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Conclusions: Addition of pregnenolone increased progester-Purpose: Several reports imply that lower progesterone
one secretion and 3b-HSD more efficiently in the higher-secretion by cumulus–oocyte complexes (COCs) is associ-
progesterone-secreting cumuli. Coculture of two COCsated with lower fertilization in the corresponding oocyte.
instead of one led to a higher fertilization rate and greaterThe possible role of progesterone in oocyte fertilization in
progesterone secretion.humans was studied using two approaches: (a) increasing

the total progesterone secretion by culturing more than one KEY WORDS: Cumulus cells; 3b-hydroxysteroid dehydrogenase;
in vitro fertilization; progesterone; pregnenolone.COC per dish; and (b) increasing the cumulus cell progester-

one secretion by providing pregnenolone as a substrate.
Methods: Mature COCs were cultured individually or cocul-
tured in groups. Oocyte fertilization and progesterone secre- INTRODUCTION
tion were tested after 20 hr and 3 days in culture, respectively.
The cumuli from individually plated COCs were cultured in The mid-cycle surge of follicle-stimulating hormone
the absence of oocyte for an additional 3 days in order to (FSH) and luteinizing hormone (LH) alters the ste-
test the effects of pregnenolone on progesterone secretion

roidogenic pattern in the preovulatory follicle, yieldingand the 3b-hydroxysteroid dehydrogenase (3b-HSD) activ-
a significant increase of progesterone (P4) secretion inity. A comparable study with pregnenolone was performed
several ovarian cell types. The increase in P4 secretionon the corresponding granulosa–lutein cells.
is a consequence of a change in the activity of variousResults: Increasing the number of COC to two instead of
steroidogenic enzymes such as cholesterol side chainone led to a significant increase in both fertilization rate

and progesterone secretion. The addition of pregnenolone cleavage cytochrome P-450 (P-450scc), which cata-
during days 3–6 increased significantly both progesterone lyzes the first rate-limiting step of steroid biosynthesis
secretion and 3b-HSD activity. Comparable results were (1) and the 3b-hydroxysteroid dehydrogenase (3b-
observed in granulosa-lutein cells subjected to pregnenolone HSD) (2). The increase in these steroidogenic enzymes
treatment. Following the first 3 days culture, cumulus masses has been noted in both granulosa and cumulus cells
were categorized as secreting high or low progesterone lev- (3,4). In women undergoing in vitro fertilization (IVF),
els. Adding pregnenolone had a greater effect on both pro-

a significant increase in serum P4 level is noted 12–14
hr after human chorionic gonadotropin (hCG) adminis-
tration (5). At the time of retrieving the cumulus–
oocyte complexes (COCs), 36 hr after hCG1 Department of Obstetrics and Gynecology, Rambam Medical Cen-

tre, P.O.B. 9602, Haifa 31096, Israel. administration, the cumulus and granulosa–lutein (G-
2 The Bruce Rappaport Faculty of Medicine, Technion-Israel Insti- L) cells are highly active in P4 secretion (6,7). This

tute of Technology, P.O.B. 9649, Haifa 31096, Israel.
activity is sustained over 6–8 days in culture (8,9).3 Assistant Research Professor, Department of Obstetrics and Gyne-

cology, Boston City Hospital, Boston University School of Medi- By comparing the IVF outcomes in stimulated cycles,
cine, Boston Massachusetts 02118. successful cycles appeared to be associated with ele-4 To whom correspondence should be addressed at Department of

vated levels of serum P4 and elevated rates of P4 secre-Obstetrics and Gynecology, Poriya Hospital, Hagalil Hatachton
15208, Tiberias, Israel. (E-mail: sgyss@zahav.net.il) tion in cultured G-L cells (10,11). Furthermore, the
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rate of P4 secretion by the cumulus and G-L cells of dish (Falcon, Oxnard, CA), filled with 1-ml culture
medium (see below), and incubated in a humidifiedindividual follicles is positively correlated with the

fertilizability and developmental competence of the 5% CO2–95% air incubator. Occasionally, two or three
COCs were placed in a single culture dish mostlycorresponding oocytes (11–13). It has been also sug-

gested that P4 is involved in the process of the acrosome because high unexpected numbers of COCs were
retrieved. Twenty hours after addition of spermatozoa,reaction in various mammals (14,15).

