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Experiments were conducted to characterize the nongenomic effects of 

progesterone (P4) on binding of oxytocin (OT) to the ovine oxytocin 

receptor (OTR) and signal transduction. The dose-response relationship of 

P4 to OT binding to the OTR in endometrium was examined. Progesterone 

interfered with the binding of OT to the OTR in a dose-dependent manner. 

Endometrium was then recovered from cyclic ewes and divided into 

explants that were analyzed for total inositol mono- (IP), bis- (IP2), and 

trisphosphate (IP3) content after exposure to 2.5 ng/ ml P4 and (or) OT. 

Pre-incubation with P4 for 10 min significantly interfered with OT 

stimulation of IP3 synthesis. In the next experiment endometrial explants 

were analyzed for PGF2α response after exposure to OT, arachidonic acid 

(AA) +OT, P4+OT, and P4 + AA + OT. Treatment of explants with AA 

increased PGF2α content compared to that of controls. Brief exposure to 



 

P4 significantly decreased OT-induced PGF2α secretion from explants 

previously exposed to medium or AA. The goal of the next study was to 

determine if P4 would inhibit OT-stimulated phosphoinositide hydrolysis in 

transfected COS-7 cells with little or no nuclear P4 receptors (nPR). Lack 

of nPR was confirmed by use of immunocytochemistry and RT-PCR. Pre-

treatment of COS-7 cells transiently transfected with a plasmid containing 

the ovine OTR  for 10 min with 2.5 ng/ ml P4 significantly interfered with 

OT-stimulated IP3 production (P4 x OT interaction; P= 0.03). Specificity of 

steroid inhibition of OT-induced IP3 production was performed. Only P4 

was able to significantly inhibit OT-induced IP3 production. A binding assay 

for R5020, (a synthetic progestin), was performed. There was no 

measurable specific binding of steroid to both transfected and 

nontransfected cells. It is concluded that P4 can inhibit OTR-mediated 

phosphoinositide hydrolysis in COS-7 cells that express little or no nPR 

protein via some mechanism other than by binding to a membrane 

progestin receptor. 
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Nongenomic Action of Progesterone Inhibits Oxytocin Signaling Through 
The Ovine Oxytocin Receptor. 

 
1. Chapter 1 Introduction 

1.1. Genomic Actions of Steroids (general) 

The classic mechanism of steroid hormone action is one in which free 

steroid enters the cell, diffuses through the plasma membrane and binds to 

a receptor, which is then transported to the nucleus. The steroid-receptor 

complex then undergoes a conformational change that enables the 

receptor to interact with steroid response elements in DNA, and by acting 

as a transcription factor, serves to modulate gene expression. This is a 

simplified statement as to how genes are regulated by steroid hormones.  

 

Steroid hormones function to change cellular environments, and most 

genomic actions of these hormones result in cellular differentiation and 

changes in proteins produced by the cell and target tissues.   

 

In the 1950’s it was postulated that steroids acted upon cells via enzymatic 

action. For example, that the 17-hydroxyl group on estradiol was 

enzymatically reduced using a coenzyme that eventually resulted in the 

formation of NADPH from NADH (Jensen, 2005).  This could not explain all 

of the actions of steroid hormones, and did not apply for many forms of 

steroid agonists; as an example, the actions of diethylstilbestrol, which can 

mimic the actions of estradiol on target tissues.  
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Subsequently, evidence accumulated as to the exact mechanism of action 

for steroids. Jensen and Jacobson (1960) injected female rats with 0.09 µg 

of [3H]-estradiol and observed that the uterus of the rodent contained the 

greatest amount of labeled estrogen when compared to other tissues and 

the blood. In 1968 a discussion of the “receptor theory” as it related to 

estrogen binding ensued between Jensen and Wurtman (1968). Wurtman 

proposed three alternate hypotheses which could account for the observed 

binding of [3H]-estradiol to estradiol-responsive tissues: 1) the binding of 

estradiol to a macromolecule may inactivate the estradiol and allow the 

tissue to remain responsive to “free” estradiol, 2) the macromolecule acted 

to bind the estrogen and concentrate estradiol in the uterine tissue allowing 

for the slow release of a small amount of estradiol to prolong the response 

to estradiol by the tissue, and 3) this molecule may be of no physiological 

significance – it is just an experimental phenomena of no consequence. 

Wurtman proposed that these molecules be termed “estrogen-binding 

proteins/ substances” until their functional significance was determined. 

Jensen responded by defining a receptor as a pharmacologist would, a 

protein or substance with the ability to interact with a given chemical. 

Jensen agreed with Wurtman that the molecule should not be referred to 

as a receptor until physiological significance was determined, but proposed 

that the molecule be termed an “estrophile”. He then went on to discuss the 

work of Toft and Gorski (1966) who had identified a protein named for its 
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sedimentation constant, 9.5S, which they demonstrated participated in the 

uptake of estradiol by uterine cells, and the formation of a uterine estrogen 

binding protein (a 5S protein, also named for its sedimentation constant). 

Jensen proposed that this 5S protein would ultimately be identified as a 

true estrogen receptor (Jensen and Wurtman, 1968).  

 

O’Malley et al. (1969) using the chick oviduct model system were able to 

describe the effects of estrogen and progesterone on cellular morphology, 

maturation and protein secretion in response to hormone treatment. 

Treatment with the synthetic estrogen diethylstilbestrol (DES) for a number 

of days resulted in an increase in oviduct weight, total proteins secreted, 

ovalbumin and lysozyme synthesis. Following 17 days of DES treatment, 

an injection of progesterone resulted in a massive increase in avidin 

secretion by the oviduct. The research conducted by O’Malley et al. (1969) 

into the actions of estrogen and progesterone on the immature chick 

oviduct suggested that these hormones, in addition to stimulating the 

production of proteins, would also result in the appearance of new RNA 

(presumably mRNA and tRNA) after exposure to steroids. They 

demonstrated [3H]-progesterone binding to both cytoplasmic and nuclear 

cellular fractions of tissue homogenates, stimulation of RNA polymerase, 

and that addition of cyclohexamide and actinomycin D were able to 

completely suppress avidin production in response to progesterone 
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treatment. They also observed changes in DNA-chromatin interactions 

following steroid treatment. These investigators concluded that the steroid 

entered into the nucleus and either directly or indirectly interacted with the 

DNA-chromatin complex, thus altering mRNA synthesis and perhaps even 

genes available to transcriptional processes (O’Malley et al., 1969). 

 

Jensen and DeSombre (1973) by analysis of their own data and data 

obtained by other investigators supported the two-step interaction 

mechanism hypothesis for the interactions between the steroid and its 

receptor that had first been proposed at both the Laurentian Hormone 

Conference and the National Academy of Sciences in 1967. This 

hypothesis was based on the evidence that “the estradiol-receptor complex 

of the uterine nucleus is derived from the cytosol by a temperature-

dependent process in which association with the hormone activates the 

cytosol receptor protein to translocate to the nucleus” (Jensen and 

DeSombre, 1973). Because blockage of the response to estradiol by 

actinomycin D and other antagonists did not block the binding of estradiol 

to receptors in the uterine cells, and binding of estradiol to both 

cytoplasmic and nuclear receptors could be blocked with a single in vivo 

dosage of nafoxidine, this lead to the realization that binding of estradiol 

and response to estradiol were two separate and distinct events. There 

was also evidence that the 5S product that had been characterized by Toft 
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and Gorski (1966) that Jensen proposed would be an estrogen receptor 

was actually derived from the 9S product (Jensen and DeSombre, 1973). It 

would later be recognized that the 5S product was actually the estrogen 

receptor homodimer, and the 9S product was actually a complex of 

monomeric receptors. There was also evidence that the 5S product was 

never located in the cytosol of tissues/ cells exposed to estrogen. Later 

models of steroid hormone binding to the nuclear steroid receptor indicate 

that upon binding of steroid, the estrogen receptor dimerizes and is 

translocated to the nucleus. Therefore, the data from Toft and Gorski 

(1966) and Jensen and DeSombre (1973) are consistent with later 

molecular modeling of estrogen hormone action (Smith and O’Malley, 

2004). 

 

With further use of antibody and radioligand techniques, most of the steroid 

hormone receptors were purified from tissue and cell homogenates (Evans, 

1988). Function of various amino acid sequences were characterized by 

enzymatically digesting away sections of the proteins, but it was through 

the advent of modern molecular cloning techniques that functional domains 

were definitively identified. 

 

Further investigation resulted in the discovery of the superfamily of ligand-

activated (inducible) transcription factors, of which steroid hormone 
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receptors belong (Power et al., 1992).  This family was characterized in the 

late 1980’s and early 1990’s, with the glucocorticoid receptor being the first 

sequenced and cloned (Evans, 1988). These proteins were found to 

possess conserved domains, which are critical to their function. The N-

terminal region of the protein is the hypervariable region, and because it 

has low homology between receptors this is the region for which most 

receptor-specific antibodies are directed.  The highly conserved DNA-

binding domain, which forms two zinc fingers, is critical for association with 

specific steroid hormone response elements in the 5’-flanking regions of 

target genes. The presence of two zinc-fingers is the distinguishing feature 

of these transcription factors because many other transcription factors 

contain only one zinc finger. The C-terminal region is a ligand binding 

domain, and it is also within this domain that one of the dimerization 

signals exists. The other dimerization signal is found within the second zinc 

finger which contacts the sugar-phosphate backbone of the DNA. These 

transcription factors form homodimers (steroid hormone receptor) and 

heterodimers (thyroid hormones, retinoic acid receptors and orphan 

receptors). Also located within the ligand binding domain is a region termed 

the activator function -2 (AF-2), which is involved in transcriptional 

activation after ligand binding (Kato et al., 2005). The other AF region, AF-

1 is located in the hypervariable N-terminus (A/B region) and is involved in 

ligand-independent transcriptional activation of the receptor (Kato et al., 
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2005).  These proteins also contain a nuclear translocation domain located 

in the so-called hinge region of the receptor.  

 

Nuclear steroid hormone receptors interact with response elements on the 

DNA. As previously mentioned this usually occurs within the 5’ non-coding 

region of a gene. The receptor then interacts with proteins that further 

moderate the actions of the hormone on gene expression; co-repressors, 

which repress the transcription of DNA into mRNA, and co-activators that 

result in transcription of mRNA, from target genes (McKenna and O’Malley, 

2002). Nuclear receptors interacting with natural agonists tend to associate 

with co-activators, and receptors interacting with native and synthetic 

antagonists tend to associate with co-repressors. The nuclear steroid 

hormone receptor may also be associated with co-repressors in the 

absence of ligand, or co-repressors may be recruited to receptor 

complexes to limit function (Smith and O’Malley, 2004).  

 

Because genomic actions ultimately result in a change in the cellular 

environment the time-scale for such responses can be as short as a few 

hours in terms of induction of RNA polymerase activity and synthesis of 

new RNA species, and can last up to a few days. Hewitt et al. (2005) 

compiled a timeline of the events that occur in uterine tissue following 

acute estradiol treatment of ovariectomized mice. Within the first hour the 
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estrogen receptor binds estradiol, and the complex is translocated into the 

nucleus of the cell. At this time RNA polymerase II activity is stimulated. 

Protein synthesis increases within 4 h after initial exposure to steroid. 

Within 10 h RNA polymerase II activity again increases, and at this time 

DNA synthesis begins. Synthesis of DNA peaks at 16 h and 24 h after 

exposure to estradiol, with an increase in dry weight of tissues obvious 

after 24 h (Hewitt et al., 2006). This is similar to the data of Stormshak et 

al. (1976) who observed maximal DNA synthesis in rat uteri 24 h after 

exposure to estradiol. Genomic action of steroid hormones explained 

many, but not all of the cellular responses induced by steroid hormone 

treatment. 

 

1.2. Nongenomic Actions of Steroids other than Progesterone 

A nongenomic action induced by a steroid is characterized by a rapid 

cellular response; too rapid to be the result of stimulated gene transcription 

and mRNA translation. These rapid responses can be observed in cells 

lacking nuclear control of protein synthesis (such as in spermatozoa), and 

can be observed even when a steroid is coupled to a large molecular 

weight protein. Cellular responses to such steroid-protein complexes 

suggest binding of the steroid to receptors occurs at the level of the plasma 

membrane. Antagonists of transcription and translation do not block these 
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responses, and these responses can be highly specific (Revelli et al., 

1998). 

 

Genomic and nongenomic mechanisms have been shown to exist in the 

same cells, and are thought to function in crosstalk mechanisms (Revelli et 

al., 1998). Putative steroid membrane receptors have been cloned, but 

further studies are required to establish biological relevance and these will 

be discussed in the section on nongenomic actions of progesterone.  

 

The Mannheim classification of nongenomic steroid actions was 

undertaken to define the mechanism in which steroids act upon the target 

cell. 

Mannheim Classification of Nongenomically Initiated Steroid Actions 

(Schmidt et al., 2000): 

A. Direct (steroid only agonist) 

B. Indirect (steroid needs partner) 

I. Non-specific (no receptor involved – effects of steroid on 

membrane fluidity) 

II. Specific (steroid receptor with ligand specificity involved) 

a. Classic nuclear steroid receptor 

b. Non-classic steroid receptor 
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For example, the modulation of GABAA receptor-stimulated transmission in 

neurons by neurosteroids requires a co-agonist, but the effect of the steroid 

is mediated through specific, non-classical receptors. This is an example of 

a type BIIb nongenomic response (Schmidt et al., 2000). 

 

Spach and Streeten (1964) demonstrated in vitro aldosterones' (a 

mineralocorticoid) effect on sodium exchange in dog erythrocytes at 

physiologic concentrations. The actions of this mineralocorticoid were 

considered to be nongenomic because erythrocytes lack a nucleus. 

Edwardson and Bennett (1974) studied the membrane effect of 

glucocorticoids on isolated synaptosomes, observing a rapid negative 

feedback on plasma cortisol and ACTH levels. Membrane binding sites 

have been described for mineralocorticoids on kidney plasma membranes, 

glucocorticoids on liver and pituitary plasma membranes, and estrogen on 

endometrial membranes (Schmidt et al., 2000). These membrane-binding 

sites are thought to be candidates for inducing rapid signaling, but so far 

only a casual relationship has been observed. 

 

One of the steroids with the most clinical interest in nongenomic hormone 

action is estradiol. As mentioned above, estradiol was one of the first 

steroid hormones to be investigated due to the existence of several 

sensitive bio-assays for responses to estrogen (one bioassay, for example, 
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was the chick oviduct, see discussion in last section). This steroid hormone 

is of importance because many female reproductive cancers are estrogen-

dependent (uterus, ovary, breast), and hormone therapy is a widely used 

treatment. In 1977 Pietras and Szego published the result of their 

investigations using estradiol hemisuccinate bound to nylon fibers, and 

demonstrated that isolated endometrial cells bound in great numbers to the 

estradiol-bound fibers, while little binding of intestinal cells was observed. 

Binding of the uterine cells to fibers could be displaced only by 17β-

estradiol, and not 17α-estradiol, an inactive metabolite. This demonstrated 

the presence of specific plasma membrane binding sites for biologically 

active estradiol in these cells. There is evidence that the nuclear estrogen 

receptor isoform α (ERα) can associate with the plasma membrane 

scaffolding protein caveolin-1, which would place ERα in proximity to a 

variety of proteins involved in rapid intercellular signaling (Razandi et al., 

2002). It has also been suggested that ERα may undergo palmitoylation 

and this is the mechanism by which it associates with the plasma 

membrane (Acconcia et al., 2004). Qui et al. (2003) characterized a 

nongenomic mechanism by which estradiol inhibited G-protein-coupled 

inward rectifying K+ channels (GIRK) which are activated by µ-opioid and 

GABAA receptors in hypothalamic POMC, dopamine, and GABA neurons. 

By use of novel synthetic estrogen receptor ligands they were able to 

demonstrate that estradiol activated via the G-protein Gαq, protein kinase 
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C (PKC)-δ, a novel isoform of PKC, which phosphorylates and activates 

adenylyl cyclase VII, resulting in an increase in cAMP and protein kinase A 

(PKA) activity in these neurons, ultimately resulting in inhibition of GIRK-

induced potassium efflux (Qui et al., 2003). There is also some evidence 

for a novel G-protein coupled receptor (GPR30) which may mediate some 

of the rapid actions of estradiol, although this protein has been shown to 

co-localize to the endoplasmic reticulum in cell culture experiments 

(Revankar et al., 2005; Filardo et al., 2002). Revankar et al. (2005) 

demonstrated that 17β-estradiol was able to increase intracellular calcium 

and inositol 3,4,5-trisphosphate production via stimulation of the 

phosphoinositide 3-kinase-Akt pathway in the nucleus of transfected cells.  

 

Activation of the MAPK pathway has been extensively studied because it 

results in cellular proliferation and activation of transcription factors, which 

could moderate expression of genes without classical estrogen response 

elements (Björnström and Sjöberg, 2005). One of the models used to study 

estrogen-induced activation of MAPK is breast cancer cell lines (Song et 

al., 2002). Using a breast cancer cell line, Song et al. (2002) were able to 

demonstrate that 17β-estradiol induces ERα to associate with Shc, an 

adaptor protein that normally complexes with SOS and Grb2 proteins, to 

activate the MAPK cascade via stimulation of ras (a small G-protein).  
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However, not all evidence for a nongenomic action of estradiol is derived 

from research involving transfected immortalized cells and (or) cancer 

cells.  Estrogen has been shown to accelerate oviduct transport in cyclic 

rats (Orihuela et al., 2006). This appears to be mediated by the 

phospholipase C-β (PLCβ) pathway, because inhibition of PLCβ by use of 

1-O-octadecyl-2-O-methyl-rac-glycero-3-phosphorylcholine blocked 

estradiol-induced ova transport, while inhibition of MAPK by 2-(2-

hydroxyethylamino)-6-benzylamino-9-methylpurine had no measurable 

effect. Intrabursal injection of 17β-estradiol resulted in a rapid increase in 

inositol trisphosphate (IP3) within 1 h of treatment (Orihuela et al., 2006).  

 

Arreguin-Arevalo and Nett (2005) published results of their research 

describing the mechanism by which estradiol suppresses the secretion of 

luteinizing hormone (LH) from the pituitary. They created primary cell 

cultures of ovine pituitary cells and pre-incubated those cells for 15 min 

with 17β-estradiol, or 17β-estradiol conjugated to bovine serum albumin, or 

17β-estradiol conjugated to a short peptide. These treatments suppressed 

gonadotropin-releasing-hormone (GnRH) induced LH secretion from ovine 

pituitary cells. Because the effect of estradiol was similar between 

conjugated and free hormone, it is likely that this is a membrane-initiated 

response, because conjugated forms of steroids cannot passively diffuse 

through the lipophilic cellular membrane. They were also able to 
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demonstrate that this effect was most likely mediated by ERα, which 

agrees with most of the previous research in breast cancer cells implicating 

ERα in nongenomic actions of estradiol. 

 

Estradiol can also act as a potent vasodilator. Magness et al. (1998) 

demonstrated that prolonged administration of estradiol (6 µg 17β-

estradiol/ kg over a 10 day period) to ovariectomized ewes would increase 

blood flow to reproductive organs and decrease mean arterial pressure 

while increasing heart rate. The mechanism by which estradiol was able to 

bring about these effects in endothelial cells was determined to be 

nongenomic via activation of eNOS (endothelial nitric oxide synthase) and 

secretion of nitric oxide (NO) in an estrogen receptor-dependent manner 

possibly involving phosphorylation of Erk1/2 (MAPK; Chen et al., 2004).      

 

Recently, our laboratory was able to demonstrate that a single injection of 

17β-estradiol into the uterine artery resulted in an increase of 

phosphorylated Erk1/2 within 10 min in the endometrium of the uterus of 

the ewe. The presence of a high-affinity binding site for estradiol in 

membrane preparations from the endometrium of proestrous ewes was 

characterized (Kitamura et al., 2006). 
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1.3. General Actions of Progesterone Throughout the Estrous Cycle  

Progesterone concentrations in the systemic blood fluctuate in regular 

patterns during the breeding season of the ewe. Sheep are a “short day” 

breeder, which means they only display estrous behavior during periods of 

high dark to light ratios, and thus have very little ovarian activity during the 

anestrous period.  The entire estrous cycle (from time of one behavioral 

estrus to the next behavioral estrus) of the ewe is on average 17 days in 

duration and systemic progesterone levels reach a peak of 5.67 ± 0.94 ng/ 

ml on Day 12 of the cycle, and decline to levels of 0.25 ± 0.05 ng/ ml on the 

day of estrus, which is usually considered Day 0 (Yuthasastrakosol et al., 

1975). The follicular phase of the estrous cycle is the time of ovarian follicle 

development and estradiol levels rise during this period, while 

progesterone levels decline. The luteal phase of the cycle is defined as the 

period dominated by the corpus luteum formed from the ovulated follicle 

during which time there are high levels of systemic progesterone. 

Proestrus refers to the period of time of the cycle just before behavioral 

estrus and ovulation; during this time luteolysis of the corpus luteum is 

underway. Diestrus refers to the period of time following behavioral estrus 

when the corpus luteum is fully functional and is a time of high 

progesterone levels and low estrogen levels in domestic and laboratory 

species (Senger, 2003).    
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The cow, while not falling under the category of a seasonal breeder, has a 

similar estrous cycle and hormonal profile. The average estrous cycle is 21 

days in duration, during which serum concentrations of progesterone reach 

a peak around Day 11 of the cycle (4.57 ± 0.83 ng/ ml) and decline to low 

levels on the day of estrus (Day 0) of 0.33 ± 0.07 ng/ ml (Wettemann et al., 

1972). 

 

 The primary source for progesterone in the female is the corpus luteum in 

the ovary. In the ovary, an ovulated follicle is rearranged into a secretory 

gland referred to as the corpus luteum or “yellow body” (Malpighi, 1687; 

Reviewed in Greep, 1977).  

 

Research into the secretions of the corpus luteum has been underway 

since the early 20th century. A secretion that could maintain pregnancy was 

extracted out of guinea pig corpora lutea in 1929 (Macht et al., 1929). An 

ethyl acetate extract was found to have the purest form of the substance 

and it could inhibit estrus, decrease the number of maturing follicles, and 

increase the number of atretic follicles in the guinea pig ovary.  Also in 

1929 another group of researchers reported that in ovariectomized rabbits 

extracts of corpora lutea allowed pregnancy to be maintained and 

implantation to occur (Allen and Corner, 1929). Progesterone was 

crystallized from the corpus luteum (CL) by several laboratories around the 
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same time in the 1930’s and analyzed in a pure form by Wintersteiner and 

Allen in 1934. It was found to have the chemical structure C21H34O2. Thus 

the functions of progesterone were determined by expanding on these 

earlier works. 

