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ABSTRACT

Prolactin has a multiplicity of homeostatic, endocrine and reproductive

functions in mammals. Photoperiod induced changes in fetal sheep prolactin may

represent seasonal preparation for postnatal demands. Physiological changes

required for survival and reproductive success are relatively slow and therefore an

animal's ability to 'predict' the impending environment is advantageous. The

mechanism by which seasonal changes in photoperiod can influence fetal

prolactin concentrations are poorly understood. This thesis investigated the role of

the hypothalamus and pituitary on photoperiod induced changes and daily

rhythms of prolactin in fetaf sheep. The first paper investigated the effect of

surgical disconnection of the fetal hypothalamus and pituitary on the fetal prolactin

response to different photoperiods. Fetal sheep undenruent either a sham

operation or hypothalamo-pituitary disconnection (HPD) and were placed in either

a long (16h light: 8h dark) or short photoperiod (Bh light: 16h dark). Mean fetal

prolactin concentrations were significantly higher under long photoperiod than

short photoperiod in both intact and HPD animals. This demonstrated that the

functionally isolated fetal pituitary can provide a prolactin response to external

photoperiod.

The second paper investigated whether the fetal sheep can construct and

express a photoperiodic history in utero and the role of the fetal hypothalamus in

the generation of a photoperiodic history. Ewes carrying intact or HPD fetal sheep

were placed in an intermediate (12h light: 12h dark) photoperiod after prior

exposure to long or short photoperiod. ln the HPD group previously exposed to

long photoperiod fetal prolactin concentrations decreased significantly during

exposure to an intermediate photoperiod, whilst fetal prolactin levels significantly
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increased in those animals previously exposed to short photoperiod. This

demonstrates different fetal prolactin responses to the same ambient photoperiod

depending on prior photoperiod exposure.

The final paper for this thesis examined the impact of fetal HPD on the

generation of a daily rhythm in fetal sheep prolactin concentrations under long and

short photoperiods. The daily fetal prolactin rhythm was abolished in fetal sheep

that had undergone HPD. lntact fetal sheep demonstrated a daily prolactin rhythm

in long and short photoperiods. Thus the fetal hypothalamus is essential for the

generation of a daily fetal prolactin rhythm.

These studies were the first demonstration that the fetal sheep pituitary can

produce prolactin responses to ambient photoperiod independently of the

hypothalamus. Prolactin responses are determined by the prior photoperiod

exposure and this effect of photoperiodic history can also occur in the functionally

isolated pituitary. However, the hypothalamus appears to be essential for the

generation of a daily prolactin rhythm in the fetal sheep.
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1 Sensor.¡nl RHyrnrus AND PRolecl¡¡

1.1 INTRODUCTION

Temperate regions of the world exhibit a marked seasonal fluctuation in

average daily temperature (Larcher, 1980), food availability (de Wilde , 1g62;

Larcher, 1980) and day length (Downs & Helmers, 1g7s) and the ability of

organisms to cope with such seasonal fluctuations in environmental conditions

depends on their ability to anticipate the impending season. Given that some of

the physiological changes required for reproductive success and survival are

relatively slow, it is important that organisms can predict imminent environment

change rather than just react to the prevailing environmental conditions. A variety

of seasonally breeding animals living in these temperate areas display important

seasonal variations in reproductive behaviour (Baker, 1g3B), body weight

(Bartness & wade, 1984), pelage (Hoffman, 1973), gonad size (Reiter et al, 1974)

and circulating hormone concentrations (Lincoln, 1990). Prolactin (PRL), a

hormone synthesised and secreted by lactotrophs in the anterior pituitary is one

hormone which demonstrates seasonal fluctuations in circulating concentrations

in seasonally breeding animals (Curlewis 1gg2; Lincoln 1gg0).

PRL has been shown to exist in all vertebrates examined thus far and has

more actions than all other hormones combined with more than 300 separate

functions identified (Bole-Feysot et al, 1998). An in-depth discussion of the

numerous functions of PRL is beyond the scope of this thesis; however a brief

synopsis with a couple of examples of the effect and target organ of PRL is

appropriate. The actions of PRL fall into six broad and overlapping categories:

Literature Review
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1) Water and electrolyte balance - PRL has been shown to reduce renal

sodium and potassium excretion in mammals (Richardson, 1973), reduce

sodium loss (Maetz, 1970) and water uptake (Ogawa et al, 1973) in the

gills of fish and increases secretion of salt from the nasal salt gland of birds

(Peaker et al, 1970).

2) Growth and development - PRL increases postnatal body growth in

mammals (Rynikova et al, 1988), matures fetal lung (Quirk et al, 1982) and

increases testis weight in hypophysectomized rats (Dombrowicz et al,

1ee2).

3) Endocrinology and metabolism - PRL increases steroidogenesis, androgen

and cortisol secretion from mammalian adrenal glands (Glasow et al, 1996;

Higuchi et al, 1984), increases insulin secretion from mammalian pancreas

(Nielsen, 1982) and increases phospholipid synthesis in mammalian fetal

lung (Hamosh and Hamosh, 1977).

4) Brain and behaviour - PRL is involved in the regulation of nesting

behaviour in birds (Horseman and Buntin, 1995), maternal behaviour of

mammals (Bridge et al, 1985) and is important in the maturation of the

neonatal neuroendocrine system (Shyr et al, 19S6).

5) Reproduction - PRL is best known as the hormone primarily responsible

for the induction and maintenance of milk production (Bole-Feysot et al,

1998), but also has luteolytic and luteotropic actions on the ovary (Ota et

al, 1985) and stimulates testicular functions in most mammals (Bole-Feysot

et al, 1998).

6) lmmunoregulation and protection - PRL increases cellular (Nagy and

Berczi, 1981) and hormonal (Berczi and Nagy, 1gB2) immunity in

Literature Review
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lymphocytes, increases the weight of spleen and thymus (Berczi et al,

1991) and the activation of macrophages is stimulated by PRL and

mediated by the PRl-receptor (Bernton et al, l gSB). :

The seasonal cycle in plasma PRL concentrations appears to be regulated by

seasonal alterations in day length, or photoperiod. ln a number of species,

including pigs (Ravault et al, 1982), roe deer (schams & Barth, 1gB2), rhesus

monkey (Beck & wuttke, 1979), blue fox (Mondain-Monval et al, 1g85), mink

(Martinet, 1982), hamsters (Bex et al, 1g7B), dogs (Kreeger & seal, 1gg2), rats

(wong et al, 1983), cows (Buttle & Forsyth, 1976), mares (Johnson, 1gg6) and

bears (Tsubota et al, 1995), summer months and long photoperiod are associated

with elevated plasma levels of PRL, and winter months, or short day lengths, are

associated with low plasma PRL levels (Curlewis 1992). ln rams (Lincoln et al,

1978; Barrell & Lapwood, 1979), lambs (Brown & Forbes, 1gB0), ewes and their

fetuses (Bassett et al, 1989) in a range of breeds of wild and domesticated sheep,

elevated plasma levels of PRL in long photoperiods and low PRL levets in short

photoperiods have been reported.

Seasonal changes in concentrations of fetal hormones (eg PRL) in sheep

may represent in utero preparation for postnatal demands. The seasonal rhythms

in fetal PRL are an expression of the photoperiodic information being relayed to

the fetus about the ongoing season and may provide information on the predicted

nature of the season after birth. Such seasonal fluctuations in PRL may in turn

alter several endocrine and metabolic functions and allow animals to adapt more

effectively to their postnatal environment. In utero reception of photoperiodic

information may determine postnatal behaviour by allowing discrimination of the

Literature Review
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postnatal photoperiod and the ability to initiate an appropriate physiological

response.

ln deer (Adam et al, 1992) and hamsters (Stetson, 1986) photoperiodic

information acquired in utero determines the rate of postnatal development in

order for the newborn to reach puberty at an optímal time of year. ln sheep,

prenatal photoperiod can influence onset of puberty (Helliwell et al, 1gg2), whilst

the growth and sexual maturation of voles is also dependent upon the time of year

they are born. Voles born after the summer solstice do not achieve full maturation

until the following sp¡ing when approximately six months old, whereas spring born

cohorts reach full maturity by two months of age (Lee et al, 1gg7). Thus

information acquired before birth prepares the fetus for the metabolic demands of

the season to be encountered after birth.

Photoperiod and the light-dark cycle also drive the circadian rhythm

generating system of many mammals. Diurnal variations in plasma hormone

concentrations (McMillen et al, 1987) and behaviour (McMillen and Walker, 1gg1)

have been obseryed in ewes and their fetuses. The timíng of these rhythms is

similar in ewe and fetus and it may be that the fetus is responding direcfly or

indirectly to environmental cues in order to synchronise its physiological functions

with that of its mother and the external environment. The synchronisatÍon of

prenatal circadian rhythms in behaviour and in endocrine functions may be

important in ensuring that there is a ready and mature circadian rhythm

generating system in place at birth and that the responses of this system will allow

adaptation to maternal patterns of feeding and to daily fluctuations in the external

temperature.

Literature Review
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Thus it can be argued that there is evidence in seasonal breeders that the

fetus is not sequestered from either seasonal or circadian information and that this

is impo'rtant in allowing short and long-term physiological adaptations to occur to

maximise likelihood of survival during the perinatal period. This literature review

will summarise the mechanisms of seasonal and photoperiodic regulation of PRL

in adult and fetal animals, the role of the hypothalamus and pars tuberalis in PRL

secretion, the development and expression of a photoperiodic history and finally

the regulation of the diurnal PRL rhythm.

1.1.1 Role of photoperiod

Photoperiodic information about the length of day is transduced by the

pineal gland into an endocrine signal. The pineal gland synthesises and secretes

melatonin at night and pineal synthesis of melatonin is regulated by daylength via

an indirect and multisynaptic inhibitory pathway (Moore, 1978). This pathway

includes a retinohypothalamic projection from ganglion cells of the retina to the

suprachiasmatic nucleus (SCN). The SCN (widely regarded as the mammalian

circadian pacemaker) projects to the pineal gland via the paraventricular nucleus

of the hypothalamus, intermediolateral cell column of the upper thoracic spinal

cord and superior ceruical ganglion of the sympathetic system arising from the

upper thoracic spinal cord (Moore, 1996). The SCN provides a rhythmic inhibitory

signal during the day resulting in low production of melatonin during daylight. High

levels of nighttime neural activity, in components of the pathway from the

paraventricular nucleus to the sympathetic innervation of the pineal, result in a

high level of melatonin production at night. (Moore, 1996)

Literature Review
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The duration of the nocturnal melatonin signal provides humoral

information about photoperiod (Kennaway et al,1982; Poulton et al, 1986; Bassett

et al 1989). Long days have short nights and consequently the duration of the

nocturnal melatonin signal is short. Conversely during long winter nights, the

duration of the nocturnal melatonin signal is extended.

Lincoln and co-workers (1978) reported that plasma PRL levels decreased

when rams were moved from long (16h light: Bh dark) to short (Bh light: 16h dark)

days and that transition from short to long photoperiods had the opposite effect.

Barrell and Lapwood (1979) confirmed that circulating levels of PRL were

influenced by the lighting schedule in rams exposed to a range of artificial

photoperiods and Brown and Forbes (1980) demonstrated that plasma PRL

concentrations were consistently higher in growing lambs exposed to long

compared to short photoperiods. Finally, Bassett and co-workers (1989) reported

that plasma PRL levels in fetal sheep were high when the ewe was exposed to

long photoperiods and low when the ewe was exposed to short photoperiods. Not

surprisingly given the relationship between circulating PRL and the external

photoperiod it has been suggested that the pineal indole amine, melatonin, plays

a major role in the modulation of PRL secretion (Bassett et al, 1g89).

1.1.2 Role of melatonin

Kennaway et al (1982) found that when ewes were held under 16h of daily

light, oral administration of melatonin reduced circulating PRL levels. During long

summer photoperiods, melatonin feeding to mimic winter melatonin levels has

also been found to reduce PRL levels to that observed during the winter

photoperiod in sheep (Symons et al 1983).

Literature Review
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Subcutaneous melatonin implants also reduce plasma PRL in ewes

(Poulton et al 1986) and rams (Lincoln & Ebling, 19S5) and melatonin implants in

various brain regions iniluding the mediobasal hypothalamus (Lincoln 1992) and

pars tuberalis (Lincoln 1994) also reduced circulating PRL levels. lnterestingly,

however, melatonin implants near the lateral septum or the pars distalis had no

effect on circulating PRL levels (Lincoln 1994).

Bassett and co-workers (1989) investigated the effect of intravenous

infusion of melatonin for 14h per day in pregnant ewes exposed to a 1Gh

photoperiod. They found that circulating PRL levels in both the ewes receiving

melatonin and their fetuses were decreased relative to control animals in late

summer pregnancies.

The role of melatonin in regulatÍng circulating PRL was also investigated by

removing the pineal gland (pinealectomy) in sheep. Barrell and Lapwood (1979)

observed that pinealectomized adult rams had elevated PRL levels compared with

sham-operated animals. There was also a reduction in the pinealectomized group

in the photoperiod related changes in circulating PRL.

Brown and Forbes (1980) also found that the effect of daylength on plasma

levels of PRL was blocked in lambs although, a diurnal variation with a peak in

plasma PRL at dusk remained after removal of the pineal gland. Other authors

have also reported similar effects. McMillen and co-workers (1991)found that in

pregnant ewes a diurnal variation of PRL persisted after pinealectomy. In this

study whilst there was a trend for pinealectomized ewes to have higher PRL

levels, there was no significant difference in plasma PRL between

pinealectomized and non-pinealectomized ewes. lnterestingly, the fetal sheep of

Literature Review
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pinealectomized ewes had significantly elevated PRL compared with fetal sheep

of sham-operated ewes.

Surgical ablation or interruption of the neural pathway between the retina

and the pineal gland abolishes the diurnal rhythm in plasma concentrations of

melatonin (Lincoln et al, 1981; Maeda et al, 1986) and can also alter circulating

PRL. Bilateral superior ceryical ganglionectomy (sympathetic denervation) has

been shown to interfere with the PRL response to a change in daylength in rams

(Lincoln 1979), ewes (Maxwell et al, 1989) and goats (Maeda et al, 1986). ln all

these studies, ganglionectomised animals failed to maintain or produce elevated

plasma concentrations of PRL in response to a long photoperiod compared with

sham-operated animals.

