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STJI',ÍMARY

rn the literature it has been recently reported that sheep

derive relatively little choline from the diet as there is almost

complete microbial breakdown of dietary choline to Èrimethylamine

and methane in the rumen. The low amounE of dietary choline re-

ceived by sheep would certainly be, on a body-weight. basis,

inadequate for preventing severe pathological lesions (e.g. fatty

liver, haemorrhagic kidney) and death in several non-ruminant

species. Sheep appear to survive on a very limiEed dietary choline

intake, in part, by conserving body choline efficiently. The

overall aim of the work in this thesis was to make an important

contribution to the knowledge of choline nutrition and metabolism

in sheep with particular emphasis on the reasons why sheep rr.u" u

minimal need for dieEary cholj-ne.

Dried summer pastures and fresh pasture commonly used to graze

sheep in Australia were analysed to compare the concent.rations of

unesterified choline, glycerophosphocholine, phosphocholine, lipid

choline and betaine. In dried whêat, barley and triticale

stubbles and dried medic and lucerne hays most of the choline .$/as

present as unesterified choline and/or glycerophosphocholine in

contrast ro fresh grass/clover pastr:re in which choline mainly

exisEed as lipid choline. There were lower concentrations of

total choline and betaine in the dried stubbles and hays compared

with the fresh pasture.

A radioenzymíc assay of choline using [3H] acetyl-CoA and

partially purified choline acetyltransferase was developed for the
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analysis of sheep tissues and fluids. The assay procedure was

sensitive and specific for choline in Ehe presence of carnitine and

carnitine acetyltransferase. The method was used to measure the

various forms of choline in digesÈa, saliva, bile, faeces and

urine of sheep fed lucerne hay to assess Ehe flux of choline in the

alimentary and urinary tracEs. The passage of total choline

(mainly in Ehe form of lipid choline) in the rumen, abomasal and

duodenal digesta of che sheep was only a few percent of the total

choline available in the díet. There was a significant total

choline flux in the saliva (largely as unesterified choline) which

would enrich the rumen digesta. The total choline flux in the bile

hras very substantial (mainly as lipid choline) which would supple-

ment the duodenal digesEa. Low amounts of choline ï/ere excreted

in the faeces and urine of the sheep.

The net uptake and output of plasma unesterified choline,

glycerophosphocholine, phosphocholine and lipid choline by organs of

conscious chronically catheÈerized sheep rr¡ere measured. There was

significant production of plasma unesterified choline by the

alimentary tract, brain, heart, hindlimb muscle and the upper- and

lower-body regions drained by the venae cavae and uptake by the

liver, lungs and kidneys. The upper- and lower-body regions drained

by the venae cavae provided the bulk (about 87%) of the total body

venous reÈurn of plasma unesterified choline with a major contri-

bution by the muscle mass. Production of plasma unesterifíed

choline by the alimentary tract v¡as approximately balanced by t.he

plasma unesterified choline taken up by the liver, and was almost

equal to the amount of choline secreted in the bile. There rdas a
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considerable amount of glycerophosphocholine in the liver and there

was production of plasma glycerophosphocholine by the liver and up-

take by the lungs and kidneys. The concentration of glycerophospho-

cholíne was higher in Ehe plasma of sheep than in that of cattle and

rats. Plasma phosphocholine was produced by the alimentary tract

and kidneys. There was production of plasma lipid choline by the

upper- and lower-body regions drained by the venae cavae. In rats

there v/as no uptake or output of plasma unesterified choline or

lipid choline by the lower-body region drained by the inferior vena

cava in contrast to sheep.

The capacity of various sheep and rat tissues to synthesize

choline was determined in vitro by monitoring the overall methylation

of endogenous phosphatidylethanolamine to phosphatidylcholine in

isolated microsomal preparations using S-adenosyL-L-fnethyl-L4ç1

methionine as the methyl donor. Phosphatidylcholine was the main

phospholipid product and radioactivity was specifically associaÈed

with the choline portion of the molecule. rn sheep the liver was

the major site of choline synthesis, but there was also appreciable

production in other tissues, particularly the lungs, kidneys,

alimentary tract and skeletal muscle. In raEs choline synthesis

was of quantitaEive signi.ficance in the liver but not in extra-

hepatic tissues.

A surgically prepared sheep with portal vein, duodenal and

gallbladder catheters and ligated bile duct was infused with radio-

actively-labelled choline compounds to establish the extent of

retention and -reutilization of bile choline. The recovery of

lnethyT-3H] choline chloride radioactivity infused via the portal

vein in bile lipid choline was 48.47" af.ter 24h, and 7I.27" after
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120h of bile collection. The recovery of [3H] lipid choline bile

radioactivity infused via the duodenum in bile lipid choline was

25.I7" and 72.32 af.ter 24h and 120h of bile collection respectively.

Radioactivity in the bile lipid choline was almost exclusively

associated with the choline moieEy of phosphatidylcholine. The

amount of choline reincorporated into bile lipid choline for the

sheep l/as several times higher than the levels previously reported

for raÈs and humans.

The main findings of the present investigation were that sheep

synthesize considerable amounts of choline in tissues other than the

liver and have the capacity for'extensive ret ntion and recycling of

bile choline. These factors, coupled with a slow turnover of the

endogenous choline body pool, explain the insensitivity of sheep to

a low dietary chol-ine supply .ompa.eã to many non-ruminant species.
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PREFACE

Abbreviations approved by the Biochemical Journal (1983) for use

without definition are used as such throughout this thesis.

chemical compounds, their sources and degrees of purity are

described in the text.

The recommendations of the Nomenclature Committee of the Inter-
national Union of Biochemisrry (1979, 1980, 1981) on the nomenclature

and classification of enzymes have been followed as far as possible.

The following enzymes are referred to by name only:

Acetylcholinesterase

Acid phosphatase

Adenosinetriphosphatase

Adenosylhomocysteinase

Adenylate cyclase

Alkaline phosphatase

Betaine-aldehyde dehydrogenase

Betaine-homocysteine methyltransferase

Carnitine acetyltransferase

Ceramide cholinephosphotransferase

Cholíne acetyltransf erase

Choline dehydrogenase

Choline kinase

Choline oxidase

Cholinephosphate cytidylyltransferase

Cholinephosphotransf erase

Cystathionine fl-synthase

Cystathionine 1-lyase

EC 3.I.r.7
EC 3. I.3.2

EC 3.6.1.3

EC 3.3.1.1

EC 4.6.1.1

EC 3.1.3.1

EC 1.2.r.8

EC 2.1.1.5

EC 2.3.1.7

EC 2.7.8.3

EC 2.3.1.6

EC 1.r.99.1

EC 2.7.r.32

EC 1.L.3.I7

EC 2.7.7.75

EC 2.7.8.2

EC 4.2.t.22

EC 4.4.1.1
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Glycerophosphocholine phosphodiesterase

Guanidinoacetate methyltransf erase

3a-HydroxysEeroid dehydrogenase

Lecithin-cholesterol acyltransf erase

Lysophospholipase

Methionine adenosylt,ransferase

5-Methyltetrahydrof olate-homocysEeine
methyltransferase

NADPH-cyEochrome c reductase

Peroxidase

Phosphatidylethanolamine methylÈransf erase

Phospholipase A1

Phospholipase A2

Pnospnotipase B

Phospholipase C

Phospholipase D

Protein (lysine) methyltransferase

Sphingomyelin phosphodiesEerase

EC 3. L.4.2

EC 2.r.r.2

EC 1.1 .1.50

EC 2.3.1.43

EC 3.1.1.5

EC 2.5.1.6

EC 2.1.1.13

EC r.6.2.4

EC 1.11 .1 .7

EC 2.1.1.17

EC 3. r.r.32

EC 3.1.1.4

EC 3.1 . 1.5

EC 3.1.4.3

EC 3.r.4.4

EC 2.1.1.43

EC 3.L.4.12
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LITERATURE REVIEI{

1 fntrod uction

choline, ($-hydroxyethyl) urimethylammonium hydroxide, is a

quaternary ammonium compound with the following sEructural formula:

oH-

+

CHa

/J

N-CHr-CHo-OH
\LL

cHgcHg

It was first discovered by Strecker in 1862 when it was isolated from

hog bile (Gr. choJä, bile). The correct sEructure of choline was

determined and was chemically synthesized by Baeyer in 1866. Chemi_cally,

choline is a strong organic base that exists as a colourless hygroscopic

viscous liquid which is soluble in water and alcohol and insoluble in
ether. ït is usually crystallized as the chloride. choline is
ubiquitously present in animals, plants and micro-organisms in the

unesterified form and as a component of phospholipids (phosphatidyl-

choline, lysophosphatidylcholine, sphingomyelin and choline plasmalogens)

and waÈer-soluble esËers (mainly glycerophosphocholine, phosphocholine

and acetylcholine) (Griffith et aj.t I97L).

Choline has several important biochemical functions within the

animal body:

(1) rt is a lipotropic facEor which prevenËs the accumul_ation of

abnormal quanEities of fat in Ehe liver. rt also prevents

. haemorrhagic degeneration of the kidneys.

(2) rt is a precursor for the biosynthesis of phospholipids which

are essenLial components of cell membranes, lipoproteins and bile.
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(3) It is a precursor for the biosynthesis of the neurotransmitter

acetylcholine, which is essential for normal brain function.

(4) It is a precursor for the biosynthesis of betaine which is a

labile methyl donor for many transmethylation reactions in

inEermediary metabolism.

The animal body can synthesize choline by a transmethylation process

which is dependent on the supply of methionine and betaine as labile

methyl donors and vitamin 812 (cyanocobalamin) and folic acid as

cofactors. In most animal species, especi-ally in the young, choline

synthesis is insufficient to meet physiological needs and there is a

dietary choline requirement. Choline is therefore an accessory fo^d

factor which is often regarded as a vitamin of the B compl-ex

necessary for normal growth and netabolism of animals (Lucas & Ridout,

1967; Griffith et a7.¡ L97I; Kuksis & ì4ookerjea, 1978).

The purpose of this review is to highlight aspects in the

literature on choline nutrition and metabolism in animals up to the time

when Ehe present study h¡as commenced in early 1981. hrhile this review

pertains to animals in general, specific reference is made to the

situation in the sheep where possible, although in many areas such

information is simply not available

2; The diet as a source of choline

The dietary requirement for choline is influenced by many factors

such as the age, sex and strain of the animal, its rate of growth,

energy intake and expenditure, intake and type of dietary faE, carbo-

hydrate and protein and Ehe environmental temperature. The presence
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of factors in the diet that influence the endogenous biosynt_hesis

of choline such as rnethionine, betaine, folic acid and vitamin 812

also affect the dieEary choline requirement. young animals have a

higher dietary choline requirement than mature animals (Griffith et

a7., L97Li Lucas & Ridout , L967). The neonaral animal requires a

great deal of choline for growth related membrane synthesis and

production of lung surfactant (mostly disaturated phosphatidylcholine)

and brain acetylcholine (Zeisel eË a_l.r 1980a).

The choline requirements for non-ruminant species such as ra¡s,

mice, guinea pigs, hamsters, rabbits, dogs, cats, pigs and poultry

have been found to be o.r% or more of the total dietary intake of dr7

matter (Reid, 1955; Lucas & Ridout, L967; National Research Council,

1974, I977a, b,' I978a, b; L979). There are no specific choline

requirements published for sheep and other ruminant animals (National

Research Council, 1975, 1976, L978c; Agricultural Research Council,

1980). Choline is an essential dietary nutrient in the pre-¡uminant

calf, and it is suggested that an adequate chorine intake is 0.26%

per unit of milk replacer (National Research council, 1978c). rt is
thought that all the vitamins of the B complex are synthesized by

rumen micro-organisms in amounts adequate for normal metabolisrn in

the ruminant animal and secretion of normal amounts into milk to satisfy

the needs of the pre-rumimnt(Kon & Porter,1954; Ling et aL.,1961;

Clifford et a7., 1967). However, ruminal choline synthesis was not

studied in any of these experiments, and there are reports that rumen

micro-organisms are incapable of net choline synthesis (Broad &

Dawson, 1975, L976; Harfoot, 1978)
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Dietary choline deficiency produces severe pathological

lesions and death in many non-ruminant animal species. In rats,

mice, hamsters, guinea pigs, rabbits, dogs, pigs, monkeys, chickens

and ducklings a diet deficient in choline results in fatty infil-

tration of the liver (Griffith et a7.¡ L97L; Lucas & Ridout, 1967)

which is probably due to a decrease in phosphatidylcholine synthesis,

thus disturbing the synthesis or secretion of plasma lipoproteins

involved in the removal of hepatic triglycerides (Mookerjea, 1-971-;

Lombardi , L97I). Haernorrhagic kidney lesions due to cholj-ne

deficiency have been observed in young rats and pigs (Griffith et

a7., I97L', Lucas & Ridout, L967) which is believed to be caused by

a concomitant decrease in acetylcholine and defj-ciency of Factor V

involved in blood clotting (lrlells, I97L). Cirrhosis, growth failure,

bone abnormalities, infertility, muscle defects, haemorrhagi.c lesions,

cardiovascular lesions, neurological lesions, gastric lesions, neo-

plasms, anaemia, oedema, hyperEension and various biochemical

alterations have also been reported as consrequences of cholirre -

deficient diets in non-ruminant species. There are no reports of

dietary choline deficiency in man (Griffith et a7.¡ I97I; Lucas &

Ridout, 1967; Kuksis & Mookerjea, 1978).

There is very little informatíon in the literaÈure concerning

dietary choline deficiency in ruminant anj-mals. Johnson et a7.

(1951) showed that two-day-old dairy calves fed an artificiai milk

replacer diet devoid of choline developed an acute deficiency syn-

droreafter about seven days. The symptoms included marked weakness

and inability to stand, laboured or rapid breathing, anorexia, and

in some cases slight fatty liver and renal haemorrhage. Unless the
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deficiency had progressed too far, the animals responded to choline

supplementation. Later removal of choline from the diet when the

calves r{¡ere a f ew weeks o1d did not produce def iciency symptoms.

This suggested that body choline synthesis of the calves was adequate

once the initial critical period was pasE. Earlier studies by tr/augh

et a7. (I947a, b) had emphasized the importance of choline in

colostrum and milk to the choline nutrition of calves. A choline

deficiency syndrome has never been documented for sheep.

Choline, mainly in the form of phosphatidylcholine and un-

esærified choline, is widely distributed in the foods consumed by

monogastric animals. Important dietarv sources of choline include

egg yolk, meats, cereals and legumes. Fruits and vegetables are

generally poor choline sources (Lucas & Ridout, 1967; Griffith eË 
.

a7.t I97l; hlurtman, 1979). Some of the free choline ingested by

monogastric species is degraded to trimethylamine (De ia Huerga &

Popper, 1951, 1952; Michel, L956; Asatoor & Simenhoff, 1965) and

betaine (Flower et a7., I972a, b) by bacteria in the intestine before

it can be absorbed.

The main dietary source of choline for maEure sheep is phospha-

tidylcholine and unesterified choline of plant material. Although

the choline content of forage is quite low and variable (Glick, 1945;

Roughan & Batt, 1969; Storey & hlyn J-ones, L977; SnosweLl et al.,

I978i Neill et a7.t 1979; Robinson, 1980), the total amount of

choline ingested by sheep may be considerable because of the very

.large bulk of dietary material consumed. In contrast to choline

nutrition of non-ruminant animals, the adult sheep derives very little

choline from that present in the diet.
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Early studies showed that sheep rumen micro-organisms rapidly

hydrolysed a 32P-tabel1ed phosphatidylchoiine substrate added in Ehe

pure liquid crystalline form (Dawson, 1959). The degradative path-

vray was primarily through deacylation producing initially glycero-

phosphocholine which was then decomposed to glycerophosphoric acid

and unesterified choline. lfore recently the rapid decomposition of

phosphatidylcholine in plant material fed to sheep without ciliated

protozoa in their rumen has been demonsErated (Dawson & Kemp, L969),

as well as the catabol-ism of phosphatidylcholine in totally-labelled

t14C] grass introduced into the normal rumen (Dawson & Hemington,

1974a; Broad & Dawson, L976). It is possible that a certain pro-

portion of dietary plant lipids may be decomposed in the rurnen by

lipolytic enzymes present in the leaves Ehemselves, rat.her than ex-

clusively by micro-organisms (Dawson & Hemington, I974a; Faruque

et a7., L974). However.) the pathway of phosphatidylcholine

degradation which was observed to proceed via glycerophosphocholine

does not conform with the action of the mai.n phospholipid-hydrolysing

enzyme found in plant tissue, phospholipase D. In addition, Dawson

& Hemington (L974a) found little phospholipase activity in the bolus

delivered to the rumen and Dawson & Hemington (19741r) established

that ruminant saliva contains a poh¡erful inhibitor of plant phospho-

lipase D. A bacterium, tentatively identified as a non-cellulolytic

strain of Butyrivibrio fibrisolvens, has been isolated from the sheep

rumen which produces active phospholipases and can completely de-

acylate phosphaEidylcholine (Hazlewood & Dawson, 1975, L976).

Choline of ingested plant material in the unesterified form

and that derived from the hydrolysis of phosphatidylcholine is
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rapidly degraded in the rumen by bacteria, and only a negligible

amount is absorbed as such and becomes incorporated into tissues.

The N-methyl groups of choline are almost totally converted into

trimethylamine and ultimately methane, which is losE in the gaseous

mixture resulEing from rumen fermentation (Neill & Dawson , 197.7;

Nei1l et a7., L978, 1979). The metabolism of Erimerhylamine Ëo

methane is easily saturated by an excess of substrate, so that tri-

methylamine accumulates in the rumen of t.he fed animal. The

demethylation of trimethylamine to produce methane is presumably

independent of the cleavage of choline and is likely to be carried

out by different bacterial species (Neill et a7., 1978). Other

products of choline metabolism by bacteria in the rumen have been

identified as acetate and ethanol (Neill & Dawson, 1977; Neill et,

a7., 1978). The methyl group of meEhylamine and methionine can also

be converted by rumen micro-organisms into methane, but the methyl

groups of carnitine can not (NeilI et a7. t 1978). Mitchell er a_1.

(L979) showed that rumen micro-organisms rapidly catabolize exogenous

betaine in vitro and in vivo. hlhen lnethyT-t4C] betaine was in-

cubated with rumen contents or added directly to the rumen, radio-

activity r^¡as recovered in trimethylamine, methane and CO2. t1-14C]

betaine gave rise to labelled acetate and CO2 and I15U] betaine pro-

duced labelled ammonia. Cows fed diets high'in betaine excrete

trimethylamine-iy- oxide in the urine (Davies, 1936) and milk (Ba1dwin,

1953), whicir reflects the microbi-al degradation of betaine to

trimethylamine in the rumen.

In sheep fed 40g of choline chloride daily for 6 days, there

vras no accumulation of choline in the liver, kidneys or blood, and
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only 0.7 - 2.57. was recovered in the urine on any single day (Luecke

& Pearson, 1945). Broad & Dawson (1976) found virtually no free

choline in strained rumen contents of fasted sheep and only a

transient appearance of unesEerified choline aE a concentration of

less Ehan 1 nmol/m1 after feeding 6009 of grass. The grass fed

contained about 800 - 900 pmol of phosphatidylcholine, which should

have yielded approximately 160 nmol of free choline/ml of rumen

fluid by microbial hydrolysis. This rapid microbial breakdown of

choline in the rumen questions the efficiency of oral choline

supplemenÈation to ruminants as discussed by Church (I979a) and

raises doubts as to the mechanism of the benefit of rumen bacterial

growth produced by choline (Swingle & Dyer' 1970). The rumen

bacteria are incapable of de novo choline synthesis (Broad & Dawson,

L975, 1976), and the bacterial membranes contain negligible amounts

of phosphatidylcholine (Harfoot, 1978).

The only dietary choline escaping microbial degradation in the

rumen appears to be a very small percentage that is incorporated into

the structural membranes of ciliated protozoa as phosphatidylcholine

(Broad & Dawson , I976). The rumen ciliaEed protozæn Entodiniun

caudatun has phosphatidylcholine as a major component of the phospho-

lipids present in its membranes (Dawson & Kemp, L967). Broad &

Dawson (1976) have shown that Èhis anaerobic protozælìhas a nutri-

tional requirement for choline which cannot be replaced by ethanolamine,

N-meÈhylethanolamine or lV-dimethylethanolamine. In contrast to many

aerobic proEozoa, Entodiniun caudaËum cannot synthesize phosphatidyl-

choline by t.he methylaEion of phosphatidylethanolamine (Broad &

Dawson, 1975). UnesÈerified choline is rapidly taken up by the
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organism and incorporated into membrane phosphatidylcholine through

a phosphorylcholine-cDP-choline pathway but not by base-exchange

(Broad & Dawson, L975; Bygrave & Dawson, fg76). The usual level

of free choline available in the rumen would certainly not be able

to support growth of Entodiniun caurlatunt even though the org.anism

possesses an extraordinary rapid rate of choline uptake which would

help in the accumulation of the base when it appeared transiently

during ruminal digestion. Unless any free choline taken up could

be stored and used up gradually for necessary membrane synthesis in

cell division, the growEh of the protozoonin the rumen would be

expected to be intermittent. It has been suggesEed LhaL Entodiniun

caudatun obtains choline for growth mainly from plant rnembrane

phosphatidylcholine which iL has ingested, rather than from the free

base in the rumen fluid (Broad & Dawson, 1976). The ruminal pre-

servation of dietary phosphatidylcholine:; is virtually eliminated

when the rumen is cleared of ciliated protozoa (Broad & Dawson, 1976;

Neill et a7.t 1979). -John & Ulyatt (L979) reporred rhar essenrially

all dietary phosphatidylcholine is degraded in the rumen of sheep,

and that reaching the duodenum is cf protozoal origin. There is

very limited transfer of phosphatidylcholine present in rumen pro¡ozoa

to the lower digestive tract due to a selective retention of these

micro-organisms in the rumen (trleller & Pilgrim, I974; Bauchop &

Clarke, 1976; Harrison et a7.t ßló; Neil1 et a7.2 1979; Coleman

et a7., 1980).

Neill et a7. (L979) calculated that if all the choline presenr

in the abomasal digesta (largely as phosphaEidylcholine of ciliated

protozoa) was derived from dietary sources, Èhe adult sheep fed a
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dier of hay/chaf.f. and oats could receive no more than 20 - 25mg of

effective choline per day (0.002 - O.OO25% of dietary total dry-

weight intake). This amounE of choline is some fifty times less

than the minimum required to avoid severe pathological lesions

(fatty liver and haemorrhagic kidney) and death in many non-ruminant,

species (O.I7. or more of dietary dry-weight int.ake). However,

Neill et a7. (1979) also observed that when a sheep was defaunated

to remove the phosphatidylcholine - containing ciliated protozoa from

its rumen then the concen¡ration of phosphaEidylcholine in the

abomasal digesta was above that Ín the ruminal contents. This

suggested that some, at least, of the phosphatidylcholine present in

the abomasal digesta was derived from non-dd.etary sources, e.g. from

abomasal secretions or regurgitation of bile from the duodenum.

Robinson (1980) found that sheep fed on dried cereal stubble receive

a sub-optimal choline and betaine intake and much of the choline in

the lower digestive tract is of endogenous origin. Sheep whose

rumens have been defaunated Èo remove ciliated protozoa remain

completely healEhy for long time periods and show no signs of choline

deficiency (Neill & Dawson, L977; Neill et a7.¡ L979). Thus it

would appear that the adult sheep is less sensitive Eo a low dietary

choline supply than non-ruminant animals.

3. Metabolism of line in tissues

3a. Release of unesterified cho1 ine from

choline-contain ins esters

Choline-containing phospholipids and water-soluble esters of

either dietary or endogenous origin can be degraded in mammalian
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tissues, ultimately releasing unesterified choline.

Phosphatidylcholine is hydrolysed in tissues by specific

phospholipases Ireviewed by Thompson (1973, 1980), Van Golde & van den

Bergh (L977¿,6¡, Van den Bosch (1980) and Kanfer (1980) l, as in-

dicated in Figure 1. Phospholipase A, specifically releases t,he

fatty acid from the l-position of the phosphatidylcholine glycerol

backbone, and phospholipase A2 releases the fatty acid from the 2-

position, yielding 2-acyL and 1-acy1 lysophosphaEidylcholine

respecËively. Phospholipase B can bring about successive removal

of the two fatty acids of phosphatidylcholine to form glycero-

phosphocholine. Phospholipase C catalyses the conversion of

phosphatidylcholine to phosphocholine and 1,,2-díacy1glycerol.

Phospholipase D hydrolyses phosphatidylcholine Eo release unesterified

choline and phosphatidic acid.

Lecithin-cholesterol acyltransferase mediates the transfer

of a faÈty acyl group from the 2-position of phosphatidvlcholine

to the hydroxyl function of free cholesterol, forming cholesterol

ester and lysophosphatidylcholine in plasma (Glomset, 1968, l,g7g)

and liver (Akiyana et aI., L967).

In tissues, lysophosphati-dylcholine can be converted to

glycerophosphocholine by further deacylation, catalysed by lyso-

phospholipase (phospholipase B) (Thompson, 1973; van Golde & van den

Bergh (L977a,b); Van den Bosch, 1980). Lysophospharidylcholine

can also be reacylaEed with acyl-CoA to form phosphatidylcholine

again, mediated by an acyltransferase (l,ands, 1960; l,ands &

Merkl, L963; Hill & Lands, L97Oi Van den Bosch et a7., 1972).
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Figure 1: Sites of attack of ohospholiDases on

phosphatidylcholine
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rn addition, two lysophosphatidylcholine molecules can undergo a

transesterification reaction catalysed by a dismutase to form one

molecule of phosphatidylcholine and one molecule of glycerophospho-

choline (Marinetti et aj., 1958; Erbland & Marinetti, 1965; van

den Bosch et a7. ¡ 1965).

Glycerophosphocholine is degraded to unescerified choline and

glycerophosphate by the enzyme glycerophosphocholine phosphodie-

sterase (Dawson, 1956; Iaiebster et a7.t 1957; Wallace & I^lhite,

1965; Baldwin & cornatzer, 1968, 1969; Lloyd-Davies er af., 1972;

Mann, 1975). The activity of glycerophosphocholine phosphodie-

sterase is very low in sheep liver and high in rat liver (Dawson,

1956). This is probably related to the higher concentration of

glycerophosphocholine in sheep liver compared with rat liver
(Schmidt et a7., L952, 1955; Dawson, 1955a). Alkaline and acid

phosphaEases hydrolyse phosphocholine to free choline and inorganic

phosphate (l4acFarlane et a7. , 1934).

choline plasmalogens (choline phosphoglycerides with a hydro-

carbon side-chain attached to posiEion 1 of the glycerol backbone

through a vinyl ether linkage) are partially degraded by the action

of phosphoïpases A2 and C .(Thompson, 1973; Dawson, 1973). An

enzyme in rat liver microsomes hydrolyses choline lysoplasmalogen

to a long-chain aldehyde and glycerophosphocholine. The enzyme

does noE hydrolyse ethanolamine lysoplasmalogen or intact choline

and ethanolamine plasmalogens (l{arner & Lands, 1961). phosphocholine

and glycerophosphocholine released from choline plasmalogens can

subsequently be degraded to free choline.
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sphingomyelin is degraded to ceramide and phosphocholine by a

specific sphingomyelinase (sphingomyelin phosphodiesterase) (He1ler

& Shapiro, I966i Bar.nhoLz et at., 1966; Sroffel, I97I; More11 &

Braun, 1972). Phospholipase C can also act on sphingomyelin,

thereby forming phosphocholine (Fujino, L952; rllingworth & portman,

1973). As mentioned previously, the phosphocholine produced can be

hydrolysed by phosphatases to yield unesterified choline.

Acetylcholine is cleaved by acetylcholinesterase to unesteri-

fied choline and acetate (Rosenberry, L975; llassouli6, 1980).

3b Utilization of unesterified choline

Unesterifi-ed choline derived from Èhe diet or from the hydro-

lysis of dietary and endogenous choline-containing esters can be

utilized in several pathways in mammalian tissues.

3b.1 Biosvnt hesis of ohosoha tidvlcholine

via the CDP-ch oline oathv"av

In mammalian tissues unesterified choline is converted

to phosphatidylcholine vja the CDP-choline parhway (Kennedy &

lrleiss, 1956; Kennedy, L962; Thompson, L973; Van Golde & Van

den Bergh (L977a,b) as shown in Figure 2. Choline is

phosphorylated to phosphocholine utilizing ATP by the cyto-

solic enzyme choline kinase. Phosphocholine reacts with CTP

to form CDP-choline in a reversible reaction catalysed by

cholinephosphate cytidylyltransferase which is distributed in

the endoplasmic reticulum _ and cytoplasm. The CDP-choline

is subsequently combined with 1,2-diacylglycerol (derived

principally from the dephosphorylaEion of phosphatidic acid)
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Figure 2: Conversion of unesÈerified choline to

phosphatidylcholine via the CDP-choline

pathway
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to form phosphatidylcholine in a reversible reaction caÈalysed

by the microsomal enzyme cholinephosphotransferase. The

presence of an ether-linkage in Èhe diacylglycerol precursor

can lead to the synthesis of a choline plasmalogen Ireviewed

by lrrykle & Snyder (1976)1. The CDP-choline paEhway is the

major route for Ehe synthesis of phosphatidylcholine in tissues,

which is the main phospholipid of cellular membranes (McMurray 
'

1973; lr/hite , 1973). In the lung the CDP-choline pathway is

importanE in the synthesis of disaturated phosphatidylcholine 
'

Ehe principal component of surfactant (Frosolono , L977).

Phosphatidylcholine formed via the CDP-choline pathway is a

major consEituent of plasma lipoproteins and bile secreEed by

the liver (Coleman ' L973).

The rat liver can synthesize phosphatidylcholine vja CDP-

choline at a rate between L.7 - 3.1 mmol/day per kg body wt.

(Sundler & Skesson, L975a). In rat liver Ehe monoenoic and

dienoic molecular classes of phosphatidylcholines are synthe-

sized largely via the CDP-choline pathway (Van den Bosch,

L974; MacDonald & Thompson, 1975). In the rat the activity

of choli_nephosphotransferase is much higher in the liver

compared with extrahepatic tissues (Skurdal & Cornatzer, 1975).

Skurdal & Cornatzer (1975) found the greaEest activity of

cholinephosphotransferase in the liver microsomes of the

chicken followed by mouse, human, rat, rabbit, turtle, pigeon,

guinea pig, beef and dog.

In recenE years significant advances have been made on

how the synÈhesis of phosphatidylcholine via Ehe CDP-choline
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pachhray is controlled in tissues (Porcellati, L972; Infante,

1977; Vance & Choy , 1979; Rooney , 1979). I'lost of the

evidence suggests that the enzyme cholinephosphate cytidylyl-

transferase catalyses Ëhe rate-limiting reaction for

phosphatidylcholine biosynthesis from free choline (Vance &

Choy, 1979). In rat liver, the cytidylyltransferase is

activated by several phospholipì-ds, of which the most important

appears to be lysophosphatidyleEhanolamine (Choy et aI.¡ 1977;

Choy & Vance, 1978). The enzyme from rat lung is also

activated by phospholipid and in this case phosphatidylglycerol

appears to be the most significant (Feldman et a7.¡ 1978).

Another type of regulation of this enzyme has been described

in He La cells, where the concentration of CTP in the cyto-

plasm correlated with the rate of the reaction caÈalysed by

the cytidylyltransferase and the rate of phosphatidylcholine

synthesis (Vance et a7.¡ 1980; Choy et a1.t 1980). 0n the

other hand, theoretical and some experimental work have

implicated a regulatory and rate-limiting role for choline

kinase (Infante, 1977; Infante & Kinsella, 1978).

Schneider & Vance (1978) found that the activity of

cholinephosphate cytidylyltransferase is depressed in the

choline-deficient rat liver. The activity of cholinephospho-

transferase is decreased in the liver of rats fed a diet free

of methionine and choline (Hoffman et a7.¡ 1980b). Ethanol

administration stimulates Ehe activity of cholinephospho-

transferase in rat liver (Uthus et a7.¡ 1976). The activities

of choline kinase, cholinephosphate cytidylyltransferase and

cholinephosphotransferase in rat liver, lung and brain are
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maximal immediately before or shortly after birth (Artom, 1968;

I'leinhold et a7.,1973; Farrell et a1.,1974). Noble et aI.

(1971) showed that the total hepatic phosphatidylcholine to

phosphatidylethanolamine ratio of young lambs was markedly

lower than that of adult sheep and that this ratio increased

rapidly during the first week of life. The rapid increase

in phosphatidylcholine content of the liver was atÈributed to

increasedbiosynthesis yia Ehe CDP-choline pathway on the basis

of the fatty acid composition of the ewets milk and the lamb

tissues. Ewe I s colostrum is rich in preformed choli-ne

(Tsielens, 1954) and this would presumably favour the CDP-

choline pathway for phosphatidylcholine biosynthesis in lamb

liver.

3b.2 Biosvnthesis of sphineomvelin

Although Ëhere are sti1l some unsolved problems with

regard to the biosynthesis of sphingomyelin in mammalian

tissues, the essential reactions have been largely elucidated

[reviewed by Van Golde & Van den Bergh (L977a)and Thompson (1980)]

as shown in Figure 3. Pyridoxal phosphate-bound serine reacts

with palmitoyl-CoA, producing 3-ketodihydrosphingosine, which

is reduced in the presence of.NADPH to yield dihydrosphingosine.

Dihydrosphingosine is converted into dihydroceramide, which is

then desaturated to ceramide. Subsequently, ceramide

cholinephosphotransferase, an eîzyme found in many mammalian

tissues, catalyses the formation of sphingomyelin from ceramide

and CDP-choline (derived from free choline via phosphochoiine,

as described ín Section 3b.1.
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Figure 3: Synthesis of sphingomyelin
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An alternative pathway for sphingomyelin synthesis has

been observed in homogenates of immature rat brain. This

involves the transfer of phosphocholine from CDP-choline to

free sphingosine. The sphingosylphosphocholine is then acy-

lated with fatty acyl-CoA to yield sphingomyelin (Brady et

a7., 1965). Diringer et a7. (f972) and l4arggraf & Anderer

(L974) have raised the possibility of yet another mechanism

for sphingomyelin biosynthesis. In cultured virus-transformed

mouse fibroblasts, sphingomyelin appears to arise through the

transfer of phosphocholine from phosphatidylcholine to ceramide.

It is pertinent to mention that the erythrocytes of sf:ep

and other ruminanls are characterized by high 1evc1s of

sphingomyelin and negligible amounts of phosphatidylcholine.

In contrast, in the erythrocytes of monogastric animals,

phosphatidylcholine replaces sphingomyelin as the major single

phospholipid constituent (Dawson et a7.¡ 1960; Christie' 1978).

The erythrocyte membrane of the sheep, unlike those of non-

ruminants, conEains an active phospholipase A that preferenti-

ally hydrolyses phosphatidylcholine and it has been suggested

that this enzyme might play a role in maintaining the low

levels of phosphatidylcholine in sheep erythrocytes (Krarner

et a7.,I971+i Zu¡aaI et a7., 1974).

3b.3 Biosynthesis of phosphatidylcholine

by base-exchanze

Free choline can exchange with serine., ethanolamine or

inositol present within phospholipids to form phosphatidyl-
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choline in several mammalian tissues including liver, brain,

heart and lung [reviewed by Van Golde & Van den Bergh (I977a,b),

Thompson (1973, 1980) and Kanfer (1980) I as depicted in

Figure 4. The base-exchange reaction is reversible and

requires the presence of calcium ions, but is not energy

dependent. It is catalysed by an enzyme that shows highest

activity in the microsomal fraction. The incorporati-on of

choline into phosphatidylcholine by the base-exchange process

is of minor quantitative importance in vivo (Stein & Stein,

19692 Sundler et a7.' 1972; Bjerve, L973; Salerno & Beeler,

L973). Sundler et a7. Q972) calculated that at least 20

Èimes more choline is incorporated into phosphatidylcholine

via CDP-choline than via base-exchange in rat liver. Choline

is preferentially incorporated into rnonoenoic molecular classes

of phosphatidylcholines by base-exchange in rat liver in vivo

(Balint et a7.¡ L967; Rytter et a7.¡ 1968; Spitzer et a7.t

r96e).

3b.4 Biosynthesis of acetylcholine

Choline reacts with acetyl-CoA to form acecylcholine in

a reversible reaction catalysed by the enzyu.e choline aceEyl-

transferase (Nachmansohn & Machado, 1943) as shown in Figure 5.

