Antireproductive Effects of a Potent
Gonadotropin-Releasing Hormone Antagonist in the Male Rat

Abstract. Administration of a potent antagonist of gondadotropin-releasing hor-
mone (GnRH) antagonist [Ac-dehydro-Pro', pCl-D-Phe? D-Trp>%-N“MeLeu'-GnRH
to adult male rats for 2 weeks resulted in decreased testosterone production and
sexual organ weights and in disrupted spermatogenesis. The results demonstrate the
essential role of gonadotropin-releasing hormone in the maintenance of reproductive
functions and have implications for the regulation of male fertility.

The key role played by gonadotropin-
releasing hormone (GnRH) in controlling
reproductive functions has been demon-
strated by studies showing that active or
passive immunization to GnRH leads to
infertility and gonadal atrophy in both
male and female animals (/). An alterna-
tive approach to studying the con-
sequences of inmunoneutralizing endog-
enous GnRH involves the administration
of GnRH antagonists under various cir-
cumstances. Until recently, however,
such studies have been hindered by the
low potency and short biological dura-
tion of action of these peptides and have
mostly been restricted to the ability of
GnRH antagonists to block ovulation or
modify hormone levels for short periods
(2). The GnRH antagonist [D-pGlu!,D-
Phe?,D-Trp**]JGnRH (antagonist 1) (3),
which reduces the GnRH-induced secre-
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Fig. 1. Effect of a 14-day treatment with 1 mg
daily of antagonist 2 on sexual organ weights.
Mature (70 to 72 days old) Sprague-Dawley
rats were used. At the end of the experiment,
the animals were decapitated, and their sexual
organs were dissected free of fat and weighed
to the nearest 0.1 mg. Open bars, control; sol-
id bars, antagonist 2-treated. Each bar repre-
sents the means * standard error for five rats.
Data were evaluated by analysis of variance.
(**) Significantly different from control values
at P < .01.
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tion of luteinizing hormone (LH) at an in-
hibitory concentration ratio (ICRs,) ) of
3:1 (5), interfered with pregnancy when
administered to female rats for the first 7
days after mating (6), but the effective
doses required were large and led to der-
matological lesions at the injection sites.

Recently, much more potent GnRH
antagonists have been developed (7, 8).
We found that [Ac-dehydro-Pro*,pCl-D-
Phe?,D-Trp*€]-N“-MeLeu’-GnRH  (an-
tagonist 2) has an ICRs, of 0.043:1 and
completely blocks ovulation when ad-
ministered at a dose of 20 ug at noon on
the day of proestrus. Furthermore, this
antagonist has a 25 times higher affinity
for GnRH hypophyseal binding sites
than GnRH has (7). We therefore investi-
gated the effect of long-term administra-
tion of this peptide on spermatogenesis,
sexual organ weights, and testosterone
production in adult male rats.

Antagonist 2, synthesized as described
in (5, 9), was dissolved in corn oil and ad-
ministered subcutaneously in a volume
of 0.2 ml daily for 14 days to mature male
rats. Control animals received the ve-
hicle only. When used, human chorion-
ic gonadotropin (Calbiochem) was dis-
solved in saline and injected subcutane-
ously in a volume of 0.2 ml. Blood sam-
ples were obtained periodically from the
jugular vein with the animals under light
ether anesthesia. At the end of the exper-
iment, the appropriate organs were re-
moved and processed.

All animals remained healthy through-
out the experiment and no macroscopic
lesions, dermatological or otherwise,
were observed. There were significant
decreases in plasma concentrations of
testosterone and follicle-stimulating hor-
mone (FSH) in all rats treated with an-
tagonist 2 (testosterone, 22 percent of
control values on days 4 and 14; FSH, 48
percent on day 4 and 25 percent on day
14). Changes in plasma LH concentra-
tion could not be documented because
values were at the limit of sensitivity of
the assay. The amounts of LH and FSH
in the pituitary were significantly lower
in antagonist 2-treated animals (LH, 60
percent and FSH, 27 percent of control
values), suggesting that LH as well as

