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MORPHOGENESIS AND GROWTH IN THE EMBRYONICTESTIS

Elena Levine

The development of the testis represents not only an excellent model system for

the study of mophogenesis and growth in organ formation, but also a critical juncture in

mammalian sex determination. Embryonic development of the testis is characterized by

two processes: cord formation and growth. Cord formation is the first manifestation of

sexual dimorphism in the mammalian embryo. Little is known about the regulation of

either growth or cord formation in the embryonic testis. In the current work two

hypotheses concerning the role of cell-cell interactions in embryonic testis development

were addressed. One was that information is required from the peritubular cells to induce

cord formation by Sertoli cells. The second was that particular growth factors mediate

the processes of growth and cord formation in the embryonic testis.

Experiments revealed a role for transforming growth factor o: (TGFO) in the

growth of the embryonic testis. Both TGF0 and the EGFR were shown to be expressed

in the embryonic testis. Perturbation of TGFO function using neutralizing antibodies to

TGFO, on testis organ cultures dramatically inhibited the growth of the embryonic and

neonatal testis but had no effect on cord formation. Testis growth was also inhibited by

perturbation of EGFR signalling using an EGFR kinase inhibitor. In addition, testis from

EGFR and TGFO, knockout mice were analyzed. Neutralizing antibodies to TGF0 inhibit

growth in both EGFR knockout and TGFO, knockout mice. This suggests that there may

be TGFO-related ligands which are recognized by the antibodies and are important for

testis growth. The results obtained from this thesis demonstrate that TGFO is an

important factor involved in the regulation of growth in the embryonic testis.

Experiments also examined the potential role of neurotrophins in cord formation

in the embryonic testis. The common low-affinity receptor for the neurotrophins

(p75/LNGFR) exhibited striking sex-specific expression in the testis but not the ovary at
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the time of testis cord formation. Several of the specific high-affinity trk receptors and

the neurotrophin ligands were expressed in the early embryonic testis by RT-PCR.

Treatment of testis organ cultures with the trk kinase inhibitor K252a resulted in

inhibition of cord formation. K252a can inhibit other kinases as well but control

experiments suggest that its effects in this experiment were likely to be mediated by

inhibition of neurotrophin signalling. Treatment of testis organ cultures with a trkC- IgG

chimera inhibitor resulted in variable inhibition of cord formation. However, in

preliminary experiments antibodies against specific neurotrophins were unable to inhibit

cord formation. In addition, exogenous neurotrophins had no effect on cord formation.

While inconclusive, these data raise the possibility that neurotrophins may have a s:

functional role during morphogenesis in the embryonic testis. This implication of a

possible role for neurotrophins in the sex determination pathway should be investigated *

further.

In conclusion, the experiments outlined in this thesis provide significant new

insight into the regulation of growth and morphogenesis in the developing testis. This

represents the first functional evidence identifying growth factors that act in embryonic

testis development. The identification of specific molecules which mediate the basic cell ->

behaviors in the embryonic testis is critical for a fundamental understanding of testis

development. The opportunity now exists for future investigation into the specific factors

involved and their mechanisms of action.

_*
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CHAPTER 1 - INTRODUCTION

"The question of how a testis or an ovary develops from its early embryonic
primordium is given a rather simple answer in most elementary textbooks. The question is
not as clear if one looks at original papers. For more than a century many very good
biologists have discussed the question and debated theoretical interpretations without
reaching a general agreement." Alfred Jost 1973

Considerable progress has been made in understanding testis development over the

past couple of decades. However, the question of how a testis develops remains a

fascinating issue. Reproduction is a fundamental and highly conserved process necessary

for all life. The development of the testis is critical for achieving reproductive capability.

Knowledge of testis development may provide important information relevant to fertility.

In addition, testis development is critical for mammalian sex determination. An

understanding of the mechanisms which translate genetic sex into sexual development

therefore requires knowledge of the mechanisms underlying testis development.

Examination of testis development can also provide valuable information about more

general issues in development. The formation of a testis involves the morphogenetic

rearrangement of cells in an unstructured primordium into a highly organized series of

cords. Understanding the cell-cell interactions required for organization into multicellular

structures is a fundamental question in organogenesis. The gonad primordium has the

unusual potential to develop into two very different organs, the testis or the ovary.

Determination of which pathway of differentiation to follow has profound consequences

for the subsequent development and life of the animal. Investigation of the regulation of

this developmental choice will provide critical information for understanding the processes

of development.

The current thesis presents an investigation of growth and differentiation factors in

the embryonic testis as well as an investigation of the possible role of peritubular cells in

cord formation. In order to place the experiments in a context, this introduction will

present an overview of testis structure and development followed by more detailed

discussions of testis cord formation and the role of testis development in the process of



mammalian sex determination. A brief discussion of previous studies on growth factors in

the testis follows as well as additional background on the two families of factors which are

the primary focus of the current investigation. Finally a historical overview of the

development of testis organ culture will be described since the current thesis continues the

tradition of exploring testis development through in vitro studies.

Testis Structure

The mature testis consists of many long tubes, the seminiferous tubules,

surrounded by an interstitium. The seminiferous tubules are the site of spermatogenesis

where spermatogonia develop into spermatozoa in close interaction with the Sertoli cells

which make up the walls of the tubule (Pelletier and Byers, 1992; Russell et al., 1989;

Russell et al., 1983; Sertoli, 1865). The mature Sertoli cell is a polarized epithelial cell

which extends from the basement membrane at the outside of the tubule to the lumen

(Jegou, 1992). Spermatogonia are located at the basal edge of the tubule while the more

mature spermatogenic cells are located closer to the lumen where they are finally released as

spermatozoa (Russell, 1977; Russell et al., 1983). The Sertoli cells form the blood-testis

barrier which creates a unique environment for germ cell development (Dym, 1994;

Pelletier and Byers, 1992; Russell et al., 1989). The Sertoli cells control this environment

by selective transport and secretion of nutritional and regulatory products to the germ cells

(Byers and Graham, 1990; Cheng et al., 1988; Cheng et al., 1990; Jutte et al., 1981;

Robinson and Fritz, 1981; Skinner and Griswold, 1980; Skinner and Griswold, 1982;

Skinner and Griswold, 1983; Zwain et al., 1993). Surrounding the Sertoli cells is a layer

of peritubular myoid cells which are responsible for contraction of the tubule (Bressler and

Ross, 1972; Clermont, 1958; Ross, 1967; Virtanen et al., 1986). Peritubular cells and

Sertoli cells cooperatively form the basement membrane surrounding the tubule (Skinner

and Fritz, 1985; Tung and Fritz, 1980). In addition interactions between peritubular and

Sertoli cells are important for function in vivo and in vitro (Skinner et al., 1988; Skinner



and Fritz, 1985a; Skinner and Fritz, 1985b, Skinner et al., 1989; Tung and Fritz, 1986;

Tung and Fritz, 1991; Zwain et al., 1993). In the interstitial space between the tubules are

Leydig cells which are responsible for testosterone production (George et al., 1978; Jost,

1953). Other cells in the interstitium include stromal fibroblasts, vascular and lymphatic

endothelial cells and macrophages (Skinner, 1991).

Testis Development

The mammalian testis develops from the genital ridge along the medial surface of
*

the mesonephros. The urogenital ridge consisting of mesonephros and gonad is derived

from the intermediate mesoderm. The gonad is first visible in the rat at embryonic day 12

(e12) or in the mouse at e10.5. At this stage there is no sex-specific differentiation of the

gonad, and it is referred to as indifferent or bipotential. The primordial germ cells migrate

from the extra-embryonic mesoderm, in the wall of the hind gut, up the dorsal mesentery

and into the genital ridge (Ginsburg et al., 1990; McLaren, 1992). The origins of the

somatic cells in the gonad have been less clear, and there may be variations in different

species studied. Detailed histological analysis of the developing urogenital ridge suggested

that some gonadal cells migrate from the mesonephros (Merchant, 1975; Satoh, 1985;

Wartenberg et al., 1991). More conclusive evidence for the origins of gonadal cells in the

mesonephros was obtained by the use of chimeras in which mesonephric cells could be

distinguished (Buehr et al., 1993; Rodemer et al., 1986; Rodemer-Lenz, 1989). There is

evidence that cells from the coelomic epithelium contribute to the gonad as well (Rodemer

Lenz, 1989; Wartenberg et al., 1991).

The first obvious sign of male-specific differentiation is the morphological

differentiation of Sertoli cells which appear as large clear cells with a characteristic

ultrastructure (Magre and Jost, 1980; Magre and Jost, 1991). These cells aggregate and

surround germ cells. The Sertoli cells then polarize and become epithelial to form cords

which are visible by e14 in the rat. There is no apparent structure in the ovary at this time



(Karl and Capel, 1995). The critical role of Sertoli cells in testis development is suggested

by the fact that they are the first cell type to differentiate. In addition Sertoli cells are found

to be predominantly XY in XX/XY chimeras (Palmer and Burgoyne, 1991; Patek et al.,

1991). It has been suggested that differentiation of Sertoli cells is therefore the key step in

the formation of a testis, and the rest of testis development follows from the activity of

Sertoli cells (Burgoyne et al., 1988; Burgoyne et al., 1992; McLaren, 1991).

The other somatic cells in the testis differentiate after the formation of Sertoli cell

cords. Leydig cells appear to differentiate from the interstitial stroma (Hardy et al., 1989;

Kerr et al., 1987). The characteristic ultrastructure of Leydig cells is visible by els in the

rat and comparable stages in the mouse, rabbit and pig (George et al., 1978; Magre and

Jost, 1991; Pehlemann and Lombard, 1978; Whitehead, 1904). Detectable 3B

hydroxysteroid dehydrogenase activity and production of testosterone occur slightly later

(George et al., 1978; Lipsett, 1965; Wilson and Siiteri, 1973). Peritubular myoid cell

differentiation occurs over an extended period of time. Flattened cells surrounding the

Sertoli cell cords are identifiable as early as e14 in the rat just after cord formation (Magre

and Jost, 1980). The first marker of peritubular cells is desmin which is present by e18 but

is also present on some interstitial cells (Palombi et al., 1992). A marker of smooth muscle

identity, O-smooth muscle isoactin, becomes apparent around birth. Gradual shape

changes occur during the early postnatal period, and consistent contractile activity occurs

around postnatal day 15 coincident with lumen formation and puberty (Bressler and Ross,

1972; Palombi et al., 1992; Russell et al., 1989).

The embryonic testis is characterized by extensive cell proliferation. There is a

dramatic sex-specific difference in the rate of growth of the gonads. The larger volume

and faster rate of proliferation of the testis are already apparent at e13.5 in the rat before the

appearance of cords (Mittwochet al., 1969). By embryonic day 15 the rat testis is over

twice the volume of the ovary (Mittwoch, 1989; Mittwochet al., 1969). It has been

suggested that the different rates of growth may be involved in sex differentiation



(Merchant-Larios and Taketo, 1991; Mittwoch, 1989). The increased growth of the testis

as compared to the ovary continues through late embryonic and early postnatal

development. The size of the testis increases progressively throughout embryonic and

early postnatal development (Warren et al., 1982; Warren et al., 1984). Testis mass in the

sheep was found to increase by a factor of 200 during the late embryonic period

(Hochereau-de Reviers et al., 1995). The peak of Sertoli cell proliferation in the rat occurs

in the late embryo at e20-21 just before birth (Orth, 1982). Sertoli proliferation gradually

decreases in the early postnatal period and drops sharply at the beginning of puberty. No

proliferation in Sertoli cells is detectable after postnatal day 15 either by tritiated thymidine

incorporation or by histological observation of mitotic figures (Clermont, 1957; Steinberger

and Steinberger, 1971). This early proliferation is crucial for establishing the mature adult

testis size and function. A sufficient population of Sertoli cells is necessary for adequate

sperm production in the adult (Orth et al., 1988). Germ cells are proliferating around the

time of sex differentiation but enter mitotic arrest by e17 or e18 in the rat (Hilscher et al.,

1974; Orth, 1982). Proliferation by spermatogonial cell precursors begins again around

postnatal day 4 and continues in each wave of spermatogenesis (Clermont, 1957; Orth,

1982).

The morphogenetic structure of the testis remains relatively constant through late

embryonic and early postnatal development until puberty. Formation of the blood-testis

barrier, development of a lumen within the seminiferous tubule, and the initiation of the

first wave of spermatogenesis all occur at approximately the same time around postnatal

days 15 in the rat. The blood-testis barrier is formed by rows of specialized tight junctions

and depends on packed actin filaments associated with the junctions (Dym and Fawcett,

1970; Pelletier and Byers, 1992; Weber et al., 1988). The existence of a barrier to the

permeability of various substances is initiated between postnatal day 15 and 19 (Kormano,

1967; Russell, 1978; Russell et al., 1989; Vitale et al., 1973).



The development of the characteristic follicular structure of the ovary occurs later

than the corresponding morphogenesis of the testis (Greene, 1944; Stein and Anderson,

1981). In some species there are descriptions of early cords in the ovary which then

degenerate, but in the rat the ovary is morphogenetically unstructured at the time of testis

cord formation (Pehlemann and Lombard, 1978; Satoh, 1985; Stein and Anderson, 1981).

Clusters of cells form in the late embryonic ovary and then break down into follicles around

the time of birth (Hirshfield and DeSanti, 1995; McLaren, 1991; Stein and Anderson,

1981). These early cell organizations have sometimes been described as cords but are not

equivalent to testis cords. Germ cells in the ovary enter meiosis in the late embryo (around

e15 in the mouse ore 17 in the rat) and arrest in meiotic prophase where they remain until

puberty (Mystkowska and Tarkowski, 1970; Narbaitz and Adler, 1966; Slizynski, 1961).

Each follicle contains an oocyte surrounded by layers of granulosa cells. During growth

and maturation of the follicle layers of steroid-producing theca cells develop around the

granulosa cells. The granulosa cells appear to have similar origins to Sertoli cells and there

is evidence that granulosa cells can transdifferentiate into Sertoli cells under conditions in

which germ cells are lost after they enter meiosis (Hashimoto et al., 1990; Taketo and

Koide, 1981; Vigier et al., 1984).

The embryonic period is clearly a critical time for testis development. The

morphogenetic changes resulting in cord formation establish much of the basic structure of

the testis. The extensive proliferation and growth which occurs in the embryonic testis is

necessary to establish an adequate population of somatic cells for adult function and

fertility. In addition, the embryonic development of a testis rather than an ovary is the

necessary first step in the process of male sex determination.

Testis Cord Formation

The formation of cords is a critical event in the morphogenesis of the testis. Cord

formation is the first sign of male differentiation. The cords are the precursors of the



mature seminiferous tubules in the adult. Understanding the factors and processes

involved in cord formation is thus necessary for an understanding of sex differentiation and

testicular development. In addition this investigation may provide insight into the general

problem of how cell-cell interactions lead to the formation of structures and organs.

Histological analysis by light and electron microscopy has revealed the basic

process of testis cord formation. Early on day e13 in the rat the first Sertoli cells appear as

large clear cells which aggregate with germ cells. As an increasing number of Sertoli cells

aggregate, the cell surfaces at the edge of the aggregates flatten to form the regular outer

surface of the developing cords (Jost et al., 1981; Magre and Jost, 1980; Magre and Jost,

1991). The Sertoli cells undergo a number of morphological changes as the cords form.

The cytoplasmic volume of the cells increases and the cells establish extensive contacts with

each other. In addition the Sertoli cells become polarized and develop a layer of actin

microfilaments at the basal surface (Magre and Jost, 1980; Magre and Jost, 1991). The

cords are clearly visible by e14. A basal lamina begins to appear on day e14.5 and

surrounds the cord continuously by day e15.5 (Magre and Jost, 1991; Paranko et al.,

1983). Peritubular cells are identifiable as a layer of flattened mesenchymal cells along the

surface of the cord on day e14 (Magre and Jost, 1980).

Cord formation clearly requires changes in the adhesion of cells to each other and to

the extracellular matrix (ECM). In addition it requires polarization of cells. Changes in the

expression of cytoskeletal proteins and adhesion proteins are therefore likely to be required.

At the time of Sertoli cell aggregation desmin disappears and cytokeratin appears in the

aggregates (Frojdman et al., 1992b). This switch is typical for the transition from

mesenchyme to an epithelial phenotype. More specific analysis of keratin expression

demonstrates that a switch from K19 to K18 occurs in Sertoli cells just at the onset of cord

formation in the testis while K19 remains expressed in the embryonic ovary (Fridmacher et

al., 1995). Laminin, collagen and fibronectin become excluded from the cell aggregates

and subsequently expressed in the developing basal lamina surrounding the cords



(Agelopoulou and Magre, 1987; Paranko et al., 1983). The integrin subunit o6, which is a

cell-surface receptor implicated in both cell-cell and cell-ECM interactions, is expressed

inside and around the Sertoli cell aggregates and early cords. As the cords develop, 0.6

expression decreases and becomes restricted to discrete patches of intercellular membrane

between adjacent Sertoli cells rather than on the basal surface of the cords in contact with

the basal lamina (Frojdman and Pelliniemi, 1994). Therefore of may be involved in the

early steps of cell aggregation leading to cord formation. The 0.4 integrin is instead

expressed in the mesenchyme and not the cords in early mouse testis (Jaspers et al., 1995).

Cell-surface carbohydrates have also been implicated in cell-cell adhesion. Analysis of the

carbohydrate content by lectin binding reveals a decrease in lectin labeling in the developing

cords while it remains in the interstitium (Frojdman et al., 1992a). These experiments

demonstrating changes in adhesion proteins and cytoskeletal proteins suggest that these

proteins are involved in the mechanisms of cord formation.

Further evidence for the importance of ECM proteins, cytoskeleton, and

glycoproteins in cord formation has been provided by in vitro experiments perturbing these

proteins. Embryonic organ cultures of urogenital ridge (testis and mesonephros) will

undergo cord formation in vitro. Inhibition of protein glycosylation using tunicamycin

results in perturbation of cord formation and defects in polarization and basal lamina

formation by Sertoli cells (Kanai et al., 1991). Disruption of actin filaments with

cytocholasin D similarly perturbs cord formation, cell polarization and basal lamina

formation (Kanai et al., 1992). More aggregation of Sertoli cells is observed with

cytocholasin D treatment than with tunicamycin, suggesting that glycoproteins may be more

critical for the initial aggregation while actin filaments are necessary for polarization.

Disruption of microtubules with colcemid does not interfere with cord formation despite

inhibition of growth and arrest of cells in mitosis (Kanai et al., 1992). This suggests that

microtubule organization is not essential for the process of cord formation. Indirect

evidence for the importance of the basement membrane is suggested by treatment with



retinoic acid which results in disruption of the basement membrane such that laminin and

collagen are present in irregular deposits. Cords which were visible at the initiation of

culture were also disrupted by the retinoic acid (Marinos et al., 1995). Increasing cyclic

AMP by adding cAMP analogues or by stimulating adenylate cyclase with prostaglandins

or forskolin also blocks the development of testis cords and causes disintegration of the

basement membrane (Taketo et al., 1984). Perturbation of cord formation in organ culture

provides useful information about key elements in the morphogenetic process.

Additional evidence for the importance of the extracellular matrix protein laminin in

cord formation is provided by studies on the in vitro formation of cords by Sertoli cells.

Sertoli cells isolated from prepubertal rats and cultured within reconstituted basement

membrane gels (Matrigel) can reorganize into cords (Hadley et al., 1985). Cord formation

can be prevented in these gels by an antibody to laminin or high concentrations of synthetic

laminin peptides but not by antibodies to other extracellular matrix proteins (Hadley et al.,

1990). Co-culture of Sertoli cells with peritubular cells results in cooperative formation of

a basal lamina and some cord-like structures in aggregates (Tung and Fritz, 1980; Tung and

Fritz, 1987). Antibodies to laminin can prevent this organization while antibodies to

fibronectin have no effect (Tung and Fritz, 1994).

Organ culture of embryonic testis has also revealed a requirement for the

mesonephros in testis cord formation. Mouse testis cultured without the mesonephros

before cord formation will not form cords in culture. Co-culture with a mesonephros from

either a male or a female embryo can induce cord formation. A permeable filter separating

the mesonephros from the testis prevents the induction of cords. Labelled cells from the

mesonephros migrate into the testis during the culture period and become peritubular,

endothelial and interstitial cells but not Sertoli, Leydig or germ cells (Buehr et al., 1993;

Merchant-Larios et al., 1993). These observations suggest that the migration of cells from

the mesonephros may be critical for cord formation by Sertoli cells. Given the close

association between Sertoli and peritubular cells, it appears likely that the pre-peritubular



cells may be involved in cord formation. Hindlimb buds can substitute for the

mesonephros in allowing cord formation in organ culture of embryonic testis. In these

cocultures hindlimb stromal cells migrate into the testis, and this migration is required for

cord formation to occur (Moreno-Mendoza et al., 1995). This implies that the embryonic

testis can induce the migration of mesenchymal cells. The fate of the hindlimb cells after

migration has not been determined so it is not known whether they contribute to a particular

cell lineage such as peritubular cells. These experiments demonstrate a requirement for

mesenchymal cell migration into the testis. This leads to the hypothesis that mesenchymal * = -

peritubular cells may be important in the induction of cord formation in vivo. However,

this theory has not been tested directly.

The combination of these varied approaches to the study of testis cord formation

has yielded information about certain aspects of the process by which cells form cords.

Detailed observations of the changes in cell morphology and the expression of various - * * * * *

proteins provide correlations between cell behaviors and changes in cytoskeletal, adhesion

and ECM proteins. Perturbation experiments in organ culture and in vitro provide further

information as to which factors are necessary for cord formation. These experiments have

demonstrated a crucial role for actin and laminin during the process. However, there is still - :

no information about the initial induction of the changes in Sertoli cells leading to cord --

formation. Identification of the factors responsible for this induction would be invaluable

for understanding testis development. The demonstration of a requirement for the

mesonephros and the observation that the migration of mesenchymal cells from the hind

limb can substitute for the mesonephros suggest that the mesenchymal peritubular cells may

be critical for cord formation.

Testis Development and Sex Determination

The differentiation of the testis plays a central role in mammalian sex determination.

In a series of classic experiments by Jost in 1947 the gonads were removed from rabbit

10



embryos and it was observed that female reproductive tract structures developed(Jost,

1972). These experiments demonstrated that the presence of the testis results in male

development of the reproductive organs and external genitalia. In the absence of the testis

female differentiation will occur whether or not the ovaries are present. Earlier models of

sex determination had postulated the existence of competing hormones produced by the

testis and ovary which each caused characteristic sexual differentiation of indifferent

structures (Greene, 1944). Instead, the embryonic testis is required both to promote the

formation of male structures and to prevent the formation of female structures. The

development of the testis is therefore critical for the entire process of sexual differentiation.

The internal reproductive organs are formed from the Wolffian and Mullerian ducts,

both of which are present in the early bipotential embryo. The Wolffian duct is the

precursor of the epididymis, vas deferens and seminal vesicle in the male while it regresses

in the female embryo. The Mullerian duct is the precursor of the female uterus, cervix,

fallopian tubes and upper vagina (Greene, 1944). Jost predicted the existence of two

different testicular factors, one of which inhibits the Mullerian duct and one of which

promotes the development of the Wolffian structures (Jost, 1953). These have since been

identified as Mullerian-inhibiting substance (MIS) and testosterone (Blanchard and Josso,

1974; Jost, 1953; Lipsett, 1965). Testosterone and other androgens are capable of

stabilizing the Wolffian derivatives and of inducing these structures in the female but have

no effect on Mullerian duct structures (Bloch et al., 1971; Jost, 1953; Mowszowicz et al.,

1989). MIS is produced by Sertoli cells and testosterone is produced by Leydig cells.

Correct differentiation of the cells in the embryonic testis is therefore required to initiate and

maintain male development. There is some sexual dimorphism before testis development in

marsupials but in general the critical step in the determination of mammalian sex is the

determination of a testis (Wai-Sum et al., 1988).