Choline acetyltransferase is highly concentrated in cholinergic

nerve terminals (Fonnum, 1973; hlajda et a1.¡ 1973), although

it has been loca]-j'zed in some non-nervous tissues such as

placenta (Sastry et a7., 1976). Although only a small fraction

of unescerified choline is acetylated in the body (Cohen &

l,lurtman, 1975; Haubrich eË a1., I975a, b), this pathway is very
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Figure 4: Conversion of unesterified choline to

phosphatidvlcholine by base-exchange
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Figure 5: Biosynthesis of acetylcholine from

unesterified choline
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important because of the role of acetylcholine as a

neurotransmitter .

3b.5 Oxidation tc betaine and other losses

Unesterified choline is oxidized to betaine aldehyde,

which is then converted to betaine by the enzyme system choline

oxidase (choline dehydrogenase and betaine-aldehyde dehydro-

genase) (Hatefi & Stiggall, 1976) as shown in Figure 6.

This is the only known mechanism for irretrievable degradation

of choline in higher animals. Betaine cannot be reduced to

form choline; 'it can, however, donaEe one of its methyl groups

to homocysteine, producing methionine and dimethylglycine, in a

reacÈion catalysed by betaine-homocysteine meEhyltransferase

(l"fcGilvery, I97O; Hatefi & Stiggall, I976; Finkelstein, L974,

1978). Thus, although Ehe choline oxidase pathway acts to

remove unesterified choline from Ehe body, it is able to

savenge valuable methyl groups. Choline oxidase activity is

present in several mammalian tissues, including liver (where

it is most active) and kidney. It is not present in the brain,

muscle or blood of the rat (Bernheim & Bernheim, 1933, 1938;

Mann & Quastel, 1937; Hatefi & Stiggall, f976). Choline

oxidase in the liver and kidney is important in maintaining

physiological levels of free choline in the blood (Haubrich

et a7.¡ 1975a; Zeisel et a7.¡ 1980b). Choline dehydrogenase

is nrainly a mitochondrial enzyme (1,,1:-11iams, 1960; Tyler et

ai-., 1966; De Ridder & Van Dam, 1975), whereas betaine-aldehyde

dehydrogenase is cytosolic (lrlilliams, L952i Yue et af . ¡ 1966;

Hatefi & Stiggall, 1976). The two enzymes have been partially
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Figure 6: Oxidation of choline to betaine
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purified and kinetic properties established (Rothschild &

Barron, L954; Rendina & Singer, L959; Hatefi & Stiggall,

r976).

The choline oxidase activity of hepatic tissue of

different monogastric species varies considerably (Bernheim

& Bernheim, 1933; Dubnoff, L949; Dinning et a7., 1949;

Kensler & Langemann, I954i Sidransky & Farber, 1960; Guha &

I,Iegmann, 1963). Sidransky & Farber (1960) found the highesc

liver choline oxidase acEivity in the rat followed by chick,

mouse, dog, hamster, rabbit, monkey, Bujnea pig and human.

An apparent correlation between hepatic choline oxidase act*.:-i-Ey

of a species and the tendency to develop choline-tleficient fatty

liver has been suggested (Handler, L949; Handler & Bernheim,

L949). Rat hepatic mitochondrial choline dehydrogenase

activity has been shown to increase markedly postnatally

(lrleinhold & Sanders , 1973; Streumer-Svobodoví & Drahota, 1977)

and choline oxidase activity in preparaEions of rat lj-ver slices

is lower in foetal (19 days post-conception) and neonatal

(7 days o1d) chan in adult rats (l^leinhold & Sanders, 1973).

Liver choline oxidase activity decreases in the choline-

deficient rat (hlong & Thompson, 1972; Schneider & Vance, 1978).

Acute ethanol administration increases choline oxidase activiEy

in the rat liver (Tuma et a7.t 1973; Thompson & Reitz, Lg76).

The choline oxidase activity of calf liver is very much

less than that of rat liver' (Hopper & Johnson, 1956). Neil1

et a7. G979) found that the intact sheep oxidizes an injected

dose of ¡t,Z-14c7 choline to l4CO2 over a 5h period at a rate

that is one-Ehird of that in the rat. The real difference in
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the rate of oxidation of choline between the two species may

be even greater than that observed, because the measurements

were made (from economic necessity) before the injected

choline had equilibrated with the total choline body pool.

Henderson (1978) found that, in sheep hepatocyte prepar.ations,

the ratio of incorporation of label from I I,2-I4C] choline

into betaine as compared with phosphatidylcholine for a th

incubaEion was 0.84:1. A similar ratio for rat hepatocytes

calculated from the data of Sundler& Skesson (Ig75b) is 26:1.

If these values can be directly compared, they indicate that

sheep liver cells can use available choline more effectively

for membrane maintenance than can ce1ls of rat liver. These

results help r-o explain the insensitivity of sheep to a low

dietary choline intake.

Mammals excrete only smal1 amounts of choline in the urine

which is entirely in the free form. The urinary excretion of

choline for the sheep, dog and human is about 20, 30 and 70

pmol per day respectively (Luecke & Pearson, 1944, L945;

Johnson et a7.¡ 1945). It has been demonstrated in the

chicken thaE transport of choline across the kidney tubule is

an active process (Acara & Rennick, 1972, L976; Acara, 1975;

Acara et a7., 1975; Rennick et al., Lg77>, with the raEe

determined by choline concentration (Acara & Rennick, L972).

Hemicholiniurn-3 at low concentrations enhances renal excretion

of choline, whereas at high concentrations it markedly in-

hibits choline output (Acara et a7.¡ Lg75). Quinine,

cyanine 863, and teEraethylammonium also inhibit transport
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(Acara & Rennick, L972; Rennick et ai., 1977), whereas

betaine and carnitine have no effect (Sung & Johnstone, 1969).

Much of Ëhe choline taken up by the kidney is oxidized to form

betaine (Sung & Johnstone, 1969; Acara & Rennick, T972).

Net active choline excretion does not occur until suffi.cient

choline is presenced to the kidney to saturate choline

oxidase. Betaine is passively transported by the kidney and

is a major metabolite of choline excreted in the urine

(Haubrich et a7., I975a).

Negligible amounts of free choline are lost from the

body in sweat and faeces (Johns^n et a7., 1945). During

pregnancy considerable quantities of free choline are trans-

ported frorn maternal blood to the foetus via the placenta

(Biezenski et a7.: L97I; Jorswieck, 1974; hlelsch, 1978).

Significant amounts of unesterified and lipid choline are

transferred from mother Eo neonaEe during the lactation period

(Johnson et a7., 1951; Tsielens, 1954; Nayman et al., f979).

3c. Biosvnthesis of choline by the methvlation

pathv/ay in tissues

The only known pathway for the de novo synthesis of choline in

mammalian tissues is by the stepwise methylation of phosphatidyl-

ethanolamine to phosphatidylcholine (Figure 7). The synthesis of

phosphatidylcholine by the transmethylation of the amino moiety of

phocphatidylethanolamine proceeds with the intermediate formation of

phosphat id yl -/V-monome thyle Chano lamine and pho sphatidy 1 -/V,

IV-dimethylethanolamine. S-[denosyl-L-methionine derived from
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Figure 7: Biosynthesis of choline by the methylatj-on

of ohosphatidvlethanolamin e to phosoha-

tidylcholine
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L-methionine serves as the immediate methyl donor for this biological

process that modifies the polar head groups leading to the inter-

conversion of phospholipid classes, and S-adenosyl-L-homocysEeine is

a second product which is a potent competitive inhibitor. The con-

version of phosphatidylethanolamine to phosphatidyl-IV-monomethyl-

ethanolamine is the rate-limiting step (Bremer & Greenberg, 196I1'

Gibson et a7.t 1961; Schneider & Vance, 1979).

It is not certain whether the three successive methyl group

transfer reacÈions involved in the conversion of phosphatidylethanol-

amine to phosphatidylcholine are catalysed by more than one

phosphatidylethanolamine methyltransferase enzyme in mammalian

tissues. In studies using solubi-lized meEhyltransferasre from rat

liver microsomes the results indicate that a si-ngle enzyme catalyses

the methylat.ion of phosphatidylethanolamine to phosphatidylcholine

(Rehbinder & Greenberg, 1965; Tanaka et a7.¡ 1979; Schneider &

Vance, 1979). There is genetic evidence for the existence of two

distinct enzymes for the phospholipid methylation process in the

nicro-organism Neurospora crassa (Scarborough & Nyc, L967a, b). There

are reports of thro separate enzymes involved in phospholipid methyla-

tion in rat erythrocyte membranes (Hirata & Axelrod, 1978), bovine

adrenal medulla microsomes (Hirata et a7. , 1978) and rat brain

synaptosomes (Crews et a7., 1980a), distinguished with respect to pH

optimum, magnesium requirement and affinity for S-adenosyi-L-

nethionine. The first enzyme (methyltransferase I) catalyses the

methylation of phosphatidylethanolamine to form phosphatidyl-N-

monomethylethanolamine, and the second eîzyme (methyltransferase II)

catalyses the incorporation of Ewo methyl groups into phosphatidyl-lJ-
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monomethylethanolamine to form phosphatidylcholine via phosphatidyl-N,

N-dimethylethanolamine. Hirata & Axelrod (1978) reported that these

two enzymes, like phospholipids (Rothman & Lenard, L977; Chap et

a7., L977), are asymmetrically distributed in the plasma membrane.

lvlethyltransferase I and its substrate phosphatidylethanolamine are

localized on the cytoplasmic surface of the membrane, whereas

methyltransferase II and iEs product phosphatidylcholine are on the

ouËer surface. Phosphatidyl-lV-rnonomethylethanolamine, the product

of the first enzyme and the subsErate for the second enzyme appears

to be embedded in the membrane. The phospholipid asymmetry may,

therefore, be maintained in the plasma membrane as a result of their

pathway of synthesis and the methyltransferase asymmetry.

The methylation pathway has been detected in a variety of

tissues of the rat, but is only quantitatively important in the

liver (Bremer & Greenberg, 1961; Bjdrnstad & Brenrer , 1966; Skurdal

& Cornatzer, 1975; Vance & De Kruijff, 1980). The principal

intracellular site of N-methylation is the endoplasmic reticulum

(Bremer & Greenberg, 1960; Gibson et a7., L96I1' Skurdal & Cornatzer,

1975; Jelsema & Morré, 1978; Hirata et a7., 1978). The merhyla-

tion pathway quantitatively synthesizes about 15-40% of the total

phosphatidylcholine in the rat liver, with most of the rest derived

from the CDP-choline pathway (Artom, L965; Bremer & Greenberg, L96L;

Sundler & Skesson , Ig75b). In the extrahepatic tissues of rats the

contribution of the methylation pathway to the total synthesis of

phosphatidylcholine is less than 5% (Artom, 1965). In rat liver,

phosphatidylethanolamine that is used as the substrate for the

methylation pathway can be synthesized from free ethanolamine by a
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CDP-ethanolamine pathway or by base-exchange or made de novo by the

decarboxylation of phosphatidylserine (Thompson, 1973; Van Golde &

Van den Bergh , I9l7b). The methylation of phosphatidylethanolamine

is mainly involved in the synthesis of tetraenoic and polyenoic

()4 double bonds) classes of phosphatidylcholines in rat liver (Van

den Bosch, 1974; MacDonald & Thompson , 1975). Le Kim et al. (1973)

found that the methylation of phosphatidyl-N, N-dirnethylethanolamine

proceeds more rapidly as the degree of unsaturation rises.

Apparently the structure of the phosphatidyl residue is very

important for the methyltransferase since the related ceramide

phosphoryl-N, il-dimethylethanolamine is not methylated.

The methylation pathway has been reported to be regulated by

the intracellular concentration ratio of S-adenosyl-L-methionine to

S-adenosyl-L-homocysteine (Chiang & Canton:- , IgTg; Hoffman et a7.,

1980a) and phosphatidylethanolamine to phosphatidylcholine (lkesson,

1978) and many signals acting on the cell surface, including

hormones (Geelen et a7.t 19791 Hirata et a7.t 1979a; Castãno et

a7., 1980), immunoglobulins (Ishizaka et a7., L979, 1980; Crews

et a7.,1980b) and attractants (Pike et a7., 1979; Hirata et a7.,

1979b; Alemany et a7. , 1980). The methylation of phosphatidyl-

ethanolamine to phosphatidylcholine plays an i-mportant role in various

biological processes related to membrane structure and function in-

cluding modulation of membrane fluidity, the number of $-adrenergic

binding sites and the coupling between the S-adrenergic receptor

and the enzyme adenylatecyclase,Ca2+-ATPase enzyme acEivity, r.nast

ce1l histamine release, leucocyte chemotaxis and lymphocyte mitogenesis.

It has been proposed that enzymatic methylation of phospholipids is
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linked to transduction of receptor-mediated si-gnals through the

membranes of a variety of ce1ls [reviewed by Hirata & Axelrod (1980)

and Borchardt (1980) ]. Since the contribution of the methyla-

tion paEhr{ay to total phosphatidylcholine synthesis is relatively

Iow conpared with the CDP-choline pathway in most cells and

tissues, Vance & De Kruijff (1980) have questioned the reporËs of

significant physiological changes attribuEed to phospholipid

methylaEion in these systems. Phosphat.idylcholine synthesized by

the methylation pathway in the liver contributes to the maintenance

of structural membranes and secretion of plasma lipoproteins. The

methylation pathway does not appear to be involved in hepatic bile

phosphatidylcholine synthesis (Coleman, 1973).

Skurdal & Cornatzer (1975) found the greatest phosphatidyl-,

ethanolamine methyltransferase activity in the liver microsomes of

the mouse followed by chicken, rat; dog, pigeon, human, beef,

rabbit, turtle and guinea pig which is similar to the pattern of

choline oxidase activity in the liver of various species reported by

Sidransky & Farber (1960). lrlise & Elwyn (1965) estimated from in

vivo experiments with {3-14C] serine that the male rat. liver can

synthesize 0.7 mmol of choli.ne/day per kg body wt. by the methylation

of phosphatidylethanolamine to phosphatidylcholine, which is nearly

equivalent to the normal dietary choline intake per day for the rat.

In vivo experiments with ¡t,Z-14C1 ethanolamine showed thac the male

rat liver can synthesize about 1.0 mmol of choline/day per kg body

wt., and the value is about 25% higher for the female rat liver

(Bjdrnscad & Bremer, 1966). Neill et a7. (1979) found Ëhar rhe

sheep liver can synthesize approximately 0.1 mmol of choline/day per
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kg body wt. from I Z-I4C] ethanolamine both in vivo and jn vitro¡

which is many times less than that reported for rat liver. This

confirmed the earlier report of Neill & Dawson (1977) thar the

nethylation pathway did not appear more significant in sheep liver

than rat liver. Henderson (1978) found that the incorporation of

isotope from methyl-labelled rnethionine into phosphatidylcholine in

sheep isolated hepatocytes v/as about IO% of. that for rat isolated

hepatocytes reported by Sundler & Skesson (1975b). Bremer & Greenberg

(1961) demonstrated that isolaEed microsomal fractions from sheep

liver were less effective at synthesizing choline from s-[ netnyur4cf

adenosyl-L-methionine when compared with those from species known to

be susceptible to choline deficiency, e.g. rat, mouse and chicken.

Thus, Lhese observations in no kray help to explain the apparent

minimal requirement of sheep for dietary choline.

Rat liver phosphatidylethanolamine meÈhyltransferase acEivity

is minimal in the foetus but increases rapidly after birth during the

suckling period, and then declines moderately Eo the adult value

(Artom, 1969; Hoffman et a7., L979). It is not known if similar

developmental changes occur for sheep liver methyltransferase

activity. There is a discrepancy in the literature as to whether

the methylation of phosphatidylethanolarnine to phosphatidylcholine

ín rat liver increases (Corredor et â1,,1967; Fallon et a7., 1969;

Lombardi et a7., 1969; Thompson et a1., 1969; Glenn& Austin , L97I;

Schneider & Vance , I97B; Hoffman et a7 ., 1980b ) or decreases

(Blumenstein, L964; Haines , L966; Yamamo¡e et a7., 1969; Lyman

et a7., L973; Skurdal & Cornatzer, L974; 8k"""on et a7., 1978,

1979) during dietary deficiency of choline and other lipotropic
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compounds, which may be due to an inherent problem with analysis

(8kesson, 1978). Exposure to ethanol increases the activity of the

methylation pathway in rat liver (Fallon et a7., 1969; uthus et

a7., 1976).

under conditions of metabolic stress such as starvation,

alloxan-diabetes and pregnancy toxaemia sheep are particularly prone

to the development of fatty livers as a result of marked accumulation

of triacylglycerols (Read, r976; Henderson, 1978). Henderson

(1978) suggested that the accumulation of triacylglycerols in rhe

livers of stressed sheep is due to the apparent 1ow rate of very low

density lipoprotein biosynthesis in sheep liver (Leat et al., 1976)

and the presence of a contj-nuous basal lamina in the hepatic

sinusoids of sheep (Grubb & Jones, r97r; Gemmelr & Flearh, Lg72)

which may impede the movement of large molecules such as very 1ow

density lipoproteins from the parenchymal cel1s across the space of

Disse to the sinusoids. Henderson (1978) provided evidence that

the synthesis of chol-ine by the methylation of phosphatidylethanolamine

to phosphaticylcholine is depressed in the fatty livers of sheep

suffering from alloxan-diabetes and pregnancy toxaemia. The de-

creased biosynthesis of phosphatidylcholine nay wel-l be responsible

for some of the degenerative changes in hepatic membrane and

subcellular organelle structure of alloxan-diabetic and pregnancy

toxaemic sheep (Taylor et a7.t r97l) and, in turn, on total liver
function.

3d Role of methionine in E thylation

reactions in tissues

Methionine is an essential amino acíd in mammals. The metabolic
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functions of methionine include: (1) utilization for protein

synthesis, (2) precursor of polyamines, (3) conversion to cysta-

thionine, cysteine, cystine and other derivatives of cysteine by

the transsulphuration pathway, and (4) methyl group donor in many

transmethylation reactions (Finkelstein, 1978). There is evidence

that methionine can also be degraded by a transamination pathway

(Case & Benevenga, L976; Mitchell & Benevenga, 1978; Steele &

Benevenga, L97B; Benevenga & Haas, 1979). Figure 8 is a general

representation of the metabolic pathways of methionine in mammalian

tissues.

The concept of biological transmethylation, that is the transfer

of a complete methyl group to an acceptor molecule, and the important

role of methionine in transmethylation reactions was established by

Du Vigneaud and colleagues in the 1940ts [reviewed by Du Vigneaud &

Rachele (-L965), Griffith et a7. (L954) and Jutces (1gBO)1. L_Merhionine

must be activated before it can ac! as a meEhyl donor (Cantoni,

1951), and the active intermediate is S-adenosyl-L-methionine

(cantoni , 1952, 1953). s-Adenosyl-L-methionine is synthesized in

animal tissues by direct enzymatic adenosylation of L-methionine at

the expense of ATP, by methionine adenosyltransferase (Figure B,

enzyme 1) (Mudd, L9'i3; chou et a7., 1977). s-Adenosyl-L-merhionine

serves as the immediate methyl donor in numerous t.ransmethylation

reactions Ireviewed by Mudd & Cantoni G964), Canroni (1975) and

Salvatore et a7. (L977)1. Examples include t.he methylation of phos-

phatidylethanolamine Eo phosphatidylcholine (described in Secrion 3c. , of

this review), guanidoacetate to creatine, L-lysine to 6-lv-trimethyl-

L-lysine which is an interrnediate in carnitine synthesis. The

methyl acceptors have not been fully characterized in many instances,
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Figure 8: Maior oat vs of meEhionine bolism in

namnallan tissues

[modified from Finkelstein (L974' 1978)]

The key enzymes of these pathways are as follows:

1). Merhionine adenosyltransferase

2). Nomenclature ComnitEee of the International Union

of BiochemisÈry (L979, 1980, 1981) lists 49

meEhylEransferases that utilize S-adenosyl-

methionine as the methyl donor. Three such

methyltransferases are:

i) GuanidinoacetaEe methyltransferase, the

terminal enzyne in creatine biosynthesis;

fi) Phosphatidylethanolamine methyltt'ansferase,

the enzyme(s) associaEed with choline bio-
sYnthesis;

lii) Protein (lysine) methyltransferase' a

postulated enzyme in carnitine biosynthesis.

3). AdenosylhomocYsteinase

4). Betaine-homocysÈeÍne meÈhyltransferase

5). 5-oethyltetrahydrofolat'e-homocysteine methyl-

transferase
6). Cystathionine B-sYnthase

7). CYstathJonine 1-lYase
8). Choline dehydrogenase

9). Betaine-aldehyde dehydrogenase
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particularly in the case of macromolecules such as proteins. Forty-

nine methyltransferases (Figure B, enzyme 2) have been identified

that uiilize the cornmon substrate S-adenosyl-L-methionine

(Nomenclature Committee of the International Union of Biochemistry,

1979, 1980, 1981), but few have been characterized. The relative

quantiEative importance of the transmethylation reactions and the

factors involved in their regulation are largely unknown (Cantoni,

1977), except that methylation of guanidoacetate to creatine is

quantitatively the major route of methyl group utilization in mammals

(Mudd & Poo1e, L975). S-Adenosyl-L-homocysteine, one of the

products of all transmethylation reactions involving S-adenosyl-L-

methionine, acts as a potent competitive inhibitor of most of these

reactions (Duerre & hlalker, 1977; Hoffman et a7., 1979). Many of

the methyltransferases have a highêr affi-nity for S-adenosyl-L-

homocysteirethan S-adenosyl-L-methionine (Hoffman et aL.t 1979).

A specific hydrolase, adenosylhomocysteinase (Figure 8, enzyme 3),

catalyses the reversible hydrolysis of S-adenosyl-L-homocysteine to

yield adenosine and L-homocysteine (De la Haba & Cantoni, 1959).

The equilibrium of the reaction favours condensation; however, the

compound will readily undergo hydrolysis if the products of the re-

action are removed enzymatically.

The utiliza|'i-on of L-methionine for transmethylation and other

reactions in body tissues is balanced either by dietary intake or by

the formation of L-methionine by the methylation of L-homocysteine

(Mudd & Poole, L975; Mudd et a7.¡ 1980). The reconversion of L-

homocysteine back to L-methionine completes a cycle in which the

methyl group of L-methionine has been transferred to an acceptor
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molecule, but the L-homocysteine moiety has been conserved. L-

Methionine can be regenerated by the transfer of a methyl group from

betaine (derived from the oxidation of choline, as discussed in Sec-

tion 3b.5 of this review) to homocysteine bybetaine-homocysteine

methyltransferase (Figure 8, enzyme 4). The other reaction pro-

duct, N, N-dimettryl glycine, is converted to sarcosine and glycine

and the methyl groups enter the one-carbon pool via formaldehyde.

In the absence of dietary choline, the betaine-homocysEeine

methyltransferase reaction would result in depletion of the methionine

methyl group, since three methionine molecules are utilized to

synthesize a single choline (or betaine) molecule by the methylatjnn

of phosphatidylethanolamine.

L-Methionine can also be replenished by the transfer of a methyl

group from 5-methyltetrahydrofolate Eo L-homocysteine by 5-methyl-

tetrahydrofolate-homocysteine methyltransferase (Figure B, enzyme 5) which

requires methyl 812 (methylcobalamin) as a coenzyme and trace amounts

of S-adenosyl-L-methionine as a cofactor. The methyl group of 5-

methyltetrahydrofolate is synthesized de novo from one--carbon units

attached to tetrahydrofolate which correspond to the formate and

formaldehyde levels of oxidation. The one-carbon units can be

obtained from formaÈe, formaldehyde, L-serine, glycine and L-histidine.

The 5-methyltetrahydrofolate-homocysteine methyltransferase reaction

is the site of interdigitation of folate, vitamin 812, one-carbon

fragment and methionine metabolism. Choline and betaine are dis-

pensable in the diet as sources of, methyl groups for methionine synthesis

so long as an adequate supply of folate, vitamin B12 and one-carbon

precursors is presenE (l"fcGilvery, L97O; Finkelstein, 1974, 1978).
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rn raEs (Kutzbach et a1., 1967) and sheep (smith et al., r974i

Gawthorne & Smith, 1974), a deficiency of vitamin 812 has been shown

to decrease hepatic 5-methyltetrahydrofolate-homocysteine methyl_

transferase activity resulting in impaired folate metabolism and

reduced meEhionine synthesis.

Although some L-homocysteine can be recovered as L-methionine

by methylaEion reactions, part is constantly lost via the trans-

sulphuration pathway. rn this process, L-homocysteine reacts with

L-serine Èo form L-cystathionj-ne in an irreversible reaction

catalysed by cysEathionine $-synthase (Figure g, enzyme 6) which re-
quires pyridoxal phosphate (active vitamin 86) as cofactor. L-

Cystathionine is cleaved to L-cysteine and o-ketobutyraue by cysta-

thionine y-lyase (Figure 8, enzyme 7) which also requires pyridoxal

phosphate. Further metabolism of L-cysteine converts wha¡ once was

the sulphur atom of L-methionine Eo L-cystj_ne and ultimately in-
organic sulphate. L-cVsËeine and L-cystine are incorporated into
proteins, particularly o-keratin. The transsulphuration pathway is
the major route for L-methionine degradation in mamrnals (Finkelstein

& Mudd, 1967; Finkelsrein, L974).

Finkelstein (1978) reported that the activities of the enzymes

of methionine metabolism in various rat tissues are noË constant.

Indeed the scheme depicted in Figure 8 is incomplete j_n all rat
tissues except the liver. In rats the liver is the only tissue in
which there is a subsÈantial amount of betaine-homocysteine methyl-

transferase. rn all other tissues, 5-methyltetrahydrofolate-

homocysteine methyltransferase appears to be the mêjor means of L_

homocysteine remethylation. Heart, testes, lung and adrenal gland



4L

are deficient in cystathionine ß-synthase and cystathionine y-lyase,

while the small intestinal mucosa lacks both hornocysteine methyl-

transferases. lufethionine adenosyltransferase and adenosylhomo-

cysteinase are present in all tissues. All rat tissues have the

capacity Eo synthesize S-adenosyl-L-methionine and contain at least

one enzyme capable of metabolizing L-homocysteine. The activities

of the enzymes involved with methionine conservation in rat liver

decrease wiEh age. Conversely, the activities of transsulphuration

enzymes in rat liver increase with maturation. Radcliffe & Egan

(L974) deternined the activiEies of methionine adenosyltransferase

and cystathionine Y-lyase in various tissues of the neonatal 1amb,

pre-rurninant lamb and calf, and adult sheep, cattle and goat.

Methionine adenosyltransferase \^/as widely distributed in the

tissues of all ruminant species. GreatesE activifies were found

in liver, kidney, spleen and duodenal wa1l in adult ruminants, and

also in skeletal muscle in pre-ruminant lambs and calves. Hepatic

methionine aCenosyltransferase activity declined with age in sheep

and cattle. Cystathionine y-lyase activity was not detectable in

skeletal muscle or heart of any ruminant species. Greatest

activities h¡ere found in 1iver, kidney and pancreas of all species.

Neonatal lamb tissues had the highest activities. Cystathionine

y-lyase activity in sheep liver, pancreas, kidney cortex and spleen

declined with age.

The partitioning of homocysteine either to cystathionine or to

methionine is the branch point which determines the balance between

transsulphuration and methionine conservation in tissues. Mudd &

Poole (1975) and Mudd et a7. (1980) have determined Ehe rate of de

novo methyl formation versus utilization of preformed methyl groups
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and the average number of times a homocysEeinyl moiety passes through

the conservation cycle before it is converted to cystathionine in

humans on various dietary regimens. Diets restricted in

methionine and cholj-ne causes methl¡lneogenesis to increase to

compensate for the decreased dietary intake of meÈhyl moieties.

Stuclies with rat tissues suggested that conservation of methionine,

in response to deprivation of thi-s essential amino acid, is achieved

by an increase in 5-methyltetrahydrofolate-homocysteine methyl-

transferase activity relative to cystathionine $-synthase activity

which results in an increase in the remethylation of homocysteine.

Catabol i-sm of excess methionine depends on degradation of homo-

cysteine to cystathionine as a consequence of a relative increase in

cystathionine $-synEhase activity. Fundamental to this regulatory

mechanism are both the inherent kinetic properties of the consLituent

enzymes and the ability of hormones and dieE to alter the tissue

levels of the enzymes. The role of betaine-homocysteine methyl-

transferase in the maintenance of hepatic levels of methionine has

not been fully elucidated. It is thought that betaine-homocysteine

methyltransferase may be of major importance in the catabolism of

excessive amounts of choline and homocysteine in the liver

(Finkelstein er a1., I97L; Finkelsrein, I974, 1978).

Both direct and indirect evidence indicate that sulphur-

containing amino ac.ids are of critical importance in the nutrition

of ruminants, and more specifically thaE methionine is the first

limiting amino acid for sheep (Chalup.a, 1972; Barry et a7., !973;

Schelling et a7., 1973). As wool proteins are rich in cystine

(Crewther et a7., 1965), the conversion of methionine to cysteine
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and cystine may represent a major metabolic route for methionine in

sheep. l,Iool has a nitrogen : sulphur ratio of 4-6 compared with

body protein and rumen bacterial protein which have a nitrogen :

sulphur ratio of about 15 and 13 respectively (Radcliffe & Egan,

1974). Reis et a7. (L973a) showed that there is a large increase

in wool growth after small amounts of methionine (up Eo 2.5g/day)

are infused into the abomasum of sheep. fn sheep subjected to

methionine loading (about 2.5 - lOg/day) there is a dose dependent

reduction of wool growth and large increases in plasma concentration

of methionine (Reis et aJ., I973a, b). This appears to be due to

reduced entry of nethionine into the transsulphuration pathway

because of a depression of methionine adenosyltransferase acLiviEy

and an increase in betaine-homocysteine methylEransferase activity

(Radcliffe & Egan, L97B).

In sheep the liver carnitine content is greatly increased

under conditions of starvation (Snoswell & Henderson, 1970), alloxan-

diabetes (Snoswell & Koundakjian, 1972; Snoswell & Mcfnrosh, ]-974)

and in pregnancy toxaemía (Pethick, I975) which corresponds Eo the

increase in liver triacylglycerol content (Snoswell & Henderson, 1980).

The increase in liver carnitine content has been shown to be due to

increased biosynthesis in alloxan-diabetic sheep. The blood

carnitine concentration rises up to 1O-fold and the daily loss of

carnitine in the urine increases markedly in sheep in the terminal

diabetic state (Snoswell & l"lclntosh, 1974). Carnitine is a vital

cofactor involved in fatty acid oxidation (Bremer, L977), and the

unique dramatic response of liver carniEine levels to liver lipid

l"evels in sheep under conditions of metabolic stress is presumably
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to increase the flux of fatty acids via the oxidative paLhway thus

reducing the extent of esterification to Eriacylglycerols which

cannot be readily transported out of the liver (Henderson, 1-9781'

Snoswell & Henderson, 1980). Carnitine has Ehree methyl groups

which are derived from methionine (via S-adenosyl-L-methionine) and

when large amounts of carnitine are synthesized in the liver of

sheep, as ì-n the severe diabetic state, and then passes into the

blood and urine, this represerfs a major draj-n on the methyl pool and

hence methionine. This is particularly critical in the sheep where

methionine is the first limiting amino acid. There is evidence

that in the diabetic state increased hepaEic carnitine biosynthesis

in sheep can proceed to a large extent because utilization of the

methionine methyl group for choli-ne and creatine biosynthesis is

substantially reduced (Henderson, 1978). In rats injected with

azo-adenosine to block transmethylation reactions, the liver carni-

tine content increases while the liver creatine content decreases,

suggesting that under these circumstances carnitine synthesis takes

preference for available methyl groups (Silipramdi, 1980). Srrength

et a7. (1965) reported depressed tissue levels of carnj-tine in

choline-deficient rats, and Corredor et a7. (L967)postulated that

under these conditions, the methyl group of methionine is used pre-

ferentially for choline biosynthesis at the expense of carnitine

biosynthesis.

4. Aims of the work in this thesis

The information presented in the literature review makes it

clear that there are some unique aspects of choline nutrition and

metabolism in the sheep which have only been recognized recent,ly.
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Much remains to be elucidated, particularly the reasons why the

sheep survives on an apparently minimal intake of dietary choline.

This is the main focus of the work in this thesis. The specific

aims are as follows:

(1) To examine Ëhe choline and betaine content of a range of dried

and fresh pastures which would normally be grazed by sheep in

Australia, with particular emphasis on dry summer pastures.

(2) To develop a sensitive and specific assay for choline in the

presence of rather high amounts of interfering metabolites

(e.g. carnitine) in order to analyse sheep tissues and fluids.

(3) To determine the flux of choline in the alimentary and

urinary tracÈs of the sheep.

(4) To investigate the uptake and output of choline by organs of

sheep

(5) To study the synthesis of choline in sheep tissues by the

methylation of phosphatidylethanolamine to phosphatidylcholine.

(6) To examine the retention and recycling of choline in the

sheep body.
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CHAPTER 1

EXAMINATION OF THE CHOLINE AND BETATNE CONTENT OF PASTURES

1.1 Introduction

In Australia sheep are extensively grazed on open pastüres in

contrast to European countries where sheep are under more intensive

management and given supplements of high calorific va1ue. During

the hot dry summers, when fresh pastures have dried off, it is

common practice to allow sheep to graze cereal stubble paddocks and

residual grain left on the ground after harvesting. Dried hays

are often used as supplementary feed^*-uffs to sustai-n the nutritional

requirements of grazi-ng animals under these harsh conditions

(Wheeler & Hutchinson, 1973; A1lden, 1984)

Preliminary work by Snoswell et a7. (1978) showed that in

dried wheaten hay most of the choline is in the unesterified form

rather than as phosphatidylcholine. (Similar results were obtained by

Neill .et af., L979). This is in direct contrast to fresh pasture

plants in which the concentration of phosphatidylcholine is signifi-

cantly higher than unesterified choline (Roughan & Batt, 1969;

Storey & hlyn Jones, L975, 1977). Robj-nson (1980) found rhar dried

wheat, barley and oat stubbles and dried medic plants contain more

free choline and glycerophosphocholine than phosphatidylcholine, in

marked contrast to the equivalent fresh plant materÍal. In addition,

dried stubbles and medic were found to contain lower concentrations

of all forms of choline compared with the fresh material. Since

the choline content of dried pastures is low and in a form more

susceptible to breakdown in the rumen by nicro-organisms (Neill et
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e7.t 1978, 1979), this raises the question of the adequacy of choline

intake for sheep on such pastures. The closely related compound,

betaine, accumulates in water-and salt-stressed growing plant.s

(Suorey & hlyn Jones, 1977; i{yn Jones & Storey, L978; Hanson &

Nelsen, L978; Hanson & Scott, 1980; Hitz & Hanson, 1980). .However,

Robinson (1980) observed a much lower concentration of betaine in

dried stubbles and medic than in the equivalent fresh planEs. This

implies that sheep grazing dried summer pastures would receive

minimal amounts of dietary betaine to act as a methyl donor for

choline synthesis in tissues.

The aim of the work in this Che?ter was to confirm and exËend

the choline and betaine analyses of dried and fresh pastures which

would normally be consumed by sheep in Australia, with specific

emphasis on dry summer pastures. This work seemed particularly

vital in view of Australian summer conditions, where sheep grazíng

dried pastures may becorne choline deficient which would be further

aggravaÈed in times of drought and restricted feed intake.

1.2 Methods and lvlaterials

I.2.I Collect ion of Dasture material

Wheat (Triticun aestivun L., cultivar lrlarigal), barley (Hordeun

vuTgare L., culEivar Galleon) and triticale (X TriticosecaTe llittmack,

cultivar Coorong) stubbles and barrel medic .hay (l,ledicago truncatuTa

Gaertn., cultivar Jemalong) were obtained in the late summer of I98O/

1981 fron The Charlick Experimental Research Station, The University

of Adelaide, St.rathalbyn, S. Aust., Australia. The cereal stubbles

were from crops which had been harvested. about two months previously.



48

The stubbles were standing in t.he paddock approximately 40cm high,

with threshings, residual grain and weed seedlings on the ground.

The respective stubbles lrere cut 2-4cn from ground leve1 with hedge

shears over an area of about 20 n2 and all material on the ground

raked up and collected into bags. The barrel medic hay had been

cut and baled about three months previously and stored under cover

on the property. The three types of cereal stubble and medic hay

were chaffed to a uniform consistency using an ,þserv Hy-Put hammer-

mill fitted with a 2.54cm cutting sieve (Agserv Industries Pty. Ltd.,

Adelaide, S.Aust. Australia).

