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We reported previously that coculture of immature rat 
Sertoli cells with Leydig cells or the addition of a con- 
centrate from Sertoli cell-conditioned medium (SCCM) 
stimulated Leydig cell [3H]-thymidine incorporation, 
increased cell number, and altered Leydig cell mor- 
phology (Wu and Murono, 1994). In the present stud- 
ies, the effect of various extraceilular matrix proteins 
on immature Leydig cell binding, proliferation and 
response to SCCM concentrate was investigated. Pre- 
treatment of culture wells with 50 ~tg/mL collagen I or 
10 ~tg/mL laminin inhibited Leydig cell binding to 
culture wells about 95 and 89%, respectively; how- 
ever, 5 ~tg/mL fibronectin did not change the level of 
attachment. The binding of Leydig cells to fibronectin 
was reduced by antifibronectin or -131 integrin antibod- 
ies (66 and 91%, respectively). Treatment of culture 
wells with five or 50 ~tg/mL fibronectin alone increased 
[3H]thymidine incorporation about twofold. When 
Leydig cells were cultured in wells precoated with 
increasing concentrations of fibronectin and then 
treated with SCCM concentrate for 2 d, [3H]-thymi- 
dine incorporation increased progressively with the 
concentration of fibronectin, beyond the levels 
observed with SCCM concentrate alone. This response 
was associated with increases in both Leydig cell 
number and labeling indices. When Leydig cells were 
cultured on fibronectin, their numbers increased by 3.7- 
and 5.1-fold following treatment with SCCM concen- 
trates or coculture for 6 d, respectively; whereas, they 
increased 2.6- and 3.9-fold, respectively, when cultured 
on plastic. Labeling indices of Leydig cells cultured on 
plastic for 2 d and treated with SCCM or cocultured 
were 6.9 and 11.9%, respectively, while labeling indices 
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of Leydig cells grown on fibronectin increased further 
to 17.6 and 26.3%, respectively, et5131 integrin com- 
plexes and ~t5 integrin mRNA were expressed in Leydig 
cells, suggesting that binding to fibronectin may be 
mediated by c~5131 integrins, a fibronectin receptor. 
These results suggest that Leydig cell proliferation 
stimulated by a Sertoli ceil-secreted mitogenic factor(s) 
is enhanced by Leydig cell binding fibronectin, and 
that this binding may be mediated by a5131 integrins. 

Key Words: Leydig cell; Sertoli cell; mitogen; fibro- 
nectin; c~5131 integrins; proliferation. 

Introduction 

The regulation of Leydig cell proliferation during sexual, 
maturation is poorly understood. Previous studies have 
shown that disruption or damage to the seminiferous tubules 
causes Leydig cell hypertrophy and hyperplasia, suggest- 
ing that Sertoli cells may secrete a mitogenic factor that 
stimulates Leydig cell proliferation (Aoki and Fawcett 
1978; Kerr et al., 1979; Rich and de Kretser, 1979; 
Risbridger et al., 1981). We have previously demonstrated 
that coculture of immature rat Sertoli cells with Leydig 
cells stimulated Leydig cell [3H]thymidine incorporation 
by 19-fold, increased cell number by 3.9-fold, and dramati- 
cally altered the morphology of Leydig cells (Wu and 
Murono, 1994). The addition of a concentrate from Sertoli 
cell-conditioned medium (SCCM) to cultured Leydig cells 
mimicked these biological effects. Partial characterization 
of the mitogenic factor(s) in SCCM suggested that it is a 
protein(s) with a molecular weight larger than 10 kDa, that 
differs in molecular weight, stability, and other character- 
istics from all previously reported Sertoli cell produced or 
expressed growth factors. 

Extracellular factors determine whether a quiescent cell 
begins to proliferate and a normal proliferating cell contin- 
ues to cycle (Pardee, 1989). These factors switch the intra- 
cellular machinery between quiescence and G1 phase. For 
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many peptide growth factors, their binding to cell surface 
receptors activates intracellular second messenger path- 
ways that result in DNA synthesis and replication (Hill, 
1989). The mitogenic effects of soluble growth factors 
through binding to their receptors on the cell surface have 
been reported previously; however, the mechanisms by 
which extracellular matrix (ECM) molecules modulate the 
proliferation of cells are not as well studied. A growing 
body of evidence suggests that ECM proteins influence 
migration, differentiation, and growth of cells through bind- 
ing to their receptors, the major group of which are known 
as integrins (Guan et al., 1991; Adams and Watt, 1993). 
Binding to integrins generates intracellular signals, such as 
tyrosine phosphorylation of focal adhesion kinase (FAK, 
pp125 yAK) (Burridge et al., 1992; Guan and Shalloway, 
1992; Hanks et al., 1992; Komberg et al., 1992), stimula- 
tion ofinositol lipid synthesis and enhancement ofplatelet- 
derived growth factor (PDGF)-induced inositol lipid 
breakdown (McNamee et al., 1993), elevation ofintracellu- 
lar Ca 2+ (Ng-Sikorski et al., 1991), and activation of protein 
kinase C (Vuori and Ruoslahti, 1993). These intracellular 
signals presumably mediate the biological effects between 
integrins and the targeted intracellular sites, although the 
exact mechanisms are still unknown. 

