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Prostaglandin F2 (PGF2), a stimulatory hormone of luteal oxytocin

secretion, is known to activate protein kinase C (PKC); however, the

intracellular signals that promote exocytosis of oxytocin remain to be

elucidated. Myristoylated alanine-rich C kinase substrate (MARCKS), a

protein specifically phosphorylated by PKC, crosslinks actin filaments

associated with the inner leaflet of the plasma membrane. Studies were

conducted to determine the role of the MARCKS protein in exocytosis of

PGF2crinduced bovine luteal oxytocin. Experiment 1 was conducted to

examine the regulatory aspects and localization of MARCKS in the bovine

corpus luteum (CL) in response to PGF2a stimulation. Luteal cells were

incubated with [32PJ-orthophosphate and stimulated with ethanol, PGF20,

TPA and A23187. Treatments with PGF2Q, TPA and A23187 resulted in
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increased phosphorylation of MARCKS. Subsequently, heifers were

injected with either saline or PGF2a and CL was collected 5 mm after

treatments. Western blotting of the luteal samples indicated that PGF2-

induced translocation of MARCKS from the membrane to cytoplasm within

5 mm. The aim of experiment 2 was to identify the specific PKC isoform

activated by PGF2a that phosphorylates MARCKS protein. Using isoform

specific inhibitory peptides and polyclonal antibodies, it was observed that

PKCx was the mediator of PGF20-induced phosphorylation of MARCKS.

Experiment 3 was conducted to determine if phosphorylation dependent

movement of MARCKS is related to the disruption of the actin cortex and

exocytosis of oxytocin. For this purpose, luteal cells were transfected with

green fluorescent protein (GFP) conjugated MARCKS cDNA constructs.

Expression of MARCKS-GFP was observed within 18 hr after transfection.

Cells were then treated with vehicle or PGF2a and fixed with 4%

paraformaldehyde. Cells were subjected to oxytocin antibody+rhodamine

labeled secondary antibody and phalloidin, a specific marker of the actin

cortex. Upon PGF2a treatment, the wt MARCKS-GFP translocated from

membrane to cytoplasm and actin filaments shortened. Oxytocin granules

were mobilized towards the membrane from a paranuclear location.

Phosphorylation and myristoylation mutant MARCKS-GFPs were not

affected by PGF2 stimulation of cells and no exocytosis of oxytocin

occurred. In summary, the research suggests that PGF2-induced PKCa-



mediated phosphorylation of MARCKS is closely correlated with exocytosis

of oxytocin by the bovine CL.
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INVOLVEMENT OF MYR1STOYLATED ALAN1NE-R1CH C KJNASE
SUBSTRATE (MARCKS) PROTEiN iN PROSTAGLANDJN F2-

INDUCED SECRETION OF OXYTOCIN BY THE
BOVINE CORPUS LUTEUM.

GENERAL INTRODUCTION

FORMATION OF THE CORPUS LUTEUM

In mammals, after ovulation, the remaining follicular cells

differentiate into a corpus luteum (CL), thus acquiring a new identity in

terms of cell morphology and hormone production. The primary function of

this tissue is to synthesize and secrete progesterone, the steroid

responsible for preparing the uterus to accept the fertilized ovum.

Progesterone promotes creation of an environment appropriate for initiation

and maintenance of pregnancy. Towards the end of the estrous cycle, if a

pregnancy does not occur, prostaglandin F2 (PGF2a) secreted by the

uterus brings about regression of the corpus luteum allowing onset of the

next estrous cycle, which is characterized by enhanced sexual behavior

with ovulation (Niswender and Nett, 1994).

Formation of the CL from the follicular cells, also called luteinization,

occurs as a consequence of the surge of luteinizing hormone (LH), which

not only causes ovulation but also initiates a series of morphological and

biochemical changes that transform these follicular cells into luteal cells
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(Espey and Lipner, 1994). After the preovulatory LH surge, the diameter of

the preovulatory follicle increases and becomes hyperemic (Espey and

Lipner, 1994). Elevated levels of vasoactive factors including histamine and

prostaglandin cause hyperemia and increased capillary permeability that

facilitates infiltration of interstitial fluid and blood cells, including neutrophils

and macrophages into the foJlicular antrum (Cavender and Murdoch, 1988;

Espey, 1992). Histamine is released from mast cells located in the walls of

the large blood vessels in the ovarian hilum (Krishna and Terranova, 1985;

Murdoch, 1990). A transient increase in prostaglandin production,

especially prostag(andins E2 and F2a, during ovulation in rats and rabbits

suggests a potential role of these eicosanoids in the ovulation process

(Armstrong and Zamecnik, 1974; LeMaire, 1977; Espey et al., 1989).

Labhsetwar (1972) demonstrated that PGF2c could induce ovulation in

hamsters. Moreover, inhibition of prostaglandin synthesis with

indomethacin, a potent cyclooxygenase inhibitor, has been shown to

prevent ovulation in several species (Armstrong et al., 1975; Murdoch and

Myers, 1983). Although several studies reported that PGE2 alone or

combined with PGF2a can overcome the inhibitory effects of indomethacin

(Schmidt et al., 1986; Sogn et al., 1987; Murdoch and Cavender, 1989), a

more recent study contradicts these observations. Espey et al. (1992)

reported that these prostanoids could not restore ovulation that has been

inhibited by iridomethacin.
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lntrafollicular fluid and cellular accumulation generate a constant

intrafollicular pressure, within the range of 15 to 20 mm Hg in rabbits, that

contributes but does not cause follicular rupture (Espey and Lipner, 1994).

Proteolytic enzymes produced by preovulatory follicles are factors involved

in the rupture of the mature follicle (Guraya and Dhanju, 1992; Espey and

Lipner, 1994). Plasminogen activator, a serine protease, and collagenase

are believed to induce ovulation by lysing the follicular wall (Reich et aL,
1985; 1991).

The preovulatory LH surge induces changes in the activity and

concentrations of steroidogenic enzymes in such manner that preovulatory

follicles lose their capacity to produce I 7J3-estradiol, and that both the theca

and granulosa layers begin producing substantial amounts of progesterone

(Mirecka 1975; Zoller 1984; Erickson and Danforth, 1995). Cholesterol is

converted into pregnenolone by cytochrome P450 side-chain-cleavage

(P45Oscc) enzyme in the mitochondria and pregnenolone is then acted

upon by 33-hydroxysteroid
dehydrogenase (313-HSD) in the endoplasmic

reticulum to form progesterone (Hadley, 1992). Concentrations of
cytochrome P45Osc and its electron donor adrenodoxin increase 12-fold in

the developing corpus luteum compared to that in medium/large-sized

follicles (Rodgers et aL, 1986). Additionally, 33-HSD concentration

increases markedly in preovulatory follicles (Conley et al. 1995). The

increased synthesis of steroids by the preovulatory follicles raises the



question whether they play any particular role in the ovulatory process

(Espey et al., 1989). Koos et al. (1984) reported that inhibition of estrogen

production did not prevent ovulation in rats. in contrast, Snyder et al.

(1984) demonstrated that the inhibition of follicular steroidogenesis and

ovulation by epostane, a competitive inhibitor of 3J3-HSD, could be

overcome by administration of progesterone to the experimental animals.

These data suggest that progesterone produced by the preovulatory

follicles is required for ovulation, at least in rats. Along with epostane, the

progesterone antagonist mifepristone, also called RU 486, has also been

shown to block or delay ovulation (Luukkainen et al., 1988; Zaianyi and

Nemeth, 1991).

After ovulation, the basement membrane that separates avascular

granulosa cells from the theca interna layer disintegrates and allows

migration of theca cells and the establishment of vasculature in the former

antral cavity (Nunez-Duran, 1977; Gerdes et al., 1992). Along with cell

migration, luteinized theca cells (which are thought to become small luteal

cells), endothelial cells and fibroblasts undergo frequent mitosis, while the

number of luteinized granulosa cells (which are thought to become large

luteal cells) remains constant for the remainder of the cycle (Meyer and

Bruce, 1980; Gaede et al., 1985; Smith et al., 1994). The newly formed CL

grows rapidly and reaches its mature size by Day 7-9 of the cycle in the

ewe (Duncan et al., 1960), on Day 12 of the cycle in the cow (Ireland et al.,



1980) and on Day 68 of the cycle in the sow (Erb et al., 1971). This phase

of the estrous cycle is called diestrus and is characterized by the presence

of a functional CL that produces progesterone.

OR1GlN OF LUTEAL CELLS

In the early 1900s, Corner (1919) speculated three possibilities for

the origin of luteal cells in the sow. One possibility was that luteal cells

were derived solely from the theca interna layer of the foicte. Another

possibility was that only granulosa cells gave rise to luteal cells. The third

possibility was that cells from both of the follicular compartments

contributed to the cellular formation of the corpus luteum. In a later study

with the rhesus monkey (1935), Corner concluded that luteal cells were

derived from the cells of both granulosa and theca interna layers. McNutt

(1924) and Gier and Marion (1961) investigated this concept further for the

bovine CL and concluded that small luteal cells were derived from theca

interna cells and large luteal cells were derived from granulosa cells. A

histochemical study conducted by Donaldson and Hansel (1965) supported

this hypothesis and they further suggested that some small luteal cells

became large cells. The authors reported that after ovulation, mitosis was

observed in large luteal cells by Day 4 while their size increased until Day 7

of the luteal phase of the cycle. Theca interna derived cells divided until



Day 6 and some of these theca-derived small luteal cells continued growing

and became large luteal cells. These cells were able to respond to

exogenous gonadotropin after Day 4 in order to increase their size and

progesterone production.

Results of another histochemical study conducted by O'Shea et al.

(1980) on the ovine CL, demonstrated that small luteal cells originated from

theca interna cells. Luteal tissue sections were stained for alkaline

phosphatase, which is found in theca cells but not in granulosa cells.

Another approach for identifying the origins of large and small cells

was developed by Alila and Hansel (1984) using specific monoclonal

antibodies against the bovine granulosa and theca cell surface antigens. In

the early stages of diestrus, almost 80% of large luteal cells were found to

be bound by the granulosa cell-specific antibody; however, this percentage

decreased to approximately 30% by the end of the diestrus. In contrast,

approximately 70% of the small luteat cells were found to bind the theca

cell-specific antibody throughout diestrus. At the mid and late stages of

diestrus, about 45% of large luteal cells were found to bind the theca cell-

specific antibody suggesting that after differentiation of theca and granulosa

cells into small and large luteal cells, respectively, some small cells

differentiated into large luteal cells. On the other hand, it has been reported

that some large luteal cells may differentiate into small luteal cells in the

human CL (Fisch et al., 1989). Although, the latter two occurrences have
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been reported, there is no direct evidence for one luteal cell type

differentiating into another one.

MORPHOLOGICAL AND BiOCHEMiCAL CHARACTERiSTiCS OF
LUTEAL CELLS

Studies designed to explain morphological characteristics of luteal

cells have been conducted largely using either enriched, relatively pure cell

populations obtained by centrifugal elutriation of enzymatically dispersed

luteal cells (Koos and Hansel, 1981; Chegini et at., 1984), or histological

sections (Enders 1973; Farm et aL, 1986) in cows (Koos and Hansel, 1981),

sheep (Rodgers and O'Shea, 1982), pigs (Lemon and Loir, 1977) and

primates (Hilde-Patito et al., 1986).

Morphologically and functionally there are four different luteal cell

types: small and large steroidogenic cells, endothelial cells and fibroblasts

(Chegini et at., 1984; Farm et at., 1986; O'Shea et at., 1989). Because of

their progesterone producing capacity, a large number of research reports

have concentrated on small and large luteal cells (Ursely and Leymarie,

1979; Koos and Hansel, 1981; Chegini et al., 1984). Both small and large

luteal cell types share several structural features that are typical of steroid

producing cells, including numerous mitochondria, abundant smooth

endoplasmic reticulum and large lipid droplets (Gillim et at., 1969).
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When evaluated by electron microscopy, numerous differences can

be seen between small and large luteal cells. In the cow, the diameter of

the small luteai cells ranges between 15 and 18 microns (tim) and large

luteal cells between 20 and 45 jim (Chegini et al., 1984; O'Shea et al.,

1989). In sheep, the size of small cells varies from 12 to 22 tim whereas

the size of large cells varies from 25 to 40 tm (Rodgers et al., 1984; Farm

et al., 1986). Small luteal cells have a relatively smooth cell membrane

surface except for some microvilli and their cytoplasm contains large

numbers of mitochondria, smooth endoplasmic reticulum, and a lower

cytoplasmic/nuclear ratio compared to that of large luteal cells (Chegini et

aL, 1984; O'Shea et aL, 1989). The nuclei of the small luteal cells are

irregular in shape and contain condensed chromatin around the peripheral

edge and some in the center. Large luteal cells have a surface with

numerous projections, more mitochondria than small luteal cells, extensive

smooth endoplasmic reticulum, abundant secretory granules containing

oxytocin, a higher cytoplasmic/nuclear ratio than small luteal cells, centrally

located round nuclei that contain little dispersed chromatin and a distinct

nucleolus (Koos and Hansel, 1981; Chegini et al., 1984; Niswender et al.,

1985). Endothelial cells are associated with blood vessels, have an

elongated shape and an elongated nucleus with large amounts of

heterochromatin (Farm et at, 1986; O'Shea et al., 1989).



The cellular composition of the corpus luteum may differ slightly

based on the age of the CL, species and the technique employed to

evaluate morphology (Lei et at., 1991). However, a study conducted by

O'Shea et al. (1989) suggested that the cellular composition of the corpus

luteum of the cyclic cow is similar to that of the ewe. Using dispersed luteal

cells, O'Shea et at. (1989) established that large luteal cells make up 40%

of the luteal volume while the number of large luteal cells represents only

4% of the total cell number in the mid-cycle bovine corpus luteum. On the

other hand, small luteal cells comprise only 28% of the volume, while the

number of small luteat cells represents 27% of the total cell number.

Although large luteal cells are fewer in number than small luteal cells, they

form the larger portion of the corpus luteum. Endothelial cells represent

slightly more than 10% of the cell volume and 50% of the total cell number

in the mid-cycle bovine corpus luteum reflecting the extensive vascularity of

the organ (O'Shea et al., 1989).

In the ovine corpus luteum, the number of small luteal cells increases

during diestrus while their size remains relatively constant (Farm et at.,

1986). In contrast, the size of large luteal cells increases while their

number does not vary during diestrus. The ratio of small luteal cell number

to large luteal cell number increases from Day 4 to 16 of diestrus in sheep

(Farm et at., 1986).
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In addition to the morphological differences between large and small

luteal cells, there are several biochemical differences. Although both small

and large luteal cells are capable of producing progesterone, the regulation

of progesterone production differs between these two cell types (Koos and

Hansel, 1981; Fitz et al., 1982). One striking difference is the distribution of

receptors between the cell types. The majority of receptors for LH are

located on small luteat cells, whereas the majority of receptors for estradiol

and PGF2a are found on large luteal cells (Fitz et al., 1982; Glass et at.,

1984). The basal rate of secretion of progesterone from large luteal cells is

greater than that from small luteal cells and is found unresponsive to LH

stimulations (Fitz et al., 1982; Schwall et at., 1986). In contrast, small luteal

cells are highly responsive to the stimulatory actions of LH (Fitz et at., 1982;

Rodgers et al., 1983). Although both steroid producing cells of the CL

contain an active adenylyl cyclase/protein kinase system, stimulation of this

system with cholera toxin or forskolin (adenylyl cyclase activators) does not

result in an increase in synthesis or secretion of progesterone by the large

luteal cells (Hoyer et at., 1984).

The differences in steroidogenic enzyme content between the two

cell types also contribute to their rate of progesterone production.

Conversion of pregnenolone to progesterone is catalyzed by 313-

hydroxysteroid dehydrogenase (313-HSD) by oxidation of the C3 hydroxyl

group and isomerization of the double bond from to (Conley and
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Mason, 1996). Conley et al. (1995) reported that immunohistochemical

localization of 313-HSD in the preovulatory follicle was confined to the theca

interna of the sow and ewe, and granulosa cells of the cow. During the

process of luteinization, theca-derived small luteal cells continued to

express 313-HSD while granulosa-derived large luteal cells acquired (sow

and ewe) or exhibited increased (cow) expression of 313-HSD, suggesting a

potential difference in enzyme ratios between cell types of the corpus

luteum (Conley et al., 1995).

FUNCTION OF THE CORPUS LUTEUM

As mentioned earlier, the primary function of the corpus luteum is to

secrete progesterone, which has several effects on the reproductive tract

including preparation of the uterus for pregnancy. Progesterone acts on the

mucosal lining of the uterus after it has been exposed to estradiol, an

estrogen that induces synthesis of progesterone receptors (Muldoon, 1980).

Progesterone inhibits estradiol-induced cell division of endometrium,

promotes coiling of the uterine glands and increases vascularity of the

stroma (Niswender and Nett, 1994). Under the influence of progesterone,

cervical mucous becomes highly viscous, later providing a barrier between

the uterus and the anterior vagina (Niswender and Nett, 1994).
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Besides progesterone, the corpus luteum secretes oxytocin in a

variety of species including the sheep (Flint and Schetdrick, 1982), cow

(Fields et al., 1983), rat (Pitzel et at., 1981), rabbit (Khan-Dawood and

Dawood, 1989), nonhuman primates (Khan-Dawood et aL, 1984) and

human (Wathes at at., 1982). The details of luteal oxytocin will be

discussed in Chapter 5.

In several species including human (Weiss, 1977), pig (Sherwood

and Rutherford, 1981) and rat (Goldsmith et at., 1982), the corpus luteum

also produces retaxin or relaxin-like peptide. Although the function of

ovarian relaxin is not clear yet, it has been suggested that relaxin may act

synergistically with estradiot and progesterone to prepare the endometrium

for implantation and promote development of the blood supply to the

conceptus (Goldsmith et at., 1995). In contrast to other mammalian

species, there is no detectable retaxin gene in the cow (Hartung et al,

1995) and there is a large deletion in the relaxin gene locus of the sheep

(Roche et al., 1993). Intriguingly, porcine relaxin promotes a dose-

dependent progesterone secretion when introduced into a bovine primary

luteal cell culture (Musah et al., 1990). Instead, bovine and ovine corpora

lutea contain abundant expression of relaxin-like factor (RLF), a novel

member of the insulin-IGF-relaxin family of hormone and growth factors

(Roche et al., 1996; Bathgate et al., 1996). Originally named the Leydig cell

insulin-like factor, RLF has been speculated to functionally substitute for



relaxin in ruminants (tveU, 1997). Findings of a recent study conducted by

Dawson et at. (1999) supports this speculation. The authors deduced the

primary structure of ovine relaxin-like factor from the corresponding cDNA

sequence and found that ovine RLF B-chain contains Arg-X-X-X-Arg amino

acid sequence, which also exists on the relaxin B-chain, and is essential for

relaxin biological activity indicating that RLF may posses a relaxin-like

function.

There is also evidence that the corpus luteum from a variety of

species secrete estradiol (primates; Knobil, 1980) and
PGF2a (primates;

Batmaceda et at., 1979; cow; Milvae and Hansel, 1980; ewe; Rodgers et at.,

Gonadotropins and Luteal Function

Luteinizing hormone (LH) released by the anterior pituitary stimulates

synthesis and secretion of progesterone by the corpus luteum, regardless

of species both in vivo (Niswender et al., 1981) and in vitro (Savard and

Telegdy, 1965; Simmons et at., 1976) and is critical for the formation and

maintenance of the corpus luteum (Niswender and Nett, 1994). As

mentioned earlier, LH stimulates secretion of progesterone from small luteal

cells but has no effect on large luteal cells; and LH receptors (LHR) are

present almost exclusively on small luteal cells (Koos and Hansel, 1981,
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Rodger et at, 1983). It is well established that LH exerts its effects by

binding to specific LH receptors (Gospodarowicz, 1973; Channing and

Kammerman, 1974). Diekman et al. (1978) investigated the quantity of

luteal receptors for LH throughout the estrous cycle and early pregnancy in

the ewe and reported that the total number of LH receptors increased 40-

fold between Days 2 and 14 of the cycle and decreased 75% by Day 16.

During early pregnancy, the number of receptors for LH were similar to

those observed during the mid-luteal phase of the cycle (Diekman et al.,

1978).

Since the cloning of the LH receptor from rats (McFarland et al.,

1989) and pigs (Loosfelt et al., 1989), the structure and regulation of the LH

receptor have become clearer. The LH receptor is a glycoprotein consisting

of a single polypeptide chain and belongs to the G protein-coupled seven-

transmembrane receptor family (Segaloff and Ascoli, 1993). The receptor

has a large N-terminus extracelfular domain that contains six potential

glycosylation sites and the hormone binding site. The transmembrane

sequence of amino acids of the LH receptor contains seven hydrophobic

domains forming three extracellular and three intracellular loops. The

intracellular loops interact with G proteins and, along with the C-terminus,

contain numerous phosphorylation sites for protein kinase C but not for

protein kinase A (reviewed by Davis et al., 1995). Binding of LH to the

extracellular domain of its receptor initiates changes in receptor
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conformation, which activates the C-terminus resulting in stimulation of

adenylyl cyclase activity via a stimulatory GTP-binding protein complex,

also called Gs proteins (Davis et al, 1995). Activated adenylyl cyclase

converts AlP to cAMP, a second messenger that activates the cAMP-

dependent protein kinase A (P1(A) system (Davis et al., 1995). Protein

kinase A, a tetrameric holoenzyme, is composed of two identical catalytic

subunits and two regulatory subunits. Newly produced cAMP binds to the

regulatory subunit of PKA causing the release of catalytic subunits, which

then phosphorylate the serine residues in its specific cytosolic and nuclear

target proteins regulating various cellular functions (Davis et at., 1995).

Hoyer et al. (1984) reported that forskolin and cholera toxin (activators of

adenylyt cyclase) or dibutyryl cAMP (a stable cAMP analog) stimulated

progesterone secretion from ovine small luteal cells but not from large luteal

cells suggesting that steroidogenesis by small luteal cells was regulated in

a cAMP-dependent manner.

The bound hormone-receptor complex regulates luteinizing

hormone-induced LH receptor activity. Exposure of luteal cells to high

concentrations of LH causes down-regulation of receptor numbers probably

as a result of internalization of the hormone receptor complex (Ahmed et

at., 1981).

