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COMPARATIVE STUDIES OF THE EFFECTS OF 
MOLYBDENUM AND SULPHUR ON COPPER 

METABOLISM IN SHEEP OVIS ARIES 

AND RED DEER CERVUS ELAPHUS 

by 

Nur EI Huda Isam EI Din Osman 

The difference between sheep and deer in the effects of molybdenum (Mo) and 

sulphur (S) on copper (Cu) metabolism was investigated in two dietary experiments 

(Chapter 4) using 8 animals of each species. In Exp1 the animals were offered hay diet 

containing 3,6, 12 or 24 mg Mo/kg OM and 2.3 g S/kg OM for 35 days. In Exp2 the hay, 

containing 6, 12, 24 or 48 mg Mo/kg OM and 5.3 g S/kg DM, was offered for 16 days. 

With the low S diet (Expl) the total plasma Cu was changed from 0.75 to 0.63, 0.77, 0.81 

and 1.03 mg/l, respectively, in sheep and from 0.95 to 0.77, 0.79, 0.67 and 1.01 mg/l in 

deer and the proportion of TCA-soluble/total Cu was reduced by 0.05, 0.09, 0.07 and 0.21 

in sheep and by 0.01,0.05,0.08 and 0.11 in deer. Caeruloplasmin (CP) activity was not 

affected by the diet. With the high S diet (Exp2) total Cu concentration increased from 

0.81 to 0.82, 0.97, 1.43 and 1.41 mg/l in sheep and changed from 1.08 to 0.72,0.96,0.88 

and 1.21 mg/l in deer. The proportion of TCA-soluble/total Cu was reduced by 0.20, 

0.50,0.60 and 0.63 in sheep and by 0.05, 0.10, 0.23 and 0.48 in deer. The mean CP 

activity was reduced from 1.09 to 0.89 u/ml in sheep and from 0.99 to 0.32 u/ml in deer. 

Direct-reacting Cu (DRCu) was increased from 0.08 to 0.34 mg/l in sheep and from 0.06 

to 0.17 mg/l in deer. It was concluded that sheep and deer differed in the effect of dietary 

Mo and Son Cu metabolism, deer being more sensitive to dietary S than dietary Mo and 



in both animal species the increase in dietary S enhanced the effect of dietary Mo on Cu 

metabolism. 

To investigate the effect of the quantity and the species of thiomolybdate (TM) 

before binding of TM-Cu and the degradation of TM-Cu compounds in plasma in the two 

animal species two experiments were conducted (chapter 5). In Expl each of 3 plasma 

samples derived from 6 sheep or 3 individual deer was divided into nine 35-ml portions, 

each of which received one of three quantities - low, medium or high - of either di-, tri- or 

tetra-thiomolybdate (TM) and incubation at 380 C for 70 min. The amounts of TM added 

were, for the low treatment, 1.8, 1.9 and 2.0 mg ammonium TM, respectively, and the 

medium and high levels were 200 and 400% of the amount used on the low treatment. 

TCA-solubility was reduced after addition ofTM2, TM3 and TM4, respectively, by 0.67, 

0.90 and 1.0 mg/l in sheep and by 0.60, 0.75 and 0.85 mg/l in deer. Three levels of TM, 

low, medium and high, reduced TCA-soluble Cu by an average of 0.63, 0.90 and 1.04 

mg/l in sheep and by 0.56,0.72 and 0.91 mg/l in deer, respectively. DRCu was reduced 

after addition of TM2, TM3 and TM4 by 0.03, 0.05 and 0.05 mg/l in sheep and by 0.02, 

0.04 and 0.05mg/l in deer, respectively. DRCu was reduced due to amount ofTM by 

0.04,0.05 and 0.05 mg/l in sheep and by 0.03, 0.04 and 0.05 mg/l in deer, respectively. 

CP activity was not affected by treatment. It was concluded that plasma Cu susceptibility 

to TMs depends on the species and on the amount of TM; the lowest effect caused by 

TM2, or by the lowest amounts, and TM4 appearing of the greatest potency. Deer plasma 

Cu tended to be less affected by TM than sheep plasma Cu. 

In Exp2 6 sheep and 6 deer were injected intravenously with TM2, TM3 and 

TM4, in a latin square designed experiment, to provide 5.4, 5.7, and 6.0 mg ammonium 

salt/l of estimated plasma volume, respectively. Blood samples were taken before and at 

intervals between 0.5-180 min after injection. TM2, TM3 and TM4 all increased total 

plasma Cu similarly in the two animal species from 0.75 to an average of 0.89,0.83 and 

0.82 mg/l, respectively. TCA-soluble Cu concentration was reduced similarly in sheep 

and deer within 0.5-1 min by 0.60, 0.72 and 0.83 mg/l after TM2, TM3 and TM4, 

respectively. TCA-insoluble Cu subsequently decreased with a rate constant of 0.25,0.06 

and 0.06 mg/l/min after TM2, TM3 and TM4, respectively, and with an average rate 

constant of 0.09 and 0.15 mg/l/min in sheep and deer, respectively. It was concluded that 

the ability of plasma to clear the effect of TM depends on the species of TM, with TM2 



being most rapidly cleared. Ability to clear the effect of TM on plasma Cu appear to be 

slightly greater in deer than in sheep. 

The formation of TMs in the rumen was investigated (Chapter 6) using 

intraruminal injection of 99Mo to 4 sheep and 4 deer offered silage diets containing 5.5 g 

S/kg DM and 12 or 24 mg Mo/kg DM. The TM fractions in plasma were separated by 

Sephadex G-25 chromatography. TM2 and TM3 were identified in all sheep and TM4 in 

two sheep. There was no effect of diet. The largest peak of activity was in the TM3 

region from 3 sheep. In deer the largest peak was in TM2 region in 3 animals, with no 

TM peak identifiable in the fourth animal. A small peak of TM3 was recorded from two 

deer and a very small peak in the TM4 region of the other in two deer. It was concluded 

that sheep possibly have a greater tendency to produce or absorb greater proportions of 

TM3 and TM4 than deer. 

A feature of all the studies was the considerable variation exhibited between 

animals of both species in response to dietary Mo and S. However, it was possible to 

conclude that sheep and deer are different in the effect of dietary Mo and S on Cu 

metabolism; deer are more susceptible to dietary S than dietary Mo at levels which may be 

experienced in practice. TM4 is the most potent species of TM in its effect on plasma Cu. 

Sheep plasma Cu may have greater binding ability for TM than deer plasma Cu. Deer 

probably have a greater ability to clear the effect of TMs on plasma Cu than sheep and 

sheep have a greater tendency to produce TM3 and TM4 th~ deer. 

KEYWORDS: Thiomolybdate, Di-thiomolybdate, tri-thiomolybdate, tetra

thiomolybdate, Molybdenum, Sulphur, Copper, Plasma Cu, TCA-soluble Cu, TCA· 

insoluble Cu, Caeruloplasmin, Direct-reacting Cu, Sheep, Deer. 
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CHAPTER ONE 

INTRODUCTION 

Deer were introduced into New Zealand as game animals during the 1860's. 

However deer farming on a major scale started only in 1970. Deer have now an 

established place in the New Zealand economy and more than 400 000 deer are now 

farmed. Their products, such as uncalcified ander, or velvet, hide and venison are mainly 

exported. 

Deer have been kept as ornamental pets in park lands in Britain for at least 100 

years and symptoms similar to those of copper (eu) deficiency in other ruminant species 

have been described (Barlow, Butler and Purves, 1964). However, clinical symptoms 

attributable solely to Cu deficiency are still difficult to defme in deer. Nervous disorders, 

such as ataxia, in red and fallow deer have been reported in Britain, Europe and New 

Zealand (Wilson, Orr and Key, 1979; Barlow et al., 1964) in animals nine months or older 

(Wilson et ai, 1979) but never in the new-born. Despite the similarities of lesions found 

in ataxic deer to those of lambs with delayed sway back (McTaggart, Lowe, Barden and 

Gellatly, 1981) neither liver nor blood eu levels were necessarily low nor were the dietary 

eu levels (Wilson et ai, 1979). 

In New Zealand copper deficiency in deer is thought by clinical veterinarians to 

be important. Large numbers of samples of deer tissues are submitted annually by 

veterinarians for Cu analyses. Freudenberger, Familton and Sykes (1987a) found that the 

majority of the requests for trace element analyses on deer-tissue submitted to the Lincoln 

AniInal Health Laboratory during the period 1980-84 were for Cu analysis and over half 

were from one region of the South Island of New Zealand. Of the analyses about a third 

were considered to be deficient, as judged by cattle standards, even though some were 

from animals recently injected with eu at cattle· dosage rates. Ataxia was reported in 

association with 27% of cases. 
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Because deer are not usually grazed with other ruminants there are no reports of 

ataxia occurring in deer and sheep grazing together or in adjacent paddocks. However, in 

a comparative study carried out at Lincoln College (Freudenberger et al., 1987ab) initial 

sheep liver Cu levels were found to be 11 fold greater than those of deer from the same 

property. Calculations showed that availability of Cu in deer was lower than in sheep and 

the appearance of TCA-insoluble Cu occurred in plasma of sheep but not in deer on the 

same diet supplemented with sulphur (S) and molybdenum (Mo), suggesting that deer are 

less susceptible to effects of Mo and S than sheep. 

The present studies aimed to see if the differences between sheep and deer in 

appearance of TCA-insoluble Cu, as seen in Freudenberger et al. (1987ab) were (a) a real 

finding i.e. repeatable, and whether these were due to (b) quantitative differences between 

sheep and deer in the complexing of Cu in plasma, (c) differences in excretion of 

thiomolybdates or (d) differences in pattern of production ofthiomolybdates. 



CHAPTER TWO 

LITERATURE REVIEW 

EFFECTS OF MOLYBDENUM, SULPHUR 
AND THIOMOLYBDATES ON 

COPPER METABOLISM IN RUMINANTS 

2.1 INTRODUCTION 

3 

The fIrst intimation that copper (Cu) metabolism in ruminants is affected by 

molybdenum (Mo) in the diet came in the early 1940's when a disease in cattle grazing 

pastures on molybdenum-rich soils in S.W. England was cured by spraying the pastures 

with CuS04 or adding CuS04 to the drinking water (Ferguson, Lewis and Watson, 1983; 

1943). The condition, named teart, was characterised by diarrhoea and rapid decline in 

body weight and milk yields. A high mortality was recorded in severely affected stock 

unless they were removed from the area. Molybdenum (Mo) content in the forage ranged 

from 14 to 108 mg/kg DM. 

The effects of diets high in Mo (50 mg/kg DM) have been studied experimentally 

with pregnant ewes (Fell, Williams and Mills, 1961; Suttle and Field, 1968ab). Delayed 

sway back was recorded in 67% of lambs born to the ewes by Fell et ale (1961) but Suttle 

and Field (1968b) did not observe any cases. The latter authors, however, found that Cu 

concentration in liver and brain and brain cytochrome oxidase activity were reduced to the 

levels found by Barlow, Purves, Butler and MacIntyre (1960), Howell and Davidson 

(1959) and Mills and Williams (1962) in animals affected with sway back. In the same 

experiment, anaemia and achromotricia were present in the ewes. Diarrhoea, loss of 

appetite and, subsequently, loss of weight were also observed in the ewes (Suttle and 

Field, 1968a). 
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It was assumed from this evidence that Cu metabolism was only affected by 

levels of Mo higher than those normally found in pasture and that Mo only had a minor 

role in Cu deficiency in ruminants. This view became untenable when Suttle (1974a) 

found that normal levels of Mo in pasture (0.5-5.5 mg/kg food) could also interfere with 

Cu metabolism. Suttle (l974a) showed that Cu absorption was reduced by about 50% 

when the dietary Mo level was increased from 2.5 to 4.5 mg/kg food. More evidence 

came later when symptoms of Cu deficiency were induced experimentally in calves 

supplemented with 5 mg Mo/kg (Humphries, Phillippo, Young and Bremner, 1983). 

Clinical signs which developed in the calves after 20 weeks on this diet included loss of 

hair pigment and changes in hair texture. In addition skeletal changes and significant 

increases in end widths in metacarpal and metatarsal bones were evident, especially after 

32 weeks of this dietary treatment. 'Stilted gait', a characteristic of Cu deficiency in 

ruminants (Underwood, 1971), in which the animals have difficulty in walking was also 

described. Similar observations were reported by Smith, Fisher, Poulos and Irwin (1975) 

and Mills, Dalgarno and Wenham (1976) in calves given Cu deficient diets. Recently 

Boyne and Arthur (1986) reported that neutrophils from cattle with Cu deficiency caused 

by restricted Cu intake or induced by 4.99 mg Mo/kg of diet had an impaired ability to kill 

ingested Candida albicans and were less viable than those from Cu-supplemented cattle in 

an in vitro test of function. 

The first indication of the involvement of sulphur (S) in the Cu x Mo interaction 

came from studies with sheep when Dick (l953abc) established that the sulphate content 

of the diet was of crucial importance in the interaction between Cu and Mo. Furthermore 

the original idea that only inorganic sulphate could potentiate the interaction was corrected 

by Suttle (1974e) who showed that both organic and inorganic S are equally important 

and it is the content of total S in the diet which should be considered in the interaction. 

The economic importance of Mo x S interactions in the metabolism of copper in 

ruminants has clearly been shown by the accumulated studies of the subject during the last 

few decades. However, the effect of Mo and S on Cu metabolism of deer has received 

little attention. The aim of this review is to look critically at the literature written on the 
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subject, concentrating in ruminants in general. It is divided into two parts: the first part 

deals specifically with the metabolism of Cu and the second with the effects of Mo and S 

on the metabolism of Cu. 

2.2 MET ABOLISM OF INGESTED COPPER 

A simple description of the metabolism of Cu in ruminants was given by 

Woolliams, Suttle, Wiener, Field and Woolliams (1983) (Fig. 2.2.1). This model 

summarised existing knowledge about the sites of absorption of Cu from the alimentary 

tract and distribution of Cu in the body. The model consists of three pools, the liver, other 

tissues and plasma. Dietary Cu is absorbed into the plasma, the transport pool, and then 

interchanges with the Cu in liver and other tissues. Copper is recycled by secretion into 

the digestive tract, mostly before the site of absorption, in saliva, digestive juices and bile. 

Copper is also considered to be secreted into the large intestine beyond the site of 

absorption. 

2.2.1 Normal copper absorption from the gastrointestinal 
tract 

2.2.1.1 Site. Limited information is available about the site of Cu absorption in 

sheep. The only published results, to the knowledge of the author, suggest that the major 

site of absorption is the large intestine (Grace, 1975). This site of Cu absorption has not 

been described for other species; the major site in man (Bush, Mahoney, Markowitz et ai, 

1955) and rats (Van Campen and Mitchell, 1965) appears to be the stomach and in chicks 

(Starcher, 1969) the duodenum. However availability of Cu for absorption appears to 

vary throughout the alimentary tract. Price and Chesters (1985) assessed the availability 

of Cu in digesta from sheep given grass. The dried digesta, taken from different regions 

of the alimentary tract, was given to partially hypocupraemic rats and the availability of 

Cu in the digesta was determined by measuring the response in the activity of cytochrome 

C oxidase in the duodenal mucosa of the rats. The relative availability of Cu in the grass 

(75%) was substantially higher than in rumen (12%), duodenal (43%) or ileal (28%) 

digesta. 



Fig. 2.2.1 A general model of the major flows of Cu in the body. (Woolliams, Suttle, 

Wiener, Field and Woolliams, 1983). 
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2.2.1.2 Efficiency of absorption. There are large differences in availability 

of Cu between diets. Cattle and sheep can absorb 60-80% of the Cu from milk but less 

than 5% from herbage (Suttle, 1983b). 

There is a difference between species in efficiency of Cu absorption, mainly 

between monogastric animals and ruminants. Monogastric animals can absorb up to 77% 

of dietary Cu (Ting, Kasper, Young and Janghorbani, 1984) while ruminants tend to 

absorb less than 10% (Suttle, 1974c). Ruminants do not appear to differ from non

ruminants in this respect until they actually begin functioning as ruminants. Availability 

of Cu was calculated as 6.1 % and 3.7% in sheep and deer respectively (Freudenberger et 

ai., 1987b). In cattle availability was estimated experimentally as 3.1 % while the 

predicted value was 4.0% using equations based on sheep data, thus reflecting species 

differences in Cu availability (Suttle, 1978). 

The effect of age of sheep on the availability of dietary Cu was investigated by 

Suttle (1975) using 64Cu. The apparent availability of Cu in lambs fell from 71 % to 47% 

after 28 and 14 days, respectively, before weaning which was performed at 38-64 days of 

age. This change in Cu availability presumably coincided with the development of 

ruminal fermentation. The role of the rumen in reducing the availability of Cu was 

demonstrated by Suttle (1975) who showed that Cu administered to the abomasum of 

lambs 42 days after weaning was absorbed with an efficiency of 21 %, whereas for Cu 

administered into the rumen availability was only 3.7%. Furthermore, a group of lambs 

weaned at an early age retained only 8% of Cu when 23 days old versus 75% for 

unweaned lambs at the same age. 

Within sheep there are breed differences in the efficiency of Cu absorption 

(Wiener, Suttle, Field, Herbert and Woolliams, 1978). For example, Woolliams, Suttle, 

Wiener, Field and Woolliams (1982) using diets ranging from 12 to 20 mg Cu/kg DM 

showed Blackface x Texellambs to retain more than twice as large a proportion of 

ingested Cu in the liver as pure Blackface lambs (13.7 vs 5.6%). The retention, from diets 

containing 4 or 9 mg Cu/kg DM, was calculated to be 4.2% for mature Blackface ewes 

and 7.3% for mature Welsh ewes (Wiener and Woolliams, 1983). 
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High dietary levels of Mo and S reduce absorption of Cu from the gastrointestinal 

tract and thus increase dietary requirements. This conclusion is based largely on data of 

Suttle (1974c) using a depletion-repletion technique for measuring absorption of Cu. In 

this technique ewes are made hYP?cupraemic by feeding a Cu-deficient diet and the 

subsequent response in plasma Cu obtained when Cu was added to the diet was compared 

to when directly infused intravenously and used to assess the absorption of the added Cu. 

This technique is sensitive enough to detect differences in coefficient of absorption 

between diets differing by only 0.45 mg/d in the available Cu provided, which could not 

possibly be detected by other techniques, e.g. conventional balance or liver biopsy 

techniques. The author pointed out, however, that the usefulness of the depletion

repletion technique is limited by the individual variation and the sigmoid nature of the Cu 

intake vs plasma Cu response curve. The latter can be overcome only if conditions are 

arranged so that the supply of available Cu is within the linear part of the dose-response 

curve. 

2.2.2.1 Effects of molybdenum. Effects of Mo per se on Cu availability 

are largely determined by the type of diet. Molybdenum appeared to have little effect 

when it was added (at 0.5 to 4.5 mg/kg with 1.0 g S/kg) to a semi-purified diet based on 

whole oat husk, ground oat husk, starch, glucose and dried skim milk (Suttle, 1974a). On 

grazed summer herbage, however, a small increase in Mo concentration (from 0.7 to 1.2 

mg/kg DM) significantly reduced the Cu absorption (Suttle, 1981). The effect was less 

marked but still significant when pasture was conserved as hay. Efficiency of Cu 

absorption decreased with an increase of dietary Mo intake in sheep given a semi-purified 

diet, hay, summer or autumn herbage (Suttle, 1983a). The relationship between repletion 

in plasma Cu and dietary Mo level was quadratic within the range used (0.5-18.7 mg 

Mo/kg DM). However, with increasing Mo supplementation the semi-purified diet gave 

rates of Cu absorption approximately midway between those for fresh herbage and hay. 
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2.2.2.2 Effects of sulphur. Absorption of Cu is greatly affected by dietary 

level of S (Suttle, 1974ab). Organic and inorganic S appear to be equally effective in 

potentiating the S effect (Suttle, 1974e) although this has not always been held to be the 

case. Responses in plasma Cu were reduced by 39-56% when S concentration was 

increased from 1.0 to 3.0 or 4.0 g/kg diet and the availability of dietary Cu was estimated 

to have decreased from 6.2% to 4.1 %. The separate effect of S was related to the 

production of an insoluble form of Cu, CuS, in the rumen from sulphide produced by the 

bacterial breakdown of S compo~mds (Anderson, 1956). The Cu in CUS was shown to be 

unavailable by Suttle (1974e). 

2.2.2.3 Effects of sulphur x molybdenum. The effect of Mo plus S on 

Cu absorption is far greater than that of S alone (Suttle, 1974a). An equation was 

developed by Suttle and McLauchlan (1976) to predict the effects of dietary Mo and Son 

the availability of Cu to ruminants. Data for the equation were derived from nine 

published experiments in which the true availability (T A) of Cu from semi-purified diets 

was predicted from responses in plasma Cu, using the depletion-repletion technique 

described earlier. Dietary Mo and S levels in these experiments were within the normal 

range for pastures (1.0-4.0 g S/kg DM and 0.5-4.5 mg Mo/kg DM). The equation was 

also derived from data from an unpublished experiment involved lambs on bruised-oats

blood-meal diet, with a Mo concentration of 0.5-16.5 mg/kg and accumulation of Cu in 

the liver as the measure of the TA. The equation: 

Log TA = -1.153 - 0.0019 (Mo) - 0.076 (S) - 0.013 (MoxS). 

However, Suttle (1978) presented another equation in which the hepatic Cu 

retention data, used in the previous equation, was omitted and data for 12 new diets were 

added: 

Log ACu = -1.113 - 0.0714 S - 0.0187 SxMo 

This equation was represented graphically to give a ready means of assessing the 

availability of Cu from diets of known S and Mo concentration (Fig. 2.2.2). 

