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ABSTRACT

The neuroendocrine mechanisms mediating the suckling-induced inhibition of LH
secretion were studied during lactation in the sow. In Experiment 1, repetitive treatment
of lactating sows with naloxone from 39h to 78h post-partum was not able to prevent
the inhibition of LH secretion observed in untreated sows, whereas naloxonc trcatment
at d 10 of lactation increased LH secretion (p<0.05). Naloxone decreased (p<0.05) plasma
prolactin (PRL) at d 10 but had no effect during the first 78h after farrowing. FSH
secretion was unaffected by naloxone treatment. In Experiment 2, use of different
naloxone injection schedules confirmed the conclusion of Experiment 1 that opioidergic
regulation of LH and PRL secretion in the sow changes during lactation. In Experiment
3 administration of morphine to sows weaned 6h after farrowing (Zero-Weaned) or to
normally lactating sows was used to further study opiodergic regulation of LH and PRL.
LH increased (p<0.001), while PRL decreased (p<0.001), in Zero-Weaned compared to
Suckled sows. Although morphine decreased LH secretion in both groups (p<0.05) and
PRL in the Suckled sows (p<0.05), these effects were more evident as lactation
progressed. In Experiment 4 sows were challenged at d 25 of lactation with naloxonc and
then GnRH. LH secretion before and after treatment at d 25 and at d 2 post-partum, and
immediately after weaning on d 25, were compared with ovarian activity measurcd the
day after weaning. None of these estimates of LH secretion in lactation appeared useful
for predicting subsequent reproductive potential.

The effects of continuous treatment with a long acting dopaminc agonist
(cabergoline) from d 11 of lactation on the LH and PRL secretion at d 12, 19 and 26 and
interactions with opioidergic mechanisms were assessed in Experiment 5. Cabergolinc
treatment increased (p<0.05) mean plasma LH concentrations at d 26 but not atd12 and
16 of lactation, whilst morphine decreased (p<0.001) mean LH levels at day 26 of
lactation. Dopamine agonist administration is therefore able to increase LH secretion after
chronic and not acute treatment. Finally unchanged plasma LH in the presence of low
plasma PRL indicate that PRL per se does not directly influence LH secretion during
lactation in the sow.
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INTRODUCTION

The productivity of pig herds is principally based on the number of pigs produced
per sow per year and it is therefore dependent on both the annual number of sows
farrowing and their litter size at birth. The life cycle of the pig comprises both productive
(pregnancy and lactation) and unproductive or "empty-day" periods due to the replacement
of sows and the interval from weaning to conception. Due to the fact ihat the gestation
period of the pig is relatively constant, the possibility of improving productivity is based
on controlling either lactation length and/or the period from wearning to fertile estrus.
Lactation lengths in current commercial practice vary from three to four weeks. Reducing
lactation length to less than three weeks often results in a post-weaning "anestrus" defined
in practice as the absence of estrus for more than 10 days after weaning.

Many studies have been undertaken with the aim of inducing reproductive activity
during lactation by exogenous hormonal treatment. Generally, however, the results were
not satisfactory and have not allowed the utilization of these techniques in commercial
herds. Therefore, in order to increase sow productivity it is necessary to have a better
understanding of the hormonal mechanism(s) that regulate reproductive activity during
lactation. It will then hopefully be possible to devise new methods for inducing
reproductive activity during this period.

In domestic ruminants there is good evidence that the development of lactational
anestrus results from a superimposition of the inhibitory effects of suckling on the latent,
suppressive effects of pregnancy (see Nett, 1987). In the sow, however, available
information indicates that active gonadotropin and particularly LH, secretion continues
into late pregnancy and that despite earlier reports of a lack of LH synthesis and reiease
in the early postpartum period, follicular stimulation can occur immediately after removal
of the litter at birth (zero weaning; for review see Varley and Fexcroft, 1989). More
recently (De Rensis and Foxcroft, 1993b) it has been demonstrated that active LH
secretion occurs in both suckled and zero-weaned sows in the first 48 hours after
parturition and only after this time is a significant inhibitory effect of sucking on LH
secretion apparent. It has also been observed that in the absence of the suckling stimulus
the release of gonadotropins in the immediate post-partum period provides an effective
stimulus to the ovary and that ovarian tissue is sensitive to stimulation at this time (De
Rensis and Foxcroft, 1993b).

Amongst the mechanisms that regulate reproductive activity after farrowing in the
sow, there is evidence for an opioidergic mechanism mediating the inhibitory effects of
suckling on gonadotropin secretion in mid and late lactation (Mattioli et al.,1986; Barb
et al., 1986); however, such studies have not been extended to the very early post-partum
period when the mechanisms blocking follicular development are first activated.

The effects of the dopaminergic system on the control of gonadotropin and prolactin
(PRL) secretion during lactation have been extensively studied in the human, rat and
sheep (Ben-Jonathan et al., 1989) but essentially no data exist in the sow. Therefore, a
better understanding of the hormonal dysfunction that causes reproductive disorders in
very early lactating sows will be useful for determining the best therapy for resolving this
problem.



The studies described in this thesis were thercfore developed in the hope of
producing a greater understanding the mechanisms controlling reproductive function in
lactating sows and to clarify some of the hormonal disfunctions which occur as a
consequence of early weaning. As the experimental work involved a detailed assessment
of the endocrine status of the of zero-weaned and early post-partum sow, a review of the
neuro-endocrine control of the hypothalamo-hypophysial-ovarian axis is appropriate. This
review is presented in the next sections on a comparative basis across species. This torms
a basis on which to discuss the reproductive physiology and endocrinology of the
lactating sow in later chapters that present the results of the experimental work carricd
out. Finally, the overall implications of the data obtained are discussed in the context of
existing literature in the general discussion.



CHAPTER 1
LITERATURE REVIEW

1. OVERALL CONCEPTS OF HYPOTHALAMIC CONTROL OF GnRH
SECRETION IN LACTATING AND NON-LACTATING FEMALES

1.1 Introduction

Initially it was suggested that there were two different releasing hormones for FSH
and LH and a putative FSH releasing factor was originally purified by gel filtration on
Sephadex G-25 followed by carboxymethyl cellulose (CMC) chromatography by Dhariwal
et al. (1967). However since LHRH has intrinsic FSH-releasing activity and since Schally
et al. (1971) could not separate FSH- from LH-releasing activity after several
chromatographic steps (as monitored by in_vitro assays and measurement of FSH by
immunoassay) it has become accepted that the synthesis and release of both LH and FSH
are stimulated by a single decapeptide hormone (GnRH); nevertheless, numerous studies
continue to address this problem. For example Lumpkin et al. (1984, 1989) confirmed the
observation of Chappel et al. (1976) that different regions of the hypothalamus may serve
as the respective pulse generator for the differential episodic release of LH and FSH and
the region of the paraventricular nucleus-dorsal anterior hypothalamic area (PVN-DAHA)
has a selective control of tonic FSH secretion. Therefore they suggested that a specific
FSH-releasing factor was secreted by the PVN-DAHA. In contrast Urbanski et al. (1987)
demonstrated that in the orchidectomized rat the pulsatile pattern of GnRH release was
reflected in the pulsatile pattern of not only LH but also FSH secretion. Therefore they
concluded that the pulsatile secretion of both gonadotropins was primarily orchestrated
by a single hypothalamic releasing hormone. If two separate hypothalamic releasing
hormones do indeed exist, it would appear that in the orchidectomized rat their episodic
release is tightly coupled to the same hypothalamic pulse generator.

Since a separate FSH-releasing factor has not yet been identified, in the following
chapters GnRH will be considered as the main releasing factor for both LH and FSH

secretion.

1.2 Gonadotropin releasing hormone (GnRH)

The half life of GnRH in plasma has been reported to be about 5 minutes (Nett
et al., 1973). GnRH containing neurones do not predominate in clearly defined nuclei but
are scattered throughout the rostral and mediobasal hypothalamus (Dyer, 1985).
Fluoresin-labelled antibodies have been used to locate areas of high GnRH concentration
in the rat (Palkovits et al., 1974, Silverman et al., 1979) and GnRH containing neurones
have been detected in the medial preoptic area and in the anterior and
arcuate/ventromedial hypothalamus. Other reports on the localization of GnRH containing
neurones are conflicting but two distinct areas with a high neuronal content of GnRH
have been observed by several groups (for review see Dyer, 1985). This has led to the
suggestion that GnRH released from the medial basal hypothalamus may be the major
controller of tonic gonadotropin secretion, while the neurones of the
preoptic/suprachiasmatic nuclei are involved in the phasic release of LH during the
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preovulatory gonadotropin surge (Domanski et al., 1980).

One of the biggest problems in measuring GnRH secretion has been 1o find a
method for directly monitoring GnRH levels in a sample of hypophysial portal blood.
Different techniques have been studied in recent years. One involves accessing the
anterior face of the pituitary gland by unilateral trans-nasal trans-sphenoidal surgery
(Clarke and Cummins, 1982); a second technique is the "push-pull" perfusion system
which was originally developed by Levine et al. (1982) in the sheep and later adapted in
the monkey (Levine et al., 1985). Finally, a technique has been developed that is based
on the withdrawal of cerebrospinal fluid from the third ventricle (Van Vugt et al., 1983)
in the monkey. Each of these techniques has advantages and disadvantages when studying
GnRH release. In the pig and other species therefore, information on the synthesis and
release of GnRH has been obtained indirectly by measuring hypothalamic GnRH content
and by comparing patterns of gonadotropin secretion. It is generally accepted that there
is a direct relationship between LH pulse release from the pituitary and GnRH pulses in
hypophyseal portal blood (Clarke et al., 1982; Levine et al., 1982).

1.3 Hypothalamic concentration of GnRH during lactation

Crowder et al. (1982) reported that the concentration of hypothalamic GnRH docs
not change during the post-partum period in the ewe and similarly, Moss ct al. (1980)
observed no significant changes in hypothalamic GnRH content in ewes on the day after
parturition compared with the ewes on day 40 post-partum when ovarian cycles were
initiated. Likewise, no change in the concentration of hypothalamic GnRH during the
post-partum period were observed in beef cows (Moss et al., 1985; Cermark ct al., 1983)
or in dairy cows (Carruthers et al., 1980). However, Brever et al. (1962) observed that
hypothalamic GnRH content was higher in suckling than in cycling cows, suggesting that
GnRH secretion had been inhibited during the post-partum period, resulting in increased
stores of GnRH in the hypothalamus. From these observations it is possible to conclude
that during the post-partum period in raminants the hypothalamus contains enough GnRH
to stimulate the anterior pituitary gland, but that GnRH secretion may be inhibitcd. Smith
(1978) reported that in rats, GnRH concentrations in the hypothalamus arc lower in
females nursing eight pups than in those nursing two pups.

In the sow, Cox and Britt (1982a) observed that the hypothalamic stores of GnRH
were lower at weaning that at any time during the weaning to estrus «.nterval. However,
no information is available on the changes in GnRH activity during different phascs of
lactation in the sow. It is therefore still unknown in the sow whether the progressive
increase in LH levels in peripheral blood during lactation is due to an increasing release
of GnRH and/or an increasing sensitivity of the pituitary gland to GnRH stimulation.

1.4 Pituitary GnRH receptors during lactation

In the ewe it has been observed (Moss et al., 1980) that the numbers of receptors
for GnRH in the anterior pituitary did not differ with time after parturition. However,
these observations were slightly different from those in the study of Crowder ct al.
(1982), who found that the number of GnRH receptors was higher on days 1 and 11, than
on days 22 and 35 after parturition. Similarly in beef cows, Moss et al. (1985) found that
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the numbers of GnRH receptors were reduced at 20 and 30 days after parturition when
comparcd to days 5 and 10. An interesting observation is that in ovariectomized ewes
wreated with estradiol benzoate, either alone or with progesterone, pituitary GnRH
receptors are increased (Moss et al., 1981). In the hamster (Adams and Spies, 1981) there
is an increase in the number of GnRH receptors in the pituitary during proestrus, a time
when concentrations of estrogen in plasma are elevated.

In ernclusion, these data suggest that the elevated levels of estradiol during
pregnancy induce a high number of GnRH receptors, while the number of GnRH
receptors arc diminished during lactation due to the presence of low plasma
estradiol-17beta concentrations.

1.5 Effect of exogenous GnRH treatment on gonadotropin secretion during lactation

The administration of small doses of GnRH at one or two hourly intervals, to
stimulate the pattern of LH secretion whick occurs during the follicular phase of the
estrous cycle, has induced reproductive activity during post-partum anestrus in domestic
animals (Riley et al., 198!; Rojanashien et al., 1987; Bevers et al., 1981; Britt et al.,
1985: De Rensis et al., 1991). The release of LH in response to GnRH is diminished
during the carly post-partum period and does not return to the level seen during
pregnancy until 16-25 days post-partum in women (Miyake et al., 1978, Keye and Jaffe,
1976), 7-10 days post-partum (Fernandes et al., 1978; Kesler et al., 1977) or 20 days post-
partum (Webb et al., 1977) in the cow, or 3-5 weeks post-partum in the ewe (Jenkin and
Heap, 1974; Jenkin et al., 1977).

Although stimulation with GnRH will release sufficient LH to induce ovulation
in the dairy cow before day 14 post-partum (Britt et al., 1974; Carter et al., 1980), the
pituitary content of LH prior to day 30 in the post-partum beef cow may be insufficient
t0 allow normal ovulation and to maintain luteal function for the duration of a normal
estrous cycle, resulting in silent estrus and a short cycle (Lisham et al., 1979). Moreover
Evans (1980) reported that the mean level of LH released in post-partum ewes after the
injection of GnRH between day 4 d 17 of lactation was only half that observed in
treated cyclic ewes. Jagger et al., (1987) treated suckled beef cows between 9 and 26
days of lactation with continuous or repeated administration of GnRH. They noted that
although both treatments induced preovulatory-type gonadotropin surges in half the
animals, neither treatment regimen overcame anovulaticn in all cows.

In the lactating sow the injection of GnRH rcsults in LH release (Van de Wiel et
al.. 1978: Stevenson et al., 1981b). In the pig (Bevers et al., 1981), as in sheep (Kann et
al., 1978; Jenkin et al., 1977) and cattle (Schallenberger et al., 1982,b), the LH response
to GnRH treatment is reported to be lower immediately after parturition than in late
lactation. However, Rojanasthien et al. (1987) measured the LH response to different
doses of GnRH during early (days 7-15) and late lactation (days 20-28) in primiparous
sows and observed that although the total LH response increased with increasing doses
of GnRH during early as well as late lactation, there was no apparent change in the
responsiveness with time post-partum. These results are in agreement with those of
Stevenson et al. (1981) who did not find any difference in the LH response to GnRH
between days 10 and 20 of lactation.



Cox and Britt (1982,b) were the first to demonstrate that fertile estrus could be
induced in multiparous lactating sows by pulsatile administration of GnRH on day 25
post-partum. Also Ramirez et al. (1985b), giving hourly pulses of GnRH to 10
primiparous sows beginning on day 24 of lactation, were able to induce the onset of
estrus five days after the initiation of GnRH pulses in all the animals trcatcd. More
recently, De Rensis et al. (1991) demonstrated effective release of LH episodes in
response to pulsatile GnRH administration, associated with development of estrogenic
follicles.

In conclusion therefore, it seems that it should be possible to induce estrus during
lactation through the administration of GnRH and that better results are obtaincd when
pulsatile administration of GnRH is used and animals are treated in late lactation.
However, there considerable variability in the response to treatment. This may be due
to pituitary disfunction, seen as a lack of responsiveness to the GnRH stimulation in some
animals, even when treated with a pulsatile administration of GnRH in late lactation. This
situation probably does not result from a lack of GnRH receptors on the gonadotropes,
but may be associated with a low releasable pocl of LH in the pituitary during the post-
partum period. In turn, this could be a consequence of the block of GnRH release during
pregnancy due to high levels of estradiol and progesterone and therefore a lack of LH
synthesis. The "escape” of the hypothalamic-pituitary axis from the block duc to the
suckling stimulus, and the consequent replenishment of pituitary LH content that occurs
in late lactation, allows a better response by the hypophysial-ovarian axis to trcatment
with GnRH. However, in the sow, there are still insufficient data describing the synthesis
and release of GnRH, changes in pituitary receptors for GnRH and the response of the
pituitary to treatment with GnRH during early lactation. It will be intcresting to further
study the pulsatile injection of GnRH in the sow because this seems the most cffective
way to induce follicular development and ovulation during lactation. Altcrnativ'ly, as
discussed later, a means of blocking the inhibitory effects of suckling on the GnRH pulse
generator should be effective in stimulating ovarian activity during lactation.

2. MECHANISMS INVOLVED IN CENTRAL REGULATION OF
GONADOTROPIN SECRETION

The hypothalamus has extensive efferent and afferent conncctions with various
 brain structures and many (principally in rodent) experiments have shown that these have
both inhibitory and facilitatory effects on gonadotropin secretion. There arc many
multisynaptic stimulatory and inhibitory pathways between extra-hyphothalamic arcas and
the hypothalamus and the different neurotransmitters involved include adrenaline,
noradrenaline, dopamine, acetylcholine, histamine, serotonin, endogenous opioid peptides
(EOPs), N-methyl D-aspartate (NMDA), gamma-amminobutyric acid (GABA) and
neuropeptide Y (Krulich, 1979; Elde and Hokfelt, 1979; Bicknell, 1985). Those systcms
seldom work in isolation but very often operate in concert to determine peripheral LH
concentrations. In the following chapter a simplified review of the major neurotransmitters
involved in gonadotropin release will be presented.

2.1 Adrenaline and noradrenaline



Monoamine regulation of gonadotropin secretion is complex and extensive studies
have identified stimulatory or inhibitory effects of adrenaline and noradrenaline on GnRH
and thercfore on LH release. In the rat the anatomical distribution of noradrenergic
neurones has been demonstrated to be in close proximity to GnRH neurones (Alder and
Crowley, 1984; Kalra and Kalra, 1984).

In the rat a stimulatory effect of monoamines on GnRH secretion has been
reported at least during the LH surge (Ramirez et al., 1984). Moreover, it has been also
observed that the blockade of adrenergic receptors is able to suppress GnRH pulsatile
release (Drova and Gallo, 1977). Finally, the administration of alpha-adrenergic blockers
and inhibition of noradrenaline synthesis can prevent the rise in plasma LH in response
to naloxone injection (Karla et al., 1981).

In the pig, Parvizi et al. (1976) observed a decline in LH secretion in boars
receiving intrahypothalamic injections of noradrenaline. The administration of exogenous
noradrenaline has also been reported to inhibit LH secretion in ovariectomized ewes
(Deaver and Dailey, 1982) but to enhance secretion in anestrous ewes (Przekop et al.,
1975). Furthermore Meyer and Goodman (1985), using an intravenous infusion of an
adrenergic blocker, Phenoxybenzamine in seasonally anestrous ewes, observed an
inhibitory effect of noradrenaline on LH secretion. From those data therefore it appears
that noradrenaline has an excitatory effect on LH secretion in presence of estrogen, while
in absence of estrogen the effect is inhibitory.

Using combined treatment with noradrenaline and opioid agonists and antagonists
(Diez-Guerra et al., 1986; Kalra et al., 1981; Dyer et al., 1988) it has been demonstrated
that many of the effects of the noradrenergic systems on the GnRH secretion are
associated with the opioidergic system and that the nature of this interaction is dependent
on the presence (stimulatory) or absence (inhibitory) of estrogen. It is interesting to note
that a-adrenergic blockers and noradrenaline synthesis inhibitors will prevent the rise in
plasma LH in response to naloxone injection, suggesting that endogenous opioids act to
suppress release of noradrenaline (Kalra and Simpkins, 1981). There are reports
supporting this suggestion. It has been observed that the endogenous opioids decrease
noradrenaline turnover (Alder and Crowley, 1984) and that activation of the adrenergic
innervation to the hypothalamus by electrical stimulation of the ventral noradrenergic tract
increases plasma LH levels, an effect that can be potentiated by naloxone (Dyer et al.,
1985). Furthermore, opiate receptors have been located in those hypothalamic areas in
which GnRH cell bodies are found (Hammer, 1985; Lehman et al., 1986). An influence
of EOP on the feed-back effect of estradiol 17-beta on GnRH release has also been
suggested. In fact Morrel et al. (1985) found that in the rat hypothalamus some endorphin
and dynorphin-containing neurones may concentrate estrogen.

Thus an opioidergic influence on GnRH neurones may be regulated by gonadal
steroids acting on opioidergic neurones. In support of this, it also been reported in the
human gonadal steroids have also been reported to alter the hypothalamic content of
B-endorphin (Wardlaw et al., 1982). Thus, alteration of the opioid-adrenergic input to
GnRH neurones may be part of the mechanism by which gonadal steroids exert their
central feed-back effects on gonadotropin secretion. Opioidergic regulation 5f GnRH
neurones therefore appears to form part of the physiological regulatory mechanism
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governing gonadotrophin secretion, during both pulsatile GnRH release responsible for
maintaining "basal" plasma LH levels in both male and female rats, and the preovulatory
gonadotropin surge in females (Kalra and Kalra, 1984; Dyer, 1988).

In conclusion, from the data reported above it seems possiblc to suggest that the
stimulatory or inhibitory effects of adrenalinc and noradrenaline depend on the
reproductive stage considered and are also considerably influenced by the opioidergic
systems.

2.2 Dopamine

Regarding the relationship between dopamine and GnRH, some jn_vitro studics
indicate that dopamine can stimulate the release of GnRH and thus LH (Rasmussen et al.,
(1986). Also in vivo it has been demonstrated that a dopaminergic antagonist (pimozide)
consistently blocked the estradiol-induced LH surge and suppicssed LH secretion in
ovariectomized ewes (Jackson et al., 1977). Sneider and McCann (1970) report that
dopamine is only effective in enhancing LH in steroid trcated ovaricctomized females.
Similarly, it was demonstrated that jn_vitro releasc of LHRH from incubations of the
mediobasal hypothalamus was only enhanced by dopamine when the tissue was taken
from intact male or ovariectomized, estrogen-treated female rats (Rotszicjn et al., 1976).
Collectively, these data suggest that the dopaminergic stimulation of LHRH is apparent
only in intact or steroid treated castrate animals. Furthermore, it has becn shown that the
catecholamine content of tuberoinfundibular cell bodies exhibit a cyclical variation
throughout the estrous cycle of the rat, confirming that the ovarian steroids arc important
in determining the influence of the dopaminergic system on LH secrction (Ahem ct al.,
1978; Barraclough et al., 1982). Consistent with the evidence for a stimulatory effcct of
dopamine or the central control of GnRH and LH secretion, treatment with the dopamine
agonist bromocriptine restored ovulatory function in women with hyperprolactinacmia
(Besser et al., 1972; Thorner et al., 1975; Del Pozo et al., 1974) and increcascd mean LH
concentrations in lactating sows (Bevers et al., 1981). There are, however, many
experiments that suggest an inhibitory, rather than a facilitatory role, for dopaminc on LH
release (Miyachi et al., 1973; Uemura and Kobayaskhi, 1971; Drouva and Gallo, 1976;
Beck and Wuttke, 1977; Ramirez et al., 1984; Leebaw et al., 1978). In ewes dopaminc
inhibited release of GnRH from the median eminence (Kuljis et al., 1989) and a fall in
plasma LH concentration after bromocriptine treatment has been described in the sows
(Kraeling et al., 1982). Furthermore, results based on the treatment of luteal phase ewes
with dopamine or a dopamine receptor antagonist, suggest that progesterone might excrt
an inhibitory effect on LH secretion through a dopaminergic mechanism (Deaver and
Dailey, 1983; Deaver et al., 1987, Dailey et al., 1987). Also in intact anestrous sheep,
dopaminergic antagonists (phenoxybenzamine and pimozide) increased pulsatile secretion
of LH (Meyer and Goodman, 1986) and it appears that a dopaminergic inhibitory effect
on LH secretion predominates in anestrous ewes. Exquisite sensitivity to ovarian hormone
feed-back, probably estradiol (Goodman et al., 1980, 1982), may regulate the activity of
this inhibitory neural system and thereby suppress LH pulse frequency. Finally, acute
administration of bromocriptine in normal human subjects has been reported to have no
effect on LH secretion (Tolis et al., 1975, Evans et al., 1980; Mattioli et al., 1986).
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The overall conclusion from these apparently contradictory data is that some
effects of dopamine on GnRH are mediated by the presence of ovarian steroids; thus, as
Dailey et al. (1987) suggest, the different actions of catecholamine antagonists in the
different species, with and without ovarics, could be due to the relative activity of two
different catecholaminergic systems (dopaminergic and noradrenergic) involved in
regulating episodic secrction of LH.

The specific effects of dopamine on gonadotropin secretion depends on the type
of dopamine receptors present at each level of the brain-hypothalamo-hypophysial axis.
As many as five different dopamine receptors have been identified (Sokoloff et al., 1990;
Dearry et al.,1990; Sunahara et al.,1991) and Kebabian and Calne (1979) first proposed
that dopamine receptors in the brain are divided into two separate subtypes designated D1
and D2. They differ in a variety of aspects, including molecular weight, coupling to
adenylate cyclase, location and affinity for dopamine agonists and antagonists. The D1
but not the D2 receptors are positively coupled to the adenylate cyclase enzyme (Creese
et al.,1983). Furthcrmore dopamine receptors exist pre- and post-synaptically. Recently
Sokoloff et al. (1990) have been able to characterize a receptor subtype D3, which differs
in its pharmacology and signalling system from D1 and D2 receptors and, as for D2
receptors, seems to be both an autoreceptor and a postsynaptic receptor. The D3 receptor
is localized in the limbic areas of the brain associated with cognitive, emotional and
endocrine function. However, it seems the dopaminergic neurones of the
tuberoinfundibular system do not posses the *auto-receptors’ characteristic of the other
dopaminergic systems (Moore and Denarest, 1982). Finally, James et al. (1987) observed
in the rat that the selective D2 agonist LY171555 and D2 antagonists, sulpiride and
domperidone, had no effect on plasma LH or ovulation, but the D1 agonist SKF 38393
stimulated LH release, indicating that the stimulatory effect of dopamine on LH release
is centrally mediated via D1 receptors.

There are some differences between studies in the apparent site of dopaminergic
control of gonadotropin secretion. However, overall, the main site of action of dopamine
on gonadotropin secretion is generally believed to be at hypothalamic level on GnRH
neurons. These conclusions have been also drawn from observations that incubation of
pituitary cells with dopamine in vitro failed to affect LH secretion (McCann, 1983). Other
studies suggest a pituitary site of action for dopamine modulation of LH release and this
is supported by the identification of pituitary dopamine receptors in various species
(Nunez et al., 1981; Johns et al., 1982). In teleost fish, dopamine acts directly on the
gonadotropes to decrease the binding of GnRH (DeLeew et al., 1988) and dopamine
receptors have been identified on a subpopulation of gonadotropes (Goldsmith et al.,
1979). Other studies of dopamine receptor distribations in mammalian species indicate
that only D2 receptors are found in the pituitary (Thomas et al., 1989), whereas in the
median eminence receptors are primarily of the D1 type (Leibowitz et al., 1982). Others
have reported that there are also D1 receptors in pituitary cells and administration of
Fenodolpan (a specific dopamine D1 agonist) resulted in a dose-dependent decrease in
PRL secretion in vivo and in vitro in the rat (Schoors et al., 1991). In a recent study
Martinez-de-la-Escalera et al. (1592) and Findell et al. (1993) report that there is a direct
stimulatory effect of DA on GnRH release via dopamine D1-receptors but not dopamine
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D2-receptors.

By infusing Fenodolpan during the £llicular phase in woman, Boesgaard et al.
(1991) induced an increase in the LH and FSH responses to GnRH administration, and
also suggested that this dopamine agonist was acting at the hypophysial level. The release
of LH in response to GnRH is decreased in ovariectomized, pituitary stalk-transceted ewes
(Donnelly and Dailey 1991), in stalk sectioned rabbits (Dailey et al, 197R),
ovariectomized ewes (Deaver et al., 1982) and humans (Lecbaw et al., 1978) treated with
dopamine infusion.

In conclusion, although there are conflicting data in_vivo and in_vitro on
dopamine actions on LH release, it seems possible to postulate that dopamine modulates
gonadotropin secretion by regulating GnRH secretion at the hypothalamic level. However,
a pituitary effect of dopamine cannot be excluded. The presence of either inhibitory or
stimulatory effects of dopamine agonists and antagonists suggests that other regulatory
systems are involved in modulating the effects of dopamine on GnRH and LH sccretion

during different reproductive periods.

