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GLUCOSE, PROTEIN AND ENERGY METABOLISM
IN SUCKLING AND RUMINATING LAMBS
J.A.N. Chambers
Ruminant lambs were compared with suckling lambs, pair-fed to equal
digestible energy intakes. Studies were made of glucose entry rate, by
continuous infusion of D-tU-14C]glucose, protein synthesis, by continuous
infusion of L-Cside chain-2,3-3H]tyrosine, and the energy cost of growth,
by comparative slaughter.
Ruminant lambs had less body fat (10.1%EBW at 15kg) and higher
maintenance energy requirements (755kJME/d/kg O• 75 ) than suckling lambs of
a similar age (15.1%EBW and 544kJME/d/kg O• 75 , respectively). Whole body
synthesis calculated from the tyrosine flux was greater at the same
growth rate in ruminant lambs (21.6g/d/kg O• 75 ) than in suckling lambs
(18.1g/d/kg O• 75 ), as was the whole body rate calculated from the tissue
synthetic rates. Fractional synthetic rates in the liver and muscle
tissues were greater in suckling lambs (148%/d and 3.4%/d, respectively)
than in ruminant lambs (83%/d and 3.0%/d). Glucose turnover was similar
in both ruminant and suckling lambs (8.75 and 10.53mg/min/kg O• 75
respectively), but the proportion of CO 2 derived from glucose was
significantly lower in the former (18.8% compared with 41.9%). Plasma
insulin levels decreased at weaning, and the amount of insulin released
in response to a glucose tolerance test (GTT) also declined. In suckling
lambs fasting plasma insulin and the insulin release during a GTT
increased with age, while glucose tolerance decreased, indicating a
development of insulin resistance.
It is suggested ttlat the difference in fatness is a -r~sult both of a
decrease in the energy available to the ruminant lamb, due in part to
increased costs of protein turnover, and of the promotion of fat
deposition in the suckling lamb, associated with increased circulating
insulin levels and a high fat diet.
KEYWORDS: energy cost of protein deposition; lamb; glucose tolerance;
glucose turnover; heat production; insulin resistance; maintenance
requirements; obesity; preruminant; protein synthesis; ruminant;
weaning
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CHAPTER 1
INTRODUCTION

The export of lamb carcasses contributes a large proportion of New
Zealand's overseas earnings (New Zealand, 1984). Over ~ number of years
consumer preference has moved towards a leaner style of meat. Consequently, the supply of lean carcasses is insufficient to meet overseas
demands, while there has been difficulty in marketing the fatter
carcasses which form the majority of lamb exports (Frazer, 1983).
The "overfatness/lean meat" problem has stimulated interest in methods of
reducing fat cover (Wood, 1982). TherE are now several groups throughout
New Zealand working on different approaches to the central problem. They
are attempting to manipulate body composition both through classical
genetic selection techniques and the more recent methods of hormone
treatment, such as somatostatin immunisation.
Nutritional techniques are also being investigated, although they have
not always been successful in changing the body composition of grazing
ruminants (Black, 1974). This is due to the microbial fermentation in
the rumen, which delivers a consistent pattern of nutrients to the animal
despite wide variations in feed quality. Recent efforts have therefore
i nves t i gated ways of by-pass i ng rumen fermentat i on, for example by
treating diets with formaldehyde to protect them from microbial attack
(Ferguson, 1975). A different nutritional technique is to wean lambs at
an early age, between four and six weeks. This reduces carcass fat
levels when compared to those weaned at a later date (Penning and
Treacher, 1975).
The reduced fat levels in the early weaned lambs might be explained by
the mobilisation of fat which occurs after weaning (Kellaway, 1973).
Such an effect implies that the dietary supply of energy is insufficient
to sat i sfy the requi rements for growth. Thi s energy shortage may be
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caused by the reduction in energy intake usually observed in early weaned
lambs and often attributed to the immaturity of the rumen (Searle and
Griffiths, 1976). However, an energy shortage would also be caused by
increases in energy requirements. For example, observations have indicated that protein deposition may be less efficient in weaned than in
milk-fed lambs (Rattray and Jagusch, 1977) and as a consequence the
energy costs of growth may be substantially higher.
One of the objectives of this work was to test the hypothesis that the
energy cost of protein deposition is higher in weaned than in milk-fed
lambs. Therefore rates of protein and fat deposition were measured in
gtoups of suckling and ruminant lambs fed known amounts of energy, and
the energy cost of protein deposition was calculated by using mUltiple
regression techniques (Kielanowski, 1976). The rates of protein synthesis in individual tissues and in the whole body were also measured, to
determine whether changes in energy costs, as measured by regression
techniques, could be explained by changes in rates of protein turnover.
Other consequences of weaning were studied in an attempt to determine
whether there were changes in underlying biochemical pathways that could
account for the observed differences in growth patterns and body composition. One effect of rumen fermentation is the removal of glucose from
the diet. In non-ruminants glucose is an important source of energy and
a powerful stimulator of the release of insulin from the pancreas.
Insulin is a major metabolic hormone, having significant effects on both
fat and protein metabolism (Levine, 1982). Hence changes in the diet and
digestive pattern of the ruminant at weaning could be accompanied by
changes in hormonal status which would influence body composition.
Therefore the effects of weaning on various aspects of glucose and
insulin metabolism were examined to determine if there were any associations between these and the changes in diet and pattern of growth.
Plasma glucose level, glucose turnover rate and glucose oxidation were
measured to see if the loss of alimentary glucose lessened its overall
availability. Plasma insulin level, the pancreatic release of insulin in
response to glucose and the tissue sensitivity to insulin were measured
to examine the effect of the change in diet on insulin release and thus
on the partition of absorbed nutrients.
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Growth is the result of an extremely complex interrelationship between
the nutrition of an animal and the system of controls for the partition
of this nourishment, represented largely by the endocrine system. The
investigation of this interrelationship is hampered by the smallness of
the changes in the endocrine system that are needed to bring about quite
large changes in growth. It was the hope of this study that the dramatic
changes observed in the pattern of growth at weaning could be ascribed to
changes at the biochemical level.
The thesis is organised in the following form. A review of the literature is presented in Chapter 2, followed by a summary of the design of
the experiments and the studies undertaken, in Chapter 3. The following
chapters, 4 - 8, present the methods and results for the studies on,
respectively, body composition, blood metabolite levels, glucose
tolerance, glucose turnover and protein turnover. The results are
discussed within each chapter in relation to other work in those areas.
Finally, all the results are discussed together in Chapter 9 in relation
to the growth and development of suckling and ruminant lambs, and the
consequences of early weaning.
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CHAPTER 2
LITERATURE REVIEW

2.1

WEANING AND THE COMPOSITION AND ENERGETICS OF GROWTH

This review is intended to provide a summary of the nutritional and
biochemical changes that take place during the weaning of a lamb. The
term "weani ng" generally refers to the change from the mi 1k di et of the
young animal to the solid diet of the adult. In the sheep this change
has dramatic consequences for the physiology of digestion, consequences
which are also reflected in the metabolism of the animal.
The weaning process may take several months, at a "time when the lamb is
growing rapidly. During this time there are significant changes in the
rates of a number of metabolic processes such as glucose (White and Leng,
1980) and protein (Arnal, 1977) turnover, changes which may be unrelated
to weaning. It is therefore inevitable that weaning changes should be
confused with age-related changes, since most weaning studies have
compared animals on a before-and-after basis. Further complications lie
in the differences between studies, both in the age at which milk is
finally withdrawn from the diet, and in the amount of experience of solid
feeds that lambs have had before this time.
Therefore in the following review an attempt is made to indicate where
these factors differ. The adjectives "suckling" and "milk-fed" will be
used only to refer to lambs obtaining most or all of their dietary energy
from milk, "weanling" will be applied to lambs gaining substantial
amounts of energy from both mil k and soli d" feed, whil e "weaned" or
"ruminant" will signify the consumption of solid diets alone. The
"weaning age" or "age of weaning" will refer only to the age at which
milk feeding finishes.
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These terms classify lambs according to their diet, and may not
necessarily indicate the extent of rumen adaptation. In particular,
adaptation of the rumen may not be complete when lambs are subjected to
"early weaning", that is, weaning at an age somewhat younger than would
occur naturally.
2.1.1

The Adaptation To Solid Feed

Lambs do not start to eat si gnificant amounts of grass until they are two
weeks old (Wardrop and Coombe, 1960). Thereafter intakes rise quickly,
but even at 9 weeks grass .may only form 40% of the DE intake in lambs
offered substantial amounts of milk (Joyce and Rattray, 1970). Higher
intakes of grass are found in lambs which have restricted milk intakes
(Joyce and Rattray, 1970) or which are weaned at an early age (Geenty and
Sykes, 1981). However, this increase is not sufficient to compensate the
total energy intake for the lack of milk.
The capabil ity of rumen fl ui d from young 1ambs to di gest grass is very
low at one week, but rises to adult levels by three weeks (Joyce and
Rattray, 1970). In this respect the rumen of the young lamb would appear
to be fully functional by the time grass begins to contribute
significantly to the DE intake (Thivend ~~, 1980).
The development of the rumen has been studied in some detail (Wardrop and
Coombe, 1960; Wardrop, 1960, 1961a, 1961b; Warner and Flatt, 1965;
McGilliard et ~, 1965). During milk feeding the rumen and reticulum
grow at the same rate as the other stomachs. However, upon the
introduction of roughage to the diet the fore-stomachs begin to develop
very rapidly. This development includes both an increase in size and
changes in the structure of the rumen wall, most notably the growth of
papillae (Warner and Flatt, 1965). Fermentation products, particularly
butyrate, are powerful stimulators of these changes, for instance of
ruminal epithelial cell proliferation (Sakata et ~, 1980). The bulk of
the solid feed in the rumen may also stimulate muscle growth in the rumen
wall (Thivend et ~, 1980).
2.1.2

The Age Of Weaning

Under natural conditions the grass intake of a lamb rises as the milk
intake falls. Both physiological and behavioural changes in the ewe play
their part in natural weaning, as milk production declines and the lamb
is discouraged from suckling (Matthews and Kilgour, 1980). With no
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external interference lambs continue to suckle past 20 weeks, but in
practice they may be weaned between 9 and 12 weeks with no adverse
effects, as assessed by the growth rate (Geenty, 1979; Rattray et ~,
1976). Earlier weaning than this generally results in a growth check,
the severity of which depends on the age of the lamb, the quality of the
solid food and the pre-weaning level of milk intake. Even if the
reduction in growth rate is small there may be little tissue growth since
the filling of the rumen contributes substantially to LW gain. The
intake of grass may be limited by the capacity of the rumen.
2.1.3

Changes In The Pattern Of Nutrient Absorption At Weaning

Before weaning the milk-fed lamb can be regarded as a monogastric.
Suckled milk is delivered directly into the abomasum and is digested and
absorbed in a manner typical of a single-stomached animaf (Porter, 1969;
Walker, 1979; Thivend et ~, 1980; Orskov, 1982). On entering the
abomasum the milk quickly forms a clot, which is then slowly digested.
The initial flow into the duodenum therefore consists mainly of the
soluble compounds, particularly carbohydrate. As the abomasal clot
breaks down, protein and fat enter the duodenum, the complete process
taking several hours. The end-products of digestion are theref0re
glucose, galactose and lactose, amino acids and small peptides, and free
fatty acids and monoglycerides. Absorption of these products takes place
in the sma 11 i ntest i ne.
After weaning the pattern of absorbed nutrients is quite
result both of the characteristics of the solid diet and
in the rumen. The major differences are the destruction
carbohydrate, the degradation and resynthesis of dietary
absence of large amounts of dietary fat.

different, as a
its fermentation
of dietary
protein and the

Firstly, carbohydrate is almost completely fermented in the rumen to the
three predominant VFA, acetic, propionic and butyric acids. These are
absorbed through the rumen wall, in the process of which butyric acid is
largely metabolised. The VFA form the major energy source in ruminants.
Secondly, di etary protei n is degraded in the rumen to form ammoni a and
subsequently reincorporated into microbial protein, which is digested and
absorbed post-ruminally. The dynamics of nitrogen in the rumen have been
extensively reviewed (Nolan, 1975, 1981).
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Thirdly, in contrast to suckling lambs, fat forms only a small proportion
of the diet in most ruminant rations. Hence it may not contribute
significantly to the dietary energy supply.
The process of ingestion, rumination, digestion and absorption takes
considerably longer than the comparable process in the suckling lamb.
Thus a major difficulty in the comparison of milk-fed and weaned lambs
may be their digestive state. An overnight fast is sufficient to ensure
that monogastric animals have attained a post-absorptive state, but in a
ruminant a much longer period of fasting is required.
2.1.4

Compositional Changes At Weaning

The body composition of the milk-fed lamb has been the subject of a
number of studies (Jagusch et ~, 1970a, 1970b; Norton et ~, 1970).
More extensive studies of the change in composition with growth from
birth to maturity have been made by Searle et il (1972). These authors
distinguished four phases of growth; milk feeding, rumen development,
prefattening and fattening. A similar distinction between pre-weaning,
weaning and post-weaning development periods was made by Robelin ~ il
(1977) whose observations ended at ~ LW of 32.9kg ..
The pattern of growth of the suckling lamb is typical of the young
animal. Protein initially forms a large proportion of tissue gain,
though fat gains become increasingly significant if lambs are milk-fed
for long periods (Searle and Griffiths, 1976). This pattern of
development is also seen in weaned sheep; the fat content of LW gain
increases as the animals age (Searle et ~,1972). However, the chemical
composition of the body and the composition of LW gain may change
substantially at weaning (Mitchell and Jagusch, 1972; Searle et ~,
1972; Kellaway, 1973; Penning and Treacher, 1975; Searle and
Griffiths, 1976; Robelin ~~, 1977; Geenty, 1979). In early weaned
lambs particularly, weaning may lead to a loss of body fat, while at the
least the post-weaning tissue gains contain more protein and water than
at any other stage.
The presence and extent of such a change appears to depend on the degree
of rumen development. In lambs which have had access to concentrates for
some time prior to the withdrawal of milk little change is seen (Searle
and Griffiths, 1976). In lambs with limited experience of solid feed,
either because they are weaned at an early age (Mitchell and Jagusch,
1972) or because they are milk-fed for extended periods before being
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allowed access to solids (Searle and Griffiths, 1976), body fat is lost
in the weeks after weaning. Fennessy et ~ (1972b) have demonstrated
raised levels of plasma FFA in early weaned lambs weaned at early ages
(3.5 and 5.5 weeks) but not at later ages (7.5 and 9.5 weeks).
This loss of fat, and FFA mobilisation, is indicative of an energy
shortfall occurring at a time when the potential for protein growth is
high. Deposition of protein therefore continues even though total energy
retention is negative (Mitchell and Jagusch, 1972). This growth
potential is not confined to weaned lambs. Jagusch and Mitchell (1971)
demonstrated the same effect in suckling lambs whose milk intakes were
restricted. In weaned lambs the loss of fat has generally been ascribed
to a restriction of energy intake due to the withdrawal of milk before
the rumen has fully matured (Searle and Griffiths, 1976).
The change in growth pattern may last for some time before fat deposition
recommences. Kellaway (1973) weaned lambs at 12kg LVI; by 18kg LW, when
normal growth was resumed, they had a lower proportion of fat and a
higher proportion of water than before weaning.
Though there may be a significant reduction in fatness after early
weaning it is not certain for how long this difference between weaning
regimes is sustained. In general, differences in composition developed
at a low bodyweight tend to disappear as the sheep approaches maturity
(Black, 1974) and the same appears to be true for differences provoked at
weaning (Searle and Griffiths, 1976).
2.1.5

Pre- And Post-weaning Energy Requirements

The energy requirements of lambs before and after weaning have been
assessed in a number of ways.
2.1.5.1

Fasting metabolic rate

The fasting metabolic rate in sheep and other mammals falls with age
(Blaxter, 1962; ARC, 1980). Thus the decrease in the fasting metabolism
of ewes and wethers from 350kJ/d/mW in unweaned lambs, to 260kJ/d/mW in
weaned lambs aged six months (ARC, 1980) may represent an effect of aging
or weaning. In this respect a comparison of weaned with unweaned lambs
may be misleading. Graham rt ~ (1974) found that the BMR of milk-fed
lambs was 23% higher than that of ruminant lambs, other factors being
equal. However, they concluded that this difference could be explained
solely by a difference in methodology, BMR being measured after 18h of
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fasting in the milk-fed lamb but after 72h in the weaned sheep. Thus
there is some doubt as to the physiological basis of the apparent difference in fasting metabolic rate between suckling and ruminant lambs
other than that due to age.
2.1.5.2

Maintenance requirements

A number of measurements of the energy maintenance requirements of
suckling and ruminant lambs have been made (Walker, 1979; ARC, 1980).
It must be recognised that in a young lamb energy maintenance is not the
same as fat or protein maintenance (Walker, 1979). Thus milk-fed or
weaned lambs maintained in energy balance are losing fat and depositing
protei n.
The ME requirement for energy maintenance appears to decrease from the
suckling state to the ruminant state. Thus Degen and Young, (1982)
demonstrated a decline in ~1D~ from 506kJ/d/mW in suckling lambs between
0-4 weeks to 422kJ/d/mW in ruminant lambs between 9-16 weeks and to
3 76kJ / d/mVi between 17 -24 week s.
However, there have been some reports indicating that MEM increases at
weaning, to 800kJ/d/mW (Mitchell and Jagusch, 1972') and 702kJ/d/mW
(Fennessy et ~, 1972a). Both of these. estimates were made in lambs
subjected to early weaning. It was suggested that the high MEM
requirements were due to the low efficiencies of utilisation of ME. This
is supported by Graham (1980), who found that the effi c i ency of
utilisation of ME in lambs was lower immediately after weaning than at a
later stage of development.
.'

2.1.5.3

Energy costs of protein and fat deposition

The estimates of MEM cited above were derived by the regression of energy
retention on ME intake. Another approach to the determination of energy
requirements is to partition ME intake between protein and fat deposition
(Kielanowski, 1976). This procedure has been followed in sheep in a
number of studies (Rattray et ~, 1974; Kielanowski, 1976; Rattray and
Joyce, 1976; Rattray and Jagusch, 1977, Ferrell et~, 1979). Table 2.1
shows some of the reported values for the energy cost of protein
deposition in sheep derived in this way.
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TABLE 2.1
Estimates of the energy cost of protein deposition in sheep.
=========================================================================

Ani rna 1

ECPO (kJME/g)

Reference

=========================================================================

Milk-fed 1ambs
Milk-fed 1ambs
Lambs, 15-40kg
Lambs, 32-58kg
Ruminant lambs
Rumi nant lambs
Rumi nant lambs
Ruminant 1ambs

45
51
68
69
191
114-225
142
188

Kielanowski, 1976
Rattray and Jagusch, 1977
Kielanowski, 1976
Kielanowski, 1976
Rattray ~~, 1974
Ratt ray and Joyce, 1976
Rattray and Jagusch, 1977
Ferrell et ~, 1979

=========================================================================

ECPO estimates in milk-fed lambs are similar to values derived in
monogastric animals (Kielanowski, 1976; Schurch, 1980), at approximately
50kJME/g, or an efficiency of 0.47. In weaned lambs much larger
estimates have been obtained (Table 2.1) ranging from two to three times
the cost in milk-fed lambs. The energy cost of fat deposition does not
appear to differ between milk-fed and weaned lambs, at a cost of about
40-50kJME/g or an efficiency of greater than 0.7.
This inefficiency of utilisation of ME for protein deposition after
weaning has been ascribed to the inefficiencies involved in rumen
fermentation and the subsequent utilisation of the end-products of
digestion (Rattray a Joyce, 1976; Rattray a Jagusch, 1977). However,
such calculations are subject to a number of criticisms (Van Es, 1978),
perhaps the major difficulty being the separation of the energy costs of
fat and protein deposition when these variates are highly correlated.
Thus in a number of the studies cited, estimates of fat deposition often
indicated efficiencies of greater than 100%, which clearly does not
engender confidence in the procedure.
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2.2

GLUCOSE METABOLISM IN SUCKLING AND RUMINATING LAMBS

This review will concentrate on the changes that occur in glucose
metabolism during weaning, and the importance of glucose to the energy
economy of the suckling and ruminating lamb. Edwards (1970) and Shelley
rt ~ (1975 ) have previously reviewed the foetal, neo-nata land
preruminant states, Leat (1970, 1971) and Ballard et ~ (1969) have
compared pre- and post-weaning metabolism. Detailed'reviews of
carbohydrate metabol ism in adult sheep have been compi 1ed by Lindsay
(1959, 1970), Leng (1970), Bergman (1973) and Weekes (1979).
Early findings that ruminants lack dietary glucose and have low blood
glucose levels suggested that glucose was in short supply and that the
ruminant was in some way glucose deficient (Baxter et ~,1955; Lindsay,
1959). This idea stimulated many studies on the turnover (Leng, 1970)
and intermediary metabolism (Ballard rt~, 1969) of glucose. However,
while differences in pathways of glucose metabolism were demonstrated, it
became apparent that the ruminant is usually quite capable of meeting all
its glucose needs, despite the extreme demands made during pregnancy and
lactation. Attention was therefore drawn to the sources of substrates
(Lindsay, 1978b) and to the control (Bassett, 1975, 1978; Brockman,
1978) of gluconeogenesis.
It seems that in general the ruminant has an adequate supply of
precursors and synthesises glucose at a rate comparable to a mongastric.
Any apparent defects in glucose supply, such as in bovi ne ketosis or
ovine pregnancy toxaemia, are probably due to the extreme demands of high
product i vity in such animals (Bassett, 1978) • Attention has therefore
turned to the question of how the ruminant uses glucose, since it seems
that much of the endogenous production is consumed in processes for which
alternative substrates could be employed (Lindsay, 1979a). The changes
that take place at weaning might therefore provide a way of determining
the importance of glucose in whole body metabolism, by separating those
effects contingent on dietary supply from those effects due to metabolic
advantage or necessity.
In its intracellular form of glucose-6-phosphate (G6P), glucose occupies
a central position in intermediary metabolism (Newsholllle and Start,
1973). As such, all pathways to and from G6P are carefully controlled
and by them G6P may be utilised for energy storage (glycogen), NADPH
generation or ribose synthesis (pentose phosphate pathway), formation of
intermediates and energy production (glycolysis and TCA cycle) and
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maintenance of blood glucose levels. It is also the entry point to
metabolism for a substantial proportion of dietary energy in monogastric
animals on carbohydrate diets. This metabolic flexibility is not lost in
the ruminant despite the lack of absorbed glucose.
2.2.1

Blood Glucose

It is generally observed that blood glucose levels are higher in suckling
than in ruminating lambs (Table 2.2). The decline in glucose
concentration takes place over the weaning period, with a maximum at 3
weeks falling to adult le~els by week 12. There seem to be two
components to this fall.
Firstly, foetal erythrocytes are replaced by adult types which contain
little glucose (Leat, 1970; ~~ooney and Young, 1978). This takes place
within 7 weeks of birth and would account for some of the change in
glucose level seen in whole blood measurements.
Secondly, the plasma level also falls, a change which occurs concurrently
with the development of the rumen, and which has therefore been ascribed
to it (McCandless and Dye, 1950). ~/ebb et ~ (1969) have shown that
extended milk feeding maintains the high glucose level, but other reports
on suckling lambs have noted decreases (Purser and Bergen, 1969; Ponto
and Bergen, 1974). Much of this data is difficult to interpret since
pr.ecise dietary intakes are not given. Furthermore, glucose is absorbed
only slowly after a meal and the time of blood sampling is therefore
critical. It is significant that after a 16 hour fast, plasma glucose
levels in suckling lambs had fallen to adult levels (Leat, 1970; White
and Leng, 1980). These observations are consistent with the hypothesis
that the loss of milk, and hence of dietary glucose, is the cause of the
changes (Leat, 1970).
2.2.2

Gluconeogenesis

Some or all of the glucose requirements of the suckling lamb may be met
by the dietary supply of lactose, but the ruminant lamb is entirely
dependent on endogenous glucose production. The pathway of gluconeogenesis is therefore permanently operative, decreasing in flux only when
substrate availability is low. Gluconeogenesis is therefore maximal in
the suckling lamb when fasted, but in the ruminant lamb when fed. While
the metabolic pathways are identical in monogastrics and ruminants, there
are differences in the location and activity of enzymes, substrate supply
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and control. In this respect the suckling lamb behaves similarly to a
monogastric animal.
2.2.2.1

Pathways

Gluconeogenesis is the reversal of glycolysis, sharing the same reactions
and enzymes except at three points. Four separate gluconeogenic enzymes
are required to reverse these reactions and since all four are found only
in liver and kidney, gluconeogenesis can only take place in these
tissues. The glycolytic/gluconeogenic enzyme pairs are the control
points for direction of the flux to and from glucose, and they provide
the possibility of futile cycling. Newsholme (1982) has suggested that
futile cycles at these points form the mechanism for control.
2.2.2.2

Enzymes

Gluconeogenic enzymes are present in the foetus, yet the pathway becomes
active only at birth (Warnes et El, 1977b), increasing to adult values
within a few weeks. Activities of enzymes do not therefore necessarily
imply activity of pathways. At weaning, falls in glycolytic enzymes have
been reported, accompanied by rises in gluconeogenic enzymes. Supporting
this, increases in pyruvate carboxylase (PC) and phosphoenolpyruvate
carboxykinase (PEPCK) (Edwards et El, 1975; Mercer, 1979) and in G6Pase
(Purser and Bergen, 1969) have been observed, yet pyruvate kinase
activity remains unaltered (Purser and Bergen, 1969; Edwards et El,
1975). Ruminant liver lacks a high Km glucokinase at all ages, and the
enzyme cannot be induced by artificially increasing the glucose supply
(Ballard et El, 1969).
In most species, PC is located in the mitochondrion, PEPCK in the
cytosol. In ruminants this distinction is not so pronounced. PC has
been reported in both locations in cows (Ballard et El, 1969) though only
in the mitochondrion in sheep (Taylor et El, 1971). PEPCK is found in
both locations in sheep (Taylor et El, 1971) and some adaptation is seen
at weaning (Mercer, 1979). However, though these differences appear to
confer some advantage to rumi nants by overcomi ng the problem of
mitochondrial diffusion (Ballard et El, 1969), the function of ovine
mitochondrial PEPCK has been called into question (Smith and
Osborne-White, 1971).
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2.2.2.3

Substrate supply

The contributions of different substrates to gluconeogenesis in the adult
sheep, and the difficulties in assessing them, have been discussed by
Lindsay (1978b). The major precursor is propionate, accounting for 50%
of glucose production, followed by lactate, some of which is produced
from propi onate in the rumen walL The a va i 1abil i ty of these subst rates
will be maximal when the animal is in a fed state. Other substrates are
the amino acids, particularly alanine and glutamine, and glycerol.
There is less information available on substrate utilisation prior to
weaning. In the fasted state the needs of the suckling animal for
gluconeogenic substrate will be met by lactate, amino acids and glycerol.
In the fed state milk lactose contributes to glucose requirements, but it
is not known whether this is sufficient to turn off gluconeogenesis.
There is some doubt as to whether propionate can be utilised prior to
weaning, but in any case this is not likely to be encountered in the
milk-fed animal. In vitro studies have shown low conversion rates of
propionate to glycogen (Ballard et~, 1969) and to glucose (Clark et~,
1976; Richardson ~~, 1979) compared with weaned animals.
The potential for the use of alanine as a substrate declines at weaning
(Clark et ~, 1976; Richardson et ~, 1979; Ballard et ~, 1976).
Possibly this is related to its function in the glucose-alanine cycle,
since recycling also decreases on weaning (Muramatsu et ~, 1974; White
and Leng, 1980). Weekes (1979) has concluded that recycling through
lactate or alanine is less important to the mature ruminant than to the
monogastric, or, one might add, to the suckling lamb.
2.2.3

Lipogenesis

The place of glucose in lipogenesis differs fundamentally between
suckling and ruminating lambs. Adaptive changes take place in the weeks
after weaning, preventing the use of glucose carbon for fatty acid
synthesis (Ballard et ~, 1969). The suckling lamb can synthesize fatty
acids from glucose in the liver, and this has been attributed to the
prescence of the citrate cleavage enzyme, ATP citrate lyase. At weaning
the activity of this enzyme falls (Muramatsu et~, 1970), both in liver
and adipose tissue. Glucose is then used only for glycerol synthesis and
~the generation of NADPH via the pentose phosphate pathway in adipose
tissue. The restriction of glucose from utilisation in the synthesis of
fatty acids may, however, be more complex. Studies of glucose flux in
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ruminant adipose tissue have suggested that the restriction occurs
earlier in the pathway of glucose metabolism (Vernon, 1980a; Pearce,
1983).
Ruminant adipose tissue lacks glycerol kinase, the enzyme which converts
glycerol to 3-glycerophosphate (3GP), a necessary precursor for
triglyceride synthesis. Hence, glucose is required for the production of
3GP via the glycolytic pathway.
The oxidation of glucose in adipose tissue occurs mainly in the pentose
phosphate pathway, forming NADPH for fat synthesis. (Robertson et ~,
1982). The ruminant has a~ alternative NADPH-generating system, the
isocitrate cycle, which spares the use of some glucose for this purpose
(Bauman and Davis, 1975). With weaning, the site of triglyceride
synthesis moves from the liver to the adipose tissue, and~this is seen as
a further adaptation, preventing competition in the liver with
gluconeogenesis for NADPH, carbon substrate or energy (Bauman and Davis,
1975). The adaptive nature of these weaning changes has been
demonstrated by artificially raising the glucose supply with infusions,
either IV or intraduodenal, whereupon fatty acid synthesis from glucose
commences in the liver (Ballard et ~, 1972).
2.2.4

Glucose Tolerance In Ruminants

Glucose tolerance declines at weaning in ruminants (Leat, 1970). This is
accompanied by a decreased pancreatic response to stimulation with
glucose (Manns and Boda, 1967; Kamalu and Trenkle, 1978). It has been
suggested that this may be related more to age than to rumen development
(Purser and Bergen, 1969; Webb et ~, 1969; Ponto and Bergen, 1974)
since glucose tolerance has been observed to fall over the same period in
both roughage-fed and long term milk-fed animals. Since insulin release
was not measured in these studies it is not clear whether the cause was
identical in both cases; low glucose tolerance may be caused by a number
of factors. Insulin stimulation of muscle glucose uptake is diminished
in older lambs, both milk-fed and weaned (Scharrer et ~, 1977), so
peripheral factors may be involved irrespective of rumen development.
Sensitivity to injected insulin decreases with age in ruminants, as
hypoglycemia is more readily induced before weaning than after (Reagor
and Kunkel, 1969; Stern et ~, 1971; Deetz and Wangsness, 1980). The
interpretation of these observations is confused by the differing hepatic
responses in suckling and weaned lambs to glucose and insulin. Glucose
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infusion reduces hepatic glucose output in weaned lambs (West and Passey,
1967), but less so in suckling lambs (Cowett et ~,1978). On the other
hand, gluconeogenesis appears to be more sensitive to insulin in suckling
lambs (Susa et ~, 1979) than in weaned lambs (Brockman, 1978). Loss of
glucose in the urine during glucose infusion seems to be negligible in
mature sheep (Judson and Leng, 1973a) but there is no information on
renal responses in suckling lambs.
Despite these differences there seems little doubt that peripheral
tissues are less sensitive to the promotion of glucose uptake by insulin
in the ruminant lamb, and,it has been suggested that this is due to the
decreased demand for glucose for FA synthesis by the adipose tissue
(Bauman and Davis, 1975). It seems unlikely that this would be the only
reason, since muscle tissue behaves similarly (Scharrer et ~, 1977).
2.2.5

Glucose Turnover

A number of studies have examined glucose kinetics in lambs and young
ruminants before and after weaning (Jarrett et ~,1964; House and
Phillips, 1968; Stern et ~,1971; Muramatsu et ~,1974; Warnes et
~,1977a;
Cowett et ~,1978; Mercer, 1979). Despite the variety of
methods used, the general trends in kinetic parameters are clear (Table
2.2). Over the weaning period decreases are seen in glucose level,
glucose space, pool size, irreversible loss (IL), recycling and total
entry rate.
These results have been clarified by more recent work by White and Leng
(1980) who used a single injection technique to measure glucose turnover
in both fed and fasted lambs before and after weaning up to an age of 32
weeks. Glucose pool size, IL and total entry rate increased rapidly with
increasing age and weight in the fed lambs before weaning, but did not
show the same kind of response after weaning. Resynthesis was also
higher in lambs prior to weaning. These results agree with the previous
findings, showing that the preruminant lamb has quite a different pattern
of development with growth. Weaning changes have been attributed to
rumen development, but White and Leng (1980) suggest rather that the
intake of dietary hexose is responsible for the high pool size and IL,
and its loss leads to the observed changes.
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Age

LW
kg

Method Blood
[Gl uJ
mg/dl

Pool
Size
mg/kgLW

IL
mg/min/
mW

Recycling Reference
% of total
entry rate

=========================================================================
S
W
R
S

F

R
S
R
S

56d
P 2-21d
P 2-3m
F
5d

W
R
S
R
S
R
S
R

2ld
F Adult
P 2.9d
P 4-5m
P
P
F 1-27d
F
2-7m

F

P
F

18d
42d
2a
1d

10.1
17.8
30.6

II

II

SS

F

F

Cl

II

PC
II

5.1
6.7
37
4.2
24.1

SS
and
PC
PC
II

SS
II

3-11
12-22

SS
II

90
80
51
91

641
457
143
508

8.9
7.6
1.2
9.3

83
81
69
101

254

6.1
7.6
5.6
17.2

94
67
122
76
85
41
110
74

548
164

727

9.9
5.9
10.6
6.2
8.9
3.8
16.2-8.7
6.2-4.6

225
132
710-340
190-120

1 *
1 *
1 *
2

22.0
26.2
11.1

8.4
5.9
31-24
18

2
3
3
4
4
4

5 *
5*
6
6

7 *
7 *

=========================================================================
* = Recalculated from quoted data
~--:-'-----'-''''''''''--'~'--'

,. -'----' --

~.--

.

1
3
5
7
S
W

=
=
=
=

Jarrett et ~, 1964
Stern et ~, 1971
Cowett et ~, 1978
White and Leng, 1980

2
4
6

=

=

House and Phillips, 1968
Muramatsu ~~, 1974
Mercer, 1979

R

suckling
weaning
ruminant

Cl
PC
SI

F

fed

P

=

=

continuous infusion
primed continuous
single injection
post-absorptive
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This suggestion is supported ~ the data from fasted animals, in which
there was no difference between the weaned and unweaned lambs in any of
the parameters. The IL is low, increasing only slightly with age, while
recycling rises to form a high proportion of the total entry rate. This
implies that there is only a limited capability for fasting gluconeogenesis in sheep of all ages, and that this is supplemented by increased
recycling such that the total entry rate rises with body\~eight (White and
Leng, 1980).
Glucose entry rate (GER) has been shown to correlate with plasma insulin
(Bassett, 1971) and gluco?e levels (Bergman, 1973), although the latter
has not always been observed (Bassett, 1971; White and Leng, 1980). GER
also correlates with growth rate (Kempton et ~, 1978), which has been
interpreted as demonstrating the importance of the glucose supply for
growth. It is not clear whether this is merely a reflection of a
correlation of GER with DE intake, as observed by Lindsay (1970).
2.2.6

Regulation Of Glucose Metabolism

Before weaning the regulation of glucose metabolism appears to be
effected by mechanisms of insulin and glucagon release similar to those
found in monogastric species (Leat, 1970; Exton, 1979; Felig et ~,
1979).
Less is known about the regulation of gluconeogenesis in ruminants than
in monogastrics though broad features appear to be the same (Bassett,
1975,1978,1981; Brockman, 1978; Lindsay, 1978b; McDowell, 1983).
Control may be exerted by alteration of the substrate supply or of the
activity of the pathway. Both of these effects are influenced by
hormones, principally insulin and glucagon in the short term, though
growth hormone, catecholamines and glucocorticoids have important
actions.
Insulin acts chiefly on peripheral tissues, reducing glycerol and amino
acid output, and hence substrate supply, but acting on the liver to
reverse the effects of glucagon and catecholamines. Glucagon acts mainly
at hepatic sites, reducing glycolysis and stimulating gluconeogenesis, by
affecting the pyruvate - phosphoenolpyruvate and glucose-6-phosphate fructose-bisphosphate substrate cycles. These two hormones therefore
complement each other in their manipulation of hepatic glucose
production, and it has been suggested that their concentration ratio
provides a useful index of carbohydrate status (Bassett, 1975).
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Changes in these mechanisms occur at weaning which seem to indicate a
decrease in the importance of insulin to the adult sheep. Yet, as
Bassett (1978) has pointed out, insulin remains central to metabolic
control in ruminants. Rather, it is the glucose-insulin axis which is
disturbed.
2.2.6.1

Suckling lambs

Information on the control of glucose metabolism in suckling lambs is
sparse, but insulin and glucagon appear likely to be the primary
influences in the short term. After feeding, high IIG ratios result from
stimulation of the pancreas by blood-borne nutrients and gastrointestinal hormones, and by anticipatory neural mechanisms. Uptake and
utilisation of glucose are promoted, gluconeogenesis is_inhibited (Susa
rt~, 1979).
In the post-absorptive state, IIG ratios fall and amino
acids and glycerol are released from peripheral tissues, thus increasing
substrate supply to the liver for glucagon-stimulated glucose synthesis
(Bassett, 1978).
2.2.6.2

Ruminant lambs

The major change in glucose metabolism at weaning is in the regulation of
gluconeogenesis. After weaning, the pathway of gluconeogenesis is permanently active, decreasing only in the post-absorptive state (Lindsay,
1978b). Gluconeogenic enzyme activities are increased, but the
availability of substrate appears to be the major determinant of glucose
synthetic rate. It has been suggested that PEPCK-controlled flow of
propionate to glucose is unhindered, allowing maximal gluconeogenesis in
the fed state. The manipulation of flows from other precursors via PC
would then allow a reduction in the rate of gluconeogenesis when the
animal becomes post-absorptive (Lindsay, 1978b).

IIG ratios are low in fed ruminant sheep (Bassett, 1975), since the level
of glucagon is maintained during the absorption of nutrients, while the
release of insulin is smaller than in non-ruminants. Insulin affects
hepatic gluconeogenesis only slightly (Brockman, 1978) in contrast to its
effects in monogastric animals. Both glucose-stimulated release of
insulin from the pancreas and insulin-stimulated uptake of glucose into
tissues decline at weaning (see Section 2.2.4). This decrease in
sensitivity may apply only to glucose and not, for example, to amino
acids (Scharrer et ~, 1977).
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2.3

PROTEIN TURNOVER AND GROWTH

The growth of protein, either in the whole body or in individual tissues,
occurs when the rate of protein synthesis exceeds that of protein
degradation. The net rate of protein deposition is therefore the
resultant of these two processes, whose interrelationship is not yet
fully understood. It is apparent that deposition could in theory be
brought about by a number of combinations of increases or decreases in
the rates of synthesis and degradation. The mechanisms of control of
these processes, and their relationship with growth, have implications
for the energetic efficie~cy of growth and protein deposition (Reeds et
El, 1982 b) •
The changes that occur in the diet and the digestive tract of the lamb at
weani ng are accompani ed by marked changes .i n the pattern of nitrogen
metabolism (Nolan, 1981). Though most of these changes are concerned
with rumen nitrogen metabol ism, they have consequences v/hich are
important for the deposition of protein in the whole body (Macrae and
Reeds, 1980).
2.3.1

Amino Acid Metabolism

The study of the relationship between nutrition and protein deposition
inevitably leads to some measurement of amino acid metabolism in the body
(Macrae and Reeds, 1980; Waterlow et ~, 1978). However, while AA are
generally regarded as precursors for protein synthesis, they also have
important individual uses as nitrogen, carbon and energy sources which
must be distinguished. Thus 15 N has been used with success as a tracer
for total amino-N flux, and hence of protein turnover (Garlick, 1980a).
On the other hand, measurements of the total amino-N A-V difference
across an organ, which may have a simultaneous uptake of some and output
of other AA, can be misleading.
Considerable simplification of this field becomes possible by considering
just the essential AA (EAA), since only they are likely to be limiting
for protein synthesis (Macrae and Reeds, 1980). The distinction between
the use of AA for protei n synthes is and thei r rol es in i ntermedi ary
metabolism then becomes easier, since the only input of EAA is from the
digestive system and they are less diverted than the non-essential AA
(NEAA) into other pathways (Lindsay, 1982). Flux and transport of AA are
quite as important as their metabolic fates (Christensen, 1977), and
quantitation of AA flows has demonstrated that protein synthesis is by
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far the most important pathway of utilisation. If changes in protein
metabolism take place at weaning, it is of interest to know whether
changes also occur in AA metabolism. In particular, to what extent the
supply of AA is limited, either by dietary supply or by catabolic
pathways.
2.3.1.1

Amino acid flux

AA entry rates have been measured with increasing frequency in recent
years as a method for measuring whole body protein turnover (Waterlow et
El, 1978). Such measurements have shown that the representation of AA
flows can be quite simple (Garlick, 1980a). The majority of the AA flux
is concerned with protein turnover but other pathways, such as oxidation
and gluconeogenesis are of some quantitative importance (Lindsay, 1982).
It has been suggested that the metabolism of AA through these pathways
constitutes a limitation on their availability for protein deposition
(Trenkle, 1980). If true, this would be of particular significance in
the ruminant where the demands on AA for gluconeogenesis are continuous;
changes in these priorities at weaning might have important consequences
for growth.
2.3.1.2

Gluconeogenesis

At weaning, the pattern of hepatic AA utilisation changes as the
requirement for glucogenic AA becomes continuous. The problem of the
significance of this diversion of AA has been addressed by Lindsay in a
number of articles (1976, 1979b, 1980, 1982). It was concluded that the
flow of AA to glucose does not in general constitute a great demand on
the AA supply, though there may be particular requirements for individual
NEAA (Macrae and Reeds, 1980).
Most of this demand is met by NEAA, largely alanine and glutamine, as
part of an intricate recycling mechanism. AA make a significant
contribution to gluconeogenesis, in total perhaps 20%, but this
represents less than 3% of the individual EAA fluxes (Wolff and Bergman,
1972b; ~~orton et El, 1978; Egan and Macrae, 1979; Lindsay, 1980).
Therefore, though in this respect the pattern of AA flow changes at
weaning, it seems unlikely that gluconeogenesis has a higher prority for
AA than protein synthesis in the ruminant.
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2.3.1.3

Catabolism

There are appreciable flows of AA to oxidative pathways in the adult
ruminant (Morton et ii, 1978; Egan and MacRae, 1979) but data is not
available for the suckling lamb. EAA oxidation rates have been measured
at up to 20% of their IL rates, with the NEAA contribution even higher,
and these may be underestimates due to technical problems (Lindsay,
1982). However, these apparent losses of AA do not seem likely to
circumscribe protein synthesis rates in the ruminant (MacRae and Reeds,
1980; Lindsay, 1982); the alteration of AA availability by oxidation
seems to be for regulatory. rather than obligatory reasons (Bergen, 1979).
Some comparisons of AA oxidation have been made between suckling and
ruminant lambs using isolated perfused livers (Savan ~ ii, 1979) but
their interpretation and extension to ~ vivo conditions is difficult.
There is a possibility that the oxidation of the branched chain AA
(BCAA), especially leucine, could directly influence protein turnover
(Goldberg and Chang, 1978). However oxidation of the BCAA takes place in
the liver in ruminants (Ballard ~~, 1976; Heitman and Bergman, 1980b)
rather than in muscle, as occurs in monogastrics. If the site of
oxidation of the BCAA moves from the muscle to the liver after weaning,
it is likely that any effects of the BCAA on protein turnover would
differ between suckling and ruminating lambs. However, at present the
involvement of the BCAA in the control of protein turnover ~ vivo is
unknown (Lindsay, 1982).
2.3.1.4

Free amino acid pools

Inadequate supplies of AA can limit protein deposition (Black, 1982).
Thus there is considerable interest in free AA pools and their
relationship to protein turnover and deposition, and there are several
comprehensive reviews on the subject (Munro, 1970; Pion, 1976; Waterlow
~~,

1978).

2.3.1.4.1

Pool sizes

The total amounts of free AA are quite small in comparison with the
amount of AA bound in protein, and the daily dietary intake of AA can
exceed the pool size. Hence there is no significant reserve of the free
AA (Munro, 1970). A large number of factors may affect AA input and
output (Vlaterlow et ii, 1978), so it is not suprising that much variation
is seen in reported plasma free AA (PFAA) levels (eg Dove, 1978).
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Measurements of AA levels in the peripheral plasma have often been made
in the hope of linking changes in dietary protein with changes in protein
metabolism, a hope that is partly based on the assumption that the blood
is simply a bathing nutrient medium (Christensen, 1982). The lack of AA
reserves, the high turnover rate, the smoothing action of the liver
(Heitmann and Bergman, 1980b) and the function of the blood, both plasma
and cells, as a vectored transportation network make this assumption
obsolete; interpretation of changes in either levels or patterns of PFAA
without independent information on the changes occurring in both input
and output is extremely difficult (Waterlow et ~, 1978; Christensen,
1977). Therefore, except'perhaps in the case of single, limiting AA,
PFAA levels have dubious value as indicators of the adequacy or otherwise
of AA supplies for protein synthesis.
2.3.1.4.2

Free AA and protein turnover

Though increases in the rate of protein synthesis often follow increases
in the supply of AA.i.!! vivo, there is some doubt as to the significance
of this association. It does not seem likely that the change in the rate
of protein synthesis is due to AA concentration changes alone; it is
possible for an increase in protein synthesis to be associated with both
increases and decreases in AA levels (Waterlow et ~,1978). There are
important differences between tissues in this regard. In liver, changes
in the AA supply can change the rate of protein turnover (Munro, 1970),
but it is not clear whether normal variations in AA pool sizes have a
controlling effect on protein turnover in muscle (Waterlow ~~, 1978).
2.3.1.4.3

Weaning changes in amino acid pools

Most of the information on changes in AA pools in lambs relates to the
effects of diet and digestion on PFAA (Porter, 1969; Bergen, 1978;
Thivend et~, 1980). The rate and composition of protein entering the
duodenum has a direct influence on PFAA in both suckling (Rogers and
Egan, 1975) and ruminating lambs (Mercer and Miller, 1982), modified by
the gut wall metabolism of absorbed AA (Wolff et ~,1972; Bergman and
Heitman, 1980; MacRae and Reeds, 1980).
Responses in the suckling lamb are typically monogastric; absorbed AA
reflect dietary protein in both level and AA composition while digestive
processes affect only the rate of absorption of AA (Rogers and Egan,
1975; Dove, 1978).
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In the ruminant lamb, absorbed AA reflect the amount and composition of
microbial protein, which is determined by the interaction of the rumen
microbes with the diet, both as protein and as energy (Black, 1982).
Thus no correlation is seen between PFAA and dietary AA composition
(Leibholz, 1965; Nimrick et ~, 1971), though increases in dietary N
lead to general increases in PFAA (Bergen ~~, 1973). There do not
seem to be any definite changes in PFAA levels over the weaning period,
and contadictory results have been reported (Leibholz, 1965, 1966; Johns
and Bergen, 1976). The factors discussed previously do not allow much
weight to be placed on these results.
2.3.1.5

Metabolism of amino acids

AA metabolism in mammals has been the subject of much research (see
reviews by Munro, 1970; Schepartz and Saunders, 1973; Goldberg and
Chang, 1978, Lindsay and Buttery, 1980; Snell, 1980; Evered, 1981;
Christensen, 1982). Studies of ruminant AA metabolism have contributed
to this area, particularly with regard to the integration of whole body
metabolism (Bergman and Heitmann, 1978, 1980).
Some differences have been found between ruminants and non-ruminants,
particularly in the metabolism of urea and the BCAA, though in general
their patterns of AA metabolism are similar (Bergman and Heitmann, 1978,
1980; Buttery,1979). It is not clear whether these differences arise
during the trarisition from the suckling to the ruminant state
very fevJ
studies have set out to look at changes in AA metabolism over the weaning
period. It seems likely however that the development of the rumen, and
the consequent effect on the diet, is responsible.
2.3.1.5.1

Urea cycle

Due to the degradation of dietary protein in the rumen there is a considerable, though variable, flow of a~nonia to the liver, and this has
several consequences for N metabolism. The activity of the urea cycle
and the levels of the urea cycle AA, citrulline, ornithine and arginine
are higher in sheep than nonruminants (Bergman and Heitman, 1978).
Increases in the concentration of ammonia in the rumen and the blood, in
blood urea concentration and in the levels of arginase in the liver have
been reported at weaning (Nechipurenko, 1980). Recycling of urea between
the liver and the gut is extensive (Nolan, 1975) so the excretion of urea
cannot be used to estimate AA catabolism. No direct influence of these
changes has been demonstrated on protein synthesis. Nevertheless, the
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increased urea cycle activity may have effects on energy expenditure in
the whole body due to the energy cost of urea synthesis (Buttery and
Boorman, 1976).
2.3.1.5.2

Branched chain amino acids

Metabolism of the BCAA (valine, isoleucine, leucine) appears to differ
fundamentally between ruminants and non-ruminants. In the non-ruminant,
the BCAA are oxidised primarily in the muscle tissue (Goldberg and Chang,
1978); in the ruminant they are oxidised mainly in the liver, along with
the other EAA (Heitman and Bergman, 1980b; Coward and Buttery, 1982).
The distinction may not be absolute; a little leucine oxidation in
muscle has been demonstrated in normal sheep, increasing greatly when
diabetic (Lindsay, 1982). The latter observation has provoked Lindsay
and Buttery (1980) to speculate that the high
3-hydroxybutyrate:acetoacetate ratio in ruminants has the effect of
inhibiting catabolism of the ketoacids derived from the BCAA. Hence this
effect would be another consequence of rumen development.
A change in the pattern of BCAA oxidation might be expected to have
several effects. Firstly, in fasted non-ruminants the products of BCAA
oxidation in muscle are thought to appear as alanine and, in smaller
amounts, glutamine. However, the same release of alanine and glutamine
occurs in the sheep although plasma levels are somewhat lower. The
source of the AA-N released to the liver for urea synthesis is therefore
different in the sheep, and indeed the sources of both AA-N and AA-C are
to some extent controversial (Lindsay, 1980). Secondly, stimulation of
protein synthesis by the BCAA has been observed in various tissues
(Goldberg and Chang, 1978). It would be of interest to see if there were
any effects of this nature in sheep muscle. Thirdly, compared with
non-ruminants, a greater output of glycine from muscle, and a higher
level in the blood has been observed in sheep (Bergman and Heitman,
1980). It has been suggested that this also is a consequence of the
lowered BCAA oxidation (Lindsay and Buttery, 1980).
2.3.1.6

Amino acid transport

The transport of AA across the cell membrane has considerable relevance
to the study of AA metabolism and protein turnover (Christensen, 1977).
Three implications of this process will be mentioned here.
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Firstly, AA are not transported directly into a single, homogenous,
intracellular pool; compartmentalisation occurs within the cell, varying
between tissues and amino acids, and with the AA supply. The
experimental determination of both oxidation and protein synthesis rates
depends on knowledge of the specific activity (SA) of the tracer AA in
the precursor pool, but this may not be represented by the SA of either
the total intracellular or extracellular pools. This is therefore a
major problem for such measurements.
Secondly, AA transportation requires energy, which should be added to the
cost of protein turnover., The amounts of energy expended on AA transport
are, however, unknown.
Thirdly, it is possible that AA transport may be limiting for the supply
of some I\A for synthesis (Waterlow et ~,1978). If sO,then alterations
in transport rates could affect protein turnover rates and hence growth.
The limited amount of information available on the rate of transport of
AA into muscle tissue in suckling and ruminating lambs (Scharrer et ~,
1977) indicates that there are decreases with age on both diets, but no
difference between diets in the response of the tissue to insulin
stimulation.
2.3.1.7

Regulation of amino acid metabolism

The control of AA metabolism is not simply control of AA levels in the
blood, but rather the regulation of AA flows between and within tissues
(Black, 1982). The relative stability of free AA levels, despite their
small pool size and high turnover rate, is a consequence of the precise
monitori ng of input and output (Munro, 1970; Waterlow et ~, 1978). The
regulation of the AA flow from the gut is performed by the liver, the
substrate supply promoting the uptake of AA and hepatic protein synthesis
(Munro, 1970). Systemic AA levels are largely regulated by muscular
protein turnover, which in turn is primarily under hormonal control
(Buttery, 1979; Young, 1980). Peripheral PFAA levels reflect muscle
intracellular AA levels (Munro, 1970; Pion, 1976).
The nature of the regulatory mechanisms is likely to reveal something of
the metabolic priority assigned to the competing requirements for AA.
For the EAA, such competition is only likely to occur between protein
synthesis and oxidation, but for three reasons it seems unlikely that
catabolism is favoured over synthesis.

