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ABSTRACT The objectives of the present studies by severalfold on d 4. In cells from both sizes of 
were to determine the effect of insulin, insulin-like follicles, insulin (1 pg/mL), in the presence of FSH, 
growth factor I (IGF-I), testosterone, and FSH on increased estradiol production per cell. In contrast, 
proliferation, progesterone production, and(or) es- IGF-I (100 ng/mL) inhibited estradiol production by 
tradiol production of bovine granulosa cells. In addi- cells from small follicles and stimulated estradiol 
tion, existence of IGF-I mRNA in granulosa cells and production by cells from large follicles. Insulin-like 
in vitro IGF-I production by granulosa cells were growth factor I1 (100 ng/mL) and insulin at higher 
assessed. Cells from small (1 to 5 mm) and large ( 2 8 doses ( 2 5 gg/mL) had no effect on estradiol produc- 
mm) follicles were collected from cattle and cultured tion by cells from small and large follicles. Granulosa 
for either 3 or 4 d. When cells from small follicles were cells contained four IGF-I mRNA transcripts and 
cultured, insulin ( . l  to 10 pg/mL) and IGF-I (100 to produced IGF-I in vitro. These results support the 
400 ng/mL) increased ( P c .05) cell numbers com- hypothesis that insulin and IGF-I may have direct 
pared with controls. Insulin alone or IGF-I alone local effects on bovine ovarian function, and that these 
increased ( P  < .05)  progesterone production per cell effects are influenced by dose and size of follicle. 
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Introduction 

In addition to their known metabolic effects, insulin 
and insulin-like growth factor I (IGF-I) have been 
shown to stimulate both progesterone production and 
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mitosis of bovine ovarian granulosa cells cultured in 
vitro (Savion et al., 1981; Schams et al., 1988; 
Langhout et al., 1991). Evidence for rats, pigs, and 
humans indicates that IGF-I can be produced by 
granulosa cells and thus may act as a local regulator 
of ovarian function (Adashi et al., 1989; Geisthovel et 
al., 1990; Hammond et al., 1991). In vivo studies 
indicate that concentrations of IGF-I increase with 
increased follicular size in cattle (Spicer et al., 1988; 
Spicer and Enright, 1991) and pigs (Bryan et al., 
1989). In vivo data also reveal a positive correlation 
between follicular fluid IGF-I and progesterone con- 
centrations in postpartum anestrous and cyclic cows 
(Spicer et al., 1988; Echternkamp et al., 1990; Spicer 
and Enright, 1991). A positive correlation between 
follicular fluid IGF-I and estradiol was found in two of 
three studies (Spicer et al., 1988; Echternkamp et al., 
1990; Spicer and Enright, 1991). However, reports on 
direct effects of insulin and IGF-I on aromatase 
activity of bovine ovarian cells are meager. In 
addition, production of IGF-I by bovine granulosa cells 
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has not been reported. Therefore, we set out to 
determine the effects of insulin, IGF-I, and other 
trophic factors on granulosa cell growth, progesterone 
production, and aromatase activity under serum-free 
culture conditions, as well as to measure granulosa 
cell IGF-I production in vitro and IGF-I mRNA levels 
in bovine granulosa cells. 

Materials and Methods 

Reagents and Hormones. Reagents were Dulbecco's 
Modified Eagles Medium ( DMEM), Ham's F10, fetal 
calf serum ( FCS) , bovine insulin, and estradiol ( E2) 
from Sigma Chemical (St. Louis, MO); bovine LH 
(USDA-bLH-B5, LH activity 2.1 x NIH-LH-S1 Uimg; 
FSH activity < 1.0% by weight), bovine growth 
hormone (GH) (USDA-bGH-B1, GH activity 1.9 x 
NIH-GH-B18 Uimg; prolactin activity < 10% by 
weight; FSH activity < .06% by weight) and ovine 
FSH (NIADDK-oFSH-17, FSH activity 20 x NIH- 
FSH-S1 Uimg; LH activity .04 x NIH-LH-S1 Uimg; 
GH activity < .l% by weight) from National Hormone 
and Pituitary Program (Baltimore, MD); epidermal 
growth factor ( EGF) , recombinant human IGF-I, and 
recombinant human IGF-I1 from Amgen Biologicals 
(Thousand Oaks, CA); [12511iodo-estradiol and 
[1251]iodo-progesterone from ICN Biomedicals (Costa 
Mesa, CAI; and testosterone from Steraloids (Wilton, 
NH). 