Regulation of luteal progesterone by LH occurs at different steps of

steroidogenesis (Niswender et at., 1994; Juengel and Niswender, 1999).
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Although luteal cells can synthesize cholesterol, a required substrate for de

novo progesterone production from acetate, LH-stimulated rat luteal cells

utilize acutely low or high density lipoproteins (LDL, HDL) supplied via the

plasma (Azhar and Menon, 1981). Both LDL and HDL are able to stimulate

progesterone production by bovine tuteal cells and in combination with LH

results in a greater increase in progesterone secretion (Pate and Condon,

1982). Release of cholesterol from cholesterol esters provided by LDL or

HDL is hydrolyzed by cholesterol esterase, which is activated through

phosphorylation by PKA in the ovine corpus luteum (Caifrey et al., 1979).

Transfer of free cholesterol from mitochondrial outer membrane to inner

membrane where it is metabolized to pregnenolone by the cytochrome

P45Oscc enzyme is mediated by the steroidogenic acute regulatory peptide

(StAR) (Clark et al., 1994). Since purification and cloning of StAR, a 30

kDa mitochondrial protein, from LH-induced MA-lO mouse Leydig tumor

cells (Clark et at., 1994), numerous studies have been conducted to

elucidate its role in steroidogenesis. Expression and production of StAR

have been detected in ovine (Juengel et al., 1995), bovine (Pescador et al.,

1996) and porcine corpora lutea (Pescador et al., 1999). In sheep, removal

of the pituitary gland decreased luteal concentrations of StAR mRNA, which

were restored by replacement of LH (Juengel et al., 1995). In bovine CL,

expression of StAR mRNA was low in developing CL whereas a 9 to 15-fold

increase was observed during mid- to late-luteal phase and StAR protein



levels were highly correlated with StAR mRNA levels throughout the

estrous cycle (Pescador et al., 1996). Arakane et al. (1997) reported that

StAR mRNA increases in response to cAMP and the protein kinase A-

mediated phosphorylation of serine residues (Ser194 and Ser195) in the StAR

amino acid sequence was essential for maximizing biologic activity of the

StAR as tested in COS-1 cells. Moreover, an elaborate study conducted by

Sekar et al. (2000) demonstrated that LH, 8-bromo-cAMP, (a cAMP

analog), or PKA induced StAR promoter expression in porcine granulosa-

luteal cells. The transcription of StAR is regulated by steroidogenic factor-i

(SF-I), an orphan receptor (Rust et aL, 1998). Complete genomic

sequence of the bovine StAR gene has shown the existence of three motifs

in the promoter region that correspond to the SF-I transcription factor

binding site (Rust et al., 1998). There are conflicting reports about the

involvement of SF-i in cAMP-induced steroidogenesis. Michael et al.

(1995) found that forskolin elevated the mRNA expression and protein

synthesis of SF-i in bovine luteal cells. In contrast, Mamluk et al. (1999)

suggested that SF-i is constitutively expressed in bovine luteal cells and

does not vary between the two luteal cell types or by hormonal treatments.

However, these authors suggested that forskolin treatments promoted an

increase in StAR and P45Oscc mRNA levels.

Another biosynthetic event influenced by the LH-induced cAMP-PKA

system is the activation of luteal phosphorylase, which promotes luteal



progesterone production by accelerating glycogen breakdown and

eventually resulting in increased levels of NAPDH (Marsh and Savard,

1964). Production of NAPDH, a by-product of the pentose-phosphate

shunt, stimulates progesterone synthesis by donating an electron to the

flavoprotein-iron-sulphur protein-P45Oscc enzyme complex (Lambeth et at.,

1982) as well as elsewhere in the steroidogenic pathway.

In addition to its acute cytoplasmic effects, PKA migrates to the

nucleus where it participates in the regulation of gene expression by

phosphorylating transcription factors including cAMP-response element-

binding protein (CREB) and cAMP-response element modulator (CREM)

(Walker et at., 1996). The PKA-induced phosphorylation of CREB

promotes interaction of this 43 kDa protein with other nuclear regulatory

factors that initiate transcription of cAMP responsive genes (Kwok et at.,

1994). Gene targeting studies in mice pituitary somatotrophs revealed that

CREB is required for appropriate cellular differentiation and proliferation

(Struthers et at., 1991). Moreover, CREB may posses a protective role

against apoptosis since CREB induces bcl-2 expression, an anti-apoptotic

protein, during B-cell activation and rescue from apoptosis (Wilson et al.,

1996). On the contrary, expression and synthesis of CREB disappears

during luteinization and remains negative for the rest of the cycle in the

primate corpus tuteum suggesting that other regulatory transcription factors

may substitute for CREB in the primate CL (Zeleznik and Somers, 1999).
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Evidence suggests that LH may also activate a separate signal

transduction pathway other than the adenylyl cyclase-cAMP-PKA system.

Davis et al. (1981) demonstrated that LH, but not cAMP, stimulated the

incorporation of [32PJ-orthophosphate into phosphatidylinositol and

phosphatidic acid in isolated bovine luteal cells. Later, the same group

reported that LH increased the production of inositol I ,4,5-trisphosphate

(1P3), which is responsible for the mobilization of intracellular calcium in

both ovine and bovine small luteal cells (Davis et al., 1992; Westfall et al.,

2000). Although the ability of LH to activate phospholipase C and stimulate

protein kinase C exists, the gonadotropin activation of protein kinase C

remains to be elucidated.

In rodents, besides LH, follicle stimulating hormone (FSH) and

prolactin act synergistically and all are required to maintain optimal luteal

function both in vivo and in vitro (Yuan and Greenwold, 1997).

Local Control of Luteal Function

While the role of gonadotropins in regulating estrogen and

progesterone synthesis and secretion from the corpus luteum is well

established, evidence suggests that local autocrine/paracrine factors are

also important in steroid production. Cellular communications between

large and small luteal cells may occur by both direct cell-to-cell contact via
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gap-like junctions, or in an autocrine/paracrine fashion by cells in the corpus

luteum (Pate, 1996). Gap junctions provide physical contact between cells

and allow the exchange of intracellular molecules less than 1.5 kDa such as

Ca2, Na and cAMP that are important regulatory elements of cell

metabolism, proliferation and signal transduction (Loewenstain, 1981). The

presence of gap junctions as early as Day 2 of primary cell culture was

demonstrated by localizing gap junction protein connexin-43 in bovine luteat

cells (Grazul-Bilska et aL, 1995). Using a dye coupling technique along

with interactive laser cytometry, Redmer et al. (1991) evaluated gap-

junction mediated intercellular communication and the effects of LH and

PGF2U on the functions of gap junctions. The authors found that small

luteal cells exhibit rapid contact-dependent communication with each other

while large luteal cells develop contact with small luteal cells but not with

each other. Treatments with either LH or PGF2, increased the flow rate of

intracellular molecules through gap junctions between large and small luteal

cells (Redmer et at., 1991). It was also demonstrated that in cells obtained

from the CL during mid- or late diestrus, LH treatment stimulated higher

progesterone production in cell populations with small-small luteal cell

contact as measured by the fluorescence recovery after photobleaching

(FRAP), suggesting that gap junction-mediated interactions can be

regulated by hormones (Redmer et al, 1991; Del Vecchio et at., 1995).
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Another type of intercellular communication involves paracrine

mediators between small and large luteal cells. Lemon and Mauleon (1982)

reported that when large and small luteal cells of the porcine corpus luteum

were cultured together, the total progesterone production was twice the

amount represented by the sum of each cell type incubated alone, thus

indicating a possible synergism between small and large (uteal cells for

progesterone production. Rodgers et al. (1985) suggested that interactions

of large and small ovine luteal cells might mediate inhibitory actions of

PGF2U on LH-stimulated progesterone production. Using a sequential

perifusion co-culture system, Del Vecchio et al. (1994) arranged different

combinations of bovine luteal cells to allow medium to flow from either

similar cell types, such as from small-to-small luteal cells, or from different

cell types, such as from large-to-small luteal cells, or vice versa. The

authors demonstrated that media flowing from small luteal cells to large

luteal cells inhibited progesterone production by large luteal cells. Addition

of arachidonic acid to the system involving flow of media from small luteal

cells to large luteal cells prevented the decrease of progesterone production

by large luteal cells suggesting that arachidonic acid modified the inhibitory

effects of small luteal cells on large luteal cells. Arachidonic acid and its

cycloxygenase metabolites including prostaglandin E2 and prostaglandiri '2

have all been found to be luteotropic on small luteal cells (Alila et al., 1987).

Thus, addition of arachidonic acid to the infusion media may promote
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secretion of a stimulatory paracrine factor or may interfere with secretion of

inhibitory factors from small luteal cells that suppress progesterone

production from large luteal cells. These observations suggest that small

and large luteal cells interact via a humoral mechanism to regulate

progesterone production.

Numerous growth factors have been identified in luteal tissue of

various species and have been suggested to play important roles as

mediators of mitogenic or regulatory interactions between luteal cells

(Reynolds et aL, 1994; Davis et al., 1996; Jablonka-Shariff et al., 1997).

Most of these growth factors have also been demonstrated in the ovarian

follicle. Expression of insulin-like growth factor-i (IGF-1) and the presence

of its binding protein have been detected in the bovine corpus luteum

(Eispanier et al., 1990). Similarly, basic FGF (bFGF) mRNA and protein

were identified in the bovine corpus luteum (Stirling et al., 1991; Grazul-

Bilska et al., 1992; Zheng et aL, 1993). Lobb and Dorrington (1993)

demonstrated the presence of transforming growth factor-a (TGF-a) mRNA

expression and protein production in the bovine corpus luteum. More

recently, other growth factors have also been shown to be localized in the

corpus luteum including ovine stem cell factor (SCF) in both large and small

luteal cells (Gentry et al., 1996), Secreted Protein Acidic and Rich in

Cysteine (SPARK) in ovine luteal cells (Smith et al., 1996), and keratinocyte

growth factor (KGF) in bovine small luteal cells (Saul et al, 1997)
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Leibermann et at. (1996) evaluated effects of IGF-1, TGF-cL and

bFGF administration during the estrous cycle and pregnancy with a

microdialysis system that allows examination of the secretory function of a

piece of luteal tissue. This method has the advantage in that cell-to-cell

contacts are maintained, Insulin-like growth factor-i stimulated the release

of progesterone throughout the luteal phase and early pregnancy, which is

consistent with observations in other species (Yuan and Lucy, 1996; Apa et

at., 1996). Exposure of luteal tissues to TGF-a increased basal

progesterone production during late pregnancy. Administration of bFGF

also had a stimulatory effect on progesterone production at the early and

mid-luteal stages of the cycle. Basic FGF promotes proliferation of

endothelial cells of bovine and ovine corpora lutea especiafly during

luteinization (Gaspodarowicz et al., 1986; Grazul-Bilska et at., 1995).

Besides its angiogenic role, bFGF stimulates progesterone production by

bovine and ovine corpora lutea (Grazul-Bilska et at., 1995; Leibermann,

1996; Reynolds and Redmer, 1998). Another angiogenic factor, vascular

endothelial growth factor (VEGF) is localized in ovine (Redmer et at., 1996)

and bovine (Berisha et at., 2000) corpora lutea. Luteinizing hormone and

IGF-i upregulate VEGF mRNA expression and stimulate VEGF secretion

from ovine luteal cells (Toutges et al., 1999) and bovine luteinized

granulosa cells (Berisha et at., 2000). Inhibition of VEGF bioactivity causes



the suppression of luteal angiogenesis and progesterone secretion (Ferrara

et aL, 1998; Fraser et al., 2000).

A vasoactive peptide, Angiotensin II (Mg II) that is converted from

Angiotensin I by angiotensin-converting enzyme was located in

microvascular endothelial cells of bovine CL (Hayashi et al., 2000;

Kobayashi et al., 2001). Using an in vitro microdialysis system as a model,

Kobayashi et al. (2001) demonstrated that an infusion of Ang II stimulated

progesterone and PGF2secretion from the early bovine corpus luteum.

Moreover, Ang II infusion following PGF2a continued to stimulate

progesterone release. In contrast to the observations with the early corpus

Juteum, using the same microdialysis model, treatment of luteal tissue from

midcycle with Ang II inhibited progesterone release and the inhibitory effect

of Ang II was potentiated synergistically with PGF2a infusion (Hayashi and

Miyamoto, 1999). This observation is consistent with earlier research that

Ang II had a direct effect on estradiol, testosterone and progesterone

production using luteinized granulosa cells obtained from hCG-stimulated

human ovaries (Palumbo et al., 1989). Other reports, however, indicated

that Ang II had no effect on progesterone production in the absence of

gonadotropins by luteinized human granulosa cells (Paulson et aL, 1988)

and bovine luteal ce'ls from midcycle (Stirling et al., 1990). Moreover, Ang

II significantly decreased LH-stimulated expression of P450 mRNA

resulting in decreased progesterone synthesis (Stirling et al., 1990).
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Conflicting results may represent either a species difference, difference

between luteinized granulosa cells and true luteal cells or the stage of

corpus luteum development.

OXYTOCIN SYNTHESIS AND SECRETION BY THE CORPUS LUTEUM

The nanopetide oxytocin exerts its effects via two different routes; 1)

as a peptide neurotransmitter acting on various targets within the brain and

modulating neuroendocrine and behavioral functions, and 2) as a hormone

circulating in the blood and participating in regulation of uterine contraction

during labor, milk ejection from mammary glands and stimulation of PGF2a

secretion from the uterus (Reviewed by Gimpl and Fahrenholz, 2001).

The major sites of oxytocin gene expression and synthesis, along

with vasopressin, in the central nervous system are the magnocellular

neurons of supraoptic (SON) and paraventricular (PVN) nuclei. Results of

an immunohistochemical study performed using oxytocin monoclonal

antibody also suggested that accessory nuclei of the hypothalamus are able

to synthesize this nanopeptide (Liperi et aL, 1995). Axons of magnocellular

neurons terminate in the posterior lobe of the pituitary gland and release

oxytocin into the systemic circulation when they are stimulated. Evidence

suggests that magnocellular neurons also release oxytocin and vasopressin

from their dendrites and somata semi-independently from their axons (Pow
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and Morris, 1989). It is believed that this somato-dendritic release of

oxytocin into SON plays an essential role in the hypothalamo-hypophysial

system because oxytocin producing magnocellular neurons contain

functional oxytocin receptors and oxytocin directly evokes an increase in

intracellular Ca24 in isolated SON cells (Lambert et al., 1994).

Magnocellular neurons producing oxytocin are separate and distinct

from those producing vasopressin (Sofroniev, 1983), and unlike

vasopressin neurons, it appears that they are located solely in the

hypothalamic regions of the brain (Sofroniev, 1985). Using a variety of

identification techniques including high performance liquid chromatography

(HPLC), immunocytochemistry, northern blotting and polymerase chain

reaction (PCR), oxytocin synthesis was detected in extrahypophysial

peripheral tissues including the uterus (Lefebvre, 1992), adrenal medulla

(Ang and Jenkins, 1984), thymus (Geenen et al., 1987), heart (Jankowski et

al., 1998), placenta (Fields et al., 1983), testis (Nicholson et al., 1984) and

corpora lutea (Wathes and Swann, 1982; Flint and Sheldrick, 1982).

Oxytocin (OT) and vasopressin are both nanopeptides with a

disulfide bridge between Cys residues 1 and 6. This results in a peptide

consisting of a six amino acid cyclic part and a COOH terminal tail. All

neurohypophysial hormones are classified into vasopressin and oxytocin

families based on the amino acid residue at position 8. The vasopressin

family including mammalian vasopressin and pig lysipressin contain a basic
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amino acid (Lys, Arg) and the 01 family including mammalian oxytocin and

marsupial mesotocin contain a neutral amino acid (oxytocin: Leu;

mesotocin: lie) at this position. Isoleucine in position 3 is essential for

stimulating OT receptors and Arg or Lys in position 8 for acting on the

vasopressin receptor (Gimpl and Fahrenholz, 2001). In all species,

oxytocin and vasopressin genes are on the same chromosomal locus with

an intergenic distance of 3 to 12 kb in human (Sausvilie et al., 1985) and

mouse (Hara et aL, 1990) and transcribed in opposite directions (Gainer,

1998). It is believed that this type of genetic arrangement could result from

duplication of one of the two copies (Gimpi and Fahrenholz, 2001).

Sequence analysis revealed that the human gene for oxytocin-

neurophysin I encoding the oxytocin prepropeptide consisted of three exons

(Ivell et al., 1984; Rao et al., 1992). The first exon encodes the 19 amino

acid translocator signal peptide, oxytocin and a three amino acid processing

signal peptide (gly-lys-arg; GKR) and the first nine amino acid residues of

neurophysin; the second exon encodes the central part of neurophysin, and

the third exon encodes the COOH-terminal region of neurophysin. The

oxytocin prepropeptide is directed by the signal peptide to the endoplasmic

reticulum where it is subjected to cleavage and other modifications (Ivell

and Richter, 1984). The mature peptide product, oxytocin, is found

associated with neurophysin via electrostatic and multiple hydrogen

bonding interactions stored in the vesicles in the axon terminals (Renaud



and Bourque, 1991) and the corpus luteum (Sawyer et aL, 1986).

Neurophysin, a small disulfide-rich protein (93-95 amino acid), has been

suggested to be related to proper targeting, packaging and storage of

oxytocin within the vesicle before being released into the blood stream

(Gimpi and Fahrenholz, 2001).

Luteal oxytocin was first identified by Wathes and Swann (1982) on

the basis of its biological activity via measuring the changes in resting

tension of the rat uterine strips in response to acidic extracts of the ovine

corpus luteum. As a matter of fact, similar findings were reported by Fields

et al. (1980); however, the active agent was called "contractin". Supporting

evidence for local synthesis and secretion of oxytocin by the corpus luteum

was provided by Sheldrick and Flint (1982) who measured the difference in

the oxytocin concentrations of the ovarian artery and vein by

radioimmunoassay and concluded that oxytocin is secreted by the ovine

corpus luteum into the ovarian vein in response to cloprostenol treatment

(an analogue of PGF2a) whereas treatment of ovariectomized ewes with

cloprostenoJ did not result in an increase in systemic concentrations of

oxytocin (Flint and Sheldrick, 1983). The latter study indicated that the

increased concentrations of plasma oxytocin in response to cloprostenol

injections were not of hypophysiaf origin. These findings were confirmed by

Swann et al. (1984) who demonstrated that both ovine and bovine luteal

cells incorporated [35SJ-cysteine into a compound, which shared the same
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position with oxytocin when analyzed with high performance liquid

chromatography (HPLC). Flint and Sheldrick (1983) reported that the

results of fast atom bombardment mass spectrometry analysis confirmed

that molecular mass of the peptide extracted from ovine corpora lutea was

the same as that of oxytocin.

Luteal oxytocin mRNA expression in the bovine corpus luteum was

detected using cDNA probes derived from the cDNA encoding for bovine

hypothalamic oxytocin (Ivell and Richter, 1984). They reported that when

comparing relative amounts per organ, the active corpus luteum produced

approximately 250 times more oxytocin mRNA than a single hypothalamus.

Another conclusion from their study was that luteal oxytocin mRNA was

slightly smaller then its hypothalamic counterpart based on the comparisons

of their migration on the agarose gel; probably due to a shorter poly(A) tail

on the luteal mRNA. Hypothalamic oxytocin mRNA in the rat also has an

increase in the poly(A) tail length occurring in response to activation of

hypothalamo-neurohypophysial system during pregnancy, lactation and

dehydration (Zingg and Lefebvre, 1989; Carter and Murphy, 1991). It is

believed that these changes could increase the stability of mRNA. The

differences in size of mRNAs encoding hypothalamic and luteal oxytocin

mRNA do not change the peptide product; both mRNAs give rise to the

similar peptide with an apparent molecular weight of 16, 500.
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In the cow and the ewe, oxytocin mRNA expression and synthesis

are initiated in the preovulatory follicle. Detectable low levels of oxytocin

mRNA in preovulatory follicles increase concomitantly after ovulation with

the growth of the corpus tuteum (lveU et al., 1985). The main source of the

follicular oxytocin is the granulosa cells as determined by oxytocin

radloimmunoassay (Schams et al., 1985). Follicles collected after the LH

surge and shortly before ovulation possessed a great capacity for oxytocin

synthesis whereas small follicles collected early in the follicular phase had a

very limited capacity to synthesize oxytocin in vitro (Voss and Fortune,

1991).

Peak levels of oxytocin mRNA expression occur between Days 3

and 7 and decline gradually towards the end of diestrus whereas corpora

albicanta and the corpora lutea from pregnant animals contained very low

or undetectable amounts of oxytocin mRNA ((veil et al., 1985). In both

species, the tuteal content of oxytocin increases to a maximum level in the

mid-Juteal phase and then gradually declines (Sheldrick and Flint, 1983;

Abdelgadir et al., 1987; Parkinson et aL, 1992). Plasma oxytocin levels

increase during the luteal phase parallel to tissue levels and decrease

during luteolysis reaching basal levels around the time of estrus in the ewe

(Schams et al., 1982) and the cow (Schams, 1983; Wathes et al., 1984).

During pregnancy, the luteal oxytocin levels decline markedly in both

species (Sheldrick and Flint, 1983; Wathes et aL, 1983). Human (Khan-
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Dawood and Dawood, 1983) and non-human primate (Khan-Dawood et at.,

1984) corpora tutea contain oxytocin as well; however, there is a significant

difference in the pattern of systemic oxytocin levels during the menstrual

cycle. Unlike ruminant luteal oxytocin, which increases in the early luteal

phase, human and rhesus monkey systemic concentrations of oxytocin rise

about 4 days around the time of ovulation (Falconer et at., 1980; Amico et

al., 1981). Likewise, brain oxytocin mRNA levels are affected by the

estrous cycle. In the adult female rat, oxytocin mRNA concentrations are at

highest levels at estrus and lowest at metestrus, as determined by analysis

of microdissected SON sections (Van Tot et al., 1988). Also, oxytocin and

its mRNA are expressed at increased levels in the rat hypothalamus during

pregnancy and lactation (Van Tot et at., 1988). This suggests that steroids

might be involved in oxytocin gene regulation in the rat. Amico et at. (1995)

suggested that the effects of estradiol on oxytocin synthesis in the rat are

even more dramatic when accompanied by a progesterone-withdrawal

protocol.

