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ABSTRACT 

The New Zealand agricultural industry is  based on the efficient uti l i sation of 

fresh forages, a characteristic of which is a h igh soluble prote in content. A large 

proportion of the ingested prote in i s  highly soluble in the rumen. A s ignifi cant 

proportion of the ingested N is removed from the rumen as ammonia with the 

bu lk  of this ammonia bein g  removed from the venous blood by the l iver  for 

detoxification to urea. Hepatic urea-N product ion,  or ureagenesis, typi cal ly 

exceeds the rate of hepatic ammonia-N extraction ,  consequently it has been 

suggested that the shortfal l  in N requ ired for u reagenesis is contributed by 

am ino acid-N ( Parker et a/. 1 995; Lobley et a/. , 1 995) . 

This study tested the hypothesis that elevated hepatic ammonia extraction 

would require a concomitant i ncrease in hepatic am ino acid catabolism to 

supply the additional N required for ureagenesis. 

I n  order to evaluate the level of rumen ammonia production and consequently 

the rates of hepatic ammonia extraction, ureagenesis and amino acid 

catabol ism,  the fol lowing feedi ng regimens were tested in sheep held indoors in 

m etabo l ism crates in three separate experiments; F irstly, lucerne pellets 

( Medicago sativa) were com pared with fresh white clover (Trifolium repens), 

secondly fresh white clover was offered at e ither a low or h igh i ntake and final ly 

the dai ly al lowance of fresh white clover was fed i n  two 2 hour periods per day. 

I n  each experiment, s i l icone based catheters were surg ical ly inserted into the 

posterior aorta and the mesenteric (2), portal and hepatic veins.  Following a ten 

day d ietary adjustment period and a ten day n itrogen balance, the sheep were 

i nfused with para-aminohippurate (pAH) and 15NH4C I  via the mesenteric vein .  

The pAH was i nfused to a l low the blood flow across the splanchnic tissues to be 

est imated, whi l st the 15N H4CI was i nfused to trace hepatic ammonia metabol ism 

to urea . Blood samples were collected to determine the ammonia,  urea, oxygen 

and amino acid concentrations i n  the mesenteric, portal and hepatic veins, as  

wel l  as the posterior aorta. 

Despite sim i lar OM intakes, the n itrogen intake of the sheep fed fresh white 

clover was 60% h igher (P < 0 .001 ) than that of the same animals fed lucerne 
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pel lets. The d ifference in  rumen protein fermentation in  these two contrast ing 

d iets resulted in higher (P < 0.001 ) rumen ammonia production in  the an imals 

offered fresh white clover. There was, however, only a trend (P = 0.072) toward 

e levated hepatic ammonia extraction i n  these an imals and urea product ion was 

not s ignificantly d iffe rent to the an imals fed lucerne pell ets. Hepatic am ino 

catabol ism was not e levated i n  the sheep fed fresh whi te clover, nor was there 

a s ignificant difference i n  the proportion of M E  i ntake that was uti l i sed for 

ureagenesis between the two groups.  

In the second experiment the O M  i ntakes of the two groups were different (P < 

0 .001 ) ,  with the sheep offered the l ow i ntake of fresh white clover consuming 

807 g OM/d wh i lst the h igh i ntake g roup consumed 1 1 1 8 g O M/d. Even with 

these differences in i ntake, portal vei n  ammonia and urea concentrations were 

s im i lar. Therefore the rate of hepatic ammonia extraction and urea production 

were a lso s imi lar between the two i ntake groups. However, hepatic extraction 

of 15N-ammonia was h igher (P = 0 . 033) in  the h igh intake group compared to 

the low i ntake group. There was no evidence to suggest that the level of 

hepatic ami no acid catabol ism increased with intake l eve l ,  consequent ly the 

proportion of ME intake attri buted to urea synthesis was s im i lar for the two 

i ntake groups. 

When the experimental animals were restricted to two 2 hour feeding periods 

per day the OM and N intake decreased by 31 % from that of the low intake 

group in the second experiment. There was no s ignificant effect of t ime after 

the onset of feeding on portal ammonia or urea concentrations, hepatic 

ammonia extraction or hepatic urea production. However portal ammonia 

concentrat ion and consequently hepatic ammonia extraction and urea 

production tended to be higher 4-6 hours after ingestion of fresh whi te clover. 

However this trend was not observed when the 15N tracer data was used to 

calculate the hepatic ammonia transfer rate. The ammonia ,  urea and a mino 

acid hepatic transfer values in th is experiment were largely comparable to those 

recorded for the l ow and high intake treatments in the second experiment. 
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I n  these studies, there was no evidence of elevated hepatic am ino acid 

catabol ism occurr ing in response to e levated rates of hepatic ammonia 

extract ion and hence ureagenesis. Addit ional ly there was no suggestion that 

ammonia provided both of the N atoms of the urea molecule.  

I t  i s  concluded that the l iver adapted to the changes i n  d ietary n itrogen supply 

without incurring  significant i ncreases in the metabol ic  cost of ammonia 

detoxification to u rea. H owever the nutritional chal lenges presented to the l i ver 

may not have been severe enough to induce measurable changes i n  hepatic 

ammonia metabol ism. A possib le mechanism to account for these observations 

may be that the l iver adapted to the changes in n itrogen supply by altering  the 

act ivity of the pr imary regulator of the rate of u reagenesis ,  carbamoyl phosphate 

synthetase (CPSJ) . 
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1 CHAPTER 1 .  INTRODUCTION 

1 . 1 GENERAL I NTRODUCTI ON 

1 

New Zealand's agricultura l  system i s  based on the efficient uti l i sation of fresh 

temperate pastures, which by v i rtue of the m i ld c l imate, are able to mainta in a 

reasonable growth rate throughout the year. A characteristic of such fresh 

forage is a h igh soluble protei n  content (Mangan, 1 982) that is poorly uti l ised 

by the ruminants g razing these pastures. O nce i ngested, the solub le protei n  is  

rapidly degraded i n  the rumen, predominant ly to  ammonia.  Depending on the 

rate of product ion, a substantial proportion of th is ammonia is i ncorporated i nto 

m icrobia l  protein (0.30-0 .50 N i ntake; Huntington ,  1 982; Parker et a/. 1 995) .  If 

the rate of production exceeds the capacity of the microbes to uti l ise the 

ammonia, then the ammonia is either passively transported across the rumen 

wal l  i nto the venous blood or, to a l esser extent, passed with the digesta to the 

lower digestive tract ( Nolan & Leng , 1 972). The l iver removes ammonia from 

the venous blood where it is metabol i sed i nto urea to maintai n  systemic 

ammonia concentrations below those toxic to the central nervous system 

(Remond et al. 1 993). 

The rate of h epatic ureagenesis  typica l l y  exceeds the rate of ammonia 

extraction, leading to speculation that a s ignificant quantity of amino acid-N i s  

sequestered for catabol i sm t o  cover th i s  apparent short fal l  in  hepatic N 

requ i rements, part icularly during periods of h igh rates of ammonia extraction 

( Parker et al. , 1 995; Lobley et a/. , 1 995) .  

1 .2 O BJECTIVES 

This study tested the hypothesis  that an increased rate of hepatic ammonia 

detoxification requires an increased rate of hepatic amino acid catabol i sm.  

U lt imately the an imals productive capacity may be impaired if the losses of 

amino acids to hepatic catabo l ism were severe. The first experiment 

determined the rate of rumen ammonia production and the rates of hepatic 

ammonia extraction, ureagenesis and ami no acid catabol i sm when the sheep 

were fed fresh white clover or  lucerne pel l ets. These diets differ markedly  i n  
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protei n  so lub i l ity and hence ,  the fermentation of d ietary protei n  to ammonia i n  

the rumen. The second experiment sought to investigate the effect of fresh 

white clover intake level on the rate of  rumen ammonia production and the 

resultant metabol ism of that ammon i a  to urea. The th i rd and fina l  experiment 

restricted access to fresh white clover to two 2 hour periods per day and  

assessed the  effect on the resul ta nt pu lses of rumen ammonia production and  

subsequent ammonia metabol ism through to  urea by  the  l iver. 



2 CHAPTER 2.  A REVIEW O F  LITERATURE 

2. 1 I NTRODU CTIO N  

3 

The N ew Zealand agricu ltural industry is  based on the efficient uti l isation of 

fresh forages. Most improved N ew Zealand pastures are ryegrass (Lolium 

perenne) and white clover ( Trifolium repens) mixes, with the latter used to 

enhance the supply of n i trogen ( N )  to ryegrass. 

Seasonal variations i n  cl imate induce sign ificant changes i n  the rel at ive 

proportions of protein and carbohydrate in  fresh forages. When protei n  content 

is h igh ,  for example, during the spring, the soluble carbohydrate content i s  

relatively low, therefore there is  a potent ia l  imbalance between the supply of 

energy from soluble carbohydrate and prote i n  for microbia l  prote in  synthesi s  

with in  the reticulo-rumen (rumen) .  This asynchrony is  further accentuated by 

the fact that the solub le protein  i n  fresh forage is rapid ly d igested with i n  the 

rumen compared to structural carbohydrates which are more s lowly d igested .  

During the d igestion of fresh forage i n  the rumen,  l arge quantities of ammonia 

are produced. The ammonia is absorbed i nto the b lood and converted to urea 

by the l iver and subsequently excreted . The process of ureagenes is  requires 

an amino acid i nput, which may reduce the avai labi l ity of amino acid s  for 

productive purposes. 

This  review wi l l  i n itia l ly consider the structure of p lant protei n  and h ow th is 

affects its d igestion by the rum inant. The techniques necessary to measure the 

rate of uti l isation of absorbed nutr ients wi l l  be d iscussed. The l iver structure 

and function wi l l  be d iscussed before the process of ureagenesis is reviewed, 

with part icu lar reference to the a mino acid requirements for ureagenesis. 

Unless otherwise stated , the term ammonia  refers to the sum of ammonium 

ions ( N H/) and ammonia  ( N H3 )  free base ( Haussinger, 1 990;  Meijer et  a/. 

1 990) .  
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2 .2  P LANT P ROTE I N  STRUCTURE 

The protei n  content of fresh temperate forage consists of three main groups,  

designated fractions 1 -3 .  The relative proportion of each i s  i nfluenced by 

factors i nclud ing the forage species, stage of g rowth and fertil iser applications 

(Mangan,  1 982) .  The three protein  g roups have d ifferent nutrit ional values, 

predominantly based on degradability in the rumen and therefore their potential 

to provide N contain ing moieties for the synthesis of m icrobial protein (Beever, 

1 993) .  

Fraction 1 leaf protein consists of a s ingle protein, r ibulose-1 ,5-bisphosphate 

carboxylase/oxygenase ( Rubisco; EC 4. 1 . 1 .39) ,  which is the first enzyme in the 

photosynthetic cycle and is respons ible for fixing atmospheric C O2 (Bryant, 

1 964; Mangan,  1 982). C hloroplasts contai n  approximately 75% of total leaf 

protein ,  of which approximately half is Rubisco (Mangan, 1 982) .  F raction 1 

protein i s  a h igh biological value protein  to the rum inant, although it is h ighly 

soluble (Mangan, 1 982) and therefore rapidly degraded with in  the rumen 

( Nugent & Mangan , 1 98 1 ) .  

Fraction 2 protein  contributes approximately 25% of total leaf prote in .  I t  i s  a 

complex m ixture of prote ins predominantly derived from the chloroplasts and 

cytoplasm, with a lower biological value than fraction 1 protei n  (Mangan, 1 982) .  

Some of the components of fraction 2 contribute to  the rumen by-pass fraction 

of i ngested protei n  (Nugent & Mangan, 1 98 1 ; Mangan, 1 982) .  

Fraction 3 protei n  consists of  the low biological value chloroplast membrane 

prote ins which are composed of two main proteins;  chlorophyll protein  

complexes 1 and  2, which together contribute approximately 70% of the 

chloroplast proteins (Mangan, 1 982). The fate of fraction 3 withi n  the rumen 

has not been i nvestigated, although s ince these proteins are i nsoluble in  water 

it is l ikely that this protein fraction predominates i n  the rumen by-pass protein 

( Mangan, 1 982) .  
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2 .3  P LANT PROTE I N  CONTENT 

Temperate fresh forage is characterised by high crude protein (20-35%) and 

solub le  carbohydrate contents ( 1 0-20%) with a l ow percentage of the less  

d igest ib le structural carbohydrates ( 1 5-30%), and a l ow ratio of  N to  

carbohydrate (MacRae, 1 975). The composit ion of  fresh forage leads to  the 

suggestion that i t  may be a nearly ideal feed source for ruminants (MacRae, 

1 975) .  

A large proportion of the protein  i n  fresh forage is h i gh ly  so luble and is  rapidly 

degraded withi n  the rumen ( Mangan, 1 982). 

2 .4  RUMINANT D I GESTIO N  

Digestion beg ins i n  the mouth where the mastication process ruptures many of 

the ingested p lant cel l  membranes (Hogan & Hemsley, 1 975) .  The process of 

i ngesta particle s ize reduction i s  a lso i n itiated by the mastication process, 

effectively increasing the surface area of the p lant mater ia l  for d igestion ( Ulyatt 

et al. 1 984). A large proport ion (52-61 % )  of the solub le  fraction 1 protein,  

Rubisco, is released during the mastication process ( Reid et al. 1 962; B ryant, 

1 964; Waghorn et a/. 1 989) .  The rumen is therefore presented with a rapid 

i ncrease in  soluble protein  fol l owing the i ngestion of fresh forage (Waghorn et 

a/. 1 989) .  The swal lowing of fresh forage is  accompanied by copious volumes 

of sa l iva (6-1 0 lId ; Waghorn & Barry, 1 987) .  

In the rumen the ingesta is  m ixed with the resident microbes by the co­

ordin ated contractions of the rumen. The contractions a lso assist the passage 

of d igesta to the oesophagus for regurg itation and of d igesta to the subsequent 

com partments of the gastro-intestinal tract (GIT) {Phi l l i pson, 1 977}. The 

probab i l ity of a feed particle l eaving the rumen is greatly  increased when that 

part icle reaches a critical s ize of 1 -2 mm ( Reid et a/. 1 977), however there are 

other factors which i nfluence particle retention t ime i n  the rumen, such as, 

part ic le density and the level of food intake (Waghorn et a/. 1 986). 
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The productivity of ruminants g razing fresh forage is  below theoretical 

expectations (Preston & Leng, 1 987b; Waghorn & Barry, 1 987; Lobley,  1 992) , 

predominant ly due to the large rumen N losses ( MacRae & U lyatt, 1 974) .  The 

relatively l ow efficiency of conversion of d ietary N to body tissue N (typica l l y  

13%; Lobl ey ,  1 992) suggests that the d igestion and  assim i lat ion of fresh forage 

N is  less than optimum (Waghorn & Wolff, 1 984) .  

2 . 4. 1 The contribution of the resident microbes to d igestion 

Ruminants rely on a symbiot ic relationship with the microbes, resident in the 

rumen, to effectively d igest their d iet (Huntington, 1 986; Lobley, 1 992) .  The 

rumen m icrobial populat ion cons ists of bacteria ,  protozoa and fungi  (Preston & 

Leng , 1 987a) ,  which i n  total number approximate ly 8 x 1 01°/ml ( Hungate, 1 968; 

Waghorn & Barry, 1 987) .  

Bacteria represent the largest proportion of the m icrobial  population i n  the 

rumen. Approximately 30% of the bacteria l  population is suspended in the 

rumen l iquor,  with the remainder of the bacteria l  population attached to the 

i ngesta particles (Hungate, 1 964) .  Bacteria breakdown the fibrous com ponent 

of the d igesta, such as cel lu lose, hemice l lulose and pectin (Hungate, 1 968) .  

Most of the rumen protozoa are ci l i ates and uti l ise p redominantly 

carbohydrates (Hungate, 1 968) .  P rotozoa are p referentia l ly  retained i n  the 

rumen, possib ly due to their adherence to large particles of d igesta and to the 

wal l  of the rumen (Preston & Leng, 1 987a) .  Protozoa also i ngest the res ident 

bacteria,  \Nhich may reduce the effectiveness of the bacteria l  population 

(Waghorn & Barry, 1 987) .  

The hyphae of fungi  penetrate and open the p lant cel l  wal l  fragments aI/owin g  

further d igestion b y  themselves and the other rumen microbes (Hungate, 1 964; 

Preston & Leng , 1 987a) .  
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2 .4. 2  Carbohydrate d igestion 

D ietary carbohydrates are the major source of energy for the ruminant (Preston 

& Leng, 1 987a; Lindsay et al. 1 993). They can be d iv ided i nto structural o r  

soluble carbohydrates. The ratio of structural to solub le carbohydrates varies 

between fresh forages, for example; perennia l  ryegrass 1 : 2 .4-3. 8 and white 

c lover 1 : 0.9-1 .7 ( U lyatt & MacRae, 1 974). Structural carbohydrates are 

predominantly cel l  u loses or  hemice l l uloses which are s lowly d igested in  the 

rumen ( U l yatt et al. 1 984). The extent of structura l  carbohydrate d igestion i s  

further red uced by a n  i ncrease i n  forage l ign if ication, which genera l l y  occurs 

during plant maturation (G i l l  et a/. 1 989). I n  contrast, soluble carbohydrates 

are rapid ly  degraded by the rumen m icrobes, producing ATP ( Isaacson et a/. 

1 975) and volat i le  fatty acids (VFA's) ( Beever, 1 993). Therefore the major end 

products of rumen carbohydrate fermentation which a re ava i lab le to the 

rum inant host are the VFA's, main ly  acetate (70%) ,  propionate (20%) and 

butyrate ( 1 0%), methane, C O2 and microbia l  biomass (Arm strong, 1 965; 

B rockman & Laarveld ,  1 986; Beever, 1 993). 

The VFA's are p redominantly absorbed from the rumen by passive d iffusion 

(Undsay et a/. 1 993). Acetate and propionate undergo relatively minor  

modifications dur ing the absorption process, whereas butyrate is  extensively 

metabol ised to ketone bodies, �-hydroxybutyrate, acetoacetate, acetone and 

isopropanol (Armstrong, 1 965) .  The VFA's provide the ruminant with 

approximatel y  60-70% of its d igestib le e nergy (McDowel l & Annison, 1 99 1 ). 

Any g lucose avai lable to the rumen m icrobes is readi ly  fermented with the 

result  that l itt le  or no g lucose per se is absorbed from the GIT (Beever, 1 993). 

Consequently the major energy sources for the fresh forage fed ruminant are 

the VFA's which are derived from hemice l l ulose and cel l ulose (Beever, 1 993). 

The cel lu lose and hemicel lu lose that escape d igestion in the rumen is ava i l able 

for d igestion by the caecal bacter ia (Ulyatt et al. 1 974). Depending on the d iet, 

5-30% of digestib le  cel lu lose is  d igested i n  the large i ntest ine, with the large 

i ntest ine as a who le  accounting for 4-26% of the rum i na nts energy supply 

( Beever et a/. 1 97 1 ; Beever et al. 1 972 ; U lyatt & MacRae, 1 974). 
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2 . 4.3  Prote in  digestion 

The d igestion of protein by the resident microbes in the rumen i nvolves two 

major processes: proteolysi s ,  which i nvolves the hydrolysis of the peptide 

bonds between individual amino acids and the deaminat ion of amino acids 

(Tammin ga, 1 979). Therefore peptides, amino acids and ammonia  are 

produced from protein  digestion withi n  the rumen. 

The extent of proteolysis is i nfluenced by the s ize of the m icrobia l  populat ion 

invo lved, d igesta transit t ime through the rumen which i n  turn i s  i nfluenced by 

the solub i l ity of the protein and the level of food i ntake, the presence of 

inh ib i tors and the pH and temperature of the rumen (Hogan & H emsley, 1 975;  

Tam m i nga ,  1 979). 

The bu lk  of the resident rumen microbia l  population can uti l ise the ava i lable 

peptides, amino acids and ammonia to synthesise their own protei n  

(Sutherland, 1 975). However, due to i nsufficient e nergy suppl ied from 

carbohydrate fermentation ,  the rate of microbia l  degradation of the i ngested 

protein  typica l ly exceeds the capacity of the microbes to uti l i se the peptides, 

amino acids and ammonia produced (Walker, 1 964; Sutherland, 1 975; Mercer 

et a/. 1 980). This  results in a l arge amount of ammoni a  bei ng avai lab le for 

absorption  directly into the blood from the rumen ( MacRae,  1 975) .  Proteolysis 

i n  the rumen and the subsequent fermentation of the peptides and amino acids 

has l ong been recognised as a serious loss of ingested energy and N 

(Chalmers et al. 1 954). 

2.4.3.1 Rumen protein digestion 

Dietary N i ntake can be divided i nto non-protein-N ( NPN), rumen degradable 

protei n  (RDP)  and undegradable protein  ( UDP) (Beever, 1 993) .  

The efficiency of NPN digestion withi n  the rumen varies marked ly  depend ing on  

the form i n  which it is presented to  the  rumen (Cottri l l  et  al. 1 982) .  The NPN 
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content of p lants, which is  4-32% of total N,  predominantly consists of the 

amino acids; asparagi ne, aspartate, g lutam i ne, g lutamate and a lanine 

( Mangan, 1 982), al l of  which are readi l y  degraded producing ammonia with i n  

the rumen (U lyatt et al. 1 984). 

Microbia l  d igestion of the RDP produces peptides, amino acids and ammonia ,  

a l \  of which are uti l i sed by the rumen m icrobes to synthesise protein ( U lyatt et 

a/. 1 984) .  The extent of m icrobia l  ut i l i sation of ammonia is  governed by the 

ava i l ab i l ity of energy (ATP) (F i rk ins, 1 996) produ ced during carbohydrate 

d igestion ( Isaacson et a/. 1 975). The efficiency of m icrobia l  protei n  synthesis 

with in  the rumen is impaired by the asynchrony of the N and energy supply 

( Beever et a/. 1 986a; U lyatt et a/. 1 988; Beever, 1 993; F irkins, 1 996). The 

efficiency of microbia l  protein synthesis can be increased 1 1 -20% by 

synchronis ing the supply of both carbohydrate and N within  the rumen (Beever 

et a/. 1 986b ;  S inclair et a/. 1 995). M icrobial  protein  passes out of the rumen 

with UOP and i s  digested i n  the smal l i ntest ine then absorbed as peptides, 

amino acids and ammon ia  ( Ulyatt et a/. 1 984; Waghorn & Barry, 1 987;  Webb, 

1 990; Beever, 1 993). 

H owever, when the rumen energy supply is l im it ing, ammonia is absorbed 

d i rectly from the rumen i nto the venous b lood and is transported to the l iver for 

detoxification to urea ( P reston & Leng, 1 987a; Waghorn & Barry, 1 987). This 

represents a s ignificant l oss to rumen N metabol ism, with up to 40% of the N 

i ntake lost i n  this manner ( U lyatt et al. 1 984; Reynolds, 1 992 ; van der Wait, 

1 993). Reducing the proportion of N lost as ammonia  and increasing the 

proport ion of N i ntake which escapes rumen degradation increases the 

efficiency of conversion of i ngested N to protein deposit ion (Waghorn & Barry, 

1 987;  Reynolds,  1 992; U lyatt, 1 997). 

Exampl es of techn iques used to protect d ietary protein from rumen degradation  

i nclude chemica l ly treat ing the protein with, for example, formaldehyde, feeding 

forages with  a low content ( 1 -4% of OM) of  condensed tann ins (Waghorn & 

Barry, 1 987; McNabb et a/. 1 993), i ncreas ing the supply of N to the rumen with 
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supplements such as urea or fish meal ( Mercer et al. 1 980) or  formulating d iets 

with less solub le proteins (Tamminga, 1 979; Mangan, 1 982) .  

Rumen energy levels can b e  effectively supplemented with so lub le sugars such 

as molasses, cereal g rains or h igh ly d igest ib le  by-products such as fish meal ,  

or pu lps (Preston & Leng, 1 987b) .  

A s ign ificant p roport ion (up  to 60% )  of the  urea  produced by  the l iver ( Egan et 

a/. 1 986; Huntington, 1 989), or 1 0-42% of d ietary N intake ( Huntington,  1 986) is 

recycled to the GIT via sal iva or endogenous secretions (L in dsay & Armstrong, 

1 982; Huntington,  1 986; Huntington, 1 989; F i rkins, 1 996). This  mechanism 

increases the N ava i lable to the rumen m icrobes for protei n  synthesis and is 

one adaptive feature that a l lows ruminants to survive on l ow N d iets ( P reston & 

Leng, 1 987a; Beever, 1 993). 

I n  addition to the microbia l  protein  produced in the rumen,  the undegraded 

protein  (UDP)  which escapes d igestion in the rumen may be broken down in  

the l ower port ions of GIT (Beever,  1 993) .  The U D P  fraction comprises protein  

which is  passed out of the rumen before i t  i s  completely d igested and  protein 

which is ind igestib le within the rumen (Preston & Leng , 1 987a). 

The results of mass transfer experiments (Wi lton & Gil l ,  1 988; Hunt ington, 

1 989; Maltby et a/. 1 991 ; Reynolds et al. 1 99 1 ) suggest that hepatic ammonia 

detoxification i ncurs an amino acid penalty ( Reynolds,  1 992; P arker et al. 

1 995). This is supported by isotopic studies i n  sheep i nfused with N H4CI , 

which demonstrated that the incremental increase in  hepat ic urea product ion 

was approximately  twice the increase i n  ammonia load, which occurred in  

conjunction with an  i ncrease i n  hepatic leucine catabol ism ( Lobley et al. 1 995). 

Therefore, it was suggested that high l evels of rumen ammonia production 

fol l owing the i ngestion  of fresh forage ( U lyatt, 1 997) may have a double 

negative i nfluence on the animals productivity. F irstly ,  a l arge proport ion of 

d ietary-N i ntake i s  lost as ammonia from the rumen. Secondly,  an increase i n  
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hepatic amino acid catabol ism is  requ i red to detoxify th is  ammonia to urea 

( Reyno lds, 1 992; Parker et al. 1 995; Lobley & M ilano, 1 997). 

However, the resu lts obtained by Lobl ey et al. ( 1 995) were com promised by a 

change in  b lood pH associated with the i nfusion of the acid ic N H4CI (Lobley et 

al. 1 996b; M i lano et al. , 2000) .  A repeat experiment i nfus ing N H4H C03, which 

had no effect on b lood pH, demonstrated an increase in hepatic urea 

product ion only 1 .2 t imes the i ncrease in ammonia  load and showed n o  

increase i n  hepatic leucine catabo l ism ( Lobley et a/. 1 996b) .  This work was 

further extended to show that the i ncrement i n  hepatic urea-N production i s  

predominantly sourced from ammon ia-N, rather than amino acid-N (Lobley & 

Mi lano, 1 997;  M i l ano et a/. , 2000) .  These data confirm in vitro observations 

which showed that the oxidation of  a lan ine and glutamate was not  increased by 

increme ntal ammonia  l oads i n  ovine hepatocytes (Mutsvangwa et  a/. 1 996) .  

Therefore, current evidence suggests that i ncreasing  the hepatic ammoni a  

detoxification load does not i ncur a n  i ncrease i n  hepatic amino acid catabol ism 

(Lobley et  al. 1 996b; Lob ley & Mi lano, 1 997; M i lano et  al. , 2000) .  However i t  

should be noted that a smal l  i ncrease i n  hepatic amino acid catabol ism coul d  

have severe negative ramifications o n  peripheral amino acid metabo l ism i n  a n  

animal which may a l ready be protein  restricted, with the resultant l imitation to 

productive output (Lobley & Mi lano, 1 997; Mi lano et a/. , 2000) .  

2.4.3. 2 Intestinal protein digestion 

As a result  of rumen protei n  d igestion, and the peptic d igestion that occurs i n  

the abomasum, the first section of the sma l l  i ntestine, the duodenum, i s  

presented with rumen microbia l  p rote in, peptides, amino aci ds, undigested fee d  

and endogenous secretions for either absorption o r  further d igestion (Harrison 

et al. 1 973; Mercer et a/. 1 980). The concentration of peptides and amino acid s  

arriving at the duodenum i s  relatively constant despite changes i n  d iet and 

intake l evels ( Harrison et a/. 1 973), however the peptide and am ino acid fluxes 

i ncrease with i ncreased N intake ( Bunting et al. 1 987) .  There is  significant 

metabol ism of absorbed amino acids withi n  the wal l  of the sma l l  i ntesti ne, such 

that the amino acid profi le  absorbed from the i ntestinal lumen by the epithe l ium 
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of the smal l  i ntest ine bears  l i tt le  resemblance to that e ntering  the portal b lood 

(Wolff et al. 1 972a; Tagari & Bergman, 1 978) .  The essential amino acids are 

p referential l y  absorbed relat ive to the non-essentia l  am ino acids (Armstrong & 

Hutton, 1 975;  L indsay & Armstrong, 1 982) .  

The quantity of peptides and  amino acids entering the sma l l  intestine can be 

i ncreased by e ither i ncreasing the proportion of these compounds escaping 

degradation i n  the rumen, or by energy supplementat ion i n  the rumen, which 

effectively increases the rate of incorporation of these compounds into 

microb ia l  prote in  and reduces the proportion of N intake lost from the rumen as 

ammonia (Mangan, 1 982) .  

I n  the  smal l  i ntestine the m icrobial  protein is d igested by  the hydrolytic 

secretions of the pancreas (trypsin and peptidases) which enter at the 

duodenum (L indsay & Armstrong, 1 982). Amino acids a re absorbed from the 

m id-jejunum to l ower-i leum (Johns & Bergen, 1 973), although the h ighest rate 

of absorption is  from the m id-jejunum (Ben-Ghedal ia et al. 1 974) . 

With the exception of ammonia absorption,  it i s  general l y  assumed that the 

large i ntest ine does not contr ibute s ign ificantly to GIT N absorption, that is, 

there is  no evidence of amino acid absorpt ion from the l arge i ntestine ( U lyatt & 

MacRae, 1 974) .  

2 . 5  METABOllTE TRANSPORT I N  THE B LOOD 

The products of N d igestion are transported in  the b lood as i ntact sma l l  

proteins, peptides, amino acids and ammonia (Dan i lson et al. 1 987) .  Amino 

acids were in it ia l ly  thought to be sole ly carried by the p lasma component of 

who le  b lood ( Brockman & Bergman, 1 975) .  More recent evidence indicates 

that measurements of amino acid transport based on p lasma a lone were 

underest imates by approximate ly the volumetric contr ibution of the red blood 

cel l s  (Bergman, 1 986; Webb, 1 986) .  H owever the precise  rol e  of the red b lood 

cel l s  in amino acid transportation sti l l  remains unclear (He itmann & Bergman, 

1 980b; Webb, 1 986) .  
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Some amino acids transport ammonia via a couplet arrangement. The coup lets 

of asparagine-aspartate and g lutamine-glutamate donate an amine group from 

the former amino acid subsequently producing the latter amino acid ( Krebs et 

a/. 1 976; Bergman & Pel l, 1 984) .  

2 .5. 1 The major b lood vessels of the splanchnic reg ion 

The mesenteric circu lation (see F igure 1 . 1 )  i s  suppl ied with b lood from the 

superior and infer ior mesenteric arteries (Parks & Jacobson, 1 987) .  The sma l l  

and large i ntestines are drained by the cran ia l  a n d  caudal mesenteric veins  

which combine i nto the mesenteric vein before entering the porta l  vei n  1 . 5 - 3 

cm caudal to the ovine l iver (Heath, 1 968; Koch & Ghoshal, 1 98 1 ) .  Therefore 

the mesenteric d rained viscera (MDV) cons ists of the smal l  i ntestine, caecum, 

large i ntest ine, mesenteric fat, sp leen and the pancreas (Reynolds & 

Huntington, 1 988; Webb et a/. 1 993).  

The b lood supply to the rumen ( including the reticulum), omasum and 

abomasum is suppl ied by branches of the cel iac artery ( Dyce et al. 1 987), with 

drainage via the gastrosplenic vein which enters the mesenteric vein 

approximately 1 cm pr ior to this junction with the portal vein  (Heath, 1 968) .  

With in the l iver per se the portal b lood i s  evenly distributed throug hout the 

ent i re organ (Heath, 1 968) .  

The portal drained viscera ( P DV) consists of the rumen, omasum, abomasum, 

smal l  i ntestine, caecum, large i ntestine, mesenteric fat, sp leen and the 

pancreas ( Reynolds & Huntington, 1 988; Webb et al. 1 993) .  Therefore by 

determining the difference i n  b lood flow between the PDV and M DV, the 

contribution of the rumen, omasum and abomasum to the total b lood flow from 

the P DV can be quantified (Reynolds & Huntington, 1 988). 



Figure 1 . 1 .  The major organs and veins of the splanchnic region 
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The l iver i s  suppl ied with b lood from both the portal vein (vena portae 

communis) and the hepatic artery (arteria hepatica) (Dyce et al. 1 987) .  B lood 

from the l iver dra ins via the hepatic vein i nto the vena cava for return to the 

heart ( Dyce et a/. 1 987) .  

2 .5.2 B lood flows within the splanchnic reg ion 

A major determinant of splanchnic b lood flow is metabol ic  body weight ( Barnes 

et a/. 1 983a) ,  therefore b lood flow rates wi l l  be quoted per kg metabol ic  body 

weight in this sect ion.  Typica l  ovine porta l b lood flows are 1 02-1 33 

m llmin/kg075 (Lush & Gooden, 1 988; Mineo et a/. 1 991 ) .  The gastrosplenic and 

mesenteric veins each contribute approximately 53 ml/min/kg0 75 to the portal 

b lood flow ( Reynolds & Huntington,  1 988) .  Hepatic venous flows comprise 

approximately  80% portal and 20% hepatic arteria l  flows ( Reynolds et al. 

1 988b; M ineo et al. 1 99 1 ). The splanchnic b lood flow at any one t ime is 

affected by such variables as the t ime after feeding, level of food i ntake and 

posture ( Barnes et al. 1 986) .  

2 . 6  TECHNIQUES FOR ESTIMATI N G  THE RATE OF METABOLISM 

There are several exce l lent reviews of the methods ava i lable to  estimate the 

rate of amino acid and hence protein  metabol ism in ruminants (Bergman & 

Heitmann,  1 978; Oddy & Neutze, 1 99 1 ; Lobley, 1 992; Reeds & N issen ,  1 992; 

Kel l y  et al. 1 993; Lindsay et al. 1 993; Lobl ey et al. 1 993; van der Wait, 1 993;  

Lobley & Asplund, 1 994; MacRae et a/. 1 995) .  However only the arterio­

venous (AV) technique wi l l  be discussed here because this i s  currently the 

most widely accepted technique to est imate the rate of metabol ism with in  a 

defined t issue ( Lindsay et a/. 1 993) .  The AV techn ique requi res the chronic 

p lacement of catheters i n  the arteria l  and venous vessels of a specific t issue, in 

conjunction with accurate determinations of both blood flow rates and 

metabol ite concentrations (Bo isclair  et al. 1 993; L indsay et al. 1 993; Lobley et 

a/. 1 993; Lobley & Asplund, 1 994) .  Th is techn ique is l im ited by such techn ical 

d ifficult ies as the accurate determinations of both the b lood flow rate and 

metabol ite concentrations, catheter patency, the potentia l  for i ncomplete m ixing 



1 6  

of both metabol ites and tracers, precise iso lation of both the supply and 

drainage of a homogenous t issue, and the need to i ntegrate AV results over 

l ong periods, for example, 24 hours, to m in im ise d iurnal variat ions ( Boisclair et 

al. 1 993; L indsay et al. 1 993) .  Despite these l imitations, the AV techn ique has 

proven useful ( Lobley & Asplund ,  1 994) .  

The rate of  n utrient supply to  a t issue i s  primari ly  i nfluenced by the  rate of 

b lood flow to that tissue and the concentration of metabol ites i n  the b lood 

(Harr is et a/. 1 99 1 ) .  Therefore, the precise determination of both b lood flow 

and metabol ite concentration is essentia l  for accurate d etermi nations of the 

rate of metabol ism of a specific t issue ( Katz & Bergman, 1 969b; Reynolds & 

Huntington , 1 988) .  

Subsequent d iscussion wi l l  be l im ited to a consideration of amino acids and 

their d irect i nvolvement in protein synthes is .  

2 .6 . 1 Methods used to estimate b lood flow 

B lood flow est imation techn iques have been extensively reviewed ( Linze l l  & 

Ann ison, 1 975; Tepperman & Jacobson , 1 982; Dobson, 1 984; Barnes et a/. 

1 986). Only the three major techniques which are most appl icab le  to the 

present work wi l l  be discussed below, that is, dye-d i lut ion ,  e lectronic probe, 

and tritiated water. 

The dye-d i l ut ion technique for the est imation of b lood flow rates is based o n  

the F ick prinCip le  (Webster, 1 974; Cant & McBride,  1 995) .  By knowing the 

quantity of dye i nfused and the arteria l  and venous dye concentrat ions, use of 

the F ick equation (Cant & McBride, 1 995) enables the b lood flow rate to be 

calculated from the quotient of the i nfus ion rate divided by the d ifference 

between the i nflow and outflow dye concentrations (Tepperman & Jacobson , 

1 982) .  Many substances have been used as the dye, the most common of 

wh ich is para-am inoh ippurate (pAH) (Webster, 1 974). The appropriate dye 

must meet several requirements, such as being non-metabo l isab le by the 

target t issue and , preferably total ly extracted by either the k idneys or the l iver 
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to reduce the dye recirculation (Tepperman & Jacobson, 1 982) .  This technique 

is relatively accurate and can be used repetitively, however poor dye m ixing 

prior to the sampl ing point ( streaming) and recircuiation remain problems 

(Webster, 1 974; Tepperman & Jacobson, 1 982) .  

The dye-di l ution technique using pAH i s  the most common ly used techn ique for 

estimating  the b lood flow rate of many splanchnic t issues (Tepperman & 

Jacobson , 1 982) .  The determination  of hepatic venous b lood flow rates with 

the pAH d i l ution techn ique req ui res an  addit ional acid deacetylation step to the 

normal  methodology ( Lobley et a/. 1 995) .  As a result of the d ifficulty involved 

with cannulating or isolating the hepatic artery, hepatic arteria l  b lood flow rate 

is typica l ly calcu lated by difference between portal and hepatic venous flow 

rates (F ischer, 1 963; Campra & Reynolds, 1 982) .  

There are a number of d ifferent electronic probes avai lab le for estimating the 

blood f low, i ncluding the e lectromagnetic and u ltrasound probes (T epperman & 

Jacobson ,  1 982) .  The former suffers from a requirement to be maintained 

perpendicu lar to the vessel and the need to accurately ascertain the vessel 

d iameter, whereas the u ltrasound probe is not as sensitive to the angle of 

i ncidence with the vessel ,  nor is knowledge of the vessel d iameter required 

(Barnes et a/. 1 983b) .  A major advantage of these probes is that they g ive 

cont inuous estimates of blood flow (Tepperman & Jacobson, 1 982; Barnes et 

a/. 1 983b) .  

Using the assumption that the absorption of tritiated water b y  a defined t issue 

is proport ional to the b lood flow rate, the clearance of 3H20 from the b lood can 

provide an accurate estimate of b lood flow (Tepperman & Jacobson, 1 982) .  

These calcu lations requ i re measurements of the H20 concentration i n  the 

arter ia l  and venous blood, and the 3H20 activity in the tissues, to estimate the 

absorpt ion rate (Oddy et al. 1 98 1 ) .  The major d isadvantage of th is technique is 

that 3H20 clearance is  probably not sole ly related to the b lood flow at the 

absorptive s ite (Oddy & Lindsay, 1 986) .  Other factors such as the metabol ic 
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activ ity and fi ltration pressures can also i nfluence the 3H20 clearance rate 

(Tepperman & Jacobson, 1 982) .  

2.6.2  The use of isotopes to  estimate amino acid transfer rates 

I sotopes have a different relative atomic mass to that normal ly associated with 

a specific e lement. They are either stable (do not decay) or radio-active (decay 

releasing radio-activity; Waterlow et a/. 1 978c; Reeds & Nissen, 1 992). Thi s  

section concentrates on the use of isotopica l ly-Iabe l led amino acids t o  estimate 

whole body and specific t issue amino acid metabol ism. I sotope labe l l ing of 

amino acids may be used to trace the unidirectional metabol ism of specific 

amino acids. The data from such studies can also be used to estimate the rate 

of protein synthesis ( Reeds & Nissen, 1 992) and to provide estimates of 

un id i rectional amino acid metabol ism which are not avai lable from mass 

transfer data; for example, the net hepatic removal of g lutamine was up to 2.6 

t imes lower than the unidirect ional removal of that am ino acid, indicative of 

hepatic de novo glutamine synthesis  (Wolff & Bergman, 1 972b; Wolff et a/. 

1 972;  Reynolds, 1 992). 

The assumptions necessary to translate isotopic amino acid data i nto either 

whole body or specific t issue amino acid metabol ism are;  

• Steady state - the various amino acid poo ls  are i n  steady state, so that 

the pool sizes remain constant. Attainment of a steady state may be 

assisted by hourly feeding i ntervals (Waterlow et a/. 1 978a). Pool 

divisions are based firstly on whether the amino acid is protein bound or 

free, then into extra- and intrace l lu lar divis ions,  and further based on 

such variables as the s ite of metabol ism and the end fate of the amino 

acid (R i  i s, 1 983). 

• Homogenous m ixing - from the assumptions that intra-pool m ixing i s  

both complete and rapid and that a constant fract ion of a specific pool i s  

transferred or exchanged per unit of time, i t  can be assumed that the 

various pools have the same specific activity (Waterlow et a/. 1 978b). 

• Metabo l ism of the amino acid is not affected by the presence of the 

isotope ( Reeds & Nissen, 1 992). 
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When choosing the appropriate labe l led amino acid to estimate turnover i n  a 

specific t issue, consideration should be given to the end fate of that amino acid 

and therefore in which pool the isotope wi l l  reside, and how does this affect the 

ease of measurement ( Reeds & N issen , 1 992) .  I t  is preferable that the label led 

amino acid not be metabol ised by the tissue under consideration . However, if it 

is, the end-products of such metabo l ism should be known so that the specific  

act ivity associated with those end products can be quantified ( Oddy & N eutze, 

1 99 1 ) .  Use of a labe l led essential amino acid removes the requirement to 

estimate the rate of de novo amino acid synthesis (Lobley & Asplund, 1 994) .  

The amino acid used should  b e  devoid of d irect influences o n  the rate of 

metabol ism;  for example, both phenyla lani ne and leucine have been shown to 

affect the rate of insu l in production (Kuhara et a/. 1 991 ; Southorn et a/. 1 992), 

whi l st val ine is presently thought to be free from such perturbations ( Lobley & 

Asplund, 1 994) .  

When calculating  the rate of labe l led amino acid infusion, the above variables 

should be considered in  addition to factors such as the s ize of the pool into 

which the amino  acid is being i nfused, what percentage of the pool must be 

labe l led to provide accurate representation and the rate of infusion requ ired to 

reach steady state (p lateau specific activity) . For steady state to be achieved, 

the specific act iv ity leaving the g iven pool must equate to that entering the pool 

(Waterlow et al. 1 978a; Waterlow et a/. 1 978b; Reeds & Nissen, 1 992) .  

2 .6 .3  Techniques used to estimate the rate of protein synthesis 

The techn iques for estimating the rate of prote in  synthesis us ing i sotopica l ly 

labe l led amino acids have been extensively reviewed (Water low et al. 1 978a; 

Reeds & Lobley, 1 980; Garl ick & Fern, 1 985) .  

Net protein gai n  is the difference between the rates of protei n  synthes is  and 

protein  degradation ( Harris et a/. 1 992; Lobley et a/. 1 994). There is  no method 

ava i lable for the accurate determination of the rate of protein  degradation, 

however est imates are genera l l y  obtai ned by calculating the difference 

between isotopiC est imations of protein  synthesis and mass transfer est imates 
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of protein gain (Oddy et al. 1 98 1 ). Estimates of ovine whole body protei n  

synthesis range from 4.8-1 2 . 1 g/kg°.75/d (Cronje e t  a/. 1 992) .  The fract ional 

synthesis rate ( FSR) measures the p roportion of whole body or t issue protei n  

mass synthesised per day, with typica l  ovine whole body F S R  va lues of 2. 7-

4.9% (Harris et al. 1 992) .  

A label l ed amino acid eH-15N-leucine) was first used by Schoenheimer et a/. 

( 1 939) to  estimate the rate of protei n  synthesis .  However the lack of a non­

isotopic method to est imate the rate of protein  synthesis has prevented 

val idation of th is technique ( Reeds & N issen, 1 992). It is genera l l y  accepted 

that estimates of protein synthesis using label led amino acids should  be 

compared with those obtained us ing un iformly labe l led protein, as the best 

ava i lable technique ( Grove & Jackson, 1 995). 

D irect estimates of protein  synthesis are based on estim ates of the dynamics of 

the protei n  pool per se, whereas indirect estimates are based on the degree of 

label i ncorporation into amino acids, or  the amounts of label excreted i n  the 

end-products of amino acid metabo l ism (Reeds & N issen, 1 992) . Both 

methods require the assumption that the metabol ism of a s ingle amino acid i s  

representative of protein  turnover ( Reeds & N issen, 1 992) however th i s  

assumption may not b e  val id under some conditions ( B ier et a/. 1 985) . 

Models  used for the calcu lations of the rate of protein  synthesis i nit ia l l y  

considered the s implest approach of just two amino acid compartments, the 

protein  bound and free amino acids ( Reeds & Lobley, 1 980; Garl i ck & Fern, 

1 985) with a further extension to inc lude a third compartment, the i ntrace l lu lar  

pool (B ier et a/. 1 985) . Th is  compartmental approach rel ies on the assumptio n  

that the i ntrace l lular free amino acid pool i s  kinetica l ly  and metabol ica l l y  

homogenous (Garl ick & F ern, 1 985; Oddy & Neutze, 1 99 1 ). 

2. 6.3. 1 The arteria-venous difference technique 

Using the AV d ifference techn ique, protein  synthesis i s  est imated by the 

difference between total label led amino acid uptake and i rrevocab le  amino acid 
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catabol ism (to protein synthesis) .  Protein gain i s  est imated by the d ifference 

between net amino acid movement and i rrevocabl e  amino acid catabol i sm (to 

protein gain ). The d ifference between the derived values of protein synthesis 

and gain estimates the rate of protein  degradation ( Reeds & N issen ,  1 992) .  

Whi l st th is techn ique is relatively s imple and accurate, there are a number of 

potent ia l  problems. F i rstly, as with a l l  AV d ifference methods ,  precise 

measurements of concentrations and activit ies are requ i red to detect the smal l  

AV d ifferences ( Boiscla ir  et a/. 1 993). Secondly ,  as with a l l  i sotopic amino acid 

methods for estimating prote i n  synthesis, there is debate as to the val id ity of 

assuming that the specific activ ity i n  e ither the plasma, whole b lood or t issue 

represents that of the true p recursor pool, which is the respective aminoacyl­

tRNA's (Oddy & Neutze, 1 99 1 ; Reeds & N issen, 1 992) .  Th is relationship i s  

derived from the assumption that protein synthesis d raws from a n  homogenous 

pool of amino acids and therefore the aminoacyl-tRNA's have the same specific 

activ ity as the tracer amino acid .  However, this is clearly an over-simpl ification 

of a complex bio log ical system ( Reeds & Lobley, 1 980) .  For example, it  has 

been suggested that the uncertainty associated with the choice of amino acid 

pool which most closely approximates the true precursor specific activity, may 

be responsib le for the 3-4 fold  variation in the rates of p rote in  synthesis quoted 

in the l iterature (Lobley et a/. 1 994) .  

The specific activity of the true precursors of protein  synthesis, the respective 

aminoacyl-tRNA's, are d ifficult to measure (Oddy & N eutze, 1 991 ) .  The low 

concentration of the specific am inoacyl-tRNA i n  tissue, for examp le, 0. 5- 1  nmol 

valyl-tRNAlg rat l iver; (Airhart et a/. 1 974) , and the subsequent d ifficulty of 

extraction are both relat ively m inor problems compared to the rapid turnover 

( half l ife 0.3-2 sec) of the aminoacy l-tRNA comp lex (Airhart et al. 1 974) .  

Consequently d irect measurements of the specific act ivity of aminoacyl-tRNA's, 

are a l engthy and expensive process (Lobley et a/. 1 980; Oddy & Neutze, 

1 99 1 ), and are not necessari ly accurate (Airhart et a/. 1 974; Smith & Sun,  

1 995) .  
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Therefore, due to the n umerous d ifficulties i nvolved with measuring the specific 

act ivity of the respective aminoacyl-tRNA, th is  specific act ivity is typica l ly 

est imated from another, easier to sample poo l ,  such as the arterial  and venous 

plasma, b lood or tissue homogenates. However, due to the i ncrease in specific 

act iv ity between samples of tissue h omogenates,  venous and arterial b lood or 

plasma, the calcu lated values of prote in  synthesis decrease respectively 

(Airhart et a/. 1 974; McKee et al. 1 978). Therefore the correct estimate of the 

rate of protein  synthesis is with in the range calcu lated from tissue 

homogenates and arter ia l  b lood or p lasma specific activit ies ( Schaefer et al. 

1 986; Lobley et al. 1 988). 