In pasture, small increases in herbage Mo appear to cause far greater reduction in 

Cu absorption than corresponding increases in semi-purified diets (Suttle, 1978). 
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Fig. 2.2.2 Effects of dietary molybdenum and sulphur concentrations on the efficiency of 

copper absorption (A) in sheep given semi-purified diets. (Suttle, 1978}. 
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Recently it was discovered that a difference as small as 3 mg Mo/kg DM and 0.5 g S/kg 

DM between two pastures is sufficient to reduce availability of Cu from 2.6 to 1.3% 

(Suttle, 1986). 

The predicted availability of Cu in cattle, using the equations of Suttle (1978) for 

sheep on semi-purified diets, was greater than the true value estimated experimentally 

(Suttle, 1978). These differences between sheep and cattle were attributed to the lower 

recycling of S in sheep due to their higher requirements for wool production. 

2.2.3 Normal plasma copper distribution 

2.2.3.1 Direct reacting copper. Less than 15% of the Cu in normal plasma 

reacts directly with diethyldithiocarbamate and this is referred to as the "direct-reacting 

fraction". This fraction is loosely bound to albumin and is non-dializable (Cartwright and 

Wintrobe,1964). 

Copper is primarily located bound to serum albumin within 15 min of its oral 

administration to rats (Beam and Kunkel, 1954). This is the form in which Cu is widely 

distributed to the tissues and can pass readily into erythrocytes (Bush, Mahoney, Gubler, 

Cartwright and Wintrobe, 1956). Hepatic uptake studies have shown that plasma Cu was 

accumulated whether it was presented to the liver as amino acid complexes or as albumin

bound Cu (Evans, 1973; Wiener and Cousins, 1980). This indicates that albumin may not 

be the sole plasma carrier from the intestine (Cousins, 1985). 

The albumin-bound Cu is in exchange equilibrium with the small amount of 

plasma Cu that is bound to amino acids, the most important of which are considered to be 

histidine, threonine and glutamic acid (Neumann and Sass-Kortsak, 1967). Amino acids, 

especially histidine, were reported to facilitate the transport of Cu into rat liver and kidney 

cortex, human liver and erythrocytes (Ettinger, 1985). Albumin and/or amino acids are 

believed to be the ligands which transport Cu in the hepatic circulation (Cousins, 1985). 
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2.2.3.2 Caeruloplasmin. The major form of Cu, representing that contained 

in caeruloplasmin (CP) and often termed the "indirect-reacting fraction", reacts with 

diethyldithiocarbamate only after treatment with acid (Cartwright and Wintrobe, 1964). 

Caeruloplasmin, an <x2-globulin, contains 6-8 fIrmly bound atoms of Cu (0.34%) in non

exchangeable form. It accounts for about 90% of the total plasma Cu in most species 

(Cousins, 1985). Caeruloplasmin has been demonstrated to be an oxidase with 

p-phenylendiamine as substrate (Holmberg and Laurell, 1951). There is a signifIcant 

positive correlation between the level of total Cu (serum or plasma) and the activity of CP 

in sheep and cattle (Abdel Rahim, 1982; Blackley and Hamilton, 1985). A significant 

relationship between CP activity and liver Cu concentration was observed in Cu deficient 

animals (Kirchgessner, 1965 cited by Georgievskii, 1982) but this has not been observed 

in normal cattle (Blackley and Hamilton, 1985), presumably reflecting the possibility that 

CP activity is not affected until liver Cu depletion has become severe. 

The fact that CP contains a high proportion of total plasma Cu suggests a 

contribution by CP to transport Cu between tissues. However CP does not appear to 

function in the transport of ingested Cu through the portal blood to the liver but instead 

seems to act as a donor of Cu for certain Cu enzymes (Bremner, 1980). Owen (1965) and 

Campbell, Brown and Linder (1981) demonstrated that Cu uptake into tissues was closely 

related to the release of CP from the liver. Marceau and Aspin (1972) found that Cu 

derived from albumin was readily removed from the plasma, whereas Cu from CP was 

not. Presumably, albumin-bound Cu was readily exchangeable with tissue Cu. Linder 

and Moor (1977) showed in rats that appreciable amounts of CP were present not only in 

the plasma but also in the heart, liver and brain. Moreover, when 3[H]-labelled CP was 

injected into these animals, 10-20% of the radioactivity was recovered in each organ after 

2 h, which suggests that these organs take up CP from plasma. Hsieh and Frieden (1975) 

showed that CP restored cytochrome oxidase activity in Cu deficient rats to a greater 

extent than an intravenous administration of CuCl2 or Cu complexes of albumin or 

histidine. When Marceau and Aspin (1973) injected rats with 67[Cu]-CP and 

64[Cu]-albumin the Cu from CP was incorporated in the liver into a protein thought to be 

superoxide dis mutase. Much of the Cu from albumin was associated with a hepatic 

protein with a molecular weight of about 10 000. The latter result was questioned by 
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Bremner (1980) on the grounds that the differences could be due partly to differences in 

the time-scale of the experiments; the distribution of Cu from the labelled Cu-albumin was 

determined 10-45 min after injection, whereas the CP-treated rats were not killed until 

after 20-138 h. 

Two phases in the change of new plasma Cu to bound Cu have been observed. 

In rats a secondary increase in plasma Cu was detected, after the disappearance of ingested 

Cu, which accompanied the discharge of CP from the liver (Evans, 1973). On the other 

hand in sheep (Weber, Boston and Leaver, 1980) there was a rapid initial disappearance 

of 64Cu in the liver in the first 30-40 min after injection; whilst clearance afterwards 

declined relatively slowly. There was no secondary rise in radioactivity in sheep. The 

difference between the two species in the secondary rise of plasma Cu was attributed by 

Weber et al. (1980) to the slower rate of CP production in sheep. The half-life of the 

plasma CP was estimated to be 70 h in sheep (Marcilese, Figueiras and Valsecchi, 1976) 

and 12 h in rats (Marceau and Aspin, 1972). It appears that CP is important for Cu 

transport from the liver but more evidence still has to be provided. 

2.2.4 Effect of molybdenum and sulphur on metabolism 

of absorbed copper 

2.2.4.1 Plasma copper distribution. Increased total plasma Cu levels 

have been observed in sheep fed high levels ofMo and S diets as early as 1954 (Dick, 

1954b) and have been reported since then by many other workers in sheep (Bingley, 1974; 

Smith, Field and Suttle, 1968; Smith and Wright, 1975ab; Bremner and Young, 1978) and 

cattle (Clawson, Leperance, Bohman and Layhee, 1972). However, there appear to be 

differences between animal species in the response of total plasma Cu to dietary Mo and 

S. For example, total plasma Co was reduced in deer while it was increased in sheep 

offered the same dietary concentrations ofMo, Sand Cu (Freudenberger, et aI, 1987b). 

Addition of Mo and S to the diet appears to cause an accumulation of injected Cu 

in the blood stream. For instance the clearance of intravenously injected 64Cu was 

decreased in sheep fed (!kg DM) 4.3 g inorganic sulphate and 50 mg Mo (Marcilese, 
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Ammennan, Valscecchi, Dunavant and Davis, 1969),5.3 g sulphate and 17 mg Mo 

(Smith and Wright, 1976) or 50 mg Mo with 1.2 or 2.2 g S (Weber, Boston and Leaver, 

1983). The change in the concentration of total plasma Cu in sheep appeared to depend 

on the concentration of dietary Mo. For instance total plasma Cu was reduced in animals 

provided with approximately 2-5 mg/kg diet (Mills, Dalgarno, Bremner and EI-Gallad, 

1977; Wynne and McClymont, 1956; Simpson, Mills and McDonald, 1981) while marked 

and sometimes prolonged increases in total Cu were noted at dietary Mo levels of 15-50 

mg/kg diet (Mills, Bremner, EI-Gallad, Dalgarno and Young, 1978). 

The increase in total plasma Cu was found to be associated with the appearance 

of a new fraction of Cu which was precipitated with the plasma proteins after treatment of 

plasma with trichloroacetic acid (TCA) (Smith and Wright, 1973). This fraction, which 

also contained Mo (Smith and Wright, 1975b), was evident in sheep offered diets with Mo 

levels> 8 mg/kg DM (Smith and Wright, 1975a). However Bremner and Young (1978) 

showed that the level of dietary S042- was critical for the appearance of this fraction 

which was associated with low molecular weight proteins, including albumin. 

The level of direct-reacting Cu (DRCu) also increases in plasma of animals given 

high dietary levels ofMo and S (Smith et ai, 1968; Bingley, 1974; Bremner, 1976; Smith 

and Wright, 1975ab, 1976). One quarter of 64Cu injected intravenously in sheep was 

found in plasma fractions other than the DRCu in animals supplemented with a dietary 

Mo level of 17 mg/kg, whereas in control groups almost all of the radioactivity was in the 

DRCu (Smith and Wright, 1976). Furthennore the disappearance of radioactivity from 

this fraction was slower in the Mo-supplemented group than in the controls. It appears 

that some of the intravenously injected Cu in animals maintained on high Mo and S diet is 

trapped in an undefined plasma component; but whether this is the TCA-insoluble Cu or 

not still has to be investigated. 

Contradictory results have been reported in the literature on the effect of Mo or 

Mo plus sulphate on CP activity. Some workers found reduced activity (Smith et al., 

1968; Smith and Wright, 1975b; Humphries et al., 1983) whereas others found no effect 

(Bremner, 1976; Bremner and Young, 1978; Smith and Wright, 1975a; Bingley, 1974). 
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In all of these experiments the CP activity was not affected until the liver Cu was 

substantially reduced. Caeruloplasmin Cu is incorporated in the liver when it is 

synthesized (Sternlieb, Morell, Tucker, Greene and Scheinberg, 1961) and the level of CP 

in plasma is not affected until the level of Cu in the liver is markedly reduced 

(Kirchgessner, 1965 cited by Georgievskii, 1982). This indicates that the effect of high 

Mo and Son Cp activity may be an indirect effect which is induced through liver Cu 

depletion. 

2.2.4.2 Liver copper concentration. Dietary Mo or Mo plus sulphate reduce 

Cu levels or prevent the accumulation of copper by the liver in sheep (Pitt, 1976). The 

change in liver Cu content with change in dietary Mo concentration was illustrated by 

Dick (1954a) as shown in Fig. 2.2.3. Suttle (1977) studied the effect of dietary Mo 

supplementation (0-16 mg/kg DM) on hepatic Cu retention (% Cu ingested) by groups of 

lambs given a diet high in Cu (45.3 mg/kg DM) containing (!kg DM) 0.7 mg Mo and 1.96 

g S. The S concentration was increased to 3.83 g/kg in diets of Mo fed animals. Copper 

retention in the liver at 18-20 weeks decreased as the dietary Mo concentration increased. 

The relationship was logarithmic rather than linear, particularly between 2 and 16 mg 

Mo/kg DM. The livers of the unsupplemented lambs contained 1728 mg Cu/kg DM 

whereas in livers oflambs on 16 mg Mo supplement/kgDM, there was only 151-314 mg 

Cu/kg DM. Breed differences were reported for hepatic retention of Cu in sheep. Finnish 

Landrace lambs retained an average of 1.03% of ingested Cu whereas the same values in 

Scottish Blackface were 2.05 for males and 2.10% for females. These could be due to the 

difference in initial liver Cu concentrations in this study, which were 91, 207 and 237 

mg/kg DM, respectively. 

Studies with intravenously injected 64Cu in sheep, provided for three months 

with a diet containing 11 mg/kg Cu, 5.3 g/kg SO 4 and with either 17 mg/kg or no added 

Mo to a diet of unspecified Mo content, showed lower 64Cu deposition in livers of Mo

supplemented compared with unsupplemented sheep; 0.161 and 0.327% of dose/g DM 

respectively (Smith and Wright, 1976). The stable Cu content of the liver was also greatly 

reduced in the Mo supplemented sheep. Similar results were reported earlier by Marcilese 

et al., (1969). On the other hand Weber et al. (1983), in a series of experiments using 
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Fig. 2.2.3 Relationship between the amount of molybdenum added daily to the mixed 

oaten/luceme diet of crossbred sheep, and its effect on the change during a 190~day period 

in the amount of copper in the liver relative to the control group (no molybdenum added). 

The fitted curve is of the fonn D =a (1_ebx), where D = difference from control group in 

change in liver copper content during experiment, and x = mg molybdenum per day added 

to the diet. The calculated values of the constants are a = -61.08 and b = -0.166. (Dick, 

J954a). 
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sheep fed for short periods of 7 days, various combinations of dietary S and Mo levels 

(5-50 mg Mold with or without 1.1 g Sid added to a basal diet already providing 5.5 mg 

Cu, 0.7 mg Mo and 1.1 g Sid), showed no difference between treatments in liver Cu levels 

measured within three days after the end of each experiment. However, with such a short 

period of time it is unlikely that any significant change would have occurred in total liver 

Cu level in these treatments. Also the authors did not specify the diet fed to the animals 

during the three days preceding measurement of liver Cu. 

Bremner and Young (1978) produced results which showed that the addition of 

Mo alone (25 mg with 0.8 g S/kg DM) to the diet of sheep for 30 weeks reduced the liver 

Cu by 21 %, which was not statistically different to the unsupplemented group. However, 

the addition of 5 g S042-/kg diet reduced liver Cu levels by 63.3%. 

Cattle appear to be more sensitive to high dietary Mo concentration than sheep. 

For instance a supplement of only 5 mg Mo/kg DM to calves provided with 2.8 g S/kg 

DM (and 0.1 mg Mo and 4 mg Cu/kg DM in the basic diet) reduced the liver Cu 

concentration from 104.8 to 28.3 mg/kg DM in eight weeks, and to 3.9 mg/kg DM after 

16 weeks (Humphries et al., 1983). In a diet containing 3.2 g S/kg DM as little as 1 mg 

Mo/kg DM significantly reduced the rate of increase in liver copper ingrowing cattle 

(Simpson et al., 1981). However, it should be noted that dietary levels of S in these 

studies were relatively high and this could account for the apparently high sensitivity of 

cattle to Mo. The lack of comparative studies in which sheep and cattle have been 

subjected to the same conditions makes it difficult, therefore, to reach definitive 

conclusions about the sensitivity of cattle and sheep to high Mo and S diets. 

A clear species difference between sheep and deer in response to the same diet, 

both 'normal' (1.4-1.7 mg Mo and 2.4 g S/kg DM) and 'high' with Mo and S enhanced 

with 4.8 mg and 3 g/kg DM, respectively, was, however, observed by Freudenberger et al. 

(1987ab). In this study a 7-fold greater rate of depletion was observed in sheep than in 

deer fed the same silage diet which also contained 9-10 mg Cu/kg DM. However, in this 

study the initial liver Cu concentration was II-fold greater in sheep than in deer. If the 

rate of loss of Cu from the liver of animals on low Cu diets is proportional to the initial 



18 

liver Cu concentration (McDonald, Mills, Dalgarno and Simpson, 1979) then some of the 

differences in rate of liver Cu depletion between sheep and deer reported above may have 

been due to difference in initial liver Cu levels. 

Sulphur appears to have an effect on Cu metabolism which is independent of Mo. 

A dietary supplement of sulphate reduced liver Cu in sheep (Mills and Fell, 1960; Wynne 

and McClymont, 1956; Robinson, Devlin Wittenberg and Stanger, 1987) and cattle 

(Mylrea,1958). The relationship ~etween dietary sulphate level and liver Cu in sheep 

offered two different levels of Mo for 92 days was illustrated by Dick (1954b) as in Fig. 

2.2.4. 

2.3 MECHANISM OF COPPER X MOLYBDENUM X 
SULPHUR INTERACTION 

2.3.1 Site of the interaction 

The site of Mo x S x Cu interaction was fIrst postulated by Suttle (197 4a) to lie 

within the gastrointestinal tract. Suttle (1974a) found that after 16 days of continuous 

intravenous infusion of 0.3 mg Cu/day to initially hypocupraemic ewes, repletion 

response in plasma Cu concentration was similar in animals un supplemented or 

supplemented with 4 mg Mo/kg DM and 3 g S/kg DM. He concluded that by-passing the 

gastrointestinal tract reduced the effect of Mo and S on the utilization of Cu. The same 

conclusion was reached after repletion of hypocupraemic ewes on a high Mo diet by 

subcutaneous administration of Cu (Suttle and Field, 1974). Further work by Suttle 

(197 4b) in which infusion of Mo into the abomasum of sheep did not affect the 

availability of dietary eu indicated that the rumen is the primary site of the interaction of 

Cu x Mo in the gut. Price and Chesters (1985) supported this conclusion in their work 

with rats offered diets of digesta from different regions of digestive tract of sheep; where 

they compared the availability of Cu in grass untreated (1.6 mg Mo/kg DM) or treated 

with ammonium molybdate (11.6 mg Mo/kg DM). Treatment with Mo reduced the 

availability of Cu in grass to 43%. In the digesta the availability of Cu was reduced by 

over 50-fold in the rumen, eight-fold in duodenum and seven-fold in the ileum. 



Fig. 2.2.4 Relationship between change in liver copper during a 92-day period and 

logarithm of daily inorganic sulphate intake for sheep on a diet of 80 per cent. chaffed 

oaten hay and 20 per cent. wheaten bran at two levels of molybdenum intake. Curves 

shown as best fit to observed points. (Dick,1954b). 
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2.3.2 Theoretical explanation of the interaction 

There have been a few attempts to explain the mechanism of the Mo x S x Cu 

interaction. Mills (1960) demonstrated that an increase in Mo intake by sheep elevated 

ruminal sulphide (S2-) concentration and this was associated with a decrease in Cu 

solubility. However, in the abomasum S2- concentrations were extremely low and little 

affected by Mo. The relationship between changes in soluble-Cu level and sulphide level 

was not clear despite the reduction in soluble-Cu levels in abomasum of Sand Mo 

supplemented sheep. Thus this author concluded that increased CuS production caused by 

f~eding Mo and SO 4-2 was not the sole factor responsible for copper deficiency. 

Dowdy and Matrone (1968a) based their theory, that Mo complexes with Cu and 

that Cu bound in this state is biologically inactive, on the observation that Cu and Mo salts 

react in vitro to form a Cu-Mo complex which is insoluble at ruminal pHs. These authors 

supported their views by dietary experiments in which they showed that Cu in this 

complex was not readily available to any of the animal species they tested (Dowdy and 

Matrone, 1968b). Their studies, however, neglected the role of S. Bremner and Davies 

(1973) pointed out that no convincing evidence had been presented to show the existence 

of the Mo-S complex in intestinal contents, or even that it could survive passage through 

the gastrointestinal tract. 

Huisingh, Gomez and Matrone (1973) claimed that Cu became unavailable 

through the formation of insoluble cupric molybdate and cupric sulphide in the rumen, 

intestines or the tissues. This theory, however, does not explain the fact that the effect on 

Cu metabolism of Mo and S together is far greater than the independent effects. 

A hypothesis proposed by Matrone (1970) involved a further interaction between 

the Cu-Mo complex and an unspecified degradation product (X) of S in the rumen which 

yielded an unabsorbable complex of Cu, Mo and S in the rumen. Suttle (1974b) 

elaborated this idea and suggested that X was in fact S2- and that another chemical 

reaction known to occur in vitro, whereby S2- and Mo04
2- combined to form MoS4

2-, 

also occurred in the rumen, producing CuMoS4. Furthermore, the presence of Cu- and 
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Mo- containing proteins in the plasma'of ewes given Mo04
2- plus S042- was interpreted 

as evidence that Cu-Mo complexes form systematically (Suttle, 1980). This theory was 

supported experimentally by Dick, Dewey and Gawthorne (1975) who briefly noted that 

TMs affect the solubility of plasma Cu in trichloroacetic acid. 

2.3.2.1 Formation of thiomolybdates. In vitro studies have shown that the 

passage of H2S through a concentrated solution of ammonia containing Mo04
2-leads to 

the formation ofthiomolybdates (fMs) (Bernard and Tridot, 1961). Later 

spectrophotometric investigation of the soluble TMs (Aymonino, Ranade, Dieman and 

Muller, 1969) showed that the products of the reaction between H2S and molybdate ion in 

dilute neutral aqueous solutions are a series of salts of type R 12Mo04_nSn where n=1 to 

4. Dick et al. (1975) incubated a washed suspension of rumen micro-organisms in a 

solution containing unspecified amounts of molybdate and sulphate which led to the 

production of a mixture of TMs. 

Clarke and Laurie (1980), from in vitro studies that involved different tests of the 

stability of TMs at body temperature (390 C) and different pH levels, concluded that 

conditions in the rumen are favourable for formation of di- (TM2) and tri-TMs (TM3) but 

not tetra-TM (TM4) as the latter only occurs over a relatively long period of time at high 

S:Mo ratios, conditions which are not normally found in the rumen. 

On the other hand Mills et al. (1978) briefly reported that they detected the 

characteristic absorption spectrum of only TM4 in the centrifuged supernatant of cultures 

when they incubated suspensions of sieved rumen contents with ammonium molybdate (5 

or 10 mg Moll) and S sources (20-50 mg total S/l) at 390 C for 18 h under CO2. However, 

the authors also noted that they were not able to detect any TM ion by spectrophotometric 

examination of the supernatant of rumen contents of cattle offered a diet containing 5 mg 

Mo, 11 mg Cu and 3.8 g total S/kg DM, despite the rapid depietion of liver Cu reserves 

which occurred. The authors argued that when the dilution of ingested Mo by the liquid 

phase of rumen contents and the usual partition of Mo between solid and liquid phases are 

taken into account, the failure to detect TM was not surprising. They suggested that 

spectrophotometric techniques are unlikely to reveal the presence of Mo ion in rumen 
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contents unless dietary Mo exceeds 100 mg/kg DM, and then only when extinction of the 

TM spectrum through its interaction with ruminal Cu is avoided by the use of low Cu 

diets. On the other hand Bray, Suttle and Field (1983) reported conversion of molybdate 

to TM in an artificial rumen (Czerkawski and Breckenridge, 1977) over a wide range of 

Mo inputs and at low S2-:Mo ratios. Molybdenum and S2 concentrations were generally 

close to those obtained in the rumen. However the authors indicated that the artificial 

rumen (Rusitec) did not behave like the natural rumen in that Mo was found 

predominantly in the liquid phas~ whereas in vivo it is predominantly in the solid phase 

(Grace and Suttle, 1979). 