Therefore melatonin plays a pivotal, but not exclusive role in the

transduction of photoperiodic information and in the response of PRL to changes

in daylengths in seasonally responsive mammals,

1.1.3 Role of the hypothalamus

Prolactin secretion from the pituitary gland is influenced by a number of

factors. lncreases in PRL secretion occur with increasing photoperiod,

hyperthermia and in the presence of environmental stressors. Prolactin secretion

is also stimulated by a range of neuropeptides and neurotransmitters including

thyrotrophin releasing hormone (TRH), vasoactive intestinal peptide (VlP),

serotonin, B-endorphin, met & leu-enkephalin, angiotensin ll, vasopressin,

substance P, estradiol, epidermal & fibroblast growth factors and cholecystokinin

(Leong et al, 1983). The physiological role of each of these substances in PRL

secretion has not been fully elucidated.

Literature Review
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It is well established that PRL secretion by the anterior pituitary is inhibited

by the hypothalamus. (Leong et al, 1983; Ben-Jonathan, 1980). This effect is

mediated by dopamine secrêted from tuberoinfundibular heurons. Dopaminê

exerts its effect on dopamine D2 receptors (Sibley et al, 1982) located on

lactotrophs in the adenohypophysis after secretion into hypophysial portal blood

(Reymond and Poder, 1985).

Section of the pituitary stalk results in increased circulating PRL levels in a

variety of species including man, monkeys, rats and pigs (Thomas et al, 1g86). In

ewes a transient increase in PRL levels has been reported in response to surgical

disconnection of the hypothalamus and pituitary (HpD) (Clarke et al, 1gg3;

Thomas et al, 1986). Similar transient PRL elevations after HPD have also been

observed in rams housed in long photoperiods (16h light per day) with plasma

PRL concentrations returning to levels observed in control rams after 24 days

(Lincoln and Clarke 1994).

lnterestingly a PRL response to a change in photoperiod was still present

after HPD in ewes housed in natural photoperiods (Thomas et al, 1986) or in rams

housed in artificial photoperiods (Lincoln & Clarke, 1994). This implied that there

was an extrahypothalamic site for photoperiodic regulation of PRL secretion in the

adult sheep.

1.1.4 Response of fetal prolactin to the external photoperiod

Although the fetus is sequestered in utero away from the direct effects of

photoperiod, seasonal rhythms in plasma PRL levets have been measured in

sheep fetuses in late gestation (Bassett et al, 1988; Seron-Ferre et al, lg8g). As

PRL has been demonstrated not to cross the ovine placenta (Alexander et al,

Literature Review
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1973), this seasonal PRL rhythm must be endogenously generated in the sheep

fetus ie. the sheep fetus is able to respond to the prevailing photoperiod.

As in the adult, fetal PRL levels are high during summer and low during

winter. This effect of photoperiod occurs under both natural and artificial lighting

conditions (Bassett et al 19Sg). When pregnant ewes were moved from winter

photoperiods (8h light: 16h dark) to summer photoperiods (16h light: th dark)

there was an increase in the fetal plasma PRL concentrations. This effect

occurred in synchrony with maternal changes in PRL and within three weeks of

the abrupt change in photoperiod (Bassett et al, 1g8g).

A diurnal rhythm in plasma melatonin concentrations has also been

demonstrated in fetal sheep in late gestation (Zemdegs et al, lgBB; Yellon &

Longo, 1987). ln fetal sheep there was a typical nocturnal rise in fetal melatonin

concentrations that coincided with lights off and with the melatonin rhythm of the

pregnant ewe. Melatonin was also shown to cross the ovine placenta in both the

maternal-fetal direction using tritiated melatonin (Zemdegs et al, 1g8B) and the

fetal-maternal direction (Yellon and Longo 1988). Finally, maternal pinealectomy

abolished the nocturnal rhythm of melatonin in both the ewe and the fetus

(McMillen & Nowak, 1989; Yellon & Longo, l gs8). Thus, the maternal pineal gland

is the source of the melatonin rhythm in fetal sheep, and the melatonin crossing

the placenta provides the fetus with humoral information about the duration of the

night and hence the prevailing photoperiod.

When the melatonin rhythm was abolished by maternal pinealectomy,

McMillen and co-workers (1991) observed that fetal PRL levels were higher than

those in control animals. This elevated PRL response to maternal pinealectomy

suggested that cessation of the melatonin rhythm was being interpreted as a long,

Literature Review
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or summer photoperiod. Similar to the ewe, fetal PRL levels also respond to

exogenous melatonin. When ewes were kept in long photoperiods fetal PRL

concentrations were lower when melatonin was infused for l4hours per day

(Bassett et al, 1989). Continual exposure to melatonin via subcutaneous implants

in the ewe also lowers fetal PRL concentrations (Serron-Ferre et al, 1989).

These experiments demonstrated that the external photoperiod regulates

circulating PRL in the fetal sheep via melatonin. The mechanism and location of

transduction of the melatonin signal in the adult and fetal hypothalamo-pituitary

axis have also been investigated.

1.1.5 Melatonin receptors and the pars tuberalis

The identity of melatonin receptors, their regional localisation and cellular

functions have been investigated using autoradiographic binding techniques.

Melatonin receptors are located in a number of areas including the

suprachiasmatic nucleus (SCN), paraventricular nucleus (PVN), and Reuniers

nucleus (Krause & Dubocovich, 1990). However, the pars tuberalis exhibits the

highest concentrations of iodomelatonin binding sites with the pars distalis having

minimal iodomelatonin binding (Morgan et al, 1989; de Reviers et al, lg8g;

Bittman and Weaver, 1990). ln the developing sheep fetus, iodomelatonin binding

sites have been identified on the pars tuberalis from 30 days gestation (Helliwell &

Williams, 1994).

The pars tuberalis is a structurally distinct region of the mammalian

adenohypophysis. lt surrounds the hypophyseal stalk as a highly vascular'tube' of

cells. Three phenotypes of cells have been identified:

Literature Review
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1. pars tuberalis-specific cells which are ultrastructurally distinct from any pars

dístalis cells. These cells contain Golgi bodies, rough endoplasmic

reticulum and are very sparsely granulated. ln the ovine pars tuberalis they

represent 90% of the glandular (secretory) cells (Morgan et al 1gg1).

2. pars distalis-like cells which are immunocytochemically similar to the

trophic cells of the pars distalis. These are a mixture of thyrotrophs and

gonadotrophs, and have abundant dense core vesicles. ln the ovine pars

tuberalis they represent 10o/o of the remaining glandular cells.

3. Follicular (non-glandular) cells are similar to folliculo-stellate cells of the

pars distalis. They are smaller than the pars tuberalis-specific cells or pars-

distalis-like cells and have no morphological characteristics of secretory

activity (Morgan & Williams, 1996).

Of the three types of cells identified the agranular pars tuberalis-specific

secretory cells are the melatonin responsive cell type in the pars tuberalis of the

sheep (Morgan et al 1991 ).

W¡th the identification of these extra-hypothalamic melatonin binding

sites it was therefore hypothesised that the seasonal or photoperiodic

regulation of PRL secretion may be independent of the hypothatamus. To

investigate this hypothesis we have investigated whether the fetal PRL

response to different photoperiods is dependent on a functionally intact

hypothalamo-pitu itary axis.

Literature Review
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1.2 PHOTOPERIODIC HISTORY

1.2:1 lmpact of photoperiodic history on PRL secretion

For many species there is no 'rigid' response to photoperiod. Rather the

response to an intermediate photoperiod (ie between the extremes of long

-16hours lighuday and short -Bhours lighuday) is dependent upon prior

photoperiod exposure (ie photoperiodic history). Plasma concentrations of PRL in

sheep are determined by the ambient photoperiod (Barrell and Lapwood, 1979),

but the same photoperiod is capable of eliciting different PRL concentrations

depending upon the prior photoperiodic exposure in ewes (Sweeney et al, 1999),

lambs (Ebling et al, 1989), newborn hamsters (shaw and Goldman, 19g5) and

deer calves (Adam et al, 1992). The varying responses to the same photoperiod

indicate the flexibility of the photoperiod interpreting system and may be important

in adaptations required for survival or reproduction.

1.2.2 Photoperiodic history in adults

Hoffman and colleagues (1986) investigated the reproductive response of

adult Djungarian hamsters to an intermediate photoperiod (14h L: 10h D). Male

hamsters were exposed to either a long daylength (16h L: 8h D) or a short

daylength (8h L: 16h D) for 3-5 months. They were then moved to an intermediate

photoperiod for 10 weeks and the testes were weighed. Testis weight was

significantly greater in those animals that had moved from short to intermediate

photoperiod when compared with those which had moved from a long to the

intermediate photoperiod. Thus the hamsters were interpreting the same

intermediate photoperiod differently depending upon their prior photoperiod.

Literature Review



14

Those from long daylength were interpreting the intermediate photoperiod as a

short daylength, and those from a short daylength were interpreting the

intermediate photoperiod as a long daylength. Thus photoperiodic history is

ímportant in the reproductive response to the current photoperiod.

An effect of photoperiodic history on the reproductive neuroendocrine

response of the ewe has been demonstrated by Robinson and Karsch (1987).

They measured plasma LH levels in sexually mature ovariectomized ewes

exposed to an intermediate photoperiod of 13h L: 11h D after prior exposure to

either long (16h L: 8h D) or short (10h L: 14h D) photoperiods for 74 days. Thus

the ewes were either reproductively suppressed or stimulated prior to exposure to

the intermediate photoperiod. The ewes were then placed in the intermediate

photoperiod, 13h L: 11h D, for B0 days and plasma LH levels were determined.

The intermediate photoperiod had either stimulatory or inhibitory effects on

circulating LH depending upon the photoperiodic history of the ewe. A 3h

decrease in total daylength stimulated plasma LH concentrations after 40 days,

whereas a 3h increase in daylength resulted in a decline in circulating LH. These

authors concluded that the duration of the nocturnal melatonin signal relative to

the preceding melatonin pattern was the key to determining the reproductive

outcome in the ewe.

Sweeney et al (1999) also exposed ewes to 35 long light days (1Bh L: 6h

D) at different times of the year after prior exposure to natural photoperiods

varying between summer and winter daylength. They observed that the ewes had

elevated plasma PRL concentrations during the 35 long day challenge only after

natural daylength had dropped from summer levels. lf ewes were moved to the

long day challenge when the natural photoperiod was still relatively high, there
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was no stimulation of PRL secretion. The PRL response to the 35 long days was

therefore dependent upon the photoperiodic history of the ewe prior to the long

day challenge

1.2.3 Photoperiodic history and the neonate

Hofton (1984a, 1984b, 1985) investigated the influence of photoperiodic

history on gonadal enlargement in the pre-pubertal male montane vole. Parents of

male voles were maintained in either long (16h L: Bh D) or short (8h L: 16h D)

photoperiods during pregnancy. At birth, male voles born in to a specific

photoperiod were retained in that photoperiod until weaning (age 18.5 days),

when they were placed in an intermediate photoperiod (14h L: 10h D). Gonadal

responses were measured at 74 days of age. Testicular weight was significantly

greater in those animals gestated and raised in a short photoperiod compared

with those raised in a long photoperiod. The gonadal response of the vole to an

intermediate photoperiod depended upon photoperiodic exposure prior to

weaning. However, these results did not allow a differentiation between the effects

of prenatal (or in utero) or postnatal exposure to different photoperiods on the

gonadal responses of the vole.

Horton (1984b) then investigated the gonadal response in male voles

transferred to an intermediate photoperiod on the day of birth. The parents of the

offspring were maintained in either long or short photoperiods and then

transferred with their litters to an intermediate photoperiod on the day of delivery.

Testis weight was greater in those animals whose mother had gestated in short

photoperiods and smaller in those animals whose mothers had gestated in long

photoperiods. The male neonatal voles therefore interpreted the intermediate
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photoperiod differently dependent upon the prior photoperiod exposure during

pregnancy. These results suggested that the fetal vontane mole could construct a

photoperiodic history in utero. However, the possible effects of different maternal

care and factors in the milk provided by the mother who had experienced different

photoperiodic histories needed to be taken into account.

To this end, Horton (1985) investigated gonadal development in male voles

exposed to short or long photoperiods during gestation that were raised by foster

mothers who had been exposed to different photoperiods during their pregnancy.

Gestating voles were exposed to either long or short photoperiods throughout

pregnancy until the day of delivery. On this day, half the male voles from each

litter were transferred to a foster mother that had been exposed to the same

photoperiod as the natural mother throughout pregnancy. The remaining half was

transferred to a foster mother, which had undergone pregnancy in the alternative

photoperíod. All animals were then housed (from day of birth) in an intermediate

photoperiod. Gonadal responses were measured at74 days of age.

Prenatal exposure of mothers to short photoperiod resulted in large testes

of male offspring exposed to an intermediate photoperiod. Long photoperiod

exposure during gestation resulted in smaller testes when male voles were placed

in an intermediate photoperiod post partum. These effects were not influenced by

transfer to different foster mothers but were only dependent on the gestational

photoperiod. Similar results have been found in other seasonally breeding

animals, including Djungarian hamsters (Stetson et al, 1986) and Siberian

hamsters (Elliot and Goldman, 1989).

Stetson et al (1986) also investigated the effect of photoperiodic history on

neonatal gonadal development in male Djungarian hamsters. Pregnant hamsters
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were placed in long, intermediate or short photoperiods. On the day of parturition

parents and litters from each photoperiod were transferred to the other two

photoperiods, while some animals stayed in the same photoperiod to act as

controls. For those animals raised in the same pre and postnatal photoperiod,

testes weight was large, intermediate or small at 28 and 34 days of age if they

had been exposed to long, intermediate or short photoperiods respectively. Thus

long daylength stimulated testicular growth whilst short daylength inhibited growth.

In hamsters exposed to an intermediate photoperiod in postnatal life after

exposure to a long photoperiod prenatally, testicular growth was impaired to the

same extent as in animals maintained in a short pre and postnatal photoperiod. ln

hamsters exposed to an intermediate photoperiod postnatally after a prenatal

short photoperiod, testicular growth was stimulated.

The gonadal response of the pre-pubertal hamsters to an intermediate

photoperiod was therefore dependent upon the previous photoperiodic history.

Thus the photoperiodic history is established in utero with information about the

photoperiod experienced by the mother being transferred to the fetus and this

'information' subsequently determines the gonadal responses to the ambient

photoperiod during postnatal life.

1.2.4 Photoperiodic history and the pineal gland

Eliot and Goldman (1989) investigated the mechanism of transfer of

photoperiodic information from mother to fetus. Adult female hamsters were either

pinealectomized or sham-operated, then placed in either long or short photoperiod

during pregnancy and then moved with their litters to an intermediate photoperiod

on the day of birth. The testes of offspring born to sham-operated mothers varied
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according to the prenatal or gestational photoperiod. Similar to previous

investigations, those gestated in shorl photoperiod had large testes and those

gestated in long photoperiod had small testes when placed in an intermediate

photoperiod at birth for 30 days (Elliot and Goldman, 19Sg). ln contrast, the testes

of offspring born to pinealectomized mothers were small irrespective of the

gestational photoperiod. Pinealectomy of the mother had therefore disrupted

transfer of photoperiodic information from mother to fetus. The authors interpreted

this as being due to impairment of the nocturnal melatonin signal. As discussed

above, the melatonin signal has been demonstrated to be important in regulating

circulating PRL levels (Barrell & Lapwood, 1979; Brown & Forbes, 1gB0; Maxwell

et al, 1989) and may also be important in the impact of the photoperiodic history

on PRL secretion.