The role of chromosomes in sex determination has been recognized for almost a

century. There is "no doubt that a definite connection of some kind between the
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chromosomes and the determination of sex exists" according to Edmund B. Wilson in 1905

(Wilson, 1905). Wilson subsequently proposed that sex is determined by the presence of

an X or Y chromosome in the fertilizing spermatozoa (Wilson, 1909). The discovery that

XO individuals in both the mouse and the human develop as female demonstrated that the Y

chromosome determines the male sex in mammals (Ford, 1959; Welshons, 1959). As

early as 1972 Jost proposed the idea that a male organizer was required to initiate testis

development while the absence of this signal would lead to ovarian development (Jost,

1972). There followed an extensive search for the gene on the Y chromosome responsible

for male determination known as Tây (testis- determining gene on the Y) in mice and TDF

(testis-determining factor) in humans. This effort finally led to the identification of Sry

(for sex-determining region of the Y) in the mouse (SRY in the human).

Sry was cloned from the smallest fragment of the Y chromosome capable of

inducing sex reversal. It is conserved in a wide range of mammals and is expressed in

male but not female urogenital ridge (Gubbay et al., 1990). Further genetic evidence for its

role in sex determination was provided by the finding of a deletion of SRY in a line of XY

female mice and two de novo mutations in SRY associated with human sex-reversal (Berta

et al., 1990; Gubbay et al., 1990; Jager et al., 1990). More detailed analysis of Sry

expression showed that it is expressed specifically between e10.5 and e12.5 in the mouse

(testis cords are detectable in the mouse at e12.5) so it is present at the appropriate time to

promote sex differentiation in the testis (Koopman et al., 1990). It is presumed that SRY is

expressed in Sertolicells but it has not yet been possible to determine cell localization due

to the low levels of expression (Capel, 1993; Wolf, 1995). Direct evidence that Sry is

sufficient to cause an XX embryo to develop as a male was provided by creating transgenic

mice carrying a 14 kilobase genomic fragment containing Sry. This fragment is capable of

leading to the formation of a normal testis and normal adult male phenotype in XX mice

(Koopman et al., 1991). Sex reversal does not occur in all transgenics despite the presence

of many copies of Sry, but this may be due in part to position effects on the transgene. Sry

:
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is thus the only gene on the Y chromosome required to initiate testis differentiation and the

rest of male development. The only exception to this is the process of spermatogenesis;

two different regions on the Y chromosome are required for germ cells to go through

spermatogenesis (Burgoyne et al., 1992).

There are additional sex- determining genes on autosomes and the X chromosome.

There are XY females with apparently normal SRY as well as XX males lacking SRY

(Wolf, 1995). Three autosomal loci involved in testis determination have been identified

genetically in the mouse although the genes have not been cloned (Capel, 1993). In

addition there is X-linked sex reversal. A region on the X chromosome was termed DSS

for dosage-sensitive sex reversal because duplication of this region causes male to female

sex reversal. A candidate gene in this region named DAX-1 appears to have a role in gonad

development (Swain et al., 1996; Wolf, 1995). It appears that a network of interactions

between several genes is involved in sex determination. However, SRY clearly plays a key

role in the determination of the testis.

The identification of SRY leads to the question of how expression of Sry leads to

the differentiation of a testis. Sry is a DNA-binding protein belonging to the high mobility

group (HMG) box family (Gubbay et al., 1990). Binding of Sry to DNA results in sharp * *

bending of the DNA (Ferrari et al., 1992; Werner et al., 1995). This is thought to result in
-

transcriptional activation by contributing to the assembly of a transcriptional complex since

Sry contains no identifiable activation domain (Bogan and Page, 1994; Werner et al.,

1995). It has also been suggested that Sry may function as a repressor of a negative

regulator of male development. There are familial sex reversed females (XX males) lacking

SRY who seem to inherit this phenotype as a single autosomal recessive gene (McElreavey

et al., 1993). This led to the proposal that there may be an autosomal gene which normally

prevents male differentiation in the absence of SRY and that SRY acts by repressing the

synthesis or action of this postulated gene.
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There are several candidate genes which are potentially involved in testis

determination either upstream or downstream of SRY. One of the most prominent is MIS,

which clearly has a role in the sexual differentiation of the reproductive tract. MIS is a

member of the transforming growth factor-B family (Cate et al., 1986) and appears to act

through a transmembrane serine/threonine kinase receptor to cause regression of the

Mullerian duct (Baarends et al., 1994). It is produced by Sertoli cells shortly after Sertoli

differentiation and cord formation (Munsterberg and Lovell-Badge, 1991; Tran et al.,

1977). Functions for MIS in testis development have been proposed based on the

observation that MIS can induce ovaries to develop cord-like structures (Behringer et al.,

1990; Vigier et al., 1987). However, disruption of MIS in either mouse or human does not

prevent development of normal testis capable of supporting spermatogenesis (Behringer et

al., 1994; Knebelmann et al., 1991). MIS is therefore not required for testis development. f
-

The expression of MIS can be activated by SRY so it was originally proposed as a

direct target of SRY (Haqq et al., 1993; Haqq et al., 1994). However, it now appears that

this activation may be mediated through steroidogenic factor 1 (SF-1) which is a member of

the nuclear steroid- receptor family of transcriptional regulators (Shen et al., 1994). SF-1

is essential for gonad development since its disruption in knockout mice leads to a lack of -

gonads in both the male and the female (Luo et al., 1994). A genital ridge begins to form

in these mice but degenerates around the time of sex differentiation. A specific role in male

differentiation is suggested because SF-1 is expressed in both sexes at the indifferent stage

but persists in Leydig and Sertoli cells of the testis while it disappears from the ovary at the

time of testis cord formation (e12.5 in the mouse) (Ikeda et al., 1994). This has been

supported by evidence that SF-1 can regulate expression of both MIS and the steroidogenic

enzyme aromatase (Lynch et al., 1993; Shen et al., 1994). SF-1 therefore appears to have

several functions in gonadal development at different stages.

Another gene required for the initial stages of gonad development is Wilm's tumor

gene (WT-1), a putative zinc-finger transcription factor. WT-1 is expressed in the genital
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ridge as well as in testicular Sertoli cells and ovarian granulosa cells through the rest of

development and in the adult (Mundlos et al., 1993). Mutation of WT-1 in the human is

associated with both Denys-Drash syndrome and the WAGR syndrome which are

characterized by genital and gonadal abnormalities (Hastie, 1992). Further proof of the

role of WT-1 in gonad development was provided by mutation of WT-1 in the mouse

which leads to the arrest of gonad formation at the initial stages (Kreidberg et al., 1993).

WT-1 therefore appears to function in both testis and ovary development and function.

There is less known about other genes potentially involved in testis development

and sex determination. Zfy was an early candidate for being the sex-determining gene on

the Y chromosome but appears to have a role in germ cell development instead (Koopman

et al., 1989; Su and Lau, 1992). SOX9, one of the autosomal SRY-related HMG box

genes, is expressed in the genital ridge and early gonad in both mouse and human (Wagner

et al., 1994). Furthermore, mutations in SOX9 are associated with human sex reversal

(Wagner et al., 1994). Desert hedgehog (Dhh) is a gene implicated in cell-cell signalling

which is expressed specifically in the male gonad starting at e11.5 in the mouse before

testis cord formation (Bitgood, 1996; Bitgood and McMahon, 1995). Expression

continues in Sertoli cells in the embryo and the adult. Mice lacking Dhh develop testis and

a male reproductive system but have variable germ cell deficiencies depending on the

genetic background. Dhh is clearly important in testis development and function, and the

initiation of its expression at the earliest stages of testis-specific development is intriguing.

However, Dhh is not required for testis determination and cord formation.

º

15



TABLE 1.

Gene Phenotype of Mutation Expression
SRY sex-reversal (human & mouse); male genital ridge just before testis cord

expression in female sufficient to formation; adult testis germ cells
cause testis & male development

MIS no testis effect; female reproductive | Sertoli cells just after cord formation;
tract develops postnatal Sertoli (testis), postnatal & adult

granulosa (ovary)
SF-1 lack of male and female gonads indifferent genital ridge male & female,

persists in male; adult testis, ovary &
adrenal

WT-1 lack of male and female gonads; indifferent genital ridge male & female,
human-genital & gonadal persists in Sertoli (testis) and granulosa
abnormalities (ovary)

SOX9 sex-reversal (human) indifferent genital ridge, early gonads;
many adult tissues

Dhh germ cell deficiencies male genital ridge just before testis cord
formation, persists in Sertoli cells

Dax-1 duplication causes male to female indifferent genital ridge male & female,
sex reversal disappears in male with cord formation;

adult testis, ovary & adrenal

Several of the genes implicated in sex determination and testis formation are

summarized in Table 1. The only genes so far implicated in testis determination and the

initial morphogenesis of the testis are transcription factors. Both MIS and Dhh are

expressed in early Sertoli cells and clearly have important roles in testis function but neither

is required for the development of the gonad as a testis. There is thus no information as to

the connection between the transcriptional regulation leading to sex determination and the

actual cytodifferentiation of Sertoli cells or the morphogenetic processes involved in testis

cord formation. Identification of factors involved in the initial differentiation of the testis

will be critical for understanding both testis development and sex determination.

Growth Factors in the Embryonic Testis

While several different families of growth factors have been found to function in the

postnatal testis, little is known about growth factors in the embryonic testis. The current
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thesis investigates the roles in embryonic testis development of the EGF family and the

neurotrophin family of growth factors. These factors will be discussed in detail in the

following sections.

(A) Growth Factors in the Testis: EGF Family

One family of growth factors which may play a role in the embryonic testis is the

epidermal growth factor (EGF) family. There are several ligands which act through the

epidermal growth factor receptor (EGFR, also known as HER1 or erbB1) including EGF,

transforming growth factor o: (TGF0), amphiregulin, heparin-binding EGF (HB-EGF),

cripto and betacellulin (Marquardt et al., 1984; Massague and Pandiella, 1993). In

addition, there is another set of related ligands known as the heregulins or neuregulins

(Holmes et al., 1992; Wen et al., 1992). These are multiple alternatively spliced products

of one gene that include factors also known as neu differentiation factor (NDF),

acetylcholine receptor inducing activity (ARIA) and glial growth factor (GGF) (Peles and

Yarden, 1993). These ligands have an EGF domain with homology to the traditional EGF

family but they do not interact with the EGFR (Wen et al., 1992). Instead, they interact

with the related receptors HER2/neu■ erbB2, HER3, and HER4 (Carraway et al., 1994;

Holmes et al., 1992). These receptors were first identified as protooncogenes; mutation or

overexpression is associated with several human cancers (Schechter et al., 1984; Semba et

al., 1985). All of the known EGF family of receptors are capable of heterdimerization

which adds to the complexity of the potential signalling through this system (Earp et al.,

1995; Goldman et al., 1990; Wada et al., 1990). Heterodimerization can occur even when

only one of the receptors is bound to its ligand and appears to change the downstream

signalling events which are activated (Earp et al., 1995; Peles and Yarden, 1993). The

EGFR family of receptors and their cognate ligands are summarized in Table 2.
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TABLE 2.

EGF Family Receptors EGF Family Ligands
EGFR/HER1/erbB1 EGF, TGFo, amphiregulin, HB-EGF,

cripto, betacellulin
neu/HER2/erbB2 heregulins (HRG)/neuregulins
HER3/erbB3 (NDF, ARIA, GGF)
HER4/erbB4

The EGFR family of receptors functions by ligand-dependent dimerization and

activation of the tyrosine kinase in the cytoplasmic domain (Boonstra et al., 1995;

Carpenter and Cohen, 1990). This leads to autophosphorylation of the receptor on specific

tyrosines which then bind to a range of substrates containing SH2 domains (Anderson et

al., 1990; Koch et al., 1991). These substrates include PLCY1, PI-3 kinase, GAP, MAP

kinase and raf kinase (Carpenter and Cohen, 1990; Peles and Yarden, 1993). A variety of

downstream signalling pathways are thus activated including release of intracellular

calcium, turnover of inositol lipids, activation of protein kinase C, ras, and a cascade of

other kinases (Boonstra et al., 1995). EGF and its related ligands are capable of inducing

proliferation, differentiation, and migration in many different cell types (Prigent and

Lemoine, 1992). The EGF family and particularly the heregulin receptors have been

associated with stimulation of proliferation and malignant transformation. HER2/neu is

capable of stimulating proliferation in breast cell lines and is found to be overexpressed in

20% of human breast cancer. Overexpression of EGFR is also common in human cancers

and correlates with a poor prognosis (Earp et al., 1995; Prigent and Lemoine, 1992).

TGFO/EGF are important in regulating morphogenesis as well as proliferation.

Several experiments have implicated EGF or TGF0 in kidney development, particularly in

tubule formation. Kidney tubules form from the aggregation and epithelialization of

metanephric mesenchymal cells when they are induced by the ureteric bud. This process is

similar to the mesenchyme-to-epithelia transition made by Sertoli cells in the testis when

cord formation occurs. Antibodies to TGF0 inhibit growth of the kidney, branching of the
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ureteric bud and tubulogenesis in embryonic kidney organ cultures (Rogers et al., 1992).

Certain kidney epithelial cell lines as well as primary neonatal kidney cells can be induced

to form tubular structures in vitro by TGF0 or EGF (Barros et al., 1995; Taub et al.,

1990). The physiological ligand is likely TGFo. since TGFO. mRNA and protein are

detectable in embryonic kidney while EGF is not (Rogers et al., 1992). TGFO, also

appears to be important for tubule formation by microvascular endothelial cells. Coculture

of endothelial cells with TGFo-producing keratinocytes induces tubules which can be

inhibited by an antibody to TGFO. TGFO, or EGF can also stimulate tubule formation by

endothelial cells in collagen gels (Ono et al., 1992). In the mammary gland both TGF0.

and EGF are expressed in different patterns and can stimulate ductal growth and

morphogenesis (Snedeker et al., 1991). Branching morphogenesis and growth in

embryonic lung organ cultures are stimulated by EGF and inhibited by either antisense

oligonucleotides to EGF or inhibition of the EGFR (Seth et al., 1993; Warburton et al.,

1992). EGF plays a role in Wolffian duct development, where it appears to be able to

mediate some effects of testosterone on stablilizing the Wolffian duct and allowing its

differentiation. Antibodies to either EGF or the EGFR can prevent Wolffian duct

differentiation. EGF expression is stimulated by testosterone and decreased by anti

androgens (Gupta, 1996; Gupta et al., 1991; Gupta and Singh, 1996).

Confirmation of the importance of the EGF/TGFO/heregulin family in development

has been provided by transgenic mice lacking the receptors or ligands. Three independent

EGFR knockouts result in strain-dependent lethality at various ages ranging from

embryonic to several weeks postnatal. The lack of EGFR causes a dramatic growth defect

as well specific defects in epithelial development of many organs including skin, lungs,

gastrointestinal tract, brain, placenta, eyes (Miettinen et al., 1995; Sibilia and Wagner,

1995; Threadgill et al., 1995). Mice lacking erbB2 or erbB4 die in mid-embryogenesis

with dramatic defects in the heart and central nervous system (Gassmann et al., 1995; Lee

et al., 1995). Similar embyronic lethality in combination with cardiac and neural defects
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are seen in mice lacking heregulin (Meyer and Birchmeier, 1995). A much milder

phenotype is seen in mice lacking TGFO. The mice are healthy and have only relatively

minor defects in skin, hair follicles, whiskers and eyes (Luetteke et al., 1993; Mann et al.,

1993). The presumption is that other members of the EGF family can compensate for the

lack of TGF0 by activating the EGFR. However, other members of the EGF family do

not appear to be able to compensate for the lack of heregulin possibly since they are unable

to activate the HER2,3, and 4 receptors directly.

The TGFO/EGF family have been associated with multiple functions in the testis.

Reducing circulating levels of EGF by removal of the salivary gland leads to a dramatic

decrease in spermatozoa due to defects in spermatogenesis (Tsutsumi et al., 1986). EGF

and TGFo have several different activities on Sertoli and Leydig cells. EGF has been

reported by some investigators to increase production of inhibin, androgen-binding

protein, and transferrin by Sertoli cells (Morris et al., 1988; Perez-Infante et al., 1986).

Both EGF and TGFO can cause an increase in lactate production by Sertoli cells,

apparently acting both to increase glucose uptake and to increase the activity of lactate

dehydrogenase (Nehar et al., 1993). EGF seems to have multiple roles in regulating

steroidogenesis by Leydig cells as it has been reported both to stimulate and to inhibit

testosterone production. It appears to affect cholesterol transport, the number of LH

receptors, and several different steroidogenic enzymes (Sordoillet et al., 1991; Welsh and

Hsueh, 1982). TGFO can stimulate peritubular cell proliferation and migration in culture

(Mullaney and Skinner, 1992b; Skinner et al., 1989).

Several members of the TGFO/EGF family and their receptors are expressed in the

testis. EGF has been identified by immunocytochemistry in germ cells at the specific

stages of pachytene spermatocytes and round spermatids. In addition, the mature form but

not the precursor was detected in Sertoli cells (Radhakrishnan et al., 1992; Radhakrishnan

and Suarez-Quian, 1992). TGFO. mRNA was detected in prepubertal testis and in cultured

Sertoli and peritubular cells (Mullaney and Skinner, 1992b; Skinner et al., 1989). By
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immunocytochemistry TGFO. was found in Leydig cells but not in Sertoli cells (Teerds et

al., 1990). EGFR, the receptor for both EGF and TGFO, was found at the protein level in

adult Sertoli and Leydig cells, and at the mRNA level in prepubertal peritubular cells

(Mullaney and Skinner, 1992b; Suarez-Quian et al., 1989; Suarez-Quian and Niklinski,

1990). Despite some conflicting data on the precise sites of expression, it is clear that

TGF0, EGF and the EGFR are all expressed in the postnatal testis. Although they have

not been as well characterized, other members of the family are also found in the testis.

Both amphiregulin and heregulin-O. mRNA are detectable in adult human testis by Northern

blot analysis (Holmes et al., 1992; Plowman et al., 1990). NDF is expressed in early

mouse embryonic testis by in situ hybridization and is localized specifically to the

mesenchyme surrounding the developing cords (Orr-Urtreger et al., 1993). Since the

TGFO/EGF family of ligands have the ability to stimulate both growth and morphogenesis,

they have the potential to play a critical role in early testis development.

(B) Growth Factors in the Testis: Neurotrophins

The neurotrophins are another family of growth factors which potentially play a role

in testis development. Neurotrophins were first identified in the nervous system where

they have a variety of activities. Neurotrophins are critical in mediating the differentiation,

migration, proliferation and survival of neurons in the developing brain and peripheral

nervous system. They are often produced by the targets of innervation. It is thought that

neurotrophins assist the neurons in finding those targets and also allow the survival of

those neurons which make the correct connection to their targets (Johnson and Oppenheim,

1994).

The first identified and best studied neurotrophin is nerve growth factor (NGF).

Related factors include neurotrophin 3 (NT-3), neurotrophin 4/5 (NT-4/5), and brain

derived neurotrophic factor (BDNF). These factors interact with two classes of receptors

on the responding cell (Chao and Hempstead, 1995). The trk receptors are tyrosine

21



kinases whose activation by ligand binding result in an increase in the phosphorylation of

several substrates which bind through SH2 domains. The activation of many different

signalling systems follows including phospholipase C-Y, phosphatidylinositol 3-kinase,

ras and raf (Chao and Hempstead, 1995; Heumann, 1994). The trk receptors are specific to

varying degrees for individual neurotrophin ligands. Trk A primarily binds NGF though it

will interact with NT-3 at lower affinity. TrkB primarily binds NT-4/5 and BDNF while

trk C primarily binds NT-3 (Barbacid, 1994; Clary and Reichardt, 1994; Clary et al.,

1994). The trk receptors appear to be capable of mediating most of the identified responses

to neurotrophins including neurite outgrowth, neuronal survival, and proliferation of

several different cells (Heumann, 1994; Weskamp and Reichardt, 1991).

The second class of neurotrophin receptor is p75/LNGFR which is a common low

affinity receptor capable of interacting with all the known ligands and with the high-affinity

trk receptors (Chao, 1994). p75/LNGFR can modulate the response of the trks to the

neurotrophins (Chao, 1994). In addition p75/LNGFR can signal independently of the trk

receptors using pathways involving sphingomyelin hydrolysis to generate the second

messenger ceramide (Dobrowsky et al., 1995; Dobrowsky et al., 1994). Activation of the

transcription factor NF-kB, regulation of apoptosis, and stimulation of Schwann cell

migration are all dependent on p75/LNGFR function (Anton et al., 1994; Carter et al.,

1996; Rabizadeh and Bredesen, 1994).

Initially expression of neurotrophin ligands and receptors outside of the nervous

system was interpreted as being restricted to targets of innervation. The level of NGF

mRNA in adult rat organs correlates with their sympathetic innervation (Heumann et al.,

1984). NT3, NT4/5, and BDNF are expressed in embryonic limb buds while trk B and trk

Care present on the motor neurons which innervate the developing limb (Henderson et al.,

1993). However, there is accumulating evidence for non-neuronal roles of the

neurotrophins as well (Ernfors, 1992; Heumann, 1994; Laurenzi et al., 1994; Maisonpierre

et al., 1990; Timmusket al., 1993). The common low affinity receptor p75/LNGFR is
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expressed in many embryonic tissues undergoing morphogenesis, including the tooth,

lung, kidney and limb bud (Henderson et al., 1993; Karavanov et al., 1995; Wheeler and

Bothwell, 1992). The expression is generally mesenchymal at sites of interaction with

epithelia. Trk C and NT4/5 mRNA are expressed in several developing organs including

both testis and ovary (Tessarollo et al., 1993; Timmusket al., 1993). In the prostate both

p75/LNGFR and a trk receptor identified by a pan-trk antibody are present in the epithelial

cells while an NGF-related protein is produced by the stroma. This expression pattern

suggests a local paracrine mode of action in the prostate (Pflug et al., 1992).

More detailed analysis of the expression of various neurotrophin ligands and

receptors has been performed in both the developing tooth and the ovary. In both systems

there are distinct cell-specific expression patterns which correlate with developmental

changes in the organ. The tooth develops from a series of interactions between oral

epithelium and mesenchyme. Innervation of the tooth is important for its development and

some of the expression of NGF, p75/LNGFR, trk B and trk C correlates with innervation.

Much of the expression, however, is unrelated to innervation and seems to correlate with

different stages of epithelial-mesenchymal interactions (Mitsiadis and Luukko, 1995).

Similarly, analysis of the changing expression patterns of NGF/trkA and NT-4/trk B in the

developing ovary demonstrates a correlation with morphogenetic events in the ovary rather

than with innervation. NGF and trkA abruptly decrease at the time of follicle formation

and abruptly increase just before the first ovulation. NT4/5 and trk B increase rapidly just

before the initiation of follicle formation. It is suggested that the neurotrophins may be

involved in regulating the proliferation, differentiation and cell interactions in ovarian

development (Dissen et al., 1995).

Functional data on the importance of these factors for organ development has been

demonstrated in a few cases. Antisense p75/LNGFR oligonucleotides perturb inductive

interactions and tubule development in the kidney (Sainio et al., 1994; Sariola et al., 1991).

None of the neurotrophins has been capable of inducing tubulogenesis in isolated kidney
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mesenchyme, but NT3 promotes the survival and differentiation of neuronal precursors in

the mesenchyme and so contributes to kidney development (Karavanov et al., 1995). NT3

plays a critical role in the transition of the epithelial dermatome into mesenchymal dermis.

NT3 can substitute for the neural tube in the induction of dermis formation in vivo and

stimulate an epithelial-mesenchymal transition by dermatome cells in vitro. In addition,

neutralizing antibodies to NT3 inhibit dermis formation without affecting the rest of somite

development (Brill et al., 1995). NGF has been implicated in mediating paracrine

interactions between keratinocytes and melanocytes in the epidermis. NGF is produced by

keratinocytes and induces migration and specific transcription by melanocytes. It is

suggested that this interaction may be critical both during embryonic development of the

skin and during wound healing and UV irradiation responses (Yaar et al., 1991). In all of

these studies, neurotrophins are implicated as important in local cell-cell interactions during

development.

