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Regulation of Cytochrome P450,.. Synthesis
and Activity in the Ovine Corpus Luteum
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Animal Reproduction and Biotechnology Laboratory, Department of Physiology, Colorado State University,
Fort Collins, CO 80523, U.S.A.

The rate-limiting step in luteal biosynthesis of progesterone consists of cleavage of the side chain
of cholesterol by mitochondrial cytochrome P450 side-chain cleavage enzyme (P450,. ) to form
pregnenolone. Luteal mRNA encoding P450,.., quantitated on selected days of the 16-day ovine
estrous cycle, was similar on days 3 and 6, increased by 2-fold on day 9 (P <0.05) and remained
elevated on day 15. Levels of P450,,, mRNA on day 15 of pregnancy were not different from those
found on any day of the cycle (P < 0.05). To determine whether levels of mRNA encoding P450,_ are
hormonally regulated, ewes on day 10 of the estrous cycle were injected with hCG or prostaglandin
F,, PGF,,). P450,, mRNA was not increased for up to 36 h after injection of hCG, nor decreased
within 8 h after injection of PGF,, (P <0.05). An assay for P450,. activity was developed which
utilized ovine small and large luteal cells in the presence of 22R-hydroxycholesterol and ovine high
density lipoprotein. Enzyme activity was quantitated by measurement of progesterone production.
In small luteal cells activation of the protéin kinase A (PKA) second-messenger system by treatment
with LH resulted in 9109, increase in progesterone production without altering activity of P450,.
Activation of the protein kinase C (PKC) second-messenger system with phorbol 12-myristate
13-acetate caused a 519, reduction in progesterone secretion from large luteal cells but did not alter
activity of P450,... These findings suggest that in mature luteal tissue steady state levels of mRNA
encoding P450, ., and enzyme activity are independent of acute regulation by activation of PKA or
PKC second-messenger systems.
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INTRODUCTION duced and thus less dependent upon hormonal regu-
lation [7]. The level of P450, .. enzyme is low in follicles
of the cow (8] and rat [4], increases in the corpus
luteum, and decreases as the corpus luteum regresses.
Enzyme concentrations are paralleled by levels of
mRNA encoding P450,, in bovine and human
granulosa and luteal cells [9, 10].

Regulation of luteal P450, activity by protein kinase
A (PKA) and C (PKC) has been investigated utilizing
exogenous hydroxylated substrates. Increased conver-
sion of 25-hydroxycholesterol to progesterone and
pregnenolone by porcine granulosa cell mitochondria
following lengthy pretreatment with FSH and estradiol
was correlated with increased enzyme mass [2]. Wilt-
bank ez al. [11] assessed side-chain cleavage activity in
ovine luteal cells using ovine high density lipoprotein

In sheep, as in other mammals, estrous cycles of normal
duration and maintenance of pregnancy depend upon
secretion of progesterone by the corpus luteum. The
rate-limiting step in this process is conversion of
cholesterol to pregnenolone by mitochondrial cyto-
chrome P450 side-chain cleavage enzyme (£450,.) [1].
In several species cholesterol side-chain cleavage
appears to be regulated by LH, which stimulates
synthesis of enzyme [2—4] and mRNA encoding the
enzyme [5, 6] in granulosa cells. Once luteinization has
occurred, 450, is thought to be constitutively pro-
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(oHDL) to facilitate uptake of hydroxycholesterols;
progesterone production was unaffected by activation
of PKA or PKC. Similar studies conducted without
lipoprotein supplementation have yielded conflicting

283



284

results [12-14]. A preliminary goal of this study was to
establish a kinetically valid in vitro assay for cholesterol
side-chain cleavage activity over a range of time and
tissue concentrations. Since activation of PKA in-
creases production of progesterone in ovine small
steroidogenic luteal cells, and PKC activation decreases
progesterone production in ovine large steroidogenic
luteal cells, partially purified preparations of ovine
luteal cells offer a useful system in which the effects of
PKA and PKC activation upon activity of cytochrome
P450,,. might be clarified,

No data exist regarding luteal content of P450,,
enzyme or mRNA throughout the estrous cycle of
sheep. However, loss of luteal steroidogenic activity
during luteolysis in sheep is initiated by prostaglandin
F,, (PGF,,) through activation of the PKC second-
messenger system [15]. Pharmacologic activation of
PKC with phorbol 12-myristate 13-acetate (PMA) also
inhibits PKA-stimulated increases in mRNA encoding
P450,.. in rat granulosa cells [16].