Fibronectin promotes cell growth by binding to integrins 
on the cell surface (Hynes, 1987; Ruoslahti and Piersch- 
bacher, 1987; Ingber et al., 1990). Moreover, it enhances 
growth factor-stimulated cell proliferation (Ingber et al., 
19,87, 1990; Davis et al., 1990). Peritubular cells, in close 
proximity to Leydig cells, produce fibronectin and collagen 
I (Tung et al., 1884; Skinner et al., 1985, 1989). Immuno- 
cytochemical staining showed that collagen I and fibronec- 
tin were localized in the interstitium of rat and human testis 
(Hadley and Dym, 1987; Santamaria et al., 1990); how- 
ever, whether they influence Leydig cell function is not 
known. In the present studies, the ability of immature 
Leydig cells to bind to different ECM proteins in culture 
was investigated. Fibronectin was found to facilitate bind- 
ing, whereas collagen I or laminin reduced attachment of 
Leydig cells. The basis for this attachment and the possible 
role offibronectin in mediating Leydig cell proliferation by 
Sertoli cell-secreted mitogenic factor(s) were studied. 

M a t e r i a l s  and  M e t h o d s  

Materials and Animals 

Collagenase (type I, ~200 U/mg), penicillin G, strepto- 
mycin, N-2-hydroxyethyl piperazine-N'2-ethanesulfonic 
acid (HEPES) buffer, Ham's F-12 nutrient mixture (F 12) 
and bovine serum albumin (BSA, RIA grade), Triton X- 
100, M gC12, CaCI2, T ris, phenylmethylsulfonyl fluoride (P M S F ), 
aprotinin, pepstatin, leupeptin, deoxycholate, sodium 
dodecyl sulfate (SDS), and ethidium bromide were from 
Sigma Chemical Co. (St. Louis, MO). Dulbecco's modi- 
fied Eagle's medium (DMEM), NaHCO3, Hank's balanced 

salt solution (HBS S), phosphate-buffered saline (PBS), and 
Taq DNA polymerase were from GIBCO BRL (Grand 
Island, NY). Percoll and protein A-Sepharose 4B were from 
Pharmacia Co. (Piscataway, NJ). [Methyl-3H]-thymidine 
(25 Ci/mmol) was from Amersham Life Science (Arling- 
ton Heights, IL). NaOH, acetic acid, methanol and tri- 
chloroacetic acid (TCA) were from Fisher Scientific 
(Pittsburgh, PA). UniverSol and soybean trypsin inhibitor 
(SBTI) were from ICN Biochemicals (Cleveland, Ohio). 
Collagen I (Vitrogen 100 purified Collagen) was from 
Celtrix Pharmaceuticals (Santa Clara, CA). Laminin was 
purified from the EHS tumor maintained in mice by pre- 
viously published methods (Kleinman et al., 1982). 
Fibronectin was purified by gelatin-sepharose affinity 
chromatography from rat serum (Miekka et al., 1982). Anti- 
J31 integrin and preimmune IgGs have been described pre- 
viously (Terracio et al., 1989, 1991; Hilenski et al., 1991). 
Mono-specific anti-~l and -ct5 integrin IgGs, produced 
against the cytoplasmic domains of ctl and ct5 integrin 
chains, were from Chemicon (Temecula, CA). Antifibro- 
nectin IgGs have been described previously (Lundgren et 
al., 1988). GeneAmp RNA PCR kit was from Perkin-Elmer 
(Norwalk, CT). Stratascript RT and random primers 
(Stratagene Prime IT II) were from Stratagene (La Jolla, 
CA). Primers for rat glyceraldehyde 3-phosphate dehydro- 
genase were from Clontech (Palo Alto, CA). pGEM DNA 
size standard was from Promega (Madison, WI). Giemsa 
stain was from Fluka Chemical Corp. (Ronkonkoma, NY). 
Emulsion, developer D-19, and fixer were from Eastman 
Kodak Co. (Rochester, NY). Centricon- 10 was from Amicon 
Inc. (Beverly, MA). The 100-mm-diameter culture dishes, 
35-ram-diameter 6-well and 16-mm-diameter 24-well cul- 
ture plates, and 24-mm-diameter Transwell tissue culture 
treated inserts were from Costar (Cambridge, MA). 

Charles-Dawley rats were purchased from Charles River 
Laboratories (Raleigh, NC). Animals were maintained in 
an AAALAC-accredited facility in compliance with the 
Guide for the Care and Use of Laboratory Animals. All 
animal protocols were reviewed and approved by the local 
animal studies committee. Animals were first rendered 
unconscious in a saturated CO 2 chamber, then killed by 
decapitation between 0800 and 0900 h. Testes were  
excised and placed in an ice bath prior to dissociation with 
collagenase. 

Leydig Cell Isolation 

Leydig cells were isolated from 25-d-old rats following 
the multistep procedure described for adults rats (Kline- 
felter et al., 1987), but that we have described for immature 
animals (Murono et al., 1992). Briefly, decapsulated testes 
were dispersed in 50 U/mL collagenase, and the interstitial 
cells were fractionated using a Beckman elutriator at a pump 
speed of 16 mL/min and a rotor speed of 2000 rpm. Cells 
that were retained at these settings were layered over a 60% 
self-generating Percoll gradient, and centrifuged at 27,000g 
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for 1 h. Cells localizing at a density of 1.068 g/mL or higher 
were saved as the Leydig cell fraction. Histochemicat stain- 
ing for 313-hydroxysteroid dehydrogenase (3[3-HSD) was 
used to assess the purity of these cells, which represented 
94-96% Leydig cells (Wu and Murono, 1994). 