2.3 Serotonin

The precise role of serotonin on LH secretion is not well defined. An inhibitory
effect of serotonin on basal LH secretion (Kordon, 1968) and a block of the preovulatory
surge of LH in cyclic ewes (Domanski et al., 1975) has been reported. In contrast to
evidence for an inhibitory role for serotonin, Deaver and Dalley (1982) and Donnclly et
al. (1992) reported that the administration of exogenous serotonin greatly increased LH
secretion in ovariectomized ewes. However, both the stimulatory and inhibitory role of
this neurotransmitter appeared in some doubt, as cyproheptadine, a scrotonergic
antagonist, was demonstrated to have no effect on LH secretion in anestrous and cycling
ewes (Meyer and Goodman, 1986).

2.4 Endogenous opioid peptides

In recent years several comprehensive reviews on the opioids have been published
(Bicknell, 1985; Brooks et al., 1986; Malven, 1986; Haynes et al., 1989; Barb ct al., 1991;
Britt et al., 1993; Schillo, 1993; Rawlings et al., 1993; De Rensis et al., 1993a) and Tablc
1 summarizes research conducted in domestic species using the EOP antagonist naloxone.
The family of peptides comprising the endogenous opioids is divided into three sub-
groups by virtue of structure and precursor molecule. The cnkephalins, beta-cndorphins
and dynorphins exhibit varying affinity for at least five classes of opizic receplors,
including mu, kappa, delta and sigma. Heterogeneity in receptor binding remains a
principal obstacle in assigning specific responses t0 particular opioids (Crowley, 1986).

There are two levels at which opioids may modulate gona lotropin secretion.
Firstly they may interfere with GnRH action at the anterior pituitary gland; sccondly they
may influence GnRH secretion within the hypothalamus. Several lines of evidence arguc
against the hypothesis that opioids inhibit LH secretion via direct actions upon the
anterior pituitary. Early in vivo and jn vitro studies in a variety of species showed that
neither naloxone nor morphine altered the pituitary LH responses to pulses of GnRH
(Cicero et al., 1977; Grossman et al., 1989; Ferin et al., 1984; Ebling et al., 1987) and
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naloxone did not disrupt the secretory response of the pituitary to exogenous GnRH given
in vivo (Cicero et al 1977; Grossman et al., 1984, Ferin et al., 1984). Furthermore in the
rat, GnRH antagonist treatment decreased naloxone-induced elevations in plasma LH
(Blank et al., 1982) and morphine reduced secretion of GnRH into pituitary portal plasma
(Ching, 1983). Finally, in the sheep there is no direct pituitary action of morphine on LH
secretion in vivo and no specific binding in the anterior pituitary gland (Horton et al.,
1990). However, other authors have reported effects of opiates at the pituitary level (Chao
et al.. 1986; Blank et al. 1986; Mattery and Moberg, 1985; Chao et al., 1986, Barb et al.,
1990). Therefore it seems that opioids may have a more important role in the control of
LH secretion at the pituitary level than was suggested from earlier studies.

The precise site in the central nervous system at which opioids might affect GnRH
secretion remains largely speculative. On the basis of several observations it seems that
opioids may act in the medial preoptic area, the median eminence and the arcuate nucleus
(King et al., 1982; Witkin et al., 1982; Kalra, 1981, 1983). The highest concentrations
of beta-endorphin in the rat were reported to be in the medial hypothalamus, with lower
concentrations in the thalamus, zorra compacta of the substantia nigra, medial amygdaloid
nucleus, periacqueductal grey area and the locus coeruleus (for review see Morley, 1981;
Grossmann ct al.,1989). Hypothaiamic beta-endophinergic neurones originate largely in
the arcuate nucleus from where they project to the median eminence as well to other parts
of the hypothalamus and brain (Howlett et al 1987).

Although there is no available evidence on whether LHRH neurons are innervated
directly by any of the opioidergic systems (for revicw see Hoffman et al., 1989), the
above data and the stimulatory effect of naloxone on LHRH release under in_vitro
conditions (Blank et al., 1982; Leadem et al., 1985) demonstrate that opioids affect the
release of LHRH from the hypothalamus. Furthermore, both the corticotropes in the
anterior lobe and the melanotropes in the intermediate lobe of the pituitary gland
contribute to the total secretion of beta-endorphin into the peripheral circulation (Smith
and Funder, 1988).

Although different classes of opioid receptors have been described (Paterson et al.,
1983: Herz et al..1989), the mu receptors appear to be particularly involved in the control
of gonadotropin secretion (Cicero et al., 1983; Pfeiffer et al., 1983; Panerai et al., 1985;
Lacdem et al., 1985:). However, there are suggestion also for action via kappa receptors
(Goodman et al., 1980; Pfeiffer et al., 1983) and the studies of Wiesner et al., (1985)
indicate that delta but not mu receptors are implicated in opioid inhibition of LH. Finally
Hoffman et al. (1989) reported that only a fraction of GnRH cells are contacted directly
by opioidergic neurones.

2.4.1 The opioids and post-partum anestrus in domestic animals.
Cow

In cattle, LH pulse frequency and therefore GnRH secretion is depressed during
the post-partum period and this suppression exists for a greater length of time in suckled
compared to milked cows, implying that the suckling stimulus rather than lactation itself
was responsible for LH suppression (Peters et al., 1981).

One of the mechanisms by which suckling inhibits GnRH secretion in the cow
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involves the opioids. Naloxone infusion into suckled beef cows around day 40 post-
partum resulted in a significant increase in LH pulse frequency and amplitude, while
naloxone was ineffective in raising LH in non-suckled post-partum cows (Whisnant et al.,
1986a,b). Calf removal usually abolished the response to naloxonc. It has also been shown
that a larger dose of naloxone is required to elicit an LH responsc on day 14 post-partum
compared to days 28 and 42, leading to the proposal that opioidergic inhibition of LH in
the post-partum cow appears o be more potent in the early post-partum period (Whisnant
et al 1986b). It would therefore appear that the removal of the suckling stimulus
disinhibits the effect of opioids on LH secretion in the cow. Cross et al. (1987) observed
that naloxone increased mean LH concentration, and episodic LH pulse frequency and
amplitude in suckled beef cows at day 18-19 post-partum but a response was also cvident
three days after weaning at day 24. From the above data and the observations of a latent
effect on the pituitary of the high steroid levels during gestation (see Nett, 1987), it scems
possible to conclude 1) that in cows, suckling influences LH secretion at the later but not
during the immediate post-partum period and 2) that the opioids in cows are effective in
inhibiting GnRH secretion but this effect gradually diminishes during the post-partum
period.

Sheep
Research in the sheep is difficult to relate to that in other domestic species due 10

marked reproductive seasonality. However, during the post-partum period in the ewe,
naloxone significantly increases LH concentration, with a decreasc in the response of LH
to naloxone treatment with time from lambing (Gregg et al., 1986).

Elevations in post-partum LH concentrations following EOP antagonism were
associated with depressions in PRL secretion in suckled and non-suckled ewes. In
another study, involving the alternative approach of direct estimation of hypothalamo-
hypophysial beta-endorphin concentrations and receptor populations, there was a
suggestion that under the stimulus of suckling, this opioid exhibits an autocrine role
within the hypothalamus, inhibiting GnRH release and also the dopaminergic suppression
of PRL secretion (Gordon et al., 1987). Hence, plasma PRL concentrations may represcnt
the result of hypothalamic EOP inhibition rather than playing a causal role in GnRH
regulation. In the spring lambing ewe, naloxone was administered to suckling cwes and
to ewes weaned 20 days post-partum (3 days after lamb removal). EOP antagonism
elevated LH secretion in both groups when compared with non-suckled and suckled
counterparts without EOP inhibition. These results suggest that although EOP may have
reduced gonadotropin secretion in these animals, their effects were not modificd by
suckling (Newton et al., 1988). It is noteworthy, however, that LH concentrations in the
control, weaned group fell following weaning when compared with suckled ewes. The
possibility remains that suckling effects were still evident 72 hours post-weaning and the
authors argue that, although a comparison between weaned and weaned plus naloxone was
unobtainable, suckling was unlikely to have affected responses Lo the antagonist. On this
basis, they suggest that the post-partum lactating ewe differs from specics exhibiting a
distinct lactational anestrus, e.g. pigs and cattle.

Thus in the ewe the opioidergic suppression of LH did not appear dependent on
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suckling, since the response to naloxonc is still present in ewes from which the lambs are
removed at day 10 of lactation and there are no differences in pre-naloxone LH values
between suckled and non-suckled ewes. Thus it is not surprising that therc are no
differences in the time from lambing to the first post-partum estrus between suckled and
non suckled ewes (Fletcher et al., 1973; Moss et al., 1980).

In conclusion, it seems that although opioids reduce gonadotropin secretion in the
sheep, this effect is independent of the suckling stimulus.

Pig
Suckling in the sow has been shown to inhibit LH secretion by a suppression of

the GnRH pulsc generator, as evidenced by a LH response to a single GnRH challenge
(Rojanasthicn et al., 1987) and to repeated GnRH injections during suckling, (Bevers et
al., 1981; Britt et al., 1985; De Rensis et al., 1991). The principal cause of lactational
anestrus is the inhibitory effect of suckling on hypothalamic GnRH release and the
resulting decline in episodic LH secretion. The opioids have been shown to be prime
candidates as mediators of this inhibitory effect of the suckling stimulus on LH secretion.
Barb et al. (1986a) and Mattioli et al. (1986) first observed that naloxone injections arc
able to increase LH plasma during lactation in swine. Armstrong et al. (1988a) also
blocked the increase in LH secretion associated with transient weaning and demonstrated
a delayed estrus onset in weaned sows follewing morphine administration. Armstrong et
al. (1988b) also report that constant infusion of naloxone in suckled sows, while
increasing LH pulse frequency, failed to elevate mean LH levels above those of suckled
sows treated with saline, whilst temporary removal of the litter (for 8 hours) caused a
significant increase in both LH mean and LH pulse frequency.

In summary, in the pig the opioids appear to play a role in post-partum control of
LH secretion and therefore in lactational anestrus, although their role appears to vary with

time post-partum.

2.4.2 Peripheral endorphin and GnRH secretion
The possibility that peripheral plasma endorphin can influence GnRH\LH

secretion has been poorly investigaied. In the sheep beta-endorphin in the peripheral
circulation is assumed to be secreted primarily from the pituitary gland, since this tissue
contains large amounts of beta-endorphin immunoreactivity compared with the
hypothalamus (Ebling et al., 1987).

In lactation it has been established that suckling induces an increase in peripheral
concentrations of beta-endorphin in women (Franceschini et al., 1989), rats (Riskind et
al., 1984) and sheep (Gordon et al., 1987). Furthermore, Franceschini et al. (1989)
observed that in lactating women the increase in plasma beta-endorphin occurred
independently of plasma cortisol variations and they suggested that beta-endorphin
secreted during suckling is derived from an extrahypothalamic site, i.e. the gut. Plasma
endorphin can also have an effect at the hypothalamic level because in the human
endorphins can cross the blood brain barrier (Gener et al., 1982). The content of
beta-endorphin in the hypothalamus 12-18h post-partum is elevated compared to 6 to 8
days after parturition in the rat (Wardlaw et al., 1983). Finally, in photoperiodically
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sensitive species, beta-endorphin concentrations can change with scason. A marked
seasonal cycle in the peripheral blood plasma concentrations of beta-endorphin occurs in
sheep, with a 10- to 20- fold increase from spring to autumn (Ebling and Lincoln, 1985).

2.5 Other neurotransmitters

Gamma-amino butyric acid (GABA) secretory neurones have been described to
be in contact with GnRH neurones (Leranth et al., 1986). The administration of GABA
in rats induces GnRH inhibition (Masotto et al., 1987) and this effect is mediated by the
noradrenergic system (Masotto et al,, 1989). In addition to its central neuroendocrine
effects it has been observed that GABA can inhibit LH secretion at the pituitary level
(Lux-Lantos et al., 1992). A second excitatory amino acid that has a stimulatory effect
on GnRH secretion is N-methyl D-aspartate (NMDA)(Gay and Plant,1987) and an
interaction with the opioidergic system has been also suggested for this neurotransmiticr
(I'Anson et al., 1989). Finally neuropeptide Y is implicated in mediating the feed-back
effect of gonadal steroids on LHRH secretion (Weiner et al., 1988), with an inhibitory
effect in castrate rats (Karla and Crowley, 1984) and rabbits (Khorram et al., 1987) and
a stimulatory effect in intact or steroid treated rats (Kalra and Crowley, 1987).

2.6 Interactions between opioids, dopamine and gonadotropin secretion

In laboratory animals the opioids have been shown to inhibit (Pang et al., 1977,
Bhanot and Wilkinson, 1984), stimulate (Bhanot and Wilkinson, 1984) or have no cltect
(leiri et al., 1980) on FSH secretion. In adult ewes, naloxone and morphine did not
influence FSH secretion (Currie and Rawlings, 1987, 1989) while an effect of naloxonc
on FSH secretion was evident in 10 week old lambs (Rawlings et al., 1991). Reports on
an endogenous opioid involvement in the control of FSH secretion in the pig arc limited.
Trudeau et al., (1988, 1989) reported that in young male pigs morphinc suppresscd,
whereas naloxone increased, FSH levels and these effects were dose dependent. In
contrast, Prunier et al. (1990) and Cosgrove et al. (1991) have observed a suppression of
LH secretion but no effect on FSH secretion following naloxone administration to 10-
week old males or pre-pubertal gilts.

Available data suggest that the mechanisms by which opioids suppress LH
secretion may not involve the dopaminergic system. In fact the combined treatment of
post-partum ewes with metoclopramide (a dopamine antagonist) in addition to naloxon¢
did not modify the response of LH (Knight et al., 1986), leading to the conclusion that
endogenous opioids suppressed LH secretion in the suckling ewe by a mechanism
insensitive to dopaminergic modulation, as previously proposed by Kann et al. (1979).
However the release of GnRH from medio-basal hypothalamic fragments, induced by KCl
depolarization or DA, can be inhibited by submicromolar concentrations of mcl-
enkephalin, leu-enkephalin or beta-endorphin (Drouva et al., 1980; Rotsziejn et al., 1978a,;
Rotsziejn et al., 1978b; Drouva et al., 1981).

In the post-partum sheep elevations in LH concentrations following opioid
antagonism on days 10 and 26 post-partum, (Gregg et al., 1986) are associated with
depressions in PRL secretion in suckled and non-suckled ewes. In another study
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involving the alternative approach of direct estimation of hypothalamo-hypophysial
beta-endorphin concentrations and receptor populations, there was a suggestion that under
the stimulus of suckling, the opioids exhibit an autocrine role within the hypothalamus,
inhibiting GnRH release and the dopaminergic suppression of PRL secretion (Gordon et
al., 1987). However, there are studies indicating that dopamine can influence opioid
secretion and might therefore exert indirect effects of GnRH and LH secretion. In
humans, a tonic dopamine inhibition of beta-endorphin was reported (Genazzani et al.,
1984) and stimulatory effects of DA antagonists on beta-endorphin secretion have been
observed in rats (Farah et al., 1983; Giraud et al., 1980)and in dogs (Sharp et al., 1982).
Furthermore Vermes et al. (1984) demonstrated that the release of beta-endorphin from
the mediobasal hypothalamus in vitro is under the inhibitory control of dopaminergic
neurons. In the ram dopamine inhibits beta-endorphin and PRL secretion under either long
or short days and Ssewannyyana et al. (1990) reported that circulating concentrations of
beta-endorphin and PRL decrease following treatment with bromocriptine during different
stages of the photoperiod-induced cycle.

Recently it has been reported that mu receptors undergo upregulation in response
to chronic cocaine exposure, suggesting that dopamine activity can regulate the expression
of mu opioid receptors (Unterwald et al, 1992). Dopamine receptor agonists
(bromocriptine, lysuride) do not change plasma beta-endorphin when acutely administered
but induce responses during chronic treatment (Autelitano et al.,, 1987). These results
further confirm that there is a chronic and not an acute effect of dopamine on GnRH\LH

secretion.

3. THE GONADOTROPINS AND MECHANISMS MODULATING THEIR

SECRETION
3.1 Hypothalamic control
LH and FSH are glycoprotein molecules with a molecular weight of about 30,000

and consist of o and P subunits. The o subunit is common to all glycoprotein hormones
of a given species, whereas the B unit confers specific biological properties to the
hormone (Vaitukatis et al., 1976). The gonadotropic hormones are produced within the
basophilic cells of the anterior pituitary. Following their synthesis they are stored within
secretory granules and are later released from the gonadotrope cells by exocytosis
(Fawcett et al., 1978). Both gonadotropins are probably metabolized by the liver and
kidneys (Hutchinson and Sharp, 1978). Studies involving the injection of labelled
hormone in a number of species have estimated the half life of LH at about 28-35
minutes (Geshwind and Dewey, 1968) and the half life of FSH at about 130-160 minutes
(McNeilly, 1988). ,
The pulsatile nature of LH release was initially described in the ovariectomized
rhesus monkey (Dierschke et al., 1970) and subsequently in sheep (Foster et al., 1975)
and pigs (Foxcroft et al., 1975). It is now widely accepted that during the estrous cycle
in all female mammals that have been studied, two predominant modes of LH secretion
have been observed: the tonic, episodic pattern and the surge or cyclic pattern. The first
is epitomized as a variable pattern of episodic LH release above basal levels; the second,
in contrast, operates rather acutely and is responsible for the massive sustained increase
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in circulating gonadotropin concentrations that causes ovulation (Jackson et al., 1977.
Hafez, 1984).

There are situations in which FSH and LH are differentially secreted. For example
a peak of FSH secretion is coincident with the preovulatory surge of LH, both of which
are induced by estradiol. However, a second major increase in FSH is observed in most
species commencing 18-24h after onset of the preovulatory release of both gonadotropins.
This increase reaches peak concentrations just after ovulation when LH and cstradiol
concentrations are both low (Baird and McNeilly, 1981). In the rat, the peak of the
spontaneous FSH surge occurs about 11h after the spontaneous proestrous LH surge
(Aiyer et al., 1974a) and dissociation between LH and FSH secretion also occurs during
sexual development (Chiappa et al., 1977) and in response to experimental manipulation
of sex steroids (Ayer et al., 1974b). Clear-cut dissociation between LH and FSH
secretion in women also occurs during the follicular phase of the menstrual cycle and
during pregnancy (Parlow et al., 1970), as well as after the administration of estradiol
(Nillius et al., 1971). In the sow, circulating concentrations of LH are low during the
early post-partum period and remain generally suppressed during the first three weeks of
lactation, while the concentrations of FSH are not suppressed and shown only liule
change (Walters et al,, 1982; Moss et al., 1985; Lauderdale et al., 1965; Stevenson ct al.,
1981b). At weaning LH, but not necessarily FSH, concentrations increase significantly
(Shaw and Foxcroft 1985). Secretion of FSH and LH are both abolished after
administration of a centrally active compound, methallibure (synonymous with AIMAX
or ICI 22828) (Kesner et al., 1987) and after passive immunization against GnRH
(Esbenshade and Britt, 1985), but hypophyseal stalk transection induces a decrease of LH
(Carpenter and Anderson, 1985; Kraeling et al., 1986; Kesner et al., 1989) but not FSH
(Kraeling et al., 1986).

There are many external factors known to influence FSH and LH secretion. For
example in sheep, the relative concentrations of the two gonadotropins have been related
to breed, sex, nutrition, season and age. In all these instances, it is apparent that the
secretion of FSH can change independently of LH, indicating that the control systems
regulating the two gonadotropins are not necessarily the same. Although there have been
reports postulating the existence of separate LH and FSH releasing hormones (Bowers ct
al., 1973; Folkers et al., 1978), the two releasing hormone concept does not appear to be
an adequate explanation for differential regulation of LH and FSH secretion. There is
instead more evidence for a difference in the secretion of FSH and LH due to the inherent
properties of pituitary cells. Removal of hypophysial cells from the influence of the
hypothalamus (Clarke et al., 1983) or GnRH in vivo (Clarke et al., 1984) or in_vitro
(Miller et al., 1977), results in a slower decrease in the secretion rate of FSH compared
to LH. The dissociation between LH and FSH secretion may be dependent upon the
pattern of exposure of the pituitary gland to GnRH. Clarke et al. (1986) observed that LH
but not FSH secretion ceases when constant GnRH or saline infusions arc given to
ovariectomized and hypothalamic-pituitary disconnected ewes and suggest that FSH
synthesis, but not FSH secretion, requires pulsatile GnRH release. Similarly, Brown-Grant
and Greig (1975) showed that in the rat the spontaneous LH surge could be blocked
immediately and completely by the injection of sodium pentobarbitone at any time during
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the rising phasc of the surge, but, once established, the FSH surge was not interrupted by
the injection of sodium pentobarbitone. In the human it also appears that, once
established, FSH release continues for much longer than LH release (Yen et al., 1972).
These observaticns suggest that the secretion of LH, but not FSH, is dependent upon the
minute-by-minute exposure of the pituitary gland to GnRH. Once FSH secretion is
initiated by GnRH, it may continue to be secreted, perhaps autonomously, at least for
several hours.

The gonadotropes, as do other anterior piiuitary cells, have similar,if not identical,
biochemical pathways involved in the regulation of hormone release. These pathways
include interactions among phospholipid and arachidonic acid metabolites, calcium
mobilization, cyclic nucleotides and undoubtedly other as yet unidentified systems.
Although the mechanisms of secretagogue-induced hormone release are complex, it
appears that two general mechanisms can be identified that are responsible for mediating
immediate post-receptor events. These include the systems surrounding the hydrolysis of
phosphatidilinositol-4,5-biphosphate to inosito! triphosphate and diacylglycerol (DAG),
or cyclic adenyl nucleotide (¢(AMP) metabolism (see Fink., 1988b). Therefore, in response
to the activation of a pituitary receptor by a GnRH, the secretion of one or other
gonadotropin could be dependent on activating different intracellular biochemical
pathways. Also steroid feed-back can be involved in the mechanisms regulating
differential gonadotropin secretion. In ovariectomized (ovx), estradiol benzoate treated
ewes, LH concentrations are below those of untreated ovx ewes (Dickman and Malven,
1973). Estradiol, in combination with progesterone in the correct sequence and doses, can
result in changes in LH concentrations in ovariectomized ewes which mimic those of
intact, cyclic animals (Goodman et al., 1980a). The situation with FSH is different.
Although estradiol has a long-term negative influence on FSH secretion, none of the
steroid replacements maintained FSH concentrations in the physiological range (Goodman
et al., 198a).

In vitro and in vivo estradiol exerts a biphasic action on LH secretion, initially
inhibiting, then augmenting LH responses to GnRH. In contrast, estradiol inhibits FSH
release both in_vivo and in vitro. (see Clark, 1988). Yen et al. (1971) suggested that
estradiol may preferentially promote the release of LH rather than FSH and Miller and
Wu (1981) observed that in sheep pituitary cell cultures, estradiol is a highly potent
inhibitor of FSH release.

Another mechanism involved in the differential regulation of gonadotropin
secretion is the feed-back regulation by inhibin and other non-steroidal factors of FSH
secretion (for review see Ackland et al., 1992).

In conclusion, although all the mechanisms involved in the control of LH and
ESH are not well understood, it is clear that there are physiologically important
differences in the secretion of the two hormones. The differential regulation of LH and
FSH can occur at two levels, the hypothalamus and higher brain centres or the pituitary.
At the hypothalamic level a specific FSH releasing factor has not been yet identified,
although the existence of factors secreted in the brain that can selectively stimulate FSH
secretion cannot be excluded. The pattern of GnRH secretion may differently influence
the synthesis and secretion of the gonadotropins by differentially regulating gonadotropin
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subunit mRNA expression. At the pituitary level, there is evidence that the gonadotropes
which synthesize and secrete FSH have a much greater capacity to continue this function
than those which produce LH. Different intracellular biochemical pathways could also
be involved in differential LH and FSH secretion. Finally, ovarian factors are clearly
involved in the regulatory mechanisms operating at the pituitary level and inhibin, with
a specific inhibitory effect on FSH, is of particular importance.

3.2 Ovarian steroid feed-back

It is well recognized that two of the main factors controlling gonadotropin
secretion are progesterone and estradiol-17beta secreted by the ovary. Generally,
ovariectomy is followed by an increase in plasma gonadotropin concentrations (Martin
et al., 1984; Montgomery et al., 1985; Webb et al., 1985). This is a direct effect of
removing ovarian hormones as confirmed by the administration of exogenous estradiol
in ovariectomized animals (Yamaji et al., 1972; Sarkar and Fink, 1980; Karsch ct al.,
1980; Goodman et al., 1982; Rawlings et al.,1984). Moreover, Debeljuk and colleagues
(1972) reported that estradiol alone or in combination with progesterone produced a
suppression of pituitary responsiveness to GnRH in intact dicstrous rats.

With regard to farm animals, it has been observed that both estradiol-17beta and
progesterone are able to suppress the post-ovariectomy rise in plasma LH concentration
in the cow (Beck et al., 1976), ewe (Diekman and Malven, 1973; Baird ct al., 1976,
Karsh et al., 1977; Tamanini et al., 1986; Martin et al 1984; Webb et al., 1985; Joscph
et al,1992; Currie et al., 1992) and sow (Rayford et al., 1974; Parvizi et al., 1976).
Crowder and colleagues (1982) observed that treatment of ovariectomized cwes with a
silastic implant containing estradiol-17beta and progesteronc caused a reduced response
in pituitary LH release after stimulation with GnRH. This was associated with a parallel
decrease in the pituitary concentration of LH, while the hypothalamic content of GnRH
did not change throughout the treatment period. When the steroid implants were removed,
the responsiveness of the pituitary to GnRH increased. Therefore it seems possible o
suggest that the feed-back of ovarian steroid hormones has an important influence on
pituitary responsiveness to GnRH. However, in the ovariectomized ewe, Goodman and
Karsh (1980a) reported that progesterone reduced the frequency of pulsatile LH release,
an effect that would be mediated at the hypothalamic level. Additional evidence to
demonstrate negative feed-back of estrogen in the pig is provided by the data of Foxcroft
and colleagues (1975), who showed that estrogen treatment will inhibit both GnRH
induced LH activity and endogenous episodic LH release in prepubental gilts. However
the presence of a positive feed-back effect of the estradiol-17beta on LH secretion has
been observed during the estrous cycle. In fact high estradiol-17beta concentrations are
the trigger for the preovulatory LH surge in the cow (Short et al., 1979), sheep (Karsh
and Foster, 1975) and pig (Lantz and Zimmerman,1972). In various experiments
exogenous estradiol injection has been shown to elicit a characteristic relcasc of
gonadotropins in the pig (Foxcroft and Elsaesser, 1977; 1978; Edwards and Foxcroft,
1983b), in cattle (Beck and Convey, 1974), in sheep (Goding et al., 1969) and in rats
(Ramirez and Sawyer, 1965). In the studies on the effects of estradiol on FSH sccretion,
depression was suggested (Rawlings et al., 1984).
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With regard to plasma concentrations of estradiol-17beta and progesterone during
the post-partum period in the sow, plasma progesterone decreases sharply around the time
of parturition and remains low throughout lactation (Ash and Heap, 1975; Baldwin and
Stabenfeldt, 1975; Parvizi et al., 1976). There is an increase in plasma estradiol
(Robertson and King, 1974; Ash and Heap, 1975) concentrations during farrowing and
then plasma concentrations fall rapidly after parturition and remain low (Ash et al.,1973;
Edquist et al., 1974; Ash and Heap, 1975; Rojanasthien et al., 1987) or fluctuate
(Stevenson et al., 1981b; Pope, 1982; Watson et al., 1987; Varley and Foxcroft, 1990)
during lactation.

It has been reported that suckling changes the sensitivity of the
hypothalamic-pituitary axis to the estradiol feed-back and both an inhibitory and a
stimulatory effect on LH release has been described in various species (Saesser et al.,
1973; Foster, 1979; Elsaesser and Parvizi, 1980; Wright et al., 1981; Peters, 1984,
Garcia-Winder et al., 1986; Watson, 1987, Clarke, 1987; Wilson et al., 1993) and in vitro
(Tang and Spies ,1975; Drouin et al., 1976; Labrie et al,, 1978; Padmanabhan et al.,
1978).

