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ABSTRACT

This thesis examines some of the factors which play a role in determining
lactation persistency in the goat with the overall aim of improving persistency.

The plasticity of mammary gland growth during pregnancy and lactation was
investigated by treatments of growth hormone and stimulation of compensatory growth.
Cell activities and differentiation could be altered but the effects were dependent on the
physiological state of the animal with longer term responses in milk production
associated with treatments given during late gestation.

The endocrine influence of prolactin and oxytocin were examined by attempting
to elevate circulating prolactin by administering perphenazine and by giving exogenous
oxytocin during lactation. The former treatment was successful in the short-term when
given by intravenous infusion but oral and injected doses given during lactation were
not. Oxytocin had a small and positive effect on persistency, most marked when
combined with reduced milking frequency in late lactation.

The effects of once- and thrice-daily milking, suckling and continuous drainage
of milk from the mammary gland for the first six weeks of lactation, followed by
routine milking for the remainder of lactation were examined in conjunction with the
influence of parity on the responses obtained. Drainage proved ineffective in increasing
yields or improving persistency. Suckling and thrice-daily milking enhanced milk yields
in the short-term but no long-term alteration of persistency was seen. Once-daily
milking was tolerated well by multiparous but not primiparous animals, but there was
a trend of improved persistency with this treatment, regardless of parity. This may
reflect alterations in the partitioning of milk stored within the udder but measurements
made 5 hours post-milking did not show any differences between these and
contralateral thrice-daily milked glands.

Finally the effectiveness of caseins (milk proteins) in providing a measurement
of lactation persistency by indirect measurement of cellular involution was studied. It
was found that the production of caseins varied over lactation, and that <y-casein
production was highly (negatively) correlated with milk production. However, the best
measure of cellular function was to measure milk yield itself.

In conclusion, the timing of treatments can be crucial in determining the
response obtained and alteration of lactation persistency was very difficult to achieve.
The most promising route suggested by this work is reducing milking frequency during

established lactation, in combination with early lactation treatments to enhance yields.
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CHAPTER 1
CONTEXTS

1. INTRODUCTION

Lactation is a vital process for the development of young mammals. The milk
produced is the primary, if not only, energy source for the offspring initially, it
improves their immunity and the close contact of the young aids maternal bonding
(Peaker, 1989; Grove et al, 1991). The development of the mammary gland to support
the process of lactation occurs over a variable period depending on a variety of factors
including the expected lifespan and reproductive life of the animal, and the lengths of
the ovarian cycle and gestation. These contribute towards determining a general
’timetable’ of development for a particular species and can be divided into several
reasonably defined stages, most being hormonally directed: pre- and post-pubertal,
pregnancy, lactation and non-lactating (dry) periods (Cowie et al, 1980). Lactation
itself usually follows a distinct pattern in a species in terms of milk production. In the
dairy industry this often reflects management techniques rather than the ’natural’
rhythm of the species; in goats lactation commences after a gestation of approximately
5 months, milk yields increase to a peak 6-8 weeks post partum, steadily decline over
the remaining period, and secretion stops after approximately nine months if the animal
becomes pregnant again. However, continuing milking during pregnancy has no effect
on milk yields after parturition (Fowler et al, 1991) and production can continue in the
absence of pregnancy, with seasonal oscillations in yield, for several years (Linzell,
1973). Cow lactation shares many common features with that of goats; a 9 month
gestation is followed by approximately 10 months of lactation, with peak production
occurring about 6 weeks post partum (Linzell, 1973). However, in contrast to goats,
cows require a pre-partum non-lactating period for normal milk production to occur in
the following lactation (Swanson, 1965; Smith et al, 1967). When the gland is no
longer lactating it is in a state broadly similar to that seen before pregnancy although
this state varies between species. Rodent mammary glands regress to a state similar to
that of the virgin (Strange et al, 1992) while goat mammary structures are more
developed and the gland larger in animals which are between pregnancies in
comparison to those in the mature virgin state (Knight & Wilde, 1993).

This chapter will firstly examine aspects of milk composition, production and
subsequent processing, then will briefly summarise the growth and development of the

mammary gland required to support this process. Endocrine and local control of milk
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production and other influences on lactation (such as udder anatomy) will be
considered, and finally lactation persistency and the potential for manipulation of

lactation will be discussed.

2. MILK
2.1 Composition

Milk provides the primary source of nutrition for young mammals until they are
able to digest more solid food. It contains protein (providing a source of amino acids),
minerals (such as calcium, sodium, potassium, phosphorous, magnesium and chloride),
trace elements, carbohydrates (mainly lactose which regulates milk volume) and lipids
(including phospholipids, cholesterol and triglycerides) (for reviews see Parkash &
Jenness, 1968; Jenness, 1980). Immunoglobulins present in the serum fraction of milk
help to confer passive immunity upon the offspring with the highest levels found in
colostrum (the ’first milk’) (Dalgleish, 1992).

The proteins present in milk divide into two main categories, caseins (defined
as the proteins which precipitate at pH 4.6 at 20°C) (Dalgleish, 1992) and those that
remain in the serum, known as whey proteins. Ruminants produce six major proteins
which represent 95% of output; the whey proteins 3-lactoglobulin and o-lactalbumin,
and oy -, a,-, 8- and k-caseins (Martin & Grosclaude, 1993). A major difference in
nomenclature between ruminant caseins and those of some other species (humans or
rodents, for example) is that ruminants do not have a gene coding for ~y-casein
(Vonderhaar & Ziska, 1989). Much work has been carried out in the analysis of cows’
milk but there are distinct differences in the milk obtained from different species,
indeed contamination of goats milk with that of cows can be detected by high-
performance liquid chromatography (HPLC) (Kaminarides & Anifantakis, 1993). In
general, comparing goats’ milk to that of cows’ shows that the former contains more
fat and the globules tend to be smaller, but both milks have similar ratios of fatty
acids. Total casein concentrations tend to be lower in goats milk but it has a much
higher B-cn content and more non-protein nitrogen constituents (Juarez & Ramos,
1986).

Hormones are also present in milk and have been locally produced by the
mammary gland or transported over the mammary epithelium from the maternal
bloodstream. Some act on the mammary gland itself and affect the mother, but these

do not necessarily play a biological role in the young. Hormones and growth factors
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such as prolactin, prostaglandins, oestrogens, insulin, relaxin, epidermal growth factor
and lactoferrin are all detected in milk (Peaker, 1991; Peaker & Neville, 1991) as well
as a variety of enzymes, some of which are specific to certain fractions of milk

(Brunner, 1981).

2.2 Casein genes and their expression

In the goat, casein accounts for 77% of the total protein present in milk and o,
agy-, B- and k-caseins are present in a ratio of 1:2:5:1 with a typical protein
concentration of 21 g/l (Jaubert & Martin, 1992). Cow and goat caseins are broadly
similar, although a caprine homologue for bovine oy -cn has not been found. The
nomenclature for the caseins can be confusing as caprine ay-cn is homologous to
bovine ag,-cn, not o -cn as cited in the early literature (Jenness, 1980).

The four ruminant caseins are produced from closely linked genes with an
overall genetic organisation conserved through evolution. Three of the major caseins
(a1~ - and B-caseins) are calcium-sensitive with common motifs in their promoter,
signal peptide and phosphorylation sites, while k-casein has a different gene structure
and is calcium-insensitive (Martin & Grosclaude, 1993; Mercier & Vilotte, 1993).
Each casein gene has a variety of genetic polymorphs (for summary see Brunner,
1981). For example, there are two (-cn variants, §;,- and ,-cn, differing by one
phosphate per molecule (Richardson et al, 1974) and more variation is seen in oy-
casein; seven polymorphs have so far been described, each giving different levels of
expression of the protein (Grosclaude er al, 1987; Mahe & Grosclaude, 1989).

Lactogenic hormones can stimulate transcription of these genes; prolactin,
insulin and hydrocortisone are necessary for maximal induction of casein synthesis in
vitro and a close relationship between the proportion of caseins in milk and the relative
amount of their mRNAs present has been found in bovine mammary explants. Prolactin
and glucocorticoids can increase the stability of casein mRNA, increasing its
transcription and half-life (Choi er al, 1988) while progesterone can antagonise the
effect by preventing accumulation of casein mRNA, thereby reducing casein synthesis
and secretion (Matusik & Rosen, 1978). These in vitro findings support the in vivo
observations of rapidly dropping progesterone concentrations at parturition coinciding
with the initiation of full milk secretion and lactogenic gene expression (Vonderhaar
& Ziska, 1989).



