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Summary--The regulation of steroidogenesis by luteinizing hormone (LH) was studied in 
granulosa cells during follicular development using a fluorescent reporter assay based on the 
metabolism of a fluorescent probe specific for cytochrome P-450~ (cholesterol side-chain 
cleavage enzyme). Intact granulosa cells or mitochondria were obtained from the first (F~) 
second (F2) and third (F3) largest preovulatory follicles of the hen ovary and incubated with 
the fluorogenic substrate. Metabolism of this substrate by cytochrome P-450~ generates the 
highly fluorescent resorufin anion (the fluorescent reporter). In both mitochondria and intact 
granulosa cells, incubated with the fluorescent substrate, an increase in resorufin fluorescence 
was observed and the increase was greater in samples derived from F~ than in samples from 
F2 or F 3 . In cells, LH added simultaneously with the P-450~ substrate significantly increased 
resorufin fluorescence above control values in a time- and dose-dependent manner up to 2-3 h 
after the incubation was initiated. Forskolin and 8-bromo-cAMP also stimulated metabolism 
of the P-450~ substrate significantly by 15 min. When granulosa cells were preincubated with 
LH before exposure to the P-450~ substrate resorufin fluorescence was significantly attenu- 
ated compared to controls (not exposed to LH in the preincubation period). The decrease in 
resorufin fluorescence observed when cells were pretreated with LH, may be due to the release 
of cholesterol from endogenous pools and its competition with the exogenous fluorogenic for 
the substrate P-450~ enzyme. In granulosa cells that were preloaded with the P-450~ 
substrate, the stimulatory effect of LH treatment remained constant from 30 min to 2 h after 
hormone addition. The results show that this fluorescent probe can be used in a rapid assay 
for the continuous measurement of the acute effects of hormone agonists on cholesterol 
conversion to pregnenolone in steroidogenic cells. 

INTRODUCTION 

The conversion of cholesterol to pregnenolone 
by the enzyme system cytochrome P-450~ 
(cholesterol side-chain cleavage) is believed to 
be the rate-limiting step in steroidogenesis [see 
reviews 1-4]. Cytochrome P-450~ resides in the 
inner mitochondrial membrane and is subject to 
both chronic and acute regulation by trophic 
hormones mediated through the cAMP-depen- 
dent protein kinase second messenger system. In 
rat granulosa cells, prolonged (hours to days) 
treatment with gonadotropin has been shown to 
increase the amount of  P-450~ enzyme [5, 6]. 
This effect on enzyme synthesis is due to an 
increase in P-450~ mRNA levels in response to 
gonadotropins, cAMP and forskolin [7-13]. 

*To whom correspondence should be addressed. 

The acute (minutes to hours) steroidogenic 
response of  granulosa cells to gonadotrophic 
hormones may involve one or more of  the 
following steps: the mobilization of  endogenous 
cholesterol from lipid storage sites[14,15]; 
transport of  cholesterol to the enzyme site 
and/or the association of  the substrate with the 
enzyme [16, 17]; and the activation of P-450~ 
enzyme [ 18-22]. 

Elucidation of the acute effects of  gonado- 
tropins and second messengers on cholesterol 
metabolism to pregnenolone has been hindered 
by the difficulties in isolating each possible site 
of action for study. In particular, the study of  
cytochrome P-450~ enzyme activity by luteiniz- 
ing hormone (LH) and cAMP has been most 
challenging. A common method for measure- 
ment of  cytochrome P-450~ activity involves 
the use of the highly soluble cholesterol analog, 
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25-hydroxycholesterol (25-OH-Chol). 25-OH- 
Chol apparently bypasses the steroid transport 
system and readily enters the mitochondrial 
membrane [1, 9, 23], where it is cleaved by cyto- 
chrome P-450~ to pregnenolone. The products 
of cytochrome P-450~ metabolism of endogen- 
ous and exogenous substrate are therefore the 
same. Regulation of cholesterol metabolism in 
above-mentioned studies was examined with 
radioenzymatic assays [23-25] or product 
formation is measured by radioimmunoassay of 
total steroid production or of pregnenolone 
accumulation after pharmacological inhibition 
of subsequent steroid metabolism [23, 26, 27]. 

