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ABSTRACT

This thesis examines some aspects of milk yield manipulation utilizing some factors
that can affect the function of the mammary gland.
In the first part of study, the effect of photoperiod on lactation performance in the

goats was studied, and particularly to investigate if this response can be potentiated by prior

exposure to short periods of short days elicited by melatonin treatment. Long light did not
produce a clear stimulatory effect on milk yield, but a small response was seen in autumn
and only 1n goats that were not treated by melatonin. Repeated short cycles of melatonin did
not sensitize lactating goats to subsequent long light effect on milk yield regardless of stage
of lactation or commencement time of year. Indeed, this treatment might produce a
detrimental effect on milk yield when applied in early lactation.

The second part of the study was to determine the maximum metabolic capacity of
cows from different genetic merit. We adopted a multiple galactopoietic stimuli, increasing
milking frequency, bovine somatotropin and thyroxine, applied in additive stepwise fashion
at peak yield to cows from high and low genetic merit. This approach was successfully
drove the cows into what we believe their maximum metabolic capacity. Milk yield was
increased in an additive fashion at each stimuli. The increase in milk yield capacity was
associated with mammary growth which was detected during the maximum stimuli. There
was no significant difference in the response to the galactopoietic stimuli between cows from
different genetic merit which did not suggest that high genetic merit cows are milking closer

to their maximum capacity and, therefore, at greater risk of collapse of metabolic control

than low genetic merit cows.
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CHAPTER ONE

REVIEW OF LITERATURE

1.1 INTRODUCTION

Milk yield is greatly influenced by the total number of secretory cells of the

mammary gland which is determined mostly during mammary development occurring
during pregnancy. It has been estimated in the rat that the increase in milk secretion between
parturition and peak lactation might be brought about entirely by increase in cell number
(Knight et al., 1984). Cellular differentiation which enhance the secretory activity will also
contribute to the increase in milk yield (Wilde & Kuhn, 1979). In the goat, cellular

proliferation does not continue till peak lactation rather it ceases within 2-3 weeks after

parturition (Knight & Peaker, 1984; Wilde et al., 1986) indicating that the increase in cell

number may be less important as a determinant of milk yield in early lactation in the goat,
and the increase in cellular synthetic capacity contributes mostly to the rise in milk yield up
to peak lactation. In the Qeclining phase of lactation cellular activity, as determined by
enzyme activities and in vitro lactose and casein synthesis rate, is not changed, but it is the
loss of cellular number that is the major factor in the gradual fall of the milk yield (Wilde

et al., 1986). Initial milk yield and persistency of lactation, which is defined as the rate of

decline in milk yield after peak lactation is achieved are important factors affecting the

shape of the lactation curve of the lactating cow. A great amount of attention has been made

in the period of when milk yield starts to decline looking for ways of manipulating the
lactation curve in a manner that will increase milk yield or maintain milk secretion and
hence improve persistency which overall results in increase in total milk produced in the

lactation cycle. This can be achieved in part by maintaining the milk secretion capacity of

the mammary gland by stimulating cellular proliferation and mammary growth, slowing the
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rate of cell death (apoptosis), or increasing the secretory activity per cell. A number of
stimuli can achieve this improvement in lactation, which includes alteration in systemic
hormonal levels (growth hormone or bovine somatotropin, thyroxine), alteration in a local
factor that regulates milk secretion rate (frequent milking), or manipulation of the external

environment, ic photoperiod (Blaxter et al., 1949; Tucker, 1985; Wilde et al., 199)).

Milk secretion is highly regulated by the endocrine system, which has a major role
to play in providing an optimum environment to support the huge metabolic demand for
milk secretion in early lactation and for lactation to be maintained. For example, alteration
in the secretory activity of lactotrophs and somatotrophs in the anterior pituitary ensures
high levels of prolactin and growth hormone in the circulation. Another example which 1s
related to the adaptation of the endocrine system is alteration in the metabolic activity of

some organs and tissues in a way that will provide a support for milk secretion. The

stimulatory effect of insulin on adipose tissue is reduced or diminished in the lactating
animal (Vernon, 1989), for instance. In this chapter, hormones that are closely related to
milk production will be reviewed. Galactopoietic factors that have been employed in
manipulating milk production, which include local factors (frequent milking), environmental
factors (photopel;iod) will be discussed. Fnally, the most widely used to improve milk
production, genetic selection, will be discussed with emphasis on some physiological factors

that have been altered in response to genetic selection for high milk production.

1.2 PROLACTIN
1.2.1 Prolactin structure and receptor

Prolactin (PRL) is one member of a family of closely related polypeptide hormones
which includes growth hormone, placental lactogen and PRL. Generally, it consists of

around 197-199 amino acid residues with a molecular weight of around 23,000 da. Although
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the major form of PRL exists in a monomer form, different studies have reported different
forms of PRL with different molecular weights and possibly different biological potencies.
In mouse serum, Sinha, (1980) reported the existence of a large molecular weight form
("big big"), intermediate ("big") together with the monomeric form ("little"). Another form
of PRL which has been detected is the glycosylated form with a possible different biological
potency and immunoreactivity from reference PRL (Lewis et al., 1984). The physiological
significance of these different forms is not fully understood, but they may be preferentially
secreted in response to specific physiological situations. For example, a shift in molecular
size distribution in response to milking in cows in which the big form disappeared and the
big-big form appeared in the circulation after milking (Gala & Hart, 1980). Also, in the ram
PRL variants with higher molecular weights are at significantly higher concentrations in the
pituitary of rams maintained in the winter months (Stroud ez al., 1992). It can be anticipated
that different variants of PRL are secreted by specific stimuli or releasing factors to serve
specific biological activities in specific target cells; a concept which is in agreement with
the wide biological activity of PRL in different tissues and organs. However, whether a

single lactotroph cell has the ability to produce different variants or different cells produce

specific variants is not known.
In order for PRL to manifest its effect on target cells, it must first bind to specific

binding sites on the surface membrane on these cells. Receptors for PRL belong to the

growth hormone/prolactin cytokine family (Wallis, 1992) which is characterized by a
transmembrane domain and absence of intrinsic tyrosine kinase. Studies with PRL receptor
have indicated the presence of two different forms of PRL receptor; low form with a
molecular weight of about 35,000 da and a large one with around 85,000 da and this
difference is attributed to the length of the cytoplasmic domain (Kelly et al., 1992). The two

