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CHAPTER I
LITERATLTIE RE\ TEW
General Introduction
Male reproductive function is dependent on the production of testosterone
from the Leydig cells for the maintenance of spermatogenesis, the maintenance of the
accessory sex glands, development of the Wolffian duct system during embryonic
growth and, for the maintenance of sexual behavior after puberty

Thus, without the

Leydig cells and their main product testosterone, the male would be sterile A greater
understanding of the period of hypothalamic-pituitary testicular development might
lead to a better understanding of reproductive disorders (such as testicular cancer,
cryptorchidism, and reduced fertility), as well as improving reproductive efficiencv
In the past 50 years sperm counts in men have decreased by 40 to 50° o (Mann and
Eraser, 1996; Sharpe 1993). An understanding of the critical role of the Leydig cells
and their hormone production might lead to improved treatment for some cases of
male infertility.
Examining the other extreme end of the scale, castration is used to solve the
problem of meat quality in the pork industry There is a characteristic smell in pork
from boars that is due to a combination of androgens in the family of steroids; C19 A
16 steroids (including: 5 a androst-16-en-3-one, 5 a androst-16-en-3p-ol, 5,16androstadien-3P-ol and 4,16-androst-16en-3a-ol), produced by the Leydig cells
(Brooks and Pearson, 1986). The industry is forced to castrate males at an early age
to improve the taste and attractiveness of the meat. Castration is time consuming and

criticized by animal welfare groups. \ more effecti\e way of controlling Leydig eel
development and function could lead to the avoidance of neonatal castration and
might also be important for increased reproduaive efficiency in the pork industry

Sexual Differentiation
Sexual development in mammals is achieved bv a succession of events. The
genetic sex is determined when the ovum is fertilized with an X or a V chromosome
Genes on the Y chromosome trigger the embryonic gonad to differentiate into
testicles. In the early stages of embryonic development the sexes can not be
morphologically differentiated by genitalia. In mammals, the embryo will develop as
a female unless a process controlled by the SRY gene present on the V chromosome
will direct the sexual differentiation and development of the embryo to proceed into
the male phenotype (Colenbrander et al., 1982b; Knobil et al, 1994)
The Leydig cells in the fetal testes produce androgens (testosterone) that are
required for; phenotypic development of the male reproductive tract, maintenance of
the Wolffian duct, as well as sexual differentiation of the brain (Johnson and Everitt,
1988). Anti Mullerian Hormone (AMH) produced by the fetal Sertoli cells causes
regression of the Mullerian duct system (Johnson and Everitt, 1988; Colenbrander et
al., 1982). At this age androgen production is believed to be regulated by maternal
LH and chorionic gonadotropins {CG) (Colenbrander et al., 1977); however in the
pig, it appears to be independent of gonadotrophic hormone stimulation (Raeside and
Sigman, 1975; Raeside and Middleton, 1979). When pig fetuses are decapitated
before 60 days post coitum there is no change in the morphological development of

the testis in the absence of gonadotropic hormones (\'an Vorstenbosch et al, 1984)
Since cultured testicular cells obtained at this age differentiate without gonadotropic
hormones, testicular paracrine and autocrine factors may regulate differentiation and
androgen production by the Leydig cells (Raeside and Middleton, 1979.
Colenbrander et al., 1982b).

Testicular Development
The mammalian testis is divided into two compartments: the vascularized
interstitial tissue which contains the Leydig cells discovered by Leydig (in 1850),
macrophages, lymphatic vessels and connective tissue, and the avascular
compartment or seminiferous tubules which contain Sertoli and germ cells (Gnessi
1997). The two compartments of the testis are separated by the blood-testis bartier,
made mainly of Sertoli-Sertoli cell tight junctions (Johnson and Everitt, 1988). The
main fiinction of this barrier is to isolate developing germ cells (especially haploid
cells) from the immune system, it also stops the passage of many other substances
from the interstitial compartment into the lumen of the seminiferous tubule. Thus, all
of the hormones, growth factors, and nutrients required by the developing germ cells
must pass through this barrier via the Sertoli cells or through the cell junctions.
The Sertoli cell has been called the nurse cell, as it provides nourishment to
the developing germ cells. During spermatogenesis the germ cells indent the Sertoli
cell cytoplasm to form specialized, hemi-junctional attachements with the Sertoli cell
membrane. Spermiogenesis (cytoplasmic remodelling of the spermatid) is also
facilitated by the Sertoli cell. It does this by using phagocytosis to re-shape the

spermatid into three regions (head, midpiece and tail, Johnson and Everitt, 198S) The
Leydig cell is responsible for producing androgens (mainly testosterone) that are
needed for the maintenance of Sertoli cell function in the adult animals and hence
indirectly maintain the process of spermatogenesis

