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The experiments reported here add further evidence in support of the view that sex steroids may
influence the binding characteristics of brain opioid receptors. In particular, it has been shown that:
(a) the number of u-opioid receptors varies in the hypothalamus of regularly cycling female rats
according to the different phases of the estrous cycle, which are characterized by fluctuations of
circulating levels of sex steroids; (b) the number of u-opioid receptors decreases in the hypothalamus
and in the corpus striatum when ovariectomized rats are submitted to treatments with estradiol and
progesterone able to induce a “positive” feedback effect on LH release. A treatment with estrogen
alone able to induce a ‘“‘negative” feedback effect on LH release brings about an increase of the
number of u-opioid receptors in the thalamus and in the hippocampus; (c¢) in addition to the
u-receptors, receptors of the delta type may also be involved in the control of gonadotropin
secretion; recent results here presented indicate that a line of immortalized hypothalamic cells (GT1
cells), which synthesize and secrete LHRH, present é opioid receptors on their membranes; these are
apparently involved in the control of LHRH release from these cells.
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INTRODUCTION and more particularly on the circulating levels of sex
steroids (see [2] and [5] for references). The possibility
exists that such variations in the responses of gonado-
tropins to opioid agonists and antagonists are due

to alterations of the binding characteristics of opioid

The regulation of the secretion of pituitary gonado-
tropins is the result of a complex interplay between
the feedback effects of gonadal steroids and the

influence exerted by brain neurotransmitters on the
hypothalamic—pituitary complex [1,2]. A central role
in these phenomena is played by brain opioids, which
mainly exert an inhibitory influence on gonadotropin
secretion {2].

It is known that the different classes of brain opioids
(B-endorphin, enkephalins, dynorphin, etc.) exert
their actions through binding to specific membrane
receptors named respectively u, d, and k [3]. The
receptors of the p type have been believed until recently
to be those playing the major role in the control of
gonadotropin secretion {4]. Some new data reported
below will indicate that opioid receptors of the delta
type are also of importance in gonadotropin regulation.

Many reports suggest that the effects of exogenously
administered opioids, of their agonists and of their
antagonists on gonadotropin secretion depend upon the
endocrine status existing at the time of the experiment,
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receptors induced by the changes in the endocrine
“milieu”.

The present report summarizes the data collected in
this laboratory concerning the modifications induced
by changing blood levels of sex steroids on the binding
characteristics of brain u-opioid receptors in the female
rat. The following issues will be discussed: (a) effect
of estrous cyclicity; (b) effect of different treatments
with gonadal steroids able to induce positive or nega-
tive feedback effects on gonadotropin secretion; and
(¢) in addition, data suggesting a direct opioid control
on LHRH secreting neurons via receptors of the delta
type will be presented.

EFFECT OF ESTROUS CYCLICITY

It has been observed that, in the whole brain
of the female rat, the number of the opioid receptors
of the u type fluctuates during the different phases of
the estrous cycle [6], a phenomenon which may
explain the different magnitude of the effects exerted on
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gonadotropin release by opioid agonists and antagon-
ists in the different phases of the ovulatory cycle (see
[2] and [5] for references). A study has been devoted to
analyze: (1) the concentrations of y-opioid receptors in
the hypothalamus of female rats in the different phases
of the estrous cycle using a specific y-receptor ligand;
and (2) to correlate the possible changes of hypothala-
mic p-opioid receptors to serum profiles of ovarian
steroids and pituitary gonadotropins. To this purpose,
different groups of adult female rats with a regular
4-day estrous cycle have been killed in the morning of
diestrus days 1 and 2 and, at 2 h intervals, during the
days of proestrus and estrus. The hypothalami have
been collected, and the binding characteristics (B,
and Ky) of dihydromorphine (DHM), a specific u
ligand, on p-receptors have been evaluated in plasma
membrane preparations. Serum levels of LLH, estradiol
and progesterone have been measured throughout the
experiment.

