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“... a man’s reach should exceed his grasp,

or what's a heaven for? "
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“The work of teaching and organizing the others fell naturally upon the pigs, who

were generally recognized as being the cleverest of animals”
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ABSTRACT

During lactation first-parity sows, under nutritional stress, maintain milk production at
the expense of their body reserves (protein and/or fat). However excessive weight loss,
and especially muscle protein loss, in lactation is associated with a reduction in litter
growth and subsequent reproductive performance (lower ovulation rate and embryo
survival). This protects the sow’s body reserves, and ensures her survival and the
subsequent proliferation of the species, albeit with a potentially smaller subsequent litter
size. A critical metabolic issue for the lactating animal is therefore the level of body
reserve depletion at which it becomes necessary to reduce the commitment to the current
progeny (reduce milk production). A series of experiments were conducted on lactating
first-parity sows to determine 1) the level of body reserve depletion at which a reduction
in the sow’s lactational and reproductive performance occurs, and 2) how the sow’s
protein metabolism is regulated during lactation. In the first experiment, during very
restricted feeding (50% ad libitum) animals maintained milk protein production by a)
mobilization of body protein reserves, and b) improving N economy by reducing urinary
N excretion. Sows fed by gastrostomy, to 125% of ad libitum intake, directed incremental
protein towards maternal reserves rather than to additional milk production. This
indicated that lean growth remains a priority in the young reproductive female animal. A
second experiment induced lactating sows to lose different amounts of body protein (as
opposed to energy) and a small amount of fat. The results of this study suggest that a
critical level of protein loss (10 to 12% parturition protein body mass) is associated with

a decline in milk production and ovarian function at weaning. In a third experiment, sows
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were fed during gestation to achieve a standard or large body mass, and were thereafter
fed two levels of protein to induce varying amounts of protein loss ( 11 and -17%
parturition protein body mass). A larger body mass at parturition delayed attainment of a
critical protein loss, and therefore the decline in animal performance. However,
regardless of initial body mass muscle protein mobilization per se does not favour

optimal milk protein production.
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CHAPTER ONE
REVIEW OF THE LITERATURE

1.1 INTRODUCTION

Lactation is an interesting physiological state in which non-mammary tissues and
organs alter their metabolism to divert energy and other substrates to support milk
biosynthesis and mammary function. The energy and nitrogen requirements of the
lactating sow are more than double that of the dry and/or gestating sow, primarily
because the mammary gland starts to synthesize and secrete milk to support growth of
the sow’s progeny. In so doing, the normally (> 85% reproductive cycle) quiescent
mammary gland becomes highly metabolically active, and accounts for ~75% of the
sow’s lactational energy requirement (Aherne and Williams, 1992) and at least 50%
of her amino acid requirement. Mammary gland protein synthesis accounts for 32 to
46% of total daily amino acid flux in the lactating goat, depending on milk yield
(Champredon et al., 1990; Baracos et al., 1991).

Increased feed intake (hyperphagia) provides the higher energy, protein and other
nutrient requirements of lactation to maintain milk production. In the domestic pig
however, milk production has increased at least 20 to 30% over the last 10 years
(NRC, 1988; 1998), but genetic selection for increased lean growth and improved
reproductive traits has tended to reduce sow feed intake (ten Napel et al., 1995; Kerr
and Cameron, 1996; Eissen et al., 2000). As a consequence, feed intake in lactation is
often not sufticient to provide for the requirements of milk biosynthesis and
maintenance of mammary function, making the sow increasingly draw more upon her
body reserves (protein and/or fat) to supply the additional energy and nutrients and
maintain lactation. Excessive mobilization of maternal body reserves (protein and/or
fat) results in a reduction in animal performance in both the current (lactational
performance) and subsequent (reproductive performance) reproductive cycle, in
favour of maintaining the animal’s tissue reserves and promoting her survival. These

effects have been reviewed by many researchers (Aheme and Kirkwood, 198S;
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Einarsson and Rojkittikhun, 1993; Prunier et al., 1993; Ahemne et al. 1995; Foxcroft et
al., 1995; Cole and Mullan, 1996).

Inhibition of the current reproductive cycle, due to a reduction in milk production
and/or milk protein and fat composition, causes slow progeny growth in lactation.
This may or may not delay the time taken by the progeny to reach slaughter weight.
Inhibition of the subsequent reproductive cycle is more costly (to the producer) as it
involves impairment of the animal’s reproductive axis such that commencement of
the next reproductive cycle is delayed or even prevented (anestrus). In polytocious
species, such as the pig, and in animals that are genetically prone to bearing multiple
progeny the reduction in reproductive function may also involve a smaller subsequent

litter size, due to a reduced ovulation rate and/or embryo survival.

Mechanisms that inhibit lactational and reproductive performance due to nutritional
deficiencies may differ, and neither is clearly understood. Evidence exists that relate
the size of the energy deficit in lactation either directly or indirectly to inhibition of
animal performance. Low energy intakes in lactation are associated with reduced
lactational (Brendemuhl et al., 1989; Tokach et al., 1992a) and subsequent
reproductive performance (Elsley et al., 1968; Reese et al., 1982, 1984; Nelssen et al.,
198S5; Johnston et al., 1989). These effects are likely mediated by dynamic changes in
the animal’s energy reserves during lactation that are primarily adipose tissue, but

proteinaceous tissue such as skeletal muscle may also be involved.

1.1.1 Relationship between an animal’s adipose and protein stores and performance

A positive relationship between the size of an animal’s body fat stores, feed intake,
and reproductive performance has been long acknowledged, and led to the
development of the ‘lipostat’ or ‘adipostat’ hypothesis (Kennedy, 1953; Frisch and
McArthur 1974; Frisch et al.,, 1980). It was similarly hypothesized that there is a
‘threshold’ level of body fat below which reproductive failure will occur in the sow
(Eisley et al., 1968; Maclean et al., 1969). These hypotheses suggest that circulating

concentrations of a hormone secreted by adipose tissue reflect levels of body fatness
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and acts as a signal to control food intake, energy homeostasis, and also possibly

reproduction.

The concept of a circulating satiety factor was strengthened by the discovery of
recessive mutations in obese (0b/ob) and diabetic (db/db) mice that were associated
with hyperphagia, decreased energy expenditure, and early onset of obesity (Ingalls et
al., 1950). Parabiosis of wild-type mice with 0b/0b mice, and db/db mice with ob/ob
mice suppressed weight gain in the ob/ob mice, and parabiosis of db/db mice with
wild-type mice caused hypophagia in the lean wild-type mice (Hausberger, 1959;
Coleman and Hummel, 1969; Coleman, 1973). These results together suggest that the
ob locus is necessary for the production of a satiety factor, possibly produced and
secreted by adipose tissue, and that the db locus encodes a molecule required for

response to this factor, such as a receptor.

The ob locus has now been cloned (Zhang et al., 1994) and its product, called leptin
(derived from the Greek root /eptos meaning thin), causes reductions in food intake,
body weight, and body fat when injected intraperitoneally into either wild-type or
ob/ob mice (Halaas et al., 1995). Leptin is secreted like a hormone from adipose
tissue and negatively feeds back on the brain to control energy homeostasis. Leptin is
thought to limit obesity in a normal individual, when nutrients are abundant, and
regulate the neuroendocrine system in starvation via negative feedback to brain
centres controlling energy homeostasis (Ahima et al., 1996). Many of leptin’s effects

on food intake and energy expenditure are discussed in Section 1.7.6.

Although there is fairly strong evidence linking leptin to reproductive function in
rodents the evidence is not as compelling for other species, including the pig (see
Section 1.7.6). This is not surprising, because most complex functions have multiple
regulators, so it would be unusual that only one mechanism communicates nutritional
status to such an important physiological function as the reproduction. Leptin cannot
be discounted as a regulator of the hypothalamic-pituitary-ovarian axis in non-rodent
species, but rather other mechanisms such as the availability of metabolic substrates
(Wade et al., 1996; Schneider et al., 2000b) are also likely to be involved. Changes in
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the animal’s protein mass may also signal the changes in animal performance
observed in lactating sows under poor nutritional conditions. Leptin may also be
involved in this mechanism because muscle tissue expresses both leptin mRNA and
protein, but a 10-fold lower levels than adipose tissue (Wang et al., 1998).
Furthermore, peripheral leptin levels decrease with a reduction in energy status
suggesting that leptin could signal changes in the animal’s energy status. However, it
is not known if leptin levels change with protein deficiency. Whittemore and Morgan

(1990) suggested that a sow’s lipid mass should be expressed as a function of its

a) b)
o 0 V=ateeE 0m6x ot X T ommese
2‘ 25 - (F=047.P <0.001) -E 25 - (R2=024;P <0.001) x
£ 20 E
"] [
i, §
g 107 2
c
8 8
3 s
0 . e e e — e s o e s e
0 5 10 15 20 25 30 0 10 20 30 40 50
Whole-body protein loss, % Whole-body fat loss, %
)
30 e W e e e e

o y = 0.000028x? - 0.057x + 35.2
g5 - | x®=060P<o00n A King & Williams (1984ab)  x King & Dunkin (1985, 86)
é 20 - a King & Martin (1989) = Mullan & Williams (1989)
- o Yang et al. (1989) o Baidoo et al. (1992)
g 15 - o Prunier et al. (1969) & Koketsu et al. (1996)
® - a Tritton et al. (1996) x Zak et . (1997, 98)
< = Yang et al. (20000) +Jones & Stahly (1999)
§ 5~ oMao et al. (1999)

0O 300 600 900 1200 1500
CP Intake, g/d

Figure 1-1 Regression analysis of subsequent wean-to-estrus interval against the sow’s
estimated whole-body a) protein and b) fat loss in lactation, and c) lactational crude protein
intake. Whole-body protein and fat mass are presented as % parturition tissue mass, and were
estimated from the equations of Whittemore and Yang (1989)
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protein mass. If the animal’s lipid mass was smaller than its protein mass reproductive
efficiency would be compromised (Whittemore et al., 1988; Yang et al., 1989). No
account is taken by this hypothesis of the fact that a large decrease in protein mass
could dramatically reduce an animal’s performance without reducing her protein to fat

ratio below unity. The mechanisms behind this hypothesis are unknown.

Regression analysis of data from 16 experiments from the literature indicate that loss
of the sow’s calculated whole-body protein mass during lactation accounts for almost
half the variation in the sow’s post-weaning reproductive performance (wean to estrus
interval) (Figure 1-1a). Whereas, less than a quarter of the variation in the same data
set was accounted for by loss of body fat mass (Figure 1-1b). This data set also
provides evidence for a ‘critical amount’ of protein loss associated with inhibition of
the subsequent reproductive cycle (Figure 1-1a), which appears to be loss of between
10 and 15% of the sow’s initial (parturition) protein mass. Similarly, the sow’s post-
weaning reproductive performance appears to decline upon feeding less than 500 to
600 g CP/d in lactation (Figure 1-1c). Protein restriction in lactation also negatively
impacts on other reproductive variables such as LH pulsatility and follicular dynamics
post-weaning (see Section 1.7.4).

Low protein intakes in lactation are also associated with reduced litter growth rates,
milk production (Kusina et al., 1999b), and changes in milk composition (King et al.,
1993ab; Kusina et al., 1999b). Similar reductions in lactational performance due to
inadequate dietary protein intake have been observed in other species including the
dairy cow (Botts et al,, 1977) and rat (Pine et al., 1994abc). These effects of
inadequate protein intake are likely due to excessive loss of body protein reserves.
Thus, changes in the sow’s body protein reserves, and in particular muscle mass
(predominant source of mobilizable protein, see Section 1.2), and the signals
emanating from such changes are likely involved in inhibition of both lactational and
reproductive performance. This review of the literature will focus on a number of

topics, and these include:

¢ Muscle protein mobilization and the mechanisms involved in this mobilization.

¢ Various methodologies for measuring changes in muscle protein mobilization.
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¢ How nutrition in gestation and lactation impacts on the sow’s fetal and mammary
gland growth and development, lactational performance, and reproductive
performance.

¢ How maternal protein loss in lactation impacts on the lactational and

reproductive performance of a sow.

1.2 Skeletal muscle protein mobilization

Skeletal muscle protein constitutes approximately 45% of the total protein in the adult
body (Young, 1970), and is the main reserve of body protein accessible for
mobilization during nutritional, physiological and pathological states where protein
requirements exceed the dietary supply (Allison et al., 1963; Allison and
Wannemacher, 1965; Swick and Benevenga, 1977). This tissue is divided into three

types that contain:

1) predominantly red, oxidative, slow-twitch (Type I) fibres e.g. diaphragm and
postural muscles such as the soleus.

2) predominantly white, glycolytic, fast-twitch (Type IIB) fibres e.g. tensor fascia
latae

3) mixed-fibre type muscles which contain both red, oxidative (Type I), intermediate
(Type [ID), and white glycolytic (Type IIB) fibres e.g. gastocnemius, longissimus,

extensor digitorum longus, and triceps muscle.

The mixed-fibre type muscle comprises the majority of muscle in the body (Ariano et
al.,, 1973; Maltin et al. 1989; Delp and Duan, 1996), and is the main source of
mobilizable protein in times of nutrition stress (Goodman and Ruderman, 1980;
Baillie and Garlick, 1991; Fang et al,, 1998). In muscle undergoing protein
mobilization, the glycolytic muscle fibres appear to be preferentially targeted for
degradation (Henriksson, 1990). Other conditions, such as exercise, increase the
proportion of oxidative and intermediate fibres, and decrease the proportion of fast-

twitch glycolytic fibres in this muscle (McAllister et al., 1997).
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Myofibrillar protein is the most abundant (50 to 60%) protein in skeletal muscle
(Helander, 1961), and is the main protein mobilized in skeletal muscle in times of
nutritional stress, such as starvation (Li and Wassner et al., 1984; Lowell et al.,
1986a). Myofibrillar protein is composed of the normally long-lived proteins actin
and myosin (half-life 15 to 30 d; Bates and Millward, 1983; Bates et al., 1983).
Sarcoplasmic and membrane proteins make up the remainder of skeletal muscle
proteins, and these proteins have half-lives of minutes and hours rather than days. The
functions of myofibrillar proteins include: maintenance of cell integrity, contractile
function, a source of gluconeogenic carbon, and a potential source of essential amino
acids. The latter two functions of myofibrillar protein, which are enabled by muscle

protein mobilization, will be discussed in this review.

Net protein mobilization occurs when the rate of protein breakdown exceeds the rate
of protein synthesis. Both these processes must be measured in order to understand
the degree of protein mobilization occurring and the mechanisms involved. Various
direct and indirect methods for measuring these processes are described in Section
1.3. There is a paucity of information regarding skeletal muscle protein turnover in
lactating animals, and especially in large domestic species, such as the pig. Therefore
the effects of nutritional stress on muscle protein synthesis and degradation reviewed
here will be predominantly based on rodents in either a basal (fed or non-atrophying)
or activated (starved or denervated) state. Wherever possible, relevant work in

lactating animals will be included.

