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Abstract. This study was designed to test the hypothesis that melatonin
would intensify daily LH release after central blockade of the opiate receptors
in sexually active ewes. The intracerebroventricular infusions of vehicle
(control), melatonin, naloxone and melatonin in combination with naloxone
were made in ewes in the luteal phase of the estrous cycle, from 2:00 P.M. to
5:00 P.M. Blood samples were collected from 11:00 A.M. to 8:00 P.M. at 10-min
intervals. The mean plasma LH concentrations were measured before, during
and after the infusions. The frequency and amplitude of LH pulses were
determined during the whole experimental period. The LH concentrations
recorded during melatonin or naloxone infusions were significantly higher
than the concomitant concentration in vehicle-infused animals. The mean LH
pulse amplitude in melatonin- and naloxone-treated ewes was also
significantly higher than in controls. The LH concentration measured during
the combined infusion of melatonin and naloxone was significantly higher
than that during vehicle infusion. The LH concentration recorded in turn after
the treatment was significantly higher than the concomitant concentrations in
vehicle-, melatonin- and naloxone-infused animals. The mean LH pulse
amplitude in this group was significantly higher than in the vehicle-infused
group. These results indicate that blockade of the opiate receptors within the
CNS facilitated effective stimulation of daily LH secretion by exogenous
melatonin. In conclusion, a relationship between melatonin and endogenous
opioid peptides may be crucial in enabling melatonin to exhibit stimulatory
action on LH secretion during the luteal phase of the estrous cycle in ewes.
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INTRODUCTION

Melatonin, N-acetyl-5-methoxytryptamine, is a hor-
mone synthesized in the pineal gland and released in a
precise diurnal pattern with low levels during the day
(light hours) and high during the night time (dark period).
The duration and magnitude of melatonin secretion is di-
rectly related to the length of the darkness period thus, its
fundamental function is the transduction of photo-
periodic information either to the central nervous system
or other tissues of the organism (Reiter 1991). For years,
melatonin has been associated with the reproductive ac-
tivity of seasonal animal species (Goldman 1999, Lin-
coln 1991). In sheep, changes in melatonin secretion
constitute a signal to the neural structures controlling the
secretion of gonadotropins from the pituitary gland that a
long duration is stimulatory and a short duration is inhibi-
tory (Lincoln 1991). Melatonin can induce an early
ovulatory period when given to ewes at a suitable time
during anestrus (Arendt et al. 1983, Bittman et al. 1983).
Activation of the gonadotropic system in anestrous ewes,
leading to the onset of estrus, requires, however, several
weeks of exposure to melatonin, i.e., in implants (Viguie
et al. 1995). In the last decade it has been shown that the
action of melatonin on reproductive function in sheep
takes place in the premammillary hypothalamic area
(PMH) (Malpaux et al. 1998).

We have recently demonstrated that melatonin can
also modulate the daily rhythm of LH secretion, follow-
ing its direct, short-term infusion into the central ner-
vous system (Misztal et al. 2002). However, the
response of this gonadotropin to melatonin is related to
the animal’s reproductive stage. In our previous study,
an infusion of melatonin for 4 hours into the third brain
ventricle of sexually active ewes induced a brief in-
crease in the secretion of LH comprised of several LH
pulses of enhanced amplitude during the time of the
treatment (Misztal et al. 2002). In contrast, a similar,
short-term infusion of melatonin into the third ventricle
or into the medial basal hypothalamus (MBH) was not
effective in stimulating GnRH or LH secretion in
anestrous ewes (Romanowicz et al. 2001). Since
melatonin receptors have not been found in the ewe’s
GnRH-LH system, this response of LH related to the
season could result from melatonin’s relationship to
other neurotransmitter networks that are involved in the
regulation of GnRH/LH secretion throughout the year.

The seasonal interactions between the different hy-
pothalamic neurotransmitter networks, which mediate

gonadal steroid feedback on the GnRH-LH axis, deter-
mine the course of the reproductive cycle in sheep
(Gallegos-Sanchez et al. 1998, Tortonese 1999). It has
been shown that the activity of endogenous opioid pep-
tides (EOP) dominates during the breeding season and
that administration of naloxone, an EOP antagonist,
markedly stimulated pulsatile LH secretion in sexually
active ewes and rams (Brooks et al. 1986, Meyer and
Goodman 1985, Whisnant et al. 1991). Moreover, the
LH elevation in response to naloxone was greater in
sheep during the luteal than follicular phase of the
estrous cycle (Brooks et al. 1986). Whisnant and coau-
thors (1991) demonstrated, in turn, multiple sites within
the hypothalamus of the ewe where EOP could inhibit
LH secretion and suggested that these different sites
regulated different aspects of pulsatile LH secretion,
that is LH pulse amplitude and frequency, during the
follicular and luteal phases of the cycle. There is much
evidence that primarily �-endorphin (�-END) tonically
inhibits GnRH/LH secretion (Goodman 1994), how-
ever, the more recent reports indicate for dynorphin
(DYN) as a major EOP mediating progesterone
negative feedback on GnRH neurons in luteal-phase
sheep (Foradori et al. 2002, Goodman et al. 2004).