There is evidence for a role for neurotrophins in the testis involving interactions

between Sertoli and germ cells. NGF mRNA is expressed specifically by spermatocytes

and early spermatids while some NGF protein can be detected at later stages of

spermatgenesis as well (Ayer-LeLievre et al., 1988). Pachytene spermatocytes and round

spermatids secrete NGF-like protein with mitogenic activity (Onoda et al., 1991).

p75/LNGFR is expressed by Sertoli cells at specific stages of the seminiferous epithelial

cycle and is down-regulated by testosterone while trkA is expressed at all stages (Parvinen

et al., 1992; Persson et al., 1990). The timing of expression of both NGF and its receptor

suggests possible functions in the initiation of meiosis and spermiation. A role in meiosis

is further supported by the observation that NGF stimulates meiotic DNA synthesis

(Parvinen et al., 1992). Infusion of NGF in vivo appears to prolong the stages of the

seminiferous cycle during which the initiation of meiosis occurs (Lonnerberg et al., 1992).

Both p75/LNGFR and trkA are detectable at the beginning of puberty. In addition,
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p75/LNGFR is expressed by peritubular cells and germ cells as well as Sertoli cells

(Djakiew et al., 1994; Russo et al., 1994).

In addition to regulating interactions between germ cells and Sertoli cells during

spermatogenesis, there is some data on the expression of neurotrophins earlier during testis

development. Trk C mRNA is expressed in the mouse urogenital ridge at e11.5 just before

testis cord formation. By e15.5 trk C expression is localized to the mesenchyme

surrounding the cords (Tessarollo et al., 1993). p75/LNGFR is detectable by in situ

hybridization in the mesenchyme surrounding the testis cords starting at e14.5 in the rat,

just after cord formation (Wheeler and Bothwell, 1992). This was confirmed by

immunocytochemistry for p75/LNGFR protein in the testis mesenchyme in the e14.5 rat.

At later embryonic and postnatal ages the p75/LNGFR protein expression becomes

gradually more localized to the peritubular cells rather than the rest of the interstitium.

Postnatally expression in the peritubular cells decreases until it is undetectable in the adult

(Russo et al., 1994). Expression of both p75/LNGFR and trk Cappears to correlate with

the initiation of testis cord formation and is restricted to the mesenchyme rather than the

epithelial cords themselves. This suggests a possible role for these neurotrophin receptors

and potentially for the trk C ligand NT3 in cell-cell interactions during cord formation.

(C) Other Growth Factors in the Testis

Other factors implicated in testis function include basic fibroblast growth factor

(bFGF), transforming growth factor B (TGFB) and platelet-derived growth factor

(PDGF). There is evidence for expression of bf{GF in germ cells, Sertoli cells, peritubular

cells and Leydig cells (Han et al., 1993; Koike and Noumura, 1994; Mullaney and

Skinner, 1992a). Expression is high during the prepubertal period and decreases with

maturation (Mullaney and Skinner, 1992a). Leydig cells express bFGF as early as e16 and

germ cells express bFGF as early as e18 (Koike and Noumura, 1994). In addition bFGF
has been found in the basement membrane surrounding the cords at e18 (Gonzalez et al.,
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1990). The bFGF receptor, known as FGF receptor-1 (FGFR-1), is expressed strongly

prepubertally and in all isolated testicular cell types (Le Magueresse-Battistoni et al., 1994).

The diverse localizations of bfGF suggest that it may have multiple roles in the testis.

Proliferation of Sertoli cells is stimulated by bFGF (Jaillard et al., 1987; Van Dissel

Emiliani et al., 1996). In addition, bFGF has been reported to stimulate transferrrin

secretion by Sertoli cells and testosterone secretion by Leydig cells (Han et al., 1993;

Hilscher et al., 1974). This suggests that bFGF is involved in maintaining the

differentiated functions of cells in the testis as well as in stimulating proliferation. No

functional studies have been performed on bFGF in the embryonic testis but the expression

pattern suggests that it may play a role in late embryonic testis development.

TGFB has been implicated in controlling the growth and differentiation of a wide

variety of cells. In the testis, TGFB is expressed by both Sertoli and peritubular cells

midpubertally (Skinner and Moses, 1989). Several effects of TGFB on peritubular cells

have been observed including inhibition of proliferation, stimulation of protein secretion,

changes in morphology and stimulation of migration (Mullaney and Skinner, 1993; Skinner

and Moses, 1989). TGFB has also been observed to affect Leydig cell steroidogenesis

(Lara et al., 1990; Nye et al., 1992). In addition, the expression patterns of TGFB1 and

TGFB2 in germ cells change during spermatogenesis suggesting possible roles in germ cell

development (Dissen et al., 1996). In the embryonic testis TGFB1 has been detected on

Sertoli cells beginning at e14.5 and on Leydig cells beginning at e16.5 (Gautier et al.,

1994). TGFB2 is expressed specifically on late embryonic Sertoli and Leydig cells and is

not detectable after birth (Dissen et al., 1996). The expression of TGFB's early in the

differentiation of Sertoli and Leydig cells suggests a possible role for TGFB in embryonic

testis cell differentiation. However, this possibility has not been investigated yet.

PDGF has been found to stimulate proliferation, migration, remodelling of

extracellular matrix, and differentiation of various cells. In the testis PDGF and the PDGF

receptor (PDGFR) are expressed on Leydig cells where PDGF can affect steroidogenesis
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(Berg et al., 1992; Ernfors et al., 1994b). In addition, PDGF appears to be involved in

interactions between Sertoli and peritubular cells. Sertoli cells in the late embryonic and

early postnatal testis express PDGF while peritubular cells express PDGFR during the

same period (Gnessi et al., 1995). Peritubular cells respond to PDGF by increased

proliferation, increased production of extracellular matrix proteins, and chemotaxis (Gnessi

et al., 1995; Gnessi et al., 1993). PDGF may therefore play a critical role in the late

embryonic testis.

Many different growth factors are likely to be required for the development and

functioning of the testis as for all organs. There are potentially interesting roles for many

of these factors in embryonic testis development. Most of the functional studies on growth

factors in the testis have focused on postnatal and adult function so that little beyond

expression pattern is known in the embryonic testis. In the current thesis the roles of the

EGF family and the neurotrophin family were investigated in the embryonic testis. The

known activities and expression patterns of these factors suggested that they would be

good candidates for roles in the initial stages of testis development and particularly in cord

formation.

Testis Or l

Several in vitro systems were used in the current thesis in order to explore the roles

of cell-cell interactions and growth factors in testis development. Investigation of testis

development and function has been aided by the establishment of techniques for culturing

the testis in vitro. The basis for culturing tissues in vitro was provided by the observation

in 1897 by Loeb and Fleisher that epithelial cells could migrate into a blood clot (Loeb,

1917). This led to the idea that it might be possible to grow epithelium outside the body

using a clot as culture medium. A series of experiments were carried out with several

different adult tissues to establish conditions under which the tissues could survive and

proliferate in a test tube (Loeb, 1917; Loeb, 1919). Testis cultures were attempted with
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some survival but no growth or maintenance of spermatogenesis (Loeb, 1919). A variation

of this culture method was developed by Burrows (Burrows, 1917) in which the blood clot

with tissue fragments within it is hung from a coverslip over a hollow slide providing a

Small sealed chamber.

In vitro studies of the testis depended on the development of organ culture systems

in which differentiation would occur. Successful organ cultures allowing differentiation of

the organ were first developed in the Strangeways laboratory in the 1920's (Fell, 1929;

Strangeways, 1926). Embryonic chick limb buds were cultured on a clot formed by a

mixture of chick embryonic extract and plasma in small sealed test tubes (Strangeways,

1926). The explants attached to the clot but remained on the surface where they maintained

enough access to oxygen and nutrients to develop and grow more successfully than in

previous approaches in which necrosis was a major problem. Cartilage differentiated in an º

appropriate axial arrangement in the embryonic limb buds cultured using this technique.

The technique was improved by placing the clot and explant in a watch-glass contained in a

moist chamber consisting of a Petri dish with cotton wool soaked in sterile water. This

allowed for better observation of the cultures and easier manipulation and changing of the

medium. Using this approach an embryonic chick femur was able to grow and differentiate º

histologically as well as biochemically using the production of enzymatic phosphatase
º

activity as a marker (Fell, 1929).

The watch-glass method of growing organs on the surface of a clot was first used

for testis organ cultures by Martinovitch (Martinovitch, 1937). Late embryonic and early

postnatal rat gonads grew and differentiated in culture. Spermatogenesis in the testis

proceeded as far as the pachytene stage of meiosis and then stopped.

The next advance in organ culture occurred in the 1950's when techniques were

established for culturing organs in a liquid medium instead of on a clot. These advances

were necessary for the ability to culture the testis in defined systems. Culturing in liquid

medium has many advantages including better disposal of waste products and easier
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maintenance of cultures. The medium can be changed easily without disturbing the organs

and samples of medium can be removed for analysis. In addition, defined media

containing specific known factors can be developed. Earlier attempts had been

unsuccessful because organs must be at the air interface rather than submerged in order to

receive enough oxygen. This problem was solved by culturing the organs on lens paper

supported on first tantalum gauze and later steel metal grids (Trowell, 1954; Trowell,

1959). The medium just reaches the lens paper allowing nutrient exchange without

submersion. In addition he developed a gas culture chamber so that the amount of oxygen

and carbon dioxide could be regulated. Many different adult organs were cultured in this

way in synthetic liquid medium. However, attempts to culture fragments of testis resulted

in most of the tubules degenerating. This technique was modified by using lens paper

which floats so there is no need of a solid support beneath it (Chen, 1954). Using floating :

filters and liquid medium containing chick embryo extract and fowl serum, several different

embryonic organs underwent differentiation in vitro. The main problem with this approach

was that the organs had to be dissected away from shreds of the paper which interfered

with sectioning. One solution was to substitute cellulose acetate paper which could be *

dissolved away by acetone. Many different embryonic organs were cultured in this way -
and found to continue their development in vitro (Shaffer, 1956).

Mammalian testis have been cultured on metal grids using variations of Trowell's

method since the 1960's (Agelopoulou et al., 1984; Steinberger, 1964; Steinberger and

Steinberger, 1970; Steinberger and Steinberger, 1971). The most common adaptation has

been using agar to cover the surface of the grid instead of lens paper. The first long-term

maintenance of mammalian testicular tissue in a chemically defined medium instead of the

classical plasma was performed by Steinberger, Steinberger & Perloff in 1964. Postnatal

testis were grown for six months in varied conditions of media, oxygen, pH and

temperature (Steinberger, 1964). Experiments using embryonic testis organ cultures found

that indifferent gonads could differentiate into testis or ovary (Agelopoulou et al., 1984;

**
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Moon and Hardy, 1973; Taketo et al., 1991). Fetal pig gonads developed into testis when

cultured on plasma and chick embryo extract (Moon and Hardy, 1973). Embryonic rat

gonads were cultured with mesonephroi and cord formation was observed in vitro. Serum

was found to inhibit cord formation in the embryonic rat tesis by several different

investigators (Agelopoulou et al., 1984; Magre and Jost, 1984). In contrast studies using

embryonic mouse testis found that serum was required for cord formation to occur (Taketo

et al., 1986; Taketo et al., 1984). The reason for this species difference is not known. It

has been suggested that there may be both cord-promoting and cord-inhibiting activities in

serum with mouse and rat testis having different sensitivities to the components. A

chemically defined system which allows cord formation in embryonic mouse testis was

established replacing serum with insulin or IGF-1, albumin, and sodium pyruvate (Taketo

et al., 1991). These experiments also updated the floating lens paper approach of Chen and

Shaffer with hydrophobic Nucleopore filters (Chen, 1954; Shaffer, 1956).

A different approach to in vitro analysis of testis development has been the culture

of reaggregates of dissociated testicular cells instead of intact organs. While this disturbs

the normal organization of cells and thus is farther from the in vivo condition, it provides

the opportunity to manipulate cells and observe the results of those manipulations on the

process of cord formation and testis development. The first standardizable procedure for

aggregation of dissociated cells was developed by Moscona using rotation at low speed to

cause the cells to aggregate (Moscona, 1961). This approach was applied to gonadal cells

to determine the result of mixing male and female newborn gonadal cells in differing

proportions (Urban et al., 1981). It was found that the presence of greater than 20% male

cells leads to the development mostly of tubular testis-like structures, suggesting that the

female cells could be induced to form male-specific structures by interactions with male

cells. More detailed analysis at the electron microscopic level of the structures formed by

newborn testicular cell reaggregates revealed that the cords resembled those formed in vivo.

The process of cord formation also appeared to pass through a sequence of changes similar
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to cord formation by the embryonic testis (Grund et al., 1986). This establishes the

validity of the dissociation- reaggregation model to study testis development. The use of

this approach for embryonic testis cells was achieved by adapting the reaggregation

technique to fewer cells by pelleting the dissociated cells in a centrifuge (Dolci and De

Felici, 1990; Escalante-Alcalde and Merchant-Larios, 1992). More recently this approach

has been used to study the requirements for cord formation in reaggregates of embryonic

testis (Pesce et al., 1994). The formation of cord structures can be prevented by antibodies

against laminin, inhibition of protein synthesis, microfilament assembly or protein

glycosylation, and by cAMP analogues or stimulation of adenylate cyclase. These data

provide clues as to the processes playing important roles in testis cord formation.

The hypothesis to be addressed in this thesis is that cell-cell interactions mediated

by growth factors are important in regulating growth and cord formation in the embryonic

testis. Chapter 2 will discuss experiments addressing the hypothesis that peritubular cells

provide inductive information necessary for Sertoli cell cord formation. A range of

approaches will be discussed including in vitro cord formation by isolated cells, organ

cultures of embryonic testis, and analysis of a known tubulogenic factor. Despite some

initial promising observations, these experiments did not yield reproducible results and

Were terminated. Chapters 3 and 4 will use the embryonic organ culture system to analyze

the roles of two families of growth factors in the embryonic testis. Chapter 3 discusses

experiments demonstrating a role for the EGF/TGF0 family in embryonic testis growth.

Chapter 4 discusses experiments which suggest the possibility of a role for the

neurotrophins in embryonic testis cord formation.

-:
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CHAPTER 2 - IN VITRO CORD FORMATION

INTRODUCTION

Morphogenesis of the seminiferous tubules occurs in two stages. The initial step is

the formation of cords in the embryonic testis. The cords consist of Sertoli cells enclosing

germ cells surrounded by a layer of peritubular myoid cells. Tubule formation occurs at

puberty when a lumen develops within the solid cell cords. There is considerable evidence

that peritubular cells can regulate the behavior and function of Sertoli cells. Peritubular

cells may therefore be involved in the processes of cord and tubule formation by Sertoli

cells.

Studies with pubertal testis (206 postnatal), at which time it is possible to separate

peritubular and Sertoli cells, have demonstrated a number of interactions between the two

cell types. Co-culture with peritubular cells increases the survival and maintenance of

optimal function of Sertoli cells in vitro (Tung and Fritz, 1980). Co-culture with

peritubular cells allows Sertoli cells to be maintained for up to 90 days in serum-free

medium. In addition production of androgen-binding protein (ABP) by Sertoli cells is

increased and maintained for much longer. ABP production is a marker of the

differentiated state of Sertoli cells. An activity from peritubular cell conditioned medium,

PModS, has been found to influence a variety of differentiated functions of Sertoli cells

(Skinner et al., 1988; Skinner and Fritz, 1985). The production of both ABP and

transferrin by Sertoli cells is stimulated by PModS. The extent of stimulation by PModS is

greater than that observed by any other single factor and is as great as the effect seen with a

combination of follicle-stimulating hormone (FSH), insulin, retinol and testosterone

(Skinner and Fritz, 1985). This provides evidence for the crucial role of peritubular cells in

regulating the differentiation of Sertoli cells.

In addition to enhancement of the differentiated function and survival of Sertoli

cells, peritubular cells are also involved in the formation of a basal lamina with Sertoli cells.
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Co-culture of peritubular and Sertoli cells leads to changes in the production of extracellular

matrix (ECM) proteins (Skinner et al., 1988). Peritubular cells alone produce fibronectin,

collagen type I and collagen type IV, while Sertoli cells alone produce collagen type IV and

small amounts of laminin. Co-culture increases both the production and the deposition of

ECM proteins.

Coculture of Sertoli cells with peritubular cells results in aggregation into cord-like

structures (Tung and Fritz, 1980; Tung and Fritz, 1987). This occurs as a series of

interactions in which Sertoli cells first spread on the peritubular cells to form a monolayer.

The monolayer is then invaded by ribbons of peritubular cells. The Sertoli cells which are

thus surrounded by peritubular cells aggregate into mounds and a basal lamina forms

between the Sertoli cell aggregates and the surrounding peritubular cells. The final stage is

the formation of nodules containing apparently cord-like structures. This restructuring

requires direct contact between the two cell types and does not occur across a filter (Tung

and Fritz, 1987). These experiments suggest that interactions with peritubular cells may be

involved in the induction of cell aggregation and cord formation by Sertoli cells.

Additional evidence for a role of peritubular cells in the process of cord formation

has been provided by experiments with embryonic testis organ cultures. Cord formation

by Sertoli cells in embryonic testis organ culture is dependent on the presence of the

mesonephros and correlates with the migration of pre-peritubular cells from the

mesonephros. Embryonic mouse testis form cords in culture only when co-cultured with

the mesonephros. A permeable filter separating the mesonephros from the testis prevents

the induction of cords. Marked cells from the mesonephros migrate into the testis during

the culture period and become peritubular, endothelial and interstitial cells but not Sertoli,

Leydig or germ cells (Buehr et al., 1993; Merchant-Larios et al., 1993). These results

suggest that the migration of cells from the mesonephros may be critical for cord formation

by Sertoli cells. Given the close association between Sertoli and peritubular cells, pre

peritubular cells are a likely candidate for involvement in cord formation.
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Establishment of an vitro system in which Sertoli cells undergo cord formation

would be useful for determining the requirements of the process of cord formation. Sertoli

cell cord formation has been achieved but not in a completely defined system. Sertoli cells

isolated from prepubertal rats (10 days postnatal) and cultured within reconstituted

basement membrane gels (Matrigel) reorganize into cords (Hadley et al., 1985). The

Matrigel is rich in laminin, and cord formation can be prevented by an antibody to laminin

or high concentrations of synthetic laminin peptides, but not by antibodies to other

extracellular matrix proteins (Hadley et al., 1990). Matrigel is a soluble basement

membrane extract of a tumor and is known to contain growth factors, collagenases,

plasminogen activators and other undefined components (Vukicevic et al., 1992). The

differentiation state of many cell types is affected by culturing on Matrigel. These

experiments demonstrate that it is possible to obtain cord formation by Sertoli cells in vitro.

However, experiments using 10 day Sertoli cells cultured on Matrigel do not allow the

investigation of a possible role for peritubular cells. Sertoli cell preparations from 10 day

testis contain some peritubular cell contamination since it is not possible to achieve a

complete separation until after tight junctions form between Sertoli cells around 15 days

postnatal (Dym and Fawcett, 1970; Russell et al., 1989). In addition, the Matrigel supplies

many factors as well as extracellular matrix components. It is possible that some factor in

the Matrigel substitutes for a factor normally supplied by peritubular cells. The question

therefore remains whether peritubular cells provide crucial interactions leading to Sertoli

cell cord formation in vivo.

None of these experiments directly address the issue of lumen formation to

transform cords into tubules. The in vitro cords formed by Sertoli cells in Matrigel do not

form lumens. This observation suggests that some other factor not provided by the Sertoli

cells themselves or supplied by the Matrigel may be required for lumen formation. When

the in vitro cords are transplanted into the testis of adult male rats they develop lumens
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(Dym, 1994). It is possible that an interaction with peritubular cells is required for lumen

formation.

Our hypothesis was that information is required from peritubular cells to cause the

Sertoli cells to form cords and subsequently tubules. Several approaches were taken to

investigate this hypothesis. The first approach was to establish a defined in vitro system in

which to determine whether Sertoli cell cord formation is dependent on the presence of

peritubular cells or peritubular conditioned medium. The second approach was to establish

an organ culture system for embryonic rat testis in which to determine whether peritubular

cells or peritubular conditioned medium can substitute for the mesonephros in the induction

of cords. The third approach was to analyze the expression and possible activity of a

defined factor known to induce tubulogenesis in other systems.

RESULTS AND DISCUSSION

I. In Vitro Analysis of Sertoli Cell Tubule Formation

The goal of these experiments was to investigate whether factors produced by

peritubular cells are required for cord formation and/or lumen formation by Sertoli cells.

The approach was to develop a defined in vitro system in which to determine the

requirements for cord formation by isolated Sertoli cells.

Fresh 20 day Sertoli cells

Sertoli cells from 20 day rats were used because it is possible to isolate them

relatively completely from peritubular cells. Initial experiments using freshly isolated 20

day Sertoli cells on Matrigel established that these cells can form cords alone. As a first

step toward a more defined system, Growth Factor Reduced Matrigel (GFR Matrigel) was

substituted for Matrigel. Low molecular weight proteins have been removed so that the

tº :* - - - - - -
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levels of many growth factors are decreased. The behavior of Sertoli cells on GFR

Matrigel was similar to that seen on Matrigel although initial aggregation was slightly

slower. Addition of peritubular cells resulted in the formation of very dense round

aggregates. Addition of concentrated peritubular conditioned medium (peritubular secreted

proteins, PSP) to the cultures seemed to increase the rate of cord formation and the density

of the resulting structures (Fig. 1A,B). From these experiments it appeared that while

Sertoli cells alone on GFR Matrigel can form cords, there appears to be some response to

PSP.

Histological analysis of structures formed by Sertoli cells with PSP revealed

organizations of cells within the larger structures. These groups of cells exhibited the

characteristic appearance of testis cords with Sertoli nuclei lined up along the outside of the

cord (Fig. 1C). In addition, some sections revealed openings within the cords which

appeared to be lumens. However, further analysis of the Sertoli cell structures at the level
ºul is tº - 4 - ?

of electron microscopy (EM) demonstrated that the openings seen within the cords did not

appear to be true lumens. No tight junctions were visible, and the spaces appeared to be

artifacts (Fig. 1D).

ubcultured 20 day Sertoli cell

The experiments with fresh Sertoli cells provided preliminary evidence for an

activity in PSP which affected cord formation by Sertoli cells. However, the background

of cord formation by fresh Sertoli cells alone made it difficult to analyze. The extent of this

background cord formation varied, as did the extent of an effect seen with addition of PSP.

As an attempt to decrease the background of cord formation by Sertoli cells alone,

subcultured Sertoli cells were used instead of freshly isolated cells. Sertoli cells were

cultured on plastic for 3-7 days, removed with EDTA or trypsin, and plated on Matrigel or

GFR Matrigel.
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Figure 1. Fresh 20 day Sertoli cells cultured on Growth Factor Reduced (GFR) Matrigel.

(A,B) Images of whole structures formed by (A) Sertoli cells alone (B) Sertoli cells with

PSP. Representative of six experiments. (C,D) Sections through structures formed by

Sertoli cells treated with PSP. (C) Paraffin section stained with hematoxylin and eosin. (D)

EM through a region which appeared to contain a lumen.
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Initial experiments using subcultured Sertoli cells yielded dramatic results.

Subcultured Sertoli cells only formed small clusters and did not form cords even at a high

density of cells (Fig. 2A). Addition of PSP or a crude germ cell preparation had no effect.

Addition of peritubular cells resulted in dense round balls similar to those seen with fresh

Sertoli cells but no cords were apparent within the balls. Pretreatment of the cells with a

mixture of FSH, insulin, and retinol (FIR) previously shown to maintain the differentiation

of Sertoli cells did not affect the behavior of the Sertoli cells (Fig. 2B). Pretreatment with

PSP for 4 days while growing on plastic before plating the cells on Matrigel resulted in

dramatic cord formation (Fig. 2C).

The cord-promoting activity seen in PSP pretreatment could be due to additional

extracellular matrix proteins present in the PSP or could be a specific factor secreted by

peritubular cells. A candidate for such a specific factor is PModS which affects

differentiated functions of Sertoli cells. Gel filtration of PSP on an S300 column yields a

fraction termed S300 which contains the PModS activity. Pretreatment of Sertoli cells with

S300 before plating on GFR Matrigel resulted in similar cord formation to that seen with º

PSP (Fig. 2D,E,F). Aggregation of cells is already apparent in 5 hours (Fig. 2D), results

in cord-like structures by 14 hours (Fig. 2E) and finally in tight well-defined cords by 24

hours (Fig. 2F). The gel filtration fraction containing large ECM proteins did not promote

cord formation (data not shown). This suggests that the effects seen are not due to

extracellular matrix proteins and is consistent with the activity being the same as PModS.

