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(ABSTRACT)

Prostaglandin (PG) F,a is luteolytic in ewes, but the exact mechanism for this
effect is not clear. 6a-Methyl-17a hydroxyprogesterone acetate (MPA) reduces uterine
secretion of PGF,q, but it does not interfere with luteolysis. The mechanism by which
MPA suppresses PGF,a and permits luteal regression remains to be determined. Three
experiments were conducted to determine whether MPA reduces PGF, in uteroovarian
blood, causes the release of PGFyo before d 14 of the estrous cycle, or increases
sensitivity of corpora lutea (CL) to exogenous PGFpa. In Exp. 1 and 2, blank (control)
or MPA-impregnated pessaries were inserted six days after estrus (i.e., d 6). Jugular,
vena caval, and(or) uteroovarian blood samples were collected frequently (ie., at .5 h
intervals during twice daily collection periods of 2 h each) before and after luteolysis. The
MPA reduced (P < .05) jugular, vena caval, and uteroovarian concentrations of PGFsa,
but MPA did not affect the interval from estrus to the first day of luteolysis. Average
PGF,0 concentrations in uteroovarian and vena caval blood differed (P < .05) but the
profiles did not. In Exp. 3, blank (control), MPA-impregnated, or no (untreated)
pessaries were inserted on d 7. A minimal luteolytic dose of PGFoa (Lutalyse ®; 4 mg/58
kg of body weight) was administered on d 8 or 12, blood samples were collected and the
CL were collected 48 h after PGFya treatment. The MPA increased the sensitivity of CL

to exogenous PGFpo. Progesterone and CL weights were less (P < .05) in MPA-treated



ewes than in control and untreated ewes given PGFya on d-8. The MPA-treated ewes
given PGFpa on d-12 had smaller CL than did ewes in the other two groups, but MPA did
not affect progesterone concentrations. In summary, MPA reduces the ability of the
uterus to secrete PGFya and increases the sensitivity of CL to a minimal luteolytic dose of

PGFja. This information should improve our ability to control the estrous cycle ewes.
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STATEMENT OF PROBLEM

Since prostaglandin (PG) Fpo was found to be luteolytic in cattle and sheep, it has
been studied rigorously to determine its mechanism of action. However, the mechanisms
controlling uterine secretion of PGF,o and luteolysis remain unclear. Several critical
questions for a complete understanding of luteal function remain to be answered. For
example, how does PGF,a cause functional and structural luteolysis, and what
mechanism(s) control the regularity of cyclic luteolysis? Are factors other than PGF,a
luteolytic, and what hormonal environment is required for luteolysis?

Luteal progesterone seems to have a major role in regulating the timing of
ovulation, and thus the estrous cycle. Because of this, progesterone, and its synthetic
analogs (progestogens) are often used in synchronizing the time of estrus. One
progesterone analog used to synchronize estrus in sheep is 6o-methyl-17c
hydroxyprogesterone acetate (MPA) delivered via pessaries. It was believed that MPA
prevented ewes from showing estrus by maintaining increased circulating progestogen
concentrations and preventing luteolysis. When the exogenous progestogen was removed,
secretion of uterine PGF,o would increase and cause luteolysis. However, several reports
indicate that, although estrus was delayed in ewes treated with MPA, luteolysis was not
delayed (Echternkamp et al., 1976; Fairclough et al., 1983; Schoombe et al., 1988; Fortin
et al., 1994). Interestingly, it was recently reported that in ewes treated with MPA, vena
caval concentrations of PGF,o did not increase before luteolysis (Fortin et al., 1994).
Previously, Fairclough and coworkers reported that MPA reduced the amplitude of
jugular concentrations of PGFM (Fairclough et al., 1983). These results lead to additional
questions: 1) Is PGFpa the sole luteolysin?; 2) Could an increase in PGFa have been
missed? The first two experiments for this thesis were designed to determine whether 1)

the results of Fortin et al. (1994) could be repeated, 2) changes in vena caval



concentrations of PGF,a reflected uteroovarian changes, and 3) an increase in PGF,a
release was missed. The third experiment was conducted to determine whether treatment

with MPA may enhance luteal sensitivity and permit luteolysis in response to reduced

concentrations of PGF,a.