1.2.1 Protein synthesis in skeletal muscle

Many physiological states, including aging and starvation, reduce the rate of muscle
protein synthesis (Millward et al.,, 1976); starvation (4 d) reduced total protein
synthesis in mixed-fibre muscles in 100 g, 200 g (8 week old), and 500 g (16 wk old)
rats by 70, 50, and 25%, respectively. The rate of muscle protein synthesis was also
reduced in septic rats (Fang et al., 2000). Starvation decreased the rate of myofibrillar
protein synthesis by 50%, but only decreased the rate of protein synthesis in
sarcoplasmic protein by 30% in the adult rat (Bates and Millward, 1983).
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Muscle protein synthesis has been studied in a both rodents and ruminant species in
lactation. In the ruminant (Vincent and Lindsay, 1985) and mouse (Millican et al.,
1987) animals that did not mobilize muscle protein in lactation did not change their
rate of muscle protein synthesis; these animals did not lose live-weight and were in
positive N balance throughout the study. Such studies would not be representative of
protein metabolism in the young lactating pig. This animal typically loses fat and
muscle protein tissue in lactation. However, other studies conducted in the ruminant
(Bryant and Smith, 1982; Champredron et al., 1990) and rodent (Pine et al., 1994ac)
indicate a decrease in the rate of muscle protein synthesis in lactating animals,
provided the degree of protein mobilization is sufficiently large. Thus, a decline in the
fractional rate of muscle protein synthesis contributes to the increase in protein
mobilization in animals deficient in dietary protein in lactation. But the main
contributor to the increase in protein mobilization observed in the rat and dairy goat in
early-lactation is an increase in the rate of muscle protein degradation (Baracos et al.,
1991; Tesseraud et al., 1993; Pine et al., 1994ab). This muscle process will be

described in detail in this review (see Section 1.2.2).

1.2.2  Protein degradation in skeletal muscle

The degradation of myofibrillar and non-myofibrillar proteins is regulated
independently and by separate pathways (Lowell et al., 1986ab). Myofibrillar proteins
in skeletal muscle are sensitive to degradation in times of nutritional stress, and
supply the proteins and amino acids that make up for any dietary protein deficit (see
earlier in this Section 1.2). In catabolic states such as muscle denervation (Furuno et
al., 1990) and starvation (Lowell et al., 1986ab; Li and Wassner, 1984) the
degradation rate of myofibrillar proteins increases two to three-fold above those of
animals in the fed or non-denervated state. However, the degradation rate of non-
myofibrillar proteins (e.g. sarcoplasmic proteins) changes very little between the fed

and fasted state.

Lysosomal and cytoplasmic proteolytic pathways exist in skeletal muscle (Furuno and
Goldberg, 1986; Fagan et al., 1987; Kettlehut et al., 1988). The lysosomal proteinases

include the nine identified cathepsins and other acid hydrolases and are the major site
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of breakdown of membrane proteins, glycoproteins such as hormone receptors, and
endocytosed proteins, such as plasma proteins, hormones, and lipopolysaccharides.
The lysosomal proteinases also account for the bulk of protein degradation in the liver
under poor nutritional conditions (Beynon and Bond, 1986). However, they are not
involved in the breakdown of myofibrillar proteins in conditions such as starvation

(Lowell et al., 1986b) and muscle atrophy due to denervation (Furuno et al., 1990).

In eukaryotic cells, most proteins in the cytosol and nucleus are degraded via the
ubiquitin-proteasome pathway. Ubiquitin-mediated protein degradation plays an
important role in controlling basic biological processes such as cell-cycle progression,
signal transduction, transcriptional regulation, receptor and transporter down-
regulation and endocytosis, and degradation of abnormal proteins. The ubiquitin
system has also been implicated in the immune response, development, and
programmed cell death (apoptosis). Abnormalities in ubiquitin-mediated processes
have also been shown to cause pathological conditions such as malignant
transformation (Hershko and Ciechanover, 1998; Lecker et al., 1999a; Voges et al.,
1999). These processes will not be discussed in this review of the literature. Rather,
the ATP-ubiquitin-dependent proteasome proteolytic pathway will be discussed. The
majority (65 to 80%) of muscle proteins, especially myofibrillar proteins, are

degraded in this pathway (Fagan et al., 1987) in conditions of nutritional deficit.

Protein degraded in the ATP-dependent proteasome proteolytic pathway is first
marked for degradation by covalent ligation to at least five ubiquitin molecules, a
highly conserved protein consisting of 76 amino acid residues that is present in all
eukaryotic cells (Hershko and Ciechanover, 1992, 1998). The pathway is highly
selective and efficient; there are a number of ubiquitin carrier proteins (E2) and
ubiquitin ligase enzymes (E3) that are specific for different protein types. Proteins are
degraded in the 26S proteasome complex, a multienzyme complex that requires ATP
to function (Wing and Goldberg, 1993). The importance of this process is underlined
by the reduction in muscle proteolysis (sepsis-induced) in vivo by treatment with a

proteasome inhibitor (Fischer et al., 2000). The ubiquitination of proteins and their
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subsequent degradation in the proteasome by complex mechanisms are described in

Section 1.2.3.

The specificity of ubiquitin-mediated protein degradation process is probably
determined to a large part by the E2 and E3 proteins, and/or by the complex of the E2
and E3 proteins. The E2 proteins are part of a protein superfamily (molecular weights
ranging from 14 to 35 kDa) identified by their ability to bind to an ubiquitin affinity
matrix in the presence of E1 and ATP (Pickart and Rose, 1985; Haas and Bright,
1988). Each E2 protein has a relatively specific function, and they assist in the
degradation of different substrates. A number of E2 species have been found in
skeletal muscle, including the 14-, 17-, and 20-kDa species, but only the 14-kDa E2
was regulated in conditions of muscle wasting (Attaix et al., 1998). The E3 proteins
have less structural similarity to each other than the E2 proteins. Four types of E3s
have been identified (N-end rule E3, Hect-domain E3, Cyclosome/APC, and
phosphoprotein-ubiquitin ligase complex), and several others have been partially

characterized (Hershko and Ciechanover, 1998; Lecker et al., 1999a)

Isolation of cDNA probes for ubiquitin, subunits of the proteasome complex (C-2, 3,
5, 8, and 9), and the 14 kDa-ubiquitin-conjugating enzyme (14 kDa-E2) has allowed
changes in gene expression of this proteolytic pathway to be measured in animals in
different physiological states. Increases in mRNA expression of components of the
ATP-dependent proteasome proteolytic pathway were observed in muscle tissue
(Medina et al.,, 1995) and the gastrointestinal tract (Samuels et al., 1996) of fasted
rats, but not in heart, liver, spleen, fat or brain tissue (Medina et al., 1995). Up-
regulation of genes in this pathway was also observed in skeletal muscle and skin of

rats undergoing cancer cachexia but not in other tissues (Baracos et al., 1995).

Expression of mRNA for the 14 kDa-ubiquitin-conjugating enzyme increases upon
fasting and returns to lower levels upon re-feeding, in parallel with changes in muscle
ubiquitinated protein levels (Wing and Banville, 1994). In starvation and atrophy
denervation the increase in protein (myofibrillar) substrates marked for degradation

(ubiquitin-protein conjugates) are associated with increases in mRNA expression of
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ubiquitin (Wing et al., 1995). Insulin administration decreased ubiquitin gene
expression in the predominant muscle fibre type degraded in catabolic conditions
(mixed-fibre type), but not in slow-twitch muscle, skin, liver or jejunum (Larbaud et
al., 1996). Thus, mRNA expression of ubiquitin and various proteasome subunits
reflect the overall rates of muscle protein degradation in several catabolic states, and
suggest that proteasome production is enhanced in skeletal muscle in animals in

catabolic states. These include:

» food deprivation and re-feeding (Wing and Goldberg, 1993; Wing and Banville,
1994; Medina et al., 1995; Wing and Bedard, 1996)

v

muscle denervation (Medina et al., 1995)

A1

cancer cachexia (Temparis et al., 1994; Baracos et al., 1995)

metabolic acidosis (Mitch et al., 1994)

%

\ %

burn injury (Fang et al., 1998)
sepsis (Voisin et al., 1996, Tiao et al., 1997; Fang et al. 2000; Fischer et al. 2000)
diabetes (Bailey et al., 1999).

A 4

\ U

glucocorticoid administration (Wing and Goldberg, 1993)

No components of this proteolytic system have been measured in the pig or in
lactating animals. Gene expression of this pathway has been measured in other
domestic species, including the skeletal muscle of goats undergoing euglycemic
hyperinsulinamia and hyperaminoacidemia (Larbaud et al., 1996), splanchnic organs
of sheep undergoing underfeeding and refeeding (Noziére et al., 1999), and the
muscle of growing broiler and layer chickens (Harper et al., 1999).

A number of circulating factors trigger an increase in muscle protein degradation. In
denervated and immobilized muscles the signal originates within the inactive cell,
whereas in various conditions of protein catabolism including fasting, acidosis, sepsis,
cancer cachexia, and potentially lactation, skeletal muscle proteolysis is sensitive to
hormonal regulation (Kettlehut et al., 1988; Evers, 1989; Grizard et al., 1999, Lecker
et al., 1999a). In both fasting and acidosis, glucocorticoids at physiological

concentrations appear to play a ‘permissive role’ in the catabolic response. They are
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required to elicit increases in the ubiquitin-proteasome ATP-dependent proteolytic
system in vitro and in vivo (Wing and Goldberg, 1993; Mitch et al., 1999). The rise in
proteolysis, due to starvation in vivo is blocked, and the increase in ubiquitin-protein
conjugate levels is reduced by adrenalectomy (Wing et al., 1995). Similar results of
adrenalectomy were observed in diabetic rats (Mitch et al., 1999). Besides promoting
proteolysis in muscle, glucocorticoids and the effects of fasting also inhibit protein
synthesis by decreasing translation of mRNAs encoding muscle proteins and
suppressing amino acid entry into muscle (McGrath and Goldspink, 1982), and
reduced translational efficiency (reviewed by Grizard et al., 1999). At the same time,
glucocorticoids induce gluconeogenic enzymes that convert amino acids into glucose
in the liver. Thus in fasted animals, glucocorticoids co-ordinate the mobilization of
amino acids from muscle tissue, and glucose production from precursors in the liver.
Protein synthesis is probably differentially regulated in muscle and liver in response
to fasting and refeeding (Yoshizawa et al., 1997), and a combination of dietary protein
and increased insulin concentrations may be required to stimulate translation initiation

in skeletal muscle and liver tissue (Yoshizawa et al., 1998).

Ubiquitin conjugation appears to be hormonally regulated. Insulin reduced the
expression of 14-kDa ubiquitin-conjugating enzyme in L6 myotube culture in vitro,
but had no effect on mRNA'’s encoding polyubiquitin and several proteasome (C2 and
C8) subunits (Wing and Banville, 1994; Wing and Bedard, 1996). But insulin
administered of insulin in vivo to goats reduced ubiquitin expression in mixed fibre
muscles (Larbaud et al., 1996), suggesting that insulin’s anti-proteolytic effects are
mediated in part by reducing muscle proteolysis. Addition of IGF-1 did not affect the
rate of transcription of the 1.2 kb 14 kDa ubiquitin-conjugating enzyme transcript
(active transcript) in myotube culture, but did increase the rate of degradation of this
transcript (Wing and Bedard, 1996), indicating that mRNA stability of components
from the proteolytic pathway are altered by IGF-1 addition.

1.2.3  Mechanism of action of the ATP-ubiquitin-dependent proteasome pathway
Proteins are ubiquitinated and subsequently degraded in the proteasome by complex

mechanisms. The mechanism and substrates of this pathway and the way it influences
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skeletal muscle protein degradation have been comprehensively reviewed
(Rechsteiner, 1991; Hershko and Ciechanover, 1992, 1998; Attaix et al., 1994, 1998;
Rock et al, 1994; Mitch and Goldberg, 1996; Lecker et al., 1999a). A brief
description of the process is described below. Ubiquitin is first activated by
conversion of the terminal carboxyl group to a thiol ester by an ATP-requiring
enzyme (El). The activated ubiquitin is then transferred to a family of ubiquitin
carrier (E2) proteins. The carboxyl group of the ubiquitin is coupled by E3 to the -
amino group of lysines in the protein substrate. The E3 protein possesses specific
binding sites for the substrate, E2 protein, and at least one (sometimes two) ubiquitin
molecule(s), thus E3’s active sites are able to transfer ubiquitin directly to either a
lysine on the substrate or to the preceeding ubiquitin moiety to form a chain. The
ubiquitin-conjugating reaction is repeated by linking activated ubiquitin to the Lys-48
residue of the substrate-bound ubiquitin. In this way a chain of five of more ubiquitin

molecules is formed and linked to each other and then to the protein substrate.

The polyubiquitinated proteins are rapidly degraded in the 1,500 kDa proteolytic
complex (26S proteasome), a detailed description of the structure and function of
which is provided by Coux et al. (1996), DeMartino (1998), DeMartino and Slaughter
(1999), and Voges et al. (1999). The 26S proteasome is composed of a 600 kDa
central barrel-shaped structure called the 20S proteasome core, and has a 19S
complex located at either end. The 19S complex contains 20 subunits that 1)
specifically bind ubiquitin-conjugated proteins, and 2) catalyze unfolding of the
proteins to facilitate their entry into the central chamber of the 20S proteasome core.
These processes require energy that is provided by the six ATPase subunits present in
the 19S complex. Proteolysis occurs in the 20S proteasome core that is composed in
eukaryotic cells of two copies of seven distinct non-catalytic a- and seven distinct
catalytic B-type subunits, arranged in four stacked rings of proteins around a central
cavity. Two juxtaposed rings of p-type subunits are flanked on top and bottom by a
ring of a-type subunits that form the barrel-shaped complex. Individual 19S
complexes bind to each of the outer a-rings of the 20S proteasome in the presence of

ATP. Unfolded protein substrates enter its core through the outer ring and are
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degraded by peptide-bond cleavage, catalyzed by the hydroxyl group of threonine at
the N-terminal of the two inner rings. Mammalian proteasomes contain several active
sites, located inside the cylinder, that differ in their substrate specificity but function
together in proteolysis: one preferentially cleaves peptides after large hydrophobic,
another after basic, and one after acidic amino acid residues. Once the proteins are cut
into peptides of 6 to 12 amino acids they are released and hydrolyzed to amino acids
by peptidases in the cytoplasm, and the ubiquitin is released and reused. The peptides
(antigens) may also be transported to the endoplasmic reticulum to become involved
in the production of antigenic peptides after presentation on major histocompatibility
complex (MHC) class I molecules (Rock et al., 1994). The latter function of the
proteasome will not be discussed further in this review. The 20S proteasome is also
known as the multicatalytic proteinase, macropain, and prosome (Seemiiller et al.,
1998). The 19S complex or cap is also known as PA700 (Ma et al., 1994), p-particle
(Peters et al., 1994), ball (Hoffman et al., 1992), and the ATPase complex (Dubiel et
al., 1995).