Waves of Leydig Cell Development
In most mammalian species, Leydig cells go through two periods of
development. Fetal testes develop their own unique population of Leydig cells,with
morphology and secreted steroids characteristic to this phase of testicular
development (de Kretser and Kerr, 1988). In the pig, the fetal wave of development
occurs between 30 to 60 days post coitum (p.c.) (Van Vorstenbosch et al., 1984).
Production of testosterone by these cells is responsible for masculinization of the
primary sex organs of the fetus. In most species, the fetal population of Leydig cells
regress during the neonatal period and a second period of development (pre-pubertal)
generates a new population of adult-type Leydig cells. This wave occurs
approximately 13 weeks post partum in the pig just prior to puberty (\'an Straaten and
Wensing, 1978). The androgens produced by these cells are responsible for pubertal
development of the reproductive tract, and maintenance of male reproductive
function in the aduh.
The pig is the only known exception to this developmental pattern, having an
additional wave of Leydig cell proliferation and differentiation

This additional wave

of Leydig cell development, termed the perinatal wave, starts at approximately day
100 of gestation, reaching a maximum shortly after birth and continues through to

approximately 5 weeks after birth, after which these Leydig cells start regressing
(Van Straaten and Wensing, 1978, Van Vorstenbosch et al., 1984). The fetal and
perinatal waves of development consist of Leydig cell proliferation followed bv
differentiation, then by dedifferentiation and regression (Moon and Raeside, 1972,
Moon and Hardy, 1973; Peyrat et al., 1981). The perinatal phase of development
seems to be regulated by the fetal pituitary through secretion of luteinizing hormone
(LH) (Colenbrander et al., 1982b). Leydig cell development in the perinatal wave of
development coincides with rising levels of LH which are detectable in serum
samples at 85 days p.c. (Colenbrander et al., 1977), followed by a co-ordinate rise in
testosterone levels (Vandalem et al., 1986). Similarly, the regression of the perinatal
Leydig cell population (Van Straaten and Wensing, 1977) is paralleled by a decline in
serum testosterone concentrations (Colenbrander et al., 1978).
The Leydig cells can be categorized into two different types based on their
morphological location during the perinatal wave of development (Van Straaten and
Wensing, 1978). The first type, intertubular cells are located between the coiled sex
cords. The second type, the peritubular cells, are enclosed within the coils of the sex
cords, differentiating from peritubular mesenchymal elements (Moon and Hardy,
1973). The two types of cells do not differ morphologically or in function. The
Leydig cells in the perinatal period of development are surtounded bv a basement
membrane that contains gap junctions between Sertoli cells and interdigitating
structures. These Leydig cells also have more elaborate smooth endoplasmic
reticulum suggesting a high cellular activity including steroid secretion (\'an
Vorstenbosch et al., 1984).

Hormonal Patterns During Testicular Development in the Piu
Several studies have measured changes in hormonal secretion during
development of the porcine testis. Blood testosterone concentrations first increase at
40 to 60 days p.c, (Colenbrander et al, 1978; Stewart and Raeside, 1977), then
decrease to basal levels until a second increase occurs with highest concentrations at
2 to 3 weeks after birth. A subsequent decline at approximately 5 weeks of age is
followed by another increase in testosterone secretion in the pre-pubertal phase
(approximately 10 to 18 weeks of age), and is maintained at high levels throughout
adult life (Colenbrander et al., 1978; Vandalem et al., 1986; Martin et al., 1984) The
changes in serum testosterone levels reflect the changes in circulating levels of LH
and the number of Leydig cells during the specific waves of Leydig cell development
Follicle stimulating hormone (FSH) concentrations in the pig fetuses were
detected as early as day 60 p.c. (Colenbrander et al., 1982a). FSH concentrations
increased gradually from 80 days p.c. to the first 3 weeks after birth then declining
slightly and remaining at constant levels from approximately 8 to 12 weeks until
puberty (Vandalem et al., 1986, Colenbrander et al., 1982a). The rise in FSH after
80 days p.c. parallels the increase in the length of the seminiferous tubules (\'an
Straaten and Wensing, 1977).
Estrogen secretion by the fetal pig testes increased from day 37 of gestation
until term. Estrone sulfate is the predominant form secreted at this time. In vitro LH
treatment had no effect on estrogen secretion by fetal pig testes (Raeside et al., 1993)
Another study provided evidence that the estrogen levels detected in Leydig cell

cultures in vitro may have been due to the conversion of testosterone to estrogen by
contaminating Sertoli cells (Benahmed et al., 1982).