REVIEW OF LITERATURE

Review of the ovine estrous cycle

The estrous cycle constitutes a series of hormonal changes that ultimately lead to the
release of an ovum and the formation of corpora lutea in nonpregnant ewes. There are
seven hormones primarily involved in regulating the estrous cycle: hypothalamic GnRH;
pituitary LH, FSH (anterior), and oxytocin (posterior); ovarian estradiol, progesterone,
and oxytocin; and uterine PGF,o. The timing of the release of these hormones seems to
control the duration of the estrous cycle (see Figure 1).

In the Northern Hemisphere, most breeds of ewes have estrous cycles in the fall and
winter, and they are generally anestrous in the spring and summer (Goodman, 1988). On
average, ewes have a 17-d estrous cycle (Marshall, 1904), which is roughly divided into
follicular and luteal phases. During the follicular phase, estradiol concentrations are
greatest, whereas during the luteal phase progesterone concentrations are greatest. Just
before estrus, hypothalamic secretion of GnRH increases and stimulates the pulsatile
release of LH and FSH from the anterior pituitary (Schally et al., 1973). The blood carries
LH and FSH to the ovaries, where they stimulate follicular growth and estradiol
production. Concentrations of estradiol and LH increase in parallel. Estradiol reaches a
threshold that is necessary for estrus and the induction of a surge of LH, which is required
for ovulation (Fink, 1988; Goodman, 1988) and luteinization of follicular cells (Smith et
al., 1994). After ovulation, morphological and biochemical changes (luteinization) of the
granulosa and theca interna cells of the ovulatory follicle are initiated, and the CL
develops (Fink, 1988; Niswender and Nett, 1988). The compartmentalized structure of
the preovulatory follicle is lost, i.e., cells from the theca interna migrate and mix with

granulosa cells. As the cells change after ovulation, they become capable of synthesizing



and secreting progesterone. Luteal production of progesterone, which suppresses the
release of GnRH, LH, and FSH, increases from approximately d 4 to its maximum on d
12. Around d 12, uterine secretion of PGFoa increases, which is thought to initiate luteal
regression (McCracken et al., 1972; Thorburn et al., 1973; Barcikowski et al., 1974). A
positive feedback loop is initiated between luteal oxytocin and uterine PGF,a resulting in
pulsatile secretion of PGF,a, which seems to be necessary for complete luteolysis
(Schramm et al., 1983; Flint et al., 1986). Oxytocin from the posterior pituitary may
initiate this positive feedback relationship between luteal oxytocin and uterine PGF,o
(Sitvia et al., 1991). As the CL regresses, GnRH, LH, FSH, and estradiol secretion

increase, and another cycle of events is initiated.
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History: The search for a luteolysin

Progesterone is the main secretory product of the CL and plays a significant role in
regulating the duration of the ovarian cycle and maintaining pregnancy (McCracken and
Schramm, 1988). The CL must be "removed" for a new cycle to be initiated. The results
of numerous studies indicated that uterine PGFpa causes the demise of the CL. The
following review describes the process whereby uterine PGF,00 was recognized as "the
luteolysin".

In 1923, Loeb found that the CL was influenced by the uterus, because complete
hysterectomy in guinea pigs "preserved” the function of the CL, and partial hysterectomy
delayed luteolysis. Similarly, Wiltbank and Casida (1956) found that in sheep the CL was
maintained after hysterectomy. When a portion of the uterus was removed adjacent to the
CL, the lifespan of the CL was extended (Moore and Rowson 1966a; Inskeep and
Butcher, 1966). This effect was not apparent when the uterine hor opposite to the ovary
with a CL was removed (Inskeep and Butcher, 1966). Subsequent experiments involving
autotransplants verified that the ovary containing the CL depends on the uterus. The
lifespan of the CL was maintained when the ovary was tranplanted to the neck, leaving the
uterus in situ, and vice versa (Goding et al., 1967a,b). When the ovine ovary and uterus
were transplanted to the neck, normal cyclicity was maintained (Harrison et al., 1968).
Furthermore, treatments with intrauterine devices (IUD) and intrauterine injections of
benzyl alcohol, an irritant, into the ovine uterus shortened the lifespan of the CL, when the
treatments were confined to the uterine hom adjacent to the CL (Hawk, 1968; Melampy
and Anderson, 1968; Ginther, 1968a; Woody et al., 1968a). The CL was not affected
when IUD were inserted mto the uterine hom opposite to the CL-containing ovary
(Ginther, 1968a). Importantly, it was later realized that ITUD initiate an inflammatory

