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ABSTRACT

The effecÈ of supplementaL molybdenum (Mo) and sulfur (S) alone or

hrith copper (Cu) on Cu metabol-ísm and upon the absorpÈÍon and excretion

of Cu and Mo was studied. TwenÈy-eight ram l-ambs were allotted to one

of four treatment dÍets on the basís of body weÍght (34.7!6.60 kg) in

a splít-plot design. The pell-eted díet of alfalfa brome hay:bar1-ey

(30:64) was fed ad l-ibítum and contaíned 1l-.5 mg Cu, 2.8 mg Mo and 1.8 g

S/kg Ol'{. The four diets were 1) Control - unsuppl-emented; 2) 0 Cu -

10 mg þlo * 2 g S/ke; 3) l-0 Cu - 10 mg Cu * l-0 mg Mo + 2 g S/kg; and

4> 20 Cu - 20 mg Cu * 10 rng Mo + 2 g s/kg. cu as cusoo'5H2o, s as Narsoo

and Mo as (NH4) 
6YII7OZ4.4HZO 

were added and províded Cu:Mo ratíos of

5.0, 0 .7, L.5 and 2.0 for Control-, 0 Cu, 10 Cu and 20 Cu díets' respec-

tively. Lambs were kept in confínement wíth free access to tap water for

16 weeks. Intakes and excretions of Cu and Mo \^lere measured over fíve

days every four weeks on one larnb of aveïage body weíght from each treat-

ment díet. Measurement of body weight and samples of lÍver tÍssue and

blood serum were obtained every four weeks. Samples of líver for Cu,

and of serum, feed and feces for Cu and Mo concentratíons' llere wet ashed

and analy zeð. by atomíc absorptÍon spectrophotometry and serum cerulo-

plasmin (CpOx) was deter¡nined by its rate of díamine oxídatíon. The

treatment díets had no sígnlficant (P>.05) effect on body welght. Líver

Cu concentration lncreased ín Control and 20 Cu diets and declíned ín

0 Cu and 10 Cu diets (P<.01). Lambs on Ëhe 0 Cu diet had the highest

(p<.0L) concentrations of serum Cu, trichloroacetíc acÍd insoluble Cu

(TCAIS Cu) and Mo. only wíth the 0 cu díet were there hÍ-gh correlatíons
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betr,¡een serum Cu and TCAIS Cu (r = .87); serum Cu and serum Mo (r = .78);

and serum Mo and TCAIS Cu (r = .87). CpOx and trÍchloroaceÈíc acid

soluble (TCAS Cu) were hÍgher (e..or) for sheep on the control díet than

'for those on the supplemented díets. There were hÍgh correlations be-

t$reen serum Cu and TCAS Cu (r = .92, t = .79 and r = .84) for Control,

l-0 Cu and 20 Cu díets respectively. Serum Cu rrras correlated wíth CpOx

Ín control and 20 cu (r = .81- and r = .77) dÍets respectlvely. cor-

relatÍon among the ffve serum parameters and the one liver parameter

r^7ere not consistent across díets. This would indícate that ínteractions

among these paraneÈers depended upon diet. Diet by time interactíon r¿as

sígnifícant (P<.01) ín líver Cu, serum cu, cpox, TCAS Cu and TCAIS Cu.

The apparent absorptíon of Cu was lower and more Cu and Mo were excreted

in Ëhe uríne of Èhe 0 Cu larnb than the Control- lanb. i'Ilth increased

Cu:Mo ratlos ín diets (0 Cu lamb vs l-0 Cu and 20 Cu larnbs), the apparent

absorption of Mo rÁras progressívely reduced. These results indícate thaÈ

the inÈeractions among Cu, Mo and S are ínitiated in the rumen of sheep.

It 1s concluded that, with an adequate dietary level of S and a Cu:Mo

ratio of less than 2.0 ín the díet, Cu absorptíon is impaíred, líver Cu

reserves decrease and the serum Cu increase is assocíated wíth high con-

centratíons of serum Mo and TCAIS Cu. These effects r{ere corrected by

íncreasíng Cu:Mo ratio in the diet.
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INTRODUCTION

The incidence of naturall-y occurríng copper (Cu) deficiency is a1--

mosË confÍned to grazing sheep and cattle. Cu deficíency in the grazing

animal- can arise from a low díetary íntake of Cu or when the herbage has

an apparentl-y adequate Cu content, but the presence of factors ínter-

ferring wiËh the absorption, utilization of storage of Cu. Molybdenum

(Mo) in the diet or adrninístered experÍmentally, interferes wíth the

metabolísm of Cu in animal-s, and the ratio of Cu to Mo ín the díet has

greaÈ signifícance ín Ëhe incidence of hypocupremía in sheep and cattle.

The interference ís not due to a símple chemícal reactíon of díetary or

t.issue Cu wíth Mo but by cornplex three-¡',ray ínteracËions among Cu, Mo and

sul-fur (S). In ruminants, íncreased díetary S usually exacerbates the

effects of Mo, alÈhough Mo retention is decreased (Mason et al. 1978b).

In normal animals Cu ín plasma ís released from proÈeins by treat-

menË r,rith trichloroacetic acíd (fCA). The oral administration of Mo to

sheep íncreases plasma Cu concentratíon, but decreases TCA sol-ubí1íÈy

since some of the plasma Cu then precípítates wíth the plasma protein.

The appearance of thís new fraction, which also contains Mo is, in sheep,

dependent on díetary S (Brernner, L976). Mason et al. (1978a) showed that

this effect of Mo Ín guinea pigs was also increased by dietary S, but

only when S was admÍnistered as sulfíde. It is thus probable that the

hígher sensitivity of the rumínant to Mo compared to the non-ruminant ís

due to rumen reductíon of S conpounds to sulfíde.

Díck et al. (1975) proposed that the sensitívÍty of ruminants to Mo

was due to rumen formatíon of thíonolybdates (MoO4-rrSrr)-2r th"te n = 1 to 4)
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by the reaction of mol-ybdate r.ríth sulfide which ín turn combínes with Cu

to form the fnsol-uble Cu thionol-ybdates, thereby lirnitíng the absorption

of dÍetary Cu. They suggested that the excess thfomolybdate that vas not

combined wíth Cu in the rumen v¡as absorbed ínto Ëhe blood stream tnd "otl
bíned wÍth tissue Cu, resulÈÍng in the apPearance of TCA-insoluble Cu

in plasma.

There is still- not enough informatíon as to the interactions which

arise ín the gasÈrointestinal Èract or in the bl-ood and whether the

antagonístic reactíons funcÈion by reducing Cu absorption, or by restrict-

ing utili zatl:an of absorbed Cu. The pïesent study was carríed out to

determíne: a) the metabol-ísm of Cu in the presence of Mo and S; b) the

effect of Mo and S on Cu absorpÈíon and excretion; c) the ratio of Cu to

Mo in the presence of adequate S necessary to maintain Cu balance in

sheep.
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LITERATURE REVIEI,T

Copper as an essentia l- element in the bodY

Copper (Cu) is essenÈíal- for gror¡/th and maínrenarlce of heal-th in

all types of farm anímals. The actíons of Cu at the cell-ular level

generally ínvolve Cu proteíns, many of whích are enzymes with oxidatíve

functions. Probably no metaL Íon is more versatíle than Cu as a com-

ponent of specifÍ"c enzymatíc reactíons. Cu is a constituent of such

enzymes as catalase, tyrosinase, urícase, cyÈochrome oxidase, monoamíne

and ascorbíc acíd oxidase, or ís essentíal for theír actívity (Hansard,

1eB3) .

Cu is known to faciLítaËe absorption and utilizatíon of Fe, and is

necessary for normal bone devel-opment. A prímary defect of the organic

matríx of bone ís related to the faílure of collagen to undergo cross-

línkíng and maturation. The actívíty of the Cu metalloenzyme, lysyl-

oxidase, decreases severely in Cu defÍciency and the mature collagen and

elastin are not oxídized (Harrís and O'De1l, L974). Evídence has also

been presented for the involvement of Cu in prostaglandin synthesís

(Cunnane, L9B2) and íts role in formatíon of aortic elastín. The con-

cenËraËions and actívitíes of many of these enz)¡mes have been rel-ated to

the specifíc functíonal and structural dísorders that develop ín Cu-

defícient. animals, as descríbed later ín this review.

copper in blood

Normally Cu appears in serum or p1-asma ín t\^lo general forms, bound

to macromolecular f-igands or to mícromolecular ligands. The major
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macromolecular 1-lgand, cerulopLasmÍn (Cp), binds approximateLy 90% of.

circulating Cu. The other rn¡cromolecul-ar Cu ligand is al-bumin which

binds approximateLy 97. of the plasma Cu. This Cu is ín equilíbrium with

Cu bound to micromol-ecular 1-Ígands, mainly the amíno acids hístídine and

cysteÍne, whích represenÈ about L7. of the pl-asma Cu (HenkÍn, L974). Cu

ín Íts cupríc form is relatívely l-oosely bound to albumin and reacts r^7íth

diethyl-díthÍocarbanate even though Èhe pH remains above 7. Alburnín-

bound Cu, therefore, is called the "dírect-reactíng Cu" (DR-Cu) of

plasma. Conversely Cu is very tightly bound to Cp and thereby determines

Èhe conformation of the molecul-e. The Cp-bound Cu is referred to as the

"indirect-reactíng Cu" of plasma sínce iÈ wí11- not react wíth sodium

díethyldíthÍocarbamate unl-ess rendered íoníc by acíd cJ-eavage of the

protein-Ëo-Cu linkage (Aspin and Sasskortsak, 1981).

Cp is a blue Cu protein found in the 2-gJ-obulin fracËíon of plasma.

ft Ís a síngle-chain glycoproteín of molecular weight L32000 and contains

six Cu atoms per molecule. Its many functions may be related to the

heterogenous nature of these six Cu atoms and to the varíous catalytíc

activítíes whích they provide (Frleden, 1980). Cp (ferroxidase) rnobilízes

Fe ínto the plasma from Fe storage cells in the liver and functions to

oxídíze ferrous to ferric iron that then becomes bound to transferrin.

An equally important functíon is that Cp' serves as a major transport

vehícl-e for Cu. Thus the Cu atoms of Cp are a prerequisíte for Cu uti-

l-Ízation. A possible third role of Cp is as a contributor to regulatíon

of the baLance of biogenic amines through its oxídase actíon on epine-

phrine and the hydroxyindole series.

The rate of synthesís of Cp varíes among species as Marcilese et a1.
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(Lg76) have shown a higher rate of Cp productíon ín cattl-e than in sheep,

although the hal-f-tíme of Cp in the circulatíon of cattle seems to be

shorter than in sheep. These authors concluded that these dífferences in

kinetics of Cp beÈween cattle and sheep could explain the hígher sus-

ceptibility of catÈle to the effects of díetary Mo and S. Cal-abrese eÈ

al. (1983) showed Ëhat sheep Cp díffers from bovine Cp because of its

higher specífÍc enzyme actívity.

Draur,atic changes ín Cp Level-s occuT during pregnancy ín sheep. Cp

level-s fal1 in early pregnancy and remafn low during the last half of

pregnancy, but ríse at the tíme of parturíÈion to reach the híghest

levels one week after J-arnbing. In the larnbs Cp levels are low at birth

and at 24 hr after bírth, but by one r¡eek after birth¡ Èhe values are

well r,¡ithin the range for normal healthy adults (BuËler, L963; McCosker,

1968a;Howell er al-., 1968; BÍngley and Dufty, L969; Hídirogl-ou and

Knipfel, 1981). GeneÈic varíation in Cp levels has also been demonstrated

as l^Iiener et al . (Lg74) found Èhat l^Ielsh Mountaín sheep had higher levels

of Cp than Scottish Blackface sheep and crosses of the two breeds of sheep

had Íntermediate CP levels.

Approxímately 607" of the total Cu in red blood cells is associated

wíth the enzyme superoxide dísmutase (SOD), formerly known as erythro-

cupreín r¡hích contains 0.34% Cu. SOD is a metalloenzfme that catalytic-

aIly scavenges the superoxÍde radical- and ís essenÈial for the aerobic

survival of all forns of lífe. SOD contains two Cu and two Zn atoms and

has a molecul-ar weíght of about 32000" The Cu ín SOD partíclpates in

the catalyÈic acÈivíty of the enzyme, but tlne Zn plays only a structural
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ïol-e. SOD provídes proÈectíon agaínst oxygen toxicity, against compounds

that cause exacerbatíon of oxygen toxfcity, against ionizing radÍatíon'

and also agaínst damaging sequelae of prolonged lnflammatÍon (Hassan,

1980)

The second fracÈion of erythrocyte Cu ís contaíned withín a freely

ð.íairyzabLe component that is designated the "labile pool-". Thís com-

ponent conËains Cu complexed wíth amíno acids and it ís probably neces-

sary to ínsure an adequate supply of Cu Èo naintain the acÈívity of SOD

(Evans, L973 and Underwood, 1977). The total Cu content of erythrocytes

remaíns constant in spiÈe of the Cu staÈus of the animal and parenteral

injection of an excessÍve amount of Cu does noÈ produce a signíficant in-

crease in erythrocyte Cu content (Evans, L973). Thus, although the Cu ín

erythrocytes ís círculatÍng, thís fractÍon of blood Cu is not involved

ín transportíng cu. VariaËion attríbutable to breed of síre ín sheep

have al-so signíficant effects on SOD activíty (I{oo11iams et a1., 1983).

The normal range of Cu concentratlon Ín the bl-ood or plasma of

healthy rumínant animals ís 0.80-1.20 vg/rrf- (Underwood, L977; Church et

a1., 1979; Grace, l-983). Several factors íncluding breed, pregnancy'

age and diet al-ter the blood Cu level in animals. Sígnífícant breed

differences have also been demonstrated. For example, Fínnísh Landrace

sheep have markedly 1-ower plasma Cu concentratíons than Merínos (Hayter

and tr^Iiener, 1973).

Butler (1963) found that ewes maintained on a constant diet had

declining whole blood, plasma, Cp and erythrocyte Cu levels during

pregnancy. The blood Cu and Cp levels increased at parÈurítíon and

reached the highesÈ levels one. v¡eek after larnbing. The pregnant eüIe
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appears to be poorly equÍpped to Protect her larnb agaínst effects of

dieÈary Cu deficiency. Causes of the reduction in the Cu content of the

blood during pregnancy may be physiol-ogical- adjustments such as increased

maternal bl-ood vol-ume as well as Ëhe requiremenÈ of Èhe developing feËus

(Hidiroglou and Knipfel-, 1981-). In lambs, blood Cu and Cp levels were

low at bírth and 24 hr later but were wíthín the normal adult range by

one r¿eek of age (Howell and Edíngton, 1968). In the bovine, whole blood

and plasma Cu levels are l-ower and erythrocyte Cu l-evels hfgher ín new-

born calves than ín their mothers (Bíngley, L974).