Sertoli Cell Isolation 

Sertoli cells from 25-d-old rats were isolated according 
to Rich et al. (1983) with some modifications (Wu and 
Murono, 1994). In brief, decapsulated testes were digested 
with 50 U/mL collagenase for 20 min with agitation (80 
cpm) at 37~ After incubation, the tubules were washed 
three times with 30 mL fresh medium and allowed to settle 
by unit gravity for 10 min between washes. The tubules 
were digested with collagenase (50 U/mL, 30 min at 37~ 
a second time. After incubation, the cellular suspension 
was brought up to 30 mL by addition of fresh medium, and 
the Sertoli cell aggregates were isolated by allowing the 
cells to settle by unit gravity for 15 min. The Sertoli cell 
aggregates were resuspended in fresh medium, and this 
washing step was repeated. The supernatant was removed, 
and 10 mL of fresh medium was added. Sertoli cell aggre- 
gates were dispersed further by repeated pipeting using an 
automatic pipet. Additional 30 mL of medium was added 
and the dispersed cells were passed through a four-layer 
gauze filter. The Sertoli cell aggregates were washed three 
more times with 30 mL fresh medium and allowed to settle 
by unit gravity for 20 min between washes. Each Sertoli 
cell aggregate contained 5-15 cells. After 2 d of culture, 
cells were washed with fresh medium to remove unattached 
cells and cellular debris. This yielded a preparation with a 
purity of  94+2% Sertoli cells as reported previously (Wu 
and Murono, 1994). 

Sertoli-Leydig Cell Coculture 
or Treatment o f  Leydig Cells with SCCM 

Coculture of Leydig and Sertoli cells or treatment of 
Leydig cells with SCCM were as described previously 
(Wu and Murono, 1994). Leydig cells were plated into 35- 
ram-diameter 6-well culture plates, with or without coating 
of 5 gg/mL fibronectin, at a density of 2 x 10S/well, and 
Sertoli cells were pipette into 24-mm-diameter Transwell 
inserts at a density of 105 aggregates/insert. Cells were 
cultured separately at 37~ and washed with fresh media to 
remove cellular debris and unattached cells 48 h after plat- 
ing. Leydig cells were cocultured with Sertoli cells or 
treated with 10 gL of SCCM concentrate for 48-120 h. 
SCCM concentrate was prepared as described previously 
(Wu and Murono, 1994). The Sertoli cell inserts were 
removed and [3H]-thymidine incorporation, labeling index, 
morphology, and number of Leydig cells were examined as 
described previously (Wu and Murono, 1994). 

Cell-Attachment Assay 
16-ram-diameter 24-well plates were uncoated, coated 

with 5 gg/mL fibronectin or 10 gg/mL laminin at 4~ over- 

night, or 50 ~tg/mL collagen at 4~ for 1 h. Wells were 
rinsed twice with culture medium, and 5 x ] 0  4 Leydig cells 
were plated into the wells. In some experiments, anti- 
fibronectin IgGs or -131 integrin IgGs were added to block 
Leydig cell binding to fibronectin. In these experiments, 
wells coated with fibronectin were incubated with 2% BSA 
at 37~ for 1 h. For the experiments using antifibronectin 
IgGs, wells were then incubated with culture medium or 
250 gg/mL antifibronectin IgGs at 37~ for 1 h and 5 x 10  4 

Leydig cells were plated into the wells. For the experiments 
using anti-131 integrin IgGs, Leydig cells were incubated 
with culture medium or 500 gg/mL anti-[31 integrin IgGs in 
culture medium at 37~ for 1 h, and 5 x 10  4 cells were 
plated to each well. For both of the antibody experiments, 
preimmune IgGs (rabbit) were used at the same concentra- 
tions as control. To assay cellular attachment, cells were 
cultured for 24 h. They were washed three times with PBS, 
fixed with methanol, stained with Giemsa, and examined 
under a phase-contrast microscope. At least 200 fields 
(200x magnification) were randomly selected and counted 
for each well. 

lmmunoprecipitation 
of  ill Integrin Subunit in Cultured Leydig Cells 

Leydig cells were cultured for two days and washed with 
fresh culture medium. Integrin chains present on the sur- 
face of cultured cells were determined using methods we 
have described previously (Gullberg et al., 1989; Terracio 
et al., 1991). Cells were surface-labeled by iodination with 
12sI (Gullberg et al., 1989). Next, the cells were washed 
with PBS and solubilized in buffer containing 1% Triton X- 
100, l mMMgC12, 1 mMCaCI2, 10 mMTris (pH 8.0) and 
protease inhibitors (1 mM PMSF, 1% aprotinin, 1 /ag/mL 
pepstatin A, and 2 mM leupeptin). Cells were centrifuged 
at 15,000g for 30 min, and the supernatant was saved. Equal 
radioactive counts of the supematants were used for immu- 
noprecipitation. Preimmune IgGs (100 ~g/mL) were added 
to the supernatant and samples were incubated for 4 h. This 
was followed by the addition of 100 p~L protein A-Seph- 
arose 4B (50% slurry in PBS), and samples were incubated 
for an additional 1 h. Following centrifugation at t 5,000g, 
the supernatant was incubated with immune IgGs against 
the integrin 131 (Terracio et al., 1991), c~l or (z5 chain (100 
j~g/mL) overnight. Protein A-Sepharose was added as de- 
scribed above (Terracio et al., 1991) and incubation contin- 
ued for 1 h. Immunoprecipitated proteins were rinsed four 
times in buffer containing 1% Triton X- 100, 0.5M NaC1, 1 
mM CaC12, and 10 mM Tris (pH 7.4), twice in buffer con- 
taining 0.5% Triton X-100, 0.5% deoxycholate, 0.1% 
SDS, 1 mMMgC12, 1 mMCaC12 and 0.1MNaC1 (pH 8.0) 
and once in PBS. Immunoprecipitates were isolated by 
centrifugation at 15,000g, and the pellets were resuspended 
in SDS-PAGE sample buffer. The sample was boiled and 
subjected to SDS-PAGE and autoradiography as previously 
described (Gullberg et al., 1989). Identification ofct chains 
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was verified by immunoprecipitation with ct 1 or a5 integrin 
antibodies as described previously in cardiac myocytes 
(Terracio et al., 1991). 