The ubiquitin-proteasome pathway does not degrade intact myofibrils, or complexes
of these proteins (actomyosin), suggesting that actin and myosin need to be released
from their myofibrils before they can be ubiquitinated and degraded by the 26S
proteasome (Solomon and Goldberg, 1996). The mechanism by which myofibrillar
protein is first ubiquitinated is as yet unknown. However, a calcium-dependent
mechanism involving increased calpain activity has been implicated in the disruption
of anchorage of actin and myosin from the Z-band (Williams et al., 1999). This may
be the first step in the subsequent release of the myofilaments from the sarcomere

leading to the ubiquitination and degradation of the protein.

In skeletal muscle a large proportion of non-myofibrillar protein degradation is
catalyzed by the N-end rule pathway (Solomon et al., 1998a). This pathway is also
important in increasing ubiquitin conjugation of skeletal muscle proteins in catabolic
states (Solomon et al., 1998b; Lecker et al., 1999b). The N-end rule pathway pertains
to the rapidity by which proteins are ubiquitinated and degraded. Proteins with basic
(Arg, Lys, His), large hydrophobic (Phe, Leu, Trp, Tyr) or small uncharged (Ala, Ser,
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Thr) N-terminal residues are rapidly ubiquitinated and degraded, whereas the same
proteins bearing other N-terminal residues, such as methionine, are stable (Bachmair
et al., 1986; Gonda et al.,, 1989). These researchers speculated that exo- or
endoproteolytic cleavage of long-lived proteins (actin and myosin) to expose the
destabilizing amino-terminal residue is a rate-limiting step in the degradation of such

proteins.
1.3 Measurement of protein synthesis and degradation

The rate of whole-body and muscle protein synthesis and degradation may be
measured in vivo by a number of methods that are based on the concept of amino acid
flux, and rely on the assumption that the free amino acid pool is kinetically and
metabolically homogeneous. The first method is based on a single tracer dose of a
stable or radioactively labeled amino acid such as phenylalanine, tyrosine, or
methionine. This method is not manageable within an experimental setting because of
the frequent sampling and large sample size required. Second, a constant infusion of a
labeled amino acid such as tyrosine, leucine, phenylalanine, and methionine for up to
11 h may be used. This method provides a good measure of protein synthesis rates in
tissues with a slow rate of turnover such as skeletal muscle, but not for tissues with
high protein turnover rates and which export a large proportion of their synthesized
protein. This method has been used in large domestic species such as cattle (Lobley et
al., 1980; 2000), and goats (Champredon et al., 1990; Baracos et al., 1991). A third
method involves administration of a tracer dose of labeled amino acid, such as
phenylalanine and valine, with a large dose of carrier unlabelled amino acid to “flood”
the free amino acid pool, and thereby minimize the differences between the
extracellular and intracellular free amino acid isotope abundance (Reeds, 1992). This
method has been used to measure muscle protein turnover in lambs (Attaix et al.,
1986) and pigs (Mulvaney et al., 1985; Seve et al., 1993). These methods are
expensive to conduct, have numerous sources of error, and cannot be repeated
multiple times on the same animal. In vitro measures of muscle protein tumover can
also be made in small animals, such as rats, but are not possible in larger animals

because a small muscle cannot be excised intact (Tischler, 1992).
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Other methodologies used in fields of research that face similar technical problems to
those seen in the lactating sow measure indices of muscle protein synthesis and
degradation which involve minimally invasive techniques. The study of protein
breakdown in critically ill and (or) post-operative patients is such a field of research.
A parallel can be drawn between the metabolic situation experienced by the lactating
sow and by critically ill patients that exhibit catabolism and negative nitrogen balance
due to excess muscle protein catabolism. In both cases there is an imbalance between
protein supply from endogenous muscle protein catabolism and the overall demand
for amino acids. Furthermore, in both cases studies of protein synthesis and
breakdown rate preclude the use of determinations of protein depletion that are
invasive, use of radioisotopes or are conducted in facilities remote from the subject
(farrowing barn or hospital). Research in this area has revealed several indices of
muscle protein breakdown that are considered diagnostic of catabolic states in which
protein mobilization occurs. These have been documented in a diversity of
physiological states where there is disease and/or malnourishment in the human
patient and include changes in muscle RNA:DNA and protein:DNA ratio, free amino
acid concentration and mRNA expression of the ATP-dependent ubiquitin
proteasome proteolytic pathway and are described below (see Sections 1.3.1 to 1.3.3).
Other methods of estimating muscle protein synthesis and degradation are found in
the field of animal science and these include urinary 3-methylhistidine excretion
(3MH; see Section 1.3.4) and myofibrillar protein degradation using compartmental-
kinetic analysis of de novo 3MH synthesis (see Section 1.3.5).

1.3.1. Muscle RNA:DNA and protein: DNA ratio

The growth of tissues and organs in terms of increases in total DNA (hyperplasia) and
protein:DNA ratio (hypertrophy) are well documented. This relationship is more
complex in skeletal muscle because each muscle fibre is comprised of one or a smali
number of multinucleate cells. Growth in muscle tissue involves the addition of nuclei
produced by mitoses in a population of satellite cells that are located between the
plasma membrane of the muscle cell and the basement membrane surrounding and

supporting the individual fibres. To account for the muitinucleate nature of muscle,
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the muscle cell has been defined in operational terms as the volume of cytoplasm
controlled by a single nucleus i.e. a DNA unit (Cheek et al., 1971). The amount of
DNA in skeletal muscle increases with age, but after about 5 mo of age porcine
muscle DNA concentrations remain fairly constant (Powell and Aberle, 1975). This
allows muscle DNA concentrations to be used as an index of skeletal muscle ‘cell
number’ in the adult animal such as the lactating sow. The muscle protein:DNA ratio
therefore estimates the amount of protein per muscle ‘cell unit’. Changes in this ratio
in the adult animal are indicative of a change in muscle cell ‘size’, and ultimately in
the body’s protein reserves. This is demonstrated by the 50% reduction in the mixed-
fibre muscle (plantaris) protein:DNA ratio and wet weight in rats that were restrict fed
(Sika and Layman, 1995).

Ribosomal RNA is the cell’s protein synthetic machinery. The majority (> 80%) of
total tissue RNA is ribosomal (Darell et al., 1986), and about 80% of ribosomes
translate message at any given time (in the liver; Scomik, 1974). Then by relating
total tissue RNA concentrations with their DNA concentration (RNA:DNA ratio) the
protein synthetic capacity of the tissue ‘per muscle cell unit’, can be estimated. The
RNA:DNA ratio is therefore used as an index of the rate of muscle protein synthesis.
It is highly correlated with changes in the rate of muscle protein synthesis in
starvation and after feeding a protein-free diet for several days in the rat (Millward et
al.,, 1974, Goodman and Ruderman, 1980). Also daily changes in this ratio are
observed due to meal-feeding and parallel the changes in plasma insulin (Millward et
al., 1974). Ribosomal capacity (RNA:protein ratio) may also be used as an index of

the rate of protein synthesis (Millward et al., 1974).

1.3.2 Muscle free amino acid concentrations

The muscle free amino acid pool constitutes the main free amino acid pool in the
body (Young, 1970). It reflects the balance between the net rate of amino acid
appearance from myofibrillar protein breakdown, and the net rate of amino acid
disappearance due to either export out of the tissue into the blood, re-synthesis into
tissue protein, or other tissue metabolism uses. In contrast, plasma free amino acid

pool represents a small proportion of the whole-body free amino acid pool and is the
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medium by which free amino acids are transported around the body to peripheral
tissues. In lactation, amino acids are predominantly exported to the mammary gland

for milk biosynthesis and other mammary functions.

If the dietary protein intake is inadequate to provide for the animal’s requirements
there is a net efflux of amino acids out of muscle tissue. A reduction in free glutamine
concentrations and increases in the branched chain amino acids (BCAA's, isoleucine,
leucine and valine) and phenylalanine concentrations in muscle and plasma are
diagnostic of muscle protein mobilization in the critically ill and(or) post-operative
patient (Table 1.1). Similar changes in the pattern of the muscle free amino acid pool
have been observed in other catabolic states. These include lactation in the dairy cow
(Motyl et al., 1983; Meijer et al., 1995), glucocorticoid administration to rats, and
several days of starvation or of feeding a protein-free diet in the rat (Millward et al.,
1974, 1976). Changes in the free muscle amino acid pool are often larger and more
numerous than those in the plasma pool (Table 1-1), suggesting that this pool is more

sensitive to loss of body protein than the free plasma pool.

1.3.3. The ubiquitin-ATP-dependent proteasome proteolytic pathway

The ubiquitin-ATP-dependent proteasome proteolytic pathway is the main proteolytic
pathway in muscle (Attaix et al., 1998). Increases in mRNA expression of genes from
this pathway are related to increases in the rate of muscle protein degradation in a
number of physiological conditions including starvation, cancer cachexia, metabolic
acidosis, sepsis, burn injury and diabetes (see Section 1.2.2). However, some caution
must be used if this is the sole index of the rate of muscle protein degradation used in
an experiment. Under some physiological conditions changes in the level of mRNA
expression for various aspects of the ATP-dependent ubiquitin proteasome proteolytic
pathway do not always reflect the rate of muscle protein breakdown. Peripheral
treatment of septic rats with IGF-1 prevented the increase in ubiquitin and 14-kDa
ubiquitin-conjugating enzyme mRNA expression in muscle, but did not reduce the
rate of the total and myofibrillar protein breakdown (Fang et al. 2000). The IGF-1

treatment probably reduced the sepsis-induced muscle cachexia by stimulating the
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Table. 1-1 Change in muscle and plasma free amino acid concentrations after elective-
surgery, during sepsis or critical illness in human patients

Changes in Free Amino Acid
Essential amino acids Non-essential amino acids

Reference Treatment Plasma Muscle Plasma Muscle
Vinnars etal.  Post-surgery  -38% His -47% Arg  -88% Tyr -38% Gin
(1975) (3d) -9% lle -42% Lys -29% Pro -22% Glu
+25%Leu  +92% Val  -17% Ser +30% Ala
+60% Phe  +100% Phe +30% Tyr
+113% Leu +37% Ser
+47% Gly
Askanazi Post-surgery  -22% His -24% His -34% Ala -49% Gln
et al. (1980) (44d) +33% Val  +83% Trp  -29%Gly
+49% Phe  +92% Val
+60% Leu  +118% Phe
+65% lle +128% Leu
+209% lle
+261% Met
Milewski Septic & -40% His -40% Lys -30% Thr -80% Gin
etal. (1982) malnourished  -10% Ser -30% His +80% Phe -40% Arg
patients +50% Val +30% Ser
(Data derived +100% Leu +30%Gly
from graphs) +100% lle +60% Asn
+100% Phe +100% Tyr
+100% Met
Hammarqvist  Post-elective ~ +36% Phe -39% Arg  -23% Glu -78% Glu
et al. (1989) abdominal -20% His  +33% Asp -61% Gln
surgery +28% Thr -50% Cys
34d) +57% Leu +89% Ser
+67% lle
Petersson Post-elective  -33% Leu +56% Phe  +57% Tyr -38% Gin
etal. (1992) abdominal -9% His +75% lle -37% Glu
surgery (3d)  +30% Thr +39% Asn
+59% Phe
+60% lle
+65% Met
+78% Lys
Gamrinetal.  During +20% Val
(1997) critical +33% Leu
illness +44% Phe

rate of muscle protein synthesis. The deviation from the relationship between muscle
protein degradation and up-regulation of gene expression of this pathway was
observed after hormonal intervention. However, under conditions of nutritional

deprivation increases in mRNA expression of components of the ATP-ubiquitin-
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dependent proteasome pathway in muscle is highly related to increases in the rate of
muscle protein degradation. The assumption is made that under these conditions the
increased mRNA expression observed reflects an increased transcription rate and no

change in mRNA stability.

1.3.4  Urinary excretion of 3-methylhistidine

Muscle protein degradation can be measured by urinary excretion of 3-
methylhistidine in many animal species, if the intake of dietary 3-methylhistidine is
accounted for (Young and Munro, 1978). This unusual amino acid is a minor
constituent of actin in all muscle types and in the myosin heavy chain in fast-twitch
glycolytic fibres, and is therefore present in a set ratio in skeletal muscle. It is formed
by post-translational methylation of histidine residues and is released when skeletal
muscle is broken down because 3-methylhistidine does not have a specific tRNA and
is not reincorporated into protein (Young et al., 1972), and it is also not catabolized.
Therefore, urinary 3-methylhistidine excretion is assumed to represent the rate of
myofibrillar protein breakdown, and to be representative of the breakdown of other
proteins in muscle which do not contain it. However, in certain species including the
pig and sheep, red deer, horse and sperm whale, 3-methylhistidine is not
quantitatively excreted in urine. In these species, once free 3-methylhistidine is
released from muscle protein it predominantly forms a dipeptide with B-alanine called
balenine, and is recycled or stored in the body rather than excreted in the urine (Harris
and Milne, 1981). Therefore urinary 3MH excretion cannot be used to estimate

skeletal muscle protein breakdown in these species, which included the pig.

The majority of 3-methylhistidine is located in skeletal muscle, and the remainder is
located in the smooth muscle of the gastrointestinal tract and skin (Millward and
Bates, 1983). The rate of turnover of myofibrillar protein in the gastrointestinal tract
is about 18 times greater than that in the skin and muscle (Wassner and Li, 1982;
Millward and Bates, 1983). Therefore, skeletal muscle only accounts for 38 to 60% of
the urinary 3-methylhistidine excretion in the fed state. The remainder of the
excretion is contributed by the gastrointestinal tract (22 to 40%) and smooth muscle

in the lungs and vascular system (up to 26%) (Wassner and Li, 1982; Millward and

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bates, 1983). Therefore, urinary 3-methylhistidine excretion is not the best method for
estimating the extent of muscle protein degradation, because it is not possible to
distinguish between muscle-derived 3-methylhistidine and that from other sources.
Furthermore, 70 to 100% of 3-methylhistidine occurs in actin, depending on the
relative amounts of the different forms of myosin heavy chain present in the muscle.
The synthesis rates of protein-bound 3-methylhistidine primarily reflect the synthetic
rates of actin, which has a very long half-life (~ 15 d) and this adds error to the
measurement. However, degradation of actin is highly sensitive to changes in
metabolic status, so although the rate of actin breakdown is not representative of

breakdown of other muscle proteins, it does increase significantly in catabolic states.