Chaffed lucerne hay (lúedicago sativa L., cultivar Hunter Riv^-)

was obtained from The l,rlaite Agricultural Research Instilute, The

University of Adelaide. It is routinely used as a feed for housed

sheep, cattle and goats.

Fresh pasEure consisting mainly of perennial rye grass (LoTiun

perenne L.rcultivar Medea), annual rye grass (Loliun rigidun Gaudin,

cultivar lrlimmera), barley grass (Hordeun Teporinun Link) and sub-

terranean clover (frifoTium subterraneun L., cultivar Mount Barker)

was cut just above ground leve1 with scissors from several areas of

a paddock at The l,rlaite Agricultural Research Institute in the mid-

winter of 1981. The stems and leaves were chopped into sma1l pieces

and thoroughly mixed. The fresh plant material was collected

immediaEely before extraction to minimize water-stress.

L.2.2 Extraction of pastu.ce material

Quadruplicate samples were taken from each Èype of bulk

pasture material and were extracÈed by a procedure based on that of
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Toyosawa & Nishimoto (1967) and Storey & I{yn Jones (1977). All

solvents contained the antioxidant 2,6-dí-terÊ-buEy1-4-methylphenol

(50mg/1) to minimize autoxidation of polyunsaturated fatty acids

(ldren & Szczepanowska, 1964; Holman, L967). Chopped pasture

material (10g fresh wt.) was homogenized in iso-propan-2-oI (100mf)

with a Sorvall omni-rnixer homogenizer (Ivan Sorvall Inc., Norwalk,

Connecticut, U.S.A.) on setting 7 for 5 min and filtered under vacuum

through filter paper (previously boiled in chloroform). The residue

was homogenized with a further volume of iso-propan-2-ol (75m1) and

filtered. The residue was then blended with two volumes of methanol

(50m1) using a Polytron Type PT 10 20350D tissue homogenizer and

sonicator fitted with a Pg{-2 speed control on setting 7 (Kinematica,

G.m.b.H., Luzern, Switzerland) for 2 min and filtered. Finally, ttre

residue was boiled in methanol (25m1) for 10 min and filtered. The

5 combined extracted volumes were taken to dryness in vacuo aE

30-40oC. The flask containing the concentrate was washed successively

with chloroform (7.50m1); methanol (3.75m1); water (2.25n1);

chloroform (5.00m1); methanoL (2.50m1) and water (1.50m1). The

total extract was placed in a stopPered 50m1 glass measuring

cylinder and shaken vigorously for 5 min. After centrifugation at

1r000g for 10 min, the upper water-soluble phase l\Ias removed as

completely as possible with a pasteur pipette and microlitre syringe.

The tube-wall and interphase of the lower lipid phase were rinsed 3

times with 4m1 of the upper phase of a pure solvent mixture of

chloroform/mechanol-fwater (10:5:3, by vol.). The water-soluble

phase and the 3 washings $/ere evaporated to dryness in vacuo aE

30-40oC and the residue redissolved in 3ml of water. This water-

soluble fraction was shaken well with diethylether (3x lml) to
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remove lipid contamination, and the ether phases were combined into

the lipid phase. The lipid phase was taken Eo dryness in vacuo aE

30-40oC and the residue redissolved in 10m1 of chloroform. The

water-soluble and lipid fractions were sÈored at -15"C until re-

quired f or analysì-s.

1.2.3 Determination of various forms

of choline and betaine

A 5m1 portion of the lipid fracEion of extracted pasture samples

contaj-ning lipid choline (choline phospholipids) Lras evaporated to

dryness in vacuo at 30-40oC and hydrolysed to unesterifj-ed cholir^.

with 3m1 of 6M-HC1 au 110oC for 24h in a sealed test tube (Col1ins &

ShoElander, 1961). The fraction was taken to dryness in vacuo at

40oC and the residue redissolved ín 2.0m1 of distilled water. This

was Ehen centrifuged at 8,0009 for 4 min in lml stoppered plastic

centrifuge tubes in an Eppendorf 3200 microcentrifuge (Eppendorf

Gerätebau, Netheler and Hinz G.m.b.H., Hamburg, Germany) and assayed

for unesÈerified choline as described below.

A lml portion of the lipid fraction v/as evaporated to dryness

under N2 in a lml plastic centrifuge Ëube and the residue redissolved

in 200¡11 of chloroform. A portion of the chloroform extract (zOur)

and 10yg of choline-containing phospholipì-d standards (phosphatidyl-

choline, lysophosphatidylcholine and sphingomyelin) were applied to

a 0.2mm pre-coated silica gel 60 thin-1ayer chromatography plate

(8. Merck, Darmstadt, Germany) that had been prewashed chromato-

graphically with diethyl ether. The plate was first developed in

the solvent chloroform/methanol (9:1, v/v) to move pigments and non-
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polar lipids to the top. After drying, the plate was again developed

with chloroform/methanol/acetic acid fwater (252152422, by vol.)

solvent in the same direction to separate the phospholipids. The

plate was dried and the phospholipids visualized with 12 vapour.

Comparison with the standards showed which choline-containing phos-

pholipids h'ere present in the lipid fraction of respective pasture

samples.

A 0.5m1 portion of the water-soluble fraction of extracted

pasture samples (containing glycerophosphocholine, phosphocholine,

unesterified choline and betaine) was centrifuged at 8,0009 for

2 min =;r a lml stoppered plastic centrifuge tube in an Eppendorf

3200 microcentrifuge and the pH adjusted to 8-9 with NH3 vapour.

The solution was applied to a column (O.Bcm x 10cm) of Dowex AG 501^I

(X8; 100-200 mesh; H+ form) cation-exchange resin equilibrated

h'ith disEilled water (pH 5-6) and successively washed wiËh 25ml

of water,30m1 of O.4M-tlCl and 25m1 of 3M-HC1 to elute glycero-

phosphocholine, phosphocholine, and unesterified choline plus betaine

respectively (I,r/ebster & Cooper, 1968; Illingworth & Portman, I972).

The glycerophosphocholine and phosphocholine fractions were taken to

dryness in vacuo at 30-40oC. The glycerophosphocholine residue was

hydrolysed to unesterified choline in 5ml of lM-HCl at 100oC for

30 min. The phosphocholine residue was hydrolysed to unesterified

choline in 5m1 of 3M-HC1 at I23"C f.or 24h in a sealed test tube

(Dawson, L955b). The glycerophosphocholine and phosphocholine hydro-

lysates were evaporated to dryness in. vacuo aE 3O-40oC and re-

dissolved in 500p1 and 250¡11 of distilled water respectively and the

unesterified cholj-ne determined. The fraction containing unesterified

choline and betaine was taken to dryness in vacuo at 3o-40oG and t.he
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residue redissolved in 500U1 of distilled water which was then assayed

for both choline and betaine. The recoveries of mixed or individual'

standards of glycerophosphocholine, phosphocholine, unesterified choline

and betaine (2 Umol of each/0.5m1 of distilled water) from the column

and subsequent processing h'ere at least 93%.

The specificity of the column cation-exchange chromatography

technique was investigated for all pasture samples by quantitative thin-

layer chromat-ography, Another 0.5m1 portion of the water-soluble

fraction of extracEed pasture samples was fractionated on the Dowex

column as before. The glycerophosphocholine, phosphocholine, and un-

esterified choline plus betaine column fractions rrrere taken to dryness

in vacuo and redissolved in 250U1 of distilled water respectively. A

portion (50U1) of each concentrated column fraction alor^g with 20-50Ug

of corresponding standards were applied to 0.2mm pre-coated shica gel

60 thin-layer chromatography plates and developed in the solvent

systems rnethanol/O.62 NaCl/tlH3 (sp. gr. 0.88) (10:10:1, by vol. ),

methanol/acetone/11M-HC1 (452522, by vol.) and chloroform/methanol/NH3

(sp. gr.0.88) (6:3:1, by vo1.). After the plates were dried, the

glycerophosphocholine, phosphocholine, unesterified choline and betaine

spots were located with 12 vapourrscraped off and eluted wiÈh 3m1 of

nethanol. A portion (2m1) of the glycerophosphocholine and phospho-

choline extracts was taken Eo dryness under N2 and the residue hydro-

lysed and redissolved in 200p1 of distilled water which was assayed

for unesterified choline. A portion (2ml) of the choline and betaine

extracts was taken to dryness under N2 and the residue assayed for choline

or betaine after being redissolved in 200 Ul of distilled water.

There is a tendency for small amounts of lys.ophosphatidyl-

choline Eo distribute in Ehe upper phase of a chloroform/methanol/
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water extraction (Bjerve et a7. ¡ 1974). The washing of the water-

soluble phase of extracted pasture samples with diethyl ether should

have removed most of this phospholipid contamination if present.

Any lysophosphaEidylcholine still remaining in the water-soluble

fraction loaded on the Dowex column would not have been eluted under

the conditions used (Blusztajn et a7.t 1979), and therefore would

not have interfered with the glycerophosphocholine, phosphocholine

and unesterified choline plus betaine fractions.

Unesterified choline and betaine in pasture samples were both

determined essentially by Ehe colorimetric periodide assay for

determination of quáternary ammonium compounds described by Storey

(1976) and Storey & I^/yn Jones (L977). It involves the precipita-

tion of Ehe periodide ion (the ennaiodide, IBI- or 16I-, irlall et

a7.r 1960) of the quaternary ammonium compound in water, which is

redissolved in eEhylene dichloride and quantitatively determined

from absorption measurements at 365nm. hlhile all quaternary

ammonium compounds are precipitated by KI3 in acidic solutions, only

choline is also reactive in the alkaline pH range (hlall et a7. ¡

1960). Thís selective precipitation at an alkaline pH (7-11) has

been used as a specific assay for choline. It has also been shown

for some, but not all plant species, t.hat quaternary ammonium

compounds other than choline and betaine are negligible so that the

difference in periodide ion precipitation of rotal quaternary

ammonium compounds (pH 2) and choline (pH 8) gives a satisfactory

assay of the betaine content (Storey, 1976; Storey & l,lyn Jones,

Lg77). This procedure was used to ietermine betaine in the un-

esterified choline plus betaine column fraction of the pasture samples
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investigated in this work. Its validity was checked in each case

by separaEing the quaternary amrnonium compounds by thin-layer

chromatography and quantifying choline and betaine independently

by the periodide assay.

The alkaline poEassium triiodide reagent (for choline) was

prepared by dissolving 7.5g of 12 and 10g of KI in 100m1 of 0.4M-

KH2PO4/NaOH buffer (pH 8.0) which was stirred for 30min and filtered.

The acid potassium triiodide reagent (for total quaternary ammonium

compounds) was prepäred by dissolving 7.5g of 12 and 10g of KI in

100rn1 of ll"l-HCl. The solution was stirred f or 30min and f :'-ltered .

To a 100y1 aqueous plant sample (conEaining between 0-0.3 pmol of

guaternary ammonium compounds) in a 15ml tapered glass centrifuge

tube, 40¡11 of the alkaline or acid potassium triiodide reagent \^ras

added accurately. Equivalent choline chloride and betaine hydro-

chloride standards were treated with 40p1 of the alkaline and acid

potassium triiodide reagent respectivel-y. The rnixture was shaken

and left for 90min in a reciprocating ice-water bath to cause

periodide ion precipitation. Cold distilled rvater (a00U1) was then

added rapidly to the mixture and shaken, followed immediately rvith

1r2-dichloroethane (4m1) at -10oC. The two layers were mixed by a

constant stream of N2 gas for 5min, while the temperature was main-

tained at 4oC. A portion of the lower organic layer was pipetted

into a lml semi-micro cuvette (avoiding contamination from the upper

aqueous layer) and Ehe absorbance measured at 365nm in a Zeiss PMQII

spectrophotometer (Carl Zeiss, Oberkocken, Germany) against an

identical vrater blank. The colour intensity was stable for at

least th. The choline chloride and betaine hydrochloride standard
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curves hrere linear over the 0-0.3 umol range, and 0.1 ¡rmol of

choline chloride and betaine hydrochloride had an absorbance at

365nm of O.649 f 0.015 and 0.415 t 0.025 unirs (mean r S.E.M. of

12 curves) respectively. The absorbance h¡as similar when choline

chloride standards h¡ere assayed with the alkaline or acid potassium

triiodide reagent. lJhen betaine hydrochloride standards were

assayed with the alkaline potassium triiodide reagent the absorbance

kras zero. This demonstrated that choline was exclusively pre-

cÍpitated by alkaline potassium triiodide. All pasture samples

and standards were assayed in duplicate.

I.2.4 Determination of drv weiehts of Dasture material

Quadruplicate chopped samples (0.5 - 1.5g fresh wt.) of each

type of bulk pasture material were placed in tared glass peEri

dishes and oven-dried at 100"C for 48h to a constant weight. The

petri dishes were cooled to room temperature in an evacuated

desiccator for at least th prior to weighing.

1.2.5 Chemicals

Choline chloride (3 x crysEallized), betaine hydrochloride,

L-o-glycerophosphocholine (grade I, from egg yolk, cadmium chloride

complex), phosphocholine chloride (calcium salt), L-o-phosphatidyl-

choline (type V-E, from egg yolk), L-s-lysophosphatidylcholine

(type I, from egg yolk) and sphingomyelin (from bovine brain) were

purclased from Sigma Chemical Co., St. Louis, Mo., U.S.A. The salts

of glycerophosphocholine and phosphocholine v/ere converted to their

free forms for the Dowex column cation-exchange chromatography step
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by being treated with a mixture of analytical grade Arnberlite IRC-

5O(H) cation-exchange resin and Amberlite IR-48(0H) anion-exchange

resin (Baer & Robinson, L967) obtained from BDH Chemicals Ltd.,

poole, Dorset, U.K. Ðowex AG 5OI\l (XB; 100-2OO mesh; H+ form)

cation-exchange resin was from tsio-Rad Laboratories, Richmond' Ca1if.'

u.s.A., and 2,6-d)--tert-butyl-/+-methylphenol from calbiochem, Los

Angeles, calif., u.s.A. Reagent grade chloroform' methanol, iso-

propan-2-ol and 1,2-dichloroethane were glass-distilled. The re-

distilled 1r2-dichloroethane vtas water-saturated as follows:

200m1 of 1,2-dichloroethane and 200m1 of distilled water were added

to a 1 litre separation funnel. The funnel was shaken for 2min and

then allowed to stand for 5min before the I,2-dichloroethane was

removed. other chemicals were reagent-grade or the best

commercially available grade. Glass double-distilled water was

used throughout.

1.3 Results

1.3.1 Concentrat ions of various forms of

choline in pasture material

The concentrations of unesterified choline, lipid choline,

glycerophosphocholine, phosphocholine and total choline in wheat 
'

barley and triticale stubbles, me-d.ic and lucerne hays, and f resh

grass/clover pasture are shown in Table 1.1. In the wheat, barley

and t.riticale stubbles most of the choline hlas present as unesteri-

fied choline and glycerophosphocholine, with quite small amounts of

lipid choline and phosphocholine. In the medic and lucerne hays

the concentration of unesterified choline was substantially higher



Table 1.1: Concen

Pasture naterial

WheaÈ sÈubble

Barley stubble

Triticale srubble

Medic hay

Lucerne hay

Fresh grass/
clover pasture

trationsof various forms of choline in pasture material

The differenÈ types of pasture material were collected and cut to uniforn consistency as descrlbed
in Section f.2.i. Repiesentative samples of each type of bulk pasture matèrial were extracEed
and unesÈerified choliñe, lipid choline, glycerophosphoc.holine and phosphocholine fractionated and

determined in duplicate as described in SecEions I.2.2 and 1.2.3. The dry weights of pasture
samples were determined as described in Section 1.2.4. The values shown are means t S.E.M. for
four samples of each type of pasture material. Abbreviation used:N.D. = oot detectable.

Concentration (ymol/g dry wt. )

Unesterified
choline

Lipid choline Glycerophospho-

choline

3.32 ! O.zL

2.59 t O.Lg

4.L7 t O.20

L.42 r 0.32

N.D.

2.77 t O.L7

Phosphocholine Total choline

(¡{

o.57

0.48

0.64

3. 18

6.32

2.90

o.o2

o.o2

0.02

0.18

0.074

0.27

0.30

0.28

0.34

0.63

1.36

6.38

0.02

0.02

0.02

0.11

0.2lb

o.47

+

t
+

t

!

t

t

t

t

t
+

t

0.07 r 0.02

0.04 r 0.01

0.13 r 0.0r

0.10 r 0.02

N.D.

0.52 r 0.04

4.26

3.39

5.28

5.33

7.68c

12.57

aE
bE
cE

quivalent to 5.64 umol/g fresh wt. of lucerne hay.
quivalent to 1.21 Umol/g fresh wt. of, lucerne hay.
quivalent to 6.85 Umol/g fresh wE. of lucerne hay.
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than the other forms of choline. rt is interesting to note that
the lucerne hay contained no glycerophosphocholine or phospho-

choline. The major form of choline in the fresh grass/clover

pasture was lipid choline, which is in direct contrast to the dried
pasture material. The concentrations of lipid choline, phospho_

choline and total choline were considerably higher in the fresh

pasture than in the dried stubbles and hays. Thin-layer chroma_

tography revealed that the lipid choline in all of the pasture

material analysed was almost exclusively phosphatidylcholine.

There were only trace amounts of lysophosphatidylcholine and no

sphingomyelin or choline plasmalogens present. This was also ob-

served by Roughan & BatË (L969) and Robinson (19g0). The choline

values presented in Table 1.1 are comparable with those previously

reported for plant material in general (Toyosawa & Nishimoto , 1967;

Roughan & Batt , 1969; storey & r,ryn Jones , Lg75, rg77; snoswell er

a7.¡ 1978; Neill et a7., 1979; Robinson, lgg0).

L.3.2 Concentration of be taine in Þasture material

Table 1.2 shows the concentration of betaine in wheat, barley

and triticale stubbles, medic and lucerne hays, and fresh grass/

clover pasture. The betaine content of the fresh pasture was much

higher than that of the dry stubbles. and hays. rn the dry stubbles

and hays the concentration of betaine h,as less than that of total
choline. This was ín contrast to the fresh pasture in which the

concentration of betaine was higher than that of total choline. rn

this study Ehe betaine content of the pasture material was deter-
mined by the expression: toÈal guaternary ammonium compounds (pH 2)
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Table 1.2: Concentration of betaine in pasture material

The different types of pasture material were collected
and cut to uniform consistency as described in
Section I.2.1. Representative samples of each type
of bulk pasEure material were exEracÈed and betaine
fractionaEed and determined in duplj-cate as
described in Sections 1.2.2 and L.2.3. The dry weighrs
of pasEurè samples were determined as described in
Section I.2.4. The values shown are means f S.B.M.
for four samples of each type of pasture material.

PasEure material Betaine concent.ration
(¡rmol/g dry wt.)

Í{heat stubble

Barley stubbl-e

Triticale sÈubble

Medic hay

Lucerne hay

Fresh grass/clover pasture

3.42

1.69

3.97

0.3s

0.24

22.8L

0.314

o 324

0.144

0.02b

0.02b

1.314

+

+

+

t

f

t

" B"tuin" determined by the expression: tot-al quaternary
ammonium compounds (pH 2)-choline (pH 8) = betaine and also by
quanLitative thin-layer chromatography using the colorimetric
periodide assay.

b Betaine determined by quant.itat.ive thin-layer chromat.ography
using Ehe colorimetric periodíde assay.
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choline (pH 8) = beÈaine and also by quantitative thin-layer chroma-

tography using the colorj-metric periodide assay. Both methods gave

essentially identical beEaine values for the three types of stubble

and the fresh pasture because they contained negligible amounts of

other quaternary ammonium compounds in addition to choline and betaine.

The agreement beEween the tr¿o methods was unsatisfactory for the

betaine content of the lucerne and medic hays because they contained

substantial amounts of other quaternary ammonium cornpounds besides

choline and betaine which caused the expression: total quaternary

ammonium compounds (pH 2) - choline (pH B) = betaine to be over-

estima¡ed. There are reports that lucerne contains high amounts of

the quaternary ammonium compound prolinebetaine (stachydri-ne)

(Sethi & Carew, I97l+; irlyn Jones & Storey, 1981). The betaine

values shown in Table I.2 are consisEent with those previously

published for plant. material in general by other workers (Cromwell &

Rennie, 1953; Storey & I./yn Jones, 1975, 1977; Storey et a7., 1977;

Hitz & Hanson, 1980; Hanson & Scott, 1980; t'¡yn Jones & Storey,

1981).

I.4 Discuss aon

The work in this Chapter showed that there is a pronounced

difference in the choline and betaine contedt of dried summer pastures

and fresh green pastures comnonly used for grazíng sheep in Australia.

The results support the preliminary findings of Snoswell et a7.

(1978), Neill et a7. (1979) and Robinson (1980).

The reason for the higher ratio of unesterified choline and/or

glycerophosphocholine to phosphatidylcholine in dried stubbles and
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hays compared with fresh pasture is presumably due to the activation

of plant phospholipases during the processes of senescence and

drying. AcEivation phospholipase D in senescent and drying plants

would cause the direct conversion of phosphatidylcholine to unesteri-

fied choline. The combined activation of phospholipases At or A2

and lysophospholipase in such plant material would form glycero-

phosphocholine from phosphatidylcholine. IË Ís also feasible that

some of the phosphatidylcholine in dried plant material is degraded

to free choline and glycerophosphocholine by the action of aerobic

bacteria. The lower level of total choline in dried stubbles and

hays compared to fresh pasture is probably due to aerobic bacterial

degradation and/or the action of degradaEive enzymes during aging

and drying. It is possible that Ehe choline present in the stem

and leaves of mature cereal crops is transported to the hutrr""t"d

grain which i.s reported to have a high choline content (Glick, 1945;

Chittenden et a7., 1978).

. 
Betaine occurs in turgid leaves of certain cereal crops and

grasses at a concentration of about 20 Umol/g dry wt. (Storey et

a7., L977; Hanson & Scott, 1980; LIyn Jones & Storey' 1981). The

betaine concentration increases several fold in most of these plants

upon moderate water stress (Hanson & Nelsen, 1978; Wyn Jones &

Storey, 1;978; Hanson & Scott, 1980i Hi-tz & Hanson, 1980) and upon

salination (Storey & trrlyn Jones , 1977; I,¡yn Jones & Storey , L978).

This accumulation of betaine is very likely to be of adaptive

significance, perhaps as a nontoxic cyLoplasmic osmoticum and/or as

a protectanE against enzyme inactivation (I,üyn Jones & Storey' 1981;

Paleg et a7., 1981; Nash et a7.¡ 1982). Betaine accumulation in
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leaves of stressed plants is due to enhanced de noyo synthesis from

serine and ethanolamine rather than by the oxidation of pre-

existing choline pools. The betaine amassed during stress is not

metabolized upon stress-relief, but can be translocated in the

phloem from mature leaves to shoot growing points (Hanson & Nelsen,

1978; Hanson & Scott, 1980; Ladyman et a7., 1980; Hixz et a7.,

1981, 1982; Hanson & Itlyse , I9B2; Coughlan & lrlyn Jones , 1982;

Hanson & Rhodes, 1983). The present woi'k showed that the betaine

content of dried stubbles and hays is much less than fresh pasture

plants. This implies that the betaine accumulated during the

growth period of plant material undergoes extensive loss or break-

down during senescence and drying, probably by the same mechanisms

proposed above for choline.

Since the choline in dried summer pastures mainly exists as

free choline and glycerophosphocholine instead of phosphatidyl-

choline as in fresh pasture, it is unlikely to make a significant

contribution to the choline requirements of sheep as it will be

highly vulnerable to microbial degradaEion in the rumen. Unesteri-

fied choline and glycerophosphocholine will be converted through the

intermediary of trimethylamine into methane, which is lost in the

gaseous mixture resulting from rumen fermentation (Dawson, 19591,

Neil1 et a7.¡ 1978, 1979). The only choline in dried surnmer pastures

escaping such degradation will be a negligible amount of phospha-

tidylcholine that is directly incorporated into the membranes of

ciliated protozoa (Neill et a7.t 1979). Not only is the choline in

dried surumer pastures in a form susceptible to rumen microbial

breakdown, there is also a lower total amount than in fresh pasture.
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Dried summer pastures are very fibrous and therefore have low

digestibiliry. Sheep could not physically ingest enough dried

plant maEerial Eo compensate for the low choline content. Dietary

betaine is also degraded in the rumen by micro-organisms (Mitchell eÈ

a7., 1979), and sheep grazing dry summer pastures containing low

amounts of betaine would receive virtually none of this compound to

acE as a methyl donor for choline biosynthesis in tissues.

In view of the results presented here iE would seem Pertinent

to suggest that sheep fed on dried pastures under AusEralian sunmer

conditions would receive a suboptimal choline and betaine inEake,

and thus may becorne marginally choline deficient with an associated

loss in production. However, soon after the presenÈ investigation

was completed Dar¿son eË a1. (1981) reported t.hat inject.ion of

lnethyT-f4C] choline into sheep indicated that the sma1l amount of

phosphatidylcholine present in abomasal digesta r¡/as largely (697")

of non-dietary or rumínal origin. Long-Ëerm feeding of lne*yt-3Ul

choline to sheep produced insignificant labelling of plasma phospha-

tidylcholine, indicating that more than 99% of the choline body

pool was of non-dietary origin. In conErast, when rats were fed

with [met nyl-3U] choline for similar time periods , 18-547' of the

tissue phosphatidylcholine was derived from dietary origin. The

loss of t14C] choline and 32P from the plasma phosphatidylcholine

after a single injecÈion of these isotopes indicated a markedly

slower turnover of choline in the sheep compared with the rat. This

subsequent information provides good evidence that sheep are noE de-

pendent on dietary choline for maintai.ning the choline body pool.

Thus it is unlikely, as first thought, thaE sheep would suffer from

dietary choline deficiency even when grazing on Aust.ralian summer

pastures which contain extremely low levels of choline and betaine.
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CHAPTER 2

THB RADIOENZYMIC ASSAY OF CHOLINE AND ITS APPL]CATION TO THE STUDY

OF CHOLINE PASSAGE IN THE ALIMENTARY AND URINARY TRACTS OF SHEEP

2.I Introduction

, In order to investigaEe the nutrition and metabolism of choline

in sheep it was essential to be able to accurately measure choline in

body tissues and fluids. The colorimetric periodide method (Storey,

L976; Storey & lrlyn Jones, 1977 ) was suitable for measuring choline

in plant samples in Chapter 1 because t.here were generally high

amounts of choline present and it also enabled betaine to be dete-

mined simultaneously. However , preliminary work revea-l-ed that the

periodide method lacked sensitivity and specificity for the

quantitative determination of choline in some animal samples where

the concentrations of this metabolite are extremely low. The

advantages associated with enzyrnic radiochemical assays of choline

(Hanin, 1-974), including sensitì-vity, specificity and reasonable

convenierrce, favoured tfieir use for the animal studies in this thesis.

The radioenzymicassay of choline involving the reaction: choline +

[32p] ATP -----+ t32p] phosphocholine + ADP catalysed by rhe enzyme

choline kinase (Reid et a7.t L97I; Goldberg & McCaman, 1973) was

rejected because the labelled substrate is expensive to purchase, is

a safety hazarð due to Èhe emission of high energy radiation, and is

inconvenient to use due to a relatively short half-life. The

radioenzymi--cassay of choline involving the reaction: choline +

[3H] aceryl-CoA--+ [3H] acetylcholine + CoA catalysed by the

enzyme choline acetyltransferase (Shea & Aprison, I973; Hebb eÊ
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êt7.¡ 1975) $ras considered more appropriate since the labelled sub-

straLe can be synthesized from CoA and [3H] acetic anhydride for a

reasonable cost, emits low energy radiation, and has a long half-

life. The work in this Chapter was devoted to the development of

this radioenzymic choline assay. This method was subsequently

applied to examine the passage of choline in the alimentary and

urinary tracts of sheep fed chaffed lucerne hay (che standard diet

of sheep used in subsequent investigations in this thesis). This

involved measuring the various forms of choline in digesta,

saliva, bi1e, faeces and urine of these animals.

2.2 l"lethods and Mater ials

2.2.I Partial purification of choline acetyl-

transferase from sheep brain caudate nuclei

l^lhen this study was iniËiated partially purified choline

acetyltransferase from bovine brains v/as commercially available from

Sigma Chemical Co., St. Louis, Mo., U.S.A. but was not economically

practicable for routine use in the radioenzymic assay of choline

because the preparation had a very low specific activity. Conse-

quently, choline acetyltransferase was partially purified essentially

by the method of Ryan & McClue (L979) from sheep brain caudate

nuclei, which v/ere a relatively rich and convenient source of the

enzyme.

2.2.I.I General- techniques

Sheep brains were collected as soon as possible after

slaughter from the loca1 abbatoirs (South Australian Meat
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CorporaEion, Gepps Cross, S.Aust., Australia) and the caudate

nuclei immediately dissected and placed in liquid N2. The

frozen caudate nuclei were powdered using a stainless steel

mortar and heavy pestle wtrich had been precooled in liquid N2.

The powdered brain tissue \t¡as stored under liquid N2 until

processed. About 1409 of caudate nucleus tissue was ob-

tained from 35 sheep brains. Al1 steps in the purification

of choline acetyltransferase were performed at 0-4oC.

Centrifugations r{ere carried out at 20,0009 for 20min unless

stated otherwise. Dialysis tubing v/as purified by boiling in

0.1 mM-EDTA for 60min and soaking in glass double-disti-l1ed

water for two periods of. I2h each. Buffers containing ciÈrate

were made up by dissolving the stated concentrat-ions of the

basic form of the buffer salt, and any added components, and

Ëitrating to the desired pH with citric acid. All other

buffers were made up by tlissolving the stated concentrations

of the acidic form of the buffer salt, and any added components,

and titrating to the desired pH with NaOH.

2.2.I.2 Initial solubilizatíon

Powdered caudate nucleus tissue (1259) was homogenized

in 25g lots in 100m1 of. 25 mM-sodiurn phosphate buffer (pH 7.a)

using a Tefl on pestle in a smpoth glass mortar (Kenco

Scientific, Adelaide, S.Aust., Australia) driven by a

Dynamax laboraEory stirrer SM 650 (Betts & Co. Pty. Ltd.,

Milperra, N.S.l{., Australia) at full speed for 2O strokes. A

further 100m1 of buffer was added and the mixture blended

using a Polytron Type PT 10 2035 0D tissue homogenizer and
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sonicator fitted with a PCU-2 speed control on setting 10

(Kinematica, G.m.b.H., Luzern, Switzerland).for 30s. The

homogenate was centrifuged for th and the supernatant de-

canted and retained.

2.2.I.3 Acid precipitation

The supernatant was adjusted to pH 4.5 with 50% acetic

acid (5-7ml required for a L25g preparation) added slowly

wiËh rapid stirring over a 45mj-n period. After gentle

stirring for another 50min, the solution was centrifuged and

the supernatant collected.

2.2.I.4 Ammonium sulplaEe precipitation

The supernatant was titrated to pH 6.0 with 1M-NaOH.

The solution was stirred and.solid ammonium sulphate was

added slowly to a saturation of. 40% without adjusting the pH.

After the ammonium sulphate had completely dissolved, the

solution was stirred for a further 30min. The suspension

rr'as centrifuged and the pellets were discarded. The super-

naËant was then made 70% saturated with ammonium sulphate,

again without adjusting the pH, and stirred for another 30min.

Following cenErifugation, the pellets hrere resuspended in

10 mM-citrate-sodium phosphate buffer (pH 7.2) conLaining 0.1

mM-EDTA and 0.1 rnM-dithiothreitol (CPED buffer, 0.5m1/g of

brain tissue). The resulting solution was dialysed overnight

agai-nst 150 volumes of CPED buffer.

2.2.I.5 CM-Sephadex chromatography

The dialysed enzyme solution r{as loaded onto a
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column (2.5cm x 16cm) of carboxymethyl-Sephadex C-50 (particle

size 40-12OLm,Na* form) cation-exchange resin which had been

pre-equilibrated wit.h CPED buffer. After being washed with

30-35m1 of CPED buffer, the column was eluted with a linear

gradient from 0 to 0.4M-NaC1 in the same buffer, using a

gradient volume of 700m1 pumped at 2Onl/h. Column fractions

(130 x 5m1) were collected while monitoring protein and those

containing a significant amount of enzyme were pooled and con-

centrated by pressure dialysis (N2, 300 kPa) using an Amicon

ultrafiltration stirred ce1l model 52 (65m1 maximum process

volume) and Diaflo PM 10 membrane (nominal molecular weight

cut-off of 10,000) (Amicon Corp., Lexington, Ma., U.S.A.).

After the solution was reduced in volume to about 15m1, 30m1

of CPED buffer was added and.the volume then taken to 25m1.

During this process, most of the NaCl was removed. The re-

sulting enzyme solution was divided into 83 x 300 p1 aliquots

and stored in 50mm x 7mm plastic tubes (Disposable Products

Pty. Ltd., Adelaide, S.Aust., Australia) at -80'C, where it

remained stable for at leasE 30 months.

2.2.2 Determr-nation of choline acet transferase activit Vv1

Choline acetyltransferase activity r¡¡as assayed by modificati.on

of the methods described by llannervik & Sbrbo (1970), Hebb et a7.

(1975) and Ryan & McClure (L979). The following components v/ere

incubated for 15min ai 37oC in 7mm x 50mm plastic tubes (Disposable

Products Pty. Ltd., Adelaide, S.Aust., Australia) in a final volume

of 50u1 : 50 mM-sodium phosphate buffer (pH 7.a); 0.2 mM-eserine
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(physostigmine) salicylate salt; 1 mM-EDTA (pH 7.4); 0.5rng of

bovine serum albumin/m1; 300 mlt'l-NaCl; 10 mM-choline chloride;

0.4 mM-[3H] acetyl-CoA (specific radioacri-viry 100,000 d.p.m./nmol)

and enzyme solution. The incubation mixture consisted of 20p1 of

reaction mixture, 5U1 of [3tt] uotyl-CoA and 0-25p1 of enzyme

solution (the volume adjusted with water). The reaction was initia-

ted by the addition of er'zyme solution and terminated by the addition

of 0.25cm3 of Amberlire IRA 410 (30-72 mesh; CI- forrn) anion-

exchange resin and 350¡11 of water. The tubes were stoppered, shaken

for 10min, and centrifuged at 1,0009 for 10min. Two hundred ¡-r1 of

the aqueous supernatant containing the product [3H1 u."tylcholine

was added to 3.5m1 of scintillation fluid [7g of 2,5-diphenyloxazole

and 0.39 of 1,4-bis-(4-methyl-5-phenyl-2-oxazoIyl) benzene per litre

of toluene and Triton X-100 (22I, v/v)) in a polyethylene scintilla-

tion vial. Radioactì-vity was determined by counting for 10min in a

Packard TRI-CARB 460 CD liquid scintillation system (Packard

Instrument Co. Inc., Downers Grove, 11., U.S.A.) which autornatically

corrected for quenching by the sample channels ratio technique. All

enzyme samples v/ere assayed in duplicate.

Carnitine aceÈyltransferase activity hras assayed as described

for choline acetyltransferase except that 10 mM-L-carnitine hydro-

chloride replaced choline chloride jn the incubatíon mixture and the

radioactivity of the [3H] acet.ylcarnitine product measured.

The differential assay for choline acetyltransferase using

acetylcholinesterase to correct for the presence of carnitine acetyl-

transferase was adopted in some instances (Hamprecht & Amano , I974).
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2.2.3 Svn thesis and urification of

acetvl-CoA and f3Hl acetvl-CoA

Acetyl-CoA was synthesized and purified by the following pro-

cedure which was based on personal communication with Dr. D.B. Keech,

Department of Biochemistry, The University of Adelaide, and the

method of Stadtman (1957).

CoA (10mg) was dissolved in 0.5m1 of water in a 10m1

stoppered glass extraction tube (Quickfit & Quartz Ltd. , Stone,

Staffordshire, England). The pH was adjusted to 7.O - 7.4 h/ith 1ì4-

KHC03 and approximaté1y 1mg of sodium borohydride added. The

solutj--.r hlas left on ice for 5min. About 1-2 drops of 5M-HC1 was

added and after the frothing had subsided the pH was readjusted to

7.4 with KHC03. Acetic anhydride was added in 1pl aliquots. The

solution was stirred after "u.fr uidition, the pH adjusted Lo 7.4,

and a 10p1 portion added to lml of 100 mM-sodium phosphate buffer

(pH 7.2) plus 10ul of 10 ml"1-5,5'-dirhiobis-(2-nirrobenzoic acid) in

ethanol to test for unreacted CoA. A yel1ow colour due to the

formation of thio-nitro-benzoate anion indicated the presence of free

sulphydryl groups. hrhen the test was positive, further 1¡rl aliquots

of acetic anhydride were added. Approximately 2-3p1 of acetic anhy-

dride was usually sufficient. Finally, when the sulphydryl test

was negative, unreacted acetic anhydride r.\¡as removed by adjusting

the pH Lo 2.0 with 1-2 drops of H2S04 and extracting the solution

three times with an equal volume of ether. (It was essential to

remove excess acetic anhydride in. case it reacted a second tine wiuh

the CoA molecule to produce a diacetylated derivative). After the

final ether extraction, the aqueous solution was blown with N2 to
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remove traces of eLher and the pH readjusted to 6.0 with KHC03.