The current study was designed to quantitate luteal
mRNA encoding P450,.. throughout the reproductive
cycle of the sheep. Additionally, experiments were
designed to characterize the effect of in vivo treatment
with hCG and PGF,, upon luteal levels of P450
mRNA

scC

EXPERIMENTAL
Materials

The cDNA probe complementary to mRNA which
encodes bovine adrenal P450, . [17] was provided by
Dr M. R. Waterman (Vanderbilt University, Nashville,
TN). Medium 199 (M199), restriction enzymes
Haelll and Hind 111, and ¢ x DNA were obtained from
Gibco (Grand Isiand, NY), and restriction enzyme
Pyull from Promega (Madison, WI). Hybond nylon
filters and [¢**P]dCPT were purchased from Amer-
sham (Arlington Heights, IL). Corning 24-well plastic
culture plates were purchased from VWR (Denver,
CO). Sodium acetate, sodium chloride, sodium dodecyl
sulfate (SDS), deoxyribonuclease I (DNase), hCG,
penicillin G, streptomycin sulfate, PMA, cholesterol,
20 -hydroxycholesterol, 22R-hydroxycholesterol, 25-
hydroxycholesterol and dimethyl sulfoxide (DMSQO)
were obtained from Sigma (St Louis, MO). Collagen-
ase D was obtained from Boehringer Mannheim Bio-
chemicals (Indianapolis, IN). Lutalyse was obtained
from Upjohn Corp. (Kalamazoo, MI) and LH
(NIDDK-0lLH-25) from the National Hormone and
Pituitary Program (Bethesda, MD). HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid] was
purchased from United States Biochemical Corp.
(Cleveland, OH). Agarose Bio-Gel A-5m and Biorad
protein reagent were purchased from Biorad (Rich-
mond, CA). Falcon 96-well plastic microtiter plates
were obtained from Baxter Diagnostics, Inc. (McGaw
Park, IL).
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Northern blot procedures

Specificity of hybridization of the labeled cDNA
probe was demonstrated and sample RNA analyzed
using Northern blot analysis. Total RNA was extracted
from 100-300 mg of tissue by the method of Chom-
czynski and Sacchi [18]. The 1.5kb ¢cDNA insert was
isolated from plasmid DNA pcD, Okayama fragment
[19] by restriction digestion with PouI1. Radiolabeled
cDNA transcripts of P450,.. and tubulin were syn-
thesized using random primer extension to incorporate
[2**P]dCTP [20]. Twenty or 25 ug of total RNA iso-
lated from steroidogenic (adrenal and corpus luteum)
and non-steroidogenic tissue (liver, uterus, brain,
kidney and cardiac and skeletal muscle) were loaded
onto 1.5°, agarose gel containing 3°, formaldehyde
and electrophoresed for 1.5h at 250 V. Radiolabeled
¢ x phage DNA digested with HaeIll or A phage DNA
digested with HindIII endonuclease were used as mol-
ecular weight markers. RNA was passively transferred
to nylon filters and subjected to ultraviolet crosslinking
(Stratagene, La Jolla, CA). Filters were hybridized for
3648h at 65°C in 10ml buffer containing approx.
107 cpm of radiolabeled cDNA and 150 mg denatured
sperm DNA. The filters were washed three times with
gentle agitation at room temperature and once at 65°C,
in buffer consisting of SSC (0.3 M sodium chloride,
0.03 M sodium citrate at pH 7.0) and 0.1°, SDS.
Exposure of the hybridized filters to Kodak X-Omat
film at —70°C for 24-48 h produced autoradiograms
which were quantitated by scanning densitometry
(Hoefer Scientific Instruments, San Francisco, CA;
Model GS300) [21]. Specific P450,. mRNA was quan-
titated relative to tubulin mRNA to reduce variation
caused by unequal loading of the gels. Data, expressed
as relative densitometric units, were analyzed by
analysis of variance and Duncan’s multiple range test.

Serum levels of progesterone were determined by
radioimmunoassay [22]; tissue concentrations of pro-
gesterone were assessed by the methods of Diekman
et al. [23]. Intra- and interassay coefficients of variation
were 10 and 119, respectively.

Evaluation of mRNA encoding P450,,

Experiment 1. To assess steady state levels of mRNA
encoding P450,.., corpora lutea were collected from
normally cycling Western range ewes on days 3, 6, 9,
12 and 15 after observation of estrous behavior and on
day 15 of pregnancy. RNA was isolated and analyzed
for each luteal sample from individual ewes as
described above.

Experiment 2. To determine whether the increase
seen in P450,, mRNA from days 3 and 6 to day 9 in
Experiment 1 was due to luteotropic hormonal stimu-
lation, ewes were treated on day 10 post-estrous with
1000 IU hCG injected intravenously. hCG was used
for this study because of its prolonged circulation in
blood (7, = 23 h vs 25 min for oLH) and the repeated
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demonstration that it binds to the LH receptor [24].
Blood was sampled at —2, —1, 0, 2, 4, 8, 12, 24 and
36 h, or until removal of the corpus luteum. Corpora
lutea were collected 12, 24 or 36 h after hCG injection,
immediately frozen on dry ice, weighed and stored at
—70°C until RNA was extracted. Control ewes were
injected with saline and corpora lutea collected at 12 or
36 h post-injection. Four animals were randomly
assigned to each treatment or control group. However,
due to lack of a corpus luteum in one hCG-treated ewe,
the 12h hCG treatment group consisted of only 3
animals. Luteal and serum progesterone concentrations
were determined as described above.

Experiment 3. Since there is considerable variability
in the stage of luteolysis of corpora lutea collected on
day 15 of the ovine estrous cycle, levels of mRNA
encoding P450,.. were determined in an experimental
model where luteolysis was precisely controlled with a
known luteolytic regimen of PGF,, [25]. Ewes were
treated on day 10 post-estrus with two intramuscular
injections of PGF,, (lutalyse, 5 mg each) or saline at 4 h
intervals. Corpora lutea were collected 1 or 8 h after the
second prostaglandin injection or 8 h after the second
saline injection (n = 4 per group) and analyzed as in
Experiment 2. Blood samples were obtained hourly,
starting 2 h prior to the first injection until removal of
the corpora lutea.