 

A luteinizing hormone (LH) surge at the time of estrus and ovulation results 

in rearrangement of the cells of the follicle and a change in their function 

after ovulation (Fitz et al., 1982). Post-ovulatory granulosa and theca cells 

are no longer in discrete layers of tissue; rather they become large luteal 

cells (formerly granulosa cells) and small luteal cells (formerly theca cells; 

Corner, 1919). Even though the functions of the small and large luteal cells 

are similar, there are differences. Large luteal cells increase in size, and 

small luteal cells increase in number. The rate of proliferation of small 

luteal cells in the CL resembles the mitotic rate of rapidly growing tumors 

(Jablonka-Sheriff et al., 1993). In this way the CL increases in size and 

steroidogenesis to obtain maximal progesterone production.  In the ovine 

CL, the large luteal cells are between 23-35 µm in diameter and posses a 

small population of LH receptors (Fitz et al., 1982). The small luteal cells 

are between 12 and 22 µm in diameter, but have a large population of LH 

receptors and respond to LH with increased progesterone secretion (Fitz et 

al., 1982). Most CL steroidogenesis proceeds as follows: low-density 

lipoprotein (LDL) and high-density lipoprotein (HDL) receptors on luteal 
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cells recognize LDL and HDL, which are carriers of cholesterol in the blood 

stream. These receptors internalize the LDL and HDL molecules and free 

cholesterol is liberated by the actions of a lysomal acid lipase. Cholesterol 

is then re-esterified by acyl CoA acyltransferase (ACAT) to form a reserve 

of esterified cholesterol. Cholesterol derived from this reserve is 

transported to the mitochondria and is transported from the outer to the 

inner mitochondrial membrane via steroidogenic acute regulatory protein 

(StAR). Cytochrome P-450 side chain cleavage enzyme (P-450SCC) 

converts cholesterol to pregnenolone. Pregnenolone passes out of the 

mitochondria and into the smooth endoplasmic reticulum where 3β-

hydroxy-steroid dehydrogenase/∆5,∆4 isomerase (3β-HSD) converts the 

pregnenolone to progesterone (Juengel and Niswender, 1999). 

 

In addition to causing ovulation LH has been found to be luteotropic in a 

number of mammalian species. Administration of LH to ewes during the 

estrous cycle has been shown to prolong the life span of the corpus luteum 

(Kaltenbach et al., 1968). Similarly, daily injection of beef heifers from Day 

15 post-breeding (day of breeding was denoted as Day 1) to Day 35 with 

hCG prolonged life span of the corpus luteum during the estrous cycle 

(Wiltbank et al., 1961). Luteinizing hormone is needed to maintain mRNA 

for StAR, P-450SCC, and 3β-HSD (Juengel and Niswender, 1999). 

However, in the rat, mouse, rabbit, and the pig (species that retain some 
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ability to secrete estrogens), estradiol is necessary for maintenance of the 

CL, and LH plays a supporting role (Niswender et al., 2000). The primate 

CL also retains the ability to secrete estrogen, and estrogen receptor β 

(ERβ) has been identified in primate luteal tissue, but the role of estrogen 

in the primate CL remains undefined (Stouffer, 2006). In the rat, prolactin is 

required for maintenance of the CL. Prolactin functions as a luteotropic 

hormone in the rat by maintaining CL structure and function after mating 

(Morishige and Rothchild, 1974). Some prostaglandins have a luteotropic 

effect, such as prostaglandin I2 (PGI2) and PGE2. Prostaglandin I2 

increases progesterone production in ewes, cattle, and human luteal cells, 

and PGE2 has been shown to increase progesterone production in ewes 

during the estrous cycle via an unknown mechanism (Niswender et al., 

2000). Progesterone produced by the corpus luteum upon entering the 

systemic bloodstream is bound to a corticoid binding globulin (transcortin) 

and is transported throughout the bloodstream to act on target tissues. 

 

Progesterone produced by the CL is crucial for the maintenance of 

pregnancy throughout most of gestation in virtually all mammalian species. 

In some species the placenta becomes the primary source of progesterone 

production later in gestation. Casida and Warwick (1945) ovariectomized 

ewes at different days of gestation. The results of their research suggested 

that ewes could carry lambs to term if the ovariectomy was performed 
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beyond Day 55 of gestation. Because progesterone production by the CL is 

necessary for initial maintenance of pregnancy, the developing conceptus 

(embryo plus extraembryonic membranes) must employ mechanisms to 

prevent the normal destruction of the CL (luteolysis). Chu et al. (1946) 

observed that the presence of uterine tissues would shorten the life span of 

the corpus luteum in pseudopregnant rabbits, and hysterectomy of 

pregnant rabbits (removal of the uterus and the uterine contents) would 

also shorten the functional life span of the CL. Collectively these data 

suggested that the factors for maintaining the CL were present in the 

uterine contents and (or) tissues (Chu et al., 1946). The ability of the 

conceptus to prevent normal regression of the corpus luteum is referred to 

as maternal recognition of pregnancy, and occurs in all mammals, but in 

different fashions. This is a biochemical signal emanating from the 

conceptus to the dam. This biochemical signal is either one that prevents 

the luteolytic actions of PGF2α (the primary luteolysin in domestic 

ruminants; McCracken, 1980) or is luteotropic (Niswender et al., 2000).   

 

In the rat, mating with a sterile male can induce pseudopregnancy; as 

copulation on the morning of estrus stimulates prolactin, LH, and FSH 

release from the anterior pituitary (Spies and Niswender, 1971). This 

release of pituitary hormones maintains the CL for 10-12 days after estrus 

(Smith and Neill, 1976).  
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The primate and equine conceptus secrete substances that signal maternal 

recognition of pregnancy in these species. The primate conceptus 

produces chorionic gonadotropin (CG), (which is structurally similar to LH), 

activating LH receptors to stimulate progesterone production by the CL 

(Niswender et al., 2000). The equine conceptus first alters the ratio of 

PGE2 and PGF2α in the uterine vein, and PGE2 maintains CL function until 

Day 35 of pregnancy. After Day 35, the developed endometrial cups in the 

uterus serve as a source of equine chorionic gonadotropin (eCG), which 

promotes follicular growth and the formation of accessory CL’s (can 

number up to 70 in a single mare). These accessory CL are present from 

approximately Day 35 to 160 of gestation when the placenta starts 

producing a number of progesterone metabolites. The roles of these 

metabolites in maintaining pregnancy during the later stages of gestation 

are unknown (Niswender et al., 2000). 

 

Progesterone prepares the uterus for pregnancy by down-regulating many 

of the gene products that are active at the time of the follicular phase of the 

cycle via nuclear progesterone receptors. These functions will be 

discussed further in the appropriate section on genomic actions of 

progesterone. 
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Progesterone has been shown to have actions in the brain that are quite 

different from generalized reproduction. Studies in the 1940’s indicated that 

administration of a large dosage of progesterone to rats generated an 

anesthetic effect within minutes (Selye, 1942). There has been much 

interest in the role of progesterone in neuroprotection, because treatment 

with as little as 1 nM has been shown to increase GABAA receptor currents 

(Baulieu, 1998). Progesterone also has been shown to enhance 

myelination of axons after cryolesion in mice, and these effects of 

progesterone can be blocked with trilostane (inhibits 3β-HSD) and the 

nuclear progesterone receptor antagonist RU486 (Baulieu, 1998). 

 

Progesterone plays a permissive role in estrogen-mediated expression of 

sexual behaviors in many species. In female rats, treatment with estradiol 

will result in lordosis behavior, but treatment with progesterone after 

administration of estradiol results in expression of the full range of female 

estrous behavior (lordosis, ear wiggling, hopping, and so-called “darting”) 

(Auger, 2001). This enhancement of female sexual behavior is consistent 

with other mammalian research models, such as the ewe, the cow, and the 

mouse. In the ewe Nett et al. (2002) demonstrated how progesterone 

directly influences pituitary responsiveness to gonadotropin releasing 

hormone (GnRH), blocks the positive effect of estradiol on GnRH receptor 

gene expression in the hypothalamus, and decreases the frequency of 
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GnRH pulses secreted into the hypothalamic-hypophyseal portal 

circulation. Because estradiol-stimulated GnRH pulses lead to a positive 

feedback loop that ultimately results in the LH surge that triggers ovulation, 

progesterone’s ability to block this surge is important in maintaining the 

animal in the luteal phase of the estrous cycle, or a pseudopregnant state 

depending on the species in question.  

 

The mechanisms of action by which progesterone evokes these above-

mentioned effects will be discussed further in the appropriate sections that 

follow. These effects are both genomic and nongenomic in nature.   

 

1.4. Genomic Actions of Progesterone 

The genomic actions of progesterone are mediated via progesterone 

binding to one of two isoforms of the nuclear progesterone receptor PR A 

and PR B. These receptors are generated from a single gene in which 

there are two alternate start sites and two promoters (Mulac-Jericevic and 

Conneely, 2004). The ratio of isoform present varies with hormonal, 

developmental and carcinogenic state. The PR A receptor N-terminus is 

truncated and lacks a second activation domain. Insights into functions for 

progesterone have been determined by use of “knock-out” or null mutation 

mice (Lydon et al., 1996). Interestingly, males who are homozygous null for 

both PR A and PR B (PRABKO) display no obvious phenotype deficiency 



 24

and are completely fertile. Because progesterone has been demonstrated 

to facilitate maturation of spermatozoa, this lends evidence for a 

nongenomic progesterone receptor and its role in maturation of sperm 

(Luconi et al., 2002). Females that are PRABKO are infertile, but are 

healthy and have normal genitalia. 

 

Research has demonstrated that RU 486 (a classical progesterone 

receptor antagonist) can block ovulation, and PRABKO mice will respond 

to superovulation treatment with pregnant mare’s serum gonadotropin 

(PMSG, which mimics FSH in action) with an increased number of follicles, 

but these follicles do not ovulate, even when stimulated with human 

chorionic gonadotropin (hCG, which mimics LH in action). Further analysis 

of the knockout mice demonstrated down-regulation in the expression of 

the protease A disintegrin and metalloproteinase with thrombospondin 

motifs 1 (ADAMTS-1), suggesting that progesterone regulation of this 

protease is critical to the ovulatory process (Mulac-Jericevic and Conneely, 

2004). In PRAKO mice (mice deficient in PR A only), ovulation is impaired 

but still occurs, while PRBKO mice do not exhibit impaired ovulation 

suggesting PR A alone is sufficient to mediate this process. However, PR 

B may mediate some cellular processes critical for ovulation (Mulac-

Jericevic and Conneely, 2004). Granulosa cells from PRABKO mice also 

fail to luteinize even when exposed to high levels of hCG and PMSG 



 25

treatment. These data demonstrate that the nuclear P4 receptor is critical 

for luteinization and ovulation and suggests that both isoforms of PR have 

independent functions in the ovary (Lyden et al, 1996).  

 

The uteri of PRABKO mice fail to support embryo implantation and are 

unresponsive to decidual stimuli. In fact these uteri, upon hormone 

treatment, become fluid – filled and abnormally enlarged with a high 

number of invading leukocytes indicating an inflammatory response to 

hormone treatment (Lydon et al., 1996). The authors proposed that one of 

the roles of progesterone in the uterus was to suppress inflammatory 

cytokines and prostaglandins. These uteri also displayed a marked lack of 

uterine gland development. 

 

Concentrations of progesterone receptor mRNA have been quantified 

throughout the estrous cycle of the ewe. Spencer and Bazer (1995) 

published their observations on the changes in uterine PR and ER protein 

and mRNA throughout the estrous cycle and early pregnancy. These 

investigators found that PR mRNA was highest on Day 1 of the cycle (the 

day following behavioral estrus denoted as Day 0; at a time when systemic 

progesterone levels are the lowest), and levels of mRNA steadily declined 

until Day 13 (when progesterone levels are maximal). During the period of 

maternal recognition of pregnancy in the ewe (Days 11-15 of the cycle) 
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mRNA for PR is low, and no difference was detected between cyclic and 

pregnant ewes. Immunohistochemical analysis of PR protein mimicked 

mRNA levels, with intense staining on Day 1 of the cycle, and reduced 

staining until it became non-detectable in the endometrial luminal and 

glandular epithelium on Day 15 of the cycle. Interestingly, during early 

pregnancy the levels of PR are not different between cyclic or pregnant 

ewes, but progesterone is required for maintenance of pregnancy. 

Estrogen receptor levels in this study were highest on Day 15 in cycling 

animals, the last day of observation for cycling ewes. Other investigators 

observed estrogen receptor levels are actually highest on the day of 

behavioral estrus (Miller et al., 1977; Koligian and Stormshak, 1977). The 

data of Spencer and Bazer (1995) agree with the findings of McCracken et 

al. (1984) that during the early phase of the cycle (Days 1-6) uterine PRs 

suppress transcription of ER and indirectly suppress oxytocin receptor 

expression (via suppression of ER) in the uterus. This suppression is lost 

by progesterone down-regulating its own receptor in the uterus, and 

estradiol up-regulates expression of PR which accounts for high levels 

after ovulation occurs (Bouchard, 1999). 

 

As mentioned above, progesterone enhances lordosis behavior in rodents. 

Lydon et al. (1996) demonstrated that the PRABKO mouse does not 

display lordosis behavior in response to progesterone treatment, even 
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when these mice are ovariectomized and primed with estrogen. This 

provides evidence that the genomic progesterone receptor is critical for 

reproductive behavior in the female rodent. Further investigation of the 

PRABKO mouse was performed by Chappell et al. (1999). Ovariectomized 

wild-type female mice treated with estradiol displayed a typical surge of 

luteinizing hormone (LH), which was not only absent in the PRABKO mice, 

but treatment with estradiol depressed LH concentrations in PRABKO mice 

significantly below basal levels. They were able to demonstrate that the 

hypothalamus and (or) pituitary glands of these knock-out mice are 

refractory to the positive feedback effects of estradiol, and that the absence 

of a “self-priming” GnRH response may account for this refractory state. 

However, estradiol was still able to exert a negative feedback on LH 

secretion, providing evidence that this mechanism is independent of the 

nuclear progesterone receptor (Chappell et al., 1999). 

 

The mechanism by which the PR influences the GnRH and LH surge that 

initiates ovulation is suspected to be in-part a ligand-independent activation 

of the PR (Chappell et al., 1999). This ligand-independent mechanism is 

believed to result from a cross-talk mechanism between the unliganded PR 

and the GnRH receptor (Waring and Turgeon, 1992). The genomic PR can 

be activated via phosphorylation of the receptor by protein kinase A (PKA) 

in the absence of progesterone (Auger, 2001). Phosphorylation of the PR 
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is not a novel finding. Research conducted in 1977 on the avian PR 

demonstrated the ability of ATP to bind to the PR, and it was reported that 

activated receptors may have a higher affinity for ATP than inactive 

receptors (Toft et al., 1977). This may have been an artifact of the 

experimental methods used at the time, or the ATP and progesterone 

receptor may have been in a complex with another protein. It has also 

been shown that dopamine can activate PR in tissue culture and dopamine 

agonists can also increase lordosis behavior in estradiol-primed female 

rodents (Auger, 2001).  

 

There is also evidence for a role of liganded PR in regulation of female 

reproductive behaviors. Exposure of estradiol-primed mouse pituitary 

lactotrophs and gonadotrophs to progesterone results in down-regulation of 

nuclear PR after 10 h of hormone exposure (Turgeon et al., 2001), 

consistent with the action of progesterone on its receptor in the uterus as 

described above. Progesterone receptor regulation of lordosis is via 

regulation of gene products with PR response elements. Apostolakis et al. 

(2005) provide evidence that pituitary adenylate cyclase-activating 

polypeptide (PACAP), acting in the ventromedial nucleus of the 

hypothalamus, sensitizes the pituitary for a LH surge at the time of high 

estrogen (just prior to ovulation), and this mechanism is liganded-PR 

dependent. The PR acts to increase the expression of the PACAP 
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receptor, PAC1, in the ventromedial nucleus (VMN). The receptor PAC1 

activates the cAMP/PKA pathway upon stimulation with PACAP via 

activation of adenylate cyclase. Pre-treatment of female rats with antisense 

oligos to PAC1 (injected into the VMN) will block lordosis behavior in 

response to progesterone treatment, even when animals are primed with 

estradiol before treatments. Mis-sense oligo treatment does not affect the 

progesterone response (Apostolakis et al., 2005). Estradiol treatment of 

female rats results in increased PR expression in the VMN (Apostolakis et 

al., 2005), again consistent with estradiol effects on PR expression in the 

uterus.        

 

Most of the neurological research on genomic PR has been in the rodent 

model, but recently investigators have published information on PR 

function and distribution in the ovine brain. Scott et al. (2000) mapped the 

distribution of PR in the ovine brain. A large population of PR’s is found in 

the organum vasculosum of the lamina terminalis (OVLT) nucleus as well 

as significant populations in the arcuate nucleus and VMN, smaller 

amounts in the periventricular and supraoptic nuclei, and some expression 

in the diagonal band of Broca. Progesterone receptor expression in the 

VMN and arcuate nucleus is up-regulated in response to treatment with 

estradiol, but PR expression in other areas of the brain is not estradiol-

sensitive. The authors proposed that this regulation of expression by 
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estradiol demonstrated that the genomic effects of progesterone on LH 

secretion were regulated in the VMN and arcuate nucleus of the ovine 

brain.    

 

1.5. Evidence for Nongenomic Actions of Progesterone 

There is now a large volume of research into the nongenomic actions of 

progesterone. The nuclear progesterone receptor possesses a Src 

homology-3 (SH3) domain within the N-terminal region common to both PR 

A and PR B (Boonyaratanakornkit et al., 2001). This is a polyproline 

sequence motif between amino acids 421-428 in the AF-1 region of the 

amino terminus of the protein which is characteristic of a class II 

consensus peptide for Src kinase-like SH3 domains. Polyproline 

sequences form a left-handed helix that recognizes the hydrophobic pocket 

of SH3 domain-containing proteins. In co-immunoprecipitation assays the 

SH3 domain of PR interacted with a wide variety of Src tyrosine kinase 

family members, including Src tyrosine kinase (Edwards et al., 2003). This 

is significant, because progesterone will induce several rounds of 

proliferation of breast cancer cell lines in vitro in a manner similar to 

estrogen, and activation of Src leads to activation of the Mitogen Activated 

Protein Kinase (MAPK) cascade, which stimulates cell division. These 

effects are blocked by the PR-antagonist RU 486 and can occur even 

when the PR is rendered transcriptionally incompetent via mutation 
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(Skildum et al., 2005). Some researchers do not consider activation of the 

MAPK pathway a nongenomic mechanism, because the end result of the 

cascade is to activate genomic transcription factors such as c-fos and c-jun 

(Edwards et al. 2003). Other researchers have also observed the activation 

of Src in transfected COS-7 cells resulting from an interaction between PR 

B and ER by co-immunoprecipitation (Migliaccio et al., 1998). Regardless 

of the mechanism, (although there is more evidence for the involvement of 

the SH3 domain of PR), activation of MAPK by progestins is rapid, 

occurring within 5-10 min, and transient (Faivre et al., 2005). Regulation of 

cell-cycle genes (such as cyclin D1) is MAPK dependent, because these 

genes do not possess progesterone response elements in their regulatory 

regions (Faivre et al., 2005). 

 

Cancer cell lines and transfected cells are not the only models 

demonstrating nongenomic actions of progesterone. Spermatozoa appear 

to be responsive to progesterone and they lack a transcriptionally active 

nucleus. The genomic progesterone receptor A and B isoforms have never 

been observed in these cells, but progesterone treatment can stimulate 

calcium influx, tyrosine phosphorylation of proteins, efflux of chloride, and 

increases in cAMP (Luconi et al., 2002). Spermatozoa do come into 

contact with high levels of progesterone in their travels to the oocyte, and 

the cumulus oophorus contains high levels (1 to 10 µg/ ml in cells 
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surrounding human oocytes) of progesterone (Luconi et al., 2002) 

Capacitation of human spermatozoa has been stimulated with 

progesterone, as well as the acrosome reaction in caprine spermatozoa 

(Somanath et al., 2000). Possible candidates for a progesterone receptor 

in sperm have been identified by using the c-terminal PR antibody c-262 

(Luconi et al., 2002), and the identification of a 56-57 kDa protein is similar 

to the one identified to be present in the ovary by Peluso et al. (2001). 

However, characterization of this protein has yet to be performed. There is 

some discussion as to whether or not this putative progesterone receptor 

could be another isoform of the genomic PR, a “PR C” form (Luconi et al., 

2002). Interestingly, a progesterone receptor has also been identified in the 

membrane of the filamentous fungus Rhizopus nigricans, a black mold that 

forms on stale bread (Jeraj et al., 2003). Progesterone stimulates induction 

of cytochrome P450 as a rapid defense mechanism to prevent toxic effects 

of steroids on the fungus. 

 

Membrane-associated progesterone receptors have been characterized 

that are functionally and structurally distinct from genomic progesterone 

receptors: a G-protein coupled receptor has been identified to exist in 

spotted seatrout ovaries (Thomas et al., 2002), and a complex of proteins 

that bind progesterone has been found to exist in murine granulosa cell 

membranes (Peluso et al., 2006).  
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Peluso et al. (2001, 2003) observed that progesterone inhibited granulosa 

cells and spontaneously immortalized granulosa cells (SIGCs) from 

undergoing apoptosis in the rat. Because granulosa cells in the rat ovary 

do not express nuclear progesterone receptors before the gonadotropin 

surge just prior to ovulation it was concluded the inhibition was the result of 

the steroid binding to a novel protein. Using an antibody directed against 

the ligand binding domain of the nuclear progesterone receptor a 60-kDa 

progesterone binding protein was detected in the plasma membranes of 

these cells. This protein was only observed in granulosa cells that were 

associated with non-atretic follicles, and absent in atretic follicles. Peluso et 

al. (2004) cloned the progesterone binding protein present in their system, 

which they called RDA288. It consists of 407 amino acids, and appears to 

have a homolog expressed in the mouse lung. A domain analysis of 

RDA288 was performed, and provided no evidence of a transmembrane 

domain in this protein, but there were several hyaluronic acid binding sites 

identified. Hyaluronic acid mimics the actions of progesterone in this 

system, at the same range of doses.  

 

Further investigation of this protein by Peluso et al. (2006) led to the 

realization that this protein [now called Plasminogen Activator Inhibitor 

mRNA Binding Protein-1 (PAIRBP-1) for its homology to other proteins] 

required another protein in a complex in order to exert effects mediated by 
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progesterone on the cell. This protein is Progesterone Receptor Membrane 

Component-1 (PGRMC-1), and it is a relatively small protein (28 kDa) 

which possesses a short N-terminal extracellular domain, a single 

transmembrane and a cytoplasmic domain which contains several potential 

SH2 and SH3 domains. The PGRMC1 protein has structural similarities to 

the interleukin-6 receptor, a member of a growth factor receptor 

superfamily that includes the cytokines, growth hormone, and prolactin. 

This receptor has been observed as a dimer (56 kDa), but can form 

aggregates up to 200 kDa. When spontaneously immortalized granulosa 

cells (SIGCs) are treated with an antibody that blocks the N-terminal 

extracellular domain, treatment with progesterone will not result in a 

decrease in apoptotic cells. This result suggests that this protein is the 

critical membrane progesterone binding component of this anti-apoptotic 

pathway (Peluso et al., 2006). 

 

In the spotted seatrout, a progestin (17,20β,21-trihydroxy-4-pregnen-3-one) 

rapidly mediates the induction of oocyte maturation (Thomas et al., 2002). 