The possibility that artificially increasing the P4 the oocytes were mechanically denuded of their corona
cells to view fertilization and transferred to new disheslevel in the proximity of low P4-secreting COC may

increase oocyte fertilizability is attractive. However, filled with fresh culture medium for further embryonic
development. Usually the remaining cumulus cells asin the mature COC population it is impossible to deter-

mine prospectively whether the COCs secrete low or well as G-L cells are discarded, since they have no
clinical application. Permission was obtained to utilizehigh P4. Thus, blind addition of P4 to the culture well

is not recommended, since high P4 levels could inter- these cells for the present study. Thus the dishes con-
taining solely the corona and cumulus cells were cul-fere with various oocyte activities (16,17). The alterna-

tive approach is to increase P4 secretion by cumulus tured for 2 additional days (3 days total) in medium
alone. Following the first 3 days’ culture, the culturecells either by increasing substrate availability or by

including a hormonal increase in steroidogenic enzyme medium was collected and frozen for later determina-
tion of P4 levels. After the first 3 days culture, theactivity. It was thought that addition of substrate for

P4 biosynthesis is more feasible, since it may drive cumulus cells from individually plated COC were cul-
tured for an additional 1, 2, or 3 days in a fresh culturethe cumulus cells to secrete more P4 in the short time

that is available before insemination and with less medium alone (control) or in presence of 1027 M pre-
gnenolone.involvement in the overall COC activity. The G-L cells

were selected as a control cell population, since G-L The G-L cells of each woman were pooled and
separated from follicular fluid, washed twice in plaincells in many ways display similar steroidogenic activ-

ity to that of cumulus cells. The aim of the present Ham’s F-10 medium, and loaded onto isotonic Percoll
solution diluted to 50% of the original Percoll fluidstudy was to test two options for increasing P4 levels

at IVF, either by coculturing more than one COC in (Pharmacia, Lund, Sweden). After centrifugation for
30 min at 500 g, the red blood cells were precipitatedthe culture dish, or by adding pregnenolone, the direct

substrate for P4 biosynthesis. at the test tube tip, and the G-L cells were accumulated
at the interphase between the medium and the Percoll
solution. The residual Percoll in the collected G-L cells
was removed by suspending the G-L cells in 12-mlMATERIALS AND METHODS
culture medium and decanting the supernatant after
centrifugation. Ten thousand viable G-L cells/200-mlSubjects
well were cultured in 96-well plate (Falcon). Cell via-
bility was assessed using 0.04% trypan blue (wt/vol)The participants in this study were male with normal

sperm parameters and regularly menstruating women for the dye exclusion test (18). After an initial culture
period of 3 days, fresh media were added and the G-who were infertile due to absent or blocked fallopian

tubes and were undergoing IVF–embryo transfer (ET) L cells were cultured for 1, 2, or 3 additional days in
the absence or presence of 1027 M pregnenolone.treatment at the Rambam Medical Centre, Haifa, Israel.

Multiple follicular growth was induced by treatment
with FSH (150 IU/day) (Metrodin; Teva, Petah Tiqva,
Israel) and human monopausal gonadotropin (hMG) Medium Preparation
(150 IU/day) (Pergonal; Teva). Ovulation processes
were induced with one intramuscular injection of COC were cultured during days 0–3 in culture

medium that consisted of 9.8 g/Liter Ham’s F-1010,000 U hCG (Chorigon; Teva).
medium buffered with 25 mM NaHCO3 (both from
Gibco, Grand Island, NY). The medium was supple-In Vitro Incubation
mented with 120 IU/ml penicillin, 60 IU/ml streptomy-
cin (both from Sigma Chemical Co., St. Louis, MO),Human COCs were collected 36 hr after hCG admin-

istration, usually between 08:00 and 12:00 AM. Each 2 mM calcium lactate (Calbiochem-Boehring, La Jolla,
CA) and 10% (vol/vol) heat-inactivated human fetalindividual COC was placed in a single organ culture
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cord serum. Preparation of human cord serum was as cells harvested into the other two Eppendorf test tubes
(see above) were suspended in plain medium, and afterpreviously described (12).