In vitro experiments

Corpora lutea were surgically removed from ewes on
day 10 of the estrous cycle, decapsulated, sliced and
dissociated into single cell suspensions using 0.259,
collagenase and 0.05°%, DNase [26]. Two enriched
fractions of cells were obtained by centrifugal elutri-
ation, containing primarily small (SL.C, 10-20 ym) or
large (LLC, 20-35 um) steroidogenic cells [27]. Fol-
lowing quantitation using a hemocytometer under 40 x
magnification, cells were washed three times with
M199 and diluted to a concentration of 20-75 x 10°/ml
SLC or 6-22.5 x 10°/m]l LLC with M199 containing
20 mM HEPES, 4.2mM NaHCO,, 100 IU/ml peni-
cillin G, 10 ug/ml streptomycin sulfate and 59, ram
serum. Aliquots of 1 ml were placed into 24-well plates
and allowed to attach for 18 h at 37°C in the presence
of humidified room air. The medium was then removed
and cells were washed three times with 1 ml serum-free
M199. Fresh M199 was added along with exogenous
substrate, lipoprotein, and hormone treatment to a total
volume of 1 ml. Plates were gently agitated to mix the
reagents, incubated at 37°C, and aliquots were removed
at times indicated in the experiments. Progesterone was
assayed in duplicate by radioimmunoassay [22] and
expressed either as fg/cell/min or ng progesterone
accumulated. The mean intra-assay coefficient of
variation was 99; inter-assay coefficient of variation
was 14°9,.

Crude ovine lipoprotein was isolated from EDTA-
anticoagulated sheep plasma by density gradient cen-
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trifugation; separation into high (oHDL) and low
(oLLDL) density fractions was achieved by agarose
Bio-Gel A-5m chromatography [28]. Protein was quan-
titated using Biorad protein reagent and cholesterol by
the Leibermann-Burchard procedure [29], both
modified to assay 10 ! of sample. Purity of the coHDL
fraction was evaluated by agarose electrophoretic
analysis [30], which indicated less than 19, contami-
nation of HDL lipid with LDL lipid.

Measurement of side-chain cleavage activity

Small or large ovine luteal cells, plated and washed
as indicated, were used to measure P450,, activity.
Linearity of enzyme activity over time was assessed
using 50 x 10° or 15 x 10? small or large luteal cells,
respectively, oHDL (100 ug cholesterol) and 22R-
hydroxycholesterol substrate (30 uM). Progesterone
production was evaluated at time points from 0-8h
after addition of reagents. The experiment was con-
ducted on three occasions with 3 to 6 wells per repli-
cate. Slopes representing progesterone produced at
each time point were calculated using a Taylor series
expansion [31] where x =c¢lapsed time and f(x)=
accumulated progesterone; inclusion of preceding and
following points yields a truer estimate of the dynamic
process represented by progesterone production than
does a simple slope calculation using two points.
Unequal time intervals are also considered in the
following equation:

slope at f; = (af; + (1 — a)f, — fo)/(h + o)

where 2 = time interval from f; to f,, j = time interval
from f, to f, and « = (h[j )>. The slopes thus calculated
were compared by analysis of variance.

Linearity of the assay over a range of enzyme concen-
trations was assessed by plating 20-75 x 10° small, or
6-22.5 x 10® large luteal cells per well. Substrate
22R-hydroxycholesterol (30 uM) and oHDL (100 ug
cholesterol/ml) were added, and concentration of pro-
gesterone in the medium evaluated at 0 and 2h. The
experiment was replicated on three occasions using two
wells per point. Slopes calculated as described above
were compared by analysis of variance.

Enzyme kinetics were examined using 50 x 10° small
or 15 x 10° large luteal cells, 100 yg/ml oHDL choles-
terol and 0 to 90 uM 22R-hydroxycholesterol sub-
strate. Initial velocity (V) of the side-chain cleavage
reaction was calculated as fg/cell/min at 2h after
addition of reagents. Values of 1/V, were plotted
against 1/substrate concentration. The experiment was
replicated on four occasions using duplicate wells each
time.

Effect of PKA and PKC upon P450,, activity

The effect of activation of the appropriate second
messenger system upon side-chain cleavage activity
was assessed by the following procedure. Small
luteal cells (50 x 10*/well) and large luteal cells
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(15 x 10%/well) were incubated with 100 gg/ml oHDL
cholesterol and 30 uM 22R-hydroxycholesterol. LH,
200 ng/ml dissolved in M199, was utilized to activate
the PKA second messenger system in small luteal cells.
PMA, 100 nM dissolved in ethanol, was used to acti-
vate the PKC second messenger system of large luteal
cells. The final ethanol concentration of 0.01°%; was
added to control treatments in large luteal cells. To
assess progesterone produced from the sum of
endogenous substrate and HDL cholesterol, an
additional series of wells containing 50 x 10° small
luteal cells received no 22R-hydroxycholesterol but
were exposed to HDL and 0 or 200 ng/ml LH. Another
series contained 15 x 10° large luteal cells/well, no
22R-hydroxycholesterol, and HDL + 100nM PMA.
Media were removed 0, 0.5, 1, 1.5, 2, 4, 6 and 8 h from
triplicate wells and assayed for accumulated progester-
one. Four replicates of the experiment were conducted.
Data were analyzed by the general linear model of
analysis of variance, in which treatment and time are
considered together and separately.