Hormonal Control of Leydig Cell Development
LH and maternal CG have been implicated in the regulation of Leydig cell
development in several species. These hormones cause a large increase in
intratesticular testosterone followed shortly by increased serum levels of testosterone
in the fetus (Colenbrander et al., 1977). Maturation of the fetal pig hypothalamicpituitary complex occurs between 45 and 100 days p.c. (Moon and Hardy, 1973), and
levels of plasma LH are highest at 80 days p.c. until the third week postpartum, which
is followed by a period of decline. This decline in LH is reflected by a decrease in 3P
hydroxysteroid-dehydrogenase (3P HSD) activity and the regression of Leydig cells
(Van Straaten and Wensing, 1977; Colenbrander et al., 1977). In rodents and
primates, the fetal testes contain high affinity LH/hCG receptors and responds to
LH/hCG stimulation by increasing testosterone production (Bernier et al., 1992). In
the fetal testis LH seems to be the primary stimulus for the steroidogenic activity of
Leydig cells. LH receptors are first seen in the pig testis at 28 days p.c. reaching
maximum at about 35 to 60 days p.c, then slowly decline (Peyrat et al., 1981, Goxe
et al., 1993). In the postnatal testis of the pig the specific LH-binding capacity (for
LH receptor) per mg of protein was highest at 2 to 3 weeks and lowest 7 weeks post
partum (Sundby et al., 1983). At this same time (approximately 30-day-old animals),
in vivo secretion of LH increases with a concomitant rise in testosterone secretion
(Peyrat et al., 1981), and coincides with Leydig cell development which contain large

nuclei and high 3P-HSD aaivity (Van Straaten and Wensing. 1977, 1978) FSFi
receptors follow a similar pattern of development that follows closelv to the LH
receptor (Goxe et al., 1993). FSH has been shown to play a role in the maturation of
Leydig cells because, FSH can enhance the number of LH receptors in the Leydig
cells, in pre-pubertal animals in some species (Benahmed et al., 1985). Since Leydig
cells, and their mesenchymal precursor in pre-pubertal animals do not have FSH
receptors (Knobil et al., 1994), this effect may be mediated by a factor produced by
Sertoli cells under the influence of FSH (Benahmed et al., 1985).

Growth Factors
Several protein and peptide factors are present in the testes both during the
period of sexual development and in the adults, such as: oxytocin, opioids, inhibin,
activin, several growth factors, cytokines, vasoactive peptides, etc. These factors may
play important paracrine and autocrine role(s) in testicular development and fiinction.
The physiological significance of these proteins and peptides in general and in the pig
testis in particular, is pooriy understood at the present time. By expanding our
knowledge of how various testicular proteins and peptides modulate testicular
development and function, we can achieve a better understanding of how to correct or
improve a compromised male reproductive function.
It is well documented that proliferation of immature Leydig cells is regulated
by LH and this effect of LH appears to be mediated at the testicular level by growth
factors working in an autocrine and paracrine manner (Skinner, 1991, Khan et al.
1994). Previous studies in the immature rat have identified several such growth
factors and cytokines that stimulate and/or inhibit Leydig cell proliferation (Khan et

al., 1994; Gnessi et al., 1997). These growth factors include transforming growth
factor alpha (TGFa)/epidermal growth factor (EGF), interleukin -Ip (IL-IP). insulin
like growth factor -1 (IGF-1), transforming growth factor beta (TGFp) and
steroidogenesis inducing protein (SIP) (Khan et al., 1994).
Activin and Inhibin.

Activin and inhibin are structurally related dimeric

proteins. They belong to the same family that includes TGFP and AMH. These
proteins were discovered on the basis of their effects on the synthesis and release of
FSH from the pituitary gland. Inhibin is produced by the Sertoli cells and may ser\e
in the negative feed back loop to decrease the secretion of FSH (Brown, 1994)
Activin and inhibin mRNAs are found in the ovary, testis and many other tissues
(Gnessi et al., 1997). Activin and inhibin receptors have been found to exist in both
Sertoli cells and Leydig cells obtained from immature rats (Mather et al., 1992) Both
receptors have been found to appear in fetal testes and persist throughout adulthood
(Roberts et al., 1991). By using immunocytochemistry, inhibin and activin stain
weaker in adults when compared to fetal Leydig cells in the rat (Majdic et al, 1997)
Recent studies with immature porcine Leydig cell cultures suggest that activin mav
alter the activity of either cholesterol side chain cleavage enzyme or 3phydroxysteroid dehydrogenase/isomerase in the Leydig cell (Maduit, et al., 1991,
Mather et al., 1992). Testosterone concentrations may also play a role in decreasing
the amount of inhibin secreted by Sertoli cells in vitro (Maddocks and Sharpe, 1990)
EGF and TGFa.