Subnormal l-evels of díetary Cu are reflected Ín subnormal blood Cu

concentratíons in sheep and cattle. Cu levels of less than 0.80, 0.70

and 0.60 ng/9, for whole bl-ood, plasma and serum Cu respectívely have been

defíned as índícative of a Cu deficiency (Suttle, 1983). Ingestion of

high dletary levels of elements such as Zn, Cd and Fe depress absorptíon

of Cu and can reduce plasma Cu concentratíon. The effects of Mo and S

depend on the sËatus of the animal with respect to these nutTients and

Cu. Prolonged high Íntakes of Mo and S cause strÍking changes in the

concentrations of Cu Ín the blood and in its distributíon among the blood

components ín sheep (BÍngley, L974). Hypercupremía occurs as a conse-

quence of extremely high dÍetary Cu intakes. During the ËermÍnal stages

of Cu poisonÍng, i.e. within 24-48 hr of the hemolytic crisis in sheep,

blood concentrâtíons as hígh as l-0-14 Ug Cu/nl have been reported

(Underwood, L977>.

Copper in liver

The slow development of Cu deficiency signs in anfmal-s receiving

low*Cu diets indicates that many species possess apprecíable stores of
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Cu. The maÍn sÈorage organ for Cu is the líver, although appreciable

amounts of Cu accumulate in other tlssues. Liver Cu concentratÍons vaty,

with the species and age of animal, the chemical composÍtíon of the diet,

and ín varíous dÍsease conditions.

Sheep and cattle have liver Cu concentrat.íons with a normal range

of 100-400 ng/kg dry matter (lU). It seems probable that sheep and

cattle are superior to rats in capacity to bind Cu in the liver and blood

Cu levels do not rÍse in these species wiËh increased Cu intakes as ín

rats, except at a very hígh dietary íntake (Underwood, 1977). Líver Cu

concentratÍons are lower Ín newborn sheep than ín adul-t sheep and in

cattle, they change líttle from birth to old age (McCosker, 1968a), The

concenÈraËion of Cu in l-Íver is very sensitive to low Cu intakes and

liver Cu provídes a useful- aíd in the díagnosís of Cu defíciency. The

mínÍmum liver Cu level necessary to maintain a normal plasma Cu level has

been estimaÈed to be approxímately 40 nC/kC DM in cattle (Claypool et al.,

Lg75). Díck (1954) studÍed líver Cu sÈorage ín sheep íngesting graded

incremenÈs of Cu from 3.6 to 33.6 ng/day for I77 days. The liver Cu con-

cenÈrations increased steadíly from 562 ng/kg DM at the lowesE to 2340

me/kg DM at the híghest Cu intake.

Líver Cu is affected by other dietary factors that ínfl-uence Cu

retentíon in the body through their effect on Cu absorpÈ1on, excretion,

or both. The storage of Cu ín Ëhe l-iver of sheep and cattl-e can be

reduced sígnífícantly by an increase ín dietary Mo, provided that díetary

S intakes are adequate.

There are Èhree dífferent proteins ín the l-íver v¡hich can store Cu,
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namely, hepatocuprein (SOD), metallothíonein and mitochondrocupreín'

Although SOD can accounÈ for 20-50% of the total hepatic Cu, this occurs

only when Cu concentrations in the liver are low. As líver Cu increases,

the relative contribution rnade by this proteín decreases (Bremner, 1980).

Coppe r metabolÍsm in the ruminant animal

Absorotion

Although low dietary Íntake of Cu is a frequent cause of a defíciency

disease, a deficiency can often arise when the dieËary concentration of

Cu r¿ould normally be considered adequate. Such situations aríse when

dietary íntake of Cu, the physÍological state or age of the anímal'

dietary composítíon or anímal genetic variabLes influence eíther absorp-

tíon or util-ization of Cu. Relíable estímation of the effects of such

factors on Cu metabolísm is often the mosË diffícult prob1em encountered

when attempÈÍng to determíne the adequacy or otherwise of dietary

suppl-y.

One of the major deÈermínants of díetary Cu utilízaËíon is its

chemical form in the dÍet and in the íntesËínal contents at Èhe site of

absorption. LassiÈer and Bel1 (1960) studíed the avaílabil-íty to sheep

of varíous compounds l-abel-led with U4ru. The Cu ín copper oxides is

less availabl-e than that ín water-soluble salts or the carbonate' l,ater

Chapman and Be11 (1963) tested Ëhe uptak. of 64C,, from several ínorganíc

compounds by beef cattle. The relative appearanc" of 64C,, ín the blood

of cattle was fn the foll-owíng order: cucor>cu(Nor)r>cusoo>cuclr>curO>

CuO (Powder) >CuO (needles) >Cu(wíre) .
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In studies wíth sheep marked dífferences have been reported for the

avaíl-abilíty of Cu from herbages and practícal type diets. Thus the

apparent avaílability of Cu from fresh perenníal ryegrass and white clover

was 30 anð. 34il respectlveJ-y whereas it was only 9% from red cl-over

(Grace, 1,975). In another experímenÈ l-n whích the relative proportíons

of ground stra\.I, ground barley and dried grass meal in the dieÈs were

varíed, the avail-abilÍty of the dietary cu ranged from *6 to -157"

(Stevenson and Unsworth, L978; Bremner and Davíes, 1980) '

Beyond the evidence that virtually all- of the water soluble Cu of

herbage ís present as a range of Cu compl-exes stabl-e down to PH 2, littl-e

is known either of the forms ín which Cu occurs in the diet or of the

extent to which these forms persist duríng the early stages of digestion

ín the rumen, abomasum or stomach (Brernner, 1970). The relatively Ín-

effectíve absorptíon of Cu from the intestínes may be relaÈed to the

findíng that the proportional solubilíty of Cu is much lower ín the

abomasum, despite íÈs low pH, than in other regíons of the digestive

tract. Such decreased solubílÍty of Cu can be reproduced experimentally

merely by acidificatÍon of rumen 1-íquor to simulate the pH of abomasal

coritents (Bremner, L97O and l"lil-ls, 1980b).

An appreciable proportion of ingested Cu ís íncorporated ínto the

cell wal-l-s of rumen organisms. It appears that much of thís ce11 wal1

Cu may subsequently escape digestíon and absorptíon. The extent to which

variaÈíons in rumen bacterial- or protozoal- actívity Ínfluence thís loss

has recently been assessed by lvan and Veíra (1982). They carríed out

an experiment to measure the soluble proportÍons of Cu in the rumen f1uíd
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and duodenal dígesta, and the flow into the small íntestine ín defaunated

and faunated sheep. It was concluded the cíliate protozoa do not have

a critical role Ín Cu metabolism ín the rumen of sheep.

The ab.sorption of Cu has also been related to the nutritional quality

of the ratlon (Lanand, L978). For example, additíonal urea' at the rate

of 6 g/kg fresh weight of corn silage fed to sheep, íncreased the ap-

parent absorption of Cu from 3.4% to L8.5% (Ivan eÈ a1-., l-983). It is

possibJ-e that differences in the fermenÈation processes' Ín the corn

silages and ín the rumen, resulted Ín a greaÈer bíologícal avaílability

of Cu fn the urea supplemented sílage.

Normally ruminanÈs absorb less than L07" oÍ dietary Cu but ef-

ficíency of absorptíon may be ínfl-uenced by other dÍetary constítuents.

The mosÈ sÈrikíng examples concern the influence of S on Èhe absorption

of Cu and Mo. With semi-purífíed díets the effects on Cu are summatízed

by the equatlon:

to8 oar, = -1'11-3 - 0'0714xs - 0'0187xs>ÙIo

where s and Mo are dÍetary concentratíons in g and mg/kg DM respectively

and Aar, ís the absorptíon coefficient for dietary Cu (SuÈtle, L979).

From this equation ít can be calculaËed that Aa' will decrease to about

1/3 (from 0.06 to 0.02) as S and Mo increase withín normal linits.

The solubility of Cu and Ëhus the facility wíÈh which it can be

absorbed ís markedly reduced by the presence of sulfÍde in the gastro-

intestínal tract whether this oríginates from the díet or' as ín rumí-

nants, is generated by the reducËíon of dÍetary sulfate or the degradatíon

of sulfur amÍno acíds (Bird, l-970). SuËtle (L974a) measured the effect of
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S on the avaíl-abilíty of Cu from a semi-purified diet with sheep. In-

creaslng the S conÈent of the dÍet from L to 4 g/kg reduced the avail-

abílity of the Cu by about 40%. The mechanism by whích this occurred

)-
involved generation of S'- fn the rumen and the formatíon of ínsoluble

CuS, which is known to be a relatlvely nonavailable form of Cu. Presence

of Mo as rnolybdate Ín the fntestlnal lumen has l-íttle or no effect on

Cu abs:orptfon in any specíes so far investígated. In contrast the tetra-

thiomolybdate fon 1t"tosr.z-) which, it has been suggested may be forrned in
4

the rumen from the reaction of nolybdate wíth sulfide and may be a key

íntermediate Ín the MolCu antagonism, strongly inhíbíts Cu absorption

(licks eË al., L975; MÍlls' 1980a).

The apparent availabílíty of Cu is hÍgh for rnílk-fed anímals com-

pared wíth more mature rumínatíng anímals. In a sËudy wíth l-ambs the

eff íciency of Cu absorption 'hlas 7L7" at 28 days before weaning , 47% at 14

days prior to rnreanÍng but only B-1-0% af ter weaning (SuÈtle , L975). fn

similar experiments wfth cal-ves fitted wíth duodenal and il-eal re-

enÈrant cannulae, absorption from mouËh to duodenum' mouth to ileum, and

mouÈh to anus in the mílk-fed anímal was 10, 59 and 687" tespectívely,

compared wÍth l-0, 19 and 27%, after weaning. This indicates that the

declíne ís absorption from the smal-l- Íntestine r¡as mainl-y responsible

for the decrease in net Cu absorptíon afÈer weaníng (Bremner and Davíes,

19Bo) .

The mechanisms whích regulate Cu absorption ínvolve metal-binding

components and the inhibítion of Cu absorption brought about by varíous

metals, results from competítÍon for protein metal-bínding sÍtes' Evans
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and Haln (L974) found that oral-J-y adninístered Cu becomes associated

with a varíety of metal-bindlng ligands and macromolecules in the in-

tesLine of Ëhe rat. In the íntestinal lumen, Cu was complexed with a

proteín similar to metallothionein (MT), which could conceívably be ln-

volved in transportfng Cu across the íntestinal epithelíun.

It has been suggested that Cu absorptíon ínvolves tvTo distinct

sÈeps: the upËake of Cu from the.íntestínal lumen into the mucosal

cell-s and the subsequent transfer of this Cu into porÈal circul-atíon.

Hígh concentrations of Zn interfere wíth the absorption of Cu, índícating

competítíon between these íons for the same bÍnding sites (Van Campen

and Scaife, Lg67). Fischer et al. (1983) found wíth a Low Zn diet, that

the limíted amount of MT present r{as saturated, and Èhe excess Cu r,ras

bound to the high-molecular-weíght protein fracÈíon (mmpf). I^líth larger

intakes of Zn, MT synthesis was induced, and the larger amount of thís

proteÍn r¡Ias not as readil-y saturated, resul-tíng l-n less Cu bindíng to

the HMI{PF and more to MT. They suggested that Zn ínterferes with Cu

absorption by inducing MT, whích sequesters Cu ín the mucosal cells,

making ít unavail-able for serosal- transfer. The Cu bound to Èhe HIfl^7PF

was available for transfer.

Transpor t of copoer

Most of the cu ín plasna is generally presenË in the form of cp'

an a-globulin, which bínds Cu atoms ín nonexchangeabJ-e forms. However,

the príncipal transport forms of Cu are íts J-oosely bound compl-exes wiÈh

albumin and, to a lesser extent, with sel-ected amlno acids such as
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hísËidine, threoníne and g1-utamine. These complexes are probably in

equí1-ibríum r¿iËh one another, and altogether they usually account for

s-LOi( of the totaL plasma Cu (Bremner, 1980). The absorbed Cu ís

rapidly ineorporated ínto complexes with albumin and wíth amíno acids

in plasma and are taken up by the liver and other tissues.

The release of Cu from plasma albumin ís affected ín ruminant ani-

nals receÍvíng diets wíth a high Mo and S contenÈ. Such anlmals have

increased plasma Cu concenÈrations, whÍch probabJ-y arise from a de-

creased rate of clearance of Cu from the plasma (Snith et al., 1968).

This, in Lurn, appears to be a consequence of the formation in the rumen

of thiomolybdate which, when absorbed, may enhance the affinity of alburnín

for Cu (Mil-l-s and Bremner, 1980).

The Cu reaehing the ]íver, the maín storage organ of the body for

Cu and a key organ ín the metabolism of this element, is íncorporated

into the mitochondria, microsomes, nucleí, and soluble fractÍon of the

párenchyrnal cells in proportions which vary wíth the age, strain, and

Èhe Cu status of the anímal (Underwood, L977). Hepatic Cu ís then (a)

íncorporated ínËo Cp and released into plasma or (b) released into bile

or (c) stored temporaril-y in the liver.

Excretion

In all species studied, a hígh proportion of ingested Cu appears

ín the feces. Most of thÍs ís normally unabsorbed díetary Cu, but active

excret.íon occurs vía the bile. One function of the hepatLc cells ís to

prepare Cu, which is ín excess of Èhe bodyts requírement' for excretion
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ín the bile. Sheep and other ruminants excrete Cu in bile at very low

rates that are approxímately equal to the rates of Cu excretion ín

urine (Sali and Ramback, 1978). The concentration of Cu in the liver

does not Ínfluence the excretíon of Cu in biLe. Lysosomes are ímportant

in the excretion of Cu ín bíl-e. The defect ín Cu homeostasis in sheep

may be the ínabílity of lysosomes to sequester and excrete the Cu in

Èhe liver. This could be due to a dífference in lysosomal properties

or l-ysosomal numbers (Hubbs and Oehme, L982).

Although cu is rapidly taken up by kidneys after iËs absorption

from Èhe gut or after íntravenous injectíon of the metal' urinary con-

centratíons of Cu are usually quíte low, amounting to only I to 2% of

the total Cu excreted by sheep fed purifíed diets (Snith et 41., 1968)

or by catÈle fed grass or aLfalfa hay (Lesperance and Bohman, 1963).

However, íncreased renal concentratíons have been reported in Cu-poisoned

sheep (Bremner , LgTg; Gooneratne et al., 1981b). fn these anímals' the

additional Cu was presenË príncipally as MT 1n kídney or in an uncharac-

terized protein with the same molecular weíght as MI (Bremner' 1980) '

Marcilese eL al. (l-970) found that the addítion of Mo and S to the

diet of sheep caused a greater accumulation of Cu ín the kidney and ín-

creased fil-tration ln the kidney may have contríbuËed to the increased

urinary Cu when Mo and S were added to the dÍet.