forms could be transcribed from multiple mRNA species like the situation in rat liver and
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mammary gland (Jahn ez al., 1991), but in the rabbit mammary gland they result from post-
translational processing of a single long form of the receptor (Edery ez al., 1989). In the rat, .
the molecular form of the receptors showed variation according to the developmental state,
and some PRL receptors variants are preferentially present in specific physiological
situations. For example, low molecular weight form is present in the mammary gland only
during lactation (Guillaumot & Cohen, 1994); the short form predominates in some tissues
like liver and mammary gland whereas the long form is present at high concentrations in
other tissues like the ovary (Kelly et al., 1992). However, in the cow apparently only one
form of receptor of molecular weight of 36,000 is present throughout the developmental
stages of the mammary gland (Smith et al., 1993). The structural heterogeneity of PRL
receptors might suggest different signal transduction mechanisms which might be involved

in mediating the PRL actions in different target tissues and developmental stages.

1.2.2 Control of PRL secretion

Prolactin is secreted by secretory cells, lactotrophs, in the adenohypophysis. A
number of neurotransmitters and peptides which are synthesised in the hypothalamus and
transported to the anterior pituitary, via portal blood system, exert either stimulatory or
inhibitory effects on PRL release. The role of the hypothalamus in mediating inhibitory

effects on PRL secretion was demonstrated when the anterior pituitary gland was separated

from the hypothalamus, which resulted in steady increase in PRL secretion (Nagy et al.,

1979; Lincoln & Clarke, 1995) suggesting the removal of mainly inhibitory factor(s) from

the hypothalamus.
Different factors produced mainly by the hypothalamus have the capability to exert,
with varying degree, an inhibitory effect on PRL synthesis and release, but dopamine is

considered to be the predominant one and widely recognized as the prolactin inhibitory
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factor (PIF). Dopamine is a neurotransmitter synthesised in neurons of the arcuate nucleus
whose axons terminate in the median eminence capillary, and is then released into portal
vessels and transferred to the anterior pituitary (Moore, 1987) where it interacts with D2
subtype of dopaminergic receptors on the lactotrophs causing inhibition of PRL release
(Ramsdell ez al., 1985; Moore, 1987). Dopamine also inhibits PRL gene transcription and
suppresses lactotroph proliferation (Ben-jonathan, 1985). The specificity of the inhibitory

effect of dopamine on PRL release is clear since removal of the dopaminergic influence by

dopaminergic blockers increase PRL release by competing with dopamine receptors and
hence blocking the 1nhibitory action of dopamine (Lopez et al., 1989; Lincoln & Clarke,
1995). Therefore, dopamine has a major role to play in regulating the PRL release and it
has been suggested that chronic tonus of dopamine is responsible for the basal levels of PRL
and during periods of physiological stimulation the coordinated action of stimulating factors

coupled with a transient decline in the dopaminergic system results in augmenting the PRL
release (Ben-jonathan et al., 1980; De Greef & Visser, 1981).

Also, several factors of hypothalamic origin exert some regulatory mechanism on
PRL release. The ability of y-Aminobutryic Acid (GABA) to inhibit PRL release in vitro
was demonstrated (Lamberts & Macleod, 1978) but only with high doses by acting directly
on the anterior pituitary (Grandison & Guidotti, 1979). Somatostatin (SRIF), which is a

potent inhibitor of growth hormone release, also has the ability to induce inhibitory effect

on basal as well as stimulated PRL release as has been demonstrated in the rat pituitary cells
in culture (Hanew & Rennels, 1982), but this inhibitory effect seems to be oestrogen (E2)
dependent, since E2 can act directly to regulate the sensitivity of lactotrophs to somatostatin
possibly by modifying the number of its receptors (Kimura ez al., 1986). The presence of
PIF in the posterior pituitary lobe was reported by Ben-Jonathan and Peters (1982), when

they observed an elevation of basal PRL after posterior pituitary lobectomy in the rat which
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suggested the presence of an inhibitory factor in this area of pituitary. The posterior
pituitary lobe participates in PRL regulation most probably by acting as another way of
delivering dopamine to the anterior pituitary (Ben-jonathan, 1985); since some of the axones
of the neurones of the arcuate nucleus which synthesize dopamine terminate in the posterior

lobe.

Although a primary PRL releasing factor has not yet been identified, several factors
with PRL releasing activity have been described under different physiological conditions.
Several factors have been reported to show stimulatory effects on PRL release with different
origin and different potency. Vasoactive intestinal peptide (VIP) which originates mainly
from the paraventricular nucleus in the hypothalamus which is transported to the anterior

pituitary via the portal blood system (Abe et al., 1985) where it can act directly on

lactotrophs to stimulate PRL release (Kato et al., 1978), and the significance of this peptide

in PRL regulation has been demonstrated by the finding that passive immunization with
antisera against VIP reduced PRL secretion (Kaji ez al., 1985). A possible involvement of
VIP in the physiglogical control of PRL during lactation has been suggested in which
lactation induces a significant increase in VIP synthesis in the suprachiasmatic nucleus
(Gozes et al., 1989). It has been suggested that VIP may regulate PRL release through an
intracellular mechanism since the lactotrophs have the capability to synthesis VIP and hence
act as an autocrine factor to stimulate PRL synthesis (Araout et al., 1986; Balsa et al.,
1996).

Thyrotropin-releasing hormone (TRH) is another factor with the ability to stimulate
PRL secretion by acting directly at the level of the anterior pituitary to stimulate PRL
release. Administration of TRH resulted in a significant increase in PRL in cattle (Vines er
al., 1976, Marcek & Swanson ,1984), also, it has been suggested that TRH may be

involved in the regulation of suckling-induced PRL release (De Greef et al., 1987).
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Serotonin or serotonin precursors exert some stimulatory actions on PRL release from the
anterior pituitary (Lu & Meits, 1978). Serotonin has been suggested to mediate its effect on
PRL release by modulating dopamine release (Pilotte & Porter, 1981) and it increases TRH
and VIP concentrations in the portal system (Jordan et al., 1978; Shimatsu ez al., 1982).