2.3 Caseins and their modifications

Caseins, in combination with calcium, phosphate and small amounts of citrate,
form spherical micelles, composed of probably between 1000 and 100 000 submicellar
units (Dalgleish, 1992). Each unit is 10-15nm in diameter (Richardson et al, 1974) and
they are held together by electrostatic and hydrophobic bonds (Walstra, 1990). Total
micelle diameters range from 30-300nm while weights of 107 to 10° Da can be obtained
(Brunner, 1981). Goat casein micelles have, in general, a lower maximum frequency
distribution than those of cows (Ono & Creamer, 1986) but the micellar substructures
are similar in goat, cow and sheep milk (Richardson et al, 1974). The ratio of «,- to
B-casein remains almost constant over a range of micellar diameters (Ono & Creamer,
1986) but a,-cn is evenly distributed between the micelle interior and exterior, while
B-cn can have up to 90% present in the interior. In contrast, the interior of the micelle
contains only 0.6 to 1.2% of the total k-casein present (Dalgleish er al, 1989), the
remainder being on the surface. This asymmetrical distribution of hydrophobic x-cn
places a physical limit on the total surface area of a particular micelle (Brunner, 1981),
indeed the relative amount of k-cn present is inversely related to micellar diameter.
This is in contrast to S-cn which decreases its relative amount proportionately with
micellar diameter (Davies & Law, 1983). x-Casein is also unique among the caseins
in binding relatively little calcium (due to the presence of only one or two
phosphoserine residues) and consequently it does not precipitate from milk as easily as
o~ and B-caseins do (Dalgleish, 1992).

Changes in micelle structure and composition alter the physico-chemical
characteristics of milk, important in industrial processing as milk products provide one-
quarter of the total dietary protein consumed in industrialised countries (Martin &
Grosclaude, 1993). One major process is cheesemaking, in which the enzyme chymosin
(present in rennet/rennin) is added to milk and proteolytically cleaves k-casein, leaving
para-k-casein (caprine residues 1-105) on the micellar surface and a free
caseinomacropeptide (corresponding to residues 106-171) (for review see Jenness,
1980). This alters micellar stability and causes aggregation and formation of a curd
(mainly casein and fat) which is further processed to make cheese. Changes in
concentration and the ratio of protein to fat determines the texture and optimum yield
of the cheese but changing one component without alteration of the other can also be
detrimental to production (Dalgleish, 1992). Breakdown of other caseins by proteolysis

is desirable in certain types of cheesemaking, for example, during maturation Swiss-
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type cheese decreases its §-cn content, dependent on plasmin activity. Variations in
proteolysis between cheeses are probably due to the different water, salt and pH levels,
providing more or less favourable conditions for plasmin activity (Richardson &

Pearce, 1981).

2.4 Degradation of caseins

Proteolysis of proteins in milk produces a variety of products known as
proteose-peptones, of which approximately two-thirds are believed to be produced by
plasmin degradation of caseins (Andrews & Alichanidis, 1983). When purified bovine
plasmin is incubated with milk, (-casein is rapidly degraded, producing +-cn
fragments, each corresponding to different sections of the B-cn polypeptide chain
(Eigel, 1977b). a,;-Cn has an intermediate resistance to plasmin attack while k-cn is
even more resistant (Eigel, 1977a). Active plasmin is produced by cleavage of its
zymogen, plasminogen, by plasminogen activators associated with the casein fraction
(Politis et al, 1992b). Inhibitors of plasminogen activators and plasmin are found in the
serum fraction of milk (Korycka-Dahl et al, 1983) and the major whey proteins (a-
lactalbumin, B-lactoglobulin and serum albumin) inhibit both plasminogen activators
and plasmin. This can cause underestimation of their activities when they are measured
in milk (Politis et al, 1993).

In vivo, plasmin activity has been significantly correlated with increases in the
relative amounts of - and a,-caseins and decreases in B-cn (Aaltonen et al, 1988;
Politis et al, 1989b) and seasonal increases in plasmin and plasminogen concentrations
have been well documented (Richardson, 1983; Politis e al, 1989a & b). These
observations can be explained by increasing activation of plasminogen and/or by
leakage through the mammary epithelium from blood (often seen during mastitis). This
may, in turn, be related to an increase in mammary involution (Politis et al, 1989a).
However, these components are not only involved with involution and regression of the
gland. The presence and activity of plasmin during the period of mammary gland
growth and development is also vital for the process of tissue reorganisation
(remodelling) and for the facilitation of cellular proliferation (Turner & Huynh, 1991),

especially during phases of rapid growth such as pregnancy.



3. GROWTH AND DEVELOPMENT OF THE MAMMARY GLAND
3.1 Overview

The process of growth and development of the mammary gland determines its
potential secretory capacity, and the secretion of milk during lactation is itself
influenced by a variety of other factors. These include the extent of neonatal milk
demand, maternal nutritional status and the hormonal environment experienced by the
mammary gland. The main development of the mammary gland commences at puberty;
pre-pubertal cows have few mammary ducts but these increase in size, number and
complexity after puberty (Delouis et al, 1980). The hormonal balance changes again
when mature virgin animals become pregnant, stimulating further mammary growth
and development. Oestrogens stimulate the development of ductular tissue and, in
combination with progesterone, increase the proliferation of secretory epithelial cells.
The rough endoplasmic reticulum content of these cells also increases in response to
glucocorticoid action, again increasing the potential for the production of proteins. As
this growth of secretory tissue progresses, the ’fat pads’ of connective and adipose
tissue account for an ever-decreasing proportion of tissue mass. Vascularisation and cell
numbers increase (hyperplasia) and as cells mature the degree of cellular differentiation
also increases (hypertrophy) (for review see Erb, 1977).

Mammary growth is also influenced by the foetus during pregnancy via
placental lactogen, signalling to the mother that milk demand will be from one or more
offspring post partum. Placental lactogen and placental mass during pregnancy (day 77
to term) correlate with milk production over the first fifty days of lactation and foetal
number is positively related to the rate of growth and mass of secretory tissue. This
maximises the production potential of the animal and goats with twins or triplets
produce 27% and 46% more milk, respectively, than those with single kids (Hayden
et al, 1979).

Initially it was believed that the majority of mammary development occurred
during pregnancy (Convey, 1974) but it is now recognised that it continues beyond this
point: mice double their secretory cell population approximately every six days during
pregnancy and into early lactation (Knight & Peaker, 1982), in spite of the major
changes in the hormonal environment of the gland. Goat mammary tissue also
proliferates exponentially during pregnancy and growth continues post partum, albeit
at a reduced rate (Knight & Peaker, 1984). Predictive equations for goat mammary

growth during pregnancy have been tested and the best fit was achieved using an
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exponential model, Y = A.e*® where Y=index of mammary growth, A =parameter
measured, e=base for natural logarithms, b=rate constant for growth and X=day or
month of pregnancy (Anderson ez al, 1981). In early lactation, mammary growth and
milk production can be modified by post-natal demand for milk and milking frequency,
most probably through local, rather than endocrine, control (Bar-Peled er al, 1995). In
goats, both secretory cell number and differentiation increased between parturition and
week 3 of lactation and the subsequent rise in milk yield to its peak was supported by
continuing differentiation, indicated by increased secretory cell enzyme activities
(Knight & Wilde, 1993). However in rodents 75% of the increase in milk production
between parturition and peak lactation was supported by increased cell numbers, and
the remainder by increased differentiation (Knight et al, 1984).

Changes in mammary growth after parturition could have longer-term effects
on milk production as this is determined by the summation of secretory cell numbers
and the activity of those cells. Indeed, if these parameters could be altered during
pregnancy or early lactation, then it could potentially alter the magnitude, and/or the

profile, of subsequent milk production.

3.2 Measurements of mammary growth

Growth measurements usually involve a compromise between obtaining a
representative sample and minimising the disturbance to the animal. Samples can be
obtained by a variety of methods, one of which is by biopsy. The advantages of this
technique include it being a relatively straightforward surgical procedure, glands
remain in situ, recovery is rapid and there is usually only a temporary reduction in
milk yield (Knight & Peaker, 1984). Disadvantages are that the tissue sample can be
unrepresentative of the whole mammary gland, especially if there has been a previous
biopsy and scar tissue is present. There may also be some internal bleeding but this can
be minimised by using electrocautery to remove the sample.

Removal of the whole gland allows an accurate assessment of gland size,
composition and differentiation but this is a complex procedure and raises the problem
of stimulation of ’compensatory growth’ in the remaining gland(s). This phenomenon
is observed in cows (Turner et al, 1963) and goats (Linzell, 1963; Knight & Peaker,
1982a; Knight, 1987) and raises the question of the extent to which mammary growth
can be influenced by loss of a gland during pregnancy or early lactation when growth

is still occurring.



