Annu. Rev. Pharmacol. Toxicol. 1978.18:167-187. Downloaded from www.annualreviews.org
by Central College on 12/14/11. For personal use only.

<> aews Further

Quick links to online content

Ann Rev. Pharmacol. Toxicol. 1978, 18:167-87
Copyright © 1978 by Annual Reviews Inc. All rights reserved

ENDOGENOUS #6711
ANTISPERMATOGENIC AGENTS:
PROSPECTS FOR MALE
CONTRACEPTION

L. L. Ewing

Department of Population Dynamics, Johns Hopkins School of Hygiene
and Public Health, Baltimore, Maryland 21205

B. Robaire

Department of Pharmacology and Therapeutics and Department of Obstetrics
and Gynecology, McGill University, Montreal, Quebec, Canada

INTRODUCTION

Interest in antispermatogenic agents has burgeoned in recent years because of the
increased interest in the development of a systemic male contraceptive. Numerous
excellent reviews have been written about such agents during the past decade (1-6).
Perusal of these reviews leads one to the conclusion that a variety of antispermato-
genic agents exist. Unfortunately, the reader soon realizes that most antispermato-
genic agents cannot be exploited in the development of a male contraceptive because
some are nonspecific cytotoxic agents, others are mutagenic and/or carcinogenic,
and yet others exhibit deleterious side effects such as the Antabuse® effect of the
bis-(dichloroacetyl)-diamines.

In this review, we emphasize some natural control points in spermatogenesis,
elucidate which control points might be exploited in the development of antisper-
matogenic agents, and note the possible subtle interference with the intricate sper-
matogenic process resulting from the use of naturally occurring compounds.

Comprehensive reviews by Clermont (7) and Roosen-Runge (8) showed that
spermatogenesis is a highly ordered, sequential series of cellular divisions and stages
of differentiation that occur at a species-specific and fixed rate. We now appreciate
that this spermatogenic process occurs in a unique environment (9) created in part
by the intimate relationship resulting from occluding junctions between adjacent
Sertoli cell membranes; these junctions separate the seminiferous tubule into basal
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and adluminal compartments. Highlights of spermatogenesis include (&) the initial
mitotic divisions of undifferentiated stem cells in the basal compartment; (4) the
setting aside in this basal compartment of stem cells that may participate in the
reinitiation of the spermatogenic process; (¢) the movement of the rapidly proliferat-
ing cells destined to become spermatozoa into the adluminal compartment of the
seminiferous tubule; () the completion of meiosis in the adluminal compartment;
and (e) the metamorphosis of the prospective gamete (round spermatid) into the
spermatozoon. Many of the above events occur only if the germinal cells are under
the influence of steroid and protein hormones derived from either the nearby Sertoli
and Leydig cells or the distant, but equally important, adenohypophysis. Thus,
spermatogenesis is an intricate process that depends on a precise physical and

- chemical environment.

CONTROL OF SPERMATOGENESIS

Intratesticular Factors

EVIDENCE FOR A SPERMATOGONIAL CHALONE: EFFECT OF AQUEOUS EX-
TRACTS OF TESTICULAR TISSUE ON SPERMATOGONIAL DIVISIONS Epider-
mis, lung, liver, and numerous other tissues contain substance(s) that regulate(s)
mitosis within each tissue. Such mitotic regulators were termed chalones by Bul-
lough (10). By definition chalones are tissue-specific, species-nonspecific, non-
cytotoxic, and reversible in nature (11). Chalones are thought to be glycoproteins
or peptides depending on their tissue of origin.

The testis is a likely source of chalone(s) since it contains an active germinal
epithelium with numerous cell types in a variety of stages of differentiation. Primi-
tive undifferentiated cells (stem spermatogonia) divide to form the differentiated
spermatogonia which in turn give rise to spermatocytes which undergo meiosis to
form spermatids. All differentiated spermatogonia are sensitive to X irradiation but
stem spermatogonia exhibit a heterogeneous sensitivity to irradiation; that is, some
stem cell types are destroyed by moderate doses of X irradiation (100-600 r) whereas
others survive even 1500 r. Dym & Clermont (12) made the important observation
that the radioresistant stem (reserve) spermatogonia began to divide rapidly after
depletion of the radiosensitive cells in the germinal epithelium by X irradiation.
Interestingly, this stem cell division stopped after repopulation of the seminiferous
tubule. Such indirect evidence prompted these investigators to suggest the presence
of a spermatogonial chalone.

The first direct evidence for a testicular spermatogonial chalone was provided by
Clermont & Mauger (13) in 1974. These investigators demonstrated that a saline
extract of normal adult testis contained a substance that inhibited specifically the
proliferation of radioresistant stem spermatogonia in the irradiated rat testis. This
water-soluble testicular extract caused a decrease in the incorporation of radioactive
thymidine into stem but not differentiated spermatogonia when injected into ir-
radiated adult rats. In addition, this substance was found to be noncytotoxic and
tissue-specific. These findings have since been confirmed by Clermont & Mauger
(14) in immature rather than X irradiated adult rats. McLaren (15) recently ex-
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tended the above findings to show that the testicular extract was exercising its
inhibitory effect on the division of both the radioresistant and radiosensitive stem
spermatogonia but not the radiosensitive differentiated spermatogonia.