Recently, a fluorogenic substrate (fluorogenic 
probe) was developed for fluorescence analysis 
of the cytochrome P-450~¢ enzyme and provides 
means for the continuous measurement of 
cytochrome P-450~ activity [28, 29]. In initial 
studies the fluorogenic probe was demonstrated 
to be a selective indicator of cytochrome 
P-450~ activity. Furthermore, the probe 
metabolism in granulosa cells appeared to in- 
crease with increasing stage of differentiation 
and be enhanced by concomitant LH treatment. 
The aim of the present study was to examine in 
more detail the suitability of the fluorogenic 
probe as a tool for the study of the hormonal 
regulation of cytochrome P-450~ activity in 
intact cells and tissues using hen ovarian granu- 
losa cells obtained from follicles at different 
stages of development. The results suggest that 
spectrofluorometric monitoring of the P-450s~c 
fluorogenic probe metabolism provides a rapid, 
specific assay for the presence of cytochrome 
P-450~ enzyme and its activity. 

EXPERIMENTAL 

Hormones and chemicals 

Ovine LH (NIAMDD-LH 22; 2.3 x NIH-LH 
S1 U/mg) was the gift of the Pituitary Hormone 
Distribution Program of the National Institute 
of Diabetes, Digestive and Kidney Diseases, 
National Institute of Health, (Bethesda, MD). 
N-2-hydroxyethylpiperazine-N'-2-ethane sul- 
fonic acid (HEPES), trizmabase, collagenase 
type IA, soybean trypsin inhibitor bovine serum 
albumin (BSA; Fraction V) and 8-bromo-cAMP 
(8-br-cAMP), 25-OH-Chol, cholesterol sulfate 
and resorufin were from Sigma Chemicals 
(St Louis, MO). Forskolin was obtained from 
Calbiochem (La Jolla, CA). (20R)20-phenyl-5- 
pregnene-3fl,20-diol (20-PPD) was a generous 
gift of Dr Larry Vickery (UC Irvine). 

Fluorogenic substrate (P-450scc probe) 

The synthesis and characterization of the 
P-450~ probe (22-phenoxazonoxy-5-cholene- 
3~i-ol) is reported elsewhere [28]. A saturated 
stock solution of the P-450~ probe was made in 
95% ethanol and filtered with a 0.2 #m filter 
before use. The concentration of the stock 
solution after filtering was determined spec- 
trophotometricaUy and was 200-250 #M. 

Experimental animals 

White Leghorn hens in the first year of repro- 
ductive activity were obtained from Purdue 
Baker Farms (West Lafayette, IN), and caged 
individually in a windowless, air-conditioned 
room with a 14h-light/10h-dark cycle. They 
had free access to a pelletted laying ration and 
tap water. The bird colony was patrolled 
routinely and the time of egg lay was noted to 
the nearest 30 min. 

The animals were killed by cervical dislo- 
cation 10-14h before the expected time of 
ovulation of the largest preovulatory follicle. 
The granulosa cell layer was separated from the 
theca layer as previously described by Gilbert et 
al. [30]. 

Incubation of mitochondria 

Cholesterol side-chain cleavage enzyme 
(cytochrome P-450~c) activity was measured in 
mitochondrial preparations obtained from 
granulosa membranes as described by Asem and 
Hertelendy [27]. Briefly, the granulosa mem- 
branes were homogenized at 4°C in 5-7 vol of 
medium containing 250mM sucrose, 1 mM 
EDTA, 25 mM Tris, pH 7.4 (homogenization 
buffer). The homogenates were centrifuged at 
600g for 10 min and the resulting supernatants 
were centrifuged at 10,000g for 10min to 
sediment mitochondria. The mitochondrial 
pellets were suspended in incubation buffer 
which contained 200 mM sucrose, 5 mM 
MgCI2, 20 mM KC1, 0.2 mM EDTA, 25 mM 
Tris and 10 mM Na2HPO4, pH 7.4 (incubation 
buffer). Aliquots containing 50-200 #g/ml pro- 
tein were added to a reaction mixture composed 
of 10 mM sodium isocitrate 2 ml final volume 
and incubated at 37°C in incubation buffer with 
1-6  p M P-450~c substrate. The final amount of 
ethanol added to each sample was 1-3%. 