Copper, molvbdenum and sulfur interactions

The interactions among dÍetary Cu, Mo and Sr are most widely known

and thoroughly researched. The interactions are complex and operate

both Ín the digesÈive tract and systernícally. The avaílabilíty of
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dietary Cu ís reduced by íncreasíng Mo concentraÈíons ín the presence of an

adequate l-evel of s. The clínícal apPearance of cu toxícÍty and defi-

ciency were originally assocíated with very low and very high levels of

dieÈary Mo (respectively) and. Ëhese observations inítially prompted the

many fnvestigatíons that have been conducted (Underwood, ]-977>

Sheep have frequentl-y been used in Cu-l"Io studies a1-though they are

l-ess sensitive Ëhan cattle to lvfo excess. LÍver Cu storage IìIas reduced

in sheep receívíng 9 mg Cu/day when Mo inÈake was raísed frorn 5 to 20

ng/day (-OÍck, 1954). Mo was found to reduce Cu retention, but this

effect was only observed when the diet also contained a suffícíent quan-

tiÈy of Ínorganic sulfate (Dí'ck, 1954; KlÍne et a1-., 1971'; Ross, L97O

and l{eber et al., l-983). The direct antagonÍsm between Cu and sulfate

Bay be due to the formaÈíon of cupric sul-fíde. Lambs fed purifíed soy-

bean protein did not retaÍn or store as much Cu as did those fed urea;

the addítion of sulfur as sulfate decreased the retenËion and l-iver stor-

age of cu (Goodrích and Tíllman, 1-966). Merry et al. (l-983) have sug-

gested that díets in South Australia contaíníng appreciable quantities

of cruciferous species, whích have low cu but high su1-fur concentraÈíons,

coul-d Índuce Cu defícíency in ruminants '

In many studíes, however, supplementatíon of either Mo or S alone

díd not affect cu status (Marcilese eÈ a1-., 1969 and Suttle, 1974b).

trühether or not interactions are observed depends greatly upon the basal

conÈent of Mo and s and upon Èhe ratio betr,¡een them. símpson et a1 '

(1982) found rhar íncreasíng dietary S from 1.8 to 3.2 e/ke DM had no

ínfluence upon Cu retention of growíng cattle unless Mo rnras also ín-

creased. Às far as can be ascertaíned' the Mo content of theír basal
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diet (<0.1 ng/kg DM) was lower than those reported in simíIar studíes.

tr{ith respect to cattle, Vanderveen and Keener (L964> reported that

heifers whích receÍved dÍets containing from 5 to 50 ppm Mo and no added

sulfaËe dÍd not deveLop any symptoms of Mo toxicity, but Cu levels in

the lÍver and bl-ood serum was l-owered. Heífers recefvíng 50 ppm Mo and

0.3% sul-fate sulfur developed alopecía and achromatríchia. Cu added to

the diet of heífers which developed achromatrichía and alopecÍa com-

pletel-y corrected these conditfons. HumphrÍes et a1. (1983) found that

llver, plasma Cu concentratíons and plasma Cp actívitíes decreased greatl-y

and rapídly in all calves given Mo supplement (5 ng/kg) Ín a diet con-

tainÍng 4 rng Cu/kg and 2.8 e S/kg Olt.

From the experimental- results ít may be concl-uded that hÍgh Mo and

sulfaÈe intakes ímpair the metabolic effíciency of Cu utíl-ization and

therefore induce Cu deficíency. From studies by Marcilese et a1. (1969)

wlth labelled Cu, ít was evídent Èhat Mo and sulfate suppl-ementatíon de-

creases the incorporation of Cu inËo the liver and the synthesis of Cp'

Accordingly, high levels of Cu supplementaÈion are required to counter-

act these effecÈs of Mo and sulfate.

In consideríng the aspect of chemicaL patameteÏs in Cu, Mo and S

ínteractions, the elements in the periodic table tend to react in a

chenícal manner simíLar to other elements in the same family group

(vertÍcal colurnn) due to their síníl-ar outer electroníc configurations

(Huisíngh and Matrone, 1976). MaÈrone (L974) proposed that íons r¿íth

similar electron structure, geometric configuration, and coordinatíon

nurnber would interact antagonistically in bíologícal systems' For
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orbitals, an sp' or tetrahedral geometríc confíguratíon, and tend to

form coordínatÍon complexes wíth four ligands. These elenents interacÈ

antagonÍstícally fn anÍmals, presumably because of their chemical símí-

larities. Mo can exist in several- oxidation states, ít ís most stable

in the *6 oxidation state where it ís usually bound to four oxygens and

exisÈs as the oxy-aníon rnolybdate çUoOO2-). Huisingh and Matrone (Lg76)

predÍcted from the chemícal- parameter concept, that molybdate would be

bÍologicall-y anÈagonistÍc Èo other oxy-anions in the same group or sími-

lar group, for example, chïomate (Cr0O2-) and sul-fate (So42-). Sínce

sulfaËe ís normall-y present in anímaI diets at a much higher concen-

tration than the other oxy-anions, the inÈeractÍon between sul-fate and

mo1-ybdate is of major sígnífÍcance. Biologícal ínteractÍons of these

oxy-aníons wÍth several caÈions íncludíng Cu and Fe have been observed.

Díck (l-954) showed that added díetary inorganic sul-fate coulcl de-

crease Cu storage. Spais et al. (l-968) demonstrated Èhat the rumen

contents of animal-s fed diets containing hígh levels of inorp¡anic sulfur

compounds also contaíned hígh 1-evels of sulfÍde. RuminanËs, in contrast

to monogasÈrics, are able to reduce sul-fate to sulfíde to a major extent

in the rumen (Suttle, L974a)because of the actíon of Desulfovibrío bac-

teria presenÈ in the ruminal contents (Iluisíngh eË al., L974). The ad-

dition of Cu to washed cul-Ëures of these microorganísms from the ovine

rumen depressed the reduction of sulfate to sul-fide (tlikolic et al.,

1983); Mo addition however, did so very effectívely even at Lor^7 concen-

tration. I^Ihen Cu and Mo were added togeËher Èo the culture medium, the

effect of the latter element was díminished (Huísíngh et al., L974 and
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Kirchgessner et ai-.' 1979)"

Sutrle (Lg-l4a) studíed the responses of initially hypocupremic ewes

to the repletíon with Cu-supplemented díeÈs contaíníng supplenents of

organic s, as methfoníne, and of inorganic s as NarSOo. The s supple-

ment had similar effects. Responses ín plasma Cu were reduced when S

was Íncreased. He concluded that the variaÈion in Èhe form of dieËary

S within normal range for herbage exerts an independent effect on Cu

metabolísm, possibly through the formation of ínsol-uble CuS, because the

additíon of CuS (5 mg Cu/kg) produced no response ín plasma Cu but the

same amount of Cu, gíven as CuSOO, increased plasma Cu'

Ivan and veira (.1981) reported that the solubilÍty of cu \'Ias pro-

portionally decreased in both rumen and abomasal digesta wiËh íncreased

díetary proteín. They suggested that hígh levels of very soluble or

degradable proteín in pasture is responsíble for formation of insoluble

CuS during rumen fermentatíon, resulting ín l-ower solubilíty and absorp-

rion of Cu. HuÍsíngh er al. (l-975) attributed similar results to the

fact that sul-fíde is líberated frorn sulfur-contaínÍng amino acids in

the rumen. While Mo inhibits the productíon of sulfide from sulfate, it

activates sulfíde l-íberatíon from sul-fur-containing amino acíds, so that

the total sulfide production in the rumen depends upon the ratÍo of sul-

fate and S from organic sources ín the díet. Ihese concepts are al-so

discussed by Gawthorne and Nader (L976) who assumed, ín additíon, that

Èhe apparent absorptÍon of sul-fide from the rumen was decreased when Mo

was infused daily (50 mg nolybdate /day), since they found that the su1-

fíde contents in the ruminat fluid rose overall-, whíle the de novo

synthesis of sulfíde 1¡7as signífícantly lowered by Mo supplementation'
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In considerÍng ühe effect of Mo on Cu metabolism, Dowdy and Matrone

(1968) observed ËhaÈ CuSOO and NarMoOO form a complex whÍch precipitates

ín a near neutral- sol-utÍon. The ratío of Cu to Mo Ín this complex was

423. They hypothesized that Mo complexes wÍth Cu and that Cu bound ln

Èhís state is apparently absorb^ed, but the Cu seems to be systernically

unavailabl-e from this comPlex.

The addÍtíon of hÍgh concentrations of Mo and S to the diet of

sheep resulted Ín increas'ed plasma Cu, dírect reacting Cu, decreased

liver Cu concentratfon and increased Cu and Mo concenËratlon in kidneys

(Bíngley, Lg74; Smith and l^Irfght,L975a; Marcilese et a1-., 1970; Van

Ryssen and SËÍelau, 1981). In this sítuation, a fraction of plasma Cu

which is ínsoluble ín trichloroacetic acid (TCA) r¿as present and it has

been shown Ëhat this fraction also contains Mo. SmiÈh and I'trright (1975b)

estimated that atomic ratio of Cu:Mo ín Èhís fraction was l-.7. It is

suggested that the formatíon of such a stable Cu-Mo-protein compound may

explaín the observed low tissue uptake of Cu in Ëhe Presence of high

plasma total and dírecË-reactíng Cu concentratíons '

Smith and l.,Ìrígh t (L976) studíed the effect of dietary Mo (17 ppm)

and S (5.3 g SOO/kg) on the metabolism of ínjected 64Cu Ín sheep. They

found that the incLusion of Mo in the diet caused a retention of 64Cu in

whole plasma and the exístence of. 307' 
64ar, ,r, a fractíon, ínsoluble in

TCA, which dÍd not exist ín the control- animals. In a similar study by

Sutrl-e (Lg74b), but wíth the diet provídÍ-ng L.7 e S/kg the addition of Mo

to Èhe diet dÍd not reduce the effectÍveness of ínjectabJ-e Cu. He sug-

gested that the prímary slte for Cu x Mo interaction ís located in the

gut, posstbly through the formatíon of a cu-complex which is absorbed
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but r¿hich renains biologícally unavailable to the tlssues and which ís

excreÈed by' the kidneys.

In a revfew of cu, Mo and s interactions, GoodrÍch et 41. (1978)

surrmarízed the effects of dÍetary Mo and S on Cu metabolísm as follows.

High 1-evels of dietary S resuLt ín lowered blood Cu and Mo, lowered liver

Cu level-sì and increased fecal excretion of Mo. Hígh levels of díetary

Mo ínhÍbÍt Ëhe storage of Cu. The combínaÈion of hígh díetary levels

of S and Mo appear to have a greater effect on the Cu metabolísm of rumí-

nants than either element singly, causing decreased bl-ood and liver Cu,

increased fecal and urinary Cu losses, reduced absorption of dietary Cu

and depletíon of tíssue Cu.

HuÍsingh and Matrone (l-976) proposed a model to ratíonalize the Cu'

Mo and S interaction Ín rumlnant anÍmaLs. Cu can become unavailabl-e ín

the rumen because of either: (1) formation of cupríc rnol-ybdate ox (2)

formation of cuprÍc sul-fíde. The latter is probably more significant,

and the availabílÍty of Cu ís Ëhus greatly dependent upon the pool of

rumínal- sulfide. Mo1-ybdate can affect the pool of sulfide because:

a) íf Ëhe dieÈ contaíns sul-fate as the rnajor sulfur source, then

mo1-ybdate decreases the concentratfon of suLfide by ínhibtting sulfate

reductíon. In thÍs case molybdate allevíates Cu deficíency symptoms.

b) if the díet contaÍns sul-fur amíno acíds (ín proteín) as the

rnajor source of sul-fur, then mol-ybdate wil-l íncrease the concentration

of sul-fide formed from methíonine and possibl-y the other sulfur con-

taÍning amino acÍds. In this case, molybdate aggravaÈes the Cu de-

ficiency symptoms.
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In the intestínal tract, a significant Ínteractíon is the compe-

títíon between sul-fate and moJ-ybdate for absorptÍon via a Proposed common

carríer. A sirnil-ar absorptiorr mechanisn exísts ín the kidney aÈ the síte

of tubuLar reabsorptfon and would explain the íncreased excretion of

mol-ybdate Ín the presence of sulfaÈe.

Huisíngh and Matrone found that cupric molybdate does noË exist as

such in the serum, and that Cu from cupric rnolybdate becomes bound to

serum proteins but molybdate appears to exlst as the unbound aníon.

Sulfide produced in the rumen, eíther from sulfaLe or S-amino acíds,

is transported to the lÍver where íÈ ís defoxífíed by oxídaÈÍon to sul-

fate, whích may eíther be uÈÍlízed by first beíng activated to APS and

consequently to 3t-phosphoadenosÍne-5rphosphosulfate (PAPS), or it rnay

be excreted via the uríne as sulfate.

It has been suggested that many aspects of the Cu, Mo and S ínter-

actíon can be related to the formatÍon in the rumen of thiomolybdate (TM)

derívatíves (Díck et al. , Lg75; Mil1s et al., L97B; SutÈle, l-980).

'fhe coordínating lígand is postulated to have the general formuLa

_,
(Mo0._rrSrr)-" where n = L to 4. Díck et al-. (L975) and Mills (1980a) at-

tempted to formulate a model which descrfbed the mechanism involved in

the inhibftory actÍon of díetary Mo and S upon Cu utilízation by runí-

nants. It \^7as suggested Èhat there are three essential stePs: 1) Re-

ductíon, ín the rumen, of sul-fate to sulfíde; 2) the reaction, at rela-

tfvely neutraL pH, of sulfíde wíth moLybdate ín the rumen to produce

nl, and 3) the reaction of the TIvf v¿ith Cu to give very insoluble Cu

thíornolybdate (CuTM). It has been suggested that such insoluble CUTM is
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not available for absorption but that TM whÍch is not combined with Cu

Ís absorbed. Absorbed TM combínes wíth mobil-ized tíssue Cu, giving ríse

to el-evated bl-ood Cu val-ues, Èhe increment beíng insoluble ln TCA and

Íts magnÍtude, for any given Cu intake, beÍng related Èo Mo intake (Dick

et al ., Lg75; Mason et a1-., 1978b; Mí11s ancl Bremnet, L979) '

A wide range of díetary Mo (l-5 - 60 r¡g/kg) content has been shown

to depLete l-iver Cu reserves, íncrease plasma Cu, and ultimately provoke

clinícal- Cu defíciency in ruminants m¡Íntained on diets adequate ín S

contenr (Lamand et aI., 1980; Ishída et a1., L982). The rise ín plasma

Cu is associated with the appearance in plasma of protein fractíons that

do not release their Cu on treatment with TCA (Mason et al ,, L97B) ' The

admínistration of TM in the díet (suttle and Field, 1-983) inÈo the duo-

denum (Mason eË al., l-980) or by intravenous lnjecËíon (Gordon and Hil-l'

L982; Gooneratne et al., 1981b) caused íncreased plasma Cu and TCA-

Ínsoluble Cu and decreased liver Cu reserves. SÍrnil-arítíes in the physio-
2- )-

J-ogícal effects of TM and MoOO'- + SO4' in rumínants suggest strongly
,_ t-

that TM is formed at an early stage of the Mo0O- x SOO- ínteractÍon Ín
t_

the S" rich environmenÈ of the rumen.