A slightly different culture medium was used during centrifugation at 300 g for 10 min the supernatant was
decanted. The cell pellet in both Eppendorf test tubesdays 3–6 of the cumulus cell culture and during all

days of G-L cell culture. The above medium was sup- was suspended in the reaction solution (50 ml/test
tube). The reaction solution contained nicotinamide–plemented with 10 mM HEPES, 5% (vol/vol) heat-

inactivated fetal calf serum and 2 mM L-glutamine (all adenine dinucleotide, nitroblue tetrazolium, sodium
cyanide, and MgCl2 (all from Sigma) in Tris buffer.from Gibco). Lactic acid and cord serum were omitted

from this medium. The ingredients of both media were In one test tube the reaction solution was supplemented
with dehydroepiandrosterone [(1)DHEA]. The seconddissolved in purified water (BDH Chemicals, Poole,

England) to achieve 280–290 mOsm/kg and then steri- Eppendorf test tube served as control, and therefore the
reaction solution was not supplemented with DHEAlized through 0.22-mm filters, 0.5-liter size (Nalge Co.,

Rochester, NY). [(2)DHEA]. Following incubation for 1 hr at 378C,
the cells were visualized under a light microscope in
a hemocytometer. Cells containing 3b-HSD activityProgesterone Radioimmunoassay (RIA)
were stained blue violet. The degree of 3b-HSD activ-
ity was expressed as percentage of stained cells perThe media collected on days 3, 4, 5, and 6 of culture

were stored at 2208C for later determination of P4 total cell count.
In the absence of DHEA in the reaction solutionlevel. Steroid RIA was employed on the unextracted

crude samples. The crude culture media were diluted [(2)DHEA], the percentage of 3b-HSD-positive cells
(violet-blue-stained cells) is dependent on the enzymein 50 mM Tris buffer, pH 8.0. The amount of P4 was

measured as previously described (12). level (3b-HSD) in the cells and on the intracellular
levels of substrate that is available for 3b-HSD activity.
Therefore, the observed value of 3b-HSD-positiveCell Harvest and Counting
cells in the absence of DHEA [(2)DHEA] is defined
as basal 3b-HSD activity. On the other hand, in theAfter the culture media were removed for RIA,

cumulus or G-L cells were detached by incubation for presence of saturated levels of DHEA [(1)DHEA],
values of 3b-HSD activity manifest the total enzyme20 min in a buffer consisting of 0.05 M phosphate-

buffered saline, pH 7.4, with 1% (wt/vol) disodium level, since maximal substrate is available for the
enzyme activity and the only limiting factor for cellEDTA and 5% (vol/vol) dimethyl sulfoxide (both from

Sigma). Cumulus cells corresponding to each individ- staining is the presence of the enzyme. Low number
of 3b-HSD-positive cells in the basal test tubeual COC were collected into a separate Eppendorf test

tube. Similarly, the G-L cells corresponding to a single [(2)DHEA] and high levels of 3b-HSD in the total
test tube [(1)DHEA] may indicate that the cells con-woman were collected into a single Eppendorf test

tube. After one wash, cells (cumulus or G-L cells) tain high levels of enzyme activity but low levels of
endogenous substrate available for 3b-HSD.were divided equally into three Eppendorf test tubes.

Two Eppendorf test tubes were used to determine the
basal and total 3b-HSD values (detailed below). The Statistical Analyses
third Eppendorf test tube was used for cell nucleus

The experimental data were subjected to one-waystaining. Cell nuclei were stained by adding 50 ml
analysis of variance (ANOVA), followed by unpairedcrystal violet (50-mg/100 ml in 0.1-M trisodium
Student’s t test for individual comparisons betweencitrate) for 10–20 min at 378C and then counted in a
means. P , 0.05 was considered statistically signifi-hemocytometer. This method was reproducible and
cant. The results are expressed as mean 6 SEM.produced results similar to those obtained by counting

intact granulosa cells from rats, pigs, and humans. The
advantage of this approach was the ability to count RESULTS
accurately cells aggregated in clumps.