There was a clear difference in the behavior of Subcultured Sertoli cells with and

without PSP pretreatment. Treatment of the Sertoli cells with PSP during culture on plastic

was required for the cord- promoting activity when the cells were subsequently plated on

GFR Matrigel. The data therefore suggest that the activity in PSP maintained the

competence of the Sertoli cells to form cords rather than directly inducing cord formation.

The ability to form cords was otherwise lost in culture and could not be maintained by FIR
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Figure 2. Subcultured 20 day Sertoli cells grown for 4 days with or without treatment and

then cultured on GFR Matrigel. (A) Untreated Sertoli cells cultured on GFR Matrigel for 24

hours. (B) Sertoli cells pretreated with FIR and cultured on GFR Matrigel for 4 days. (C)

Sertoli cells pretreated with PSP (25pul/ml) and cultured on GFR Matrigel for 4 days.

Representative of seven experiments. (D,E,F) Time course of cord formation in Sertoli

cells pretreated with S300 fraction (50pul/ml) and cultured on GFR Matrigel for (D) 5 hours

(E) 14 hours (F) 24 hours. (G) Example of the background problem in later experiments: a

cord structure formed by untreated Sertoli cells cultured on GFR Matrigel for 2 days.
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despite the ability of FIR to maintain other aspects of Sertoli differentiation. The ability to

form cords did not seem to be related to the loss of germ cells which occurs in culture since

addition of a crude germ cell preparation did not restore cord formation (data not shown).

The results of these initial experiments were striking. Pretreatment of cultured

Sertoli cells with concentrated conditioned medium from peritubular cells induced large

cords when the cells were plated on GFR Matrigel. The activity co-purified with PModS

on gel filtration, not with ECM proteins. Pretreatment with factors known to stimulate

differentiated functions of Sertoli cells in culture did not have the same effect. There

appeared to be a factor produced by peritubular cells which was involved in maintaining the

competence of cultured Sertoli cells to form cords in vitro. This suggests that factors

secreted by peritubular cells might be involved in the normal induction of cords in vivo.

However, in continued experiments a lack of reproducibility developed. Untreated

subcultured Sertoli cells had not formed cords in the first 7 out of 8 experiments. In the

next 7 experiments the untreated Sertoli cells did form cords (Fig. 2G). In half these

experiments pretreatment with PSP or S300 improved cord formation and in half it had no

effect. A series of experiments were therefore carried out in an attempt to account for and

correct this variability.

The first variable tested was cell density. Earlier experiments had shown no

difference between low or high Sertoli cell density. However a strong effect of density

was now apparent. At higher densities cord formation was observed while at low densities

it was not. Pretreatment with either PSP or S300 increased cell number, suggesting that

the cord-promoting activity seen with PSP could be due to increased Sertoli cell density.

DNA assays and cell counts were used to determine and normalize cell numbers. In

experiments with comparable cell numbers of untreated and treated Sertoli cells, a PSP

effect was undetectable. Attempts to identify a cell density at which untreated cells did not

form cords but PSP-treated cells did were unsuccessful.
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Another variable tested was the conditions for isolation of Sertoli cells. It was

possible that varying levels of contamination by peritubular cells could account for varying

amounts of cord formation by untreated Sertoli cells. By increasing the length of the

collagenase digestion in the isolation of Sertoli cells it was possible to decrease the

percentage of peritubular cells. The percentage of peritubular cells in each cell preparation

was determined by immuncytochemistry for the peritubular protein iso-actin. However,

the percentage of peritubular cells in each preparation did not correlate with the amount of

cord formation by untreated Sertoli cells. In addition, intentionally co-culturing the Sertoli

cells with small numbers of peritubular cells also did not increase the amount of cord

formation.

Variable amounts of trypsinization to remove the subcultured Sertoli cells before

plating on GFR Matrigel were tested. It was possible that the cell-surface proteins of the

Sertoli cells were being stripped off to varying degrees thus accounting for the differences

in cell behavior. However, no conditions were found which prevented the untreated cells

from forming cords without killing the cells.

Attempts were made to use the MSC-1 cell line instead of primary Sertoli cells in

an effort to decrease the variability inherent in primary cell culture. MSC-1 cells are a

Sertoli cell line which grow when cultured at 32°C but stop growing and differentiate at

379C (McGuinness et al., 1994). No cords were observed when these cells were cultured

on GFR Matrigel. The cells aggregated, but no difference was seen in the aggregation with

or without PSP. Since the MSC-1 cells did not form cords under these conditions, they

could not be used to study cord formation in this in vitro system.

One approach to reduce the variability and achieve a more defined system would be

to replace the GFR Matrigel with defined ECM components. This would also be desirable

since it would remove the growth factors present even in GFR Matrigel. Gels were made

from collagen type I, laminin, fibronectin, collagen type IV and hyaluronic acid since these

are the predominant components in the basal lamina of the seminiferous tubule. Various
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concentrations of components and gelling times were used to obtain different textures of

gel. In addition, cells were plated in various positions: on top of the gel, within the gel and

between two layers of gel. With shorter pregelling times and less collagen I, softer gels

were obtained which allowed more cell aggregation, but cord formation was never

observed (Fig. 3). Different batches of GFR Matrigel did not correlate with the amount of

cord formation by untreated subcultured Sertoli cells. Mixtures of GFR Matrigel and

collagen type I were used in an attempt to decrease the aggregation by untreated Sertoli cells

but still allow the cells to aggregate in response to treatment. A ratio of GFR Matrigel to

collagen type I was established at which cell aggregation was slower. Untreated Sertoli

cells sometimes aggregated less on this substrate but the amount of aggregation was still

variable as was the effect of PSP. When a PSP effect was seen on this substrate it was

simply an increase in cell aggregation rather than cord formation.

Thus, the many attempts to decrease the variability and the background cord

formation by untreated Sertoli cells were not successful. The original striking observations

of a cord-promoting activity in PSP and in the more purified S300 could not be repeated.

At least part of the original activity appeared to be due to increased survival of the Sertoli

cells treated with PSP, leading to an increased cell density. The early experiments appeared

to demonstrate a cord-promoting activity which could not be duplicated by increased cell

density but this was not reproducible.

In the course of these experiments it was observed that concentrated Sertoli

conditioned media (Sertoli secreted protein or SSP) caused dramatic cord formation when

added at the time of plating on the GFR Matrigel (Fig. 4). It was active at small amounts

and showed a dose response. There was some activity in unconcentrated Sertoli

conditioned medium (SCM), and it was highest in SCM from 2 day cultures rather than

older Sertoli cell cultures. Attempts to isolate the activity by fractionation of SSP were

unsuccessful. Pretreatment of Sertoli cells with PSP, FIR, or S300 before collection of

SCM did not have any effect on the activity. Therefore it did not appear that peritubular
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Figure 3. Aggregation by fresh Sertoli cells and peritubular cells cocultured on defined

ECM components. The matrix is a mixture of collagen I, fibronectin and hyaluronic acid

slightly pregelled before adding a layer of collagen IV and laminin followed by the cells.

After one day aggregation of the cells is visible, some along lines of extracellular matrix.

Representative of three experiments.

Figure 4. Subcultured 20 day Sertoli cells on GFR Matrigel/collagen mixture in the

absence (A) or presence (B) of concentrated Sertoli conditioned medium (SSP) (10pul/ml).

The image shown is after six days, but some aggregation is visible by two days. The

structures are denser and more cordlike by four days. Representative of ten experiments.
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cells could induce this activity in Sertoli cells. Since the activity was highest in 2 day

Sertoli cultures, there was a possibility that it was due to germ cells which subsequently

died in culture. To investigate the possibility that germ cells contained a cord-promoting

activity, Sertoli cells were treated with enriched germ cell conditioned medium or lysed

enriched germ cells. These treatments contained strong aggregating activity but caused

Sertoli cells to form dense balls instead of cords. It therefore appears that at least some of

the aggregating activity was probably due to germ cells. However, this aggregation is not

necessarily relevant for cord formation.

Despite the initially promising results in which it appeared that an activity produced

by peritubular cells could affect the ability of Sertoli cells to form cords in vitro, the

subsequent lack of reproducbility made it impossible to confirm the existence of such a

peritubular factor. It was not possible to establish the reasons for the initial lack of cord

formation by untreated subcultured Sertoli cells or for their ability to form cords in later

experiments. Without a defined system in which Sertoli cell cord formation was

consistently dependent on peritubular cell secreted factors, the identity or mechanism of

action of such factors could not be investigated. The high degree of variability in Sertoli

cell cord formation in vitro reflects some of the problems inherent in primary cell culture

and in the lack of a completely defined system. This line of experimentation was therefore

terminated.

Instead of attempting to study cord formation in vitro by postnatal Sertoli cells,

investigations were initiated in more physiological systems using embryonic and neonatal

Sertoli cells. Postnatal Sertoli cells were used initially because of the ability to isolate them

from the other cell types. However, Sertoli cells from 20 day postnatal rats have

undergone considerable changes from the embryonic Sertoli cells which form testis cords

in vivo. The following experiments investigate the effects of factors from peritubular cells

on cord formation in embryonic and neonatal Sertoli cells.
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II. Investigations of a Role for Peritubular Cells in Cord/Tubule Formation in Less Defined

Systems

The goal of these experiments was to investigate whether factors produced by

peritubular cells can affect cord formation and/or lumen formation by Sertoli cells in organ

cultures or dissociation- reaggregation cultures.

Testis Dissociation- Reaggregation Cultures

A neonatal testis which is dissociated to single cells and then allowed to reaggregate

will form cords in the reaggregates. The reaggregates appear to pass through a sequence of .
, -

changes similar to cord formation by the embryonic testis (Grund et al., 1986). This

system provides the opportunity to investigate what factors are necessary for the

reformation of cords. It is likely that such factors may be important in the initial formation

of cords in the embryonic testis. In addition, the cords in neonatal testis do not have

lumens nor do the cords which form in the aggregates. The reaggregation system can

therefore be used to test factors which might induce lumen formation. º

Testis from 0 day rats were dissociated and allowed to reaggregate on floating

filters in culture. The cultures were treated with concentrated peritubular conditioned

medium (PSP) to determine whether it affected the rate or extent of cord formation in the

reaggregates. In addition the reaggregates were examined histologically to determine

whether PSP could cause lumens to form in the resulting cords. There was no apparent

difference between reaggregates with and without PSP (data not shown).

The lack of an effect of PSP on reaggregation and cord formation by dissociated

neonatal testis cells does not exclude the existence of a peritubular signal in cord formation.

The putative signal might be important only for the initiation of cord formation by

embryonic Sertoli cells. Neonatal Sertoli cells might no longer require any outside

influence in order to reform cords. In addition the dissociated testicular cell suspension
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contains peritubular cells so any factors produced by the peritubular cells are already

present. It is possible that no increase in the rate or amount of cord formation is possible in

this system even in the presence of additional factors.

The lack of an induction of lumen formation by PSP is also inconclusive. Even if a

signal from peritubular cells is normally involved in lumen formation, the Sertoli cells must

be competent to receive and react to such a signal. It is likely that the Sertoli cells in 0 day

testis have not reached a stage of differentiation in which they are capable of undergoing the

changes injunction formation necessary for lumen formation. It would be interesting to

perform dissociation- reaggregation experiments on 10 day testis at which point the Sertoli

cells are more likely to be capable of responding to a signal to form lumens.

Although the results of this experiment were negative, the dissociation and

reaggregation of the testis provides a useful system for investigating factors involved in

cord and tubule formation. As discussed in Chapter 1, this system has been used

successfully to investigate some of the requirements for cord formation (Pesce et al., 1994;

Urban et al., 1981). Once there are candidates for peritubular factors involved in the

induction of cord formation, the dissociation- reaggregation system can be used to perturb º

those specific factors. The use of older testis might allow the requirements for lumen

formation to be studied. In addition, this system provides the opportunity to transfect the

dissociated testicular cell suspension before allowing reggregation. Specific genes can

therefore be overexpressed or inhibited through antisense strategies, and the effects on cord

formation can be assessed. Such an approach could be a powerful tool for the investigation

of the function of various factors in testis cord formation.

II] ic Testi an

Organ culture of embryonic testis provides the opportunity to study cord formation

in the intact organ with cells at the appropriate developmental stage. Organ culture
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experiments with embryonic mouse testis revealed a requirement for the mesonephros in

order to obtain cord formation (Buehr et al., 1993; Merchant-Larios et al., 1993). At the

same time pre-peritubular cells migrated from the mesonephros into the testis. The

following experiments were carried out to investigate whether the requirement for the

mesonephros in cord formation is as a source of peritubular cells. The approach was to

investigate whether peritubular cells or concentrated peritubular conditioned medium (PSP)

could substitute for the mesonephros in allowing testis cord formation to occur in

embryonic rat testis.

Peritubular cells from 20 day postnatal rats were co-cultured with e13 embryonic rat

testis. The testis were dissected away from the mesonephros early on embryonic day 13

(e13) before any signs of cord formation were apparent. Co-culture with a suspension of

peritubular cells resulted in most of the peritubular cells remaining scattered rather than

adhering to the testis. To obtain a large number of cells immediately adjacent to the testis

the peritubular cells were aggregated before co-culture. Aggregation was achieved by

placing a cell suspension in hanging drop cultures overnight which resulted in solid

elongated aggregates. These aggregates were placed in close proximity to the embryonic

testis in organ culture. The peritubular aggregates adhered to the testis and contracted into

tight balls during the course of the culture. However, there was no effect on cord

formation in the embryonic testis (data not shown). Peritubular cells from a 20 day

postnatal rat have undergone considerable differentiation compared to embryonic

peritubular cells. It is possible that these pubertal peritubular cells are no longer capable of

the activities performed by embryonic peritubular cells. It is also possible that these cells

do not penetrate the testis. Penetration of the testis by the inducing cells has been shown to

be critical for cord formation to occur (Buehr et al., 1993; Moreno-Mendoza et al., 1995).

Preliminary experiments were performed with suspensions of the embryonic mesonephros

to determine whether cell suspensions co-cultured with the testis could penetrate the testis

and induce cords. Addition of mesonephros suspension to the embryonic testis organ
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cultures also failed to induce cord formation. It is likely that this failure of the mesonephric

cells to induce cords was due to excessive loss and damage to the cells during the

suspension procedure.

These experiments were not continued largely because other lines of

experimentation yielded intriguing results which were investigated instead. Further

experiments could be carried out to investigate whether peritubular cells alone can induce

cord formation without the presence of the mesonephros. Preliminary experiments with the

cell-surface fluorescent marker PKH26 demonstrated that peritubular cells could be labelled

allowing determination of whether the cells penetrated into the testis. The use of

peritubular cells from younger rats might provide a source of cells more similar to those in

the embryo, although it would be impossible to obtain a pure preparation. Testicular

suspensions from neonatal or late embryonic rats could be labelled fluorescently before co

culture with intact e13 testis so that the older Sertoli cells could be distinguished. This

would allow the determination of whether the added cells could induce new cord formation

by the e13 Sertoli cells.

If peritubular cells produce a secreted signal which induces cord formation by

Sertoli cells, addition of concentrated peritubular conditioned medium might induce cords

to form in embryonic testis organ cultures. The addition of concentrated peritubular

conditioned medium (PSP) to embryonic testis (e13 and e14) had an effect but it was not to

induce cords. After 2 days in culture the testis were smaller and denser than controls.

They seemed to be disintegrating with cells migrating out from the testis (Fig. 5). Sections

through these testis revealed that some cord outlines were still visible but the cells no longer

appeared to be polarized and aligned. The cells seemed to be dissociating from each other.

It is not clear which of the many components in PSP caused the effects seen. Addition of

the gel filtration fraction of PSP containing PModS activity (S300) had no effect on

embryonic testis organ cultures. This suggests that the effect seen with PSP was not

connected to the PModS activity. The disruptive effects of PSP on the embryonic testis
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Figure 5. Embryonic testis (e14) organ cultures after 5 days in culture in the absence (A)

or presence (B) of concentrated peritubular conditioned medium (PSP) (50pul/ml).

Representative of three experiments.
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examined from embryonic day 14 just after cord formation through postnatal day 20 (Fig.

6A,B). To localize expression to specific cells RT-PCR was carried out on separated cells

from 20 day postnatal rats (Fig. 6C). HGF was detected consistently only in peritubular

cells and not in Sertoli or interstitial cells. HGFR was detected in peritubular, Sertoli and

interstitial cells. HGF protein was detected in secreted proteins from peritubular cells by

Western blot (Fig. 7). The expression of HGF in the testis is therefore consistent with its

production by peritubular cells and its possible action on Sertoli cells as well as other

testicular cells.

Activity of HGF in the Testis

Sertoli cells were treated with HGF in culture and analyzed for possible effects on

proliferation, differentiation, motility and cord formation. Proliferation was measured by

tritiated thymidine incorporation of prepubertal 10 day postnatal Sertoli cells since the cells

have stopped proliferation by 20 days postnatal. Differentiation was assayed by

radioimmunassay of transferrin production by Sertoli cells. Transferrin is produced by

differentiated Sertoli cells and is increased in culture by agents which promote Sertoli

differentiation (Perez-Infante et al., 1986; Skinner and Fritz, 1985; Skinner and Griswold,

1982). Motility was assayed on collagen gels with both cultured 20 day Sertoli cells and

cells from neonatal testis explants. Cord formation was assayed by pretreatment or

concurrent addition to Sertoli cells cultured on GFR Matrigel. None of the assays

demonstrated any detectable effect of HGF on Sertoli cells. Proliferation was extremely

low in the presence or absence of HGF. Transferrin production was unchanged by the

addition of HGF. Motility on collagen gels was also low and unaffected by HGF. Better

optimized conditions for Sertoli cell motility might reveal an effect of HGF. The cord

formation experiments were performed during the period of high background cord

formation by untreated Sertoli cells. No effect of HGF was observed but an effect might

have been undetectable. An additional caveat to these experiments is that we did not have a
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Figure 6. Expression of HGF and HGFR by RT-PCR in the developing testis. (A) HGF

expression in whole testis. (B) HGFR expression in whole testis. The lanes for both (A)

and (B) are labelled as follows: 1=molecular weight markers, 2= e 14 testis, 3= e14

mesonephros, 4= e15 testis, 5= e15 mesonephros, 6= e16.5 testis, 7= e17.5 testis, 8= e19

testis, 9= 0d testis, 10= 4d testis, 11= 10d testis, 12= 15d testis, 13= 20d testis. (C) HGF

and HGFR expression in separated cultured cells from 20 day testis. The lanes are labelled

as follows: (1-4) HGF expression, (6-9) HGFR expression. 1,6= peritubular cells; 2,7=

Sertoli cells; 3,8= interstitium; 4,9– no template control. The HGF PCR product is 325bp

and the HGFR PCR product is 326bp. Representative of at least three experiments.

Figure 7. Expression of HGF by Western blot on concentrated conditioned media from

testicular cells. Lanes are as follows: 1= molecular weight markers; 2,3= peritubular

secreted proteins (psp); 4,5= Sertoli secreted proteins (ssp.); 6,7= theca (ovarian) secreted

proteins; 8= recombinant human HGF (50ng). The HGF protein is 60kDa.
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positive control to ensure bioactivity of the HGF.

Embryonic testis organ cultures were treated with HGF to determine whether HGF

could induce cord formation in e13 testis cultured alone. There was no effect of

exogeneous HGF up to 100ng/ml HGF (data not shown). Attempts were made to inhibit

endogeneous HGF in the embryonic testis using antisense oligonucleotides to HGF and an

antibody to HGF. Neither of these treatments affected cord formation by embryonic testis

cultured with the mesonephros. However, the antisense oligonucleotides had not been

demonstrated to inhibit HGF in other systems so they may not be a reliable reagent.

These experiments were unable to demonstrate any activity of HGF in the º

developing testis. It is possible that further experiments with optimized experimental

systems and different reagents would reveal a role for HGF. The expression of both HGF

and the HGFR throughout testis development suggests that HGF functions in the

developing testis. The restriction of HGF expression to peritubular cells in the postnatal
* - a - - -

testis suggests that HGF may be a peritubular-specific factor in the earlier testis as well.

However, we were unable to determine what the role of HGF might be.

MATERIALS & METHODS

ll P ion and Culture

Sertoli cells were isolated from 20 day postnatal rat testis by sequential enzymatic

digestions as previously described (Skinner et al., 1988). Decapsulated testis fragments

were digested first with trypsin (1.5mg/ml), then with collagenase (1mg/ml Type I) and

finally with hyaluronidase (1mg/ml) (Sigma, St. Louis MO). Sertoli cells were then plated

and maintained at 32°C in a 5% CO2 atmosphere in Ham's F12 medium (Gibco BRL,

Gaithersburg MD). Peritubular cells were obtained from the collagenase digestion

supernatant after tubule fragments had sedimented by gravity as previously described

(Skinner et al., 1988). Peritubular cells were either used fresh or plated in Ham's F12 with
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10% calf serum. Variations to the standard procedure were performed in order to decrease

the level of peritubular contamination in the Sertoli cell preparation. Doubling the total time

of the collagenase digestion to an hour was found to decrease peritubular contamination

although it also resulted in a smaller yield of cells. An enriched germ cell preparation was

obtained by culturing the supernatant from the hyaluronidase digestion. Fresh lysed germ

cells were obtained by centrifugation of the hyaluronidase supernatant at 12,000 rpm.

Peritubular cells were aggregated in hanging drop cultures. Drops of a cell

suspension (10pul) were placed on the lid of a culture dish, inverted over the culture dish

and cultured overnight. Placement of the drop in a line resulted in elongated aggregates.

Treatment with FIR is FSH (100ng/ml), insulin (5pg/ml) and retinol (0.35puM).

Preparation of PSP, SSP, and S300

Peritubular conditioned medium (PCM)was obtained from confluent subcultures of

peritubular cells cultured for up to 2 weeks in serum-free medium with 48-hour medium

collections as previously described (Skinner et al., 1988). Sertoli conditioned medium

(SCM) and germ cell conditioned medium (GCM) were similarly obtained at 48 hour

intervals in serum-free culture. Protease inhibitors phenylmethylsulfonyl fluoride (25puM)

and benzamidine (0.1mM) were added to freshly collected conditioned medium which was

then centrifuged at 1,000 x g for 15 minutes at 49C to remove cell debris. Medium was

concentrated 100 fold by ultrafiltration with an Amicon system using a membrane with a

10,000 molecular weight exclusion limit to yield PSP or SSP. S300 was obtained by

fractionation of PSP over S300 gel exclusion chromatography. The material referred to as

S300 is a pool of the fractions containing the peak of activity measured by induction of

increased transferrin production by Sertoli cells treated with the fractions (Skinner et al.,

1988).

a s = -- a º
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Preparation of ECM Gels

Matrigel and growth factor- reduced Matrigel (GFR Matrigel) were obtained from

Collaborative Biomedical Products (Bedford MA) and stored at -20°C until use. Aliquots

were thawed on ice and diluted in Ham's F12 (Gibco BRL, Gaithersburg MD)

before plating. Extracellular matrix components laminin, fibronectin and collagen IV were

obtained from Gibco BRL (Gaithersburg MD). Collagen 1 was obtained from rat tails

according to standard procedures (Elsdale and Bard, 1972).

mbryonic Dissection an Culture

Timed pregnant Sprague-Dawley rats were obtained from Charles River

(Wilmington MA). Plug date was considered to be day zero. For embryonic day 13 (E13)

dissections, gonads were dissected out with the mesonephros; for later dissections, testis

alone were dissected. The organs were cultured in drops of medium on Millicell CM filters

(Millipore, Bedford MA) floating on the surface of 0.5-1 ml of CMRL 1066 media (Gibco

BRL, Gaithersburg MD) supplemented with penicillin-streptomycin, insulin (10pg/ml) and

transferrin (10pg/ml). Antibodies and factors were added directly to the culture medium.

The medium was changed every 1 or 2 days. E13 gonad + mesonephros cultures were

typically kept for 3 days, by which point cords were well developed. E14 testis cultures

were typically kept for 4 days.