To provide accurate estimations of the rate of protein synthesis,  the specific 

activity of an amino acid pool needs to be con stant, which is indicative of a 

constant pool s ize (Waterlow et a/. 1 978a; Reeds & Nissen, 1 992). The t ime 

taken to attain  p lateau specific activity depends on such variables as the 

i nfusion rate and the s ize of the pool (Waterl ow et a/. 1 97 8b) .  H owever, there 

is a compromise between an i nfus ion of sufficient duration to ensure p lateau 

specific activity, whi lst m in imis ing label recycl ing ( Boiscla i r  et a/. 1 993). 

2. 6.3. 2 The large dose technique 

The precursor problem addressed above may be min im ised by using the flood 

or large dose technique ( Henshaw et a/. 1 97 1 ). As suggested by the name, 

this technique uti l i ses a l arge dose of u nlabe l led amino acid ,  i n  conjunction with 

the label led amino acid ,  to effectively equ i l i brate the specific activity of a l l  

amino acid poo ls  i n  the body t o  that of the plasma o r  b lood pool (Reeds & 

N i ssen ,  1 992) .  Thi s  technique i s  part icu larly useful i n  tissue with a high protei n  

turnover rate o r  with a h i g h  proportion of synthesised protein  exported ( Lobley 

et a/. 1 994). 

The amount of amino acid g iven is  usual l y  5-20 t imes the estimated size of the 

free amino acid pool ( Lo b/ey et a/. 1 990; Oddy & Neutze, 1 99 1 ). Sample 

col lection commences typ ical ly within 1 20 minutes of the amino acid inject ion , 

so that d ifferences in  specific activity between the various poo ls  is  sufficiently 
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smal l  to a l low p lasma or blood values to represent a l l  pool s  (Attaix et al. 1 988; 

Lobley et al. 1 990) .  

A possib le concern with th is technique i s  the reduction i n  the Circulatin g  

concentrations of other amino acids ( Schaefer e t  al. 1 986; Lobley et al. 1 990) .  

The possib le consequences of such a lterations are as yet unknown, however 

they are un l i ke ly  to stimulate protein  synthesis (Waterlow, 1 984; Lob ley et  al. 

1 992; Reeds & N i ssen ,  1 992) .  The effectiveness of the flood dose in ach ievin g  

equiva lent specific activit ies across the poo ls  varies from 0.25 for the sma l l  

i ntestine to 0 .99 for skeletal muscle (Lobley e t  al. 1 992) .  

2 .6 .4 Estimation of the rate of whole body protei n  synthes is  

The rate of whole body protein synthesis may be estimated using either indirect 

o r  d irect methods (Waterlow et al. 1 978d) .  I nd i rect methods require prio r  

knowledge of the  protein pool size, a l lowing the rate of protein  synthesis to be 

determined from the rate of decay in  i sotop ic  abundance (Reeds & N issen, 

1 992) .  Us ing th i s  method, the rate of amino acid catabol ism can be estimated 

from the rate of l abel loss from the appropriately defined compartment (Garl ick 

et a/. 1 980) . This method rel ies on the assumption that the free amino acid 

pool i s  both k inet ical ly and metabol ica l l y  homogenous (Waterlow et a/. 1 978d) .  

Estimates of  the rate of whole body protei n  synthesis from d irect methods 

requi re measurements of the quantity of the label led amino acid in the protein 

bound and free amino acid pools (Reeds & N i ssen, 1 992) . This techn ique may 

a lso be used for a tissue with a slow rate of protein turnover, for example the 

m uscle (Waterlow et al. 1 978d ) .  

2. 6. 4. 1 Estimation of  the rate of  hepatic protein synthesis 

Estimates of hepatic protein synthesis are confounded by two problems, the 

first is that the l iver produces both constitutive and export proteins, and the 

second is  that protein is assumed to be synthesised from an homogenous 

amino acid pool (Connell et a/. 1 997). Constitutive prote ins are synthes ised on 
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the polysomes from i ntrace l l u lar free amino acids ( Smith & Sun, 1 995) ,  

whereas export proteins  are probably synthesised on the rough endoplasmic 

ret icu lum and therefore preferentia l ly  uti l ise amino acids  as they enter the cel l  

(Fern & Garl ick, 1 976) .  The recent use of h ippuric acid, which is  synthesised in 

the l iver and rapid ly  excreted from the body, and apol ipoprotien B 1 00, a re 

attem pts to m in imise these problems (Connel l  et al. 1 997) .  

2 .7  L IVER METABOLISM 

The l iver i s  l ocated on the rig ht of the abdomen against the d iaphragm, under 

the protection of the lower ribs ( Dyce et al. 1 987) .  It  i s  a soft flexible organ with  

its shape largely influenced by the space avai lable with in  the peritoneal cavity. 

The l iver is appropriately posit ioned between the site of nutrient absorpt ion 

(GIT) and deposition (Huntington, 1 990; Reynolds, 1 992) to control the 

com posit ion of systemic b lood returning to the heart (Mutsvangwa et a/. 1 996; 

Conne l l  et al. 1 997) .  The major functions of the l iver a re to modify the 

com posit ion of the blood from the P DV, nutrient storage, detoxification and 

waste removal, and to p roduce various secretions. The l iver a l so partiCipates 

in the regu l ation of blood flow ( C am pra & Reynolds, 1 982) as a consequence of 

its l a rge b lood volume (25-30 m l/ 1 00 g )  (Withrington & Richardson, 1 986) .  

The l iver receives large quantities of amino acids, carbohydrates, l i p ids, and 

vitamins in the portal b lood (Arias et al. 1 982) .  The degree to which each 

metabol ite is extracted from the portal b lood is dictated by the hepat iC 

requ i rements for that metabol ite. Dur ing passage through the l iver, the blood i s  

a lso enriched with metabol ites, such as g lucose and numerous prote ins 

(Lindsay & Armstrong, 1 982) .  

2 .7 . 1 L iver structure 

There are two major lobes to the l iver, left and right, which are further d ivided 

i nto mult ip le sub-lobes (E l ias & S herrick, 1 969b) .  The ovine l iver contributes 

between 1 .6 and 2.5% of l ive weight (Orzechowsk i  et al. 1 987; Lobley et al. 

1 995) .  
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The portal vein b ifurcates as  it ascends into the h i l us of the l iver (porta 

hepatis) , with numerous further d iv is ions unt i l  i t  reaches cap i l lary l i ke 

d imensions ( E l ias & Sherrick, 1969a) .  S i m i larly the hepatic artery a l so divides 

i nto vessels  which are ult imate ly of capi llary l ike d i mens ions. The branches of 

the hepatic artery, portal ve in, and the b i l e  duct, in addit ion to lymph vessels 

and nerves, perfuse the ent i re l iver in concert and are known as the "portal 

triad" (F igure 1 .2 )  (El ias & Sherrick, 1969a) .  

The b lood is  d rained from the l iver by  m inute b ranches of the hepatic vein 

( vena hepatica dextra) which u lt imately merge before exiting the l iver as the 

hepatic vein .  

The relative contri bution from each of the portal ve in and hepatic artery to the 

b lood flow entering the metabol ica l l y  active un i t  of  the l iver, the s inu soids, is  

contro l led by pre-sinusoidal  sphincters o n  each of these vessels (Aterman ,  

1963) .  Addit ional ly  the flow from the s inusoids is  contro l led by sphincters on 

the branches of the hepatiC vein. These sphincters a l low the net fi ltering 

pressure across the s inusoidal wal l  to be mainta ined whi lst the b lood flow to 

the l iver is kept relatively constant (and hence the l iver b lood volume is  

maintained) ,  which provides the hepatocytes with a steady supply of  oxygen 

(Withrington & Richardson , 1986) .  

The portal b lood flow rate is  primar i ly  determined by the relatively constant 

venous dra inage from the GIT and spleen (Withrington & Richardson ,  1986) .  

The hepatic arteria l  blood flow rate a lters reciprocal l y  t o  the portal b lood flow 

rate (Withr ington & Richardson, 1986) .  The relative contribution from the 

hepatic artery to total hepatic venous b lood flow is h ighly var iable but is 

typ ica l ly between 0.5 to 25% (Katz & Bergman, 1969a; Ortigues et al. 1994; 

Lobley et a/. 1995; Goetsch et al. 1997 ). 



Figure 1 .2.  The portal triad and the l iver u ltra-structu re 
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The l iver i s  r ich ly  suppl ied with afferent nerves from the a utonomic nervous 

system, with two communicating p lexuses surrounding the portal vei n  and 

hepatic artery ( Sasse, 1 9S6) .  The i nfluence of the nervous system on hepat ic  

metabol ism i s  via neural regulat ion  of parenchymal b lood flow (Arias et a/. 

1 9S2) .  

2. 7. 1 . 1  Acinus structure 

The parenchyma I cel ls of the l iver account for SO% of its volume and 60% of 

total cel l  number (Arias et a/. 1 9S2; Sasse, 1 9S6) .  The acinus is  the structural 

and fun ct iona l  un it of the l i ver (Arias et al. 1 9S2; Gumucio & M i l ler, 1 9S2 ;  

Sasse, 1 9S6; Jungermann & Kietzmann, 1 996) .  Structura l l y  the acinus 

consists of  s inusoids arranged radia l ly  around the terminal  afferent vessels (the 

porta l tr iad) ,  with mult iple termina l  hepatic vessels  i n  the periphery of the 

acinus ( Figure 1 .2 )  ( E l ias, 1 963; J ungermann & Kietzmann,  1 996) .  

The sinusoids are capi l lary l ike vessels surrounded by the functional cel ls of 

the l iver. The hepatocytes are polarised parenchyma I cel l s  that form a 

trabecu lar  network within the acinus,  with their  baso-Iateral surface facing the 

s inusoid and bi le ductu les at their  apex (Jungermann & Kietzmann, 1 996) .  

The non-parenchyma I cel l s  are d iv ided i nto four g roups (Arias et al. 1 9S2 ; 

Sasse, 1 9S6) ;  

1 . The e ndothe l ia l  cel ls ,  which make up 44% of the non-hepatocyte cel l  volume, 

are even ly  d i stributed throughout the l iver parenchyma. These a re digestive 

cel ls with  l i m ited endocytot ic capab i l it ies.  

2 .The Kupffer cel ls, which contribute 33% of the non-hepatocyte cel l  volume, 

are located predominantly in  the periportal area of the s inusoid . These 

macrophag ic  cel l s  are capable of phagocytosis of particles 1 00-S00 nm i n  

d iameter .  The d igestive capacity of these cel l s  i s  emphaSised by the 

abundance of Iysosomes. 

3.The fat storage cel ls, which make up 1 0-25% of the non-hepatocyte cel l  

volume, are the site of hepatic fat metabo l ism in  addit ion to provid ing support to 

the s inusoid wal l .  
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4.The pit cel ls ,  which account for 5% volume of the non-hepatocyte cel l  

volume, and have a s imi lar funct ion t o  the Iymphocytes .  

The acinus is d iv ided i nto three functional zones radiating from the afferent 

vessels  which d iffer in enzyme activit ies and consequently have d ifferent 

metabo l ic rates and capacities ( Sasse, 1 986) .  The oxygen, insu l in  and 

g lucagon gradients are thoug ht to be i mportant in the estab l i shment of zonal 

heterogeneity (Jungermann & Kietzmann, 1 996) .  These d iv is ions are dynamic 

and functional rather than static  and structural (Haussinger & Gerok, 1 986; 

Jungermann & Kietzmann, 1 996) .  These three zones are, the periportal zone 

which surrounds the axis, the i ntermediate zone which is m inute or absent i n  

the ovine, and the perivenous zone which receives blood from the two previous 

zones.  

2.8 LIVER F UNCTI ON 

2 .8 . 1 Periportal and perivenous hepatocyte functional ity 

I n  genera l ,  metabol ite concentrations decrease from the periporta l to 

perivenous region of the sinusoid.  There are a l so enzymatic gradients a long 

the s inusoid length (Gumucio & M i l ler, 1 982) .  Periporta l cel ls account for the 

majority of the hepatocyte popu lation (90%), l eaving the perivenous cel l s  to 

contribute the remaining 1 0% of hepatocytes i n  the form of a ring of one to 

three cel l s  surrounding the term inal  venu le (K i lberg et al. 1 993) .  

The periporta l hepatocytes specia l ise i n  ureagenesis ,  g luconeogenesis, 

g lutam inolysis, the synthesis  of a lbumin and have a high rate of amino acid 

catabo l i sm ( Haussinger et al. 1 992) .  The perivenous hepatocytes can 

synthesise g lutamine and extract aspartate and g lutamate ( Stol l  et a/. 1 992) .  

The oxygen concentration i n  the periportal zone i s  approximately twice that i n  

the perivenous zone, indicative of the h igh metabo l ic  activ ity throughout the 

s inusoid (Jungermann, 1 986). There is d iurna l  variation in some enzyme 

concentrations and activit ies throughout the s inusoid ,  for example, tyrosine 
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aminotransferase in the periportal zone. However there is no apparent d iurnal  

variat ion in the activity of th is enzyme in the perivenous zone ( Haussinger & 

Gerok, 1 986) .  

Although ammonia is  produced i n  the periportal zone dur ing catabol ism,  i ts 

concentration decreases by approximately an o rder of magn itude between the 

periportal and perivenous zones (Jungermann, 1 986) as a result of periportal 

ureagenesis (Haussinger & Gerok, 1 986). Using the perfused rat l iver, i t has 

been demonstrated that g lutaminase (EC 3 .5 . 1 .2 )  activity is restricted to the 

periportal zone, with g lutamine synthetase (EC 6 .3 . 1 .2 )  s imi larly restricted to 

the perivenous zone ( Haussinger & Sies,  1 984) .  Thus periportal g lutam inase 

and perivenous glutamine synthetase are s imultaneously active in the l iver 

( Haussinger & S ies, 1 979; Haussinger et a/. 1 983; Haussinger & S ies, 1 984) ,  

result ing i n  an energy consuming intercel lular cycl i ng  of g lutami ne ( H aussinger, 

1 983) .  The activity of this cycle is  i nfluenced by both the portal ammonia and 

glutamate concentrations and the blood pH ( Haussinger, 1 990) . 

The maintenance of blood pH requ ires a mechan ism to control the ratio of 

HC03- to CO2 in  the b lood (Haussinger & Gerok, 1 986) .  An important 

component of this regu lation is HC03- removal during ureagenesis ,  whereas 

H C03- is  not consumed during the removal of ammonia as g lutamine.  Thus the 

relative rate of these pathways can be used to control the H C03- concentrat ion, 

which is  achieved via i nh ibit ion of either g lutam inase or g lutamine synthetase 

(S ies & Haussinger, 1 984) .  This method can a lso assist the other metabo l ic  

functions which are used to control b lood pH . Therefore during acidosis, there 

is a decreased rate of periportal urea synthesis and an i ncreased rate of 

perivenous g lutamine formation, whereas during a lkalosis H C03- removal by 

urea synthesis is increased (Haussinger & Gerok, 1 986) .  

2 .8 .2  Hepatic amino acid m etabol ism 

The l iver is  an important organ for protein  metabol ism and is the major s ite of 

amino acid catabol ism ( E lwyn ,  1 970; Lindsay & Armstrong, 1 982; Seal & 

Reynolds, 1 993; Lobley & Asplund,  1 994; Connel l  et a/. 1 997) .  The rate of 
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hepatic amino acid extraction varies depending on hepatic requi rements for a 

specific amino acid. For example,  both alanine and g lycine are a lmost ent ire ly 

extracted from the portal b lood by the l iver i n  contrast to the branched cha in  

amino acids which have sma l l  (0-3%)  hepatic extract ion rates ( Lindsay & 

Armstrong, 1 982) .  

On the basis  of function, hepatic amino acid metabol ism may b e  d ivided into 

five major categories: protein synthesis ,  the production of v ital m etabol ites 

(such as enzymes), g luconeogenesis, u reagenesis and catabol ism ( Bergman & 

Heitmann, 1 978; Lobley & Asplund,  1 994) .  

Hepatic protein synthesis i s  an e nergetica l ly expensive process which accounts 

for approximately 1 0% of who le  body oxygen consumption ( Lobley, 1 991 ) .  

Hepatic protein  synthesis i s  d iv ided i nto both constitutive and export protei n  

synthesis. The extent of hepatic  protein  synthesis for export i s  large, with 1 0-

1 2  g/d or a fractional synthesis rate of 1 0-50% (L indsay & Armstrong, 1 982; 

Lobley et a/. 1 992; Lobley & Asplund,  1 994) .  Major export proteins synthesised 

are album in ,  transferrin and various l ipoprote ins (L indsay & Armstrong ,  1 982) .  

Hepatic album in  production is 8-1 7% of the total hepatic protein synthesised i n  

the ovine (Connel l  et a/. 1 997) .  

The rate of net hepatic protei n  output is  m inute relative to the rate of both 

hepatic protein synthesis and degradation ,  therefore smal l  changes i n  the rate 

of either protein synthesis or degradation have a large impact o n  net hepat ic 

protein production (Lobley et a/. 1 993; Lobley & Asplund,  1 994) .  Alterations to 

the rate of protei n  degradation are thought to be the major contro l ler of the net 

protein production rate, with the fractional synthesis rate (FSR) remain ing 

constant (Lobley & Asplund,  1 994).  I ncreased protein i ntake increases the rate 

of hepatic amino acid absorpt ion (Maltby et a/. 1 99 1 ) and i nduces a decrease 

in the rate of protein degradation, whi lst the rate of protei n  synthesis i s  

relatively unaffected (Natori , 1 995) .  When protein i ntake is  restricted, hepatic  

protein mass decreases as  a result o f  decreased hepatic amino acid uptake 

(Maltby et a/. 1 99 1 ) which i nduces ei ther a decrease in the rate of hepatic 



3 1  

protein degradation (Mortimore & Surmacz, 1 984; 8urrin e t  al. 1 990; Nator i ,  

1 995) or protein  synthesis (pe l l  et al. 1 986) whi l st the hepatic FSR remains 

relatively constant (Lobley et al. 1 994) .  

Hepatic amino acid catabol ism uti l i ses absorbed amin o  acids to  produce 

energy (ATP)  via the citric acid cycle for both hepatic a nd whole body 

requ i rements (Elwyn, 1 970; Lobley & Asplund,  1 994; Lobley et al. 1 996a ;  

Conne l l  e t  al. 1 997) .  I t  i s  not known whether hepatic amino acid catabol ism 

removes excess amino acids per se or whether there is selective amino acid 

catabol ism to meet specific requ i rements (Lobley & Asplund, 1 994) .  

The l i ver ut i l i ses smal l peptides i n  a comparable manner to smal l  proteins and 

amino acids ,  however the magnitude of peptide metabol ism by the l iver i s  

uncertai n  due to methodolog ical problems determin ing peptide concentrations 

(Webb et al. 1 993). 

2 .8 .3  Carbohydrate metabol ism 

Propionate absorbed by the l iver is  e ither oxid ised via the citric acid cycle or i s  

used for g luconeogenesis (Brockman & Laarveld, 1 986) ,  to provide u p  to 50% 

of the g lucose production in the fed rum inant (8aird et al. 1 980) .  Acetate and 

the ketone bodies generated from butyrate are converted to acetylCoA in  the 

l iver and subsequently enter the citric acid cycle (Armstrong ,  1 965; Preston & 

Leng, 1 987a) .  

Despite l ittle glucose being absorbed from the GIT d i rectly, g lucose is sti l l  an 

important metabol i te for ruminants ( L inzel l ,  1 960); for example the major m i l k  

precursors i n  a lactating ruminant are g lucose (predomi nantly converted to 

lactose), free amino acids, acetate and �-hydroxybutyrate (Preston & Leng, 

1 987a) .  
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2 .8 .4  Lipid metabol ism 

L ip ids are absorbed from the GIT into the mesenteric venous dra inage as wel l  

a s  the lymphatic vessel s  (Katz, 1 986) .  Acetate i s  the major precursor for fatty 

acid synthesis (Hanson & Ba l lard,  1 967) .  The l iver of the non-lactat ing non­

pregnant ovine has been estimated to produce triacylglycerol at a rate of 

approximately 0 .5 llmol/h/g l i ver (Pu l len & Ames, 1 988) .  

2 .8 .5  Mediators of l iver metabol ism 

I nsu l in  is an important hormone in the control of  ruminant metabol ism 

( Brockman & Bergman , 1 975;  Brockman & Laarveld,  1 986) .  I nsu l i n  inh ib its 

hepatic g luconeogenesis  (Wolff et a/. 1 972; Brockman & Laarveld ,  1 986) .  

P lasma insu l in concentrations are positively correlated with food i ntake levels ,  

however, paradoxical ly, the insul in concentrations are h ighest i n  the fed state 

when hepatic g lucose production rates are h ighest due to the i ncreased 

avai labi l ity of the substrates for g luconeogenesis (B rockman & Laarveld ,  1 986) .  

G lucagon stimulates both g lycogenolysis and g luconeogenesis (Brockman & 

Bergman, 1 975) .  G lucagon promotes hepatic uti l i sation of amino acids i n  

g luconeogenesis (Wolff et a/. 1 972; Brockman & Laarveld ,  1 986). G lucagon 

and epinephri ne are main ly  i nvolved i n  response to "fight or fl ight" reactions 

rather than the day-to-day regulation of metabo l ism (B rockman & Laarveld ,  

1 986) .  

Some amino acids, includ ing g lycine, alanine and g lutamine (Chri stensen,  

1 990) have been shown to d irectly regul ate the rate of protein turnover in  the 

l iver by inducing changes in the cel lu lar osmolarity , effectively a ltering ( plus or 

m inus 1 5-25%) cel l  volume ( Haussinger et al. 1 994; vom Dahl et al. 1 995) .  

Amino acids have also been shown to mediate the sensitivity of insu l i n  control 

over protei n  degradation i n  ovine ske letal muscle ( Lobley, 1 998) . 
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The l iver has a fundamental role in the i ntegration of whole body N metabol ism 

(Reynolds, 1 992) .  Ruminants absorb a s ignificant proportion of their d ietary N 

in  the form of ammonia (Hunti ngton,  1 986) .  The l iver removes and detoxifies 

this ammonia,  predomi nantly by converting it to urea, which is then released 

into the hepatic vein,  for excretion via the k idney in the urine. Thus, urea is  the 

major end product of N metabo l ism ( Meijer & Hensgens, 1 982) .  

2. 8. 6. 1  The urea cycle 

I t  has been suggested that the process of ureagenesis i n  sheep and possibly 

other ruminants is fundamental ly d ifferent from that in non-ruminant mammals 

(Lobley et al. 1 995; Luo et a/. 1 995) .  However, more recent work (Brosnan et 

al. 1 996) suggests that the urea cycle is s im i lar between various species. I n  

the absence of defin it ive data, th is  review presents information for the ovine 

when avai lable, but wi l l  also draw upon data from other species where 

appropriate. 

The urea cycle was d iscovered by Krebs & Henseleit ( 1 932) ,  using the l iver 

tissue-s l ice techn ique to i nvestigate the rate of urea production i n  the presence 

of various potent ia l  precursors. Although the l iver is  the major organ of urea 

synthesis ,  the enzymes of ureagenesis are a lso present in some non-hepatic 

tissues, however none of these tissues are capable of synthesis ing urea from 

ammonia i n  significant quantities (Meijer & H ensgens, 1 982) .  

Ammonia concentrations greater than 50 Ilmol i n  the peripheral circulation are 

toxic to the central nervous system Thus ureagenesis is regulated to maintain 

peripheral ammonia concentrations below this level (Meijer et a/. 1 990) .  

Ammonia is  also a precursor for the synthesis of pyrimid ines, purines, 

g lutamate and through g lutamate, of al l  non-essential amino acids (Krebs et a/. 

1 973) .  
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Bicarbonate, which is produced during amino acid catabol ism, is  also removed 

by ureagenesis .  However up to 5% of the total H C03- p roduced by amino acid 

catabol ism can be excreted d i rectly i n  the urine (Meijer et al. 1 990) .  

2. 8. 6. 2 The function of ureagenesis 

By defin i t ion ,  the major funct ion of ureagenesis is urea product ion (Summersk i l l  

& Wolpert, 1 970 ;  Krebs et al. 1 978) .  Secondary functions of ureagenesis 

incl ude the removal of surp lus amino acids (Meijer et a/. 1 990) and through the 

removal of b icarbonate, a role  in  pH homeostasis (Atkinson & Bourke, 1 984) .  

Although the e n d  pOint of ureagenesis i s  self evident, the start ing point i s  l ess 

clearly defined (Watford ,  1 989) .  The production of carbamoyl-phosphate from 

ammonia and b icarbonate (catalysed by carbamoyl-phosphate synthetase /; 

CPSJ) is general ly taken as the first step of ureagenesis (F igure 1 . 3 ) .  

Therefore n itrogen enters the urea cycle ult imately as ammonia, which is  

sourced from amino acids (especia l ly g l utamine and g lutamate, and with the 

exception of the branched-cha in  amino acids) or as free ammonia produced by 

the G IT. 

Ureagenesis comprises five reactions ( Figure 1 .3 )  (Krebs et at. 1 978;  Cohen ,  

1 980; Meijer et  a/. 1 990); 

1 )  The first step of ureagenesis is  catalysed by carbamoyl-phosphate 

synthetase J (CPSJ; EC 6.3 .4 . 1 6) .  

N H 3  + HC03 + 2ATp4- => carbamoyl phosphate2
- + 2ADp3

- + Pt + 2 H+ . 

This reaction requ i res Mg2+ and � as cofactors. N-acetylglutamate ( NAG) is  

an al loster ic regu lator of CPSI. CPSJ uses NH3 rather than N H/ ( Cohen et al. 

1 985) .  This  reaction provides the first N atom of the urea molecule .  

2) Ornith ine carbamoyltransferase (EC 2 . 1 . 3. 3) catalyses the formation of 

citru l l i ne. 

Ornithine + + carbamoyl phosphate2- <=> citru l l i ne + p2- + H+ 
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3) Arg in inosuccinate synthase (EC 6.3 .4 .5 )  catalyses the fol lowing reaction , 

which requires  Mg2+ as a cofactor. This reaction provides the second N atom of 

the urea molecule .  

C itru l l ine + aspartate- + ATp
4
- <=> arg in inosuccinate- + AMp2- + Ppi

3
- + H+ 

4 )  Arg in inosuccinate lyase (EC 4 .3 .2 . 1 )  catalyses the cleavage of 

arg in inosuccinate to arg i n ine and fumarate. 

Arg in inosuccinate- <=> arg in ine + + fumarate2-

5)  Arginase (EC 3.5. 3 . 1 0) catalyses the final  step i n  ureagenesis 

Arg in ine+ + H20 => urea + orn ithine+ . 

This reaction requires of Mn2+ as a cofactor. 

2. 8. 6. 3 Spatial arrangement of the urea cycle 

The first two enzymes of the urea cycle (CPSI and orn ithine carbamoyl 

transferase) are located with in  the mitochondria (F igure 1 .3) (Gamble & 

Lehn inger, 1 973; Clarke, 1 976; Cohen, 1 981 ) .  Both of these enzymes have 

been shown to have a loose association with the inner m itochondrial membrane 

( Powers-Lee et a/. 1 987) .  This suggests that there is a degree of metabolite 

channel l i ng between these two enzymes (Cohen et a/. 1 987; Powers-Lee et a/. 

1 987 ;  Cheung et a/. 1 989; Watford, 1 989) .  

The remain ing three enzymes of the urea cycle (arg in inosuccinate synthase, 

arg in inosuccinate lyase and arg inase) are located i n  the cytosol of the cel l  

(Ratner, 1 976) .  Early work suggested that these enzymes were soluble 

prote ins ,  with no association to the m itochondria l  membrane (Ratner, 1 976; 

Cohen, 1 981 ) .  Subsequent work has shown that these three enzymes are 

closely grouped aroun d  the outer m itochondria l  membrane, with a spatial 

organisat ion that promotes efficient i ntermediate transfer between them 

(Cheung et at. 1 989). 

The urea produced by the l iver is released i nto the hepatic vei n  for subsequent 

removal by the kidneys and excretion in  the urine (Gans & Mercer, 1 984) .  The 

k idneys passively absorb urea from the b lood, with the net rate of renal urea 
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absorpt ion dependent on the rate of ur ine output and the final  urea 

concentration i n  the ur ine ( Schm idt-N ielsen et a/. 1 958) .  

The l iver extracts arg in ine and releases citru l l i ne and orni th i ne whereas the 

kidneys extract citru l l i ne and ornith i ne and release arg in i ne (Bergman & 

Heitmann, 1 978) .  This constitutes a spatia l  separation of components of the 

urea cycle ,  in addit ion to prov id ing another mechanism by which peripheral 

hyper-ammonaemia can be prevented (Bergman & Heitmann, 1 978; Reynolds, 

1 992) .  The net renal and hepatic a rg in ine metabol ism is  an example of i nter­

organ N transportation by an amino acid ( Bergman & Heitmann,  1 978) .  

2. 8. 6. 4 Amino acid requirement for ureagenesis 

Fol lowing the m itochondria l  condensation of orn ithine with carbamoyl 

phosphate, the result ing citru l l ine is transported i nto the cytosol as a neutral 

species (McGivan et a/. 1 977) ,  therefore the transportation process does not 

requ i re energy (Gamble & Lehninger, 1 973) .  

The cytosol ic  aspartate required for condensation with citru l l ine  to form 

arg in inosuccinate, is a lso of m itochondrial  orig in ,  via the malate-aspartate 

shutt le ( De Bandt et al. 1 995) .  Aspartate receives the bulk of a lanine-N , which 

is especia l ly i mportant i n  catabo l ic states such as starvation,  when alani ne is  

the major substrate for ureagenesis ( Me ijer et  at. 1 990) . 

The cleavage of arg in inosuccinate produces arg in ine, which shares the same 

transporter as ornith ine ,  and fumarate. The latter is therefore ava i lable for 

other cel lu lar functions. Arg in ine and citru l l i ne  are also used to transport N to 

the kidneys for excretion ( Bergman et al. 1 974) .  

Orn i th ine enters the hepatocyte via system y+ amino acid transporter ( De Bandt 

et al. 1 995) , which exchanges orni th ine for a proton, the capacity of which is 

l im ited (McGivan et a/. 1 977; Metok i  & Hommes, 1 984) .  However there is  a 

non-saturable transport component ( Metoki & H ommes, 1 984) ,  the contribution 

of whi ch becomes increasingly important with h igher amino acid 
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concentrations, o r  demands (White & Christensen, 1 982; Medina et al. 1 99 1 ) .  

Excessive i ntracel lular ornithine concentrations are reduced by the action of 

ornith ine aminotransferase which deaminates ornithine producing g lutamate 

(Gamble & Lehninger, 1 973; McGivan et al. 1 977) .  

The mitochondria l  production of citru l l in e  during ureagenesis requ i res an i ntra­

m itochondria l  supply of ornith ine .  Orn ithine i s  transported i nto the 

m itochondria i n  exchange for citru l l ine  (McGivan et al. 1 977; I noue et al. 1 988) 

or a proton ( Bradford & McGivan , 1 980) via the l system (White & 

Christensen, 1 982), however there is  a suggestion that another transport 

system is act ive at higher amino acid concentrations (Metoki & Hommes, 1 984; 

Medina et al. 1 99 1 ; De Bandt et al. 1 995) .  

I t  has been suggested that the avai labi l ity of ornith ine for m itochondria l  

ureagenesis may be the primary regu lator of the rate of ureagenesis (Gamble & 

Lehn inger, 1 973; Lund & Wiggins ,  1 986; Cohen et al. 1 987) .  For example ,  

under some in vivo condit ions, carbamoyl phosphate is  synthesised at rates 

wh ich exceed the capacity of the m itochondria to synthesis citru l l ine (Hatchwe l l  

& M i lner, 1 978) ,  i n  such cases the l im it ing factor may b e  the transport of 

ornith ine i nto the m itochondria (Ra ijman,  1 976; Cohen et al. 1 980; Cohen et al. 

1 985; Cohen et a/. 1 987) .  However th is  suggestion has since been d iscarded 

( De Bandt et aI. , 1 995) .  

2 .  B. 6. 5 Pathways for nitrogen to enter the urea cycle 

The form in  which N enters the l iver and,  potential ly, the urea cycle, is largely 

dependent on the nutrit ional and hormonal state of the animal (Meijer et a/. 

1 990) .  H owever, for each urea molecu le  synthesised i n  the l iver, half of the N 

must pass through ammonia ( Figure 1 . 3 ,  shaded blue) and the other half must 

pass through aspartate ( Figure 1 .3, shaded green)  (Krebs et a/. 1 978;  N issim et 

al. 1 992) .  

2 .8 .6.5 . 1 The first N of the urea molecule 
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The ammonia-N used in  ureagenesis is produced by many d ifferent processes 

at various s ites throughout the body and transported to the l i ver i n  numerous 

forms, i ncluding ammonia per se. As d iscussed above, p roteolysis of ingested 

protei n  by the rumen resi dent m icrobes, fol lowed by deamination of the 

resultant amino acids, produces large quantities of ammonia,  a proport ion of 

which is  absorbed d irectly i nto the b lood and transported to the l iver ( Reynolds, 

1 992) .  Ammonia  is also produced i n  the lower GIT in  a s im i lar  manner. 

Deamination of amino acids provi des the bulk of the N for ureagenesis,  as both 

ammonia and aspartate (Krebs et al. 1 976). The major s i tes of amino acid 

deamination are as fol lows; 

1 )  One of the major end products of muscle metabol i sm i s  g lutami ne,  which is  

used by the GIT mucosa as a resp iratory fue l  ( Hauss inger & Gerok, 1 986) ,  i n  

addit ion to  being a major contributor of  N to  the urea cycle ( Cooper et  al. 1 988). 

Deamination of g lutamine provi des both an ammonium ion and glutamate. 

S im i larly asparagine deamination provides both an ammonium ion and 

aspartate. 

2) The l iver i s  a major site of deamination for most amino acids, with the 

except ion of branched chai ned amino acids ( N ish ikawa et at. 1 994) .  

For  u reagenesis ,  the amine group of  g lutamate is sourced from the 

transamination of most amino acids ( Frieden, 1 976; Renn ie et at. 1 990) . With in  

the hepatocytes, g lutamate i s  transported i nto the mitochondria by either the 

g lutamate hydroxyl carrier ( Krebs,  1 972) ,  or it is exchanged for aspartate via 

the g lutamate-aspartate shuttle ( LaNoue & Schoolwerth ,  1 979). Thus the 

m itochondrial  and cytosol ic  aspartate-glutamate pools are thought to be i n  

equ i l ibr ium (Cooper et al. 1 987) .  A proportion of m itochondrial g lutamate is  

oxidatively deaminated in  the presence of g lutamate dehydrogenase ( EC 

1 .4 . 1 .2 ;  GLDH) ,  producing a-ketoglutarate and an ammonium ion for use by 

CPSI and u lt imately, incorporation i nto urea (Wanders et al. 1 983) .  The 

ava i lable data suggests that rat and bovine G LDH have s im i lar properties 

(Wanders et al. 1 983) .  
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The reaction catalysed by GLDH was initia l ly considered to be freely  bi­

directional  (Frieden, 1 976), however more recent fin dings have demonstrated 

that the direction of this reaction depends on the redox state of the NAD(P) 

couple and the avail abi l ity of the substrates and products of both the forward 

and reverse reactions (Wanders et ar 1 983) . The forward reaction requires 

N AD(PY' ,  GTP and ADP as allosteric regulators and is inhibited by a­

ketoglutarate production ( Engel & Chen, 1 975; Wanders et al. 1 983) . Thus 

under normal metabol ic conditions, the forward reaction predominates 

(Wanders et a/. 1 983) . 

The reversal of the reaction catalysed by GLDH a l lows the N from both 

ammonia and g lutamate, and therefore most amino acids, to contribute both of 

the N atoms to the urea molecule (Meijer et al. 1 978;  Parker et al. 1 995). This 

suggestion was investigated using ovine hepatocytes cultured with 1 5NH4CI as 

the sole N source, with the result that predominantly C 5N 15N]urea was produced 

( Luo et al. 1 995) . However, when the incubation medium was supplemented 

with a p hysiological amino acid m ixture, both C4N 15N]urea and C5N 15N]urea 

were produced (Luo et al. 1 995). When the ammonia concentration in the 

incubation medium was increased, the proportion of urea synthesised as 

C5N 15N]urea a lso increased ( Luo et al. 1 995). H owever, in sheep fed l ucerne 

pe l lets and infused with 1 5N H4CI, predominant ly  C4N 15N1urea was produced 

( Lobley et a/. 1 995; Lobley et at. 1 996a; Lobley & Milano, 1 997) . Therefore, 

whi lst the in vitro ovine data ( Luo et a/. 1 995), in conjunction with theoretical 

considerations  (Brosnan et a/. 1 996; Weijs et al. 1 996), indicate that reversa l  of 

the GLDH complex is possib le, the avai lable in vivo ovine data suggests that 

this does not normally occur ( Lobley et a/. 1 995; Lobley et al. 1 996a ;  Lob ley & 

Milano, 1 997). 

The accepted doctrine of C PSI uti l ising GLDH generated ammonia (Frieden, 

1 959; Lowenstein, 1 972) was cha l lenged by the suggestion that GLDH 

functions primarily in the direction of g lutamate formation via reductive 

amination of a-keto-g lutarate, with ammonia derived from the deamination of 

AMP in the purine nucleotide cycle  (McGivan & C happel l ,  1 975;  Mendes-
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Mourao e t  al. 1 975; Moss & McGivan, 1 97 5; Ski l l eter, 1 975) .  U nder this 

scenario, both of the N's of the urea molecule would be sourced from aspartate. 

However, further work suggested that the hepatic GLDH pathway suppl ies most 

of the required ammonia to carbamoyl-phosphate (Rognstad,  1 977; Krebs et al. 

1 978; Wanders et a/. 1 983) and that the contribution of the purine nucleotide 

cycle to urea-N was i nsignificant ( N issim et a/. 1 992) .  This latter theory has 

subsequently been confirmed and refined, showing that the first N of the urea 

molecule was sourced primari ly from the 5-N of g lutamine via glutaminase 

(Cooper et a/. 1 988).  

M itochondrial g lutaminase activity, which is  restricted to periportal hepatocytes 

( Haussinger & S ies, 1 984) ,  produces ammonia-N whi ch is d irectly channel led 

to C PSI (Meijer, 1 985) and therefore ureagenesis (Katz, 1 992) .  Using isolated 

rat h epatocytes i ncubated i n  15N -label led g lutamine, g lutamate or aspartate, 

N iss im et a/. ( 1 992) demonstrated that g lutam ine-N contributed up to 70% of 

urea-N , confirming previous reports indicating that g lutamine i s  the major amino 

acid-N contributor to urea-N ( Haussinger & Gerok, 1 983; Ochs, 1 984; M eijer, 

1 985; Zaleski et al. 1 986; Cooper et al. 1 988; Haussinger et a/. 1 989; 

Haussinger, 1 990; Meijer et a/. 1 990). 

2 .8.6 .5.2 The second N of the urea molecule 

The aspartate used in ureagenesis receives its amine group from g lutamate 

(Renn ie  et al. 1 990) , via transamination with oxaloacetate i n  the presence of 

aspartate aminotransferase ( Krebs et a/. 1 976) .  Glutamate receives the amine 

group from most amino acids ( via transam ination with a-keto-glutarate) ,  but 

predominantly from alanine, g lutamine,  pro l ine and h ist id ine (Meijer et  al. 

1 990).  Contrary to earl ier suggestions (McGivan & Chappe l l ,  1 975), the purine 

nucleotide cycle is not a major N contributor to u reagenesis (Krebs et a/. 1 978) .  

2. 8. 6. 6  Regulation of ureagenesis 

Ureagenesis i s  regulated to maintai n  non-toxic peripheral ammonia 

concentrations ( less than 50 Ilmolll ) rather than complete removal of portal 
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ammonia ( Haussinger & Gerok, 1 986) .  Ammonia is  used i n  the synthesis of 

g lutamate and through g lutamate, for the synthesis of a l l  non-essential amino 

acids. I t  i s  a lso a key metabol ite i n  the mitochondrial redox state (Haussinger 

& Gerok, 1 986) .  

The rate of  ureagenesis  may be regu lated by the avai labi l ity of  substrates, the 

rate of product removal or changes i n  ureagenic enzyme act ivity, assuming that 

both energy and cofactors are non-l i m it ing (Meijer et al. 1 990).  

The major substrates used to synthesis urea are ammonia, b icarbonate, 

aspartate and water ( Krebs & Henseleit ,  1 932) .  The near equ i l i br ium of 

aspartate aminotransferase and the GLDH reaction ensures that aspartate and 

ammon ia are always in equi l ibr ium and that aspartate is  ava i lable for 

ureagenesis ( Haussinger & Gerok, 1 986) .  Aspartate is produced by the 

transamination of glutamate (Ratner, 1 973), therefore it i s  un l i kely that the 

supply of th is  ami no acid, nor any of the other substrates, wou ld  l im it the rate of 

ureagenesis ( Ratner, 1 976) .  

Ureagenesis  requires HC03-, not C O2, however H C 03- cannot penetrate the 

m itochondrial membrane. Therefore HC03- must be produced with i n  the 

m itochondria by carbonic anhydrase i n  addit ion to the HC03- produced from the 

hydration of CO2 (Dodgson et al. 1 983) .  There is  the poss ib i l ity that th i s  

mechan ism affects the mitochondrial and cel lu lar pH ,  however it has been 

suggested that ureagenesis has no role in the maintenance of cel lular p H  

( Boon e t  a/. 1 994) .  

The products of ureagenesis are urea and  fumarate. Excess fumarate can be  

used in  the citric acid cycle (Kel ly e t  al. 1 993) and urea is  excreted i n  the urine 

via the k idneys (Gans & Mercer, 1 984) .  

The long term ( hours or  days) control of ureagenesis i s  achieved by  changes i n  

enzyme mass ( Saheki e t  a/. 1 977 ;  Mori e t  al. 1 98 1 ) via modif ications to  the 

rate(s) of enzyme synthesis  or degradation (Sch imke, 1 964; Tsuda et a/. 1 979). 
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Short term (seconds or m inutes) control is achi eved via the act ivat ion or  

i nh ib it ion of  the existing enzyme molecules ( Me ijer et  al. 1 990). The enzymes 

have half l i ves of 3-9 days (Sch imke, 1 964; N icoletti et al. 1 977;  Tsuda et al. 

1 979;  Haggerty et al. 1 982;  Wal lace et al. 1 986) ,  whereas the mRNA's cod ing 

for the synthesis of these enzymes have half l ives of  several hours (Morris ,  

1 992) .  

The activit ies o f  the five enzymes involved in  ureagenesis are a l l  i ncreased 

under cond it ions of i ncreased amino acid catabol ism, such as h igh prote in  

i ntakes (Schimke,  1 962; Schimke, 1 963; Morris, 1 992) .  The abundance of the 

m R NA's for the ureagen i c  enzymes correlates wel l  with the act iv it ies of these 

enzymes and the level of d ietary protein  i ntake (Mori et a/. 1 98 1 ; Rya l l  et at. 

1 984) .  

Two of the enzymes of  ureagenesis  are potentia l ly rate l im it ing,  that i s  

arg i n inosuccinate synthetase and CPSI (Haussinger & Gerok, 1 986) .  

Arg in inosucci nate synthetase has been shown to b e  l imit ing when the 

substrates are avai lable at saturation concentrati ons, both in vitro and i n  

isolated perfusion preparations (Saheki & Katunuma, 1 975; Morris, 1 992) .  

H owever in vivo, with non-saturat ing substrate concentrations, CPSI is  the rate 

l im it ing enzyme of ureagenesi s  (Duda & Handler, 1 958; Meijer & Hensgens, 

1 982; Cohen et a/. 1 985; Meijer et a/. 1 985; Morr is, 1 992) .  This  is  more 

b io log ica l ly economical ,  cons idering C PSI catalyses the first step of 

ureagenesis (Newsholme & Leech, 1 983b) .  

The activity of CPSI is  largely dependent on the concentration of i ts a l losteric 

regu lator, N-acetylglutamate ( NAG) (Sh igesada & Tatibana, 1 97 1 ; Lusty, 

1 98 1 ) ,  as confirmed by the h igh correlat ion between i ntra-mitochondrial  NAG 

concentrat ion and the rate of citru l l ine synthesis (McG ivan et al. 1 976).  The 

m itochondria l  synthesis of NAG is catalysed by NAG synthetase ( Kawamoto et 

al. 1 982; Kawamoto et al. 1 985) ,  which is activated by arg in i ne (Sh igesada et 

al. 1 978) and increased protei n  intake (McGivan et al. 1 976) .  With a 

m itochondrial half l ife of 20 m inutes ( Sh igesada et al. 1 978), NAG provides 
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effective short term regu lation  of ammonia metabol ism via ureagenesis 

(Kawamoto et a/. 1 982; Kawamoto et a/. 1 985) .  

The rate of ureagenesis is affected by the portal ornith ine concentrat ion 

( Chamalaun & Tager, 1 970).  The ava i lab i l ity of ornith ine with in  the 

m itochondria may l imit the rate of ureagenesis ( Lu nd & Wiggins, 1 986) .  There 

is ,  to d ate, i nsufficient evidence to i nclude ornithine transport i nto the 

m itochondria as a rate l im it ing step i n  ureagenesis ( De Bandt et al. 1 995) .  

The rate of ureagenesis i s  increased by hormones includ ing g lucagon, 

catecholamines,  angiotensin 1 1 ,  vasopressin ,  and thyroid hormone, due to the 

i nfluence these hormones have on substrate supply ( Hauss inger & Gerok, 

1 986; Morris ,  1 992) .  

2. 8. 6. 7 The energetic cost of ureagenesis 

H epatic ureagenesis is  energetical ly expensive, as indicated by the percentage 

of hepatic and whole body oxygen consumption attr ibuted to ureagenesis per 

se; 7 . 1 % and 1 .4% respectively (McBride & Kel ly, 1 990) .  

Ureagenesis consumes four moles of ATP per mole of urea synthesised (Mart in  

& Blaxter, 1 965; Parker et al. 1 995).  The hydrolysis of  ATP yields 30. 5 kJ/mole 

( Lehninger et aJ. 1 993),  therefore the energy cost of urea synthesis is  1 22 

kJ/mole. 

I t  has been suggested that the energy cost of ureagenesis should be 

d iscounted by the energy produced from the oxidation of fumarate, which is 

produced i n  equi-molar quantities to urea during ureagenesis ,  via the citric acid 

cycle (Newsholme & Leech, 1 983a; Reynolds et al. 1 991 ; Kel ly et al. 1 993) .  

This hypothesis would suggest that the cost of ureagenesis would be one mole 

of ATP per mole of urea synthesised. This theory has not received significant 

support ( Parker et a/. 1 995) , and subsequent in vivo work has confirmed earl ier 

calcu lations of 4 moles of ATP per mole of urea ( Lobley et at. 1 995;  Lobley et 

a/. 1 998) .  
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2. 8. 6. 8  Variations in hepatic ammonia load 

The ammonia  produced in  the P DV is a lmost ent irely removed from the portal  

b lood by the l iver (Reynolds & Huntington, 1 988; Huntington , 1 989; Burr in et a/. 

1 99 1 ; van der Wait, 1 993) .  The rate of PDV ammonia production i s  

predominantly i nfluenced by d ietary factors such a s  the level of protei n  i ntake, 

the type and form of d ietary protein ,  the s ite of protei n  d igestion , the rate of 

d igesta transit through the GIT, and the com posit ion of the feed. 

There is  a posit ive corre lation ( R2 = 0. 74-0.9 1 ) between N intake and the rate 

of hepatic a mmonia absorption (van der Wait, 1 993; Parker et al. 1 995) .  

C hanges i n  the i ntake level of rumen degradable protei n  dramatica l ly i nfluence 

the level of P DV ammonia  production (Hunt ington, 1 990). I n  beef steers fed 

iso-energet ic d iets conta ining e ither 1 2  or 1 7% crude protein, there was a two 

fold i ncrease i n  PDV ammonia  product ion,  l iver ammonia absorpt ion,  and 

hepatic urea production and a three fold  i ncrease in a-amino-N removal for the 

an imals on the high compared to low protein i ntakes ( Reynolds et a/. 1 991 ; 

Reynolds, 1 992) .  Simi lar results have a lso been demonstrated i n  other species 

(Brosnan , 1 976;  Cooper et al. 1 987) .  

Hepatic ureagenesis has a fin ite capacity of approx imately 1 .5-2 . 0  �mol urea­

N/g l i ver/mi n  (Symonds et a/. 1 98 1 ; Orzechowski et a/. 1 987 ;  Lobley & M i lano, 

1 997) .  Therefore, hepat ic ammonia absorpt ion at greater than the capacity of 

ureagenesis may result i n  e ither increased g lutami ne synthesis, expansion of 

the i ntrace l lu lar free ammonia pools, increases in the proport ion of N H3-N 

contributing to u rea-N or hyperammonaemia (Lobley & Mi lano, 1 997) .  

Estimates of  the contribution of  N H3-N  to urea-N range from 27 to 1 1 0% 

(Hunt ington , 1 989; Maltby et al. 1 99 1 ; Reynolds et al. 1 99 1 ; Parker et al. 1 995) .  

