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Background

The corpus luteum develops from the follicular cells which remain following ovulation and secretes
progesterone which is essential for normal pregnancy in domestic animals. In sheep, the corpus
luteum must be present for at least 50 days if normal pregnancy is to be maintained (Casida &
Warwick, 1945). Progesterone is produced in the corpus luteum of domestic animals by two mor-
phologically and functionally distinct steroidogenic cell types termed large and small luteal cells. In
sheep, large cells average 29.2 p.m in diameter (Rodgers et al., 1984) and can be morphologically
distinguished by a spherical nucleus, stacks of rough endoplasmic reticulum, secretory granules and
a highly involuted plasma membrane. Small cells average 15.8 p.m in diameter (Rodgers et al., 1984)
and are distinguished by an irregularly shaped nucleus, large quantities of smooth endoplasmic
reticulum, and numerous lipid droplets (for review see Niswender & Nett, 1988).

After separation into relatively pure populations, biochemical differences have been clearly
recognized between the two steroidogenic cell types (Ursely & Leymarie, 1979; Koos & Hansel,
1981; Fitz et al., 1982; Schwall et al., 1986). Purified preparations of small cells produce very little
progesterone unless stimulated by luteinizing hormone (LH) or other activators of the cyclic
adenosine 3',5'-monophosphate (cAMP)/protein kinase A second messenger pathway (Hoyer &
Niswender, 1985). In addition, LH may cause differentiation of small cells into large luteal cells
(Donaldson & Hansel, 1965; Farin et al., 1988) but it is not clear whether this action is mediated by
the cAMP second messenger system. Large cells produce greater amounts of progesterone under
basal conditions and treatment with LH or pharmacological activation of the cAMP second
messenger pathway does not stimulate progesterone production (Hoyer & Niswender, 1984, 1986;
Harrison et al., 1987). Recently, it has become apparent that the phosphatidylinositide/free
calcium/protein kinase C effector system is important in regulating luteal cell function. This review
will focus on this intracellular regulatory system and its role in regulation of luteal cell function.

Phosphatidylinositide metabolism

By 1955 it had been shown that the turnover of certain membrane phospholipids, which were later
identified as phosphatidic acid and phosphatidylinositol, was stimulated by acetylcholine (Hokin &
Hokin, 1955, 1958). This observation forms the basis of the subsequent discovery of the phospho-
inositide second messenger system. Hormones or neurotransmitters which utilize this pathway
appear to interact with a receptor which activates a specific signal-transducing G protein (Gilman,
1987). The activated G protein (probably the alpha subunit; Birnbaumer, 1987) then interacts with
the membrane-bound phosphoinositide-specific phospholipase C enzyme (PLC). PLC cleaves
phosphatidylinositol 4,5-bisphosphate (a minor phospholipid in cellular membranes) to yield
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inositol 1,4,5-trisphosphate (IP,) and diacylglycerol. Both of these products are active second
messengers with IP, releasing calcium from calcium-sequestering compartments within the cell and
diacylglycerol, along with free calcium, causing activation of protein kinase C (Berridge, 1987).

In the plasma membrane of ovine or bovine luteal cells phosphatidylinositol represents 4-6% of
the total phospholipid (Zelinski et al., 1988; Allen et al., 1988). By labelling this phospholipid
pool with 32P or rIllinositol the hormone-induced phosphoinositide turnover can be quantified
(Lapetina & Siess, 1987; Huckle & Conn, 1987). Using this methodology, prostaglandin (PG) F-2a
increases phosphoinositide breakdown in ovarian cells from the rat (Leung, 1985; Leung et al.,
1986), cow (Davis et al., 1987b, 1988, 1989), pig (Veldhuis, 1987), and sheep (Jacobs et al., 1987).
Most investigators have also reported an increase in phosphoinositide turnover following treat-
ment of luteal cells with human chorionic gonadotrophin (hCG) or LH (Davis et al., 1986, 1987b;
Allen et al., 1988), although others reported no effect of LH administration on phosphoinositide
turnover (Leung, 1985; Jacobs et al., 1987). It seems confusing that the phosphoinositide second
messenger pathway could be activated by both a luteotrophic hormone (LH) and a luteolytic
hormone (PGF-2a), since these hormones have opposite effects. Possible explanations include:
(1) different cell types show different responses to phosphoinositide turnover; (2) hormones cause
multiple effects on the same cell through different second messenger pathways; or (3) there
is a functionally significant difference in the magnitude of the LH and PGF-2a effect on
phosphoinositide turnover (Leung & Wang, 1989).