The data obtained in this laboratory [7] show that, as
expected from previous findings from this laboratory,
the LH surge took place between 16.00 and 20.00 h
of the day of proestrus with a peak value at 18.00 h.
Estradiol started to rise at 10.00 h of proestrus, reached
the maximal concentration at 12.00 h, and then pre-
sented a plateau lasting up to 18.00 h. By 20.00h
estradiol was again at basal levels. Progesterone began
to rise at 16.00 h of the day of proestrus, peaked at
20.00 h and returned to basal levels by 10.00 h of the
day of estrus (Fig. 1).

In the hypothalamus of female rats with a regular
4-day estrous cycle the binding characteristics of DHM
for u-opioid receptors show important variations
during the different phases of the estrous cycle (Fig. 2).
In general, the data have indicated that the number
of p-opioid receptors is elevated during the days of
diestrus day 2 and of proestrus. On proestrus the
number of p-receptors is maximal at 14.00 h, signifi-
cantly declines at 18.00-20.00 h of the same day, and is
low at 12.00, 14.00 and 18.00 h of the day of estrus; the
lowest levels have been found in the morning of
diestrus day 1. The variations observed during
proestrus took place without any significant modifi-
cations of the affinity of the ligand for u-receptors.

It is interesting to underline that the results here
reported indicate a progressive decline of the number
of hypothalamic u-receptors in the afternoon of
proestrus which coincides with the initiation of the LH
surge. It is possible that the decline of the number
of hypothalamic p-receptors at this time might be
indicative of a diminished opiatergic tone, and that this
might be influential in facilitating the release of LHRH.
It is known that opioid agonists usually inhibit LHRH
and LH release [2]. The authors do not have a clear-cut
explanation for the decline of the number of hypothala-
mic p-receptors during this phase of the estrous cycle.
This might be primitive, or might be secondary to
the increase in the serum levels of estradiol and pro-
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Fig. 1. Serum levels of LH (A) and of estradiol and proges-
terone (B) of adult regularly cycling female rats killed in
different phases of the estrous cycle.

gesterone occurring at this time interval. The latter
interpretation might find support in recent obser-
vations indicating that the number of hypothalamic
p-opioid receptors decreases in ovariectomized estro-
gen-primed rats treated with progesterone according to
protocols able to induce an LH surge (see below; see
also [2] and [8] for references). The pattern reported
here on the density of p-receptors occurring in the
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Fig. 2. Variations of the concentration of u-opioid receptors

in the whole hypothalamus of adult regularly cycling female

rats killed in different phases of the estrous cycle. For refer-

ence, serum levels of LH detected at the same time intervals

are reported (shadowed area). D2 = second day of diestrus;
D1 = first day of diestrus.
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afternoon of proestrus may also explain the decrease,
or the absence, of the effects of opioid agonists and
antagonists during spontaneous or steroid-induced
gonadotropin surges, as reported by several groups (see
[2] and [5] for references). However, the fluctuations
of the number of p-receptors during the day of estrus
seem difficult to be linked to circulating levels of sex
steroids, since these variations were observed in the
presence of uniformly low serum levels of estrogen and
progesterone.

To further clarify this issue a second set of exper-
iments has been performed in order to clarify whether
sex steroids indeed affect the binding character-
istics of p-receptors present in the hypothalamus
and in extrahypothalamic structures not previously
considered.