EGF, TGFa and amphiregulin belong to the same family

of peptides. TGFa shows approximately 40% amino acid sequence homology to

EGF Both peptides bind to a single EGF receptor and exert similar biological effects
(Fisher and Lakshmanan, 1990). Intensive immunohistochemical staining of TGFa
was seen in the testis of the neonatal rat (Teerds et al., 1990). In the 21-day-old rat it
was seen only in the Leydig cells and not in Sertoli cells or germ cells. The EGF
receptor has been found in immature porcine and murine Leydig cells (Sordoilett et
al., 1991; Suarez-Quian et al., 1994). In the rat, EGF not only causes an increase in
DNA synthesis in immature Leydig cells (Khan et al., 1992), but also enhances
gonadotropin action on testosterone production presumably by increasing the
availability of cholesterol substrate and activity of 3P-HSD (Moore and Morris,
1993). WTien Leydig cells in vitro were simultaneously treated with lGF-1 and TGFa
there was a synergistic effect on DNA synthesis when compared to treatment with
TGFa alone (Khan et al., 1992-a).
IL-lp.

Interleukin-1 (IL-1) is primarily produced by activated macrophages,

which induces the expression of several genes and the synthesis of several proteins
that cause acute and chronic inflammatory changes (Gnessi et al., 1997). IL-1 has
also been found in rat and human testes (Khan et al., 1986, 1987), IL-1 may be
produced by both Sertoli cells (Syed, 1993) and Leydig cells (Wang et al., 1991)
There have been many studies indicating that IL-1 has stimulatory, inhibitor\' or no
effect on Leydig cell steroidogenesis depending upon the culture conditions (Saez et
al., 1992; Gnessi et al., 1997). IL-1 has been shown to be a growth factor for
spermatogonia and may regulate spermatogenesis in the rat (Soder, et al., 1991)
Recombinant IL-ip stimulated the incorporation of ["'HJ-thymidine into DNA of
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Leydig cells in young rats but had no effect on DNA synthesis m adult rats (Khan et
al., 1992b; Lin et al., 1992). Macrophages are found in the interstitial compartment
of the testis and form specialized junctions with Leydig cells (Christensen and Gillim,
1969). These macrophages may also produce IL-ip and hence macrophage-Leydig
cell interaction may play a role in Leydig cell proliferation.
IGF-I. Insulin like growth factor-1 (IGF-I) is a single chain peptide, and has
been shown to play a role in testicular development (Gnessi et al , 1997). IGF-I is
produced by Sertoli cells, peritubular cells and Leydig cells in the immature testis
(Robertson et al., 1995). In the pig, mRNA for IGF-I increased from 100 days p c to
25 weeks of age (Clark et al., 1994). IGF-1 receptors have been found in Sertoli cells
from immature pigs (Perrard-Sapori et al., 1987), and Leydig cells in the adult rat
(Handelsman, 1985). It has been suggested that IGF-I type 1 receptors in the pig
(Perrard-Sapori et al., 1987a) and rat (Lin et al., 1988) can be upregulated bv LH,
FSH and growth hormone. In the pig, both IGF-I and IGF-II cause the prepubertal
Sertoli cells to proliferate (Jaillard et al., 1987), and IGF-I has a mitogenic effect on
immature Leydig cells (Benahmed et al., 1987; Bernier et al., 1986; Khan et al ,
1992a). IGF-I also increases testosterone production in immature Leydig cells in the
pig (Lin et al., 1986) and rodents (Perrard-Sapori et al., 1987a). Transgenic mice
homozygous for null IGF-I are infertile with reduced testicular size, and inadequate
serum testosterone levels indicating the IGF-I may be ver\ important for male
reproduction function (Gnessi et al., 1997).
TGFB. TGFp is a polypeptide composed of two disulfide-linked monomers
There are three different TGFP isoforms (1-3) produced by mammalian cells and
II