A non-invasive method that can be used is magnetic resonance imaging. This
accurately determines the amount of secretory tissue present within a gland.
Unfortunately it is expensive, the size of the animal that can be measured is restricted
(goats being the largest practicable) and the degree of cellular differentiation of the
secretory cell population cannot be determined (Knight & Wilde, 1993).

The level of differentiation of mature secretory cells can be measured by
assaying key enzymes involved in the synthesis of the major components of milk;
caseins, lactose and fat. In vitro measurement of synthesis rates of casein and lactose
can also be used and more imprecise estimates of cellular differentiation can be made
by measurement of RNA/DNA ratios (Wilde et al, 1987).

Cell DNA content remains relatively constant regardless of the animal’s
physiological status, allowing estimation of the total cell population from measurement
of total glandular DNA content, but this does not distinguish between different cell
types (Knight & Peaker, 1982b). If DNA concentration is determined from a tissue
sample of known weight, and the size of the udder determined by, for example, water
displacement (Linzell, 1966), then total DNA, and therefore cell number, can be
estimated. However, this method measures the gross size of the gland which is
dependent on the mass of secretory and non-secretory tissue, on the thickness of the

skin covering the udder and on teat size (Knight & Peaker, 1982b).

3.3 Declining lactation and involution

The decline in milk yield after peak lactation has been attributed, in the goat,
to decreasing cell numbers, rather than a loss in synthetic capacity due to de-
differentiation of those cells already present (Wilde & Knight, 1989). If this loss could
be slowed somehow it would provide a potential route for reducing the rate of decline
in milk production. When milking stops, the cessation of milk secretion is mainly due
to increased intramammary pressure and other factors attributable to a lack of milk
removal (Fleet & Peaker, 1978). In cows, within two weeks, synthetic and secretory
capacities drop to very low levels and alveolar surface area (both epithelial and
lumenal) decreases. Within about three weeks the gland has regressed to a ’resting
state’ but some synthetic and secretory capacity still remains (Sordillo & Nickerson,
1988). This is in contrast to many other species and probably reflects the small loss of
alveolar epithelial cells and the maintenance of organelle integrity, despite major

changes in cell histology (Holst et al, 1987). Rodent milk secretion stops
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when suckling stimuli stop, mainly due to the reduction in the release of lactogenic
hormones (Grosvenor & Turner, 1959). Cell activity drops rapidly, followed by a
substantial loss of secretory epithelial cells which separate from the basement
membrane. Myoepithelial cells increase in size, filling the gaps and the gland becomes
fully involuted after approximately two weeks (Knight & Peaker, 1982b; Holst ez al,
1987).

The apparent differences between ruminant and rodent involution may also
reflect the different ’timetable’ of pregnancy and lactation rather than mechanistic
differences in the process of involution. As a result of general farming practice, cows
usually become pregnant while they are still producing milk, while laboratory rodents
are generally either pregnant, or lactating. When mice were concurrently pregnant and
lactating, a retardation of involution was observed, cell numbers were maintained, but
they stopped lactating just prior to the second lactation despite continued lactogenic
stimulation (Mizuno & Sensui, 1978). This requirement for a ’dry period’ in
concurrently pregnant and lactating animals is similar to that seen in cows which
require a non-lactating period of between 40 and 60 days. If less it can be detrimental
to milk production during the subsequent lactation (Smith et al, 1967) however the non-
lactating period appears to be less essential to goats (Fowler et al, 1991).

Changes in gross cell number reflect the balance between the rates of cell death
and cell replication (Stringer et al, 1990) and during late lactation and involution, cell
death rates exceed those of replacement. Metabolic and local factors influence this
process but there is also evidence for a process of apoptosis ("programmed cell death’)
in addition to necrosis in mammary tissue. Apoptosis is characterised by the induction
and expression of specific genes which correlate closely with morphological changes
that occur after the cessation of milking and DNA becomes fragmented giving a
distinctive ’laddering’ pattern when separated by (gel) electrophoresis (Gerschenson &
Rotello, 1992). Apoptosis occurs at different rates in mice and rats, but in both it
leaves the mammary gland with a degree of organisation in its cytoarchitecture (Walker
et al, 1989). Apoptosis has also been detected in goat mammary tissue during declining
lactation, at slower rate than rodents, although this was affected by milking frequency
(Quarrie et al, 1994).

The gradual remodelling of mammary tissue during involution also involves
activation of serine proteases, notably plasmin (Ossowski et al, 1979). Plasmin is

sensitive to changes in the hormonal environment of the mammary gland, for example,

9



its activity can be rapidly induced by early removal of rat pups (cessation of the
suckling stimulus) (Ossowski et al, 1979). Both plasmin and plasminogen are present
in milk and the breed of animal, udder health and individual variations between animals
also influence their presence (Richardson, 1983). In cows, concentrations of both
plasmin and plasminogen increase as stage of lactation increases and Politis et al
(1989a) found a strong correlation between plasmin, stage of lactation and involution.
They postulated that the sharp rise in plasmin concentrations immediately before
involution was directly due to the increased activation of plasmin from plasminogen,
and that the positive relationship between increasing somatic cell counts with lactation
stage was also indicative of this process. However, it has been estimated that only 12 %
of the total protease activity in milk is due to plasmin activation and correlations reflect
the increased permeability of the mammary epithelium, transferring plasmin and
plasminogen from the blood to milk (Korycka-Dahl et al, 1983; Richardson, 1983).
Similar changes are seen during mastitis when somatic cell counts and mammary
permeability increase (Politis et al, 1989b). So correlations between the various factors
must be treated with care, especially when looking at lactational trends. Subsequent
work by Politis et al (1989b and 1993) have also found that the assays for plasmin and
plasminogen can be influenced by the presence of other milk proteins and that the assay

conditions have to be carefully standardised to ensure accurate and reproducible results.

4. ENDOCRINE ASPECTS OF LACTATION
4.1 Hormonal control of mammary function

The mammary gland is a target organ for many hormones (Figure 1.1) which
have various roles including the regulation of parturition and the onset of copious milk
secretion (for review see Tucker, 1988). Briefly the major endocrine changes around
parturition are increases in the concentrations of prostaglandins and glucocorticoids,
and steadily increasing oestrogen and growth hormone levels. Progesterone levels drop
very sharply before birth, allowing prolactin concentrations to increase rapidly and
triggering the onset of milk secretion, lactogenesis (Erb et al, 1976). The alteration in
maternal glucocorticoid concentrations partly reflect the effects of labour, but fetal
glucocorticoids also increase as parturition nears, and the blocking action of
progesterone on lactogenesis is overcome. Indeed, they compete with progesterone for
binding to glucocorticoid receptors and synergise with prolactin to enhance casein and

lactose production (Convey, 1974) and may well play a role in
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initiating milk secretion.

Once lactogenesis has commenced the hormonal requirements of the mammary
gland change and prolactin, growth hormone and glucocorticoids, insulin, parathyroid
and thyroid hormones are all required, to varying degrees, for continuing milk
production, termed galactopoiesis. Some are released in response to suckling by the
young (and often in response to machine milking of commercial dairy animals), while
others, insulin and growth hormone in particular, vary with nutritional status and food
intake. Fertility and environmental factors such as temperature and photoperiod can
also play a role in the complex hormonal interactions controlling lactation. The roles
of prolactin, growth hormone and a neuropeptide, oxytocin, will be considered in more

detail in the following sections.

4.2 Evolution of prolactin and growth hormone

Prolactin and growth hormone are present in most vertebrates and probably
originated from a single gene duplication during the early stages of vertebrate
evolution, 60-70 million years ago (Sinha, 1992). They are members of the growth
hormone/prolactin family of peptide hormones, related phylogenically, and have
common structural features at primary to tertiary levels, and in their receptors. Bovine
growth hormone and prolactin have 37% homology in their amino acid sequences
(allowing for conservative replacements) (Vonderhaar, 1987). Other members of the
family show variable degrees of prolactin and growth hormone-like characteristics, for
example, ruminant placental lactogens have many prolactin-like features and appear to

have arisen from duplication of a prolactin gene (Wallis, 1992).