27
Firstly, the majority of protein deposition occurs in the muscles, but
oxidation of the EAA takes place in the liver. A reduction of oxidation
in the liver would increase the AA supply in that tissue, perhaps leading
to increased liver protein synthesis, which, however; forms only a small
part of WBPS. The increased AA supply might also be seen in the
peripheral circulation, but by itself this would not be expected to
increase protein synthesis in muscle tissue. Decreasing hepatic
catabolism would not therefore seem to be capable of increasing whole
body protein synthesis significantly (Lindsay, 1982).
Secondly, catabolic enzym~s have maximal activities at higher AA
concentrations than do the tRNA synthetases (Krebs, 1972; Rogers, 1976).
This implies that AA will be used at a maximal rate for synthesis before
the rate of catabolism becomes significant.
Thirdly, changes in AA concentration and degradative enzyme activity
occur in parallel, which would indicate that increases in AA supply are
followed by increases in oxidation, rather than the other way around
(Waterlow et El, 1978). In the well-fed animal the oxidative pathway is
therefore a mechanism for the disposal of excess or unbalanced AA, and
not an obligatory requirement for energy generatiQn.
Hormonal effects on AA metabolism arise largely by their influence on
protein turnover. There are few direct hormonal actions on AA; insulin
(Scharrer et El, 1977) promotes the transport of AA into muscle, while
glucagon increases hepatic uptake (Brockman and Bergman, 1975b), both
leading to decreases in PFAA levels (Call ~El, 1972). However, these
effects are complicated by the simultaneous actions of the hormones on
protein turnover.
2.3.2
2.3.2.1

Mechanisms Of Protein Turnover
Protein synthesis

Protein synthesis is the process by v/hich amino acids are polymerised in
specific sequences to form polypeptide chains of determined
characteristics. The synthetic process is now known in some detail in
procaryotes, but rather less in eucaryotes, for I'/hich recent reviews have
been compiled by Haterlow ~ El (1978), Pain and Clemens (l980a, 1980b)
and Austin and Kay (1982).
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In essence the coded sequence of bases in a mRNA molecule is translated
into amino acid sequences by means of tRNA molecules which carry the
appropriate amino acids. The entire process takes place on the ribosome
and is divided into three stages. The initiation stage covers the period
. during which the mRNA and the first, initiating, tRNA bind to the
ribosome, followed by the next amino acyl-tRNA and formation of the first
peptide bond. During elongation, successive amino acids are added to the
polypeptide chain as the ribosome moves along the mRNA and amino
acyl-tRNA molecules bind to their appropriate codons. Finally, at
termination the completed polypeptide is released and the ribosome
complex is disassembled. 'A number of protein initiation and elongation
factors are required in order for synthesis to proceed.
Regulation of protein synthesis is achieved in several ways. Control of
protein type i~ effected through the transcription proce~s, but for a
given mRNA the rate of translation depends on the number and activity of
the ribosomes (Pain and Clemens, 1980b) •. Both parameters are affected by
nutritional and hormonal treatments, but the ribosomal activity is
quicker to respond. The regulation of ribosome activity seems to occur
at the initiation stage; starvation, diabetes, hypophysectomy and
glucocorticoid treatment have been shown to decrease, insulin to increase
the rate of initiation.
The preceding factors enable protein synthesis to be directed according
to the hormonal state. As might be expected, the lack of raw materials
for protein synthesis, amino acids and energy substrate, result in
decreases in synthetic rate.
2.3.2.2

Protein degradation

The mechanisms of protein degradation are as yet poorly understood
compared to the synthetic process. Nevertheless, breakdown of protein is
an essential part of protein turnover; recent reviews have been prepared
by Ballard (1977), Waterlow et ~ (1978), Mayer ~t ~ (1980), Millward
(1980), Millward et ~ (1981), Ballard and Gunn (1982), Hershko and
Ciechanover (1982), f'layer rt~ (1982) and t-\ortimore (1982). Most work
has been done in the liver, though there is an increasing amount of
information on degradation in muscle and other tissues. There seem to be
important differences between liver and muscle protein breakdown
(Millward et~, 1981; Mortimore, 1982).
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In the liver, most intracellular proteolytic activity is found in the
lysosomes, and it is believed that this activity represents the major
degradative pathway; lysosomes appear to fuse with autophagic vacuoles
containing endogenous protein, forming autophagolysosomes, within which
intracellular material is digested. The mechanism by which the cell
proteins are isolated for hydrolysis is not known however, and the
evidence linking lysosomes with protein degradation is suprisingly
tenuous. This pathway is subject to regulation, and has been termed
"system-limited" degradation by Ballard (1977) and "the relative
proteolytic environment" by \~aterlo\'/ et ~ (1978).
A second pathway of degradation has been proposed to ac~ount for the
breakdown of very short lived proteins. For such proteins the
autophagolysosome pathway does not easily account for the speed of
turnover, the correlation between the properties of the proteins and
their rate of turnover, and the lack of hormonal regulation (Hershko and
Ciechanover, 1982). Ballard (1977) has called this "substrate-limited"
degradation; lysosomes may still be involved, though this is
controversial, but in, such a way that substrate is selected for
degradation (Mortimore, 1982). This pathway seems to account for the
basal part of protein degradation.
Proteolysis is inhibited by respiratory inhibitors and is dependent on
energy supplies. However, it seems that ATP is necessary for maintenance
of the degradation apparatus rather than for the hydrolysis of peptide
bonds, a reaction which is exergonic. Clearly energy will be required
for the synthesis of the proteases and the components of the lysosomes,
thus linking the synthetic and degradation processes, but it could also
be required for maintenance of the low lysosomal pH, or for protein
transport into the lysosomes (Ballard, 1977; Millward et ~, 1978;
Hershko and Ciechanover, 1982).
As with synthetic rates, protein breakdown rates are regulated by
nutritional and hormonal factors, but the mechanisms for these controls
are not known. Analogously with synthesis, degradation rates could be
controlled by changes in the capacity or activity of the degrading
system, or by changes in the susceptibility of intracellular proteins to
degradation. As yet, changes in overall degradation rate cannot easily
be assigned to these kinds of controls, though different kinds of
responses are observed. Thus the glucocorticoids affect breakdown rates,
but only after some hours, and have a requirement for active protein
synthesis. By contrast, responses to insulin and glucagon are rapid,
,
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affect i ng the numbers of autophagi c vacuol es very qui ck ly after
administration (Ballard and Gunn, 1982).
2.3.3

Protein Turnover In Sheep

A number of studies have been made on JB. vivo protein turnover in sheep,
both ruminant (Buttery et ~,1975; Buttery et ~,1977; Davis et ~,
1981; Bryant and Smith, 1982a, 1982b; Jones and Symons, 1982), suckling
(Soltesz et ~, 1973) and before and after weaning (Arnal et ~, 1976;
Arnal, 1977; Ferrara rt~, 1977a, 1977b; Combe rt~, 1979)(see
Chapter 8, Tables 8.12 anq 8.13). Protein turnover in lambs and sheep
follows the general pattern observed in other animals (Garlick, 1980b)
with high rates in the young animal (Soltesz et~, 1973), decreasing
with age (Arnal, 1977) to the low turnover rates characteristic of the
mature animal {Bryant and Smith, 1982a). Rates of protein synthesis vary
from tissue to tissue, being highest in the small intestine, other GIT
tissues and liver and lowest in skeletal muscle. Intermediate fractional
synthetic rates (FSR) are found in brain, skin and heart. Changes in the
rate of whole body protein turnover (WBPS) and FSR have been assQciated
with dietary changes (Davis et ~,1981; Bryant and Smith, 1982a),
parasitic infection (Jones and Symons, 1982), lactat';on (Bryant and
Smith, 1982b) and hormone administration (Sinnett-Smith rt~, 1983b).
A number of papers resulting from a study of lambs aged from one to
sixteen weeks have reported changes in FSR over this period. In essence,
rates of protein synthesis in muscle (Arnal, 1977) and digestive tissues
(Combe et ~, 1979) decreased with age, though there were variations
which were ascribed to the influences of weaning and puberty. The
separation of dietary and hormonal effects from age effects is
problematic in such studies. Less ambiguous was the demonstration that
the proportion of whole body synthesis taking place in the GIT increased
over the weaning period, from 12% at one week to 26% at sixteen weeks
(Combe et ~,1979). Though there were changes in the FSR of GIT tissue
over this, time the change was largely accounted for by an increase in
the mass of the forestomachs.
2.3.4

Protein Turnover And Protein Deposition

Protein turnover continues in the absence of growth, the rates of
synthesis and degradation cancelling exactly. Protein gain or loss may
therefore occur by changes in either or both of these rates. A number of
reports have indicated that the ratio of synthesis to deposition is
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variable, and may be influenced through nutritional and hormonal means
(Reeds and Fuller, 1983).
To establish such relationships, simultaneous measurements of the rates
of synthesis, degradation and growth of protein are required. Due to the
difficulty of measuring rates of protein degradation ~ vivo, degradation
is usually calculated from the difference between synthesis and growth.
This is not entirely satisfactory since errors in the measurement of
growth and synthesis rates could lead to erroneous conclusions as to the
direction of a change in degradation (Waterlow et ~, 1978).
The most detailed work on'the regulation of protein mass in individual
tissues has been carried out in rats. In the young rat an increase in
the growth rate of skeletal muscle is associated with increases in the
rates of both -synthesis and degradation (Millward et ~,1975, 1976c).
After feeding, the FSR in muscle increases, but falls again once the meal
has been digested (Garlick et ~, 1973). The rate of synthesis has been
shown to decrease in response to fasting in a number of tissues (Preedy
~~, 1983), but muscle is especially responsive.
Treatments having
catabolic effects generally resulted in decreases in Ks with decreases or
no change in Kd, but in starvation an increase in ,degradation was
observed (Garlick et~, 1976).
The general response to feeding, or to an increase in the amount of food
consumed, is an increase in the rate of deposition, brought about by
increases in both degradation and synthesis. It has been suggested that
these responses are the result of two dietary effects, which operate
independently and additively (Reeds and Fuller, 1983). An increase in
the amount of di etary energy offered to pi gs, either as fat or
carbohydrate at the same level of N intake, brought about an increase in
the rate of synthesis. However, the rate of degradation of protein was
slightly decreased, or unaltered (Reeds et~, 1981). By contrast, an
increase in dietary protein independent of energy brought about
comparatively large increases in both synthesis and degradation.
Yet another combination of changes in synthesis and degradation has been
reported by Sinnett-Smith et ~ (1983a, 1983b). In young female lambs
the Ks in skeletal muscle decreased after treatment with trenbolone
acetate and zeranol, while the growth rate of the animals increased. The
rate of degradation in muscle would therefore have decreased also, and
this conclusion was supported by the lowered level of free cathepsin 0 in
the muscle.
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The change in the rate of synthesis required in order to bring about a
change in the protein deposition rate may therefore be variable both as
to sign and magnitude. This in turn implies that the total amount of
energy expended in protein synthesis could vary both up or down under
different conditions, while achieving the same growth rate.
2.3.5

Energy Costs Of Protein Turnover

Calculations of the energy costs of protein turnover to the whole animal
are still imprecise, due to a lack of information on several aspects of
the process.
.\

The cost of synthesis alone can be calculated without difficulty. The
synthesis of a peptide bond is generally assumed to require five ATP
molecules (Van.Es, 1980), four of which are directly invoJved in the
synthetic process. The remaining ATP is added to take account of the
costs of synthesis of the ribosomes, mRNA and tRNA, though these are
likely to be small in comparison with the peptide synthesis (Buttery and
Annison, 1973). If it is assumed that the ATP are generated from the
oxidation of glucose this amounts to a cost of 320kJ/g of synthesised
protein, an efficiency of 88%. This estimate of the efficiency may need
to be lowered for a number of reasons; there may be ATP requirements for
synthesis which are as yet unknown, and the ATP may be generated from
less suitable precursors.
It seems likely that there are other costs of the process
which no allowance can presently be made. Thus there are
requirements for protein degradation, despite the release
this process (see Section 3.2.2). Another unknown energy
the cost of AA transport into the cell.

of turnover for
energy
of energy from
requirement is

Nevertheless, synthesis seems likely to account for most of the costs
associated with protein turnover; the major impediment to accurate
calculations of these costs is the accuracy with which the rate of
synthesis is known. It has been estimated that protein turnover may
contribute approximately 20% of the total heat production of an animal,
dependi ng on the speci es and stage of maturity (Mi llward rt~, 1976b;
Reeds et ~,1982b). These calculat ions were made on the basis of the
rate of WBPS derived from AA flux measurements; the possibility remains
that whole body synthesis is much greater than this, as indicated by
measurements of tissue Ks. The difficulty lies in the identification of
the precursor pool for synthesis; WBPS calculated from E(Tissue
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synthesis) is usually several times greater than WBPS calculated from an
AA flux. Davis et ~ (1981) calculated that protein turnover could
contribute up to 40% of the heat production of a lamb if the WBPS
calculated from the flux was corrected for loss by oxidation and
localized recycling of the AA.
2.3.6

Control Of Protein Turnover

The primary control of both synthesis and degradation is believed to be
hormonal (Buttery, 1981a). Extensive reviev,s of the involvement of
hormones in protein turnov.er have been presented by Young (1976, 1980),
Waterlow et ~ (1978), Buttery and Vernon (1980) and Buttery (1983).
While the rates of synthesis and degradation are responsive to the intake
of food it is believed that the effects of nutrients are mediated rather
than direct (Reeds and Fuller, 1983). The most important hormones in the
short term appear to be insulin, the glucocorticoids, growth hormone and
the somatomedins, and glucagon. Over the longer term the actions of the
thyroid hormones and the sex steroids need to be taken into account
(Buttery,1983). Further information on these hormones and their effects
on whole body metabolism is presented in Section 4 of this chapter.
Another important stimulator of protein growth, whose mechanism of action
is n~t yet understood, is exercise. The effects of exercise are to
stimulate the hypertophy of muscle directly, .without the involvement of
hormones (Goldberg rt~, 1980). The mechanism of the muscle growth is
not yet clear, but may involve increases in both Ks and Kd (Laurent and
Millward, 1980), though there is some controversy in this area (Lindsay,
1983) .
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2.4

HORMONAL REGULATION OF FAT AND PROTEIN GROWTH

General reviews on hormones and growth have been presented by Tata
(1980), with emphasis on development, and by Galbraith and Topps (1981),
with regard to the effect of exogenous hormones on body composition and
growth. The influence of horillones on growth and production in animals,
particularly ruminants, has been the subject of several recent reviews
(Trenkle,1979; Forbes and Lomax, 1980; Buttery,1983; Weekes, 1983).
The hormones usually considered to be of major importance are insulin,
growth hormone, the glucocorticoids, the thyroid hormones and the sex
steroids. Recently the i~fluences on the regulation of growth of
somatostatin, the somatomedins and the insulin-like growth factors (IGF)
have been recognised (Spencer, 1981). It seem likely that the latter two
groups of hormones have some factors in common (Zapf et Q, 1981).
Some effects of these hormones on growth in the whole body are summarised
in Table 2.3. It must be emphasised that such a summary is extremely
crude at the present state of knowledge. All the hormones mentioned have
multiple sites of action, some have multiple actions at every site, and
for none is an exact mechanism of action known. The situation is further
confused by the interact i on between hormones, affect i ng each other both
in release and effect. Young (1980) has stressed the importance of
understanding the regulation of the endocrine balance in order to
understand the hormonal control of growth.
2.4.1

Mechanism Of Action Of Hormones

The actions of all hormones are believed to be mediated by specific
receptors, which for the polypeptide receptors are in the cell wall but
for other hormones, such as the steroi ds and thyroi d hormones, are at
intracellular sites. However, the demonstration of receptor
internalisation leaves open the possibility of direct intracellular
effects by polypeptide hormones (Goldfine, 1981). Receptor numbers and
binding affinity may be subject to regulation, so this is a possible site
for alterations in the response of tissues to a hormone (Kahn et ~,
1981 ).
Pools of receptors are stored internally and may be released to the
plasma membrane, or vice-versa, in response to various stimuli (Posner et
~,1981).
Internalisation of the insulin receptor in response to
insulin binding, known as down-regulation, implies that insulin regulates
its own receptor levels in some manner.
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TABLE 2.3
Some hormones involved in the regulation of growth.
=========================================================================

Hormone

Sites and Actions

Effects

=========================================================================

Insulin

Adipose tissue Lipogenic
Antilipolytic
Muscle Increase protein synthesis
Decrease protein degradation

- increase fat and
protein deposition
- increase glucose
utilisation

Growth hormone

Adipose tissue Lipolytic
Muscle Increase protein synthesis

- promotes growth of
protein over fat
- releases somatomedins

Somatomedins
(and IGF/NSILA)

Muscle Increase protein synthesis

- promotes growth of
protei n

Androgens

Muscle Increases protein synthesis

- anabolic, promoting
muscle growth

Oestrogens

Effects on other hormones

- anabolic

Glucocorticoids

Muscle Decrease protein synthesis
Possible Degradation effect

- catabolic actions
reducing growth

Thy roi d hormones

Muscle Inc rease protein degradation
Possibly increases synthesis

- catabolic

Somatostatin

Regulates GH ( - ) , insulin ( - )
thyroid horillones (+)

- inhibits growth

=========================================================================
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However, the importance of the numbers of receptors in the regulation of
the response of a tissue to a hormone is yet to be proven, since in
general maximum biological responses are seen at only low rates of
receptor occupancy; there are usually many spare receptors.
Alternatively, post-receptor sites may be more important in the
modulation of hormone activity, as for instance in the diminished insulin
sensitivity seen in insulin resistance (Belfiore et ~, 1979).
As yet, little work has been carried out on hormone receptors in sheep.
Gill and Hart (1982) have shown alterations in affinity and number of
hepatic glucagon and insu\in receptors in late pregnancy in the ewe,
changes which were not due to variations in circulating glucagon and
insulin levels. Insulin receptors on the ovine adipocyte have been
studied in relation to pregnancy and lactation by Vernon et ~ (1981).
The sensitivity of tissues to insulin is lower in ruminants than in the
rat (Etherton, 1982) so studies of tissue receptor levels and binding
affinity in relation to weaning would be of some interest in the
identification of the cause of this insensitivity.
2.4.2

Hormone Changes At Weaning

There are differences between milk-fed and weaned lambs in the levels amd
timing of insulin and GH release in response to feeding, and a lower I/G
ratio in ruminants, but no other major changes in circulating hormone
levels have been reported.
2.4.2.1

Insulin

Contradictory changes have been reported in fasting insulin levels at
weaning, Stern et ~ (1971) and Johns and Bergen (1976) finding
increases, Cowett et ~ (1978) finding decreases. Insulin levels during
feeding in ruminant sheep are lower than in suckling lambs (Bassett,
1974a; Munro, 1982), while glucagon levels are maintained during feeding
in the ruminant (Bassett, 1972). This has been interpreted as an
adaptive mechanism to promote gluconeogenesis after feeding (Bassett,
1975) as is required once the animal is weaned in order to maintain the
supply of glucose.
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2.4.2.2

Weaning changes in other hormones

A number of studies have reported greater fasting growth hormone levels
in milk-fed lambs than in ruminant lambs or adult sheep (Hertelendy et
al, 1969; Stern et ~, 1971; Bassett, 1974a; Johns and Bergen, 1976).
Bassett (1974a) concluded that the relationship between GH and insulin
changed as the lamb matured. In both preruminant lambs and adult sheep
GH secretion decreased rapidly after feeding. However, while the level
of GH then remained low in the mature animals until they were postabsorptive, in the milk-fed lambs it increased 30 minutes after feeding,
and remained high until the next feed. Such changes are of interest
since correlations have been shown between plasma GH level and protein
deposition, and between plasma insulin and fat deposition (Trenkle,
1979).
The variability of hormone levels is usually a major problem in such
studies. The episodic release of GH is one cause of fluctuation. Hart
et ~ (1981) measured prolactin, GH, insulin and thyroxine in blood from
heifers over the weaning period and reported that there were indications
that all the hormones were at higher concentrations in the pre-weaning
samples. However the variability of the data preGluded any firm
conclusion, apart from the necessity for frequent sampling.
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CHAPTER 3
EXPERIMENTAL DESIGN AND STUDIES

3.1

EXPERIMENTAL DESIGN

Two trials were undertaken, both of the same general form. Lambs were
reared indoors and either weaned on to herbage or maintained on ewe's
milk for a period of 20 weeks. The lambs fed on milk were pair fed to
the weaned lambs to an equal digestible energy intake. Samples of blood
were taken at weekly intervals from all lambs for measurement of glucose,
urea and insulin. Intravenous glucose tolerance tests (IVGTT) were
carried out at the beginning and the end of the tr.ial. Groups of lambs
were slaughtered at intervals to measure rates of protein and fat
deposition. Before slaughter, tracer methods were used to determine
rates of glucose and protein turnover.
3.1.1
3.1.1.1

Design Of The First Trial
Animals

48 Dorset Down X Southdown lambs, born at Templeton Research Station over
a period of one month to known sire genotypes, were used in this trial.
At birth the lambs were weighed, tailed and identified, and the males
were castrated. After approximately three days with their mothers, to
ensure an intake of colostrum, the lambs were transferred to the
Johnstone Memorial Laboratory at Lincoln College for indoor feeding.
3.1.1.2

Treatment groups

The first treatment group consisted of 8 lambs which were slaughtered at
the outset of the trial.
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To each of the two other treatment groups in the trial were allocated 20
lambs, which were further subdivided into 5 slaughter groups of 4 lambs
each. Allocations were made on a restricted random basis, balanced for
sires and sex.
The lambs in the second, designated as the Grass group, started the trial
at ages ranging from 3 to 7 days, and were offered milk at a rate to
simulate the normal lactation curve. Herbage was made available from the
third day of the trial and the lambs were weaned abruptly at the end of
the fourth week.
The lambs in the third group, referred to as the Milk group, were fed on
ewe's milk for the entire trial. Their initial ages varied from 2 to 16
days, and they began the trial ten days after the Grass group, to allow
pair feeding cdlculations to be made.
3.1.1.3

Feeding procedures

Lambs were penned separately so that individual feed intakes could be
measured.
Herbage for the grass group was harvested daily a~ Templeton Research
Station from an irrigated white clover dominant pasture, using either a
scythe or a reel mower. It was taken to Lincoln and fed to the lambs in
polythene basins.
Fresh herbage was offered to each lamb regularly throughout the day, and
herbage refusals collected and weighed. Daily samples of fresh and
refused herbage were bulked, and weekly sub-samples taken, dried (70 0 e
for I8h) and stored for later analysis of energy and nitrogen content.
Weekly dry matter (OM) intakes were calculated for each lamb.
Fresh milk was obtained by machine-milking ewes at Templeton Research
Station twice daily throughout the trial. Measured amounts of milk were
offered to each animal using a bottle with a rubber teat, and refused
milk was subtracted to give the total milk intake. Lambs were fed thrice
daily for the first eight weeks and twice daily thereafter.
All lambs were dosed with selenium at intervals of three weeks.
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3.1.1.4

Digestibility

Estimation of the digestibility of the diets was carried out at regular
intervals throughout the trial. Three lambs were used for each
determination, which was made over a period of five days during which
they continued on a normal ration. The animals were kept in metabolism
cages so that faecal and urine collections could be made. Preservative
(5ml/day of 3g/1 mercuric chloride in glacial acetic acid) was added to
the urine to prevent ammonia loss and bacterial growth. Samples of urine
and faeces were frozen for later nitrogen analysis, while another faecal
sample was dried (70°C for 18h) to determine the OM and energy content.
Feed samples were analysed for energy and nitrogen content.
Crude OM digestibilities (DMD:
pair feeding calculations.

%) were calculated immediately for use in

For the Grass group
DMD

=

OM intake
OM faeces
OM intake

x 100

• . • • • • • • •• 3. 1

For the Milk group
DMD

=

Milk intake x 5
OM faeces x 22
---------------------------------Milk i nt ak e x 5

x

100

• • • • • • • • •• 3. 2

The assumed energy of the milk was 5 MJ/kg whole milk and that of the
faeces was 22 MJ/kgDM.
True digestibilities were later recalculated using the actual energy
values determined on the feed and faecal samples.
3.1.1.5

Pair feeding

Lambs were paired between the Milk group and the Grass group for feeding
purposes. For each of the first four weeks, before weaning, the milk
lambs were offered the same amount of milk their pairs had consumed
during the previous week. After weaning, DE intake per lamb was
calculated at the end of each week from the OM intake, the estimate of
crude digestibility and an assumed energy content of herbage of 18
MJ/kgDM. It was intended that an equivalent amount of digestible energy
should be fed to the pairs in the Milk group over the following week,
using the estimate of crude digestibility and an assumed energy content
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of 5 MJ/kg whole milk to calculate the quantity required.
3.1.1.6

Health

The health of the lambs in the Grass group was satisfactory in view of
the magnitude of the weaning check. There were problems with the Milk
group where digestive upsets were common. One lamb died from white
muscle disease despite the regular selenium drenching.
3.1.2
3.1.2.1

Design Of The Second Trial
Animals

A total of 52 Dorset Down X Suffolk lambs, born at Templeton Research
Station over a period of one week to ewes in which oestrus had been
synchronised, were allocated to treatment groups. At birth the lambs
were weighed, tailed and identified, and the males were castrated. They
were then left with their mothers for approximately one week before being
transferred to the Johnstone Memorial Laboratory at Lincoln College for
indoor feeding.
3.1.2.2

Treatment groups

To each of the two treatment groups in the trial were allocated 24 lambs.
These were then further allocated to 6 slaughter groups of 4 lambs in
each treatment group on a restricted random basis, balanced for sex.
The lambs in the Grass group were taken from the earlier birth dates and
commenced the trial at an average age of 7.2d. Ewe's milk was offered by
bottle ad libitum for four weeks, then over the fifth week the amount of
milk offered was gradually reduced to nothing. The lambs were offered
herbage from the beginning of the third week, and were fully weaned by
the start of the sixth week.
The second group, the Milk group, was fed on ewe's milk for the entire
trial. The lambs were taken from the later birth dates, and started the
trial one week after the Grass lambs, at an average age of 12.0d. The
groups were staggered by one week so that the Milk lambs could be pair
fed to the Grass lambs.
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An additional group of four milk-fed lambs was carried through the
experiment at a similar level of feeding to the Milk group. Since these
animals were treated in an identical manner to the main group they have
been included in the analysis.
3.1.2.3

Feeding procedures

For the first group, herbage was freshly cut from an irrigated
ryegrass/clover pasture at Lincoln College using a double-chop forage
harvester. Fresh herbage was offered to each lamb regularly throughout
the day, and refused herbage collected and weighed. Daily samples of
fresh and refused herbage were bulked, and weekly sub-samples taken,
dried (70°C for 18h) and stored for later analysis of energy and nitrogen
content. Weekly OM intakes were calculated for each lamb. The lambs
were dosed with selenium at fortnightly intervals throughout the trial.
Herbage was offered generously, ensuring that a large amount was refused
so that selective feeding 'lIas always possible. This condition was deemed
to be necessary after the experience of the first trial, in order to
minimise the weaning check and to improve growth rates.
Milk was obtained for the second group from machine-milked ewes at
Templeton Research Station (Geenty, 1983). It was collected over the
first seven weeks of lactation and stored, deep frozen, until required.
After thawing, the milk was supplemented with minerals (5.4mg Fe, O.9mg
Cu and O.018mg Se per kg of fresh milk), thoroughly mixed and warmed
before being fed to the lambs. Lambs were fed thrice daily for the first
five weeks and twice daily thereafter. Measured amounts of milk were
offered to each animal, using a bottle with a rubber teat, and refused
milk was subtracted to give the total milk intake.
3.1.2.4 Digestibility
Estimation of the digestibility of the diets was carried out at regular
intervals throughout the trial. As in the first trial, crude OM
digestibility was calculated immediately, for use in pair feeding, and
true digestibility later from the feed and faecal energy contents.
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3.1.2.5

Pair feeding

Lambs were paired between the Milk group and the Grass group in the same
way as in the first trial. For each of the first four weeks, before
weaning, the milk lambs were fed the amount of milk their pairs had
consumed during the previous week. After weaning, DE intake per lamb was
calculated at the end of each week from the OM intake, the crude DMD and
an assumed energy content of herbage of 18 MJ/kgDM.
An equivalent amount of digestible energy was fed to the pairs in the
Milk group over the following week, using the crude DMD of the milk and
an assumed energy content 'of 5 MJ/kg whole milk to calculate the quantity
requi red.
3. 1. 2.6

Hea It h

The health of the Grass group was generally good. One animal died at six
weeks due to IIred gut II (Gumbrell and Jagusch, 1973), thought to have been
provoked by rapid consumption of highly digestible herbage.
The health of the milk fed group was not quite so good. Three animals
died, two (at 8 and 12 weeks) from unknown causes and one (at 17 weeks)
from milk-type IIred gut
Animals tended to go off their feed for no
apparent reason, and scouring was common.
ll

•

The suckling reflex appeared to be well maintained and lambs exhibited
typical features of excitability \'Ihen fed from the bottle (Orskov, 1982).
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3.2

EXPERIMENTAL STUDIES

Similar measurements were
were more extensive. Due
pair-feeding in the first
intakes, body composition
not attempted.
3.2.1

Weight Gains

The liveweights of the
3.2.2

made in both trials, though in the second they
to the problems encountered in weaning and
trial, the detailed analyses of the energy
and rates of fat and protein deposition were

lam~s

were measured at weekly intervals.

Feed Intake

Whole milk and -grass OM intakes were measured over each week for all
lambs.
For the second trial these were also expressed as digestible (DE) and
metabolisable energy (ME) intakes. Weekly nitrogen intakes were also
calculated.
3.2.3

Body Composition

The body composition of the lambs in the second trial was determined at
slaughter by chemical analysis of the minced carcasses.
3.2.4

Protein And Fat Deposition

Rates of deposition of protein and fat in the second trial were
calculated by the comparative slaughter method. Groups of animals were
slaughtered after 4, 8, 12, 16, 18 and 20 weeks on the trial. Tissue
deposition occurring before weaning was distinguished from that occurring
afterwards.
3.2.5

Energy Costs Of Growth

In the second trial the maintenance requirements for zero energy
retention were estimated by the regression of energy retention on ME
intake. The energy costs for protein deposition were estimated by the
multiple regression of ME intake on protein and fat deposition rate.
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3.2.6 Weekly Blood Sampling
At the beginning of each week on both trials all lambs were sampled for
blood. The samples were later analysed for glucose, urea and (in the
second trial) insulin.
3.2.7

Glucose Tolerance

IVGTT were used to determine the response of the pancreas to a glucose
load, and the sensitivity of the tissues to insulin.
3.2.7.1

First trial

Glucose tolerance tests were performed on lambs from both groups at three
stages: weeks one, six and nineteen.
3.2.7.2

Second trial

Tests were carried out on lambs at two stages of the trial. Initial
tests were made on three lambs from each group after three weeks on the
trial. At the end of the trial, three Milk lambs were tested at 18 weeks
and three at 20 weeks, and four Grass lambs were tested at 20 weeks.
3.2.8 Glucose Turnover And Protein Synthesis
Isotope infusion procedures were performed immediately prior to slaughter
in order to determine rates of glucose turnover, rates of whole body
protein turnover and rates of protein synthesis in indvidual tissues.
3.2.8.1

First trial

Infusions were performed on lambs at comparable weights rather than at
the same age, due to the difficulties experienced in this trial. Five
Grass lambs and four Milk lambs were infused at about 14 weeks. At the
end of the trial, at 23 weeks, four Grass lambs and three Milk lambs were
infused.
3.2.8.2

Second trial

Animals were infused at the following ages (numbers of animals in
parentheses, G=Grass,M=Milk): 8 weeks (3G+3M), 12 weeks (3G+3M), 16
weeks (4G+4M), 18 weeks (3M) and 20 weeks (4G+3M). Nitrogen balance
trials were carried out over the week prior to infusion.
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CHAPTER 4
COMPOSITION AND ENERGETICS OF GROWTH

4.1
4.1.1

INTRODUCTION
Energy Utilisation

Estimation of the energy cost of growth may be made by a number of
methods (Webster, 1981), but the comparative slaughter technique used in
this work is believed to be as accurate as any. The length of time over
which growth is measured gives this technique its reliability, but a
drawback is the necessity for a consistent intake and pattern of energy
utilisation throughout, a condition that is most difficult to fulfill in
young growing animals.
4.1.2

"

Energy Costs Of Protein Deposition

To separate the costs of protein and fat deposition from those of
maintenance a mUltiple regression technique has been used (Kielanowski,
1965, 1976). This procedure generates estimates of the metabolisable
energy (ME) cost of protein and fat deposition (ECPD and ECFD), and of
the ME intake for both protein and fat maintenance. The latter is
essentially a statistical concept of maintenance, since such a situation
would not be found in young animals (Fowler et~, 1980). The
application of this model presents a number of difficulties, for example
in the separation of the energy costs of fat and protein deposition when
these variates are highly correlated (Van Es, 1980). In an attempt to
overcome these problems recent users of the method have made assumptions
as to the maintenance requirement (Thorbek, 1980) or the energy cost of
fat deposition (Eggum ~~, 1980) in order to derive estimates of the
energy cost of protein deposition. Kielanowski himself (1976) chose only
those ECPD results which simultaneously gave acceptable estimates for
costs of maintenance and fat deposition.
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4.2

METHODS

The conduct of the two trials was described in Chapter Three. Groups of
lambs, fed either milk or herbage, were slaughtered at intervals of 4
weeks up to 20 weeks of age.
4.2.1

Slaughter Procedure

Over the seven hours prior to slaughter radioactive glucose and tyrosine
were continuously infused into some of the lambs. Before slaughter the
lambs were anaesthetized with sodium pentobarbitone to allow samples of
skeletal muscle and of the overlying skin to be taken. The infusion was
then stopped and the lamb was killed by exsanguination.
After the removal of tissue samples for the measurement of tyrosine
specific activity, the body was divided into carcass and non-carcass
components. The viscera were removed and individual organs were weighed.
The alimentary tract and its contents were weighed separately. The pelt,
legs, head, viscera and blood were combined to form the non-carcass
components of the empty body. Carcass and non-carcass components were
stored at -20°C until analysis could be completed.
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4.3
4.3.1

ANALYSIS
Body Composition

Carcass and non-carcass components were analysed separately for protein,
water and fat composition. The frozen material was chopped into small
lengths with a bandsaw before mincing three times using a cutter and
grinder (Model 801HP, Autio Co., Astoria, USA) with plate apertures of
9mm. After thorough mixing, a 1kg sample of mince was taken and stored
at -20°C. The frozen sample was later cut into small cubes and two 100g
sub-samples taken for chemical analysis (AOAC, 1980).
The dry matter content of the mince was measured by freeze drying the two
sub-samples to constant mass. Duplicate samples were then taken from
within each of the dried mince sub-samples for fat and protein analysis.
Fat was determined as the mass lost from 5g samples after extraction for
6h with diethyl ether using a Soxhlet apparatus. The nitrogen content
was measured on 0.5g samples by the Kjeldahl method, using potassium
sulphate/copper sulphate catalyst. Protein content was calculated as
nitrogen content x 6.25.
4.3.2

Feed Intake

The energy, fat and protein content of the ewe1s milk was determined by
Geenty (1983). Herbage samples, both fresh and refused, were dried and
powdered. Nitrogen content was measured by the Kjeldahl method, \vhile
gross energy was determined by bomb calorimetry. Nitrogen and energy
determinations were also made on samples of faeces from digestibility and
nitrogen balance trials. Digestibility of both herbage and milk was
determined regularly throughout the trial. Metabolisability was assumed
to be 80% of the digestible energy intake for the herbage (ARC, 1980) and
97% for the milk (Jagusch and Mitchell, 1971)
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4.4

CALCULATIONS

4.4.1

Terminology

The experimental groups were designated Milk (M) and Grass (G) according
to their ultimate diets. However, until weaning the lambs in the Grass
group gained more than 95% of their ME intake from milk. Therefore for
some calculations the Grass slaughter groups at week 0 and week 4, ie
prior to weaning, were considered separately from the rest of the Grass
group.
For carcass composition analysis the pre-weaning Grass
combined with the Milk group. The combined groups are
Suckling (S) lambs, while the remaining animals of the
slaughtered at weeks 8, 12, 16 and 20, are referred to
(R) or Post-weaning Grass lambs.

lambs were
referred to as the
Grass group,
as the Ruminant

For the analysis of the energy cost of growth, the Suckling lambs were
further sub-divided into two groups. The Pre-weaning group encompassed
the slaughter groups at weeks 0 and 4 from both the Milk and the Grass
groups and the Post-weaning Milk group comprised the Milk slaughter
groups at weeks 8, 12, 16, 18 and 20.
4.4.2

Body Composition

Linear regression equations were used to describe the variation of
protein and water content with fat-free empty bodyweight. The
relationships of protein, water and fat content to the empty bodyweight
were assumed to be described by the allometric equation
Y

b

=

a. X

• • • • • • • • •• 4. 1

The coefficients a and b were estimated from the linear regression of
log-log plots of component mass on empty bodyweight.
4.4.3

Comparative Slaughter

Gains of fat and protein in the growing lambs were calculated by the
comparative slaughter method (Thomson, 1965). The gain of each component
was estimated over two periods: during the Pre-weaning stage (up to 4
weeks), and during the Post-weaning stage.
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The initial (week 0) slaughter groups from both the Milk and Grass groups
were combined in order to derive prediction equations for the fat and
protein content of liveweight at the start of the trial. The initial
body composition for each lamb in the week 4 slaughter groups was
estimated from these equations, and protein and fat gains thereby
calculated.
The week 4 slaughter groups from the Milk and Grass groups were combined
to give an estimation of body composition prior to weaning. Fat and
protein gains were then estimated for the Post-weaning Milk and Grass
1ambs.
The energy deposited in the body of each animal was calculated from the
fat and protein gain, using values for the energy contents of fat and
protein of 38.9kJ/g and 22.9kJ/g respectively (Jagusch and Mitchell,
1971).
4.4.4

Energy Costs Of Growth.

Estimates of the maintenance requirements of the Pre-weaning,
Pos t-weani ng Mil k and Pos t-weani ng Grass groups were made by regress i ng
the average daily energy retention (ER) on the average daily
metabolisable energy intake. Both quantities were expressed relative to
the average metabolic empty bodyweight, am~/, calculated as:
amW

=

(0.5W

.75

o

.75
.75
.75
+ •••••••••••• + W + 0.5W
)/n-1
1
n-1
n

+ W

4.2

where WO ••••• W are the empty bodyweights at n weekly intervals.
n
An attempt was made to assess maintenance costs (m) and costs of protein
(ECPO) and fat (ECFO) deposition by regressing ME intake (kJ/d/amW) on
protein and fat gain (g/d/amW).
ME Intake

=

m + ECPO.Protein gain

+

ECFO.Fat gain

• • • • • • • • •• 4.3

The calculation was also performed by making assumptions about ECFD, the
energy cost of fat deposition. The energy cost of protein deposition was
then estimated by subtracting the costs of fat deposition from the ME
intake and regressing the resultant energy on the protein gain.
ME Intake - ECFO.Fat gain

=

m + ECPO.Protein gain

4.4
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4.5

RESULTS

4.5.1

Weight Gains

The mean weekly liveweights for the Grass and Milk groups in both trials
are shown in Figure 4.1.
4.5.1.1

First trial

Both groups grew rapidly over the first four weeks of the trial at an
average rate of 240g/d. However, they were severely checked at weaning,
losing an average of 1.4k~ in the Grass group and 1.8kg in the Milk group
by the sixth week.
The severity of the weaning check in the Grass g~oup was probably due to
the quality of the herbage offered. The herbage was both coarse and
long, allowing the lambs little chance to select young plant material.
This also lead to difficulties in prehension.
The Milk group was intentionally restricted to give a similar DE intake
to the Grass group. However, an error in the calculations for
pair-feeding meant that the lambs were given lower amounts of milk than
was intended for some weeks after weani~g. Hence.their weight loss was
even larger than that of the Grass group.
By the tenth week both groups were growing again, but were no longer well
paired for energy intake. The Milk group was therefore fed ad libitum
for the last weeks of the trial, but never regained the pre-weaning level
of intake (Figure 4.3).
Because of these problems the analysis of the body composition for the
first trial was not attempted.
4.5.1.2

Second trial

Liveweight gains in the second trial were similar in both groups of lambs
up to the twelfth week at an average of 140g/d. There was only a slight
check at weaning. The Milk lambs continued to grow at this rate for most
of the rest of the trial, but the Grass lambs stopped growing between the
twelfth and fifteenth week. It is likely that this was due to the
quality of the summer herbage supplied at that time. Over the same
period digestibility dropped, which resulted in a fall in the DE intake
, as shown in Figure 4.4. After the fifteenth week, with the availability
of better feed, liveweight increased again. The Milk group was checked
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FIGURE 4.1

Weekly liveweights (Means:!:: SE) tor the Milk and Grass groups in
a) the First trial and b) the Second trial.
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in growth over the same period, by restriction of feed intake, but not to
the same extent as the Grass group.
Comparison of the two groups on the basis of liveweight may be
misleading. The development and subsequent filling of the rumen at
weaning contributes to liveweight gain in the Grass group, but does not
occur in the Milk group. At slaughter the empty bodyweight (EBW) of the
animals was determined and related to the pre-slaughter liveweight. A
plot of EBW as a function of liveweight is shown in Figure 4.2a. The
data fall into three distinct sets.
Firstly, the Milk group and the initial (0 week) Grass slaughter group
are described by the line
EBW

=

0.407 + 0.887 LW

4.5

Secondly, lambs at the weaning stage in the Grass group showed varying
liveweights for very similar empty bodyweights. The mean EBW for this
group is given by
EBW

=

10.4

..........

4.6

Thirdly, regression of EBW against LW for the Ruminant lambs (8 weeks to
20 week slaughter groups) gave the line
EBW

=

0.773.LW

• • • • • • • • •• 4. 7

with a non-significant intercept term.
These equations were used to determine the growth of the empty body
during the trial from the weekly liveweight data. Equation 4.5 was used
to calculate EBW throughout the trial for the Milk group. It was assumed
that the EBW in the Grass lambs was given by Equation 4.5 up to a LW of
11.0kg (the mean LW at weaning), by Equation 4.6 for the weaning lambs
between LW of 11.0kg and 13.5kg and by Equation 4.7 thereafter. The
resultant graph (Figure 4.2b) shows the difference in growth rate of the
empty body between the Milk and the Grass groups. At the same liveweight
the EBW of the Grass lambs were on average only 85% of those of the Milk
1ambs.
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FIGURE 4.2
The effects of gut-fill at weaning in the Second trial.
a) EBW as a proportion of liveweight at slaughter.
b) Weekly EBW (Means ± SE) of the Grass and Milk groups as
calculated from their gut-fill relationships.
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4.5.2

Feed Intake

Figure 4.3 gives the mean weekly feed OM intakes for the two groups in
both trials. The blue lines indicate the milk consumption of the Grass
groups prior to weaning, finishing abruptly at 4 weeks in the first
trial, but more gradually over the fifth week of the second trial.
Weaning was more successful in the second trial as judged by the speed
with which the lambs adjusted to the herbage diet. This process was very
slow in the first trial but in the second appreciable amounts of herbage
were being consumed before the withdrawal of milk. It was therefore not
necessary to restrict the'Milk group at weaning to the same extent as in
the first trial. The Milk lambs in the first trial were perhaps
over-restricted.
Herbage intake~ increased slowly after weaning of the Gr~ss group in the
first trial up to a maximum of almost 4kgDM/week, but dropped after that,
probably as a result of the quality of the summer feed. Much higher
intakes were achieved in the second trial, with a plateau between weeks
12 and 16 due to the coarse texture of the herbage. It was apparent that
the lambs were extremely selective in their eating habits, and would sort
through large amounts of herbage, eating only the ,very youngest growth
even 2-3 months after weaning.
4.5.3

Pair Feeding

In both trials each lamb in the Milk group was paired for DE intake to a
lamb in the Grass group. As already described, there were difficulties
with this procedure in the first trial, but in the second trial the
pairing was more successful. Figure 4.4a displays the mean DE intake
over each week for both groups in the second trial. Errors in pairing
were brought about through three factors.
Firstly, the difficulty of getting the
calculated for them. This can be seen
weeks when pairing was simply a matter
Milk group as a whole did not drink as

Milk lambs to drink the amounts
particularly over the first three
of equating milk intakes; the
much as the Grass group.

Secondly, calculations were made on the basis of crude dry matter
digestibility, which was generally lower than the digestibility
calculated on an energy basis.
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FIGURE 4.3

Mean feed intakes (kgDM/week) of herbage and milk in a) the first
trial and b) the second trial.
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FIGURE 4.4
Comparisons of the energy intakes of the 1liIk and Grass groups in
the Second Trial by a) the weekly DE intake (Means :f: SE)
and b) the cumulative ME intake (Means :f: SE).
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Thirdly, it seemed advisable to avoid dramatic changes in the intakes of
the paired lambs, so adjustments were sometimes spread over periods
longer than a week.
Digestible energy intake in the Milk group generally followed that in the
Grass group well (Figure 4.4a). The fall in DE intake in the Milk group
in the last two weeks was a result of the poor performance of one lamb in
the last slaughter group, resulting in a low mean consumption.
Ultimately the cumulative DE intake of the groups was very close.
However, because the metabolisability of the diets was quite different,
ME intakes were generally' greater in the Mi 1k group. Fi gure 4.4b shows
the difference in the mean cumulative ME intakes of the two groups.
After weaning the total ME intakes in the Grass group were of the order
of 85% of those in the Milk group. Mean daily ME intakes for each week
are given in Table 4.1, expressed relative to the metabolic empty
bodyweight calculated by the method given previously.