This action occurs on the cell surface, is not blocked by inhibiting 

transcription, and occurs rapidly within a few minutes of progestin 

administration suggesting these actions are not mediated by a nuclear 

progestin receptor (Thomas et al., 2002). Zhu et al. (2003a) characterized 

a progestin binding protein that could mediate these responses. This 352 
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amino acid protein with a molecular weight of 40 kDa appears to have 

seven transmembrane domains, characteristic of a G-protein-coupled-

receptor. Cyclic-AMP production in cells transfected with this protein 

(termed mPR) was reduced upon addition of progesterone, and effects 

could be partially blocked by pertussis toxin. The mPR protein also 

appears to activate the MAP kinase pathway upon progesterone binding. 

Homologous genes were found to exist in humans, mice and swine via a 

BLAST search (Zhu et al., 2003b). Upon further investigation by these 

researchers, this receptor was demonstrated to activate the 

phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, initiating 

germinal vesicle breakdown in Atlantic Croaker (Micropogonias undulatus) 

oocytes (Pace and Thomas, 2005).  

 

The PI3K pathway has been implicated in a genomic progesterone 

receptor-mediated oocyte maturation in frogs (Xenopus laevis), and is also 

associated with germinal vesicle breakdown. The genomic progesterone 

receptor in Xenopus is related to the mammalian PR B isoform and is 

termed XPR-1. This receptor has been observed to be localized to the 

plasma membrane of these oocytes, and progesterone can initiate 

activation of PI3K within 30 min (Bagowski et al., 2001). However, there is 

also evidence that the G-protein subunits βγ play a role in the 

progesterone-mediated Xenopus oocyte maturation via stimulation of 
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adenylate cyclase, thus there may be more than one receptor and (or) 

signal transduction pathway involved in this process (Guzmán et al., 2005). 

 

Membrane binding sites for progesterone have been observed in granulosa 

cells, theca cells and luteal cells from bovine ovaries (Rae et al., 1998). A 

progesterone binding protein has been identified using methods similar to 

those of Peluso et al. (2001) with the monoclonal antibody directed to the 

C-terminus of the genomic PR. Bramley et al. (2002) suggest this protein 

acts in a complex with one or more additional proteins. These researchers 

also demonstrated that [3H]-progesterone binding to cellular membranes 

was digitonin sensitive, suggesting these associations may occur within 

lipid rafts. The exact identity of the bovine progesterone membrane 

receptor complex has not been identified, but it may be similar to the 

complex observed in rat granulosa cells. 

 

Progesterone (40 µg/ ml) and metabolites of progesterone (3β-hydroxy-5β-

pregnan-20-one, 5β-pregnan-3,20-dione and 3α-hydroxy-5α-pregnan-20-

one) can rapidly inhibit contractions of diestrus-II rat uteri within 2 min of 

treatment (Putnam et al.,1991). Treatment of uteri with RU 486 will not 

block the effects of metabolites, but treatment with a GABAA receptor 

antagonist picrotoxin will block the inhibitory effects of the metabolites. 

Treatment with RU 486 will block the inhibitory effects of native 
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progesterone in this system, but picrotoxin does not affect progesterone 

inhibition of contraction. These researchers suggest that during gestation in 

the rat, progesterone metabolites may act through a GABAA receptor 

system to inhibit uterine contractions (Putnam et al., 1991).  

 

The fact that the nuclear progesterone receptor can stimulate the 

proliferation of breast cancer cells through a nongenomic mechanism was 

discussed above. There is evidence that the nuclear progesterone receptor 

is involved in stimulation of endometrial stromal cell proliferation in rat uteri, 

via activation of MAPK as a consequence of cross-talk with ERβ (Vallejo et 

al., 2005). At low levels of expression, nuclear PR and ERβ apparently 

form a complex, which activates both the MAPK pathway and the Akt 

pathway to stimulate cell cycle progression. Because both PR and ERβ are 

at low levels during the process of decidulization in the rat this may be an 

important mechanism by which progesterone promotes the maintenance of 

pregnancy in the rodent. 

 

The nuclear progesterone receptor is not the only progesterone receptor 

found in the uterus. The putative GPCR identified in the ovary has also 

been demonstrated to be found in the uterus. Ashley et al. (2005) identified 

by RT-PCR mRNA for the ovine mPR present in the hypothalamus, 

pituitary, uterus, ovary and corpus luteum. However, the exact function of 
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the mPR has yet to be described in the ewe. Three human homologues of 

the mPR have been identified in the uterus and are termed mPRα, β, and γ 

(Fernandes et al., 2005). These investigators characterized the expression 

patterns of these isoforms of mPR in the human uterus, and found that 

levels of endometrial expression of mPRα and mPRγ differed across the 

stage of the menstrual cycle, while the levels of mPRβ remained mostly 

constant (determined by RT-PCR). A reduction in endometrial expression 

of mPRα and mPRβ occurred at the onset of parturition (determined by 

RT-PCR), while intense staining of placental synctiotrophoblasts was 

observed with an antibody to mPRα (Fernandes et al., 2005).  Recently 

functional experiments using human myometrium from pregnant women, 

and myometrial cells obtained during late-gestation, were performed for 

mPRα and mPRβ (Karteris et al., 2006). Both mPRα and mPRβ are 

expressed in the myometrium of the pregnant human, and these receptors 

are coupled to Gαi proteins, resulting in the inhibition of adenylate cyclase, 

and increasing phosphorylation of myosin light-chain proteins. There is 

also evidence that mPRα and mPRβ regulate nuclear progesterone 

receptor activity [as determined by siRNA treatment of both transfected 

(with PR B) and non-transfected myometrial cells]. This is important, 

because human parturition occurs in the absence of a decrease in 

systemic concentrations of progesterone (unlike laboratory and domestic 

species), and in the presence of nuclear progesterone receptors due to the 
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fact that the primate CL also produces estrogens as previously discussed. 

The authors propose the following model for human primate parturition: 

early in pregnancy PR B levels are increased in the myometrium and mPR 

functions synergistically to transactivate PR B and maintain uterine 

quiescence. During labor, when PR B levels decline, and the levels of 

mPRα and mPRβ increase, the mPRs down-regulate SRC2 (a coactivator 

of PR B). During labor the mPRs cause the phosphorylation of myosin light 

chain proteins, and sensitize the myometrium towards a contractile state at 

term. In this scenario, the mPR has a dual function, depending on the 

receptor and hormonal state of the organ. 

 

Grazzini et al. (1998) demonstrated that progesterone induces a reduction 

in rat uterine oxytocin (OT) sensitivity without a change in OT receptor 

(OTR) gene expression. The effect of progesterone on the function of the 

OTR was determined to be via a nongenomic mechanism. These 

investigators observed progesterone was able to inhibit the binding of an 

OT agonist to OTR in membranes of parturient rat uteri. This inhibition was 

due to a decrease in binding capacity, and not binding affinity for OT. 

Progesterone inhibition of OT binding to the OTR was dose-dependent, 

and vasopressin binding to the vasopressin receptor was not affected by 

progesterone. In transfected Chinese hamster ovary (CHO) cells, 

progesterone coupled to bovine serum albumin (BSA) decreased the 
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binding of OT to murine OTR. Progesterone bound to cells expressing the 

OTR with high affinity (Kd = 20 ± 3 nM, BMAX = 2.7 ± 0.9 pmol/ mg protein), 

while no specific progesterone binding was observed in non-transfected 

cells. Progesterone and oxytocin binding to the OTR was regulated by the 

state of the G-protein coupling to the receptor. Uncoupling of the oxytocin 

receptor by use of GTPγS up-regulated [3H]-progesterone binding, and 

also reduced [3H]-oxytocin binding to its receptor. These observations 

indicate that the interaction of progesterone with the OTR is affected by 

GTP-induced changes in receptor conformation.  In addition progesterone 

also displayed a dose-dependent inhibition of OT-induced calcium 

response, presumably via inhibition of oxytocin binding to its receptor. Due 

to the fact that steroid interactions with the receptor are modified by 

GTPγS, this provides evidence of a direct steroid-receptor interaction. 

 

Burger et al. (1999) investigated the effects of progestins at a range of 

doses between 10 – 200 µM on human OTR transfected into various cell 

lines, and determined that any effects of P4 on OT binding and OTR 

function were non-specific steroid effects, but their results could reflect 

steroid overloading of membranes. Wenz and Barrantes (2003) tested the 

effects of various steroids, including P4, on lipid domains using artificial 

membrane bilayers. Research determined that the lower the hydrophobicity 

of the steroid, (hydrophobicity determined by the group bound to C17) the 
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more lipid domain disrupting activity the steroid displayed at higher molar 

concentrations. Progesterone, promegestone, pregnenolone, 11 α-

hydroxyprogesterone, and 17 α- hydroxypregnenolone all posses low 

hydrophobicity groups attached to C17 and demonstrated domain 

disrupting activity at the high dose only (20 mol % of 50 µM = 10 µM P4). 

 

Dunlap and Stormshak (2004) examined the in vivo and in vitro effects of 

progesterone on the binding of oxytocin to the OTR in ovine endometrium. 

Research was also conducted to determine if high affinity binding sites for 

progesterone exist in ovine endometrial plasma membranes. 

Ovariectomized ewes were treated with progesterone and estradiol to 

induce high concentrations of OTR in the endometrium. During the last 

three days of the estradiol treatment regimen ewes were treated with corn 

oil (control), progesterone, or progesterone in combination with RU 486 

(progesterone antagonist). Treatment with progesterone blocked the 

binding of oxytocin to endometrial OTR, while RU 486 blocked the 

inhibitory effect of the steroid. In vitro experiments were conducted utilizing 

an isolated membrane fraction from the luminal epithelium of the uterus of 

ovariectomized ewes subjected to the progesterone and estradiol 

treatment regimen. Incubation of membranes in the presence of 

progesterone interfered with oxytocin binding to the OTR, and RU 486 

again prevented the inhibitory effect of progesterone. The OTR was shown 
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to be saturated at an OT concentration of 5 nM with a Kd of 1.01 x 10-10 M, 

demonstrating a single binding site with high affinity for OT.  Assay for 

membrane progesterone binding sites demonstrated the presence of high 

affinity binding sites with saturation occurring at 8 nM with a Kd of 1.2 x 10-9 

M. Promegestone (R5020, a progestin agonist) was used to characterize 

the specificity of progesterone binding to the plasma membrane in a 

competition assay. Competitors used included progesterone, R5020, 

estradiol, cortisol, testosterone, RU 486, OT, and arginine vasopressin. 

Estradiol, cortisol, testosterone, and arginine vasopressin failed to compete 

for the R5020 binding site. Binding of [3H]-R5020 was successfully 

competed for by R5020, RU 486, progesterone, and OT. Ovine 

endometrium plasma membranes containing a large OTR population were 

exposed in vitro to vehicle (control), progesterone or progesterone plus RU 

486 for 1 h. Radioreceptor exchange assay of these treated membranes 

with [3H]-R5020 demonstrated that pre-exposure of membranes to 

progesterone significantly increased progesterone binding sites compared 

to that of control, or progesterone plus RU 486-treated membranes. The 

results from these experiments were attributed to be a function of 

dimerization of the OTR; i.e. each monomer of the OTR contains either the 

progesterone binding site, or is closely associated with a binding protein for 

progesterone. The ability of progesterone to prevent this dimerization 

creates a condition in which each monomer or associated protein would 
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possess a binding site capable of releasing its ligand during an exchange 

assay. In contrast, OTR receptors dimerize in the absence of 

progesterone, thus the number of binding sites exposed for exchange is 

minimal. The role of nongenomic inhibition by progesterone may be a 

“back-up” mechanism to further block prostaglandin F2α (PGF2α) synthesis 

in the ovine uterus, thus ensuring prevention of luteal regression (Dunlap 

and Stormshak, 2004). 

 

Bogacki et al. (2002) also demonstrated the ability of progesterone (10-5 M) 

in the presence of actinomycin D to inhibit OT-induced PGF2α secretion by 

bovine endometrial tissue explants. These researchers also observed the 

ability of progesterone to inhibit OT-induced calcium response, and a dose-

dependent inhibition of OT binding by progesterone (2 nM - 20 µM 

progesterone) in dissociated bovine epithelial cells (Bogacki et al., 2002). 

Further investigation by Duras et al. (2005) utilizing these dissociated 

bovine epithelial cells indicated that progesterone, pregnenolone, 17β-

hydroxyprogesterone, a PR antagonist onapristone, and testosterone at  

10-5 M were all able to interfere with OT-stimulated PGF2α secretion and 

intracellular calcium release, indicating that the oxytocin receptor was 

sensitive to high molar concentrations of steroids. The effects of steroids 

on the oxytocin receptor will be discussed in subsequent sections. 
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The first evidence of a nongenomic action of progesterone in the brain was 

reported by Hans Selye (1942) who observed an anesthetic effect of the 

steroid almost immediately after administration to rats. Researchers in 

1959 observed that post-coitis rise in progesterone would depress EEG 

activity of female rabbits (Sawyer and Kawakami, 1959).   

 

It was later discovered that allopregnanolone  

(3α, 5α-tetrahydroprogesterone) could enhance the inhibitory effect of 

GABA on GABAA receptor-expressing neurons in the hypothalamus 

(Rønnekleiv and Kelly, 2005). In addition, progesterone can be synthesized 

from cholesterol in primary cultures of newborn rat glial cells, which 

classifies progesterone as a neurosteroid (Rønnekleiv and Kelly, 2005). 

There is a large volume of evidence that progesterone is rapidly 

metabolized in the brain, and that it is the metabolites (allopregnanolone) 

that actually mediate the rapid effects of progesterone in the brain. 

However, there is also evidence that hamsters primed for 2 h with 

progesterone, upon receiving a bolus injection of progesterone directly into 

the midbrain ventral tegmental area (VTA) exhibit lordosis behavior within 

10 min. This same response can be evoked by progesterone conjugated to 

BSA. This suggests a possible involvement of an mPR in the VTA for 

facilitating reproductive behavior (DeBold and Frey, 1994). 
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Oxytocin neurons in the supraoptic nucleus and the paraventicular nucleus 

of the hypothalamus are under control of GABA via GABAA receptors in 

their membranes (Brussaard et al., 2000). In these neurons GABA 

treatment decreases the rate of firing by increasing the amount of time it 

takes to re-sensitize Cl- channels. Progesterone metabolites have been 

shown to inhibit firing of oxytocin neurons by preventing protein kinase C 

(PKC)-induced modulation of these receptors, during late pregnancy in 

female rats. During parturition, GABAA receptors are less sensitive to 

progesterone metabolites, and counteraction of PKC no longer occurs. 

This may explain, in part, the increase in firing activity of oxytocin neurons 

that occurs at the time of parturition. 

 

A novel putative membrane associated progesterone binding protein has 

been identified in Purkinje cells (cerebellum). This protein is termed 25-Dx, 

and by RT-PCR and immunohistochemical analysis is highly expressed in 

neonatal rat cerebellum. Concentrations of the protein decline with aging, 

and there are no sex differences in protein expression. Interestingly, this 

protein appears to be associated with the endoplasmic reticulum and the 

Golgi apparatus by immunocytochemical analysis (Sakamoto et al., 2004). 

A BLAST analysis of the mRNA sequence for 25-Dx (complete coding 

region) reveals perfect homology between the murine 25-Dx protein and 

the PGRMC1 protein identified by Peluso et al. (2006) discussed 
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previously in the section on nongenomic actions of progesterone in the 

ovary [BLASTN version 2.2.14, NCBI database. Accession # U63315.1 

Rattus norvegicus 25-Dx (25Dx) mRNA, complete cds (Selmin et al., 

1996). Analysis by C. Bishop 5/12/06]. There is evidence in the literature 

that an antibody to the mPR identified by Zhu et al. (2003) recognizes 

murine 25-Dx, also suggesting that the proteins are very similar. A BLAST 

analysis by Meffre et al. (2005) revealed 100% identity between mPR and 

25-Dx. Meffre et al. (2005) attempted to assign a function for 25-Dx in the 

rodent brain. They identified high levels of expression of 25-Dx protein in 

areas of the brain involved with CSF production and water homeostasis in 

male and pseudopregnant female rats. Levels of 25-Dx protein were higher 

in the choroid plexus and the submucosal organ in pseudopregnant 

females verses the males. They induced brain trauma in these rats by 

creating bilateral contusions of the medial prefrontal cortex with a 

pneumatic impactor device. After traumatic brain injury, immunostaining for 

25-Dx protein increased in both males and females at the site of the injury 

in cortical neurons and astrocytes, and in the supraoptic nucleus and the 

periventricular nucleus after the injury. These researchers concluded that 

25-Dx may play a role in maintenance of water balance and 

neuroregeneration after brain injury. 
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In the ewe there has also been evidence for a nongenomic action of 

progesterone at the time of the GnRH/LH surge. In the hypothalamus/ POA 

of the ewe, P4 administered concurrently with E2 inhibits the E2-induced 

pre-ovulatory surge of GnRH/LH, without a net increase in cellular 

activation, implying that P4 is acting directly in this system (Richter et al., 

2005). Skinner et al. (1998) observed that RU 486 (an nPR antagonist) can 

block the ability of P4 to inhibit this process, and suggested that these 

effects are mediated by the nPR.  

 

1.6. General Actions of Oxytocin  

Oxytocin is a neuropeptide with the amino acid sequence of Cys-Tyr-Ile-

Gln-Asn-Cys-Pro-Leu-Gly-NH2. There is a disulfide bridge between the 

cysteine residues giving the peptide hormone a distinctive shape. Oxytocin 

is secreted primarily from the posterior pituitary, but in ruminants it has 

been shown to be secreted by the corpus luteum and granulosa cells of the 

Graafian follicle (Gimple and Fahrenholz, 2001). Oxytocin was the first 

peptide hormone to have its basic structure determined, and the first to be 

synthesized in a biologically active form (Du Vigneaud et al., 1953). The 

structure of the oxytocin gene was reported by Ivell and Richter (1984), 

and the sequence of the receptor was determined by Kimura et al. (1992). 

The amino acid sequence of oxytocin is related to mesotocin (marsupials 

and non-mammalian tetrapods, lungfish), isotocin (osteichthyes), 
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glumitocin (skates), valitocin (sharks), phasvatocin (sharks), cephalotocin 

(mollusks), annetocin (annelids), vasotocin (non-mammalian vertebrates), 

vasopressin, lysipressin (pigs and some marsupials), phenypressin 

(marsupials), locupressin (insects), arg-conopressin (mollusks). All are 

nonapeptides with a disulfide bridge between cysteine residues 1 and 6. 

They are divided into the vasopressin family (a basic amino acid at position 

8) and the oxytocin family (a neutral amino acid at position 8). Isoleucine at 

position 3 is necessary to stimulate the oxytocin receptor. All vertebrate 

species possess an oxytocin – like and a vasopressin – like peptide. The 

oxytocin – like peptides are associated with reproductive functions and the 

vasopressin – like peptides are associated with homeostasis (ion-balance; 

Gimple and Fahrenholz, 2001). 

 

1.6.1. Functions of Oxytocin via its Receptor 

Soloff and Swartz (1974) characterized a putative oxytocin receptor (OTR) 

in the uterus of the rat and sow. After observing that [3H]-oxytocin 

accumulated in segments of the rat uterus in vitro (Soloff et al., 1973) they 

went on to characterize the binding of oxytocin to both murine and porcine 

uteri. Specific and saturating binding of oxytocin was only observed in 

particulate fractions, and never in cytosolic fractions of differentially 

centrifuged murine uterine homogenates. Scatchard analysis of OT binding 

revealed an apparent Kd of 1.8 nM, and a BMAX of 1.8x10-13 mol OT/ mg 
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protein. In porcine uterine tissue homogenates a 20,000 x g particulate 

fraction revealed a Kd for OT binding of approximately 1.5 nM, and a BMAX 

of ~1.5 x 10-13 mol OT/ mg protein. However, analysis of a 105,000 x g 

fraction from the same homogenate revealed a greater affinity for OT (4.7 

nM), with the same binding capacity as the 20,000 x g fraction. The authors 

determined that OT was binding to a single class binding site, and specific 

binding was dependent on time and temperature, the optimum being 20º C 

for 1 h. Oxytocin binding to the porcine 20,000 x g fraction was also 

dependent on pH (7.4-7.8 for maximum binding) and required the presence 

of divalent cations (Soloff and Swartz, 1974).  

 

Somewhat later Crankshaw et al. (1982) measured specific and saturable 

OT binding in microsomal membrane fractions derived from myometrial 

tissue of ewes on Day 130 of gestation (late pregnancy). They determined 

that equilibrium was attained in 1 h at 22 ºC and with a Kd of 1.8 nM; BMAX 

of 2.1 ± 0.9 pmol/ mg protein. They also demonstrated that as with porcine 

and murine OT binding, there was an absolute requirement for divalent 

cations. 

 

By use of photoaffinity labeling methods Fahrenholz et al. (1988) identified 

an oxytocin binding protein in the myometrium of late-pregnant guinea 

pigs. The affinity purified protein was analyzed by SDS electrophoresis in 
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gradient polyacrylamide gels, and was estimated to have an apparent 

molecular weight of 78,000 ± 5000 Da. 

 

In 1992 a full length human OTR cDNA was cloned by Kimura et al. (1992) 

by expression cloning methods. They concluded that the receptor 

contained seven transmembrane domains and was 388 amino acids long. 

The following year a segment of the ovine endometrial OTR cDNA was 

cloned by use of PCR with primers designed to regions common to both 

the human OTR and rat vasopressin receptors 1a and 2 (Stewart et al., 

1993). The product was 96 base-pairs (bp) long and was 93.8 % identical 

to the human OTR. These latter investigators were able to use this PCR 

product in Northern blot analysis of sheep endometrial mRNA, and 

demonstrated that the ovine PCR product was present at a high level on 

Day 15 of the estrous cycle. Between Days 2 and 12 of the cycle the OTR 

was not detectable. The PCR product generated corresponded to part of 

the C-terminus of the receptor, and included an extracellular domain. 

Further investigation by the same laboratory eventually led to the cloning of 

a full length ovine OTR cDNA, using the 96 bp PCR product they had 

previously generated (Riley et al., 1995). The full ovine OTR sequence is 

1.5 kb long, and encodes 391 amino acids. When inserted into a 

mammalian expression vector pSVLJ, (which contains an SV40 promoter 
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region), and expressed in COS-7 cells the receptor stimulated inositol 

phosphate turnover.  

 

The oxytocin receptor is a G-protein coupled receptor and primarily 

activates the G-protein αq/11 (Ku et al., 1995). Under OT stimulation of uteri 

from estradiol-primed adult female rats expressing the OTR, these 

researchers were able to measure a response of increased enzymatic 

activity by GTPase and phospholipase-C (PLC). These responses were 

inhibited by an antibody to the carboxy-terminal end of Gαq and Gα11. 

Neutralization of the antibody resulted in reversal of inhibition. In addition, 

Gαq and Gα11 and PLCβ were found to be present in the uterine 

membranes (Ku et al., 1995). 

 

The OTR has been demonstrated to activate both Gαq and Gαi. Activation 

of the receptor by Gαq stimulates the enzyme PLCβ, which hydrolyzes 

phosphatidylinositol 4,5-bisphosphate, generating 1,2 diacylglycerol (DAG) 

and inositol 1,4,5-trisphosphate (Hokin and Hokin, 1953, 1958, 1959). 

