STUDIES ON HOST ANI MAL PROTEIN AND ENERGY NUTRITION USING THE TECHNI QUE OF
| NTRAGASTRI C  NUTRI TI ON

ER @&skov, F.D. DeB. Novell, N. A MclLeod and F.G Witelaw
SUMMARY

Intragastric nutrition allows rumnant aninmals to be sustained w thout
i ngestion of food by infusion of volatile fattyacids (VFA) plus buffers into
the rumen and of protein plus a mneral/vitamn mxture into the abomasum
The technique permts tightly controlled studies of many aspects of energy and
protein nutrition.

The following topics are considered: utilisation and absorption of VFA
m Xt ures; requirements for glucose and glucogenic nutrients in fasting and
lactating animals; effect of clenbuterol on N bal ance; abiiity of
undernourished aninmals to fuel lean growh from fat reserves; endogenous ¥
| 0ss, N secretion into the gut and purine netabolism utilisation of m crobi al
protein and the optimal conposition of amno acid infusates for growh and
| actation,

INTRGDUCTION

Development Of new techniques is often notivated by utter frustration and
| ack of pro?ress using conventional techniques. In this respect the
development Of the technique Of intragastric nutrition (IN) was no exception.
The frustration occurred when it often became impossible t0 understand whet her
responses by the animal to nutritional manipulation Was mediated through the
rumen mcroflora or as a direct response by effect on the host animal.
Changes in volatile fatty acid proportion and changes in the so-called
met abol i c faecal N serve asgood examples of confusion of thiskind as
know edge of these issues was required in order to make progress in new
protein and new feed eval uation systens,

Attenpts to sustain rumnants by IN have been made before but wi thout
sustained success. Our progress came with the ability to control rumen ps and
the realization that VFA and buffer had to be added separately and that, due
to VFA being absorbed mainly as the free acid, saliva was required only to
neutralise less than 20% of the acids infused.

During the Past decade a great deal of progress has been made in our
understanding of host animal protein and energy nutrition through the
application of our IN technique. Brief descriptions of the nost important
progress will be given below. Details of the technique itself are ?i ven by
¢rskov et al. (1979) and MacLeod et al. (1984). Briefly, VFA and buffers are
infused into the rumen and protein, trace mnerals and vitamns into the
abomasum  The animals normal |y adapt to this procedure during 2-3 weeks after
which food is removed completely and the animals are sustained totally by 1Im.

ENERGY NUTRI TI ON

Volatile fatty acid utilization

The ability to nourish rumnants totally by IN creates the possibility of
varying the total energy input and the conposition of that energy over a wide
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range. In the first study the acetic acid proportion was varied from 35 to 85
molar percentage with the proportion of propionic acid varying from55 to 5
and the butyric acid held constant at 10 nolar percentage. The results showed
that heat production did not change over the range of VFA proportions used,
thus demonstrating that the differences in utilization between roughages and
concentrate could not be due to differences in the type of fernentation
produced, Later work with cattle using an even greater range of VFA
proportions has confirnmed these observations. At an acetate proportion of 80%
or nore there is an increase in the bl ood B-hydroxybutyrate and Nretention.

At even higher proportions acetic acid is excreted in'the urine (frskov et al.
1979; Ruvera_et al. 1988, E R z')rskov and N. A MacLeod, unpublished).
Determination of the energ%/ cost of rumnation, eating and other activities
associated with rou%hage eeding can generally account for differences in
utilization of roughages and concentrates.

Absorption of volatile fatty acids

The conplete control of volatile fatty acid input also meant the
controversy of whether nolar proportions found in the rumen represented the
VFA produced coul d be put to rest. MacLeod et_al. (1984) showed very clearly
that the relationships between the VFA proportions present in the rumen and
those in the mxture infused could be markedly affected by rumen pH  Thus at
a ruren pH of about 5.6 the nolar proportions of acetic acid in rumen exceeded
that of the infusate by more than 10 molar percent. At rumen pH of 7 or above
the nolar proportions In the rumen and in the infusate became simlar. The
results showed that at |ow rumen é)H propionic and butyric acids were absorbed
more rapidly than acetic acid and that the proportions found in the rumen do
not necessarily reflect the proportions in which the volatile fatty acids are
produced,

