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Abstract. We sought to determine the influence of different constituents of the extra- 
cellular matrix on porcine granulosa cell function by assessing cellular attachment, 
cellular morphology, follicle-stimulating hormone (FSH) receptors, and progesterone 
production. Cells from immature porcine ovarian follicles were cultured for up to 6 
days in serum-free medium containing porcine FSH (pFSH, 10 nglml) in culture dishes 
either uncoated or coated with one of the following adhesion proteins: gelatin (1 
mg/cm2), fibronectin (1 pg/cm2), laminin (1 pg/cm2), type I collagen (10 pg/cm2), or 
type IV collagen (7.8 pg/cm2). Fibronectin, laminin, type I collagen, and type IV colla- 
gen increased cellular attachment significantly (P < 0.05). All adhesion proteins ex- 
cept gelatin influenced cellular morphology. Cells cultured on laminin or type IV col- 
lagen formed dense clusters of rounded cells. Cells cultured in dishes coated with 
each adhesion protein except gelatin had higher '*'I-pFSH binding per cell than cells 
cultured in uncoated dishes, with increases of 7- to 12-fold over control (P < 0.05). All 
adhesion proteins increased progesterone production, ranging from 10- to 50-fold 
over control (P < 0.05). In summary, not only did adhesion proteins increase attach- 
ment to the dishes but they also increased FSH receptors and differentiated function 
(progesterone production) of granulosa cells from immature porcine ovarian follicles. 
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dhesive interactions between cells and the sur- 
rounding extracellular matrix play a critical A role in cellular physiology and gene expres- 

sion. Many of the interactions between cells and the 
extracellular matrix are mediated by integrins, a family 
of cell-surface receptors ( I ) .  This receptor family is 
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composed of 14 distinct a subunits and eight p sub- 
units which associate in various combinations in many 
cell types to bind extracellular matrix proteins such as 
laminin, fibronectin, and collagen. Unlike the "single 
ligand-single receptor" concept believed important 
for hormone-receptor activation, an integrin receptor 
may recognize several extracellular matrix proteins, or 
several integrins may interact with a certain extracel- 
lular matrix protein ( I ) .  This flexibility in integrin re- 
ceptor activation may allow for variability in gene ex- 
pression by the cell. 

Ovarian follicular granulosa cells as well as their 
male analog, testicular Sertoli cells, rest on a basement 
membrane, in vivo, which contains type IV collagen, 
laminin, and fibronectin (2, 3). Studies of rat follicles 
in vivo indicate that proximity to the extracellular ma- 
trix influences granulosa cell differentiation. The most 
differentiated cells, which contain the highest density 
of luteinizing hormone (LH) receptors, cytochrome 
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P-450 and 3P-hydroxysteroid dehydrogenase activity, 
are found closest to the basement membrane (4, 5). 

Previous investigators have examined dependence 
on progesterone production, LH receptors, and hu- 
man chorionic gonadotropin (hCG)-responsive adeny- 
lyl cyclase activity of rat and human granulosa cells on 
particular adhesion proteins (640). The goal of this 
study was to compare the abilities of five different 
adhesion proteins to promote cellular attachment to 
culture dishes and to increase follicle-stimulating hor- 
mone (FSH) receptors in immature granulosa cells of 
the pig. Progesterone production was assessed as an 
index of differentiated function. 

Materials and Methods 
Cell Culture. Ovaries of prepubertal pigs were 

obtained at a local abbatoir within 20 min of slaughter. 
Granulosa cells were aspirated aseptically from imma- 
ture (1- to 3-mm diameter) follicles and washed twice 
in medium containing Ham’s F10:Dulbecco’s modified 
Eagle’s medium (1:l; Gibco, Grand Island, NY) con- 
taining penicillin ( 100 U/ml), streptomycin ( 100 pg/ml), 
fungizone (250 ng/ml), mycostatin (100 U/ml), and gen- 
tamicin (50 pg/ml, all from Gibco). Cells were plated at 
a density of 15 x lo6 cells (75 pg DNA) per 35-mm 
diameter wells in 6-well plates (Nunclon, Scientific 
Supply Company, Schiller Park, IL) and cultured for 
up to 6 days in medium containing the above antibiot- 
ics plus bovine serum albumin (BSA, 0.4% [w/v], 
Sigma Chemical Co., St. Louis, MO), low-density li- 
poprotein cholesterol (10 pg/ml, Calbiochem, LaJolla, 
CA), thrombin (1 U/ml, Sigma), bovine insulin (1 pg/ 
ml, Gibco), and purified porcine FSH (10 ng/ml), pre- 
pared and characterized previously (1 1). This serum- 
free medium was similar to that described by Buck and 
Schomberg (12) and has been described previously 
(13). Medium was changed every 2 days and stored at 
- 20°C for progesterone radioimmunoassay. Cells 
were scraped from wells in phosphate-buffered saline 
with a rubber policeman and stored at -70°C for ra- 
dioreceptor assay and DNA assay. 