three types of receptors (I, II, and IE). The actions of TGFp can be divided into two
groups: those related to growth either stimulatory or inhibitor\ and those unrelated to
growth, such as differentiation and chemotaxis (Gnessi et al., 1997). Several
testicular cells including Leydig cell produce TGFP (Teerds and Dorrington, 1994)
It has been shown that different types of TGFPs and their different receptors are
present in the pig and rat testes at different concentrations at different times during
development (Causanell et al., 1997; Khan et al., 1997). TGFpl and TGFP2 mRNA
were found to be higher in the immature testis and decreased before puberty
(Mullaney and Skinner, 1993). TGFp has been shown to specifically bind to
immature porcine Leydig and Sertoli cells (Morera et al., 1988). TGFp had no effect
on the basal production of steroids by Leydig cells, but inhibited the steroidogenic
response of these cells to LH (Benahmed et al., 1989). Unlike other growth factors,
TGFp tends to have a negative effect of Leydig cell development and function (Saez,
1994). It has been shown to inhibit proliferation of cultured primordial germ cells in
the mouse (Godin and Wylie, 1991), and Leydig cells in the rat (Khan et al, 1994).
In contrast, TGFp by itself caused a stimulatory effect on DNA synthesis in immature
rat Leydig cells (Khan et al., 1994). TGFp also inhibits steroidogenesis in immature
pig and rat Leydig cells (Avallet et al., 1987; Lin et al., 1987).
SIP SIP was first isolated from human follicular fluid, collected from women
at the time of egg retrieval for in vitro fertilization. In previous studies, SIP
stimulated testosterone production in luteal cells, adrenal cells, and Leydig cells from
several species (Khan et al., 1990, 1992c, 1994). It is thought to effect the rate-
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limiting step in steroidogenesis (cholesterol side-chain cleavage enzvme) (Khan et al,
1988, 1990). More recent studies have shown that SIP utilizes the tyrosine kinase
signal transduction pathway, which differs from the pathway used bv LH'hCG,
EGF/TGFa and TGFp (Khan et al., 1993). SIP has been demonstrated to stimulate
steroidogenesis to a greater level when compared to LH/hCG treatments (Khan et al,
1988). SIP also increased ["'HJ-thymidine incorporation in cultured immature Leydig
cell which was enhanced by treatment with low levels of LH (Khan et al., 1992c)
SIP also induced changes in morphology of Leydig cells which became more
elongated with projections connecting adjacent cells, suggesting the cells may be
proliferating and differentiating as well as producing androgens (Khan et al, 1992c)
When MA-10 cells were treated with SIP it caused them to produce progesterone to
comparable levels when treated with LH, hCG and cAMP (Stocco and Khan, 1992)
Gonadal development is a complex process regulated primarily bv hormones
Proteins and peptide growth factors do have an important role in the paracrine and
autocrine control of Leydig cell development. However, these factors in Leydig cell
proliferation and differentiation is not fully understood.

CHAPTER II
REGULATION OF DNA SYNTHESIS IN LEYDIG CELLS
OBTAINED FROM NTONATAL PIG TESTES

Abstract
Three waves of Leydig cell development are found in the pig testes Clearlv
defined periods of cell proliferation and differentiation occur during fetal, perinatal
and pre-pubertal periods. Luteinizing hormone (LH) regulates Leydig cell
proliferation via growth factors in the rat. However, it is not known how LH affects
Leydig cell development in the neonatal pig testis. The purpose of the study was to
identify growth factors involved in Leydig cell proliferation in neonatal pigs In this
study we investigated the effects of hCG and the following growth factors; EGF
(TGFa), SEP, IL-lp, IGF-1 and TGFP in vitro on DNA synthesis in neonatal Leydig
cells. Leydig cells were isolated from 3- to 5-day-old pigs using coUagenase
dispersion and a Percoll® gradient centrifligation. The cells were then cultured for 48
hours in serum free media, washed and treated with growth factors and or hCG for 18
hours. Tritiated thymidine incorporation into DNA was assessed over a subsequent
four hour incubation period. Incorporation of ['^Hj-thymidine was stimulated by hCG
treatment with a 2.3-fold increase over control cultures. SIP also induced a
significant increase ( p <.0001) in the incorporation of ["'HJ-thymidine into Leydig
cell DNA. Similarly, EGF and IGF-1 also increased DNA synthesis in porcine
Leydig cells. When IGF-1 and SIP were added together, they had an additive effect
14