The presence of PRF in the posterior pituitary lobe was reported when the posterior
lobe was excised from lactating rats which prevented suckling-induced PRL release
suggesting the requirement.of the posterior lobe for this phenomenon (Murai & Ben-
jonathan, 1987). Furthermore, posterior pituitary extracts stimulate PRL release from the
anterior pituitary in vitro (Hyde & Ben-jonathan, 1988) and in vivo (Hyde & Ben-jonathan,
1989), but the nature of this releasing factor and how it mediates its effect on PRL release
is still to be determined.

Oestrogen is considered to be a potent factor regulating PRL release since E2 can
act directly on lactotrophs to stimulate synthesis and secretion of PRL (Augustine &
Macleod, 1975; Kino & Dannies, 1981) and also exerts a mitogenic effect on lactotrophs
(Amara et al., 1987). Furthermore, E2 can modulate the hypothalamic PRL inhibitory and
stimulatory factors and thereby affecting the responsiveness of lactotrophs to regulatory
factors. For example, E2 has been shown to decrease dopamine release and receptors on
lactotrophs (Cramer et al., 1979; West & Dannies, 1980) and enhance the stimulatory effect

of TRH (Hu & Lawson, 1994) by increasing its receptors on lactotrophs (Gershengorn et

al., 1979). Although stimulatory effect of E2 on PRL release has been well documented,

under specific conditions E2 can also exert inhibitory effect on PRL secretion (Shull &

Gorski, 1989).
Other factors that have been reported to have stimulatory effect on PRL release were
oxytocin, angiotensin II, insulin-like growth factor-I, opiates, met-enkephalines and several

growth factors (Lamberts & Macleod, 1990).




1.2.3 The influence of season on PRL release

Seasonal influence on PRL release is considered to be important in determining the
levels of circulating PRL, with two seasonal factors that are notably involved, photoperiod
and ambient temperature. Concentrations of PRL in sera are highest during the long light
days and lowest during the short days in seasonally breeding animals like sheep and goats
(Lincoln & Ebling, 1985; Emesih er al., 1993) and also in non-seasonally breeding animals
like the cow (Koprowski & Tucker, 1973).

Photoperiod influences PRL release via its effect on melatonin (MEL) which is
produced by the pineal gland. It has been demonstrated that elimination of MEL from the
circulation by pinealectomy abolishes the normal photoperiod-induced changes in PRL in
the sheep (Brinklow & Forbes, 1984a) and disrupts the seasonal variation in PRL profiles

in the deer (Schulte et al., 1981); in the goats, superior cervical ganglionectomy which

perturbs the pineal-photoperiod pathway also disrupts the annual cycle of PRL profiles
(Buttle, 1977; Maeda er al., 1986). However, pinealectomy in cattle has little or no effects
on PRL induction by long light exposure (Petitclerc et al., 1983; Stanisiewski et al., 1988).
Thus, MEL is considered to be a prime candidate for regulating the fluctuation in seasonal
PRL profiles in the seasonally breeding animals but to have less role in non-seasonally
breeding animal like cattle.

The diurnal rhythm of MEL secretion follows the light-dark cycle. Melatonin

profiles during the dark period of the day are characterized by peak values and it is
suppressed during the light period (Rollag & Niswender, 1976). It is the duration of
nocturnal MEL secretion rather than the amplitude which provides an endocrine index of
night length and thus the day length. Consequently, infusion of pinealectomized rams with

MEL induced biological responses correlating with the duration of infusion and thus the

duration of elevated MEL profile is the mediator of day length on biological activities
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affected by season (Lincoln, 1992). Both sheep and goats in temperate climates are short day
breeders; their reproductive cycle initiates in response to decreasing day length in the
autumn. Therefore, increase in the duration of MEL secretion 1s the key factor in triggering
an endocrine response that leads to start of breeding season (Arendt, 1986; Chemineau et
al., 1986). Consequently, MEL has been used to advance the breeding season in sheep and
goats (Arendt, 1986; Deveson et al., 1992a). Administration of MEL is an effective way
of advancing the breeding season by around two months in the sheep, and mimics the effects
of short days on PRL release when administered during long days (Arendt, 1986). Thus,
MEL signal is mediating the multiple effects of photoperiod on timing of seasonal
reproductive cycle and seasonal variation in PRL release. However, the exact mechanism
by which MEL regulates the seasonal PRL profiles is not fully understood, but two

pathways have been suggested; by acting through the hypothalamus and hence modulating

the PRF or PIF involved in PRL release, or acting directly on the anterior pituitary to
regulate the PRL release.

Local administration of MEL within the hypothalamus by microimplants inserted into
the mediobasal hypothalamus during long days exposure in the ram induced a short day
response effect on PRL release (Lincoln & Maeda, 1992). This suggests that the mediobasal
hypothalamus might be a site of MEL action in the photoperiodic influence on PRL release,

possibly by affecting the release of neurotransmitters or neuropeptides that are involved in

PRL secretion regulation. Although the part of the neural system which might be the

specific target for MEL action is not known, it is thought to involve the dopaminergic
pathway (Lincoln & Maeda, 1992). Thus, MEL might be acting in the mediobasal

hypothalamus area or adjacent areas to stimulate the release of dopamine which
consequently delivers to the anterior pituitary an inhibitory signal. However, data from the

same laboratory did not support the hypothests that MEL signal is mediated mainly through
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dopaminergic pathway but they did not exclude the involvement of this pathway in
mediating the effects of MEL on PRL release (Lincoln & Tortonese, 1995), and the
mechanism by which the MEL signal is mediated through the hypothalamus 1s not clear and
it might involve more than one pathway.

The other pathway, in which MEL has been suggested to act directly on the anterior

pituitary, is supported from experiments in which the pituitary gland was disconnected from
the hypothalamus in rams. This disconnection did not affect the seasonal profiles of PRL

as evident by the ability of MEL to exert a short day signal when applied during long day
exposure (Lincoln & Clarke, 1994; 1995), suggesting that the MEL signal which encodes
the day length may act directly in the pituitary to mediate the effects of photoperiod on PRL
release and this photoperiod transduction pathway bypasses the hypothalamus. The presence
of MEL binding sites with high density in the anterior pituitary gland is mostly restricted
to the pars tuberalis (PT)(Dereviers et al., 1991; Piketty & Pelletier, 1993), and the
administration of MEL micro-implants in PT has been shown to depress PRL concentrations
in the ram (Lincoln, 1994; Malpaux et al., 1995). Taken together, these findings suggest
that MEL might be acting directly on PT to modulate the release of factor(s) that act on
neighbouring pars distalis (PD) cells through a paracrine fashion. However, a direct effect
of MEL on PD cannot be excluded. The presence of a low number of MEL binding sites

in PD of different species studied which makes it unlikely that MEL is acting through its

receptors (Boissinagassee, 1992; Nonno ef al., 1995), but may be acting directly by a
mechanism which does not involv;e interaction with membrane binding sites.

