
INTRODUCTION

The regulation of ovarian follicular development in vivo 
requires the interaction of hormones from the brain (GnRH), 
pituitary (LH and FSH) and ovaries (e.g., estradiol and pro -
gesterone, inhibin, and activin) [1]. The balance and coun -
terbalance of these hormones maintains the cyclical nature 
of the reproductive axis through complex feedback control 
systems. The result is the release of mature ova at a speciþ c 
time each cycle.

In vitro studies are invaluable in understanding the 
mechanisms underlying the regulation of the ovarian cycle. 
When ovarian granulosa and theca cells are removed from 
in vivo regulatory inÿ uences and placed in culture, exog -
enous supplements are necessary to maintain the func -
tional status of the cells [2]. Hormone- and nutrient-sup-
 plemented medium that supports granulosa cell growth and 
function has been described and utilized for rat ovarian cells
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ABSTRACT

A serum-free medium has been developed which supports in vitro function by ovarian cells derived from rat, monkey, and 
human tissue. This granulosa cell medium (GCM) consists of Dulbeccoõs Modiþ ed Eagleõs Medium: Hamõs F-12 medium (1:1, 
v:v) supplemented with insulin, transferrin, aprotinin, selenium, þ bronectin, penicillin, and streptomycin. Ovarian cells from three 
species were compared: rat, macaque, and human. Four types of ovarian cultures were examined: 1) puriþ ed granulosa cell 
cultures and 2) co-cultures containing granulosa-theca-stroma cells, 3) luteal cells, and 4) granulosa-lutein (harvested from in 
vitro fertilization cultures) cells. Each cell type was characterized by its response to FSH or hCG when cultured in GCM.

Morphologic responses to FSH were observed in GCM in rat granulosa and granulosa-theca-stroma cell cultures, macaque and
human granulosa-lutein cells, and human granulosa-theca-stroma cell cultures. The FSH-stimulated cells retracted and became
rounded, leaving long intercellular connections. Luteal cells did not retract in response to FSH, and the cells remained þ rmly
attached to the þ bronectin matrix.

Steroidogenic regulation of the GCM-cultured ovarian cells was monitored following stimulation of the cultures with FSH. 
The ability of the cells to aromatize testosterone was þ rst examined. Rat granulosa cell cultures and granulosa-theca-stroma cell 
cultures, macaque granulosa-lutein cell cultures, and human granulosa-theca-stroma cell cultures all accumulated estradiol when 
given FSH and testosterone for 48 h. Moreover, these cell types as well as human luteal cells were able to metabolize 25-hydroxy 
[1, 2-3H]cholesterol to various steroid metabolites.

The data indicate that GCM supports normal granulosa cell morphologic response to FSH. Moreover, the aromatase and side-
chain cleavage enzymes remain active and under gonadotropin regulatipn when the cells are maintained in GCM. Lastly, cells 
isolated from three species (rat, macaque, and human) respond similarly to FSH when maintained in GCM.
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[3ð5]. Hormone-supplemented medium has also been de -
veloped for human and marmoset luteinizing granulosa cells 
that includes serum, serum substitutes, or serum-coated wells 
for cell plating [6ð8]. However, a completely deþ ned me -
dium that can be used for comparative studies between 
species (rat, macaque, and human) and cell types (granu-
 losa, granulosa-theca-stroma, luteal, and granulosa-lutein 
[harvested from in vitro fertilization cultures]) has not been 
reported. Our work delineates such a medium that will 
maintain FSH responsiveness in rat, macaque, and human 
ovarian cells in vitro.