Incubation of intact granulosa cells 

The granulosa layer was separated and the 
cells dissociated in modified Hank's Balanced 
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Salt Solution [(HBSS); NaCI 140mM, KCI 
5 mM, CaCI~ 1.8 mM, MgC12 1.8 mM, glucose 
10mM, Hepes 20mM, pH7.4] containing 
coUagenase and trypsin inhibitor [31, 32]. Cell 
viability as determined by the trypan blue dye 
exclusion method was routinely better than 
95%. Granulosa cells (0.5-1 million/ml) were 
incubated in a cuvette in modified HBSS (2 ml) 
at 37°C with 1 -6#M P-450~ substrate with 
and without agonists. The final amount of 
ethanol added to each sample was 1-3%. 

Fluorescence measurements of cytochrome P- 
450,c~ activity 

Resorufin, the fluorescent product of the 
P-450~ enzyme reaction with the fluorogenic 
substrate was measured in a SLM Aminco 
8000/DMX 1000 spectrofluorometer ther- 
mostatted at 37°C with constant magnetic 
stirring. At denoted times the amount of 
resorufin fluorescence was monitored. The exci- 
tation wavelength was 530 nm and emission was 
observed between 570 and 600 nm. Excitation 
and emission slit widths were 8 and 16 mm, 
respectively. Fluorescence observed at emission 
wavelength of 586 nm was used to estimate the 
amount of resorufin cleaved from the sterol 
moiety. Each measurement was corrected for 
background fluorescence by subtraction of the 
fluorescence spectra of each sample at its zero 
time point (immediately after addition of the 
P-450~ probe) from the spectra collected at 
each subsequent time point. Fluorescence inten- 
sity at 586nm was converted to femtomole 
(fmol) resorufin using a standard curve of 
resorufin in the incubation buffer at 37°C. 

Statistical analyses 

Mitochondria or granulosa cells used in each 
experiment were pooled from follicles at the 
same stage of development from at least two 
hens. Values for each treatment level were 
pooled from all experiments with similar design 
and their mean and SEM calculated. These data 
were subjected to statistical evaluation by 
analysis of variance and by post hoc Tukey's 
test. Differences of P ~< 0.05 were considered 
significant. 

RESULTS 

Studies with mitochondria 

Incubation of mitochondria isolated from the 
granulosa layer of the largest preovulatory 

follicle (F,) with the fluorogenic substrate 
resulted in an increase in resorufin fluorescence. 
The amount of resorufin released was significant 
within 5 min after addition of the substrate and 
increased with time (Fig. 1). A significant 
increase in the release of resorufin could be 
observed within 5 min of incubation. Mitochon- 
dria isolated from the granulosa layer of the 
second (F2) and third (F3) largest follicles also 
released resorufin from the fluorogenic sub- 
strate. However, the amount of release was 
significantly lower than in F1 mitochondria 
(Fig. 1). Although the total amount of resorufin 
fluorescence increased as the duration of incu- 
bation increased, the rate was linear up to 
60 min and then plateaued (data not shown). 

Studies with substrates of cytochrome P-450scc 

The following studies were performed with 
isolated mitochondria in order to minimize any 
differences in cell permeability and solubility 
between the fluorogenic substrate and the 
competitive sterol substrates of the enzyme. 
Incubation of isolated mitochondria with the 
fluorogenic probe and 1 #M 25-OH-Chol (a 
well known substrate of cytochrome P-450~) 
resulted in a suppression of the amount of 
resorufin release (Fig. 2). It is noteworthy that 
the extent of 25-OH-Chol's inhibitory effect was 
greater when it was preincubated with mito- 
chondria prior to the addition of the fluorogenic 
substrate. Coincubation of mitochondria with 1 
or 10 #M cholesterol sulfate, another substrate 
of cytochrome P-450~, also completely 
suppressed the ability of mitochondria to release 
resorufin from the fluorogenic probe (Fig. 3). 

Studies with intact cells 

Incubation of freshly isolated granulosa cells 
with the fluorogenic probe resulted in an 
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Fig. 1. Time course of P-450~c substrate metabolism in 
mitochondria prepared from the granulosa layer collected 
from preovulatory follicles during different stages of 
maturat ion.  Resorufin fluorescence is measured as the 
product of P-450~ enzymes  at the indicated times after 

addit ion of 41zM of the fluorogenic substrate. 
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Fig. 2. Effect of  25-OH-Chol on P-450~  activity as 
measured at the indicated times in mitochondria obtained 
from the granulosa layer of  the largest follicle and incubated 
with 1 # M  of  the fluorogenic substrate with or without 
25-OH-Chol (1/~M). "No  pretreatment" refers to P -450~  
probe and 25-OH-Chol added simultaneously. "Preincu- 
bated" refers to mitochondria preincubated with 25-OH- 
Chol for 30 min prior to the addition of  P -450~  probe. 

