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AJWTRACT 
The endogenous opioids play a major role in regulation of the 

secretion of hypothalamic LHRH. However, it is not clear whether 
opioids exert a direct effect on LHRH neurons or interfere with other 
neuronal systems impinging on the cells synthesizing LHRH. The 
neuronal LHRH-producing cell line GTl provides a new model to 
evaluate which signals may directly modify LHRH release. In a pre- 
vious paper it has been reported that opioid-binding sites of the &type 
are present in a clone of the GTl cells (GTl-1). In the present study, 
the possible effects of opioids on the release of LHRH were studied in 

GTl-1 cells. The results obtained show that only the addition of opioid 
agonists that bind to &receptors brings about a significant inhibition 
of forskolin- or prostaglandin E,-stimulated LHRH release in GTl-1 
cells. The effect of the 6-opioid agonist [D-Rene,D-Ren5Jenkephalin is 
dose dependent and is reversed by the universal opioid antagonist 
naltrexone and the &specific antagonist naltrindole. No effect of opi- 
oid agonists or antagonists was observed in unstimulated cells. These 
results suggest that opioids may control the release of LHRH also, 
acting directly on LHRH-producing neurons. (Endocrinology 136: 
5177-5181,1995) 

T HE SECRETION of anterior pituitary gonadotropins is 
under the control of the hypothalamic hormone LHRH 

(1,2X The neurons that synthesize LHRH are innervated by 
multiple nervous pathways, which use different neurotrans- 
mitter systems to modify LHRH release and, consequently, 
to modulate gonadotropin secretion (2, 3). The study of the 
neurons that synthesize LHRH is made difficult by the pe- 
culiar anatomy of the LHRH system, which is composed of 
only a few hundred neurons scattered throughout the hy- 
pothalamic area. A promising tool for investigation of the 
direct effects of the different neurotransmitters, feedback 
signals, etc. on LHRH release became available recently when 
an immortalized line of LHRH-producing neurons (the GTl 
cells) was developed (4-6). Recently, the receptors for sev- 
eral families of neurotransmitters known to modify LHRH 
secretion [e.g. those for norepinephrine (71, dopamine (8), 
y-aminobutyric acid (91, excitatory amino acids (10, 111, en- 
dothelin (12), etc.] have been identified on GTl cells. The 
stimulator-y or inhibitory activity of the corresponding ago- 
nists on LHRH secretion has also been documented (7-9,11, 
12). 

Among the transmitters involved in the control of LHRH 
release, the endogenous opioid peptides (Met- and Leu-en- 
kephalin, dynorphin, /3-endorphin, etc.) play a relevant role 
(1, 2, 13-15). Opioid agonists (e.g. morphine) have been 
shown to inhibit gonadotropin release, whereas opioid an- 
tagonists (e.g. naloxone) stimulate LH output (2,16,17). Little 
is known about the site where opioids act to modulate go- 
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nadotropin secretion. The majority of the in viva studies 
available support the view that the effects exerted by the 
opioids on the LHRH-secreting system might be indirect, via 
interaction with neuronal systems that impinge on LHRH 
neurons and influence LHRH secretion through the release 
of their specific neurotransmitters (2). Because of the prob- 
lems mentioned above, there is no clear-cut evidence of a 
direct effect of natural or synthetic opioids on LHRH-pro- 
ducing neurons. 

In a preceding paper, Maggi et al. (18) demonstrated that 
opioid-binding sites of the &type are present in intact GTl-1 
cells as well as their membrane preparations. These receptors 
appear to be functional, as treatment of GTI-1 cells with the 
specific &opioid agonist [o-Een*,o-Een5]enkephalin (DP- 
DPE) inhibits the intracellular accumulation of CAMP (18). 
An obvious question arising from these results is whether 
s-agonists might also influence the release of LHRH. To this 
purpose, GTl-1 cells were exposed to different opioid ago- 
nists or antagonists both under basal conditions and during 
exposure to stimuli [forskolin (FSK) and prostaglandins 
(PGs)l known to release LHRH from this cell line (12,191, and 
the accumulation of LHRH in the culture medium was mea- 
sured. The experiments under stimulated conditions were 
performed because data showed that opioids mainly exert an 
inhibitory effect on LHRH secretion. Even if the binding 
studies cited above (18) indicated the presence of &binding 
sites only on GTl-1 cells, we believed it important to also 
investigate the effects of agonists and antagonists that bind 
to the other major subclasses of opioid-binding sites (CL and 
d (20). 