Cell Culture. Ovaries were obtained at  nearby 
commercial abattoirs from beef and dairy cows and 
heifers after slaughter. After transport to the labora- 
tory on ice (<  120 min), the ovaries were processed as 
previously described (Langhout et al., 1991). Briefly, 
ovaries were washed three times in saline (.15 M 
NaCl), immersed in 70% ethanol for 30 s, and then 
washed again three times with saline. The ovaries 
were kept on ice in saline until the granulosa cells 
were collected. Follicles were separated into two 
groups based on surface diameter: small (1 to 5 mm) 
and large ( 2 8 mm). Granulosa cells were collected by 
aspiration using a needle (20 gauge, 38.1 mm) and 
syringe (plastic, 3 mL) and washed three times in 
serum-free medium. At each wash, cells were sepa- 
rated from medium via centrifugation (200 x g for 10 
min) and maintained at 4°C. Medium was a 1:l 
mixture of DMEM and Ham's F10 containing .12 mM 
gentamicin and 38.5 mM sodium bicarbonate. Num- 
bers of viable cells (27 f 3% and 38 f 4% of total cells 
obtained from small and large follicles, respectively) 
were determined using the trypan blue exclusion 
method. Between 2 and 4 x lo5 viable cells in 35 to 90 
pL of medium were added to Falcon multiwell plates 
(#3047, Becton Dickinson, Oxnard, CA) containing 1 
mL of medium. Cultures were kept at 37°C in a 5% 
C02 atmosphere, and medium was changed every day 
as previously described (Langhout et al., 1991). To 

obtain optimal attachment, cells were maintained in 
the presence of 10% FCS for the first 2 d of culture, 
unless stated otherwise. After this time, granulosa 
cells were washed twice with .5 mL of serum-free 
medium and incubations continued in serum-free 
medium with or without added hormones. For studies 
evaluating the effects of hormones on cell proliferation 
and progesterone production, hormonal treatments 
were applied for an additional 2 d (i.e., from d 2 to  4 of 
culture), and cells from only small follicles were used 
because of the limited number of large follicles (used 
for aromatase studies) on ovaries. For studies evalu- 
ating the effects of hormones on aromatase activity, 
hormonal treatments were applied for 1 d (i.e., from d 
2 to 3 of culture), unless stated otherwise. 

Estradiol Production. Estradiol production (i.e., 
functional aromatase activity) was assessed during a 
24-h exposure of granulosa cells to  1 or 3 pg/mL of 
testosterone used for an estrogen precursor as previ- 
ously described (Spicer et al., 1992a). After the 
24-h incubation, concentrations of estradiol in medium 
were determined by RIA and cell numbers were 
determined. Estradiol production was expressed as 
picograms of estradiol. lo5 ~e l l s -~-24  h-l. 

Determination of Numbers of Granulosa Cells. 
Numbers of granulosa cells were determined at  the 
termination of experiments using a Coulter counter 
(Model Zm, Coulter Electronics, Hialeah, FL) as 
previously described (Baranao and Hammond, 1985; 
Langhout et al., 1991). Cells were exposed to .5 mL of 
trypsin (.25% wtivol) for 30 min at 25"C, and then 
scraped from each well, diluted in .15 M NaC1, and 
enumerated. 

Radioimmunoassays 

Progesterone. Concentrations of progesterone in 
culture medium collected on d 4 of culture were 
determined by RIA as previously described (Baranao 
and Hammond, 1985). The intra- and interassay CV 
were 11.1 and 17.2%, respectively. The doses of 
testosterone and the other hormones used did not 
cross-react in the assay. 

EstradioZ. Concentrations of estradiol in culture 
medium were determined by RIA as previously 
described (Spicer and Enright, 1991). The intra- and 
interassay CV were 10.5 and 22.6%, respectively. The 
doses of testosterone and the other hormones used did 
not cross-react in the assay. 