TABLE 4.1
Mean daily metabolisable energy intakes (MJME/d/mW) on an empty
bodyweight basis for the Grass and Milk groups in the Second Trial.
=========================================================================

Week

Grass

Milk

Week

Grass

Mil k

=========================================================================

1

1.25

1.03

11

0.88

0.92

2
3

1.41
1.20

12
13

4
5

0.98
0.68
0.38
0.58
0.56

1.13
1.08
1.00
0.88
0.63
0.75
0.83

15
16
17
18

0.92
0.87
0.77
0.69
0.73
0.79
0.80

0.82
0.80
0.81
0.79
0.81
0.80
0.74

0.73
0.76

0.87
0.88

19
20

0.94
0.86

0.66
0.64

6

7

8
9
10

14

=========================================================================
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TABLE 4.2
Relationships of total body protein and water to fat-free empty
bodyweight in Ruminant and Suckling lambs. Equations for "Mixed"
lambs are from Searle and Griffiths (1983).
=========================================================================

Group

Regression
coefficient

Intercept

Residual
SO

Correlation
coefficient

=========================================================================

Ruminant
Suc;kling
Mixed

so
so
0.722 !0.013 0.449 a 0.177 0.1062
0~720:0.004 0.154 b 0.054 0.1295
0.18
0.37
0.721

Ruminant
Suckling
t~i xed

0.210.011 -0.233 a 0.142 0.0849
0.209
-0.053 b ,0.038 0.0911
0.16
0.215
-0.22

WATER

-

0.998
0.999

PROTEIN
-

0.984
0.996

=========================================================================

a, b - Intercepts are significantly different (P<O.Ol) between diets.

4.5.4

Composition Of The Fat-free Empty Body

The composition of the FFEB did not vary with growth in either the
Suckling or Ruminant lambs, as shown by the highly significant linear
regressions of water and protein mass on fat-free empty bodyweight
(Figure 4.5 and Table 4.2). However, while the slopes of the regression
lines for both Sand R groups were parallel, they differed significantly
in elevation. Ruminant lambs therefore had more water and less protein
than suckling lambs at the same fat-free empty bodyweight.

60

FIGURE 4.5

Water and protein composition of the fat-free empty body for
Ruminant and Suckling lambs in the Second trial.
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TABLE 4.3
Allometric relationships between body components and empty bodyweight
derived from the linear regression:
Log(Component Mass) = b.Log(Empty Bodyweight) + Log a
=========================================================================

Body
Component

Group

Regression
Coefficient

Intercept

Residual
SO

Correlation
Coefficient

(a)

(b)

=========================================================================

WATER
Ruminant
Suckling

0.877
0.891

Ruminant
Suckling

SD
0.034

0.943
0.826

0.0102
0.0172

0.990
0.997

1.031 c 0.035. 0.160
0.213
0.920 d

0.0105
0.0143

0.992
0.998

Ruminant
Suckling

1.692
1.603

0.0155 e
0.0295 f

0.0890
0.0745

0.847
0.984

Ruminant
Suckling

1.365
1.296

2.979 e
4.498 f

0.0449
0.0401

0.931
0.993

0.012

e
f

PROTEIN

FAT
0~294'

0.052

ENERGY
0.148

=========================================================================

c, d - Coefficients differ significantly (P<0.05) between diets.
e, f - Intercepts differ significantly (P<O.Ol) between diets.

4.5.5

Composition Of The Empty Body

There were significant differences between Suckling and Ruminant lambs in
the composition of the empty body. Scatter plots and associated fitted
allometric curves are shown in Figure 4.6 for protein and fat content.
Regression coefficients are given in Table 4.3. Body compositional data
for individual animals is given in Appendix E.
The protein content of the empty body was similar in both groups (Figure
4.6a), as indicated by covariance analysis, though the slopes of the
regression lines were significantly different (P<0.05). The Ruminant
lambs did not reach the same size as the Suckling lambs, so conclusions
cannot be drawn as to the impact of this difference in slope at heavier
bodyweights.
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FIGURE 4.6

Protein and fat composition of the empty body for Ruminant and
Suckling lambs in the Second trial
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At the same bodyweight, the Ruminant lambs had more water, but less fat
(Figure 4.6b) and energy than the Suckling lambs. The regression
coefficients were not significantly different in slope but differed
significantly in elevation (Table 4.3).
4.5.6

Differences In The Distribution Of Body Components.

The distribution of protein between the carcass and noncarcass components
of the body differed for the Rand S groups in the second trial. As
shown in Figure 4.7a, at the same total protein content the distribution
was shifted towards the carcass in suckling lambs but slightly towards
the noncarcass in ruminant lambs. The linear regression equations fitted
to these points were
Ruminant:
Suckling:

Carcass = 0.105
so
Carcass
-0.06
0.04

+ 0.83 Noncarcass
+ 1.23 Noncarcass

r=0.894 _
r=0.987

4.8
4.9

0.04-

The slopes of the lines differed significantly (P<O.OOl). Thus at an EBW
of 15kg, and a total protein mass of 2.6kg, which would be similar for
both groups (Figure 4.6a), R lambs would have a carcass/noncarcass
distribution of 0.91 while in the S lambs it would be 1.18. At least
part of this shift is accounted for by the difference in the mass of the
gastro-intestinal tract (GIT) between the Rand S lambs. Figure 4.7b
shows the mass of the GIT in relation to the EBW in both groups with
allometric equations fitted to the points. _ The lines, given by:
so
0.631
0.181
Ruminant: GIT mass = 0.321 E B W 4.10
0.889 . 0.052
Suckling: GIT mass = 0.081 EBW
4.11
differed significantly (P<O.OOl), indicating that at an EBW of 15kg R
lambs had a GIT mass of 1.8kg, twice that of the S lambs at 0.9kg.
Ruminant lambs also tended to have heavier livers than the Suckling
animals. The fitted allometric equations were significantly different
(P<O.OOl), predicting liver masses of 0.344kg and 0.301kg for 15kg Rand
so '
S lambs respectively:
0.983
0.107
4.12
Ruminant: Liver mass = 0.0240 EBW
0.874 0.039
4.l3
Suckling: Liver mass
0.0282 EBW

..........
..........
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FIGURE 4.7

a) Distribution of protein between carcass and noncarcass components
b) Mass of the gastro-intesUnal tract in relation to empty bodyweight
- in Suckling and Ruminant lambs in the Second trial.
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4.5.7

Comparative Slaughter

Regressions of total body protein and fat on liveweight for the initial
slaughter groups are shown in Figure 4.8.
The equations used for predicting body composition at week 0 were as
follows (all masses in kg):
Protei n = -0.008
so
0.105
Fat
= -0.111

+ 0.178 Liveweight

0.oY7
+ 0.102 Liveweight

r = 0.974
r = 0.896

·.........

·.........

4.14
4.15

0.\28'
For the 4 week slaughter groups the equations were:
Protei n = 0.164 + 0.148 Liveweight
0.006
so
Fat
= -0.813 + o.,~ O~05p _vewei ght
o. \19 .

r = 0.995
r = 0.977

·.........
·.........

4.16
4.17
0.02(

I

The arrowed point in Figure 4.8b was omitted in calculating the regression for fat at week 4 since it lay more than two standard deviations
from the 1i nee
4.5.8

Deposition Of Protein And Fat

The deposition of protein and fat before and after weaning is shown in
Figure 4.9. The blue points represent the deposition prior to weaning,
while the red and green points represent the deposition in the Milk and
Grass groups after weaning. The lines connect the points of mean protein
or fat deposition at each slaughter age. Lamb number 449 in the 20 week
Milk slaughter group, arrowed in Figure 4.9, was omitted from this
calculation since it grew very poorly.
4.5.8.1

Pre-weaning deposition

Rates of deposition averaged 21g protein/d and 199 fat/day for the
pre-weaning period, though with substantial variation.
4.5.8.2

Post-weaning protein deposition

The Milk group continued to deposit protein at a rate similar to that
prior to weaning, though there was a reduction towards the end of the
trial. The regression line for the whole of the post-weaning data was:
Protein deposition

-309
319

+ 17 Days

r

=

0.827

· . . . . . . . .. 4.18

3

indicating an average rate of 17g/d.

Protein deposition in the Grass
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FIGURE 4.8

Liveweight composition of the combined Grass and Milk slaughter
groups at 0 and 4 weeks in the Second trial.
a) Protein content
b) Fat content
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group was slow in the 4 weeks after weaning, but increased thereafter.
The regression line for the whole of the post-weaning data was:
13 Days

Protein deposition
so

:180

r = 0.907

..........

4.19

2

The average deposition rate was therefore 13g/d.
4.5.8.3

Post-weaning fat deposition

The rate of fat deposition in the Milk group decreased after weaning, but
recovered after 4 weeks. The regression equation was:
-2180

Fat deposition

+ 43 Days

" so

giving an average

r = 0.833

. . . . . . . . .. 4.20

8

rate of 43g/d.
o·
In contrast, the Grass group lost fat after weaning, and this was not
recovered until after week 16. The rate of deposition of fat from week
16 to the end of the trial was similar to that in the Milk group, at
49g/d.
4.5.9

depoco~o'on

Estimates Of Energy Costs

Calculations of maintenance costs, of the efficiency of energy
utilisation and of the energy costs of protein (ECPO) and fat (ECFD)
deposition were hampered by the limited number of lambs in each group and
by the limited range of intakes. Comparison between the groups was also
difficult, since their ME intakes differed, being highest in the
Pre-weaning group and lowest in the Post-weaning Grass group.
The essence of such calculations is the selection of groups of animals in
which the pattern of energy usage remains constant despite variations in
intake. For this reason the Pre-weaning lambs were distinguished from
the Post-weaning Milk lambs, since the fasting metabolic rate of young
lambs decreases rapidly with age (Blaxter, 1962).
4.5.9.1

Energy retention

The graphs of energy retention against ME intake for the Pre-weaning,
Post-weaning Milk and Post-weaning Grass groups are shown in Figure
4.10a, with their corresponding lines of best-fit. The equations were:
Pre-weaning:
Post-weaning Milk:

ER
ER

=

, so

-366
194
-331
124

+
+

O.~533Intake

0.156

O~609lntake

r=O.812
r=0.735

4.21
4.22
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FIGURE 4.9
Deposition of a) protein and b) fat in lambs in the Second trial.
The total mass deposited is divided between the pre-weaning
stage, deposition up to 4 weeks, and the post-weaning stage
(Yilk and Grass). deposition after 4 weeks.
a) Protein deposition
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Post-weaning Grass:
pO$t-w~aning Grass:
~weell.s

1:$-16)

ER

= -310 + 0.448lntake r=0.628
'113
0.154
ER---~ -228 + 0.3021 ntake r=0.720
so:

,so

L __ _

.~,

.........
.........

4.23
4.24

0.097

A separate calculation was made for the Grass slaughter groups at weeks
8, 12 and 16. The efficiency of utilisation of ME for energy retention,
as determined by the regression coefficients, seemed to be lower in the
weaned groups (44.8% and 30.2%) than in the milk-fed groups (53.3% and
60.9%). However, no significant differences could be demonstrated
between these slopes.
The intercept terms for the lines of the Pre-weaning and the Post-weaning
Milk lambs differed significantly (P<0.05), indicating that MEM decreased
between the pre-weaning and post-weaning periods for animals continuing
on a milk diet.
There were also differences between the two diets after weaning. The
intercept terms for the Post-weaning Milk and Post-weaning Grass
regression lines differed significantly (P<0.005), implying that MEM in
the Milk group was lower than in the Grass group. The energy maintenance
costs (MEM), calculated from these equations by taking the ME intake
where ER was zero, were 687, 544, 692 and 755 kJ/d/mW for the
Pre-weaning, Post-weaning Milk, Post-weaning Grass and Post-weaning Grass
(weeks 8-16) groups respectively.
Since the lines for the post-weaning Milk and Grass (weeks 8-16) groups
differed significantly only in elevation, they were re-expressed as a
common line with a dummy variable (M/G) representing the groups, M/G = 0
for the Milk group and M/G = 1 for the Grass group:
ER

= -227
so

85

+ 0.486 Intake
0.099

-

132 M/G

r=0.920

. . . . . . . . .. 4.25

23

Thus at the same ME intake there is a difference of 132 kJ/d/amW in the
energy retention.
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FIGURE 4.10
Energy utilisation in the Second trial.
a) Energy retention (kJ/d/mW) in relation to ME intake (kJ/d/mW).
b) Energy costs of protein deposition.
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TABLE 4.4
Calculation of the energy cost of protein deposition by:
1. Regression of MEl (kJ/d/amW) on Protein and Fat deposition (g/d/amW)
2. Regression of (MEl - Fat Costs) (kJ/d/amW) on Protein deposition
(g/d/amW)
=========================================================================

Group

Maintenance
kJ/d/mW

ECPD
kJ/g

ECFD
kJ/g

Correlation
coefficient

=========================================================================
-- -

.'~-'-'

----~-.---

-~--~---

METHOD ONE
Pre-weaning
sd
Post-weaning Milk
sd
Post-weaning Grass
sd
Post-weaning Grass
sd
(weeks 8-16)
METHOD TWO
Pre-weaning
sd

,-

.,~

.'~_.

__

~~.,

__ -0.'

Post-weaning Milk
sd
Post-weaning Grass
sd
Post-weaning Grass
(weeks 8-16)
sd

680 **
130
574 **
42
484 **
69
521 **
111

102 *
36
89 **
18
174 **
46
159 *
63

730 **
135
563 **
53
668 **
59
613 **
52

64 *
26
61 **
20
49 ns
41
115*
40

9 ns
22
16 ns
8
-13 ns
16
4 ns
37

0.904
0.880
0.831
0.820

0.709
0.614
0.313
0.688

=========================================================================

ns = not significant, ** = significant P<O.OI, * = significant P<O.05

4.5.9.2
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.....

Protein and fat deposition

The first method of calculation of ECPD was the straightforward
regression of ME intake on protein and fat gain (Method One in Table
4.4). Significant intercept terms and coefficients for protein gain were
obtained, but none of the coefficients for fat gain were significant.
This was perhaps a consequence of the generally high correlation between
protein and fat gain.
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For the Pre-weaning and Post-weaning Milk groups the maintenance costs
calculated by this method were similar to those obtained in the previous
section. However, for the Grass group (both with and without the 20 week
animals) the mUltiple regression procedure partitioned energy away from
maintenance and towards the costs of protein deposition. Thus the
estimates of maintenance were considerably lower than those derived
previously. The energy costs of protein deposition were similar for the
two groups on milk diets (102 and 89 kJ/g) but were substantially higher
for the Grass groups (174 and 159 kJ/g).
The absence of sensible cQefficients for fat deposition invites criticism
of this procedure. Therefore a second calculation was performed (Method
Two in Table 4.4), making assumptions as to the ECFD. In those animals
fed milk it seemed likely that fat would be deposited at an efficiency
close to unity. Dietary fat is known to be deposited with high
efficiency (Reeds et ~, 1982b) and the intake of fat in these animals
was calculated to be in excess of the rate of deposition. Furthermore,
fat synthesis de novo is very limited in milk-fed lambs (Vernon, 1980b).
Therefore an ECFD of 40.2kJ/g (Reeds et ~, 1982b) was assumed for both
the Pre-weaning group and the Post-weaning Milk group.
For the Grass group the situation was more complex. An ECFD of 55kJ/g is
commonly assumed in both ruminants and non-ruminants (Sykes and Nicol,
1983), and was used for those animals in positive fat balance. However,
most of the Grass lambs lost fat, and this was assumed to provide
38.9kJ/g towards ME intake, the simple heat of combustion. This factor
may not be correct, both because there will be some energy cost
associated with the mobilisation of the fat, and because energy in fat
cannot be directly equated with ME.
Figure 4.10b displays the points and associated regression lines for the
Pre-weaning, Post-weaning Milk and Post-weaning Grass (weeks 8-16) groups
using the second method. The regression equations are given in Table 4.4
It can be seen that the rate of protein deposition in the post-weaning
groups was less than in the pre-weaning group, and that scatter about the
lines was large.
The estimates of the ECPD for both groups of milk-fed lambs were then
similar at 64 and 61kJ/g, being rather less than the costs calculated by
the first method. Maintenance costs, as before, were higher in the
Pre-weaning group, and were similar to those derived by the other two
rnethods.
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For the Grass group, inclusion of the 20 week slaughter group resulted in
a non-significant regression. Interpretation of these results is
difficult, since these animals seemed to be depositing fat in the last
stages of the trial. On the other hand, before this point growth
consisted largely of protein deposition which simplifies the analysis.
Therefore only the results for the Ruminant lambs slaughtered at weeks 8,
12 and 16 are discussed.
Compared with the first method the second procedure tended to partition
ME intake (less fat costs) more towards maintenance, and less towards
ECPO (115kJ/g compared to .174kJ/g and 159kJ/g) in the Ruminant lambs.
However, the maintenance estimate was still lower than that derived by
the regression of ER on ME intake.
Comparisons of the slopes of the lines revealed that the -difference in
ECPO between the Post-weaning Grass (weeks 8-16) group and the
Pre-weaning and Post-weaning Milk groups was not significant. However,
the maintenance costs (the intercept terms) were significantly lower in
the Post-weaning Milk group than in either of the other two groups.
Fitting a common regression equation to the Post-weaning Grass (weeks
8-16) and Milk groups resulted in the line:
535 + 72.2 Protein + 130 M/G r=0.647 •••.• 4.26
33:48
~
with all coefficients significant (P<O.OOl). M/G represents a dummy
variable, = 0 for the Milk group and = 1 for the Grass group. Hence to
achieve the same rate of protein deposition the Grass group required an
extra amount of energy of 130 kJ/d/amW.
ME intake - Fat

=
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4.6

DISCUSSION

The discussion of the composition and energetics of growth of the Grass
and Milk groups will be covered in this section. However, the detailed
interpretation of this data in relation to the biochemical parameters
also measured in the lambs will be left to Chapter 9.
4.6.1

The Influence Of Gut-fill On Liveweight Gain

The usual basis for the comparison of groups of animals is according to
their bodyweight. Fluctuation in the contents of the gut is an important
source of error in LW mea~urements, and this is generally minimised ~
measuring bodyweight after an overnight fast. The problem is
particularly serious in ruminants where the GIT has a very large capacity
relative to body size, and was magnified in this study, where gut-fill
differed by a factor of three between ruminant and suckling lambs.
The true EBW was used for measurements made immediately prior to
slaughter, and approximations were made to calculate the EBW of each lamb
at weekly intervals throughout the trial. These weights were used in the
calculations of maintenance and energy costs.
The decision to compare metabolic functions relative to EBW implies the
assumption that gut contents are not metabolically active. In neither
group of animals would this be entirely true, but in the suckling lamb
the metabolic contributions are likely to be small. The same cannot be
said of the ruminant lamb, where the rumen has a number of influences,
for example on heat and CO 2 production.
4.6.2

Fat-free Empty Body

The composition of the fat-free empty body and the slopes of the
regression lines relating the protein and water mass to the mass of the
FFEB were very similar to those reported by Searle and Griffiths (1983)
for sheep of various breeds, ages and diets. As in their results, both
water and protein mass were linearly related to FFEB, with common slopes
for both treatments. These findings support their conclusion that the
amount of water and protein at a given FFEB is not greatly influenced by
the breed or nutritional treatment.
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The differences between the intercepts of the regression lines suggest
that the water:protein ratio was higher in the weaned lambs. This is
most likely a result of the difference in the distribution of components
between the carcass and non-carcass for the two groups.
4.6.3

Body Composition

The development of differences in body composition between Suckling and
Ruminant lambs followed the pattern observed by a number of authors (eg.
Searle and Griffiths, 1976). Comparing animals at an EBW of 15kg, the
Suckling group had a similar
et al
. composition to that reported by Norton (1970) for milk-fed lambs, and was remarkable for the high fat content.
By contrast the Ruminant group had much less fat, with a composition
close to that reported by Kellaway (1973) for lambs weaned at a LW of
12kg and slaughtered at 18kg. Thus weaning at a low bodyweight, llkg in
this trial, resulted in a composition that was lower in fat but higher in
water content (Searle et ~,1972; Searle and Griffiths, 1976).
There seems little doubt that the initial difference in fat content ;s
caused by a loss of body fat in the Grass group after weaning. This loss
must have occurred in the first four weeks after the withdrawal of milk,
since there was little change in the mass of fat fn the Ruminant lambs
from the eighth week until after the sixteenth (Figure 4.10). Presumably
most of the fat loss would have occurred in the immediate post-weaning
period, when intakes were lowest. Fennessy et ~ (1972b) found that
plasma FFA levels were raised for approximately two weeks after weaning
at an age of 3.5 weeks, indicating that fat was being mobilised
throughout this time.
Loss of fat at weaning may be inevitable in lambs with only a limited
experience of solid feed. Searle and Griffiths (1976) reported a loss of
fat on weaning lambs of 30kg EBW previously fed only on milk. Where fat
loss is not seen the animals are generally consuming considerable
quantities of solid feed before the withdrawal of milk. Thus Searle
(1970, quoted in Searle and Griffiths, 1976) found that body fat content
in weaned lambs was similar to that in milk-fed lambs. In this case the
lambs were consuming 600g/d of solid feed at the time of weaning. The
results of Fennessy et ~ (l972b) for lambs weaned at 3.5, 5.5, 7.5 and
9.5 weeks suggest that mobilisation of fat did not occur at the two older
weaning ages. Though the paper is not clear on this point, it would
appear that the lambs had access to solid feed throughout the pre-weaning
period, and therefore were already well prepared for solid feed before
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the withdrawal of milk.
The present results suggest that fat loss in the immediate post-weaning
period is only partially responsible for the difference between weaned
and milk-fed lambs. Though fat mobilisation may have occurred for a
short period after milk withdrawal, deposition of fat did not recommence
until 12 weeks later. Similar delays have been reported by others:
normal growth was not resumed until a LW of 18kg had been reached
following weaning at 12kg (Kellaway, 1973), while weaning at higher
bodyweights (ca 30kg) was also followed by a period of fat stasis (Searle
and Griffiths, 1976). The resumption of a normal growth pattern was seen
at the end of the trial in the Grass group, and it seems likely that the
differences between groups would have disappeared at higher bodyweights
(Black, 1974; Searle and Griffiths, 1976). Thus the initial fat loss in
the weaned lambs was followed by a period of fat stasis, during which the
milk-fed lambs were depositing fat, so increasing the difference in
fatness between the two groups.
The cause of fat mobilisation has generally been ascribed to the
depression of intake at weaning caused by an initially immature rumen
(Black, 1971, 1974; Searle and Griffiths, 1976). This experiment
attempted to control for such an effect by equating energy intakes
between weaning lambs and lambs continued on milk. The attempt met with
some success. On a DE basis cumulative intakes were quite similar,
though variations in weekly intakes of the Grass group were not always
precisely echoed in the Milk group. On an ME basis the Grass group fell
below the Milk group. Nevertheless the groups were similar enough to
allow comparisons of energy retention and tissue deposition to be made on
an energy basis, even if they could not be directly equated.
4.6.4

Energy Utilisation

Prior to weaning it was reasonable to treat all the lambs as if they were
exclusively milk-fed. While the animals in the Grass group would
undoubtedly have been undergoing some rumen development it did not seem
likely that this would have a noticeable effect on energy metabolism.
During this period the proportion of dietary energy derived from grass
was very low (5%).
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There were two reasons for treating the pre-weaning lambs separately.
Firstly, their energy intakes were considerably higher than either of the
post-weaning groups, which might have led to a different pattern of
growth. Secondly, the fasting metabolism of lambs decreases rapidly on
the first months of life (Blaxter, 1962), and hence it seemed possible
that different effects would be observed between younger and older lambs.
Inclusion of the four lambs from the last slaughter group, at 20 weeks,
resulted in non-significant regressions for ME (less costs of fat
deposition) against protein deposition. Hence they were excluded from
the analysis. Explanation, of these results, which are influenced both by
the loss of fat at weaning and by the deposition of fat later in the
experiment, is not straightforward.
4.6.4.1

Energy retention

The classical method of measuring the efficiency of energy utilisation is
to regress energy retention against energy intake for groups of animals
having varying levels of intake. The slope of the regression line
determines the efficiency of utilisation of ME, the intercept determines
the fasting metabolism and the MEM is estimated from the point of zero
energy retention. Unfortunately zero energy retention in a young animal
does not correspond to zero nitrogen balance (Walker, 1979). Hence the
concept of maintenance is problematic, since MEM will include the costs
of protein deposition. Nevertheless, differences in energy utilisation
will be demonstrated by differences in the slopes and intercepts of the
regression lines, though their meaning may be obscure.
The efficiency of utilisation of ME in both the Pre-weaning group (0.53)
and the Post-weaning Milk group (0.61) were somewhat lower than the
preferred estimate (0.70) in milk-fed ruminants (ARC, 1980). However the
confidence limits on these estimates are large and it is not likely that
they represent significant deviations from the preferred value. Similar
efficiency estimates have often been obtained (Walker, 1979).
Utilisation in the Post-weaning Grass (weeks 8-16) group (0.30) was
considerably less efficient than in the Post-weaning Milk group, though
there once again, due to the scatter of the data, the difference between
these slopes was not significant. Thus there were no conclusive
differences in ~1E utilisation in any of the groups, though a lower value
in the post-weaning Grass group (weeks 8-16) would agree with previous
findings in early weaned lambs (Mitchell and Jagusch, 1972; Fennessy et
~,1972a).
Such a difference in the efficiency of ME utilisation might
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be expected because of various losses (Black, 1971), such as that due to
the heat of fermentation (see Chapter 9). The major differences between
groups were therefore reflected in the elevation of the regression lines,
and hence in the estimates of MEM.
It appeared that MEM decreased from the younger to the older milk-fed
lambs. Both of these values of MEM were higher than the estimated ME
requirements for maintenance (ARC, 1980; Walker, 1979). Values of MEM
in milk-fed lambs are subject to considerable variation, ranging from 439
kJ/d/mW (Walker and Jagusch, 1969) to 506 kJ/d/mW (Degen and Young, 1982)
to 607 kJ/d/mW (Jagusch and Mitchell, 1971). The present values, 687
kJ/d/mW for 1-4 weeks and 544 kJ/d/mW for 8-20 weeks, are not abnormal in
this context. There were no dietary changes between these groups other
than in the level of intake of milk, so this presumably reflects a
decrease in MEM with age.
The MEM in the Post-weaning Grass group (weeks 8-16) was as high (755
kJ/d/mW) as the values reported by Mitchell and Jagusch (1972),
800kJ/d/mW, and Fennessy et ~ (1972a), 702kJ/d/mW, for post-weaning
lambs. These estimates are considerably higher than those found in other
studies of young lambs. Thomson ~t ~ (1979) obt~ined a range of
estimates from 141-466 kJ/d/mW for lambs aged from 2-5 months on forage
diets. Thus MEM may be higher in the immediate post-weaning period for
early weaned lambs than for later weaned lambs.
The major conclusion of this analysis is that ME requirements for energy
maintenance are significantly higher in early weaned lambs than in
milk-fed lambs fed similar amounts of DE. However, energy maintenance in
these animals represents a state of both protein growth and fat loss.
Hence costs associated with these processes will be incorporated into
MEM.
4.6.4.2

Energy costs of protein deposition

There was a definite indication from this data that deposition of protein
in Ruminant lambs required greater amounts of ME than in Suckling lambs
in the post-weaning period. Application of the first model (Equation
4.3) indicated that this extra ECPD could account for the raised MEM seen
in the Post-weaning grass groups. These results are in general agreement
with other results for sheep (Table 2.1), which have been interpreted as
showing that the ECPD is higher after weaning.
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It cannot be said however that this was unequivocally demonstrated.
Interpretation of the coefficients for ECPO does not seem justifiable in
the face of simultaneous non-significant ECFO estimates. A more reliable
demonstration might have been obtained through the second method, where
values for ECFO were assumed. The justification for using such values
for ECFO seems quite strong, since there is considerable agreement on the
cost of fat deposition (Buttery and Boorman, 1976). In this respect the
milk-fed lambs had to be treated differently from the weaned lambs, as
described previously. However, while this approach maintained a raised
ECPO in the Post-weaning Grass (weeks 8-16) group over the Post-weaning
Milk group, the differenc~ was not significant. The essence of the
problem is the demonstration of a difference betwen the slopes of the
regression lines for these groups, shown in Figure 4.10b. In this case
the results were better explained statistically by a common estimate of
ECPO and a difference in maintenance requirement.
The use of these regression techniques to determine costs of energy
utilisation in the growing animal is extremely tentative. In the first
place the demand for a consistent growth pattern over the period of the
experiment is difficult to meet. The subdivision of the treatment groups
partially overcame this problem, but even so some.difficulties remained.
Thus the period of fat loss in the Grass group after weaning, though only
of short duration, was spread over the entire post-weaning period in the
energy calculations.
Secondly, energy deposition is usually quite small in relation to
maintenance requirements, and fat and protein deposition are often highly
correlated. Therefore in practical terms significant multiple regression
coefficients are hard to obtain (Van Es, 1980).
Finally, the interpretation of these coefficients is uncertain. They may
be understood simply to be predictors of energy requirements for animals
under particular conditions of growth (Kielanowski, 1976). However, the
estimates of ECFO and ECPO are often interpreted on a biochemical basis.
This approach has gained encouragement from the demonstration that
estimates of ECFO approximate to biochemically derived costs of fat
synthesis.
Unfortunately, interpretation of the estimates of ECPO and maintenance
are rather more obscure. The finding that the ECPO is very much higher
than theoretical costs of protein synthesis has generally been ascribed
to the extra energy expended in the turnover of protein. Thus though
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synthesis of the deposited protein alone should cost approximately
28-30kJ/g, the degradation and resynthesis of protein in the process of
turnover will increase this amount considerably. Recently it has been
suggested that in fact protein turnover is insufficient to account for
the discrepancy in ECPO (Edmunds et ~,1980). Other energy requirements
for processes associated with protein turnover may also contribute to the
ME costs of protein deposition, processes such as protein degradation and
amino acid transport.
However, a more fundamental difficulty is the biochemical interpretation
of the separation of the cQsts of maintenance and protein deposition.
Maintenance requirements include energy for the turnover of protein in
the absence of growth. Deposition of protein above maintenance does not
therefore refer to a separate process, but rather to the extra costs
associated with a net synthesis. Hence the energy costs associated with
protein turnover may not all be gathered under the ECPO coefficient.
Thus in a comparison of groups of animals such as in this experiment,
differences in energy costs associated with protein turnover may appear
in the maintenance estimates. The differences in maintenance requirement
between the Pre-weaning group and Post-weaning Grass (weeks 8-16) group
on the one hand, and the Post-weaning Milk group on the other, could
still be due to changes in the energetics of protein turnover.
It therefore seems that there is an increase in the energy requirements
for growth in weaned lambs over that which is seen in milk-fed lambs fed
at a similar level of DE. This extra requirement cannot be ascribed
unequivocally to an increased cost of protein deposition by the multiple
regression technique, but there is no reason to believe that this
procedure would necessarily reveal such a difference. Further discussion
of the meaning of the difference in the energy cost of growth between the
two groups will be made in Chapter 9, where these results are interpreted
in relation to the rates of protein turnover and other parameters in
these animals.
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CHAPTER 5
WEEKLY BLOOD SAMPLES

5.1

INTRODUCTION

The measurement of the plasma concentration of a metabolite is generally
made in the expectation that it will provide information on the production rate of the metabolite. As Lindsay (1978a) has pointed out, this
is not always the case, especially for metabolites which are under close
homeostatic control such as glucose. The relationship between concentration and production rate needs to be taken into account in the .
assessment of changes in the plasma levels of gluQose and urea.
For a hormone, the production rate may be of secondary interest.

The

assessment of the exposure of target tissues to the hormone is of more
fundamental importance. Changes in blood flow through such tissues may
alter this exposure (Etherton, 1982), while changes in the sensitivity of
the tissue to the hormone may occur without changes in the circulating
levels (Gill and Hart, 1982).
5.1.1

Blood Glucose Levels

The concentration of glucose is regulated to such an extent that it is
difficult to relate changes in this quantity to changes in the production
rate. In lactating ruminants there is a significant relationship between
plasma glucose concentration and glucose flux (Bergman, 1973; Lindsay,
1978a) but the former is not a good predictor of the latter, and still
less so for non-lactating ruminants (White and Leng, 1980). The glucose
level may therefore be of little use as an index of energy status.
However, a change in blood glucose at weaning would be of some interest,
coming at a time of adaptation to a diet devoid of carbohydrate.
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5.1.2

Blood Insulin Levels

Circulating insulin levels may give an indication of the rate of
secretion of insulin from the pancreas. Brockman and Bergman (1975a)
reported that the removal of insulin from the blood by the liver occurred
at a rate proportional to the plasma concentration. This would imply
that the plasma level reflects the rate of insulin release.
5.1.3

Blood Urea Levels

A number of studies have attempted to show that the plasma urea level of
an animal can be used as an indicator of the quality of protein in the
diet (Bodwell, 1975), or as an indicator of the animal's protein status
(Williams and Smith, 1974; Sykes, 1978). In general such studies have
been made on animals at the same age and bodyweight, and with defined
intakes.
An assumption central to the analysis of these data is that of the
proportionality of urea concentration to urea production rate. In
ruminants this appears to be valid for a range of feeding conditions
(Cocimano and Leng, 1967), but under some circumstances regulation of the
urea level occurs (Harmeyer and Martens, 1980) and conclusions as to the
urea production rate may not then be valid. This is a consequence of the
ruminant pattern of digestion. In both monogastric and ruminant animals
urea is formed in the liver as a means of excreting nitrogen, either
derived from amino acids deaminated in the tissues or from free ammonia.
In a monogastric the former source is predominant, so urea production
will vary according to the catabolic/anabolic state of the tissues, and
the ability of the body to utilise the dietary protein. In a ruminant
the latter source, free ammonia absorbed from the gut, is a significant
contributor to urea synthesis (Kennedy and Milligan, 1978), and hence
dietary influences on microbial protein synthesis become important.
Microbial incorporation of ammonia into protein in the forestomachs
provides the pathway for nitrogen recycling which is characteristic of
ruminants (Nolan and Leng, 1972) and gives the nitrogen carrier, urea,
the character of an intermediate in these species rather than that of a
waste product. Thus there are both renal and ruminal mechanisms for
increasing urea recycling under conditions of low nitrogen intake
(Harmeyer and Martens, 1980).
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5.2

METHOD

At the beginning of each week during the trials the lambs were weighed
and sampled for blood. This took place before the morning feed, usually
between 8.00am and 10.00am. The previous feed was given between 4.00pm
and 8.00pm on the previous day. The Milk groups had therefore not been
fed for at least l2h, but the Grass groups were allowed access to herbage
overnight.
Blood (lOml) was obtained by venipuncture of the jugular vein and
collected into Venoject tubes containing potassium oxalate (20mg) and
sodium fluoride (25mg). Heparin (143USP units) was used for part of the
second trial. The samples were kept on ice while the packed cell volume
was determined, and the plasma was collected by centrifugation (1000 x g
for l5min at 5°C). Plasma samples were stored at -20°C until glucose,
urea and insulin determinations could be made.
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5.3
5.3.1

ANALYSES
Glucose Determination

Plasma glucose was determined by reaction with 4-hydroxy benzoic acid
hydrazide (PAHBAH) in continuous flow (Munro, 1982). Full details of the
method are given in Appendix F.
5.3.2

Insulin Assay

Plasma insulin was determined as immunoreactive insulin (IRI) in a
radioimmunoassay, using c~arcoal separation (Herbert ~~, 1965; Albano
and Ekins, 1970). A complete description of the method is given in
Appendix G.
5.3.3

Urea Determination

Plasma urea was determined by the Technicon AutoAnalyser procedure for
Blood Urea Nitrogen (BUN, Technicon Clinical Method No.01) which is based
on the reaction of urea with diacetyl to form a yellow derivative (Marsh
et ~,1965). An advantage of this method is that ammonia does not cause
interference. Details of this method are given in Appendix H.
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5.4

RESULTS

The mean weekly values for packed cell volume and blood glucose, insulin
and urea are displayed in Figures 5.1, 5.2, 5.3 and 5.6. The numbers of
lambs represented at each point decreased, and the standard errors
therefore increased, throughout the experiments. Weekly data is in
Appendix E.
The pre-weaning data tended to be quite variable; it is likely that some
of this variation was caused by stress at sampling. After some weeks on
the trial the animals had become accustomed to being handled and were
quieter during the withdrawal of blood.
In general, the weekly data were analysed by comparing the groups over
periods before and after the weaning of the Grass groups. The Grass
groups had access to herbage before weaning, though it did not form a
large proportion of their consumption at this stage. After the fifth
week in both trials the Grass group were fed only on fresh herbage.
In the first trial the difficulty with pair-feeding meant that after the
weaning stage the groups of lambs were not fed equal amounts of DE. In
the second trial the pair-feeding was more accurate and comparisons
between groups can be referred to an equal DE intake. Correlations
between blood levels and feed intakes were computed for both groups for
the period after weaning.
5.4.1

Expression Of Results

Packed cell volumes were expressed as a percentage of the whole blood
volume. During the second trial the anticoagulant had to be changed from
heparin to oxalate/fluoride at 9 weeks, due to problems of supply. PCV
determined with heparin are higher than those determined with
oxalate/fluoride (Anderson, 1969) due to the shrinkage of the
erythrocytes in the latter medium.
Measurements of glucose, urea and insulin were made on plasma not whole
blood. The reduction in pev brought about by the use of oxalate/fluoride
is accompanied by a dilution of the plasma, with possible effects on the
plasma concentration of metabolites. Therefore in the second trial
measurements made with the different anticoagulants should not be
compared. To avoid this difficulty each plasma measurement was corrected
for pev by an equat ion s i mil a r to that used by Rowl ands et ~ (1974):
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Blood concentration

=

100
100 - pev

x Plasma concentration

. • . .. 5.1

This expresses the plasma level as a "corrected whole blood" level, but
may not be a true whole blood value if the erythrocytes contain the
substance in question.
5.4.2

Packed eell Volume

In both trials weaned lambs had significantly higher pev than milk-fed
lambs by approximately 5 units %. The mean weekly pev for the first
trial are shown in Figure' 5.la, and for the second trial in Figure 5.1b.
Pre- and post-weaning trends are shown in Table 5.1. The decrease in pev
at 8 weeks (Milk) and 9 weeks (Grass) in the second trial (Figure 5.lb)
is a result of the change in anti-coagulant.

TABLE 5.1
Pre- and post-weaning packed cell volumes (Mean ± SE)
=========================================================================

Grass

Age

Mil k

=========================================================================
.~

:"-.".

....

~.~--

--.~--.-

- .. - - ,. -- -:... .. '-'
~

...

First Trial
Pre-weaning
Post-weaning
Second Tri a1
Pre-weaning
Post-weaning

-

Week 1
Weeks 10

-

Heek 1
Weeks 9

-

-

21

- 18

32.6
25.4

±

35.2
26.8

±

±

±

0.9 a
0.4 b

30.8
20.9

±

0.5 a
0.2 b

34.7
22.4

±

±

±

1.2 a
0.6 c
0.8 a
0.2 c

=========================================================================

1.
2.
3.

Packed cell volumes are expressed as a % of whole blood.
a, b, c, d - Means differ significantly, P<O.Ol, within trials.
Pre- and post-weaning comparisons for the second trial are not valid.
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FIGURE 5.1
Weekly packed cell volume (Means ± SE).
a) First Trial
b) Second Trial
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TABLE 5.2
Pre- and post-weaning blood glucose levels (Mean ± SE)
=========================================================================

Grass

Age

Milk

=========================================================================

-..... -.

~ -.-"--.-~

~.--

_. --_ .. -- --

- .". ... -

.. '.

-~.'-'.'

.. ...
"

..-..
-'

-

.

First Trial
Pre-weaning Post-weaning Second Tri a 1
Pre-weaning Post-weaning -

Week 1
Weeks 10 - 21

63.5 ± 2.0 a
46.9 ± 1.0 b

66.5 ± 1.8 a
54.4 ± 1.4 c

Week 1
Weeks 10 - 20

56.3
44.6

51. 9
58.2

±
±

2.1 a
0.5 b

±
±

2.0 a
1.0 a

=========================================================================

1.
2.

Glucose levels are expressed as mg/dl of whole blood.
a, b, c, d - Means differ significantly, P<O.OI, within trials.

5.4.3

Blood Glucose

Blood glucose levels were significantly higher in "milk-fed lambs than in
weaned lambs in both trials (Table 5.2). Figure 5.2 shows the mean blood
glucose levels throughout the both trials.
In both trials blood glucose levels in the Grass groups decreased gradually after weaning to a concentration of approximately 45 mg/dl. The
rate of herbage intake did not appear to have any influence on the concentration of glucose.
A slight difference between trials was found for the Milk groups. In the
first trial glucose levels fell at weaning (Figure 5.2a), probably in
response to the feed restriction at this time (Chapter 4, Figure 4.3a).
Levels in the second trial were stable throughout the trial (Figure
5.2b), showing no response to fluctuations in milk intake.
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FIGURE 5.2
Weekly blood glucose concentrations (Means ± SE).
a) First Trial
b) Second Trial
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5.4.4

Blood Insulin - Second Trial

There were significant changes in the blood insulin concentration of both
groups of lambs after weaning, increasing in the Milk group but
decreasing in the Grass group (Table 5.3). There was a trend for insulin
levels in the Grass group to decrease even before weaning, reaching a
minimum of 1.0~U/ml in the week after the withdrawal of milk and
remaining low for the rest of the trial (Figure 5.3). Insulin levels in
the Milk group also tended to decrease immediately after weaning, but for
the rest of the trial they were high and very variable (Figure 5.3). For
the last half of the trial the blood insulin concentrations in the Milk
group were significantly higher than in the Grass group (Table 5.3).
There was a tendency for the higher insulin concentrations to be associated with higher glucose levels (r=0.469, p<0.01) in the Milk group,
though not in the Ruminant group (Figure 5.4). There was little
indication that insulin levels in milk-fed lambs were influenced by the
level of feeding (Figure 5.5a), but there did seem to be a weak association between intake and insulin level in the weaned lambs (Figure
5.5b).

TABLE 5.3
Pre- and post-weaning insulin levels (Mean

±

SE)

=========================================================================

Milk

Grass

Age

=========================================================================

Second Trial
Pre-weaning Post-weaning -

Weeks 1 - 4
Weeks 10 - 20

5.6
2.0

±
±

0.7 a
0.2 b

5.0
8.7

±
±

0.5 a
0.8 c

=========================================================================

1.
2.

Insulin levels expressed as ~U/ml of whole blood.
a, b, c, d - Means differ significantly, P<0.01
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FIGURE 5.3

Weekly blood insulin concentrations (Mean
Second Trial
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FIGURE 5.4

Blood insulin plotted against blood glucose for the Milk
group and the Ruminant lambs in the Second Trial.
a) Milk group
b) Ruminant lambs
a) M.1lk group
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FIGURE 5.5

Blood insulin concentration plotted as a function of feed intake
(relative to liveweight) for the Second Trial.
a) Milk group
b) Ruminant lambs
a) H.llle: group
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TABLE 5.4
Pre- and post-weaning blood urea levels (Mean

±

SE)

=========================================================================

Age

Grass

Milk
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First Tri a 1
Pre-weaning - Week 1
Post-weaning - Weeks 10 - 21
Second Tri a 1
Pre-weaning - Week 1
Post-weaning - Weeks 10 - 20

23.9
24.5

±

18.7
34.6

±

±

±

1.4 a
0.7 a

27.8
34.7

0.5 a
0.8 b

16.8
24.0

±
±
±
±

1.7 a
1.2 b
0.9 a
0.6 c

=========================================================================

'-"'._-;:.r_--

1.
2.

Urea levels are expressed as mg/dl of whole blood.
a, b, c - Means differ significantly, P(O.Ol, within trials.

5.4.5

Blood Urea

There were no consistent effects of weaning on blood urea levels in these
trials (Figure 5.6). In the first trial urea levels after weaning were
significantly higher in the Milk group than in the Grass group (Table
5.4). There was no relationship between feed intake and blood urea concentration in either Suckling or Ruminant lambs.
In the second trial post-weaning urea levels were significantly higher in
the Grass group than in the Milk group (Table 5.4). A significant
association between urea level and nitrogen intake was observed in the
Ruminant lambs (Figure 5.7a), with a regression equation:
• • • • • • • • •• 5.2
r = 0.647, P(O.Ol
10.4 + 3.03 N intake
SO
1.9
There was no effect of intake on urea levels in the Milk group (Figure
5. 7b).

[Urea]
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FIGURE 5.6
Weekly blood urea concentrations (Mean ± SE).
a) First Trial
b) Second Trial
a) FIrst TrIal '
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FIGURE 5.7
Blood urea plotted as a function of nitrogen intake, expressed
relative to liveweight, in the second trial for the
a) Ruminant lambs
b) W1k group
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5.5

DISCUSSION

The aim of this work was to compare the carbohydrate and protein
metabolism of weaned and unweaned lambs under conditions of growth that
were as natural as possible. Plasma samples were therefore collected
without attempting to bring the two groups into a similar post-absorptive
state, but avoiding the metabolic disturbances associated with digestion
and absorption. At the time of sampling the Milk groups had been without
food for at least 12h and sometimes longer. Herbage was always available
to the Grass group. The comparisons are therefore between absorptive
ruminant lambs and post-a~sorptive suckling lambs.
Some consideration must be given to the possibility that the plasma
levels of glucose, insulin or urea reflected the conditions of sampling
in some way. Lindsay (1978a) concluded that the stress of sampling
itself, the act of venipuncture and the restraint of the animal during
that time, is unlikely to be reflected in the blood composition of any of
these substances quickly enough to introduce errors. Certainly in these
experiments this process took a very short time, often less than 30s.
Stress in the lambs due to their strange surroundings or their
unfamiliarity with humans may have been a factor in the initial
samplings. However, the animals were handled often in the first weeks
and rapi dly became very tame.
A more serious criticism is that of the proximity of sampling to the
normal feeding time, and the liklihood that reflex responses may have
affected the levels of glucose and insulin (Lindsay, 1978a) though
perhaps not urea.
5.5.1

Blood Glucose

The decrease in blood glucose that takes place at weaning in lambs is now
one of the classical observations of ruminant biochemistry, and the
present findings are no exception. In both trials glucose levels in
plasma fell as lambs were weaned from ewe's milk onto fresh herbage. The
change did not occur rapidly, taking several weeks before the levels
stabilised at 40-45mg/dl. In contrast, levels in the Milk groups were
generally higher than in the Grass groups, supporting the hypothesis that
withdrawal of milk causes the fall in blood glucose (Leat, 1970).
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Suckling animals have often been used as controls in studies of this
nature, but decreases in glucose levels have been reported in them as
well (Ponto and Bergen, 1974). This was observed in the first trial,
where glucose levels in the suckling lambs were higher at the beginning
than at the end of the trial. This would imply that the fall occurs
independently of weaning. Such results need to be interpreted with
reference to the time and level of feeding, information that is not often
provided.
5.5.1.1

Comparison of

su~kling

and ruminant animals

A major problem is that of the most suitable state at which to compare
suckling and ruminating lambs. In the fed state there is a very great
difference between glucose levels in suckling and ruminating lambs (Leat,
1970). Plasma glucose was measured in lambs in the first trial over a 12
hour period for both the Milk and Grass groups (Munro, 1982). Glucose
levels were raised considerably after feeding in the Milk group, from 60
to 110mg/dl, and remained elevated for up to 8h. There was little change
in the levels of the Grass group. Therefore, if lambs in the fed state
are compared, it is certainly true that the intake of milk is associated
with raised blood glucose levels compared with the consumption of
herbage.
Comparison of the fasting states is more difficult. After a 16h fast,
suckling and ruminating lambs had similar plasma glucose levels of 60
mg/dl (Leat, 1970). However, while the suckling lambs will definitely be
post-absorptive after this time, the ruminating lambs would require
another 12h or more to attain the same state. Such a comparison was made
by White and Leng (1980); ruminant lambs and adult sheep had only
slightly lower levels of glucose after fasts of 24-72h than young
pre-ruminant lambs had after 16h fasts. Therefore plasma glucose levels
do not differ greatly when the animals are in comparable states of
fasting.
It may be concluded that in these experiments the plasma glucose levels
in the milk-fed lambs would always have been higher than in the weaned
lambs, since samples were taken at a time when the difference would have
been expected to be least.