4.3 PROLACTIN
Prolactin and its receptor

Prolactin molecules show heterogeneity in their amino acid sequence and have
variable molecular weights depending on both sequence length and post-translational
modifications. Generally prolactin comprises of 197-199 amino acids with a molecular
weight of 23 to 24KDa. The human pituitary gland contains many variants, the most
abundant forms being 23K, 21K and 25KDa respectively, and glycosylation is the most
common modification. These variants have differing biological potencies and specific
types may possibly carry out particular biological functions (Sinha, 1992). This may

go some way to explaining how prolactin can modulate such a wide
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variety of biological functions without losing specificity. Discrepancies in determination
of in vivo prolactin levels using bioassay (for example the pigeon crop sac assay) and
radioimmunoassay methods have been attributed to the different systems picking up
different molecular variants. A further complication in determining ’prolactin’ is that
there is no apparent relationship between in vivo activity and the detectability of
variants (Klindt e al, 1982) so direct comparison of results obtained using different
assay methods and antibodies should be regarded cautiously, although strong
correlations between bioassay and radioimmunoassays have been derived (Leung ef al,
1978).

The prolactin receptor is a member of the cytokine-growth hormone-prolactin
receptor family with characteristic features of a conserved region near the C-terminal
containing a WSXWS motif and two pairs of conserved cysteines in the N-terminal
region. A wide range of tissues have prolactin binding sites (sizes range from 28 to 320
KDa) but some ’cryptic’ sites do not elicit biological effects (Vonderhaar, 1987). Two
classes of prolactin receptor isoforms have been determined- short and long- probably
generated by alternative splicing of a single gene (Kelly er al, 1992). The two forms
of receptor in rabbit mammary gland have similar binding affinities for prolactin, but
only the long-form could stimulate milk protein gene transcription. In rats the short-
form can represent up to 70% of the total receptor number (Lesueur et al, 1991) and
although it cannot initiate milk protein transcription, it can still bind prolactin,
dimerise, carry out signal transduction and is involved in receptor turnover (Rozakis-
Adcock & Kelly, 1991). Differential expression of four distinct molecular forms of the
prolactin receptor has been observed in the rodent mammary gland, dependent on
physiological state (Guillamot & Cohen, 1994) and a 33K caprine receptor has been
found in the mammary gland throughout pregnancy and lactation (Smith ez al, 1993).
The prolactin response is further modified by alteration of receptor numbers and hence
the sensitivity of the target tissue can be varied. For example, receptor numbers
increase during pregnancy and more so during lactation, and are ’fine-tuned’ by up-
or down-regulation (Delouis er al, 1980). Negative and positive co-operativity between
prolactin and its receptor also occurs and this further modulates the binding process,

possibly causing further stimulation of the mammary gland (Sakai, 1994).

There have been some recent advances in the elucidation of the cytokine-growth

hormone-prolactin receptor family signal transduction cascade. None of these receptors
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contain intrinsic enzyme activity (Wakao et al, 1994), however Janus kinases (JAKSs)
were identified as being closely associated with the receptor. These proteins recruit
transcription factors (STAT proteins) which are subsequently phosphorylated. This
triggers the formation of a complex which leads to transcriptional activation of the

appropriate genes (for review see Finidori & Kelly, 1995).

Secretion and release

Evidence for a direct relationship between the amount of prolactin present in
the pituitary and that present in the blood after its release is conflicting (Ben-David et
al, 1970; Sinha et al, 1975). The observations could be explained if a two-stage release
process occurs (Shani et al, 1976), consisting of an initial transformation phase
followed by release into the circulation (Whitworth et al, 1981). Factors which increase
prolactin, such as dopamine antagonists and perphenazine, are believed to act on the
former rather than the latter stage (Grosvenor et al, 1980). Circulating prolactin
concentrations increase with the stimulus of suckling or milking although the pituitary
release of prolactin tends to decrease with lactation stage (Hart, 1975a; Beck ez al,
1979), probably due to the influence of seasonal factors such as photoperiod and
temperature (Hart, 1975b). The synthesis and storage of prolactin in the pituitary and
alterations in tissue response will, in turn, modify the availability and effectiveness of
prolactin’s action (Johke, 1970). For example, the binding capacity of the mammary
gland for prolactin increases with lactation stage (Beck er al, 1979), increasing the

gland’s sensitivity.

Its role in lactation

Prolactin is involved in many physiological processes (Figure 1.2) and the most
common approaches to determining its role during lactation generally either reduce it
to minimal levels by administering prolactin suppressants, or increase it, directly or
otherwise. It became clear that prolactin played different roles in different species at
different times.

Prolactin concentrations increase shortly before parturition and, in general, high
levels of prolactin are essential for full lactogenesis to occur. When the periparturient
prolactin surge is blocked in goats by bromocriptine, lactogenesis was delayed for

several days (Forsyth & Lee, 1993). Other species, especially non-ruminants, can show

14



(REPRODUCTION )

Oestrus cycle Osmoregulation
Spermatogenesis \ / Immune system
Maternal behavior

PROLACTIN

(o . N

Growth (LACTOGENESIS )
Development

Fatty acid uptake & synthesis
Milk protein
gene expression
protein synthesis
protein secretion

Lactose synthesis

Figure 1.2 Summary of the main physiological roles of prolactin

15



more profound responses to prolactin restriction. For example, rabbit lactation is highly
dependent on prolactin and yields could drop by 90% within 24 hours of prolactin
suppression (Taylor & Peaker, 1975) and in rats milk production can be suppressed by
bromocriptine treatment (Flint & Gardner, 1994). Unfortunately the precise role of
prolactin during established lactation is less clear in ruminants and cows and goats,
specifically bred for traits of high milk production, cannot always be compared with
other ruminants such as sheep (Cowie et al, 1980). In the latter, bromocriptine does
suppress established milk yield (Kann ef al, 1978). In the former, data have been
interpreted to indicate that it has no inhibitory effect, although individual cows (for
instance) showed responses varying from 0 to 20% inhibition (Karg et al, 1972). Over
the long-term, bromocriptine treatment of goats has little effect on gross milk
production but secretory cell activity decreases (determined by measurement of
RNA/DNA ratio) as does alveolar cell size. Lactotrophs (prolactin-producing cells in
the pituitary gland) are probably also negatively affected by treatment, causing a
decrease in pituitary response to prolactin-releasing stimuli (Forsyth & Lee, 1993).
Exogenous administration of prolactin to increase basal concentrations also fails to
influence milk secretion rates in goats (Jacquemet & Prigge, 1991) or improve total
milk yields in cows (Plaut ez al, 1987). These observations led to the conclusion that
in established lactation, prolactin is not normally rate-limiting (Tucker, 1981). However
there is much evidence to be found (even in the above citations) to suggest that this is
not entirely true. Schams et al (1972) gave three cows bromocriptine over 9 days pre-
partum and for 3 days post partum, and one out of three animals significantly reduced
yields compared to the previous year. Post-treatment, prolactin concentrations and milk
yields remained low, indicating a prolactin effect during established lactation.
Bromocriptine given to goats during late lactation causes a drop in yield of 77% and
increases the rate of decline of milk production (Gabai et al, 1992). So why are there
conflicting results for the role of prolactin during established lactation? Although it has
clearly been shown that bromocriptine suppresses prolactin to very low levels, prolactin
may still be at an adequate level to sustain lactation. This depends on the threshold
limit for prolactin to continue acting effectively on milk production and Smith et al
(1974) calculated that a concentration of 1ng prolactin per millilitre of serum would
still deliver 20mg of prolactin per day to a ’typical’ cow mammary gland. Prolactin
may also compensate for the bromocriptine suppression by increasing the production

of high activity variants (not necessarily detectable by RIA), or it may be
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produced locally in the mammary gland and not be detectable in the circulation
(Forsyth & Lee, 1993).

So is there a direct relationship between prolactin and milk yields? There is
evidence both to support and refute a link- basal prolactin correlates positively with
milk yields over a 3 month post partum period in cows (Beck et al, 1979) and Walsh
et al (1980) calculated that for the first sixty days of lactation an increase of 1 ng/ml
serum prolactin was associated with an increase in total daily yield of 6kg. But over
lactation as a whole they found no significant correlation between prolactin and milk
yield. This latter finding supports the work of Hart (1974 & 1975a) and Koprowski &
Tucker (1973) who found no correlations between basal or milking-induced release of
prolactin in goats and cows over a lactation. These results could be explained on the
basis that prolactin is important throughout lactation, but more so during early lactation
when it helps maximise milk production. When yields are declining it is not a limiting
factor but when concentrations are restricted (using bromocriptine), bringing it to
negligible levels (Gabai er al, 1992), then it becomes limiting, showing that its
presence is still required for the maintenance of lactation. Confirmation of its effect
could possibly be determined by keeping prolactin at a high level throughout lactation
although the relative importance of basal compared to milking-induced levels of

prolactin are also yet to be elucidated.