When hepati c  ammonia loads were increased by acute 3 h (Wi lton & G i l l ,  

1 988) or chron ic 5 day (Lobley et a/. 1 995) N H4CI infusions i nto the mesenteric 

vein of sheep,  the increase in hepatic u rea production was approx imately twice 

that needed to detoxify the addit ional N H3-N load. H owever,  when the 
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exper iment was repeated using N H4HC03, there was no affect on arterial pH 

and the addit ional urea-N produced was equivalent to 1 .2 t imes the N H3-N  

i nfused ( Lobley et  al. 1 996b) ,  confirming in vitro work (Mutsvangwa et al. 1 996) .  

When the hepatic ammonia detoxificat ion load exceeds the ureagenic capacity 

it is theoret ical ly poss ib le for both of the N atoms of the urea molecule to be 

provi ded by N H3-N via the reversal of the normal  d i rect ion of the GLDH 

complex ( Me ijer et a/. 1 978; Parker et a/. 1 995). H owever, the low, close to 

detection l im its, atoms percent enrichment (APE)  of C5N 15N]urea fol lowing the 

chronic 5 day infus ion of 1 5NH4C I i nto the mesenter ic vei n  of sheep ( Lobley et 

al. 1 995) ,  suggests that reversal of the GLDH complex is n ot a medium to long 

term mechanism to avert hepat ic ammonia overload. Th is  finding was 

confirmed by a comparable study i n  humans fed 1 5N H4CI (We ijs et a/. 1 996) .  

More recent acute (20 m in )  infus ions i n  the ovine of 1 . 1  mmollmin N H4HC03 

into the mesenteric vein ,  which i nduced peripheral hyperammonaemia ,  

however i nd icates that the contribut ion of N H3-N to u rea-N i ncreases from 46% 

to 89%, suggesting that the reversal of the GLDH complex is  a possible short 

term (30 m in )  mechanism whi ch may be used to prevent periphera l  

hyperammonaemia (Lobley & M i lano, 1 997) .  

2. 8. 6. 9 Variations in hepatic amino acid supply 

The specific amino acids required for ureagenesis  are aspartate, producing 

fumarate, and g lutamine,  producing g lutamate via g lutami nase, and in  turn 

g lutamate can provide N H3-N to ureagenesis (Krebs et al. 1 976) .  The hepatic  

aspartate concentrations are kept relatively constant via amino-transferases 

(Krebs et a/. 1 976) .  

U reagenesis i s  continuous, even dur ing fast ing ( He itmann & B ergman , 1 980a; 

M i l ler, 1 982 ; Jackson , 1 995) , as a result of ammonia product ion by non-GIT 

tissues (van der  Wait, 1 993) .  Hepatic amino acid extraction sti l l  occurs during 

fast ing ( Bergman & Pel l ,  1 984) , with the amino aci d  requ i rement for 

ureagenes is  (and other hepatic funct ions) being suppl ied by muscle protein  

degradat ion which yields predom i nantly g lutamine and alanine ( Elwyn et  al. 

1 968; Bergman & Heitmann ,  1 978) .  
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The proport ion of the P DV amino acid output that is absorbed by the l iver 

ranges from 20% (Guerin o  et al. 1 99 1 ) to greater than 1 00% ( 8urrin et a/. 

1 991 ) .  The level of hepatic amino acid uptake is  h ighly correlated (R
2 = 0.88)  

with protei n  i ntake (van der Wait ,  1 993) .  When the l i ver is  supp l ied with amino 

acids i n  excess of hepatic requ i rements, the rate of hepat ic amino acid 

absorpt ion increases ( Lobley & M i lano,  1 997) .  One of the major demands o n  

hepat ic amino acid supply i s  hepat ic protei n  synthesis. When hepatic amino 

acid supply i s  i n  excess of requ i rements the rate of protei n  synthesis i s  

mainta ined,  whi l st the rate of protei n  degradation decreases, result ing i n  a n et 

i ncrease i n  protein synthesis ( Natori , 1 995). The rate of hepatic ammonia 

absorpt ion for ureagenesis does not decrease when hepat ic amino acid 

absorption increases, whi ch ind icates that peripheral hyperaminoacidaemia i s  

preferred t o  hyperammonaemia ( Lobley & M i lano, 1 997) .  

2. 8. 6. 10  Comparison with in vitro work 

I t  is often convenient to draw com parisons between in vivo and in vitro work, 

however such comparisons should be treated with caut ion.  In vitro 

methodology typical ly uti l i ses i so lated cel l  preparations, which effectively 

d i srupts the cel lu lar organisation present in vivo and therefore affects the 

channel l i ng of metabol ites between enzymes and from the cytosol to the 

m itochondria (Watford, 1 989). Cel lu lar enzymes are typical ly cons idered to be 

soluble and free, however a number of the enzymes of ureagenesis are either 

membrane bound or show a degree of compartmental i sation (Powers-Lee et a/. 

1 987 ; Srere , 1 987; Cheung et al. 1 989) ,  as such in vitro work may destroy 

these relat io nshi ps.  However, with the above considerations i n  m ind ,  the use 

of in vitro analysis  provides i nd icative find ings with wh ich to direct further in vivo 

work. 

The isolated perfusion of an organ is a technique which has also been used 

extensively for metabol i c  stud ies ( Haussinger, 1 990). This  techn ique 

effectively translates an i nternal organ i nto an isolated perfused t issue, s imply 

by a lter ing the vascular supply and dra inage (Mort imore & Surmacz, 1 984) .  
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The l i ver, particularly of smal l  laboratory species, i s  part icu larly amenable to 

th is techn ique and has been studied extensive ly (L i nzel l  et al. 1 97 1 ; 

Haussinger, 1 990) .  By revers ing the d i rect ion of the blood flow through such 

l iver preparations, d ifferential hepatocyte funct ional i ty was first demonstrated 

( Lueck & M i l ler, 1 970; Haussinger et al. 1 975; H auss inger et al. 1 986) .  

2. 8. 6. 1 1  Ureagenesis versus glutamine synthetase activity 

Ureagenic capacity is restricted to the periportal hepatocytes with g lutami ne 

synthetase act ivity reciproca l ly restricted to the perivenous hepatocytes 

(Gebhardt & Mecke, 1 983; Gaasbeekjanzen et a/. 1 984; Gebhardt & Mecke, 

1 984) .  Ureagenesis is a low affin i ty-h igh capacity ammonia removal reg i men 

whereas g lutamine synthetase act ivity has a high affin ity-high capacity for 

ammonia removal (Deuel et a/. 1 978) .  Under normal metabol ic condit ions, the 

bulk of the hepatic ammonia load is detoxified via ureagenesis. Glutamine 

synthetase is  used as a backup ,  scavenger system for ammonia detoxification 

( Haussinger, 1 990). A proport ion of the hepatic urea production undergoes 

renal  hydrolysis and subsequent excreti on ( Haussinger, 1 990) .  

Hepatic g lutam ine synthetase activity effectively prevents peripheral 

hyperammonaemia by removing excess ammonia from the hepatic venous 

b lood (before i t  enters the vena cava) and synthesis ing g lutam ine from the 

g lutamate that the perivenous hepatocytes absorb (Haussinger et a/. 1 989) .  

The bulk (70-1 00%) of hepat ic g lutamate uptake is  via the penvenous 

hepatocytes per se (Haussinger & Gerok, 1 983; Taylor & Rennie,  1 987 ; Cooper 

et al. 1 988; Haussinger et a/. 1 989) where it is predominantly used for 

g lutamine synthesis ( Haussinger & Gerok, 1 983; Haussinger et al. 1 989; Stol l  & 

Haussinger, 1 989) .  

The l iver has both periportal g lutaminase and perivenous g lutamine synthetase 

act ivity operating concurrently ( Haussinger & S ies, 1 979; Haussinger, 1 983; 

Haussinger et a/. 1 983; S ies & H aussinger, 1 984; Haussinger & Gerok, 1 986; 

Haussinger et al. 1 986) .  This represents an intercel lu lar cycl ing of g lutam ine. 
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Under normal metabo l ic conditions ( part icularly b lood pH, portal ammonia  and 

HC03- concentrations) the rate of th is  g lutamine cycle is approxi mately 0. 1 

�mollmi n/g l i ver (Hauss inger & S ies, 1 979) .  

The flux through g lutam inase is pH sensitive, due to the d irect effect of pH on 

the g lutami ne transporter systems ( Lueck & M i l l er, 1 970; Haussinger et  at. 

1 983; McGivan & Bradford , 1 983;  Verhoeven et a/. 1 983; Haussinger et at. 

1 984; Lenzen et al. 1 987) .  The act ivity of g lutaminase is not product inhibited 

( Krebs , 1 935) ,  however th is  enzyme does requi re ammonia as an essent ial  

activator ( Haussinger et a/. 1 975; Haussinger & S ies, 1 979; Haussinger et al. 

1 983; McGivan & Bradford , 1 983; Verhoeven et al. 1 983) .  F luctuations i n  

portal ammonia concentrations are para l le led by changes i n  g lutam i nase 

activity (Haussinger & S ies, 1 979) .  There is  evidence to suggest that the 

products of g lutaminase, g lutamate and ammonium,  are channel led directly to 

C PSI (Lenzen et al. 1 987) ,  and that both enzymes require NAG as an act ivator 

(Meijer & Verhoeven , 1 986) .  Glutam inase act ivity prov ides up to 30% of the 

hepatic ammonia detoxifica iton capacity (Haussinger, 1 983; Haussinger et a/. 

1 984) .  

U reagenesis effectively removes equ imolar quantit ies of HC03- and N H/, (a 

strong base and weak ac id respectively) , therefore the relative rate of 

ureagenes is  can influence whole body pH (Atkinson & Bourke, 1 984; 

Haussinger et al. 1 984) .  For example,  under acidotic condit ions, the l iver can 

decrease the rate of ureagenesis, effect ively retain ing HC03- and thereby 

neutra l ising  the acidosis .  With the decreased rate of ureagenesis there is  a 

potential for peripheral hyperammonaemia.  However, under this scenario ,  the 

perivenous g lutamine synthetase activ ity effectively removes the ammonia, 

thereby preventing periphera l  hyperammonaemia ( Haussinger et al. 1 984) .  

The role of ureagenesis i n  p H  homeostasis i s  regulated by the rate of HC03-

and N H/ del ivery to C PSI and possibly via NAG activation of CPSI 

(Haussinger, 1 990). 
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2. 8. 6. 1 2  The inter-relationship between the urea and citric acid cycles 

M ost d ietary carbohydrates are fermented to VFA's withi n  the rumen ( Reynolds 

et a/. 1 988a; Seal & Parker, 1 993; Goetsch et a/. 1 994) ,  consequently only 

smal l  quantit ies of g lucose are avai lable to be absorbed from the GIT ( Bergman 

& H eitmann , 1 978; Reynolds, 1 992) .  Therefore ruminants are rel i ant on de 

novo g luconeogenesis to meet the bodys' g lucose require ments (Weighart et 

a/. 1 986; Mutsvangwa et al. 1 996) .  G luconeogenesis occurs in both the l iver 

(85%) and k idneys ( 1 5%) (L indsay & Armstrong, 1 982) .  Propionate, p roduced 

from rumen carbohydrate fermentation, is the major g luconeogenic  precursor i n  

fed ruminants (Armstrong, 1 965) ,  however other precursors, such a s  amino 

acids, are also uti l i sed (Bergman & Heitmann ,  1 978) .  

The relative contribution of amino acids to hepatic gluconeogenesis  is  sti l l  to be 

ascertai ned ( Reynolds, 1 992; Seal & Reynolds,  1 993) .  

I t  h as been est imated that u p  t o  30% of the h epatic g lucose product ion can be 

attr ibuted d i rectly to hepat ic am ino acid metabol ism (Wolff & Bergman,  1 972a) . 

However,  data from various i sotopic studies suggest that this percentage i s  

approximately  half ( 1 5% of g lucose synthesised by the l iver) the earl ier figure 

(Bergman & Heitmann, 1 978) .  Approx imately 50% of the amino acid 

contribution to hepatic g luconeogenesis  is  from just two amino acids; a lan ine 

and g lutamate (Wolff & Bergman, 1 972a; Bergman & Heitmann, 1 978; L indsay 

& Armstrong, 1 982) .  Accordingly these g lucogenic amino acids genera l ly  have 

a h igh  rate of hepatic extraction ( Haussinger & Gerok, 1 986) .  

The processes of g luconeogenesis and ureagenesis are integrated via a 

com mon requirement for energy and shared i ntermediaries, such as aspartate, 

g lutamate and a-keto-glutarate ( Krebs et a/. 1 976) .  

Maximal rates of g luconeogenesis and ureagenesis do not appear to be l i mited 

by energy (ATP) supply (Krebs et a/. 1 976) .  
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Ureagenesis requires lactate as a precursor of  the carbon skeletons of 

g lutamate and aspartate (via a-keto-glutarate and oxaloacetate), howeve r, 

lactate can a lso be rep laced with g l utamine, asparagine, pro l i ne,  alanine or  

pyruvate ( Krebs et  a/. 1 976). The rate of g luconeogenesis is decreased i n  the 

presence of a high ammonium conce ntration, not e levated rates of ureagenesi s  

per se, due to the reduced supply of a-keto-g lutarate under such condit ions 

( Krebs et a/. 1 976) .  

2 .9  CONCLUSION 

D igest ion of  d ietary protei n  in  the rumen produces peptides, amino acids and 

ammonia ( U lyatt & MacRae, 1 974) .  With in  the rumen, h igh ly soluble prote ins 

are rap id ly degraded, predominantly to ammonia (Mangan , 1 982) .  Therefore , 

the h igh soluble protei n  content of fresh forage results i n  consi derable 

ammonia production i n  the GIT, which is  subsequently detoxified to urea by the 

l i ver. This requires stoichiometric i ncreases in  the uti l i sation of aspartate-N ,  

supp l ied from e ither glutamate via amino-transferases or N H3-N via the reversa l 

of the GLDH complex (Meijer et at. 1 990) .  

I f  the GLDH complex were to funct ion i n  the reverse d i rect ion,  urea would be 

produced with both N atoms orig inating from ammonia ( Me ijer et a/. 1 990) ,  

however, the in vivo data suggest that this does not normal ly occur (Lobley e t  

at. 1 995; Lobley et a/. 1 996a; Lobley & M i lano , 1 997) .  

Ureagenesi s  uti l i ses the amine group of aspartate, which is  i n it ia l ly provi ded by 

g lutamate and ult imately sourced from the transamination of most amino acids 

(Lobley et al. 1 996b). Hence ureagenesis has an obl igatory requirement for 

amino acids .  Thus, amino acid uti l i sation for ureagenesis effectively restricts 

the ava i lab i l ity of amino acids for other purposes such as protein  synthesis 

(van der Wait, 1 993), therefore h igh rates of ureagenesis can potential ly impact 

on the growth rate of the animal ( Reynolds, 1 992) .  The amino acid metabol ism 

of rum inants grazing fresh forages may be subjected to a double negative 

penalty; firstly i n  terms of the large loss of ingested d ietary proteins  as N H3-N 
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from the rumen and secondly ,  amino acid catabol ism to detoxify ammonia via 

u reagenesis  (Reynolds, 1 992; Lobley & M i lano, 1 997) .  

2 .9 . 1 Objectives 

The objectives of the present study were g iven in sect ion 1 .2 .  Briefly, t h e  study 

was designed to test the hypothesis that i ncreased rates of hepatic ammonia  

detoxificati on require an  i ncrease in  the rate of hepatic am ino acid catabol ism. 

To test thi s  hypothesis ,  the rate of hepatic ammonia absorpt ion ,  urea 

production and concomitant hepatic amino acid metabolism have been 

determi ned i n  sheep fed d ifferent feeding regimens affecting soluble p rotei n  

i ntakes. Three separate experiments were conducted i n  which sheep were fed :  

1 )  l ucerne pel lets o r  fresh white clover, 2 )  d ifferent i ntake levels of fresh white 

clover, and 3) fresh white clover offered dur ing two 2 hour periods per day. 

F i na l ly, the act ivi t ies of some of the key enzymes i nvolved with contro l l i ng the 

rate of ammon ia  detoxification have been i nvestigated .  
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3 C HAPTER 3.  THE M ETABOLIC COST O F  HEPATIC AMMONIA 

DETOXIFICATION I N  SHEEP FED FRESH WHITE CLOVER (TRIFOLIUM 
REPENS) O R  LUCERNE (MEDICAGO SATIVA) PELLETS 

3 . 1  ABSTRACT 

The effect of feeding two high protei n  d iets (fresh white clover or l ucerne 

pel lets) ,  d iffering in protein degradabi l ity in the rumen-reticu lo ( rumen) ,  on  

splanchnic ammonia and urea production, oxygen consumption , amino acid 

uti l i sation and whole body and hepatic  protein  synthesis was studied in four  

sheep. A cross-over design was used so that the same four sheep were used 

for each d iet. The an imals were offered 900 g DM/d for 20 d prior to 

cont inuous ( 1 0  h) i nfusions of 1 5NH4C I ,  e5S)-methionine and para­

aminohippurate via the mesenteric vein and [
3
H )-phenylalanine via the jugular 

vein .  B lood samples were col lected to determine ammonia, urea, oxygen,  and 

amino acid concentrations in  the mesenteric, portal and hepatic vein and aorta. 

Rumen ammonia production was s ignificantly h igher in  the an imals fed the 

fresh white clover d iet (746 v 1 85 Ilmollmin ;  S E D  5 1 . 1 ;  P < 0.00 1 ) ,  however th is 

d ifference was not reflected in  hepatic urea production ( 1 .64 v 0 . 57 mmol/m in ;  

SED 1 .63; P = 0.534) .  There was no difference i n  hepatic amino acid uti l i sation 

between the two diets ( 1 2 . 0  v 9 .8  g N/d; SED 1 .99;  P = 0 .305) and hence no 

consistent d ifference i n  protein synthesis rates. Both mass transfer and 1 5N 

kinetics confirmed that hepatic ammonia extraction accounted for no more than 

0 .50 of the urea produced by the l iver. The absence of C5N 1 5N]-urea suggested 

that ammonia contributed only one N atom to urea. 

There was no apparent d ifference in  the energetic cost of ureagenesis  as a 

proportion  of metabol isable energy i ntake (0 .031 v 0.009; SED 0.0962; P = 
0.505) .  This work demonstrated that the hepatic ammonia detoxification rate of 

these sheep (fed near maintenance i ntake levels)  approached known metabol i c  

maximum levels. I n  grazing sheep with higher than maintenance intakes of 

fresh forages, it may be expected that hepatic ammonia overload wi l l  occur (at 

least at a sub-cl in ica l  leve l )  and this may impair animal  productivity. 
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3.2 I NTRODUCTION 

Ruminant ani ma l  production in  temperate countries such as New Zealand i s  

rel iant o n  the uti l i sation of fresh forages ( Ulyatt, 1 997) which are characterised 

by conta in ing h ighly soluble protei n  (0 . 75-0 .80 solubi l ity; Mangan ,  1 982) .  I n  

rum inants fed fresh forage d iets, substantial rap id degradation of d ietary 

protein  to ammonia occurs in the ret icula-rumen (rumen) ,  with a proportion of 

this ammoni a  subsequently incorporated i nto m icrobia l  protei n  ( Parker et a/. 

1 995) .  A substantial proport ion of the ammonia produced i n  the rumen i s  

uti l i sed for m i crobial protein synthesis (0 . 30-0 . 50 N intake; Huntington,  1 982; 

Parker et a/. 1 995) .  Of the rema inder ,  m ost is  passively absorbed across the 

wal l  of the rumen i nto the venous blood for transport to the l i ver and a smal ler 

amount is  passed with d igesta to the lower d igestive tract (Nolan & Leng, 

1 972) .  Ammonia is  removed from the venous blood by the l i ver, where it i s  

metabo l ised i nto urea to mai ntain systemic  ammonia concentrations below 

those toxic to the central nervous system ( Remand et a/. 1 993) .  

Previous studies, reviewed by Parker et a/. ( 1 995) ,  have shown that the rate of 

hepatic ureagenesis typica l ly exceeds the rate of hepatic ammonia extraction. 

From these f ind ings it has been suggested that a s ignif icant quantity of amino 

acid-N is d iverted from anabo l ic  processes to provide addit ional N for the 

formati on of u rea under condit ions of high rates of hepatic ammonia extraction 

(Lobley et a/. 1 995) .  This  wou ld  certa in ly be the case in  ruminants fed fresh 

forage, part icu larly during spring and early summer. 

In the present study sheep were fed two h igh N content d iets, d iffering 

markedly in the degradabi l ity of the protei n  in the rumen. The aim was to 

determine whether the metabol ic cost of ammonia detoxification was h igher i n  

animals fed a fresh forage (fresh wh ite clover {Trifolium repens}; h igh  rumen 

protein  degradabi l ity) compared to lucerne pel lets (Medicago sativa; low rumen 

protei n  degradabi l ity; Lobley et a/. 1 995) .  Gri nd ing, pel let ing and dry ing feeds 

i ncreases the proportion of d ietary protei n  that escapes degradation i n  the 

rumen , thus effect ively reducing the rumen ammonia production ( Preston & 

Leng, 1 987b) .  
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To test th is  hypothesis ,  four sheep were first subjected to a N balance then 

rumen ammonia product ion,  hepatic ammonia  and a mi no acid metabo l ism were 

quantified to determine the metabol i c  cost of ammonia detoxification in these 

sheep .  The animals were i nfused with 1 5N H4CI ,  to trace the hepat ic  

detoxification of ammoni a  to u rea, and both [
3
H ]-phenyla lan ine and [

35S]_  

methion ine to investigate whole-body and hepatic  protein  synthesis  rates. 

3 . 3  MATERIALS AND METHODS 

These experimental procedures and protocol s  were reviewed and approved by 

the C rown Research Inst itute Animal Eth ics Committee in Pa lmerston North ,  

New Zealand according to the Ani mals Protection Act ( 1 960) ,  Animals 

Protection Regulations ( 1 987) and amendments. 

3 .3 . 1 Animals and surg ica l  procedures 

Four Romney-cross wether lambs with body weights between 35 and 42 kg 

(39 .8  S E  1 .6 )  and aged 6-9 months were habituated to metabol i sm crates and 

automat ic hourly feeding (900 g D M/d lucerne pel lets) for ten days prior to 

surgery. 

General anaesthesia was mainta ined with halothane whi lst indwe l l i ng catheters 

were i nserted into the posterior aorta via the femoral artery, and i nto the 

mesenter ic (x2) ,  portal ,  and hepat ic veins fol lowing the procedure orig inal l y  

described b y  Katz & Bergman ( 1 969a) and modified by Lobley et a/. ( 1 995 ) .  

For further deta i ls  on the surg ical procedure see section 8 .2 . 1 .  The catheters 

comprised s i l icone rubber for that portion res id i ng inside the vessel , with 

polyv inyl  chloride (PVC) being used for the remainder of the catheter ( Lobley et 

al. 1 995) .  For further deta i ls on the catheter construct ion see section 8 .2 .2 .  

Temporary catheters ( PVC only) were i nserted i nto the jugular vein on the day 

prior to each experimental period using the procedures descr ibed by Harris et 

al. ( 1 992) .  The animals were a l lowed a four week post surg ica l  recovery period 

before the experiment commenced . 
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3 .3 .2  Diets and design 

The sheep were fed a d iet of e ither fresh white clover or lucerne pel lets. The 

whi te clover was harvested dai ly from a pure sward with a m in imum of 4-6 

weeks growth. The lucerne pel lets were sourced from a commercia l  company 

and were made from a s ing le harvest of l ucerne. 

The an imals were offered 900 g DM/d for 1 0  days before entering a 1 0  day N 

balance. I mmediately fol lowing the N balance, the sheep were infused with 

1 5N H4CI i nto the mesenteric vein to quantify the rate of ureagenesis  and to 

identify the sources of N for ureagenesis .  The rate of protein  synthesi s  (both 

whole body and hepatic) was est imated fol lowing i nfusions of [
3
H J-

phenylalan ine and [
35S ]-methion ine into the jugular and mesenteric veins ,  

respectively. 

Us ing a cross-over des ign ,  each sheep was then placed on the alternate d iet 

and g iven a m in imum adjustment period of two weeks prior to repeating the 

experimental procedure. 

3 .3 .3  I nfusion protocol 

Each sheep was continuously i nfused (24 .6  g/h )  i nto the mesenteric vein with 

e ither 1 46 mmolll (an imals  fed fresh white clover) or 73 mmolll (animals fed 

l ucerne pel lets) of 1 5N H4CI  (99.8 atoms percent enrichment, APE ;  I con,  Mt 

Marion,  U SA) for 9.5 hours .  The duration and i nfusion rate of the 1 5N H4CI  was 

based on earl ier work with lucerne pel let fed sheep ( Lobley et al. 1 995) and 

assumed a two fold increase in portal ammonia f lux for the fresh white clover 

fed an imals .  After infus ing 1 5N H4C I for 3 .5  hours, 259 MBqll L-[ring 2 ,6  
3
H]_ 

phenylalanine ( N EN Research products, Wi lmington, U SA) conta in ing 60 

I-lmolll of unlabel led phenylalan ine (Sigma Chemicals ,  St  Louis,  USA)  as a 

carrier was i nfused (24 .6 g/h) i nto the jugular vein  for 6 hours. After 5 .75 hours 

of 1 5N H4CI i nfusion, the 1 5N H4CI  i nfusate was supplemented with sod ium para­

aminoh ippurate (pAH; S igma Chemicals ,  St Louis ,  U SA; 203 mmolll ) ,  444 



57 

M Bqll eSS]-methion ine (NEN Research products, Wi lm ington ,  USA) and 60 

Ilmolll of unlabe l led methionine (S igma Chem i cals ,  St Lou is ,  U SA) as a carrier. 

The i nfusion was continued for a further 3 .75 hours.  Thus the 1sN H4CI ,  [3Hl­

phenylalan ine,  [3sS]-methion ine and the pAH were infused for a total of 9 .5, 6 ,  

3. 75 and 3 .75 hours respectively. For  further detai ls on the i nfusion of 1 sN H4CI 

see section 8 .2 . 3 .  

Prior to  commencing blood samp l i ng ,  the sheep were manual ly infused with a 

bol us of 5 ,000 I U  heparin (Ovine orig i n', N ew Zealand Pharmaceut icals ,  

Palmerston North ,  New Zealand) .  B lood samples were withdrawn (at 24. 6  gth) 

with a peristalt ic pump (302F,  Watson-Mar low L im ited, Cornwa l l ,  England) from 

the mesenteric, portal ,  and hepatic vein, and arterial catheters for the first 30 

minutes of each of the last four hours of the 1 sN H4CI i nfusion. The col lection 

l ines were passed through ice to reduce the risk of coagulat ion and 

degradat ion of the b lood consti tuents, with the blood col lected i nto 1 5  m l  

polypropylene v ia ls conta in ing 50 III sodium ethylenediaminetetra-aceti c  acid 

(EDTA; 0. 1 5  wv in  water) as an anti-coagu lant. 

3 .3 .4 Analyt ica l  measurements 

The packed cel l  volume of whole b lood was determined for each sample by 

haematocrit . B lood oxygen concentrations were measured immediately after 

the blood was col lected using a galvanic oxygen cel l  (Grubb & M i l ls ,  1 98 1 ) .  Al l 

subsequent procedures were performed gravimetrica l ly. 

To 0 .5  g b lood, S g 1 2% (ww) tr ich loroacetic acid (TCA) was added and the 

sample was centrifuged (at 3270 G for 1 5  m inutes at 4 QC) .  The pAH 

concentration was determi ned in the resu ltant supernatant using the method 

described by Harris et a/. ( 1 992) fol lowing acid deacetylation of the supernatant 

at 90 QC for 65 m inutes (Lobley et al. 1 995) .  For further i nformation on the 

estimation of the blood flow see section 8 .2 .4 .  
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Whole blood (2 g) was haemolysed with an equal wei ght of chi l led 200 !lmolll 

L-nor-Ieucine (SDH Chemica ls  Ltd . ,  Poo le ,  England) to which 200 mg of 80 

m molll dith iothre itol (DTT) in 0.2 molll phosphate buffer (pH 8 .0)  was added. 

Haemolysed b lood ( 1  g )  was ultra-fi ltered throug h  a 1 0, 000 molecular weight 

cut-off membrane (Centrisart@; Sartorius,  G ott ingen, Germany). Then,  1 00 mg 

of  the resultant supernatant was used for the determination of am ino acid 

concentration by picotag analysis and reverse phase h igh performance l iqu id 

chromatography ( HPLC) according to the method described by Cohen et al. 

( 1 986) .  Al l values were corrected to the i nit ial  gravimetric addit ion of the 

i nternal L-nor- Ieucine standard . For further deta i ls  on the HPLC methodology 

see section 8.2 .5. 

The enrich me nt of C 5N]-amino acids and C 5N]-urea i n  haemolysed blood was 

determi ned by gas chromatography and mass spectrometry (GCMS) us ing the 

methods described by N ieto et al. ( 1 996) .  The rema in ing b lood was then 

centrifuged and the p lasma removed. For further detai ls on the GCMS 

methodology see section 8 .2 .6. 

The ammonia concentration (conducted non-grav imetrica l ly) was determined i n  

p lasma ( 1 00 f.ll ) using a commercial kit (#1 7 1 ; S igma Chemicals ,  S t  Louis ,  

U SA) ,  based on the reducti ve amination of  2-oxoglutarate in  the presence of 

g lutamate dehydrogenase. P lasma samp les were stored on i ce for u p  to six 

hours pr ior to analysis .  For further deta i ls  on the assay method used to 

quani tate the ammonia concentration see section 8 .2 .7 .  

The ammonia  present i n  p lasma ( 1  g ;  stored on  i ce for up to s ix  hours)  was 

converted to nor-val ine to a l low the subsequent determination  of the C5N ]  

enr ichment of ammonium using a G C M S  (VG Trio-1 , V G  Masslab Ltd , 

Manchester, Chesh ire, U K) according to the method described by N ieto et a/. 

( 1 996) .  For further deta i ls  on the GCMS methodology see section 8 .2 .6 .  



59 

Urea concentrat ions were determ ined i n  p lasma ( 1 00 mg) using a com mercial 

kit (#535; S igma Chemicals ,  St Louis ,  USA) , uti l is ing the conversion of urea to 

hydroxyl-amine in the presence of d iacety lmonoxime when heated with 

sulphuric acid .  The assay was repeated unt i l  the coefficient of variation 

between dupl icate samples was less than 0. 1 .  For further deta i ls  on the 

method used to q uantitate the urea concentrat ion see section 8.2 . 8. 

P lasma cysteine concentrations were determined i n  whole blood ( 1  g )  fol l owing 

haemolysis using a spectro-photometric method after reaction with acid 

n inhydrin as described by Gaitonde ( 1 967) and modified by Lee et al. ( 1 993) .  

The radioactivit ies associated with [
3
H ]  and [

35S]  i n  each of the haemolysed 

blood and plasma samples were m easured s imultaneously using a l iqu id  

scinti l lation counter (Model 1 500 Tricarb, Packard, Zurich, Switzerland) with in 

one month of the i nfusion to avo id significant [
35S] decay. The relative 

proport ion of the total rad ioactivity attributable to each amino acid and 

oxidation products were determined by in l ine flow through a l iqu id scint i l lat ion 

counter (Model 2 ,  p-ram, I NIUS systems I nc. , N ew Jersey, US) using an H PLC 

(LC4A, Sh imadzu, Kyoto ,  Japan)  and  the methodology described by Lee et  al. 

( 1 993) .  

3 .3 .5  Calcu lations and stat ist ics 

B lood flow ( BF)  was calculated using the equations described by Katz & 

Bergman ( 1 969b). Hepatic arterial b lood flows were calcu lated by d ifference 

between the hepatic and portal venous flows, with negative values omitted from 

subsequent calculations (White et al. 1 967', Bergman,  1 975) .  

Mass transfers of metabol ites, Z ,  across the mesenteric drained v iscera (MDV) 

were calculated using equation 1 as described by Huntington & Reynolds 

( 1 987) and Lobley et a/. ( 1 995) ;  

M DV = (Zm - Za) x B Fm Equation 1 
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where the subscripts m and a represent the mesenteric vei n  and artery, 

respectively. N et metabol ite appearance or product ion was ind icated by 

positive val ues whi lst negative values ind icated net uti l isation by the t issue(s) .  

S im i larly transfers of metabol ites across the portal dra ined viscera (PDV) were 

calculated from equation 1 after substitut ing the portal concentration (Zp) and 

portal blood flow (BF p) for those of the mesenteric vessel . 

The mass transfer of metabo l ites across the rumen was cal culated as the 

d ifference between the PDV and M DV transfers ( Reynolds & H untington ,  

1 988) .  

Hepatic mass transfer of metabol ites (Z) were calculated using equation 2 as 

described by H untington & Reynolds ( 1 987) and Lobley et 81. ( 1 995);  

HMT =(Zh x BF h) - (Zp x BF p) - (Za x BF ha) Equation 2 

where the subscript h denotes the hepatic vein and ha, the hepat ic artery. 

The i rrevers ib le loss rate ( I LR) of phenylalan ine and methi on i ne were 

calculated us ing equation 3 as described by Sh ipley & C lark ( 1 972) ;  

I LR = I Ra I S RAa Equation 3 

where I Ra was the infusion rate (MBq/h) of e ither [
3
H]-phenyla lanine or [35S1_ 

methionine and S RAa (MBq/mmo\) was the specific radioactivity associated with 

either phenyla lan ine or methion ine in  arterial (posterior aorta) b lood, at 

plateau . There was no measurable S RA in the amino acid oxidation products 

(tyrosine and phenylpyruvate; cysteine ,  methionine-sulphoxide, and sulphate, 

respectively) ,  therefore it was assumed that the contribution of oxidation (for 

the two infused amino acids) to the I LR was negl ig ib le (Waterlow et 81. 1 978a) .  

Therefore, the rate of whole body protei n  synthesis was calcu lated from the 
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phenyla lan ine and methionine I LR (mmollh) using the procedure described by 

Harris et a/. ( 1 992) .  I t  was assumed that ovine whole-body protein  com prised 

0 .035 and 0 .0 1 5 phenylalanine and methionine, respectively (MacRae et al. 

1 993).  I t  was also assumed that the I LR of phenylalanine and methionine to 

whole-body protein synthesis were p roportional to the fract ional contribution of 

each amino acid to who le-body protei n  content (Cronje et a/. 1 992) .  

The fract ional synthesis rate (FSR)  o f  whole body protein was calculated using 

equation 4 as described by Waterlow et a/. ( 1 978b) ;  

FSR = rate of protei n  synthesis I whole body protein content Equation 4 

where the rate of protein  synthesis was based on the ILR of either 

phenylalanine or methionine.  I t  was assumed that prote in  com prised 1 55 g/kg 

body weight (MacRae et a/. 1 993) .  

The net 1 5N -ammonia and 15N-urea transfers across the l iver were calculated 

using equation 5; 

H 1 5NT = (Eh X Zh X BFh) - ( Ep x Zp x BFp) - (Ea X Za X BFha) Equation 5 

where H 1 5NT was the hepatic 1 5N transfer and Eh . Ep and Ea were the respective 

ammonia and urea enrichments (as APE above natural abundance) ,  whi lst Z 

and S F  were the ammonia or urea concentrations and blood flows respectively ,  

i n  the hepatic,  portal and posterior aorta. 

The fract ional hepatic extraction ( F H E) rates for [
3
H ]-phenyla lanine and [

35S1_ 

meth ionine were calculated using equations 6-9 as described by Waterlow et 

al. ( 1 978b) ;  

Qp = (SRAp x Zp x BFp) 

Qh = (SRAh X Zh x B Fh) 

Qa = (SRAa x Za x BFha) 

F H E  = [(Qa + Qp) - Qh] I (Qa + Qp) 

Equation 6 

Equation 7 

Equation 8 

Equation 9 
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where Q was the flux ( MSq/h )  of either CH]-phenyla lan ine or [
35S)-methionine 

for each of the portal and hepatic veins  and the poster ior aorta. Negative F H E  

rates for indiv idual  time po ints were omitted from the calculations. 

The hepatic  extraction rates of label led phenyla lan ine and methion ine were 

ca lcu lated from the FHE of either arterial or venous specific rad ioactivity using 

equations 1 0  and 1 1 ;  

Hepat ic extract ion rateha = FHE x [ (Zp x SF p) + (Za x SFha) ]  Equation 1 0  

Hepatic extraction rateh = FHE x (Zh x SF  h) Equation 1 1  

Est imates of hepatic protei n  synthesis  rates were then calcu lated assuming 

that h epat ic protein comprised 0 . 055 and 0 .032 phenyla lan ine and methionine,  

respect ively ( MacRae et al .  1 993) .  I t  was also assum ed that the fractional 

hepatic extraction rates for CH]-phenylalan ine and [
35S]-methionine were 

proport ional to the fract ional contribution of each amino acid to hepat ic protei n  

(Cronje et al. 1 992) .  

The data were subjected to analysis of variance us ing the general ised l i near 

model procedure (SAS, 1 985) with animals treated as b locks for the d iet effect. 
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3.4 RES U LTS 

Al l catheters remained patent for the duration of the experimental period (6 

months) with the exception of one mesenteric sampl ing catheter vvhich fai led 

with in  one week fol lowing surgery. 

3.4. 1 Feed i ntake and body weight gains 

The dry matter ( OM; 1 64 v 896 g/kg; SED 0 .02 1 2 ) ,  organic matter (OM;  1 36 v 

828 g/kg; SED 0.01 53) and N (43.0  v 26.8 g N/kg OM; SED 1 . 1 2) contents of 

the two d iets (fresh vvhite clover v lucerne pel lets, respect ively) were a l l  

s ignificantly d ifferent ( P  < 0 .00 1 ) .  The intakes of OM (870 v 855 g/d; SED 57 .0 ;  

P = 0. 804) and OM (765 v 735 g/d; SED 72 . 0; P = 0 .691 ) were s imi lar, vvhereas 

N i ntake (37 .9  v 22.9  g N/d; SED 1 . 99;  P < 0 .00 1 ) was significantly h igher i n  

the an imals fed fresh vvh ite clover, predominantly due to the h igher N content of 

that d iet. The apparent d igest ib i l ity of OM (0. 729 v 0. 593; SED 0. 0447; P = 

0 .022) ,  OM (0 .808 v 0 .61 6 ;  SED 0 .01 60; P < 0.001 ) and N (0.8 1 3 v 0 .660; S E D  

0 .0234;  P < 0.00 1 ) were a / l  significantly h igher i n  the animals fed fresh vvhite 

clover. However, the net N retention in the animals fed fresh vvhite clover 

tended to be lower vvhen compared to the animals fed lucerne pel lets (-1 . 8  vs 

1 . 7 g N/d; SED 1 . 59; P = 0 .070) .  

3 .4 .2 B lood flows and oxygen exchange 

The average blood flow in the mesenteric, portal and hepatic veins were s im i lar 

for the animals fed fresh vvhite clover and l ucerne pel lets with portal flows of 

52 . 5  and 46. 8  g/min per kg LW or 1 34 .4 and 1 1 9 .8  g/min per kg LW 75, 

respectively. The contribution of the hepatic artery to hepat ic venous flow 

(0 .06 1  v 0. 066; SED 0 . 0624; P = 0 .847) was s im i lar for the animals fed fresh 

vvhite clover and l ucerne pel lets respectively (Table 3 . 1 ) . 

Hepatic oxygen consum ption tended ( P  = 0. 058) to be higher in  the animals fed 

fresh vvhite clover compared to those fed lucerne pel lets (Table 3 . 1 ) . 
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Table 3.1 .  B lood flow (g/m in )  and oxygen consumption (mmollmin )  across 
the mesenteric drained viscera (MDV),  portal drained viscera ( PDV), rumen 
and the l iver of sheep fed l ucerne pel lets (L )  or fresh white clover (WC) .  

(Mean value and standard error of the difference {SED} between means o f  four sheep) 

B lood flow 
Mesenteric vein t 
Portal vein 
Hepatic vein 
H epat ic artery* 

Oxygen transfers 
M Dvt 

P DV 
Rument 

L iver 

"" By d ifference (H - P). 

WC 

1 425 
2249 
2395 
1 47 

-2 .83 
-3.98 
-1 52 
-3 .05 

L 

1 1 64 
2004 
2 1 97 
1 46 

-2. 22 
-3 .45 
-0. 99 
- 1 . 55 

SED 

436 .3  
1 69 . 5  
326. 5  
1 60 .8  

1 . 081  
0 .627 
0. 731  
0 .643 

t Four sheep fed fresh white clover and three  sheep fed lucerne pel lets. 

P 

0 .582 
0 . 1 99 
0 .566 
0 . 998 

0 . 598 
0.424 
0 . 508 
0 . 058 

Positive and negative values ind icate net production and net extraction of oxygen by 
the relevant t issue respectively .  

3 .4 .3  Ammonia and urea transfers 

Rumen ammonia production i n  the fresh white clover fed animals was 

approximately four t imes that of the animals fed lucerne pel let (746 v 1 85; SED 

5 1 . 1 ;  P < 0.00 1 ; Table  3 .2 ) .  The portal ammonia concentration was 

s ign ificantly (P = 0 .002) h igher and consequently the PDV ammonia production 

and hepatic ammonia extraction a lso tended (P = 0 .084 and 0 .072 , 

respectively) to be higher i n  the animals fed fresh wh ite clover compared to 

those fed lucerne pel lets . 

U rea concentrations i n  the three veins and artery were s ignificantly (P < 0 .05 )  

h igher for the an imals fed fresh white clover compared to  lucerne pel lets (Table  

3 .2 ) .  However u rea transfers were simi lar between treatment groups. 

H epatic N (as g N/d) transfers as ammonia,  amino acids or u rea were s im i lar i n  

the an imals fed fresh white clover and lucerne pel lets (Table 3 .3 ) .  The portal 

ammon ia-N flux was sign ificantly h igher for the animals fed fresh white clover 
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com pared to lucerne pel lets, consequently both the portal and hepatic urea 

fluxes were also significantly h igher for the fresh white clover fed animals. 

Table 3.2. Ammonia and urea concentrations and transfers across the 
mesenteric drained viscera (MDV) , portal d rained viscera ( P DV), rumen and 
the l iver of sheep fed fresh white clover (WC) or lucerne pel lets (L ) .  

(Mean value and standard error of the difference {SED} between means of four sheep) 

Ammonia concentrations (Ilmolll ) 
Mesenteric vein* 
Porta l  vein 
Hepatic vein* 
Posterior aorta 

U rea concentrations (mmolll ) 
Mesenteric vein* 
Portal vein 
Hepatic vein 
Posterior aorta 

Ammonia transfer (Ilmollm in )  
M DV* 
PDV 
Rumen* 
L iver* 

U rea transfer (mmollmin)  
M DV* 
PDV 
Rumen* 
Liver 

WC 

467 
646 
72 
1 32 

1 0. 85 
1 0. 38 
1 1 . 04 
1 0. 50 

57 1 
1 1 69 
746 

- 1 3 1 9  

-0. 72 
-0 .25 
0 .04 
1 .64 

L 

325 
320 
48 
56 

6 .03 
6 .23 
6 . 1 8 
6. 1 3  

382 

567 

1 85 

-664 

-0. 34 
OAO 
OA9 
0 .57 

SED 

77 .2 
6 1 .7  
39.6 
59. 5  

0 .96 1  
1 . 3 1 1 
1 .8 1 6  
1 . 704 

339 .6  
290 .2  
5 1 . 1  

287 . 2  

1 . 977 
1 .3 1 6  
0.692 
1 .627 

p 

0. 1 41 
0 .002 
0 .574 
0.249 

0.001 
0 .020 
0 .037 
0 .043 

0 .607 
0. 084 

<0.001 
0 .072 

0 .857 
0 .638 
0. 555 
0 .534 

* Four sheep fed fresh white clover and three sheep fed lucerne pel lets. 
Positive and negative values indicate net production and net extraction of the 
metabol ite by the relevant tissue respectively. 
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Table 3.3.  Summary of n i trogen ( N )  fluxes i n  sheep fed fresh wh ite clover 
(WC) or l ucerne pel lets (L) .  

(Mean value and standard error of  the difference {SED} between means of  four sheep) 

g N/d 

N I ntake 

N H3-N flux 

Mesenteric vein 
Portal vein 
Hepatic vei n  
Posterior aorta 

AA-N flux 
Mesenteric vein 
Portal 
Hepatic 
Posterior  aorta 

Urea-N flux 
Mesenteric vein 
Portal 
Hepat ic 
Posterior aorta 

H epatic  N transfers (g  N/d) 
N H3-N* 
AA-N 
Urea-N 
8alance* 

WC 

37. 9  

1 3 . 5  
29.7  
3 .4 
0.4 

1 07 .6  
1 64 . 9 
1 61 . 4  
1 0. 6  

586. 7 
941 . 9  
1 080.2 
72. 1 

-26. 6  
-1 4. 1 
66.2 
-25.4  

L 
22.9 

8 .5  
1 3.2 
2 .5  
0.2 

92. 9  
1 57. 1 
1 69.4 
20.6 

272 .3  
51 2.0 
575.5 
46. 8  

-1 3 .4  
-8. 3 
23. 0  
3 .0  

SED 

1 . 1 2  

5 .30 
2 .9 1  
1 .89 
0 .23 

35. 53 
30. 77 
39.38 
9 .8 1  

1 86 .97 
1 49 .36 
241 .9 1  
5 1 . 9  

0 .70 
0 .81  
1 3. 07 
1 2.47 

* Four sheep fed fresh white clover and three sheep fed lucerne pellets. 

p 
<0 .00 1  

0 .397 
0 . 001  
0 .461  
0 .496 

0 . 701  
0 .808 
0 . 845 
0 . 1 61 

0 . 1 68 
0 . 028 
0 .082 
0 .644 

0 .072 
0 .604 
0. 534 
0 .668 

Positive and negative values indicate net productio n  and net extraction of the 
metabolite by the relevant t issue respectively. 
Flux = metabolite concentration x blood flow in the respective vessels. 

3 .4 .4  Amino acid transfers 

Arterial amino acid concentrations were s im i lar for the an imals fed fresh white 

clover and lucerne pel lets ( results presented for phenylalanine and methionine 

on ly; Table 3 .5) .  Net absorption of amino acids across the PDV were s im i lar 

for the animals fed fresh white clover and lucerne pel lets (Table 3 .4 ) . The PDV 

of the fresh white clover fed animals uti l ised g lutam ine,  g lutamate and 
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ornith ine ,  whereas on ly g lutamine was uti l i sed across the PDV of the an imals 

fed lucerne pel l ets. Amino acid-N appearance i n  the portal vei n  was s imi lar for 

the an imals fed fresh white c lover and lucerne pe l lets, and was equiva lent to 

1 1 . 9 and 1 2. 5  9 N/d (SED 3 .36; P =  0.869) ,  or  0 . 3 1 4 and 0 .554 ( SED 0 . 1 20 1 ; P 

= 0 . 1 02)  of N i ntake, respectively. The hepatic extraction of amino acids  was 

not s ignificantly d ifferent i n  the an imals fed fresh white clover compared to 

those fed l ucerne pe l lets. The fractional extraction rate of amino acids 

absorbed by the PDV was unaffected by d iet but the branched cha in  amino 

acids had the lowest fractional extraction rates. There was a lmost comp lete 

remova l of essential amino acids from the portal b lood by the l iver. 



Table 3.4. Amino acid transfers (Ilmol/m in )  across the portal drained viscera (PDV) and l iver and fractional removal of 
amino acids by the l iver in sheep fed fresh white clover (WC)  or l ucerne pel lets (L) .  

(Mean value and standard error of the d ifference between means {SED} of four  sheep) 

Thr Va l Met l ie  Leu Phe Lys His Trp Arg Tyr 

PDV WC 21.3 11.3 10.7 22.0 31.7 22.8 27.7 4.5 9.0 13.2 14.2 

L 24.6 30.4 7.2 26.4 40 .3 25.1 27.5 7.3 5.3 19.4 19.8 

SED" 8.78 12.44 3.82 7.81 11.02 5.76 11.27 6.64 2.43 6.01 4.81 

Liver WC -22.9 -2.9 -7.0 -3.8 -10.6 -20.4 -12.4 -8.3 -4.4 -17.7 -18.4 

L -12.1 -1.0 -3.4 -2.2 -3.9 -21.0 -10.8 -5.9 -3.9 -17.3 -15.3 

SED" 9.11 13.44 2.67 5.74 9.46 4.51 14.87 3.00 2.31 5.36 4.71 

Fractional removals§ WC 1.1 0.3 0.7 0.2 0.3 0.9 0.4 1.9 0.5 1.3 1.3 

L 0.5 0.0 0.5 0.1 0.1 0.8 0.4 0.8 0.7 0.9 0.8 

SED" 0.69 0.77 0.88 0.23 0.58 0.26 0.54 2.22 0.38 1.12 0.50 

Asp Gin Glu  Asn Ser Gly Ala Pro Cit Om 

PDV WC 2.7 -35.9 -8.1 30.9 34.3 34.7 26.1 6.2 13.7 -2.6 

L 3.2 -20.0 13.0 29.2 36.4 60.0 40.3 20.1 16.1 1.0 

SEDt 1.22 28.01 5.64 8.22 11.45 31.15 13.39 10.96 5.59 4.21 

Liver WC 1.0 -15.8 40.8 -17.9 -23.9 -52.1 -18.2 -36.9 4.8 13.4 

L -0.7 -20.6 21.2 -18.0 -22.6 -69.6 -40.2 -6.8 -0.5 1 5.3 

SED" 1.32 20.80 31.65 6.39 5.19 18.26 25.71 27.31 7.85 7.54 

Fractiona l removals§ WC 0.4 0.4 5.0 0.6 0.7 1.5 0.7 5.9 0.3 5.1 

L 0.2 1.0 1.6 0.6 0.6 1.2 1.0 0.3 0.0 15.3 

SED" 0.82 1.91 10.22 0.19 0 .22 0.74 6 .91 1.87 0.60 7.32 

Note; C itrate and ornithine included because of involvement with ureagenesis. 
* No significant differences between diets. (J) 
t Only g lutamate significantly (p :: 0 .009) d ifferent between d iets . ex> 
§ (Net hepatic removal)/(net PDV appearance) ratio .  
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Whole body phenylalanine and methionine fluxes were s imi lar in  the animals 

fed fresh white clover and l ucerne pel lets. O n  the basis of phenylalanine 

k inetics, the estimate of I LR, protein  synthesis and fractional whole body 

prote in  synthesis rate i n  the an imals fed fresh white clover were significantly (P 

< 0 .05 )  h igher than in those animals fed l ucerne pel lets (Table 3.5) .  However, 

there were no significant d ifferences between these parameters when the I LR 
was calculated from the SRA of methionine. The absolute rates of hepatic 

protei n  synthesis calculated from the net d isappearance of phenyla lanine or 

meth ion ine from e ither the venous or arterial pool were s imi lar for the animals 

fed either fresh wh ite clover or l ucerne pel l ets. 