Preparation of Adhesion Proteins. Wells were 
coated with one of the following adhesion proteins: 
fibronectin (1 p,g/crn2) (14, 15), laminin (1 pg/cm2) (14, 
16), type I collagen (10 pg/cm2) (14), or type IV colla- 
gen (7.8 pg/cm2, all from Sigma) (16), or gelatin (1 
mg/cm2) (17). Each adhesion protein was diluted in 
medium and added to wells in 1 ml. Fibronectin-coated 
wells were placed in a humidified 5% CO, incubator at 
37°C for 2 hr. Wells containing gelatin, laminin, type I 
collagen, or type IV collagen were placed in a tissue 
culture hood for 4 hr. All solutions were aspirated be- 
fore cells and culture media were added. 

Radioreceptor Assay. All cells, including freshly 
harvested cells and cells cultured for increasing 

lengths of time, were treated with mild acid prior to 
radioreceptor assay to remove any surface-bound 
FSH (13). Briefly, cells were incubated for 45 sec in 
500 pl minimal essential medium (MEM, Gibco) with- 
out NaHCO, adjusted to pH 3.5 with acetic acid and 
containing 0.1% bovine serum albumin (BSA). The re- 
action was terminated by addition of 2 ml of phos- 
phate-buffered saline (PBS) (0.14 M NaCl, 0.01 M so- 
dium phosphate buffer, pH 7.4). Cells were centri- 
fuged, and the pellet was saved for binding assay. This 
treatment removed 86% of bound FSH with retention 
of 89% of the original binding capacity. 

Purified pFSH (11) was iodinated with 12’1 by a 
modified chloramine-T method (18). Specific radioac- 
tivity, calculated according to the method of Green- 
wood et al. (19), was 12.2 pCi/pg. Cells were incu- 
bated in 500 pl assay buffer (0.15 M NaCl, 10 mM Tris, 
pH 7.4,O. 1% BSA) for 14-16 hr at 22°C with I2’1-pFSH 
(5 ng/ml) in triplicate. Pregnant mare’s serum gonad- 
otropin (PMSG, Sigma) was added to parallel tubes in 
duplicate at a 2000-fold excess by mass to estimate 
nonspecific binding. Incubations were terminated with 
the addition of 2.5 ml ice-cold assay buffer followed by 
centrifugation (1500g for 15 min) to pellet the cells. 
Bound ”’I-pFSH was measured by gamma scintilla- 
tion spectrometry. Nonspecific binding was sub- 
tracted from total binding to yield specific binding. We 
demonstrated previously that changes in binding 
assessed in this manner reflect changes in receptor 
number ( 13). 

Rad ioi m mu noassay. Progesterone in culture 
medium was measured by radioimmunoassay using a 
specific progesterone antibody provided by Dr. Robert 
Chatterton (20). Interassay and intraassay coefficients 
of variation were less than 10%. 

DNA Quantitation. A fluorometric assay using 
calf thymus DNA (Sigma) as standard was used to 
quantitate cellular DNA (21). 

Data Analysis. Treatment time courses were 
compared by multivariate analysis (22). Values for 
progesterone were logarithmically transformed prior 
to analysis. Means at individual time points were then 
compared by univariate analysis using Duncan’s mul- 
tiple range test. An 01 level of P < 0.05 was accepted as 
significant. 

Results 
Granulosa cells attached to wells within 24 hr after 

plating in the absence or presence of adhesion pro- 
teins. The degree of attachment was dependent upon 
the adhesion protein used to coat the culture dishes 
prior to plating (Fig. 1). By Day 2, the number of cells 
attached, as reflected by DNA, declined in culture by 
approximately 609&70% with all adhesion proteins ex- 
cept gelatin, where cell attachment declined by 93%, 
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Figure 1. Effect of adhesion proteins on cellular attachment. 
Cells were cultured for up to 6 days with pFSH (10 ng/ml) in the 
absence or presence of one of the five adhesion proteins (see 
text for concentrations). The medium was changed every 2 days. 
Data are expressed as pg DNNwell and are graphed versus days 
in culture. Each vertical bar represents the mean and the vertical 
line the SEM of quintuplicate determinations in a representative 
of three experiments. *Significant differences from control val- 
ues ( P  < 0.05). 

similarly to control. The adhesion proteins, fibronec- 
tin, laminin, type I collagen, and type 1V collagen, 
maintained significantly greater cell attachment at Day 
2, 4, and 6 of culture. Gelatin did not significantly 
enhance cellular attachment to culture dishes com- 
pared with control. At Day 2, type IV collagen and 
fibronectin increased attachment 6.9- and 6.7-fold, re- 
spectively, compared with control. By Day 6, attach- 
ment was greatest on laminin- and fibronectin-coated 
dishes, 6.1- and 5.8-fold of control, respectively. 