Effect of Number of COC in Culture Dish on
Assessment of 3b-HSD Activity Fertilization and P4 Secretion

The percentage of fertilized oocytes (2 pronuclei)3b-HSD activity was assessed by a histochemical
approach as previously described (13). Briefly, the increased by 1.3-fold (P , 0.001) when two COCs
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versus one were cultured together in a single culture
dish (Table I). The increase in number of COCs per
culture is associated with an increase in P4 secretion
during days 0–3 of culture. The total amount of the
secreted P4 per culture dish at two versus one COCs
increased by 1.8 fold (P , 0.001) (Table I).

Effect of Added Pregnenolone on Cumulus and
G-L Cell P4 Secretion

The calculated daily amounts of P4 that were
secreted during days 0–3 of culture varied among the
individual cumulus masses (when each cumulus mass
was plated alone in the culture dish) from 13.5 ng
to about 370 ng/cumulus mass. In this population of
cumulus masses, about 44% of them secrete less than
100 ng P4/cumulus mass, while about 25% secrete
more than 200 ng P4/cumulus mass. Compared to the
large differences in P4 secretion in days 0–3, a decrease
in P4 secretion was noted during days 3–6 that mini-
mize these differences. About 90% of the cumulus
masses secreted less than 100 ng P4/cumulus mass and
none of them secreted more than 200 ng P4/cumulus
mass.

Addition of pregnenolone on day 3 of culture to
individually cultured cumulus masses did not alter sig-
nificantly the rate of P4 secretion during days 3–4 and
3–5 of culture. However, a 1.8-fold increase in P4

secretion (P , 0.01) was noted in cumulus mass
exposed to pregnenolone during days 3–6 of the cul-
ture period (Fig. 1). In G-L cells, P4 secretion increased
by about 1.4-fold (P , 0.05) and 1.3-fold (P , 0.01)
when cultured in the presence of pregnenolone during
days 3–5 and 3–6, respectively, but not during days
3–4 of culture (Fig. 1).

Fig. 1. Levels of daily P4 that accumulated during days 3–4, 3–5,
and 3–6 in cumuli (total number of cumuli is 187) and G-L cellsTable I. Fertilization Rate and P4 Secretion in Correlation with

Number of COCs in Culture Disha (total number of women is 12) cultured in the absence (n) or
presence of pregnenolone (M). *P , 0.05, ** P , 0.01, compared

Number of Fertilization to corresponding cell type cultured in the absence of pregnenolone
cocultured COCs rate (%) P4 (ng/ml) during the same culture period (Student’s t test).

1 65 6 4.6*b 166.7 6 13.1*
2 83 6 3.4** 304.8 6 34.4**
3 76 6 7.4*,** 520.2 6 101.4**

According to the amount of P4 that was secreteda Results are expressed as means 6 SEM. Data were evaluated by
during days 0–3 of culture, cumulus masses were cate-one-way analysis of variance (ANOVA). P , 0.05 indicated

a significant difference of the specific measurment. Significant gorized as secreting high P4 (.200 ng/cumulus mass)
difference between two individual subgroups was determined by or low P4 levels (,100 ng/cumulus mass). It appeared
student’s t test. For fertilization rate, total number of women is

that in cumulus masses designated as secreting high30 and the following statistical parameters were observed by
ANOVA: F 5 7.07 and P , 0.05. For P4 secretion, the total P4 levels, addition of pregnenolone significantly
number of replicates is 78 and the following statistical parameters increased P4 secretion during days 3–5 and 3–6 of
were observed by ANOVA: F 5 23.75 and P , 0.001.

culture (Fig. 2). However, in cumulus masses desig-b Values not sharing common symbol (* or **) in the same column
are significantly different (P , 0.05) by student’s t test. nated as secreting low P4 levels, addition of pregneno-
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3). The low values of 3b-HSD activity could be a
consequence of an actual decrease in the level of 3b-
HSD activity in cumulus cells or may be associated
with a decrease in the endogenous available substrate.
However, the total level of 3b-HSD activity signifi-
cantly increased in the 3 day (days 3–6) pregnenolone-
treated cumulus cells compared to cells cultured in
medium alone (Fig. 3). A 48-hr (days 3–5) culture of
cumuli in the presence of pregnenolone did not alter
either the basal or total 3b-HSD activity. In the pre-
gnenolone-treated G-L cells, a significant increase in
the total 3b-HSD-activity was observed during both
days 3–5 and 3–6 of culture compared to G-L cells
cultured in medium alone (Fig. 3). No significant dif-
ference in the basal or total of 3b-HSD-activity was
seen during days 3–4 in either cumulus or G-L cells,
whether treated or not with pregnenolone (data not
shown).