1.2.5 Photoperiodic history and PRL

Shaw and Goldman (1995) examined prenatal photoperiod effects on

postnatal plasma PRL levels in Siberian hamsters. Adult hamsters were placed in

long (16h L: Bh D)orshort(10h L: 14h D) photoperiodsduring pregnancy. onthe

day of parturition, parents and litters were transferred to an intermediate

photoperiod. PRL levels were measured between 18 and 62 days of age. These

authors observed that circulating PRL levels fell in animals gestated in long

photoperiod and increased in animals gestated in short photoperiod. These

effects were only evident between 27 and 52 days of exposure to an intermediate

photoperiod. The interpretation of the intermediate photoperiod by the newborn

hamsters was therefore influenced by their gestational photoperiod. Thus the PRL
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responses to the relative change in ambient photoperiod were influenced by the

prior photoperiod.

Adam et al (1992) also investigated prenatal photoperiod effects on

postnatal PRL secretion in red deer. Pregnant red deer hinds were kept in long

(18h L: 6h D) or short (6h L: 18h D) photoperiods for approximately 33 weeks until

term. On the day of birth, mothers and newborn calves were placed in an

intermediate (12h L:12h D) photoperiod and PRL levels were monitored until

weaning al 14 weeks of age. Newborn calves gestated in long photoperiod were

born with a high circulating PRL level and PRL concentrations decreased for 8

weeks before stabilising at a relatively low level. ln contrast, calves gestated in a

shott photoperiod were born with low circulating PRL levels that gradually

increased over 8-12 weeks to levels measured in newborn animals gestated in

long photoperiods. Thus the calves gestated in long days were interpreting the

intermediate photoperiod as 'short days', whereas calves gestated in short days

were interpreting the intermediate photoperiod as long days in terms of the

circulating PRL response. These authors concluded that the deer fetus can

respond to photoperiodic information and can acquire a photoperiodic history in

utero, which then influences the postnatal PRL responses to ambient photoperiod.

Similar effects of the prenatal photoperiod on postnatal PRL have been

measured in lambs (Ebling et al, 19Bg). Pregnant ewes were exposed to either a

long (16h L: Bh D) or short (8h L: 16h D) photoperiod, approximately 42 days

before term. On the day of parturition, newborn lambs and their mothers were

transferred to an intermediate (12h L:12h D) photoperiod and plasma PRL levels

monitored for 28 days. Lambs born to mothers kept in long days during late

pregnancy had initially high plasma PRL levels that then decreased and stabilised
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at low levels after 28 days. Lambs born to mothers kept in shorl days during late

pregnancy initially had low plasma PRL levels that gradually started to increase to

become similar to levels (after 28 days) measured in newborn lambs gestated in

long days. Thus plasma PRL concentrations in the lambs did not reach tevels that

reflected the ambient photoperiod, rather, lambs gestated in different

photoperiods constructed different photoperiodic histories in utero, and ínterpreted

the same postnatal photoperiod differently, leading to different PRL levels at 28

days of age.

Thus the Montane vole, Siberian hamster, red deer and sheep can each

develop a photoperiodic history whilst in utero as the neonatal 'interpretation' of

ambient photoperiod is influenced by the gestational photoperiod, with evidence

for an effect of photoperiodic history on LH and PRL secretion and testis weight.

All these studies have investigated the neonafal response to ambient photoperiod

after construction of a photoperiodic history as a fetus.

There have been no investigations that have determined whether the

fetus can respond differently to an intermediate photoperiod depending

upon its prior photoperiodic exposure. We therefore tested for the first time

whether the fetal sheep can construct a photoperiodic history and respond

to an intermediate photoperiod in utero depending upon the prior

photoperiodic exposure. Furthermore, we have investigated the role of the

fetal hypothalamus in determining the PRL responses to photoperiodic

history.

Literature Review



21

1.3 DIURNAL RHYTHMS

1.3.1 Daily melatonin rhythm

ln the sheep, as in many mammalian species there is a diurnal variation in

plasma melatonin (MEL) concentrations. The pattern of MEL secretion is clearly

regulated by the external light: dark cycle with elevated levels of MEL measured

during the dark phase. As previously discussed, MEL crosses the placenta and

fetus is therefore exposed to the diurnal maternal MEL rhythm (Yellon and Longo,

1987; Zemdegs et al, 1988). Removal of the maternal pineal gland abolishes the

diurnal MEL rhythm in both the ewe and fetus, which indicates that the maternal

pineal gland is the predominant source of the fetal MEL rhythm (McMillen and

Nowak, 1989; Yellon and Longo, 1g8B).

As discussed above, in seasonally responsive species, the diurnal MEL

rhythm provides the fetus with neurohumoral information about the prevailing

daylength and hence time of year. lt has also been suggested that this diurnal

MEL pattern acts as a circadian signal providing the fetus with information about

time of day and that this may regulate diurnal patterns of fetal behaviour or

hormone concentrations.

A diurnal rhythm in fetal breathing movements (FBM) had been observed

by a number of investigators (Boddy et al, 1gr3; Dawes and Robinson, 1926;

Patrick and Richardson, 1985), which appeared to occur independent of diurnal

changes in plasma glucose or prostaglandin concentrations (Callea et al, 1gg0).

The effects of different 24h lighting regimes on the diurnal FBM rhythm

were investigated by McMillen and Walker (1991). Pregnant ewes were exposed

to a 12hL:12hD lighting regime with one group experiencing lights off at 1900h
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and a second group experiencing lights off at 1100h. Plasma concentrations of

MEL increased after lights were turned off in maternal and fetal sheep. lt was

reported that the diurnal FBM rhythm in each group showed a peak in FBM

activity at the time of lights off suggesting the daily rhythm in MEL may play a role

in the regulation of the FBM rhythm.

McMillen and co-workers (1990) then investigated the effect of removing

the MEL signal on the diurnal variation in FBM. Ewes were either pinealectomized

or sham operated and placed in 12hL 12hD. These authors reported that there

was a different 24h patlern of FBM in the two groups. In pineal-intact ewes, FBM

peaked between 1900-2000, coinciding with the time of ilights off' and the

associated increase in maternal plasma MEL concentrations. ln the

pinealectomized ewes the peak incidence of FBM occurred between 12OO-1300h.

These authors therefore suggested that the maternal MEL signal is required to

entrain the timing of the díurnal FBM rhythm.

To examine the relative roles of the lighVdark cycle and the MEL diurnal

rhythm Houghton et al (1993) pinealectomized pregnant ewes and infused MEL or

saline in a different phase to the lighUdark cycle. One group of ewes were

exposed to 12h L: 12h D with lights off at 1900 and were infused for 12h with MEL

or saline from 1 100. The second group of ewes were exposed to 12h L: 12h D

with lights off at 1100 and the MEL or saline infusion from 1900 for 12h. This

provided the ewe and fetus with both a 12h diurnal MEL rhythm and a lighUdark

cycle but at different clock times. The saline infused animals provided the

controls. The peak incidence of FBM coincided with onset of MEL infusion, not

lights off, in both líghting regimes. This indicated that MEL generates or entrains

the diurnal FBM rhythm and that MEL acts as a circadian signal. The mechanism
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by which MEL exerts its influence remains unclear. lt is possible that MEL acts at

the fetal suprachiasmatic nuclei to influence FBM and other fetal rhythms.

1.3.2 Daily PRL rhythm

A diurnal PRL rhythm has been demonstrated in a variety of species

including humans (sassin et al, 1972), monkeys (spies et al, lgzg), pregnant

sheep and their fetuses (McMillen et al, 1987). The acrophase in a 12hL: 12hD

lighting regime occurs around the time of 'lights off in both ewe and fetus. The

acrophase changes with the season in the fetus (Serron-Ferre et al, 1g8g),

occurring around dusk during summer and near midnight during autumn. ln the

pregnant ewe, whilst a change in the time of 'lights off' alters the acrophase of the

daily PRL rhythm, it did not shift the timing of the acrophase of the fetal pRL

rhythm (McMillen and Walker, 1991). Fetal sheep plasma PRL concentrations

were highest between 1700h and 01OOh irrespective of lights off at either 1900h

or 1100h (McMillen and Walker, 1991). These results contrasted significanfly with

the findings of Serron-Ferre et al (1989) and suggested that the diurnal fetal pRL

rhythm occurred independently of the maternally derived MEL rhythm.

Although one study in rams found that pinealectomy abolishes the

nocturnal surge in PRL (Barrell and Lapwood, 1978), a number of subsequent

studies have found that the daily PRL rhythm persists in sheep after pinealectomy

or sympathetic denervation of the pineal gland (Brown and Forbes, 1gB0; Brinklow

and Forbes, 1984; Poulton et al, 1989, Lincoln, 1979). lnterestingly, pinealectomy

of the pregnant ewe did not abolish the daily PRL rhythm in either the ewe or

fetus, with both control and pinealectomized groups having a similar acrophase in

the daily PRL rhythm close to onset of darkness (McMillen and Walker, 1gg1
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Houghton et al ('1993) investigated the effect of separately altering the time

of dark onset and the timing of melatonin replacement on daily maternal and fetal

PRL rhythms. Pinealectomized ewes were housed in one of two lighting regimes

and then infused with either MEL or saline. When the lights were turned off

between 1900h and 0700h either MEL or saline was infused between 1100h and

2300h. When the lights were turned off between 1100h and 2300h, either MEL or

saline was infused between 1900h and 0700h. They observed that a diurnal pRL

rhythm persisted in both ewe and fetus after maternal pinealectomy. ln the ewe,

the timÍng of the acrophase of the daily PRL rhythm changed with tíme of dark

onset and was independent of the timing of MEL infusion. This suggested that the

daily PRL profile in the ewe was regulated by the effects of the light: dark cycle

and not by the timing of the daily MEL rhythm. lnterestingly in the fetus,

sequestered away from the light: dark cycle in the uterus, a similar effect was

observed. The timing of the daily fetal PRL rhythm peak altered with change in

time of dark onset and this occurred independently of the timing of the MEL

infusion. Thus there appears to be either a direct effect of the light: dark cycle or

an unknown factor that transmits information about the external environment to

the fetal hypothalamo-pituitary axis, which regulates the daily rhythm in plasma

PRL concentrations in the sheep fetus.

It has been shown that líght of varying wavelengths can penetrate into the

uterus of pregnant rats, guinea pigs (Jacques, 1gg7) and pregnant sheep

(Parraguez, 1998). ln pregnant sheep exposed to outdoor sunlight, a daily

variation in the amount of light present in the uterus was observed and the

amount of light penetrating the uterus increased with gestational age (Parraguez

et al, 1998). The retino-hypothalamic tract, which is necessary for retina-mediated
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effects of light on circadian rhythms, may function prenatally. ln the fetus of the

spiny mouse, the retino-hypothalamic tract is present within the SCN on the day of

birth and is thought to be present antenatally, whilst rnetabolic activity of the SCN

in the spiny mouse fetus can be stimulated by exposure of pregnant mice to bright

light at night (weaver and Reppert, 1989). ln this study the dams had been

enucleated prior to bright light exposure and thus bright light did not stimulate

maternal SCN activity. This demonstrated that fetal SCN activity could be

independent of maternal SCN activity and suggested that the fetus could use its

retinohypothalamic tract to perceive and convey information about the

environmental lighting to the ScN (Weaver and Reppert, lggg). In these

experiments however, there was no effect of prenatal light on circadian

rhythmicity. In fetal sheep, the development of the retino-hypothalamic tract

occurs several weeks before birth suggesting that exposure to light in utero may

be important in the development and/or entrainment of fetal circadian behavioural

and hormonal rhythms, includíng the daily rhythm in plasma PRL concentrations

(Torrealba et al, 1993). lnterestingly, ocular enucleation of fetal sheep reduced

plasma PRL concentrations five-fold but a diurnal PRL rhythm persisted with a

robust acrophase occurring around lights off (Vergara et al, 1992). This suggested

that the retino-hypothalamic tract might be important in the regulation of ptasma

PRL concentrations but is not necessary for the generation and entrainment of the

diurnal PRL rhythm in the sheep fetus. ln the absence of fetal light perception the

maternally derived MEL rhythm may have some role in entrainment of fetal PRL,

but is not involved in the generation of the pRL rhythm.

The role of the hypothalamus in the generation of a daily PRL rhythm has

been investigated in rhesus monkeys (Spies et al, 1979) and rams (Lincoln and
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Clarke, 1994). Pituitary stalk section in rhesus monkeys abolished the diurnal

rhythm in plasma PRL concentrations (Spies et al, 1979), whilst the same effect

occurred in adult rams after hypothalamo-pituitary disconnection (Lincoln and

Clarke, 1994). These studies suggested that in the adult, the isolated pituitary was

unable to produce a daily rhythm in PRL and that the generation of this rhythm

was therefore dependent upon the hypothalamus.

To investigate the role of the hypothalamus on the generation of the daily

fetal PRL rhythm we disconnected the hypothalamus from the pituitary in

fetal sheep in late gestation. We then observed plasma PRL and MEL levels

in long and short photoperiods. We determined whether the daily fetal PRL

rhythm is dependent upon an intact hypothalamo-pituitary axis.

Therefore the following Chapters of this thesis will report on a series of studies

designed to test hypotheses related to the role of the external photoperiod and the

fetal hypothalamus in the generation of photoperiod and circadian induced

changes in circulating prolactin in the fetal sheep during late gestation.

Literature Review



27

1.4 AIMS AND HYPOTHESES

Chapter 2 - Response of prolactin to different photoperiods after surgical

disconnection of the hypothalamus and pituitary in sheêp fetuses

Ghapter 2 - Hypothesis

That the circulating PRL response to different photoperiods is not dependent on a

functionally intact hypothalamo-pituitary axis in the sheep fetus.

Ghapter 2- Experimental Aims

1. To determine whether fetal plasma concentrations of PRL are different in

ewes held in long or short photoperiod.

2. To determine whether there are differences in fetal sheep plasma

concentrations of PRL in ewes held in long and short photoperiod after

surgical disconnection of the fetal hypothalamus and pituitary.

3. To determine whether the fetal PRL response to a thyrotrophin releasing

hormone stimulus is different in ewes held in long or short photoperiod after

surgical disconnection of the fetal hypothalamus and pituitary.