The other environmental factor that exhibits some influence on PRL release is the
ambient temperature. Increasing ambient temperature above the thermoneutral zone

significantly increases serum PRL in heifers and conversely lowering temperature depresses

PRL levels (Wettemann & Tucker, 1974) with a tendency for a linear relationship between
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PRL levels and ambient temperature. Not only the basal levels are influenced by
temperature but also the stimulated levels, since TRH stimulated PRL release was found to
be reduced at 10°C and abolished at 4.5°C whereas maintaining heifers at 27°C caused
more PRL to be released after TRH injection when compared to heifers exposed at 10°C
(Tucker & Wettemann, 1976). This might suggest that temperature regulates PRL release
by éffecting the lactotrophs responsiveness to PRL releasing factors. The influence of
ambient temperature on PRL release is also demonstrated by in vitro studies; the secretory
activity of lactotrophs taken from piglets reared at hot environmental temperature was hi ghei'
when compared to that taken from animals maintained at lower temperature (Matteri &
Becker, 1996). The prolactin inhibitory factor, dopamine, has been suggested to be involved
in this mechanism since a relationship between temperature and the activity of the

dopaminergic neurons has been reported. Ambient temperature is positively correlated with

the activity of these neurons; exposure to high temperature inhibits the dopaminergic
pathway which results in reduction in the concentration of dopamine that reaches the

lactotrophs and hence increasing the PRL release (Tucker et al., 1991). Conversely, low

temperature increases the activity of dopaminergic neurons terminating in the
infundiblum/pituitary stalk (Tucker et al., 1991) suggesting that dopamine release might
mediate the temperature induced changes in PRL release. The concentration of the hormone

in the blood circulation 1s affected by secretion rate as well as clearance rate, so the increase

in PRL concentration in response to high temperature exposure is likely to be the result of
increase in the rate of secretion coupled with a slowing in the metabolic clearance rate
(Smith ez al., 1977). Since PRL is highly influenced by environmental temperature; it has
been suggested that this mechanism might be related to the thermoregulatory mechanism

(Salah et al., 1995) and the change in PRL in relation to ambient temperature might

constitute a physiological mechanism by which the animal is responding to alteration in
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environmental factors.

There has been some evidence to indicate that both temperature and photoperiod
interact together to regulate the PRL release. Exposing cattle to lower temperature blocks
the stimulatory effect of long-day on PRL release (Peters & Tucker, 1978). Conversely,

maintenance at higher temperature stimulated more PRL secretion in response to longer

hours of light exposure when compared to natural photoperiod at the same ambient
temperature. These findings suggest a strong interaction between photoperiod signal and
temperature in regulating the release of PRL. The stimﬁlatory effect of photoperiod was
disrupted by low temperature but at higher temperature, photoperiod and temperature act
together synergistically to stimulate PRL release. In agreement with what has been
suggested in the ram about the lesser role to be played by the dopaminiergic pathway in
mediating the photoperiodic effect on PRL release (Lincoln & Tortonese, 1995), this
pathway also has not been shown to be 1nvolved in relaying the photoperiodic effect on PRL
release in calves (Zinn et al., 1991). Thus, photoperiod and temperature can affect PRL

secretion, but each of them uses different neural mechanisms to regulate the release of PRL

and both acting together as environmental cues to determine the seasonal profiles of PRL.

1.2.4 Prolactin surge in response

to milking stimulus

Suckling or milking provokes a rapid PRL secretory burst from the anterior pituitary
into blood circulation in different mammalian species. In goats, the PRL rise is initiated
within 1-2 minutes of the start of milking and reaches a peak within 2-15 minutes, and then
gradually declines to basal values within about 30 minutes (Hart, 1975a). Milking stimulus
for PRL release involves the tactile stimulus of the teats by the nursing young or the milking

machine which triggers nerve impulses from the sensory receptors in the teats which are
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carried via the afferent nerve fibers through the spinal cord and the midbrain to the
hypothalamus (Anderson, 1985). This causes a rapid decline in dopamine release (Chiocchio
et al., 1979). Apparently this decrease in dopamine secretion sensitizes the lactotrophs to
the subsequent releasing factor(s) (De Greef et al., 1937), so the dopamine suppression

which is provoked by the milking stimulus is essential for the occurrence of PRL surge as

indicated when dopamine agonist treatment prevents the PRL induction in response to

milking in lactating goats (Hart, 1973). Several prolactin releasing factors have been

reported to have some degree of involvement in this stimulus, but the exact mechanism is
still not fully understood and still debated. Some researchers have suggested that TRH may
be involved in mediating the suckling stimulus (De Greef et al., 1987), and a recent study
suggested a possible role but only in the first days of lactation (van Haasteren et al., 1996).

However, others have shown that TRH has a negligible role (Johke, 1978; Riskind et al.,

1984). Another PRF, VIP, is also suggested to be involved in the milking-stimulus since
passive immunization against VIP severely attenuates suckling-induced PRL release in
lactating rats (Abe et al., 1985).

The posterior pituitary lobe may participate in mediating the suckling stimulus
release of PRL since excision of this lobe has been shown to abolish the suckling-induced

PRL release (Murai & Ben-jonathan, 1987). Although the nature of this factor, its origin

and mode of action is not known, some evidence has indicted that it is the intermediate lobe

which serves as the source of the active factor involved in PRL stimulus (Hill et al., 1991)
which 1s believed to be a-melanocyte-stimulating hormone (¢-MSH), a main product of the
intermediate lobe. A supportive line of evidence about the role of this peptide in suckling
is indicated when suckling increases the secretory activity of pars intermedia, and antiserum

to a-MSH severely attenuated the PRL release after suckling (Hill er al., 1993);

furthermore, pars intermedia stores of «-MSH are rapidly depleted within minutes of
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suckling (Deis & Orias, 1968) supporting the induction of its release by the milking
stimulus. The nature of such proposed action of a-MSH on lactotrophs is not fully
understood. It has been proposed tha@ it might act as a responsiveness agent by priming the
lactotroph to the releasing factor(s) induced by suckling or milking (Hill et al., 1991;

Frawly, 1994).