EFFECT OF SERTOLI CELLS ON SPERMATOGENESIS The Sertoli cell rests on
the basement membrane of the seminiferous tubule and extends filamentous cyto-
plasmic ramifications towards the lumen of the tubule. Germinal cells are arranged
between these Sertoli cell cytoplasmic projections. Spermatogonia and early sper-
matocytes are in the basal compartment near the basement membrane of the semi-
niferous tubule, while the more advanced spermatocytes and spermatids are
arranged at successively higher levels in the adluminal compartment (9).

The interdigitation between Sertoli and germ cells has rendered the purification
and characterization of each cell type from adult animals most difficult, and thus
documentation of the precise functional role of Sertoli cells is lacking. Although our
knowledge is incomplete, it is apparent that multiple spermatogenic control sites
must exist between Sertoli and germ cells. Some of the probable components of this
relationship are (@) the presence of specific, high affinity, membrane-bound recep-
tors for follicle-stimulating hormone (FSH) on Sertoli cells, () the production or
concentration by Sertoli cells of a soluble, high-affinity, androgen-binding protein
(ABP) found in the seminiferous tubular fluid, (¢) the production of a mac-
romolecule by the seminiferous tubule that preferentially inhibits FSH secretion,
and (d) the (probable) metabolism of certain steroids by Sertoli cells to Sa-reduced
androgens and estrogens. Sertoli cell FSH receptors and the production of a mac-
romolecule that inhibits pituitary FSH secretion are discussed later in this chapter.

Hansson and co-workers in 1972 (16) discovered a substance in the rat epididymis
that'bound androgens, particularly 5a-dihydrotestosterone (DHT) and testosterone
with high affinity (10-8-10-19%,). It has since been shown that this originated in the
testis (17) and that its testicular content was reduced by hypophysectomy (18),
restored by FSH (19), and maintained by either luteinizing hormone (LH) or
testosterone alone (20). ABP has different physical and chemical properties from the
intracellular
androgen-dependent target organs such as the prostate (22, 23). In fact, the physico-
chemical and immunological characteristics of ABP from the rabbit epididymis
were indistinguishable from those of rabbit testosterone-estradiol binding globulin
(TeBG) [steroid binding globulin (SBG)], a protein found in the plasma of the
peripheral circulation (24). Since the de novo biosynthesis of ABP from radio-
isotopic amino acids by testes has not yet been attempted, the question of whether
ABP is synthesized by the testes or alternatively concentrated from circulating
TeBG remains open.

The ascribed functional role for ABP is that of concentrating androgens in the
adluminal region of ithe tubule, thus facilitating spermatogenesis (25). Though this
hypothesis is very appealing because high concentrations of androgens are known
to be present in seminiferous tubular fluid (26, 27) and needed for spermatogenesis
(28, 29), an absolute requirement for ABP in any animal including man for the
maintenance of spermatogenesis remains to be established. The steroidogenic capac-
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ity of Sertoli cells in adult animals is a subject that is fraught with controversy (30,
31). It appears that these cells may convert certain steroids but that, in comparison
to Leydig cell steroidogenesis, the capacity of Sertoli cells for this function may be
quantitatively insignificant. However, some investigators have suggested that Sertoli
cells of immature rats can convert testosterone to Sa-reduced androgens such as
DHT and 5a.-androstan-3a,173-diol (3a-diol) (32). It is noteworthy that in hypo-
physectomized rats, Sa-reduced androgens can maintain spermatogenesis (33). Re-
cently, Dorrington & Armstrong (34) showed that putative Sertoli cells obtained
from immature rats and cultured in vitro produced radioimmunoassayable es-
tradiol. Apparently these Sertoli cells cultured in vitro require testosterone or an-
drostenedione as substrate and will not convert pregnenolone or other progestins to
estradiol. These cultured cells respond to FSH, but not LH, with increased conver-
sion of testosterone to estradiol. It has been suggested that Sertoli cell estrogen
might influence Leydig cell production of testosterone since van der Molen and
colleagues (35) have demonstrated estradiol binding sites in rat interstitial tissue.
Such a control of Leydig cell function by Sertoli cell estradiol remains unproven at
this juncture.

EFFECTS OF LEYDIG CELLS ON SPERMATOGENESIS The Leydig cell located in
the interstitium immediately adjacent to the seminiferous tubule is thought to be the
principal site of testosterone synthesis (36). The close spatial association of Leydig
cells and seminiferous tubules may be important to provide a high local concentra-
tion of testosterone surrounding the germinal cells, because spermatogenesis fails
when intratesticular testosterone concentrations are allowed to fall to levels nor-
mally found in peripheral blood. Peripheral blood levels that are sufficient to main-
tain all the androgen-dependent functions, e.g. accessory sex organ weights, are not
sufficient to maintain spermatogenesis (28).