Evidence for the production of TMs in vivo was produced by Mason, Kelleher 

and Letters (1982a) who detected only TM2 and TM3 in plasma of sheep maintained on Ii 

high S diet (3 g/kg DM) and infused with 30 mg of 99Mo-Iabelled molybdate into the 

rumen. Only TM2 was detected in plasma of deer infused in the same way (Mason, 

Williams, Harrington and Sheahan, 1984). The TMs bound to protein were displaced in 

vitro by addition of cold TMs to a sample of plasma which was then passed through a 

column of Sephadex 0-25. The same results were obtained in a recent study by Price, 

Will, Paschaleris and Chesters (1987) in sheep maintained on a diet containing 6.2 mg 

Mo/kg DM and 4.3 g S/kg DM and in which 99Mo was injected rapidly intrarumina1ly. 

However, using the technique of displacement of bound TMs from digesta proteins in this 

study, the authors detected TM3 and TM4 predominantly in the solid digesta. Price et al. 

(1987) concluded that TM4 could be synthesized in the rumen of sheep at the dietary level 

used in their study but it could not be detected in plasma because it is poorly absorbed at 

low dietary Mo levels. 

2.3.2.2 Effect of thiomolybdates on copper metabolism. 

Thiomolybdates are known in solution chemistry to form very insoluble Cu salts (Mellor, 

1931). When added to plasma in vitro they produced TCA-insoluble Cu (Dick et al., 

1975). However, in vivo the effect of intravenously injected preformed TMs resembles to 

a large extent those effects induced by high Mo and S diets on eu metabolism (Dick et al., 

1975). Being different chemical species, however, the effect of different TMs on Cu 
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Young, 1982; Suttle and Field, 1983). 
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The actions of TM4 in affecting Cu absorption and causing systemic effects on 

Cu metabolism varied between the pre- and post-weaning stages in lambs (Suttle and 

Field, 1983). Addition of TM4 (3 mg Mo/kg DM) to a high Cu milk substitute diet (10.4 

mg/kg DM with or without a supplement of 5 mg Cu/kg DM and 3 mg Mo/kg DM) did 

. not influence either the total concentration or the distribution of plasma Cu. However, 

liver stores were markedly reduced and the hepatic retentions were found to reduce from 

40% to 26% of total Cu intake. After weaning the hepatic retentions were 7.7 and 5.5% of 

intake in un supplemented and TM4-supplemented lambs respectively. It appears that the 

reduction in Cu absorption caused by TM4 at the levels used in this study is less marked 

in the ruminant than the preruminant stage of development and the differences in Cu 

absorption between the two stages must be due to particular ruminal conditions. 

The effect of dietary Cu on the influence of TM4 in the above-mentioned study 

was also investigated. When the lambs were given, after weaning, a diet of low Cu 

content (3.2 mg/kg DM) there was a gradual accumulation of TCA-insoluble Cu in the 

plasma. However, when dietary Cu was increased to 15.2 mg/kg DM after 19 weeks, the 

TCA-insoluble Cu in the plasma was immediately reduced. At the dietary levels of Mo (3 

mg/kg DM in the formofTM4) and ofCu (10-15.5 mg/kg DM) used in this study, the 

effect of TM4 appeared to be confined to the gastrointestinal tract. The systemic effects 

appeared only at the lower levels of dietary Cu (3.2 mg/kg DM), presumably as the result 

of an escape of surplus TM4 into the bloodstream. 

All of the species of TM appear to influence the solubility of plasma Cu in TCA 

whether they are administered intravenously (Dick et al., 1975; Allen and Gawthome, 

1985; Hynes, Lamand, Montel and Mason, 1984; Mason, Lamand and Hynes, 1983) or 

intra-duodenally (Dick et al., 1975; Mason, Lamand and Kelleher, 1980, 1982b). Total 

plasma Cu was also increased when TMs were injected intravenously in sheep (EI-Gallad, 

Bremner and Mills, 1977; Mason et al., 1983; Allen and Gawthome, 1985; Gooneratne, 

Christensen, Chaplin and Trent, 1985) or provided in the diet (Suttle and Field, 1983). 
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Persistence of the increased total Cu, however, depended on the duration of 

supplementation with TMs. Thiomolybdates affected the availability of dietary Cu for 

absorption, liver accumulation or tissue utilization when they were fed (Suttle and Field, 

1983; Gooneratne, Howell and Gawthome, 1981ab) or injected intravenously (Mason, 

Woods and Poole, 1986). 

The degree of effect of TMs on Cu metabolism appears to differ with degree of 

thiosubstitution in the compound, i.e. TM2 < TM3 < TM4 (Suttle and Field, 1983; 

Bremner et al., 1982; Mason et al., 1983). In the work of Mason et al.,) the three types of 

TM were injected in sheep at different dosages containing 5.4 to 62.5 mg Mo/animal. The 

effect of TM2 on plasma Cu was less marked than that of TM3 or TM4. The effect of 

concentration was unclear and this was attributed to the variations in response between the 

small number of animals used in the study. The difference between the different types of 

TMs in their effect on plasma Cu, however, was probably related to the difference in 

biological half-life of the compounds, being 30 h for TM2 and 40 h for TM3 and TM4. 

Molybdate, TM2 and TM4 were given on a diet, containing 3 mg Mo and 8 mg Cu/kg 

DM with a supplement of dietary S as 1.0 or 4.0 g/kg DM, to different groups of 

hypocupraemic ewes (Suttle and Field, 1983) for three weeks. On the low S diet the total 

plasma Cu was similarly increased with the three Mo sources but the TCA-solubility of 

plasma Cu was reduced only in the TM4 supplemented group·. As predicted from the 

responses in TCA-solubility, Cu absorption was similar for Mo04 and TM2 

supplemented diets (4.0 and 4.3% respectively) which was greater than for the TM4 

supplemented diet ·(3.3%). On the high S diet, however, the effect of TM2 on plasma Cu 

resembled that of TM4 and absorption of Cu was reduced in all of the diets (1.9, 1.4 and 

2% for Mo04, TM2 and TM4 respectively). These observations suggested that TM2 can. 

be converted to TM3 and then to TM4 in the presence of high S2-levels. It was concluded 

that at high dietary S concentrations the conversion of Mo04 to TM4 in the rumen leads 

directly or indirectly to the formation of Cu-Mo complexes and a reduction in Cu 

absorption. 

Although the experiments on non-ruminant animals may not provide information 

on the significance of TMs which directly applicable to ruminants, similar conclusions to 
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those described above have been reached in rats given Mo04, TM2, TM3 and TM4 

(provided as 0-8 mg Mo/kg DM) in the diet for one week and then given a single oral dose 

of 64Cu (Bremner et al., 1982). It appeared that only TM4 had any influence on the 

absorption of 64Cu. 

There are no reports available in literature on the effect of TMs on DRCu. 

However, in the work Mason et al. (1986) clearance rate of Cu (10-20 mg) injected into 

cattle simultaneously receiving TM3 (20-75 mg Mo/400-450 kg steer) depended on the 

time between TM3 and Cu injections. The shorter the time the slower the rate of 

clearance. The lower effect of TM3 on clearance rate of injected Cu at longer intervals 

between injections was attributed to the possible metabolism of TM3. However total Cu 

was increased in all treatments although the increase was transient when the injections of 

TM3 and Cu were only one hour apart. Retained Cu (up to 0.5 mg/l for up to 24 h after 

injection ofTM3) was associated with the albumin fraction. It appeared that the increase 

in total Cu came from at least two sources; the trapped injected Cu, the other source being 

direct effect of TM3 injection, possibly depleted from the liver. However in the absence 

of a test with diethyldithiocarbamate it cannot be suggested that all of the increased Cu is 

DRCu. 

Tetra-thiomolybdate reduced liver Cu levels when it was repeatedly injected 

intravenously (Allen and Gawthome, 1985; Gooneratne et al., 1985; Gordon and Hill, 

1981). This effect was successfully used for the treatment of Cu poisoning in sheep 

(Humphries, Mills, Greig, Roberts, Inglis and Halliday, 1986; Gooneratne et al., 1981ab). 

The distribution of hepatic subcellular Cu was affected following intravenous 

administration of Cu and TM4 (Kelleher and Ivan, 1985); there was a significant transfer 

of Cu out of the nuclear fraction and significant transfer within the cytosolic fraction from 

a high molecular weight protein-bound to a low molecular weight, possibly ionic, form of 

Cu. It appears that there is a direct effect of TM4 on liver Cu which probably contributes 

to the increase in plasma Cu observed in high Mo and S diets. 

The effect of TMs on liver and plasma Cu is expected to be reflected in CP 

activity and, therefore, concentration. However, direct application of TMs to plasma in 
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vitro inhibited CP activity only after TM4 to variable extents depending on the relative 

TM4 concentration; TM2 having no apparent effect (Kelleher and Mason, 1979). The 

effect, however, was found to be reversible (Kelleher and Mason, 1986). The same 

observation was reported in vivo after intra-duodenal infusion of the three types of TMs 

(Mason et al., 1980, 1982b), although inhibition by TM2 was very slight and transient. 

Inhibition was not permanent in these studies nor was it when TMs (0.2 mg/kg, 

unspecified form) were injected intravenously in sheep (EI-Gallad et al., 1977). 

Caeruloplasmin activity was also reduced in sheep when TM4 was repeatedly injected 

intravenously (Allen and Gawthome, 1985) or provided in the diet (Suttle and Field, 

1983). While the rapid but temporary inhibition of CP activity that followed direct 

application of TMs could be attributed to the direct effect of TMs on CP activity, the 

reduction in CP activity after long term TM4 treatment, which was accompanied by liver 

Cu depletion, may be due to impairment of CP synthesis. 

Tetra-thiomolybdate caused increased accumulation of Cu in kidneys (Allen and 

Gawthome, 1985; Gooneratne et al., 1981a) and increased Cu excretion in urine and 

faeces (Gooneratne et al., 1981ab). Repeated injections of an unspecified TM (50 

mg/sheep 3 times weekly) increased biliary eu concentration from 0.35 mg/l (before) to 

1.01 mg/l after TM administration and total biliary Cu excretion was increased from 0.197 

mg to 0.504 mg/24 h (Gooneratne and Christensen, 1984). In contrast other reports 

showed no difference between biliary Cu secretion in sheep which had been provided with 

diets supplemented with TM2, TM4 or molybdate with or without extra dietary levels of S 

(Suttle and Field, 1983). 
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CHAPTER THREE 

GENERAL MATERIALS AND METHODS 

3.1 ANIMALS 

The experiments were carried out with Coop worth wether sheep and 

domesticated red deer stags (Cervus elaphus). All animals were raised on Lincoln College 

Research Farm and were aged between 2 and 5 years at the time of treatment. 

3.2 HOUSING 

Sheep and deer were individually penned indoors; the sheep in metal 

metabolism crates painted with acrylic paint and fitted with fibre glass sides, feeding 

containers and plastic watering containers. Deer were in ventilated pens with ply wood 

sides fixed with metal frame painted with acrylic paint, measuring 2.5x1.5 m and floored 

in concrete. Food and deionized water were provided in plastic containers. 'nanopure' 

water, produced with resistivity of 18.3 mg ohm/cm, was used throughout 

3.3 FOOD 

Meadow and lucerne hays and silage were used. Diets and refusals were weighed 

once weekly (meadow hay) or daily (silage and lucerne hay). When diets required 

supplementation an aqueous solution of S (as sodium sulphate) and Mo (as sodium 

molybdate) was sprinkled on the diets every day and mixed thoroughly by hand before 

feeding. When lucerne hay was used the manual mixing of minerals was carried out on 

the whole batch of food before the experiment started. 
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3.4 BLOOD SAMPLING 

Blood samples were collected from the jugular vein in 10 m1 vacutainer tubes 

containing heparin as the anticoagulant, using single or multi-sampling vacutainer needles. 

Sodium heparin (140 i.u./lO ml - Wedded Pharmaceutical, Sydney, Australia) was used in 

the experiments described in Chapter 4 and 90 u.s.p. units in commercial tubes -Venoject, 

Terumo, Tokyo, J apan- tested for their Cu free condition were used for the rest of the 

experiments. In the ftrst two experiments deer were restrained in a crush (Fig. 3.4.1a and 

b) for sampling. In the rest of the experiments (Chapters 5 and 6) they were anaesthetised 

with intramuscular injections of 5-6 ml of 2,6-xylazine (Rompun-Bayer). Afterwards they 

were revived with intravenous injections of 2 ml of yohimbine hydrochloride (Recervyl

Aspiring Animal Services, N.Z.). 

3.5 CHEMICAL ANALYSES 

3.5.1 Food 

Food samples were collected at random from the lots of food kept for the 

experiments. The samples were oven dried to constant weight at 1050 C, for measurement 

of dry matter (DM), or freeze dried for other analyses. Afterwards they were hammer 

milled through a 1 mm screen and the ground samples well mixed and resampled by 

continuous dividing into halves. 

Food samples were analyzed for Cu (0.5 g) and S (0.1 g) after wet digestion with 

a mixture (4: 1; v:v) of nitric and perchloric acids. The dry digest was reconstituted by the 

addition of 5 ml of 5% HC!. For S the digest was further made up to 20 ml with water. 

Sulphur was measured in the digest as described by Quin and Woods (1976) and Cu was 

determined by Atomic Absorption Spectrophotometer (AAS), (Shimadzu, model AA-

670). A series of standards containing 0-2 mg Cull were prepared by diluting a 

commercially available stock solution (BDH, Pool, U.K.) of high Cu concentration with 

0.1 M HCl before aspiration. 



Fig.3.4.1 A deer (a) controlled in the "Crush" (b) ready for blood sampling. 

(a) (b) 
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Molybdenum in the food samples was determined by a method based on that of 

Bradfield and Stickland (1975). Samples (0.25 g of freeze dried ground diet) were wet

ashed in vials, with 5 ml of a mixture (1:4, v:v) perchloric and nitric acid. The mixture 

was initially heated at 1000 C until brown fumes disappeared, and then at 2100 C until dry. 

Nitric acid (1 ml) was added and heated at 2100 C and the procedure repeated until the ash 

was colourless. The digest was then washed one to three times with 'nanopure' water and 

the vial taken to dryness after each wash. Molybdenum in the digest was measured by the 

catalytic method (Bradfield and Stickland, 1975) in a centrifugal analyzer (IL model 

Multistat III plus). 

3.5.2 Plasma 

The blood was centrifuged at 2000 rpm within a few minutes to one hour after 

collection and the plasma separated. Unless stated otherwise the samples were stored at 

-20oC. All analyses were carried out in duplicate except for that for direct-reacting Cu 

(DRCu). Analytical grade reagents were used throughout the analysis. 

3.5.2.1 Total and TeA-soluble copper. These were determined by AAS. For 

total Cu, plasma (1 ml) was diluted in 6% (v/v) butanol (2 ml) before aspiration and for 

TCA-soluble Cu proteins in 1 ml plasma were precipitated with 6% TCA (w/v) (3 ml), 

centrifuged at 2000 rpm for 10-15 min and Cu in the supernatant determined by AAS. 

TCA-insoluble Cu was taken as the difference between the two measurements. One ml of 

each standard, as described for food, was taken and treated as described for the 

measurement of Cu. Sheep plasma standards of known Cu content were also used and 

were standardized by the acid digestion method described for food, and samples corrected 

for variations in these. 

3.5.2.2 Direct reacting copper. Direct reacting copper was determined by the 

method of Suttle and Field (1968a) except that 4 methyl pent-2-one was used as the 

solvent and the Cu concentration in the solvent layer was determined by AAS. 
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3.5.2.3 Caeruloplasmin activity. The method used for the determination of 

caeruloplasmin (CP) was based on that of Smith and Wright (1974): 0.3 ml of plasma 

was pipetted in 1.5 ml of buffer (0.8 M sodium acetate with 1.3 g EDTA/l, pH 6.36 for 

sheep and 6.61 for deer), and incubated for 5 min in a water bath (370 C). The pH used 

was determined after measurements of activities in plasma samples measured in buffer 

with a range of pH values as that at which activity was optimized (Fig. 3.5.1) for each 

animal species. Plasma from five deer and one sheep were used, the result for sheep was 

as expected from data of Bingley and Dick (1969) and Smith and Wright (1974) (Fig. 

3.5.1). P-phenylendiamine dihydroxide (PPD) (2.0% in buffer) (0.05 ml) was pipetted 

and incubated for 25 min. A blank containing deionized water instead of plasma, for 

measurement of auto-oxidation of the PPD, and a reference plasma were inserted at the 

beginning, the middle and the end of each batch of 50 tubes. Reaction was stopped with 2 

ml of sodium azide (9.75%). Immediately afterwards light absorbance was measured in a 

spectrophotometer (Shimadzu model UV-llO-02) at 540 nm. 

3.6 PREPARATION OF THIOMOL YBDATES 

The thiomolybdates (TMs) were prepared by the method of Bernard and Tridot 

(1961) which involved the gassing of 25 ml of ammonium molybdate dissolved in 

concentrated ammonia solution with H2S. To obtain the different TMs the concentration 

of ammonium molybdate and gassing time varied. Ammonium molybdate concentration 

was 100 gil for TM4, 130 gil for TM3 and 200 gil for TM2, and the gassing 1 to 2 min for 

TM4 and TM3 and 2.5 to 3 min for TM2. The H2S was produced in a Kipps apparatus. 

The brownish yellow TM2, bright red TM3 salts and dark red crystals with greenish shine 

of TM4 were obtained and washed by addition of methyl alcohol and stored in sealed vials 

at -200 C. Purity of the preparations was assessed by their spectral characteristics in 

aqueous solutions as described by Clarke and Laurie (1980) using a Shimadzu UV-Visible 

recording spectrophotometer (model UV -260). 

3.7 WASHING OF GLASSWARE AND UTENSILS 

All glassware and utensils used in the experiments described in Chapter 4 were 

soaked in a detergent (Decon 90, Smith-Biolab Limited, Auckland) for 24 h, rinsed and 

soaked in 10% HCI for at least 24 h before being rinsed successively in five changes of 

deionized water and then oven dried. For the rest of the experiments glassware and 



Fig. 3.5.1 A: Caeruloplasmin activity test at different pHs for sheep 

(one sample) and deer (meaJ of five samples). Vertical bar denotes 

standard deviation. 
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B: pH-caerulopJasmin oxidase activity plots 

for plasma from a, pig and b, sheep pJasma. 

(Bingloy and Dick, 1969). 

C: Effect of pH on caeruiopJasmin oxldos~ 

activity in plasma from human (closed); 

sheep (open). (Smith and Wright, 1974). 
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utensils were soaked in the detergent then washed in a dishwasher (Miele, automatic 

model 07735) with dri-decon, followed by a second wash of EDT A and 'nanopure' 

water. 
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For Mo analysis the washing was carried further by soaking the utensils in 10% 

HCI then in 5% nitric acid for at least 4 h in each before being rinsed in 'nanopure' water. 

3.8 STATISTICAL ANALYSIS 

Procedures of analysis of variance and regression analyses for treatment of data 

were followed as described for each experiment. The Genstat package program was used 

for all of the analyses (Alvey, Banfield, Baxter et al. 1980). Differences between means 

were tested by students t-test. 

Means were compared and the significance of differences between means are 

shown in the tables. The probability level at which a result is regarded as significantly 

different is conventially taken at the 5% level. In this thesis a difference is often referred 

to at the 10% level of probability although the higher probability that difference is due to 

chance is recognized. 

3.9 ORGANIZATION OF THESIS 

The experiments in this thesis are collated within 3 chapters (Chapters 3, 4 and 

6). The format of each chapter is to outline the reason(s) for each experiment and the 

materials and methods and results relating to the experiments. No discussion is provided 

within these chapters. The general discussion occurs in Chapter 7 where the results of all 

experiments are collated and discussed. This format was chosen to facilitate discussion 

and to avoid unnecessary repitition of discussion points. 



CHAPTER FOUR 

COMPARATIVE EFFECTS OF DIETARY 
MOLYBDENUM CONCENTRATION 

ON DISTRIBUTION OF COPPER 
IN PLASMA IN SHEEP AND RED DEER 

4.1 INTRODUCTION 
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Dietary molybdenum (Mo) and sulphur (S) interact to have deleterious effects on 

copper (Cu) metabolism in sheep. Systematic work with deer has not been undertaken. 

However, a preliminary study by Mason et aI, (1984) showed that effect of molybdates on 

Cu metabolism in deer may be less than in sheep. This conclusion was also reached by 

Freudenberger et al (1987ab) who were unable to detect any TCA-insoluble Cu in the 

plasma of deer provided with a silage diet containing 6 mg Mo, 5.4 g S and 9-10 mg 

Cu/kg DM, which did induce the development of a considerable amount of TCA-insoluble 

Cu in sheep. The present experiments were designed to extend the above observations by 

studying the effects of different dietary levels of molybdenum on the distribution of 

plasma Cu in deer and sheep without (Experiment 1) and with (Experiment 2) 

supplementary dietary S. 