The sequence of 5' non-coding region of the rat and human oxytocin

genes contain an element at -164 to -146 bp upstream of the transcription

start site which contains the imperfect estrogen-response element (ERE)

(Richard and Zingg, 1990; Burbach et al., 1994). This element confers

estrogen responsiveness to a homologous promoter transfection system in

estrogen receptor c. (ERcL) expressing cells (Richard and Zingg, 1990;
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Burbach et aL, 1994). The rat ERE can also bind retinoic and thyroid

hormone receptors and these latter hormone-receptor complexes have

been shown to compete with estrogen receptor for binding to this site

(Adam et al., 1992). Although, [RE is essential for the estrogen

responsiveness, estrogen receptor expression was not detected in

magnocellular neurons of the rat hypothalamus (Axelson and van Leeuwen,

1990); thus, direct ERE-dependent activation may not regulate the oxytocin

gene in the rat hypothalamus. Instead, nuclear orphan receptors have

been identified to interact with this "common hormone response element" at

-160 bp including chicken ovalbumin upstream promoter transcription

factor-I (COUP-TED and steroidogenic factor-i (SF-i) (Wehrenberg et al.,

1994). Steroidogenic factor-i activates oxytocin gene constitutively

whereas COUP-TFJ represses the activator of rat oxytocin gene induced by

retinoic acid, thyroid hormone and estrogens through binding to the

hormone response element (Burbach et al., 1994). Another protein that

binds to the 5'-flanking region of the rat oxytocin gene in magnocellular

neurons is Brn-2, a member of class III homeodomain proteins (Hara et aI.,

1992). It appears Brn-2 is required for the development of magnocellular

neurons because in the absence of Brn-2, magnocellular neurons

producing vasopressin and oxytocin are absent in SON and PVN in mice

(Hara et at, 1992). Testis receptor 4 (TR4) has also been identified in the

hypothalamus binding to a further downstream region at -112 to -77 bp on
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the oxytocin gene (Burbach et at., 1998). In summary, oxytocin gene

regulation appears to be controlled by multiple enhancers and repressors

interacting in a complex matter.

The bovine oxytocin gene contains a similar estrogen response

element at -164 to -152 bp but in this species, the distal half of the ERE is

not conserved; therefore, the bovine oxytocin gene promoter could not be

stimulated by estradiol in a heterologous transfection system (Richard and

Zingg, 1990). Results of a study conducted by Hazzard et al. (1998) using

the sheep model, whose oxytocin gene promoter is virtually identical; agree

with the results of the transfection system. Chronic exposure of the ewe to

estradiot during the cycle did not alter synthesis or storage of the luteal

oxytocin (Hazzard etal., 1998).

In the posterior pituitary, an action potential induces an increase in

the intracellular free Ca2 levels, which triggers secretion by exocytosis of

granules containing oxytocin (Nordman, 1983). The dramatic increase in

luteal oxytocin in response to cloprostenol treatment both in vivo (Sheldrick

and Flint, 1983; Wathes et al., 1983) and in vitro (Abdelgadir et al., 1987)

also requires a rapid and sustained rise in intracellular free Ca2 (Hansel et

al., 1991; Wiltbank et al., 1991). Hirst et al. (1986) demonstrated that

incubation of ovine luteal slices in calcium-free medium reduced basal

oxytocin secretion and addition of the calcium ionophore A23187 stimulated

secretion of oxytocin. Apparently, release of oxytocin is also associated with
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activation of protein kinase C (PKC). The phorbol ester 12-0-

tetradecanoylphorbol-1 3-acetate (TPA) stimulated oxytocin secretion from

bovine luteal cells by directly activating protein kinase C (Cosola-Smith et

aL, 1990). Stimulation with PGF2a increased PKC activity in the membrane

fraction of the bovine corpus luteum, which was positively correlated with an

increase in calpastatin activity, an inhibitor of calpains (Orwig et aL, 1994).

Calpains are calcium-activated neutral proteases that hydrolyse membrane-

associated PKC molecules to inactive PKC metabolites (PKM) (Melloni at

al., 1986). Therefore, the results of the study performed by Orwig et al.

(1994) suggest that PGF2-activated calpastatin inhibits the proteolytic

actions of calpains thus increasing and prolonging the availability of active

PKC.

Further information about the regulation of oxytocin secretion has

been provided by a series of studies examining the effects of

catecholamines. Infusion of noradrenaline and acetyicholine into the

lymphatic vasculature system of ewes or ovarian artery of cows in midcycle

caused an immediate release of oxytocin (Heap et at., 1986; Kotwicka et

al., 1991). It appears that the pattern of oxytocin secretion in response to

catecholamine treatments is different than that of the PGF2-induced

secretion of this hormone. Pretreatments with propanalol (a 3-adrenergic

blocker) or phentolamine (an a-adrenergic blocker) could not block the

releasing effects of PGF2a indicating that the adrenergic mechanism is not
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employed by PGF2a-induced exocytosis (Kotwica et al., 1991). Insulin and

insulin-like growth factor (IGF-l) have also been shown to stimulate the

acute release of oxytocin from bovine tuteal tissue (Eispanier et al., 1990;

McArdle et al., 1991).

The dynamics of the mechanism of ovarian oxytocin secretion have

been discussed by Stormshak et al. (1995); however, the complete list of

players of the oxytocin exocytosis process still needs to be elucidated.

Oxytocin and its carrier protein neurophysin are both stored in large,

electron dense core vesicles and released by exocytosis, a multistage

process involving migration of vesicles from the perinuclear region to the

p'asma membrane, their docking, priming and finally their fusion with the

plasma membrane (Theodosis et al., 1986). Generally, exocytosis of cell

products either occurs constitutively or is regulated. Constitutive exocytosis

is an unregulated process by which secretory substances are released

continuously to the cell surface without packing into electron dense

secretory granules (Kelly, 1985). Regulated exocytosis occurs in the

presence of a neuronal or hormonal stimulus. The secretory substances are

packaged into secretory granules that undergo maturation and then

migration to the cell plasma membrane (Tooze and Stinchombe, 1992).

Low molecular weight GTP-binding proteins of the Rab family are

thought to play an important role in the regulation of vesicular traffic (Goud

et al., 1988). The physiological significance of these GTPases derives from
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their cycling between guanosine diphosphate (GDP)-liganded inactive

cytosolic forms and guanosine triphosphate (GTP)-liganded active vesicle

bound forms that are controlled by regulatory proteins (Novick and

Brennwald, 1993). It has been suggested the monomeric GTPase Rab3A

controls insulin secretion through this cycling mechanism (Lang, 1999).

Another member of the Rab protein family, Rab3B is found in the synaptic

vesicles of brain and pituitary (Liedo et al., 1993). Inhibition of Rab3B

mRNA expression in rat anterior pituitary cells with a specific antisense

RNA probe resulted in inhibition of exocytosis (Liedo et al., 1993). Al-

Matubsi et al. (1999) demonstrated recently that Rab3B is co-localized with

oxytocin within the secretory vesicles of the large luteal cells throughout the

estrous cycle in ewes indicating that Rab3B protein may play an important

role directly or indirectly in the secretory pathway of oxytocin. The

myristoylated alanine-rich C kinase (MARCKS) protein is known to possess

important regulatory functions in the process of exocytosis by modulating

the changes in actin cytoskeleton allowing docking and the fusion of the

secretory vesicles to the plasma membrane (Thelen et al., 1991). A

detailed review of the MARCKS protein will be included in the following

chapters. It is conceivable that Rab family GTPases exert immediate

regulation while protein kinases and phosphatases may mediate long term

adaptation of the exocytotic machinery.
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Oxytocin exerts its effects through binding to its 389 amino acid

polypeptide receptor with seven transmembrane domains belonging to the

G protein- coupled receptor family. The oxytocin receptor (OTR) gene has

been cloned from a variety of species including the cow (Bathgate et al.,

1995). Oxytocin receptors are functionally coupled to a G protein (Gq) that

activates phospholipase C3 (PLC), which in turn converts

phosphatidylinosito! 4,5-bisphosphate (PiP2) to inositol I ,4,5-trisphosphate

(1P3) and 1,2 diacylglycerol (DAG). Inositol 1 ,4,5-trisphosphate triggers

Ca2 release from intracellular stores whereas DAG stimulates PKC

activation, which phosphorylates a number of proteins (Flint et at., 1986;

reviewed by Gimpi and Fahrenholz, 2001). Treatments with oxytocin also

increase extracellular signal-related kinase-2 (ERK-2) phosphorylation and

PGE2 synthesis in Chinese hamster ovary (CHO) cells (Strakova et al.,

1998).

The oxytocin receptor is relatively unselective with only about 10-fold

higher affinity for oxytocin compared to that of vasopressin (Kimura et al.,

1994). Vasopressin acts as a partial agonist on the OTR; however, to elicit

the same response as provoked by oxytocin, approximately 100-fold higher

concentrations of vasopressin are necessary (Kimura et al., 1994).

Bovine oxytocin receptor gene is a single-copy gene per haploid

genome and is well conserved among vertebrate species (Bathgate et at.,

1995). The presence of the oxytocin receptor in the corpus luteum was
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demonstrated by Sernia et al. (1989). Similar to the oxytocin gene, an

estrogen receptor element exists in the 5'-flanking region of the OTR gene

in the mouse (Kubota et aL, 1996) and rat (Bale and Dorsa, 1997). In the

rat, the ERE is located in the far upstream promoter region of the oxytocin

receptor gene at -1200 bp from the transcription start site (Bale and Dorsa,

1997). Further sequencing studies revealed that 5'-flanking DNA of the rat

OTR gene possesses a cAMP response element (CRE) (Rozen et al.,

1995). Both phorbol ester and forskolin induced transcription of an oxytocin

receptor construct expressed in human cancer breast cell line (MCF-7)

(Bale and Dorsa, 1998). This suggests a potential role for protein kinase A

and C pathways in OTR gene regulation.

Oxytocin receptor gene is differentially expressed in various tissues

including the uterus and hypothalamus where OTR regulation is correlated

with the exposure to changing concentrations of sex steroids; especially

estradiol (reviewed by Gimpl and Fahrenhotz, 2001). Concentrations of

endometrial OTR change during the estrous cycle of the ewe, reaching

maximal levels at estrus and declining to almost undetectable levels during

the midluteal phase before increasing again on Day 15 of the cycle

(Roberts et al., 1976). Estrogen receptor a (ERa) is not necessary for

basal OTR synthesis as shown with knock-out mice; however, it is

absolutely required for the induction of OTR binding in the brain by estrogen

(Young et al., 1998). Despite the presence of steroid receptors in bovine
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by progesterone, estradiol or a progesterone-withdrawal protocol (lvell et
aL, 1998). lnterferon-t, a cytokine was the only factor that affected uterine
OTR mRNA levels by suppressing its expression (Ivell et at, 1998). In
contrast, Hazzard et al. (1998) showed that chronic exposure to estradiol
and progesterone injected subcutaneously in increasing concentrations
suppressed OTR gene expression resulting in down-regulation of
endometrial OTR in cycling ewes.

In summary, the sex steroids apparently have an indirect effect on
both the OT and OTR genes, possibly involving intermediate transcription
factors or cofactors.

Almost a decade ago, Patchev et al. (1993) and Schumacher et at.
(1993) reported that steroids (progesterone, glucocorticoids) affected
oxytocin binding. These effects occurred so rapidly that the involvement of
nuclear receptors was not accountable.

Moreover, inhibitors of protein
synthesis did not suppress these effects. These results implied that
steroids had an effect at the cellular membrane level. Grazzini et at. (1998)
demonstrated that progesterone but not estradiol can indeed act at the level
of the rat uterine plasma membrane to inhibit oxytocin binding by 50% and
disrupting signal transduction. Similar results were reported by Dunlap et
at. (2000) showing that progesterone treatment suppressed the binding of
oxytocin to the uterine oxytocin receptor in the ewe. These effects of
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antagonist. Collectively, these findings suggest that steroids affect actions

of oxytocin by either fast or slow occurring mechanisms. Fast regulation

occurs via binding to a cell membrane receptor and activating specific

signal transduction system. Slow regulation, on the other hand, is mediated

by nuclear transcription system, which results in a longer period of time.

The nongenomic effects of steroids on the functions of oxytocin still remain

to be elucidated.

The luteolytic actions of oxytocin were first described by Armstrong

and Hansel (1959) who demonstrated that oxytocin injections (50-150

Units/day) into heifers during the first week of the estrous cycle significantly

decreased the length of the estrous cycle. It was later reported that

oxytocin was luteolytic only during Days 3 and 6 of the cycle (Hansel and

Wagner, 1960). Both active and passive immunization against oxytocin

increases the length of estrous cycle in the ewe (Sheidrick et al., 1980;

Schams et aJ., 1983). in ruminants, oxytocin stimulates the release of

PGF2ct from the uterine endometrium (Roberts and McCracken, 1976;

Milvae and Hansel, 1980). The functional interactions between luteal

oxytocin and uterine PGF2a and their role in luteolysis will be discussed in

the next chapter.
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PROSTAGLANDIN F2a SYNTHESIS AND SECRETION BY THE UTERUS

Prostaglandin F2a is synthesized using membrane phospholipids as

substrates by the cyclooxygenase pathway (Vane and Botting, 1995).

Phospholipase A2 and C localized to the plasma membrane, hydrolyse

membrane phospholipids producing intracellular signal transduction

components and arachidonic acid. Liberation of arachidonic acid is

considered to be a rate-limiting step in prostaglandin synthesis (Reviewed

by Dewitt and Smith, 1995). Arachidonic acid is converted to prostaglandin

H2 (PGH2) by cyclooxygenase (prostaglandin G/H synthase), and then

PGH2 is rapidly converted to PGF2a by prostaglandin synthase (Watanabe

etal., 1985).

It has been suggested that estradiol increases uterine PGF2

production by stimulating the activity of enzymes controlling prostaglandin

synthesis in the endometrium (Ham et al., 1975). Estradiol has been shown

to increase the activity of PLA2 and prostaglandin synthase in the

endometrium (Wlodawer et al., 1976; Dey et al., 1982). Progesterone

promotes the accumulation of lipids in the endometrium increasing the

availability of phospholipids for increased
PGF2a synthesis (Boshier et al.,

1981). In ewes, estrogen and progesterone regulate PGF2 synthesis

indirectly by controlling the concentrations of uterine oxytocin receptors

(McCracken, 1980). Estrogen promotes the formation of uterine oxytocin
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receptors whereas progesterone suppresses the formation of these

receptors during the luteal phase until progesterone downregutates its own

receptor (MilIgrom et aL, 1973; McCracken et al, 1995). In the presence of

endometrial oxytocin receptors, binding of oxytocin (possibly posterior

pituitary origin) to these receptors activates PLA2 and formation of

arachidonic acid for PGF2a synthesis (Lee and Silvia, 1994).

Prostaglandin F2 is primarily secreted from the luminat epitheliat

cells of the uterus in ruminants (McCracken et at., 1992; Asselin et at.,

1996). Oxytocin stimulates secretion of PGF2a from the luminal epithelial

cells but not from stromal cells of the endometrium (Asselin et aL, 1996).

However, in pigs, oxytocin-induced PGF2a secretion is greater from the

stromal cells; although, luminal epithelial cells contain the majority of

oxytocin receptors (Uzumcu et at., 1998). It has been hypothesized that

oxytocin released by the luminat epithetium in the pigs binds to the oxytocin

receptor and stimulates PGF2a in an autocrine manner; thus, the effects of

exogenous oxytocin on luminal cells is down-regulated in the pig (Hu et al.,

2001).

Prostaglaridiri F2 acts by binding to its specific receptors, a majority

of which are located on large cells of the ruminant corpus luteum (Juengel

et at., 1995). Prostagtandin F2a receptors belong to the G protein-coupled

seven-transmembrane receptor family (Sakamoto et al., 1994; Graves et

at., 1995). Upon binding to high affinity PGF2a receptors, PGF2a induces
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the Gq subunit of the G protein complex to activate phospholipase C

(PLC), which in turn catalyses the hydrolysis of phosphatidylinositol 4,5-

bisphosphate (PIP2) to inositol 1,45-trisphosphate (1P3) and 1,2-

diacyiglycerol (DAG) (Davis et at., 1988). Increased cytosolic

concentrations of 1P3 result in the release of free Ca2 from the smooth

endoplasmic reticulum to the cytosol. Increased free Ca2 and membrane

localized DAG stimulate the catalytic activity of protein kinase C (PKC).

Protein kinase C is believed to mediate many of the antisteroidogenic

activities of PGF2a in large luteal cells (McGuire et at., 1994). Protein

kinase C will be discussed in the following chapters. Chen et at. (1998) has

reported that PGF2a also activates the mitogen-activated protein kinases

(MAPKs) that are involved in the transduction of extracellular signals to

nuclear signals. This particular signal transduction pathway includes the

Raf family of oncoprotein kinases, MEK1, p42maPk and p44maPk

Production of PGF2a has also been detected in the human

(Patwardhan et at., 1980), bovine (Pate, 1988) and ovine (Tsai and

Wiltbank, 1997) corpora tutea.

LUTEOLYSIS

Luteal regression or luteolysis can be defined as lysis or structural

demise of the corpus luteum. Most obvious changes during luteolysis are a



rapid decrease in progesterone production and secretion due to decreased

blood flow and decreased steroidogenic capacity, and loss of the luteal cells

(Knickerbocker et al., 1988). As mentioned earlier, uterine PGF2a is the

main factor that initiates luteolysis in most nonprimate species including

sheep (McCracken et al., 1970), cattle (Louis et al., 1974), swine (Douglas

and Ginther, 1975) and horses (Douglas and Ginther, 1972). In the

ruminant, uterine PGF2a reaches the ovary via a countercurrent exchange

mechanism between the ovarian artery and the utero-ovarian vein allowing

PGF2cZ to enter the ovary (McCracken et al., 1972). This countercurrent

exchange mechanism occurs before uterine PGF2a is exposed to oxidation

in the lung where
PGF2a is converted to inactive PGF2a metabolite, 15-keto-

13,1 4-dihydro-PGF2a (PGFM) (Ginther, 1974).

In the sow, uterine PGF2a may have both local and systemic effects

on the corpus luteum. Infusions of PGF2a into an adjacent uterine vein

induced Juteolysis providing evidence for its local effects (Gleeson et aL,

1974). Presence of a subovarian exchange mechanism was also

demonstrated in the pig by infusing [3H]-testosterone into the ovarian vein

(Krzymowski et aL, 1982). These researchers were able to detect

radioactivity in the ovarian artery and tissue. It is also conceivable that

PGF2a may act, in part, through the systemic circulation. Because

approximately 40% of [3H]-PGF2 infused into the pulmonary artery remains

unchanged after the passage through the lungs (Davis et at., 1986).
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of the sow so that PGF2a is released into uterine lumen instead of the

systemic circulation (Bazer and Thatcher, 1977). It has been proposed that

estradiol induces the switch from endocrine to exocrine function for PGF2a

thus protecting the corpus luteum from luteolysis during pregnancy (Frank

etal., 1978).

In the mare, evidence suggests that uterine
PGF2a acts systemically

because the ovarian artery has little direct contact with the uterine vein

(Ginther, 1974).

It has long been established that steroid hormones are important

elements of luteolysis. Treatments with 17J3-estradiol during the luteal

phase shortened the length of the estrous cycle in the ewe (Stormshak et

al., 1969). Later, it was reported that an injection of estradiol during the

luteal phase resulted in a premature increase in oxytocin receptor gene

expression in the endometrium, increased
PGF2c, secretion and eventually

premature regression of the CL (Hixon and Flint, 1987).

Mechanisms of luteolysis have been reviewed in detail by

McCracken et al. (1999). Basically, estradiol promotes synthesis of

oxytocin receptors in the endometrium while progesterone suppresses the

effects of estradiol and reduces the concentrations of endometrial oxytocin

receptors. By this mechanism, the uterus becomes refractory to oxytocin

during the luteal phase. As the cycle proceeds, progesterone starts down-
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progesterone no longer blocks the actions of estrogen which then induces

the formation of endometrial oxytocin receptors. Enhanced estrogen action

also stimulates the hypothalamic oxytocin pulse generator to secrete high-

frequency low levels of oxytocin bursts intermittently (McCracken et at.,

1991). This initial oxytocin secretion from the posterior pituitary stimulates

low levels of PGF2a secretion from the endometrium. The subluteolytic

levels of PGF2U stimulate PGF2 receptors on the large tuteal cells initiating

subsequent luteal oxytocin secretion, which then amplifies the release of

endometrial PGF2a release. Secretion of high levels of uterine PGF2a in a

pulsatile manner then inhibits progesterone secretion, stimulates additional

luteal oxytocin secretion and reduces blood flow (McCracken et al., 1972;

Sheldrick and Flint, 1982; Azmi et at., 1982).

In nonpregnant ruminants, pulsatile PGF2a release begins about on

Day 13 in ewes (Zarco et al., 1988) and Day 17 in cows (Kindahi et al.,

1976). First two or three detectable PGF2, pulses occur every 16 hours at

a low frequency causing a substantial reduction in progesterone production.

Thereafter five to six pulses of PGF2,,X every eight hours cause a dramatic

decrease in progesterone production (Zarco et at., 1988). The majority of

oxytocin pulses occur in association with a PGF2a pulse (Hooper et at.,

1986). In pregnant ruminants, basal levels of PGF2a are found elevated

while the pulsatile release pattern disappears (Zarco et at., 1988).
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Although it is well established that episodic pulsatile secretion of

uterine PGF2a brings about the regression of the corpus luteum (McCracken

et al., 1972; Hansel and Convey, 1983), various endocrine, paracrine and

autocrine factors act in concert with PGF2. In contrast to in vivo studies in

which administration of PGF2a to animals ultimately results in inhibition of

progesterone production, in vitro exposure of dispersed large and small

luteal cells or small cells alone, to PGF2a results in increased progesterone

production (Hansel, 1991). These findings suggest that other

nonsteroidogenic luteal cell types may be involved in PGF2a-induced luteal

regression.