Manipulation of endogenous prolactin

The mechanism by which prolactin is released from the pituitary gland was
initially suggested to be through stimulation of prolactin-releasing factors (PRFs)
(Mishkinsky et al, 1966). However, later work proposed that the increased prolactin
release was due to inhibition of a tonic prolactin-inhibitory factor (PIF) (Ben-David et
al, 1970) through tuberoinfundibular neurons regulated by prolactin, but the regulation
of this process is still under debate (for review see Frawley, 1994). The regulation of
these neurons at the level of the hypothalamus is independent of direct dopamine
control (Ireland et al, 1991) although dopamine does have a role in influencing
prolactin secretion at both the hypothalamic and pituitary level (Langer et al, 1977,
Higuchi er al, 1983).

Prolactin release can be manipulated experimentally in a variety of ways. Direct
methods include administration of exogenous prolactin to increase circulating

concentrations of the hormone, or by interruption of the pituitary-hypothalamic
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connection which increases prolactin as the pituitary inhibition by PIFs is lost (Ben-
David et al, 1965). Indirect methods can use pharmacological agents such as
bromocriptine, a dopamine antagonist (Karg et al, 1972) to reduce prolactin, or
stimulate it with ’psychopharmocologic prolactin releasers’, more commonly used for
their sedative properties. Some of these have side-effects which include mammary
development and/or enhancement of milk secretion, caused by a different active part
of the molecule (Ben-David er al, 1965; Bass et al, 1974).

One of these agents, perphenazine, a phenothiazine derivative (Figure 1.3),
causes a rapid release of prolactin in a variety of species including male and female
mice, rats and rabbits (Mishkinsky e al, 1966; Blackwell et al, 1973; Sinha et al,
1975). It stimulates growth of rat mammary epithelial cells, particularly in alveolar
regions (Stringer et al, 1990) while sheep show dose-dependent increases in the size
of both ducts and alveoli (Morag et al, 1971). Administration of perphenazine to small
animals and sheep is generally by intramuscular, intravenous or intraperitoneal injection
(McNeilly & Lamming, 1971; Morag et al, 1971) but side-effects (particularly in
ruminants) include loss of appetite, weight loss, lethargy and tenderness at the injection
site (Shani er al, 1975). Implantation of perphenazine into the brain median eminence
of rabbits (Mishkinsky er al, 1966) and goats (Vandeputte-Van Messom & Peeters,
1982) removed these side-effects but the surgical procedures used were complex and
had inherent disadvantages. An alternative approach of oral dosing in mares (Ireland

et al, 1991) and rats (Stringer et al, 1990) has also increased prolactin concentrations.

4.4 GROWTH HORMONE
Growth hormone and its receptor

Growth hormone is produced in the anterior pituitary and comprises up to 10%
of the weight of a dried pituitary, far in excess of any other hormone present (Lewis,
1992). It has a single polypeptide chain (with 2 disulphide bridges) of about 200 amino
acids with a typical molecular weight of 22KDa (Wallis et al, 1985). As with prolactin,
variants are produced by alternative splicing of mRNA and there are a variety of post-
translational modifications which alter its biological activity (Lewis, 1992). Growth
hormone appears to be modified to an active form in the pituitary before release into
the circulation where between 5 and 20% of the hormone exists in a relatively stable
dimeric form (Wallis ez al, 1985). Both bioassays and radioimmunoassays are used to

determine its activity and concentrations but again, as with prolactin, the difference
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between detectability and activity of the hormone must be borne in mind. Growth
hormone has certain features in common with prolactin and some cytokines; its tertiary
structure contains four a-helices in an ’up-up-down-down’ orientation (Wallis, 1992).
Growth hormone receptors have not been detected on mammary gland epithelial cells
using conventional receptor binding methods and

in vitro growth hormone was unable to bind directly to mammary epithelial cell
homogenates or explants. These observations suggest that the stimulatory action of the
hormone on milk production is not a direct effect of the hormone binding to the
secretory epithelium (Gluckman & Breier, 1987), however, mRNA coding for the
receptor has been detected by in situ hybridisation in bovine mammary tissue (Hauser

et al, 1990), specifically on the alveolar epithelium (Glimm et al, 1990).

Regulation and secretion

In most mammals growth hormone release is pulsatile and circulating
concentrations exhibit circadian periodicity- children and pubertal humans have
maximal growth hormone secretion within the first hour of sleep. In cows hormonal
release occurs episodically but there is no apparent circadian influence on secretion
(Wallis et al, 1985) and no response to changes in photoperiod or ambient temperature
(Peters & Tucker, 1978). Wide variations in hormonal release patterns are seen
between individuals and are probably determined, in part, genetically (Wallis et al,
1985). Growth hormone release is inhibited by somatostatin and stimulated by growth
hormone-releasing hormone, both of which are produced in the hypothalamus
(Wehrenberg & Gaillard, 1989). They are, in turn, regulated by opioid peptides
(Moore et al, 1992). These are transported via the hypothalamic-hypophyseal portal
vessels to the pituitary gland where they act on growth hormone-secreting cells,
somatotrophs (Gluckman & Breier, 1987). Acute or chronic growth hormone treatment
causes negative feedback of its own release, via stimulation of somatostatin, but
accumulation of growth hormone during inhibitory periods may increase a subsequent
response to a stimulatory factor (Lanzi & Tannenbaum, 1992). Growth hormone acts
directly on target tissues when receptors are present but many of its actions indirect and
are mediated via insulin-like growth factors. For example, immunisation against growth
hormone-releasing hormone reduces growth hormone and IGF-I concentrations also
drop (Moore et al, 1992). IGF’s are produced mainly in the liver and, as they are not

stored to any great extent, are present predominantly in the circulation.
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But when associated with binding proteins, their half-lives can be increased up to 18-
fold. Receptors for these factors are present in a variety of tissues and mRNA for IGF-
I has been detected at high levels in stromal and blood fractions from bovine mammary
gland. IGF-I receptors are structurally similar to insulin and both have protein kinase

activity (Wallis ez al, 1985).

Physiological roles and mode of action

A major role for growth hormone is to promote growth by acting on many
metabolic processes and balancing the demands of this with nutritional supply. It
simulates protein synthesis (de novo and increases amino acid uptake and transport
mechanisms), and increases lipid catabolism at the expense of carbohydrate catabolism
(antagonising insulin’s action) (Wallis et al, 1985). Anabolic processes such as cell
division, skeletal growth (especially cartilage and muscle) and galactopoietic activity
are also modulated by changes in growth hormone (Gluckman & Breier, 1987). In
humans a lack of growth hormone, or of factors mediating its action, can lead to a
variety of medical conditions which can have significant and negative effects on
growth, dwarfism for example (Wallis et al, 1985). The plane of nutrition of the
animal and the level of feeding are important as they also determine the amount of
circulating growth hormone (Gluckman et al, 1987) and in times of nutritional
constraint growth hormone concentrations will increase (Breier & Gluckman, 1991),
directing energy towards conservation of tissue mass. Genetic and seasonal factors also
play a role in determining basal growth hormone levels (Hart, 1973b & 1983).

However, there are still many questions to be answered about the mechanics of
how growth hormone actually acts on the mammary gland. The body of experimental
evidence suggests that growth hormone cannot bind directly to mammary secretory
cells so it must therefore be acting through some sort of mediator system. In an attempt
to elucidate the pathway of growth hormone’s action in rats, endogenous growth
hormone and prolactin were supressed to such an extent that milk production virtually
ceased. Various test substances or hormones were then given exogenously in an attempt
to restore milk secretion to pre-treatment levels. Both growth hormone and prolactin
partially restored yields and IGF-I concentrations increased when growth hormone was
administered systemically. However IGF-I alone, or when pre-complexed to binding
proteins, was unable to mimic this effect (Flint et al, 1994). Follow-up studies found

that locally administered growth hormone could partially restore milk production in
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treated glands, without affecting IGF-I levels (Flint & Gardner, 1994), suggesting that
growth hormone was able to act directly on the mammary gland. In goats, growth
hormone introduced into the mammary gland via the teat canal (intraductal
administration) with EGTA to allow paracellular movement through to the basal
surface, had no effect on milk production (Sejrsen & Knight, 1994). This again
supports the case for growth hormone being unable to bind to secretory cells but it
could also be due to the growth hormone not being successfully delivered by this route.