4. To determine whether plasma concentrations of PRL in pregnant ewes are

different in long and short photoperiods and whether there is any the effect

of fetal hypothalamo-pituitary disconnection on maternal prolactin

concentrations.

Literature Review



28

Ghapter 3 - Photoperiodic history and hypothalamic control of prolactin

secretion before birth

Ghapter 3 - Hypothesis

That the fetal sheep can construct a photoperiodic history and respond to an

intermediate photoperiod in utero depending on the prior photoperiodic exposure,

and that this response is not dependent on a functionally intact hypothalamo-

pituitary axis.

Chapter 3 - Experimental Aims

1. To determine whether the fetal sheep plasma concentrations of PRL in an

intermediate photoperiod are different depending on the pregnant ewes

prior photoperiodic exposure to either long or short photoperiod.

2. To determine whether the fetal sheep PRL responses in an intermediate

photoperiod, after exposure to an external long or short photoperiod, is

dependent upon an intact fetal hypothalamo-pituitary axis.

3. To determÍne whether the fetal PRL response to a thyrotrophin releasing

hormone stimulus is different depending on the pregnant ewes prior

photoperiodic exposure to long or short photoperiod or fetal hypothalamo-

pituitary d isconnection.

4. To determine whether maternal plasma concentrations of PRL in an

intermediate photoperiod are different after prior photoperiodic exposure to

an external long or short photoperiod.
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Ghapter 4 - Evidence for hypothalamic control of the diurnal rhythms in

prolactin and melatonin in the fetal sheep during late gestation

Ghapter 4 - Hypothesis

The daily fetal MEL and PRL rhythm is dependent on an intact fetal hypothalamo-

pituitary axis.

Ghapter 4 - Experimental Aims

1. To determine the effect of fetal hypothalamo-pituitary disconnection on the

daily rhythm of fetal plasma concentrations of PRL in long and short

photoperiod.

2. To determine the effect of fetal hypothalamo-pituitary disconnection on the

daily rhythm of maternal plasma concentrations of PRL in long and short

photoperiod.

3. To determine the effect of fetal hypothalamo-pituitary disconnection on the

daily rhythm of fetal plasma concentrations of MEL in long and short

photoperiod.

4. To determine the effect of fetal hypothalamo-pituitary disconnection on the

daily rhythm of maternal plasma concentrations of MEL in long and short

photoperiod.
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I.5 OVERVIEW OF THESIS AND LINKS BETWEEN PUBLICATIONS 1.3

Paper 1: Response of prolactin to different photoperiods after surgical

disconnection of tlre hypothalamus and pituitary in sheep fetuses

Fetal sheep plasma PRL is low in short photoperiod and high in long

photoperiod. Photoperiodic information is provided to the sheep fetus via the

maternally derived nocturnal duration of elevated plasma levels of MEL. The high

concentration of iodomelatonin binding at the pars tuberalis indicates that

photoperiodic regulation of PRL may occur at an extra-hypothalamic site.

Therefore the aim of this study was to determine whether the fetal sheep PRL

response to different photoperiods was dependent upon an intact fetal

hypothalamo-pituitary axis. This study demonstrated for the first time that the

functionally isolated fetal sheep pituitary could produce different plasma

concentrations of PRL in long and short photoperiods. This supports the notion

that photoperiodic information via maternal nocturnal MEL secretion can regulate

plasma PRL through an effect at the fetal pars tuberalis. The next step was to

investigate whether the fetal sheep plasma PRL level was determined only by the

ambient photoperiod, or whether the plasma PRL level is determÍned by the

ambient photoperiod relative to the previous photoperiod.

Paper 2: Photoperiodic History and Hypothalamic Gontrol of Prolactin

Secretion Before B¡rth

The neonatal interpretation of ambient photoperiod is influenced by

photoperiodic history in utero in sheep. Newborn lamb plasma PRL responses to

an intermediate photoperiod (12h L: 12h D) are different depending on whether

they were exposed to a long or short photoperiod during gestation. ln this paper
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we investigate the development and expression of a photoperiodic history on

plasma PRL levels in fetal sheep in utero. This paper also investigates the role of

the fetal hypothalamus in deterntining the PRL response to photoperiodic history.

We demonstrated for the first time that the PRL response to an intermediate

photoperiod was determined by the photoperiodic history in fetal sheep that had

undergone hypothalamo-pituitary disconnection. lnterestingly, in intact fetal sheep

no effect of photoperiodic history was evident on the gestational age increase in

PRL. Thus the isolated fetal sheep pituitary PRL response to ambient photoperiod

is determined by the preceding photoperiod and this effect is unmasked when

hypothalamic influences on the pituitary are removed. This study provided further

support that MEL exefts its effect via the pars tuberalis to regulate photoperiodic

history and expression of PRL in fetal sheep: The diurnal MEL rhythm has also

been proposed to be influential on the diurnal PRL rhythm and therefore the next

stage was to investigate the hypothalamic control of the diurnal PRL rhythm.

Paper 3: Evidence for Hypothalamic Gontrol of the Diurnal Rhythms in

Prolactin and Melatonin in the Fetal sheep during Late Gestation

The fetal sheep diurnal MEL rhythm has been demonstrated to be derived

from the maternal pineal gland. This MEL rhythm is reliably elevated during

darkness and low during the day. The duration of the nocturnal MEL exposure is

well demonstrated to regulate PRL levels in the fetus. lt has been suggested that

this rhythm also acts as a circadian signal and provides the fetus with information

about time of day that may then influence the diurnal fetal PRL rhythm. As the first

two papers demonstrated the functionally isolated pituitary can regulate plasma

PRL levels, this paper focussed on the hypothalamic control of the diurnal PRL
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rhythm. We investigated the effect of fetal hypothalamo-pituitary disconnection

(HPD) on the daily rhythm of PRL and MEL under long and short photoperiods.

This study demonstrated for the first time that the isolated fetal pituitary gland is

unable to produce a daily rhythm in plasma PRL concentrations. lnterestingly,

there was no fetal MEL rhythm in HPD fetal sheep under long photoperiod,

suggesting that the fetal hypothalamus may contribute to daily MEL rhythm in the

fetus. The hypothalamus therefore has a significant role in the generation of the

daily fetal PRL rhythm and may be important in contributing to the diurnal fetal

MEL rhythm.

Taken together, these studies demonstrate that the fetal sheep is not only

aware, but can respond to the external environment. Fetal sheep plasma PRL

levels are regulated by the ambient photoperiod relative to the preceding

photoperiod. The diurnal MEL rhythm derived from the maternal pineal gland

crosses the placenta and provides the humoral information that can influence fetal

PRL levels by acting at the pars tuberalis (Figure 1). The fetal hypothalamus is not

necessary for a PRL response to different photoperiod, with the functionally

isolated pituitary and pars tuberalis producing different plasma PRL levels in

different photoperiods in fetal sheep. The PRL response to different photoperiods

is dependent upon the prior photoperiodic history in fetal sheep that had

undergone surgical disconnection of the hypothalamus and pituítary. ln intact fetal

sheep gestational factors acting at the hypothalamus may mask any effect of

photoperiodic history on PRL levels. Finally, the hypothalamus is vital for the

generation and expression of a daily fetal PRL rhythm and may be involved in the

diurnal MEL rhythm. Connection between the fetal SCN and pituitary is therefore

required for development of the daily fetal PRL rhythm.

Thesis Overview
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fetal sheep previously exposed to either SL or LL. Fetal PRL concen-
trations were signilicantly higher (P < 0.05) aller 121 days gestation
inthe 12-hLregimenin all shamfetal sheep (<110 days, pre-Sl 6.4 +
0.3 ng/ml, pre-Ll 12.0 + 3.3 ng/ml; l2l-125 days, pre-Sl, 20.0 + 3.9
ng/rnl, pre-Ll 25.9 + 4.4 nøml). TRH (50 pg) was administered iv to
alì fetal sheep at 130-134 days gestation. There was a significantfetal
PRL response to TRH in both the HPD (F : 20.9, P < 0.001) and sham
(F : 31.3, P < 0.001) groups. There was no difference, however, in the
PRL response to TRH in fetal sheep previously exposed to SL or LL
in either the HPD or sham groups. The mâximum percentage changes
in PRL occu¡red at +10 min after TRH administration in the HPD
(pre-Sl,, 421 + 757oi pre-Ll., 555 + 767o) and. sham groups (pre-Sl,
394 + 68Voi pre-Ll,, 369 + 59/o). In summary, therefore, we have
rlemonstrated that there is an effect ofphotoperiodic history on the
PRL response to an intermeiliate photoperiod in utero i¡ HPD fetal
sheep. It appears, however, that the effect ofphotoperiodic history on
PRL secretion in intact.fetal sheep is either masked or suppressed by
the stimulatory effect of factors associated with an increase in ges-
tational age acting at the fetal hypothalamus. (Endocrinology I^SBz
1506-1511, 1997)

Photoperiodic History and Hypothalamic Control of
Prolactin Secretion Before Birth*
D. C. HOUGHTONT, I. R. YOIING, nur I. C. MCMILLEN
Department of Physiology, The (Jniuersity of Adetaide (D.c.H., I.c. McM.), Adelaide sA 5005; and.
Department of Physiology, Monash (Jniuersity (I.R.n, chyton, victoria 1768, Australia

ABSTRACT

I I-THOUCH FETAL SHEEp are nor direcrly exposed to
L I light in utero, changes in the length of the extemal
photoperiod are associated with changes in the fetal plasma
concentrations of PRL (1-3). Fetal PRL concentrations are
higher when pregnant ewes ¿ue maintained in long com-
pared with short photoperiods (1-3). Because PRL dões not
cross the ovine placenta, this suggests that the fetal hypo-
thalamo-pituitary axis is sensitive to changes in the external
photoperiod. It has also been shown that melatonin crosses
the placenta in the sheep, and that pinealectomy of the preg-
nant ewe abolishes the daily rhythm in maternal and fetal
melatonin concentrations in late gestation (4-6). Fetal pRL
conce
and d
durin

Received September 6, 1996.

that the duration of the matemal melatonin signal provides
the fetal lamb with information about the length of the pre-
vailing photoperiod in the sheep.

Ebling and co-workers (9) have also shown that the PRL
response in the newborn lamb to an intermediate photope-
riod of 72hL,12 h D depends on the photoperiodic history
of the ewe. h lambs bom to mothers that had been main-
tained in long photoperiods (16 h L) from 100 days gestation
(term : 145 + 3 days gestation), PRL concentrations were
high at birth and then decreased rapidly within 14 days of
exposure to 12 h L, l2lr. D and remained low thereafter. In
contrast, PRL concentrations in lambs born to mothers main-
tained on short photoperiods (8 h L), were low at birth and
then gradually increased in the postnatal 12 h L, 12 h D
photoperiod to exceed those in the group exposed to long
photoperiods in utero (9). Similarly, studies in the juvenile
male Siberian hamsters and other seasonal breeders have
demonstrated that serum PRL concentrations and the repro-
ductive response to an intermediate photoperiod are also
dependent on the photoperiod experienced by the mother
during late gestation (10-14). It has been inJerred from such
findings that in seasonal breeders, the fetus receives and
responds to information about day length in utero andbegins
to develop a photoperiodic history before birth.

Lr the present study, we tested for the first time whether
the lamb can construct a photoperiodic history in utero.V{e
measured the fetal PRL response to an intermediate photo-

1506
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cenkifuged for 10 min at 1100 X g before separation and storage of
plasma at -20 C for assay. Fetal arterÍal blood samples (0 6 ml) were also
collected on each occasion for blood gas and pH analysis with an ABL
330 acid base analyzer md OSM 2 hemoúmeter þoth from Radiometer,
Copenhagen, Denmark).

TRH
TRH (50 ¡tg; 15-25 ¡rglkg) was admirristered iv to fetal sheep between

130-134 days gestation. Fetal arterial or venous blood (1.5 ml) sampÌæ
were collected at -30, -5, +10, +20, +40, +60, and *120 min relative
to the time of TRH administration. All blood samples were collected into
heparinized tubes that were centrifuged for 10 min at 1100 X g before
separation and storage of plasma at -20 C for assay.

Confirmation of HPD
Discormection of the hypothalamus was confi¡med in all FIPD fetal

sheep as previously described (3) on the basis of the PRL resporoæ to
intravascula¡ chlorpromazine and on the basis of macroscopic exani-
nation of the
4-6 ms/kg)
gestation- fr
nglml (-5 min) and 116 + 72ng/rn(CPZ, + 120 min) (pre-Ll) and47 +
13 nglml (-5 min) and 81 + 16 nglml (CPZ, +120 min) (pre-Sl). In the
HPD groups, however, fetal PRL concentratioro were 2.3 + 0.9 ng/rnl
(-5 min) and 2.8 + 1.1 nglml (CPZ, +120 rnin) in thepre-Ll, group and
6.8 + 1 8 nglrù (-5 min) md 8.5 + 2-3 

^g/ml(CPZ, 
+120 rìjn) in the

pre-Sl- group. Macroscopic examination of the lesion site postmortem
confirmed the completeness of the FIPD procedue in all FIPD fetal
shæp.

PRL RIA
Plasma PRL was measued using rabbit antiovine PRL (Antiserum

batch number AFP 973269, generously donated by the National Hor-
mone md Pituitary P¡ogrâm, NIDDK, Baltimore, MD), and an assay that
was previously described and validated (3, 16). The æreitivity (defined
as the dose required to produce 107" displacement) of the assay was 0.1
ng/tube and the inte¡- md intraassay cæfficients of variation were
<2Oo/" nd <10%, respectively.

Postmortem

Thirfy six ewes were killedbetween 136-144 days gætationusing an
overdose of sodim pentobarbitone. Fou¡ ewes were killed between
175_727 àays gestation after sudden fetal death.

Statistical andlyses
All results are expressed as the mem a snrvr. Where the Cochrars md

Bartlett-Box tests identified significmt heterogeneity of variance, ma-
temal and fetal hormone æ-
formed before further stati sing
the Statistical Package for and
a VAX mainframe computer using multifactorial ANOVA with repeated
measures and photoperiodic history (i.e. either pre-Ll or pre-Sl), heat-
ment (í.e. FIPD or sham group), and the number of days spent in the 12-h
L regimen (in S-day blocks) or gestational age (in S-day blocks) as the
specified variables. PRL responses to TRH we¡e also expressed as a
percentage change from baseline, þaseline values were taken as the
mean of the concentrations in the 30-min period before adminishation
of TRH). ANOVAs were used to determine whether there were signif-
icant changes in PRL concentrations or in the percentage change from
baseline in the TRH experiments with photoperiodic history, treatment
group, time (-3Q -5, + 10, +20, +40, +60, and * 120 minrelative to time
of drug administration), and animal as the speciÉied variables. \¡Vhere the
multifactorial ANOVAs identified significant interactiom between ma-
jor factors, the data were split on the basis of the interaction and rean-

period (12 h L) in late gestation after exposure of the ewe to
either a long (16 h L) or short (8 h L) photoperiod for 50 days
in early pregnancy. We also investigated the relative roles of

tuitary
birth.

tal PRL
ts after

Materials and Methods
Animals and. photoperiodic history

Surgery

tissue of both intemal and extemal laninae of the nedian eminence

(sham group). Catheters were inserted into a fetal and maternal carotid
artery and jugular veiry and into the amniotic cavity in all ewes. All
catheters were filled withheparinized saline, and the fétal catheters were
exteriorized via an incision in the ewes flank.