Prostaglandin F2 induces apoptosis in luteal capillary endothelial

cells (Sawyer et al., 1990). Apoptosis is a significant component of luteal

regression. Its morphological and biochemical properties have been

described in various tissues including cow (Juengel et al., 1993) and sheep

(Rueda et al., 1995) corpora lutea. The appearance of internucleosomal

DNA fragmentation or "DNA laddering" is a marker of apoptosis and can be

detected during normal regression or PGF2-induced luteolysis of the

bovine and ovine corpora lutea (Juengel et aL, 1993; Rueda et al., 1995).

Progesterone produced by the CL has been implicated to possess

anti-apoptotic activity based on the following evidence. In primates,

inhibition of the 33-hydroxysteroid dehydrogenase by a specific inhibitor,

trilostane, decreased progesterone production and promoted premature



luteolysis (Duffy et al., 1994). Similarly, inhibition of progesterone

production by the bovine corpus luteum or removal of progesterone

accelerated the onset of apoptosis as did the presence of either of the

specific progesterone receptor antagonists mifepristone (RU486) and

onapristone (Rueda et al., 2000). Both small and large bovine luteal cells

contain progesterone receptors (Rueda et al., 2000); however, the

mechanism by which progesterone protects the CL from apoptosis needs to

be further investigated.

The mechanisms involved in luteolysis in primates are poorly

understood. Removal of the uterus has no effect on the life span of the

corpus luteum either in monkeys (Neil! et at., 1969) or in women (Beling et

al., 1970). Moreover, ovarian cyclicity was not altered in women with

congenital absence of uterus supporting the hypothesis that luteal

regression occurs independently from the uterus (Fraser et al., 1973). It

has been proposed that estrogens produced by the primate corpus luteum

may induce luteolysis (Auletta and Flint, 1988; Stouffer, 1980). Systemic

administration of estradiol to women and rhesus monkeys during the luteal

phase of the menstrual cycle causes rapid luteal regression and early onset

of menses (Gore et aL, 1973). Because no functional estrogen receptors

have been identified in the primate corpus tuteum, it is believed that

estradiol may affect LH pulsatility or directly inhibit 3J3-hydroxysteroid

dehydrogenase and reduce progesterone production (Vega et al., 1994).
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remains unclear, a recent study by Fraser et al. (1999) provides a better

understanding. These researchers conducted a series of comparative

studies by administering GnRH antagonist or PGF2 analogue to marmoset

monkeys in the midluteal phase as well as obtaining naturally regressed

corpora lutea. Both GnRH antagonist and
PGF2a have been shown

previously to suppress progesterone secretion (Webley et al., 1991). The

results of macroscopic observations revealed that natural luteolysis and the

two luteolytic treatments resulted in different forms of luteal degeneration

and cell death, none of which fit the common characteristics of apoptosis

(Fraser et aL, 1999).

Endothelial cells have been shown to modulate blood flow to CL by

producing angiogenic factors. One such substance, endothelin-1 (ET-1)

has been implicated as a possible mediator of PGF2 (Hinkley et al., 1997).

Endothelin contains 21 amino acids and exists in four different isoforms:

endothelin I (El-i), ET-2, ET-3 and sarafotoxiri (lnoue et al., 1989). Two

distinct receptor subtypes exist in the endothelin family, ETA and ETB

(Maggi et al., 1989). The ETA binds to ET-1 and ET-2 with higher affinity

while El8 binds to all three endothelins with the same affinity (Naruse et al.,

1994). Both small and large bovine luteal cells contain ETA receptors (

Gush et al., 1996). Girsh et al. (1996) reported that ET-1 treatments

inhibited both basal and LH-stimulated biosynthesis of progesterone in a
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dose-dependent manner. In addition, exogenous ET-1 stimulated luteal

PGF2 production. Pretreatments with BQ-610, a highly selective ETA

receptor antagonist, completely blocked the effects of ET-1 on both basal

and LH-stimulated progesterone production by the bovine luteal cells (Girsh

et al., 1996). Similar results were obtained from experiments using

dispersed ovine luteal cells (Hinckley et al., 1997). Treatments with ET-1

reduced both basal and LH-stimulated progesterone production while using

BQ123, another highly selective ETA receptor antagonist, disrupted the

antisteroidogenic effects of ET-1. Hinckley and Milvae (2001) recently

reported that following pretreatments with a subluteolytic dose of PGF2,

intramuscular administration of 100 tg ET-1 to ewes caused a rapid decline

in plasma progesterone and shortened the duration of the estrous cycle.

Nevertheless, injection of El-i alone did not induce luteolysis.

Prostaglandin F2a stimulates a rapid increase in El-i gene expression and

biosynthesis in bovine luteal endothelial cells (Girsh et al., 1996). The

jugular venous plasma concentrations of ET-1 increases during the period

corresponding to spontaneous luteolysis and during luteolysis induced by

PGF2a administration in the middle of the estrous cycle (Miyamoto et al.,

1997). In summary, a positive feedback system may exist between PGF2a

and ET-1 in which PGF2 induces ET-1 production by the luteal cells and

El-i further enhances PGF2a synthesis. These interactions between
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PGF2 and ET-1 result in decreased blood flow to the CL promoting luteal

regression.

Tumor necrosis factor-a (TNFa) is another potential luteolytic

substance that is produced by the macrophages and large luteal cells of the

corpus luteum (Wuttke et al., 1995). This cytokine inhibits the gene

expression of specific steroidogenic enzymes including P45Oscc, 313-

hydroxysteroid dehydrogenase and aromatase genes; thus, inhibiting both

progesterone and estradiol production (Wuttke et al., 1995). Prostaglandin

F2a stimulates the release of TNFa by macrophages (Wuttke et aL, 1995).

Tumor necrosis factor-a is known to be chemoattractive to macrophages;

therefore, TNFa produced by large luteal cells promotes invasion of

macrophages, which may promote luteolysis. Moreover, it has been

suggested that TNFa induces PGF2a output by human (Chen et al., 1995)

and bovine (Miyamoto et al., 2000) endometrial cells.

PROTEIN KINASE C (PKC)

Protein kinase C was first isolated and described as calcium

activated, phospholipid dependent serine/threonine protein kinase from

bovine cerebellum (Takai et aL, 1977). Subsequent cloning and

biochemistry studies have revealed that PKC belongs to a family of

serine/threonine specific protein kinases and it is involved in variety of
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cellular functions (Nishizuka, 1992). These functions include proliferation,

tumor promotion, differentiation, lipogenolysis and glucose transport in

adipocytes, smooth muscle contraction, glucogenolysis in hepatocytes and

apoptosis (Reviewed by Newton, 1995).

Protein kinase C consists of conventional (C) (a, J31, 13J1 and y), novel

(n) (ö, c, r, 0, and ), and atypical (a) (, X, and t) subtypes (Newton, 1997)

Conventional PKC isoforms are activated by Ca2, diacyiglycerol and fatty

acids in the presence of phospholipids, usually phosphatidylserine and

phorbol esters. The nPKC isoforms are activated by DAG and phorbol

esters and are insensitive to Ca2. The aPKC isoforms are activated by

phospholipids only. The amino terminal domain (regulatory domain) of PKC

contains phorbol ester, DAG (Cl) and Ca2 (C2) binding sites. The carboxy

terminal domain (catalytic domain) contains consensus sequences for ATP

(C3) and substrate binding sites (C4) (Newton, 1995). Unlike cPKC

isoforms, the calcium binding site (C2) is absent in nPKC and aPKC

isoforms. The cPKC and nPKC isoform subtypes contain two zinc fingers in

their phorbol ester binding sites (Cl), whereas aPKC isoforms contain a

single zinc finger. Only PKCj.i isoform lacks the pseudosubstrate domain

(Reviewed by Musashi et al., 2000).

Differences in activator requirements may, in part, contribute to the

diversity of functions of PKC isoforms in the regulation of cellular process.

Another important element in the functional diversity is the localization of
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each isoform to different subcellular compartments in response to

stimulations. In NIH3T3 cells, phorbol ester treatment results in

accumulation of cPKCct in the endoplasmic reticulum, whereas cPKCI3II

localizes with the filamentous actin cytoskeleton and cPKCy associates with

the Golgi organelle (Goodnight et at., 1995). In regards to the distribution of

PKC isoforms in tissue, PKCcL, 131, f311, 3, c and are present ubiquitously

whereas the PKCy isoform is found largely in the brain, PKC1 is expressed

mainly in skin and lung, and PKCO is expressed strongly in skeletal muscle

cells (Hug and Sarre, 1993). Bovine corpora lutea contain all known

conventional cPKC isoforms (a, 131 and 1311) and the nPKC, e (Orwig et at,

1994; Davis et at., 1996).

Activation of protein kinase C is a major pathway of transmembrane

signaling in response to PGF2a stimulation. A number of other reagents

including gonadotropin-releasing hormone (Hirota et at., 1985), thyrotropin

releasing hormone (Fearon et at, 1985), thyrotropin and tumor promoting

phorbol ester 1 2-O-tetradecanoylphorbol-1 3-acetate (TPA) (Kraft and

Anderson, 1983) have been found to activate PKC by causing redistribution

of PKC from cytoplasm to membrane. These studies were conducted by

indirectly measuring the changes in the activity of PKC from the cytosolic to

the membrane fraction. Considering the presence of endogenous inhibitors

of PKC, Shoji et at. (1986) utilized an immunocytochemistry technique in

order to localize specific isoforms. These researchers first developed an
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antibody against PKC that was used to localize PKC in rat brain (Girard et

al., 1986). Shoji and his cofleagues (1986) then treated human promyelotic

leukemic HL6O cefis with TPA for 30 minutes. It was reported that TPA

caused a rapid translocation (within 10 mm) of PKC from cytoplasm to the

plasma membrane. The authors also confirmed these changes by assaying

the enzyme activity.

In sheep and cattle, administration of PGF2a during the early luteal

phase of the estrous cycle fails to evoke luteotysis (Louis et at., 1973)

although PGF2a is able to induce oxytocin secretion (U. Salli, unpublished

observations). Subsequent studies demonstrated that PGF2a receptors

were fully functiona' during the early luteal phase (Silvia et at., 1991) and

receptor concentrations were similar between Days 3 and 15 of the estrous

cycle in the bovine corpus luteum. Therefore, the number of PGF2

receptors may not be an important factor for the difference in

responsiveness to PGF2. Alternatively, it has been suggested that

endogenously occurring PKC inhibitor proteins may directly inhibit activation

of PKC; thus, disrupting the signal transduction further downstream

(Wiltbank et at., 1992). This hypothesis was tested by Juenget et al. (1998)

by measuring the steady-state concentrations of two mRNAs encoding two

inhibitors of PKC; protein kinase C inhibitor-i (PKCI-1) and kinase C

inhibitor protein-i (KCIP-1, brain 14-3-3 protein) in the ovine corpus luteum.

These researchers reported that concentrations of mRNAs encoding both
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inhibitors of PKC increased during the early phase of the estrous cycle.

Using bovine luteal cells, Supancic et al. (2000) demonstrated that PGF2X

treatment increased phosphorylation of 14-3-3 protein which, in turn, binds

and inhibits PKC. These findings indicate a potential inhibitory regulation of

PKC during the early stage of the estrous cycle.

Among the intracellular PKC substrates, some are closely associated

with the cytoskeleton and exocytosis. For example, phosphorylation of

GAP-43 (B-50 or pp46) by PKC appears to be involved in transducing

signals to regulate cytoskeletal organization in the nerve terminal (Benowitz

and Routtenberg, 1997). Annexins are a family of proteins that are

associated with the plasma membrane in a Ca2-dependent manner.

Annexins II and IV have been reported to be substrates for PKC and

proposed to be Ca2tdependent mediators of exocytosis (Raynal and

Pollard, 1994). The myristoylated alanine-rich C kinase substrate

(MARCKS) is a candidate protein in regulating the cross-linked actin

cytoskeleton and PKC-mediated exocytosis. In the following chapter,

characteristics of MARCKS and its possible role in PGF2a-induced secretion

of oxytocin will be discussed.



MYRISTOYLATED ALANINE-RICH C KINASE SUBSTRATE (MARCKS)
PROTEIN

Myristoylated alanine-rich C kinase substrate (MARCKS) protein is a

widely distributed specific protein kinase C substrate with ability to bind both

calmodulin and actin (Graff et al., 1989; Hartwig et at, 1992). The

MARCKS protein has been implicated to be closely associated with variety

of processes that are involved with the rearrangement of the actin

cytoskeleton such as protein secretion and rriembrane trafficking, cell

motility and regulation of cell cycling (Rezengurt et al., 1983; Blackshear et

al., 1986; Aderem et al., 1988). The molecular size of this heat stable

protein ranges from 28 kDa (chicken) to 32 kDa (cattle) (Blackshear, 1993).

Because of its rod-shaped structure, MARCKS migrates anomalously on

SDS-PAGE with its molecular mass ranging from 60 kDa (chicken) to 87

kDa (cattle) (Aderem and Seykora, 1992). The MARCKS protein consists

of an abundance of alanine, which constitutes 31% of 335 amino acids in

the bovine MARCKS and 27% of 281 amino acids in the chicken MARCKS

(Aderem and Seykore, 1992).

MARC KS protein possesses two highly conserved regions; the N-

terminal domain (amino acids 1-70) and the phosphorylation site domain

(PSD; also called effector domain; amino acids 130-180) (Stumpo et aL,

1989; Graff et aL, 1989). The N-terminus of MARCKS is myristoylated,

which may occur co-translationally or post-translationally by covalently
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attaching myristic acid, a 14-carbon saturated fatty acid, to the N-terminal

glycine residues of MARCKS (Resh, 1996). This linkage is mediated by N-

myristoyl transferase. Attachment of unphosphorylated MARCKS to the

plasma membrane occurs by the penetration of its N-terminal myristoylated

membrane-binding domain through the Jipid bilayer (Graff et al., 1989).

Once MARCKS protein associates with the plasma membrane, the

phosphorylation domain of MARCKS becomes closely positioned to PKC

(Rosen et al., 1990); thus, membrane association of MARCKS increases its

availability to the active PKC found in milieu.

The phosphorylation site domain of MARCKS is a highly basic region

containing 12-13 positively charged Lys/Arg residues (McLaughlin and

Aderem, 1995). This basic region also electrostatically interacts with the

membrane providing additional support to myristic acid mediated-binding of

MARCKS to the plasma membrane. Phosphorylation of MARCKS by PKC

occurs in this region at three or four serine residues depending on the

species (Graff et al., 1989; 1991). When three of the four serine residues

are phosphorylated by PKC, the total charge of +13 reduces to +7. Once

reduced, the electrostatic charge cannot support the membrane attachment

in conjunction with myristate leading to translocation of MARC KS from the

membrane to cytoplasm (McLaughlin and Aderem, 1995). Based on results

of nuclear magnetic resonance (NMR) and molecular dynamic stimulation,

a recent study demonstrated that addition of phosphates to three serines by



PKC to the phosphorylation site domain of MARCKS protein induces large
conformational changes resulting in a compact protein structure (Bubb et
aL, 1999). This compactness is probably a result of transient interactions
between the negatively charged phosphates and several positively charged
lysines or arginine and contributes to the disassociation of MARCKS protein
from the plasma membrane and actin filaments. Protein kinase C and its
active subunit, PKM have high specificity for phosphorylation of this region
as shown by the use of a recombinant peptide identical to the PSD
(Verghese et al., 1994). It has also been shown that other kinases
including cAMP-dependent protein kinase and calmodulin-dependent
protein kinases do not phosphorylate MARCKS or recombinant PSD (Graff
et at., 1991). The phosphorylation site domain of MARCKS also binds
calmodulin (CaM) (Graff et at., 1989) and actin (Hartwig et at., 1992). In its
unphosphorylated state and in the presence of Ca2, MARCKS binds to
catmodulin; however, phosphorylated MARCKS does not bind calmodulin
(Graff et at., 1989; Taniguchi and Manenti, 1993). The phosphorylation
domain of murine MARCKS (approximately 50 amino acids) is proposed to
be a-helical containing the phosphorylation site on one side of the helix and
five lysine residues that are known to be CaM/actin binding sites on the
other side (Seykora et al., 1991). Binding of CaM to MARCKS results in
decreased affinity of MARCKS to unilamellar phospholipid vesicles (Kim et
aL, 1994). The ability of MARCKS to bind and crosslink filamentous actin
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(F-actin) is closely related to its phosphorylation status. Unphosphorylated
MARC KS binds to F-actin and crosslinks two or more actin filaments
together (Thelen et aL, 1991; Hartwig et al., 1992). In contrast,
phosphorylation of MARCKS as well as CaM binding results in weaker
binding to F-actin and disrupts its ability to crosslink actin filaments as
shown in direct binding studies (Hartwig et at., 1992).

The translocation process of MARCKS from membrane to cytoplasm
leads to disassembly of the F-actin cytoskeleton (Danks et at., 1999;
Vaaraniemi et al., 1999). Thus, MARCKS is a candidate protein for a role in
maintaining the tight F-actin barrier associated with the plasma membrane
in many cell types. As a matter of fact, in some secretory cells including
gastric chief cells that secrete pepsinogen and bovine adrenal glomerutosa
cells that secrete aldosterone, phosphorylation-induced translocation of
MARCKS from membrane to cytoplasm has been found to be associated
with the disruption of the actin cytoskeleton resulting in exocytosis of their
protein content (Reviewed by Vaughan et al., 1999).



STATEMENT OF THE PROBLEM

In normally cycling animals, depending on species, one or more

corpora lutea develop and at the end of the luteal phase, if there is no

viable embryo in the uterus, the CL regresses (Niswender et al., 1994).

The primary function of the corpus luteum is to produce progesterone. The

presence of a functional corpus luteum is required to maintain pregnancy

through the first 50 days of gestation in the ewe (Casida and Warwick,

1945) and 200 days in the cow (Estergreen et al., 1967). Progesterone

secretion by the corpus luteum is required through the first 50 to 70 days of

gestation in the mare (Holtan et at, 1979) and throughout gestation in the

sow (Niswender and Nett, 1994). Therefore, failure of development or

premature regression of this tissue will result in disruption of reproduction in

mammals. As a matter of fact, an average of 40% of mammalian embryos

are lost during early gestation and much of this loss has been attributed to

inadequate function of the corpus luteum (Niswender and Nett, 1994).

Therefore, understanding the regulation of the life span of the corpus

luteum may provide understanding of major aspects in regulation of

reproduction in domestic animals.

It has been hypothesized that the regression of corpus luteum is

brought about by a positive feedback mechanism between luteal oxytocin

and uterine PGF2ç,, (McCracken, 1984). Prostaglandin F2 stimulates
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oxytocin secretion from the ruminant corpus luteum both in vivo and in vitro;

however, the molecular aspect of this mechanism is poorly understood, It

has been established that PGF2-induced oxytocin secretion involves

protein kinase C as the second messenger (Cosola-Smith et al., 1990).

The bovine corpus luteum contains conventional PKC (cPKC) isoforrns (ct,

l and 1311) and a novel PKC (nPKC) isoform (PKCc) (Orwig et al., 1994;

Davis et al., 1996); however, none of these isoforms were tested for their

activity in response to PGF2a exposure. Activated PKC exerts its effect by

phosphorylating its intracellular substrates. The myristoylated alanine-rich C

kinase substrate (MARCKS) is one of the PKC substrates which has been

found to be associated with the hormone regulated exocytosis process in a

number of secretory cells (Vaughan et al., 1999). The presence of

MARCKS protein in the luteal tissue (Filley et al., 2000) requires further

investigation in order to understand if MARCKS is involved in exocytosis of

oxytocin granules by the bovine corpus luteum.

The experiments of the present thesis were conducted: 1) to

determine if treatments with PGF2U, phorbol ester (TPA) and Ca2

ionophore A23187 would evoke phosphorylation of MARCKS protein in

dispersed bovine luteal cells, 2) to determine the temporal relationship

between the subcellular distribution of MARCKS relative to oxytocin

secretion in the bovine corpus luteum in response to PGF2a exposure on



Day 8 of the cycle, 3) to identify specific PKC isoforms that are responsible

for phosphorylation of MARCKS protein in the bovine corpus luteum.
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ABSTRACT

The ruminant corpus luteum, in addition to producing progesterone,

also synthesizes and secretes oxytocin during the estrous cycle. Secretion

of oxytocin occurs by exocytosis of vesicle-enclosed granules of this

hormone. Exocytosis of oxytocin (01) involves transport of granules

through a cytoskeletal matrix including an actin cortex closely associated

with the plasma membrane (PM). Actin filaments cross-linked by various

proteins give rise to the structural integrity of the cortex. Myristoylated

alanine rich C kinase substrate (MARCKS), a protein specifically

phosphorylated by protein kinase C (PKC), cross-links actin filaments and

anchors the actin network to the inner leaflet of the PM. Evidence suggests

that the intact actin cortex may serve as a barrier precluding fusion of the

transport vesicles with the PM. In some secretory cells, phosphorylation

of MARCKS has resulted in its translocation from the PM to the cytoplasm

with an associated disassembly of the actin cortex. Prostaglandin F2a

(PGF2) stimulation of the bovine corpus luteum during the midluteal phase

of the estrous cycle activates PKC, which is associated with an increase in

01 secretion in vivo and in vitro. Data are presented demonstrating that

stimulation of bovine luteal cells with PGF2a on Day 8 of the cycle promotes

rapid phosphorylation of MARCKS protein and causes its translocation from

the PM to the cytoplasm concomitant with enhanced exocytosis of OT.



These data are consistent with the premise that MARCKS plays a role in

the exocytotic process.

INTRODUCTION

Extensive reviews covering the subject of ovarian production of

oxytocin in ruminant species have been published since the late 1980's

(Schams, 1987; Flint et al., 1990; Wathes and Denning-Kendall, 1992;

Stormshak et aL, 1995; Fields and Fields, 1996). In ruminants (cattle,

sheep, etc.), oxytocin is produced by granulosa cells of the preovulatory

follicle and the corpus luteum. These previous reviews have, in general

terms, described the characteristics of oxytocin production and defined the

factors that regulate its synthesis and (or) secretion during various

reproductive states. These aspects of ovarian oxytocin production will not

be covered here except as deemed necessary to provide the reader with

adequate background information. Rather, this minireview will focus on the

molecular aspects of exocytosis of oxytocin from bovine luteal cells and will

include recent data on the role of myristoylated alanine rich C kinase

substrate (MARCKS) protein in this phenomenon.