99
The cause of this difference in plasma glucose level and its significance
to the animal is not known.
5.5.2

Insulin Levels

The differences in insulin levels that developed at weaning probably
represent differences in the basal insulin secretion rate by the
pancreas. Changes in other hormones have been detected at weaning
(Bassett, 1974a; Hart et El, 1981) so it is possible that the change in
diet is associated with a significant rearrangement of hormonal
metabo1 ism.
5.5.2.1

Reflex insulin release

There is a possibility that by sampling the lambs at a time close to
their normal feeding time, results were obtained which reflect an
expectation of feeding rather than the undisturbed insulin level.
Bassett (1981) has emphasised the importance of anticipatory mechanisms
in glucose homeostasis, mediated by reflex releases of hormones upon
feeding (Bassett, 1974a). It is the activity of feeding that forms the
stimulus, hence sham-feeding as well as normal feeding produces a
response.
However, it does not seem likely that the proximity of the sampling time
to the normal feeding time led to spuriously high insulin levels in
either group in this experiment. In the Grass group IRI levels were low
and also quite stable; only 11 samples were measured at greater than
3~U/m1 after weaning, and none of these was greater than 8~U/m1.
The situation is not so clear cut in the Milk group. Judging by their
response to feeding-associated cues in the morning, the milk-fed lambs
were quite hungry at that time. Furthermore, since the insulin release
at feeding was much greater in the milk-fed lambs than in the weaned
lambs (Munro, 1982) any anticipatory release might be greater also. This
would have the effect of raising the level of insulin in the blood, but
also of increasing the variability of the data. However, though such
effects were seen in the Milk group, it does not seem very likely that
they were wholly due to reflex responses, for two reasons. Firstly, some
insulin levels were very high, as a reflex cause would predict, but they
tended to be associated with higher glucose levels. In fact glucose
levels have been observed to decrease prior to feeding in sheep (Bassett,
1974b). Secondly, there was a tendency for insulin levels to decrease at
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weaning in the Milk group, when intakes were reduced to correspond with
the Grass group. If a reflex release of insulin was occurring it would
have been expected to mask such an effect.
5.5.2.2

Insulin secretion in response to feeding

Blood samples were taken from lambs in both groups over twelve hour
periods during the course of the first trial (Munro, 1982) to look at
insulin responses to feeding. The results are in good agreement with
those of Bassett (1974a), who took samples from pre-ruminant lambs and
mature sheep. While there were increases in the secretion of insulin in
both groups, the response in suckling lambs was greater and more rapid.
Over the course of the day levels in the Milk group rose quickly after
feeding, falling after some hours to a basal level before the next meal.
The pattern of release in the ruminant lambs differed in that levels only
increased slowly after feeding in the morning, but were sustained at
moderate levels throughout the day when the animals were fed frequently.
The insulin levels measured in this trial can therefore be taken to
represent the minimum immunoreactive insulin level that is likely to be
found throughout the day in either group.
5.5.2.3

Insulin levels in Ruminant lambs

The decrease in the circulating IRI levels in the Grass group may have
begun even before weaning, reaching a minimum immediately thereafter.
The change corresponded closely to the introduction of herbage to the
diet.
The explanation for the low insulin levels in the Grass group after
weaning requires more knowledge of the mechanisms regulating basal
insulin secretion than is currently available. The initial cause is
likely to have been the semi-fasting condition associated with the
withdrawal of milk. Thereafter insulin levels might have been expected
to rise as the intake of herbage increased sufficiently to bring the
animals back into positive energy balance, remembering that the animals
would have been in an absorptive state at the time of sampling.
However, as reported in Chapter 4, there appeared to be an increase in
the energy requirements of the lambs on weaning. Thus the Ruminant lambs
may have been close to energy balance for quite some time after the
withdrawal of milk. If decreasing energy intake alone were the cause of
the fall in insulin secretion, it might be expected that the later
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increases would have restored the insulin levels. This did occur to some
extent. As intakes increased blood IRI increased slightly (Figure 5.5b)
but did not return to the pre-weaning levels. The change in diet at
weaning therefore appeared to be associated with a long-lasting reduction
in basal insulin secretion.
5.5.2.4

Insulin levels in the Milk group

The insulin levels in the Milk group increased after weaning, showing a
pattern of high and erratic insulin release. An increased rate of
insulin secretion coupled ~ith a consistent glucose level would be
expected in a fed animal, but there had been quite a length of time since
the previous feed. This would imply that the relationship between
insulin and glucose had changed in some way, suggesting that some form of
resistance to the action of insulin may have developed.
Patterns of insulin release similar to this have also been observed in
preruminant calves and in ruminant sheep. Roy et ~ (1983) found that
growth from birth to 13 weeks in Aberdeen Angus x Friesian preruminant
bull calves fed on milk diets was accompanied by increases in plasma
insulin levels. The raised insulin levels were associated with higher
feed intakes and growth rates than were obtained in other breeds.
Sheep on an ad libitum hay/concentrate diet were found to develop very
much higher levels of plasma insulin than those fed at a maintenance
level (Vandermeerschen-Doize et ~, 1983). Insulin levels \'Iere high and
very variable compared with those in the control sheep. Associated with
this increase in insulin level was an increase in carcass fat, from 10%
of LW to 37% of LW (Vandermeerschen-Doize et ~, 1982).
The raised insulin levels in the Milk group were also associated with an
increase in fatness (Chapter 4). The association between obesity and
hyperinsulinemia is now well established in rats and humans (Kolterman
and Olefsky, 1981). It therefore seems likely that the high insulin
levels in these lambs is indicative of the development of insulin
resistance.
5.5.3

Blood Urea

The measurement of plasma urea levels was undertaken as a means of
assessing the protein status of the lambs from week to week, especially
over the weaning period. The level of urea has been used as an indicator
of the rate of amino acid, and hence protein, degradation, since the
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level generally reflects the rate of urea synthesis. Interpretation of
the present results is complicated by the changes in age, bodyweight and
intake, as well as by the involvement of the rumen.
Urea levels are very variable (Leibholz, 1966) but it has been suggested
that this is a result of differences between animals and that individuals
may have more consistent urea levels (Williams and Smith, 1974). Where
urea levels have been used to assess protein quality, it has been found
necessary to consider changes on an individual basis (Kirk and Walker,
1976b). Certainly urea levels in these experiments varied widely, those
in the Milk groups more than those in the Grass groups, and the first
trial more than the second. Such variation might be expected in the concentration of a metabolic end-product which is not regulated to any great
extent.
The time of sampling is unlikely to have made any difference to the
results obtained. Urea levels in both weaned and milk-fed lambs in the
first trial were shown to vary little over the course of a day (Munro,
1982) with no marked response to feeding. This might have been expected
in the ruminant lambs, since they had continuous access to herbage, but
the suckling lambs were only fed twice or three ttmes daily. In fact the
urea synthesis rate in pigs has been shown to change little after feeding
a diet to which the animals were well adapted (Reeds and Fuller, 1983).
5.5.3.1

Milk groups

It has been reported that while plasma urea levels in preruminants may
change with changes in the proportions of protein and carbohydrate in the
diet (Bergen and Potter, 1975; Gibney and Walker, 1977; Patureau-Mirand
et ~, 1977), they are not affected by changes in intake of a medi um
protein diet (Kirk and Vlalker, 1976a). In neither trial \vas there any
relationship between urea level and intake (Figure 5.7b). Thus if the
urea level can be taken to indicate the rate of urea synthesis, the lack
of response of urea level in the Milk groups to changes in intake implies
that the animals on this diet were able to utilise a wide range of
protein intakes very efficiently. That is, there was little change in
the proportion of dietary protein degraded to urea.
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5.5.3.2

Grass groups

Urea levels were stable in the first trial, showing no change over the
course of the experiment, and having no correlation with intake. In
contrast, increases in intake in the second trial were associated with
increases in plasma urea. To some extent this difference may be
explained by the smaller range of intakes and greater variation in urea
level in the first trial, but other factors may have been involved.
Harmeyer and Martens (1980) concluded that urea entry rate is largely
determined by the daily nitrogen intake, but the nitrogen:energy ratio of
the diet also has an important influence on the urea level (Oltner and
Wiktorsson, 1983). Under certain conditions an increase in urea level
may even be associated with a decrease in synthesis rate (Cocimano and
Leng, 1967; Koenig and Boling, 1981).
It may be unwise to draw conclusions as to effects of this nature in the
first trial, but the response of blood urea to nitrogen intake in the
second trial implies that a proportion of each increment in nitrogen
intake was either deaminated in the tissues or degraded in the rumen.
The former could be a result of the use of amino acids for energy supply
or gluconeogenesis, while the latter would suggest the possibility of a
limitation in the energy available in the rumen for microbial protein
synthesis.
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CHAPTER 6
INTRAVENOUS GLUCOSE TOLERANCE TESTS

6.1

INTRODUCTION

Glucose tolerance is defined as the ability of an animal to cope with
raised glucose levels. Low tolerance implies a slow removal of excess
glucose, a condition commonly found in diabetics. Since insulin is
intimately involved in the regulation of blood glucose, a diagnostic test
for the prescence of diabetes is the glucose tolerance test (Lundbaek,
1962). In this test the rate of disappearance of glucose from the blood
is followed after administration of a glucose load, either oral or
intravenous. The rate of removal is taken to indicate the response of
the pancreas, and a high rate of removal, or low glucose tolerance,
implies a normal release of insulin.
Attempts to derive information on steady state glucose turnover by this
procedure have been invalidated and warnings given as to the dangers of
overinterpretation (Wolfe ~~, 1978). However, there is no doubt that
useful information can be derived from the test if adequate account is
taken of the relevant factors. In particular, it is now recognised that
the clearance of a glucose load is also dependent on hepatic, renal and
peripheral tissue responses to elevated glucose and insulin levels.
The liver and, to a lesser extent, the kidneys have a special role in the
regulation of glucose metabolism, since ·they have the capability for both
glucose release, by gluconeogenesis or glycogenolysis, and uptake, by
metabolism or secretion into the urine. However, the peripheral tissues
comprise a large mass with a correspondingly great potential for glucose
uptake. The response of these tissues appears to be a complex function
of both the glucose level and the insulin level, but also of the
sensitivity of the tissues to insulin.
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If the release of insulin into plasma is followed over the test, together
with the change in glucose level, then with some knowledge of hepatic and
renal responses, measurement of both pancreatic sensitivity to glucose
stimulation and peripheral tissue resistance to insulin action can be
attempted (Cunningham and Heath, 1978; Bergman et ~, 1979, 1981b).
The results of previous work on the changes in glucose tolerance that
occur at weaning have been reviewed in Chapter 2.
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6.2

METHOD

The treatment of the experimental animals is described in Chapter 3. In
the First trial lambs from both groups were tested at one, six and
nineteen weeks of age. In the Second trial they were tested at three
weeks and at twenty weeks, with an additional group of milk-fed lambs at
eighteen weeks
6.2.1

Preparation Of The Animals

Three days before the test a catheter (14G) was inserted in a jugular
vein and maintained by daily flushing with citrate-saline solution (38g/1
trisodium citrate in 0.9% sterile saline). The animals were tested
before the morning feed; 12-14h had therefore passed since the previous
feed for both groups. The suckling lambs would therefore have been in
the post-absorptive state usually required for these tests, but it is
likely that in the weaned lambs absorption of nutrients from the previous
feed would have been continuing.
6.2.2

Test Procedure

Intravenous glucose tolerance testing followed the method described by
Reid (1958).
Three control samples were taken at approximately 30, 15 and 5 minutes
before the test. An aliquot of glucose solution (500g/1 in 0.9% sterile
saline, fltered through Oxoid membrane filters) amounting to 0.4g glucose
per kg liveweight was then injected over a one minute period into the
jugular vein and flushed in with citrate-saline soiution. Samples (5ml)
were collected at 5, 10, 15, 20, 25, 30, 40, 50, 60, 75 and 90 minutes
after the injection, by withdrawal of blood via the jugular catheter.
The samples were stored on ice in tubes containing sodium fluoride (10mg)
and potassium oxalate (10mg), the packed cell volume was determined and
the plasma collected by centrifugation (1000 x g for 15 minutes at 5°C).
Plasma samples were stored at -20°C until glucose and insulin
determinations could be made.
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6.3
6.3.1

ANALYSES
Glucose

Glucose was analysed by the method described in Appendix F, but using
standards ranging from 0-500 mg/dl in order to measure the higher glucose
concentrations encountered during the IVGTT.
6.3.2

Insulin

Insulin was assayed according to the method described in Appendix G.
Many of the samples collected in the early part of each test had insulin
levels which were too high to measure on the normal standard curve.
These samples were diluted with the assay buffer and corresponding
amounts of insulin-free plasma were added before charcoal separation to
ensure a constant concentration of protein. As discussed in Chapter 5
such dilution procedures may have underestimated the amount of insulin in
the original sample since the dilution curves for the samples and the
standards were slightly different. Insulin concentrations given in these
assays should therefore only be interpreted on a relative basis.
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6.4

CALCULATIONS

6.4.1

Glucose Tolerance

The mean basal plasma glucose concentration (mg/dl) was calculated from
the control samples, and subtracted from the test plasma glucose levels
to give the change in plasma glucose over basal (6G) at each point. The
logarithm of this change was regressed against time (t: min) for the
points from 10 to 60 minutes.
6G

6G O x 10

=

Log 6G

=

-K.t

Log 6G O

·.........
·.........

K.t

6.1
6.2

where 6G O is the extrapolated glucose over basal at the beginning of the
test (the expected 6G given instantaneous mixing of the glucose bolus)
and K is the rate constant for the exponential decline of the glucose
concentration.
Glucose tolerance was then represented by the half-life (T.5) of the
injected glucose, which represents the time taken for 6G to fall to half
the initial value. The halF-life is another expr~ssion of the slope of
the line in Equation 6.2.
At t

= T.5

Log 6G O/2

Hence

T.5

6.4.2

Insulin Response

=

= Log 6G O
Log 2
K

K x T.5

·........ . 6.3
• • • • • • • • •• 6.4

The pattern of insulin release varied with diet and age, so assessment of
the insulin response of an animal had to be made on the basis of the
shape of the insulin release curve, combined with a measurement of the
amount released. For this purpose the area under the curve was
determined by integration from the beginning of the test until the
insulin level returned to base line or the test ended. This area
represented an arbitrary attempt to quantify the total insulin response
(TIR: ~U.min/ml) of the pancreas (Reaven and Olefsky, 1974).
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6.4.3

Extravascular Insulin

The level of insulin in the extravascular compartment (lev: ~U/ml) was
calculated by the method of Wastney et ~ (1982) which assumes a model of
human insulin kinetics (Sherwin et ~,1974). Insulin levels were
calculated from the plasma data by the program described in Appendix C.
6.4.4

Insulin Resistance

Two methods were used to derive indices of insulin resistance, in order
to compare the responsiveness of tissues to insulin-mediated glucose
uptake between ages and diets.
In the first, resistance (Rt: nU.min.min/ml) was calculated as the
product of the total insulin response (TIR) and glucose half-life (T.5).
Rt

=

TIR

x T.5
1000

-----------

• • • . • • • • •• 6. 5

TIR has been found to correlate with measures of insulin resistance
(Reaven and Olefsky, 1974) and it was hypothesised that inclusion of the
glucose half-life would extend the sensitivity of this index.
The second was that of Wastney et ~ (1982). Insulin resistance (Re:
~U.min/ml) was defined to be the product of the glucose half-life (T.5)
and the extravascular insulin concentration when the plasma glucose was
100mg/dl above baseline.
Re

=

lev

x T.5

• • • • • • • • •• 6.6

In their study of insulin kinetics Sherwin et 21 (1974) found that
glucose utilisation was proportional to the concentration of insulin in a
pool termed the extravascular compartment. The product of this insulin
concentration and the rate of glucose disappearance, at a standard level
of plasma glucose, should therefore reflect the dependence of the rate of
glucose uptake on the insulin level.
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6.5
6.5.1

RESULTS
First Trial

IVGTT were performed on lambs at three ages in a joint experiment with
J.M.Munro (Munro, 1982). Glucose half-lives are shown in Table 6.1. At
one week of age the glucose tolerance was very similar, but after weaning
tolerance in the Grass group decreased. At both ages of testing after
weaning the half-life of glucose was significantly greater in the Grass
lambs than in the Milk lambs.
The insulin release during the test was only determined for five animals,
three lambs (fed milk only) at one week, and one Grass lamb and one Milk
lamb at nineteen weeks, numbers insufficient for further analysis. These
insulin responses are shown in Figure 6.1. Before weaning, at one week
of age, insulin was released rapidly in response to the glucose load
(Figure 6.1a). Levels then fell as quickly as they had risen, returning
to baseline within 60 minutes of the start of the test. There was a more
prolonged release of insulin at 19 weeks in both the Grass lamb and the
Milk lamb, returning to the baseline only at the end of the test (Figure
6.1b). The total insulin response was much greater in the Milk lamb than
in the Grass 1ambo

TABLE 6.1
Glucose tolerance in the First trial
Mean Glucose half-life (min)
========================================================================

Age

Milk

Grass

========================================================================

1 wk (combined groups)
6 wk
19 wk

23.3
57.0 a
45.0 a

30.4 b
30.5 b

========================================================================

a, b - Means differ significantly P<0.05 within ages

III

FIGURE 6.1
First trial

Insulin responses to a glucose load at 1 and 19 weeks.
a) One week old lambs, milk-fed.
b) 19 week llilk and Grass lambs.
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TABLE 6.2
Glucose tolerance in the Second trial
Mean liveweights (kg), basal glucose (mg/dl) and insulin (j.JU/ml)
========================================================================

Grass

Age

Milk

========================================================================

3 wk

18 and 20 wk

LW
9.9
21.6

Glucose
84 c
64 d

Insulin
4.2 ab
3.2 a

LW
9.5
25.1

Glucose
90 cd
75 cd

Insulin
9.0 ab
16.2 b

========================================================================

a, b; c, d - Means differ' significantly P<0.05

6.5.2

Second Trial

A total of sixteen IVGTT were performed; individual results for each
lamb are given in Appendix E. Mean values are summarised in Tables
6.2-6.6. The patterns of insulin release in the three week tests are
shown in Figure 6.2, and in Figure 6.3 for the eighteen and twenty week
tes ts.
Plots of ~G against time were generally linear for the period from 10 to
60 minutes and correlation coefficients for the regression over this time
were high (mean = -0.98). Linearity was maintained for longer in most
cases; only for the milk-fed lambs at three weeks (Nos 383 and 376) was
there a significant deviation from linearity before 60 minutes. In these
animals the fall in glucose concentration was more rapid, so that plasma
glucose quickly returned to baseline. While in general the slope of the
regression line gave a good representation of the rate of glucose
clearance, it is therefore likely to be an underestimate in the Milk
lambs at three weeks.
TIR will also be too low in some cases, since the plasma insulin level
had not returned to baseline by the end of the test. The only lambs this
would be likely to have a significant effect on would be No 393 (18
vleeks) and No 447 (20 weeks). Insulin resistance as measured by Rt will
therefore be underestimated in those animals.
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Results from the IVGTT in the Milk lambs were more variable than those
from the Grass lambs. In part this was due to the results from one Milk
lamb which had an unusual insulin release pattern at both ages of testing
(No 449). This animal was anomalous in other ways, having a very poor
performance over the trial and gaining only 6.2kg between tests, compared
with a gain of 14.6kg in the other lambs (Table 6.2). It was therefore
excluded from the analysis, while the Milk groups at 18 and 20 weeks were
pooled. Unfortunately this left only two animals in the Milk group at
the three week testing time.
Liveweights (Table 6.2) were similar in both groups at 3 weeks but lambs
in the Grass group were somewhat lighter at the end of the trial.
6.5.2.1

Basal glucose and insulin levels

Glucose and insulin levels in the control samples taken before the IVGTT
tended to echo the results reported in Chapter 5. By the end of the
trial glucose levels in the Grass group had fallen from the pre-weaning
level, while insulin levels in the Milk group had risen (Table 6.2).
6.5.2.2

Glucose tolerance

At three weeks the rate of glucose clearance was rapid, as indicated by
the short half-life of injected glucose in both groups (Table 6.3). In
testing at this stage it had been assumed that responses would be similar
in both groups, since the Grass lambs were only consuming small amounts
of herbage. It was therefore suprising that the difference in T.5
between the three week groups approached significance (P=0.064).

TABLE 6.3
Glucose tolerance in the Second trial
Glucose half-life, Mean ± SE (min)
========================================================================

Age

Grass

Milk

========================================================================

3 wk
18 and 20 wk

19.0
40.9

±
±

1.5 a
4.1 b

13.0
40.5

±

±

0.5 a
10.3 ab

========================================================================

a, b - Means differ significantly, P<0.05
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TABLE 6.4
Glucose tolerance in the Second trial
Total insulin response TIR, Mean ± SE

(~Umin/ml)

========================================================================

Age

Grass

Milk

=====================~================================ ==================

3 wk
18 and 20 wk

3379
1583

±

±

61 b
166 a

6491 ± 1739 ab
8578 ± 2215 b

========================================================================

a, b - Means differ significantly P<0.05

By the end of the trial the glucose clearance rate had dropped in both
groups, significantly so in the Grass group but not in the Milk group
(P=0.055) due to the high standard errors. In fact a variety of
responses to the IVGTT were seen in the Milk lambs at 18 and 20 weeks,
with glucose half-lives ranging from 17.2min to 64.6min.
6.5.2.3

Insulin response

Insulin was released quickly in tests at the early age, rising to a peak
between 10 and 30 minutes and then falling to baseline levels by 75-90
minutes after injection (Figure 6.2). Though the patterns of release
were similar in both groups the insulin peak was very much higher in the
Milk group (Figure 6.2b), and the TIR also tended to be greater (Table
6.4). By 20 weeks the insulin response had changed extensively in the
Grass group (Figure 6.3a). Insulin was released very slo\,/ly and
continuously during the test but with no definite peak, returning to
baseline levels towards the end. The total insulin response was
significantly lower than at three weeks.
In contrast to the consistent pattern of the Grass lambs, insulin release
in the 18 and 20 week Milk lambs varied considerably, with a range in TIR
from 3296~U.min/ml to 15622~U.min/ml. Though the mean TIR for these
lambs was not significantly different from that at three weeks (due to
variation) it was significantly greater than the TIR in the Grass lambs
at 20 weeks. The pattern of this insulin release also changed with age.
The rapid reaction at three weeks gave way to a slower and broader
response, with evidence of a biphasic insulin release in the older lambs
(Figure 6.3b).
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FIGURE 6.2
Second Trial
Insulin responses to a glucose load in 3 'Week lambs.
a) Grass group - milk-fed with some herbage intake.
b) Milk group - exclusively milk-fed.
e) Gress group
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FIGURE 6.3
Second Trial
Insulin responses to a glucose load in 18 and 20 week lambs.

a) Grass group - ted on herbage only, at 20 weeks.
b) ll1lk group - ted on milk only, at 18 and 20 weeks.
e) Gress group
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6.5.2.4

Insulin resistance

Though glucose tolerance decreased with age in both Milk and Grass lambs,
insulin release changed in opposite directions. This seemed indicative
of a development of insulin resistance in the Milk lambs, but allowed no
immediate conclusion in the Grass lambs. Neither Rt nor Re showed a
significant change in the Grass group between the pre-weaning and postweaning stages (Table 6.5). The increase in Re from 415 to 557 bordered
on significance (P=0.074) but these results seemed to indicate that the
primary cause of the fall in T.5 was a lowered release of insulin by the
pancreas.
Both Rt and Re indicated that insulin resistance had developed in the
Milk lambs during the course of the trial, though for neither index was
there a significant difference between the initial and final value. The
increase in Rt approached significance (P=0.06), and in all cases Rt was
greater at 18 and 20 weeks than at three weeks; the lack of significant
difference may be due simply to the variability of the resistance
measurements in the older lambs, and to the inadequate numbers of younger
lambs. Comparison between the groups showed that both Rt and Re were
greater in the 18 and 20 week Milk group than in the 20 week Grass group.
This difference was significant for Rt, but only marginally so for Re
(P=0.06).
TABLE 6.5
Indices of insulin resistance Rt and Re, Mean

±

SE

========================================================================

Age

Grass

Milk

========================================================================

Re
3 wk
18 and 20 wk

64.1

±

5.2 a

62.7

±

1.2 a

83.3
294.8

3 wk
18 and 20 wk

415
557

±

39 a
12 ab

969
1937

±

±

19.6 ab
79 b

Rt
±

±

±

248 ab
537 b

========================================================================

a, b - Means differ significantly P<0.05
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6.6

DISCUSSION

Previous comparisons between pre- and post-weaning lambs by means of the
IVGTT have demonstrated a reduction in the rate of glucose clearance and
a decrease in the amount of insulin released by the pancreas in the older
animals (Manns and Boda, 1967; Stern et ~, 1971). These observations
have generally been ascribed to the effects of the development of the
rumen, but a decrease in glucose tolerance with age has also been
reported in long-term milk-fed lambs (Ponto and Bergen, 1974). There is
therefore some doubt as to whether these are effects of age or weaning.
The present work suggests' that different factors may account for the
observed decline in glucose tolerance with age which may be seen in both
milk-fed and weaned lambs. Insulin responses to the IVGTT indicate that
in ruminant lambs the pancreas is less responsive to glucose, and that in
long-term milk-fed lambs there is a development of insulin resistance.
6.6.1

Changes At Weaning

In both trials glucose clearance was faster in pre-weaning lambs than in
ruminant lambs. This change happened very quickly, since the lambs in
the first trial had reached an adult level of tolerance by 6 weeks, two
weeks after weaning.
At three weeks in the second trial the Grass group lambs were consuming
some herbage, but milk formed 97.5% of their ME intake at that time.
Therefore the digestive pattern of the lambs was essentially monogastric,
and the response to the IVGTT, rapid insulin release and glucose
clearance, that expected of an adult mongastric, or of a neonatal lamb
(Alexander ~~, 1969, 1973; Phillips et ~, 1978). However, the
insulin release at three weeks was higher in the Milk than in the Grass
group, though of a similar pattern, and the clearance of glucose was
faster.
The difference between the two groups at this age is intriguing. The
original intention of the experiment was to compare both groups of lambs
before herbage consumption started to form a significant part of the
energy intake of the Grass group. Yet it appears that even at three
weeks there is a divergence of response to the IVGTT, characterised by a
greater pancreatic response in the Milk group. Since the half-life of
glucose in one week old milk-fed lambs in the first trial was similar to
that in the three week Grass lambs in the second trial, it might be
suspected that this was due to the development of an exaggerated response
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in the Milk lambs. Further investigation would be necessary in order to
make this point with any certainty.
At 20 weeks, on a diet of fresh cut herbage, the lambs presented a
uniform picture of low insulin release and slow glucose clearance. This
pattern has been cornpared with that of a diabetic human (Kronfeld ~~,
1967; Leat, 1970).
The most striking event in these changes would seem to be the reduction
in pancreatic insulin output in response to a glucose load. Given the
poor insulin secretion at 20 weeks it is not suprising that the glucose
clearance should be slow. Other metabolites have been demonstrated to
stimulate insulin release to a greater extent in ruminant sheep than
glucose (Manns and Boda, 1967; Ambo et ~,1973). Godden ~ ~ (1981)
reported that ~dult sheep were as sensitive to the insulin-releasing
effects of tolbutamide as monogastric animals. This would seem to
indicate that the pancreas is insensitive to glucose rather than
deficient in insulin. Therefore one possible explanation of the fall in
the rate of glucose clearance at weaning is the smaller release of
insulin in response to a glucose load.
Lowered glucose tolerance can also be caused by a 'decreased ability of
tissues to take up glucose in response to insulin stimulation. Kronfeld
et ~ (1967), without measuring insulin levels, concluded that as the
lamb matures there is a decline in the sensitivity of tissues to insulin,
and a development of insulin resistance. The results of exogenous
insulin infusions into weaned lambs and adult sheep (Godden and Weekes,
1981; Deetz and vlangsness, 1980; Stern et ~,1971; Edwards, 1970)
show that there is a prompt hypoglycaemic response when plasma insulin
levels are raised. Thus tissue in the adult sheep is certainly
responsive to acute insulin stimulation. However, the severity of the
hypoglycaemia decreases with maturity (Stern et ~, 1971), which
indicates that tissues may be less respons{ve to insulin at this stage.
An alternative explanation for the lowered glucose tolerance in ruminants
could therefore be that tissues are less responsive to the stimulation of
glucose uptake by insulin.
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6.6.2

Changes With Age

An overall reduction in glucose tolerance was also seen in the Milk group
over the period of the second trial, though interpretation of these
changes is hampered by the variation in response at the older ages. Such
a decrease in tolerance was not observed in the first trial. It is clear
that both the half-life of the injected glucose and the associated
insulin response must be considered in order to interpret these results.
At 18 and 20 weeks the milk-fed lambs showed a range of responses to the
IVGTT, involving both pan~reatic and peripheral effects. Two lambs (Nos
392 and 376) had a glucose tolerance that was comparable to the lambs at
three weeks. Their total insulin responses were of similar magnitude to
the younger milk-fed animals, but there were large differences in the
pattern of release. Elevation of the insulin level was maintained over a
longer period due to a second phase of insulin release, with peak insulin
levels which were less than at the earlier ages. The size of the total
insulin response is therefore a consequence of the broad release rather
than the height of the initial peak. Despite the similarity of the TIR,
glucose clearance rate was slightly reduced when compared with the three
week Milk lambs. This may have been due to the lQwer peak height in the
older lambs. However, compared to the young Grass lamb, at a similar
peak height more insulin was released in the attainment of a similar
glucose clearance rate.
The situation in a third lamb, no 393, was more clear cut. Glucose
tolerance was low, with a half-life approaching those of the 20 week
Grass group, yet insulin release was very high, with a broad biphasic
response. Tissue uptake of glucose must therefore have been reduced,
despite the high insulin level.
The final two lambs in the 18 and 20 week milk groups (nos 439 and 447)
also had a broad insulin release, but at a much lower level than the
other three lambs. Total insulin response was therefore moderate, but
glucose clearance was extremely slow.
The IVGTT response in the older Milk lambs was therefore characterised by
secretion of an amount of insulin that would have been adequate in the
young animals, yet the rate of glucose clearance decreased. This seemed
indicative of the development of a decreased sensitivity to the action of
insulin. At the same time the heterogeneous response of the pancreas to
glucose stimulation showed that this was also the site of some changes.
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6.6.3

Insulin Resistance

An attempt was made to assess insulin resistance in the Grass and Milk
groups by quantitative methods, as well as by qualitative interpretation
of glucose clearance and insulin release.
Insulin resistance is said to be present when a normal insulin level
produces a biological response that is less than normal (Kahn, 1980).
Therefore, hyperinsulinemia in the presence of normoglycemia, or
insensitivity to the effects of exogenous insulin are indicators of
insulin resistance. Most.measurements of insulin resistance have been
made using clamping or pancreatic suppression tests (Shen et El, 1970;
DeFronzo et El, 1979) in order to break the insulin-glucose feedback
loop. However, the IVGTT is a much simpler way of testing both
pancreatic sufficiency and tissue sensitivity, provided the two effects
can be separated.
No evidence could be found in favour of the hypothesis that decreased
glucose tolerance in mature ruminant sheep is a result of an increase in
tissue insulin resistance (Kronfeld et El, 1967). In terms of the above
definition, a less than normal response in glucose clearance was produced
by a less than normal release of insulin in 20 week Ruminant lambs.
Neither Re nor Rt could demonstrate any differences between the Grass
groups at the two ages. Therefore in this work the major cause of the
decreased tolerance appeared to be a lowered insulin release. However,
it must be admitted that these indices of resistance assume a linear
model of tissue response, which is not likely to be correct. It is
therefore possible that a change in tissue response could be obscured by
the diminished pancreatic response. Scharrer et El (1977) for example
have demonstrated a reduced sensitivity of muscle tissue to insulinmediated glucose uptake in ruminant sheep compared with young suckling
lambs. A reduced sensitivity of adipose tissue to the actions of insulin
in vitro is also found in sheep when compared with the rat (Vernon,
1981).
The responses to IVGTT in three week lambs demonstrate adequate
pancreatic and tissue function with respect to a glucose load. By 18 and
20 weeks a heterogeneous pattern of responses had developed in the
milk-fed lambs. There was a tendency for glucose tolerance to decrease
and for total insulin release to increase, but the strongest common
feature was the appearance of secondary phase insulin release. This has
been shown to correl ate well with i nsul i n res i stance as measured by
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pancreatic suppression tests (Reaven and Olefsky, 1974). It can be
concluded that insulin resistance had developed in the older milk-fed
lambs, though in varying degrees. Different pancreatic responses had
also developed, and it may be that some of these represent a decline in
the ability of the pancreas to respond adequately to the glucose load,
possibly as a result of continued stimulation by milk intake and insulin
resistance.
This may explain previous findings in long-term milk-fed preruminants
(Purser and Bergen, 1969; Webb et ~, 1969; Ponto and Bergen, 1974)
which were confirmed by the results of the second trial, that glucos~
tolerance decreases with age in both suckling and ruminant animals (goats
and calves in the above studies). ILjnsulin resistance develops with
continued milk feeding, a greater pancreatic release of insulin will be
required to cope with the ingestion of milk. Should the !~sistance be
severe, or the pancreas unable to deliver the necessary amounts of
insulin, glucose tolerance will drop with age. Increased half-lives for
glucose will then be observed in both weaned and milk-fed animals, but
for different reasons. Insulin resistance incurred in this way may
explain the decrease with age in the sensitivity of muscle tissue to
insulin-stimul~ted glucose transport in milk-fed lambs (Scharrer et ~,
1977). Age-related decreases in insulin sensitivity are also seen in
rats and humans, and it seems that the development of insulin resistance
in the peripheral tissues is a feature of the aging process (DeFronzo,
1979) •
The indices Re and Rt were chosen to try and measure the development of
insulin resistance with age and change of diet. The index based on
extravascular insulin, Re, has been used to measure insulin resistance in
sheep suffering from pregnancy toxaemia (Wastney et ~, 1982), and is
similar to a sensitivity index derived by Cunningham and Heath (1978)
from IVGTT. The values of Re for the pregnant sheep were higher than
those obtained for weaned lambs in this study, since extravascular
insulin levels were higher. This point emphasises the dependence of the
index on assumptions of human-like insulin kinetics and of linearity of
responsiveness of tissue, neither of which has been demonstrated in the
sheep. Therefore at some, especially extreme, insulin levels, the index
may represent pancreatic response rather than tissue sensitivity.
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A different index, Rt, was based on the total insulin response, in an
attempt to decrease the dependence of the measurement on the pattern of
insulin release, to obviate the need for the assumption of the Sherwin
model of insulin kinetics (Sherwin et ~, 1974) and because of the higher
correlation of insulin resistance with total insulin release than with
insulin peak height (Reaven and Olefsky, 1974). It was reasoned that the
integrated insulin release would represent an average insulin level, as
opposed to a point value. In fact Rt, although different numerically,
showed a similar pattern to Re, as might be expected from the high
correlation between TIR and Ie (r = 0.84; P(O.Ol). This was a result
of the smoothing action of the function used to calculate Ie.
Re and Rt were not intended to provide precise estimates of resistance,
but have indicated changes in the development of resistance between
animals. However, their dependence on pancreatic response and the fact
that they are not adequately based in theory diminish their utility.
More rigorous methods of interpretation of IVGTT in humans have been
developed (Bergman et ~, 1981a), but they rely on a better knowledge of
insulin and glucose kinetics and of hepatic responses to glucose loads
than is available in the sheep (Wolff, 1982).
Further discussion of the significance of insulin resistance for the
metabolism and body composition of the milk-fed and weaned lambs is
presented in Chapter 9.
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CHAPTER 7
GLUCOSE TURNOVER IN SUCKLING AND RUMINATING LAMBS

7.1

INTRODUCTION

The results of previous work on weaning differences in glucose turnover
have been reviewed in Chapter 2.
7.1.1

Glucose Turnover Methods

Tracer methods for the determination of whole body glucose turnover in
ruminants and other animals have been reviewed by a number of authors
(Leng, 1970; Young, 1977; Weekes, 1979; Katz, 1979).
Two different methods of isotope administration have generally been used
to measure glucose production. The methods are mathematically
equivalent, but differ in their practical requirements and in the
information they yield. The single injection method is technically easy
to perform and yields several parameters of glucose metabolism, the pool
size, the total entry rate, the irreversible loss rate and the amount of
recycling. The continuous infusion method is more difficult to carry out
and only measures the irreversible loss rate, though the pool size can be
estimated. However, it does have a number of advantages. It allows
checks to be made for the presence of a steady state in glucose flux,
calculations are simplified, and it permits measurements to be made of
the incorporation of glucose-C into other metabolites.
Two general conditions are necessary for these methods to be valid.
Firstly, the system must be at steady state, a condition usually verified
by monitoring the blood glucose level and specific activity. Secondly,
the specific activity of glucose must be constant throughout the sampled
pool. This condition creates problems in fed non-ruminants, where
di etary gl ucose can 10'der the SA of tracer gl ucose in the portal vei n
before uptake by the 1i ver. Rumi nants, with no di etary 91 ucose and a
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continuous net hepatic glucose output (Bergman, 1973), do not present
this problem. The suckling lamb does have a dietary glucose supply, so
the problem might be anticipated in these animals.
7.1.2

Terminology

The term "glucose entry rate" (GER) as used in this chapter generally
refers to measurements made by the continuous infusion method. Hence it
is equivalent to the irreversible loss of glucose (IL), and is used
interchangeably with this term. IL, as discussed later, will be lower
than the total entry rate~ due to the recycling of labelled carbon back
into glucose during the time of the infusion. When the total entry rate
is discussed it is referred to as the total GER.

-
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7.2

METHODS

The treatment of the experimental animals is described in Chapter 3.
Isotope infusion procedures were performed immediately prior to slaughter
in order to determine rates of glucose turnover.
7.2.1

--j

I

Infusion Procedure

Si x days before the 1ambs were due to be infused they were transferred to
metabolism cages and, in the second trial, nitrogen balance trials were
started.
Three days before the infusion, catheters were inserted in both jugular
veins. The infusion catheter (18G) was placed in the right jugular to
the heart, a distance of approximately 40cm. The sampling catheter (14G)
was placed in the left jugular to a distance of 20cm. Care was taken
with the positioning to preclude the possiblity of sampling the infusate
directly. The positions of the catheters were verified at slaughter.
The catheters were secured to the skin at the point of entry with a
suture, then brought round to the back of the neck, buried in the wool,
and held in place with elasticised netting (Setonet Products Ltd, U.K.).
They were flushed daily with citrate saline (38g/1 trisodium citrate in
9g/1 sodium Chloride).
The animals were fed their usual amounts of herbage or milk, but in
smaller portions at shorter intervals to approximate continuous feeding.
7.2.1.1

Preparation of infusate

The infusate contained approximately 3MBq/ml D-[U_14C]Glucose
(9287Mbq/mmol; batch no. 125) made up in saline (9g/1 sodium chloride)
and was infused at a rate of 20ml/h. Isotopes were obtained from The
Radiochemical Centre, Amersham, U.K.
A sample of the infusate was retained for specific activity analysis.
The total amount of solution infused was measured by weighing the bottles
containing the infusate before and after the infusion.
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7.2.1.2

"'

Blood sampling

The infusions were started at half-hourly intervals, beginning at 0730h
and continuing for up to 7.5h. Blood samples (10ml) were collected at
the following times: 0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 5.5, 6.0,
6.5, 7.0, 7.5h. Samples were kept on ice in tubes containing sodium
fluoride (25mg) and potassium oxalate (20mg), the packed cell volume was
determined and the plasma collected by centrifugation (1000 x g for 15
minutes at 5°C). They were then stored at -20°C before analysis of
glucose specific activity. Additional samples (5ml) were taken over the
last two hours for whole blood C02 specific activity measurement, and
were analysed immediately.'
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7.3

ANALYSES

7.3.1

Plasma Glucose Specific Activity Determination

Glucose was isolated by the potassium gluconate method described by ~lair
and Segal (1960), as modified by Malimovka (1972). Glucose concentration
was measured by a colorimetric glucose oxidase method (Thompson, 1966).
7.3.1.1

Deproteinisation

A sample of infusion plasma (0.5ml) was added to absolute methanol
(9.5ml) in a centrifuge tube. The mixture was shaken, left for 10
minutes at 4°C and then centrifuged. Aliquots of the supernatant were
taken for glucose assay (1.0ml) and for preparation of the gluconate
derivative (5.0ml).
7.3.1.2

Gluconate preparation

The supernatant (5.0ml) was mixed with 1.0ml of carrier glucose solution
(50g/1: 5.000g glucose dissolved in 15ml distilled water and made up to
100.0ml with absolute methanol) and 2.0ml of iodine solution (70g/1 in
absolute methanol) in a wide bore glass test tube (40ml). The tube was
warmed in a water bath (40°C) and 3.5ml of potassium hydroxide solution
(40g/1 in absolute methanol) was added slowly while stirring with a glass
rod. Stirring was continued until crystals began to appear, whereupon
the tube was transferred to an ice bath for 15 minutes. The mixture was
filtered through a sintered glass funnel (Q/F SF4A32) and the crystals
washed once with absolute methanol and twice with acetone. The crystals
were transferred to another 40ml test tube and dissolved in 0.2ml water.
The tube was then placed in the 40°C water bath and 15ml of warm absolute
methanol (40°C) was added while stirring with a glass rod. Once
crystallisation had started, the tube was transferred to an ice bath.
After 15 minutes the crystals were collected by filtration through
Sartori us membrane fi lters onto fil ter paper (Whatman 542). The crysta 1s
were dried overnight in an evacuated desiccator over silica gel.
7.3.1.3

Counting

The dry crystals were weighed into scintillation vials, dissolved in
1.0ml of water and 15.0ml of Triton/Toluene scintillation cocktail,
counted and corrected for quenching (see Appendix B).
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7.3.1.4 Glucose determination
Glucose standards were prepared from stock glucose solution (2g/1 in
1.5g/1 benzoic acid solution) and absolute methanol to give a range of
glucose solutions from 0 to O.lmg/ml in 95% methanol (the same
composition as the samples).
The colour reagent was prepared by dissolving glucose oxidase (50mg) in
50ml acetic acid buffer (0.5M, pH 5.0), adding 2.5ml o-tolidine solution
(10g/1 in absolute ethanol) and making the volume up to 100ml.
Aliquots of the samples or standards (1.0ml) were pipetted into test
tubes and the total volume brought to 3.0ml with distilled water. To
each tube 0.5ml of potassium iodide (5g/1) and ammonium molybdate (10g/1)
solution were added. Colour reagent (2.0ml) was added to each tube at 30
second intervals, and it was then placed in a water bath (25°C). After
90 minutes the absorbance of each tube at 620nm was measured in sequence
on a Varian spectrophotometer (Model 635). The glucose concentrations of
the samples were then read from the standard curve.
7.3.1.5

Calculation of specific activity

The specific activity of glucose was calculated as dpm/mg of carbon by
the following formula.
SA

=

Gluconate Activity
Gluconate Mass

[Glucose] + 10
[Glucose]

x --------------

x

234
72

• • • • • • • . •• 7. 1

Where gluconate activity is expressed as dpm, gluconate mass as mg and
the glucose concentration as mg/ml.
7.3.2

Blood Carbon Dioxide Specific Activity Determination

The procedure was essentially the same as that used by Annison and
Lindsay (1961). Whole blood (5.0ml) was added to a 50ml round bottom
flask containing 3 drops of octan-2-01 and 0.3ml of CO 2-free sodium
hydroxide solution (0.5M). The flask was attached to a gas transfer
apparatus, and a 20ml test tube containing 2.0ml of the CO 2-free sodium
hydroxide solution was connected to the side arm. The whole apparatus
was evacuated using a water pump and approximately lml of lactic acid
solution (2.5M) was added to the rb flask, via the reservoir. Evolved
CO 2 was collected in the alkali in the side arm overnight and
precipitated the following day as barium carbonate by adding 1.0ml of
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ammonium chloride solution (50.0g/1) and 3 drops of barium chloride
solution (200.0g/1). The barium carbonate was collected on filter paper
(Whatman 542) using a Millipore filter, washed 3 times with water, twice
with acetone, dried for 2h at 105°C and then left to cool in a
desiccator.
The dried barium carbonate was weighed into scintillation vials,
suspended in 15ml of Cab-O-Sil/Toluene scintillation cocktail and then
counted and corrected for quenching (see Appendix B).
Specific activity was calculated as dpm/mg carbon by the following
formula.
SA

Activity Barium Carbonate
Mass Barium Carbonate

x 16.45

• • • • • • • • .• 7. 2

where barium carbonate activity is expressed in dpm and barium carbonate
ma s sis i n mg.
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7.4

CALCULATIONS

The graph of glucose SA (dpm/mg) against time (h) was plotted for each
animal and a single exponential equation was fitted, using the OPTIMIZE
function of GENSTAT V. The fitted equation is given by
SA

SAp x (l-exp(-r.t))

=

· . . . . . . . .. 7.3

The parameters defining the curve are r, the rate constant for the rise
to plateau, and SAp, the plateau specific activity (Shipley and Clark,
1972). Where the rise to plateau was not adequately defined, the rate
constant could not be determined. The plateau SA was then calculated as
the mean of the specific activities for the samples taken over the last
two hours of the infusion. Plots of the plasma glucose concentration
during the infusion against time were also drawn as a check for steady
state conditions. The plateau SA of CO 2 was calculated as the mean of
the CO 2 SA measurements made during the last part of the infusion.
The time (T95: in hours) to reach 95% of the plateau for the glucose SA
was calculated as
T95

=

-Ln 0.05

• . • • • • • • •• 7. 4

r

The irreversible loss of glucose (IL:
IL

=

Infusion Rate
SAp

in mg/min) was calculated as

x 2.502

· • . • • • • • •. 7. 5

The proportion of CO 2 derived from glucose (%) was calculated as
CO 2 from glucose

=

Plateau SA of CO 2

Plateau-SA-of-glucose

x 100

• • . . . . • . •• 7.6

The plasma glucose concentration (mg/dl) was calculated from the glucose
concentration in the deproteinised plasma (mg/ml).
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7.5

RESULTS

7.5.1

First Trial

Estimates of glucose IL were made on 6 Suckling lambs and 8 Ruminant
lambs in a joint experiment with J.M.Munro (Munro, 1982). The lambs
ranged in weight from 8 to 20kg and in age from 10 to 24 weeks. However,
comparisons on the basis of age were not attempted, due to the problems
encountered with the indoor feeding. Values of glucose and CO 2 SA were
determined only from samples taken over the last two hours of the
infusion, by which time the plateau SA should have been attained.
Expressed on a metabolic empty bodyweight basis, the Ruminant lambs had a
significantly higher mean glucose IL rate than the Suckling lambs (Table
7.1). In the Ruminant lambs IL tended to increase with empty bodyweight
(r = 0.763; P<0.05) though no correlation was seen with intake. In the
Suckling lambs a strong correlation was found between IL rate and intake
over the course of the infusion, expressed as lactose (mg/min) by
assuming the lactose content of milk to be 4.8%:
GER

=

; SD

-9.80

+

7.7

1.22 Lactose intake

r

=

0.998; P<O.Ol

• • • •• 7.7

0.19

While the slope of this line indicated that the lactose intake was
insufficient to account for the glucose uptake, the points lay very close
to the line of equality of GER with intake. The range of intakes was
limited (Figure 7.2a).
The contribution of glucose to CO 2 was significantly lower in the
Ruminant lambs than in the Suckling lambs (Table 7.1). In neither group
did this contribution change with growth.

TABLE 7.1
Parameters (means

±

SE) of glucose metabolism in the First trial

=========================================================================

Ruminant

Suckling

=========================================================================

Irreversible Loss (mg/min/mW)

7.92

±

0.53 a

5.85

±

0.47 b

CO 2 from glucose (%)

19.4

±

2.3

28.3

±

2.8

a

b

=========================================================================

a, b - parameters are significantly different (P<0.05)
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TABLE 7.2
Parameters (means

±

SE) of glucose metabolism in the Second trial

=========================================================================

Ruminant

Suckling

=========================================================================

I rrevers i b1e Loss (mg/mi n/mW)
Glucose concentration (mg/dl)
Insulin concentration (~U/ml )
CO 2 from glucose (%)

8.75
78.6
2.0

10.53
113.0
7.7

±

±

0.34 a
3.0 c
0.2 c

±

18.8

±

1.1

41. 9

±

±

c

±
±

0.58
6.6
1.4
2.1

b
d
d
d

=========================================================================

Parameters are significantly different, a, b -

7.5.2

(P<0.05), c, d - (P<O.Ol)

Second Trial

A total of 24 lambs were successfully infused, 13 from the Grass group
and 11 from the Milk group. Individual results for lambs in each group
are given in Appendix E.
7.5.2.1

Achievement of steady state

Plasma glucose levels were very much more stable in the Ruminant lambs
(mean CV of 7.0%) than in the Suckling lambs (mean CV of 15.2%). The
greater variability in the Suckling lambs can probably be attributed to
the feeding during the infusion. Despite attempts to minimise such
effects, by feeding the normal ration in a number of small amounts,
plasma glucose tended to fluctuate, as might be expected from the
absorption of lactose from the gut with concomitant release of insulin
(Munro, 1982). Infusions where the CV for plasma glucose was greater
than 20% were not included in the analysis. Examples of plots of the SA
of glucose and CO 2 against time for each diet, together with the
corresponding plasma glucose values, can be seen in Figure 7.1. The
figure illustrates the difference in stability of both glucose level and
SA typical of Suckling and Ruminant lambs.
7.5.2.2

Glucose concentration

The mean plasma glucose concentration was significantly higher in the
Suckling lambs than in the Ruminant lambs (Table 7.2). The concentration
tended to be higher in the eight week Ruminant lambs (see Chapter 5) but
the correlation with age and bodyweight was not significant. IL rate was
not related to glucose level in either group.
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FIGURE 7.1
Constant infusion of [U-C14]glucose into lambs. Glucose and CO-2
s~ecific activity and glucose concentration during the infusion for
a Lamb 405 (Ruminant)
b Lamb 392 (Suckling)
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7.S.2.3

Irreversible loss rates

The mean glucose IL rates in the Suckling lambs were slightly higher than
in the Ruminant lambs (P<O.OS) when compared on a metabolic empty
bodyweight basis (Table 7.2). Expressed in this way there were no
changes in IL with age.
For the Ruminant lambs, there was a trend for IL to increase with age
(P<O.OS), intake (P<O.OS) and EBW (0.OS<P<0.1). The correlation between
IL and the average daily OM intake (kgOM/d) for the week prior to the
infusion is shown in Figure 7.3a, with a regression line:

= 44.1 + 28.3 OM intake r = 0.S70; P<O.OS

GER
SD

I

• . . • . . . . •. 7.8

9.5

In the Suckling lambs, glucose turnover was significantly correlated with
both age, EBW and the intake over the period of the infusion. However,
multiple regression of IL on these three covariates showed that only the
increase of IL with intake was significant (Figure 7.2b). The regression
for GER against intake, expressed as lactose (calculated as before), was

= 41.2 + 0.616 Lactose intake r = 0.77S; P<0.01

GER
SD

15.7

• • • • • • • • •• 7. 9

·0.168

While the correlation was high, some scatter may have been caused by a
failure of a number of the lambs to maintain a uniform intake. Towards
the end of the infusion period some animals did not drink all the milk
offered them, and this could have had the effect of lowering the entry
rate. The average lactose intake would then be too high, and the
regression line would be pulled down. Even so, glucose IL was generally
higher than the lactose intake, indicating that milk intake was
insufficient to explain the glucose entry rate.
In neither group was a correlation found between IL rate and growth rate.
7.S.2.4

Proportion of CO 2 derived from glucose

The mean contribution of glucose to CO 2 was significantly lower in the
Ruminant lambs than in the Suckling lambs (Table 7.2). In both groups
there was a negative correlation between this contribution and age, EBW
or intake. For the Rumi nant lambs the proport ion of CO 2 deri ved from
glucose was higher at week 8 than for the rest of the trial (Figure
7.3b). In the Suckling lambs there was a highly significant decrease
with age (r = -0.866; P<0.01)(Figure 7.3b).
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FIGURE 7.2
Glucose entry rate plotted as a function of lactose intake for
suckling lambs in the First and Second trials
~)

100

-c

E:

........

a

E:

..-CJCD
c..