EFFECT OF DIFFERENT TREATMENTS WITH
GONADAL STEROIDS ABLE TO INDUCE
POSITIVE OR NEGATIVE FEEDBACK
EFFECTS ON GONADOTROPIN SECRETION

The experiments to be reported here have been
planned in order to analyze whether, in castrated
female rats, opioid binding sites of the pu-type are
present not only in the hypothalamus but also in
the extrahypothalamic encephalon, and whether their
density can be affected by experimental changes of
circulating levels of sex steroids. The protocol adopted
has been that of evaluating the binding characteristics
of pu-binding sites in circumscribed brain areas of adult
ovariectomized rats subjected to treatments with estro-
gens and progesterone. Two paradigms have been
employed: (1) a treatment with estrogens plus pro-
gesterone able to induce an increase of gonadotropin
secretion (positive feedback effect); and (2) a treat-
ment with estrogens only able to induce a decrease
of gonadotropin secretion (negative feedback effect).
The areas selected have been: frontal poles, anterior
cerebral cortex, posterior cerebral cortex, corpus stria-
tum, amygdala, hypothalamus, mesencephalon, hippo-
campus, thalamus.

The data obtained in this laboratory [8] first describe
the distribution of the p-opioid binding sites in
different areas of the brain of adult castrated female
rats. It is apparent from Figs 3 and 4 that the number
of u-receptors is consistently high in the frontal poles,
in the anterior cerebral cortex and in the corpus
striatum, tends to decrease in the posterior cerebral
cortex, in the thalamus, in the amygdala and in the
hypothalamus, and presents the lowest values in the
hippocampus and in the mesencephalon. The affinity
of the ligand for the receptors was similar in all the
areas considered. The present data also show that the
treatment of female rats ovariectomized for 3 weeks
with estradiol benzoate (EB) plus progesterone (P),
which induces a positive feedback effect on LH release,
significantly decreases the number of p-binding sites
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Fig. 3. Effect of the treatment with estradiol benzoate

(EB) + progesterone (P) on the binding characteristics of p

opiocid receptors in different brain areas of adult ovari-
ectomized (OVX) rats.

in the hypothalamus and in the corpus striatum (CS)
(Fig. 3). The effect observed at the level of the hypo-
thalamus is in good agreement with recent results
obtained in other laboratories using different exper-
imental protocols and assay methods [9, 10]. If one
assumes that a decrease in the number of opioid
binding sites at the level of a brain structure is an
index of a decrease of the opiatergic tone impinging on
that structure, the findings presented here [8], as
well as those from other laboratories [9, 10], might
suggest that the positive feedback effect exerted by the
estradiol~progesterone treatment on gonadotropin
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Fig. 4. Effect of the treatment with estradiol benzoate (EB) on
the binding characteristics of u-opioid receptors in different
areas of adult ovariectomized (OVX) rats.
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release is linked to a decrease of the inhibitory opiater-
gic tone which usually keeps gonadotropin secretion in
check.

The finding that the EB-P treatment adopted in the
present experiments induces a decrease in the number
of up-binding sites at the level of the CS was not
completely unexpected. Several data show in fact that
many extrahypothalamic structures, including the CS,
may be the target for gonadal hormones (see [11] for a
review). On the other hand, it may be recalled that a
report published some years ago by Carrillo [12]
suggests that the CS may exert a stimulatory role in
the regulation of gonadotropin secretion: according to
this author large lesions of the caudate-putamen com-
plex bring about, in female rats, a significant decrease
of the proestrus LH surge and of the number of ova
shed.

In the present study it has also been shown that
a treatment with EB alone increased the number of
DHM binding sites in the hippocampus and thalamus
(Fig. 4), without modifying the receptorial status of
other brain regions. The observed increase in the
number of u-binding sites in the hippocampus and
thalamus might indicate that an increase of the opiater-
gic inhibitory tone occurs at the level of these areas
under the influence of estrogens. With regard to the
hippocampus, it is known that this structure is a
target for estrogens [13], and that it may exert
an inhibitory influence on gonadotropin release (see
[14] for a review). Consequently, the decrease of
serum levels of LH brought about by the EB treat-
ment might be due, at least in part, to the activation
of opioid systems in this structure. No data are avail-
able on a possible interplay between the thalamus
and the nervous circuitries controlling gonadotropin
secretion. However, it might be of interest to recall
that also thalamic opioid systems are sensitive to circu-
lating levels of gonadal steroids. Wardlaw et al. [15]
have reported that castrated females exposed for 3
weeks to estrogens exhibit a decrease of thalamic
endorphin content. The interaction of steroids and
opioid systems in the thalamus might be relevant for
some somatosensory function not related to endocrine
phenomena.