on Leydig cell DNA synthesis. TGFp had very little, if any, etTect on DN.A synthesis
when added alone, but inhibited the stimulatory effects of other growth tactor and
mitogens (SIP, hCG, EGF, and IGF-1) on DN.A. synthesis Our results indicate thai
these growth factors may play a role in proliferation of Leydig cells during the
perinatal period of development.
Introduction
In most mammals, Leydig cells go through two waves of development The
first wave of development in fetal life is responsible for masculinization and the
primary sexual characteristics of the male fetus. Fetal testes have a unique population
of Leydig cells which secrete steroids characteristic to this phase of development
(Raeside and Middleton, 1979). This population of cells regresses and a second wave
of development during the prepubertal period generates a population of adult-type
Leydig cells. These cells are responsible for pubertal development and maintenance
of male reproductive function in the adult. The pig is the onlv known exception to
this developmental pattern, having an additional wave of Leydig cell proliferation and
differentiation during the perinatal period. This wave of Leydig cell development
starts approximately at day 100 of gestation and continues through to approximately
2-'/2 weeks after birth (Van Straaten and Wensing, 1978). The regulation and
significance of this wave of development are unknown.
LH has been shown to be the primary hormone involved in the development
and function of Leydig cells in several species (Gnessi et al., 1997). During the
perinatal phase of development in the pig, LH appears to regulate development and
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function in those cells (Colenbrander et al., 1982b). LH levels at approximately 80
days p.c. to 3 weeks post partum coinciding with the increase in Leydig cell number
and serum testosterone levels (Van Straaten and Wensing, 1977). Studies in the
immature rat have shown that locally produced growth factors and cytokines such as
epidermal growth factor (EGF) or transforming growth factor alpha (TGFa),
steroidogenesis inducing protein (SIP), interieukin -ip (IL-1), insulin like grow/th
factor -1 (IGF-1) and transforming growth factor beta (TGFP) may mediate the
effects of LH on Leydig cell proliferation (Khan et al., 1994). However, the
mechanisms involved in the effects of LH on Leydig cell proliferation, differentiation
and function are poorly understood. The purpose of the present study was to
investigate the role of LH/hCG and various growth factors on proliferation of
neonatal pig Leydig cells in vitro.
Materials and Methods
Materials
Human recombinant epidermal growth factor (EGF) and fetal bovine serum
(FBS) were obtained from GEBCO (Grand Island, NY). Recombinant human IGF-1
and porcine transforming growth factor beta-1 (TGF-pi) were obtained from R&D
Systems (Minneapolis, MN). ["^Hj-Thymidine was purchased from New England
Nuclear (Boston, MD). CoUagenase (type 1) was obtained from Sigma Chemical Co
(St. Louis, MO). Human CG (Pregnyl® ) was acquired from Organon (W Orange,
NJ). Percoll

was ordered from Pharmacia (Piscataway, NJ). SIP was isolated from

human ovarian follicular fluid as described previously (Khan et al, 1990, 1992).
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Human recombinant Interieukin -ip was acquired from Upstate Biotechnolog\
Incorporated (Lake Placid, NY). Antibodies for the testosterone RIA were obtained
from the laboratory of Dr. G. Niswender (Ismail et al., 1972).

Culture medium
All incubations and cell cultures were performed using Eagle's minimum
essential medium (MEM) with Earle's salts and 0. ImM of the following amino acid
supplements: 1-alanine, 1-asparagine, 1-aspartic acid, 1-glutamic acid, 1-proline 1serine, and glycine. The medium also contained 4mM L-glutamine, 2.5 g/L
NAHCO3, 1.5mM HEPES and antibiotics, 50 U/ml penicillin, 50 ng/ml streptomycin,
50 ng/ml gentamicin (GIBCO), and 50 |ig/ml fungizone. All incubations and cultures
were carried out in serum-free medium.

Isolation and Culture of Leydig cells
Testis were obtained from 3 to 5 day old piglets. Pooled testis were
decapsulated, minced and incubated with coUagenase (.25mg/ml) for 45 minutes at
37° C. Supernatant containing interstitial cells was collected, and centrifliged at 200g
for 10 minutes. The interstitial cell pellet was resuspended in fresh medium and then
purified by centrifligation in a 50% Percoll® gradient at 26,500g for 1 hour Purified
Leydig cells (0.5 xlO^ cells/well) were then cultured in 24 well plates in serum free
medium. The purity of Leydig cells was assessed by 3 P-HSD staining (Klinefelter et
al., 1993) and was found to be about 85% (Figure 1).

Levdig cell DNA synthesis
After 48 hours culture of Leydig cells at 37 C , in serum free culture medium
in an atmosphere of 5% CO2 the cells were washed Fresh medium was added and
the cells were treated with hCG (1 lU/mlj and/or other test substances for 18 hours
The media was removed and stored at -20''C for analysis of testosterone
concentrations. The cells were then incubated with fresh medium containing ["'H]thymidine (1 |ici/ml) for an additional 4 hours. After this treatment period the cells
were lysed by sonication. [^H]-thymidine incorporation into DN.A. was determined as
described previously (Khan et.al 1992). Briefly, aliquots (200|il) of the sonicate were
filtered through Whatman DE-81 filter paper discs on a Millipore system (Millipore
Corp., Bedford, MA). The DNA remained bound to DEAE-cellulose paper The
filters were washed twice with 2ml of H2O, placed in 5ml CytoScint (ICN
Biomedicals, Inc., Irvine, CA) and then counted in a beta counter.
Measurement of testosterone production
Testosterone content in the incubation media was determined by
radioimmunoassay. In brief, conditioned media samples or known testosterone
standards, [^H]-testosterone (approximately 10,000cpm) and anti testosterone
antiserum (1.20,000), incubated overnight at 4 C in a total volume of 400nl. The
antibody bound and free testosterone were separated using l°o dextran coated
charcoal (250ul) followed by centrifligation at 3000 rpm for 10 minutes.
Radioactivity in the bound fraction was determined using a beta counter
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Statistical analysis
The results are presented as means - SD from three replicate cultures within
each treatment group and are presented in figures for a single representative
experiment. Each experiment was performed at least three times with similar results
Differences between treatments, expressed as a percent of controls were compared by
analysis of variance using the general linear model procedure and means were
compared using the Student-Newman-Keul test (SAS, 1993).