increase of resorufin fluorescence in a time- and 
dose-dependent manner (Fig. 4). The amount of 
resorufin released was influenced by the stage of 
follicular development such that it was greater 
in F~ granulosa cells than in F2 or F 3 cells (data 
not shown). The cytochrome P-450~c suicide 
substrate (20R)20-phenyl-5-pregnene-3fl,20-diol 
(20-PPD) [33] also inhibited the metabolism of 
the fluorogenic substrate in a concentration 
related fashion (Fig. 5). 

Effect of LH 

In order to determine the influence of LH on 
the metabolism of the P-450~ substrate, granu- 
losa cells were incubated with the fluorogenic 
substrate in the presence or absence of the 
gonadotropin. LH (100ng/ml) increased the 
cumulative amount of resorufin produced from 
cells during a 3 h incubation with the P-450~ 
substrate. When the hormone and substrate 
were added simultaneously to F~ and F3 granu- 
losa cells, LH significantly provoked within 
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Fig. 3. Dose-related effect of  cholesterol sulfate on P -450~  
activity in mitochondria measured at the indicated times. 
Mitochondria isolated from the granulosa layer of  the 
largest follicle (Ft)  were preincubated with different 
concentrations of  cholesterol sulfate for 30 rain prior to the 

addition of  2 # M  of  the fluorogenic substrate. 
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Fig. 4. Time course of  P -450~  substrate metabolism in 
granulosa cells isolated from the largest preovulatory 
follicle. Resortnfin fluorescence was measured as the product 
of P -450~  enzyme at the indicated times after addition of  

different concentrations o f  the fluorogenic substrate. 

15 min the release of resorufin above control 
levels in Ft cells [P < 0.05; n = 3 experiments; 
Fig. 6(a)]. The stimulatory effect of LH was 
significant for 2-3 h. However, the degree to 
which LH enhanced resorufin production 
appeared to be related to the duration of the 
incubation. The gonadotropin's stimulatory 
effect diminished with time becoming statisti- 
cally nonsignificant by 4 h, remaining not differ- 
ent from controls thereafter [Fig. 6(a)]. The 
time-dependent decrease in the relative 
difference in resorufin production between LH- 
treated and -untreated cells was apparently due 
to a decrease in the rate of P-450~c probe 
metabolism by LH-treated cells. LH (100 ng/ml) 
also enhanced resorufin fluorescence in F3 gran- 
ulosa cells but to a lesser extent than in FI cells 
[P < 0.05; Fig. 6(a)]. In F~ cells LH increased 
resorufin fluorescence by 31.0 _ 5.0-fold (n = 3) 
as compared to 5.0 + 0.8-fold in F3 cells over 
respective unstimulated cells (controls) in a 
30min incubation. However, the extent of 
stimulation diminished to 2.0 + 0.25- and 
0.5_0.02-fold, respectively by 2 and 3h, in 
both F1 and F 3 granulosa cells. The effect of LH 
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Fig. 5. Effect o f  (20R)20-phenyl-5-pregnene-3f l ,20-diol  
(20-PPD) on P - 4 5 0 ~  probe metabolism by granulosa cells 
of  the largest follicle. Cells were preincubated with different 
concentrations of  20-PPD for 15 min prior to the addition 

of 3 ,aM of the fluorogenic substrate. 
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Fig. 8. Effect of preincubation of granulosa cells with the 
P-450~ substrate on LH action. F~ granulosa cells were 
incubated with 3/aM probe for 2 h. LH was then added 
(arrow) and the incubation continued for denoted times. 
Results are the mean + SEM of three separate experiments. 