3 .4 .6  1 5N transfers 

The 1 5N -urea enrichment had not reached a plateau value after 1 0  h of 1 5N H4C I 

infusion (F igure 3. 1 ) . The flux of C 5N]-urea at the four samp l ing sites exceeded 

the rate of 1 5N H4CI i nfusion, ind icative of C5N]  recyc l ing during the b lood 

samp l ing  period. The hepatic 1 5N-ammonia transfers reflect the relative 

infusion rates for each d iet, with most (0. 88 v 1 . 04, respectively; SED 0. 054 ; P 

= 0 . 055, Table 3 .6)  of the i nfused 1 5N H4CI removed by the l iver as 1 5N H3 and 

recovered as hepatic 1 5N-urea ( 1 . 1 6  v 0 .93, respectively; SED 1 . 832 ; P = 

0. 904) .  The majority (0.97) of the 1 5N-urea molecules synthesised were i n  the 

s ing le label led form, [ 1
4
N 1 5NJ ,  with the proportion of double label led C5N 1 5N]_ 

urea present below the detect ion l im its (0.2 APE) of the GCMS.  
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Table 3.5. Methionine and phenylalanine who le  body and l i ver kinetics and 
prote in  metabol ism in sheep fed fresh white clover (WC) or lucerne pel l ets (L ) .  

(Mean value and standard error o f  the difference {SED} between means of four sheep) 

WC L SED P 

Whole-body kinetics 
Arter ia l  phenyla lanine (mmolll ) 43. 1 52 .6  6 .80 0 .21 1 
Arteria l  methionine ( mmolll ) 1 8. 8  2 1 . 5  3. 1 1  0 .41 1 

I LR phenyla lanine ( mmollh)* 2 .2  2 .6  0. 1 5  0 .036 
Protein synthesis  (g/d)* 249.2  296 . 0  1 6. 39 0 .036 
Fractional synthesis  rate* 0.037 0.047 0 .0029 0 . 022 

I LR methion ine (mmollh)* 0.9 1 .2 0.46 0 .465 
P rotein  synthesis (g/d)* 207 .6  294 . 1 1 09. 30 0 .465 
Fractional synthesis rate* 0.031 0 .047 0.01 7 1  0 .41 9 

Hepatic k inetics 
F ractional extraction rates 

3H-phenyla lanine* 0 .06 0 . 05 0.007 0 .446 
35S-methionine t 0 .05 0 .06 0 .01 1 0 . 333 

Net extraction rates ( mmollh) 
3H-phenyla laninea * 0.40 0.49 0 . 1 33 0 .509 
3H-phenylalaninev * 0 .35 0.43 0. 1 07 0 .526 
35S-methioninea t 0. 1 8  0. 1 2  0.054 0. 360 
35S-methioninev t 0. 1 5  0. 1 4  0.064 0 . 902 

Net uptake rates (mmollh) 
Phenyla lanine 1 .26 1 .22 0 . 1 60 0 .233 
Methionine 0 .21  0 .42 0 .271 0 .893 

Protei n  synthesis (g/d) 
3H-phenyla laninea* 28. 50 35. 3 1  1 0.230 0 . 509 
3H-phenylalanine/ 25. 56 30. 80 7 .676 0 .526 
35S-methionine/ 20.44 1 3. 1 7  6 .023 0 . 360 
35S-methionine/ 1 6. 66 1 5.79 5.795 0 . 902 

Note; Calculations use the SRA of whole blood. Positive and negative values 
indicate net production and net extraction of the m etabolite by the relevant tissue 
respectively.  
The subscripts a and v indicate the use of arterial and venous blood estimates 

of the precursor pool SRA. No detectable activity in oxidation products of either 
amino acid .  
* Four sheep fed fresh white clover and three sheep fed lucerne pellets . 

t Three sheep fed fresh white clover and two sheep fed lucerne pellets. 
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The hepatic 15N -ammonia transfer was significantly (P  = 0 .01 1 )  higher i n  the 

an imals fed fresh wh ite clover compared to lucerne pel lets (Table 3.6) . 

However, the resultant 1 5N-urea transfers were simi lar for the a n imals  fed e ither 

fresh white clover or lucerne pel lets . There was no detectable 15N i n corporated 

into free amino acid-N .  

Table 3.6. H epatic 1 5N transfers i n  sheep fed fresh white clover (WC) or 

lucerne pel lets ( L) .  

(Mean value and standard error of the difference {SED} between means of four sheep) 

Hepatic 15N transfers (Ilmol/min) 
Ammonia

· 

U rea 

WC 

-52 .0  
68 . 0  

L 

-33.2 
33.0 

SED 

3 .38 
73.50 

* Three sheep fed fresh white clover and two sheep fed lucerne pellets. 
15N was not detected in any amino acid. 

P 

0 .01 1 
0 .651 

Positive and negative values ind icate net production and net extraction of the 
metabolite by the relevant tissue respectively. 

Figure 3.1 C hanges in  arterial  u rea atoms % excess during i nfusion of 
15N H4CI into the mesenteric vein of sheep fed fresh white clover (0) or l ucerne 

pel lets ( • ) . 

(Values are means of four sheep, with standard errors ind icated by vertical bars) 

-
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3 .5  DI SCUSSION 

The objective of  the current experiment was to  estimate the metabo l ic cost of 

hepatic ammonia detoxification in sheep fed two high N content d iets (fresh 

white clover and lucerne pe l lets) with marked d ifferences in  rumen protei n  

degradabi l ity. C hanges i n  the rate o r  extent of d ietary protein degradation i n  

the rumen are characterised by changes i n  rumen ammonia-N production 

(Huntington, 1 987) .  In the current experiment, rumen ammonia production 

increased when the sheep were fed fresh white clover compared to when the 

same sheep were fed lucerne pel lets. This was probably due to the protein i n  

the fresh white c lover being more degradable i n  the rumen than the protein i n  

the lucerne pel l ets (U lyatt & Egan, 1 979) .  The increased rate of rumen 

ammonia production was associated with a coincident increase i n  the rate of 

hepatic ammon ia detoxification and ureagenesis (to maintain basal systemic 

ammonia concentrations) .  I t  has been suggested that increased ureagenesi s  

may require add itional i nput of amino acid-N (Reynolds, 1 992) .  This coul d  

result i n  both the N atoms of the urea molecule  being sourced from ammon ia  

via amino acids,  p redomi nantly g lutamine ( Lobley et al. 1 995) . 

Although the O M  i ntakes were s imi lar for the animals fed fresh white clover and 

l ucerne pel lets, the higher N i ntake of the animals fed fresh wh ite clover was 

predominantly due to the s ign ificantly h igher N content of that d iet, however the 

net N retention was simi lar for both d iets. Rumen ammoni a  production for the 

animals fed fresh white clover was approximately twice that recorded for the 

animals fed l ucerne pel l ets (Table 3 .2) .  Ammonia production in  the animals fed 

l ucerne pel lets was s imi lar to previous reports with l ucerne pel let fed sheep 

(Lobl ey et al. 1 995; Goetsch et a/. 1 997) .  

As a proportion of N intake the PDV ammonia-N production in  the animals fed 

fresh white clover was comparable to that i n  the animals fed lucerne pel lets 

(0 .62 v 0 .50 ;  SED 0. 1 2 1 ; P = 0 .564) .  The contribution of the rumen to PDV 

ammon ia-N production was sign ificantly h igher in  the animals fed fresh white 

clover than in those fed lucerne pel lets (0 .40 v 0. 1 6; SED 0.042; P = 0 .003) .  

This indicates that the animals fed fresh wh ite clover approached the known 
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metabol ic  maximum levels for P DV ammonia-N product ion ( 0 .65 of N i ntake; 

Seal & Reynolds,  1 993). 

3 .5 . 1 Hepatic ammonia metabol ism 

The hepatic ammonia extract ion rate i n  the an ima ls  fed fresh white clover was 

approxim ately twice (P = 0 .072) that recorded i n  the same an imals  fed l ucerne 

pel l ets (Table 3.2) .  Assumi ng that l iver mass represented between 0.01 6 

(Lobley et al. 1 995) and 0.025 (Orzechowski et al. 1 987) of body weight, the 

hepatic ammonia clearance rate for the animals fed fresh wh ite clover was 

between 1 .2 and 1 .9 J.lmollmin/g wet l iver tissue. This i s  s imi lar to the 

metabol ic  maximum rate recorded in sheep ( 1 .5 J.lmollmin/g ; O rzechowski et a/. 

1 987) and cattle ( 1 . 9  J.lmol/min/g; Symonds et a/. 1 98 1 ) .  The ammoni a  

concentration i n  the hepatic vein (72 J.lmoll l )  was wel l  be low the critica l 

ammonia overload concentration of 700 J.lmolll ( Symonds et a/. 1 98 1 ) ,  therefore 

hepatic ammonia overload did not occur. Whi lst the intake of fresh white clover 

(870 g OM/d) was relatively h igh com pared to a maintenance i ntake for this d iet 

(550 g D M/d; B i rd et aJ. 1 981 ; Beever et a/. 1 985) , it was cons iderably lower 

than that of sheep grazing h igh qual ity pasture (U lyatt, 1 997) .  Therefore it may 

be expected that with h igher i ntakes of fresh forages the possib i l ity of sub­

cl in ica l  hepatic ammonia toxicity wi l l  increase and may be sufficient to impa i r  

animal  productivity (U lyatt, 1 997) .  

3 .5 .2  U rea metabo l ism 

Although urea concentration was s ignificant ly different in the m esenteric, portal 

and hepatic veins and posterio r  aorta, there were no s ignificant d ifferences in  

urea transfers across the MDV, P DV, rumen or l iver of the an ima ls  fed fresh 

white clover compared to the animals fed lucerne pel l ets (Table 3 .2) .  

I n  genera l ,  the urea produced by the l iver is e ither recycled to  the gastro­

intestina l  tract ( GIT) or excreted in the urine (Obara et al. 1 99 1 ) .  The total N 

excreted i n  the urine was h igher i n  the animals fed fresh white clover than i n  

those fed l ucerne pel lets (33 v 1 4  g N/d , respectively;  SED 2.4 ;  P < 0.001 ) due 
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to a h igher urine output (3 .2  v 1 . 0 kg/d, respectively; SED 0.23; P < 0.00 1 ) ,  

rather than a h igher urine N concentration per se ( 1 1 v 1 4  g N/kg, respective ly ;  

SED 2 . 1 ;  P =  0. 1 03). 

3 .5 .3  15N metabol ism 

I f  i t  i s  assumed that one mole of ammonia generates one mole of  urea, then the 

hepatic ammonia extraction rates, as a proportion of urea product ion were 

s im i lar  for the animals fed fresh white clover and lucerne pel l ets (0 .80 v 1 . 1 7 ; 

S E D  0 .894; P = 0.809) .  H owever, comparing the level of ammonia-N (g N/d) 

extraction with urea-N production suggested that the hepatic ammonia  

extraction on ly  contributed 0 .40 of the urea produced (0 .40 v 0. 37 ;  SED 0.443;  

P = 0 .809) .  This observation was confirmed by the 1 5N  data which suggested 

that 1 5N-ammonia contr ibuted less than half of the 15N-urea (0 .38 v 0 .50 ,  

respectively) .  

The absence of detectab le 15N-amino acid enrichment was confirmed by the 

conservation of infused 15N as 1 5N-urea. Lobley et a/. ( 1 995) reported 15N_ 

amino acid enrichment levels of 0. 1 5-3 .05 APE for the six amino acids 

analysed, whereas there was no detectab le 15N-amino acid enrichment i n  the 

current study. This suggests a fundamental d ifference between the metabol ic  

channe l l i ng of  the 15N-ammonia to urea and amino acids i n  the animals used by  

Lobley et  a/. ( 1 995) com pared to  those used in the current study. The animals 

fed fresh white clover may have adapted to the need to i ncrease their rate of 

hepatic ammonia detoxification by e ither increasing the rate of g l utamine 

synthesis (by i ncreasing the g lutamine synthetase {EC 6.3 . 1 .2} activity) or  

i ncreaSing the rate of ureagenesis or a combination of the two (Meijer et  a/. 

1 990) .  Increased glutam i ne synthetase activity wou ld  have resulted in an  

increase i n  h epatic g lutamine production and enrichment of g lutamine by  15N ,  

neither of which were evident i n  this work. Therefore the findings of  the current 

study do not present any evidence to support a s ign if icant rol e  for any amino 

acid i n  the hepatic detoxification of excess ammonia .  
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The absence of detectable levels of C5N 1 5N ]-urea in this work suggests that 

these an imals  were not under severe hepatic ammonia overload. The spatial 

d istribut ion of the urea cycle with in  the l iver may offer an explan ation as to 'Nhy 

C 5N 1 5N ]-urea was not produced. The peri-portal hepatocytes are the site of 

ureagenesis and contain  g lutaminase and release, but do not extract, 

g lutamate ( Katz, 1 992) .  The perivenous cel l s  of the rat l iver do not synthesise 

urea, but extract g lutamate and aspartate (Haussinger, 1 983) .  These cel ls can 

also synthesise g lutamate. If  a s im i lar situation  is present in the ovine l iver, 

then the site of g lutamate uptake and synthesis is  cranial  to the ureagenic 

cel ls ,  thus preventing the formation of C5N 1 5N ]-urea in  at l east the first pass 

metabol ism .  

3 .5.4 Amino acid metabol ism 

In genera l ,  the amino acids absorbed by the GIT (as estimated by P DV 

product ion) were removed by the l i ver, except for the branched cha in  amino 

acids ( Harper et al. 1 984) .  The PDV amino acid-N production and l iver 

extract ion (as g N/d) were s imi lar for the two dietary treatments and are 

comparable to previous reports (Wolff et a/. 1 972; Lobley et al. 1 995) . 

G lutamate was uti l ised by the P DV in  the an imals fed fresh white clover 

whereas it was produced by the PDV of the animals fed lucerne pel lets (Table 

3 .4) .  The level of hepatic g lutamate production i n  the animals fed fresh 'Nhite 

clover was com parable to that recorded by Lobley et a/ (1 996a) ,  but was 

approximately twice that recorded for the lucerne fed animals ,  'Nhich was 

comparable to other work (Wolff et a/. 1 972; Lobley et al. 1 995). This i s  

i nd icative of the large variation associated with hepatic metabol ism of th i s  

amino acid .  

There was a trend for decreased hepatic g lutamine extraction i n  the animals 

fed fresh white clover compared to those fed lucerne pel lets, confirming 

previous findings of decreased g lutamine extraction with increased hepatic 

ammonia load ( Lobley et a/. 1 995) .  This may be directly attributed to the 

i ncrease in hepatic g lutamine synthetase act ivity general ly associated with 
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increased hepat ic ammonia detoxification rates ( Deuel e t  al. 1 978;  Meister, 

1 985).  

Although the calculated net hepatic N balance (ammonia-N plus amino acid- N  

i nput m inus urea-N output; Table 3 . 3 )  for the fresh white clover fed an imals was 

m ore than twice that recorded for the lucerne fed animals ,  this d ifference was 

not s ignificant. These calculat ions assum e  that al \ of the h epat ic amino acid-N 

uptake was uti l ised for urea production ,  which is  clearly an over est imation and 

does not account for such hepatic N transactions as hepatic protein synthesis  

(such as  a lbumi n ,  which i n  humans is  200-400 mg/kg bwtld; Ganong, 1 983) ,  

metabol ite formation (such as h ippurate and g lutathione) or  oxidat ion via the 

citric acid cycle ( Lobley et al. 1 996b) .  The ovine l iver cannot consistently  

generate N deficits, thus we are left to speculate the cause of such a deficit or  

to  reconsider the val id ity of  such measurements and calculat ions (with the 

necessary assumptions) generated from arterio-venous d ifferences across a 

defined tissue ( Parker et al. 1 995) .  Alternatively, there may be an hepatic N 

source not considered i n  the above calcu lations such as peptide-N (Webb, 

1 986; Webb,  1 990) which cou ld  be used to provide the additional N required 

for ureagenesis i n  the sheep fed the fresh white clover. 

3 . 5 . 5  Whole-body and hepatic protein  metabolism 

The estimates of whole body I LR, protein  synthesis and fractional synthesi s  

rates were lower i n  the animals fed fresh white clover compared to those fed 

l ucerne pel lets, however this d ifference was only significant when the estimates 

were based on the SRA of [3H]-phenyla lanine (Table 3 .5) .  

The estimates of  whole body protein synthesis are comparable  to  previous 

work based on p lasma or whole blood ( Davis et al. 1 98 1 ; Harris et al. 1 992 ; 

Lobley et al. 1 995) .  However, using the S RA of tissue homogenates, Davis et 

al. ( 1 98 1 ) reported estimates of whole body protein  synthesis a lmost twice 

those generated (from whole blood) in the current work, indicative of the 

potential variat ion associated with the cho ice of amino acid pool used to 

estimate the SRA of the true precursor pool (Airhart et al. 1 974). 
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The absolute rates of hepatic protein  synthesis and the percentage of whole 

body protein  synthesis attributable to hepatic protein  synthesis were s imi lar to 

previous work ( Davis et al. 1 98 1 ; L indsay, 1 982; Reynol ds,  1 992; Lobley et al. 

1 994;  Lobley et a/. 1 995).  

Meth ion ine is an essential ami no acid which is  first l imit ing for both skin growth 

and wool production (Lee et a/. 1 995) .  Methionine undergoes trans­

sul phuration to cysteine in the l iver ( Cobon et a/. 1 988) ,  therefore the absence 

of a detectable S RA for cysteine i n  the hepatic venous b lood indicates that the 

rate of trans-sulphuratio n  is  indeed rapid and that cysteine is  rarely the end 

product of that metabol ism. 

3 .5 . 6 Energy metabol ism 

The trend toward a h igher rate of hepatic oxygen consum ption in  the animals 

fed fresh white clover was a result of an increased rate of h epatic ammonia 

detoxification relative to that generated when the sheep were fed lucerne 

pel lets. F rom empirica l  calcu lat ions ( Martin & B laxter, 1 965) it was estimated 

that 0 . 1 3  of l iver oxygen consumption is  normal ly u sed for ureagenesis (Parker 

et a/. 1 995).  In the current study, the process of ureagenesis consumed 0. 36 of 

the h epatic oxygen consumption i n  the animals fed fresh white clover and only 

0 .25 i n  the animals fed lucerne pel lets. Both of these val ues are greater than 

previous reports (0 . 1 1 -0 . 1 6 ; Reynolds et a/. 1 99 1 ; Lobley et a/. 1 995). 

The energetic cost of urea synthesis was 288 kJ/d (assuming 1 22 kJ/mole of 

urea synthesised; Mart in & B laxter, 1 965; Waghorn & Wolff, 1 984) for the 

animals fed the fresh white clover compared to 1 00 kJ/d (SED 284 .3; P == 

0 .534) for the animals fed l ucerne pel lets. This represents 0 .031 of 

metabol isable energy (ME)  intake for the animals fed fresh white clover and 

0 .009 (SED 0 .0962; P = 0 .505) for the l ucerne pel let fed animals,  assuming an 

ME content of 1 2 . 0  and 1 0. 5  MJ/kg DM,  respectively (Waghorn & Wolff, 1 984; 

Beever et a/. 1 985; Lobley et a/. 1 995).  Any increase in  the proportion of ME 

used for u reagenesis would decrease the energy avai lable for whole body 
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metabol ism. For example,  the energetic cost of u reagenesis i n  the an imals fed 

fresh white clover is equivalent to approximately 1 4  g/d l ive weight ga in  

(Waghorn & Wolff, 1 984) .  

3 .6  CONCLUSION 

The current study clearly demonstrated the magnitude of hepatic ammonia  

detoxification i n  sheep fed near maintenance levels of two h igh N content d iets 

(fresh wh ite clover or lucerne pel lets) d iffer ing in rumen protei n  degradabi l ity. 

The observed d ifferences in the metabol i c  parameters of the sheep fed the two 

d iets were probably due to the h igher rumen protei n  degradab i l i ty associated 

with the fresh wh ite clover d iet. However, there was no i ncremental increase i n  

t h e  uti l i sation  of amino acids associated with the i ncreased hepatic ammonia  

detoxification that resulted from feedi ng fresh white clover compared to lucerne 

pel lets. There was no evidence to suggest that ammonia provided both of the 

N atoms for the synthesis of urea, even under the elevated ammonia  

metabol ism conditions generated when the animals were fed fresh white clover. 

There was a trend toward i ncreased metabol ic  costs (hepatic oxyge n  

consumption) associated with the i ncreased ureagenesis that occurred i n  the 

sheep fed fresh white clover. 

I n  practice, the i ntake of g razing lambs would normal ly exceed the 900 g DM/d 

fed i n  this tria l , consequently the hepatic ammon ia  detoxificat ion load could be 

expected to exceed that recorded i n  th is  study. For th is reason the m etabol i c  

cost of ureagenesis i n  grazing lambs may exceed the 0 .03 1  of M E  i ntake 

recorded i n  th is work. Further work should  i nvestigate the i mpact of h igher 

i ntakes of fresh white clover on hepat ic ammon ia  load with the possib i l ity of 

i nducing a measurable i ncrease in hepatic amino acid catabol ism associated 

with the resultant ureagenesis. 
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4 CHAPTER 4. THE M ETABOLIC COST OF HEPATIC AMMONIA 

DETOXIFICATION I N  SHEEP FED FRESH WHITE CLOVER (TRIFOLIUM 
REPENS) AT TWO LEVELS OF INTAKE 

4. 1 ABSTRACT 

The effect of offering fresh white clover ( Trifolium repens) at low and h igh (800 

v 1 400 g DM/d offered) intake levels on splanchnic ammonia and urea 

production, hepatic oxygen consumption and amino acid ut i l isation , and 

est imates of whole body and hepatic protei n  synthesis were studied in six 

sheep. The animals were infused (9.5 h )  with 1 5N H4CI ,  [
35S]-cysteine and para­

aminohippurate via the mesenteric vein .  B lood samp les were col lected to 

determine ammonia, urea, oxygen, and amino acid concentrations. Although 

there were significant d ifferences in both d ry matter (OM; 807 v 1 1 1 8  g DM/d; 

SED 50.2 ;  P < 0 .001 ) and n itrogen ( N ;  3 1 , 6  v 43 .9  g N/d; SED 1 . 96; P < 0 . 00 1 ) 

intakes between the low and h igh intake groups, there were no s ignificant 

differences in OM and N d igestib i l ity, ammonia, urea nor amino acid 

concentrations and transfers across the portal drained viscera and l iver, 

However the hepatic 1 5N-ammonia transfer was significantly lower in the low 

intake group (39 .8  v 67.8 �mol/m in ,  respectively; SED 1 0. 58 ;  P = 0 . 033) 

compared to the high i ntake group. The absence of [ 1 5N 15N ]_urea confirmed 

that ammonia contributed only one N atom to urea. It was estimated that 

ureagenesis accounted for 0 .0 1 7  and 0,0 1 9, respectively (SED 0,0059; P = 
0, 789) of metabo l isable energy intake in the low compared to h igh i ntake 

groups. There were no treatment effects on the estimates of both whole body 

and hepatic protein synthesis rates. Although the N intake of the h igh  i ntake 

group was 0 .39 above that of the low intake group,  there was no d ifference i n  

the rate of hepatic ammonia detoxification , urea production nor amino acid 

catabol ism,  suggesting that the additional N inta ke did not increase the cost of 

ammonia detoxification .  
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4 .2 I N TRODUCTION 

Fresh forages, such as  white clover, are characterised by conta in ing protein  

which is  readi ly soluble (0 .75-0. 80 solub i l ity; Mangan, 1 982) .  During 

degradation of d ietary protein in  the reticulo-rumen ( rumen) ,  large quantities of 

ammonia are produced. The resident rumen microbes can uti l ise this ammon ia 

d i rectly (Parker et al. , 1 995) , however the rate of uti l i sation i s  often below the 

rate of ammonia production , resul t ing in the passive absorpt ion of excess 

ammonia across the rumen wall  into the blood for transport to the l iver 

( Huntington ,  1 982). Ammonia is converted to urea, which incurs an amino acid 

cost ( Reynolds, 1 992 ; Lobley et al. , 1 995; Lobley et al. , 1 996b) ,  effectively 

reducing the avai labi l ity of amino acids for other purposes, such as productive 

gain .  

Previous work i n  this  laboratory with sheep fed e ither fresh wh ite clover or  

lucerne pel lets (both with h igh protein  content but the latter having a lower 

rumen prote in  degradabi l ity) fai led to demonstrate an incremental amino acid 

cost for the increase i n  rumen ammonia production associated with fresh white 

clover (Chapter Three). H owever, i n  that study the i ntake of fresh white clover 

by the sheep was moderate (900 g DM/d) and about 1 .4-1 . 6  x maintenance 

(M) ,  if the maintenance requ i rements for these animals i s  550-650 g DM/d (B i rd 

et a/. 1 98 1 , U lyatt, 1 997) .  I n  the p resent study sheep were fed fresh white 

clover at a level simi lar to the previous study (800 g DM/d, 1 .2-1 . 5xM) and at a 

h igher level ( 1 400 g DM/d, 2 .2-2 .5xM). The h igher level of i ntake would be 

requ ired to achieve h igh growth rates i n  sheep grazing fresh pasture (U lyatt , 

1 997) .  The objective was to determi ne whether the resultant increased rate of 

hepatic ammonia detoxification  wou ld a lso increase the hepatic amino acid 

requirements for ureagenesis d isprop ortionately. 

Using blood samples taken from surgica l ly implanted catheters within the 

splanchn ic  vasculature, the portal d rained viscera (PDV) ammonia product ion 

was quantified and the resultant effects on hepatic ammonia detoxification ,  

n itrogen ( N )  balance and amino acid metabol ism were determi ned. The 
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animals were i nfused with 1 5N H4CI ,  to trace the hepatic detoxification of 

ammonia to urea and the incorporation of the label i nto amino acids. 

Add it ional ly, [
35S]-cysteine was i nfused to measure whole-body and hepatic 

protein  synthesis.  

4.3 MATERIALS AND METHODS 

These experimental procedures and protocols were reviewed and approved by 

the Crown Research I nstitute Animal  Eth ics Committee i n  Palmerston North ,  

New Zealand according to the Animals Protection Act ( 1 960) ,  Animals 

Protect ion Regulations ( 1 987) and amendments. 

4 .3 . 1 Animals and surgical procedures 

Six Romney-cross wether lambs (mean in it ial body weight 33.4, SE 0.6; 6-9 

months old) were prepared with s i l i cone based catheters in the posterior aorta, 

mesenteric (x2) ,  portal and hepatic veins as described previously (Chapter 

Three) .  The animals were fed fresh white clover ( Trifolium repens) hourly from 

automatic feeders and al lowed a min imum of 4 weeks recovery fol lowin g  

surgery prior to a l location to a treatment group. A "  animals were offered 800 g 

DM/d dur ing this period . 

4 .3 .2  D iets and design 

The sheep were offered either 800 ( I ow intake) or 1 400 g DM/d (h igh intake) of 

fresh wh ite clover harvested dai ly  from a pure sward with a m in imum of 4-6 

weeks growth. The animals were accustomed to each i ntake level for 1 0  days 

before entering a 1 0  day N balan ce .  

To assist with the quantification of the rate of hepatic ammonia detoxification ,  

ureagenesis and amino acid catabol ism, the sheep received a continuous 

i nfusion of 1 5NH4CI  via the m esenteric vein for 9 .5  h .  The rate of protei n  

synthesis (both whole body and hepatic) was estimated from [
35S]-cysteine 

kinetics (which was also i nfused via the mesenteric vei n  for 3 .75 h) .  Each 

sheep was then placed on the alternate i ntake level and a l lowed a min imum 
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adjustment period of two weeks prior to repeating the experimental procedure 

i n  a cross over design. 

The methodology employed during this trial was s imi lar to previous work i n  this 

laboratory ( Chapter Three) .  

4 . 3 . 3  I nfusion protocol 

Each sheep was continuously i nfused using a peristalt ic pump (302F ,  Watson­

Marlow L imited, Cornwa l l ,  England) with 1 46 mmolll ( Iow intake) or 246 mmolll 

( h igh i ntake; SED 1 4. 8; P < 0 .001 ) 1 5N H4CI  (99 .8  atoms percent enrichment, 

APE; I con, Mt Marion , U SA) for 9.5 hours at a rate of 22. 7  gth. Fol lowing 5. 75 

hours of 1 5N H4CI i nfusion , the 1 5N H4CI infusate was supplemented with sodium 

para-aminohippurate (pAH;  S igma Chemicals ,  St Louis ,  U SA; 203 mmolll ) ,  925 

MBqll e5S]-cysteine ( ICN  Biomedicals I nc. , Cal ifornia ,  U SA) and 60 Ilmolll of 

un label led cysteine (S igma Chemica ls, St Louis, U SA) as a carrier and the 

i nfusion cont inued for a further 3 .75 hours.  

The sheep were manua l ly i nfused with a bolus of 5 ,000 IU heparin (Ovine 

orig in ;  New Zealand Pharmaceuticals ,  Palmerston North ,  N ew Zealand) prior to  

the commencement of blood sampl ing.  Mesenteric, portal ,  hepatic and arteria l  

b lood samples were withdrawn (at 22 . 7  gth) for the first 30  minutes of each of 

the last four hours of isotope i nfusion. The blood col lection l ines were passed 

through ice to min imise the risk of coagulation and degradation of the blood 

constituents with the blood col lected i nto 1 5  ml polypropylene vials (on ice) 

conta in ing 50 III sodium ethylenediaminetetra-acetic acid (EDTA; 0 . 1 5  w:v i n  

water) as an anticoagulant. 

4 . 3 .4  Analytical measurements 

The packed cel l  volume of whole blood was determined by haematocrit for 

each sample taken. B lood oxygen concentrations were evaluated immediately  

fol l owing col lection using a galvanic oxygen cel l  (Grubb & Mi l ls ,  1 98 1 ) .  A l l  

subsequent procedures were determined gravimetrical ly. 
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Fol lowin g  the addition of 5 g 1 2% (ww) trich loroacetic acid (TCA) to 0 .5 g 

whole b lood , the sample was centrifuged (at 3270 G)  for 1 5  m inutes at 4 °C .  

The pAH concentration i n  whole b lood was determined using the methods 

described by Harris et a/. ( 1 992) with an addit ional acid deacetylation step at 

90 °C for 65 m inutes ( Lobley et a/. 1 995) .  

Whole  b lood (2 g) was haemolysed by the add it ion of an equal weight of chi l led 

200 �molll L-nor-Ieucine (SOH Chemicals Ltd . ,  Poole England) to which 200 

mg of 80 mmolll d i th iothre itol in  0 .2  moll l  phosphate buffer (pH 8.0) was added. 

The remain ing blood was then centrifuged and the p lasma removed . 

Haemolysed b lood ( 1  g )  was ultra-fi ltered through a 1 0, 000 molecular weight 

cut-off membrane (CentrisarfB ; Sartor ius,  Gott ingen,  Germany), with amino acid 

concentrations determi ned in  1 00 mg of the resultant supernatant by p icotag 

analysis and reverse phase h igh performance l iqu id chromatography (Cohen et 

a/. , 1 986) .  

The enrichments of both [ 1 5N]-amino acids and [ 15N]-urea i n  haemolysed b lood 

were determi ned by gas chromatography and mass spectrometry (GCMS; VG 

Trio- 1 , VG Masslab Ltd, Manchester, Cheshi re ,  UK) using the methods 

described by N ieto et a/. ( 1 996) .  

P lasma ammonia concentrations were measured (conducted non­

gravimetrica l ly) with a commercial k it  (#1 7 1 ; Sigma Chemical , St Louis ,  U SA) 

that uti l ised the reductive aminat ion of 2-oxoglutarate in  the presence of 

g lutamate dehydrogenase. 

The ammonia present in 1 g of plasma was converted to nor-va l ine to a l low the 

subsequent determination of C5N ]-am monium enrichment by GCMS using the 

methods described by N ieto et a/. ( 1 996) .  
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U rea concentrations were determined i n  p lasma using a commercial kit (#535; 

S igma Chemica l ,  St Louis ,  U SA) ,  that was based on the convers ion of urea to 

hydroxyl-am i ne i n  the presence of d iacety lmonoxime when heated with 

su lphuric acid .  

The radioact iv ity from [35S ]-cysteine was determined in  both haemolysed blood 

and p lasma us ing a l iqu id scinti l lation counter (Model 1 500 Tricarb, Packard, 

Zurich, Switzerland) with i n  one month of the i nfusion using the m ethods 

described by Lee et al. ( 1 993). The proportions of total rad ioactivity 

attr ibutable to each amino acid and oxidat ion products were determined by 

in l ine flow through a l iquid scinti l lation counter (Model 2 ,  j3-ram,  I N/US systems 

I nc. , N ew Jersey, US)  using an HPLC (LC4A, Shimadzu, Kyoto, Japan) using 

the methodol ogy described by Lee et a/. ( 1 993) .  

4.3 . 5  Calculations and statistics 

The mass and isotope transfers were calculated as outl ined previously 

( Chapter Three) .  

The 35S-cysteine SRA was corrected for S RA in  the oxidation products, tyrosine 

and sulphate. E st imates of whole body protei n  and hepatic protein synthesis 

rates were calculated using the assum ption that whole body and hepatic 

protei n  comprised 0 .01 5 and 0 .025 cyste ine ,  respectively (MacRae et al. , 

1 993) .  

The data were subjected to analysis of variance using the genera l ised l inear 

model procedure ( SAS, 1 985) with animals treated as b locks for the effect of 

i ntake. 
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4 .4  RESULTS 

Al l catheters remained patent for the duration of the experimental period (6  

months) .  

4.4. 1 Feed intake and body weight gains 

The dry matter (OM) and n i trogen ( N )  content of the fresh white clover was 

s imi lar for the two levels of intake (Table 4. 1 ) . The OM and N i ntakes for the 

high i ntake groups were 0 .38 (807 v 1 1 1 8 g/d; SED 50.2 ,  P < 0 . 00 1 ) and 0 .39 

(31 .6  v 43 .9  g N/d OM; SED 1 . 96, P < 0 .001 ) above those of the low intake 

group. The OM and N d igest ib i l ity, and N retent ion were not significantly 

d ifferent for the low and h igh groups. 

Table 4.1 The dry matter ( OM) and n itrogen ( N )  i ntake and d igestib i l ity of 
fresh white clover offered at low or h igh  i ntakes. 

(Mean value and standard error of the difference {SED} between means of six 
sheep in the low intake group and five sheep in the high intake group) 

Low H igh SED 

I ntake (g/d) 
O M  807 1 1 1 8 50. 2  

N 3 1 . 6  43. 9  1 . 96 

D igest ib i l ity 
O M  0 .8 1 2  0.826 0. 0095 
N 0 .8 1 1 0 . 793 0 .01 94 

N retention (g/d) 0 . 3  2 .7  3 . 1 5  

4 .4 .2 B lood flows and oxygen exchange 

P 

< 0.00 1  

< 0.001 

0. 1 99 
0. 373 

0.477 

Est imates of the blood flow in the mesenteric vein were highly variable (473 -

6667 gim in ) ,  therefore data from this catheter (and subsequently the 

mesenteric d ra ined viscera per se) were omitted from further consideration. 

The average portal ,  hepatic vein and hepatic arterial b lood flows were simi lar 

for the two i ntake groups (P > 0.05;  Table 4 .2) .  The contribution of the hepatic 

artery to hepatic venous flow was not affected by the intake level (0.075 v 

0. 1 68;  S E D  0 .0771 ; P = 0.283). 
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Although portal oxygen concentrations approached the 1 0% level of 

s ignificance (4. 50 v 3 .53 m mol/ l ; SED 0.470; P = 0 . 1 01 ) , the oxygen transfer 

values for the portal drained v iscera (PDV) and the l iver were s im i lar (P > 0.05) 

for the two i ntake groups. 

Table 4.2. B lood flow (g/m in )  and oxygen consum ption (mmollmin)  across 
the portal dra ined viscera ( P DV)  and the l iver of sheep fed fresh white clover 
at e i ther low or high i ntake levels .  

(Mean value and standard error of  the d ifference {SED} between means of six 
sheep in  the low intake g roup and five sheep in  the high i ntake g roup) 

B lood flow 
Portal vein 
Hepatic vein 
Hepatic artery* 

Oxygen transfers 
P Dvt 

L ivertt 

* By d ifference (H - P) . 

Low 

1 746 
1 893 
1 46 

-2.7 1  
-3 . 04 

H igh 

1 399 
1 776 
376 

-4. 33 
-2. 74 

SED 

1 86 .6  
293 .9  
1 87 .2  

0 . 949 
0 . 586 

p 

0. 1 1 0 
0 .71 2 
0.272 

0. 1 65 
0 .660 

t Six sheep in  the low intake g roup and four  sheep in  the high intake group. 
tt Four sheep in the low intake group and four sheep in the h igh i ntake g roup. 
Positive and negative values indicate net product ion and n et extraction of the 
metabolite by the relevant tissue respectively. 

4.4. 3 Ammonia and urea transfers 

There was no significant (P > 0 .05) d ifference i n  portal and hepatic vei n  

ammonia o r  urea concentrati ons,  consequently the mass transfers (across the 

PDV and l i ver) of these two metabol ites were also s im i lar for the two i ntake 

levels (Table 4 .3 ) .  

Considered as g N/d, the porta l ,  hepatic and arterial fluxes, and consequently 

the hepatic transfers, of ammonia ,  urea and amino acids, and the resultant net 

N balance across the l iver, were a l l  s im i lar for the h igh and low i ntake groups 

(Table 4 .4) .  
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Table 4.3. Ammonia and urea transfers across the portal dra ined viscera 
(PDV) and the l iver of sheep fed fresh white clover at either low or high intake 
levels.  

(Mean value and standard error of the d ifference {SED} between means of s ix 
sheep in the low intake group and five sheep in the high intake group) 

Low H igh  SED P 

Ammonia concentrations (Ilmolll ) 
Portal vein 706 666 73 .0 0.6 1 7  
Hepatic vein  97 74 47. 8  0.632 
Posterior aorta 96 81 29.7 0 .644 

Urea concentrations (mmolll ) 
Portal vein 1 1 . 28 1 0. 1 2  1 . 550 0. 495 
Hepatic vein 1 1 .65 1 0.82 1 .632 0 .639 
Posterior aorta 1 1 . 5 1  1 0 .43 1 .61 1 0. 539 

Ammonia transfer (Ilmollmin)  
PDV 1 089 823 235.0 0 .309 
L iver -1 090 -827 254. 1 0 . 352 

Urea transfer (mmollmin)  
PDV -0. 44 -0.50 0 .52 1  0 .91 0 
Liver 0.69 1 .23 0 . 359 0 . 1 74 

Positive and negative values are indicative of net production and net extraction of the 
metabolite by the relevant organ respectively. 



Table 4.4. Summary of n itrogen (N )  fluxes i n  sheep fed fresh white clover at 
e i ther low or h igh i ntake levels. 

( Mean value and standard error of the d ifference {SED} between means of six 
sheep in the low i ntake group and five sheep in the h igh i ntake group) 

g Nfd Low H igh SED P 

N I ntake 31 . 6  43. 9  1 .96 < 0 .001 

N H3-N flux 
Portal 25.2 1 9 .4  3 .35 0.2 1 7  
Hepatic 3 .5  3 .0  1 .45 0. 768 
Posterior aorta 0.4 0 .8  0 .5 1  0. 5 1 0 

AA-N flux 
Portal 1 28 .3  1 1 1 .0 1 7 . 35 0 .495 
Hepat ic 1 33 .4  1 27 .2  1 8 . 04 0. 8 1 3 
Posterior aorta 9 .3  2 1 .8  7 .64 0 .274 

Urea-N flux 
Portal 81 3. 1 601 . 5  1 31 .32 0 .241 
Hepat ic 907. 1 768. 2  1 55 .9 1  0 . 506 
Posterior aorta 66. 3  1 23 .9  52. 83 0.4 1 8  

Hepatic N transfers ( g  Nfd) 
N H3-N -22. 0  - 1 6 .7  5. 1 3  0. 352 
AA-N -7. 5  -7. 9  1 8. 33 0. 847 
Urea-N 27.7 49.6 1 4. 1 0  0. 1 74 
Balance 31 .6  1 7 .6 1 3. 43 0. 347 

Posit ive and negative values indicate net production and net extraction of the 
metabol ite by the relevant tissue respectively. 
F lux = metabol ite concentration x blood flow i n  the respective vessels. 
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Table 4.4. Summary of n i trogen (N )  fluxes in  sheep fed fresh white clover at 
e ither low or h igh intake levels. 

(Mean value and standard error of the d ifference {SED} between means of six 
sheep in the low i ntake g roup and five sheep in the high i ntake group) 

g N/d WC L SED P 

N I ntake 3 1 . 6  43.9 1 .96 < 0 .001 

N H3-N flux 
Portal 25. 2  1 9.4 3 . 35 0 .2 1 7 
Hepatic 3 .5  3 .0  1 .45 0 .768 
Posterior aorta 72 . 1  46.8 5 1 . 9  0 .644 

AA-N flux 
Portal 1 28 . 3  1 1 1 .0 1 7 .35 0 .495 
Hepatic 1 33 .4 1 27 .2 1 8. 04 0 .8 1 3 
Posterior aorta 72. 1 46.8  5 1 .9  0 .644 

Urea-N flux 
Portal 81 3 . 1  601 . 5  1 31 . 32 0 .241  
Hepatic 907 . 1 768.2 1 55 .91  0 .506 
Posterior aorta 72. 1 46.8 5 1 . 9  0 .644 

Hepatic  N transfers (g N/d) 
NH3-N -22 . 0  -1 6 .7  5 . 1 3  0 .352 
AA-N -7 .5  -7 .9  1 8 . 33 0 .847 
Urea-N 27 .7  49.6  1 4. 1 0  0 . 1 74 
Balance 3 1 . 6  1 7 .6 1 3.43 0. 347 

Positive and negative values indicate n et p roduction and net extraction of the 
metabolite by the relevant tissue respectively. 
F lux = metabolite concentration x blood flow i n  the respective vessels .  

4.4.4 Amino acid transfers 

Amino acid concentrations were s imi lar  for the low and h igh i ntake groups, with 

the exception of g lycine in the hepatic vei n  (386 v 324 /-lmolll ; SED 2 1 .4 ;  P = 

0 .022) .  Concentration resu lts are presented for cysteine only (Table 4 .6) .  Net 

PDV amino acid production was s im i lar for the two i ntake levels (Table 4 .5) .  

Net hepati c  amino acid extraction (7 . 5  and 7 .9 g N/d) was also not s ign if icantly 

affected by intake level (Table 4.4) .  The branched chai n  amino acids had the 

lowest hepatic fractional extraction rate, with the essential amino acids nearing 

total hepatic absorption (Table 4.5) .  



Table 4.5. Amino acid transfers (�tmol/m in )  across the portal dra ined v iscera (PDV) and l i ver, and fract ional removal of 
amino acids by the l iver in sheep fed fresh white clover at either low or h igh intake levels .  
(Mean va lue a nd standard error of  the difference between means {SED} of s ix  sheep i n  the l ow i ntake g roup a nd five sheep i n  the high i ntake g roup) 

Thr Val Met l ie  Leu Phe Lys His Trp Arg Tyr 

PDV Low 18.6 23.6 9 . 7  19.9 27.6 17.3 20.9 7.4 16.9 14.1 5.0 

High 18.3 21.6 5.9 18.4 25.5 16.1 22.7 7.6 12.6 14.0 0 .9  

SED* 8.23 13.05 4.61 8.82 12.47 7.66 9.91 3.80 6.94 8.71 3.37 

Liver Low -5.7 -6.2 -4.8 -2.3 -4.8 -13.8 -8.9 -4.1 -11.8 -13.1 -5.5 

High -6.7 2.2 1.5 2.4 1.5 -14.4 -5.3 -4.6 -12.9 -12.8 -3.9 

SED* 6.01 11.05 3.89 5.02 6.23 5.16 5.28 2.64 2.33 7.27 4.01 

Fractional  removals t Low 0.8 0 .4  -0.3 0.1 -0.1 1.0 0.8 0.6 0.8 1.0 1.0 

High 0.3 -0.2 -0.7 -0.2 -0.1 0.9 0 . 2  0 .6 0 .7 0 .7 1.0 

SED* 6.95 0 .51 1.41 0.20 0.21 0 .39 0.33 0.98 2.22 0 . 62 0.27 

Asp Gin Glu Asn Ser Gly Ala Pro Cit Om 

PDV Low 5.8 -20.0 26.3 18.9 22.7 55. 2  32.4 14.9 14.1 2.9 

High 5.7 -15.8 9.2 15.5 22.3 32.4 31. 2  15.8 15.7 4.6 

SED* 2.35 12.27 25.89 7 .72 7.60 27.75 14.32 7.19 5.32 4.07 

Liver Low 0.6 -12.8 34.0 -12.0 -14.0 -31.6 -27.7 -5.6 -0.4 5.2 

High 3.1 -23.2 18.1 -10.0 -19.7 -26.8 -35.3 -7.5 2.0 8.8 

SED* 1.44 14.46 35. 28 4.01 5.73 18.24 9.60 2.94 3.45 3.53 

Fractional  removals t Low -0.5 -0.6 -0.4 0.9 0 .7 1.0 1.1 0.8 0.1 3.9 

High -0.6 -1.3 -4.7 0 . 7  0 .9 0 .5 1.2 0.5 -0.3 2.2 

SED* 0.49 0.90 2.02 0 .70 0 .36 0.93 0.33 0.34 0 .39 3.57 

Note; Citrate and ornithine included because of involvement with ureagenesis. 
* No significant differences in amino acid transfers across the PDV and l iver or in fractional removal of amino acids by the l iver ex> �robability values are presented. <D 

(Net hepatic removal)/(net PDV appearance) ratio. 
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4.4. 5 Cysteine kinetics 

There were no significant (P > 0. 05) d ifferences between the measurements of 

cystei ne S RA i n  whole blood and p lasma, consequently there were no 

s ignif icant d ifferences i n  the est imates of e ither whole body or hepatic protei n  

synthesis rates. Therefore, only the whole blood data i s  presented in  Table  

4 .6 .  

The estimates of whole body protein synthesis  based on the S RA of cysteine i n  

whole blood were s imi lar for the two i ntake levels .  Hepat ic  protein  synthesi s  

rates were s im i lar, for both groups (Table 4.6) .  

Table 4.6.  Cysteine whole body and l iver kinetics, and protei n  metabol i sm i n  
sheep fed fresh white clover at either low or high i ntake levels.  

(Mean value and standard error of the d ifference {SED} betwee n  m eans of three 
sheep in the low intake group and three sheep in the high intake group) 

Low High S E D  P 

Cyste ine concentration 

Arterial cysteine (mmolll ) 47. 5  40.8 7 . 1 2  0 . 509 

Whole  body k inet ics 

I LR cysteine (mmollh ) 1 . 1  1 . 5 0 .30 0. 375 
Protei n  synthesis  (g/d) 227 287 59 .8 0. 375 
Fract ional synthesis rate 0 .04 0 .05 0 .0 1 2 0 .430 

Hepatic kinetics 
Fractional extraction rates 0 .05 0 .09 0 .038 0. 308 

Net extraction rates (mmollh) 
Based on arterial 35S-cystei ne activity 0 . 1 5  0.20 0 . 076 0. 543 
Based on venous 

35S-cystei ne act iv ity 0 . 1 5  0 .21  0 . 080 0. 499 

Net uptake rates (mmollh) 
Cystei ne -0. 1 1 0 .02 0 . 1 51 0.255 

Protei n  synthesis (g/d) 
Based on arterial 

35S-cystei ne activ ity 1 7 . 7  23.6 8 . 82 0. 543 
Based on venous 35S-cystei ne activity 1 7 . 3  24. 1 9 .23 0. 499 

Positive and negative values are indicative of net production and net extraction of the 
metabol ite by the relevant organ respectively. 
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4 .4 .6 1 5N transfers 

The 1 5N-urea (arteria l )  enrichment had reached 5 .9  APE ( non-plateau) after ten 

hours of 1 5N H4CI infusion, comparable to the non-plateau value achieved in 

previous work i n  th is  laboratory ( Chapter Three) .  Label recycl ing was evident 

because of 1 5N -urea at the three samp l ing s ites, exceeding  the rate of 15N H4CI 

infusion. Of the label led urea (C4
N 1 5N ]  or C 5N1 5N] )  recovered across the l i ver, 

the s ingle label led form, C 4
N15N] ,  predominated. Double label led C5N1 5N]  urea 

was not d etected in any of the b lood samples.  The detect ion l i m it of the GCMS 

was 0 .2 APE .  

