose, pH 

7.15, 37°C) to prevent formation of a precipitate. Basal secretion of progesterone and 

cellular viability were not modified by incubation in MH medium (data not shown). 

Intracellular calcium measurements 

In situ calibration: The Kd of fura-2 is sensitive to viscosity, pH (Grynkiewicz 

et al., 1985, Malgaroli et aI., 1987, Martinez-Zaguilan et al., 1990, Popov et al., 1988), 

dye loading heterogeneities (Cobbold and Rink, 1987, Malgaroli et al., 1987, Steinberg et 

al., 1987), and cell popUlation factors (Weir et al., 1987). Calibration of fura-2 in the 

incubation buffer does not take into account several of these factors, therefore, an in situ 

calibration of fura-2 was performed using suspensions of small luteal cells. The non

fluorescent analog of the calcium ionophore A23187, 4Br-A23187 (Molecular Probes, 

Eugene, OR, USA), was used to collapse the Ca2+ gradient (Deber et al., 1985). 

Separate aliquots of fura-2 loaded small cells (1 x 106 cells/3 ml) were incubated for 10 

min with various free Ca2+ concentrations (0 to 3 J.lM) at pH 7.15 in the presence of 1 

J.lM 4Br-A23187. The fluorescence spectrum for each aliquot was recorded as described 
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below. The resulting 340/380 nm ratio (I'em = 510 nm) was plotted against the known 

[Ca2+] (Figure 1, Chapter 3). Data were fit to equation [1]; and estimates of Kda, Rmin, 

and Rmax values were detennined using the Simplex method (MINSQ, Micromath 

Scientific Software, Salt Lake City, UT, USA). The values obtained from the in situ 

calibration curves were Kda =140.9 nM, Rmin = 0.4783 and Rmax = 5.079. These 

values were used to calculate [Ca2+]i for both large and small luteal cells. 

[Ca2+]i measurements: Aliquots of large (5 x 105/3 ml) or small (1 x 106/3 ml) 

cells were washed once with Hanks medium (0.1 % BSA, pH 7.15, 37°C) and incubated 

(30 min at 37°C in 5% C02 atmosphere) in 5 ml Hanks medium containing 2 J.1M fura-2 

(AM). In experiments involving simultaneous [Ca2+]i and pH measurements, cells were 

preloaded with both 2 J.1M fura-2 (AM) and 20 J.1M snarf-1(AM). In experiments 

involving chelation of Ca2+i, cells were preloaded with both 2 J.1M fura-2 (AM) and 5 or 

20 J.1M BAPTA-AM (5,5'-dimethyl bis-(o-aminophenoxy)ethane-N,N,N'N'-tetraacetic 

acid). At the end of dye loading, cells were washed, resuspended (5 ml Hanks), and re

incubated (30 min, 37°C) to allow complete hydrolysis of fura-2 (AM). After the second 

incubation cells were washed, resuspended (3 ml Hanks), and transferred to a 

temperature-controlled, stirring cuvette unit housed in an SLM8000C spectrofluorometer 

(SLM. Urbana, IL). All experiments were perfonned at 37°C (Martinez-Zaguilan et al., 

1990). 

Fluorescence measurements were collected using a continuous acquisition mode 

(emission at 510 nm, excitation at 340,360 and 380 nm) with each cycle lasting 0.064 

min. The data acquisition cycle during simultaneous measurement of [Ca2+]i and pHi 

lasted 0.266 min (emission at 510 nm, excitation at 340, 360 and 380 nm (fura-2 

conditions); followed by excitation at 534 nm and emission at 584, 600, and 644 nm 

(snarf-l conditions). The 360 nm and 600 nm wavelengths represent the isoexcitation 
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and isoemission points for fura-2 and snarf-l, respectively. The fluorescence at the 

isoexcitation or isoemission point is proportional to the total amount of intracellular dye 

and can be used to evaluate possible quenching andlor other artifacts. The effect of 

treatment on fura-2 fluorescence was assessed by addition of the treatment to fura-2 (FA) 

dissolved in incubation buffer. Fura-2 (FA) fluorescence was not affected by any 

treatment except LaCl3 (see Chapter 4). Steady state conditions were measured for 10 

min before treatment with PGF2a (0.5 J.1M) or LaCl3 (1 mM) using a microinjector, 

followed by measurements for an additional 10 min. At the end of the measurement 

period 1 J.1M 4Br-A23187 (non-fluorescent analog of the Ca2+ ionophore A23187; 

Molecular Probes, Eugene, OR, USA) was added to determine the maximum response of 

the system (data not shown). Data were translated to ASCII format and converted to 

[Ca2+li using Lotus 1-2-3 (Lotus Development Corp.). Cytosolic-free calcium levels 

were calculated using the method described by Grynkiewicz et al. (1985), and corrected 

for pH effects on fura-2 K<i (Martinez-Zaguilan et al., 1990) using: 

[Ca2+li = Kda * «R - Rmin}/{Rmax - R» equation [1] 

where K<ia is the apparent dissociation constant of fura-2 for Ca2+ (140.9 nM), Rmin is 

the minimum ratio of fluorescence at 340 and 380 om excitation wavelengths, determined 

when fura-2 is completely quenched (0.4783); Rmax is the 340/380 ratio when fura-2 is 

saturated with Ca2+ (5.079) and R is the measured fluorescence 340/380 nm ratio. The 

values for Kda, Rmin and Rmax determined from in situ calibration of fura-2 were used 

for all [Ca2+]i determinations. Changes in intracellular pH were monitored by the ratio of 

fluorescence intensities at emissions 644 and 584 nm (Martinez-Zaguilan et aI., 1990). 
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Figure 1. In situ calibration of Fura-2 in ovine small luteal cells. Suspensions of small 

cells were loaded with 2 IlM Fura-2 as described in Materials and Methods. Separate 

aliquots of small cells (1 x 106 cells/3 ml) were incubated for 10 min with various free 

ea2+ concentrations at pH 7.15 in the presence of 1 J..1M 4Br-A23187. The fluorescence 

spectrum for each aliquot was recorded as described in Materials and Methods. The 

resulting 340/380 nm ratio (Aem = 510 nm) was plotted against [Ca2+]. [Ca2+] was 

detennined using equation [1]; Kda, Rmax, and Rmin were calculated using Simplex and 

nonlinear least squares regression analysis (see Materials and Methods). 
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The use of fura-2 to measure changes in [Ca2+]i in cell suspensions assumes 

population homogeneity, homogeneous dye loading and that all the cells respond 

immediately and to the same extent to an agonist (Rink and Pozzan, 1985). One difficulty 

in using cell suspensions is the leakage of fura-2 into the medium, which may be 

misinterpreted as a steady increase in [Ca2+li (Cobbold and Rink, 1987, DiVirgilio et al., 

1989). Several cell types have demonstrated dye leakage including mouse macrophages 

(DiVirgilio et al., 1989) and rat peritoneal mast cells (Almers and Neher, 1985). The 

leakage of fura-2 is variable with cell type and occurs from intact and viable cells 

(Cobbold and Rink, 1987, Malgaroli et al., 1987). Initially, Mn+2 (10 J.1M) was added to 

the cell suspensions to quench fluorescence signal from extracellular fura-2. However, 

Mn2+ leakage into the cell prohibited the use of Mn2+ to correct for dye leakage (data not 

shown). The efflux of the membrane impermeant form of fura-2 is thought to occur via a 

organic anion transporter since the leakage can be inhibited by probenecid, an organic 

anion transport inhibitor (McDonough and Button, 1989, DiVirgilio et aI., 1989). 

Although probenecid inhibits dye leakage it has also been shown to affect cell function 

(DiVirgilio et al, 1989). A steady increase in [Ca2+]i was demonstrated in both large and 

small luteal cells in the present study. After the final wash cells were incubated with or 

without probenecid (2.5 mM) and fluorescence was monitored for 5 min. The increase 

was inhibited by probenecid, thus the steady rise in [Ca2+]i was attributed to dye leakage. 

In addition to inhibiting dye leakage, probenecid also inhibited the PGF2a.-induced 

calcium response in large luteal cells. Since dye leakage was constant in each cell 

preparation, the increase in [Ca2+li due to dye leakage was subtracted from the actual 

[Ca2+li values, and the corrected [Ca2+]i were reported. 
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Calcium fluxes 

45ea2+ efflux: Large (2 x 104 cells/O.5 ml) or small (1 x 105 cells/O.5 ml) cells 

were preloaded to isotopic equilibrium (90 min, 37°C) with 5J.1Ci/ml 45Ca2+ (17.2 

mCi/mg, New England Nuclear, Boston, MA) in Hanks medium (pH 7.15, 37°C) with 

continuous shaking (New Brunswick metabolic shaker). After loading, cells were 

collected in pre-cooled plastic tubes, centrifuged for 1 min at 100 x g, washed in 3 ml 

Hanks buffer (4°C) and centrifuged (1 min, looxg). Cells were resuspended in an 

appropriate volume of Hanks buffer at 37°C. A 20 J.11 aliquot of the cell suspension was 

immediately added to 0.5 ml Hanks medium (control, no treatment) for determination of 

45Ca2+ content at time 0. Remaining cells were aliquoted to tubes containing 0.5 ml 

Hanks ± treatment (PGF2cx ,0.5 J.1M; LaCI3, 1 mM» and incubated (duplicates) for the 

specified time periods (3-30 min). The reaction was stopped by diluting the 0.5 ml cell 

suspension in 10 ml of ice-cold wash solution (154 mM NaCI, 4°C), followed by rapid 

filtration through Nucleopore filters (25 J.1m). Filters were rinsed once with 10 ml wash 

solution (4°C) and placed in 4 ml scintillation fluid and the samples counted. Data were 

calculated as percent radioactivity remaining in cells compared with radioactivity present at 

time ° (Williams et al., 1978). 

45Ca2+ uptake: Calcium uptake was initiated by addition (20 J.11) of large (2 x 

104 cells/O.5 ml) or small (1 x 105 cells/O.5 ml) cells to tubes (duplicates) containing 0.5 

ml Hanks medium (pH 7.15, 37°C) with 45Ca2+ (5 J.1Ci/ml) with or without treatment 

(PGF2cx,0.5 J.1M; LaCI3, 1 mM). Incubation was stopped at the specified times (0-30 

min) and samples were processed as described above. Uptake data were calculated as 

nmol Ca2+/20,OOO cells corrected for specific activity of the incubation media (Williams 

et al., 1978). 
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Progesterone determinations 

Suspensions of large (1 x 104/ml) or small (5 x 104/ml) cells were incubated in 

glass culture tubes (12 x 75 mm) containing 1 ml complete Hanks buffer (0.1% BSA, pH 

7.15, 37°C) under atmospheric conditions (triplicates). Cells were incubated (37°C, 2 hr) 

with continuous shaking (New Brunswick metabolic shaker). At the end of incubation, 

media were collected by centrifugation (900 x g, 4 min, 22°C) and the progesterone 

content of the media were determined by radioimmunoassay (Hild-Petito et al., 1987). 

Cells pelleted after completion of the incubation period were immediately resuspended in 

Medium 199 and cell viabilities were assessed by trypan blue dye exclusion. 

Statistical analysis 

Corpora lutea from 1-3 animals were pooled in each tissue preparation. Each 

experiment (n) represents a different tissue preparation. Data are expressed as mean ± 

SE. Statistical significance between multiple treatments were determined by analysis of 

variance followed, where appropriate, by Student-Newman-Kuels multiple range testing. 

Differences between two means were determined by Student's t-test for paired data. 

Significance was assigned at the 0.05 level. 

Data from the recovery phase of the PGF2a-induced [Ca2+]i transient and 

45Ca2+ efflux curves were fit to compartmental models using nonlinear regression 

techniques. The number, size and rate constants of the defined compartments were 

estimated using the Simplex method (MINSQ, Micromath Scientific Software, Salt Lake 

City, UT, USA). 

Chemicals 

All chemicals were purchased from Sigma Chemical Company (St. Louis, MO, 

USA). Fluoroprobes were obtained from Molecular Probes (Eugene, OR, USA). 

[3H]Progesterone and 45Ca2+ were purchased from New England Nuclear Research 
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Products (Boston, MA, USA). The antibody to progesterone was GDN-337, kindly 

provided by Dr. G.D.Niswender. 
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CHAPTER 3 

PGF2a-INDUCED CALCIUM TRANSIENT IN OVINE LARGE LUTEAL 

CELLS. I. ALTERATIONS IN CYTOSOLIC FREE CALCIUM LEVELS 

AND CALCIUM FLUX 

Introduction 

The corpus luteum is responsible for the production of progesterone, which is 

absolutely required for the maintenance of pregnancy. This endocrine gland is transiently 

formed in the ovary following ovulation and undergoes regression if pregnancy does not 

occur. Luteal regression is associated with decreased secretion of progesterone and 

subsequent degeneration of the tissue. The signal for regression (Le. luteolysis) in many 

species, including the ewe, is prostaglandin F2a (pGF2a; McCracken et al., 1970). 

There is evidence to support a mechanism of direct inhibition of secretion of 

progesterone at the level of the luteal cell by PGF2a. High affinity receptors for PGF2a 

have been measured on ovine large luteal cells (Balapure et al., 1989, Fitz et al., 1982). 

In addition, PGF2a has been shown to induce structural alterations (Carlson et al., 1984, 

Waterman, 1988) and initiate biochemical responses in luteal cells from a variety of 

species (Davis et aI., 1987, Kenny and Robinson, 1986, McCann and Flint, 1987, 

Musicki et aI., 1989, Wheeler, 1989, Thomas et aI., 1978, Riley and Carlson, 1987). 