RESULTS

P450,, messenger RNA

Northern blot analysis demonstrated specific binding
of the P450,.. cDNA probe to 25 ug of total RNA from
Juteal and adrenal tissue but not to RNA from liver,
uterus, brain, kidney, heart or skeletal muscle. P450,
message existed primarily as a 2kb species (Fig. 1).

Messenger RNA encoding P450,, was quantitated
from Northern blots containing 20 ug of total RNA
from individual corpora lutea. The amount of message

Liver
Adrenal
Heart
Uterus
Kidney

Sk. muscle
Brain

CL

2kb— 4

Fig. 1. Autoradiogram illustrating specific binding of cDNA
encoding P450,. to 25ug of total RNA isolated from
steroidogenic and non-steroidogenic tissues. The minor band
of radioactivity below the 2 kb band varied widely in intensity
and was not included in quantitation of P450,., message.

Luteal progesterone (ng/mg)
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Fig. 2. P450,,, mRNA measured in corpora lutea of cycling

sheep. Data are expressed as mean =+ standard error of the

mean (n =4 per group). Densitometric peak heights repre-

senting P450,, mRNA were divided by those of tubulin

mRNA in the same samples to yield relative densitometric

units. Significant differences (P <0.05) are denoted by
different letters (a,b).

encoding P450,,. was similar on days 3 and 6 of the
estrous cycle. On day 9 the mRNA concentration was
higher (2-fold, P < 0.05) and remained elevated on day
15 of the cycle (Fig. 2). Mean luteal concentration of
P450,.. message on day 12 of the cycle was not different
from that of any other day examined while concen-
trations on day 15 of pregnancy were similar to those
found in luteal tissue from day 12.

No differences were observed in luteal weights be-
tween hCG- and saline-treated animals (7 < 0.05).
Concentrations of progesterone in luteal tissue at 36 h
after treatment were not elevated over pretreatment
levels but were elevated over those measured in the 36 h
control group (P <0.05, Fig. 3). Serum levels of
progesterone were increased (P < 0.05) at 24 and 36 h
post-treatment over pre-treatment levels, but were not
different from the level measured in the 36 h control
(Fig. 3). No significant differences in mRNA encoding

b
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Fig. 3. Luteal tissue and serum concentrations of progester-

one, and luteal mRNA encoding cytochrome P450, . following

in vivo treatment with hCG (n =3 or 4 per group). Quantity

of mRNA encoding P450,, is expressed relative to that

encoding tubulin. Significant differences (P <0.05) are
denoted by different letters (a,b).

P450scc mRNA (relative dens. units)
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Fig. 4. Luteal tissue and serum concentrations of progester-

one, and luteal mRNA encoding cytochrome P450, . following

in vivo treatment with PGF,, (n = 4 per group). The quantity

of mRNA encoding P450, is expressed relative to that encod-

ing tubulin. Significant differences (P < 0.05) are represented
by different letters (a,b).

P450,,, were seen among any of the treatment groups
(P <0.05, Fig. 3).

Luteal weights did not differ among the control or
PGF,,-treated groups at the times studied. However, at
8 h after the second injection both luteal progesterone
and serum progesterone concentrations had decreased
significantly (P < 0.05) when compared to both control
and 1 h treatment levels (Fig. 4). Nevertheless, relative
levels of mRNA encoding P450,. were not different
among the three groups (Fig. 4).

Assay of side-chain cleavage activity

The assay of side-chain cleavage activity was linear
over time for up to 8 h (data not shown). Comparison
of the rates of progesterone synthesis at each time point
by analysis of variance revealed no significant differ-
ences over the 8 h experiment, in either small or large
plated luteal cells. Thus, the assay of side-chain
cleavage activity, performed using 50 x 10 small luteal
cells or 15 x 10® large luteal cells, 100 ug HDL choles-
terol and 30 uM 22R-hydroxycholesterol per ml of
culture medium is linear over a time span of 8 h.

Linearity of the side-chain cleavage assay over a
range of cell numbers was demonstrated by comparison
of the slopes calculated to represent progesterone pro-
duction per cell number. Over a range of 20-75 x 10°
small luteal cells or 6-22.5 x 10® large luteal cells, no
significant differences were seen among the calculated
rates of steroid synthesis (data not shown).