Materials and Methods 

Cell cultures 

GTl-1 cells, generously provided by Dr. R. I. Weiner (San Fran- 
cisco, CA) through Dr. B. Marchetti (Catania, Italy) were routinely 
grown in monolayer at 37 C in a humidified COz incubator in Dulbecco’s 
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Minimum Essential Medium (DMEM) containing 1 mM sodium pyru- 
vate, 100 pg/ml streptomycin, 100 U/ml penicillin, and 10 mg/liter 
phenol red (Biochrom, Berlin, Germany) and supplemented with 10% 
fetal calf serum (GIBCO, Grand Island, NY). The medium was replaced 
at 2-day intervals. Subconfluent cells were routinely harvested by 
trypsinization and seeded in 57-m? dishes (1 X lo6 cells) for propaga- 
tion. For the experiments, GTI-1 cells, within 6 passages, were plated 
in 24-well plates (0.5 X lo6 cells/cm’) and used after 5 days of culture. 

Chemicals 

In-Ala*,N-Me-Phe*,Glys-ol]Enkephalin (DAGO), DPDPE, lo-Ala’,o- 
Leu5]enkephalin (DADLE), naltrexone, naltrindole, FSK, I’GE,, and 
PGE, were obtained from Sigma Chemical Co. (St. Louis, MO); fruns- 
(~)-3,4-dichloro-N-methyl-N-[2-(l-pyrroliden-acet- 
amide methane sulfonate (U-50488H) was kindly provided by Upjohn 
Co. (Kalamazoo, MI). 

Experimental procedures 

GTl-1 cells were washed with 1 ml DMEM (warmed at 37 Cl and, 
when not otherwise specified, incubated for 30 min in DMEM containing 
the substances to be tested. At the end of the incubation period, the 
medium was collected and centrifuged for 5 min at 12,000 rpm, and the 
supematant was stored at -70 C until the LHRH RIA. The cells re- 
maining in the culture wells were collected in 0.2 N NaOH and assayed 
for protein content using a microassay (21) with human serum albumin 
as a standard. No variations in total protein per well were detected in 
the experimental groups (data not shown). 

LHRH RIA 

The LHRH content of culture media was determined by RIA using a 
commercial antibody (code L-8391, Sigma) and iodinated LHFU-I (Am- 
ersham, Milan, Italy). Synthetic LHRI-I (NovaBiochem, Laufefingen, 
Switzerland) was used as standard. All samples from the same exper- 
iment were run in duplicate in the same assay. Inter- and intraassay 
variations were 9.4% and 6.6%, respectively. The sensitivity of the assay 
was 3.9 pg/ml. 

Statistical analysis 

The results were analyzed by analysis of variance and adequate 
post-hoc tests (Student’s t test and Dunnett’s test). The dose-response 
curves were analyzed by means of a Macintosh version of the program 
ALLFIT (22) kindly provided by Dr. V. Guardabasso (Cyanamid, Catania, 
Italy). 

Results 

In a series of preliminary experiments, it was found that 
30-min treatment of GTl-1 cells with 1-PM concentrations of 
opioid agonists that selectively bind to the p-receptor 
(DAGO), the &receptor (DPDPE), or the K-receptor 
(U50488Hl did not affect the basal release of LHRH in the 
medium (Table 1). Treatment of GTl-1 cells with the uni- 
versal opioid antagonist naltrexone was also unable to mod- 
ify the levels of LHRH measured in the culture medium 
(Table 1). In a subsequent series of experiments, GTl-1 cells 
were exposed to FSK (a potent activator of adenylyl cyclase), 
PGE,, or PGE, to increase LHRH output. GTl-1 cells treated 
with FSK show a dose- and time-dependent increase in the 
accumulation of LHRH in the culture medium (Fig. 1). To 
further study the effects of the opioids, it was decided to use 
a submaximal stimulation of LHRH secretion, i.e. a 5-PM 
concentration of FSK and a 30-min incubation time. 