Testosterone may exert its biological activity only after it is converted to either
S5a-reduced androgens or to estrogens in the target cells (37). There is strong
evidence that androgen-dependent target organs such as the prostate activate tes-
tosterone by metabolizing it to dihydrotestosterone and 3a-diol (22, 23) while others
such as the hypothalamus and adenohypophysis activate it by metabolizing it to
estrogens (38). Evidence supporting the existence of similar mechanisms in the testis
is that testosterone is converted to both Sa-reduced androgens and estrogens by
testicular tissue (39, 40), that testicular tissue contains high-affinity, low-capacity
intracellular binding proteins for both androgens and estrogens (19, 35), and that
testosterone and Sa-reduced androgens will maintain spermatogenesis in hypo-
physectomized rats (33).

Central Nervous System Factors

HYPOTHALAMO-ADENOHYPOPHYSEAL CONTROL OF SPERMATOGENESIS

Luteinizing hormone Luteinizing hormone is a glycoprotein produced by the
adenohypophysis which is distributed throughout the body via the vascular system.
LH attaches to high-affinity membrane-bound receptors on the Leydig cell (41, 42).
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This attachment is associated with a stimulation of adenyl cyclase activity which
is thought to cause an increased conversion of cholesterol to pregnenolone leading
finally to increased testosterone synthesis (43). Recently it has been shown that
exposure of LH receptors to elevated LH concentration results in a loss of respon-
siveness to LH (44-46). This may be analogous to the desensitization of postsynaptic
receptors which occurs after prolonged stimulation of nerve. It has been well demon-
strated that testosterone can inhibit both the hypothalamic release of luteinizing
hormone releasing hormone (LRH) (47) and the responsiveness of the adenohy-
pophysis to LRH (48). Whether this negative feedback mechanism is normally
affected in vivo at both sites or just at one is unknown (49). Furthermore, whether
testosterone normally exerts these effects directly or only after conversion to estro-
gens or Se-reduced androgens is controversial (50, 51).

Follicle-stimulating hormone The role of follicle-stimulating hormone in the adult
male is unclear. Controversy has developed over the function of FSH for three
reasons: (a) testicular products essential for spermatogenesis that are specifically
elicited by FSH have not yet been elucidated, (&) the cellular site of action is difficult
to prove, and (c¢) FSH effects on the testis are readily demonstrable only in immature
testes. The present status of our knowledge suggests that FSH attaches to high-
affinity receptors found on Sertoli cell membranes (52). This interaction then results
in increased activity of both adenyl cyclase and protein kinase which leads to
increased protein synthesis (52). We have already discussed the effect of FSH on
ABP and estradiol concentrations in intact testes and Sertoli cell cultures. The fact
that most of these effects of FSH are lost as rats gain sexual maturity suggests that
FSH may be important only in the initiation of spermatogenesis (53).

Though gonadal steroids suppress both FSH and LH (54), LH is more readily
suppressed than FSH by steroids. However, any steroid that suppresses one gonado-
tropin always suppresses the other (55). Interestingly, FSH and LH titers in periph-
eral blood of males of several species are dissociated as the result of specific
experimental treatments or pathological conditions that directly inhibit spermato-
genesis without inhibiting Leydig cell function (56). For example, idiopathic infer-
tility in the human male is frequently characterized by azoospermia, normal LH and
testosterone levels, but elevated FSH levels in the peripheral blood (56). Similar
conditions can be produced experimentally in the rat by inhibiting spermatogenesis
with antispermatogenic agents (57). These observations suggested the presence of
some principle associated with the germinal epithelium of the testis that specifically
regulated FSH secretion. McCullagh (58) postulated the existence of a water-soluble
testicular substance that overcame the pituitary hypertrophy induced by castration
without affecting accessory sex organ weights. This hypothetical material was
named inhibin and has been prepared from ram rete testis fluid (59), bovine and
human seminal plasma (60), bovine testis (61), and bovine follicular fluid (62). A
number of investigators have attempted to purify and characterize this substance
(56, 63-67); however, Franchimont and his collaborators (56, 66, 67) have appar-
ently proceeded furthest towards these goals. They have successfully extracted a
water-soluble material from bull and human seminal plasma that inhibits FSH
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secretion in rats. When partially purified, this inhibitory principle retained its bio-
logical activity; did not bind steroids such as testosterone (T), DHT, and estradiol-
1788; did not cross-react with antibodies to gonadotropins; and was susceptible to
proteolytic enzymes. Thus, this substance is apparently proteinaceous and distinct
from other macromolecules, such as LH and FSH, which are involved in the
hypothalamo-adenohypophysealgonadal axis.