The lack of effect of estradiol on hypothalamic
u-opioid receptors seems to suggest that a variation in
the density of hypothalamic p-binding sites is not
crucial for the display of the negative feedback effect
induced by estrogen alone; the data suggest, however,
that the opiatergic systems in the hippocampus may
play some role in such a phenomenon.

POSSIBLE DIRECT OPIOID CONTROL ON
LHRH SECRETING NEURONS VIA
RECEPTORS OF THE DELTA TYPE

As mentioned in the Introduction, several studies
have shown that the neurons which synthesize LHRH
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are innervated by multiple neuronal pathways, which
use different neurotransmitter systems. It is via these
pathways that extrahypothalamic structures may
modify LHRH release, and consequently modulate
gonadotropin secretion [2]. The study of the neurons
which synthesize LHRH is made difficult by the
peculiar anatomy of the LHRH system, which is com-
posed only of a few hundreds of neurons scattered
in the hypothalamic area.

A promising tool for the investigation of these inter-
actions became available recently, when an immortal-
ized line of LHRH-producing neurons (the GT1 cell
line) was developed [16]. The three subclones of the
GT1 cells so far obtained (GT1-1, GT1-3, GT1-7)
[16] show the phenotypic characteristics of neuronal
cells, and synthesize and secrete abundant amounts
of LHRH [17]. If one assumes that these cell
lines reflect the biological characteristics of natural
LHRH-svnthesizing neurons, they may be used to
extend our knowledge on the physiology of LHRH
secreting cells. Recently, it has been shown that the
GT1 cells possess the receptors for several families of
neurotransmitters known to modify LHRH secretion,
like those for norepinephrine, dopamine, GABA, excit-
atory amino acids, endothelin, etc. (see [18] for a
review).

It was also felt of interest to verify whether opioid
receptors might be present on GT1 cells. To this
purpose, the possible binding of the non-selective
opioid ligand diprenorphine (DIP) on GT1-1 cells was
first analyzed, using both membrane preparations
and intact cells. Since it is known that opioids exert
their effects through the interaction with at least three
subclasses of specific binding sites (named, respect-
ively, u, 6 and k) (3], it was subsequently attempted
to clarify whether one or more subclasses of opioid
receptors might be present on this LHRH-producing
cell line. -

The results described in the present study provide
the first evidence showing that LHRH-producing
GT1-1 cells express opioid receptors. The non-
selective opioid antagonist diprenorphine (DIP) binds
with high affinity (0.2nM) both to crude cell
membrane preparations as well as to intact GT1-1 cells
(data not shown). The binding affinity of DIP to
GT1-1 cells resulted to be similar to that reported for
this opiate when tested on membrane preparations
obtained from either the rat brain or neuroblastoma
cells [19, 20].

Selective displacement experiments performed with
selective ligands for 6-, k- and p-receptors have
revealed the presence of binding sites of the delta type
only. Indeed, in the membrane preparation studies,
the selective ligand for J-opioid receptors DPDPE
strongly inhibits (>90% at 1 uM dose) the binding
of DIP, which, on the contrary, is not affected by
selective ligands for the u- and x-opioid binding sites
(Fig. 5).
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Fig. 5. Selective inhibition of the specific binding of

[’Hldiprenorphine (0.5nM) by u (DAGO), 6 (DPDPE) and
x (U50488H)-selective ligands. [*H]diprenorphine was incu-
bated with 1 nM (open columns) or 100 nM (shaded columns)
concentration of the specific opioid agonists. Values are
means + SEM of triplicate determinations obtained from
two independent experiments. *P < 0.05 vs [*H]diprenorphine
specific binding in absence of opioid agonists.