Two morphologically and functionally distinct steroidogenic cells, designated 

small (12-22 Jlm diameter) and large (> 22Jlm diameter), have been identified in the 

corpus luteum of many species, including the ewe (Fitz et aI., 1982, Rodgers and 

O'Shea, 1982, Hoyer and Niswender, 1985). Both cell types secrete progesterone, but 

differ in hormonal regulation of steroidogenesis. Small cells appear to mediate the 

luteotropic effects of luteinizing hormone (LH) in the ovine corpus luteum since they 

contain a significant number of receptors for LH and few for PGF2a (Balapure et al., 
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1989, Fitz et al.,1982). In addition, LH stimulates progesterone secretion in small cells 

via a cAMP-dependent second messenger pathway (Hoyer and Niswender, 1985, Hoyer 

et al., 1984). 

Basal secretion of progesterone is 5-10 times greater in large than in small cells, 

on a per cell basis (Fitz et al., 1982, Hoyer et al., 1984, Rodgers et al., 1983). It has 

been suggested that the basal rate of progesterone production in large cells is at or near 

maximal capacity (Hoyer and Niswender, 1985) and that large cells provide the major 

amount of progesterone produced by the corpus luteum on day 10 in the ewe (Farin et al., 

1986). 

Ovine large luteal cells contain the greatest number of high affinity receptors for 

PGF2a (Balapure et al., 1989, Fitz et al.,1982) therefore, the large cell is likely to 

mediate luteolytic effects of PGF2a in the corpus luteum. Evidence suggests that 

calcium-mediated pathways may be involved in this luteolytic event. Inositol-l,4,5-

trisphosphate (IP3) and protein kinase C (PKC) are involved in two branches of a 

calcium-mediated second messenger pathway found in many tissues (Berridge, 1987). 

Prostaglandin F2a has been shown to stimulate the production of IP3 in bovine (Davis et 

al., 1987, Davis et al., 1988) and ovine (McCann and Flint, 1987) luteal tissue. 

Prostaglandin F2a also stimulates the translocation of PKC to the plasma membrane in rat 

(Musicki et al., 1989) and swine (Wheeler, 1989) luteal cells. Activation of the PKC 

pathway by phorbol esters mimics a putative luteolytic effect of PGF2a in rat (Baum and 

Rosberg, 1987) and ovine (Hoyer and Marion, 1989, Wiltbank et al., 1988) luteal cells. 

Furthermore, endogenous protein substrates for calcium-dependent protein kinases have 

been demonstrated in soluble fractions of ovine large luteal cells (Hoyer and Kong, 

1989). Several recent studies have demonstrated that PGF2a initiates a transient increase 

in cytosolic-free calcium ([Ca2+]j) followed by a sustained elevation of [Ca2+]i in 
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suspensions of rat (Pepperell, 1989) and bovine large (Alila et al., 1989) luteal cells. A 

PGF2a.-induced increase in [Ca2+]i was also observed by computer-assisted microscopic 

imaging of fura-2 fluorescence in single ovine large luteal cells collected from cyclic ewes 

(Wiltbank: et al., 1989). 

The fura-2 spectrofluorescence technique permits continuous measurement of 

changes in cytosolic-free calcium levels in cell suspensions, but does not provide 

information about alterations in transmembrane calcium flux or exchangeable calcium. 

Prostaglandin F2a. increased calcium efflux in cultured swine granulosa cells (Veldhuis, 

1987). However, the effect of PGF2a. on calcium uptake or efflux has not been studied 

in isolated luteal cells. A comparison of alterations in calcium fluxes with changes in 

[Ca2+1i could provide more detailed information about calcium compartments and 

transport mechanisms involved in a PGF2a.-mediated mechanism. Therefore, the 

objectives of the present study are 1) to describe the effect of PGF2a. on [Ca2+]i in 

suspensions of large and small luteal cells from superovulated ewes; 2) to determine 

whether 45Ca2+ fluxes are affected by PGF2a. in these cells and; 3) to describe a 

compartmental model of calcium distribution in large luteal cells based on kinetic analysis 

of PGF2a.-induced [Ca2+]i response and calcium flux data. 

Results 

The effect of PGF2a. on [Ca2+]i was measured in large and small cells using the 

Ca2+ indicator, fura-2 (Figure 2). Steady state [Ca2+]i was similar in large and small 

cells suspended in Hanks (62 ± 5 nM, n=5, and 61 ± 5, n=3, respectively). 

Prostaglandin F2a. (0.5 JlM) initiated a transient increase in [Ca2+1i in large cells. 

Cytosolic-free calcium levels were initially increased (p<0.05) to 152 ± 6 nM (n = 5) 

within 23 ± 2 sec (n=5) after addition of PGF2a to large cells. Calcium levels returned to 

a higher level of97 ± 6 nM (47 ± 6% above resting steady state levels, n=5). The higher 
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level was attained within 2 ± 1 min (n=5) and remained elevated (p<0.05) throughout the 

remainder of the measurement period (10 minutes). Addition of a lower concentration of 

PGF2a (0.05 J.LM, n=l) increased [Ca2+Ji to 107 nM and returned to 84 nM (45% 

above steady state levels; data not shown). No change in [Ca2+]i was induced in small 

cells incubated with PGF2a (Figure 2). 

During the course of the experiments, it was noticed that both untreated large and 

small cells consistently exhibited a gradual increase in the 340/380 nm ratio with time. To 

determine if the sloping baseline observed in Figure 2 was a gradual increase in [Ca2+]i 

or due to leakage of fura-2 from the cells, probenecid (2.5 mM), an anion transport 

inhibitor, was added to the cells at the beginning of the measurement period (Figure 3). 

The slope was reduced in the presence of probenecid. 

In order to establish that the increase in fluorescence observed with PGF2a 

treatment was due to a true increase in [Ca2+]i, a number of control experiments were 

performed. Incubation of large cells with 5 or 20 J.LM BAPT A (intracellular calcium 

chelator) decreased (p<0.05) basal [Ca2+Ji to 43 ± 6 nM (n=2) and eliminated the 

PGF2a-induced calcium transient (Figure 4). Since the Kda of fura-2 is sensitive to pH, 

an apparent change in [Ca2+]i might be the result of a change in intracellular pH (pHi) 

rather than a real change in [Ca2+Ji (Martinez-Zaguilan et al., 1990). Therefore, pHi and 

[Ca2+Ji were simultaneously measured using the fluorescent dyes, snarf-l and fura-2, 

respectively. Under these conditions it was observed that PGF2a induced a transient 

increase in [Ca2+]i with no effect on pHi in large cells (Figure 5). No effect of PGF2a 

on [Ca2+Ji or pHi was observed in small cells (data not shown). The effect of the 
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Figure 2. Effect of PGF2a. on cytosolic-free calcium concentrations in large and small luteal cells. Suspensions of large (5 x 

105/3 ml) or small (1 x 106/3 ml) luteal cells were loaded with 2 J.lM fura-2. Fluorescence was recorded as described in 

Materials and Methods. Where indicated, PGF2a. (0.5 JlM) was added to the cell suspensions. Data presented is 

representative of 3 experiments with large and small cells isolated from the same tissue preparation. 
CAl ....., 



250~i--------------------------------~ 

200 
~ 

2 T o mM Probenecid c 150 "--/ .... 
+ 
N 100 

0 
U 

L--...J 

50 I 
2.5 mM Probenecid 

O+I----~--~---+----~--~---+--~~--+---~--~ 

o 1 2 3 4 5 

time (min) 
Figure 3. The effect of probenecid on fura-2 fluorescence. Large (5 x 105/3 ml) luteal cells were loaded with fura-2 as 

described in Materials and Methods. Mter the final wash cells were incubated with or without probenecid (2.5 mM) and 

fluorescence was monitored for 5 min. One representative experiment is shown. C,.) 

CD 



39 

luteinizing hormone (LH) on [Ca2+li was also monitored in large and small luteal cells. 

No change in [Ca2+li was observed with LH (100 ng/ml) in either large or small cells 

(data not shown). 

The radioactive tracer, 4SCa2+, was used to monitor calcium efflux and uptake in 

response to PGF2a treatment in large and small cells. Calcium efflux was stimulated 

(p<O.OS) at 3, 6, and 9 min in large cells incubated with O.S J.1M PGF2a (Figure 6a). In 

contrast, there was no effect of PGF2a on calcium efflux in small luteal cells (Figure 6b). 

Prostaglandin F2a decreased (p<O.OS) calcium uptake at the 15 min time point in large 

cells (Figure 7a), but did not affect calcium uptake in small cells (Figure 7b). 

Kinetic analysis of the recovery phase of the PGF2a-induced calcium transient 

(Figure 8), monitored by fura-2 fluorescence, and 45Ca2+ efflux data in large cells can 

provide information about potential calcium compartments that contribute to alterations in 

[Ca2+]i in response to PGF2a. The kinetic parameters of the PGF2a-induced calcium 

transient and the calcium efflux curve are presented in Table 1. The recovery phase of the 

PGF2a-induced [Ca2+]i transient and calcium efflux data were best described by a two 

compartment model: 

y = A exp[(-kl)(t)] + B exp[(-k2)(t)] Equation [2] 

where A and B = size of the fast and slow compartment (oM), respectively and kl and k2 

= rate constant (min-I) for the fast and slow compartment, respectively. 

The effect of PGF2a on secretion of progesterone was measured in large and 

small luteal cell suspensions (Figure 9). Unstimulated secretion of progesterone was 

similar at pH 7.35 and 7.15 in both cell types (data not shown). At pH 7.3S, secretion of 

progesterone was not affected by PGF2a (0.5 J.1M; 92 ± 3% control, n=6). However, 

PGF2a significantly decreased progesterone secretion (83 ± 4% con~ol, n=6) in 

incubations of large cells when the pH of the medium was reduced to 7.1S. Secretion of 
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Figure 6. The effect of PGF2a on calcium efflux in luteal cells. Large (2 x 104/o.s ml) 

or small (1 x lOS /O.S ml) luteal cells were pre-incubated in control medium containing 

4SCa2+ (S JlCi/ml) for 90 min. At the end of the incubation period the cells were 
aliquoted to tubes (duplicates) containing medium ± O.SJlM PGF2a. Efflux was 

measured at different time points as described in Materials and Methods. Efflux is 

plotted as % 4SCa2+ remaining in the cells at each time point compared with the cellular 

content of 45Ca2+ at t = 0 min. The data are expressed as mean ± SE, n = 3 (large) and n 

= 2 (small). "*,, different from control (p<O.OS). 
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Figure 7. The effect of PGF2a. on calcium uptake in luteal cells. Large (2 x 104/0.S 

ml) or small (1 x lOS /O.S ml) luteal cells were pre-incubated for 10 min and ali quoted to 
tubes (duplicates) containing 4SCa2+ (5 ~Ci/ml) ± PGF2a. (O.S~M). At each time point 

the 4SCa2+ content of the cells was measured as described in Materials and Methods. 

The data are expressed mean ± SE, n = 2 (large and small). "*,, different from control 

(p<O.OS). 
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regression analysis. 
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Table 1 Kinetic analysis of PGF2a. -induced calcium transient 
and calcium efflux in large luteal cells. . 

PGF2o. (0.5 JlM) 

Control 

PGF2o. (0.5 JlM) 

A 

Fura-2 

Kl 8 K2 

([Ca2+], oM) (min-I) ([Ca2+],oM) (min-I) 

A 

3S-±7 

49±S 

3.6 ± 0.7 140 ± 9 0.02 ±.002 

45Ca 2+ Ernux 

KI B K2 

0.417 ± 0.07 59 ± 24 0.023-:F<f.0l 

0.352 ± 0.08 43 ± 9 0.022 ± 0.01 

Values are expressed as mean ± SE. A and B represent the size and KI and K2 the rate constant 

n 

4 

n 

3 

3 

of a rapidly and slowly exchanging compartment, respectively. The values were calculated by fitting the data 

from the recovery phase of the PGF2a. -induced calcium transient or from the efflux data into equation [2] as 
described in Materials and Methods. n = number of separate experiments. 
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progesterone was not affected by PGF2a in small cells at either pH. Cellular viability 

was not affected in either cell type by pH or addition of PGF2a (data not shown). 

Discussion 

A PGF2a-induced transient increase in [Ca2+]i has been demonstrated in mixed 

suspensions of rat (Pepperell et al., 1989) and suspended bovine large (Alila et al., 1989) 

luteal cells. Wiltbank et al. (1989) demonstrated a PGF2a-induced increase in [Ca2+]i in 

ovine large luteal cells from cyclic ewes using imaging of single cells. Although a 

transient increase in [Ca2+Ji was demonstrated, the limited time-frame of sample 

recording in that study may have reduced the ability to visualize the full extent of the 

transient increase in [Ca2+li. 

The objective of the present study was to observe the effects of PGF2a on 

redistribution (cytosolic increases and fluxes) of [Ca2+Ji in suspensions of large or small 

ovine luteal cells from superovulated ewes. A second objective was to demonstrate the 

existence of cellular compartments that might contribute to these redistributions. In large 

cells, PGF2a (0.5 IlM) induced an increase in [Ca2+Ji that peaked rapidly then declined 

to a sustained elevated level (Figure 2). Decreasing the concentration of PGF2a to 0.05 

IlM reduced the height of the calcium transient, but not the sustained increase in steady 

state [Ca2+]i. These results support the hypothesis that PGF2a produces a direct cellular 

effect via stimulation of calcium-mediated pathway(s) in ovine large luteal cells. 