Kinetic data are presented in Fig. 5. A substrate
concentration of 90 uM was the highest level utilized
due to the limited solubility of the sterol. Data obtained
at substrate concentrations >7.5 uM were compared
by the double-reciprocal Lineweaver-Burk plot
(Fig. 5), from which K,, and V_,, can be determined.
The K,, determined in this manner was similar for both
cell types (50 uM), while V,,, of large cells exceeded

max
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Fig. 5. Lineweaver-Burk plot representing kinetic par-

ameters of P450,. .. V., is calculated from the points at

which the lines cross the Y-axis, K,, from the points of

intersection with the X-axis. Mean progesterone and stan-

dard errors of the means were determined using measure-
ments from four experiments.

that of small cells

69 fg/cell/min).

by nearly 2-fold (134 wos

Effect of PKA and PKC upon P450,, enzyme activity

In both small and large luteal cells treated with HDL
in the absence of exogenous substrate, activation of the
PKA or PKC second messenger system, respectively,
resulted in highly significant alterations (P < 0.01) in
progesterone production (Fig. 6). In small luteal cell
cultures, LH-stimulated progesterone production was
9109% of that produced by unstimulated small luteal
cells. PMA treatment of large luteal cells resulted in

Small Luteal Cells

+LH

—0—
—=— . LH

Large Luteal Cells

- —0— . PMA
[ —®— +PMA

Progesterone (pg/ceil)

0 r 6

Time, hours

0 1

Fig. 6. Effect of LH (200 ng/ml) or PMA (100 nM) on pro-
duction of progesterone by cultured small and large luteal
cells in the presence of endogenous substrate and 100 g HDL
cholesterol. Mean progesterone accumulation and standard
errors of the means represent data from four experiments.
Differences between treated and control cultures were
significant (P < 0.01) at times >90 min.
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Small Luteal Cells

12 [ —0— +LH
[ —=— -LH

Large Luteal Cells

50 | —=— -PMA
—o0— + PMA

P450scc Activity (Progesterone, ug)

0 1 2 4 6 8
Time, hours
Fig. 7. Assay of cholesterol side-chain cleavage activity. In
small luteal cells the PKA second messenger system was
activated with LH; in large luteal cells the PKC second
messenger system was activated by treatment with PMA.
Cells were cultured with 100 ug HDL cholesterol and 30 uM
22R-hydroxycholesterol. Mean progesterone accumulation
and standard errors of the means represent data from four
experiments. No significant differences are apparent for
treatment within time (P < 0.05).

519, reduction of steroid synthesis. The effects of
second messenger activation upon activity of P450,
are shown in Fig. 7. The activity of cholesterol side-
chain cleavage enzyme was determined from values of
progesterone produced only from 22R-hydroxycholes-
terol. Progesterone produced from the sum of HDL
and cellular stores of cholesterol (Fig. 6) was subtracted
from each point. Neither treatment of small luteal cells
with LH nor large luteal cells with PMA produced
significant alteration (P < 0.05) in activity of the
side-chain cleavage enzyme.

DISCUSSION
P450,

sce

messenger RNA

Of ovine tissues examined, only corpus luteum and
adrenal contained detectable quantities of mRNA
encoding P450,... John ez al. [17] previously noted the
presence of P450,. mRNA in bovine adrenal cortex
and corpus luteum, but not in heart, liver or kidney.
The 2kb size of mRNA transcript detected in this
study was in agreement with that reported in bovine
[17], human [10], rat [32] and monkey [33] luteal tissue.

Rodgers et al. [9] demonstrated detectable levels of
mRNA encoding P450,. in corpora lutea classified by
visual criteria as early, early-mid and late-mid tissue.
Luteal tissue designated as regressing contained no
detectable P450,. mRNA. In monkey, luteal mRNA
encoding P450_. was maintained for the 15 day life-

sCC
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span of the corpus luteum [33]. Similarly, Doody et al.
[10] noted a high level of message encoding P450,, in
human corpora lutea obtained late in the cycle. Data
from the latter two studies indicated that only in
regressing corpora lutea (obtained post menses) was the
concentration of mRNA coding for P450,, reduced to
undetectable levels. Although corpora lutea collected
on day 15 of the cycle in the present study showed no
gross signs of luteal regression, mRNA encoding
3BHSD was diminished by nearly 80°;, in this same
luteal tissue [34] suggesting that the luteolytic process
had been initiated.

Enhancement of cellular content of cytochrome
P450,.. in follicular cells by activation of PKA was
demonstrated by Toaff et al. [2], Funkenstein et al. [3],
Trzeciak et al. [35], Voutilainen er al. [36], Golos et al.
[5], Mcallister et al. [37] and Urban et al. [6]. Similar
increases are seen upon luteinization in response to the
LH surge [4, 38]. Maintenance of progesterone se-
cretion by luteinized rat pre-ovulatory follicles in cul-
ture without ILH stimulation [39] suggest that P450,..
is quite stable following luteinization.

Treatment of sheep with hCG on day 10 of the
estrous cycle failed to alter the quantity of mRNA
coding for P450, after 36 h. Although serum concen-
trations of progesterone were approximately doubled at
24 and 36 h post-hCG treatment (P < 0.05 compared
to 0 h controls), these levels only tended (P < 0.05) to
be different from those observed in the 36 h control
group. This finding is similar to those of Suter ez al.
[40] who increased serum levels of ILH over 200-fold
but detected less than a 509, increase in serum levels
of progesterone between 10 min and 2 h after injection
of LH. Since large luteal cells secrete over 85, of total
luteal progestin [41] but do not respond to LLH, this
observation is not surprising. There are no receptors
for FSH detectable in the ovine corpus luteum under
conditions where they are easily quantified in bovine
corpora lutea [42]. Thus, FSH cannot be considered a
candidate for regulation of luteal P450,. activity in
ovine luteal cells. It is thus concluded that tropic
hormone stimulation did not increase luteal content of
mRNA encoding cytochrome P450,, .