In the dairy cow the positive feed-back of estradiol-17beta on LH is absent
shortly after parturition but is restored by day 15 (Schallenberger et al., 1982,a). Similarly
Peters (1984) found a progressive recovery of the positive feed-back mechanism between
days 10 and 17 of lactation in beef cows implanted with estradiol benzoate. In cows
Watson (1987) measured the concentration of estradiol-17beta between day 21 and 27
post-partum and found that the mean amplitude of any fluctuations in estradiol-17beta was
significantly greater in the cows which ovulated earlier. They concluded that the
amplitude of the fluctuation in estrogen concentration appeared to be more important
than the mean concentration itself in determining whether ovulation was initiated.
Finally, in the ovariectomized lactating cow, chronic administration of exogenous estradiol
in low concentrations has a positive feed-back effect on the secretion of LH
(Garcia-Winder et al.,1986).

In the ewe, there is conflicting data concerning the feed-back effect of estradiol
on the hypothalamic-hypophysial axis during lactational anestrus. In fact, while Foster
(1979) reported that the post-partum anestrus in the ewe is not mediated by hyper
responsiveness to estradiol negative feed-back, Wright and colleagues (1981,b) reported
that in post-partum ewes there was an increase in the inhibitory effect of estradiol on LH
release. Crowder and colleagues (1982) suggest that the failure of the ewe to release LH
in response to estradiol is due to a decrease in the quantities of LH in the pituitary, rather
than to a refractoriness to estradiol. This is consistent with the observation that the
number of cytosolic receptors for estradiol in the pituitary remains constant after
parturition (Crowder et al., 1981).

Elsaesser and Parvizi (1980) in the sow, found a small but significant increase in
LH levels in sows treated with estradiol benzoate on day 35 but not on day 5 of lactation.
Also Ramirez et al. (1985) found that treatment with estradiol induce more pronounced
LH secretion in sows treated during the 3rd or 4th week of lactation compared to the 2nd
week (Ramirez et al., 1985). Therefore these data suggest a gradual recovery of the
neuroendocrine pathways mediating the stimulatory effects of estrogens with time from
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farrowing. Cox et al., (1988) gave lower doses of estradiol benzoate at three stages of
lactation but did not observe negative or positive feed-back responses of LH. A low but
chronic elevation in plasma estradiol level resulted in inhibition of endogenous LH
secretion in sows (De Rensis et al., 1991). Moreover, the observation of an absence of
estrus behaviour and ovulation, even in animals in which estrogen secretion is observed
before weaning (Edwards and Foxcroft, 1983b), seems to indicate that a blockade of the
positive estrogen feed-back mechanism may be a cause of lactational anovulation. Sesti
et al. (1993) observed a biphasic response of LH secretion to estradiol during lactation,
with an initial period of negative feed-back followed by a period of positive feed-back.

Finally, a study of the relationship between gonadotropin sccretion  and
reproductive activity in the weaned sow (Shaw and Foxcroft, 1985) led to the proposal
that the characteristics of LH secretion after weaning may depend on follicular
development, and therefore, the extent of estradiol feed-back at the time of weaning. They
suggested that in sows possessing ovarian follicles in a less advanced state there may be
insufficient plasma estradiol to augment the weaning-associated rise in LH or, conversely,
the hypothalamic-hypophysial axis of some sows "escaped’ the negative-feed-back effects
of estrogen earlier then others.

The site at which estradiol affects LH release during lactation in sows is still not
clear. Actions of estradiol during lactation have been described at both hypothalamic and
pituitary levels (for review see Clarke, 1987; Nett, 1987). In sheep and pigs (Leakakos
et al., 1987; De Rensis et al., 1991) estradiol treatment in late lactation induced chronic
inhibition of LH secretion but this effect was eventually negated by the concomitant
administration of LHRH. These data suggest that in the longer term estradiol acts mainly
at the hypothalamic level to inhibit LH secretion, with an acute inhibitory effect at the
pituitary level.

The neuroendocrine mechanisms by which estradiol decreases LH sccretion at the
hypothalamic level are also uncertain but opioids and dopaminc may be involved.
Evidence for a major opioid involvement in the block of LH secretion during lactation
was reviewed by Haynes et al. (1989). Furthermore, it has been demonstrated that the
effect of endogenous opioids on hypothalamic mechanisms controlling LH sccretion are
highly dependent upon the steroid milieu of the animal. The naloxone-induced elcvation
of LH is greatly attenuated, or totally absent, in gonadectomized rats but can be restored
by pretreatment with estrogens (Bhanot et al., 1984). Moreover estrogen decreases the
hypothalamic concentration of beta-endorphin and increases beta-endorphin relcasc into
the hypophyseal portal blood (Wardlaw at al., 1982; Sarkar and Yen, 1985). During
lactation levels of opioids are increased by the suckling stimulus and therefore estradiol
may interact with them in exercising an inhibitory effect on LH secretion.

Finally a link 0 neurotransmitter metabolism is suggested, since some estrogen
metabolites (hydroxylated estrogen, catecholestrogens) compete with catecholaminces for
cathechol-O-methyl-transferase (COMt) (Brever et al., 1962). A higher affinity of COMt
for catechol-estrogens could, for instance, result in the accumulation of norepinephrine
and therefore, induce a similar effect to norepinephrine itself.

In conclusion, either a negative and a positive feed-back of estradiol-17beta on LH
secretion could be observed during lactation. These effects may result from the type of
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treatment utilized and the period of lactation considered.

4. GONADOTROPIN SECRETION DURING GESTATION, PARTURITION AND
LACTATION

Throughout the first part of gestation in the sow plasma LH concentrations have
been reported to be relatively high and variable and can be compared with LH
concentrations in the midluteal phase of the estrous cycle (Ziecik, et al., 1982, 1983). This
pattern of LH secretion does not vary appreciably in late pregnancy although a decrease
in pulse amplitude (Parvizi et al., 1976; Ziecik et al., 1982) and an increase in number
of LH peaks (Kraeling et al., 1992) have been reported. During parturition plasma LH
concentrations are very low, while FSH levels fall slightly (Ash and Heap 1975; Duggan
et al., 1982).

In suckled beef cows the content of LH in the anterior pituitary increased from
ve-y low levels at parturition to levels similar to those present in acyclic animals by day
30 post-partum (Cermark et al., 1983; Moss et al., 1985). In ewes the pituitary content
of LH gradually increased during the post-partum period, reaching levels similar to those
observed in intact ewes between three and ten weeks post-partum (Jenkin et al., 1977,
Moss et al., 1980, Crowder et al., 1982). Therefore, it is possible to conclude that in the
ruminant, the lack of stores of LH in the anterior pituitary gland is one of the initial
limitations on the resumption of normal estrous cycles.

In the pig low LH pituitary concentrations have been observed between the end
of pregnancy and day 14 (Melampy et al., 1966) or even day 56 of lactation (Crighton
et al., 1967) and these observations were initially interpreted as evidence for a block of
the synthesis and release of LH at this time. However, as discussed above, the effect of
GnRH injections has also been studied, with the aim of better identifying the ability of
the pituitary to 1clease LH during lactation. The concept of a releasable pool of LH was
first described in the rat by Lu and colleagues (1976). They showed that the action of
three consecutive injections of GnRH, administered at 50 minutes intervals, was markedly
attenuated in lactating rats when compared with cyclic controls. In the sheep it has been
observed that there is a releasable pool of LH during lactation and that the rise in pattern
of LH secretion is independent of the dose of GnRH given (Kanchev et al., 1984). 1
has been suggested in the sow that during lactation the releasable amount of LH present
in the pituitary changed (Stevenson et al., 1981b; see previous section), indicating that
pituitary stores of releasable LH were lower on day 20 than day 10.

Generally, it has been reported that during lactation pituitary FSH levels are not
depressed in the cow (Moss et al., 1985) or in the ewe (Moss et al., 1980; Cermark et al.,
1983). During lactational anestrus in the sow pituitary levels of FSH concentrations return
to normal soon after parturition (Crighton and Lamming, 1969) and these authors
concluded that in the sow the suckling stimulus throughout lactation probably inhibited
only the release of FSH, whilst inhibiting the synthesis and release of LH.

It is generally well z epted that mean plasma LH concentrations tend to increase
gradually during lactation ... many species. At least in cows, this results in a pulsatile
pattern of gonadotropin release, with an LH pulse frequency of one every two hours, that
is able to stimulate follicular growth and ovulation (Carruthers et al., 1980; Peters et al.,
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1981; Schallenberger et al., 1982b). Pulsatile LH activity appears to be absent, however,
in the early stage of lactation in milked or suckling cows and Peters and colleagues
(1981) and Riley and colleagues (1981) did not observe a well defined pulsatile pattern
of LH until day 13 to 20 post-partum.

In contrast, in the pig, small fluctuations in LH secretion have been reported
immediately after parturition (Kunavongrikt et al., 1983 b). However, a limited number
of samples were taken each day in this work and it was not possible to describe the
profile of LH secretion in detail. In a recent more detailed study, De Rensis et al. (1993b)
describe active episodic-like secretion of LH in the first 36-48h after farrowing,
irrespective of whether the sow was suckled or weaned after parturition. Depending on
the extent of this post-partum secretory activity, suckling initially resulted in an inhibition
of LH secretion between 55 and 72h post-partum. Once this inhibition has occurred,
circulating LH levels remain generally suppressed during the first three weeks of lactation
(Melampy et al., 1966; Parvizi et al., 1976; Edwards, 1982; Booman and Van de Wiel,
1980; Stevenson and Britt, 1980) and slightly increase in late lactation (Stevenson ct al.,
1981b). Sows showing an early return to estrus after weaning, have a well cstablished
pattern of episodic LH secretion prior to weaning (Shaw and Foxcroft, 1985; Foxcroft ¢t
al., 1987).

The patterns of plasma FSH secretion are much less clearly defined. This probably
relates to difficulties in developing specific FSH radioimmunoassays. Although circulating
concentrations of LH are lower in post-partum than in cyclic animals, concentrations of
FSH are not suppressed (Walters et al., 1982b; Moss et al., 1985) or show little change
(Lauderdale et al., 1965) during the post-partum period in cattle. A slight increase in
plasma FSH throughout lactation has been reported in the sow (Stevenson et al., 1981)
and Edwards and Foxcroft (1983) found that FSH concentrations tended to be higher at
5 weeks than at 3 weeks of lactation but did not consistently increase after weaning. The
absence of any correlation between plasma FSH concentrations and time to return 0
estrus (Shaw and Foxcroft, 1985), or follicular development 48h after weaning (Foxcroft
et al., 1987), supports the concept that lactational anestrus is not the result of a lack of
FSH synthesis or release, thus reversing the conclusion drawn from earlier studics on
pituitary FSH content.

5. PROLACTIN AND THE REGULATION OF PROLACTIN SECRETION
5.1 Origin and identity of prolactin
5.1.1 Topography of prolacting-secreting cells.

Prolactin is synthesized not only by the lactotropes of the adenohypophysis but
also by the endometrium (particularly the decidua) and the myometrium. PRL has also
been localized by immunohistochemistry in a large variety of tissue and organs: mammary
epithelium, liver, adrenal, granulosa cells, oocyte, proximal tubule of the kidney,
endocrine pancreas, CNS, urethral gland and prostate (for review see Robyn and Meuris,
1988).

In the anterior pituitary, PRL is synthesized by the acidophilic lactotrope cells
(Horrobin, 1977). For many years it was believed that growth hormone and PRL werc
secreted by separate and distinct pituitary cell types, the somatotropes and mammotropes
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(or lactotropes). However, recently, studics of Frawley and his group (for review see
Frawley, 1989) indicate that many cells in normal pituitaries secrete both GH and PRL
concurrently and these cells are defined as mammosomatotropes. Such
mammosomatotropes are common in the pituitary of pregnant and lactating musk shrews,
but are not abundant in those of virgin females (Ishibashi and Shiino, 1989). Therefore
it has been suggested that mammasomatotropes impart "plasticity” to the pituitary gland
by serving as transitional cells for the interconversion of classical mammotropes and
somatotropes. In this manner, the long-term requirements of an animal for a particular
hormone could be met without drastically changing the total number of cells within the
pituitary gland. Estimates of the half life of PRL in cows range from 22 to 36 minutes
( Smith et al., 1977; Akers et al., 1980) and PRL appears to be bound and inactivated by
the liver (Horrobin, 1977).

5.1.2 Molecular heterogeneity of PRL

Prolactin is a protein hormone of 198 amino acids and is a single chain formed
into loops by three disulfide bonds. Considerable evidence has accumulated to suggest
that human PRL is not a single molecule (Milmore and Ree, 1975). Although PRL is
synthesized by only one gene on chromosome 6 in human, it is post-transcriptionally
modificd in various ways, resulting in different secreted molecular forms including a 199
amino-acid peptide, aggregates, glycosylated variants, cleaved forms producing 16k and
8k peptides, and PRL isohormones. Heterogeneity of PRL also has been reported in
mouse (Sinha, 1980) and rat (Asawaroengchai et al., 1978). Three forms of human PRL
have been described: little PRL (MW 22 kd) corresponding to the tomomomeric hormone;
big PRL (MW 22kd), probably the dimeric form; and big-big PRL (apparent MW in
excess of 160 kd) the structure of which remains unclear (Lewis, 1975; Niall, 1981; Fang
and Refetoff, 1978: Garnier et al., 1978). Finally, the presence of 'medium-big’ PRL
(MW 80-90 kd) has also been reported which may be a tetramer of little PRL (Tanaka
et al., 1984).

5.2 Spontaneous Prolactin secretion

When the mammalian pituitary gland is removed from hypothalamic influences
by autotransplantion (Shin and Reifel, 1981), destruction of the mediobasal hypothalamus
(Hall, 1984) or in_vitro culture (Stewart et al., 1985), there is a prompt and sustained
increase in PRL secretion that involves both de novo synthesis and increased release of
the hormone. Thus, in contrast to the secretion of most other anterior pituitary hormones,
the secretion of PRL is tonically inhibited by the hypothalamus. Spontaneous PRL
secretion is not detectable in fish and birds since in these animals the secretion of PRL
is mainly controlled by PRL releasing factor.

5.3 Autocrine and Paracrine control

Autocrine control of PRL secretion is the latest mode of hormone regulation to be
demonstrated in the pituitary gland. Hagen et al. (1986) showed that there is an autocrine
and paracrine stimulation of PRL secretion due to locally produced VIP. Moreover Nagy
et al. (1988) suggest that the suppressive action of dopamine on PRL secretion must occur
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either by way of antagonizing the stimulatory effect of VIP or by inhibiting VIP sceretion,
or both. Denef and colleagues (1986) have extensively studied the paracnne interactions
between pituitary cell types and described an interaction between gonadotropes and
lactotropes. The agent mediating this effect appears to be angiotensin 11, released from
the gonadotropes in response to GnRH treatment. The physiologic significance of this
paracrine regulation of PRL secretion by gonadotropes is unknown but it scems 10 he
involved in chronic changes in PRL secretion such as thosc occurring after estrogen
treatment.

5.4 Hypothalamic Control

The mechanisms controlling PRL synthesis and secretion arc not simple.
Increased PRL secretion above low basal levels in various physiological statcs appears
to be mediated by both a block of the secretion of inhibitory factor and by the release of
a stimulatory factor. The areas of the central nervous system causing both stimulation and
inhibition of PRL release have been especially well studied in the ewe and seem 10 be
located in the anterior and posterior medio-basal hypothalamus (Wolinska et al., 1977).

During lactation a number of exteroceptive stimuli play an important role in
maintaining the elevation of the circulating PRL (Jakubowski and Terkel, 1985). It has
been demonstrated in a number of species that the frequent application of the
suckling/milking stimulus is one of the most crucial. In fact the suckling stimulus induces
a prompt and marked release of PRL that exceeds that shown in other conditions, such
as at the time of the preovulatory surge of LH, in the early stages of pregnancy and in
response to stressful stimuli and food intake.

The neuro-anatomical mechanisms that induce PRL secretion during lactation have
been extensively studied but are not yet clearly understood. Various ncurotransmitiers are
involved in the hypothalamic regulation of PRL secretion, but the role of these
neurotransmitters is poorly understood because of the complexity of the ncuroanatomic
connections involved. However, using pharmacological agents that either potentiate or
antagonize the action of such neurotransmitters, their potential involvement in the
regulation of PRL has been demonstrated. Thus norepinephrine (Voogt and Carr, 1974,
Lawson and Gala, 1975), serotonin (Kamberi et al., 1971) and histamine (Pontiroli and
Pozza, 1978) have been described as being involved in the mechanism regulating PRL
secretion.

The identification of the neuro-hormonal substances which transmit the signal from
the midbrain to the hypothalamus and then that regulate PRL release during lactation has
been the object of extensive studies. More than 30 neuroactive substances have been
tested for PRF activity and among these thyrotropin-releasing hormone (TRH), oxytocin,
angiotensin II and bradykinin have been considered as potential candidates.

5.4.1 Prolactin Inhibitory Factors (PIF)

In 1963 Talwalker et al. demonstrated that a factor extracted from the
hypothalamus was able to inhibit the release of PRL; from that moment, numerous studics
have sought to identify this factor(s). The observation that the hypothalamus contains high
concentrations of catecholamines and that the axons of some hypothalamic neurones rich
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in catecholamines terminate in the external layer of the median eminence, in close
apposition to the primary portal capillaries (Fuke and Hokfelt, 1966), suggested that
dopamine exerts an inhibitory effect on PRL secretion. Th~se conclusions were confirmed
by evidence that the administration of a variety of dopaminergic agonists and antagonists
results in a decrease or increase of PRL release, respectively (Weiner et al., 1978; Smith
and Wagner 1985). Dopaminc reaches the anterior pituitary via two-vascular routes: the
long portal vessels from the hypothalamus and the short portal vessels from the posterior
pituitary. There is evidence indicating that dopamine from the posterior pituitary
contributes significantly to the suppression of PRL release under a variety of endocrine
conditions (Peters et al., 1981). There are also data in the rat showing that hypothalamic
dopamine rurnover is reduced in laciation (Selmanoff and Wise, 1981; Mena et al., 1976;
Demarest et al., 1983) and the conceniration of dopamine in the hypophysial portal
vessels is acutely reduced in response to suckiing (Plotsky and Neill, 1982).

With regard to lactational anestrus, it is not clear if there is a PRL induced
increasc in hypothalamic dopamine turnover and, if present, whether this mechanism is
involved in the suppression of GnRH secretion. However it seems that during lactation
there is a change in the properties of the hypothalamic tuberoinfundibular dopamine
neurones since they become unresponsive to the stimulatory actions of PRL (Demarest
et al., 1983).

The mechanisms by which dopamine acts to suppress PRL secretion are not firmly
established. It was found that dopamine can hyperpolarize the plasma membrane, reduce
spontancous action potentials and then reduce calcium fluxes leading to reduced
intracellular {Ca2+] and to the attenuation of calcium mobilization by TRH (Schofield,
1983; Sherey et al., 1986).

In 1979, Kebabian and Calne introduced the concept of two different dopamine
receptors: D1 receptors that stimulate adenylate cyclase activity of the target cells and the
D2 receptor that, when stimulated, does not increase CAMP synthesis. It seems that PRL
releasc is primarily governed by the tonic inhibitory influence of dopamine acting on D2
class receptors (MacLeod et al., 197). The activation of those receptors by PRL induces
an attenuation of the stimulatory effect of TRH on phosphoinositide metabolism in the
lactotropes and therefore induces a block of the synthesis and secretion of PRL (MacLeod
et al., 1988). However in a recent paper (Curlewis et al., 1993) it was shown that
injection of the dopamine D1 agonist SKF 38393 increased PRL. Furthermore utilizing
hypothalamo-pituitary disconnected sheep they demonstrated that these drugs do not act
directly at the pituitary gland secretion. By the application of the reverse haemolytic
plaque assay, it has been shown that there are two subpopulations of lactotropes with
differential responsiveness to dopamine; one population with a high and one with a low
PRL secretion rate. Dopamine preferentially inhibited PRL secretion from cells with
elevated secretory rates (Louque et al., 1988). Furthermore the data of Winiger et al.
(1987) revealed subclasses of lactoropes with distinct intracellular Ca2+ response
characteristics. A substantial subfraction of the lactotropes, but not all, respond to
dopamine with a rise in intracellular Ca2+. These observations demonstrate that there is
a heterogeneity of the lactotrope population in primary cultures of pituitary cells. It has
been suggested that this response-type heterogeneity is a general feature of cells whose
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activities are controlled by external factors, since it allows an organ like the pituitary to
adapt to a particular physiological status, (i.e. pregnancy, lactation) by alterations in the
relative proportions of lactotrope populations without the need to alter drastically its
composition of major cell types.

There are reports of a reduction in dopamine concentrations in the median
eminence (Moyer et al., 1979) and anterior pitvitary (Demarest et al., 1983) during
suckling, as well as a decrease in tuberoinfundibular dopamine activity (Selmanoff and
Wise, 1981). However, there are also studies that did not identify these changes (Voogt
and Carr, 1974) during lactation. De Greef and Visser (1981) observed that electrical
stimulation of the mammary nerve to simulate suckling, evokes a marked increase in
piasma PRL levels but only a transient fall in the levels of DA in portal blood. Moreover,
although an abrupt withdrawal of dopamine induces a rise in PRL (Plotsky and Neill,
1982), the brevity of the reduction in DA appears insufficient to fully account for the
massive rise in PRL during suckling. Ben-Jonathan et al. (1980) showed that dopamine
is important for the rapid decline in PRL immediately after removal of the pups and for
maintaining low PRL levels during non suckling intervals. Therefore from this data it is
possible to summarize that the control of PRL secretion during lactation is duc in part to
a brief removal of dopamine inhibition and in part to the stimulation of PRF and/or
increased lactotropes responsiveness to the action of PRF.

It has been suggested that gamma aminobutyric acid (GABA) has also PIF activity
(Schally et al., 1977; Lux Lantos et al, 1993) and that the gonadotropin-relcasing
hormone associated peptide (GAP) is able to inhibit the release of PRL (Nikolics ct al.,
1985). However if GAP, released at the same time as GnRH, was a potent inhibitor of
PRL release, it is difficult to understand how synchronous pulses of both PRL and LH
occur, i.e., during sleep in puberty and the preovulatory LH surge in tiic estrous and
menstrual cycle.

5.4.2 Prolactin Releasing Factors (PRF)

Besides the well characterized hypothalamic inhibitory regulation of PRL
secretion, a good deal of evidence exists for a stimulatory mechanism. However, much
less is known about the chemical identity, iocalization and regulation of PRL releasing
factors (PRF).

TRH was one of the first peptides shown to stimulatc PRL release by a dircct
action on the pituitary (Tashjian et al., 1971). Despite this well established action,
considerable disagreement exists regarding its role as a physiologic PRF, as scveral
physiologic states exist in which TRH and PRL are not released together. In the rat
Jacobs et al. (1978) suggest that TRH has a stimulatory effect. However while the
suckling stimulus induced a fifty-fold rise in plasma PRL, it was either incffective
(Riskind et al., 1984) or caused only a small and delayed incrcasc (Blake, 1974) in
plasma TSH. Furthermore, immunoneutralization of TRH blocks the rise in TSH, but not
in PRL in response to electrical stimulation of the hypothalamus. Moreover, injection of
TRH antiscrum decreases basal TSH release but does not abolish the PRL responsc to
suckling (Sheward et al., 1985). These data and the frequent dissociation between the
release of TSH and PRL, therefore make it difficult to exactly describe the role of TRH
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in the control of PRL.
Vasoactive Intestinal Peptide (VIP) and the peptide histidine isoleucine can also

stimulate PRL release in vitro (Samson et al., 1980) and in vivo (for review see Kaji et
al., 1985). In particular VIP is deeply involved in the autocrine and paracrine stimulation
of PRL secretion (see chapter II). Finally, Samson et al. (1984) demonstrated that
secretin could also be involved in the regulation of PRL secretion.

The administration of oxytocin and arginine vasopressin to lactating rats deprived
of their endogenous peptide by posterior pituitary lobectomy stimulated milk ejection and
restored water balance, but failed to affect plasma PRL levels (Murai and Ben-Jonathan,
1987). Samson and colleagues (1986) observed that plasma oxytocin rose significantly just
before the PRL surge that occurred in response to suckling in lactating rats. The infusion
of a specific anti-oxytocin serum immediately before pup reinstatement in lactating
females, delayed and significantly reduced PRL release compared to controls. It therefore
seems possible to conclude that oxytocin plays a physiological role in the control of PRL
secretion during lactation at least in the rat.

Regarding the sow, Tyson (1977) reported that severance of the nerve supply to
the nipple, as well as nipple anaesthesia, abolished nursing-induced PRL release, but not
milk ejection, suggesting a dissociation of the mechanisms controlling oxytocin and PRL
relcase. Angiotensin II and bradykinin are also involved in the secretion of PRL but they
are not the major contributors to PRL release.

Traditionally, endocrinologists have held the view that the anterior and posterior
lobes of the pituitary are not functionally related. In contrast, detailed studies in vivo of
directional blood flow through the pituitary have shown that the anterior lobe can receive
blood from the adjacent posterior lobe (Page, 1983). It has also been reported that the
posterior pituitary contains a small peptide that plays an important role during lactation
and that this peptide is different from other well known peptides known to be PRL
stimulating factors. Ben-Jonathan et al. (1988) observed that posterior pituitary lobectomy
in lactating rats abolished the suckling-induced rise in PRL as compared with the 40-fold
increase in sham operated controls; they were also able to isolate an acid extract from the
posterior pituitary with a potent stimulatory effect on PRL cells. However, this peptide
has not yet been isolated and therefore more studies are required to prove the existence
of this PRF. In a detailed study Hyde et al. (1987) have eliminated several well-known
peptides such as oxytocin, angiotensin II, TRH and VIP as being the stimulating factor.
Therefore it seems possible that the posterior pituitary contains a small peptide distinct
from known PRL secretagogues that plays an important role during lactation in PRL
secretion. The involvement of a serotonergic mechanism is supported by pharmacological
manipulations. Depletion of serotonin by p-chlorophenylalanine, a synthesis inhibitor,
blocks the sucking induced rise in PRL and this is reversed by repletion with the
serotonin precursor SHTP (Kordon et al., 1973).

Data regarding the post-partum period indicate that the noradrenergic
(noradrenaline and adrenaline) pathway does not appear to be involved in the
suckling-induced release of PRL. The synthesis of hypothalamic noradrenaline does not
change following suckling (Voogt and Carr, 1974) and the suckling-induced release of
PRL is not affected by blockade of noradrenaline and adrenaline synthesis (Carr et al.,
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1977).

The opioids are also able to increase the secretion of PRL in several reproductive
periods (Meites, 1988; Grandson and Guidotti, 1977; Rivier et al., 1977; Reid ct al., 1981,
Tolis et al., 1975; Crowley, 1988). Virtually all the opioid peptides that have been tested
stimulate PRL release (for review see Crowley, 1988) and the effect can be antagonized
by naloxone or naitrexone. However there are discordances regarding the opioid receptors
involved in the control of PRL secretion. Akil et al. (1984) and Zuckin et al. (1981)
report evidence for an existence of mu, delta and kappa receptors. In contrast, Spicgel ct
al. (1982) and Koening and Krulich (1984) described that the beta-endorphin effect on
PRL secretion is not blocked by a mul-antagonist, suggesting that this site is not involved
in mediating the stimulatory effect of this peptide on PRL. Furthecmore, Koening ct al.
(1984) and Laedem et al. (1987) report that delta receptors are not involved in the control
of PRL secretion.

During lactation the blockade of opiate receptors with naloxone results in a
decrease of PRL secretion in the rat (Sirinathsinghji and Martini, 1984), sow (Mattioli ct
al.,1986), sheep and cow (for review see Haynes et al., 1989) but apparently not in
women (Grossman et al., 1981; Delitala et al., 1981; Cholst et al., 1984). In both the rat
and sow, there was also a significant increase in LH secretion. Gordon ct al., (1987)
found an increase in beta-endorphin levels in the hypothalamo-pituitary portal blood in
response to the suckling stimulus and a close correlation with peripheral PRL
concentrations an< bet-endorphin pulses in the pituitary gland. Also, in lactating sows,
there are reports of an effect of naloxone injection on PRL plasma levels. In sows treated
at day 15 (Mattioli et al., 1986), at day 21 (Armstrong ct al., 1988b) and day 22 (Barb
et al., 1986a) post-partum, naloxone induced a significant decrease in plasma PRL. The
infusion of naloxone or temporal removal of the litter was able to lower PRL
concentrations but, although PRL levels remained depressed in naloxone treated sows they
increased to pretreatment values in sows resuming suckling. The authors suggest that
these results may be due to acute tolerance to naloxone following an infusion regimen,
as has been reported in other species (Ebling and Lincoln, 1985).