Leakage of fura-2 from loaded cells to the extracellular medium could be 

misinterpreted as a steady increase in [Ca2+Ji (Cobbold and Rink, 1987, DiVirgilio et al., 

1989). Fura-2 dye leakage has been reported in a variety of cell types including mouse 

macrophages (DiVirgilio et aI., 1989) and rat peritoneal mast cells (Almers and Neher, 

1985). Leakage offura-2 varies with cell type and occurs in intact, viable cells (Cobbold 

and Rink, 1987, MaIgaroli et al., 1987). Efflux of the membrane impermeant form of 
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fura-2 occurs via an organic anion transporter since the leakage can be inhibited by 

probenecid, an organic anion transport inhibitor (DiVirgilio et al., 1989, McDonough and 

Button, 1989). In the present study, a steady increase in the fura-2 340/380 nm 

fluorescence ratio was observed in both large and small cells in all experiments. 

Probenecid (2.5 mM) abolished the steady increase in fluorescence, therefore the steady 

rise in fura-2 fluorescence was attributed to dye leakage. 

Large luteal cells were pre-incubated with the intracellular calcium chelator, 

BAPTA, to further provide evidence that the increase in fluorescence with PGF2a. was 

due to a true increase in [Ca2+]i. Steady state [Ca2+1i and the PGF2a.-induced calcium 

transient were reported to be blunted by incubation with 10 JlM BAPTA in rat luteal cells 

(Pepperell et al., 1989). In the present experiments, incubation with BAPT A reduced 

steady state [Ca2+1i and inhibited the PGF2a.-induced calcium transient in a dose 

dependent manner (Figure 4). These results further support the hypothesis that PGF2a. 

triggers an increase in [Ca2+1i in large luteal cells. 

Changes in transmembrane calcium flux might contribute to alterations in [Ca2+]i 

or result from release of Ca2+ from intracellular compartments. To examine the effect of 

PGF2a. on calcium flux, steady state 45Ca2+ efflux and uptake studies were performed. 

Prostaglandin F2a. stimulated 45Ca2+ efflux in large luteal cells at the 3, 6, and 9 min 

time points. As indicated above, [Ca2+1i levels were also elevated during this period. 

Whether the stimulation of calcium efflux is the result of a direct effect of PGF2a. or due 

to increased [Ca2+1i cannot be determined from these experiments. However, the ability 

of PGF2a. to initiate a transient increase in [Ca2+li in cells incubated in Ca2+ -free 

medium suggests that Ca2+ mobilized from intracellular stores is responsible for the 

initial response (Wegner et al., unpublished data). No previous studies have reported the 

effect of PGF2a. on calcium efflux in isolated luteal cells. In intact rat corpus luteum 
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PGF2a did not alter calcium efflux (Labav et al., 1989). In cultured swine granulosa 

cells PGF2a increased the size of both a rapidly and a slowly exchanging calcium 

compartment without altering the rate constants of these compartments (Veldhuis, 1987). 

The increase in compartment size was similar to the effect demonstrated by inhibitors of 

calcium-magnesium dependent ATPase, thus the author suggested that an initial action of 

PGF2a may be to inhibit calcium-magnesium dependent ATPase (Veldhuis, 1987). 

Although PGF2a increased [Ca2+li and stimulated calcium efflux in large cells, 

calcium uptake was not increased (Figure 7a). Uptake of 4SCa2+ is dependent on the rate 

of exchange and size of the cellular pool(s) with which 4SCa2+ exchanges (Borie, 1981). 

Since 4SCa2+ uptake is dependent on more that just calcium influx, a lack of an observed 

increase in 4SCa2+ uptake does not necessarily suggest that calcium influx was not 

altered. An increase in calcium influx could be masked by an increase in calcium efflux 

observed during this same time period anellor the period of stimulated calcium influx may 

not be detectable by the method used in these experiments. In addition, calcium from 

intracellular stores, rather than extracellular calcium, appears to be involved in the 

PGF2a-induced calcium transient in these cells (Table 2, Figure 10). Thus, if the 

contribution of extracellular calcium to the PGF2a-induced calcium transient is small or 

non-existant, an increase in calcium influx, or 4SCa2+ uptake would not be expected. 

The post-transient elevation of [Ca2+li does appear to be dependent on extracellular 

calcium (Table 2, Figure 10). Since steady state [Ca2+]i levels are attained when calcium 

influx and efflux are equal, a stimulation of calcium uptake would not be expected during 

this phase of the PGF2a-induced response. Cellular content of 4SCa2+ was decreased in 

the presence of PGF2a in large cells at IS min (Figure 7a), a time during which [Ca2+1i 

levels were elevated, but at steady state (Figure 2). Although steady state [Ca2+]i levels 

suggest that calcium influx and efflux are equal, an alteration in 4SCa2+ uptake could 
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result from an alteration in the size of exchangeable calcium pool(s). More detailed 

calcium flux studies are required to determine the nature of the effect of PGF2a on 

calcium compartments in large cells. 

Nonlinear curve fitting analyses of the recovery phase of the PGF2a-induced 

calcium transient and calcium efflux data were perfonned to describe a model of the 

PGF2a-sensitive calcium pools in large ovine luteal cells. If one assumes that recovery 

after an increase in [Ca2+]i is due to redistribution of Ca2+ to multiple compartments (Le. 

extracellular space, endoplasmic reticulum, calciosome, and mitochondria), then the 

recovery phase would be analogous to ion redistribution into cellular compartments and 

could be analyzed using the following equation: 

y = A exp[(-kI)(t)] + B exp[(-k2)(t)] + ... + N exp[(-kn)(t)] Equation [3], 

where A, B, and N represent the size (nM) of detectable compartments and kl, k2, and 

kn are the rate constants (min-I) of these compartments. Data from the recovery phase of 

the PGF2a-induced [Ca2+Ji transient in large cells best fit a two compartment model 

consisting of a rapidly and a slowly exchanging compartment (Equation [2] and Table 1), 

suggesting that the PGF2a-induced calcium response interacts with at least 2 calcium 

compartments, or interacts with at least two different calcium transport mechanisms 

within one compartment. Calcium efflux data was also best described by a two 

compartment model (Table 1). However, the size of the calcium compartments described 

from the fura-2 ([Ca2+Ji) and 45Ca2+ flux data were different. These differences could 

be attributed to the calcium compartments detectable by fura-2 (cytosolic-free calcium) as 

opposed to those detectable by 45Ca2+ (exchangeable calcium) techniques. Nonetheless, 

the results of these kinetic analyses suggest that PGF2a interacts with at least two calcium 

compartments or two calcium transport mechanisms in large cells. The specific identities 

of these compartments are currently being investigated. 
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Hormonal regulation can involve alterations in pHi which in turn can affect 

metabolic pathways and [Ca2+li (Madshus, 1988, Siffert and Akkerman, 1988). A Na+

H+ exchanger has been postulated to regulate intracellular pHi. In addition, the activity of 

the Na+ -H+ exchanger may affect [Ca2+]i levels by increasing or decreasing the activity 

of the Na+-Ca2+ exchanger (Kim et al., 1987). Thus, alterations in [Ca2+]i might be 

due to alterations in pHi. The maintenance of constant pHi with addition of PGF2a to 

large ovine luteal cells demonstrates that initial cellular events of PGF2a-induced 

luteolysis are not associated with an initial change in pHi. 

Administration of PGF2a in vivo produces a rapid, significant decrease in 

circulating levels of progesterone in ewes (Nett et al., 1976). However, the effect of 

PGF2a on progesterone production with in vitro incubations of ovine luteal cells has 

been quite variable. Such results include no effect (Rodgers et al., 1985, Weston and 

Hixon, 1980), increased production (Hansel and Dowd, 1986), or inhibition after 6 hours 

of incubation (Fitz et al., 1984). In the present study, there was no effect of PGF2a on 

secretion of progesterone in cells incubated with PGF2a (0.5 JlM) at pH 7.35. 

However, there was a small, but consistent decrease in secretion of progesterone in large 

cells incubated at pH 7.15 (Figure 9). Prostaglandin F2a has been shown to bind 

optimally to receptors at pH 5.75 in ovine large and small luteal cells (Balapure et al., 

1989). Thus, PGF2a-receptor binding and hence, the luteolytic effect of PGF2a on 

progesterone secretion may be enhanced by an acidic environment. Such a condition 

could result in vivo from PGF2a-induced vasoconstriction during luteolysis, an event 

widely proposed to be a mechanism of action for PGF2a-induced luteal regression (Nett 

and Niswender, 1981). Although the inhibitory effect of PGF2a was small, the effect 

was significant, and suggests that the tissue microenvironment plays an important part in 

mediating the lutelytic effect of PGF2a. 
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Prostaglandin F2a had no effect on [Ca2+Ji levels, pHi, 45Ca2+ fluxes, or 

secretion of progesterone in small luteal cells (Figures 3, 5, 6). The lack of an any type 

of response may be related to the inability to measure high affinity receptors for PGF2a 

in small cells from superovulated ewes (BaIapure et al., 1989). Additionally, no change 

in [Ca2+]i was observed with LH (100 ng/ml) at a concentration previously reported to 

stimulate (p<O.05) progesterone secretion in small cells from superovulated or cyclic 

ewes (Hild-Petito et al.,1987). Wiltbank et al. (Wiltbank et al., 1989) reported no change 

in [Ca2+1i with LH in single small cells from cyclic ewes. These findings are contrary to 

those observed in bovine small luteal cells, in which LH initiated a transient and 

sustained increase in [Ca2+]i in small as well as suspensions of mixed bovine luteal cells 

(Alila et al., 1989, Davis et aI., 1987). The differences in the response of [Ca2+1i to LH 

in small cells likely reflect differences between the two species. Since neither PGF2a nor 

LH altered [Ca2+1i, it appears that an intracellular pathway mediated by changes in 

[Ca2+]i is not involved in regulation of progesterone secretion by these hormones in 

ovine small luteal cells. 

The results of this study demonstrate that PGF2a interacts' with ovine large, but 

not small luteal cells to induce a transient peak followed by a sustained steady state 

increase in [Ca2+]i. Associated with the PGF2a-induced alterations in [Ca2+li was a 

stimulation of calcium efflux and an inhibition of calcium uptake. Whereas, PGF2a 

demonstrated an enhanced inhibitory effect on progesterone secretion at a lower external 

pH (pH 7.15), it did not produce a change in intracellular pH as part of its mechanism of 

action. These results provide evidence for a direct effect of PGF2a specifically on the 

ovine large luteal cell that involves alterations in concentration and flux of cytosolic-free 

calcium. At least two PGF2a-sensitive calcium pools contribute to these alterations and 
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the effect is likely to be involved in intracellular transduction of the signal for luteal 

regression. 

Future studies will more rigorously investigate the effect of extracellular pH on 

PGF2a-induced inhibition of secretion of progesterone in large cells to determine the role 

of changes in extracellular pH in the physiological regulation of luteolysis. 
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CHAPTER 4 

PGF2a.-INDUCED CALCIUM TRANSIENT IN OVINE LARGE LUTEAL 

CELLS. II. MODULATION OF PGF2a.-INDUCED CALCIUM 

TRANSIENT AND RESTING CYTOSOLIC FREE CALCIUM ALTERS 

PROGESTERONE SECRETION 

Introduction 

Agents known to increase [Ca2+]i simulate the inhibitory action of prostaglandin 

F2a. on basal progesterone secretion in ovine large luteal cells (Hoyer and Marion, 1989, 

Wiltbank et al., 1988) and LH-stimulated cAMP accumulation in rat luteal cells (Baum 

and Roseberg, 1987, Dorflinger et al., 1984, Pepperell and Thastrup, 1989). In the 

preceding paper it was demonstrated that PGF2a. initiates a transient increase in [Ca2+]j 

followed by a sustained elevation of [Ca2+]i in ovine large, but not small, luteal cells. 

Kinetic analysis of [Ca2+]j transient and 45Ca2+ efflux data suggested the PGF2a.-

induced calcium response in large cells involves at least two calcium compartments 

(Wegner et al., unpublished data). Thus, it appears that activation of intracellular 

calcium-mediated pathways are involved in direct luteolytic actions of PGF2a. in the 

corpus luteum. 

In most tissues maintenance of calcium homeostasis is important for basic cellular 

function and optimal responsiveness to hormonal stimulation. A transient increase in 

[Ca2+]j, induced by hormonal stimulation, can activate cellular enzymes, change 

membrane permeability and stimulate processes such as contraction or secretion. 

Although PGF2a. has been shown to induce both an initial transient and sustained post 

transient increase in [Ca2+]i in luteal cells, the relationship between [Ca2+]j and cellular 

events associated with luteolysis, such as secretion of progesterone, has not been 

demonstrated. 
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Studies in myocardial cells (Buja et al., 1988, Dhalla et al., 1988) and 

hepatocytes (Starke et al., 1986) have demonstrated that a large increase in [Ca2+]i, if 

sustained, will decrease cellular function and ultimately lead to cell death. Since the end 

result of luteal regression is demise of the corpus luteum, a sustained increase in [Ca2+]i 

initiated by PGF2a in large luteal cells might be one mechanism responsible for decreased 

secretion of progesterone and cell degeneration associated with luteolysis. 