response, which increases the production of PGF,a (Pexton et al., 1975). As Hecter and



coworkers (1940) had speculated, it seemed that something from the uterus acted locally
on the CL to cause luteolysis. Thus, by removing the uterus or altering the uterine
environment, the CL was directly affected.

Babcock (1966) suggested that a prostaglandin may be the uterine factor causing
luteolysis. In 1969, Phariss and Wyngarden proposed that PGF,o may be the uterine
prostaglandin because it was abundant in the human endometrium (Pickles, 1967), and
they showed that PGFya was luteolytic in pseudopregnant rats (Phariss and Wyngarden,
1969). Prostaglandin F,a was also shown to be luteolytic in sheep (McCracken et al.,
1970; Barret et al., 1971) and cattle (Rowson et al., 1972). Additional evidence that
PGFpo was luteolytic was quickly discovered. In 1971, PGFpa in uteroovarian blood
was reported, and in 1972 prostaglandins in the endometrium was reported (Bland et al.,
1971; Wilson et al., 1972). Spilman and Duby (1972) reported that the reduced estrous
cycle length caused by inserting IUD could be overcome with indomethacin, a
prostaglandin synthesis inhibitor. Later studies involving immunization against PGFya
delayed or prevented luteal regression (Scaramuzzi and Baird, 1976; Fairclough et al.,
1981).

Various intra-arterial doses of PGFpa (ranging from 10 to 100 pg/h) were infused
into the autotransplanted or intact ovary, and caused luteolysis (McCracken et al., 1970;
Barrett et al., 1971; Chamley et al., 1972; Thorburn and Nicol, 1972). When larger doses
were infused, luteal regression was rapid, and there was a noticeable decrease in blood
flow through the ovary; this effect was not detected when smaller doses were used. The
smallest dose capable of causing complete luteolysis was 10 pug/h for 3 to 4 h. When an
intra-arterial infusion of 2 pg/h was used, progesterone decreased, but complete luteal
regression occurred only occasionally (Chamley et al., 1972). When PGF,a was infused
(100 pg/h) systemically, the function of the CL was not affected (McCracken et al., 1970).



Thorburn et al. (1973) reported a detailed study of the secretion of PGF5a in intact cyclic
ewes with catheters in the uteroovarian vein. They found that PGFya was secreted
throughout the cycle as small pulses lasting 1 to 3 h, and, around the time of luteolysis, the
pulses increased i frequency and magnitude as the concentration of progesterone
decreased. The question that remained unanswered was: How did uterine PGF,o. reach

the ovary locally to cause the CL to regress?



From the uterus to the ovary

Prostaglandin Fyo is almost completely removed from the blood during one passage
through the lungs (Ferreira and Vane, 1967). So, how can uterine PGFya reach an ovary
to cause luteolysis? Because PGF,a is a potent venoconstrictor (DuCharme and Weeks,
1967), Phariss and Wyngarden (1969) originally suggested that PGF,a-induced luteolysis
may be the result of a reduction in blood flow to the CL, because blood flow to the CL is
greater than to any other tissue or organ (see Wiltbank, 1994). The reduction in blood
flow to the CL, which is among the first responses detected during luteolysis (Niswender
et al., 1976; Nett et al., 1976), may play an important role in luteolysis, or it may just be a
"consequence rather than a cause of luteal regression" (Baird, 1978). The lymphatic
system has also been suggested to be involved in the transfer of PGF,a; however, the
extent of its role remains unclear (Staples et al., 1982).