The hepatic 1 5N-ammonia transfers were significantly h igher (0 .70 above the 

low intake group) for the high i ntake group compared to the low intake group 

(Table  4 .7 ) .  H owever the 15N -urea transfers were not s ignificantly d ifferent 

between the two intake groups. There was no detectable 1 5N incorporation i nto 

free amino acid-N . 

Table 4.7. Hepatic 1 5N transfers i n  sheep fed fresh white clover at e ither low 
or h igh i ntake levels. 

(Mean value and standard error of the difference {SED} between means of six 
sheep in the low intake group and five sheep in the high i ntake group) 

Liver 1 5N transfers (jlmol!min)  
Ammon ia 
U rea* 

Low 

-39.8 
1 1 7 .3  

H igh S E D  

-67.8 1 0. 58 
1 47 .7  1 5 1  .60 

Six sheep fed low intake and four sheep fed the h igh i ntake. 
15N was not detected in any amino acid .  

p 

0.033 
0.864 

Positive and negative values are i nd icative of net production and n et extraction of 
the metabol i te by the relevant organ respectively. 
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4 .5  D I SCUSSION 

The objective of  th is  study was to estimate the metabo l ic  cost of hepatic 

ammonia detoxificat ion in sheep fed fresh white clover at e ither near 

maintenance (M)  i ntake (comparable to previous work; C hapter Three) or at an 

elevated i ntake ( 1 .75xM) .  P revi ous reports have suggested that i ncreased 

rates of ureagenesis may i ncur a coi ncident metabol ic cost i n  terms of e levated 

amino acid catabol ism ( Reynolds,  1 992) .  This work tested the hypothesis that 

the hepatic ammonia load wi l l  i ncrease in response to an i ncreased i ntake of 

fresh white clover. Accordi ngly ,  hepatic ureagenesis may be expected to 

increase, requir ing an increased rate of hepatic amino acid catabol ism. 

The s ignificant results of the current study were that a lthough the DM and N 

intakes were significantly d ifferent between the two treatment groups, there was 

no s ign ificant d ifference i n  ammonia production from the PDV and therefore the 

hepat ic ammon ia extraction and urea product ion rates were also s imi lar. 

H owever, the 1 5N-ammonia transfers across the l iver increased S ignificantly 

with i ntake. There was no detectable increase i n  hepatic amino acid 

catabol ism. 

4 .5 . 1  I ntake parameters 

The D M  i ntake as a proport ion of DM offered was significantly lower in the h igh 

intake group (0.988 v 0 .835 for the low and h igh intake groups respectively; 

SED 0 .0297; P < 0.00 1 ) ,  suggest ing that the h igher intake level  of fresh whi te 

clover ( 1 1 1 8 g DM/d) approached metabolic maximum i ntake levels under 

these feed ing condit ions. Previous work with fresh white clover offered to 

mature sheep in metabol ism crates recorded maximal i ntake levels below those 

recorded here (MacRae & U lyatt, 1 974; Ulyatt & MacRae, 1 974; U lyatt & Egan,  

1 979) .  I ntake levels of mature sheep consuming pure fresh white c lover 

swards under most grazing conditions in New Zealand are a lso s imi lar to the 

high i ntake group (U lyatt, 1 97 1 ) .  Therefore i t  may be surmised that the sheep 

on the high intake treatment ate the maximum quantity of fresh white clover 

possib le .  
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As OM and N i ntake increases, it wou ld be expected that the rumen d igesta 

pool s ize would increase (Waghorn et aI. , 1 986) ,  whi lst the d igesta retention 

t ime in the rumen would decrease ( Re id  et al. , 1 977) .  I t  has been shown that 

the N d igestib i l ity of fresh whi te clover decreases as N i ntake i ncreases, and 

that the proportion of the N i ntake d igested in the rumen also decreases as N 

i ntake i ncreases (Beever et al. , 1 985) . Therefore i n  the present experiment, 

whi l st the N d igest ib i l ity remained constant for i ncreased N i ntakes, i t  m ay be 

assumed that the rumen d igesta retention t ime was decreased. 

4 . 5 .2  B lood flows 

The b lood flow in  the portal a nd hepatic veins were com parable to previous 

reports (Barnes et a/. , 1 983a; Lush & Gooden, 1 988; Burrin et al. , 1 989; 

Huntington ,  1 990; Harris et al. , 1 992 ; Lobley et a/. , 1 995) .  There was no 

elevation i n  b lood flow with i ncreased intake (Table 4 .2 ) ,  confirmi ng previous 

work (Webster, 1 974). H owever there was a trend towards l ower venous blood 

flows for the h igher i ntake that may have contributed to reducing the d ifference 

between the treatment g roups. The large variat ion i n  the hepatic arteria l  

contribution to hepatic venous b lood flow is  i nd icative of both the variation 

quoted in the l iterature (Pe l l  et  aI. , 1 986; Ortigues et a/. , 1 994) and the variation 

in b lood flow between and with i n  the two treatment groups. The variab i l ity 

associated with the est imates of the mesenteric b lood flow is d iscussed i n  

sect ion 6 .2 .3 .  

4 .5 .3  H epatic ammonia  metabol ism 

Although the n itrogen i ntakes were s ignificantly d ifferent, there were no 

s ignificant d ifferences in ammonia concentrations ( portal and hepatic veins,  

and the posterior aorta) and therefore the POV and l iver ammonia transfers 

were also s im i lar for the two i ntake groups (Table 4 .3 ) .  Hepatic ammonia 

overload d id  not occur, as evidenced by the arteria l  ammonia concentrations 

(96 v 81 I-lmolll ) remain ing wel l  below metabol ic  overload concentrations of 700 

I-lmolll ( Symonds et a!. , 1 98 1 ) . 
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The significant d ifference i n  hepatic 1 5N-ammoni a  transfer between treatment 

groups was contrary to the mass transfer data (no s ignificant d ifference) and 

suggests that there was i n  fact a d ifference i n  the hepat ic ammonia 

detoxification rate between the two i ntake levels (Table 4 .7) .  I t  i s  expe cted that 

the 1 5N-ammonia data wou ld  be a more concise representat ion of the actual 

ammonia status of these an imals (Weijs et a/. , 1 996) and therefore this 

d ifference truly reflects the d ifference in N i ntake between treatment groups. 

N itrogen d igestion in  the rumen ult imately produces either ammonia-N or  amino 

acid-N ,  therefore the increase in N i ntake should h ave resulted in an increase 

i n  e ither PDV ammonia  or amino acid production. The mass transfer data for 

both ammon ia and the amino acids do n ot support th is  theory, however the 

more sensitive 1 5N-ammonia data are cons istent with thi s  theory. This suggests 

that, for the d ifference i n  N i ntake recorded in this  experiment, e ither the mass 

transfer method of quantify ing N transfers was not suffic iently sensit ive or that 

the i nter-an imal  variation i nherent i n  such experiments obscured any treatment 

d ifferences. 

4 .5 .4  Amino acid metabol ism 

The P DV amino acid product ion was general ly extracted by the l iver, with the 

exception of the branched chain amino acids (Table 4 .5) .  There was no 

increase i n  hepatic amino acid catabol ism associ ated with the increase i n  

n itrogen intake by the h igh i ntake group. 

Although the PDV uti l ised g lutamine,  there was a lso a net uti l isation of 

g lutamine across the l iver for both i ntake levels. The net hepatic g lutamate 

production (for both intake levels) ,  i n  addit ion to the g lutamate product ion from 

the PDV also suggests that the g lutam ine extracted by the l iver was provid ing 

ammonium for ureagenesis as previously reported by Krebs et a/. ( 1 978 ) .  The 

net transfer of the amino acid couplet asparag ine I aspartate fai led to 

demonstrate net hepatic ammonium donat ion as previously reported by Krebs 

et a/. ( 1 976) and Bergman & Pel l  ( 1 984) .  
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The absence of detectable quantities of 1 5N i n  any amino acid is  i n  contrast to 

previous find ings (Lobley et al. , 1 995) and suggests that the animals used i n  

th is study detoxified ammonia uti l is ing a d ifferent mechanism to that used by 

the animals assessed by Lobley et al. ( 1 995) .  For example ,  Lob ley et al. 

( 1 995) recorded significant quantities of 1 5N-g lutamine (APE 3 .05) ,  suggest ing 

that these an imals increased the act iv ity of hepatic g l utamine synthetase to 

remove the additional hepatic ammonia load. The absence of 1 5N -g lutamine 

enrichment i n  the  current study suggests that the capacity of u reagenesis was 

sufficient to remove the ammonia load and that the alternative ammonia 

detoxification regimen (of i ncreased g lutamine synthetase activ ity) was n ot 

requ i red. Th is a lso suggests that there could  be a period of (hepat ic ammon ia 

load) adaptat ion involved, with the an imals i n  the present study g iven at least 

twenty days o n  an i ntake level prior to i nfusion and assessment of 1 5N -am ino 

acid enrichment, during which the capacity of ureagenesis could  have adapted 

and therefore increased. This com pares to a maximum of only five days i n  

which the l i ver could have adapted to the d ietary regimen i n  the work of Lobley 

et al. ( 1 995) .  

The net hepatic n itrogen transactions (ammonia-N plus amino acid-N input 

m inus urea-N output) were s imi lar for the two intake levels (Table 4 .4) .  

I nherent i n  these calculations was the assumption that a l l  of  the absorbed 

amino acid-N was uti l i sed for ureagenesis, which is clearly an over estimatio n  

a n d  does not account for other hepatic N transactions such a s  hepat ic protei n  

synthesis ( Ganong, 1 983) and metabol ite formation or oxidation via the citric 

acid cycle ( Lobley et a/. , 1 996a) .  The ovine l iver cannot sustain  cont inual N 

deficits, therefore we are left to speculate the cause of such a deficit or to 

reconsider the val idity of such analyses and calculations (with the i r  inherent 

assumptions) which generate these values from arterio-venous d ifferences 

across defined tissues. However, there may also be an alternative N source 

which has not been i ncluded in the hepatic N balance calculations such as 

peptide-N (Webb, 1 986; Webb, 1 990) . 
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4 .5 .5  U rea metabol is m  

The urea concentrations i n  the b lood vessels  sampled were s im ilar for the two 

intake g roups, therefore the urea transfer val ues for the P DV and l iver were 

also s imi lar  (Table 4 .3 ) .  Considering that the mass transfer data recorded 

s imi lar ammonia production levels for the two i ntake leve ls ,  this result was 

expected. The urea product ion , expressed as g N/d, was comparable  to N 

i ntake for both intake groups (Table 4 .4) .  

The 1 5N-urea metabol ism also confirms s imi lar mass tran sfer values for the two 

intake groups, a lthough  the relative d ifference between the two treatments was 

much less than for the urea mass transfer values. The absence of double 

labe l led u rea C 5N 15N )  confirms earl ier reports suggest ing that the contri bution 

of ammonia to urea-N is  restricted to the single N atom ( Lobley et a/. , 1 995;  

Lobley et al. , 1 996b) .  

4 .5 .6  E nergy metabol ism 

Using the assumption that urea synthesis requires four h igh energy phosphate 

bonds per molecule synthes ised and that there are six of these bonds per 

oxygen molecule  consumed (Mart in  & Blaxter, 1 965) ,  ureagenesis accounted 

for 0 . 1 56 and 0. 3 1 7  (SED 0 .07 1 ; P == 0 .078) of hepatic oxygen consumption i n  

the low and h igh intake groups, respectively. These values are greater than 

those reported previously (0. 1 1 -0 . 1 6; Reynolds et al. , 1 99 1 ; Lobley et al. , 

1 995) .  I n  terms of d irect energetic cost, ureagenesis used 1 47 and 2 1 6  kJ/d 

(SED 58.2 ;  P = 0 .31 1 ;  assum ing 1 22 kJ/mole u rea synthesised; Mart in & 

Blaxter, 1 965; Waghorn & Wolff, 1 984) ,  which was 0.0 1 7 and 0.0 1 9  (SED 

0.0059; P = 0 .789) of metabol isable energy (ME)  i ntake (ME content of fresh 

white clover 1 0. 5  MJ/kg OM;  Waghorn & Wolff, 1 984; B eever et al. , 1 985) i n  

the low and h igh i ntake groups, respectively. This represents 0 .029 v 0 .042 of 

the energetic requirements of an average dai ly ga in of 200 g/d (Waghorn & 

Wolff, 1 984) .  
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4 .5 .7 Whole body and hepatic protein m etabol ism 

The est imates of whole body I LR, protei n  synthesis and fractional synthesis 

rates were s imi lar when based on the S RA of e ither whole b lood or plasma 

(data not shown).  The est imates of protein synthesis were comparable to 

previous work using the S RA of either whole b lood or p lasma with sheep fed i n  

a s im i lar manner (Davis et al. , 1 98 1 ; Harris e t  aI. , 1 992; Lobley et  al. , 1 995) .  

There were no significant d ifferences i n  the rate of  hepatic protein synthesis 

between the sheep fed the two intake levels (Table  4 .6 ) .  

Cysteine is  a non-essentia l  amino acid which i s  the oxidation product of 

m eth ionine ,  an essentia l  am ino acid which is known to be first l im it ing i n  both 

skin growth and wool product ion (Lee et al. , 1 995) . There was detectable S RA 

i n  the oxidation products of cystei ne, taurine and su lphate, with the latter 

ind icative of the termina l  cystei ne oxidat ion. 

4.6 CONCLUSION 

The current study clearly demonstrated that significant d ifferences i n  both D M  

a n d  N i ntake d i d  not induce s ignificant d ifferences i n  ammonia, urea and amino 

acid transfers across the PDV and l iver, with the sole exception of 1 5N-ammonia 

hepatic transfers. There was no evidence to suggest that elevated rates of 

hepatic ammonia detoxification require a disproport ionate i ncrease i n  amino 

acid-N for ureagenesis .  The d ifference between the ammonia mass transfer 

and 1 5N-ammmonia transfer data highl ight the potential l imitations of the former 

techn ique for quantify ing smal l metabol ite concentrat ion and hence transfer 

d ifferences. It is possib le  that d ifferences i n  ammonia transfers between 

treatments could be generated by i ncreasing the i ntake for the h igh intake 

group ,  however to the authors knowledge there are no reports of sheep eating 

pure fresh white clover ( i n  metabol ism crates) at greater than the i ntake level s  

recorded here. These data confirm that the energet ic cost of ureagenesis  

accounts for a sizeable proportion of ME intake, hence any increment in  the 

energetic requ i rements for ureagenesis  can restrict the rate of productive gain .  
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Future work cou ld evaluate other techniques of i nducing hepatic ammonia  

overload and hence a measurable  i ncrease in  hepatic amino acid metabo l i sm 

whi l st feedi ng fresh white clover, such as ammonia infusions or  to manipulate 

the feeding regi mens. 
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5 CHAPTER 5. THE M ETABOLIC COST OF HEPATIC AMMONIA 

DETOXIF ICATION I N  SHEEP FED F RESH WHITE CLOVER (TRIFOLIUM 
REPENS) I N  TWO 2 HOUR PERIODS PER DAY 

5. 1 ABSTRACT 

The effect of rap idly consuming fresh white clover ( Trifolium repens) in two 2 

hour feedi ng periods per day on splanchn ic  ammonia and urea production , 

hepatic  oxygen consumption and amino acid uti l i sation were studied in s ix 

sheep. The animals were i nfused ( 1 6. 5  h)  with 1 5N H4CI and para­

aminohippurate via the mesenteric ve in .  B lood samples were col lected to 

determi ne ammonia,  urea, oxygen, and amino acid concentrations .  During the 

two 2 hour feeding periods, the sheep ate a total of 560 g D M/d (0 .69 of the O M  

offered) and 2 1 . 9  g N/d. Ammonia product ion from the portal d ra ined viscera 

and extraction by the l iver tended to i ncrease fol lowing feeding ,  both of whi ch 

had returned to pre-feeding levels with in seven hours fol l owing the conclusion 

of feed ing.  There was no resultant increase i n  hepatic amino acid metabol ism, 

nor hepat ic urea production. There was a trend for increased hepat ic  

g lutamine production during feed ing,  fol lowed by an increase i n  g lutamine 

extract ion when the ammonia concentration returned to pre-feed ing  levels .  

Hepat ic g lutamine synthetase activity fol l owed an i nverse trend to that of 

hepatic g lutamine metabol ism. This suggests that hepatic g lutamine 

synthetase activ ity was used to supplement the ammonia detoxificat ion 

capacity of ureagenesis .  Although there was a trend for increased ammon i a  

production fol lowing the rap id consumption of fresh white clover, there was no 

elevation i n  urea product ion nor amino acid catabol ism. 
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5 .2  I NTRODUCTION 

Fresh forages such as white clover, are characterised by contain ing protei n  

which i s  h igh ly soluble (solubi l i ty 0 . 75-0 .80; Mangan, 1 982) .  The degradatio n  

of d ietary protei n  in  the reticulo-rumen (rumen) produces large quantit ies of 

ammon ia .  The rumen m icrobes can uti l ise th is  ammonia d i rect ly (Parker et  a/. 

1 995) .  H owever, the rate of ammonia uti l i sation is  often below the rate of 

product ion ,  with the result that any excess of ammonia is passively absorbed 

across the rumen wal l  and transported to the l iver ( Huntington ,  1 982) . The l iver 

converts ammonia to urea, potent ia l ly i ncurr ing an amino acid cost ( Reynolds,  

1 992; Lobley et al. 1 995; Lobley et 81. 1 996b) ,  which may reduce the quantity of 

amino acids ava i lable for other purposes, such as product ive ga in .  

Previous work in  this laboratory with sheep fed at  two i ntake levels (800 and 

1 400 g O M/d) of fresh white clover fai led to demonstrate any incremental cost 

i n  am ino acid uti l isation associated with the increase i n  ammon ia  product ion 

i ncurred with the higher feeding  level (Chapter Four) .  In the current study  

sheep were trained to  consume fresh whi te clover rap id ly  by  al lowing the 

animals access to thei r  dai ly rat ion for only two 2 hour periods per day. Thi s  

pulse feeding approach was adopted as opposed to a mesenteric ammoni a  

i nfus ion t o  more closely simulate the physiologica l  condi t ions associated with 

increased i ntake of a whole d iet which would occur under grazing condit ions .  

Prev ious  attempts to quantify the i ncrease in  hepatic  amino ac id catabol ism i n  

response to mesenteric ammonia  i nfusions have not been successful ( Lobley et  

a/. 1 995) .  

Us ing b lood samples taken from surgical ly implanted catheters within the 

splanchn ic  vasculature, the portal drained viscera (PDV) ammonia product ion 

was quant ified and the resultant effects on hepatic  ammonia  detoxification ,  

n itrogen (N)  balance and amino acid metabol ism were determined. The 

animals were i nfused with 1 5N H4CI  to trace the hepatic detoxification of 

ammon ia  to urea and 1 5N i ncorporation i nto amino acids. 
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5 .3  MATERIALS AND METHODS 

These exper imental procedures and  protocols were reviewed and approved by 

the Crown Research I nstitute Animal Ethics Committee in Palmerston North ,  

N ew Zealand according to  the Animals Protection Act ( 1 960) ,  Animals 

Protect ion Regulations ( 1 987) and amendments. 

5 .3 . 1 Animals and surgical procedures 

S ix Romney-cross wether lambs, aged 6-9 months with a mean i n it ia l  body 

wei ght of 33.4 kg (SE 0 .6 ) ,  were prepared with s i l icone based catheters in the 

posterior aorta, mesenteric (x2) , portal and hepatic veins as described 

previously (Chapter Three) .  These an imals were adjusted to hourly feeding ,  

from automatic feeders of  fresh white clover ( Trifolium repens) . A four week 

recovery period fol lowed surgery dur ing which the an imals were offered 800 g 

O M/d . 

5 .3 .2  D iets and desig n  

During the experimental period the sheep were offered fresh white clover 

harvested dai ly from a pure sward with a m in imum of 4-6 weeks growth . Rapid 

consumption of feed (offered 800 g OM/d) was achieved by restrict ing the 

an imals access to feed to two 2 hour periods per day. The two feedi ng 

i ntervals began at 0800 and 1 600, respectively . The uneaten feed at the 

conclusion of each 2 hour period was removed. The an imals were accustomed 

to th is  feedi ng regimen for ten days prior to entering a 1 0  day N balance. 

The sheep were infused with 1 5N H4CI via the mesenter ic vein for 1 6. 5  h to 

assist with the quantification of the rate of hepatic  ammonia  detoxificat ion,  

ureagenesis and amino acid catabol ism. 

The methodology employed dur ing this trial was identica l  to previous work in 

th i s  laboratory (Chapter Three) .  
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5 .3 .3  I nfusion protocol 

The sheep were cont inuously i nfused with 1 46 mmoltl 1 5NH4CI (99 .8  atoms 

percent enrichment, APE; Icon,  Mt Marion, U SA) for 1 6.5  hours at a rate of 22 . 7  

gth using a perista lt ic pump (302F ,  Watson-Marlow Lim ited , Cornwal l ,  

England) .  After 5 .75 hours the 15N H4CI  infusate was supplemented with sod ium 

para-aminohippurate (pAH; S igma Chemica ls,  St Louis, USA; 203 mmolll ) and 

the infusion continued for a further 1 0. 75 hours. 

The sheep were manual ly i nfused with a bolus of 5, 000 IU heparin (Ov ine 

orig in ;  New Zea land Pharmaceutica ls ,  Palmerston North, New Zealand) before 

blood sampl ing began .  B lood samples were withdrawn (at 22 . 7  gth) from the 

mesenteric, portal ,  hepatic and arteria l  catheters i nto 1 5  ml polypropylene via ls 

(on ice) conta in ing 50 III sodium ethylened iaminetetra-acetic acid (EOTA; 0. 1 5  

w:v in  water, as an anticoagu lant) . B lood was col lected for the first 30 m inutes 

of each of n ine sampl ing hours, that is, the 6th (the fi rst sampl ing hour), th
, 8

th
, 

9th
, 1 0th , 1 1 th , 1 ih

, 1 4th and 1 6th ( 1 1 th sampl ing hour) hours of 1 5NH4CI i nfusion. 

Each i nfusion was schedu led such that a two hour feeding period occurred 

from the beg inn ing of the 8th hour (0800) to the end of the 9th hour of infusion, 

that is ,  the beg inn ing of the th i rd to the end of the fourth sampl ing hour. 

5 .3 .4 Analyt ical measurements 

A galvan ic oxygen cel l  was used to evaluate blood oxygen concentrations 

immediately fol lowing col lection (Grubb & M i l ls ,  1 981 ) .  

The pAH concentration in  whole blood was determined using the methods 

described by Harris et al. ( 1 992) with an addit ional acid deacetylat ion step at 

90 QC for 65 minutes ( Lobley et al. 1 995). 

Whole blood (2 g) was haemolysed with an equal weight of ch i l led 200 Ilmolll 

L-nor-Ieucine ( B OH Chemicals Ltd . ,  Poole England) to which 200 mg of 80 

mmoltl d ith iothreitol in 0 .2 molll phosphate buffer (pH 8 .0)  was added . The 

remain ing blood was centrifuged and the plasma removed . 
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Haemolysed b lood ( 1  g )  was ultra-fi ltered through a 1 0, 000 molecular weight 

cut-off membrane (Centrisart@; Sartorius, Gott ingen, Germany) .  Amino acid 

concentrations were determi ned in 1 00 mg of the resultant supernatant via 

p icotag analysis and reverse phase h igh  performance l i quid chromatography 

( Cohen et a/. 1 986) . 

The enrichment of both [1 5N ]-amino acids and C 5Nj-urea in  the haemolysed 

b lood were determined by gas chromatography and mass spectrometry 

(GCMS; VG Trio-1 , VG Masslab Ltd , Manchester, C heshire , U K) using the 

methods descr ibed by N ieto et al. ( 1 996) .  

P lasma ammonia concentrati ons were determined (non-gravi metrica l ly) with a 

commercia l  kit (#1 71 , S igma Chemi ca l ,  St Louis ,  USA) that was based on the 

reductive amination of 2-oxoglutarate in  the presence of g lutamate 

dehydrogenase. 

P lasma urea concentrations were measured with a commercia l  kit (#535, S igma 

Chemica l ,  St Louis ,  U SA), based on the conversion of u rea to hydroxyl-amine 

in  the presence of  d iacetyl monoxime when heated with sulphuric acid .  

The ammoni a  present i n  1 g of p lasma was converted to n or-val ine for the 

subsequent determination of C 5N]-ammonium enrichment via GCMS using the 

methods described by N ieto et al. ( 1 996) .  

5 .3 .5  Terminal  procedures 

Fol lowing a two week recovery period the animals were again i nfused with pAH 

and two b lood samples taken to ascertain blood flow rates and ammoni a  

concentrations only ,  us ing the methodology outl ined previously. The anima ls  

were then euthanased at various t imes relative to the feeding period, that i s  

correspond ing to  the sampl ing hours of 1 ,  3 ,  4 ,  6 ,  9 ,  1 1 .  Liver t issue samples 

were taken and frozen at -85 °C for the subsequent determination of g lutamine 

synthetase (EC 6 .3. 1 .2 )  activ ity. The rate of formation of g lutamylhyrodxamate 

fol l owing hydroxylamine substitution for ammonia, was used to estimate the 
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glutam ine synthetase act ivity, us ing the procedures outl i ned by Rowe et a/. 

( 1 970) .  

5 .3 .6 Calcu lat ions and statistics 

The mass and isotope transfers were calculated as outl i ned previously 

(Chapter Three) .  

The data were subjected to analysis of variance using the genera l ised l inear 

model procedure (SAS, 1 985) with an imals treated as b locks for the effect of 

t ime relat ive to feeding .  Where appropriate (a s ign ificant effect of t ime from the 

above analysis) the signif icance of the d ifference between means was 

assessed by t-test us ing the 0 . 05 l evel of s ignificance. The first two, pre­

i ngest ion ,  t ime pOints, were ind iv idual ly compared against each of the l ast 

seven sampl ing t ime pOints. 
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5.4 RESULTS 

AI! catheters remained patent for the duration of the experi mental period (6 

months) .  

5 .4. 1 Feed i ntakes 

The dry matter ( OM) and N content of the feed were 1 38 g/kg and 39.2 g N/kg 

O M  respect ively.  The sheep ate 0 .69 of the OM offered within  the two 2 hour 

feeding periods per day, with a total i ntake of 560 g O M/d and 21 .9 g N/d. The 

OM and N d igestibi l it ies were 0 .8 1 8 and 0 .848 respectively. The net N 

retent ion was 1 . 5 g N/d. 

5 .4 .2 B lood flows and oxygen exchange 

The estimates of blood flow in  the mesenteric vei n  were highly variable (35 1 -

40,45 1 g/m in ) ,  therefore data from this catheter (and subsequently the 

mesenteric drained viscera per se) were omitted from further cons iderat ion. 

The portal and hepatic vei n  and hepatic arterial blood flows were s imi lar for the 

nine t ime points, therefore the measured b lood flow rates were not s ignificantly 

affected by the onset of feedi ng ( Figure 5 . 1 and appendix Table 8 . 1 ) . The 

contribution of the hepatic arterial flow to hepatic venous flow ranged from 0. 08 

to 0 .27 and was not signifi cantly affected by time. 

There were no significant d ifferences in  POV and l i ver oxygen transfers for the 

n i ne t ime pOints ( F igure 5.2 and appendix Table 8. 1 ) . 

5 .4 .3  Ammonia and urea transfers 

The ammonia and urea concentrations i n  the porta l  and hepatic vein ,  and the 

posterior aorta were not s ignificantly affected by t ime (Table 5. 1 and appendix 

Table 8 .2 ) .  The ammoni a  transfers across the POV and l iver were s ignificantly 

affected by the t ime after the onset of i ngestion (F igure 5 .3 ,  Table 5 . 1 and 

appendix Table 8.2) .  U rea transfers across the P OV and l i ver were not 

affected by the t ime after the onset of i ngest ion (F igure 5 .4  and appendix Tabl e  

8 .3 ) .  
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Figure 5.1 Blood flow in the portal a nd hepatic veins and hepatic artery in 6 sheep fed 

fresh white clover for two 2 hour pe riods per day (mean +/- S E ;  n = 6). 
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Figure 5.2 Oxygen transfers across the portal drained viscera (PDV) and liver in 6 

sheep fed fresh white clover for two 2 hour periods per day (mean +/- SE; n = 6). 
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Considered as g Nid , the estimates of hepatic ammonia tra nsfer ranged (across 

the n ine t ime points) from 9.0 to 22 . 7  g Nid , with hepatic u rea production 

rang i ng from 0.9 to 44 . 1  g Nld (Table 5.2) .  

The portal and hepatic fluxes of ammoni a-N were significantly affected by the 

t ime after the onset of ingestion (Table 5 .2) .  U rea fluxes i n  the portal a nd 

hepatic vei ns and the posterior aorta were not significantly affected by the t ime 

after the onset of ingestion (Table 5 .2) .  
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Figure 5.3 Ammonia transfers across the portal drained viscera (PDV) and liver in 6 
sheep fed fresh white clover for two 2 hour periods per day (mean +/- SE; n = 6). 
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Figure 5.4 Urea transfers across the portal drained viscera (PDV) and liver in 6 sheep 
fed fresh white clover for two 2 hour periods per day (mean +/- SE; n = 6). 



Table 5. 1 .  Ammonia concentrations and transfers i n  sheep offered white clover i n  two 2 hour periods per day. 
(Mean value and standard error of the difference between means {SE D} for six sheep) 

Ammonia ( Ilmoll l) Average Samp l i ng period ( hours) SED P 
1 2 3 4 5 6 7 9 1 1  

Portal vein 467 393 397 501 490 474 538 554 464 392 89. 7  0.494 
Hepatic vein 63 5 1  52 64 83 7 1  83 86 47 33 24 .9 0 .462 
Hepatic artery 81  66 68 92 9 1  69 88 98 84 73 25 .5  0. 890 

Ammonia transfers (�lmol/min )  
PDV 700 da529 dC42 1 a733 b663 b830 b1 01 9  b904 a690 aC5 1 1 1 99 .0  0 .033 
Liver -821 da_557 db_446 a-780 a-81 8  c-836 a_1 035 a- 1 1 1 3 a- 1 1 25 a-682 1 79 . 1 0 .009 

Positive and negative values are indicative of net production and net extraction of the metabolite by the relevant organ respectively. 
Feeding between sampling hours 3 and 4 ,  beginning at 0800. 
Means with the same super-script are not significantly different at 0 .05.  

-" 
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Table 5.2. 

---------------��- �--

Summary of n itrogen (N )  fluxes i n  sheep offered whi te clover i n  two 2 hour periods per day .  
(Mean value a n d  standard error o f  the difference between means {SED} for six sheep) 

g N/d Average Sampl ing period (hours) 
N i ntake 2 1 . 9  1 2 3 4 5 6 7 9 1 1  

N H3-N flux 
Portal 1 8. 9  ad1 2 . 9  cd 1 0. 3  a 1 8. 0  a 1 9. 9  b1 9. 8  b24. 2  b25.8 a25 .0 a 1 4 .6  
H epatic 2 .9  ad2 . 1 Cd 1 .6 aC2 .4  bC4 .9  aC2 . 8  b4. 2 b4 .4  aC2 . 5  aC1 .2 
Post. aorta 0 .5  0 .5  0 .3  0. 1 1 . 5 -0. 1 0 .9  1 . 1 0 . 2  0 .3  

AA-N flux 
Portal 1 03 .2  a87 .4 a86. 0  b1 04 . 5  a 1 01 . 3  b1 51 . 1  1 1 8. 1  b a89. 9  b1 01 . 0  a89. 8  
Hepatic 201 .6  ad1 51 .7 cd1 47 . 1  b1 90 .7  b2 1 7 . 1  b264 . 5  247 .6b bC1 85 .9  b254 .3  aC1 55 .8  
Post. aorta 27 .0  a 1 8.2  c7 .8  b1 4 . 5  b28. 5 a26. 0  64.6b b29 .9 b36. 2  a 1 7 . 5  

Urea-N flux 
Portal 694 .0  6 1 8 .2 470.0 653. 2  734 .8  767 . 5  727 .2  823.4  847. 5  604 . 5  
Hepatic 842 . 1 827 . 8  589.2  683 . 3  1 023 .4 902 . 8  946. 5  1 053.2 880 . 3  672 .4  
Post. aorta 1 1 8 . 1 1 69 .8  97. 5 1 6.4  251 .6  35. 7  1 75 .2  251 . 2  -1 . 3  67. 0  

Hepatic N transfers 
N H3-N - 1 6 .6  ad_1 1 .2 bd_9 .0  a_1 5. 7  a_1 6. 5  c-1 6 .9  a_20 .9 a_22. 5  a_22. 7 a_1 3. 8  
AA-N -2 . 1  -2 . 5  0 . 7  -0. 6  - 1 . 1  - 1 1 . 8 1 2 . 1  -6 . 0  -0. 2  -9. 1 
Urea-N 28.6 39. 8  2 1 . 7  1 3. 7  37 .0 36. 0  44. 1 30.4 34. 1 0 .9  
Balance -48. 9  -53. 5 -30. 0  -30. 1 -54 .6  -61 . 7  -60. 3  -61 . 3  -70 .4  - 1 8 .6 

Positive and negative values indicate net  production and net  extraction of  the metabolite by the relevant tissue respectively. 
F lux = metabolite concentration x blood flow in the respective vessels.  
Note; AA-N arterial points 1 & 2 significantly different. Post. aorta = posterior aorta. 
Feeding between sampling hours 3 and 4, beginning at 0800. 
Means with the same super-script are not significantly different at 0.05.  

SED P 

3 .94 0 .045 
1 . 1 3  0 .048 
0 .62 0 . 379 

1 4. 2 1  0 .008 
1 8. 37 <0.001 

3 .08 <0.001 

1 1 6.73  0 .076 
1 62 . 22 0 . 080 
1 28 .50 0 .459 

4 .26 0 .009 
7 . 00 0 .684 
9 .27 0.689 

1 4. 09 0 .9 1 6  

,..l. 
0 
ID 
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5.4.4 Amino acid tra nsfers 

Ami no acid concentrations were simi l a r  across al l  time points (data not 

presented).  Net PDV and l iver amino acid metabolism was not affected by t ime 

(Table 5 .3  and 5.4) . The amino acid fractional removal rates were h igh ly 

variable but not significantly affected by time (Table 5.5) .  

The amino acid-N fluxes in the portal and hepatic veins and the posterior aorta 

were significantly affected by the time after the onset of ingestion (Table 5 .2) .  

Althoug h the hepatic g l utamine synthetase activity data was based on only one 

an imal per time point, there was a trend for the activity to respond i nversely to 

the level of hepatic g lutamine transfer (F igure 5 . 5) .  

1 50 

· 1 50 
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Figure 5.5 Hepatic glutamine transfers & glutamine synthetase activity in 6 sheep fed 
fresh white clover for two 2 hour periods per day (mean +/- SE; n = 6). 



Table 5.3. PDV amino acid transfers (�tmol/min )  in  sheep offered fresh white clover in  two 2 hour periods per day. 

(Mean and standard error of the difference between means {SED} for six sheep) 

AA Average Sampl ing period (hours) SED P 
1 2 3 4 5 6 7 9 1 1  

Thr 1 1 .6 -9. 3  1 1 .9 2 .8  6. 1 36. 3  9. 1 1 3 .6  23. 5 1 0. 5  1 0. 80 0. 1 00 
Val 1 4. 4  - 1 1 .4 1 3 . 8  1 . 3 1 6. 2  37 .8 -32 . 1 1 0. 7  82. 8  1 0. 3  3 1 . 2 1  0 .31 3 
Met 3 .4  6 .0  2 .4  0. 0  0 .4  1 0.2  0 .7  1 . 7 4 .6  4 .8  4 .99 0.799 
l ie 1 4. 3  5 . 1 1 1 . 1 5 .4 1 1 . 9  35 .7 1 . 3 1 3 . 7  32. 4  1 1 . 7 1 0. 68 0. 1 72 
Leu 1 7 . 4  7 . 0  1 6. 0  6 .2  1 8. 1  42 . 1  -6. 0  1 7 . 5  43. 8  1 2 . 3  1 5.62 0.269 
Phe 1 0. 8  7 .2  1 0. 3  4 .9  1 0.2  22.8 2 .9  1 0.9  20 .0 7 .8  5 .29 0. 084 
Lys 1 7 . 9  5 .4 1 8 . 1  5 .9  1 5.6  40.4 5 .7  2 1 . 0  36. 0  1 2 . 8  1 1 .45 0. 1 64 
H is  -1 8 .2  -62 .6  -55 .6  -1 3 .6 -22. 3  53.6 -79 .5  -9. 0 29 .9 -4. 6  8 .81  0 .601 
Trp 1 . 7 - 1 . 1  0 .6  0 . 1  0 .8  1 0. 1  1 . 3 -0.6  1 .0 3 .0  2 .42 0 .095 
Arg 1 1 .8 30. 3  4 .4  -4. 7  8 .8  20 .5  - 1 0. 1  4 .9  46. 2  5 .9  24.00 0. 742 
Tyr 8 .3  0 .9  7 . 1  1 .6 7 .5  1 9 .6  - 1 . 2  8 . 1  25 .2 5 .4  6 .88 0 .082 
Asp 1 .5 0 .4 8 .4  -1 . 8  5 .0 -3 . 3  - 1 . 6  1 . 8 4 .5  0 .3  4 .52 0. 526 
Gin -27 . 0  -43 .5  -26. 3  -29. 0  -37 . 1  - 1 2 .4 -51 .0 -32 .5  1 5 . 1  -26.0  32 . 57 0 .771  
Glu - 1 1 . 5 1 4. 9  -1 9 . 7  - 1 7 .0  -20 .5  -33.6 -89. 3 -1 . 8  52. 7  1 0. 8  46.62 0.607 
Asn 1 4. 1  7 .4  1 2 . 5  6 .2 1 3. 3  32.3  5 . 1  1 2 . 8  25.4 1 2 . 0  7 .09 0 .062 
Ser 1 6. 7  -4 . 3  1 6.6  8 .3  20 .2 38. 5  6 .3  1 4 . 1  33. 7 1 7 . 1  9 .84 0. 057 
Gly 1 8. 5  -0 . 5  30.4 - 1 9. 5  61 .6  34. 0  -97.4 1 8. 3  1 1 8.4 20 .9 5 1 . 1 5  0. 1 94 
Ala 1 3. 7  8 .9  1 5. 4  1 .6 2 1 . 8 6 .5  3. 1 1 6 . 0  35.8 1 3.8  20. 1 9  0. 954 
Pro 7. 1 4 .3  8 . 7  -0. 8  8 .0 24 .5 -1 2 .4  2 .6  24.2  4 .9  1 1 .5 1  0 .320 
Cit 9 .9  1 .9 1 0 . 1  3 .0  1 0.6  20 .2  -2 .6  5 .8  30. 9 9 .6  1 0. 1 3  0. 335 
Orn 5 .9  -0.2 8. 1 0. 9 7 .4 1 3.4  - 1 . 4  5 . 7  1 6. 0  3 .4 6 .93 0 .52 1  

Positive and negative values are indicative of net production and net extraction of the metabolite by the relevant organ respectively.  ->. 
->. 

Feeding between sampling hours 3 and 4, beginning at 0800. ->. 
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Table 5.4. Hepatic amino acid transfers ( �lmol/min)  i n  sheep offered fresh white clover i n  two 2 hour periods per day. 

(Mean and standard error of the d ifference between means {SED} for six sheep) 

AA Average Sampl ing period (hours) SED P 
1 2 3 4 5 6 7 9 1 1  

Thr 3 .3  3 .8  2 .4  5 .4  3 .4  -1 3 .9  1 8 . 3  2 . 0  8 .4  -0. 1 1 6 . 04 0. 935 
Val -3 . 3 - 1 1 .5 -2 .8  0 .4  - 1 .6  -35 .3  49. 9  2 . 2  -25. 5  -4. 9  42 .28 0 .9 1 0 
Met 0 .8  -3 . 5  1 . 1  0 . 1 2 .5  - 1 . 0  5 .8  1 . 9 3 .3  -2. 9  6 . 1 3  0 .958 
l ie - 1 . 2  -4 . 1 0 . 2  -0. 3  -5. 1 -20 .4  1 6 . 2  0 . 5  3 . 9  - 1 . 6  1 5 .65 0 . 858 
Leu -1 0 . 5  -7 . 7  -0.2  -42 .6 - 1 0 .9  -34. 1 1 6 .8  -0 . 3  -4 . 5  - 1 0 .9  26.08 0 .750 
Phe -3.6 -8 . 5  -6 . 0  -3. 6  -2 . 4  -8. 7 1 2 . 5  4 .3  -7 . 3  -1 2 . 8  1 0. 03 0 .635 
Lys -8 . 8  -6 . 5  -3 . 0  0 .6 -4. 0  -31 . 3 1 0 . 4  - 1 3 . 7  -1 7 . 3  - 1 4 .4  1 3. 57 0 .435 
His 2 .2  20 .3  80.4 54. 0  1 27 .7  24.6 - 1 5 1 . 2  4 1 .6 87 . 5  -265 . 3  1 0 . 92 0 .497 
Trp -2 . 1  -6 . 9  -2 . 3  -2 . 9  -1 . 1  -8 . 2  3 . 7  - 1 . 0  1 .2 - 1 . 5  5 .52 0. 874 
Arg -26 . 3  -6 .6  -7 . 3  -1 . 4  -33. 2  -50. 8  -5 .6  -33 .0  -69. 2  -29 .6  25 .47 0.430 
Tyr -2 .6  -7 . 3  -4 . 8  -1 .6  1 . 3 -8 . 0  1 7. 3  -0 . 7  -1 0 . 3  -9. 0 1 1 . 99 0 . 732 
Asp 2 . 1  -1 . 8  5 . 3  8 .8  -0 .6 -1 . 7  8 .4 0 .5  -2. 1 1 . 9 6 .65 0 .809 
Gin -2 . 1  1 .9 5 .2  4 .9  42 . 8  35 .7 66. 7 -4. 6  -1 28. 0 -43 .4  46. 83 0 . 524 
Glu 37.6 1 . 7 29 .6 -7 . 2  9 1 . 2  74. 0  1 03 .3  2 . 3  1 4. 7  28.8 53.66 0 .648 
Asn -4. 5  -4 . 8  -3 . 3  -2 . 0  0 . 1 -1 6 . 1 1 1 . 0 -0. 3 -1 5 .6  -9.6 1 0 . 08 0. 530 
Ser 0 .4  4 .7  4 .4  -0 .2  2 .4  -1 6 . 1 1 3 . 8  -6.2  0 .6  0 .5  1 6 . 88 0 .959 
Gly -81 . 3 -25. 9  7 . 7  3. 1 - 1 23 .4 -1 88. 1 -30. 3  -49 .4  -229 .8 -95 .8  7 1 . 59 0 . 1 2 1  
Ala -1 5 .8  - 16 .8  -1 3 .3  -7 . 0  -23 .9  -5 . 3  4 .2  -1 5 . 2  -34 .5  -30 .8  2 1 .69 0 . 907 
Pro -8 . 7  -9 .4  -7 . 5  -4. 8  -4. 3  -2 1 .6 1 2 .4  -1 1 . 1 -1 6 .8  - 1 5. 1 1 4. 74 0 .795 
C it -0. 7  -0 . 2  4 . 0  3 . 0  6 . 2  -8. 3 1 2 . 2  -3 . 7  -1 1 . 1  -8. 2  1 4 . 47 0. 935 
Orn 8 . 5  2 . 1  7 . 5  4. 1 1 1 . 9 1 . 8 1 8. 8  1 1 . 9 1 3. 0  5 .3  1 3 .68 0 .983 

Positive and negative values are indicative of net production and net extraction of the metabolite by the relevant organ respectively.  

Feeding between sampl ing hours 3 and 4, beginning at 0800. 

->. 
->. 
N 



Table 5.5. Fractional hepatic amino acid transfers i n  sheep offered fresh white clover in  two 2 hour periods per day. 

(Mean and standard error of the d ifference between means {SED} for six sheep) 

AA Average Sampl ing period (hours) SED P 
1 2 3 4 5 6 7 9 1 1  

Thr 0 .28 -0 .41  0 .20 1 .95 0 .56 -0. 38 2 .00 0 . 1 5  0 . 36 -0. 0 1  7 . 1 92 0 .439 
Val -0.23 1 . 0 1  -0. 20 0 .28 -0. 1 0  -0.93 -1 . 55 0 .20 -0 . 3 1  -0.47 4 .837 0.4 1 7 
Met 0 .24 -0. 58 0 .48 5 .00 7 .0 1  -0. 1 0  8 .93 1 . 1 0  0 .73 -0.6 1  1 . 1 7 1  0 . 1 95 
l ie -0. 08 -0.8 1  0 .02 -0. 05 -0.43 -0. 57 1 2 . 47 0 .04 0. 1 2  -0. 1 4  4 .674 0 .270 
Leu -0.60 -1 . 09 -0. 0 1  -6. 92 -0.60 -0. 81  -2 . 8 1  -0. 02 -0. 10 -0 .89 2 .647 0 .320 
Phe -0. 34 -1 . 1 8  -0. 58 -0. 74 -0.24 -0. 38 4 . 34 0 .39 -0. 37 -1 .64 7 . 1 32 0 .594 
Lys -0. 49 -1 . 20 -0. 1 6  0 . 1 0  -0.26 -0. 77 1 . 8 1  -0.65 -0.48 -1 . 1 2  3 . 098 0 .82 1  
His  -0. 1 2  -0. 32 -1 . 45 -3 . 97 -5. 72 0 .46 1 . 90 -4. 64 2 . 93 57 .77 3 .651 0 .247 
Trp - 1 .25  6.45 -3.68 -24.67 -1 .4 1  -0. 82 2 . 89 1 . 86 1 . 20 -0. 50 5 .272 0 . 385 
Arg -2 . 23 -0. 22 -1 .63 0 .30 -3. 76 -2 .48 0 . 55 -6. 72 -1 . 50 -5 . 00 3 .495 0 .3 1 1 
Tyr -0. 3 1  -7. 72 -0. 68 -0. 99 0 . 1 7  -0 .4 1  -1 4 .9 1  -0. 09 -0. 4 1  -1 .65 7 . 1 38 0 .434 
Asp 1 . 38 -4. 35 0 .64 -4. 77 -0. 1 2  0 .52 -5 . 09 0 . 30 -0. 46 6.67 2 .9 1 2 0 . 1 1 1  
Gin 0 .08 -0. 04 -0. 20 -0. 1 7  - 1 . 1 5  -2 . 88 -1 . 3 1  0 . 1 4  -8. 45 1 .67 7 .60 1  0 . 369 
Glu -3 .27 0 . 1 1 - 1 .50 0 .43 -4 .45 -2 .20 -1 . 1 6  -1 .27 0 . 28 2 .66 1 .325 0 . 1 4 1  
Asn -0. 32 -0.65 -0. 26 -0. 32 0 .01  -0. 50 2 . 1 8  -0. 03 -0.61  -0. 8 1  1 2 . 362 0 .676 
Ser 0 .03 -1 . 1 1 0 .27 -0.03 0 . 1 2  -0.42 2 . 1 8  -0. 44 0 .02 0 . 03 1 . 595 0 .851 
Gly -4. 40 52.67 0.25 -0. 1 6  -2 . 00 -5. 54 0 .3 1  -2 . 70 -1 . 94 -4.57  7 .640 0.233 
Ala - 1 . 1 6  -1 . 88 -0. 86 -4.28 -1 . 09 -0. 80 1 . 36 -0. 95 -0. 97 -2 .23  3 .5 1 7 0. 986 
Pro -1 . 22 -2. 22 -0. 86 5 .9 1  -0. 54 -0. 88 - 1 . 00 -4. 30 -0.69 -3. 07 2 .672 0 .060 
C it -0. 07 -0. 09 0.40 1 . 00 0 .58 -0. 4 1  -4. 74 -0.64 -0. 36 -0. 86 8.654 0 .405 
Orn 1 . 43 -9. 3 1  0 .92 4 .36 1 .61  0 , 1 3  -1 3 .40 2 , 1 0  0 .8 1  1 . 55 1 . 953 0.266 

-\. 
Positive and negative values are indicative of net production and net extraction of the metabolite by the relevant organ respectively. -\. 

w 
Feeding between sampl ing hours 3 and 4, beginning at 0800. 
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5.4.5 15N transfers 

The 15N-urea (arteria l )  enrichment had reached 7.6 APE after sixteen hours of 

15N H4CI i nfusion (F igure 5.6) .  Label recycl ing was evidenced by the fl ux of 1 5N_ 

urea at the three sampl ing sites exceeding the rate of 15N H4CI infusion.  Of the 

label led u rea (C4N1 5N] or C5N 1 5ND recovered across the l iver, the single 

label led form [14N15N] predomi nated .  Double label led C5N 15N] u rea was not 

detected . The detection l i mit of the GCMS was 0.2 APE. 