1.3.5 Myofibrillar protein degradation

Recently an alternative methodology has been developed to measure the rate of
muscle protein degradation in species, such as the pig, in which urinary 3-
methylhistidine excretion cannot be used (see Section 1.3.4). This technique measures
myofibrillar protein degradation using compartmental-kinetic analysis of de novo 3-
methylhistidine synthesis (Rathmacher et al., 1992ab). It has been used to directly
measure myofibrillar protein breakdown in cattle (Rathmacher et al., 1992b), sheep
(Rathmacher et al,, 1993) growing pigs (van den Hemel-Grooten et al., 1995;
Rathmacher et al, 1996), as well as lactating pigs (Trottier et al.,, 1995; Jones and
Stahly 1999a, Yang et al.,, 2000b). However, this technique involves urinary

catheterization and is fairly expensive.
1.4 Body protein mobilization in the lactating pig

The amount of protein tissue mobilized from a sow in lactation has been measured in
comparative slaughter experiments either as whole-body protein, including all the
organs, or as muscle protein dissected from the primal cuts (shoulder, ham, loin, and
belly) of the carcass (Table 1-2). From these measures of body protein mass,
equations have been formulated based on non-invasive measures that may be made in
real time over the course of lactation (live-weight and backfat depth) that predict the

sow’s protein mass (Table 1-3). These equations account for a large proportion of the
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variation (67 to 91%) in the predicted whole-body protein and muscle mass in
reproductive female pigs of various body sizes and stages of their cycle. Similar
equations have been formulated to predict the sow’s whole-body fat mass and fat
mass dissected from the primal cuts of the carcass; these equations also account for a

large proportion of the variation (80 to 95%) in the predicted fat mass (Table 1-3).

Deuterium oxide dilution is another method used to estimate the protein or muscle
mass of a lactating and/or gestating pig. Equations formulated based on this variable
and the sow’s whole-body protein and fat mass are fairly accurate at predicting whole-
body fat (R? > 0.70) but not protein mass (R> > 0.23) in reproducing female swine
(Shields et al. 1984). Measurement of the intracellular pool of 3-methylhistidine, by
the 3-methylhistidine production by compartmental analysis (see Section 1.3.5), also

Table 1-2 Summary of experiments used to predict body protein/muscle and lipid mass in
gestating/lactating sows

Reference Tissues Animals Time of Slaughter
Walach et al. Whole-body protein Landrace At breeding (n = 28)*
(1986b) & fat mass (- blood (Gilt) d 112 gestation (n = 37)

& bristles)

Whittemore Whole-body protein Large White x Landrace”  Gilt breeding (n = 6)*

&Yang (1989) & fatmass® (Gilts, 1* & 4™ parity Ist parity wean (n = 12)*
SOWS) 14 d after 4™ parity wean

(n=24)*

Mullan & Whole-body protein Landrace x Large White Sows at various stages of

Williams and fat mass® (1* parity sows) lactation & undergoing

(1990) differential  protein/fat

loss (n = 73)*

Everts & Whole-body protein Large White x Dutch Atbreeding(n=11)*

Dekker (1995) & fat mass (- hair) Landrace d 108 gestation (n = 14)*

(Gilts & 3" parity sows) 1 wk post-wean 3™ wean
(n=23)*
Dourmad et al. Muscle mass (incl. Large White ~l wk post-wean (n =
(1996) intermusclar fat) & (Multiparous sows) 24)*
dissectable fat © d 112 gestation (n = 21)
Dourmad et al. Muscle mass (incl. Large White At farrowing (n = 30)*
(1998) intermusclar fat) & (1 parity sows) At weaning (n = 43)

dissectable fat

? Whole body protein/fat mass included carcass, head, feet, tail, viscera, blood, skin and hair.

® Source of pigs for this experiment was Cotswold Pig Development Company Ltd.

¢ Muscle mass measured as the muscle tissue dissected from cut-out from the carcass primal cuts
* Denotes animals used to formulate prediction equation.
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estimates the body’s muscle mass, but this method is also fairly inaccurate (R2 =0.35;
Rathmacher et al., 1996). Additional drawbacks to these techniques, other than their
inaccuracies, are the requirement for venous catheterization of the sow for infusion
and blood collection. Another approach uses relative changes in urinary creatinine
excretion during the course of lactation. Creatinine is formed as the end-product of
irreversible muscle creatine metabolism, and is eliminated from the body in urine
(Bingham and Cummings, 1985). Urinary creatinine is often used as an indicator of
the body’s muscle mass because the amount excreted is thought to depend on the

body’s muscle creatine content (Blackburn et al., 1977). Thus, changes in maternal

Table 1-3 Equations to predict whole-body protein and fat mass or dissectable muscle and

fat mass
Equation R’
From Walach et al. (1986b): Whole-body (kg)
Protein 1.58 +0.15LW-0.11 BF 0.72
Fat 5.85+0.07 LW + 1.06 BF 0.66
From Whittemore &Yang (1989): Whole-body (kg)
Protein -2.31 (21.57) +0.186 (= 0.007) LW - 0.216 (x 0.074) BF (P2) >0.90
Fat -20.4 (£ 4.46) + 0.205 (£ 0.019) LW + 1.48 (£ 0.210) BF (P2) >0.80
From Mullan & Williams (1990): Whole-body (kg)
Protein 4.46 (+0.982) +0.11 (x0.012) LW - 0.13 (2 0.037) BF (P2) 0.67
Fat 311 (£2.625) + 0.381 (£ 0.031) LW + 1.042 (= 0.098) BF (P2) 0.95
From Everts & Dekker (1995): Whole-body (kg)
Protein 1.67 (= 1.32) +0.175 (£ 0.008) LW - 0.377 (x 0.053) BF (P2) 091

Fat -10.40 (£ 2.80)+0.110 (£ 0.017) LW + 1.997 (£ 0.112) BF (P2) 0.92
From Dourmad et al. (1996): Dissectable tissue mass (kg)

Muscle -9.2+0.61 (£0.052) LW -0.86 (£ 0.29) BF (P2) 0.89
Fat -21.3 + 1.51 (£ 0.297) BF (P2) + 0.29 (+ 0.084) AD 0.92
From Dourmad et al. (1998): Dissectable tissue mass (kg)
Muscle -4.5+0.534 (£ 0.056) LW - 0.44 (= 0.29) BF (P2) 0.82
Fat -13.8+0.10 (= 0.03) LW + 1.08 (£ 0.10) BF (P2) 0.83

Where LW = sow live-weight (kg); BF = mean backfat at the last rib 3 and 8 cm from the dorsal
midline (mm); BF (P2) = backfat at the P2 site (mm); and AD = average adipocyte diameter (mm). The
dissectable muscle mass from cut-out of the carcass primal cuts (shoulder, ham, loin and belly)
including intermuscular fat.
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muscle protein mass, would be reflected in the amount of creatinine excreted in urine
(Tietz, 1986). This technique could be used in conjunction with nitrogen balance

studies as urinary catheterization is required.

Nitrogen balance has also been used to measure body protein loss in the lactating pig
(Noblet and Etienne, 1987; King et al., 1993a; Everts and Dekker, 1994ab; Dourmad
et al., 1998), human (Motil et al., 1990), and dairy cow (Botts et al., 1979). This
technique allows sequential measurements to be taken but it overestimates N intake
and underestimates N loss with the resultant effect that is overestimates the actual N
balance (Just et al., 1982; Manatt and Garcia, 1992; Dourmad et al., 1998). Account is
not made of other routes of N loss such as endogenous losses, integumental losses
(hair, skin, and nail loss and growth and sweat loss) and other miscellaneous losses
(Pellett, 1990; Manatt and Garcia, 1992). Other draw-backs to this technique include
urinary catheterization, which introduces a potential route of infection, and the fact
that in the lactating pig loss of N in milk can only be estimated. Due to these inherent
inaccuracies, the comparative slaughter technique is a better predictor of changes in
the protein mass of a sow over longer time periods (over three wk), and when large
changes in body protein mass are observed. Nitrogen balance is better able to measure
changes over a short time periods when small changes in the body protein mass may
not be picked up by the comparative slaughter technique (Everts and Dekker, 1994a;
Dourmad et al., 1998). Even so, the majority of these techniques fail to distinguish
between the size of the sow’s muscle protein mass and protein in the rest of the body.
Even the experiments that measured the dissected mass of muscle tissue from primal
cuts included intermuscular fat as a component of muscle mass. This increases the
estimated value of muscle mass by 10% (Martin et al., 1981). They also included a
primal cut (belly) that contains a large proportion (14%) of intermuscular fat, and in
which the amount of intermuscular fat increases with animal fatness (Martin et al.,
1981). The equations that estimate muscle mass of Dourmad et al. (1996, 1998) are

therefore confounded by fat mass.

Because of the associations between loss of an animal’s muscle protein reserves and

lactational and reproductive function it would be advantageous to measure the amount
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of muscle tissue in a carcass, possibly by dissection of the lean cuts. Equations could
be formulated to predict the sow’s muscle mass, and changes in her muscle mass
during lactation, from non-invasive measures that can be measured consecutively
such as live-weight, backfat depth and muscle parameters such as loin muscle depth
and area. An alternative approach to measuring changes in the sow’s muscle mass
during lactation requires the technique of percutaneous muscle biopsy that can be
repeated on the same individual multiple times. This removes between animal
variance and allows establishment of temporal changes in muscle composition indices

of muscle protein synthesis and degradation. (see Sections 1.3.1 to 1.3.3).

1.5 Gestation

In order to meet the nutritional requirements of the sow in gestation, an understanding
of maternal growth, and the needs for adequate growth and development of the fetus
and mammary gland is required. Several researchers have studied maternal growth in
the gestating pig, and they suggest that pregnancy anabolism occurs in the pregnant
pig (Hovell et al., 1977; Close et al., 1985; Watach-Janiak et al., 1986b). Increases in
the gilt’s whole-body (35.8 to 91.2 g/d) and matemnal (17.7 to 70.8 g/d) protein
deposition occur upon feeding increasing digestible protein (181 to 420 g/d) and
energy (18.9 to 44.1 MJ ME/d) intakes during gestation (Watach-Janiak et al., 1986a).
Similarly, increasing the gestational energy intake from 19.5 to 32.1 MJ ME/d, and
keeping crude protein intake constant (310 g/d), increased maternal protein deposition
in gestation from 24 to 49 g/d (Hovell et al., 1977). However, because of the high
demands of the developing fetus in the last trimester of gestation (see Section 1.5.1)
maternal skeletal muscle protein mobilization can occur if the nutrient supply of the
dam is not increased. This has been observed in the gestating rat fed a low protein diet
(7.5 vs 25% casein diet) (Zartarian et al., 1980). It has also been indicated in the
gestating pig by progressive increases in blood alanine concentrations between d 85 to

115 of gestation (Simoes Nunes et al. 1987).

1.5.1 Fetal growth and development
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The most rapid fetal gains (50 to 60% of the total gain) occur in the last trimester of
gestation, after d 90 in the pig. This is illustrated by a four-fold increase in the rate of
fetal growth (66 vs 290 g/d) between d 50 and 110 of gestation (Knight et al., 1977;
Noblet et al., 1985). In late pregnancy the placenta is also highly metabolically active;
the non-fetal component of the gravid uterus consumes 35 to 50% of the oxygen, at
least 65% of the glucose, and more than 50% of amino acids, especially BCAA’s,

glutamine and citrulline in sheep and cattle (Bell, 1995).

Growth and development of the fetus is very well protected in utero. However if
nutrient restriction is severe in gestation fetal growth will be impaired. Because
glucose is transported across the placenta via facilitated diffusion it is responsive to
changes in maternal glycaemia. So in late gestation when glucose uptake may be
reduced, a deficit in the availability of glucose for oxidation is made up by increased
amino acid catabolism. However it is possible that this occurs at the expense of
protein synthesis and deposition in fetal tissues resulting in reduced growth. Maternal
malnutrition in rats fed 50% of ad libitum rather than ad libitum in the last trimester
of gestation (week) resulted in fetal growth retardation, regardless of the maternal
body weight gain and nutrient intakes in the previous two trimesters (Anderson et al.,
1980). When additional nutrients become available in the last trimester, the fetus
appears to preferentially receive those nutrients (Anderson et al., 1980). Thus the
female rat is protected against severe depletion of maternal nutrient stores if dietary

restriction is imposed.

Amino acid uptake by the placenta is largely independent of changes in maternal
blood concentrations because amino acids are moved across the placenta by active
transport. Even feeding a protein intake as low as 164 g/d to gestating gilts did not
affect piglet birth weight (Mahan and Mangan, 1975). Feeding rats a low compared to
a high protein diet (7.5 vs 25% casein diet) in early gestation (d 4 to 12) and in the
last trimester (d 14 to 21) did not affect fetal weight or number (Zartarian et al.,
1980). However fetal growth and development retardation can occur if animals are
fed very low feed or protein intakes in gestation, resulting in smaller less viable

offspring. Feeding an essentially protein-free (9 g CP/d) diet to gilts for all, or the
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majority (d 24 to 115) of gestation reduced piglet birth weight but did not affect the
number of piglets born and born alive or the gestation length (Pond et al., 1968,
1969). Birth weight and postpartum survival were also reduced in the progeny of gilts
fed 91 compared to 255 g CP/d in gestation (Shields et al., 1985).

Subsequent growth of the progeny can also be affected by the gestational nutrition of
the dam. About a 10% increase in the number of secondary muscle fibres was
observed in the progeny of gilt’s fed a higher intake (5.0 vs 2.5 kg/d) in early
gestation (d 25 to 50) (Dwyer et al., 1994). Conversely, under-nutrition in gestation
inhibits fetal muscle development and fibre number in the guinea-pig (Dwyer and
Stickland, 1994; Dwyer et al., 1995) and sheep (McCoard et al., 1997). Mild postnatal
under-nutrition also appears to influence muscle development at the molecular and

functional level in the weaned pig (White et al., 2000).