The effect of PGF,a on the CL was shown to be a local, rather than a systemic,
action. In animals, such as cattle and sheep, with a local uteroovarian relationship, the
ovarian artery is convoluted and lies in close proximity to the uteroovarian vein; this is
not seen in animals, such as horses, with a systemic luteolytic pathway (see Figure 2;
Ginther, 1974). The uteroovarian vein drains the uterine horn and the adjacent ovary, and
it terminates in the vena cava (Del Campo and Ginther, 1973). Del Campo and Ginther
(1974) found that the walls of the ovarian artery and the uteroovarian vein were thinner in
the area of contact between the two vessels, and this may favor the passage of a uterine
substance from the venous drainage to the ovarian artery.

Barret et al. (1971) provided evidence for a local luteolytic pathway between the
uterus and ovary; luteolysis was blocked when the uteroovarian vein and ovarian artery
were separated. This was also shown by Restall and coworkers (1973). Also, a

countercurrent exchange of PGF,o between the two vessels was demonstrated when



tritiated PGFyo was infused into the uteroovarian vein and it appeared in the adjacent
ovarian artery (McCracken et al., 1971, 1972).

The suggestion that the luteolysin may pass from the uteroovarian vein to the
ovarian artery lead to several excellent experiments involving the anastomosis of the
uterine veins and the ovarian arteries in hemihysterectomized animals (for review, see
Ginther, 1974). Results from these studies clearly indicate that luteal regression is exerted
through a unilateral uteroovarian pathway and that the pathway is venoarterial; the
luteolysin is passed from the main uterine vein to the ovarian artery. Additional
experiments, involving infusions and cross-circulation, demonstrated that PGF,o. was
present in uteroovarian venous blood at the time of luteolysis (Caldwell and Moor, 1971,
McCracken et al., 1972, Baird et al., 1973a,b). In summary, the uterus secretes PGF,a,
it is carried in the blood from the uterine venous drainage to the ovarian arterial supply via

a countercurrent exchange, and it regresses the CL on the adjacent ovary.
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Figure 2. Local relationship between the uteroovarian vein and the ovarian artery in
sheep and the horse vasculature, in which luteolysis seems to be via a systemic pathway
(from Ginther, 1974).
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Prostaglandin Fra

Prostaglandins are potent lipophilic compounds that are involved in an array of
biological actions, including inflammation, immunological responses, male and female
reproductive changes, vasoconstriction, and vasodilation (Kelly, 1981; Wolfe, 1982).
Aracidonic acid (AA) is the precursor for the synthesis of PGFpo, and AA is formed from
an essential fatty acid, linoleic acid. The resulting AA is either stored as phospholipids in
membranes or as triacylglycerols in the cytosol (Lands, 1979). The flow of AA into and
out of the lipid pools is controlled by estradiol, progesterone, and oxytocin, through their
effects on phospholipase Ay, esterases, and lipases. Endometrial lipid droplets are few in
number when estradiol is increased, but, as the concentration of progesterone increases,
there is a corresponding increase in lipid accumulation (Brinsfield and Hawk, 1973).

It seems that estradiol and progesterone exert their effects indirectly on the lipid
pools. Estradiol enhances the flow of AA out of the lipid pools by activating the
necessary enzymes (phospholipase Ay, esterases, and lipases), whereas progesterone
stimulates the production of enzyme inhibitors. Oxytocin seems to exert its effect through
phospholipase C, which increases the availability of calcium and activity of phospholipase
Ap. Thus, around the time of estrus, when the concentration of estradiol is increasing, the
rate of AA conversion to PGFya increases along with enzyme activity. However,
following ovulation, as the CL begins to form and progesterone concentrations increase,
there is a corresponding increase in lipid accumulation due to the inhibitory effect of
progesterone on enzyme activity (see Silvia et al., 1991).