The crude acetyl-CoA solution was applied as a strip

(approximately Lng/2.5cm) along with 250pg of CoA and acetyl-CoA

standards on a sheet of 3MM chromatography paper (lrlhatman Ltd.,

l"laidstone, Kent, England) that had previously been washed \4lith 7Z

acetic acid. The paper was developed in the ascending direction

in the solvent system n-butanol /gl'aci.al acetic acid/watet (5'.223,

by vol.). After the clrromatogram was air-dried, the acetyl-CoA

band was located under ultra-violet light, cut into pieces, and

elured with 5 x 0.5m1 of 0.1 mM-BDTA (pH 6.0). The combined wash-

ings were adjusted to pH 6.0 if necessary and evaporated to near

dryness in vacuo at 25-30"C. The sample u/as taken up in less than

Lm1 of 0.1 pM-EDTA (pH 6.0) and assayed asilescri-bed by Decker (1974) '

The purified acetyl-CoA preparation usually had a concentration of

L5-25 mùl and v/as stored at -15oC where iE was stable for at least

3 months. It was important that the stored product be at pH 6.0

to maintain stabilitY.

[3H] acetylCoA was prepared in a similar manner except that

acetylation of the CoA was carried out in a borosilicate glass

ampoule containing the [3H] acetic anhydride (about 50 Umol) and

then transferred to a 10ml stoppered glass extraction tube for

extractions with ether. The purified [3H] acetyl-Co$ preparation

normally had a concentration of 3-5 mM with a specific activity of

2-5 x 105 dpm/nmol.

2,2.4 termination of el-n

The protein content of samples produced during the purification
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of sheep brain caudaEe nuclei choline acetyltransferase was measured

by a modification of the micro-biuret method of Irzhaki & Gi11

(L964). Modified biuret reagent L/as prepared by dissolving 3009

of NaOH and 2.1g of CuS04.5H20 in 1-1 of water and stored at 4oC.

O.2% sodíum deoxycholate (10U1) was added to 10p1 of sample (con-

taining 0-1mg of protein) in 10rnl glass centrifuge tubes, thoroughly

mixed , and lef t f or a f ew minutes to solubilize the protein. I,*later

(9B0Ul) and 2nI of modified biuret reagent were then added and the

solution mixed and incubated at room temperature for 60min. The

solution was immediately transferred to a lml semi-micro cuvette and

the absorbance read at 310nm in a Zeiss PM QII spectrophotometer

(Carl Zeiss, Oberkocken, Germany) against an identical water blank.

A protein standard curve was constructed by adding 2nI of modified

biuret reagent to lml of water containing 0-1mg of bovine serum

albumin and reading the absorbance after incubation at room tempera-

ture for 60min as before. The protein standard curve was linear

over Ehe 0-1mg range, and 0.5mg of bovine serum albumin had an

absorbance at 310nm of O,4LO t 0.006 units (rn"un t S.E.l"l. of 6 series

,of standards). All samples and standards r,úere assayed in duplicate.

2.2.5 The radioenzvmlc ASSA of choline usins l3Hl acetvl-

CoA and partially purified choline acetyltransferase

Unesterified choline was assayed by modificaËion of the radio-

enzymic method i-nvolving the reaction: choline + [3H] acetyl-CoA 
->

[3U] acetylcholine + CoA catalysed by the enzyme choline acetyltrans-

ferase as described by Shea & Aprison (L973) and Hebb et a7. (1975).

The techniques of Fonnum (L969a, b) and Tuäek et a7. (1978) were

adopted for specifically assaying choline in the presence of carnitine
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acetyltransferase and carnit.ine. The following components were in- .

cubated for l5min at 37"C in lml plastic centrifuge tubes (Eppendorf

Geri¿ebau, Netheler and Hinz G.m.b.H., Hamburg, Germany) in a final

volume of 50p1 : 50 mM-sodium phosphate buffer (pH 7.8); 0.2 mM-

eserine (physostigmine) salicylate salt; I mM-EDTA (pH 7.8); 0.5rng

of bovine serum albumin/ml; 0.04 mM-sample or standard choline

chloride; 0.+ ml't-[3H] acetyl-CoA (specific radioactivity 100,OOO

d.p.m./nmol) and partially purified choline acetyltransferase enzyme

solution (pH 7.2, total activity 0.4 nmol acetylcholine formed/min).

The incubation mixture consisted of 20¡-rl of reaction rnixture, 20p1 of

sample or standard, 5p1 of [3tt] acetyl-CoA and 5U1 of enzyme solution.

The reaction was started by the addition of enzyme solution and

stopped with 550U1 of 100 rnM-sodium phosphate buffer (pH 7.E),

followed immediately with 300U1 of heptan-2-one containing sodium

tetraphenylboron (25ng/nl). The tubes were stoppered, shaken for

10min, and centrifuged for Smin at 8,0009 in an Eppendorf micro-

centrifuge 3200 (Eppendorf Geräcebau, Netheler and Hinz G.m.b.H.,

Harnburg, Germany). One hundred and fifty Ul of the heptan-2-one

layer containing essentially only [3H] acetylcholine was added to

3.5m1 of scintiilatiorr fluid in a polyethylene scintillation vial

and the radioactivity measured as described in Section 2.2.2. All

samples and standards were determined in duplicate. Some modifi-

cations of this standard assay procedure were used and are described

in the legends to figures in the results section.

2.2.6 Animals

Merino ewes (Ovi s aries) obtained from the flock of The h/aite

Agricultural Research Institute, The University of Adelaide, aged 2-3
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years and weighing 35-40kg, were housed indoors in pens. They were

given v/ater ad Tibirum and fed once daily (at 09.00h) a ration of

l.lkg of chaffed lucerne hay.

2.2.7 Sureical preoarat.ion and Þost-

ooerative tr eatment of sheep

Sheep r¡Iere surgically prepared hrith standard cannulae in rumen,

abomasal and duodenal fistulae by Dr. A.R. Egan, Mr. B.J. Hosking and

Dr. P.I. Hynd in The Department of Animal Sciences, hlaite Agricultural

Research rnstitute, The university of Adelaide, as outlined by Hynd

(1982). The duodenal cannula was inserted about 4-5cm caudal to

the pylorus of the abomasum. Sheep were allowed to stabilize on

fu1l feed intake for 30 days after surgery before samples were taken.

2.2.8 Collection of disesta. saliva.

bi1e. faeces and urine samoles

samples were collected from sheep 6h after feeding (at 15.ooh)

the daily ration of chaffed fucerne hay which was totally consumed

within 2h. All samples were placed j-n ice-cold plastic containers.

Digesta was collected throu.gh the rumen cannulae by gentle suction

through a wide-bore rubber tube. Digesta was collected from Ehe

abomasal and duodenal cannulae by gravity dra.inage. Fresh faeces

and urine were obtained from sheep spontaneously or in response to

external stimuli. Saliva h/as aspirated from the mouth with a plastic

syringe and tube. Finally, bile was aspirated frorn the gallbladder

with needle and plastic syringe after slaughtering the sheep by

severing the neck.
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2.2.9 Extraction of disesta. saliva. bile. faeces and urine

samples and determination of the various fornis of

choline

Digesta and faeces samples v/ere extracted by the method de-

scribed by Neill et a7. (1979). All solvents contained the anti-

oxidant 2 ,6-di-terË -buty1-4-methylphenol ( 50mg/1) (l,lren &

Szczepanowska, 1964; HoLnan, 1967), Digesta (20m1) or faeces (20g

fresh wt. ) were homogenized with 50m1 of mêthanol for lmin and then

blended with 25ml of chloroform for 2min using a Sorvall omni-

mixer homogenizer on setting 7 (Ivan Sorvall Inc., Norwalk, Connecti-

cut, U.S.A.). A further 25ml of chloroform and 25nI of v/ater were

then added and the mixture reblended for 2min. The upper water-

soluble phase was removed, taken to dryness in vacuo at 30-40oC, and

the residue redissolved in 2m1 of water. This water-soluble fract-ion

was shaken with diethyl ether (3 x lml) to remove lipid contaminants

and the ether washes were added to the lower lipid phase. The

lipid phase was filtered through a smal1 glasswool pad and the

filtrate evaporated to dryness in vaccc at 30-40"C. The residue was

'taken up in 5m1 of chloroform. The water-soluble and lipid

fractions were stÖred at -15oC until they were analysed.

Urine, saliva and bile samples were extracted essentially by

the method of Folch et a7. (1957) but with the modifications de-

scribed by Henderson (1978). 1.5 ml portions of bile (pH 6.5 - 7.0)

were initially acidified (pH a.0 - 4.5) with about 10 Ul of 5M-HC1.

Urine, saliva and acidic bile (1m1 in. each case) were mixed with

18m1 of ice-cold chloroform/methanol (22I, v/v) containi-ng the anti-

oxidant 2,6-dí-terË-buty1-4-methylphenol (50mg/1) in a 50m1 glass
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vial. The extract was filtered through fluted filter Paper (pte-

viously boiled in chloroform) into a 25ml glass measuring cylinder.

The extraction vial and filter paper were rinsed with chloroform/

methanol (2'.I, v/v) until a filtrate of 20m1 was obtained. Llater

(4m1) was added to the filtrate and the stoppered measuring cylinder

shaken thoroughly for 5min. After centrifugation at 1,0009 for

10min, the upper water-soluble phase \./as removed by aspiration, and

the tube-wa1l and surface of the lower lipid phase washed 3 times

with 2m1 of che upper phâse of a pure solvent mixture of chloroforn/

methanol/v/ater (8:4:3, by vo1.). The water-soluble phase and the

3 washings hrere taken to dryness in vacuo at 30-40oC and the

residue redissolved in 2m1 of water. This water-soluble fraction

was shaken with diethyl ether (3 x 1m1), and the ether phases com-

bined with the lipid phase. The lipid phase was taken to dtyne""

in vacuo at 30-40oC and the residue redissolved in 10m1 of

chloroform. The water-soluble and lipid fractions were kept at

-15"C until analysis.

A 2m1 portion of the lipid fraction of extracted digesta,

faeces, urine, saliva and bile samples containing lipid choline

(choline phospholipids) \,¡as evaporated to dryness under N2 and

hydrolysed to unesterified choline with 3m1 of 6M-HC1 at 1l0oC for

24h ín a sealed test tube. The hydrolysate was taken to dryness

in vacuo at 40"C and stored in a vacuum desiccator containing KOH

pellets for at least 12h. to remove traces oi acid . The residue was

redissolved in 250p1-50m1 of 5 mM-sodium phosphate buffer (pH 7.8)

and the unesterified choline measured in duplicate by the radio-

enzymicassay described in Section 2.2.5.
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The water-soluble fraction (2m1) of extracted digesta, faeces,

urine, saliva and bile samples (containing glycerophosphocholine,

phosphocholine and unesEerified choline) was centrifuged at 8,0009

for 2min in 1ml stoppered plastic centrifuge tubes in an Eppendorf

3200 microcentrifuge (Eppendorf Gerätebau, Netheler and Hinz

G.m.b.H., Hamburg, Germany) and the pH adjusted to 8-9 with NH3

vapour. Glycerophosphocholine, phosphocholine and unesterified

chol-ine were f ractionated by Dowex AG 501^l (X 8; 100-200 mesh;

H* form) cation-exchange column chromatography (l{ebster & Cooper,

1968; Illingworth & Portman, 1972) as outlined in Section 1.2.3 of

Chapter 1. The glycerophosphocholine and phosphocholine column

fractionswere taken Èo dryness in vacuo at 40"C. The glycerophospho-

choline and phosphocholine residues were hydrolysed to unesterified

choline in 5m1 of lM-HCl at 100oC for 30min and 31"1-HCl at I23"C for

24h respecEively. All fractions were taken to dryness in vacuo

aË 30-40"C and stored for at least 12h in a desiccator containing

KOH pellets. The glycerophosphocholine, phosphocholine and un-

esterified choline residues were redissolved in 500¡11, 250p1 and

500U1 of 5 mll-sodium phosphate buffer (pH 7.8) respectively and the

unesterified choline determined in duplicate by Ehe radioenzymic

assay (Section 2.2.5). The authenticity of the various forms of

water-soluble choline in the samples rvas ascertained by subjecting

a concentrated portion of each column fraction to quantitative thin-

layer chromatography as explained in Chapter I (Section 1.2.3).

2.2.LO Deterrnination of dry weiehts of

digesta and faeces samples

Duplicate portions of digesta samples (2m1) and faeces samples
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(2g fresh wt.) were placed in tared glass vials and oven-dríed at

80oc for 96h to a constant weight. The vials were cooled to room

temperature in an evacuated desiccaLor for at least th prior to

weighing.

2.2.II Chemicals

[3H] Rcetic anhydride (specific radioacriviry 5OOmCi/mmol)

was purchased from Amersham Australia Pty. Ltd., Sydney, N.S.I,{.,

Australia. coA (lithium salt) was obtained from P-L Biochemicals

Inc., Milwaukee, Inlis., U.S.A. L-Carnitine hydrochloride was

generously supplied by Otsuka Pharmaceuticals, Osaka, Japan. Other

chemicals were obtained as follows: choline chloride (3 x crystal--

Iized), eserine (physostigmine) salicylate salt, 5,5t-dithiobis-

(2-nitrobenzoic acid), 2,5-diphenyloxazole, 1,4-bis-(4-methyl-5-

phenyl-2-oxazoLyI) benzene, acetyl-CoA (lithium salt) from Sigma

Chemical Co., St. Louis, Mo., U.S.A; 2,6-dí-tert-buty1-4-

methylphenol from Calbiochem, Los Angeles, Calif., U.S.A;; sodium

tetraphenylboron from BDH Chemicals Australia Pty. Ltd., pt. Fairy,

Vic., Australia; carboxymethyl-Sephadex C-50 (particle size

4O-120pm,NaJ- form) cation-exchange resi-n from Pharmacia Fine

Chemicals AB, Uppsala, Sweden; Amberlite IRA 410 (30-72 mesh, Cl-

form) anion-exchange resin from BDH chemicals Ltd., Poole, Dorset,

U.K.; and Dowex AG 50W (X 8; 100-200 mesh; H+ form) carj_on-

exchange resin from Bio-Rad Laboratories, Richmond, Calif., U.S.A.

Reagent grade chloroform, methanol and acetic anhydride were glass re-

distilled. Other chemicals were reagent-grade or the best

commercially available grade. Glass double-distilled water was

used.



79

2.3 Results

2.3.1 Parcial purification of choline acetyltransferase

from sheep brain caudate nuclei

The results in Table 2.1 show that choline acetylEransferase

from the caudate nuclei of sheep'brains was purified approximately

13 fold and had a specific activity of 0.02 ¡tmol acetylcholine

formed/rnin/mg protein. This purification of choline acetyltrans-

ferase from sheep brain caudate nuclei was somel¡/hat. less

successful at the CM-Sephadex chromatography step than that reported

by Ryan & McClure G979) from rat brain cerêbra and bovine brain

caudate nuclei. However the presenL enzyme preparation had about

twice the specific activity of that produced by the Sigma Chemical

Co. from bovine brains and provided a considerable quantity for use

in the radioenzymic assay of choline.

The enzyme preparation lost activity with repeated freezing

and thawing. Hence the preparation was dispensed into smal1 plastic

tubes in 300U1 aliquots and stored at -80oC. A fresh tube was used

for each batch of choline assays and was only thawed once.

The enzyme preparation was contaminated with carnitine acetyl-

transferase but any interference in the radioenzymic choline assay

due to this enzyme h/as overcome by the assay procedure adopted (see

Section 2.2.5)

2.3.2 The radioenzvmic asay of choline usins [3Hl acetvl-

CoA and partially purified choline acetyltransferase

Figure 2.1 shows a typical standard curve for the radioenzymic

assay of choline using [3tt] acetyl-CoA and partially purified choline



Table 2.1: Partial ourificaEion of choline acetvltransferase from sheep brain caudate nuclei

Choline acetyltransferase was partial-ly purified from L25g of. sheep brain caudate nuclei as
described in Section 2.2.1. The enzyme activity and protein conLent of the fractions were
determined in duplicace as described in Sections 2.2.2 and 2.2.4 respectively.

Step

Crude supernatant

pH 4.5 supernatant

Dialysed 40-707"
(NHa)2 S04 fraction

Concentrated CM-
Sephadex pool

Volume
('1)

ToEal
protein

(mg)
(¡tmol acet
formed/min

lcholine
Total activity Specific actívity

(Umo1 acetylcholine
formed/min/mg

protein)

v
)

Yield
(7.)

Purification
(x-fold )

coo

900

86s

4797

1713

38

94

48

o4

2

7

2

2

0.0015

0.0017

0.0062

0.02

100

40

34

28

I
I

48 400

25 LOz

I

4.L

13.3
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Figure 2.1 A standard curve for the radioenzvmr_c assav

of choline usins l- 3Hl acetvl-CoA and

partiallv ourified choline acetyltransferase

Choline chloride standards (0-2 nmol) were

assayed as described in Section 2.2.5.

Each data point represents a duplicate

incubation.

0 =choline chloride standards replaced with

L-carnitine hydrochloride standards.
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aceÈyltransferase in the reaction : choline + [3tl] acetyl-CoA
choline acetyltransf erase

[3tt] r.utylcholine + CoA. The choline

chloride standard curve was linear over the 0-2 nmol range, and

1 nmol of choline chloride produced [3tt] acetylcholine with radio-

activity of 30,000 d.p.m. The radioactivity of blanks containing

no added choline chloride was about 2,OOO d.p.r. Since the

partially purified choline acetyltransferase preparation used in the

radioenzymic choline assay r,i¡as contaminated with carnitine acetyl-

transferase a considerable amount of [3H] acetylcarnitine may be

formed by the reaction:

carnitine + [3H] acetyl-CoA carnitine acetyltransferase

[3H] acetylcarnitine + CoA

if carnitine is present. Llhen L-carnitine hydrochloride standarps

(0-2 nmol) replaced choline chloride in the assay system virtually

no radioactivity was detected as shown in Figure 2.1. This indi-

cates that any [3tt1 ..utylcarni.tine formed was not extracted from

the incubation mixture by heptan-2-one containing sodium tet-ra-

phenylboron at alkaline pH, in contrast to [3H] u."ty1choline. This

agrees with the observations of Fonnum (L969a, b) and TuËek et a7.

(1978). Thus the raclioenzymic assay was specific for choline in

the presence of carnitine aceEyltransferase and carnitine.

The amount of [3H] acetylcholine formed from choline chloride

standard (1 nmol) in the radioenzymic assay increased as the pH of

the incubation mixture became more alkaline over the range 7.O --

8.0 as shown in Figure 2.2. An incubation pH of 7.8 was used in

the routine assay of choline to promote sensitivity.

Figure 2.3 shows the formation of [3H] u."tylcholine from
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Figure 2.2: Effect of bation oH on [3g] etvlcholine

oroduction in the radioenzvmi c assay of choline

usins [3ul acetvl-CoA and oartiall v purified

choline acet transferase

Choline chloride standard (1 nmol) was assayed

as described in SecËion 2.2.5 using 50 mM-

sodium phosphate buffer at pH 7.O - 8.0 in rhe

incubation mixture. Bach data point represents

a duplicate incubation.
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Figure 2.3: Effect of incubation time on [3H] acetvl

Droduction in the rad c assaV of choline

usine I3Hl acetvl-CoA and oartiallv ified
choline acet ltransferase

Choline chloride standard (1 nmol) was assayed

as described in Section 2.2.5 using incubation

times of 5-100min. Each data point re-

presents a duplicat,e incubation.

choline
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choline chloride standard (1 nmol) in the radioenzymic assay as a

function of incubation Eime. There h¡as an increase in the pro-

duction of [3H] acetylcholine with incubation time up to approxi-

mately 40min after which it leve1led off. An incubation time of

15min was used in the routine assay of choline because it gave a

highly reproducible sEandard curve and was convenient.

2.3.3 Concentrations of various forms of choline

in disesta and faeces of sheep

The concentrations of the various forms of choline in digesta

and faeces of sheep fed chaffed lucerne hay are shown in Table 2.2.

Most of the choline in the sheep digesta was present as lipid

choline. The concentration of lipid choline was significantl.y

higher in the rumen and duodenal digesta than in the abomasal

digesta (P<0.05, Studentfs È test). The digesta lipid choline

values in Table 2.2 are in the range previously reported for sheep

by Neill et a7. (f979) and Robinson (1980). The concentration of

unesterified choline $/as significantly higher in the rumen digesta

than in rhe abomasal and duodenal digesta (P<0.05, Studentrs Ë

test). The digesta unesterified choline levels in Table 2.2 are

comparable wiEh Ehose previously documented for sheep (Neill et

a7., 1979; Robinson, 1980). The concentrations of glycerophospho-

choline and phosphocholine were significantly higher in the abomasal

and duodenal digesEa than in the rumen digesta (P<0.05, Studentrs t

test). The total choline content of rhe duodenal digesta was

several fold higher than that of the rumen and abomasal digesta

because of the greater amount of lipid choline. No forms of choline

were detectable in the sheep faeces (Table 2.2).



Table 2.2:

Sample

Rumen digesta

Abomasal digesta

Duodenal digesta

Faeces

of choline in disesta and faeces of sheep

Digesta and faeces sampies were collected frcm Merino evres fed 1.1kgof chaffed lucerne hay per day
as described in Section 2.2.8. The samples were extracted and the various forrns of choline
fractionated and determined in duplicate by the radioenzymic assay as descrÍbed in Section 2.2.9.
The dry weights of the samples were determined as described in Section 2.2.10. The values shown

are means t S.E.l4. for four sheep. Abbreviation used: N.D. = not detectable.

ation nmol d wt.
nesterified
Choline

54.9 ! 15.2

L3.4 ! 5.4

L9"2 ! 3.3

N.D.

Lipid choline

20L ! 34.I

156 r 56.3

869 r 201

N.D.

Glycerophospho-
choline

1.9 r 0.4

29.5 r 8.0

33.5 r 8.4

N.D.

3.8 t 1.9

85.8 + 29.5

20.9 ! 6.3

N.D.

Phosphocholine Total choline @
O,

2624

285b

943c

N.D.

a EquivalenE to 13.8 nmol/ml of digesta.
b EquivalenE to lC.6 nmol /nI of. digesta.
c Equivalent to 45.0 nmol /nI of. digesta.
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2.3.4 Concentrations of various forms of choline

in saliva, bile and urine of sheep

Table 2.3 shows the concentrations of the various forms of

choline in saliva, bile and urine of sheep fed chaffed lucerne hay.

In the sheep urine and saliva choline was mainly present in the

unesterified form, with only small amounts of lipid choline, glycero-

phosphocholine and phosphocholine. The urine unesterified choline

and lipid choline levels in Table 2.3 are consistent with those re-

ported for humans by Luecke & Pearson (1944). The saliva unesteri-

fied choline value in Table 2.3 is similar to that found for cattle

by Broad & Dawson (L976). In the sheep bile there klas a very high

concentraLion of lipid choline and relatively small amounts of

unesterified choline, glycerophosphocholi-ne and phosphocholine.

The bile lipid choline value in Table 2.3 is comparable with those

published for sheep by other workers (Leat & Harrison, L975;

Christie, I97B). The total choline content of the bile was much

higher than that of the urine and saliva due to the greater amount

of lipid choline (Table 2.3).

2.4 Discussion

In this Chapter a radioenzymic assay of choline, using parEially

purified choline acetyltransferase and [3H] acetyl-CoA, r¡rras developed

for the routine analysis of sheep tissues and fluids. The assay

procedure adopted was sensitive and specific for choline in the

presence of carnitine acetyltransferase and carnitine and more con-

venient than the technique described by Snoswell & Mann (1978).

Since sheep tissues and fluids generally contain high leveLs of



Table 2.3:

Sample

Saliva

Bile

Urine

Unesterif
Choline

6.5 t 0.8

3.1 r 0.4

8.4 ! 0.5

LipÍd choline

0.1 r 0.1

16,900 !. 430

0.3 r 0.1

ycerophospho-
choline

0.8 t 0.2

0.1 r 0.0

a.4 ! o.2

0.2 r 0.1

0.3 r 0.2

0.4 r 0.1

Concentrations of various forms of choline in saliva. bile and urine of sheep

Urine, saliva and bile samples were collected from Merino ewes. fed 1.lkg of chaffed lucerne hay
per day as described in Section 2.2.8. The samples were extracted and the various forms of
ðnofiuâ fractionated and determined in duplicate by the radioenzymic assay as described in
Section 2.2,9. The values shown are means + S.E.M. for four sheep.

ncentration nmol m1 @
@

Phosphocholine Total choline

7.6

L6,9O4

9.5
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carnitine and carnitine compounds (Snosrvell & Koundakjian, rg72),

it was particularly importani that carnitine interference in the

choline radioenzymic assay was eliminated. The method was success-

fu1ly used to measure the various choline forms in digesta, saliva,

bile, faeces and urine of sheep fed lucerne hay to assess the ilux

of choline in the alimentary and urinary tracts.

In the present study sheep ingested 1.1kg of lucerne hay

which contained 5.64 ¡.rmol of unesterified choline/g fresh wt. and

1.21 pmol of lipid choline/g fresh wr. (from Table 1.1 in chapter 1).

calculation from these values shows that the sheep had a total

dietary cholj-ne intake of 7 .53 mmol/d ay (6.20 mmol of dietary un-

esterified choline and 1.33 mmol of dietary lipid choline/day). The

passage of total choline (mainly in the form of lipid choline) in

the rumen, abomasal and duodenal digesta of the sheep was O.0B -
0.30, 0.07 - 0.17 and O.32 - 1.08 mmol,/day respecrively (as indicated

in Table 2.4) which is only a few per cent of the total choline

available in the diet. The flux of choline in the abomasal digesta

of the sheep represents approximately 0.001 - o.oo27" of the total

dietary dry-weight intake. This is about 70 times less than rhe

minimum required to avoid pathological lesions and death in many

non-ruminant species. Similar values have been reported for sheep

by Neill et a7. (1979) and Dawson et a7.(1981). The minimal passage of

choline to the lower digestive tract of the sheep is due to Ehe

extensive microbial destruction of dietary choline in the rumen and

omasal digesEa with its N-methyl groups being converted to tri-

methylamine and eventually methane (Neill et a7., L978, L9791 Dawson

et a7.¡ 1981). The only dietary choline escaping such degradation



Table 2.4:

Sample

Rumen digesta

Abomasal digesta

Duodenal digesta

Saliva

Bile

Faeces

Urine

Total choline
concentration
(nrno1/ml)

13.8

10.6

45.0

7.6

16,904

N.D.

9.5

Main form
of choline

Llpid chollne

Lfpid choline

!,ipld choline

Unesterifled chollne

Llpld choline

N.D.

Unesterifled choline

Flow raÈe
( litre/day)

Total flux
of choline
(mmol/day)

0.08 - 0.30

0.07 - 0.17

0.32 - 1.08

0.05 - 0.12

11.83 -16.90

N.D.

0.01 - 0.02

Total choline flux in dlsesta. sallva. blle. faeces and urlne of sheeÞ

Sheep ingested 1.1kg of lucerne hay per day contalning 1,64 umol of unesterlfied chollne/g fresh
wt. ãnd i.21 unol oi tfpia choline/g fresh wt. (from Table I.1 in Chapter 1) and thus received a
total of 7.53 mmol of dieÈary choline per day. the total choline flux in digesta, sal1va, bile,
faeces and urine of the sheep was calculated by the product of the total choline concentratlon
(from Tables 2.2 and 2.3) and Ehe documented flow rate of each sample. The main form of choline
in each sample is indicated. Abbreviation used: N.D. = noE detectable.

6-224

7-16b

7-24c

6-L6d

0. 7-1e

0.5-1*f

r-29

\o
O

o kg/duy.
9 Faichney & I'leston (1971), Faichney (1972), Church (1979b).
Þ Faichney & Weston (1971), Falchney (1972>, Church (L97%).
! Church (L979b), Smith (1979).
o Phitris (197ó), Church (r979c).
! Harrison (L962), Adams & Heath (1963), IleaÈh et a7. (1970), Phillis (1976), Noble (1978).
f Church (I979b), A.R. Egan, B.J. Hosking,g P.I. I{ynd (personal conmunication).
8 Church (1979d).
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appears to be a very sma1l amount that is incorporated into the

membranes of ciliated proEozoa as phosphatidylcholine (Broad &

Dawson, 1976) and passes on to the abomasum. Most protozoa are

selectively retained in the rumen (hleller & Pilgrim, 1974;

Bauchop & clarke, L976; Harrison et at,, 1979; Neil.l et ar.t L979;

Coleman et a7., 1980).

some of the choline present in the sheep digesta would have

been derived from non-dietary sources. Table 2.4 shows that the

toEal choline flux in the sheep saliva (largely as unesterified

choline) was 0.05 - 0.12 mmol/day which would enrich the rumen

digesta. The most outstanding figure shown in Table 2.4 ís that for

the total choline flux in the sheep bile (mainly as lipid choline)

which was 11.83 - 16.90 mmol/day, and is consistent with values

reported by others (Adams & Heath,'1963; Noble, 1979). The large

anount of choline flowing in bile would enter the duodenal digesta

via the common bile duct. rt is feasible that there is some

regurgitation of bile choline into the upper duodenum and even the

abomasum of sheep. There is evidence that even the minimal con-

centration of choline in the abomasal digesta of sheep is substanti-

ally of endogenous origin, ê.g. from abomasal secretions or

sloughed-off abomasu,n epithelial ce1ls (Nei1l et a7., r979;

Robinson, 1980; Dawson et a7. 19Bl).

No choline could be detected i-n the faeces of the sheep

(Table 2.4). rndeed, by the rime digesta reaches the ileum ir con-

tains a negligible amount of phosphatidylcholine (Leat & Harrison,

L975; Noble, L978), indicating appreciable choline absorption in

the duodenum and jejunum of the sheep small intesEine. The total
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choline excreted in Ehe sheep urine was only 0.01 - 0.02 mmol/day

(predominately unesterified choline) as shown in Table 2.4. Luecke

& Pearson (1945) also reported a low daily urinary excretion of

choline in sheep, indicating efficient conservation of a vital

nutrient.

The most prominent observation arising from the work in this

Chapter was the enormous amount of choline secreted in the bile of

sheep per day. Considering Ehat sheep receive a very low amount

of dietary choline per day, almost entire retention and reutiLiza-

t-ion of bile choline would be necessary to avoid choline deficiency

in this species. This important feature of choline nutrition and

metabolism in sheep thus warranted thorough investigaticn and is

the subject of the work reported in Chapters 3 and 5.
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CHAPTER 3

UPTAKE AND OUTPUT OF VARIOUS FORMS OF CHOLTNE BY ORGANS OF THE

CONSCIOUS CHRONICALLY CATHETERIZED SHEEP

3.1 fntroduction

It has been shown that sheep receive an insignificant amount

of choline from the diet per day, as there is almosÈ complete micro-

bial destruction of dietary choline in the alimentary tract before

absorption (Neill et a7., 1978, 1979; Dawson et a7.t 1981;

results in Chapter 2). In sheep nearly a1l of the choline body pool

is of endogenous origin, and this is in contrast with rats, in whjch

a sizable proportion of the body choline is of dietary origin

(Dawson et a7.r 1981). Sheep liver is less effective at synthesizing

choline through the methylation of phosphatidylethanolamine to

phosphatidylcholine than is rat liver (Bremer & Greenberg, 196f;

Henderson, 1978; Neil1 et a7.¡ 1979). Sheep appear to survive

successfully on a 1ow dietary choline intake owing to a slow turnover

of the ctroline body pool (Dawson et a7.t 1981, results in Chapter 2).

It can be calculated from the data of Neill et a7. (1979) and

Dawson et a7. (1981) that hepatic synthesis and di-etary supply of

choline only account for 2t+7" of the daily choline requirement of the

adult sheep. This suBgests that extrahepatic tissues of sheep may

be capable of substantial choline producEion in order to mainEain

the balance of the endogenous body pool. This would be in contrast

with rats, in which choline synthesis by extrahepatic tissues is of

minor imporrance (Bremer & Greenberg, 1961; Bjdrnstad & Bremer, 1966).

Sheep also secrete considerable amounts of choline mainly as
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phosphatidylcholine into the intestinal lumen through bile which is

produced by the liver (Adams & Heath, 1963; Noble, 1978; results

in Chapter 2). Since sheep derive limited amounts of choline from

the diet and hepatic synthesis, there must be almost complete re-

absorption of bile choline from the alimentary tract and subsequently

extensive reutilization of that choline in the liver for new bile

phosphatidylcholine synthesis .

Insight into the sites and rates of formation and elimination

of endogenous metabolites in the whole animal may be gained if the

blood flow rates through, and blood metabolit.e gradients across,

various organs can be measured. A sheep preparation with chronic

intravascular catheters has been developed which has facilitated

direct and simultaneous measurement of drug and oxygen blood concen-

tration gradients across organs and organ blood flow in conscious

unrestrained animals under sEeady state conditions (Mather et a7. ¡

L982i Runciman, 1982; Runciman et a7.¡ I9B4). In the present study

this preparaEion was adopted to measure the net uptake and output of

various forms of endogenous choline by organs of the sheep. The

amounts of choline compounds in sheep tissues and in blood of cattle

and rats were also deEermined. This experimental approach allowed

the origin of the bulk of the endogenous choline body pool and the

potenEial for the retention and recycling of bile choline in sheep

to be examined.

3.2 Methods and Materials

3.2.L Animals

All animals were obtained from holdings of The h/aite Agricultural
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Research Institute, The University of Adelaide.

Specially selected Merino wether sheep (Ovis aries) of blood

haemoglobin type A or B (determined by the method of Moore et a7.,

1966), aged 1-2 years and weighing 30-45kg, were acclimatised

indoors in metabolism crates for at least one month and used for

conscious chronically catheÈerized sheep preparations. They were

given chaffed lucerne hay and water ad Tibitun. Prior to surgery

the animals were fasted for 24h,. Merino wether sheep, approximately

2 years old and weighing 35-45kg, h/ere maintained indoors in pens

and used for obtaining tissue samples. They were provided with

water ad Tibitum and a daily ration (09.00h) of lkg of chaffed

lucerne hay.

Intact Hereford bu11s (Bos taurus), approximately 3 years old

and weighing 600-700kg were used for obtaining blood samples. The

cattle were grazed on irrigated perennial pasture conslsting rnainly

of subterranean clover and rye grass and supplemented ad Tibitun

with chaffed lucerne hay.

Adult male Hooded l.Jistar rats (Rattus norvegicus),rveighing

250-3009, were housed in wire cages indoors and used for obtaining

blood samples. They were given v/ater and a pelleted rat diet

(Charlicks, Adelaide,. S. Aust., Australia) ad libiturt.

3.2.2 Surgical preparation and post-operative treatment

of conscious chronicall catheterized shee

Sheep were surgically prepared with chronic catheters in various

veins and arteries of the blood circulation system (Figure 3.1) and

maintained by Dr. I{.8. Runciman and members of his research group
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Figure 3.1 : Diasrammatic representation of the adult sheep

blood circulation svstem

[modified from Runciman (1982)]

Oxygenated blood is pumped from Ehe left-side

of the heart to the body tissues yja arteries

and deoxygenated blood is returned to the right-

side of the heart vja veins (systemic circula_

tion). Deoxygenated blood is pumped from the

right-side of the heart through Ehe pulmonary

arteries to the lungs and oxygenated blood

passes to the left-side of t.he heart in the

pulmonary veins (pulmonary circulation).

Key to the figure:

SS = superior sagittal sinus. RHV=right hepatic vein.

IJ = internal jugular vein. HV =hepatic vein.

CA = carotid artery. P = portal vein.

VA = vertebral artery. Ì"ÎV =mesenterr-c vein.

SVC =superior vena cava. HA = hepatic artery.

fVC =inferior vena cava. C = coeliac artery.

CS = coronary sinus, . Sl',lA = superior mesenteric artery.

RPA= right pulmonary artery. IMA= inferior mesenteric artery,

LPA= left pulmonary artery, RRV- right renal vein.

PV = pulmonary vein, LRV= left renal vein.