::0

..-cc..
CD

I

I

I

First

trJ.~1

I

,

I

,

,

I

I

I-

-

80

I-

-

70

r-

-

r-

-.

60 ..

/

50 ..
40 "-

0
0

30 -

C,.!)

20 -

:J

I

90

CD

(XI

,

-

-

10 ~

0

0

L

10

1

20

_1

J

I

30

40

I

50

L~ctose .lnt~ke

b) Second

160

,

I

I

t

60
70
(Plg/Pl.ln)

t

I

80

I

90

100

Tr.l~1

140

c

S 120
€:

........

a

~ 100

..-CDCJ
c..

::0

..-c
(..

CD
CD

80
60

(XI

0
0
j

C,.!)

40
20
0

0

20

40

60

80

100

120

140

160

137

7.5.2.5

Insulin concentration

Insulin concentrations were not measured during the infusion. However,
fasting plasma insulin concentrations, taken from the weekly samples for
the previous four weeks (Chapter 5), were significantly higher in the
Suckling lambs than in the Ruminant lambs (Table 7.2).
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FIGURE 7.3
a) GER plotted as a function of mean daily DM intake in the Ruminant
lambs in the second trial.
b) The proportion of blood CO-2 derived from glucose in the Suckling
and Ruminant lambs in the second trial.
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7.6
7.6.1

DISCUSSION
Validity Of Method

The constant infusion technique used in this work requires the glucose
system to be at a steady state, and the glucose SA to be homogeneous
throughout the sampled pool. The latter assumption has been verified for
the fed ruminant by the demonstration that the SA of glucose in carotid,
jugular and portal blood are identical during the continuous infusion of
[U-14C]glucose in fed sheep (Reilly and Ford, 1971). Hence there is
adequate mixing of glucose in the blood. Steady state conditions were
verified for the Ruminant ·lambs in the present study by the demonstration
that plasma glucose levels were quite stable over the period of the
i nfus ion.
The situation ;s not so straightforward in fed non-ruminants. In any
animal in which glucose is being absorbed from the small intestine,
dietary glucose will mix with labelled plasma glucose in the portal vein
and will lower the gl ucose SA at that poi nt. In the adult monogastric an
appreciable proportion of this glucose is immediately taken up by the
liver (Bergman, 1973). Therefore a major outflow from the plasma pool
will occur ~t a lower glucose SA than is assumed 9Y jugular sampling of
blood, and the dietary glucose will not be able to mix with the rest of
the plasma glucose pool. The plateau SA used in Equation 7.5 will be an
overestimate of the true plateau value, and hence the calculated IL rate
will be too low. Rapid hepatic uptake of glucose derived from the diet
will underestimate glucose turnover, and the method fails (Linzell and
Annison, 1975).
If the liver in the milk-fed lamb is behaving similarly, then the results
obtained in the fed state would be invalid. The question to be decided
is whether the liver in the fed suckling lamb is taking up glucose from
the portal vein at a rate fast enough to cause significant error, or
whether it is releasing glucose. This question cannot yet be answered
directly, but there are a number of pieces of evidence which indicate
that, though a monogastric, the suckling lamb has a response closer to
that of a ruminant.
Some inferences can be drawn from the paper by Ballard et ~ (1969) and
the present observations as to the likelihood of rapid hepatic uptake of
absorbed dietary glucose. Such uptake depends partly on the rate of
phosphorylation of glucose inside the hepatocyte. Monogastrics on high
carbohydrate diets possess an adaptive kinase, glucokinase which enables
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a rapid glucose uptake. It is not found in young suckling lambs or
ruminant sheep, and only appears in monogastrics after weaning. If the
hepatic uptake of glucose in older suckling lambs follows this pattern,
it will be restricted by the non-adaptive kinase, hexokinase. In that
case, the rate of uptake might well be too low to cause serious errors in
IL measurements in the fed state. Moreover, if such an error was present
the lactose intake would be greater than the IL rate. This was not
observed.
In an investigation in new-born lambs, Cowett et ~ (1978) demonstrated
that endogenous glucose production continues in the face of quite high
rates of glucose infusion. In ruminant sheep aged five months a rate of
5.7mg/min/kg was sufficient to reduce endogenous glucose production
significantly. By contrast, 21.7mg/min/kg had to be infused in the
newborn lambs to get the same effect. Extension to the Suckling lambs in
this study would suggest that the lactose intake rates (8-9mg/min/kg)
were not sufficiently high to turn off endogenous glucose production. If
so, the lactose intake would not be expected to account for all of the
GER. GER was higher than lactose intake in the second trial, though in
the first, with a smaller range of intakes, lactose intake was equal to
glucose turnover.
It is concluded that the method is valid in fed suckling lambs and gives
some support to the hypothesis that glucose production is continuous in
milk-fed as well as in weaned lambs.
7.6.2

Glucose Turnover

The glucose kinetic parameters measured in this study are in good
agreement with previous reports for suckling and ruminating lambs in the
fed state, despite differences in methods and physiological condition of
the animals (Chapter 2, Table 2.2). Glucose turnover measurements have
generally been expressed relative to liveweight (eg White and Leng, 1980)
but if comparisons are to be made between pre- and post-weaning ruminants
the effect of gut fill should be considered (Chapter 4). Expression of
results for fed ruminant lambs on an empty bodyweght basis could increase
their relative glucose turnover rates by up to 20% (Muramatsu et ~,
1974).
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When glucose turnover was expressed relative to metabolic empty
bodyweight, differences were found between the first and second trials.
In the first trial, Ruminant lambs had higher glucose turnover rates than
the Suckling lambs, while in the second trial this result was reversed.
The IL rates were also higher overall in the second trial than in the
first. It seems likely that these differences can be explained solely on
the basis of intake.
Strong associations were seen in both trials between lactose intake and
glucose turnover in the Suckling lambs (Figure 7.2), confirming the
conjecture of White and Le,ng (1980) that the rate of IL of glucose in
milk-fed lambs reflects the lactose intake. Milk intakes were generally
higher in the second trial than the first, hence a higher IL rate would
be expected.
Intakes in the Ruminant lambs were also higher in the second year, and
only in this trial was IL correlated with OM intake. Associations have
been noted between these variables by several authors (Judson and Leng,
1968; Lindsay, 1970; Leng, 1970; Kempton et ~,1978). Leng (1970)
commented that "the glucose entry rates reported for feeding animals are
largely a product of the food intake". It seems likely that the higher
intakes in the second trial were responsible for the raised IL rate.
The dependence of IL rates on intake necessitates a comparison of the
groups on some common dietary basis. Expressed as ME/d/mW, intakes over
the previous 30 hours tended to be slightly higher in the Milk group than
the Grass group in the second trial, but these differences were not
significant. Control of intake was not successful in the first trial and
intakes may well have been different between the groups. It would
therefore appear that Suckling and Ruminant lambs have similar IL rates
at the same ME intake and empty bodyweight.
The plasma glucose concentration was not related to the IL rate in either
group, as also reported by \~hite and Leng (1980), and despite previous
positive findings in ruminants (Bergman, 1973). An association between
level and entry rate might be expected in the short term. Increases in
plasma glucose will be accompanied by changes in various hormone levels,
particularly insulin, glucagon and growth hormone, which will in turn
alter the rate of glucose disposal (Bassett, 1981; McDowell,1983). In
the long term however, the accuracy of regulation of the glucose level is
likely to be such as to obscure changes in the glucose flux.
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7.6.3

Glucose Availability

Though IL rates measured by the continuous infusion of [U- 14 C]glucose are
similar in weaned and milk-fed lambs at similar levels of intake, it is
likely that total entry rates of glucose are not. Overestimation of the
glucose plateau SA may occur by the recycling of [14C]-labelled glucose
to the plasma pool during the infusion, causing the IL rate to
underestimate the total GER. In the fed state such recycling has been
shown to be lower in weaned lambs than in milk-fed lambs, by 11-18% of
the total GER compared with 24-31% (Muramatsu et ~, 1974; White and
Leng, 1980). Hence the tQtal GER in the Suckling lambs is likely to be
slightly greater than in the Ruminant lambs and this may have
consequences for the glucose availability to the animal.
However, the meaning of this apparent short term recycling is unclear.
If regarded as a response to glucose shortage, increasing for instance
the resynthesis of glucose from precursors such as lactate via the Cori
cycle (Warnes ~~, 1977a), then it is odd that recycling should be
higher in the suckling lamb when fed than when fasted. The opposite
would be expected, as is found in the ruminant lamb, which has a higher
resynthesis rate in the postabsorptive state (White and Leng, 1980).
Though hepatic glucose production could still be occurring in the
milk-fed lamb (Cowett et ~, 1978), it is unlikely that short term
recycling would be greater than in the fasted state.
Alternatively, the increased recycling in milk-fed lambs could be
artifactual. Even when glucose and insulin levels are high, and
endogenous glucose production low, crossover of label from [14C]1~ctate
to glucose persists in newborn lambs, a finding attributed to futile
cycling (Susa et ~,1979). White and Leng (1980) used [2- 3H]glucose as
a tracer, but since the labelled hydrogen atom ~/ill be lost at the
phosphohexose isomerase reaction an unrealistic estimate of the GER will
be made if futile cycling is taking place in the liver (Katz, 1979).
Another possibility, suggested by White and Leng (1980), is that tracer
glucose could be exchanging with the terminal units of glycogen. This
would increase the loss of tracer from the system, causing a high GER
measurement without increasing actual glucose production.
Therefore the IL rates measured in this study may well give a reasonable
indication of glucose availability. In that case it is likely that there
is no important difference in availability between the Suckling and the
Ruminant lamb in the fed state. Since negligible glucose is absorbed
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from the di et in weaned 1ambs, the gl ucose entry rate provi des an
accurate estimate of the rate of gluconeogenesis (Lindsay, 1970). In
conclusion, the ruminant lamb seems to be able to synthesize as much
glucose on a herbage diet as the suckling lamb absorbs and synthesizes
from mil k.
7.6.4

Glucose Oxidation

If, as discussed above, glucose availability is similar in Ruminant and
Suckling lambs, then attention naturally turns to the metabolic use to
which it is put. Some attempt was made to investigate this in the
present study, by measuring the proportion of CO 2 derived from glucose.
Differences were found between the two diets (19.6% grass, 28.3% milk in
the first trial, 18.8% and 41.9% in the second) but they require careful
i nterpretat ion.
Comparison of these proportions is complicated by the influence of the
rumen, which is an extra source of CO 2 in the Ruminant lambs. In any
animal it is likely that the plateau SA of CO 2 gives an underestimate of
the proportion derived from glucose during a constant infusion of
[U_ 14 C]glucose (Equation 7.6) due to exchange rea~tions (Leng, 1970;
Katz, 1979). Some CO 2 will be transferred by these reactions into other
pools, such as bone or glucose, but in a ruminant lamb equilibration of
blood CO 2 with C02 produced in the rumen will also take place (Annison et
~, 1967).
In feeding sheep Annison et ~ (1967) calculated that 15% of
venous CO 2 was derived from ruminal fermentation. This will cause a more
serious underestimate of the CO 2 plateau SA in the Ruminant lambs than in
the Suckling lambs. The difference between the two groups is therefore
likely to be smaller than was observed, but perhaps not eliminated.
The proportion of GER that is oxidised can be calculated from the
proportion of C02 derived from glucose, if the C02 production rate is
known. This was not measured in the present study, so conclusions about
the difference in the utilisation of glucose between the two groups can
only be made on the basis of assumptions about the difference in CO 2
product ion rate.
Mercer and Prendergast (1982) have shown that the entry rate of CO 2
decreases by 36% over the weaning period in lambs presented with similar
amounts of dietary ME. The measurements were apparently made in the
post-absorptive state, though the glucose entry rates seemed more
characteristic of fed than fasted lambs. The CO 2 production rates in the
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weaned lambs were similar to those reported by Annison et ~ (1967) for
feeding sheep. Therefore, though the diets are not strictly comparable
(calf weaner pellets and lucerne chaff, as opposed to fresh cut herbage
in this study), as an approximation it would at least seem unlikely that
CO 2 production in the Ruminant lambs would exceed that in the Suckling
lambs. In order for the proportion of the glucose producton rate that is
oxidised to be the same on both diets, the CO 2 production rate in the
Ruminant lambs would need to be twice that in the Suckling lambs.
Estimates of the proportion of CO 2 derived from glucose in ruminants vary
from 4-20% (Leng, 1970), and this represents 30-35% of glucose
production. If the foregoing assumptions are valid, the amount of
glucose oxidised in the Suckling lamb is likely to be higher than this,
perhaps accounting for more than 50% of the glucose entry rate. This
figure is comparable to that found in the foetal lamb (Girard et ~,
1979). The rate of glucose oxidation in ruminants is also low by
comparison with monogastrics (Kronfeld and Van Soest, 1976).
The difference in oxidation implies that the utilisation of glucose must
differ markedly between the Ruminant and the Suckling groups. A
reduction in glucose oxidation may be advantageous to the ruminant for
two reasons. Firstly it could reduce the demand for gluconeogenesis if
the supply of substrates is limiting. The demonstration that the
provision of extra glucose by infusion is accompanied by an increase in
oxidation (Ballard ~~, 1972) tends to support this suggestion.
Secondly, the amount of glucose available for synthetic purposes may be
increased by this means, though these purposes have yet to be described.
Further discussion of the importance of glucose to the energy metabolism
of ruminant and suckling lambs is left until Chapter 9.
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CHAPTER 8
PROTEIN TURNOVER IN SUCKLING AND RUMINATING LAMBS

8.1

INTRODUCTION

The measurement of protein turnover in the whole animal has become of
particular interest since the recognition that this turnover
contributes
"significantly to the energy requirements of growth (Millward ~~,
1976b). Methods for the ~ vivo measurement of synthesis in the whole
body and in individual tissues have been reviewed by Millward et ~
(1976a), Zak et ~ (1979), Garlick (1980a, 1980b), Waterlow (1980) and
especially Waterlow et ~ (1978). Reviews of these techniques and their
associated problems with particular reference to farm animals have been
presented by Buttery (1980, 1981a, 1981b) and by workers at the Rowett
Research Institute (Lobley and Harris, 1977; Reeds et ~,1979; Lobley
and Reeds, 1980; Reeds and Lobley, 1980).
At present the continuous infusion technique is the most practical method
for the measurement of whole body protein synthesis in large animals ~
vivo. WBPS is calculated from the entry rate of an amino acid and the
proportion of the AA in whole body protein. Localised recycling of AA
within tissues is not detected by this method, and the conversion of the
AA to other products is erroneously attributed to synthesis. Rates of
protein synthesis in individual tissues may also be calculated by
measuring the incorporation of label into tissue protein at the end of
the infusion, but these too are subject to uncertainty associated with
intracellular recycling and assumptions as to the precursor pool for
protein synthesis. The large dose technique has been introduced to
overcome this difficulty in tissues of high turnover rate, but involves
the injection of large amounts of labelled AA and the sampling of tissues
at intervals thereafter (Garlick et~, 1980). These requirements make
its application in sheep impractical.
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8.2

METHOD

The treatment of the experimental animals is described in Chapter 3.
Isotope infusion procedures were performed immediately prior to slaughter
in order to determine rates of whole body protein turnover and rates of
protein synthesis in indvidual tissues.
Since all measurements were made after the weaning period, the animals in
the Grass group are also referred to as the Ruminant lambs. Those in the
Milk group are similarly referred to as the Suckling lambs.
8.2.1

Infusion Procedure.

The infusion was performed concurrently with the infusion of [U-14CJglucose. These procedures are therefore the same as those described in
Chapter 7.
Six days before the lambs were due to be infused they were transferred to
metabolism cages and, in the second trial, nitrogen balance trials were
started.
Three days before the infusion, catheters were inserted in both jugular
veins. The infusion catheter (18G) was placed in the right jugular to
the heart, a distance of approximately 40cm. The sampling catheter (14G)
was placed in the left jugular to a distance of 20cm. Care was taken
with the positioning of the catheters to preclude the possiblity of
sampling the infusate directly, and their positions were verified at
slaughter. The catheters were secured to the skin at the point of entry
with a suture, then brought round to the back of the neck, buried in the
wool, and held in place with elasticised netting (Setonet Products Ltd,
UK). They were flushed daily with citrate saline (38g/1 trisodium
citrate in 9g NaCl/l). The skin over the sites at which muscle samples
would subsequently be taken was shaved.
The animals were fed their usual amounts of herbage or milk, but in
smaller portions at shorter intervals to approximate continuous feeding.
8.2.2

Preparation Of Infusate

The infusate contained approximately 12MBq/ml L-[side chain-2,3- 3HJtyrosine (592000MBq/~nol; batch no. 25) made up in saline (9g NaCl/l)
and was infused at a rate of 20ml/h. Isotopes were obtained from The
Radiochemical Centre, Amersham, England.
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A sample of the infusate was retained for specific activity analysis.
The total amount of solution infused was measured by weighing the bottles
containing the infusate before and after the infusion.
8.2.3

Blood And Tissue Sampling

The infusions were started at half-hourly intervals, beginning at 0730h
and continued for up to 7.5h. Blood samples (lOml) were collected at the
following times: 0,0.5,1.0, 1.5,2.0,3.0,4.0,5.0,5.5,6.0,6.5,
7.0, 7.5h. Samples were kept on ice in tubes containing sodium fluoride
(25mg) and potassium oxal~te (20mg), the packed cell volume was
determined and the plasma collected by centrifugation (1000 x g for 15
minutes at 5°C). They were then stored at -20°C before analysis for
tyrosine specific activity.
Before the end of the infusion (between 6 and 7.5 h) the lambs were
anaesthetized with sodium pentobarbitone (Nembutal, Abbott Laboratories,
Australia) and samples (ca. 109) of skeletal muscle, and of the overlying
skin, were taken from three sites; infraspinatus, longissimus dorsi and
biceps femoris.
The infusion was then stopped and the lamb was killed by exsanguination.
The body cavity was opened at once and samples of liver, heart, rumen and
small intestine were removed, within five minutes of the time of
slaughter. Tissues were frozen immediately in liquid nitrogen ,and stored
at -20°C.
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8.3

ANALYSES

The specific activity of free or bound tyrosine in plasma and tissues was
determined by the method of Garlick and Marshal (1972), with some
modifications.
In this method, tyrosine is specifically decarboxylated to tyramine with
L-tyrosine decarboxylase (E.C.4.1.1.25). The tyramine is then
selectively extracted, via ethyl acetate, into dilute sulphuric acid,
counted and assayed. The major advantages of the method are its speed
and its specificity for L-tyrosine, compared with chromatographic
methods.
In initial experiments it was found that recovery of tyramine was often
very low, at 15-30% of the original sample, a feature also noted by
Schaefer and Krishnamurti (1982b). The extraction system was therefore
changed to 3-methyl-l-butanol followed by dilute hydrochloric acid, as
described by Udenfriend and Cooper (1952). The modified procedure gave
recoveries which were consistently greater than 50%, and usually up to
80%, without the necessity for repeated extraction, and retained the
ability of the original method to exclude non-tyrosine radioactivity.
Plasma and tissue samples were prepared by the method described by
Nicholas et ~ (1977). Tyrosine and tyramine were analysed
fluorimetrically by the method of Waalkes and Udenfriend (1957).
8.3.1
8.3.1.1

Preparation Of Samples
Plasma free tyrosine

'4.0ml
A sample of plasma (3.0ml) was mixed with perchloric acid solution
(0.83M: 7.0ml of 70% w/w perchloric acid diluted to 100.0ml) in a
plastic centrifuge tube (10ml). The mixture was then centrifuged (3000 x
g for 15mins at 5°C). An aliquot of the supernatant (5.0ml) was
transferred to another centrifuge tube and neutra 1i sed to pH 5 by the
addition of a measured amount of potassium hydroxide solution (2.Hl).
The solution was left at 5°C for 30 minutes to allow potassium
perchlorate to precipitate, and then centrifuged as before. Aliquots of
this supernatant (the deproteinised, neutralised plasma) were taken for
the measurement of plasma free tyrosine level (l.Oml) and specific
act i vity (3.0ml).

149
8.3.1.2

Tissue free and bound tyrosine

A frozen sample of tissue (5g) was minced finely and weighed into a
centrifuge tube (50ml) containing 3.0ml of frozen perchloric acid
solution (3.0M). Ice-cold distilled water (12.0ml) was added and the
tissue was homogenized (Polytron PT10/35, Kinematica GmbH, Lucerne,
Switzerland) for one minute. The homogenizer probe was rinsed with 5.0ml
of perchloric acid solution (0.3M) into a fresh centrifuge tube and any
adhering pieces of tissue were rehomogenised briefly. The contents of
the second tube were added to the first and the combined tissue
homogenates were centrifuged (3000 x g for 10 minutes at 5°C). After
removal of the supernatant, the protein was washed with 10ml of
perchloric acid solution (0.3M) and re-centrifuged, this being performed
twice in all.
8.3.1.3

Intracellular material

The supernatants from the three centrifugations, containing the tissue
free amino acids, were combined and neutralised in the same manner as the
plasma samples, by the addition of potassium hydroxide (5M), followed by
centrifugation. The volume was reduced, either by freeze-drying or by
evaporation under reduced pressure. The residue was then reconstituted
in water, centrifuged to remove remaining potassium perchlorate, and made
up to 10.0ml. Aliquots were taken for the determination of tissue free
tyrosine level and specific activity.
8.3.1.4

Tissue protein

The protein precipitate from the initial homogenisation was subjected to
a series of washes. After each step the material was centrifuged (3000 x
g for 10 minutes at 15°C) and the wash was discarded. The sequence of
washes was as follows:
1.

Cold (5°C) trichloroacetic acid (100g/1) for two washes of 20ml.

2.

Potass i um acetate solution (10g/1: 10.0g potassium acetate
dissolved in 50m 1 water and made up to 1. 01 with absolute
ethanol ), one wash of 20ml, standing for 2h before
centri fugat ion.

150
3.

Warm (40°C) chloroform/methanol/ether (1:2:2, v/v/v), one wash
of 20ml, standing for 30 minutes before centrifugation.

4.

Diethyl ether, two washes of 20ml.

The protein was then dried at 40°C for 12h, weighed and finely ground
with a pestle and mortar.
8.3.1.5

Protein hydrolysis

To an accurately weighed sample of the dried, purified protein (lOOmg) in
a screw-cap test tube (50ml) was added 25ml of hydrochloric acid (6M).
The tube was purged of oxygen, sealed and heated to 110°C for 18h. After
removal of the acid under reduced pressure the residue was dissolved in
water and neutralised with potassium hydroxide (1M) to pH 5-6. After
filtration (Whatman No 1), the hydrolysate was made up to lO.Oml.
Aliquots were taken for the determination of the level and specific
activity of tissue bound tyrosine.
8.3.2

Tyrosine Specific Activity Determination

Samples of deproteinised plasma (3.0ml), intracellular material (3.0ml)
or protein hydrolysate (5.0ml) were pipetted into glass stoppered test
tubes (35ml). To each was added 2.0ml of citrate buffer (0.5M, pH 5.5)
containing a suspension of L-tyrosine decarboxylase (Sigma Chemical Co.,
St. Louis, Miss.) at a concentration of 0.5mg/ml. The tubes were
incubated for one hour at 39°C. Solid sodium chloride (1g) and sodium
carbonate (1g) were then added to each tube, followed by 10ml of
3-methyl-1-butanol, and the contents of the tubes were mixed by shaking
for 15 minutes. After centrifugation (150 x g for 5 minutes) the top,
3-methyl-1-butanol, layer was transferred to a fresh test tube, and 5ml
of chloroform and 4ml dilute hydrochloric acid (O.2M) were added. The
tubes were shaken and centrifuged as before, and the top, hydrochloric
acid, layer was carefully collected. Aliquots of this layer, the enzyme
treated material, were taken for liquid scintillation counting and for
tyrosine analysis. Specific activity was calculated as dpm/~g tyrosine.
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8.3.2.1

Counting

A 1.0ml sample of the enzyme treated material was mixed with 15.0ml of
Triton/Toluene scintillation cocktail, counted and corrected for
quenching (see Appendix B).
8.3.3
8.3.3.1

Tyrosine Determination
Samples

Tyrosine or tyramine concentrations in plasma or intracellular material,
both untreated and enzyme ·treated, generally lay in the range 1-10~g/ml.
The protein hydrolysates were more concentrated and had to be diluted
(25~1 made up to 1.0ml) before analysis.
Interfering substances were present in the intracellular material from
the liver and rumen tissue, so reagent blanks were included for measurement of tissue tyrosine levels, but were not necessa~ for the enzymetreated samples. Both tyrosine and tyramine were measured against
tyrosine standards.
8.3.3.2

Reagents

Tyrosine standards in the range 1.0-10.0 ~g/ml were prepared for each
analysis from frozen aliquots of stock tyrosine solution (1.000g/1).
The colour reagent was prepared by dissolving 1-nitroso-2-naphthol
(1.00g)in 95% (v/v) ethanol, making the volume up to 1.0 1, filtering
(Whatman 541) into a brown glass bottle and storing at 5°C in the dark.
The working nitrite reagent was prepared afresh for each determination.
Stock solutions of sodium nitrite solution (25.0g/1: stored at 5°C) and
nitric acid (2.6M) were made up in advance. For the working reagent,
stock nitrite (2.0ml) was diluted to 100.0ml with stock nitric acid.
8.3.3.3

Method

Aliquots of samples and standards (1.0ml) were pipetted into glass
stoppered test tubes (20ml). To all tubes except the reagent blanks (if
any) 2.0ml of the colour reagent was added; to the blanks, 2.0ml of 95%
v/v ethanol was added. Nitrite reagent (2.0ml) and water (2.0ml) were
added, then the tubes were shaken and set to incubate for 30 minutes in a
waterbath at 55°C in darkness. After cooling, 1,2-dichloroethane (10ml)
was dispensed into all of the tubes, which were then shaken thoroughly
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and left to settle. The top layers were transferred into small test
tubes (5ml) and the fluorescence was measured. Two fluorometers were
used: initially a Turner Model 110 (G.K.Turner Associates, Palo Alto,
Calif.) using a 110-816 + 110-813 primary filter and a 110-818 secondary
filter, and later a Shimadzu spectrofluorophotometer, Model RF-510
(Shimadzu Corporation, Kyoto, Japan), exciting at 468nm and reading at
554nm.
8.3.4

Performance Of Analytical Procedures

Within assay coefficients of variation were low, generally less than 3%
at 5~g/ml. Replication samples were included in all assays, coefficient
of variation 5%. Samples were adjusted to the mean replication level.
In addition, the 10~g/ml standard from each assay was included in the
following one as a check.
A replication sample spiked with labelled tyrosine was carried through
each specific activity determination (enzyme treatment, liquid scintillation counting and tyrosine assay). The coefficient of variation for
21 analyses was 8%.
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8.4

CALCULATIONS

The plot of SA of tyrosine (dpmh.lg) against time (h) \'Jas graphed for each
animal and a single exponential function was fitted, using the OPTIMIZE
function of GENSTAT V. The fitted equation is given by
SA

SAp

=

x

(l-exp(-Ap.t))

. . • • • • • • •• 8. 1

The parameters defining the curve are AP (/h), the rate constant for the
rise to plateau, and SAp (dpm/~g), the plateau specific activity (Shipley
and Clark, 1972). Where the rise to plateau was not adequately defined,
the rate constant could not be determined. The plateau SA was then
calculated as the mean of the specific activities for the samples taken
over the last two hours of the infusion. Plots of the plasma tyrosine
concentration during the infusion were also drawn as a check for steady
state conditions.
The Tyrosine flux (TF:
TF

Infusion Rate
SAp x 1000

=

8.4.1

in mg/min) was calculated as
. • . • • . . • .• 8.2

Whole Body Protein Synthesis

The rate of whole body protein synthesis (WBPS; in g/d) was calculated
from the tyrosine flux by taking the tyrosine content of body protein to
be 2.6%, as determined from the tissue analysis. Actual measurements of
the tyrosine content of protein in various tissues showed that tyrosine
formed an average of 2.8% of muscle, heart, liver and small intestine
protein, but was markedly lower in skin and rumen protein at 2.2%.
WBPS

8.4.2

=

8.3

TF x 1.44 x 38.5

Tissue Protein Fractional Synthetic Rates

Fractional synthetic rates (FSR) in the tissues were calculated from the
formula
Sb
Si

Ai
Ai - Ks

-------

1 - exp(-Ks.t)
x -------------1 - exp(-Ai.t)

al (1973).
et as described by Garlick -

Ks
Ai-Ks

. . . . . . . . .. 8.4
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Sb and Si are the specific activities of bound and free tissue tyrosine
(dpm/pg), Ai is the rate constant for the rise to plateau of tissue free
tyrosine specific activity (/d), t is the time of sampling during the
infusion (d), and Ks is the FSR (/d). The intracellular rate constant,
Ai, was not determined, so approximations were made as follows (Garlick
rt~, 1973).
In muscle and heart, slowly turning over tissues, Ai was approximated by
RKs, where R is the concentration ratio of bound tyrosine to free
tyrosine in the tissue. Equation 8.4 then reduces to
Sb
Si

=

1 - exp,( -Ks. t)
x ---------------1 - exp(-R.Ks.t)
R- 1

R

1

R- 1

• . • • • • • • •• 8. 5

The calculation of Ks is insensitive to the value of R, so an average R
va 1ue was used for each tissue (Waterlow et ~, 1978) There were no
significant changes in R with age or diet, but R was greater in muscle
than heart. Therefore a mean value of 414 was used for muscle, and 358
for heart.
In faster turning over tissues, skin, liver, rumen and small intestine,
Ai was approximated by Ap, the plasma rate consta,nt, in Equation 8.4.
Once again, Ap was averaged over all animals since there were no
significant differences with age or diet, to give a value of 28/d.
These calculations of FSR were made using Si, the specific activity of
free intracellular tyrosine, uncorrected for plasma trapped within the
sampled tissue. Because it is not certain that the intracellular amino
acid pool isolated by tissue homogenisation represents the precursor pool
for tRNA charging, and hence protein synthesis, the plasma specific
activity of tyrosine, Sp, was used in place of Si to derive the "minimum"
FSR (Davis et ~, 1981). For this calculation, Equation 8.6 was used for
all tissues.
Sb
Sp

Ap
Ap - Ks

1 - exp(-Ks.t}
x -------------1 - exp(-Ap.t}

Ks
Ap-Ks

. • . . . • . . .• 8.6

Since the equations cannot be rearranged to make Ks the subject, values
for Ks were calculated iteratively by means of Newton's method. The
FORTRAN subroutine written for this purpose is given in Appendix C.
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8.5

RESULTS

8.5.1

Performance Of The Constant Infusion Method

The SA of plasma tyrosine should rise quickly to a plateau when trace
amounts of radioactive tyrosine are continuously infused into an animal,
so long as the size of the plasma tyrosine pool remains constant. In
practice such a steady state, as assessed by the plasma tyrosine level,
proved difficult to achieve, particularly with milk-fed lambs.
8.5.1.1

Stability of plateaux

This difficulty is illustrated in Figure 8.1 which shows two examples of
infusions into milk-fed lambs. The upper graph (Figure 8.1a) shows the
curve fitted to the plasma tyrosine SA, given by the equation:
SA

=

1183(1-exp(-1.16t))

8.7

where the plateau SA was 1183 dpm/pg and the rate constant was 1.16 /h
(32.5 /d). Thus 95% of the plateau value was reached within 2.6h. There
were some fluctuations in the plasma tyrosine concentration throughout
the infusion and these were reflected in the tyro~ine SA. Nevertheless
the tyrosine level was relatively constant, implying that a steady state
condition had been achieved.
By contrast the lower graph (Figure 8.1b) shows that the plasma level
fell throughout the infusion, and as a result the SA continued to rise •.
Plateau was not achieved and the TF could not be calculated.
These rapid changes in tyrosine specific activity, associated with
changing plasma tyrosine levels, are not unexpected, since the plasma
pool of tyrosine is small by comparison with the intracellular pool or
the protein-bound pool (~/aterlow ~ il, 1978), and the turnover of plasma
tyrosine is rapid. Taking typical figures from these experiments, at an
empty bodyweight of 20kg, a plasma volume of 60ml/kg (Swenson, 1970) and
a plasma tyrosine level of 13.5pg/ml, the plasma pool of tyrosine would
be approximately 16mg. Thus a TF of 3.5mg/min implies a turnover rate of
about 20%/min and hence even small changes in plasma levels throughout
the experiment may be rapidly reflected in the specific activity of
tyrosine.
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FIGURE 8.1

Constant infusion of [2,3-3H]tyrosine into Suckling lambs.
Specific activity and concentration of tyrosine in plasma.
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8.5.1.2

Rate of rise to plateau

Values for the parameter AP in Equation 8.1, representing the rate constant for the rise to plateau, ranged from 20/d to 44/d with a mean of
28/d. This figure is similar to others reported for tyrosine infusions
in sheep (Bryant and Smith, 1982a, 1982b) though lO'tler than those
reported for pigs (Garlick et ~,1976). The size of the rate constant
appears to vary between species (Reeds and Lobley, 1980), but a rapid
rise to plateau relative to the length of the infusion is desirable to
minimise errors in the calculation of tissue protein synthetic rate
(Garlick, 1978).
The calculation of tissue FSR requires more extensive knowledge of the
kinetics of the precursor SA than the calculation of TF. Various
assumptions are made in order to derive equation 8.4 (Garlick et ~,
1973) but these become questionable if there are changes in tyrosine
turnover during the infusion, as indicated by changes in the plasma
tyrosine level or specific activity. For this reason animals in which a
plateau was not reached were also excluded from the tissue analysis.
In the first trial (Figure 8.1b) problems of this kind were experienced
in several infusions. In some cases this meant that the TF and WBPS
could not be determined at all, while in others the fluctuations were
such as to increase the uncertainty in the calculated rates. In the
second trial (Figure 8.la) more care was taken with feeding of the lambs
to ensure a steady state, and estimates of rates of turnover were
correspondingly more accurate. Tyrosine levels in the Ruminant group
were generally more stable than those in the Suckling group. In both
trials plasma tyrosine levels were higher in the Suckling group (Table
/

8.1) .

TABLE 8.1
Plasma tyrosine levels (pg/ml) in Ruminant and Suckling lambs (Mean

±

SE)

==============================================~======= ===================

Ruminant

Suckling

=========================================================================

First Trial
Second Tri al

11.5
10.3

±

±

0.7 a
0.4 c

16.2

±

1.6 b

13.6 ± 0.6 d

=========================================================================

Means differ significantly within trials, a, b - P<0.05, c, d - P<O.Ol
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Results From The Whole Body Measurements
8.5.2

Tyrosine Flux

In both trials tyrosine flux increased with increasing EBW for both
Ruminant and Suckling lambs. Flux was also correlated with intake in the
Ruminant lambs of the second trial.
8.5.2.1

First trial

The tyrosine flux for each animal in the first trial is shown in Appendix
E. The lambs marked with ~sterisks were omitted from the analysis since
they failed to maintain constant plasma tyrosine levels during the
infusion. Statistical analyses were handicapped by the low numbers of
1ambs, seven from the Rumi nant group and fi ve from the Suck 1i ng group.
Nevertheless, some trends were apparent.
TF increased with increasing bodyweight (Figure 8.2a) in both groups of
animals. However there were variations between lambs which could not be
accounted for on this basis alone. These may have been caused by
differences in intake and the associated growth rate. Some of the lambs
lost weight in the week prior to infusion, and tyrosine flux was lower in
these animals. However, the weight changes over one week were not large,
and confidence in the accuracy of these growth rates is correspondingly
low.
8.5.2.2

Second trial

Results for the infused lambs, including the age, mass and nitrogen
balance, are given in Appendix E. Those marked with an asterisk were not
included in the analysis. Lambs 445 and 449 did not attain plateaux in
tyrosine specific activity due to fluctuations in the tyrosine level.
Lamb 392 had an extremely high level of plasma tyrosine and a high
tyrosine flux. This result was omitted from the statistical calculations
because of its disparity with the rest of the group, though there was no
apparent reason why it should have been different.
The Suckling lambs ranged in weight from 12.7 to 24.7 kg, and were always
in positive nitrogen balance, at similar growth rates. The Ruminant
lambs were lighter, ranging from 10.3 to 19.1 kg, and two animals from
each of the 8 and 16 week ages were in negative nitrogen balance.
Comparison of the groups at the same age, empty bodyweight and growth
rate was therefore rather difficult.
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FIGURE 8.2

osine infusion in the First trial:
a Tyrosine flux plotted as a fuction of empty bodyweight
b Whole body protein synthesis plotted as a function of age
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Tyrosine flux varied
this variation, flux
intake, expressed as
results are shown in
between TF and empty
were:
Suckling
Ruminant

from 1.87 to 4.23 mg/min. To attempt to explain
was plotted against empty bodyweight and against
average gN/d for the week prior to infusion. The
Figure~.l:
Significant correlations were found
bodyweight in both groups. The regression equations

TF = 1.15
50
0.46
-0.490
TF
',5Q

_O.D4_

+

0.0951EBW

+

O.-152Em~

0.0231

r = 0.778 ; P<O.Ol
r = 0.686; P<O.Ol

8.8
8.9

i 0.049

In the Ruminant group there was also a correlation between tyrosine flux
and feed intake (Figure 8~3b), but since this was highly correlated with
empty bodyweight (r = 0.87) the two effects could not be separated. The
regression equation was:
Ruminant:

TF
so

=

1.52

+

0.0653Intake

r

=

0.794; P<O.Ol

. . • •• 8.10

0.0150

No significant correlation was found between TF and the average weekly
intake in the Suckling group.
8.5.3

Whole Body Protein Synthesis From Tyrosine Flux

WBPS merely
oxidation.
comparisons
relative to

re-expresses the tyrosine flux if no correction is made for
Therefore, since WBPS varied with EBW, and to allow
with studies in other animals, synthesis was expressed
the metabolic bodyweight (g/d/mW).

In the second trial nitrogen balances were determined over the week prior
to the infusion. These were used as covariates for WBPS, to see whether
the rate of protein synthesis in the whole body varied with the growth
rate. Rates of protein gain were also measured by comparative slaughter
(Chapter 4) at 4-weekly intervals, but these may not accurately represent
the rate of gain at the time of the infusion. In fact protein gain as
determined by comparative slaughter (Figure 4.10) did show some
correspondence with gain determined by nitrogen balance, both being
higher at 12 and 20 weeks than at 8 or 16 weeks.
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FIGURE B.3
Tyrosine nux plotted as a function of a) empty bodyweight and
b) intake for Suckling and Ruminant lambs in the Second trial.
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TABLE 8.2
Whole body protein synthesis (g/d/mW) in the first trial (Mean ± SE)
=========================================================================

Rumi nant

Suck 1i ng

=========================================================================

All lambs
WBPS

24.7

±

1.5

22.6

WBPS

26.7

±

0.6

23.7 ± 1.1

±

1.3

Growing lambs
=========================================================================

8.5.3.1

First trial

There was a slight fall in WBPS with age in both groups (Figure 8.2b),
though in neither was the regression significant. The mean WBPS rate in
the Ruminant group was slightly higher than in the Suckling group but not
significantly so (Table 8.2).
Whole body synthesis rates in lambs that had positive growth rates prior
to infusion were greater, but though once again WBPS in the Ruminant
group was greater than in the Suckling group the rates were not quite
significantly different (P=0.06).
8.5.3.2

Second trial

Whole body turnover was relatively constant in the Suckling lambs during
this trial (Table 8.3 and Figure 8.4a). Rates in the 8 week old lambs
were higher than at other ages, though the difference did not attain
significance (0.05(P(0.10). The average WBPS rate in the Ruminant group
was slightly higher than in the Suckling group. There were no
significant changes with age, but variation between animals was large.
Plotting WBPS against nitrogen balance, both expressed relative to
metabolic bodyweight, explained some of this variation, showing that
synthesis rates tended to decrease in the Ruminant group in animals with
lower nitrogen balance (Figure 8.4b). The regression equation was:
......... . 8. 11
r = 0.647; P<0.05
= 18.7 + 4.79NBAL
1.70
0.87
Nitrogen balance was weakly correlated with nitrogen intake (r = 0.641,
P<0.05).

WBPS
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FIGURE 8.4
Whole body protein synthesis plotted a s a function of a) age
and b ) nitrogen balance for Ruminant and Suckling lambs in the
Second trial.
a) Whole body proteIn synthesJ.s vs age
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TABLE 8.3
Rates of whole body protein synthesis, growth, degradation and oxidation
relative to the metabolic EBW (g/d/mW) in the second trial (Mean ± SE) •
=========================================================================

Ruminant

Suckling

=========================================================================

All lambs
WBPS
Net protein gain
Degradation
(Oxidation
Growing lambs
WBPS
Net protein gain
Degradation
(Oxidation

20.2
2.0
18.2
3.4
21.6
3.2
18.4
2.9

±

0.9
0.7

±

0.6

±

±

0.9 c
0.7

±

0.6

±

18.1
3.4
14.7
4.8
18.1
3.4
14.7
4.8

±

0.6
0.4

±

0.2)

±
±

0.6 d
0.4

±

0.2)

±

=========================================================================

c, d - means differ significantly (P<O.Ol)
In order to make comparisons between the two diet~, lambs in negative
nitrogen balance were excluded (Table 8.3). The mean nitrogen balances
of the two groups were then very similar, and there were no significant
relationships between WBPS, expressed relative to metabolic bodyweight,
and age, EBW or NBAL. WBPS in the Ruminant lambs was then significantly
greater than in the Suckling lambs. At an empty bodyv/eight of 15kg this
would imply an extra amount of synthesis of 27g/d in the Ruminant group.
The rate of nitrogen retention in the body gives a measure of the rate of
protein gain (nitrogen balance x 6.25) (Van Es, 1978). An estimate of
the protein degradation rate can therefore be made, since:
Rate of protein gain

=

Synthetic rate

Degradat i on rate

. • • .• 8.12

However, such measures of degradat i on are very sens i t i ve to errors in the
measurement of synthesis (Waterlow et ~, 1978). Taking only those
ani ma 1sin pos it i ve ni t rogen ba 1a nce, mean rates of protei n ga in vlere
similar for both groups (Table 8.3). Synthesis rates were greater in the
Ruminant group, implying that degradation was also greater. On average
the whole body synthetic rate was five times greater than the net protein
gain in the Suckling group, but seven times faster in the Ruminant group.
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TABLE 8.4
Fractional rates of protein synthesis, growth and degradation (lid)
in the whole body for lambs in the second trial (Mean ± SE)
=========================================================================

Ruminant

Suckling

=========================================================================

All lambs
•••

~

___ • ____ 0' __ • __ _

.. ",.-..--.'-.---.-,

-

~

.

_. _ .... _·T __
-_.- -- - -. -- _. - - .. -

o.

Ks
Kg
Kd
Growing lambs
Ks
Kg
Kd

6.0
0.56
5.4
6.3
0.91
5.4

±
±
±
±
±
±

0.3 a
0.21
0.3 a

5.2
0.97
4.2

±

0.3 c
0.20
0.4 a

5.2
0.97
4.2

±

±
±

±
±

0.2 b
0.12
0.2 b
0.2 d
0.12
0.2 b

=========================================================================

Means differ significantly a, b - P<0.05, c, d - P<0.01
Rates of synthesis, degradation and growth were also expressed relative
to the total protein mass, to give the whole body fractional rates
(units: lid). Since lambs on both diets contained similar amounts of
protein at the same empty bodyv/eight (Chapter 4) this method of
expression lead to the same findings as those based on the bodyweight.
Whole body fractional synthesis and degradation were significantly
greater in the Ruminant lambs (Table 8.4)
8.5.3.3

Oxidation

Oxidation of tyrosine was not measured in these tracer studies, though
this pathway of tyrosine metabolism is likely to make up a significant
proportion of the tyrosine flux. The omission of this will cause WBPS to
be overestimated. Attempts were therefore made to assess the importance
of AA oxidation in the lambs in the second trial from the urinary
excretion of nitrogen.
In non-ruminants the rate of nitrogen excretion as urea and ammonia in
urine gives a reasonable estimate of total amino acid oxidation (Reeds et
~,1978).
In the Suckling lambs the measurement of urinary nitrogen
excretion during the pre-infusion period can be used in a similar manner.
Total urinary nitrogen in the milk-fed lamb will probably not overestimate the nitrogen from urea and ammonia by much since in humans at
least these species contribute approximately 88% of this excretion
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(Eastham, 1975). This data indicated that oxidation took place of an
amount of protein equivalent to a mean of 4.8 g/d/mH, or 27% of the WBPS
calculated from the tyrosine flux (Table 8.3). The proportion was
similar for all the Suckling lambs.
The same procedure cannot strictly be followed for the Ruminant lambs,
due to the unknown proportion of excreted urea that is derived from
ruminal ammonia production. However, it will provide an upper estimate
of total AA catabolism (Lobley et ~,1980). This amounted to a mean of
8.3 g/d/mW, or 42% of \~BPS calculated from the tyrosine flux for these
lambs, but with considerable variation. Models of nitrogen metabolism in
sheep (Nolan, 1975) indic~te that for mature sheep on lucerne chaff diets
with a nitrogen intake of 20g/d, about 50% of excreted urea nitrogen is
derived from ammonia absorbed from the gut. Thus it is likely that the
rate of urinary N excretion in the Ruminant lambs is a considerable
overestimate of the tissue AA degradation rate.
A more refined calculation of the contribution of gut ammonia to urine N
was made, based on estimates of nitrogen digestion in sheep on fresh
ryegrass or clover diets (MacRae and Ulyatt, 1974). The net ammonia
absorption from the gut (gN/d) was calculated by:
Net NH3 Abs

=

NI x ADN x (Ns + Nsi + Nli)

. . . . . . . . .. 8.13

where NI is the nitrogen intake (g/d) and ADN is the proportion of
apparently digested nitrogen. Ns, Nsi and Nli are the proportions of
digested nitrogen disappearing as nitrogen from the stomachs (Ns),
ammonia-N from the small intestine (Nsi) and nitrogen from the large
intestine (Nli). The values used for Ns (0.258), Nsi (0.108) and Nli
(0.112) were calculated as the averages of the values reported by Macrae
and Ulyatt (1974) for high and low feeding regimes of IIRuanui ryegrass
and white clover. The amount of nitogen derived from oxidation of AA
within the body was then estimated as the difference between the urinary
nitrogen output and the net ammonia absorption from the gut. The mean
estimate of AA oxidation was then 3.4 g/d/mW, or 2.9 g/d/mW for lambs in
positive nitrogen balance (Table 8.3). Once again, there was
considerable variation between animals.
li
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Results From The Individual Tissue Measurements

~::...=....;~----

8.5.4

Free Tyrosine Pools

The concentrations of free tyrosine determined in the tissue homogenates
are shown in Table 8.5 for the first trial and Table 8.6 for the second,
together with the ratio of intracellular to plasma tyrosine specific
a ct i vity ( Si : Sp ) •
8.5.4.1

Free intracellular tyrosine

In both trials tissue tyrosine levels fell into three divisions with
respect to the plasma concentration (Tables 8.5 and 8.6). The lowest
concentrations were found in muscle and heart tissue, which had levels
comparable to plasma. Skin, liver and rumen levels were higher, at
200-300% of plasma, while very high levels were found in the small
intestine. Tyrosine levels in muscle were higher in the Suckling lambs
in the second trial, but there were no significant differences in other
tissues. There were no outstanding effects of age, bodyweight or growth
rate on tyrosine levels.