OVERVIEW OF LUTEAL OXYTOCIN DURING THE ESTROUS CYCLE

Concentrations of oxytocin in the bovine and ovine corpus luteum

are maximal during the midluteal phase of the estrous cycle and gradually

decrease thereafter (Sheldrick and Flint, 1983; Abdelgadir et al., 1987;

Parkinson et al., 1992). Bovine and ovine corpora lutea consist of large and

small steroidogenic cells producing progesterone; however, it is the large

luteal cell which has been identified as the sole source of oxytocin (Fields

and Fields, 1986). This large luteal cell is endowed with the majority of

receptors for prostaglandin F2 (Niswender et al., 1985). The fact that luteal

concentration of oxytocin is maximal during the midluteal phase of the cycle

is somewhat unique because it does not appear to coincide with luteal

levels of the mRNA for this nanopeptide. Luteal concentrations of oxytocin-

neurophysin-1 mRNA in cows and ewes increase early after luteinization of

granulosa cells and attain maximal concentrations by approximately Day 3

of the cycle then decline to low levels during the midluteal phase (Ivell et al,,

1985; Jones and Flint, 1988). Administration of PGF2 to cows or ewes

during the estrous cycle causes an immediate increase in luteal oxytocin

secretion (Flint and Sheldrick, 1982; Schallenberg et al., 1984; Orwig et al.,

1994). This response to exogenous PGF2a is consistent with the postulated

functional relationship between these two hormones in causing luteolysis

(McCracken and Schramm, 1983). It should be noted that infusions of
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norepinephrine into heifers during the midluteal phase of the cycle also

stimulate an immediate release of luteal oxytocin (Skarzynski and Kotwica,

1993) but the mechanism of action of this catecholamine is unknown. In

vitro exposure of luteal slices (Abdelgadir et al., 1987) or cells (Jarry et al.,

1992) to PGF2a also stimulates release of oxytocin.

STIMULUS-SECRETION COUPLING IN LUTEAL OXYTOCIN
SECRETION

In the mature bovine and ovine corpus luteum the binding of PGF2a

to its receptor results in the activation of phosphohpase C3 (PLC) through

coupling with a Gq protein (Smrcka et al., 1991; Davis et al., 1996).

Activation of PLC is the initial step of a phosphoinositide cascade that

generates the second messengers diacylglycerol (DAG) and inositol

trisphosphate (Davis et al., 1991). Inositol trisphosphate (1P3) binding to

receptors in the endoptasmic reticulum stimulates the release of a pool of

Ca2 thus increasing intracellular levels of this ion [Ca2Ji. Bovine and ovine

large luteal cells respond to PGF2a with a rapid transient increase in [Ca2]i,

the result of 1P3 action, followed by a secondary sustained increase in

[Ca2]i, apparently due to influx of extracellular Ca2 (Afila et aI., 1989;

Wiltbank et al., 1991). The increase in intracellular Ca2 not only promotes

translocation of some protein kinase C (PKC) isozymes to the plasma

membrane, but in concert with DAG, is essential in activating the



conventional isoforms of PKC (Newton, 1995). Calcium activation of

kinases as well as phosphatases, to strike a balance in protein

phosphorylation and dephosphorylation, is requisite for stimulus-coupled

secretion (Ammala et al., 1994). Because of its multiple protein targets,

Ca2 plays an important role in regulating several steps in exocytosis, such

as size of vesicle pools and membrane fusion events (Lang, 1999). On the

basis of its central role, Ca2 may be regarded as a primary stimulus for

exocytosis.

ELEMENTS OF EXOCYTOSIS

Transport Vesicles

Considerably more is known about how proteins are packaged and

delivered from the endoplasmic reticulum to the Golgi than is known about

the transport of proteins from the latter organelle to the plasma membrane.

In fact the molecular mechanisms underlying the budding of transport

vesicles from the Golgi, the mechanics of vesicle transport and the fusion of

the vesicle with the plasma membrane (exocytosis) has until recently been

a mystery. It has now been determined that the budding of a transport

vesicle from the trans-Golgi region involves attachment of a small GTP

binding protein called ARF (ADP-ribosylation factor) that controls the



budding process and triggers the laying down of a set of coat proteins on

the surface of the emerging vesicle (a coatmer shell). Vesicles containing

neurophysin-oxytocin that are destined for transport to the plasma

membrane (PM) are most Ukely coated with clathrin molecules and a core

complex of proteins referred to as v-SNAREs that binds to cognate t-

SNAREs in the PM (Rothman and Wieland, 1996). After budding, the

bound GTP of ARF is hydrolyzed to GDP, which may facilitate

disassociation of the coat proteins exposing the v-SNAREs. The journey of

vesicles across the cytoplasm to the PM is facilitated by movement along

microtubules (Vale et at., 1985) but many aspects of this enhanced

transport remain an enigma. Docking or fusion of the transport vesicle

requires that the v-SNAREs (synaptobrevins) interact with specific t-

SNAREs (syntaxin and SNAP-25). Additionally, fusion is mediated by an

ATPase NSF (N-ethylmateimide-sensitive fusion protein) and three to six

SNAP (soluble NSF attachment protein) proteins that bind to the SNARE

(SNAP receptor) complex after interaction of v and t-SNAREs. Hydrolysis

of ATP by NSF protein generates energy that causes dissociation of the v-

and t-SNAREs and releases the SNAP proteins. This event presumably

creates a state that represents an irreversible step toward bilayer fusion.

After hydrolysis of ATP but before bilayer fusion is complete the vesicular

Ca2 binding protein synaptotagmin binds to the PM. Synaptotagmin is an

integral membrane protein localized to both synaptic and neurohormone
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secretory vesicles (Lang, 1999). The large cytoplasmic domain of this

protein contains two C2 motifs, each similar to the Ca2 and phospholipid

binding domain of PKC (Vaughan et aL, 1999) that permit interaction with

the PM. Binding of Ca2 to synaptotagmin might be the switch that

promotes rapid completion of the fusion process (Rothman and Wieland,

1996).

Bovine large luteal cells contain maximal quantities of transport

vesicles carrying dense granules of neurophysin/oxytocin between Days 7

and 14 of the estrous cycle (Fields et al., 1985). Administration of PGF2, to

cows during the mid-luteal phase of the cycle causes rapid degranulation of

large luteal cells (Heath et al., 1983) consistent with the increase in

systemic concentrations of oxytocin detected after injection of this

elcosanoid (Orwig et al., 1994). These secretory granules in luteal cells

exist as a large cluster in a paranuclear position with the size of the cluster

often exceeding that of the adjacent nucleus. The clustered pattern of

secretory granules in the bovine luteal cell differs from the more diffuse

distribution of granules observed in luteal cells of the sow (Fields and

Fields, 1992) and ewe (Theodosis et al., 1986). In pregnant cows, the

population of oxytocin secretory granules is apparently maintained at a high

level beyond Day 20 of gestation but is near depletion by Day 30 (Fields

and Fields, 1996). The how and why of the observed differences in

oxytocin secretory granule maintenance between the cyclic and pregnant
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cow is unknown but suggests that the presence of the embryo somehow

impacts large luteal cell function in this species.

The Actin Cortex: A Potential Barrier to Exocytosis

The cytoskeleton consists of three major types of protein filaments:

microtubules, microfilaments and intermediate filaments (Schmidt and Hall,

1998). Microfilaments are polymers of actin that together with enumerable

actin-binding and associated proteins constitute the actin cytoskeleton.

Actin exists either in a monomeric (G-actin) or in a polymeric (F-actin) form.

Among its many functions in mammalian cells, the actin cytoskeleton is vital

for transmembrane signaling, endocytosis and exocytosis (Luna and Hitt,

1992). The array of F-actin filaments that underlie and interact with the

plasma membrane form what is referred to as the actin cortex. Actin

filaments are not generated randomly or uniformly throughout the cell, but

rather at discrete nucleation sites at the PM. Focal adhesions and

adherens junctions are membrane-associated multimolecular complexes

that control actin nucleation. Organization of the actin cortex is controlled

by accessory (binding) proteins, which include filament cross-linking

proteins (ABP-280, Spectrin, ABP-1 20, a-actinin, MARCKS), bundling

proteins, Ca2tdependent filament severing proteins and proteins that

stabilize filaments (Luna and Hitt, 1992; Schmidt and Hall, 1998). Some of
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the cross-linking proteins such as ABP-280, Spectrin and MARCKS may

help link actin to the PM. It is noteworthy that phosphatidylinositol-4,5-

bisphosphate and Ca2 play a role in promoting the function of several

proteins associated with the assembly and disassembly of actin filaments

(Sakisaka et al., 1997; Schmidt and Hall, 1998). These proteins appear to

be specific targets of the phosphoinositide signaling pathway that is

activated upon exposure of luteal cells to PGF2a.

It has been proposed that the actin cortex acts as a barrier to the

secretory granules blocking their access to the plasma membrane. Early

evidence that the actin cortex can block exocytosis was provided by Orci et

al. (1972), who demonstrated that disruption of the cortex in pancreatic

J3 cells with cytochalasin B enhanced glucose-induced secretion of insulin.

Subsequently, Vitale et al. (1992) reported that treatment of cultured bovine

chromaffin cells with the phorbol ester (PMA), a PKC activator, caused

cortical filamentous actin disassembly within 6 mm and potentiated nicotine-

induced catecholamine exocytosis. These authors proposed that activation

of PKC facilitated exocytosis via a destabilization of the actin cortex.

Similarly, Muallem et al. (1995) demonstrated that exposure of streptolysin

0-permeabilized rat pancreatic acinar cells to J3-thymosins and gelsolin Si

fragment, actin monomer-binding proteins that cause actin

depolymerization, reduced actin filaments at the apical surface of the cell

and stimulated exocytosis of amylase. Pretreatment of permeabilized cells
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with phalloidin, an inhibitor of actin depolymerization, suppressed

exocytosis of amylase.

As emphasized by Muallem et at. (1995), a minimal actin filamentous

cortical network must be maintained for exocytosis to occur. In their studies

extensive actin depolymerization by 3-thymosin inhibited exocytosis.

MARCKS PROTEIN: STRUCTURAL AND FUNCTIONAL ASPECTS

MARCKS is a unique protein both structurally and functionally. It is a

heat stable protein and its size ranges from 28 KDa (chicken) to 32 kDa

(bovine) (Blackhear, 1993). However, MARCKS migrates differently on

SDS-PAGE with its molecular mass ranging from 60 kDa (chicken) to 87

kDa (bovine). Elaborate studies conducted by Albert et al. (1987) and

Hartwig et al. (1992) suggest that this anomalous migration of MARCKS is

due to its rod-shaped structure with a dimension of 33 nm x 2.5 nm. The

murine protein acquires its rod-shaped structure from short peptide motifs

repeated a number of times in its overall amino acid sequence (Aderem and

Saykora, 1992). Amino acid composition of MARCKS is abundant in

alanine, which constitutes 31 % of 335 amino acids in the bovine and 27 %

of 281 amino acids in the chicken MARCKS (Aderem and Seykora, 1992).

MARCKS protein possesses two highly conserved regions: the N-

terminal domain (amino acids 1-70) and the phosphorylation site domain
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(PSD; also called effector domain; amino acids 130-180) (Stumpo et al,

1989; Graff et al., 1989). N-terminus of MARCKS is myristoylated, which

may occur co-translationafly or post-translationally by covalently attaching

myristic acid, a 14-carbon saturated fatty acid, to the N-terminal glycine

residues of MARCKS (Resh, 1996). This linkage is mediated by N-

myristoyl transferase. Myristoylation of MARCKS is necessary for the

membrane attachment of the protein (Thelen et al., 1991). Myristate

anchors the protein to the PM by simply penetrating into the hydrophobic

monolayer.

The phosphorylation site domain of MARCKS is a highly basic region

containing 12-13 positively charged Lys/Arg residues (McLaughlin and

Aderem, 1995). This basic region also electrostatically interacts with the

membrane providing additional support to myristic acid mediated-binding of

MARCKS to the PM. Phosphorylation of MARCKS by PKC occurs in this

region at three or four serine residues depending on the species (Graff et

al. 1989; Graff et al., 1991). Protein kinase C and its active subunit, PKM

have high specificity for phosphorylation of this region as shown by the use

of a recombinant peptide identical to the PSD (Verghese et al., 1994). It

has also been shown that other kinases including c-AMP dependent protein

kinase and calmodulin-dependent protein kinases do not phosphorylate

MARCKS or recombinant PSD (Graff et al., 1991). The phosphorylation

site domain of MARCKS also binds calmodulin (CaM) (Graff et al., 1989)
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and actin (Hartwig et al., 1992). In its unphosphorylated state and in the

presence of Ca2, MARCKS binds to calmodulin; however, phosphorytated

MARCKS does not bind calmodulin (Graff et al., 1989; Taniguchi and

Manenti, 1993). The phosphorylation domain of murine MARCKS

(approximately 50 amino acids) is proposed to be a-helical containing the

phosphorylation site on one side of the helix and five lysine residues that

are known to be CaM/actin binding sites on the other side (Seykora et aI.,

1991). Binding of CaM to MARCKS results in decreased affinity of

MARCKS to unhlamellar phospholipid vesicles (Kim et at., 1994). The ability

of MARCKS to bind and crosslink filamentous actin (F-actin) is closely

related to its phosphorylation status. Unphosphorylated MARCKS binds to

F-actin and crosslinks two or more actin filaments together (Thelen et al.,

1991; Hartwig et al., 1992). In contrast, phosphorylation of MARCKS as well

as CaM binding results in weaker binding to F-actin and disrupts its ability

to crosslink actin filaments as shown in direct binding studies (Hartwig et

al., 1992). In fact, studies using cell cultures demonstrate that MARCKS

translocates from the membrane to cytoplasm in response to activation of

PKC (Thelen et at., 1991; Douglas et al., 1997). This process of

translocation leads to disassembly of the F-actin cytoskeleton (Danks et al.,

1999; Vaaraniemi et aL, 1999).
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IS MARCKS INVOLVED IN EXOCYTOSIS OF OXYTOCIN GRANULES IN
THE BOVINE CORPUS LUTEUM?

To address this question the following study was conducted, the

objectives of which were 1) to determine whether exposure of dispersed

bovine luteal cells to PGF2, phorbol ester (12-O-tetradecanoylphorbol-13-

acetate ETPA]) and Ca2 ionophore A23187 would stimulate

phosphorylation of MARCKS and 2) to examine the temporal relationship

between the subcellular distribution of MARCKS protein and oxytocin

secretion in corpora lutea of PGF2-treated heifers on Day 8 of the estrous

cycle.

MATERIALS AND METHODS

Animals

Beef heifers were checked for behavioral estrus (Day 0) twice daily,

using a vasectomized bull. On Day 8 of the cycle, heifers were prepared for

removal of the corpus luteum (CL) and collection of jugular blood. The CL

was removed per vaginum under lidocaine (2%)-induced caudal epidural

anesthesia as described by Orwig et al. (1994). Upon removal, the CL was

transported to the laboratory in a phosphate deficient media (Dulbecco's
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Modified Eagle Medium, DMEM; Gibco BRL, Grand Island, NY) containing

gentamicin (30 mg/mI; Gibco BRL) at 4°C.

All chemicals were purchased from Sigma (St. Louis, MO), Bio-Rad

(Richmond, CA), or Boehringer Mannheim (Indianapolis, IN) unless

otherwise noted. Radiolsotopes were purchased from New England Nuclear

(Boston, MA).

Experiment 1- Phosphorylation of MARCKS Protein in vitro

The CL (n = 4) maintained at 4°C was freed of connective tissue,

weighed, sliced (0.3 mm thick), minced with a razor blade and then

subjected to collagenase digestion in DMEM as described by Pate and

Condon (1982). Aliquots of 10 x 106 luteal cells were placed into each

treatment flask and cells incubated in 2 ml phosphate deficient DMEM for

1.5 h at 37°C. After "phosphate starvation", [32P1-orthophosphate (100

IJC i/mi) was added to each treatment flask and incubation continued for 1.5

h. Flasks containing cells were then treated with ethanol (control; 10 p1),

PGF2a (56 nM Cloprostenol; Bayer Corp., Shawnee Mission, KS), TPA (1

pM) and A23187 (Ca2 ionophore; 5 pM) for an additional 30 mm at 37°C.

After stopping the reaction by placing the flasks on ice, cells were

homogenized with a glass Dounce tissue grinder (Wheaton Scientific,

Miliville, NJ) in Buffer A (50 mM Tris-HCI, pH 8.3, 5 mM EDTA, 0.15 M



NaCI) containing enzyme inhibitors (5 pM microcystin, 1 pM calpeptin, 1 x

protease inhibitor cocktail set 1; Calbiochem, La Jolla, CA) in order to

acquire cytosolic and membrane fractions. Tubes containing each

respective fraction were placed into a boiling water bath for 10 mm and

subsequently centrifuged at 10,000 x g for 15 mm to obtain heat stable

MARCKS protein. Equal amounts of protein as determined by the Pierce

BCA protein assay (Pierce, Rockford, IL) from the cytosolic (90 pg/lane) or

membrane fraction (35 pg/lane) were subjected to 7.5% SDS-PAGE and

transferred to a nylon membrane in a 5 h period, which was then subjected

to autoradiography to expose the phosphorylated proteins. After obtaining

an adequate autoradiographic image, membranes were immunoblotted with

mouse monoclonal MARCKS antibody (1:500; anti-human MARCKS;

Upstate Biotechnology, Lake Placid, NY) to normalize the possible

differences in the amount of total protein loaded on each lane arid to locate

the precise position of phosphorylated MARCKS. MARCKS bands were

visualized after processing the membranes by using an alkaline

phosphatase conjugate substrate kit (Bio-Rad). Densitometry readings were

performed on MARCKS bands from autoradiographs and corresponding

bands from Western blots using a densitometer (Molecular Dynamics,

Sunnyvale, CA). Data were expressed as the ratio of densitometric units of

[32P}-phosphorylated MARCKS to that of MARCKS protein.
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A similar phosphorylation experiment was conducted to determine if

dispersed luteal cells would respond to treatments in a shorter exposure

period. Dispersed luteal cells from two heifers prepared and

phosphorylated as described above were treated with ethanol (control; 10

p1), PGF2 (56 nM), TPA (1 pM) and A23187 (Ca2 ionophore; 5 pM) for 1

and 5 mm at 37°C. Incubation was stopped immediately and cells were

homogenized in Buffer A to extract the proteins. Protein concentrations of

the cytosolic fraction were determined by Pierce BCA protein assay. Equal

amounts of protein samples were immunoprecipitated with 1:100 anti-

bovine polyclonal MARCKS antibody (provided by Dr. Perry Blackshear) as

described by Uberall et aJ. (1997). lmmunoprecipitation products were then

subjected to 7.5% SDS-PAGE. After electrophoretic fractionating, gels

were dried with a vacuum dryer (Bio-Rad) and subjected to autoradiography

to detect phosphorylated MARCKS. Size of visualized MARCKS bands

were confirmed with molecular weight markers (Gibco-BRL).

Experiment 2- Subcellular Distribution of MARCKS Protein Relative to
Oxytocin Secretion After

PGF2a Stimulation ifl VIVO

In experiment 2, eight heifers were assigned randomly in equal

numbers to control (saline) or treatment (PGF2a) groups. Sequential blood

samples were collected from the jugular vein of heifers by insertion of a I 6-

gauge 8.3 cm Angiocath catheter (Becton-Dickinson Deseret Medical,



Sandy, UT) that was flushed with heparinized saline in order to keep the

catheter patent during the process of blood collection. A blood sample was

drawn and designated as the background sample as soon as the catheter

was in place. AU blood samples were collected into 10 ml heparinized

vacutainer tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes,

NJ) and EDTA (0.5 M; 20 p1) and 1,10-phenanthroline (5 mg/mI in ethanol;

10 p1) were added immediately to block endogenous oxytocinase activity.

The surgical intervention of the vagina was performed as described above

but the CL was not removed until 5 mm after initiating the treatments.

Treatments, PGF2 (500 pg Cloprostenol/2 ml) or saline (2 ml), were

administered via the catheter and an immediate blood sample was taken at

the time 0. Additional blood samples were collected after 2.5, 5, 10, 20, 30

and 40 mm. Blood samples were centrifuged at 4°C, and plasma was

stored at 20°C until assayed for oxytocin (OT).

After removal, the CL was maintained at 4°C and was freed of

connective tissue, weighed, minced and homogenized with Buffer A using

the Tekmar Tissuemizer (Tekmar Co., Cincinnati, OH). Then, protein

concentrations of the fractions were quantified by Pierce BCA protein

assay. In order to determine and compare the subcellular distribution of

MARC KS in response to PGF2U treatment, the same amount of protein (300

pg/lane) from the cytosolic and membrane fractions was subjected to 7.5%

SDS-PAGE and transferred to a nylon membrane. Membranes were then
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immunoblotted with monoclonal MARCKS antibody and stained with

alkaline phosphatase (see above) to visualize the MARCKS protein.

Densitometry readings were performed on MARCKS bands from Western

blots. The data are presented as the ratio of arbitrary densitometric units of

membrane MARCKS to cytosolic MARCKS.

Oxytocin RIA

Oxytocin was extracted from plasma and measured by RIA using

methods adapted from Schams (1983) and Abdelgadir et at. (1987), using

OT antibody generously provided by Dr. Dieter Schams, Technical

University of Munich, Germany. The mean extraction efficiency was 63.8%

as determined by the addition of [3H]-OT. Plasma concentrations of OT

determined by RIA were corrected for losses due to extraction. Plasma

sample volumes utilized in the RIA were 100 p1/tube. lntraassay coefficient

of variation, determined from quality controls with a known amount of OT

that was near the midpoint of the standard curve, was 3.14%.



Statistical Analysis

The data obtained from experiment 1 were analyzed by analysis of

variance for an experiment of comp'ete randomized block design. The

differences in membrane to cytosol ratio between saline and PGF2

treatments in experiment 2 were tested for significance using Student's t-

test. Data on plasma concentrations of 01 were subjected to repeated

measures analysis of variance.