Blood, sampling protocols after surgery

_ After sugery, all ewes were housed in metabolic cages and fed alfalfa
chaff (1 kg) once a day betwæn 0900-1100 h, with water available ail
libitum.ln34 ewes, daily fetal (2.5 ml) and matemal (5 ml) arterial blood
s_amples were collected from the first day after surgery util the end of
the experimental period. ln the remaining 5 ewes, fétal and maternal

Photoperiodic history and fetal PRL
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alyzed. I,1y'hen the ANOVAs indicated there were differences bettveen
qrgups, the Dmcan's post hoc test was used to identify significant
differences betwæn mean values. A probability of S./" (í.e. Þ < 0-.05) was
taken to be significant.

Results
Fetal outcome

The mean body weights of the catheterized fetal sheep at
140-\45 days gestation wercg.g7 + 0.14 kg (HPD pre-Li:5
twins, 2 singletons), 4.69 + 0.27 kg (sham pre-Ll: 3 twins, Z
singletons), 4.29 + 0.38 kg (HPD pre-Sl-: 5 rrvins, 2 singletons)
and 4.15 + 0.17 kg (sham pre-Sl: 5 twins, 5 singletons).

Photoperiodic history: impøct on fetal PRL response to a
12-h photoperiod.

Fetal PRL data were first analyzed to determine the effects
of HPD and photoperiodic history (1.e. pre-Sl or LL) on fetal
PRL concentrations in a 12-h L regimen. The mean fetal PRL
concentrations were significantly lower (F : 20.1, P < 0.001)

time spent in the 12-h L regimery i.e. the HPD and sham
groups responded differently to the 12-h L regimen. The data
were split on the basis óf surgical treatment group and
reanalyzed.

Ûr the HPD group, there was a significant interaction (F :
6.3, P < 0.001) between the effects of previous photoperiod
and the time spent in the 12-h L photoperiod on fetal PRL

1508

Frc. 1. Plasma PRL concentrations
(mean t stu) in HPD fetal sheep (a)
and sham fetal sheep previously ex-
posed to LL (b) (open histograms) and
SL (closed hislograms) rluring 35 days
exposure to a 12-h photoperiod. No
mean value is presented for HPD group
at 31-35 days exposure because only
three samples were available for this
group in this range. Plasma PRL con-
centrations (mean t SEM) âre also
shown for HPD (c) and sham (d) groups
exposed to LL (open histograms) arrdSL
(closed histograms) in relation to gesta-
tional age range of fetal sheep.
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concentiations significantly decreased (P < 0.05) during the
first 5 days exposure to the 12-h L regimen (61 + 2.9 ng/rrl)
and remained low throughout the remaining study period
(31-35 days, 1.7 + 0.5 nglml) (Fig. 1a).

In the sham group, however, there was no effect of pho-
toperiodic history on the subsequent PRL response to the
12-h L regimen. Plasma concentrations of PRL increased
significantly (F :23.4, P < 0.001) in fetal sheep previously
exposed to either SL or LL in early gestation. In the sham-
operated fetal sheep, PRL concentraLions were significantly
higher in both the pre-Sl and pre-Ll groups with increasing
time spent in the 12-h L regimen (0-5 days, 73.3 ¡- 29 ng/rnl
us. 16_20 days,23.9 + 2.94n9/mL; P < 0.05) (Fig. 1b).

Photoperiodic history: impact on gestational age profile of
fetal PRL

The fetal PRL data from the HPD and sham fetal sheep
were also analyzed on the basis of gestational age. There was
a significant interaction (F : 11.9, P < 0.001) between the
effects of surgical treatment and gestationaÌ age. The data
were split on the basis of treatment group and reanalyzed.

In the HPD group there was a significant interaction (F :
6.9, P < 0.001) between the effects of previous photoperiod
and the impact of gestational age on fetal PRL concentrations.
h HPD fetal sheep after exposure to SL, fetal PRL concen-
trations were significantly higher (P < 0.05) after 130 days
géstatión (6.7 -r l.2n$/Íì1) than eãrliei in géstation (< 110
days,2.3 + 0.4 nglml) (Fig. 1c). Lr HPD fetal sheep previ-
ously exposed to LL, however, fetal PRL concentrations did
not change significantly with increasing gestational age
(<1L0 days, 2.1 + 0.5 nglml;I36-1M days,2.5 + 0.7 nglrnl)
(Fig. lc).

ln the sham group, there was no effect of photoperiodic
history on the gestational age profile of fetal PRL, and PRL
concentrations increased significantly (F :22.4, P < 0.001)
in fetal sheep previously exposed to either SL or LL. Fetal

0 HPO

0

Sham Sham

HPD
cal0

8

6

4

2

0

4

2

è)

o(!
o
o-

â
E
è,c
c
o6
I
G

60
â
E

Þoo
.E
o
-g 20o
È

60

E

Boo
c
o
€ro
0-

db

9¡it0 t t1{l5llFtz0l?t.125t2et¡0t3t-t¡5tlef a1

Gestat¡onâl Age (days)Days ín 12h Pholoperiod

Photoperiodic history and fetal PRL



49

PRL concentrations were significantly higher (P < 0.05) after
12tr days gestation in the 12-h L regimen in all sham fetal
sheep (<L10 days: pre-Sl 6.4 + 0.3 nglml, pre-Ll, 12.0 + 3.3
ng/rnl;121-725 days: pre-Sl 20.0 + 3.9 nglml, pre-Ll 25.9 +
4.4 ng/rrl) (Fig. 1d).

Photoperiodic history and fetal PRL response to TRH
There was a significant fetal PRL response to TRH in both

the HPD (F : 20.9, P < 0.001) and sham (F : 31.3, P < 0.001)
groups (Fig. 2). There was no difference, however, in the PRL
Jesponse to TRH in fetal sheep previously exposed to SL or
LL in either the HPD or sham groups (Fig. 2). The maximum
percentage changes in PRL occu¡red at *10 min after TRH
administration in the HPD (pre-SL,42l + 75'/";pre-LL,555 +
76%) and sham groups (pre-Sl, 394 + 68%; pre-LL, 369 -+
5e%).

Photoperiodíc history: impact on rnaternal PRL
There was no significant interaction between the effects of

previous photoperiod exposure and surgical treatment of the
feh¡s on matemal PRL when PRL concenfrations were
grouped in relation tô either time spent in the 12-h L regimen
or in relation to gestational age. The maternal PRL concen-

PHOTOPERIODIC HISTORY AND FETAL PRL
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however, in matemal PRL concentrations in all groups with
increasing time in the 12-h L photoperiod (F : t+.+, n <
0.001) and with increasìng gestabional age (F : 16.4, P <
0.001). Maternal PRL concentrations increased to a maximum
at 736-IM days gestation (pre-Sl, 1.1.6 * 13 rrg/ rnl; pre-Ll,
97 + 17 nglml) (Fig.3).

Discussion
We demonstrated that photoperiodic history determined

the PRL response to an intermediate photoperiod after sur-
gical disconnection of the fetal hypothalamus and pituitary
in the sheep fetus during late gestation. In intact fetal sheep,
however, there was no evidence that photoperiodic history
altered the pattern of the gestational age increase in circu-
lating PRL concentrations.

ln this and in previous studies we found that fetal PRL
concentrations are lower in HPD than in intact fetal sheep,
regardless of the prevailing photoperiod (3, 17). Surgical
discorurection of the fetal pibuitary from the hypothalamus
does not alter the morphology, dishibution, or proportion of
the lactotrophs in the pars distalis (1.5). Furthermore, we
showed that the proportional changes in fetal PRL from 10
min after TRH administration are sirnilar in HPD and intact
fetal sheep, which indicate that the lactotrophs in the sur-
gically isolated pituitary are functional and responsive to
external stimulation. It therefore appears that after HPD in
fetal sheep, there is a loss of a predominantly stimulatory
drive to PRL secretion. This loss may be a consequence of the
Iack of a hypothalamic PRL releasing factor after HPD. Al-
ternatively there may be a loss of a placental signal that
normaìly stirnulates PRL secretion from the fetal pituitary
and that depends on the presence of an intact hypothalamo-
pituitary axis.

The findings of the present study indicate that the control
of PRL secretion by the surgically isolated pituitary can be
inlluenced by the photoperiodic history of the sheep fetus.
Fetal PRL concentrations increased after 3-4 weeks exposure
to an intermediate photoperiod (12 h L) in HPD sheep pre-
viously maintained in a short photoperiod (8 h L) regimen.

g!}fi0 111-115 11Èt20 121-125 126-130 131¡35 13È144

cestational Age (days)

Ftc. 3. Plasma concentrations ofPRL (mean + stu) in pregnant ewes
(n : 38) previously exposed to LL (open histograrns) and SL (clos¿d
histograms) in relation to gestation length.
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FIc. 2. Percentage increase in fetal PRL concentrations (mean :t
s¡lr¿) after administration of 50 ¡rg TRH to HPD fetal sheep (O) pre-
viously exposed to SL photoperiod (a) and LL photoperiod (b) and to
sham fetal sheep (O) previously exposed to SL photoperiod (c) and LL
photoperiod (d).
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which remains intáct after HPD. There is considerable indi-
Tect evidence that the pars tuberalis may be important in
mediating seasonal reproductive responses to melatonin. [n
aìl mammalian groups, the pars tuberalis, unlike the pars
distalis contains exceptionally high concentrations of iodo-
melatonin binding sites (18). Most types of secretory ceìls in
the ovine pars fuberalis are agranular, and it appears that
these cells are melatonin responsive (19). One possibility is
that the measurement of a photoperiodic history by these
cells requires the stimulation or i¡hibition of the synthesis of
a lactohophic factor during exposure to long or short pho-
toperiods, respectively, which is followed by a long-term
decrease or increase in its secretion on transition to an in-
termediate photoperiod.

Ebling and co-workers (9) have previously demonstrated
that prenatal photoperiod influences PRL secretion in the
newborn lamb. In lambs born to ewes maintained on long
days (16 h L) from 100 days gestation, circulating PRL con-
centrations were high for the first few days af ter birth, but fell
rapidly to low levels within 14 days postnatally in 12 h L.
Conversely, Iambs bom to ewes maintained on short days (8
h L) from 100 days gestation, had low PRL concentrations at
birth but these gradually increased above 150 nglml by 30
days exposure to the 12-h L photoperiod. It is interesting that
the difference between PRL concentrations in the pre-Sl and
pre-Ll- groups was greater (>100 nglnrl) in this latter study
in the newborn lamb than that measured in our HPD or intact
group of fetal lambs. There are a number of possible expla-
nations for such a difference. The first may relate to the
timing of exposure of the fetal lambs to the long and short
photoperiods in these two studies. In the newbom lamb
study, ewes were maintained in the long or short day reg-
imens from around 100 days gestation until birth, whereas in
ow study, the ewes were maintained in similar regimens for
around 50-57 days gestation. It has been established that
plasma PRL concentrations are higher in lGh L than in 8-h
L regimens in intact fetal sheep afte¡ 100 days gestation (3,
20), but it is unknown whether this effect is present from as
early as around 57 days gestation. Thus exposure to the
different photoperiod regimens in early gestation does not
necessarily imply that the fetal neuroendocrine system is able
to monitor the photoperiodic environment from the time of
exposure. It may also be that the greater apparent effect of
photoperiodic history on neonatal PRL concentrations is sim-
ply related to a higher basal secretion of PRL in the newborn
compared with the fetal lamb at the time of exposure to the
intermediate photoperiod. Finally, direct exposure to light
may amplify the effects of the intermediate photoperiod on
the neuroendocrine system after birth compared with indi-
rect exposure to the effects of the same photoperiod in utero.

Although this is the first study to investigate the neuroen-
docrine measurement of photoperiodic history directly ln
utero, there are a range of studies in other species, including
the montane vole and Siberian hamster, that have shown that
exposure to different prenatal photoperiods can influence the
PRL and reproductive responses to intermediate day lengths
postnatally (10-14). Studies in Siberianhamstershave shown
that melatonin from the mothers'pineal gland is involved in
the prenatal transmission of the photoperiodic message to
the pups, and that the message is related to the du¡ation of

Conversely, Tetal PRL concentrations decreased within 6-10
days exposure to the intermediate photoperiod in HPD
sheep previously maintained in a long photoperiod (16 h L)
regimen. After 21-30 day €û,
PRL concentrations were the
pre-Sl than in the pre-Ll tus
simply responded to the absolute photoperiod, then the same

day. In contrast, there was no measurable effect of photo-
periodic history on the plasma PRL response to an interme-
diate photoperiod in the sham groups. In the sham animals,

increase in the fetal plasma
asing gestational age inboth

Although the effect of photoperiodic history on fetal PRL
concenbrations in the HPD groups was significant, it was
relatively small, i.e. the greatest difference between the

portant to note, however, that we found no evidence for a
greater effect of photoperiodic history on the fetal PRL re-
sponse to the intermediate photoperiod in the intact fetal

hypothalamus.

agreement with those of Lincoln and Clarke (17) who dem-
onstrated that there was photoperiodic regulation of PRL
secretion in HPD rams in which the pituitary gland was
functionally isolated from the brain. These authorJalso dem-
onstrated that administration of melatonin to HPD rams
under long days suppressed circulating PRL to values ob-
served in HPD rams under short days (17). We concluded
therefore, that in the sheep, differences in the prevailing
external photoperiod and in the duration of the nochrrnal
increase in melatonin concentrations regulate PRL secretion
by a pituitary dependent mechanism before and after birth.
The present study also provides direct evidence that the

on transition between the long or
diate photoperiod. One possible
action of melatonin is the pars tub
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the nocturnal melatonin increase in the mother (13). L:rter-
estingly, Shaw and Goldman (14) recently demonstrate¿ that
in the male Siberian hamster there is an influence of the
prenatal photoperiod on the melatonin rhythm generating
system in postnatal life, and they have suggested that this
may contribute to the effect of prenatal photoperiodic history
on postnatal secretion of FSH and PRL.