1.5.2 Mammary gland growth and development

Development of the mammary gland has been reviewed in ruminants and rodents
(Tucker, 1987; Akers, 1990; Baldwin and Miller, 1991; Knight and Wilde, 1993) and
the pig (Hartmann et al., 1995). Unlike other major organs, the mammary gland
undergoes very limited structural development in utero, with the most dramatic
changes occurring in the reproductive cycle (pregnancy, lactation, and weaning), and
the majority (48 to 94%, dependent on the species) of growth occurs in gestation
(Tucker, 1987; Baldwin and Miller, 1991). At birth this gland largely consists of
connective tissue, and has an immature, poorly developed duct system that remains
largely quiescent until the onset of puberty, and ovarian activity. The beginning of the
lactation cycle involves further development of the mammary gland (mammogenesis),
initiation of milk synthesis (lactogenesis 1) and secretion (lactogenesis 2), lactation
(galactopoiesis), and finally regression of the mammary gland after weaning

(involution) (Hartmann et al., 1995).

In response to the hormonal stimulation of puberty and the ensuing reproductive
cycles, mammary stromal tissue proliferates and the ducts elongate into the stromal

portion of the mammary gland. The rapid allometric growth of mammary tissue in
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gestation is caused by an increased and synchronous secretion of estrogen and
progesterone (Baldwin and Miller, 1991; Tucker and Serjsen, 1993), and the
coincidental secretion of prolactin and possibly growth hormone. In general, estrogen
stimulates mammary duct growth and progesterone regulates lobulo-alveolar (milk
secretory apparatus) development. Prolactin and growth hormone must be present to
enable these steroids to stimulate mammary growth (Tucker and Serjsen, 1993).
Prolactin is essential for normal mammary development in the pig; treatment of gilts
with bromocriptine from d 70 of gestation reduced mammary weight, and total DNA
and RNA content and the number of higher affinity prolactin receptors on mammary

parenchymal tissue on d 110 of gestation (Farmer et al., 2000).

In the pig, as in other species, progressive mammary duct growth occurs early in
gestation but very little mammary cell proliferation occurs before d 50 (Hacker and
Hill, 1972). Between d 75 and 90 of gestation the most rapid mammary tissue growth
takes place, and lobulo-alveolar development occurs to complete mammogenesis
(Kensinger et al., 1982). From mid- (d 50 to 75) to late-gestation (d 90 to 105)
mammary parenchymal (secretory epithelial cells) tissue more than doubles and there
is a concomitant reduction (60%) in parenchymal lipid (Weldon et al.,, 1991).
Mammary protein synthetic capacity (RNA:DNA ratio) also increases with mammary
development (Hacker and Hill, 1972). This is associated with large increases in total
mammary DNA (4 to 5-fold), parenchymal DNA (7-fold), and dry, fat-free tissue (4
to 7-fold) (Hacker and Hill, 1972; Kensinger et al., 1982; Weldon et al., 1991).

The onset of lactatogenesis occurs between d 90 and 105 of gestation, as the
mammary tissue differentiates and changes from the non-lactating to the lactating
state. This leads to a dramatic change in the appearance and chemical composition of
this tissue (Kensinger et al., 1982; Shield and Mahan, 1983). The alveoli become
extremely distended as secretory products enter the lumen by d 112 of gestation. By d
4 of lactation the alveoli appear highly differentiated, secretory epithelium occupy
most of the gland and few adipose or other connective tissue cells are present in the
mammary tissue which is mainly occupied by secretory epithelium. The protein

synthetic capacity of the mammary tissue almost triples between d 90 of gestation and
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d 4 of lactation (Kensinger et al., 1982), indicating a dramatic increase in the
biosynthetic capacity of the gland, readying it for milk production. If lactogenesis is
initiated early (d 102 of gestation) by administration of prolactin, a reduction in the

subsequent milk yield and alteration in colostrum composition occurs (King et al.,
1993c).

1.5.3. Effect of gestational nutrition on mammary gland growth and development.
Feeding high energy levels to sows in gestation has equivocal effects on mammary
development and mammogenesis. Mammogenesis was reduced by feeding gilts a high
compared to a control energy intake (43.9 vs. 24.1 MJ ME/d) from d 75 of gestation.
The animals fed the high energy intake had a lower mammary parenchymal weight,
total mammary DNA and RNA content (~30%), and mammary protein content (60%)
by d 105 of gestation (Weldon et al, 1991). An Australian research group observed a
similar effect of feeding a high energy level in gestation (36.7 vs. 23.0 MJ ME/d). By
d 112 of gestation gilts fed the high energy level had half the mammary alveolar cells
(Head et al., 1991) and a quarter the mammary DNA concentration (Head and
Williams, 1991). To maximize milk production in the two animal groups, the
animal’s litter was replaced within 24 h of parturition with nine 14-day old pigs to
intensify the suckling stimulus. Litter growth rate was 50% slower in the sows fed the
high energy level (Head and Williams, 1995), probably because of the fewer potential
milk secretory cells present in the mammary gland at the onset of lactation. However,
in this experiment gilts fed the high energy level had lower protein intakes (145 vs
269 g/d) and were obese at the end of gestation (P2 backfat depths ~35 vs ~26mm)
(Head and Williams, 1991; Head and Williams, 1995). This could have contributed
towards the reduced mammary development. This Australian research group has since
failed to repeat the reduction in mammary gland development (Smits et al., 1995) and
litter growth rate (Smits et al., 1995; Revell et al., 1998) observed by feeding high
energy intakes in gestation (32.2 vs. 23.7 MJ ME/d). Mammogenesis was also
unaffected by feeding gilts very divergent levels of energy intake (25.5 or 43.9 MJ
ME/d) in gestation; total mammary parenchymal DNA and RNA levels in late
gestation (d 105) did not differ among treatments (Howard et al., 1994).
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In contrast, no adverse effects of high lysine and protein intakes in gestation have
been observed on mammogenesis in the pig. Mammary DNA concentrations on about
d 105 of gestation were similar in gilts fed divergent total lysine (4 to 17 g/d) and
crude protein (104 to 330 g/d) intakes throughout or for various periods of gestation
(Weldon et al., 1991; Kusina et al., 1999a; Smits et al.,, 1995). No difference in
mammary DNA concentration was observed in mid- (d 14) and late- (d 28) lactation
between animals fed divergent protein intakes (133 to 265 g/d) in gestation (Smits et
al., 1995). Only by feeding very low protein intakes in gestation has mammary
development been inhibited. Gilts fed a very low protein level (~9 g/d) in gestation
had lower litter growth rates in lactation, independent of whether the litters were from
sows fed the low protein or control diet (Pond et al., 1968). Similarly, lower litter
growth rates were observed in gilts fed low compared to adequate protein intakes (91
vs. 255 g/d) in gestation (Shields et al., 1985). This was likely the result of a number
of factors including reduced mammogenesis in the sows and their smaller, less viable
offspring (see Section 1.5.1) that would provide a less intense suckling stimulus
which could potentially lower milk yield (see Section 1.6.2). Mammogenesis was also
reduced in rats that were restricted-fed (50% ad libitum) rather than ad libitum fed
from d 5 of gestation (Rosso et al., 1980); at the end of gestation mammary gland
weight, parenchymal cell number, and mammary RNA, DNA and protein content

were lower in the restricted-fed rats.
1.6 Lactation

1.6.1. Control of milk production

Milk production in the sow is controlled by both endocrine (hormonal) and autocrine
(local) factors (Hartmann et al.,, 1995; Boyd et al., 1995). These include first, the
number of secretory cells present in the mammary gland at parturition and during
lactation (Hartmann et al., 1995). This is under endocrine control and can be affected
by the sow’s gestational nutrition (see Section 1.5.3). Second the degree of glandular
stimulation and milk removal by the progeny (see Section 1.6.2). Third the

availability of milk precursor to, and uptake by, the mammary gland (see Section
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1.6.3). Fourth, is the coordinated partitioning of nutrients to the mammary gland from

dietary sources and extra-mammary tissues such as muscle and adipose tissue.

Maintenance of milk production requires a mixture of several hormones, including
glucocorticoids, prolactin and oxytocin. Some enhancement of milk production can be
achieved with the addition of long-acting insulin, estrogen, triiodothyronine, and
growth hormone (Baldwin and Miller, 1991). Prolactin regulates the rates of
transcription of genes for milk proteins and increases the half-lives of the resulting
mRNA’s. Glucocorticoids enhance the effect of prolactin on the rates of transcription
of the casein genes (Baldwin and Miller, 1991). Administration of bovine
somatotropin (bST) to lactating dairy cows increases peak milk yield and the
persistency of this yield over the whole of lactation, and is accompanied by no change
in gross milk composition if the nutritional intake of the treated animals is adequate.
This increase in milk production is due to an increase in the rate of protein synthesis
in the mammary gland and possibly to an increase in mammary epithelial cell number
(Bauman and Vernon, 1993). Daily administration of porcine somatotropin (pST) to
the lactating sow either from d 100 of gestation throughout lactation (Spence et al.,
1984), or from d 12 of lactation (Harkins et al., 1989) increased milk yield at the end
of lactation by 15 and 22%, respectively, without altering gross milk composition.
However, despite the increase in milk production a 12 to 20% reduction in lactational
feed intake was observed from the start of the pST administration in the treated sows
(Spence et al., 1984; Harkins et al., 1989). This resulted in substantially larger weight
and backfat losses in these lactating animals, but no difference in plasma NEFA levels
(Harkins et al., 1989). Plasma glucose concentrations at d 29 of lactation were
elevated in the pST treated sows, which may account for the differences in feed intake

observed (Harkins et al., 1989). But other factors such as leptin may also be involved.

1.6.2 Mammary gland growth in lactation

Mammary tissue growth continues until mid- to late- lactation in the pig. Hyperplasic
growth (cell differentiation) accounts for a portion of the lactational mammary gland
growth, when parenchymal tissue replaces fat in the gland, and hypertrophic growth
(cell proliferation) accounts for the remainder of the growth (Kim et al., 1999a).
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Between d § and 21 of lactation an increase in mammary gland wet weight (55%),
DNA content (100%), and protein and dry fat free tissue weight (60%) was observed,
with a concomitant decline in the fat content of the mammary gland until d 14 (Kim et
al.,, 1999a). Similarly in ruminant and rodent species, mammary gland growth can
continue into established lactation (Knight and Wilde, 1987, 1993; Sejrsen and Purup,
1994). This is mainly due to hypertrophic growth in early lactation, but some
hyperplasic growth also occurs. (Knight and Wilde, 1993).

Removal of milk from the mammary gland is the most important factor involved in

maintaining milk secretion in mammals. If milk removal is not complete premature

mammary tissue involution is initiated which ultimately reduces milk production.

Mammary gland growth in lactation and the degree of milk removal is influenced by

the degree of mammary gland stimulation. This can be achieved through increasing:

1) the suckling stimulus by increasing litter size in the rat (Tucker, 1964; Tucker,
1987) and pig (Auldist et al., 1995, Kim et al., 1999b)

2) suckling frequency in rodents (Knight and Wilde, 1987) and pigs (Sauber et al.,
1998)

3) milking frequency in goats (Knight and Wilde, 1987).

The increased mammary gland stimulation ultimately results in an increase in milk
production in the goat (Knight, 1987), and increased litter growth rate in the pig
(Auldist et. al., 1995) and rodent (Tucker, 1964). And is achieved by stimulating
suckling and(or) milking-induced neuronal pathways, stimulating the release of
suckling-associated galactopoietic hormones such as prolactin, and removing from the
gland milk and any bioactive factors present in the milk (Knight and Wilde, 1993).
Prolactin is released upon tactile stimulation of the teat, such as nuzzling and suckling
by the piglet, leading to a doubling of peripheral concentrations almost immediately
(van Landeghem and van de Weil, 1978). In the pig, peripheral prolactin levels
increase 72 h pre-partum, peak the day before parturition (de Passillé et al., 1993),
gradually decrease as lactation progresses (Farmer et al., 1998) and fall rapidly within
a few hours of weaning (van Landeghem and van de Weil, 1978; Foxcroft et al.,

1987). The gradual decrease in peripheral prolactin levels is likely due to an extension
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of the suckling interval and reduced stimulation of the mammary gland by the

progeny between suckling bouts as lactation progresses.
There is therefore scope to increase the sow’s milk yield nutritionally by:

1) optimizing gestational nutrient and energy intake to support normal or improved

fetal and mammary gland growth and development

2) optimizing the lactational feeding strategies to provide an adequate supply of
energy and nutrients for use by the mammary gland for milk production and other

mammary functions, and to stimulate growth of the lactating mammary gland.

1.6.3. Mammary gland amino acid supply

The dietary amino acid supply is often not sufficient to provide for all the
requirements of the lactating mammary gland. This stimulates the animal to turn to
her endogenous tissue reserves to make up the deficit and provide the additional
amino acids required (see Section 1.1). This reserve is predominantly composed of
skeletal muscle protein, but it is not know whether the mixture of amino acids
released upon mobilization of skeletal muscle is adequate to meet the requirements of
the lactating mammary gland. This amino acid mixture does not resemble the amino
acid composition of myofibrillar protein from which it is derived (Table 1-4). Skeletal
muscle and cardiac muscle actively catabolize several amino acids, particularly
leucine, isoleucine, and valine (branched chain amino acids, BCAA), and
predominantly synthesize alanine and glutamine (Young, 1970; Felig, 1975; Cheng
and Goldberg, 1978). The amino acid mixture released upon mobilization of muscle
protein is therefore enriched in alanine and glutamine and depleted of other amino
acids, especially the BCAA.

The mammary gland has a high requirement for some essential amino acids,
especially BCAA's, because there is a high concentration of essential amino acids in
milk protein (Table 1-4). Also a large proportion of some essential amino acids (e.g.
BCAA, phenylalanine, arginine, and threonine) are taken up by the mammary gland

and apparently retained, rather than secreted in milk (Figure 1-2). Similar to the
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Table 1-4 Comparison of the amino acid composition of skeletal muscle compared to the
percentage uptake of amino acids by the mammary gland and their release upon mobilization
of skeletal muscle protein.

Amino acid % of total amino acid
Y composition, % Muscle
N Release from  Uptake by Sow release :
Rabbit  Bovine skeletal mammary milk mammary
actin®  muscle® muscle® gland’ AA%, % uptake '

EAA
Leu 7.0 85 4 9.7 8.0 -
Val 5.6 6.4 3 6.3 6.1 -
Arg 48 5.0 2 6.2 35 -
Lys 5.1 8.5 9 5.6 6.3 +
Ile 8.0 53 2 49 4.2 -
Thr 72 52 4 4.6 4.6 =
Phe 3.2 34 2 33 3.1 -
His 2.1 34 4 1.7 24 +
Met N/R 3.0 2 1.5 1.7 =
Trp 1.1 0.8 N/R® 1.4 0.8 ?
NEAA
Glu + Gln 10.4 14.0 30" 18.8 16.8 ++
Ala 7.8 7.8 30 9.0 5.0 +++
Pro 5.1 4.5 7 8.5 13.8 -
Gly 7.5 6.5 10 6.5 53 +
Ser 59 4.6 - 56 6.8 ?
Asp + Asn 9.0 9.3 N/R 34 7.5 ?
Tyr 43 2.8 2 23 2.8
Cys N/R 1.1 - <0.3 1.4

All amino acid data was transformed to Mol rather than g, before changing to % of total

* Amino acid composition of rabbit actin from skeletal muscle (from Elzinga et al., 1973).

