ED

4

Growth Factor Regulation of
Testicular Function

Brian P. Mullaney and Michael K. Skinner

Department of Pharmacology, Vanderbiit University
School of Medicine, Nashville, Tennessee

he evolution of multicellular organisms required communication between
different cells to coordinate tissue function. These cell-cell interactions
have become vital for the regulation of cellular function, growth, and
differentiation.

CELL-CELL INTERACTIONS
IN THE TESTIS

The testis provides a useful model system to study cell-cell interactions due to the
presence of a variety of cell types and the local production of regulatory factors.
Testicular cell-cell interactions between Leydig, peritubular, Sertoli, and germ cells
are important in the regulation of testis function and the process of spermatogen-
esis (1). Interactions between these different cell types may be categorized into
environmental, nutritional, and regulatory interactions. Environmental interac-
tions are mediated by such components as extracellular matrix and cell adhesion
molecules. For example, Sertoli cells provide the proper microenvironment and
cytoarchitectural support for the developing germinal cells. Peritubular-myoid cells
contribute to the exterior wall of the seminiferous tubule and are separated from
Sertoli cells by an extracellular matrix. This extracellular matrix and tight junc-
tions between Sertoli cells form the blood-testis barrier. Therefore, Sertoli cells
have nutritional interactions with germinal cells through the production of trans-
port proteins necessary for the delivery of essential metabolites across the blood-
testis barrier. Regulatory type cell-cell interactions are also present in the testis
and are mediated by paracrine factors via receptor-mediated signal transduction
events. Growth factor regulation of cell growth and differentiation are considered
regulatory type interactions. This chapter briefly reviews growth factor-mediated
cell-cell interactions in the testis.
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TESTICULAR GROWTH AND DEVELOPMENT

Growth regulation is necessary for the development of the testis and maintenance
of spermatogenesis. In the prepubertal testis Sertoli cells divide and grow to form
the seminiferous tubule. The growth of these cells arrests at early puberty, and
these cells become terminally differentiated. Peritubular-myoid cells appear in late
fetal development and further proliferate, Similarly, Leydig cells also appear in late
fetal development, but then degenerate and may further proliferate with the
erincident initiation of spermatogenesis. Germinal cell develorment begins shortly
“birth when gonocytes mitotically divide, forming sperm: :gonia. Developing
1atogonia traverse the blood-testis barrier and mature. . stpubertal growth
¢ ol of somatic and germinal cell types is also necessary. At the onset of puberty,
germinal cell meiosis begins, and the developing spermatozoa become the most
abundant cell type in the seminiferous tubule. Proliferation of somatic and germ
cells may require growth factors; however, other signals must be present to termi-
nate growth and initiate differentiation. For example, growth inhibitory factors
must be responsible for halting Sertoli cell growth and stim:.. ating differentiation.
Therefore, both positive and negative growth regulation appear to be necessary for
the development of testis function.

GROWTH FACTORS IN THE TESTIS

A complex variety of growth factors appears to be required for growth regulation in
the testis (2). Seminiferous growth factor (SGF) was the first mitogenic factor
identified in the tubule (3-4). Although this protein has not been fully character-
ized, initial biochemical studies suggest it is not a previously identified growth
factor, but this remains to be thoroughly investigated. The presence of the blood-
testis *- -rier may require local productior: of essential factors for germinal cell
divisic i@ to the exclusion of agents nor+ .lly found ir “erum. One such factor,
insuli: - growth factor I (IGF-I), has beexn identified i~ sle testis (5). Immuno-
logical . ience suggests that Sertoli cells produce IG# J, while receptors are
present on Leydig, Sertoli, and germinal cells (7). IGF-I c.... stimulate cell function,
as indicated by increased Leydig cell ster~idogenesis and Sertoli cell transferrin
production (8-10). Another general growth factor, basic fibroblast growth factor
(bFGF), may locally regulate gonadal function (11-12). Studies indicate bFGF is
mitogenic for immature porcine Sertoli cells (13-14). A neurotrophic factor, beta-
nerve growth factor (B-NGF), is also expressed in the testis (15). NGF mRNA has
been detected in developing germ cells, while NGF receptor message may be
present on Sertoli cells (16). Testosterone down regulates NGF receptor mRNA
levels in vivo (16). These observations suggest a potential germ cell-Sertoli cell
interaction. Surprisingly, immunological growth peptides, namely, an interleukin-
like factor (IL-I), have also been detected in the testis (17). IL-I may regulate growth
or immune suppression in the seminiferous tubule. More recently, transforming
growth factors alpha and beta (TGFa and TGFB), growth regulators with antago-
nistic actons, have been shown to be produced locally in the testis (Fig. 1).
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Fig.1. Potential transforming growth factor-mediated cell-cell interactions in
the testis.