The mechanism(s) by which opioids control PRL secretion during lactation is not
well understood. Suggestions are for an effect on tuberoinfundibular dopamine ncurons
and, more precisely, an inhibitory effect on dopamine secretion. Armstrong et al. (1988b)
observed that 0.5 mg\kg of naloxone is sufficient to suppress serum PRL for sixty minutes
in the sow. In a second experiment treatment with morphine after weaning at day 25
induced a depression of PRL secretion. This observation was unexpected and the authors
propose that previous exposure of the sow o suckling and, by inference, endogenous
opioids, in conjunction with the high dose of morphine used, caused down regulation or
desensitization of opiate receptors.

However, Arita and Porter (1984) infused DA intravenously to rats pretrcated with
alfa-methyl tyrosine and established that the suppression of dopamine activity alonec may
not account fully for the PRL-releasing effects of opioids. Therefore opioids may also
promote the secretion of PRL releasing factors, although the type of PRL releasing factors
increased by opioids has been not well established. In fact TSH secretion (and presumably
TRH release) is decreased by opioids (Van vugt et al., 1980) and there are no data of
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opioid effects on the release of VIP. Instcad there are data that endogenous opioids
activate the central serotoninergic system that in tum stimulates PRL secretion
(Spampinato et al., 1979; Koening et al., 1980a; Demarest et al., 1981).

In conclusion, the hypothalamic control of PRL release induced by suckling
depends on an inhibitory action on dopamine release and the stimulatory effect on PRL
releasing factors of the endogenous opioids.

5.5 Short loop feed-back
A short loop feed-back operates in which PRL itself can alter the release of

dopamine. High concentrations of PRL increase dopamine output from the hypothalamus,
which suppresses further release of PRL from the pituitary and vice versa if PRL levels
are low. This mechanism was first demonstrated in the rat (Hokfelt and Fuxe, 1972) and
has now been demonstrated in the mouse and hamster {Steger et al., 1985; Bartke et al.,
1987) and suggested in primates (Herbet and Martenz, 1983). PRL could reach the
hypothalamus from the peripheral circulation or, alternatively, by way of retrograde blood
flow in the portal vessels (Mezey et al., 1982).

5.6 Steroid hormones

In mammals estrogen stimulates PRL secretion with actions both at the
hypothalamic level to reduce dopamine release and at the pituitary level to affect
dopamine action (McNeilly, 1987). Estrogen causes a significant increase in both plasma
and pituitary concentrations of PRL and in PRL mRNA levels within the pituitary
(Stanley et al., 1986). An extra effect of estrogen is to increase the number of binding
sites for the stimulatory substances for PRL secretion, such as TRH, in vivo (Kraeling and
Rampacek, 1986; Hall, 1984) and in pituitary cells in _vitro (Hall, 1984). Bookfor et al.
(1986) demonstrated that estradiol acts directly on cultures of male pituitary cells to
modify the proportions of cells that release growth hormone, PRL or both hormones,
which indicates that estradiol may convert cells that release only growth hormone
(somatotropes) to those that release both growth hormone and PRL
(mammosomatotropes).

Considerable evidence has been accumulated suggesting that the metabolism of
various gonadal hormones are important for the manifestation of hormonal activity.
Regarding PRL, Rodrigueaz-Sierra and Balke (1982) have observed that catecholestrogens
are able to elevate serum PRL levels on a chronic basis. Finally, progesterone has been
reported to act within the CNS and directly on the lactotropes (Fink, 19882) to regulate
the PRL secretion.

6. INTERRELATIONSHIP BETWEEN PROLACTIN AND GONADOTROPIN
SECRETION

The origin of the involvement of PRL in the mechanisms regulating reproduction
can only be speculated. This might derive from the primitive association of PRL with
osmoregulation, since most euryhaline fish species enter fresh water to rear their young,
and tropical fish species are stimulated to produce their broods by an influx of freshwater
(Meites, 1988). The "eft" drive in amphibia is also reported to be PRL dependent.
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Therefore, the association between PRL and reproduction in higher mammals might be
an outgrowth of that stimulation. During the estrous cycle in the sow there are two fairly
distinct peaks in plasma PRL: one occurs four days before estrus and the other during the
sexual receptivity phase (Brinkley et al., 1973; Dusza and Krzymoska, 1979). A major
elevation in PRL also occurs around parturition (Van Landeghem and Van de Wicl, 1978,
Dusza and Krzymowska, 1981). '

PRL plays many biological roles in the post-partum period. It has a significant role
in the establishment of maternal behaviour (Bridges et al., 1987) and increases gene
expression of milk proteins (Rosen et al., 1980). It also plays a major role, together with
estrogen and progesterone, in the homing process of lymphocytes originating from Peyer
patches of the maternal gut. These lymphocytes produce IgA antibodics excreted in milk
as secretory IgA specific to antigens present in the gut of the mother (Weitz-Carrington
et al.,1978). Apart from these important functions during lactation, PRL also has an
important role in the mechanism regulating the return of sexual function after farrowing.

Human

It has been reported that in women PRL secretion by the pituitary gland is rapidly
increased during late gestation due to the effect of high levels of placental estrogen
(Kletzky et al., 1980). After labour, maternal plasma PRL drops at a very slow rate and,
in women as in other species, the post-partum levels of PRL are related to the amount of
suckling stimulus and then to the length of lactational anestrus.

The close association between the plasma levels of PRL and the duration of infertility
has led to the suggestion that PRL per se may be involved in the suppression of
gonadotropin secretion in women. Evidence that PRL can directly influence LH secretion
and affect the resumption of ovarian activity came from the observation in the human that
in some pathological conditions, such as pituitary microadenoma resulting in
hyperprolactinaemia, the levels of FSH and LH are low. However, if the pathologically
high concentration of PRL was suppressed by treatment with bromocriptine, normal
menstrual cycles resumed (Rolland et al., 1975). However, since the suckling-related
increase in PRL is not acutely related to any inhibition of basal or pulsatile secretion of
LH (Glasier et al., 1984), the decline in PRL may only reflect the decrease in suckling
activity and may not have a direct effect on the resumption of follicular development.

Nevertheless, during lactation, here is also evidence for inhibitory effects of PRL at
the ovarian level. Increasing amounts of PRL inhibit progesterone secretion in human and
porcine granulosa cells in vitro (McNatty, 1974; Veldhuis et al., 1980b). Furthermore,
McNeilly et al. (1982) postulated that high levels of PRL inhibit follicular steroidogencsis
not only by interfering with aromatase activity but also by reducing the production by the
theca of the androgen precursors necessary for estrogen production.

Rat

In the rat the plasma concentrations of PRL during lactation are strictly correlated
with the suckling stimulus and enhanced by increasing litter size (Coppings et al., 1979).
Female rats that are suckled continuously have significantly higher PRL levels than thosc
nursing four times daily (Tucker et al., 1988) and the fall in PRL secretion towards the
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end of lactation is presumably a result of decreased suckling frequency (Ford and
Mclampy, 1973). A fall in PRL during the latter stages of lactation has been observed
but it is not clear if this is due to the reduction in the suckling intensity or due to other
factors.

In order to investigate the possibility that the limited PRL response to suckling in
late lactation resulted from decreased suckling intensity provided by older pups, Mathji
et al. (1979) and Selmanoff and Wise (1981) used cross-fostering to replace older pups
with younger neonates at the end of lactation. They found that the response of PRL to
suckling was markedly blunted compared with the response profile at the beginning of
lactation. Moreover Selmanoff and Selmanoff (1983) observed that in rats, the
suckling-induced release of PRL at day 20 post-partum had a slower onset, markedly
reduced peak height and a faster return to baseline than the response at day 10. Therefore
these data seem to confirm that during late lactation the PRL release mechanism becomes
less responsive to the suckling stimulus.

In an attempt to ascertain the relative contributions of the suckling stimulus and PRL
to the inhibition of gonadotropin secretion, the post-castration rises of LH and FSH
during lactation in female rats have been investigated. Results from these studies suggest
that during early lactation the suckling stimulus contributes more than PRL to the
suppression of LH, while during the latter stages of lactation PRL may account for the
decrcase in the post-castration rises in gonadotropin secretion (Smith, 1978). However,
the mechanisms involved in the suppression of basal gonadotropin secretion during
lactation may be different from the mechanisms involved in the suppression of the
post-castrational response.

When suckling is maintained in the absence of elevated PRL, rats showed an early
resumption of estrous cycles (Lu et al., 1976) and since the injection of bromocriptine
during lactation resulted in a significant increase in LH and FSH and an earlier
resumption of estrous cycles (Lu, 1983), the high PRL levels rather than the suckling
stimulus may be responsible for the suppression of gonadotropins. However, in these as
in many others studies, suckling intensity was not controlled. This may explain the
contrary findings of Van der Schoot and co-workers (1982), who demonstrated that
injection of bromocriptine into lactating rats produced no changes in the gonadotropin
secretion even though PRL was reduced.

It is not yet clear if during lactation there is a PRL induced increase in hypothalamic
dopamine turnover (short loop feed-back) and, if present, whether this mechanism is
involved in the suppression of GnRH secretior.. Although it has been reported that PRL
release induced by stress or suckling increases dopamine turnover, as shown by indirect
turnover studies (Mena et al., 1976), but there is evidence that in the rat the hypothalamic
dopamine turnover is reduced in lactation (Selmanoff and Wise, 1981; Demarest et al.,
1983) and the concentration of dopamine in the hypophysial portal vessels is acutely
reduced in response to suckling (Plotsky and Neill, 1982). Furthermore, Demarest et al.,
(1983) observed that during lactation in the rat there is a change in the properties of the
hypothalamic tuberoinfundibular dopamine neurones and they become unresponsive to the
stimulatory actions of PRL.
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Cow

As in other species, lactation in the cow is associated with high levels of PRL (Webb
and Lamming, 1981) and the increased PRL concentrations are strictly correlated with the
presence of the suckling stimulus. In fact calf removal was associated with a rapid decline
in the plasma PRL associated with an increase in basal LH secretion (Wright et al., 1987).
In contrast to the rat, plasma PRL concentrations are similar in suckled and milked cows
(Carrunthers and Hafs, 1980) and in cows suckling one or two calves (Wheeler et al.,
1982) and no correlation has been found between PRL concentrations and the length of
the anestrous period in either milked or suckled cows (Webb and Lamming, 1981). Since
suppression of plasma PRL with bromocriptine does not affect the time to onset of estrus
(for review see Montgomery, 1982), and infusion of PRL failed to affect the pattern of
LH secretion (Williams and Ray, 1980; Forrest et al., 1980), it therefore seems that PRL
does not play a key role in the lactational anestrus in this species.

Sheep
In the sheep the plasma concentration of PRL is low during the breeding scason,

increases in response to increasing day length, and is high during the period of lactational
anestrus (Walton et al., 1977). As in other species the PRL response to suckling in the
sheep declines throughout lactation McNeilly (1972).

A number of studies have been performed in sheep to distinguish the differential
effects of suckling and high plasma PRL levels on lactational anestrus. For example, it
has been revealed that the duration of lactational anestrus is dependent on the
concentration of circulating PRL (Kann and Martinet, 1975; Kann et al., 1977). In fact
treatment with bromocriptine to suppress PRL, or severance of the neural pathway for the
suckling stimulus, which abolishes the suckling-induced PRL surge whilst maintaining
basal PRL throughout lactation, are followed by an early restoration of ovarian activity.
This may suggest that the suckling-induced PRL surges are responsible for prolonging the
anestrous period through suppression of gonadotropin secretion. In contrast, Fitzgerald and
Cunningham, (1981) report that treatment of lactating ewes with bromocriptine may not
advance the onset of estrus post-partum and, furthermore, this treatment does not appcar
to influence the basal or pulsatile release of LH in lactating ewes, even though the release
of LH in response to exogenous GnRH may be increased (Wright et al., 1981a).

In conclusion it is not yet clear if PRL has a direct role in establishing lactational
anestrus in the sheep and further studies are necessary to clarify the effect of
bromocriptine treatment on gonadotropin release.

Sow
In the sow extremely high concentrations of PRL have been detected on the day
before farrowing (Dusza and Krzymowska, 1981; Van Landeghem and Van de Wicl,
1978). This increase is an essential prerequisite to a normal lactation. After parturition,
plasma PRL gradually decreases to the still relatively elevated concentrations associated
with lactation (Bevers et al., 1978; Stevenson et al., 1981).
In the early post-partum period therefore there is already an active secretion of PRL,
with mean PRL concentrations ranging between 12.0 and 89.6 ng/ml (De Rensis et al,,
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1991). Since high variability was observed in plasma PRL between animals was observed
in this study and these differcnces were not due to seasonal changes or to differences in
litter size, it was suggested that the observed variability was due to genetic differences
between animals. The functional significance of this considerable variability in PRL
secretion in suckling sows needs to be established in future studies. However, from a
biological viewpoint it is interesting to note that among the suckled sows studied, the
lowest concentrations of plasma PRL were detected in a sow which nevertheless farrowed
13 live piglets and from which 13 pigs were eventually weaned. During mid-lactation
plasma PRL concentrations remain high (Threlfall et al., 1974; Bevers et al., 1978; Van
Landeghem and Van de Wiel, 1978; Dusza and Krzymowska, 1981) and then decline
between day 20 and day 30 post-partum (Stevenson et al., 1981).

The PRL response to the suckling stimulus is characterized by a rapid increase and
then a return to the baseline levels after 30 to 60 minutes (Van Landeghem and Van de
Wiel, 1978). The separation of the piglets from the mother for periods of four hours or
more resulted in a rapid decline in plasma PRL and in increases in basal LH secretion.
In the sow, the administration of exogenous PRL, from immediately after weaning until
the occurrence of estrus, did not influence plasma LH concentrations, nor the time of
estrus and the preovulatory LH surge occurred in all experimental animals (Dusza et al.,
1990). However, the dose of PRL used (0.125 mg) was in our opinion low compared to
the usual concentrations of PRL observed during lactation. In contrast, Van de Wiel et
al. (1985) significantly lowered plasma LH, compared with untreated animals, by the
infusion of purified porcine PRL in the sow for 24 hours immediately after weaning.
Furthermore, whilst the administration of exogenous PRL during the separation of piglets
did not prevent the increase in LH levels, the extent of this increasc was significantly
reduced in sows infused with PRL compared with those which were not (Booman and
Van de Wiel, 1980). In conclusion, it appears that in the sow the suppression of LH
during lactation is partly caused by hyperprolactinaemia. However, PRL alone may not
mediate differences in sow fertility, as in sows with a delayed return to estrus after
weaning, plasma PRL concentrations decrease in the same way as in animals with a
normal return to estrus (Benjaminsen, 1981; Edwards and Foxcroft, 1983; Van de Wiel
et al., 1985). It has also been reported that the progressive ability of the pituitary to
discharge LH as the interval from parturition increases, was not associated with
modifications in PRL concentrations (Bevers et al., 1981). Nevertheless in individual
sows, high circulating PRL may be associated with reduced ovarian development in the
presence of adequate gonadotropin stimulation (Foxcroft et al., 1987).

In contrast to findings in the rat, in which suckling may also have the effect of
simulating PRL synthesis, in the sow, Threlfall et al. (1974) reported a decreased content
of pituitary PRL in suckled as compared to non suckled sows; these finding may indicate
that the suckling stimulus in the pig leads to a higher rate of PRL release than synthesis,
whilst the reverse is true for the rat.

Another approach to the study of PRL during lactation has been the examination of
the effect of the FRL inhibitor, bromocriptine, on LH release. While Mattioli and Seren
(1985) did not find any differences in LH after bromocriptine treatment, Kraeling (1982)
observed that treatment with bromocriptine was associated with significantly lower serum
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LH concentrations in treated animals compared to control. Similarly, Bevers and
colleagues (1983) found that the reduction of PRL by bromocriptine was associated with
increased mean LH levels. If PRL is decrcased by removal of the piglets, this docs not
enhance pituitary sensitivity to GnRH stimulation (Bevers et al., 1981), but if PRL levels
are decreased by bromocriptine, the injection of GnRH induced a smaller increase in
plasma LH levels in treated lactating sows compared with non-treated animals (Mattioli
and Seren, 1985).

7. PROLACTIN INFLUENCE ON THE OVARY

A direct inhibitory action of PRL on the ovaries has been demonstrated in the pig:
in vitro incubation of granulosa cells from small follicles with PRL resulted in a decrease
in progesterone secretion (Veldhuis et al., 1980). Similarly, results have been reported
in earlier studies with human granulosa cells in which increasing amounts of PRL added
to the culture medium inhibited the secretion of progesterone in a dose dependent manner
(McNatty et al., 1974). It has also been demonstrated that high levels of PRL can block
FSH induction of aromatase in the estrogen synthetase system (Wang ct al., 1980;
Dorrington and Gore-Langton, 1981). Such inhibitory effects of PRL are consistent with
in vivo evidence. For example, the induction of eleva.cd PRL by repeated injection of
TRH in ewes, resulted in a suppression of estradiol secretion by the action of PRL on the
ovary (McNeilly and Baird, 1983).

Numerous studies, both in vivo and in vitro, provide support for a direct inhibitory
eficet of PRL on follicular secretion of estradiol-17beta. Studies in the rat (for review sce
Dusza, 1990) clearly showed that PRL inhibits estradiol-17beta secretion by granulosa
cells under all experimental conditions. It has also been observed that high concentrations
of prolactin supprzssed ovarian estradiol-17b and estrone secretion in pigs. Dusza ct al.,
(1990) reported that PRL administration for 60 h during the follicular phase of the estrous
cycle in intact gilts decreased the concentrations of estradiol-17beta in peripheral plasma
on the 2nd and 3rd day of PRL treatment.

Little is known about the role of PRL in the growth and development of ovarian
follicles. Wang et al. (1980) suggested that a marked inhibitory action on estrogen
secretion by the granulosa cells could result in the termination of follicular growth and
the initiation of atresia in some follicies. However, the action of PRL on follicular
development is not yet well understood. In the cow, for example, the injection of
bromocriptine or the infusion with PRL antiserum during the luteal phase of the estrous
cycle does not affect peripheral progesterone concentrations or the length of estrous cycle
(Hoffman et al., 1974). Furthermore, PRL receptors have not been identified on bovine
thecal and granulosa cells (Bevers et al., 1985), whereas in the pig the number of
prolactin receptors on granulosa cells decreases with increasing size of follicles (Rolland
and Hammond, 1975).

In conclusion, while there is evidence for a requirement for prolactin during the
estrous cycle in maintaining growth and/or development of follicles, the mechanisms arc
poorly understood. Studies in which blood levels of PRL have been suppressed
pharmacologically with bromocriptine, ergocornine or with antiserum to PRL (for review
see McNeilly, 1982) suggest that only minimal amounts of PRL are needed for normal
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follicular growth. With regard to the lactational period in pigs, the relationship between
the high plasma PRL levels and the block of follicular development needs further
investigation but it seems probable that there is potential for a local inhibitory effect of
PRL on the ovary.

8. CONCLUSION
In conclusion, from the studies reported above, a schematic representations can

be used to explain the stimulatory effects of the suckling stimulus on PRL secretion
and the involvement of these mechanisms in the control of reproductive inactivity
during the post-partum period (see Fig. 1.1 and 1.2).

Neural inputs from the nipples could, directly or indirectly (for example by the
opioidergic system), inhibit the secretion of PIFs and increase the PRFs, thus
increasing the secretion of PRL. The release of the opiate beta-endorphin due to inputs
from the nipple is thought to suppress (directly or indirectly, for example by the
dopaminergic system) the discharge of GnRH. As a consequence of this decrease,
GnRH "self-priming" is reduced, which decreases the releasable pool of LH in the
pituitary and the frequency and magnitude of episodic LH release. It is important to
consider that the influence of various neurotransmitters on the regulation of PRL
secretion may differ between species. For example, during lactation the blockade of
opiatc receptors with naloxone results in a decrease of PRL secretion in the rat
(Sirinathsinghji and Martini, 1984) and sow (Mattioli et al., 1986), but apparently not
in women (Cholst et al., 1982). In both the rat and sow there is also a significant
increase in LH secretion.

Consequently, conclusions made by extrapolating data based on one species may
be misleading when considering the role of PRL in lactational anestrus in other
species. It is also important to remember the complicating effects of progesterone
secretion from corpora lutea that are maintained during lactation in the rat but not in
other species.
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TABLE 1.1 EFFECT OF ADMINISTRATION OF NALOXONE ON

SECRETION IN DOMESTIC SPECIES.

LH

Species Reproductive period Naloxone effect Reference
Sheep 1. Lamb 12 weeks old LH increase Ebling et al., 1989
2. Lamb 12 weeks old, LH increase
ovx+E17 implants
1. Early post-natal LH increase Finnic et al., 1989
2. Late prepubertal LH increase
3. Prepubertal No effect
1. Prepubertal lamb, 20, 23, 25, LH increasc Matthews and Murdoch, 1984
30 weeks old Churchill and Rawlings, 1987
1. Yearling ewes, seas. anestrus  LH increase Brooks et al., 1986b
1. Adult seasonally anestrus No effect Brooks et al., 1986b
1. Ovx lamb 3 weeks old, after  LH increasc Ebling et al., 1989
removing E2 implants
1. Prepubental feed-restricted LH attenuated Foster et al., 1988
lambs response
1. Cyclic luteal phase LH freq. decr. Whisnant and Goodman, 1988
LH ampl. incr.
2. Cyclic follicular phase LH freq. incr.
LH ampl. decr.
3. Ovx ewe + E2 LH ampl. incr.
4. Ovx ewe + P4 LH freq. incr.
LH ampl. incr.
1. Luteal phase LH freq. incr. Yang et al., 1985
2. Follicular phase LH freq. incr. Brooks et al., 1985
Brooks et al., 1986
1. Follicular phase LH freq. incr. Currie and Rawlings, 1987
LH ampl. decr.
1. Suckling LH increase Newton et al., 1988
2. None suckling LH increase
1. Ram breeding season LH increase Ebling and Lincoln, 1985
2. Ram anestrous No effect
1. Ovx ram + testosterone, No effect Lincoln et al., 1987

breeding season

36



Cow

1. Suckling 10, 14, 18, 22, 26
days post-partum

2. No suckling 10 days post-
partum

1. 12 weeks old

2. 20 weeks old, ovx + E2
shortly before puberty

3. 35 weeks old ovx + E2
E2 replaced with P4

1. Luteal phasc

1. Ovx breeding season

2. Ovx seasonally anestrus
3. Breeding season + E2

4. Seasonally anestrus + E2

1. Seasonally anestrus

1. Owx
2.0vx + P4

3. None breeding season
- OVX
- ovx + E2
-ovx + E2+ P4

1.Ovx + P4
- After P4 removal
- Single E2 injection
1. Ovx, breeding season
2. Ovx, none breeding season

3. Ovx, breeding season + E2

4. None breeding season

1. Late fellicular phase

LH increase

LLH increase

Limited increase

LH increase

No effect

No effect

LH increase

LH increase
LH increase
No effect
No effect

No effect

Limited effect

LH increase

No effect
No effect
LH increase

LH increase
No effect

LH increase
LH increase
LH increase

Greater LH
increase

Greater LH
increase

LH ampl. incr.
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Gregg et al,, 1986

Ebling et al., 1987

Brooks et al., 1986b
Currie and Rawlings. 1987
Trout and Malven, 1987

Brooks et al., 1986¢

Meyer and Goodman, 1986
Brooks et al., 1986b
Yang et al., 1988

Brooks et al., 1986

Trout et al., 1987

Cemmak and Neut, 1985

Short et al., 1987



2. Luteal phase No effect
1. Early post-natal LH increasc McDonald et al., 1990
2. Late prepubertal LH increase
3. End of infantile period No effect
1. None suckled, post-partum No effect Whisnant ¢t al., 1986a
2. Suckled day 40, post-parum  LH increasc
1. Calf removal, day 48 post- No effect Whisnant et al., 1986¢
partum
1. Suckled day 18 and 19 post-  LH increase Cross et al., 1987
partum
1. Suckled day 14, 28, 42 LH increase Whisnant et al., 1986a
Whisnant ¢t al., 1986b

2. Afier weaning No effect
3. None suckled No effect
1. Follicular phase LH incrcase Short et al., 1987
2. Luteal phase No effect
1. Suckled day 18-19 LH increase Cross ct al., 1987
2. Weaned day 21 No effect

Horse 1. Diestrous LH increase Sharp ct al., 1985
2. Estrous No effect
3. Owx No effect
1. None breeding season No effect Sharp ct al., 1985

Pig 1. Very young immature male FSH increase, Trudeau et al., 1988

pig

no LH increase

Trudeau et al., 1989

1. 10 week old males No FSH incr,, Prunier et al., 1989
LH suppressed

1. Luteal phase LH increase Barb et al., 1985

2. Early follicular phase No effect Barb et al., 1986a

3. Late follicular phase No effect

1. 40 h after weaning No effect Barb et al., 1986b

1. Prepubertal gilts No LH increase Barb et al., 1988

2. Ovx prepubertal gilts + P4 No LH increase
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3. Ovx gilts + P4
4. Ovx gilts + E2 or E2 + P4
S. Adult gilts + P4 at ovx

1. Prepubental gilts, feed-
restricted

2. Prepubental gilts, re-fed
1. Suckled
1. Suckled
1. Suckled

ABBREVIATION USED
ovx = ovaricctomized

E2 = estradiol-17beta

P4 = progesteronc

ses. = seasonal

LH increase
ILH increase
I.H increase

LH suppressed

LH suppressed
LH increase
LH increasc

LH freq. incr.
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Cosgrove et al., 1990

Mattioli et al., 1986
Barb et al., 1986b
Ammstrong et al., 1988b



Fig. 1.1 Possible mechanisms involved in the neuroendocrine control of gonadotropin and PRL

secretion during lactation.
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Fig. 1.2 Schematic diagram of the suggested interactions between
system and the control of GnRH\LH secretion. Plus and minus signs
effects, respectively. This diagram is highly simplified and d
potential neuroendocrine regulators of GnRH release.
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CHAPTER 2

EXPERIMENT 1: LH AND PROLACTIN RESPONSES TO NALOXONE VARY
WITH STAGE OF LACTATION IN THE SOW.

2.1 INTRODUCTION

Acyclicity in the post-partum period in the sow is generally thought to be
attributable to inhibif‘ory inputs to the GnRH pulse generator, suppressing pulsatile LH
release, follicular development and steroidogenesis (for review see Britt et al., 1985;
Varley and Foxcroft, 1990). This interpretation is consistent with our observations of a
distinct increase in episodic type LH secretion in a proportion of sows in the immediate
post-partum period (De Rensis ct al., 1953). Indirect evidence that suppression of the
GnRH pulse generator is the primary block to LH secretion comes from studies of LH
responsiveness to a single GnRH challenge (Rojanasthien et al., 1987) and to repeated
GnRH injections during lactation (Bevers et al., 1981; Britt et al., '985). Evidence
supporting a role for endogenous opiates in the suppression of GnRH post-partum and
during lactation has accumul.ited in pigs, sheep and cattle (for review see Haynes et al.,
1989; Rarb ei al., 1991).

While the opicidergic system appears to play a well defined inhibitory role in the
post-partum regulation of LH, evidence for opioidergic conirol of FSH secretion is
contradictory. Opioids have been shown to inhibit (Pang et 2., 1977), stimulate (Bhanot
ct al., 1984) or have no effect (leiri et al., 1980; Dondi et al., 1991) on FSH secretion.
In young male pigs morphine suppressed, whereas naloxone increased FSH levels
(Trudeau et al., 1988a, b) and in lactating sows (Barb et al., 1987) naloxone stimulated
FSH secretion. During lactation the blockade of opiate receptors with naloxon: results in
a decrease of prolactin secretion in the rat (Sirinathsinghji et al., 1984), sheep (Gregg et
al., 1986) and sow (Mattioli et al., 1986; Barb et al., 1986. Armstrong et al, 1988). Ina
previous study we observed that inhibition of LH secretion only becomes established in
suckled sows around 66-78h post-partum (De Rensis et al., 1993). In sows weaned at
birth, LH secretion is maintained beyond this time and is associated with immediate
follicular development.