Insulin-Like Growth Factor I. Concentrations of 
IGF-I in culture medium were determined by RIA as 
previously described (Echternkamp et al., 1990). 
Briefly, aliquots of medium were diluted 1:4 with 
87.5% acidic ethanol (.25 N HC1 final concentration) 
and incubated for 16 h at 4°C. Samples were then 
centrifuged for 30 min at  1,200 x g at 4°C and 
neutralized with .855 M Tris. The extract was then 
concentrated three- to sixfold using Centricon-3 
(molecular weight cut-off = 3,000) microconcentrators 
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(Amicon, Danvers, MA); aliquots from each concen- 
trated sample were included in the assay. This 
procedure resulted in parallelism between the human 
IGF-I standard and the extracted, concentrated cul- 
ture medium. 

RNA Isolation and mRNA Measurement. Cows 
were treated with FSH (total dosage = 32 mg of FSH- 
P; administered twice daily starting at the midluteal 
phase of an estrous cycle) in decreasing dosages for 4 
d. Granulosa cells from 2 6-mm follicles and liver 
tissue were collected immediately at slaughter 24 h 
after prostaglandin Fza administered on the 4th d of 
the FSH treatment. Tissues were frozen in liquid 
nitrogen immediately after slaughter. Tissue was 
thawed and homogenized in Solution D containing 4 
M guanidine isothiocyanate, . l  M 2-0-mercap- 
toethanol, 5% N-lauryl-sarkosine, and 25 mM sodium 
citrate (Chomczynski and Sacchi, 1987). Total cellu- 
lar RNA was obtained by double precipitation in 100% 
ethanol, washed in 80% ethanol, and vacuum-dried. A 
human IGF-I (hIGFA 818 BP) complementary DNA 
(cDNA) was used to probe granulosa cell and liver 
tissue RNA to determine IGF-I mRNA levels (Rot- 
wein, 1986). Briefly, samples (40 pg/lane) of total 
cellular RNA were loaded onto 1.2% agarose gels 
containing formaldehyde and ethidium bromide and 
subjected to  electrophoresis. The gels were then 
examined under W transillumination to assess the 
quality of the RNA preparations. The RNA was then 
transferred to nitrocellulose filters and hybridized 
with the IGF-I cDNA probe as described previously 
(Burke et al., 1991). After hybridization, membranes 
were washed in 5 x saline sodium citrate (SSC; 
containing .75 M NaC1, .075 M sodium citrate, and 
.l% SDS) for 15 min at  24°C and then in .2 x SSC 
(containing .03 M NaC1, .003 M sodium citrate, and 
. l% SDS) for 15 min at 52"C, and autoradiographed 
for 7 d at -70°C. Duplicate blots were probed with a 
constitutive probe, @-actin, to  confirm that the RNA 
quantity was similar among preparations. 

Statistical Analyses. Experimental data are 
presented as the least squares means k SE of 
measurements from quadruplicate culture wells from 
two or more experiments. Each experiment was 
performed two or three times with different pools of 
granulosa cells collected from 12 to 64 ovaries for each 
pool. Treatment effects and interactions were assessed 
using the GLM procedure of SAS (1988). Main effects 
were treatment and experiment when data from more 
than one experiment were analyzed. Each well was a 
replicate and each experiment contained four repli- 
cates per treatment. Progesterone and estradiol 
production were expressed as nanograms or 
picograms*105 cells-l-24 h-I, with cell numbers at the 
termination of the experiment used for this calcula- 
tion. Specific differences in cell growth, progesterone 
production, and estradiol production between treat- 
ments were determined using the Fisher's protected 
LSD procedure (Ot t ,  1977). 

Results 

Effect of Various Hormones on Granulosa Cell 
Proliferation and Progesterone Production 

Effect o f  Insulin and Insulin-Like Growth Factor I 
on Granulosa Cells from Small Follicles. To determine 
the dose response of insulin and IGF-I on granulosa 
cell proliferation and progesterone production, 
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Figure 1. Dose-response of insulin on granulosa cell 
proliferation [Panel A) and progesterone production 
(Panel B). Cells from small bovine follicles were 
cultured for 2 d in the presence of 10% fetal calf serum 
and then treated with control or insulin (.l to 10 pglmL) 
for an additional 2 d. Medium was changed every 24 h. 
Progesterone concentrations in medium and cell num- 
bers were determined on d 4. Values are least squares 
means of quadruplicate cultures from three separate 
experiments. Pooled SE = .06 x lo5 cells per well for 
Panel A and 1.7 ng. lo5 cells-l.24 h-l for Panel B. 
*Mean differs from control (P < .05). **Mean differs 
from .1 pg/mL of insulin (P  4 .05). 