Tissue Suspensions and Reaggregation

To generate a testicular suspension from 0 day testis, the tunica was removed and

the testis were digested with 0.125% trypsin, 0.1% EDTA, and 0.02mg/ml DNAse in

Hanks Balanced Salt Solution (HBSS), for 15 minutes at 379C. The trypsin was

inactivated with 10% calf serum. The samples were triturated with a pipette tip and washed

twice in 1 ml HBSS by resuspending, spinning for 2 minutes, and removing the

Supernatant. The remaining pellet was resuspended in a small volume (10pil from 6-7
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pooled testis), and contained a single-cell suspension by visual inspection under a

microscope. Drops of 2,1l of this suspension were cultured and allowed to reaggregate on

floating filters as for intact organs.

nomic DNA isolation and polymerase chain reaction (PCR) for SRY

To determine the sex of E13 gonads, embryonic tails were collected to make

genomic DNA by standard procedures. Briefly, the tissue was homogenized through a 25

gauge needle in digestion buffer (100mM NaCl, 10mM Tris pH 8, 25mm EDTA, 0.5%

SDS), and digested with proteinase K (0.15mg/ml)) for at least 4 hours at 600C. The

samples were then extracted twice with an equal volume of phenol: chloroform: isoamyl

alcohol (25:24:1), and once with chloroform: isoamyl alcohol. The DNA was then

precipitated by adding 1/10 volume 7.5M NH4Ac and 3 volumes cold ethanol and

incubating at -800C for an hour before centrigugation at 40C for 30 minutes. Pellets were

dried and resuspended in 10puldFI2O. PCR was performed using 1pil of genomic DNA

with primers to SRY obtained from Klaus Giese. The sequences of the SRY primers are:

5' CGGGATCCATGTCAAGCGCCCCATGAATGCATTTATG 3' and 5'

GCGGAATTCACTTTAGCCCTCCGATGAGGCTGATAT3'. PCR was performed

using an annealing temperature of 559C for 30 cycles to yield a product of 240bp.

A isolation RT-PCR

RNA for RT-PCR was obtained by freezing samples on dry ice and then using the

TRI REAGENT (Sigma, St. Louis MO) for RNA isolation. Reverse transcription was

performed using MMLV-RT under standard conditions. RT-PCR was performed using

Taq polymerase (Perkin-Elmer) in a Coy Thermocycler using an annealing temperature of

60°C for 30 cycles. The primer sequences for HGF and HGFR were as follows: HGF

5'ACAGCTTTTTGCCTTCGAGCTA3' and 5'CATCAAAGCCCTTGTCGGGATA3'

--º
* *-

* * * * * *

a a set ºr *-
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producing a 325bp PCR product; HGFR 5'GTAAGTGCCCGAAGTGTAAG3' and

5'GCCCTCTTCCTATGACTTC3' producing a 326bp PCR product.

DNA assay

To assay the DNA content of organs, each organ was sonicated in 100pul ethidium

bromide buffer (EBB, 20 mM NaCl, 5 mM EDTA, 10 mM Tris pH 7.5) and stored at

-20°C. DNA content was then determined fluorometrically with ethidium bromide as

previously described (Mullaney and Skinner, 1992b). Briefly, 0.25 nM ethidium bromide

and 100 units/ml heparin in EBB were added to each sample, vortexed, and incubated for

15 minutes at room temperature. Fluorescent emission was measured and quantitated using

a standard curve with calf thymus DNA from 0.5 pig to 6 pig DNA.

Western Blotting

Western blotting was performed according to standard procedures. Protein samples

were electrophoresed on a 10% polyacrylamide gel and transferred to Immobilon-P

(Millipore, Bedford MA) using CAPS buffer. After blocking overnight in 5% dry milk/

1% glycine/0.05% NP40 in 50mM Tris-HCl pH 7.4/0.15M NaCl (TBS), the primary goat

anti-human HGF antibody (Sigma, St. Louis MO) was incubated with the blot for 4

hours. After three washes in TBS/NP40 and one in TBS, the blots were incubated with

Secondary rabbit anti-goat antibody conjugated to horseradish peroxidase (HRP) (Sigma,

St. Louis MO) at 1:3000 for one hour. After 3 washes in TBS/NP40, one in TBS, and

three in water, detection was carried out using the ECL system (Amersham).

Transferrin radioimmunoassay

Transferrin production by Sertoli cells was assayed by a radioimmunoassay as

previously described (Skinner and Griswold, 1982). An aliquot of the culture media was

incubated with rabbit anti-rat transferrin antibody and iodinated transferrin for 1 hour at
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379C followed by a 1 hour incubation with goat anti-rabbit IgG antibody. Complexed

antibody was then precipitated with polyethylene glycol, pelleted by centrifugation and

radioactivity in the pellets determined.

liferati ertoli cells

Sertoli cells were incubated with 2.5pCi/ml tritiated thymidine for 4–6 hours.

Samples were sonicated and bound to DE-81 filters (Whatman). After rinsing in 10mM

sodium phosphate, filters were counted in scintillation fluid.

Reagents

Recombinant human HGF was obtained from Collaborative Biomedical Products

(Bedford MA). Goat anti-human HGF antibody was obtained from Sigma (St. Louis

MO). This antibody has been shown to neutralize the bioactivity of recombinant human

HGF in a proliferation assay. The oligonucleotides to HGF were designed around the

initiation codon and the sequences were as follows: sense 5’AGCATGATGTGGGGG3'

and antisense 5'CCCCCACATCATCATGCT3'.
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CHAPTER 3 - THE TCFO/EGF FAMILY IN EMBRYONIC TESTIS

DEVELOPMENT

INTRODUCTION

Regulation of proliferation and differentiation is critical in the embryonic testis as in

all organs. The growth of the various cell types must be coordinated with each other to

ensure the normal development of the testis. In addition, proliferation of cells must occur

while the cord structure is maintained. Interactions between cells in the form of growth

factors provide the intricate control necessary for testis development.

Dramatic growth occurs in the testis during embryonic and early postnatal

development (Warren et al., 1982). One of the earliest male-specific characteristics of the

testis after the formation of cords is rapid growth. This extensive growth does not occur in

the ovary (Mittwoch, 1989; Mittwochet al., 1969). The peak of Sertoli cell proliferation

occurs in the late embryo at e20-21 just before birth (Orth, 1982). This proliferation in the

embryonic and early postnatal period is crucial for establishing the mature adult size of the

testis since no Sertoli cell proliferation occurs after puberty is initiated (Clermont, 1957;

Steinberger and Steinberger, 1971). In addition, this proliferation is necessary for

reproductive function since a sufficient population of Sertoli cells is necessary for adequate

sperm production in the adult (Orth et al., 1988).

Several growth factors have been identified in the testis postnatally in the regulation

of puberty and spermatogenesis (Han et al., 1993; Mullaney and Skinner, 1992a; Mullaney

and Skinner, 1993; Skinner, 1991). The majority of information about testicular growth

regulation has focused on postnatal growth or occasionally late embryonic (Boitani et al.,

1995; Clermont, 1957; Orth, 1982; Orth, 1984; Orth, 1986; Orth et al., 1988; Steinberger

and Steinberger, 1971; Warren et al., 1982; Warren et al., 1984). However, very little is

known about the agents controlling embryonic testis development. Investigation of the
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growth factors and cell-cell interactions in the embryonic testis is necessary for

understanding the mechanisms of testis development.

As discussed in Chapter 1, one family of growth factors which may play a role in

embryonic testis growth is the epidermal growth factor (EGF) family. There are multiple

related ligands including EGF, transforming growth factor O. (TGFO), amphiregulin,

heparin-binding EGF (HB-EGF), cripto and betacellulin and heregulin (Marquardt et al.,

1984; Massague and Pandiella, 1993; Peles and Yarden, 1993). The receptors include the

epidermal growth factor receptor (EGFR/HER1/erbB1), HER2/neu, HER3, and HER4

(Carraway et al., 1994; Holmes et al., 1992). EGF and the related ligand transforming

growth factor o: (TGF0) are expressed and function in the testis postnatally (Morris et al.,

1988; Mullaney and Skinner, 1992b; Perez-Infante et al., 1986; Skinner et al., 1989;

Sordoillet et al., 1991). In addition, these factors are known to stimulate growth and

morphogenesis in other developing systems (Barros et al., 1995; Ono et al., 1992; Rogers

et al., 1992; Seth et al., 1993; Snedeker et al., 1991; Warburton et al., 1992). One organ

in which TGFO/EGF have been implicated in morphogenesis is the kidney which

undergoes a mesenchymal- epithelial transition and tubule formation similar to the testis

(Barros et al., 1995; Rogers et al., 1992; Taub et al., 1990).

Since the TGFO/EGF family of ligands have the ability to stimulate both growth

and morphogenesis, they have the potential to play a critical role in early testis

development. The present study investigates the role of TGFO - related factors in the

growth and development of the embryonic testis. The results obtained demonstrate that

TGFO - related factors have an important role in controlling the growth of the embryonic

testis. Both TGF0 and the EGFR are present in the embryonic testis. An organ culture

System of embryonic testis was established in order to examine the functional significance

of specific factors. Neutralizing antibodies against TGFO cause almost complete inhibition

of growth of the embryonic testis. Interference with signalling through the EGFR by a

Specific tyrosine kinase inhibitor also decreases the growth of the embryonic testis.
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Analysis of testis from EGFR and TGFo knockout mice suggests that other members of

the TGFO/EGF family may also be involved in promoting testis growth. The results

implicate TGFO -related factors in the local regulation of embryonic testis growth.

RESULTS

iferati ttern in developing testis

Investigation of the effects of a particular factor on growth in the developing testis

requires an understanding of the overall pattern of growth of different cell types at various

stages of development. The pattern of cell proliferation in the early rat testis was

determined using immunocytochemistry for proliferating cell nuclear antigen (PCNA).

PCNA is an auxiliary protein of DNA polymerase that is required for DNA replication

during S-phase, and is therefore only expressed on proliferating cells (Bravo et al., 1987;

Hall et al., 1990; Prelich et al., 1987). The earliest time examined was embryonic day 14

(e14), which is the earliest point at which the testis is morphologically distinguishable from

the ovary, just after cords have formed. Additional time points were examined through late

embryonic and early postnatal development up to the middle of puberty at 20 days

postnatal.

The proliferation pattern changed during embryonic and early postnatal

development (Fig.1). At e14 (Fig.1A) many cells in both the cords and the interstitium

expressed PCNA, although many of the nuclei lined up at the edges of the cords

(presumably Sertoli nuclei) were unstained. By embryonic day 16 (e16) (Fig.1B),

basically all cells in the cords were proliferating, as were the peritubular cells surrounding

the cords. The interstitium contained both proliferating and non-proliferating cells. The

pattern at embryonic day 18 (e18) (Fig.1C) was similar except that more germ cells in the

centers of the cords had stopped proliferating. This high percentage of proliferating cells

throughout the late embryonic testis is consistent with the rapid growth of the organ. At
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birth (0 day) (Fig.1D) there was little proliferation of interstitial, peritubular, or germ cells

but almost all Sertoli cells were still proliferating. By 5 days postnatal (5d) (Fig.1E) this

resulted in the cords occupying much more of the area of the testis than in the embryonic

testis. The Sertoli cells were still heavily stained for PCNA and some germ cells had begun

proliferating again. At 10 days postnatal (10d) (Fig.1F) some Sertoli cells had left the cell

cycle and at 20 days postnatal (200) (Fig.1G) the Sertoli cells had stopped proliferating.

Various spermatogenic cells were proliferating including spermatogonia at the outside

edges of the tubules and more centrally located spermatocytes. In addition, meiotic figures

were visible. Labelling indices were calculated at ages e14, e18, 0d, 5d and 10d to confirm

the observations of proliferation pattern (Fig. 2).

Overall, there was extensive proliferation in the different cell types in the very early

testis. Proliferation decreased in germ cells by e18, was minimal at 0d and returned to high

levels by 5d postnatal. The interstitium proliferated from the initiation of testis

development through the late embryo and decreased substantially in the early postnatal

period. Sertoli cells did not appear to be proliferating at the time of cord formation (e14),

but proliferated extensively through the rest of embryonic and early postnatal development

until proliferation ceased with puberty. Peritubular proliferation was high until after birth

and then decreased dramatically.

Expression of TGF0 and EGFR in the embryonic testis

Both TGF0 and EGFR are expressed in the postnatal testis (Mullaney and Skinner,

1992b; Radhakrishnan et al., 1992; Radhakrishnan and Suarez-Quian, 1992; Skinner et al.,

1989, Suarez-Quian et al., 1989; Teerds et al., 1990). To investigate their presence in the

embryonic testis RNA was isolated from testis of different ages and RT-PCR was

performed. RT-PCR for TGF0 and EGFR (Fig. 3) showed that both the growth factor

and the receptor are expressed through embryonic testicular development at e14, e18 and 0

day (day of birth).
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Figure 1. PCNA immunocytochemistry in the developing rat testis. (A) embryonic day 14

(e14) (B) embryonic day 16 (e16) (C) embryonic day 18 (e18) (D) day of birth (0d) (E) 5

days postnatal (5d) (F) 10 days postnatal (10d) (G) 20 days postnatal (200). PCNA

positive cells are brown while negative cells are purple from hematoxylin counterstain.

Representative cells are labelled P= peritubular cell, S= Sertoli cell, G= germ cell, I=

interstitial cell. In (G) two different stages of germ cell are labelled (spermatogonia and

spermatocyte). Representative of at least 3 experiments.

Figure 2. Labelling indices of the percentage of PCNA positive cells for each cell type at a

range of ages. Data are presented as the mean +/- standard error of the mean. Labelling

indices were calculated by counting stained and unstained cells in between 8 and 19

different regions, on at least 3 different sections. The total number of cells counted ranged

from 155-396 Sertoli cells, 80-396 germ cells, 338-862 interstitial cells and 139-306

peritubular cells. Counts were performed by two different people.

Figure 3. Expression of TGF0 and EGFR by RT-PCR in the developing testis. The lanes

are labelled as follows: 1= molecular weight markers, 2=TGF0 in embryonic day 14

testis, 3= TGF0 in embryonic day 18 testis, 4= TGF0 in 0 day testis, 5= TGFO with no

template, 6= EGFR in embryonic day 14 testis, 7= EGFR in embryonic day 18 testis, 8=

EGFR in 0 day testis, 9= EGFR with no template. The sizes of the PCR products are

380bp for TGF0 and 205bp for EGFR. Representative of at least three experiments.
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Functional perturbation of TGF0 by neutralizing antibody to TGF0 on testis organ cultures

To investigate whether TGF0 or related ligands are important for stimulating the

growth of the embryonic testis, organ cultures of the embryonic testis were established.

Growing the testis in organ culture allowed direct perturbation of their development. Testis

from e14 embryos grew during 4 days in culture and maintained their cord structure.

Testis from e13 embryos cultured with the mesonephros developed cords over 3 days in

culture (Fig. 4).

Two different neutralizing antibodies to TGFO were used to treat embryonic testis

placed in culture at e14 when cords were already present. The antibodies to TGFO caused

dramatic inhibition of growth compared to the control nonimmune IgG (Fig. 5). The effect

on growth was quantitated by determining the DNA content of organs as an estimate of cell

numbers. DNA content was determined at the time of initial dissection and after 4 days in

culture with nonimmune or anti-TGFO antibody (Fig. 6A). There was a 2.5 fold increase

in DNA content in the testis untreated or treated with nonimmune IgG. In contrast, there

was almost no growth in the antibody-treated organs. A second independent measure of

cell growth was performed by video imaging of the organs into a computer followed by

quantification of the area of the images (Fig. 6B). Two independently raised antibodies to

TGF0 yielded the same inhibition of testis growth.

To examine the proliferation of cells in the antibody-treated organ cultures, PCNA

immunocytochemistry was performed on the cultures (Fig. 7A,B). There was clearly less

PCNA staining and therefore fewer proliferating cells in the testis treated with TGFO.

antibody. By four days in culture there was dramatically less PCNA expression in both the

cords and the interstitium. Labelling indices revealed a significant decrease in the

percentage of proliferating Sertoli and interstitial cells (Fig. 8). In addition there was less

interstitial tissue present when compared to the controls.

º
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Figure 4. E13 testis + mesonephros organ cultures after 1 day (A) and after 3 days (B) in

culture. Representative of more than ten experiments.

Figure 5. E14 testis organ cultures treated with control nonimmune IgG or with anti

TGF0 antibody S574 (1:1000) after 4 days in culture. (A) nonimmune IgG (B) anti

TGFO antibody. Representative cords are marked by arrows. Representative of ten

experiments.

Figure 6. Quantitation of e14 testis organ cultures treated with control nonimmune IgG or

with anti-TGF0 antibody S574 (1:1000) for 4 days in culture. (A) DNA content of the

organ cultures (B) area of the organ cultures. (A) DNA content (pig) was measured by

ethidium bromide fluorometry on extracts of testis organ cultures. Data are presented as the

mean +/- standard error of the mean for three separate experiments with n=9 (Initial), n=

21 (Control Ab) and n=22 (TGFO. Ab). Different superscripts a and b designate

statistically significant difference (P<0.01) as determined by analysis of variance

(ANOVA). (B) Area (square micrometers) was measured using NIH Image after 1 day

and after 4 days in culture. Data are presented as the mean +/- standard error of the mean

for three separate experiments with n=13 (Initial= 1day), n=23 (Control Ab) and n= 24

(TGFO. Ab). Different superscripts a and b designate statistically significant difference

(P<0.01) as determined by analysis of variance (ANOVA).

Figure 7. PCNA immunocytochemistry on e14 testis organ cultures treated for 4 days with

(A) control nonimmune IgG (1:1000), (B) anti-TGFO antibody S574 (1:1000) or (C)

TGF0 (40ng/ml). PCNA positive cells are brown while negative cells are purple from

hematoxylin counterstain. Representative of at least three experiments.
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Figure 8. Labelling index for the percentage of each cell type positive for PCNA on e14

testis organ cultures treated with control nonimmune or anti-TGFO antibody for 4 days.

Labelling indices were calculated by counting stained and unstained cells in between 9 and

12 different regions, on at least 3 different sections. The total number of control cells

counted was 396 Sertoli cells, 233 germ cells, 596 interstitial cells and 190 peritubular

cells. The total number of antibody-treated cells counted was 323 Sertolil cells, 102 germ

cells, 407 interstitial cells and 180 peritubular cells. Counts were performed by two

different people. ** designates a statistically significant difference from control (P<0.001)

as determined by t-test. * designates a statistically significant difference from control (P<

0.02) as determined by t-test.
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Examination of the role of TGF0 at the initiation of testis development

TGF0 appears to be important in stimulating the growth of the testis from the

earliest point at which the testis is distinguishable from an ovary. Inhibiting TGFO at this

stage had no effect on testis cords. This observation suggests that TGFO is not necessary

for the maintenance of testis cords. To investigate whether TGFO is required for the

formation of cords, organ cultures of embryonic gonads with mesonephros were

established early on e13 before cords had formed. Organ cultures of e13 testis and

mesonephros were treated with the antibody to TGF0 to determine whether inhibiting

TGFO at this stage would interfere with cord formation (Fig. 9). The antibody to TGF0.

was functional in these cultures since inhibition of growth was observed. However, there

was no effect on cord formation. There was no delay in the timing of the appearance of

cords and no decrease in the number of cords which formed. This suggests that TGFoº is

not required for cord formation in the testis or that there are other factors which can

compensate for its inhibition.

Investigation of the role of TGFo, later in embryonic and perinatal development

In order to determine whether TGFO is still required for cell proliferation and testis

growth later in embryonic and perinatal development, testis organ cultures at later ages

were treated with an antibody to TGF0 and assayed for DNA content as a measure of cell

number. There was still dramatic inhibition of testis growth at e18 by the antibody to

TGFO. (Fig. 10A). The control organs exhibited only about a 1.5 fold increase in DNA

content after 6 days in culture instead of the 2.5 fold seen with e14 testis. The antibody to

TGFO abolished all growth. The smaller increase in size of the control organs may reflect

a limitation on growth in the organ culture system. The 0 day testis also grew less and their

growth was partially inhibited by the antibody to TGFO (Fig. 10B). Observations suggest

that TGFO is important for testis growth throughout embryonic development and in early

postnatal development.
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Figure 9. E13 testis + mesonephros organ cultures treated with control nonimmune IgG or

anti-TGFO antibody S574 (1:1000) for 3 days. (A) control nonimmune IgG (B) anti

TGF0 antibody. The testis is labelled (T) and the mesonephros is labelled (M).

Representative of four experiments.

Figure 10. Effects of control nonimmune IgG or anti-TGF0 antibody S574 (1:1000) on

the growth of e18 and 0 day testis. DNA content (pig) was determined at the time of

dissection (initial) or after 4 days in culture. (A) e 18 testis (halves). Data are presented as

the mean +/- standard error of the mean for two separate experiments with n=22 for all

conditions. Different superscripts a and b designate statistically significant difference

(P<0.01) as determined by analysis of variance (ANOVA). (B) 0 day testis (eighths).

Data are presented as the mean +/- standard error of the mean for three separate experiments

with n=28 (initial) and n=29 (control Ab and anti-TGFO antibody). Different

superscripts a and b designate statistically significant difference (P<0.01) as determined by

analysis of variance (ANOVA).
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Perturbation of the EGFR by a tyrphostin inhibitor

To confirm the importance of TGFO-related ligands in testis growth an

independent approach to perturbing the EGFR signalling pathway was used. The action of

the EGFR was blocked using a highly selective tyrosine kinase inhibitor of the tyrphostin

family known as AG1478 (Berg et al., 1992; Levitzki and Gazit, 1995; Lyall et al., 1989;

Tapley et al., 1992). Treatment of e14 testis in organ culture with 160 nM AG1478

resulted in a striking inhibition of growth (Fig. 11). Treatment with 80 nM AG1478 was

found to be less effective although it resulted in some inhibition of growth (data not

shown). Similar growth inhibition was apparent with 0 day testis (data not shown).

E of exogeneous TGFO, on testis organ cultures

If TGFO is important in promoting the proliferation of cells in the embryonic testis,

exogeneous TGFO may influence testis growth. Testis organ cultures at e14 were treated

with 50ng/ml of TGF0 and then stained for PCNA to determine whether there was an

increase in the number of proliferating cells. Addition of TGFO to the culture medium

caused a ring of unorganized tissue around the edge of the organ (Fig. 12A,B). With

longer cultures up to 6 days there were even fewer cords remaining in the center of the

organs (data not shown). Immunocytochemistry for PCNA demonstrated that almost all

the cells in the outer ring were proliferating (Fig. 7C). This suggests that cells in the

embryonic testis are capable of responding to exogeneous TGFO, by inducing additional

proliferation.

The response of cells at the outside of the testis could be due to better access of

these cells to TGFO from the medium or it could be a particular property of cells around the

outside of the testis. To determine whether there is anything special about the cells around

the outside of the testis, e14 testis were cut in half and then cultured with TGFO. The ring

of unorganized tissue formed around half-testis with no apparent difference between the cut
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Figure 11. Effects of EGFR tyrosine phosphorylation inhibitor AG1478 (160nM) or

control solvent DMSO on the growth of e14 testis cultured for 4 days. DNA content (pig)

was determined at the time of dissection (initial) and after 4 days in culture. Data are

presented as the mean +/- standard error of the mean for three separate experiments with n=

13 (initial), n=14 (DMSO) and n= 15 (AG1478). Different superscripts a, b and c

designate statistically significant differences (P<0.01) as determined by analysis of variance

(ANOVA).

Figure 12. Effects of exogeneous TGF0 (50ng/ml) on testis cultures. (A,B) e14 testis

cultured for 4 days in the absence (A) or presence of TGFO. (40ng/ml) (B). Representative

of five experiments. (C, D) Dissociation - reaggregation cultures of 0 day testis in the

absence (C) or presence of TGFO (100ng/ml) (D). Representative of two experiments.

Representative cords are marked by arrows. The ring of unorganized tissue around the

edge in (B) and (D) is marked by arrowheads.
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edge and the normal edges of the testis (data not shown). This suggests that the important

factor is simply access to the added TGFO. In addition, the same effect was seen with

reaggregated cultures of a cell suspension from a 0 day testis. When a 0 day testis is

dissociated to single cells and the cells allowed to reaggregate on a floating filter, cords

reform in the aggregate (Fig. 12C). When these cultures were treated with exogeneous

TGF0, while cords were re-forming a ring of unorganized cells developed around the edge

just as in the intact testis organ cultures (Fig. 12C,D).