FSH production was decreased. These
data indicate that potent GnRH antago-
nists inhibit the synthesis as well as the
secretion of gonadotropins. Consistent
with the dramatic decrease in circulating
testosterone, the weights of testes and
androgen-dependent organs were also
reduced (testes, 40 percent; prostate, 9
percent; and seminal vesicles, 12 percent
of control values) (Fig. 1), and histologi-
cal examination of the testes showed
atrophic Leydig cells (Fig. 2). Tubular
diameters in the testes of rats treated
with antagonist 2 were greatly reduced
[control, 0.270 = 0.031 (standard error)
mm; treated, 0.143 = 0.009 mm)]. The
germinal epithelium of the treated rats
was depleted, with no signs of mitosis.
There were no germinal cells that had de-
veloped beyond spermatogonia and a
few spermatocytes. These data empha-
size that the effects of antagonist 2 on
spermatogenesis are of rapid onset, since
they occur within one series of division
of the stem cells (/0).

It has been reported that GnRH and its
agonists act directly on the testis to in-
hibit steroidogenesis (//) and to bind
specifically and with high affinity to tes-
ticular membranes (/2). Since GnRH an-
tagonists reverse the inhibitory effects of
GnRH on the ovary (/3), it is conceiv-
able that antagonist 2 could have stimu-
latory effects on the testis if that organ
were exposed to LH-releasing factor
from any endogenous source. We have
observed no effects of antagonist 2 on
sex organ weights in hypophysectomized
male rats, with or without gonadotropin
replacement therapy (Fig. 3). Further-
more, the observation that antagonist 2
profoundly inhibits gonadal function in
the intact rat suggests either that the ef-
fects of GnRH antagonists on the pitui-
tary supersede any putative positive go-

Fig. 2. Testicular morphology of intact adult
male rats treated with (A) corn oil and (B) 1
mg of antagonist 2 daily for 14 days. The tes-
tes were embedded in paraffin. Sections (7 um
thick) were stained with hematoxylin-eosin.
Three slides per testis were examined for the
presence of ongoing spermatogenesis, and
five tubules were measured in each testis.
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nadal effects or that, under the circum-
stances of our studies, the testis is not
under the direct inhibitory influence of
endogenous GnRH. However, antago-
nist 2 has six times lower affinity for go-
nadal than for pituitary binding sites and
hence has greater organ dissociation
than any other peptide we tested (7, 12).
An antagonist of higher testicular affinity
would be more appropriate for the evalu-
ation of direct gonadal effects of GnRH
antagonists.

These data provide evidence from
long-term experiments that the action of
endogenous GnRH in the male can be
successfully inhibited by the administra-
tion of one of its antagonists, and em-
phasize the importance of endogenous
GnRH in maintaining the integrity of
male reproductive functions.

Our results have implications for the
regulation of male fertility. Methods for
dissociating the effects of antagonist 2 on
spermatogenesis from those on andro-
gen-dependent secondary sex character-
istics need to be developed. In short-
term experiments we have shown that
testosterone enanthate can maintain ven-
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tral prostate weight without reversing
the antagonist 2-mediated decreases in
spermatogenesis and in the weight of the
testes. Alternatively, advantage might be
taken of probable differential rates in re-
covery of the functions of Leydig cells
and seminiferous tubules after the ad-
ministration of antagonist 2 is termi-
nated; we have shown that testosterone
concentrations returned to control val-
ues within 1 week after cessation of
treatment with GnRH agonists, whereas
spermatogenesis and the weight of the
tests were suppressed for more than 1
month (/4).