Epidermal growth factor (EGF) has been implicated in the maintenance of
spermatogenesis (18). Sialoadenectomized mice exhibited a 50% reduction of ma-
ture sperm, while EGF replacement returned spermatogenesis to normal levels.
However, low circulating concentrations of EGF appear to imply the local produc-
tion of an EGF-like factor. Local production of an EGF-like substance in the testis
was initially supported by a report that Sertoli cells secrete a factor that blocks EGF
from binding to its receptor (19). A candidate for mediating these effects is TGFa.
TGFa is a peptide that has high homology with EGF, acts at the EGF receptor, and
can mimic the actions of EGF (20). Therefore, the potential local production of
TGFa as the EGF-like substance in the testis was examined. TGFa expression and
protein production were found in midpubertal Sertoli and peritubular cells, but not
in a crude mixed population of germ cells (21). Analysis of the potential sites of
action of TGFa in the testis was investigated by localization of the EGF receptor.
Scatchard analysis revealed high-affinity (100-pM) EGF receptor-binding sites on
peritubular cells, but no EGF receptors were detected on midpubertal Sertoli cells
(21). In contrast, another report presents immunological evidence that Sertoli cells
may contain EGF receptors (22). Experimental limitations to be considered include
the sensitivity of binding analysis, antibody crossreactivity, or possible expression
of a nonfunctional truncated form of the receptor. The possibility that Sertoli cells
contain EGF receptor is currently being examined with molecular probes for the
receptor. The literature also suggests that EGF can alter Sertoli cell functions, such
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as lactate, inhibin, and estrogen production (23-24). Due to potential interactions
between peritubular and Sertoli cells, some observed effects may be mediated
through the peritubular cell contaminant of Sertoli cell preparations. For example,
EGF can stimulate transferrin production in Sertoli-peritubular cocultures, but not
in pure Sertoli cell cultures (21). Therefore, analysis of the actions of EGF/TGFu on
Sertoli cell function requires further investigation.

To define further the growth role of TGFa, developmental studies were
initiated on prepubertal, midpubertal, and mature isolated cells of the rat testis.
Initial studies revealed that TGFo was expressed by both peritubular and Sertoli
cells. TGFa can stimulate peritubular cell growth at all stages of development, as
indicated by [*H]thymidine incorporation into DNA and increases in cell number.
However, neither adult nor immature Sertoli cells respond to TGFo, suggesting
that another mitogen is responsible for immature Sertoli growth. Thus, peritubular
cell proliferation may be jointly controlled by both peritubular cells and Sertoli cells.
Observations have also demonstrated that Leydig cells are responsive to EGF and
contain the EGF receptor. Therefore, EGF-mediated seminiferous tubule-Leydig
cell interaction is a potential interaction that remains to be investigated. The role of
TGFa in Sertoli cell-germ cell interactions is also unclear at present. If developing
spermatogonia contain EGF receptors, however, Sertoli cell production of TGFa
would provide an appropriate mechanism for initiating spermatogonial growth.