Identification of a5 Integrin mRNA 

Reverse transcriptase (RT) polymerase chain reaction 
(PCR) was performed as described by Burgess et al. (1994) 
to determine whether mRNA for a5 integrin was expressed 
in Leydig cells. Total RNA was isolated from freshly iso- 
lated Leydig cells using the one-step guanidinium thiocy- 
anate method (Chomczynski and Sacchi, 1987). RT-PCR 
was performed using 1 gg of  total RNA per reaction. 
Briefly, Stratascript RT and random primers (Stratagene 
Prime IT II) were used for cDNA synthesis from RNA. This 
cDNA was amplified using Taq DNA polymerase and prim- 
ers for mouse or5 integrin (Holers et al., 1989). Specifically, 
cDNA sequences nt 97-118 (CTGAACCTGACATT- 
CCATGCCC) and nt 500-521 (TGGTCTTGAGGATT- 
CCAGTCGC) were used. The primer detection software 
(Clontech [Palo Alto, CA]) was used to select the ~5 
integrin primers for this experiment. These primers were 
synthesized by the Oligonucleotide Synthesis Facility at 
the University of  South Carolina (Institution for Biological 
and Research Technology, Columbia, SC). Primers for rat 
glyceraldehyde 3-phosphate dehydrogenase were used as a 
positive control. Thermal cycles were carried out for 32 
cycles at 95~ for 1.5 rain, 50~ for 1.5 min, 72~ for 2 
rain, with a single final 72~ incubation for 10 rain. Ampli- 
fied DNA was separated on 2% agarose gels along with 
pGEM DNA-size standards for reference. Gels were stained 
with ethidium bromide and photographed against UV light 
with a Polaroid camera. 

Statistics 

Each experiment was performed at least three times, each 
with similar results. The means of treatment groups were 
compared using analysis of variance (Tukey's multiple 
comparison procedure with contrasts). The means of treat- 
ment groups with two factors were compared using two- 
way analysis of variance (Tukey's multiple comparison 
procedure with contrasts). A p value of 0.05 or less was 
considered statistically significant. 

Results 

Effect of ECM Proteins on Leydig Cell Attachment 

Leydig cell adhesion to ECM proteins was examined 
by coating culture wells with these proteins, then quanti- 
tating the number of  cells that remained firmly attached to 
each well following two d of  culture. Treatment of  culture 
wells with 50 gg/mL collagen I or 10 gg/mL laminin inhib- 
ited immature Leydig cell binding about 95% and 89%, 
respectively, when compared to control (Table 1). Treat- 
ment of  culture wells with 5 ~ag/mL fibronectin did not 
significantly alter the attachment of Leydig cells when 
compared to control. 

Table 1 
The Effect of Extracellular Matrix Proteins 

on Leydig Cell Attachment a 

Cells/100 fields, 
Treatment group 200x % of control 

Control 2966 + 404 100.0 
5 ~tg/mL fibronectin 3249 + 340 109.5 + 1 1.5 
10 gg/mL laminin 327 + 30 b 11.0 + 1.0 
50 gg/mL collagen 144 + 41 b 4.9 + 1.3 

a2 x 105 Leydig cells from 25-d-old rats were plated to 35- 
mm-diameter culture wells without coating (control) or coated 
with collagen, laminin, or fibronectin. They were cultured for 
48 h, then washed with fresh culture medium to remove unat- 
tached cells. Attached cells were counted under phase-contrast 
microscope. Each treatment group represents the mean + SE of 
three separate cultures, bSignificantly different from control (p 
< 0.0001). 

Table 2 
The Effect of Antifibronectin or -131 Integrin Antibodies 

on Leydig Cell Attachment a 

Cells/100 fields, 
Treatment group 200x % of control 

Control 2549 ___ 131 100.0 
250 gg/mL 2648 + 311 b 103.4 + 1 2.2 

preimmune IgGs 
250 gg/mL 863 + 205 c 33.9 + 8.0 

antiFN IgGs 
500 gg/mL 2686 + 324 b 105.4 + 12.7 

preimmune IgGs 
500 gg/mL 238 + 44 c 9.3 + 1.7 

antil31 lgGs 

aCulture plates were coated with 5 gg/mL fibronectin. Wells 
were rinsed twice with culture medium and incubated with 2% 
BSA at 37~ for 1 h. Leydig cells were incubated with culture 
medium (control), 250 lag/mL antifibronectin (FN) or 500 gg/mL 
anti-131 integrin IgGs in culture medium at 37~ for 1 h, and 5 x 
104 cells were plated to each well. Preimmune IgGs (rabbit) were 
used at both concentrations as controls. All the cells were cul- 
tured for 24 h to enable them to attach. Cells were washed three 
times with PBS, fixed with methanol, and stained with Giemsa. 
Attachment of cells was assessed with an inverted phase-contrast 
microscope. Each number represents the mean + SE of three 
separate cultures. 

bNot significantly different from control (p > 0.05). 
cSignificantly different from control (p < 0.0001). 