Taking into account the somewhat weak properties
of melatonin in modulating daily LH secretion in ewes
(Misztal et al. 2002) and the involvement of EOP in the
regulation of gonadotropic axis activity during the
breeding season (Brooks et al. 1986, Foradori et al.
2002, Goodman et al. 2004, Meyer and Goodman
1985, Whisnant et al. 1991), the aim of the present
study was to test a hypothesis that exclusion of the in-
hibitory opioid tone would facilitate the stimulation of
LH by melatonin. In our experimental model, ewes in
the luteal phase of the estrous cycle were subjected to a
3-hour infusion of melatonin into the third brain ven-
tricle in the conditions of opiate receptors blockade by
naloxone.

METHODS

Animals, management and experimental

procedure

The experimental procedures were approved by the
Local Ethics Committee, according to the Polish Guide
of Care and Use of Animals (August 21, 1997). Fifteen
adult Blackface ewes were used in the experiment. They
were maintained indoors under natural lighting condi-
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tions (52°N, 21°E) and fed a constant diet of commercial
concentrates, with hay and water available ad libitum.

Stainless steel guide cannulae (1.2 mm OD) were im-
planted into the third ventricle of the brain under general
anesthesia, following the stereotaxic procedure de-
scribed by Traczyk and Przekop (1963). The guide can-
nula was fixed to the skull with stainless steel screws
and dental cement. The external opening to the canal
was closed with a stainless steel cap. The placement of
the guide cannula was confirmed by the outflow of a
small amount of cerebro-spinal fluid during the surgery
and after slaughtering by the infusion of a small volume
of blue ink.

The course of the estrous cycle was followed in all
ewes by exposure to a vasectomized ram. Estrous be-
havior (acceptance of a ram and mounting by a ram) was
used as a determinant of the GnRH/LH surge (Goodman
1994). Additionally, plasma progesterone concentra-
tion was measured every third day. The obtained data
were recorded as a graph, individually for each ewe. The
course of each curve obtained allowed proper determi-
nation of the days of the individual estrous cycle. In
follicular-phase ewes, the concentration of progester-
one was close to 0, and during the luteal phase, proges-
terone values between 2 and 4 ng/ml were recorded. At
least two estrous cycles were completed in every ewe
before the start of the experiment.

The experiment was performed during a period of de-
creasing day length, from October to the end of Decem-
ber, corresponding in this breed to high sexual activity.
Ewes in the luteal phase of the estrous cycle (day 9–10)
were infused intracerebroventricularly (i.c.v.) with the
vehicle (VEH, control group, n=5), melatonin (MEL,
100 �g/100 �l/h, total 300 �g, n=5) or naloxone (NAL,
100 �g/100 �l/h, total 300 �g, n=5). Five randomly se-
lected ewes were infused with melatonin in combination
with naloxone (MEL+NAL) during consecutive cycles.
The infusions were performed in the afternoon from
2:00 P.M. to 5:00 P.M., therefore, they started at least 2–3 h
before sunset. Blood samples were collected from
11:00 A.M. to 8:00 P.M. at 10-min intervals, through a
catheter inserted into the jugular vein a day before the
experiment. After centrifugation in heparinized tubes,
plasma was stored at -20�C until LH assay.

The drugs, MEL and NAL (EOP antagonist), were
purchased from Sigma-Aldrich Co. Ltd. MEL was dis-
solved in ethanol and stored at -20�C as a stock solution
(50 mg/500�l) for no longer than 3 days. Immediately be-
fore the infusion it was dissolved in saline. A similar solu-

tion, without MEL, was prepared as the control vehicle.
NAL was dissolved in saline on the day of infusion. All
infusions were done with calibrated 1.0-ml gas-tight sy-
ringes and a BAS Bee� microinjection pump (Bio-
analytical Systems Inc., USA). During the experiment
the ewes were kept in comfortable cages where they
could lie down and had unrestrained access to hay.