Long-term treatment with potent
GnRH agonists is also associated with
reduced androgen production and dis-
rupted spermatogenesis (/4, 15) and has
therefore been considered as a possible
means of regulating fertility. However,
the mechanisms through which GnRH
agonists interfere with fertility appear to
be complex, with numerous possible
sites of action (/6), whereas those gov-
erning the effects of GnRH antagonists
seem to be more direct. Furthermore,
morphological examination of the testes

Fig. 3. Interaction of
antagonist 2 (2 X 250
ng) and human cho-
rionic  gonadotropin
(HCG) (30 L.U.) on
sexual organ weights
in hypophysecto-
mized male rats with
or without gonadotro-
pin replacement ther-
apy. Treatments were
initiated within 5 days
of surgery and admin-
istered for 14 days.
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Table 1. Adult male rats were given daily injections of 1 mg of antagonist 2 for 14 days. Blood
samples were obtained periodically just before an injection, with animals under light ether anes-
thesia. At the end of the experiment, the pituitaries were removed and homogenized in 0.1M

Na,COjs; appropriate dilutions were made in

0.1M phosphate buffer (pH 7.3) containing 0.5

percent bovine serum albumin. Concentrations of LH and FSH in both plasma and pituitary
homogenates were obtained with radioimmunoassay kits from the National Institute of Arthri-
tis, Metabolism, and Digestive Diseases (NIAMDD), and results are expressed in terms of the

NIAMDD RP-1 rat LH and FSH standards.

Blood samples were obtained immediately before each injection.

standard error for eight rats.

Testosterone was assayed as described in (9).
All values are the means +

Concentration in

Concentration in anterior

Day of plasma (ng/ml) pituitary (ug per gland)
treatment
Testosterone FSH LH FSH
Control
1 2.72 = 0.51 221.3 = 13.9
4 2.95 + 0.46 226.2 = 15.1
9 3.01 = 0.39 218.7 = 16.8
14 2.89 + 0.27 215.6 = 17.6 51.4 = 6.7 72.6 £ 2.6
Antagonist 2
1 3.41 = 0.62 225.4 = 14.3
4 0.75 = 0.04* 107.3 = 11.2*
9 0.84 + 0.05* 61.2 =+ 8.9*
14 0.72 = 0.04* 57.7 = 11.6* 309 = 4.1 20.1 + 2.2%

*Significantly different from control values at P < .01.
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of agonist-treated rats show disruption of
the tubular membranes and the presence
of polynucleated cells, qualitative
changes that are not seen in the testes of
antagonist 2-treated animals and that
may be of concern if GnRH agonists are
considered as potential contraceptives in
the human male. The tubules of rats
treated with antagonist 2 show consist-
ently greater quantitative and more uni-
form changes in tubular morphology
than those of GnRH agonist-treated ani-
mals.
CATHERINE RIVIER

JEAN RIVIER

WYLIE VALE
Peptide Biology Laboratory,
Salk Institute,
San Diego, California 92138
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Excitatory and Inhibitory Effects of Opiates in the Rat Vas
Deferens: A Dual Mechanism of Opiate Action

Abstract. Both natural (—)-morphine and its unnatural enantiomer (+)-morphine
exert an excitatory action on electrically stimulated contractions of rat vas deferens.
Preexposure to (—)-morphine results in cross-tolerance to the inhibitory action of B-
endorphin. (—)-Naloxone and its stereoisomer (+)-naloxone also exert an excitatory
action, but only (—)-naloxone blocks the inhibitory action of -endorphin. Thus mor-
phine exerts a dual action on a peripheral organ: one an inhibitory action mediated
by the stereospecific endorphin receptor that is blocked stereospecifically by nalox-
one, the other an excitatory action mediated by a nonstereospecific receptor that is
not blocked by naloxone. The opiate abstinence syndrome is seen as due to the un-
‘masking of the excitatory action of opiates when its concomitant inhibitory influence
is removed by selective blockade by naloxone or weakened by selective tolerance.
The view that the rat vas deferens is devoid of morphine receptors is now seen as
arising from a reverse example of morphine’s dual action: the masking of the inhib-
itory action of morphine by its concomitant and more potent excitatory action.