Therefore the aim of the present experiment was to use the opicid receptor
antagonist naloxone to study the involvement of endogenous opioids in the development
of inhibitory- control of LH secretion and follicular development, and associated effects
on FSH and PRL secretion during early lactation in the sow. A preliminary dose
response experiment was carried out to establish an effective dose of naloxone for use in
the early post-partum period.

2.2 MATERIALS AND METHODS
2.2.1 Animals and blood collection

A total of 17 multiparous crossbred sows from the University of Alberta herd were
used. Sows were housed in conventional farrowing crates and water and feed were
provided ad libitum throughout lactation. The average weight of the sows one day after
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farroving was 207.0+8.3kg and the average litter size during the experiment  was
10.7+0.7 piglets.

The preliminary experiment (Experiment 1A) was used to confirm that doses of
naloxone effective in increasing LH at later stages of lactation (Mattioli ct al., 1986; Barb
et al.. 1986; Armstrong et al.,1988) were also effective in the early post-partum period.
Six sows received jugular catheters 12-18h post-partum under gencral anesthesia and were
continuously sampled at 15-min :tervals from 66 to 78h post-partum. Three sows
received an i.v. injection of 4mg/kg naloxone hydrochloride (Sigma Chemical Co., St
Louis, MO) 6h after the beginning of sampling (72h after farrowing) and a second
injection of 2mg/kg three hours later (75h after farrowing). The remaining thrce sows
received similar treatments in the reverse order. As a positive control, all sows were
blood sampled at 15-min intervals for 3h before and 3h after administration of 2mg/kg
naloxone hydrochloride, at day 10 post-partum.

In ihe main experiment (Experiment 1B), cleven sows were used to investigate the
effect of chronic naloxone treatment in the early post-partum period. Sows received
indwelling jugular catheters under general anesthesia either two days beforc the expected
day of farrowing (8 sows) or 12-18h after parturition in the remaining ninc animals. This
change in protocol was adopted to avoid extensive periods between cannulation and the
time of first sampling. Blood samples (2.5 ml) were collected at 15-min intervals over
five peric+s: from 12 to 18h, 36 to 48h, 54 to 60h and 72 to 78h prst-partum. Six sows
(Nalg= v <roup) received initial i.v. injections of 2 mg/kg of naloxone hydrochloride at
3%h pnsi-o. -um in sterile physiological saline, followed by 13 further injections of
Img/kg at 5a intervals from 42 to 78h post-partum. The rationale for this trecatment
regimen has been previously described by Cosgrove et al. (1991). Control sows received
saline vehicle only. In three sows (one control and two treated), which were cannulated
after farrowing to reduce the interval between cannulation and start of blood sampling,
no samples were taken during the first period (12 to 18h post-partum).

To relate treatment induced changes in LH secretion to follicular development,
ovarian tissue was recovered by laparotomy from 4/6 naloxone and 4/5 control sows
9.7+0.7h after final naloxone injection (90-96h after parturition). Follicular development
was assessed by estimating follicular diameter (FFD) of the ten largest follicles on cach
ovary on the basis of follicular fluid volume, using the relationship established in previous
studies of pig follicles by Grant et al. (1989). As a welfare consideration and in the
absence of treatment-induced effects on follicular characteristics, the remaining three sows
were not ovariectomized.

Irrespective of ovarian status, all sows were also blood sampled at 15 min intervals
for a six-hour period on day 10 of lactation. Three hours after the start of sampling, all
sows were treated with a single injection of 2mg/kg naloxone hydrochloride as a positive
control.

2.2:2 Hormone _assays
Plasma LH was quantified in all samples. Plasma PRL was assayed in all samples

in Experiment 1A. In Experiment 13, PRL was analyzed in samples taken every 15 min
for the second and last period and every 30 min during other periods. Zlasma FSH was
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measured at hourly intervals.

Plasma LH concentrations were determined using the double antibody RIA
described by De Rensis et al. (1993). The inter- and intra-assay coefficients of variation
were 4.1% and 12.7%, respectively. The sensitivity of the assay, defined as 90% of total
binding, was 0.13ng/ml.

Plasma FSH concentrations were quantified by an homologous double-antib~4v
RIA also described previously by De Rensis et 2l. (1993). The purified porcine FCi7 - iv
for reference standard wa. USDA-pFSH-B-1 kindly supplied by Dr. D.J. Bolt *' %
Animal Hormone Program, Reproduction Laboratory, Beltsville Agricultural Ri s.-c*
Centre, Beltsville, Md 20705). The intra- and inter-assay c.v. were 5.9 and .. %7,
respectively and the overall limit of sensitivity of the assay defined as 85% of total
binding was 3.5ng/ml.

Plasma concentrations of PRL were measured by the mthiod described by Shaw
and Foxcroft (1985) with minor modifications. Intra- and inter-assay c.v. were 3.9 and
10.7%, respectively. The overall sensitivity of the assay defined as 85% of total binding

was 1.9 ng/ml.

2.2.3 Statistical analysis
In exper:ment 1, analysis of variance for repeated measures (PROC GLM, SAS

statistical package, (1985)) was applied to mean LH data for the initial 6h and subsequent
3h time blocks for each set of sows studied, to establish effects of naloxone treatment
(time block). In the event of significant time effects, Student-Newman-Keuls multiple
range test was used to compare differences between block means. The same analysis was
applied to the data of all sows studied at day 10 post-partum. Additionally, correlation
analysis was used to establish overall interrelationships between the doses of naloxone
used and the mean LH plasma concentrations.

In the main experiment, plasma concentrations of LH, FSH and PRL were also
analyzed by analysis of variance for repeated measures (time block). Within sampling
periods, hormone means for consecutive three hour time blocks (from 12 to 78h post-
p--tum and on day 10) were calculated for individual sows and these data were anal;zed
v.1th treatment, sow and time as discrete (class) variables. Treatment effects (naloxone
versus control) were tested against sow within treatment; time and time x treatment
interactions were tested using time x sow within treatment as the error term. In the
presence of time effects but in the absence of treatment effects, period means were
compared by Student’s t-test using the combined data. Differences in follicular size were
analyzed by analyses of variance with treatment and sow as independent variables. The
main effzect, treatment, was tested against sow within treatment.

2.3 RESULTS
Plasma LH

Experiiment 1A; Administration of both 2 and 4mg/kg of naloxone 72h
post-partum increased (p<0.05) mean LH levels (Fig. 2.1). A consideration of individual
profiles revealed clear responses in 4/6 sows (data not shown). In the remaining animals,
the 4mg/kg naloxone dose elicited an LH response in one sow, whereas in the others there
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was no Licatment effect. In four ..-ws, the 4mg/kg dose induced behavioral side effects
(iateral head movement, vocalisa:sin, salivation). A positive correlation between the dose
of naloxone and mean plasma L4 < incentrations after treatment was observed (R=0.734,
p<0.001). Treatment with the i. ~cr dose of 2mg/kg of naloxone at day 10 of lactation
was also effective in increasing LH plasma levels (p<0.05) in 4/6 sows. On the basis of
these data an initial dose of 2mg/kg of naloxone was considered appropriate for the main
experiment.

Experiment 1B; The individual pattems of LH secretion in four naloxone and four
control sows are shown in Fig. 2.2 and 2.3 and represent the range in the level of LH
secretion observed. Mean LH concentrations in both naloxone and control sows were
significantly higher (p<0.05) during the first 48h post-partum than in the pre-treatment
time block at day 10 (Fig. 2.4). Analysis of pooled data established a significant
difference in mean LH concentrations between 12-15h and 75-78h post-partum (P<0.05).
This decline in LH concentrations was more pronounced by day 10 of lac:aiion (Fig. 2.4).
Repeated naloxone injections at three hour intervals from the 39 to 78h post-partum (Fig.
2.4) did not modify LH secretion (p=0.30). Moreover, no differences (p=0.21) were
detected between the pre- and the post-injection LH means at the time of the first
naloxone injection 39h post-partum. Conversely, when naloxone was injected on day 10
of lactation, a significant increase in plasma LH was observed (p<0.05) in all but three
sows (e.g. sow G, Fig. 2.3).

Plasma FSH

Administration of naloxone 72h post-partum at either 2 or 4mg/kg naloxone did
not significar:. affect plase  "SH. Threz hour mean plasma concentrations during the
five periods o :impling in «xperiment 1B are shown in Fig. 2.5. Treatment with
naloxone did r~: alter FSH levels cither during the first 78h post-partum or at day 10 of
lactation. However, in both groups there was a significant (p<0.05) increase in plasma
FSH levels between the early post-partum period and day 1{ of lactation. High variability
(p<0.001) in FSH levels between sows in all groups was observed.

Plasma Prolactin

Experiment 1A; Administration ¢f botk 2 and 4 mg/kg of naloxone significanty
(p<0.001) decreased plasma PRL in 4/6 sows. However there was no correlation between
the dose of naloxone used and the plasma PRL levels.

Experiment 1B; The individual pauerns of PRL secretion in two naloxone and two
control sows are shown in Fg 2.5 and overall mean (4 SEM) plasma coricentrations of
PRL during the five sampling periods are shown in Fig. 2.7. During the first 78h post-
partum there was no effect of naloxone on plasma PRL. At day 10 of lactation Lierc was
a significant (p<0.05) decrease in PRL after naloxone injection (Fig. 2.7) in all but one
animal.

Follicular Development

Ovarian development was assessed in the first eight sows sampled (4 control and
i weated). There were no differences (p=0.39) in estimated follicular diameter between
the naloxone and control groups (3.6:0.62 mm and 4.5+0.69 mm, respectively), indicating
that naloxone had no direct or indireci effect on follicular development. Because we did
not observe any difference in follicular development between groups at this stage of the
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experiment and the data confirmed previous studies done by De Rensis et al. (1993) and
others (Palmer et al., 1965; Kunavongkrit et al., 1984), animal we!%re considerations
suggested that further study of follicular development involving surgical ovariectomy of
the remaining sows was not warranted.

2.4 DISCUSSION
Irrespective of treatment, a gradual suppression of LH secretion with time from

farrowing was observed. This decline and the presence in this study of elevated LH
plasma levels during the first 48h post-partum compared with day 10 of lactation is in
agrecment with our previous data in the sow (De Rensis et al., 193) and recent studies
in the rat (Dondi et al., 1991).

The preliminary experiment indicated that naloxone was able to antagonize the
inhibitory effect of endogenous opioids on LH secretion 72h after farrowing in a
dose-dependent manner. This observation is in agreement with the recent report in the
lamb of a dose-dependent elevation in LH secretion following naloxone injection (Ebling
ct al., 1989). However in lactating sows, Barb et al. (1986) reported a threshold for LH
response at day 22 of lactation of 1mg/kg of naloxone. The difference in the results
between this and our study could be related to the period of lactation considered and thus
10 a difference in opioid tone or opiate receptor populations. Overall, our darz suggested
that the regimen of 2mg/kg naloxone fo"owed by repeated injection of Img/kg adopted
in experiment 2 would provide effective antagonism of any endogenous opioid activity.

The chronic administratior. ¢:i nainxone at thre  hour intervals from 39 to 78h
post-partum did not change the patters ¢ LH secreizon compared to control sows,
whereas consistent responses were obsercd of tuy 1 o+ lactation. One interpretation of
these data is that endogenous opiates do : - mediate the initial inhibitory effects of
suckling in the early post-partum period. An inhibitory opioidergic regulation of LH
secretion clearly exists in established lactation, as shown by several earlier studies
(Mattioli et al., 1986; Barb et al., 1986; Armstrong et al., 1988). Evidence for differential
opioidergic control of LH secretion in the early i+ later post-partum period have been
recently reported from studies in lactating rat (¥/'a et al.,1992). A second interpretation
of our data could be that the lack of a LH response to naloxone could be relaicd to
desensitization of opioid receptors duc to repeated treatment with this antagonist. This
suggestion is consistent with the observed increase in LH secretion in response to a
single, Lclus injection of 2mg/kg naloxone 66-78h post-partum in the preliminary
experiment and is the subject of further investigation. Owens and Cicero (1981)
demonstrated that pre-treatment with naloxone redvced naloxone-induced increases in
serum LH in the male rat and Ebling and Lincoln (1985) observed that naloxone
administration to male sheep at 4h intervals was associated with a declize in the LH
response after eac" injection of naloxone. Furthermore, Knight et al. (1986) did not obtain
a significant naloxone induced increase of serum LH in suckled ewes by repetitive
administration of naloxone in small doses (4.17 mg/ewe) every Smin for a 75min period.
Conversely, Myers et al. (1989) in beef cows and Rawlings et al. (1991) in the ram did
not observe any inhibitory effect of repeated naloxone injections when treating the
animals at 2h intervals. Therefore, it would be interesting to establish if chronic naloxone
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treatment to sows in advanced lactation (when there is an active inhibition of LH
secretion by the opioidergic system) is able to induce a prolonged increasc in LH
secretion.

Thirdly, the absence of a response to the first bolus injection of naloxone 3%h after
farrowing and to repeated injections between 39 and 78h in most sows could result from
a high opioid tone and, therefore, a need for a higher dose of naloxone to overcome LH
inhibition at this time. In the cow Whisnant et al. (1986), found that higher doscs of
naloxone are required to disinhibit LH secretion at day 14 post-partum compared to days
28 and 42 and suggested that opioid inhibition is greater in the early post-partum period.
The response Gf sows of the first experiment to naloxone in the same period. however,
suggests that this is unlikely.

Finally, our experimental design does not preclude the possibility this oo tional
inhibitory mechanisms are present in the early post-partum period which continuc to
suppress LH even when opioid inhibition is blocked by naloxone.

Based on visual appraisa) of the data from the main experiment, three sows did
not exhibit a clear response to naloxone treatment at day 10 of lactation. The presence
of some sows that do not respond to naloxone treatment has also been observed in other
studies (Armstrong et al., 1986;Barb et al., 1986; Barb et al., 1991; Mattioli ct al., 1986).
Also in lactating cows Gregg et al. (1986) and Whisnant et al. (1986) observed that some
animals do not respond to naloxone and they related the absence of an LH response to
the high levels of cortisol in those animals. Thus we cannot exclude the possibility that
in some animals the experimental conditions may have antagonized the ability of
naloxone to disinhibit the releass of LH. However, as discussed above, other factors such
as the dose of naloxone or the period of lactation studied may be involved.

Plasma FSH was significantly higher (p<0.05) in both experiments at day 10 of
lactation compared with the early post-partum pericd. These data are in agrecmesit vith
the results of Stevenson et al. (1981), who observed higher FSH levels at day 30 of
lactation compared to day 20. However FSH release appeared to have been unaffected by
naloxone treatment at either 2mg/kg or 4mg/kg, suggesting that FSH is relatively
insensitive to acute changes in opioid activity.

In contrast Barb et al. (1987) reported an increase in FSH secretion after naicxonc
treatment in lactating sows and Trudeau et al. (1588a, b) demonstrated that intravenous
injection of 0.5 mg/kg naloxone did not affect FSH secretion in 4-5 week old male pigs
whereas kigher doses (1 and 10 mg/kg) were effective, suggesting a dose dependent
response for FSH. In adult ewes, naloxonc and morphine did not influence FSH secretion
(Currie et al., 1987; Peters et al., 1979), whereas the effect of naloxone on FSH secre.
-vas evident in 10 week old lambs (Rawlings et al., 1991).

Plasma prolactin concentrations in this experiment were high soon after farrowing
and then declined with time during lactation. Similar changes in PRL sccretion have been
reported in previous studies in cattle (Peters et al., 1979) and pigs (Stevenson et al.,
1981). The significant (p<0.001) decline in PRL after naloxone treatment observed at day
10 of lactation in our study was consistent with data from previous studies in lactating
sows which established an effect of naloxone injection on plasmz PRL levels in sows
treated at day 15 (Mattioli et al., 1986), at day 21 (Armstrong et al., 1988) and at day 22
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(Barb et al., 1986) post-partum. However, irrespective of the dose or pattern of naloxone
treatment, 1o significant changes (p=0.18) in plasma PRL were observed in the first 78h
post-partum.  Similarly in ewes, Gregg et al. (1986) observed a decrease in serum
concentrations of PRL after naloxone treatment (1.0mg/kg) on day 14 to 26 but not on
day 10 post-partum. As for LH however, we suggest that several inhibitory and
stimulatory factors may control PRL secretion during lactation (for review see Ben-
Jonathan et al., 1989) and an opioid effect may only become evident later in lactation.

Finally, the absence of differences in follicular development between control and
naloxone treated sows indicate that chronic naloxone treatment in the early post-partum
period is not able to induce follicular development either by modifying gonadotropin
secretion or by a local effect on the ovary.

2.5 CONCLUSION
The ability of naloxone to counteract the suppression of LH at days 9-10 of

lactation conf as the importance of the opioidergic systems in the block of reproductive
activity during established lactation in the sow. The presence of pronounced and
eventually declining LH secretion in the early post-partum period confirms our previous
data (De Rensis et al., 1993) and again indicates that suckling-induced inhibition of LH
secretion in the immediate post-partum period is needed to establish lactational anestrus
in the sow. The Jack of a naloxone effect for at least the first 50-60h post-partum sugges.

that the mechanism by which the opioidergic systems block LH secretion during lactati..

may require some time before becoming o-erative.

Similarly, the observation that PRL secretion during the early post-partum period
was not modified by naloxone but that a significant decrease was evident at day 10 of
lactation indicates that there are also temporal differences in the effect of endogenous
opioids on PRL secretion during lactation. Naloxone did not affect FSH secretion at any
stage of lactation in sows, providing zvidence for diffcrential regulation of gonadoiropin
secretion. Finallv, treatment did not modify follicular development, indicating the lack of
either direct or indirect effects of naloxone on ovarian activity.
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Fig. 2.1 Mean (+SEM) plasma LH concentrations 66-78h after farrowing in the 3h period
before, and the 3h periods after, injection of two doses of naloxone in two groups (n=3)
of lactating sows in Experiment 1A. H = high (4mg/Kg) dose and L = low (2mg/Kg)
dose of naloxone. Means with different superscripts differ (p<0.05).
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Fig. 2.2 Individual plasma LH profiles in four Control sows (C,D.E.L) from Experiment
1B. Arrows indicatc time of naloxone injections on day 10 of lactation, at which time
sows were either ovariectomized (Ovx) or intact (Int).
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Fig. 2.3 Individual plasma LH profiles in four Naloxone treated sows (A,B,G,H) from
Experiment 1B. Arrows indicate time of naloxone injections during the initial period of
sampling and on day 10 of lactation, at which time all these sows were ovariectomized

(Ovx).
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Fig 2.4 Mean (+SEM) plasma LH in Naloxone treated (n=6) and Control sows (n=5) in
Experiment 1B. Each bar indicates the means for successive 3h-periods of sampling.
Naloxone treatment from 39 to 78h post-partum did not modify LH secretion (p=0.30) but
analysis of pooled data established a significant difference in mean LH concentrations 12-
15h compared to 75-78h post-partum (P<0.05). *, significant (p<0.05) increase in mean
plasma LH concentrations in response to naloxone treatment 3h after the start of sampling

on day 10 of lactation.
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Fig 2.5 Mean (+SEM) plasma FSH in Naloxone treated (n=6) and Control sows (n=5)
in Experiment 1B. Each bar indicates the means for successive 3h-periods of sampling.
Treatment with naloxone did not alter plasma FSH either during the first 78h post-partum
or at day 10 of lactation. However, in both groups there was a significant (p<0.05)
increase in plasma FSH between the early post-partum period and day 10 of lactation.
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Fig 2.6 Individual plasma prolactin profiles in two Naloxone treated and two Control
sows in Experiment 1B. Arrows indicate naloxone injections.
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Fig 2.7 Mecan (+SEM) plasma prolactin (PRL) in Naloxone treated (n=6) and Control
sows (n=5) in Experiment 1B. Each bar indicates the mean for 3h-periods of sampling.
During the first 78h post-partum there was no effect of naloxone on plasma PRL. *,
significant (p<0.05) decrease in PRL after naloxone injection on day 10 of lactation.
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CHAPTER 3

EXPERIMENT 2: OPIOID ANTAGONISM (NALOXONE) FAILS TO REVERSE
THE SUCKLING-INDUCED REGULATION OF LH AND PROLACTIN
SECRETION IN EARLY LACTATION IN THE SOW.

3.1 INTRODUCTION

The post-partum period in the sow is generally characterized by a suppression of
LH secretion and a lack of follicular development (for review see Britt et al., 1985;
Varley et al., 1990; Foxcroft, 1992). There is a substantial body of evidence supporting
a role for endogenous opioids in the suppression of GnRH and LH secretion during
lactation in pigs, sheep and cattle (for review see Haynes et al., 1989; Barb et al., 1991;
De Rensis et al., 1993c; Britt, 1993). During lactation, the blockade of opiate receptors
with naloxone also results in a decrease of PRL secretion in the rat (Bevers et al., 1981),
sheep (Gregg et al.,1986) and sow (Mattioli et al., 1986; Barb et al., 1986; Armstrong et
al., 1988b). In a previous study (Experiment 1, this thesis) we observed that chronic
naloxone treatment was not able to prevent the suckling-induced inhibition of LH
secretion in the early post-partum period but was effective in increasing LH at day 10 of
lactation. These data provided evidence that opioidergic inhibition of LH secretion may
not occur during the early post-partum period in the sow. However, the treatment regimen
used also raised the possibility that a desensitization or down regulation of opioid
receptors due to repeated naloxone treatment may have occurred.

Therefore, the aim of the present experiment was to use single injections of the
opioid agonist naloxone at different times after farrowing to further define when the
opioids become active in the control of LH secretion during lactation. Furthermore, by
using chronic naloxone treatment from day 10 to day 11 of lactation (mid lactation), we
investigated the likelihood that down regulation of naloxone receptors does occur after

chronic naloxone treatment.

3.2 MATERIALS AND METHODS
3.2.1 Animals and blood collection

A total of 20 primiparous crossbred sows (Camborough x Canabrid, Pig
Improvement (Canada) Ltd.) from the University of Alberta herd were used. Estrus was
synchronized in groups of sows to facilitate bach farrowing. One group of ten animals
farrowed in May and a second group of ten animals in June. Sows were housed in
conventional farrowing crates and water and feed were provided ad libitum throughout
lactation. The average weight of the sows one day after farrowing was 198.0+8.3kg and
the litter size was standardized immediately after farrowing to 10 piglets/sow. Sows were
provided surgically with indwelling jugular catheters via the cephalic vein under general
anaesthesia 12-18h after parturition, allowing stress-free withdrawal of blood samples (2.5
ml) at 15min intervals during periods of sampling.

The experimental design is shown in Fig 3.1. The experiment was divided into two
parts. In part I, to confirm the ontogeny of opioid-dependent regulation of LH and PRL
secretion in early lactation, all animals were sampled over six hour periods from 36 to
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42h, 48 to 54h, 60 to 66h and from 72-78h post-partum.

To facilitate the logistics of this experiment, sows were grouped as having
completed farrowing within any particular 6h period. The end of each 6h period was then
taken as time zero (Oh post-partum). Groups of five sows were then allocated to receive
2mg/kg naloxone hydrochloride (Sigma-Tau) in saline i.v. for the first time three hours
after the beginning of each period of sampling. As shown in Fig. 3.1, sow first treated at
39, 51 and 63h post-partum received three, two or one further injections, respectively,
during subsequent period of sampling. Sows of group I received a single naloxonc
injection only at 75h post-partum. Within the subgroups therefore, repeated injections
regimens were used to further elucidate the ontogeny of opioidergic regulation of LH
secretion. Responses to naloxone treatment in these sows were compared to responses to
single 2mg/kg i.v. injections of naloxone on either day 10 (n=10) or 11 (n=10) of
lactation (see below).

In part II of the experiment all sows were sampled for Sh on day 10 and 7h on
day 11 of lactation. To evaluate the possibility that repeated treatment with naloxone
might result in decreased sensitivity to the opioid antagonist, 10 sows (Naloxone sows),
allocated in a stratified manner to account for part I treatments, were treated with 2
mg/kg of naloxone hydrochloride (Sigma) in saline three hours after the start of sampling
on day 10, followed by 10 further injections of 1mg/kg of naloxone at 3h intervals on
days 10 and 11 of lactation. Ten control sows received saline vehicle only during
sampling on day 10 and the first 4h on day 11 and then received a single i.v. injection
of 2mg/kg of naloxone.

3.2.2 Hormone assays
Plasma LH concentrations were determined in all samples (15 min intervals) using

the double antibody RIA described by De Rensis et al. (1993b). Inter- and intra-assay c.v
were 12.7% and 4.1%, respectively. The sensitivity of the assay, defined as 90% of total
binding, was 0.12 ng/ml.

Plasma concentrations of PRL were measured in samples drawn at 30 min
intervals by the method described by Shaw and Foxcroft (1985) with minor modifications.
Intra- and inter-assay c.v. were 3.9 and 10.7%, respectively. The overall sensitivity of
the assay defined as 85% of total binding was 1.9 ng/ml.

3.2.3 Statistical analysis
Consideration of the plasma LH profiles in this study indicated that the adoption

of computerized pulse analysis programs was inappropriate (for details see Foxcroft et al.,
1988). Therefore to provide minimum, mean and maximum characteristics of LH
secretion, LH profiles were analyzed by the method of Shaw and Foxcroft (1985) using
a sliding window technique.

In part I of the experiment, two 3h means (before- and after-naloxone injections)
were calculated for each 6h period of sampling. In part II, hormone concentrations during
the 9h frequent sampling period at day 10 were analyzed as the means of three 3h
periods; finally, the 7h frequent sampling period on day 11 was analyzed as means for
three periods of 1h, 3h and 3h, respectively.
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Pant i
Analysis of the effect of single injections of naloxone on mean LH and PRL

plasma concentrations during each period were undertaken using the PROC GLM
procedure within the SAS statistical package. A model fitting post-partum period (36 to
42h, 48 to 54h, 60 to 66h and from 72-78h post-partum) as a main effect and the effect
of naloxone as a repeated measure was used. Analysis of LH or PRL responses to the
second, third and fourth naloxone injections were similarly undertaken, the main effect
of post-partum period being absent in the analysis of the response to the fourth injection.
Part 2

Analysis of responses to naloxone on days 10 and 11 was undzrtaken using a
model fitting group (Naloxone or Control) as a main effect for each sampling period (d10:
3h, 3h, 3h, d11: 1h, 3h, 3h). Comparisons of responses to single and multiple injections
of Naloxone on days 10 and 11 within Naloxone group sows were obtained fitting
sampling period as a repeated measure. Having established significantly elevated LH
concentrations in Control sows during pre-naloxone periods when compared with
Naloxone sows, further analysis of the main effect of group was undertaken fitting the
first 3h sampling period on d10 as a covariate. A comparison between LH or PRL
concentrations during the periods prior to first naloxone injection in early lactation and
on day 10 was undertaken for all sows utilising a repeat measures approach.

3.3 RESULTS
Plasma LH

The individual patterns of LH secretion in two sows in each sub-group are shown
in Fig. 3.2-3.5.

Part 1
Single injections of 2mg/kg of naloxone for the first time at 39, 51, 63 and 75h

post-partum did not affect minimum and mean plasma LH concentrations. An effect
(p<0.05) of naloxone was observed 72-78h post partum in group IV sows treated three
times previously with the antagonist, but not in the groups II and III treated once or twice
previously, respectively (Fig. 3.6 and 3.7). Single and multiple naloxone injections on
days 10 and 11 increased (P<0.05) mean LH concentrations in Control and Naloxone
group sows, confirming previous observations of an EOP inhibition of LH secretion,
vulnerable to antagonism by this dose of naloxone.
Part 2

There was no difference between LH concentrations prior to naloxone injections
in early and mid (day 10) lactation. The LH responses to single and multiple naloxone
injections did not differ between experimental groups (Naloxone or Control) for any
periods except for the first and third period on d10 (Fig. 3.8). Further analysis of these
differences, utilising the first 3h period on d10 as a covariate, established elevated LH
concentrations in Naloxone sows in all except the final period on day 11, i.e. following
administration of 2mg/kg naloxone to both groups. Repeated naloxone injections at 3h
intervals between day 10 and 11 of lactation to Naloxone sows consistently increased
mean LH concentrations (p<0.05).