Fasting metabolism

While the achievement of a true fasting state in nornmally fed aninals may
take as long as 5 days due to the fermentation of feeds in the gut, a post
absorptive state can be achieved in a few hours with IN The most important
observations made have been that the rumnant is clearly glucose-deficient
during the state of fasting. This is indicated by an elevation of _
B-hydroxybutyrate in the blood and in an el evated excretion of Nin the urine
indicating use of tissue amno acids to generate glucose precursors (Asplund
et al. 1985; Kuvera et_al . 1987). Infusion of small amounts of glucose (40g
or equivalent of propionic acid in sheep and about 2-400 g/d in steers) is
however sufficient to reduce B-hydroxybutyrate and urine N excretion to normal
and basal levels, indicating that the requirement for glucose is very |ow.
The dramatic effect on fasting metabolism of ?i ving small amounts of gl ucose
precursors also casts doubt on the use of fasting metabolism values in feed
eval uation studies. The concept of differences in utilization of dietary
energy below and above maintenance could be associated wth abnormal
metabolism during fasting. Infusion of glucose to otherwise fasted animal
caused no increase in heat production and sonetimes caused a decreased
excretion of Nin urine (§rskov, 1982).

Ef fect of type of nutrient on blood insulin and bl ood qlucose

~ The ability conpletely to control the composition and |evel of nutrient
infusion led to a study in which continuous or intermttent feeding has been
similated. About 20% of the total propionic acid used daily in the infusate
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for dairy cattle was given as 3 h pulses during each 12 h to simlate the
twice daily feeding of concentrate. This was compared With simlar pul sed
. infusions of glucose and casein into the abomasum Wile continuous infusions
led to very stable plasma insulin |evels over a wide range of inputs, pulsed
infusions of propionic acid caused a rapid elevation of plasma insulin but no
change in blood glucose. Qucose infusion elevated both insulin and blood
glucose, while casein caused an elevation in blood insulin but a decrease in
bl ood glucose (Istasse et al. 1987). |stasse et al. (1985) al SO demonstrated
that dairy cows could be sustained by IN while yielding 20 or nore kg of
mlk/day for a long period indicating that the nutrients infused contained all
the vitamns, trace mnerals etc. that the animl required.

St udi es _of growth control

W have also used sheep nourished by intragastric infusion to study the
effects of adrenergic &gonists on nitrogen netabolism The close control of
nutrient supply possible, together with the fact that changes in nitrogen
accretion are rapidly detectable by changes in the excretion of nitrogen in
the urine, facilitate the use of wthin-animl conparisons of different
treatments . The fact also that the excretion of nitrogen is virually all in
urine enables neasurements of protein turnover to be made relatively simply,
since oxidation is represented by urinary excretion of nitrogen and therefore
there is no need to use labelled carbon as the marker, This renoves the
probl ens of carbon recovery, and greatly sinplifies the experimental approach,

we have found that the effect of clenbuterol on nitrogen retention is
rapid; indeed, we can detect a fall in urinary nitrogen wthin 6 hours of
starting an abomasal infusion of the drug (Herbert et al. 1985). The sane
work showed that the effects of the drug could be swtched on and off. The
drug i ncreased N retention by 40%. There was some evidence of a slight carry
over effect of the drug for about 1 day after it was withdrawn. Nitrogen
gained was not |ost when the drug was w thdrawn. An interestin? feature of
these drugs is that their B-agonist effects on heart rate and plasma gl ucose
are short term lasting for less than 2 days, whereas that on nitrogen
accretion persists throughout the treatment period.

These drugs al so reduced basal nitrogen excretion.diN).of lambs on IN
whi ch received energy to maintenance (as VFA), but no protein. U, was
reduced by about 20% on the second day of drug administration, but™increased
thereafter so that by the sixth day...UN had returned to the level before
treatment, Despite no detectable effect on nitrogen bal ance by day 6, there
was a 12%increase in protein flux as measured by the irreversible loss rate
of ieucine at this time, This contrasts wth measurements whi ch have been
made on animals receiving an exogenous suppiy of amno acids in which most
experinments have shown no change in protein synthesis, but a reduction in
protein degradation,