The hepatic 1 5N-ammonia transfers were not sig nificantly affected by time 

(Table 5.6) .  The level of 15N incorporation in the free ami no acids was below 

the detection l imits of the GCMS. 
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Figure 5.6 Arterial "N·urea enrichment in 6 sheep fed fresh white clover for two 2 hour 

periods per day (mean +/- SE; n = 6). 
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Figure 5.7 Hepatic 15N-ammonia and "N-urea transfers in 6 sheep fed fresh white clover for two 2 
hour periods per day (mean +/- SE; n= 6). 
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Table 5.S. Hepatic 1 5N fluxes in sheep offered white clover in 2 two hour periods per  day. 
(Mean value and standard error of the d ifference between means {SED} for six sheep) 

Sampl ing period (hours) 
Average 1 2 3 4 5 6 7 9 1 1  

Liver 
15

N transfers (mmol/min)  
1 5N-NH3 -37 . 3  -41 . 3 -37 . 8  -40 .4 -28 .9  -33 .2  -35 .7  -40 .4 -47 .4  -30.6  
1 5N-Urea 72. 7  85.2 1 37 .9  92.4 75.6 45.8 1 01 . 9  39. 9  61 . 7  1 4. 5  

Positive and negative values ind icate net production and net extraction of the metabolite b y  the relevant tissue respectively. 
Feeding between sampling hours 3 and 4, beginning at 0800. 
No significant d ifference between sampling hours. 
Means with the same super-script are not s ignificantly different at 0 . 05 .  

SED P 

6 .76 0 .625 
50. 94 0 .660 
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5 . 5  DISCUSSION 

The objective of this study was to  estimate the metabol ic cost of hepatic 

ammonia detoxification i n  sheep rapidly consuming fresh white clover for two 2 

hour periods per day. Previous reports have suggested that increased rates of 

ureagenesis may incur a coi ncident metabol ic cost in terms of elevated amino 

acid catabol ism (Reynolds, 1 992) .  However attempts to i nduce such increases 

in amino acid catabol ism with ad libitum feeding of fresh white clover were 

unsuccessful ( Chapter Four) .  This work i nvestigated the hypothesis that the 

hepatic ammonia load wil l  i ncrease (at l east briefly )  above those previously 

recorded in this laboratory ( Chapter Three and Four) in response to "pulse" 

(two by 2 hour) feedi ng of fresh white clover. Further, hepatic ureagenesis may 

i ncrease, requiring an i ncrease in hepatic amino acid catabol i sm .  

The s ign ificant results of the current study were that a lthough there was a 

s ignificant increase in  both P DV ammonia production and hepatic ammonia 

extract ion fol lowing feeding , there was no s ignificant increase i n  hepatiC urea 

production nor amino acid catabol ism. There was a suggestion of i ncreased 

hepat ic g lutam ine production during feeding fol lowed by an i ncreased rate of 

extraction when the ammonia detoxification rate returned to pre-feeding levels.  

The o pposite trend was observed for g lutamine synthetase activity. This 

suggests that hepatic glutamine synthesis was used to temporari ly remove 

ammonia that could not be detoxified immediately via ureagenesis. 

5 . 5. 1 I ntake parameters 

The O M  intake as a proport ion of OM offered (0 .69) was lower than previous 

work in this laboratory (0 .84 ;  C hapter Four) , as a d irect resu lt of the restricted 

feeding period these animals were permitted. 

The feeding regimen employed i n  this experiment conditioned the sheep to 

rapid ly consume the feed when avai lable, a phenomenon wh ich is typical of the 

regimen often employed to feed dairy cows in New Zealand.  That is, fol lowing 

a period of fasting (during m i lking) ,  the cow is returned to the pasture and eats 
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rapid ly .  To the author's knowledge, there are few reports of metabol i c  

evaluations fol lowing such feeding regi mens under experimental cond it ions 

(Waghorn, 1 986; Waghorn et al. 1 989) ,  and none with sheep. Compared to 

previous work in this laboratory using continuous (24 hour) feeding from 

automated feeders, where the ani mals consumed 8 1 6  g OM/d {34 g/h} (Chapter 

Four), the intake of 560 g OM/d { 1 40 g/h} achi eved by these animals in  a total 

of four hours feeding  per day, i nd icates that four hours feeding per day i s  

sufficient for maintenance purposes. Both the O M  and N digest ib i l it ies were 

also comparable to previous work i n  th is laboratory ( Chapter Four) ,  ind icative 

of a normal d igestive process fol lowing the abnormal  i ngest ion pattern.  

55.2 B lood flows 

The average blood flow i n  the portal and hepatic veins were comparable to 

previous reports (Barnes et a/. 1 983a; Lush & G ooden ,  1 988; Burr in et a/. 1 989; 

Hunt ington ,  1 990; Harris et  a/. 1 992; Lobley et al. 1 995) .  Although there was 

no s ignificant d ifference i n  b lood flow ( i n  any vessel measured) across the n i ne 

t ime pOints, there was a trend for increased blood flow during i ngestion which 

extended for three hours fol l owing the cessation of i ngestion (appendix Table  

8 . 1 )  confirming previous reports (Whitt e t  a/. 1 996) .  The variabi l ity associated 

with the est imates of the mesenter ic blood flow i s  d iscussed i n  sect ion 6 .2 .3 .  

5 .5 .3  Hepatic  ammonia metabo l i sm 

Although there was a trend for increased portal ammonia concentration start ing 

one hour after feeding and extending for seven hours, the d ifference was not 

s ig nificant (Table 5 . 1 ) .  Th is  trend was n ot evident i n  e i ther the hepatic vei n  or 

posterior aorta, with the latter ammonia  concentration  maintained below 1 00 

J-lmol/l ,  wel l  below the recognised metabol i c  ammonia overload concentrat ion of 

700 J-lmolll (Symonds et al. 1 981 ) .  There were s ignificant i ncreases i n  P OV 

a mmonia production and hepatic extract ion fol lowing feeding .  The i ncrease i n  

ammonia production from the POV had receded with i n  seven hours of the 

conclusion of i ngestion. Th is finding was a lso demonstrated in cows fed fresh 

ryegrass dur ing two 2 hour periods per day, with a peak in rumen ammonia 
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concentrat ion recorded two hours after the i nit iation of feed ing ,  returning  to pre­

feeding concentrations with in two hours fol l owing the cessation of i ngestion 

(Waghorn et a/. 1 989) .  

There was n o  d iscerni ble change i n  hepatic 1 5N -ammonia extract ion over t ime 

(Table 5.6) ,  further confirming that these an imals  were able to metabol ise the 

ammonia produced during the d igestive process without major changes to the 

ureagenic pathway or i ncreases to the various ammonia storage pools .  

5.5 .4 Amino acid m etabol ism 

The P DV amino acid production was genera l ly  extracted by the l i ver, with the 

exception of the branched cha in  amino acids (Table 5 .3  and 5.5) .  There was 

no measurable increase i n  hepatiC amino acid catabol ism associated the onset 

of feeding (Table 5.4 ) .  

The large variation associated with these amino acid data potentia l ly obscures 

any true biologica l  findings. However, there was a trend toward i ncreased 

hepatic g lutam ine production fol lowi ng the onset of feeding which changed to 

net g lutamine extraction for the last three t ime pOints (5, 7, 9 hours after the 

onset of i ngest ion ,  respectively) . The l evel of hepatiC g lutamine synthetase 

activity measured in the six sheep at various times relative to the feeding 

period was comparable to that recorded for the rat l iver ( Meister, 1 985) .  

Together, these two trends suggest that hepatic g lutamine synthetase activity 

was used to detoxify the hepatic ammonia load, in  addition to u reagenesis 

during the period of e levated ammonia load, but when this load decreased ,  the 

g lutam ine produced was recycled to the l i ver. That is ,  hepatic g lutamine 

synthetase act ivity was used as a backup ,  short-term ammonia detoxification 

regimen to support ureagenesis. 

The net hepatic nitrogen transactions (ammonia-N p lus amino acid-N m inus 

urea-N) clearly demonstrated the variab i l ity associated with such 

measurements (Table 5 .2 ;  average -48.9 g N/d) .  However, if the d ifference 

between the averages were taken (ammon ia-N + amino acid-N - urea-N )  for 
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each t ime point rather than the average of each of the six an imals' net l iver N 

transact ions,  values close to net balance were recorded (Table 5 .2 ;  9 .9  g N/d) .  

These re-calculated values may offer a closer representation of the actual 

s ituat ion that occurred i n  these experimental animals ,  as the l iver could n ot 

susta in  the l arge N loss suggested with the previous, more accepted method of 

calcu lating  net hepatic N balance. 

5 .5 .5 U rea metabol ism 

The urea conce ntrations in the blood vessels sampled were s im i lar to previous 

reports (Chapter Four) and d id not demonstrate any effect of t ime after feeding  

(appendix Table  B .3) .  U rea transfers for the PDV and l i ver  were h igh ly 

variable ,  as i s  often the case with thi s  m etabol ite (Parker et  al. 1 995) ,  and were 

not affected by the t ime after feed ing .  H epat ic 1 5N-urea metabol ism was also 

not affected by the t ime after feeding .  The absence of detectable quantities of 

double label /ed urea C 5N 1 5N )  confirms earl ier reports suggest ing that the 

contribution of ammonia-N to urea-N is  restricted to the s ingle N atom ( Lobley 

et a/. 1 995; Lobley et aJ. 1 996b; Chapter Three and Four). The hourly hepat ic 

urea product ion values (Table 5.2 )  may be used to provide estimates of the 

dai ly urea production, as g N/d, which were of a s imi lar magn itude to the dai l y  

N i ntake. Thi s  urea data clearly shows that the l iver detoxified the pulse of 

ammon ia  generated by the pulse feed ing reg imen ,  without s ignificantly 

increasi ng the rate of urea product ion .  

5 .5 .6 Energy metabol ism 

From the assum ption that u rea synthesis  requires four h igh energy phosphate 

bonds per molecule synthesised and that there are six of these bonds per 

oxygen molecule consumed ( Mart i n  & B laxter, 1 965) ,  ureagenes is  accounted 

for 0 .21 1 ( S E D  0 . 1 27 ;  P = 0 .744) of hepatic oxygen consumption. This value 

(the average of n i ne t ime points) is com parable to previous reports (0. 1 1 -0 . 1 6; 

Reynolds et aJ. 1 991 ; Lobley et a/. 1 995) .  I n  terms of d i rect energetic cost, 

ureagenesis used 1 1 3 kJ/d (SED 76; P = 0.634; assum i ng 1 22 kJ/mole urea 

synthesised; Mart in  & Blaxter, 1 965; Waghorn & Wolff, 1 984) ,  whi ch was 0 .05 

of metabol isable energy (ME)  i ntake (ME content of fresh white clover 1 0 . 5  
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MJ/kg OM ;  Waghorn & Wolff, 1 984; Beever et at 1 985) .  Th is  represents 0.022 

of the energetic requirements of an average dai ly gain for 200 g/d (Waghorn & 

Wolff, 1 984) .  

5 .6  CONCLUS ION 

The results from this study ind icate that animals accustomed to two 2 hour 

feeding  periods per day exhib ited a trend toward elevated ammonia production 

fol lowing feeding ,  resulting in a s im i lar trend in hepat ic ammonia extraction. 

However, urea production did not fol low this trend. There was no d iscernible 

i ncrease in hepatic energy consumption. Hepatic g lutamine production tended 

to increase fol lowing feeding ,  then change to net extract ion five hours after the 

onset of feed ing .  Conversely hepatic g lutamine synthetase activity i ncreased 

during and immediately after feeding ,  with a subsequent decrease in activity, 

suggest ing that hepatic g lutamine synthetase activity was used to supplement 

the ammonia detoxification capacity of ureagenesis. This study d id not record 

. 
any e levation i n  hepatic amino acid catabol ism as a resu lt of elevated levels of 

hepatic ammonia detoxification .  Future work could uti l ise the same feeding 

reg imen employed in  the current work, with more than the six animals used 

here to reduce the measured variat ion. 
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The N ew Zealand agricu ltura l  system is  based on the efficient uti l isat ion of 

fresh temperate pastures. The cl imate in N ew Zealand is sufficiently m i l d  to 

a l low grass growth throughout the year. A typ ica l  New Zealand pasture is  

dominated by ryegrass (LOlium perenne) and wh ite clover ( Trifolium repens) .  

Ruminants general ly g raze pastures year round,  a lthough forage conservation ,  

as  both s i lage and hay, i s  widely pract ised . 

Fresh forage is  characterised by a crude protei n  content (20-35%) that is  

rapid ly degraded i n  the rumen with a resultant h igh loss of  N as ammonia 

( MacRae, 1 975) .  The carbohydrate content of fresh forage comprises 

predominantly structural carbohydrates that are d igested relatively slowly in the 

rumen,  hence the ava i lab i l ity of energy (supp l ied from carbohydrate) and 

n itrogen for m icrobial prote in synthesis in the rumen may be asynchronous. 

Add it ional ly ,  seasonal c l imatic variations induce s ignificant changes in the 

relative proport ions of protei n  and carbohydrate in fresh forages, further  

exacerbating these problems. The asynchrony of e nergy and n itrogen supply 

with i n  the rumen is one of the contribut ing factors to the reduct ion i n  

productiv ity associated with rum inants fed fresh forages as com pared to iso­

energetic concentrate d iets (Reynolds et al. 1 99 1 ) .  

The h igh protein  content of  Lucerne ( Medicago sativa) makes it an important 

protein source for rumi nants in many countries. Lucerne has a h igher protei n  

content than ryegrass, for example,  therefore d igestion of lucerne withi n  the 

rumen is  rap id and y ie lds a h igher concentrati on of volat i le  fatty acids, 

consequently lucerne has a h igher nutrit ive value than ryegrass (Waghorn et 

a/. 1 989) . The efficiency of lucerne d igestion can be i ncreased by protect ing 

the protei n  from d igestion withi n  the rumen, that is ,  i ncreasing the proportion of 

by-pass prote in .  This maybe achieved by a number of d ifferent techn iques, 

however a common method is  to dry, then grind and final ly pel letise the l ucerne 

(Preston & Leng, 1 987b) .  
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I n  New Zealand fresh white clover is  rarely used as a pure sward, 

predomi nantly due to the prevalence of bloat fol lowing grazi ng such a sward. 

I nstead, white clover is the m inority species, compris ing 0 to 30% of the 

ryegrass/white clover combination that predominates i n  New Zealand's 

pastures. The protei n  content of fresh white clover is characterist ica l ly  h igh,  

20-35%,  with s ignificant seasonal  variation ( Rattray & Joyce, 1 975; U lyatt & 

Egan, 1 979; Beever et a/. , 1 985) .  Once i ng ested, the protei n  content of fresh 

forage i s  h ighly soluble (75-80%) ,  with a large proport ion of this p rotei n  rapid ly 

degraded (90% with i n  one hour) in the rumen (U lyatt, 1 997) .  The soluble 

carbohydrate content of fresh wh ite clover is  also relatively h igh and seasonal ly 

variable (5-1 5%) ,  therefore the total energy content of this forage is  a lso high 

( 1 0-20 MJ/kg OM) .  

Ruminants grazing a typi cal New Zealand pasture are presented with a d iet 

consisting of a h igh crude protein content,  wh ich is readi ly soluble i n  the rumen 

and is rapid ly fermented producing l arge q uantities of ammonia  ( Ulyatt & 

MacRae, 1 974) .  The resi dent rumen m icrobia l  population uti l ises the avai lable 

ammonia for protein synthesis, however the energy supply for th is  process i s  

quickly exhausted (U lyatt e t  al. , 1 984) .  The excess rumen ammonia i s  

passively absorbed i nto the venous blood system for subsequent detoxification 

to urea i n  the l i ver. The rate of hepati c  urea-N production genera l ly  exceeds 

the rate of hepat ic ammonia-N extraction ( Parker et al. , 1 995).  S uch findings 

have lead to the suggestion that hepat ic ureagenesis requ i res an amino acid 

i nput, which may reduce amino acid ava i lab i l ity for productive processes 

( Reynolds, 1 992; U lyatt, 1 997) .  

Th is  thesis i nvest igated the hypothesis that i ncreased hepat ic ammonia 

d�;Oxificat ion would require an i ncrease i n  hepatic amino acid catabol ism for 

ureagenesis .  The animals product ive capabi l i ty may be impaired as a result of 

the decreased hepatic amino acid output. 
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6.2 M ETHODOLOGICAL CONS IDERATI O N S  

6.2 . 1  S urgica l  methodology 

The surgica l  approach adopted in th is  study was first publ ished the same year 

this work began, therefore the techn iques appl ied were contemporary. Whi l st 

the surg ica l  technique per se has remained predominantly unchanged, the 

catheter construction has improved with s impl ified construct ion methods using 

materia ls which are l ess prone to thrombus formation or b locking, potentia l ly 

i ncreasing the term of catheter patency (M i lano et aI. , 2000) .  Add itiona l ly these 

catheters are easier to i nsert i nto the appropriate veins I arteries durin g  

surgery, which reduces surgery t imes and consequently the stress o n  the 

animal .  

6 .2.2 The arterio-venous d ifference technique 

The arterio-venous d ifference techn ique is dependent upon accurate 

measurements of the primary determinants; b lood flow and metabol ite 

concentration ( Boiscla ir  et a/. , 1 993) .  Any errors in the primary measurements 

are compounding and have considerable i nfluence on the fina l  estimate of 

metabol ite transfer. C lear defin it ion of the t issue across which the arterio­

venous d ifferences are taken is fundamental to obta in ing accurate 

measurements. 

Comparison of the n itrogen flux data with net hepatic  nitrogen (g N/d) transfer 

data presented i n  Tabl es 3 .3, 4 .4  and 5 .2  i l lustrates an i nterestin g  problem with 

the presentat ion of arterio-venous d ifference data such as these. Theoretica l ly  

the net hepatic N transfer coul d  be compi led from the summation of the 

appropriate fluxes in each of the above tables (hepatic - portal - arteria l ) ,  

however the d ifference i n  the number of t ime points that contributed to the 

mean for each animal d id not a l low such a summation.  That is ,  the fluxes (as g 

N/d) of the various metabol ites withi n  each of the vessels  considered are 

presented , with data from the hepatic transfers (as g N/d) presented at the 

bottom of Tabl es 3.3, 4 .4  and 5 .2 .  To calculate the flux data presented 

requires on ly the data from the specific vessel under considerat ion to generate 
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a mean, that is ,  the b lood flow and the metabol ite concentration ,  and for the 

data presented in  Chapter Three, this com prised four t ime points or samples 

per animal .  H owever, to calculate the hepatic transfer data, blood flow from the 

portal and hepatic veins  and the est imat ion of the hepatic arteria l  b lood flow, 

p lus the concentration data for each of these vessels was requ i red. If one of 

these p ieces of data were m issing (for example ,  the portal vei n  b lood flow 

estimation was not ava i lable) then the ent i re hepatic transfer result for that t ime 

po int would not contribute to the mean for that an imal .  The net result is that 

there may be a d ifferent number of t ime points contributing to the i nd iv idual 

ani mal  mean from which the average of the treatment groups is presented i n  

these tables, however the number of animals per mean are the same. 

6 .2 .3  Estimation of blood flow 

Dye d i l ut ion of pAH was used to est imate the b lood flow rates i n  th is  work 

because pAH is not s ignificantly metabol ised by the l iver, with the exception of 

an acetylation step. An acid deacetylation step was added to the standard pAH 

analysis ( Harris et al. 1 992) to remove the acetyl group accumulated fol lowing 

hepatic metabol ism. The pAH is  predominantly removed from the blood by the 

k idneys, a lmost e l iminating  the recycl i ng of pAH to the mesenteric vein .  The 

probe technique (Tepperman & Jacobson, 1 982) ,  with its numerous variants, 

was not considered for these experiments because the hepatic vein  is  

inaccessib le for probe p lacement and i t  is desirable to  uti l ise the same method 

of blood flow determinat ion for a l l  of the catheterised vessels to a l low concise 

quant itat ion of sequential b lood flows. 

The estimates of blood flow presented i n  Chapters Four and F ive for the 

mesenteric vein were h igh ly variable (351 -40,451 g/m in ) ,  therefore the results 

were not presented. Although the surg ica l  technique was ident ical to that used 

i n  Chapter Three, there was no obvious explanation for th is  find ing .  The 

d istance between the mesenteric i nfusion and sampl i ng catheters were the 

same between experiments, however the estimates of b lood flow presented i n  

Chapters Four and Five are suggestive of pAH streaming withi n  that vein .  At 

autopsy the mesenteric catheters appeared normal .  
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The hepat ic arterial b lood flow was estimated by d ifference between the portal  

and hepat ic vei n  flows, therefore any variation  in either est imate would d istort 

the est imate of arterial flow, further i ncreas ing the variabi l ity associated with 

the b lood flow est imate in the artery. Thi s  was confirmed by the est imates of 

hepatic arterial b lood flow i n  the current work, which had a h igher level of 

variation ( S ED)  than that recorded for the other vessels  considered. 

6 .2 .4 Tracer methodology 

The i nfusion of 1 5N H4CI  provided quantitative i nformation on the hepatic 

metabol ism of 1 5N ,  part icularly the rate of formation of s ing le and double 

label l ed 1 5N-urea. Conservation of label is i nd i cative of accurate quant itat ion 

and concise measurements. The absence of detectable level s  of 1 5N in any 

amino acid was unexpected and contrasts with the find ings of Lobl ey et 81. 

( 1 995) us ing s im i lar analyt ica l  methodol ogy and i n  the case of the work 

described in C hapter Three, the analysis  was conducted in Or Lobleys 

laboratory. There were no other concise d irect comparisons of 1 5N m etabo l i sm 

between the current report and that of Lobley et al. ( 1 995), therefore this 

apparent d ifference is d ifficult to exp la in .  H owever in  the work of Lobley et al. 

( 1 995), it i s  possib le that the acidosis caused by the relat ively h igh level of 

1 5N H4C I i nfusion,  which is in  contrast to the present exper iments, may have 

altered the normal amino acid metabol ism, and therefore may be the cause of 

the observed d ifferences. 

6.3 AMMONIA D ETOXI F ICATION 

Rumen ammonia product ion was increased when the an imals were fed fresh 

white clover compared with lucerne pel lets . H owever, the s ignificance of th is  

d ifference was reduced to  that of a trend (P = 0 .084) when cons idered across 

the PDV. There was no s ignificant d ifference in PDV ammonia production 

recorded for the l ow and h igh i ntake groups in Chapter Four, despite a 39% 

i ncrease in N intake. Whi lst both the blood flow and ammonia  concentrations 

were not s ignificantly d ifferent, the values recorded for both parameters were 



1 26 

lower for the h igh intake group, comb in i ng to ensure no s ignificant d ifferences 

i n  hepatic  transfer values. I n  the work described i n  C hapter F ive ,  there was a 

trend towards e levated portal b lood flow and ammonia concentrations and 

consequently the rate of hepatic ammonia extract ion,  for a period of 4-6 hours 

fol lowing the onset of i ngest ion.  These data cumulat ively demonstrate that the 

exper imental an imals removed the e levated levels of ammonia product ion 

without i ncreasing the hepatic vei n  or  arterial ammon ia  conce ntrat ions.  Thi s  

was achieved by equ imolar i ncreases i n  the level of urea product ion .  The rat io  

of hepatic  ammonia extraction to u rea product ion was within the range 0.6- 1 . 6  

for a l l  of the compari sons with the exception of the first and last t ime points 

fol l owing the i nit iation of i ngestion in the pulse fed trial (Chapter F ive) .  The 

former exception is  perhaps i nd icative of the lag phase requ i red for 

ureagenesis to respond to a rapid i ncrease i n  hepat ic ammonia  extraction (with 

the next t ime point withi n  the expected rat io) ,  whereas the latter was due to a 

very low level of ureagenesis  for that t ime point. 

6.4 SOURCES OF N FOR U REAGENES IS  

The urea molecule conta ins two N atoms which are sourced from ammonia via 

carbamoyl-phosphate synthesis and from cytoplasmic aspartate. The 

m itochondria l  and cytoplasmic  aspartate I g lutamate transamination pools are 

in equi l ibr ium ( Cooper et a/. 1 988), therefore it is possib le for the N of ammonia 

(or amino acids) to contr ibute both of the N atoms of the u rea molecule by 

reversing the act ion of g lutamate dehydrogenase (GLDH ). If the m itochondrial 

supply of ammonia is not able to meet the e levated demand for u reagenesis ,  

the amino acid-N is the on ly other source of the ammonium ion ,  effectively 

inducing an am ino acid deam ination cost for ureagenesis .  In th i s  work, there 

was no evidence to suggest that ammonia contributed both of the N atoms of 

the urea molecule,  nor was there an increase i n  hepatic amino acid catabol ism 

as the rate of hepatic ammonia detoxification to urea increased. 

The spat ia l  arrangement of the l i ver ensures that any excess ammonia 

escaping periportal ureagenesis i s  i ncorporated i nto g lutamine in  the 

perivenous cel l s  (Parker et al. 1 995).  Therefore elevated levels of g lutamate 
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extract ion and g lutamine production are ind icative of periportal ammonia 

overload. I ncreased leve ls  of g lutamate extract ion were noted in the 

comparison between l ucerne pel lets and fresh white clover but not in the i ntake 

l evel comparison nor with the pulse fed animals .  E levated levels of hepatic 

g lutam ine production were recorded in the com parison with l ucerne pellets and 

fol lOwing the onset of feeding i n  the pulse fed animals,  but not i n  the i ntake 

l evel comparison. The level of g lutam ine synthetase activ ity was not 

s ignificantly affected by the onset of ingest ion , nor was there a s ignificant 

change in act ivity during the period of i nvestigat ion (pulse fed data only) .  

Therefore, this study does not support a clear role  for the g lutamate I g lutamine 

shuttle as a means of temporal ammonia detoxification . 

The rate of ureagenesis  may be i ncreased i n  response to h igh  protein d iets by 

i ncreasing the capacity of the urea cycle enzymes, predominantly by an 

i ncrease i n  enzyme mass (Morris ,  1 992) .  Carbamoyl phosphate synthetase 

(CPSl) has been shown to be the rate l im it ing enzyme of ureagenesis ( Cohen 

et at. 1 985; Meijer et al. 1 985; Morris, 1 992) .  Short term (m inutes) regulat ion of 

C PSI i s  achieved by changes i n  substrate concentrat ions, whereas longer term 

( hours I days) regulation is achieved by changes in C PSI mass (Cohen et al. 

1 985) .  I t  has been shown that the activity of CPSI is h igh ly dependent on the 

concentrat ion of NAG as an a l losteric regulator ( Sh igesada & Tatibana, 1 97 1 ; 

Lusty, 1 98 1 ) .  Therefore the concentrat ion of NAG was evaluated using the 

methods of Alonso & Rubi o  ( 1 985) and the activity of C PSI was recorded 

fol l owing the methods outl i ned by Kaseman & Meister ( 1 985) .  Fol lowing many 

modificat ions to these methods, it was concluded that the l iver t issue samples 

were not prepared pre-storage nor stored appropriately to a l low either the NAG 

concentration or CPSI act ivity to be determi ned. I t  should also be noted that 

the in terpretati on of the hepat ic enzyme activ ity was also impaired by the lack 

of an imals ava i lable for evaluat ion. The lack of reportable data for both the 

NAG concentration and CPSI act ivity from this work was d isappo int ing ,  as 

i ncreasing the throughput of this enzyme and hence ureagenesis was defin itely 

the mechanism these animals uti l i sed to effect ively respond to the various 

ammonia chal lenges presented to them. This method of ammonia  
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detoxificat ion i s  the m ost economica l  (metabo l i ca l ly) avai lable to these animals 

and appears to be the first choice method of dea l i ng  with such sub-cl i n ica l  

ammonia over-load situat ions a s  those presented b y  this work. 

6 .5  THE E N E RGETIC C OST OF U REAGENESIS  

If  it i s  assum ed that the  energetic cost of ureagenesis i s  1 22 kJ/mole (Mart in  & 

B laxter ,  1 965;  Waghorn & Wolff, 1 984) and that the energet ic cost of body 

weight gain is  3 .4-4 . 1 M J/g (Waghorn & Wolff, 1 984) ,  then the energetic 

equiva lent of the urea produced by the l iver in these tria ls  equates to 4-1 4 g of 

l ive weight gain per day. Obviously the urea produced by the l i ver is not 

entire ly lost to the body, with a variable proport ion returned to the G IT. The 

pu lse fed animals used i n  the experiment reported i n  Chapter F ive required the 

h ighest proportion of ME i ntake for ureagenesis, which was associated with a 

relatively l ow proport ion of hepatic oxygen consumption ,  i nd icative of the ease 

with which the l i ver dealt with the pulse of ammonia generated by th is  d ietary 

reg imen.  

6 .6 THE I NFLUENCE OF ACI DOSIS  ON HEPATI C  N METABO LISM 

I t  has been suggested that mi ld  acidosis may be  i nduced by the i nfusion of 

N H4CI  (Lobley et al., 1 996; M i lano et aI. , 2000) ,  fol l owing earl ier reports which 

demonstrated that amino acid oxidation was stimulated by N H4CI admi nistration 

i n  humans ( Reaich et a/. , 1 992) ,  providing a surp lus of  amino acid-N avai lable 

for ureagenesis.  Unfortunately the b lood pH was not recorded during the 

current work, therefore d i rect comparisons with earl ier reports (Lobley et a/. , 

1 995,  1 996; M i lano et a/. , 2000) cannot be made. Although the levels  of NH4CI  

i nfusion i n  the present work were relatively low (0. 1 3-0 .4  of that used by Lobley 

et al. , 1 995) m i l d  acidosis may sti l l  have been i nduced which may have 

e levated the level of amino acid oxidation providing supplemental amino acid-N 

for ureagenesis. However there was no evidence from any of the three 

experiments reported here, to suggest that the rate of hepatic amino acid 

catabo lism increased as the rate of ureagenesis i ncreased.  
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6. 7 HEPATIC A DAPTATION 

The l iver is  able to rapid ly adapt to changes in d ietary i ntake, therefore the 

changes to i ntake levels  used in th is tria l  may not have been severe enough to 

induce changes i n  hepatic ammonia metabo l ism and hence ureagenesis .  I n  

Chapter Four, the experimental anima ls  were fed ad-libitum prior to the 

in i t iat ion of the N balance and i nfusion period.  The animals were able to 

sustai n  an intake level of 1 1 1 8 g DM/d (43. 9 g N/d) ,  a level which i s  below that 

achievable by an imals grazing a s im i lar pure sward of fresh white clover ad­

libitum (U lyatt, 1 997) .  This apparent depression of intake may be partia l ly 

expla ined by an apathet ic approach from these animals to the same d iet. 

Alternatively an excess of a micro-nutrient or toxin ,  such as cyanide ( Gurnsey 

et aI. , 1 977) ,  may have been part ia l ly responsib le .  

6 .8  CONCLUSI O N S  

Despite a sign ificant increase i n  rumen ammonia product ion from the an imals 

fed fresh white c lover, there was only a trend toward higher hepatic ammonia 

extraction rates in the sheep fed fresh wh ite c lover compared to the animals fed 

lucerne pel lets. Consequently there was no s ign ificant difference i n  amino acid 

catabol ism between the two d iets. There was no evidence to suggest that 

ammonia provi ded both of the N atoms requ i red for urea synthesis. 

The experiment reported in  Chapter Four showed that despite s ignificant 

d ifferences in both OM and N i ntake there was no sign ificant d ifference in  

ammonia, urea and amino acid transfers across the PDV and l i ver, with the 

exception of 1 5N-ammonia transfer across the l i ver. This find ing suggests that 

the d ifferences ( if any) between treatments i n  th is experiment were too smal l  to 

be detected with the mass transfer technique, part icu larly with only six an imals 

being used in  th is experiment. 

Restrict ing feed access to only two 2 hour periods per day resulted in a trend 

toward e levated ammonia production fol l owing feedi ng ,  which generated a 

s imi lar  trend in  hepatic ammonia  extract ion.  U rea product ion d id  not fol l ow th is 
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trend,  nor was there any evidence to suggest an i ncrease i n  hepatic amino acid 

catabol ism fol lowing the onset of i ngestion. 

This set of experiments has uti l ised various d ifferent d ietary treatments to try to 

i ncrease the rate of hepatic ammonia detoxification requ i red to mainta in  basal 

system ic  ammoni a  con centrations. H epatiC urea product ion has been shown to 

rise without any apparent i ncrease i n  hepatic amino acid catabolism.  There 

was no evidence to suggest that ammonia contributed both of the N atoms of 

the urea molecule.  I t  has been assumed that the ureagenic capacity of the l iver 

has been modified by changes to enzyme mass, specifical ly the enzymes C PSJ 

and GLDH ,  without the n eed to reverse the react ion of the latter. 

From this set of experiments i t  may be concluded that the level of amino acid 

catabo l ism associated with hepatic ureagenesis was s imi lar across the range of 

d iets (and therefore protein  solubi l ity) and i ntake levels presented to the 

experimental animals.  I t  is wel l  documented that the l iver is able to adapt to 

changes i n  d ietary i ntake ( Reynolds, 1 992) ,  as such the d ietary and i ntake 

chal lenges presented to the sheep used in these experi ments may n ot have 

been sufficiently severe to induce measurable changes in hepatic ammonia 

metabol ism. I t  is suggested that changes in  the activity of the primary regu lator 

of the rate of ureagenesis, C PSJ, a l lowed these experimental animals to 

effectively detoxify the ammonia cha l lenges presented to them without incurr ing 

any addit ional amino acid catabo l ism .  The variation associated with the 

primary determi nants of metabol ite transfer, b lood flow and metabol ite 

concentration,  were relatively large in this set of experiments, suggest i ng that 

future work should seek to reduce both the i ntra- and inter-animal var iat ion to 

increase the probabi l i ty of quantifying the true d ifferences, if any, between 

treatments. 

6 .9  FUTURE WORK 

Future work should  address the causes of the h igh inter- and i ntra-an ima l  

variabi l ity i nherent with experiments of this nature. Sample poo l ing with i n  a 

day of i nfusion could  be ut i l i sed to reduce the i ntra-ani mal  variat ion ,  as uti l i sed 
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to good effect i n  the amino acid analysis reported by M i lano et al. (2000) .  The 

experimental period coul d  be extended to cover mu lt ip le days of i nfusion with 

samples (say four) taken over an extended period (say six hours)  per day. The 

easiest way to reduce variabi l ity is to increase the number of an imals per 

treatment group, however the experimental costs escalate according ly ,  which 

may be prohibit ive.  

The arterio-venous d ifference techn ique is rel iant upon accurate 

determinations of the primary components, namely blood flow and m etabol i te 

concentration. A reduction i n  the variation associated with both of these 

parameters could  be achieved by mult ip le  measurements of the same variable 

within  a t ime point .  

Having improved the empirica l  measurements and thereby reduced the 

variat ion,  consideration shoul d  be given to methods of tak ing the experimental 

an imals to the extremes of ammonia metabol ism such that the rat io of ammonia 

extraction to urea production greatly exceeds one-to-one. This may be 

achieved by adding other physiologica l  demands such as lactation or 

pregnancy. Alternatively, intensive i nvest igation of the period immed iately 

fol l owing a short term starvation period (for example, the th i rd t ime point  i n  the 

pu lse data, which is the first t ime point fol l owing the onset of ingestion)  may 

yie ld more conclus ive resul ts as to the shorter term mechanisms contro l l i ng the 

rate of ureagenesis. This approach may uti l ise a more rapid sampl ing reg imen 

such that b lood samples are extracted every fifteen minutes over a period of 

two hours, for example.  

I t  has been shovvn that d iets contain ing condensed tannins ,  such as Lotus 

pedunculatus, effectively reduce rumen ammonia production and increase the 

absorption of d ietary amino acids ( Waghorn et al. , 1 987; McNabb et al. , 1 993; 

Waghorn et al. , 1 994) .  This d iet coul d  be offered to s im i larly catheterised 

experimental animals to evaluate whether the rate of rumen ammonia 

production and hepatic amino acid catabol ism would be lower than that 

recorded in these experiments. 
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Considerat ion should be g iven to devel op ing a working method to eval uate the 

concentrat ion of NAG and CPSJ act iv i ty in Ovine hepatocytes, which wi l l  l ead 

to  a clearer understandi ng of  how the Ovine l iver metabol i ses the ammo n ia 

chal lenges presented to it .  

Extrapolat ion of the above findings,  us ing pure fresh white clover, to other d iets 

and feeding  reg imens, in addit ion to other physiologi ca l  cond it ions (for example 

pregnancy or lactation) need careful cons ideration or preferably further work. 

I n  conclus ion ,  these data clearly demonstrate that the Ovi ne l iver is capable of 

adequately metabol is ing the ammon ia  chal lenges presented by the various 

feedi ng reg imens appl ied in th i s  set of experiments. The rat io of hepat ic  

ammonia extract ion to  urea production d idn't s ignif icantly exceed one to  one, 

therefore there was no increment i n  hepatic amino acid catabo l ism to provide 

addit ional N for ureagenesis. F uture work should  endeavour to reduce the 

variat ion associated with the empir ica l  measurements ut i l i sed to generate 

t issue metabol ite transfer values. Accurate quantification of the act iv ity of the 

primary rate regulator of ureagenesis, CPSl, is requ ired to confirm that 

i ncreasing the activity of this enzyme is how the Ovine l iver responds to sub­

c l in ica l  ammonia chal lenges. 



1 33 

7 CHAPTER 7. REFERENC ES 

Airhart J ,  Vidrich A & Khaira\ lah EA ( 1 974) Compartmentation of free amino 

acids for protein synthesis in rat l i ver. Biochemical Journal 1 40, 539-545 .  

Alonso E & Rubio V ( 1 985) Determination of  N-acety l-L-glutamate us ing high­

performance l iquid chromatography. Analytical Biochemistry 1 46, 252-259. 

Arias I M ,  Schachter D ,  Popper H & Shafritz DA ( 1 982 )  Organisational 

pr inciples.  I n  The Liver Biology and Pathobiology, pp .  23-30 [ IM  Arias, D 

Schachter, H Popper and DA Shafritzs, I M  Arias, D Schachter, H Popper and 

DA Shafritzs, editors] . N ew York: Raven Press. 

Armstrong DG ( 1 965) Carbohydrate metabo l ism in rum inants and energy 

supply. I n  Physiology of Digestion in the Ruminant, pp. 272-288 [RW 

Dougherty, editor] . Washington :  Butterworths. 

Armstrong DG & Hutton K ( 1 975) Fate of n itrogenous compounds entering the 

sma l l  i ntestine. In Digestion and Metabolism in the Ruminant, pp. 432-447 

[ IW McDonald and ACI Warners, editors] . Sydney: The University of New 

England Publ ishing Unit .  

Aterman K ( 1 963) The structure of the l iver s inusoids and the sinusoida l  cel ls .  

In The liver. Morphology, Biochemistry, Physiology. , pp. 61 -1 32 [CH 

Roui l lers, editor] . New York: Academic Press. 

Atkinson DE & Bourke E ( 1 984)  The role of in  pH homeostasis. Trends in 

Biochemical Science 9, 297-300. 

Atta ix D, Aurousseau E, Manghebati A & Arnal M ( 1 988) Contribution of l iver, 

skin and skel etal muscle to whole-body protein synthesis in young lambs. 

British Journal of Nutrition 60, 77-84. 

Baird GO, Lomax MA, Symonds HW & Shaw SR ( 1 980) Net hepat ic and 

splanchnic metabol ism of lactate, pyruvate and propionate in  dairy cows in  

vivo in  relation to lactat ion and  nutrient supply. Biochemical Journal 1 86, 47-

57 . 

Barnes RJ,  Coml i ne RS & Oobson A ( 1 983a) Changes in  the blood flow to the 

d igestive organs of sheep induced by feedi ng .  Quarterly Journal of 

Experimental Physiology 68, 77-88. 



1 34 

Barnes RJ , Coml ine RS,  Dobson A & Drost CJ ( 1 983b) An implantable transit  

t ime u ltrasonic blood flow meter. Proceedings of the Physiological Society, 

2 P-3P. 

Barnes RJ , Coml ine RS, Dobson A, M i l l igan LP, Grovum WL & Dobson A 

( 1 986) The control of splanchnic blood flow. I n  Control of Digestion and 

Metabolism in Ruminants, pp. 4 1 -59 [LP M i l l i gan,  AL Grovum and A Dobson ,  

editors] . New Jersey: Prentice Ha l l .  

Beever D E  ( 1 993) Ruminant animal product ion from forages: present posit ion 

and future opportun it ies. Proceedings of the 1 1h International Grasslands 

Congress 1 7, 535-542. 

Beever DE, Coelho Da S i lva JF, Prescott J H D  & Armstrong DG ( 1 972) The 

effect i n  sheep of physical form and stage of growth on sites of d igestion of a 

dried grass. 1 .  S ites of d igestion of organic, energy and carbohydrate. 

British Journal of Nutrition 28, 347-356. 

Beever DE ,  Dhanoa MS ,  Losada HR ,  Evans RT, Cammel l  SB  & France J 

( 1 986a) The effect of forage species and stage of harvest on the processes 

of d igest ion occurring i n  the rumen of catt le .  British Journal of Nutrition 56, 

439-454 . 

Beever DE ,  Losada H R, Cammel l SB ,  Evans RT & Ha ines MJ ( 1 986b) Effect of 

forage species and season on nutrient digestion and supply in  grazing catt le .  

British Journal of Nutrition 56, 209-225. 

Beever DE,  Thomson DJ ,  Pfeffer E & Armstrong DG ( 1 97 1 ) The effect of dry ing 

and ensi l i ng grass on its d igestion in  sheep. S ites of energy and 

carbohydrate d igestion . British Journal of Nutrition 26, 1 23-1 34. 

Beever DE ,  Thomson DJ ,  U lyatt MJ,  Cammel l S B  & Spooner MC ( 1 985) The 

d igestion of fresh perenn ia l  ryegrass (Lolium perenne L. cv. Mel/e) and white 

clover ( Trifolium repens L. cv. Blanca ) by growing cattle fed indoors. British 

Journal of Nutrition 54, 763-775 .  

Ben-Ghedal ia 0,  Tagari H & Bondi A ( 1 974) Protei n  d igestion i n  the i ntestine of 

sheep. British Journal of Nutrition 31 , 1 25-1 42 . 

Bergman E N  ( 1 975) Production and uti l i sation of metabol i tes by the a l imentary 

tract as measured in porta l and hepatic blood. I n  Digestion and Metabolism 



1 35 

in the Ruminant, pp. 292-305 [ IW McDonald and ACI Warners, editors]. New 

England: The University of New England Publ ishing Unit .  

Bergman EN ( 1 986) Sp lanchn ic  and peripheral uptake of amino acids i n  

relation to the gut. Federation Proceedings 45, 2277-2282. 

Bergman E N  & Heitmann RN ( 1 978) Metabol ism of amino acids by the gut, 

l i ver, k idneys, and periphera l  t issues. Federation Proceedings 37, 1 228-

1 232. 

Bergman EN, Kaufman CF & Wolff HH ( 1 974) Renal metabol ism of am ino acids  

and ammonia in fed and fasted pregnant sheep. A merican Journal of 

Physiology 226, 833-837 . 

Berg man E N  & Pel l  JM ( 1 984) I ntegration of amino acid metabol ism i n  the 

rum inant. I n  Herbivore Nutrition in the Subtropics and Tropics, pp. 6 1 3-628 

[FMC Gi lchrist and RI Mackies, editors]. C ra igha l l :  The Science Press. 

B ier DM,  Matthews DE & Young VR ( 1 985) 4.  I nterpretation of amino acid 

k inetic studies i n  the context of whole-body protei n  metabol ism. I n  Substrate 

and Energy Metabolism in Man, pp. 27-36 [JS Garrow and D Ha l l idays, 

editors]. London, Paris :  John L ibbey. 

B i rd AR, Chandl er KD & Bel l  AW ( 1 981 ) Effects of exercise and p lane of 

nutrit ion on nutrient uti l isat ion by the h i nd l imb of the sheep. Australian 

Journal of Biological Sciences 34, 541 -550. 

Boisclair YR, Be l l  AW, Dunshea FR, H arkins M & Bauman D E  ( 1 993) 

Evaluation of the arterio-venous d ifference technique to s imultaneously 

estimate protein synthesis and degradat ion in the h ind l imb of fed and 

chronica l ly underfed steers. Journal of Nutrition 1 23, 1 076-1 088. 

Boon L, B lommaart PJE,  Meijer AJ , Lamers WH & Schoolwerth AC ( 1 994) 

Acute acidosis inh ibits l iver amino acid transport: No pr imary role  for the 

urea cycle  in acid-base bal ance. American Journal of Physiology 36, F 1 01 5-

F 1 020. 

Bradford NM & M cGivan J D  ( 1 980) Evidence for the existence of an ornith ine I 
citru l l ine anti porter i n  rat l iver m itochondria. FEBS Letters 1 1 3, 294-298. 

Brockman RP & Bergman EN ( 1 975) Effect of g lucagon on p lasma alani ne and 

g lutam ine metabol ism and hepatic g luconeogenesis in sheep.  American 

Journal of Physiology 228, 1 627-1 633. 



1 36 

Brockman RP & Laarveld B ( 1 986) H ormonal regulat ion of metabol ism i n  

rum i nants: a review. Livestock Production Science 1 4, 3 1 3-334. 

Brosnan JT ( 1 976) Factors affect ing intrace l lu lar ammonia concentrations i n  

l iver. I n  The Urea Cycle, pp. 443-457 [ S  Griso l ia ,  R Baguena and F Mayors, 

editors] . US :  John Wi ley & Sons, I nc. 

Brosnan JT, Brosnan M E ,  Charron R & N iss im I ( 1 996) A mass isotopome r  

study o f  urea and g lutamine synthesis from 1 5N -l abel led ammonia i n  the 

perfused rat l iver. The Journal of Biological Chemistry 271 ,  1 61 99-1 6207 . 

Bryant AM ( 1 964) The rel ease of p lant cel l  contents and its rel ation to b loat. 

New Zealand Society of Animal Production 24, 57-66. 

Bunting  L D ,  BOl ing JA, MacKown CT & Muntifering RB ( 1 987) Effect of d ietary 

protei n  level on nitrogen metabol ism in  lambs: Stud ies using 1 5N-nitrogen .  

Journal of Animal Science 64, 855-867. 

Burr in DG, Ferre l l  CL & Britton RA ( 1 989) Effect of feed i ntake of lambs on 

viscera l  organ growth and metabo l ism. Energy Metabolism of Farm Animals. 

Burrin DG ,  Ferre l l  CL,  Britton RA & Bauer M ( 1 990) Level of nutrit ion and 

visceral organ size and metabol ic activity i n  sheep. British Journal of 

Nutrition 64, 439-448. 

Burrin DG ,  Ferrel l  CL, E isemann JH & Britton RA ( 1 991 ) Level of nutrit ion and 

splanchn ic metabol ite flux in  young lambs. Journal of Animal Science 69, 

1 082-1 091 . 

Campra J L  & Reynolds TB ( 1 982) The hepatic circu lation. I n  The Liver Biology 

and Pathobiology, pp. 627-645 [ I M  Arias, 0 Schachter, H Popper and DA 

Shafritzs, editors]. New York: Raven Press. 

Cant J P  & McBride BW ( 1 995) Mathematica l  analysiS of the relationship 

between b lood flow and uptake of nutrients in the mammary g lands of a 

lactat ing cow. Journal of Dairy Research 62, 405-422. 

Chalmers M I ,  Cuthbertson DP & Synge RLM ( 1 954) Rum inal  ammonia 

formation i n  relation to the protein  requirements of sheep. 1 Duodena l 

admin istration and heat processing as factors i nfluencing fate of case in  

supplements. Journal of  Agricultural Science. Cambridge 44, 254-262. 

Chamalaun RAFM & Tager JM ( 1 970) N itrogen metabol ism in the perfused rat 

l iver. Biochimica et Biophysica Acta 222, 1 1 9-1 34. 



1 37 

Cheung CW, Cohen N S  & Raij man L ( 1 989) C hanne l l ing of urea cycle 

i ntermediates in  situ i n  permeabol ised hepatocytes. The Journal of Biological 

Chemistry 264, 4038-4044. 

Chr istensen H N  ( 1 990) Role of amino acid transport and counter-transport i n  

nutrit ion and metabol ism. Physiological Reviews 70, 43-79. 

C larke S ( 1 976) A major polypeptide component of rat l iver m itochondria: 

Carbamoyl phosphate synthetase. The Journal of Biological Chemistry 251 , 

950-96 1 . 

Cobon O H ,  Suter GR, C onnel ly PT, Shepherd R K  & H opkins PS ( 1 988) The 

residual effects of m ethionine supplementation on the woo l  growth 

performance of graz ing sheep. Proceedings of the Australian Society of 

Animal Production 1 7, 383. 

C ohen PP ( 1 980) Regulat ion of ornithine-urea cycle enzymes. In Nitrogen 

Metabolism in Man, pp. 2 1 5-228 [JC Waterlow and JML Stephens, editors] .  

London and N ew Jersey: Appl ied Science Publ ishers. 

Cohen P P  ( 1 981 ) The ornithine-urea cycle :  B iosynthesis and regu lation of 

carbamoyl phosphate synthetase 1 and ornith ine transcarbamylase. Current 

Topics in Cellular Regulation 1 8, 1 -1 9 . 