After AA has been freed from endometrial lipid pools or cholesterol esters, it can be
metabolized by prostaglandin endoperoxide synthase (cyclooxygenase) to produce PGG»y
(Figure 3). Uterine concentrations of cyclooxygenase undergo cyclical changes

concurrent with changes in uterine PGF,0; uterine cyclooxygenase and PGF,o increase
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before a decrease in plasma progesterone concentrations (Huslig et al, 1979).
Arachidonic acid can also be metabolized by lipoxygenase to form leukotrienes, which are
involved in the immune response. Prostaglandin G, is converted to PGH) through
peroxidase activity. Prostaglandin Hy can be converted to different prostaglandins by
specific enzymes. Prostaglandin F synthase is the specific enzyme that converts PGH) to
PGFpa. In the latter stages of the ovine estrous cycle, PGF synthetase activity in the
endometrium increases two-fold (Huslig et al., 1979). Prostaglandin Fyo is oxidized by
15-hydroxy-prostaglandin dehydrogenase to 15-keto-PGF7a, which is quickly reduced by
prostaglandin-A13 reductase to its stable metabolite, 13, 14-dihydro-15-keto-PGFra
(PGFM). Factors such as indomethacin and aspirin have an inhibitory effect on
prostaglandin synthase (Wolfe, 1982), thus disrupting the synthesis of PGFyo and

preventing luteolysis.
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Figure 3. Prostaglandin Fyo biosynthesis and metabolism.
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The corpus luteum: characteristics of small and large luteal cells

Histochemical, light microscopic, electron microscopic, and specific monoclonal
antibody (bovine) techniques have been used to differentiate large and small luteal cells
(Fitz et al., 1982; Alila and Hansel, 1984; Rodgers et al., 1984; Farin et al., 1986). Small
luteal cells range from 12 to 22 pum in diameter and are derived from theca interna cells.
These cells are spindle shaped, have irregularly shaped nuclei, and often contain
cytoplasmic inclusions. Lipid droplets, numerous mitochondria, and an abundance of
smooth endoplasmic reticulum, which is characteristic of steroid-secreting cells, are also
present in small luteal cells (Farin et al., 1986; Niswender and Nett, 1988; Kenny et al.,
1989).

In contrast, large luteal cells (> 22 pm in diameter) are primarily derived from
granulosa cells. Some large cells may develop from small luteal cells, although this
possibility is controversial (Warbritton, 1934; O'Shea et al., 1980; Fitz et al., 1982; Alila
and Hansel, 1984). Large luteal cells are usually spherical in shape, and they have a lightly
staining cytoplasm, a large round centrally located nucleus, with a distinct nucleolus, and a
convoluted cell surface. They contain numerous mitochondria, an extensive golgi
complex, lipid droplets, isolated stacks of rough endoplasmic reticulum, and an abundance
of smooth endoplasmic reticulum (Gemmell et al., 1974, Alila and Hansel, 1984; Farin et
al., 1986; Niswender and Nett, 1988; Kenny et al., 1989). In addition, the cytoplasm of
large luteal cells contains an abundance of electron-dense membrane-bound secretory
granules, which contain neurophysin and oxytocin. The concentration of these granules
seems to change throughout the estrous cycle as their products are released through
exocytosis (Gemmell et al., 1974; Fields and Fields, 1986; Guldenaar et al., 1984; Sawyer

et al., 1986.)
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The two cell types also differ in their number of specific binding sites for LH, PGF,
o, and PGE,. Small luteal cells contain the majority of the receptors for LH, whereas
large luteal cells contain the majority of the PGFya, PGE, (Fitz et al, 1982), and
estradiol receptors (Glass et al.,, 1984). Balapure and coworkers (1989) reported that
high affinity binding sites for PGF,o are present on large luteal cells, and low affinity sites
are present on small luteal cells. These differences in receptor concentrations are the
major factors separating steroidogenic abilities and luteolytic response to PGF>a between

the two types of cells.