TABLE 8.5
Intracellular free tyrosine (Free; ~g/g tissue) and the ratio of
intracellular to plasma tyrosine specific activity (Si:Sp; %) in the
first trial - combined results of 3 lambs from each group (Mean ± SE).
=========================================================================

Tissue

Free

Si:Sp

=========================================================================

,

... L

•

_ _. , ' . _ _

~

•

_~-_

-._'.----"-- .. _-.",

--_ ...

_. __ .

, ' • • _ _ _. _

Muscles:
Biceps femoris
Longissimus dors i
Infraspinatus
Combined muscles
Heart
Skin
Rumen
Liver

15.2
12.3
14.4
14.1
18.2
20.7
26.3
34.7

±
±
±
±
±
±
±
±

2.1
1.7
3.1
1.4
6.1
1.4
4.5
4.5

48.2
47.0
47.9
47.7
56.6
33.6
34.3
8.4

±
±
±
±
±
±
±
±

3.3
3.8
4.2
2.0
5.1
2.8
4.1
1.7

=========================================================================

168

TABLE 8.6
Intracellular free tyrosine (Free; ~g/g tissue) and the ratio of
intracellular to plasma tyrosine specific activity (Si:Sp; %) in the
tissues of Ruminant and Suckling lambs in the second trial (Mean ± SE).
=========================================================================

Ruminant

Tissue

Suckling

=========================================================================

Muscles:
Biceps femori s
Longissimus dors i
I nfraspi natus

Combined muscles

Heart

Skin

Rumen

Liver

Small Intestine

Free
Si:Sp

11. 6
38.6

±

Free
Si : Sp

12.1
35.4

±

Free
Si : Sp

12.1
35.4

±

Free
Si :Sp

11. 9
36.4

±

Free
Si : Sp

11.1
37.6

±

Free
Si : Sp

26.4
25.9

±

Free
Si : Sp

23.5
21.0

±

Free
Si:Sp

27.3
9.6

±

Free
Si:Sp

54.8
15.3

±

±

±

±

±

±

±

±

±

±

0.8
1.9

13.3
43.5

0.8
1.9

13.7
39.9

±

0.7
2.1

13.7
41. 3

±

0.3 a
0.8 a

13.6
41.6

±

0.6
2.5

13.3 ± 1.3
45.0 ± 5.5

2.3
1.3

26.3 ± 2.3
32.7 ± 3.9

4.0
1.7

31.9 ± 3.3
21. 2 ± 2.7

4.7
1.0

28.3
8.6

±

6.9
1.1

69.3
12.1

±

±
±

±

±

±

±

±

1.0
3.8
1.2
3.0
1.1
1.5
0.4 b
1.5 b

3.2
0.9
5.2
1.8

=========================================================================

a, b - f1eans di ffer significantly, P<O.05
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8.5.4.2

Intracellular specific activity

The ratio of intracellular to plasma tyrosine specific activity showed
similar variations between tissues in both trials (Tables 8.5 and 8.6).
The highest Si:Sp ratios were found in the heart, followed closely by the
muscles, then the skin and the rumen. Si:Sp was quite low in the small
intestine, but very 10\,1 in the liver. The ratios tended to be lower in
the second trial than in the first.
Some differences were seen between factors in the second trial. Si:Sp
tended to be higher in th~ muscles of the Suckling lambs, due to the
higher values at 8 weeks. Suckling lambs at 8 weeks had significantly
(P<O.OI) higher Si:Sp ratios (55%) than at the other ages. No significant trends with age, bodyweight or growth rate were noted for the
Rumi nant group.
8.5.5

Fractional Synthetic Rates

Measurements of tissue synthesis were only made on six lambs in the first
trial, three of approximately the same age from each group. There were
no significant differences between the groups, so the results were
combi ned. In the second tri al measurements w~re "made on all infused
lambs, except for the group at 18 weeks. Results from the lambs in which
a plateau was not reached in the plasma tyrosine SA (nos 445 and 449)
were not included in the analysis, though the FSR for their tissues were
quite similar to those in the other animals.
The fractional synthetic rates for the different tissues, averaged for
all lambs irrespective of treatments, are summarised in Table 8.7 for the
first trial and Table 8.8 for the second trial. FSR is expressed both as
Ksi, the IImaximum" synthetic rate, calculated from the intracellular free
tyrosine specific activity, and as Ksp, the IIminimum rate, calculated
from the plasma tyrosine specific activity at plateau. Even when
considering the same tissue from animals on the same diet there was a
large amount of variation in Ks. Standard deviations tended to be larger
for Ksi than for Ksp.
li

Hundred-fold differences were found between the values of Ksi in
different tissues. The slowest rates were found in the muscles, with Ksi
values of approximately 3%/d, increasing in the order: heart (7%/d) ,
skin (20%/d), rumen wall (30-40%/d), liver (100-150%/d) and small
intestine (200%/d).
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TABLE 8.7
Fractional protein synthetic rates (%/d) in body tissues in the first
trial (Mean ± SE of the combined data from all lambs).
=========================================================================

Ks i

Tissue

Ksp

=========================================================================

Muscles:
Biceps femoris
Longissimus dorsi
Infraspinatus
Combined muscles
Heart
Skin
Rumen
Liver

3.0
2.4
2.9
2.8
6.3
19
30
145

±
±
±
±
±
±
±
±

0.47
0.26
0.58
0.26
0.83
1.9
7.8
50

1.2
1.1
1.1
1.1
3.2
6.6
9.3
7.1

± 0.19
± 0.21
± 0.17
± 0.11
± 0.21
± 0.47
± 0.91
± 1.1

=========================================================================

Ksi, Ksp - FSR assuming an intracellular, plasma precursor respectively

TABLE 8.8
Fractional protein synthetic rates (%/d) in body tissues in the second
trial (Mean ± SE of the combined data from all 26 lambs).
=========================================================================

Ksi

Tissue

Ksp

=========================================================================

Muscles:
Biceps femoris
Longissimus dorsi
Infraspinatus
Combined muscles
Heart
Skin
Rumen
Liver
Sma 11 Intestine

3.5
3.2
3.3
3.3
8.8
21
52
115
210

±

0.14
0.19
0.16
0.10
0.54
1.6

±

6

±
±
±
±
±

± 11
± 24

1.2
1.0
1.1
1.1
3.3
5.6
8.9
8.0
21

± 0.07
± 0.08
± 0.06
± 0.04
± 0.13
± 0.37
± 0.65
± 0.51
± 1.2

=========================================================================

Ksi, Ksp - FSR assuming an intracellular, plasma precursor respectively
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The minimum (Ksp) values were considerably lower but held the same order
apart from the liver. In order of increasing Ksp the minimum tissue
synthetic rates were muscle (1%/d), heart (3%/d), skin (6%/d), liver
(8%/d), rumen wall (9%/d) and small intestine (20%/d). Tissue synthetic
rates for individual animals are to be found in Appendix E.
8.5.6

Rates Of Protein Synthesis In Individual Tissues

There were insufficient data for further analysis of the first trial.
For the second trial the results for each tissue were analysed first by
attempting to ascribe the ,variation in Ks to variations in age and
protein deposition rate, assessed by nitrogen balance, within the dietary
treatments. Differences between diets could only be assessed once these
factors had been taken into account.
Some significant correlations were observed between rates of synthesis
and growth for the Ruminant lambs, but generally only for the minimum
rate, Ksp. There were indications of a decrease in synthetic rate with
age in some tissues from the Suckling lambs, but once again this was not
always found for both Ksi and Ksp. Therefore, while consideration of
both maximum and minimum estimates of the FSR did not lead to opposite
conclusions about the effects of these factors, it was seldom that both
led to the same conclusion.
8.5.6.1

Skeletal muscle

No differences were found between the fractional synthetic rates (either
Ksi or Ksp) of the different muscles within each diet. However, FSR in
the Suckling lambs were generally higher than in the Ruminant lambs
(Table 8.9), though the difference did not always attain significance.
When the results for the three muscles were pooled, synthetic rates in
the Suckling lambs were significantly higher than those in the Ruminant
lambs for both Ksi and Ksp (P<O.OI).

172

TABLE 8.9
Fractional protein synthetic rates (%/d) in muscle tissue of Ruminant and
Suckling lambs of varying age, weight and rate of growth in the second
trial (Mean ± SE, excluding lambs 44S and 449 in the Suckling group)
====~================================================= ===================

Ruminant

Muscle

Suckling

=========================================================================

Biceps femoris
Longissimus
dors i
I nfraspi natu s
All muscles

Ks i
Ksp
Ksi
Ksp
Ksi
Ksp
Ksi
Ksp

3.2 ± 0.18
1.1 ± 0.10
2.8 ± 0.18
0.9 ± 0.08
3.1 ± 0.13
0.9 ± 0.07
3.0 ± 0.09
0.9 ± O.OS

a
a
a
c
c

3.S ± 0.19
1.4 ± 0.10 b
3.3 ± 0.20
1.2 ± 0.12 b
3.4 ± 0.2S
1.2 ± 0.09 b
3.4 ± 0.12 d
1.3 ± 0.06 d

=========================================================================

Means differ significantly, a, b - P<O.OS, c, d - P<O.OI
Most of the variation in muscle Ks was attributable to experimental
inaccuracies and Figure 8.Sa shows the spread of the data. There were
some indications that Ksi was lower in the Ruminant lambs that were in
negative nitrogen balance (Figure 8.Sa) though the effect was only
marginally significant (r = 0.339, P=O.OS), and was not seen with Ksp.
In the Suckling lambs Ksp was higher at 8 weeks than at the other ages
(P<O.Ol) but this effect was not seen for Ksi. At least some of the
difference between the groups may therefore have been due to the
difference in growth rates.
Taking only the lambs in positive nitrogen balance, the difference in
synthesis rate became non-significant for Ksi (P=O.ll), but not for Ksp
(P<O.Ol).
8.S.6.2

Heart

Ksi was similar for both diets in cardiac muscle at a combined mean of
8.8 %/d. No trends were apparent in Ksi for either group, but Ksp tended
to increase with the growth rate in the Ruminant lambs (r 0.603,
P<O.OS) and to decrease with age in the Suckling lambs (r = 0.758,
P<O.Ol).

173

FIGURE 8.5

Tissue protein fractional synthetic rates in the Second trial.
Plots of Kai against Nitrogen balance for a) Muscle and b) Skin.
e) Muscle
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TABLE 8.10
Fractional synthetic rates (%/d) in the heart, skin, rumen, liver and
small intestine of Ruminant and Suckling lambs in the second trial
(Mean ± SE, excluding the Suckling lambs 445 and 449).
=========================================================================

Ruminant

Tissue

Suckling

=========================================================================

Heart
Sk in
Rumen
Liver
Sma 11
Intestine

Ksi
Ksp
Ksi
Ksp
Ksi
Ksp
Ksi
Ksp
Ksi
Ksp

8.7
3.1
20
4.8
33
6.8
83
6.3
199
21

±
±
±
±
±
±
±
±
±
±

0.6
0.2
1.9
0.4
3
c
0.4 c
10
c
0.3 c
29
1.3

8.9
3.6
20
6.4
50
10
151
9.8
191
19

±
±
±
±
±
±
±
±
±
±

0.9
0.2
2.3
0.6
4
d
1
d
19
d
0.9 d
28
1.5

=========================================================================

Means di ffer significantly, a, b

8.5.6.3

-

P(0.05, c, d

-

P(O.Ol

Skin

Taking animals over all ages gave very similar estimates for the FSR of
skin from Ruminant and Suckling lambs (Table 8.10). There were no
significant changes in either Ksi or Ksp with age or growth rate in the
Suckling group. In the Ruminant group FSR tended to fall as the
fractional rate of growth fell (Figure 8.5b). The regression was not
significant for Ksi, and only marginally significant for Ksp (P=0.05) due
to the anomalous point (Lamb 403, arrowed in Figure 8.5b). If it was
omitted, regressions of both Ksi and Ksp against growth rate became
highly significant (P(O.Ol).
8.5.6.4

Rumen

Synthetic rates tended to be greater in the rumen wall tissue of the
Suckling lambs (Table 8.10), significantly so for Ksp (P(O.Ol) but not
for Ksi (0.05(P(0.10). Ksi, plotted as a function Of growth rate, is
shown in Figure 8.6a. It can be seen that anomalous points in both
groups (arrowed) are responsible for the high standard deviations for
Ksi. If these points are omitted, Ksi in the Suckling group is
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FIGURE 8.6

Tissue protein fractional synthetic rates in the Second trial.
Plots of Ksi against Nitrogen balance for a) Rumen tissue and
b) Liver tissue
8) Ru,..en
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significantly higher (P<O.Ol) than in the Ruminant group.
The corresponding Ksp values for the odd points were not anomalous; the
high Ksi values were due to low intracellular tyrosine specific activity,
and hence low Si:Sp ratios, 0.07 for Lamb 417 and 0.08 for Lamb 391.
These in turn appeared to be due to raised intracellular tyrosine levels,
approximately 57~g/g tissue in both lambs compared with mean values of
23.5 for the Ruminant group and 31.9 for the Suckling group. Why these
intracellular levels were so high is not known. Delays between the
deaths of the lambs and the freezing of the tissues may account for it.
When the anomalous point (Lamb 417) from the Ruminant group was omitted,
the regression of Ksi on growth rate (Figure 8.6a) was significant (r =
0.647, P<0.05). Taking only the lambs in positive nitrogen balance made
no difference to the conclusion that Ksi was significantly higher in the
Suckling lambs (at 58%/d) than the in the Ruminant lambs (at 37%/d),
though the significance of the result was reduced (P<0.05).
8.5.6.5

Liver

The maximum and minimum estimates of Ks were very far apart in this
tissue, but in each case synthetic rates were gre~ter in the Suckling
than in the Ruminant group (Table 8.10, Figure 8.6b). There were no
consistent changes in Ksi or Ksp with age or growth rate, either in the
Ruminant or the Suckling group.
8.5.6.6

Small intestine

There were no significant correlations between fractional synthetic rate
(either Ksi or Ksp) and age or growth rate for either diet in this
tissue. Ksi was very high and variable, ranging from 80-410 %/d, while
Ksp was considerably lower. In neither was there any difference between
the Ruminant and the Suckling lambs.
8.5.7

Whole Body Protein Synthesis From Tissue FSR

An attempt was made to calculate the total daily amount of protein
synthesis by summation of the synthetic rates in individual tissues for a
lamb of 15kg EBW in each group. Such an approach can only be crude,
given that a number of tissues were not sampled, and that large
uncertainties surround the calculation of Ks in some tissues (see Section
8.6, Discussion).
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The calculation of the amount of protein synthesis in each tissue was
made from the FSR (%/d) and amount of protein (g) in the tissue. The
amount of protein in the carcass of a 15kg EBW lamb in either group was
calculated in Chapter 4. The amounts of protein in the GIT and liver
were derived from the predicted masses of these tissues in lambs of 15kg
EBW (Chapter 4) and their protein content (%), determined as part of the
method for the measurement of tissue tyrosine SA. The latter determination was only crude, but the values were found to check with
published figures. The mass of the skin was assumed to be 10% of the
EBW, and protein content was determined as for the GIT and the liver.
The following assumptions were made:
1.

Carcass protein was assumed to represent muscle protein.

2.

The FSR for muscle protein was taken to be the average value of
Ksi for the combined muscles (Table 8.8).

3.

The FSR for GIT protein was taken to be the average value of Ksi
i nth e ru me n wa 1 1 ( Tab 1e 8. 8 ) •

4.

The FSR for liver and skin were taken to be the average values
of Ksi in these tissues (Table 8.8).

5.

The FSR of the remainder of the non-carcass protein, after subtraction of liver, GIT and skin protein, was assumed to be 20%/d
(Davis et ~, 1981).

Table 8.11 shows the results for this calculation.
WBPS calculated from the sum of the tissue synthesis was,greater for a
Ruminant lamb than for a Suckling lamb. This difference was partly
accounted for by the higher synthesis in the liver, but mainly by the
increased contribution from the GIT, which was much larger in the
Ruminant lambs.
Though WBPS calculated from the tyrosine flux was also greater in the
Ruminant lambs, it was considerably lower than WBPS estimated from the
tissues.
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TABLE 8.11
Absolute rates of protein synthesis in individual tissues and the whole
body (g/d) of a Ruminant and a Suckling lamb of 15kg empty bodyweight.
======~=============================================== ===================

Rumi nant

Suckling

=========================================================================

Carcass

-~.
__

~

..

Protein (g)
FSR = 3.2%/d
Synthes is (g/d)

'~-"

_ _ ..... _ _ _ _ _

,~.

k ' _ ' _ _ _ _ -_"

Non-carcass
Protei n (g)
Liver
Mass (g)
Protei n (g)
FSR = 110%/d
Synthesis (g/d)

GIT
Mass (g)
Protein (g)
FSR = 47%/d
Synthes is (g/d)

1240

1410
40

45

1360

1190

344
78

301
52
86

(i 770"

57
900
126

248
117

59

Skin
Mass (g)
Protein (g)
FSR = 20%/d
Synthesis (g/d)

1500
285

1500
285
57

57

Remainder
727
749
Protein (g)
FSR = 20%/d
150
145
Synthesis (g/d)
Whole Body
--------------------------------------2600
2600
Total Protein (9)
450
363
Total Synthesis (g/d)
138
Total Synthesis (from tyrosine flux) 165
=========================================================================
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8.6

DISCUSSION

The aim of this section of the work was to determine whether there were
differences between weaned and milk-fed lambs in their rates of protein
synthesis. The results presented in Chapter 4, and previous studies of
ruminant lambs (Chapter 2, Table 2.1), indicate that there may be changes
in the efficiency with which protein is deposited after weaning. If so,
it might be possible to detect such changes as alterations in rates of
protein synthesis.
The achievement of this aim was hampered by two factors, namely the
insensitivity of the methods used, and the difference in growth rate
between the experimental groups. There are still major technical
problems in the interpretation of ~ vivo studies of whole body and
tissue protein synthesis (Reeds and Lobley, 1980), and the variation
between animals is often large (Waterlow et ~, 1978).
The experimental groups encompassed lambs with ages from 8 to 20 weeks,
bodyweights from 10 to 24kg, and in both positive and negative nitrogen
balance, besides the difference in diets. Unfortunately the two groups
did not have comparable ranges of bodyweight and growth rate. The
Ruminant lambs had a wide range of growth rates, and it was possible to
demonstrate correlations between growth and synthetic rates. Rates of
growth were more uniform in the Suckling lambs and hence variations in
synthesis with growth may not have been detectable. Differences in
synthesis with age then became more important.
Much of this discussion will therefore be taken up with assessments of
the methodology and of the influence of the different nutritional
conditions of the two groups, before direct comparisons are attempted
8.6.1

Tyrosine Flux

WBPS rates were higher in the Grass group than in the Milk group at
similar growth rates, but it is not clear whether this difference
represents a difference in true protein synthesis or in some other
function of the method used. The difference between diets was of the
order of 10% of the flux. However, the major uncertainties in the
constant infusion method, inadequate knowledge of the precursor SA and of
the amount of oxidation, are estimated to be of the order of 20% of WBPS,
though operating in different directions (Garlick, 1980a). It can be
seen that the meaning of a difference in WBPS is open to various
interpretations.
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8.6.1.1

Accuracy of the tyrosine flux

The measurement of tyrosine flux through the plasma pool involves the
same assumptions as were made for the measurement of glucose flux
{Chapter 7}. That is, that the pool is homogeneous with respect to
tyrosine SA, and that a steady state exists with respect to input and
output of tyrosine. Neither condition is likely to be absolutely true.
Reilly and Ford {1971} found that the SA of amino acids in the portal
blood of fed sheep was lower than in jugular blood, while the
concentration was higher. More specifically, Wolff et ~ {1972} showed
that there was a net splaMchnic uptake of tyrosine in fed sheep, due to
the removal by the liver of tyrosine absorbed from the gut. They also
confirmed the higher concentration of tyrosine in portal blood. However,
the error this introduces, due to the uptake by the liver of tyrosine of
low SA, may be small. Tyrosine SA will not be lowered greatly, since the
portal tyrosine level is only slightly higher, by 16% {Wolff et ~,
1972}, than the arterial level. Lack of homogeneity of the plasma pool
is therefore not likely to be a serious problem in this respect. In
support of this conclusion, Reeds et ~ {1978} showed that leucine from
dietary sources mixed completely with endogenous leucine in pigs. Pell
~ ~ {1983} measured the discrepancy caused by the hepatic uptake of
leucine released by the gut in fed ruminant sheep at 5.6%. Therefore it
seems likely that the assumption of homogeneity in tyrosine SA is not
likely to cause major errors in the flux.
Steady state conditions are usually verified by monitoring the pool size,
by means of the plasma level of the tracer, or simply by the attainment
of plateau in the SA, though Waterlow et ~ {1978} have pointed out that
while the attainment of such a plateau is necessary, it is not a
sufficient condition for the existence of a steady state. Provision of
food to the animal during infusion is therefore of some importance since
changes in dietary tyrosine absorption will affect the pool size and
hence the formation of a plateau in the tyrosine SA, as observed by
Garlick et ~ {1976} in pigs. Ruminants do not present quite the same
problem since the absorption of amino acids is more continuous than in
monogastrics. Of recent studies in sheep, Davis et ~ {1981} allowed
their animals continuous access to food throughout the infusion, while
Bryant and Smith (1982a) did not.

1B1

The lambs in this study had continuous accesss to feed, and for the
Ruminant lambs this proved no problem; tyrosine levels were quite
stable, and stable plateaux were achieved. The Suckling lambs, being
monogastrics, gave more difficulty, as shown by the variation in the
plasma tyrosine levels, and corresponding uncertainty in the SA plateaux.
Fig B.1b shows a similar effect to that illustrated by Garlick et ~
(1976) for a pig fed at the outset of a continuous infusion, but not
thereafter. Steady state conditions were achieved with more success in
the second trial, with more frequent feeding of milk throughout the
infusions. Nevertheless, associated with the ingestion of milk will be a
number of hormonal effecti (Bassett, 1974a; Munro, 1982) which will have
at least short term consequences for amino acid kinetics. The tyrosine
flux calculated from these experiments is therefore very much an average
figure.
8.6.1.2

Factors influencing tyrosine flux

A major determinant of the tyrosine flux in both trials was the mass of
the lamb. Similar findings for leucine in sheep were reported by Davis
~ ~ (1981).
This observation supports the suggestion that "for an
amino acid occurring in protein, the most important immediate fate is
incorporation into protein" (Lindsay, 1982). The tyrosine entry rate
therefore reflects the amount of protein, but will also be affected by
the rate of synthesis.
Tyrosine flux was sensitive to the level of feed intake and hence the
growth rate. Results from the first trial were suggestive of this, but
the second trial demonstrated a clear correlation between flux and the
rate of nitrogen intake for the Ruminant lambs (Figure B.3). Such a
relationship might be expected since dietary tyrosine enters the plasma
pool and hence contributes to the flux. However, the effect may simply
be due to the high correlation of intake with bodyweight. No such
relationship was seen for the Suckling lambs. This may reflect the
smaller range of intakes in this group, with a consequent inability to
detect such a trend. It is also possible that a developmental fall in
synthesis rate, as seen by Arnal (1977), could mask any intake effect,
since tyrosine flux is the sum of inputs from both tissue protein
breakdown and dietary intake.
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8.6.2

Whole Body Protein Synthesis From Tyrosine Flux

The calculation of WBPS rates from the flux of an amino acid through the
plasma pool involves a number of assumptions. Recently it has become
apparent that in this respect tyrosine is not the ideal choice of tracer
(Garlick, 1980a; Moldawer et ~, 1983) and may have particular drawbacks
in ruminants (Reeds and Lobley, 1980).
It has been suggested (Garlick et ~, 1976) that the two major
difficulties, underestimation due to compartmentation and overestimation
due to oxidation, will cancel each other out, both being approximately
20% of the flux. However,. as noted by Davis et ~ (1981) "a high extent
of uncertainty is left in the final answer". Furthermore, there may be
specific difficulties with the use of tyrosine as a tracer which make
such a calculation even more problematic.
8.6.2.1

Oxidation of tyrosine

The first difficulty concerns the oversimplifying assumption that the
sole destiny of tyrosine is incorporation into protein.

..........

Q = Z = B

8.14

where Q = Tyros i ne flux
Z = Tyros i ne synthes i zed into protein
B = Tyros i ne released by protein degradation
In fact, tyrosine flows may occur to metabolic sinks other than protein.
These will include the syntheses of non-protein molecules such as
thyroxine, but the most important alternate pathway is that of oxidation.

= Z+E
where E =
M =
I =

Q

N

+ M = B+

+ N

..........

8.15

Tyrosine lost by oxidation
Tyrosine lost to other pathways
Dietary intake of tyrosine
Synthesis of tyrosine

WBPS will therefore be overestimated to the extent that a proportion of
the tyrosine flux is oxidised. This inaccuracy is common to all such
measurements of WBPS which use the amino acid flux directly.
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However, tyrosine may present special problems, partly because it is
synthesized in the liver from phenylalanine, but also because it is an
intermediate on the catabolic pathway for phenylalanine. Moldawer et ~
(1983) have shown that this interaction has significant effects on plasma
tyrosine kinetics in rats. Phenylalanine hydroxylation to tyrosine
contributed 22% of the plasma tyrosine flux in postabsorptive rats, a
figure similar to that found in postabsorptive humans (Clarke and Bier,
1982). However, a phenylalanine load, simulating dietary intake,
increased the tyrosine flux by 88%, and increased the proportion derived
from phenylalanine to 72%. Furthermore, the proportion of the flux that
was oxidised increased from 24% to 48% with this treatment. Absorption
of dietary tyrosine and phenylalanine in amounts larger than can be
utilised for protein synthesis will therefore result in an increased
tyrosine flux, of which a larger proportion will be oxidised.
It has been suggested that such excessive la~~orption of phenylalanine
occurs in ruminants (Reeds and Lobley, 1980; Lobley et ~, 1980), in
which case the problem will be even more severe. It is therefore
important for a correction to be made for oxidation if results obtained
using tyrosine as a tracer are to be compared with those using other
amino acids. The comparison of the milk and herbage diets may also be
hindered for the same reason, since the composition of the AA mixture
appearing in the portal blood may be different for the two diets.
The crude estimates of amino acid oxidation obtained from the urinary
nitrogen excretion show that there may be little difference between the
herbage and milk diets in this respect. This calculation assumes that a
similar proportion of the flux of each amino acid is oxidised, which is
unlikely to be the case. The potential size, and uncertainty, of the
proportion of tyrosine flux which is oxidised makes it difficult to
interpret the observed differences in WBPS rates between the two diets.
The amount of oxidation in the Suckling lambs, a possible 27% of the
HBPS, is similar to the figure of 20% measured in humans with tyrosine by
isotopic methods (James et ~,1976). Since the amount of amino acid
oxidation in pigs was similar when measured both by urea excretion and by
the production of 14C02 during the continuous infusion of [1- 14 C]leucine
(Reeds et ~, 1978) there is reason to be confident of the assessment in
the Suckling lambs.
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There is much less information on amino acid oxidation in ruminants. The
measurement of urea excretion in cattle by Lob1ey et ~ (1980) indicated
that oxidation formed a maximum of 15% of the leucine amino acid flux,
but the proportion was much less for tyrosine. Their figure of 7-10% of
the tyrosine flux, supposedly a maximum estimate, is very different to
the more realistic 17% found in the Ruminant lambs of the present study.
It would seem odd that a higher proportion of leucine flux should be
oxidised than of tyrosine flux. The WBPS rates in the cattle (determined
from tyrosine flux) were much higher than those found in either the
Ruminant or Suckling lambs (Table 8.12) when expressed on a bodyweight
basis, but not out of line with results reported by Jones and Symons
(1982) in sheep.
8.6.2.2

Identification of the precursor for synthesis

The second difficulty in estimating WBPS from plasma amino acid flux lies
in the assumption that uptake of amino acid into protein, or into any
other product, occurs directly from the plasma pool. This is the
converse of the problem met in determining tissue synthetic rates. Whole
body measurements trace the disappearance of amino acid from the plasma
pool, while tissue measurements trace the appeara~ce of amino acid in
protein. Errors result in both methods if the intermediary, the
precursor amino acid, is incorrectly identified.
There is as yet no certain answer to the question of where the true
precursor lies, and only methods which measure the SA of tracer AA on
nascent polypeptides (I1an and Singer, 1975) or bound to tRNA (Martin et
~, 1977) avoid the problem.
It appears that the precursor may be
extracellular, intracellular, or some combination of the two, depending
on the tissue or AA studi ed, and may not be the same for all protei ns
within the cell (Water10w et ~, 1978). But if the intracellular pool is
the source for tyrosine incorporated into protein, the incorporated
tyrosine will be of lower specific activity since it is generally
observed, and this study proved no exception, that intracellular amino
acid specific activity is lower than that of plasma during a continuous
infusion. The cause of this appears to be the release of amino acids
during protein breakdown, and the implication for WBPS measurement is
that more protei n synthes ismay be occurri ng than can be detected by loss
of isotope from the plasma pool.
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For measurement of tissue protein synthesis the implication is slightly
different but to the same effect, namely that for a given amount of
incorporation of radioactive tracer into protein, the rate of
incorporation must be faster the lower the SA of the precursor.
If intracellular tyrosine is the precursor then the extent to which WBPS
is underestimated will be indicated by the ratio of intracellular to
plasma specific activity (Si:Sp). In this study Si:Sp ratios were seldom
greater than 60% in skeletal muscle, but were much lower in all other
tissues. The average specific activity of tyrosine in the tissues was
therefore lower than the 7,0% of pl asma SA reported by Garl i ck et ~
(1976) for pigs and rats using [U_ 14 C]tyrosine and the potential error
will be correspondingly higher than their estimated 20%.
The same argument will apply to oxidation, which for tyrosine occurs
mainly in the liver. Moldawer et ~ (1983) demonstrated that in rats the
oxidation of tyrosine, derived from the ratio of the SA of 14C02 and
[U_14C]tyrosine at plateau during a constant infusion of the amino acid,
is likely to be an underestimate due to the compartmentation of tyrosine
in the liver, the site of both synthesis and oxidation. This criticism
will therefore apply to the measurement of tyrosine oxidation (20% of the
tyrosine flux) made by James et ~ (1976) in humans.
8.6.2.3

Conversion of tyrosine flux into whole body synthesis

An error which seems likely to be less significant, but for which no
assessment can be made at present, is due to the use of the average
tyrosine contribution to whole body protein in order to calculate the
WBPS from the tyrosine flux. As pointed out by Reeds and Lobley (1980)
and Waterlow et ~ (1978), the calculation should be made with the
average tyrosine contribution to the WBPS. Thus, if rapidly turning over
proteins contain amounts of tyrosine at variance with the whole body
composition, the use of the former calculation will introduce
i naccu rac i es.
8.6.3

Whole Body Protein Synthesis

Rates of WBPS have been derived from plasma amino acid flux measurements
in sheep in a number of studies. Table 8.12 shows the results from
continuous infusions of various amino acids in sheep, and also from
humans, pigs and cattle for comparison. It can be seen that there is a
wide variation in the estimates of WBPS.
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Some of this variation may be due to the age and condition of the
animals. Thus, rates in newborn lambs (Soltesz et ~, 1973) are much
higher than in growing lambs at 8 months (Davis et ~, 1981), while
specific effects of lactation (Bryant and Smith, 1982b), parasitism
(Jones and Symons, 1982) and type of diet (Bryant and Smith, 1982a) have
been found. However, by far the greatest variation seems to be due to
the choice of amino acid.
This can be seen most clearly in the rates derived from infusions of
leucine and tyrosine into cattle (Lobley et ~, 1980). In the same
animals rates of synthesis calculated from the two amino acids differed
by a factor of almost two. This could be due to a large component of
oxidation in the tyrosine flux, as discussed previously. On the other
hand the rate calculated from lysine flux (Buttery et ~, 1975) is
somewhat lower than that from leucine, an effect which might arise
because of the difference in the Si:Sp ratios between these amino acids
(Reeds and Lobley, 1980). Alternatively, D-isomer contamination of the
lysine tracer has been suggested as a reason for the low lysine-derived
figure (Waterlow et ~, 1978). Whatever the reason, the results from
different amino acids do not seem to be comparable, and at present it
seems best only to compare results obtained with the same amino acid, and
perhaps only with the same tracer.
The results from the Ruminant and Suckling groups fit into the general
pattern of these findings. With a range of 15-30 g/d/mW the synthetic
rates were higher than those found in heavier, older sheep (Bryant and
Smith, 1982a) but not as high as in newborn lambs (Soltesz ~Al, 1973).
They were similar to those reported for lambs of similar size and age
(Davis et Al, 1981), despite the use of different tracers.
Though agreeing with this trend for synthetic rates to fall with age,
also seen in rats (Millward et ~, 1975), the results provided little
evidence on their own for a developmental change between 8 and 20 weeks.
Reduction in rates of skeletal muscle tissue synthesis with age have been
observed in lambs from the age of one week to the age of ten weeks
(Arnal, 1977), so the higher rates at 8 weeks in the Suckling group in
the' 2nd trial may have been a manifestation of this change.
In the Ruminant group the predominant factor was the difference in nitrogen retention. Significant regressions of WBPS (corrected for oxidation) on protein deposition have been reported by \~aterlow et Al (1978)
for undernourished children, and by Reeds et Al (1980) for growing pigs.
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TABLE 8.12
Various studies of whole body protein synthesis, as determined by plasma
amino acid flux without correction for oxidation.
=========================================================================

Species

Weight

Treatment

(k g)

WBPS
(g/d/mVl)

Tracer

Reference

=========================================================================

Soltesz et ~, 1973

Lambs

4.5

nev/born

54.5

14C-leu

Lambs

20

immature

25.1

3H-l eu

Lambs

23
31

parasitized
pair-fed
controls

35.0
26.0
42.7

Sheep

40

mature

Sheep

61

straw diet

10.5

67

concentrates

15.2

II

65

unmated

20.5

II

53
62

early lactation
late lactation

28.9
27.0

II

II

II

II

Humans

77

mature

16.9

Pigs

76

immature

26.6

236

immature

263

immature

628

mature

23.9
47.0
25.3
46.3
16.1
23.3

3H-leu Lobley et ~, 1980
sc 3H- tyr
3H-l eu
rg 3H- tyr
3H-leu
sc 3H-tyr

18.1
20.2

sc 3H-tyr
sc 3H- tyr

27

Sheep

Cattle

Lambs
Lambs

10-25
10-25

suckling
ruminant

8.6

Davis et ~, 1981

14 C- tyr Jones and Symons, 1982
II

II

II

II

3H-l ys

Buttery n.~, 1975

sc 3H- tyr Bryant and Smith,:-1982a
II

Bryant and Smith,

14C-tyr James et ~, 1976
II

Garlick et

~,

1976

II

II

Present work
II

=========================================================================

14C-leu is [U- 14 C]leucine
14C-tyr is [U_14C]tyrosine
3H-lys is [4,5- 3H]lysine
3H- leu is [4,5- 3H]leucine
sc 3H- tyr is [side chain 2,3-3H]tyrosine
rg 3H- tyr is [ring 2,6- 3H]tyrosine
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The slope of this regression for the Ruminant lambs is quite small, so
that the whole body synthetic rate was still large at zero nitrogen
balance. No correction was made for oxidation, and hence it is
impossible to determine how much of the increase in \~BPS was due to a
change in oxidation, and how much to a true change in synthesis. The
distinction is important since a change in nitrogen retention without a
change in synthesis rate implies that alterations in degradation rates
provide the control. The absence of such effects in the Suckling group
may have been due to the smaller range of intakes, due to inadequate
control of pair-feeding over the period immediately prior to infusion.
Changes in WBPS (uncorrected for oxidation) in lambs and sheep have been
associated with manipulation of the type of diet or level of feeding
(Table 8.12). Bryant and Smith (l982a) reported that WBPS rates in
mature sheep on poor quality diets were reduced by 30% from the rates in
sheep on concentrate diets. Rates of nitrogen retention were not
reported, but protein intakes differed by a factor of five. Jones and
Symons (1982) compared parasitised lambs with pair-fed and ad libitum fed
controls. The ad libitum group, at twice the nitrogen intake, had a WBPS
rate of 1.6 times that of the pair-fed group. Both of these measurements
were made with tyrosine, and so will be subject t~ the reservations
described above. Compared with these results, the difference between the
Suckling and Ruminant lambs in the present work was quite small.
When lambs in positive nitrogen balance were compared, WBPS rates in the
Ruminant group were significantly higher than in the Suckling group. The
difference was not large, and could perhaps be explained by differences
in the oxidation rate, though this was not indicated by such calculations
of the amount of oxidation as were possible. Thus the Ruminant lambs had
a higher rate of synthesis, but since they were growing at the same rate
as the Suckling lambs they also had a higher rate of protein degradation.
In general, increases in growth rate are accompanied by increases in both
synthesis and degradation (Reeds et ~, 1982b) but this is an increase in
both processes at the same growth rate. The difference in the levels of
insulin, both basal and circulating (Chapter 5), might be expected to
increase synthesis and reduce degradation rates in the Suckling group.
However, this estimate of WBPS will be an average of the response of many
tissues, and the observed changes could be brought about in a number of
ways. Thus it is necessary to consider the rates of protein synthesis in
individual tissues in order to isolate the cause of a change in WBPS.
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8.6.4

Problems In The Measurement Of Tissue Protein FSR

The synthetic rates for the mixed proteins of various tissues were
obtained by measuring the amount of incorporation of labelled tyrosine
over the course of a seven hour continuous infusion. The continuous
infusion method has advantages over other means of tracer administration
but is not free of uncertainty, and is known to give misleading results
for some tissues. Synthetic rates are calculated by comparing the amount
of labelling of the protein with the amount of labelling of the
precursor. Either of these quantities may be affected by factors other
than the rate of protein ~ynthesis.
8.6.4.1

The precursor for tissue synthesis

The method of calculation of Ks requires knowledge of the specific
activity of the tyrosine incorporated into protein, which in turn
requires knowledge of the source of this precursor tyrosine. The
uncertainty of this source is still the stumbling block of the continuous
infusion or single injection methods of measuring synthetic rates
(Garlick, 1980b). For example, in perfused rat hearts phenylalanine
loaded on to tRNA appears to come from both intra- and extracellular
pools (McKee et ii, 1978) when perfused at ~ vivo concentrations.
However, in the rat diaphragm the evidence favours an intracellular pool
for tyrosine (Li et ii, 1973). The only report for sheep (Ferrara et ~,
1977b) suggests that lysyl-tRNA is derived from a mixture of the internal
and external pools in liver.
In these experiments the precursor was assumed to be either the tissue
homogenate tyrosine (specific activity Si) or the plasma tyrosine
(specific activity Sp). These are likely to represent the extremes for
the precusor SA, so that the true value of Ks will lie at or between the
values calculated from Si or Sp. It should be noted that since no
allowance was made for blood trapped within the tissues it is likely that
an intracellular precursor would have a still lower SA, thus implying an
even higher Ks. The correction to be made however would only be small
(Waterlow and Stephen, 1968).
The problem of identification of the precursor pool is obviously
extremely important when the calculated values of Ksi and Ksp are
compared (Tables 8.7 and 8.8). The continuous infusion method reduces
the difference between Si and Sp that is seen in the single injection
method (Garlick, 1980b), but even in skeletal muscle tissue the ratio of
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Si:Sp is low (Tables 8.5 and 8.6), and hence the maximum and minimum
estimates of protein synthesis are quite disparate.
Such low values of Si:Sp have not always been obtained by continuous
infusion methods. Davis et ~ (1981), using leucine, obtained figures of
up to 85% in the muscles of lambs, but found that Si:Sp varied
considerably, with means of 50-60%. Similar figures for leucine were
obtained in newborn lambs (Soltesz ~~, 1973) and in pigs (Simon ~~,
1978). With [U- 14 C]tyrosine in rats Garlick et ~ (1973) found ratios of
70% in skeletal muscle and 50% in liver. However, Bryant and Smith
(1982a) obtained values for Si:Sp of 30-50% in the skeletal muscles of
mature sheep, with a mean 'of 44%, using the same tyrosine tracer as was
used in this work. It appears that the use of tyrosine in sheep will
inevitably involve a greater margin of uncertainty than leucine in the
calculation of Ks.
8.6.4.2

Factors affecting the Si:Sp ratio

At equilibrium in a constant infusion of an amino acid that is not
metabolized the ratio of Si:Sp will be governed by two factors, the rate
of transport of tyrosine into the cell and the rate of protein breakdown
(Waterlow et ~,1978). The proportion of intracellular AA derived from
plasma is then given by:
Transport
Transport + Protein
---------------------

=

Si
Sp

. . . . . . . . .. 8.16

or the equation can be arranged to give the proportion derived from
protein breakdown:
Protei n
Transport + Protein
---------------------

=

1

Si
Sp

. . . . . . . . .. 8.17

Since Si:Sp was higher in the muscles from Suckling lambs, it appears
that the proportion of tyrosine derived from breakdown of protein was
lower in these animals. This could have been caused by a reduction in
protein breakdown or an increase in the rate of transport of tyrosine
from the plasma into the muscle tissue. The effects of the two factors
cannot be distinguished from this data. The increased concentration of
plasma insulin in the Suckling animals (Chapter 5) is consistent with
both possibilities, since insulin has been observed to increase amino
acid transport into muscle cells (Manchester, 1970; Scharrer et ~,
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1977) and decrease rates of protein breakdown (Ballard and Gunn, 1982).
While the ratio of Si:Sp will be a result of these two factors for an
essential AA under ideal conditions, there are other significant
influences for tyrosine. These include synthesis from phenylalanine, but
also effects specific to this tracer, due to the pattern of labelling.
8.6.4.2.1

Synthesis of tyrosine

In the liver, synthesis of tyrosine takes place in the cytosol of the
hepatocytes by oxidation of phenylalanine. If the rate of synthesis is
rapid, as the results of r~oldawer et ~ (1983) suggest it may be, the
intracellular SA of tyrosine \'Iill be reduced. It will be further reduced
if the SA of tyrosine in portal blood is lowered by the absorption of
unlabelled dietary tyrosine (Reeds and Lobley, 1980).
8.6.4.2.2

Specific loss of activity from [2,3-3H]tyrosine

There is another influence on the intracellular SA which may restrict the
use of tyrosine labelled with tritium on the side chain. It has been
reported that the side chain protons may be labilized by the action of
t ransami nases.
Nicholas et El (1977) infused both L-[side chain-2,3-3H]tyrosine and
[U_ 14 C]tyrosine into rabbits and found similar 3H:14C ratios in all
tissues examined except liver. The SA of free [3H]tyrosine was reduced
in the liver homogenate compared with free [14C]tyrosine, and this was
attributed to reversible transamination via L-tyrosine amino transferase
(EC 2.6.1.5). The effect of this was to remove 3H (calculated at 100% of
the hydrogen atoms at position C-2) thus lowering the SA.
Williams et ~ (1981) noted a similar effect in isolated perfused rat
hearts. They followed the metabolism of phenylalanine and tyrosine in
order to validate their use as tracers in the study of protein synthesis
and degradation. While they did not find any release of radioactivity
from [U_1 4C]phenylalanine, [ring-2,6- 3H]phenylalanine or [ring-2,6- 3H]tyrosine, 3H20 was released from the [side chain-2,3-3H]labelled amino
acids. Apart from this release of tritium no further metabolism was
detected, and it was concluded that mitochondrial aspartate amino
transferase (EC 2.6.1.1) action was catalysing hydrogen exchange at the
C-2 position, but without formation of deaminated products. The rate of
[3H]tyrosine labilisation was only 25% of that of phenylalanine, but
nevertheless was a significant amount, 8% of the initial radioactivity
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over a 2h period with recirculating buffer.
These findings suggest that in some tissues labilisation of 2- 3H may
occur, though perhaps only to a small extent except in the liver. Here
it seems that the extensive loss of label would lead to a value for Si of
perhaps one half that expected. It is significant that the values of
Si :Sp for liver in these experiments were very much less than in other
tissues, less even than in the small intestine.
8.6.4.3

Implications of the variation in Si:Sp

The factors discussed aboye will certainly influence the Si:Sp ratio, and
appear to explain the great variation seen between tissues. Thus
skeletal and cardiac muscle, skin and rumen probably behave in a manner
close to ideal, with differences in Si:Sp arising from differences in
protein breakdown rates. The abnormally low ratio in liver is quite
likely a result of 2- 3H labilisation. Ratios were also very low in the
small intestine, where turnover is very rapid and the intracellular pool
size very large (Table 8.6). It must be stressed that these effects will
not influence the calculation of Ks so long as the correct precursor
specific activity is used. When, as in these experiments, the precursor
is not known, any factor which causes Si to differ from Sp will introduce
uncertainties into Ks, by increasing the difference between Ksi and ~sp.
To illustrate further the difficulties which uncertainty in the precursor
specific activity may bring, it is at least theoretically possible for
both Ksi and Ksp to be greater under one treatment than another, yet for
the true Ks to be less. This could come about if an effect of the
treatment was to alter the precursor site (Rannels et ~, 1977). The
only way to avoid this would be to show both Ksi and Ksp in one case to
be greater than both Ksi and Ksp in the other. This entails bringing the
specific activity inside the cell as close as possible to that outside.
The constant infusion goes part of the way towards this goal, but the
large dose method (McNurlan et~, 1979) is more successful.
8.6.4.4

Factors influencing the specific activity of labelled protein

Loss of label from cellular protein by breakdown or secretion during the
period of the infusion will result in errors in the calculated Ks. This
comes about through the reduction in Sb, the specific acitivity of the
tracer amino acid in protein, and hence in an apparent fall in the rate
of incorporation. Such errors have been discussed extensively by
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Waterlow et ~, (1978), and will apply particularly to the liver and GIT
tissues in these experiments. In fact, in all tissues there will be
errors as a result of loss of label by protein breakdown before sampling,
but generally they will be small.
Synthesis in the liver includes both the endogenous proteins and the
plasma proteins. Much of the latter will be exported before the tissue
is sampled at the end of the infusion, and since this protein will be
highly labelled the loss will result in an underestimate of the synthetic
rate. This may be as much as 40% of the synthesis of the fixed liver
proteins (Pain et ~, 197~). Liver synthetic rates measured by
continuous infusions therefore only represent synthesis of constitutive
1 i ver protei ns.
Protein turnover in the small intestine is a more complex affair since
there are three possible pathways by which label may be lost throughout
the infusion: loss by intracellular turnover (which is extremely rapid),
loss by cell sloughing and loss by protein secretion (Alpers and Kinzie,
1973). The rapid intracellular turnover will also result in recycling of
tracer, which affects the intracellular specific activity. While there
is no doubt that turnover is rapid (Sb in the small intestine was up to
50 times that in muscle) the conditions for valid measurement of
synthesis by the constant infusion method are not met. Garlick (1980a)
concluded that for the gut mucosa "it would be unwise to place any
reliance on results obtained by constant infusion since other methods are
more appropri ate". The measurement of synthesis in the rumen wall is
likely to suffer from similar difficulties. Endogenous losses of
nitrogen from the rumen are substantial (MacRae and Reeds, 1980), due to
the turnover of rumen epithelial cells. Since much of this turnover is
caused by the abrasion of a fibrous diet this might be expected to
introduce differences between Ruminant and Suckling lambs.
8.6.5
8.6.5.1

Tissue Fractional Synthetic Rates
Comparison of FSR with other studies

Table 8.13 summarises previous studies of the rates of protein synthesis
in lamb and sheep tissues. As in the rat (Millward et~, 1975), rates
tend to fall with age, at least in the tissues most studied, skeletal and
cardiac muscle, but are extremely variable in tissues which turn over
more rapidly. The differences in method may account for some of this
variability.
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TABLE 8.13
Fractional synthetic rates of mixed proteins in ovine tissues at various
ages (%/d).
=========================================================================

Weight
(k g)

Muscle

Heart

Skin

Rumen

Liver

SI

Tracer Reference

=========================================================================

4.5
4
36
36
20
40-50
20
31
67
65
10-25
10-25

23
26
4.6
20
1.8
5
3.9
2.7
3.0
3.4
3.0

14C-Leu
14C-Lys

105

34

II

30
168

13

3.2
9

35

79

240
10.1
54
34.6

28
252

II

3H-Lys
II

3H-Leu
14C_ Tyr
3H-Tyr

7.1
9.0
8.7

II

20
20

57
39

148
83

190
200

3H- Tyr
3H- Tyr

1
2 *
2 *
3 *
4
5
6
7
8
9

10 S
10 R

=========================================================================

Tracers
3H- Leu is [4,5- 3H]leucine
14C-Leu is [U- 14 C]leucine
14 C- Lys is [U_ 14C]lysine
3H- LyS is [4,5- 3H]lysine
14 C- Tyr is [U_ 14 C]tyrosine
3H- Tyr is [side chain 2,3-3H]tyrosine
References
2. Arnal, 1977
1. Soltesz et ~, 1973
4. Buttery et ~, 1977
3. Combe et ~, 1979
6. Davis et ~, 1980
5. Buttery et ~, 1975
8. Bryant and Smith, 1982a
7. Jones and Symons, 1982
10. Present work
9. Bryant and Smith, 1982b
* Measurements made with the single injection method, assuming that the
plasma amino acid was the precursor for synthesis (Ksp). Other values
are from continuous infusions, using an intracellular precursor (Ksi).
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Results from the present study are in general agreement with other
studies using lambs of similar bodyweight (Davis et ~, 1981) or similar
methods (Jones and Symons, 1982; Bryant and Smith, 1982a,b). It seems
likely that differences between these and other results are primarily due
to differences in the tracers used.
i.