The effects of simultaneous treatment of GTl-1 cells with 

TABLE 1. Effects of several opioid agonists and the opioid 
antagonist naltrexone on basal release of LI-IRH from GTl-1 cells 

Treatment LHRH (pg/well) 

Control 91.5 2 5.4 
DAGO 95.4 k 6.3 
DPDPE 81.8 5 5.3 
U50488H 94.3 t 7.2 
Naltrexone 102.4 -c 7.8 

Cells were incubated with different opioid agonists (1 m) that 
selectively bind to respectively the p-receptor (DAGO), Greceptor 
(DPDPE), and x-receptor (U50488H) or with the opioid antagonist 
naltrexone. Data represent the mean + SEM of sextuplicate samples. 

30 min incubation * 

FSK concentrations 

0 15 30 60 120 
(Control) 

Time (min) 

FIG. 1. Dose- and time-related effect of FSK on the release of LHRH 
from GTl-1 cells. Data represent the mean ? SEM of sextuplicate 
samples. *, P < 0.05 us. control. 

FSK and several opioid agonists (in 1-11~ concentrations) are 
presented in Fig. 2. It was evident that the specific Gopioid 
agonist DPDPE was able to significantly decrease (36%) the 
LHRH stimulatory effect exerted by FSK. Also, DADLE (a 
&agonist with some intrinsic p-activity) inhibited FSK-stim- 
ulated LHRH release. On the contrary, morphine, the specific 
p-agonist DAGO, and the specific K-agonist U50488H were 
devoid of any significant effect on FSK-induced LHRH re- 
lease (Fig. 2). The inhibitory effect of DPDPE on FSK-stim- 
ulated GTl-1 cells was further investigated using different 
concentrations of the opioid agonist ranging from 0.1 nM to 
1 PM. The results obtained may be described by a dose- 
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FIG. 2. Effects of opioid agonists on FSK-stimulated secretion of 
LHRH from GTl-1 cells. Cells were cultured with FSK (5 pM) alone 
(CONTROL) or in combination with 1 pM ofthe different opioids. Data 
represent the mean k SEM of sextuplicate samples. *, P < 0.05 us. 
control. 
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FIG. 3. Dose-response curve of DPDPE on the FSK-stimulated re- 
lease of LHRH from GTl-1 cells. Cells were incubated with FSK (5 
/.LM) in combination with graded concentrations of the opioid agonist. 
The IC,, value was determined by ALLFIT analysis. 

response curve showing an IC,, value of 17 nM and a slope 
close to unity (Fig. 3). 

Figure 4 shows that treatment of GTI-1 cells for 30 min 
with either the universal opioid antagonist naltrexone or the 
specific &antagonist naltrindole did not alter FSK-stimulated 
LHRH secretion. However, both antagonists fully eliminated 
the inhibitory effect on LHRH secretion exerted by the sag- 
onist DPDPE (Fig. 4). 

The effect of DPDPE was also tested on the LHRH release 
from GTl-1 cells induced by PGs. Table 2 shows that both 
PGE, and PGE, induced a sustained release of LHRH by 
GTI-1 cells. DPDPE was able to induce a 20-25% decrease 
in LHRH release induced by either PGE, or PGE, (Table 2). 

Discussion 

The present study shows that DPDPE, an agonist selective 
for the &subclass of opioid receptors, inhibits the secretion 
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FIG. 4. Effects of the &opioid agonist DPDPE and the opioid antag- 
onists naltrexone (NTX) and naltrindole (NTD) on FSK-stimulated 
secretion of LHRH from GTl-1 cells. Cells were cultured with FSK 
(5 j.bM) alone (CONTROL) or in combination with 1 m of the opioid 
antagonists and the opioid agonist DPDPE. Data represent the mean 
5 SEM of sextuplicate samples. *, P < 0.05 us. control. 