In goats, PRL release at milking declines as lactation advances, but as a consequence

of their breeding seasonality it 1s difficult to separate the effects of stage of lactation from

that of season on the concentration of PRL released at milking. The start of lactation
coincides with increasing day length in spring and summer, and late lactation with the
decline in day length in autumn and winter (Hart, 1975b). The amount of PRL released at
milking in spring and summer is higher than that in autumn and winter, but when it is

expressed as a percentage of pre-milking values, it is higher when the basal levels is at its

Jowest, in the fall and winter, (Hart, 1975b) which suggests an inverse relationship between
basal levels and the percentage of increase in response to milking stimulus. Using the month
of sampling as covariate, to adjust for season effect, in lactating dairy cows; indicated a
gradual decline in post-milking PRL release as lactation advances (Koprowski & Tucker,
1973). In fact, there is a decline in the lactotrophs sensitivity to the secretogenic stimuli
during the last stages of lactation (Shanti et al., 1994) and this indicates that the decline in

milking related PRL release 1s associated with stage of lactation. Although the stage of

lactation is likely to be predominant factor affecting the post-milking PRL stimulus,

environmental factors like day length and temperature are also interfering to some degree

in this phenomenon (Hart, 1975b).
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1.2.5 Prolactin and lactation

Evidence of a role of PRL in mammogenesis in ruminants has been derived from
several experimental procedures. Application of the milking stimulus for a long time to
virgin goats, which induces PRL rise similar to that seen after milking, also induced udder
growth and ultimately lactation (Cowie et al., 1968). Moreover, induced mammary growth
by steroid treatment was prevented with simultaneous treatment with bromocriptine (CB154)
in virgin goats (Hart & Morant, 1980) and implantation of goats with perphenazine, which
increases PRL release, into the median eminence elicited mammary growth and lactation
(Vandeputte-van Messon et al., 1976). These studies clearly demonstrate the ability of PRL
to serve as a mammogenic factor regulating mammary development in the absence of
placental lactogen (PL) produced by the placenta during pregnancy. However, the depletion

of PRL during pregnancy from week 8 to week 20 had a small effect on mammogenesis

(Forsyth et al., 1985) which suggests less important role of PRL during pregnancy due to

the presence of PL.

The requirement of PRL in maifltenance of lactation in small animals is well
documented. In the rabbit, treatment with bromocriptine causes an immediate fall in milk
secretion, which can be restored by PRL treatment (Taylor & Peaker, 1975) and
experiments which involves in abolishing of circulating PRL in the rat have indicated that

PRL is maintaining lactation by acting as a cell survival factor and maintaining the cellular

integrity of the secretory epithelium (Flint & Gardner, 1994). In ruminants, it has been
established that PRL plays an essential role in initiation of lactation (lactogenesis) and lesser
role in maintaining milk production in established lactation. Prolactin rise around parturition
appears to be required for full initiation of milk production in ruminants since blocking this
surge delay lactogenesis and depresses milk production for several days in cows and goats

(Schams et al., 1972; Johke & Hodate, 1978; Forsyth & Lee, 1993). The decline in milk
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yield ranged from 33-72% for some cows and it took an average of six weeks for full
restoration of milk production (Johke & Hodate, 1978). Biochemical analysis did not show
any effect on cellular number (total DNA) of epithelial tissue, but less RNA, and an
apparent inhibition on structural differentiation of alveolar epithelium (Akers et al.,

1981a,b). Moreover, PRL has been shown to be required for the reinitiation of lactation in

hypophesectomized lactating goats, but it can be withdrawn from hormonal combination
without any noticeable effect once lactation has reestablished (Cowie et al., 1964). Taken
together, these data suggest that PRL has an important role to play in lactogenesis probably
acting to promote cellular differentiation and prepare the mammary gland for maximal milk
production.

Once lactation is established, PRL suppression has little or no effect on maintaining

milk production 1n ruminants (Karg et al., 1972; Hart, 1973). However, there have been

some reports on the depressive effects of PRL ablation on milk yield; bromocriptine
t?eatment significantly reduced milk yield by at least 20% in lactating dairy goats (Knight
et al., 1990a; Forsyth et al., 1995). Also, there is some indirect evidence about the
involvement of PRL in the maintenance of lactation. For example, prolactin levels in
lactating goats are higher than that of non-lactating ones (Hart, 1975b), PRL is increased

In response to milking stimulus and a positive correlation between PRL profile after milking

and milk yield in dairy cows was reported (Koprowski & Tucker, 1973).

The failure to see a distinct effect of PRL depletion on ruminant lactation can be

explained in several ways. First, PRL depletion was not completely effective and lower
concentration may be sufficient for milk maintenance of secretion. Second, CB154 treatment

may not be effective in suppressing some PRL variants which can not be detected by
radioimmunoassay. Third, there might be a mechanism by which the mammary gland is

protected from lower PRL profiles as seen in CB154 treatment or due to seasonal effects on
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PRL profiles which results in increase in the accumulation of the hormone in the mammary
gland by either increase in mammary uptake of the hormone (Forsyth ef al., 1995) or
increase in the mammary gland synthesis of PRL since the ability of the mammary gland

to synthesis PRL has been demonstrated in rodents as well as in ruminants (Steinmetz et al.,

1993; Leprovost et al., 1994; Lkhider et al., 1997). Finally, it has been observed that

bromocriptine treatment in lactating goats resulted in depression in PRL release but the GH
release in response to milking was significantly increased in a dose dependent manner (Hart,
1975b) because of the ability of dopamine and dopamine agonist, bromocriptine, to
stimulate growth hormone release (Harvey, 1995). So, the increase in growth hormone
secretion might be compensating for the decline in PRL in maintaining lactation in

ruminants.

1.3 GROWTH HORMONE AND THE

INSULIN-LIKE GROWTH FACTORS AXIS

Growth hormone (GH) or somatotropin is a polypeptide hormone produced by the
somatotrophs of the anterior pituitary gland which exhibits a wide range of metabolic
activities like lipolytic, and anabolic activities such as cell division, skeletal growth and

protein synthesis.