RESULTS

Phosphorylation of MARCKS Protein in vitro

Autoradiography of protein samples that were electrophoretically

fractionated and subjected to Western blotting are shown in Figure IA.

Treatments of the dispersed luteal cells with PGF2a, TPA, and A231 87 for

30 mm resulted in increased phosphorylation of MARCKS protein found in

the 87 kDa region of both cytosol and membrane fractions (arrow). Figure

1 B depicts the Western blot used to obtain the autoradiographic image

shown in Figure 1 A. The Western immunobot indicates a single band at 87

kDa region that matches with the bands on the autoradiograph. it also
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shows that similar amounts of protein in membrane and cytosolic fractions

were applied to the SDS gel.



A MARCKS Phosphorylation

Cytosol Membrane

87 KDa

Fig 1 Effects of PGF2a, TPA and A231 87 on A) phosphorylation of cytosolic
and membrane MARCKS determined by autoradiography of Western
blots. Arrow indicates phosphorylated MARCKS protein (87 kDa). C
(Control; ethanol, 10 p1), PGF2a (56 nM), TPA (1 pM), A23187 (5 pM).
B) Western immunoblot of the same nylon membrane displaying a
single band and an equal amount of protein per each lane.

The ratios of densitometric units of phosphorylated MARCKS to that

of MARCKS protein present in the corresponding lane are shown in Figure

2. Prostaglandin F2a, TPA and A23187 increased phosphorylated

MARCKS in cytosol by three-, four, and threefold, respectively (P < 0.01)

while it was increased seven-, nine-, and sixfold in the membrane fraction

(P <0.01).
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Fig 2 Changes in mean (± SE) concentrations of phosphorylated MARCKS
in luteal cells exposed to control vehicle (C), PGF2a, TPA or A23187.
Values represent arbitrary densitometric units (DU). ** (P <0.01)

Additionally, exposing cells I or 5 mm to treatments increased

phosphorylation of MARCKS in the cytosolic fraction revealing that

treatments were able to evoke a response in dispersed luteal cells resulting

in increased phosphorylation of MARCKS in a shorter incubation period

than 30 mm (Fig. 3).
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Fig 3 Autoradiography of phosphorylated immunoprecipitated MARCKS
after exposure of luteal cells to control vehicle (C), PGF2a, TPA and
A23187 for 1 or 5 mm. Equal amounts of protein samples were
immunoprecipitated.

Subcellular Distribution of MARCKS Protein Relative to Oxytocin Secretion
After PGF2a Stimulation in vivo

Corpora lutea of saline-treated control animals contained relatively

greater quantities of MARCKS associated with the plasma membrane (Fig.

4A). In contrast, administration of PGF2c, to heifers caused translocation of

MARCKS protein from membrane to cytoplasm within 5 mm of treatment

(Fig. 4B). Relative ratios of membrane to cytosolic MARC KS in saline and

PGF2atreated animals were 5.0 and 0.89 respectively (P < 0.01; Fig. 5)

indicating that greater levels of MARCKS were found in cytosol when luteal

cells were stimulated with PGF2. The residual MARCKS protein associated

with the membrane fraction of corpora lutea of PGF2a-treated heifers (Fig.

4B) is believed to be the unphosphorylated form of MARCKS that remains

bound to membrane and actin filaments.
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Fig 4 Western immunoblots of luteal samples from saline (A) and PGF2-

treated (B) heifers depicting the subcellular distribution of MARCKS
protein (arrow). Equal amounts of protein (300 pg) were loaded from
both cytosol and membrane fractions. Samples were applied in
d up I icate.
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Fig 5 Effect of PGF2a stimulation on luteal subcellular distribution of
MARCKS. The data are expressed as the mean (± SE) ratio of
densitometric units of membrane-bound MARCKS to that of cytosolic
MARCKS representing the immunoreactive MARCKS bands displayed
in Figure 4. ** (P <0.01)

Translocation of MARCKS protein from membrane to cytoplasm in

luteal cells of PGF2a-treated heifers was associated with a concurrent

increase in oxytocin secretion. In PGF2a-treated heifers mean plasma

concentrations of oxytocin (Fig. 6) were maximal by 5 mm post-treatment,

remained increased up to 20 mm and then declined to basal levels by 40

mm (35 mm after CL removal). Mean plasma concentrations of oxytocin in

control heifers were low throughout the entire treatment and sampling

regimen.
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Fig 6 Mean (± SE) plasma oxytocin concentrations of both saline and
PGF2a-treated heifers. Corpora lutea were removed 5 mm after saline
or PGF2a injection. Time (mm) axis represents the intervals that blood
samples were taken. Prostaglandin F2a-induced oxytocin secretion by
the CL within 5 mm of the injection (P <0.05). After removal of the CL,
oxytocin levels gradually decreased to baseline (at 40 mm).

DISCUSSION

Results of this study indicate that in vitro treatments of bovine luteal

cells with either PGF2a, TPA or A23187 cause an immediate increase in

phosphorylation of cytosolic and membrane-associated MARCKS protein,

which is evident even as late as 30 mm after exposure to the stimulant.

The time course of this response is consistent with that observed relative to



luteal secretion of OT induced by administration of PGF2 to heifers on Day

8 of the cycle (Experiment 2 below and Orwig et al. [1994]). The observed

phosphorylation of MARCKS protein is similar to the data of Quarles et at.

(1993) who reported that PGF2a and TPA stimulated phosphorylation of this

protein in cultured MC-3T3-E1 osteoblasts. The mechanism by which

PGF2a, TPA and A23187 promote phosphorylation of MARCKS in believed

to be via activation of PKC. How PGF2a activates PKC in luteal cells has

been discussed earlier in this review.

Bovine corpora lutea contain conventional (c) PKC isoforms (a, 131

and 1311) and the novel (n) PKCc (Orwig et at., 1994; Davis et al., 1996).

Although increased intracellular concentration of Ca2 along with DAG,

phosphatidylserine (PS) and fatty acids (FA) is necessary to activate cPKC

isoforms, nPKC and atypical PKC isoforms do not require Ca2 (Nishizuka,

1992; Newton, 1995). In other tissues, it appears that the isozymes of PKC

found in the bovine CL are capable of recognizing and phosphorylating

MARCKS with differing specificity (Fujise et at., 1994; Herget et at., 1995;

Uberall et al., 1997). Because of its structural similarity to diacylglycerol,

TPA simply inserts into plasma membrane and mimics the action of

diacylglycerot; thus, directly activating PKC without increasing intracellular

Ca2 (Nishizuka, 1989). Previous studies demonstrated that TPA and

A23187 (Cosola-Smith et at., 1990) are as effective as PGF2 (Abdelgadir

et al., 1987) in inducing OT secretion from bovine luteal slices in vitro.
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Vitale et al. (1995) demonstrated that TPA treatment disrupted the cortical

F-actin network and promoted the movement of secretory vesicles toward

the submembrane zone in chromaffin cells. On this basis, it may be

speculated that inducing PKC activation in luteal cells would evoke a similar

response resulting in fusion and exocytosis of oxytocin granules. In the

present study, in addition to PGF2a and TPA, we investigated the effects of

increased intracellular Ca2, without stimulating increased production of

DAG, on MARCKS phosphorylation. Incubation of cells with A23187

increased the phosphorylation of this protein presumably activating one or

more Ca2-dependent PKC isoforms (i.e., cPKCs). Although there is no

direct evidence, the latter finding suggests exclusion of luteal PKCE being

responsible for phosphorylation of MARCKS.

Although phosphorylation of MARCKS occurs when the protein is

associated with the plasma membrane, we found that both membrane and

cytosolic fractions of cells exposed to PGF2U, TPA and A231 87 contained

greater levels of phosphorylated MARCKS compared to that of controls.

Immediately after phosphorylation, MARCKS is released from the

membrane, which results in an accumulation of phosphorylated MARCKS in

the cytoplasm (Thelen et al., 1991; Allen and Aderem, 1995). This

phosphorylated MARCKS is either dephosphorylated by phosphatases and

returns to the membrane (Thelen et al., 1991; Allen and Aderem, 1995) or

undergoes proteolytic cleavage regulated by a lysosomal protease,
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cathepsin B (Spizz and Blackshear, 1997). However, PKC-phosphorylated

MARCKS is thought to be a poor substrate for this protease (Spizz and

Blackshear, 1996), thus MARCKS lingers in the cytoplasm until it is

dephosphorylated; perhaps one reason why it is still detectable at 30 mm

after treatment.

Because dispersed luteal cells may behave differently from the cells

in the intact tissue, further experiments were conducted in viva

Prostaglandin F2-treatment of heifers promoted translocation of MARCKS

protein from membrane to cytoplasm within 5 mm in the CL. The amount of

MARC KS protein was significantly greater in the luteal membrane fraction

of control heifers compared to that of PGF2a-treated heifers. However, in

PGF2a-injected heifers, the amount of MARCKS protein in the cytosolic

fraction was greater compared to that of control heifers. This intracellular

movement of MARCKS has been studied extensively (Seykora et al., 1991;

McLaughlin and Aderem, 1995; Swierczynski and Blackshear, 1995).

Membrane association of MARCKS requires penetration of N-terminal

myristate into the lipid bilayer as well as the electrostatic interaction of the

basic phosphorylation domain with PM. The latter domain carries a total

charge of +13 (McLaughlin and Aderem, 1991). When first, second and

fourth (but not the third) serine residues are phosphorylated by PKC

(Verghese et al., 1994), the total charge is reduced to +7. Once reduced,

the electrostatic charge cannot support the membrane attachment in
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conjunction with myristate; thus, MARCKS translocates to cytoplasm

(McLaughlin and Aderem, 1991).

In the present study, translocation of MARCKS from the PM to the

cytoplasm 5 mm after PGF2a administration was found to be closely

correlated with an increase in luteal 01 secretion indicating a possible role

of MARCKS in exocytosis of this nanopeptide. It has been shown that

phosphorylated MARCKS cannot crosslink the actin filaments and cause

reorganization of the cytoskeleton in a variety of cell types (Aderem, 1992;

Hartwig et al., 1992). Phosphorylated MARCKS-mediated changes in F-

actin integrated cytoskeleton are thought to be responsible for exocytosis

(Coffey et al., 1994; Liu et al., 1994; Vaaraniemi et al., 1999; Vaughan et

at., 1999). Manipulating MARCKS phosphorylation and its intracellular

location have been shown to play a role in secretion of prolactin from

GH4C1 cells (Kiley et al., 1992) and pepsinogen from gastric chief cells

(Raufman et at., 1997). Further evidence indicates that the phosphorylation

of MARCKS is enhanced by angiotensin II and inhibited by

adrenocorticotropmn (ACTH) in bovine adrenal glomerulosa cells that

secrete the steroid hormone aldosterone (Betoncourt-Calle et al., 1999).

The authors of this latter study suggested that changes in the

phosphorylation state of MARCKS may regulate the cytoskeletal

organization and, in turn, steroidogenesis.
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Based on the literature and our findings, we conclude that PGF2-

induced phosphorylation and translocation of MARCKS may cause

disruption of F-actin based cytoskeleton and lead to fusion of oxytocin

granules with the PM resulting in exocytosis (Fig. 7). Further studies

remain to be conducted to examine the structural integrity of actin filaments

following translocation of MARCKS from the PM to cytoplasm.

Fig 7 A proposed role of MARCKS in PGF2-stimulated OT exocytosis.
Prostaglandin F2a binds to its receptor (R) in the plasma membrane of
the large luteal cell and acts through a G-protein (G) to activate
phospholipase C (PLC). Phospholipase C converts phosphatidylinositol-
4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (1P3). Inositol trisphosphate mobilizes calcium from
intracellular stores in the endoplasmic reticulum. Increased intracellular
Ca2 and DAG activate protein kinase C (PKC). Activation of PKC
results in phosphorylation of membrane-bound, actin filament-
crosslinked MARCKS. Phosphorylated MARCKS is translocated from
membrane to cytoplasm and thus contributes to disassembly of the
filamentous actin cortex allowing movement and exocytosis of oxytocin
granules from bovine large luteal cells.
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ABSTRACT

Prostaglandin F2-induced secretion of oxytocin (OT) by the bovine

corpus luteum (CL) involves the phosphorylation of a unique PKC

substrate; myristoylated alanine-rich C kinase substrate (MARCKS) protein.

The present study was conducted to determine the specific PKC isoform

engaged in phosphorylation of MARCKS protein in bovine luteal cells. In

Exp. 1, dispersed luteal cells recovered from CL on Day 8 of the estrous

cycle were preincubated with [32PJ-orthophosphate and then exposed to

PGF2X alone or in combination with PKC inhibitors. Autoradiography and

densitometry of Western blots revealed that MARCKS protein was

phosphorylated by a conventional (c) PKC isoform. Experiment 2 was

conducted to identify the specific cPKC isoform that phosphorylates

MARC KS protein in luteal cells. Corpora lutea were removed from control

and PGF2a-treated heifers on Day 8 of the cycle and PKC isoforms

associated with membrane and cytosolic fractions were determined.

Treatment with PGF2a increased membrane concentrations of PKCcL within

5 mm after treatment (P < 0.005). Collectively, these data suggest that

phosphorylation of MARCKS protein coinciding with OT secretion is

mediated by PKCa.



INTRODUCTION

The ruminant corpus luteum (CL) consists of small and large

steroidogenic cells (Fitz et al., 1982; Alila and Hansel, 1984). Both cell

types produce progesterone; however, only large luteal cells synthesize and

secrete oxytocin (Fields and Fields, 1986). It is known that PGF2a acts on

the luteal cells to stimulate a phosphoinositide cascade with a consequent

increase in intracellular calcium and activation of PKC (Newton, 1995).

Activation of PKC coincides with exocytosis of oxytocin (OT) from luteal

cells (Orwig et al., 1994) suggesting that phosphorylation of proteins is a

requisite step in this biological phenomenon. One such protein is a

myristoylated alanine-rich C kinase substrate (MARCKS) protein whose

function in the unphosphorylated state is to crosslink the actin filaments that

constitute the cytoskeletal actin cortex of the cell (Thelen et al., 1991;

Hartwig et al., 1992). Phosphorylation of MARCKS by PKC reduces its

membrane binding and actin crosslinking activity (Thelen et al., 1991), and

results in its translocation from membrane to cytoplasm with a

consequential disassembly of the actin cortex (Danks et al., 1999;

Vaaraniemi et aJ., 1999). In the bovine corpus luteum, MARCKS mRNA

and protein exist throughout the estrous cycle (Filley et al., 2000).

Exposure of luteal cells to PGF2a under in vitro or in vivo conditions results

in phosphorylation of MARCKS, and its translocation from the plasma



membrane to cytoplasm (Satli et al., 2000). PGF2-induced translocation of

MARC KS in luteal cells is correlated time-wise with activation of PKC and

exocytosis of oxytocin (Orwig et al., 1994; Salli et at., 2000). Previous

evidence suggests that the bovine CL contains several PKC isoforms

including PKCcx, PKCJ3I, PKClI and PKCc (Orwig et at., 1992; Davis et al.,

1996). However, which isoform(s) of PKC undergoes PGF2a-induced

activation and is responsible for the phosphorylation of MARCKS remain to

be determined. The purpose of this study was to determine the specific

PKC isoform(s) employed for phosphorylation of MARCKS in the bovine

CL.

MATERIALS AND METHODS

Animals

Twelve beef heifers were checked twice daily for behavioral estrus

(Day 0), using a vasectomized bull. The CL was collected on Day 8 of the

cycle per vaginum under lidocaine (2%)-induced caudal epidural anesthesia

(Orwig et at., 1994). Upon removal, the CL to be utilized in experiments

involving phosphorylation of proteins was transported to the laboratory in a

phosphate-deficient medium (Dulbecco Modified Eagle Medium, DMEM;

Gibco BRL, Grand Island, NY) containing gentamicin (30 mg/mI; Gibco
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BRL) at 4°C. The CL utilized in experiments involving Western

immunoblotting was transported in 1 x F-12 Nutrient (Ham) Mixture (Gibco

BRL) containing gentamicin at 4°C. All experimental procedures were

performed in accordance with the institutional guidelines for the care and

use of animals.

The [32P]-orthophosphate was purchased from Dupont New England

Nuclear (Boston, MA). All chemicals were purchased from Sigma (St.

Louis, MO), Bio-Rad (Hercules, CA), or Boehringer Mannheim

(Indianapolis, IN) unless otherwise reported.

Experiment 1: Altered in vitro Phosphoryiation of MARCKS by Inhibitors of

cPKC and PKC

Experiment I was conducted to determine whether a conventional

PKC isoform or PKC6 is responsible for PGF2-stimulated phosphorylation

of luteal MARCKS protein in vitro. Dispersion of luteal cells and other

aspects of in vitro phosphorylation were described previously (Salli et al.,

2000). Briefly, minced luteal tissue was dissociated with collagenase (3000

U/g of tissue) in 25 ml of DMEM containing DNase 1(1.4 U/mI). After

determining the percentage of viable cells (range 73 to 85%), aliquots of I x

i07 live luteal cells were placed into eight flasks containing 2 ml of

phosphate-deficient DMEM, then incubated for 1.5 h at 37°C under an

atmosphere of 95%02-5%CO2 in order to deplete endogenous phosphate.
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[32P]-orthophosphate (100 pCi/mI) and PKC inhibitors (described below)

were then added to all flasks and incubation was continued for another 1.5

h. The experiment consisted of two groups: Group-I and Group-2, each

group containing four flasks of dispersed luteal cells. In Group-I, a

myristoylated PKC inhibitor (100 pM; Promega, Madison, WI) was used to

determine the effects of inhibition of cPKC isoforms. This peptide contains

the pseudosubstrate region of PKCa and PKCI3, and differs by one amino

acid residue from PKC7. The addition of myristic acid to this peptide

enhances its permeability of the plasma membrane allowing the inhibition of

cPKC isoforms. At the end of the 1.5 h phosphorylation incubation, the

cells in the four flasks were treated with vehicle (ethanol, 35 p1) or PGF2c,

(56 nM cloprostenol; Bayer Corp., Shawnee Mission, KS) to achieve the

following treatment conditions during an additional 20 mm incubation: I)

Controls, 2) PGF2, 3) Myristoylated PKC inhibitor (100 pM, MPI) and 4)

PGF2cL + MPI. In Group-2, the effects of the PKCc inhibitor peptide (150

mM, Calbiochem, La Jolla, CA), which is known to inhibit activation of

PKCe, were tested. Luteal cells in this group were permeablized by the

addition of saponin (0.005%) to the incubation medium for the final 20 mm

of the phosphorylation incubation to enable PKCc inhibitor peptide to cross

the cell membrane. This concentration of saponin has been used

previously without exhibiting any detrimental effects on cell viability

(Waldron et al., 1999). Four flasks were assigned as described above and
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at the end of 1.5 h incubation received vehicle (ethanol, 35 p1) or PGF2a,

(56 nM) to result in the following treatment combinations for an additional

20 mm incubation period: 1) Controls, 2) PGF2a 3) PKCc inhibitor (150 pM,

P61) and 4) PGF2a PcI. Incubation of cells in Groups I and 2 was

terminated by placing the flasks on ice, and cells were homogenized with a

glass Dounce tissue grinder (Wheaton Scientific, Miliville, NJ) in I ml Buffer

A (50 mM Tris-HCI [pH 8.3], 5 mM EDTA, 0.15 M NaCI) containing enzyme

inhibitors (5 pM microcystin, 1 pM calpeptin, I x protease inhibitor cocktail

set I; Calbiochem, La Jolla, CA). Cell homogenates were subjected to a

low-speed centrifugation (1,000 x g) for 10 mm to remove the cell nuclei.

The supernatant containing total proteins was boiled and heat-stable

proteins including MARCKS were separated by medium speed

centrifugation (15,000 x g) for 10 mm. Separating the heat stable proteins

decreases the number of proteins subjected to SDS-PAGE; thus, reducing

the background binding in Western blots and decreasing the number of

phosphorylated proteins in the autoradiographs. Aliquots of proteins (100

pg) from this final supernatant from both control and treated cells were

subjected to 7.5% SDS-PAGE (10 mA, 200V, 16 h) and then transferred to

a nylon membrane (210 mA, 200 V, 5 h) which was then removed, covered

with plastic wrap and exposed to a sensitive developing film (Hyperfilm,

Amersham Pharmacia Biotech, Piscataway, NJ) for autoradiography. After

obtaining an adequate autoradiographic image, nylon membranes were
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processed for Western blotting (Salli et al., 2000) to confirm the precise

location of phosphorylated MARC KS on the autoradiograph and to perform

densitometric quantification of the transferred protein. For Western blotting

a mouse monoclonal MARCKS antibody (1:500 in 2.5% nonfat dry milk, 1 h

at 25°C; Upstate Biotechnology, Lake Placid, NY) and goat anti-mouse lgG-

alkaline phosphatase secondary antibody (1:2000 in 2.5% nonfat dry milk,

30 mm at 25°C; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were

used. Data are expressed as the ratio of densitometric units of [32PJ-

phosphorylated MARCKS to those of the transferred MARCKS protein.

Experiment 2: Subcellular Translocation of PKC Isoforms in Response to
PGF2 Treatment

Experiment 2 was performed in order to identify the specific cPKC

isoform(s) in experiment 1 that was responsible for phosphorylation of

MARCKS. In this experiment, eight heifers were assigned randomly to

control (n= 4) and treatment (n= 4) groups. Colpotomy was performed as

described above, but the CL was not removed until 5 mm after initiating

intravenous treatments of saline (2 ml) or PGF2 (500 pg cloprostenol/2 ml).

After removal, the CL was homogenized with Buffer A (1 ml/g of tissue)

using a Tekmar Tissuemizer (Tekmar Co., Cincinnati, OH). The

homogenate of the CL of each heifer was subjected to a series of

centrifugations to obtain cytosolic and membrane fractions (Salli et at,
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2000). After determining protein concentrations of these fractions, four

replicates (200 pg/lane x 4) of cytosolic and membrane proteins of each CL

were applied to 7.5% SDS-PAGE and transferred to a nylon membrane.