TABLE 2. Effects of DPDPE on the PGE,- and PGE,-stimulated 
release of LHRH from GTl-1 cells 

Treatment LHRH (p&vell) 

Control 91.6 5 7.0 
PGE, 220.8 ? 17.9” 
PGE, + DPDPE 175.9 rf: 16.6b 
PGE, 252.8 2 26.8” 
PGE, + DPDPE 167.2 IT 13.5’ 

Cells were incubated with PGE, (10 pM) or PGE, (1 pM) alone or 
in combination with DPDPE (1 PM). Data represent the mean 2 SEM 
of sextuplicate samples. 

a P < 0.05 us. control. 
bP < 0.05 us. PGE,. 
"P < 0.05 us. PGE,. 

of LHRH from GTI-1 neuronal cells when these are stimu- 
lated by FSK or PGs (PGE, and PGE,). The effect is dose 
related and appears to be due to a specific receptorial mech- 
anism, as it was eliminated by simultaneous treatment with 
either the universal antagonist naltrexone or the specific &re- 
ceptor antagonist naltrindole. These antagonists given alone 
did not exert any effect on LHRH-stimulated release. An 
inhibitory effect on LHRH release was also obtained when 
DADLE (a mixed G/p-agonist) (23) was added to the FSK- 
stimulated GTl-1 cells; in the authors’ opinion, this effect is 
due to the interaction of this enkephalin analog with &re- 
ceptors, as these are the only ones present on GTl-1 cells (18); 
this assumption is reinforced by the fact that morphine, the 
specific p-receptor agonist DAGO, and the specific K-agonist 
U50488H are ineffective in stimulated conditions. 

It is interesting to note that none of the opioid agonists 
(DAGO, DPDPE, DADLE, and U50488H) or antagonists (nal- 
trindole and naltrexone) tested was able to modify LHRH 
release from GTI-1 cells in the absence of LHRH-activating 
stimuli (e.g. FSK and PGs); this observation underlines the 
fact that the effect of opioids in GTI-1 cells is predominantly 
inhibitory, and that the inhibitory effect exerted by opioids 
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on LHRH secretion in vim (16,24) is in reality due to the fact 
that opioids eliminate stimulatory inputs impinging on hy- 
pothalamic LHRH-producing neurons (2). In addition, the 
lack of effect of the opioid antagonists in GTl-1 cells, when 
given alone, suggests that endogenous opioids are not syn- 
thesized in these cells. 

The inhibition of LHRH secretion from GTl-1 cells in- 
duced by DPDPE is dose dependent and characterized by an 
I&,, (17 nM) very close to their K, value (14.5 nM) in com- 
peting for the binding of 13H1diprenorphine to intact GTI-1 
cells (18). 

Interestingly, DPDPE is effective in inhibiting not only the 
PG-induced release of LHRH (the present data) but also the 
accumulation of CAMP induced by these factors (18). These 
results and those reported here showing that DPDPE inhibits 
LHRH release stimulated by the potent adenylyl cyclase 
activator PSK suggest that the inhibitory effect of DPDPE on 
LHRH release from GTl-1 cells is mediated by a classical 
mechanism of action of the opioids, namely the inhibition of 
CAMP formation (20). 

It has been recently reported that &opioid receptors may 
be subdivided into two subclasses, named 6, and S,, on the 
basis of the in viva effects of different putative a-agonists (25, 
26). In fact, 6,-receptors appear to be preferentially activated 
by DPDPE, while &-receptors are specifically stimulated by 
[n-Ala’ldeltorphin II and DSLET (26,271. Consequently, the 
question may be asked whether GTI-1 cells functionally 
possess both subtypes of receptors. The present authors have 
several lines of evidence suggesting that the effects reported 
may be explained by the presence of only the a,-subclass of 
receptors. In fact, the binding experiments previously re- 
ported on GTl-1 cells have shown the existence of a single 
independent class of opioid receptors (18). Displacement 
studies using DPDPE in a wide range of doses (up to those 
that should activate &-receptors) also revealed the interac- 
tion with a single class of sites, with a K, very close to the 
reported affinity of DPDPE on the &-site (28). In line with 
previous observations, in the present experiments the dose- 
response curve of the inhibitory effect exerted by DPDPE on 
LHRH secretion is characterized by a slope not significantly 
different from unity, indicating a simple interaction with a 
single class of binding sites. In addition, DADLE, which 
binds a,- and $-receptors with equal affinity (28), has not 
shown a potency different from that of DPDPE, as would 
have been expected if activation of the two types of receptors 
had occurred (27). 