4.2 MATERIALS AND METHODS 

4.2.1 Animals 

Eight sheep and eight deer were used in the studies which comprised two 

experiments. The sheep weighed between 48.8 and 65.2 kg (mean ± s.d., 56.2 ± 4.89) and 

deer between 110.5 and 130.5 kg (mean ± s.d. 121.3 ± 7.03). All the animals were 2-3 



35 

years old. Before the experiments started the sheep were drenched with 8 mg (10 ml) of 

the anthelmintic Ivermectin (lvomec, Merck, Sharp and Dohme, N.Z.). Because these 

studies were conducted during the autumn, in the middle of the breeding season for stags, 

they were given intramuscular injection of 150 mg of a depot form of 

medroxyprogesterone acetate (MPA) (Promone E, Upjohn N.Z.) to overcome the loss of 

appetite and aggressive behaviour due to high rates of secretion of androgens (Barrell and 

Muir,1985). The source of animals, housing and watering system were described in 

Chapter 3. 

4.2.2 Experimental design 

The sheep and deer were divided randomly within species into four groups of two 

animals, which were maintained throughout the two experiments. Meadow hay, the 

composition and analyses of which are given in Table 4.2.1, was offered to both animal 

species at levels estimated to provide maintenance energy (0.43 MJMEmO·75 for the 

sheep and 0.57 MJMEmO·75 for deer (Fennessy, Moore and Corson, 1981). After seven 

weeks each group within species was allocated to -one of four dietary levels of Mo, 

achieved by carefully sprinkling, daily, aqueous solution (100 ml) ofMo onto the hay of 

each animal and mixing by hand. In Experiment 1 (Exp 1) the total dietary concentrations 

of Mo were designed to be 3 (M03), 6 (M06), 12 (M012) and 24 (M024) mg/kg DM and 

in Experiment 2 (Exp 2) 6 (M06S), 12 (M012S), 24 (M024S) and 48 (M048S) mg/kg 

DM. In the latter experiment S04 was also added to provide dietary S concentration of 

5.5 g S/kg DM in all diets. The actual dietary levels of Mo and S before and after the 

supplementation are given in Table 4.2.1. 

Experiment 1 was terminated after 35 days and Exp 2 after 16 days. There was a 

period of three weeks between experiments. Blood samples were collected three times 

each week in Exp 1 and twice weekly in Exp 2 and treated as in Chapter 3. Measurements 

included total Cu, TCA-soluble Cu, caeruloplasmin activity and direct-reacting Cu, the 

latter only in Exp 2. 
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Table 4.2.1 

Proximal and chemical analyses of the hay diet before and after supplementation with Mo 

andS. 

%DMD %DM%Protein Minerals /kg DM 

S (g) Cu (mg) Mo (mg) 

Basal 58.8 93.7 12.5 2.3 5.9 0.4 

After supplementation of Mo and S: 

Dietary treatments Trt 1 Trt 2 Trt 3 Trt 4 Sulphur 
(g/kgDM) 

Experiment 1 

Experiment 2 

Molybdenum (mg/kg DM) 

2.4 

5.4 

5.4 

11.4 

11.4 

23.4 

23.4 

47.4 

2.3 

5.6 

4.2.3 Statistical analysis and presentation of the result 

There was large variation between individuals within and between animal 

species in both the initial values of plasma Cu parameters and in change in response to 

treatment. Therefore analysis of variance procedures were used to study the differences 

in initial values and changes in plasma Cu parameters within individuals between 

treatments and animal species. All results presented in the text are plotted as deviations 

from the initial values (means of two animals) with vertical bars that denote the 

standard error. Missing values for a deer died one day before Exp2 was terminated 

were calculated using regression anaysis. The actual data are given in the Appendices. 

These experiments were not designed to study the effect of dietary S on Cu 

metabolism. However, data from the two experiments were pooled for the common Mo 

treatments (Mo 6, 12 and 24) in the two experiments to study the effect of S, Mo, 

animal species and their interactions. Analysis of variance procedures measured to 



examine the change in eu parameters between 0 and 16 days, at which time Exp 2 was 

terminated. 

4.3 RESULTS 

4.3.1 General health, food intake and behaviour of 
the animals 

4.3.1.1 Health. All animals were apparently healthy during Exp 1. While 

the sheep maintained their initial body weight the deer lost an average of about 6% of 

initial weight (Fig 4.3.1). During Exp 2 one deer on the M048S diet lost weight 
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without any apparent loss in appetite and ultimately developed a staggering gait and had 

difficulty in standing, the hind limbs being particularly weak. It died a day before the 

experiment was terminated. Post mortem examination attributed death to liver failure 

and abomasal lesions which included several areas of acute haemorrhagic ulceration of 

the mucosa, some involving the complete depth of the mucosa. There were also 

scattered areas of variation in the depth of the mucosa suggesting that there had been 

previous ulcerations which had healed. There were also small irregular areas of 

subacute mucosal inflammation and mucosal fibrosis. The mucosal tissue showed 

marked oedema with small numbers of mononuclear inflammatory cells present. The 

cause of these lesions was not known. They could be the ubiquitous and ill dermed 

stress or possibly bacterial or parasitic infection. 

Another deer on diet Mo12S during Exp 2 showed an acute reduction of food 

intake during the last 6 days of the experiment. This animal died a few days after the 

experiment was terminated. Post mortem changes had occurred before post mortem 

examination could be carried out but there appeared to be a diffuse inflammatory 

infiltration in the liver indicating a terminal septicaemia. In the kidney there was 

marked congestion and widespread low grade nephrosis with many of the tubules 

containing proteinaceous material. This kidney change is often seen in sheep with 

malnutrition and it was probably associated with hypoprotei~aemia, although the crude 



Fig. 4.3.1 Dry matter intake (top) and body weight (bottom) of sheep and deer 

during the period of experiment 1 (0-5 weeks) and 2 (8-10 weeks). Vertical bar 

denotes standard deviation. 
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protein content in the diet seemed to be adequate (Table 4.2.1). The rest of the animals, 

both sheep and deer, maintained satisfactory health. 

4.3.1.2 Food intake. For the flrst flve weeks of the flrst experiment the 

animals consumed all the food offered (Fig 4.3.1). Total food intake was 0.92 ± 0.061 

kg OM/day for sheep and 2.04 ± 0.160 kg OM/day for deer. During Exp 2 food intake 

was generally lower and was 0.866 ± 0.024 for sheep and 1.886 ± 0.10 for deer. 

4.3.2 Total copper 

4.3.2.1 Experiment 1. The changes in total plasma Cu during the 

experiment are given in Fig. 4.3.2 and Table 4.3.1. Initially sheep had marginally lower 

plasma total Cu than deer (P<O.lO). During the first 3 to 5 days of the experiment there 

was a small reduction in total plasma Cu levels in all animals. Subsequently both sheep 

and deer on Mo 24 diet showed an increase in total plasma Cu compared to the other 

treatments, the change tending to be more marked within sheep particularly between 

0-16 and 0-35 days (P<0.05 in both cases). Deer, however, showed a smaller (P<O.lO) 

effect of treatment after 35 days. A trend for a difference between the animal species in 

the changes between 0-16 and between 0-35 days (P<0.10) was due to the general 

reduction in plasma total Cu in deer while that in sheep increased. 

4.3.2.2 Experiment 2. The changes in total plasma Cu in sheep and deer 

are given in Fig. 4.3.3 and Table 4.3.2. Initially total plasma Cu concentration was 

marginally higher in deer than in sheep (P<0.10). Within the first three days of 

treatment both sheep and deer showed Mo dependent increases in total plasma Cu. 

Within deer the change between 0-3 days was small and similar in groups on M06S and 

Mol2S and greatest in M048S (P<O.OOl). The difference between treatments in sheep. 

however, was not signiflcant (p>0.1O) reflecting the large between individual variation. 

While concentrations in sheep subsequently increased, further values for all treatments 

subsequently decreased similarly (P>0.1O) in deer. Generally the difference in the 

change in sheep and deer was different (P<O.Ol) during 3-16 days due to increase in 

sheep and decrease in deer total plasma Cu. The overall difference between the animal 



Fig. 4.3.2 Changes in total plasma copper in sheep and deer offered a hay diet 

containing 2.4, 5.4, 11.4 or 23.4 mg molybdenum/kg DM during 35 days. Vertical 

bar denotes standard error of difference 
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Table 4.3.1 

Initial values and changes in total plasma copper (mg/l) in sheep and deer offered a hay 

diet with molybdenum concentration of 3, 6, 12 or 24 mg/kg DM for 35 days. 

Initial Change between 

0-16 days 0-35 days 16-35 days 

Sheep Deer Sheep Deer Sheep Deer Sheep Deer 

Difference between diets within animal species 

Mo3 0.928 0.947 -0.058 -0.035 -0.119 -0.082 0.061 0.047 

Mo6 0.681 0.962 -0.017 -0.106 0.013 -0.067 -0.030 -0.038 

Mo 12 0.634 1.058 0.056 0.027 0.056 -0.175 0.000 0.202 

Mo24 0.768 0.842 0.330 0.082 0.272 0.165 0.059 -0.083 

Sign. NS NS ... NS ... * NS NS " 

SED 0.1427 0.2178 0.0839 0.0665 0.0887 0.0800 0.1040 0.1323 

Animal species x treatment interaction 

Sign. NS NS NS NS 

SED 0.1841 0.0757 0.0845 0.1190 

Differen~e between species 

Mean 0.753 0.952 0.078 -0.008 0.056 -0.040 0.022 0.032 

Sign. * *~ * NS 

SED 0.0920 0.0378 0.0422 0.0595 

Difference between diets 

Mo3 0.938 -0.046 -0.100 0.054 

Mo6 0.821 -0.061 -0.027 -0.034 

Mo 12 0.847 0.042 -0.059 0.101 

Mo24 0.805 0.206 0.218 -0.012 

Sign. NS * ... ** NS 

SED 0.1302 0.0535 0.0597 0.0841 

41 



Fig. 4.3.3 Changes in total plasma copper in sheep and deer offered a hay diet 

containing 5.4, n.4, 23.4 or 47.4 mg Mo/kg DM and and 5.3 9 S/kg DM during 16 

days. Vertical bar denotes standard error of difference. 
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Table 4.3.2 

Initial values and changes in total plasma copper (mg/l) in sheep and deer offered a hay 

diet with molybdenum concentration of 6, 12, 24 or 48 mg/kg DM and containing 5.5 g 

sulphur/kg DM for 16 days. 

Initial Change between 

0-3 days 0-16 days 3-16 days 

Sheep Deer Sheep Deer Sheep Deer Sheep Deer 

Difference between diets within animal species 

Mo6S 0.873 1.081 0.064 0.041 0.016 -0.362 -0.048 -0.403 

Mo12S 0.797 0.978 0.212 0.026 0.151 -0.126 -0.061 -0.152 

Mo24S 0.707 1.260 0.351 0.198 0.606 -0.200 0.255 -0.398 

M048S 0.854 1.005 0.445 0.475 0.598 0.125 0.153 -0.350 

Sign. NS NS NS *** ** NS NS NS 

SED 0.341 0.341 0.1581 0.0428 0.0942 0.1450 0.1318 0.1764 

Animal species x treatment interaction 

Sign. NS NS * NS 

SED 0.2580 0.1158 0.1222 0.1559 

Difference between animal species 

Means 0.807 1.081 0.268 0.185 0.343 -0.141 0.075 -0.326 

Sign. * NS *** ** 

SED 0.1290 0.0579 0.0611 0.0780 

Difference between diets 

Mo6S 0.977 0.064 -0.173 -0.225 

Mo12S 0.887 0.212 0.013 -0.106 

Mo24S 0.983 0.351 0.203 -0.071 

M048S 0.930 0.445 0.361 -0.098 

Sign. NS ** *** NS 

SED 0.1825 0.0819 0.0864 0.1103 



species (P<O.OO1) was mainly due to the general reduction in total Cu concentration in 

deer and the increase in sheep. 
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4.3.2.3 Experiment 1 and Experiment 2 combined. Total Cu levels 

were significantly (P<O.OO1) different between species due to the general trend of increase 

in sheep and decrease in deer (Table 4.3.3). Interactions of both Mo and S with animal 

species were significant (p<0.01 and < 0.001 respectively) due to the fact that sheep and 

deer apparently reacted differently to Mo and S. Whereas the changes were positive in 

sheep they were negative in deer although, within each species, increasing either S or Mo 

lead to a higher level of plasma total Cu. 

4.3.3 The proportion of TeA-soluble to total plasma 
copper 

4.3.3.1 Experiment 1. The proportion of TCA-soluble to total plasma Cu 

(TCA-soluble/total Cu) was not clearly affected in either animal species except on Mo 24 

in sheep in which it was reduced. There was an unconsistent change in sheep on the Mo 

12 diet (Fig. 4.3.4). The data were analyzed during the same time periods studied for total 

Cu changes, vis 0-16, 0-35 and 16-35 days (Table 4.3.4). Although a difference (P<0.05) 

was initially found between sheep and deer it was small. However there was no difference 

between animal species in the change of the proportion of TCA-soluble Cu concentration 

at any time. There was a tendency, however, for greater reduction in sheep than in deer 

after 35 days on the Mo 24 on which the greatest change was generally seen. 

4.3.3.2 Experiment 2. The changes in the proportions of TCA-soluble to total 

Cu during the experiment are shown in Fig. 4.3.5 and Table 4.3.5. There was a trend for 

reduction in the proportion of TCA-soluble Cu in sheep on M06S diet but large reductions 

on the other treatments, predominantly within the first three days. In deer no clear change 

was found on either M06S or Mo12S diets but deer on the two higher Mo treatments 

showed reductions after three days and no further change subsequently. There was no 

difference between the animal species during the first three days (P>O.lO) but by the end 

of the experiment the overall reduction in the proportion of TCA-soluble Cu was clearly 



Table 4.3.3 

Change in total plasma copper level (mg/l) in sheep and deer offered a hay diet with 

molybdenum concentration of 5.4, 11.4 or 23.4 mg/kg DM and containing 2.3 or 5.6 g 

sulphur/kg DM for 16 days. 

Interaction Species x Mo x S Species xMo MoxS 

Dietary S Low High Low High 

Species Sheep Deer Sheep Deer Sheep Deer 

Diet 

Mo6 -0.017 -0.106 0.016 

Mo 12 0.056 0.032 0.150 

Mo24 0.332 0.083 0.606 

Sign. of interaction NS 

SED 0.1073 

Difference between S diets 

Mean 0.063 

Sign. NS 

SED 0.0438 

Animal species x sulphur interaction 

Sheep 0.124 

Deer 0.003 

Sign. 

SED 

Difference between species 

Sheep 

Deer 

Sign. 

SED 

0.190 

-0.113 

*** 

0.0438 

*** 

0.0619 

-0.362 0.000 -0.234 

-0.126 0.103 -0.047 

-0.200 0.469 -0.059 

** 

0.0759 

0.014 

-0.061 -0.173 

0.044 0.012 

0.203 0.203 

NS 

0.0759 

Difference between Mo diets 

0.257 Mo6 -0.117 

-0.229 Mo 12 0.028 

Mo24 0.205 

Sign. *** 

SED 0.0536 
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Fig. 4.3.4 The ratio of TCA-soluble to total plasma copper in sheep and deer 

offered a hay diet containing 2.4, 5.4, 11.4 or 23.4 mg Mo/kg DM during 35 

days. Vertical bar denotes standard error of difference. 
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Table 4.3.4 
Initial values and changes in the proportion of TeA-soluble to total plasma copper in 
sheep and deer offered a hay diet with molybdenum concentration of 2.4, 5.4, 11.4 or 23.4 
mg/kg DM for 35 days. 

Initial Change between 

0-16 days 0-35 days 16-35 days 

Sheep Deer Sheep Deer Sheep Deer Sheep Deer 

Difference between diets within animal species 

Mo3 0.973 0.980 -0.045 -0.110 -0.048 -0.011 0.002 -0.099 

Mo6 0.954 1.000 0.046 0.099 -0.087 -0.051 0.133 0.150 

Mo 12 1.010 1.047 -0.133 -0.100 -0.073 -0.084 -0.060 -0.015 

Mo24 0.955 1.008 -0.099 -0.055 -0.208 -0.109 0.109 0.054 

Sign. NS NS ** '* NS '* NS NS " " 

SED 0.0316 0.0268 0.0673 0.0599 0.0712 0.02717 0.0984 0.0740 

Animal species x treatment interaction 

Sign. NS NS NS NS 

SED 0.02929 0.0637 0.0539 0.0871 

Difference between animal species 

Mean 0.973 1.008 -0.058 -0.041 -0.104 -0.063 0.046 0.022 

Sign. * NS NS NS 

SED 0.1465 0.0451 0.0269 0.0435 

Difference between diets 

Mo3 0.976 -0.078 -0.029 -0.048 

Mo6 0.977 0.072 -0.069 0.141 

Mo12 1.028 -0.116 -0.079 -0.037 

Mo24 0.981 -0.077 -0.158 0.081 

Sign. NS * '* " * 
SED 0.0271 0.0451 0.0381 0.0616 



Fig. 4.3.5 The ratio of TCA-soluble to total plasma copper in sheep and deer 

given a hay diet containing 5.3 g 5/ kg DM and 5.4, 11.4, 23.4 or 47.4 mg/kg 

DM during 16 days. Vertical bar denotes staJdard error of difference. 
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Table 4.3.5 

Initial values and changes in the proportion of TeA-soluble to total plasma copper in 

sheep and deer offered a hay diet with molybdenum concentration of 5.4, 11.4, 23.4 or 

47.4 mg/kg DM and containing 5.6 g sulphur/kg DM for 16 days. 

Initial Change between 

0-3 days 0-16 days 3-16 days 

Sheep Deer Sh~p Deer Sheep Deer Sheep Deer 

Difference between diets within animal species 

Mo6S 1.007 1.027 0.020 -0.005 -0.203 -0.047 -0.220 -0.042 

Mo12S 1.018 1.015 -0.550 -0.025 -0.500 -0.097 -0.283 -0.072 

Mo24S 0.978 0.998 -0.350 -0.156 -0.595 -0.227 -0.240 -0.071 

M048S 0.981 1.031 -0.420 -0.516 -0.629 -0.475 -0.207 0.036 

Sign. NS NS *** * * NS NS 

SED 0.02068 0.1953 0.3520 0.0378 0.0683 0.0740 0.1170 0.0716 

Animal species x treatment interaction 

Sign. NS NS * " NS 

SED 0.02011 0.2504 0.0708 0.1001 

Difference between animal species 

Means 0.996 1.017 -0.326 -0.175 -0.481 -0.212 -0.237 -0.037 

Sign. * NS *** ** " 

SED 0.01006 0.1252 0.0354 0.0500 

Difference between diets 

MooS 1.017 0.006 -0.125 -0.131 

Mo12S 1.016 -0.286 -0.299 -0.177 

Mo24S 0.988 -0.255 -0.411 -0.156 

M048S 1.006 -0.469 -0.552 -0.086 

Sign. NS NS *** NS 

SED 0.01422 0.1770 0.0501 0.0708 
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greater in sheep than in deer (P<O.OOl). Most of this difference in change between the 

animal species occurred between 3-16 days (P<O.Ol). 

4.3.3.3 Experiment 1 and 2 combined. The combination of the data in 

the two experiments showed that the only significant interaction was that of species x S 

(P<O.OOl) (Table 4.3.6). The proportion of TCA-soluble Cu was reduced to a greater 

extent in sheep compared to deer (P<O.OOl) and in the high compared to the low S diet 

(P<O.OOl). A subsequent difference between Mo diets was also observed (P<O.OOl). 

4.3.4 Caeruloplasmin activity 

50 

4.3.4.1 Experiment 1. The changes in caeruloplasmin (CP) activity during 

the experiment are shown in Fig. 4.3.6 and Table 4.3.7. There was a gradual but small 

change in caeruloplasmin (CP) activity in all treatments in both species except that of Mo 

24 in sheep. The latter increased gradually for 14 days then decreased again for the rest of 

the experimental period. This change, however, was not significant compared to the other 

treatments (P>O.lO). Consequently no difference was found between sheep and deer 

(P>0.10) beween 0-14 days. Between 14 and 35 days, however, there was a significant 

treatment x species interaction (P<0.05) due to the large reduction in CP activity in sheep 

on Mo 24 during this period. Deer were relatively little affected at this time. 

4.3.4.2 Experiment 2. The changes in CP activity are given in Fig.4.3.7 and 

Table 4.3.8. Caeruloplasmin activity was reduced similarly in all treatments in deer but 

not in sheep. The difference in change between species was marginal after the first three 

days (P<O.lO) but was significant difference after 16 days (P<O.OOl). 

4.3.4.3 Experiment 1 and Experiment 2 combined. Caeruloplasmin 

activity was generally reduced to a greater extent by the high than by the low S diet 

(P<O.Ol) (Table 4.3.9). It was also reduced to a greater extent in deer than in sheep 

(P<0.05). There were no significant interactions and the general effects of all Mo diets 

were similar (P>O.lO) but there was a trend for Mo dependent reduction with the greatest 

change occurring on Mo 6. 
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Table 4.3.6 

Change in the proportion of TCA-soluble to total plasma copper level in sheep and deer 

offered a hay diet with molybdenum concentration of 5.4, 11.4 or 23.4 mg/kg DM with 

2.3 or 5.6 g sulphur/kg DM for 16 days. 

Interaction 

Dietary S 

Species Sheep 

Diet 

Mo6 0.045 

Mo12 -0.133 

Mo24 ~0.099 

Sign. of interaction 
SED 

Species x Mo x S 

Low 

Deer Sheep 

0.099 -0.202 

-0.100 -0.500 

-0.056 -0.598 

NS 
0.1123 

Difference between S diets 

High 

Deer 

-0.047 

-0.097 

-0.228 

Mean 

Sign. 