Analytical techniques

The plasma LH concentration was assayed by a
radioimmunoassay (RIA) double-antibody method
(Stupnicki and Madej 1976), using antiovine-LH and
antirabbit-gammaglobulin antisera and bovine LH
standard (NIH-LH-B6). The assay sensitivity was
0.3 ng/ml, and the intra- and interassay coefficients of
variation were 8.2 and 12.5%, respectively.

Progesterone concentration, used to monitor the
estrous cycle, was assayed by a direct RIA method, rou-
tinely used in our laboratory (Stupnicki and Kula 1982),
with a sensitivity of 6.2 pg/sample.

Statistics

Plasma LH concentrations and the parameters of
pulsatile LH secretion (pulse frequency and amplitude)
are expressed as a mean ± SEM. The effects of the treat-
ments on LH concentrations were analyzed by one-way
analysis of variance followed by the RIR Tukey test
(STATISTICA

TM
). The number and amplitude of LH

pulses were determined by the PC-PULSAR computer
program according to the method of Merriam and
Wachter (1982) with G parameters: G1 = 3.98;
G2 = 2.40; G3 = 1.68; G4 = 1.24 and G5 = 0.93. Analysis
was performed individually for every ewe and included
the entire sampling period. The frequency of LH pulses
was defined as the number of identified pulses per col-
lecting period. The significance of differences in the fre-
quency and amplitude of LH pulses between groups was
assayed by the nonparametric Mann-Whitney and
ANOVA rank Kruskal-Wallis tests, respectively
(STATISTICA

TM
).

RESULTS

In the VEH-infused group, LH secretion increased
gradually from the morning to the evening hours,
6.71 ± 0.08, 6.97 ± 0.09 and 7.26 ± 0.13 ng/ml (± SEM),
before, during and after the infusion, respectively (Fig. 1).
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The mean plasma LH concentration measured after the
infusion was significantly higher than that before
(P<0.01). The mean frequency and amplitude of LH
pulses during the collecting period was 4.0 ± 0.55
pulses/9 h and 1.21 ± 0.15 ng/ml, respectively.

In the MEL-treated group, mean LH concentrations
measured before, during and after the infusion were
7.11 ± 0.10, 7.46 ± 0.10 and 7.19 ± 0.09 ng/ml, respec-
tively (Fig. 1). The LH concentration recorded during
MEL infusion was significantly (P<0.05) higher than
that before. There was a significant (P<0.05) difference
also between the LH concentrations measured during
MEL and VEH infusion. The mean frequency and am-
plitude of LH pulses recorded during the collecting pe-
riod was 5.2 ± 1.24 pulses/9 h and 1.60 ± 0.13 ng/ml,
respectively. The LH pulse amplitude was significantly
(P<0.05) higher in this group, compared to the VEH-in-
fused group, showing a marked increase during MEL
infusion.

In the NAL-treated group, the mean LH concentra-
tions measured before, during and after the infusion
were 6.97 ± 0.11, 7.50 ± 0.15 and 7.11 ± 0.12 ng/ml, re-
spectively (Fig. 1). The LH concentration recorded dur-
ing NAL infusion was significantly (P<0.01) higher
than that before. The LH concentration measured during
NAL infusion was also significantly (P<0.01) higher
than that during VEH infusion. The mean frequency and
amplitude of LH pulses recorded in the NAL-treated
group during the collecting period was 6.00 ± 0.84
pulses/9 h and 1.92 ± 0.16 ng/ml, respectively. While
the LH pulse amplitude was significantly (P<0.01)
higher in this group than in the VEH-infused one, the
LH pulse frequency showed only a tendency to increase
(P<0.07).

In the MEL+NAL-treated group, the mean LH con-
centrations measured before, during and after the infu-
sion were 6.74 ± 0.11, 7.81 ± 0.14 and 8.34 ± 0.17
ng/ml, respectively (Fig. 1). The LH concentration re-

Fig. 1. Mean (± SEM) plasma LH concentrations in ewes (n=5) before, during and after intracerebroventricular infusions of a
vehicle (control), melatonin, naloxone and melatonin in combination with naloxone from 2:00 P.M. to 5:00 P.M. (*P<0.05,
**P<0.01, ***P<0.001). See the text for additional statistical analysis.
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corded during MEL+NAL infusion was significantly
(P<0.001) higher than that before. The secretion of LH
subsequently continued to increase and the concentra-
tion measured after MEL+NAL treatment was signifi-
cantly higher than both before (P<0.001) and during
(P<0.05) the infusion. In addition, the LH concentration
measured during MEL+NAL infusion was significantly
(P<0.001) higher than that during VEH infusion. The
LH concentration recorded in turn after MEL+NAL
treatment was significantly (P<0.001) higher than the
concomitant concentrations in VEH-, MEL- and
NAL-infused animals. The mean frequency and ampli-
tude of LH pulses recorded in the MEL+NAL group
during the collecting period was 5.4 ± 0.81 pulses/9 h
and 1.81 ± 0.17 ng/ml, respectively. The LH pulse am-
plitude in this group was significantly (P<0.01) higher
than in the VEH-infused group, showing a marked in-
crease during and after MEL+NAL infusion. Represen-
tative patterns of LH secretion in individual animals
from all groups are shown in Figures 2 and 3.