Depl etion/repletion studies

The 1N technique is also wll suited for measurement of depletion and
repletion of both energy and nitrogen. Again, advantage is taken of the close
and independent control which can be exerted over energy and protein
supplies. In a series of experiments we have shown that with energy depl etion
(when protein was held constant, but was adequate) the animal coul d maintain
itself in a positive nitrogen bal ance even when in negative energy bal ance
(Hovell et al. 1983). These studies conformed wel | with the mdel of Black
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and Griffiths (1975) which had not had wi de recognition or application. These
studies al so showed that nitrogen retention was greater when the ani mal was on
an ascending plane of energy supply than when on a descending plane of energy
supply. When animals were depleted of protein and energy over a period of
about one month, and then subsequently repleted, we found that with protein
supplied greatly in excess of requirements, retention subsequent to depletion
was much greater than before the depletion period (Bovell et_al. 1987). This
enhanced rate of accretion was maintained for a perodof3-4 weeks.The
nitrogen lost during the period of depletion wasreplaced within aweek,and
therefore the enhanced accretion was true conpensatory growth, and not simply
repletion of protein lost, During the period of depletion, when protein was
supplied at what had been cal cul ated to be about 60% of maintenance, the
nitrogen | osses were subst antiall?/ I ess than had been anticipated, If the
efficliency of casein nitrogen utilization was assumed to remain constant at
about 70%, then these results could be explained if it was assuned that the
mai nt enance requirement for nitrogen had been reduced by about 30%. Such
changes have parallels with differences in fasting energy metabolism in
relation to previous nutrition as was demonstrated by Marston (1948). It s
interesting that this adaptation in nitrogen netabolism appears to require an
exogenous source of anmino acids, for we have been unable to detect any
adaptation in basal nitrogen loss with sheep on nitrogen-free diets. Ceariy
there is still a large area of study in protein/energy interactions in
relation to previous nutritional history.

PROTElI N NUTRITION

Ti ssue mai nt enance requirement Or endogenous N excretion

Determnation of the maintenance requirement for protein has presented
many difficulties in the past. Feeding of & free diets for any length of tinme
was impossible Since starvation of rumen mcrobes for Nled to cessation of
i ntake which invalidated the results, Extrapolation to zero of different
level s of N intake gave simlar erroneous results which were further
conplicated by erroneous concepts of the high metabolic faecal N in
rumnants, The IN technique has made such neasurenents possible since the
supply of protein can be stopped at will and the excretion of N then measured
when NO p oggi n is given. The value adopted by ARC (Balch et_al. 1984) of 350
mg NWkgwW ‘7 was based on such neasurenents made in animals nourished by
intragastric infusion (Hovell et al. 1983; ?)rskov et_al. 1979; Storm et a
1983a,b) . The true metabolic faecal N was found to be about 35 ng/ kg w°:>~or
about 10% of tissue maintenance requirenments.

Usi ng endogenous urinary N in the animal fed to maintain energy balance on
the lowprotein diet as thecriterion for tissue N reqirement, it has ‘been
general 'y assumed that the mcrobial protein produced would be far in excess
of tissue requirement. However, use of the IN technique has shown this
assumption t0 be erroneous. In fact, when aninals are fed bel ow energy
mai ntenance there is a decline in protein status.

Wwe have made a few neasurenments al so of basal nitrogen |oss during
pregnancy in sheep. Pregnancy did not affect the total nitrogen |oss, which
was the sane in pregnant and non-pregnant sheep and was the same also in
pregnant sheep before and soon after parturition, Excretion of purine
derivatives was, however, greater during pregnancy ™. Yule, Z.B. Chen,
F.D.DeB. Hovell and E.R. Orskov, unpublished).
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Utilization of mcrobial protein

Wile it seems a paradox to use the IN technique to study rumen mcrobial
protein utilization, this was the only way in which supply could be adequately
controlled. Storm and Orskov (1983) managed to isol ate about75 kg of dr
rumen mcrobial matter fromnormal rumnants and this was used as the sole
protein source for lambs on IN, thus enabling the efficiency of utilization of
rumen M crobial protein to be determined in rumnant aninmals for the first
time. The content of amno acids in the mcrobial Nwas sinilar to that
observed by previous authors. The average digestibility of amino acid Nin
the small intestine was 0.85 but there were differences in digestibility
between the amino acids (Stormet al. 1983b) notably cystein which was
considerably lower than the rest. The efficiency of utilization of microbial
Nwas 0.53 in young grow ng lambs and 0.80 when it was expressed as efficiency
of utilization of absorbed amno acid N These val ues have been used in the
protein scheme devel oped by ARC (Balch et al. 1984).