In sun¡nary, at hígh dietary Mo and S concentrations, suffÍcíent

TM forms Ín the rumen and comple:ces wíth Cu to ímpaír Cu absorptÍon'

In the event of relat.íve TM excess, more absorption of TM occurs and it

will have systemíc effecËs on Cu metabolism ín ruminants

Copper toxicity in Èhe ruminant animal-

Although copper (cu) Ís an essentíal elemenÈ required for a r¿ide
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range of metabolic processes in the body, excessíve inÈake of this metal

can have serious effects fn animal-s. Depending on the species involved,

growth and feed íntake may be reduced' aneÍtia can develop' and consíder-

able damage may occur Ëo the liver, kidneys, brain and muscle' often

resul-ting fn death.

Occurrence of copper toxÍcity

In aLl- anÍmels the contfnued íngestion of Cu ín excess of requÍre-

ments leads to accumulaÈfon in the tíssues, especially in the liver'

T.l]e capacÍty for hepatÍc Cu storage varies greatLy among specíes, and

differences among species ín ÈoLerance to high-Cu intakes are also greaÈ'

It has been known for many years that sheep are more susceptibl-e to

Cu toxícity than cattle. Young lambs devel-op Cu toxicíty at rel-atívely

l-ow Cu intakes, especial-ly when they are receívÍng mil-k-based diets

(Bundza et al ., Lg82). Older calves and adulÈ cattle are much more tol-

erant of Cu, and the few cases of Cu poisoníng which have been reported

have lnvolved the suppJ-ementation of 1-arge amounts of thís element

(BJ-akley et al., LgBz>. There are no reports of cu toxicity occurrÍng

naturally in goats, although a recent study (I^lasfi and Adam, 1-976) has

shown that this condítíon can be induced at relatíveJ-y high levels of Cu

intake.

In sheep, both acute and chroníc cu poÍsoning occur under fíeld

condÍtíons. Acute Cu poLsoning usual-ly occurs because of the acciden¡al

adminístratíon of large quantitíes of solubl-e Cu salËs, but chronic Cu

poÍsoning is mainly a condition which occurs in sheep on naturaL gtazíng
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under the followíng sets of conditions:

1) vrhen Èhe Cu content of the soÍls and pastures are abnormally

hígh. These pastures are growíng on the cupriferous soil-s of the atea,

and the Cu ís consumed by the anímals from soil- and dust. Sorne plants

growing on these soiLs contain as much as 50 - 60 mg Cu/kg DM (Underwood,

L977) .

2) when Cu levels are normal- but the mol-ybdenurn (Mo) level-s are

very low. The condiÈíon is usual-l-y seasonal in occurrence, appears less

ín Merinos than in BrÍtish breeds or crosses (Church et al ., LgTg) ' occurs

only on the more acid soil-s of the region, and is favored by dominance of

the pastures with the clover Trifolíum subterraneum. Thís plant gener-

ally contains l-0 - 15 mg Cu/kg and extremely low Mo levels that rarely

exceed 0.1 - 0.2 mg Mo/kg (Underwood, 1981). Mo is a potent antagonisË

of Cu metabolism in ruminants (Dick, 1954), and ít was suggested that

the low Mo íntake of Èhe sheep permíts excessive hepatic accumulatíon

of Cu.

3) in associaÈÍon rrith liver damage due to poisoníng by the plant

Heliotropíum erropaeum. This contains hepaËotoxic ai-kaloids which

apparently induce changes in the size and lífe span of líver cells and

causes substantial increases ín liver Cu concentration and susceptibí1-ity

to Cu poisoníng. Thís dísease is known as toxemic jaundice (Bremner,

L97e) .

Losses of sheep from chronic Cu poísoning have been reported from

the ingestion of herbage in orchards and vineyards prevfously sprayed

wiLh Cu compounds and from pastures sprayed wíth Cu-sulfaËe as a mol-

luscÍcide. IÈ may also occur on dry feed and ât Pasture from contínued
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free choice consumption of míneral salt mfxtures contaíning recommended

amounts of Cu (Underwood, L977).

The use of hÍgh dietary concentratíon of Cu in ratÍons for pÍgs

and poultry is now widespread. Excreta from these animals còntaíns

reLatívely hígh concentrations of Cu (Suttle et al., L978). The re-

cyclíng of animal Írastes as fertil-izers or as díetary suppl-ements there-

fore constítutes a potential Cu toxÍcíty hazard to susceptíbl-e specíes

such as sheep. FeedÍng high Cu broíl-er Lítter (L25 mg Cu/kg) to eÍ/es

increased the liver Cu concenÈratÍon Eo L425 mg Cu/kg DM (01son et a1.,

LgBz). These authors indicated thaÈ Cu in the liver cannot be depleted

from ovíne lÍver by removÍng the litter from Èhe díet. Hígh concen-

tratÍons of Cu have been reported for treated pastures. Most of this Cu

ís present as surface contamínation as there is relatívely little uptake

of Cu by plants. NeverÈheless, the surface Cu is biologically available

Èo anim¡ls (SuÈtle and Price, 1976) and it was estimated that if slurry

residues constíÈuted. 27" of their daíly dry matter intake for a period of

6 months , a hazard rníght exist (Dal-gano and MÍll-s , Lg75> '

Chronic Cu poisoning had frequentl-y been encountered Ín housed

1ambs and sheep receíving large amounts of concentrates. Such díets may

contain 40 mg Cu/kg or more when the diets have been stored or processed

ín contact r¿Íth Cu salts used ín pfg rations and r^rhen Cu buÈ not Mo is

íncLuded ín the mineral-vítamin uríx (Underwood' 1981-). In the latter

círcumstances compl-ete sheep feed contaíníng only 25 mg Cu/kg can cause

Cu poisoning (Buck, 1970).
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S¡rmptoms and biochemical as Dects of copDer toxicitv

Ihe development of chronlc Cu toxicíÈy ín sheep ís general-]-y re-

garded as occurrÍng ín two distÍnct phases (Ishmael- eË al., 1972).

FirsÈ, there Ís a períod of passive accumulation of Cu ín the

tíssues. Thfs period may vary from a few weeks to more than one year'

Duríng this phase the anÍmal- is apparently normal, showing no symptoms

of toxícíty. It fs to this perlod that the term "chronict' really applíes

(Todd, Lg76). The accumulatíon of cu, predomínantly in the l-iver and

kídney, is accompaníed by changes in these organs which are of greatest

magnitude in the líver. Ishmael- et aL. (1972) recorded elevatíons of

liver-specífic serum enzyme level-s ' afid a reduction in liver function

in the prehenolytic phase of the dÍsease. This was parËicularly marked

ín the 2 weeks prior to hemolysís. Hístologícal and histochemÍcal-

changes which have been recorded for this period include necrosis of

liver parenchymal cell-s and the presence of swollen, períodic acíd Schiff

(faS¡ positíve, diasÈase resistant, Cu containíng Kupffer ce1ls whích

are rich ín acíd phosphatase (Howell, 1977).

The main clínícal feaÈures of the second phase include jaundíce,

anorexi.a, excessive thirst and hemoglobinuría. Dramatíc reducËíons ín

blood concentïations of hemoglobin and glutathíone occur wíthin L to 2

days, and there ís a transient íncrease ín blood methemoglobín concen-

tration (Bremner, LgTg>. Death frequentLy results r¡ríÈhin a few days,

a]-though some animals may survive (Ishmael- et al., L972). The onset of

these symptoms ís assocíated wiËh release of stored Cu from Èhe liver

and a massive íncrease in bl-ood Cu concentrations '
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At the time of hemolysis focal necrosis of líver tissue become

extensive. InfLannaËory cells, bÍle plugs and l-arge PAS positive' dias-

tase resistant Kupffer cells may be abundant. The actívity of mito-

chondrial enz)¡mes, such as adenosine triphosphatase and glutamic dehy-

drogenase, lrere found to be rnarkedly reduced partícularly ín the central

zones of the lobules, whereas the actívíÈy of the lysosomal enzyme, acíd

phosphatase, T,7as increased in Kupffer cel-ls and hepatíc parenchynal

cells (Howell , L977) .

The mechanisms underlying the changes ín the liver are not yet clear.

A number of studies indícate that excessive Cu accumulates in the nucleus

and lysosomes. tlowell (L977) found a marked íncrease ín hepatíc paren-

chymal- cell l-ysosomes ín the prehemolytic phase of chronic Cu poísoning

ín sheep, but Corbett et al. (1978) found no evídence of lysosomal- ac-

cumulatíon of Cu in Cu-loaded sheep livers.

Considerable kidney danage also occurs at the tíme of the hernol-ytic

crisis, wíth sÍgnifícant functional impaírment and degeneration, necrosis,

and Loss of mÍtochondríal enzyme actíviËy from the proximal convoluted

rubules (Gopinarh er al-,, L974). Todd (1-969) suggested that the ap-

pearance of the kidney, which is black and engorged with henoglobin

degradation products, is one of the most strongly characteristíc features

of Cu toxícíty in sheep. It ís thought that the renal faílure and as-

socíated uremia pJ-ay an important part ín the death of sheep from Cu

poisoning (Gopinath et al., Lg74). Gooneratne et al. (f982) pointed out

that kidney funcÈíon I¡Ias relaÈed to the degree of hemol-ysié and sug-

gested Ëhat performing kídney function Èests on the second day of the
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henolytíc crisis made ít possible to predict r¿hlch anímals rnrould recover

and whích r,roul-d dÍe. That fs, íf the hypercupremia and hemoglobinemla

were mil-d and presenÈ for less than 48 hours they would not cause marked

ímpairment of kídney functíon.

Changes may aLso occur in other tíssues, especially at the tíme of

the henolyÈfc crfsis. For example, there have been rePorts of spongy

transformation and vacuolation of whíte matter of the braín (Morgan,

Lg73). Howel-l et al. (L974) suggested that these changes were because

of the effect of altered netabolic processes on g1-ial transport mecha-

nisms. Muscl-e cel-l mernbranes may al-so be damaged, as increased 1eve1s

of creatÍne phosphokinase have been detected ln serum ín the terminal

stages of the dísease (Thonpson and Todd, L974). This may have been

brought abouË by a variety of factors incl-udíng Vitarnin E and sel-eníum

depletion of tíssues (Gooneratne and Howell, 1980). Gooneratne and

Howe1l (LgB2) have recorded ín sheep, that aecumulation of Cu Ín líver

\¡ras associated wíth an increase in both Se concentratíon and gluta-

thione peroxídase activity ín that organ. They presumed that a deple-

tion of Vitamín E occurs in Cu loaded sheep. Cu toxicity ín sheep also

causes an accumulation of spleen ferríÈín, whích suggests that an

alteratíon ín ferrítin may have occurred which affects íron deposítíon

and release (MerÈz et 41., 1981).

The bíochemístry of blood in chronic Cu poísonÍng has been exten-

síve1y studíed (McCosker, l-968b). Bl-ood Cu l-evels renaín normal until

one to two days before cIínical symptoms appear, and then increase to

5 to 20 tímes normal. At the tíure of hemolytic crisis Cu is rel-eased
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from the l-iver ínto Ëhe blood stream and uptake of Cu by erythrocytes

is essentíal for hemolysis to occur and that for thÍs to happen the Cu

must be fn a direct reacting, TCA-sol-ubl-e form (Gooneratne et al-., 1981b).

Hemoglobín concentration fal-ls rapidl-y over the next Èwo to three

days, and methenoglobin íncreases, reachíng a peak ín one to tI'Io days,

and fal-l-s again, this pattern beíng sÍrnilar to that for blood Cu. The

other ínterestfng feature is the dranatÍc fall- ín gJ-utathÍone (Thompson

and Todd, 1970) . yletz and Sagone (L972) have proposed that Èhe ínjury to

the red blood cells stems prÍmarily from accel-erated oxidation of gluta-

Ëhione, with resul-ting oxidative ínjury to hemoglobin and the cell membrane.

Varíous increases in liver-related serum enzyme actíviÈies have been

recorded 6 - I weeks before the hemolytíe crisÍs. These enzymes ínclude

serum sorbítol- dehydrogenase, acÍd phosphatase (Kumaratil-ake et aJ-.,

Lg82), lactic dehydrogenase, glutamíc oxaloacetíc transaminase' arginase

and gluÈamic dehydrogenase (ttubbs and Oehme, 1982). The íncreased serum

actívitíes of these enzymes often subsíde to nearly normal l-evels L - 2

weeks before the hemolytic crÍsis, but very hígh l-evels of activlËy occur

shortly before or during the crisis. It is ímportant to note that these

el-evaËions nere not corre1ated wlÈh íncreases of bl-ood Cu level , whích

onLy occur shortly before and during the hemoLytÍc crÍsís. Therefore

they are of no díagnostÍc val-ue before the anímals fall sfck (McCosker'

1968b). DetermínaËíon of aspartate amlnoÈransferase has been proposed

as an aid ín the diagnosís of chroníc Cu toxÍcity ín lambs (Buckley and

Tait, 19Bl-). During the hemolytic crisis, the activitÍes of hydrol-ytic

adenosine tríphosphatase, nonspecifÍc esterases and succf.nic dehydrogenase

r¿ere reduced (Ishmael et al., L972).
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Factors influenclng the devel-opmen t of copper toxícity

copper poisoníng is a complex probl-em because of the nany factors

which infLuence the metabolism of Cu. The onset of the hemolytíc epí-

sode has taken place, for example, at liver Cu concentratíons of 1000

(Tair er al., 1971) and 6000 urg Cu/kg DM (MacPherson and HemínSüaY, L969) -

The incidence of Cu Èoxicity ln sheep can not be related solely to the

díetary Cu íntake of the anímals. Buck (1970) claimed that a dietary

concentraËíon of only B mg Cu/ke was sufficíent to induce toxícíty, but

problems have arisen more commonly at fnÈakes of 25 to 30 ng Cu/kg

(Bremner et al., L976) .

Cu interacts metabolícally with so many oÈher elements, such as Mo,

Zn, Fe and Cd, that ít is ímpossíble to give maximum safe or mínírnum

tolerable dÍetary Cu l-evels based on Cu alone (Underwood, L977).

Froslie and Norheim (1983) concluded that an ínsufficíent Mo íntake caused

Èhe Cu toxícíty in gtazirng sheep ín Norway. Several investigations have

been made on the protectíve effect of Mo agaínst Cu poisoning in sheep,

as this metal has a rnarked inhíbitory effect on Cu avaílability' espe-

cially ín the presence of sulfur (Dick, L954). Thís is believed to be

medíated through formation of thíornoJ-ybdates ín the rumen (Ðíck et al',

t975).