SED 

-0.041 -0.278 

*** 

Species xMo 

Sheep Deer 

-0.079 0.026 

-0.317 -0.099 

-0.347 -0.142 

NS 
0.0794 

MoxS 

Low High 

0.072 -0.125 

-0.117 -0.299 

-0.077 -0.411 

NS 
0.0794 

Animal species x sulphur interaction Difference between Mo diets 

Sheep -0.062 

Deer -0.019 

Sign. *** 

SED 0.0459 

Difference between animal species 

Sheep 

Deer 

Sign. 

SED 

-0.247 

-0.071 

*** 

0.0459 

-0.432 Moo -0.026 

-0.124 Mo12 -0.208 

Mo24 -0.244 

Sign. *** 

SE 0.0562 



Fig. 4.3.6 Changes in caeruloplasmin activity in sheep and deer offered a hay 

diet containing 2.4, 5.4, 11.4 or 2.3.4 mg Mo/kg DM during .35 days. Vertical bar 

denotes standard error of difference. 

.£ 
~ 

1.0 

0.8 

0.4 

~ 
0.. 

.Q 
~ 1.0 

(,) O.B 

& 0.6 
§ 

..c: 0.4 
(j 

0.2 

o 

-0.4 

-0.6 

Jf---
IC---

)(---

MoJ 
Mo 6 
Mo 12 

Mo 24 

Sheep 

Deer 

-tO~0~~~5~~~ro~~~~~~~2~0~~~2~5~~~30--~~3~5--

Experimental period (days) 

52 



53 

Table 4.3.7 

Initial values and changes in caeruloplasmin activity (8.5401ml/25 min) in sheep and deer 

offered a hay diet with molybdenum concentration of 2.4, 5.4, 11.4 or 23.4 mg/kg DM for 

35 days. 

Initial Change between 

0-14 days 0-35 days 14-35 days 

Sheep Deer Sheep Deer Sheep Deer Sheep Deer 

Difference between diets within animal species 

Mo3 1.588 1.157 -0.202 -0.047 -0.270 -0.203 0.083 -0.160 

Mo6 1.054 1.105 0.010 -0.353 -0.287 -0.347 -0.297 0.003 

Mo12 0.957 1.214 -0.026 -0.117 -0.197 -0.377 -0.177 -0.260 
-

Mo24 0.970 0.964 0.803 0.050 0.033 -0.027 -0.770 -0.077 

Sign. NS NS NS NS NS NS * NS 

SE 0.491 0.2524 0.4203 0.4543 0.2243 0.4147 0.2213 0.1880 

Animal species x treatment interaction 

Sign. NS NS NS * 
SED 0.3906 0.4380 0.3333 0.2053 

Difference between animal species 

Mean 1.143 1.110 0.110 -0.117 -0.180 -0.237 0.290 -0.123 

Sign. NS NS NS NS 

SED 0.1953 0.219 0.167 0.103 

Difference between diets 

Mo3 1.373 -0.200 -0.237 -0.037 

Mo6 1.079 -0.170 -0.317 -0.147 

Mo12 1.085 -0.067 -0.287 -0.022 

Mo24 1.085 0.427 0.003 -0.423 

Sign. NS NS NS NS 

SED 0.2762 0.3097 0.2357 0.1453 



Fig. 4.3.7 Changes in caeruloplasmin activity in sheep and deer offered a 

hay diet containing 5.3 9 S/kg OM aJd 5.4, 11.4, 23.4 or 47.4 mg Mo/kg DM 

during 16 days. Vertical bar denotes standard error of difference. 
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Table 4.3.8 

Initial values and changes in caeruloplasmin activity (A5401ml/25 min) in sheep and deer 

offered a hay diet with molybdenum concentration of 5.4, 11.4,23.4 or 47.4 mg/kg DM 

and containing 5.6 g sulphur/kg DM for 16 days. 

Initial Change between 

0-3 days 0-16 days 3-16 days 

Sheep Deer Sheep Deer Sheep Deer Sheep Deer 

Difference between diets within animal species 

Mo6S l.357 0.957 0.090 -0.243 -0.440 -0.893 -0.530 -0.652 

Mo12S l.012 0.825 0.317 0.117 -0.140 -0.348 -0.460 -0.450 

Mo24S 0.727 1.247 0.117 -0.297 0.000 -0.975 -0.117 -0.678 

M048S 1.248 0.923 0.067 -0.137 -0.233 -0.657 -0.300 -0.522 

Sign. NS NS NS NS NS NS NS NS 

SED 0.2479 0.1977 0.2803 0.3037 0.2070 0.2737 0.2530 0.2662 

Animal species x treatment interaction 

Sign. * " NS NS NS 

SED 0.2242 0.2923 0.2426 0.2598 

Difference between animal species 

Means 1.086 0.988 0.147 -0.140 -0.203 -0.718 0.350 0.575 

Sign. NS * ** NS 

SED 0.112 0.1460 0.1213 0.1299 

Difference between diets 

MooS 1.157 -0.077 -0.667 -0.590 

Mo12S 0.918 0.217 -0.243 -0.463 

Mo24S 0.987 0.090 -0.487 -0.397 

M048S 1.086 0.037 -0.340 -0.410 

Sign. NS NS NS NS 

SED 0.1585 0.2067 0.1715 0.1837 
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4.3.5 Direct reacting copper 

4.3.5.1 Experiment 2. The changes in direct-reacting Cu (DRCu) are shown 

in Fig. 4.3.8 and Table 4.3.10. There were Mo-dependent increases in direct-reacting Cu 

(DRCu) in both species. In deer and sheep these were manifest after 3 days, and whereas 

in sheep the values continued to increase in a Mo dependent pattern, in deer the values 

stabilized. As a consequence, the major effect was a generally much greater response in 

sheep than in deer both between days 3-16 (P<O.01) and days 0-16 (P<0.05). There was, 

however, a large difference (P<O.OI) in initial values between animal species. 
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Table 4.3.9 

Change in caeruloplasmin activity (L\5401ml/25 min) in sheep and deer offered a diet of 

hay with molybdenum concentration of 5.4, 12.4 or 23.4 mg/kg DM and containing 2.3 or 

5.6 g sulphur/kg DM for 16 days. 

Interaction Species x Mo x S 

Dietary S Low High 

Species Sheep Deer Sheep Deer 

Diet 

Mo6 -0.185 -0.225 -0.440 -0.893 

Mo 12 -0.077 -0.099 -0.140 -0.348 

Mo24 0.629 0.170 0.000 -0.975 

Sign. of interaction NS 

SED 0.3674 

Difference between S diets 

Means -0.036 -0.466 

Sign. "'''' 
SED 0.155 

Species xMo 

Sheep Deer 

-0.313 -0.559 

-0.109 -0.223 

0.398 -0.398 

NS 

0.2598 

MoxS 

Low High 

-0.205 -0.667 

-0.087 -0.245 

-0.404 -0.488 

NS 

0.2598 

Animal species x sulphur interaction Difference between Mo diets 

Sheep 0.122 -0.194 Mo6 -0.436 

Deer -0.048 -0.739 Mo12 -0.166 

Sign. NS Mo24 -0.042 

SED 0.2121 Sign. NS 

SED 0.1837 

Difference between animal species 

Sheep -0.036 

Deer -0.394 

Sign. '" 

SED 0.1500 



Fig. 4.3.8 Changes in the direct-reacting plasma copper in sheep and deer 

offered a diet of hay containing 5.3 g S/kg DM and 5.4, 11.4, 23.4 or 47.4 9 

Mo/kg DM during 16 days. Vertical bar denotes standard error of difference. 
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Table 4.3.10 

Initial values and changes in direct-reacting copper (mg/l) in sheep and deer offered a hay 

diet with molybdenum concentration of 5.4, 11.4,23.4 or 47.4 mg/kg DM and containing 

5.5 g sulphur/kg DM for 16 days. 

Initial Change between 

0-3 days 0-16 days 3-16 days 

Sheep Deer Sheep Deer Sheep Deer Sheep Deer 

Difference between diets within animal species 

Mo6S 0.080 0.044 -0.014 0.018 0.055 0.043 0.069 0.017 

Mo12S 0.076 0.058 0.072 0.034 0.195 0.042 0.123 0.008 

Mo24S 0.095 0.059 0.119 0.119 0.366 0.151 0.121 0.032 

M048S 0.081 0.069 0.194 0.201 0.404 0.209 0.210 0.008 

Sign. NS NS * ** * ** NS NS " " 

SED 0.01187 0.01337 0.0461 0.02043 0.0991 0.0284 0.0588 0.02368 

Species x treatment interaction 

Sign. NS NS NS NS 

SED 0.01254 0.03565 0.0729 0.0768 

Difference between animal species 

Means 0.083 0.057 0.0926 0.0930 0.255 0.111 0.164 0.061 

Sign. ** NS ** ** 

SED 0.00627 0.01783 0.0365 0.0384 

Difference between diets 

MooS 0.062 0.002 0.049 0.043 

Mo12S 0.067 0.053 0.118 0.065 

Mo24S 0.077 0.119 0.259 0.142 

M048S 0.075 0.197 0.306 0.109 

Sign. NS *** ** NS 

SED 0.00887 0.02521 0.0516 0.0543 
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CHAPTER FIVE 

THIOMOLYBDATES: (A) THE EFFECT OF THE 
ADDITION OF THIOMOLYBDATES TO 

THE PLASMA ON COPPER METABOLISM 
IN VllTRO AND IN VllVO 

5.1 INTRODUCTION 

A difference between sheep and deer in the effect of dietary molybdenum (Mo) 

and sulphur (S) on total plasma copper (Cu) and its solubility in TCA was established in 

the previous experiments. In summary dietary Mo alone had a smaller effect on solubility 

of plasma Cu in deer than in sheep suggesting that deer are less susceptible than sheep to 

the appearance of TCA-insoluble fraction of plasma Cu. When dietary Mo was increased 

at high dietary S levels caeruloplasmin (CP) activity seemed to be more affected in deer 

than in sheep. The question is raised as to whether these differences arose in the plasma 

per se as a consequence of thiomolybdate (TM) absorption and degradation, or in the 

rumen in fonnation of TMs. There is evidence, for example, that TM compounds may 

differ in their rate of clearance from the plasma in sheep (Mason et aI., 1983). It has also 

been suggested that, although all TM species reduce the solubility of plasma Cu in TCA, 

they differ in potency (Bremner et al., 1982). In part this may reflect differences between 

compounds in ability to bind Cu but also their stability within the body, especially since 

only di-TM (TM2) was found in the plasma of deer injected with TM3 (Mason et al., 

1984). 

These experiments, therefore, were conducted to determine whether sheep and 

deer differ in the effect of TMs on plasma Cu fractions in vitro where differences in rate of 

TM absorption or in metabolic clearance were not operating (Part one), and then to 

determine whether the rate of clearance of TM differs between TM species and animal 

species after intravenous injection (part two) as judged by change in plasma Cu fractions. 
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5.2 PART ONE: IN VITRO STUDIES ON THE EFFECTS 
OF SPECIES AND AMOUNT OF 
THIOMOLYBDATE ON COPPER 
FRACTIONS IN PLASMA DERIVED 
FROM DEER AND SHEEP 

5.2.1 Materials and methods 

5.2.1.1 Experimental design. Three different mixed plasma samples derived 

from six sheep and individual plasma samples derived from three deer were used. Blood 

was collected from each sheep (500 ml) and deer (lL) into heparinized bottles, 

centrifuged, the plasma from pairs of sheep pooled and then aliquots from each sample 

placed in three bottles and stored at -200 C. Before experimental treatments were 

commenced the plasma was thawed and recentrifuged. Aliquots (105 ml) of each plasma 

(3 replicates x 2 animal species) were divided into three amounts of 35 ml. Samples from 

each of the latter were treated with three different amounts, low, medium and high, of 

each of the three species of TMs, di-(TM2), tri-(TM3) and tetra-(TM4) (3 TM species x 3 

amounts), and incubated for 70 min at 3SoC. Samples were taken for analysis 4 min prior 

to pipetting the TMs and then 4 min and 70 min after TM administration. 

5.2.1.2 Measurement of thiomolybdates used. The additions of TMs 

used in the experiment were designed to provide concentrations shown in Table 5.2.1 

which were chosen on a molecular weight basis as 100%, 200% and 400% of the amounts 

expected to complex with 1 mg ofCu and form copper thiomolybdate (CuMo03_0S1_4). 

5.2.1.3 Preparation of thiomolybdate solutions. Individual TMs were 

made up in in 0.9% NaCI at concentrations of 0.063, 0.067 and 0.07 mg/5 ~l for TM2, 

TM3 and TM4 respectively. An automatic dispenser was set to pipette 5, 10 and 20 ~l for 

the low, medium and high levels, respectively. 

5.2.1.4 Procedure. Thirty five ml of each of the six plasma aliquots (3 sheep 

and 3 deer) was pipetted into each of nine small beakers and incubated at 370 C in a water 
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Table 5.2.1 

The final in vitro concentrations of ammonium thiomolybdate in plasma (mg/l) designed 

to be achieved on the low, medium and high addition regimens. 

Amount 

Low 

Medium 

High 

Salt 

TM2 

1.8 

3.6 

7.2 

TM3 

1.9 

3.9 

7.8 

TM4 

2.0 

4.1 

8.2 

bath for about 6 min. Samples were then taken from each beaker for analysis for initial 

levels of TCA-soluble Cu (1 m1x2), DRC (4 mIx!) and CP activity (0.3mIx2). A few 

minutes later one of the 3 TM at one of the 3 levels was added to the plasma. Samples 

were taken after 4 and 70 min for Cu analysis as mentioned above. TCA-soluble eu and 

DRCu was determined immediately after sampling and CP after storage at -200 C. 

5.2.1.5 Statistical analysis. Data were analysed by analysis of variance 

procedures for the effects of animal species, type of TM, amount of TM, period and their 

interactions. Due to a significant difference in initial levels between sheep and deer in all 

of the parameters studied, the same analysis was applied to the change within samples 

between time 0 and 4 min. These changes were studied by analysis of covariance after 

adjustment for the initial levels before treatment. 

5.2.2 Results 

5.2.2.1 TeA-soluble copper. The changes in TCA-soluble Cu in the two 

animal species after TM addition are given in Fig. 5.2.1, Fig. 5.2.2, Table 5.2.2 and Table 

5.2.3. There was a significant (p<O.01) treatment x time x animal species interaction. 



Fig. 5.2.1 TCA-soluble copper in plasma of sheep and deer after addition of 

TM2, TM3 or TM4 in low, medium or high amounts and incubation at Jtr C for 70 

minutes. SE = 0.08484. 
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Fig. 5.2.2 Effect of time, species and amount of thiomolybdate and their interaction with 

animal species on TCA-soluble Cu concentration in sheep (S) and de~r (D) plasma after in 

vitro addition of low, medium or high amounts of TM2, TM3 or TM4 and incubation at 

380 C for 70 min. 
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Table 5.2.2 

Effect of animal species and time x species of thiomolybdates x animal species interaction 

on the concentration (mg/l) of TCA-soluble Cu in sheep and deer plasma after the addition 

of TM2, TM3 and TM4 in vitro and incubation at 380 C for 70 min. 

Treatment 

Sheep 1.164 

Deer 0.911 

Sign. 

SE 

TM2 

0.449 

0.380 

0.794 

0.586 

1.201 

0.903 

Difference between animal species 

Sheep Deer 

Means 0.639 

Sign. 

SED 

NS 

0.09967 

0.505 

TM3 

0.203 

0.230 

** 
0.08484 

0.444 

0.300 

1.202 

0.884 

TM4 

0.110 

0.134 

0.186 

0.214 

This was attributable to the fact that TCA-soluble Cu was higher (P<0.05) in samples 

from sheep than in deer initially, a difference which subsequently disappeared after 

addition of TM. There was a trend for a greater change (P<O.lO) in TCA-soluble Cu after 

4 min in sheep than in deer after adjustment of means for initial concentration. The TCA

soluble Cu concentration increased between 4 and 70 min after TM2 treatment in both 

animal species but only in sheep after TM3 treatment. However, these levels were still far 

below the initial values. 

5.2.2.2 Direct-reacting copper The changes in DRCu are given in Fig. 

5.2.3, Fig.5.2.4, Table 5.2.4 and Table 5.2.5. There was a significant (p<0.01) animal 

species x time interaction possibly attributable to the trend for a greater change after 4 

min in deer and higher values before addition of TMs than in sheep samples. There 
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Table 5.2.3 

Effect of the amount and species of thiomolybdate on the change in concentration (mg/l) 

of TCA-soluble Cu in sheep and deer plasma 4 min after the addition of low, medium and 

high quantities of TM2, TM3 and TM4 in vitro and incubation at 380 C. Means are 

adjusted for differences in concentration before treatment. 

AmountofTM 

Low Medium High 

Sheep -0.632 -0.897 -1.036 

Deer -0.560 -0.723 -0.912 

Sign. * 
SED 0.01722 

Species of TM 

TM2 TM3 TM4 

-0.668 -0.902 -0.995 

-0.596 -0.749 -0.851 

* 
0.03756 

Differences between amounts and species of TMs 

Means -0.596 -0.810 -0.974 -0.632 -0.825 -0.923 

Sign. *** *** 
SED 0.01734 0.01734 

Animal species 

-0.855 

-0.732 

* , , 

0.040 

was a small animal species x TM species interaction (1)>0.10) attributable to the difference 

in initial concentrations between sheep and deer. There was no animal species x TM 

species interaction (p>O.1O) on the change in DRCu after 4 min after adjustment of means 

for initial DRCu. 

5.2.2.3 Caeruloplasmin activity There was no change in CP activity in 

any treatment in any of the animal species (Fig. 5.2.5). However the initial level of CP 

activity in sheep plasma before treatment was higher (P<O.OOI) than that of deer (1.737 

and 0.727 ± 0.0872 units of activity/ml/25 min for sheep and deer ± SED respectively). 
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Fig. 5.2.3 Direct-reacting copper in plasma of sheep and deer ofter addition of 

TM2, TM3 or TM4 in low, medium or high anounts and incubation ot 38' C for 70 minutes. 

S£ = 0.01524. 
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Fig. 5.2.4 Effect of time, species and amount of thiomolybdate and their interaction with 

animal species on DRCu concentration in sheep (S) and deer (D) plasma after in vitro 

addition of low, medium or high amounts ofTM2, TM3 or TM4 and incubation at 380 C 

for 70 min. 
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Table 5.2.4 

Effect of animal species and time x species of thiomolybdates x animal species interaction 

in the concentration (mg/l) of DRCu in sheep and deer plasma after the addition of TM2. 

TM3 and TM4 in vitro and incubation at 380 C for 70 min. 

Treatment 

Sheep 0.047 

Deer 0.077 

Sign. 

SE 

TM2 

0.025 

0.038 

0.032 

0.037 

TM3 

0.052 0.012 0.013 

0.076 0.027 0.028 

NS 

0.01524 

Difference between animal species 

Sheep Deer 

Means 0.028 0.041 

Sign. NS 

SED 0.0151 

0.048 

0.064 

TM4 

0.008 

0.003 

0.014 

0.018 



70 

Table 5.2.5 

Effect of the amount and species of thiomolybdate and animal species on the change in 

concentration (mg/l) of direct-reacting eu in sheep and deer plasma 4 min after the 

addition of low, medium and high amounts of TM2, TM3 and TM4 in vitro. Means are 

adjusted for concentrations before treatment. 

AmountofTM 

Low Medium High 

Sheep -0.042 -0.045 -0.045 

Deer -0.027 -0.041 -0.047 

Sign. NS 

SED 0.00649 

Species of TM 

TM2 TM3 TM4 

-0.032 -0.050 -0.049 

-0.023 -0.043 -0.049 

NS 

0.00689 

Differences between amounts and species of TMs 

Means -0.034 -0.043 -0.046 -0.028 -0.047 -0.049 

Sign. * *** 
SED 0.00399 0.00456 

Animal species 

-0.044 

-0.038 

NS 

0.005 



Fig. 5.2.5 Caeruloplasmin activity in plasma of sheep and deer after addition of 

TM2, TM3 or TM4 In low, medium or high amounts a1d incubation at 3Ir C for 70. 

minutes. SE = 0.03442. 
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5.3 PART TWO: EFFECTS OF INTRAVENOUSLY 
INJECTED THIOMOLYBDATES ON THE 
DISTRIBUTION OF PLASMA COPPER IN 
SHEEP AND DEER 

5.3.1 Materials and methods 

5.3.1.1 Introduction. The results of the controlled in vitro experiment 

showed that TCA-solubility of plasma Cu could be reduced by 30% by as little as 1.8 mg 

ammonium TM2/l, and that the effect tended to be less in deer than in sheep. Since, in 

this system TMs were excluded from the normal body processes which bring about their 

degradation it was necessary to determine how differences in degradation rate might also 

contribute to differences between animal species in response to TM and the importance, in 

this regard, of TM species. 

5.3.1.2 Pilot trial. A pilot trial was ftrst established to determine the quantity 

of TM needed to provide measurable response in plasma TCA-soluble Cu, the frequency 

for blood sampling and the duration of the experiment. The medium amount of TM4 (4 

mg/l) used in vitro was selected and injected intravenously in two sheep in a pilot trial. 

Plasma volume in sheep and deer was estimated as 50 ml/k:g body weight (Coghlan, Fan, 

Scoggins and Shulkes, 1977; Jacobsen, 1981; Muir, 1986, unpublished estimates in red 

deer). 

Two sheep taken at random from the paddock were injected intravenously with 4 

mg ammonium TM4/l of estimated plasma volume. A blood sample was taken just before 

and five min after the injection and then at approximately 5-30 min intervals for 180 min. 