A = aorta. RRA- right renal artery,

AA.= ascending aorta, LRA= left renal artery.

DA = descending aorta. RTV= rêcurrent tarsal vein.

-å 

: direction of blood flow .

^ 
- b1ood vessel catheterized in this study.
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in Lhe Department of Anaesthesia and Intensive Care aE Flinders

Medical Centre, The Flinders University of South Australia as

follows:

After induction with intravenous sodium thiopental, sheep were

anaesthetized with halothane using a closed circuit and artificial

ventilation. Under image intensifier control, the right or left

pulmonary artery, left renal vein, righu hepatic vein, coronary

sinus, superior vena cava (proximal to the tricuspid valve in the

right atri-um of the heart), inferior vena cava (caudal to the renal

veins), three right atrial and three ascending aorta catheEers were

inserted via Ehe right carotid artery and jugular vein using a

Seldinger technique as descri-bed by Runciman (1982) and Runciman

et a7. (1984).

The recurrent Earsal vein of the rì-ght hind limb was catheter-

ízed after incising the skin and freeing the vein from adherent

connective tissue. The catheter was inserted about 20cm into the

recurrent tarsal vein from the junction of its dorsal and planrar

rani and tied in place. This allowed the sampling of venous blood

draining approximately 9009 of muscle and 40g of intermuscular fat,

with very little contribution from skin or subcuEaneous tissue

(Domanski et a7., I974i Pethick, 1980).

A catheEer v/as implanted into the suprior sagittal sinus

through a trephine hole near the poinE of intersection of the lines

joining each eye with the opposite ear using a Seldinger technique.

The tip of the catheter was advanced caudally about 4cm until it

lay near the confluence of the sinuses. The catheLer was 1ed

cranially through a small hole drilled through the skull at the edge
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of the trephine hole, through the skin and then turned and threaded

back under the skin to the neck. This arrangement enabled venous

blood samples draining the brain to be obfained without disturbing

the animal (Lindsay & Setchell, L972; Gardiner, 1980).

Portal and mesenteric vein catheters were inserted directly

via an abdominal incision and secured using a purse string suture

(Runciman,1982; Runciman et a7.t 1984). The mesenteric vein

catheter was used for the infusion of indicator to determine hepatic

blood flow, and the other catheters were used for obtaining blood

samples, blood pressure measurements and for the infusion of

indicators to determine cardiac output and renal blood f1ow.

0n recovery, the sheep was returned to the metabolism crate

and each catheter attached to an extension line (Cat. No. 19080,

Surgimed Pty. Ltd., Frankston, Vic., A.rstralia), a pressure infusion

system (Intraflo CFS-O3F, Sorrensen Research Company, Salt Lake City,

Utah, U.S.A.), and one limb of a triple connector (Deseret multi-

flow adaptor, Cat. No. I27O, The Deseret Company, Sandy, Utah,

U.S.A.), the input side of which was attached via a drip set (Type A-

FCP-32-000, Tuta Laboratori-es, Lane Cove, N.S.I4I., Australia), and ar,

in-line burette (Travenol Laboratorles, Sydney, N.S.hl., Australia)

to a one-litre bag of O.97" (w/v) sodium chloride injection B.P. con-

taining 5,000 units heparin/l (heparin sodium injection B.P. [mucous]

5,000 units/m1). Each one-litre bag was placed in a pressure

infusion pump (BD-10, 4R4403-Fenwal Laboratories, Morton Grove, 11.,

U.S.A.) which was kept at 300mm Hg via a reducing valve (TR63, The

Commonwealth Industrial Gases Ltd., Sydney, N.S.Inl. , Auscralia)

attached to a compressed air cylinder,(Runciman, L982; Runciman et
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€t7.t 1984). Each conscious chronically catheterized sheep was

self-contained in its mobile metabolism crate having its own

catheter flushing system and containers for feed ' v/ater, urine and

faeces as shown in Figure 3.2. These techniques for securing the

caEheters and maintaining their patency have allowed data collection

for up to 18 weeks. The positions of the catheters were checked

by post-mortem examination and in all cases were found to be

correct. Eactr sheep was allowed to stabilize on full feed intake

for 5-7 days post-operati-vely before taking blood samples and

measuring blood flow rates.

3.2.3 Determination of blood clow rates in

conscious chronlcall v catheterized sheeo

Blood flow rate measurements v/ere made in each chronically'

catheterized sheep on the same day blood samples were collected for

choline analysi-s (see below) by Dr. !ü.8. Runciman and members of

his research group (DepartmenE of Anaesthesia and Intensive Carç,

Flinders lufedi.cal Centre, The Flinders University of South Australia).

Cardiac output was routinely deterrnined by a thermodilution method

using cold (0'C) 57" (w/v) dextrose injection B.P. as the indicator

and the calculaEed value corrected for thermal losses as calibrated

by dye dilution measurements (Runciman, 1982; Runciman et a7.¡

1984). Kidney blood flow was measured by the Fick method using

sodium f25¡] iodohippurate as the indicator and assayed by a

gamma scintillation counting method (Runciman, L982; Runciman et

a7.,1984). Liver blood flow was measured by the Fick method using

sulphobromophthalein as the indicator and assayed by a high-pressure

liquid-chromatographic technique (Runciman, tgigZ; Runcirnan et a7.,
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Figure 3.2: The conscious chronically catheEerized sheep

Dreparation

(Diagram provided by courtesy of Dr. I,I.B.

Runciman, Department of Anaesthesia and

Intensive Care, Flinders Medical Centre,

The Flinders University of South AusÈralia).

Each sheep $ras surgically prepared with a

conrbination of chronic intravascular

catheters and maintained in a mobile meta-

bolism crate equipped with a catheter-flushing

system, feed and water containers, and urine

and faeces collectors as described in

Section 3 ,2.2.
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1984). Portal blood flow was determined by an indicator dilution

method with sodium ¡125t] i-odohippurate (Runciman, ]rg82; Runciman

et a7.¡ 1984). Blood flow increases with decreases in blood

packed ce1l volume (haematocrit) so that oxygen consumption and

venous p02 remain unchanged (Messmer et a7. , 1972; Peter et a7. 
'

1975). For all blood flow rate measurements, the packed cell

volumes of blood samples remained approximaEely 3O7. over the periods

of analysis, which indicated that no excessive removal of blood from

sheep had occurred and that blood flows were normal.

3.2.4 Collection of blood samples from cons ious chronicallvL

catheterized sheeÞ and deter mination of various forms

of choline

Blood samples (6m1) were simultaneously collected wj-th l-0m1

plastic syringes (Terumo Pty. Ltd., Melbourne, Vic., Australia)

from respective catheters of conscious chronically prepared sheep

at hourly intervals for at least 4h. Catheter t'dead-spacert blood

samples (5m1) were simultaneously aspirated with different syringes

directly beforehand. The blood sampling procedure is shown in

Figure 3.3. Not more than 120m1 of blood was removed from each

sheep per experiment (i.e. less than 57" oL the total blor¡d volume).

The blood samples were immediately transferred to ice-cold

glass centrifuge tubes containing approximately 100 units of heparin

(heparin sodium injection B.P. Imucous] 5,000 units/ml) and centri-

fugerl at 1,2OOg f.or lOmin at 4oC. The plasma v/as removed and, in

some cases, the cells were resuspended to the original blood volume

with ice-cold 0.9% (w/v) sodium chloride solution. The packed

cell volurdes of blood samples were all about 30%. IE was important
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Figure 3.3: Collection of blood samples from conscious

chronicallv catheterized sheep for choline

analysis

A double Eap joined each catheter to a pressure infusor

of the continuous flushing system. Two blood sampling

extension li-nes were connected via this double tap to a

further remote double tap fitted with two syringes.

This enabled blood to be taken from each catheter via

this loop without disturbing the animal, and each

catheter to be flushed continuously between sampling.

Blood samples were taken simultaneously from re-

spective catheters with two 10m1 syringes at hourly

intervals for at least 4h. An i-nitial 5rn1 blood sample

was withdrawn from each catheter using Ehe left syringe

representing catheter trdead-spacerr, followed by a 6nl

blood sample with the right syringe for choline analysis.

The 6m1 blood samples for choline determination were

immediately transferred to heparinized glass centrifuge

ttrbes on ice and treated as described in Section 3.2.4.

The 5m1 "dead-spacett blood sariples were returned to the

animal and the sampling extension lines and catheters

flushed with a 0.9% sodium chloride solution containing

5,000 units heparin/litre.
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to maintain and centrifuge blood at 4"C after sampling, as there v/as'

a rapid rise in unesterified choline in plasma and cells if the

blood remained at room temperature. In whole b1ood, plasma and

cells maintained at 4"C, no increase in the amount of unesterified

choline could be detected in a time interval of 3h. Spanner et

a7. (1976) and Eckernäs & Aquilonius (1977) repøËed that a sjgni-

ficant increase in unesterified choline occurs in the blood of non-

ruminant animals at room temperature which is attributed to

phospholipases liberating unesterified choline from choline-contain-

ing phospholipids. A reduction in temperature was found to be

adequate for cornpletely controlling artifactual increases in blood

unesterified choline of these species.

Plasma samples (approximately 3ml) were inrmediately trans-

ferred to membrane cones of selective permeability (Centriflo CF 25;

Amicon Corp., Lexington, Ma., U.S.A. i mo] . wt. >251000 excluded)

and centrifuged at 1,0009 for 2Omin at /roC (Eckernäs & Aquilonius,

L977). The membrane cones were soaked in water overnight prior Lo

blood sarrtpling and the absorbed water was removed by centrifugj-ng

the empty cones (1,0009 for 10min) before plasma samples k/ere added.

The clear ultrafiltrates of plasma (pH 7.5; approximately 0.5m1)

were stored in 3ml plastic containers (Disposable Products Pty. Ltd. ,

Adelaide, S. Aûst.,' Aus¡¡¿lia) at -BgoC until assayed i-n

duplicate for unesterified choline by the radioenzymic method using

partially purified choline acetyltransferase and labelled acetyl-

CoA described in Section 2.2.5 of Chapter 2. The plasma ultra-

filtrates were stable at -80"C for at least 3 months and stable at

22"C f.ar at least 24h. This indicates that no plasma phospholi-

pases vrere present to degrade choline esters which agrees with the
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findings of Eckernäs & Aquilonius (1977).

plasma samples (fmf) were immediately extracted with ice-cold

chloroform/merhanol (2:1, r/u) (containing the antioxidant

2,6-di-tert-butyl-4-methylphenol, 50mg/1) and water by the method

of l'olch et a7. (1957 ) but with modifications used by Henderson

(1978), as previously described for saliva, bile and urine samples

in Section 2.2.9 of Chapter 2. Resuspended blood cel1 samples (1ml)

were immediately extracted by the same procedure, but initially

blended with 6m1 of ice-cold methanol for lmin using a Polytron

Type PT1O 203500 tissue homogenizer and sonicator fitted with a

PCU-2 sDeed control on setting 6 (Kinematica, G.m.b.H., Luzern,

Switzerland) and then reblended for lmin after adding 12ml of ice-

cold chloroform. If resuspended blood cells were directly treated

with a mixture of chloroform/methdnol (2:1, v/v) fhey formed into a

coagulated mass which resulted in poor lipid extraction. This

phenomenon v/as previously observed by Dawson et a7. (1960).

A 2ml portion of the lipi-d fraction (10mf) of extracted plasma

and trlood ce1l samples was evaporated to dryness under N2 and the

lipid choline hydrolysed to unesterified choline with 3m1 of 6M-HC1

at 110oC for 24h in a sealed test tube. The fraction was taken to

dryness in vacuo at 30-40oC and stored in a vacuum desiccator con-

taining KOH pellets for at least 12h. The residue was redissolved

in 2ml of 5 mM-sodium phosphate buffer (pH 7.8) and the unesteri-

fied choline deterrnined in duplicate by the radioenzymic assay.

The water-soluble fraction (2m1) of extracted plasma and

blood cell sampies (previously washed three times with lml of

diethyl ether to remove lipid contaminants) was adjusted to pH B-9
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with NH3 vapour after being cenErifuged at 8,0009 for 2min in 1ml

stoppered plastic centrifuge tubes in an Eppendorf 3200 micro-

cenurifuge (Eppendorf Gerätebau, Netheler and Hinz G.m.b.H.,

Hamburg, Germany). Glycerophosphocholine, phosphocholine and

unesterified choline in the sample h¡ere fractionated by the column

cation-exchange chromatography technique of l{ebster & Cooper (1968)

and lllingworth & Portman (T972) described in Chapter 1 (Section

1.2.3). The glycerophosphocholine and phosphocholine column

fractions were taken to dryness in vacuo at 30-40oC and hydrolysed

to free choline in 5m1 of 1M-HCl at 100oC for 30min and 3M-HC1 at

123oC f.or 24h respectively. All fractions r¿ere evaporated to

dryness in vacuo at 30-40"C and placed in a desiccator containing

KOH pellets for at least 12h. The glycerophosphocholine, phospho-

choline and unesterified choline residues were redissolved in

5O0Ut,25Op1 and 5OOp1 of 5 mM-sodium phosphate buffer (pH 7.8) re-

spectively and assayed for unesterified choline in duplicate by the

radioenzymic method. The specificity of this technique was

checked by quantitative thin-layer chromatography as mentioned in

Section L.2.3 of Chapter 1.

./' 3.2.5 Collection of blood samples from rats. and cattle

and determination of various forms of choline

Blood samples (5m1 maximum) were simrrltaneously withdrawn by

needle (19 gauge) and syringe from the descending aorta and inferior

vena cava of rats (anaesthetized with diethyl ether) after abdominal

incision. Blood samples (6m1) were taken by needle (18 gauge) and

syringe directly from a jugular vein of cattle. Blood was treated

and the various forms of choline determined in plasma and ce1ls as

described in Section 3.2.4.
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3.2.6 Collection of t issues from sheeo and deter-

mination of various forms of choline

Sheep were slaughtered by severing the neck, and samples of

liver, kidney cortex, heart, skeleEal muscle (M. biceps femoris)

and smal1 intestine (jejunum) were rapidly excised and freeze-

clamped with aluminium-faced tongs previously cooled in liquid N2

(Zeisel & I,r/urtman, 1981). The entire procedure took less than

lmin. Immediate freezing of tissues after slaughter hlas necessary

to prevent rapid post-mortem increases in unesterified choline due

to Ehe degradation of choline-containing phospholipids by phospho-

l.ipases (Dross & Keruitz, 1972; Haubrich et a7.t 1981). A stainless

sLeel mortar and heavy pestle, both precooled in liquid N2r were used

to powder the frozen tissue samples. The powdered tissues were

stored in plastic sample containers (Camelec Ltd., Adelaide,

S. Aust., Australia) immersed in liquid N2 until processed.

Powdered tissues (1g) were extracted and the various forms of

choline fracEionated and hydrolysed to unesterified choline, as

described for blood ce1l sarnples in Section 3.2.4. The lipid

choline, glycerophosphocholine, phosphocholine and unesterified choline

fractions were redissolved in 5-50m1, 2-30m1, 1-15m1 and 2-15m1 of

5 mM-sodium phosphai-e buffer (pH 7.8) respectively and the choline

measured in duplicate by the radioenzymic assay outlined in

Section 2.2.5 of Chapter 2.

3.2.7 Chemicals

Sodium Ú2511 iodohippurate (specific radioactivity 35pCi/nrg)

was purchased from Amersham AusEralia Pty. Ltd., Sydney, N.S.l4l.,

Australia. Sulphobromophthalein (sodium salt) was obtained from
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Sigma Chemical Co., St. Louis, Mo., U.S.A. Other chemicals were

obtained as follows: O.9% (w/v) sodium chloride injection B.P. and

5% (w/v) dextrose injection B.P. from Travenol Laboratories Pty.

Ltd., Sydney, N.S.!'/., Australia; heparin sodium injection B.P.

[mucous] 5,000 units/ml from David Bull Laboratories Pty. Ltd.,

Mulgrave, Vic., Australia; halothane B.P. (Fluothane) from I.C.I.

Australia Operations Pty. Ltd. , Villawood, N.S.l4l. , Australia;

sodium thiopentone from May & Baker Australia Pty. Ltd., Llest Foots-

cray, Vic., Australial 2,6-di-tert-buty1-4-methylphenol from

Calbiochem, Los Angeles, Calif., U.S.A. Reagent grade chloroform

and methanol were glass redistilled. Other chemicals r4rere reagent-

grade or the best commercially available grade. Glass double-

distilled v/ater was used throughout this work.

3.3 Results

3.3.1 Unesterifj-ed choline concentrations in blood plasma

from various blood vessels of conscious chronically

catheterized sheep

The results in Table 3.1 show the blood plasrna unesterified

choline concentrations in ten differenE blood vessels of ten conscious

chronically catheterized sheep. Sheep with blood haemoglobin type A

showed significantly 1or"r plasma unesterified choline concentrations

than sheep with blood haemoglobin type B in corresponding vessels

(Studentts t rest). The values reported in the present work are

lower than those reported for non-ruminant species (hlang & Haubrich,

1975; Zeisel & I,Iurtman, 1981i ZeíseL, 1981).

Differences in plasma unesterified choline concentrations



Table 3.1: d b1

eously from different vessels of conscious chronicarlytermined in plasma ultrafiltrates in duplicate asS.E.M. with the numbers of blood samplås laken fromentraÈion differences between b100d häemogl0bin type nated.

iIa

Blood
Sheep haemo-

globin
ty

ve].n

10 . 4rl .9
3

ied ri b1
r er]-0r ry taorta vein artery vein vena cava vena cava sinus slnus vein

)
) 3.710
) 2.8rO

pat

8
I2

B

B
B

I
2
3

(
(
7)6
4)4
s)3

o
00

e(
911
8r0

3(7
2(4
2(s

311
6!0
7f.o

2(4) 6.}l;o.3(4)
2(5) 2.7r0.2(s)

Mean 10.7 4.9 2.73.3 6.0

(4)
(4)
(4)
(8)
(4)
(4)
(4)

4r0
7LO
7lO

3.
2.
4.
4.
2.
3.
3.

A
A
A
A

A
A

A

4
5
6
7
8
9

10

3
2
3

3(4)
4(4)
3(4)

6r0
2xO
Ir0

I
1
1

010
4r0
21.o
1r0
5r0
Ir0
3r0

4
2
5
I
I
I
0

4.2!O.2+O
4r0

6(4)
3(4)

4
3

.8(4)

.3(4)
9r0
lro

4(
3(
s(

4)2
4)2
4)

3
5

3
4
4

7rO
3f0

4r0
ór0
8r0

4,3

7 (4)
3(4)
5(4) s.610.4(4)

4.2

s.210.3(8)
4) 2.7tO.2(4) 3.6+0.2(4)4)4
4)4

13.4x2.2(4)

13.4 3.2x I .3*rû 3.3+ 2.5

3.8r0.3( 4) 2(
1(
r(

0r0
1r0

2(4)
I (4)

Mean
3.8 4.4 4.1

*P<0.05 anC **P(0.02 compared with blood haemoglobin type B sheep.
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beEween blood vessels can give a measure of the net uptake and

output of choline by various organs of the body. The values

shown in Table 3.2 indicate a significant production of unesteri-

fied choline by the alimentary tract, brain, heart, hindlimb

muscle and the upper- and lower-body regions drained by the venae

cavae and upËake by the liver, lungs and kidneys of sheep (Studentts

paired t test). The production of unesterified choline by the

alimentary tract was substantial and was particularly pronounced

in sheep 3 and 6. .Unesterified choline production by the alimentary

tract hras approxirnately balanced by hepatic uptake if a correction

is made for the input into the liver via the hepatic artery

(approximately 2O7" of the total liver blood flow) in addition to

the main input via the portal vein. Brain, hearE and hindlimb

muscle clearly contributed to the unesterified choline production

by the venae cavae-drained upper- and lower-body regions. There

was almost equal producti-on of unesterified choline by the two body

regions. The uptake of unesterifiecl choline by the lungs and

kidneys was relatively low in sheep with blood haemoglobin type B.

3.3,2 Lipi-d chol ine concentrations in blood Þlasrna from

various blood vessels of conscious chronically

catheterized shee

The blood plasma concentrations of lipid choline in dj-fferent

blood vessels of eight conscious chronically catheterized sheep are

presented in Tãb1e 3.3. Lipid choline constitutes the major form

of choline in plasma and the values shown are in the range reporEed

for sheep by Lindsay & Leat (1975). Plasma lipid choline concen-

trations were similar in blood haemoglobin type A and B sheep.

There was significant producEion of lipid choline by the venae



Table 3.2:
catheterlzed sheeo

Î'l¡e values shoun are oeang t S.E.l,!. for the nuubere of blood saoples taken froo eheep gfven 1n parentheses.

+ indlcates neÈ output and - neÈ up.-8ke by 6n organ. The slgnlflcance of the dlfferences across orSans, at¡

deter¡ined by SEude;Ets pared t teãt, Is tndfcatãd. Abbreviarions used: N.S. - not slSnlflcanÈ; PV '
pãrtal retn¡' A - Ascending aorÈa; HV - hepsclc veln¡ PA - pulnonary artery; RV - r-enal vefn; SVC ' euperlor

""n. 
."r.; IVC - lnfertor-vena cava¡ CS ¡ coronary slnus; SS - 84g1Èta1 slnus; TV ' tarsal veln. See

Table 3.1 for absolute plasna unesÈerifled chollne concentratlons in various vessels.

nmol,nlasma unesterifled chollne conentraÈ lon Ifere
Blood

Sheeg haeoo-
globln

Up
reg,lon
(svc-A)

+¡.3r0.3(4)
P<O.O2

v t
Brain ouscle(ss-A) (rv-A)tracÈ

(PV-A) (Hv-Pv) (rrv-A)

B +4.0t1.4(7)
P<0.05

¡ +¿.áir.z(¿) -s:¿tr.¿(4) 4.910.3(4) -1.4r0.4(4)
P<0.05 P<0.05 N.S. P<0.o5

B +9.1t0.9(5)-10,0t0.8(5) {.910.3(5)
P<0.001 P<0.001 P<0.05

+5.8 -7.6

A +9.2tI.7(4>-L2Ar2.o(4)p<0.02 p<0.01
A

Liver Lung
(A-PA)

Íldney
(Rv-A)

reglon
(rvc-A)

HearE
(cs-A)

lJ

oI
2

3

l,lean

4

5

6

7

I
9

l0

A

A

À

A

A

-1.O10.3(5)
P<0.05

-o.9 -l .4 -l .0

-1.410.4(4) 4.5r0.2(4) -O.1t0.4(4) +1.310.3(4) +r.2Ð.4(4)
p<0.05 N.S. N.S. p<0.02 p<0.05

-I.lto.3(4) -0.4t0.1(4) -0.310.1(4) +1.rtO.1(4) +1.410.1(4)
P<0.05 p<0.05 P<0.05 p(0.01 p(0.0I

-3.210.3(4) {o.si0.2(4) +1.1t0.2(4) +1.410.2(4)
P<0.0r N.S. P<0.0? P<0.01

+O.9r0. 1(4) +0. 2t0.0(4)
P<0.01 P<0.02

+1.5r0. r(¿)
P<0.001

+1.5t0. I(4)
P<O- ôrìl

+r.1t0.3(e)
P<0.02

+1 . rto.3(4)
P<0.05

+o.910.2(4)
P<0.05

{o.8t0.1(4)
P ¿o -o?

Hean +9.2 -t2.4 -t .9 -0.1 4.2 +l .2 +l .3 +0.8 +l .l +0.9



Table 3.3: Lipid chollne concentrations 1n blood plasma from varLous blood vessels of conscious chronlcally catheterized
sheeÞ

Blood samples vrere collected as described in the legend to Table 3.1. Plasma samples were extracted wiEh
chloroforn/methanol and lipid choline separated from other forms of choline and determined in duplicate, as
described in Section 3.2.4. The values shown are means t S.E.M. for the numbers of blood samples taken from
sheep given in parentheses. Significant plasma concentration differences across organs, as determined by
Studentts paired t test, are also indicated. Other abbreviations are defined in the legend to Table 3.2.

Lioid choline côncenrration in b'!oorl nlasma (nmo1/m1)
Blood
haemo-

Sheep globin
t vnê

Ascending

B 410148(4) 391!44(4) 376!20(4) 389118(4)
B 452t 8(s)- 4s11 7(5) 4ssr12(s) 4s1rr7(s)

Mean 431 42r 4t6 389 457

H
H

2
3

Portal
vein
/ pv'ì

436

aorta
/Âl

46t

Hepatic
vein
/Irv\

392! 6(4)
413r11(4)

Pulmonary
artery

IPÀ \

Renal
vein
/ pv'ì

Superior
vena cava
lsvel

Inferior
vena cava

ITVE\

Coronary
sinus
lnsì

Sagittal
sinus

ISS)

TarsaI
vein
(TV)

541r13(4)
55Ot22(4)

546

5
6
7
8
9

l0

A

A 436134(4)
A

A

A

A

387117(4)
404t4L(4)
325r11 ( 8)
547rr2(4)
ss5r14(4)
s48t22(4)

402xt4(4) 369x2O(4)
372rr4(4)

435r]s3)a 41st2o(4)b
44L+3O(4)

5s6È13(4) 542! B(4)
574111(4)
5s3!25(4)

491 s05

439t26(4)

534x 9(4)
300111(8)
s39t 4(4)

Mean 403 387 369 487 420

a Net output by upper-body : (SVC-A), P<0.05
D Net output by lower-body : (M-A), P<0.05
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cavae-drained upper- and lower-body regions of sheep 5 (Studentrs

paired t Eest). No uptake or output of tipid choline was detected

across any other organs of the eight ani-mals.

3.3.3 Glycerophosphoc holine and ohosohocholine

concentrati-ons in blood plasma from various

blood vessels of conscious chronicallv

catheterized sheep

Table 3.4 shows the blood plasma concentrations of glycero-

phosphocholine and phosphocholine in different blood vessels of three

conscious chronically catheEerized sheep. The data presented appear

to be the first accurate values for: glycerophosphocholine and

phosphocholine concentrations in plasma from the use of a highly

sensitive radioenzymic choline assay. Hinton & Setchell (1980)

measured glycerophosphocholine and phosphocholine in rat plasma

using a relatively insensiEive chemical phosphorus assay and could

merely suggest that the levels r+ere less than 100 nmol/ml. Plasma

glycerophosphocholine and phosphocholine concentrations v/ere com-

parable in blood haemoglobin type A and B sheep. Table 3.4 indi-

cates significant production of glycerophosphocholine by the liver

of sheep 2 and 3 and uptake by the lungs and kidneys of sheep 2 and

3 respectively. There was significant production of phosphocholine

by the alimentary tract and kidneys of sheep 3. No uptake or out-

put of glycerophosphocholine and phosphocholine was observed across

the upper- and lower-body regions drained by the venae cavae of

sheep 5.

3.3.4 Blood flow rates measured in conscioús

chronicall catheterized shee

The results of cardiac output, lj-ver blood flow and kidney



Table 3.4:

Blood
Sheep haerno-

globin

nd to Table 3-1. Plasna samples u/ere extracted wlth
Cho) and phosphocholine (P-Cho) fractionated and

4. The vãluel shown are means t S'E'M' for the
rentheses. SignificanÈ plasma concentration
paired È test, are also indicated' Other

Concentration in blood plasma (nmol/ml)
Inferior

Choline
ester

Por tal
vein

Ascending
aorta

Hepatic
ve].n

Pulmonary
a: Eery

Renal
vein

Superior
vena cava vena cava

A PA

2tO

RV

B

B

2

3

Gro-P-Cho
P-Cho.

Gro- P- Cho
p- Cho

Gro-P-Ch.o
P- Cho

Gro- P- Cho

P-cho

2.rtO.3(4)
r.5!0.2(4)
3.0r0.2(s)
0 . lro. o( s)

6(
1(

4)b
4)

2.4!O.3(4)
1.7!0.1(4)
3.3ro. s( s)
0.3ro. o( 5)e

3r0.7(4)a 2
4!0.4(4) t
5r0.3( 5)c
3r0.1(s)

2.4r0.1(5)q
o.4ro.r(s)f

4.
2.

J.
0.

H
P
u)8r0

2.4
0.4

2.8
1.2Mean 3.9

t.4
2.6
0.8

2.9
1.0

5A 2.sro.2(4)
0 .4r0. I (4 )

2.3!0.3(4)
0.3r0.1(4)

3.0!0.3(4)
0.2r0.1(4)

a
b
c
d
e
f.

Net outPu'" bY
Net uptake bY

Net outPut bY

Net uptake bY

Net output bY

Net outPut bY

liver : (HV-PV), P(0.05;
lung : (A-PA)' P<0.05'
liver : (HV-A), P<0.01.
kidney: (RV-A), P<0.02 '
alimentarY tract : (PV-A) 

'kidney : (RV-A), P<0.01.

(HV-A), P<0.02.

P<0.001.
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blood flow measurements in ten conscious chronically catheterized

sheep are presented i-n Table 3.5. The values are consistent with

those previously obtained for sheep by others (Katz & Bergman,

1969; Hales, I9l3; Runciman, 1982), with the mean liver and kidney

blood flows being 0.27 - 0.44 and 0.18 of the mean cardiac output

respectively. The mean cardiac output of blood haemoglobin Eype A

sheep was significantly higher than that of blood haemoglobin

type B sheep (P<0.05, Studentrs t test). Thì-s phenomenon is almost

certainly related to the lower oxygen-carryi-ng capacity of

haemoglobin type A compared with haemoglobin type B in sheep blood

(Blunt & Huisman, L975). The higher cardiac output in the haemo-

globin type A sheep may be responsible for the lower plasma

unesterified choline concentrations in the various blood vessels of

these animals, as shown in Table 3.1.

ft was not possible to obtain reliable, individual measure-

nents of portal blood flow using thq sodium ¡I25¡] iodotrippurate

indic.ator: dilution method, as streaming consistent,l.y occ,urred in

the portal vein. Unequivocal evidence of streaming was provided by

the facE that measured portal blood flow was sometimes apparently

greater than measured hepatic blood flow. This is not surprising

on examination of the anatomy; the splenic vein enters the portal

vein very close to the porta hepatis (Runciman, 7982). Examination

of results obEained by others also provides evidence of streaming

with Ehe apparent relative contribution of the portal vein to

hepatic flow being subject to wide variation (Katz & Bergman, 1969).

However, pooling weighted-mean sodium [125I] iodohippurate values

from 140 measurements in six sheep yielded an average portal vein

fraction of 0.80 of che total liver blood flow (Runciman, 1982).
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Table 3.5: Blood flow rates measured in conscious chronicallv
catheEerized sheeD

Blood flow rat.es were determined as described in Section 3.2.3.
The values shown are means I S.E.M. for the numbers of measure-
ments in sheep given in parentheses. AbbreviaEion used:
N.D. = not determined. Significant mean blood flow rate
differences between blood haemoglobin type À and B sheep' as
determined by Studentrs t test, are indicated.

Blood flow r are (1itre/min)

Blood
Sheep haemoglobin

tYPe
Cardiac
output

Liver
blood flow

Kidney
blood flow

I

2

3

B

B

B

N.D.

3.9rr0. i1(6)

3.7sr0.ls(6)

2.16(1)

r.3610.03(6)

1. s0+0.161 6)

N.D.

0.74t0.01 (6 )

0.6210.03(6)

Mean 3.83 1.67 0.68

A

A

A

A

A

A

A

4

5

6

7

I
9

l0

6.2610.20(6)

6.3sr0. u(6)

4.7O!O.t2(4)

6.2710. l0(8)

4.2610.11(4)

4.64xO.L9(4)

5.3910.20(4)

r .8010 . 08( 6 )

2.1410.0s(6)

r.3010.13(4)

N.D.

r.0310.03(4)

1.15f0.08(4)

1.3sr0.09(4)

N.D.

1.4110. r0(3 )

N.D.

N.D.

0.4910.03(4)

N.D.

N.D.

Mean 5.41* L.46 0.95

+p10.05 conpared r¿ith blood haemoglobin type B sheep.
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Thismeans that Ehe hepatic artery fracÈion of the total liver blood

flow is 0.20, obtained by difference. The value of o.go for the

portal vein fraction is similar to that reported for several species

(Richardson & I,rlithrington, 1981) and is the value used by others

working with sheep (Katz & Bergman, L969; Thompson et al.t 197g).

3.3.5 Unesterified choline and lipid choline concen traEions

in blood plasma from the inferior vena cava and

descendirp aorta of rats

The concentrations of unesterified choline and lipid choline in
blood plasma from the inferior vena cava and descending aorta of

rats aro presented in Table 3.6. The values are similar to those

previously reported for rat blood piasma (Ansell & spanner , r97r;
l'lang & Haubrich, 1975; zeíser & h/urEman, 19Bl; Jope, Lgg2; Hicks

et a7. ¡ rg82) . . There \^¡ere no rigniti.ant dif ferences in plasma

unesterified choline and lipid choline concentrations from the in-
ferior vena cava and descending aorta of the animals (Table 3.6).

This supports the daEa of Dross & Kewitz (rgj2) which implied that

there r^¡as no significant difference in whole blood unesterified

choline concentration from the femoral vein and artery of rats.
collectively the results suggest there is no uptake or output of

choline by the lower-.body region of this species.

3.3.6 Concentrations of various forms of choline i n

Dlasma and ce11 s of sheep. cattle and ra t blood

Table 3.7 shows that the concentrations of the various forms

of choline are higherin the cel-ls than'the plasma of sheep, cattle
and rat blood, which is consistent with the findings of Spanner et

a7. (1976). rn Table 3.7 lipid choline constitutes the major form
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Table 3.6: Unesterified choline and lipid choline concentrations in
blood plasma from the inferior vena cava and descend:-ng
aorta of rats

Blood samples were collected simultaneously from Èhe inferior
vena cava and descending aorta of anaesthetized rat,s. Plasma
samples were extracted wiEh chloroform/methanol and lipid
choline separated from other forms of choline and deLermi-ned
in duplicate. Plasma unesterified choline was determined in
ultrafilcrates in duplicaÈe as described in Section 3.2.4.
The values shown are means J S.E.M. for the numbers of rats
given in parentheses. The significance of the dj.fference
betr+een inferior vena cava and descending aorta plasma con-
centrations, as determined by Student's paired Ê test, is
also indicated. AbbreviaÈion used: N.S. = not significant.

Choline concentration in blood plasma (nmot/nl)

Form of
choline

Inferior
vena cava

(rvc)

Descending
aorta

(A)

Signifi-
cance

(rvc-A)

Unesteri-
fied
choline

Lipid
Choline

9.3r 0.9(17) 9.sr 0.7(L7) -O.2! 0.9(17) N.S.

847.7!40.2(10) 818.8t37.s(10) +28.9t24.s(10) N.S.



118

Table 3.7: Concentrations o f various forms of choline in and cells of
sheep, catEle and rat blood

Blood samples were collecEed from the inferior vena cava of sheep
and rats ãnd from the jugular vein of cattle. Blood plasma and

cells were extracted wiEh chloroform/methanol and the various
forms of choline fractionated and determined in duplicate as
described in Section 3.2.4. Plasma unesterified choline was

determined in ultrafiltraEes. The values shown are rûeans +

S.E.M. for the numbers of animals of each species given in
Parentheses.

trâtìôn lnmol/ml)

Species
Blood
fraction

Glycerophos-
phocholine

Phospho-
choli-ne

Unesterified Lipid choline
choline

Sheep

Cattle

Rat.s

Plasma

Cel1s

Plasna

Cel1s

Plasma

Cells

0.8r0.3(4)

3.710.7(4)

10. rå2.4(4)

2s.6f4.L(4)

4.3+0.1(2)

12.oro.7(2)

1.4r0.3(4)

4.9r0.6(4)

1.4r0.1(2)

17.611 .8( 2)

0.4r0.1(2)

6.sro.7(2)

8.4!0.1(2)

8.8r0.2(2)

452.7f45.2(2)

27st.8!9s.0(2)

6fi.sr74.7(4)

1680.8189.4(4)

104s.1173.9(2)

3s16.81s4.9(2)

0.sro.1(2)

11.2fl.8(2)

9.6!0.7 (2)

12.2tO.5(2)
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of choline in blood plasma and ce11s of the three species examined.

The concentration of lipid choline was lower in plasma and higher

in ce1ls of sheep with respect to cattle. The lipid choline

concentrations in blood plasma and cel1s were significantly lower

in sheep and cattle compared to rats (P<0.05, Studentts t test).

In addition to Ehe difference in absolute amounts of lipid choline

observed here, a striking difference between the composition of

choline-containing phospholipids in blood cells of ruminants and

those of non-ruminants has been reported. Blood cells of ruminants

contain high amounts of sphingomyelin and negligible arnounts of

phosphatidylcholine, which is the complete opposite to the blood ce11

composition of non-ruminant species (Dawson et a7., 1960; Christj-e, 1978).