Considerable controversy has arisen regarding the cellular source of inhibin.
Some investigators (68) believed spermatids to be the source, others (69) implicated
Sertoli cells or spermatogonia, while a few (70) were unable to demonstrate any
relationship between spermatogenic stages and FSH levels in peripheral blood.
Steinberger & Steinberger (71) have substantiated the presence of a material that
specifically regulates FSH secretion. In this latter study, the secretion by cultured
pituitary cells of FSH but not of LH was markedly depressed by the addition of
Sertoli cells or of spent media from these cells.

PINEAL CONTROL OF SPERMATOGENESIS The effect of the pineal gland on the
male reproductive tract of species sensitive to photoperiodic stimulation has been
clearly demonstrated, but no such marked effects have been found in males whose
reproductive process is insensitive to photoperiod (72-74). Exposure of photoperi-
odic animals such as hamster to short-length days or blinding caused testicular
involution (72, 75). However, this involution failed to develop if the male was
subjected to pinealectomy (76). The testicular regression caused by light deprivation
in the male hamster was accompanied by a progressive decline in plasma FSH, LH,
and testosterone (77, 78).

Pineal indoles The pineal gland contains several indoles including 5-hydroxytryp-
tophol, 5-methoxytryptophol, serotonin, and melatonin (79). Melatonin, which is
found in highest concentrations in the pineal gland, has been reported not to have
a gonadal effect (80), to have an antigonadal effect (81-83), and to prevent antigona-
dal effects in the male (84—86). These variable results are probably dependent on the
species tested, the lighting regime to which the animals were exposed, the dosage
of melatonin used, or the mode of melatonin administration. Turek et al (87)
clarified the melatonin controversy when they showed that doses of melatonin,
which caused antigonadal effects in hamsters exposed to long photoperiods, com-
pletely overcame the gonadal regression usually associated with diminished photic
stimulation in male hamsters.

The mechanism by which melatonin inhibits spermatogenesis is unknown. Ellis
(88) suggested that pineal indoles directly inhibit testosterone formation from radio-
isotopic pregnenolone. However, the physiological consequences of these findings
must be questioned because many indoles, other than melatonin, will inhibit testos-
terone synthesis in vitro and because large concentrations of indoles were required
to attain significant reductions in steroidogenesis (74). Melatonin has also been
suggested to suppress the release of LRH (74, 89, 90) and/or to directly inhibit
pituitary response to LRH (91). Finally, some investigators suggest that melatonin
itself is not the antigonadal substance but that it merely mediates the release of a
macromolecular pineal antigonadotropin (73, 85).
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Pineal peptides Direct evidence suggesting that molecules of pineal origin, other
than melatonin, affected gonadal function was provided by Benson and co-workers
(92, 93). Orts and co-investigators (94-97) observed that extracts of bovine pineal
caused regression of the reproductive tract in male and female mice. Subsequent
experiments showed this pineal substance to be a peptide consisting of approxi-
mately six amino acids (98-101). Injection of similar pineal peptide preparations
caused reduced serum LH and testosterone concentrations in addition to testicular
regression in male rats (102).

Taken together, the above results clearly demonstrate that spermatogenesis is an
intricate process that should be susceptible to interference at numerous sites by
endogenous antispermatogenic agents.

ENDOGENOUS ANTISPERMATOGENIC AGENTS
Macromolecules

CHALONES It should be possible to arrest spermatogenesis by the systemic admin-
istration of a purified spermatogonial chalone. Such an antispermatogenic agent
might afford several advantages: (@) mitosis in cells other than undifferentiated
spermatogonia should be unaffected by the treatment since chalones, by definition,
are highly specific (11); (b) the reserve undifferentiated spermatogonia should re-
main viable under the influence of the spermatogonial chalone for lengthy periods
since these cells divide only rarely under normal circumstances (7); (c¢) the asper-
matogenic state should be readily reversible upon removal of the chalone since
undifferentiated spermatogonia have the capacity to completely repopulate the semi-
niferous tubule (7); and () such treatment should leave Leydig cell function unim-
paired, thus insuring maintenance of potency, libido, and accessory sex organ
function.

Numerous experimental problems must be overcome before the antispermato-
genic characteristics of a spermatogonial chalone can be tested. The present assay
for the spermatogonial chalone (13) is cumbersome and unsuitable for testing purifi-
cation procedures. Therefore, the first order of experimentation might be to develop
a simple, inexpensive, rapid, and accurate assay for spermatogonial chalone. One
possible approach would be to isolate and culture undifferentiated spermatogonia
with SH-thymidine, in the presence and absence of chalone. Obviously, considerable
research would be required to isolate, to purify, and to obtain the chemical and
physical characteristics of the chalone once the assay was developed. It is equally
obvious that this interesting and important area of research should be pursued.