It is clear in the present study that there was a consistent
effect of increasing gestational age on the fetal plasma con-
centrations of was independent
of the effects ry. We hãve pre-
viously demo ease in PRL mes-
senger RNA levels in the anterior pituitary of the sheep fetus
between 130-141 days gestation (21). Further, the recent
study of Houghton et aL (3) also demonstrated that fetal
plasma concentrations of PRL increased progressively in tate
gestation either along or a short
photoper vidence for a separate
inJluence secretion. Factois that

PRL in late gestation
enta. Estrogens stim-
y lactotrophs in the
se in circulating oes-

trogens in the fetal sheep in
demonstrated that there was a
length on maternal PRL conc
pendent of the effects of prior photoperiod. The gestational
increase in maternal PRL may also be related to the influence
of placental estrogens in late pregnancy.

In summary, we demonstrated that there is an effect of
photoperiodic history on the PRL response to an interme-
diate photoperiod ín utero that does not require an intact and
functional fetal hypothalamus. This effect, however, is either
masked or suppressed by the stimulatory effect of factors

Rec receptor messen-
8er organs, including
the 24,25).DefinitioÃ
of the factors that regulate the PRL axis in utero would en-
hance our understanding of the role that circulating PRL
plays in fetal organ growth and metabolism in speciés that
are responsive to changes in the extemal photoperiod.
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creased during the dark phase in the intact, not the HPD, $oup. The
24-h mean fetal plaema concentrations of PRL were significantly
higher (P < 0.001) in both intact anil HPD fetu¡es in the LL (intact,
111.0 + 22.0 pelml; HPD, 37.6 + 7 .g pdnl) rtran in the SL regimen
(intact, 37.8 + 18.,1 pglml; IIPD, 6.7 t 4.3 pg/ml). îhere was a.lso a
significant interaction (P < 0.001) between the effeds offetal surgical
treatrrent and ùime of day on fetel PRL concentrations. In the intact
group, fetal PRL concentrations ì¡'ere signiñcantly higher (P < 0.05)
at 1300 and 1?00 h than between 0300-0700 h in both lighting
conditions. Cosi¡or analysis also identified a signifrcant rhythm iu 8
ofthe 12 fetal PRL profilea in the intact group. In contrast, in the HPD
group, there \{a8 no Bißlrificant effect of time of day on fetal PRL in
either the LL or SL regimen, and coeinor analyaie only identified a
significant rhytJrm in 2 of the l0 fetal PRL proñles in this g¡oup, W€
have, therefore, denonstrated that in the fetal eheep, HPD ¡eeulted
in abolition of the diurnal melatoni¡ rhythm uniler LL co¡ditions and
in the loes of the öurnal PRL rhytàm under LL and SL conrlitions,
these results provide direct evidence for a fetal hypotàalamic role in
generation ofthe diurnal rhythns in nelatonin and PRL before birth
in the sheep. (Endocrinology f38: 218-223, 1995)

Evidence for H¡ryothalamic Control of the Diurnal
Rhythms in Prolactin and Melatonin in the Fetal
Sheep during Late Gestation*
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concentrations were measured using specific RIAg, the hormonal
data were analyzed using multifactorial analysis of variance and
coeinor alalysie, I}¡ere wag an increase in maternal melatonin con-

fHnnf IS a diurnal variation in plasma concentrations ofI PRL and melatonin in the fetal sheep and pregnant ewe
during late gestation (1-3). The daily rhythm in circulating
melatonin is abolishedin the fetus and thepregnant ewe after
removal of the maternal pineal gland, and it has, therefore,
been concluded that the maternil pineal is the source of the
fetal melatonin rhythm (4 5). lt has also been demonstrated
that there is a seasonal variation in the fetal and maternal
plasma concentrations of PRL and in the timing of the ac-
rophase of the daily PRL rhythm in the sheep before birth (6,
7). Fetal PRL concenkations increase after pinealectomy of
the pregnant ewe (8), and infusion of melatonin into ewes
during summer pretnancies results in a decrease in the ma-
ternal and fetal plasma concentrations of PRL (9). Although
the seasonal variation in circulating PRL concentrations in
the fetus and ewe may depend on the duration of the noc-
h¡rnal increase in maternal and fetal melatonin concentra-
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tions, pinealectomy of the pregnant ewe does not abolish the
diurnal rhythm in fetal or maternal PRL concentrations (8),
We have also previously studied the effects of independently
altering the time of dark onset and the phase of the daily
melatonin rhythm during a 12-h photoperiod on the daily
rhythm in fetal and maternal PRL concenhations in pinea-
lectomized ewes (10). We found that the timing of the daily
peak in fetal and matemal PRL concentrations was related to
changes in the external light-dark cycle rather than to
changes in the phase of the daily melatonin rhythm (10). The
source and the control mechanisms that underlie the timing
of the daily PRL rhythm before or after birth are unknown.

In the present study we investigated the effect of surgical
disconnection of the fetal hypothalamus and pihritary on
generation of the daily rhythm in fetal plasma PRL and
melatonin concentrations under long and short photoperi-
ods. We demonstrated that an intact and functional fetal
hypothalamus is essential for generation of the daily PRL
rhythm under both lighting regimens. We have also shown
that the daily rhythm in fetal melatonin concentrations in
long light conditions is abolished after fetal hypothalamo-
pihritary disconnection (HPD). This provides di¡ect evidence
for a fetal hypothalamic role in the conhol of melatonin
secretion, which is unmasked during long light conditions
before birth.

2t8
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Materiale and Methode

Animols and surgery

All experimental procedures in this study received approval from lhe
Universiry of Adelaide Standing Committe€ on Ethics in Animal Ex-
perimentation. Th,enty-two pregnant Merino ewes were used, and the
study was carried out between April and September (ie. betwe€n au-
tumn and early spring in the southem hemisphere), All ewes were
housed in a centra¡ animal holding facility and were maintained under
a l2-h light, t2-h dark cycle (lights off
gestation (calculated from the date of m
performed between 10ó-120 days ges
using halothane (0.5-4.0%) and N'GO2 (5():5O. vol/vol) with aseptic
lechniques. HPD was performed in the fetuses of l0 ewes (HPD group),
as described in full previously (l l). A midline incision was made in the
fetal nose, and lhe nasal bone was opened jusl lefÌ of the intranasal
septum. The optic cNasm was located and exposed to allow access to the
median eminence. The neural tissue of both inlernal and externa¡ lam-
inae of the median eminence we¡e removed using gentle suction, A small
piece of gel foan soaked in th¡ombin (Thrombostat, Parke-Davis,

amniotic cavity in all ewes. All catheters were filled with heparinized
saline, and the fetal catheters were exteriorized via an incisiôn in the
ewes flank.

PRL RIA

Plasma PRL was measured using rabbit antiovine PRL (antiserum
batch AFP 973269, generovsly donated by the National Hormone and

Pituitary Program, NIDDK, Baltimore, MD) and a validated RIA, which
has been previously described (l). The sensitivity of the assay was 0.1
ng/ tube, and the inter- and intraassay coefficients of variation were less
than 20% and less than l07o respectively.

Erperimental dcsign

Blood sømpling protocol

The¡e was at least a ltl-day period between surgery and the first 2,1-h
blood sampling experiment. All22 ewes were subþted to a 24h blood-
sampling experiment between 13.}1,t() days gestation. During the 2r1-h
experinents, maternal (5 ml) and fetal (2 rrl) arterial or venous blood

Melotonin RIA

Plasma melatonin was measured using sheep melatonin antisemm
generously donated by Dr. Andrew Foldes (CSIRO, Dvision of Animal

Australia) and a RIA that has been previously
(3). The sensitivity of the assay was 35.7 pmol/

inhaassay coefficients of variation were always

S¿a¿is¿ics

All results are expressed as the mean t seu. Where the Cochrans and
Bartlett-8ox tests identified significant heterogeneity of variance, ma-
temal and fetal hormone concenhations were logarithmically hans-
formed before further stalistical analysis. The data were analyzed, using
the Statistical Package for Social Scientists (S[|SS, Chicago, lL) and a VAX
mainframe computer, by multifactorial analysis of variance (ANOVA),
with treatment (i.e. HPD or intact group), environment (i,e. long or short
photoperiod), time of day, and animal as the specified variables. Where
the multifactorial ANOVAs identified significant interactions berween
major factors, the data were split on the basis of the interaction and
reanalyzed. Where a significant effect of time of day (P < 0.05) was
identified by the ANOVA, Duncan's multiple range test was then used
to test for significant differences (P < 0.05) in matemal and fetal plasma
hormone concentrations during any 2,1-h period.

The fetal melatonin data were also split on the basis of the lighting
regimen and analyzed by ANOV,{, with treatment, lighting (i.e. light or
dark phase), and animal as the specified vaúables.

Data were also analyzed using a cosinor treatment program (12),
which determined whethe¡ a sine cu¡ve could be significantly fitted (P
< 0.05) to the 24-h hormonal profiles. The acrophase (1.e. the time of day
at which the maximum value in the rhythm occurs) of the sine cu¡ve was
determined for each identified rhythm. A probabiliÇ of 57o (i,e. P < 0.05)
was taken to be significant.

Reeults

Maternøl ond fetal melatotuin concentrdtions

There was no significant effect of fetal surgical treatment
alone or any interaction between the effects of fetal surgical
treatment and time of day on the maternal plasma concen-
trations of melatonin. There was, however, a significant in-
teraction (P < 0.001) between the effects of time of day and
the external lighting regimen on plasma melatonin concen-
hations in the ewes, In the LL regimen (i.e, lights off at 2300
h), plasma melatonin concentrations were significantly
hi8her (P < 0.05) between 0100-0700 h than belween 0900-
2300 h in ewes carrying HPD and intact fetal sheep (Fig, 1),
In the SL regimen (i,e. lights off at 1500 h), plasma melatonin
concentrations were significantly higher (P < 0.05) between
1900-0100 h than between 0700-1500 h in the ewes in each
treatment group (Fig. 1).

There was a significant interaction between the effects of
fetal surgical treatment and the lighting regimen us. time of
day on the fetal plasma concentrations of melatonin. When
each lighting regimen was considerd separately, there was
still a significant interaction between the effects of surgical
treatment and time of day on fetal melatonin concentrations.
In the intact fetal sheep under the SL regimen (lights off 1500
h), melatonin concentrations were higher (P < 0.05) between
2100-0100 h than between 0900-1700 h (Fig. 1). In the HPD
fetal sheep under SL, melatonin concentrations were higher
between 1700-0500 h than bekween 0900-1500 h (Fig. 1).
Under LL conditions, there were more marked differences
between the 24-h profiles of fetal melatonin in the HPD and
intact groups. In the intact fetal sheep under LL (lights off
2300 h), fetal melatonin concentrations were higher (P < 0.05)
between 0300-0700 h than belween either 0900-1100 h or

Fetal PRL and melatonin rhythms
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significantly higher (P < 0.001) in both treatment groups in
the LL regimen (intact, 111.0 + 22.1 pg/ml;HPD,37.6 + 7.3
pglml) than in the SL regimen (intact, 37.8 + 18.4 pg/ml;
HPD,6.7 'r 4.3 pg/ml).

There was also a significant interaction (P < 0.001) be-
tween the effects of fetal surgical treatment and time of day
on fetal PRL (expressed as either absolute concentratio¡rs or
a percentage of the daily mean value). In the intact group,
there was a significant variation (P < 0.001) in fetal PRL with
respect to time of day, which was similar in each lighting
regimen (Fig.2). In this group, fetal PRL concentrations were
significantly higher (P < 0.05) at 1300 and 1700 h than be-
tween 0300-0700 h (Fig. 2). In conhast, in the HPD fetal
sheep, there was no significant effect of time of day on fetal
PRL concentrations in either the LL or SL regimen when the
PRL data were analyzed using ANOVA (Fig. 2).

Cosinor analysis was also performed on the data from each
fetus to determine whether a sine curve significantly fitted
the fetal 24h plasma PRL profiles. The cosinor analysis iden-
tified a significant rhythm in I of the 12 fetal PRL profiles in
the intact group. In this group under LL conditiilns,4 of the
6 fetal PRL profiles had a significant rhythm (P < 0.0Ð with
acrophase values ranging betrveen 0706-7748 h. Under SL
conditions, the cosinor analysis identi.fied a significant
rhythm in 4 of the 6 fetal PRL profiles with acrophase values
between 1252-0018 h. ln conhast, there were only 2 of the 10
24h PRL profiles from the HPD group that were identified as
having a significant rhythm. The acrophase values for these
rhythms were 0336 and 0356 h, and both of these fetal sheep
were maintained under LL conditions.
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on the time axia represents the period of da¡kness in each lighting
regimen. Ttre ilata fron the HPD and iotact treatmeut g¡oups are
preeented eeparately in the le¡t andrþht ponels, reepectively.

7700-23W h. In the HPD group under long light, however,
fetal melatonin was only higher at two separate time points,
f.¿. at 1900 and 05(þ h than at 2100 and 2300 h, í.e. there was
no consistent nocturnal increase in melatonin in this group
(Fig. 1).

In the SL regimen, there was no difference between the
treatnrent groups in the mean plasma concentrations of me.
latonin in the dark phase (intact, 247.7 + 47.1 pmol/llter;

pmol/liter).
There was no significant differencebetween the two treat-

ment groups in the mean plasma melatonin concentrations
during the light phase with either the SL regimen (intact,
184.1 t 37.7 pmol/hter; HPD, 87.3 + 32.4 pmol/liter; P =
0.02) or the LL regimen (intact, 134.3 t 40.5 pmol/liter; HPD,
U.4 + 15.8pmol/liter; P = 0.1).

Fetal PRL concentrations

The mean fetal plasma concentrations of PRL were sig-
nificantly lower (P < 0.05) in the HPD fetal sheep than in the
intact group, and this effect was present in both lighting
regimens. The 2&h mean plasma PRL concentrations were
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Flc, 2. The percentage of the daily mean plasma PRL concentration
(mean t snu) in HPD (left patæl) and intact (riglrú p¿¡æI) fetal sheep
during 24-h eampling periods under LL(lop graphs) and SL (öo!!orn
graphs) conditione. T}:,.e horizontdl shod¿d bor on the time axis rep-
resents the period of darkness in each lighting regimen.
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M ate r nol PRL conce n I r ot ions

There was no difference between the mean maternal
plasma concentrations of PRL in the ewes carrying HPD or
intact fetuses. The 2¡l-h mean PRL concentrations were sig-
nificantly higher in the LL than in the SL regimen in the ewes
carrying HPD (LL,95.0 -¡ 45.0 pglml; SL,31.8 t 12.2pg/rrJ)
and intact fetuses (LL, 121,.4 '+ 48.2 pg/ml;5L,32.4 + t7.0
pglmì).