The present study was conducted to further investigate the characteristics of the 

PGF2a-induced calcium transient with respect to possible calcium stores that may 

contribute to the transient. A second objective of the study was to detennine if a 

relationship exists between the PGF2a-induced calcium transient and inhibition of 

secretion of progesterone in day 10 ovine large luteal cells. Finally, the relationship 

between steady state [Ca2+Ji and basal progesterone secretion was examined in both large 

and small luteal cells. 

Results 

The characteristics of the PGF2a-induced calcium transient were investigated by 

incubation of ovine large luteal cells in conditions known to alter calcium homeostasis. 

The dependence of the PGF2a-induced calcium transient on extracellular calcium was 

examined by incubation of large cells in Ca2+ -free Hanks medium (plus or minus 1 mM 

EGTA). A ten minute exposure of large cells to Ca2+ -free Hanks (plus EGTA) reduced 

(p<0.05) steady state [Ca2+Ji (Table 2, Figures 10 and 15a). Subsequent addition of 

PGF2a (0.5 J.1M) initiated a transient increase in [Ca2+]i; the magnitude of which was 

reduced (p<0.05) compared to the transient observed in complete Hanks medium (Table 2 

and Figure 10). In addition, unlike incubations in complete Hanks, the [Ca2+]i levels 

returned to basal levels within three minutes (Table 2 and Figure 10). 



Table 2. Comparison of PGF2a-induced calcium transient parameters in complete 
Hanks versus Ca2+-free (± EGT A) Hanks and Modified Hanks. 

Complete Modified Ca2+-Free Ca2+-Free 
Hanks Hanks (-EGTA) (+EGTA) 

Steady State [Ca2+]i 62 ± 5 (5) 50 ± 2 (12) * 50 ± 4 (2) 27 ± 4 (4) * 
(nM) 
Size of PGF2a calcium transient 87 ± 2 (5) 0 32± 6 (4) *,0 29 ± 5 (2) *, 10± 1 (4) *,0 

0 

(nM increase) 
Post transient [Ca2+]j 37 ± 2 (5) 0 9 ± 3 (4) * 6 ± 1 (2) * 2 ± 1 (4) * 

(nM above steady state [Ca2+]j) 

Ra2idl~ eXChanging com2artment 
Size (nM) 62 ± 10 (4) 22 ±4 (3) * 21 ± 3 (2) * 13 ± 3 (5) * 

Rate constant (min-!) 3.6 ± 0.7 6.6± 3 4.6 ± 0.4 1.8 ± 0.1 * 

Slowly eXChanging com2artment 
Size (nM) 140 ±9 167±40 109 ± 19 47 ± 11 * 

Rate constant (min-!) 0.017 ± 0.002 0.023 ± .009 0.047 ± 0.002 * 0.037 ± .01* 

Data are expressed as mean ± SE, (n) = number of experiments. The values were calculated by fitting data from the 
recovery phase of the PGF2a-induced [Ca2+]i transient into Equation [2], as described in Materials and Methods. 
* different from complete Hanks, 0 different from steady state [Ca2+]i (p<0.05). 
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Figure 10. Effect of extracellular ea2+ on PGF2a-induced calcium transient in large luteal cells. Large luteal cells (5 x 105 

cells!3 ml) loaded with fura-2 were incubated in (A) complete Hanks medium (1.67 rnM CaCI2), (B) Ca2+-free Hanks (minus 
EGTA), or (C) Ca2+-free Hanks (plus 1 rnM EGTA) for 10-30 min before addition of PGF2a (0.5 J.lM). Fluorescence was 

continuously recorded and the resulting 340/380 nm ratios were fit to equation [1] (see Materials and Methods). Presented data 

is representative of 3 experiments. 
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Incubation of large cells in Ca2+-free Hanks (minus EGTA) did not significantly 

decrease resting [Ca2+Ji levels. The size of the PGF2a-induced transient was reduced 

(p<0.05) compared with that in complete Hanks, however it was greater (p<0.05) than 

the transient in Ca2+-free (plus EGTA; Table 2 and Figure 10). In addition, unlike 

incubations in complete Hanks, [Ca2+]i levels returned to pre-treatment [Ca2+]i levels 

within 3 min (Table 2, Figure 10). 

Resting [Ca2+Ji levels in large cells were reduced by incubation in medium in 

which NaH2P04, NaHC03 and MgS04 were removed from complete Hanks (modified 

Hanks, MH medium; HEPES buffered, pH 7.15). Modified Hanks medium was used as 

the incubation medium whenever LaCl3 was added since a precipitate formed when LaCl3 

was added to complete Hanks. Basal secretion of progesterone and cellular viability were 

not modified by incubation in MH medium (data not shown). However, resting [Ca2+Ji 

levels and the PGF2a-induced calcium transient were reduced (p<0.05) in MH medium 

compared to complete Hanks (Table 2, Figures 11 and 15a). 

The recovery phase of the PGF2a-induced calcium transient was best described 

by a two compartment model under all incubation conditions used in the present study. 

The size of the rapidly exchanging compartment was reduced (p<0.05) in Ca2+ -free 

Hanks (plus or minus EGTA) and MH medium (Table 2). Whereas, incubation in Ca2+

free medium (plus EGTA) was the only condition that reduced the size of the slowly 

exchanging compartment The rate constant of the rapidly exchanging compartment was 

reduced (p<0.05) in Ca2+-free medium (plus EGTA) and the rate constant of the slowly 

exchanging compartment was increased (p<0.05) in Ca2+ -free medium (plus or minus 

EGTA; Table 2). Modified Hanks medium (which contained calcium) did not affect the 

rate constants of either compartment. 
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Prolonged incubation (10 min) of large cells in 1 mM LaCl3 resulted in an 

increase (p<0.05) in resting [Ca2+]i levels (Figure 15a). Addition of 0.5 IlM PGF2a 

also produced a sustained elevation (p<0.05) of [Ca2+li (102 ± 10 nM, n=5, Figures 11 

and 15a). Lanthanum affected the response of large cells to PGF2a in two ways. First, 

preincubation of large cells with LaCl3 (2 min) completely prevented the PGF2a-induced 

calcium transient (Figure 12). Whereas, simultaneous addition of PGF2a and LaCl3 

resulted in a rapid and marked increase in [Ca2+li that was sustained throughout the 

remainder of the measurement period (Figure 13). 

The effects of the different incubation conditions on PGF2a-stimulated and basal 

secretion of progesterone in large cells were determined by measuring progesterone 

content of the medium after a 2 hr incubation. The inhibitory effect of PGF2cx on 

secretion of progesterone in large cells was reduced or eliminated by incubation of large 

cells in media that significantly reduced or eliminated the PGF2cx-induced calcium 

transient, namely Ca2+ -free (plus EGTA) or MH plus LaCl3 (Figure 14). Incubation 

conditions that decreased steady state [Ca2+li, namely Ca2+ -free Hanks (plus EGTA) 

and 5 IlM BAPTA, significantly decreased basal progesterone secretion (Figure 15a). 

Secretion of progesterone was also decreased (p<0.05) by treatments that resulted in a 

sustained increase in [Ca2+Ji, namely LaCl3 and PGF2cx. Large cell viability was not 

affected by any of the incubation conditions (data not shown). 

The only condition that significantly altered [Ca2+]i in small cells was incubation 

in Ca2+-free Hanks (plus EGTA) which resulted in reduced (p<O.05) resting [Ca2+Ji 

levels (Figure 15c). In addition, in one experiment, incubation of small cells with 5 IlM 

BAPTA also appeared to reduce resting [Ca2+]i levels (Figure 15c). Incubation in MH 

medium, LaCI3, or PGF2a did not alter [Ca2+]i in small cells (Figure 15c). Secretion of 

progesterone was inhibited (p<O.05) in small cells incubated in Ca2+-free Hanks (plus 
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EGTA) and appeared to be reduced in one experiment with 5 J.1M BAPTA (Figure 15d). 

Secretion of progesterone by small cells was not altered by Ca2+ -free medium (minus 

EGTA), LaCl3 or PGF2a (Figure 15d). Small cell viability was not affected by any of 

the incubation conditions utilized (data not shown). 

Discussion 

The contribution of extracellular calcium to the PGF2a-induced calcium response 

was investigated by incubation of ovine large cells in Ca2+-free medium (plus or minus 1 

mM EGTA). Incubation of large luteal cells in Ca2+ -free medium (plus EGTA) reduced 

basal [Ca2+]i and the PGF2a-induced transient increase in [Ca2+]i. This result suggests 

that both extracellular and intracellular calcium contributes to the PGF2a-induced 

transient increase in [Ca2+li in ovine large cells. A PGF2a-induced calcium transient has 

been reported to occur in several types of luteal cells, however a contribution of 

extracellular Ca2+ to the response has not been consistently observed. In Ca2+ -free 

medium, the PGF2a-induced transient increase in [Ca2+li was not affected in 

suspensions of rat luteal cells (Pepperell et al., 1989), was attenuated in bovine large 

luteal cells (Davis et al., 1987), and was completely eliminated in single ovine large luteal 

cells (Wiltbank et al., 1989). The reasons for the differing results are not clear. In 

addition to possible species differences, the length of exposure of the cells to Ca2+ -free 

conditions may have contributed to these results. 

An attenuated PGF2a-induced calcium transient produced by cells incubated 

under Ca2+ -free conditions suggests a direct contribution of extracellular calcium to the 

transient. However, an alternative explanation may be that exposure of the cells to Ca2+

free medium depletes intracellular calcium stores. This depletion would decrease the 
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Figure 15. The effect of incubation medium on steady state [Ca2+li and basal secretion 

of progesterone in ovine large (A, B) and small (C, D) luteal cells. Suspensions of large 

(5 x 105 cells!3 ml) or small (1 x 106 cells!3 ml) cells were loaded with fura-2 and its 

fluorescence was recorded (pH 7.15, 37°C). [Ca2+li was calculated using equation [1] 

as described in Materials and Methods. Steady state [Ca2+]i levels were determined from 

the fluorescence after a 10 min exposure to the treatment condition. The data are 

expressed as mean ± SE, (n) = number of separate experiments for each treatment 

condition. Progesterone was measured in the medium after a 2 hr incubation of large (1 x 

104 cells/ml) or small (5 x 104 cells/ml) cells as described in Materials and Methods. The 

data are expressed as mean ± SE % Control (1.67 mM CaCI2, no treatment, pH 7.15, 

37°C) and values of each (n) represent mean of triplicate incubations. Statistical analysis 

was performed using the absolute progesterone values. All treatments, except those 

containing LaCl3 (MH medium), were performed in Hanks medium. N.D. = not 

determined. *, different from treatment control value (p<O.05). Significant differences 

(p<O.05) from the unstimulated control value are designated by different superscripts. 
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amount of intracellular calcium available for release by PGF2a. This appeared to be the 

case in rat luteal cells in which addition of EGT A just prior to addition of PGF2a did not 

alter the PGF2a-induced calcium transient, whereas pre-incubation of the cells with 

EGTA and ionomyocin completely eliminated the PGF2a-induced transient (Pepperell et 

aI., 1989). In the present study, large cells pre-incubated in Ca2+-free medium (plus 

EGTA) for 10 minutes demonstrated a reduction in resting [Ca2+]i and the size of both 

the rapidly- and slowly-exchanging calcium compartments (Table 1). These reductions 

suggest a depletion of intracellular calcium stores. 

Incubation of large cells in Ca2+-free medium without EGTA did not reduce 

steady state [Ca2+li levels. However, the PGF2a-induced calcium transient was 

attenuated and the size of the rapidly exchanging calcium compartment was reduced 

(Table 1). The results obtained from incubations of cells in Ca2+-free medium (plus or 

minus EGTA) suggest that mobilization of Ca2+ from intracellular stores is primarily 

responsible for the PGF2a-induced calcium transient, and the magnitude of the transient 

appears to be dependent on the amount of calcium available in a rapidly exchanging 

calcium pool. Alternatively, it has been demonstrated in hepatocytes that the source of 

calcium mobilized in response to hormonal stimulation is dependent on intracellular 

calcium distribution (Joseph and Williamson, 1983). Thus, a decrease in steady state 

[Ca2+]i could shift the relative participation of PGF2a-sensitive calcium compartments 

and thereby, the magnitude of the PGF2a-induced calcium response. 

The PGF2a-induced calcium transient was modified by removal of phosphate and 

carbonate compounds from Hanks medium (MH medium). Although CaCl2 (1.67 mM) 

was present in MH medium, steady state [Ca2+]i, the PGF2a-induced calcium transient 

and the rapidly exchanging calcium compartment were reduced compared to complete 

Hanks (Table 1). Reduced resting [Ca2+]i levels have been observed in rat pancreatic 
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acini incubated in phosphate-free medium (Korc and Schoni, 1987). These results 

suggest that extracellular phosphate modulates resting [Ca2+]i, however the mechanism 

of this interaction is not known. Since calcium was present in MH medium, the rapidly 

exchanging compartment does not appear to be extracellular calcium per se. Rather, this 

compartment may exchange rapidly with extracellular calcium, such as a membrane bound 

pool of calcium. 

The contribution of extracellular calcium to the PGF2a-induced calcium transient 

was further investigated with the inorganic calcium antagonist, LaCI3. Lanthanum 

displaces calcium from binding sites on the external surface of the plasma membrane and 

inhibits calcium efflux and influx in many cell types (Korc and Schoni, 1987, Chandler 

and Williams, 1974, Langer and Frank, 1972), including large and small ovine luteal cells 

(Wegner et aI., unpublished data). Addition of LaCl3 prior to addition of PGF2a 

completely inhibited the PGF2a-induced calcium transient (Figure 12). This observation 

suggests an absolute requirement of calcium influx for the PGF2a-induced calcium 

transient. However, this finding is not entirely consistent with the results obtained from 

the Ca2+-free medium (plus EGTA; Table 1). Thus, a LaCl3-displaceable calcium pool 

may be required to initiate the PGF2a-induced calcium transient in large luteal cells. 