Protein kinase C

Protein kinase C is an essential component in the intracellular action of a number of hormones and
neurotransmitters (Nishizuka, 1986). Under physiological conditions the activity of protein kinase
C is dependent upon membrane phospholipids and is regulated by concentrations of free calcium
and diacylglycerol (Rando, 1988). Pharmacologically, protein kinase C can be activated by
tumour-promoting phorbol esters such as phorbol 12-myristate I3-acetate (PMA). Physiological or
pharmacological activation of protein kinase C causes the enzyme to bind to the phospholipids in
cellular membranes, and this response has been utilized to evaluate the state of activation for
protein kinase C (Thomas et al., 1987).

Protein kinase C activity has been detected in luteal cells from cattle, sheep and pigs (Davis &
Clark, 1983; Noland & Dimino, 1986; Wheeler & Veldhuis, 1987; Hoyer & Kong, 1989; Wiltbank
et al., 1989b). Protein kinase C activity has been reported to be 2.7-fold greater in pig corpora lutea
than in medium-sized follicles (Noland & Dimino, 1986), whereas protein kinase A activity was
greater in follicles than in corpora lutea (Dimino et al., 1981). Three chromatographically distinct
forms of protein kinase C have been detected in the cytosol from pig luteal cells (Wheeler &
Veldhuis, 1989) and these different forms of protein kinase C may have distinct actions (Kosaka et
al., 1988). We have found that total protein kinase C activity was much greater (per mg protein) in
large than in small ovine luteal cells under control conditions (Fig. 1). As noted for protein kinase C
in other tissues, phosphatidylserine, diacylglycerol and calcium were required for maximal acti-
vation. In addition, treatment with PMA caused translocation of protein kinase C from a cyto-
solic location to the membrane-attached configuration (Wiltbank et al., 1989b). Hoyer & Kong
(1989) reported that the preferred endogenous substrate for phosphorylation by protein kinase A in
small cells and by protein kinase C in large cells is a protein of Mr = 37 000. The identity of this
protein and its role in the actions of protein kinases A and C have not been elucidated. Perhaps part
of the differentiation of large luteal cells, from either follicular cells or small luteal cells, involves
transformation from a cell primarily regulated by the protein kinase A pathway to one regulated by
the protein kinase C effector system.

Paradoxical results have been reported from studies in which cultured luteal cells were treated
with phorbol esters to activate protein kinase C. In some studies there appeared to be a slight
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Fig. 1. Effect of 18h pretreatment with 1I.tm-phorbol 12-myristate 13-acetate (PMA) or ethanol
vehicle (Control) on total protein kinase C or cyclic adenosine 3',5'-monophosphate-dependent
protein kinase (protein kinase A) activity in large or small luteal cells. Values are mean + s.e.m.
for 4 experiments. **P <0.05. Activity measurements were performed as previously described.
(From Wiltbank et al., 1989b.)

stimulation of progesterone secretion from small bovine luteal cells in response to phorbol esters
(Brunswig et al., 1986; Alila et al., 1988). However, PMA treatment inhibited progesterone
secretion from small bovine luteal cells which were maximally stimulated with LH (Benhaim et al.,
1987). In non-stimulated small ovine luteal cells we found no effect of PMA (at any dose from 0.1 to
1000-nm) on progesterone production. However, activation of protein kinase C with PMA was
inhibitory to progesterone production by small cells stimulated with LH, forskolin or dibutyryl
cAMP (Fig. 2). This suggests that the inhibitory action of protein kinase C on the small ovine luteal
cell occurs, at least in part, after LH binding and cAMP production. Interestingly, metabolism of
25-hydroxycholesterol (an estimate of cholesterol side-chain cleavage enzyme activity; Toaff et al.,
1982) was not inhibited by PM A, suggesting that protein kinase C acts before the cholesterol
side-chain cleavage enzyme (Fig. 2).