Growth inhibition also appears to be important in maintaining testis
function. Terminal differentiation of Sertoli cells requires inhibition of Sertoli cell
growth. In addition, the tightly regulated growth of germinal cells may also involve
negative growth regulation. The presence of growth inhibitors may be necessary in
the control of testis function. Therefore, the potential action of the growth inhibitor
TGFB in the testis was investigated. In comparison with TGFa, TGFB is a multi-
functional regulatory molecule. TGFB generally inhibits EGF/TGFo-induced cell
proliferation. TGFp can also promote cellular differentiation, stimulate extracellu-
lar matrix production, and induce chemotaxis (25). Initial studies suggested that
TGFB-like proteins are produced by Sertoli cells, and their secretion may be
modulated by gonadotropins (26). Northern analysis indicates that peritubular and
Sertoli cells express TGFp genes (27). The growth inhibitory action of TGFB was
examined in developmental studies. TGFB can inhibit TGFa-stimulated peri-
tubular cell growth in all stages of development, while having no effect on imma-
ture Sertoli cell growth. Local production of TGFB may be a mechanism to limit
TGFa-induced proliferation (27). The potential role of TGFB to control the prolif-
eration of spermatogonia in the adult and perhaps prevent prepubertal spermato-
genesis remains to be investigated. The role of TGFf as a differentiation factor is
also being examined. Leydig cell steroidogenesis is decreased by TGF (28), while
TGFB has no effect on adult Sertoli cell function, including transferrin production
(27).-However, TGFB may be important in peritubular cell differentiation. TGFp
can stimulate the production of several high molecular weight proteins, possibly
matrix components, by peritubular cells. In vitro, TGFB induces migration and
colony formation of peritubular and Sertoli-peritubular cell cocultures (27). There-
fore, morphogenesis and structural formation of the seminiferous tubule may be
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dependent on this factor. TGFB-stimulated chemotaxis may also be a mechanism to
recruit nondifferentiated peritubular cells to the exterior of the tubule during
development. These observations imply that TGFB may play an important role in
cell-cell interactions in the testis (Fig. 1).

CELLULAR DIFFERENTIATION VERSUS GROWTH

While control of growth is necessary for development of testis function, control of
differentiation is vital for development of specialized cellular function. A developing
hypothesis is that the control of growth and differentiation are inversely linked.
Thus, growth factors may act to shift the cell from a differentiated state to a less-
differentiated growth state. For example, EGF and FGF decrease Leydig cell
steroidogenesis, and EGF down-regulates hCG receptors (29-30). Therefore,
growth factors appear to shift the cell away from its androgen-producing differen-
tiated state, resulting in cell proliferation. Promotion of cellular differentiation will
likely involve other nonmitogenic differentiation factors. As an example, a potential
testicular differentiation factor in the seminiferous tubule, PModS, is produced by
peritubular cells and modulates Sertoli cell differentiation (31). PModS enhances
the majority of Sertoli cell functions, such as transferrin and inhibin production
(32). PModS can stimulate Sertoli cell function to a greater extent than other
known hormones, including FSH. This stimulation is due in part to a unique signal
transduction mechanism involving ¢cGMP (33). The production of PModS is regu-
lated by androgens, suggesting a potential indirect mechanism for androgen action
in the testis. This paracrine factor is postulated to be essential for the maintenance
and control of normal testis function. Therefore, the postulate is made that growth
factors may influence growth and development of the testis, while local production
of differentiation factors may be important in maintaining testis function.

The growth and development of the testis involves differential growth of a
number of cell types, including mesenchymal, epithelial, and germinal cells. In
order to coordinate the temporal growth of these cells, a number of factors may be
involved. Presently, a variety of growth factors have been identified in the testis.
These factors include TGFa, TGFB, SGF, IGF-I, FGF, NGF and IL-I. Local pro-
duction and action of these factors may regulate the complex process of cell growth
and differentiation. A controlled balance of growth and differentiation factors will
likely be important in the development and maintenance of testicular function.

REFERENCES

1. Skinner MK. Cell-cell interactions in the testis. Ann NY Acad Sci 1987:513:158-71.

2. Bellve AR, Zheng W. Growth factors as autocrine and paracrine modulators of male
gonadal functions. J Reprod Fertil 1989:85:771-93.

3. Feig LA, Bellve AR, Erikson NH, Klagsbrun M. Sertoli cells contain a mitogenic
peptide. PNAS 1980;8:4774-8.

4. Bellve AR, Fieg LA. Cellular proliferation in the mammalian testis: biology of the
seminiferous growth factor. Recent Prog Horm Res 1984:40:531-61.

5. Casella 8J, Smith EP, VanWyk JJ, et al. Isolation of rat testis ¢cDNAs encoding an



60

10.