Blockage of Leydig Cell Binding 
to Fibronectin by Fibronectin or E1 Integrin Antibodies 

To examine whether Leydig cell binding to fibronectin 
is specific and mediated by the fibronectin receptor, ix5 [31 
integrin, antifibronectin or -131 integrin IgGs were used to 
block Leydig cell binding to fibronectin. Treatment offibro- 
nectin-coated wells with 250 gg/mL antifibronectin IgGs 
blocked Leydig cell binding about 66% (Table 2). Treat- 
ment of  Leydig cells with 500 gg/mL anti-131 integrin IgGs 
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Fig. 1. The synergistic effect of the Sertoli c ell-secreted mitoge- 
nic factor(s) and fibronectin on Leydig cell [3H]-thymidine. Ley- 
dig cells were plated into 16-mm-diameter 24-well plates, 
uncoated or coated with increasing concentrations offibronectin 

4 (0.5, 5, and 50 gg/mL), at 5 x 10 cells/well. They were untreated 
or treated with 10 IlL of the SCCM concentrate in 0.5 mL culture 
medium 48 h after plating. Leydig cell [3H]-thymidine incorpo- 
ration was performed 2 d after treatment, aSignificantly different 
from Leydig cells cultured on plastic or 0.5 gg/mL fibronectin (p 
< 0.005). bSignificantly different from their controls (p < 0.005). 
CSignificantly different from cells cultured on plastic or 0.5 
gg/mL fibronectin and treated with SCCM (p < 0.0001). dSigni- 
ficantly different from cells cultured on 5 gg/mL fibronectin 
and treated with SCCM (p < 0.0001). 

blocked Leydig cell binding to fibronectin about 91%. 
Comparable concentrations of preimmune IgGs had no 
effect on Leydig cell attachment. These results suggested 
that Leydig cell binding to fibronectin was specific and 
mediated by cell surface ot5131 integrins. 

Effect of Fibronectin and SCCM Concentrate 
on Leydig Cell f H]-Thymidine Incorporation 

Pretreatment of culture wells with 0.5 I.tg/mL fibronec- 
tin alone had no effect on Leydig cell [3H]-thymidine 
incorporation; however, 5 and 50 gg/mL fibronectin 
increased [3H]thymidine incorporation about twofold over 
2 d of culture (Fig. 1). When Leydig cells, cultured on wells 
precoated with various concentrations of fibronectin, were 
treated with SCCM concentrate for 2 d, [3H]-thymidine 
incorporation increased progressively with the concentra- 
tion of fibronectin, beyond the levels stimulated by SCCM 
concentrate alone. [3H]thymidine incorporation of Leydig 
cells cultured on 50 ~g/mL fibronectin-coated wells and 
treated with SCCM concentrate was 4.6 times higher than 
that of Leydig cells cultured on plastic and treated with 
SCCM concentrate. These results suggest a synergism be- 
tween fibronectin and SCCM concentrate. 

Table 3 
The Effect of Fibronectin and Sertoli Cell-Secreted 

Mitogenic Factor(s) on Leydig Cell Number a 

-Fibronectin +Fibronectin 

Cells/ Cells/ 
Treatment 100 fields, % of 100 fields % of 
group 200x control b 200• control b 

Control 2812 +415 100 
SCCM 6268 + 568 a 255 + 23 
SC 9500+ 879 e 386+.36 

3725 + 768 c 132 + 27 
10,482 + 1792 ef 373 + 64 
14,367 + 2246ef 511 + 80 

a2 x 105 Leydig cells from 25-d-old rats were plated to 35- 
mm-diameter culture wells without (-fibronectin) or precoated 
with 5 gg/mL fibronectin (+fibronectin). They were cultured for 
48 h, then washed with fresh culture medium to remove unat- 
tached cells. Cells were treated with SCCM concentrate or cocul- 
tured with Sertoli cells for six days. They were washed, fixed 
with methanol, and stained with Giemsa. Control: Leydig cells 
cultured alone; SCCM: Leydig cells cultured alone but treated 
with 10 p.L SCCM concentrate; SC: Leydig cells cocultured with 
Sertoli cells. Each treatment group represents the mean + SE of 
three separate cultures. 

bpercentages of control Leydig cells cultured alone on plastic. 
CNot significantly different from control without fibronectin 

(p > 0.05). 
aSignificantly different from its control (p < 0.05). 
eSignificantly different from their respective control (p < 0.0005 ). 
fSignificantly different from cells cultured on plastic with the 

same treatment (p < 0.005). 

Effect of Fibronectin on Leydig Cell Morphology, 
Number, and Labeling Index (LI) 

Dramatic morphological changes in Leydig cells from a 
rounded outline to a fibroblastic appearance were observed 
after coculture or treatment with SCCM concentrate in the 
previous studies (Wu and Murono, 1994). Leydig cells 
cultured on 5 gg/mL fibronectin-treated wells spread 
modestly over six days of culture. However, cells grown 
on the fibronectin and treated with SCCM concentrate 
appeared to spread much faster and were far more extended 
(not shown). 