Muscle FSR, both skeletal and cardiac, compared well with other
estimates using tyrosine, but also with those made with leucine.

ii.

There only appears to be one other report for the FSR of skin in
sheep (Davis et ~, 1981) which was higher, at 35%/d, than found
here, but not exceptionally so considering the range of both
sets of data. It is interesting to note that both estimates are
several times higher than those measured in the hide of cattle
(Lobley et ~, 1980) or the skin of pigs (Edmunds et ~, 1980).

iii.

The variation between estimates of rumen FSR is large, reported
values being 168%/d (Buttery et ~, 1977) and 79%/d (Davis et
~, 1981).
Combe ~ ~ (1979) showed that the FSR of rumen
tissue in lambs fell between one and sixteen weeks. Their
results were calculated from the plasma specific activity for a
single injection of 14C-lysine, so that values based on the
intracellular specific activity would be expected to be much
higher, probably greater than 100%/d. The FSR in rumen tissue
in the present study are therefore quite low by comparison.

iv.

In contrast to the rumen, FSR in the livers of the Ruminant and
the Suckling lambs were higher than other estimates in lambs of
a similar size (Davis et ~,1981; Jones and Symons, 1982).
Davis et ~ used a different amino acid, but Jones and Symons
used tyrosine, though 14C-labelled. In both of these studies
the range of liver FSR was quite wide, but even so synthetic
rates in the present work were high by comparison. This may be
a specific effect of the 3H-tyrosine in the liver as discussed
previously.

v.

In view of the co~nents of Garlick (1980a) the values for FSR in
the small intestine should probably only be taken to indicate
the order of magnitude of turnover. As such the studies of
Buttery et ~ (1977) and Combe et ~ (1979) (Table 8.13) confi rm
these findings, recalling that the latter is only an estimate of
Ksp. Values for the FSR of this tissue in pigs were similarly
high and variable (Edmunds et ~, 1980).
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8.6.5.2

Changes in FSR with age and growth rate

Attempts to compare rates of synthesis in the Ruminant and Suckling
groups were confounded by changes with age and rate of growth. Few other
studies have measured the effect of these factors on synthetic rates in
sheep.
Davis et ~ (1981) determined the FSR of various tissues in a control
group of lambs at 5 months of age, and in other groups after eleven weeks
of casein or control infusion. No significant differences could be found
between any of the groups, but there were often large variations between
animals. A wider range of ages was studied by Arnal and others (Arnal,
1977; Ferrara et ~, 1977; Arnal et ~, 1976), from one to sixteen
weeks. The synthetic rates in skeletal muscle declined rapidly from
20-30%/d at one week to 2-4%/d at ten weeks, and did not vary much
thereafter. Similar changes were noted for digestive tissues in lambs
over the same time span (Combe et ~, 1979). It would seem that the
rapid rates of protein turnover characteristic of immature animals
(Garlick, 1980b) fall to adult levels by ten weeks in the sheep.
Changes with age were not marked in this study. There were tendencies
for synthetic rates to be higher in the Suckling 9roup at 8 weeks, but a
clear case for a developmental fall in FSR was not demonstrated. If the
observations reported by Arnal (1977) hold true, FSR would only be
slightly raised at 8 weeks, and further changes might not be detectable.
The predominant influence on rates of synthesis in the Ruminant group was
the growth rate. In this group there were indications in several tissues
that synthetic rates increased with the rate of nitrogen retention in the
whole body. The most sensitive in this respect appeared to be the skin,
where Ksi fell from 25%/d to 10 %/d over a range of nitrogen retention
rates (Figure 8.5b). There are no other reports for this tissue in
sheep, but Preedy et ~ (1983) reported large falls in the skin FSR of
starved rats. Previously it had been shown that the skin in rats may
lose considerable amounts of protein in adapting to a low protein diet
(Waterlow and Stephen, 1966).
The correlation of FSR with nitrogen balance in the skeletal muscle of
the Ruminant lambs was only weak. However, significant decreases in
skeletal muscle FSR with decreases in protein intake have been observed
by both Jones and Symons (1982) and Bryant and Smith (1982a) in sheep.
This implies that, as in rats (Garlick et ~, 1973), control of protein
deposition in muscle occurs at least in part through changes in
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synthesis.
Liver synthetic rates did not respond to changes in nitrogen balance in
the Ruminant group. A similar observation was made by Jones and Symons
(1982), who did not find any significant difference in liver FSR between
groups of lambs with two-fold differences in growth rate and protein
intake. In rats (Garlick et El, 1973), liver protein synthesis is
relatively constant, regulation of protein mass in response to
nutritional change occurring mainly by changes in protein breakdown. If
this holds true in sheep, changes with synthesis might not be detected
under conditions of changing nitrogen balance. Jones and Symons (1982)
did observe changes in liver FSR in parasitised animals. The synthetic
rate was significantly higher in parasite infected lambs than in either
normally fed or pair-fed controls. Therefore changes in liver FSR are
possible in some circumstances.
8.6.6

Rates Of Protein Synthesis In Ruminant And Suckling Lambs

There were three tissues in which the protein synthetic rate was higher
in Suckling than in Ruminant lambs; muscle, liver and rumen (Table 8.9
and 8.10). At least part of these differences may have been due to
differences in the growth rates of the groups, and interpretation of the
absolute values of the FSR may be unwise when the problems discussed
previously are taken into consideration. Nevertheless alterations in
synthetic rates are of some interest when the differences in insulin
status and pattern of digestion of the two groups are considered.
8.6.6.1

Skeletal muscle

Protein synthetic rates were significantly higher in muscle tissue from
the Suckling lambs, and this difference in FSR was acompanied by
differences in the concentration of free tyrosine and the Si/Sp ratio.
There is reason to be more confi dent of the assessment of FSR with
tyrosine in this tissue than in tissues with higher rates of synthesis,
since the estimates of Ksi and Ksp were closer and the major fate of the
amino acid will be incorporation into protein.
The tendency for FSR in the Ruminant group to be lower in lambs with
lower rates of nitrogen balance was slight, and even if the animals in
negative nitrogen balance were omitted the synthetic rate calculated from
the plasma specific activity of tyrosine (Ksp) was still significantly
different. However, it must be acknowledged that the variability of the
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data was great, and inspection of Figure 8.5a leads to the conclusion
that more accurate methods of measurement of the synthetic rate are
urgently required.
In rats there is evidence that synthetic rates in muscle rise after
feeding, reaching a maximum between 6 and 12 hours after the last meal
(Garlick et ~,1973). If this occurred in the Suckling lambs, also
monogastric, the synthetic rate might have been expected to increase
further after the time that tisue samples were taken in these
measu rements.
A raised FSR might be expe,cted in the Suckling group, given the
sensitivity of the protein synthetic rate in skeletal muscle (Rannels et
~, 1977), including ovine skeletal muscle (Shepperson and Buttery,
quoted in Buttery, 1983), to the effects of insulin. However, there may
be an important distinction between the effects of continuously raised ~
vivo insulin levels in the environment of other hormonal changes (as in
this experiment) (Bassett, 1974a) and the sensitivity to added insulin of
an intact animal, or an in vitro tissue preparation. Thus insulin is
important in the maintenance of muscle nitrogen balance in both isolated
tissues and in the intact animal, as the effects of insulin lack show in
diabetes (Rannels et ~,1977; Goldberg et ~,1980). Yet infusion of
insulin into sheep, more than doubling the plasma insulin level, had no
effect on nitrogen retention (Sumner and Weekes, 1983). In mature sheep,
feeding of concentrates was associated with higher rates of synthesis in
skeletal muscles (Bryant and Smith, 1982a), though the FSR was not
related to the dietary protein intake. Concentrate diets would be
expected to increase levels of circulating insulin (Trenkle, 1970), but
also to have effects on other hormones (Trenkle, 1971).
The amount of carcass protein was greater in Suckling lambs than in
Ruminant lambs taken at the same empty bodyweight (Chapter 4). Therefore
the total amount of synthesis taking place in skeletal muscle would also
have been greater in the Suckling lambs. Without simultaneous
measurements of the rate of protein degradation it cannot be concluded
that this represents a difference in the growth rate of muscle, though it
may do.
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8.6.6.2

Liver

The difference in FSR of fixed liver protein between the two groups may
have been the result of the problems associated with the use of the
[3H]tyrosine tracer in the liver. However, both Ksi and Ksp were
significantly higher in milk-fed than weaned lambs, so differences
between the groups may represent real differences in the rates of protein
synthesis. Changes in liver protein metabolism might be expected between
milk-fed and weaned lambs, given the difference in the digestion and
absorption of substrates.
Ingestion of food containing protein, increasing the amino acid supply to
the liver, results in a rapid net deposition of protein in the liver
(Jefferson and Korner, 1969; Munro, 1969). The mechanism of this
deposition is not certain. In rats the change in protein depostion rate
seems to be accounted for by changes in the breakdown rate of protein,
since synthetic rate is unaffected by feeding (Garlick et ~, 1973).
However, Garlick (1980b) concluded that methods of measurement of liver
protein synthesis are not reliable enough to allow much of the data on
synthetic rates to be interpreted. Increases in synthetic rates have
been seen in starved rats (Millward et ~, 1976), so while diurnal
changes in liver FSR may be accounted for by changes in breakdown, gross
changes in diet may have more extensive effects. There are many reports
of increased rates of liver synthesis in reponse to feeding (Munro,
1976). Since the liver responds primarily to the amino acid supply the
measurements made in the Suckling lambs may reflect the rapid release and
absorption of amino acids from the diet. The more prolonged absorption
of amino acids from the small intestine which would be expected from the
Ruminant lambs might have less of a stimulatory effect.
There may be differences in liver function on the two diets. In
ruminants gluconeogenesis is a continuous process, maximal when the flow
of propionate and amino acids from the gut is greatest (Bergman, 1973),
but still continuous. In Suckling lambs the situation is more complex,
since glucose is absorbed from the diet but possibly not in sufficient
quantities to completely abolish gluconeogenesis (Chapter 7). Therefore
the amount of liver function devoted to this activity may not be very
different from that in the Ruminant group.
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As Waterlow et ~ (1978) have emphasised, it is important to distinguish
fractional rates from absolute rates of synthesis and degradation when
considering the liver. This is particularly relevant to this discussion
since liver weights were significantly higher in the Ruminant lambs
(Chapter 4). This meant that absolute rates of synthesis were quite
similar in the two groups. Consequences for whole body protein turnover
were therefore the same in both groups.
8.6.6.3

Rumen

It was somewhat suprising to find that rumen FSR was higher in the
Suckling group, even taking growth effects into consideration. The
forestomachs of these animals were undeveloped, weighing considerably
less than those in the Ruminant group (Chapter 4). There was little
papillary development on the internal surface of the rumen wall from
Suckling lambs of both trials and the abomasal wall was similarly
undeveloped (Munro, 1982). The most likely explanation for this
difference is that is artifactual, caused by the different function of
the rumen in the weaned lamb.
An appreciable amount of endogenous nitrogen is lost from the rumen
daily. presumably from the rumen epithelium by turnover and abrasion
(Orskov, 1982). It is likely that this loss of protein will not occ~r to
the same extent in the Suckling lambs since milk would not be expected
either to enter the rumen or to cause the same amount of wear. In the
Ruminant lambs this loss may cause an underestimate of the FSR for the
reasons discussed previously. A second source of error which would cause
the FSR to be underestimated in the Ruminant lambs is the possible
incorporation of AA from the rumen (Leibholz, 1971). The similarity of
the Si:Sp ratio in this tissue for the two groups would argue against
such an effect, but leaves open the possibility that synthesis could
utilise extracellular tyrosine.
The GIT is the site of a large proportion of the WBPS, due to the rapid
turnover rate in these tissues. This is particularly relevant to this
discussion since both the mass and the protein content of the digestive
tract were greater in the Ruminant lambs than in the Suckling lambs
(Chapter 4). Correspondingly, absolute rates of synthesis would have
been greater in the Ruminant group if the FSR was similar for both
groups. The accuracy of the FSR is therefore critical in these tissues
for determining whether the proportion of WBPS contributed ~ them
changes with weaning. Combe ~ ~ (1979) concluded that this proportion
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increased from between 12 and 15% in preruminant lambs to between 26 and
33% in ruminant lambs.
8.6.7

Whole Body Synthesis From Tissue Synthetic Rates

The calculation of WBPS from the sum of the measurements from individual
tissues is necessarily crude.
A large proportion of the non-carcass protein (ca 30%) was not accounted
for by the sampled tissues (Table 8.11). This included other visceral
tissues, such as the lungs, spleen and kidneys which appear to have high
rates of synthesis (Buttery et El., 1977). It also included an amount of
protein which would be relatively inert, such as wool, since the lambs
were not shorn, and blood. The carcass protein was assumed to represent
muscle tissue, but the protein associated with bone will also £ontribute.
The turnover of this protein is likely to be high (Preedy et El., 1983).
Therefore, mean values of FSR were used for the various tissues, calculated from the intracellular specific activity, Si. The absolute
protein synthetic rates will therefore be maximal estimates, and the
possibility remains that identification of the correct precursor would
lower them.
Nevertheless, the results show that there are larger amounts of synthesis
taking place in the GIT of Ruminant than Suckling lambs. This is likely
to have consequences for the energy expenditure associated with protein
turnover, which will be discussed in the next chapter, Chapter 9.
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CHAPTER 9
GENERAL DISCUSSION

9.1

INTRODUCTION

This study of suckling and ruminant lambs was prompted by previous observations that lambs which are early-weaned, at 4 weeks, have reduced
levels of body fat up to weights of 20-25kg, compared with lambs that are
exclusively milk-fed, or weaned after 12 weeks.
This could be caused by a loss of fat in response to the reduction in
energy intake at weaning, but also by an increase in the energy costs of
protein deposition (Rattray and Jagusch, 1977). The latter would have
the effect of reducing the amount of energy available for fat deposition
in weaned lambs compared with suckling lambs, given the priority of
protein deposition in the young animal.
9.2

THE GROWTH AND DEVELOPMENT OF MILK-FED AND WEANED LAMBS

The development of the body composition of the suckling and ruminant
lambs confirmed the previous findings in early-weaned lambs (Chapter 4).
After weaning, the amount of body fat in suckling lambs was greater than
in ruminant lambs of the same empty bodyweight.
9.2.1

Growth Rates

There was a substantial difference between the groups in the rate of fat
deposition after weaning, which resulted in this difference in fat
content. In the Milk group, after an initial decrease in reponse to the
restriction of intake at weaning, the rate of deposition doubled from the
pre-weaning rate of 199/d to an average rate of 43g/d. In the Grass
group there was a loss of fat at weaning and a long period of fat stasis
thereafter. It was only in the last four weeks of the trial that
"normal " growth resumed and fat was deposited at a high rate of 49g/d.
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By contrast the rate of protein deposition, and the protein content of
the empty body, was similar in both groups throughout the trial. Before
weaning the average rate of protein deposition for the combined groups
was 21g/d, decreasing after weaning to 17g/d in the Milk group and 13g/d
in the Grass group. The similarity of the protein content of the two
groups disguises a shift in the distribution of protein: there was a
greater proportion of protein in the non-carcass component of the body in
the weaned lambs.
9.2.2

The Energetics Of Growth

The difference in body composition was associated with a change in the
pattern of energy utilisation. At the same ME intake, the Ruminant lambs
had a lower rate of energy retention than the Suckling lambs, by
132kJ/d/mW. When the ME intake was adjusted for the energy deposited as
fat, the ME requirement for the deposition of equal amounts of protein
was 130kJ/d/mW higher in the Ruminant lambs than in the Suckling lambs.
Thus the weaned lambs had an increased energy requirement for growth
compared with the milk-fed lambs. It could not be established that an
increase in the rate of protein deposition required a larger increase in
ME intake in weaned lambs than in milk-fed lambs though there was a trend
towards a higher ECPO in the former. The cost of growth was also greater
in the young Suckling lambs compared with the older lambs on the same
di et.
9.2.3

Causes Of The Reduced Fatness In Early-weaned Lambs

The mobilisation of stored fat at weaning was confirmed as a factor in
the development of a difference in fatness. Equally important, however,
was the lack of fat deposition in the weeks after weaning.
Growth of muscle and bone is strongly promoted in the young animal.
Weaned and milk-fed lambs are alike in this respect, since their common
response to an energy shortage is the mobilisation of fat to maintain
growth (Jagusch and Mitchell, 1971; Mitchell and Jagusch, 1972). The
additional requirement for energy in the post-weaning period appeared to
leave insufficient energy for fat deposition, since energy was primarily
diverted towards growth of the skeleton and muscle mass. It seems
reasonable to regard the loss of fat in the weanling animals as an effect
of the restriction in energy intake compounded by the increased energy
requi rement.
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Three possible causes for the difference in fatness will be considered.
Firstly, the ME intake may be less efficiently utilised for the
production of substrates in weaned lambs than in milk-fed lambs. The
loss of heat through fermentation and the inefficiency of the conversion
of the VFA to ATP are examples of this (Black, 1971). Secondly, there
may be processes which in the weaned lamb require extra amounts of
energy. Thus it seems likely that the provision of glucose, the
synthesis of fat and particularly the growth and maintenance of the GIT
will require additional amounts of energy in a ruminant. Both of these
factors will reduce the amount of energy available to the ruminant lamb
for tissue deposition.
Thirdly, differences in the partitioning of energy may occur as a result
of differences in the hormonal status of the animals associated with the
diet. The possibility that this was occurring is suggested by the
difference in insulin level between the two groups of lambs. Such a
hormonal change may be expected to have effects in several areas of
metabolism; the promotion of fat deposition by insulin in the milk-fed
lambs seems likely, and an alteration in the relationship between protein
synthesis and protein deposition may be possible. Thus the difference in
body composition could be caused both by factors bperating against
fatness in the weaned lamb, and in favour of fatness in the milk-fed
lamb.
9.3

THE AVAILABILITY OF ENERGY IN MILK-FED AND WEANED LAMBS

The Ruminant and Suckling lambs were pair-fed to an equal digestible
energy intake in order to allow a comparison of their efficiency of
growth at a similar level of intake. In retrospect it would have been
better to pair-feed to an equal ME intake. The expression of intake as
ME is a means of overcoming the effects of variations in dietary
characteristics on the energy that actually becomes available to the
animal. This is particularly important in the comparison of milk-fed and
weaned lambs since metabolisability is so different.
There are two other effects which will reduce the availability of energy
for maintenance and growth in ruminant animals.
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9.3.1

Energy Loss During Fermentation

The metabolisable energy intake was used as a basis for the comparison of
energy retention and protein deposition (Chapter 4) in the milk-fed and
weaned lambs. The ME intake was calculated from the DE intake by the
subtraction of the energy lost in methane and urine, but since the latter
were not measured in these trials, estimates for them were taken from the
literature. Different values are found for milk-fed and weaned lambs due
to the 1arger amounts of energy lost in methane and uri ne in the
ruminant. Thus if the lambs are compared on the basis of the energy
available to the tissues,.it obviously makes sense to allow for these
inevitable penalties of rumination.
Another source of energy loss which differs in milk-fed and weaned lambs
and which is not normally allowed for in the calculation of ME is the
energy lost from the diet during the process of digestion. In simplestomached animals the digestion of proteins and polysaccharides into
their component peptides and monosaccharides releases the energy in the
peptide and glycosidic bonds as heat. The loss incurred in this way is
likely to be small in the milk-fed lamb (Blaxter, 1962; Baldwin, 1968),
probably less than 1% of the gross energy of the ~eed. But in the weaned
lamb, the heat of fermentation derived from the ~ctivity of the rumen
micro-organisms must be added to this loss, which is then substantially
larger, being estimated at approximately O.lME (Van Es, 1980). Blaxter
(1962) has emphasised the range of this figure, a possible 3 - 12% of the
gross energy of the feed. The heat produced in this way could be useful
if it contributes to the maintenance of homeothermy, but this is only
likely to occur at temperatures below 10°C (Van Es, 1980).
If the intention is to compare animals on the two diets on the basis of
their absorbed nutrients, this energy should be subtracted from the
calculated ME intake to give the absorbed energy intake. This would
affect the relationship between ER and ME intake for the Ruminant lambs
(Figure 4.10), reducing the difference in MEM between these and the
Suckling lambs, but also increasing their efficiency of utilisation. At
the same ME intake the two groups differ by 132kJ/d/mW in energy
retention (Equation 4.23). Comparing them at the same absorbed energy
intake (assumed to equal t~E for the Suckling lambs, but 0.9~1E for the
Ruminant lambs) reduced this difference. Then at an absorbed energy
intake of 720 kJ/d/mW, energy retention differed by 93kJ/d/mW, a
reduction of 30%. It seems likely that a substantial part of the
difference in MEM between the groups can be explained in this way.
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9.3.2

Inefficiencies In The Utilisation Of

Absorbe~Energy

Since the sources, of metabolic energy differ on the two diets, so Will
the efficiency of ATP generation. The synthesis of ATP from glucose or
long chain fatty acids is more efficient than from VFA, simply as a
consequence of the point at which the various substrates enter the
reactions of intermediary metabolism. ATP synthesis from protein also
has a lower efficiency, due in part to the losses incurred through the
excretion of the AA-nitrogen as urea.
Oxidation of gl~cose in the Suckling lambs appeared to be occurring at a
much greater rate than in the Ruminant lambs (Chapter 7), where it is
likely that acetate was a major source of energy for ATP generation
(Pethick et ~, 1981). On the other hand, the use of protein for this
purpose did not seem very likely in the milk-fed lambs, given the lack of
response of the blood urea level to increases in intake (Chapter 5).
Thus energy dependent processes will be less efficient in the ruminant
where ATP is generated from VFA and protein, costing perhaps
85-88kJ/molATP. In the suckling lamb long-chain fatty acids and glucose
are the probable energy substrates, with ATP synthetic costs of
76-78kJ/molATP.
This inefficiency in the Ruminant lambs is compounded by the energy loss
described in the previous section. The energy costs of ATP generation
may therefore be as high as 97kJME/molATP in the weaned lambs, implying
that all energy-dependent processes will be less efficient in the weaned
lambs.
9.4
9.4.1

ENERGY EXPENDITURE IN MILK-FED AND WEANED LAMBS
The Energy Costs Of Fat And Protein Deposition

The differences in energy utilisation between the groups could not be
ascribed to differences in ECPo. However, this does not necessarily
imply that there were no differences in the energy costs associated with
protein turnover. The coefficients of the multiple regression of net fat
and protein deposition on ME intake describe the increments in ME intake
required to bring about the net deposition of a unitary amount of fat or
protein. They therefore summarise the increases in all energy-dependent
processes which occur in response to an increase in ME intake, besides
the energy of the deposited fat or protein. Amongst these processes will
be the transportation of nutrients across cell walls and the maintenance
of ion gradients, but their likely energy costs are not known with
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certainty. In this discussion only the costs of the synthetic pathways
will be considered.
The cost of fat deposition estimated in this way (53kJME/g) is similar to
that of protein deposition (Webster, 1983), which implies that the former
is more efficient than the latter since the energy content of fat is
approximately 1.6 times that of protein. In fact the net efficiency of
fat deposition (0.75) is close to the theoretical estimate of 0.86
(Millward et ~, 1976b). For protein deposition the discrepancy between
the experimental (0.45) and theoretical determinations (0.86 in simplestomached animals but 0.79 in ruminants) is very much greater (Van Es,
1980). This loss of efficiency is usually ascribed to the turnover of
protein.
9.4.2

Energy Costs Of Whole Body Protein Synthesis

In the present work the rate of whole body protein synthesis (calculated
from the plasma tyrosine flux) was between five and seven times greater
than the net deposition rate (Chapter 8). Turnover of this magnitude
will obviously reduce the efficiency with which protein is deposited.
The reduction will be even greater if the whole bqdy synthetic rate
derived from the tissues is considired to give the best estimate of WBPS,
since this is approximately three times greater. Since WBPS was
significantly greater in the Ruminant lambs than the Suckling lambs at a
similar growth rate, the energy expended on protein turnover will also be
greater.
Calculations from the figures given for the growing lambs in Table 8.3
indicate that in a ruminant lamb of 15kg EBW the cost of the synthesis
associated with the net protein deposition increases the total cost of
this deposition from a theoretical estimate of 30kJME/g to 54kJME/g
(Table 9.1). For a milk-fed lamb the corresponding estimates are
28kJME/g and 41kJME/g. It was assumed that peptide bond synthesis cost
3.2kJ/g protein in the milk-fed lambs, but 4.2kJ/g protein in the weaned
lambs (Van Es, 1980). Again, the theoretical estimates are much higher
when the whole body rate derived from the tissues is used in the
calculation.
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TABLE 9.1
Energy costs asociated with protein turnover and protein deposition
in Suckling and Ruminant lambs of 15kg empty bodyweight.
=========================================================================

Suckling

Ruminant

====================:====================================================

Calculations from flux
WBPS (g/d)
Synthetic costs (kJME/g)
Cost of synthesis (kJME/d)

138
3.2
442

165
4.2
693

Protein deposition (g/d)
Deposition costs (kJME/g)
Cost of deposition (kJME/d)

26
24
624

24.4
26
634

1066
140
41

1327
174
54

WBPS (g/d)
Cost of synthesis (kJME/d)

363
1162

450
1890

Tota 1 cost: (kJME/d)
(kJME /d/mW)
(kJME/g deposited)

1786
234
67

2524
331
103

Tota 1 cost: (kJME /d)
(kJME/d/mW)
(kJME/g deposited)
Calculations from tissues

=========================================================================
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From these results it would appear that the total ME cost of protein
deposition should indeed be higher in ruminant lambs than in milk-fed
lambs, due both to the reduction in the efficiency of ME utilisation for
ATP generation and supply of AA substrates, and to the increase in
protein turnover. The calculations in Table 9.1 suggest a difference in
the contribution of protein turnover to heat production of 34kJME/d/lnW
(from tyrosine flux) or 97kJME/d/mW (from Ltissue synthesis). Nevertheless, such a difference will not necessarily appear in the ECPO derived
from the multiple regression procedure (Chapter 4).
Because protein turnover ,is still very rapid at zero nitrogen balance,
part of the turnover cost assigned above to the deposition of protein
will be assigned to the cost of maintenance in the regression. Only the
increment in synthesis which is associated with the increment in nitrogen
balance will appear in the coefficient of the multiple regression
procedure. In both milk-fed and weaned lambs there was a high rate of
WBPS at zero nitrogen balance (Figure 8.4b), but only in the weaned lambs
was there a significant regression of WBPS on nitrogen balance. The
."slope of this regression indicated that increases in WBPS above that
occurring at zero nitrogen balance could account for the increase in
protein deposition, but w~th no extra synthesis. -For the milk-fed group
there was no such relationship, which may be a result of the narrower
range of the data. On the other hand, it may indicate that increases in
the rate of protein deposition occurred without changes in the rate of
protein synthesis, which would imply that the rate of protein degradation
had decreased. Net protein deposition could therefore take place without
incurring any extra costs from protein synthesis.
This is an important point since it would suggest not only that the ratio
of the rate of protein deposition to the rate of protein synthesis was
different for the two diets, but also that the relationship of synthesis
to deposition had changed. The former could be explained by a difference
in protein turnover in the GIT (see below), but the latter would impJy a
difference in the control of protein growth, with consequences for energy
partiti-oning. The data from this work is not capable of answering this
question.
With regard to the consequences for the costs of protein deposition, it
is apparent that in neither the milk-fed nor the weaned lambs could the
increment in protein synthesis above that occurring at zero nitrogen
balance suffice to explain the ECPO, estimated at 72kJME/g for the
combined groups. A similar conclusion was reached by Edmunds et ~

----..--
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(1980) in pigs. This is not to say that changes in the rate of protein
turnover are not likely to appear in estimates of ECPO. The results of
Reeds et ~ (1981) with pigs showed that the increase in growth rate
caused by an addit i ona 1 amount of protei n in the di et was associ ated with
large increases in turnover. This kind of response would therefore
increase the energy cost of growth, by appearing as an increased ECPO.
9.4.3

Protein Turnover In The GIT

The measurement of the rate of protein synthesis in the GIT (Chapter 8)
showed that greater amounts of energy would be expended in this tissue in
weaned lambs. The amounts of energy involved, however, are difficult to
quantify due to the uncertainty in the measurements of the fractional
protein synthetic rate. Using the value for the amount of protein
synthesis in the GIT derived in Chapter 8, there would be an extra amount
of energy expenditure of approximately 30 kJME/d/mW in the Ruminant
lambs, or 25% of the difference in MEM between the groups.
The energy penalty associated with the growth and maintenance of a
functioning rumen may therefore be substantial. Having a large amount of
tissue which is turning over rapidly it will have· an energy cost which is
not involved in any productive process. As such it will certainly
contribute to the total energy cost of whole body protein synthesis but
not to the ECPO. The difference in amount of synthesis in this tissue
would therefore explain part of the difference in MEM between the
milk-fed and weaned lambs •
. 9.4.4

Energy Costs Of Glucose Synthesis

Glucose entry rates in the Suckling lambs were similar to the rate of
intake of lactose, implying that little gluconeogenesis is required in
these animals during feeding. The cost of glucose production to the
animal will therefore be the contribution that lactose makes to the ME
intake, though there are likely to be energy costs associated with
synthesis or mobilisation of glycogen stores during post-absorptive
periods. In the Ruminant lambs glucose will be synthesised from (in
order of importance) propionate, lactate and glycerol, alanine and
glutamine. There will therefore be some synthetic costs besides the
energy cost of the precursors.
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The synthesis of glucose from propionate is 77% efficient, taking the
heat of fermentation and the reduced efficiency of ATP synthesis from
acetate into account (Baldwin, 1968). A crude calculation of the
proportion of ME intake required for glucose provision is possible if it
is assumed that all glucose is derived from the diet in the Suckling
lambs (at 100% efficiency), but from propionate in the Ruminant lambs.
Using the glucose entry rates determined in Chapter 7 (Table 7.2),
glucose provision in the Suckling lambs would cost 243kJME/d/mW, while in
the Ruminant lambs, for a slightly smaller entry rate, costs would be
262kJME/d/mW.
It is difficult to assess the importance of this difference of
19kJME/d/mW, considering that the assumptions used in the calculation
would be expected to maximise any difference between the groups. Thus
the milk-fed lambs would be expected to have extra costs as outlined
above, while not all synthesis in the weaned lambs would be as expensive
as assumed. The calculation involves a number of other difficulties,
such as the extensive recycling of glucose, together with uncertainties
due to the method of measurement of GER (see Chapter 7). Nevertheless it
does not seem likely that this is an area of major difference in energy
expenditur-e.
9.4.5

Energy Costs Of Fat Synthesis

The deposition of fat appears to have an energy cost close to that
derived by direct calculation from the pathways of synthesis. This has
been taken to imply that the turnover of deposited fat is small, though
there is as yet no consensus on this (Baldwin, 1968; Annison, 1976;
Emery, 1980; Reeds et ~, 1982b). As di scussed previ ous ly for protei n,
the mUltiple regression technique would not detect a high rate of
turnover at zero fat deposition, which might contribute to energy costs.
The costs of fat synthesis are likely to differ between the two groups of
lambs, for similar reasons to those discussed for glucose synthesis. The
deposition of energy as fat may be a very efficient process in the
milk-fed lamb (Millward ~~, 1976b; Vernon, 1980b). The rate of de
novo fat synthesis in the adipose tissue of suckling lambs is low, and
most of the deposited fatty acids are derived directly from the diet.
The energy costs of fat synthesis will therefore be limited to the ME
requirements for the precursors, FFA and glycerol, and the ATP needed to
synthesise the triglyceride. In the calculation of ECPO (Chapter 4) the
deposition of fat in the milk-fed lambs was assumed to cost 40.2kJME/g,
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an efficiency close to 100%.
In ruminant lambs the energy costs may be substantially higher, but there
are a number of unknowns which make theoretical calculations difficult.
The fatty acids have to be synthesized, a process which requires both ATP
and NADPH. The costs of synthesising ATP may be estimated, but the
energy cost of NADPH generation is more difficult to calculate because
the relative contributions of the various pathways by which it is
synthesised are not known (Vernon, 1980b). The identities of the
precursors for fat synthesis are uncertain. Acetate may make less of a
contribution than has often been assumed, and the involvement of lactate
is controversial (Lindsay, 1983). The amount of long-chain fatty acid
that is incorporated directly is also unknown. For the purpose of this
discussion, assuming acetate is the precursor, that NADPH is generated
from both acetate and glucose at a cost of 300kJ/mol, which in turn is
synthesised from propionate, and that ATP costs 88kJ/mol, the synthesis
of palmitate is likely to cost 52kJ/g, or 57kJME/g allowing for the heat
of fermentation. This is considerably higher than in the milk-fed lambs.
Since there was no net synthesis of fat in the weaned lambs for most Of
the post-weaning period, it is not likely that such differences would
have contributed to the increased costs of growth in this group.
However, until information is gathered on the rate of fat turnover this·
conclusion can only be tentative.
9.4.6

Summary

For a number of reasons the amount of productive energy available to a
ruminant lamb would be expected to be less than that available to a
suckling lamb at the same ME intake. Fermentation losses and
inefficiencies of ATP synthesis will be responsible for some of this
difference, which will appear as a higher MEM and a lower efficiency of
utilisation of ME. The difference in the whole body protein turnover
rate will also make a significant contribution to differences in heat
production, part of which may be assigned to the extra costs associated
with the enlarged rumen. The measuremen~ of these energy costs is
heavily dependent on the accuracy of the measurement of the protein
synthetic rates. Thus most of the difference in heat production between
the Ruminant and Suckling lambs could be ascribed to differences in
protein turnover if the estimate of WBPS calculited from the tissues is
taken. Though the ratio of synthesis to deposition of protein was higher
in the Ruminant lambs, it was not possible to say whether there was also
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a difference between the the two groups in the change in this ratio with
growth.
9.5

GLUCOSE AND INSULIN

Various aspects of glucose metabolism and its relationship to insulin
secretion were studied with regard to the effects of weaning. In the
Ruminant lambs plasma glucose and insulin levels decreased after weaning,
in contrast to the Suckling lambs whose plasma glucose was maintained,
and insulin elevated, by the prolonged milk feeding. Glucose turnover
rates were similar in the,two groups, but in the Ruminant lambs the
proportion of the glucose turnover that was oxidised appeared to be
substantially less than in the Suckling lambs. The tolerance to injected
glucose declined rapidly at weaning, the major effect being a decrease in
the sensitivity of the pancreas to glucose stimulation. Glucose
tolerance also declined with age in the milk-fed lambs, the mixed
pancreatic and peripheral effects indicating that tissue insulin
resistance had developed.
9.5.1

Ruminant Lambs

As judged by the entry rate, glucose remains an important metabolite to
the ruminant lamb despite the apparent difficulty of supply. However,
the reduction in the rate of oxidation implies that the pattern of
glucose utilisation changes at weaning. A decrease in oxidation witho~t
a change in the entry rate means that large amounts of glucose are
diverted into pools of long turnover time, as also noted by Leng and Ball
(1978) and Macrae and Egan (1980). These pools, possible sinks for
glucose-C, have not yet been identified. Their existence in the ruminant
may indicate that glucose is not used directly as an oxidative fuel, but
is directed into anabolic pathways (Macrae and Egan, 1980).
There is little evidence from this work to suggest where these pools may
be. The lack of fat deposition in the weaned lambs implies that adipose
tissue at least would not be such a site, but in any event glucose
conversion to fatty acids is inhibited in ruminants (Ballard ~~,
1967), for reasons which are not entirely clear (Vernon, 1980a; Pearce,
1983). The syhthesis of non-essential amino acids from glucose has also
been suggested as a possible pathway which would result in a slow
turnover of labelled glucose (Macrae and Egan, 1980). The significance
of this pathway has yet to be demonstrated. Alternatively, the decrease
in oxidation may be interpreted to mean that there is a considerable
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delay within some tissues between the uptake of glucose and its
oxidation, for reasons unknown (Lindsay, 1981b). In that case the
reduction in oxidation at weaning would be more apparent than real.
The difference in plasma glucose level between the Suckling and Ruminant
groups does not represent a diffe~ence in flux, since this was similar
for both diets. It may represent a point of control for glucose
metabolism. Glucose levels at this time of sampling were not affected by
the level of feeding, hence they probably reflect the homeostatic control
point. A decrease in the circulating glucose level could be useful in
reducing indiscriminate glucose metabolism by a mass action effect, but
the plasma glucose decreased slowly after weaning, suggesting that this
was secondary to other events.
These changes seem to indicate the existence of mechanisms for the
preservation of glucose in the ruminant, in agreement with the concept of
glucose-sparing. The results of the glucose tolerance tests reinforce
this view, since both the release of insulin from the pancreas and the
rate of glucose clearance decreased after weaning. Though the IVGTT did
not show any indication of a change in the sensitivity of glucose uptake
to insulin stimulation, the sensitivity of plasma· glucose levels to
injected insulin has been shown to decrease with age in the sheep (Deetz
and Wangsness, 1980). Thus the relationship between glucose and insulin
alters on weaning, such that glucose metabolism becomes less responsive
to changes in insulin (Bassett, 1978). This would tend to protect
glucose levels, allowing insulin to take part in other regulato~ schemes
without threatening the glucose supply.
A number of recent studies have raised questions about the functions of
glucose and insulin in the ruminant. Infusion of insulin into sheep did
not reduce the rate of nitrogen excretion (Sumner and Weekes, 1983)
contrary to its effects in pigs (Fuller et ~,1977). Similarly, insulin
infusion did not affect plasma urea or AA levels in sheep (Prior and
Christenson, 1978), though they decreased in response to the injection of
glucose. The infusion of glucose and VFA has been shown to increase the
rate of nitrogen retention (Eskeland et ~,1973). It may be that
glucose takes on a more specialised role in the ruminant as the link with
insulin becomes weaker. Prior and Smith (1982) have suggested that
glucose is more important than insulin in the promotion of fat synthesis
in adipose tissue in ruminants. Glucose, or the 3-carbon intermediates
it can supply, may be important for the efficient utilisation of acetate
(Macrae and Lobley, 1982).
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9.5.2

Suckling Lambs

Though the milk-fed lambs were the controls for the experiments, in the
sense that they formed the baseline by which the developments in the
weaned lambs were judged, there were also changes in these animals. Two
findings were suggestive of a decrease in the sensitivity of tissues to
the actions of insulin over a period of long-term milk feeding.
Firstly, the increase in the fasting level of plasma insulin at a
constant plasma glucose level is a feature typical of insulin resistance
(Kahn, 1980). An increase in circulating insulin level in a monogastric
is usually associated with a decrease in plasma glucose, since the
stimulation of glucose uptake into tissues by this hormone is very rapid.
Secondly, the decrease in glucose tolerance and the change in the pattern
of insulin release from the pancreas in the older lambs both imply that
greater amounts of insulin were required in order to dispose of a given
amount of glucose. The reasons for the development of this insulin
resistance are unknown, but the association between resistance and
obesity in humans and rats is suggestive.
The relationship between insulin and glucose in the milk-fed lambs
appears to be typical of monogastric animals. The rate of glucose
turnover was governed by the intake of lactose, and both this and the
rate of glucose oxidation (Chapter 7) were comparable to those expected
of single-stomached species (Kronfeld and Van Soest, 1976). Another
major effect of insulin in the short term is to increase glucose
oxidation, so it would seem that insulin may have some bearing on the
differences between the Suckling and Ruminant lambs in this respect. The
decrease with age in the proportion of CO 2 derived from glucose in the
Milk group (Figure 7.3b) is of interest. It is tempting to interpret
these results in terms of a decreased stimulation of glucose oxidation by
feeding in the older animals. In obese rodents (Olefsky, 1981) the
stimulation of glucose oxidation by insulin in fat cells is reduced, and
this appears to be one of the effects of the development of insulin
resistance.
The development of obesity-related insulin resistance is not well understood, and may involve changes in receptor levels (Wigand and Blackard,
1979) and intracellular pathways (Belfiore et ~,1979; Olefsky, 1981).
The prima~ event may be an increase in the circulating insulin level
caused by overeating, which then promotes the deposition of fat in
adipose tissue (Kahn, 1980). With the increase in size of the adipocyte
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comes a decrease in the sensitivity of the cell, requiring a higher
insulin level to achieve the same stimulation. If so, the prescence of
such a phenomenon in the milk-fed lambs would imply that insulin is
involved in the partitioning of energy into the growth of fat.
9.6 MECHANISMS OF ENERGY PARTITIONING
It is clear from this work that the transition from the suckling to the
ruminant state is accompanied by an increase in the ME cost of growth,
part of which is caused by inevitable losses of ME as a result of the
change in digestive function, and part of which may be due to the
increase in protein turnover in the rumen. The loss of fat over the
weaning period and the subsequent growth only of the muscle and skeleton
was interpreted as a partitioning of energy away from fat as a result of
the energy shortage. The mechanism of the process is not known, but
evidence from this work indicates that insulin may playa part.
The prima~ effect of the adaptation of the lamb to a solid diet appears
to be the growth of the rumen. At this time the VFA appear to be the
only substances known to stimulate the growth of rumen tissue, but the
endocrinology of the GIT is extremely complex (Bassett, 1981) and there
may be local stimulators of rumen growth. Insulin has also been shown to
promote the division of ruminal epithelial cells (Sakata et ~, 1980),
but it acts by mediating the effects of butyrate. It does not seem
likely to play an important role in the absence of the products of
fermentation, since the rumen remains rudimentary in milk-fed lambs. The
diversion of energy into the growth of the rumen may, initially at least,
be under local control.
However, the response of the animal to the energy shortage requires more
extensive metabolic coordination. It seems probable that both insulin
and growth hormone are involved in the simultaneous loss of fat and
continued growth of other tissues. Basal insulin levels, and the insulin
release in response to feeding, were shown to decrease at weaning
(Chapter 5; Bassett, 1974a; Munro, 1982). While insulin influences a
number of metabolic pathways, its effects are manifested at different
concentrations (Kahn et ~, 1981; Vernon and Peaker, 1983b). Thus a
reduction in insulin level in the weaned lambs may permit the
mobilisation of fat, while still exerting anabolic effects on protein
metabolism. It was observed that though insulin levels were very low in
the Grass group in the post-weaning period, protein deposition continued
at a rate which was only slightly less than that in the Milk group. The
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major effect of the lack of insulin at this time therefore seems likely
to be directed at the adipose tissue. It is interesting that the
mobilisation of body fat during lactation occurs without a change in the
level of insulin (Flint, 1982). An important difference between the
mobilisation of fat at lactation and at weaning is that in the former the
aim of the hormonal changes must be to change the site of fat synthesis,
while in the latter the aim is abolish it entirely.
Growth hormone may also affect both adipose and muscle tissues, though
whether these actions are direct or operate via the somatomedins or IGFs
is uncertain at present. Vernon (1980b) has suggested that during this
period of rumen development the hormone may act on both tissues, to
promote lipolysis in the one and muscle growth in the other.
In the Suckling lambs the amount of energy available for growth is likely
to have been substantially greater than in the Ruminant lambs, despite
the similarity in DE intake. Nevertheless, though growth rates were only
moderate a substantial amount of this growth went into fat. Vernon
(1980b) has suggested that fat deposition in milk-fed lambs is promoted
both by the availability of VLDL from the milk, and by the high levels of
insulin. The present results support this idea, showing that fat
deposition increased concurrently with the development of raised insulin
levels. Presumably the stimulation of the pancreas by the milk was such
as to cause increasing amounts of insulin to be released, eventually
causing defects in regulation in target tissues. The partitioning of
intake towards fat deposition as a consequence of long-term milk-feeding
therefore seems to be an insulin-related effect, though other hormonal
changes, notably in GH, are also seen in suckling lambs (Stern et ~,
1971). A link between insulin and fatness in lambs is supported by the
association of insulin with fatness in cattle (Trenkle and Topel, 1978)
and in older sheep (Vandermeerschen-Doize et~, 1982, 1983). That
insulin acts only in this way is extremely unlikely; increases in
insulin levels were associated with increased protein and decreased fat
deposition in lambs supplemented with protein by abomasal infusion
(Barry, 1981; Barry et ~, 1982).
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CHAPTER 10
SUM~lARY

Glucose metabolism and protein turnover were studied in suckling and
ruminant lambs in relation to the energy cost of growth and the body
composition. Lambs were taken soon after birth and hand-reared indoors
on ewe's milk. After 4 weeks, half of the animals were weaned on to
herbage, while the remainder continued on milk. The suckling lambs were
pair-fed to the ruminant lambs, to an equal digestible energy intake.
Groups of lambs were slaughtered at intervals of 4 weeks to measure rates
of protein and fat deposition. The experiment continued for 20 weeks.
10.1

BODY COMPOSITION

At any gi ven bodY\'Iei ght, 1ambs fed on mil k had more fat than weaned
lambs. Early weaning may therefore lead to a considerable reduction in
fatness. Comparative slaughter of the animals revealed that this
difference was due both to a loss of fat in response to the stress of
weaning and to a lack of fat deposition thereafter. The development of
the forestomachs was rudimentary in the suckling lambs; hence there was
a large difference between the groups in the mass of the GIT.
10.2

ENERGY COST OF GROWTH

The ME cost of growth was greater in the younger then in the older
suckling lambs, and greater in weaned than in milk-fed lambs of the same
age. This extra cost was interpreted as being due to an increased
"maintenance" requirement rather than to an increased energy cost of
protein deposition, though there was a trend for the latter to be higher
in the ruminant lambs. An increase in the ME requirement for maintenance
would be expected on changing from, a milk to a herbage diet, due to
additional inefficiencies of ME utilisation in the ruminant (Black,
1971). The heat of fermentation in the rumen, and the lower efficiency
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with which the VFA are used to synthesize ATP, reduce the energy
available for productive purposes in the weaned lamb. However, this loss
of energy is not able to account entirely for the difference in the ME
cost of growth between suckling and ruminant lambs of the same age.
10.3

BLOOD GLUCOSE, INSULIN AND UREA

Blood glucose, insulin and urea levels were measured at weekly intervals
throughout the trial. There were changes during the post-weaning period
which were indicative of an adaptation of metabolism in the ruminant lamb
to the lack of absorbed gl~cose. After the withdrawal of milk, insulin
levels fell rapidly and remained at a low level thereafter, while glucose
levels also declined, though more slowly. The decrease in glucose level
in the ruminant lambs was interpreted as an adaptive response to the lack
of dietary glucose, acting to reduce the uptake of glucose into tissues
by virtue of the lower concentration. The decrease in insulin level
coincided with a reduction in intake while rumen adaptation was taking
place, and probably assisted in the mobilisation of fat which took place
at this time. Over the longer term, it is likely to have had effects in
the partitioning of nutrients away from the deposition of fat, and in
reducing the stimulation of glucose uptake and glucose oxidation.
In the lambs-which continued on milk, insulin levels fell briefly at the
time of weaning, but returned to the pre-weaning 1evels~ and increased
even further towards the end of the trial. Glucose levels were
significantly higher than in the ruminant lambs. Thus lambs which are
reared entirely on milk tend to maintain their fasting blood glucose
levels, but with normal or increased amounts of circulating insulin.
This, together with the associated deposition of large amounts of fat, is
suggestive of the development of insulin resistance in these animals.
The urea levels reflected a difference between the diets in protein
digestion and metabolism. In the milk-fed lambs, blood urea showed no
response to increases in nitrogen intake, which indicates that over this
range of protein consumption their ability to deposit dietary protein was
not limited. In the weaned lambs urea levels increased throughout the
trial, with a strong correlation with the nitrogen intake. Thus the urea
level reflected the release of ammonia from the rumen, caused by the
degradation of dietary protein without subsequent incorporation into
microbial protein.
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10.4

GLUCOSE METABOLISM

The metabolism of glucose was examined in three areas:
glucose oxidation and glucose tolerance.
10.4.1

glucose turnover,

Glucose Turnover

Glucose turnover was assumed to be equal to the irreversible loss of
glucose as measured by the continuous infusion of [U_14C]glucose into fed
lambs. Despite the difference in diet, the glucose turnover rate was
very similar between the groups when expressed relative to bodyweight.
Glucose production in the suckling lambs appeared to be determined
largely by the intake of lactose in the diet. In the ruminant lambs the
relationship between feed intake and glucose production was less close,
though still indicative of a dependence of the rate of glucose synthesis
on the availability of dietary precursors.
10.4.2

Glucose Oxidation

The proportion of blood CO 2 derived from glucose, calculated from the
ratio of the specific activities of these metabolites at plateau during
the infusion, was higher in the suckling lambs than in the ruminant
lambs. The corresponding proportion of the glucose production that was
oxidised could not be calculated, since the production rate of CO 2 was
not measured, but it seemed likely that the larger contribution of
glucose to CO 2 in the milk-fed lambs was the result of a greater rate of
glucose oxidation. Thus though the glucose supply was similar in the two
groups, in the weaned lambs glucose was directed into pools of longer
turnover time. One such pool might be represented by the use of glucose
for the synthesis of non-essential amino acids. This use would
contribute to the irreversible loss of glucose, though ultimately the
labelled carbon atoms could be recycled. Oxidation of glucose in the
ruminant lambs was therefore inhibited, a condition similar to that met
with in fasted non-ruminants, and one which might be expected to
accompany the low levels of circulating insulin.
In the suckling lambs the use of glucose was directed more towards
oxidation, to an extent similar to that expected of feeding non-ruminant
animals. A requirement for the oxidation of glucose via the pentose
phophate pathway, to provide reducing equivalents for fatty acid
synthesis, does not seem very likely. Oxidation of glucose in these
lambs may simply be used to provide energy for general synthetic
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purposes, reflecting their energy surplus. Their high insulin levels
would be expected to promote this state. The glucose contribution to CO 2
production declined in the older animals. This may be an effect of the
development of insulin resistance with increasing fatness in milk-fed
lambs.
10.4.3

Glucose Tolerance

Glucose tolerance tests before and after weaning and at the end of the
trial showed that there were changes in pancreatic and tissue responses
to glucose loading in both suckling and ruminating lambs. In the weaned
lambs there was a marked decrease in the sensitivity of insulin release
in the pancreas to glucose stimulation. This would account for at least
part of the inability of these animals to remove glucose rapidly from the
bloodstream, though a reduced sensitivity of the tissues to the
stimulating effects of insulin is also to be expected. It would seem
that simple glucose tolerance tests are incapable of separating these
effects, and future work in this area would need to aim at measuring the
sensitivity of tissues at controlled levels of insulin stimulation. Both
effects would contribute to a mechanism for sparing glucose in the
ruminant lamb.
The sensitivity of the pancreas to the injection of glucose was
maintained in the suckling lambs over the period of the trial, though the
amount of insulin secreted varied markedly. The pattern of release
changed, tending to take the form of a broad response rather than a short
peak, yet the clearance of glucose was slower later in the trial. A
state of resistance to the stimulating action of insulin on glucose
uptake seemed to have developed.
Taken as a whole, these results suggest that the long-term feeding of
milk to lambs leads to the deposition of large amounts of fat, and that
insulin plays a large part in directing the storage of energy in this
fashion. Ultimately the increased fatness and raised insulin level is
associated with the appearance of insulin resistance, but the cause of
this resistance is not understood.
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10.5

PROTEIN SYNTHESIS

The rate of protein synthesis in these animals was measured by means of a
continuous infusion of L-[side chain-2,3-3H]tyrosine. Fractional protein
synthetic rates in individual tissues were calculated from the ratio of
the specific activities of free and bound tyrosine in each tissue. Whole
body synthesis rates were calculated both from the tyrosine flux and from
a summation of the synthetic rates in the individual tissues.
This method, though in common use, has well-recognised deficiencies both
in the estimation of synthesis in rapidly turning-over tissues and in the
the identification of the 'precursor amino acid pool. The specific
activity of tyrosine in the sampled tissues was seldom more than 50% of
that in plasma. The difficulties with the constant infusion method are
exemplified by the three-fold difference between the two estimates of
whole body synthesis. Methods developed more recently may be better in
this respect, but are prohibitively expensive in large animals such as
sheep.
Synthetic rates were highest in the gastro-intestinal tissues and liver,
lowest in the heart and skeletal muscle. There were no changes in the
FSR between 8 and 20 weeks, but in some tissues, particularly the skin,
the rate of protein synthesis was responsive to the state of nitrogen
balance.
The rate of fractional protein synthesis was greater in the muscle, liver
and rumen tissue of milk-fed lambs. It is possible that in muscle the
difference was caused by the rapid hormonal release associated with
feeding, and that it represents an increase in the growth rate of the
tissue, though this was not measured. The difference in liver FSR might
be explained in a similar manner, since the absorption of nutrients from
the small intestine is more rapid in milk-fed lambs, but there are severe
technical criticisms of the measurement of liver FSR with this tracer
which make the results difficult to interpret. The difference between
the FSR of rumen tissue from suckling and ruminant lambs is likely to
have been artifactual.
The rate of whole body synthesis was higher in the weaned lambs than in
the milk-fed lambs, at the same growth rate. This implies that more
energy was required for the deposition of similar amounts of protein,
though the exact amounts of energy involved differ according to which
estimate of WBPS is chosen. Therefore the contribution of protein
synthesis to the heat production of the lambs cannot be assessed with
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confidence, though this does provide an explanation for some of the
difference between the energy requirements for growth in the two groups.
The amount of protein synthesis taking place in the tissues of the GIT
was greater in the ruminant lambs, owing to the larger mass of protein in
this tissue contributed by the rumen. The exact difference this would
make to the energy requirement of the lamb cannot be calculated until
more reliable measurements of protein synthesis rates are made for these
tissues. The present calculations suggest that 25% of the difference in
energy expenditure between the groups could be assigned to the turnover
of protein in the rumen wall.
10.6

GENERAL CONCLUSIONS

The major cause of the difference in fatness between the milk-fed and
weaned lambs fed to an equal digestible energy intake appeared to be a
reduction in the energy available for growth in the latter. This
reduction is due at least in part to the extra costs associated with the
growth of the rumen, together with the heat of fermentation and with the
efficiency of utilisation of the VFA. The deposition of fat in the
milk-fed lamb is likely to have been promoted by the amount of fat in the
diet and by the increased levels of circulating insulin.
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APPENDIX A
SOURCES OF CHEMICALS AND MATERIALS

A.I

CHEMICALS

General reagents were obtained from BDH Chemicals, Poole, U.K., May and
Baker, Dagenham, U.K., J.T.Baker, Phillipsburg, U.S.A., Sigma Chemical
Co., St Louis, U.S.A., Ajax Chemicals, Sydney, Australia.
Particular reagents were obtained from the following sources:
Brij-35: Koch-Light Laboratories, Coinbrook, Bucks., U.K.
Cab-O-Sil, M-5 Fumed Silica: BDH Chemicals
Charcoal, "Norit OL": Hopkin and Williams, Essex, U.K.
2,3-diphenyloxazole: Liquid scintillation grade, J.T.Baker
Ferric chloride, anhydrous: Fisons Scientific, Loughborough, U.K.
Glucose oxidase: Sigma Chemical Co.
Heparin: Evans Medical Ltd., Liverpool, U.K.
Human serum albumin: Behringwerke AG, ~1arburg, H.Germany
Insulin, ovine: Eli Lilley and Co., Indiana, U.S.A.
l-nitroso-2-naphthol: Sigma Chemical Co.
Sodium pentobarbitone - "Nembutal": Abbott Laboratories, Australia
Triton-X-IOO: Rohm and Haas New Zealand Ltd., Auckland, N.Z.
L-tyrosine decarboxylase: Sigma Chemical Co.
o-tolidine: Sigma Chemical Co.
A.2

MATERIALS

Materials used for collecting blood and for surgical procedures were
obtained from the following sources:
Blood collecting tubes: Venoject Tubes, Terumo Corp., Japan.
Syringes: Terumo Corp., Tokyo, Japan.
Catheters - "Intracath": Deseret Pharmaceuticals Co., Utah, U.S.A.
Setonet: Setonet Products, U.K.
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A.3

RADIOACTIVE ISOTOPES

All isotopes were obtained from The Radiochemical Centre, Amersham, U.K.,
apart from Ba14C03, which was obtained from Nuclear-Chicago, Chicago,
U.S.A.
A.4

SOLVENTS

Solvents were AR or redistilled commercial grade.
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APPENDIX B
COUNTING OF RADIOACTIVE SOLUTIONS

B.1

SCINTILLATION COCKTAILS

Two scintillation cocktails were used in this work. The first, Triton/Toluene, was used for counting aqueous samples in the determination of
the SA of glucose and tyrosine. The second, Cab-O-Sil/Toluene, was used
for counting suspensions of barium carbonate in the determination of the
SA of CO 2•
1.