1.3.1 Growth hormone structure and receptor

Growth hormone principally exists in plasma as a monomer of about 190-191 amino
acid residues with a molecular weight of 22,000 da, but several forms of GH have been
reported which range from fragments to high molecular weights (Baumann, 1991). The
existence of GH or GH-like proteins with different primary sequences, isoforms, which can

be produced by different genes, i.e. in humans two GH genes, hGH-N and hGH-V, have
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been detected. Alternatively, these isoforms can be attributed to different splicing of GH
mRNA. For example, mRNA spliced into two different mRNAs resulting in a 22,000 da
hGH with 191 amino acid residues and 20,000 da hGH with deletion of 15 amino acids (32-
46) (Lewis, 1992). After synthesis, GH may undergo posttranslational modification to

produce a series of variants and these modifications include, dimerization, deamidation,

proteolytic cleavage, glycosylation, phosphorylation (Scanes & Campbell, 1995).
Growth hormone receptor is a single chain peptide comprising of 630 amino acid
residues, with extracellular domain of 242 amino acids in length and the intracellular
domain of 350 amino acids (De Meyts, 1992). Variation may occur in GH receptors during
transcription and posttranslational processing. Growth hormone binding studies have

indicated that GH 1s bound to multiple receptors or multiple forms of receptor and different

GH action may be mediated by different forms of receptors (Hughes & Friesen, 1985). The

GH receptors in the liver are under the control of endocrine system and metabolism. Under
situations where feed intake is reduced, GH binding in the liver is also reduced, and normal
feeding normalizes the binding process (Maes er al., 1983). In steers, two binding sites in
the hepatic membranes with different affinity were detected (Breier et al., 1988a) which can
be modulated by nutritional status; high level of feeding is correlated with increase in

receptor affinity and the induction of the high-affinity type receptor which is also correlated

with the biological activity of GH (Breier et al., 1988b).

The binding of GH to its receptor has been reviewed recently by Wells, (1996). X-

ray crystallographic studies have revealed that binding of GH to its receptor results in the
formation of a complex of one hormone molecule per two molecules of receptor (De Vos

et al., 1992). This receptor dimerization has been proposed to be essential for the activation

of GH receptor. The GH uses two different sites (site 1 and 2) to bind to two identical

extracellular domains of GH receptor and this dimerization occurs sequentially. hGH binds
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to the first receptor through site 1 and then followed by binding to the second receptor
through site 2 which results in the formation of a complex which consists of one molecule
of the hormone with two molecules of its receptors (Cunningham et al., 1991).
Dimerization is thought to be essential for initiation of signal transduction (Chen et al.,

1997) and the induction of tyrosine phosphorylation (Silva et al., 1993). Consequently

blocking the binding of the second binding site of the hormone to the receptor, ie hGH
analogue (G120R) mutated in the second binding surface of the hormone, inhibited the GH
receptor dimerization and also has been demonstrated to block the GH-stimulation of
lipogenesis in primary adipocyte (Ilondo et al., 1994).

As it is the case for many growth factors which are bound to specific binding
proteins in the plasma, the presence of specific binding proteins for GH (GHBP) has been

reported. It has been calculated in humans that 30-50% of GH circulates complexed to

binding proteins (Baumann et al., 1988). Their production is affected by several factors that
include age, sex, pregnancy, nutritional status and endocrine system. For example, feed
deprivation results in a drop in GHBP production, which is correlated with GH receptors
(Mulumba et al., 1991). The biological relevance of GHBP with respect to GH biological
activities is still not entirely understood. However, GHBP can modulate the GH action by
inhibiting binding to its receptors (Mannor et al., 1991) and by binding to GH and forming

GH-GHBP complexes in the plasma which results in slower metabolic clearance rate of the

hormone, protecting it from degradation and eventually increasing its half life in the

circulation (Baumann ez al., 1987) suggesting that these binding proteins have a significant
role in modulating the activity of GH. In cattle, GHBP are detected in plasma with varying
molecular sizes and have also been detected in the milk (Devolder et al.,1993) which
suggests that they can be synthesized in the mammary gland. However, their biological

function 1n the mammary gland function remains to be determined.
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1.3.2 Regulation of GH secretion

Growth hormone is secreted from somatotrophs in episodic nature. Its secretion is
governed by two hypothalamic hypophysiotrophic factors, growth hormone releasing-factor
(GRF) and somatostatin (SRIF). The stimulatory factor, GRF, is synthesized in neurones
located in the arcuate nucleus (Werner et al., 1986) released into pituitary portal circulation
in the median eminence (Niimi et al., 1989) reaching the anterior pituitary where it interacts
with specific binding sites to elicit GH release (Velicelebi et al., 1985). It is believed that
GREF is controlling the episodic release of GH since active immunization against GRF
diminished the pulsatile release of GH (Moore et al., 1992).

Growth hormone inhibitory factor, SRIF, is produced by neurones in the
periventricular and paraventricular nuclei of the anterior hypothalamus (Frohman et al.,
1992) and these neurones have their axon terminals in the median eminence where SRIF is
released into hypophysial portal circulation and transported to the anterior pituitary gland.

The physiological role for SRIF in regulating GH release is indicated by the increase in

basal as well as stimulated GH release by SRIF receptor antagonism, or immunization
against SRIF (Wehrenberg et al., 1982; Sato et al., 1989). Hypothalamic nuclei may
regulate somatotroph function through the release of neurotransmitters that are released into
the anterior pituitary and the activity of these neurones are regulated by central nervous
system-acting stimuli like stress and humoral feedback from peripheral factors (Ju et al.,
1991). Several aminergic and peptidergic factors produced by the hypothalamic neurons
possess stimulatory or inhibitory actions on GRF and SRIF secretion, and also act directly

in the pituitary to alter the responsiveness of somatotrophs to GRF and SRIF action.

Therefore, the hypothalamic control of GH release results from complex interactions at

hypothalamic and pituitary sites by numerous stimulating and inhibiting factors (Harvey,

1995).
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The amplitude and the frequency of the episodic release of GH are modulated by
several factors like nutrition, age, and also by genetic background. The nutritional status can
regulate the secretion of GH; reduced feed intake provokes increases in GH secretion and
also increases the responsiveness of somatotrophs to secretogenic factors in cattle (Bauman
et al., 1979, Breier et al., 1988b) which might be attributed to an elevation in the frequency
of GRF release (Armstrong et al., 1993). Conversely, feeding reduces mean GH
concentration and also the amplitude of GH episodes (Wheatan et al., 1986; Trenkle, 1989;

Mears, 1993).