The Èoxicity of cu may also be ínfluenced by the age, breed, and

physíol-ogical state of the animal. For example, the hepatÍc retenÈíon

of díetary Cu in young calves receíving líquid míl-k substitutes can be

as great as 50% (Bremner and Dalgarno, l-973). It has been suggested that

e\¡res are particul-arly susceptibl-e to Cu poisoníng in l-ate pregnancy
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arisíng from lncreased retentl-on of Cu during pregnancy (Bremner, L979).

Ihere rnay also be sex differences in susceptíbility to Cu toxicity as

SutÈl-e (1977> found that mortallty was higher for male lambs then for

female lambs receiving the same Cu-supplemented diet, al-though l-iver Cu

concentrations were símílar in the two sexes. There is evídence that,

sheep of the Texel- breed were more affected than those of the Suffolk

and Blackface (I^IoollÍams et al., L982). A further exampl-e of dífferences

ín susceptibil-ity of breeds to Cu toxícíty is provided by sheep of the

Orkney breed from North Ronaldsay (Maclachlan and Johnston, 1982). A1-

though these anlmals survíve in theír natural habitat on a diet con-

sisting largely of seaweed and terrestrial- herbage, ít was found Èhat

they succumbed very readí1-y to Cu poisoning when gxazing on an upLand

farm regarded to be narginally Cu deficíenË. It vüas suggested that Èhe

capacíty for highly efficient absorpÈion and retentíon of Cu had developed

in Èhese sheep by natural- selectíon over nany generations as a consequence

of the low availabíl-ity of Cu in their natural feed of seaweed (Bremner,

L97e) .

TreaÈment or prevention of copper toxícity

Treatment of Cu toxÍcity after onset of the hemolytic crisis has

proved difficult. However, preventíve measures Èo prevent chronic Cu

pofsoning of the anímals may be more successful. Such as replacíng the

diet with one of low Cu content. Daíly oral treatment of affected larnbs

wÍth 100 mg ammoníurn molybdate and 1 g anhydrous sodíum sulphate síg-

nifÍcantly reduced the Cu content of tissues (Ross, 1970) and appeared

to prevent deaths in larnbs known to have taken toxic amounts of Cu' More
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recently, Gooneratne et al. (1981a) have reported that íntravenous in-

jectíons of 100 mg armronium tetrathÍonolybdaÈe tl.{íce weekly prevented

the occurrence of hemol-ytíc crisis in sheep repeatedly dosed with Cu-

sulphate. This treatment also minímízed Ëissue damage and prevented

further henol-ytfc crÍsís when gíven to sheep already ín hemolysís. These

authors concluded that chronic Cu poísoning can be successfull-y pre-

vented or treated by Íntravenous injection of appropriate doses of am-

monfum molybdate.

IncreasÍng the dieËary zínc concenËratíon f.rom 220 to 420 mg Zn/kg

díet was found to be effective ín reducÍng the íncidence of Cu toxícity

Ín growing lambs on a practícal type of diet, with no seríous side effects

(Bremner et al ., 1976). The concentratlon of Cu ín sheep diets should

never exceed 10 to 15 mg Cu/kg DM. Mo concentrations should al-so be

monitored sínce Mo ís an important ínÈeractíng element (Hubbs and Oehme,

L9B2).

Copper defícienc v ín the ruminant aníma1

A wíde variety of clinícal abnormalíties Ín sheep and caEtle have

been atËribuËed to eiÈher a simple díetary defícíency of Cu, or condí-

tioned deficÍency resultíng from the presence of a factor or factors

which Ínhíbit util-ízation and storage of Cu. These abnormalítíes are

associated r¿Íth low concentraËíons of Cu in bl-ood and tíssues and whÍch

respond to Cu therapy. Cu deficiency syndromes in cattle occur most

frequently Ín young ca1-ves; synptons ínclude scouring' unthríftiness'

loss of coat color, and abnormalíties in bones of the l-irrbs. Further,

Ëhere is a conditíon, confíned to Australia, termed ltfallíng disease"
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¡¿hích is characterized by atrophy and fibrosÍs of the myocardíun which

progresses Ëo such an extent that the animal suddenly drops dead' In

sheep the processes of pignentaÈion and keratÍnization of wool are the

first Ëo be affected by a lowered Cu status, fo1-lowed by enzootic ataxia

usually of de1-ayed form after more prolonged defíciency.

Occurrence

cu deflciency Ís essentiall-y a dÍsease of grazr:ng lívestock sub-

sÍsting on natural- forages. The classical- situatíon ís that of beef

cattle on low-cost production systems reliant upon home-grown foodstuffs,

nainly grass or silage. The feeding of dry feedstuffs, especía11y of

concentrates normally rich in Cu' prevents the possibílfty of any problem

in most rumlnanl anímals. Hypocupremia ín the grazjrng animal can arise

(a) from a low dÍetary Íntake of cu (Lersis, L975) or (b) when the herb-

age has an apparently adequate Cu content' but the preserlce of factors

interfering with the absorption, utÍlízation or storage of Cu (Drysdale,

L979; Merry et a1-., 1983) or (c) as a combinatÍon of these effects

particularly under urinter grazíng conditions when the total Íntake of

nutríents, includÍng Cu, fiåY be low (Sutt1-e et al', L975)'

The manifestatÍon of cu defícíency also depends upon the age of

animal- (clegg er al., l-983), breed (I,üíener and FÍel-d, L969; Míl1-s, L9B2)

sex and specíes of the animal (underwood, L977; Roberts , L976) and wíth

Èhe severity and duratíon of the defíciency (Lewís, L975; Underwood,

Le77) .
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Retarded and wei t l-oss

The effect of Cu deficíency most frequently responsible for economic

l-oss is the decLine in growth rate occurring in calves and yearlings when

a defíciency becomes establíshed (Camargo et al., 1982; Henníg et al.,

Ig74). poole et al. (L974) have índicated that in clÍnical Cu deficíency'

gror¡rth patÈerns.of beef caÈtle five months Ëo one year of age, were af-

fecÈed and resulted ín lower yield of fat and muscl-e. There was no ef-

fect on performance wíth Cu depl-etíon occurring after one year of age'

A growth response to Cu durÍng índuced Cu deffciency has been demon-

strated Ín sheep (Hogan et al., L97L) and in experimental lambs fed a

diet contafning 0.3 ng culkg DM (Howel-l-, 1968) '

The small intestine of anímals undergoing Cu-depletíon has been

shown to suffer marked cellular damage that ís probably of sufficíenË

severity to affect absorptive function and such events may wel-l- underlie

Ëhe marked declíne in efficÍency of food utÍlízation (f'ett et al. , 1975).

Loss of weight, poor gro\^7th and emaciatíon are probably re1-ated to the

earlíest and most seveïe bÍochemícal l-esíon in Cu defíciency, that is'

the rapídly progressive loss of cytochrome oxidase activíty (Gal1-agher,

LgTg). The high netabolÍc denands of young growÍng animal-s are pro-

gressÍvely not met because of dí¡níníshing cytochrome oxídase actívíty

with Cu depl-etíon. Thís resulËs ín the clínÍcal signs of reËarded growth

and cessation of gro\^rth far belovr the normal mature weÍght. Continued

depletion of Cu and loss of cytochrome oxídase actÍvity restríct oxí-

dative metabol-ism bel-ow the body maintenance level-, leadíng to loss of

weight (Gallagher, L979).
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Scour or díarrhea of cattle

Scouring or dÍarrhea of catÈl-e assocÍated with Cu defícíency or

excess Mo has been reported in several parts of the world (Havre, L97O;

camargo et a1-., Lg82). The appearance of marked diarrhea in cu defi-

cÍent cattle provÍdes'further evídence of a key role for Cu ín main-

tenance of the normal functfon of the gastroinÈesÈinal tract' One of

the cl-infcal- signs of cu deficÍency Ín animals grazing on pastures high

Ín Mo Ís profuse diarrhea (8u11, l-980; McMurray, 1980). The díarrhea

produced by hÍgh concentraÈions of Mo could be because of eíther a much

more severe Cu defÍcíency or to the presence of Cu' S and Mo compl-exes

that exert direct toxíc effects on the gut mucosa' as seen ín the rat

(_Fell- et al- ., LgTg; McMurray, 19BO). Fel-l- et al. (1975) reported díar-

rhea wíth mucosal atrophy in the small intestine, partial villus atrophy,

elongation of cryts and goblet cell hyperplasia ín Cu defícient steers'

These changes together hlíth díx¡ínÍshed cytochr'orne oxidase actívíty in

the small íntestine may have produced a malabsorptíon syndrome resulting

in decreased food conversíon and diarrhea.

Consíderable evídence indícates Ëhat noradrenaline markedly affects

intestinal rnotil-ity and Davies et 41. (1982) suggested that the cause of

the díarrhea couLd be changes in tone of the intestlnal musculature'

Accordingly, fn thef.r experiments on Cu defíciency in cattle, they ob-

served 4Li( Less noradrenal-íne ín duodenal- muscle and 597" less 1n colonic

muscle, compared to control animals. The Cu defíciency caused no changes

in noradrenalfne concentraÈions of the mucosa frorn either fntestínal-

síÈe. However, the sígnifÍcance of theír observatíon in relatÍon to the
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díarrhea in cu-deficíenÈ cattle has yet to be esÈabl-íshed.

paynter and Allen (l-982) found that Cu-superoxidase dfsmutase ac-

tívÍty accounts for a large proportion of the cellular Cu at several

sites al-ong the intesÈlnal tract and that thís acËivity 1s responsíve to

dietary Cu. These authors suggest that changes in thfs enzyme should

also be considered Ín relatíon to the mechanisms ínvolved in enterocyte

mit.ochondrfal abnormalÍtíes and vil-l-us atrophy changes associated with

Cu-responsíve díarrhea in cattle.

Impaíred keratinf zatíon and depigmen tatÍon of wool and hair

Changes Ín the gror^rEh and physícal appearance of haír or wool have

been noted in Cu-deficÍent cattle and sheep. AbnormalíËies of the wool

are the fírst observed sígn and may be the only sign ín marginal Cu defí-

ciency. Fine r¿ool becomes limp 4nd g1-ossy and loses its crlmp, developing

a straíght, steely appearance (B1ood et al.r 1979;8u11, l-980). The ten-

sile sÈrength and other properÈíes of wool are adversely affected by the

defícíency state (Bul-l-, 1980). The capacity to ímpart crÍrnp begins to

be ínfluenced r¿hen blood Cu concentration falls belor¿ 40 Ug/100 ml and

fails completely bel-ow 20 Ug/100 rnl Íf these levels are maíntaíned over

many months. SupplemenËs of 7 .5 - 1-0 ng Cu/day are suffícient to pre-

vent the conditíon (LewÍs, 1975). The characteristíc physical propertíes

of wool, incJ-uding crimp, ay:e dependent on the presence of disulphide

groups that províde the crossl-inkage or bonding of keratÍn and on the

alignment or orientation of the long-chaín fibríIlae in the fíbre' Both

of these are adversely affected ín Cu defÍcÍency but the precíse bio-

chem:ical ínvol-vement of cu is unknown (underwood, 1981).
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A major effect of Cu deficiency ín sheep is depigmentatlon of bl-ack-

fl-eeced anímals, and a reduction in the amount and quality of the wool

(suríth and Gawthorne, L975; Ilogan et al ., L97L; Rish, L97O). Lack of

pígmentation in the wool of sheep is a more sensítíve índex of Cu-de-

ficÍency than anemia (Underwood, 19771' Coelho da Sllva, 1978). The píg-

mentation process Ín the sheep is so sensÍtíve to changes ín Cu íntake

that alÈernating bands of unpigmented and pígmented wool fibres can be

produced, as Cu is wíthheld from and added to the diet (Underwood, l-981) '

Loss of haÍr pfgment ls seldom a clínícal- feature of Cu deficiency

in cattLe (¡'eff et al., L975). BLeaching of the fleece has been noted,

particularly in lambs, maintained on semi-purifíed, low Cu diets, but

greyíng of the haír and achromotrichía (í.e. loss of hair coLor) are

usually assocíated with the inËeractíon of Mo and sul-fate (Lewis,

L975).

The exact mechanism involvíng the function of cu in the process of

pignentatíon is unknolnrn. It is possible that a Cu-containing enzyme'

pol-yphenyl oxídase, catalyzes the synthesís of melanÍn from L-tyrosine

at the wool or hair foll-icle, and when deficient the pigrnenL for black

is not Íncorporated into the foll-icl-e. This results ín a whíteníng of

hair or wool (8u11, 1980).

Neonatal aÈaxia

A nervous disorder of newborn and young l-ambs, and less frequently

of cattle, which ís charactetízed by íncoordination of movement and

associated wíth 1ow levels of Cu in the Ëíssues Ís well recognized ín

many parts of the world. Two forms are recognízed: (1) congenital Ín
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rnrhfch the lambs are affected at birth wÍth macroscopic cerebrospinal

lesions; and (2) a delayed form in which symPtoms may appear from about

1 to 12 weeks after bfrth (McMurray, l-980; LewÍs, L975). NeonaËaL ot

enzootlc ataxia in Australia or swayback ín GreaÈ Britaín has always been

associated wíth low'Cu concentration ín blood, líver and brain (Hennig

er al.,1974; Chamberlain and Cl-arke, l-981; Brightling, l-983) and can

be prevented by cu suppl-ementation of the dam during pÏegnancy (Butler

and Barlow, 1963; ChamberlaÍn and clarke, 1981). The delayed condítion

has been reproduced experÍmentally ín primary (Suttle et al., 1970) and

ín secondary Cu deficiencíes induced by Mo and sulfur (43-1-oway, 1973) '

Adequate maternaL íntake of Cu ís essentíal for development of

the central nervous system of the enbryonlc lamb' Consequences of

Cu deficíency durÍng íntrauÈerine lífe rnay include gross brain lesions,

wíth affected larnbs born dead or dyíng shortly after birth (Hídíroglou

and Knipfel, l-981).

In affecÈed animals the lesíons causing this condition occur in the

braín and spinal cord. The lesíons which are consísÈently found are in

the nyel-in of the spinal cord and have been described as demyelinaLion,

myelin aplasia, or dysmyelÍnogenesis (Howell, 1970). The last two Ëerms

are probably more accurate, since the lesions develop before or shortly

after birth when proliferatíon of the central nervous tíssue is very

rapid (Todd, 1976) .

Howell and Pass (Lg82) suggested that the various lesions seen ín

swayback animal-s are all because of Cu deficiency and that the variation

depends on the existence of a critical Cu deficÍency at the time when
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a partícular strucËure is at ÍÈs mosË vulnerable sÈage of development.