Fig. 6. Effect of LH on P-450~ substrate metabolism as 
measured at the indicated times in granulosa cells from the 
first (Ft) and third (F3) largest follicle incubated with 3 #M 
of the fluorogenic substrate. LH and P-450~ probe were 
added simultaneously. Panel a = F~; Panel b = F 3. Each 
point is the mean + SEM of three separate experiments. 

was dose-dependent. When different concen- 
trations of LH (added simultaneously with the 
fluorogenic probe) were incubated with freshly 
isolated granulosa cells, LH increased the 
release of resorufin in a dose-related manner 
(Fig. 7). The degree of stimulation (by each LH 
dose tested) was influenced by the duration of 
incubation. The ratio of resorufin released in the 
presence of LH (IL.) to that in control cells 
(I,o LH) was calculated (data not shown) for 30, 
90 and 180 min incubation periods. The relative 
LH stimulation was greatest at 30rain (the 
earliest time point studied) but decreased as the 

2OO 

duration of incubation increased (90; 240 min). 
Concomitantly, the half maximal LH-stimu- 
latory dose (EDs0) increased from 6.92 ng/ml at 
30min to 24.5 and 32.4ng/ml after 90 and 
180min of incubation, respectively. In ad- 
ditional experiments, FI granulosa cells were 
preincubated with P-450~ probe for 2 h prior to 
addition of LH. Preincubation with the P-450~c 
substrate was done in order to allow the cells to 
equilibrate with it. In earlier studies, the rate of 
fluorogenic substrate uptake (determined by 
flow cytometry) plateaued at about 30 to 
60 min. Figure 8 shows that in cells preloaded 
with the P-450~ probe LH increased resorufin 
fluorescence over the control group. By com- 
parison, when the cells were preincubated (2 h) 
with or without LH before the addition of 
P-450~: probe, resorufin fluorescence was 
barely detected in cells that were exposed to LH 
in the preincubation period (Fig. 9). 

Effect of 8-br-cAMP and forskolin 

If the facilitatory effect of LH on the P-450~c 
probe conversion to resorufin is mediated by the 
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Fig. 7. Dose-response effect o f  LH on P-450,= substrate 
metabolism in granulosa cells measured at the indicated 
times. Granulosa cells from the largest follicle (F 0 were 
incubated with different concentrations of LH and the 
fluorogcnic substrate (3 #M). LH and P-450,= probe were 
added simultaneously. Each point is the mean + SEM of 

four separate experiments. 
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Fig. 9. Effect of  preincubation of  granu]osa cel]s with LH 
on P-450,= substrate metabolism. F l granu]osa cells were 
incubated with and without LH for 2 h. P-450=~ (3 #M)  was 
added and the incubation continued for denoted times. Each 
point is the mean -I- SEM of three separate experiments. 
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Fig. 10. Time course o f  8-br-cAMP and forskolin enhanced 
P-450~ substrate metabolism in granulosa cells. Total 
resorufin fluorescence is measured as the product of P-450~ 
enzyme activity at the indicated times after the simultaneous 
addition of 3/aM of the fluorogenic substrate 8-br-cAMP 
(panel a, 1 mM) or forskolin (panel b, IO#M). Each point 

i s  the mean _+ SEM of three separate experiments. 

adenylate cyclase second messenger system then 
cAMP agonists would also be expected to 
enhance the fluorescence production in cells 
incubated with the P-450~ probe. As observed 
with LH both 8-br-cAMP and forskolin 
treatment increased the cumulative amount of 
resorufin in cells incubated for 2-3 h with the 
P-450~ probe. Granulosa cells were incubated 
with the fluorogenic probe in the presence or 
absence of 8-br-cAMP. The release of resorufin 
was significantly elevated above control levels 
within 10 min [Fig. 10(a); P < 0.05; n = 3 exper- 
iments]. As observed with LH, the degree to 
which the agonist enhanced the resorufin pro- 
duction appeared to be related to the duration 
of incubation because the stimulatory effect of 
the cyclic nucleotide analog diminished by 4 h. 
Forskolin also stimulated resorufin fluorescence 
within 15 min of addition to granulosa cells 
[Fig. 10(b); P < 0.05; n = 3 experiments]. The 
temporal pattern of the forskolin effect on the 
P-450~ substrate metabolism was similar to 
that observed with LH and 6-br-cAMP. 