Attenuation of a hormone-induced calcium transient by LaCl3 has been reported in rat 

pancreatic acini (Korc and Schoni, 1987). This result prompted those authors to propose 

that mobilization of intracellular calcium may partly depend on the availability of a La3+

sensitive pool of cell surface calcium (Korc and Schoni, 1987). 

Other possible explanations for the elimination of the PGF2a-induced transient by 

pre-incubation with LaCl3 include 1) an interference of LaCl3 with the binding of PGF2a 

to the receptor, 2) an inhibitory effect of LaCI3, either directly or indirectly, on membrane 

bound reactions associated with the PGF2a response, such as the generation of IP3, 
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and/or 3) influx of LaCl3 into the cell which inhibits calcium release from intracellular 

calcium stores. Binding of angiotensin II to its receptor was not affr..cted by LaCl3 in rat 

adrenal glomerulosa cells (Fakunding and Can, 1980). In large luteal cells interference of 

LaCl3 with the binding of PGF2a to its receptor or generation of IP3 seems unlikely 

since when PGF2a and LaCl3 were added simultaneously, an increase in [Ca2+li, 

similar to the increase observed with PGF2a alone, was demonstrated (Figure 13). 

Although LaCl3 acts primarily at the external surface of the plasma membrane, LaCl3 has 

been shown to enter cultured myocardial cells after prolonged incubation (> 60 min) 

(Wendt-Gallitelli and Isenberg,1985) or after sarcolemma damage due to ischemia 

(Burton et aI., 1981). In the present study the PGF2a-induced calcium transient was 

eliminated after only a 2 min exposure to LaCI3. In addition, previous experiments with 

ovine large and small luteal cells incubated with LaCl3 strongly suggest that LaCl3 does 

not cross the plasma membrane within the time frame of the present experiments (Wegner 

et aI., unpublished data). Alterations of intracellular calcium compartments due to 

changes in a La3+-sensitive pool of cell surface calcium cannot be ruled out in the present 

experiments. 

Simultaneous addition of PGF2a and LaCl3 resulted in a rapid increase of 

[Ca2+]j that was sustained throughout the treatment period (Figure 13). Since LaCl3 

inhibits plasma membrane Ca2+ flux (Wegner et aI., unpublished data), maintenance of 

the elevated level of [Ca2+]j suggests calcium efflux plays a predominant role in removal 

of Ca2+ from the cytoplasm. Thus, in large cells, return of [Ca2+]i levels to a new 

steady state after a PGF2a-induced increase appears in part to be driven by calcium 

efflux. The amount of calcium resequestration into intracellular stores is unknown. A 

possible mechanism of action of PGF2a may include selective stimulation or inhibition of 

calcium transport mechanisms. 
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In summary, the transient response of PGF2a was altered in luteal cells 

incubated in Ca2+-free medium (plus or minus EGTA) and MH medium. Following the 

PGF2a-induced increase, [Ca2+Ji returned to 7%, 12%, 18% and 60% above steady 

state in Ca2+-free (plus EGTA), Ca2+-free (minus EGTA), MH, and complete Hanks 

medium, respectively. Since the slowly exchanging compartment was not significantly 

reduced in Ca2+ -free medium (minus EGTA) or in MH medium, it appears that 

maintenance of elevated [Ca2+]i in response to PGF2a is dependent upon extracellular 

calcium and/or the size of the rapidly exchanging compartment. Thus, a second 

contribution of extracellular Ca2+ to the PGF2a-induced calcium response may be to 

supply calcium during the post-transient phase of the PGF2a-induced calcium response. 

A dependence of the sustained increase in [Ca2+]i levels on extracellular calcium has also 

been demonstrated in rat and bovine luteal cells (Pepperell et al., 1989, Davis et al., 

1987). 

A relationship between the ability of PGF2a to induce an increase in [Ca2+]i and 

an inhibition of secretion of progesterone was demonstrated in this study. The inhibitory 

effect of PGF2a on secretion of progesterone was reduced under conditions that reduced 

the magnitude of the PGF2a-induced calcium transient (Figure 14). Exposure of cells to 

optimal incubation conditions for progesterone secretion and an improved understanding 

of cellular events regulating progesterone synthesis are required before a quantitative 

correlation between the PGF2a-induced calcium transient and progesterone secretion can 

be revealed. 

The effect of steady state [Ca2+li levels on secretion of progesterone in large and 

small cells was also examined. Secretion of progesterone and steady state [Ca2+]j were 

reduced by incubation oflarge and small luteal cells in Ca2+-free medium (plus EGTA) or 

5 JlM BAPTA (Figure 15). These results suggest that a minimum [Ca2+li level is 
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required to maintain basal secretion of progesterone in both cell types. Removal of 

extracellular calcium did not decrease basal progesterone secretion or cAMP levels in rat 

luteal cells Dorflinger et al., 1984, Lahav et al., 1983). However, since [Ca2+]i levels 

were not measured in those experiments, the extent of reduction in steady state [Ca2+]i is 

not known. Cytosolic-free calcium levels were reduced by BAPTA in rat luteal cells, but 

the effect of BAPT A on basal secretion of progesterone was not reported (pepperell et al., 

1989). 

In the present study, [Ca2+]i were increased in ovine large, but not small luteal 

cells, by incubation with LaCl3 and PGF2a. In addition, both LaCl3 and PGF2a 

inhibited secretion of progesterone in large, but not small cells (Figure 15). Thus, there 

appears to be a relationship between sustained elevations of [Ca2+]i and inhibition of 

progesterone secretion in large cells. This relationship is further supported by studies 

using the calcium ionophore, A23187 (1 J.1M), in which it was shown to inhibit basal 

progesterone secretion in large, but not small luteal cells (Hoyer and Marion, 1989). A 

dissimilarity in ovine large and small luteal cells to regulate [Ca2+]i levels is suggested in 

a study by Wiltbank et al. (1989) in which [Ca2+]i readily returned to basal levels within 

3 min after the addition of IJ.1M A23187 in small cells, but resulted in a sustained (up to 5 

min) elevation of [Ca2+]i in large cells. The ability of small cells to return to steady state 

[Ca2+]i levels may explain why inhibition of progesterone secretion by A23187 was not 

observed in small cells under conditions thai caused inhibition in large cells (Hoyer and 

Marion, 1989). It has also been proposed that a critical level of [Ca2+]i may be required 

for inhibition of LH-stimulated progesterone secretion in bovine large luteal cells (Alila et 

al., 1989). 

Basal secretion of progesterone was inhibited by a sustained decrease or increase 

in [Ca2+]i in ovine large luteal cells. This provides evidence that optimal secretion of 
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progesterone may require a specific range of [Ca2+]i within these cells. Key enzymes in 

the progesterone synthetic pathway may not be adequately stimulated at reduced [Ca2+]i 

levels, whereas sustained elevations in [Ca2+li levels may inhibit secretion of 

progesterone due to cytotoxic effects of calcium on a variety of cellular reactions. A 

sustained elevation of [Ca2+]i has been shown to have deleterious effects in myocardial 

cells (Buja et al., 1988, Dhalla et al., 1988) and hepatocytes (Starke et al., 1986). 

Sustained elevations in [Ca2+li may result in redistribution of calcium within intracellular 

compartments and/or alter membrane properties. Such alterations could subsequently 

inhibit cell function and/or cell viability. In the luteal cell, high levels of [Ca2+]i may 

negatively affect progesterone secretion by inhibiting delivery of cholesterol to the 

mitochondria (Veldhuis et al., 1984). Furthermore, elevated [Ca2+]i may result in 

increased mitochondrial free Ca2+ that may interfere with ATP production (Buja et al., 

1988) and/or cholesterol to pregnenolone conversion (Simpson et al., 1975, Tsang et al., 

1988). A decrease in membrane fluidity of regressing rat luteal cells has been attributed to 

stimulation of a Ca2+-mediated pathway (Riley and Carlson, 1985). Structural changes 

in cell membranes may alter calcium transport and alter the ability of cells to regulate 

[Ca2+]i (Buja et al., 1988, Dhalla et al., 1988). Maintenance of sustained elevations in 

[Ca2+li levels may also be involved in biochemical reactions initiated by a transient 

increase in calcium, such as activation of protein kinase C (PKC). Phorbol ester 

stimulated PKC activity and inhibited progesterone secretion in ovine large luteal cells 

(Hoyer and Marion, 1989, Hoyer and Kong, 1989). Thus, maintenance of elevated 

[Ca2+li level may playa role in activation of second messenger pathways for mediating 

intracellular induction of luteal regression. 

The results presented here suggest that a critical range of [Ca2+]i may regulate 

progesterone production in ovine large luteal cells. This range may represent an optimal 



72 

window of calcium concentration that is required for maintenance of proper luteal function 

prior to initiation of luteolysis. Exceeding this range, by stimulation with PGF2a, may 

trigger events involved in functional as well as structural phases of luteolysis. 

Finally, recent studies have demonstrated the Kci of fura-2 is sensitive to pH 

(Martinez-Zaguilan et aI., 1990, Ganz et al.,1990). Addition of PGF2a did not alter pHi 

in ovine large cells incubated in complete Hanks medium (Wegner et aI., unpublished 

data), MH medium (data not shown), or Ca2+-free Hanks medium (data not shown) .. In 

these experiments, alterations in pHi were monitored with snarf-l, however, the actual 

pHi values were not calculated Although, extracellular pH was maintained at 7.15 for all 

incubation conditions (i.e. Hanks, Ca2+ -free Hanks (plus or minus EGTA), and MH 

medium), steady state pHi levels were not determined However, the calculated 644/584 

ratios were different for the large cells incubated in Hanks (644/584 ratio = 1.72, n=2) 

and MH medium (ratio = 1.32, n=3). Thus, the possibility that differences in [Ca2+]i 

and the calcium response to PGF2a could be due to differences in steady state pHi of 

cells incubated in the different media, rather than true differences in [Ca2+]j cannot be 

excluded. 

In summary, the results of this study demonstrated that the PGF2a-induced 

calcium transient can be modified by alterations in the availability of extracellular calcium. 

More specifically, a reduction in the size of a rapidly exchanging calcium compartment 

appears to be responsible for attenuation of the PGF2a-induced calcium transient. 

Although the rapidly exchanging compartment was not specifically identified, the size of 

the compartment appears to be dependent upon extracellular calcium and/or the presence 

of phosphate and carbonate compounds in the medium. Additionally, a relationship 

between the ability of PGF2a to produce an increase in [Ca2+]i and an inhibition of 

progesterone secretion was observed. These results provide further evidence that in the 
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ewe the luteolytic effects of PGF2a are mediated in the large cell by the ability of this 

honnone to produce elevations in cytosolic-free calcium. Future studies will detennine 

the role of calcium-dependent second messenger pathways in this induction of luteal 

regression. 



CHAPTER 5 

DIFFERING EFFECTS OF LaCI3 ON CYTOSOLIC FREE CALCIUM 

LEVELS IN OVINE LARGE AND SMALL LUTEAL CELLS 

Introduction 
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The corpus luteum produces the steroid hormone progesterone, which is 

absolutely required for successful reproduction. During the estrous cycle the corpus 

luteum is formed on the ovary and undergoes regression at the end of the luteal phase if 

pregnancy does not occur. The signal for regression (i.e. luteolysis) in many species, 

including the ewe, is PGF2a (McCracken et al., 1970). 

Two morphologically and functionally distinct steroidogenic cell types, designated 

small (12-22 Ilm diameter) and large (> 22 Ilm diameter), have been identified in the 

corpus luteum of many species, including the ewe (Fitz et al., 1982, Rodgers and 

O'Shea, 1982, Rodgers et al., 1985). Both cell types secrete progesterone, but differ in 

many aspects of hormonal regulation of steroidogenesis (Hoyer and Niswender, 1985). 

Recent evidence suggests that in the ewe, the luteolytic effects of PGF2a are mediated by 

large, rather than small cells (Balapure et al., 1989, Hoyer et al., 1990a, Hoyer et al., 

1990b, Wiltbank et al., 1989, Wegner et al., unpublished). Initiation of regression at the 

cellular level appears to result from a PGF2a-induced increase in cytosolic-free calcium 

([Ca2+]i) followed by a sustained elevation of [Ca2+]i which is specifically observed in 

large cells. These findings suggest that PGF2a-induced luteal regression is mediated by 

intracellular Ca2+ -dependent pathway(s). 

In most tissues maintenance of calcium homeostasis is important for basic cellular 

function and optimal responsiveness to hormonal stimulation. The role of extracellular 

calcium in regulating calcium homeostasis can be assessed by removal of extracellular 

calcium or inhibition of transmembrane calcium flux by calcium antagonists such as 
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LaCI3. Lanthanum (La3+) is similar in size to that of the calcium ion (Ca2+) and 

displaces cell surface Ca2+ without causing structural modifications (Weiss, 1974). 

Lanthanum has been demonstrated to be confined to the extracellular space in healthy cells 

(Kwan and Putney, 1990, Weiss, 1974). Thus, La3+ is a valuable tool for studying 

calcium metabolism, especially with respect to the study of transmembrane movement of 

calcium in cells. 

Since La3+ competes for Ca2+ binding sites, it might be expected to interfere with 

the measurement of [Ca2+]i by fura-2, a fluorescent dye that complexes with Ca2+. 