Milking has been reported to elicit GH release in some mammalian species. In
lactating rats, suckling induces the release of GH, whereas the removal of the pups for
several hours results in a significant decline in GH (Riskind et al., 1984) and immunization

against GRF diminished suckling induced GH rise (Wehrenberg & Gaillard, 1989). Also,

in goats, it has been reported that milking stimulates the release of GH (Hart & Flux, 1973;

Hart & Linzell, 1977), but the release of GH differs from that of PRL release in the mode
of release and that the tactile stimulus is not required for GH, and it appears to be

influenced by other factors like feeding and metabolic state (Hart, 1974). Unlike the goats,
milking does not provoke GH rise in the dairy cow (Johke, 1978; Lefcourt et al., 1994:
Samuelsson et al., 1996) but the suppression of GH after feeding, which normally occurs
In cattle, was prevented by the simultaneous feeding and milking (Samuelsson et al., 1996)

suggesting that milking might affect the release of GH releasing or inhibiting factors and

thus modify the GH release.

1.3.3 GH and lactation
The galactopoietic property of GH has attracted a great deal of attention and there

have been numerous investigations of its effects on milk production and its mechanism of
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action. The ability of GH to maintain milk production in hypophysectomized lactating goats
after the withdrawal of PRL (Cowie, 1964) and the high GH levels in early lactation which
fall during late lactation when milk yield is dropping as well and the galactopoietic activity
of exogenous GH in lactating dairy cows has justified the need to investigate its role in

stimulating milk production. The effect of bovine somatotropin (bST) treatment on lactation

performance in lactating dairy cows has been well documented. Milk yield can be increased
by bST administration by as much as 40% (Peel & Bauman, 1987), but the response

depends on several factors like management practices, e.g. milking regimen, nutrition and
environmental conditions (Bauman, 1992). For example, bST treatment is without any effect
on milk yield if the cows are not adequately fed. The mechanism by which bST is
stimulating milk secretion is still debated, however, two mechanisms have been proposed:
a direct way through repartitioning of nutrients towards milk synthesis and indirect pathway,
through the stimulation of insulin-like growth factor-I (IGF-I) production. The presence of
high bST levels in the circulation alters the partitioning and use of postabsorptive nutrients
through the alteration of the metabolism of various tissues and organs like the liver and the
adipose tissue (Burton et al., 1994). In general, bST can increase gluconeogenesis in the
liver and reduce glucose oxidation by the body tissues resulting in increasing the availability
of glucose for the mammary gland (Zhao et al., 1996). Lipid metabolism is also affected
by bST. In general, fat mobilization is stimulated by bST (Binelli e al., 1995), but this
depends on the energy balance of the cow; if the treatment causes the cow to be in a state
negative energy balance, this results in enhancement in lipid mobilization and elevation in
the plasma levels of free fatty acids (FFA), which can be used as a metabolic fuel to
substitute for glucose. The mobilization of body fat can be increased to an extent related to
the state of energy balance (Bauman, 1992). Furthermore, lipogenesis is inhibited by bST

regardless of the energy status of the cow probably by alteration in the adipose tissue
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responsiveness to lipogenic stimuli like insulin (Peel & Bauman, 1987) resulting in the
reduction of the direction of nutrients towards body reserve and increasing nutrients
availability for milk synthesis. At the level of the mammary gland, bST causes an increase
in mammary blood flow and cardiac output (Davis ef al., 1988a) to increase the delivery

of partitioned nutrients. Also, it causes increases in the uptake of nutrients by the mammary

gland e.g. glucose (Davis et al., 1988b) to support the increase in milk synthesis.
Circulating levels of IGF-I in the plasma is regulated in part by GH so that treatment
with bST elicits its release, mainly from the liver. The presence of IGF-I receptors in the
mammary gland (Dehoff et al., 1988) and its mitogenic effect on bovine mammary tissues
(Baumrucker & Stemberger, 1989) might support the proposed hypothesis that IGF-I

mediates the galactopoietic action of bST by acting in the mammary gland. However, a

wealth of evidence does not give a lot of support to this contention. In the rat, IGFs did not

mimic GH action when administered to lactating rats receiving anti-rat GH (Flint ez al.,

1992) and a combination of IGF-1, IGF-II, and IGF-binding protein-3 (IGFBP3), which are
normally increased by bST treatment, failed to mimic the galactopoietic effect of GH (Flint

et al., 1994). Furthermore, in a recent study utilizing the coculture of mammary, liver, and
adipose tissues, incubation with IGF-I did not stimulate the synthesis of lipids and proteins
by the mammary gland when compared with incubation with GH (Keys et al., 1997). Taken

together, these findings may not support the IGF-I theory and the most accepted theory is

that bST stimulates milk production via partitioning of nutrients between the mammary

gland and the rest of body. It is worth noting that a direct action of GH on the mammary
gland is most unlikely, since several conventional binding assays have failed to detect any
GH receptors in the mammary gland (Akers, 1983; Gertler et al., 1984; Keys & Djiane,

1988). On the other hand, some investigators have detected mRNA for GH receptors in the

mammary gland itself (Jammes et al., 1991).
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1.3.4 Insulin-like growth factors and

their binding proteins

Insulin-like growth factors (IGF-1, IGF-II) form a family of single chain polypeptide
hormones with a molecular weight of around 7,500 da. They are involved in a wide range

of activities which include growth, reproduction, lactation and immune system. Although

IGFs are synthesized locally by a number of tissues, the IGFs circulating 1n the blood are
mainly produced by the liver. The concentration of IGFs in the circulation varies depending
on the physiological state, being mainly regulated by GH and nutritional status. Growth
hormone has a stimulatory effect on IGF release, since exogenous bST administration
stimulates the release of IGFs and immunization against GRF significantly lower IGFs
concentration (Moore et al., 1992). Although bST has been shown to unequivocally increase

IGF-I concentration, data for IGF-II are not consistent. Some researchers did not detect any

changes in IGF-II in response to bST (Davis et al., 1987) or the increase only occurred

during the dry period (Vicini et al., 1991) which suggests that the two IGFs have different

regulatory mechanisms or the metabolic status may determine the response to the stimulatory

effect of bST on IGF-II.