DISCUSSION

The presented results reveal a complex relationship
between melatonin and the opioidergic system in the
modulation of daily LH secretion in ewes during the
luteal phase of the estrous cycle. While melatonin and
naloxone alone evoked a temporal enhancement in LH
secretion, treatment with these drugs in combination
evoked the durable stimulation of this gonadotropin.
Such an effective action of melatonin on daily LH secre-
tion in sheep, after the exclusion of opioidergic input,
has been demonstrated here for the first time.

Our results confirm that the daily changes in LH se-
cretion, with a marked increase in the concentration dur-
ing the evening hours, occur in luteal-phase ewes and
that intracerebroventricular infusion of exogenous
melatonin is able to stimulate daily LH secretion in
these ewes (Misztal et al. 2002). In this experiment
melatonin induced several LH pulses of increased am-
plitude, which confirmed also the hypothesis that the

Fig. 2. Representative patterns of LH secretion in two ewes in-
fused with a vehicle (control) and in two ewes infused with
melatonin (100 �g/100 �l/h) from 2:00 P.M. to 5:00 P.M. Black
and white arrows indicate statistically significant pulses.

Fig. 3. Representative patterns of LH secretion in two ewes
infused with naloxone (100 �g/100 �l/h) and in two ewes in-
fused with melatonin in combination with naloxone (100 �g
+ 100 �g/100 �l/h) from 2:00 P.M. to 5:00 P.M. Black and white
arrows indicate statistically significant pulses.
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stimulatory properties of melatonin on daily LH secre-
tion were maintained only during the time of treatment
(Misztal et al. 2002). The precise mechanism of this ac-
tion of melatonin is not clear at present. In the sheep, a
high density of membrane-bound melatonin receptors
has been found in the pars tuberalis (PT) of the pituitary
gland (Morgan et al. 1994) as well in the PMH (Malpaux
et al. 1998); both express the Mel-1a melatonin receptor
subtype, also known as MT1 (Barrett et al. 1997,
Migaud et al. 2005). The PMH is an important target for
melatonin in regulating the seasonal reproductive activ-
ity in ewes (Malpaux et al. 1998). The principal effect of
melatonin on PT cells is an inhibition of the adenylate
cyclase enzyme to reduce the intracellular levels of cy-
clic adenosine 3’,5’-monophosphate (cAMP) and in-
hibit cellular processes regulated by this second
messenger (Morgan et al. 1992, 1994, 1996). It was
shown that in sheep PT secretes LH and that this secre-
tion is enhanced in response to GnRH (Skinner and
Robinson 1997). Importantly, melatonin attenuated the
GnRH-induced increase in LH secretion from the ovine
PT, but not from the gonadotrophs of the pars distalis
(PD) (Skinner and Robinson 1997). The subpopulation
of gonadotrophs in the PT is probably too small to have
a noticeable effect on circulating LH concentration. It is
possible, however, that in some physiological stages,
“melatonin-sensitive” LH, secreted by the PT, may act
back on the brain to influence the reproductive neuro-
endocrine axis via a short-loop feedback system. Al-
though long-acting melatonin micro-implants placed in
the PT did not affect the seasonal LH cycle (Malpaux et
al. 1995), it is reasonable to suggest that melatonin may
affect the circadian rhythm of this gonadotropin by
modulating LH release from the PT. Thus, the
short-term inhibition of the PT signal by infused
melatonin would induce the LH release from the PD
gonadotrophs. The observed increase in LH release
could represent a phase-shifted rise in LH secretion as
was found in cycling ewes after sunset when melatonin
secretion increased (Currie et al. 1993, Misztal et al.
2002). The slight decrease in plasma LH concentration
observed in turn after melatonin infusion may reflect the
restored PT signal, i.e., following desensitization to
melatonin. It has been reported that the total number of
melatonin receptors in the ovine PT cell membrane may
be reduced following exposure to melatonin (Hazlerigg
et al. 1993). It is noteworthy that plasma melatonin con-
centration, monitored during i.c.v. infusion of this hor-
mone during the previous study (Misztal et al. 1997),

was 3- to 4-fold higher than that during the winter night
(Misztal et al. 1996a). The other possibility is that
melatonin attenuates the action of any inhibitory system
within the hypothalamus, whose activity renews after
hormone administration.