Steroidogenesis

Both types of luteal cells are capable of producing progesterone (Rodgers et al.,
1984, see Figure 4). However, they differ greatly in the amounts they produce and in their
response to various stimuli. Luteal cells use cholesterol, which enters the cells complexed
with lipoproteins, as a source of substrate for progesterone synthesis. Once inside the cell,
cholesterol is released from the complex and used for progesterone synthesis, or it is
reesterified by acyl CoA cholesterol transferase (ACAT) and stored in the cytoplasm as
lipid droplets. Cholesterol can also be synthesized from acetate and released from
cholesterol ester (lipid droplets) when cleaved by cholesterol esterase. Free cholesterol is
transported to the mitochondria. Within the mitochondria, the rate-limiting conversion of
cholesterol to pregnenolone through hydroxylation, oxidation, and side-chain cleavage
occurs. Pregnenolone diffuses from the mitochondria to the smooth endoplasmic
reticulum where it is converted to progesterone by the 3B-hydroxy-A5-steroid
dehydrogenase A5, A%-isomerase complex (3B-HSD; Hoyer and Niswender, 1985;
Niswender et al., 1994). The question of exactly how these intracellular events are

mediated is still unanswered.
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Although there are fewer large, than small, luteal cells, basal large-cell production of
progesterone is approximately 10 to 20 fold greater than that for an equal number of
small cells (Fitz et al., 1982; Hoyer et al., 1984). Treatment with LH enhances (up to 20
fold) small luteal-cell production of progesterone (Rodgers et al, 1983a) in a dose-
dependent manner (Harrison et al., 1987). However, this stimulatory effect of LH is not
detected with large luteal cells, which may be due partially to their lack of LH receptors
(Fitz et al., 1982; Rodgers et al., 1983a). Dibutyryl cAMP and hormone-independent
stimulation of adenyl cyclase by cholera toxin and forskolin also enhance small, but not
large, luteal cell secretion of progesterone. Cholera toxin and forskolin stimulated cAMP
production in large cells; however, progesterone secretion was not increased (Hoyer et
al., 1984; Hoyer and Niswender, 1985; Fitz et al., 1991). Thus, the effect of LH on
steroidogenesis in small luteal cells seems to be mediated through a cAMP-dependent
mechanism. Cyclic-AMP activates the protein kinase A system (Hoyer and Niswender,
1986), which stimulates cholesterol esterase activity. The transport of cholesterol to the
inner mitochondrial membranes may be enhanced and, thus, increase the production of
progesterone (Wiltbank et al., 1993).

More than 80% of the progesterone is secreted by the large luteal cells (Fitz et al.,
1982). However, the factors responsible for steroidogenesis in large luteal cells are less
clear. The administration of PGE) prolongs the luteal phase of the estrous cycle, and
PGE; is thought to have a direct effect on luteal-cell function (Pratt et al, 1979).
Because the majority of receptors for PGE, are located on large luteal cells, a correlation
between the luteotropic effect of PGE, and the large luteal cells seems possible. Indeed,
recent evidence supports this idea and indicates that PGE{ and PGEy stimulate
progesterone production by large, but not small, luteal cells (Fitz et al., 1991). However,

the mechanism controlling the regulation of progesterone synthesis is unclear, because
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there was no increase in the activity of adenyl cyclase or cAMP concentrations (Fitz et al.,
1991).

As the estrous cycle progresses, large luteal cells triple in size, but their numbers
remain constant. In contrast, small luteal cells remain constant in size, but their numbers
increase five-fold (Farin et al., 1986; Kenny et al., 1989). Interestingly, pharmacological
doses of LH converted small luteal cells to large luteal cell as previously hypothesized
(Farin et al., 1988). However, the administration of physiological doses of LH did not
have this effect (Farin et al., 1990). The changes in size and numbers, and hence
receptors, may account for the increase in luteal progesterone production throughout most
of the estrous cycle. In addition, the greater rate of progesterone secretion from large
luteal cells may be due to greater numbers of mitochondria (Kenny et al., 1989). Indeed,
it was recently demonstrated that there is a greater amount of RNA encoding for 33-HSD
in the large luteal cells (Hawkins et al., 1993). This is in agreement with the finding that
pregnenolone is converted to progesterone at a rate six times greater in large luteal cells

than in small luteal cells (see Hawkins et al., 1993).
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