Optimum am no_aci d composition

Based on a new concef)t of determining limting AA the IN technique is
bei ng successfully utilized to determne the optimum composition Of supplement
to mcrobial protein. The Brinci ple of this approach is first to determne
the efficiency with which absorbed amno acids from the basal protein are
utilized. As mentioned before the efficiency with which absorbed amino acid N
frommcrobial proteinis utilized was 0.80. Assuming that the efficiency
with ideal protein could be 1.0 the full potential of utilization of microbial
protein could theoretically be increased by 25%, 1.0-0.80 <100

This al so implies that the same N bal ance coul d be achi eved either by

optim zing the AA composition or by adding 25% nmore of the basal protein. A
mxture of amno acids identical in conposition to the absorbed amino acids
was added to supply an additional 25%, al so by continuous infusion, The
concept inplies that with this supplenent, the most [initing amno acid no
longer limts the utilization of the basal mxture and that its removal from
the suppl ement would result in Nretention simlar to the basal input alone.
It also means that if each essential amno acid is renmoved in turn, anK
reduction in N balance will correspond exactly to the point at which that
amno aci d becomes limting. This enables the optimm composition of the
amino acid mxture to be calculated as well as the quantity required to
suppl ement microbial protein for different types of livestock production.
Such work has now been conpleted for growing lambs (Storm and @rskov, 1984).
and dairy cows (Fraser, 1988).

N utilization during undernutrition and consequences for body fat utilization

Wile the IN technique makes it possible to use Nfree infusion, it is of
course also possible to supply protein alone, wthout supplenentary energy.
This was used to answer a question as to which protein given to fasted aninals
woul d be oxidized to supply ATP or utilized as a source of RA. Hovell et al.
(1983) and @rskov et al . (1983) , showed clearly with cal ves; lambs, Steers and
dairy cows that protein was efficiently utilized and when protein was supplied
above the tissue maintenance need the animals even attained positive protein
bal ance. Thus body fat was used to fuel protein deposition and the oxidation
of amno acids was mnimsed.. The practical implications of this ﬁhenomenon
were demonstrated in a lamb fattening trial with conparative slaughter.

Fattet et al. (1984) showed that lambs given straw diets supplying less than
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their maintenance energy need could maintain or even gain in wicht when
supplemented Wi th a source of undegradable protein. The lanbs gai ned about5
kg in lean tissue weight at the same tine as they lost 1 kg of tat during a 92
day feeding period. This has subsequently been confirmed in more practical
type feeding trials with lambs and steers. pody fat can be used strategically
to fuel protein deposition.

Urea metabolism and recycling

Anot her als\[)ect of rumnant protein metabolism whi ch has been investigated
using the IN technique is that of urea recycling. Since rumen microbial
activity is virtually elimnated under this system of feeding it was felt that
this mght allow us to identify those conponents of urea recycling which
derive fromthe activity of rumen mcroorgani sns and those which are specific
attributes of host animal netabolism  Such experinents mght also elucidate
some of the control mechanisminvolved and indicate possible methods of

mani pul ating urea recycling in the normally-fed animal. The remarkably stable
'steady-state' conditions which can be achieved in animals nourished by
intragastric infusion also meke this an ideal system for the application of

ki neti C technigues enpl oying radioactive and stable isotopes. These nethods,
usi n% mainly “*C-urea have been used to measure urea synthesis and degradation
in sheep nourished in this way and to examne the effect of changes in
nutrient inputs and in sites of digestion on the transfer of urea from bl ood
to gastrointestinal tract.

The initial experiments involved a conparison of sheep nourished by
infusion or given dry feeds in the conventional manner (whitelaw et al.
1988) . This showed that there were no major differences in urea metabolism
between the two methods of feeding. Surprisingly, the quantities of urea
degraded were also simlar under these two feeding regimes, i ndicating that an
active rumen fermentation is not a prerequisite to the normal exchange of urea
between bl ood and digestive tract.