In the current study, concentrations of both serum
and luteal progesterone were significantly depressed 8 h
after the second injection of PGF,,. In spite of this
indication of PKC inhibition of steroidogenesis, luteal
levels of mMRNA encoding cytochrome P450,, were not
decreased. Therefore, acute regulation of progesterone
synthesis through either activation of PKA by hCG
or activation of PKC by PGF,, does not appear to be
due to alterations in the level of mRNA encoding
cytochrome P450,.

Effect of PKA and PKC upon P450,, enzyme activity

In the present study, conversion of 22R-hydroxy-
cholesterol to progesterone reflects activity of P450,,
and activation of PKA, which increased progesterone
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production 9-fold, did not affect the activity of side-
chain cleavage enzyme. Enhanced side-chain cleavage
enzyme activity after PKA activation has generally
reflected increased enzyme mass following extended
stimulation [2, 43, 44]. In most cases where PKA acti-
vation enhances side-chain cleavage enzyme activity,
the time span studied is far longer than that required
to observe effects of LH on progesterone production.
By 30 min (Fig. 6) progesterone produced from en-
dogenous substrate in LH-stimulated small luteal cells
was 7.6-fold of that measured in unstimulated cells.
Thus, while enhanced enzyme activity (itself a reflec-
tion of increased enzyme concentration) appears to
result from long-term stimulation of progestin syn-
thesis, such enhancement is not involved in acute
stimulation.

PKC activation has also been shown to exert an
effect on side-chain cleavage enzyme activity. Wiltbank
et al. [13], using ovine large luteal cells, noted a 28%,
decrease in progesterone production by cells treated
with 25-hydroxycholesterol and PMA, compared to a
509, attenuation from cells utilizing substrate from
endogenous sources. Veldhuis and Demers [12] re-
ported 809, lower conversion of exogenous hydroxyl-
ated substrates in porcine granulosa cells treated with
PMA. In neither of these studies, however, were cells
treated with lipoprotein. Without enhanced entry of
substrate, decreased progesterone production from
22R-hydroxycholesterol following PMA treatment
may simply reflect a limitation of endogenous
substrate.

Grusenmeyer and Pate [14] assessed side-chain
cleavage activity in bovine luteal cells in the absence of
lipoprotein, but detected no difference in conversion of
25-hydroxycholesterol to progesterone following 7
days of PGF,, treatment at 10 ng/ml (28 nM). In the
current study, 1h of PMA treatment produced a
decrease in progesterone production of 30%,, while at
90 min the loss in progesterone production was 42%,
(Fig. 6); the latter difference was significant at
P <0.01. Thus a loss in side-chain cleavage enzyme
activity should be apparent by 90 min of PMA treat-
ment, if such alteration is the mechanism of decrease in
progesterone production. Extended pretreatment by
activators of PKC might actually deplete PKC with
resultant absence of effects of additional PGF,, or
PMA. In fact, Wiltbank et al. [13] showed 82 and 939,
decrease in PKC activity in small and large ovine luteal
cells, respectively, following treatment for 12-18h
with 1 nM PMA.

On the basis of the data obtained, it is concluded that
while stimulation of progesterone production follows
activation of the PKA second messenger system, and
inhibition results from activation of the PKC system,
these actions are not effects of changes in cytochrome
P450,.. enzyme activity. It is possible, then, that
steroidogenesis is altered through effects of PKA and
PKC activation upon availability of substrate, transport
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of substrate to the mitochondria or transport of sub-
strate within mitochondria to cytochrome P450,.

REFERENCES

1. Kashiwagi K., Dafeldecker W. P. and Salhanick H. A.: Purifi-
cation and characterization of mitochondrial cytochrome P-450
associated with cholesterol side chain cleavage from bovine
corpus luteum. ¥. Biol. Chem. 255 (1980) 2606-2611.

2. Toaff M. E., Strauss J. F. III and Hammond J. M.: Regulation
of cytochrome P-450,. in immature porcine granulosa cells by
FSH and estradiol. Endocrinology 112 (1983) 1156-1158.

3. Funkenstein B., Waterman M. R. and Simpson E. R.: Induction
of synthesis of cholesterol side chain cleavage cytochrome
P-450,. and adrenodoxin by follicle-stimulating hormone,
8-bromo-cyclic AMP, and low density lipoprotein in cultured
bovine granulosa cells. §. Buwl. Chem. 259 (1984) 8572-8577.

4, Hedin L., Rodgers R. J., Simpson E. R. and Richards J. S.:
Changes in content of cytochrome P450,.,, cytochrome P450, .,
and 3-hydroxy-3-methylglutaryl CoA reductase in developing
rat ovarian follicles and corpora lutea: correlation with theca cell
steroidogenesis. Biol. Reprod. 37 (1987) 211-223.