In the ewes carrying intact fetuses, there was no significant
va¡iation in maternal plasma PRL with respect to time of day
in either light regimen when the group hormonal data were
analyzed by ANOVA (Fig. 3). When cosinor analysis was
performed on the matemal PRL data, however, a significant
daily PRL rhythm was identified in ó of the 13 ewes carrying
intact fetal sheep (acrophase values between 1609-0013 h in
LL and between 2277-0157 h in SL).

There was a significant variation (P < 0.001) in maternal
PRL with respect to time of day in the ewes carrying IIPD
fetuses, and this effect was simila¡ in each lighting regimen
(Fig. 3). In these ewes, PRL concenhations (expressed as
either absolute values or a p€rcentage of the daily mean
value) were significantþ higher (P < 0.05) between 13ü)-
1900 h compared to those between 0500-0700 h. When co-
sinor analysis was performed on the PRL data, a significant
PRL rhythm was identified in 6 of the 10 ewes carrying HPD
fetal sheep (acrophase values between 1131-17,13 h in LL and
between 7406-l7M h in SL).

HPD - LL lntact - LL

Discueeion

We have demonstrated that in fetal sheep, the HPD pro-
cedure resulted in abolition of the diurnal melatonin rhythm
under LL conditions and the loss of the diurnal PRL rhythm
under LL and SL conditions. This provides direct evidence
for a role for the fetal hypothalamus in the generation of
diurnal rhythms in melatonin and PRL before bfuth in the
sheep.

We and others have previously shown that there is a di-
umal rhythm in plasma melatonin concentrations in preg-
nant ewes and their fetal lambs during late gestation (2, 3).
Melatonin rapidly crosses the sheep placenta, and pinealec-
tomy of the pregnant ewe abolishes the daily rhythm in both
maternal and fetal melatonin concentrations (È5). Further-
more/ a clea¡ noctu¡nal increase in rnelatonin concentrations
does not emerge until after the fi¡st week of life in the new-
born lamb (13). In light of these findings, it has been con-
cluded that the maternal pineal is the major sou¡ce of the
diurnal rhythm in maternal and fetal plasma melatonin con-
centrations and that the emergence of an endogenous me-
latonin rhythm is a postnatal event in the sheep. We did note,
however, in a previous shrdy that maternal pinealectomy did
not remove all of the immunoreactive melatonin from the
maternal and fetal plasma in late gestation, and that in the
fetuses of pinealectomized ewes, there was a steady increase
in melatonin concenhrations during the last 2-3 weeks of
gestation (3). In the present study, there was a significant
diu¡nal rhythm in circulating melatonin concentrations in
pregnant ewes and thei¡ HPD or intact fetuses during the SL
conditions. Although it was interesting that in the SL regi-
men, the mean fetal plasma concentrations of melatonin ap
peared lower during the light phase in the HPD than in the
intact group, this difference did not reach significance. In the.
LL conditions, although the time profiles of maternal mela-
tonin were similar in the ewes carrying HPD or intact fetuses,
there were clear differences between the two treatment
groups in the fetal melatonin profiles. In the intact fetal sheep
under LL conditions, melatonin concentrations were higher
at the end of the dark phase than at the end of the light phase.
In the HPD group under LL, however, there was no consis-
tent increase in melatonin during the dark phase compared
with that during the light phase. Furthermore, under LL
conditions, the mean plasma melatonin concentrations dur-
ing the entire dark phase were significantlylower in the FIPD
than in the intact fetal sheep. These data indicate that the fetal
HPD procedure results in the loss of a source of circulating
fetal melatonin during the dark phase in LL.

One possibility is that the fetal HPD procedure resulted in
changes in the characteristics of the transplacental hansfer of
melatonin from the ewe to the fetus. In the SL conditions,
however, we found that there was no significant difference
between the HPD and intact fetuses in the mean melatonin
concentrations during the dark phase; therefore, it seems
unlikely that the HPD procedure has a major effect on the
placental transfer of melatonin.

During the HPD procedure, the optic chiasm is separated,
and the fetal suprachiasmatic nuclei (SCN) are destroyed' In
the adult, the circadian rhythm in the synthesis and secretion
of melatonin by the pineal gland is conholled by the circa-
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conditions in the intact group of fetal sheep, perhaps because
of the relatively short period of exposure (3-4 weeks) of the
ewes to the light conditions used in this study. It was inter-
esting, however, that there was no significant daily rhythm
in fetal PRL concentrations in the HPD group of fetal sheep.
The lack of PRL rhythmicity in this group was probably not
due to a lower level of PRL secretion from the surgically
isolated pituitaries because the PRL concentrations in the
HPD fetal sheep under LL conditions were similar to those
measured in the intact fetal sheep under SL conditions.

There are very few studies that have investigated the
source and control ofthe daily PRL rhythm in either the adult
or fetal sheep. Although the results from the present study
indicate that the presence of a daily PRL rhythmis dependent
on a functional hypothalamus, Lau and Jackson (24) p¡svi-
ously reported that frontal hypothalamic deafferentation did
not alter the photoperiod-induced changes in the 24-h pro-
files of PRL in the adult ewe. These researchers concluded
that the direct neural pathways between the suprachias-
matic-preoptic region and the mediobasal hypothalamus
must play a relatively minor role in the generation of the
daiþ PRL rhythm. In previous studies we have shown that
the daily PRL rhythm persists in the maternal and fetal
circulation after maternal pinealectomy (8), and that the tim-
ing of the daily acrophase in the fetal and maternal PRL
rhythm was related to the time of dark onset and not to
changes in the phase of the daiJy melatonin rhythm (10). The
hypothalamic site of the generation of the daily PRL rhythm
in the fetus and ewe and the nature of the inputs to this site,
therefore, remain to be established,

In this study wehave also confirmed our previous findings
in this group of animals that there is a fetal PRL response to
photoperiods of different lengths and that this response is
maintained after surgical disconnection of the hypothalamus
and pihritary (25). It has been demonstrated that when me.
latonin is infused into pregnant ewes during srunmer preg-
nancies to simulate the winter duration of the nocturnal
melatonin increase, there is an associated reduction in the
fetal and maternal plasma concentrations of PRL (9). It ap
pears, therefore, that in the fetal sheep, as in the adult, the
PRL response to photoperiod length is dependent on the
duration of the nocturnal melatonin signal. We have postu-
lated that a possible exhahypothalamic site of action of ma-
ternal melatonin is the pars tuberalis of the fetal pituitary.
The pars hrberalis contains exceptionally high concentrations
of iodomelatonin-binding sites (26), and the secretory cell
types of the pars tuberalis of the adult sheep pituitary seem
to be melatonin responsive (27). Our present study, therefore,
demonstrates that photoperiod length, transduced as the
phase and duration of the nocturnal melatonin signal and the
time of day, control fetal PRL secretion at separate neuroen-
docrine sites.

There was a significant daily rhythm in PRL concentra-
tions in most, but not all, of the ewes in this study. The
acrophase values of the maternal PRL rhythms were consis-
tentlybetween 1100-1800 h in the ewes carrying HPD fehrses
and between 1600-0200 h in the ewes carrying intact fetal
sheep. There are a number of factors other than time of day,
such as circulating estrogen concentrations, that may influ-
ence maternal PRL secretion during late gestation, and the

dian pacemaker activity of the hypothalamic SCN (14). In the
present study, loss of the nocturnal increase in fetal mela-
tonin during the LL conditions after HPD may have been a
consequence of ablation of the fetal circadian pacemakers.
We have previously demonstrated in an i¿ oifro study that
the fetal lamb pineal gland has the capacity to synthesize and
secrete melatonin in response to p-adrenergic stimulation
during the last 10 days õf gestation (15). Ifìhere is a fetal
source of melatonin, then it is difficult to explain the lack of
effect of fetal HPD on fetal melatonin concentrations under
the SL conditions, Perhaps the sustained nochrmal increase
in maternal melatonin during the 16-h dark phase effectively
masks or supp¡esses any fetal source of melatonin. As dis-

on a maternal melatonin signal. There is evidence from other
species that there is a ci¡cadian variation in the metabolic
activity of neurons within the fetal SCN (16), and melatonin-
binding sites have been identified in the SCN of adult and

Further experiments are required to define the contribution
of the fetal pineal gland to the daily rhythm in fetal melatonin
concentrations during LL and SL regimens.

In the present study, the circulating PRL concentrations
This is

Hfiil
rat (19), monkey (20,27), andman (22). Ou¡ results, however,
agree with those of Thomas ¿t ¿1. (23), who demonstrated that
there was a transient elevation in circulating PRL concen-
trations in the fust 7 days after HPD in the adult ewe and that
PRL levels gradually declined thereafter. These researchers

cluded that pitui may be
uhder the control d i¡ihib-
itory factors (23). discon-
nection of the fetal pituitary from the hypothalamus at
108-112 days gestation did not alter the morphology, dis-
tribution, or proportion of lactotrophs in the anterior pitu-
itlV at 13ts138 days gestation (11). It, therefore, appears
likely that, as in the adult sheep, fetal PRL seqetion iJunder
the predominant control of hypothalamic releasing factors.
There exists the additional possibility, however, in the fetus
that circulating factors derived from the placenta, such as
estrogens, are no longer able to stimulate PRL secretion via
the hypothalamus after HPD.

It has been previously demonstrated that there is an effect
of season or of a change in the time of dark onset on the
timing of the peak in the daily fetal PRL rhythm (ó, 10). In
the present sfudy there were no consistent differences be-
tween the acrophases of the PRL rhythm under LL or SL
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effect of fetal HPD on placental estrogen ouþut remains to
be determined.

In summary, we have provided direct evidence for a fetal
hypothalamic role in the control of fetal melatonin secretion
during long photoperiods. We have also demonstrated that
an intact and functional fetal hypothalamus is essential for
generation of the daily PRL rhythm under both lighting
regimens. These data in combination with our previous find-
ings suggest that there are different newoendocrine sites of
control of the seasonal and diurnal variations in PRL in the
sheep before birth.
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5. Dlscuss¡oru

5.1 Photoperiod effects on PRL

The first original finding of this thesis was that a fetal sheep plasma PRL

response to different photoperiods occurred irrespective of whether the fetal

hypothalamo-pituitary axis was intact or surgically disconnected. A similar finding

had been only just been found in adult rams (Lincoln and Clarke, 1994) but the

animals were directly exposed to the ambient photoperiod. The research for this

thesis was focussed on the fetal situation in utero and without direct influences of

the light: dark cycle allowed postulation about possible mechanisms of varying

PRL concentratio ns u nd er d ifferent photoperiod s.

It is well established that the duration of elevated concentrations of

nocturnal MEL mediates photoperiodic effects on plasma PRL concentrations in

the ewe and sheep fetus (Brown and Forbes, 1980; McMillen et al, 1991 ; Maxwell

et al, 19Bg). That the fetal sheep in this thesis could produce different plasma PRL

concentrations depending on the ambient photoperiod strongly implicated the

nocturnal MEL rhythm, derived from the maternal pineal gland (McMillen &

Nowak, 1989; Yellon & Longo, 1988), as mediator of photoperiodic information.

An extra-hypothalamic site for MEL to exert its photoperiodic effects is supported

by the PRL response of hypothalamo-pituitary disconnected (HPD) fetal sheep

under different lighting regimes. The functionally isolated pituitary in the sheep

fetus can respond to the external photoperiod (and thus the maternally derived

nocturnal MEL rhythm) and adjust PRL production and secretion.

There is growing indirect evidence that MEL may exert its effect on

seasonal expression of PRL via the pars tuberalis. The pars tuberalis is a distinct

'tube' of cells that surrounds the pituitary stalk and adjoins the pars distalis. Very
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high concentrations of iodomelatonin binding have been demonstrated in the

sheep fetus from as early as 30 days gestation. This thesis suggests that the pars

tuberalis may to be functional'before bifth and is important in mediating PRL

secretion in response to ambient photoperiod. This may allow the fetus to prepare

for the upcoming season after birth by adjusting short and long-term physiological

responses.

The first study of this thesis also demonstrated that fetal sheep that have

undergone HPD have lower plasma PRL concentrations than sham operated

animals. This suggests that in fetal sheep PRL release may be under tonic

stimulation by a hypothalamic PRL releasing factor rather than the widely

accepted adult situation where PRL secretion is thought to be regulated by

inhibitory dopamine. lt is also possible that oestrogen or placental factors that are

released during gestation may stimulate PRL secretion but require an intact

hypothalamo-pituitary axis. Alternatively HPD may alter the oestrogenic profile of

the fetus and influence PRL secretion through gestation.

lnterestingly the association of increasing PRL levels with increasing

gestational age was not seen in HPD fetal sheep held in a short photoperiod. This

indicated that an effect of increasing gestational age that increases PRL

production and secretion depends on an intact hypothalamo-pituitary axis. Effects

of increasing exposure to long photoperiod may mask the lack of a gestational

effect under long photoperiod in HPD fetuses. lncreasing levels of circulating

oestrogen during late gestation have been suggested to stimulate PRL secretion

(Gluckman et al, 19S1) and this thesis suggests that an oestrogenic effect may act

via the hypothalamus rather than on the pituitary directly to influence the

gestational profile of PRL.
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Finally the first study in this thesis found that the proportional PRL

response of fetal sheep to a TRH bolus was greater in short photoperiod than long

photoperiod. This indicated that the potential pool of PRL available for sebretion is

greater when secretion is low. However, the absolute PRL response was greater

in long photoperiod than short photoperiod suggesting that greater production and

secretion could occur in both HPD and intact fetal sheep. The isolated pituitary

could therefore alter its reserue of PRL without hypothalamic influence

The problems encountered with the first study of this thesis were mainly

technical limitations imposed by working with fetal sheep. HPD surgery could not

be performed before 105 days gestation, as the fetus would be too small.

Performing surgery at this stage in gestation limited exposure to a change in

photoperiod and provided a limited window of opportunity for blood sampling after

7 days recovery from surgery and term (-145 days gestation). There were also

limited blood sample sizes and quantities in fetal sheep available for assay and

analysis of fetal well being.