MATERIALS AND METHODS

Media, Nutritional Supplements, and Cell Isolation
Reagents

Dulbeccoõs Modiþ ed Eagleõs Medium (DMEM) and Hams 
F-12 medium (F12; Cat. No. 430-2400EB), tissue culture grade 
bovine insulin (Cat. No. 680-3007AC), human transferrin (Cat. 
No. 680-3008AD), hydrocortisone (Cat. No. 680-3005 AD), 
and human þ bronectin (Cat. No. 680-3016W) were ob -
tained from Grand Island Biologicals Co. (GIBCO), Grand 
Island, NY. DMEM:F12 was made in a 1:1 ratio (v:v) and 
supplemented with 1.2 g/L sodium bicarbonate. Ovine FSH 
(oFSH; G4211B) was provided by Dr. Harold Papkoff, Uni-
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versity of California, San Francisco. The FSH preparation 
contained less than 0.1% contamination of LH. Steroids used 
for markers and in culture were purchased from Sigma (St. 
Louis, MO) or Steraloids (Wilton, NH). 25-Hydroxy [1,2-
3H]cholesterol was custom-synthesized by Amersham (Ar -
lington Heights, IL; 60 Ci/mmol). [1,2,6,7,16,17 -
3H(N)]Testosterone (Cat. No. NET-553; 135-180 Ci/mmol) 
and [1},2}-3H]testosterone (Cat. No. NET-187; 40-60 Ci/ 
mmol) were obtained from New England Nuclear, Boston, 
MA. Aprotinin was purchased from Boehringer-Mannheim, 
Indianapolis, IN (Cat No. 236-624) and Calbiochem, La Jolla, 
CA. Human FSH (Metrodin, Serono Laboratories, Inc., Ran -
dolph, MA), leuprolide acetate (Lupron, TAP Pharmaceuti-
 cals, North Chicago, IL), human menopausal gonadotropin 
(hMG; 75 IU hFSH/75 IU hLH; Pergonal, Serono) and hCG 
(Ayerst Laboratories, Rouses Point, NY) were used for hy -
perstimulation protocols. Human CG for treatment of cells 
was a gift of the National Pituitary Agency (hCG = NIDDK 
CR127). Hyaluronidase (Type 1-S, Sigma), collagenase-dis -
pase (Boehringer-Mannheim), and DNase (Type I from bo -
vine pancreas, Sigma) were used for tissue dispersion. Per-
 coll (Pharmacia, Piscataway, NJ) and Hanksõ Balanced Salt 
Solution (Gibco) were used for cell puriþ cation.

Tissue Harvest
Rat. Female Sprague-Dawley rats were obtained from 

Charles River Laboratories, Inc. (Wilmington, MA) and were 
25 days old on the day of tissue harvest. The rats were anes -
thetized with CO2 and decapitated. Tissue samples were 
collected and placed directly in DMEM:F12 (1:1, v:v) + 
penicillin and streptomycin.

Macaque. Adult, female monkeys at the Oregon Re -
gional Primate Research Center (ORPRC) were selected for 
a hyperstimulation protocol following at least one normal 
menstrual cycle of approximately 28 days [8, 10]. Beginning 
at menses, animals received 30 IU hFSH, two times daily 
for 6 days, followed by hMG, two times daily for 3 days. 
On Day 10, the animals received hCG (1000 IU) to mimic 
the LH surge. Follicle aspiration was performed 27 h later. 
After the oocytes had been removed, the follicular aspirate 
containing luteinizing granulosa-lutein cells, red blood cells, 
and some epithelial-like cells was packed in ice and trans-
 ported to the culture laboratory for further processing.

Human. Locally approved protocols (Stanford Univer -
sity Medical Center, Stanford, CA) were used in obtaining 
normal ovarian tissue during benign gynecologic surgery 
(þ broids or endometriosis) in patients (n = 3) who were 
taking no hormonal medications. Tissue samples were placed 
in DMEM:F12 following examination by the hospital pa-
 thologist, then placed on wet ice and transported to the 
laboratory. Four follicles and two corpora lutea were ex -
amined.

Patients undergoing controlled ovarian hyperstimulation 
for in vitro fertilization (IVF) were treated with leuprolide 
acetate, 0.2 mg s.c. twice daily starting 2 wk prior to an

anticipated menses [11, 12]. Starting 16ð22 days later, hMG 
was administered and continued until at least four preovu -
latory follicles were present, the largest of which was at 
least 18 mm in diameter, and the serum estradiol was at 
least 700 pg/ml. Human CG, 10 000 Units i.m., was then 
given, followed by transvaginal follicle aspiration 34 h later. 
The follicular ÿ uid and medium remaining after the oo-
 cytes were harvested were used to prepare granulosa-lutein 
cells for culture.

Isolation of Ovarian Cells
Rat granulosa cells. Ovaries were dissected free of fat, 

bursa, and oviduct. Ovaries used for the isolation of pure 
granulosa cells were placed in DMEM F12 (1:1) with the 
addition of sucrose (0.5 M) and EGTA (10 mM) at 37ÁC for 
45 min, as previously described [4,13]. The ovaries were 
then placed in DMEM:F12 (1:1) at 37ÁC for an additional 
45 min. The granulosa cells were manually expressed from 
the ovaries with the aid of a 25-gauge needle. The cells 
were maintained in a humidiþ ed atmosphere of 5% CO2:95% 
air.