Each lane on the nylon membrane was strip-cut representing a single lane

of the same sample. The nylon membrane background was blocked with

5% nonfat dry milk. Each strip was then immunoblotted with one of the

following: polyclonal rabbit-P KCct, rabbit-P KCf3 I, rabbit-PKCI3 II or rabbit-

PKCc antibodies (1 mg/mI of each affinity purified antibody; Santa Cruz

Biotechnology, Inc., Santa Cruz, CA). The primary antibody-protein

bindings were detected by probing with the polyclonal goat anti-rabbit

secondary antibody (1:2000) conjugated with alkaline phosphatase and

visualized by incubating with alkaline phosphatase substrate (Salli et al.,

2000). Densitometry readings were performed on related bands of PKC

isoforms from Western blots. The data are presented as the ratio of

arbitrary densitometric units of membrane PKC to cytosolic PKC.

Statistical Analysis

The data obtained from experiment 1 were analyzed by analysis of

variance for an experiment of complete randomized block design. The

differences among means in experiment 1 were tested for significance

using the Fisher's protected least significant difference test. Differences
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among membrane to cytosol ratios of four PKC isoforms in CL of control

and PGF2-treated animals in experiment 2 were tested for significance

using analysis of variance.

RESULTS

Experiment 1

Results of this experiment are depicted in Fig. I and 2, and consist

of an autoradiograph (A) of a Western blot (B) denoting a single band of

MARCKS protein (87 kDa) and graphic depiction of the data (C) expressed

as the ratio of densitometric units of [32P]-phosphorylated MARC KS to those

of the transferred protein.

In order to determine the particular PKC isoform(s) responsible for

MARCKS phosphorylation in the bovine CL, a plasma membrane

permeable myristoylated inhibitor peptide, which is a pseudosubstrate for

PKCc, 13 and y isoforms, was added to the incubation medium containing

luteal cells. Similar to data reported previously (Salli et al., 2000), treatment

of dispersed luteal cells with PGF2a significantly increased phosphorylation

of MARCKS protein relative to controls (Fig. 1A and C). Addition of the

myristoylated inhibitor peptide to the medium significantly suppressed

phosphorylation of MARCKS protein in the absence or presence of PGF2a
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compared to that in control cells or those exposed to PGF2 only (Fig. 1A

and C; P<O.05).

Involvement of PKCE in MARCKS protein phosphorylation was also

tested in this experiment by use of a PKCc inhibitor peptide whose plasma

membrane permeability was facilitated by addition of saponin (0.005%) to

the incubation medium. Incubation of luteal cells with PKCc inhibitor

peptide alone or in combination with PGF2 failed to prevent

phosphorylation of MARC KS protein. Phosphorylation of MARC KS protein

in cells treated with PGF2a and PGF2 plus inhibitor was greater than in

respective control cells (Fig. 2A and C; P<0.05). Phosphorylation of

MARCKS protein in control cells incubated alone or with PKCc inhibitor

peptide did not differ (P>0.05).
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Fig 8 A) Effects of myristoylated cPKC inhibitor on phosphorylation of
MARCKS determined by autoradiography of Western blots. Luteal cells
were incubated with [32P1-orthophosphate in the absence or presence of
cPKC inhibitor peptide. Equal quantities of cellular protein samples
were subjected to 7.5% SDS-PAGE and then transferred to nylon
membranes to obtain autoradiographs and Western blots. B) Western
blot of the membrane used to obtain autoradiographs in panel A
displays one single band and an equal amount of protein in each lane.
Arrows indicate phosphorylated MARCKS protein (87 kDa). C) Changes
in total phosphorylation of MARCKS in luteal cells exposed to
treatments represented as the ratios of densitometric units of
phosphorylated MARCKS in panel A to that of MARCKS protein in
corresponding lane in panel B. C: control (ethanol, 35 p1); P: PGF2
(cloprostenol, 56 nM); Cl (control and myristoylated cPKC inhibitor, 100
pM) and P+l (PGF2 and myristoylated cPKC inhibitor). Data are the
means of four animals and are represented as arbitrary densitometric
units (DU). a,b,c Means (±SE) with different superscript letters differ
(P<0.05).
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Fig 9 A) Effects of PKCc inhibitor on phosphorylation of MARCKS
determined by autoradiography of Western blots. Luteal cells were
incubated with [32P]-orthophosphate in the absence or presence of
PKCc inhibitor peptide. Equal quantities of cellular protein samples
were subjected to 7.5% SDS-PAGE and then transferred to nylon
membranes to obtain autoradiographs and Western blots. B) Western
blot of the membrane used to obtain autoradiographs in panel A
displays one single band and an equal amount of protein in each lane.
Arrows indicate phosphorylated MARCKS protein (57 kDa). C)
Changes in total phosphorylation of MARCKS in luteal cells exposed to
treatments represented as the ratios of densitometric units of
phosphorylated MARCKS in panel A to that of MARCKS protein in
corresponding lane in panel B. C: control (ethanol, 35 p1); P: PGF2
(cloprostenol, 56 nM); C-i-I (control and PKCc inhibitor, 150 pM) and P-i-I
(PGF2a and PKCc inhibitor). Data are the means of four animals and
are represented as arbitrary densitometric units (DU). a,b Means (±SE)
with different superscript letters differ (P<0.05).
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Experiment 2

Depending upon cell type, when the PKC activators (Ca2 and DAG)

are present in the intracellular milieu, the majority of PKC isoforms including

PKCa, 131, 1311 and c translocate from cytoplasm to the plasma membrane in

order to become active (Shoji et al., 1986; Parker et al., 1989). Therefore,

the purpose of experiment 2 was to determine the subcellular distribution of

PKC isoforms upon PGF2 injection of heifers. Western blots conducted for

this purpose revealed that PGF2a treatment resulted in a visible increase in

the quantity of PKCct associated with the membrane fraction compared to

the quantity of this isozyme present in the cytosol (Fig. 3). In both control

and PGF2-treated animals, with the exception of PKCct, there were

significant quantities of each of the other isoforms present in the cytosol

and visibly meager quantities in the membrane. After calculating the ratios

between densitometric unit values of membrane and cytosol fractions of

individual isoforms (Fig. 3C), translocation of PKCct to the membrane of

PGF2-treated cells was determined to be approximately sixfold greater

(P<O.005), while there was no significant difference in other isoform

translocations.

Although there was more membrane-associated PKC8 than PKCf3I

or 1311, there was no increase in membrane association of any of these three

isoforms with PGF2c. treatment.
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Fig 10 The upper panels depict representative Western blots of the
intracellular distribution of four PKC isoforms in saline (panel A) and
PGF2-treated (panel B) animals. For comparisons, each individual
PKC isoform was aligned based on PKCa (76 kDa) indicated by the
arrow. Molecular weights for the remaining isoforms are as follows
PKCI3I: 76.8 kDa; PKCf3II: 77 kDa and PKCe: 83 kDa. Four equal
amounts (200 pg/lane) of the same protein sample were loaded from
both cytosol (C) and membrane (M) fractions. Samples were applied to
7.5% SDS-PAGE and then transferred to nylon membranes. Each lane
containing either the cytosolic or membrane fraction was strip-cut and
was subjected to Western blotting for one of the four PKC isoforms. The
bottom panel illustrates the effects of PGF2 stimulation on subcellular
distribution of PKC isoforms as represented in the upper panel. These
data are expressed as the ratio of densitometric units of membrane PKC
to that of cytosolic PKC as shown in Fig. 3A and B and are the means of
four animals/group. Mean with asterisk differs from the control
(P<0.005). The upper band visible in the PKCa lane (relatively less in
other lanes) may be caused by the non-specific binding of the polyclonal
antibody.
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DISCUSSION

We previously reported that PGF2a and 12-0-tetradecanoylphorbol-

13-acetate (a potent PKC activator) stimulated phosphorylation of MARCKS

by activating PKC in bovine Iuteal cells in vivo (Salli et al., 2000). Because

the bovine CL contains conventional PKC (cPKC) isoforms (a, 131 and 1311)

and novel PKCc (nPKCc) (Orwig et al., 1994; Davis et al., 1996), which

specific PKC isoform(s) is responsible for phosphorylation of MARCKS

remains to be elucidated. In this study, we used two strategies to

investigate the specific PKC isoforms responsible for PGF2a-induced

phosphorylation of MARCKS protein. In the first approach, specific PKC

inhibitors were used to detect the changes in phosphorylation of MARCKS

in response to PGF2-treatment. All PKC isoforms, except PKCj.i, posses a

pseudosubstrate domain that resembles their substrate (House and Kemp,

1987; Eichholtz et al., 1988). it is proposed that the pseudosubstrate

domain interacts with the substrate binding site in the catalytic domain of

PKC and maintains the kinase in the inactive state (House and Kemp,

1987). The presence of PKC activators such as diacylglycerol or phorbol

esters interrupts the interaction between pseudosubstrate and substrate

binding domain resulting in substrate binding and subsequent

phosphorylation of substrate. The myristoylated PKC inhibitor peptide used

in experiment 1 has been found to inhibit phosphorylation of MARCKS



115

protein in human fibroblasts by blocking the activation of cPKC isoforms

(Waldron et al., 1999). Incubation of luteal cells with this peptide in

experiment I resulted in significant reduction in phosphorylation of

MARCKS suggesting that one or more of the cPKC isoforms

phosphorylates the MARCKS protein. The other isoform examined in this

study was PKCc; a member of the nPKC family. The function of this

isozyme was studied, because PKCc has been detected in both cytosol and

membrane fractions of bovine CL suggesting its potential to phosphorylate

MARCKS (Orwig et at, 1994). An inhibitor of PKCc has been reported to

be selectively inhibitory of translocation of PKCc in transiently

permeabIlized neonatal rat cardiomyocytes (Johnson et al., 1996). In

experiment 1, incubation of transiently permeabilized luteal cells with PKCc

inhibitor had no effect on either basal or PGF2-stimulated phosphorylation

of MARC KS.

The second approach used to define the PKC isozyme that

phosphorylates MARCKS was based on the fact that majority of PKC

isoforms (including PKCa, I, f311 and ) translocate from cytoplasm to

plasma membrane upon stimulation (Shoji et al., 1986; Parker et at., 1989).

Previous research in our laboratory demonstrated that intravenous injection

of PGF2 into heifers caused a significant increase in luteal membrane PKC

activity within 5 mm, which is concomitant with luteal secretion of 01 (Orwig

et al., 1994). Therefore, subcellular distribution of PKC isoforms 5 mm after
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PGF2a injection of heifers was determined. Results of Western blot analysis

using affinity purified antibodies specific for the various isoforms of PKC

revealed that only PKCct quantities associated with the plasma membrane

increased (approximately sixfold) compared to that of the saline-treated

animals suggesting that PGF2a-induced phosphorylation of MARCKS is

mediated by PKCcL. This result is in agreement with the previous studies

reporting that noradrenaline release is enhanced by phorbol ester-induced

migration of PKCa to the plasma membrane but not PKCc or PKC in SH-

SY5Y human neuroblastoma cells (Turner et al., 1996; Goodall et al.,

1997). On the other hand, using bovine luteal slices, it has been recently

reported that only PKC3ll transiently translocated from cytoplasm to the

plasma membrane fraction (Browning et al., 2000). The conflicting results

between our study and that of Browning et al. (2000) may be due to the

experimental models and methods. In contrast to the latter study, our data

are based upon in vivo treatment of animals.

Phosphorylation of MARCKS disrupts its ability to bind and crosslink

actin filaments resulting in rearrangements of the cytoskeleton that are

believed to lead to exocytosis (Hartwig et al., 1992; Vaaraniemi et al., 1999;

Vaughan et al., 1999). The evidence supporting this phenomenon comes

from various studies including phorbo) ester-induced prolactin secretion

from GH4C1 cells (Kiley et al., 1992), AVP-induced ACTH release from

pituitary cells (Liu et al., 1994), pepsinogen release from gastric chief cells
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(Raufman et al., 1997) and glucose-induced insulin secretion (CaUe et at,

1992). Recent studies have indicated that MARCKS is efficiently

phosphorylated by cPKC and nPKC isoforms but not by atypical PKC

(aPKC) isoforms (Dieterich et at, 1996; Uberall et al., 1997). Although the

PKCc, J31, 1311, o, c and are distributed ubiquitously in tissue, it appears that

the function of each individual PKC isoforms has a unique cell-tissue

specificity (Musashi et at, 2000). This may, in part, reflect their

requirements for activation. Phospholipid and diacyiglycerol are required

for activation of nPKC isoforms (ö, c, 0, r and p.) while phospholipid,

diacyiglycerol, or phorbol ester and Ca2 are required for activation of cPKC

isoforms. On the other hand, the aPKC isoforms ( and ) require

phospholipid only (Nishizuka, 1989; Hug and Sarre, 1993; Casabona,

1997). Our previous study has indicated that the addition of A23187, a

Ca2 ionophore, to incubation media increased phosphorylation of

MARCKS in bovine luteal cells suggesting that at least one of the cPKC

isoforms was a potential regulator of MARCKS phosphorylation (Salli et al.,

2000).

In conclusion, PKCa appears to be the major, if not the only, kinase

to phosphorylate MARCKS in the bovine corpus luteum. This study sheds

more light on PGF2a-induced activation of the PKC system and aspects of

MARC KS phosphorylation that are involved in exocytosis of oxytocin by the

large luteal cells.
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SPATIO-TEMPORAL INTERACTIONS OF MARCKS PROTEIN WITH
THE ACTIN CYTOSKELETON AND EXOCYTOSIS OF OXYTOCIN

UPON PROSTAGLANDIN F2a STIMULATION OF
BOVINE LUTEAL CELLS

ABSTRACT

In the bovine corpus luteum (CL) phosphorylation of myristoylated

alanine-rich C kinase (MARCKS) protein in response to prostaglandin F2a

(PGF2a) is correlated with the secretion of oxytocin (OT). The present study

was conducted to 1) determine whether large luteal cells contain MARCKS

protein, 2) examine the intracellular translocation of the green fluorescent

protein (GFP) conjugated MARCKS (MARCKS-GFP) after PGF2 treatment

and 3) evaluate PGF2a-induced temporal changes in MARCKS-GFP and

filamentous actin cortex associated with exocytosis of oxytocin. In

experiment 1, cells of the bovine CL were dissociated enzymatically and

cultured on coverslips overnight. Cells were treated with either ethanol (10

pi) or PGF2a (56 nM) for 10 mm and then fixed for immunocytochemistry.

Localization of phosphorylated MARCKS that was identified by the use of

anti-phospho-MARCKS antibody was observed in large luteal cells. In

experiment 2, one wild type (BS555) and two mutant (BS580 and BS644)

MARC KS-GFP constructs were transfected into luteal cells and expression

detected through fluorescence microscopy. Forty-eight hours after
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transfection, luteal cells were treated with vehicle (ethanol), PGF2 or TPA

(1 pM). Treatment of cells expressing wild type MARCKS-GFP (BS555)

with PGF2a and TPA resulted in translocation of MARCKS from the plasma

membrane to the cytoplasm within 2.5 mm. The phosphorylation mutant

MARC KS-GFP (BS580) protein was found localized mainly on the plasma

membrane and treatments did not cause its translocation from the plasma

membrane to the cytoplasm. The myristoylation mutant MARCKS-GFP

(BS644) was observed solely in the cytoplasm. There were no changes

detected in intracellular location of the myristoylation mutant MARCKS-GFP

after treatment. In experiment 3, luteal cells were transfected with either

one of the three MARCKS-GFP constructs. Cells were then fixed and

probed sequentially for oxytocin and filamentous actin. Only large luteal

cells that contained positive signals for MARCKS-GFPs, oxytocin and actin

filaments were recorded for later analysis. Experiment 3 revealed that only

wild type MARCKS-GFP transfected cells contained advanced signs of

exocytosis (peripheral movement of oxytocin vesicles, shorter actin

filaments) with translocation of MARCKS-GFP from membrane to

cytoplasm in response to PGF2 treatment.
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INTRODUCTION

Oxytocin is synthesized in hypothalamic nuclei but in some

mammalian species such as the bovine this neuropeptide hormone is also

synthesized and secreted by large steroidogenic cells of the corpus luteum

(CL) (Fields and Fields, 1986). Secretion of this nanopeptide occurs by

exocytosis, which involves transport of vesicles through a cytoskeletal

matrix including an actin cortex that is in close apposition with the plasma

membrane (Theodosis et al., 1986). The integrity of the cortex is maintained

by the crosslinking of actin filaments by a number of proteins including

myristoylated alanine-rich C kinase substrate (MARCKS) protein (Thelen et

al., 1991; Hartwig et at., 1992). In addition to its crosslinking function,

MARC KS also anchors the actin network to the inner leaflet of the plasma

membrane through the myristoylated N-terminal domain (Graff et at., 1989).

Phosphorylation of MARCKS by PKC disrupts its crosslinking and

anchoring capacity and causes its translocation from membrane to

cytoplasm (McLaughlin and Aderem, 1995). Phosphorylation dependent

translocation of MARCKS has been found to be involved with the

disassembly of the actin cortex in a variety of secretory cells (Danks et al.,

1999; Vaaraniemi et al., 1999). In the bovine corpus luteum, it has been

demonstrated by biochemical analyses that activation of PKC by

prostaglandin F2a (PGF2) results in phosphorylation and translocation of
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MARCKS; events that are closely correlated with exocytosis of luteal

oxytocin (Salli et al., 2000).

While biochemical approaches have provided evidence for an

association of actin disassembly with exocytosis of oxytocin in the bovine

CL, there is a need to examine further the subcellular changes in actin

cytoskeletal filaments and vesicle transport that characterize the exocytotic

process in this endocrine gland. This might be accomplished through

stimulation of large luteal cells containing transfected green fluorescent

protein (GFP) conjugated MARCKS (MARCKS-GFP) constructs (Ohmori et

al., 2000) and concomitant immunocytochemical tracking of oxytocin

granules within large luteal cells. The present study was conducted to 1)

determine whether large luteal cells contain PGF2a-stimulated MARCKS

using anti-phospho-MARC KS antibody, 2) examine cytologically the

translocation of MARCKS-GFP in luteal cells in response to PGF2-

stimulation, 3) evaluate the dynamic changes of oxytocin that occur

concomitant with changes in the actin cytoskeleton as a consequence of

MARC KS translocation.
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MATERIALS AND METHODS

Luteal Cell Culture

Four beef heifers were checked twice daily for behavioral estrus

(Day 0), using a vasectomized bull. The CL was collected on Day 8 of the

cycle per vaginum under lidocaine (2%)-induced caudal epidural anesthesia

(Orwig et al., 1994). Upon removal, the CL was transported to the

laboratory in Ham's F-12 medium (4°C) supplemented with 44 mM

NaHCO3, 10% fetal bovine serum and including 100 units/mI penicillin and

100 units/mI streptomycin. The CL was halved and weighed prior to

mincing. Cell dispersion was achieved by incubating the minced tissue with

collagenase (3000 U/g of tissue) for 2 h at 37°C. Dispersed cells were

rinsed three times with F-12 medium. After centrifugation (1000 x g) cells

were resuspended and counted with a Coulter counter (Beckman Coulter,

Brea, CA). Cells were maintained in a humidified atmosphere containing

5% CO2 at 37°C. The mean percentage of viable cells was 79 ± 2.3 as

determined by trypan blue stain exclusion method (Freshney, 1987).
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Immunostaining of Luteal Cells with Anti-Phospho-MARCKS Antibody

Luteal cells were spread onto round coverslips (8 mm in diameter;

Fisher Scientific, Pittsburgh, PA) placed in a 4 x 5 culture dish (Eagle) and

cultured for at least 18 h. Prior to treatments, culture medium was

substituted with normal Hepes buffer (135 mM NaCI, 5.4 mM KCI, 1 mM

MgCl2, 1.8 mM CaCl2, 5 mM Hepes, and 10 mM glucose, pH 7.3). in order

to identify phosphorylated MARCKS in cells in response to PGF2D

stimulation, a polyclonal antibody raised against phosphorylated MARCKS

was used (provided by Dr. Hideyuki Yamamoto, Kumamoto University,

Japan). Cells were treated for 10 mm with either ethanol (control; 10 p1) or

PGF2a (56 nM cloprostenol; Bayer Corp., Shawnee Mission, KS). At the end

of the treatment period, cells were fixed with 4% paraformaldehyde in 0.1 M

PBS for 30 mm. After rinsing three times with 0.1 M PBS, cells were then

treated with 0.3% Triton X-100 and 10% normal goat serum for 20 mm at

room temperature. Cells were rinsed again with 0.1 M PBS and incubated

with rabbit anti-phospho-MARCKS polyctonal antibody (1:1000) in PBS

containing 0.03% Triton X-100 and 10% goat serum for 45 mm at room

temperature. Following the primary antibody incubation, cells were

incubated with rhodamine-labeled goat anti-rabbit lgG (Alexa Fluor 546,

absorption 556, emission 573; Molecular Probes, Eugene, OR) for 30 mm

at room temperature. After incubation, cells were rinsed and air-dried.

Subsequently a drop of Prolong Antifade (Molecular Probes, Eugene, OR)
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was applied to slides and coverslips were mounted with the cell growing

site contacting the anti-fade reagent. The fluorescence of phospho-

MARCKS immunoreactivity was observed using a Zeiss fluorescence

microscope. A group of cells were treated with only rhodamine-labeled

secondary antibody without primary antibody addition to ensure that the

fluorescent signals detected by fluorescence microscopy were not due to

background crossbinding of secondary antibody. Light microscopy images

of phospho-MARCKS positive cells were also recorded for morphological

comparisons in order to identify the cell type.

Expression of MARCKS-GFP and its Mutant Proteins in Luteal Cells

One wild type (BS555) and two mutant (BS580 and BS644)

MARCKS-GFP cDNA constructs were provided by Ohmori et al. (2000). In

BS580 (m3), the serine residues were replaced with alanine in the

phosphorylation site domain by site-directed mutagenesis so that mutant

MARCKS-GFP cannot be phosphorylated by PKC. The N-terminal glycine

was replaced with alanine in BS644 (G2A) resulting in a non-myristoylated

molecule thus disrupting its membrane binding ability (Ohmori et al., 2000).