Leydig cells cultured on plastic or 5 gg/mL fibronectin- 
coated wells were treated with SCCM concentrate or 
cocultured with Sertoli cells for six days to examine whether 
there was a synergistic effect between the mitogenic factor 
and fibronectin on cell number. Leydig cells cultured on 
plastic treated with SCCM concentrate or cocultured with 
Sertoli cells increased 2.6- and 3.9-fold, respectively, as 
reported previously (Wu and Murono, 1994). The present 
studies demonstrated a further increase in Leydig cell num- 
ber from the combined effects of fibronectin and SCCM 
concentrate. Under these conditions, SCCM concentrate 
and coculture of Leydig and Sertoli cells increased Leydig 
cell number by 3.7- and 5.1-fold, respectively (Table 3). 

Leydig cell-labeling indices were also examined follow- 
ing treatment of Leydig cells cultured on plastic or 
fibronectin with SCCM concentrate or coculture. After 2 d 
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Table 4 
The Effect of Fibronectin and the Sertoli Cell-Secreted 
Mitogenic Factor(s) on [3H]Thymidine Labeling Index 

of Immature Leydig Cells a 

Treatment group Control SCCM SC 

-fibronectin 0.4 + 0.1 6.9 + 1.5 c 11.8 + 2.3 c'a 
+fibronectin 0.9 + 0.2 b 1 7.6 _+ 3.6 c 26.3 + 2.9 c,d 

a2 • 105 Leydig cells from 25-d-old rats were plated to 35- 
mm-diameter culture wells without (-fibronectin) or precoated 
with 5 gg/mL fibronectin (+fibronectin). They were cultured for 
48 h, then washed with fresh culture medium to remove unat- 
tached cells. Then some Leydig cells were treated with SCCM 
concentrate or cocultured with Sertoli cells for two days. Sertoti 
cell inserts were removed, cells were washed and 1 mL of fresh 
medium was added. Leydig cells were incubated with 4 pCi [3H]- 
thymidine for 24 h and autoradiography and Giemsa staining 
were performed. Control: Leydig cells cultured alone; SCCM: Ley- 
dig cells cultured alone but treated with 10 pL SCCM concentrate; 
SC: Leydig cells cocultured with Sertoli cells. Each treatment group 
represents the mean + SE of three separate cultures. 

bNot significantly different from control without fibronectin 
(p > 0.05). 

cSignificantly different from their respective controls (p < 0.005). 
dSignificantly different from Leydig cells treated with SCCM 

concentrate in each group (p < 0.005). 

of treatment, labeling indices of Leydig cells cultured on 
plastic and treated with SCCM or coculture were 6.9 and 
11.9%, respectively, whereas labeling indices of Leydig 
cells cultured alone was only 0.4% (Table 4). Labeling 
indices of Leydig cells under the same treatment condi- 
tions, but grown on fibronectin increased further, and were 
17.6 and 26.3% for SCCM concentrate treatment and 
coculture, respectively. 

Expression of lntegrins in Leydig Cells 

The previous studies demonstrated that culturing Ley- 
dig cells on fibronectin enhanced the mitogenic effects of 
SCCM. We next examined which integrins are expressed 
by immature Leydig cells. Cultured Leydig cells were sur- 
face labeled with 12si, solubilized, immunoprecipitated 
using anti-131 integrin IgGs, and resolved by SDS-PAGE 
(Fig. 2). The immunoprecipitation of 131 subunit by anti-131 
integrin IgGs and associated a5 subunit was demonstrated 
by the dark bands in the autoradiograph. There was also a 
very light band, which indicated ot 1 subunit associated with 
131 subunit, probably representing low levels o f a  1131 com- 
plexes in Leydig cells or contaminating cells. No other 
associated integrin subunits were detected by immunopre- 
cipitation. The identification of these integrin chains was 
confirmed by immunoprecipitation with monospecific 
IgGs to the ~5 or a 1 integrin (data not shown), as we have 
described previously (Terracio et al., 1991). 

a l  
- 2 0 0  

ct5 
r 

L J 

16  

Fig. 2. The expression of integrins in Leydig cells. Immunopre- 
cipitation was performed using anti-~l integrin IgGs and cell 
surface labeling with ~2~I. Preimmune IgGs did not precipitate 
integrins on cell surface. The immunoprecipitation of [31 subunit 
031) by anti-~l integrin IgGs and associated a5 subunit (~5) is 
shown. The light band indicates a 1 subunit (c~ 1) associated with 

1 subunit. No other associated integrin subunits were detected 
by immunoprecipitation. Numbers represent kilodaltons. 

Expression of lntegrin mRNA in Leydig Cells 

RT-PCR was used to identify (x5 integrin mRNA in 
Leydig cells. Synthesis of eDNA from Leydig cell mRNA 
with random primers and subsequent PCR with a5 integrin- 
specific primers resulted in the amplification of the antici- 
pated DNA product of approx 424-base pair (bp) (Fig. 3, 
lane 1). Amplification with glyceraldehyde 3-phosphate 
dehydrogenase primers also resulted in the appropriate size 
DNA and served as a positive control (Fig. 3, lane 2). 

Discussion 

We have previously shown that Sertoli cells secrete a 
mitogenic factor(s) which stimulates proliferation and inhib- 
its steroidogenesis of Leydig cells (Wu and Murono, 1994). 
In the present studies, we demonstrated that the proliferative 
effect of the mitogenic factor(s) can be greatly enhanced by 
fibronectin. In contrast, collagen I and laminin reduced 
Leydig cell adhesion to culture plates, a5131 integrins were 
identified and a5 integrin subunit mRNA was expressed in 
Leydig cells, suggesting that the effects of fibronectin may 
be mediated through this classic fibronectin receptor. 