Fig. 2. Relationship between P4 secretion (0–201 ng/cumulus) by
cumulus masses during days 0–3 of culture (X axis) and P4 secretion
during days 3–5 and 3–6 of culture (Y axis). Cumulus masses
(total number of cumuli is 144) were cultured in the absence (n)
and presence (M) of pregnenolone. When data were subjected to
one-way ANOVA, the following statistical values were observed
for P4 secretion during: days 3–5, F 5 8.18, P , 0.001; days 3–6,
F 5 6.34, P , 0.001. Other details are as described in Fig. 2.

lone significantly increased P4 during days 3–6 but
not in shorter incubation time (Fig. 2).

Effect of Added Pregnenolone on Cumulus and
G-L Cell 3b-HSD Activity

The level of 3b-HSD was always examined on cells
harvested after completion of the culture period. The
basal level of 3b-HSD activity was measured in the Fig. 3. Degree of 3b-HSD activity during days 3–5 and days 3–6

of culture in cumulus (total number of cumuli is 67) and G-L cellsabsence of exogenous substrate in the reaction solution
(total number is 12). Cells were cultured in medium alone (n) or[(2) DHEA] and total 3b-HSD activity was measured
in medium supplemented with pregnenolone (M). After terminationin the presence of exogenous substrate [(1) DHEA].
of culture the levels of basal and total 3b-HSD activity were mea-

Basal 3b-HSD activity was significantly low in the sured as detailed in the materials and methods. *P , 0.05, compared
cumulus cells that were exposed to pregnenolone ver- to cells cultured in the absence of pregnenolone in the culture

medium.sus medium alone during days 3–6 of culture (Fig.
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DISCUSSION aspiration also may be involved in an increased capac-
ity to utilize the exogenously provided pregnenolone
for P4 biosynthesis. Actually, the maximal serum P4The retrieved COCs are not synchronized to the

same degree of maturation (5,12,19). The possibility level during the luteal phase of the menstrual cycle is
seen within the 6–8 days after ovulation. At this timethat a less mature COC is less fertilizable had been

demonstrated by many studies (20,21). The present there is a peak in the expression of 3b-HSD and P-
450scc (34). In cumuli that were designated as secre-study indicates that coculture of two COCs versus one

creates a more beneficial microenvironment to enhance ting high levels of P4, the significant increase in P4

secretion was already observed by 48 hr of continuousfertilization. COCs were cocultured in combinations
of two or three together when the number of retrieved exposure to pregnenolone. The cumulus cells manifest-

ing higher active steroidogenic machinery may utilizeCOCs was higher than expected. Thus, this may indi-
cate that there was an advantage of coculturing two the provided pregnenolone at a significantly higher

rate for P4 biosynthesis and secretion.COCs versus one at least in the population of women
who produce larger number of oocytes in stimulating The present study assay to determine 3b-HSD activ-

ity depends on the presence of saturated levels of thecycles. The mechanism that underlies these results was
not the aim of the present study. However, it is more enzyme substrate. Performing this assay in the absence

of both exogenous and endogenous enzyme substratelikely that in the two cocultured COCs there is a greater
chance that one of the COCs is more mature and fertil- yields low 3b-HSD activity, which may not necessarily

indicate the absence of 3b-HSD. Therefore a low per-izable and this COC may facilitate in some way the
fertilization of the other cocultured COC. It had been centage of 3b-HSD positive cells in the absence of

exogenous saturated levels of the enzyme substratesuggested that cumulus cells facilitate activities that
are involved in the processes of oocyte maturation and (basal levels) may indicate either a significant deple-

tion in the available endogenous substrate or a decreasefertilization (22,23). Several studies had indicated that
specific factors that are secreted by cumulus cells in 3b-HSD expression.