Production of IP3 by the oxytocin-stimulated uterine cell causes the 

endoplasmic reticulum to release stored calcium (Ca2+; Anwer and 

Sanborn, 1989). Intracellular Ca2+ in combination with DAG activates 

protein kinase C (PKC), which phosphorylates many regulatory proteins 
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(Quest, 1996). Oxytocin receptors appear to couple to specific isoforms of 

PLCβ, specifically β1 and β3 (Houdeau et al., 2005) 

 

In many mammals, and especially well characterized in ruminants, luteal 

OT is released synchronously by uterine PGF2α pulses creating a positive 

feedback loop that is controlled by the appearance of OTRs in the uterus, 

resulting in PGF2α-induced luteolysis (McCracken et al., 1972). The effect 

of the uterus on luteolysis has been studied for some time (McCracken et 

al., 1996). It was observed in the mid 1950’s by Wiltbank and Casida 

(1956) that removal of the entire uterus would prolong the life span of the 

CL in the ewe (100 days after hysterectomy) and in the cow (154 days after 

hysterectomy). Inskeep and Butcher (1966) were able to demonstrate that 

removal of the ipsilateral uterine horn (to the CL) would prolong the life 

span of the CL in ewes. Similarly Heap et al. (1967) investigated the 

factors affecting CL function in the guinea pig. They demonstrated that 

hypophysectomy reduced the number and growth of corpora lutea present. 

After hysterectomy of hypophysectomized females they observed the 

presence of large persistent CL, indicating the stimulus for luteolysis was 

present in the uterus (Heap et al., 1967). Caldwell and Moor (1971) helped 

to establish that a luteolysin was released from the uterus of the ewe and 

acted directly on the CL in the ovary. They infused freeze-dried uterine 

venous plasma withdrawn from ewes on Day 14 of their estrous cycles 
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(during the time of luteolysis) into the uterine artery of ewes on Day 8 of 

their estrous cycle. Infusing plasma from the uterine vein of Day 14 ewes 

reduced the duration of the estrous cycle from 16 ± 1 days (controls treated 

with Day 8 plasma or Day 14 jugular plasma) to 11 ± 1 days, indicating 

both that the luteolysin of interest was only present during luteolysis and 

that passage of the luteolysin through the circulatory system would 

inactivate it. Stormshak et al. (1969) reported that injection of estradiol-17β 

into ewes on Days 11 and 12 of the cycle causes premature luteal 

regression. These data demonstrated that estrogens were essential to 

provoke the synthesis/release of uterine PGF2α. Subsequently it was 

demonstrated administration of estradiol to unilaterally hysterectomized 

ewes caused regression of the CL in the ovary ipsilateral to the intact horn, 

but not the contralateral ovary (Akbar et al., 1971). In the ruminant (sheep 

and cow) the uterine vein draining each uterine horn is in close apposition 

to the ovarian artery thus forming a so-called counter-current exchange 

system between the vein and artery. McCracken (1971) demonstrated that 

the luteolysin was PGF2α. According to McCracken et al. (1972) this 

counter-current exchange system allowed PGF2α to pass from the uterine 

vein into the uterine artery to cause regression of the CL in the ipsilateral 

ovary. Subsequently, Roberts and McCracken (1976) using ewes on Day 

14 of their estrous cycle reported that infusion of low dosages of OT into 

the uterus (0.025 mU/ min) increased secretion of PGF2α fourfold. Recently 
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a PGF2α transporter was identified that carries the eicosanoid from the vein 

to the artery in the cow (Banu et al., 2003; Arosh et al., 2004). 

 

1.6.2. Regulation of the Oxytocin Receptor 

Oxytocin receptor function in the uterus is regulated by the ovarian steroid 

hormones progesterone and estrogen; however, OTRs capable of binding 

OT can be found in ovariectomized ewe endometrium. The presence of the 

OTR in the uterus of ovariectomized ewes treated with estradiol alone, 

progesterone alone, and estradiol and progesterone together in various 

combinations was investigated by Vallet et al. (1990). In their study 

endometrium of ovariectomized ewes treated with corn oil for 11 days 

(vehicle control) bound oxytocin with high affinity (KA = 0.21 x 10-9 M-1) and 

had a large population of OTR (1802 fmol/ mg protein). However, these 

animals failed to respond to systemic oxytocin challenge with a measurable 

release of prostaglandin F2α metabolite [13,14 dihydro-15-keto 

prostaglandin F2α (PGFM), used as an indicator of systemic PGF2α 

concentration]. In order to restore responsiveness to OT stimulation with a 

defined peak of PGFM as would be measured in cycling ewes naturally 

responding to systemic oxytocin, progesterone and estradiol had to be 

administered in a complex sequence. The sequence that evoked the best 

responses (a defined peak of PGFM) was a pre-treatment period with a 

synthetic progestin for 10 days, followed by 2 injections (once daily) of 
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estradiol, then treatment with either 10 or 12 injections (once daily) of 

progesterone, and finally injections (once daily) of estradiol for 2 days. This 

treatment regimen also resulted in a large population of OTR in the 

endometrium with high affinity binding sites for OT. Estradiol treatment 

alone appeared to decrease the number of OTR in the endometrium of 

these ovariectomized ewes. Treatment with progesterone for 5 days 

following the pre-treatment period described above decreased the number 

of OT binding sites to below measurable levels, but treatment with 

progesterone for 12 days resulted in a OTR population similar to that of 

control ewes, with a similar affinity.  

 

In order to ascertain how the steroid hormones estradiol and progesterone 

regulated not only their own receptors but also oxytocin receptors in the 

uterus Wathes et al. (1996) treated ovariectomized ewes with these 

hormones and employed the use of radioreceptor assays, in situ 

hybridization autoradiography and immunocytochemistry. They observed 

that expression of endometrial OTR (as measured by the number of 

binding sites for OT) was influenced to a greater extent in the endometrium 

verses myometrial OTR expression, and endometrial expression changed 

over time in response to hormone treatment. In the endometrium, 

treatment with progesterone, estradiol, and to some extent oxytocin initially 

decreased OTR expression, but toward the end of the treatment period (14 
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days) all treatments showed increasing amounts of OTR, but did not 

approach the large number of binding sites associated with the 

ovariectomized control animals. Expression in the myometrium indicated 

that all treatments suppressed OTR expression significantly and this 

suppression did not fluctuate significantly across the treatment period. 

Progesterone treatment suppressed OTR expression in the luminal 

epithelium until Day 12 of treatment as measured by OTR mRNA, even 

though progesterone treatment also resulted in the loss of expression of 

nPR in the luminal epithelium. This suggests a paracrine effect on the OTR 

gene by the nPR still present in the stroma. Progesterone treatment also 

initially suppressed nER in the luminal epithelium, but the effects of 

progesterone did not last beyond Day 10 of treatment when a rise in nER 

was detected in the luminal epithelium (Wathes et al., 1996). This provides 

further evidence that the suppression of OTR expression in the uterus by 

progesterone may be through suppression of nER expression, and 

because there are no nuclear progesterone receptors present in the 

luminal epithelium at this time, this may also be through a paracrine 

mechanism. 

 

The effects of progesterone and estradiol on OTR expression have also 

been investigated using culture of ovine endometrial explants. Incubation 

of endometrial explants from ovariectomized ewes with estradiol (100 nM), 
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oxytocin (1 nM), or progesterone (100 nM) for 96 h decreased the number 

of OT binding sites (Sheldrick and Flick-Smith, 1993). This demonstrated 

that while administration of estradiol after pretreatment with progesterone 

would increase OTR expression in endometrium, estradiol treatment alone 

is inhibitory. When uterine oxytocin receptor activation was studied in these 

explant tissues, Sheldrick et al. (1995) observed that freshly collected 

endometrium from long-term ovariectomized ewes did not respond initially 

to OT-stimulation with a release of PGF2α or inositol phosphate turnover, 

even though OTR expression was high. However, after 72 h in culture 

there was an increase in PGF2α response to OT and an increase in OT-

stimulated inositol phosphate turnover. The explant data from these 

experiments correlates with the observations of Vallet et al. (1990); again 

demonstrating that oxytocin binding does not necessarily correlate with 

receptor activation.  

 

Chronic estradiol treatment of ewes during the estrous cycle prolongs the 

life span of the corpus luteum and alters uterine concentrations of OTR 

(Hazzard and Stormshak, 1997). Four of five ewes chronically treated with 

estradiol, (estradiol treatment was begun on Day 4 of the cycle, and 

continued for 20 days), showed an increase in duration of their estrous 

cycle. Luteal function was prolonged in treated ewes as compared to 

control ewes. These investigators attributed the prolonged function of the 
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CL to be due to a reduction in uterine OTR and hence the inability of the 

uterus to respond to OT to stimulate the release/ secretion of PGF2α in 

sufficient quantities to cause luteolysis. In fact, oxytocin-induced PGF2α 

response and uterine OTR concentrations were reduced in treated ewes. 

This research demonstrated that chronic over-exposure to estradiol can 

inhibit expression of OTR in the ovine uterus. In many respects, these data 

are similar to those reported by Wathes et al. (1990) as discussed 

previously, i.e., long term administration of estradiol to ovariectomized 

ewes resulted in a reduction in uterine OTR.  

 

In 1998, an expansion of the previous study was conducted to determine if 

suppression of the OTR was due to a direct effect of estradiol, or an 

indirect one via prolonged progesterone production (Hazzard et al., 1998). 

Total uterine OT receptor and OT receptor mRNA was quantified, as well 

as OT secretion in response to exogenous PGF2α. In ewes receiving 

estradiol on Days 4 thru 14, or progesterone on Days 11 thru 14 of their 

estrous cycle, luteal weights were greater then in control ewes. 

Endometrial OT receptor populations and OTR mRNA were lower then 

those of control ewes. There was no difference in endometrial nuclear 

progesterone receptors between progesterone-treated and control ewes. 

Exogenous PGF2α induced the release of OT in control and in estradiol-

treated ewes. These results indicate that exogenous progesterone 
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suppresses the OTR gene, and estradiol treatment has effects on the 

uterus but not the ovary of the ewe. 

 

Robinson et al. (2001) characterized expression patterns of OT and steroid 

receptors in the bovine endometrium during the estrous cycle and early 

pregnancy. Oxytocin receptor expression was up-regulated on Day 16 of 

the cycle independently of receptors for estradiol and progesterone. 

Oxytocin receptors were suppressed during early pregnancy. These 

researchers concluded the initial up-regulation of the bovine OTR that 

triggers luteolysis is not directly associated with changes in estradiol 

receptor expression, because changes in estradiol receptors followed the 

up-regulation of OTR expression in non-pregnant animals. 

 

The early ruminant conceptus secretes a protein that can interfere with 

luteolysis of the corpus luteum in the ovary. Rowson and Moor (1967) 

collected conceptuses from ewes on Day 14-15 post-breeding and 

observed that daily uterine infusion of a homogenate of these conceptuses 

into ewes starting at Day 12 of their estrous cycle (day of estrus denoted 

Day 0) would lengthen their cycle beyond 25 days (when the experiment 

was stopped). A single infusion of homogenate at Day 12, daily infusions of 

homogenates from heat-shocked Day 14-15 conceptuses, Day 25 

conceptuses, and infusion of Day 14 porcine conceptuses had no effect on 
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duration of the estrous cycle. This protein was later identified by Godkin et 

al. (1982) as ovine trophoblast protein -1 (oTP-1) an acidic protein with a 

molecular weight of approximately 17 to 21 kDa, and is only produced by 

the conceptus up to Day 21 post-breeding. This protein was later purified, 

and concentrated and infused into ewes on Day 12 of their cycle for 10 

days (Godkin et al., 1984). This treatment resulted in an increase in 

duration of the estrous cycle, similar to the effect of homogenized 

conceptuses described above. Infusion of the ovine uterus with these 

proteins secreted into medium from cultured ovine Day 16 conceptuses 

(post-breeding) was administered to cycling ewes on Day 16 of their 

estrous cycle (Mirando et al., 1990). Endometrium collected from these 

treated ewes indicated that oTP-1 was able to block oxytocin-stimulated 

inositol phosphate production in this tissue. Because inositol phosphate 

production by oxytocin stimulation of uterine tissue is required for secretion 

of PGF2α these data indicated a mechanism by which the embryo itself 

could control the uterine environment, and ultimately influence ovarian 

function.  

 

With the advent of modern proteomic methods it was determined that oTP-

1 was actually related to a class of proteins known as interferons (Stewart 

et al., 1987). Interferons are a large family of related proteins that usually 

are associated with anti-viral activity and can interfere with protein 
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synthesis (Bolander, 2004). The protein was actually a Type-1 interferon 

and so the name of the protein was then changed to ovine trophoblast 

interferon (otIFN; Bazer et al., 1991).  The bovine conceptus also secretes 

a similar substance that became known as bovine trophoblast interferon 

(btIFN; Bazer et al., 1991), but ultimately these proteins were termed 

interferon tau (IFN-τ) to denote their differences from other related 

interferons α, β, and ω (Roberts et al., 1992). Intrauterine administration of 

recombinant ovine IFN-τ to hormone-treated ovariectomized ewes 

(Spencer et al., 1995) resulted in suppression of both nER and OTR 

expression in the uterus without an increase in nPR regardless of steroid 

treatment. Ewes were ovariectomized on Day 2 following estrus (Day 0) 

and then treated with either progesterone or estrogen alone until Day 14 

after estrus, or progesterone until Day 14 and estradiol injections from Day 

12 to 14 following estrus. Uterine nPR mRNA and protein concentrations 

were not affected by IFN-τ treatment, suggesting that IFN-τ has a distinct 

and separate mode of action from the nPR suppression of OTR and nER 

expression. Interferon-τ has also been shown to suppress cyclooxygenase-

2 (COX-2) expression in primary cultures of bovine uterine cells collected 

from cows during Days 1-3 of their estrous cycle as measured by Northern 

Blot analysis for mRNA levels and Western Blot analysis for COX-2 protein 

(Xiao et al., 1999). Treatment of endometrial cells with IFN-τ for 12 h also 

reduced OT binding as measured in whole cells. Because oxytocin also up-
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regulates COX-2 expression in bovine endometrial cells (Asselin et al., 

1997) the inhibition observed was probably mediated via the suppression 

of OT binding by IFN-τ, and may not be a direct effect on COX-2 itself.       

  

Estradiol is able to up-regulate the expression of the oxytocin receptor via 

the ERα nuclear receptor. This has been demonstrated convincingly in 

ERα knock-out mice, in that they do not respond to estradiol-stimulation 

with an increase in OTR expression (Young et al., 1998). Fleming et al. 

(2006) have cloned 830 bp 5’ upstream of the transcriptional start site of 

the ovine OTR gene. In this region they observed multiple SP1 and AP-1 

sites (which are important for regulation of genes by steroid hormone 

receptors), and by inserting the OTR promoter into a luciferase assay, they 

observed that the SP-1 sites 64 bp and 104 bp upstream of the start site 

were necessary for ERα-induced promoter activity. 

 

Oxytocin and oxytocin receptor knockout mice have been generated. There 

are two strains of oxytocin knockouts, one created at Baylor College of 

Medicine and characterized at Emory University, and one created and 

characterized at NIMH (Young and Gainer, 2003). In both strains, mice are 

fertile, and able to undergo parturition, but the young die shortly after birth 

due to a lack of mammary gland alveolar proliferation and milk-letdown. If 

OT is administered within 30 min to 1 h after birth, milk let-down will occur 
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and the young will survive. The male mice display delayed spermiation and 

sperm transfer. Both sexes have defects in stress responses, are mildly 

hypertensive, and have problems with water-salt balance. There are no 

measurable deficits in OTR expression in the brain, and many sexual 

behaviors are normal. The two strains do differ, however, in their 

aggressiveness; the NIMH strain of mice spend less time in aggressive 

encounters, and the Baylor-Emory strain of mice tends to be more 

aggressive. The role of OT in facilitating aggressive behaviors is unclear 

from these studies, but Young and Gainer (2003) determined that this 

difference was likely due to strain difference. They suggested that any 

interpretation of behavior differences between wild-type (WT) and 

knockouts may be problematic. Both strains have a social deficit in that 

they cannot recognize previously encountered mice. Because both ERα 

and ERβ knockout mice also display this defect, it has been proposed that 

OT, the OTR, ERα and ERβ are all needed to facilitate social recognition. 

This defect in social recognition may occur in humans with autism (Young 

and Gainer, 2003). When Gross et al. (1998) crossed OT -/- mice with 

cyclooxygenase-1 deficient mice (luteolysis, parturition, and uterine OTR 

expression is impaired/ delayed in COX-1 knockouts), the resulting 

offspring underwent normal luteolysis and parturition. Because OT has 

some luteotropic functions it may be that the absence of OT in the double 
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knockout allows luteolysis and parturition to occur (Young and Gainer, 

2003). 

 

An OTR knockdown strain was generated by Nishimori et al. (2002), who 

were able to decrease OTR expression to 10 % of normal in the uterus and 

mammary glands of female mice. The phenotype of this knockout mouse 

was similar to the OT knockout mouse, but administration of OT did not 

result in milk let-down by homozygous affected females. Males displayed 

lower fertilization rates than their WT counterparts, and males would also 

attempt to mate with females regardless of the female’s reproductive state 

(Young and Gainer, 2003). 

 

1.7. Statement of the Problem 

According to the American Sheep Industry Association as of January 1, 

2006 Oregon ranked number 10 in the nation in terms of total numbers of 

ewes and lambs produced, but Oregon ranks number 5 in total sheep 

operations per state. This indicates that sheep production is a major 

agricultural industry in Oregon and plays a vital role in the local economy. 

The Sheep Production Handbook (American Sheep Industry Association, 

2002) indicates that a loss of 20-30 % of all fertilized eggs occurs in the 

ewe, with a large percentage of that loss occurring prior to Day 18 post-

mating. The National Agriculture Statistics Services (NASS), a division of 
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the United States Department of Agriculture (USDA) reported that the 

region of the US including OR, WA, CA, NV, ID, and AZ produced a 2005 

lamb crop of 465,000 head (USDA, 2005). If early embryonic loss could be 

reduced by just 10 %, that region might have produced a lamb crop of 

511,500 head in 2005. During early embryonic development the 

uterovarian relationship is very important. The embryo must ensure that the 

corpus luteum that formed from the ovulated follicle is maintained. In the 

case of species with multiple ovulations it is important that there are 

sufficient numbers of corpora lutea present to support all of the growing 

embryos. A better understanding of the factors controlling cyclicity of 

domestic animals will economically benefit both the rancher and the state 

in the long run. Because steroid hormones control most aspects of female 

reproduction a thorough understanding of their mechanism of action is 

crucial to understanding how the ovary (the main source of reproductive 

steroids) affects the uterine environment. Recently, it has been accepted 

that steroid hormones do not just regulate gene transcription and protein 

production in target cells; rather they can also alter and activate rapid 

cellular pathways. Thus, a complete investigation into this nongenomic 

action of steroid hormones must be performed to fully appreciate all of the 

effects steroid hormones have on their target tissues. We have chosen to 

investigate progesterone because it plays a major role in the establishment 

and maintenance of pregnancy in the female. We have also chosen to 
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research the effect of progesterone on the function of the oxytocin receptor 

due to the fact that disruption of oxytocin receptor signaling from the uterus 

is required for the ruminant animal to successfully conceive.    



 67

1.8.    Chapter 1 Bibliography 

Acconcia F, Ascenzi P, Fabozzi G, Visca P, Marino M 2004 S-
palmitoylation modulates human estrogen receptor-α functions. Biochem 
Biophys Res Commun 316:878-883. 
 

Akbar AM, Rowe KE, Stormshak F 1971 Estradiol induced luteal 
regression in unilaterally hysterectomized and luteinizing hormone-treated 
ewes. J Anim Sci 33:426-429. 
 

Allen WM, Corner GW 1929 Physiology of the corpus luteum III. Normal 
growth and implantation of embryos after very early ablation of the ovaries 
under influence of the corpus luteum. Am J Physiol 88:340-346. 
 

American Sheep Industry Association 2002 The Sheep Production 
Handbook vol 7 Nitwing Publishing, Fort Collins, CO. 
 

Anwer K, Sanborn BM 1989 Changes in intracellular free calcium in 
isolated myometrial cells: role of extracellular and intracellular calcium and 
possible involvement of guanine nucleotide-sensitive proteins. 
Endocrinology 124:17-23. 
 
Apostolakis EM, Riherd DN, O'Malley BW 2005 PAC1 receptors mediate 
pituitary adenylate cyclase-activating polypeptide- and progesterone-
facilitated receptivity in female rats. Mol Endocrinol  19:2798-2811. 
 

Arosh JA, Banu SK, Chapdelaine P, Madore E, Sirois J, Fortier MA 2004 
Prostaglandin biosynthesis, transport, and signaling in corpus luteum: a 
basis for autoregulation of luteal function. Endocrinology 145:2551-2560. 
 

Arreguin-Arevalo JA, Nett TM 2005 A nongenomic action of 17β-estradiol 
as the mechanism underlying the acute suppression of secretion of 
luteinizing hormone. Biol Reprod 73:115-122. 
 

Ashley R. Niswender G. Clay C. and Nett T 2005 Identification of a putative 
ovine membrane progesterone receptor. SSR 38th Annual Meeting 
Abstract #81. 



 68

Asselin E, Drolet P, Fortier MA 1997 Cellular mechanisms involved during 
oxytocin-induced prostaglandin F2α production in endometrial epithelial 
cells in vitro: role of cyclooxygenase-2. Endocrinology 138:4798-4805. 
 

Auger AP 2001 Ligand-independent activation of progestin receptors: 
relevance for female sexual behaviour. Reproduction 122:847-855. 
 

Bagowski CP, Myers JW, Ferrell JE Jr 2001 The classical progesterone 
receptor associates with p42 MAPK and is involved in phosphatidylinositol 
3-kinase signaling in Xenopus oocytes. J Biol Chem 276:37708-37714. 
 

Banu SK, Arosh JA, Chapdelaine P, Fortier MA 2003 Molecular cloning 
and spatio-temporal expression of the prostaglandin transporter: a basis for 
the action of prostaglandins in the bovine reproductive system. Proc Natl 
Acad Sci USA 100:11747-11752. 
 

Basic Local Alignment Search Tool (BLAST) version 2.2.14 National 
Center for Biotechnology Information (NCBI) 2006. 
 

Baulieu EE 1998 Neurosteroids: a novel function of the brain. 
Psychoneuroendocrinology 23:963-987. 
 

Bazer FW, Thatcher WW, Hansen PJ, Mirando MA, Ott TL, Plante C 1991 
Physiological mechanisms of pregnancy recognition in ruminants. J Reprod 
Fertil Suppl 43:39-47. 
 

Björnström L. Sjöberg M 2005 Mechanisms of estrogen receptor signaling: 
convergence of genomic and nongenomic actions on target genes. Mol 
Endocrinol 19:833-842. 
 