The inhibitory tone of the opioidergic system domi-
nates during the breeding season in sheep and the
stimulatory effect of EOP antagonists on GnRH/LH se-
cretion has been widely described (Brooks et al. 1986,
Meyer and Goodman 1985, Whisnant et al. 1991). In
our experiment, naloxone enhanced primarily the am-
plitude of LH pulses. According to Whisnant and coau-
thors (1991), during the luteal phase, when progesterone
is the dominant inhibitory steroid, WIN 44,441-3 (an
EOP antagonist with receptor-binding profiles similar
to naloxone) administration to both the preoptic area
(POA) and MBH increased LH pulse frequency. The
lack of significant differences in the frequency of LH
pulses in our study may result from the high individual
variability and/or a too small number of animals within
groups. On the other hand, studies on the pattern of
GnRH release into the hypophyseal portal blood of
ovariectomized (OVX) and estradiol-treated OVX ewes
showed that naloxone increased GnRH pulse amplitude
and also prolonged the duration of GnRH release during
pulse that may render into a shape of LH pulses (Good-
man et al. 1995).

Evidence from published studies supports primarily a
role for �-END in transmitting information about the
steroidal milieu to GnRH neurons (Goodman 1994). In
sheep, the pituitary gland is the main source of �-END
(Ebling et al. 1987, Smith and Funder 1988) and the ex-
istence of counter current transfer of �-END from the
hypophyseal venous blood to the arterial blood supply-
ing the brain was reported (Krzymowski et al. 1992,
Skipor et al. 1997). Moreover, it was demonstrated that
counter current transfer of �-END in ewes took place
during the luteal phase of the estrous cycle (Skipor et al.
1997). The subsequent hypothalamic source of EOP in
ewes is located in the arcuate nucleus and around the
mammillary recess of the third ventricle (Whisnant et al.
1992). Immunocytochemical evidence has shown that
�-END-containing processes are found in the ME, thus
providing opportunities for synaptic interactions with
GnRH neuronal terminals in this species (Conover et al.
1993). Recent evidence indicates in turn that a major
role in mediating progesterone negative feedback on
GnRH neurons in luteal-phase sheep may play the other
EOP, dynorphin (DYN), acting through the � opioid re-
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ceptor (Foradori et al. 2002, Goodman et al. 2004). It
has been shown that almost all GnRH neurons in the
MBH of the sheep brain receive synaptic inputs from
DYN-containing terminals (Goodman et al. 1999) and a
large majority of DYN cells in the ovine POA and MBH
co-express nuclear progesterone receptors (Foradori et
al. 2002). Moreover, the latest study of Œliwowska and
coauthors (2004) has revealed that neurons immuno-
reactive for DYN are also present in the ovine PMH, an
area sensitive to melatonin. Since naloxone binds to all
types of the EOP receptors, our observation that
naloxone infusion increased both LH pulse amplitude
and LH pulse frequency (visually) confirms multiple
sites of EOP inhibition of GnRH/LH secretion
(Foradori et al. 2002, Goodman et al. 1995, 2004,
Whisnant et al. 1991). Interestingly, the LH response to
naloxone treatment was similar to that of melatonin.
This might suggest that melatonin indeed exerted its ef-
fect through inhibition of opioidergic system activity
within the hypothalamus. Such a possibility could be
supported by the results of our earlier work, demonstrat-
ing that an i.c.v. infusion of melatonin suppressed the
plasma concentration of �-END in sexually active ewes
(Misztal et al. 1996b). Infused melatonin might inter-
fere with progesterone signaling in the opioidergic cells,
which are involved in the control of GnRH/LH release
during the luteal phase (Foradori et al. 2002, Goodman
et al. 1995, 2004, Whisnant et al. 1991), by impairing
progesterone receptor pathways. It has been demon-
strated that melatonin acts as an anti-estrogen by pre-
venting the estrogen-dependent transcriptional activation
in MCF-7 cells through destabilization of the estradiol-
-estrogen receptor complex from binding to DNA, and it
has been proposed that calmodulin is a potential candi-
date for mediating the anti-estrogenic effects of
melatonin (Rato et al. 1999, del Rio et al. 2004). At pres-
ent, we have no evidence that such a mechanism may be
active in vivo, especially in the case of estrogen or pro-
gesterone receptors, during the estrous cycle of sheep.