Cohen SA, B id l ingmeyer BA & Tarv in TL ( 1 986) P ITC derivatives in  amino acid 

analysis .  Nature 320, 769-770.  

Cohen NS,  Cheung C & Raijman L ( 1 980) The effects of orn ithine on 

m itochondrial carbamyl phosphate synthesis .  The Journal of Biological 

Chemistry 255, 1 0248-1 0255. 

Cohen NS, Cheung CW & Raij man L ( 1 987) Channe l ing of extramitochondrial  

ornithine to matrix ornithi ne transcarbamylase. The Journal of Biological 

Chemistry 262, 203-208. 

Cohen NS, Kyan FS, Kyan SS ,  Cheung C & Raijman L ( 1 985) The apparent 

Km of ammonia for carbamoyl phosphate synthetase (ammonia) in  s itu . 

Biochemical Journal 229, 205-2 1 1 .  

Connel l  A,  Calder AG, Anderson SE & Lobley G E  ( 1 997) Hepatic protei n  

synthesis i n  the sheep :  effect of intake as monitored by use of stable­

i sotope-label led glycine,  l eucine and phenyla lan ine .  British Journal of 

Nutrition 77, 255-271 .  



1 38 

Cooper AJL ,  N i eves E ,  Coleman AE,  F i lc-DeRicco S & Gelbard AS ( 1 987) 

Short-term metabo l ic  fate of C3
N ]ammonia i n  rat l i ver i n  vivo. The Journal of 

Biological Chemistry 262, 1 073-1 080. 

Cooper AJL ,  N ieves E, Rosenspire KC, DeRicco SF,  Gelbard AS & Brusi l ow 

SW ( 1 988) S hort-term metabol ic  fate of 13N -labe l led g lutamate, alani ne and 

g lutami ne (amide) in rat l iver. The Journal of Biological Chemistry 263, 

1 2268-1 2273. 

Cottr i l l  BR, Beever D E ,  Aust in AR & Os OF ( 1 982) The effect of protei n- and 

non-prote in-ni trogen supplements to maize s i lage on total amino acid supp ly 

i n  young catt le .  British Journal of Nutrition 48, 527-54 1 . 

Cronje PB ,  Nolan JV & Leng RA ( 1 992) Amino  acid metabol i sm and whole­

body protei n  turnover i n  lambs fed roughage-based d iets. 1 .  Lysine and 

leucine metabol ism. South African Journal of Animal Science 22, 1 94-200. 

Dani l son DA, Webb KE , Jr. & Herbein J H  ( 1 987) Transport and h ind l imb 

exchange of p lasma and blood-ce l l  amino acids i n  calves fed soy- or urea­

based purified d iets .  Journal of Animal Science 64, 1 842-1 851 . 

Davis  SR,  Barry TN & H ughson GA ( 1 98 1 ) Prote in  synthesi s  i n  t issues of 

grOwing lambs. British Journal of Nutrition 46, 409-41 9 .  

De Bandt JP ,  Cynober L ,  Um S K, Coudray Lucas C ,  Poupon R & Giboudeau J 

( 1 995) Metabol ism of ornithi ne ,  a lpha-ketoglutarate and arg in ine i n  isolated 

perfused rat l i ver. British Journal of Nutrition 73, 227-239. 

Deuel TF, Louie M & Lerner A ( 1 978) Glutami ne synthetase from rat l i ver. 

Purificat ion,  propert ies, and preparation of specific antisera. The Journal of 

Biological Chemistry 253, 61 1 1 -6 1 1 8. 

Dobson A ( 1 984) B lood flow and absorption from the rumen. Quarterly Journal 

Experimental Physiology 69, 599-606. 

Dodgson SJ ,  Forster RE ,  Schwed DA & Storey BT ( 1 983) Contr ibut ion of matrix 

carbonic anhydrase to citru l l i ne synthes is i n  isolated gu inea p ig  l iver 

m itochondria. The Journal of Biological Chemistry 258, 7696-7701 . 

Duda G O  & Handler P ( 1 958) Kinet ics of ammonia metabol ism i nvivo. Journal 

of Biological Chemistry 232, 303-31 4. 



1 39 

Dyce KM, Sack WO & Wensing CJG ( 1 987) The abdomen of the ruminants. I n  

Textbook of Veterinary Anatomy, pp. 633-656 [KM Dyce, WO Sack and CJG 

Wensings, editors]. Phi ladelphia: W. S .  Saunders Company. 

Egan AR, Soda K, Varady J, M i l l i gan LP ,  Grovum WL & Dobson A ( 1 986) 

Regulation of n itrogen metabol ism and recycl ing .  In Control of Digestion and 

Metabolism in Ruminants, pp. 386-402 [LP M i l l igan,  AL Grovum and A 

Dobson,  editors]. New J ersey: Prentice Hal l .  

E l ias H ( 1 963) Anatomy of the l iver. I n  The liver. Morphology, Biochemistry, 

Physiology, pp.  41 -59 [CH Rou i l lers ,  editor] . New York: Academic press. 

E l ias H & S herr ick JC ( 1 969a) Gross anatomy of the l iver. In Morphology of the 

Liver, pp. 265-281 [H E l ias and J C  S herricks, editors] .  New York: Academic 

Press. 

E l ias H & Sherrick JC ( 1 969b) Surgica l  anatomy of the l i ver. I n  Morphology of 

the Liver, pp. 295-299 [H E l ias and JC Sherricks, editors] .  New York: 

Academic Press. 

E lwyn DH ( 1 970) The role of the l iver in regulation of amino acid and protein  

metabo l i sm .  I n  Mammalian Protein Metabolism, Volume 4 pp .  523-557 [HN 

Munros, editor] . New York and  London: Academic press. 

E lwyn DH ,  Hamendra CP & Shoemaker WC ( 1 968) Amino acid m ovements 

between gut, l i ver and periphery in unanaesthetised dogs. American Journal 

of Physiology 2 1 5, 1 260- 1 275. 

Engel PC & Chen S ( 1 975) A product-inhibit ion study of bovine l iver g lutamate 

dehydrogenase. Biochemical Journal 1 51 , 305-3 1 8. 

Fern E S  & Garl ick PJ ( 1 976) Compartmentation of a lbumin and ferrit in  

synthesis i n  rat l iver in  vivo. Biochemical Journal 1 56, 1 89-1 92. 

F irkins JL  ( 1 996) Maxim ising microbia l  protein  synthesiS in the rumen. Journal 

of Nutrition 1 26, 1 347S-1 354S.  

F ischer A ( 1 963)  Dynamics of the circulat ion i n  l iver. In  The Liver. Morphology, 

Biochemistry, Physiology. , pp. 329-378 [CH Rou i l lers , editor]. N ew York: 

Academic Press. 

Frieden C ( 1 959) Glutamic dehydrogenase. " I .  The order of substrate addition 

in  the enzymatic reaction .  The Journal of Biological Chemistry 234, 289 1 -

2896. 



1 40 

Frieden C ( 1 976) The regulat ion of g lutamate dehydrogenase. In  The Urea 

Cycle, pp.  59-71 [S Grisol ia ,  R Baguena and F Mayors, editors] . US :  John 

Wi ley & Sons,  I nc. 

Gaasbeekjanzen JW, Lamers WH,  Moorman AFM, De G raaf A, Los JA & 

C harles R ( 1 984) I mmuno-histochemica l  loca l isat ion of carbamoyl­

phosphate synthetase (ammonia)  in  adult rat l iver; Evidence for a 

heterogenous distribution. The Journal of Histochemistry and Cytochemistry 

32, 557-564. 

Gaitonde M K  ( 1 967) A spectrophotometric method for the d i rect determination 

of cysteine in the presence of other natural ly occurrin g  amino acids.  

Biochemical Journal 1 04, 627-633.  

Gamble JG & Lehninger AL ( 1 973)  Transport of ornith ine and citru l l i ne across 

the m itochondrial membrane. The Journal of Biological Chemistry 248, 6 1 0-

6 1 8. 

Ganong WF ( 1 983) C i rculatin g  body flu ids. I n  Review of Medical Physiology, 

pp.  421 -44 1  [WF Ganongs, editor]. Cal iforn ia :  Lange Medica l  publ ications. 

Gans J H  & Mercer PF ( 1 984) The Kidneys. In Dukes' Physiology of Domestic 

Animals, Volume 1 0  pp. 507-536 [MJ Swensons, editor] . I thaca:  Comstock 

P ub l i sh i ng Associates. 

Gar l ick PJ & Fern E B  ( 1 985) Whole-body protein turnover: Theoretica l  

cons iderations. I n  Substrate and Energy Metabolism in Man ,  pp. 7-1 4 [JS 

Garrow and D Hal l idays, edi tors] . London , Paris: John L ibbey. 

Garl ick P J ,  McNurlan MA & Preedy VR ( 1 980) A rapid  and convenient 

tech nique for measur ing the rate of protein synthesis in t issues by i nject ion 

of [
3
H ]phenylalanine. Biochemical Journal 1 92, 7 1 9-723 .  

Gebhardt R & Mecke D ( 1 983) Heterogenous d istr ibution of g lutamine  

synthetase among rat l iver parenchymal cel ls  i n  situ and i n  primary culture . 

The EMBO Journal 2, 567-570. 

Gebhardt R & Mecke D ( 1 984) Ce l lu lar  d istribution and regulat ion of g lutamine 

synthetase in  l i ver. In  Glutamine Metabolism in Mammalian Tissues, pp. 98-

1 21 [D Haussinger and H S iess, editors]. Berl in :  Springer-Verlag. 



1 41 

G i l l  M ,  France J ,  Summers M ,  McBride BW & M i l l igan LP ( 1 989) Mathematica l  

i ntegration of protein metabo l ism i n  growin g  lambs. Journal of Nutrition 1 1 9, 

1 269-1 286 .  

Goetsch AL, Ferre l l  CL & Freetly HC ( 1 994) Effects of  d ifferent supplements on 

splanchnic oxygen consumption and net fluxes of nutrients i n  sheep 

consuming bromegrass ( Bromus i nermis)  hay ad l ib itum. British Journal of 

Nutrition 72, 701 -7 1 2. 

Goetsch AL, P at i l  AR, Gal loway OL ,  Kouakou B ,  Wang lS, Park KK & Rossi J E  

( 1 997) Net flux of nutrients across splanchn ic  t issues i n  wethers consuming 

grasses of d ifferent sources and physica l  forms ad l ibitum. British Journal of 

Nutrition 77, 769-78 1 .  

Goshal N G  ( 1 975) Ruminant heart and arter ies. I n  Sisson and Grossman's The 

Anatomy of the Domestic Animals, Volume 1 pp.  960-1 023 [ R  Gettys, editor] , 

Ph i ladelph ia :  W, B .  Saunders Company. 

Grove G & Jackson AA ( 1 995) Measurement of prote in turnover in normal man 

using the end-product method with oral C 5N]glycine: comparison of s ingle­

dose and intermittent-dose regimens, British Journal of Nutrition 74, 491 -507. 

Grubb B R  & M i l ls CO ( 1 981 ) B lood oxygen content in m icro l iter samples us ing 

an easy-to-bu i ld galvanic oxygen cel l .  Journal of Applied Physiology 50, 456-

464. 

Guerino F, Huntington GB & Erdman RA ( 1 99 1 ) The net portal and hepat ic flux 

of metabol ites and oxygen consumption i n  growing beef steers g iven 

postruminal  case in .  Journal of Animal Science. 69, 387-395. 

Gumucio JJ & M i l l er OL ( 1 982)  Liver cel l  heterogeneity. In The Liver Biology 

and Pathobiology, pp, 647-661 [ IM  Arias ,  0 Schachter, H Popper and OA 

Shafritzs , editors] , New York: Raven Press. 

Gurnsey MP ,  Jones WT, Merra l l  M & Reid CSW ( 1 977)  Cyanide pOison ing i n  

catt le: two unusual cases, New Zealand Veterinary Journal 25, 1 28-1 30, 

Haggerty OF ,  Spector EB, Lynch M, Kern R, F rank LB & Cedarbaum SO ( 1 982) 

Regulation by g lucocortico ids of arg inase and arg in inosuccinate synthetase 

i n  cultured rat hepatoma cel ls, The Journal of Biological Chemistry 257, 

2246-2253, 



1 42 

Hanson RW & Bal lard FJ ( 1 967) The relative s ignificance of acetate and 

g lucose as precursors for l ip id synthesis i n  l iver and ad ipose tissue from 

rum inants. Biochemical Journal 1 05 ,  529-536. 

H arper H A  ( 1 973) The funct ions and tests of the l i ver. I n  Review of 

physiological chemistry, pp. 375-385 [HA Harpers, editor] . Los Altos ,  

Cal ifornia :  Lange Medi ca l  Publ i cati on s. 

Harper AE,  M i l ler RH & Block KP ( 1 984) Branched-cha in  amino acid 

metabo l i sm .  Annual Review of Nutrition 4, 409-454. 

Harris P M  & Lobley G E  ( 1 991 ) Ami no acid and energy metabol i sm i n  the 

per ipheral t issues of ruminants. In Physiological aspects of Digestion and 

Metabolism in Ruminants. pp. 201 -230 [Tsuda T, Sasaki Y and Kawashima  

R ,  editors] . San D iego: Academic  P ress, I nc.  

Harris PM, Skene PA, Buchan V, M i l ne  E ,  Calder AG, Anderson S E ,  Connel l  A 

& Lobley G E  ( 1 992) Effect of food i ntake on h ind-l imb and whole-body 

protein m etabolism i n  young g rowing sheep: chronic studies based on 

arterio-venous tech niques. British Journal of Nutrition 68, 389-407. 

Harrison DG, Beever DE ,  Thomson DJ & Osbourn OF ( 1 973)  The i nfluence of 

d iet u pon the quantity and types of amino acids entering and leaving the 

smal l  i ntest i ne of sheep.  Journal of Agricultural Science. Cambridge. 81 , 

391 -40 1 . 

Hatchwe l !  Le & M i lner JA ( 1 978) Amino acid i nduced orotic acidur ia .  Journal of 

Nutrition 1 08 ,  578-584. 

Haussi nger 0 ( 1 983) Hepatocyte heterogeneity i n  g lutami ne and ammonia 

metabol ism and the role  of an  i ntercel lu lar g l utamine cycle during 

ureagenesis in perfused rat l iver. European Journal of Biochemistry 1 33, 

269-275 .  

Haussinger 0 ( 1 990) N itrogen metabol i sm i n  l i ver: structural a n d  functional 

organ isation  and physiologica l  relevance .  Biochemistry Journal 267, 281 -

290. 

Haussinger 0 & Gerok W ( 1 983) Hepatocyte heterogenei ty in g lutamate uptake 

by isolated perfused rat l i ver. European Journal of Biochemistry 1 36, 42 1 -

425. 



1 43 

Haussinger D & Gerok W ( 1 986) Metabol ism of ami no acids and ammo nia.  I n  

Regulation of Hepatic Metabolism, pp. 253-291 [RG Thurman, Fe Hauffman 

and K Jungermanns, editors] . N ew York and London: P lenum Press. 

Hauss inger D ,  Gerok W & S ies H ( 1 983) Regulat ion of flux through 

g lutaminase and glutamine synthetase in iso lated perfused rat l i ver. 

Biochimica et Biophysica A cta 755, 272-278 .  

Haussinger D ,  Gerok W & S ies H ( 1 984) Hepatic role  i n  pH regulation: role of 

the i nterce l lu lar g lutamine cycle. Trends in Biochemical Science 9, 300-302. 

Haussinger D ,  Gerok W & S ies H ( 1 986) The effect of urea synthesis on 

extrace l lu lar pH in  i solated perfused rat l i ver. Biochemical Journal 236, 261 -

265. 

Haussinger D, Lamers WH & Moorman AFM ( 1 992) H epatocyte heterogeneity 

i n  the metabol ism of amino acids  and ammonia.  Enzyme 46, 72-93 . 

Haussinger D ,  Lang F & Gerok W ( 1 994) Regulation of cel l  function by the 

cel lu lar hydration state. American Journal of Physiology 267, E343-E355 . 

Haussinger D & S ies H ( 1 979) Hepatic g lutamine metabol ism under the 

i nfluence of the portal ammonia concentration in the perfused rat l i ver. 

European Journal of Biochemistry 1 0 1 , 1 79-1 84. 

Haussinger D & S ies H ( 1 984 )  Effect of phenylephr ine on g lutamate and 

g lutamine metabol ism in isolated perfused rat l i ver. Biochemical Journal 221 , 

65 1 -658. 

Haussi nger D, Sto l l  8, Stehle T & Gerok W ( 1 989) Hepatocyte heterogeneity i n  

g lutamate metabol ism and b i-d i rect ional transport i n  perfused rat l iver. 

European Journal of Biochemistry 1 85, 1 89-1 95. 

Haussinger D, Weiss L & S ies H ( 1 975) Activation of pyruvate dehydrogenase 

dur ing metabol ism of ammonium ions i n  haemoglobin-free perfused rat l iver. 

European Journal of Biochemistry 52, 42 1 -431 . 

Heath T ( 1 968) Orig in and distribution of portal b lood i n  the sheep. American 

Journal of Anatomy 1 22, 95- 1 06 .  

Heitmann R N  & Bergman EN ( 1 980a) I ntegration of amino acid metabol ism i n  

sheep:  effects of fasting and acidosis. American Journal o f  Physiology 239, 

E248-E254 .  



1 44 

H eitmann RN & Bergman E N  ( 1 980b) Transport of amino acids i n  whole blood 

and p lasma of sheep. American Journal of Physiology 239, E242-E247 . 

Henshaw EC,  H irsch CA, Morton B E  & H iattm H H  ( 1 97 1 ) Control of protei n  

synthesis i n  mammal ian t issues through changes i n  ribosome activity. The 

Journal of Biological Chemistry 246, 436-446. 

H ogan J P  & Hemsley JA ( 1 975) Protei n  d igest ion i n  the rumen . I n  Reviews in 

Rural Science 1/: From Plant Animal Protein, pp.  73-77 [TM Sutherland ,  J R  

McWil l iam and RA Lengs, editors]. Armidale: Armidale Press. 

H ungate RE ( 1 964) Quantitative aspects of the rumen fermentat ion. I n  

Physiology of Digestion in the Ruminant, pp.  3 1 1 -321 [ RW Dougherty, 

editor] . London: Butterworths.  

H ungate RE ( 1 968) Ruminal  fermentation .  In Alimentary Canal, Vol ume 5 pp.  

2725-2745 [CF Code and W H eidels, editors] . Wash ington, D . C . :  American 

P hys iologica l  SOCiety. 

H u nt ington GB ( 1 982) Portal b lood flow and net absorption of ammonia­

n itrogen, urea-nitrogen,  and glucose in non-lactati ng Holstei n  cows. Journal 

of Dairy Science 65, 1 1 55-1 1 62.  

H u nt ington GB ( 1 986) U ptake and transport of non-protei n  n itrogen by the 

rum inant gut .  Federation Proceedings 45,  2272-2276. 

H u ntington GB ( 1 987)  N et absorption from portal -dra ined v iscera of 

n itrogenous compounds by beef heifers fed d iets d iffering i n  protei n  

solubi l ity o r  degradabi l i ty i n  the rumen. British Journal of Nutrition 57, 1 09-

1 1 4. 

H u nt ington GB ( 1 989) H epatic urea synthesis and s ite and rate of urea removal 

from blood of beef steers fed a lfalfa hay or a h igh  concentrate d iet. Canadian 

Journal of Animal Science 69, 2 1 5-223.  

H u nt ington GB ( 1 990) E nergy metabol ism in  the d igestive tract and l iver of 

catt le: i nfluence of physio logical  state and nutr i t ion.  Reproduction, Nutrition, 

Development 30, 35-47.  

H u nt ington GB & Reynolds CK ( 1 987) Oxygen consumption and metabol ite flux 

of bovine portal -drained v iscera and l i ver. Journal of Nutrition 1 1 7, 1 1 67-

1 1 73. 



1 45 

I noue I ,  Saheki T, Kayanuma K, U ono M ,  Nakaj ima M ,  Takeshita K, Koike R ,  

Yuasa T, M iyatake T & Sakoda K ( 1 988) B iochemical analysis of  decreased 

ornithine transport act ivity i n  the l i ver m itochondria from pat ients with 

hyperornith i nemia,  hyperammonemia and homocitru l l i nur ia .  Biochimica et 

Biophysica Acta 964, 90-95. 

I saacson H R, H inds FC,  Bryant M P  & Owens F N  ( 1 975) Effic iency of energy 

uti l i sation by m ixed rumen bacteria in continuous culture. Journal of Dairy 

Science 58, 1 645-1 659. 

Jackson AA ( 1 995) Salvage of u rea-nitrogen and protei n  requ i rements. 

Proceedings of the Nutrition Society 54, 535-547. 

Johns JT & Bergen WG ( 1 973) Stud ies on amino acid uptake by ovine smal l 

i ntest ine. Journal of Nutrition 1 03, 1 581 - 1 586. 

Jungermann K ( 1 986) Zonal signal h eterogeneity and i nduct ion of hepatocyte 

heterogeneity. I n  Regulation of Hepatic Metabolism - Intra- and Intercellular 

Compartmentation, pp. 445-469 [RG Thurman, FC Kauffman and K 

Jungermanns, editors] .  New York: P lenium Press. 

Jungermann K & Kietzmann T ( 1 996)  Zonation of parenchymal and non­

parenchymal metabol ism in l iver. Annual Review of Nutrition 1 6, 1 79-203. 

Kaseman DS & Meister A ( 1 985) Carbamyl phosphate synthetase ( g lutamine 

uti l is i ng )  from Escherich ia col i .  Methods in Enzymology 1 1 3, 305-327 .  

Katz N ( 1 986) Metabol i sm of  l i pi ds. In  Regulation of  Hepatic Metabolism, pp. 

237 -252 [ RG Thurman,  FC Kauffman and K Jungermanns, editors] . N ew 

York: P lenum Press. 

Katz N R  ( 1 992) Metabol ic  heterogeneity of hepatocytes across the l iver acinus.  

Journal of Nutrition 1 22, 843-849. 

Katz ML & Bergman EN ( 1 969a) A method for s imultaneous can nu lation  of the 

major splanchnic blood vessels of the sheep. American Journal of Veterinary 

research 30, 655-661 .  

Katz M L  & Bergman E N  ( 1 969b)  S imu ltaneous measurements of hepatic and 

portal venous blood flow in the sheep and dog. American Journal of 

Physiology 21 6, 946-952 . 



1 46 

Kawamoto S ,  I shida H & Tatibana M ( 1 982)  Regulation of N -acetylglutamate 

synthetase on mouse l iver. Postpradinal  changes i n  sensitiv ity to activatio n  

b y  arg in ine .  European Journal o f  Biochemistry 1 23, 637-64 1 . 

Kawamoto S ,  Sonoda T, Ohtake A & Tatibana M ( 1 985) Stimu latory effect of 

arg in ine on acetylg lutamate synthesis i n  isolated mitochondria of mouse and 

rat l iver. Biochemical Journal 232, 329-334. 

Kel ly JM,  Park H ,  Summers M,  M i l l igan LP,  Forbes J M  & France J ( 1 993) 

I nteractions between protein  and energy metabol ism. I n  Quantitative aspects 

of Ruminant Digestion and Metabolism, pp. 341 -362 [JM Forbes and J 

Frances, editors] . Oxon:  CAB. 

Ki lberg MS ,  Stevens BR & Novak DA ( 1 993) Recent advances i n  mammal ian 

amino acid transport. Annual Review of Nutrition 1 3, 1 37-1 65. 

Koch T & G hoshal N ( 1 98 1 ) Veins of the abdominal and pelvic cav ities and 

wal ls. I n  The Venous Drainage of the Domestic Animals, pp. 97-1 51  [NG 

Ghoshal ,  T Koch and P Popeskos, editors]. Ph i ladelphia:  W. B .  Saunders 

Company. 

Krebs HA ( 1 935) Metabol ism of amino acids; IV The synthesis of g lutami ne 

from g lutamic  acid and ammonia, and the enzymatic hydrolysis of g lutamine 

i n  animal tissues. The Biochemical Journal 29, 1 951 - 1 969. 

Krebs HA ( 1 972)  Some aspects of the regulation of fuel supply in omnivorous 

animals. Advances in Enzyme Regulation 1 0, 397-420. 

Krebs HA, Hems R & Lund P ( 1 973) Some regulatory mechanisms in  the 

synthesis of urea in the mammal ian l i ver. Advances in Enzyme Regulation 

1 1 , 361 -377 . 

Krebs HA, Hems R, Lund P ,  Hal l iday 0 & Read WWC ( 1 978) Sources of 

ammonia for mammal ian urea synthesis .  Biochemical Journal 1 76, 733-737 . 

Krebs HA & Henseleit K ( 1 932) U ntersuchungen uber d ie Harnstoffbi ldung i n  

Tierkroper. Hoppe-Seyler's Z .  Physiological Chemistry 210, 33-66 . 

Krebs HA, Lund P & Stubbs M ( 1 976) I nterrelations between gluconeogenesis 

and urea synthesis. In Gluconeogenesis: Its Regulation in Mammalian 

Species, pp. 269-291 [RW Hanson and MA Mehlmans, editors] . N ew York: 

Wiley-I nterscience. 



1 47 

Kuhara T, I keda S ,  Ohneda A & Sasaki Y ( 1 99 1 ) Effects of i ntravenous i nfusion 

of 1 7  amino acids on the secretion of G H ,  g lucagon,  and i nsul i n  in sheep. 

The American Journal of Physiology 260, E21 -E26. 

LaNoue KF & Schoolwerth AC ( 1 979) Metabol i te transport in m itochondria. 

Annual Review of Biochemistry 48, 871 -922. 

Lee J, Harris PM, S incla i r  BR & Treloar BP ( 1 993) Whole body metabol ism of 

cysteine and glutathione and thei r  uti l isation i n  the skin of Romney sheep: 

consequences for wool growth.  Journal of Agricultural Science, Cambridge 

1 21 ,  1 1 1 - 1 24. 

Lee J ,  Harr is PM, S inclair BR & Treloar BP ( 1 995) Sulphur amino acid 

metabol ism and protein synthesis in young sheep fed ryegrass pasture and 

two lotus cultivars conta in ing condensed tannin .  Australian Journal of 

Agricultural Research 46, 1 587-1 600. 

Lehn inger AL, Nelson DL & Cox MM ( 1 993) Principles of B iochemistry. 

[ Lehn inger AL, Nelson DL & Cox MM,  editors] .  N ew York: Worth Publ ishers. 

Lenzen C, Sobo l l  S, S ies H & Haussinger 0 ( 1 987) pH control of hepatic 

g lutamine degradation.  Role of transport. European Journal of Biochemistry 

1 66, 483-488. 

L indsay DB ( 1 982) Relationships  between amino acid catabo l ism and prote in  

anabo l i sm in  the rum inant. Federation Proceedings 41 , 2550-2554. 

L indsay D B  & Armstrong DG ( 1 982) Post-rum inal  d igest ion and the uti l i sation 

of n i trogen.  In Forage Protein in Ruminant Animal Production Occasional, 

Publication No. 6 - British Society of Animal Production, Volume 6 pp. 53-66 

[DJ Thomson,  DE Beever and RG Gunns, editors] .  Brit ish Society of Animal  

Production .  

L indsay D B ,  Forbes JM & France J ( 1 993) Metabo l ism of the portal -drained 

viscera . In Quantitative aspects of Ruminant Digestion and Metabolism, pp. 

267 -289 [JM Forbes and J Frances, editors1 . Oxon: CAB. 

L inzel l  J L  ( 1 960) Mammary-gland b lood flow and oxygen, g lucose and volat i le  

fatty ac id uptake i n  the conscious goat. Journal of Physiology 1 53, 492-509. 

L inzel l  J L  & Annison EF ( 1 975) Methods of measurin g  the uti l isation of 

metabol ites absorbed from the a l imentary tract. I n  Digestion and Metabolism 



1 48 

in the Ruminant, pp. 306-3 1 9  [ IW McOonald and ACI  Warners, editors] . New 

England: The University of New England Publ ish i ng Un it. 

L i nzel l  JL, Setchel !  BP & L indsay DB ( 1 97 1 ) The isolated perfused l i ver of the 

sheep: An assessment of i ts metabol ic, synthetic and excretory funct ions.  

Quarterly Journal of Physiology 56, 53-7 1 . 

Lobley G ,  E ( 1 991 ) Some i nteractions between protei n  and 'energy' i n  rumi nant 

metabol ism. ff' lnternational Symposium; Protein Metabolism and Nutrition. 

Herning Denmark, 66-79. 

Lobley GE ( 1 992) Control of the metabol ic  fate of amino acids in  rum inants: a 

review. Journal of Animal Science 70, 3264-3275. 

Lobley GE ( 1 998) Nutrit ional and hormonal control of periphera l  t issue 

metabol ism in farm species. Livestock Production Science 56, 91 - 1 1 4. 

Lobley GE & Asplund J M  ( 1 994) Amino acid and protein metabol ism i n  the 

whole body and indiv idual  t issues of ruminants. I n  Principles of Protein 

Nutrition of Ruminants, pp. 1 47-1 78 [JM Asplund,  editor) .  M issour i :  CRC 

Press. 

Lobley GE, Bremner 0 ,  N ieto R, Obitsu T & Hotston Moore A ( 1 998) Transfers 

of N-metabol ites across the ovine l i ver i n  response to short-term i nfus ions of 

an amino acid m ixture i nto the mesenteric vein .  British Journal of Nutrition 

80, 37 1 -379. 

Lobley GE, Connell A, Lomax MA, Brown OS, M i lne  E ,  Calder AG & 

Farni ngham OAH ( 1 995) Hepatic detoxification of ammonia i n  the ovine l i ver: 

possib le consequences for amino acid catabol i sm .  British Journal of Nutrition 

73. 667-685. 

Lob ley GE, Connel l  A, M i l ne E ,  Buchan V, Calder AG, Anderson SE & Vint H 

( 1 990) Muscle protei n  synthesis in  response to testosterone admin istration 

in wether lambs. British Journal of Nutrition 64, 691 -704. 

Lobley GE ,  Connel l  A, M i l ne E, Newman AM & Ewing TA ( 1 994) Protein  

synthesis i n  splanchnic t issues of sheep offered two leve ls  of i ntake. British 

Journal of Nutrition 71 , 3-1 2 .  

Lobley GEt  Connel l  A, Revel l  OK, Bequette BJ ,  Brown OS & Calder AG ( 1 996a) 

Splanchnic-bed transfers of amino acids in sheep blood and plasma, as 



1 49 

monitored through use of a m ult iple U-13C- label led amino acid m ixture.  

British Journal of Nutrition 75, 2 1 7-235. 

Lobley GE ,  Forbes J M  & France J ( 1 993) Protei n  metabol ism and turnover. I n  

Quantitative aspects of Ruminant Digestion and Metabolism, pp.  3 1 3-339 

[JM Forbes and J Frances, editors]. Oxon :  CAB. 

Lobley GE, Harris PM, Skene PA, B rown D, M i l ne E ,  Calder AG, Anderson SE ,  

Garl ick PJ ,  N evison I & Conne l l  A ( 1 992) Responses i n  t issue protei n  

synthesis to sub- a n d  supra-ma intenance i ntake i n  young growing sheep: 

comparison of large-dose and cont inuous-infusion techn iques. British 

Journal of Nutrition 68, 373-388. 

Lobley GE ,  Leclerq B & Whitehead CC ( 1 988) Protei n  turnover and energy 

metabol ism in ani mals :  i nteractions in leanness and obesity . In Leaness in 

Domestic Birds: Genetic, Metabolic and Hormonal aspects, pp. 331 -361 [B  

Leclerq and C C  Whiteheads, editors]. London: B utterworths. 

Lobley GE & M i lano GD ( 1 997) Regulation of h epatic n itrogen metabol ism i n  

rum inants. Proceedings of the Nutrition Society 56, 547-563. 

Lobley GE, M i lne V, Lovi e  JM, Reeds PJ & Penn ie K ( 1 980) Whole body and 

t issue protei n  synthesis i n  catt le. British Journal of Nutrition 43, 491 -502. 

Lobley GE ,  Weijs PJM, Connel l  A, Calder AG, B rown DS & M i l ne E ( 1 996b) 

The fate of absorbed and exogenous ammonia as influenced by forage or 

forage-concentrate d i ets in growin g  sheep. British Journal of Nutrition 76, 

231 -248. 

Lowenste in  JM ( 1 972) Ammonia  production in m uscle and other tissues: The 

purine nucleotide cycle.  Physiological Reviews 52, 382-4 1 4. 

Lueck J D  & M i l ler  LL  ( 1 970) The effect of perfusate on pH on g l utam i ne 

metabo l ism in  the i solated perfused rat l iver. The Journal of Biological 

Chemistry 245, 5491 -5497. 

Lund P & Wiggins  D ( 1 986) The orn ith ine requ i rement of urea synthesis .  

Biochemical Journal 239, 773-776. 

Luo QJ ,  Maltby SA, Lobley GE, Calder AG & Lomax MA ( 1 995) The effect of 

amino acids on the metabol ic  fate of 1 5NH4CI i n  i solated sheep hepatocytes. 

European Journal of Biochemistry 228, 9 1 2-9 1 7 .  



1 50 

Lush J M  & Gooden JM ( 1 988) Effect of feed i ntake on portal b lood flow i n  

sheep. Proceedings of the Nutrition Society of Australia 1 3, 1 07 .  

Lusty C J  ( 1 981 ) Catalytical ly active monomer and d i mer forms of rat l iver 

carbamoyl-phosphate synthetase. Biochemistry 20, 3665-3675. 

MacRae JC ( 1 975) Uti l isation of the protei n  of green forage by ruminants at  

pasture. I n  Reviews in Rural Science 11: From Plant Animal Protein, pp. 93-

97 [TM S utherland, J R  McWil l i am and RA Lengs, editors] . Armidale:  

Armidale Press. 

MacRae JC ,  B lackwel l  FRC, Bequette BJ ,  Lobley GE ,  N u nes AF, Portugal AV, 

Costa J P  & Ribeiro J R  ( 1 995) Prote in  metabol ism i n  specific organs. I n  

Protein Metabolism and Nutrition, EAAP # 81  pp.  297-308 [AF N unes, AV 

Portuga l ,  J P  Costa and J R  Ribeiro ,  editors] Portuga l :  EAAP #81 . 

MacRae JC ,  Walker A, Brown D & Lobley G E  ( 1 993) Accretion of total protein  

and indiv idual  amino acids  by  organs and  tissues of growing lambs and the 

abi l ity of n itrogen balance techniques to quantitate protein retention .  Animal 

Production 57, 237-245. 

MacRae JA & U lyatt MJ ( 1 974) Quant itative d igestion of fresh herbage by 

sheep. 1 1 .  The sites of d igestion of some n itrogenous constituents. Journal of 

Agricultural Science, Cambridge. 82, 309-31 9. 

Maltby SA, Lomax MA, Beever D E  & P ippard CJ ( 1 991 ) The effect of increased 

ammonia and amino acid supply on post-pradinal portal -drained viscera and 

hepatic metabol ism in growing steers fed maize s i lage. I n  1ih Symposium 

on Energy Metabolism of Farm Animals. EAAP # 58, Volume 58 pp.  20-23 [C  

Wenks, editor] . Zurich: EAAP #58. 

Mangan JL ( 1 982) The n itrogenous constituents of fresh forage. I n  Forage 

Protein in Ruminant Animal Production, Volume 6 pp.  25-40 [DJ Thomson , 

D E  Beever and RG Gunns,  editors] .  Leeds:  Thames D itton,  Brit ish Society of 

Animal Production. 

Mart in AK & B laxter KL ( 1 965) The energy cost of I,Jrea synthesis .  I n  Energy 

Metabolism, pp .  83-91 [KL B laxters, editor] . London: Academic Press. 

McBride BW & Kel ly  JM ( 1 990) Energy cost of absorption and metabol ism in 

the rum inant gastrointestina l  tract and l iver: A review. Journal of Animal 

Science 68, 2997-30 1 0. 



1 51 

McDowe l l  G H  & Ann ison E F  ( 1 99 1 ) Hormonal control of energy and protein  

m etabol ism. I n  Physiological aspects of  Digestion a nd Metabolism in 

Ruminants, pp. 231 -253 [T Tsuda, Y Sasaki and R Kawashimas, editors]. 

San Deigo: Academic Press. 

McGivan J D  & Bradford N M  ( 1 983) Characteristics of the activation of 

g l utaminase by ammonia i n  sonicated rat l iver m itochondria. Biochimica et 

Biophysica ACTA 759, 296-302. 

McGivan J D ,  Bradford NM & Beavis AD ( 1 977) Factors i nfluencing the act ivity 

of ornith ine aminotransferase i n  i so lated rat l iver m itochondria. Biochemical 

Journal 1 62, 1 47-1 56. 

McGi van J D ,  Bradford NM & Mendes-Mourao J ( 1 976) The regu lation of 

carbam oyl phosphate synthetase activity i n  rat l iver m itochondria .  

Biochemical Jouma/ 1 54, 4 1 5-42 1 . 

McGivan J D  & Chappel l  J B  ( 1 975) On the metabol ic funct ion of g lutamate 

dehydrogenase in rat l i ver. FEBS Letters 52, 1 -7 .  

McKee EE ,  C heung JY, Rannels D E  & Morgan H E  ( 1 978) Measurement of the 

rate of protein synthesis and com partmentation of heart phenylalanine.  The 

Journal of Biological Chemistry 253, 1 030-1 040. 

McNabb WC, Waghorn GC, Barry TN & Shelton I D  ( 1 993) The effect of 

condensed tannins in Lotus pedunculatus on the d igest ion and metabol ism 

of methion ine ,  cysti ne and i norganic sulphur i n  sheep. British Journal of 

Nutrition 70, 647-661 . 

Medina MA, Urd iales JL ,  N unez D e  Castro I & Sanchez-J i menez F ( 1 99 1 ) 

D iamines interfere with the transport of L-ornithi ne i n  Ehrl i ch-cel l  p lasma­

membrane vesicles. Biochemical Journal 280, 825-827. 

Meijer AJ ( 1 985) Channel ing of ammonia from g lutami nase to carbamoyl­

phosphate synthetase i n  l iver m itochondria. FEBS Letter 1 91 ,  249-251 .  

Meijer AJ , G im pel JA, Deleeuw G ,  T ischler ME & Tager J MW, J . R. ( 1 978)  

I nterre lat ionships between g luconeogenesis and ureagenesis i n  i solated 

hepatocytes. The Journal of Biological Chemistry 253, 2308-2320. 

Meijer AJ & Hensgens HESJ  ( 1 982) Ureagenesis.  I n  Metabolic 

Compartmentation, pp. 259-286 [ H  S iess , editor] . London: Academic Press. 



1 52 

Meijer AJ , Lamers WH & Chamuleau AFM ( 1 990) N itrogen metabo l ism and 

orn i th i ne cycle function. Physiological Reviews 70, 7 0 1 -748. 

Me ijer AJ , Lof C, Ramos I C  & Verhoeven AJ ( 1 985) Control of ureagenesis. 

European Journal of Biochemistry 1 48, 1 89-1 96. 

Meijer AJ & Verhoeven AJ ( 1 986) Regulation of hepat ic g l utam ine metabol ism. 

Biochemical Society Transactions 1 4, 1 00 1 - 1 004. 

Meister A ( 1 985) Glutamine synthetase from mammal ian  t issues. Methods in 

Enzymology 1 1 3, 1 85-239. 

Mendes-Mourao J ,  McGivan J O  & C happel l J B  ( 1 975) The effects of L-Leucine 

on the synthesis of urea, g lutamate and g lutami ne by i so lated rat l iver cel ls .  

Biochemical Journal 1 46, 457-464. 

Mercer J R ,  Al ien SA & M i l ler E L  ( 1 980) Rumen bacteria l  protei n  synthesis  and 

the pro port ion of d ietary protei n  escaping degradation in the rumen of 

sheep. British Journal of Nutrition 43, 42 1 -433. 

Metoki K & Hommes FA ( 1 984) The uptake of ornith ine and lysine by isolated 

hepatocytes and fibroblasts. International Journal of Biochemistry 1 6, 833-

836. 

M i lano G O ,  Hotson-Moore A & Lobley GE (2000) I nfluence of hepatic ammonia  

removal on ureagenesis, am ino  acids uti l i sation and energy metabol ism i n  

the ovine  l iver. British Journal of Nutrition 83, 307-31 5. 

M i l ler E L  ( 1 982) The nitrogen needs of ruminants. I n  Forage Protein in 

Ruminant Animal Production Occasional Publication No. 6 - British Society of 

Animal Production, Volume 6 pp. 79-87 [�J Thomson, DE Beever and R G  

Gunns,  editors] .  Brit ish Society of An imal Production. 

M ineo H ,  Yasuda M, Akiyama M, Oyamada T, Kato S & Ush ij ima J ( 1 99 1 ) 

Effect of feeding on hepatic and portal b lood flow in  sheep. Small Ruminant 

Research 5, 1 81 -1 86. 

Mori M ,  M iu ra S ,  Tatibana M & C ohen P P  ( 1 98 1 ) Cel l  free translation of 

carbamyl phosphate synthetase1  and ornithi ne transcarbamylase 

messenger RNA's of rat l i ver. Effect of d ietary protei n  and fast ing on 

translatable mRNA levels.  The Journal of  Biological Chemistry 256, 41 27-

41 32. 



1 53 

Morris SM,  Jr. ( 1 992) Regulation of enzymes of urea and arg in ine synthesis .  

Annual Review of Nutrition 1 2, 8 1 - 1 01 . 

Mortimore GE & Surmacz CA ( 1 984 )  L iver perfusion:  An i n  vitro technique for 

the study of intrace l l u lar protei n  turnover and its regulat ion i n  v ivo.  

Proceedings of the Nutrition Society 43, 1 6 1 - 1 77 .  

Moss KM & McGivan JO ( 1 975) Characterist ics of aspartate deamination by 

purine n ucleotide cycle in the cytosol fract ion of rat l i ver. Biochemical 

Journal 1 50, 275-283. 

M utsvangwa T, Buchanan Smith JG & McSride SW ( 1 996) I nteract ions 

between rumi nal degradable n itrogen intake and in  vitro addit ion of 

substrates on patterns of amino acid m eta bo l ism i n  isolated ovine 

hepatocytes. Journal of Nutrition 1 26, 209-2 1 8 . 

N atori Y ( 1 995) Nutrit ional regulation of protei n  metabol ism. Journal of the 

Japanese SOCiety of Nutrition and Food Science 48, 429-439. 

N ewsholme EA & Leech AR ( 1 983a) Amino acid m etabol ism. I n  Biochemistry 

for the Medical Sciences, pp. 382-441 [EA N ewsholme and AR Leechs, 

editors]. Ch ichester: John Wi ley and Sons. 

N ewsholme EA & Leech AR ( 1 983b) Metabol ism of ammonia.  In Biochemistry 

for the Medical SCiences, pp. 481 -508 [EA Newsholme and AR Leechs, 

editors]. Ch inchester: John Wiley and Sons. 

N ico letti M, Guerri C & G ri so l ia S ( 1 977) Turnover of carbamyl-phosphate 

synthetase, of other m itochondria l  enzymes and of rat tissues. Effect of d iet 

and thyro idectomy. European Journal of Biochemistry 75, 583-592 . 

N i eto R, Calder AG, Anderson S E  & Lobley G E  ( 1 996) Method for the 

determi nation of 1 5N H3 enrichment in b io log ical samples by gas 

chromatography I electron i mpact ionisation mass spectrometry. Journal of 

Mass Spectrometry 31 , 289-294. 

N ish ikawa Y, Ukida M, Matsuo R, Mori moto Y, O mori N ,  M ikami M & Tsuj i T 

( 1 994) Administration of a branched-chain amino acid preparation  during 

hepatic fai l u re :  a study emphasising ammoni a  metabol ism. Acta Medica 

Okayama 48, 25-30. 

N issim I ,  Cattano C, N iss im I & Yudkoff M ( 1 992) Relative role  of the 

g lutaminase, g lutamate dehydrogenase, and AMP-deaminase pathways i n  



1 54 

hepatic u reagenesis: Studies with 1 5N .  Archives of Biochemistry and 

Biophysics 292, 393-401 .  

Nolan JV & Leng RA ( 1 972) Dynamic aspects of ammonia and urea metabol ism 

i n  sheep. British Journal of Nutrition 27, 1 77-1 94 .  

Nugent J HA & Mangan J L  ( 1 98 1 ) Characteri st ics of  the rumen proteolysis of 

fract ion 1 ( 1 8S )  leaf protei n  from lucerne ( M ed icago sativa L) .  British Journal 

of Nutrition 46, 39-58. 

Obara Y, Del low DW & Nolan JV ( 1 99 1 ) The i nfluence of energy-rich 

supplements on n itrogen k inet ics in ruminants .  In Physiological aspects of 

Digestion and Metabolism in Ruminants, pp. 51 5-539 [T Tsuda ,  Y S asaki 

and R Kawashimas , editors]. San Deigo: Academic Press, I nc. 

Ochs RA ( 1 984) Glutamine metabol ism of isolated rat hepatocytes. The Journal 

of Biological Chemistry 259, 1 3004-1 301 0 .  

Oddy H & Lindsay D B  ( 1 986 )  Determinati on of  rates of  protei n  synthesis ,  ga in  

and degradation in  i ntact h i nd-l i mb m uscle of  lambs. Biochemical Journal 

233, 41 7-425. 

Oddy VH , Brown BW & Jones AW ( 1 98 1 ) Measurement of organ blood flow 

using tritiated water. I .  H ind l imb  muscle b lood flow i n  conscious ewes. 

Australian Journal of Biological Sciences 34, 4 1 9-425. 

Oddy VH & N eutze SA ( 1 991 ) Measurement of protei n  and amino acid 

metabol ism .  Proceedings of the Nutrition Society of Australia 1 6, 1 73-1 8 1 . 

Ort igues I ,  Durand D & Lefaivre J ( 1 994) U se of para-amino h ippuric acid to 

measure blood flows through portal-drai ned-viscera, l i ver and h indquarters 

i n  sheep. Journal of Agricultural Science 1 22, 299-308. 

Orzechowski A, Motyl T,  P ierzynowski G & Barej W ( 1 987) Hepatic capacity for 

ammonia rem oval i n  sheep. Journal of Veterinary Medicine, Animal 

Physiology, Pathology and Clinical Veterinary Medicine 34, 1 08-1 1 2 . 

Parker DS ,  Lomax MA, Seal CJ & Wi lton J C  ( 1 995) Metabol ic i mpl i cat ions of 

ammon ia production i n  the rumi nant. Proceedings of the Nutrition Society 54, 

549-563. 

Parks DA & Jacobson ED ( 1 987) Mesenteric circulation. In Physiology of the 

Gastrointestinal Tract, Volume 2 pp .  1 649-1 670 [LR Johnsons, editor] . N ew 

York: Raven P ress. 



1 55 

Pel l  JM ,  Ca ldarone E M  & Bergman E N  ( 1 986) Leucine and a lpha-keto­

isocaproate metabo l i sm and i nterconversions i n  fed and fasted sheep.  

Metabolism 35, 1 005-1 0 1 6. 

Ph i l l ipson AT ( 1 977) Ruminant d igestion .  I n  Dukes Physiology of Domestic 

Animals, pp.  250-286 [MJ Swensons, editor] . I thaca and London: Cornel l  

Un ive rsity P ress. 

Powers-Lee SG,  Mast ico RA & Bendayan M ( 1 987) The i nteract ion of rat l iver 

carbamoyl phosphate synthetase and ornithine transcarbamoylase with i nner 

m itochondria l  membranes. The Journal of Biological Chemistry 262, 1 5683-

1 5688. 

Preston TR & Leng RA ( 1 987a) D igest ive physiology of rum inants. I n  Matching 

Ruminant Production Systems with available resources in the Tropics and 

Sub-tropics, pp. 2 1 -48 [TR Preston and RA Lengs, editors] . Armidale: 

Penambul  Books. 

P reston TR & Leng RA ( 1 987b) Pasture-based feeding .  In Matching Ruminant 

Production Systems with available resources in the Tropics and Sub-tropics, 

pp. 1 6 1 -1 79 [TR Preston and RA Lengs, editors] .  Armidale:  Penambul 

Books. 

Pu l len DL & Ames NK ( 1 988) Turnover of hepatic and p lasma triacy lg lycerol i n  

sheep. Journal of Animal Science 66, 1 538-1 547. 

Raijman L ( 1 976) Enzyme and reactant concentrations and the regu lation of 

urea synthesis.  In The Urea Cycle, pp. 243-259 [S Griso l ia ,  R Baguena and 

F Mayors, editors}. US: John Wiley & Sons, I nc. 

Ratner S ( 1 973) Enzymes of arg i n i ne and urea synthesis .  Advances In 

Enzymology 39, 1 -90. 

Ratner S ( 1 976) E nzymes of arg in ine and urea synthesis .  I n  The Urea Cycle, 

pp. 1 81 -2 1 7  [S Griso l ia ,  R Baguena and F Mayors, editors]. US :  John Wiley 

& Sons, I nc. 

Rattray PV & Joyce JP ( 1 975) Nutrit ive value of white clover and perennia l  

ryegrass. New Zealand Journal of Agricultural Research 1 7, 401 -406. 