The results of this trial are given in Fig. 5.3.1. The proportion of TCA-soluble/total Cu in 

samples taken 5 min after the injection was 0.448 and 0.497 for the two sheep. The 

profile of recovery of TCA-soluble Cu was similar in the two animals being rapid within 

the first 30 min and then very slow with little change in the next 2.5 h. The results of this 

trial showed that the amount used was giving a readily measurable response but it was 

increased by 50% on the basis that a smaller effect might be expected in deer. It also 



Fig. 5.3.1 Total and TCA-soluble plasma copper in two sheep foOowing intravenous 
injection with 4 mg TM4/1 of estimated plasma volume. 
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showed that samples should be taken closer to the injection since metabolism of TMs 

could start soon after their administration. With most of the change occurring within one 

hour 120 min was chosen as the duration of the subsequent experiment. 

5.3.1.3 Ma jor experimental design. Six animals of each species were 

used at random in two similar double 3x3latin square designs, one for sheep (live weight 

71-82 kg) and one for deer (live weight 95-129 kg), in which thiomolybdates (TMs) 

(TM2, TM3 and TM4) were inje<?ted intravenously in three periods separated by one 

week. The animals were allowed to graze between the experimental treatments and 

brought inside only during experimental periods. To control the animals for injections 

and blood sampling during the experiment, deer were anaesthetized by intramuscular 

injection of 5 ml of 2-(2,6-xylazine) (Rompun-Byer), the effect of which was reversed 

later by intravenous injection of 1.5 m1 of yohimbine hydrochloride (Recervyl-Aspiring 

Animal services), and were held in a sitting position with the head to one side and 

supported by a pad. Sheep were injected with the same product but at only 1 ml!animal; 

higher doses were considered to be potentially lethal (A.S. Familton, personal 

communication). The sheep were injected with the anaesthetic as a precaution to exclude 

any possible effect of anaesthesia (Caple and Heath, 1978) influencing the comparisons 

between sheep and deer. The amounts of ammonium TMs injected, respectively, were 

5.4, 5.7 and 6 mg/1 of estimated plasma volume for TM2, TM3 and TM4, respectively. 

These estimates were taken on an assumption that the volume of the extracellular fluid 

relative to the body weight in the two species is similar. Blood samples were collected 

just_before injection and then at 0.5, 1, 2, 3, 4, 5, 10, 15, 30, 60, 90 and 120 min after the 

injection. Total and TCA-soluble Cu were measured immediately after centrifugation of 

the blood. 

5.3.1.4 Preparation of thiomolybdate injections. The animals were 

weighed, their estimated plasma volume calculated and the amounts of each TM required 

for each animal were calculated. Three times the amount of TM required for each animal 

was weighed and stored in capped vials at -200 C until the time of treatment. Six m1 of 

saline (0.9% NaCI) were added to the salt in the vial, mixed and transferred to a syringe 

provided with a "Millipore" sterilizing filter (0.20 ~m) (Dismic-25-Toyo, Japan). The 



75 

solution was passed through to another sterile 5 ml syringe from which 2 ml were injected 

into the jugular vein using an 18Gx I" needle, care being taken to insure that all the 

contents of the syringe were delivered into the vein. 

5.3.1.5 Statistical analyses. The rate of recovery ofTCA-solubility of 

plasma Cu was calculated for each animal using the exponential relationship y=a+be( -cx) 

(Sedcole, J.R, personal communication) to show the decrease in TCA-insoluble Cu where 

y is the TCA-insoluble Cu and x ~s time. The values of a (the asymptote), b (the 

difference between the initial value of the starting curve and the asymptote) and c (the rate 

constant), shown graphically in Fig. 5.3.2, were subjected to analysis of variance to study 

the effect of species, treatment and species x treatment interactions as described by 

Cochran and Cox (1957). The latter procedure was also followed for other parameters 

which included the change in TCA-soluble Cu during the first 0.5-1.5 min and the total 

change in total Cu (deviation from initial) by the end of the experimental period. The 

latter was also studied by t-test for each treatment for the hypothesis that it was not 

significantly different from zero. 

5.3.2 Results 

5.3.2.1 Total copper. Changes in total plasma Cu during the experiment are 

given in Fig. 5.3.3 and Table 5.3.1. Total plasma Cu concentration was similar in the two 

animal species initially. Two h after injection all TMs had induced highly significant 

increases in total Cu in both animal species (P<O.OOI) but TM2 produced a greater 

increase (P<0.05) than TM3 or TM4, which were similar. The changes induced in sheep 

and deer were similar (P>O.1 0) and the treatment x animal species interaction was not 

significant (P>0.1O). 

5.3.2.2 TeA-soluble copper. The change in TCA-soluble Cu within 

0.5-1.5 min after intravenous injection of TM is given in Table 5.3.2. In all of the animals 

of both species solubility of Cu in TCA was reduced within 0.5-1.5 min. The change was 

affected by the treatment where the TM3 and TM4 caused more change (P<O.OOI) than 



Fig. 5.3.2 Representation of the parameters, a-, b- and c-values which describe 

the equation: y = a + bec-.x
) used to describe the change in TCA-insoluble 

plasma Cu Tn sheep and deer injected intravenously with TM2, TM3 and TM4. 
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Fig. 5.3.3 Total plasma copper in sheep and deer following intravenous injection 

with TM2, TM3 or TM4. 
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Table 5.3.1 

Initial value and change in total plasma Cu concentration in sheep and deer 2 h following 

intravenous injection with TM2, TM3 and TM4 provided as 5.4, 5.7 and 6.0 mg 

ammonium salt/l of estimated plasma volume, respectively. 

Initial Change after 2 h 

Sheep Deer Animal species Thiomolybdate species 

Sheep Deer TM2 TM3 TM4 

Means 0.746 0.741 0.108 0.099 0.148 0.086 0.075 

Sign. NS NS * 
SED 0.0515 0.0144 0.0237 

TM2. Both species were similar (p>0.10) and there was no treatment x species interaction 

(P>D.lO). 

5.3.2.3 TeA-insoluble copper. The changes in TeA-insoluble Cu are 

given in Fig. 5.3.4 and Table 5.3.3. There was an increase in the TCA-insoluble fraction 

of Cu in all treatments but the effect was reversed within 0.5-1.5 minutes and the TCA

insoluble Cu subsequently decreased rapidly. The rate at which it decreased (c-value) was 

not significantly different (P>0.1O) different between animal species but tended to be 

greater in deer than in sheep and no animal species x treatment interaction was found 

(P>O.lO). However a large difference between treatments was recorded (P<O.01) due to 

the greater decline in TM2 treatments compared to both TM3 and TM4 which were 

similar. 

The asymptote (a-value) was similar in both species with no treatment x animal 

species interaction (P>D.lO) but was affected by treatments (P<0.05) with the highest 

value on the TM3 and the lowest on the TM2 treatment. 



79 

Table 5.3.2 

Change in the concentration of TCA-soluble copper in plasma of sheep and deer within 

0.5-1 min following intravenous injection with TM2, TM3 and TM4 calculated to provide 

5.4,5.7 and 6.0 mg ammonium salt/l of estimated plasma volume, respectively. 

Sheep Deer Treatment 

TM2 -0.602 -0.601 -0.601 

TM3 -0.716 -0.720 -0.718 

TM4 -0.867 -0.867 -0.831 

Sign. NS *** 
SED 0.0673 0.0385 

Difference between animal species 

Means -0.728 -0.717 

Sign. NS 

SED 0.0515 
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Fig. 5.3.4 Decrease of TCA-insoluble plasma copper in sheep and deer injected 

intravenously with TM2, TM3 and TM4 to provide 5.6, 5.7 and 6.0 mg/I of estimated 

plasma volume respectively. Graphs describe the equation: y=a+bec-oJt
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Table 5.3.3 

The parameters a, band c values in the relationship y=a+be( -cx) describing the decrease 

in TeA-insoluble plasma copper in sheep and deer following intravenous injection with 

TM2, TM3 and TM4 provided as 5.4, 5.7 and 6.0 mg ammonium salt/l of estimated 

plasma volume respectively. 

a-value b-value c-value 

Sheep Deer Treat. Sheep Deer Treat. Sheep Deer Treat. 

TM2 0.125 0.080 0.103 0.453 0.594 0.524 -0.191 -0.304 -0.248 

TM3 0.173 0.254 0.213 0.566 0.517 0.541 -0.053 -0.067 -0.060 

TM4 0.158 0.171 0.164 0.633 0.619 0.626 -0.031 -0.078 -0.055 

Species x treatment interaction and difference between treatments 

Sign. NS * NS NS NS ** 
SED 0.0421 0.0291 0.0851 0.0555 0.0582 0.0444 

Difference between species 

Means 0.152 0.168 0.551 0.576 -0.092 -0.150 

Sign. NS NS NS 

SED 0.0265 0.0578 0.0299 
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CHAPTER SIX 

THIOMOLYBDATES: (B) DETECTION OF 
99MO COMPOUNDS IN PLASMA OF SHEEP AND 

DEER INJE~TED INTRARUMINALLY 
WITH 9[MojMOLYBDATES 

6.1 INTRODUCTION 

The results of the previous experiments using pre-fonned thiomolybdates (TMs) 

'showed that while TMs affected Cu in deer plasma to a lesser extent than in sheep plasma 

in vitro, such a difference between the two animal species was not found in vivo. 

However, degradation rate of TM -Cu compounds appeared to be slightly greater in sheep 

than in deer. This might indicate that deer are more efficient than sheep in handling the 

absorbed TM compounds. Such results, however, did not explain the difference observed 

in the earlier feeding trials (Chapter 4) between sheep and deer in the effect of high Mo 

and S diets on solubility of plasma Cu in TeA, which was less in deer, unless deer 

produce and absorb less total TM or only the less potent TM2 from the rumen than sheep. 

Thus attention in the present experiments was directed towards the rumen to examine the 

possibility that sheep and deer may differ in the rate of formation or in the proportions of 

the species of TM fonned. It had already been suggested that such differences may be 

present since Mason et al. (1984) detected only TM2 in the plasma of deer injected 

intraruminally with 99[Mo]molybdate, whereas both TM2 and TM3 were found in sheep 

by Mason et al. (1982a). The animals were given a high S diet and two levels of Mo as a 

precaution because of a complete lack of infoimation on the appropriate dietary levels at 

which comparisons could be made. 
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6.2 PART ONE: PILOT EXPERIMENTS 

6.2.1 Materials and methods 

6.2.1.1 Animals, food and housing. Two pilot experiments were 

conducted using only sheep. They were run to provide basic infonnation to detennine the 

amount of 99Mo to be injected intraruminally and the time during which blood samples 

should be taken to optimise appearance of 99Mo-complexed compounds in plasma. Four 

sheep, weighing between 45-48 kg, were selected at random and housed and watered as 

described in Chapter 3. They were given a diet of lucerne hay (0.800-1.000 kg 

OM/animal/day) supplemented with 3.3 g S/kg OM for two weeks before the flrst 

experiment commenced. For two sheep (Sheep 1 and 2) the diet was further enhanced 

with 11 mg Mo/kg OM and for a further two (sheep 3 and 4) with 23 mg Mo/kg OM. The 

diets are referred to as Mo 12 and Mo 24, respectively, and the actual contents, based on 

chemical analysis and supplementation are shown in Table 6.2.1. 

Table 6.2.1 

Copper, Mo and S contents of the lucerne diets before and after the addition of amounts of 

supplementary Mo and S used in the pilot experiments. 

Basic (/kg DM) Supplemented (/kg DM) 

Cu (mg) S (g) Mo (mg) S (g) Low Mo(mg) High Mo(mg) 

Lucerne hay 3.6 1.9 0.2 5.2 11.2 23.2 

In the flrst experiment (Exp 1) only Sheep 2 was used. On the day of injection 

the animal was provided with food at about 09:30 h and injected intraruminally with 

99Mo (Australian Nuclear Science and Technology, Lucas Heights) at about 23:20 h. The 

injection contained 2.3 mCi activity and 97 mg Mo (specific activity 0.0237 mCi/mg Mo). 



Blood samples were collected every 2 h between 10-20 h after injection as described in 

Chapter 3. 
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In the second experiment (Exp 2) the four sheep were injected 10 days after Exp 

1. For two days before, and on the day of the injection, food was provided to the animals 

at 14:00 h and 99Mo was injected at 16:00 h. The injections contained 2.0 mCi and 30 

mg Mo, except for Sheep 3 which had 1.85 mCi and 27.6 mg Mo (specific activity 0.067 

mCi/mg). Blood samples were collected at 2,6, 15, 18,21 and 24 h after injection. 

The radioactivity was provided in 60 ml solution per animal and injected through 

the left flank into the rumen. Two ml of a local anaesthetic, lignocaine hydrochloride 

(Xylocain 2%-Astra,Sydney) was administered before an incision on the skin was made. 

A stainless steel canula and trocar were pushed through the incision and a rigid PVC tube 

of 6 mm external diameter, 3.5 mm internal diameter and 400 mm long was introduced 

via the trocar. Using a 60 ml syringe the solution was introduced into the rumen through 

the tube. 

6.2.1.2 Preparation of 99Mo solutions. The stock of 99Mo (70 mCi in 

magnesium molybdate) was diluted in 50 ml of deionized water and kept as working 

solution from which redilutions were made to contain the experimental dose in 60 

mlIanimal. Variation in specific activity was due to the time difference between the 

shipment of the radioactive material and the day of the experiment after radioactivity 

decay was corrected for. 

6.2.1.3 Separation of molybdenum compounds with Sephadex G-

25 chromatogrophy. This procedure was carried out to identify the species of TM 

complexed with the plasma protein. Four ml of plasma sample taken 16 h post injection 

in Exp 1 and 3 ml of each of the samples taken at 2, 14 and 21 h post injection in Exp 2 

were passed through four similar columns simultaneously immediately after the 99Mo I 

compounds were displaced from their protein carriers, using a method based on that of 

Mason et al. (1982a) in which TM3 and TM4 solutions (50 JlI of 0.03 g/ml of buffer 
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solution of each) were added to the plasma samples just before they were passed through 

the columns. 

The columns were prepared from Sephadex 0-25 (medium grade, Pharmacia), 

2.2x30 cm, with a flow rate of 47 m1/h and eluted with 0.05 M phosphate buffer at pH 7.5. 

Forty 6.5 ml fractions were collected and taken for counting of the activity. Due to the 

slight differences in elution pattern noticed between the columns used in the study each 

column was calibrated individually. Calibration of the columns was achieved by the 

following method using different TMs and 99[Mo]molybdate: To identify the elution 

regions ofMo compounds, solutions of species ofTM containing 0.016 g of ammonium 

TM2, TM3 or TM4/5 ml of water were prepared. A mixture of the solutions (50 ~l of 

each) was added to 4 ml of plasma, mixed and immediately passed through the column. 

99Mo was added to one column. The compounds were identified in each elution fraction 

by their absorbance spectra and the position of the molybdate by the eluted radioactivity. 

For the identification of the region absorbance of characteristic peaks of each TM, vis 317 

for TM2, 396 for TM3 and 468 for TM4, were monitored and a typical profile of 

separation is shown in Fig. 6.2.1. 

6.2.1.4 Preparation of plasma samples for counting. Radioactivity 

was detected in plasma (in duplicate) in a gamma counter (1282 Compogamma-LKB

Wallac) at least 24 h after samples were collected to ensure isotopic equilibrium between 

99Mo and its short-lived product 99Tcm (Robinson and McCarter, 1966). These authors 

indicated that the buildup or decay of 99Tcm in biological samples withdrawn from living 

animals may give apparent measurement of 99Mo concentration 0.57-2.31 times the 

actual values in indiscriminate measurement of gamma emission for 99Mo-counting 

system. Radioactivity was measured in total (1 ml), TCA-ii1soluble (in the precipitate) 

and soluble (in the sllpematant) fractions after addition of? ml of TCA to 1 ml of plasma. 

Radioactivity was also detected in the 6.5 ml fractions collected from each sample passed 

through the column. All radioactivity was corrected for background and decay. 



Fig. 6.2.1 Typical profile of Sephadex G-25 separation of Mo compounds, in 4 ml 

plasma sample mixed with 50 p,1 of cmmonium TM2, TM3 and TM4 solutions (0.016 

mg/5 mJ), as judged from absorbonces at their charecteristic peaks. Elution 

with 0.05 M phosphate buffer, pH 7.5, flow rate 43 ml/h, column bed volume 

2.2 x 30 em, fraction size 6.5 mL 

0.30 

0.28 TM2 at wave length 317 

0.26 TM3 at wave length 396 

0.24 TM4 at wave length 468 

0.22 

0.20 

(l) o. 18 
~ 
0 
:> 

0.16 <l> 
0 
§ 0.14 -e 
0 
CI) 0.12 ..Q 

'<t 

o. 10 

.08 

.06 

.04 

.02 

0 

0 5 10 15 20 25 30 35 40 
Fraction number 

86 



87 

6.2.2 Results 

6.2.2.1 Experiment 1. The pattern of change of activity in the different 

fractions of plasma with time is given in Fig. 6.2.2. Total counts were greatest between 

10 h to 12 h after injection and then declined rapidly during the next 2 h but more slowly 

after 14 h. The same profile was recorded in the TeA-soluble fraction which was almost 

parallel to the total 99Mo curve. On the other hand the activity in the insoluble form 

(complexed with protein) was relatively stable throughout. 

The distribution of the activity in the fractions eluted from the column before and 

after the addition of TMs is shown in Fig. 6.2.2 (Bottom). Prior to displacement most of 

the activity was in the protein fraction but with some detectable activity in the molybdate 

region. After displacement very little activity remained in the protein fraction. Some was 

displaced to the molybdate fraction, the remainder being distributed between the TM2, 

TM3 and TM4 fraction regions. 

6.2.2.2 Experiment 2. The changes in distribution of 99Mo in different 

fractions of plasma of sheep 1-4 during the 24 h of the trial are presented in Fig. 6.2.3. 

There was considerable variation between individuals, rather than between diets, in the 

trend of change and in the amount of activity present in the plasma. There was, however, 

some degree of similarity in the trends in sheep 2 and 3 and those in sheep 1 and 4. 

The distribution of radioactivity in the different elution fractions of plasma from 

sheep 1-4 collected at different times is shown in Fig. 6.2.4. After 2 h most of the activity 

was in the TM2 fraction. There was a smaller peak in the molybdate region and the least 

activity was in TM3. However, the proportions of these fractions varied between animals 

but there was some degree of similarity between sheep 1 and 4 and sheep 2 and 3. While 

the amounts ofTM3 increased with time in all animals, with little difference between 14 

and 21 h plasma samples, peaks in the TM4 regions appeared in sheep 1 and 4 only after 

14 h and persisted at 21 h. No similar peaks ofTM4 were seen in sheep 2 and 3. 
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Fig.6.2.2 Top: Activity per ml in total, TCA-soluble and TCA-insoluble fractions 

1 ml plasma coOected from a sheep maintained on a diet of lucerne hay containing 

5.3 g S/kg DM and 12 mg Mo/kg OM after intraruminal injections of "1.40 (2.3 mCi) 
in 97 mg Mo. Bottom: Sephadex G-25 fractions of 4 ml plasma taken 16 h after the 

injection and "Mo was displaced from the protein carrier before diplacement 

using unlabeDed TMs. 
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Fig. 6.2.3 Activity per mlln total, TCA-soluble and TCA-insoluble fractions of 

of plasma collected from sheep maintained on a diet of lucerne hay containing 

5.3 g 5/kg DM and 12 (sheep 1and 2) or 24 (sheep 3 and 4) mg Mo/kg DM after 
intraruminallnjectlon with "Mo (2 mel) in 30 mg Mo. 
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Fig. 6.2.4 Sephadex G-25 fractions of plasma of sheep offered lucerne hay 

containing 5.3 9 S/kg DM and 12 (sheep 1 and 2) or 24 (sheep 3 and 4) mg Mo/kg 

DM. Three mI plasma samples were coHected 2, 14 and 21 h after intraruminal 

injections of "1.40 (2 mei) in 30 mg Mo carrier and the activity with the protein was 

displaced with unlabelled TM3 and TM4 before fractionation. 
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There was some variation within animals in levels of total, TCA-soluble and 

TCA-insoluble plasma copper (Cu) during the 24 h period of the experiment, the mean 

values for which are given in Table 6.2.2. 

Table 6.2.2 
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Total, TCA-soluble and TCA-insoluble plasma Cu (mg/l) in four sheep offered a diet of 

silage containing 5.2 g S/kg DM and 11.2 (sheep 1 and 2) or 23.2 mg Mo/kg DM (sheep 3 

and 4) and injected intraruminally with 2.0 mCi 99Mo. Data are the mean of six 

measurements ± SEM taken 2,6, IS, 18,21 and 24 h after the injection. 

Plasma Cu (mg/l) Sheep 1 Sheep 2 Sheep 3 

Total 1.248±O.059 1. 176±O.041 1.434±O.028 

TCA-soluble 0.705±O.055 0.867±O.049 0.914±O.055 

TCA-insoluble 0.521±O.041 0.285±O.025 0.488±O.063 

Sheep 4 

1.831±O.015 

1. 126±O.033 

0.690±0.039 

6.3 PART TWO: SHEEP AND DEER COMPARATIVE 
EXPERIMENT 

6.3.1 Materials and methods 

6.3.1.1 Experimental Design. The four sheep from the pilot experiment 

and four deer of body weight 157-198 kg were used. The animals were provided with 

housing and watering systems described in Chapter 3. They were given a silage diet 

(Table 6.3.1) for six days at the rate of 0.580 and 2.30 kg DM/day in sheep and deer, 

respectively, supplemented with Sand Mo to provide 5.5 g S/kg DM and 12 (sheep or 

deer 1 and 2) and 24 (sheep or deer 3 and 4) mg Mo/kg DM. The animals were injected 

rapidly intraruminally with 99Mo using the technique described in the pilot experiments. 