Furthermore, the response to the 2mg/kg naloxone injections on day 11 in the

100



Naloxcne group was not significantly different to the first injection of 2mg/kg naloxone
on day 10 in the same sows, nor to the 2mg/kg naloxone injection on day 11 in the
Control sows. Therefore, repetitive naloxone injections did not significantly suppress or
apparently dampen the response to opioid antagonism.
Plasma PRL

The individual patterns of PRL secretion in two sows in each group arc shown
in Fig. 3.9-3.12 and mean PRL plasma concentrations during the first 78h post-partum in
Fig. 3.13 and 3.14 and at days 10 and 11 of lactation in Fig. 3.135.
Part 1

Single injections of 2mg/kg of naloxone for the first time at 39, 51, 63 and 75h
post-partum did not affect mean plasma PRL concentrations (Fig. 3.13 and 3.14).
Responses to single and multiple naloxone injections on days 10 and 11 decreascd
(p<0.05) mean PRL concentrations in both Control and Naloxone group sows.
Part 2

There was no difference between PRL concentrations prior to naloxone injections
in early and mid (day 10) lactation. Multiple naloxone injections between day 10 and 11
of lactation consistently suppressed mean plasma PRL (p<0.05) (Fig. 3.15). Furthermore,
the response to the 2mg/kg naloxone injections on day 11 in the naloxone group was not
significantly different to the first injection of 2mg/kg naloxone on day 10 in the same
sows, nor to the 2mg/kg naloxone injection on day 11 in the control sows. Therefore,
similarly to LH, repetitive naloxone injections did not significantly suppress or apparently
dampen the response to opioid antagonism.

3.4 DISCUSSION

A gradual suppression of LH secretion with time from farrowing has been
reported previously (Dondi et al., 1991; Tokach et al., 1992; Sesiti et al., 1993). In an
earlier study we observed that inhibition of LH secretion only becomes established in
suckled sows around 66-78h post-partum, while in sows weaned at birth, LH secretion
is maintained beyond this time and is associated with immediate follicular development
(De Rensis et al., 1993a). The existence of active LH secretion in the immediatc post-
partum period and a gradual suppression of basal LH concentrations as lactation
progressed, was also confirmed in a previous study using naloxone (De Rensis et al.,
1993b). In contrast, in the present study, mean plasma LH was not different between the
immediate post-partum periods (36-78h) compared with day 10 and 11 of lactation. The
bleeding schedule adopted did not require blood sampling before 36h after parturition and
it appears that in these animals, LH secretion was already inhibited at this time. Similarly
Smith et al. (1992) did not observe differences in mean LH concentrations between day
1 and day 14 post-partum.

During the early post-partum period single naloxone injections of 2mg/kg only
increased plasma LH in Group IV sows treated with a fourth injection 75h post-partum
but not during the three previous treatments with the antagonist in this group. In contrast,
LH secretion was increased in all sows after naloxone treatment at day 10 and 11 of
lactation. These data support our previous suggestion (De Rensis et al., 1993b) that
endogenous opioids do not mediate the initial inhibitory effects of suckling on LH
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secretion in the carly post-partum period. However, an inhibitory opioidergic regulation
of LH secretion becomes active after this time and is consistently demonstrable in
established lactation. Evidence for differential opioidergic control of LH secretion in the
carly and later post-partum periods has also been recently reported from studies in
lactating rats (Wu et al., 1992). Therefore, we suggest that LH release in the early post-
partum period may be regulated by an alternative, non-opioidergic, mechanism. It is also
possible that LH release in the early post-partum period is subject to opioidergic
inhibition that cannot be antagonized by the dosage of naloxone utilized in this
experiment or that effects on LH could be mediated by opioid receptors not readily
antagonized by naloxone. However, naloxone binds to mu, delta and kappa receptors in
brain tissue (Chang, 1984) and it has been reported that opioids implicated in the
suppression of LH are of mu type. It would still be of interest to further investigate the
presence and type of opioid receptors involved in the control of GnRH secretion during
early lactation.

Consistent with our own previous work (De Rensis et al., 1993b) and other studies
(Armstrong et al., 1986; Barb et al., 1986, 1991; Mattioli et al., 1986; Whisnant et al.,
1986; Gregg ct al., 1986), three sows of the Control group and two sows of the Naloxone
group did not respond to naloxone treatment at day 10 and 11 of lactation. The cause of
this lack of responsiveness continues to be uncertain. In rats (Owens and Cicero, 1981)
and in male sheep (Ebling and Lincoln, 1985) it has been reported that naloxone
administration is associated with a decline in the LH response following subsequent
injections of naloxone. Similarly, Knight et al. (1986) did not obtain a significant
naloxone-induced increase of serum LH in suckled ewes by repetitive administration of
naloxone in small doses (4.17 mg/ewe every Smin for a 75min period). Conversely,
Myers et al. (1989) in beef cows and Rawlings et al. (1991) in rams, did not observe any
inhibitory effect on LH secretion of repeated naloxone injections when treating the
animals at 2h intervals.

In our experiment from dz, 10 through day 11 of lactation, naloxone was injected
every three hours and an effect of naloxone on LH secretion existed throughout the period
of treatment. Therefore our study indicates that the injection of naloxone in lactating
sows at three hourly intervals does not induce a desensitization of opioid receptors. These
data suggest that the lack of a response to naloxone treatment in the immediate post-
partum period in our previous study (De Rensis et al., 1993b) was not a result of the
multiple injection schedule adopted.

From the present study it is not possible to describe the level at which naloxone
affects LH secretion. However in vivo and in vitro studies in a variety of species showed
that naloxone did not alter the pituitary LH responses to pulses of GnRH (Grossman et
al., 1989; Ferin et al., 1984; Ebling et al., 1987) and did not disrupt the secretory response
of the pituitary to exogenous GnRH given in_vivo (Cicero et al., 1977; Grossman et al.,
1989; Ferin et al., 1984). Finally, Kalra et al. (1984) described that intracerebral injection
of naloxone stimulates LH release in a similar manner to that seen after systemic
naloxone injections. There are, however, recent data showing that LH secretion can be
modulated by a direct effect of opioids at the pituitary level (Chao et al., 1986; Blank
et al., 1986; Mattery and Moberg, 1985; Barb et al., 1990).
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The significant decline in PRL secretion after naloxone treatment at day 10 and
11 of lactation in most sows was consistent with data from previous studies in lactating
sows, which established an effect of naloxone injection on plasma PRL in sows treated
at days 10 or 11 (De Rensis et al., 1993b), day 15 (Mattioli et al.. 1986), day 21
(Armstrong et al., 1988b) and at day 22 (Barb et al., 1986) post-partum. However,
naloxone treatment did not change plasma PRL during the first 78h after farrowing,
confirming our previous studies (De Rensis et al., 1993¢) and studies in ewes (Gregg ct
al., 198G) in which a decrease in serum concentrations of PRL after naloxonc treatment
(1.0mg/kg) was observed on day 14 to 26 but not on day 10 post-partum. Therefore, these
data seem to suggest that the regulation of PRL secretion during the early post-partum
period is also not sensitive to naloxone treatment.

3.5 CONCLUSION

The ability of both single and chronic naloxonc treatment to counteract the
suppression of LH at days 10 and 11 of lactation in the sow, but the lack of an effect of
naloxone in most of the treated animals during the first 78h post-partum, indicates that
inhibitory opioidergic systems may require a specific time to become operative.
Similarly, the observation that PRL secretion during the early post-partum period was not
modified by naloxone but that a significant decreasc was evident at day 10 and 11 of
lactation, indicates that there are also temporal differences in the cffect of endogenous
opioids on PRL secretion during lactation.
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Fig. 3.1 Schematic diagram of experimental design. Arrows indicate time of naloxone
injections. Part I comprised 4 sub-groups (I-IV) of five sows each and part II comprised
the same sows split between two groups (Nalox and Control) of ten sows.
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Fig. 3.2 Individual plasma LH profiles in two sows first treated with single naloxone
injections 75h post-partum (group I). Arrows indicate naloxone injections.
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Fig. 3.3 Individual plasma LH profiles in two sows first treated with single naloxone
injections 63h post-partum (group II). Arrows indicate naloxone injections.
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Fig. 3.4 Individual plasma LH profiles in two sows first treated with single naloxone
injections S1h post-partum (group III). Arrows indicate naloxone injections.
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Fig. 3.5 Individual plasma LH profiles in two sows first treated with single naloxone
injections 39h post-partum (group IV). Arrows indicate naloxone injections.
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Fig. 3.6 Mean (+SEM) plasma LH concentrations during control pre-treatment periods,

and in response to the first (top panel) or second (lower panel) naloxone (2mg/kg)
injections given during different post-partum periods. Arrows indicate naloxone injections

in different treatment groups (I-IV, see Fig. 2.1.). No significant (P>0.05) responses to
treatment were established.
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Fig. 3.7 Mean plasma LH concentrations during control pre-treatment periods, and in
responsc to the third or fourth naloxone (2mg/kg) injections given during different post-
partum periods. Arrows indicate naloxone injections. * Significant response to naloxone
(P<0.05).
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Fig. 3.8 Mean (+SEM) plasma LH concentrations in Control and Nalcxone groups for
three bleeding periods on days 10 (3h, 3h, and 3h) and 11 (1h, 3h and 3h) of lactation.
Arrows indicate naloxone injections. Different superscripts denote differences (p<0.05)
between period means within groups and between groups within time of sampling.
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Fig. 3.9 Individual plasma PRL profiles in two sows first treated with single naloxone
injections 75h post-partum (group I). Arrows indicate naloxone injections.
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Fig. 3.10 Individual plasma PRL profiles in two sows first treated with single naloxone
injections 63h post-partum (group II). Arrows indicate naloxone injections.
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Fig. 3.11 Individual plasma PRL profiles in two sows first treated single naloxone
injections 51h post-partum (group IIf). Arrows indicate naloxone injections.
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Fig. 3.12 Individual plasma PRL profiles in two sows first treated with naloxone
injections 39h post-partum (group IV). Arrows indicate naloxone injections.
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Fig. 3.13 Mean (+SEM) plasma PRL concentrations during control pre-treatment periods
and in response to the first or second naloxone (2mg/kg) injections given during different
post-partum periods in different groups of sows (I-IV, see fig. 2.1.). Arrows indicate
naloxone injections. There were no significant (P>0.05) responses to naloxone.
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Fig. 3.14 Mean (+SEM) plasma PRL concentrations during control pre-treatment periods
and in response to the third or fourth naloxone (2mg/kg) injections given during different
post-partum periods in different groups of sows (I-IV, see fig 2.1.). Arrows indicate
naloxone injections. There were no significant (P<0.05) responses to naloxone treatment.



PRL(ng/ml)
N
o

PRL (ng/ml)
o N W H
o o o o

o

Third Injection (n=10)

1 1 Y
N
v | \§ i }\s\
36-42h  48-54h  60- 66h\ 72-78h

CJControl &Naloxone

Fourth Injection (n=5)

v |

36-42h  48-54h  60-66h

CJControl NNaloxone

131

72-78h




Fig. 3.15 Mean (+SEM) plasma PRL concentrations in Control and Naloxone groups for
thrce bleeding periods on days 10 (3h,3h, and 3h) and 11 (1h, 3h and 3h). Arrows
indicate naloxone injections. Different superscripts denote differences (p<0.05) between
period means and between groups within sampling periods.
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CHAPTER 4

EXPERIMENT 3: INTERACTION BETWEEN SUCKLING AND MORPHINE
ADMINISTRATION IN THE REGULATION OF LH AND PROLACTIN
SECRETION IN THE SOW.

4.1 Introduction
Endogenous opioid peptides (EOP) have been implicated as potential modulators

of gonadotropin secretion in domestic animals (Mattioli et al., 1986; Barb et al., 1986;
Rawlings and Churchill, 1990; Ebling et al., 1985, 1989; Schillo, 1993; Rawlings et al.,
1991; Armstrong et al., 1988b; De Rensis et al., 1983c). In the pig, the opioid antagonist
(naloxone) blocks the inhibitory effect of suckling on LH secretion in mid- and late-
lactation (Mattioli et al., 1986; Barb et al,, 1986; De Rensis et al., 1993). Also,
Armstrong et al. (1988a) demonstrated that the administration of morphine prevented the
increase in LH associated with transient weaning and delayed the onset of estrus after
weaning.

In previous work (De Rensis et al., 1993b) on suckling-induced regulation of LH
secretion in early lactation, suckled sows were observed to have relatively high plasma
LH concentrations from parturition until approximately 45-55 hours post-partum. LH then
decreased to low levels typical of established lactation. When sows were Zero-Weaned,
by removing all piglets immediately after farrowing and thus the suckling induced
inhibition of LH, LH secretion remained high and was characterized by a high frequency
episodic-type release.

In later studies (De Rensis et al., 1993c) and Experiment 2 of this thesis, chronic
naloxone treatment was not able to reverse the suckling-induced inhibition of LH
secretion in the early post-partum period but an effect was evident at day 10 of lactation.
Also, PRL secretion was not modified during the early post-partum period by naloxone
but naloxone induced a decrease in PRL at day 10 and !1 of lactation. These data
indicate that there are temporal differences in the effect of endogenous opioids on LH and
PRL secretion during lactation.

A number of specific conclusions were drawn from these earlier studies. 1)
Opioid inhibition may not occur during the early post-partum period; 2) effects of
endogenous opioid peptides may be masked by an alternative inhibitory system and 3) if
present, opioid receptors present may not readily be antagonized by naloxone.

Multiple opioid receptor types have been implicated in suppression of LH
secretion but it is generally believed that the mu receptor subtype is most involved
(Pfeifer et al., 1983; Panerai et al., 1985). Morphine and naloxone do not have identical
affinities for all opioid receptor types. Both bind with high affinity to mul- and mu2-
receptors (Lord et al., 1977; Casy et al., 1986; Pasternak et al., 1986a,b; Kazmi et al,,
1987) but naloxone also binds to delta-and kappa receptors (Khatchaturian et al., 1985;
Chang., 1984). It has also been demonstrated that morphine inhibits the firing frequency
of hypothalamic neurones associated with the release of LHRH (Kesner et al., 1986).

Therefore, the aim of the present experiment was to investigate whether the
administration of morphine, an opioid agonist, would modify LH secretion during early

138



lactation. Furthermore, to investigate the role of the opioidergic system in mediating the
suckling-induced inhibitory effects on LH secretion, morphine was administered to sows
whose piglets were removed immediately after farrowing, as well as to sows nursing their
piglets.

4.2 MATERIALS AND METHODS
4.2.1 Animals and blood collection

A total of 19 primiparous sows (Camborough; Pig Improvement (Canada) Lud)
were used in a replicated experiment. Sow were housed in conventional farrowing cratcs
and water and feed were provided twice a day throughout lactation. Within each replicate
(....and.... sows, respectively), sows were randomly allocated to two groups: In a total of
nine "Zero-Weaned" sows, all piglets were removed from each sow 6h after the birth of
the last piglet. This procedure allows new born piglets to obtain an immediatc supply of
colostrum from their dams prior to fostering to other sows: A total of ten "Suckled” sows
(five replicate 1, five replicate 2), suckled 10 or more piglets for the duration of the trial.
To facilitate the logistics of the experiment, farrowing times were grouped in 12h blocks
and time zero was taken as the end of each 12h period. The sows werc fitted with
indwelling jugular cannulae via the cephalic vein under general anaesthesia 12-18 h post-
partum to allow stress-free frequent blood sampling. Plasma was stored at -20°C until
analysis of all samples for LH and prolactin (PRL) concentrations by radioimmunoassay.

Blood samples were collected at 10 min intervals during four sampling periods,
24-30h, 48-54h, 72-78h post-partum, and for 12h on day 10 of lactation. In a previous
dose-response study we determined that a dose of 0.1mg/kg of morphinc did not induce
any adverse behavioral side effects. Therefore in all sows, 0.img/kg of morphinc was
administered as three i.v. bolus injections at hourly intervals during the last 3h of ecach
sampling period, and at 6, 7 and 8h after the beginning of sampling on day 10.

4.2.2 Hormone assays
Plasma LH concentrations in all samples were determined using the double

antibody RIA described by De Rensis et al. (1983b). The intra- and inter-assay c.v. were
9.9% and 17.1%, respectively and the sensitivity of the assay, defined as 90% of total
binding, was 0.13 ng/ml.

Plasma concentrations of PRL were measured by the method described by Shaw
and Foxcroft (1985) with minor modifications. Intra- and inter-assay c.v. were 9.1 and
9.7%, respectively and the overall sensitivity of the assay defined as 85% of total binding
was 1.9 ng/ml.

4.2.3 Statistical analysis
Subjective assessment of the plasma LH profiles obtained in this study indicated

that the adoption of computerized pulse analysis programs was inappropriate (for details
see Foxcroft et al., 1988). Therefore to provide mean characteristics of LH secretion,
LH profiles were analyzed by the method of Shaw and Foxcroft (1985) using a sliding
window technique.

The 6h LH and PRL profiles for the first three sampling periods (days) werc
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divided to generate means for two 3h periods (before and after morphine injections).
Hormone profiles from the 12h frequent-sampling period at day 10 were analyzed as
means for two 6h periods. A repeated measures analysis of variance was used to test for
the effects of morphine within days and the effect of days. Main effects of sow group
(Zero-Weaned versus Suckled) and experimental replicate (first or second), and
interactions between main effects and repeated measures, were fitted. When significant
interactions between main effects were established, relevant main effect least-square
means were compared by Student’s t test. Polynomial contrasts were used to evaluate a
linear, quadratic and cubic trends for time.

4.3 RESULTS

LH
The individual patterns of LH secretion in four Zero-Weaned and four Suckled

sows are shown in Fig. 4.1-4.4. Overall mean (+SEM) plasma concentrations of LH
during the four sampling periods are shown in Fig.4.5. Significant effects of group (Zero-
Weaned versus Suckled; p<0.001), day (p<0.001) and a day x treatment x group
interaction (p<0.001) were established. Zero-Weaned sows exhibited higher LH
concentrations (p<0.001) during all except the first day of sampling. Use of polynomial
contrasts to elucidate interactions between repeat measures established a quadratic
(p<0.001) increase in LH throughout the post-parium period in Zero-Weaned sows in the
absence of morphine compared to a significant (P<0.05) linear relationship in the absence
of morphine. A linear (p<0.05) increase was observed in Suckled sows over the same
period in the presence of morphine treatment but no time dependent change in LH
secretion was established in the absence of morphine.,
PRL

The individual patterns of PRL secretion in two Zero-Weaned and two Suckled
sows are shown in Fig. 4.6-4.9 and overall mean (+SEM) plasma concentrations of PRL
during the four sampling periods are shown in Fig. 4.10. There was a significant
(p<0.001) group effect, and morphine x group interaction on plasma PRL within suckled
sows. There was a morphine effect (p<0.001) but not a morphine x day interaction. In
Suckled sows, plasma PRL was already high at the beginning of sampling and did not
change with time. In this group morphine decreased (p<0.05) mean plasma PRL. In Zero-
Weaned sows, plasma PRL was already low at the beginning of sampling and did not
change with time. No effects of morphine were observed in this group.

4.4 DISCUSSION
LH

In this study the exact time of suckling bouts was not recorded because of the
period of lactation involved. During the very early post-partum period the piglets spent
a considerable amount of time attached to the teat and it is difficult to exactly distinguish
discrete suckling activity. However, casual observations during the experiment indicated
that the piglets nursed throughout all the experimental period.

As in previous studies, the pattern of LH secretion did not allow us to describe
precise LH pulse characteristics due to the high-frequency, variable-amplitude, episodic-
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like release of LH. However, a significant difference in mean plasma LH levels between
Zero-Weaned and Suckled sows was observed beginning 48h post-partum. These
observations are in agreement with our previous studies (De Rensis et al., 1993b) and
further confirm that the suckling stimulus is the main factor blocking LH secretion during
lactation in the sow. These observations in part differ from the recent study of Smith et
al. (1992) who reported that mean LH concentrations differed between Zero-Weaned sows
and Suckled sows only after day 14 of lactation. However, in their data LH pulse
frequency was already different between the two groups at day 4.

In contrast to our own previous work (De Rensis et al., 1983b) and to other studics
in suckled rats (Dondi et al., 1991) and sows (Tokach et al., 1992), a clear, time-
dependent, suckling-induced inhibition of LH was not observed. This could be duc to the
experimental protocol utilized in the present study which did not include sampling
immediately after farrowing, or to the particular animals utilized in this experiment.
Whenever the cause, LH secretion was already inhibited at the time of the first sampling
period.

With regard to the neuroendocrine control of gonadotropin secretion, it s
accepted that one of the mechanisms by which the suckling stimulus inhibits LH secretion
during lactation is mediated via the opioidergic system. In fact, several studics describe
that treatment with opioid antagonists modulates LH secrction during lactation in the sow
(for review see Barb et al., 1991; De Rensis et al., 1993c; Britt et al., 1993). In this study,
morphine decreased LH secretion in Suckled sows with a more evident effect at day 10
of lactation, and in Zero-Weaned sows during sampling 72-78h post-partum and at day
10 post-partum compared to the previous sampling periods. The presence of an effect of
morphine on LH secretion in Suckled sows in mid-lactation, when LH secretion is very
low, is particulary interesting. Armstrong et al. (1988a) also observed a decrease in LH
secretion after morphine infusion in some sows at day 25 of lactation but, overall, these
authors did not observe a significant effect of morphine on LH secretion in late lactating
sows. The fact that morphine significantly inhibited LH secretion in our study could be
related to the different protocol used for morphine administration or to the larger number
of animals utilized in our experiment. However, a different sensitivity to morphinc
among animals could be another factor. Indeed, there are several studies reporting that
large variability in the sensitivity to opioid agonists and antagonists exists between
animals (Armstrong et al., 1986; Barb et al., 1991; De Rensis et al., 1993c,).

Several studies report that opioids effects on LH may involve mu and kappa
receptors (Goodman et al., 1980; Cicero et al., 1983; Pfeiffer et al., 1983; Pancrai ct al.,
1985:; Laedem et al., 1985). However, the studies of Weisner et al. (1985) indicate that
delta but not mu receptors are implicated in opioid inhibition of LH. The results of the
present study indicate that receptors sensitive to morphine are not fully occupied during
established lactation in the sow and treatment with an exogenous opioid agonist is ablc
to effect an even greater inhibition of LH secretion.

PRL

Similar to our own previous studies (De Rensis et al., 1993a,b) and other data
(Stevenson et al., 1981), prolactin concentrations in Suckled sows were high soon after
farrowing. In our study, a gradual but not significant decline in plasma PRL was observed
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with time during lactation, again confirming data from previous experiments (De Rensis
et al., 1993b). In Zero-Weaned sows plasma PRL was already low at the time of the first
period of sampling and did not change during the later part of the experiment. These
differences between groups in PRL secretion confirms that the suckling stimulus is an
essential part of the mechanism that regulates prolactin secretion after farrowing.

The observation of an inhibitory effect of morphine on PRL secretion in Suckled
sows was unexpected. Others have reported a stimulatory effect of opioids on prolactin
(Bruni et al., 1977; Shaar et al., 1980; Schillo, 1985) and morphine injection in the post-
partum cow and steer increased PRL secretion (Peck et al., 1988a,b). Finally, naloxone,
an opioid antagonist, decreased prolactin in lactating sows (Mattioli et al., 1986;
Armstrong et al., 1988b; De Rensis et al., 1993). However, in one previous study it was
observed that morphine did not increase, but suppressed prolactin (Armstrong et al.,
1988a) in lactating sows. These authors suggested that this was due to the dose, or the
duration of morphine treatment, or to previous exposure to high levels of endogenous
opioids during parturition. Furthermore, in lactating rats, morphine administration
(Callahan et al., 1988) did not induce an increase in prolactin levels; this refractoriness
to morphine stimulation did not appear to be due to an alteration in drug metabolism,
since there were no increases in prolactin levels regardless of the route of administration.

There are also studies in the human that indicate that elevated levels of prolactin
in the immediate puerperium are not affected by naloxone (Grossman et al., 1982; Lodico
et al., 1983). Lodico et al. (1983) and Cholst et al. (1984) showed that the prolactin
response to breast stimulation is not blunted by naloxone infusion and is probably not
mediated by an endogenous opioid pathway.

Our own study and that of Armstrong et al. (1988) indicate that morphine
decreases PRL secretion during lactation in the sow. One possible explanation for this
effect of morphine may be the existence of separate and distinct opiate receptor subtypes.
As for LH, there are discordancies regarding the opioids receptors involved in the control
of PRL. In fact it is generally believed that opiate receptors involved in prolactin
secretion belong to the mu (Rossi et al., 1983; Akil et al., 1984; Koening et al., 1984) and
kappa classes (Zuckin et al., 1981). However, Koening et al. (1984) have reported that
the beta-endorphin effect on prolactin is not blocked by a mul-antagonist, suggesting that
this site is not involved in mediating the stimulatory effect of this peptide on prolactin.
Therefore, in contrast to a general stimulatory effect of opioids on prolactin secretion (see
Ben-Jonathan et al., 1989), morphine administration may instead stimulate
neuroendocrine mechanisms that inhibit prolactin secretion.

4.5 CONCLUSION
In conclusion, this study confirms that the suckling stimulus is associated with

suppressed plasma LH and elevated plasma PRL concentrations. Furthermore, data from
this study are consistent with a time dependent development of endogenous opioid peptide
inhibition of LH secretion. During the early post-partum period the opioidergic system
may require some time to become fully operative or the effects of endogenous opioid
peptide antagonism may be masked by an alternative inhibitory system. Finally, the
presence of different opioid receptor populations cannot be excluded.
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The presence of an inhibitory effect of morphine on prolactin secretion during
lactation, in the presence of the suckling stimulus, suggests that  opiate receptors
sensitive to morphine are not involved in the regulation of prolactin secrction during
lactation or that morphine is stimulating the activity of systcms that have an inhibitory
effect on PRL secretion.
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Fig. 4.1 Individual plasma LH profiles in two Suckled sows. Arrows indicate morphine
injections.



uonoydo| jo Ao@  wnjiod—3isod sunoH
| oL Ao@  118/—-CL I ¥S—8¥ I0E—¥C |

0
0
vo X
a0
w.Ohl\
_ | _ _ _w
%%é%%g
éw
190 3
A Aoy s
papIINS

145



Fig. 4.2 Individual plasma LH profiles in two Suckled sows. Arrows indicate morphine
injections
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Fig. 4.3 Individual plasma LH profiles in two Zero-Weaned sows (piglets were removed
immediately after farrowing). Arrows indicate morphine injections.
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Fig. 4.4 Inaividual plasma LH profiles in two Zero-Weaned sows (piglets were removed
immediately after farrowing). Arrows indicate morphine injections.
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Fig. 4.5 Mean (+SEM) plasma LH. Each bar indicates the mean for 3h-per.ods of
sampling. Means with different superscripts differ between groups irrespective of
morphine treatment and confirm a suppressive effect of suckling on LH secretion within
54h of farrowing. Morphine treatment attenuated the trend for an increase in mean

plasma LH in both groups (see results).
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Fig. 4.6 Individual plasma PRL profiles in two Suckled sows. Arrows indicate morphine
injections.
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Fig. 4.7 Individual plasma PRL profiles in two Suckled sows. Arrows indicate morphine
injections.
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Fig. 4.8 Individual plasma PRL profiles in two Zero-Weaned sows (piglets were removed
6h after farrowing). Arrows indicate morphine injections.
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Fig. 4.9 Individual plasma PRL profiles in two Zero-Weaned sows (piglets were removed
6h after farrowing). Arrows indicate morphine injections.
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Fig. 410 Mean (+SEM) plasma PRL. Each bar indicates the mean for 3h-periods of
sampling. Mecans with different superscripts differ between groups irrespective of
morphine treatment and confirm the immediate and sustained influence of suckling on
PRL secretion. Overall in Suckled sows morphine decreased (p<0.05) mean plasma PRL.
No effects of morphine were observed in Zero-Weaned sows.



sEl < | 1o o | _faan
< ] .
= 0O
i - N .
q I 132 |
g w o W ) %

0

(lw /6u)yd uoap (iw /Bu)1yd uoap

72-78 day 10

HOURS POST—PARTUM

163

48-54

24-30



4.6 BIBLIOGRAPHY

Akil, H., Warson, S.J., Young, E., Lewis, M.E., Khachaturian, H., Walker, .M. (1984).
Endogenous opioids, biology and function. Ann. Rev. Neurosci., 7:223.

Armstrong, J.D., Kracling, R.R., Britt, 1.H. (1986). Effect of bolus administration of
naloxone on secretion of LH and prolactin in laciuing sows. J. Anim. Sci., (Suppl. 1)
Abstract 322.