Future research could focus on the role of the pars tuberalis on PRL

production and secretion. Potential prolactin releasing factors from the pars

tuberalis and their role in photoperiod regulation of PRL release could be

investigated. The role of MEL by infusion on plasma PRL concentrations ín HPD

fetal sheep in long photoperiod could provide further support for a role of MEL at

the pars tuberalis. Finally, investigating any possible photoperiodic changes in

PRL mRNA in the isolated pituitary could provide evidence for a role of

photoperiod in PRL gene expression.
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5.2 Effect of photoperiodic history on PRL

ln the second study of this thesis the principle original finding was that

photoperiodic history determines the plasma PRL concentrations in fetal sheep

after HPD but not in intact fetal sheep. Therefore it ís necessary to remove the

hypothalamic influences on the pituitary to reveal effects of photoperiodic history

on the plasma PRL response to an intermediate photoperiod. The first study

revealed that the isolated pituitary could respond to the prevailing photoperiod,

whilst this second study demonstrates that the PRL response is dependent on

prior photoperiodic history in the HPD fetal sheep. Thus the interpretation of a

change in photoperiod from short or long photoperiod to intermediate photoperiod

occurs at the pituitary. lt is likely that this effect is mediated by MEL acting at the

pars tuberalis that then effects PRL secretion from lactotrophs in the pars distalis.

This is the first finding of an in utero effect of photoperiodic history and provides

evidence that nocturnal MEL exposure can determine the generation and

expression of photoperiodic history without the direct effects of the light: dark

cycle.

lnterestingly, no effect of photoperiodic history on the gestational age

increase in PRL was seen in the intact fetal sheep. The gestational age PRL

increase in intact animals potentially masks any small difference of photoperiodic

history seen in HPD animals. The influence of the hypothalamus and a potential

PRL releasing factor have a significant impact on PRL in sham animals as

gestation progresses. Oestrogen or a factor from the placenta could act at the

hypothalamus to stimulate PRL secretion as gestation progresses, as there is no

gestational age PRL increase in the functionally isolated pituitary in animals

previously exposed to long photoperiod. lt is impossible to differentiate between
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the effects of a gestational age increase and an effect of photoperiodic history in

HPD animals previously exposed to short photoperiod. The lack of a gestational

age PRL rise in the HPD animals from a long photoperiod suggests this is a

photoperiod ic history effect.

Similar to the first study, the second study also found that HPD animals

had lower plasma PRL concentrations. This supported the contention that a PRL

releasing factor(s) from the hypothalamus can influence PRL levels in intact but

not HPD animals. Oestrogen or a placental factor may be stimulating PRL

secretion via the hypothalamus in intact animals.

The second study also demonstrated that the proportional PRL increase

after a TRH bolus in the intermediate photoperiod is the same after pre-exposure

to short or long photoperiod in both intact and HPD fetal sheep. This indicates that

the potential pool of PRL for secretion is heavily influenced by the ambient

photoperiod and not the photoperiodic history. ln conjunction with the findings of

the first study this suggests regulation of a pool of PRL for secretion occurs at the

pituitary. The isolated pituitary is thus able to store a relative pool of PRL that

reflects the ambient photoperiod and at the same time secrete different amounts

of PRL depending upon the photoperiodic history. This suggests potentially

different regulating mechanÍsms for manufacture, storage and secretion of PRL in

response to d ifferent photoperiods.

Similar to the first study, the second was limited by technical aspects of

working with fetal sheep. This included gestational limitations on time of surgery,

the duration of the photoperiod exposure and limited size and quantity of blood

samples for analysis.
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Future directions for research could include an investigation of the HPD

adult sheep to display varying PRL responses to an intermediate photoperiod

depending on prior photoperiodic history. An investigation of any differences in

pars tuberalis cells depending on photoperiodic history may provide information

about a mechanism by which photoperiodic history can be expressed in the

isolated pituitary. Finally, examination of PRL mRNA may reveat information about

PRL manufacture and storage in intermediate photoperiods after pre exposure to

long or short photoperiods.

5.3 Diurnal rhythms in PRL and MEL

The studies presented in Chapter 4 demonstrated that HPD abolished the

diurnal plasma PRL rhythm in fetal sheep held in short and long photoperiods.

This was the first demonstration that a functionally isolated pituitary in the fetal

sheep cannot generate a diurnal rhythm in plasma PRL concentrations.

Connections between the hypothalamus (and potentially the SCN) and the

pituitary are therefore necessary for generation of a diurnal PRL rhythm in the

fetus. This is similar to the neuroendocrine control of the diurnal PRL rhythm in

the adult ram (Lincoln and Clarke, 1994). Asthe SCN (the circadian pacemaker)

is destroyed in HPD animals' one possibility may be that it is the SCN which

generates and/or regulates the diurnal rhythm of PRL secretion from the

lactotrophs in the anterior pituitary.

Surprisingly, HPD also abolished the diurnal fetal MEL rhythm in long

photoperiods. Conventional wisdom has it that the nocturnal rise in fetal MEL is

derived from the maternal pineal and that fetal pineal does not contribute

significantly to the MEL rhythm until around three weeks after birth. The lack of a
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nocturnal MEL rise in HPD fetal sheep held in long photoperiods suggests the

fetal hypothalamus and/or SCN may be involved in the generation of fetal MEL

and a diurnal MEL rhythm before birth. There wás no evidence for this under short

photoperiods in HPD animals but this effect may only occur when exposure to the

dark period (and maternally derived MEL) is relatively short.

Plasma PRL levels were again lower in the HPD fetal sheep confirming the

earlier findings in Chapters 2 and 3 of this thesis, again implicating a possible PRL

releasing factor in the regulation of fetal PRL. Fetal sheep held in long

photoperiods had higher levels of PRL than those in short photoperiods in intact

and HPD animals. This confirms the original finding that photoperiodic information

may be transduced via the duration of nocturnal MEL to mediate PRL secretion

and production directly at the pituitary. Thus photoperiodic information acts at an

intra pituitary site, most likely the pars tuberalis, whilst the diurnal expression of

PRL is derived from a site within the hypothalamus, most likely the scN.

Similar limitations as the previous two chapters were encountered with

limited time for photoperiod exposure and entrainment, limited size of the fetal

sheep reducing the amount of blood and plasma that can be sampled and the

constraints of gestation.

Future areas that could be investigated include determination of the

hypothalamic site of the diurnal PRL rhythm and exclusion of a direct role of the

light: dark cycle through the abdominal wall of the mother on the diurnal PRL

rhythm in the fetal sheep by blindfolding.

Subsequent research in this field has focussed on the role of the pars

tuberalis in the regulation of PRL and also on the expression of the PRL receptor

and its variants in a range of tissues and on intracellular signalling through
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activation of this receptor. The major findings in these areas are summarised

below.

5.4 Pars tuberalis

At the time of my experimental studies that are presented in this thesis, the

evidence for a role of the pars tuberalis in the regulation of synthesis and

secretion of PRL from the pars distalis was circumstantial. lt was known that the

pars tuberalis was structurally distinct from the pars distalis (Morgan & Williams,

1996) and that there were iodomelatonin binding sites on the pars tuberalis

(Krause & Dubocovich, 1990). The cells of the pars tuberalis had been

demonstrated to be responsive to MEL (Morgan et al, 1991), whilst photoperiod

could change the exocytic activity (Mercks et al, 1993) and cytology (Wittkowski et

al, 1984) of cells of the pars tuberalis in Djungarian hamsters.

Since publication of my thesis papers, subsequent research has focussed

on the identification of a factor from the pars tuberalis that influences the pars

distalis and the demonstration of photoperiodic regulation of PRL synthesis and

secretion via the pars tuberalis. Further support for MEL as the humoral

representation of photoperiod was provided by the demonstration that MEL

injections into Djungarian hamsters under long photoperiod caused similar

cytological changes to pars tuberalis cells as those animals kept under short

photoperiod (Bockers et al, 1995). Thus photoperiod and MEL administration can

change the morphology, exocytic activity and immunoreactivity of pars tuberalis

cells in the Djungarian hamster (Wittkowski, 1999). Exposure to short

photoperiods leads to decreased secretory activity and long photoperiod

increases secretory activity of pars tuberalis cells.
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Pars tuberalis cells have been found to secrete a peptide(s) that stimulates

PRL secretion from pars distalis cells (Hazlerigg et al, 1996; Morgan et al, 1996).

Termed 'tuberalins', the moleculai identity of these factors was investigated by

raising antibodies against proteins secreted into the culture medium of pars

tuberalis explants (Guerra and Rodriguez, 2001). They found a 72kDa protein

(tuberalin l) and a 21kDa protein (tuberalin ll) in variably sized secretory granules

of bovine, rat and hamster pars tuberalis cells that were not present in pars

distalis cells. Further evaluation of the tuberalin ll protein suggested it would

correspond with the ß chain of a specific glycoprotein of pars tuberalis specific

cells (Guerra and Rodriguez,2001). lt is possible that the tuberalin proteins play a

role in the regulation of PRL secretion.

PRL synthesis has been demonstrated to depend on photoperiodic

modulation of a pars tuberalis derived factor, whilst shoft photoperiods inhibit PRL

gene expression and shift the distribution of PRL mRNA expression per lactotroph

in hamsters (Stirland et al, 2001). lt was also demonstrated that the pars tuberalis

releases a factor that can stimulate gene transcription in lactotrophs with pars

tuberalis conditioned medium increasing PRL mRNA and PRL promoter activity in

pars distalis cells (Stirland et al, 2001). MEL inhibits this effect of pars tuberalis

conditioned medium on PRL mRNA expression suggesting photoperiod via MEL

may regulate PRL mRNA expression in the lactotroph. lnterestingly, pars tuberalis

fragments from hamsters which had been exposed to long photoperiods had

greater PRL promoter activity than pars tuberalis fragments from hamsters

exposed to short photoperiods (Stirland et al, 2001). The authors concluded that

photoperiod, via MEL, regulates the PRL axis by acting at the pars tuberalis to

modulate secretion of a PRL secretagogue.
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5.5 PRL receptor

Since publication of my research there has been much work investigating

the localisation and exprêssion of the PRl-receptor (PRL-R), its variant isoforins,

distribution in mammalian tissues and on ligand activation of this receptor and

consequent signal transduction. I have included a brief summary of this

contemporary information about the PRL-R and the mechanism of its activation

below.

The PRL-R belongs to class 1 of the cytokine superfamily and is a single

pass membrane bound protein that contains an extracellular, transmembrane and

intracellulardomain (Kelly et al, 1991; Bole-Feysot et al, 1gg8). PRL-R isoforms

vary in the length and composition of their cytoplasmic domains with long and

short PRL-R's described in the sheep (Bignon et al, 1997). Given that PRL has

over 300 separate biological activities it is not surprising that there is widespread

distribution of the PRL-R. Predictably the PRL-R is found in the mammary gland

and ovary. Interestingly, PRL-R mRNA has also been found in rat central nervous

system including choroid plexus, amygdala, thalamus, hypothalamus, stria

terminalis, cerebral cortex, central grey of the midbrain, area postrema and the

olfactory bulb. Peripheral organs and tissue also exhibit the PRL-R including the

pituitary gland, adrenal gland, brown adipose tissue, kidney, spleen, pancreas,

liver, thymus, heart, lung, uterus, skeletal muscle and skin (Nagano & Kelly, 1gg4;

Freeman et al, 2000)

Activation of the PRL-R occurs when binding site 'one' of the PRL ligand

interacts with the extracellular domain of the PRL-R molecule. The formation of an

initial ligand-receptor complex induces the interaction of binding site 'two' on the

same PRL molecule with a second PRL-R (Fig 2). The second PRL-R must also
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contain a conserved region termed 'Box 1' and have identical homology of the

intracellular domain as the first PRL-R to activate a tyrosine kinase termed Janus

Kinase 2 (JAl<2). JAI<2 is constitutively associated with the membranê proximal

region of the intracellular domain of the PRL-R. JAK2 is not induced by ligand

binding as demonstrated for the Growth Hormone Receptor (GHR). Activation of

JAK2 occurs by transphosphorylation of tyrosines during ligand induced

dimerization when the two JAK2 kinases are close to each other. Tyrosine

residues of the PRL-R itself are also phosphorylated and JAK2 kinases are

involved in this process (Freeman et al, 2000; Bole-Feysot et al, 1gg8).

Signal transduction is initiated when a tyrosine residue of the PRL-R

interacts with a Signal Transducer and Activator of Transcription (STAT) protein,

Eight STAT proteins have been identified of which STAT1, STAT3, STATSa and

STATSb are transducer molecules of the PRL-R. STATS is the most important

transducer of the long and intermediate isoforms of the PRL-R. STAT, whilst

interacting with the tyrosine residue of the PRL-R, is phosphorylated by the

receptors JAK2. The STAT then dissociates from the receptor, dimerizes with

another phosphorylated STAT molecule and translocates to the nucleus, where it

regulates transcription by binding to specific DNA sequences in the promoters of

target genes (Freeman et al, 2000).

PRL induced signal transduction is regulated to avoid excessive stimulation

by Cytokine-lnducible SH2-containing proteins (ClS) and Suppressors Of

cytokine signalling (SOCS) proteins (Krebs & Hilton, 2001). PRL induces

expression of SOCS-1 and SOCS-3, which inhibit the activity of JAK2 and

activation of STAT proteins. SOCS-1 binds to JAK and inhibits catalytic activity,

SOCS-3 binds to JAK-proximal sites on the PRL-R and inhibits JAK activity, whilst
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CIS proteins compete with and block the binding of STAT to docking sites on the

PRL-R (Krebs & Hilton, 2001). The SOCS proteins therefore act as part of a

negative feedback loop that regulates PRL induced transcription.

The studies for this thesis have demonstrated that the functionally isolated

fetal sheep pituitary can alter fetal plasma concentrations of PRL to changes in

ambient photoperiod, that functional isolation of the fetal pituitary gland is

necessary for expression of a photoperiodic history in intermediate photoperiods

and that maintenance of a diurnal PRL rhythm in the fetal sheep is dependent on

an intact hypothalamo-pituitary axis. This photoperiodic regulation of fetal PRL

may be transduced by the PRL-R pathway to play a role in the growth and

development of the fetus through its uniquely varied actions in a wide variety of

tissues.
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Figure 2. Schematic representation of the PRL-R signal transduction pathways initiated by bind¡ng of PRL
to the PRL-R. Jak2 - Janus Kinase 2, STAT - Signal Transducer and Activator of Transcription,
CIS - Cytokine lnducible SH2 Containing protein, SOCS - Suppressors of Cytokine Signalling,
P - Phosphotyrosine. Diagram based on figures in Bole-Feysot et al (1998) and Krebs & Hilton (2001).
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5.6 Suuueny

This thesis demonstrates for the first time that changes in the ambient

photoperiod result in changes in fetal plasma concentrations of PRL through

mechanisms which reside within the functionally isolated fetal sheep pituitary.

Furthermore, the secretion of fetal PRL in an intermediate photoperiod is

dependent on prior photoperiodic history and this effect is only revealed after

hypothalamo-pituitary disconnection in the fetal sheep. Finally, the expression of a

diurnal plasma PRL rhythm is dependent upon an intact fetal hypothalamo-

pituitary axis.

Discussion
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