11,

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22

23.

24.

B. P. Mullaney and M. K. Skinner

insulin-like growth factor [ precursor. DNA 1988;6:325-30.

. Chaterlain PG, Naville D, Saez JM. Somatomedin-C/insulin-like growth factor-I-like

material secreted by Sertoli cells in vitro: Characterization and regulation. Biochem
Biophys Res Comm 1987;146:1009-17.

- Vannelli BG, Barni T, Orlando C, Natali A, Serio M, Balboni GC. Insulin-like growth

factor-I (IGF-I) and IGF-I receptor in human testis: An immunohistochemical study.
Fertil Steril 1988;49:666-9.

. Benahmed M, Morera AH, Cauvin MC, DePeretti E. Somatomedic C/insulin-like

growth factor [ as a possible intratesticular regulator of Leydig cell activity. Mol Cell
Endocrinol 1987:50:69-77.

. Skinner MK, Griswold MD. Multiplication stimulating activity (MSA) can substitute

for insulin to stimulate the secretion of testicular transferrin by cultured Sertoli cells.
Cell Biol Int Rep 1983;7:441.

Borland K, Mita M, Oppenheimer CL, Blinderman LA, Massague J, Hall PF, Czech
MP. The actions of insulin-like growth factors I and II on cultured Sertoli cells.
Endocrinology 1984;114:240.

Ueno N, Baird A, Esch F, Ling N, Guiellemin R. Isolation and partial characterization
of a basic fibroblast growth factor from bovine testis. Mol Cell Endocrinol 1985;49:
189-94.

Gospodarowicz D, Ferrara N. Fibroblast growth factor and the control of pituitary and
gonad development and function. J Steroid Biochem 1989:32:183-91.

Jaillard C, Chatelain PG, Saez JM. In vitro regulation of pig Sertoli cell growth and
function: Effects of fibroblast growth factor and somatomedin C. Biol Reprod 1987:
665-74.

Smith EP, Hall SH, Monaco L, French FS, Wilson EM, Conti M. A rat Sertoli cell
factor similar to bFGF increases c-fos messenger ribonucleic acid in culture Sertoli
cells. Mol Endocrinol 1989:3:954-61.

Ayer-LeLievre CA, Olson L, Ebendal T, Hallbook F, Persson HT. Nerve growth factor
mRNA and protein in the testis and epididymis of mouse and rat. PNAS 1988;85:
2628-32.

Persson H, Ayer-Le Lievre CA, Soder O, Villar MJ, Metsis M, Olson L, Ritzen M,
Hokfelt T. Expression of beta-nerve growth factor receptor mRNA in Sertoli cells
downregulated by testosterone. Science 1990:247:704-7.

Kahn SA, Soder O, Seyd V, Gustafsson K, Lindh M, Ritzen EM. The rat produces large
amounts of an interleukin-I-like factor. Int J Androl 1987;10:495-503.

Tsutsumi O, Kurachi H, Oka T. A physiological role of epidermal growth factor in
male reproductive function. Science 1986:233:975-7.

Holmes SD, Spotts G, Smith RG. Rat Sertoli cells secrete a growth factor that blocks
epidermal growth factor (EGF) binding to its receptor. J Biol Chem 1986;9:4076-80.
Derynck R. Transforming growth factor-alpha. Cell 1988;54:593-5. :
Skinner MK, Takacs K, Coffey RJ Jr. TGF-alpha expression in the seminiferous
tubule. Endocrinology 1989:124:845-54.

Suarez-Quian CA, Dai M, Onida M, Kriss RM, Dym M. Epidermal growth factor
receptor localization in the rat and monkey testes. Biol Reprod 1989;41:921-32.
Morris PL, Vale WW, Cappel S, Bardin CW. Inhibin production by primary Sertoli
cell-enriched cultures: Regulation by follicle stimulating hormones, androgens, and
epidermal growth factor. Endocrinology 1988;122:717-25.

Mallea LE, Machado AJ, Navaroli F, Rommerts FFG. Epidermal growth factor



Serono Symposia, USA
J' Norwell, Massachusetts

GROWTH FACTORS
IN REPRODUCTION

Edited by
DAVID W. SCHOMBERG

Duke University Medical Center
Durham, North Carolina

Springer-Verlag
New York Berlin Heidelberg London
Paris Tokyo Hong Kong Barcelona



Growth Factor Regulation of Testicular Function 61

25.