Adhesion proteins caused pronounced differences 
in morphologic appearance as observed by light mi- 
croscopy (Fig. 2). These differences were most evi- 
dent at Day 4 and 6 of culture. Control cells and cells 
on gelatin typically appeared as isolated, single cells, 
spread sparsely on the dishes (Fig. 2 A and B). Cells 
cultured on either fibronectin (Fig. 2C) or type I col- 
lagen (Fig. 2E) spread on the dishes and had a flat- 
tened, spindle-shaped appearance; some small clusters 
of rounded cells were evident. In contrast, cells cul- 
tured on laminin (Fig. 2D) or type IV collagen (Fig. 2F) 
formed numerous dense clusters of rounded cells on 
areas of flattened cells. 

All adhesion proteins tested significantly in- 
creased FSH binding, expressed on a per microgram 
DNA basis (Fig. 3). The decrease in FSH binding with 
fibronectin, laminin, type I collagen and type IV col- 
lagen observed on Day 2 of culture was not significant. 
By Day 4, the increases in FSH binding compared with 

control ranged from 7.3-fold for gelatin to 12.9-fold for 
type IV collagen. FSH binding declined between Day 
4 and 6 of culture. However, at Day 6 FSH binding in 
dishes coated with fibronectin, laminin, type I colla- 
gen, and type IV collagen remained greater than con- 
trol; the difference between gelatin and control was 
not significant. The difference between type I collagen 
and control increased to 20.1-fold because FSH bind- 
ing in control cultures declined to a greater extent than 
in the type I collagen cultures. 

Progesterone production, expressed on a per cell 
basis, in cultures with gelatin, fibronectin, laminin, 
type I collagen, and type IV collagen was significantly 
lower compared with control cultures at Day 2 (Fig. 4) 
However, subsequent progesterone production was 
enhanced by each of the adhesion proteins. At Day 4 
of culture, enhancement of progesterone production 
ranged from 3.0-fold for fibronectin to 7.0-fold for lam- 
inin. At Day 6 of culture, enhancement of progester- 
one production ranged from 6.7-fold for gelatin to 57.8- 
fold for type I collagen; gelatin was significantly less 
effective than the other adhesion proteins tested. 

Discussion 
We have demonstrated that the adhesion proteins, 

gelatin, fibronectin, laminin, type I collagen, and type 
IV collagen all increase FSH receptors in vitro. Bind- 
ing is maximal by Day 4 of culture and declines slightly 
by Day 6, perhaps reflecting FSH receptor downreg- 
ulation (13). The decrease in FSH binding in porcine 
granulosa cells cultured with FSH is consistent with 
the progressive decrease in FSH receptors in growing 
porcine follicles (23). Thus, under these in vitro con- 
ditions, the response to FSH parallels the in vivo re- 
sponse to FSH in porcine granulosa cells. 

Others utilizing culture systems of rat or human 
granulosa cells pretreated with hormones in vivo have 
shown that the extracellular matrix influences LH/ 
hCG receptors. Granulosa cell LH receptors, also crit- 
ical for development and coordination of oogenesis, 
increase in culture when either bovine corneal extra- 
cellular matrix (6, 8) or fibronectin (12) is employed as 
the attachment substrate. The increase in LH recep- 
tors corresponds to increased responsiveness to 
CAMP (6). 

We have shown that fibronectin, laminin, type I 
collagen, and type IV collagen significantly enhance 
cell attachment compared with either no adhesion pro- 
tein or gelatin for culture up to 6 days. The initial 
decline in cell number despite progressive differentia- 
tion and viability of the cell population may be caused 
by the selection by the adhesion protein of a subpop- 
ulation of granulosa cells that is most steroidogenically 
active. To our knowledge no prior study has examined 
granulosa cell number as measured by cellular DNA as 
a function of various adhesion proteins. Buck and 
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Figure 2. Phase contrast microscopy of cells cultured on either uncoated dishes or dishes coated with one of the following adhesion 
proteins: control (uncoated plastic) (A); gelatin (B); fibronectin (C); laminin (D), type I collagen (E), type IV collagen (F). Photomi- 
crographs represent typical morphology observed on day 6 of culture in a representative of three experiments. Magnification: x600. 