In a recent report, Nazian et al. (29) showed that a single 
lo-PM concentration of morphine suppresses the LHRH re- 
sponse to isoproterenol and dopamine in perfused GTl-7 
cells; these data underline once more a possible direct in- 
hibitory effect of opioids on LHRH-secreting cells and sug- 
gest that this appears only after stimulation by secreta- 
gogues. In general, these results are in agreement with the 
data reported here. Nevertheless, the study by Nazian et al. 
(29) shows an apparent discrepancy with the results of the 
present study, as it shows an inhibitory effect of morphine (a 
preferential p-agonist), which was not found in the present 
study. It must be noted, first, that Nazian and co-workers (29) 
used an elevated dose of morphine, which may have bound 
not only to the p-receptors but also to &binding sites (23). 

Second, apart from the methodological differences that char- 
acterize the two studies (different clones of cells, static cul- 
ture VS. perfusion experiments, preincubation VS. acute treat- 
ment), Nazian et al. (291, at variance with other reports (181, 
have not characterized the type of opioid receptors present 
on GTl-7 cells. 

More recently, Lagrange et al. (30) reported that the se- 
lective F-agonist DAGO hyperpolarizes some hypothalamic 
LHRH neurons in a direct fashion, suggesting the presence 
of I*.-opioid receptors on these cells. Again, this evidence 
supports a direct role of opioids in the control of LHRH 
secretion, but appears in contrast with the data reported here. 
However, it is clear that Lagrange et al. (30) studied a limited 
number of LHRH neurons; moreover, their experiments 
were performed in guinea pigs, whereas GTl-1 cells are a 
clonal cell population derived from the mouse. Conse- 
quently, the possibility cannot be discarded that Lagrange et 
al. (30) examined a subpopulation of LHRH neurons that 
might also possess p-receptors. 

If one assumes that GTl cells represent a good model for 
the study of LHRH-secreting neurons, the obvious conclu- 
sion from the data reported here is that endogenous opioid 
peptides may influence LHRH secretion by acting directly on 
LHRH-secreting neurons. A second conclusion would be 
that this effect of the opioids is mediated by the S-subclass 
of receptors. Obviously, it must be pointed out that the 
present data do not exclude that opioids might act in viva on 
LHRH release via other mechanisms as well. As mentioned 
in the introduction, a large body of evidence implicates opi- 
oid peptides in the central mechanisms controlling LHRH 
secretion (1,2,13,15-17). The prevailing theory proposes that 
opioid neurons have synaptic contacts with intermediate 
neurons, which, in turn, influence the secretion of LHRH via 
the release of their respective neurotransmitters (2). In con- 
tradistinction with the present data, which show the partic- 
ipation of S-receptors in the control of LHRH release from 
LHRH-producing neurons, a number of data obtained in 
vim, especially in the rat, support the view that opioids affect 
LHRH release mainly through interaction with receptors of 
the p-type (24,311. However, a few studies have also impli- 
cated &receptors (32,33) as well as K-receptors (32) in such 
a mechanism. For instance, Leadem and Yagenova (32) 
showed that &agonists, including DPDPE, when given in- 
traventricularly exert a biphasic effect on LH secretion in 
ovariectomized rats, and Gerozissis et al. (33) reported an 
inhibitory effect of the &agonist DTLET on LHRH secretion 
from isolated rat hypothalamic fragments. 

In conclusion, the data presented here, when analyzed in 
conjunction with the evidence previously available, may al- 
low the hypothesis that the effects of endogenous opioid 
peptides on LHRH secretion consist of two distinct compo- 
nents: the first acting directly on the &receptors present on 
LHRH-synthesizing neurons, and the second acting via in- 
termediate neurons, where opioids probably interact mainly 
with the p-receptor subfamily. 
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