Nutritional status has a major effect on IGF levels in circulation. For example, it has

been reported that in some situation IGF-I is influenced by nutritional status more than by

GH. Fasting or reduced feeding which presumably retards growth rate temporarily is

associated with lower concentration of IGF-I (Breier et al., 1986; Ronge & Blum, 1989).

Moreover, the stimulatory effects of bST on IGF-I synthesis is inhibited by feed restriction

in cattle (Breier et al., 1988b; Ronge & Blum, 1989). The mechanism by which the
nutritional status affects IGF-I production might involve several possibilities. Some studies
in the rat have suggested that it is the decrease in IGF-I mRNA in the liver which bring

about the decrease in IGF-I levels (Straus & Takemoto, 1991) and this might be as a result
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of reduced GH binding (Baxter et al., 1981; Maes et al., 1983). In steers, this effect might
be attributed to the absence of another type of somatotrophic receptor present in the liver
which is characterized by high affinity binding to GH (Breier et al., 1988a). Also,
postreceptor changes induced by nutritional status might be involved in altered IGF-I
secretion (Thissen et al., 1990). Studies in the dairy cow have indicated that the energy
status can determine the basal and stimulated IGF-I concentration. In early lactation, the

IGF-I levels are low during a time when the cows are usually in a state of negative energy

balance because the nutrients from feed intake does not match that in milk (Ronge et al.,
1988; Vicini et al., 1991). The levels of IGF-I increases gradually as lactation advances,
reaching a maximum value during the dry period when the cow is in a positive energy state
(Vega et al., 1991). Furthermore, the stimulated pattern follows the same trend as basal
values (Ronge & Blum, 1989; Vicini et al., 1991). Therefore, it has been proposed that
serum IGF-I is positively correlated with energy balance in lactating cows. In early
lactation, there is a shift in the metabolic state from mostly anabolic during dry period to

a catabolic state during early lactation; this process is coordinated by the endocrine system

and the GH/IGF-I axis has a role to play in this process. A relatively low IGF-I value in
early lactation will favour direction of nutrients away from body stores and conversely
higher values is associated with more deposition of nutrients in body tissues.

Two subtypes of receptors for IGFs have been identified. Type I receptor which is
characterized by disulfide-linked a-subunits which bind the hormone and $-subunits with
tyrosine kinase activity (Leroith et al., 1995) mediates the mitogenic activity of IGFs. The

other receptor, type I, is a single polypeptide which lacks the subunits and tyrosine kinase
activity (Rechler & Nissley, 1986). Both IGFs bind to the first type with the same affinity

but type II preferentially binds IGF-IL.

The IGFs 1 the circulatory system are bound to multiple specific high affinity
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binding proteins (IGFBPs) which modulate the biological activities of the IGFs. Their action
can be inhibitory or stimulatory and it has been reported that IGFBPs affect IGFs by
forming IGF/IGFBP complexes, these limiting the efflux of IGFs from the vascular space,
increasing their half life and regulating their metabolic clearance rate. Binding proteins also

control the passage of IGFs from the vascular compartment and their transport to target

cells, and will modulate the interaction between IGFs and their receptors (Baxter, 1988;
Clemmons, 1990; Jones & Clemmons, 1995). Thus, IGFBPs are not acting only as a carrier
of IGFs in the circulation, but they have an active role in inhibiting and enhancing the
actions of IGFs. Six IGFBPs, 1 to 6, have been identified in several species including the
bovine (Cohick et al., 1992; Hossner et al., 1997), and recently this family has been
extended to include three more IGFBPs (Rosenfeld et al., 1997). The majority of circulating

IGFs are bound to IGFBP3 which forms a complex of 150,000 da by binding to IGFs and

a larger protein (acid-labile subunit) (Barreca et al., 1995). The regulation of IGFBPs
secretion has not been studied extensively as 1t has been for their modulatory actions of
IGFs. The treatment with bST increases the concentration of IGFBP3 but decreased IGFBP2
(Vicini et al., 1991; Cohick et al., 1992). Like the IGFs, IGFBPs secretion can be
modulated by nutritional status. For example, during growth retardation situations like feed

restriction or fasting, there is an increase in IGFBP1 and also IGFBP2 but not IGFBP3 in

humans (Collet-Solberg & Cohen, 1996). In lactating cows, circulating concentrations of

IGFBP2 have been shown to increase in response to feed deprivation but IGFBP3 is less

sensitive to nutritional status (McGuire et al., 1995). Therefore, different types of IGFBPs

respond differently under different conditions. The modulatory effects of IGFBPs on IGFs
activity depend on their concentration, relative proportions in extracellular fluids and

distributions between extracellular fluids and cell surfaces (Hossner et al., 1996).

The presence of IGFBPs in milk can be attributed to transfer from blood through the
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arterial supply of the mammary gland (Prosser ét al., 1991) or de novo synthesis in the
mammary gland itself (Campbell et al., 1991). The presence of IGFBPs in the milk suggests
a potential role to play in the regulation of mammary function. For example, the involuting
mammary gland increases its production of IGFBPS which might serve to block the cell

survival activity of IGF-I in the mammary gland (Tonner et al., 1995).

1.4 THYROXINE AND LACTATION

The involvement of the thyroid gland in lactation was recognized more than forty
years ago. Thyroidectomy markedly depressed milk yield in lactating dairy cows, which
could be restored by thyroid feeding (Graham, 1934a). Also, increasing plasma thyroxine
(T4) by means of feeding thyroxine or thyroprotein, an iodinated casein which increases

plasma level of thyroxine, or injecting thyroxine stimulate milk production (Graham, 1934a;

Shaw et al., 1975; Davis et al., 1987). The milking response, however, varies between
individuals and also with stage of lactation; higher response was reported when treatment
was performed during the declining phase of lactation (Graham, 1934b). Although milk
yield increase can be achieved by T4 treatment, long term treatment has shown to be not
successful in maintaining the galactopoietic effects of T4 (Shaw et al., 1975) and the overall
increase in milk yield in long term treatments is relatively small. Furthermore, it has been

reported that a dramatic decline in milk yield was seen after cessation of thyroprotein

feeding (Thomas et al., 1954; Hibbs & Krauss, 1947). Despite the galactopoietic effect of
T4 in cattle, the relationship between T4 and lactation is controversial. Selection for high
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