Rat granulosa-theca-stroma cells. Whole ovarian cell 
cultures were obtained by treating ovary wedges with 0.5 
ml/ovary of collagenase-dispase (4 mg/ml), DNase (10 Hg/ 
ml), and BSA (10 mg/ml) in DMEM:F12 (1:1) at 37ÁC for 
90 min [14]. The cells were dispersed by drawing the tissue 
through the bores of increasingly smaller pipettes until small 
aggregates were achieved. The digestion was terminated by 
diluting the medium in 10 ml of DMEM:F12. The cells were 
washed twice by centrifugation at 800 Į g for 5 min and 
plated in þ bronectin-coated 24-well tissue culture plates 
(Costar, Cambridge, MA).

Macaque granulosa-lutein cells. The cells were cen trifuged 
at 800 Į g for 10 min. The cell suspension was then layered 
onto cold 40% Percoll:60% Hanksõ Balanced Salt Solution 
containing 0.1% BSA and centrifuged for 30 min at 470 Į 
g in a Sorvall refrigerated centrifuge (Nor walk, CT). The 
resulting layer of granulosa-lutein cells was collected and 
suspended in cold DMEM:F12 [15].

Human granulosa-theca-stroma cells. Tissue pieces were 
dissected into small pieces of theca and granulosa cells 
and treated with collagenase-dispase, as described above in 
DMEM:F12 at 37ÁC for 90 min. The tissue was drawn through 
pipette tips until small aggregates were achieved.

Human granulosa-lutein cells. The follicular aspirate was 
centrifuged twice at 180 Į g for 10 min. The granulosa-
 lutein cell pellet was incubated with 0.1% hyaluronidase in 
DMEM:F12 and greatly agitated at 37ÁC for 30 min. The 
cells were drawn frequently through a plastic pipette to aid 
in dispersal. They were then recovered by centrifugation, 
layered over 50% Percoll containing 10% fetal bovine serum, 
and centrifuged at 600 Į g for 30 min. The granulosa-lutein 
cell layer was removed from the interface and washed once 
with DMEM:F12.
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Human luteal cells. Human corpora lutea were treated 
with collagenase-dispase and DNase, as described above, 
and plated onto þ bronectin-coated plates.

Cell Plating and Growth Conditions
Cells were counted by hemocytometer and viability was 

measured by trypan blue exclusion. Viability ranged from 
82ð85% for granulosa lutein cells to 98% for rat granulosa 
cells. Prior to plating, each 2-cm2 culture well was pre-treated 
with 2 Hg human þ bronectin at 37ÁC in a 5% CO2 incubator 
for at least 1 h. Wells were washed with medium twice be-
 fore replacement of medium and addition of experimental 
treatments, as described [16]. Cells were plated at 3ð5 Į 
105 cells/well in 1 ml of DMEM:F12 (1:1) with the follow -
ing supplements: bovine insulin, 2 Hg/ml; human transfer -
rin, 5 Hg/ml; aprotinin, 5 Hg/ml, selenium, 10 ng/ml, + 
penicillin and streptomycin. This medium is designated 
granulosa cell medium (GCM). Medium used for growth 
and replacement was identical to that used at plating. Where 
indicated, 4F medium is DMEM:F12 (1:1, v:v) supple -
mented with insulin (2 Hg/ml), transferrin (5 Hg/ml), hy -
drocortisone (40 ng/ml), and þ bronectin (pre-coated to wells
at 1.5 Hg/cm2) as originally described by Orly et al. [16].