Results
To assess the steroidogenic potential of isolated Leydig cells, the cells were
treated with SIP(50|j.g/ml) and TGFP (5ng/ml) for 24 hours (Fig. 2). The media was
collected and analyzed for testosterone content. As shown in Figure 2, treatment with
SIP caused a significant stimulation of testosterone production (5-fold increase
compared with controls). TGFp had no effect on either basal or SIP stimulated
testosterone production.
Next we studied the effect of hCG on DNA synthesis in the presence and
absence of TGFp. The cells were treated with hCG(lIU/ml) and/or TGFP (5ng/ml)
for 18 hours and then [^H]-thymidine was added for a subsequent 4 hour incubation
period (Fig. 3). hCG caused a significant increase in [''Hj-thymidine incorporation
into DNA when compared with controls (2 3-fold increase with p<.0001). TGFp
(5ng/ml) had no effect on basal DNA synthesis but caused a significant decrease in
DNA synthesis when treated simultaneously with hCG (2 1-fold decrease with
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p<.001). TGFP also inhibited DNA synthesis in the presence of 5% FBS (data not
shown).
SEP (50|ig/ml) treatment for 18 hours also resulted in a significant stimulation
of [^H]-thymidine incorporation (2 3-fold increase with p< 0001) and once again
TGFp blocked the stimulatory effect on DNA synthesis (1 4-fold Decrease p< 001)
(Fig. 4).
EGF (5ng ml) treatment also caused significant increase in the incorporation
of ["'HJ-thymidine into DNA (p<.0001and a 1.8-fold increase) (Fig. 5) when
compared to untreated cells. TGFP with EGF treatment caused a significant decrease
in DNA synthesis ( p<.001and a 1.4-fold decrease).
IGF-I has been shown to potentiate the effects of other growth factors on cell
proliferation (Saez et al., 1988). Therefore we studied the effects of SEP on Levdig
cells in the presence of IGF-I. As shown in Figure 6 IGF-I alone had a significant
effect (p<.001) in DNA synthesis when compared to controls, and it potentiated the
effects of SIP (p<.001).
IL-ip has been shown to be a verv potent mitogen for immature rat Leydig
cells. However, EL-lp did not have any significant effect on DN.A. synthesis in the
pig Leydig cells (Fig. 7).
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Discussion
The development of perinatal Leydig cells have been characterized
morphologically in the pig (Allrich et al., 1983: Aquilano and Dufau, 1984), and LH
has been implicated in the regulation of these cells (Gnessi et al., 1997). The curtent
study examined, for the first time, the direct effects of the various growth factors and
LH on Leydig cell proliferation during the perinatal period of development in the pig
This study identified hCG/LH, IGF-1, EGF/TGFa, and SIP as potent mitogens for
perinatal Leydig cells in vitro, while TGFP was found to inhibit the effects of these
mitogens.
hCG caused a significant increase in cell proliferation as measured by [ H]thymidine incorporation in porcine Leydig cells. LH/hCG are known to regulate
Leydig cell proliferation and differentiation in vivo in the neonatal period of
development (Colenbrander et al., 1982b). In vitro results of the present stud\
confirms the in vivo effects of LH in the pig. In previous studies with immature rat
Leydig cells, LH/hCG was found to have only minor effects on DN.A. s\ nthesis (Khan
et al., 1992). These results indicate differences in the regulation of Leydig cell
proliferation by LH in the two species. However, the possibility that the perinatal
Leydig cells in the pig may be regulated differently than the Levdig cells in
prepubertal rats and/or pigs, has not been ruled out.
TGFa acts through the EGF receptor and has been shown to be a mitogen for
immature rat Leydig cells (Khan et al., 1992) In the present study EGF caused a
significant increase in DNA synthesis indicating that EGF/TGFa ma\ play a role in
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Leydig cell proliferation in the pig testis. The EGF receptor has been found in .M.-\10
mouse Leydig cell tumor cells, and in rat, mouse, human, and porcine Leydig cells
(Saez, 1994). Some studies have shown that EGF causes an increase in progesterone
production in MAIO cells, and that it potentiates the steroidogenic effects of
submaximal concentration of hCG or c.AMP analogs (Sordoillet et al, 1991). Other
results have shown that when mouse Leydig cells were treated with EGF it inhibited
the stimulatory effects of LH/hCG on testosterone secretion due to a decrease in 17-a
hydroxylase activities (Verhoeven and Cailleau, 1986). In human Leydig cells, EGF
was reported to have a stimulatory effect on testosterone production (Syed et al.,
1991). The results of the present study indicate that EGF/TGFa may also be
important in proliferation, differentiation and function of the Leydig cells in the pig.
SEP, a novel protein isolated from human ovarian follicular fluid has been
shown to stimulate steroidogenesis and proliferation of a variety of gonadal cells