STEROIDOGENESIS IN GRANULOSA CELLS 1235 

1 1  ** 
Y) 

b .a - 
X 
n *6 - - 
; > .4 
- - 
9) 
0 - .2 

0 
0 1 5 20 100 200 

IGF-I (ng/ml) 

Figure 2. Dose-response of insulin-like growth factor 
I (IGF-I) on granulosa cell proliferation. Cells from 
small follicles were cultured as described in legend for 
Figure 1. Pooled SE = .04 x lo5 cells per well. *Mean 
differs from control (P < .05). **Mean differs from 5 
ng/mL of IGF-I (P  < .05). 

granulosa cells from small follicles were cultured for 2 
d in 10% FCS followed by 2 d in serum-free medium 
containing control (no additions), insulin (. 1 to 10 pg/ 
mL), or IGF-I (1 to 400 ng/mL). On d 4 of culture, 
medium was collected for progesterone analysis and 
cell numbers were determined. Cell numbers were 
greater ( P  < ,051 for insulin-treated cultures than for 
controls (Figure 1A). Insulin treatment (.1 to 10 pg/ 
mL) also increased ( P  < .05) progesterone production 
compared with controls (Figure 1B). As low as 5 ng/ 
mL of IGF-I increased ( P  < .05) cell numbers above 
controls (Figure 2); 200 ng/mL of IGF-I caused a 
further increase ( P  < .05) in cell numbers above that 
seen with 5 ng/mL of IGF-I. In two additional 
experiments in which 200 and 400 ng/mL of IGF-I 
were compared, 400 ng/mL of IGF-I did not increase 
( P > . l o )  cell numbers above those of 200 ng/mL of 
IGF-I (1.01 vs .89 k .06 x lo5 cellsiwell). Progesterone 
production was greater ( P  < .05) in cultures treated 
with FSH plus IGF-I than in cultures treated with 
IGF-I alone (Figure 3) .  In two additional experiments 
comparing 200 vs 400 ng/mL of IGF-I in the absence of 
FSH, 400 ng/mL of IGF-I increased ( P  < .05) 
progesterone production above that achieved with 200 
ng/mL (12.5 vs 8.0 * 2.3 ng105 cells-l-24 h-l). 

Effect of  Follicle-Stimulating Hormone and 
Testosterone on Granulosa Cells from Small Follicles. 
To investigate the effect of testosterone and FSH on 
granulosa cells, cells from small follicles were cultured 
for 2 d in 10% FCS followed by 2 d in serum-free 
medium containing insulin (5 Fg/mL) alone, FSH 
(100 to 800 ng/mL) plus insulin, or testosterone ( . l  to 
3 pg/mL) plus insulin. Follicle-stimulating hormone 
did not affect cell numbers at d 4 of culture (data not 
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Figure 3. Effect of insulin-like growth factor I (IGF-I) 
in the absence or presence of follicle-stimulating 
hormone (FSH) on progesterone production on d 4 of 
culture. Granulosa cells from small follicles were 
cultured as described in legend for Figure 1. The second 
2 d of culture included IGF-I (0, 20, or 200 nglmL) 
and(or) FSH (200 nglmL). Medium was changed every 
24 h. Progesterone concentrations in medium and cell 
numbers were determined on d 4. Values are least 
squares means of quadruplicate culture wells from two 
separate experiments. Bars without a common letter 
differ (P < .05). Pooled SE = 1.3 ng. lo5 cells-l.24 h-l. 

shown). In contrast, testosterone (3 pg/mL) decreased 
cell numbers by 32% but did not affect progesterone 
production (nan0grams.10~ cells-l.24 h-l) in insulin- 
supplemented, serum-free medium on d 4 of culture 
(Table 1). Follicle-stimulating hormone (1 00, 200, 
400, and 800 ng/mL) increased ( P  < .05) progesterone 
production at  d 4 by 1.6-fold (13.2 vs 21.7 k .8 ng.105 
cells-1.24 h-l for control vs all FSH treatments, 
respectively); the levels of progesterone production 
stimulated by 100, 200, 400, and 800 ng/mL of FSH 
were similar ( P  > . lo).  