Functional Assays
Metabolism of radioactive steroids. Thin layer chro -

matography (TLC) was used to examine the conversion of 
radiolabeled steroid precursors to steroid metabolites and 
products. Cell response was compared in both control and 
FSH-treated cultures. After hormone had been added to cells 
for 48 h, the cell monolayer was washed, and [1,2,6,7,16,17-
3H(N)]testosterone or 25-hydroxy [1,2-3H]cholesterol was 
added (106 cpm/ml; 0.2 HM). At intervals of 2, 6, 18, and 
24 h following hormone addition, 100 Hl of GCM was re -
moved, extracted with ether, and dried under continuous 
N2 [17]. Then each of the radioactive steroids was resus -
pended in 0.5 mg/ml progesterone and 0.5 mg/ml testos-
 terone (reference samples). Each sample was then applied 
10 mm from the bottom of a Polygram SIL N-HR/UV254 
plate (20 Į 5 cm; Macherey-Nagel, Germany). The samples 
were chromatographed in chloroform:ether (10:3,v:v) for 
3 h [18]. The TLC plates were cut into 3-mm strips and 
counted in a Beckman scintillation counter (Beckman Instr., 
Palo Alto, CA). The results were plotted as the percent of 
total counts. Steroid identity was conþ rmed by comparing 
labeled peaks to migration of unlabeled steroid markers 
run simultaneously, and visualized by spraying plates with 
40% chromium sulfate (40% H2SO4 in water containing 5% 
potassium dichromate). Additionally, each sample was run 
with internal migration standards (progesterone and tes -
tosterone) that were visualized by excitation at 254 nm. The 
distance between the internal standards was compared to 
the migration of the same standards in the unlabeled con-
 trol lanes. In this manner, the relative mobilities were stan-

dardized between successive runs, thus, allowing compar-
 ison between experiments.

Aromatase assay. Aromatase activity was determined 
by measuring the stereospeciþ c release of tritium to pro -
duce 3H2O when [1},2}-3H]testosterone was aromatized to 
17}-estradiol [19]. FSH (10 ng/ml) was added to the cells 
for 2 days. After the cells were thoroughly washed with GCM, 
they were further incubated for 2.5 h at 37ÁC in 0.2 ml GCM 
containing 0.25 HM [1},2}-3H]testosterone. The 3H2O con -
tent was determined by adding 0.25 g charcoal to the me-
 dium and spinning the mixture at 800 Į g for 5 min. The 
water-soluble material was then counted in a scintillation 
counter for 1 min.

Radioimmunoassays
Estradiol was measured in the media of rat and human 

cell cultures using an RIA kit from Pantex (Santa Monica, 
CA). The sensitivity of the assay was 10 pg/ml, and the in-
tra- and interassay coefþ cients of variance (CV) were 4.2% 
and 7.3%, respectively. Progesterone was measured from
medium of human cell cultures using a Diagnostic Products 
Corporation (Los Angeles, CA) kit having a sensitivity 
of 0.05 ng/ml and intra- and inter-assay CV of 7.5% and 
7.9%, respectively. The cAMP was measured by RIA, us-
ing VENTREX cyclic [125I]-AMP (#01430). The assay had a 
range of 1.56-50 pmol/ml and was run in the Immunoassay 
Lab at Genentech (South San Francisco, CA). The assay 
had an intraassay CV of 10% and interassay CV of 15%. 
Progesterone was measured in medium from mon key cell 
cultures by RIA in the Hormone Assay Core Lab oratory at 
ORPRC. Progesterone antiserum was No. 1 from Sandoz 
Pharmaceuticals. The sensitiv ity of the assay was 5 pg/
ml and had an intraassay CV of 8% and interassay CV of 
11.1%.

Statistics
Rat granulosa cell and granulosa-theca-stroma cell cul-

 tures were repeated no fewer than þ ve times. Rat cAMP and 
aromatase activity data were taken from representative ex -
periments of n = 4. Conversion of labeled testosterone and 
cholesterol by cell cultures was examined at all four time 
points (2 h, 4 h, 12 h, 24 h). Four experiments using cells 
collected from four individual monkeys were performed. 
Steroid analysis was performed in three cultures at each 
time point (2 h, 4 h, 12 h, 24 h) for both testosterone and 
cholesterol metabolism. Granulosa-lutein cells were ex -
amined in n = 13 separate experiments. Human granulosa-
 theca-stroma cells were cultured from n = 5 follicles. Hu-
 man luteal cells were cultured from n = 2 samples. Rep -
licate or triplicate wells per follicle were examined. Data 
are presented as mean Ñ SE. Treatment differences are 
tested by Studentõs t-test.
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TABLE 1. Sources of cells for culture in GCM.

Species Culture designation Model Isolation method Previous references

Rat  Granulosa cell Immature, intact Hypertonic sucrose 11,14,3
Rat  Granulosa-theca-stroma Immature, intact Collagenase-dispase 4
Human Granulosa-theca-stroma Adult Collagenase-dispase nd
Human Luteal Adult Collagenase-dispase 20
Human Granulosa-lutein Adult IVF patient Hyaluronidase 6,7
Macaque Granulosa-lutein Adult IVF subject Mechanical 15

TABLE 2. Method of isolation of individual human follicles.