Reaich D ,  C ha nnon SM, Scrimgeour CM & Goodship THJ ( 1 992)  Ammonium 

chloride-i nduced acidosis i ncreases protei n  breakdown and amino acid 

oxidation i n  h umans. American Journal of Physiology 263, E735-E739. 



1 56 

Reeds PJ & Lobley GE ( 1 980) Protei n  synthesis :  Are there rea l  species 

d ifferences? Proceedings of the Nutrition Society 39, 43-52. 

Reeds P J & N issen S ( 1 992) I sotopic est imation of protei n  synthesis and 

proteolysis in vivo .  Modern Methods in Protein Nutrition and Metabolism. 

Reid C SW, Lyttleton JW & Mangan J L  ( 1 962) B loat i n  catt le. New Zealand 

Journal of Agricultural Research 5, 237-246. 

Reid C SW, U lyatt MJ & Monro JA ( 1 977) The physica l  breakdown of feed 

dur ing d igest ion i n  the rumen .  Proceedings of the New Zealand Society of 

Animal Production 37, 1 73-1 75 .  

Remond 0,  Chaise JP ,  Delval E & Poncet C ( 1 993) N et transfer of urea and 

ammonia across the rum ina l  wal l  of sheep. Journal of Animal Science 71 , 

2785-2792. 

Renn ie  MJ ,  Ahmed A, Low SY, H undal H S ,  Watt PW, MacLennan P, Egan CJ 

& Taylor PM ( 1 990) Transport of amino acids in muscle, gut and l i ver: 

relevance to metabol ic contro l .  Biochemical Society Transactions 1 8, 1 1 40-

1 1 42 .  

Reynolds  C K  ( 1 992) Metabol ism of n itrogenous compounds by rumi nant l i ver. 

Journal of Nutrition 1 22, 850-854. 

Reyno lds CK & H untington G B  ( 1 988) Partit ion of portal-dra ined v isceral net 

flux i n  beef steers. 1 .  B lood flow and net flux of oxygen,  g lucose and 

n itrogenous compounds across stomach and post-stomach t issues. British 

Journal of Nutrition 60, 539-551 .  

Reynolds C K, Huntington GB ,  Tyrrel l  H F  & Reynolds PJ ( 1 988a) N et 

metabo l ism of volat i le fatty acids, D-P-Hydroxybutyrate, Non-esterified fatty 

acids, and blood gasses by portal-drai ned v iscera and l iver of lactat ing 

Ho lstei n  cows. Journal of Dairy Science 71 , 2395-2405. 

Reynolds C K, H untington GB ,  Tyrrel l  H F  & Reynolds PJ ( 1 988b) Net portal­

dra i ne d  v iscera! and hepatic metabol ism of g lucose, L-Iactate and 

n itrogenous com pounds in l actat ing Holstein cows. Journal of Dairy Science 

71 , 1 803-1 8 1 2 .  

Reynolds C K, Tyrre l l  H F  & Reynolds PJ ( 1 991 ) Effects of  d iet forage-to­

conce ntrate rat io and i ntake on energy metabo l i sm in growing beef heifers: 



1 57 

N et n utrient metabol ism by v isceral tissues.  Journal of Nutrition 1 21 ,  1 004-

1 01 5. 

R i i s  PM ( 1 983) The pools of cel lular  nutr ients: Amino acids. I n  Dynamic 

Biochemistry of Animal Production, pp. 1 51 -1 71 [PM R i i ss, editor] . 

Amsterdam: Elsevier. 

Rognstad R ( 1 977) Sources of ammonia  for urea synthesis in  i so lated rat l i ver 

cel ls .  Biochimica et Biophysica Acta 496, 249-254. 

Rowe WB, Ronzio RA, Wel l ner VP & Meister A ( 1 970) Glutamine synthetase 

(Sheep bra in) .  In Methods in Enzymology, Volume 1 7  A pp.  900-9 1 1 [H Tabor 

and CW Tabors, editors] .  New York: Academic Press. 

Rya l l  J , Rachubinski RA, N guyen M, Rozen R, Brogl i e  KE & Shore GC ( 1 984) 

Regulation and expression of carbamyl phosphate synthetase1 mRNA i n  

developing rat l iver a n d  morris hepatoma 51 230. The Journal of Biological 

Chemistry 259, 91 72-9 1 76 .  

S aheki T,  Katsumuma T & Sase M ( 1 977)  Regu lat ion of  urea synthesis i n  rat 

l i ver. Changes of orn i th ine and acetylg lutamate concentrations i n  the l iver of 

rats subjected to d ietary transit ions. Journal of Biochemistry 82, 551 -558. 

Saheki T & Katunuma N ( 1 975)  Analysis of regulatory factors for urea synthes is 

by isolated perfused rat l i ver. Journal of Biochemistry 77, 659-669. 

SAS ( 1 985) SAS users guide: Basics. SAS institute Inc. , Cary, NC, USA. 

Version 5. 

Sasse 0 ( 1 986) Liver structure and i nnervation .  I n  Regulation of Hepatic 

Metabolism - Intra- and Intercellular Compartmentation, pp. 3-25 [RG 

Thurman,  FC Kauffman and K Jungermanns, editors] .  New York: Plen ium 

Press. 

Schaefer AL, Oavis SR & Hughson GA ( 1 986) Estimation of t issue protein 

synthesis in sheep dur ing susta ined e levat ion of p lasma leucine 

concentration by intravenous i nfusion. British Journal of  Nutrition 56, 281 -

288. 

Sch imke RT ( 1 962) Adapt ive characteristics of urea cycle enzymes in the rat. 

The Journal of Biological Chemistry 237, 459-468. 

Sch imke RT ( 1 963) Studies on factors affecting the levels of urea cycle 

enzymes i n  rat l iver. The Journal of Biological Chemistry 238, 1 01 2-1 0 1 8. 



1 58 

Schimke RT ( 1 964) The importance of both synthesis and degradation i n  the 

control of arg inase levels in rat l iver. The Journal of Biological Chemistry 

239, 3808-381 7 . 

Schmidt-Nie lsen B ,  Osaki H ,  Murdaugh HV & O'Del l R ( 1 958) Renal regu lation 

of urea excretion in sheep. American Journal of Physiology 1 94, 221 -228. 

Schoenheimer R, Ratner S & Rittenberg D ( 1 939) Studies in prote in  

metabol ism. The metabol ic activity of  body proteins investigated with 1-
leucine contain ing two isotopes. The Journal of Biological Chemistry 1 30, 

704-732 . 

Seal CJ & Parker DS ( 1 993) Net mesenteric and portal absorption and rumen 

metabol ism of vol ati le  fatty acids in forage-fed steers receiv ing i ntraruminal  

propionic acid .  Animal Production 56, 431 . 

Seal CJ & Reynolds CK ( 1 993) N utrit ional imp l i cations of gastrointest inal  and 

l iver metabo l ism in ruminants. Nutrition Research Reviews 6, 1 85-208. 

Shigesada K, Aoyagi K & Tat ibana M ( 1 978) Role of acetylg l utamate i n  

ureotel ism. Variations i n  acetylg lutamate level and its possible s ignificance 

i n  control of urea synthesis in mamma l ian l iver .  European Journal of 

Biochemistry 85, 385-39 1 . 

Sh igesada K & Tatibana M ( 1 97 1 ) Role of acetylglutamate i n  ureote l ism .  1 .  

Occurrence and biosynthesis of acetylg lutamate in  mouse and rat t issues. 

The Journal of Biological Chemistry 246, 5588-5595. 

Sh ipley RA & C lark RE ( 1 972) Compartmental analysis: A single pool , rea l  or 

by lumping.  I n  Tracer Methods for in vivo Kinetics, pp. 1 -20 [ RA Sh ip ley and 

RE C larks, editors]. New York: Academic Press. 

S ies H & Haussinger D ( 1 984) Hepatic glutamine and ammonia metabol ism. I n  

Glutamine Metabolism in Mammalian Tissues, pp. 78-97 [D Hauss inger and 

H S iess, editors] . Berl in :  Springer-Verlag. 

S incla i r  LA, Garnsworthy PC,  Newbold J R  & Buttery PJ ( 1 995) Effects of 

synchronising the rate of d ietary energy and n i trogen release in d iets with a 

s imi lar carbohydrate composition  on rumen fermentation and m icrobia l  

protein  synthesis i n  sheep. Journal of Agricultural Science. Cambridge 1 24, 

463-472. 



1 59 

Sk i l leter D N  ( 1 975) The decrease of m itochondria l  substrate uptake caused by 

tria lkylt in and tria lkyl- Iead compounds i n  chloride media and i ts relevance to  

inh ib it ion of  oxidative phosphory lat ion .  Biochemical Journal 1 46 ,  465-471 .  

Smith C B  & Sun Y ( 1 995) I nfluence of val i ne flooding on channe l l i ng  of val i n e  

i nto t issue pools and on protei n  synthesis. American Journal o f  Physiology 

268, E735-E744. 

Southorn B G ,  Kel ly JM & McBride BW ( 1 992) Phenylalan ine floodi ng dose 

procedure is effective in measur ing i ntestina l  and l iver protei n  synthesis i n  

sheep. Journal of Nutrition 1 22, 2398-2407. 

Srere PA ( 1 987) Complexes of sequent ia l  metabol ic enzymes. Annual Review 

of Biochemistry 56, 89-1 24. 

Sto l l  B ,  Gerok W, Lang F & Haussi nger D ( 1 992) L iver cel l  volume and protei n  

synthesis .  Biochemical Journal 287, 2 1 7-222 . 

Sta l l  B & Haussinger D ( 1 989) Funct ional hepatocyte heterogeneity. Vascular 

2-oxoglutarate is a lmost exclusively taken up by perivenous g lutam ine­

synthetase-contain ing hepatocytes. European Journal of Biochemistry 1 81 ,  

709-7 1 6. 

Summerski l l  WHJ & Wol pert E ( 1 970) Ammonia metabol ism i n  the gut. The 

American Journal of Clinical Nutrition 23, 633-639. 

Sutherland TM ( 1 975) The overal l  metabol ism of n itrogen i n  the rumen . I n  

Reviews in Rural Science 1/: From Plant Animal Protein, pp. 65-72 [TM 

Sutherland, J R  McWi l l i am and RA Lengs, editors]. Armi dale:  Arm idale Press. 

Symonds HW, Mather DL & Col l is  KA ( 1 981 ) The maximum capacity of the l i ver 

of the adult da i ry cow to metabol i se ammonia.  British Journal of Nutrition 46, 

481 -486. 

Tagari H & Bergman E N  ( 1 978) I ntestina l  d isappearance and portal b lood 

appearance of amino acids in sheep.  Journal of Nutrition 1 08, 790-803. 

Tamminga S ( 1 979) Protei n  degradation in the forestomachs of rum inants. 

Journal of Animal Science 49, 1 61 5-1 630. 

Taylor PM & Rennie MJ ( 1 987) Perivenous loca l isation  of Na-dependent 

g lutamate transport in  perfused rat l iver. FEBS Letter 221 , 370-374. 

Tepperman B L  & Jacobson E D  ( 1 982) Measurement of g astro intest ina l  blood 

flow. Annual Reviews of Physiology 44, 7 1 -82 . 



1 60 

Tsuda M ,  Sh ikata Y & Katsunuma T ( 1 979) Effect of d ietary proteins on the 

turnover of rat l iver arg i n i nosuccinate synthetase. Journal of Biochemistry 

85, 699-704. 

U Iyatt MJ ( 1 97 1 ) Stud ies on the causes of the d ifferences in pasture qual ity 

between perennial  ryegrass, short-rotat ion ryegrass , and white clover. New 

Zealand Journal of Agricultural Research 1 4, 352-367 . 

U lyatt M ( 1 997) Can protei n  uti l isation from pasture be i mproved? Proceedings 

of the New Zealand Society of Animal Production 57, 4-8. 

U lyatt MJ , Del low DW, Rei d  C SW & Bauchop T ( 1 974) Structure and function 

of the large i ntesti ne of ruminants. In Digestion and Metabolism in the 

Ruminant, pp. 1 1 9- 1 33 [ IW McDonald and ACI Warners, editors]. Sydney: 

The U niversity of New England Publ ish ing U nit .  

U lyatt MJ & Egan AR ( 1 979) Quanti tative d igest ion of fresh herbage by sheep. 

5 .  The d igest ion of four herbages and predict ion of s i tes of d igestion. Journal 

of Agricultural Science, UK 92, 605-6 1 6. 

U lyatt MJ & MacRae JC ( 1 974) Quantitative d igest ion of fresh herbage by 

sheep . 1 .  The sites of organ ic  matter, energy, readi ly  fermentable 

carbohydrate, structural carbohydrate and l i pid .  Journal of Agricultural 

Science, Cambridge 82, 295-307.  

U lyatt MJ ,  Poppi  D P  & Barry TN ( 1 984) The rumen as a moderating i nfluence 

on nutrient supply. Proceedings of the Nutrition Society of New Zealand 9, 

55-64. 

Ulyatt MJ ,  Thomson DJ ,  Beever D E ,  Evans RT & Ha ines MJ ( 1 988) The 

d igest ion of perennial  ryegrass (Lolium perenne cv. Mel/e) and white clover 

( Trifolium repens cv. Blanca) by grazing catt le. British Journal of Nutrition 60, 

1 37 - 1 49. 

van der Wait JG ( 1 993) N itrogen metabol ism of the rum i nant l i ver. Australian 

Journal of Agricultural Research 44, 381 -403. 

Verhoeven AJ , Van Iwaarden JF ,  Joseph SK & Meijer AJ ( 1 983) Control of rat­

l iver g lutam inase by ammonia and pH. European Journal of Biochemistry 

1 33, 241 -244. 



1 61 

vom Dahl S ,  Sto l l  B ,  G erok W & Haussinger 0 ( 1 995) I nh ib it ion of proteolys is 

by cel l  swel l ing in  the l i ver requ i res i ntact microtubular structures . 

Biochemical Journal 308, 529-536. 

Wag horn GC ( 1 986) Changes i n  rumen d igesta of cows during a restricted 

feeding period when offered fresh red clover, l ucerne or lucerne hay. New 

Zealand Journal of Agricultural Research 29, 233-241 . 

Waghorn GC & Barry TN ( 1 987) Pasture as a n utrient source. I n  Feeding 

Livestock on Pasture, Vol ume 1 0  pp.  2 1 -37 [AM N icols ,  editor] . Chr istchurch: 

New Zealand Society of Ani ma l  Production. 

Waghorn GC, Reid C SW, U lyatt MJ & John A ( 1 986) Feed comminution ,  

part icle  compositio n  and d istribution between the four compartments of the 

stomach i n  sheep fed chaffed lucerne hay at two feeding frequencies and 

i ntake levels .  Journal of Agricultural Science, Cambridge 1 06, 287-296. 

Waghorn GC ,  Shelton I D, McNabb WC & McCutcheon SN ( 1 994) Effects of 

condensed tannins in Lotus pedunculatus on its nutrit ive value for sheep.  2 .  

N itrogenous aspects.  Journal of Agricultural Science 1 23, 1 09-1 1 9. 

Waghorn GC,  S helton I D  & Thomas VJ ( 1 989) Part icle breakdown and rumen 

d igestion of fresh ryegrass (Lolium perenne L. ) and lucerne (Medicago sativa 

L.) fed to cows durin g  a restricted feeding period. British Journal of Nutrition 

6 1 , 409-423. 

Waghorn GC, U lyatt M J ,  John A & F isher MT ( 1 987) The effect of condensed 

tann ins on the site of d igestion of amino acids  and other nutrients in sheep 

fed on Lotus cornicu/atus L.  British Journal of Nutrition 57, 1 1 5-1 26 .  

Waghorn GC & Wolff JE ( 1 984) Theoretical  considerations for partit ion ing 

nutrients between muscle and ad ipose tissue .  Proceedings of  the New 

Zealand Society of Animal Production 44, 1 93-200. 

Walker DJ ( 1 964) E nergy metabol ism and rumen micro-organisms. I n  

Physiology of Digestion in the Ruminant, pp. 293-3 1 0 [RW Oougherty, 

editor] . London: Butterworths. 

Wal l ace R ,  Knecht E & Grisol ia S ( 1 986) Turnover of rat l i ver ornithine 

transcarbamyase. FEBS Letters 208, 427-430. 



1 62 

Wanders RJA, Meijer AJ , Groen AK & Tager JM ( 1 983) B icarbonate and the 

pathway of g lutamate oxidation in iso lated rat-l iver m itochondria .  European 

Journal of Biochemistry 1 33, 245-254. 

Waterlow JC ( 1 984) Protei n  turnover with special reference to man .  Quarterly 

Journal of Experimental Physiology 69, 409-438. 

Waterlow JC, Garl ick PJ & M i l lward DJ ( 1 978a) Basic concepts. In Protein 

Turnover in Mammalian Tissues and in the Whole Body, pp. 1 79-223 [JC 

Waterlow, PJ  Gar l ick and DJ M i l lwards, editors]. Amsterdam: North-Hol land 

Publ ish ing Company. 

Waterlow JC, Garl ick PJ & M i l lward DJ ( 1 978b) Free amino acids. In Protein 

Turnover in Mammalian Tissues and in the Whole Body, pp. 1 1 7-1 76 [JC 

Waterlow, PJ Garl ick and DJ M i l lwards,  editors] . Amsterdam:  North-Hol land 

Publ ish ing Company. 

Waterlow JC ,  Garl ick PJ & M i l lward DJ ( 1 978c) General pr incip les of the 

measurement of whole-body p rotein  turnover. In Protein Turnover in 

Mammalian Tissues and in the Whole Body, pp. 225-249 [JC Waterlow, PJ 

Garl ick and DJ M i l lwards , editors] . Amsterdam: North-Hol land Pub l ish ing 

Company. 

Waterlow JC, Garl ick PJ & M i l lward DJ ( 1 978d) Measurement of protei n  

turnover i n  the whole body with 1 5N .  I n  Protein Turnover in Mammalian 

Tissues and in the Whole Body, pp.  251 -299 [JC Waterlow, PJ Garl ick and 

DJ M i l lwards, editors] .  Amsterdam:  North-Hol land Publ ish ing Company. 

Watford M ( 1 989) Channel ing in the urea cycle :  a metabolon spanning two 

compartments. Trends in Biochemical Sciences 1 4, 31 3-31 4. 

Webb KE , Jr. ( 1 986) Amino acid and peptide absorption from the 

gastrointest inal  tract. Federation Proceedings 45, 2268-227 1 .  

Webb KE, J r. ( 1 990) I ntest inal absorption of prote in  hydrolysis products: A 

review. Journal of Animal Science 68, 301 1 -3022. 

Webb KE , D irienzo DB & Matthews JC ( 1 993) N itrogen metabo l i sm and am ino 

acid n utrit i on i n  dairy catt le. Journal of Dairy Science 76, 351 -36 1 . 

Webster JF  ( 1 974) Clearance by the hepatic  portal circu lation of the products 

of d igestion and metabol ism i n  the ruminant g ut .  Proceedings of the Nutrition 

SOCiety 33, 1 55-1 61 . 



1 63 

Weighart M ,  S lepet is  R ,  E l l i ot JM & Smith O F  ( 1 986) Glucose absorpt ion and 

hepat ic g luconeogenesis in da iry cows fed d iets vary ing in forage content. 

Journal of Nutrition 1 1 6, 839-850. 

Weijs PJM, Calder AG, M i l ne E & Lobley GE ( 1 996) Conversion of 

C 5N]ammonia i nto u rea and amino acids i n  humans and the effect of 

nutrit ional status. British Journal of Nutrition 76, 491 -499. 

White MF & Christensen H N  ( 1 982) Cation ic am ino acid transport i nto cultured 

animal  cel ls. The Journal of Biological Chemistry 257, 4450-4457 . 

White SW, Chalmers J P ,  H i lder R & Korner P I  ( 1 967) Local therm od i l ut ion 

method for measur ing blood flow in  the portal and rena l  veins  of the 

unanaesthetised rabbit. Australian Journal of Experimental Biology and 

Medical Science 45, 453-468. 

Whitt J ,  Hunt ington G ,  Zet ina E ,  Casse E ,  Taniguchi K & Potts W ( 1 996) 

P lasma flow and net nutrient flux across gut and l i ver of cattle fed twice 

dai ly .  Journal of Animal Science 74, 2450-2461 .  

Wi lton JC & G i l l  M ( 1 988) U ptake of ammon ia  across the l iver of forage-fed 

catt le. The Proceedings of the Nutrition Society 47, 1 53A 

Withr ington PG & R ichardson P O I  ( 1 986 )  H epatic heamodynamics and 

m icrocirculat ion. In Regulation of Hepatic Metabolism - Intra- and 

Intercellular Compartmentation, pp.  27-53 [RG Thurman, Fe Kauffman and K 

Jungermanns, editors]. New York: P lenium P ress. 

Wolff JE & Bergman EN ( 1 972a)  G luconeogenesis from plasma amino acids i n  

fed sheep. American Journal of Physiology 223, 455-460. 

Wolff J E  & Bergman E N  ( 1 972b) Metabol ism and i nterconversions of five 

p lasma amino acids by t issues of the sheep.  American Journal of Physiology 

223, 447-454. 

Wolff J E ,  Bergman EN & Wi l l iams H H  ( 1 972) N et metabol ism of p lasma amino 

acids by l i ver and portal -dra ined v iscera of fed sheep. American Journal of 

Physiology 223, 438-446. 

Zaleski J ,  Wi lson OF & Erecinska M ( 1 986) G l utamine metabol ism i n  rat 

hepatocytes. The Journal of Biological Chemistry 261 ,  1 4082-1 4090. 



- - - �------------------- �- -

Table 8. 1 .  B lood flows and oxygen transfers i n  sheep offered fresh white clover i n  two 2 hour periods per day. 

(Mean and standard error of the d ifference between means {SED} for six sheep) 

Blood flow (g/m in )  Average Sampl ing period (hours) S E D  
1 2 3 4 5 6 7 9 1 1  

Portal vein 1 807 1 648 1 288 1 759 1 973 1 976 1 87 1  2050 2 1 57 1 536 290 . 3  
S E  201 265 100 165 180 283 254 166 233 161 

Hepatic vein 2 1 20 2 1 1 8  1 568 1 788 2642 22 1 9  231 3  2561 2 1 63 1 709 389. 0 

SE 267 291 56 117 576 327 325 257 270 187 

Hepatic artery 309 470 280 29 669 92 442 61 6 6 1 73 339.2  
S E  220 187 112 176 625 209 159 296 158 60 

Oxygen (mmollm in )  
PDV -2 .6 -2 .0 -2. 1 -2 . 4  -3. 0 -3 . 2  -3.3  -2 .6  -2. 5  -2 . 6  0 .90 
S E  0.61 0 . 49 0 . 54 0 .78 1 .03 0 .54 0 .48 0 . 56 0 .71 0 .35 

Liver -2 . 5  -3. 0  -1 . 5  -2.4  -2 . 8  -2. 4  -2 . 8  -4. 3  -1 . 2  -2. 0  0 .94 
SE 0 .62 0 . 34 0 .14 0 .36 1 .52 0.77 0.72 1.07 0.35 0 . 31 0 .94 

SE,  Standard error of the mean.  

P 

0 . 1 26 

0. 1 20 

0 .49 1  

0 .845 

0 . 1 30 
0 . 1 30 

Positive and negative values are indicative of net production and net extraction of the metabolite by the relevant organ respectively.  
Feeding between sampl ing hours 3 and 4 ,  beg inn ing at 0800. 
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Table 8.2. Ammonia concentrations and transfers in  sheep offered white clover in  two 2 hour periods per day. 
(Mean value and standard error of the difference between means {SED} for six sheep) 

Ammonia (�molll ) Average Sampl ing period (hours) SED P 
1 2 3 4 5 6 7 9 1 1  

Portal vein 467 393 397 501 490 474 538 554 464 392 89. 7  0.494 
SE 57 27 37 22 35 80 84 103 79 46 

Hepatic vein 63 51 52 64 83 7 1  83 86 47 33 24.9 0 .462 
SE 17 21 21 24 20 14 7 24 7 11 

Posterior aorta 81  66 68 92 9 1  69 88 98 84 73 25 .5  0. 890 
SE 18 20 21 20 17 19 7 19 14 21 

(�mol/m in )  
PDV 700 da529 dC421 a733 b663 b830 b 1 01 9  b904 a690 aC5 1 1 1 99 .0  0 .033 
SE 146 75 54 104 190 111 171 262 260 90 

L iver -821 da_557 db_446 a-780 a-81 8  c-836 a -1 035 a-1 1 1 3  a - 1 1 25 a-682 1 79. 1 0 . 009 
SE 136 89 47 101 163 150 157 210 235 77 

SE,  Standard error of the mean. 
Positive and negative values are indicative of net production and net extraction of the metabolite by the relevant organ respectively. 
Feeding between sampling hours 3 and 4, beginning at 0800. 
Means with the same super-script are not sign ificantly d ifferent at 0.05.  
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Table 8.3. U rea concentrations and transfers i n  sheep offered fresh white clover i n  two 2 hour periods per day. 

(Mean and standard error of the difference between means {SED} for six sheep) 

Urea (mmol/ l) Average Sampl ing period (hours) SED 
1 2 3 4 5 6 7 9 1 1  

Portal vei n  9 .51  9 .35 8 .98 9 .32 9 . 1 6  9 . 54 9. 58 9 .99 9 .88 9 .76 0.438 
SE 0 . 30 0 . 28 0. 39 0 . 32 0 . 24 0 . 22 0 .23 0 . 33 0 . 40 0 . 33 

Hepatic vein 9 .76 9 . 77 9 .33 9 .39 9 .53 9.78 1 0. 05 1 0. 1 8  1 0. 1 0  9 .70 0 . 505 
SE 0.35 0 .34 0.33 0 . 45 0 . 25 0 . 26 0 .27 0 .34 0 .47 0 .41 

Posterior aorta 9 .44 9 .38 9 .00 9 . 04 9 .29 9 .41  9 .74 9 .92 9 .8 1  9 .32 0 .480 
SE 0.33 0 .47 0 . 38 0 .30 0 . 22 0 . 20 0.26 0 .30 0 .38 0 . 44 

( mmollm in )  
P DV -0.01  -0. 1 6  -0. 05 0 .40 -0. 25 0 .26 -0. 33 -0. 1 5  -0. 29 0 .5 1  0 .423  
SE 0 . 28 0 .45 0.14 0 . 16 0.37 0 . 26 0 . 25 0 . 17 0 .31 0 .41 

liver 0 .7 1  0 .99 0 .54 0 .34 0 .92 0 .89 1 .09 0 .75 0 . 85 0 .02 0 . 578 
S E  0.41 0 .48 0.40 0 .57 0.34 0.43 0 . 33 0 .41 0 .56 0 . 19 

SE, Standard error of the mean.  

P 

0.344 

0 .654 

0 . 503 

0 .375 

0 .689 

Positive and negative values are indicative of net production and net extraction of the metabolite by the relevant organ respectively. 

Feeding between sampling hours 3 and 4, beginning at 0800. 



Table 8.4. Hepatic n itrogen ( N )  transfers in sheep offered white clover in two 2 hour periods per day. 
(Mean value and standard error of the d ifference between means {SED} for six sheep) 

gN/d Average Sampl ing periods (hours) SED P 
1 2 3 4 5 6 7 9 1 1  

Liver N transfers 
N HTN -1 6 .6 ad -1 1 .2 bd_9 .0  a_1 5 . 7  a_1 6 . 5 c- 1 6 . 9 a_20 . 9 a_22. 5 a_22. 7 a_1 3. 8  4.26 0 .009 
S E  2.8 1.8 1.0 2 . 0  3.3 3.0 3.2 4.2 4.7 1.6 

AA-N -2. 1 -2 . 5  0 .7  -0 .6  -1 . 1 - 1 1 . 8 1 2 . 1  -6. 0  -0 .2  -9. 1 7 .00 0 .684 
SE 6.0 5.4 7.6 1.3 3.0 4.0 13.3 7.2 4.8 7.2 

Urea-N 28.6 39 . 8 2 1 .7  1 3 . 7  37 . 0  36 . 0  44. 1 30.4 34. 1 0 .9  9 .27 0 .689 
SE 5.8 6.5 8.3 1.4 4.2 3.3 13. 8  5.9 6 .2  2 . 7  

Liver 15N transfers ( mmollmin )  
15N-NH3 -37. 3  -4 1 . 3 -37 . 8  -40 .4  -28. 9 -33 .2 -35. 7 -40. 4  -47 .4  -30 .6 6 .76 0 .625 
SE 5.9 6.3 5.0 8 . 0  7.1 5.6 6 .4 4 .9 3 .1 6.9 

1 5N-Urea 72.7 85.2 1 37 .9  92 .4 75.6 45. 8  1 01 . 9  39 . 9 61 .7  1 4 . 5  50. 94 0.660 
SE 41. 3  47. 6  84.6 65.8 28.9 31.7 32 . 0  30. 5  40 . 4  10 . 2  

Positive and negative values indicate net production and net extraction of the metabolite by the relevant tissue respectively. 
Flux = metabolite concentration x blood flow in the respective vessels . 
Feeding between sampling hours 3 and 4, beginning at 0800. 
Means with the same super-script are not s ign ificantly d ifferent at 0.05.  
SE,  Standard error of the mean. 



Table 8.5. Summary of n itrogen (N) f luxes in sheep offered white clover in two 2 hour periods per day, 
�Mean value and standard error of the d ifference between means {SEDl for six sheeE� 

g N/d Average Sampl ing periods (hours) SED P 
1 2 3 4 5 6 7 9 1 1  

N i ntake 2 1 , 9  
N H3-N flux 

Portal 1 8 , 9  ad1 2 , 9  cd 1 0, 3  a 1 8, 0  a 1 9, 9  b1 9, 8  b24,2  b25, 8 a25 ,0  a1 4 , 6  3, 94 0 , 045 
SE 1,8 1,9 1 ,3  2,1 3.4 3.1 3.7 4.6 5.2 1.2 

Hepatic 2, 9 ad2 . 1  cd 1 .6 aC2 .4  bC4 , 9 aC2 , 8  b4 .2 b4 .4  aC2 ,5  aC 1 .2 1 . 1 3  0 .048 
SE 0.4 0 , 7  0 , 6  1 ,0 1.4 0.8 0 ,6 1,1 0 ,7 0.4 

Arterial 0 ,5  0 ,5  0 ,3  0. 1 1 .5 -0. 1 0 , 9  1 , 1  0 .2  0 .3  0 .62 0 . 379 
SE 0.2 0.2 0.1 0,2 1.2 0.5 0 . 4  0.6 0.4 0 , 2  

AA-N flux 
Portal 1 03 ,2 a87 .4 a86. 0  b1 04 . 5  a 1 01 . 3 b1 5 1 . 1  b1 1 8, 1  a89. 9  b1 01 . 0  a89.8 1 4, 2 1  0 , 008 
SE 6.9 8.1 9,5 6.3 7.5 17,7 17.4 12,2 9.4 8.7 

Hepatic 201 .6  ad 1 51 ,7 cd1 47 . 1 b 1 90 . 7 b2 1 7, 1  b264, 5 b247 .6  bC1 85 ,9  b254 , 3  aC1 55 ,8  1 8. 37 <0.001 
SE 15.4 5,8 8.6 14.2 15,0 21.6 21.8 8.5 24.8 10.0 

Arteria l  27 .0 a 1 8. 2  c7 .8  b1 4 , 5  b28. 5 a26, 0  b64 .6  b29 .9 b36. 2  a 1 7 . 5  3 .08 <0.001 
SE 5.5 1.7 0 ,6 1.4 2.3 2.0 6.1 2.4 3.3 1.9 

U rea-N f lux 
Portal 694 .0  6 1 8 .2  470 .0  653. 2  734 ,8  767 . 5  727 . 2  823 .4  847 , 5  604 .5  1 1 6 . 73 0 .076 
SE 42.0 91,6 47.3 47.0 58.0 174.2 106,8 70, 6  116.7 66.8 

Hepatic 842 . 1 827 . 8  589 .2  683. 3  1 023 .4  902 . 8  946. 5  1 053.2 880 .3  672 .4  1 62 .22 0 .080 
SE 57.2 102,3 24,5 70.1 215.4 144,9 145.6 118.8 134.8 84.7 

Arterial 1 1 8. 1 1 69 .8  97 . 5  1 6. 4  251 . 6  35. 7  1 75 .2  251 . 2  -1 . 3  67 . 0  1 28 . 50 0 .459 
SE 32,5 64.8 36.6 61,0 235.0 81.5 63.0 121,0 68.2 22.4 

Positive and negative values indicate net production and net extraction of the metabolite by the relevant tissue respectively, 
F lux = metabolite concentration x blood flow in  the respective vessels. Means with the same super-script are not significantly d ifferent at 0 , 05 ,  ..... 

Note; AA-N arteria l  pOints 1 & 2 significantly d ifferent. Feeding between sampl ing hours 3 and 4, beginn ing at 0800. 0) 
co 

SE,  Standard error of the mean .  



8 .2  S UPPLEMENTAL MATERIALS AND M ETHODS 

8 .2 . 1 Surg ica l  procedures 
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The portal and hepatic vei n  catheters were i nserted via the l i ver per se rather 

than the respective veins d irect ly .  These vessels were located by palpation, 

that is, an indentation was felt in the l i ver surface, indi catin g  a medium sized 

vein lay beneath. A smal l  i ncis ion was made approximately 5 mm deep unt i l  

b lood flowed freely. I f  this did not occur, another potent ia l  site was located .  A 

catheter was i nserted b l indly i nto the apparent source of the free flowing blood. 

This  was often d ifficu lt ,  especia l ly considering the catheter t ip  was constructed 

of s i l i cone and therefore very flexib le .  Once the catheter was inserted i nto a 

vein up  to 50 mm, blood was aspirated to confirm the catheter was correctly 

placed . A second catheter was then s im i larly inserted i nto another vessel .  The 

d ifference between portal and hepatic veins was establ ished by considering the 

hydrostatic pressure in the two vesse ls, that is the height to which the blood 

rose whe n  the catheters were he ld  vert ical ly a longside one another. The 

d ifference in height was 20-30 mm, with the lesser pressure vessel deemed to 

be the hepatic vei n ,  due to flow restrict ions through the l iver reducing the blood 

pressure in the hepatic vein .  Relat ive blood oxygen concentrations were a lso 

used as an  addit ional method to d etermine which vessel the catheter was 

i nserted i nto, however this was more complex and less rel i able than the 

hydrostatic pressure method . 

The posterior aorta catheter was inserted via the femoral a rtery for a length of 

300 mm,  as such it was assumed that the t ip of this catheter was i n  the 

posterior aorta. The balance of the surgery was performed as per the 

references quoted in the relevant chapters. 

8 .2 .2  Catheter construction 

Catheter construction fol lowed the procedures out l ined by Lobley et a/. ( 1 995) .  

Toluene was used t o  soften the PVC port ion of the catheters t o  al low the 

s i l icone sections to be inserted into the d i lated PVC, with s i l icone glue affixing 

the two sect ions together. A larger d iameter PVC sheath was then placed over 
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the catheter per se u p  to the junction between the s i l i cone and PVC, provid ing 

addit ional strength. The catheters were sutured i nto the respective t issues with  

the a id of  a further PVC sheath covering the junct ion between the s i l i cone and 

PVC which was punctured with suture materia l  in  four places, a l lowing two 

horizontal mattresses to be used to secure the catheters to the t issue. The 

f in ished catheters were gas steri l i sed with ethylene oxide fol lowing 

construct ion .  

At post-mortem, the catheters were without damage and thrombi formation, with 

the except ion of the s ing le mesenteric catheter which fai led i n  the first 

experiment, which had a large thrombus around the t ip .  There was n o  obv ious 

s ign  of  trauma to  the vessel wal l  surrounding the catheter t ips. 

The i nfusates were prepared in i sotonic sal i ne to m in im ise the osmotic shock to 

the an imal .  The choice of 1 5N i nfusate was l im ited to 1 5N H4CI to a l low direct 

comparison with the report of Lobley et a/. ( 1 995) .  At the t ime these 

exper iments were conducted ( 1 995 - 1 996) ,  the reports suggest ing that 

acidosis result ing from the 1 5N H4CI infusion per se may a lter the hepatic amino 

acid metabol ism were not yet publ ished ( Lobley et a/. 1 996b; Lobley & M i lano, 

1 997; M i lano et al. , 2000) .  Therefore a change from 1 5N H4CI  as the source of 

15N was not considered as the 1 5N H4CI provi ded a tracer for al l of the molecules 

of interest in these exper iments and it was deemed i mportant to keep the 

methodology com parable between experiments. 

The 1 5N H4CI i nfus ion rates were varied depending on the expected portal 

ammonia flow from the various d ietary regi mens appl ied . The basal ( lucerne 

pel let fed animals ,  Chapter Three) 1 5N H4CI  i nfusion rate was chosen to achieve 

a 7% enrichment of the est imated portal ammonia  flow (based on that recorded 

by Lobley et a/. , 1 995). The natura l  abundance of 15N is 0 . 364 APE (Sarraseca 

et aJ. , 1 998) and the detect ion l imit  of the GCMS was 0 .2 ,  therefore any 

enrichment above 0.6 APE was theoretical ly detectable. 



1 7 1 

I n  order to a l low comparison with the report of Lobley et a/. ( 1 995) ,  which 

i nfused 1 5N H4C I (at the same APE as the current experiment) at a rate of 1 .66 

m mol/h , the lucerne pel let fed an imals were i nfused with 1 5N H4CI at a rate of 

1 . 80 mmol/h. The fresh white clover fed an ima ls  (Chapter Three) were i nfused 

at twice the level of the lucerne pel let fed an imals in anticipation of a two fold  

i ncrease i n  portal ammonia flow. The low i ntake animals (Chapter Four) were 

i nfused at the sam e  rate as the l ucerne pel let fed animals ,  whi lst the h igh 

intake an imals received 70% more 1 5N H4CI  based on the 75% i ncrease in OM 

offered to th is g roup. The pulse fed animals of C hapter F ive were i nfused with 

the same rate as the low i ntake group of C hapter Four as these animals  were 

offered the same amount of O M  per day. 

8.2 .4 B lood flow est imation 

App l ication of the dye-di l ut ion method for blood flow determ ination was chosen 

over other ava i lable methods because the dye-di l ut ion technique can be used 

in al l of the splanchnic b lood vessels of interest in these exper iments. Para­

aminohippurate ( pAH ) was used in these experiments because pAH is not 

s ignificantly metabol ised by the l i ver, with the exception of an acetylation step, 

the effect of which was rectified with the addit ion of an acid deacetylat ion step 

to the standard pAH analysis (Harris et al. 1 992) .  Add itiona l ly the infused pAH 

is predominantly removed from the b lood by the kidneys a lmost e l im inating the 

recycl ing of pAH to the mesenteric vein .  

The pAH analysis fol lowed the method out l ined by H arris et  a/. ( 1 992) ,  with an 

addit ional acid deacetylation step at  90 QC for 65 minutes rather than for the 

two hours as recommended by Lobley et al. ( 1 995) .  Numerous prel i m i nary 

runs were performed to ensure the methodology was functiona l ,  includ ing 

background analyses to confirm that the pAH was predomi nantly removed by 

the kidneys in a s ingle pass. 

App l ication of the F ick princip le a l lowed the blood flows to be calculated from 

the quot ient of the i nfusion rate d iv ided by the d ifference between the i nflow 
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and o utflow dye concentrations (Webster, 1 974; Tepperman & Jacobson ,  

1 982) .  Therefore the blood flows were calculated from the fol l owing formula ;  

F lowp = I r  I ( Cp - Ca) 

F lowh = I r  I ( Ch - Ca) 

where flowp and flowh are the b lood flows (g/h) in the portal and h epatic veins, I r  

i s  the i nfus ion rate of the pAH (�mollm in ) ,  Cp, Ch and Ca are the concentrations 

(�mollg) of pAH i n  the portal and h epatic veins p lus the posterior aorta 

respectively. 

8 .2 .5  H PLC method 

The ami no acid concentrations in the u l trafi ltrates (produced as for the 15N_ 

amino ac id analysis) were determined after reverse phase H P LC separation of 

phenyl isothiocyanate derivatives ( B id l ingmeyer et al. , 1 984) us ing a Waters 

P ico-Tag@ column (3 .9 x 300 mm;  Waters Corporat ion,  M i lford, MA 01 757 , 

USA) and a Sh imadzu LC-1 0/A HPLC system (Shimadzu Scientific I nstruments 

Ltd . ,  Columbia ,  M O  21 046, U SA) with a 90 m inute run t ime between i njections. 

8 .2 .6  GCMS method 

The level of 1 5N-ammonium enrich ment was determi ned in plasma. The 

ammonia present i n  1 g of p lasma was converted to nor-val ine i n  the presence 

of g lutamate d ehydrogenase. The samples were then stored at -85 QC for 

subsequent determi nation. 

Fol lowing the addit ion of 1 50 � I  of 48% sulphosal icyl ic acid ,  the samples were 

centrifuged at 1 3680 G for 1 0  minutes at 4 cC.  The supernatant was then 

loaded on to a cation exchange column (AG 50W-X8, 0 .8ml ;  B io-Rad 

Laboratories, 3300 Regatta Boulevard, R ichmond, CA 94804, U SA) and 

washed with 3 by 1 ml deionised water, then 2 by 2 ml 2 moll! ammonia  solution 

to e lute the am ino acids, fol lowed by 1 ml deionised water. The e luate was 

then loaded on to an anion exchange column (AG 1 -X8, O .Bm l ,  B io-Rad 

Laboratories, 3300 Regatta Boulevard, R ich mond, CA 94804, U SA) and 

washed with 3 by 1 ml deionised water and e luted with 3 by 1 ml 1 m oml! acetic 



1 73 

acid .  The result ing solution  was freeze dried. The samples were re-hydrated 

with 200 III 0 . 1 molll HCL and heated at 90 °C to dryness . After the samples 

cooled ,  200 III of a 1 : 1 solution of N-tert.-butyld imethyls i lyl-N-methyl­

trifluoroacetam ide ( Sigma Chemicals ,  St Louis, USA) and aceto-nitri l e  was 

added and the samples h eated at 90 °C for one hour,  yieldi ng N-tert. ­

butyld imethyls i lyl-N-methyl (TBDMS)  derivatives. 

I sotopi c  enri chment was determi ned by gas chromatography-mass 

spectrometry (GCMS; Gas chromatograph Model 1 7  A and Mass Select ive 

D ectector Model QP5050A, Sh imadzu Scientific I nstruments Ltd . ,  Columbia,  

MD, 2 1 046, USA) which was equipped with a cap i l l ary column (DB-5MS;  30 m, 

0 .25 mm 10 , 0.25 Ilm fi l m  thickness; J & W Scientific, Folsom, CA, 95630-471 4, 

USA) ,  us ing hel ium as the carrier gas. The mass select ive detector was 

operated i n  e lectron i mpact mode and selected ion monitor ing was performed 

for the TBDMS derivative of norval ine at m/z 1 86 .2  and 1 87 . 2  as outl ined by 

N ieto et a/. ( 1 996) .  

The level of 1 5N enrichment i n  the  amino acids and  urea was determi ned i n  

whole blood. Samples of whole b lood (2 g )  were haemolysed by  the addit ion of 

an equal weight of chi l led 200 Ilmolll L-nor-Ieucine,  as an i nternal standard 

(BDH Chemicals Ltd. , Poole, England)  with a further 200 m g  of 80 mmo lll 

d ithi othreitol ( OTT) in 0 .2  moll! p hosphate buffer (pH 8 .0 )  added prior to 

deprote in isation by ultrafi ltration (Centrisart®; molecular weight cut-off 1 0, 000, 

Sartorius, Gott ingen, Germany) . 

The u ltrafi ltrate was then loaded on to a cation exchange column (AG 50W-X8, 

0 .8ml ; B io-Rad Laboratories, 3300 Regatta Boulevard, Richmond, CA 94804, 

U SA) and washed with 3 by 1 m l  deionised water, then 2 by 2 ml 2 molll 

ammonia sol ut ion to elute the urea and amino acids, fol lowed by 1 ml deionised 

water. The result ing solution was freeze dried, then rehydrated with 200 III 0 . 1 

molll H C L  and heated at 90 °C to dryness. The samples were a l lowed to cool 

pr ior to addi ng 200 III of a 1 : 1 solut ion of N-tert. -buty ld imethyls i lyl-N-methyl­

trifluoroacetam ide (S igma C hemicals, St Louis ,  U SA) and aceto-nitri le .  This 
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solution was then heated at 90 °C for one hour, y ield ing N-tert.­

butyldimethylsi lyl-N-methyl (TBDMS) derivatives. I sotopic enrichment was 

determi ned on the same GCMS as for the 15N-nor-val i ne analysis. 

For the 1 5N-urea analysis, the mass selective detector was operated in e lectron 

i mpact mode and selected ion monitoring was performed for the TBDMS 

derivatives of the s ing le and double labe l led forms of urea at  mlz 231 , 232, 233 

and 234 according to the procedures out l ined by Brosnan et at. ( 1 996) .  For the 

1 5N-ami no acid analysis ,  the mass selective detector was operated in e lectron 

i mpact mode and scan mode for the TBDMS derivatives. The resultant 

chromatograms were examined for the presence of additional side peaks on a l l  

of  the TBDMS-amino acid derivatives. 

8 .2 .7  Ammonia method 

The plasma samples were stored on ice for up to six hours, prior to analys is .  

Ammonia concentrations were determi ned with a commercial enzymatic kit 

(#1 7 1 ; Sigma Chemicals ,  St louis ,  U SA) . The reaction was based on the 

reductive amination of 2-oxoglutarate in the presence of g lutamate 

dehydrogenase and NADP H .  The decrease in absorbance at 340 nm,  due to 

the oxidation of NAD P H ,  was proportional to the plasma ammonia 

concentration . 

8 .2 .8  U rea method 

P lasma urea concentrations were determined at a later date fol lowing the 

freezing (-85 °C)  of the samples on the day of col lection .  A commercial kit 

(#535; Sigma Chemicals ,  St Louis, U SA) was used to determ ine the plasma 

urea concentrations. The assay was based on the conversion of urea to 

hydroxyl-amine i n  the presence of d iacetyl monoxime in  bOi l ing sulphuric acid .  

The urea concentration i s  d irectly proportional to the i ntensity of the colour 

produced,  which was measured spectrophotometrical ly  at 520 nm. The assay 

was repeated unti l the coefficient of variation between the dupl icate samples 

was less than 0 . 1 .  



LIST OF EMENDATIONS 

Page i i ,  paragraph 1 ,  l i nes 1 & 2 - replace "a characteristic of wh ich is a" with 

"that characteristica l ly have a" . 

Page i i i ,  paragraph 1 ,  l ine 5 - replace "Hepatic am ino catabol ism" with " Hepatic 

am ino acid catabol ism" . 

Page i i i ,  paragraph 2 ,  l ine 5 - replace "rate" with " rates" . 

Page 1 ,  paragraph 3 ,  l i ne 5 - replace "determined" with "wi l l  quantify" . 

Page 4 ,  paragraph 1 ,  l i ne 6 - replace " N  contain ing" with "N-conta in ing" 

Page 9, paragraph 4, l ine 8 - replace "protei n  deposition" with "deposited N" . 

Page 1 0 ,  paragraph 5 ,  l ine 1 0 - replace "an imal  productivity" with "animal 's 

productivity" 

Page 24, paragraph 1 ,  l ine 5 - replace "apol iprotien" with "apol iprotein" . 

Page 25,  paragraph 1 ,  l i nes 2 and 4 - replace "capi l lary l i ke" with "capi l lary-l ike" . 

Page 49, paragraph 2 ,  l ine 1 3  - replace "detoxificaiton" with "detoxification" 

Page 54, paragraph 2, l ine 6 - replace "would certai nly be" with "may be" . 

Page 55, paragraph 4, l i ne 1 1  - replace "four week post surg ical" with "four-week 

post-surg ical" . 

Page 69, l ine 5 - replace "h igher" with " lower" . 

Page 72 ,  paragraph 2 ,  l i ne 7 - replace " lucerne pel let fed" with " lucerne pel let­

fed" 

Page 75,  paragraph 2 ,  l ine 3 - insert sentence "The results of the current 

experiment were cons istent with those of Harper et a/. ( 1 984) . "  

Page 76, paragraph 2 ,  l i ne  2 - replace "fresh wh ite clover fed" with "fresh white 

clover-fed" 

Page 76, paragraph 2 ,  l ine 3 - replace " lucerne fed" with " lucerne-fed" .  

Page 7 7 ,  paragraph 3 ,  l ine 2 - replace "a result of an" with "approximately i n  

proport ion t o  the" . 

Page 86, paragraph 1 ,  l ine 1 - replace "Although portal oxygen concentrations 

approached the 1 0% level of significance , "  with "Although the d ifference in portal 



oxygen concentrations between the two intake levels approached the 1 0% level 

of significance," .  

Page 88, Table 4.4 - th is table is replaced with the table on the facing page. 

Page 94, l ine 5 - replace "concise" with "precise" . 

Page 94, paragraph 2 ,  l ine 1 - replace "Nitrogen digestion" with "protei n  

d igestion" . 

Page 1 2 1 , paragraph 3 ,  l ine 2 - replace "therefore digestion of lucerne within the 

rumen is rap id and yields" with u; the rapid digestion of lucerne with the rumen 

yields" 

Page 1 25 ,  paragraph 2 ,  l ine 7 - replace Or Lobleys" with " Or Lobley's" 