Examination of testis from EGFR knockout mice

From the data with the neutralizing antibodies it appears that TGFO is critical for

growth of the early embryonic testis. Since TGFO functions through the EGFR it is

possible that EGFR knockout mice might show a defect in testis growth. Testis from

EGFR knockout mice were examined at several ages starting with e13 (the equivalent of

e14 in the rat). Despite dramatic effects on other organs and on the overall size of the

EGFR knockout mice (Miettinen et al., 1995; Sibilia and Wagner, 1995; Threadgill et al.,

1995) the testis are grossly normal. There was apparently no decrease in size in the early

embryonic testis compared to wild type littermates. Later in development there was some

decrease in size, but less than the overall decrease in size of the animals. It appears that the

testis is able to compensate for the lack of the EGFR.

When sections through the testis were examined, there appeared to be a subtle effect

on the growth of the interstitium in the EGFR knockout mice. There seemed to be less

interstitium in the knockout mice than in the wild type littermates (Fig. 13). Quantitation of

this effect revealed that at e18 there was a small but statistically significant decrease in the

percentage of interstitium in the EGFR knockout testis (Fig. 14). In the 0 day testis the

difference between the area of the interstitium in the wild type and knockout testis was not

significant. Testis from TGFO, knockout testis appeared normal.
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Figure 13. Testis from EGFR knockout mouse. (A) e18 wild type (wt) mouse testis (B)

e18 knockout (ko) mouse testis. (A,B) JB4 sections stained with toluidine blue.

Figure 14. Quantitation of percentage interstitium in EGFR knockout and wild type testis

from e18 and 0 day. Computer analysis of the area of the interstitium was calculated by

subtracting the combined areas of the cords from the total area of each testis section. Data

are presented as the mean +/- standard error of the mean with n=11 (e18 wt), n=16 (e18

ko), n=9 (0d wt) and n=8 (0d ko). The e18 mice are from two independent knockouts.

Different superscripts a and b designate statistically significant difference (P<0.01) as

determined by analysis of variance (ANOVA).
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Investigation of the effects of the antibody to TGF0 on testis from EGFR and TGF0.

knockout mice

The lack of a dramatic effect of the complete absence of the EGFR on the testis in

the knockout mice contrasts with the almost complete inhibition of growth by the antibodies

to TGF0 on wild type rat testis in organ culture. One possible explanation is a difference in

the importance of the EGF system in rats and mice. Another more likely explanation is the

presence of related ligands and receptors which can compensate in vivo but not in vitro. To

investigate whether TGFO is playing a role in the growth of the EGFR knockout testis

despite the lack of the EGFR, testis from the EGFR knockout mice were cultured with the

antibodies to TGFO. The antibodies to TGFO. Still caused a dramatic inhibition of testis

growth in organ cultures of the EGFR knockout testis (Fig. 15A). There was basically no

growth by either knockout or wild type testis when cultured with either neutralizing

antibody to TGF0.

Inhibition of TGFo, resulted in complete inhibition of testis growth whether or not

the EGFR was present. These observations suggest that either TGFO is capable of acting

through another receptor or that the antibodies are able to inhibit another ligand presumably

related to TGFO. To address the question of whether the antibodies to TGFO can inhibit a

related ligand testis from TGFO, knockout mice were cultured with the antibodies. Both

antibodies inhibited the growth of testis from TGFo knockout mice (Fig. 15B). This

suggests that the antibodies may recognize some other ligand which is still present in the

TGFO. knockout animals and that this related ligand is critical for testis growth. The

presence of a related ligand which can function through a different receptor would explain

the inhibition of EGFR knockout testis growth by the neutralizing antibodies to TGFo. It

could also be responsible for the very mild effect of the EGFR knockout on testis growth in

vivo. To examine whether the antibodies to TGFO. are able to recognize related ligands, a

Western blot was performed. The antibodies to TGFO were found to react only with TGF0.

and not with either EGF or heregulin o. (Fig. 16).

** as
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Figure 15. Effects of anti-TGFO antibodies on testis from EGFR knockout and TGFO.

knockout mice. (A) EGFR knockout and wild type testis from 2 day mice cultured in

eighths with either anti-TGF0 antibody S509 or control nonimmune sheep serum

(1:1000). DNA content (pig) was measured at the time of dissection (initial) or after 6 days

in culture. Data presented is from one experiment with n= 4 (initial wt and ko) and n= 6

(control wt and ko, anti-TGFO antibody wt and ko). Different superscripts a and b

designate statistically significant difference (P<0.01) as determined by analysis of variance

(ANOVA). (B) TGFo knockout testis from 0 day mice cultured in eighths with control

nonimmune sheep serum, anti-TGFO antibody S574 or anti-TGFO antibody S509

(1:1000). DNA content (pig) was measured at the time of dissection (initial) or after 6 days

in culture. Data presented is from two separate experiments with n= 25 (initial) and n=26

(control, S574 and S509). Different superscripts a and b designate statistically significant

difference (P<0.01) as determined by analysis of variance (ANOVA).

Figure 16. Western blot with anti-TGFO antibodies S574 and S509 of recombinant

TGFO, EGF and heregulin-o. (300ng each). (A) SDS gel stained with Coomassie Blue.

(B) Western blot with anti-TGF0 antibody S509. (C) Western blot with anti-TGF0.

antibody S574. (A,B,C).The lanes are marked as follows: 1= molecular weight markers,

2= heregulin o., 3= EGF, 4= TGFO. TGF0 and EGF are 6kDa and heregulin o. is 7kDa.
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DISCUSSION

The results obtained provide information about the control of growth during

embryonic testis development. Immunocytochemistry for the proliferation marker PCNA

confirmed the dramatic growth of the embryonic testis. Each cell type had its own temporal

pattern of proliferation. During late embryonic development almost all somatic cells were

proliferating both in the cords and in the interstitium. The number of proliferating cells

decreased first in the interstitium. The size of the testicular interstitium is thus largely

established before birth. A high percentage of proliferating cells continued to be found in

the Sertoli population through early postnatal development decreasing by 10 days at the

onset of puberty. Proliferation by the somatic cells in the testis was basically over by 20

days postnatal development. Germ cell proliferation was extensive at e14 and e16,

decreased by e18 and then stopped until the early postnatal period at which point it

increased through 20 days postnatal development.

These observations using PCNA as a marker of proliferating cells confirmed earlier

experiments using the presence of mitotic figures (Clermont, 1957) and the incorporation

of tritiated thymidine (Orth, 1982; Steinberger and Steinberger, 1971). The only

discrepancy with the previous data is that earlier experiments demonstrated mitotic arrest of

the germ cells by e18 (Hilscher et al., 1974; Orth, 1982). It is possible that some PCNA

remains after mitotic arrest in male germ cells. A similar observation has been made for

female germ cells, since there is PCNA staining in the oocyte while it is in meiotic arrest

(Oktay et al., 1995). PCNA staining has been shown to correlate extremely well with cell

proliferation but it is also involved in DNA repair (Hall et al., 1990; Liu et al., 1989; Oktay

et al., 1995; Shiv;i et al., 1992; Xiong et al., 1992). Increased levels of DNA repair in

germ cells could explain the persistence of PCNA at e18.

The extensive cell proliferation suggests a need for stimulators of growth in the

early testis. This dramatic growth is sex-specific, since the ovary grows very little during

*** *
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late embryonic development (Mittwoch, 1989; Mittwochet al., 1969). In addition, the

differences in the timing of proliferation of the various cell types suggests the need for the

regulation of growth in the early testis possibly mediated through local growth factors and

receptors.

TGFO - related ligands were found to be important in stimulating the growth of the

embryonic testis. The growth of e14 testis in organ culture was almost completely

inhibited by either of two neutralizing antibodies to TGFO. Growth was measured by

changes in DNA content of the organs and was confirmed by measuring the area of the

organ. Quantitation by area is less accurate, since it is a two-dimensional measurement of

a three-dimensional tissue. In addition, initial area measurements were made after 1 day in

culture instead of at the time of dissection since the organs flatten during the first day in

culture. Due to these limitations, there was slightly less difference between the antibody

treated organs and the controls using this method of quantitation. However, it was still

apparent that the antibodies to TGFO, effectively inhibited the growth of e14 testis in organ

culture.

Immunocytochemistry for PCNA on the organ cultures demonstrated that growth of

both Sertoli and interstitial cells is inhibited by the antibodies to TGFO. These

observations suggest that TGFO is important for promoting growth of both cell types.

However, the current experiments do not rule out the possibility that TGFO is important

primarily for the growth of one type of cell. Local regulation of growth could then lead to

an inhibition of growth of the whole organ.

Testis growth was also inhibited by the tyrphostin AG1478 which is a specific

inhibitor of the EGFR tyrosine kinase. AG1478 is selective for the EGFR and does not

inhibit other growth factor receptor tyrosine kinases including the related HER2 kinase at

the concentrations used in these experiments (Levitzki and Gazit, 1995). It has not been

tested yet on the related HER3 or HER4 kinases so it is possible that inhibition of a related

tyrosine kinase receptor could have occurred. However, the known selectivity for the
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EGFR suggests that inhibition of growth of the embryonic testis by this inhibitor provides

further evidence for the importance of TGF0- induced signalling in stimulating testis

growth.

The neutralizing antibodies to TGF0 and the EGFR inhibitor were still able to

inhibit the growth of late embryonic (e18) and perinatal (0 day) testis. The incomplete

inhibition of 0 day testis suggests that at birth factors other than TGFO may have become

important in promoting growth or can partially compensate for an inhibition of TGFO.

However, the fact that inhibition of growth was still seen suggests that a TGFO - related

ligand is important for growth throughout early testis development.

Despite their dramatic effect on growth neutralizing antibodies to TGFO did not

disrupt cord formation in e13 testis. TGFO and EGF have been implicated in

morphogenetic events in other systems involving tube formation and branching such as the

kidney, lung, mammary gland, and endothelial cells. An antibody to TGFO inhibits

growth and tubulogenesis in embryonic kidney organ cultures (Rogers et al., 1992). In

addition certain kidney cell lines and microvascular endothelial cells can be induced to form

tubules in collagen gels in response to TGFO, or EGF (Barros et al., 1995; Ono et al.,

1992). Tubule formation by primary kidney cells in growth-factor reduced Matrigel is also

dependent on added EGF or TGFO. (Taub et al., 1990). Branching morphogenesis and

growth in embryonic lung organ cultures are stimulated by EGF and inhibited by both

antisense oligonucleotides to EGF and tyrphostin inhibition of EGFR (Seth et al., 1993;

Warburton et al., 1992). EGF or TGFO can stimulate ductal growth in the mammary

glands of ovariectomized mice (Snedeker et al., 1991).

The stimulation of growth by TGF0 or EGF is well established in these and other

systems, and it is possible that some of the observed inhibition of tubulogenesis by

interference with TGFO or EGF could simply be due to the prevention of proliferation

which is necessary for the morphogenesis. However, the induction of tubules by several

different cell types in serum-free collagen gels is difficult to explain entirely by stimulation

º
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of growth and suggests that TGF0 and EGF have morphogenetic as well as mitogenic

abilities. Testis cord formation is similar to tubule formation in the kidney so it was

possible that a TGFO -related factor could be important in this process. Organ cultures of

early e13 testis and mesonephros are susceptible to the inhibition of cord formation by

serum (Jost et al., 1981; Magre and Jost, 1984). This demonstrates the possibility of

perturbing cord formation in organ culture. The lack of an effect of the TGFO antibodies

on the development of cords in the testis suggests that TGFO is not necessary for testis

cord formation. If TGFO, normally plays a role in testis cord formation then other factors

must be able to compensate in the organ cultures.

The identification of TGFO - related ligands as critical for stimulating the growth

of the embryonic testis is significant due to the importance of embryonic cell proliferation

for adult testis size and fertility.(Orth et al., 1988) The majority of information about

testicular growth regulation has focused on postnatal growth or occasionally late embryonic

(Boitani et al., 1995; Clermont, 1957; Orth, 1982; Orth, 1984; Orth, 1986; Orth et al.,

1988; Steinberger and Steinberger, 1971; Warren et al., 1982; Warren et al., 1984). FSH

is the most active agent found to promote testis growth and particularly Sertoli cell

proliferation. FSH in vitro can stimulate Sertoli cell proliferation, and interference with

FSH in vivo causes a dramatic decrease in Sertoli proliferation in e18 testis (Orth, 1984;

Orth, 1986). However, the earliest detectable FSH in the pituitary and the earliest

detectable FSH receptors in the testis are in e17 rats (Warren et al., 1982; Warren et al.,

1984). Other factors must be responsible for promoting the growth of the earlier testis.

These factors are presumably locally produced since testis growth is maintained in organ

culture. The current data implies that TGFO-related factors are capable of performing this

function in the early embryonic testis. In addition, it is not known what local testicular

factors might be involved in the response to FSH in the late embyronic testis. 3- endorphin

produced by Leydig cells has been implicated in modulating the response to FSH since

blocking its action increases the stimulation of e20 Sertoli cell proliferation by FSH (Orth,

*** *
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1986). It is possible that TGF0 -related ligands are involved in the local mediation of FSH

action since the TGFO family appears to be important for testis growth in the late embryo.

It would be interesting to determine whether exogenous TGFO could compensate for

interference with FSH action in late embryonic testis growth.

Other proteins such as basic FGF and activin have been suggested to be involved

in testis growth at particular times in development, bFGF is expressed embryonically by

both germ cells and Leydig cells beginning around e16 so it is a potential mediator of local

testis cell interactions in the late embryo (Koike and Noumura, 1994; Koike and Noumura,

1995). FGF increases the survival of Sertoli cells in culture, but there is conflicting data

on whether it increases proliferation (Jaillard et al., 1987; Van Dissel-Emiliani et al., 1996).

Activin can enhance the proliferation of postnatal Sertoli cells and activin receptor

knockouts show decreased testis size and a delay in fertility (Boitani et al., 1995; Matzuk et

al., 1995). However, activin actually inhibits the growth of e14 testis in organ culture

(Kaipia et al., 1993; Kaipia et al., 1994). The data suggests that any promotion of growth

by activin occurs postnatally, but it may be a negative regulator of embryonic testis growth.

TGFo. - related ligands are thus the only identified factors implicated thus far in the local

promotion of early embryonic testis growth.

Exogenous TGFO was found to affect testis organ cultures implying that the cells

are capable of responding to TGFO. There was not an overall increase in the size or DNA

content of the organ, but an increase in disorganized cells around the outside of the testis.

This effect could be due to increased TGFO. causing the cells to be unable to maintain the

cord structure. There would therefore be a loss of cords from the tissue exposed to the

highest concentrations of TGF0. It could also be due to an overstimulation of growth of

the interstitium so that it grows out beyond the cords. With longer cultures up to 6 days

there were even fewer cords remaining in the center of the organs. This suggests that there

is some loss of cords and not simply an overgrowth of interstitium. From PCNA

immunocytochemistry on the organs treated with TGFO, it appeared that there was an
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increase in the number of proliferating cells around the outside of the testis, such that

almost all the cells in this region expressed PCNA. This was not true of the more centrally

located cells near the remaining cords. These observations support the interpretation that

TGFO treatment in the medium preferentially increased the proliferation of the more

accessible cells on the outside of the organs. Maintenance of the cord structure is clearly

compatible with proliferation since there is extensive PCNA staining in the cords

throughout normal late embryonic and early postnatal development. However, it is

possible that an increased rate of proliferation is incompatible with maintaining cords and

that the exogeneous TGFO increased the rate of proliferation to this extent. Since the

presence of PCNA immunoreactivity reveals only which cells are proliferating and not their

rate of proliferation it is not possible to determine this with the current method.

In contrast to the extensive inhibition of testis growth by neutralizing TGFO or

inhibiting signalling through the EGFR in organ culture, the lack of EGFR in knockout

mice did not cause much inhibition of testis growth. The EGFR knockout mice did show a

dramatic inhibition of growth of other organs and of the whole animal (Miettinen et al.,

1995; Sibilia and Wagner, 1995; Threadgill et al., 1995). There was a mild decrease in the

amount of the interstitium in late embryonic (e18) testis, suggesting that the growth of the

interstitium was slightly inhibited or delayed. This effect was observed in two different

EGFR knockout strains. This suggests that the interstitial cells may be more dependent on

the presence of the EGFR for growth and less able to compensate for its absence than the

cords. The decreased effect at 0 days compared to e18 is consistent with the normal

decrease in interstitial proliferation by 0 days. The continued growth of the postnatal testis

in the knockout mice is also consistent with EGFR being less important for the growth of

the cords. The normal postnatal growth is almost entirely of the cords with the interstitium

occupying progressively less of the testis as the animal grows older. The lack of a stronger

effect of the complete absence of the EGFR suggests that other factors were able to

compensate in promoting the growth of the testis.
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The involvement of related receptors and ligands was further suggested by the

observation that neutralizing antibodies to TGFO caused inhibition of growth even in the

EGFR knockout testis. There has been no evidence that TGFO is capable of interacting

directly with any other related receptors. Furthermore, neutralizing antibodies to TGFO.

also caused inhibition of growth in the TGFO, knockout testis. This implies that the

antibodies recognized and inhibited some related factor. The inhibition was observed with

two different antibodies, one raised to recombinant human TGFO and one raised to

recombinant rat TGFO. When the antibodies were made they were found not to recognize

EGF on a Western blot. They had not been tested for cross reactivity to the heregulins

which were unknown at the time. Western blotting of both antibodies against recombinant

human heregulin O. failed to detect any cross reactivity. The identity of any other factors

recognized by the antibodies is therefore unknown. Further investigation is required to

determine whether other TGFO-related ligands are recognized by the antibodies and

function normally in the stimulation of testis growth. The other known ligands in the

family aside from the heregulins require EGFR to function. Therefore, even though they

have not been tested for cross reactivity with the antibodies to TGF0, they would

presumably be unable to function in the EGFR knockout testis. The only available

heregulin to test for cross reactivity was human heregulin O. It is possible that rat

heregulin is recognized by the antibodies, or that a different splice variant is recognized. In

addition it is possible that other members of the family have not yet been identified.

Heregulins do not bind directly to HER2 so it has been postulated that there remain

unidentifed ligands. Examination of the expression of all the known EGF family ligands

and receptors in the testis may reveal information about the complexity of this system of

factors in growth regulation. Further investigation is required to determine the explanation

for the inhibition of growth in EGFR and TGFO, knockout testis by neutralizing antibodies

to TGFO.
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Further experiments are necessary to detemine which ligands in the TGFO/EGF

family are critical for testis growth. Reagents which specifically inhibit only one ligand

would enable this to be determined in organ culture. Analysis of the expression patterns by

in situ hybridization of the various ligands and receptors would provide valuable

information about the specific cell interactions involved in this local control of growth.

The results are significant in demonstrating a role for TGFO-related ligands in

embryonic testis growth. This is particularly critical in the early embryonic testis when

very little is known about the regulation of development. These experiments demonstrate

the usefulness of the embryonic testis organ culture system to study potential factors

important in development. In addition, they suggest that multiple ligands of the TGF0.

family may be involved in growth regulation in the testis. Similar results to those presented

here have been obtained in the seminal vesicle (Anne Donjacour, unpublished results).

Neutralizing antibodies to TGFO, severely inhibited both growth and branching of the

seminal vesicle in organ culture even in EGFR and TGFO, knockout mice. This raises the

possibility that other TGFO-related ligands may be important in the rest of the male

reproductive tract and possibly in other organs as well.

MATERLALS & METHODS

Dissections and organ cultures

Timed pregnant Sprague-Dawley rats were obtained from Charles River

(Wilmington MA). Plug date was considered to be day zero. For embryonic day 13 (E13)

dissections, gonads were dissected out with the mesonephros; for later dissections, testis

alone were dissected. The organs were cultured at 37°C in 5% CO2 in drops of medium on

Millicell CM filters (Millipore, Bedford MA) floating on the surface of 0.5-1 ml of CMRL

1066 media (Gibco BRL, Gaithersburg MD) supplemented with penicillin-streptomycin,

insulin (10pg/ml) and transferrin (10pg/ml). Antibodies and factors were added directly to
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the culture medium. The medium was changed every 1 or 2 days. E13 gonad +

mesonephros cultures were typically kept for 3 days, by which point cords were well

developed. E14 testis cultures were typically kept for 4 days. For E18 and 0 day organ

cultures, the testis were cultured as fragments (halves of E18 testis and eighths of 0 day

testis) since the entire testis was too large to culture intact without considerable necrosis in

the centers. The tunica was removed from 0 day testis before culturing.

Testis suspension and reaggregation

To generate a testicular suspension from 0 day testis, the tunica was removed and

the testis were digested with 0.125% trypsin, 0.1% EDTA, and 0.02mg/ml DNAse in

Hanks Balanced Salt Solution (HBSS), for 15 minutes at 370C. The trypsin was

inactivated with 10% calf serum. The samples were triturated with a pipette tip and washed

twice in 1 ml HBSS by resuspending, spinning for 2 minutes, and removing the

supernatant. The remaining pellet was resuspended in a small volume (10pil from 6-7

pooled testis), and contained a single-cell suspension by visual inspection under a

microscope. Drops of 2pil of this suspension were cultured and allowed to reaggregate on

floating filters as for intact organs.

Genomic DNA isolation and polymerase chain reaction (PCR) for SRY

To determine the sex of E13 gonads, embryonic tails were collected to make

genomic DNA by standard procedures. Briefly, the tissue was homogenized through a 25

gauge needle in digestion buffer (100mM NaCl, 10mM Tris pH 8, 25mm EDTA, 0.5%

SDS), and digested with proteinase K (0.15mg/ml)) for at least 4 hours at 600C. The

samples were then extracted twice with an equal volume of phenol: chloroform: isoamyl

alcohol (25:24:1), and once with chloroform: isoamyl alcohol. The DNA was then

precipitated by adding 1/10 volume 7.5M NH4Ac and 3 volumes cold ethanol and

incubating at -80°C for an hour before centrigugation at 40C for 30 minutes. Pellets were

.
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dried and resuspended in 10puldH2O. PCR was performed using 1pil of genomic DNA

with primers to SRY obtained from Klaus Giese. The sequences of the SRY primers are:

5' CGGGATCCATGTCAAGCGCCCCATGAATGCATTTATG 3' and 5'

GCGGAATTCACTTTAGCCCTCCGATGAGGCTGATAT3' producing a PCR product

of 240bp. PCR was performed using an annealing temperature of 55°C for 30 cycles.

RNA isolation and RT-PCR

RNA for RT-PCR was obtained by freezing samples on dry ice and then using the

TRI REAGENT (Sigma, St. Louis MO) for RNA isolation. Reverse transcription was

performed using MMLV-RT under standard conditions. RT-PCR was performed for

EGFR at 600C annealing temperature for 30 cycles and for TGFO at 650C for 5 cycles

followed by 550C for 30 cycles. The EGFR primer sequences were: 5’

TGCGTCTCTTGCCGGAATGTCAG3' and 5'GCAGTGGGGGCCGTCAATGTAGT3'

producing a PCR product of 205bp. The TGFO. primer sequences were: 5

ACCCTTTATCACACAGTTTT 3' and 5'CCCTGGCTGTCCTCATTATCACCTG 3'

producing a PCR product of 380bp. The identity of the PCR products was confirmed by

restriction digests.

Embedding. Histology and Immunocytochemistry for Proliferating Cell Nuclear Antigen

(PCNA)

Tissues were fixed in Histochoice (Amresco, Solon OH) and embedded in paraffin

or in JB4 (Polysciences, Warrington PA) according to standard procedures. Sections were

stained with hematoxylin and eosin (paraffin sections) or with toluidine blue (JB4 sections)

according to standard procedures. Immunocytochemistry for PCNA was performed

according to standard procedures. Briefly, 7 pm sections were deparaffinized and

rehydrated, quenched in 20% methanol/3% hydrogen peroxide, and blocked in 5% serum

for several hours at room temperature before incubation with primary antibody monoclonal
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anti-PCNA clone PC10 (Sigma Immunochemicals, St.Louis MO) at 1:500 dilution

overnight at 49C. Secondary antibody (biotinylated sheep anti-mouse biotin from

Amersham) was detected using the Vectastain kit (Vector Laboratories, Burlingame CA)

and diaminobenzadine (DAB). Slides were counterstained lightly with hematoxylin to

visualize the tissue.

belling Indice

Labelling indices for the percentage of each cell type stained for PCNA were

calculated by counting between 8 and 19 different regions, on at least 3 different sections.