ECM proteins have been reported to influence migration, 
differentiation, and growth of cells through binding to their 
receptors known as integrins (Guan et al., 1991; Adams and 
Watt, 1993). It was shown previously that fibronectin en- 
hanced growth factor-stimulated proliferation of T lympho- 
cytes (Davis et al., 1990) and capillary endothelial cells 
(Ingber et al., 1987; Ingber, 1990). Moreover, it was demon- 
strated that proliferation proceeded only when fibronectin 
was present in insoluble form (Davis et al., 1990, Ingber, 
1990) and when cellular spreading and nuclear expansion 
occurred (Ingber, 1990). It has also been shown that 
fibronectin stimulates growth of fibroblasts (Terranova et 
al., 1986), and granulosa cells (Morley et al., 1987) that are 
both ofmesenchymal origin, as is the case for Leydig cells. 
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1 2 
Fig. 3. RT-PCR showing Leydig cell expression of a5 integrin 
mRNA. Total RNA was isolated from freshly isolated Leydig 
cells using the one-step guanidinium thiocyanate method. RT- 
PCR was performed using 1 ~tg of total RNA per reaction. 
Stratascript RT and random primers were used for cDNA synthe- 
sis from the RNA. The cDNA was amplified using Taq DNA 
polymerase and primers (nt 97-118: CTGAACCTGACATT- 
CCATGCCC and nt 500-521: TGGTCTTGAGGATTCCAGT- 
CGC) for the mouse ~t5 integrin. Primers for rat glyceraldehyde 
3-phosphate dehydrogenase were used as a positive control. 
Amplified DNA was separated by 2% agarose gels along with 
pGEM DNA size standards for reference. The band (424 bp) in 
lane 1 represents amplified cDNA from ct5 integrin mRNA. The 
band in lane 2 represents amplified cDNA from glyceraldehyde 
3-phosphate dehydrogenase mRNA. 

We have shown in the present studies that immature rat 
Leydig cells adhered to fibronectin and plastic equally well; 
however, they attached to laminin or collagen I poorly. It is 
not clear whether Leydig cells secrete fibronectin or other 
ECM components that mediate their binding to plastic. 
Although Leydig cells attached to both plastic and fibro- 
nectin, their morphological appearance following culture 
on either substrate differed. Leydig cells cultured on plastic 
did not spread out, whereas Leydig cells plated on fibronec- 
tin slowly spread out after several days of culture. However, 
the time required for this spreading was much slower and 
far less prominent than that observed following treatment 
of cells with SCCM concentrate (Wu and Murono, 1994). 
In contrast, culturing adult Leydig cells on fibronectin- 
coated wells had only a modest effect on Leydig cell spread- 
ing (Vernon et al., 199 I). This may suggest that immature 
and adult Leydig cells bind to or respond differently to 
fibronectin. Leydig cells grown on fibronectin and treated 
with SCCM concentrate appeared to spread at a faster rate 
and to a greater degree, suggesting that fibronectin and the 
mitogenic factor(s) acted synergistically. Synergistic effects 
were more clearly quantitated when other endpoints were 
measured. For example, [3H]-thymidine incorporation of 
Leydig cells grown on fibronectin without treatment 
increased slightly over two d of culture, suggesting that 
fibronectin alone has very limited effect on Leydig cell 
proliferation. Although a direct proliferating effect offibro- 
nectin was lacking, the growth response of Leydig cells 

cultured on fibronectin to the mitogenic factor(s) was 
greatly increased as indicated by increased [3H]-thymidine 
incorporation, labeling index, and number of Leydig cells. 
The mechanisms of this synergism are not clear at present. 
The Sertoli cell-secreted mitogenic factor(s) was previously 
shown to cause Leydig cell spreading and proliferation on 
plastic (Wu and Murono, 1994). In the present studies, a 
faster and more extended spreading of cells and nuclei was 
observed in Leydig cells grown on fibronectin following 
treatment with SCCM concentrate, suggesting that cellular 
and nuclear expansion may be associated with the level of  
proliferation. Binding of Leydig cells to fibronectin may 
facilitate the expansion of cells and nuclei, and reorganiza- 
tion of the cytoskeleton and nuclei. These changes are pro- 
posed to favor DNA synthesis and to be a prerequisite for 
cellular entry into the S-phase of the cell cycle (Ingber et 
al., 1987; Ingber, 1990; Nicolini et al., 1986). The rate of 
endothelial cell proliferation was tightly coupled to cellular 
and nuclear expansion (Folkman and Moscona, 1978). 
Alternatively, fibronectin may act as a competence factor 
and signal Leydig cell response to a progression factor(s), 
which is presumably present in SCCM. This mechanism of 
synergy was proposed by Bitterman et al., (1983) who 
observed dose-dependent growth stimulation of HFL1 
fibroblasts by fibronectin. This effect of fibronectin was 
enhanced by insulin and alveolar macrophage-derived 
growth factor, but not by fibroblast growth factor (FGF). It 
is not clear whether this is true for Leydig cell proliferation 
stimulated by the mitogenic factor(s) in SCCM. Leydig cell 
spreading in response to SCCM concentrate was observed 
in cells cultured on plastic alone; therefore, it is possible 
that Leydig cells secrete fibronectin to facilitate cell spread- 
ing in response to the mitogenic factor(s). Secretion of 
extracellular matrix proteins by Leydig cells has not been 
demonstrated previously, although peritubular cells, which 
are thought to be derived from mesenchymal cells, as is the 
case for Leydig cells, secrete collagen I (Skinner et al., 1985) 
and fibronectin (Tung et al., 1884; Skinner et al., 1989). 