® Amino acid composition of bovine longissimus muscle (from Nguyen and Zarkadas, 1989)

¢ Amino acid released from human skeletal muscle, from arterio-femoral venous differences, in the
resting post-absorptive state in the hind-limb, recorded as pMol/L (Felig, 1975).

4 Amino acid uptake by the mammary gland in the lactating pig, recorded as mMol/d (from Trottier et
al., 1997).

¢ Amino acid composition of sow milk protein recorded as mMol (from King et al., 1993b).

f Ability of the amino acid mixture released from muscle (hind-limb) to provide the amino acid
requirements of the lactating mammary gland of the pig. — denotes deficient, = denotes sufficient,
and + denotes excess.

& A value for this amino acid was not recorded (N/R) in this experiment.

" The value only includes glutamine.

lactating sow, BCAA's are also retained in the mammary gland in greater quantities
than they are excreted in milk in the dairy goat (Bequette et al., 1997). Thus the amino
acid mixture mobilized from muscle protein does not match that required for milk

biosynthesis and mammary function.
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In the sow, about 25% of the essential amino acids taken up by the mammary gland
are apparently retained (Trottier et al., 1997). Since the uptake of essential amino
acids accounts for about 45% of the total mammary amino acid uptake, then about
12% of the total amino acids taken up by the lactating mammary gland are retained.
The retained amino acids are probably used for such mammary gland functions as
metabolic requirements for non-milk protein synthesis (turnover), oxidation, and
metabolite formation. Some non-essential amino acids, especially glutamine, alanine,
and glycine, are also retained in the lactating mammary gland of the pig (Figure 1-2).
But the requirement for these amino acids is more than met by the amino acid mixture
mobilized from muscle. Therefore if a sow depends upon mobilization of her

endogenous protein reserves for a large proportion of her amino acid requirements,

Essential Amino Acids
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Figure 1-2 Daily amino acid retention in the mammary gland of the lactating sow. Retention
calculated as daily mammary amino acid uptake — daily milk amino acid output. Adapted
from Trottier et al. (1997)

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the body’s pool of free essential amino acids will become progressively more depleted
of some essential amino acids and certain non-essential amino acids accumulate. This
could act as a signal to inhibit animal performance. Certainly in the lactating pig and
dairy goat, milk yield is positively related to the rate of blood flow through the
mammary gland and to the arterio-venous differences of essential amino acids across

the gland (Bequette et al., 1997; Trottier et al., 1997).

Essential amino acid mammary gland uptake may also be inhibited by high
concentrations of non-essential amino acids that compete for use of the mammary
gland transporter systems. Many amino acid transport systems are recognized in

mammalian tissues, and these can be subdivided into five types that prefer:

a. neutral amino acids, three such systems have been identified and these prefer:
1) small side-chains, OH or SH groups e.g. alanine, serine, and cysteine (ASC).
ii)  small unbranched side-chains e.g. alanine (A).
iii) large branched or aromatic side-chains (L) e.g. BCAA, phenylalanine,

methionine, tryptophan and tyrosine.

b. cationic amino acids (y"), that prefer amino acids with positively charged side-

chains e.g. lysine and arginine.

c. anionic amino acids (-), that prefer amino acids with negatively charged side-

chains e.g. aspartate and glutamate (-).

d. amino acids with nitrogen bearing side-chains (N), e.g. glutamine, histidine,

and asparagine.
e. glycine (GLY).

At least six amino acid transport pathways, based on ion dependency and substrate
specificity, have been identified in the mammary gland to date (Shennan, 1998). Most
of these mechanisms are located at the major site of amino acid entry into the
mammary gland, the basolateral membrane of alveolar cells. However, because free
amino acids are present in milk (Wu and Knabe, 1994) it is possible that such

mechanisms are also present on the apical membrane (Shennan, 1998). A broad
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specificity Na'-independent cationic amino acid transport system has been identified
in the mammary gland of the mouse (Sharma and Kansal, 2000), rat (Shennan et al.,
1994) and pig (Hurley et al., 2000). This transport mechanism interacts with both
cationic and neutral amino acids and is similar to the b®" and y'L transport systems. A
Na'-independent y* cationic amino acid transport system has also been identified in
the bovine (Baumrucker, 1984) and murine (Sharma and Kansal, 2000) mammary
gland. A high-affinity, Na’-dependent, L-like transport mechanism is responsible for
uptake of valine in the porcine mammary gland, as well as diffusion (Jackson et al.,
2000). A high affinity, Na'-dependent anionic amino acid (-) transport system is
present in the rat mammary gland (Millar et al., 1997; Millar and Shennan, 1999) and
there is indirect evidence for the presence of a similar system in the dairy cow
(Baumrucker, 1985). All the neutral amino acid transport systems (A, ASC, and L)
are present in the bovine mammary gland (for review see Baumrucker, 1985).
Furthermore, glutamine is transported in the rat mammary gland by two mechanisms
that are likely to be a Na‘-independent, L transport system, and a Na'-dependent N
system (Calvert et al., 1998).

The presence of higher levels of some amino acids may inhibit the mammary uptake
of other amino acids because of competition for uptake by the various transporter
systems. Lysine uptake by porcine mammary tissue explants is strongly inhibited by
physiological concentrations of arginine and omithine and supraphysiological
concentrations of leucine, methionine and alanine (Hurley et al., 2000). Similarly
lysine uptake by rat mammary tissue explants was inhibited by neutral amino acids,
the most notable being glutamine and alanine (Shennan et al.,, 1994). In order of
severity methionine, alanine, glutamine, leucine, and lysine, respectively inhibited
valine uptake in porcine mammary tissue explants (Jackson et al., 2000). Metabolic
status may also effect mammary amino acid uptake; mouse mammary tissue explant
uptake increased two-fold in the presence of arginine, and increased four-fold in the
presence of the combination of insulin, cortisol and prolactin (Sharma and Kansal,
2000).
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1.7  Impact of nutritional inadequacies on the reproductive axis

The reproductive axis is very sensitive to nutritional status, however the mechanism
by which under-nutrition signals an impairment of reproductive function has not been
elucidated. A large and growing body of evidence contradicts the ‘adipostat
hypothesis’ of nutritional infertility (see Section 1.1.1) because the evidence for this
hypothesis is correlative (Bronson and Manning, 1991; Cosgrove et al., 1991; I’Anson
et al., 1991; Wade and Schneider, 1992). It was unclear how the brain could monitor
the adiposity of an individual, but the discovery of leptin (adipose-derived hormone)
has likely solved this issue (see Section 1.1.1). Even so there is a lack of compelling
evidence linking leptin levels in non-rodent species with changes in the hypothalamic-
pituitary-ovarian axis and reproductive function (see Section 1.7.6). Changes in the
animal’s protein (muscle) mass and loss of a critical amount of body protein could
also act as nutritional modulators of the reproductive axis (see Section 1.1.1), but the
mediators of this effect are as yet unknown. Acute and chronic changes to the
reproductive axis can also be induced by nutritional inadequacy in the absence of
changes in body composition (Britt et al., 1988; Booth 1990, Booth et al., 1994,
1996), but again the physiological basis for this remains elusive. All these factors are

discussed in the following sections.

1.7.1 Nutritional mediators of fertility

The effect of under-nutrition on reproductive hormone secretion and ovulatory cycles
has been extensively reviewed (Booth, 1990; Bronson and Manning, 1991; I’Anson et
al., 1991; Wade and Schneider, 1992). These reviews indicate that under-nutrition
affects all levels of the hypothalamic-pituitary-ovarian axis, but the gonadotropin-
releasing hormone (GnRH)-secreting neurones in the hypothalamus is its primary
focus; pituitary responsiveness to exogenous GnRH is not compromised in
nutritionally growth-restricted lambs (Foster et al., 1989). More recently Wade et al.
(1996) postulated a ‘metabolic fuels hypothesis’ to explain nutritionally-induced
infertility which states that “.. reproductive physiology and (estrous) behaviours
respond to minute-to-minute changes in the availability of oxidizable metabolic

fuels”. These authors further suggest that “... fuel availability is probably detected in
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the caudal hind-brain and in the periphery. This information is relayed to forebrain
effector neurons that control GnRH secretion and reproductive behaviours by as yet

poorly defined neural pathways and neurotransmitters".

Hypotheses linking nutrition and reproduction have evolved over time, but none
suggest that body tissue reserves other than adipose tissue may be involved in
signaling a nutritionally derived impairment of the hypothalamic-pituitary-ovarian
axis. Although leptin does not appear to directly affect the reproductive axis in non-
rodent species this hormone may be indirectly involved through its role of regulation

of feed intake and energy homeostasis (see Section 1.7.7).

An investigation conducted during my M.Sc. programme provides support for the
hypothesis the animal’s protein status affects reproductive performance. It suggests
that the increased subsequent litter size achieved by breeding first-parity sows at their
second rather than first estrus after weaning may be related to the sow’s protein
metabolism (Clowes et al., 1994). At their first estrus after weaning young sows
appeared to have a ‘drive’ to store maternal protein at the expense of adipose tissue
depots; this was indicated by moderate peripheral insulin, and higher IGF-1 and
glycerol concentrations. But assessment of the sow’s metabolite and metabolic
hormonal profile at the second estrus after weaning indicated that sows had
replenished their maternal protein stores. It is likely these effects were implemented
through changes in the animal’s energy and protein status perceived at the cellular

level, and alterations in the body’s free amino acid pool may be involved.

Changes in the body’s free amino acid pool could impact on the reproductive axis at
the central (brain) level, because many amino acids have the potential to modulate
reproductive status by acting directly as neurotransmitters and neuromodulators, or
indirectly as precursors to CNS neurotransmitters. Tryptophan and tyrosine are
respectively precursors of the neurotransmitters serotonin and the catecholamines
(including dopamine, adrenaline, and noradrenaline), histamine is a precursor for the
neurotransmitter histamine, and glutamate may function as a neurotransmitter itself or

be metabolized to gamma aminobutyric acid (GABA) which also acts as a
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neurotransmitter. The plasma ratio of methionine to its competing neutral amino acids
is closely associated with the influx of methionine to the brain and the concentration
of its metabolite S-adenosyl methionine, which functions as a methyl donor (Rubin et
al. 1974). The change in concentration of the body’s free amino acid pool, and loss of
a large amount of body protein may also stimulate a host of other metabolic changes
which signal the reproductive axis (see Foxcroft, 1990, 1992). These may include
changes in the level of hormones, such as insulin and IGF-1. These factors may act
directly on the hypothalamic-pituitary-ovarian axis to alter the animal’s reproductive
function, and/or indirectly by moderating fuel oxidation and availability and other
peripheral processes (reviewed by Schneider et al., 2000b; Ahima and Flier, 2000).
Effects of these metabolic hormones at the level of the ovary are discussed in Section
1.7.3. A myriad of nutritional factors could potentially affect ovarian function because
receptors for epidermal growth factor (EGF), IGF-1, insulin, GH, cortisol, and
catacholamines are located on the granulosa cell, and IGF-1 receptors are found on
thecal cells (I'Anson et al., 1992).

1.7.2  Central role of insulin and IGF-1

Insulin and IGF-1 have been postulated as central mediators of nutritional infertility.
Increases in plasma LH levels and pulsatility and plasma insulin levels were cbserved
after re-feeding fasted heifers (McCann and Hansel, 1986), and upon glucose infusion
of nutritionally restricted gilts (Booth, 1990). Insulin is able to cross the blood-brain
barrier (Woods and Porte, 1977), and concentrations of insulin in the cerebrospinal
fluid reflect peripheral insulin concentrations (Tanaka et al., 2000). Insulin receptors
are located on the arcuate nucleus and mediobasal hypothalamus and on the pituitary
gland (Werther et al., 1987; Unger and Lange, 1997), suggesting that areas important
in the control of GnRH and LH release may be responsive to insulin. Binding of
insulin to its receptor in the hypothalamic region is also influenced by feed restriction
(Melnyk and Martin, 1984). Intracerebroventricular injection of insulin increased LH
pulsatility in the gilt, possibly by accelerating the GnRH pulse generator (Cox et al.,
1989). A 5-d intracerebroventricular infusion of insulin to physiological levels also

increased pulsatile LH secretion in streptozotocin-induced (chemically induced
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necrosis of insulin-secreting tissue) diabetic sheep (Tanaka et al., 2000). Peripheral
administration of insulin to streptozotocin-induced diabetic male sheep increased
pulsatile LH secretion, and this was potentiated by, but not dependent on, gonadal
steroids (Bucholtz et al., 2000). However, acute intracerebroventricular administration
of insulin failed to enhance LH secretion in feed restricted ovariectomized lambs
(Hileman et al., 1993). Blocking the nutritionally induced increase in plasma insulin,
by treatment with diazoxide, after realimentation of the 24-h fasted monkey did not
prevent the increase in plasma LH (Williams et al., 1996). Thus, meal-induced insulin
secretion does not provide the stimulus mediating the meal-induced increase in LH
secretion. Furthermore, infusion of glucose into energy-restricted lactating sows
increased peripheral insulin levels but did not increase LH secretion (Tokach et al.,
1992b), suggesting that the suckling-induced suppression of the hypothalamic-
pituitary axis in lactation cannot simply be overcome by increasing plasma insulin
levels. Therefore, although insulin appears to affect the reproductive axis in a positive

manner it is unlikely to function alone.

Insulin-like growth factor-1 has been suggested to be a longer-term nutritional
mediator of reproduction, and it may act both centrally and at the ovarian level (see
Section 1.7.3). Unlike plasma insulin concentrations, plasma IGF-1 concentrations do
not increase rapidly (within 30 min) after realimentation of fasted gilts; an increase in
plasma IGF-1 concentrations was not observed until 24 to 36 h after the gilt’s feed
intake was increased from maintenance to ad libitum (Booth et al., 1996). However
LH pulsatility increased within 6 h of realimentation in this study. Receptors for IGF-
1 are present on the anterior pituitary gland, and are almost exclusively located on
cells secreting follicle-stimulating hormone (Unger and Lange, 1997), suggesting that
IGF-1 may play a direct regulatory role in the pituitary gonadotropin system. Also,
peripheral administration of low doses of IGF-1 to restricted-fed (50% Maintenance)

castrated male sheep stimulated LH secretion.