Armstrong, J.D., Kraeling, R.R. and Britt, J.H. (1988a). Morphine suppresses luteinizing
hormone concentrations in transiently weaned sows and delays onse: af oestrus after
weaning. J. Anim. Sci., 66:2216-2222.

Armstrong, J.D., Kraeling, R.R, Britt, J.H. (1988b). Effects of naloxone or transient
weaning on sccretion of LH and prolactir in lactating sows. J. Reprod. Fertl.,
83:301-308.

Barb, C.R., Kracling, R.R., Rampacek, G.B. ar..! Whisnant, C.S. (1986). Opioid in’ an
of lutcinizing hormone sccreiion in the postpartum lactating sow. Biol. } prod.

35:368-371.

Barb, C.R., Rampacek, G.B., Kraeling, R.R., Estienne, M.;., Taras, E., Estienne, C.E. and
Whisnant, C.S. (19¢8). Absence of brair opioid peptide modulation oi luteinizing
hormone sccretion in the prepubertal gilt. Biol. Reprad., 39:603-609.

Barb, C.R., Kracling, R.R., Rampacek, G.B. (1991). Opioid modulation of gonadotropin
and prolactin secretion in domesiic farm animals. Dom. Anim. Endocrinol., 91:15-27.

Ben-Jonathan, N., Arbogast, L.A., James, F.H. (1989). Neuroendocrine regulation of
prolactin release. Prog. Neurobiol., 33:399-447.

Britt, J.H. Armstrong, J.D. Moore, K.L. Sesti, L.A.C. (1993). Involvement of opioids in
regulation of LH secretion during lactational- or nutritional-induced anestrus in pig and
cattle. In: Opioids in farm animals, Ed. N.Parvizi, Landwirtschaftsverlag GmbH, 4400
Miinster-Hiitrup, Germany. pp. 34-54.

Bruni, J.F., Van Vugt, D.A., Marshall. §., Meites, j. (1977). Effects of naloxone,
morphine and methionine on serum prolactin, luteinizing hormone, follicle stimulating
hormone and growth hormone. Life Sci., 21:461.

Callahan, P., Janik, J., Grandison, L., Rabii, J. (1988). Morphine does not stimuiate
prolactin release during lactation. Brain Research, 442:214-222.

164



Casy, A.F., Parfitt, R.T. (1986). Opioid Analgesics, chemistry and receptors. In: Opioid
Analgesics. Plenum Press, New York, pp. 333-337.

Chang, K.J. (1984). Opioid receptors: Multiplicity and Sequelae of ligand-receptor
o~ ~~tiuns. In: Tue receptors. Ed. P.M. Conn. Academic Press, New York, 1:1-81.

Cb- ‘st, LN., Wardlaw, S.L., Connie, B., Newman, C.B. and Franz, A.G. (1984). Prolactin
response to breast stimulation in lactating women is not mediated by endogenous opioids.
Am. J. Obstet. Gynecol., 150:558-561.

Cicero, T.J., Owens, D.P., Scnmoeker, P.F., Meyer, ER. (1983). Morphinc induced
enhancement of the effect of naloxone on serum luteinizing hormone levels in male rat:
specificity for mu antsgonists. J. Pharrnacol. exp. Ther., 226:770-774.

Crowley, W.R., (1988) Role of endogcnous opioid neuropeptides in the physiological
regulation of luteinizing hormone and pra:actin secrotion. n: Peptide hormones, effect a-.d
mechanisms of action. Eds. Negro-Vilar, A, Conn, P.M. . CR.S. Press, 3: 79-116.

Currie, W.D. and Rawlings, */.C. (1989). Fluctuation of responsiveness of LH and lack
of responsiveness of FSH to prolonged infusion of morphine and naloxonc in the ewe.
J. Reprod. Fert., 86:359-366.

De Rensis, F. Foxcroft, G.R. (1993a). Endogenous opioid modulation of gonadotropin and
prolactin secretion in the post-parwm sow. In: Opioids in farm animals, Ed. N.Parvizi,
Landwirtschaftsverlag GmbE, 2400 Miinster-Hiltrup, Germany. pp. 15-33.

De Rensis, F., Hunter, M.G., Foxcroft, G.R. (1993b). Suckling-induced inhibition of LLH
secretion and follicular development in the early post-partum sow. Biol Reprod., 48:964-
969.

De Rensis, F. Cosgrove, J.R., Foxcroft, G.R. (1:93c). ! teinizing hormone arnd prolactin
responses to naloxone vary with stage of lactation i the sow. Biol Reprod., 48:970-976.

Dondi, D., Maggi, R., Panerai, A , Piva, F.,, Lir .ata, P. (1991). Hypothaiamic opiatergic
tone during pregnancy, parturition and lactation in +"..: rat. Neuroendocrinol., 53:460-466.

Ebling, F.J.P., Lincoln, G.A. (1985). Endugenous opioids and the control of scasonal LH
secretion in Soay rams. J. Endocrinol., 107:341-353.

Ebling, F.J.P., Schwartz, M.L., Foster, D.L. (1989). Endogenous opioid regulation of
pulsatile luteinizing hormone secretion during sexual maturation in the female sheep.
Endocrinology., 125:369-383.

Foxcroft, G.R., Haresign, W., Haynes, N.B., Lamming, G.E., Pcters, A.R. (1988).

165



Gonadotropins-Domestic Animals. Acta Endocrinol., 288:41-50.

Goodman, R.R., Snyder, S.H., Kuhar, M.J., Young, W.S. (1980). Differentiation of delta
and mu opiate receptor localization by light microscopic autoradiography. Proc. Nat.
Acad. Sc1. USA, 77:6239.

Grossman, A., West, S.W., Evans, J., Rees, L.H., Besser, G.M. (1982). The role of opiates
in ihe contre! of prolactin in the puerperium, and TSH in primary hypothyroidism. Clin.
Endocrinol., 16:3.7-320.

Kazmi, S.M.L, Mishra, R.K. (1987). Comparative pharmacological proprieties and
funcional coupling of p snc 8 opioid r:ceptor sites in Luman blastoma SH-SYS5Y calls.

Mol. Pharmacol., 32:109

Khatchturian, H., Allesi, N.E., Lewis, M.E., Munfakh, N., Fitzsimmon. M.D., Watson, S.J.
(1985). Development of hypothalamic opioid neurons: A cu.ubined in:munocytochemical
and 3[H]-thymidine autoradiographic study. Neuropeptides, 4:477-480.

Kesner, 1.S., Kaufman, .M., Wilson, R.C., Kuroda, G., Knobil, E. (1986). The effect of
morphine on the electrophysiologicai activity of the hypothalamic luteinizing hormone
reicasing hormone pulse generator in the rhesus monkey. Neuroendocrinol., 43:68¢-68¢

Koening, LJ., Mayfield, M.A., McCann, S.M., Kruhlich, L. {(1984). Differenual role of
the opicid mu and kappa receptors in the activation of prolactin ar+ growth hormone
sccretion of morphine in male rat. Life Sci., 34:1829-1837.

Laedem, C.A., Kalra, S.P. (s .~ :,. Effects of endogenous opioid peptides and opiates on
LH and prolactin secretion. Neuroendocrinol., 41:342-352.

Lord, J.A.H., Waterfeld, A.A., Hughes, J., Kosterlitz, HW. (1977) Endogenous opioid
peptide: multiple agonist and receptors. Nature, 267:495-499.

Lodico, G., Stoppelli, L, Delitala, G., Maioli, M., (1983). Effects of naloxone infusion on
basal and breast stiimulation induced prolactin secretion in puerperal women. Fert. Steril.
40:6(0-603.

Mattioli, M., Conte, F., Seren, E., Geleati, G. (1986). Effect of naioxone on plasma
concentrations of prolactin and LH in lactating sows. J. Reprod. Fertil., 76:167-173.

Panerai, A., Petraglia, F., Sacerdote, P., Genazzani, A.R. (1985). Mainly mu opiate
receptors are involved in LH and prolactin secretion. Endocrinology., 117:1096-1099.

Pasternak, G.W. (1986). Multiple mu opiate receptors: biochemical and pharmacological
evidence for multiplicity. Bioch. Pharmacol., 35:361-364.

166



Peck, D.D., Thonipson, i.N., Jemigan, A., Kiser, T.E. (1988a). Effect of morphin¢ on
serum gonadotropin concentration in post-partum beef cows. J. Anim. Sci., 66:2930.

Peck, D.D., Thompson, F.\., St .emann, A,, Leshin, L.8., Kiser, T.E. (1988b). Evidence
for endogenous opioid mo¢+"..1on of serum luteinizing hormone and prolactin in steer.
J. Anim. Sci., 66:3197-3201.

Pfeiffer, D.G., Pfeiifcr, A., Shimahigashi, K., Merriam, G.R., Loriaux, D.L. (1983).
Predominant involvement of mu rather than delta or kappa opiate receptors in LH
secretion. Peptides, 4:647-649.

Rossi, A., Disalle, E., Briatico, G., Arcari, G., D¢ Castiglione, R., Persco, G. (1983).
Antinociceptive, prolactin releasing an intestinal motility inhibiting activities of
dermorphin and analogues after subcutaneous administration in the rat. Peptides. 4:577-
580.

Rawlings, N. C., Churchill, .. (1990). Effect of naloxone on gonadotrophin secicuon at
various stages of development in t.» ewe lamb. J. Reprod. Fertil,, 89:503-53.

Rawlings, N.C., Churchill, L.1,, Currie, W.D., Joseph, LB. (1991). Maturational changes
in opioidergic control of luteinizing hormone and follicle stimulating hormonc inn ram
lambs. J. Reprod. Fextil., 93:1-7.

5>AS. (1985). Sas User’s Guide: Statistics Cary, NC: Statistical Analysis System Institute.
Inc., Cary..

Sarkar, D.K., Yen, S.S. (1985). Hyperprolactinemia decreases the LHRH concentration
in pituitary portal plasma: a possible role for beta-endorphin as mediator. Endocrinology..
116:2080-2084.

Schillo, K K., Alliston, C.W., Malven, P.V. (1985). Do endogenous opioid peptidcs
mediate the effects of photop-riod on release of luteinizing hormone and prolactin in
ovariectomized ewes?. Biol. Reprod., 32:779-787.

Schillo, K.K. (1993). Possible roles of enGogenous opioids in control of lutcinizing
hormone secretion in female ruminants. In: Opioids in farm animals, Ed. N.Parviz,
Landwirtschaftsverlag GmbH, 4400 Miinster-Hiltrup, Germany. pp.11-14

Shaar, C.J., Clemens, J.A. (1980). The effect of opiate agonists on growth hormone. an:!
prolactin release in rats. Fed. Proc., 39:2539-2543.

Shaw, H.J, Foxcroft, G.R. (1985). Relationship between LH, FSH. and prolactin secretion
and reproductive activity in the weaned sow. J. Reprod. Fertil., 75:17-28.

167



Smith, C.A, Almond, G.W, Dial, G.D. (1992). Changes in luteinizing hormone
concentrations after abortion, parturition, and weaning in primiparous sows. Anim.
Reprod. Sci., 27:169-182.

Stevenson, J.S., Brit, JH. (1981). Interval from weaning to oestrus in the sow and
performance of pigs after alteration of litter size during late lactation. J. Anim. Sci., 53:1,
177-181.(suppl. 1), 393.

Tokach, M.D., Pettigrew, J.E., Dial, G.D., Wheaton, J.E., Crooker, B.A., Johnston, L.J.
(1992). Characterization of LH secretion in the primiparous lactating sow:relationship to
blood metabolites and return to estrus interval. J. Anim, Sci. 70:2195-2201.

Weisner, J.B., Kocning, LI, Krulich, L., Moss, R.L. (1985). Possible delia receptor
mediation of the effect of beta-endorphin in LH release, but not on prolactin release in
the ovaricctomized rat. Endocrinology, 116:475.

Zukin, R.S, Zukin, S.R. (1981). Multiple opiate receptors: Emerging concepts. Life Sci.
29:2681-2693.

168



CHAPTER 5

EXPERIMENT 4: RELATIONSHIP BETWEEN GONADOTROPIN SECRETION
DURING LACTATION AND ENDOCRINE CHANGES AND FOLLICULAR
DEVELOPMENT AFTER WEANING IN THE SOW.

5.1 INTRODUCTION

The development of a method for evaluating the potential fertility of sows by
determining their gonadotropin staius would be of great practical importance. Rescarch
on FSH currently suggests a positive correlaiion between the peripheral plasma
concentration of FSH in the female lamb and genctic merit for litter size (Ricordoau ct
al., 1984). Since endogenous LH release is pulsatile and accurate characterization of LH
secietion requires frequent sampling, it is a poor candidate as an indirect indi~ator of
fertility. However LH release afier GnRH injection is more repcatable. Studies of the
prolific Finnish Landrace ~~e and its crosses, in comparison with lambs from less prolific
breeds,suggested a correlation between LH responses to GnRH and the index of
prolificacy (Land and Carr, 1979). While the later study of Hanrahan ct al. (1981) did
not support this conclusion, Haley et al. (1989) suggest that there is a different response
between low- and high-line ewes to GnRH stimulation at puberty or at the beginning of
the breeding season.

One i1;’s<tion of GnRH is able to significantly increase LH secrction during lactation
in the pig (. cvers et al.,1981; Rojanasthien et al.,1987) and the gonadotropin responses
to GnRH injection have beer. -~ :¢ i0 characterize reproductive status in prepubenrtal gilts
(Deligeorgis et al., 1985). The injection of opioid antagonists (i.e. Naloxone) is also able
to increase LH secretion during lactation (see Barb ct al.,1991; De Rensis et al., 1993a,b;
Britt et al., 1993).

The aim of this study was determine if there is a correlation between endogenous LH
secretion and LH secretion after GnRH and naloxone injection during lactation, and the
increase in gonadotropin and follicular development aftcr weaning.

5.2 MATERIALS AND METHODS
5.2.1 Animals and blood collection

A total of nine multiparous Camborough sows (PIC, Acme, AB., Canada) from
the University of Alberta herd were used. Sows were housed in conventional farrowing
crates and water was provided ad libitum throughout lactation. A standard lactating sow
ration was provided on the basis of body weight and lactation requirements for each sow.
The sows were fed twice daily at 9.00am and 4.00pm. The daily food intake and the
body weight loss during lactation in each sow were determined. The average weight of
the sows one day after farrowing was 175+1.2Kg and the average litter size during the
experiment was 9.7+0.7 piglets.

All animals were ¢ .n+ulated non surgically using ear vein catheters 22 to 24h after
the end of farrowing. blood samples (2.5 mi) were taken from all sows at 15 min
intervals for 6h at day 2 post-partum. The catheters were removed as soon as possible
after this initial period of sampling. Seven days beforc weaning at day 25 of lactation all
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the sows were provided surgically with indwelling jugular catheters under general
anaesthesia. Further 15 min samples were then obtained for a 12h period on day 25 of
lactation and for 6h starting six hours after weaning at day 26 of lactation. Four hours
after the beginning of sampling at day 25 of lactation all sows were injected with 2mg/kg
i.v. of naloxone hydrochloride and 5h later with GnRH (100 ug/sow).

5.2.2 In vitro study

Follicular development was studied in the left ovary of all sows the day after
weaning; the other ovary was used for mRNA extraction for analyses not reported in this
paper. Follicular development was assessed by measuring the volume of follicular fluid

recovered from: the ten largest follicles.

5.2.3 Hormone assays
Plasma LH was quantified in all samples. Plasma LH concentrations were

determined using the double antibody R1A described by De Rensis et al. (1993b). The
inter- and intra-assay coefficients of variation were 4.1% and 12.7%, rer -ctively. The
sensitivity of the assay, defined as 90% of totai binding, was 0.13ng/ml.

5.2.4 Suatistical analysis

The jugular cannulae of two gilts failed to remain patent throughout the bleeding
period at day 25 and data from these animal were not included in the analyses.

Hormone data from 6h sampling at day 2 post-partum cnd after weaning were
derived as means of a single period of 6h (periods 1 and 6, respectively). Data from the
12n sampling period at day 25 of lactation were characterized as means representing a 4h
period before naloxone injections (period 2), a 2h period after naloxone injections (period
3), a 3h period before GnRH injections (period 4) and a 3h period after GnRH injcctions
(period 5). Comparison of means for periods 1, 2 and 6 were analyzed separately using
a repeated measures analysis of variance within the PROC G!.M procedure of the SAS
statistical package (SAS,1985). In we presence of significant period effects specific
comparisons between these means was made using Student-Newman-Keuls multiple range
test. Treatment effects (naloxone or GnRH) during sampling on day 25 of lactation were
analyzed using a priori comparisons between means for periods 2 and 4, and periods 2
and 3, by the same statistical procedures. Having established a significant difference
between period 2 and 4, the response to GnRH challenge (period 5) was tested using
repeat measures analysis between period 2 and §, fitting period 4 as a covariate.

Differences in follicular volume were examined by PROC ANOVA. with sow as
the main effect. Regression analysis was used to determine possible relationships between
follicular characteristics and mean plasma LH concentrations and among different LH

means.

5.3 RESULTS

The individual patterns of LH secretion in four sows are shown in Fig. 5.1 and
5.2. Mean plasma LH concentrations are showed in Fig. 5.3. There was an effect of time
(sampling period; p<0.001) on mean plasma LH, with a significant (p<0.05) increase in
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LH th' day after weaning (period 6) compared to mean LH concentrations during
lactatic~ (periods 1 and 2). Naloxone (p<0.05) and GnRH treatment significantly
(p<0.05) increased mean LH concentrations. There were no relationships between the
response of LH to naloxone and to GnRH treatments. However a positive relationship
(r=0.58, p<0.01) between mean plasma LH after GnRH (period 5) and after weaning
(period 6) was established. Finally there were no relationships between mean plasma LH
at day 2 (period 1) and after weani:g (period 6). There was a significant (p<0.001)
difference between sows in follicular development (Fig.5.3) but there were no correlations
between follicular fluid volume and mean LH secretion in periods 5 and 6.

5.4 DISCUSSION

It has been reported (Shaw and Foxcroft 1985) that mean LH concentrations
during late lactation, but not after weaning, are greater for sows showing estrus within
four days of weaning, suggesting that the endocrinology of the sow during lactation can
influence the resumption of estrus after weaning. Furthermore data of Tokach ct al. (1992)
indicate that alterations in LH secretion that lead to a delayed return to estrus postweaning
in the sow may occur as early as day 14 of lactation. These differences however could
be due to differences in nutrient intake during lactation, as has been shown in the cow
(Short et al.,1990; Rusche et al., 1993) and sow (King et al., 1989).

In t:. prresent study, in contrast to the results from Shaw and Foxcroft (1985) and
Tockack .7 :* 7:992), no correlation between LH concentrations during lactation and the
day after v+ 5 . ag was established. This could be due to the lower number of animals
utilized in this study compared to the studies of Shaw and Foxcroft (1985) and Tokach
et al. (1992). However, our data indicate that the endocrinology of sows in the early post
partum period cannot be utilized as a predictor of LH activity at weaning.

Haley et al. (1989) classified two lines of lambs as high o: low resporders on the
basis of the parental response to GnRH. They observed a more rapid response of LH to
GnRH stimulation in their progeny and this was positively correlated with body weight
and mean testis diameter, suggesting therefore that selection on the basis of the LH
response on GnRH is possible. In the present experiment there was a positive correlation
between LH means after GnRH treatment and after weaning. These observations indicate
that the utilization of GnRii injections before weaning could be a predictor of the
reproductive perforraance of the sows after weaning.

The opioids are involved in the mechanisms mediating the inhibitory cifect of
suckling stimulus on LH secretion (see Barb et al., 1991; De Rensis et al., 1993a; Britt
etal.,, 1993). In the present experiment naloxone increased LH concentrations, but a more
substantial increase of LH was observed after GnRH administration. These results confirm
and extend the observations of Barb et al. (1986) and indicates that in pigs, naloxone
alone is not able to totally disinhibit the block of LH secretion due to the suckling
stimulus. Therefore, these data sggest that there are some opioid recepiors not affected
by naloxone or other factors involved in mediating the inhibitory effect of the suckling
stimulus on LH secretion during lactation. However, it has to be considered that the
differences in mean LH response between naloxone and GnRH could be related to the
possibility that the dose of GnRH used was slightly supra physiological. The absence of
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a correlation between plasma LH after GnRH injection during lactation and follicular
development after weaning indicate that the ability to respond to GnRH stimulation is not
the only factor determining an carlier resumption of follicular development after weaning.
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Fig. 5.1 Individi:» plasma LH | iles in two sows sampled for 6, 12 and 6h on day 2
and 26 post-part-i a.d the day after weaning, respectively. Four hours after the
beginning of samp:. -2 #: day 25 of lactation thc sows were in;ected with 2mg/kg i.v. of
naloxone and 5h later with GnRH (100 ug/sow).
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Fig. 5.2 Individual plasma LFi profiles in two sows sampled for 6, 12 and 6h on day 2
and 26 post-partum and the day after weaning, respectively. Four hours after the
bezinning of sampling at day 25 of lactation the sows were injected with 2mg/kg i.v. of
naloxone and 5h later with GnRH (100 ug/sow).
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Fig. 5.3 Mean (+SEM) plasma LH during the six periods of sampling two days afier
farrowing (Period 1 = 6h), at day 25 of lactation (Periods 2, 3, 4 and 5 of 4h, 2h, 3h and
3h, respectively) and the day after weaning (Period 6 = 6h). Four hours after the
beginning of sarupling at day 25 of lactation the sows were injected with 2mg/kg i.v. of
naloxone and 5h later with GnRH (100 ug/sow). Means with different superscripts diifer
(p<0.05).
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Fig. 5.4 Mean follicular volume (ul) for the ten largest follicles on the left ovary for cach
sow in the experiment. Means with different superscripts differ (p<0.001).
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CHAPTER 6

EXPERIMENT 5: CHRONIC ADMINISTRATION OF A LONG ACTING
DOPAMINE AGONIST (CABERGOLINE) BLOCKS THE INHIBITORY EFFECT
OF OPIOINS ON LH SECRETION DURING LACTATION IN THE SOW.

6.1 INTRODUCTION

The post-partum period in cows, sheep and pigs is characterized by anestrus and
a lack of ovarian activity, primarily due to an inhibition of GnRH and thus of
gonadotropin secretion. Although it is known that GnRH is sccreted in specialized
neurons in the hypothalamus, little is known about their immediate control. Evidence
derived from laboratory species indicates that at least noradrenaline, dopaminc, scrotonin
and opioids are involved in the control of the release of GnRH (sec Weiner ct al., 1988).
There is limited information on such control pathways in farm animals, particularly during
the post-partum period. On an anatomical basis there is evidence for juxtaposition of
catecholaminergic and GnRH neurones (Lehman et al., 1988) and in many situations
elevated plasma PRL concentrations are associated with reduced gonadotropin secretion
(for review see McNeilly, 1987).

By the use of dopamine infusion or dopamine agonists and antagonists it has been
demonstrated in different species that dopamine has either a stimulatory (Sncider and
McCann 1970: Jackson, 1977; Rotstzejin et al., 1977; Rasmusscn et al., 1986) or an
inhibitory effect on LH releasc (Uemura and Kobayashi, 1971; Miyachi et al., 1973;
Drouva and Gallo, 1976; Beck et al., 1977; Deaver and Dailcy, 1983; Ramirez ct al.,
1984 Deaver et al., 1987; Kuljis et al., 1989). Studies in humans consistently indicate that
dopamine has an inhibitory effect on LH secretion (Leebaw et al., 1978; Andersen et al.,
1987). In the rat, it has been suggested that one mechanism by which PRL can interfere
with gonadotropin activity is by causing an increase in dopamine turnover in ncurons of
the median eminence and as a consequence, enhanced dopaminergic ton¢ may influence
gonadotropin secretion by blocking release of GnRH (Evans et al., 1980). However, the
results of Demarest et al. (1983) seems to exclude this mechanism in lactating animals.
However there are studies (Muralidhar et al., 1977; Marchetti et al., 1982) indicating that
the hypothalamic-hypophysial axis becomes more sensitive to the suppressive effects of
prolactin with time from farrowing. The dopaminergic system seems to be involved in the
regulation of gonadotropin secretion. Treatment with the dopamine agonist bromocriptine
restored ovulatory function in women with hyperprolactinacmia (Besser ct al., 1972; Del
Pozo et al., 1974; Thorner et al., 1975).  There is evidence supporting a role of
endogenous opioids in the control of GnRH, PRL and LH secretion during lactation in
pigs, sheep and cattle (for review see Peters and Lamming 1991; Dec Rensis et al., 1993a).
In the sow the opioids have been shown to be important mediators of suckling cffects on
LH and PRL secretion (Mattioli et al., 1986; Barb et al., 1986; Armstrong ct al., 1988a,b;
De Rensis et al, 1993c). The principal mechanism(s) by which opioids control
gonadotropin secretion during lactation is not completely understood. The mechanism(s)
by which opioids control prolactin secretion during lactation it also not well understood.
An inhibitory effect on tuberoinfundibular dopaminergic neurons and an increase in
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secretion of prolactin releasing factors have been suggested (for review see Ben-Jonhathan
ct al., 1988).

There are data indicating that hyperprolactinacmia interferes with the opioidergic
regulation of LH. In ovariectomized rats that were rendered hyperprolactinaemic by
ectopic pituitary grafts, administration of naloxone resulted in a greater increase in plasma
LH than that observed in ungrafted controls (Sarkar et al., 1985) and hypothalamic levels
of beta-endorphin and metenkephalin are increased in hyperprolactinemic animals (Panerai
ct al., 1980). Taken together these observations suggest that opiates exert a stronger tonic
inhibition on GnRH secretion in the presence of elevated prolactin concentrations. With
regard to the pig, Mattioli and Sercn (1985) found no differences in LH secretion after
bromocriptine treatment, whilst Kraeling et al. (1982) observed that treatment with
bromocriptine was associated with significantly lower serum LH concentrations in treated
animals compared to controls. Finally, Bevers et al. (1983) found that the reduction of
plasma prolactin concentrations by bromocriptine significantly increased mean LH
concentrations. These discrepancies could be due to differences in the dose, the length of
treatments and the period of lactation at which the treatment was given.

Recently a new long acting prolactin inhibitory agent (Cabergoline) has been
synthesized which is effective in modifying PRL secretion during lactation in the rat,
rabbit, dog, cat (Di Salle ct al., 1983) and pig (Maffeo et al., 1989). The primary
objective of this experiment was therefore to study the effect of chronic treatment with
Cabergoline on the regulation of gonadotropin and prolactin secretion during lactation in
the sow. Because of the potential interactions between the dopaminergic and opioidergic
systems reviewed above, the cffects of opioid regulation on the response to the dopamine
agonist was also investigated, by the administration of morphine or naloxone in
Cabcergoline treated sows. The second part of the experiment extended these results at
the most critical response period at day 26 of lactation.

6.2 MATERIALS AND METHODS
6.2.1 Animals and blood collection

A total of 27 multiparous crossbred sows were used. Sows were housed in
conventional farrowing crates and water and a commercial lactating sow ration were
provided ad libitum throughout lactation. The average weight of sows one day after
farrowing was 168.0+£6.3kg and the average litter size during the experiment was 9.1+0.7
piglets. Sows were provided non-surgically with indwelling jugular catheters two hours
before the start of each sampling period using jugular venipuncture during nose-snare
restraint. This approach avoided damage to chronically placed cannulae by piglets older
then 12 days. Blood samples (2.5 ml) were taken from all sows at 15 min intervals during
all sampling periods.

In part I, sixteen sows were randomly allocated to one of four treatments (n=4)
and were sampled every 15 min for 6h periods on days 12, 19 and 26 of lactation. To
provide possible evidence for the development of estrogenic follicles in response to
treatment, single 10 ml samples were taken during each sampling window in all animals
for evaluation of plasma estradiol-17beta. Control sows (CON) received no treatment;
Cabergoline (CAB) sows received 250meg of Cabergoline, a new ergot derivate (FCE
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21336 Farmitalia, Milan, Italy) orally twice a day from day 11 to day 26 of lactation as
a top dressing on freshly provided food; Cabergoline and Naloxone (CAB+NAL) sows
were treated with Cabergoline as in group CAB and 3h after the start of each sampling
period sows also received an i.v. injection of 2mg/kg naloxonc hydrochloride (Sigma
Chemical Co., St. Louis, MO) followed by multiple injections every 30 min of a towl of
1.1 mg\kg\h of naloxone for 3h according to the dose regimen of Amstrong et al. (1988).
Cabergoline and Morphine (CAB+MORPH) sows were treated with Cabergoline as in
group CAB and 3h after the start of each sampling period sows also reccived a single
injection of 0.5 mg/kg of Morphine sulfate (SALARS, Como, Italy).