If a) the crÍtlcal period of Cu deflcíency occurred ín early or rníd

pregnancy the cerebral hemíspheres would be more vulnerable, b) the

critical- perÍod of Cu deficfency occurred in l-ate pregnancy myelinatíon

rnight be affected ín the o-rain and spinal cord and cel1u1-ar multíp]-í-

catÍon and dÍvfsion may b-e affected, partfcul-arly in the cerebellum' pro-

ducín g a lesion in myelinated structures in cerebrum and cord and changes

in granule and purkfnJe cells in Èhe cerebell-um, c) the critical period

of Cu deffciency occurred afÈer birth the spÍnal cord would be most

severely affecÈed. This ís comparable to the sÍtuation ín the delayecl

case.

The major bíochernical- leslon in the braín of an affected anímal

appears to be a reductíon ín the Cu-conÈainíng respiratory enzyme' cyto-

chrome oxÍdase related to lor,r levels of braín Cu (Howell, L97O; Hurley

and Keen, LgTg). Gal1-agher and Reeve (1971) reported that there ís a

causal relaÈionshíp between loInl cytochrome oxidase actívity and phospho-

lípíd production ln the l-íver mítochondria of Cu defícient rats ' Ap-

parently, the low acÈivíty of cytochrome oxídase is not sufficient for

the producËíon of the ATP needed for phospholípid synthesis. If a

similar effect occurs also in braín, the nyelinatíon seen there could

result from a lack of the phospholípíds needed for rnyelín synthesís

(Gal1-agher , L97 9) .

Anemia

Anemia is one of the manífestatíons of Cu defÍcíency in ruminant
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anímals vrhere the defÍclency ís severe or prolonged. If levels of Cu

{n the blood fall from the normal 0.80 - L.2O Ug Cu/url to as low as 0.10 -

0.20 Ug Cu/ml, normal hematopoiesis cannot be sustained (Underr¿ood' 1981).

The índucËion of anemía as a resul-t of símple Cu deficiency has been

demonstraÈed by Howell (1968) using semí-purified lorn' Cu dieËs, but the

incldence and severfty depend on Èhe Cu lntake, duration of deficiency

and physíol-ogÍca1- status of the animals. Suttle et al-. (1970) usíng a

dÍet contalning 1.20 pg Cu/g found no anemia ín ewes' durÍng pregnancy

or after parturltíon. CerËaín anírnals seem more prone to anemía than

others, and the occurrence and severÍty is not uniformly correl-ated with

blood and l-íver Cu concentrations, or presence of ataxia in the lambs.

Parenteral admfnístratíon of small amounts of Cu (5 - 10 ng) rapidly re-

stores hemoglobin leveLs to normal although producíng only a srnal-l

transient ríse in blood Cu concentraÈíon (Lewis, L975).

The morphol-ogical characterístics of the anemia occurríng from Cu

deficÍency varies wíth the specíes. In lambs and calves it is hypo-

chromÍc and microcytic (Underwood, L977; Smart et al., 1981), and ín

cattle and enes ít ís hypochrornic and macrocytic (Coelho da Silva, 1978).

The type of anemia assocíated wíth Cu deficiency Ís ídentical Ëo that

caused by iron defíciency. Moreover, anímals fail to respond to a diet

defÍcient ín Cu if given adequate amounts of íron orally or parenterally.

Theír mucosal epíthelíal- cel-ls, hepatic parenchymal cell-s, and retículo-

endothelial cel1s are able to take up Íron normally, but they are unable

to release iron to the plasma at the normal raÈe (NRC, L977).

Copper is an essentíal- component of adult red cells and a certain

mínímum must be necessary both for theÍr product,ion and for the maín-
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tenance of theír Íntegrity ín the cÍrcul-ation. Cu does not appear to

be invol-ved in the heme biosynthetic pathway but Ís essential for the

mobÍlization of iron from the tlssue and íts utílization ín hemoglobin

synthesis. These functions are accomplished by cerul-oplasmin, the Cu-

containfng netalloenzyme, ferroxídase of the plasma. ThÍs enzl'rne is

necessary for the formatÍon of F.3* transferrin, the transport vehlcle

for Cu (Underwood, l-981). The iron ln thÍs compound ís contributed

dfrectly to reÈlculocytes in the bone marrow. A high rate of metabolísm

in bone marror¡l is essentfal- for normal eryÈhropoiesís '

The erythrocytes in cu deficlent anÍmals have a shorter survíval

tine Ëhan normal. Thfs could be relaËed to the toxíc effecË of the

superoxÍde anÍon, O, , a hfghi-y reactíve free radÍcal produced by the

oxidatlon of some substrates by molecuLar oxygen. Decomposítíon, and

thus detoxÍficatl.on, of Èhe superoxide anÍon is catalyzed by the cupro-

zírlc enzyme, superoxÍde dÍsmutase, which is present in red blood cel1s

(callagher, LgTg). Suttle and McMurray (1-983) have shown that erythro-

cyte superoxíde dÍsmutase (erythrocuprein) activity was reduced ín cu

def ícient rumínant anímal-s.

Bone disorders

Although bone abnornallties have been reported for various specíes,

they are not a conmon characteristíc of Cu deficiency in ruminants ' A

low incídence of sporitaneous bone fractures has been observed in sheep

and cattle grazlng cu defÍcient pasÈures (suttle et al., 1972; Smart

et al., 1981), but the most promÍnent sígn ís a very marked stfffness

of the l-egs (Srnart et aI., 1980). Cu defíclent animals may show signs
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of rfckets wíth beadíng of the rlbs and enlargement of the ends of the

long bones.

Hfstologically, Ëhe affected hones shor¡ a wídening of the grollth

plat.e and the overall appearance of the lesion is that of osËeoporosis

(smart et al., 19BO; HÍdíroglou, 1980). The leslon is most severe in

the central metaphyseal regíon and is consistent wiÈh a matrix osÈeo-

porosis arising from a reductíon fn or cessation of osÈeoblasËic activity

(.Sutrle et al., L972; Underwood , Lg77>. Suttle et al. , (1972) suggesÈed

that osÈeoporosís can be a consequence of símpl-e Cu deficiency in lambs

born to Cu depleted ewes and that osteoblastÍc activity is one of the

fírsÈ functíons to be Ímpafred. The osteoblast is apparently more sen-

sitíve to Cu deficiency ín feÈal and neonatal l-ambs than in older lambs

since weaned l-arnbs whích 1üere reared on the same diet and became hypo-

cupremíc at 5 monÈhs of age had no evidence of osteoporosís or depressed

osteoblastic actívity after a further 8 months depletion (suttl-e et al"

L972).

The primary bíochenícal l-esíons in the bones of cu deficíent anímals

is probably a reduction in the actÍvity of the Cu-enzyme amine or lysyl

oxidase. Ttris leads to dirninÍshed stability and strength of bone col--

lagen as a result of ínpaíred crosslinking of its polypeptide chaíns

(underwood, 1981-). It is ímportant to note thaÈ, although cu supple-

mentation can arrest this syndrome (Sarart eË 41., l-980), the darnage Èhat

occurred before supplementatÍon ís irreversible (Hurley and Keen, L979) '
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Cardiovascular disorders

Cardfac lesfons have been noticed in Cu-defícient cattl-e, with

atrophy of the myocardi'um and the occurrence of fÍbrosfs (Davis et al ',

Lg74). The pathol-oglcal process is a progressíve one, extending bver

a perlod of years and proceedfng to the replacenenÈ of large areas of

atrophied myocardium wíÈh- dense colLagenous tissue (.Coelho da Sílva'

1978). Sudden death. is believed to be due to acute hearË failure'

usually aftet mil-d exerclse or excítemenÈ. ThÍs disease does not occur

in sheep gxazLng the same cu deficlent pasture (underwood, l-981).

The primary blochemlcal lesion is thought to be a decrease in 1ysy1-

oxidase activity. Thís enzyme, for which Cu ís a cofactor, cataLyzes

the oxidation of certain pepÈfdyl lysine and hydroxy-lysine residues Èo

peptíde aldehydes, which Ínítiate a crosslinkíng mechanísm requíred for

connective tissue stability (Rucker and Tínker, 1977). Copper deficiency

leads to decreased 1-ysy1- oxidase activity, wíth a conconmítant decrease

ín elasÈ1n crosslinks (Hurley and Keen, L979), but Davfes et aI. (1982)

found that lysyl oxidase activity of the aorta was unaffected in Cu-

deficient steers. Gallaglr]¡et (L979) stated that heart muscle is a very

active tissue which requires a high l-evel of cytochrome oxídase actívity

to maínËaín its oxídative metabolism. Cytochrome oxidase in the myo-

cardium ís severely depleted in Cu deficiency. Consequently, the extra

oxídatíve demand made of the heart by forced exercise, when most deaths

of Cu-deficient cattle occur, ilây exceed the availabl-e oxfdative capacity

and result fn repsÍratory failure, leading to focal or generallzed myo-

cardial necrosis'. More recently, Paynter and Al-len (l-982) did not sup-
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port thÍs. statement as they found that Cu-defícíency reduced cytochrome

oxídase in several tissues'but not in heart' even though Cu concen-

tratíons were reduced in thÍs tfssue. They indícated that changes ín

factors other Èhan heart cytochrome oxÍdase acÈivity may be involved ín

thÍs tissue. More research ls needed to elucidate the causes of the

heart lesfons.

InfertflÍtv

Low fertilÍty in cattle gtazlng Cu-deficient pasture' associated

wíth delayed or depressed oestrus' occurs'in several widely separated

geographical areas (underwood, 1931). InfertiJ-iÈy in ewes, assocíated

Ín some cases wfth aborted srnall dead fetuses, has been reported in

experiments using a diet of very low Cu content (Howell, 1968; Howell

and Hal1, 1970). However, other experiments' uslng low Cu díets (1 - 3

urg Cu/kg DM) have not suggested any relatÍonship between Cu defÍcíency

and conceptíon rate in er^7es (Suttle et al', l-970) '

The nature of possíble reproductive problems is not clear, but the

developfng fetus suffers from anemla and exhíbÍts hemorrhages, resultíng

in mortality due to a Lack of adequate synthesis of elastin (and collagen)

for normal embryoníc devel-opment (8u11-, 1980) '

Treatmênt and Þreventíon of Cu defÍcÍency

The effectÍveness of treatment of a Cu deficiency depends on whether

the changes which have already occurred in animal tissues are reversibl-e '

ïn cu deficiency Èhere is a good evidence that both reversÍbl-e and irre-

versibl-e changes occur. Diarrhea ls reversible owing to Ëhe contínual
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turnover of cell-s in the guÈ mucosa; hair colour is reversíble because

of the continuous production of hair and presr:nably because the enzyme

systems responsible change r¿hen Cu status changes. In contrast' swayback

in lambs ís írreversÍble, and cu appears to be necessary at key tímes in

the formatÍon of the myelin sheaËh (McMurray, 1980).

The preventÍon of a defícÍency requíres more Èhan the provisíon of

an abundant uptake of the cu by oral or parenËeral supplementatíon' I^Iith

elements such as cu, Èhe level of supplementation musÈ be carefully

assessed because there is a rel-atívely narror¡r margin between intakes

Èhat cause defíciency and toxícity especiall-y in sheep'

Much trace míneral supplementaËíon has been on an indívidual anímal

basís, though application of the mínerals ín fertiLLzer is widespread'

Effective methods of suppJ-ementatíon of partícular trace minerals depend

to a large extent on wheËher or not they are stored in the body' cu and

Zn are stored ín a number of tissues, but príncipally ín the 1-íver'

therefore supplementatíon need only be done at intervals, as any deficit

between demand and normal dietary supply can be met from body reserves '

on the other hand, Mo is not sÈored to any appreciabl-e extent in the

bodysosupplemenÈatíonshould,atbestrbedaí1y'Thiscanbeachieved

by ferÈílízatlon of pastures; by sal-t lícks; by pulse dosing (orall-y or

by ínjectíon); or by slow release deviees located wíÈhín the body of

the anímal-s.

TheapplicationofCu-contaÍnfngfettíLLzerscanbeaneffective

means of raísíng the cu content of the herbage to levels adequate for

grazirng stock and also wíl-l often íncrease herbage yiel-ds. The amounts

requíred vary with Èhe soÍl type and climatíc condítíons. A single
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dressing of 5 - 7 kg/ha of copper sulfate, or Íts Cu equíval-ent in the

form of cheaper Cu ores, ís usually sufficÍent for 3 - 4 years (Underwood,

1981). Hannam et al. (l-982) suggested thaÈ a Cu dressing of 2 kg/ha to

sandy soiLs provides adequate Cu for pasture and sheep productíon for aÈ

least 23 years and that repeated dressing ís unwarranted.

Folfar application of 5.6 - 11.2 kg CuSOO/ha ín solutíon to pasture

or hayl-ands increased the Cu concentratíon in forage to 100 and 208 ppm

respectÍvel-y (MacPherson et al., 1975). Forage with such a hígh Cu

content would be toxic to ruminant animals, buL rainfall wíthín 24l:- of

the tÍme of appl-ícaËion, washed the CuSOO off the forage and reduced the

Cu concentratÍon to 24 and 41 ppm respectively. MacPherson et al. (1975)

suggested that the applícation of 1.1 kg CuSOO/ha in dry condítions is

sufffcíenÈ to raise Cu concentratíons in hay to levels which should pre-

clude Ëhe occurrence of Cu defíciency when fed to cattle in wínter'

Under range condÍtíons where ferÈílizer treatmenüs are uneconomical,

or on calcar:eous soí|s where Cu absorption by plants ís poor (Ünderwood,

Lg77), deficíency can be prevented by the provísion of Cu-containing salt

licks, by dosing or drenchlng the anímals ar ínÈervals wiÈh Cu compounds

or by injectíon of organic complexes of Cu. Mineral- mixÈures, or salt

Lícks, containíng 0.25 - 0.5% of copper sul-faÈe for sheep (Blood et al',

IgTg) anð,2.5 - 5.0% (Snart et al., 1980) for catÈle wíll supply suf-

ftcient Cu provided adequate intake of the míxture is assured. However,

f.t is impossibl-e to control íntake by índivídual- animals.

Another route of Cu supplementatlon for animal-s or pasture could be

by addíng Cu salts to drinking srater. The additlon ot 2 - 3 ng Cu/lítre
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of Ìrrater (MacPherson, 1-982; Farmer et al., l-982) maíntained normal blood

Cu levels in normal gtazrng seasons, but precipitatíon and seasonal dif-

ferences in the quanÈity of water consumed are dísadvantages.

In intensive producËíon systems, Cu can be added to supplemental

feed. AdditÍon of CuSOO to concentrate diets to provide 10 - 15 pprn Cu

íncreased the plasrna Cu of dairy calves and bul-ls to normal 1evel (Maro

and Kategile, i-980; Steacy et al-., 1983).