Schomberg demonstrated an increase in cellular pro- 
tein in porcine granulosa cells cultured on fibronectin 
(12), although it was not clear whether the quantitation 
of cellular protein was influenced by the fibronectin, a 
glycoprotein, used to coat the plates. Aten et al. (24) 
recently demonstrated that laminin and Matrigel en- 
hance progestin production in mature rat granulosa 
cells from preovulatory follicles. They further demon- 
strated that addition of integrin receptor antibody to 
the culture medium inhibited progestin production 
(24). 

It is not known how granulosa cells attach to ad- 
hesion proteins. Other cell types, including fibrosar- 
comas, breast carcinomas, muscle cells, melanomas, 
neuroblastomas, and Chinese hamster ovary cell lines, 
possess integrins, receptors for laminin (25). Also, 
Sertoli cells in the testis, which possess FSH receptors, 

laminin receptors that have been proposed to promote 
formation of testis cords and subsequent differentia- 
tion into seminiferous tubules during embryogenesis 
(3,  26). Testicular Leydig cells similarly attach to type 
IV collagen, fibronectin, or laminin, and form spheri- 
cal shapes (27). An antibody directed against a peptide 
which competes with laminin for laminin receptors 
(YIGSR) on mouse testicular cells blocks attachment 
and aggregation of those cells, further supporting the 
importance of integrins for cellular attachment and 
physiologic cell clustering in gonadal tissue (28). 

Adhesion proteins have been shown to influence 
hormone production in several circumstances. Our 
studies with fibronectin, laminin, gelatin, type I colla- 
gen, and type IV collagen agree with previous studies 
in which an increase in progesterone production by 
granulosa cells cultured on collagen or bovine corneal 
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Figure 3. Effect of adhesion proteins on '251-pFSH binding. Cells 
were cultured for up to 6 days with pFSH (10 ng/ml) in the ab- 
sence or presence of one of the five adhesion proteins. The 
medium was changed every 2 days. Surface-bound FSH was 
removed by treatment with mild acid and FSH binding was quan- 
tified by radioreceptor assay. Data are expressed as fmol 1251- 
pFSH boundlkg DNA and are graphed versus days in culture. 
Each vertical bar represents the mean and the vertical line the 
SEM of triplicate determinations in a representative of three ex- 
periments. *Significant differences from control values ( P  < 
0.05). 

extracellular matrix (6-10, 29) was observed. The sub- 
stantially greater increase in progesterone per micro- 
gram DNA in the present studies compared with other 
studies (7-9) might be explained by the addition of 
LDL cholesterol as a substrate for progesterone bio- 
synthesis, by a longer culture time in the present stud- 
ies, or by both. Other glandular cells also are influ- 
enced by adhesion proteins. In cultured pituitary cells, 
FSH, LH, and prolactin secretion are increased by 
extracellular matrix (30). Mammary gland cells dem- 
onstrate increased milk protein secretion when main- 
tained on extracellular matrix (31). Leydig cells in 
the testis maintain their ability to express 3 p -  
hydroxysteroid dehydrogenase activity for longer pe- 
riods of time on extracellular matrix (27). Thyroid fol- 
licles maintain their polarity when cultured on extra- 
cellular matrix (32). 

Our observations of pronounced granulosa cell 
clustering and height with extended intercellular pro- 
cesses on laminin, fibronectin, type I collagen, or type 
IV collagen are similar to those of others who cultured 
with bovine corneal extracellular matrix ( 6 8 ,  33), col- 
lagen (9, 29) or fibronectin (12). In our experience, all 
attachment substrates are fairly easy to use and all 
except gelatin maintain clusters of cells which become 
fuller as steroidogenesis ensues. Laminin yielded op- 
timal cell attachment and FSH binding along with its 
consistently small standard deviations between repli- 
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Figure 4. Effect of adhesion proteins on progesterone accumu- 
lation. Cells were cultured for up to 6 days with pFSH (10 ng/ml) 
in the absence or presence of one of the five adhesion proteins. 
The medium was changed every 2 days. Data are expressed as 
ng progesterone/kg DNN2 days and are graphed on a logarith- 
mic scale versus days in culture. Each vertical bar represents the 
mean and the vertical line the SEM of triplicate determinations 
in a representative of three experiments. *Significant differences 
from control values ( P  < 0.05). 

cates. The microscopic appearance of granulosa cell 
clustering on adhesion proteins is similar to the de- 
scription of Sertoli cell cord formation in vitro on lam- 
inin and entactin but not on plastic (26). 

These experiments demonstrate that the structure 
and function of immature granulosa cells of the pig in 
Litro are influenced by the substrate on which they are 
cultured. Cell attachment, FSH receptor binding and 
steroidogenesis all are enhanced by the adhesion pro- 
teins fibronectin, laminin, type I collagen, and type IV 
collagen. These studies support the concept of the ne- 
cessity for adhesion proteins for full expression of dif- 
ferentiated function in monolayer cultures. 
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