ANDROGEN BINDING PROTEIN The discovery, isolation, and partial purifica-
tion of androgen binding protein (ABP) (16) leads naturally to the speculation that
azoospermia might be produced by immunization of the male against ABP. How-
ever, this idea has certain limitations that detract from its potential use as a male
contraceptive. First, it seems premature to suggest an antispermatogenic technique
based on the neutralization of a molecule whose biological function is poorly under-
stood (13). Second, since ABP is physically, chemically, and immunologically iden-
tical with testosterone-estradiol binding globulin (TeBG) (24) in the rabbit, a high
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degree of cross-reactivity of the ABP antibodies with TeBG would be expected.
Should this prove to be the situation in man, the ABP antibody might very well
neutralize TeBG. Our third objection is that there is no assurance that ABP antibod-
ies will penetrate the blood-testis barrier where ABP presumably works (25); indeed,
studies by Setchell and his collaborators (103) have shown that macromolecules do
not readily cross the blood-testis barrier.

LH RECEPTORS Numerous studies have demonstrated the presence of LH recep-
tors in the interstitium of the testis (41, 42). These receptors, which undoubtedly
are associated with Leydig cells, are probably responsible for the reception and
transformation of an adenohypophyseal signal into the secretion of testosterone
(43). Interference with the reception or transformation of the LH signal would result
in a failure in testicular steroidogenesis and subsequently spermatogenesis. Appar-
ently, hyperstimulation of the LH receptor on the Leydig cell renders it refractory
to subsequent LH molecules and consequently reduces testosterone biosynthesis
(44—46). Analogues of LRH have been identified (104, 105) that are markedly more
potent than the naturally occurring LRH. One of these potent LRH analogues has
been reported to inhibit gonadal function in male rats (106). It is possible that this
treatment caused desensibilization of testicular LH receptors, with resultant dimi-
nution of steroidogenesis and spermatogenesis. Although this is an area worthy of
research, one major shortcoming of such an antispermatogenic agent is that the
androgen lack would result in a failure of libido and potency. Obviously, androgen
substitution would be required.

INHIBIN The discovery of inhibin led to the speculation that it might be developed
into an antispermatogenic agent which could be exploited as a male contraceptive
(107). Theoretically, administration of inhibin to males would suppress FSH but not
LH secretion. Supposedly, the unaltered LH would maintain testicular steroido-
genesis and androgen-dependent peripheral functions while withdrawal of FSH
would result in spermatogenic failure. While attractive on the surface, this theory
suffers from shortcomings when critically analyzed. First, there is mounting evi-
dence that FSH is required only for the initiation of spermatogenesis during puberty
or after recovery from experimentally produced aspermatogenic states in a variety
of species (53, 108, 109). Second, it has proven difficult to purify inhibin. While some
investigators have partially purified the molecule (56, 63-67), others have found it
difficult to reliably demonstrate its existence (110). Third, since inhibin is probably
a proteinaceous molecule, when injected it should elicit antibodies neutralizing its
biological activity. Fourth, it is now recognized that inhibin preparations also
suppress LH as well as FSH secretion (56). This raises the possibility that treatment
with inhibin might result not only in a decline in spermatogenesis but also in a
decline in testicular steroidogenesis. Thus, even if we assume that treating adult
males with inhibin will lower FSH secretion, that FSH is in fact required for
spermatogenesis in the adult, and that a nonantigenic source of the material could
be prepared, it is still likely that the individual would require androgen supplement
to maintain libido and potency.
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PINEAL PEPTIDES Pineal peptides offer two advantages over macromolecular
antispermatogenic agents such as inhibin: (@) simple and inexpensive synthesis and
(b) probable lack of antigenicity. Unfortunately, some features of these agents
detract from their use as contraceptive agents. Since pineal peptides might normally
exert their effect on hypothalamic nuclei via the cerebrospinal fluid, it could prove
difficult to obtain high enough concentrations in peripheral circulation to achieve
the desired effect. It is likely that pineal peptides would inhibit LH secretion which
in turn would diminish both spermatogenesis and testicular steroidogenesis. Thus,
as in the case of inhibin, and interference with LH receptors, androgen therapy
would be required to maintain libido and potency.

Indoles

One could hypothesize-that peripheral administration of melatonin, to man, would
inhibit spermatogenesis in a manner analogous to that obsérved in the golden
hamster and the grasshopper mouse (72). In adult man, however, too little informa-
tion is presently available to state affirmatively whether indoles play, or have the
capacity to play, any role in the control of spermatogenesis. Other limitations to the
use of melatonin for male contraception are (a) that it is structurally analogous to
neurotransmitters (i.e. serotonin) and therefore may have deleterious side effects and
(b) that melatonin would probably decrease testicular steroidogenesis as well as
spermatogenesis. Thus, once again androgen supplementation would be required.

Steroids

ANDROGENS Androgen treatment of males of several species is associated with
two different effects on spermatogenesis depending on the dosage of androgen
administered (111-114). At low doses, androgen suppresses gonadotropin secretion
leading to decreased testicular steroidogenesis and hence decreased spermatogene-
sis. As androgen doses are increased, gonadotropin secretion remains depressed but
the administered androgen now directly stimulates spermatogenesis. These observa-
tions are consistent with the hypothesis that a high concentration of androgen in
the seminiferous tubule is essential for spermatogenesis (28, 115). Additional sup-
port for this hypothesis derives from the close physical proximity of the Leydig cells
to the seminiferous tubules and the high concentration of testosterone in the testis
and in rete testis fluid relative to that in peripheral blood (26, 27). Therefore, low
doses of androgen administered peripherally (oral, intramuscular, or subcutaneous-
sustained release) should lower intratesticular testosterone concentration, thus in-
hibiting spermatogenesis. However, the peripheral blood concentration of
testosterone should be sufficient to maintain secondary sex characteristics.