(Khan et al., 1988, 1992). Previously it has been shown that SIP is a very potent
mitogen for immature rat Leydig cells (Khan et al., 1994). In the present study, SIP
also caused pig Leydig cells to enter the cell cycle and to begin DNA synthesis. It is
possible that SEP may be produced in the neonatal pig testis and may act as a growth
factor to stimulate Leydig cell proliferation. However, further studies will be
required on the possible involvement of SEP in the pig testis.
EL-lp was found to be a potent mitogen in rat Leydig cell proliferation In the
pig Leydig cells EL-lp had no significant effect on Leydig cell DN.A synthesis.
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Hence, it appears that EL-ip may not play a significant role in the development of
Leydig cells in the neonatal period in the pig.
Earlier studies suggested that IGF-1 mediates the effects of growth hormone
(GEE) on target cells. However, FSH and LH were shown to increase EFF-1 in
granulosa cells and Leydig cells, respectively (Lin et al, 1992) IGF-1 stimulates
testosterone production and potentiated hCG induced testosterone formation by
cultured Leydig cells in rat (Lin et al., 1986) and pig (Perrard-Sapori et al., 1987a)
Furthermore, it has been shown that IGF-1 causes an increase in DNA synthesis in
immature rat Leydig cells (Khan et al., 1992). In the present study IGF-1 and SEP
treatment together had an additive effect in cell culture indicating that IGF-1 may also
play an important role in Leydig cell proliferation.
TGFp has been shown to be present in the testes of pigs by means of
immunohistochemical experiments in perinatal, prepubertal and adult pig testis
(Caussanel et al., 1997). It has also been shown to affect function, proliferation and
steroidogenic function in pig Leydig cells (Gnessi et al., 1997). The current results
demonstrate that TGFp inhibits Leydig cell proliferation in the pig. These resuUs
confirm previous studies on the inhibition of DN.A synthesis in the rat Leydig cells
(Khan et al., 1994), Thus, TGFP may be responsible for the cessation of the Leydig
cell proliferation during the perinatal wave of development, and TGFP may keep the
cells from dividing prematurely in the prepubertal stage. Previous studies ha\ e
shown that the different TGFp proteins and their receptors do not change during
different time periods of Leydig cell development (Caussanel et al , 1997).
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However, expression of TGFP and its receptors exhibited significant developmental
changes in the rat testis (Khan et al., 1997). Further studies on the hormonal
regulation of TGFP and its mechanism of auction may clarify the in vivo roll of other
growth factors that are present in the testis during the perinatal period of Leydig cell
development.
In conclusion, we demonstrated that LFI/ hCG exerts direct stimulatory effects
on neonatal Leydig cell proliferation. Furthermore, we identified several growth
factors which may enhance and/or mediate the effects of LH on Leydig cell
development in vivo. Future studies on the localization of these growth factors, their
receptors and their hormonal regulation should clarify the role(s) of individual factors
in Leydig cell development and function.
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CHAPTER in
CONCLUSIONS

Leydig cells are needed in a sufficient number in order to produce testosterone
levels in the proper amounts for the maintenance of spermatogenesis Understanding
the developmental patterns for Leydig cell proliferation and differentiation and the
identification of growth factors which regulate these processes provides a usefiil tool
With a full understanding of how the growth factors work we could manipulate the
system in a number of ways. We could possibly reverse irreversible infertility in
young mammals, and possibly prolong puberty, with TGFp. This could then take
place of castration, and be useful in animals that are not intended for breeding
purposes.
To further understand the development of the Leydig cell, the effects of other
growth factors (activin, inhibin, prolactin, etc.) will have to be explored In vivo
studies could be used to look at various receptors and if there is production of the
various growth factors in the testes. Dose response studies are needed as well With
these we can see if the cells respond differently to different concentrations of the
growth factors. Growth factors may respond differently in the presence of each other
as well as in the presence of hormonal control. We need to further expand our
knowledge in this aspect with in vivo as well as in vitro studies. Time course studies
could also be a useful tool. The growth factors may only be present at certain times
of development and not at other time periods. It remains unclear when and where

growth factors are required during testicular development or if their concentrations
change during the developmental process of the Leydig cell.
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