5. Golos T. G., Strauss J. F. III and Miller W. L.: Regulation of
low density hpoprotein receptor and cytochrome P-450, mRNA

levels in human granulosa cells. ¥. Steroid Biochem. 27, (1987)
767-773.

6. Urban R. J., Garmey J. C., Shupnik M. A. and Veldhuis J. D.:
Follicle-stimulating hormone increases concentrations of mes-
senger ribonucleic acid encoding cytochrome P450 cholesterol
side-chain cleavage enzyme in primary cultures of porcine gran-
ulosa cells. Endocrinology 128 (1991) 2000-2007.

7. Oonk R. B, Parker K. L., Gibson J. L. and Richards J. S.: Rat
cholesterol side-chain cleavage cytochrome P-450 (P450,.)
gene. §. Biol. Chem. 265 (1990) 22392-22401.

8. Rodgers R. J., Waterman M. R. and Simpson E. R.: Cyto-
chromes P-450,., P-450,,,, adrenodoxin, and reduced nicoti-
namide adenine dinucleotide phosphate-cytochrome P-450
reductase in bovine follicles and corpora lutea. Changes in
specific contents during the ovarian cycle. Endocrinology 118
(1986) 1366-1374.

9. Rodgers R. J., Waterman M. R. and Simpson E. R.: Levels of
messenger ribonucleic acid encoding cholesterol side-chain
cleavage cytochrome P-450, 17,-hydroxylase cytochrome P-450,
adrenodoxin, and low density lipoprotein receptor in bovine
follicles and corpora lutea throughout the ovarian cycle. Molec.
Endocr. 1 (1987) 274-279.

10. Doody K. J., Lorence M. C., Mason ]. I. and Simpson E. R.:
Expression of messenger ribonucleic acid species encoding
steroidogenic enzymes mn human follicles and corpora lutea
throughout the menstrual cycle. §. Clin. Endocr. Metab. 70
(1990) 1041-1045.

11. Wiltbank M. C., Belfiore C. J. and Niswender G. D.:
Steroidogenic enzyme activity after acute activation of protein
kinase (PK) A and PKC in ovine small and large luteal cells.
Molec. Cell. Endocr. 97 (1993) 1-7.

12. Veldhuis J. D. and Demers L. M.: An mhibitory role for the
protein kinase C pathway 1n ovarian steroidogenesis. Biochem. .
239 (1986) 505-511.

13. Wiltbank M. C., Knickerbocker J. J. and Niswender G. D.:
Regulation of the corpus luteum by protein kinase C I. Phos-
phorylation activity and steroidogenic action in large and small
ovine luteal cells. Biwol. Reprod. 40 (1989) 1194-1200.

14. Grusenmeyer D. P. and Pate J. L. Localization of prostaglandin
F,, inhibition of lipoprotein use by bovine luteal cells. ¥. Reprod.
Fert. 94 (1992) 311-318.

15. Wiltbank M. C., Diskin M. G., Flores J. A. and Niswender
G. D.: Regulation of the corpus luteum by protein kinase C.
I1. Inhibition of lipoprotein-stimulated steroidogenesis by pros-
taglandin F,,. Biol. Reprod. 42 (1990) 239-245.

16. Trzeciak W. H., Duda T., Waterman M. R. and Simpson E. R.:
Tetradecanoyl phorbol acetate suppresses follicle-stimulating
hormone-induced synthesis of the cholesterol side-chain cleav-
age enzyme complex in rat ovarian granulosa cells. §. Biol. Chem.
262 (1987) 15246-15250.

17. John M. E., John M. C., Ashley P., MacDonald R. J., Simpson



290

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Carol J. Belfiore ez al. -

E. R. and Waterman M. R.: Identification and characterization
of ¢cDNA clones specific for cholesterol side-chain cleavage
cytochrome P-450. Proc. Natn. Acad. Sci. U.S.A. 81 (1984)
5628-5632.

Chomezynski P. and Sacchi N.: Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Analyt. Biochem. 162 (1987) 156-159.

Okayama H. and Berg P.: High-efficiency cloning of full-length
cDNA. Molec. Cell. Biol. 2 (1982) 161-170.

Sambrook J., Fritsch E. F. and Maniatis T.: Molecular Cloning,
a Laboratory Manual, Second Edition. Cold Spring Harbor
Press, New York (1989).

DiGregorio G. B., Kile J. P., Herring R. H. and Nett T. M.:
More rapid restoration of pituitary content of follicle-stimulating
hormone than of luteinizing hormone after depletion by oestra-
diol-178 in ewes. J. Reprod. Fert. 93 (1991) 347-354.
Niswender G. D.: Influence of the site of conjugation on the
specificity of antibodies to progesterone. Steroids 22 (1973)
413-424.

Diekman M. A., O’Callaghan P., Nett T. M. and Niswender
G. D.: Validation of methods and quantification of luteal recep-
tors for LH throughout the estrous cycle and early pregnancy in
ewes. Biol. Reprod. 19 (1978) 999-1009.

Mock E. J. and Niswender G. D.: Differences 1n the rates of
internalization of '*I-labeled human chorionic gonadotropin,
luteinizing hormone, and epidermal growth factor by ovine luteal
cells. Endocrinology 113 (1983) 259-264.