Bogacki M, Silvia WJ, Rekawiecki R, Kotwica J 2002 Direct inhibitory effect 
of progesterone on oxytocin-induced secretion of prostaglandin F2α from 
bovine endometrial tissue. Biol Reprod 67:184-188. 
 



 69

Bolander FF 2004 Molecular Endocrinology 3rd Edition, Elsevier Academic 
Press San Diego CA. 
 

Boonyaratanakornkit V, Scott MP, Ribon V, Sherman L, Anderson SM, 
Maller JL, Miller WT, Edwards DP 2001 Progesterone receptor contains a 
proline-rich motif that directly interacts with SH3 domains and activates c-
Src family tyrosine kinases. Mol Cell 8:269-280. 
 

Bouchard P 1999 Progesterone and the progesterone receptor. J Reprod 
Med 44:153-157. 
 

Bramley TA, Menzies GS, Rae MT, Scobie G 2002 Non-genomic steroid 
receptors in the bovine ovary. Domest Anim Endocrinol 23:3-12. 
 

Brussaard AB, Wossink J, Lodder JC, Kits KS 2000 Progesterone-
metabolite prevents protein kinase C-dependent modulation of gamma-
aminobutyric acid type A receptors in oxytocin neurons. Proc Natl Acad Sci 
USA 97:3625-3630. 
 

Burger K, Fahrenholz F, Gimpl G 1999 Non-genomic effects of 
progesterone on the signaling function of G protein-coupled receptors. 
FEBS Lett 464:25-29. 
 

Caldwell BV, Moor RM 1971 Further studies on the role of the uterus in the 
regulation of corpus luteum function in sheep. J Reprod Fertil 26:133-135. 
 

Casida LE, Warwick EJ 1945 The necessity of the corpus luteum for 
maintenance of pregnancy in the ewe. J Anim Sci 4:34-36. 
 

Chappell PE, Schneider JS, Kim P, Xu M, Lydon JP, O'Malley BW, Levine 
JE 1999 Absence of gonadotropin surges and gonadotropin-releasing 
hormone self-priming in ovariectomized (OVX), estrogen (E2)-treated, 
progesterone receptor knockout (PRKO) mice. Endocrinology 140:3653-
3658. 
 



 70

Chen DB, Bird IM, Zheng J, Magness RR 2004 Membrane estrogen 
receptor-dependent extracellular signal-regulated kinase pathway mediates 
acute activation of endothelial nitric oxide synthase by estrogen in uterine 
artery endothelial cells. Endocrinology 145:113-125. 
 

Chu JP, Lee CC, You SS 1946 Functional relation between the uterus and 
the corpus luteum. J Endocrinol 4:392-398. 
 

Corner GW 1919 On the origin of the corpus luteum of the sow from both 
granulosa and theca interna. Am J Anat 26:117-183. 
 

Crankshaw DJ, Romaniuk E, Branda LA 1982 Identification and 
characterization of receptors for oxytocin in the myometrium of the 
pregnant ewe. Gynecol Obstet Invest 14:202-213. 
 

DeBold JF, Frye CA 1994 Genomic and non-genomic actions of 
progesterone in the control of female hamster sexual behavior. Horm 
Behav 28:445-453. 
 

Dunlap KA, Stormshak F 2004 Nongenomic inhibition of oxytocin binding 
by progesterone in the ovine uterus. Biol Reprod 70:65-69. 
 

Duras M, Mlynarchzuk, Kotwica J 2005 Non-genomic effect of steroids on 
oxytocin-stimulated intracellular mobilization of calcium and on 
prostaglandin F2α and E2 secretion from bovine endometrial cells. 
Prostaglandins Other Lipid Mediat 76:105-116. 
 

Du Vigneaud V, Ressler C, Trippett S 1953 The sequence of amino acids 
in oxytocin, with a proposal for the structure of oxytocin J Biol Chem 
205:949-957. 
 

Edwards DP, Wardell SE, Boonyaratanakornkit V 2003 Progesterone 
receptor interacting coregulatory proteins and cross talk with cell signaling 
pathways. J Steroid Biochem Mol Biol 83:173-186. 
 



 71

Edwardson JA, Bennett GW 1974 Modulation of corticotrophin-releasing 
factor release from hypothalamic synaptosomes. Nature 251:425-427. 
 

Evans RM 1988 The steroid and thyroid hormone receptor superfamily. 
Science 240:889-895. 
 

Fahrenholz F, Hackenberg M, Muller M 1988 Identification of a myometrial 
oxytocin-receptor protein. Eur J Biochem 174:81-85. 
 

Faivre E, Skildum A, Pierson-Mullany L, Lange CA 2005 Integration of 
progesterone receptor mediated rapid signaling and nuclear actions in 
breast cancer cell models: role of mitogen-activated protein kinases and 
cell cycle regulators. Steroids 70:418-426. 
 

Fernandes MS, Pierron V, Michalovich D, Astle S, Thornton S, Peltoketo H, 
Lam EW, Gellersen B, Huhtaniemi I, Allen J, Brosens JJ 2005 Regulated 
expression of putative membrane progestin receptor homologues in human 
endometrium and gestational tissues. J Endocrinol 187:89-101. 
 

Filardo EJ, Quinn JA, Frackelton AR Jr, Bland KI 2002 Estrogen action via 
the G protein-coupled receptor, GPR30: stimulation of adenylyl cyclase 
and cAMP-mediated attenuation of the epidermal growth factor receptor-to-
MAPK signaling axis. Mol Endocrinol 16:70-84. 
 

Fitz TA, Mayan MH, Sawyer HR, Niswender GD 1982 Characterization of 
two steroidogenic cell types in the ovine corpus luteum. Biol Reprod 
27:703-711. 
 

Fleming JG, Spencer TE, Safe SH, Bazer FW 2006 Estrogen regulates 
transcription of the ovine oxytocin receptor gene through GC-rich SP1 
promoter elements. Endocrinology 147:899-911. 
 

Gimpl G, Fahrenholz F 2001 The oxytocin receptor system: structure, 
function, and regulation. Physiol Rev 81:629-683. 
 



 72

Godkin JD, Bazer FW, Moffatt J, Sessions F, Roberts RM 1982 Purification 
and properties of a major, low molecular weight protein released by the 
trophoblast of sheep blastocysts at day 13-21. J Reprod Fertil 65:141-150. 
 

Godkin JD, Bazer FW, Thatcher WW, Roberts RM 1984 Proteins released 
by cultured Day 15-16 conceptuses prolong luteal maintenance when 
introduced into the uterine lumen of cyclic ewes. J Reprod Fertil 71:57-64. 
 

Grazzini E, Guillon G, Mouillac B, Zingg HH 1998 Inhibition of oxytocin 
receptor function by direct binding of progesterone. Nature 392:509-512. 
 

Greep, R.O. 1977 The genesis of research on the progestins. Ann N. Y. 
Acad Sci 286:1-9. 
 

Gross GA, Imamura T, Luedke C, Vogt SK, Olson LM, Nelson DM, 
Sadovsky Y, Muglia LJ 1998 Opposing actions of prostaglandins and 
oxytocin determine the onset of murine labor. Proc Natl Acad Sci U S A 
95:11875-11879. 
 

Guzmán L, Romo X, Grandy R, Soto X, Montecino M, Hinrichs M, Olate J 
2005 A Gβγ stimulated adenylyl cyclase is involved in Xenopus laevis 
oocyte maturation. J Cell Physiol 202:223-229. 
 

Hazzard TM, Pickard KL, Stormshak F 1998 Impact of Chronic Treatment 
of Ewes with Estrogen-17β or Progesterone on the Oxytocin Receptor 
Gene Transcription and Ovarian Oxytocin Secretion. Biol Reprod 59:105-
110. 
 

Hazzard TM, Stormshak F 1997 Down-regulation of oxytocin receptors and 
secretion of prostaglandin F2α after chronic treatment of ewes with 
estradiol-17β. Biol Reprod 56:1576-1581. 
 

Heap RB, Perry JS, Rowlands IW 1967 Corpus luteum function in the 
guinea-pig; arterial and luteal progesterone levels, and the effects of 
hysterectomy and hypophysectomy. J Reprod Fertil 13:537-553. 
 



 73

Hewitt SC, Harrell JC, Korach KS 2005 Lessons in estrogen biology from 
knockout and transgenic animals. Annu Rev Physiol 67:285-308. 
 

Hokin MR, Hokin LE 1953 Enzyme secretion and the incorporation of P32 

into phospholipides of pancreas slices. J Biol Chem 203:967-977. 
 

Hokin LE, Hokin MR 1958 The presence of phosphatidic acid in animal 
tissues. J Biol Chem 233:800-804. 
 

Hokin MR, Hokin LE 1959 The synthesis of phosphatidic acid from 
diglyceride and adenosine triphosphate in extracts of brain microsomes. J 
Biol Chem 234:1381-1386. 
 

Houdeau E, Levy A, Mhaouty-Kodja S 2005 Up-regulation of rat 
myometrial phospholipases Cβ1 and Cβ3 correlates with increased term 
sensitivity to carbachol and oxytocin. J Endocrinol 187:197-204. 
 

Inskeep EK, Butcher RL 1966 Local component of utero-ovarian 
relationships in the ewe. J Anim Sci 25:1164-1168. 
 

Ivell R, Richter D 1984 Structure and comparison of the oxytocin and 
vasopressin genes from rat. Proc Natl Acad Sci U S A 81:2006-2010. 
 

Jablonka-Shariff A, Grazul-Bilska AT, Redmer DA, Reynolds LP 1993 
Growth and cellular proliferation of ovine corpora lutea throughout the 
estrous cycle. Endocrinology 133:1871-1879. 
 

Jensen EV 2005 The contribution of "alternative approaches" to 
understanding steroid hormone action. Mol Endocrinol 19: 1439-1442. 
 

Jensen EV, DeSombre ER 1973 Estrogen-receptor interaction. Science 
182:126-134. 
 



 74

Jensen EV, Jacobson HI 1960 Fate of steroid estrogens in target tissues. 
In: Picus G, EP Vollmer, eds Biological activities of steroids in relation to 
cancer. New York Academic Press: 161-174. 
 

Jensen EV. Wurtman RJ 1968 Estrogen receptor: ambiguities in the use of 
this term. Science 159:1261. 
 

Jeraj N, Romih R, Lenasi H, Breskvar K 2003 In situ detection of 
progesterone binding sites in the plasma membrane of the filamentous 
fungus Rhizopus nigricans. Acta Chim Slov 50:757-762. 
 

Juengel JL, Niswender GD 1999 Molecular regulation of luteal 
progesterone synthesis in domestic ruminants. J Reprod Fertil Suppl 
54:193-205. 
 

Kaltenbach CC, Graber JW, Niswender GD, Nalbandov AV 1968 
Luteotrophic properties of some pituitary hormones in nonpregnant or 
pregnant hypophysectomized ewes. Endocrinology 82:818-824. 
 

Karteris E, Zervou S, Pang Y, Dong J, Hillhouse EW, Randeva HS, 
Thomas P 2006 Progesterone signaling in human myometrium through two 
novel membrane G protein coupled receptors: potential role in functional 
progesterone withdrawal at term. Mol Endocrinol doi:10.1210/me.2005-
0243. 
 

Kato S, Sato T, Watanabe T, Takemasa S, Masuhiro Y, Ohtake F, 
Matsumoto T 2005 Function of nuclear sex hormone receptors in gene 
regulation. Cancer Chemother Pharmacol 56:4-9. 
 

Kimura T, Tanizawa O, Mori K, Brownstein MJ, Okayama H 1992 Structure 
and expression of a human oxytocin receptor. Nature 356:526-529. 
 

Kitamura B, Bishop CV, Reeve R, Stormshak F 2006 Membrane-initiated 
response to estrogen in the ovine endometrium. SSR 39th Annual Meeting 
Abstract # 572. 
 



 75

Koligian KB, Stormshak F 1977 Nuclear and cytoplasmic estrogen 
receptors in ovine endometrium during the estrous cycle. Endocrinology 
101:524-533. 
 

Ku, C.Y. Qian, A. Wen, Y. Anwer, K. Sanborn, B.M 1995 Oxytocin 
stimulates myometrial GTP and PLC activities via coupling to Gαq/11. 
Endocrinology 136:1509-1515. 
 

Luconi M, Bonaccorsi L, Bini L, Liberatori S, Pallini V, Forti G, Baldi E 2002 
Characterization of membrane nongenomic receptors for progesterone in 
human spermatozoa. Steroids 67:505-509. 
 

Lydon JP, DeMayo FJ, Conneely OM, O'Malley BW 1996 Reproductive 
phenotpes of the progesterone receptor null mutant mouse. J Steroid 
Biochem Mol Biol 56:67-77. 
 

Macht DI, Stickels AE, Seckinger DL 1929 Effect of corps luteum and 
ovarian extracts on the estrus of the guinea pig. Am J Physiol 88:65-76. 
 

Magness RR, Phernetton TM, Zheng J 1998 Systemic and uterine blood 
flow distribution during prolonged infusion of 17β-estradiol. Am J Physiol 
275:H731-H743. 
 

Malpighi M 1687 Opera omnia, seu thesaurus loupletissimus botanico-
medico-anatomicus. Lugduni Batavorum P Vander A. 
 

McCracken J 1971 Prostaglandin F2α and corpus luteum regression. Ann N 
Y Acad Sci. 180:456-472. 
 

McCracken JA 1980 Hormone receptor control of prostaglandin F2α 
secretion by the ovine uterus. Adv Prostaglandin Thromboxane Res 
8:1329-1344. 
 



 76

McCracken JA, Carlson JC, Glew ME, Goding JR, Baird DT, Green K, 
Samuelsson B 1972 Prostaglandin F2α identified as a luteolytic hormone in 
sheep. Nat New Biol 238:129-134. 
 

McCracken JA, Custer EE, Eldering JA, Robinson AG 1996 The central 
oxytocin pulse generator: a pacemaker for the ovarian cycle. Acta. 
Neurobiol. Exp. 56:819-832. 
 

McCracken JA, Schramm W, Okulicz WC 1984 Hormone receptor control 
of pulsatile secretion of PGF2α from the ovine uterus during luteolysis and 
its abrogation in early pregnancy. Anim Reprod Sci 7:31-55. 
 

McKenna NJ, O'Malley BW 2002 Combinatorial control of gene expression 
by nuclear receptors and coregulators. Cell 108:465-474. 
 

Meffre D, Delespierre B, Gouezou M, Leclerc P, Vinson GP, Schumacher 
M, Stein DG, Guennoun R 2005 The membrane-associated progesterone-
binding protein 25-Dx is expressed in brain regions involved in water 
homeostasis and is up-regulated after traumatic brain injury. J Neurochem 
93:1314-1326. 
 

Migliaccio A, Piccolo D, Castoria G, Di Domenico M, Bilancio A, Lombardi 
M, Gong W, Beato M, Auricchio F 1998 Activation of the Src/p21ras/Erk 
pathway by progesterone receptor via cross-talk with estrogen receptor. 
EMBO J 17:2008-2018. 
 

Miller BG, Murphy L, Stone GM 1977 Hormone receptor levels and 
hormone, RNA and protein metabolism in the genital tract during the 
oestrous cycle of the ewe. J Endocrinol 73:91-98. 
 

Mirando MA, Ott TL, Vallet JL, Davis M, Bazer FW 1990 Oxytocin-
stimulated inositol phosphate turnover in endometrium of ewes is 
influenced by stage of the estrous cycle, pregnancy, and intrauterine 
infusion of ovine conceptus secretory proteins. Biol Reprod 42:98-105. 
 



 77

Morishige WK, Rothchild I 1974 Temporal aspects of the regulation of 
corpus luteum function by luteinizing hormone, prolactin and placental 
luteotrophin during the first half of pregnancy in the rat. Endocrinology 
95:260-274. 
 

Mulac-Jericevic B, Conneely OM 2004 Reproductive tissue selective 
actions of progesterone receptors. Reproduction 128:139-146. 
 

Nett TM, Turzillo AM, Baratta M, Rispoli LA 2002 Pituitary effects of steroid 
hormones on secretion of follicle-stimulating hormone and luteinizing 
hormone. Dom Anim Endocrinol 23:33-42. 
 

Nishimori K, Kawamata M, Takayanagi Y 2002 Functional analysis of 
oxytocin and oxytocin receptor with the genes deficient mice. Nippon 
Nogeikagaku Kashi 76:1086-1089. 
 

Niswender GD, Juengel JL, Silva PJ, Rollyson MK, McIntush EW 2000 
Mechanisms controlling the function and life span of the corpus luteum. 
Physiol Rev 80:1-29. 
 

O'Malley BW, McGuire WL, Kohler PO, Korenman SG 1969 Studies on the 
mechanism of steroid hormone regulation of synthesis of specific proteins. 
Recent Prog Horm Res 25:105-160. 
 

Orihuela PA, Parada-Bustamante A, Zuniga LM, Croxatto HB 2006 Inositol 
triphosphate participates in an oestradiol nongenomic signalling pathway 
involved in accelerated oviductal transport in cycling rats. J Endocrinol 
188:579-588. 
 

Pace MC, Thomas P 2005 Steroid-induced oocyte maturation in Atlantic 
croaker (Micropogonias undulatus) is dependent on activation of the 
phosphatidylinositol 3-kinase/Akt signal transduction pathway. Biol Reprod 
73:988-996.  
 

 



 78

Peluso J J, Pappalardo A, Losel R, Wehling M 2006 Progesterone 
membrane receptor component 1 expression in the immature rat ovary and 
its role in mediating progesterone’s antiapoptotic action Endocrinology 147: 
3133 - 3140. 
 

Peluso JJ, Bremner T, Fernandez G, Pappalardo A, White BA 2003 
Expression pattern and role of a 60-kilodalton progesterone binding protein 
in regulating granulosa cell apoptosis: involvement of the mitogen-activated 
protein kinase cascade. Biol Reprod 68:122-128. 
 

Peluso JJ, Fernandez G, Pappalardo A, White BA 2001 Characterization of 
a putative membrane receptor for progesterone in rat granulosa cells. Biol 
Reprod 65:94-101. 
 

Peluso JJ, Pappalardo A, Fernandez G, Wu CA 2004 Involvement of an 
unnamed protein, RDA288, in the mechanism through which progesterone 
mediates its antiapoptotic action in spontaneously immortalized granulosa 
cells. Endocrinology 145:3014-3022. 
 

Pietras RJ, Szego CM 1977 Specific binding sites for oestrogen at the 
outer surfaces of isolated endometrial cells. Nature.265:69-72. 
 

Power RF, Conneely OM, O'Malley BW 1992 New insights into activation 
of the steroid hormone receptor superfamily. Trends Pharmacol Sci 
13:318-323. 
 

Putnam C, Brann D, Kolbeck R, Mahesh V 1991 Inhibition of uterine 
contractility by progesterone and progesterone metabolites: mediation by 
progesterone and gamma-aminobutyric acidA receptor systems. Biol 
Reprod 45:266-272. 
 

Qiu J, Bosch MA, Tobias SC, Grandy DK, Scanlan TS, Ronnekleiv OK, 
Kelly MJ 2003 Rapid signaling of estrogen in hypothalamic neurons 
involves a novel G-protein-coupled estrogen receptor that activates protein 
kinase C. J Neurosci 23:9529-9540. 
 



 79

Quest AF 1996 Regulation of protein kinase C: a tale of lipids and proteins. 
Enz Prot 49:231-261. 
 

Rae MT, Menzies GS, Bramley TA 1998 Bovine ovarian non-genomic 
progesterone binding sites: presence in follicular and luteal cell 
membranes. J Endocrinol 159:413-427. 
 

Razandi M, Oh P, Pedram A, Schnitzer J, Levin ER 2002 ERs associate 
with and regulate the production of caveolin: implications for signaling and 
cellular actions. Mol Endocrinol 16:100-115. 
 

Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER 2005 A 
transmembrane intracellular estrogen receptor mediates rapid cell 
signaling. Science 307:1625-1630. 
 

Revelli A, Massobrio M, Tesarik J 1998 Nongenomic actions of steroid 
hormones in reproductive tissues. Endocr Rev 19:3-17. 
 

Richter TA, Robinson JE, Lozano JM, Evans NP 2005 Progesterone can 
block the preovulatory gonadotropin-releasing hormone/luteinising 
hormone surge in the ewe by a direct inhibitory action on oestradiol-
responsive cells within the hypothalamus. J Neuroendocrinol 17:161-169. 
 

Riley PR, Flint AP, Abayasekara DR, Stewart HJ 1995 Structure and 
expression of an ovine endometrial oxytocin receptor cDNA. J Mol 
Endocrinol 15:195-202. 
 

Roberts JS, McCracken JA 1976 Does prostaglandin F2α released from the 
uterus by oxytocin mediate the oxytocic action of oxytocin? Biol Reprod 
15:457-463. 
 

Roberts RM, Cross JC, Leaman DW 1992 Interferons as hormones of 
pregnancy. Endocr Rev 13:432-452. 
 



 80

Robinson RS, Mann GE, Lamming GE, Wathes DC 2001 Expression of 
oxytocin, oestradiol, and progesterone receptors in uterine biopsy samples 
throughout the oestrous cycle and early pregnancy in cows. Reproduction 
122:965-979. 
 

Rønnekleiv OK, Kelly MJ 2005 Diversity of ovarian steroid signaling in the 
hypothalamus. Front Neuroendocrinol 26:65-84. 
 

Rowson LE, Moor RM 1967 The influence of embryonic tissue homogenate 
infused into the uterus, on the life-span of the corpus luteum in the sheep. 
J Reprod Fertil 13:511-516. 
 

Sakamoto H, Ukena K, Takemori H, Okamoto M, Kawata M, Tsutsui K 
2004 Expression and localization of 25-Dx, a membrane-associated 
putative progesterone-binding protein, in the developing Purkinje cell. 
Neuroscience 126:325-334. 
 

Sawyer CH, Kawakami M 1959 Characteristics of behavioral and 
electroencephalographic after-reactions to copulation and viginal 
stimulation in the female rabbit. Endocrinology 65:622-630. 
 

Schmidt BM, Gerdes D, Feuring M, Falkenstein E, Christ M, Wehling M 
2000 Rapid, nongenomic steroid actions: A new age? Front 
Neuroendocrinol 21:57-94. 
 

Scott CJ, Tilbrook AJ, Rawson JA, Clarke IJ 2000 Gonadal steroid 
receptors in the regulation of GnRH secretion in farm animals. Anim 
Reprod Sci 60-61:313-326. 
 

Selmin O, Lucier GW, Clark GC, Tritscher AM, Vanden Heuvel JP, Gastel 
JA, Walker NJ, Sutter TR, Bell DA 1996 Isolation and characterization of a 
novel gene induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin in rat liver. 
Carcinogenesis 17:2609-2615. 
 

Selye H 1942 Correlation between the chemical structure and the 
pharmacological actions of steroids. Endocrinology 30:437-453. 



 81

Senger PL 2003 Pathways to pregnancy and parturition. 2nd revised 
edition. Cadmus Professional Communications, Ephrata, PA. 
 

Sheldrick EL, Flick-Smith HC 1993 Effect of ovarian hormones on oxytocin 
receptor concentrations in explants of uterus from ovariectomized ewes. J 
Reprod Fertil 97:241-245. 
 