Períodic parenËeral injeetÍons of Cu compounds, which release Cu

gradually, have provÍded good results and have the advantage of avoíding

fíxatíon of Cu by Mo in the alÍmentary tract (Suttl-e and I'Íe1d, \974) '

The parenteral- treaËment of Cu deficÍency in ruminants ís widely practíced

buÈ ft has Ëhree disadvantages: reacËion at the síte of injection

(Boila et aL., L9823 llard and Nagy, L976); rísk of acute general toxícíty

(Ishmael et al., L97O; Wasfi and Adam, L976); and the need for repeated

injections (MacPherson et aL., L979).

The injecËíon of 45 rog Cu (as Cu gl-ycíne); 40 mg Cu (as Cu methío-

nate) or 50 mg cu (as cucaEDTA) given to ef¡Ies Ín rníd-pregnancy increased

mean blood Cu concentratíons. Such parenteral Ínjection of the e\ÀIe \474s

al-so effective in raisÍng 1-amb bl-ood and liver Cu concentratíons

(Hemíngway et al., L}TO). Subcutaneous injection of 90 mg cu, as cu

methionate, ín ewes íncreased milk Cu concentration, and resulted in

transítory íncreases in lamb plasma Cu concentration and rate of l"íve-

weight gain (tr{hitelaw eÈ aI., J-981; iühítelaw and Evans, L979). The in-

jection of B0 urg Cu by íntramuscular ínjection at 6-week íntervals was

adequate to maíntain normal blood Cu staËus and íncrease l-iveweíght gain

ín steers (MacPherson and Dixon, L980).
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l"tahmoud and Ford (1981) conducËed a tríal to compare Èhree different

organlc conpounds of Cu given by sheep. A) 6 urg Cu/kg body weight (B.Id.)

as Cu-methÍonate; B) 3 to 4 ng Cu/kg B.!J. Cu as CuCaEDTA and C) 2 
^g

Cu/kg B.Iù. as diel-thylamine copper orryquínol-ine sulfate (CuDQS). The

results indicated that coupound (A) produced no deleterÍous effect' com-

pound (B) caused deaËh of the sheep, whíle compound (C) produced líver

and kidney lesions. The authors suggested that rapid absorption and

transfer of Cu to the liver and kidneys may have been responsible for

the toxic effects of compounds (B) and (C).

SuÈtle (1981b) in a sftnilar experiment compared four parenterally

adminisËered Cu compLexes to alleviate hypocupremia in sheep and cattle.

He found Èhat, aÈ símilar dose rates, Cu as CuDOS more consístently

allevÍated hypocupremia in ewes than CuCaEDTA or Cu-methionate gíven in

a cream (c) or aqueous base (a). In simílar comparisons of preparations

for caËtle, CuCaEDTA was L9% more effective than CuDOS and 36 to 487"

more effective than Cu methionate (a). Methíonate preparations were

characterized by marked reactions at' and sl-ow translocatlon from the

síte of injection, whereas CuDOS was rapídly translocated and gave líttle

or no tíssue reactíon ín sheep and cattle.

Followl-ng comparíson of different rouÈes of injectíng Cu complexes,

Lewís et al. (1982) suggested that the subcutaneous ínjection is prefer-

rable to intramuscul-ar injection for young lambs'

In a sunmary, the treatment of Cu deficiency by paTenteral ín-

jection, usíng chelates which are currenËly avaílabte, methionates and

glycinaÈes r,fere judged to be slowly Èranslocated from the site of in-

jection and gÍve the largest local reactfons (Boíl-a and DevlÍn, l9B2) '
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Deep intramuscul-ar administration of these compounds merely conceals

the problem and may cause condemnation of valuable parts of the carcass'

The CuDOS complex causes no Local reaction, but can be acutely toxlc and-

gives relaÈlvely shortl-Íved protection at Èhe small doses which are

recommended (Suttl-e, 1983). CuCaEDTA may have the leasË dísadvantages

of the comrnonly used chelates.

Oral Cu therapy has in Ëhe past been an inferior alternaÈive to

parenLeral treaËment. If given to sheep and caËtLe on pasture as cupric

sul-fate less than 2.47" of an oral coPper dose ís retaÍned ín the l-íver

(ARC, 1-980). Líttle attentfon has been gf-ven to the possibíliÈy that

other preparations of Cu míght be more effective. A ner¿ method of long-

acting supplemenËation has now been developed r¡hích elimínates the car-

cass damage often associated wíth parenteral ínjections ' Thís ínvolves

the adrninistration of oxÍdized copper wÍre (Judson eÈ aL., L9B2) or cop-

per oxlde granul-es or needles (Suttl-e, 1981a), of high specifíc gravíty

and low mass, in gelatin capsules lnto the oesophagus with a tube or

balling gun.

The Cu oxide needles or partícl-es are retaíned in the abomasum of

sheep (Dewey, Lg77) and in the reticulo-rumen and abomasum of cattl-e

(Suttl-e and Valente, l-981) where Cu is released over a period of several

weeks. In the acid medium of the abomasum trace amounts of Cu are

solubilized in ionic form, and absorbed from Ëhe gut to meet current

Cu requírements, or to be sËored ln the l-íver. The remainder of the

needl-es are eventually excreted ín the feces. The practicaL success of

these forms of supplemenÈation depends on the 1-ength of time partícles

are reËaíned in the abomasum and reticul-o-rumen (Murphy et a1., L982;
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Judson et al., 1982).

The oral administration of a dose of cupric oxide needles provldíng

0.5 g Cu, Eo hypocupremic ewes maintained on a Cu-deficient diet, al-

leviated hypocupremia for 111 days (Suttle, 1981a). In a further experl-

ment with hypocupremÍc steers and heffers, the administration of a dose

of cupríc oxide needles, providing 40 I Cu, allevÍated hypocupremía for

not Less than 4l days, at v¡hích Èíme a substantial reserve of Cu (428

nC) remained in the líver (Suttle, l98la).

Technology has nor¡ reached the stage where, in the near future,

it will be possible to admínister many trace minerals by controlled re-

lease intraruminal devices. A general purpose capsule (Fig. 1) can be

used for single or nultÍ element supplementation. The wings of the

Sprirp

Wings

Area of fi/atrix
cryedissolution

Figure I. Illustration of general purpose capsule showíng wíngs in
expanded state (Adapted from Siebert and Hunter, 1982).

capsule open in the rumen to prevent regurgítation. The concept of the

general purpose capsule is sirnple. The capsule consísts of a hollow

plastic eylínder contaíning a core of matríx. The supplemental mineral
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is homogenously dÍspersed through the matrix. As the carrier matrix

dÍssol-ves at the open end, the core fs noved towards the orifice by the

sprÍng to maíntaÍn a constanË area for dÍssolution. Thus an approxí-

mately constant release rate Ís achieved (Siebert and Ilunter, 1982) '

copper requírement

The copper requfremenÈs of rumlnant specíes cannot be precíse1-y

defined because various ínterferíng factors may be present ín Ëhe díet'

The leve1 of dietary Cu required for health is somewhat specíes-dependent

and usually positively correl-ated with díetary levels of Mo and s

(Aromerman eL a1., 19SO). If Mo content of the diet ís less than I ng/kg

DM, Èhe optímal level of Cu is betr.treen 6 and 8 ng/kg. cu aÈ 8 mg/kg lt"t

Ís f-nadequaËe when Mo ls between 1 and 3 ppt of the díet and can resul-t

ín deficiency s)¡mptoms. PasËures containing 20 ot more mg Mo/kg Present

an ever grearer need for supplemental- Cu in the díet (8u11, l-9SO) ' Barry

et a1. (1983) found that, pastures of kal-e forages, whÍch contain 1ow

Cu concenÈraÈions (4 rng/kg DM) and high S concentratíons (8 g/tcg O¡'t) '

caused lower serum and l-iver Cu concentrations in growing sheep and

caÈtle than ryegrass-clover forage. These authors suggested Èhat cu

requírement must be greater for growlng sheep and cattl-e grazing kale

than ryegrass-clover Pasture.

Several Ínvestigators have used semipurlfied díets to study Cu re-

quirements of ruminant,s. Suttle and Field (1968) fed semi-purified

diets contafning 1 or 11 ppur of Cu and,fot 50 pprn of Mo and 17. sulfaÈe'

The 1 ppm of Cu was not sufficient to prevent a marked decl-ine in plasma

cu and a lower than normal l-evel of blood cu in the lambs. The 11 ppn
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Cu was apprently adequate to maíntain normal bl-ood levels, but not in

the presence of the supplemental Mo and sul-fate'

Dietary cu requírement is based on the quantitíes contained in the

tÍssues or secreÈions produced in various physÍologÍcal states, and the

endogenous losses from the blody. The sum of these facÈors yields the

physiol_ogi-cal- cu requirement at Ëhe Èíssue leveI, known as the net re-

guirement (ARC, 1980). Tabl-es I and 2 show that the requírements of

both species vary wÍth growth rate and sËage of lactation. Tt is in-

teresting to note that the predícted requirements for cattle are approxi-

rnately double those for sheep buÈ relatively constant for dífferent

classes of anÍmals (ARC, 1980). Snrith (1982) suggested that the endo-

genous loss of Cu ls more relaÈed to body síze than to metabolíc rate

of the animal.

Therefore ín view of the foregoing, addítional- information is re-

quired to better defíne the ínteractions among Cu, Mo and S r¿hich arise

in the intestinal tract and in the blood, üo determíne anÈagonistíc

reactions functíon by reducing Cu absorptíon' or by restrícting utili-

zation of absorbed Cu. The presenÈ study was carríed out Èo determine:

a) the metabolÍsm of cu in the presence of Mo and s. b) Effect of Mo

and s on cu absorption and excretion. c) The ratío of cu to Mo in the

presence of adequate s necessary to maintaín cu balance in sheep.
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Table 1. EstÍnated requirements of sheep for Cu (ARC, 1980)

Class of
animal

Live
r,reieht (kg)

Rate of gain,
sÈage of pregnancY
or rrilk yíed

Rel-atlve
requirernent

(ng Cu/ke diet Dlf)

Growing larnb
( cas trate)

Adult

Pregnant ewe
(twin foeËuses)

LactaËing ewe

5

10

20

40

0.150 kgldaY gaín

0.150

0.150

0.075

0. 150

0. 300

0

LasE 7 weeks

L kg nilk

2

3

1.0

1.0

r.7-L.9

2.7-4.5

2.6-4.6

5.1

4.6-7 .4

6.2-7.5

4.6-5.8

4.4-5 .6

5 .6-8.6

50

75

75

*C"1",r1-"ted from the following components : endogenous loss, 4 ug/kg live
weighr (LI,t); growrh, 1.15 mg cu/ke LW gain; nrilk,0.32 rng cu/kg (early
lacfation);-piegnancY, 0.32 mg Cu/day; wool, 5 mg Cu/kg DM'
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Tabl-e 2. EsËímated requirements of catËle for Cu (ARC, 1980)

KaËe o t galn, Relative
Class of

anímaI
Live

weíght (kS)
stage of pregnancY' requirement
or m:il-k yield (ng Cu/ke díet DM)

Pre-rumínant
calf

Growing caÈtle

Adul-t

Pregnant cow

Lactating cow

40

100

200

300

500

500

500

0.5 kglday gaín

0.5

1.0

0.5

1.0

0.5

1.0

0

7 months

9

10 kg milk

20

30

I.2

8.1

10- 16

8- 14

9-L5

B- 15

9- 15

L2-t9

13-L7

13-20

10- 14

B- 11

8- 11

*Cal-culated from the following component: endogenous loss, 7 Ug Cu/kg live
*.igtt. (Li{)/day; gain, 1 mg Cu/ke gain; mílk, 0.1 mg Cu/kg mílk; pregnancy'

inciemenË of o.61 to 2.07 mg Cu/day from day 140 to 281.
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MATERIALS AND METHODS

Animals and managemenÈ

lwenry-eíght Suffolk sfred ram lambs at I25 (123 SD) days of age

and weighíng 34 .7 (!6.60 SD) kg were assigned on Ëhe basls of body weight

to ofie of four treatment groups such that there l4rere seven ram J-ambs per

treatment ín a sp1-it-plot desígn. A1l- lanbs used Ín the experíment were

born from February Ëo May, L982, weaned at síx r¿eeks of age and raised

in confinement wíth theír dams. Lambs had access to Pelleted creep feed

and alfalfa-brome hay for three months afÈer bírth. The lambs and ewes

were then moved to an al-faLfa-brome grass pasture for a períod of four

weeks.

on August 3, LgBz, at the beginning of the experimental period, the

lambs r¡rere moved to a barn, all-otted Èo four pens each equipped wíth one

two-anÍmal grain feeder and had access to taP Ì,Iater. Housing consísted

of sheltered pens on concrete flooring with wood chíp bedding that was

changed eveïy second day. Ten weeks later, aÈ the beginning of cold

weather (on Octobet L2, Lg82) the anímal-s were moved to an enclosed area

equipped wlth a heating system and each pen had one níppl-e-type tap vlater

suppl-y.

One l-amb of average body weight (43.7!L.03 kg) from each treatment

diet, r¡as selected for a detaíled Cu and Mo bal-ance trial. The sel-ected

lambs were placed in rnetabolism crates for periods of five days for uríne

and feces col-lection (Fig. 2). Af ter the coll-ectíon perlod rÂlas over'

the lambs were returned to their respectíve pens for 23 days until the

next col-lection Period.
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Diets

The treaÈment dÍets were fed to lambs ad libitum in a pelleted from

and water r¿as available at all- tÍmes. The premíx of the pelleted diets

was suppl-emented with eíther anhydrous sodium sulfate (NarS0O) and am-

monium mol-ybdate (M+) 
6yIo7O24'4HZO) 

alone or wÍth copper sulfate

(cusoo.sH2o). The four Èreatments $Iere: no added cu, Mo or s (control);

0 cu * 10 ng Mo/kg + 2 g s/kg (0 cu); 10 urg cu/kg + J-0 ng lto/kg + 2 g

S/ke (l-0 Cu); and 20 rng Cu/kg * 1"0 mg tulo/kg + 2 e S/ke (20 Cu) as shown

in Table 3. Tabl-e 4 Índícates the composition of díets fed to the l-ambs

for 16 weeks. All feed was mixed in 250 kg batehes in seven dífferent

míxes and sÈored in feed bags. All feed was weíghed before being added

to the feeders. Grab samples from each feed bag were collected to pro-

vide a composite sample for each batch for nutríent analysís ' These

composíte samples were analyzed for cu, Mo, s concentrations and cu:Mo

ratíos were calcul-ated (fabte S).