The stimulatory effect of melatonin or naloxone on
LH secretion was more effective when the drugs were
infused i.c.v. in combination. Since their individual ef-
fects were less pronounced, that is, each of them stimu-
lated LH secretion only during the time of infusion, the
combined effect could result not only from the attenua-
tion of the opioidergic input. The drugs infused into the
third ventricle would act on the different hypothalamic
areas and/or the pituitary gland, thus the presented ef-
fect could result from the accumulation of the single

one. The secretion of GnRH/LH in response to the
exclusion of the inhibitory tone of EOP might be inten-
sified by melatonin on the cellular level, since studies on
the PT cells have revealed that cAMP was dramatically
elevated following simultaneous treatment with
adenylate cyclase activators and melatonin (Barrett et
al. 2003, Hazlerigg et al. 1994). Melatonin can induce a
sensitized response of adenylate cyclase in ovine PT
cells where the receptor for melatonin is endogenously
expressed (Barrett et al. 2003). This mechanism is, how-
ever, not fully understood. Taking into consideration
that the melatonin receptor has not been found on both
the GnRH neurons and pituitary gonadotrophs (Morgan
et al. 1994), it is not possible to indicate unequivocally
the precise site of melatonin action. Its lipophilic nature
may enable melatonin to interact with specific
intracellular proteins or with nuclear receptor sites
(Cardinali and Pevet 1998). Nevertheless, a continued
increase in the release of LH, evoked by melatonin in the
conditions of exclusion of the inhibitory opioid tone, re-
flects a potent induction of the gonadotropic axis activ-
ity. Therefore our results raise an important issue that
the functional relationship between melatonin and the
EOP, in control of GnRH/LH secretion, exists in
luteal-phase ewes and may set the course for further
investigation on the role of melatonin in sheep
reproduction.

CONCLUSION

A relationship between melatonin and the endoge-
nous opioid peptides may be crucial in enabling
melatonin to exhibit stimulatory action on LH secretion
during the luteal phase of the estrous cycle in ewes.

ACKNOWLEDGENENTS

We wish to thank Józef Rutkowski for help in brain
surgery and the other members of the Department of En-
docrinology for help in the collection of blood samples
and technical assistance with the radioimmunoassays.
This study was supported by the State Committee for
Scientific Research (KBN, Poland).

REFERENCES

Arendt J, Symons AM, Laud CA, Pryde SJ (1983) Melatonin
can induce early onset of the breeding season in ewes. J
Endocrinol 97: 395–400.

Stimulation of daily LH secretion in ewes 7



Barrett P, Conway S, Jockers R, Strosberg A, Guardiola B,
Delagrange P, Morgan PJ (1997) Cloning and functional
analysis of a polymorphic variant of the ovine Mel1a
melatonin receptor. Biochim Biophys Acta 1356: 299–307.

Barrett P, Schuster C, Mercer J, Morgan PJ (2003) Sensitiza-
tion: a mechanism for melatonin action in the pars
tuberalis. J Neuroendocrinol 15: 415–421.

Bittman EL, Dempsey RJ, Karsch FJ (1983) Pineal melatonin
secretion drives the reproductive response to daylength in
the ewe. Endocrinology 113: 2276–2283.

Brooks AN, Lamming GE, Lees PD, Haynes NB (1986)
Opioid modulation of LH secretion in the ewe. J Reprod
Fert 76: 693–708.

Cardinali DP, Pevet P (1998) Basic aspects of melatonin ac-
tion. Sleep Med Rev 2: 175–190.

Conover CD, Kuljis RO, Rabii J, Advis J-P (1993) Beta-en-
dorphin regulation of luteinizing hormone-releasing hor-
mone release at the median eminence in ewes:
Immunocyto-chemical and physiological evidence.
Neuroendocrinology 57: 1182–1195.

Currie WD, Medhamurthy RJ, Cook SJ, Rawling NC (1993)
Seasonal fluctuation in diurnal rhythms of luteinizing hor-
mone secretion in ewes during the mid-luteal phase of the
oestrous cycle. J Reprod Fert 97: 71–74.

Ebling FJP, Lincoln GA, Martin GB, Taylor PL (1987)
LHRH and �-endorphin in the hypothalamus of the ram in
relation to photoperiod and reproductive activity. Domest
Anim Endocrinol 4: 149–156.