In order to investigate whether the é-opioid recep-
tors identified on GT1-1 cells have some functional
significance, the ability of the d-agonist DPDPE to
inhibit the stimulation of cAMP accumulation induced
in GT1-1 cells by the treatment with two known
activators of adenylyl cyclase as PGE, and PGE, [21]
was analyzed.

The results obtained have clearly shown that both
PGs are also strong stimulators of cAMP accumulation
in GT1-1 cells, and that the activation of opioid
o-receptors by DPDPE leads to a significant decrease
of stimulated-cAMP levels (Fig. 6). These data suggest
that the &-receptors present on GT1-1 cells have a
functional role at least on intracellular cAMP activated
pathways. Furthermore, experiments in progress
in this laboratory suggest that J-agonists inhibit the
release of LHRH from GTI1-1 cells induced by
forskolin (R. Maggi, in preparation).

The presence of é-opioid binding sites on the sub-
clone of GT1 cells used in the present experiments is
relevant, especially in the light of the possible role of
these receptors in the control of LHRH release and
expression. As mentioned in the Introduction, a large
body of evidence implicates opioid peptides in the
central mechanisms controlling gonadotropin and
LHRH secretion, mostly acting through p-receptors
[4]. The theory prevailing so far proposes that opioid
neurons have synaptic contacts with intermediate neur-
ons, which in turn influence LHRH neurons via the
local release of their respective neurotransmitters [2].
Data have been collected showing that, in the brain,
opioid agonists may modulate the synthesis, release and
turnover of norepinephrine and dopamine (see [2] for
references). If one assumes that GT'1 cells represent a
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Fig. 6. Inhibition of PGE,- and PGE,-stimulated cAMP
accumulation in GT1-1 cells by the opioid §-agonist DPDPE.
Cells were incubated for 30 min with IBMX (0.5mM) in
serum-free medium; PGE1 (1 uM) or PGE, (10 uM), alone or
with DPDPE (10 uM), were then added for the last 15 min
of culture. Values are means + SEM of quadruplicate deter-
minations obtained from two independent experiments.
*P < 0.05 vs control; **P < 0.05 vs prostaglandin treated cells.

good model for the study of LHRH secreting neurons,
the obvious conclusion from the data reported here is
that endogenous opioid peptides may also 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 §-subclass of
receptors.

Acknowledgements—The studies reported here have been supported
by C.N.R. through the Projects ACRO (contract no. 94.01162PF39),
BtBS (no. 93.01103PF70), Aging (no. 93.00438PF40) and FATMA
(no. 94.00470PF40) and by funds from MURST.

REFERENCES

1. Motta M., Fraschini F. and Martini L..: “Short” feedback
mechanisms in the control of anterior pituitary function. Fronz.
Neuroendocr. 1 (1969) 211-253.

2. Kalra S. P.: Mandatory neuropeptide-steroid signalling for the
preovulatory luteinizing hormone-releasing hormone discharge.
Endocrine Rev. 14 (1993) 507-538.

3. Paterson S. J., Robson L. E. and Kosterlitz H. W.: Classification
of opioid receptors. Br. Med. Bull. 39 (1983) 31-36.

4. Pfeiffer D. G., Pfeiffer A., Shimohigashi Y., Merriam G. R. and
Loriaux D. L.: Predominant involvement of mu- rather than
delta or k-opiate receptors in LH secretion. Peprides 4 (1983)
647-649.

S. Piva F., Maggi R., Limonta P., Motta M. and Martini L.: Effect
of naloxone on luteinizing hormone, follicle stimulating hor-
mone, and prolactin secretion in the different phases of the
estrous cycle. Endocrinology 117 (1985) 766-772.

6. Casulari L. A, Maggi R., Dondi D., Limonta P., Piva F., Motta
M. and Martini L.: Effect of oestrus cyclicity on the number of
brain opioid mu-receptors in the rat. Horm. Metab. Res. 19
(1987) 549-554.