One blood sample was collected 20 hours later for plasma fractionation and Cu analysis. 
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6.3.1.2 Preparation of the animals and injection of 99Mo. In an 

attempt to overcome the effect of a low specific activity of the 99Mo (0.143 mCi/mg Mo 

as sodium molybdate) in causing a rapid and large increase in rumen Mo on injections one 

third of the daily allowances (Le. 200 and 800 g DM/sheep and deer, respectively) which 

contained the experimental Mo and S levels was given to each animal at about 

08:30-09:00 h. Two hours before the 99Mo injection, which was administered at 

13:30-14:00 h, the refusals were collected and the animals provided with their daily 

allowance, without Mo suppleme~tation to the animals on the low Mo diet and with only 

11 mg/kg DM to those on the high Mo diet. The injections contained 1 mCi and 6.99 mg 

Mo/sheep and 4 mCi and 27.96 mg Mo/deer. Deer were anaesthetized by intramuscular 

injection with 7-8 ml of 2-(2,6-xylazine) (Rompun-Bayer), the effect of which was 

reversed by intravenous injection of 1.5 ml of yohimbine hydrochloride (Recervyl

Aspiring Animal Services, N.Z.). 

Table 6.3.1 

Copper, molybdenum and sulphur contents of the silage diets before and after the addition 

of amounts of supplementary Mo and S used in the experiment. 

Basic (!kg DM) Supplemented (!kg DM) 

Cu (mg) S (g) Mo (mg) S (g) Low Mo(mg)High Mo(mg) 

Silage 4.9 2.0 0.6 5.3 11.6 23.6 

6.3.1.3 Plasma analysis Sample analyses were carried out as described for 

the pilot experiments except that a 4 ml sample was passed through the Sephadex 0-25 

column. Analysis also included total and TCA-soluble Cu as described in Chapter 3. 
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6.3.2 Results 

6.3.2.1 Food intake. Food intake of the sheep and deer is shown in table 

6.3.2. Food intake of the deer dropped suddenly after the injection of radioactive material 

while in sheep food intake was not affected. 

Table 6.3.2 

Average food intake (kg DM/day ± SEM) of sheep and deer given a silage diet containing 

5.2 g S!kg DM and 11.2 or 23.2 mg Mo!kg DM before injected intraruminally with 99Mo, 

and for the last 24 h of the experiment. 

Animal species 

Sheep Deer 

Diet Animal No: 1 2 1 2 

Mo12 Before 99Mo 
injection 0.575±o.0 0.575±o.0 2.300±0.0 2.300±0.0 
In last 24 h 0.588 0.727 1.380 0.736 

Diet Animal No 3 4 3 4 

M024 Before 99Mo 
injection 0.575±o.0 0.575±o.0 1. 964±o. 147 1.750±0.151 
In last 24 h 0.777 0.702 0.529 0.520 

6.3.2.2 Distribution of radioactivity. The activity in total, TeA-soluble 

and TeA-insoluble fractions of plasma are shown in Table 6.3.3. Total activity in the 

plasma of animals on the low Mo diet tended to be three fold greater in deer than in sheep, 

but the proportion of the soluble fraction was similar in the two species. Sheep and deer 

on the high Mo diet had similar amounts of activity in the total plasma but there was an 

individual animal from each species which showed an average of 13% of the total activity 

found in the other animal on the diet. However, the two sheep showed the same 
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Table 6.3.3 

Radioactivity (cpm) in different plasma fractions of sheep and deer offered a diet of silage 

contained 5.3 g S/kg DM and 12 or 24 mg Mo/kg DM and injected intraruminally with 

99Mo molybdate. The sample was taken 20 h after the injection. 

Mo diet 

Animal species 

Animal number 

99Mo radioactivity 

(cpm/ml) 

Total plasma 

TeA-soluble 

TeA-insoluble 

TeA-insoluble % 

of total activity 

Mo12 M024 

Deer Sheep Deer 

1 2 1 2 3 4 3 4 

17193 14250 32903 53230 41926 6181 490040808 

5445 6126 11459 15170 8027 1242 2899 12945 

11356 7456 18553 33751 32388 4556 120825359 

66.1 52.3 56.4 63.4 77.3 73.7 24.7 62.0 

proportion of total activity in the TeA-insoluble fraction, despite the difference in total 

activity. On the other hand the deer showing the lower amount of activity in plasma 

showed a 2.5 fold lower proportion of TeA-insoluble fraction than the other deer which 

was, in turn, 13.5% less than the average proportion observed in sheep on the same diet. 

The distribution of the radioactivity in the Sephadex G-25 fractions of plasma in 

sheep and deer on the low Mo diet is shown in Fig. 6.3.1. In both species all the animals 

showed the highest peak of activity in the molybdate region. However, sheep showed the 

highest peak, among TMs, in the TM3 region while deer showed no distinctive peaks in 

the TM3 region but shoulders of height less than half that of TM2 peak. There was a clear 

shoulder in the TM4 area in sheep 1 while in deer there were proportionally very small 

peaks of activity at the TM4 position in both animals. 
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Fig. 6.3.1 Sephodex G-25 fractions of plasma of sheep and deer offered a silage 

dlet containing 5.3 g S/kg DM and 12 mg Mo/kg DM. Three ml plasma samples were 

collected 20 h after intraruminal inject ion with "Mo (1 mCi/sheep, 4 mCi/deer) in 

6.96 mg Mo/mCi. The activity with the protein was dlsp/aced with unlabelled TMJ and 

TM4 before fractionation. 
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The distribution of the radioactivity in plasma of animals on the high Mo intake 

is shown in Fig. _6.3.2. As in animals on the low Mo diet the highest peaks were observed 

in the molybdate region, except in sheep 4 where the highest peak was in the TM2 region. 

In sheep 3 most of the activity was in the TM3 region with a large quantity and a 

prominent peak in the TM4 region. In sheep 4, however, there was no detectable activity 

in TM4, but a relatively high proportion of activity in the TM3 region. In deer 3 all of the 

activity was in the molybdate region. In deer 4 there was a clear peak of TM2, a small 

peak in TM3 and a just detectabl~ peak in the TM4 region. 

Table 6.3.4 shows the amount of radioactivity in the sephadex 0-25 fraction 

eluted in each TM region in each animal calculated as a proportion of the total activity in 

all TM regions in the animal and subjected to analysis of variance, since both animal 

species showed similar proportions of TeA-insoluble radioactivity. The greatest 

proportion within sheep was in the TM3 region (P<O.05) while in deer it was in the TM2 

region (P<O.OOl). There was no interaction between TM and Mo diet in either of the 

animal species. The animal species x TM interaction was significant (P<O.Ol) mainly due 

to the higher proportion of activity in TM2 region in deer than in sheep and in TM3 region 

in sheep than in deer. The proportion of activity in TM4 region tended to be greater in 

sheep than in deer. 

The distribution of eu in the plasma of sheep and deer is shown in Table 6.3.5. 

There was no consistent effect of animal species or of the diet on plasma Cu 

concentration. There were higher levels of total eu in sheep than in deer (P<OO 1) and the 

levels in both animal species tended to be greater in the high Mo than in the low Mo 

diets. The proportion of the TeA-soluble/total eu, however, tended to be higher in sheep 

than in deer on the low Mo diet (6% difference) but on the high Mo diet the proportion 

was greater in deer than in sheep (25% difference). However, the animal species x 

treatment interaction was not significant (P>O.lO). 
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Fig.6.3.2 5ephadex G-25 fractions of plasma of sheep and deer offered a silage 

diet containing 5 • .3 g 5/kg DM and 23 mg Mo/kg DM. Three ml plasma samples were 

coHected 20 h after intraruminal inject ion with "Mo (1 mCi/sheep, 4 mCi/deer) in 

6.96 mg Mo/mCi. The activity with the protein was displaced with unlabeDed TM.3 and 

TM4 before fractionation. 
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Table 6.3.4 

Radioactivity in the Sephadex 0-25 fractions eluted in different thiomolybdate positions 

as a proportion of the total 99Mo eluted in the TM regions in sheep and deer offered a 

silage diet containing 5.3 g S/kg DM and 11.6 or 23.2 mg Mo/kg DM. Activity was 

detected in plasma samples taken ~O h after the animals were injected intraruminally with 

99Mo. 

Within animal species 

Sheep Deer 

TMs Mo12 Mo24 Mean Mo12 Mo24 Mean 

TM2 0.230 0.310 0.270 0.589 0.666 0.627 

TM3 0.671 0.525 0.598 0.311 0.231 0.271 

TM4 0.099 0.165 0.132 0.101 0.104 0.117 

Sign. 

SED 

NS * 
0.1694 0.1198 

Animal species x TM interaction 

Sign. 

SED 

** 
0.0925 

NS 

0.0734 

*** 
0.0525 
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Table 6.3.5 

Distribution of copper (mg/l) in different plasma fractions of sheep and deer given a diet 

of silage contained 5.2 g S/kg DM and 11.2 or 23.2 mg Mo/kg DM and injected 

intraruminally with 99Mo molybdate. The sample was taken 20 h after the injection. 

Copper Total TCA-soluble/total 

Diet Mo 12 Mo24 Mo 12 Mo24 

Animal Sheep Deer Sheep Deer Sheep Deer Sheep Deer 

Mean 1.580 0.875 

Animal species x diet interaction 

Sign. NS 

SED 0.1357 

Effect of diet 

Means 

Sign. 

SED 

1.227 

NS 

0.0960 

1.765 1.020 0.845 0.783 0.487 0.740 

1.393 

NS 

0.1108 

0.814 0.613 

*' , , 

0.0783 

Difference between animal species 

Means 1.673 0.947 

Sig ** 
SED 0.0960 

0.666 0.761 

NS 

0.0783 
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CHAPTER SEVEN 

DISCUSSION 

7.1 GENERAL 

These studies have provided further evidence that Cu metabolism in deer, as 

judged by the appearance of TCA-insoluble Cu in plasma, is less affected by dietary 

molybdenum Mo and S intake than in sheep. This confirms the suggestions of Mason et 

al. (1984) and the finding of Freudenberger et al. (1987ab). The studies go further and 

suggest, for the first time, the possibility that the cause of the difference between the two 

animal species may lie in the production of thiomolybdates (TMs) in the rumen. While 

the data are tentative it did appear that on a given diet either conditions in the rumen 

promote the formation of smaller amounts and certainly smaller proportions of the higher 

thiosubstituted TMs - tri- (TM3) and tetra-thiomolybdates (TM4) - than di- (TM2) or that 

their accumulation in plasma of deer is less than in sheep. Coupled with the confirmation, 

in the present work, of the findings of Bremner et al. (1982) and of Suttle and Field 

(1983) that the effect ofTMs in reducing TeA-solubility of plasma Cu increases with 

degree of thiosubstitution the greater sensitivity of sheep to dietary Mo and S becomes 

explainable. In addition, there was evidence that the rate of degradation ofTM-Cu 

complexes, as measured by the disappearance of TCA-insoluble Cu from plasma 

following the intravenous injection of TMs, tended to be slightly greater in deer than in 

sheep and that of TM2 to be greater than that of TM3 or TM4 which would further add to 

the differences between species. 

The data also indicate, for the first time, and in contrast to the suggestions of 

other workers (Clarke and Laurie, 1980; Mason et al., 1982a; 1984; Price et al., 1987), 

that all species of TM, including TM4, can be produced and absorbed in quantities 

detectable in plasma of both sheep and deer. Large between individual variation was a 

feature of the work, particularly in deer. 



101 

The studies also conftrm the findings of Smith et al. (1968) and Smith and 

Wright (1975ab) that caeruloplasmin (CP) and direct-reacting Cu (DRCu) do not account 

for all the Cu in plasma of animals on high Mo and S diets. 

7.2 COMPARATIVE ASPECTS OF PLASMA COPPER 
CHANGES IN SHEEP AND DEER IN RESPONSE TO 
DIETS VARYING IN MOLYBDENUM AND 
SULPHUR CONTENTS 

7.2.1 Total and TeA-solubility of plasma copper 

Sheep in Expl (Chapter 4) were expected to show substantial changes in total 

and TCA-soluble plasma Cu when they were offered diets containing 2.3 g S/kg DM and 

2.4 to 23.4 mg Mo/kg DM since Smith and Wright (1975ab) reported such changes in 

sheep on diets containing 0.75 g S/kg DM and 8 to 16 mg Mo/kg DM. The difference 

between the present results and those of Smith and Wright (1975ab) is surprising, 

especially since dietary S was higher in the present experiment (2.3 g/kg DM). 

Differences between breeds of sheep (Robinson et al., 1987) may have been important. 

An effect of diet, simply in terms of its formulation (Suttle, 1983a), seems less likely since 

Bremner and Young (1978), using the same diet as Smith and Wright (1975ab), a semi

purified diet described by Suttle and Field (1968a), presented results in line with the 

present study. In a report from this laboratory, in which sheep offered a silage diet 

containing only 6.2 mg dietary Mo/kg DM showed an increase in TCA-insoluble and total 

plasma Cu while deer showed similarly a reduction in total plasma Cu (Freudenberger et 

aI., 1987b), a considerably higher dietary S concentration (5.6 g/kg) was used. This lead 

to the conclusion that dietary S may be of crucial importance in determining the response 

of the two animal species and to the second experiment. 

The general pattern of change in total plasma Cu, after dietary S was increased, 

differed considerably between sheep and deer. The general findings were for the total 

plasma Cu to increase continuously in sheep on all diets (5.4-47.4 mg Mo/kg DM) (Fig. 
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4.3.3 and Table 4.3.2). Total plasma Cu similarly increased in deer for the first three days, 

although the extent varied with Mo level, but then fell to below the initial levels, except in 

those animals on the high Mo diet (M048S). The solubility of plasma Cu was not affected 

in sheep offered a diet containing 2.3 g S/kg OM for 35 days in Expl, until the dietary Mo 

concentration was increased to 23.4 mglkg OM, at which level the proportion of TCA

soluble/total Cu (PIT) was reduced by 21 %. On the same diet PTT was only reduced by 

11 % in deer. On the other hand, when dietary S concentration was increased to 5.6 glkg 

OM in Exp2, 20% and 50% reduc~ions in PIT were observed after 16 days in sheep on 

diets containing 5.6 and 11.6 mg Mo/kg OM compared with 5% and 10% in deer. On the 

higher Mo diets reductions in PTT were greatest in sheep (-60% and -63% for Mo 12S and 

M024S) compared with -23% and -48% in deer, respectively, but the difference between 

species was diminished. The trend of insoluble plasma Cu in deer was similar to that of 

the total Cu initially but then it stabilised as the total plasma Cu fell. 

The overall reduction in total plasma Cu and similar lower susceptibility in deer 

to high dietary Mo level, in contrast to a rise in values in sheep was comparable with the 

comparative changes observed in the two species by Freudenberger et al. (1987b). In the 

latter work the animals were offered the same dietary Mo and S as that offered to the 

animals on M06S in the present study. Moreover, the proportion of TCA-soluble/total 

plasma Cu was only reduced in deer by 5% after 12 weeks but had begun to decline after 

only 5 weeks in sheep, and was reduced by 50% after 12 weeks. The difference in pattern 

of response between sheep and deer is difficult to explain. The appearance of TCA

insoluble Cu was not observed in the sheep of Smith and Wright (1975a) until the dietary 

Mo exceeded 8 mglkg OM in a diet containing 0.73 g S/kg OM but its presence in the 

present experiment and in that of Freudenberger et al. (1987ab) with diets containing only 

5.6-6.2 mg Mo/kg OM probably confirms the importance of dietary S. Bremner and 

Young (1978) found a 40% reduction in PTT when 5 g S/kg OM were included in a diet 

of sheep containing 25 mglkg OM. 

Since the only difference between the diets containing 6 to 24 mg Mo/kg OM in 

Exp 1 and Exp2 was the dietary S concentration it was tempting to pool the data to study 

the effect of S on the different Cu fractions. It was not surprising, when analysed in this 
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way, that there was no specific effect of S on total plasma Cu in sheep since Bremner and 

Young (1978) also reported similar findings when sheep were offered a diet with 25 mg 

Mo/kg DM with or without 5 g S/kg DM. The specific effect of S in deer, on the other 

hand, was very large, total plasma eu being considerably reduced on the high S diet. 

Whether this effect could be also seen in deer offered diets with very low Mo levels is not 

known. The effect of S was considered by Suttle (1974a) to be dominant, in the presence 

of dietary Mo, in affecting Cu availability in sheep but it caused no effect on plasma eu 

concentrations when given alone (~arcilese et al., 1969). There are no comparable data 

for deer from which to judge the reliability of this finding of great susceptibility to S. 

The increase of total and decrease in TCA-solubility of plasma Cu was probably 

attributable to the absorption of significant quantities of TM. The increase in total plasma 

Cu in both animal species after intravenous injections of TMs shown in Chapter 5 (Fig. 

5.33 and Table 5.3.1) suggests that sheep and deer are, in fact, affected similarly by the 

same relative amounts of absorbed TMs. In effect therefore, the temporary rise, followed 

by reduction in total plasma eu in deer after 3 days, suggests either that the formation of 

TMs in and/or their absorption from the rumen declined or that a metabolic adaptation 

occurred in deer which speeded up their rate of removal from the body or the binding 

capacity of plasma Cu to the forms of TMs absorbed is maximized. An increase in total 

plasma Cu unaccompanied by similar increase in TCA-insoluble Cu in sheep on the low S 

and high Mo diet in the present study and in Bremner and Young (1978) possibly suggests 

that small quantities of TM of low thiosubstitution may have been absorbed which, 

though capable of increasing total plasma Cu, may not form stable compounds with eu to 

affect TCA-solubility. 

7.2.2 Caeruloplasmin 

The present study appears to provide the fIrst data on CP activity in deer. The 

optimum CP activity was achieved in deer plasma over a wider range of pH values than in 

sheep when the method of Smith and Wright (1974) was followed. There was no 

evidence that CP activity was affected by dietary Mo or TM in sheep from either the in 

vivo feeding trials or the in vitro studies, which confIrmS previous reports of Bingley 
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(1974), Smith and Wright (1975ab) and Bremner and Young (1978) from in vivo studies. 

Paynter (1984) and EI-Gallad et al. (1977), who injected sheep with TM, provided some 

evidence that CP activity may be reduced, but this was transient and was attributed by 

Paynter (1984) to a direct effect ofTM4 on the substrate used for measurement of CP 

activity rather than to an actual reduction in activity per se. Kelleher and Mason (1979) 

while reporting that TM4 can inhibit CP activity in vitro produced further evidence 

(Kelleher and Mason, 1986) that this inhibition is, in fact, reversible. In contrast to the 

situation in sheep, however, there ~as evidence in deer that CP activity was reduced on 

average by 72.7% in feeding trials (Fig. 4.3.7 and Table 4.3.8) but not after in vitro 

addition ofTM to plasma (Fig. 5.2.5). The reduction only occurred, however, at high 

dietary S and where the total and the proportion of TCA-soluble/total Cu were also 

reduced. This may suggest that the reduction in CP activity in deer is not caused directly 

by the absorbed TMs per se but possibly is a reflection of reduction in Cu absorption and 

therefore in the total amount of Cu available for CP synthesis. Although this does not 

conform with the general concept that reduction in plasma CP Cu occurs only after liver 

reserves are exhausted the suggestion is, however, supported by the fact that the 

proportion of CP Cu/total plasma Cu in Exp2 was greatly reduced in deer on all Mo diets 

(from 0.884 ± 0.109 to 0.278 ± 0.04) compared with a such similar reductions in sheep 

(from 0.893 ± 0.029 to 0.605 ± 0.158). Moreover, since TCA-solubility of plasma Cu, as 

an indication of TM absorption, was little affected in deer on the lower Mo diets the 

possibility of a direct effect ofTM on liver Cu distribution (Kelleher and Ivan, 1985) 

becomes of little importance. Copper is incorporated into CP in the liver only at the time 

of synthesis of CP (Stemlieb et al., 1961). It is known that all or most of the new Cu, 

whether it is absorbed from the gastrointestinal tract or injected intravenously, enters the 

liver and then appears as CP (Owen, 1965; Marceau and Aspin, 1973; Gordon, Leinart 

and Cousins, 1987). This probably means that newly absorbed Cu is an important source 

of CP Cu. Harrison, TJ., Sykes, A.R. and Familton, A.S. (unpublished results) following 

repeated subcutaneous injections of Cu at 0.28 to 2.8 mg/kg L W to sheep and deer have 

shown that the Cu which had accumulated one week after injection was much more 

rapidly lost from deer than from sheep, at similar liver Cu concentrations. Weber et al. 

(1980) on the basis of studies with 64Cu has proposed that there are three liver 

compartments of Cu (A, B and C) in which A is the labile one, which receives the new Cu 



and exchanges it with plasma and with B for CP synthesis. If this is the case it seems 

possible that A in deer may be much smaller and, therefore, more sensitive to the 

fluctuation in daily supply of new Cu than sheep. One can also speculate that the 

mobilization of Cu, which is already there, from the liver for synthesis of CP in deer 

might be slower than in sheep. 

7.3 EFFECTS OF SPECIES AND AMOUNT OF 
THIOMOLYBDATE ON PLASMA COPPER 
FRACTIONS 

7.3.1 Copper binding 
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There is a growing evidence that the effects of TMs on Cu absorption (Bremner 

et al., 1982; Suttle and Field, 1983), liver Cu and total plasma Cu (Bremner et al., 1982) 

increase in severity with increasing thiosubstitution. The clear relationship between the 

effect and the degree of thiosubstitution was plotted by Bremner et al. (1982) in rats, 

though these animals were not accepted as a model for ruminants (Suttle and Field, 1983). 