The present study indicates that the basal 3b-HSD-(24,25) and oocyte (26) are involved in oocyte matura-
tion and/or fertilization. activity is significantly decreased in the 72-hr pregnen-

olone-treated cumuli compared with cumulus massesThe possible involvement of P4 in enhancing fertil-
ization is supported by recent studies (27). It appears cultured in medium alone (Fig 3). This finding could

be explained as either indicating that addition of pre-that P4 enhances acrosome reaction by stimulating
Ca21 influx in sperm plasma membrane via nongeno- gnenolone induced either a major depletion in the inter-

cellular enzyme substrate or a decrease in the 3b-mic P4 receptors (28). Exposure of the spermatozoa to
P4 sensitizes them to undergo an acrosome reaction HSD expression. Total 3b-HSD activity, however, is

significantly increased in the pregnenolone-treatedupon interaction with the zona pellucida, thereby
enhancing spermatozoal penetration through the zona cumuli. This latter finding may support the option that

addition of pregnenolone induced an increase in thepellucida (14,15). Furthermore, it has been suggested
that P4 affects the pattern of ciliary motility in the 3b-HSD.

What caused the increase in the 3b-HSD activityfallopian tube (29); thus, cumulus cell P4 secretion by
the ovulated COC may be regulating COC movement and P4 secretion in the pregnenolone-treated cells?

Evidence for a significant role of P4 in the regulationwithin the fallopian tube.
The present study, as well as other studies (8,12), of P4 secretion has been reported. In rats, P4 enhances

3b-HSD activity in granulosa cells at the time of ovula-indicates that the cumulus and G-L cell P4 secretions
in stimulated cycles are highly variable among the tion and later (35). In humans, G-L cell P4 plays an

autocrine role in regulating cell proliferation (36). Inindividual follicles. In vitro, P4 secretion can be
increased in both cell types either by hormonal stimula- primates, P4 receptors and 3b-HSD have been code-

tected in luteal cells, and inhibition of 3b-HSD resultedtion (7,32) or by adding the appropriate substrate
(8,33). Addition of pregnenolone increased cumulus in luteolysis without affecting P4 receptor density (37).

This reported evidence implies that, in the presentand G-L cell P4 secretion only within 5 days after
follicular aspiration. This may indicate that following study, the parallel increase in 3b-HSD and P4 in the

presence of pregnenolone might be facilitated by thethis period the cell substrate storage for P4 biosynthesis
is critically depleted to satisfy the steroidogenic capac- biosynthesized P4.

Our previous studies indicated that a lower fertiliza-ity of these cells. Alternatively, the significant increase
in steroidogenic activity within 5 days after follicular tion rate is associated with lower P4 secretion (12,13).
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serum progesterone concentrations are higher in pregnancyThe present study suggests that in cumulus masses
cycles. Fertil Steril 1985;44:185–189defined as secreting low P4 levels, addition of pregnen-

11. Hill GA, Herbert CM, III, Wentz AC, Osteen KG: Use of
olone increases P4 secretion during 72 hr of culture, individual human follicles to compare oocyte in vitro fertiliza-
but not earlier. This increase cannot assist in enhancing tion to granulosa cell in vitro luteinization. Fertil Steril

1987;48:258–264fertilization, which should take place within a few
12. Bar-Ami S, Gitay-Goren H, Brandes JM: Different morphologi-hours after COCs pickup (38). The alternative

cal and steroidogenic patterns in oocyte/cumulus-corona cellapproach, in which cumulus cell P4 secretion is
complexes aspirated at in vitro fertilization. Biol Reprod

increased by culturing two COCs, is simple and more 1989;41:761–770.
successful. Whether the increase in fertilization rate 13. Bar-Ami S: Increasing progesterone secretion and 3b-hydroxy-

steroid dehydrogenase activity of human cumulus cells andin the two cocultured COCs is due the associated
granulosa-lutein cells concurrent with successful fertilizationincrease in P4 secretion was not assessed in the pres-
of the corresponding oocyte. J Steroid Biochem Mol Biolent study.
1994;51:299–305

14. Parinaud J, Labal B, Vieitez G: High progesterone concentra-
tions induce acrosome reaction with a low cytotoxic effect.
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