7. Maggi R., Dondi D., Rovati G, E., Martini L., Piva F. and -
Limonta P.: Binding characteristics of hypothalamic mu opioid



348

10.

1.

12.

13.

14.

Flavio Piva er al.

receptors throughout the estrous cycle in the rat. Neuroendocrin -

ology 58 (1993) 366-372.

. Dondi D., Limonta P., Maggi R. and Piva F.: Effects of ovarian

hormones on brain opioid binding sites in castrated female rats.
Am. J. Physiol. 263 (1992) ESO7-E511.

. Jacobson W. and Kalra S. P.: Decreases in mediobasal hypo-

thalamic and preoptic area opioid ([*H]-naloxone) binding are
associated with the progesterone-induced luteinizing hormone
surge. Endocrinology 124 (1989) 199-206.

Weiland N. G. and Wise P. M.: Estrogen and progesterone
regulate opiate receptor density in multiple brain regions. Endo-
crinology 126 (1990) 804-808.

Demotes-Mainard J., Arnauld E. and Vincent J. D.: Estrogens
modulate the responsiveness of in vivo recorded striatal neurons
to iontophoretic application of dopamine in rats: role of D, and
D, receptor activation. §. Neuroendocr. 2 (1990) 825-832.
Carrillo A. J.: Stimulation of the hippocampus and ovulation
in the rat: specific or nonspecific effects. Neuroendocrinology 33
(1981) 223-229.

Koch M. and Ehret G.: Immunocytochemical localization and
quantitation of estrogen-binding cells in the male and female
(virgin, pregnant, lactating) mouse brain. Brain Res. 489 (1989)
101-112.

Carrillo A. J., Rabii J.,, Carrer H. F. and Sawver C. H.:
Modulation of the proestrus surge of luteinizing hormone by
electrochemical stimulation of the amygdala and hippocampus in
the unanesthetized rat. Brain Res. 28 (1977) 81-92,

15

16.

20.

21.

. Wardlaw S. L., Thoron L. and Frantz A. G.: Effects of sex

steroids on brain beta-endorphin. Brain Res. 245 (1982) 327-331.

Mellon P. L., Windle J. J., Goldsmith P. C., Padula C. A,,

Roberts J. L. and Weiner R. I.: Immortalization of hypothalamic

GnRH neurons by genetically targeted tumorigenesis. Neuron S

(1990) 1-10.

. Weiner R. J., Wetsel W., Goldsmith P., Martinez de la Escalera
G., Windle J., Padula C., Choi A., Negro-Vilar A. and Mellon
P.: Gonadotropin-releasing hormone neuronal cell lines. Fron:.
Neuroendocr. 13 (1992) 95-119.

. Stojilkovic S. S., Krsmanovic L. Z., Spergel D. L. and Catt
K. J.: Gonadotropin-releasing hormone neurons. Intrinsic
pulsatility and receptor-mediated regulation. Trends Endocr.
Metab. 5 (1994) 201-209.

. Magnan J., Paterson, S., Tavani A. and Kosterlitz H.: The

binding spectrum of narcotic analgesic drugs with different

agonist and antagonist properties. Naunyn-Schmiedeberg’s Arch.

Pharmakol. 319 (1982) 197-205.

Cone R. I., Lameth J. and Sadee W.: Rapid agonist-induced

loss of **I-beta-endorphin opioid receptor sites in NG 108-15,

but not SK-N-SH neuroblastoma cells. Life Sci. 49 (1991)

PL147-PL152.

Yu C. V., Hochhaus G., Chang F-S., Richards M. L., Bourne

H. R. and Sadee W.: Differentiation of human neuroblastoma

cells: marked potentiation of prostaglandinE-stimulated accumu-

lation of cyclic AMP by retinoic acid. J. Neurochem. 51 (1988)

1892-1899.