Sheldrick EL, Flick-Smith HC, Bendall DE, Flint AP 1995 Absence of the 
oxytocin-induced prostaglandin F2α secretory response in uterus from 
ovariectomized ewes and activation of the response in vitro. J Endocrinol 
145:299-305. 
 

Skildum A, Faivre E, Lange CA 2005 Progesterone receptors induce cell 
cycle progression via activation of mitogen-activated protein kinases. Mol 
Endocrinol 19:327-339. 
 

Skinner DC, Evans NP, Delaleu B, Goodman RL, Bouchard P, Caraty A 
1998 The negative feedback actions of progesterone on gonadotropin-
releasing hormone secretion are transduced by the classical progesterone 
receptor. Proc Natl Acad Sci U S A 95:10978-10983. 
 

Smith CL, O'Malley BW 2004 Coregulator function: a key to understanding 
tissue specificity of selective receptor modulators. Endocr Rev 25:45-71. 
 

Smith MS, Neill JD 1976 Termination at midpregnancy of the two daily 
surges of plasma prolactin initiated by mating in the rat. Endocrinology 
98:696-701. 
 

Soloff M, Swartz T, Morrison M, Saffran M 1973 Oxytocin receptors: 
oxytocin analogs, but not prostaglandins, compete with [3H]-oxytocin for 
uptake by rat uterus. Endocrinology 92:104-107. 
 

Soloff MS, Swartz TL 1974 Characterization of a proposed oxytocin 
receptor in the uterus of the rat and sow. J Biol Chem 249:1376-1381. 
 



 82

Somanath PR, Suraj K, Gandhi KK (2000) Caprine sperm acrosome 
reaction: promotion by progesterone and homologous zona pellucida. 
Small Rumin Res 37:279-286. 
 

Song RX, McPherson RA, Adam L, Bao Y, Shupnik M, Kumar R, Santen 
RJ 2002 Linkage of rapid estrogen action to MAPK activation by ERα -Shc 
association and Shc pathway activation. Mol Endocrinol 16:116-127. 
 

Spach C, Streeten DH 1964 Retardation of sodium exchange in dog 
erythrocytes by physiological concentrations of aldosterone, in vitro. J Clin 
Invest 43:217-227. 
 

Spencer TE, Bazer FW 1995 Temporal and spatial alterations in uterine 
estrogen receptor and progesterone receptor gene expression during the 
estrous cycle and early pregnancy in the ewe. Biol Reprod 53:1527-1543. 
 

Spencer TE, Becker WC, George P, Mirando MA, Ogle TF, Bazer FW 
1995 Ovine interferon-τ regulates expression of endometrial receptors for 
estrogen and oxytocin but not progesterone. Biol Reprod 53:732-745. 
 

Spies HG, Niswender GD 1971 Levels of prolactin, LH and FSH in the 
serum of intact and pelvic-neurectomized rats. Endocrinology 88:937-943. 
 

Stewart HJ, McCann SH, Barker PJ, Lee KE, Lamming GE, Flint AP 1987 
Interferon sequence homology and receptor binding activity of ovine 
trophoblast antiluteolytic protein. J Endocrinol 115:R13-R15. 
 

Stewart HJ, Stevenson KR, Flint AP 1993 Isolation and structure of a 
partial sheep oxytocin receptor cDNA and its use as a probe for northern 
analysis of endometrial RNA. J Mol Endocrinol 10:359-361. 
 

Stormshak F, Kelley HE, Hawk HW 1969 Suppression of ovine luteal 
function by 17β -estradiol. J Anim Sci 29:476-478. 
 



 83

Stormshak F, Leake R, Wertz N, Gorski J 1976 Stimulatory and inhibitory 
effects of estrogen on uterine DNA synthesis. Endocrinology 99:1501-
1511. 
 

Stouffer RL 2006 Structure, function, and regulation of the corpus luteum. 
In: Knobil and Neill’s Physiology of reproduction, 3rd edition. Elsever West 
Chester, OH. 
 

Thomas P, Zhu Y, Pace M 2002 Progestin membrane receptors involved in 
the meiotic maturation of teleost oocytes: a review with some new findings. 
Steroids 67:511-517. 
 

Toft D, Gorski J 1966 A receptor molecule for estrogens: isolation from the 
rat uterus and preliminary characterization. Proc Natl Acad Sci U S A. 
55:1574-1581. 
 

Toft D, Moudgil V, Lohmar P, Miller J 1977 Binding of ATP to progesterone 
receptors: properties and functional significance of this interaction. Ann N Y 
Acad Sci 286:29-42. 
 

Turgeon JL, Shyamala G, Waring DW 2001 PR localization and anterior 
pituitary cell populations in vitro in ovariectomized wild-type and PR-
knockout mice. Endocrinology 142:4479-4485. 
 

United States Department of Agriculture (USDA) 2005 Livestock reports - 
Sheep July 22. 
 

Vallejo G, Ballare C, Baranao JL, Beato M, Saragueta P 2005 Progestin 
activation of nongenomic pathways via cross talk of progesterone receptor 
with estrogen receptor-β induces proliferation of endometrial stromal cells. 
Mol Endocrinol 19:3023-3037. 
 

Vallet JL, Lamming GE, Batten M 1990 Control of Endometrial Oxytocin 
Receptor and Uterine response to Oxytocin by Progesterone and Estradiol 
in the Ewe. J Reprod Fertil 90:625-634. 
 



 84

Waring DW, Turgeon JL 1992 A pathway for luteinizing hormone releasing-
hormone self-potentiation: cross-talk with the progesterone receptor. 
Endocrinology 130:3275-3282. 
 

Wathes DC, Mann GE, Payne JH, Riley PR, Stevenson KR, Lamming GE 
1996 Regulation of oxytocin, oestradiol and progesterone receptor 
concentrations in different uterine regions by oestradiol, progesterone and 
oxytocin in ovariectomized ewes. J Endocrinol 151:375-393. 
 

Wenz JJ, Barrantes FJ 2003 Steroid structural requirements for stabilizing 
or disrupting lipid domains. Biochemistry 42:14267-14276. 
 

Wettemann RP, Hafs HD, Edgerton LA, Swanson LV 1972 Estradiol and 
progesterone in blood serum during the bovine estrous cycle. J Anim Sci 
34:1020-1024. 
 

Wiltbank JN, Casida LE 1956 Alteration of ovarian activity by 
hysterectomy. J Anim Sci 15:134-138. 
 

Wiltbank JN, Rothlisberger JA, Zimmerman DR 1961 Effect of human 
chorionic gonadotropin on maintenance of the corpus luteum and 
embryonic survival in the cow. J Anim Sci 20:827-829. 
 

Wintersteiner O, Allen WM 1934 Crystalline progestin J. Biol. Chem 107: 
321-336. 
 
 
Xiao CW, Murphy BD, Sirois J, Goff AK 1999 Down-regulation of oxytocin-
induced cyclooxygenase-2 and prostaglandin F synthase expression by 
interferon-tau in bovine endometrial cells. Biol Reprod 60:656-663. 
 

Young LJ, Wang Z, Donaldson R, Rissman EF 1998 Estrogen receptor α is 
essential for induction of oxytocin receptor by estrogen. Neuroreport 9:933-
936. 
 



 85

Young WS, Gainer H 2003 Transgenesis and the study of expression, 
cellular targeting and function of oxytocin, vasopressin and their receptors. 
Neuroendocrinology 78:185-203. 
 

Yuthasastrakosol P, Palmer WM, Howland BE 1975 Luteinizing hormone, 
oestrogen and progesterone levels in peripheral serum of anoestrous and 
cyclic ewes as determined by radioimmunoassay. J Reprod Fertil 43:57-65. 
 

 

Zhu Y, Rice CD, Pang Y, Pace M, Thomas P 2003a Cloning, expression, 
and characterization of a membrane progestin receptor and evidence it is 
an intermediary in meiotic maturation of fish oocytes. Proc Natl Acad Sci 
USA 100:2231-2236.  
 

Zhu, Y., Bond, J., Thomas, P 2003b Identification, classification, and partial 
characterization of genes in humans and other vertebrates homologous to 
a fish membrane progesterone receptor. Proc Natl Acad Sci USA 
100:2237-2242. 



 86

 

 

 

Nongenomic Action of Progesterone Inhibits Oxytocin-Induced 
Phosphoinositide Hydrolysis and Prostaglandin F2α Secretion in the Ovine 

Endometrium 
 

 

 

Cecily V. Bishop and Fredrick Stormshak 

 

 

 

Endocrinology 

8401 Connecticut Avenue, Suite 900 

Chevy Chase, MD 20815-5817  

Feb 2006; 147(2):937 - 942 



 87

2.  Chapter 2: Nongenomic Action of Progesterone Inhibits Oxytocin-
Induced Phosphoinositide Hydrolysis and Prostaglandin F2α Secretion in 
the Ovine Endometrium 
 

Short Title: Nongenomic Inhibition of Ovine OTR by P4 

Cecily V. Bishop and Fredrick Stormshak  

Departments of Biochemistry/Biophysics and Animal Sciences, Oregon 

State University, Corvallis, OR 97331 USA 

 
 
This is an un-copyedited author manuscript copyrighted by The Endocrine 
Society. This may not be duplicated or reproduced, other than for personal 
use or within the rule of “Fair Use of Copyrighted Materials” (section 107, 
Title 17, U.S. Code) without permission of the copyright owner, The 
Endocrine Society. From the time of acceptance following peer review, the 
full text of this manuscript is made freely available by The Endocrine 
Society at http://www.endojournals.org/. The final copy edited article can 
be found at http://www.endojournals.org/. The Endocrine Society disclaims 
any responsibility or liability for errors or omissions in this version of the 
manuscript or in any version derived from it by the National Institutes of 
Health or other parties. 
 
 
 
Bishop, C.V. Stormshak, F. 

Withycombe Hall Rm 112 

Corvallis, OR 97331 USA 

Key words: Ovine, Endometrium, Nongenomic, Progesterone, Oxytocin, 

Inositol, Prostaglandin F2α 

*Correspondence: Stormshak, F. 
         Phone: 541-737-2325 
         Fax: 541-737-4174 
         Email: Fred.Stormshak@oregonstate.edu 



 88

      2.1.    Abstract: 

Experiments were conducted to characterize the nongenomic effects of 

progesterone (P4) on binding of oxytocin (OT) to its receptor and signal 

transduction in the ovine endometrium. The dose-response relationship of 

P4 to OT binding was examined. Membranes from endometrial tissue of 

ovariectomized hormone–treated ewes were preincubated in the presence 

of P4 for 1 h followed by OTR analysis. Progesterone interfered with the 

binding of OT in a dose-dependent manner. Endometrium was then 

recovered from cyclic ewes and divided into explants. Treatment consisted 

of two dosages of P4 and two dosages of OT. Explants were analyzed for 

total inositol mono- (IP), bis- (IP2), and trisphosphate (IP3) content. 

Preincubation with progesterone for 10 min significantly interfered with OT 

stimulation of IP2 and IP3 synthesis. Oxytocin increased IP production, but 

there was no detectable effect of P4. In the next experiment endometrial 

explants were cultured in the absence or the presence of arachidonic acid 

(AA). Explants were then exposed for 1 h to medium containing vehicle or 

P4. After incubation explants were challenged with OT and the media 

collected and analyzed for PGFM by RIA. Treatment of explants with AA 

increased PGF2α content compared to that of controls. Brief exposure to 

P4 significantly decreased OT-induced PGF2α secretion from explants 

previously exposed to medium or AA. Collectively, these data are 

interpreted to indicate that the observed reduction in OT-induced IP2 and 
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IP3 production and OT-induced PGF2α secretion was due to P4 inhibition of 

OT binding to its receptor. 

 

     2.2.    Introduction: 

It is commonly accepted that progesterone (P4) regulates the 

concentration of oxytocin receptors (OTR) in the ovine uterus (1, 2). It was 

assumed that this was only through regulation of the OTR gene via a 

nuclear P4 receptor. However, Grazzini et al. (3) demonstrated that in rat 

uteri P4 can act nongenomically to interfere with the binding of oxytocin 

(OT) to its receptor. Subsequently, Dunlap and Stormshak (4) observed the 

same effect of a single concentration of P4 on the binding of OT to OTR in 

ovine endometrial plasma membrane preparations. In this latter study P4 

was shown to bind specifically to a high affinity binding site in the plasma 

membrane; presumably a putative membrane P4 receptor. The reported 

nongenomic action of P4 in the ovine uterus is consistent with the data of 

Bogacki et al. (5) who reported rapid interference of OT binding by P4 in 

the bovine uterus. Upon stimulation by OT, the endometrial OTR (a class I 

G-protein coupled receptor) initiates a signal cascade resulting in the 

hydrolysis of phosphatidylinositol 4,5-bisphosphate by phospholipase C-β 

to diacylglycerol and inositol trisphosphate (IP3) (as reviewed in 6). 

Diacylglycerol (DAG) serves as a major source of arachidonic acid, which 

upon being liberated from the metabolite of DAG by an activated 
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phospholipase A2 (7, 8, 9) is converted to PGF2α, a luteolysin in domestic 

ruminants (10).  

 

Plasma membrane associated progesterone receptors (mPRs) have been 

identified in rat granulosa cells (11), and the bovine ovary (12). It is 

plausible that mPRs also exist in the ovine uterus that mediate this 

inhibition of OT binding; however, if P4 inhibition is a dose-response 

phenomenon in the ewe has not been determined.  Also, whether inhibition 

of OT binding by P4 is reflected by impaired signal transduction has not 

been ascertained. Thus, the objectives of the present research were to 

examine the dose-response relationship of inhibition of OT binding by P4, 

and to characterize the impact of this inhibition of OTR function on 

phosphoinositide hydrolysis and production of PGF2α in the ovine 

endometrium.  

 

      2.3.    Materials and Methods: 

Animals: Mature ewes of mixed breeding were utilized for all experiments. 

For experiment one, ewes (n=5) were ovariectomized (OVX) and allowed 

to recover for 1 month. Ewes were then treated with 17β-estradiol (E2) and 

P4 in a sequence to mimic an abbreviated estrous cycle. Treatment of 

ewes consisted of once daily injections of E2 (25 µg) subcutaneously (SC) 

for 2 days, followed by once daily injections of P4 (10 mg) SC for 5 days, 



 91

and finally once daily injections of E2 (25 µg) SC for 3 days. 

Intercaruncular endometrium was collected the day after the last E2 

injection (4). In experiments 2 (n=9) and 3 (n=5) ewes were observed for 

behavioral estrus twice daily by use of a vasectomized ram.  After at least 

two estrous cycles of normal duration (16.4 ± 0.2 days) ewes were 

assigned to an experimental group.  Ewes in both experiments were 

treated with 250 µg of a PGF2α analog (Estrumate©, Schering-Plough, 

Union NJ) intramuscularly on Day 14 of their estrous cycle (first day of 

detected estrus = Day 0 of the cycle) to reduce luteal function, and 

enhance uniformity of ewes allotted to each experiment. All experimental 

procedures and protocols involving ewes were reviewed and performed in 

accordance with the Institutional Animal Care and Use Committee 

guidelines at Oregon State University. 

 

Experiment 1: 

Membranes were isolated from the intercaruncular endometrium of 

hormone-treated OVX ewes (n = 5) as described by Dunlap and 

Stormshak (4). Endometrium (5 g) was collected from ewes under 

dominance of estradiol to ensure an enriched population of uterine OTR. It 

has been demonstrated previously that the majority of uterine endometrial 

oxytocin receptors are localized in the intercaruncular endometrium (13). 

This tissue is also more readily homogenized compared to caruncular 
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endometrium. Endometrium was homogenized by use of a Tekmar 

Tissumizer (Tekmar Co., Cincinnati, OH) in 10 ml ice-cold buffer (25 mM 

Tris-HCl, 0.25 M sucrose, pH 7.4) with 5 sec bursts five times with a 30-sec 

pause between bursts. Crude homogenate was transferred to a Dounce 

tissue grinder (Wheaton Science Products, Millville, NJ) and 10 strokes of 

the pestle were used to further homogenize any remaining clumps of 

tissue. The homogenate was then subjected to differential centrifugation to 

obtain a 100,000 x g membrane preparation. Membranes were evaluated 

for P4’s ability to inhibit OT binding to OTR as previously described (4). 

Briefly, aliquots of membranes (1 mg protein/ ml) were adjusted to a total 

volume of 750 µl with a buffer of 25 mM Tris-HCl, 0.01% NaN3 and 15 mM 

EDTA (pH 7.4) and incubated in the presence of P4 (Steraloids, Newport, 

RI) concentrations ranging from 0 to 5 ng/ ml in ethanol (final concentration 

of ethanol 1% v/v) for 1 h on a shaking platform at room temperature 

(25ºC). After incubation, all samples were centrifuged at 100,000 x g for 1 

h to pellet membranes and remove any free P4. Membranes were 

resuspended in 500 µl 25mM Tris-HCl, 0.01% NaN3 buffer (to correct for 

loss of one-third of protein through centrifugation). Specifically bound [3H]-

OT to membrane receptors was determined by radioreceptor assay for 

OTR as described below.  
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Experiment 2: 

This experiment was conducted to determine whether P4 inhibition of OT 

binding would alter downstream signal transduction via phosphoinositide 

hydrolysis. Jugular venous blood taken from ewes immediately prior to 

surgery was centrifuged at 1130 x g, and the sera stored at -20ºC until 

analyzed for P4 by use of radioimmunoassay (RIA). Serum concentrations 

of P4 were measured to provide an indication of luteal function at the time 

of tissue collection. On Day 15 of the estrous cycle, intercaruncular 

endometrium was collected from ewes as described above and divided into 

explants (42 ± 2 mg). Triplicate explants were allotted immediately after 

collection to a 2 x 2 factorial arrangement of treatment groups with two 

dosages of P4 (0 and 2.5 ng/ml; the maximal inhibitory dose as determined 

from experiment 1) and two dosages of OT [0 and 100 nM; saturating dose 

used to stimulate IP production used by Mirando et al. (14)]. Explants were 

assayed for inositol phosphate response to OT treatment as described by 

Mirando et al. (14). All explants were preincubated with 10 µCi myo-[2-3H] 

inositol (18.5 Ci/ mmol, PerkinElmer Life and Analytical Sciences, Shelton, 

CT) in 1 ml Krebs Ringer Bicarbonate (KRB) containing 10 µM myo-inositol 

(Sigma, St. Louis, MO) and 10 mM glucose for 2 h at 37ºC under an 

atmosphere of 95% O2 - 5% CO2. At that time all media were replaced with 

1 ml fresh KRB and incubation continued for 30 min as above. After 30 min 

1 ml fresh KRB containing 10 mM LiCl (to prevent dephosphorylation of 
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inositol species) and vehicle, or LiCl and P4 were added to explants, and 

incubation continued for 10 min. Vehicle or OT was then added and 

incubation continued for an additional 20 min, after which time all media 

were removed, 1 ml 15 % ice-cold trichloroacetic acid (TCA) was added to 

explants and then allowed to incubate on ice for 30 min. The TCA solutions 

were collected and extracted five times with 5 ml diethyl ether, and then 

neutralized by addition of 25 µl 0.5 M Tris-HCl (pH 8.0). Trichloroacetic 

acid solutions were then stored at -20 ºC until analyzed for inositol mono- 

(IP), bis- (IP2) and trisphosphate (IP3) content by chromatographic 

separation as described below.  

 

Experiment 3: 

Results of experiment 2 demonstrated P4 inhibition of OT-induced 

phosphoinositide hydrolysis. Phosphoinositide signaling serves to stimulate 

cellular pathways, which result in liberation of arachidonic acid an 

immediate precursor of PGF2α. Therefore, experiment 3 was conducted to 

determine whether P4 would impair OT-induced synthesis of PGF2α. Blood 

samples taken from ewes immediately prior to surgery were processed and 

analyzed for P4 as described for experiment 2. On Day 15 of the estrous 

cycle, intercaruncular endometrial tissue was collected as described 

above, and divided into explants. Duplicate explants (109.7 ± 4.9 mg) were 

allotted immediately after collection to a 2 x 2 factorial arrangement of 



 95

treatments, consisting of two dosages of arachidonic acid [AA; Sigma, St. 

Louis, MO: 0 and 20 µg/ ml (8)] and two dosages of P4 (0 and 2.5 ng/ ml). 

Explants were then incubated in six-well plates on Millicell-HA© inserts 

(0.45 µm pore size; Fisher Scientific, Pittsburg, PA) containing Eagle’s 

Minimum Essential Medium (Sigma) with additives: HEPES (25 mM), L-

glutamine (0.292 g/ L), phenol red (0.011 g/ L), glucose (5 mg/ ml), 

penicillin/ streptomycin (4% v/ v; Gibco, Invitrogen Corporation, Carlsbad, 

CA), insulin (0.2 IU), MEM nonessential amino acids solution (1% v/ v; 

Gibco), and charcoal-treated fetal calf serum (5% v/ v; Gibco) (15). 

Explants were pre-incubated in the presence of AA or vehicle for 2 h at 

37°C under a humidified atmosphere (95% O2 - 5% CO2). Medium was 

replaced after pre-incubation with fresh medium containing either P4 or 

vehicle, and explants were then incubated for an additional 60 min at 37°C. 

After incubation, explants were challenged with 5 µM OT (15) and 

incubated for 60 min at 37°C. One set of explants from each ewe was not 

subjected to any treatments, but was carried through the experiment 

exposed only to vehicle to establish basal amounts of PGF2α secretion. 

Media were collected and stored at -20ºC until analyzed for 13,14 dihydro-

15-keto prostaglandin F2α (PGFM), the inactive stable metabolite of PGF2α, 

by RIA as described below. Basal values were subtracted from all PGFM 

values of treated explants to establish secretion of PGF2α as a response to 

OT challenge. 
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Radioimmunoassays: 

Progesterone RIA: 

Serum samples (100 µl in duplicate) of ewes from experiments 2 and 3 

were extracted with benzene:hexane (1:2) as described by Koligian and 

Stormshak (16). To correct for procedural loss due to extraction 11,000 

DPM [1,2,6,7-3H]-progesterone (102.1 Ci/ mmol, PerkinElmer Life and 

Analytical Sciences) were added to a third tube containing an aliquot of the 

sample. The mean extraction efficiency for samples of experiment 2 was 

92.3 %, and the mean extraction efficiency for samples of experiment 3 

was 92.0 %. Radioimmunoassay was performed by use of #337 anti-

progesterone-11-BSA (G.D. Niswender, Colorado State University) at a 

final dilution of 1:1200. Experiment 2 samples were analyzed in two 

assays, and experiment 3 samples were analyzed in a single assay. The 

sensitivity of the P4 RIA was 0.1 ng/ ml.  Intra- and interassay coefficients 

of variation for experiment 2 were 4.4 and 6.9 %, respectively, and the 

intraassay coefficient of variation for experiment 3 was 5.5 %.  