The use of androgens as male contraceptive agents has been tested extensively in
laboratory animals and man. The systematic search and selection for an appropriate
dose that would inhibit gonadotropin secretion and spermatogenesis but be insuffi-
cient to maintain spermatogenesis on its own was first reported in 1973 (114, 116).
When testosterone was administered to rabbits via sustained-release capsules
[polydimethylsiloxane (PDS), Silastic®], azoospermia was attained while keeping
peripheral testosterone level, libido, and accessory sex tissue weights normal.
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Berndtson et al (28) and Reddy et al (117). have reported similar results using silastic
capsules in the laboratory rat. Although some doses of testosterone were found to
markedly diminish spermatogenesis in the rhesus monkey, no dose was found that
caused azoospermia in all treated animals (118).

Though earlier reports of the suppression of spermatogenesis by testosterone in
man exist (111, 113, 119, 120), the first positive test in humans of testosterone as
a contraceptive agent was presented by Reddy & Rao in 1972 (121). Daily intramus-
cular injection of testosterone propionate (25 mg/day for 60 days) was found to
induce azoospermia in all treated individuals. This inhibition in seven normal adult
males was found to be entirely reversible and no deleterious side effects were ob-
served during the treatment or recovery phases. Because of the impracticality of
daily injections, a number of attempts have been made to administer testosterone
in a/depot form. (testosterone enanthate) at time intervals of seven (122, 123), ten
(124), fifteen (123), and thirty days (125) using doses of 200 or 250 mg. The results
obtained by these different investigators were not entirely consistent; however, the
general pattern that emerged was that intramuscular administration of 200 mg of
testosterone enanthate every 10-14 days caused a marked suppression of spermato-
genesis. Most recently, McClure et al (123) and Steinberger et al (124) confirmed
in humans the observation previously made by Ewing and his collaborators in
laboratory animals. (114, 116), namely, that a maximum decrease in spermatogenic
activity can be obtained even when blood levels of testosterone remain within the
normal range.

There are two major difficulties associated with injections of testosterone enan-
thate as a male contraceptive: (a) painful frequent administration and (&) inconsis-
tent azoospermia. It is our opinion that both of these difficulties are easily
surmountable. The first may be circumvented by administering the desired andro-
gen, via subdermally placed androgen-filled sustained-release capsules. Such cap-
sules could be designed to release steroids for protracted periods of time. The second
objection may be overcome by either using an androgen that can more selectively
inhibit gonadotropin release than stimulate spermatogenesis or by using a second
steroid, in addition to testosterone, which could effectively decrease gonadotropin
secretion without causing adverse effects. Progestins and. estrogens (discussed be-
low) are likely candidates for such steroids.

PROGESTINS Progestins are any compounds that induce the appropriate histolog-
ical changes in the uterus of an experimentally prepared bioassay animal (126).
Progestins that have been tested for their antispermatogenic properties fall into two
general categories: (a) progesterone and its esters, (b) progestagens (synthetic
progestins), which include 19-nortestosterone derivatives, (¢) and antiandrogenic
progestins.

Progesterone and its esters Progesterone has been reported to be weakly antisper-
matogenic in the rabbit (127) and ram (128), but totally ineffective in the rat (129).
Similarly, 17a-hydroxy progesterone caproate inhibited spermatogenesis in man
(130) but not in the rat (1). In general, the above compounds were found to inhibit
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spermatogenesis poorly because of their weak antigonadotropic characteristics (2,
5). Additionally, progesterone and some of its metabolites can be converted' to
testosterone (131). Thus the weak antigonadotropic activity of these progestins may,
be further negated by their-ability to act as substrates for testosterone synthesis.

Progestagens The 17-acetoxy derivatives of progesterone are generally poor antis-
permatogenic agents. However, the results are variable and confusing. Megestrol
acetate (17a-acetoxy-6-methyl-A%-progesterone) did not exert an antispermatogenic
effect in rats (132). Algestone acetophenide (16a,17a-dihydroxy progesterone
acetophenonide) suppressed spermatogenesis incompletely and unreliably (133).
Medroxyprogesterone acetate (17a-acetoxy-6a-methyl-pregn-4-ene-3,20-dione)
was thought to inhibit spermatogenesis without altering libido in the human (134);
unfortunately, it was later reported that these results were not forthcoming in a
second trial (5). The observation that these compounds are weakly-antigonadotropic
in rats and monkeys (2) probably accounts for the weak and variable antispermato-
genic effects -described above.