The present results do present a clear and significant relationship between the number of S 

atoms in the compound and the concentration of TCA-soluble eu 0.5-1 min after TMs 

injection in vivo (Fig. 7.3.1) or four minutes after their addition in vitro (Fig. 7.3.2). 

These relationships certainly confirm that TM4 is the most potent TM in effect on plasma 

Cu. It is not possible, therefore, to discuss the effects of TM in general terms. 

Specification of the species is clearly important. The present studies also showed that the 

amount of TM is important in determining the size of TM effect on plasma Cu fractions. 

Mason et al. (1983), in contrast, were unable to detect differences in effect between 5.4 

and 62.5 mg Mo/animal injected intravenously as TMs but because of the wide individual 

variation among the small number of animals they used they were unable to determine the 

importance of the amount of TM. 

In the in vitro studies increasing S substitution and increasing amount of TM had 

greater effect in reducing TCA-soluble Cu in plasma from sheep than from deer (Table 

5.2.3). This suggests that the differences between sheep and deer will be greatest under 



Fig. 7.3.1 Relationship between TCA-soluble plasma copper in sheep and deer 

and the number of sulphur atoms in thiomolybdate compounds (TM2, TM.3 

and TM4) 0.5 to 1.5 min after the compounds were intravenously injected 
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Fig. 7.3.2 Relationship between level of TCA-soluble copper in sheep and deer 

plasma and the number of sulphur atoms in thiomo/ybdate compounds (TM2, TM3 

and TM4) 4 min after the compounds were added to the plasma in different 

amounts, low, medium and high (with 15 degrees of freedom). 
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conditions which lead to higher thiosubstitution. In general, however, the difference 

between the two animal species was not very large, and was not apparent when TM 

species were injected intravenously. This latter lack of effect may be due to the lower 

degree of control on the in vivo than in in vitro experiments and/or to the absence of other 

compartments involved in Cu metabolism from the in vitro experiment, the importance of 

which varies between animals. 

The increase in direct-rea~ting Cu (DRCu) reported in the feeding trials (Fig. 

4.3.8 and Table 4.3.10) in both animal species when offered high Mo and S diets conflrms 

the several similar results in the literature (e.g. Bingley, 1974; Smith and Wright, 1975a). 

The increase was, however, significantly greater in sheep than in deer and most of the 

change in deer occurred during the flrst three days, before stabilizing in the same way as 

the TCA-insoluble Cu fraction. As the nature of the extra DRCu in Sand Mo 

supplemented animals is not clearly identified the difference in response between sheep 

and deer in this fraction is not readily explainable at this stage. 

In contrast to the feeding trial situation, however, DRCu concentration actually 

declined when TMs were added to plasma in vitro. Moreover, the reduction in DRCu 

observed in vitro followed the pattern of that of TCA-soluble Cu in that it was directly 

related to the degree ofthiosubstitution (Chapter 5, and given in Fig. 7.3.3). This appears 

to be a new finding. The amount of DRCu was always less than the remaining TCA

soluble Cu which may suggest either that the TCA-insoluble Cu does not react with the 

diethyldithiocarbamate or that all of the DRCu is soluble in TCA. Smith and Wright et al. 

(1975b) assumed that all of the CP Cu was within the TCA-soluble fraction and that 

possibly some of the DRCu is in the insoluble fraction. In the present in vitro data the 

DRCu was largely affected by the addition ofTMs while CP activity was not affected 

despite the large reduction in TCA-solubility of plasma Cu. The latter situation of a 

reduction in TCA-solubility of plasma Cu without accompanied reduction in CP activity 

was commonly found in in vivo experiments in which TMs have been intravenously 

injected (EI-Gallad et ai, 1977). 



Fig. 7.3.3 Relationship between the level of direct-reacting copper in sheep and 

deer plasma and the number of sulphur atoms in thiomolybdate compounds (TM2, 

TM3 and TM4) 4 min after the compounds were added to the plasma in different 
amounts, low, medium and high (with 15 degrees of freedom). 
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Total Cu in the plasma after the addition of TM in vitro was greater than the 

DRCu + CP Cu, that is a new fraction of Cu appeared in the plasma. It also appeared in 

the feeding trials (Chapter 4 and in Table 7.3.1) but mainly after dietary S was increased. 

To calculate this new fraction in the feeding trials the concentration of CP Cull of plasma 

was calculated for individual animals on the assumption that initially all plasma Cu is 

divided between CP and DRCu. The size of the new fraction was calculated as follows: 

initial total plasma Cu - initial DRCu = initial CP Cu; 

initial CP Cu/initial CP activity ~ (CP Cu/CP activity) ratio; 

then CP Cu/CP activity ratio x CP activity at any time = CP Cu at that time. 

Total plasma Cu - CP Cu - DRCu = the new fraction. 

The size of the fractions calculated has been compared with the values observed 

by other workers in Table 7.3.1. The proportion of this fraction in sheep in relation to 

total plasma Cu after 16 days in the feeding trial (Exp2, Chapter 4) varied between 7.17 

and 18.39% in sheep but in deer it was greater at 28.4 to 56.4%. There was no 

relationship with the dietary Mo level in either animal species, which strongly suggests 

that dietary S, and thus fonnation of TM, is a crucial factor for its increase. It is suggested 

that, in sheep, this fraction, subsequently referred to as PDRCu, is, in fact, a part of the 

previous DRCu which has complexed with TMs and thus part of the TCA-insoluble 

fraction as suggested by Smith and Wright (1975b). In other words all of the DRCu in 

plasma of these animals is TCA-soluble and some of the CP Cu is TCA-insoluble. This 

view is supported by the fact that in the work of Smith and Wright (1975ab) in sheep and 

guinea pigs supplemented with dietary Sand Mo and in sheep in Exp2 in the present 

study (Table 7.3.1) PDRCu was always less than the TCA-insoluble Cu. On the other 

hand the DRCu may, at least partly, come from another source which is not the nonnal 

DRCu. This view is supported by the work of Bremner and Young (1978) which showed 

the presence of extra proteins carrying Cu in plasma from sheep whose diet had been 

supplemented with Mo and S and which eluted with and in a fraction adjacent to albumin 

from a Sephadex 0-200 column. 

There is also accumulating evidence that the newly introduced Cu, delivered 

intravenously or orally, is totally recovered in the DRCu fraction shortly after 
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Table 7.3.1 

The percentage of TCA-insoluble and PDRCu/total copper in different animal species as a 

response to different dietary concentrations of Mo and S from studies in the literature and 

in the present study (NM: not measured). 

Animal 

species 

Sheep 
to 

to 

to 

to 

" 

" 

" 
" 

Guinea pig 

" 
Sheep 

" 
" 

" 
Deer 

" 

" 

" 

Element 

(lkgDM) 

% of total 

copper 

Mo S Cu TCA-

(mg) (g) (mg) insoluble PDRCu 

00.2 00.73 01.3 NM -5 

25.2 10.73 01.3 NM 13.5 

25.2 10.73 11.3 NM 21.2 

00.2 0.73 10.8 NM 2.3 

25.2 5.73 10.8 NM 42.0 

0.2 0.73 10 -11 19.0 

16.2 0.73 10 36 26.5 

0.2 0.73 11 00 10.0 

17.2 0.73 11 41.0 18 

NM NM 6 3.67 9.73 

100 NM 6 61.5 31.1 

5.4 5.6 5.9 20.81 13.3 

11.4 " " 48.3 7.17 

23.4 " " 62.07 18.28 

47.4 " " 57.78 16.39 

5.4 " " 2.08 43.3 

11.4 " " 9.98 28.4 

23.4 " " 23.47 56.36 

47.4 " " 38.4 54.2 

Reference 

Suttle and Field (1968b) 

to 

" 

Smith et al.(1968) 

" 

Smith and Wright (1975a) 

" 

Smith and Wright(1975b) 

" 

" 
" 

Present work 

" 

" 

" 

" 

" 

" 

" 
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administration and before it disappears from the plasma (Cartwright and Wintrobe, 1964; 

Bearn and Kunkel, 1954, Smith and Wright, 1976; Gordon et at., 1987). In animals given 

Mo and S diets, on the other hand, disappearance of radiocopper from the plasma is 

markedly slowed (Marcilese et al., 1969; Smith et al., 1968; Weber et al., 1983; Smith 

and Wright, 1976). On the other hand, Smith and Wright (1976) reported that about one 

quarter of 64Cu intravenously injected in sheep offered diets containing 17 mg Mo/kg 

DM was not in the DRCu fraction, although three quarters of the radiocopper soluble in 

TCA was, suggesting that the am~unt of 64Cu not in the DRCu was equal to the insoluble 

64Cu. As long as there is evidence that the CP Cu does not exchange with ionic Cu in 

plasma (Sternlieb et at., 1961; Scheinberg and Morell, 1957) then the TCA-insoluble 

64Cu should be in another form which is suggested to be PDRCu, mentioned above. The 

present in vitro studies with plasma from deer, as with plasma from sheep, support this 

explanation but in the feeding trial the proportion of PDRCu in deer was extremely high 

and much greater than the TCA-insoluble Cu (Table 7.3. I). It is not clear whether all of 

this fraction in the feeding trial with deer originated from the DRCu, whether some of the 

Cu from the liver is from a different compartment than that of the sheep and/or of different 

ligand and does not react with diethyldithiocarbamate or some of it was CP, which 

resulted in the contradiction of the in vitro data. The large and rapid reduction in CP 

activity in deer, in fact, further complicates the situation and a clear-cut explanation is 

difficult to provide. 

The effects of TMs on DRCu in vitro (Table 5.2.5) tended, in general to be 

greater in sheep than in deer, and whereas the effect increased with increasing level of TM 

in deer, maximum effect was achieved in sheep at the lowest concentration. This clearly 

suggests that available Cu in plasma in sheep is inherently more sensitive than in deer to 

the absorption and effect of TM. Such a sensitivity may explain the appearance of Cu 

deficiency in sheep at high dietary Mo levels with abundance of Cu in the tissues (Mills 

and Bremner, 1980) since sheep can produce abundant amounts ofTM3 and TM4 at 

levels < 12 mg Mo/kg DM and 5.5 g S/kg DM (Fig. 6.3.2 and Table 6.3.4). It may also 

explain the appearance of TM2 as a less potent compound compared with TM4 despite the 

fact that both of them causing a liver depletion (Bremner et al., 1982; Suttle and Field, 

1983). On the other hand the relationship in deer in vitro (Fig. 7.3.3) shows, by 
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comparison, that only at very high levels of TM4 (8.2 mg/l) is DRCu completely 

impaired; at medium level of added amount of TM4 (4.1 mg/l) some of the transport Cu 

was still apparently available, while TM3 caused even less effect than TM4. When this is 

coupled with the possibility that deer form smaller proportions of these compounds (Table 

6.2.3) the conclusion that deer are less susceptible to the effect of dietary Mo and Son Cu 

metabolism becomes more secure. There is to the best of my knowledge no report of Cu 

deficiency induced by a high Mo diet in deer. The present data suggest that under such 

conditions the transport form of Cu is possibly, at least partly, available for normal 

functions. 

7.3.2 Degradation 

The rate of degradation of Cu-TM complexes was different between the species 

of TM injected in vivo (Chapter 6). The TCA-insolubl~ Cu concentration returned to 

normal more rapidly after TM2 than after TM3 or TM4 injection (c-values -0.248, -0.06 

and -0.055, respectively). This broadly agrees with the fmdings of Mason et al. (1983) 

who reported a shorter half-life of TM2 (30 h) than of TM3 and TM4" compounds (40 h). 

In the latter work the three TMs were injected intravenously into sheep maintained on a S

supplemented diet and the clearance of TCA-insoluble 99Mo was used for calculation of 

the half-life. Deer, however, appeared to degrade TM-Cu complexes slightly faster than 

sheep (Table 5.3.3). It is not possible to determine the mechanism which will reflect a 

balance between availability of plasma binding factors, degradation of TMs in the body 

and, possibly, other means of elimination of TMs or TM compounds, possibly via 

excretory processes. The end result, however, suggests that a trend for a more rapid 

clearance, shown here, added to the evidence for a better efficiency of deer in obtaining 

this balance, all contribute to the conclusion that deer will be less susceptible to the effects 

of TM formed in the rumen and absorbed. 



7.4 FORMATION OF THIOMOLYBDATES IN THE 
RUMEN 
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The data provided in Chapter 6 (Fig. 6.3.1 and Fig. 6.3.2) demonstrated very 

clearly that both animal species are capable of producing all species of TM in the rumen. 

The fact that TM4 was produced was, perhaps, surprising as Clarke and Laurie (1980), on 

the basis of solution chemistry, considered it to be unlikely that the fonnation of TM in 

the rumen can go as far as TM4 since the high S:Mo ratio necessary for the fonnation of 

this compound can not be found in the normal ruminal conditions. Moreover, Mason et 

al. (1982a) detected only TM2 and TM3 in the plasma of sheep given a single shot of 

labelled Mo in animals given a diet supplemented with 3 g S/kg DM. Furthennore, Price 

et al. (1987) while able to detect TM4 in the digesta were not able to detect it in the 

plasma of sheep maintained on a dry grass diet containing 6.2 mg Mo/kg DM and 4.5 g 

S/kg DM. They concluded that this compound cannot be absorbed at these dietary Mo 

and S concentrations. The reason why TM4 was found in the present study and not in 

previous ones is difficult to explain. It may reflect differences in rumen sulphide levels. 

The present experiments certainly used higher dietary S than in the previous experiments 

(5.3,4.5 and 5.2 g/kg DM in the present study, Price et al., 1987 and Mason et al., 1982a, 

respectively) which may provide higher sulphide levels in the rumen (Anderson, 1956). 

Moreover, the silage diet used in the present experiment may be associated with higher 

rumen sulphide levels than the dry grass of Price et al. (1987), as suggested from the work 

of Hartsman and Bosman (1970) and Lamand (1974). Variation between individuals, 

similarly, can not be excluded, since TM4 was detected only in some of the sheep in the 

present study and this certainly made evaluation of the importance of dietary Mo for the 

appearance of TM3 and TM4 very difficult (Table 6.3.4). 

In the geU filteration separation study there was a distinct trend for the 

appearance of less 99Mo activity in deer plasma in the higher thiosubstitution elution 

bands, viz TM3 and TM4. Separation was poorer in some deer plasma than in sheep as 

judged by the appearance of only shoulders instead of peaks in TM2 and TM3 regions, 

when run in the same conditions. However, even when the flow rate through the column 

was halved, separation was not significantly improved. This was particularly the case for 
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TM3 and possibly indicates the presence of negligible amounts of this compound in deer 

plasma. Mason et al. (1984) found that in samples taken from deer 16 and 64 h after an 

intravenous injection of TM3 the bulk of activity was in the TM2 phase, but they did not 

have sheep for comparison. The trend for more rapid return of TCA-insoluble Cu in 

plasma to normal levels in deer compared with sheep in the in vivo studies discussed 

earlier may well reflect more rapid conversion to the less potent Cu-binding TM2 in the 

deer. Whether the lower level of TM3 and TM4 in deer reflects a more rapid clearance or 

a lower rate of absOIption is a matter for speculation at this stage. 

Possible reasons why sheep might produce greater proportions or amounts of 

TM3 and TM4 than deer is not readily apparent. Examination of S2- production in the 

rumen in sheep and deer may be valuable since S levels seem to be the determinant of the 

formation ofTMs, as discussed earlier. The recycling of S, and hence rumen S2-, can 

perhaps be expected to be lower in sheep than deer because of the S-amino acid 

requirement for production of wool in sheep. The literature is lacking on ruminal sulphide 

metabolism in deer. Deer, sheep and cattle are considered by Chaplin (1977) to have 

differences in the activity and characteristics of the rumen particularly in ruminal 

cellulolytic and amylolytic activities. Moreover, greater general ruminal microbial 

activity has been found in deer than in wild sheep and different proportions of species of 

ruminal protozoa between the two animal species have been observed (Hobson, 1970). 

Data from comparative studies on ruminal protozoa are very rare though a difference 

between sheep and cattle was found in the number of protozoa species, being 20 in sheep 

and 31 in cattle, 15 being common in both (Church, 1976). Relative rumen protozoal 

levels may well be important in comparisons of Cu metabolism since Ivan, Veira and 

Kelleher (1986) have shown Cu absorption and retention was 30-40% greater in fauna

free than in faunated rams. They concluded that rumen protozoa, through increasing the 

breakdown of soluble proteins, may elevate rumen S2- and hence the formation of TM. 

Pattern of eating may also be important. Hofmann (1985) classified sheep and deer as 

morphological ruminant feeding types, but part of two separate categories. Red deer are 

considered to be members of an opportunistic adaptable selective group and sheep in a 

selective grass-roughage feeding group, the latter being characterized by lower feeding 

frequency than the group in which red deer lie. Anderson (1956) has shown that when an 
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amount of sulphate enters the rumen the ruminal sulphide level rapidly reaches a peak 

level, the timing of this peak depending on the the amount of the sulphate. Furthermore, 

sulphide disappears from the rumen very rapidly (Gawthome and Nader, 1976). It is 

tempting to speculate that the higher feeding frequency in deer may well be reflected in 

continuously lower levels of sulphide in the rumen than in sheep which eat larger and 

fewer meals. This suggestion is partly supported by the work of Suttle (1985) who found 

that after sheep were given a single feed of semi-purified diet, ruminal S2- concentration 

was greater than when the feed was given 12 times at 2 h interval. These are, however, 

very tentative suggestions which may be worthy of more detailed evaluation. 

7.5 CONCLUSIONS 

Copper metabolism in deer appears to be differently and less affected by high Mo 

and S diets than sheep. The difference was revealed by a general trend of increase in total 
> 

plasma Cu in sheep and a reduction in deer. The smaller effect is manifest by a smaller 

reduction in TCA-solubility of plasma Cu, particularly at the lower end of a 6 to 48 mg 

Mo/kg DM range in hay diets. In both animal species dietary S was important in causing 

rapid effects on plasma Cu distribution. Deer, however, appeared to be more affected by 

dietary S than sheep. In both animal species total Cu was greater than DRCu plus CP Cu 

when the animals were supplemented with high dietary S but the difference was greater in 

deer than sheep. 

Studies with pre-formed TMs in vitro and in vivo showed that the species of TM 

cause different effects on Cu metabolism, as judged by the effects on TCA:-solubility of 

plasma Cu and on DRCu, with TM2 appearing to be less potent than TM3 or TM4; the 

binding of plasma Cu was lower and the rate of degradation ofTM-Cu compound was 

greater in TM2 than TM3 or TM4. The amount of TM at the rates used in this study was 

also important. There was little difference between sheep and deer when TMs were added 

to plasma in vitro; although DRCu reduced to a greater extent in sheep than in deer 

plasma. Binding of Cu to TM, i.e. reduction in TCA-soluble plasma Cu, appeared to be 

greater in sheep than in deer plasma. When TMs were injected intravenously, however, 
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the binding of plasma Cu was similar in the two animal species but the degradation rate 

tended to be slightly greater in deer than in sheep. 

Intraruminal injection of 99Mo in the two animal species showed that both sheep 

and deer are capable of the formation of all species of TMs, viz. TM2, TM3 and TM4. Of 

the total 99Mo eluting in TM regions from the Sephadex G-25 column greater proportions 

of activity were eluting in TM3 and TM4 regions in sheep than in deer plasma. Greater 

proportions of 99Mo eluted in th~ TM2 region in deer than in sheep plasma. 

The smaller proportion of total TMs formed as TM3 and TM4, the lower binding 

of TMs to plasma Cu and the greater degradation rate of TM-Cu found in deer than in 

sheep probably contribute to the smaller effect of high Mo and S diets on Cu metabolism 

in deer. 
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Fig. l.i Total plasma copper in sheep and deer offered a hay diet containing 

5.4, 11.4,23.4 or 47.4 mg Mo/kg DM during 35 days. 
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Fig. I.ii Total plasma copper in sheep and deer offered a hay diet containing 

5 • .3 g 5/kg OM and 5.4, 11.4,2.3.4 or 47.4 mg Mo/kg OM during 16 days. 
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Fig.l.iii TCA-soluble plasma copper in sheep and deer offered a hay diet containing 

5.4, nA, 23.4 or 4704 mg during 35 days. 
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Fig. Liv TCA-soluble plasma copper in sheep and deer offered a hay diet containing 

5 • .3 g S/kg DM and 5.4, 11.4,2.3.4 or 47.4 mg Mo/kg DM during 16 days. 
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Fig.l.v Caeruloplasmin activity in sheep and deer offered a hay diet containing 

2.4. 5.4. 11.4 or 23.4 mg Mo/kg DM during 35 days. 
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Fig. I. vi Caerulopiasmin activity in sheep and deer offered a hay diet containing 

5.3 g 5/kg OM and 5.4, 11.4,23.4 or 47.4 mg Mo/kg OM during 16 days. 
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Fig. I. vii Direct-reacting copper in sheep and deer offered a hay diet containing 

5.3 g S/kg OM and 5.4. n.4. 23.4 or 47.4 mg Mo/kg OM during 16 days. 
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Fig.ll.i Sephadex G-25 frcations of plasma of sheep and deer offered a silage die 

containing 5.3 9 S/kg OM and 12.4 or 23.4 mg Mo/kg OM. Four ml plasma samples were 

collected 20 h after intraruminal injection with "Mo (1 mCi/sheep, 4 mCi/deer) in 

6.96 mg Mo/mCi. The activity with the protein was displaced with unlabled TM3 and 

TM4 before fractionation. 
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