Displacement of fura-2-bound ea2+ by La3+ might either quench fura-2 fluorescence or 

cause fluorescent changes similar to those produced by Ca2+ binding. In view of the 

ability of PGF2a. to induce a sustained increase in [Ca2+]i in large, but not small cells, 

the present study was designed to compare the effect of LaCl3 on steady state [Ca2+Ji 

levels in the two cell types. Determining this required a careful investigation of whether 

the observed changes in [Ca2+]i levels with LaCl3 treatment are due to increases in 

[Ca2+]i or to direct interactions of La3+ with fura-2. 

Results 

The importance of extracellular Ca2+ on luteal function (Le. secretion of 

progesterone) was initially assessed using the inorganic calcium antagonist, CoCI2. 

Cobalt inhibited (p<0.05) progesterone secretion in large (65 ± 7% Control, n=7) and 

small (79 ± 5% Control, n=6) luteal cells. However, CoCl2 significantly quenched fura-

2 fluorescence (data not shown, Kwan and Putney, 1990). Thus, another calcium 

antagonist, LaCl3 was selected. Lanthanum inhibited progesterone production to the 

same extent as CoCl2 (Wegner et al., unpublished data) and did not appear to cause 

significant quenching of intracellular fura-2 fluorescence. 
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The addition of LaCl3 to Hanks medium resulted in the fonnation of a precipitate. 

Thus, the use of LaCl3 required removal of phosphate and carbonate compounds from 

Hanks medium (modified Hanks (MH) medium). Resting [Ca2+]i levels were reduced in 

large cells incubated in MH medium, however there was no significant effect of the 

medium on basal or PGF2a-inhibited progesterone production (Wegner et aI., 

unpublished data). Addition of LaCl3 (1 mM) to suspensions of large cells loaded with 

fura-2 caused a gradual increase in fura-2 fluorescence and presumably an increase in 

cytosolic-free calcium ([Ca2+]i) (Figure 16a). Initially [Ca2+li was increased 9 ± 3 nM 

(n=3) above steady state levels. After 10 min, [Ca2+li levels were increased (p<O.OS) to 

28 ± S nM (n=3) above pre-treatment levels. Both 4SCa2+ uptake and efflux were 

inhibited by LaCl3 in large cells (Figure 17). Although LaCl3 also inhibited 4SCa2+ 

uptake and efflux in small cells (Figure 18), an increase in [Ca2+]i was not observed in 

small cells (Figure 16c). 

Since La3+ antagonizes the action of Ca2+ by displacement of Ca2+ from Ca2+ 

binding sites, there was a possibility that the apparent increase in [Ca2+li was due to 

La3+ binding directly to fura-2 with subsequent alteration of fura-2 fluorescence. To 

detennine the effect of LaC13 on fura-2 fluorescence, the free acid fonn offura-2 (fura-2 

(FA); 1 J.LM) was dissolved in Ca2+-free MH medium without cells. Addition of 1 J.LM 

LaC13, in the absence of cells, resulted in an immediate increase in the 340/380 nm 

fluorescence ratio (Figure 19a). Examination of the individual excitation wavelengths 

(340, 380 and 360 nm) showed that the increased 340/380 nm ratio was due to an 

increase in 340 fluorescence and a decrease in 380 nm fluorescence (Figure 19b). 
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Figure 16. Effect of LaCl3 on [Ca2+]i in ovine large and small luteal cells. (A) 

Suspensions of large (5 x 105/3 mI) or (C) small (1 x 106/3 ml) luteal cells were 

loaded with 2 J.LM fura-2. Fluorescence was continuously measured, with addition of 
LaCl3 (1 mM) where indicated. [Control, (········),LaCI3, ( )]. The resulting 

340/380 nm ratios were fit to equation [1] as described in Materials and Methods. 

Presented data is representative of 3 experiments. (8 and D) Recordings of fura-2 

fluorescence (from A and C, respectively) at the excitation wavelengths of 340, 360 

and 380 nm using an emission wavelength of 510 nm. (a.u.) = arbitrary units. 
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Figure 17. The effect of LaC13 on calcium efflux and uptake in large luteal cells. (A) 

Large (2 x 104/0.5 ml) luteal cells were pre-incubated in control medium containing 

45Ca2+ (5 J..lCi/ml). Efflux was initiated by addition of cells (duplicates) to medium ± 1 

mM LaC13. Efflux was terminated by rapid filtration and the radioactivity remaining in the 

cells was counted. Efflux is presented as % 45Ca2+ remaining in the cells at each time 

point compared with the cellular content of 45Ca2+ at t = 0 min. (B) 45Ca2+ uptake in 

large luteal cells was initiated by addition of cells (2 x 104/0.5 ml; duplicates) to medium 

containing 45Ca2+ (5 J..lCi/ml) ± LaCl3 (1 mM). The cells were processed as in efflux 

and as described in Materials and Methods; 45Ca2+ content of the cells was measured. 

The data are expressed as mean ± SE, n=2 separate efflux and uptake experiments * 
different from control (p<0.05). 
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Figure 18. The effect of LaCl3 on calcium efflux and uptake in small luteal cells. (A) 

Small (1 x lOS/0.S ml) luteal cells were pre-incubated in control medium containing 

4SCa2+ (S JlCi/ml). Efflux was initiated by addition of cells (duplicates) to medium ± 1 
mM LaCI3. Efflux was measured as described in Figure 2. (B) 4SCa2+ uptake in small 

luteal cells was initiated by addition of cells (1 x lOS/0.S ml; duplicates) to medium 

containing 4SCa2+ (S JlCi/ml) ± LaCl3 (1 mM). Uptake was measured as described in 

Figure 2. The data are expressed as mean ± SE, n=2 separate experiments. * different 

from control (p<O.OS). 
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Figure 19. Recordings of excitation wavelengths for fura-2 in Ca2+-free medium in 

the presence of increasing [LaCI3]. Recordings were obtained in Ca2+-free MH medium 

(without cells) containing 1 ~ fura-2 (FA) and increasing arpounts of LaCl3 (1 ~-1 

mM) (A) Represents the fluorescence ratio 340/380 nm for fura-2. (B) Recordings of 

fura-2 fluorescence at single excitation wavelengths of 340, 360 (left axis, (--» and 

380 nm (right axis, ( ....... » using emission wavelength of 510 nm (pH 7.15). (a.u.) = 
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Furthennore, lanthanum decreased fluorescence intensity at 360 nm, the isoexcitation 

wavelength of fura-2. This demonstrates a quenching effect of LaCl3 on fura-2 

fluorescence. These results provide evidence that La3+ significantly affects fura-2 

fluorescence in Ca2+ -free medium at all excitation wavelengths important for the 

measurement of [Ca2+]. 

An interaction of La3+ with fura-2 can therefore be observed by monitoring 360 

nm fluorescence. Fluorescence at 360 nm (Figures 16b and 16d) was not significantly 

altered throughout the experimental period with addition of 1 mM LaCI3. Addition of the 

calcium ionophore, 4Br-A23187 (1 or 10 ).1M), resulted in an increase in 340/380 nm 

fluorescence, but fluorescence at 360 nm was not altered. 

Additional control experiments were perfonned to establish that the increase in 

fluorescence in large cells treated with LaCl3 was due to a true increase in [.ca2+]i. In 

large cells loaded with fura-2 and the intracellular calcium chelator, BAPTA (20 ).1M), the 

effect of LaCl3 was eliminated (Figure 20). In large cells loaded fura-2 and snarf-l 

(pHi), LaCl3 induced a gradual increase in [Ca2+]i with no effect on pHi in large cells 

(Figure 21). No effect of LaCl3 on [Ca2+]i or pHi was observed in small cells (data not 

shown). 

Lanthanum acts primarily at the external surface of the plasma membrane and 

under most circumstances does not enter the cell. Thus, LaCl3 would not be expected to 

interact with intracellular fura-2. However, incubation of fura-2 (AM) loaded large and 

small cells consistently exhibited a gradual increase in the 340/380 nm ratio with time 

(Figure 16). The steady rise in fura-2 fluorescence was attributed to leakage of fura-2, 

since addition of probenecid (an anion transporter inhibitor) abolished the increase 

(Wegner et at, unpublished data). Thus, to detennine whether the observed La3+

induced increase in the 340/380 nm ratio in large cells was due to an interaction of LaCl3 
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with extracellular fura-2, large cells were preincubated with probenecid (2.5 mM). 

Probenecid eliminated the gradual increase in fluorescence, however, subsequent addition 

of LaCl3 caused a gradual increase (L\[Ca2+]/L\t = 5.5 ± 2 nM/min, n=2) in the 

fluorescent ratio, not different (p>O.05) from that observed in cells incubated without 

probenecid (L\[Ca2+]/L\t = 8.2 ± 2 nM/min, n=4; Figure 22). 

Discussion 

Addition of the calcium antagonist, LaCI3, to ovine large luteal cells resulted in a 

gradual increase in [Ca2+]i (Figure 16). Such an increase in [Ca2+Ji could be achieved 

by an increase in calcium influx, a decrease in calcium efflux, a release of calcium from 

intracellular pools, and/or a redistribution of calcium between intracellular compartments. 

Lanthanum inhibits transmembrane calcium flux in several cell types, including 

myocardial cells, hepatocytes, and rat pancreatic acini (Korc and Schoni, 1987. Langer 

and Frank. 1972). As demonstrated in Figure 17b. 45Ca2+ uptake was inhibited 

(p<O.05) by LaCl3 in large cells. Thus. the observed increase in [Ca2+Ji cannot be 

attributed to an increase in calcium influx in the large cell. The La3+ -induced increase in 

[Ca2+Ji. however. might be the result of the inhibition (p<O.05) of 45Ca2+ efflux by 

LaCl3 (Figure 17a). Inhibition of calcium efflux could effectively trap Ca2+ in the 

cytosol if intracellular calcium stores were unable to effectively buffer changes in 

cytosolic calcium. 

An increase in [Ca2+]i was not observed in small luteal cells incubated with LaCl3 

(Figure 16). even though both calcium uptake and efflux were significantly inhibited 

(Figures 18a and b). No change in [Ca2+Ji levels with LaCl3 treatment has also been 

reported in mouse lacrimal acinar cells (Kwan and Putney. 1990) and rat pancreatic acini 
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(Korc and Schoni, 1987). These results provide evidence that large and small cells differ 

in their ability to regulate [Ca2+li. 

Since La3+ displaces Ca2+ from Ca2+ binding sites, the possibility exists that the 

La3+-induced increase in [Ca2+li in large cells might be due to a direct interaction of 

La3+ with fura-2. Binding of Ca2+ to fura-2 results in an increase in the 340/380 nm 

fluorescence ratio which can be transformed to changes in [Ca2+li using equation [1] 

(Grynkiewicz et al., 1985). In Ca2+-free buffer and in the absence of cells, it was shown 

that in LaCl3 alters fura-2 (FA) fluorescence in a manner similar to the interaction of Ca2+ 

with fura-2 (Le. an increase in the 340/380 nm ratio; Figure 18). A similar effect of 

LaCl3 on fura-2 fluorescence was observed by Kwan and Putney (1987). However, in 

Ca2+-replete medium, addition of LaCl3 did not affect fura-2 (FA) fluorescence (Figure 

23, Yamaguchi et aI., 1987). This suggests that Ca2+ competes more readily for fura-2 

than does La3+. Fluorescence at 360 nm (isoexcitation point) is proportional to the total 

amount of intracellular fura-2 and can be used to evaluate possible quenching effects. 

Lanthanum decreased the fluorescence at 360 nm, which suggests that La3+ quenches 

fura-2 fluorescence. These results demonstrate that La3+ interacts with fura-2 and alters 

the fluorescence at the three excitation wavelengths used for measurement of [Ca2+]. 

However, under normal conditions the action of La 3+ appears to be confined to 

the extracellular space (Kwan and Putney, 1990, Langer and Frank, 1972, Weiss, 1974, 

Wendt-Gallitelli and Isenberg, 1985). Within the time frame of the present experiments, 

La3+ would not be expected to enter the cell and interact with intracellular fura-2. The 

results of the present experiments suggest that the observed increase in 340/380 nm ratio 

with addition of LaCl3 in large cells was due to a true increase in [Ca2+]i rather than a 

direct interaction of La3+ with intracellular fura-2. First, 360 nm fluorescence was not 

appreciably affected by addition of LaCl3 in large or small cells (Figure 16b and 16d). 
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Second, addition of the calcium ionophore A23187 (1 J.1M) at the end of the incubation 

period had no additional effect on 360 nm fluorescence, even though the 340/380 nm ratio 

was markedly increased. This result suggests that La3+ does not have access to the 

intracellular compartment even under conditions of increased permeability to calcium. 

Third, unlike large cells, no change in 340/380 nm ratio was observed in small (Figure 

16c and 16d). 

An alternative explanation for the observed La3+ -induced increase in [Ca2+1i in 

large, but not small cells, may be that large cells are more "leaky" to La3+ than small. In 

such a case, La3+ would have a greater opportunity to bind to intracellular fura-2 in large 

cells. Although membrane permeability to La3+ was not directly measured in these 

studies, the lack of change in 360 nm fluorescence during the course of the measurement 

period suggests that La3+ was not leaking into the large cells. Furthermore, if this were 

the case, it is unlikely that 45Ca2+ uptake and efflux would have been so markedly 

inhibited by LaCl3 in large cells. 