So is IGF-I involved in the modulation of growth hormone’s action? Systemic
growth hormone increases IGF-1 concentrations and milk production in ruminants
(Davis et al, 1987) supporting the observations made in rodents. The elevation of
IGF-I concentrations in response to growth hormone was measured in goats then
reproduced by giving IGF-I systemically. However this had no effect on milk
production while growth hormone gave increases of up to 30% (Davis et al, 1989).
Direct infusion of IGF-I into the mammary gland increased milk yields but
unfortunately this was combined with increased milking frequency (2 hourly) and
oxytocin administration which themselves have stimulatory effects on milk yields
(Prosser et al, 1990). So in conclusion, growth hormone appears to act locally, but not
necessarily directly, on the secretory cell. A mediator is probably involved, possibly
IGF-I, but more evidence is required and growth hormone’s action could be mediated

through a factor which has, as yet, not been identified.

4.5 OXYTOCIN
Physiological roles

Oxytocin is a neuropeptide synthesised in the neural lobe of the posterior
pituitary and has an amino acid sequence sequentially similar to mammalian vasopressin
(Benson & Folley, 1957; Richard et al, 1991):

Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-(NH,)

It’s physiological roles include eliciting milk ejection, it is involved in the regulation
of ruminant oestrus cycles (Wathes er al, 1992) and it induces uterine contractions
which lead to foetal expulsion during parturition (Folley & Knaggs, 1965). In a
lactating cow approximately 3% of the total oxytocin present is in the circulation, but
milking (which provides a potent stimulus for oxytocin release) can cause up to one
third of the stored oxytocin to be released in a pulsatile manner. The magnitude of

release tends to decrease with time of stimulation (Gorewit et al, 1983) although high
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sustained levels are also observed, probably due to inadequate sampling frequencies
(see Wakerley et al, 1988). Estimates of oxytocin’s half life in the circulation generally
range between 60 and 216 seconds (Thompson et al, 1973; Gorewit, 1979). However,
when measured during a steady state infusion of oxytocin, two half lives have been
determined-fast (about 4 minutes) and slow (25 minutes) and these are likely to be
closer to the normal physiological values (Gorewit et al, 1983).

Oxytocin acts in concert with a-adrenergic and B-adrenergic receptor systems
to control, respectively, milk ejection and milk flow (Bruckmaier et al, 1991) and
exogenous oxytocin decreases the time to milk ejection and increases the duration of
maximal milk flow (Graf, 1968). Cleverly & Folley (1970) calculated that exogenous
oxytocin reaches the mammary gland within 50 seconds of intravenous injection and
in vivo the milk ejection response can be elicited in cows within 0.4 minutes of giving
iv oxytocin. An intramuscular administration route is also frequently used and the time
to milk ejection increases to an average time of approximately 4 minutes, aithough
response times vary with individuals and with dose levels (Graf, 1968). The effect of
oxytocin on the mammary gland is modulated by its receptors (present on myoepithelial
cells) whose numbers vary with physiological state; in the rat mammary gland they
increase exponentially during pregnancy, continue to increase at a slower rate during
lactation and once mammary regression (involution) begins, receptor numbers drop off

sharply (Soloff & Wieder, 1983).

Role in milk removal

Milk removal from secretory epithelial cells is facilitated by contraction of
myoepithelial cells which form a network over alveolar epithelium. When oxytocin
binds the contraction of the myoepithelium forces milk out of the alveolar lumenal
spaces and small ducts into the gland cistern (Sagi et al, 1980). This process of milk
ejection is the natural response to the vigorous teat stimulation of the suckling offspring
(Benson & Folley, 1957) and maximises the milk available to them. Other types of
physical contact with the gland, for example washing the udder before milking
(Cleverley & Folley, 1970) or placing teat cups on the teats (Folley & Knaggs, 1966)
provide potent stimuli. Conditioned stimuli, generally associated with a milking
routine, elicit milk ejection, the recognition of auditory cues such as the milking
machine being switched on, for example. Cows moved to an unfamiliar milking

environment show a depression in peak oxytocin concentrations attained during milking
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(Bruckmaier et al, 1993) but within ten days of a new milking routine commencing,
a full conditioned reflex release is seen (Cleverley & Folley, 1970). Presence of the
calf without physical contact can be stimulatory but can also depress the ejection
response (and milk yield) if it is subsequently removed from sight and/or sound of the
mother (Bar-Peled et al, 1995).

The movement of milk from the alveolar to the cisternal areas causes an
increase in intramammary pressure, usually within 44-126 seconds of increased
oxytocin being detected in the blood (Cleverly & Folley, 1970). The increased pressure
can be sustained for about 10 minutes if milk is not removed (Bruckmaier et al, 1991)
although observations of increased pressure as long as 60 minutes later have been
reported in cows (Cleverly & Folley, 1970). This overestimate was probably due to the
technique employed to measure the pressure changes: after oxytocin administration
three glands were emptied while the measured gland remained full and the physical
effects of ’one full, three empty’ probably accounted for the result. Measurement of
intramammary pressure in goats using an intraductal pressure transducer shows a rapid
and characteristic peak in pressure in response to exogenous oxytocin administration
(at a physiological level). Pressure then drops to a level similar, or slightly above, that
measured pre-treatment (CH Knight & JR Brown, unpublished results). Some milk
remains in the alveoli and small ducts of the gland after machine milking (residual
milk) which is only removed if oxytocin levels increase to above those experienced at
a normal milking (Thompson et al, 1973). In goats, if milk is removed and the milk
ejection reflex avoided (by, for example, cannulation of the teat allowing passive
drainage of milk through a catheter) then 86% of the milk obtained by hand milking
can be removed. If passive drainage is combined with adminstration of exogenous
oxytocin then 97% of the milk can be obtained (Henderson & Peaker, 1987),

illustrating the importance of oxytocin for efficient milk removal.

Effects on milk production

Administration of high, non-physiological concentrations of oxytocin has
detrimental effects in several species including rabbits (Linzell, 1975), goats (Linzell
& Peaker, 1971a) and cows (Allen, 1990). The excessive contraction of the
myoepithelial cells is thought to cause damage and loss of integrity of secretory cells,
milk yields drop and milk composition changes. The latter effect is probably due to

increased permeability of the mammary epithelium allowing sodium and other
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components to leak from the blood into milk through previously ’tight’ cell-cell
junctions (Linzell & Peaker, 1971b). This process is detectable by alteration of milk
Na:K ratios and is also seen during mastitis, often providing an early indication of
mammary infection in apparently healthy cows (Allen, 1990).

In contrast, giving smaller, physiological doses of oxytocin over variable
periods often has a positive effect on milk yields, although responses vary between
individuals and studies. When oxytocin is given before milking the improvement in
yield can be explained by the more efficient removal of milk. However, debate has
arisen as to whether or not this is its only effect as oxytocin has been claimed to
increase milk yields when given after milking. Ballou er al (1993) designed an
experiment in which cows were given oxytocin or control saline injections before or
after milking. Their summary stated that oxytocin significantly increased milk
production by 3% given either before or after milking. However, these increases were
equivalent to a kilogram, or less, of milk and absolute levels of significance were
p<0.08. So their suggestion that oxytocin was not only acting by ’emptying’ but by
positively altering the production, or by maintaining secretory cell activity requires
further substantiation. Recent work in cows (Knight, 1994) shows that oxytocin
adminstration increases milk yields only if milk is removed from the gland at the time
of treatment, challenging the proposal that oxytocin was acting at a metabolic or
hormonal level.

It has been suggested that oxytocin’s effects are due to a direct relationship
between oxytocin and prolactin (Benson et al, 1960), however, subsequent evidence is
equivocal. Cultured anterior pituitary cells release prolactin specifically in response to
oxytocin addition but are probably not significantly involved in modulating basal
concentrations of prolactin or in regulating acute prolactin release in vivo (Johnston &
Negro-Villar, 1988). Peaks in circulating oxytocin concentrations in response to
suckling occur at prolactin minima in rats (Higuchi et al, 1983) but administration of
oxytocin antagonists and anti-oxytocin antibodies reduce the magnitude and duration
of the prolactin response to suckling (Samson et al, 1986). It is probable that any link
between the two is probably at the neuroendocrine level, although they are temporally
related to each other (Higuchi et al, 1983; Johnston & Negro-Villar, 1988). In
conclusion, it appears that the direct effects of oxytocin are mainly confined to local
effects associated with improved milk removal around the alveoli and small ducts in

particular (Sagi et al, 1980), but the mammary gland must be in a favourable hormonal
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environment for a full realisation of oxytocin’s potential.