Effect o f  Insulin and Insulin-Like Growth 
Factor I on Estradiol Production 

Effects on Granulosa Cells fiom Large Follicles. To 
determine the dose response of insulin and IGF-I on 
estradiol production by differentiated granulosa cells, 
cells from large follicles were cultured for 2 d in 10% 
FCS followed by 1 d in serum-free medium containing 
testosterone (3  pg/mL) and FSH (200 ngimL) in the 
presence or absence of insulin (0, .1, 1, 5, or 10 pg/ 
mL) or IGF-I ( 0 ,  100, or 200 ng/mL). In cultures of 
cells from large follicles (in serum-free medium 
containing only testosterone), insulin had no signifi- 
cant effect on estradiol production in the absence of 
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Table 1. Effects of testosterone on insulin-stimulated 
cell proliferation and progesterone 

production at day 4 of culturea 

Dose of 
testosterone, Cell no. per Progesteroneb, 
rg!mL well, x ng105 cells-l.24 h-l 

0 .9gd 22.4' 
1.0 .92d 20.9' 
3.0 .65' 21.F 
Pooled SE .OB 2.5 

aMeans are least squares means from two separate experiments 
in which treatments were applied in quadruplicate cultures. Insulin 
was applied at 5 pgimL. 

bMean secretion from d 3 to 4 of culture corrected for cell 
numbers on d 4. 

C,dMeans within a column with different superscripts differ ( P  < 
,051. 

FSH (Spicer et al., 1992a1, and thus all cell cultures 
were treated with FSH (200 ngimL). In the presence 
of FSH, IGF-I had a biphasic dose-dependent effect on 
estradiol production; 100 ngimL, but not 200 ng/mL, of 
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IGF-I increased ( P  < .05) estradiol production by 35% 
(Figure 4A). Similarly, 2 5 pg/mL of insulin had no 
significant effect on estradiol production, whereas 1 
pg/mL increased ( P < .05) estradiol production by 37% 
(Figure 4B). In comparison, IGF-I1 (1 to 100 ngimL) 
had no effect ( P  > .05) on estradiol production by 
granulosa cells from large follicles (Table 2 ) .  

Effects on Granulosa Cells from Small Follicles in 
the Absence of Follicle-Stimulating Hormone. To 
determine the effect of insulin and IGF-I on estradiol 
production by undifferentiated granulosa cells, cells 
from small follicles were cultured for 2 d in 10% FCS 
followed by 1 d in serum-free medium containing 3 pgi 
mL of testosterone in the absence of FSH with or 
without insulin (0,  .1, 1, or 5 pgimL) or IGF-I (0, 100, 
or 200 ngimL). At doses of .1 and 1.0 pg/mL, insulin 
increased ( P  < .05) estradiol production by 58 and 
72%, respectively (Figure 5B). However, 5.0 pg/mL of 
insulin had no significant effect on estradiol produc- 
tion. In contrast, 200 ng/mL of IGF-I did not affect ( P  
> . l o )  estradiol production, whereas 100 ng/mL 
inhibited ( P  < ,051 estradiol production by 28% 
(Figure 5A). 
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Figure 4. Dose-response of insulin-like growth factor I (IGF-I) (Panel A) and insulin (Panel B) on estradiol 
production by granulosa cells from large follicles. Cells were cultured for 2 d in the presence of 10% fetal calf serum 
and then treated with various doses of insulin or IGF-I in the presence of 200 ng/mL of follicle-stimulating hormone 
(FSH) and 3 pglmL of testosterone for an additional 24 h. Values are means of quadruplicate culture wells from 
three separate experiments for Panel A and two separate experiments for Panel B. Pooled SE = 13 and 21 pg. lo5 
cells-l.24 h-l for Panels A and B, respectively. *Mean differs from Control (0 nglmL or 0 pg/mL). 
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Table 2. Dose-response of insulin-like growth factor 
I1 (IGF-11) on proliferation and estradiol production 

by granulosa cells cultured from large (2 8 mm) 
follicles in the presence of 

follicle-stimulating hormonea 

Dose of 

ng/mL 
IGF-11, Cell no. per Estradiol production, 

well, x pg105 celK1,24 h-' 

0 
1 

10 
20 
50 

100 
Pooled SE 

.11 

.13 

.16 

.13 

.13 

.14 

.01 

110 
120 
91 
90 

109 
104 
10 

aMeans are least squares means of quadruplicate culture wells 
from two separate experiments. 