The La3+ -induced increase in [Ca2+1i was inhibited in cells loaded with the 

intracellular calcium chelator, BAPT A (Figure 20). BAPT A chelates calcium (Kd = 107 

nM), thereby attenuating or eliminating basal and agonist-induced increases in [Ca2+]i, 

such as a PGF2a-induced transient increase in [Ca2+]i in large luteal cells (Wegner et al., 

unpublished data). Due to the ability of LaCl3 to displace calcium, the possibility exists 

that BAPTA also chelates La3+. If this were the case, cytosolic-free La3+ would 

compete with cytosolic-free Ca2+ for binding to BAPT A and an increase in the 340/380 

nm ratio. The ability of BAPTA to block the La3+-induced increase in fluorescence 

suggests that the increase in 340/380 run fluorescence is due to a true increase in [Ca2+1i. 

Taken together, all of the above results support that the increase in 340/380 nm ratio is 

due to an increase in [Ca2+1i, not to binding of La3+ to intracellular fura-2. 
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Figure 23. Fura-2 fluorescence spectra in the presence of LaCI3. Recordings were 

obtained in (A) complete MH medium (1.67 mM CaCI2. no cells) or (B) Ca2+-free MH 

medium (-EGTA, no cells) containing 1 J.1M fura-2(FA) and increasing concentrations of 

LaCl3 (1 J.1M - 1 mM). (a.u.) = arbitrary units. 
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The Kda of fura-2 exhibits a sensitivity to pH (Ganz et al., 1990, Martinez

Zaguilan et al., 1990). Thus, a pH-induced change in the Kda of fura-2 in response to 

LaCl3 might cause a change in the 340/380 nm ratio independent of changes in [Ca2+]i. 

No change in pHi was observed with addition ofLa3+ in large or small cells (Figure 21). 

Thus, the effects of La3+ on calcium homeostasis are not accompanied by alterations in 

pHi and the apparent increase in [Ca2+]i cannot be attributed to pH-induced alteration in 

Kda of fura-2. 

Continuous leakage offura-2 has been previously demonstrated in untreated large 

and small luteal cells. Furthermore, this leakage could be blocked by the anion transport 

inhibitor, probenecid (Wegner et al., unpublished data). If fura-2 was leaking from the 

cell, then the gradual increase in 340/380 nm ratio could be due to the interaction of La3+ 

with extracellular fura-2. However, in large cells incubated with probenecid, the La3+

induced increase in [Ca2+]j was still observed, and the increase was similar to that in 

large cells incubated in the absence of probenecid (Figure 22). The rate of dye leakage 

from small cells was similar to large cells (Figure 16a and 16c), but a change in the 

340/380 nm ratio was not observed in small cells. Taken together, these observations 

suggest that in large cells, the increase in 340/380 ratio in response to LaCl3 is not due to 

a direct interaction of La3+ with fura-2 that has leaked from the cells. In conclusion, a 

quenching effect of La3+ on fura-2 fluorescence was observed in this study. However, 

evidence from a series of control experiments strongly suggests that the observed increase 

in the 340/380 nm ratio in large, but not small cells, is due to a true increase in [Ca2+li, 

not to an interaction of La3+ with intracellular or extracellular fura-2 or to changes in pHi. 

In summary, the results of this study demonstrate that steady state [Ca2+li 

increased in large, but not small cells incubated with LaCl3 (a condition which was 

shown to inhibit transmembrane calcium flux in both cell types, p<0.05). These 
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observations suggest that large, as compared to small cells, have a reduced ability to 

regulate [Ca2+1i by intracellular mechanisms, and that the primary mode of reducing 

elevated [Ca2+]i levels in large cells is by calcium efflux. A reduced concentration of 

intracellular calcium buffers or a reduced ability to sequester cytosolic-free calcium into 

intracellular calcium compartments compared to small cells could explain the differences 

in [Ca2+1i response in large and small cells. Such a reduced ability may predispose large 

cells to cytotoxic effects of sustained increases in [Ca2+]i, known to be induced in these 

cells by PGF2a. The reduced ability to regulate [Ca2+]i may therefore relate to the 

apparent specificity with which large cells respond to a PGF2a-induced signal for luteal 

regression. To further test this possibility, future studies will investigate differences 

between large and small cells in the calcium uptake capacity of various intracellular 

organelles known to sequester calcium. 
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The corpus luteum is an unique endocrine gland because of its transient nature. 

Every month the corpus luteum develops from the ruptured follicle, secretes 

progesterone, and regresses if pregnancy does not occur. Progesterone is absolutely 

essential for implantation of a fertilized ovum, and any defect in the ability of the corpus 

luteum to secrete sufficient amounts of progesterone will result in a failure to reproduce. 

An understanding of the factors and mechanisms that determine the function and lifespan . 

of the corpus luteum is essential to understanding the mechanisms that result in luteal 

dysfunction. Prostaglandin F2a has been identified as the endogenous factor that initiates 

luteolysis in ewes (McCraken et al., 1970). Several recent studies have presented 

evidence for the role of calcium and calcium-dependent intracellular pathways in 

mediating the luteolytic effects of PGF2a at the level of the luteal cell (Hoyer and Marion, 

1989, Wiltbank et al., 1988, Conley et al., 1988, Pepperell et al., 1989, Alila et aI., 

1989, Davis et al., 1987, Wiltbank et al., 1989). However, little information is available 

regarding the regulation of [Ca2+]i and the relationship between alterations in [Ca2+Ji and 

progesterone secretion in luteal cells. 

The primary focus of this dissertation was to investigate in more detail the role of 

calcium in regUlating secretion of progesterone in the ovine corpus luteum. The results 

from this series of studies provides new information on 1) the PGF2a-induced calcium 

response in luteal cells isolated from superovulated ewes; 2) the effect of PGF2a on 

calcium fluxes in isolated cells; 3) the importance of [Ca2+]i levels on basal and PGF2a

inhibited progesterone secretion; and 4) the effect of PGF2a on intracellular pH. 

The fIrst objective of this dissertation was to examine the PGF2a-induced calcium 

response in ovine large and small luteal cells collected from superovulated ewes. 
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Prostaglandin F2a induced a rapid and transient increase in [Ca2+li followed by a 

sustained elevation of [Ca2+1i in large, but not small cells. A differential effect of 

PGF2a in large luteal cells was also observed in bovine luteal cells (Alila et al., 1989) 

and ovine luteal cells from cyclic ewes (Wiltbank et al., 1989). Thus, the results from 

this study provide further evidence that large, rather than small cells, from superovulated 

ewes are the targets for the luteolytic actions of PGF2a. 

Although ovine and bovine large luteal cells respond to the luteolytic agent, 

PGF2a, with an increase in [Ca2+li, these cell types differ in their response to LH, a 

luteotropic hormone. In the present study as well as a study by Wiltbank et al. (1989), 

LH did not alter [Ca2+1i levels in either ovine large or small cells. However, an LH-

induced calcium response was observed in large and small bovine luteal cells (Davis et 

al.,1986, Davis et al., 1987, Alila et al., 1989). The significance of the LH-induced 

calcium response in bovine luteal cells with respect to luteal function or luteal regression 

is not known. The difference in calcium response to LH suggests that steroidogenesis is 

regulated by different second messenger systems in the two species. 

The PGF2a-induced calcium response was also examined in the absence of 

extracellular calcium. In the present study, incubation of large cells in Ca2+ -free medium 

attenuated, but did not eliminate the PGF2a-induced calcium transient. Thus, PGF2a 

appears to stimulate the release of calcium primarily from intracellular calcium stores. 

This result is similar to that observed in bovine (Alila et al., 1989) and rat (Pepperell et 

al., 1989) luteal cells. However, in ovine large cells isolated from cycling ewes, 

incubation in Ca2+-free medium eliminated the PGF2a-induced calcium response, which 

suggests an extracellular calcium source (Wiltbank et al., 1989). Steroidogenic regulation 

of luteal cells from superovulated ewes has been shown to be functionally comparable to 

cells from normally cycling ewes (Hild-Petito, et al., 1987). However, the observed 
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difference in the PGF2a-induced calcium response in Ca2+ -free medium may indicate 

that different PGF2a-sensitive calcium pools exist in large luteal cells isolated from 

superovulated and cyclic ewes. On the other hand, the difference could be due to 

differences in experimental conditions. In the present study, suspensions of luteal cells 

were used, whereas Wiltbank et al.(1989) employed fluorescence imaging techniques of 

single luteal cells. 

Essential to the understanding of the role of calcium in luteal regression is a basic 

knowledge of the localization and movements of calcium involved in the luteolytic actions 

of PGF2a. Nonlinear curve fitting analyses of the recovery phase of the PGF2a-induced 

calcium transient were perfonned in an attempt to describe a compartmental model of the 

PGF2a-sensitive calcium pools in ovine large luteal cells. If one assumes that recovery 

after an increase in [Ca2+]i is due to redistribution of cytosolic-free Ca2+ to multiple 

compartments (Le. extracellular space, endoplasmic reticulum, calciosome, and 

mitochondria), then the recovery phase would be analogous to ion redistribution into 

cellular compartments (Eidelman and Cabantchik, 1989). Data from the recovery phase 

of the PGF2a-induced [Ca2+1i transient in large cells best fit a two compartment model 

consisting of a rapidly and a slowly exchanging compartment. Thus, at least two calcium 

compartments participate in the PGF2a-induced calcium response. The identities of the 

compartments were not specifically established in the present study. The major 

compartments involved in the PGF2a-induced calcium signal likely include the plasma 

membrane, endoplasmic reticulum, and mitochondria. Participation of the plasma 

membrane in this study is suggested by the PGF2a-enhanced calcium efflux. No data 

from this. or previous studies, are available with respect to changes in calcium content of 

endoplasmic reticulum or mitochondria with PGF2a treatment in luteal cells. However, 

kinetic analysis of the PGF2a-induced calcium transient under different calcium loading 



94 

conditions suggests that the size of the rapidly exchanging compartment is important in 

determining the magnitude of the PGF2a.-induced calcium response. This compartment 

does not appear to be extracellular calcium per se, but probably exchanges rapidly with 

extracellular calcium and is displace able by LaCI3. Specific identification of the PGF2a.-

sensitive calcium compartments in large luteal cells will require pharmacological 

interventions that are specific for known calcium compartments. 

Although intracellular calcium compartments contribute to the PGF2a.-induced 

increase in [Ca2+]i, efflux of calcium from the cell appears to be responsible for the 

recovery of the cell to a new steady state [Ca2+]i level. The effect of PGF2a. on calcium 

flux has not previously been examined in isolated luteal cells. A second objective of the 

present study was to examine the effect of PGF2a. on calcium flux in large and small 

cells. In the present study, PGF2a. did not affect calcium uptake in either large or small 

cells. However, calcium efflux was stimulated by PGF2a. in large, but not small luteal 

cells. In addition, inhibition of efflux by LaCI3, eliminated the transient nature of the 

PGF2a.-induced calcium response. The transport mechanism(s) responsible for calcium 

efflux were not specifically examined in the present study, but both a Ca2+-ATPase and 

a Na+-Ca2+ exchanger have been proposed to exist in luteal membranes. The Na+-Ca2+ 

exchanger is characterized as a large capacity, low affinity system, whereas Ca2+-ATPase 

interacts with Ca2+ with high affinity, and has a low total transport capacity (Carafoli, 

1988). The characteristics of these Ca2+ transport systems suggests that Na+-Ca2+ 

exchange could play an important role in the recovery phase of a calcium response and 

Ca2+ -ATPase in maintaining resting [Ca2+li levels. In ovarian granulosa cells 

(Veldhuis, 1987) and myometrial cells (Deliconstantinos, et al, 1986) an initial effect of 

PGF2a. was inhibition of a plasma membrane Ca2+,Mg2+-ATPase. If PGF2a. has a 

similar effect in luteal cells, then, initially, calcium efflux could be mediated by 
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stimulation of Na+ -Ca2+ exchange, and the sustained [Ca2+]i elevation could be due to 

inhibition of Ca2+ -ATPase, and thus calcium efflux. The effect of PGF2a on the Ca2+-

ATPase localized in the endoplasmic reticulum has not been investigated in luteal cells. 

The role of calcium efflux in maintaining calcium homeostasis in large luteal cells may be 

significant in the initiation of luteolysis. Additional pharmacological studies will be 

required to determine the importance of Ca2+-ATPase or Na+-Ca2+ exchange in 

mediating the PGF2a-induced calcium response. 

The importance of calcium efflux in maintaining calcium homeostasis in large cells 

was also suggested by the increase in [Ca2+]i observed in the presence of LaCI3. If 

intracellular calcium stores do not have the ability to adequately cycle calcium, and 

calcium efflux is inhibited, then an increase in [Ca2+li would be expected. The 

observation that LaCl3 did not cause an increase [Ca2+]i in small cells suggests that large 

and small cells may use different strategies to regulate [Ca2+]i, and/or that large cells 

may have a lower capacity to regulate [Ca2+]i than small. An inability to recover from a 

calcium load may be a necessary characteristic to ensure the completion of regression. 

Previous studies of large and small cells have examined differences in morphology and 

regulation of steroidogenesis (Balapure et aI, 1989, Hoyer and Niswender, 1985). 

However, no information is available regarding large and small cell differences in calcium 

cycling characteristics of intracellular organelles such as endoplasmic reticulum, 

mitochondria, or the plasma membrane. 