5. LOCAL CONTROL OF MILK PRODUCTION
5.1 Alterations in milking frequency

In goats, the rate of milk secretion is negatively related to the interval since
milking with a curvilinear relationship seen between them (Wheelock er al 1967).
Accumulation of secreted milk in the goat udder is relatively constant for
approximately 6 hours after emptying, slows considerably after this period and
eventually reaches a plateau (Peaker & Blatchford, 1988). In cows, milk accumulation
is fairly constant for about 12 hours before markedly decreasing (Wheelock et al, 1966;
Knight er al, 1994). Normal milking practices generally operate on a twice daily
regime and it would be predicted that a switch from the usual 8 and 16 hour milking
intervals to two 12 hour intervals would increase yields by virtue of extending the time
of maximal milk production. The response to more frequent milking (shortening
intervals between milkings) has been investigated and well documented- it increases
milk yields. When goats are milked thrice-daily, at equal 8 hour intervals, milk yields
increase by between 4.7 and 10.7%, depending on lactation stage (Henderson et al,
1983). Hourly milking of glands enhances yields even more (up to 20%) although the
effect is abolished in fasted animals (Linzell, 1967), probably due to nutritional
constraints. Other researchers have applied different milking frequencies to individual
glands in the same animal. For example, twice-daily milking two udder qdarters of a
cow, and thrice-daily milking of the contralateral quarters increases milk yield in the
more frequently milked gland alone (Shinde, 1978). Similar results are obtained in
goats and the increased yield curve is parallel to that of normally milked gland
(Henderson et al, 1983) illustrating the local nature of the effect and in both studies
yields rapidly returned to twice-daily levels on the cessation of the extra milking. The
enhancement of milk yield achieved by increased milking frequency is restricted to the
period of treatment, is reversible and confined to those glands receiving more frequent
milking. However if a more frequent milking regime is continued over longer periods
of time there is evidence to suggest that there are longer term changes to the mammary

gland secretory cell population (Shinde, 1978; Knight et al, 1990).

5.2 The evidence for local control by FIL

Milk secretion and its subsequent accumulation of milk in the mammary gland
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does not occur at a constant rate but tends to slow (at varying times) as time after
milking increases. This natural constraint on milk production was thought to reflect the
limit of the physical stretching of the gland, with increasing intramammary pressure
inhibiting further milk production (Turner, 1955). However, it was later found that
pressure was not playing a major role as the enhanced rate of milk secretion continues
after removed milk is replaced with an equal volume of isosmotic sucrose solution at
the extra milking, maintaining intramammary pressure (Henderson & Peaker, 1984).
It seemed as though a local control process associated with milk removal was acting
in the mammary gland. Hourly milking a denervated, autotransplanted mammary gland
which had no neural connections and could therefore not respond to, or release into the
circulation, hormones associated with milking still showed an increase in milk yield.
This shows that it is milk removal that is essential for the effect rather than the
hormonal factors associated with milking (Linzell & Peaker, 1971a). The close positive
correlation between mammary blood flow and milk secretion led to suggestions that the
increased supply of metabolites to the gland might enhance milk production. The
vasoconstrictory properties of certain prostaglandins and the decrease in milk secretion
with decreased blood flow led to the identification of PGE,, as being a potential
inhibitor of milk production. However, doubt was shed on its importance when
intraductal adminstration initially stimulated milk secretion, then caused a period of
inhibition (Maule Walker, 1984). The action of milk removal seemed to provide the
key.

It has been noted that changes in milk secretion rates during lactation when milk
was diluted or replaced with an isosmotic solution are consistent with the presence of
a chemical inhibitor in milk (Henderson & Peaker, 1987). The field was narrowed by
finding that the whey fraction of goat milk inhibited casein and lactose synthesis in
rabbit mammary gland explants (Wilde et al, 1987). Subsequent separation and
purification of whey proteins into definable fractions resulted in identification of a
single protein (M, 7600) which had an inhibitory action in rabbit mammary cell
cultures. It was named FIL- the feedback inhibitor of lactation. In vivo, various doses
of FIL intraductally administered to goats cause a local inhibition of milk secretion up
to a maximum of 17.4% at the highest dose of 750 ug (Wilde ef al, 1995).

In conclusion, the rapid and reversible alterations in milk yields with changing
milking frequency are consistent with the hypothesis of local control of milk secretion

by FIL; more frequent removal of milk, hence FIL, reduces the level of autocrine
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inhibition on milk secretion, allowing cells to secrete maximally for longer periods as
FIL concentrations are reduced (Wilde & Knight, 1990). The positive effects of
oxytocin on milk yields can also be explained by improved removal of milk from the
secretory areas. Although the component responsible for the local control of milk
secretion has been identified it must be remembered that milk secretion is not only
under local control. It represents a complex systemic interaction between many
hormones and other factors, for example, increased milking frequency has increased
prolactin receptor numbers on secretory cell surfaces (McKinnon et al, 1988) and can

increase the size of the secretory cell population (Henderson et al, 1985).

5.3 The importance of the sites of milk storage

The compartmentalisation of secreted milk within the udder plays an important
role in determining the productivity of an animal and this can be, in part, related to the
presence of FIL in the mammary gland. Milk is stored in alveolar and cisternal areas
(see Figure 1.4). Cisternal milk is that which is stored in large ducts and the cistern
and can be removed by catheter drainage (thereby avoiding the milk ejection reflex).
Alveolar milk is stored in small ducts and the alveolar lumenal spaces and is removable
after drainage by milking with simultaneous administration of oxytocin (Knight ez al,
1994). These descriptions of the milk fractions will be used in this thesis. There will
also be a negligible amount of milk which remains in the gland which is not removable
by milking or giving exogenous oxytocin (Henderson & Peaker, 1987). However, it
must be noted that not all authors define cisternal and alveolar fractions in this way and
care should be taken when making comparisons between studies. Stelwagen et al
(1994), for example, define alveolar milk as that being obtained after hand-milking, by
a further milking with administration of oxytocin. The initial hand-milking would
stimulate endogenous oxytocin release and milk ejection, resulting in an overestimation
of ’cisternal milk’ and the second milking with exogenous oxytocin would therefore,
by the present definition, underestimate ’alveolar milk’. The milk remaining after a
normal milking is also called residual milk by some authors (for example, Peaker &
Blatchford, 1988).

Milk accumulation in the udder is not evenly balanced between alveolar and
cisternal areas; in goats, catheter plus hand milk increases linearly over a 16 hour
period while residual milk increases steadily over 6 hours, then remains constant

(Peaker & Blatchford, 1988). Filling in the cow follows a similar trend, but on a
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Teat canal

Figure 1.4 Illustration of a goat udder with one gland shown in
partial cross-section. Adapted from Mepham (1984).



different timescale; shortly after milking some milk moves into the cistern but the main
accumulation occurs more than 6 hours later. Meanwhile alveolar milk volume steadily
increases for at least 12 hours (Knight er al, 1994). The greater resistance to cistern
filling in cows reflects the relative amount of milk stored cisternally (approximately
30%) (Dewhurst & Knight, 1994) compared to goats which have cisternal percentages
of about 80% (Peaker & Blatchford, 1988). Wide variations in storage characteristics
are seen between individuals, between species, and both age and parity tend to increase
cistern capacity in cows (Dewhurst & Knight, 1994).

So what is the relationship between FIL and the site of milk storage? Milk must
be removed specifically from the alveolar areas of the mammary gland to relieve FIL
inhibition of milk secretion- secretion rate increases by 11% only if oxytocin is
administered during frequent catheter milking, ensuring emptying of alveolar areas
(Henderson & Peaker, 1987) as catheter drainage alone avoids the milk ejection reflex.
Conversely, FIL must be in contact with secretory cells to exert its effects. So once
milk has moved away from the alveolar secretory cells and begins to accumulate in the
cistern, FIL effectively becomes inactive (Dewhurst & Knight, 1993). An inverse
relationship between milk secretion and the proportional amount of milk present in the
alveolar areas has been found in goats (Peaker & Blatchford, 1988). Animals storing
proportionately more milk in the alveolar areas have lower rates of milk secretion. The
responses in milk production to alterations in milking frequency have also been related
to cistern proportion in goats (Wilde & Peaker, 1990) and cows (Dewhurst & Knight,
1994). Cows with large cisterns are more tolerant of infrequent milking (Knight &
Dewhurst, 1994), while those with small cisterns (and therefore with relatively more
milk present in alveolar areas) respond best to increases in milking frequency, due to
the increased removal of FIL. It was suggested thirty years ago that udder morphology
played a more important role in determining the tolerance of infrequent milking than
factors such as secretion rate, milk yield and intramammary pressure (Turner, 1955).
The latest findings support a role for udder morphology in this process but there are
complex inter-relationships between the various factors which inextricably link them
together. For example, udder morphology determines the relative sites of milk storage
which in turn influence milk secretion rates and hence milk production. But the level
of milk production can subsequently modify udder morphology by stretching or
shrinking the gland.
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6. LACTATION PERSISTENCY
6.1 Definition