1.7.3 Ovarian role of insulin and IGF-1
Metabolic hormones exert direct effects on the porcine ovary independent of changes

in the circulating gonadotropins. Insulin treatment, irrespective of changes in
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gonadotropin secretion and peripheral estradiol concentration, increased the ovulation
rates of cyclic gilts (Cox et al., 1987). It also reduced atresia in pre-ovulatory follicles
and stimulated follicular steroid synthesis in cyclic gilts (Matamoros et al., 1990), and
reduced atresia in small (< 3 mm) follicles in PMSG treated pre-pubertal gilts
(Matamoros et al., 1991). Conversely, reducing peripheral insulin concentrations in
PMSG treated prepubertal gilts (by treating with streptozotocin to induce diabetes)
increased follicular atresia in small follicles, and reduced the ability of > 3mm
diameter follicles to produce estradiol, testosterone and IGF-1 compared to insulin-
treated animals (Meurer et al., 1991). Withdrawal of insulin treatment from d 12 of
the estrous cycle in diabetic gilts also increased follicular atresia and decreased the
concentration of estradiol and IGF-1 in pre-ovulatory (> 7mm) follicles (Cox et al.,
1994). The impaired ovarian function was observed in diabetic gilts despite the
presence of adequate peripheral LH concentrations, indicating that inhibition of the
ovary is not due to decreased hypothalamic-pituitary axis function. Cosgrove et al.
(1992) provides more evidence that nutritional effects can act directly on the ovary. In
their experiment, ovarian follicle growth occurred and estradiol synthesis increased
upon realimentation of gilts, despite suppression of the expected increase in LH

secretion by treatment with a synthetic progestogen (allyl trenbolone; Regumate).

Receptors for IGF-1 are located on porcine granulosa cells (Veldhuis and Furlanetto,
1985) and IGF-1 gene expression is present in the porcine ovary (Charlton et al.,
1993). Therefore ovarian derived IGF-1 may mitigate the impact of acute nutritional
challenges on ovarian function. Elevated follicular fluid IGF-1 and insulin levels are
associated with enhanced follicular development. Dominant follicles contain higher
follicular fluid IGF-1 levels in a number of species including the human (Eden et al.,
1988), pig (Hammond et al., 1988), and cattle (Echterkamp et al., 1990). Follicular
fluid insulin concentrations are also higher (five-fold) in follicular fluid in human

follicles that contain oocytes that are fertilized (Diamond et al., 1985).

The actions of IGF-1 on the ovary include enhancement of granulosa ceil
steroidogenesis (Veldhuis and Furlanetto, 1985), and enhanced EGF-stimulated
granulosa cell proliferation (May et al., 1988). Both IGF-1 and insulin enhanced LH-
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stimulated androgen production in rat ovarian thecal-interstial cells in a similar
manner (Cara and Rosenfeld, 1988). Insulin and IGF-1 also enhance granulosa cell
FSH-stimulated steroidogenesis (progestin and estrogen production) and LH/hCG
receptor induction (May and Schomberg, 1981; Veldhuis et al., 1984; Davoren et al.,
1986). But the effects of IGF-1 were far more (36 times) potent than those of insulin,
suggesting that these actions were mediated through the IGF-1 receptor (Davoren et
al., 1986). It is therefore not surprising that elevated ovarian follicular fluid IGF-1
concentrations in the pig are associated with enhanced follicular development and
lower follicular atresia (Matamoros et al., 1991). A lower follicular IGF-1 content has
also been implicated in the reduced follicular quality of medium-sized follicles in
sows that lost a large amount of live-weight (-38 kg or -21% parturition live-weight)
in lactation (Quesnel et al., 1998ab). These sows had potentially mobilized a large
proportion of their whole-body protein mass in lactation (estimated to lose > 20% of

their parturition protein mass).

The effects of IGF-1 on porcine oocyte nuclear maturation are exerted directly on the
oocyte (Sirotkin et al., 1998), and these effects are likely regulated by the number and
sensitivity of the IGF receptor, and the type and concentration of their binding
proteins (IGFBP’s). The IGFBP’s are probably also associated with follicle and
oocyte maturation. For example, in humans IGFBP-1 concentrations are higher in
fluid from mature ovarian follicles (Kawano et al., 1997), and mRNA expression of
this IGFBP increases in the liver and kidney, and potentially in the ovary, under
protein deprivation and malnutrition (Takenaka et al., 1993). Follicular IGFBP’s may
also play an important role in IGF autocrine/paracrine regulation in the porcine ovary
(Mondschein et al., 1990, 1991), and in follicular growth and differentiation,
especially IGFBP-2, -4 (Zhou et al., 1996) and -3 (Whitley et al., 1998; Wandji et al.,
2000). However, IGFBP-1 does not appear to be present in the porcine ovary. The
IGFBP’s probably exert their effects by modifying the biological activity of IGF-1 by
complexing with the hormone, because the highest biological activity of IGF-1 is
associated with its free form. These factors may be differentially regulated by

metabolic signals, such as insulin, after weaning in sows (Whitley et al., 1998) and in
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untreated compared to treated diabetic pigs (Edwards et al., 1996), to allow more

follicles to become available for ovulation by slowing follicular growth.

1.7.4  Effect of lactational nutrition on the reproductive axis

Low feed intakes and specifically low protein/lysine intakes could causes central
inhibition of the reproductive axis, possibly due to loss of a proportion of the sow’s
protein mass and/or changes in the rate of skeletal muscle protein mobilization. This
supports our previous suggestion that a decline in the sow’s post-weaning
reproductive performance occurs upon loss of critical amount of her body protein
mass (see Section 1.1.1 and Figure 1-la). The rate of LH pulsatility indicates the
ability of the hypothalamus to secrete GnRH, and the ability of the anterior pituitary
to respond to this stimulus and secretes gonadotropins. This in turn stimulates ovarian
follicle development. A reduction in LH pulsatility indicates a less robust
reproductive axis, likely due to reduction in the rate of GnRH release from the
hypothalamus. Restrict-feeding in lactation reduced LH pulsatility in late lactation
and after weaning (Zak et al., 1997a; Quesnel et al., 1998a; van den Brand et al.,
2000). Lower LH pulsatility in lactation (King and Martin, 1989; Jones and Stahly,
1999b, Yang et al., 2000b) and after weaning (King and Martin, 1989) was observed
in first-parity sows fed similar energy levels but low protein (~ 400 g/d) and total
lysine (16 g/d) intakes in lactation. These sows likely mobilized a larger proportion of
their body protein mass, as indicated by higher rates of muscle protein mobilization

throughout lactation (Jones and Stahly, 1999a; Yang et al., 2000b).

The effect of lactational nutrition on ovulation rate in the pig is equivocal. A few
authors observed lower ovulation rates in sows that were feed restricted in lactation
(Zak et al., 1997a; van den Brand et al., 2000). Feed restriction in lactation also
reduced the pre-ovulatory follicle pool size at weaning; restricted-fed sows in a 14 d
(Miller, 1996) and 28 d (Quesnel et al., 1998a) lactation, respectively had fewer > 3
and 4mm ovarian follicles at weaning. But the majority of researchers observed no
effect of lactational feeding on ovulation rate (King and Williams 1984ab; King and
Dunkin et al., 1986; Yang et al., 1989; Zak et al., 1998). However, the quality of the

follicle, and the oocyte within that follicle, are important for normal oocyte
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maturation and early embryonic development (Ding and Foxcroft, 1994). Therefore
even if a sow’s ovulation rate is unaffected by nutritional deprivation the quality of
the oocyte likely suffers resulting in a reduced embryo survival rate and ultimately a
reduced subsequent litter size. Certainly restricted-feeding in lactation does reduce
subsequent embryo survival (Hardy and Lodge, 1969; Hughes et al., 1984; Kirkwood
et al., 1987; Baidoo et al., 1992; Zak et al., 1997a), indicating control of reproductive

function at the ovarian level.

Measurement of the ability of follicular fluid from treated animals to support oocyte
maturation of high quality generic oocytes in vitro provides a good index of the
maturity of oocytes and follicles from treated sows (see Section 1.7.5). Two recent
studies evaluated the effects of poor lactational nutrition on ovarian follicle and
oocyte quality in first-parity weaned sows. In both studies a higher measured or
estimated protein mobilization rate, at the end of lactation, could be implicated in the
reduced ovarian function post-weaning, but this relationship was not explored in these
manuscripts. Yang et al. (2000a) observed that follicular fluid taken from sows fed
the lowest total lysine intake in lactation (16 vs > 36 g/d), about 3 d after weaning
(pro-estrus), was less able support oocyte maturation. These sows had the highest
fractional myofibrillar protein breakdown rate at the end of lactation (d 15) (5.6 vs <
4.2%) and therefore mobilized more protein in lactation. In the other experiment sows
were either ad libitum fed in the first 21 d of lactation and restricted (50% ad libitum
intake) in the last week, or restricted in the first 21 d of lactation and ad libitum fed in
the last week (Zak et al., 1997b). Sows on both treatments lost a similar amount of
live-weight (-29 kg) and backfat depth (-1 to —3mm). But follicular fluid, taken about
3 d after weaning, from sows that were feed restricted in the last week of lactation
supported poorer generic oocyte maturation. In the last week of lactation these sows
likely had a high protein mobilization rate (-18 kg live-weight and —2.8mm backfat),
whereas sows on the other treatment probably mobilized very little protein over the
same period (-3 kg live-weight and +3.6mm backfat). This indicates that a change in
the sow’s protein metabolism towards either greatly reduced protein mobilization or

even protein retention enhances the environment (follicular fluid) surrounding the
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oocyte. This likely mediated the nutritional effects on ovarian function that could
potentially result in increased embryo survival and subsequent litter size. Follicular
fluid contains a complex mixture of serum proteins and factors secreted by follicular
(granulosa and thecal) cells that include growth factors such as IGF-1, EGF, and
TGFjg, and steroid hormones such as E; (Osborn and Moor, 1983; Gougeon, 1996;
Driancourt and Thuel, 1998). These factors influence the ability of the oocyte to be
fertilized and develop into an embryo, may be altered by nutrition, and can potentially
affect embryo survival. Changes in energy balance and metabolism may also be

implicated in the altered ovarian function in these sows.

1.7.5 Follicle development and maturation

Antral follicles (> 400 um diameter) take 14 to 16 d to grow to > 3mm diameter and
be recruited into the pre-ovulatory follicle pool in the pre-pubertal gilt, and then
require a further 5 d to reach the pre-ovulatory size of > 8 mm (Morbeck et al., 1992).
Follicles are selected into the pre-ovulatory follicle pool by follicular atresia and a
concomitant block of recruitment of new follicles into this pool. Following antrum
formation a follicle has the potential to be recruited, selected into the pre-ovulatory
follicle pool, and subsequently ovulate in the span of one estrous cycle (d 19 to 21). If
this is true for sows in lactation, and if all stages of follicular development are
sensitive to nutritional modulation, nutrition in lactation and factors such as the extent
of body protein loss and changes in muscle protein metabolism could negatively
‘imprint’ follicles at any stage of lactation. This could have lasting consequences on
the ultimate size of the recruitable follicle pool at weaning, the quality of the oocytes
and therefore the ovulation rate and embryo survival after weaning. Follicle quality
after weaning certainly appears to be able to be ‘rescued’ by improved nutrition in the

last week of lactation (Zak et al., 1997b; Section 1.7.4).

Zak et al. (1997b) observed that the degree to which follicular fluid is able to advance
generic oocyte maturation (from pre-pubertal gilts of approximately 105 kg) reflects
the ability of the oocytes within those follicles to advance their maturation in vitro.
Thus, the two indices of follicle maturation (oocyte nuclear and cytoplasmic

maturation) provide a good index of the maturity of oocytes and the oocyte maturing
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capabilities of follicular fluid. Nuclear maturation can be induced in the absence of
complete cellular maturation, but both nuclear and cytoplasmic maturation is required
for successful fertilization (Vanderhyden and Armstrong, 1989). Nuclear development
of fully-grown oocytes is initially arrested at the diplotene stage of the first prophase
(germinal vesicle stage) and is characterized by a prominent nucleus. The pre-
ovulatory luteinizing hormone surge stimulates the meiotic process to proceed to the
metaphase Il stage where it arrests prior to ovulation. Only when the oocyte has
acquired the ability to resume meiosis and complete nuclear maturation does it

become capable of undergoing cytoplasmic maturation.

Cytoplasmic maturation is more difficult to measure because it involves alterations in
cell metabolism, protein synthesis, membrane transport, and the localization of
organelles within the cytoplasm. Cumulus cell (granulosa cells that surround the
oocyte) expansion has been suggested as an index of cytoplasmic maturation (Sirard
et al., 1988; Vanderhyden and Armstrong, 1989). In support of this concept, cumulus
cells must expand to help control several tunctions of oocyte maturation including
nuclear maturation rate, maintenance of oocyte penetrability to allow fertilization, and
promotion of normal oocyte cytoplasmic maturation (Sirard et al., 1988; Vanderhyden
and Armstrong, 1989). Further support for this concept is provided by the fact that
oocytes produce factors that enable cumulus cells to 1) synthesize hyaluronic acid and
undergo cumulus expansion in response to hormonal stimulation, and 2) to promote
proliferation of granulosa cells (Buccione et al., 1990). These interactions in vitro do
not appear to be mediated by gap junctions. Oocytes also promote the differentiation
of granulosa cells into functional cumulus cells. Gap junctions between cumulus cells
and the oocyte allow interactions between the somatic cells (cumulus, granulosa and
thecal cells) and germ cells (reviewed by Buccione et al., 1990), nutrition may play a
role (Brower and Schultz, 1982).

The ability of oocytes to maturate increases with follicle size, but only oocytes from >
2.5mm diameter follicles are able to undergo complete nuclear and cytoplasmic
maturation. Bovine oocytes from follicles < 2.5 mm are not capable of completing

meiosis to M II (Fair et al., 1995), and those originating from follicles < 2mm cannot
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reach the blastocyst stage of development (Pavlok et al., 1992). The proportion of
bovine oocytes that develop to the blastocyst stage increases as follicle diameter

increases from 2 to 4mm to > 6mm (Pavlok et al., 1992; Lonergan et al., 1994).

1.7.6 Role of leptin in reproductive performance

The onset of puberty and maintenance of reproductive function in the adult is
physiologically coupled to nutrition and energetics. Leptin appears to play a
permissive role (i.e. basal levels are required) in this process in normal non-obese
(Ahima et al.,, 1996; Cheung et al., 1997) and leptin deficient (e.g. ob/ob mice)
rodents (Barash et al., 1996). Leptin administration reverses the effects of under-
nutrition in non-obese rodents (Ahima et al., 1996; Cheung et al., 1997). It prevented
the starvation-induced delay in ovulation in non-obese female mice, and increased
serum LH and testosterone concentrations in fasted male mice (Ahima et al., 1996).
Leptin administration also advanced puberty onset in feed restricted rats (70% ad
libitum) but the onset was still ~7 d later than ad libitum fed rats (Cheung et al.,
1997). Chronic leptin treatment to male and female ob/ob mice restored fertility as
well as reduced food intake and body weight (Barash et al., 1996).