MARCKS and GFP were conjugated at the C-terminus of the MARCKS

protein. Upon receipt, pBluescript II KS() subcloned MARCKS-GFP

cDNAs were transfected into E.coli which were than spread onto a plate

containing ampicillin and incubated at 37°C. After 24 h, a single colony was
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isolated and amplified in ampicillin containing LB medium. When bacterial

growth reached a stable phase, the presence of correct size cDNAs was

confirmed by enzymatic digestion with specific enzymes EcoRl and Spa I.

After visualization of correct size cDNA fragments on 1 % agarose gel,

remaining plasmids were isolated and purified by using Qiagen Plasmid

Maxi Kit (Qiagen, Valencia, CA) according to manufacturer's instructions.

Amplified and purified wild type (wt) MARCKS-GFP construct and its

mutants were evaluated by transfecting Chinese hamster ovary (CHO-Ki)

cells provided by the Center of Cell Research, Oregon State University.

These cells were transfected with the cDNAs and treated with PGF2Q and

TPA 24 h after detection of the fluorescence. The results (data not shown)

were strikingly similar to those described by Ohmori et al. (2000).

Dispersed luteal cells (1 x lO6fdish) were cultured in glass-bottomed

dishes (MatTek, Ashland, MA) for 24 h before transfection. Cells were

transfected with plasmids including wi MARCKS-GFP and its mutant

cDNAs by lipofection using Trans lT-LTI (Mirus, Madison, WI). A ratio of 1

p.g cDNN 6 pA reagent was used (total of 2 g cDNNdish).

Supplementation of Ham's F-12 medium with 10% fetal bovine serum

resulted in a higher transfection efficiency with luteal cells (23-35%). The

fluorescence of MARCKS-GFP was detectable 15 h after the transfection.

Luteal cells were incubated 48 h after the transfection until treatments were

imposed. Dishes containing live luteal cells (79%) transfected with either
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one of the three cDNAs were assigned randomly for the following

treatments: ethanol (control, 10 tl), PGF2U (56 nM) and TPA (1 iM).

Representative cells were recorded before the treatment (0 mm) and 2.5,

and 5 mm after the treatments in I sec exposure using a Zeiss Axiovert

S100 TV (Thornwood. NY) fluorescent microscope with attached camera

and MetaMorph 4.6 software (Universal Imaging, Downingtown, PA).

Immunostaining of Luteal Cells Expressing MARCKS-GFP

Luteal cells were cultured on round coverslips and transfected with

either one of the cDNAs as described above, respectively. After observing

the fluorescence of MARCKS-GFP with a Zeiss Axiovert Si 00 TV

fluorescent microscope on Day 3 of the culture, culture medium was

substituted with Hepes buffer. Luteal cells expressing three different

MARCKS-GFP constructs were treated with the following: ethanol (control,

10 ltl) and PGF2a (56 nM) for 5 mm. Luteal cells were then fixed with 4%

paraformaldehyde in 0.1 M PBS for 30 mm. Cells were rinsed three times

with 0.1 M PBS and treated with 0.3% Triton X-100 in PBS and 10% normal

goat serum for 20 mm. Next, cells were incubated with rabbit anti-oxytocin

polyclonal antibody (1:5000) for 60 mm with 0.03% Triton X-100 and 10%

normal goat serum at room temperature. The antibody-oxytocin complex

was detected by exposing cells to rhodamine-fabeled goat anti-rabbit lgG
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(Alexa Fluor 546) for 30 mm at room temperature. In order to stain actin

filaments, cells were subsequently rinsed with PBS and incubated with

Alexa Fluor 350 phalloidin (absorption 346, emission 442; 300 U/dish,

Molecular Probes, Eugene, OR) for 30 mm at room temperature. After three

washes with PBS, coverslips carrying cells were removed to air dry and

mounted on glass slides using Prolong Antifade. Slides were examined

using a fluorescent microscope and images were recorded as described in

the previous section.

RESULTS

Immunocytochemical Analysis of Phosphorylated MARCKS in Luteal Cells

The presence of phosphorylated MARCKS in response to PGF2-

induced PKC activation in luteat cells was investigated by the use of

phospho-MARCKS antibody that has no crossreaction with

unphosphorylated MARCKS (Ohmori et al., 2000). Cells were identified on

the basis of their cellular and nuclear morphology as examined by light

microscopy (Fig 1. A) (Koos and Hansel, 1981; Chegini et aL, 1984). Large

luteal cells contained a positive signal as detected by fluorescence

microscopy (Fig 1. B). The fluorescence detected was specific for MARCKS

as evidenced by the lack of fluorescent signal in the absence of the primary

antibody for this protein (Fig 1. C and D).
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Fig 11 Detection of phosphorylated MARCKS in a luteal cell culture. Luteal
cells were grown in 8 mm coverslips for at least 18 h prior to the
treatments. A rabbit anti-phospho-MARCKS polyclonal antibody was
used to identify phosphorylated MARCKS protein in response to PGF2
stimulation. Antibody-protein complex was detected by the addition of
rhodamine-labeled goat anti-rabbit lgG antibody. Light microscopic
image of a large luteal cell (A) that contained positive immunoreactivity
to anti-phospho-MARCKS antibody (B). Cells were also incubated
without primary antibody to determine whether nonspecific crossreaction
occurs (C). lncubations with secondary antibody alone failed to give a
positive signal (D). Scale bar represents 5 tm.
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Translocation of MARCKS-GFP and its Mutant Proteins in Large Luteal
Cells

The translocation of wild type and mutant MARCKS-GFP was

visualized by monitoring the changes in GFP fluorescence. Apparently, all

three types of the plasmids were intensely expressed by the large luteal

cells as determined by the abundant GFP signal (Fig 2). Treatment of cells

expressing transfected wild type (wt) and mutant MARCKS-GFP with

ethanol (control) displayed no changes in the distribution of the GFP

attached MARCKS protein (Fig 2. A, D and G; WT, m3 and G2A,

respectively). Treatment of cells expressing wt MARC KS-GFP with PGF2a

and TPA resulted in translocation of MARCKS from the plasma membrane

to the cytoplasm within 2.5 mm (Fig 2. B and C, respectively). The majority

of the wt MARCKS-GFP protein translocated from the periphery of the cells

and accumulated in the perinuclear region by 5 mi Phosphorylation

mutant (m3) MARCKS-GFP expression was detected solely on the plasma

membrane and neither
PGF2a or TPA stimulation induced translocation of

this mutated MARCKS protein from the membrane to the cytoplasm at

either time period studied (Fig 2. E and F). In transfected cells containing

the myristoylation site-mutated MARCKS-GFP, the protein product

remained exclusively in the cytoplasmic compartment and treatments with

PGF2 or TPA failed to affect a change in its subcellular localization after

either 2.5 or 5 mm (Fig 2. H and I).
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Fig.12. Translocation of wt MARCKS-GFP and its mutant products. Luteal
cells were cultured in 35 mm dishes for 24 h before transfection. Cells
were then transfected with either one of the MARCKS-GFP constructs
by lipofection. Cells were then incubated another 24 h before
treatments. Cells expressing wt (A, B, C), m3 (D, E, F) and G2A (G, H, I)
MARCKS-GFP were treated with vehicle (ethanol, 10 Ill), PGF2 (56 nM)
or TPA (1 PM). Effects of treatments were recorded by brief exposures to
camera at 0, 2.5 and 5 mm after treatments. Cells expressing
phosphorylation mutated MARCKS (D-F) and myristoylation mutated
MARC KS (G-I) did not show any indication of intracellular translocation.
In contrast, cells expressing wt MARCKS-GFP construct demonstrated
significant changes indicating protein translocation from plasma
membrane to cytoplasm in response to PGF2 (B) and TPA (C) whereas
the vehicle (A) had no effect. Scale bar represents 5 m.
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Correlation of Phosphorylation and Translocation of MARCKS with the
Changes in Crosslinked Actin Filaments and Oxytocin Localization

In order to understand the functional role of phosphoryfation and

translocation of MARCKS protein, along with MARCKS-GFP expression,

cells were fixed arid stained sequentially for oxytodin and filamentous actin

with fluorescence probes having different emission-excitation wavelengths.

Treatment of control cells with vehicle (ethanol) had no significant effects on

translocation of wt MARCKS-GFP, movement of vesicles containing

oxytocin or changes in actin filament composition (Fig 3. A, B and C).

Green fluorescent-tagged wt MARCKS was found associated with the cell

membrane (Fig 3. A) whereas oxytocin staining was localized in the

paranuclear area (Fig 3. B and D). The actin filaments appeared intact

similar to that of neighboring fibroblasts (Fig 3. C and D; arrows).

Prostaglandin F2a treatment resulted in increased translocation Of MARCKS

from the plasma membrane to the cytoplasm (Fig 3. E) and induced

movement of oxytocin from the paranuclear area to the cell periphery and

probably secretion (Fig 3. F). The actin filaments appeared shorter in

length; an indicator of possible disintegration (Fig 3. G; arrowheads). This

effect of PGF2 on subcellular constituents is most vividly visualized in the

superimposed triple stained cells (Fig 3. H). Neither ethanol (control; data

not shown) or prostaglandin F2-stimulation provoked any changes in

MARC KS translocation, oxytocin secretion and composition of actin
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filaments in cells transfected with the phosphorylation mutant MARCKS-

GFP (m3) (Fig 3. I, J, K and L). Similarly, in cells expressing the

myristoylation mutant MARCKS-GFP treatment with ethanol (data not

shown) or PGF2a failed to cause any change in the location of the protein,

which remained uniformly distributed throughout the cytoplasm (Fig 3. M, N

and 0). In these latter type cells, oxytocin was localized to the perinuclear

area and actin filaments showed no change in integrity or structure (Fig 3. N

and P).
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Fig. 13. Multiple staining of luteal cells expressing MARCKS-GFP. Luteal
cells were cultured on 8 mm round coverslips and transfected with either
one of the MARCKS-GFP plasmids. Twenty-four hours after the
observation of the fluorescence, cells were treated with vehicle (ethanol,
lOpi) or PGF2 (56 nM) for 5 mm. Cells were fixed with 4%
paraformaldehyde with 0.1 M PBS. Subsequently, cells were first incubated
with polyclonal rabbit anti-oxytocin polyclonal antibody and then with
rhodamine labeled goat anti-rabbit lgG. Immunocytochemistry of oxytocin
was followed by the staining of actin filaments using Alexa Fluor 350
phalloidin for 30 mm. Fig. 3 depicts the changes of wt MARCKS-GFP
protein (A and E), phosphorylation mutated MARCKS-GFP (I) and
myristoylation mutated MARCKS-GFP (M), oxytocin granules (B, F, J, and
N) and actin (C, G, K, and 0) in response to treatment. It should be noted
that, PGF2 treatment reduced peripheral MARCKS-GFP localization, an
indicator of cytoplasmic translocation of the protein (E) and promoted
peripheral distribution and presumable secretion of oxytocin (H). Actin
filaments appeared to be fragmented (arrowheads) at the periphery 5 mm

after PGF2 stimulation (G) compared to other groups where filaments
remained intact (C, arrows; K and 0). For spatial-temporal comparisons
MARCKS-GFP, oxytocin and actin signals were superimposed in their
respective groups (D: wt MARCKS-GFP/control; H: wt MARCKS-
GFP/PGF2; L: m3 MARCKS-GFP/PGF20; P: G2A MARCKS-GFP/PGF2).
Scale bar represents 5 .im.
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DISCUSSION

The bovine corpus luteum consists of four morphologically and

functionally different cell types namely small and large steroidogenic cells,

endothelial cells and fibroblasts (Chegini et al., 1984; Farm et al., 1986;

O'Shea et al., 1989). Only large luteal cells possess abundant secretory

granules containing oxytocin (Chegini et aL, 1986). Uterine PGF2 is the

primary stimulator of the secretion of this nanopetide from large luteal cells

both in vivo and in vitro (Fields and Fields, 1986; Abdelgadir et aL, 1987).

The experiments in this study were conducted by utilizing luteal cell cultures

that presumably included all the luteal cell types. As expected, the presence

of MARCKS protein that becomes phosphorylated in response to PGF2

stimulation was found among large luteal cells because the majority of

PGF2a receptors are localized on these cells (Juengel et al., 1986). Using

an antibody that specifically recognizes phosphorylated MARCKS provided

direct evidence that a functional MARCKS protein system exists in large

luteal cells.

MARCKS protein contains three highly conserved regions

(Blackshear, 1993). One of these regions is an eight-residue domain in the

amino terminal region of the protein with unknown function (MARCKS

homology 2 domain). Another region is the myristoyiation site that directs

the co-translational addition of the 14-carbon myristoyl moiety. The other
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domain is a 25 amino acid basic effector domain that contains protein

kinase C (PKC) phosphorylation sites. The latter region known as the

phosphorylation site domain contains 12 to 13 positively charged Lys/Arg

residues (McLaughlin and Aderem, 1995) and interacts electrostatically with

the membrane. Myristoylation and phosphorylation site domains provide

hydrophobic and electrostatic interactions of MARCKS with the plasma

membrane, respectively (McLaughlin and Aderem, 1995). Phosphorylation

of MARCKS by PKC disrupts its crosslinking and anchoring capacity and

causes its translocation from membrane to cytoplasm (McLaughlin and

Aderem, 1995). Phosphorylation dependent translocation of MARCKS is a

pivotal event that is found associated with the disassembly of actin cortex in

a variety of secretory cells (Danks et al., 1999; Vaaraniemi, 1999; Li et al.,

2001).

Translocation of MARCKS has been visualized using green

fluorescent (GFP) tagged MARCKS DNA constructs in living Chinese

hamster ovary-Ki (CI-lO-Ki) cells in an elegantly conducted study by

Ohmori et al. (2000). Wild-type MARCKS-GFP translocated rapidly from

membrane to cytoplasm in response to TPA treatment. On the other hand,

a MARCKS-GFP construct containing the mutated phosphorylation site

domain remained associated with membrane and actin cortex after

treatment with TPA (Ohmori et al., 2000). In experiment 2 of the present

study, bovine luteal cells were transiently transfected with wild type or
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mutant MARCKS-GFP constructs in order to observe cytological changes in

response to treatment with PGF2. Cells expressing either type of

MARCKS-GFP plasmid appeared solely green under the fluorescence

microscope. Based on their morphology only large luteal cells were

observed and recorded. The effects of PGF2a stimulation were more

profound compared to the results of TPA stimulation (Fig 2. B and C,

respectively). We speculate that unlike TPA stimulation that activates PKC

because of its structural resemblance to diacylglycerol (DAG), PGF2a ifl

addition to activating PKC also increases intracellular free Ca24 via

formation of inositol I ,4,5-triphosphate (1P3), which activates Ca2-

dependent F-actin severing enzymes scinderin and gelsolin (Trifaro et al.,

1992). In fact, treatment of chromaffin cells with phorbol esters causes only

a partial disruption of the cortical actin cytoskeleton (Vitale et al., 1995). The

findings of the second experiment obtained by the use of MARCKS-GFP

constructs were similar to those described by Ohmori et al. (2000) in CHO-

Ki cells.

Experiment 3 was conducted to ascertain whether translocation of

MARCKS protein was associated with obvious structural changes in the

actin cortex and mobilization of oxytocin granules. Unlike experiment 2,

where observations were made on living cells, for experiment 3 cells were

fixed with 4% paraformaldehyde. Thus, cellular micrographs may appear

slightly different between Fig 2 and 3. Within 5 mm of PGF2a stimulation,
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release-ready oxytocin vesicles were scattered in the cytoplasm usually in

close proximity to the plasma membrane and relatively fewer signals were

detected in the perinuclear region (Fig 3. F). On the other hand, oxytocin

immunoreactivity was particularly intense in the paranuclear region and only

limited movement of vesicles containing oxytocin was observed in
PGF2a

treated cells expressing either type of the mutant MARCKS-GFP

constructs. In these latter cells, the actin cytoskeleton appeared to be intact

and consisted of long filamentous actin (Fig 3, K and 0). Because the actin

filaments remained intact, one would expect to observe accumulation of

oxytocin granules in PGF2a-stimulated cells just beneath the actin cortex.

However, as may be seen in Fig 3, the anticipated mobilization of vesicles

containing oxytocin never occurred. These findings suggest that interrupting

the functionality of MARCKS protein (inhibition of phosphorylation or cell

membrane attachment) not only fails to affect the integrity of the actin

filaments but also suppresses oxytocin granule mobilization possibyas a

result of disrupting downstream signal transduction. Supporting this

postulation, a recent study by Rauch et al. (2002) suggests that MARCKS

sequesters the phosphatidylinositol-4,5-bisphosphate (PIP2) while in the

unphosphorylated state and phosphorylation of MARCKS causes the

release of PIP2 on the plasma membrane. Thus, in the case of

phosphorylation mutant of MARCKS there would be little or no PIP2 to

generate DAG and 1P3 in response to PGF2a. Hence, no downstream signal



1143

generated. Trifaro et al. (2000) suggested that exocytosis of secretory

granules coincides with disassembly of actin filaments. While various

proteins bind and crosslink actin filaments and alter cytoskeletal dynamics,

MARC KS possesses demonstratable properties that correlate with the

exocytotic process (Laux et al., 2000; Ohmori et al., 2000).

The results of the present research confirm the existence of

MARCKS protein in bovine large luteal cells and demonstrate that

phosphorylation of the protein is essential to initiate the exocytotic process.

It appears from these observations that phosphorylation of MARCKS

protein generates a signal propagated via the interior cytoskeletal matrix to

ensure mobilization of secretory vesicles.
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GENERAL DISCUSSION

Results of in vitro phosphorylation studies suggest that MARCKS

protein is a strong candidate for playing a role in PGF2-induced PKC-

mediated events. Treatments with PGF2 and TPA, a PKC activator,

caused an immediate increase in MARCKS phosphorylation. This

observation is in agreement with the findings of Quarles et al. (1993), who

reported that PGF2a and TPA stimulated phosphorylation of MARCKS

protein in cultured MC-3T3-E1 osteoblasts. Calcium ionophore A23187

also increased the phosphorylation of MARCKS protein, which reflects

utilization of Ca2 along with the process of MARCKS phosphorylation. This

is important because cPKC isoforms found in the bovine corpus luteum

require Ca2 for their activation (Nishizuka, 1992).

Results of the next experiment demonstrated that in vivo

administration of PGF2a to beef heifers on Day 8 of the estrous cycle

caused an increased translocation of MARCKS from the membrane to the

cytosol fraction within 5 minutes. The intracellular translocation of

MARCKS upon phosphorylation is well established in other secretory cells

(McLaughlin and Aderem, 1994). Phosphorylation of MARCKS by PKC at

serine residues reduces its total charge from +13 to +7 causing its
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dissociation from the plasma membrane to the cytoplasm (Verghes et al.,

1994).

Subsequently, changes in plasma oxytocin concentrations in

response to PGF2a administration were determined. In PGF2a-treated

heifers, mean plasma concentrations of oxytocin were maximal 5 mm post-

treatment, which occurred concurrently with the transtocation of MARCKS

protein from the membrane to the cytoplasm. It has been reported that

PKC-mediated phosphorylation of MARCKS translocation causes disruption

of the filamentous actin network and leads to the movement of secretory

granules towards the plasma membrane in chromaffin cells (Vitale et al.,

1995).

Transfection of dispersed luteal cell with three different green

fluorescent protein (GFP) conjugated MARCKS gene constructions (Ohmori

et al., 2000) provided additional evidence demonstrating intracellular

translocation of MARCKS from the membrane to the cytosol. Large luteal

cells expressing MARCKS-GFP gene were observed under a fluorescent

microscope and changes in the localization were recorded. Expression of

the gene construct coding the wild type MARCKS produced green

fluorescent protein labeled MARCKS that was found mainly associated with

the plasma membrane. Treatments with PGF2a and TPA resulted in

dissociation of MARCKS-GFP from the membrane to the cytoplasm as

determined by the reduced intensity of GFP on the membrane. Expression
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of the second MARCKS-GFP gene containing a mutation at the

phosphorylation site produced a deficient MARC KS protein that was found

solely associated with the plasma membrane. Treatment with PGF2 and

TPA had no effect on its subsequent localization. The other MARCKS-GFP

construct was designed to test the importance of myristoylation of this

protein by simply replacing the N-terminal glycine residue with alanine

(Ohmori et al., 2000). Expression of myristoylation mutated MARCKS-GFP

gene resulted in production of MARCKS-GFP protein that was found

exclusively in the cytoplasm. Treatment of the cells with PGF2a or TPA had

no effect on phosphorylation of this mutant since there was no membrane

contact to initiate PKC phosphorylation. Transfection of luteal cells in

cultures will provide a visual tool to obtain further information about the

characteristics of MARCKS protein in luteal cells for future studies.

Inhibition of PKC activity with specific PKC inhibitor peptide resulted

in decreased phosphorylation of MARCKS whereas inhibition of PKCc had

no effect on phosphorylation of MARCKS in dispersed luteal cells. These

results suggest that one or more cPKC isoforms including PKCx, 131 and 1311

may be responsible for the phosphorylation of luteal MARCKS. in order to

identify the specific isoform(s), translocation of PKC isoforms were

determined by Western blotting (Shoji et al., 1986). Western blotting with

specific PKC isoform antibodies revealed that only PKCa isoform

translocated from the cytoplasm to the membrane where it becomes active.
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Collectively, we proposed a model (Fig 11) that attempts to

explain the molecular aspects of the PGF2-induced oxytocin exocytosis

from the bovine corpus luteum. According to this model, filamentous actin

cytoskeleton is extensively cross-linked by MARCKS protein providing a

dense intracellular cage that prevents oxytocin granules from membrane

fusion and secretion. Binding of PGF2a, to its receptor found on large luteal

cells induces translocation of inactive PKCa from the cytoplasm to

membrane where it is activated by lP3 and DAG. Active PKCa

phosphorylates membrane-associated MARCKS disrupting its membrane

and actin filament association and causing its redistribution from membrane

to cytoplasm, which then leads to disassembly of the filamentous actin

cytoskeleton and subsequent oxytocin exocytosis.

At this stage, this model is still speculative and further investigations

are required in order to prove its validity.
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Fig 14 Functional interrelationship between PGF2a-induced PKC activation
and PGF2-induced phosphorylation of MARCKS in regulation of
oxytocin secretion by the bovine corpus luteum.
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