Tissue Method of  Method of  Method of Hormone Testosterone Estradiol
designation dispersion Medium addition (n) (% total) (% total)   Comments

Follicle-1 Hypertonic sucrose 4F nd nd nd   <10% viability
(patient 1)

Follicle-2,3 Collagenase dispase 4F nd nd  2 follicles were co-cultured
(patient 2)       in 4F the cells died

   GCM Control (n = 3) 32.3 Ñ 0.3 (33,32,32) 0 in GCM the cells were viable
    FSH (n = 3) 37.0 Ñ 2.1 (41,34,36) 0 and morphologically unstimulated
Follicle-4 Collagenase dispase GCM Control (n 3) 29.0 Ñ 1.7 (26,32,29) 0 Morphologically stimulated

(patient 3)   FSH In = 3) 30.0 Ñ 1.6 (29,34,29) 0
    Forskolin (n = 3) 25.5 Ñ 0.5 (26,25) 0
Follicle-5 Collagenase dispase GCM Control (n = 1) 25 0 Morphologically stimulated

(patient 3)   FSH (n = 3) 20.6 Ñ 12.1 (25,22,15) 27.6 Ñ 3.9 (35,26,22)

*nd = not done

RESULTS

Several isolation techniques were utilized to examine the 
utility of GCM for multiple ovarian cell types derived from 
different species. The stage of differentiation of the gran-
 ulosa cells was manipulated exclusively in vivo. Cell types 
isolated from the various species are described in Table 1.

Granulosa cells from rats were isolated from immature, 
intact female animals. These granulosa cells represent a fairly 
homogeneous population of unstimulated cells. Granulosa 
cells are interconnected by gap junctions [13]. It was there-
 fore possible to isolate pure rat granulosa cells by chelating 
the available calcium (with EGTA), thus dissociating gap 
junctions while leaving tight junctions intact. The ovaries 
were punctured with a needle to release the free granulosa 
cells. Co-cultures of all the ovarian cells were obtained fol -
lowing treatment of the tissue with collagenase dispase. Co-
 cultures obtained in this manner were referred to as rat 
granulosa-theca-stroma cell co-cultures.

Unstimulated granulosa cells from higher species are 
generally difþ cult to obtain. Our human granulosa cells were 
isolated from the ovaries of women having non-ovarian be -
nign gynecologic surgery. It is likely that granulosa cells 
isolated from these ovaries were not as pure as rodent-de -
rived cells, nor would granulosa cells isolated from differ-
 ent follicles necessarily be identiþ ed at identical stages of 
differentiation. Moreover, the effects of the underlying dis-
 order (endometriosis or uterine þ broids) may have inÿ u-
 enced the granulosa cell development.

We attempted to isolate a pure granulosa cell population 
from a human ovarian follicle using the method described 
for isolation of rat granulosa cells (break gap junctions and

prick tissue with needle to release free single granulosa 
cells). Few cells were isolated and were less than 10% vi-
 able (Table 2). Because we were unable to isolate cells from 
this tissue using our sucrose method, we decided to use a 
second method of cell isolation. It should be noted that 
due to the limited availability of human ovarian tissue, the 
sucrose-EGTA isolation method was attempted only one time. 
It is possible that follicle-1 (see Table 2 for nomenclature) 
was not typical of other ovarian follicles. For the subse -
quent follicles (follicles-2ð5), collagenase-dispase was used 
for the isolation of single cells (Table 2). This resulted in 
the co-puriþ cation of human granulosa-theca cells which 
were approximately 80% viable. (The human follicles were 
provided to us following examination by the attending sur-
 geon and the staff pathologist. Theca and granulosa cells 
were both present in all follicles.)

After follicular stimulation by FSH and LH, the granulosa 
and theca cells differentiate to progesterone-producing cells. 
These cells are called corpora lutea cells, and they no longer 
have FSH receptors. Two such functional units were iso-
 lated from the ovary of one human patient, using collagen-
 ase-dispase, and cultured as described above. The resulting 
cells were designated human luteinized-granulosa-theca cells.

Unstimulated granulosa cells from the macaque are dif -
þ cult to obtain. However, a population of granulosa cells 
could be isolated from adult macaque follicular aspirates 
following stimulation of the ovaries using protocols de -
signed for the collection of oocytes for IVF. Similar cells 
were obtained from human patients enrolled in IVF pro -
grams. The cells aspirated from the follicles had character -
istics of granulosa cells and luteinized granulosa cells. The