Other researchers have suggested that leptin has a positive rather than a permissive
role on the reproductive axis. Treatment of adult rats with anti-leptin antiserum
decreased LH pulsatility and caused all animals to remain in anestrus (Carro et al.,
1997). Leptin treatment of pre-pubertal (from 21 d old) wild-type mice advanced the
onset of puberty by about 2 d as assessed by vaginal opening, and 10 d as assessed by
the presence of copulatory plugs (Chehab et al., 1997). The validity of the
observations of Chehab et al. (1997) and even Carro et al. (1997) have been
challenged by Gruaz et al. (1998). These authors suggest that the actions of leptin on
the reproductive axis were confounded by leptin’s ability to decrease food intake.
Thus leptin may act on the reproductive axis by signaling changes in the animal’s
energy status, this is further described in the following section (Section 1.7.7). The
leptin/NPY axis likely acts as an important link between metabolic status and
mechanisms regulating appetite, growth and neuroendocrine function in the pig (Barb
et al., 2000).
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Although there is fairly strong evidence linking leptin to reproductive function in
rodents, the evidence is not as strong for non-rodent species, including the pig. Fewer
studies have examined the effects of leptin on the reproductive axis in non-rodent
species, in part because of the absence of adequate methodology for measuring leptin
in these species. Therefore it cannot be definitively stated that leptin plays no role in
communicating the status of body reserves to the reproductive axis in non-rodent
species. Central administration (intracerebroventricularly) of leptin failed to alter LH
secretion in pre-pubertal gilts (Barb, 1999) or in well-fed and feed restricted (38%
maintenance) ovariectomized ewe lambs (Morrison et al., 1998). However, leptin
stimulated GnRH release from hypothalamic tissue in vitro (Barb et al., 2000).
Central administration of leptin also failed to affect the length of lactational
anovulation in lactating rats (Woodside et al., 2000). Acute effects of energy
deprivation in pre-pubertal gilts that suppressed LH pulse frequency and increased
serum GH concentrations failed to change serum leptin concentrations (Barb et al.,
1998a). Furthermore, normal estrous cyclicity in the Syrian hamster does not require
plasma leptin concentrations higher than those observed in fasted hamsters (Schneider
et al., (2000a).

1.7.7. Energy expenditure, food intake, and leptin

Weigle (1994) hypothesized that “... a peripheral signal (probably leptin) reflecting
the total adipose tissue mass is processed by the central nervous system to augment
the satiety effect of meal-related gastrointestinal satiety signals”. This author
continued to conjecture that “... with expansion of the body'’s fat store, an increase in
the adipose-related satiety signal would lead to an increase in the adipose meal size
or frequency. A reduction in this signal associated with decreasing fat stores would
be followed by an increase in net food consumption”. There is very strong evidence
that leptin, the adipose tissue derived hormone, is likely to be the peripheral signal
that reflects adipose tissue mass (see Section 1.1.1). Although plasma leptin levels
tend to increase in parallel with adipose tissue stores over the long-term, and are
strongly correlated with body fat mass in normal individuals (Flier, 1997), they are

not always closely regulated by fat mass and can rapidly alter due to changes in
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nutrition, hormones and substrates. The possible mechanisms by which leptin
regulates energy homeostasis and feed intake have been extensively reviewed (Caro et
al., 1996; Houseknecht et al., 1998; Barb, 1999; Ahima and Flier, 2000).

Leptin administration suppresses feed intake in the pig (Barb et al., 1998b), sheep
(Morrison et al., 1998), rat (Woodside et al., 1998, 2000) and mouse (Halaas et al.,
1995; Ahima et al.,, 1996; Cheung et al., 1997). Administration of a leptin analog
(LY355101; Eli Lilly and Company) to pigs (85 to 90 kg barrows) decreased feed
intake in a dose dependent manner (Wuethrich et al., 2000). Peripheral leptin levels
fell within 12 h of starvation in the Syrian hamster (Schneider et al., 2000a), they
decreased (-64%) after 52 h of fasting in adult humans (Boden et al., 1996) and during
starvation in the mice (Ahima et al., 1996). They are also lower in lactation (a
physiological condition characterized by hyperphagia) in the rat (Woodside et al.,
1998, 2000) and dairy cow (Block et al., 2000) compared to pre-partum levels. The
fasting-induced decrease in leptin levels was prevented by infusion of glucose to
maintain glucose concentrations at basal levels, and this also maintained insulin levels
(Boden et al., 1996). Peripheral leptin levels have been reported to increase within
hours after a meal in rodents (Saladin et al., 1995), and increase (+300%) very rapidly
(within 15 min) upon refeeding after an 18 h fast (Babo et al., 1998). In the latter
study, the rapid increase in peripheral leptin was associated with a substantial (-66%)
decrease in gastric leptin content within 15 min of refeeding (Babo et al., 1998).
However, peripheral leptin concentrations do not increase acutely following food
intake in humans (Korbonits et al., 1997), unlike insulin concentrations, suggesting
that leptin is not likely to serve as a meal-related satiety signal in humans and maybe
other species including the pig. Peripheral leptin concentrations also vary diurnally;
serum leptin concentrations in human subjects are highest at night (midnight to early
morning) and lowest in the middle of the day (noon to mid-afternoon) (Sinha et al.,
1996). Serum leptin levels also increase at night in rats, but fasting prevented this
diurnal variation in leptin concentrations and decreased adipose tissue leptin mRNA
expression (Saladin et al., 1995). However within 4 h of refeeding, the adipose tissue

leptin mRNA expression in the fasted rats was restored (Saladin et al., 1995).
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Leptin’s effects on feed intake and energy metabolism are probably mediated
centrally. The brain centres that control feed intake and monitor the animal’s energy
status express mRNA for the long form of the leptin receptor (Ob-R1) in sheep (Dyer
et al., 1997) and pigs (Lin et al., 2000); Ob-R1 is the only leptin receptor capable of
signal transduction. Differential expression of Ob-R1 mRNA is observed in the
hypothalamic region in feed-restricted and well-fed sheep (Dyer et al., 1997),
suggesting that the nutritionally-mediated effects of leptin on feed intake and energy
metabolism also function through alterations in leptin receptor mRNA expression.
The central effects of leptin are mediated via neurotransmitters such as neuropeptide
Y (NPY), proopiomelanocortin (POMC), cocaine- and amphetamine-regulated
transcript (CART), melanin-concentrating hormone (MCH), and orexins etc.
(reviewed by Aubert et al., 1998; Barb, 1999; Ahima and Flier et al., 2000).

Large variations in circulating leptin concentrations occur in animals of similar
adiposity (Ahima et al., 1996; Boden et al., 1996; Schneider et al., 2000ab) suggesting
that factors other than fat mass may regulate leptin levels and its effects on feed intake
and energy metabolism. Other tissues and organs may be involved, and skeletal
muscle is a potential candidate. Both leptin mRNA and protein are expressed in this
tissue (Wang et al., 1998), but at much lower level than those observed in adipose
tissue; skeletal muscle leptin concentrations are 10-fold lower than those in adipose
tissue. Skeletal muscle, and other tissues such as adipose tissue, the ovary, pancreas,

liver and intestines also express mRNA for Ob-R1 in the pig (Lin et al., 2000).

Leptin may act as a mediator of the metabolic signal if intracellular availability of
oxidizable metabolic fuels controls leptin secretion (Schneider et al., 2000b). Leptin
levels change within hours of fasting or restrict feeding, and could therefore act
centrally to signal changes in the animal’s energy status. However, it is not known
how energy intake is sensed and transduced into increased leptin expression. The
hexosamine biosynthetic pathway has been suggested as a potential mechanism by
which changes in the animal’s metabolic status is recognized at the cellular level, and
leptin synthesis and secretion appears to be influenced by the oxidative substrates that

are part of this pathway. Increased expression of leptin mRNA and protein in rat
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skeletal muscle and adipose tissue is induced by infusion of compounds that would be
expected to increase the concentrations of end-products of the hexosamine
biosynthetic pathway, including glucosamine, glucose, lipid, and uridine (Wang et al.,
1998). Infusion of glucosamine increased expression of leptin mRNA (+2000%) and
protein (from non-detectable to detectable levels) in muscle, and leptin concentrations

(+30%) in adipose tissue.

1.8 Conclusion

The young sow is frequently under profound nutritional stress in lactation. This
results in excessive loss of body tissues, including adipose and protein containing
tissue (predominantly muscle) in lactation. However, loss of a large proportion (over
50%) of the body’s muscle mass is fatal (Newsholme and Leech, 1983), so it is likely
that the sow will attempt to conserve her body reserves upon mobilization of a
proportion of her muscle protein tissue. This ensures survival of the sow at the

expense of the current and subsequent reproductive cycles.

Because muscle protein is the protein reserve that is predominantly mobilized (see
Section 1.2) it is reasonable to measure changes in this tissue when investigating the
size of the body protein loss required to reduce sow performance. The amino acid
mixture released upon mobilization of the muscle protein reserves does not match that
required for milk protein synthesis and mammary function (see Section 1.6.3). So if a
sow is in dietary protein deficit it is likely that some free amino acids are in short
supply for uptake by the mammary gland. This could limit milk biosynthesis and thus
inhibit the current reproductive cycle by reducing the sow’s lactational performance.
Impairment of the subsequent reproductive cycle due to loss of a critical amount of
body protein or alteration in protein metabolism in lactation could be a function of
many factors including an inadequate supply or availability of oxidizable substrates,
reduced metabolic hormones, metabolites and growth factors, and/or altered free body
amino acid pool which could effect the availability of neurotransmitters (see Section

1.7.1). These factors could act at the central level (hypothalamic-pituitary axis) to
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impact on gonadotropin secretion, and/or at the ovarian level to impair follicle

maturation and oocyte quality.

1.9  Hypotheses
The primary hypothesis of this thesis is that:

the maternal protein reserve of first parity sows at parturition is large enough to
support lactation, and some degree of protein loss might be sustained over the course
of lactation without loss of milk production or reproductive function. However an
excessive loss of protein in lactation is associated with a decline in the sow's
lactational and reproductive performance. Performance progressively declines as the

degree of protein loss increases above this excessive level of protein loss.
Other hypotheses:

1. First-parity lactating sows minimize maternal N losses in lactation when
dietary N is limiting, and become more efficient at utilizing the remaining

dietary N.

(3]

First-parity lactating sows allocate additional nutrients, above those provided

by ad libitum intake, towards maternal growth rather than the mammary gland.

3. Changes in muscle protein mobilization over the course of lactation are
dependent on the degree by which dietary protein supply supports the
requirement for substrates for milk protein synthesis. Increases in muscle
protein mobilization in lactation will result in:

) A decrease in the capacity for protein synthesis (RNA:DNA ratio) and
the amount of protein per ‘cell unit’ (protein:DNA ratio) in muscle.

) An increase in gene expression of components of the ATP-ubiquitin-
dependent proteasome proteolytic pathway in muscle.

. Decreases in certain free essential amino acids including the BCAA’s
and phenylalanine and increases in some non-essential amino acids,

especially glutamine, in muscle.
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4. First-parity sows that are relatively more dependent on mobilization of protein
from endogenous reserves have poorer lactational and reproductive

performance, regardless of the sow’s parturition body mass.

5. First-parity sows with a larger initial body size at parturition will maintain
lactational performance and reproductive function for a longer time if dietary

protein is limiting.

1.10 Objectives
In order test these hypotheses our objectives were:

I. To determine whether sows minimize their maternal N losses in lactation when
dietary N is limiting, N balance and diet digestability was measured throughout
lactation in first-parity sows fed 50%, 100%, and 125% of ad libitum feed intake
in lactation. These treatments established sows in three divergent metabolic states

(anabolic, slightly catabolic, and grossly catabolic) in lactation.

(A5 ]

Nitrogen balance and litter growth rate were used to evaluate the partitioning of N
towards milk production and retention in the maternal body in first-parity sows
fed to 50%, 100%, or 125% of ad libitum in lactation. Indices of skeletal muscle

protein synthesis (RNA:DNA ratio) were also measured at the end of lactation.

3. To determine if sow performance declines upon loss of an excessive amount of
body (muscle) protein mass, first-parity sows were fed divergent levels of
protein/lysine in lactation to lose three progressively larger levels of maternal
protein. Lactational performance (litter growth and milk composition) and
reproductive performance (ovarian follicle variables) was measured. Sows were
fed similar energy intakes so as not to incur differential losses of body fat that

could confound the results.

4. To measure changes in muscle protein variables over the course of lactation a
muscle biopsy procedure was developed that caused minimal disruption to the

sow and piglets. Muscle samples from first-parity sows induced to lose
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differential amounts of their whole-body protein mass in lactation, were collected
in late gestation, mid- and late-lactation. Indices of muscle protein synthesis and
degradation and changes in the muscle free amino acid pool were measured. The
long head of the triceps brachii muscle was sampled because this is a typical
mixed-fibre muscle in the adult pig, and can be easily accessed for muscle biopsy.
This muscle contains about 70% fast-twitch glycolytic fibres (45% Type IIB, 15%
Type IIA, and 10% Type IID) and 30% Type I slow-twitch oxidative muscle fibres
(Uhrin and Liptaj, 1992; McAllister et al., 1997).

5. First-parity sows were fed in gestation 1) to industry standards to achieve a
standard body (muscle) mass at parturition, or 2) to achieve a larger body (muscle)
mass at parturition. In the subsequent lactation these sows were fed divergent
levels of protein to generate two levels of body protein mobilization. To
determine when a decline in animal performance occurred lactational performance
(litter growth and milk composition) and reproductive performance (ovarian
follicle variables) were measured. The amount of the sow’s protein and fat mass

mobilized was:

¢ Directly measured from dissection of the carcass primal cuts (shoulder, loin
and ham) into muscle, fat and bone. Based on these measures and non-
invasive variables measured in real-time predictions were formulated to
measure changes to the sow’s muscle mass over lactation. Whole-body protein

mass was also estimated from prediction equations based on live-weight and
backfat depth.

¢ Indirectly measured from live-weight and ultrasonic measures made
sequentially, these included backfat thickness and loin muscle thickness and
area. Indices of muscle protein synthesis and degradation were also measured.
These included muscle protein, RNA and DNA and mRNA expression for

components of the main proteolytic pathway in muscle.
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¢  Because equations that estimate a lactating sow’s muscle protein mass are
not available, a final objective was to develop such equations based on

dissection of the primal cuts of the carcass into muscle and fat mass.
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