Fig. 2. Effect of 200 nm-phorbol 12-myristate 13-acetate (PMA) on progesterone production
by non-stimulated small ovine luteal cells or by small cells treated with 100ng LH/ml (LH),
50 pm-forskolin, 10mm-dibutyryl cyclic adenosine 3',5'-monophosphate (dbcAMP), or 20 pig
25-hydroxycholesterol/m1 (250H) during a 2-h incubation. These doses were found to be maxi-
mally stimulatory in preliminary experiments. **P < 0.001; NS = not significant. Values are
mean + s.e. for 5 experiments, each done in triplicate cell culture wells. (From Wiltbank et al.,
1989b.)

In ovine large luteal cells PM A was a potent inhibitor of progesterone secretion during
incubation times that did not cause depletion of intracellular protein kinase C concentrations
(Wiltbank et al., 1989b). Other investigators have also reported that PMA inhibits progesterone
production by mixed or large ovine luteal cells (Conley & Ford, 1989; Hoyer & Marion, 1989). In
contrast, activation of protein kinase C was reported to have no effect on progesterone production
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by bovine large luteal cells (Alila et al., 1988). This could be due to a species difference between the
luteal cells of sheep and cattle. We recently investigated the action of PMA on bovine large luteal
cells and found a small but significant inhibitory effect of PMA on basal progesterone production
by non-stimulated large luteal cells. However, in large luteal cells in which progesterone secretion
had been stimulated by high-density lipoprotein there was a profound inhibition of progesterone
secretion by PMA and PGF-2a (Fig. 3). These results suggest that either protein kinase C is inhibi-
tory to lipoprotein utilization by bovine large luteal cells or that the inhibitory effects of protein
kinase C cannot be detected in large luteal cells which are producing low quantities of progesterone.
In either case, since lipoproteins are continuously available to luteal cells under physiological
conditions, it appears that protein kinase C is an important pathway for inhibiting progesterone
production by large ovine and bovine luteal cells. Other actions of protein kinase C within luteal
cells include stimulation of PGF-2a synthesis (Veldhuis & Demers, 1987) and relaxin release
(Taylor & Clark, 1988).

Fig. 3. Effect of 100nm-prostaglandin F-2a (PGF-2a) or 10 nm-phorbol 12-myristate 13-acetate
(PMA) on progesterone secretion (during 2-h incubation) by large bovine luteal cells (15 000
large cells/nil) in the presence or absence of bovine high density lipoprotein cholesterol (bHDL)
at 1001.ig/ml.Values are mean + s.d. for triplicate wells from one representative experiment;
another experiment yielded similar results.

To understand the physiological relevance of this intracellular effector system it is important to
consider the question of which hormones, if any, activate the protein kinase C pathway in luteal
cells. Measurement of hormonally induced phosphoinositide breakdown gives suggestive evidence
for activation of protein kinase C, but is not a direct measure of such activation. The best method
for measuring protein kinase C activation at the present time is evaluation of relative cytosolic
versus membrane-bound levels of protein kinase C after specific hormonal treatments (Thomas et
al., 1987; Witters & Blackshear, 1987). We have utilized this methodology to evaluate activation
of protein kinase C in large and small luteal cells after a 15-min treatment with PMA (positive
control), LH or PGF-2a. As expected, PMA activates protein kinase C both in large and small
luteal cells. Treatment with LH did not activate protein kinase C in either luteal cell type, whereas
treatment with PGF-2ct caused membrane association of protein kinase C in large but not small
luteal cells (Fig. 4).

The data presented above are consistent with PGF-2a acting through the protein kinase C
effector pathway. More direct evidence for this hypothesis could be obtained by blocking the
protein kinase C pathway and then evaluating whether the effects of PGF-2a were inhibited. There
were two difficulties in doing this experiment. The first difficulty was to find a specific inhibitor of
protein kinase C. Sphingosine, which reportedly displaces diacylglycerol or PMA from the protein
kinase C—phospholipid complex (Jaken & Leach, 1988), caused death of luteal cells (unpublished
observations; Hoyer & Marion, 1989). Two other inhibitors of protein kinase C (staurosporine
and H-7 [1-{5-isoquinolinylsulphony1}-2-methylpiperazine]) act at the ATP binding site to block
phosphorylation (Nakadate et al., 1988) and our experience indicates that these inhibitors block
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Fig. 4. Quantities of protein kinase C activity in the cytosolic and membrane-bound fractions of
large luteal cells after 15-min treatment with vehicle (control), 11.1m-phorbol12-myristate 13-
acetate (PMA), 100 ng LH/m1 (LH) or 1pm-prostaglandin F-2a (PGF„). These data represent
the mean from one representative experiment. Another experiment yielded similar results.