Some of the-derivatives- of androgens that are demethylated in the 19 position
are progestational and have been found to be antispermatogenic in the rat and/
or in man (135-141). These compounds include norethynodrel [17a-ethnyl-1783-
hydroxy-5(10). estren-3-one];. norgestrel (138-ethyl-17a-ethynl-178:hydroxy-4-
estren-3-one), norethandrolone (17a-ethyl-17-hydroxy-4-nor androstan-3ione),
norethindrone (17 a-ethynl-17-hydroxy-4-nor-androsten-3-one), and ethynodiol
diacetate (33, 173-diacetoxy-17a-ethynyl-4-estrene). The antispermatogenic activ-
ity is probably caused by the potent antigonadotropic activity of these compounds
(2). Consequently theantispermatogenic effect of these compounds is almost always
accompanied by reduced libido and increased.:gynecomastia in man (130).

Cyproterone  (6-chloro-17a-hydroxy-1a,2a-methylene-pregna-4,6-diene-3,20-
dione) and cyproterone acetate have received considerable attention as antisper-
matogenic substances. Cyproterone, which has. only weak antigonadotropic
properties, was found to be a poor antispermatogenic agent {142). In contrast,
cyproterone acetate, which inhibits gonadotropin secretion, was found to be an
antispermatogenic agent (142). At doses of cyproterone acetate where inhibition of
spermatogenesis was attained, marked diminution of accessory sex organ function
in man (143), monkey (144), and rat (142) was also observed. The effects of cyproter-
one acetate on sexual behavior were not as clear. Some investigators (145, 146)
claimed that it was possible to inhibit spermatogenesis in rats without affecting
sexual behavior. However, this is not the case in man and subhuman primates (143,
144). Dosages of cyproterone acetate that completely inhibited spermatogenesis in
these latter species also inhibited sexual behavior.

In summary, then, the antispermatogenic properties of progestagens are exceed-
ingly variable and dependent on the amount and type of progestagen administered,
its mode and period of administration, and, finally, the species of animal‘studied.
Since antispermatogenic activity is well correlated with antigonadotropic activity,
it is evident that simultaneous androgen therapy would be required to maintain
secondary sexual characteristics.
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ANDROGEN.PROGESTIN COMBINATIONS In 1973, Terner & MacLaughlin
(147) reported the results of extensive tests of androgen-progestin combinations on
spermatogenesis in rats. These investigators found that whereas medroxyprogester-
one acetate and ethynodiol diacetate inhibited spermatogenesis and accessory sex
organ growth, probably via their antigonadotropic effects, simultaneous treatment
with carefully determined doses of testosterone maintained accessory sex organ size
without restoring spermatogenesis.

When Coutinho & Melo (148), Frick (149), and Johansson & Nygren (150) tested
similar combinations of androgens and progestins in the human male, the inhibition
of spermatogenesis was variable and incomplete. Consequently, Frick and co-work-
ers (151, 152) undertook an extensive evaluation of the androgen-progestin combi-
nations on spermatogenesis. The drugs evaluated by these investigators included
megestrol acetate, medroxyprogesterone acetate, norgestrienone (17a-ethynl-18-
methyl norgestrienone), norethisterone (17a-ethynyl-estr-4-en-3-one), norethin-
drone, norethandrolone, testosterone, testosterone propionate, and testosterone
enanthate. These drugs were administered to men of different ages in different
combinations and via three different routes (oral, intramuscular, and subcutaneous-
Silastic® implants). The shortcomings of these studies were that the treatment
groups were small, sexual behavior was not critically evaluated, and spermatogene-
sis in older men was measured qualitatively via a histological examination of a
testicular biopsy specimen. Therefore, we confine our remarks to experimental
groups of young men with at least five individuals per treatment.

Though megestrol acetate or medroxyprogesterone acetate combined with andro-
gens maintained libido and potency, these drugs failed to create consistent azoos-
permia (151, 152). The one treatment that combined a 19-nortestosterone derivative
(norgestrieneone) with an androgen resulted in azoospermia in all treated males.
Plasma concentrations of testosterone, LH, and FSH were depressed. Unfortu-
nately, libido was suppressed and some men experienced deleterious side effects. The
simultaneous administration of three drugs, norethisterone, norethindrone, and
testosterone, once again resulted in variable antispermatogenic response. In sum-
mary, although nosatisfactory androgen-progestin combination has been found that
could be used as a male contraceptive, this approach is appealing and warrants
further investigation.

DANAZOL, ANDROGEN-DANAZOL COMBINATIONS Danazo! [l17a-pregna-
2,4-dien-20-yno(2,3-d)-isoxazol-17-0l] was reported to suppress gonadotropin
secretion even though it had only weak androgen activity and had neither estrogen
nor progestin activities (153). Administration of danazol to men caused a reduction
of sperm count but not azoospermia. Plasma testosterone was diminished in these
men but only minimal complaints of decreased libido were noted (154). More recent
studies have shown that danazol plus testosterone propionate or testosterone enan-
thate caused a severe reduction in spermatogenesis in man (125, 155, 156). Thus,
the addition of a testosterone ester apparently enhanced the inhibitory effect of
danazol on spermatogenesis and overcame the problem of impaired libido and
sexual potentia. This approach has not yet led to azoospermia in all individuals
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tested, but is one of the combinations that may become acceptable when proper
dosage and route of administration are elucidated.