Although it is clear that PGF2a induces an increase in [Ca2+li and stimulates 

Ca2+ -dependent intracellular pathways, the relationships between calcium events and 

cellular events associated with luteolysis have not been elucidated. A third objective of 

this study was to examine changes in [Ca2+]i with respect to secretion of progesterone in 

ovine large luteal cells. Two different results were observed in this study. First, the 
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inhibitory effect of PGF2a. on secretion of progesterone was reduced under conditions 

that reduced the magnitude of the PGF2a.-induced calcium transient. The magnitude of 

the initial calcium response may be important in determining the amplitude of stimulation 

of Ca2+ -dependent second messenger systems, such as protein kinase C (Alkon and 

Rasmussen, 1988). An inhibitory effect of PKC on progesterone secretion has been 

demonstrated in ovine luteal cells (Hoyer and Marion, 1989, Wiltbank et aI., 1988, 

Conley et aI., 1988). Thus, the initial transient increase in [Ca2+li induced by PGF2a. 

may be necessary to stimulate the PKC system which in turn mediates an inhibitory effect 

on steroidogenesis. 

A sustained elevation in [Ca2+li level, achieved with LaCl3 treatment, also 

reduced basal progesterone secretion in large cells. This finding suggests that [Ca2+li 

levels may also be important in sustaining or mediating the inhibition of progesterone 

secretion. Alterations in PKC activity were not measured in the present studies, thus it is 

not known whether or not the elevated [Ca2+]i levels were required to sustain activation 

of PKC. However, increasing [Ca2+]i for an extended period of time may trigger events 

involved in the structural alterations associated with luteolysis. A PGF2a.-induced 

increase in calcium pool size has been demonstrated in swine granulosa cells (Veldhuis, 

1987), however, it is not known if PGF2a. induces an increase in total cell calcium. 

Thus, in addition to stimulating Ca2+ -dependent systems within the luteal cell, the 

luteolytic actions of PGF2a. may also be mediated by the maintenance of elevated [Ca2+1i 

levels above a level that is optimal for progesterone secretion. An greater understanding 

of the site(s) of interaction of calcium with the synthesis of progesterone will be required 

before a quantitative correlation between the PGF2a.-induced [Ca2+]i alterations and 

progesterone secretion can be revealed. 
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Alterations in intracellular pH (pHi> is another mechanism by which cells regulate 

function. Since both Na+-H+ exchange and Na+-Ca2+ exchange are linked to the Na+ 

gradient, then alterations in [Ca2+]i could potentially affect pHi, and visa versa. To 

determine if a luteolytic action of PGF2a involved a change in pHi, [Ca2+]i and pHi 

were monitored simultaneously in large and small cells. Although PGF2a induced a 

significant change in [Ca2+]i, no change in pHi was observed in large cells. Thus, the 

cellular events of PGF2a-induced luteolysis are not associated with changes, at least 

initially, in pHi. 

In summary, the results of this dissertation demonstrated a PGF2a-induced 

[Ca2+Ji response in large, but not small ovine luteal cells. The calcium response involved 

release of calcium from intracellular stores and a stimulation of calcium efflux. In 

addition, both phases of the PGF2a-induced [Ca2+Ji response, transient increase and 

sustained elevation, are linked to inhibition of progesterone secretion. Finally, this study 

provided evidence to suggest that large and small cells differ in their ability to regulate 

calcium homeostasis. An inability to regulate calcium homeostasis may be an important 

component in the luteolytic process. 
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APPENDIX A 

MEASUREMENT OF CYTOSOLIC-FREE CALCIUM IN OVINE LUTEAL 

CELLS 

(Expanded upon from Materials and Methods) 

Cytosolic free calcium levels in ovine large and small luteal cells were measured 

using the Ca2+-sensitive fluorescent dye, fura-2. The following is a detailed description 

of the protocol used for fura-2 experiments. 

Preparation 

Fura-2 experiments were conducted the day following collection and isolation of 

large and small luteal cells. Isolated large (5 x 105 cells) or small (1 x 106 cells) were 

aliquoted to glass tubes before being stored in the refridgerator overnight. Incubation 

buffers (control and experimental) were prepared (except for the addition of glucose and 

BSA) the day before the fura-2 experiments. At least 2 liters of buffer were prepared 

which was sufficient for 4-5 experiments. 

On the day of the fura-2 experiments, one aliquot of cells was removed from the 

refridgerator and allowed to equilibrate to room temperature for 30 minutes. During this 

period the following preparation duties were performed : 

1) Final preparation of incubation buffers: Glucose (1 mM) and BSA (0.1 %, 

Fraction IV) were added to the incubation buffers, the buffers were warmed to 

37°C in a water bath, and the pH was adjusted to 7.15 using NaOH. 

2) Preparation of stock fura-2(AM): An aliquot of fura-2(AM) (Molecular Probes, 

Eugene, OR, USA) was removed from the freezer and allowed to thaw. Once 

thawed, an appropriate volume ofDMSO (i.e. 50 J.1l) was added to the fura-2 to 



obtain a stock solution of 1 mM. The fura-2 (AM) solution was thoroughly 

mixed using a pipetteman. 
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3) Treatments preparation: The volume of added treatments should be less than 5 

,.Ll. Since the cells are resuspended in a final volume of 3 ml, addition of 

treatments in 3 ~ aliquots results in a 1/1000 dilution factor. (Example: 

PGF2a : final concentration = 250 ng PGF2a/ml or 750 ng! 3 ml, thus stock 

PGF2a was made up such that 3 J,Ll of stock was equivalent to 750 ng 

PGF2a)· 

4) Turn on table top centrifuge and set temperature at 25°C. 

5) Turn on spectrofluorometer (Note: the sequence is important) 

a. Turn on the water bath and set temperature to 37°C. 

b. Be sure all electronic devices (Le. computer, monitor, SLM8000 monitor) 

associated with the spectrofluorometer are turned off. 

c. Turn on the spectrofluorometer. Wait several seconds and check to be sure 

light source clicks on. 

d. Turn on the SLM monitor. 

e. Open shutter. 

f. Turn on the computer with disk drive door in open position. Turn on 

monitor. Close disk drive door when "LOADING" program is indicated on 

monitor screen. Select "CALmRATE" option when indicated. Once the 

SLM8000 program is loaded, exit the program so the clock can be started 

The commands to start the clock are as follows: 

1. Choose EXIT option from program menu 

2. Type: cd\ast 

3. Type: astclock 



4. Type: cd\8000 

5. Type: 8000 

Note: the SLM8000 will be reloaded at this time. DO NOT choose the 

"CALmRA TE" option this time. 

g) Log in time the fluorometer was turned on in SLM 8000 logbook. 

Dye Loading Protocol 

1. Cells should be at room temperature before starting loading protocol. 
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2. Wash #1 : Transfer cells to plastic centrifuge tube (50 ml) using glass pipette. 

Add 35-40 ml of control incubation buffer and mix well using glass pipette. 

Centrifuge at 1100 rpm for 10 min. Aspirate supernant and resuspend cells in 

3 ml control incubation buffer. 

3. Tranfer cells to cuvette and record fluorescence spectra using FURSCAN 

program (see below) to monitor autofluorescence. Then carefully transfer cells 

back to centrifuge tube and bring volume to 5 ml. 

3. Add 10 JlI stock fura-2. (Final concentration of fura-2 = 2 JlM) 

a. In experiments involving simultaneous [Ca2+1i and pH measurements, 

cells were preloaded with both 2 J.1M fura-2 (AM) and 20 J.1M snarf-l(AM). 

b. In experiments involving chelation of Ca2+i, cells were preloaded with both 

2 JlM fura-2 (AM) and 5 or 20 J.1M BAPTA-AM (5,5'-dimethyl bis-(o

aminophenoxy )ethane-N,N ,N'N'-tetraacetic acid). 

4. Incubate cells at 37°C in 5% CO2 atmosphere for 30 min 

5. Wash #2 : Add 30-35 ml of control incubation buffer to cells. Centrifuge at 

1100 rpm for 10 min. Aspirate supernant and resuspend cells in 5 ml control 

incubation buffer. Incubate cells for an additional 30 min at 37°C to allow 

complete hydrolysis of fura-2 (AM). 
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6. Final Wash: Add 30-35 ml of control incubation buffer to cells. Centrifuge at 

1100 rpm for 10 min. Aspirate supemant and resuspend cells in 3 ml 

appropriate incubation buffer. Transfer cells to cuvette with stir bar. (Note: 

Be sure cuvette is clean before using). 

7. Load cuvette into fluorometer. NOTE: Be sure shutters are closed when 

sample is loaded. 

8. Turn on stirrer. 

Data Acquisition 

1. Two formatted data disks are required (one 5.25" disk and one 3.5" disk). Be 

sure both disks are labelled and formatted. 

2. Load FURS CAN program. Enter appropriate information and run program. 

This program scans the excitation wavelengths from 300 to 450 nm (Emission 

510 nm). The scan is used to get an idea as to the goodness of the sample as to 

dye loading. 

3. Return to main menu and select ADVANCED FEATURES MENU 

a Select EDIT MACRO COMMAND Fll...E 

b. Load CALMAC 25 program (32 min data acquistion period. Note: 

MACRO programs can be written for specific experimental protocols). 

c. Select M (modify) 

d Select I? (program line with file name) : modify file name (Maximum 7 

characters long, end with DAT : example: JA WCALI.DA T). 

e. Select S (save) 

4. Return to Main Menu 

5. Select Command file : Load CALMAC 25 program 
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6. Start data acquisition: Fluorescence measurements were collected using a 

continuous acquisition mode (emission at 510 run, excitation at 340,360 and 

380 nm) with each cycle lasting 0.064 min. The fluorescence at the 

isoexcitation point (360 nm) is proportional to the total amount of intracellular 

dye and can be used to evaluate possible quenching and/or other artifacts. The 

CALMAC 25 program continuously monitors fluorescence for a 32 minute 

period. Steady state conditions are measured for 10 min before addition of 

treatment (using microinjector) followed by measurements for an additional 10 

min. At the end of the measurement period 1 J.1M 4Br-A23187 (non

fluorescent analog of the Ca2+ ionophore A23187; Molecular Probes, Eugene, 

OR, USA) is added to determine the maximum response of the system (data not 

shown). 

The data acquisition cycle (SNATEST 1, CALMAC 24) during 

simultaneous measurement of [Ca2+1i and pHi lasted 0.266 min (emission at 

510 run, excitation at 340,360 and 380 nm (fura-2 conditions); followed by 

excitation at 534 nm and emission at 584, 600, and 644 run (snarf-I 

conditions). The 360 run and 600 nm wavelengths represent the isoexcitation 

and isoemmision points for fura-2 and snarf-I, respectively. 

Data Analysis 

Calculation of [Ca2+li levels from fura-2 fluorescence is based on the assumption 

that fura-2 exists in only two forms within the cell, Ca2+-free and Ca2+-bound, with 

each form having a unique fluorescence spectra. The ratio method requires the selection 

of two excitation wavelengths (340 nm and 380 run) to monitor the fluorescence ratio (R) 

of the probe in its free-form (Rmin) and its fully saturated form (Rmax). Since Ca2+ 



bind to fura-2 with a simple 1: 1 stoichiometry, then a fluorescence ratio is uniquely 

determined by the ratio of free- and bound-dye as well as the K<i of the dye. 

Fluorescence data are translated to ASCn format (OAT files) and converted to 

[Ca2+]i using Lotus 1-2-3 (Lotus Development Corp.). Lotus files were converted to 
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Sigmaplot (Jandel Scientific) files for graphic presentation of the data. Cytosolic-free 

calcium levels were calculated using the method described by Grynkiewicz et al. (1985), 

and corrected for pH effects on fura-2 K<i (Martinez-Zaguilan et al., 1990) using: 

[Ca2+]i = Kda * «R - Rmin)/(Rmax - R» equation [1] 

where Kda = 140.9 nM, Rmin = 0.4783, Rmax = 5.079 and R = ratio of fluorescence at 

340 and 380 nm. The pH-corrected values for Krla, Rmin and Rmax were determined by 

in situ calibration of smaIl luteal cells. 
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APPENDIX B 

EFFECT OF TREATMENT CONDITION ON CELLULAR VIABILITY IN 
LARGE AND SMALL LUTEAL CELLS 



Table 3. Effect of treatment condition on cellular viability in large and 
small luteal cells. 

Treatment Large cells Small cells 

Hanks Control 73 + 2 (14) * 84 + 3 (13) 

MH Control 67 + 4 (6) 73 + 7 (3) 

PGF2cx (O.S J.lM) 76 + S (9) 8S + 3 (9) 

LaCl3 (1 mM) 76 + 4 (8) 84 + S (8) 

PGF2cx + LaCl3 74 + S (S) * 90 + 3 (S) 

Ca2+-Free Hanks 62 + 6 (4) 77 + 4 (4) 

5 JlMBAPTA 71 + 3 (2) 83 (1) 

Values are expressed as mean + SEe Cellular viability was assessed by Trypan Blue 
exclusion after a 2 hr incubation at 37°C as described in Materials and Methods. 
n = number of separate experiments. * significantly different from small cells (p<O.OS). 

o 
U1 



APPENDIX C 

ABBREVIATIONS USED 

Fura-2, 1-[2-(5-carboxyoxazol-2-yl)-6-aminobenzofuran-5-oxy ]i2-(2' -amino-5'
methylphenoxy)-ethane-N,N,N',N'-tetraacetic acid; Snarf-I, carboxy
seminaphtorodafluor; BAPf A, bis-( o-aminophenoxy)-ethane-N ,N ,N' ,N' -tetraacetic 
acid; X-(AM), acetoxymethylester form of fluoroprobe X. 
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