both protein kinase A as well as protein kinase C activity (unpublished observations). Other
protein kinase C inhibitors are also non-specific since they inhibit a wide variety of calcium-
dependent enzymes (Rando, 1988). Another approach used successfully with a number of cell types
is to 'down regulate' protein kinase C activity by treatment with high concentrations of phorbol
ester (Witters & Blackshear, 1987). Treatment of large or small luteal cells for 18 h with 1 Invi-PMA
decreased protein kinase C activity to levels that were not significantly different from zero while
protein kinase A concentrations (Fig. 1), non-specific kinase activity and cell viability were not
significantly altered (Wiltbank et al., 1989b). These protein kinase C-deficient luteal cells showed
no response to acute treatment with PMA. Therefore, these protein kinase C-deficient luteal cells
appeared to offer a good model for evaluating whether protein kinase C was part of the mechanism
of action for specific hormones.

A second difficulty which we encountered was in obtaining a consistent effect of PGF-2a in
cultured luteal cells. Various researchers have reported stimulatory (Speroff & Ramwell, 1970),
inhibitory (Fitz et al., 1984) or no (Litch & Condon, 1988) effects of PGF-2a on progesterone
secretion by cultured luteal cells. There are probably at least two reasons for these contrasting
results. First, purified cell types are generally not used and the sensitivity of the assay system is
decreased if the primary action of PGF-2a is on one specific cell type. Second, luteal cells in culture
are deficient in cholesterol substrate and therefore produce progesterone at such low levels it is
difficult to detect an inhibition of progesterone production (Pate & Nephew, 1988; Grummer &
Carroll, 1988). We attempted to overcome these problems by utilizing purified large and small
luteal cells which were incubated in the presence of maximally stimulatory doses of high-density
lipoprotein (to provide cholesterol substrate). In this system PGF-2a (doses of 30-30 000 nm; in the
presence or absence of LH) caused a consistent inhibition of progesterone production by large but
not small luteal cells (Wiltbank et al., 1990a). Large luteal cells that were made protein kinase
C-deficient were no longer inhibited by PGF-2a (Fig. 5). This did not seem to be the result of a
decreased sensitivity to PGF-2a, since protein kinase C-deficient luteal cells were not inhibited by
doses of PGF-2a which were 300 times the dose which maximally inhibited progesterone produc-
tion by normal large luteal cells (Wiltbank et al., 1990a). These results are consistent with PGF-2a
acting on the large luteal cell through the protein kinase C second messenger pathway.

However, not all the actions of PGF-2a could be explained by activation of the protein kinase C
pathway since PGF-2a continued to cause cell damage and eventual cell death in normal or protein
kinase C-deficient large luteal cells (unpublished observations). In addition, treatment with PMA
did not cause luteal cell death (Wiltbank et al., 1989b; Hoyer & Marion, 1989). Therefore, although
the acute inhibition of steroidogenesis caused by PGF-2a could be attributable to activation of the
protein kinase C pathway, it does not appear that the cytotoxic effects of PGF-2a are mediated
through protein kinase C.
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Fig. 5. Effect of 1 am-prostaglandin F-2a (PGF20) on high density lipoprotein-stimulated
(HDL; 200 ag cholesterol/m1) production of progesterone by normal or protein kinase C-
deficient (PKC-deficient) large ovine luteal cells. Values are mean + s.e.m.; n = 6 replicates
each run in triplicate. Values with different letters are significantly different, P < 0.01. (From
Wiltbank et al., 1990a.)