ESTROGENS Estrogens have been recognized for more than thirty years as sub-
stances capable of suppressing testicular function (5, 130, 157, 158). In 1950, Lud-
wig (111) demonstrated that the histology of the testis after estrogen administration
was comparable to that following hypophysectomy. It has since been shown that
estrogens were highly effective inhibitors of gonadotropin release (50, 51). Thus, it
has been hypothesized that estrogens exert their effect on the testis indirectly by
suppression of LH and FSH release (50, S1, 159). In addition, it has been proposed
by Steinberger & his collaborators (160) that high doses of estrogens may exert a
direct effect on male reproductive tissues.

The administration of estrogens to laboratory animals (5, 157) and to humans (135)
has resulted in azoospermia; however, the concomitant side effects such as decreased
libido, potentia, and marked gynecomastia rendered these agents unacceptable in
the doses used.

Though it was clear that a number of effects were associated with estrogen
administration to males, there was no study whereby a spectrum of estrogen dosages
were administered, preferably in a sustained-release manner, to determine whether
the dose-response curve of effects such as gonadotropin suppression and gyneco-
mastia could be separated. If such a situation were forthcoming, estrogen adminis-
tration would have a place in male contraception. Alternatively, some of the
unacceptable side effects associated with administration of antigonadotropic doses
of estrogen probably could be countered by simultaneous androgen therapy.

ANDROGEN-ESTROGEN COMBINATIONS Briggs & Briggs (161) have suggested
that the administration of combined androgen-estrogen formulations for the pur-
pose of suppressing fertility in the male be investigated. In their pilot study (161),
they found that daily oral administration of methyltestosterone and ethynyl-
estradiol to normal adult men led to azoospermia in all five treated individuals. As
was expected, this azoospermic state was associated with a lack of fertility. No
sustained deleterious side effects were observed by this therapy and return to pre-
treatment content of spermatozoa in semen was attained within 35 weeks following
cessation of treatment.

The essential need of further experimentation, using laboratory animals, in order
to establish our understanding of the interaction between androgens and estrogens
was apparent. Ewing and his collaborators (162) have recently demonstrated that
in rats, a synergistic interaction between estradiol-173 and testosterone on the
inhibition of spermatogenesis exists. Doses of testosterone or estradiol-1783 (admin-
istered via Silastic®implants), which separately were ineffective in rendering the rats
azoospermic, together brought about consistent azoospermia. The animals treated
with such a steroid combination had plasma levels of testosterone and estradiol that
were indistinguishable from those of the control animals. Moreover, wet weights of
the seminal vesicle and the ventral prostate were found to be the same as those of
untreated animals. No gynecomastia was detectable.
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Though it is clear that more experimental work is still necessary, it is most
promising that the administration of a combination of testosterone and estradiol-
178, both naturally occurring hormones in the male, may prove to be a safe,
effective, and reversible male contraceptive when administered via a sustained-
release mechanism.

CONCLUSION

This review clearly demonstrates that endogenous compounds exert regulatory
influences at four major levels in the male: (a) between germ cells (e.g. sper-
matogonial chalone), () between Sertoli and germ cells (e.g. ABP), (c) between
Leydig cells and seminiferous tubules (e.g. testosterone), and (d ) between the central
nervous system and the testis (e.g. the reciprocal relationship between LH secretion
by the adenohypophysis and testicular steroid secretion).

To date, efforts to interrupt spermatogenesis have failed to find application as
male contraceptives for various reasons: (a) some investigators ignored the vulnera-
ble control points by utilizing nonspecific agents (e.g. antimitotic agents), (&) others
attacked a vulnerable control point but used synthetic drugs that had deleterious
side effects (e.g. orally active 17a-methyl androgens), and (¢) still others attacked a
vulnerable control point with a relatively innocuous drug (e.g. testosterone propion-
ate) but used an impractical mode of drug.administration (e.g. daily intramuscular
injections).

In this review we have attempted to demonstrate the potential for devising innova-
tive techniques (e.g. subcutaneous sustained release) for administering relatively
innocuous drugs (e.g. gonadal steroids)-at dosages sufficient to produce sterility
without causing deleterious side effects.

The most promising immediate solution for the development of an antispermato-
genic male contraceptive is the interference with the adenohypophyseal-gonadal axis
via the subcutaneous sustained release of steroid formulations containing either
androgen-danazol, androgen-progestin, or androgen-estrogen formulations. An-
other promising antispermatogenic agent that could be developed quickly would be
an LRH agonist-androgen formulation. Requiring more research, but equally inter-
esting, would be an antispermatogenic spermatogonial chalone.
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