 

Prostaglandin metabolite RIA: 

The PGFM RIA was utilized as previously validated in our laboratory (17), 

and modified for media as follows. Prostaglandin (PG)-free medium (200 

µl) was added to all standards in place of PG-free plasma. Media from 

experiment 3 explants (10 µl aliquots) were analyzed for PGFM content in 
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triplicate. The total volume of each aliquot analyzed was adjusted to 100 µl 

by addition of buffer (0.05 M Tris-HCl) before being subjected to RIA 

utilizing 6000 DPM [3H]-PGFM (174 Ci/mmol, Amersham Biosciences, 

Little Chalfont, Buckinghamshire). All samples were corrected for this latter 

dilution upon final data analysis. All data are presented as pg PGFM/ 100 

µl/ mg tissue. Radioimmunoassay was performed by use of anti-rabbit 

#J57 PGFM (W.W. Thatcher, University of Florida, Gainesville, FL) and 

was used at a final dilution of 1:317. The sensitivity of the assay was 2.5 

pg/ 100 µl. Intra- and interassay coefficients of variation were 5.3 and 7.9 

%, respectively. 

 

Radioreceptor Assay: 

Ovine OTR binding was determined by use of a modified procedure of 

Hazzard and Stormshak (17) adapted from the original methods of Mirando 

et al. (18). Previous research by Dunlap and Stormshak (4) revealed that 

endometrial plasma membranes enriched with OTR from hormone-treated 

ovariectomized ewes are saturated at an OT concentration of 5 nM. Pre-

incubated membranes from Exp 1 were exposed to 5 nM [Tyrosyl-2, 6-3H]-

OT (32.5 Ci/ mmol, PerkinElmer Life and Analytical Sciences) to estimate 

total binding, or labeled OT plus a 200-fold excess of unlabeled OT 

(Calbiochem, EMD Biosciences Inc. La Jolla, CA) to quantify nonspecific 

binding. The dose-response relationship of P4 to OT binding was 
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evaluated by examining changes in specifically bound OT, which was 

calculated as the difference between total and nonspecifically bound 

nonapeptide.  

 

Inositol Phosphate Analysis: 

Inositol phosphate species were separated out of TCA solutions from 

experiment 2 ewes by a procedure originally reported by Mirando et al. 

(14). Briefly, TCA solutions (1 ml) were added to Poly-Prep columns (Bio-

Rad Laboratories Inc. Hercules, CA.) containing 0.5 ml bed volume of AG 1 

- X8 anion-exchange resin (Formate Form, 200-400 mesh; BioRad), and 

sample vials were rinsed with 0.2 ml deionized water, and rinses were 

applied to columns.  Columns were eluted with 9 ml of deionized water 

(fraction 1), 2.5 ml 25 mM Na2B4O7/ 60 mM Na formate (fraction 2), 5 ml 

0.1 M formic acid/ 0.2 M NH4 formate (fraction 3), 5 ml 0.1 M formic acid/ 

0.4 M NH4 formate (fraction 4), and 5 ml 0.1 M formic acid/ 1.0 M NH4 

formate (fraction 5). The first 2.5 ml of fractions 3, 4, and 5 were collected 

and analyzed for incorporation of [3H]-inositol into IP, IP2, and IP3, 

respectively, by liquid scintillation spectrometry. Incorporations of [3H]-

inositol into IP, IP2, and IP3 are expressed as DPM [3H] IPn / g tissue (dry 

weight). 
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Statistics: 

Dose-response results were analyzed by way of polynomial regression. 

Data on production of inositol species were analyzed statistically as a 

randomized complete block design by use of a two-way ANOVA. 

Differences among means were determined by use of the general linear 

model (GLM) procedure of SAS, utilizing the least squared means. All 

PGF2α values were coded by 10 and log10 transformed to correct for 

heterogeneity of variances. Data were then analyzed as a completely 

randomized design by use of a two-way analysis of variance, and 

differences among means were again determined by use of the GLM 

procedure of SAS.  

 

      2.4.    Results: 

Experiment 1: Binding of OT to the OTR after Exposure of Plasma 

Membranes to Various Doses of P4 In Vitro 

 

Pre-incubation of plasma membrane preparations with P4 significantly 

inhibited OT binding to the OTR in a dose-dependent manner with greatest 

inhibition occurring at 2.5 ng/ ml in this analysis. However, binding of OT at 

5 ng P4/ ml was greater than at 2.5 ng P4/ ml, but still less than in the 

absence of P4.  Polynomial regression analysis of data revealed an 
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adjusted R2 value of 96.45 %, with an overall standard error of the estimate 

of 95.32 and a mean absolute error of 52.47 (P< 0.02; figure 1).  

 

Experiments 2 and 3: Impairment of OTR signaling by P4 in Ovine 

Endometrial Explants  

 

Having established an effective inhibitory dose of P4 on binding of OT to 

the OTR, experiments 2 and 3 were conducted to determine if inhibition of 

binding by OT to the OTR had a significant effect on downstream signaling. 

Systemic concentration of P4 from ewes of experiment 2 at the time of 

tissue collection was 0.62 ± 0.08 ng/ ml. By visual inspection corpora lutea 

were pale, indicating that luteal regression was underway. Endometrial 

explants were analyzed for IP, IP2, and IP3 production upon treatment with 

OT and P4. Pre-incubation of explants with P4 for 10 min interfered with 

OT stimulation of IP3 (P4 x OT interaction, P = 0.025; figure 2) and IP2 (P4 

x OT interaction, P = 0.03; figure 3), but not OT-induced IP production (OT 

main effect, P < 0.001; figure 4). Progesterone alone had no significant 

effect on the incorporation of [3H]-inositol into IP (P = 0.69). A significant 

OT by P4 interaction on the incorporation of [3H]-inositol into IP2 and IP3, 

was detected because of a differential response to P4 depending upon the 

presence or absence of OT. This differential response to P4 is also 

reflected by the differences among means.   
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To further investigate the downstream effects of P4’s interaction with the 

OTR, an experiment was conducted to determine if nongenomic inhibition 

of OTR signaling in the ovine endometrium altered the synthesis and (or) 

secretion of PGF2α.  Serum concentration of P4 in ewes of experiment 3 

was 3.22 ± 0.14 ng/ ml, which was greater than that of experiment 2 ewes. 

However, this is similar to serum concentrations of P4 reported for 

proestrous ewes by Webb et al. (19) and less than maximal secretion of 

5.67 ± 0.94 ng/ ml reported by Yuthasastrakosol et al. (20) on Day 12 of 

the estrous cycle. Pre-treatment of ovine endometrial explants with AA 

markedly increased OT-induced secretion of PGF2α when compared to 

explants pre-treated with vehicle (P = 0.06; figure 5).  Oxytocin-induced 

secretion of PGF2α was suppressed by exposure of explants to P4 for 60 

min in vitro (P < 0.01; figure 5).  

 

      2.5.    Discussion:  

The results of experiment 1 clearly demonstrate a dose-dependent 

relationship between the binding of OT and exposure to increasing 

concentrations of P4. Dunlap and Stormshak (4) demonstrated that a 

single dose of P4 (5 ng/ ml) significantly suppressed the binding of OT to 

the ovine OTR, but a dose-dependent relationship was not determined. It 

was previously reported by Grazzini et al. (3) that in rat uteri P4 could 
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inhibit the binding of OT to the murine OTR in a dose-dependent manner. 

Previous studies utilizing the murine OTR involved a wider range of 

dosages, from 0.1 nM to 1000 nM P4 (3). The dosages utilized here 

correspond to a P4 range of 2 to 16 nM, and more closely mimic the 

physiological concentrations of systemic P4 measured in ewes of our 

experiments. Burger et al. (21) investigated the effects of progestins on 

human OTR transfected into various cell lines, and determined that any 

effects of P4 on OT binding and OTR function were non-specific steroid 

effects. However, they utilized a range of dosages between 10 – 200 µM, 

which is greater than dosages employed in our experiments, and thus 

could reflect steroid overloading of membranes. This premise is supported 

by the data of Wenz and Barrantes (22), who tested the effects of various 

steroids, including P4, on lipid domains using artificial membrane bilayers. 

These latter investigators determined that the lower the hydrophobicity of 

the steroid, (hydrophobicity determined by the functional group bound to 

C17) the more lipid-domain-disrupting activity the steroid displayed at 

higher molar concentrations. Progesterone, promegestone, pregnenolone, 

11 α-hydroxyprogesterone, and 17 α- hydroxypregnenolone all posses low 

hydrophobicity groups attached to C17 and demonstrated domain-

disrupting activity at the high dosages only (20 mol % of 50 µM = 10 µM 

P4). 
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Grazzini et al. (3) also demonstrated that inhibition of OT binding could be 

reflected in attenuation of downstream signaling events initiated by OT 

binding to its receptor. Specifically, they demonstrated a dose-dependent 

relationship between P4 concentration and inhibition of OT-induced inositol 

phosphate production in transfected CHO cells. Results of experiment 2 

clearly demonstrate a similar response in ovine endometrial explants as 

shown by P4 suppression of incorporation of [3H]-inositol into IP3 and IP2. 

In non-excitable cells (1,4,5)IP3 is converted by a 5-phosphatase to form 

(1,4)IP2 which is then acted upon by a 1-phosphatase to form (4)IP. In an 

alternate pathway (1,4,5)IP3 is converted by a 3-kinase to (1,3,4,6)IP4, 

which is dephosphorylated by a series of phosphatases into (1)IP and 

(3)IP. All three species of IP’s are generated in response to activation of 

PLC, however, IP3 is the main second messenger of the PLC pathway, 

binding specifically to receptors on the endoplasmic reticulum and 

liberating [Ca2+]i stores (reviewed in 23). Because the KD for 

phosphorylation of IP is lower than the KD for dephosphorylation, this 

metabolism is a rapid process, allowing the cell to quickly inactivate the 

signaling of (1,4,5)IP3 (23). All IP species are recycled back into free 

inositol and eventually into phosphatidylinositol 4,5 bisphosphate  (24).  

Because LiCl acts to block the conversion of IP species to free inositol the 

apparent lack of inhibition by P4 at this step in the phosphoinositide 

cascade is unknown. It is conceivable that OT may have stimulated an 
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accumulation of IP species arising from the metabolic conversions of IP3 

and IP2 as described above, thus masking the inhibitory effects of P4. The 

marked stimulatory effect of OT on incorporation of [3H]-inositol into IP was 

significant compared with control and P4-treated explants.  

 

Bogacki et al. (5) demonstrated that P4 could inhibit the production of 

PGF2α by OT in bovine endometrial explants. Data of experiment 3 show 

this to be the case in the ewe, even when P4 is incubated in the presence 

of arachidonic acid, which by itself stimulates an increase of basal PGF2α 

production in ovine endometrial explants (8). The dosage of AA utilized in 

our study was the same as the dosage utilized by Lee and Silvia (8), which 

induced only half as much PGF2α production as the dosage of OT utilized 

in their experiment (0.1 µM OT). Therefore, the amount of AA added in our 

experiment would not have been sufficient to compensate for the 

suppression by P4 of OT-induced conversion of free AA into PGF2α. The 

PGF2α response is downstream of receptor activation, and technically is a 

product of the same phosphoinositide pathway that generates IP3 and 

DAG. The latter compound, 1,2 diacylglycerol, is acted upon by 1,2 DG-

lipase, which removes stearic acid, converting DAG into 2 

arachidonoylmonoacylglycerol (2 AMAG), which is then acted upon by 

PLA2 to generate intracellular arachidonic acid (AA). Although DAG has 

been reported to stimulate production of PGF2α by ovine endometrial 
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explants (7) it is the AA that arises from DAG which is converted into this 

eicosanoid (8). Because DAG conversion to AA is an integral component of 

OT-induced phosphoinositide hydrolysis that results in PGF2α production it 

may be inferred that P4 inhibition of the secretion of this eicosanoid is due 

to interference with the ability of OT to bind to its receptor as demonstrated 

in the present studies.    

 

The mechanism by which P4 inhibits OT binding (and signal transduction) 

is not known. However, receptors that mediate nongenomic actions of P4 

have been described in many species to date, such as Xenopus oocytes 

(25), rat oocytes (26), spotted seatrout ovaries (27), bovine ovaries (12) 

and human spermatozoa (28). These vary from classical nuclear P4 

receptors (nPR) that activate rapid signaling pathways such as the 

activation of the mitogen-activated protein kinase (MAPK) pathway by nPR 

in Xenopus oocytes (29), to proteins identified by antibodies to the ligand 

binding domain of the nPR such as in human spermatozoa (28) and murine 

oocytes (26). One such protein identified in this manner was later 

characterized as a novel protein, RDA288, which mediates the actions of 

P4 in spontaneously immortalized murine granulosa cells (30). A novel G-

protein coupled receptor has been characterized in seatrout ovaries that 

specifically binds progestins, activates MAPK, and inhibits adenylyl cyclase 

in transfected cells (27).  
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Dunlap and Stormshak (4) demonstrated the presence of a high affinity 

binding site for P4 in ovine endometrium with a KD of 1.2 x 10-9 M, and a 

BMax of 800 fmol/ mg protein as determined by Scatchard analysis. 

Competition binding studies utilizing promegestone (R 5020) as a ligand 

(KD 1.74 x 10-10 M) revealed that binding of a saturating concentration of 

labeled R 5020 was competitively inhibited by a 200-fold excess of 

unlabeled R 5020, P4, RU 486, and OT. Binding of R 5020 was not 

inhibited in the presence of a 200-fold excess of unlabeled E2, cortisol, 

testosterone, or arginine vasopressin. There is further evidence of a 

membrane-localized PR (an mPR or the classical nPR) mediating some of 

the effects of P4 in steroidogenic target tissues of the ruminant. Specific 

binding of P4 to bovine granulosa cell plasma membranes has been 

reported (12). In the hypothalamus/POA of the ewe, P4 administered 

concurrently with E2 inhibited the E2-induced pre-ovulatory surge of 

GnRH/LH, without a net increase in cellular activation, implying that P4 

acted directly in this system (31). Skinner et al. (32) observed that RU 486 

(an nPR antagonist) can block the ability of P4 to inhibit this process, and 

suggested that these effects are mediated by the nPR.  

 

The results of our experiments further demonstrate that nongenomic 

actions of P4 in the ewe have a significant impact on OTR function at the 



 107

plasma membrane. Whether these responses are mediated by P4 acting 

directly on the ovine OTR itself, or are mediated by a putative mPR or a 

membrane localized nPR is still to be determined. The ovine conceptus is a 

source of P4 (33), which could antagonize the actions of OT at both a 

genomic and nongenomic level at a critical stage of early conceptus 

development, thus providing an effective mechanism to ensure survival of 

the embryo or fetus. The nongenomic action by P4 may serve as a back-up 

mechanism to preclude overstimulation of OT-induced PGF2α secretion by 

the uterus in both pregnant and nonpregnant (cycling) ruminants.  
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Figure 2.1 Effect of increasing amounts of progesterone on specific 
binding of oxytocin to ovine endometrial cell membranes, 95%-
conference interval represented by dashed lines. Polynomial 
regression, P<0.02. 
  



 114

Figure 2.2 Incorporation of [3H]-inositol into IP3 (mean ± SE) in ovine 
endometrial explants after incubation in the presence of vehicle, 
progesterone (P4), oxytocin (OT), or P4 + OT (P4 x OT interaction; P = 
0.025). Means with different letters differ (P <0.05). 
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Figure 2.3. Incorporation of [3H]-inositol into IP2 (mean ± SE) in ovine 
endometrial explants after incubation in the presence of vehicle, 
progesterone (P4), oxytocin (OT), or P4 + OT (P4 x OT interaction; P = 
0.03). Means with different letters differ (P < 0.05). 



 116

  

Figure 2.4 Incorporation of [3H]-inositol into IP (mean ± SE) in ovine 
endometrial explants after incubation in the presence of vehicle, 
progesterone (P4), oxytocin (OT), or P4 + OT (OT; P<0.001). Means 
with different letters differ (P < 0.05). 
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Figure 2.5 Mean concentrations of PGFM in media containing ovine 
endometrial explants after exposure to oxytocin. Explants were 
incubated in the presence of vehicle, arachidonic acid (AA), 
progesterone (P4), or P4 + AA. Each value is the mean of five ewes 
and represents release above basal levels. Means with different letters 
differ (a, bP< 0.06; a, cP<0.01).
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3.  Chapter 3: Progesterone Suppresses Oxytocin-Stimulated 
Phosphoinositide Hydrolysis in Progesterone Receptor Negative COS-7 
cells Transfected with the Ovine Oxytocin Receptor 
 

3.1.    Abstract: 

Progesterone (P4) inhibits oxytocin (OT) binding to its receptor (OTR) in 

the ovine endometrium plasma membrane and rapidly attenuates 

intracellular OT signaling.  Our goal in this study was to determine if P4 

would inhibit OT-stimulated phosphoinositide hydrolysis in a cell line with 

little or no nuclear P4 receptors (nPR).  African green monkey kidney 

fibroblast cells (COS-7) are reported to contain little or no nPR protein.  We 

confirmed the relative absence of nPR in COS-7 cells by RT-PCR and by 

immunocytochemistry (ICC).  RT-PCR (35 cycles) revealed only minimal 

nPR signal compared to maximal transcript in MCF-7 cells. The ICC with 

monoclonal anti PR Ab-8 and JZB-39 antibodies revealed only nonspecific 

background staining in COS-7 cells, compared to the robust specific 

staining in T47D cells.  To test for the effects of P4 on OT signaling, COS-7 

cells were transiently transfected with the ovine OTR for 6 h and then 

plated onto 24 well plates and allowed to attach overnight.  The cells were 

then exposed to 2 µCi/ ml myo-[2-3H] inositol (18.5 Ci/ mmol) overnight and 

then pre-treated with 10 mM LiCl or 10 mM LiCl and 2 ng/ml P4 and 

incubated at 37ºC for 10 min. Vehicle or 100 nM OT was added and 

incubation was continued for 20 min.  The medium was removed, and the 

incubation was terminated by the addition of cold 5 % TCA.  The TCA 
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solutions were extracted with ether and assayed for inositol trisphosphate 

(IP3) production by chromatographic separation.  Content was expressed 

as percent IP3 produced per total myo-[2-3H] inositol incorporated into 

cells.  The treatments were tested on a single 24-well plate, with 6 wells/ 

treatment.  The experiment was repeated 5 times, and data were analyzed 

by two-way ANOVA. The analysis revealed that production of IP3 was 

significantly increased by OT (P < 0.002).  Progesterone alone had no 

effect on inositol phosphate production.  However, P4 significantly 

interfered with OT-stimulated inositol trisphosphate (IP3) production in the 

transfected cells (P4 x OT interaction: P = 0.03). A binding assay for 

R5020 (a synthetic progestin) was performed. There was no measurable 

specific binding of steroid to both transfected and nontransfected cells. 

Specificity of steroid inhibition of OT-induced IP3 production was 

performed. Only P4 was able to significantly inhibit OT-induced IP3 

production. We conclude that P4 can inhibit OTR-mediated 

phosphoinositide hydrolysis in COS-7 cells that express little or no nPR 

protein. These data support a role for a nongenomic action for P4 in OTR 

signaling via some mechanism other than by binding to a progestin 

membrane receptor.   
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3.2.    Introduction: 

It is commonly accepted that progesterone (P4) regulates the 

concentration of oxytocin receptors (OTR) in the ovine uterus [1, 2]. It was 

assumed that this was only through regulation of the OTR gene via a 

nuclear P4 receptor. However, Grazzini et al. [3] demonstrated that in rat 

uteri P4 can act nongenomically to interfere with the binding of oxytocin 

(OT) to its receptor. When the murine OTR was transfected into CHO cells 

P4 was also able to inhibit both OT binding and inositol phosphate 

production by transfected cells [3]. Subsequently, it was reported that P4 

interfered with the binding of OT to the OTR in ovine endometrial 

membranes [4] and suppressed OTR signaling in ovine endometrial 

explants [5]. Dunlap and Stormshak [4] found that ovine endometrial 

plasma membranes were endowed with a high affinity binding site for 

progestins; presumably a putative membrane P4 receptor. These latter 

investigators also showed by competitive binding assays that P4 may be 

binding directly to the OTR or a closely associated protein; either a nuclear 

P4 or a membrane PR similar to the G-protein coupled receptor reported to 

be present in seatrout ovaries [6]. Hence, it was reasoned that a cell line 

devoid of nuclear PR that was transfected with the OTR and was 

responsive to OT could be used to further examine the nongenomic action 

of P4 described above. It has been demonstrated by Riley et al. [7, 8] that 

this receptor would be functional when expressed in COS-7 cells, and 
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treatment of transfected cells with OT would stimulate inositol phosphate 

production. COS-7 cells were also chosen because they purportedly lack 

nuclear PR.    

 

Thus, the present experiments utilizing COS-7 cells were conducted to 

determine if P4 inhibition of OT binding to the OTR and downstream signal 

transduction was due to an interaction of progestin with the OTR or a 

putative membrane PR. 

 

3.3.    Materials and Methods:  

An African green monkey kidney fibroblast cell line (COS-7) was 

maintained for all experiments in Dulbecco’s Minimal Essential Medium 

(DMEM) with additives of high glucose and glutamine (Invitrogen, 

Carlsbad, CA) and 10% fetal calf serum (FCS). 

 

A human breast cancer (epithelial; pleural effusion adenocarcinoma) cell 

line (MCF-7) was used as a positive control because these cells contain 

moderate levels of nuclear PR. These cells were maintained in Ham’s F-12 

DMEM with additives of sodium bicarbonate, 10% FCS and L-glutamine.  

 

All cell lines were a generous gift of Dr. Frank Moore, Oregon State 

University. 
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Transfections:  

Experiment 1: COS-7 cells were grown to 100 % confluence (1x106 to 

2x106 cells/ plate) in 10 cm plates (n = 5) in 12 ml DMEM. Cells were 

transfected with 24 µg/ plate of a pcDNA3 plasmid containing the cDNA 

sequence for the ovine oxytocin receptor (oOTR; a generous gift from Dr. 

Thomas Spencer, Texas A&M University; Riley et al. 1995 [8]). The 

plasmid DNA was inserted into cells by treatment with 60 µl/ plate 

Lipofectamine 2000 TM (Invitrogen) in 3 ml/ plate of Opti-MEM®I reduced 

serum medium (Invitrogen). Cells were assayed for response to OT 

stimulation 48 h after transfection by measuring changes in 

phosphoinositide hydrolysis. 

 

Experiment 2: COS-7 cells were maintained as above, and at 50-70% 

confluence (approximately 5x105 to 14 x 105 cells/ plate; n = 4). Cells were 

transfected by addition of 7 µg/ plate OTR plasmid using 14 µl/ plate 

JetPEI reagent (Qbiogene, Morgan Irvine, CA) in 1 ml/ plate 150 mM NaCl. 

Cells were again assayed for response to OT stimulation 48 h after 

transfection by measuring changes in phosphoinositide hydrolysis. 
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Experiment 3: COS-7 cells at 100 % confluence (1x106 to 2x106 cells/ 

plate; n = 1) were harvested by trypsin lysis with 3 ml TripLE® Express 

reagent (Invitrogen) and transferred in 2 ml DMEM to 4 chamber slides (0.5 

ml/ well, n = 4). Cells were allowed to attach overnight and slides were 

snap frozen in liquid N2 before evaluation for the presence of genomic 

progesterone receptor isoforms A and B (PR-A and PR-B), by 

immunocytochemistry [9, 10].  