Free intracellular calcium concentrations

For many years it has been known that free intracellular calcium concentrations are elevated in
nerves and muscles in response to action potentials. In cells which do not generate action poten-
tials, recent evidence also indicates that changes in free intracellular calcium concentration are an
important aspect of hormonal regulation (see reviews by Carafoli, 1987; Gallacher, 1988). Calcium
release from intracellular stores is thought to be caused by IP, binding to a specific receptor on
the endoplasmic reticulum or calciosome and this binding causing opening of a specific calcium
channel (Exton, 1988). In addition, inositol polyphosphates, including IP, or inositol 1,3,4,5-
tetrakisphosphate, may open calcium channels on the plasma membrane causing an influx of
calcium from the extracellular fluid (Kuno & Gardner, 1987; Gallacher, 1988). Other mechanisms
for calcium influx in the absence of action potentials have also been postulated (Gallacher, 1988).

It has been speculated for many years that calcium influx is associated with secretion of pro-
gesterone by luteal cells (Higuchi et al., 1976). Luteolytic hormones may also act by increasing free
intracellular calcium concentrations since pharmacological manipulation of intracellular calcium
concentrations cause effects which are similar to the effects of PGF-2a (Behrman et al., 1986; Baum
& Rosberg, 1987). Investigators using calcium-sensitive fluorescent dyes have shown that PGF-2a
causes an increase in free intracellular calcium concentrations (Davis et al., 1987b; Leung et al.,
1989; Alila et al., 1989). LH and hCG have also been shown to increase free intracellular calcium
concentrations in bovine luteal cells (Davis et al., 1986, 1987a; Alila et al., 1989). Again the
question arises as to how the same second messenger system could mediate the action of hormones
which have opposite effects on secretion of progesterone.

We have recently evaluated the hormonal regulation of free intracellular calcium concen-
trations in ovine small and large lineal cells (Wiltbank et al., 1989a) using a dual-wavelength
calcium-sensitive dye, fura-2 (Grynkiewicz et al., 1985). Fura-2 fluorescence was evaluated with a
computer-enhanced microscopic imaging system (Connor, 1986; Cohan et al., 1987; Mattson et al.,
1988) which allowed monitoring of the calcium concentrations in individual luteal cells in response
to specific treatments. As a positive control, cells were treated with 1 am-A23187 (calcium
ionophore) which caused a dramatic increase in free intracellular calcium concentrations in large
and small luteal cells (Fig. 6). In small luteal cells, free calcium concentrations increased very
rapidly but returned to control levels by 2 min after A23187 treatment, while calcium concen-
trations in adjacent large cells had not returned to baseline by 20 min after treatment. Since small
and large cells were adjacent in this experiment and therefore exposed to similar concentrations of
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A23187 it seems likely that calcium extrusion mechanisms are more effective in the small than in the
large luteal cells. Treatment with 1 pm-A23187 causes cell death in large but not small luteal cells
(Hoyer & Marion, 1989). Therefore, it seems likely that sustained elevations in free intracellular
calcium concentrations are cytotoxic in large luteal cells.

2 3 4

Time after A23187 (min)

Fig. 6. Effect of 1 l.tm-A23187on free intracellular calcium concentration within small and large
luteal cells (mean + s.e.). For large cells (n = 6), free intracellular calcium concentration is
greater (P < 0.05) than at Time 0 for all time points except 30 sec after A23187. For small cells
(n = 5), free intracellular calcium concentration is greater (P < 0.05) than at Time 0 at 30, 60,
and 90 sec, but is not different at 2, 3, 4 or 5 min after A23187. Treatment with DMSO (vehicle)
caused no significant change in free intracellular calcium concentrations in either cell type.
(From Wiltbank et al., 1989a.)
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Fig. 7. Effect of 1 JIM-prostaglandin F-2a on free intracellular calcium concentrations in small
and large luteal cells. Calcium concentrations were measured by computer imaging of fura-
2 fluorescence. Data are from 4 replicates of this experiment with 5-8 large cells and 2-4
small cells evaluated per replicate. Values are mean + s.e. (if s.e. larger than symbol). (From
Wiltbank et al., 1989a.)