The species variations seen in the choline phospholipids of blood

cells are in no v/ay reflected in t.he composition of blood plasma

(Dawson ei al-, , 1960).

In Table 3.7 the ratio of unesterified choline concentration

in the cells compared with that- in plasma is hetween 1 and 3 for

the three species examined, whi.ch is comparable with the range re-

porLed for humans (Hanin et a7. ¡ 1979; ,Jope et a7,, 1980;

Barclay et a7.¡ 1982). The concentration of unesterified choline

ín plasma and cells was essentially the same between species. The

plasma concentration of glycerophosphocholine was approximately 3

times greater in sheep than in cattle and rats (P<0.01, Studentrs

t test). The concentration of glycerophosphocholine was higher in

the blood cells of rats compared to the ruminant species (P<0.05,

Student's t test). Phosphocholine was the minor form of choline

in the blood componenEs of the animals. The phosphocholine concen-



I20

tration was higher in the cells of rats compared to sheep and cattle

(P<0.05, Studentrs r tesr).

3.3.7 Concentratiors of various forms of

choline in sheep tissues

The concentrations of unesterified choline and choline'esters

in adult sheep tissues are presented in Table 3.8. Lipid choline

constitutes the major form of cholj-ne in all tissues examined, with

the highest concentration being in the 1iver. The lipid choline

values are comparable wiEh those of other species reported by

hlhite (1973). The concentration of glycerophosphocholine is high

in sheep liver (Table 3.8) and is ab^'rt 11 times greater than the

ievel reported in rat liver (Dawson, 1955a). Other workers have

also observed a high concentration of glycerophosphocholine in

sheep and cattle liver (Schmidt et a7.t i.lg52,1955; R.I,Í.C. Dawson,

personal communication). The other sheep tissues examined did not

show the same high 1evel of this choline derivative as the liver.

The results in Table 3.8 indicate that Ehe concentration of

phosphocholine is relatively low in most tissues except the l-iver

and kidney cortex. The phosphoctroline values for sheep liver and

small intestine in Table 3.8 are lower than those determined for

the rat by Dawson (f955b). Conversely, the leve1 of phospho-

choline observed in sheep kidney appears to be higher lhan that of

rat kidney (Dawson, 1955b). The results obtained for unesterified

choline in sheep tissues are higher than those reported in corres-

ponding guinea-pig and rat tissues (Haubrich er ai., I97þ,1976).

The highest levels of unesterified choline were found in the

small intesti.ne and skeletal muscle of sheep (Table 3.8).
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Table 3.8: Concentrations of various forms of choline in sheeo Eissues

Merino wethers were slaughtered and Eissue samples
immediate!y f.rozen with aluminium-faced tongs previously
cooled in líquid N2. The frozen tissue powders r{ere ex-
tracted with chlorõform/methanol and the various forms of
choline fractionated and determined in duplicate as
described in section 3.2.5. The values shown are means t
S.E.M. for three adulc sheeP.

Concentration (umo l/s r,'ê{- wt . )

Tissue Glycerophos-
phocholine

Phospho-
choline

Unesterified
choline

Lipid choline

Liver 2.6510.15 1.4810.02 0.48+0,18 21 .0610.96

Kidney (cortex) 0.5910.14 0.86t0.09 0.1510.05 5.5010.10

Skeletal muscle 0.1610.02
(M.biceps femoris)

Heart

Small intestine
( jejunum)

0.1010.01 0.5610.12 2.4510. 15

0.2810.02 0.1510.01 0.49t0.01 7.4510.15

0.6110.03 0.3810.04 1.25t0.01 4 .0310.63



r22

3.4 Discussion

Glycerophosphocholine is an intermediate in the catabolism of

phosphatidylcholine to unesterified choline (Dawson, 1955a), and

the concentration in sheep liver reported here is several times

higher than that in rat liver (Dawson, I955a; R.VÍ.C. Dawson,

personal communication). The activity of glycerophosphocholine

phosphodiesterase, which liberates unesterified choline from

glycerophosphocholine, is negligible in sheep liver and high in

rat liver (Dawson, L956; R.M.C. Dawson, personal communication).

These observations in sheep liver suggest a mechanism for con-

serving the choline moiety of phosphatidylcholine by preventing the

ready release of unesterified choline as a substrate fcr oxidation

to betaine and C02. The present work also shows that in sheep a

portion of the liver glycerophosphocholine is transported to the

lungs and kidneys via the blood plasma, which would help to supply

the choline pool of these tissues. There aPpears to be production

of phosphocholine by the alimentary tracl and kidneys of the sheep.

The latter observation fits in with the relatively high concen-

tration of phosphocholine found in sheep kidney, and may be related

to the low amounts of choline secreted in the urine (Luecke &

Pearson , 1945; results in Chapter 2).

Plasma unesterified choline is taken up by the liver, lungs

and kidneys of sheep, as summarizeð in Tables 3.9 and 3.10, and

is like1y to be used efficiently for lipid choline synthesis via

the CDP-choline pathway. Uptake of unesLerified choline by the lungs

may be used in the synthesis of (dipalmitoyl) phosphatidylcholine, a

principal pulmonary surfactant (Frosolono, L977i Zeisel, 1981).



Table 3.9:

Organ or tissue

AlLEentary Èract

Liver (portal veln fnput)
(hepatic artery lnput)

Lungs

Kidneys

Upper-body reglon

lower-body reglon

Heart úuscle

Brafn

Hindliob ouscle

l{bole body muscle

Mean venous-arterlal
plasma unesterified chollne
concenEration dif ference

(nmo1e/m1 )

sheep wlth blood haemoglobtn tvpe A

The nean uptake or output of plasoa unesÈerified choline by an organ of Èhe sheep r",as,calculated by
the producl of the nean venous-arÈerlal plasma unesteriffed chollne concenLration difference across
Ehe organ (from Table 3.2) and the mean organ blood flow ratt . The measured mean cardiac outPuE
and llver and kidney blood flow raEes are from Table 3.5. Mean organ blood flow raLes EhaE have

been derLved are indlcated.

Mean blood
flow rate

( 1ttre,/min )-

Mean uptake(-) or outpur(+) of
plasma unesterified choline

(mmole/day )

+15. 5

-2!'!l -zr.zr

- 0.8

- 0.3

+ 2.6

+ 2.8

+ o.2
+ o.2

+ 0.3

+ 3.1

+ 9.2

-r2.4
- 1.9

- 0.1

- o.2

+ L.2

+ I.3
+ 0.8

+ 1.1

+ 0.9

+ 0.9!

L.L7A

1.17!) 1.46
o-29" )

5.41c

0.95

1 .50d

I .50d

0.17e

o. r3f
0.228

2.40h

H
N
u)

I Mean Dortal veln blood flow assumed to be 0.80 of mean total liver blood flow (Runcloan, 1982).
b üãã" Ã"p"tic artery blooct flow assumedto be 0.20 of mean total lfver blood flow (Runcioan, 1982).

9 Mean blóod ftow through lungs assumedto be equal Eo oean cardiac output.
d M;;; iãl.f Ufoo¿ flow throulh venae cavae-dráined upper- and,lower-body regions assumed to be equal to the

mean cardiac ourput. minus mËan liver and kidney bloòä flovs (see Ftguró 3.1). Thug urean blood flow
through each region assumed to be half of mean total blood f1ow.

e Mean ãoron"ry blood frow carculated using race of I.O9ml/min/g sheep hearE (Lindsay & Setchell' 1974) and

sheeo hearÈ it. ot O.47. of sheep body wr., i.e. 1609 for a 40kg sheeP (May, 1970).
f ü"år'¡rãir-ui.å¿-if." catcutareã using rate of L.OOãl/mtn/g shéep brain (Pappenheimer & Setchell, 1972)

and sheep brain wt. of 1309 (May' 1970)-
g Mean hinãlimb muscle blood fiow calcuraÈed using rare of. o.24nr/øln/g sheep htndlimb muscle (Domanskl et

aI., 1974¡ PeÈhick eÈ, a7.. l98l) and sheep hináIimb muscle wt. of 9009 (Domanskt eÈ al., 1974).
h M;;; "Áofå Uoay nuscle blood flow calculaÈed using rate of O.24nI/nín/g,sheep hindlimb.muscle (Domanskl et

a1., 1974i Pe-ttr:.ck et "7,,1981) 
and sheep toEa1 muscle mass equal to 252 of sheep body wE., 1.e. IOkg for

- a 40kg sheep (PeEhick et al.' l98t).
5 Assumèd Èo be same as hindlimb muscle studied.
f Totul llver upLake derfved usins, Èhe equatlon of Bergman & Wolff (197f).



Table 3.10:
catheterized sheep with blood haemoRlobin type B

The mean uptake or output of plasma unesterified choline by an organ of the sheep was cal-
culated by the product of the mean venous-arterial plasma unesEerj.fied choline concentration
difference across the organ (from Table 3.2) and the mean organ blood flow rate. The
measured mean cardiac output and liver and kidney blood flow rates are from Table 3.5. Mean

organ blood flow rat,es that have been derived are indicated.

Organ or tissue

Alimentary tract

Liver (portal vein input)
(hepatic artery input)

Lungs

Kidneys

Mean venous-arterial
plasma unesterified choline
concentration dif f erence

(nmole/ml )

Mean uptake(-) or output(+) of
plasma unesterified choline

(mmole/day )

Mean blood
flow rate

( litre/min ) ts
N
N

+5.8

-7 .6

-0.9

-r.4

-1.0

1 .344

I .344)

o. g¡b)1'67

+LL.2

-14.7)

-0.4)-15'1

-7.7

-1 .0

fI

3.93c

0.68

9 Mean portal vein blood flow assumgd to be 0.80 of mean total lÍver blood flow (Runciman, 1982).
b Mu"n irepatic artery blood flow assumed to be 0.20 of mean total liver blood flow (Runciman, 1982).
c Mean blood flow through lungs assumed to be equal to mean cardiac output.
f Tot.l liver uptake derived using Ehe equation of Bergman & tlt lff (1971).
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Dawson et a7. (1981) caiculated that adult sheep require

approximately 17.3 mmol of choline per day in order to maintain

the choline body pool, which is almosc entirely of endogenous

origin. Sheep derive about 0.1 mmol of choline from the diet per

day, as there is almost compleLe microbial destruction of dietary

choline in the alimentary tract (Neill et a7., L978, 1979;

Dawson et a7.¡ 1981; results in Chapter 2). Nei1l et a7. (L979)

showed that the sheep liver can synthesize a maximum of 0.1 mmol

of choline per day per kg body wE. by the methylation of phospha-

tidylethanolamine to phosphatidylcholine (i-.e. 4.0 mmol of choline

per day for a 40kg sheep). Thus these two sources of choline

provide onl-y 24% of the daiJ y choline requirement, which i-mplies

that the bulk of the endogenous choline body pool is maintained by

substantial choline production in extrahepatic tissues of sheep.

The data for conscious chronically catheterized sheep with blood

haemoglobin type A support this conclusion. The mean total body

venous return of plasma unesterified choline for these sheep is

14.2 pmol fnín, on the basis of the mean hepatic venorrs plasma un-

esterified choline return of 1.9 Umol/min, and the mean superior

and inferior venae cal.'ae plasma unesterified choline return of. 12.3

Umol/min, representing the rest of the body (takiug the mean

syst-emiÒ venous blood flow as approximately Ehe mean cardiac output

minus mean liver and kidney blood fiows). The mean total body

venous return of plasma unesterified choline is almost equal to the

mean total body arterial output of 16.6 pmol/min, if corrections

are made for uptake of plasma unesterified choline by the Liver via

the hepatic artery (approximately 207" of the total mean liver blood

flow) and uptake by the lungs and kidneys. Thus this whole-body
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calculation indicates that only 13% of the total body plasma unesteri-

fied choline return is provided by the liver, and the major contri-

bution (877") is by the venae cavae draining the upper- and lower-

body regions of the sheep.

The upper- and lower-body regions of sheep 5 produced substantial

amounts of lipid choline in addition to unesterified choline. Since

there \,'ras no significant uptake of lipid choline and no uptake or

output of glycerophosphocholine and phosphocholine in the plasma

across the upper- and lower-body of any of the sheep, it is unli-kely

that unesterified choline production is derived from breakdown of

choline esters that are delivered to rhese regions in the blood.

Presumably the major source of the unesterified choline is from net

synthesis of phosphatidylcholine by the methylation of phosphatid,yl-

ethanolamine in upper- and lower-body tissues of sheep that is

subsequently hydrolysed by phospholipases or undergoes base-exchange.

Table 3.9 shows that the upper- and lower-body regions drained by the

venae cavae of blood haemoglobìn t-ype A sheep produced almost equal

amounts of plasma unesterified choline, with a toEal mean value of

5.4 mmol per day. Sheep brain and heart muscle only contributed

about 4% to this whole body unesterified choline production. Hind-

limb muscle alone made a relatively minor contribution, however

approximaEel-y 577" of the unesterified choline production by the

upper- and lower-body of sheep can be accounted for by the total

muscle mass (Table 3.9). The remainder of the unesterified choline

production is probably supplied by other upper- and lower-body

tissues of the sheep, e.B. skin, endocrine glands, lymph nodes,

endoEhelium of veins, bone marrov/. Choline may also originate from

bile and net synthesis in the mucosa of the intestine, reaching the
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venae cavae in lymph via the thoracic duct. The present work

showed that there v/as no uptake or output of lipì-d choline or un-

esLerified choline by the lov¡er-body region of rats which is in

direct contrast to sheep. In rats (Dross & Kewitz, L972; Choi

et a7. , L975; Spanner et a7. , 1976) and humans (Aquilonius et a1. ,

I975) there is an efflux of plasma unesterified choline across the

brain but this only makes a minor contribution to the whole body as

observed here for sheep. In rats choline synthesis is of quanti-

tative significance in the liver but not in extrahepatic tissues

(Bremer & Greenberg, 1961; Bjdrnstad & Bremer, 1966), and a

substantial part of the choline body pool is of dietary origin

(Dawson et a7., 1981).

Sheep secrete 11-17 mmol of phosphatidylcholi-ne into the in-

testinal lumen through bile per daj' (Adams & HeaEh, 1963; Noble,

1978; results in Chapter 2). Balint et a7. (L967 ) and Treble et

a7. (1970) have demonsErated in rat liver that bile phosphatidyl-

choline is preferentially synthesized frorn unesterified choline yia

the CÐP-choline and base-exchange pathways, rather than by the

methylation pathkray. Since sheep receive only limited amounts of

dietary choline, there must be efficient reabsorpEion and re-

utilization of the bile choline from the intestine in order to mai-ntain

the balance of the endogenous choline pool and the daily rate of

secretion in bile. The mean net plasma unesterified choline pro-

duction by the alimentary tract of conscious chronically cather*e¡ized

sheep with blood haemoglobin type A and B are 15.5 and 11.2 mmol

per day respectively, as indicated in Tables 3.9 and 3.10. It is

improbable that this unesterified choline arises from Ehe hydrolysis
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of choline esters as the blood flows through the alimentary tract,

since there was production of glycerophosphocholine and phospho-

choline and no uptake or output of lipid choline in the plasma

across this region. The amount of choline produced is much higher

Èhan that received from the diet (Nei\I et a7., 1979; Dawson et

a7., 1981; results in Chapter 2) and is probably mainly derived

from the phosphatidylcholine delivered in bile. The total mean

upcake of plasma unesterified choline by the liver of blood

haemoglobin type A and B chronically catheterized sheep are 2I.7 and

15.1 mmol per day respectively Icalculated from the equation of

Bergman & \^/olff (I97I) as shown in Tables 3.9 and 3.101 and are

almost equal to the mean productions of unesterified choline by the

alimentary tract of the animals. Thus there appears to be consider-

able reabsorption and enterohepatic recirculation of the unesteri-

fied choline moiety of bile phosphatidylcholine from the intestine

of the sheep. Presumably the unesterified choline taken up by the

sheep liver is mainly reutilized for bil e phosphaEidylcholine

synthesis by the CDP-choline and base-exchange pathways. In non-

ruminant species less than LO7" of the choline moiety of bile lipid

choline that enters the enËerohepalic . circulation is reutilized

for bile phosphatidylcholine synthesis in Ehe liver (Saunders ' L97O;

Robins, 1975). This explains the dependence of bile phosphatidyl-

choline synthesis and secretion in rat liver on dietary choline

(Robins , 1974; Roblns & Armstrong, 1976).

It may be calculated from the data of Harrison & Leat (1972),

Leat & Harrison Q974) and Christie (1978) that in sheep 3-7 mmol of

phosphatidylcholine is transported in thoracic duct lymph per day,
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most of which is derived from bile delivered to the intestinal rnucosa

(LeaE & Harrison, L974, L977, L984; Noble, 1978). The total

choline output by the sheep intestine into the lymph and entero-

hepatic circulation adequately accounts for the choline from bile

and dietary sources. It is possible that some of the choline in

the lymph and enterohepatic circulation is synthesized by the methyl-

ation pathway in the intestine of sheep. Administration of [14C]

ethanolamine to sheep clearly indicated that the sma1l intestine

ís an active site for the synthesis of phosphatidylcholine (R.M.C.

Dawson, personal communication). In contrast, the synEhesis of

choline by the methylation pathway is insignificant in the rat small

intestine (Bremer & Greenberg, 1961; \,rlise & Elwyn, 1965; Bjdrnstad

& Bremer, f966).

The use of conscious chronically catheterized sheep has

provided good evidence that the sheep synthesizes substantial amounEs

of choline in other tissues besides the liver and has the potential

for the efficient retention and recycling of bi l-e chol ine j.n contrast

Eo non-ruminant species. These aspects were subsequently examined

in more detail as set out in Chapters 4 and 5.
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CHAPTER 4

CHOLINE SYTITHESIS BY THE METHYLATION OF PHOSPHATIDYLETHANOLAMINE

TO PHOSPHATIDYLCHOLINE IN SHEEP AND RAT TISSUES

4.1 Introd uct-ion

Phosphatidylcholine is the major phospholipid in the membranes

of mammalian tissues (McMurray, 1973; trlhite, L973). It is import-

ant not only as a structural component of membranes, but also as a

potential source of choline molecules. 0f the enzymic pathways

known to exist in tissues that synthesize phosphatidylcholine, only

the rnethylation of phosphatidylethanolamine to phosphatidylcholine

actually generates new choline molecules (Bremer & Greenberg, 1961;

Bjdrnstad & Bremer, L966). Asdescribed in the literature reviery,

the stepwise methylation of phosphatidylethanolamine to phosphatidyl-

choline proceerls with the intermediate formation of phosphatidyl-il-

monomethylethanolamine and phosphaticlyl-N, fl-dimethylethanolamine.

S-adenosyl-L-methionine serves as the immediate methyl donor for the

reaction and S-adenosyl-L-homocysEeine is a second product which is

a potent competitive inhibitor. trrlhether the Ëhree successive

methyl transfer reactions are catalysed by more than one phospha-

tidyleEhanolamine methyltransferase enzyme in mamnalian tissues is

a controversial issue, but iE is generally accepted that the first

methylation step is rate-limiting (Schneider & Vance, 1979;

Hirata & Axelrod, tgBO; Vance et a7.t I9B2; l"lato & Alemany, 1983;

Audubert & Vance, 1983; Pajares et a7., L9B4i Mato et a7., 1984).

The entire methylation pathway in tissues can be assayed in vitro

using a high pH and a high concentration of radioactive S-adenosyl-
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L-methionine (Bremer &Creenberg, 1961; Hirata et a7;, 1978;

Hoffman & Cornatzer, 1981; Sastry et a7., 1981).

The use of a conscious chronically caEheterized sheep pre-

paration in Chapter 3 showed that in this species there is a

substantial production of plasma unesterified choline by the

alimentary tract and the upper- and lower-body regions which is

predominantly supplied by skeletal muscle and supplemented by the

brain and heart. Conversely, in rats there is insignificant plasma

unesterified choline production by the lower-body (results in

Chapter 3). The sheep liver is less efficient at synthesizing

choline by the methylation pathway than is rat liver (Bremer &

Greenberg, L96I; Henderson, 1978; Neill et a7., 1979), and calcu-

lation in Chapter 3 using the data of Neil1 et a7. (1979) and

Dawson et a7. (1981) revealed Ehat hepatic synthesis alone is in-

sufficient Eo maintain the endogenous choline body pool of sheep.

Collectively, these findings strongly implied Ehat the extrahepatic

tissues of the sheep are capable of appreciable choline synthesis

by the methylation pathway in contrast to the rat in which synthesis

is confined primarily to the liver and is localized in the micro-

somal fraction (Bremer & Greenberg, 1961; Bjdrnstad & Bremer, 1966;

Skurdal & Cornatzer, L975). The aim of the work in this ChapÈer

was to invesEigate whether corresponding sheep and rat tissues do

indeed have different capacities to synthesize choline. This in-

volved measuring the overall methylation of endogenous phosphatidyl-

ethanolamine to phosphatidylcholine in tissue fractions of the two

species using S-adenosyl-L-[rreth yl-I4C] methionine as the methyl

donor.
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4.2 Methods and Materials

4.2.I Animals

Animals were obtained from The hlaite Agricultural Research

Institute, The Universi-ty of Adelaide.

The sheep used were 1 year old Merino ewes (Ovis aries),

weighing 35-40kg. They were kept indoors in pens and given water

ad Tibitu¡n and a daily ration (09.00h) of lkg of chaffed lucerne

hay.

The rats used were adult Hooded Wistar females (Rattus

norvegicus), weighing 200-2509. They were housed in wire cages

indoors and given water and a pelleted rat diet (Charlicks, Adelaide,

S.Aust., Australia) ad Tibitun.

4.2.2 Collection of tissue samoles

Sheep were slaughtered by severing their necks and rats were

killed by cervical disloc.ation and exsanguination. Tissue samples

were rapidly excised and placed in ice-cold 0.25 M-sucrose/lO mM-

Tris-HCl buffer/l.0 mM-MgC12 (pH 7.a). Various segnents of the

alimentary tract were initially irrigated with the ice-cold medium

to remove digesta contaminaEion. In some instances the alimentary

tract tissue h'as cut longitudína1ly and placed on an ice-cold glass

plate and the inner epíthelium collected into the medium by gentle

scraping with a wooden spatula (Hübscher et a7.¡ 1965). Brain and

bone marrow samples were removed from surrounding bone using a cold

chisel and hammer.
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4.2.3 Pr aration of tissue enates

and subcellular fractions

Tissue homogenates r,/ere prepared and the subcellular fractions

separated by differential centrifugation by modification of the

methods of Hoffman et a7. (1981a) and Sastry et a7. (1981).

Tissue samples (69) were minced with scissors in 30m1 of ice-

cold 0.25M-sucrose/10 mM-Tris-HCl buffer/t.O ml,t-MgC12 (pH 7.4) and

then homogenized for lmin using a Polytron Type PT 10 20350D tissue

homogenizer and sonicator fitted with a PCU-Z speed control on

setting B (Kinematica, G.m.b.H., Luzern, Switzerland). The homo-

genate was filtered through 4 layers of gaúze !o remove cellular

debris and then diluted with 18ml of ice-cold homogenizing medium.

The nuclear fractíon \4/as sedimented by centrifugation of the

total homogenate at 1,0009 for 10min. The postnuclear supernatant

s/as centrifuged aL 12,0009 for 20min to sediment the mitochondrial

fraction. The microsomal and supernatant (cytosolic) fractions

v/ere prepared by centrifugation of the postmitochondrial supernatant

at 95,0009 for 70min. All centrifugations were performed at 4oC.

The nuclear, mitochondrial and microsomal pellets were resuspended

in 2-5m1 of ice-cold 0.25M-sucrose/t0 mM-Tris-HCl buffer/t.0 mt"t-ltg

C12 (nH 7.4) using a glass-Teflon hand homogenizer (size A) (Arthur

H. Thomas Co., Philadelphia, U.S.A.). The tissue homogenates and

subcellular fractions were stored at -15oC. Phospholipid methyla-

tion activity remained stable for several weeks under such storage

conditions. However, upon repeated freezing and thawing about one-

third of the activity was lost.

Most of the studies on the methylation of phosphatidylethanola-
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mine to phosphatidylcholine r{ere carried out using the microsomal

fraction of tissues. The integrity of the microsomal fraction was

established by determining the activity of the microsomal marker

enzyme NADPH-cytochrome C reductase (rotenone-insensitive) in the

subcellular fractions. This was measured essentially by the

spectrophotometric assay described by Sottocasa et a-2. (1967). The

reaction mixture consisted of 50 rnM-sodium phosphate buffer (pH 7.a)

containing O.257" Triton X-100, 0.1 mM-cytochrome C, 0.3 mM-KCN,

2yl4-rotenone, 20-100u1 of the subcellular fraction (0.2 - 2.Ong

protein) and 0.1 mM-NADPH in a final volume of 1m1. The reaction

was started by the addition of NADPH and the rate of increase of

absorbance at 550nm monitored in a semi-micro cuvette using a

Zeiss PMQII spectrophotometer fitted with an automatic sample changer

and transrnittance extj-nction converter (TE) (Carl Zeiss, Oberkocken,

Gerrnany) connected to a Rikadenki model 816 chart recorder

(Rikadenki Kogyo Co. Ltd., Tokyo, Japan). The instrument was

fitted with a temperature-controlled cuvette-holder and Ehe tempera-

ture hras maintained at 30"C. In all cases the marker enzyme

activity hras greater in the microsornal fraction compared to the

nuclear, mitochondrial and cytosolic fractions.

4.2.4 Determination of protein

The protein concentration of .tissue homogenates and subcellular

fractions was determined in duplicate as described in Chapter 2 (2.2,4).

4.2.5 Determination of phospholipid methylation

The overall methylation of endogenous phosphatidylethanolamine

to phosphatidylcholine in tissue homogenates and subcellular
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fractions was assayed by measuring the incorporation of the tlaC]

methyl group from S-adenosyl-L-lnethyl-I4c] merfrionine inro N-

methylated phospholipid derivatives of phosphatidylethanolamine.

The procedure adopted was a modification of the meEhods described

by Hoffman & Cornatzer (1981) and Sastry et at. (1981) using a high

pH and a high concentration of radioactive S-adenosyl-L-methionine.

Some of the general recommendations of Audubert & Vance (1983) were

fol1owed.

The incubation medium, in a 10m1 stoppered plastic centrifuge

tube (Disposable Products Pty. Ltd., Adelaide, S.Aust., Australia),

contained 125 mM-Tris/HCl buffer (pH 9.3), 10 mM-MgCl2, 0.1 mM-EDTA,

0.2 mM-s-adenosyl-L-lmethyT-14c] methionine (o.9mci/mmo1) and tissue

extract (1-4mg of protein) in a total volume of i.4m1. The

components of the incubation mixture were added as 1ml of Tri-s/HC1

buffer containing MgC12 and EDTA, 300p1 of tissue extract and 100p1 of

S-adenosyL-L-lneth¡-I4ç1 methionine. No exogenous phosphatidyl-

ethanolamine was included in the assay mec,iurn because there are sat-

uratiirg 1eve1s of this substrate in tissue fracEions (Bremer, 1969;

l^lhite, 1973). In addition there is the possible complication of

metabolic heterogeneity among molecular species of phosphatidyl-

ethanolamine as substrate for phospholipid methylation (Sundler &

8ku""or,, Ig75b; 8k"""on, 1983). The reaction was initiated by the

addition of radioactive S-adenosyl-L-methionine and the mixture in-

cubated at 37"C for 30min. The reaction was stopped by adding

0J5m1 of HCI (111'4). The radioactj-ve phospholipid producrs were

extracted by the addition of 4.25m1 of methanol/chloroform (2.5:1, v/v)
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followed by 1.5rn1 of v/ater and 1.5m1 of chloroform with intermediate

mixing. The chloroform and methanol solvents contained the anti-

oxidant 2,6-di-tert-buty1*4-methylphenol (50me/1). The biphasic

extrac! was shaken vigorously for lOmin and then centrifuged at

1,0009 for l5min. After the upper aqueous phase was aspirated and

discarded, a 2mL portion of the lower chloroform phase was trans-

ferred to a polyethylene scinEillation vial (Packard Instrument Co.

Inc., Dorvners Grove, 11., U.S.A.) and evaporated to dryness in a

water bath at BOoC for th. The residue was redissolved in 3.5m1 of

scintillation flui-d [7g oL 2,5-diphenyloxazole and 0.39 of 1,4-bis-

(4-methyl-5-phenyl-2-oxazoIyl) benzene per litre of toluene and

Triton X-100 (22I, v/v)1, and the radioactivity determined by counting

for lOmin in a Packard TRI-CARB 460 CD liqui-d scintillation system

(Packard Instrument Co. Inc., Downers Grove, 11., U.S.A.) which

automatically c.orrected for quenching by the sample channels ratio

Eechnique. Heated tissue extract (100'C for lOmin) was used as a

blank which was run in parallel wi-th the sample tissue extract.

All tissue extracts were assayed in duplicate. Some modifications

to this standard procedure were used and are described in the

legends to tables and figures in the results section. Total phospho-

lipid methylation in tissue extracts are expressed as pmol of t14C]

methyl groups incorporated into phospholipids/mg protein/min.

4.2.6 ldentif icati.on of the products

of ohosoholi d met 1athv 10n

The [14C1 r"ttylated phospholipid reaction products were

identified by quantitative thin-layer chromatography. A portion

(2m1) of the chloroform phase htas evaporated to dryness under N2 in
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a lml plastic centrifuge tube (Eppendorf, Hamburg, Germany). Un-

labelled carrier standards (5CUg/5Uf of chloroform) of phosphatidyl-

ethanolamine, phosphatidyl-N-monomethylethanolamine, phosphatidyl-N,

N-dimethylethanolamine, phosphatidylcholine, lysophosphatidylcholine

and sphingomyelin were also added to the tube and taken to dryness

under N2. The residue u/as redissolved in 50pl of chloroform and

quantitatively applied on a 0.2rnm x 20cm x 20cm pre-coated silica gel

60 thin-layer chromatography plate (E. l'Ierck, Darmstadt, Germany)

that had previously .been chromatographically washed h/ith diethyl ether.

The plastic sample tube was washed twice wiEh 25p1 of chloroform and

each rn¡ashing was again applied to the p1ate. The chromatogram was

developed in the solvent system chloroform/propionic acid/n-propyl

alcohol/water (3:226:I, by vol. ) . Phospholipid standards (50ug) r,rere

run concomitantly. After the plate was air-dried, the phospholipid

strips were located with 12 r'apour and scraped into 10m1 stoppered

plastic centrifuge tubes. The phospholipids were eluted from the

silica gel by adding 4ml of chloroform/methanol (1:1, v/v) and

thoroughly shaking the tubes periodically over the course of 3h.

The tubes were then centrifuged at 1,0009 for 15mín and 2ml portions

of the supernatants \^/ere evaporatecl ,to dryness in scintillation víals

in a water bath at 80oC for th. The residues were redissolved in

3.5m1 of scintillation fluid and the radioacLivity determined as above.

To establish whether the radioactivity found in the phosphatidyl-

choline extract v/as actually present as t14C] choline, a 1-2m1 portion

was dried under N2 and the residue hydrolysed with 3rn1 of 61"1-HC1 at

110"C lor 24h in a sealed test tube. The hydrolsate was taken to

dryness in vacuo at 40"C, redissolved in 2m1 of vrater, and then ex-

tracted 3 times u/ith 1ml of diethyl ether to remove free fatty acid
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contanination. The extracE was concentrated and applied on a

silica gel 60 thin-layer chromatography plate along with 20pg of

standard choline chloride. The plate was developed in the solvent

system merhanol/acetone/I1M-HC1 (452522, by vo1.). After the

plate was air-dried, the choline spot rr'as located with 12 vapour,

saaped of f , and eluted f rom t,he silica gel with 3m1 of methanol.

A 2m1 portion was evaporated in a scintillation vial in a water-bath

at 80oC for th and the radioactivity measured after the addition of

3.5m1 of scintillation fluid.

4.2.7 Chernicals

S-adenosyl-L-fneth yl-I4C) methionine (specific radioactivity

59mCi/mmo1 and radiochemical purity 987") was purchased from

Amersham Australia Pty. Ltd., Sydney, N.S.W., Australia. S-Adenosyl-

L-methionine (chlori-de salt, grade II) used to dilute 5-adenosyl-L-

lnethyT-l4C] methionine, along with S-adenosyl-L-hornocysteine,

L-a-phosphatidylethanolamine (type IV, frorn soybean), L-o-phosphatidyl-

choline (type V-E, from egg yolk), sphingomyelin (from bovine brain),

L-o-lysophosphatidylcholine (type I, from egg yolk), choline chloride

(3 x crystallized), bovine albumin (fraction V, powder), cytochrome C

(type II-4, from horse heart), ß-NADPH, (tetrasodium sa1t, type I)

were from Sigma Chemical Co., St. Louis, Mo., U.S.A. L-o-phospha-

tidyl-N, /V-dimethylethanolamine and 2,5-di-phenyloxazole were obtained

from Koch-Light Laboratories Ltd., Colnbrook, Bucks.,England. Other

chemicals were obtained as follows: rotenone from Aldrich Chemical

Co. Inc., Milwaukee, h/is., U.S.A. ; 1r4-bis-(4-methyl-5-phenyl.-2-

oxazolyl) benzene from Packard Instrument Co. Inc., Downers Grove, I1.,

U.S.A. ; 2,6-di-tert-butyl-4-methylphenol from Calbiochem, Los Angeles,
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calif ., u.s.A. ; and L-c-phosphatidyl-N-monomethylethanolamine

dipalmitoyl from Calbiochem-Behring Corp., La Jol1a, Calif. ' U.S.A.

All oEher materials h¡ere reagent-grade chemicals or the best

commercially available grade. Glass double-distilled h/ater was used

Ehroughout.

4.3 Results

4.3.r Products of phosp holipid methvlation

l_n sheeo and rat tissue fractions

The [14C] mettrylated phospholipids formed by the methylation of

endogenous phosphatidylethanolamine i-n sheep and rat tissue fractions

with S-adenosyl-L-lnethyT-14ç] methi6ninewere identified by quantita-

tive thin-.layer chromatography of the assay chloroform phase. The

t14C] merhylated phospholipid products accounted for approximately 90%

of the total radioactivity in the assay chloroform phase, of which

about 88%, 10% and 27" was associ-ated with phosphaEidylcholine'

phosphatidyldimethylethanolamine and phosphatidylmonomethylethanolamine

respectively. The radioactivity ì.n phosphatidylcholine was

specifi-cally associated with the choline portion of the molecule '

There was negligible radioactivity present in phcsphaEidylethanolamine'

lysophosphatidylcholine or sphingomyelin. phosphatidylcholine was

clearly the major product of endcgenous phosphatidylethanolamine

methylation in tíssue extracts usirrg a high pH (9.3) and a high con-

centration of radioactive S-adenosyl-L-methionine (200U1'{) in the

incubation medium and is consistent with the findings of others

(Hi-rata et a7., L97B; SasEry et a7.t 1981;. Hoffman & Cornatzer,

1981). Considerable amounts of phosphatidylmonomethylethanolamine
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and phosphatidyldimethylechanolamine are formed as reaction products

when tissue fractions are incubated at an intermediate pH with a 1ow

concentration of radioactive S-adenosyl-L-methionine (Hirata et

a7., L97B; Sastry et a7.t 1981). In tissues there are negligible

amounts of endogenous phosphatidylmonomethylethanolamine and

phosphatidyldì-methylethanolamine (Bremer & Greenberg, 1961; Lester &

trrlhite, 1967; Katyal & Lombardi, L976) and are formed as intermediates

during the course of the reaction.

The overall methylation of phosphatidylethanolamine to phospha-

tidylcholine measured in tissue extracts did not account for possible

breakdown of newly synthesized phosphatidylcholine to water-so1uble

forms of choline (Blusztajn & hlurEman, 1981) or for rninor inter-

ference due to the methylation of lipids besides phosphatidylethanol-

amine using S-adenosyl-L-methionine as the methyl donor (lulogelson &

Sobel, 1981; Zatz et a7., 1981, I9B2i Alemany et a7., 1982).