It is possible that binding of Leydig cells to fibronectin 
generates intracellular signals that converge with signals 
generated by mitogenic factor(s). Although the mechanism 
mediating cellular shape changes are not known, there is 
evidence that binding of ECM proteins to integrins gener- 
ates intracellular signals, including tyrosine phosphoryla- 
tion of FAK (Burridge et al., 1992; Guan and Shalloway, 
1992; Hanks et al., 1992; Kornberg et al., 1992), stimula- 
tion of inositol lipid synthesis and enhancement of PDGF- 
induced inositol lipid breakdown (McNamee et al., 
1993), elevation of intracellular Ca 2+ (Ng-Sikorski et al., 
1991), and activation of protein kinase C (Vuori and 
Ruoslahti, 1993). Studies on KB carcinoma cells (Komberg 
et al., 1991), and NIH 3T3 fibroblasts (Guan et al., 1991) 
showed that the crosslinking ofintegrins or binding of cells 
on fibronectin induced rapid phosphorylation of several 
proteins of similar size. These may be related to proteins 
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that are phosphorylated by treatment of cells with various 
soluble growth factors (Rees-Jones and Taylor, 1985; 
Sadoul et al., 1985; Pasquale et al., 1988). The phosphory- 
lation of similar proteins by soluble growth factors and 
activation of integrins by ECM proteins suggest the exist- 
ence of convergent signaling pathways, and this may offer 
a potential explanation for anchorage-dependent cell 
growth in normal cells (Hynes, 1992). 

In the rat, fibronectin disappears from differentiating 
mesenchymal cells in many organs (Rouslahti et al., 1981), 
including testicular cord cells from the 13.5-d-old fetus 
(Pelliniemi et al., 1984). However, fibronectin was identi- 
fied in the lamina propria and within the interstitium of 
adult rat and human testes, while collagens I and IV and 
laminin were limited to the lamina propria (Hadley and 
Dym, 1987; Santamaria et al., 1990). The functions of these 
ECM components are not well understood. However, with 
respect to Leydig cells, the present studies demonstrated 
that they bind preferentially to fibronectin-coated plastic 
wells over collagen I- and laminin-coated wells. This selec- 
tive binding to fibronectin and the growth-promoting effects 
of fibronectin suggest that Leydig cells may possess mainly 
fibronectin receptors (integrins). Although the specific 
functions of SCCM and fibronectin in immature Leydig 
cells remain to be determined, it is noteworthy that between 
days 14 and 28 of maturation, the number of rat Leydig cells 
increase from about 0.4 to 13.4 million per testis (Hardy et 
al., 1989). Although this increase has been ascribed mainly 
to differentiation ofmesenchymal precursors (Hardy et al., 
1989), the present studies suggest that SCCM together with 
fibronectin also may play a role in this increase. 

Integrins are a family ofheterodimeric cell surface recep- 
tors consisting of an ot and 13 subunit (Hynes, 1992; Juliano 
and Haskill, 1993). Currently at least 14 distinct ct subunits 
and 8 or more 13 subunits that can associate in various com- 
binations have been identified (Juliano and Haskill, 1993). 
Binding specificities of various extracellular matrix pro- 
teins are determined by the various Gt/13 associations. The 
"classic" fibronectin receptor, ct5131, only recognizes a 
single ligand (Brown and Juliano, 1985). Our present 
immunoprecipitation results appear to be consistent with 
these previous results, because ct5 integrins were shown to 
associate with 131 integrins in immature Leydig cells. A 
very light band representing ct 1 integrin associated with [31 
integrin was observed, ctll31 association is the receptor for 
both laminin and collagen (Hynes 1992). The presence of 
this complex is consistent with the present attachment stud- 
ies that showed that about 11% of plated cells bound to 
laminin and about 4% to collagen I. Since some of the con- 
taminating cells in our preparation are peritubular cells, it 
is possible that they possess ct1131 integrins. The type(s) of 
ECM receptors present in peritubular cells have not been 
reported. In rat testis, peritubular cells are sandwiched 
between the two layers of lamina propria that are composed 
of large amounts of laminin, collagen I and IV (Hadley 

and Dym, 1987). It is possible that peritubular cells interact 
with these ECM proteins via receptors such as c~1131 
integrins. Alternatively, Leydig cells may express ot1131 
integrins at such a low level that they are not able to effici- 
ently mediate Leydig cell binding to laminin and collagen I. 

The present studies suggest that fibronectin has a func- 
tional role in Leydig cell proliferation. Because fibronectin 
is only present in the interstitial compartment and Leydig 
cells can bind to it, but not other ECM proteins such as 
laminin and collagen I, it is possible that fibronectin con- 
tributes to the organization of  Leydig cells in the 
interstitium. It may function as a mediator between Leydig 
cells and other ECM components, such as the various col- 
lagen types (Engvall et al., 1978; Ruoslahti and Engvall, 
1980), glycosaminoglycans and fibrin (Yamada et al., 1980). 
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