In part II of the experiment, a further 11 sows were allocated to either Control
(n=4), Cabergoline (n=4) or cabergoline and morphine (n=3) trcatments as in part onc.
However, in this part of the study the effects of treatment were only confirmed in a single
period of sampling for 6h every 15 min on day 26 of lactation.

6.2.2 Hormone assays
Plasma LH was quantified in all samples using the double antibody RIA descnibed

by De Rensis et al. (1993). The inter- and intra-assay coefficients of variation were 14.7
and 9.82 %, respectively. The sensitivity of the assay, defined as 90% of total binding,
was 0.13ng/ml.

PRL was quantified in 30 min samples obtained in part one of the experiment by
the method described by Shaw and Foxcroft (1985) with minor modifications. The
intra-and inter-assay coefficients of variation were 9.9% and 17.1%, respectively. The
overall sensitivity of the assay, defined as 85% of iotal binding, was 1.9ng/ml.

Plasma concentrations of estradiol-17beta were analyzed in one assay with an
intraassay c.v. of 14.1% The sensitivity of the assay was 2.8 pg/ml at 90% binding.

6.2.3 Statistical analysis
Subjective assessment of the plasma LH profiles obtained in this study indicated

that the adoption of computerized pulse analysis programs was inappropriate (for details
see Foxcroft et al., 1988). The 6h hormone profiles for each of the threc sampling
periods (days) were therefore analysed as means of two 3h periods. In the absence of any
replicate effect, the results of experiment II were pooled with appropriate data from
experiment I at day 26.
Part 1

The repeated measures analysis of variance within the PROC GLM procedure of
the SAS statistical package (SAS, 1985) was utilized to test for cabergoline effects using
a model fitting group (CONT or CAB) as a main effect, with day of sampling (day 12,
19 and 26) as a repeated measurement. When significant interactions were established,
appropriate least square means were compared by Student-Newran-Keuls multiple range
test. To evaluate linear, quadratic and cubic trends for time, polynomial contrasts were
used.
Part 2.

The repeated measures analysis of variance was used to test for the effect of
naloxone in CAB+NAL sows or of morphine in CAB+MORPH within days and the effect
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of days. When significant interactions were established, appropriate least square means
were compared by Student’ t test.

6.3 RESULTS
The mean piglet weight at day 12, 19 and 26 for Control sows were 3.41, 4.81 and

6.9 kg., and for Cabergoline sows 3.27, 4.21 and 7.1 kg., respectively. There were no
differences in weight between the piglets of the Control sows and the piglets of the
Cabergoline treated sows. These data are in agreement with a previous study (Maffeo et
al., 1989), in which the administration of 250 mg of cabergoline to lactating sows did not
significantly modify litter weight and hence milk production.

Plasma LH
The individual patterns of LH secretion in two sows of each group are shown in

Fig. 6.1 and 6.2. The overall treatment means in CONT and CAB groups for mean plasma
LH are shown in Fig. 6.3a and for CAB+NAL and CAB+MORPH groups in Fig. 6.3b.
The statistical analyses of the data established a significant (p<0.001) difference in mean
plasma LH concentrations between Cabergoline and control sows at day 26 of lactation
(Fig. 6.3b). The multiple naloxone injections significantly increased (p<0.05) mean plasma
LH at day 12 (p<0.1) and 19 (p<0.05) of lactation, but no effect of naloxone was
observed at day 26 of lactation. Administration of morphine decreased (p<0.05) mean
plasma LH at day 26 of lactation only.

PRL
The individual patterns of PRL secretion in two sows of each group are shown

in Fig. 6.5 and 6.6 and the overall trcatment means in Fig. 6.7. Cabergoline treatment
significantly (p<0.05) decreased mean prolactin plasma levels. There were no effects of
naloxone or morphine on prolactin secretion at any stage of the experiment. In suckled
sows plasma PRL was already elevated at the first period of sampling and there was no
change in plasma PRL concentration over the subsequent periods of sampling. In the
Cabergoline treated sows plasma PRL was already low at the beginning of sampling and
did not change with time.
Plasma Estradiol

Plasma estrogen concentrations were below 5 pg/ml for all sows during all periods

of sampling.

6.4 DISCUSSION
Mean plasma LH concentrations observed in this study in control sows were

similar to our previous observations (De Rensis et al., 1993c) and data from other studies
(Barb et al., 1986; Mattioli et al., 1986; Tokach et al., 1992). In this study a stimulatory
effect of Cabergoline on LH secretion was observed at day 26 but not at day 12 and 19
of lactation. Therefore these data suggest that in the sow, chronic Cabergoline
administration can disinhibit the inhibitory effect of the suckling stimulus on LH
secretion. These results are different from observations from studies of dopamine agonist
effects in humans (Martin et al., 1981; Pontiroli et al., 1985) and in the sow (Bevers et
al., 1983; Kraeling et al., 1982). However, these differences may be due to the type of
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treatment. For instance, Krealing et al. (1982) injected 120mg of bromocriptine
subcutaneously during their experiment and compared the plasma LH levels immediately
before and after the injections of bromocriptine. In contrast, in our study the first period
of sampling occurred when the sows had alrcady been treated with Cabergoline for 24
hours and we may therefore have missed any immediate responsc to initial trcatment.
Other studies in which the administration of bromocriptine was not able to modify LH
secretion have also been reported in humans (Tolis et al., 1975 Evans ct al., 1980) and
in sows (Mattioli et al., 1985). LH secretion was eventually increased by trcatment with
Cabergoline at day 26 of lactation in the present study. This suggests that cither sows
became more responsive to dopamine agonist treatment as lactation progressed, or that
chronic rather thar acute oral administration of Cabergoline is needed 10 produce an
effect. Support for the latter suggestion comes from the observation that bromocriptine
administration to hyperprolactinemic patients did not induce any changes in basal
gonadotropin secretion during the first days of treatment (Djursingt ct al., 198!) but a
normal rate of LH pulsatility was restored with chronic treatment (Moult et al., 1982).

There are few studies in the literature regarding the effects of  treatment with
dopamine agonists on follicular development. In a recent study in post-partum women
using bromocriptine and a new non-crgot dopamine agonist (CV205-502). Kremer ct al.
(1991) reported that there were no differences in LH secretion but an anticipated return
of pituitary and ovarian activity in bromocriptine and CV205-502 treatcd, compared to
non-treated bottle-feeding woman. However, the abscnce of differences in plasma LH
between the two groups could be related to the frequency of the blood samples (one por
day) used in the experiment, which would not allow a precise description of LH sccretion.
However, these data suggest that the administration of dopamine agonists can stimulate
ovarian activity during lactation.

The site(s) at which bromocriptine acted to disinhibit LH release in post-partum
sows cannot be determined from the present experiment. With regard to the distribution
of dopamine receptors, there are studies indicating that D2 receptors arc found in the
pituitary, whereas the dopamine receptors of the median eminence are primarily of the
D1 type (Leibowitz et al., 1982). In a recent study Martinez-de-la-Escalcra ct al. (1992)
and Findell et al. (1993) report that there is a direct stimulatory effect of DA on GnRH
release via dopamine D1-receptors but not dopamine D2-receptors. Schoors ct al. (1991)
and Boesgaard et al. (1991) also identified D1 receptors in pituitary cells and the
administration of fenoldopan (a specific dopamine D1 receptor agonist) during the
follicular phase in woman increased the LH and FSH responses to GnRH administration.
However there are studies reporting that Cabergoline can cross the blood-brain barricr and
can interact with central dopamine receptors (Jori et al., 1987, Benedetti ct al., 1990).
Multiple opioid receptor types have been implicated in suppression of LH secretion.
Morphine and naloxone do not have identical affinities for all opioid receptors types. Both
bind with high affinity to mul- and mu2- receptors (Lord et al., 1977; Casy et al., 1986;
Pasternak et al., 1986a,b; Kazmi et al., 1987) but naloxone also binds to delta-receptors
(Khatchaturian et al., 1985). In the literature there are data that suggest that an interaction
may exist between the dopaminergic and opioidergic systems in the control of LH
secretion (Van Vugt et al., 1981; Laedem et al., 1985 Peizrsen et al., 1986). Finally
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Drouva ct al. (1980, 1981) obscrved that the opioids may inhibit dopamine or potassium
evoked release of LHRH from LHRH terminals. Also, direct effects of beta-endorphin on
dopamine secretion have been demonstrated (for review see Haynes et al., 1989; Ben
Jonathan ct al., 1988).

However, in some studics an effect of dopamine on opioid secretion has also been
identificd. There are in fact data showing that in humans tonic dopamine inhibition of
beta-endorphin secretion exists (Genazzani et al., 1984). Stimulatory effects of DA
antagonists on heta-cndorphin secrction have been observed in rats (Giraud et al., 1980;
Farah et al., 1983) and dogs (Sharp et al., 1982). In the ram, dopamine inhibited
beta-endorphin and PRL secretion under either long or short days (Ssewannyana et al.,
1990). Furthermore, Autclitano et al. (1987) report that dopamine receptor agonists
(bromocriptine, lysuride) do not change plasma beta-endorphin when acutely administered
but decrease beta-endorphin after chronic treatment. Finally, in vitro studies demonstrated
that the releasc of beta-endorphin from the mediobasal hypothalamus is under the
inhibitory control of dopaminergic neurons (Vermes et al., 1984). Although there was
considerablc variability betwcen animals, naloxone treatment in lactating sows at day 15
(Mattioli ct al., 1986), day 21 (Armstrong et al., 1988b) and at day 22 (Barb et al., 1986)
have a stimulatory cffect on LH secrction. Armstrong et al. (1988a) report that acute
administration of morphine prevents the increase in LH secretion associated with transient
weaning and that chronic administration delayed onsct of estrus after weaning, presumably
through suppression of LH secretion. In the human it has been shown that bromocriptine
has a positive effect on the LH response to opioid antagonists (Melis et al., 1988).
However in the present work, the absence of a naloxone effect and the presence of an
inhibitory effect of morphine in CAB+NAL and CAB+MORPH groups, respectively, at
day 26 of lactation may be duc to a disinhibition of the opioidergic effect on GnRH and
thus LH secretion by Cabergoline treatment. In conclusion, these observations suggest
that an interaction between dopaminergic and opioidergic systems during lactation in the
sow, in controlling LH secretions is possible.

There are data suggesting a direct effect of PRL on LH secretion. When lactating
rats are ovariectomized in midlactation (day 10-15), suckling and/or prelactin reduced to
50%, but did not completely prevent, an increase in gonadotropins (Smith, 1981). Some
studics suggest that prolactin alone in the absence of ovarian steroids can augment the
inhibitory effect of the suckling stimulus and this effect is apparent in later stages of
lactation when the suckling stimulus is declining (Smith, 1978; Hansen, 1983). In the
present study, unchanged plasma LH concentrations in the presence of low plasma
prolactin in treated sows, for at least eight days after the beginning of the treatment with
Cabergoline, suggests that prolactin per se does not have a direct effect on LH secretion
during lactation. These observations therefore further support studies that suggest that
prolactin per se may play only a minor role on control of gonadotropin release post-
partum (McNeilly, 1988).

Plasma estradiol concentrations were very low throughout the experiment and did
not change with time after farrowing, either in the presence or absence of Cabergoline
treatment, indicating a lack of marked follicular development. However, because a rise
in plasma estradiol would only be expected at the time that estrogenic follicles were
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present this is a relatively insensitive estimate of carly follicular development. Without
direct observation of follicle status at the end of sampling it is therefore very ditficult to
determine treatment effects on ovarian function.

6.5 CONCLUSION

The results of this study indicatc that during lactation in the sow dopamine agonist
administration is able to increase LH sccretion after chronic but not acute treatment. This
effect may be mediated by a disinhibition by dopaminc of the opioid-inhibitory eftect on
LH secretion. Finally, prolactin per se does not directly influence LH secretion during
lactation in the sow.
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Fig. 6.1 Individual plasma LH profiles during sampling periods at day 12, 19 and 26 of
lactation in two sows treated with Cabergoline (CAB) and two control sows (CONT).
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Fig. 6.2 Individual plasma LH profiles during sampling periods at day 12, 19 and 26 of
lactation in two sows treated with Cabergoline and Naloxone (CAB+NAL) and two sows

treated with Cabergoline and Morphine (CAB+MORPH).
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Fig. 6.3a Mean (+SEM) plasma LH in the sows treated with Cabergoline (CAB group)
and in Control sows (CONT group). Each bar indicates the means for 3h-periods of
sampling. Means with different superscripts differ (p<0.05).
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Fig. 6.3b Mean (+SEM) plasma LH in the sows treated with Cabergoline and Naloxone
(CAB+NAL group) and in the sows treated with Cabergoline and Morphine
(CAB+MORPH group). Each bar indicates the means for 3h-periods of sampling. Means
with different superscripts within treatments differ (p<0.05).
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Fig 6.4 Individual plasma prolactin profiles of two control sows (CONT group) during
the sampling period at day 12, 19 and 26 of lactation.



NOILVIOV1 40 Avd
9 1 6l b 4

T A

INOD }

Ml W R

INOD

(@] (@] C'D
w <+ N
(1w /Bu)Tyd

(o Ne)]
ce]

o o
< N
(1w /6u)yd

O
O

Qo
o0

198



Fig 6.5 Individual plasma prolactin profiles of two sows treated with cabergoline (CAB
group) during the sampling period at day 12, 19 and 26 of lactation.
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Fig 6.6 Individual plasma prolactin profiles of one sow treated with Cabergoline and
Naloxone (CAB+NAL) and one sow treated with Cabergoline and Morphine
(CAB+MORPH) during the sampling period at day 12, 19 and 26 of lactation. Arrows
plus horizontal bars indicate naloxone treatment, single arrows indicate morphine
treatment.
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Fig. 6.7 Mecan (+SEM) plasma PRL in CONT, CAB, CAB+NAL and CAB+MORPH
groups. Each bar indicates the means for 3h-periods of sampling. Arrows indicate
treatment with naloxone or morphine. **=p<0.001.
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CHAPTER 7

7.1 DISCUSSION
As reviewed in the introduction of the present thesis the endocrinology of the sow
during lactation is characterized by:

1) Low FSH concentrations in early lactation which tend to increase with time from
farrowing (Stevenson et al., 1981; Edwards et al.,1983; De Rensis et al., 1991). However,
these concentrations of FSH are able to maintain a follicular cohort for subsequent
development (De Rensis et al., 1991). The suppression of FSH secretion is known to
involve a non-steroidal ovarian regulator (Stevenson et al., 1981; Cox and Britt, 1982b)
and FSH secretion in lactation requires minimal GnRH stimulation (Chappel et al., 1983).

2) Low LH concentrations during established lactation in the sow (Parvizi et al., 1976;
Stevenson et al., 1981; Shaw et al., 1985; Foxcroft et al., 1987; De Rensis et al., 1991).
An inhibitory effect of suckling on LH secretion appears some hours after farrowing (De
Rensis et al., 1993b) and seems proportional to the numbers of mammary quarters suckled
by piglets and to the neural intensity of the suckling stimulus (Grant, 1989). This
inhibitory effect decreases during later lactation as suckling frequency and milk
production declines and this results in a gradual increase of circulating LH with time
after farrowing (see Britt et al., 1985). The changes in LH secretion in established
lactation are evident as modulations of a very characteristic low frequency, high amplitude
pattern of episodic release. Episodic frequency increases as lactation progresscs and is
higher in sows returning to estrus soon after weaning (Shaw and Foxcroft, 1985: Foxcroft
et al., 1987).

3) An absence of GnRH secretion. Evidence that the suckling stimulus inhibits GnRH
secretion is provided by recent studies examining the effect of N-methyl-D,L aspartic acid
(NMA) to trigger release of LH during lactation in the sow, thereby demonstrating that
suckling-induced suppression of LHRH turnover was limiting LH secretion during
lactation (Sesti et al.,1993). Single (Bevers et al., 1981; Mattioli et al., 1985; Rojanasthicn
et al.,1987) or pulsatile (Guthrie et al.,1978; Cox et al., 1987, Rojanasthien ct al., 1987,
De Rensis et al.,1991) GnRH administration results in a substantial release of plasma LH
at all stages of lactation and pulsatile GnRH injection can induce estrus and ovulation
during lactation.

4) High plasma prolactin after farrowing which gradually declines with time during
lactation (Stevenson et al., 1981; De Rensis et al., 1991,1993b). Several lines of evidence
suggest that suckling increases PRL secretion by a brief removal of dopaminergic
inhibition, stimulation of PRF release and/or increased lactotrope responsiveness to the
action of PRF (Plotsky et al., 1992).

5) Suppression of ovarian follicular development, characterized by a large population of
small-sized follicles, a small population of medium-sized follicle and a few large sized

212



follicles (Palmer et al., 1965; Kunavongkrit et al 1982; Dyck, 1983; Grant et al., 1989).

6) Low (Smith et al., 1992) or variable (Varley et al., 1990) plasma estradiol-17beta.
However, estradiol concentrations are related to the reproductive performance of each
sow. Suckling changes the sensitivity of the hypothalamic-pituitary axis to estradiol feed-
back and both inhibitory and stimulatory effects on LH have been described, depending
on the stage of lactation considered and the treatment used (Elsaesser et al.,1980; Ramirez
et al.,1985; De Rensis et al., 1991: Sesti et al., 1989).

In conclusion, since there is clear evidence that pulsatile LH release occurs in
response to the pulsatile secretion of GnRH from the hypothalamus (Clarke et al., 1982)
and GnRH treatment is able to induce follicular development (Guthrie et al., 1987; Cox
and al., 1982a; Rojanasthien et al., 1987; De Rensis et al.,1991) during lactation in the
sow, the main factor that inhibits follicular development and thus reproductive activity
during lactational anestrus is the suppressive effect of the suckling stimulus on the
hypothalamic release of GnRH.

It is known that afferent fibres from the nipple and mammary gland travel via the
mammary nerve to the spinal cord and that these axons ascend largely uncrossed in the
dorsal and lateral columns into the brain stem. Then it appears that the "suckling" axons
follow a diffuse and perhaps, multisynaptic path throughout the reticular formation, enter
the hypothalamus via diverse routes and terminate in several different hypothalamic nuclei
involved in the regulation of GnRH, PRL and oxytocin secretion.

The identification of the substances which transmit signals from the midbrain to
the hypothalamus and coordinate events within the hypothalamus has become a central
issue of GnRH\LH research. In the present thesis the hormonal mechanisms that mediate
the effects of the suckling stimulus on GnRH and thus LH secretion during lactation in
the pig were investigated. Since a close correlation exists between suckling and prolactin,
this hormone was also investigated for a potential role in the suppression of GnRH/LH
release.

The studies of this thesis developed the results of a previous experiment in which
the relationships among LH, FSH and PRL secretion and follicular development in
lactating and zero-weaned sows were investigated (De Rensis et al., 1993b). The results
showed that the suckling stimulus was not inhibiting LH secretion during the first 66-78h
after farrowing. In contrast, in sows weaned at birth, active LH secretion was maintained
beyond this time and was associated with immediate follicular development. However,
from the results of this study it was not possible to identify which factors were inhibiting
LH secretion 66-78h post-partum in suckled sows. The literature indicated that exogenous
GnRH treatment could override suckling-induced inhibition of LH secretion and that the
opioidergic system was one of the major mechanisms mediating the effects of suckling
(Barb et al.,1986; Mattioli et al.,1986). Therefore the first three experiments of this thesis
were developed to describe the involvement of the opioidergic system in the control of
GnRH\LH and PRL secretion during different periods of lactation in the sow. In
experiment four, these results were extended to demonstrate that other factors together
with the opioids, are involved in the inhibition of LH secretion during lactation. In the
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fifth and final experiment the possibility that onc of these “other factors” is the
dopaminergic system was studied. As an integral part of these experiments the
opioidergic control of PRL secretion and the involvement of PRL in the control of
reproduction during lactation was studied.

The presence of active LH secretion immediately after farrowing as obscrved in
previous studies (Tokach et al., 1992; Sesti et al., 1991; De Rensis ct al.,1993b) and in
experiment 1 in this thesis was not confirmed in later studies of this thesis (experiments
2: 3 and 4). This could be due to the fact that in the majority of the animals in the later
experiments LH secretion was inhibited very early post-partum, as was observed in some
animals in the previous studies (De Rensis et al., 1993b) and in experiment L. In this
context it is relevant to emphasize that the genetic origin of the sows used changed as the
research program developed. Originally terminal line gilts (Camborough x Canabrid) from
the University herd were used. More recently, dam-line replacement gilts from a
multiplier unit were used. Also it should be emphasized that the bleeding schedule
adopted in experiments 2, 3 and 4 did not require blood sampling until 24-36h after
parturition. Generally however, considering all the experiments together it scems that the
length of the period of active LH secretion immediately after farrowing is subject to great
variability between animals and can be very short in some animals. However, in relation
to the hypotheses under consideration, this earlier suckling-induced inhibition of LH
secretion was still associated with an absence of any clear effect of opioidergic regulation
until about 72h after farrowing.

The presence of individual sows that did not respond to naloxone injection during
established lactation merits particular discussion. Different hypotheses can be advanced
to explain this observation and indeed, an understanding of the causes of a lack of an
effect of naloxone on LH secretion during lactation in some animals could be a key for
a better understanding the role of the opioids in inhibiting LH secretion. One possibility
is that the dose of naloxone used was insufficient to antagonize the opioidergic tonc in
some sows. The results of part one of the first experiment (De Rensis et al., 1993b)
in part support this possibility. We observed that 72h post-partum, there is a dose-
dependent elevation in LH secretion. However, the studies of Barb et al. (1986) suggest
a threshold for an LH response at day 22 of lactation of 1mg/kg of naloxone. Therefore
the 2mg/kg dose utilized in our experiments should be effective in overcoming an
existing opioidergic inhibitory tone. Thus we consider that this hypothesis can be rejected.

Another possibility is the absence of a releasable GnRH pool at the moment of the
treatment. However, in the sows with a lack of an immediate response to opioid
antagonist, more active secretion of LH during the later period of sampling would be
expected because of the absence of inhibitory opioidergic tone. Therefore, the possibility
of an absence of a reieasable LH pituitary pool can be excluded. Also, as in the GnRH
experiment and other previous studies (Cox and Brit, 1982a; Rojanasthien et al., 1987,
De Rensis et al., 1991) all the sows responded to exogenous GnRH treatment in early as
well as in mid and late lactation.

The possibility that the absence of a LH response to naloxone could be related to
high cortisol levels due to the experimental conditions, as suggested for the lactating cow
(Whisnant et al., 1986) cannot be totally excluded. However, we believe that such
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stressful conditions did not exist for the animals during these experiments. The jugular
or cephalic cannulation utilized in these studies is a reliable method for stress-free
sampling and modifications in the suckling behaviour of the sows studied was not
observed.

Therefore a hypothesis involving effects of estradiol-17beta may be proposed. It
has been well demonstrated that naloxone-induced increases in serum LH are related to
the steroid milieu present (Bhanot et al., 1984; Gregg et al., 1986; Brooks et al., 1986;
Curric et al., 1987; Whisnant et al., 1988; Currie et al., 1989). The naloxone-induced
elevation of LH is greatly attenuated, or totally absent, in gonadectomized rats but can
be restored by pretreatment with estrogens (Bhanot et al., 1983). Moreover, estrogen
decreases the hypothalamic concentration of beta-endorphin (Wardlaw et al.,1982) and
increases beta-endorphin release into the hypophyseal portal blood (Wardlaw at al., 1982;
Sarkar and Yen, 1985). There is, however, the contradiction that steroid hormones are low
and are generally assumed to play a minor role in the inhibition of reproductive activity
throughout lactation; indeed ovariectomy in lactation had no effect on LH secretion
(Stevenson et al., 1981). However, it has to be considered that the latter authors were
analyzing the mean estradiol-17beta concentrations for all the animals studied, while, to
explain an absence of a naloxone effect it is important to consider the profile of this
steroid in the single animal. Varley and Atkinson (unpublished data, see Varley and
Foxcroft, 1990) report that estradiol concentrations during lactation in the sow may not
be low throughout lactation but can be extremely variable, with a tendency for an
increase around three weeks post-partum. Also during lactation, there are pools of follicles
that develop but which cannot reach maturity, due to the absence of sufficient LH
activity. Therefore, it is possible that when a pool of follicles develops there is an
increase in estradiol levels and thus an increase in the opioid inhibition of LH secretion
and this situation can be reversed by naloxone treatment. Alternatively, when there are
low amounts of circulating estradiol because of absence of any follicular development,
no clear effect of naloxone can be detected. However, there are studies that indicate that
a limited amount of estradiol can be secreted from the relatively small follicular structures
seen in mid lactation (Edquist et al., 1974; Palmer et al., 1965). Another possibility is that
accumulated fat stores retain significant quantities of lipophilic steroids and that, as a
consequence of a body weight loss in lactation, some of these steroids could be released
into the general circulation (Hillbrand and Elsaesser, 1983; Prime et al.,1988). Thus these
steroid hormones would be released in different amounts depending on the catabolism
of the animals and thereby influence the opioidergic effect on LH secretion and thus the
naloxone disinhibition of LH secretion. In conclusion, all these mechanisms are strategies
that can block follicular development during lactation. In the presence of initial follicular
development and therefore steroid secretion, a steroid-dependent increase in opioidergic
inhibition of the GnRH\LH axis would provi© the block to further follicular
development. Similarly, mobilisation of fat depos ; during lactation in the sow might
release steroid hormones and thereby increase the opioidergic inhibition of LH secretion,
providing one mechanism by which tissue catabolism could be associated with an
inhibition of reproductive activity.

A general scheme summarizing some of the factors that are involved in the control
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of LH secretion in the sow during lactation is shown in Fig. 7.1 and this also summarizes
some of the results of this thesis. The post-partum period in the sow can be divided into
three stages, one immediately after farrowing, the second during mid lactation (2-3 weeks)
and the third in late lactation (3 weeks onwards). The first period immediately after
farrowing, is characterized by active LH secretion. This situation is subject to high
variability between animals and can be as short as 24h post-partum. This LH secretion
could be the result of a balance between two effects, a stimulatory effect due to decreased
levels of steroid hormones following farrowing and a residual inhibitory effect of the high
steroid levels during pregnancy. Furthermore, the data from experiments 1, 2, and 3
indicate that the opioidergic system is not involved in the control of LH secretion during
this stage of lactation. With regard to mid lactation, the results of this thesis indicate that
there is a clear inhibitory effect of the opioidergic system on LH secretion. However,
there are data suggesting that other systems could also be involved.

Finally, in late lactation in sows there is an "escape” of the hypothalamo-pituitary
axis from the inhibitory effect of suckling. At this time the involvement of a
dopaminergic system in the control of LH secretion could be observed by the chronic
treatment with dopamine agonists.

In Fig. 7.2 potential exogenous treatments to overcome lactational anestrus arc
shown, as well as the period of lactation during which they could be effective in
overriding the inhibitory effect of suckling. This figure therefore summarizes the main
factors that determine the lack of follicular development during lactation.

7.2 CONCLUSION

In conclusion the results of these studies can be briefly summarized as following.
1) The opioidergic and other systems are involved in the control of LH and PRL secretion
during established lactation but not during early post-partum period. 2) Factors apart
from the opioidergic system are also involved in mediating the initial inhibitory effect of
the suckling stimulus on gonadotropin secretion. 3) The opioids are not involved in the
control of FSH secretion, therefore in part contributing to differential regulation of
gonadotropin secretion during lactation. 4) The short-term administration of opioid
antagonists does not modify follicular development during mid lactation. 5) PRL secretion
during lactation in the sow is inhibited by the administration of both an opioid agonist
(morphine) and a dopamine agonist (Cabergoline). 6) It is unlikely that PRL per se
directly influences LH secretion during lactation in the sow.
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Fig. 7.1 A general scheme summarizing some of the factors that are involved in the
control of LH secretion in the sow during lactation.
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Fig. 7.2 Potential exogenous treatments to overcome lactational anestrus and the period
of lactation during which they could be effective in overriding the inhibitory effect of
suckling.
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