4.3.2 Distribution of phospholipid methylation

in sheep and rat tissue fractions

The distribution of phosphatidylethanolamine methylation to

phosphatidylcholine in liver and kidney fracti-ons of sheep and rats

is shown in Table 4.1. Phospholipid methylation was highest in the

microsomal fraction of the sheep and rat tissues, although sub-

stantial amounts were also present in the mitochondrial and nuclear

fractions. Phospholipid methylation was not detectable in the

cytosolì-c fraction of any of the tissues examined. This pattern of

phospholipid methylation is in accordance with that previously re-

ported by others for tissues (Bremer & Greenberg, 1960; Skurdal &

Cornatzer, L975; Hirata et a7., 1978; Sastry et a7.r 1981). The
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Table 4.1: Dístribution of hos holi id rneth lation in liver and
kidney fractions of sheeÞ and rats

Tissues were collected and homogenates and subcellular
fractions prepared as described in Sections 4.2.2 and
4,2.3. Phospholipid methylation j-n tissue fractions
hras assayed in duplicate as described in Section 4.2,5.
Tissue fraction protein was determined in duplicate as
described in Section 4.2.4. The values shown are
means + S.E.M. for two animals of each species.
Abbreviation used: N.D. = not detectable.

Phospholipi-d methylation
(pmol tl4Cl methyl gtoupå incorpôrated/mg protein/min)

Tissue
fraction

Sheep
Liver Kidney Liver

Rat
Kidney

Homogenate 6.510.1 1.3r0.1 30.0r0.7 0.8r0.1

Nuclear 2.9!O.4 1.810.4 32.8r0.4 0.610" 1

Mitochondrial 7.O!2.5 2.2!O.I 4t+.7!O.3 1.010.1

Microsomal L9 .3!4 .4 3 . 8r0. 2 64.1r0. 1 1.5r0. I

Cytosolic N.D N.D N.D N.D.
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microsomal fraction of sheep and rat tissues v/as used in subsequent

investigations because of its high capacity for phospholipid

methylation.

4.3.3 Effect of microsomal protein on phospholipid

methylation in sheep and rat tissue microso-

mal fractions

Figure 4.1 shows that the methylation of phosphatidylethanola-

mine to phosphatidylcholine in sheep and rat liver microsomal fractions

was linear with up to 5mg of microsomal protein using pH 9.3 and 200pM-

S-adenosyl-L-methionine in the incubation medium. A microsomal pro-

tein cw,rtent of 1-4mg was used in the subsequent assay of phospho-

lipid methylation in the microsomal fraction of various sheep and rat

tissues to ensure linearity.

4.3.4 Time course of phosp holioíd methvlation

in sheep and rat tissue microsomal fractions

The methylation of phosphatidylethanolamine to phosphatidyl-

choline in sheep and rat liver microsomal fractions r{ras linear with

fime up to about 35min in the presence of 200¡.rM-S-adenosyl-L-methionine

at pH 9.3 (Figure 4.2), A 30min incubation Eime was used in the assay

of phospholipid mettrylation in the microsomal fraction of various

sheep and rat tissues to ensure lineaiity.

4.3.5 Effect of pH on phospholipid methylation i-n

sheep and rat tissue microsomal fractions

Figure 4.3 indicates that the overall methylation of phospha-

tidylethanolamine to phosphatidylcholine in sheep and rat liver

microsomal fractions has a pH optimum of about 10 using 200pll -
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Figure 4.1: Phospholipid meËhylation in sheep and rat liver

microsomal fractions as a function of microsomal

protei-n

Livers were collected and the microsomal fractions

prepared as described in Sections 4.?..2 and 4.2.3.

Phospholipid methylation in liver microsomal

fractions was assayed in duplicaEe as described

in Section 4.2.5 using microsomal protein

contents of 0.5 - 5.0 *g in the incubation medium.

lulicrosornal protein was determined in duplicate as

described in Section l+.2.4. The data points are

for one animal of each species.

Key to the figure:

o = sheep líver microsomal fraction

o = rat liver microsomal fraction
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Figure 4.2: Phosoholi pid methv lation in sheeD and rat liver

microsornal fractions as a function of time

Livers were collected and the microsomal fract.ions

prepared as described in Sections 4.2.2 and 4 .2.3.

Phospholipid methylation in liver microsomal

fractions r^ras assayed in duplicate as described

in Section 4.2.5 using incubation times of 10 -
60min. l"ficrbsomal protein was determíned in

duplicate as described in Section 4.2.4. The data

points are for one animal of each species.

Key to the figure:

¡ = sheep liver microsomal fractiòn

o = rat liver microsomal fraction
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Figure 4.3: Phosoholioi d methvlaEion in sheeo and rat liver

macrosoma1 fractions as a function of oH

Livers were collected and the microsomal fractions

prepared as described in SecEions 4.2.2 and 4.2.3.

Phospholipid meÈhylation in liver. microsomal

fractions vras assayed in duplicate as described in

SecÈion 4.2.5 using buffers aÈ pH 6.0 - 10.5 in rhe

incubaEion medium. The buffers used lrere:

l25mM-sodium phosphare for pH 6.0 - 6.5,

l25mM-Tris/nCf for pH 7.0 - 9.5, and

l25mM-glycine/NaOH for pH 10.0 - 10.5.

Microsomal protein was det,ermined in duplicate as

described in Section 4.2.4. The data points are

for one animal of each species.

Key to the figure:

o = sheep liver microsomal fraction

o = rât liver microsomal fraction
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S-adenosyl-L-met.hionine in the incubation medium. A pH optimum of

approximately 10 for phosphati-dylcholine synthesis by the methylation

of phosphatidylethanolarnine was previously observed in rat liver

microsomes (Bremer & Greenberg, 196I; Hoffman & Cornatzer, 1981;

Sastry et a7.;1981). Audubert & Vance (1983) found that Ehe three

intermediate methylation steps of the overall reaction each had a pH

optimum of l0 - I0.5 in thi-s tissue subcellular fraction. This

high pH optimum of the methylation pathway is a true opEinal pH for

the enzyme activity and not due to alkaline degradatlon of s-

adenosyl-L-methionine or enzyme denaturation (Audubert & Vance' 1983).

Phospholipid methylation was assayed at pH 9.3 in the microsomal

fraction of various sheep and rat ti-ssues as a comPromise between

the 1ow methylaEion at physiological pH and the slight degradative

effects on S-adenosyl-L-methionine at the higher pH.

4.3.6 Dependence of ohospholip id methvlation in

sheeÈ end rat tissue microsomal fractions

on S-adenosvl-L-methionine

The overall methylation of phosphatidylethanolarnine to phospha-

tidylcholine in sheep and rat liver microsomal fractions was highly

dependent on Ehe concentration of the rnethyl donor S-adenosyl-L-

methionine up to approximately 50¡rM, as shown in Figure 4.4. The

Vmax t S.E. (pH 9.3) of phospholi-pid methylation using S-adenosyl-L-

methionine was about 4 times higher in the microsomal fraction of

rat liver than of sheep liver, being 72.I ! 3.1 and 19.2 ! 0.8 pmol

l14C] methyl groups incorporated into phospholipids/mg protein/min

respectively. The apparent Km t S.E. (pH 9.3) of phospholipid

methylation for S-adenosyl-L-methionine was of the same order of

magnitude in sheep and rat liver microsomal fractions, being 2O.9 !
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Figure 4.4: Phosohol-ioid methvlation in sheep and rat liver
microsomal fracEions as a function of
.S-adenosvl-L-methionine con cent.ration

Livers were collected and the microsomal fractions
prepared as described in Sections 4.2.2 and 4.2.3.
Phospholipid methylation in liver microsomal

fractions was assayed in duplicate as described

in Section 4.2.5 using S-adenosyl-L-methionine con-
centrations of 5-400 UM in the incubation medium.

Microsomal protein was determined in duplicate as

described in Sectior 4.2.4, The data points are

for one animal of each species. Kinetic parameter

estimates for each species were calculated using

the iteraEive Gauss-Newton method Èo provide a least-
squares fit of the data directly to the non-linear
form of the Michaelis-Menten equation (Cleland, 1967).
The analyses v/ere conducted on a Hewlett-Packard

9825A computer (HewletE-Packard Co., Fort Collins,
Colorado, U.S.A. ).

Key to the figure:

a = sheep liver microsomal fraction

Apparent Km t S.E. (pH 9.3) : 2O.9 ! 4.1 ¡rM.

Vmax t S.E. (pH 9.3) = 19.2 t O.8 pmol tlaCl

methyl groups incorporated into phospholipids/

mg protein/nrin.

o = rat liver microsomal fraction

Apparent Km t S.E. (pH 9.3) = L6.4 ! 3.5 UM.

Vmax t S.E, (pH 9.3) = 72.1 t 3.1 pmol tlaCl

methyl groups incorporaÈed into phospholipids/

mg protein/min.
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4.1 and 16,4 ! 3.5pM respectively. Apparent Km values of 100

18.2 and 67pl'f for S-adenosyl-L-methionine have previously been re-

ported for the overall conversion of phosphatidylethanolamine to

phosphatidylcholine in rat liver microsomes (Bremer & Greenberg,

I96Li Hoffman & Cornatzer, 1981; Sastry et a7., 1981). Audubert

& Vance (1983) reported that the apparent Km for S-adenosyl-L-

methionine for the conversion of phosphatidylethanolamine to

phosphatidyl-N-monomethylethanolamine was 5BpM, phosphatidyl-N-

monomethylethanolamine to phosphatidyl-JV, N-dimethylethanolamine was

65pM, and phosphatidyl-N, N-dimethylethanolamine was 96pM in rat

liver microsomes. The observed Km value of phospholipid methyla-

tion for S-adenosyl-L-methionine is obviously dependent on the

purity of this substrate, the microsomal preparation and other con-

ditions used in the assay. An S-adenosyl-L-methionine .on..ntru-

Eion of 200irM was used in Ehe assay of phospholipid methylation in

the microsomal fraction of various sheep and rat tissues to ensure

a saturating level of this substrate.

4.3.7 Influence of S-adenosyl-L-homocysteine on

phospholipid methylalion in sheep and rat

tissue microsomal fractions

Figure 4.5 shows that the overall conversion of phosphatidyl-

ethanolamine to phosphatidylcholine-in sheep and rat liver microsomal

fractions was decreased by the addition of S-adenosyl-L-homocysteine,

a known competitive inhibitor of the methylation pathway (Hirata eÊ

aI.,1978; Schneider & Vance, L979; Schanche eË al.,1981;

Hoffman et a7.t 1981b). The concentration of S-adenosyl-L-

homocysEeine required for half-maximal inhibition of phospholipid
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Figure 4.5: Effect of S-adenosyl-L-homocysteine on phospho-
]- Eh 1ivd lation i sh an

microsomal fract.ions

Livers were collected and Ehe microsomal fractÍons

prepared as described in Sections 4.2.2 and 4.2.3.

Phospholipid methylation in liver microsornal

fractions vras assayed in duplicate as descrÍbed

in Section 4.2.5 with S-adenosyi-L-homocysteine

concentrations of 0-200U1'1 included in the incuba-

tion nredium. Microsomal proEein was determined

in duplicate as described in Section 4.2.4.

The data points are for.one animal of.each species.

, One hundred percent phospholipid methylation

corresponds to 16.8 and 63.8 pmol t14C] methyl

groups incorporated into phospholipids/mg protein/

min for sheep and rat liver nicrosomal fractions

respectively. The concentraEion of S-adenosyl-L-

homocysteine at which 502 inhibition of phospho-

lipid meihylation occurs ([I]SOZ) in the presence

of 200UM S-adenosyl-L-methionine at pH 9.3 was

read directly from the curve for each species.

Key to the figure:
o = sheep liver microsomal fraction. II]SOZ - 26uM

o = rat liver microsomal fraction. [I]SO% - 45pM
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methylation (in the presence of 200Ull-S-adenosyl-L-methionine at

pH 9.3) was approximately 26 and 45¡rM for sheep and raE liver micro-

somal fractions respectively. These observations provided further

evidence that the assay used for the determination of phospholipid

methylation in the microsomal fraction of various tissues was

reliab1e.

4.3. B Comoarison of ohosoholioid methvlation in

sheep and rat tissue microsontal fractions

The overall methylatj-on of endogenous phosphatidylethanolamine

to phosphaticlylchollne in the microsomal fraction of various sheep

and rat tissues is presented in Table 4.2, In rats phospholipiC

methylation v/as many times higher in the microsomal fraction of the

liver than in the microsomal fraction of extrahepatic tissues.

Phospholi-pid methylation was slight in rat kidney, lung and stomach

microsomal fractions and negligible in rat skeletal muscle, heart,

brain, smal1 intestine and large intestine microsomal fractions.

The inner epithelial microsomal fraction of the rat stomach, sma11

intestine and large intestine had approximately the same capacity

to synthesize phosphatidylcholine as that of the entire r,¡a11 of these

regions. The distribution of phospholipid methylation in raE

tissues observed here is in agreement with the findings of others

(Bremer & Greenberg, 196I:- Bjdrnstad & Bremer , 1966; Skurdal &

Cornatzer , Lg75; Vance & De Kruijff, 1980). In sheep the methyla-

tion of phosphatidylethanolamine to phosphatidylcholine was highest

ín the microsomal fraction of the liver, but was also appreciable

in the microsomal fraction of most extrahepatic tissues. Phospho-

lipid methylation v/as substantial in the microsomal fraction of
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1i id meEh n in Ehe microsoma f on of various
S pandr at tissues

Tissues were collected and the microsomal fract.ions prepared
as described in Sections 4.2.2 and 4.2.3. Phospholipid
methylation in t,issue microsomal fractjo¡¡e wâs assayed in
duplica¡e as described in Section 4.2.5. Microsomal protein
was determined in duplicate as described in SecEion 4.2.4.
The values shown are means t S.E.M. for three animals of each
species. The significance of the difference between
corresponding sheep and rat tissue microsomalfractions, as
determined by Studentrs È test, is indicated. Abbreviations
used: N.S. = not significant; N.D. = oot detectable;

= not determined.

(pmol rlacr,,",nll"ll::l:'il.::;:iii:åilg p,or"in/min)

Tissue Sheep Rat Significance

Liver
Kidney

Skeletal muscle
(M.biceps femoris)
Heart

Lung

Brain
Abomasum or stomach

Small intestine
Large intestine
Rumen

Pancreas

Lymph node

Bone marrow

Adrenal gland

Salivary gland

Spleen

Inferior vena cava

17 .2!I.O
3.4f0.3

6t+.0!2.7

1 . 5r0.5
P<0.001

P<0.01

P<0.01

P<o,o2

N. S.

N.S.

P<0.01

P<0.05

0.910. 1

1.4+0.1
4.0+0.3

1 .1r0.6
1 .4r0.6+s

2.7+0.3rÉ*

2. 1+0. 1*

2.6!0.2x
2.3r0.3
2.3!O.2
N.D.

2.0r0.6
2.3!O.4

I .8f0. 1

N.D.

N.D.

o.4to.2
I .4+0.3

0.810.3

I .0+0.2x'

0.3r0. 2*'

0.8r0. 3*

* Value is for the whole tissue wall and is similar for the inner
eoithelíum.oo Vålu" is for the whole duodenal wall and is similar for the whole

¡ãjùrrf and ileal wal-ls. The inner epithelium of the regions of
ihã smatt intæLine also had an equivalent value'
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sheep lung and kidney and particularly important in that of skeletal

muscle and various regions of the alimentary tract if the total

tissue mass is considered. Phosphatidylcholine synthesis was

similar inthe microsomal fraction of the duodenum, jejunurn and ileum

of the sheep smal1 intestine. The inner epithelial microsomal

fraction of various alirnentary tract regions had Che same capacity

.for phospholipid methylation as that of the entire tissue wall. The

microsomal fraction of sheep spleen, salivary gland, adrenal gland,

lymph nodes, pancreas, brain and heart al1 showed reasonable ability

to synthesize phosphatidylcholine in contrast to that of sheep bone

marrow and inferior vena cava.

The methylation of phosphatidylethanolamine to phosphatidyl-

choline v/as approxirnately 4 fold higher in the liver microsomal

fraction of rats as compared to that of sheep (Table 4.2). Phospha-

Eidylcholine synthesis by the methylation pathway was previously

found to be higher in rat liver compared to sheep liver (Bremer &

Greenberg, 1961; Neil1 & Dawson, 1977; ilenderson, 1-9781, Nei1l et

a7., 1979). Sheep kidney, skeletal muscle, heart, lung, sma1l in-

testine and large intestine microsomal fractions showed signi-ficantly

higher phospholipid methylation Lhan the corresponding rat extra-

hepatic tissue microsomal fractions (Tabfe 4.2) . Phosphati-dyl-

choline synthesis by the methylation pathl^/ay h¡as previously found to

be higher in the sma11 intestine of sheep than of rats (R.l"f.C. Dawson,

personal communication). Table 4.2 índrcates that phospholipid

methylation v/as similar in brain and stornach (abomasum) microsomal

fractions of sheep and rats.
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4.4 Discussion

In this Chapter the capacity of corresPonding sheep and rat

tissues to synthesize choline was determined in vitro by measuring

the overall methylation of endogenous phosphatidyletharrolamine to

phosphatidylcholine in tissue microsomal fractions using S-adenosyl-

L-lnethyT-f4C] methionine as the methyl donor. The microsomal

fraction of tissues vias used because it was found to be the princi-

ple intracellular site of phospholipid methylation and offered

greater sensitivity and more economic use of labelled substrate than

tissue slices, homogenates, isolated cells or whole animal studies.

Hirata R' Axelrod (f980) claim that the conversion of phosphatidyl-

ethanolamine to phosphatidylcholine in animal tissues involves t\^/o

phosphatidylethanolamine rnethyltransferase enzymes but this has been

severely questioned by some workerå (Schneider & Vance, LgTg; Vance

et a7., 1982; Mato & Alemany, 1983; Audubert & Vance, 1983;

Pajares et a7., f984; Mato et a1., 1984). It was therefore perti-

nent in the present in vitro study to assay the overall methylation

reacti.on rather than the specific enzymes which may or may not be

involved. Phospholipid methylation in the microsomal fraction of

various sheep and rat tissues v"as assayed at near optimum pH using a

saturating level of S-adenosyl-L-[m etnyl--l4C] methionine and was

linear with incubation time and microsomal protein and inhibited by

S-adenosyl-L-homocysteine. Phosphatidylcholine was the major

phospholipid product and radioacEivity was exclusively associated

r,¡ith the choline moiety.

The results indicate that respective tissues of sheep and rats

have markedly different capacities to synthesize choline by the
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methylation of phosphatidylethanolamine to phosphatidylcholine. In

sheep the liver is an important site of choline synthesis but most

extrahepatic tissues also have appreciable capacity to synthesize

choline. In rats the exErahepatic tissues have negligible capacity

to synthesize choline and the liver is clearly the main organ of

synthesis. Sheep liver is less effective at synthesizing choline

than rat liver, however most sheep extrahepatic tissues have a

higher capacity for choline synthesis than those of rats. Choline

synthesís by the methylation pathway is particularly significant in

sheep skeletal muscle and regions of the alimentary tract on the

basis of total tissue mass but this is not so in the corresponding

rat tissues. Presumably the substantial choline synthesis in sheep

extrahepatic tissues in addition to the liver is sufficient to

maintain the balance of the endogenous choline body pool of sheep.

Conversely in rats the choline requirements of the body musË be

maintained by hepatic synthssis and supplemented by the dietary supply

of choline. Aliev et a7. (1980) reportud that acetate is an

important source for choline synthesis in various sheep tissues,

but preliminary investigations found this not to be the case

(G.-P. Xue, B.S. Robinson & A.M. Snoswell, unpublished results).

Similar to choline synthesis, the hydroxylation of y-butyrobetaine

to carnitine occurs in skeletal muscle, heart, liver and kidney of

sheep but is confined to the liver of rats (Erfle, L975; Costa,

1977), and emphasizes the existence of species differences in the

site of biosynthesis of metabolites.

In Chapcer 3 it was shown in conscious chronically catheterized

sheep that there is significant production of plasma unesterified
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choline by the alimentary Eract. and upper- and lower-body regions

drained by the venae cavae which is mainly supplied by skeletal

muscle with minor contributions by brain and heart. It was

suggested Ehat the source of the unesterified choline was phosphatidyl-

choline synthesized by the methylation pathway in these tissues that

is hydrolysed by phospholì_pases or undergoes base-exchange. The

confirmation that the sheep alimentary tract and skeletal muscle are

capable of substantial de novo choline synthesis in the present work

nakes this hypothesis more conceivable. Blusztajn et a1. G979)

and Blusztajn & \r/urtman (198f) reported that rat brain synaptosomal

preparations can liberate unesterified choline from the phosphatidyl-

choline that is generated by the methylation of phosphatidylethanol-

amine, which is consistent k/iEh observations that there is a net

efflux of unesterified choline from rat brain (Dross & Kewitz, 1972;

Choi et aJ., 1975; Spanner et a7., L976). Blusztajn & \¡lurtman

(1981) suggested that there may exist specific physical domains of

phospholipids within synaptosomal membranes, such that the phospha-

tidylethanolamine methylation and phosphatidylcholine degradation

occur j-n the same domain. There appears to be several phosphatidyl-

choline pools in rat brain synaptosomes: one with a half-life of 2

days, one with a half-life of 52.5 days (Pasquini et a7.t 1973) and

another which turns over much more rapidly that is formed by the

methylation pathway (Blusztajn & Lturtman, 1981). Zeisel (1985)

concluded that phospholipase A activity is the primary initiator of

choline release from phosphatidylcholine in rat brain membranes.

Similar phenomena may well exist in the microsomal fraction of sheep

extrahepatic tissues that produce plasma unesterified choline. This

ímportant point obviously requires further invesEigation. In
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Chapter 3 it was shown that the lower-body region drained by the

inferior vena cava of rats does not produce plasma unesterified

choline in contrast to sheep which probably reflects the inability

of rat skeletal muscle to synthesize choline by the methylation

pathway

RecenE in vivo experiments using intravenously and intra-

muscularly administered tlaC] ethanolarnine suggested that sheep

skeletal muscle is not a major site of choline synthesis by the

methylation of phosphatidylethanolamine to phosphatidylcholine

(R.M.C. Dawson, personal communication). This is difficult to

reconcile with the observatiorrs rêpLrr ced here that sheep skeletal

muscle produces substantial amounts of plasma unesterified choline

in the whole animal and that sheep skeletal muscle microsomes have

the ability to synthesize phosphatidylcholj-ne from endogenous phospha-

tidylethanolamine in vitro using S-adenosyL-L-lmethyl-I4Cl

methionine as the methyl donor. A sirnilar discrepancy exists in

the literature for choli-ne synthesis in mammalian brain. Anse11

(1973) and Freeman & Jenden (1976) concluded that the brain is unable

to synthesize choline in vivo on the basis of evidence that it fails

to convert intraventricularly administered tlaC] ethanolamine to the

choline moiety of phosphatidylcholine, and that the fatty acid com-

position of rat brain phosphatidyle.thanolamine differs significantly

from thaL of phosphatidylcholine. However, there are reports that

there is a net efflux of choline from the brain (Dross & Kewitz,

1972; Aquilonius et a7., 1975; Choi et a-l., 1975; Spanner et a7.,

I976) and recent in vitro evidence that brain membranes can methylate

endogenous phosphatidylethanolamj-ne to phosphatidylcholine using
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labelled S-adenosyl-L-methionine as the methyl donor (Blusztajn et

a7., 1979; Vlozz:_ & Porcellati, L979; Crews et a7.' 1980a;

Blusztajn & l'/urtman, 1981; Fonlup| et a7., 1981). Blusztajn et

a7. (L979) suggested that since no data are available concerning the

metabolic heterogeneity of brain phosphatidylethanolamine, it is

possible that a small phosphatidylethanolamine pool exists which is

not formed from free ethanolamine but nevertheless does constitute

a substrate for methyl-ation to phosphatidylcholine. As referred

to previously, Blusztajn & l,/urtman (198f) subsequently demonstrated

that brain synaptosomes contain a phosphatidylcholine pool synthe-

sized by the methylation of phosphatidylethanolamine that turns over

to free choline much more rapidly than two other phosphaEidylcholine

pools. There is evidence that the phosphatidylethanolamine

involved in the synthesis of phosphatidylcholine and free choline in

brain synaptosomes is derived by the decarboxylation of phosphatidyl-

serine which is formed from free serine by a base-exchange pathway

(Blusztajn & l,/urtman, 1983). Further studies may reveal that this

process also exists in the microsomal fraction of sheep skeletal

muscle, brain and hearE which would explain the failure of in vivo

experiments involving tlaC] ethanolamine to detect choline synthesis

by.the methylation pathway in these tissues.

Methionine is the first limiting amino acid in the nutriEion of

sheep (Chalupa, L972; Barry et a7., L973; Schelling et a7.¡ 1973)

and its availability for transmethylation reactions is likely to be

limited. The synthesis of choline by the methylation of phosphatidyl-

ethanolamine to phosphatidylcholine in the sheep liver and extrahepatic

tissues would constitute a substantial drain on available tissue
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methionine via the methyl group donor S-adenosyl-L-methionine.

Dawson et a7. (1981) calculated that the sheep must synthesize

approximately 17.3 mmol of choline per day in order to maintain

the endogenous choline body pool which would use about 52 mmol of

methionine per day. The absorption of dietary methionine by the

small intes¡ine of sheep is no rnore than 13 mmol per day (Egan &

Macrae , 1979) and is much less than the rneLhionine required daily

for choline synthesis plus the other reactions in body tissues.

Presumably the tissue methionine is adequately replenished in the

normal metabolic state through the transfer of a methyl group from

5-methyltetrahydrofolate Eo homocysteine by methyl B12 (methfl-

cobalamin) dependent 5-methyltetrahydrofolate-homocysteine methyl-

transferase and the Eransfer of a methyl group from betaine to

homocysteine by betaine-homocysteine methyltransferase. Xue &

Snoswell (1985) recently found that the total body capacity of

betaine-homocysteine methyltransferase for methionine synthesis in

sheep is much lower than that in rats on a body weight basis.

However Ehe total body capacity for methionine synthesis by 5-

methyltetrahydrofolate-homocysteine methyltransferase i-n sheep is

considerably greater than that for rats. In sheep 5-methyltetra-

hydrofolate-homocysteine methyltransferase plays a significant role

in hepatic methionine recycling along wiEh betaine-homocysteine

methyltransferase. In contrast, hepatic methionine recycling in

the rat is virtually dependent on betaine-homocysteine methyltrans-

ferase (Xue & Snoswell, 1985). Finkelstein et a7. (1982) and

Barak & Tuma (1983) recently reported the important funcgion of

betaine-homocysteine methyltransferase for methionine synthesis in

rat liver. Since sheep receive negligible amounts of dietary choline
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(Neill et a7., 1979; Dawson et a7., 1981; results in Chapter 2)

and betaine (Mitchell eË af., 1979) and the endogenous choline pool

is conserved by slow oxidation to betaine via choline oxidase (Neill

et a1., L979; Dawson et a7.,1981), it is not surprising that

betaine-homocysteine methylEransferase plays a minor role in

methionine synthesis compared to 5-methyltetrahydrofolate-homocysteine

methyltransferase. Presumably the methyl group of 5-methyltetra-

hydrofolate is derived from one-carbon sources such as formate,

formaldehyde, serine, glycine and histidine through tetrahydrofolate

intermediaries which are knorvn to exist in sheep (0sborne-\,rihite &

Smith, 1973; Gawthorne & Smith, L973). In contrast, the i-mportant

role of betaine-homocysteine methyltransferase for tissue methionine

synthesis in rats is consistent with the high oxidation of choline

to betaine (Sidransky & Farber, 1960; Neil1 et a7., 1979; Dawson

et a7.¡ 1981) and the high dietary choline (and betaine) requirement

of this species (Lucas & Ridout, L967).
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CHAPTER 5

THE RETENT] ON AND REUT]L]ZATION OF BILE CHOLINE

IN SHEEP

5.1 Introduction

The data of Adams & Heath (1963) and Noble (1978) together

with the results in Chapter 2 showed that sheep secrete 11-17 mmol

of lipid choline per day (mainly as phosphatidylcholine) into the

intestinal lunien through bile which originates in the 1iver. This

quantity of lipid choline exported in bile rePresents approximately

757" of the total lipid choline conter-'- of sheep liver (calculated

from the data in Chapter 3), and rapid replacement would be required

to maintain steady-state conditions. Sheep derive about 0.1 mmol

of dietary choline per day (Nei-ll et a7., 1979; Dawson et a7.¡

1981; results in Chapter 2) which would make a negligible contri-

bution to the high daily secretion rate of bile phosphatidylcholine.

l.'he sheep liver can synthesize about 5 mmol' of phosphatldylchoLine/

day by the methylation of phosphatidylethanolamine (Neill et a7. ¡

1979) and even if the majority was used for bile secretion Ehis would

be inadequate. In addition, Balint et a7. (1967) and Treble et a7.

(1970) demonstrated in rat liver that phosphatidyicholine destined

for bile is preferentially synthesiz_ed from unesterified choline via

the CDP-choline and base-exchange pathways, rather than by the

methylation pathway. The study of the uptake and output of various

forms of choline by organs of the conscious chronically caEheterized

sheep in Chapter 3 showed there was significant production of plasma

unesterified choline by the alimentary tract which was approximately
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balanced by the plasma unesterified choline taken up by the liver,

and in addition was almost equal to the amount of choline secreted

in bile. Collectively the results implied that the sheep must have

the capacity for extensive retention and recycling of bile choline

in order to mainÈain the daily raEe of secretion in bile and the

balance of t.he endogenous choline pool. The work in this Chapter

investigated this possibility and involved measuring the amounts of

physiologically infused radioactively-labelled choline compounds

incorporated into the bile lipid choline of a surgically prepared

sheep. Care was taken to sustain the enterohepatic circulation of

bile constituents to maintain favourable conditions for bile lipid

choline synthesis and secretion by the liver. The results obtained

for the sheep are discussed in relaEion to those previously reported

for non-ruminant species

5 2 Methods and l4aterials

5.2.I Arimals

A Merino ewe (Ovis aries) obtained from the flock of The Waite

Agricultural Research Institute, The Universi-ty of Adelaide, approxi-

mately 2 years old and vreighing 35-40kg, \das acclimatised indoors in

a metabolism crate for at least I week. It was provided with chaffed

lucerne hay and water ad Tibitun. Prior to surgery the animal was

starved for 48h.

5.2.2 Sureical preparation and post-

operative treaLment of sheep

The sheep was surgically prepared rvith:

(a) a portal vein catheter for the infusion of [3U] un-
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esterified choline.;

(b) a duodenal catheter for the infusion of [3n] fipi¿

choline bile and the infusion of unlabelled bile in

order to replace bile salts and bile choline during

continuous bile collection;

(c) a gallbladder catheter and ligated bile duct for Èhe

collection of [3U] Uife as it was produced by the liver.

Surgery was performed aseptically under general anaesthesia

induced with intravenous sodium pentobarbitone (25ng/kg body wt.)

and, after endotracheal intubaEion with a cuffed Magill tube, rnain-

tained with a mixture of 0.5 - 27" cyclopropane and balance oxygen

using a closed-circuit anaesthetic apparatus (The Medishield Division

of The Commonwealth Industrial Gases Ltd., Ad'elaide, S.Aust.,

Australia).

The sheep was placed on its left side and the right flank shaved

and sterilízed with a benzalkonium chloride antiseptic solution. A

paracostal incision r{as made 4-5cm behind the last rib and extending

from the sternum to the midflank region. The common bile duct was

exposed and ligated between the points of entry of the pancreatic

and cystic ducts. A silicone rubber tube (1.98mm i.d., 3.18mm o.d.

and lm in length; ttSilasticr', Dow Cøning Corporation Medical

Products, Midland, Mich., U.S.A.) with a side-hole near the tip was

inserted about 5cm into the lumen of the gallbladder through a sCab

incision in the blind-end wa1l (fundus) and secured with a purse-

string suture (medium 0.3mm I'VeLafil Bengentt synthetic suture, l4essrs.

A.E. Stansen ancl Co., Pty. Ltd., Mt. WaverleY, Vi9., Australia).
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A loop of small intestine was exposed and a silicone rubber

tube (0.635mm i.d., l.l9mrn o.d. and lm in length) was inserted

about 10cm Ehrough a stab incision into a small mesenteric tributary

of the portal vein and retained in place with a double knot. The

length of the portal vein catheter v¡as cuffed with a polyethylene

tube (1.5mm i.d. and 2.5mm o.d.; ttSterivac Cannula", Allen and

Hanburys Ltd., London, U.K.) to prevent it from kinking inside Ehe

abdominal cavity.

The duodenum h¡as catheterized about 10cm from the pylorus of

the abomasurn using a sirnilar silicone rubber tube and technique as

for th¡ gallbladder.

All catheter tubing hras sterilized for at least th in a

benzalkonium chloride antiseptic solution and rinsed in a sterile 0.92

(w/v) sodium chloride solution containing 50 units of heparin/ml and

3,000 units of procaine penicillin/m1 before insertion into re-

spective sites. The free ends of the catheters vrere exteriorized

through stab incisions in the right flank wa1l and sutured to the

skin and the abdominal wound was closed in layers using plain 4-0

surgical gut (Davis and Geck American Cyanamid Company, New York.,

u.s.A. ).

The surgery was compleEed in 2h and on recovery the sheep was

returned to iEs metabolism crate. The bile draining continuously

from Ehe gallbladder catheter v/as collected into a plasti-c bottle.

Bile was reEurned to the animal by infusing fresh sheep gallbladder

bile collected from the local abbacoils (Sout.h Australian Meat

Corporation, Gepps Cross, S.Aust., AustraLía) via the duodenal

catheter at a physiological rate of 35m1/h using a peristaltic pump
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(Gilson Minipuls 2, Villiers, Le Bel, France). The infused gall-

bladder bile had a bile salt concentration of. 1.49 pmol /ml and

contained 16.1 umol /nI of lipid choline and a negligible amount of

water-soluble choline. Thus the sheep duodenum received 13.5 mmol

of bile lipid choline and 125 mmol of bile salts per day which

were physiological levels. Replacement bile was stored as 250m1

aliquots at -15"C and warmed to room temperature prior to duodenal

infusion.

Post-operative care included a 3 day course of procaine peni-

cillin and the application of antiseptic crèam to the skin around

the points of entry of the catheters r:o minimize infection. The

portal vein catheter was kept patent by flushing twice each day wit.h

a sterile isotonic saline solution containing 50 units of heparin/ml

and 3,000 units of procaine penicillin/ml. The positions of the

three catheters were checked by post-mortem examination and in all

cases were found to be correct. The sheep was allowed to stabilize

on fu1l feeo intake and replacement bile for 3 days post-operatively

before the infusion of [3U] .t otine compounds and subsequent

collection of bile samples. The surgically prepared sheep remained

functional for 30 days and is shown in Figure 5.1.

5.2.3 Portal vein infusion of [3H] un"rterified

choline and collection. of bile samples

c
lnethyl-rH] choline chloride and unlabelled carrier (2mCi;

47UCi/Umol ) tn 22.5m1 of sterile isotonic saline adjusted Eo pH 7.4

was infused into the sheep via Ehe portal vein catheter at a constant

rate of 0.375m1/min over th using a syringe pump (8. Braun, Appar:ate-

bau melsungen, l'lest Germany). The absolute amount of choline chloride
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Figure 5.1: The sursically Þrepared sheeo used for Ehe studv

of retention and reutil ization of bile choline

The sheep was fitted with portal vein, duodenal

and gallbladèr catheters and naintained as

described in Sections 5.2.1 and 5.2.2.





166

infused over the th period was only 5% of the portal vein return of

plasma unesterified choline in sheep (calculated from the data in

Chapter 3) to ensure Ehat physiological levels were taken up by the

liver. Bile was collected continuously at various intervals for a

total period of 120h (5 days), immediately the portal vein infusion

commenced. Thereafter spot-samples of bile were collected for

analysis every 12h for 12 days. Bile samples were collected from

the gallbladder catheter by gravi-ty drainage into plastic bottles

on ice and stored at -15"C until analysed. The duodenal infusion

of replacement bile was continued throughout the entire experimental

procedure to sustain the enterohepatic circulation of bile choline

and bile salts to promote normal bile production by the liver.