0.4% (w/v) 2,5-diphenyloxazole in 1:2 (v/v) Triton-X-100:Toluene
4g PPO was dissolved in 667ml of redistilled commercial grade
toluene and mixed with 333ml Triton-X-100 (Rohm and Haas).

2.

0.4% (w/v) 2,5-diphenyloxazole in 4% (w/v) Cab-O-Sil in Toluene
4g PPO was dissolved in 500ml of redistilled commercial grade
toluene, mixed to a slurry with 40g Cab-O-Sil M-5 Fumed Silica
(BDH Chemicals) and made up to 11 with more toluene.

B.2

PREPARATION OF SAMPLES
1.

For the determination of glucose SA (Chapter 7) the gluconate
crystals were dissolved in l.Oml of water, 15ml of Triton/Toluene scintillant was added and mixed to give a clear
solution.

2.

For the determination of tyrosine SA (Chapter 8) 1.0ml of the
enzyme-treated tyrosine solution was added to 15ml of
Triton/Toluene scintillant in a scintillation vial and mixed to
give a clear solution.
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3.

8.3

For the determination of CO 2 SA (Chapter 7) the barium carbonate
powder was suspended in 15ml of Cab-O-Sil/Toluene scintillant.

COUNTING

The samples were counted in either a Packard Tri-Carb Liquid Scintillation Spectrometer, model 3390, or a Philips PW 4700 Liquid Scintillation Counter. Counting times were long enough to amass a total of
10 000 counts or more. Samples for [1 4CJglucose and [3H]tyrosine SA
determination were counted for both 3H and 14C, while the samples for
14C02 SA determination were counted for the single label only.
8.4

QUENCH CORRECTION

Sample counts were corrected for quenching using the external standard
channels ratio method. This was performed manually for results from the
Packard machine, but automatically on the Philips counter. Sets of vials
of constant activity but varying amounts of quenching were prepared from
8a 14 c0 3 , 3H2 0 and [14C]-n-hexadecane liquid scintillation standards in
the appropriate scintillation cocktail. These were used to calibrate the
machines ~rior to counting the samples.
8.5

SETTING OF COUNTING WINDOWS
1.

The machine settings for 14C were used for counting the barium
carbonate samples in a single window.

2.

The settings for double-label counting using the Triton/Toluene
cocktail were optimised on both machines by hand. Triton-X-I00
quenched the samples to such an extent that the machine settings
gave an unacceptable amount of crossover of 14C into the 3H
channel.
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APPENDIX C
COMPUTER PROGRAMS

C.1

FRACTIONAL SYNTHETIC RATES

The following FORTRAN subroutine was used to calculate the fractional
rate of protein synthesis in individual tissues from the bound:free
specific activity of labelled tyrosine during a constant infusion
(Chapter 8). The program uses Newton's method for determining the roots
of the equation relating Ks to Sb/Si (Waterlow et ~,1978). The
fractional rate of protein synthesis, KS, is returned in units of %,
after the following parameters are passed in the CALL statement:
1.

SBSI The ratio of bound to free specific activity, Sb/Si.

2.

RATE The rate constant for the rise of the plasma tyrosine
specific activity to plateau (in /d).

3.

RVAL The ratio of bound to free tyrosine in the tissue under
consideration.

4.

TYPE The type of tissue, where TYPE=l for fast turnover tissues,
such as skin, liver, rumen and small intestine, and TYPE=2 for
slowly turning over tissues, such as muscle and heart.

5.

TIME The time of sampling of the tissue in relation to the
infusion (in hours).
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C.1.1

Subroutine Newt

E===================================================== ===================
C Herein lieth the subroutine NEWT
C
C========================================================================
C
SUBROUTINE NEWT(KS,SBSI,RATE,RVAL,TYPE,TIME)
declare data types
INTEGER TYPE
REAL KS,SBSI,RATE,RVAL,TIME
C
C set up parameters T = time of sampling in days
C
T=TIME/24.
C
C initial guess at Ks
C
OLDK=.Ol
C
C loop round newton equation until Ks is good enough (generally less
C than 10 iterations are required)
C
DO 1=1,10
C
C set up abbreviations for quantities in the equation
C

~~~e~(t~~~~A[:?~qK)

PRATIO=RATE*ERNfE
CRATIR=OLDK*ERNIE

~~~~!l~~Y~k~~~!~ATE*T))
C
C
C

E

C
C
C

E

C

~~~~~~xp~;Q~eA~T)

Choose the type of tissue
IF(TYPE.EQ.1)THEN
use first block for fast tissues, skin, liver, rumen, intestine
- high s.a. ratio
FUNCN=PRATIO*(l-EXPK)*EXPP-CRATIO-SBSI
DERIV=PRATIO*£XPP*ERNIE*(T*EXPK/ERNIE-EXPK+EXP(-RATE*T))
ELSE
use second blQck for slow tissues, muscle, heart
- low s.a.ratlo
FUNCN=RRATIO*(1-~XPK)/(l-EXPR)-ERIC-S6SI
DERIV=T*RRATIO*((l-EXP~)*EXPK-(l-EXPK)*RVAL*EXPR)/((l-EXPR)**2)

END IF
calculate better estimate of Ks
KS=OLDK-FUNCN/DERIV
check for convergence and jump out if good enough
IF((ABS(KS-OLDK)).LE.0.00001)GOTO 15
OLDK=KS
ENDDO
E convert KS to a percentage
C
15
KS=KS*100.
RETURN
END
C
C
C
C
C
C
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C.2

EXTRAVASCULAR INSULIN

The following program was written for a Texas Instuments TI 58C/59
programmable calculator to calculate the extravascular insulin
concentration from the plasma insulin concentration during an IVGTT
(Wastney,1980).
The program requires the total number of samples to be entered, followed
by pairs of plasma insulin and sampling time readings.
C.2.1

Procedure
1.

Enter "8

2.

Enter the number of sample pairs, followed by R/S to start the
program.

3.

Enter the first plasma insulin, R/S, then the corresponding
time. The calculated extravascular insulin concentration is
displayed.

4.

Repeat Step 3 for the remaining plasma insulin/time pairs.

II

to call the program.

263
C.2.2

Program

Location

Contents

Location

Contents

0

gb 1

65

~~L

5

0
STO
07
Fix
1
Rfs
0

70

RCL

6
10

.

0

75

~TO

15

20

25

30

06

~f6

STO
02
R{S
S0
03

~CL
01
X

~~L

80

85

90

+/X

95

lNV

100

40

45

50

55

~nx
38

~fo

04
Rf6

tL
X

~~L
X

R~L

105

110

115

120

INV

60
64

Lnx
+
RCL
04
STO
02

~~V
Lnx
~CL
*

05

-

~~L

LM
~~L
01
X

§~L
35

X

125
127

~CL

06
+/X
RCL

l~v
Lnx

+
RCL
06

hCL
06
+/X
RCL
05
STO

l~v
Lnx
X

R~L

tz
0
~o

R/S
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APPENDIX D
STATISTICAL PROCEDURES

Statistical analyses were performed using the MINITAB package, release
82.1, on a Digital VAX 11/780 at Lincoln College.
Group means were compared with the "Student's" t-test for independent
samples, without assuming equal variance.
Comparison of linear regressions was made by the procedure described by
Snedecor and Cochran (1967), p.432-436. F-tests were used to compare
firstly the residual variances, then the slopes, and finally, if neither
of these were significantly different, the elevations of the regression
1i nes.

265

APPENDIX E
EXPERIMENTAL DATA

The following tables contain results for individual animals and some
group means:
1.

Carcass composition data for lambs in the second trial.

2.

Weekly group mean LW and blood data for the first trial.

3.

Weekly group mean LW, EBW, DE intakes and blood data for the
second trial.

4.

Glucose tolerance data for the second trial.

5.

Glucose entry rates and associated data for the second trial.

6.

Tyros i ne flux and whole body protein synthesis in the first
t ri a1 •

7.

Tyros i ne flux and whole body protein synthesis in the second
tri ale

8.

Tissue protein fractional synthetic rates in the first trial.

9.

Tissue protein fractional synthetic rates in the second trial
1.

10.

Tissue protein fractional synthetic rates in the second trial 2.
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TABLE E.1
Carcass compos it i on data for lambs in the second trial.
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=========================================================================

T.~·

Lamb

Age
(wk)
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(k g)
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(k g)

Protein
(kg)

Fat
(k g)

ME Intake
(MJ)

=========================================================================
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~
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1.82

0.97

255.2

2.92
2.68
2.69
2.02
3.14
2.74
3.27
3.10

1.13
1.55
1.33
1.25
0.79
2.19
2.27
2.48
2.61

479.0
608.6
609.7
571.8
455.7
766.9
661. 9
770.6
706.4

1.45
1. 4
1.15
1.46

0.59
0.24
0.64
0.43
0.83
0.62
2.00
1.55
76
.55
~.74
.35
2.92
3.82
4.~9
1. 9
3.08
6.87
4.98
3.11
4.77
5.64
1. 74

0.0
0.0
0.0
0.0
117.9
171.0
152.0
98.7
358.9
291.8
2g8.7
5 0.9

a:~G

~:H

1J~

t:7~

18J~
10.30

7.50
.88
6.15
8.06

4.98
3.13
4.52
4.26
5.43

6.43
15.40
13.22
8.67~
19.~0
19. 0
18.25
20.50
2 .74
1 .6~
17.5
24.63
22.40
18.89
22.13
24.38
12.05

4.38
9.77
8.69

1.19
2.65
2.28

12.19
11. 69
11.04
12.18

3.24
3.48

1~:~~

F.

4

8:8
0.0

0.73

lt~8
14.70

~.46

8:~r

2.68

11. 24
10.66
10.51
8.42
11. 59
10.24
12.52
11.67

~:86

1~:M

l~:~j

10.54
12.55
12.54
11. 55
12.54
13.45
7.58

t~~
2.57

O.~O

l:~~

~:l~
~:H

~:H

3.01
4.04
3.63
3.22
3.53
3.82
1.95

8:~6

c:~~

lJa

lJ3

1.

13~:g

~U:g

t~~:7
9.8

~1j:~

556.0
687.9
57~B·6
.7
568.1
909.3
786.3
681.4
828.8
921.0
604.5

=========================================================================
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TABLE E.2
Liveweights, packed cell volume, blood glucose and urea levels
in the first trial - means of each group for each week
=========================================================================

Week

Liveweight
(k g)

pev
(%)

Glucose
(mg/dl)

Urea
(mg/dl)

=========================================================================

Grass group
1

12
13
14
15
16
17
18

6.2
7.9
9.6
11.6
10.9
10.3
10.5
11.1
11.3
1~.2
1 .0
13.8
14.4
15.1
15.9
16.4
17.2
18.1

21

18.8

32.6
29.3
25.5
24.7
29.1
30.1
30.2
24.8
24.8
24.5
23.6
23.9
31.0
27.0
23.6
25.5
26.8
26.8
27 .8
27 .0
27.5

6.1

30.8

8
9
10
11
12

10.9
9.4
9.~
9.
9.4
10.~
10.
11.4
11.5

20.1
23.5
21.0
19.2
19.0
18.4
20.4
18.4

15
16
17
18
19
20
21

14.4
15.3
16.6
17.1
16.7
16.7
16.1

21.8
22.5
22.0
20.5
22.5
25.3
24.5

~

5
6
7
8
9

l~

~6

Milk group
1

~

4
5

9

H

l~:~

§:~

H:~

~~:4

19~7

~6:~

63.5
64.7
66.3
60.2
60.1
60.5
50.3
51.6
42.9
49.
50.
47.1
50.8
53.3
49.2
44.5
41. 5
44.0
41. 5
39.0
37.5

23.9
22.9
24.5
26.7
28.7
22.4
21. 5
22.0
16.6
18.4
24.3
25.6
23.5
21.3
25.0
29.0
26.3
31. 5
30.5
25.3
23.5

66.5
67.5
67.1
72.8
50.6
50.9
51. 3
51. 3
48.8
59.1
60.9
50.3

27.8
34.8
28.6
24.6
23.0
19.9
23.6
32.0
34.4
28.2

57.8
51.0
41.0
53.8
57.0
45.3
49.5

38.8
34.5
p.3
9.0
38.0
38.3
40.5

4

g~:~

~~J

~~J

=========================================================================
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TABLE E.3
Liveweights, derived empty bodyweights, DE intakes and blood packed
cell volume, glucose, insulin and urea levels in the second trial means of each group for each week.
=========================================================================

Week

LW
(k g)

EBW
(k g)

DEI

pev

(MJ)

(% )

Glucose
(mg/dl)

Insulin
(llU/ml)

Urea
(mg/dl)

=========================================================================

Grass

grou~

21.6
21.2
21.7

6.3
7.7
8.9
16:8
10.3
10.8
11.9
12.6
13.2
13.7
1~.7
1 .1
13.8
13.6 .
14.7
15.7
16.7
16.4
16.8

11

7.4
8.5
9.7
10.7
1l.8
11.8
12.9
14.1
15.0
16.4
17.~

6.7
7.8
8.8
9.8
10.7
10.8
11.7
12.8
13.6
14.9
15.6

7.9
40.3
40.0
37.7
27.0
34.4
40.6
44.2
48.2
51.9

4.7
33.9
33.5
31.6
32.9
30.9
23.1
22.1
22.2
20.~

15

19.6
20.3

17.8
18.5

50.4
51.1

22.9
23.4

22.8

20.8

52.2

22.8

1
2
3

~

6
7
8
9
10
11

H
14

15
16
17
18
19
20
Milk

6.9
8.4
9.9

HJ

12.4
13.4
15.0
16.0
16.9
17.6
17.7
16.8
17.8
17.6

26:~

35.9
46.9
45.7

~~:~

~j:S

33.8

~~:9

18.9
~0.4
1.3
42.9
45.7
55.0
57.~
52.
48.0
42.7
47 .~
54.
58.1
67.4
62.4

36.7
~3.6
2.5
26.2
26.3
27.3
28.2
27.1
26.6
26.8

27.3
32.8
25.8

~0.8

~4.7

~~J

~g:~

9..07

~~:~

r:o

51.8

5.6

1~.7

1 .2
12.7

l~J

52.9
5~.4
5 .3
44.7
47.6
48.8
42.~
46.
44.1
39.0
4g.8
3 .6
40.9
44.3
45.0

1.1
1.~
1.
1.5
1.1
2.2
2.1
1.9
2.5
1.3
3.0
4.0
1.4
1.2
1.7

19.6
~6.9
9.0
26.3
35.8
35.2
~6.5
3.5
35.7
38.4
37.3
32.4
37.3
36.9
37.3

5 .9
5 .7
61.6
59.3
60.2
55.5
60.4
57.3
62.3
59.9

16.8
11. 8
20.8
18.3
20.0
19.5
19.3
20.0
23.8
21. 7
23.1

53.3
53.6

2.8
6.0
6.2
5.2
3.8
3.1
7.1
7.5
7.0
8.1
10.~
19:
8.4
3.9

59.2
5~.2
5 .9

10.4
13.7
7.3

26.5
26.1
23.8

grou~

1
2
3
4
5
6
7
8
9
10

H
14
t~

18

~6

t~:

~~:~

~2:6

tg:~

~6:§

~6:6

a~:~
~g:i

aj:~

~~:

~~:~

~~:9

2

6~.9

gl:~

~1:~

16:~

~~J

24.9
27.4

~§:4

=========================================================================
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TABLE E.4
Glucose tolerance data for the second trial.
__ •

-

_ _ _ " ____

~

__

_T_~~_-

___

=========================================================================

Lamb

Age
(wk)

LW
Glu
Ins
1.5
(k g) (mg/dl) (llU/ml) (min)

TIR
(llUmin/ml)

Rt

lev
(llU/ml)

Re

=========================================================================
-- - --- -. --"-~--

~--

-_-:'-.~_. ~-'

j.- -.-----........-.- •. -1

.. -- ------- -. - -- ..
__

.".'

---",'.-".0"-

.-.;'

~

_" .-_-.".'-J>." ___

-. --

.

- -' ... -. - - -

--,.~-.~-

~

..

_. _ • _. ,

--.--.--~--

Grass grou~ Week 3
9.4
432
3
416
9.5
3
412
3
10.7
Milk grou~ Week 3
10.1
383
3
376
8.8
3
7.7
449
3
Milk grou~ Week 18
393
27.3
18
392
24.0
18
439
21.8
18
Milk grou~ Week 20
447
20
27 .6
376
20
24.5
449
20
13.9
Grass grou~ Week 20
432
20
22.2
412
22.4
20
416
19.5
20
401
22.2
20

89
84
79

4.4
6.0
2.1

17.1
17 .8
22.0

3286
3494
3358

56.2
62.2
73.9

20.5
23.0
22.1

350
409
486

83
97
61

6.2
1l.8
1.7

13.4
12.5
40.1

4752
8230
6337

63.7
102.9
254.1

53.8
97.3
21.1

721
1216
1765

76
94

19.9
30.5

37.2
19.8

15622
7251

64

3.4

63.9

3296

581.1
143.6
210.6

97.8
48.9
27.6

3638
968
1765

63
80
62

13.0
14.4
2.9

64.6
17.2
50.4

5302
11420
4558

342.5
196.4
229.7

40.1
42.0
19.6

2591
722
987

66
56

1.4
1.2
4.8
5.3

29.6
43.5
49.2
41.3

2048
1519
1262
1502

60.6
66.1
62.1
62.0

15.6
11.8
10.7
13.7

557
582
526
564

66
69

=========================================================================

\
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TABLE E.5
Glucose entry rates and the proportion of CO 2 derived from glucose in
Ruminant and Suckling lambs in the second trial.
=========================================================================

Lamb

Age

EBW

(wk)

(k g)

Intake

GER
(mg/min)

Proport ion
of CO 2 from
gl ucose (%)

GER
(mg/min/mW)

=========================================================================

gDM/2d

Ruminant lambs

52.0

~~:~

23.9

8.64
10.79
9.08

H:4
H:9
14.1

§:~g

426

8

10.3

. 437
~6~

au

H

l~:l

1B§8

~~J

~8i
427

U
16

15.
11. 8

19:~

~~~
572

~~:~

401
416
412
432

20
20
20
20

l~:g

16~~

64.g
68.
64.9
78.8

20.4
15.0

§f:~

~8:~

~b5

~

lb:~

g~:~

19.1
17.9

Suckling lambs

~

8

12.7

~n

H
12

l~J

H:~

~4~

1aa
52

67.5

-

19.2

136
125

~a:1

124

445
379

1916

135.1
109.4
78.0

16

14.6
17.5

~~~

l~

~~:a

l~6

1~6:~

386

439
376
447
449

18
20
20
20

19.9

t8:d

18:40
8.41
10.15
7.~1
8.
6
7.10
9.05

ml/min

~g4

433

814
967

65.4
64.6

18.9
22.!
24.
12.0

92
124
120

88.3
110.3
107.1

48.0

-

l~:n

10.03

-

44.9
48.8
44.0

14.67
11.93
8.10

~5.9

8.96
11. 67
9.74
10.82
9.76

1.7
37.8
28.2
35.4

=========================================================================

- Glucose entry rate not calculated due to fluctuations in pool size.
Intake for the Ruminant lambs is the amount of DM consumed over the
previous 2 days.
For the Suckling lambs, intake is the rate of milk intake over the period
of the infusion.
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TABLE E.6
Tyrosine flux and whole body protein synthesis in Ruminant and Suckling
lambs in the first trial.
=========================================================================

Lamb

Age

Mass

(wk)

(k g)

Growth
Rate
(kg/wk)

Tyrosine
Flux
(mg/min)

Protein
Synthesis
(g/d/mW)

=========================================================================

.-' •• :

--< -- ..

-~

Ruminant
153
162
213
197
195
228
190
264

Lambs
10
10
14
15
15
22
22
23
168
25
Suckling Lambs
10
287
271
10
14
288
291
22
294
23
256
24

6.0
9.0

0.0
0.8

1.97
2.57

28.5
27.4

12.7
11.5

1.0
1.0

3.01

10.8
16.3
15.4
15.2
14.2

0.1
-0.6
-0.7
-1.1
0.7

26.7
26.1
17.1
22.5

3.25

24.6

11.1
9.3
10.8
19.5

0.7
0.1
0.3
0.3

2.64
2.21
2.83
3.55

24.1
23.0
26.3
21.2

12.4
15.7

0.0
-0.1

2.61

18.3

2.81
2.50
3.16

*

*

*

=========================================================================

- The tyrosine flux was not calculated in these animals due to the
fluctuations in the pool size.
* Results are not included in the analysis.
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TABLE E.7
Tyrosine flux and whole body protein synthesis in Ruminant and Suckling
1ambs in the second trial.
=========================================================================

Lamb

Age

Mass

(wk)

(k g)

Nitrogen
balance
(g/d)

Tyros i ne
flux
(mg/min)

Protein
synthesis
(g/d/mW)

=========================================================================

Ruminant lambs

~b~

-0.2

~:~~

1.87

7
F·
1.7
18.1

l~:l

9:~

~:~~

~f:g

16.6
15.4
15.4
11.8

-1.5
-1.8
0.5
1.0

2.26
2.37
2.75
2.35

15.2
16.9
19.6
20.5

~:~6

~~:I

426

~

8

tbJ
10.3

au

H

407
403
404
427

16
16
16
16

~n

~8

412
20
432
20
Suckling lambs
437
8

l~:g

-8:~

~:~

19.1
17.9

6.9
5.6

2.95
4.23

17.9
26.9

5.6

3.18
2.42
2.51
2.35
2.71
3.01
3.09
3.48
2.52

22.7
19.4
20.6
14.5
16.3
18.2
17.8
17.4
16.3

~~~

~

391

~~~

12

H

15.4
.7
11~.2
18.7

378

16

20.5

2.3
.2
4.9

17.5

7.4

~~~

379

~~~

1916

f~:~

2~:a

~.1

t~

*

439

18

18.9

0.6

2.96

~:~~

2~:~ *
18.1

~49

~8

~~:!

~:9

~:~2

l~:~

449

t~

l~J

~:4

20

12.0

4:S
3.4

*

=========================================================================

- Tyrosine flux not calculated due to fluctuations in pool size.
* Results not included in the analysis - see text

273

TABLE E.8
Tissue protein fractional synthetic rates (Ksi and Ksp, jd) in Ruminant
and Suckling lambs in the first trial.
=========================================================================

Lamb

Skin
1

Biceps
femoris

Long.
dorsi

Infraspinatus

Heart

Liver

Rumen

Skin
2

=========================================================================

Ksi
Ruminant lambs
228
0.162
264
nd
168 0.166
Suckling lambs
291
0.142
294
0.346
256
0.137

0.0258
0.0276
0.0215

0.0248
0.0305
0.0280

0.0197
0.0526
0.0213

0.0984
0.0553
0.0483

0.760
2.212
0.288

0.610
nd
0.191

0.221
0.157
0.257

0.0520
0.0286
0.0216

nd
0.0174
0.0184

0.0402
0.0204
0.0193

0.0741
0.0565
0.0441

3.516
1.295
0.625

0.239
0.237
0.218

0.137
0.182
0.170

~

Ruminant lambs
228
0.047
264
0.103
168 0.056
Suckling lambs
291
0.068
294
0.073
256
0.045

0.0094
0.0128
0.0085

0.0070
0.0143
0.0123

0.0078
0.0153
0.0098

0.0343
0.0338
0.0289

0.051
0.062
0.036

0.124
0.104
0.060

0.0638
0.0626
0.0848

0.0208
0.0093
0.0100

0.0193
0.0055
0.0071

0.0167
0.0070
0.0085

0.0405
0.0280
0.0267

0.095
0.106
0.075

0.084
0.082
0.101

0.0682
0.0507
0.0644

=========================================================================

nd - not determined
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TABLE E.9
Tissue protein fractional synthetic rates (Ksi, /d) in Ruminant and
Suckling lambs in the second trial.
=========================================================================

Lamb

Skin

Biceps
femoris

Long.
dorsi

I nfraspinatus

Hea rt

Liver

Rumen

S.I.

=========================================================================

Ruminant lambs
422
0.0235
0.079
0.0296
405
0.152
0.0361
426
0.154

0.0186
0.0250
0.0323

0.0337
0.0237
0.0268

417
414

0.277
0.217

0.0327
0.0325

0.0276
0.0251

0.0275
0.0392

0.1093
0.0692
0.0847
0.1082
0.0910

407
403
404
427
401
416

0.100
0.315
0.138
0.201
0.242
0.246

0.0303
0.0249
0.0293
0.0323
0.0286
0.0393

412
432

0.227
0.220

nd
0.0461

0.0273
0.0233
0.0248
0.0457
0.0303
0.0298
0.0273
0.0328

0.0274
0.0243
0.0297
0.0339
0.0312
0.0357
0.0312
0.0327

0.541
0.0748
0.0584
0.826
0.1008
0.802
0.0558
0.263
0.0719
0.690
1.455
0.0680
0.1291 . 0.462
0.1048
0.805

0.345
0.314
0.244
1. 045*
0.533
0.263
0.200
0.301
0.298
0.428
0.473
0.225
0.360

0.0256
0.0384

0.0309
0.0292

0.0921
0.0652

1.175
0.699

0.418
0.363

1.20
0.88

0.0392
0.0327
0.0425
0.0385
0.0241
0.0356
0.0311
0.0358
0.0343
0.0230
0.0671

0.0332
0.0518
0.0206
0.0342
0.0276
0.0449
0.0308
0.0337
0.0378
0.0315
0.0579

0.0573
0.1143
0.0849
0.0921
0.0790
0.1616
0.1342
0.0968
0.0837
0.0561
0.0472

2.250
2.772
1.969
1.840
1.293
0.957
1.337
0.840
1.447
1.355
1.290

0.452
1. 258*
0.727
0.466
0.593
0.579
1. 474
0.390
0.533
0.502
0.689

1.44
2.79
nd
3.73
1.28
2.29
nd
1.47
1.66
2.40
5.39

Suckling lambs
437
0.194
0.0452
384
0.149
0.0297
0.0343
433
0.164
0.0434
391
0.165
444
0.145
0.0278
0.0389
386
0.125
0.0276
378
0.205
448
0.368
0.0389
445 /). 0.368
0.0361
379
376
447
449 /).

0.200
0.312
0.146
0.365

0~0361

0.0401
0.0278
0.0520

1.570
0.734
1.105
0.689
0.799

2.18
2.44
4.09
1.03
2.06
0.89
1.18
1. 76
0.91
2.97
2.14
0.83
3.36

=========================================================================

* - not used in statistical calculations, see text; nd - not determined
/). - Lambs 445 and 449 not used in Tables 8.9 and 8.10
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TABLE E.10

",-'-'.-.~-'

- ---,

----.

. - --:;..-- .. ------ ...

-~-

Tissue protein fractional synthet i c rates (Ksp, /d) in Ruminant and
Suckling lambs in the second trial.
=========================================================================

Lamb

Skin

Biceps
femoris

Long.
dors i

Infraspinatus

Heart

Liver

Rumen

s. I.

=========================================================================
_ .... _-.-...: •• __ "•.•

,-

.-.

-'"_'-_--I

~.

.-. - - - - ..-.

~

. - ..

- _.

~.-----------.--

-,.'

-- - - - - - -- - - - - - - --

~~-'-"~~'--'--"-'

_.-.-_ ..

.

.--, ....

-;---.~---:,-

-

-,

.

...., ., .. -........ ...
"

Ruminant lambs
422
0.0286 0.00560
405
0.0462 0.01168
426
0.0349 0.00875

0.00349
0.00759
0.00727

0.00617
0.00751
0.00561

0.0342
0.0332
0.0337

0.0716
0.0589
0.0685

417
414

0.0504
0.0572

0.00973
0.01089

0.00613
0.00650

0.00696
0.01174

0.0697
0.0613

407
403

0.0245
0.0632

0.00982
0.00819

0.00829
0.00784

0.00899
0.00808

0.0345
0.0379
0.0252
0.0191

0.0540
0.0498

0.00917
0.01112
0.01223
0.01527
nd
0.01620

0.00721
0.01469
0.01174
0.01054
0.00953
0.01005

0.00836
0.01290
0.01238
0.01295
0.00759
0.01078

0.0278
0.0226
0.0320
0.0354
0.0286
0.0420

0.0612
0.0427
0.0699
0.0758
0.0718
0.0683

0.0711
0.0997
0.0582
0.0623
0.0703
0.0557
0.0508
0.0685
0.0669
0.0892
0.0828
0.0403
0.0720

0.01721
0.01791
0.01752
0.01065
0.00678
0.01348
0.01392

0.00949
0.01600
0.02229
0.00941
0.01082
0.01348
0.00949

0.01263
0.01654
0.01610
0.00838
0.00729
0.01111
0.01213

0.0463
0.0421
0.0423
0.0400
0.0283
0.0362
0.0360

0.1313
0.0993
0.1553
0.0904
0.1004
0.0898
0.1168

0.1263
0.1150
0.1680
0.0836
0.0838
0.0859
0.1043

0.0703
0.0851

0.01244
0.01232

0.01081
0.00945

0.0364
0.0322

379
376

0.0676
0.0658

0.01535
0.01149

0.01466
0.00964

0.01033
0.00783
0.01420
0.01146

447
449

0.0534
0.0565

0.01264
0.01718

0.00878
0.01475

0.01607
0.01164

0.0532
0.0967
0.0873
0.0620
0.0893
0.0805

404
0.0364
427
0.0498
401
0.0625
416
0.0545
412
0.0567
432
0.0621
Suckling lambs
437
0.1007
384
0.0696
433
0.0861
391
0.0356
444
0.0248
386
0.0613
378
0.0628
448
445
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•
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•

__

~

__ L
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t:.

t:.

0.0317
0.0222
0.0297
0.0337

0.2039
0.2937
0.2795
0.1738
0.2367
0.1628
0.1668
0.2277
0.1873
0.2651
0.2050
0.1509
0.2323

0.1917
0.1784
0.3078
0.1418
0.2649
0.1930
0.1929
0.0615 0.1493
0.1648 0.3943
0.1103 0.1632
0.0703 0.1487
0.1282 0.1801
0.1272 0.1749

================================================~========================

nd
., - -1

~ p.

-

-

-

:- -
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-. ~

•

t:. -

-

not determi ned
Lambs 445 and 449 not used in Tables 8.9 and 8.10
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APPENDIX F
PLASMA GLUCOSE DETERMINATION

Plasma glucose was determined by reaction with 4-hydroxy benzoic acid
hydrazide (PAHBAH) in continuous flow, using Auto Analyser II modules
(Technicon Instruments Corporation, New York, USA). Reducing sugars such
as glucose react with PAHBAH to form glyoxal hydrazones which form yellow
chelates with bismuth ions (Lever, 1977). Glucose is dialysed into a
recipient stream of PAHBAH, mixed with sodium hydroxide and bismuth
nitrate reagents, and heated to 85°C to develop the colour. Absorbance
is measured at 420nm.
F.1

REAGENTS
1.

PAHBAH. 15.0g PAHBAH was dissolved in water with 5ml of
concentrated sulphuric acid and made up to 5.01. 5ml of Brij-35
(300g/l) was then added.

2.

Sodium Hydroxide (0.5M).

3.

Alkaline bismuth reagent. To 100ml of water was added potassium
sodium tartrate (12.0g), sodium hydroxide (4.0g) and lastly
bismuth nitrate (12.0g). When dissolved the solution was made
up to 5.01 with water.

4.

Diluent. Sodium chloride (45.0g) was made up to 5.01 with water
and 5ml of Brij-35 (300g/1).
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F.2

F.3

STANDARDS
1.

Stock glucose solution. Glucose (20.00g) was dissolved in
benzoic acid solution (1.5g/1) to a volume of 1.01, and stored
at 5°C.

2.

Working standards. Two ranges of working standards were
prepared by diluting aliquots of stock glucose with benzoic acid
solution (1.5g/1). The first, for weekly plasma samples, ranged
from 20-200mg/dl. The second, for glucose tolerance test
samples, ranged f.rom 50-500mg/dl.

METHOD

The flow diagram for the glucose manifold is given in Figure F.1.
Samples were measured at a rate of 40/h, with a sample:wash ratio of 2:1.
A 75mm dialyzer was used for general work, though for samples with very
low levels of glucose a 150mm dialyzer was used to increase sensitivity.
The dialysis membrane was changed weekly, or as necessary.
F.4

CALIBRATION

A set of standards was measured in duplicate at the beginning of each
run, and blanks and 100mg/dl standards were inserted regularly to check
for baseline drift and reproducibility. The coefficient of variation at
100mg/dl was better than 1%.
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FIGURE F.l

Auto-analyser manifold flow diagram tor the determination of
plasma glucose.
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APPENDIX G
PLASMA INSULIN ASSAY

Plasma insulin was determined as immunoreactive insulin (IRI) in a
radioimmunoassay, using charcoal separation (Herbert et ~,1965; Albano
and Ekins, 1970). The basis of the assay is the competition between
sample and tracer insulin for antibody binding sites, and the subsequent
separation of free from antibody-bound hormone. The tracer insulin is
labelled with a gamma emitter, 125 Io dine, so that it is easily counted.
It is assumed that the labelling process does not affect the binding of
tracer to the antibody. Non-specific binding and damage to the tracer
are measured by carrying control tubes through the assay containing all
the reagents except antibody, for both standards and samples. The assay
is calibrated with standard concentrations of insulin.
G.1

REAGENTS
1.

Buffer, 0.05M Phosphate buffer, pH 7.4. A stock solution of
0.5M phosphate buffer (18.0g potassium dihydrogen phosphate,
52.3g disodium hydrogen phosphate, 2.0g sodium azide and 0.1g
disodium EDTA in water to 1.01) was prepared and frozen in
50.0ml aliquots.
Assay buffer was prepared as required by diluting (x10) the
stock buffer, adjusting to pH 7.4 with potassium hydroxide
solution (1M) and adding 1.0ml Triton-X-100 per litre of buffer
to prevent adsorption of hormone to glass or plastic surfaces
(Livesey and Donald, 1982). The working buffer, referred to as
0.1% HSA, contained 1.0g/1 human serum albumin (HSA). This
protein was chosen because of its low IRI content. A higher
concentration (3.0g/1), referred to as 0.3% HSA, was used for
preparation of antiserum and standard insulin solutions.
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G.2

2.

Ant i serum. A guinea pig anti-porcine insulin antiserum (GP78)
supplied by the Princess Margaret Hospital, Christchurch was
used in the assay at a dilution of 1:40000. This was made up in
0.3% HSA.

3.

Tracer. Tracer was supplied by the Princess Margaret Hospital.
Porcine insulin- 125 I, iodinated by the method of Hunter and
Greenwood (1962), was repurified by gel filtration through a
column of Sephadex G-25 and G-50 (50% of each by weight) at 5°C.
The tracer was diluted in 0.1% HSA to give approximately
10000cpm in 50~1.

4.

Standards. Insulin standards were prepared from ovine insulin
(Eli lilly PJ4499) diluted in 0.3% HSA to give concentrations in
the range 0 - 200~U/ml.

5.

Blank plasma. Blank (insulin-free) plasma was prepared by
mixing sheep plasma (100ml) with silicic acid (6g) for one hour,
centrifuging and decanting. The treated plasma was assayed to
ensure that insulin was present at only low levels. It was used
in the assay to raise the concentration of protein in the
standards and diluted samples to the level of 100~1 of plasma
per tube, as in,the normal samples.

6.

Charcoal suspension. For each assay a suspension containing
1.0g charcoal/l was diluted from stock dextran-treated charcoal
("Norit Ol") prepared by the method of Odell (1980). Charcoal
binds free insulin but not antibody-bound insulin under the
condit ions used.

7.

Replicate samples. Ovine plasma samples, drawn from bul k lot s
containing both low and high levels of insulin, were included in
each assay to determine inter-assay variation. They were
treated in the same manner as the other samples.

SAMPLES

Insulin levels in plasma generally lay in the range of 1 - 30~U/ml, and
100~1 aliquots were sufficient for the assay.
However, dilution was
considered necessary for samples which assayed at greater than 40~U/ml;
50~1 aliquots were taken of these samples, and made up to 100~1 with 0.1%
HSA buffer.
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Plasma samples from glucose tolerance tests often had very high insulin
levels, and dilutions of up to ten times were made for these.
Blank plasma was added to diluted tubes before charcoal treatment in
amounts sufficient to make the total plasma addition up to 100u1.
G.3

PROCEDURE

Series of disposable Wasserman tubes were prepared for each assay in the
following manner:
1 Total Counts
2 Standard Controls
3 Standards
4 Replicates
5 Replicate controls
6 Samples

-

tracer only
0.1% HSA + tracer
0.1% HSA + tracer
0.1% HSA + tracer
0.1% HSA + tracer
0.1% HSA + tracer

only
+ standard + ant i serum
+ sample
+ antiserum
+ sample
+ sample
+ ant i serum

Triplicate determinations were made on each sample or standard, and two
sets of triplicates were used for both the total counts and the standard
control s.
lOOul a1iquots of standards or samples were pippetted into the
Wassermans, followed by 50u1 of antiserum. Antiserum was not added to
the control tubes. 0.1% HSA buffer was then added to give a total volume
of 700u 1. After mi xi ng by vortex the tubes were incubated at 5°C for two
days.
At this stage, 50u1 of tracer were added to all tubes, which were mixed
again and incubated for another two days at 5°C.
Blank plasma (lOOu1) was then added to the standard tubes, and any
diluted samples, after which 500u1 of charcoal suspension was added to
all tubes except the totals. After 15 minutes incubation at room
temperature the tubes were centrifuged (1000 x g for 30 minutes) and the
supernatant discarded. The charcoal pellet was counted for 3 - 5 minutes
in a Packard Auto-Gamma 5110 Scintillation spectrometer. The complete
procedure is summarised in Table G.1.
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TABLE G.1
Insulin assay protocol
=========================================================================

Totals

Order of
addit i on

Standards

Standard Sample Samples and
contro 1 control Replicates

=========================================================================

100

Standa rds

100

Samples/Replicates

50

50

Ant i serum

550

Buffer - 0.1% HSA

100

700

600

550

=========================================================================

VORTEX - INCUBATE 2 DAYS 5°C
=========================================================================

Tracer

50

50

50

50

50

=========================================================================

VORTEX - INCUBATE 2 DAYS 5°C
==================================================~==~ ===================

Blank Plasma

100

100

100

100

Charcoal Suspension

500

500

500

500

=========================================================================

VORTEX - INCUBATE 15 MIN - CENTRIFUGE - DECANT - COUNT
Figures are volumes of reagents added to each tube - in III
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G.4

CALCULATIONS

Counts were processed using the computer program developed by Burger ~
~ (1972) for analysis of competitive protein-binding assays.
The
charcoal pellet counts were subtracted from the total counts to give the
antibody-bound counts, and controls were subtracted to give the
specifically-bound counts. A curve of the form:
y

A

=

E
C+ X

• • • • • • • • •• G. 1

was fitted to the standard curve, where Y = specifically-bound counts, X
= insulin concentration and A, Band E are constants.
The sample insulin
concentrations and their standard deviations were calculated from this
equat ion.
G.5

PERFORMANCE

The performance of each assay was assessed by consideration of the
binding in the absence of added insulin, the binding of the 200vU/ml
standard, the control values and the variation in the triplicates. The
adequacy of the curve fitt i ng was judged by the magnitude of the standard
deviation about the line, and by visual comparison of the plotted points
with the fitted line. An example of a standard curve is given in Figure
G.1.

Binding in the absence of added insulin was considered satisfactory if it
lay between 40 and 50%, falling to between 5 and 10% at 200vU/ml.
Control values ranged from 2-10% of the total tracer counts, depending on
the age of the tracer. The program was set to report any triplicate
unknowns that varied by more than 5%, and these were repeated.
Coefficients of variation between assays were 6% at 7~U/ml and 16% at
30~U/ml.

Parallelism of standard and sample insulin dilution curves was observed,
indicating that the binding of insulin in the samples was identical with
that in the standards.
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FIGURE G.1
An example of an insulin radioimmunoassay standard curve, with
a fitted line derived by the procedure described in the text.
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APPENDIX H
PLASMA UREA DETERMINATION

Plasma urea was determined by the Technicon AutoAnalyser procedure for
Blood Urea Nitrogen (BUN, Technicon Clinical Method No.Ol) which is based
on the reaction of urea with diacetyl to form a yellow derivative (Marsh
et ~, 1965). An advantage of this method is that ammonia does not cause
interference. Urea is dialysed into a recipient stream of diacetyl
monoxime and thiosemicarbazide, mixed with ferric chloride in sulphuric/
phosphoric acids and heated to 90°C. The absorbance of the yellow
colour, measured at 520nm, is intensified by ferric ions and by
thiosemicarbazide.
H.l

REAGENTS
1.

BUN colour reagent. 67ml of diacetyl monoxime solution (25g/1),
67ml of thiosemicarbazide solution (5g/1) and Iml of Brij-35
solution (300g/1) were made up to 1.01 with water.

2.

BUN acid reagent. 1.0ml of ferric chloride-phosphoric acid
solution (9.0g anhydrous ferric chloride and 30ml of 85%w/w
phosphoric acid made up to 45.0ml) was diluted with sulphuric
acid (20%v/v).

3.

Diluent. Iml of Brij-35 solution (300g/1) was diluted to 1.01
with water.
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H.2

H.3

STANDARDS
1.

Stock urea solution. Urea (10.00g) was made up to 1.01 with
benzoic acid solution (1.5g/1) and stored at 5°C.

2.

Working standards. A range of urea standards from 10-100mg/dl
was prepared ~ diluting aliquots of stock solution with be~zoic
acid solution (1.5g/1).

METHOD

The flow diagram for the urea manifold is given in Figure H.1. Samples
were measured at a rate of 40/h, with a sample:wash ratio of 2:1.
Dialysis membranes were changed weekly, or as necessary.
H.4

CALIBRATION

A set of standards was measured in duplicate at the beginning of each
run, and blanks and 50mg/dl standards were inserted regularly to check
for baseline drift and reproducibility. The coefficient of variation at
50mg/dl was generally better than 1.5%.
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FIGURE H.t
-" ~ '.-.~ ~

~":.

.. -

..

;,..... .. --.,

Auto-analyser manlfold flow diagram for the determination of
plasma' urea.
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