Foradori CD, Coolen LM, Fitzgerald ME, Skinner DC, Good-
man RL, Lehman MN (2002) Colocalization of progester-
one receptors in parvicellular dynorphin neurons of the
ovine preoptic area and hypothalamus. Endocrinology
143: 4366–4374.

Gallegos-Sanchez J, Malpaux B, Thiery J-C (1998) Control
of pulsatile LH secretion during seasonal anoestrus in the
ewe. Reprod Nutr Dev 38: 3–15.

Goldman BD (1999) The circadian timing system and repro-
duction in mammals. Steroids 64: 679–685.

Goodman RL (1994) Neuroendocrine control of the ovine
estrous cycle. In: The Physiology of Reproduction, Vol. 2
(2nd ed.) (Knobil E, Neill JD, eds.). Raven Press, New
York, p. 659–710.

Goodman RL, Parfitt DB, Evans NP, Dahl GE, Karsch FJ
(1995) Endogenous opioid peptides control the amplitude
and shape of gonadotropin-releasing hormone pulses in
the ewe. Endocrinology 136: 2412–2420.

Goodman RL, Coolen LM, Jansen HT, Lehman MN (1999)
Close association between dynorphin-containing boutons
and gonadotropin-releasing hormone cells in mediobasal
hypothalamus of the ewe: Possible role in inhibition of LH
pulse frequency. Proceedings of Society for Neuroscience,
Miami, FL, p. 1186 (Abstract 479.1).

Goodman RL, Coolen LM, Anderson GN, Hardy SL, Valent
M, Connors JM, Fitzgerald ME, Lehman MN (2004) Evi-

dence that dynorphin plays a major role in mediating pro-
gesterone negative feedback on gonadotropin-releasing
hormone neurons in sheep. Endocrinology 145:
2959–2967.

Hazlerigg DG, Gonzales-Brito A, Lawson W, Hastings MH,
Morgan PJ (1993) Prolonged exposure to melatonin leads
to time-dependent sensitization of adenylate cyclase and
down-regulates melatonin receptors in pars tuberalis cells
from ovine pituitary. Endocrinology 132: 285–295.

Hazlerigg DG, Hastings MN, Morgan PJ (1994) The recovery
of ovine pars tuberalis cells from melatonin-induced sensi-
tization is slow, protein synthesis-dependent phenomenon.
J Endocrinol 142: 127–138.

Krzymowski T, Skipor J, Grzegorzewski W (1992) Cavern-
ous sinus and carotid rete of sheep and sows as a possible
place for counter current exchange of some neuropeptides
and steroid hormones. Anim Reprod Sci 29: 225–240.

Lincoln GA (1991) Photoperiod, pineal and seasonality in large
mammals. In: Advances in Pineal Research Vol. 5 (Arendt J,
Pevet P, eds.). John Libbey & Co Ltd., p. 211–218.

Malpaux B, Skinner DC, Maurice F (1995) The ovine pars
tuberalis does not appear to be targeted by melatonin to
modulate luteinizing hormone secretion, but may be impor-
tant for prolactin release. J Neuroendocrinol 7: 199–206.

Malpaux B, Daveau A, Maurice-Mandon F, Duarte G,
Chemineau P (1998) Evidence that melatonin acts in the
premammillary hypothalamic area to control reproduction
in the ewe: Presence of binding sites and stimulation of
luteinizing hormone by in situ microimplant delivery. En-
docrinology 139: 1508–1515.

Merriam GR, Wachter KW (1982) Algorithms for the study
of episodic hormone secretion. Am J Physiol 243:
E310-E318.

Meyer SL, Goodman RL (1985) Neurotransmitters involved
in mediating the steroid-dependent suppression of
pulsatile luteinizing hormone secretion in anestrous ewes:
Effects of receptor antagonists. Endocrinology 116:
2054–2061.

Migaud M, Daveau A, Malpaux B (2005) MTNR1A
melatonin receptors in the ovine pre-mammillary hypo-
thalamus: Day-night variation in the expression of the tran-
scripts. Biol Reprod 72: 393–398.

Misztal T, Romanowicz K, Barcikowski B (1996a) Seasonal
changes of melatonin secretion in relation to the reproduc-
tive cycle in sheep. J Anim Feed Sci 5: 35–48.

Misztal T, Romanowicz K, Barcikowski B (1996b) Effects of
melatonin infused into the IIIrd ventricle on prolactin,
�-endorphin and luteotropin secretion in ewes during the
different stages of the reproductive cycle. Acta Neurobiol
Exp (Wars) 56: 769–778.

Misztal T, Romanowicz K, Barcikowski B (1997) Natural
and melatonin-stimulated changes in the circadian rhythm
of prolactin secretion in the ewe during seasonal anestrus.
Neuroendocrinology 66: 360–367.