The total number of cells counted ranged from 155-396 Sertoli cells, 80-396 germ cells,

338-862 interstitial cells, 139-306 peritubular cells. Counts were performed by two

different people.

DNA assay

To assay the DNA content of organs, each organ was sonicated in 100pal ethidium

bromide buffer (EBB, 20 mM NaCl, 5 mM EDTA, 10 mM Tris pH 7.5) and stored at

–200C. DNA content was then determined fluorometrically with ethidium bromide as

previously described (Mullaney and Skinner, 1992b). Briefly, 0.25 nM ethidium bromide

and 100 units/ml heparin in EBB were added to each sample, vortexed, and incubated for

15 minutes at room temperature. Fluorescent emission was measured and quantitated using

a standard curve with calf thymus DNA from 0.5 pig to 6 pig DNA.

Imaging and Area Quantification

Images of whole organs were obtained using a Lumina digital scanning camera

(Leaf Systems, Southborough MA). Area was calculated using Adobe Photoshop. To

determine the relative percentage of interstitium in testis, representative sections were

imaged and analyzed using Adobe Photoshop. The outline of each cord was traced, and
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the area within the cords calculated, as was the total area. The percentage of interstitium

was calculated as 1-area cords/total area.

Western blotting

Western blotting was performed according to standard procedures. Protein samples

were electrophoresed on a 8-25% Phast gradient gel (Phast System, Pharmacia, Alameda

CA) and transferred to nitrocellulose using the PhastTransfer semi-dry electrophoretic

transfer unit (Pharmacia). After blocking overnight in 5% dry milk/ 1% glycine/0.05%

NP40 in 50mM Tris-HCl pH 7.4/0.15M NaCl (TBS), the primary antibodies against
TGFO were incubated with the blots for 4 hours. After three washes in TBS/NP40 and

one in TBS, the blots were incubated with secondary antibody anti-sheep conjugated to

horseradish peroxidase (HRP) (Sigma, St. Louis MO) at 1:3000 for one hour. After 3

washes in TBS/NP40, one in TBS, and three in water, detection was carried out using the

ECL system (Amersham).

Reagents

The antibodies against TGFO. (S574 raised against rat TGFO and S509 raised

against human TGF0) were obtained from East Acres Biological. These TGF0 antibodies

have previously been shown to crossreact with rat, human and bovine TGFO and not to

crossreact with EGF, TGFB or FGF on Western blots (East Acres Biological). The EGFR

inhibitor AG1478 was obtained from Calbiochem (La Jolla CA). AG1478 is a highly

selective competitive inhibitor of ATP binding to the EGFR. In vitro the IC50 for EGFR is

3 nM, while the IC50 for HER2 and the PDGFR are greater than 100puM (Levitzki and

Gazit, 1995). TGFO and recombinant human heregulin-O were obtained from R&D

Systems (Minneapolis MN). TGF0 knockout mice were generously provided by Dr.

Gerald Cunha (UCSF, San Francisco CA). EGFR knockout mice were generously
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CHAPTER 4 - A ROLE FOR NEUROTROPHINS IN THE EMBRYONIC

TESTIS2

INTRODUCTION

A critical event in mammalian male sex determination is the development of the

testis. The differentiation of the indifferent gonad into a testis is required for the rest of

male sex differentiation. The process of cord formation is the critical morphogenetic event

in embryonic testis development. Identification of factors involved in mediating the

induction of cord formation is necessary for an understanding of how genetic sex resulting

in SRY expression is translated into testis differentiation. In addition, knowledge of such

factors may provide insight into morphogenetic processes in organogenesis in other

tissues.

Possible candidates for factors involved in controlling morphogenesis in the testis

include the neurotrophins. As discussed in Chapter 1, the neurotrophin family includes

nerve growth factor (NGF), neurotrophin 3 (NT-3), neurotrophin 4/5 (NT-4/5), and brain

derived neurotrophic factor (BDNF) (Barbacid, 1995a). The factors interact with both the

high-affinity specific receptors trkA, trk B and trk C, and the common low-affinity

receptor p75/LNGFR (Barbacid, 1995b; Chao, 1994; Parada et al., 1992; Tessarollo et al.,

1993). Neurotrophins are critical in mediating the differentiation, migration, proliferation,

and survival of neurons in the developing brain and peripheral nervous system (Davies,

1994; Davies and Wright, 1995; Henderson et al., 1993; Johnson and Oppenheim, 1994;

Snider, 1994). In addition, there is accumulating evidence for non-neuronal roles of the

neurotrophins particularly in mesenchymal-epithelial interactions (Brill et al., 1995; Dissen

et al., 1995; Mitsiadis and Luukko, 1995; Ojeda et al., 1992; Sainio et al., 1994; Sariola et

al., 1991; Wheeler and Bothwell, 1992; Yaar et al., 1991). The neurotrophins have been

implicated in mediating local cell-cell interactions during morphogenesis in several tissues
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including the dermatome, tooth, kidney and ovary (Brill et al., 1995; Dissen et al., 1995;

Mitsiadis and Luukko, 1995; Sariola et al., 1991). Therefore the neurotrophins have the

potential to mediate similar processes in the embryonic testis.

Neurotrophins are expressed in the postnatal testis where they appear to be involved

in interactions between Sertoli and germ cells. Less is known about their expression and

possible function in the embryonic testis. However, both p75/LNGFR and trk C are

expressed by the mesenchyme surrounding the cords in the very early testis (Russo et al.,

1994; Tessarollo et al., 1993; Wheeler and Bothwell, 1992). This expression suggests that

the neurotrophins may be involved in critical morphogenetic events in the testis such as the

migration of pre-peritubular cells from the mesonephros or the induction of cord formation.

This hypothesis was investigated by examining the expression and function of

neurotrophin ligands and receptors in the developing testis. p75/LNGFR was found to be

expressed in a sex-specific manner at the time of cord formation. Several neurotrophin

ligands and trk receptors are expressed in the early testis. Interference with the functioning

of the neurotrophin signalling pathway using a trk kinase inhibitor in embryonic testis

organ cultures perturbs cord formation. However, preliminary experiments using more

specific reagents to inhibit neurotrophins were negative or inconclusive. In addition,

exogenous neurotrophins had no effect on cord formation in embryonic testis organ

cultures. These results provide tantalizing evidence suggesting that the neurotrophins may

be involved in early testis development.

RESULTS

Expression of p75/LNGFR protein by immunocytochemistry in the developing urogenital

ridge

Previous experiments have demonstrated the presence of p75/LNGFR mRNA and

protein in the embryonic rat testis at embryonic day 14.5 (e14.5) (Russo et al., 1994;
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Wheeler and Bothwell, 1992). Expression was confined to the mesenchyme surrounding

the developing testis cords. At later ages the p75/LNGFR protein expression became

restricted to the peritubular cell layer surrounding the cords (Russo et al., 1994). The

expression of p75/LNGFR was investigated by immunocytochemistry in more detail

around the critical period of cord formation. Expression was examined before the

formation of cords as well as after. Expression was also examined in female as well as

male gonads and in the entire urogenital ridge including the mesonephros.

Expression was first examined in gonads and mesonephros at e13 just before cord

formation when the testis and ovary are indistinguishable (Fig. 1A,B). At this stage

expression of p75/LNGFR was detectable only in the mesonephros in both the male and

female. The expression was particularly high in the region of the mesonephros adjoining

the gonad. However, just after cords formed at e14, p75/LNGFR was found in the testis

in the mesenchyme surrounding the cords as reported previously (Russo et al., 1994).

There was no p75/LNGFR protein expressed in the ovary at this stage (Fig. 10,D). By

e16/e17 there was some staining in the ovary as well as extensive staining throughout the

testis intertstitium (Fig. 1E,F). Expression in 0 day testis was performed to confirm the

fate of p75/LNGFR positive cells and as expected the expression was mostly peritubular

(Fig. 1G). This data revealed a striking sex-specific pattern of p75/LNGFR expression at

the time of initiation of the male sexual differentiation pathway.

Expression of trk receptors and neurotrophin ligands

The observation that the common receptor p75/LNGFR is present in such an

interesting temporal and sex-specific pattern suggests that some of the neurotrophin ligands

and high affinity trk receptors may be present as well. To investigate the presence of

specific ligands and receptors in the early urogenital ridge RT-PCR was performed on

RNA isolated from e14 testis (Fig. 2). Of the three known high affinity receptors trk C and

trkA were both present while trk B was not. The neurotrophin ligands NGF, NT3, BDNF
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Figure 1. Immunocytochemistry for p75/LNGFR in the developing urogenital ridge. (A)

e13 ovary + mesonephros (e13o) (B) e13 testis + mesonephros (e13t) (C) e14 ovary +

mesonephros (e140) (D) e14 testis + mesonephros (e14t) (E) e17 ovary + mesonephros

(e17o) (F) e 16 testis + mesonephros (e16t) (G) 0 day testis (Odt). Cells positive for

p75/LNGFR are brown, while negative cells are blue/purple. Ovary (O), testis (T) and

mesonephros (M) are labelled. In (G) the cell types are labelled S= Sertoli, G= germ cell,

P= peritubular, I= interstitial cell. Representative of at least three experiments.

Figure 2. Expression of trk receptors and neurotrophin ligands by RT-PCR in e14

testis. The lanes are labelled as follows: 1= molecular weight standards, 2= trkA,

3= trk B, 4= trk C, 5= NGF, 6= NT3, 7= BDNF, 8= NT4/5. Representative of at

least 3 experiments for each. The sizes of the PCR products are as follows: trkA

52Obp, trk B 230bp, trk C 223bp, NGF 224bp, NT3 294bp, BDNF 181bp and

NT4/5 145bp.
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and NT4/5 all yielded detectable PCR products, although NT3 gave the strongest signal.

The same pattern of expression of receptors and ligands was observed by RT-PCR in the

e14 ovary (data not shown).

Perturbation of neurotrophin signalling system in testis organ cultures

The presence of neurotrophin ligands and receptors in the embryonic testis as well

as the sex-specific expression of p75/LNGFRjust at the time of cord formation suggest

that the neurotrophins may be functioning in the morphogenesis of the early testis. To test

this hypothesis, neurotrophin signalling was inhibited with the kinase inhibitor K252a in

embryonic testis organ cultures. K252a has been shown to be specific for the trk receptors

rather than any other receptor-linked tyrosine kinases tested. However, it also inhibits

serine-threonine kinases such as protein kinase C(PKC) (Berg et al., 1992; Nye et al.,

1992; Tapley et al., 1992). Organ cultures of the testis and the mesonephros were

established at e13 before the development of cords. Over three days in culture cords

formed in control organs. However, in cultures treated with 100nM K252a cord formation

was severely inhibited (Fig. 3A,B; Fig. 4). The growth of the organs was also inhibited.

As a control to ensure that inhibition of PKC by K252a was not responsible for these

effects organ cultures of e13 testis and mesonephros were also treated with a more specific

highly potent PKC inhibitor, calphostin C. Treatment with calphostin C did not inhibit

either cord formation or size in the embryonic testis (Fig. 3C). This implies that inhibition

of PKC was not responsible for the effects of K252a on the testis. These observations

suggest that the inhibition of testis cords by K252a is probably due to an inhibition of

neurotrophin signalling.

To investigate what aspects of testis cord formation might require neurotrophins,

the period of susceptibility to inhibition by K252a was determined. Organ cultures with

and without K252a were initiated later on e13 and on e14. K252a had no effect on the

maintenance of cords in e14 testis although it still inhibited testis growth (Fig. 5). Cultures
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Figure 3. Effects of trk inhibitor K252a on organ cultures of e13 testis + mesonephros in

culture for three days. Images of whole organs treated with (A) control solvent DMSO (B)

K252a (100nM, representative of three experiments) or (C) calphostin C (200nM,

representative of two experiments). Testis (T) and mesonephros (M) are labelled.

Representative cords are marked by arrows.

Figure 4. JB4 sections through e13 testis + mesonephros organ cultures treated

with (A) control solvent DMSO or (B) K252a (100nM) for three days. Sections are

stained with toluidine blue. Testis (T) and mesonephros (M) are labelled.

Representative cords are marked by arrows.

Figure 5. Effect of trk inhibitor K252a (100nM) on e14 testis organ cultures in

culture for four days. Representative of two experiments.
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of testis and mesonephros were also initiated later on e13. At this point cords are not yet

visible but the induction of cord formation has already occurred since the mesonephros is

no longer required for cord formation. Treatment of these later cultures with K252a

resulted in intermediate and variable effects on cord formation (Fig. 6,7). Some testis in a

given litter formed varying amounts of cords, but there was clearly inhibition compared to

the control cultures. This data suggests that neurotrophin signalling through trk receptors

may be important for the initiation of cord formation rather than for the maintenance of

cords. The timing of susceptibility to interference by K252a does not correlate with the

timing of the requirement for the presence of the mesonephros. There is still some

inhibition by K252a even after cords form in testis cultured alone. This observation

suggests that neurotrophin signalling through trk receptors may be involved in some aspect

of the process of cord formation in the testis after the migration of pre-peritubular cells

from the mesonephros.

Treatment of Embryonic Testis Organ Cultures with NGF and NT3

If neurotrophins such as NT3 or NGF are providing critical signals for

morphogenetic events involved in cord formation, it is possible that providing excess

neurotrophin could disrupt this process. To test this possibility, embryonic testis and

mesonephros organ cultures were treated with either NGF or NT3 to determine whether

this would affect cord formation. Treatment with up to 1pg/ml NGF had no effect on cord

formation. Treatment with up to 400 ng/ml NT3 also had no effect on cord formation (data

not shown).

Attempts at more specific perturbation of neurotrophin signalling in testis organ cultures

Several more specific reagents were used in order to disrupt signalling through NT3

and the trk C receptor. Chimeric fusion proteins containing a trk extracellular domain fused

to human IgG have been developed which bind to their corresponding ligand and block

biological activity (Shelton et al., 1995). A trk C-IgG chimera was used to treat
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Figure 6. Effect of trk inhibitor K252a on later e13 testis + mesonephros organ

cultures e13 testis treated for three days with control solvent DMSO (A) or with

K252a (100nM) (B). Testis (T) and mesonephros (M) are labelled. Representative

cords are marked by arrows. Representative of six experiments.

Figure 7. JB4 sections through testis from late e13 testis + mesonephros organ

cultures treated for three days with control solvent DMSO (A) or with K252a

(200nM) (B,C). Representative cords are labelled (C).
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embryonic testis and mesonephros organ cultures. The results were variable but in 2 of 4

experiments the trk C-IgG chimera inhibited testis cord formation (Fig. 8).

An alternate approach to inhibition of NT3 signalling was performed using an

antibody against NT3. Inhibition of cord formation was observed using the anti-NT3

serum but inhibition was also observed with the nonimmune serum control at these high

concentrations (1:100). Neither purified anti-NT3 Igynor partially purified antiserum

using an ammonium sulfate precipation were able to inhibit cord formation. It is therefore

possible that the inhibition observed with the anti-NT3 serum was due to nonspecific

inhibition by serum components. Testis organ cultures were also treated with an antibody

against NGF which cross reacts on immunoblots with BDNF-NT3> NT4/5. In

preliminary experiments no effect on cord formation was observed.

Examination of NT3 knockout testis

Mice lacking NT3 have severe sensory and sympathetic defects and most die within

24 hours of birth (Farinas et al., 1994). The testis from NT3 knockout mice and their wild

type littermates were examined at e15 and e17. The testis from mice lacking NT3 appear

normal and contain histologically normal cords (Fig. 9).

DISCUSSION

The results presented suggest that neurotrophins may play an important role in the

morphogenesis of the developing testis. This adds to the growing body of evidence for

non-neuronal roles of the neurotrophins in development. Prior analysis of the expression

patterns of NGF and p75/LNGFR suggested that neurotrophins were potentially involved

in many developmental processes at sites of mesenchymal-epithelial cell interaction

(Wheeler and Bothwell, 1992). The identified sites of function so far revolve around

morphogenetic processes involving inductive interactions leading to transitions from
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Figure 8. Effects of trk C-IgG chimera on organ cultures of e13 testis + mesonephros in

culture for three days. (A) control (B) trk C-IgG (7.5pg/ml). Testis (T) and mesonephros

(M) are labelled. Representative of two out of four experiments.

Figure 9. NT3 knockout e15 testis. (A) Wild type (B) NT3 knockout. Representative of

three different animals.
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mesenchymal to epithelial cells (kidney and testis) or from epithelial to mesenchymal cells

(dermatome).

Expression of p75/LNGFR protein appeared specifically in the testis at the time of

cord formation. Although p75/LNGFR was expressed in the late embryonic ovary, at the

time of testis cord formation it was expressed only in the testis. Furthermore the

appearance of p75/LNGFR in the testis correlated with the morphogenetic event of cord

formation. The sex-specificity and the timing of expression suggest that the neurotrophins

may be involved in the early steps of male sexual differentiation and particularly in the

process of cord formation.

Treatment of embryonic testis in organ culture with the tyrosine kinase inhibitor

K252a resulted in strong perturbation of cord formation. K252a is widely used as a trk

specific inhibitor, since other tyrosine kinases which have been examined are not affected

by K252a. K252a was found to have no effect on the responses of EGFR, PDGFR,

FGFR or src (Berg et al., 1992; Tapley et al., 1992). However, several serine/threonine

kinases are inhibited by K252a so it is possible that the effects seen were due to inhibition

of a serine/threonine kinase. The most obvious candidate is protein kinase C(PKC) which

is known to be a target of K252a action. However, PKC inhibition by calphostin C did not

interfere with cord formation which suggests that the effects of K252a were unlikely to be

mediated through inhibition of PKC. It is still possible that the effects of K252a were due

to inhibition of another serine/threonine kinase such as caNP- or cGMP-dependent

kinase. K252a treatment also resulted in a decrease in the size of the testis. This was

presumably due to an inhibition of growth since the organs appeared healthy and there was

not a visible increase in apoptotic cells. The inhibition of growth was separable from the

inhibition of cords. Cord inhibition occurs only during the period of cord formation on e13

and inhibition of growth occurs at e14 as well. This suggests that K252a interfered with

two separate processes in the early testis. The inhibition of cord formation by K252a
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suggests that a trk receptor and therefore neurotrophin signalling may be involved in testis

cord formation.

Attempts at perturbing neurotrophin function using more specific reagents in

embryonic testis organ cultures were inconclusive or negative. Treatment with the

inhibitory trkC-IgG resulted in inhibition of cord formation in 2 of 4 experiments. The

fact that inhibition of trkC was able to prevent cord formation in some experiments

suggests a role for trkC in testis cord formation. However, the variability of inhibition

prevents us from a definitive conclusion that trkC function is required for cord formation.

The trk- IgG chimeras appear to inhibit function by competing with the endogenous trk

receptors for ligand. They must therefore be present in excess in order to prevent

neurotrophin signalling. It is possible that optimization of the conditions using greater

concentrations of trkC-IgG would yield more consistent results. It is also possible that

other trk receptors might partially compensate for inhibition of trkC. Additional

experiments are necessary to determine whether inhibition of trkC reproducibly leads to

inhibition of cord formation.

Perturbation of NT3 function using a specific antibody failed to inhibit cord

formation except at concentrations of antibody at which nonimmune serum was also

inhibitory. Purification of the antibody resulted in loss of the inhibitory activity. The

purified Ig Y and partially purified ammonium sulfate precipitated antibody were not tested

for neutralization of biological activity, so it is possible these reagents were no longer

active. It is also possible that different antibodies with a higher titer might be successful at

inhibiting cord formation, or that a combination of antibodies against NT3 and NGF might

be required. Only preliminary experiments with the antibody against NGF were performed

so the lack of an effect is inconclusive. While there are many potential explanations for the

failure of the neurotrophin antibodies to inhibit testis cord formation, we cannot currently

rule out the possibility that the neurotrophins are not required for testis cord formation.

However, a role for neurotrophins is suggested by the striking inhibition of cord formation
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observed with K252a and the variable inhibition observed with the trkC-IgG, in

combination with the sex-specific and temporally appropriate expression pattern of

p75/LNGFR. Further investigation with the current reagents and with additional inhibitory

reagents is necessary to determine whether neurotrophins are involved in testis cord

formation.

It is not clear which of the neurotrophin ligands and high-affinity trk receptors

might be involved in early testis development. Both trkA and trk C receptors are

expressed by RT-PCR as are three of the ligands, NGF, NT3 and NT4/5. These receptors

and ligands were also detected in the e14 ovary as well. It is possible that there are

differences in the level or localization of expression, but these are not identifiable by RT

PCR. The absence of detectable trk B by RT-PCR suggests that BDNF and NT4/5 are

unlikely to function locally in the testis at this time. NT3 and its receptor trk C are currently

the best candidates. Trk C RNA was previously found to be expressed in the urogenital

mesenchyme as early as e11.5 in the mouse (Tessarollo et al., 1993). NGF and trkA were

both detected at e14 in the current experiments by RT-PCR. However, NGF was

previously found to be undetectable in the testis throughout embryogenesis using either

immunocytochemistry or in situ hybridization (Russo et al., 1994; Wheeler and Bothwell,

1992). It is possible that a very low level of NGF expression was detected by RT-PCR.

In several instances p75/LNGFR and NGF are expressed in adjacent mesenchyme and

epithelia during development (Wheeler and Bothwell, 1992). However, NGF is

undetectable in several tissues where p75/LNGFR is expressed at points of epithelial

morphogenesis such as the kidney, lung, and testis (Wheeler and Bothwell, 1992). This

suggests that neurotrophins other than NGF may be critical in these events. More detailed

quantitative analysis of the expression of the various neurotrophin ligands and receptors at

different times in testis development may provide the necessary information to determine

which factors are involved in particular processes.
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The neurotrophins appear to have some distinct and some overlapping roles. The

phenotypes of mice lacking any one of the neurotrophin ligands or receptors are different

(Farinas et al., 1994; Jones et al., 1994; Klein et al., 1994; Klein et al., 1993; Lee et al.,

1994; Lee et al., 1992; Snider, 1994). Certain populations of neurons express multiple

receptors and respond to several ligands, while other patterns of expression and response

appear to be specific (Johnson and Oppenheim, 1994; Korsching, 1993). Specific patterns

of expression are also found in non-neuronal sites (Dissen et al., 1995; Durbeej et al.,

1993; Laurenzi et al., 1994; Mitsiadis and Luukko, 1995). There is no published

information on the testis from any of the neurotrophin knockout mice. In the current study

examination of the mice lacking NT3 revealed apparently normal testis. If NT3 is involved

in cord formation this suggests that other factors are capable of compensating for its

absence. While the neurotrophin knockouts have dramatic phenotypes, there are also many

regions where there do not appear to be abnormalities despite extensive evidence for

specific neurotrophin function from expression and in vitro studies (Johnson and

Oppenheim, 1994; Snider, 1994). This supports the idea that a lack of defects in the

knockout does not rule out a role for the factor in a developmental process. In several

instances the phenotypes of the trk receptor knockouts were more dramatic than that of the

cognate ligands (Ernfors et al., 1994a; Ernfors et al., 1994b; Farinas et al., 1994; Jones et

al., 1994; Klein et al., 1994; Klein et al., 1993). This suggests that other ligands can

partially compensate for the absence of one, which is reasonable given the ability of

multiple ligands to interact with a single receptor. It would be interesting to examine the

testis in a trk C knockout mouse as well as in mice lacking several of the ligands and

receptors. The possibility that several different neurotrophins might function in the

embryonic testis is also supported by the observation that neutralizing antibodies to either

NGF or NT3 were unable to inhibit cord formation. Inhibition of cords might require the

use of several neutralizing antibodies in combination.
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There are several possible roles for neurotrophins at different steps in the processes

leading to cord formation. One possible function is stimulation of the initial migration of

peritubular cells from the mesonephros into the testis. This would be consistent with the

known abilities of neurotrophins in other systems. NGF has been widely studied as a

factor responsible for guiding the migration of neurons and is capable of inducing a neuron

to turn toward a source in vitro (Levi-Montalcini, 1987). NGF also functions as a

chemoattractant for melanocytes in the skin and promotes migration by Schwann cells

(Anton et al., 1994; Yaar et al., 1991). Neurotrophins could therefore be involved in the

migration of pre-peritubular cells into the testis. The expression of p75/LNGFR on cells in

the mesonephros before the appearance of any p75/LNGFR positive cells in the testis is

consistent with this idea. The expression of p75/LNGFR in the mesonephros is

particularly pronounced in the region adjacent to the testis suggesting that those cells may

either migrate into the testis or be involved in signalling interactions with the testis.