Effects on Granulosa Cells from Small Follicles in 
the Presence o f  Follicle-Stimulating Hormone. To 
determine whether FSH altered the response of 
granulosa cells to IGF-I, cells from small follicles were 
treated with FSH (200 ng/mL) and testosterone ( 3  
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pg/mL) in the presence or absence of IGF-I (0, 100, or 
200 ng/mL); both 100 and 200 ng/mL of IGF-I 
inhibited ( P  < .05) estradiol production by 28 to 46% 
(71.4, 51.4, and 38.5 f 9.1 pg105 cells-l.24 h-l for 
FSH alone, FSH plus 100 ng/mL of IGF-I, and FSH 
plus 200 ng/mL of IGF-I, respectively; n = two 
experiments). In comparison, 100 ng/mL of IGF-I1 had 
no effect ( P  > .05) on estradiol production by 
granulosa from small follicles (24.1 and 28.1 f 9.8 
pglO5 celk1.24 h-l for FSH alone and FSH plus IGF- 
11, respectively; n = two experiments). 

Insulin-Like Growth Factor I mRNA Levels in 
Granulosa Cells 

To determine whether IGF-I is produced by 
granulosa cells, Northern blot analyses were con- 
ducted to assess IGF-I mRNA levels in granulosa cells 
collected and pooled from six FSH-treated cows. Liver 
tissue was also collected and pooled for comparison. 
Tissue was processed as described in the Materials 
and Methods section. As shown in Figure 6, multiple 
IGF-I mRNA transcripts were detected in both 
granulosa cells and liver tissue with major bands at 
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Figure 5. Dose-response of insulin-like growth factor I (IGF-I] [Panel A] and insulin (Panel BJ on estradiol 
production by granulosa cells from small follicles. Cells were cultured as described in legend for Figure 4 except 
that no follicle-stimulating hormone (FSH) was given during the last 24 h of culture. Values are means of 
quadruplicate culture wells from two separate experiments. Pooled SE = 3 and 6 pg. lo5 cells1 '24 h-' for Panels A 
and B, respectively. *Mean differs (P < .05) from Control (0 ng/mL or 0 pg/mL). 
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factor I Figure 6. Expression of insulin-like growth 
(IGF-I) mRNA in isolated granulosa cells (GRAN) and 
liver tissue pooled from six follicle-stimulating hor- 
mone-treated cows. Liver and granulosa cell RNA was 
subjected to electrophoresis, transferred to nitrocellu- 
lose filters, and hybridized with 32P-labeled IGF-I 
cDNA. Each lane contained an equal amount of total 
cellular RNA (40 pgllane). The third lane contains a 
wheat germ RNA (WGtRNA) as a control. kb = 

kilobases. 

7.0 to 7.5, 3.6 to  3.8, 1.8 to 1.9, and .7 to .9 kilobases 
(kb )  with similar apparent abundance for the two 
tissues. Variability among individual animals was 
evaluated in tissue samples from four cows that were 
treated with FSH. As  seen with the pooled samples, 
multiple IGF-I mRNA transcripts were detected in 
both granulosa cells and liver tissue with major bands 
at 7.0 to  7.5, 3.6 to 3.8, 1.8 to 1.9, and .7 to .9 kb 
(Figure 7). Interestingly, two of four cows contained 
more IGF-I mRNA in liver tissue than in granulosa 
cells, whereas the remaining two cows contained more 
IGF-I mRNA in granulosa cells than in liver tissue 
(Figure 7). 

Regulation of Insulin-Like Growth Factor 1 
Production In Vitro 

To determine whether granulosa cell IGF-I produc- 
tion is hormonally regulated, cells from small follicles 

2 8 ~ - - '  

I as- 

Figure 7. Expression of insulin-like growth factor I 
(IGF-I) mRNA in isolated granulosa cells (GRAN) and 
liver tissue collected from four individual cows. Liver 
and granulosa cell RNA was collected from follicle- 
stimulating hormone-treated cows and processed as 
described in Figure 6. kb = kilobases. 

were cultured for 2 d in 10% FCS followed by 2 d in 
serum-free medium containing control (no additions), 
GH, insulin, EGF, and(or) FSH. Table 3 shows that 
GH (300 ng/mL) or insulin ( 5  pg/mL) alone had no 
effect on, whereas insulin plus GH tended to decrease 
( P  < , l o ) ,  IGF-I production in vitro. In additional 
experiments, FSH (200 ng/mL) had no significant 
effect on in vitro production of IGF-I in the presence of 
5 pg/mL of insulin (1.23 and 1.07 ng.105 cellss1.24 h-l 
for insulin alone and FSH plus insulin, respectively; n 
= three experiments). Also, EGF (10 ng/mL) had no 
effect ( P  > .20) on IGF-I production in the presence of 
5 pg/mL of insulin (1.34 and .93 ng.105 ~el ls-~.24 h-l 
for insulin and EGF plus insulin, respectively; n = two 
experiments). 