DISCUSSION 

Pituitary gonadotropin hormone stimulation 
of steroidogenesis in granulosa cells was 

examined through the application of a recently 
developed fluorescent substrate for cytochrome 
P-450~[28]. The specificity of the P-450~ 
probe for the cytochrome P-450=¢ enzyme was 
evaluated in both mitochondrial preparations 
and intact cells. The pattern of P-450~: 
probe metabolism observed for mitochondria 
obtained from hen ovarian granulosa 
( F I > F 2 > F 3 )  was consistent with earlier 
results [27]. Furthermore, our data obtained 
with intact cells is in agreement with the known 
steroid biosynthetic pattern during follicular 
maturation [27, 32, 34-36]. LH is the well 
known biological regulator of steroidogenesis in 
hen granulosa cells in large preovulatory 
follicles [32, 34, 36, 37]. In the present study LH 
enhanced P-450~ substrate metabolism in in- 
tact cells and the degree of stimulation increased 
with increasing stage of follicular maturation, as 
would be expected from previous studies on the 
responsiveness of granulosa cells to LH 
stimulation of steroidogenesis during follicular 
maturation [27, 32, 34-36]. Forskolin and 8-br- 
cAMP had effects similar to LH on the P-450~c 
probe metabolism, suggesting that conversion 
of the P-450~ to resorufin is influenced by LH 
and the adenylate cyclase effector system in 
these cells. 

Use of the fluorogenic probe may result in an 
underestimation of the amount of cholesterol 
conversion that can be attributed to the effects 
of the hormone and other agents on cholesterol 
side-chain cleavage enzyme activity because of 
the expected effects of the agonists on various 
steps in the steroid biosynthetic pathway, e.g. 
mobilization of endogenous P-450~ substrate. 
In cells treated concurrently with gonadotropins 
and the P-450~ probe, the effect of LH may 
have been compromised by the presence of 
endogenous substrate in the form of cholesterol 
ester. Facilitatory effects of LH on recruitment 
or mobilization of intracellular stores of free 
and esterified cholesterol [14, 38] and on choles- 
terol esterase activity [39, 40] have been demon- 
strated in the ovary. In the present study, cells 
pretreated with LH showed reduced levels of 
P-450~ probe metabolism. Presumably, pro- 
longed pretreatment of cells with LH optimized 
conditions for the presence of copious amounts 
of endogenous cholesterol substrate, which 
could have effectively competed with exogen- 
ous, P-450~c fluorogenic substrate for the P- 
450~ enzyme. It may be argued that the 
viability of cells preincubated with LH was 
decreased leading to a reduction in resorufin 
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release. The fact that LH-induced progesterone 
synthesis has been shown to increase through 
5 h [32] argues against that possibility. By com- 
parison, the acute, dose-dependent, stimulatory 
effect of LH was more pronounced in 
experiments in which the cells were preincu- 
bated with the P-450s~ fluorogenic substrate 
prior to the addition of LH. In those exper- 
iments the gonadotropin's effect was observed 
as early as 10 min after its addition when there 
was no apparent change in resorufin fluor- 
escence in control cells. Preincubation of the 
granulosa cells with the P-450s~ probe may have 
optimized conditions for the presence of 
exogenous substrate and minimized the avail- 
ability of endogenous cholesterol substrate. In 
probe preloaded cells the stimulatory effect of 
LH on P-450~ probe metabolism was increased 
by 25- to 35-fold within 15-30 min compared to 
5- to 15-fold in cells treated concurrently with 
LH and the P-450~ probe. The validity of the 
hypothesis that endogenous substrates com- 
peted with the P-450~¢ probe for the enzyme is 
supported by the findings in the present study 
that several other substrates of cytochrome P- 
450s~ suppressed resorufin fluorescence in cells 
or mitochondria incubated with the P-450~c 
probe. Two well known substrates for 
cytochrome P-450~, 25-OH-Chol[23] and 
cholesterol sulfate [41], suppressed the release of 
resorufin from the fluorogenic substrate in mito- 
chondrial preparations. Moreover, nanomolar 
concentrations of the P-450~ suicide substrate, 
20-PPD, attenuated resorufin fluorescence in 
intact granulosa cells. 

There are at least two possible mechanisms 
that may be invoked to explain enhanced 
metabolism of the P-450~ probe by hormone 
and agonists. A sterol carrier protein (SCP2) has 
been identified in ovarian cells [42] and it has 
been shown to be the target of LH-activated 
second messenger systems [43]. SCP2 transports 
cholesterol to the inner mitochondrial mem- 
brane and could mediate the observed effects of 
LH on the P-450~ probe metabolism. This 
hypothesis is supported by our results (Fig. 3) 
showing that cholesterol sulfate inhibited the 
conversion of the P-450s~ probe to resorufin. 
Cholesterol sulfate is a substrate for P-450s~, 
and has also been shown to inhibit cholesterol 
translocation to the P-450~ enzyme in 
mitochondria[17]. Therefore, the effects of 
cholesterol sulfate in the present study may also 
be explained by an inhibitory effect on translo- 
cation of the P-450~¢ probe to the enzyme in 