26.

27.

28.

30.

31.

32.

stimulates lactate production and inhibits aromatization in cultured Sertoli cells from
immature rats. Int J Androl 1986;9:201-8.

Roberts AB, Sporn MB. Transforming growth factor beta. Adv Cancer Res 1988;
51:107-45.

Benahmed M, Cochet C, Keramidas M, Chauvin MA, Morera AM. Evidence for a FSH
dependent secretion of a receptor reactive transforming growth factor beta-like ma-
terial by immature Sertoli cells in primary culture. Biochem Biophys Res Comm
1988;153:1222-31.

Skinner MK, Moses HL. Transforming growth factor beta gene expression and action
in the seminiferous tubule. Mol Endocrinol 1989;3:625-34.

Lin T, Blaisdell J, Haskell JF. Transforming growth factor beta inhibits Leydig
steroidogenesis in primary cultures. Endocrinology 1987;146:387-94.

. Welsh TH Jr, Hseuh AJW. Mechanism of inhibitory action of epidermal growth factor

on testicular androgen biosynthesis in vitro. Endocrinology 182;110:1498-1506.
Fauser BCJM, Baird A, Hseuh AJW. Fibroblast growth factor inhibits luteinizing
hormone-stimulated androgen production by cultured rat testicular cells, Endocrinol-
ogy 1988;123:2935-41.

Skinner MK, Fetterolf PM, Anthony CT. Purification of a paracrine factor, PModS,
produced by testicular peritubular cells that modulates Sertoli cell function. J Biol
Chem 1987;263:2884-90.

Skinner MK, McLachlan RI, Bremner WJ. Stimulation of Sertoli inhibin secretion by
the testicular paracrine factor PModS. Mol Cell Endocrinol 1989;66:239-49.

. Norton JN, Skinner MK. Regulation of Sertoli cell function and differentiation

through the actions of a testicular paracrine factor, PModS. Endocrinology 1989;124:
2711-9.



David W. Schomberg, PhD
Duke University Medical Center
Durham, NC 27710

USA

Proceedings of the Symposium on Growth Factors in Reproduction, sponsored by Serono Sympo-
sia, USA, held April I to 4, 1990, in Savannah, Georgia.

For information on previous volumes, please contact Serono Svmposia, USA.

Printed on acid-free paper.

® 1991 Springer-Verlag New York, Inc.

All rights reserved. This work may not be translated or copied in whole or in part without the
written permission of the publisher (Springer-Verlag New York, Inc., 175 Fifth Avenue, New York,
NY 10010, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.
The use of general descriptive names, trade names, trademarks, etc., in this publication, even if the
former are not especially identified, is not to be taken as a sign that such names, as understood by
the Trade Marks and Merchandise Marks Act, may accordingly be used freely by anyone.

While the advice and information in this book is believed to be true and accurate at the date of
going to press, neither the authors, nor the editors, nor the publisher, nor Serono Symposia, USA,
nor Serono Laboratories, Inc., can accept any legal responsibility for any errors or omissions that
may be made. The publisher makes no warranty, express or implied, with respect to the material
contained herein.

Permission to photocopy for internal or personal use, or the internal or personal use of specific
clients, is granted by Springer-Verlag New York, Inc., for libraries registered with the Copyright
Clearance Center (CCC), provided that the base fee of $0.00 per copy, plus $0.20 per page is paid
directly to CCC, 21 Congress St., Salem, MA 01970, USA. Special requests should be addressed
directly to Springer-Verlag New York, Inc., 175 Fifth Avenue, New York, NY 10010, USA.

CR copy provided by Technical Texts, Inc., Scituate, Massachusetts.
Printed and bound by Edwards Brothers, Inc., Ann Arbor, Michigan.
Printed in the United States of America.

987654321

ISBN 0-387-97569-1 Springer-Verlag New York Berlin Heidelberg
ISBN 3-540-97569-1 Springer-Verlag Berlin Heidelberg New York