8 T. Misztal and K. Romanowicz



Misztal T, Romanowicz K, Barcikowski B (2002) Effect of
melatonin on daily LH secretion in intact and
ovariectomized ewes during the breeding season. Anim
Reprod Sci 69: 187–198.

Morgan PJ, Barrett P, Davidson G, Lawson W (1992)
Melatonin regulates the synthesis and secretion of several
proteins by pars-tuberalis cells of the ovine pituitary. J
Neuroendocrinol 4: 557–563.

Morgan PJ, Barrett P, Howell HE, Helliwell R (1994) Melatonin
receptors: Localization, molecular pharmacology and physi-
ological significance. Neurochem Int 24: 101–146.

Morgan PJ, Webster CA, Mercer JG, Ross AW, Hazlerigg
DG, Maclean A, Barrett P (1996) The ovine pars tuberalis
secretes a factor(s) that regulates gene expression in both
lactotropic and nonlactotropic pituitary cells. Endocrinol-
ogy 137: 4018–4026.

Rato AG, Pedrero JG, Martinez MA, del Rio B, Lazo PS,
Ramos S (1999) Melatonin blocks the activation of estro-
gen receptor for DNA binding. FASEB J 13: 857–868.

Reiter RJ (1991) Pineal melatonin: cell biology of its synthe-
sis and of its physiological interactions. Endocr Rev 12:
151–180.

del Rio B, Pedrero JG, Martinez-Campa C, Zuazua P, Lazo
PS, Ramos S (2004) Melatonin, an endogenous-specific
inhibitor of estrogen receptor � via calmodulin. J Biol
Chem 279: 38294–38302.

Romanowicz K, Misztal T, Gajewska A, Barcikowski B
(2001) Daily GnRH and LH secretion in ewes is not modi-
fied by exogenous melatonin during seasonal anestrus.
Acta Neurobiol Exp (Wars) 61: 289–297.

Skinner DC, Robinson JE (1997) Luteinizing hormone secre-
tion from the perifused ovine pars tuberalis and pars
distalis: Effects of gonadotropin-releasing hormone and
melatonin. Neuroendocrinology 66: 263–270.

Skipor J, Grzegorzewski W, W¹sowska B, Krzymowski T
(1997) Counter current transfer of �-endorphin in the
perihypophyseal cavernous sinus – carotid rete vascular

complex of sheep. Exp Clin Endocrinol Diabetes 105:
308–313.

Smith AI, Funder JW (1988) Proopiomelanocortin process-
ing in the pituitary, central nervous system and peripheral
tissues. Endocrine Rev 9: 159–179.

Stupnicki R, Madej A (1976) Radioimmunoassay of LH in
blood plasma of farm animals. Endokrinologie 68: 6–13.

Stupnicki R, Kula E (1982) Direct radioimmunoassay of pro-
gesterone in human plasma. Endokrinologie 80: 1–7.

Œliwowska JH, Billings HJ, Goodman RL, Coolen LM,
Lehman MN (2004) The premammillary hypothalamic
area of the ewe: Anatomical characterization of a
melatonin target area mediating seasonal reproduction.
Biol Reprod 70: 1768–1775.

Tortonese DJ (1999) Interaction between hypothalamic
dopaminergic and opioidergic systems in the
photoperiodic regulation of pulsatile luteinizing hormone
secretion in sheep. Endocrinology 140: 750–757.

Traczyk W, Przekop F (1963) Methods of investigation of the
function of the hypothalamus and hypophysis in chronic
experiments in sheep. Acta Physiol Pol 14: 217–226.

Viguie C, Caraty A, Locatelli A, Malpaux B (1995) Regula-
tion of luteinizing hormone-releasing hormone (LHRH)
secretion by melatonin in the ewe. I. Simultaneous delayed
increase in LHRH and luteinizing hormone pulsatile secre-
tion. Biol Reprod 52: 1114–1120.

Whisnant CS, Havern RL, Goodman RL (1991) Endogenous
opioid suppression of luteinizing hormone pulse fre-
quency and amplitude in the ewe: Hypothalamic sites of
action. Neuroendocrinology 54: 587–593.

Whisnant CS, Curto K, Goodman RL (1992)
Immunocytochemical localization of beta-endorphin and
gonadal steroid regulation of proopiomelanocortin mes-
senger ribonucleic acid in the ewe. Neuroendocrinology
56: 812–821.

Received 25 June 2004, accepted 15 December 2004

Stimulation of daily LH secretion in ewes 9