There are two main factors which determine the shape of the lactation curve for
an animal, the peak yield achieved and the rate of decline in yield after this point. The
latter, or both, can be used in calculations to quantify ’lactation persistency’ (for
summary see Broster & Broster, 1984). A variety of methods are used to measure
persistency; some use the yield obtained at mid-lactation to compare the productivity
of animals, while others look at lactation as a whole using, for example, the number
of days that milk is produced, or the proportion of the total milk yield produced over
a particular defined period of lactation. Two animals which have identical rates of
decline in milk yields but different levels of peak production will have different total
yields, different lengths of lactation and possibly different ’persistencies’ depending on
the terminology used. Other authors have used algebraic models to evaluate lactational
trends in milk composition and yields (Wood, 1976) or complex statistical models have
been fitted to the data; in some cases treatment animals have been excluded as they do
not fit the model applied (Nostrand et al, 1991). In this thesis, persistency is measured
and defined as the rate of decline in milk yield with time after peak lactation has been
achieved. The rate of decline in yield was determined over defined periods and was
calculated by regression analysis of average daily milk yield against lactation week.
This method was applicable to all animals used in the various studies, and by
monitoring yield losses after peak lactation rather than, for example, total production
over a lactation, it gave a more accurate reflection of the changing status of the
mammary gland during declining lactation as milk yields themselves reflect secretory

cell activity and number.

6.2 Biological and imposed constraints on lactation

There are natural constraints on lactation as its main purpose is to provide a
source of nutrients for the neonate. Once weaned there is little point, biologically, in
production continuing as lactation is an energy-draining metabolic process for the
mother. The level (or plane) of nutrition and body condition influences milk yields-
well-fed goats generally produce more milk than those given restricted diets although
there is some species variation (Sachdeva et al, 1974) and the yield-enhancing effects
seen with frequent milking are abolished when dietary intake is reduced (Blatchford &
Peaker, 1983). In India the food supply is so scarce and nutritional constraints so high
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that the indigenous species (bos indicus) lactate only while calves are present and
regularly suckling (Crotty, 1980).

The amount of secretory tissue in the mammary gland and its activity also
determine the level of milk production and consequently affect lactation persistency.
Once peak lactation has been achieved cell numbers decline, secretion drops and most,
or all, of the secretory tissue involutes and lactation ceases. A favourable hormonal
environment is required for continued cell survival and maintenance of secretion. A
reduction in, for example, the amount of suckling as the young mature will affect
persistency as prolactin levels change in response to changes in the physical stimulus
of suckling and the pattern of milk removal from the gland. The maintenance of
functional secretory cells is also important, particularly so during declining lactation,
and the process of apoptosis has been detected in goat mammary tissue during
involution (Quarrie et al, 1994). If this process of ’programmed cell death’ could be
delayed by, for example, application of appropriate stimuli, then there could be a
potential route for improved persistency by virtue of increasing the longevity of cells -

reducing cell death and maintaining milk yields (Knight & Wilde, 1993). Seasonal
factors such as photoperiod and temperature can also alter hormone secretion; reduced
daylight and lower ambient temperatures are temporally correlated with decreasing
prolactin concentrations in cows (Peters & Tucker, 1978). Photoperiodicity controls
fertility in goats as they exhibit seasonal anoestrus, usually coinciding with the period
of peak milk production (Shelton, 1978), and they ’come into season’ in the autumn
when yields are dropping. Fertility and subsequent pregnancy both influence milk
production during established lactation and this situation of concurrent pregnancy and
lactation usually has a negative effect on milk production during the later stages of
pregnancy, especially immediately pre partum. It can also reduce milk production
during the subsequent lactation (Mizuno & Sensui, 1978; Knight & Wilde, 1988). The
resumption of oestrus in rats, even without recurring pregnancy, causes yields to
decline markedly (Flint et al, 1984b).

Imposed management effects are particularly important in breeds which have
been selected for high, commercial milk production, particularly cows. Dairy herd
calving is generally designed (and regulated by artificial insemination) to be
concentrated over a few months, or more evenly spread through the year. Animals
calving between January and July tend to produce less milk than those calving between

August and December but the spring-calving cows may still be profitable for the
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farmer, dependent on the economic conditions at that time (Castle & Watkins, 1984).
Cows are generally fed in slight excess during early lactation to minimise any
nutritional constraints on peak lactation and they tend to be remated when yields are
still relatively high (weeks 12-24). This pattern of concurrent pregnancy and lactation
allows a reduction in the time that the animal is not lactating and consequently a
’calving index’ of 360 to 380 days becomes possible (although a non-lactating period
is required for optimising subsequent production) (Morris, 1976). This intensive and
artificially regulated production system results in very high metabolic demands being
placed on animals and even during the short non-lactating period they are providing for

a rapidly growing foetus which places ever-increasing demands on them.

6.3 The potential for manipulation of lactation persistency
The secretory cell population

So to what degree are animal management techniques restricting lactation? If
goats are not remated at the end of lactation and continue to be milked, milk secretion
continues at a low level for several years with small seasonal oscillations, notably an
increase in production in springtime and a nadir at midwinter. Total milk production
gradually drops and lactation curves show decreasing variability in maximum and
minimum yields (Linzell, 1973). Similar results are obtained in ovariectomised animals
and the pattern could therefore reflect seasonal or nutritional influences. In rodents,
lactation can be extended by continuing suckling; replacing rat litters every 10 days
with a new-born litter can extend lactation from the usual 21 days to 70, although milk
production is at a reduced level from day 20 onwards. This extension of lactation is
possible due to a combination of events, for example, maintenance of a favourable
hormonal environment and delayed involution of the mammary glands (Nicoll &
Meites, 1959) and provides an avenue for manipulation of lactation. Closer study of
secretory cell function during extended lactation in rodents shows that cell numbers are
maintained and the gradual loss in secretory capacity is attributable to reduced cell
activity (Nagasawa & Yanai, 1976) in contrast to the normal situation when there is a
substantial loss of cells after peak lactation (Knight & Peaker, 1982c). In the former
case there may be an increase in the amount of cell replacement or a reduction in the
rate of cell death (extending cell life) but the overall effect is to substantially alter the
lactation profile and change persistency. Reduction of cell loss has been achieved

experimentally by a long-term increase in milking frequency (from twice to thrice-
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daily) in goats by a combination of increased cell proliferation and improved cell
longevity (Wilde et al, 1987b). The latter effect is also seen in mice when litter
swapping extends lactation (Shipman er al, 1987). There is some carry-over of
secretory cells from one lactation to the next in rats (Pitkow et al, 1972), ruminant
mammary gland size generally increases with parity (although this includes non-
secretory tissue (Knight ez al, 1994) and cows which do not have a dry period retain
more cells than those which do (Pitkow et al, 1972). However, cows respond poorly
to a shortening of the non-lactating period, possibly reflecting overall nutritional
constraints rather than limitations on the secretory cells (Knight, 1989). If more cells
can be carried over then there would be an increased stock of cells, increasing the
overall production potential of the animal (Knight, 1989). So manipulation of the
secretory cell population will potentially affect subsequent lactations, as well as the

current lactation.

Prolactin

Decreasing prolactin concentrations are clearly a factor in reducing milk yields
in rats (Flint er al, 1984) but direct administration of prolactin to elevate circulating
concentrations has little effect on milk yield in cows (Plaut e al, 1987). Indirect
elevation of prolactin can be successful; hypothalamically implanted perphenazine
stimulates mammary development and initiates lactogenesis in rabbits (Mishkinsky ez
al, 1966), oestradiol-primed rats (Ben-David et al, 1965) and virgin goats (Vandeputte-
Van Messom et al, 1976). Intravenous injection of perphenazine also stimulates
mammogenesis, but does not affect milk yields during established lactation (Morag ez
al, 1971). Indications seem to be that perphenazine, hence prolactin, was stimulating
mammary growth but not elevating milk production directly. However much of this
work was carried out during early or mid-lactation when prolactin may not have been
the limiting factor on secretion. If this was the case then increasing prolactin
concentrations would not necessarily have had any effect. In late lactation, prolactin
manipulation seems to be more effective in altering production, perhaps reflecting that
this is the time when endogenous prolactin levels are dropping (Hart, 1972).
Perphenazine sulphoxide given to late lactation ewes significantly reduces the rate of
decline in yields (Morag et al, 1971) and a similar pattern i