We previously proposed a dual mecha-
nism model of morphine action in the
central nervous system (CNS) and pre-
sented evidence that morphine actions in
the CNS are mediated by two classes of
receptors (/). One, stereospecific for opi-
ates and antagonized by naloxone, medi-
ates the inhibitory actions of opiates
(analgesia, sedation, and immobility);
the other, not stereospecific for opiates
and not antagonized by naloxone, medi-
ates the excitatory actions of opiates
(such as hyperreactivity) ). This dual
action mechanism implies that the opiate
abstinence syndrome is due to the un-
masking of the excitatory action of the
opiate when its simultaneous inhibitory
influence is removed by selective block-
ade by naloxone or weakened by the de-
velopment of selective tolerance. We
now present evidence for a dual mecha-
nism of opiate action in a peripheral or-
gan, the rat vas deferens.

The rat vas deferens has been reported
to be devoid of morphine receptors (3),
yet B-endorphin, the opiate peptide that
is the putative endogenous ligand for the
classical morphine receptor, was report-
ed to exert a potent inhibitory action on
this tissue @). Morphine was found to
exert a stimulatory action (5), whereas
the potent opiate etorphine was found to
exert an inhibitory action (6). This seem-
ing contradiction led us to examine
the effects of morphine on this tissue.
We now report that morphine exerts a
dual action—both excitatory and inhibi-
tory—on this preparation, with the excit-
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atory effect masking the inhibitory one.

To demonstrate the inhibitory action
of morphine (which is masked by its con-
comitant and more potent excitatory ac-
tion), we investigated cross-tolerance to
the inhibitory action of 8-endorphin after
exposure to morphine. This effect was
observed to be stereospecific, occurring
only after exposure to (—)-morphine, not

its unnatural enantiomer (+)-morphine
(7). The excitatory action was non-
stereospecific, occurring after both (—)-
and (+)-morphine, and was not blocked
by the opiate antagonist (—)-naloxone.
While the excitatory action also oc-
curred after exposure to (—)-naloxone or
its stereoisomer (+)-naloxone (7), only
(—)-naloxone blocked the inhibitory ac-
tion of B-endorphin (Fig. 1) 8). These re-
sults extend to a peripheral organ our
previous findings for the CNS that mor-
phine exerts dual actions that are mediat-
ed by stereospecific inhibitory receptors
and nonstereospecific excitatory recep-
tors, with the former being blocked
stereospecifically by (—)-naloxone.

Vasa deferentia were dissected from
freshly killed Sprague-Dawley rats (250
to 300 g), carefully stripped of surround-
ing tissue, and pressed to remove their
seminal contents. Each tissue sample
was suspended in a 5-ml bath containing
Krebs-Ringer solution (9) maintained at
37°C and pH 7.4 and gassed with a mix-
ture of 95 percent O, and 5 percent CO,.
The resting tension was approximately 1
g; the contractions induced by electrical
stimulation (30 V, 0.1 Hz, 0.5 msec) (6)
were measured isometrically. All strips
were equilibrated for 1 hour, with wash-
es every 15 minutes. This was followed
by a pretreatment period of 30 minutes,
during which the tissue was continuously
exposed to one of four drugs or no drug
while the electrical stimulation contin-
ued. Immediately afterward, the strips

Fig. 1. Tracings showing excitatory and inhibitory actions of opiates and peptides on the electri-
cally stimulated contractions of rat vas deferens. (A) Left, excitation after addition of
(—)-morphine (M) (final dilution, 1 X 10-‘M); center, after (+)-morphine (1 X 10-*M); right, af-
ter substance P (SP) (2.5 x 10~%M). (B) Left, excitation after addition of (+)-naloxone (Nal)
(1 x 10*M) followed by inhibition (no blockade) when S-endorphin (8-E) (1.4 X 10-%M) was
added in its presence; right, excitation after addition of (—)-naloxone (1 X 10~4M); no inhibition
(blockade) followed when S-endorphin (1.4 x 10-°M) was added in its presence. (C) Inhibition
in a vas deferens preexposed to (+)-morphine (1 x 10~*M); 8-endorphin (1.4 x 10-"M) was add-
ed ll; 10, 30, and 60 minutes later. Three minutes after the first three additions, the strips were
washed (w).
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