Another possible role for neurotrophins in the testis is in the inductive interactions

leading to cord formation by Sertoli cells. Neurotrophins might stimulate Sertoli cells to

undergo a transition from mesenchyme to epithelia, aggregate and form cords. There is

evidence for neurotrophin function in morphogenetic inductions in other systems. The best

functional data on NT3 outside of the nervous system is in the process of dermis formation

from the dermatome involving an epithelial to mesenchymal transition (Brill et al., 1995).

NT3 is able to substitute for the neural tube in inducing this process in vivo and in vitro. In

addition, a neutralizing antibody to NT3 prevents the transition in vivo. In this system

NT3 is clearly playing a role in inductive interactions between cells leading to

morphogenetic changes.

In an attempt to distinguish the possible roles of neurotrophins in early testis

development, further analysis of the timing of cord inhibition by K252a were performed.

K252a is still able to cause some inhibition of cords even when testis are dissected and

treated later on e13. By this time there is no longer a requirement for the mesonephros in
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order for the testis to form cords. Therefore any necessary migration of pre-peritubular

cells appears to have already taken place. If the neurotrophins were solely involved in

stimulating this migration then inhibition of trk kinase activity after this period would have

no effect. While it is not possible to rule out a role for p75/LNGFR in the migration of

cells from the mesonephros, we have not obtained any evidence to support such a role.

The evidence supports a possible function for the neurotrophins within the testis in the

induction of Sertoli cell changes leading to cord formation.

It has been reported that grafts of embryonic hindlimb bud to the testis can

substitute for the mesonephros in allowing testis cords to form and that hindlimb

mesenchyme cells migrate into the testis during this process (Moreno-Mendoza et al.,

1995). It is interesting that embryonic limb mesenchyme also expresses p75/LNGFR

consistent with the idea that p75/LNGFR may be critical either for the migration of cells or

the interaction with Sertoli cells allowing cords to form (Wheeler and Bothwell, 1992).

Embryonic limb buds also express fairly high levels of NT3 as well as low levels of BDNF

(Henderson et al., 1993).

The data on the role of neurotrophins in kidney development provides tentative

support for the idea that neurotrophins may be involved in inductions leading to cord or

tube formation. The kidney is formed by reciprocal inductive interactions between the

ureteric bud and the metanephric mesenchyme. The epithelial ureter induces surrounding

mesenchyme to condense and undergo a mesenchymal to epithelial transition to form

epithelial tubules. This process is analogous to the aggregation and epithelialization of

Sertoli cells to form testis cords. p75/LNGFR, trk C and trk B are all present in different

patterns in the embryonic kidney. Antisense oligonucleotides to p75/LNGFR were found

to prevent tubule formation in embyronic kidney organ culture (Sainio et al., 1994; Sariola

et al., 1991). However, this effect was not repeatable by others who found toxicity and

inhibition of tubule formation by a wide range of sense, nonsense and nonspecific

oligonucleotides (Durbeejet al., 1993). Definitive answers await less problematic reagents
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than antisense oligonucleotides. These results in the kidney are intriguing as they support

the hypothesis that neurotrophins may be important in regulating cell interactions leading to

morphogenetic changes in developing organs and particularly in tubule formation.

Neurotrophins had already been implicated in postnatal testis function. NGF is

expressed by germ cells at specific stages in the seminiferous tubules (Ayer-LeLievre et al.,

1988; Onoda et al., 1991). p75/LNGFR is expressed by adult Sertoli cells at specific

stages and is suppressed by testosterone (Djakiew et al., 1994; Parvinen et al., 1992;

Persson et al., 1990). NGF in the testis is mitogenic and has been proposed to function in

sperm maturation, particularly at the initiation of meiosis (Ayer-LeLievre et al., 1988;

Lonnerberg et al., 1992; Onoda et al., 1991; Parvinen et al., 1992). p75/LNGFR was

detected by in situ hybridization in the rat testis mesenchyme as early as e14.5 and by

Northern blot from mouse e12.5 through postnatal day 4 (Russo et al., 1994; Wheeler and

Bothwell, 1992). In addition p75/LNGFR protein was detected in rate 14.5 testis and

postnatally through the middle of puberty (P20) (Djakiew et al., 1994; Russo et al., 1994).

Neurotrophin ligands and receptors are also expressed in the ovary in distinct

patterns which change with development (Dissen et al., 1995). The developmentally

regulated expression of several different neurotrophins and receptors in the ovary suggests

that the neurotrophins may perform several different functions in ovarian development.

The most established role for NGF and trkA occurs during ovulation. Expression of NGF

and trkA are specifically increased immediately before ovulation. Ovulation can be

inhibited by an antibody to NGF or by inhibition of trk kinase activity (Dissen et al.,

1996). Different functions for the other neurotrophins are predicted based on their various

expression patterns during ovary development (Dissen et al., 1995).

The parallels in the expression of p75/LNGFR in the developing testis and ovary

are instructive in thinking about the potential roles of this receptor. p75/LNGFR is present

in the ovary mesenchyme surrounding the developing follicles in the late embryonic and

early postnatal period (Dissen et al., 1995). In the current experiments we have found that
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expression is undetectable in the earlier ovary which remains unstructured during the time

of cord formation in the testis. p75/LNGFR protein is first detectable at e16 and increases

through e19, so that it appears just before the morphogenetic rearrangements leading to

follicle formation. Its expression in both male and female gonads specifically at the time of

the inital formation of structures suggests that it may be performing a critical and analogous

role in these morphogenetic processes. The granulosa cells of the ovary which form

epithelial layers surrounding the oocytes are considered analogous to Sertoli cells which

form cords surrounding male germ cells (Vigier et al., 1984). The p75/LNGFR expression

is initially throughout the mesenchyme and then resolves to the thecal cell layer surrounding

the follicle just as it resolves to the peritubular cell layer surrounding cords in the testis

(Dissen et al., 1995). The presence of p75/LNGFR in the mesenchyme surrounding the

forming ovarian follicles suggest that there may be inductive interactions between this

mesenchyme and the granulosa cells leading to the formation of the appropriate epithelial

structure as is postulated for the testis. A preliminary observation in support of the idea

that p75/LNGFR may be important in follicle formation is that the antisense oligonucleotide

to p75/LNGFR resulted in inconsistent decreases in follicle counts (Dissen et al., 1995).

Neurotrophins and their receptors are now candidates for being downstream genes

of SRY, the testis-determining gene on the Y chromosome (Gubbay et al., 1990; Koopman

et al., 1991). SRY expression in Sertoli cells is postulated to trigger the male pathway of

development resulting in a testis and subsequently in the rest of the male reproductive tract

(Capel, 1993; Haqq et al., 1994; McElreavey et al., 1993). Little is known about the genes

downstream of the SRY transcription factor which are responsible for the processes

involved in the testis formation. The genes so far identified as potential downstream targets

of SRY include Mullerian Inhibiting Substance (MIS), desert hedgehog (Dhh) and

steroidogenic factor 1 (SF-1) (Bitgood, 1996; Haqq et al., 1994; Shen et al., 1994). While

these genes appear to be involved in various aspects of the development of the testis and the

male reproductive tract, none are necessary for testis cord formation (Behringer et al.,
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1994; Bitgood, 1996; Knebelmann et al., 1991). So far no genes have been identified

which are expressed at this time and mediate the critical process of cord formation by

Sertoli cells. Expression of neurotrophin ligands and receptors may be critical for testis

cord formation.

The current results lead to the intriguing possibility that neurotrophins may be

involved in the process of cord formation by Sertoli cells. The results are inconclusive,

and further investigation is necessary to confirm the requirement for neurotrophin function

in the embryonic testis. If confirmed, this would suggest that one of the earliest steps in

mammalian male sex determination may be the production of neurotrophins and their

receptors in the testis. Understanding more about this process will provide insight into

similar morphogenetic processes in other developing organs. In addition, this data adds to

the evidence for crucial non-neuronal functions of the neurotrophins in development.

MATERIALS & METHODS

Dissections and organ cultures:

Timed pregnant Sprague-Dawley rats were obtained from Charles River

(Wilmington MA). Plug date was considered to be day zero. For embryonic day 13 (E13)

dissections, gonads were dissected out with the mesonephros; for later dissections, testis

alone were dissected. The organs were cultured in drops of medium on Millicell CM filters

(Millipore, Bedford MA) floating on the surface of 0.5-1 ml of CMRL 1066 media (Gibco

BRL, Gaithersburg MD) supplemented with penicillin-streptomycin, insulin (10pg/ml) and

transferrin (10pg/ml). Antibodies and factors were added directly to the culture medium.

The medium was changed every 1 or 2 days. E13 gonad + mesonephros cultures were

typically kept for 3 days, by which point cords were well developed. E14 testis cultures

were typically kept for 4 days.
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Genomic DNA isolation and polymerase chain reaction (PCR) for SRY

To determine the sex of E13 gonads, embryonic tails were collected to make

genomic DNA by standard procedures. Briefly, the tissue was homogenized through a 25

gauge needle in digestion buffer (100mM NaCl, 10mM Tris pH 8, 25mm EDTA, 0.5%

SDS), and digested with proteinase K (0.15mg/ml)) for at least 4 hours at 600C. The

samples were then extracted twice with an equal volume of phenol: chloroform: isoamyl

alcohol (25:24:1), and once with chloroform: isoamyl alcohol. The DNA was then

precipitated by adding 1/10 volume 7.5M NH4Ac and 3 volumes cold ethanol and

incubating at -80°C for an hour before centrigugation at 49C for 30 minutes. Pellets were

dried and resuspended in 10puldH2O. PCR was performed using 1pil of genomic DNA

with primers to SRY obtained from Klaus Giese. The sequences of the SRY primers are:

5' CGGGATCCATGTCAAGCGCCCCATGAATGCATTTATG 3' and 5'

GCGGAATTCACTTTAGCCCTCCGATGAGGCTGATAT3'. PCR was performed

using an annealing temperature of 559C for 30 cycles to yield a product of 240bp.

RNA isolation and RT-PCR:

RNA for RT-PCR was obtained by freezing samples on dry ice and then using the

TRI REAGENT (Sigma, St. Louis MO) for RNA isolation. Reverse transcription was

performed using MMLV-RT under standard conditions. RT-PCR was performed at 600C

annealing temperature for 30 cycles. The primer sequences are as follows: trkA

5'GACGTGCTGGGCAGAGAA3' and 5'CTTCCGCATTTGTTGAGCA3' producing a

PCR product of 520bp; trk B 5'GAGCATCTCTCGGTCTATGC3' and

5'GGTCATCCCAATGATGACAGC3' producing a PCR product of 230bp; trk C5'

CATGGTTCCAGCTCTCTAACACAG3' and

5'ACCAGTCACCACTAGCCAAGAATG3' producing a PCR product of 223bp; NGF

5'CTTCAACAGGACTCACAGGA3' and 5'TCTCTACAGGATTTGGGGCT3'

producing a PCR product of 224bp; NT35'ATGCAGAGCATAAGAGTCAC3" and
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5'GCCTACGAGTTTGTTGTTTTC3' producing a PCR product of 294bp; BDNF

5'GAAAGTCCCGGTATCAAAAG3' and 5'CCAGCCAATTCTCTTTTTGC3' producing

a PCR product of 181bp; NT4/55'CTGCGTCAGTACTTCTTCG3' and

5'ACGCCCGCACATAGGACTG3' producing a PCR product of 145bp. The identity of

the PCR products was confirmed using restriction digests.

Embedding. Histology and Immunocytochemistry for p75/LNGFR:

Tissues were fixed in Histochoice (Amresco, Solon OH) and embedded in paraffin

or in JB4 according to standard procedures. Sections were stained with hematoxylin and

eosin (paraffin sections) or with toluidine blue (JB4 sections) according to standard

procedures. Immunocytochemistry for p75/LNGFR was performed according to standard

procedures. Briefly, 7 pm sections were deparaffinized and rehydrated, permeabilized in

0.1% Triton X-100, quenched in 20% methanol/3% hydrogen peroxide, and blocked in

2.5% BSA/10% serum for several hours at room temperature before incubation with

primary antibody anti-p75 (REX) (rabbit anti-rat) (generously provided by Lou Reichardt)

at 1:4000 dilution overnight at 40C. Secondary antibody (biotinylated donkey anti-rabbit

from Amersham) was detected using the Vectastain kit (Vector Laboratories, Burlingame

CA) and diaminobenzadine (DAB). Slides were counterstained lightly with hematoxylin to

visualize the tissue.

Reagents:

The antibody against p75/LNGFR (anti-p75 rat (REX) was generously provided

by Lou Reichardt (UCSF, San Francisco CA). Sections from NT3 knockout mice were

generously provided by Isabel Farinas and Lou Reichardt (UCSF, San Francisco CA).

NGF was obtained from Gibco BRL (Gaithersburg MD). NT3 and the antibody against

NT3 were generously provided by Amgen. The antibody against NGF (K596-4) was

generously provided by Sergio Ojeda (Oregon Regional Primate Research Center,
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Beaverton OR). This antibody has previously been shown to neutralize NGF and to cross

react on an immunoblot with BDNF-NT3> NT4/5 (Dissen et al., 1996). The trkC-IgG

chimera was generously provided by Regeneron (Tarrytown NY). K252a and calphostin

C were obtained from Calbiochem (La Jolla CA). Images of whole organs were obtained

using a Lumina digital scanning camera (Leaf Systems, Southborough MA).
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CHAPTER 5- SUMMARY

The current thesis provides significant new insight into the regulation of growth and

morphogenesis in the developing testis. The embryonic development of the testis is

characterized by two processes: cord formation and growth. Morphogenesis and growth

are fundamental to organogenesis in all systems, so insights obtained in the testis may be

relevant to development in general. The investigations outlined in the current thesis provide

functional evidence about the roles of growth factors involved in both these fundamental

developmental processes.

These experiments demonstrate the utility of the embryonic testis organ culture

system to study potential factors important in development. The embryonic testis grows

and differentiates in organ culture. An organ culture system has the advantage of

maintaining the organ intact so that the normal cell-cell and cell-ECM interactions are

maintained. At the same time the system is highly manipulatable and allows the addition of

cells, factors, and inhibitory agents such as antibodies and antisense oligonucleotides.

Embryonic testis organ culture therefore provides an opportunity to examine the function of

specific cell interactions and factors in testis development.

(A) Growth

Regulation of growth has been characterized in many tissues resulting in the

identification of numerous growth factors. However, knowledge of growth regulation in

the embryonic testis is limited. The current thesis provides evidence that TGFO - related

ligands play a critical role in the promotion of embryonic testis growth.

1. Immunocytochemistry for the proliferation marker PCNA confirmed the

dramatic growth and cell-specific proliferation patterns of the embryonic testis. The

extensive cell proliferation suggests a need for stimulators of growth in the early testis. In
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addition, the cell-specific differences in proliferation suggest the need for the regulation of

growth in the early testis possibly mediated through local growth factors and receptors.

2. TGFO - related ligands were found to be important in stimulating the growth of

the embryonic testis. The growth of e14 testis in organ culture was almost completely

inhibited by either of two neutralizing antibodies to TGFO, as well as by a specific inhibitor

of the EGFR tyrosine kinase. Proliferation by both Sertoli and interstitial cells was

decreased by the antibodies to TGFO. Inhibition of growth was also observed in late

embryonic and perinatal testis suggesting that a TGFO - related ligand is important for

growth throughout early testis development. Despite their dramatic effect on growth,

neutralizing antibodies to TGFO did not disrupt cord formation in testis organ cultures.

This implies that TGFO is not required for cord formation. The identification of TGFO -

related ligands as critical for stimulating the growth of the embryonic testis is significant.

No other factors are known which promote the growth of the testis this early in

development. Proliferation in the embryonic testis is critical for achieving the normal

population of cells required for adult testis size and fertility.

3. Neither the lack of TGFO nor the lack of EGFR in knockout mice has a dramatic

effect on the testis. There is no apparent phenotype in the TGFO, knockout testis and the

EGFR knockout mice displayed only a mild decrease in the amount of the interstitium in

late embryonic testis. This suggests that the interstitial cells may be more dependent on the

presence of the EGFR for growth and less able to compensate for its absence than the

cords. The absence of dramatic growth inhibition in the knockout mice testis despite the

striking effects of inhibiting TGF0 in testis organ culture suggests the existence of other

compensatory factors in vivo. It is not known whether this compensation reflects the

existence of redundant growth promoters in the normal in vivo situation or the recruitment

of Other growth promoters in the knockout mice.

4. The data suggest that other ligands in the EGF family may be important in

regulation of testis growth. Neutralizing antibodies to TGFO caused inhibition of growth
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in both the EGFR and the TGFO, knockout testis. The antibodies are therefore capable of

growth inhibition in the absence of TGF0 or EGFR. Western blotting has failed to detect

any cross reactivity to either EGF or heregulin O., leaving the identity of other factors

recognized by the antibodies unknown. Further investigation is required to determine

whether other TGFO-related ligands are recognized by the antibodies and function

normally in the stimulation of testis growth. The other known ligands in the family aside

from the heregulins require EGFR to function. Therefore, even though they have not been

tested for cross reactivity with the antibodies to TGF0, they would presumably be unable

to function in the EGFR knockout testis. The only available heregulin to test for cross

reactivity was human heregulin O. It is possible that ratheregulin is recognized by the

antibodies, or that a different splice variant is recognized. In addition it is possible that

other members of the family have not yet been identified. Heregulins do not bind directly

to HER2 so it has been postulated that there remain unidentifed ligands. Examination of

the expression of all the known EGF family ligands and receptors in the testis may reveal

information about the complexity of this system of factors in growth regulation. Similar

data has been obtained by Anne Donjacour in the seminal vesicle and prostate, in which

neutralizing antibodies to TGFO also cause growth inhibition in EGFR and TGFo:

knockout testis (personal communication). This suggests that complexity and redundancy

may exist in TGFO-related growth regulation in other organs as well.

(B) Cord Formation

Cord formation is the critical morphogenetic event in the embryonic testis. The

first sign of male-specific development is the formation of cords. These cords are the

precursors of the seminiferous tubules, the basic structural unit of the mature testis.

Furthermore, the interactions of cells leading to multicellular structures such as cords is

critical for all organogenesis. Some aspects of the changes undergone by Sertoli cells

during cord formation are understood. There is also some information known about a
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requirement for the mesonephros and for sex- determining genes such as SRY. However,

there has been no previous information concerning the local factors which are presumably

expressed as a result of the sex- determining genes and which result in the cellular changes

involved in cord formation. The data obtained in the current thesis provide preliminary

evidence to implicate neurotrophin ligands and receptors in testis morphogenesis and

suggests that these may be some of the factors involved in the induction of cords.

1. Expression of the common neurotrophin receptor p75/LNGFR protein appeared

specifically in the testis at the time of cord formation. The striking timing of expression

and restriction to the male gonad suggest that p75/LNGFR is playing a role in the process

of cord formation. This observation suggests that the neurotrophins may be involved in the

early steps of male sexual differentiation.

2. Treatment of embryonic testis in organ culture with the trk kinase inhibitor

K252a resulted in strong perturbation of cord formation. This suggests that signalling

through the trk receptors may be necessary for the normal formation of cords. The fact that

K252a can also inhibit serine/threonine kinases makes it impossible to conclude definitively

that the trk receptors are involved but it suggests that this is an exciting possibility to be

explored. Examination of the timing of the period of susceptibility to K252a inhibition

revealed that cord formation can still be inhibited even after the period during which there is

a requirement for the presence of the mesonephros. This observation suggests a role for

neurotrophins after the migration of pre-peritubular cells from the mesonephros. Further

investigation with more specific inhibitors of trks or neurotrophins is necessary to confirm

a role for neurotrophins in embryonic testis development.

3. Several neurotrophin ligands and high-affinity trk receptors were detectable by

RT-PCR in the early embryonic testis. It is not clear which of the neurotrophins and trk

receptors might be playing a role in early testis development. Treatment with a trk C-IgG

inhibitor was able to inhibit cord formation in some experiments though not all. In addition

both trk C and its cognate ligand NT3 were consistently expressed. This suggests that the
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NT3/trk C pair may play a role in cord formation. However, antibodies against NT3 failed

to inhibit cord formation in testis organ cultures. Trk A and NGF are also both expressed

in the embryonic testis. The lack of an effect on the testis of NT3 knockout mice could be

due to compensation by other ligands such as NGF, as could the variability of the

inhibition by trk C-IgG. Analysis of the effects of other inhibitors specific for different trk

receptors would confirm the involvement of the neurotrophins in embryonic testis

development and reveal information about which receptors are involved. Perturbation of

several trk receptors or several neurotrophin ligands may be necessary for complete

inhibition of testis cord formation. Use of multiple trk- IgG chimeras, multiple neutralizing

antibodies, or antibodies with a wider range of neutralizing ability could answer this

question in testis organ cultures.

4. The data in this thesis suggest the possibility that one of the earliest steps in

mammalian male sex determination may be the production of neurotrophins and their

receptors in the testis. So far no genes have been identified which mediate the steps

between expression of SRY and the processes of testis development such as cord formation

by Sertoli cells. The current observations, while preliminary, suggest that expression of

neurotrophin ligands and receptors may be regulated by SRY and may be critical in the

determination of the gonad as a testis. Understanding more about this process will provide

insight into similar morphogenetic processes in other organs. In addition, this data adds to

the evidence for non-neuronal functions of the neurotrophins in development.

Future Experiments

We have been able to identify two families of growth factors which appear to play

key roles in mediating the processes of growth and differentiation in the embryonic testis.

The data raise many questions concerning the specific factors and mechanisms involved.

Further experiments are necessary to detemine which ligands in the TGFO/EGF

family are critical for testis growth. Reagents which specifically inhibit only one ligand
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would enable this to be determined in organ culture. Analysis of the expression patterns by

in situ hybridization of the various ligands and receptors would provide valuable

information about the specific cell interactions involved in this local control of growth.

Detailed analysis of the timing of growth inhibition of the different cell types in testis organ

cultures treated with neutralizing antibodies to TGFO might reveal whether the primary site

of action is limited to either the interstitium or the Sertoli cells. Further analysis of the

TGF0 and EGFR knockout testis in organ culture is necessary to determine the identity of

the factors responsible for growth in the absence of TGF0 and EGFR.

The possible association of neurotrophins with the early stages of testis

morphogenesis is an intriguing result of the current thesis. Further investigation is

necessary to confirm a role for neurotrophin signalling through trk receptors in embryonic

testis cord formation. Inhibition of cord formation by a more specific inhibitor of trks or

neurotrophins is necessary to provide conclusive evidence for the importance of this family

of factors in the embryonic testis. It will then be important to determine which

neurotrophin ligands and receptors are involved and the precise steps in the process of cord

formation under their control. Examination of the timing and localization of expression of

the neurotrophin ligands and receptors will provide clues as to their function. Specific

perturbation of the different ligands and receptors using antibodies and inhibitory chimeras

in organ culture will reveal which are involved in testis cord formation and the extent to

which the different factors can compensate for each other. Examination of the testis in mice

lacking multiple neurotrophins and trk receptors may demonstrate informative defects in

testis development. Direct analysis of the migration of pre-peritubular cells from the

mesonephros using fluorescent labelling of mesonephric cells may demonstrate whether

neurotrophins can induce this migration into the testis. Exploration of the possible

regulation of neurotrophin expression by SRY will reveal whether any of the neurotrophin

ligands or trk receptors are direct downstream targets of SRY.
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The current thesis investigated the hypothesis that cell-cell interactions mediated by

growth factors are important in regulating growth and cord formation in the embryonic

testis. The observations have provided evidence for critical functions of the TGF0 family

in promoting growth. In addition the observations suggest that the neurotrophin family

may function in testis morphogenesis. The current thesis thus provides the first functional

characterization of growth factors in the embryonic testis and contributes to our

understanding of the fundamental processes of testis development.
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