Table 3. Hormonal regulation of insulin-like growth 
factor I (IGF-I) production in 

cultured granulosa cellsa 

IGF-I productionb, 
Hormone ng105 cells-'.24 h-' 

Control 2.1SCd 
Insulin ( 5  FgirnL) 1.32Cd 
GH (300 ng/mL) 2.46' 

Pooled SE 1.16 
Insulin + GH .75d 

aMeans are least squares means from three separate experi- 

bMean IGF-I secretion from d 3 to 4 of culture corrected for cell 

C,dMeans within a column with no common superscripts differ ( P 

ments. 

numbers on d 4. 

< ,101. An insulin effect existed ( P  < . lo) .  
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Discussion 

Insulin and IGF-I increased cell proliferation and 
progesterone production by bovine granulosa cells 
from small follicles in the present study. This is in 
agreement with the results of others who have found 
that insulin and IGF-I increase proliferation of bovine 
(Savion et al., 1981) and porcine (Baranao and 
Hammond, 1985; May et al., 1988) granulosa cells 
cultured in serum-free medium. Numerous reports 
also have shown beneficial effects of insulin and(or) 
IGF-I on bovine (Savion et al., 1981; Schams et al., 
1988; McArdle, 19901, ovine (Monniaux and Pisselet, 
19921, and porcine (Veldhuis et al., 1985; Maruo et 
al., 1988) granulosa cell progesterone production in 
vitro. In addition, we observed an FSH-induced 
increase in progesterone production by bovine 
granulosa cells treated with insulin and IGF-I; this 
observation is similar to  previous reports using rat 
(Davoren and Hsueh, 1984; Adashi et al., 1985) and 
porcine granulosa cells (May and Schomberg, 1981; 
Baranao and Hammond, 1985; Gooneratne et al., 
1990). Collectively, these results indicate that insulin 
and IGF-I enhance FSH-induced progesterone produc- 
tion of granulosa cells regardless of species. 

In agreement with a previous study using porcine 
granulosa cells (Spicer and Hammond, 19891, we 
observed an inhibitory effect of androgens on bovine 
granulosa cell proliferation. Also similar to  a previous 
study using bovine granulosa cells (Henderson and 
Franchimont, 19831, testosterone had no effect on 
progesterone production in the present study. This is 
in contrast with other studies that have shown an 
enhancing effect of androgens on progesterone produc- 
tion in porcine granulosa cells cultured in platelet 
extract-containing medium (Spicer and Hammond, 
1988) and in bovine granulosa cells cultured in 
medium containing 10% calf serum (Henderson et al., 
19871, suggesting that methodological differences 
(i.e., presence of serum factors) and(or) species 
differences may influence androgen regulation of 
granulosa cell steroidogenesis. 

Insulin and IGF-I seem to augment FSH-stimulated 
estrogen production by cultured rat granulosa cells 
(Davoren and Hsueh, 1984; Adashi et al., 1985). In 
cultured porcine granulosa cells, insulin alone has 
either no effect (Maruo et al., 1988) or inhibitory 
effects (Veldhuis et al., 1983) on estradiol production, 
whereas IGF-I has only stimulatory effects on es- 
tradiol production (Veldhuis and Demers, 1985; 
Maruo et al., 1988). We observed that both insulin 
and IGF-I could stimulate estradiol production by 
bovine granulosa cells, depending on the dose, size of 
follicle, and the presence of FSH. Insulin was more 
effective at stimulating estradiol production by 
granulosa cells from small vs large follicles, whereas 
IGF-I was more effective at  stimulating estradiol 
production by granulosa cells from large vs small 

follicles. Thus, differences in hormone concentrations, 
size of follicle, and(or) presence of gonadotropins in 
medium could explain why studies evaluating the 
regulation of estradiol production in cultured porcine 
granulosa cells show variable results. As with previ- 
ous studies (Anderson et al., 1979; Haney and 
Schomberg, 198 11, granulosa cells from large follicles 
had a greater capacity to produce estradiol than did 
cells from small follicles. 