 

Experiment 4: COS-7 and MCF-7 cells were harvested at 100 % 

confluence (1x106 to 2x106 cells/ plate) and processed for mRNA by 

RNAqueous kit (small scale phenol-free total RNA isolation kit, Ambion 

Austin, TX). Isolated mRNA (0.34 µg/ sample) was added as template to 

Super-Script One-Step RT-PCR with Platinum Taq (Invitrogen). Synthesis 

and PCR amplification of cDNA (n = 4) were performed in a volume of 50 

µl using 35 cycles of PCR. For comparison, one amplification was 

performed for 30 cycles. Products (25 µl) were then loaded onto a 2 % 

agarose gel for electrophoresis at 100 V for 1 h, and subsequently the gel 

was stained with Syber Green Stain (Invitrogen) to visualize amplified 

cDNA. Images were loaded into a computer and band peak intensity was 

quantified by use of Kodak© 1D Image Analysis Software (New Haven, 

CT).  
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Experiment 5: COS-7 cells were maintained in 15 cm plates (approximately 

5x105 to 14 x 105 cells/ plate) in 30 ml DMEM and either transfected with 

10 µg/ plate oOTR plasmid (n=3) with 20 µl/ plate Jet-PEI in 2 ml/ plate 150 

mM NaCl, or remained non-transfected (n=3). Cells were subjected to a full 

media change at 24 h post-transfection and were harvested 48 h post-

transfection via scraping with ice cold phosphate buffered saline containing 

1 X protease inhibitor cocktail (Calbiochem San Diego CA) (pH 7.0, PBS). 

Cells were then subjected to R5020 binding assay as described below. 

 

Measurement of Inositol Phosphate Accumulation: 

Experiments 1 and 2: Cells (approximately 100,000/ well) were plated into 

24 well plates 24 h after transfection and allowed to attach overnight. At 

this time 2 µCi/ml myo-[2-3H] inositol (18.5 Ci/ mmol, PerkinElmer Life and 

Analytical Sciences, Shelton, CT) was added in 0.5 ml serum-free Hepes-

DMEM (H-DMEM) and allowed to incubate overnight. The following day 

(48 h after transfection of cDNA), cells were assayed for response to OT in 

the following manner: 

 

Experiment 1: Wells were allotted to a 2 x 2 factorial arrangement of 

treatment groups with two dosages of P4 (0 and 2.5 ng/ml) and two 

dosages of OT (0 and 100 nM). Incubation was begun by a media change, 

and 0.5 ml medium (H-DMEM) containing 10 mM LiCl (to prevent 
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dephosphorylation of inositol species) and vehicle, or LiCl and P4 were 

added to wells, and incubated for 10 min. Vehicle or OT was then added 

and incubation continued for an additional 20 min, after which time all 

media were removed, and 0.5 ml 5 % ice-cold trichloroacetic acid (TCA) 

was added to wells. The TCA solutions were collected, 0.5 ml 1N NaOH 

was added to wells to complete cell lysis. The TCA solutions were 

extracted three times with 2 ml diethyl ether and then stored at 4ºC until 

analyzed for inositol trisphosphate (IP3) content by chromatographic 

separation. Total incorporation of myo-[2-3H] inositol into membranes (not 

converted into IP species) was determined by addition of 0.5 ml 1N HCl to 

wells containing 1N NaOH (to neutralize alkalinity) and contents 

determined by liquid scintillation spectrometry. Inositol phosphate species 

in TCA solutions were separated from each other by a procedure originally 

reported by Mirando et al. [11] and further described by Bishop and 

Stormshak [5]. Data on incorporation of [3H]-inositol into IP3 are expressed 

as % DPM [3H] IP3 / total [3H]-inositol per well. 

 

Experiment 2: Wells were allotted to treatment groups of vehicle, P4 (2.5 

ng/ml), R5020 (2.5 ng/ml), RU486 (2.5 ng/ml), testosterone (2.5 ng/ml), 

and cortisol (2.5 ng/ml). Treatments were added to medium containing 

LiCl, and plates were incubated as described for Exp. 1. All wells were 
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challenged with OT (100 nM), and effect of steroids on IP3 production in 

response to OT was determined as described for Exp. 1. 

 

R5020 Binding Assay: 

Cells in cold PBS (Exp. 5) were transferred to a ground glass homogenizer. 

Cells were homogenized by 10 passes of the pestle and the homogenate 

was transferred to centrifuge tubes. Cellular debris was pelleted at 1000 x 

g for 10 min, and the supernatant was then subjected to centrifugation at 

100,000 x g to recover membranes. Protein content of membrane fraction 

was then analyzed by use of the BCA Assay Kit (Pierce Biotechnology, Inc. 

Rockford, IL) and adjusted to 1 mg protein/ ml by addition of 25 mM Tris-

HCl, 0.01% NaN3 pH 7.4. Membranes were evaluated for specific binding 

of progestin as described by Dunlap and Stormshak [4]. While gently 

vortexing, 100 µg of the membrane preparation was added to four tubes to 

permit individual analyses in duplicate. To two tubes [3H]-R5020 (87 

Ci/mmol, New England Nuclear) was added in concentrations ranging from 

0.5 to 10 nM. These tubes containing the sample and labeled ligand were 

utilized to estimate total binding of [3H]-progestin. To the remaining two 

tubes was added the labeled ligand (in 2.5 µl absolute ethanol) plus a 200-

fold excess of unlabeled ligand (in 2.5 µl absolute ethanol) for the purpose 

of determining nonspecific binding. The volume of all tubes was adjusted to 

155 µl by addition of 50 µl of TBM buffer (25 mM Tris-HCl, 0.01% NaN3, 
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0.2% BSA, 20mM MnCl2, pH 7.4). All tubes were gently vortexed and then 

incubated for 18 h (4º C). Subsequently, all tubes were placed into an ice 

bath and to each was added 750 µl TBM buffer (4º C) and 1 ml of pelleting 

buffer (25 mM Tris-HCl, 0.01% NaN3, 40% [wt/ vol] polyethylene glycol, pH 

7.4). All tubes were then vortexed and centrifuged at 2000 x g for 15 min at 

4º C. The supernatant was then decanted and the tubes were inverted for 

10 min at 4º C to drain away excess buffer. The pellet was then 

resuspended in 1 ml each of TBM and pelleting buffer, vortexed, and 

centrifuged as above. The supernatant was decanted and the tubes again 

inverted to drain for 10 min at 4º C. The pellet was finally resuspended in 

500 µl of 25 mM Tris - HCl, 0.01% NaN3 (pH 7.4) and decanted into vials 

containing 5 ml of CytoScint (ICN Biomedicals, Inc., Irvine, CA) for 

counting. Vials were vortexed, shielded from light for 12 h, and counted. 

Specifically bound progestin for each concentration used was determined 

by subtracting nonspecifically bound progestin from total progestin bound. 

 

Statistics: 

Data on production of inositol trisphosphate (IP3) were analyzed 

statistically as a randomized complete block design by use of a two-way or 

one-way ANOVA for Exp. 1 and Exp. 2, respectively. Differences among 

means were determined by use of the general linear model (GLM) 

procedure of SAS when appropriate. Data on total mRNA for nPR in Exp. 3 
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were analyzed statistically as for a completely randomized design by use of 

a one-way ANOVA. Data from experiment 4 were analyzed as a one-way 

ANOVA. 

 

3.4.    Results: 

Experiment 1:  

Addition of 2.5 ng/ ml P4 to medium containing LiCl during pre-incubation 

significantly suppressed OT-stimulated IP3 production in cells transfected 

with the ovine OTR (Figure 1). These data correlate with the results of 

Bishop and Stormshak [5] who observed similar effects by P4 on OT-

induced IP3 production from explants of ovine endometrium acquired 

during proestrus.  

 

Experiment 2: 

The inhibition of OT-stimulated IP3 production appears to be specific to P4, 

because similar dosages of testosterone, cortisol, mifepristone (RU486), 

and promegestone (R5020) did not significantly inhibit IP3 produced by OT 

in transiently transfected cells (Figure 2).  

 

Experiments 3 and 4:  

There was no significant staining for nuclear progesterone, nuclear 

estrogen, or nuclear androgen receptors above background levels in  
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COS-7 cells (Figure 3). However, robust staining for all three receptor 

isoforms was observed in the positive control cell line T47D cells (human 

breast carcinoma). There was some amplification of mRNA by RT-PCR in 

the COS-7 cell line at 35 cycles, but it was less than half of that amplified in 

the MCF-7 cell line (Figure 4; P < 0.05). The amplification at 30 cycles 

revealed little product compared to MCF-7 cells (Figure 5). It can therefore 

be determined that COS-7 cells lack sufficient amounts of nPR protein for 

P4 to be acting through this receptor to inhibit OTR function. 

 

Experiment 5: 

There was no measurable specific binding of the synthetic progestin R5020 

to membrane fractions of both transfected and non-transfected COS-7 cells 

(Figure 6). Because there was no specific binding of progestin, [3H]-

progesterone was also tested at a concentration of 5 nM, and the same 

results were obtained (no measurable specific binding, data not shown). 

These membranes did bind oxytocin specifically (data not shown).  

 

3.5.    Discussion: 

These experiments provide evidence that the inhibitory effect of P4 on the 

ovine OTR is specific to P4, and is probably not mediated by the classical 

nPR, or the novel mPR. Other researchers demonstrated that COS-7 cells 

express very low levels of nPR [12]. The exact mechanism of inhibition of 
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the OTR by P4 is still not known. Because there is no measurable specific 

binding of progestin to membranes of transfected cells, P4 may be 

interacting with proteins that affect the function of the OTR and signal 

propagation after OT binding, or it may be interfering with other processes, 

(such as dimerization of the OTR, or translocation of the OTR to lipid rafts) 

that are critical to OTR function. It is important to note that the 

investigations by Dunlap and Stormshak [4] observed specific and 

saturable binding of R5020 to ovine endometrial membrane fractions in 

which P4 inhibited the binding of OT to the OTR. They also observed that 

this binding could be successfully competed for by OT in a radioreceptor 

exchange assay. Therefore, the exact mechanisms as to how P4 can 

inhibit the binding of OT to, and signal propagation through, the ovine OTR 

in vivo may be slightly different than the process that occurs in the 

transfected cellular system investigated here. Progesterone was the only 

steroid or progestin able to significantly inhibit inositol phosphate hydrolysis 

stimulated by OT. This is in contrast to experiments conducted by Duras et 

al. [13] who observed that a 10-5M dosage of both progesterone and 

testosterone were able to inhibit OT-induced PGF2α metabolite (13,14 

dihydro- 15 keto- PGF2α = PGFM) production from dissociated bovine 

endometrial cells. The PGF2α response is downstream of receptor 

activation, and technically is a product of the same phosphoinositide 

pathway that generates IP3 and DAG. The latter compound, 1,2 
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diacylglycerol, is acted upon by 1,2 DG-lipase, which removes stearic acid, 

converting DAG into 2 arachidonoylmonoacylglycerol (2 AMAG), which is 

then acted upon by PLA2 to generate intracellular arachidonic acid (AA). 

Although DAG has been reported to stimulate production of PGF2α by 

ovine endometrial explants [14] it is the AA that arises from DAG which is 

converted into this eicosanoid [15]. Because PGF2α production is 

downstream of IP3 production, it would be expected that if testosterone 

was interfering directly with OTR function, IP3 production would also have 

been affected. It is noteworthy that P4 suppressed the ability of OT to 

stimulate phosphoinositide hydrolysis in two different types of cells (COS-7 

in the present experiment and CHO as reported by [3]). Simply by looking 

at the response of COS-7 cells transfected with the OTR to the presence of 

P4 one might assume the mechanism of inhibition is identical between the 

two cell types. Because there are no measurable binding sites for progestin 

in the COS-7 cells these data serve to illustrate why it is sometimes 

dangerous to extrapolate results of transfected cells to what might be 

occurring in the living animal. Further investigation into this phenomenon 

would probably be more relevant by utilizing dissociated endometrial cells 

as Duras et al. [13] and employing the use of siRNA to the nPR and known 

mPR to ascertain whether or not these proteins are involved in this 

response in vivo.   
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Figure 3.1 Effect of P4 on OT-stimulated IP3 production in transfected 
COS-7 cells (n = 5).  Treatment with OT markedly increased IP3 produced 
by COS-7 cells (P < 0.002). However, P4 interfered with OT-induced IP3 
production (OT x P4, P < 0.03). Means (± SE) with different letters differ 
P<0.05 
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Figure 3.2 Effect of steroids on mean (± SE) OT-stimulated IP3 production 
in transfected COS-7 cells (n = 4). Only P4 was able to inhibit OT-
stimulated IP3 production (Treatment: P = 0.001). 
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Figure 3.3 ICC results of both COS-7 and T47D cells for nuclear steroid 
hormone receptors. COS-7 cells did not exhibit any significant staining 
above background for any of the receptors. 
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Figure 3.4 RT-PCR (35 cycles; n = 4) of COS-7 and MCF-7 cell mRNA with 
primers to African green monkey kidney nPR. Means (± S.E.) with different 
letters differ (P < 0.05).
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Figure 3.5 RT-PCR of COS-7 and MCF-7 cell mRNA with primers to 
African green monkey kidney nPR.
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Figure 3.6 Results of binding of R5020 to both transfected and non-
transfected COS-7 cells. 
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4.  Chapter 4: General Conclusion  

These experiments indicate that progesterone can inhibit oxytocin receptor 

signaling in the ovine uterus by a nongenomic mechanism. The inhibition of 

OTR binding by progesterone in the ovine endometrium is dose-

dependent, with higher dosages (above 5 ng/ ml) demonstrating a variable 

response. One of the criticisms of nongenomic action of steroids in 

disruption of membrane signaling is that they are nonspecific (Burger et al., 

1999). This is usually due to the fact that many experiments were 

performed using high molar dosages (above 1 µM) of steroid. Because 

progesterone is a lipophilic molecule derived from cholesterol it and other 

steroids have the ability to integrate into the lipid bilayer of the cell 

membrane. An increase in cholesterol content of cellular membranes tends 

to decrease the fluidity of the membrane (Cooper, 1978). If membrane 

fluidity is decreased, the OTR would not be able to translocate into coated 

pits or dimerize with another OT-bound OTR to initiate signal transduction. 

The experiments undertaken for analysis of OTR function in this 

dissertation research were performed using 2.5 ng progesterone/ ml, or 8 

nM, which are near the highest systemic physiologic levels of progesterone 

measured in ewes from this study at the time of experimentation. 

 

Inhibition of OTR signaling by progesterone has physiological relevance in 

that the ovine conceptus is a source of progesterone (Marcus et al., 1979) 
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and local production of progesterone may be initiated partially as a backup 

mechanism (to IFNτ) to prevent uterine contraction during conceptus 

attachment. Because the membrane PR has been identified in the ovine 

uterus (Ashley et al., 2005) it may function in a similar manner to the mPR 

isoforms found in human uteri discussed on pgs 36-37 of Chapter 1. 

Progesterone may act through its membrane receptor to inhibit the function 

of the ovine OTR because during the stage of the estrous cycle when 

these experiments were performed expression of the nuclear PR is 

negligible (Spencer and Bazer, 1995). 

 

However, the data obtained from COS-7 cells transfected with the ovine 

OTR suggest that progesterone can interfere with the function of the OTR 

in the absence of a nuclear PR or mPR, and in the absence of apparent 

steroid membrane binding. This suggests that the steroid may be 

interrupting signal transduction by the receptor, possibly by inhibiting 

dimerization of the receptor, G-protein coupling, and (or) translocation to 

coated pits. The effects of progesterone on OTR signaling in the 

transfected cell line are specific, in that cortisol and testosterone were not 

able to successfully inhibit OTR signaling. This tends to rule out a 

nonspecific steroid effect on the membranes of these cells. But one must 

be cautious when interpreting these data. Because Dunlap and Stormshak 

(2004) observed that R5020 binding was successfully competed for by OT 
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in ovine endometrial plasma membranes, this suggests OT and R5020 

share a common (or closely associated) binding site. Thus, the mechanism 

by which progesterone inhibits OTR function in the ewe may be different 

than the mechanism of inhibition in the transfected cell line. A better model 

system for dissecting the exact mechanism by which progesterone inhibits 

OTR function by nongenomic action may be the use of dissociated ovine 

endometrial cells expressing high levels of functional OTR. With this model 

system, small interfering RNA (siRNA) could be utilized to ascertain which 

known receptor type (if any) progesterone requires to exert the observed 

effects on OTR signaling in the ovine endometrium.  
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Appendix: Lack of Response to Oxytocin Stimulation by Ovine Endometrial 
Explants from Ovariectomized Ewes 
 

This experiment was undertaken prior to the experiment listed in 

Manuscript 1 as Experiment 2: progesterone inhibition of OT-stimulated 

inositol phosphate hydrolysis. The purpose was to investigate the effects of 

progesterone on OT-induced hydrolysis of phosphotidylinositol 4, 5-

bisphosphate into inositol phosphate species. The rationale behind using 

the ovariectomized hormone-treated ewe model was to ensure correlation 

between the model used for investigation of the inhibition of OT binding to 

the OTR by progesterone and the model used to study receptor activation.  

 

Materials and Methods:   

Ewes were ovariectomized (OVX) and hormone treated by the same 

methods of Dunlap and Stormshak (2004) to mimic an abbreviated estrous 

cycle. Twenty-four hours after the final injection, ewes (n = 4) were 

subjected to mid-ventral laparotomy and the uterus exposed.  

 

Measurement of Inositol Phosphate Hydrolysis 

Intercaruncular endometrial explants were collected (50 – 250 mg tissue) 

and placed in warm medium: Eagle’s Minimal Essential Media with 

additives HEPES, L-glutamine, phenol red, 5 mg/ ml glucose, 4 % v/v 

pen/strep, 0.2 IU insulin, 1 % v/v MEM non-essential amino acids, and 5 % 
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charcoal treated fetal calf serum (EMEM). Explants were immediately 

placed into Dulbecco’s Minimal Essential Medium (DMEM) with 2 µCi/ ml 

myo-[2-3H] inositol at 37º C in 95 % O2 - 5 % CO2 for 2 h prior to OT 

challenge. Medium was then changed for all explants, and explants on 

inserts were transferred to glass test-tubes. All explants were then 

incubated at 37º C in 0.5 ml of 10 mM LiCl in HEPES modified DMEM for 

15 min. Oxytocin (100 nM) or vehicle was then added to the respective 

tubes and incubation at 37º C continued for 20 min. At this time all media 

were removed and ice-cold 5 % tricholoroacetic acid (TCA) was added to 

all tubes. The TCA samples were then extracted three times with diethyl 

ether and excess ether was allowed to evaporate. Inositol phosphates in 

TCA extracts were then collected by chromatographic separation. Briefly, 

TCA solutions (0.5 ml) were added to Poly-Prep columns (Bio-Rad 

Laboratories Inc. Hercules, CA.) containing 0.5 ml bed volume of AG 1 - X8 

anion-exchange resin (Formate Form, 200-400 mesh; BioRad), and 

sample vials were rinsed with 5 ml deionized water, and rinses were 

applied to columns.  Columns were eluted with 5 ml of deionized water 

(fraction 1), 10 ml 0.05 M NH4 formate (fraction 2), 6 ml 0.1 M formic acid/ 

1.2 M NH4 formate (fraction 3). Fraction 3 was collected and analyzed for 

incorporation of [3H]-inositol into IP, IP2, and IP3 (designated Total IP) by 

liquid scintillation spectrometry. Incorporations of [3H]-inositol into Total IP 

are expressed as DPM [3H] Total IP/ g tissue. 
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Immunoblot Analysis for PLCβ 

Approximately 100 mg of tissue from one ewe was snap frozen in liquid 

nitrogen until processing for immunoblot (Western Blot) analysis. Tissue 

was homogenized in a ground glass homogenizer on ice in phosphate 

buffered saline containing 1 X protease inhibitor cocktail (Calbiochem San 

Diego CA) (pH 7.0 PBS). Homogenates were then centrifuged at 1000 x g 

for 10 min to pellet nuclei. Protein concentration was determined by use of 

the BCA assay kit (Pierce Biotechnology Inc. Rockford, IL).  Samples were 

then prepared for immunoblot by boiling at 90 ºC for 5 min after the 

addition of 2 % sodium dodecyl sulfate (SDS), 5 mM EGTA, 5 mM EDTA, 

3.86 mg/ ml dithiothreitol, 10 % glycerol, 0.25 M Tris-HCl (pH 6.8), and 

0.015 mg/ ml bromophenol blue. Samples were then transferred to the Filtz 

Laboratory (College of Pharmacy, Oregon State University) who performed 

Western Blot analysis, probing blots for phospholipase Cβ (PLCβ) isoforms 

1, 2, 3 and 4 (1 mg of protein was loaded per sample). 

 

Statistics  

Data on inositol trisphosphate production were analyzed by one-way 

ANOVA by use of the data analysis function of Excel (Office 2003 Microsoft 

Corp, Renton, WA). 
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Results and Discussion: 

There was no difference in total inositol phosphate release between control 

and oxytocin-treated explants from ovariectomized ewes (one-way 

ANOVA, P < 0.89). This is in contrast to the explant data observed in 

Manuscript 1 collected from cycling ewes. The differences between the 

cycling ewes and the ovariectomized ewes may be due to the different 

experimental conditions, i.e. more [3H]-myo inositol was used in the 

experiments in cycling animals (2 µCi/ ml for ovariectomized animals 

verses 10 µCi/ ml for cycling ewes), or that in the experiments performed 

on cycling ewes unlabeled myoinositol (10 µM) was added to the 

incubation medium. However, there should have been some difference in 

incorporation of labeled myoinositol into inositol species between the 

control and oxytocin-treated explants, and as the graph denotes (see 

Figure A.1), they are virtually the same.  

 

These results could also be explained by the results of the immunoblot 

analysis. Figure A.2 clearly depicts that this tissue lacks significant 

amounts of PLCβ 1 and 3, which the oxytocin receptor has been 

determined to preferentially couple to during receptor activation. There is 

also a lack of PLCβ 4, and a strange proteolytic product associated with 

PLCβ 2. Because this tissue lacks the enzymes necessary to hydrolyze 
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phosphatidylinositol 4, 5-bisphosphate into inositol trisphosphate and 

diacylglycerol it can be postulated that the lack of any response by 

ovariectomized hormone-treated ewes is due to a lack of signaling 

proteins, and not due to a lack of oxytocin receptors. This tissue binds 

oxytocin with high affinity as demonstrated by Dunlap and Stormshak 

(2004) and Bishop and Stormshak (2006).  
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Figure A.1 Release of inositol phosphate species from explants collected 
from ovariectomized hormone-treated ewes (n = 4). There are no 
measurable differences between oxytocin-treated and control explants 
(one-way ANOVA, P = 0.88). 
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Figure A.2 Western Blot analysis of hormone treated ovariectomized ewe 
endometrium. All blots indicate where the PLCβ isozyme should be 
located, and lanes are labeled as samples from ewe (E, E1, E2), and either 
purified isozyme (P) or mouse brain (M) which were used as positive 
controls. Molecular weight standards are indicated to the left of the blot.  
 