5.2.4 Duodenal infusion of [3ttl tipld choline

bile and collection of -bile samples

[3tt] ¡if" samples collected from the sheep 1-4h after the

portal vein infusion of [3H] un""terified choline had the highest

specific radioactivity and fractions were pooled to give a tocal

volume of 39m1. The pooled [3tt] U:-f" sample contained 12.3 Umol /ml

of lipid choline and a negligible amount of water-soluble choline and

a bile salt concentration of 43.9 Umol /m1. The total radioactivity

was 117UQ1 with a specific radioactivity of 24!VC¡/nnot of lipid

choline and 99Z" of uhe radioactivity was associated with phosphatidyl-

choline (determined by acid hydrolysis and thin-layer chromatography

as described in Section 5.2.5.3). fne [3U] lipid choline was

specifically of bile origin which has'a different fatty acid com-

position than lipid cholÍne from other sources and is solubilized in

micelles with bile salts and lipids (Christie, 1978).
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The [3H1 fi-p:-a choline bile sample was physiologically reinfused

into the sheep via the duodenal catheter at a constant rate of

O.650ml/min over th using a peristaltic pump (Gllson Minipuls 2,

Villiers, Le Bel, France) 17 days after the portal vein infusion
.)

of ['H] unesterified choline. Bile samples were collected contin-

uously at various intervals from the gallbladder catheter by

gravity drainage into plastic bottles on ice and stored at -15"C

until analysed. Bile was collected during the th infusion period

and for a total of 120h (5 days). The infusion of replacement bile

into the duodenum of the sheep was maintained during the entire

experimental procedure to ensure physiological conditions for

hepatic bile synthesis.

5.2.5 Analysis of bile samples

5.2.5.1 Extrac tion of bile samoles

1.5m1 portions of bile samples (pH 6.5 - 7.0) were

acidified (pH 4.O - 4.5) with approximately 10¡11 of 5l"l-HCl.

Acidic bile (lml) was then extracted with 19ml of j-ce-cold

chloroform/methanoL (2=I, v/v) containing the antioxidant

2,6-di-tert-butyl-4-methylphenol (50mg/1) followed by 4ml of

distilled hracer in a 35m1 plastic centrifuge sample tube

(Kayline Plastics, Adelaide, S.Aust., Australia), essentially

by the method of Folch et a7. (1957). The extract was

shaken for 5min and then centrifuged at 1,0009 for l5min which

gave a 10ml water-solub1e phase and a 14m1 lipid phase.

5.2.5.2 Determination of bile choline

A lm1 portion of the lipid phase of extracted bile

samples containing lipid choline (choline phospholipids) was
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evaporated to dryness under N2 and hydrolysed to unesterified

choline with 3m1 of 6M-HC1 at 110oC for 24h in a sealed test

tube. The fraction was taken to dryness in vacuo at 30-40oC

and stored for at least l2h i,n a vacuum desiccator containing

KOH pellets to remove traces of acid. The - residue v/as re-

dissolved in 10mI of 5 mM-Tris/HCt buffer (pH 7.8) and assayed

for unesterified choline as described below.

A 7m1 portion of Uhe water-solub1e phase of extracted

bile samples (containing glycerophosphocholine, phosphocholine

and unesterifj-ed choline) was evaporated to dryness in vacuo

at 30-40"C and hydrolysed to unesterified choline with 3m1 of

3M-HC1 at I23"C for 24h in a sealed test tube. The fraction

was taken to dryness in vacuo and stored in a desiccator con-

taining KOH pellets. The residue was qedissolved in 250p1

of 5 mM-Tris/HCt buffer (pH 7.8) and transferred to a lml

stoppered plastic centrifuge tube (Eppendorf Gerätebau, Netheler and

Hinz G.m.b.H., Hamburg, Germany) and about 25mg of finely

ground charcoal added to reduce Ehe green pigmentation. The

fraction was shaken for 5min and centrifuged for 2min at 8,0009

in an Eppendorf microcentrifuge 3200 (Eppendorf Gerätebau,

Netheler and P,inz G.m.b.H., Hamburg, Germany)and assayed for

unesterified choline.

Unesterified choline in the bile fractions was assayed

by a modification of the spectrophotometric method described

by Takayama et a7. (L977) and Hise d Mansbach II (f983). A

colour reagent consisting of 3 units of choline oxidase, 6 units

of peroxidase and 3mg of 2,2t -azíno-di-(3-ethylbenzthiazoline
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sulfonic acid) in 3m1 of 50 mM-Tris/HC1 buffer (pH 7.8, con-

taining 29 Triton X -100/1) hras prepared just before use and

placed on ice. Colour reagent (75u1) was added to 275p1 of

5 mM-Tris/HCl buffer (pH 7.8) containing 0-5 nmol of bile

sample unesterified choline or standard choline chloride in 7mm

x 50mm plastic tubes (Disposable Products Pty. Ltd., Adelaide,

S.Aust., Australia) and incubated at room temperature for

60min. The incubation mixture (350U1) was immediately trans-

ferred to a 1ml semi-micro cuvette and the absorbance read at

420nm in a Zeiss PMQII spectrophotometer (Car1 Zeiss, Oberkocken,

Germany) against a blank containing no added choline. Time

related incubation studies showed that the colour intensity

was maximal at 60min and declined thereafter. The choline

chloride standard curve was linear over the 0-5 nmol range'

and 1 nmol of choline chloride had an absorbance at 420nm of

0.252 t 0.006 units (mean t S.E.Ì'I. of 8 curves). A standard

curve hras prepared for every batch ,¡f samples assayed.

5.2.5.3 Determination of bile radioactivitv

The general recommendations of Peng (1977) for sample

preparation and quench correction in liquid scintillation

counting v/ere followed.

The radioacEivity in all bile fractions was determined

using a toluene/Triton X -100 scintillation fluid [79 of

2,5-diphenyloxazole and 0.39 of 1,4-bis-(4-methyl-5-phenyl-2-

oxazolyl) benzene per litre of toluene and Triton X -100 (2:1,

v/v)\ and counting for lOmin in a Packard TRI-CARB 460 CD

liquid scintillation system (Packard Instrument Co. Inc.,
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Downers Grove , 11 . , U. S. A. ) set rvith external standardization

and automatic efficiency control to correct for quenching.

lrlhole bì-le samples (200u1) v/ere mixed with 300U1 of

distilted water and 4m1 of scintillation fluid in polyethylene

scintillation vials (Packard Instrument Co. Inc. , Downers

Grove, Il., U.S.A.) and the radioactivity measured' The

radioactivity was detcmined in the water-soluble and lipid

phases of extracted bile samples afEer lml portions hlere eva-

porated to dryness at SOoC for th in scintillation vials and

the residues taken up in 4m1 of scintillation fluid respectively'

The radioactivity associaEed with each type of choline-

containing phospholipid in Ehe bile lipid phase was measured

as follor,¡s: A 2m1 portion of the radioactive lipid phase was

dried in lots under N2 in a lml plastic centrifuge tube and the

residue redissolved in lOQUl of chloroforrn. A 20Ul aliquot 6f

the extract along with 10pg of choline-containing phospholipid

standards (phosphatidylcholine, lysophosphatidylcholine and

sphingomyelin) were applied to a o.2mm x 20cm x 20cm pre-coated

silica gel 60 thin-layer chromatography plate (8. l"ferck,

Darmstadt, Germany) that had previously been chromatographically

washed hrith diethyl ether. The plate was first developed in the

solvent chloroform/methanol (9:1, v/v) to move pigments and

neutral lipicls to the top and, after air-drying, developed in

the solvent chloroform/methanoLf acetic acid/waLer (252L5t422,

by vol.) in the same direction.to separate phospholipids. The

phosphatidylcholine, lysophosphatidylcholine and sphíngomyelin

strips were located with 12 vapour, scraped off, and extracted
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with 3m1 of chloroform/methanol (1:1, v/v) respectively. A

lml portion of each radioactive exÈract hras evaporated to

dryness in a scintillation vial and then taken up in 4ml of

scintillation fluid and counted.

In some cases, a 1-2m1 portion of the phosphatidyl-

choline extract was dried and the residue hydrolysed with 3ml

of 6M-HC1 at 110"C for 24h in a sealed test tube. The

fraction was then dried in vacuo and redissolvecl in 3m1 of

distilled water and extracted 3 times vrith lml of diethyl ether.

The radioactivity of the water-soluble phase (containing un-

esterified choline, glycerol and inorganic phosphate) and th:

combined ether phases (containing free fatty acids) were

determined. A concentrated portion of the water-solub1e phase

and 20pg of choline chloride standard were applied on a silica

gel 60 thin-layer chromatography plaEe (E. Merck, Darmstadt,

Germany) which was developed in the solvent methanol/acetone/

llM-HCl (45:522, by vol.). The choline spot was detected with

12 vapour, scraped off, and eluted with 3ml of methanol. A

2m1 portion was evaporated in a scintillation vial and Èhen

counted in 4m1 of scintillation fluid. This showed if bile

[3U] ra¿ioactivity r^¡as associated specifically with the choline

portion of the phospholi-pid molecule.

The radioactivity in aliquots of bile samples collected

after the infusion of [3H] un""terified choline was fitted to

an exponential curve wiEh respecc to time and extrapolated over

the period of bile collection after the infusion of [3n] fipi¿

choline bile. This allowed the residual bile radioactivity
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from the initial infusion to be subtracted from the radio-

activity in aliquots of bile samples collected at various

intervals after the infusion of [3U1 fipid choline bi1e.

5.2.5.4 Determination of bile salts

Total bile salt concentration in bile samples was

neasured essentially by the spectrophotometric method described

by Talalay (1960). Bile samples vrere prepared for analysis

by diluting 10-50p1 of whole bile to a final volume of 1ml

with methanol. The reaction mixture contained 33 ml"l-sodium

pyrophosphate buffer (pH 9.5), 0.33M-hydrazine sulphate (pH 9.5),

U.33 mM-ß-NAD, 30U1 of methanolic bile and 0.2 units of 3u-

hydroxysteroid dehydrogenase (in 10 mM-potassiurn phosphate

buffer, pH 7.2) in a final.¡olume of 1m1. The reaction mixture

containing 30p1 of meEhanol instead of methanolic bile was used

as a blank. The reaction was started by the addition of

enzyrne and the change in absorbance at 340nm continuously

nonitored in semi-micro cuvettes using a Zeiss PMQII spectro-

photometer fitted wíth an automatic sample changer and trans-

mittance extinction converter (TE) (Carl Zeiss, Oberkocken,

Germany) connected Eo a Rikadenki model 816 chart recorder

(Rikadenki Kogyo Co. Ltd., Tokyo, Japan). The instrument was

fitted with a Eemperature-controlled cuvette-holder and the

temperature was maintained at 25oC. The reaction reached

completion after approximately 20min.

5.2.6 Chemicals

lAe*yt-3Hl choline chloride (specific radioactivity 78 Ci/mmol
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and radiochemical purity 977" v¡as purchased from Amersham Australia

Pty. Ltd., Sydney, N.S.hl., Australia. Choline chloride (3x cry-

stallized), L-o-phosphatidylcholine (type V-E, from egg yolk), L-o-

lysophosphatidylcholine (type I, from egg yolk), sphingornyelin

(from bovine brain), 2r2r-azino-di-(3-eEhylbenzthiazoline sulfonic

acid) (crystalline diammonium salt), 2,5-díphenyloxazole, 1,4-bis-

(4-methyl-5-phenyl-2-oxazolyl) benzene, ß-NAD (grade III, from yeast),

choline oxidase (from ATcaTigenes sp.), peroxidase (type I, from

horseradish) and hydroxysteroid dehydrogenase (grade II, from

Pseudononas testosteroni cells, containing both o and $ enzyme

activities) were from Sigma Chemical Co., St. Louis, Mo.' U.S.A.

Other chemicals were obtained as follows i 2,6-di-tert-buty1-4-

methylphenol from Calbiochem, Los Angeles, Ca1if., U.S.A.; hydrazine

sulphate from Hopkin and l^lilliams, Ltd., London, U.K.; O.9i( (w/v)

sodium chloride injection B.P. from Travenol Laboratories Pty. Ltd.'

Sydney, N.S.I4l., Australiai heparin sodium injection B.P. Imucous]

5,000 units/.nl from David Bull Laboratories Pty. Ltd., Ùlulgrave, Vic.,

Australia; sodium pentobarbitone(tNembutalt) from Ceva Chemicals

Australia Pty. Ltd., Hornsby, N.S.W., Australia; benzalkonium

chloride antiseptic solution ("Zephirarll) f rom lrlinthrop Laboratories,

Division of Sterling Pharmaceuticals Pty. Ltd., S.rdney, N.S.!ü.,

Australia; procaine penicillin ('Vetspen injectiont') from Glaxovet'

Division of Glaxo Australia Pty. Ltd., Boronia, Vic., Australia and

post-operative antiseptic cream (ltibitanett) f.o* ICI Australia

Operations Pty. Ltd., Pharmaceutical Division, Villawood, N.S.W-,

Australia. Other chemicals hrere reagent-grade or the best commerci-

ally available grade. Glass double-disEilled water was used

throughout this study.
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5.3 Results

5.3.1 Bile flow rates

The flow rates of bile over various collection intervals for

total periods of 120h after the sheep was infused consecutively via

the portal vein with [3H] unesterified choline and via the duodenum

with [3U1 fipia choline bile are shown in Figure 5.2. Bile pro-

duction fluctuated during the first 24h of collection and then

remained reasonably constant for both infusions. The mean t S.E.M.

bile flow rates were 60.0 t 1.64nI/h (15 x 8h collection periods) and

73.9 x 2.26n1/h (10 xl2h collection pcriods) aftcr thc portal vein

infusion of [3H] ,rrr""terified choline and duodenal infusion of [3ul

lipid choline bile respectively. The flow rates of bile collected

from the gallbladder l/ere about twice the physiological 35m1/h rate

of infusion of replacement bile into the duodenum of the animal.

Bile was collected from the gallbladder of the sheep almost immediately

it was produced by the liver and therefore would have had little time

to be concentrated. The bile flow rate values obtained here are

higher than those previously reported for sheep (Harrison, ,1962i

Adams & Heath, L963; Heath et a7.¡ I97O; Phillis, 7976; Noble,

1978) which is almost certainly due to differences in Èhe methods of

bile collection from various regions of the bile tract maintaining

the enterohepatic circulation of bile constituents and feeding.

5.3.2 Bile lipid choline secretion rates

Figure 5.3 shows the bile lipid choline secretion rates over

various bile collection intervals for total periods of 120h after

the sheep hras consecutively given a portal vein irifusion of [3H]

unesterified choline and a duodenal infusion of [3U¡ fipiO choline
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Figure 5.2: Bile flow rates of sheep after consecutive infusions

oe [3gl unesterifíed choline and [3Ul fipid choline

bile

The sheep was consecutively infused via the portal

vein with [3HJ un""terified choline and yia the

' duodenum wittr [3tt] lipid choline bÍle and bile

samples collected as descrlbed in Sections 5.2.3

and,5.2.4.

Key to the figure:

r r = portal vein infusíon of [3H] unesterí-

fied choline.

.-----. = duodenal infusion of [3n] lipid choline

bile.
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Figure 5.3: Bile l-ípid choline secreÈion rates of sheep after

consecutive infLrqipllq ql I3HI unesterified choline

and [3ul ripid choline bile

The sheep was consecuEively infused via the portal

vein with [3H] un""terified choline and via the

duodenum wittr [3tt] lipid choline bile and bile

samples collected as described in Sections 5.2.3

and 5.2.4. Bile lipid choline was determined as

described Ín Section 5.2.5.2 and bile flow raÈes

are shown in Figure 5.2.

Key Èo the figure:

= portal vein infusion of [3H] unesteri-

fied choline.

o-----o = duodenal infusion oe [3g] lipid choline

bile.
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bi1e. Bile lipid choline outPut increased during Ehe first 24h oL

bile collection and then remained steady afEer the [3H] unes¡erified

choline infusion. Bile lipid choline producEion r¡tas reasonably

stable throughout the 120h bile collection period after infusion of

[3H] fipi.d chotine bi1e. The mean t S.E.M. bile lipid choline

secretion rates were 511 t 15.4 pmol /fr (fS x 8h collection periods)

and 526 t 18.3 ¡rmol /ft (tO x 12h collection periods) after infusion

of [3H] unesrerified choline and [3U] fipid choline bile respectively.

These values are consistent with the 13.5 mmol of lipid choline/day

infused into Ehe sheep duodenum in replacement bile and the levels

calculaEed from the results in Chapter 2 and the data of Adams &

Heath (1963) and Noble (1978) for sheep.

. The mean t S.E.M. bile lipid choline concentration was 8.53 t

0.L72 pmol /ml (15 x 8h collection periods) after infusion of [3U]

unesterified choline and 7.2I ! 0.418 Umol /ml (10 x l2h collection

periods) afrer infusion of [3n] fipid choline bile. The sheep bile

contained negligible amounts of water-soluble choline which is

comparable with the resulEs obtained in Chapter 2. The bile lipid

choline concentration values obtained here are about half those pre-

viously found for sheep (results in Chapter 2; Leat & Harrison,

L975i Christie, 1978) and is almost certainly related to the high

bile flow rates mentioned in Section 5.3.1.

5.3.3 Bile salt secretion rates

The bile salt secretion rates over 120h bile collection periods

after the sheep h¡as consecutively infused witn [3H] unesterified

choline and [3U1 fipia choline bile are presented in Figure 5.4.

The secretion of bile salts became stable after 30h of bile collec-
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Figure 5.4: Bile salt secretion rates of sheep afEer consecutive

infusions of f3nì unesterified choline and t3ttl

lipid cholíne bile

Key to the

The sheep vras consecutively infused via the portal

vein with [3n] unesterified choline and via the

duodenun with [3U1 fipia choline bi]-e and bile samples

collected as described in Sections 5.2.3 and 5.2.4.

Bile salts r{¡ere determined as described in

Section 5.2.5.4 and bile flow rates are shown in

Figure 5.2.

figure:

.----o = portal vein infusion of [3H] unesterified

choline.

.-----. = duodenaL infusion of [3u] lipid choline

bile .
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tion for bot.h infusions. The mean t S.E.M. bile salt secretion

rates were 4,800 t 260 pmol /n (tor 15 x 8h collection periods) and

5,520 ! I77 Umol /h (for 10 x IZh collect,ion periods) after infusion

of [3H] unesEerified choline and [3H] fipid choline bile respectively

which are comparable with the 125 mmol of bile salts/day infused

into the sheep duodenum via repLacement bile. The values are also

in the range reported for sheep by Heath et a7. (1970).

The mean t S.E.M. bile salt concentrations were 79.0 ! 2.82

Umol /ml (for 15 x th collection periods) after tfre [3tt] unesteri-

fied choline infusion and 75.0 t 2.56 ¡rmo1 /ml (for 10 x 12h

collection periods) after the [3U1 fipia choline bile which are lower

than those found for sheep by Coleman et a7. (7979). The lower

bile salt concentraEions are likel-y to be associated with the high

bile flow rates reported fo the sheep in Section 5.3.1.

5.3.4 Recovery of infusate radioactivitv in bile

0f the radioactivity in bile collected from the sheep after

the porEal vein infusion of ¡3H1 un""terified choline and the duo-

denal infusion of [3U] fipid choline bile, gg.5% hras recovered in

the lipid phase and only O.5% in the water-soluble phase. The

1ow amount of radioactiviÈy in the water-soluble phase correspondb

with the negligible amount of waEer-solubl-e choline in bile. In

rhe lipid phase of bile, 95,Ú"of the radioactivity was recovered in

total lipid choline of which 99.O7. was ín phosphatidylcholine and

only traces in lysophosphatidylcholine and sphingomyelin. The

radioacEivity in bi1-e phosphatidylcholine was exclusively associated

with the choline portion of the molecule.
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Figure5.5showsthecumulaÈiverecoveryofradioactivityin

bile lipid choline over 120h collection periods afÈer the sheep

received the porEal vein infusion of ¡3H1 urr""terified choline and

the duodenal infusion of [3U] fip:.d choline bile consecutively'

The recovery of infused ¡3H1 ,rr,""terified choline in bile lipid

choline was 48 .4% after 24h and 7L.2% after 120h. The recovery of

ínfused [3u] r:.pid choline bíle in bile lipid choline was 25'L7'

after 24h and 72.3% after 120h. Recovery of radioactivity was

initially more rapid for the portal vein infusion than the duodenal

infusion but was virtually identical at the end of the 120h

collection period. Radioactivity recovery would have been greater

for rhe duodenal infusion of [3g] r:.pid choline bile durin' a more

.prolonged period of study' The amount of choline reincorporated

ínto bile lipid choline observed here for sheep appears to be much

higher than the levels reported for rats (Robins, L975; Robins &

Brunengraber, 1982) and rnan (Saunders, 1970)'

s.3.5 S DC fic rad ioactivitv of bile lioid choline

Bilelipidcholinespecificradioactivityrapidl-yreacheda

sharp peak betw een 2-4h of bile collection after the sheep was given

e

the portal vein infusion of IJH] unesterified choline, as shown in

Figure 5.6. After the sheep received the duodenal infusion of [3n]

lipid choline bile the specific radioactiviEy of bile lipid choline

reached a maximum after I2h of. bile collection and Ehen declined

slowLy as shown in Figure 5'7'

Discusst_on5.4

sheep secrete 11-17 mmol of lipid choline into the inÈestinal
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Figure 5.5: Cumulative recoverv of radioactivÍEv in bile lipid

choline of sheeo after consecutive infusions of

[3Hì unesrerified choline and [3Hì lipid choline

bile

Ttre sheep was consecutÍvely infused via the portal

vein with [3H] un""terified choline and vja Èhe

duodenum with [3¡¡1 lipid cho].ine bile and bile

samples collecÈed as described in Sections 5.2.3

and 5.2.4. Bile lipid choline and bil_e radioactivity

ï¡ere determined as described in Sections 5.2.5.2 and

5.2.5.3 respectively.

Key Eo the figure:

È-. = portal vein infusion of [3H] unesterified

choline.

.-----. = duodenal infusion oe [3¡¡1 lipid cholÍne

bÍle.
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FÍgure 5.6: Soecific radioactivitv of bile lipid choline of sheeo

after infusion of t3tl I unesÈerÍfied choline

The sheep was infused via the portal vein wÍth [3¡¡]

unesterified choline and bile samples collected as

described in Section 5.2.3. Bile lipid choline and

bÍle radioactÍvlty were determlned as described in

SecEions 5.2.5.2.and 5.2.5.3 respectively.
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Figure 5.7: Specific radioactivtty of bile lipid choline of

sheeo after infusion of [3gl rioid choline bile

The sheep was infused via the duodenum with [3H]

lÍpid chollne bile and bile samples colLect,ed as

described in Section 5.2.4. Bile lipid choline

and bile radioactivity were determined as

described in Sections 5.2.5.2 and 5.2.5.3 re-

spectlvely.
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lumen through bile which is produced in Ehe liver (Adams & Heath,

1963; Noble, Lg78; results in Chapter 2). Bile lipid choline

secret,ion in sheep has previously been shown to be dependent upon

the consEant Presence of digesÈa i¡ Ehe reticulo-rumen, the contin-

uous passage of digesta through the abomasum into the duodenum and

Ehe maintenance of the enterohepaEic circulation of bile salts

(Noble, 1978). In this sEudy such conditions h¡ere selecEed to

ensure optimal bile lipid choline synthesis and secretion by the

liver of the sheep, as demonstrated by the stable bile flow rages

and physiological bile lipid choline and bile salt secretion rates.
.lõ

fne IJtt] unesterified choline and ['H] lipid choline bile infusates

were of high radiochemical purity and administered to the sheep at

physiological levels. ffre [3tt] lipid choline infusate was speci-

fically of bile origin, and therefore most suitable to assess the

exÈent of reabsorption and recycling of bile choline in the sheep.

In conscious chronically catheterized sheep (Chapter 3), the

mean plasma unesterified choline production by the alimentary Eract

r,ras11.2 mmol /day which was much higher than the 0.1 mmol of

choline/day received from the diet (Neill et a7., 1979; Dawson et

al., 1981; resulrs in Chap¡er 2) and almost equal to the 11-17 mmol

of lipid choline/day secreted into the intestinal lumen through bile

(Adams & Heath , 1963; Noble , 1978; results in Chapter 2) ' The

mean uptake of plasma unesterified choline by Èhe liver was 15.1

mmol /day and almost balanced the amount of plasma unesterified

choline produced by the alimentary tract. This data, together with

the low dietary choline intake (Neill et a7., L979; Dawson et a7.t

1981; results in ChapÈer 2) and limited hepatic choline synthesis



185

(Neill et a7., LgTg), suggesEed that the sheep has the potential for

efficient enterohepatic retention and reutilization of bile choline

in order Eo maintain the daily rate of secretion in bile and balance

of the endogenous choline pool. In the present experiments v/ith a

surgically prepared sheep, the very substantial incorporation of
.),')

¡3H1 un""terified choline infused via the por¡al vein, and ['H]

lipid choline bile infused via Ehe duodenum into bile lipid choline

confirms this conclusion.

The recovery of [3H] un""terified choline infused via the porÈal

vein in bile lipid choline of the sheep r*as 48.4% a¡d 7l'2% af¡er 24h

and 120h of bile collection respectively. In order for this high

incorporat.ion to be achieved, Lhere musE have been almost Èotal ex-

traction of unesterified choline from Ehe portal vein blood followed

by exclusive and rapid conversion to lipid choline dest,ined for bile

by Èhe CDP-choline and base-exchange pathways in the sheep liver '

The high uptake of unesterified choline from the portal vein by the

llver supports the data obtained for conscious chronically catheter-

ized sheep in Chapter 3. The very efficient conversion of

unesterified choline to bile lipid choline is probably a consequence

of the low oxidation of choline to betaine and slow turnover of lipid

choline reported in sheep liver (Henderson, 1978). The results

imply Ehat in sheep liver, bile lipid choline is mainly formed from

unesterified choline by the CDP-choline and base-exchange pathways

rather than by the methylation pathway, which corresponds with the

findings of Balint et a7. (L967 ) and Treble et a7. (1970) in rat

liver. Sheep bile phosphatidylcholine predominately conEains

monoenoic and dienoic types of faEty acids (christíe' 1978). There
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is evidence in rat liver that the monoenoic and dienoic molecular

classes of phosphatidylcholine are synthesized largely via the CDP-

choline pat.hvlay, tetraenoic classes are formed mainly by acyltransfer

reactions, and thaE the methylation paÈhway is involved mainly in

t.he synthesis of tetraenoic and polyenoic ()4 double bonds) classes

of phosphatidylcholine (van den Bosch, L974; MacDonald & Thompson,

Lg75). The bile lipid choline specific radioactiviEy rapidly

reached a sharp peak between 2-4h of bile collection after the sheep

was given the portal vein infusion of [3g] unesterified choline.

This indicates that lipid choline formed from unesÈerified choline

in sheep liver hlas secreEed into bile almost immediately. It is

Èherefore feasible that lipid choline destined for bile was noE in

equilibrium with the lipid choline in liver membranes and that used

for lipoproÈein synthesis. Thus two hepatic lipid choline pools

may exist in sheep; a structural pool with a low turnover rate and

a metabolic pool with a higher turnover rate for exportation inEo

bile. A different hepatic pool for bile lipid choline is also

suspected because sheep bile phosphatidylcholine contains significant

amounts of fatty acids that are noE normally present in sheep plasma

and tissues, i.e. linoleníc acid and two faÈty acids containing

conjugated double bond systems, 9-ci e, LI-trans-octadecadienoic acid

and 9-cis , L¡-trans, lS-cjs-octadecatrienoic acid, that are known to

be intermediates or by-products of bihydrogenation of dietary Poly-

unsaturat,ed fatty acids by rumen microorganisms (Christie, 1978).

The recovery of ¡3H1 fipid cholíne bile infused via the duodenum

in bile lipid choline of the sheep was 25.I% and 72.37. afEer 24h and

120h of bile collection respectively. There must have been almost
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complete absorption of bile lipid choline from the intestinal tract

and then very significant enterohepatic recycling and rei-ncorporation

into bile. Dawson et a7. (198f) found that digesta loses the very

active microbial system for degrading choline after it reaches the

abomasum, thus an insignificant amount of bile choline would have

been converted to trimethylamine and methane gas irr the sheep sma1l

intestine. There were negligible amounts of lipid choline in Ehe

faeces (results in Chapter 2) and Leat & Harrison (f975) and Noble

(1978) reported little phospholipid present in the digesta of the

i1eum, indicating effective reabsorption of bile lipid choline in

the upper part of the small intestine of sheep. It is extremely

unlikely that the infused bile lipid choline recirculated to the

liver intact. In the sheep intestinal lumen bile phosphatidyl-

choline is rapidly hydrolysed by phospholipases At and A, secreted

in pancreatic juice to 1- and 2-acyl lysophosphatidylcholine which

is necessary for optimal absorption by the intestinal mucosa

(Arienti et a7., 1975). From the data obtained with cltronically

catheterized sheep in ChapEer 3, it appears that most of the absorbed

Þile lysophosphatidylcholine is hydrolysed to unesterified choline in

the intestinal mucosa, which is then transported in the portal vein

to the liver for reincorporation inEo bile lipid choline via the

CDP-choline and base-exchange pathv¡ays. There is evidence that

some of the bile lysophosphatidylcholine is reacylated to phospha-

tidylcholine in the intestinal mucosa, which then enters chylomicrons

and very low density f,ipoproEeins of lymph (Leat & Harrison, L975'

1977, 1984; Noble, 1978). This phobphatidylcholine would enter

the systemic circulation and may be taken up directly by the liver

for incorporation into bile. After the sheep received the duodenal
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â
infusion of ['tt] lipid choline bile, the specific radioactivity of

the bile lipid choline showed a broad peak and declined s1ow1y, which

reflects the time taken for bile lipid choline absorption and hydro-

lysis by the inEestinal mucosa and recycling to the liver via the

portal vein and lymphatic system. The work in Chapters 3 and 4

provided evidence that extrahepatic tissues of sheep are capable of

synthesizing choline which may make minor contributions to the re-

cycling bile choline pool to account for any losses.

In rars (Robins , 1975) and humans (Saunders, 1970) bile phos-

phatidylcholine is extensively hydrolysed in the intestinal lumen as

well as after absorpEion, and less than IO7" of. the lj-berated choljne

is reutilized for new bile phosphatidylcholine synthesis in the

liver. Robins & Brunengraber (1982) showed that the bulk of the

bile phosphatidylcholine is mobilized from a preformed hepatic pool

which seems to be repleted by the uptake of exogenous lipids from

the circulation. Bile phosphatidylcholine production and secretion

in rat liver is dependent on dietary choline (Robins, 1974; Robins

& Armstrong, 1976), which can be attributed to the high turnover of

choline and phosphatidylcholine through oxidation to betaine and

lipoprotein synthesis in this tissue (Coleman, 1973; Zeisel' 1981).

Thus the process of retention and reutilization of bile choline

is nuch rnore efficient in sheep compared to non-ruminant species

because of the decreased loss of choline from the system and the

increased opportunities for recycling. This supPorts the results

in Chapters 3 and 4 which explain the insensitivity of the normal

sheep to an almost complete microbial destruction of dietary choline

before alimentary,tract absorption. 0f course any disturbance of
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the conservation of bile choline (e.g. scouring in the intestine;

lack of pancreatic phospholipases) could cause the ruminant to

become choline deficient and develop pathological lesions.



190

GENERAL DIS ON

one of the main findings of the work in this thesis was that

in sheep a large proportion of total body choline synthesis occurs

in tissues other than the liver. The significant production of

plasma unesterified choline by the alimentary tract, brain, heart,

hindlimb muscle and the upper- and lower-body regions drained by the

venae cavae of conscious chronically catheterized sheep provì-ded good

evidence for this phenomenon. There k¡as no significant uptake of

lipid choline and no uptake or output of glycerophosphocholine and

phosphocholine in the plasma across the upper- and lower-body of

these sheep which implied that production of unesterified choline

does not arise from breakdown of choline esters that are delivered

to these regions in the blood. It was concluded that the most likely

source of the unesterified choline is from hydrolys{s of phosphatidyl-

choline that has been newly synthesized by the methylation of

phosphatidylethanolamine in upper- and lower-body tissues of the

sheep in order to maintain the endogenous choline body pool. In

rats there was insignificant plasma unesterified choline production

by the lower-body drained by the inferior vena cava which suggested

that there was negl igible choline synthesis in this region, in

contrast to sheep. Unesterified choline can be released from

phosphatidylcholine that is synthesized by the methylation of

phosphatidylethanolamine in rat brain synaptosomes (BluszLajn et a7.'

1979; Blusztajn & hlurtman, 1981), which is in accordance with the

finding that there is a net efflux of unesterified choline from rat

brain (Dross & Kewitz, L972; Choi et a7., L975; Spanner et a7.t

1976). Zeisel (1985) suggested that. phospholipase A activity
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nediates the initial release of unesterified choline from phospha-

tidylcholine in rat brain. Further research may well reveal that

the mechanism of unesterified choline production by the rat brain

also exists in the upper- and lower-body tissues of the sheep.

The in vitro studies on the overall methylation of endogenous

phosphatidylethanolamine to phosphatidylcholine in isolated micro-

somal preparations using S-adenosyl-L-fmeth yl-I4C] methionine as

the methyl donor further supported the concept that substantial

choline synthesis occurs in a variety of sheep tissues. It was

found that the liver is the main site of choline synthesis in sheep,

howeve- appreciable production also occurs in other tissues,

particularly the lungs, kidneys, alimentary tract and skeletal muscle.

In contrasÈ to sheep, choline synthesis was found to be essentially

confined to the liver in rats.

Since methionine is the first limiting amino acid in the nutrition

of sheep (Chalupa, 1972; Barry et a7-, 1973; Schelling et a7., 1973),

its availability for choline synthesis and other transmethylation re-

actions via the methyl donor S-adenosyl-L-methionine in tissues is

likely to be restricted. There is evidence that the methyl group of

methionine is used preferentially for carnitine synthesis at the

expense of choline synthesis in sheep liver in times of metabolic

stress such as starvation, alloxan-diabetes and pregnancy toxaernia

(Henderson, 1978). Streep may well become choline deficient under

these stress conditions. Xue & Snoswell (1985) reported that vitamin

812 (cobalarnin) dependent 5-methyltetrahydrofolate-homocysteine

methyltransferase is an important enzyme for methionine synthesis

in sheep tissues. During cobalt deficiency the activity of
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5-methyltetrahydrofolate-homocysteine methylÈransferase would be

decreased resulting in reduced availability of methionine for choline

synthesis. Indeed, Lough et a7. (1982)obseved an increased hepatic

phosphatidylethanolamine : phosphatidylcholine ratio in cobalt

deficienE sheep which suggests a reduction inthe methylation of

phosphatidylethanolamine to phosphatidylcholine.

Another major finding of the present investigation was that

sheep have Èhe capacity for extensive retention and reutilization of

bile choline. In conscious chronically catheterized sheep there was

production of plasma unesÈerified choline by the alimentary tract

which was approximately balanced by the upEake of plasma unesterified

choline by the liver, and was almost equal to the amount of choline

secreted in bile. Since there was production of glycerophospho-

choline and phosphocholine and no uptake,or outPut of lipid choline

in the plasma across the alimentary tract of these animals, it seemed

unlikely that the unesterified choline arises from the hydrolysis of

choline esters as the blood flows through this region. The amount

of unesterified choline produced by the alimentary tract was much

higher than Ehat received from the diet. It was Èhus concluded that

there is considerable reabsorption and enterohepatic recirculation of

the unesterified choline moiety of bile lipid choline in sheep in

order to maintain the rate of choline secretion in bile and the balance

of the endogenous choline poo1. This was subsequently confirmed by

infusing a surgically prepared sheep with portal vein, duodenal and

gallbladder catheters and ligated bile duct with radioactively-

labelled choline compounds. The utourrt of choline reincorporated

into bile lipid choline for che sheep was much higher than that re-

ported for rats and humans. If anything interferes with the efficient
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recycling of bile choline in sheep, such as prolonged scouring, Ehe

animal could rapidly pass into a choline deficient state.

This study also showed that there is a high concentration of

glycerophosphocholine j-n sheep liver. There was production of plasma

glycerophosphocholine by the liver and uptake by the lungs and kidneys

of conscious chronically catheterized sheep. The activity of

glycerophosphocholine phosphodiesEerase which liberates unesterified

choline from glycerophosphocholine is known to be very low in sheep

liver (Dawson, L956; R.M.C. Dawson, personal communication). These

factors could limit the oxidation of the liver choline pool in sheep

Ín contrast to rats. The significalce of glycerophosphocholine

metabolism in relation to the overall choline status of sheep needs

Eo be elucidated. In addition, there was negligible excretion çf

choline in the urine and faeces of sheep which would help to conserve

the endogenous choline body pool.

The synthesis of choline in extrahepatic tissues, the efficient

retention and reutilization of bile choline, and the slow turnover of

the endogenous choline body pool collectively explain the low re-

quirement of sheep for dietary choline in contrast with non-ruminant

species. Thus it is unlikely that sheep suffer from dietary choline

deficiency, even when grazíng on dried sufirmer pastures which were

found to contain l-ow 1eve1s of chol-ine and in a form highly susceptible

to rapid microbial breakdown in Ehe rumen. Metabolic disorders may

prove to be the only way sheep become choline deficient which would

pose important considerations in production.
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