Production of IGF-I by granulosa cells seems to be 
hormonally regulated in a manner different from that 
observed in hepatocytes. Previous studies have shown 
that GH and insulin are stimulatory to IGF-I produc- 
tion by rat hepatocytes in vitro (Daughaday et al., 
1976; Schalch et al., 1979; Kachra et al., 1991). In the 
present study, insulin tended to inhibit IGF-I produc- 
tion, particularly in the presence of GH, and IGF-I 
production was unaffected by FSH and EGF. Further 
support of the suggestion that IGF-I production by 
liver and granulosa cells may be differentially regu- 
lated is obtained from our observations that during 
short periods of feed withdrawal in cattle IGF-I 
concentrations in blood decrease, whereas IGF-I con- 
centrations in follicular fluid remain unchanged 
(Spicer et al., 1992b). Moreover, GH injections for 5 d 
in hypophysectomized rats resulted in a fivefold 
increase in hepatic IGF-I mRNA levels with a slight 
decrease in ovarian IGF-I mRNA (Hernandez et al., 
1989). Similar to our present study, studies using 
cultured porcine granulosa cells (Mondschein and 
Hammond, 1988; Bryan et al., 1991) have not 
indicated an effect of EGF on basal IGF-I production 
in long-term ( >  3 d)  culture. However, in cultures 
treated with FSH plus estradiol, EGF stimulated IGF- 
I production by porcine granulosa cells in short-term 
( 3  d )  culture (Mondschein and Hammond, 1988; 
Bryan et al., 1991). In contrast to  the present study, 
GH and FSH alone stimulated IGF-I production by 
porcine granulosa cells treated with insulin and 
cortisol in long-term culture (Hsu and Hammond, 
1987a,b; Bryan et al., 1991). Thus, species and(or) 
methodological differences may exist in terms of 
hormone-regulated IGF-I production by granulosa 
cells. 

Results from the present study using Northern 
blotting and hybridization demonstrated that the 
human IGF-I cDNA used binds to  mRNA of adult 
bovine liver and granulosa cells; transcripts of approx- 
imately 7 to  8 kb, 4 kb, 2 kb, and 1 kb were found in 
liver tissue and granulosa cells. Similar-sized tran- 
scripts have been identified in adult bovine (Godfred- 
son et al., 1991; Hannon et al., 1991) and human 
(Rotwein, 1986) liver and in adult bovine en- 
dometrium (Geisert et al., 1991). Moreover, IGF-I 
mRNA has been detected in human granulosa cells 
(Voutilainen and Miller, 1987) and rat ovaries 
(Hernandez et al., 1989; Oliver et al., 1989). The 
function of the various IGF-I mRNA species, their 
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transcription, processing, and translation are un- 
known. Because the 7.5-kb IGF-I mRNA has a shorter 
half-life than the 1.2-kb mRNA (Hepler et al., 19901, 
perhaps the expression of various transcript sizes may 
affect the rate of translation and(or) stability. 

Although the present and previous studies (Savion 
et al., 1981; Geisthovel et al., 1990; Hammond et al., 
1991) establish granulosa cells as a site of insulin and 
IGF-I action, their physiologic relevance remains 
unclear. Average concentrations of insulin in blood of 
beef and dairy cattle are usually < 10 ng/mL (Elsasser 
et al., 1989; Richards et al., 19891, and thus fall below 
the effective doses of insulin used in the present study. 
However, IGF-I concentrations in blood and follicular 
fluid in cattle usually exceed 100 ng/mL (Echter- 
nkamp et al., 1990; Spicer and Enright, 1991; Spicer 
et al., 1992b). Thus, IGF-I may be a more physiologi- 
cally relevant promoter of follicular function than 
insulin. 

Implications 

Insulin and insulin-like growth factor I (IGF-I) 
stimulated proliferation of bovine granulosa cells in 
vitro. In addition, follicle-stimulating hormone, insu- 
lin, and IGF-I stimulated granulosa cell progesterone 
production and(or) estradiol production. These 
studies indicate that IGF-I (and perhaps insulin) may 
have direct local effects on bovine ovarian follicular 
function in vivo, and that these effects are influenced 
by the differentiative state of the follicle. 
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