Nett T. M., McClellan M. C. and Niswender G. D.: Effects of
prostaglandins on the ovine corpus luteum: blood flow, secretion
of progesterone and morphology. Biol. Reprod. 15 (1976) 66-78.
Ahmed C. E., Sawyer H. R. and Niswender G. D.: Internaliz-
ation and degradation of human chorionic gonadotropin in ovine
luteal cells: kinetic studies. Endocrinology 109 (1981) 1380-1387.
Fitz T. A., Mayan M. H., Sawyer H. R. and Niswender G. D.:
Characterization of two steroidogenic cell types in the ovine
corpus luteum. Biol. Reprod. 27 (1982) 703-711.

Rudel L. L., Lee J. A, Morris M. D. and Felts J. M.:
Characterization of plasma lipoproteins separated and purified
by agarose-column chromatography. Biochem J. 139 (1974)
89-95.

Huang T. C., Chen C. P., Wefler V. and Raftery A.: A stable
reagent for the Liebermann-Burchard reaction. Analyt. Chem.
33 (1961) 1405-1407.

Noble R. P.: Electrophoretic separation of plasma lipoproteins in
agarose gel. ¥. Lipid Res. 9 (1968) 693-700.

Clow D. J. and Urquhart N. S.: Mathematics in Biology: Calculus
and Related Topics. Ardsley House, New York, NY (1984)
p. 276.

Goldring N. B., Durica J. M., Lifka J., Hedin L., Ratoosh S. L.,
Miller W. L., Orly J. and Richards J. S.: Cholesterol side-chain
cleavage P450 messenger ribonucleic acid: evidence for hor-

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

monal regulation in rat ovarian follicles and constitutive ex-
pression in corpora lutea. Endocrinology 120 (1987) 1942-1950.
Bassett S. G., Little-Thrig L.. L.., Mason J. I. and Zeleznik A. J.:
Expression of messenger ribonucleic acids that encode for
3f-hydroxysteroid dehydrogenase and cholesterol side-chain
cleavage enzyme throughout the luteal phase of the macaque
menstrual cycle. J. Clin. Endocr. Metab. 72 (1991) 362-366.
Hawkins D. E., Belfiore C. J., Kile J. P. and Niswender G. D.:
Regulation of messenger ribonucleic acid encoding 3b-hydroxy-
steroid dehydrogenase/D’-D*-isomerase in the ovine corpus
luteum. Biol. Reprod. 48 (1993) 1185-1190.

Trzeciak W. H., Waterman M. R. and Simpson E. R.: Synthesis
of the cholesterol side-chain cleavage enzymes in cultured rat
ovarian granulosa cells: induction by follicle-stimulating hor-
mone and dibutyryl adenosine 3°, 5'-monophosphate. Endocrin-
ology 119 (1986) 323-330.

Voutilainen R., Tapanainen J., Chung B.-C., Matteson K. J. and
Miller W. L.: Hormonal regulation of P450, . (20,22-desmolase)
and P450c17 (17a-hydroxylase/17,20-lyase) in cultured human
granulosa cells. . Clin. Endocr. Metab. 63 (1986) 202-207.
McAllister J. M., Kerin J. F. P., Trant J. M., Estabrook R. W,
Mason J. 1., Waterman M. R. and Simpson E. R.: Regulation of
cholesterol side-chain cleavage and 17a-hydroxylase/lyase activi-
ties in proliferating human theca interna cells in long term
monolayer culture. Endocrinology 125 (1989) 1959-1966.
Richards J. S., Jahnsen T., Hedin L., Lifka J., Ratoosh S.,
Durica J. M. and Goldring N. B.: Ovarian follicular develop-
ment’ from physiology to molecular biology. Recent Prog. Horm.
Res. 43 (1987) 231-276.

Richards J. S., Hedin L. and Caston L.: Differentiation of rat
ovarian thecal cells: evidence for functional luteinization. Endo-
crinology 118 (1986) 1660-1668.

Suter D. E., Fletcher P. W., Sluss P. M., Reichert L. E. Jr and
Niswender G. D.: Alterations 1n the number of ovine luteal
receptors for LH and progesterone secretion induced by homolo-
gous hormone. Biol. Reprod. 22 (1980) 205-210.

Niswender G. D., Schwall R. H,, Fitz T A., Farin C. E. and
Sawyer H. R.: Regulation of luteal function in domestic rumi-
nants: new concepts. Recent Prog. Horm. Res. 41 (1985) 101-151.
Manns J. G., Niswender G. D. and Braden T.: FSH receptors
in the bovine corpus luteum. Theriogenology 22 (1984) 321-328.
Baranao J. L. S. and Hammond J. M.: Sites of action of FSH
on progesterone secretion by immature porcine granulosa cells
maintained in serum-free conditions. In Proceedings of the Sth
Owvarian Workshop (Edited by D. O. Toft and R. J. Ryan)
Ovarian workshops, Champaign. IL (1985) pp. 345-350.

Van Haren L., Flinterman J. F., Orly J. and Rommerts F F. G .
Luteinizing hormone induction of the cholesterol side-chain
cleavage enzyme in cultured immature rat Leydig cells: no role
of insulin-like growth factor-1? Molec. Cell. Endocr. 87 (1992)
57-67.