Treatment with PGF-2a caused dramatic increases in free intracellular concentrations of
calcium within large but not small luteal cells (Fig. 7). This measurement system allowed visualiz-
ation of the 5-20-fold increases in free calcium concentrations within large cells while the levels in
adjacent small luteal cells were not changed (Wiltbank et al., 1989a). This is further evidence that
large and small ovine luteal cells have clear functional differences, with PGF-2a responsiveness
being localized to large luteal cells which have the high affinity PGF-2a receptors (Fitz et al., 1982;
Balapure et al., 1989). Treatment with a high dose of PGF-2a (1 l.tm)caused an increase in concen-
trations of free calcium within all large luteal cells (Wiltbank et al., 1989a). Lower doses of PGF-2a
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increased free calcium in only a portion of the large luteal cells within 10 min suggesting that large
luteal cells differ in their responsiveness to this hormone. After treatment with PGF-2a, the free
calcium concentration in large luteal cells remained elevated for at least 30 min (Fig. 7). It appeared
that most of this increase in free intracellular calcium concentration was due to influx from extra-
cellular sources. We conclude that PGF-2a causes a sustained elevation in free calcium concen-
tration specifically in the large luteal cell. It seems likely that this sustained elevation in free calcium
is cytotoxic to large luteal cells as it is to other cell types (Choi, 1985; Mayer & Westbrook, 1987;
Mattson et al., 1988). In these experiments we could find no evidence for an LH-induced increase in
concentrations of free intracellular calcium within either large or small luteal cells (Wiltbank et al.,
1989a).

Fig. 8. Current working model for the second messenger pathways involved in regulating the
small (left side) and large (right) luteal cells. See summary in text for details. Abbreviations are:
luteinizing hormone (LH), G-protein causing stimulation of adenylate cyclase (Gs), adenylate
cyclase (AC), adenosine triphosphate (ATP), cyclic adenosine monophosphate (cAMP),
prostaglandin F-2a (PGF-2a), free calcium concentration ([Ca21), phosphatidylinositol 4,5-
bisphosphate (PIP2), inositol 1,4,5-trisphosphate (IP3), diacylglycerol (DAG).

Summary

Our current working hypothesis for the intracellular mechanism of action for LH and PGF-2a is
shown in Fig. 8. Luteinizing hormone appears to act primarily on the small luteal cell through
the cAMP/protein kinase A effector system and thereby stimulates secretion of progesterone.
Activation of the protein kinase C effector pathway is inhibitory to progesterone secretion from
stimulated small luteal cells but it is not clear which hormones, if any, activate this effector system.
Results from studies in whole animals suggest that LH may also stimulate differentiation of small
luteal cells into large luteal cells (Donaldson & Hansel, 1965; Farin et al., 1988). Although there are
LH receptors on large luteal cells, LH treatment does not stimulate progesterone secretion and does
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not appear to activate any of the second messenger pathways which we have examined. Prostaglan-
din F-2a appears to act on the large luteal cell through free intracellular calcium and protein kinase
C effector systems. Apparently, PGF-2a-induced activation of protein kinase C results in the acute
inibition of progesterone production seen in the first 8 h after PGF-2a treatment. The cytotoxic
effects of PGF-2a on the large luteal cell (Fitz et al., 1984; Braden et al., 1988) may be caused by a
sustained elevation in free intracellular calcium concentrations. No direct effects of PGF-2a on
small luteal cells have been detected (no inhibition of progesterone production, no activation of
protein kinase C, no increase in free intracellular calcium), which is consistent with an absence of
high affinity PGF-2a receptors on this cell type. The cytotoxic effects of PGF-2a on small luteal
cells and endothelial cells (Braden et al., 1988) may be caused by decreases in luteal blood flow
(Niswender et al., 1975; Wiltbank et al., 1990b), actions of cytotoxic agents released by large luteal
cells, or increases in cytotoxic white blood cells (Murdoch, 1987; Bagavandoss et al., 1988).

We thank G. J. Wiepz for graphical assistance with the colour model; Dr M. H. Mayan and
K. L. Sutherland for technical assistance; K. A. Miller for secretarial assistance; Dr S. B. Kater, Dr
P. B. Guthrie and Dr M. P. Mattson for collaboration with calcium measurements; J. A. Flores for
collaboration with lipoprotein stimulation; and Dr H. R. Sawyer and C. L. Moeller for computer
support.
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