The general picture to energe fromthe various studies we have conducted
s that the quantity of urea transferred to the I tract in animals nourished
by infusion is remarkably constant under a wide variety of dietary
circumstances. For example, changes in total N input as casein ranging from
0.5to 2.0 x the daily maintenance requirement of N had no significant effect
on urea degradation. In other experiments, increases of 30% in total energy
input, either as a standard VFA mxture or as butyric acid alone had no effect
on the quantity of urea rec%cl ed to the gut (F.G. whitelaw and J.S. Milne,
unpubl i shed).  Animals nourished by infusion are known to retain a popul ation
of adherent ureolytic bacteria within the rumen epithelium (Cheng and waliace,
1979; Dinsdale et _al. 1980) and it seens |ikely that the urease produced by
these organismis sufficient to maintain a normal rate of transfer of urea
into the rumen even when an actively fernenting biomassis absent.
Confirmation of this suggestion awalts the outcone of SN-urea infusion
experiments but it seens |ikely also that NH,derived from thisureaissinply
reabsorbed as such fromthe rumen without further Tetabolic transformation.
mlt})/ when an active ‘'sink' of N-deficient mcroorganisns is present does the
NH, become incorporated into |arger molecules and so renoved from the system
this can then result in urea bei ng diverted fromother sites of degradation
and may also be reflected in a decrease in urea irreversible loss rate if
adequate energy is available to allow utilisation of the additional mcrobial
protein synthesized.
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Purine excretion as a possible nmarker of production of mcrobial protein

The lack of progress in understanding how to nanipul ate rumen m crobi al
fermentation as a source of protein for the host animal is at least in part
due to difficulties of neasuring mcrobial protein production. There are
difficulties also in maintaining post-ruminally cannulated animals, in our
ability to manipulate intake of such animals, and in separating mcrobial
protein from other protein sources in abomasal and duodenal contents. The use
of nucleic acids as a nmarker of microbial protein and in particular the use of
the obligatory excretion of purine derivatives as allantoin has been
suggested. However, the value of using urinary excretion was uncertain due to
| ack of information about the endogenous excretion of purine derivatives. The
IN technique has now been applied to the determnation of the endogenous
excretion of purine derivatives (Fujihara et al. 1987b) and to the nmeasurenent
of the relationship between infusion of mcrobial protein and excretion of
purine derivatives. The nmethod now shows great promse as an efficient means
of determning mcrobial protein production in intact animals. It is
particularly interesting that the endogenous excretion is about 3 times
greater in the bovine than in the ovine (Fujihara et al . 1987a,b; Chen, 1989).

Mninmal flow of endogenous N through the alimentary tract

Wil e the endogenous N excretion into the gut is probably stimlated by
foods passing through it was of interest to generate sone mnimal values. The
mtotic index of rumen epithelial tisue was found to be simlar in animals
nouri shed bY the IN method and normal |y fed animals. The fraction consisting
mai an of sloughed epithelial cells fromthe respiratory tract, mouth,
oesophagus and rumen wall is probably largely destroyed by rumen m crobes
under normal feeding conditions.

Wth N free infusions ((Prskov et al. 1986) the aqu t}'gy of non amonia N
(NN | eaving the rumen varied fTom 50 to 80 kg %B while that |eaving
the abomasum varied from 180 to 200 ny Nkg ng . The amno acid composition
of the mN was simlar to that of tissue protein except that it had a
consi derably higher cystine content probably reflecting keratinized tissue.

It was of interest also that although no mcrobial fermentation occurred in
t he rumen the concentrations in ruwen fluid varied from50 to 120 ng NH,/1
with N free inkusion.

CONCLUSIONS

Al though we have used the intragastric infusion technique to investigate a
w de range of aspects of rum nant metabolism, we feel that we have hardly
touched the potential the technique offers, Possible applications in research
are limted only by our immgination, and our frustration now is not with the
| ack of a technique, but limted opportunities to apply it. Wth the
technique we are now in the paradoxical situation for rumnant nutritionists
of having better control over nutrient supply than do our colleagues working
W th monogastric aninmals. As with any tool, it has its limtations, but
provi ded these are remembered, it offers the means of better understanding of
many aspects of rumnant and mammalian metabolism.
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