mitochondria. Our data do not rule out the 
possibility that LH directly activates the P- 
450~ enzyme. However, in studies using 25- 
OH-chol as a substrate for P-450~¢ no effect of 
gonadotropins or other hormonal agonists on 
P-450~ activity was demonstrated [23]. 25-OH- 
Chol has been used extensively to study the 
regulation of steroidogenesis in chicken [27] and 
pig [26] granulosa cells and rat luteal cells [23]. 
Because 25-OH-chol is highly soluble, its access 
to the P-450s~ is not limited. The P-450~ probe 
has an apparent solubility and hydrophobicity 
more similar to cholesterol. Therefore, it would 
be expected not to enter mitochondria freely 
and to require the assistance of the cell's native 
translocating protein(s) in order to gain access 
to the P-450~ enzyme. In this respect, the 
P-450s~ fluorogenic probe may provide a means 
by which P-450~ substrate translocation may 
be monitored in real time in single cells. We 
interpret the findings of the present study to 
suggest that gonadotropins, through the cAMP- 
dependent/protein kinase system, may enhance 
the P-450s~ probe metabolism by influencing 
the availability of it to P-450~c enzyme, perhaps 
by activation of SCP2. 

The P-450~ fluorogenic substrate has advan- 
tages over conventional methods for the study 
of the physiological or pharmacological 
regulation of the conversion of cholesterol to 
pregnenolone. The fluorogenic substrate offers 
the option of: (1) acquiring live time data; (2) 
using a method that does not involve the use of 
radioactive compounds; (3) greatly reducing 
assay time; and (4) analyzing P-450~c activity in 
single cells, when combined with flow or image 
cytometry. For the most part it could be a prime 
choice of substrate for studies of cytochrome 
P-450~¢ activity in which purified or semi- 
purified enzyme is used. Because it freely crosses 
the mitochondrial membrane, 25-OH-chol 
appears to be an advantageous substrate for 
studying the regulation of P-450~ activity 
directly. However, the fluorogenic P-450~ 
probe appears to be a uniquely useful substrate 
for studying the hormonal regulation of choles- 
terol redistribution during activation of steroid 
biosynthesis. The methods and techniques with 
which evidence has been obtained concerning 
the acute regulation of steroid biosynthesis by 
trophic hormones has relied on the use of 
different kinds of radioactive (carbon- 14-labeled 
or tritiated) compounds in addition to cumber- 
some chromatographic procedures. Often, more 
than one steroid product of the P-450~¢ reaction 
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m u s t  be  m e a s u r e d  o r  fu r the r  m e t a b o l i s m  o f  

p r e g n e n o l o n e  m u s t  be  b locked  wi th  p h a r m a c o -  

logica l  agents .  U s i n g  a nove l  f l uo rogen i c  

subs t ra te ,  we h a v e  c o n f i r m e d  p r e v i o u s  f indings  

wi th  r ega rd  to  g o n a d o t r o p i n / c A M P  r egu l a t i on  

(acute)  o f  cho le s t e ro l  c o n v e r s i o n  to  p reg-  

n e n o l o n e  in a rap id ,  s ingle e n d p o i n t  assay.  

In  s u m m a r y ,  L H ,  8 - b r - c A M P ,  a n d  fo r sko l in  

each  e n h a n c e d  the  m e t a b o l i s m  o f  a new sub-  

s t ra te  fo r  c y t o c h r o m e  P - 4 5 0 ~  in g r a n u l o s a  

cells. T h e  h o r m o n a l  effects were  ev iden t  on  the  

c u m u l a t i v e  a m o u n t  o f  f luoresscence  r e p o r t e r  

p r o d u c e d ,  m o s t  l ikely t h r o u g h  m o d i f i c a t i o n  o f  

the  r ed i s t r i bu t i on  o f  the f l uo rogen i c  subs t ra te  to  

the  enzyme .  Th i s  subs t ra te  is a useful  t oo l  wi th  

wh ich  the  ac t iv i ty  o f  cho les t e ro l  s ide -cha in  

c l eavage  e n z y m e  ( c y t o c h r o m e  P-450~c)  can  be  

assessed in e i ther  in t ac t  s t e ro idogen i c  cells o r  

the i r  m i t o c h o n d r i a l  f rac t ions .  
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