Sampllns procedure

Duríngtheexperímentalperiodof16r¡eeksrbodyweight'bl-ood

sampl-es and liver biopsies were obÈaíned on the fírst day and at the end

of each subsequent four week period (Fíg. 2). Body weíghts were re-

corded Ëhe day before bl-ood samples and l-iver biopsies were obtained'

Blood sarnples for serum were Èaken from the jugular vein and kept at

4oc in a cooler for 12 hrs. They were then centrifuged for 30 ninutes

at 8000 g and two mL of serum I^/as transferred by an aír displacement

pípette ínto previously acid washed vials for ínrnediate wet ash



Tabl-e 3 ExperímenÈal design for ram lambs fed pelleted diets for L6 week

Treatment Cu (urglke) Mo (mg/kg) s (e/ke)

Control-

0Cu 10

l0 Cu 10

20 Cu 10

10

20

2

2

2

Added Cu as

Added Mo as

0

5H

Mo

2

7024.4H2O

o Added S as NaTSOOCuSOO.

(NHa) 
o

I,üEEK

Flg. 2

B I,ü

Liver
Blood

¿
Urine
Feces
€

4

B I,Í

Liver
Blood

*
Urine
Feces
ê

I
B I,{

Liver
Blood

*
Uríne
Feces
€

L2

*
Urlne
Feces
<+

T6

B I^I

Líver
Blood

B I,T

Liver
Blood

Saurpling schedule for body weight (B w ), blood, liver biopsy, urine and feces

collection for ram la:ribs fed pelleted diets for 16 weeks.

five day collection Períod (-rt
co



Table 4. The composition of the pelleted dieËs fed ad l-ibiturn to ram larnbs for 16 weeks

Treatments
Ingredient

Chopped al-falfa-brome haY (kg)

Crushed barley (kg)

Molasses (kg)

Cobalt-iodl-zed salt (kg)

Premí;;

Copper sultatel(g)

Anhydrous sodium sulfatel(kg)

Auunonium mo lybdate 1 
( g)

ut""2 (kg)

Vítamin A (IU)

Vl-tanl-n D (IU)

Vitam:in g (IU)

trlheat ur1-ddl-ings (kg)

Control

78.0

158.0

2.9

1. L

0.0

0.0

0.0

t.25

5X105
It

4 X 10'

550.0

B.7s

0Cu

78.0

158.0

2.9

1.1

0.0

2.2

4.6

L.25

5X105
lL

4 x 10'

550 .0

6.s5

10 Cu

78.0

158.0

2.9

1.1

9.375

2.2

4.6

L.25

5X105
It

4 X 10'

550.0

6.54

2O út

78.0

15 8.0

2.9

1.1

18. 75

2.2

4.6

I.25

5X105
It

4 ï l-0'

550.0

6.52

Total (kg) 250.0 250.0 250.0 250.0

1

'copp"r sulfate @ z5T" cu, Anhydrous sodium sulfaÈe @ 22.57% S and Anutonium mo1-ybdate G 54-347" NIo.
,trJt"^ was noË added to diets the last 7 r"reeks of the experiment and was replaced by wheat middlings.

L¡
\o



Tabl-e 5 Analyzed cu (ne/ke), Mo (ng/ke), s (e/l<ù content (DM) and cu:Mo raËio of pelleted diets for each

batch of feed used during the experiment
b 6aab

3b 5 7aDíet Mineral I

Control

0Cu

2 4a

16.4
16.2
1.0
3.4

24.1
L3.4
1.8
3.5

g.¿1 f sE

t o.oz

18.7
2.r
4.2
1.8

18.2
5.4
3.3
1.8

L2.3
1.0

11. I
2.3

Cu
Mo

Cu:Mo
S

.8

.3

.5

.8

10
4
2

1

7

10
t
2

7

5

11.5 * t.S
2.8 t O.O
s.0 t r.r
1. I t 0.07

8.3
2.L
4.0
1.6

6.9
1.6
4.3
1.8

! o.+t o.ot o.os

7.6
LL.2
0.6
3.3

8.1
11.5
0.7
2.9

6.3
10 .9
0.6
3.3

2

I
8

2

9
11
0
3

16.s t o.¿
tt.9 ! t.z
L.4 ! O.2
3.3 t 0.07

16.4
11. 3
r.4
3.0

17.8
11.0

1.6
3.5

L6.I
7.8
2.0
3.5

Cu
Mo
Cu:Mo
S

23.9
16.9
L.4
3.5

2r.8
9.1
2.2
3.3

32.4
12.4
2.6
2.8

23.3
1,2.2
t.9
3.0

5
3
5

1

5
1

0
I

8.2
9.1
0.9
3.3

Cu
Mo

Cu:Mo
S

0.
3.

7.4
t2.r
0.6
3.4

L7.B
13.3
1.3
3.2

2r.3
L2.6
L.7
3.0

6.
L2.
0.
3.

8
9
5
2

I
3
0

5

t4
15

1

3

10 Cu

20 Cu

L6.7
8.7
1.9
3.3

27.
10
2.
3.

Cu
Mo

Cu:Mo
S

4
1

7

2

24.8 t r.A
12.4 t O.g
2.0 ! 0.2
3.2 t 0.1

aThe pelleted diet used for Cu and Mo absorption Ërial'
bc., 

"rrd 
Mo contarnination of the control diet for mixes 2,3 and 5 occurred at the feed rnill as one batch of

feed for another experíment containing 100 mg Cu/ke.and 50 mg lto/kg, rnras mad-e jusÊ before the diets in
this experiment were mixed.

o\
O
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dígestÍon.TheremainÍngserumwasstoredinasevenm].acidwashedtest

tube at -zOoC for subsequent serum CpOx' Mo and TCAS Cu analysís'

Liver samples were obtained by the biopsy technique descrÍbed by

Chapmaneta]..(1963)wíthmÍnormodificaÈîonsasreporÈedbyRuston

(1983).Liversamplesv'e'Ïet'ransferredíntoprevíouslyacidwashed'

weighedand]-abe].]-edsíxdramscrel¡rcapvia].s.ThevÍals$IererevTeíghed

thesamedayofcollectiontodetermínetheweightoftheliversample

before irmediaÈe r¿et ash dfgesÈion in the same vial-'

Totalurineandfeceswerecollectedfromtherepresentativesof

each dfeË Ëreatment, for five days during weeks 4' 8' l-2 and l-6 of the

trfa].(refertoFig.2).Urinewascollectedintoacidwashedcontaíners

connected to the urine trays of the metabolism craÈes' clean p1-astic

sheetswereplacedontheurÍnetraystomínimÍzeconËamÍnatíonofurine

bythetray.FeceswerecollecÈedinplasLiccollectionbagswhíchwere

firmlysecuredtotheperi-analregionoftheanimalbyadhesive(Bu].l

Cement, 3M Cornpany). Feces \¡7ere transferred to plastic bags every day

and total fecal weÍght recorded for each collection períod'

Analvt,ical techni ues

Allglasswareusedínthisexperiment\^IaSímmersedinhoi]"ingdis-

tÍlled \.raÈeï and deÈergent for three hrs, then washed and rinsed three

times in dÍstí11ed waÈer' The glassware was then soaked in 20% HNO'

overnfght,rinsedsixtÍmeslrithdeÍonízeddístíl]-edvTaterandovendried

overníght at 60oc

The liver' serum' dríed feed and feces samples rtere wet ashed by

the meËhod of rhompson and Blanchflor¿er (l-971) with minor nodifícatíons
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as follows: 1) síx dram scre\^7 cap víals (vs eight drams) , 2) overníght

predtgesËiorr of the saurpl-es ín the acid mixt'ure (vs ínunediate dígestíon) '

3)aslottedaluminumÈrayenclosedthe].owerPartofthevialsduring

digestion of the samples on a hot plate (vs s]-otted alumlnum all-oy rack)

and 4) average l-iver, feed and feces sample weíghts were 0'50 g (vs liver

1.0 e and feed 0.25 e).

Ash.residuesfromsamplesweredissolvedwithfivem].of5%HCland

were anal-yzed for cu and Mo using an Instrumentatíon Laboratory l/551

flame (acetyl-ene and nitrÍc oxide' respecËívely) atomíc absorption spec-

trophotometer'accordíngt'othestandardproceduresoftheAssociatíon

of Offícíal Analytícal Chemísts (A'O'A'C" 1980)' Accuracy of this wet

ashing procedure was checked by ínclusion of standard biologícal samples

obtaíned from u.s. DeparÈment of comrnerce, NaËional Bureau of standards

(bovine liver llL577 and orchard leaves //1571) ' Feed íngredient and mixed

feed samples were analyzed for dry natter' gross energy, crude protein,

aciddetergentfíbrercalciumrphosphorous'magnesium'zinc'ironand

manganese(Tables6and7),asdescrÍbedbytheA.0.A.C.(1980).The

total sulfur in feed was determíned by the meÈhod of Boil-a et al

(1e84).

serum TCAS Cu was determined by the rneËhod of Mason et al' (1978b)

with s1-ight modíffcatíons. The serum sample \¡Ias accurately assessed

by weíghing and an equal volume of IO7" (w/v) TCA added. After thorough

mÍxing, the sample ÌÀ7as centrifuged and Èhe suPernatant (TCAS Cu) frac-

tíon was Èransferred to a prevÍously acíd washed and weíghed seven ml

test rube. The precípitate \.74s r¿ashed by addíng 1'5 rnl- of 57" (w/v) TCA'

resuspendingandrecentrifugíng.ThewashingwasaddedtotheTCASCu
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Table 6. Ave
fed

rage analyzed nutrient composition of pelleted diets (DM)

laã t.* lambs for 16 weeks

Diets
Nutríent

Dry matter (%)

Crude protein (%)

Gross energy (t<-l/e)

Acid detergent fibre
(7")

Cal-cium (%)

Phosphorous (%)

Itagnesiurn (%)

Sul-fur (e/ke)

copper (ng/kg)

l"folybdenum (rng/ke)

Cu : ì4o raÈio

zinc (mg/kg)

1¡en (mg/ke)

Manganese (mg/kg)

Control

91 .3

L4.3

18.4

ls .6

0.51

0.30

0 .20

1.8
a

11.5

2.8

5.0

50.5

r35.4

18.4

91.5

14 .0

18.3

16.3

o.44

o.26

o.20

3.3

7.6

LT.2

0.7

35 .5

86 .8

L7 .3

Cu

9L.2

13.6

IB.2

16 .5

0.42

0.26

0.20

3.3

16.6

11 .9

1.5

31.s

86.7

L6.3

in table 5.

0Cu

91 .5

13.9

tB.2

16.1

o.42

0.26

0.20

3.2

24.9

12.5

2.0

30.8

82,r

16.5

Cu

aControl diet was contaminaÈed as descríbed
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Table 7

Nutrient

Dry matter (%)

Crude protein (%)

Gross energy ltJ/s)

Acid detergent fíbre (%)

Cal-cíum (%)

Phosphorous (i¿)

Magnesium (%)

Sulfur (elke)

Copper (me/ke)

Mol-ybdenum (mg/kg)

zinc (¡ng/kg)

lron (mg/kg)

Manganese çng/ke)

Analyzednutrientcompositionofa].falfa-bromehayandbarl.ey
usea- for Pel1-eted diets (DM)

lstcut hay
nd

2 cuÈ haY barley

89 .4

16.0

1B .4

35.2

L.L2

0 .15

0. 30

1.6

7.0

1.3

24. r

265.2

23.L

89.6

L2.6

18.4

37 .r

0.95

o.L4

0.24

L.4

6.2

1.1

18.7

105.4

19 .5

91 .3

13 .6

1B .5

5.9

0 .04

0.30

0.13

t.4

4.9

1.2

30. s

44.s

8,7
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fractíon. The total weight of recovered TCAS Cu fractíon l¡7as taken as

the total vol-ume of TCAS Cu and analyzed directJ-y for Cu wlth a slarrdard

containlng 5% TCA by flarne aËomÍc absorptl-on spectrophoËometer' The con-

centratlon of serum TCAIS Cu was obtained by calculating the dífferences

beÈ\^IeenTCAsCuconcentrationandtotalCuconcentrationforÈhesame

serum sample. Uríne cu and ìlo concentratÍons were determined by the

method of SPector et al. (1971) '

ThemeasurementofCpox(Ec]-.16.3.].)activityinSerumwasbased

on rhe method of Smith and llrigh t (L974) as modifíed by Roblnson (f983) '

purified p-phenyl-ene-diamine díhydrochl-oríde (PPD) was used as a sub-

strate ín an acetate buffer (pH 6.5). The rate of PPD oxídatíon by

cpox was measured on a Beckman DU-8 spectrophotometer' serum cpox values

are expressed as ÀA/mfn./ml of serum ín this manuscript'

S tatís Èica1 anal-vsis

All- data were subjected to analysís of variance usíng a spl-it-pl-ot

desígnwíthrepeatedmeasurementsovertímebytheGeneralLínearMode]-

(ei,u) procedures, Statístícal Analysis SyStem (SAS, L982) for unbalanced

data (one animal from dÍet 0 Cu and one from diet 20 Cu died one day after

liver biopsy in week l-2). The model is:

ß, (at) + Pk oPik * tijt t

where:

ti5tf = ¡r * a. *

= dependenÈ variable (í'e'

= populatíon mean

= effecL of the ith df.t

líver Cu)Y

u

cl .
a
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ß.(4.) = effect of jth a"Ítal wÍthin the ith diet
Ja

Pk = effect of kth tím'

opik = interactíon effect of the ith díet and th. kth tit'

e. .' . = residual term
l-J Kr

Anfmal wíthin dÍet (Error A) was used to test for sígníficance of

effects of díet; and animal ÍIíthin diets wíÈhin tíme (resídual-' Error B)

wasusedtotestforslgnffÍcanceofsub-pl.oteffectsoftimeanddíetx

tÍme inteïaction (Snedecor and Cochran' 1930)' TyPe III sum of squares

wereusedtoprovidethehÍghestlevelofprotectionagaírrsterror

(sAS, 1982).

correl-atíons among liver, serum cpox, TCAS cu' TcArs cu and serum

Mo were determÍned by simple línear regressíon, and mu1-tipl-e regressions

were used to incl-ude díet and tíme effects (snedecor and cochran' l-980) '

Duncanrs mu1-tiple range test (P<0.01) r¡as used to test differences

among least square means using the approprfate error terms and the

harmonic cell mean to adjust for unbalanced data in each díet (SAS, L9B2)
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RESIILTS Al'iD DISCUSSION

Liver Cu

Leastsquaremeansof]-ÍverCuconcenÈration(Table8)atthestart

of this study (week 0) were not dífferent (P>'05) among diets whil-e at

theendofthestudyleastsquaremeafisweredifferent(P<.01).Díet'

tÌme and diet x tÍme interactions (AppendÍx Table I-1) were signfficantly

(P<.01)dffferent.LambsontheControldieÈmaíntainedlíverCucon-

centratÍonat96.sue/eÌ¡IBuntilweek4;thensteadilyíncreasedto

2og.5ue/eI^IBatweek16tlhichrnayhavebeencausedbyaccidenÈa]-con-

taminaËionoft'hedÍettlíthCuatthefeedrni].I.The0Cudíetfed

].arnbsexhibitedadec]-ineínliverCureservesfromLo5.2Eo26.tve/e

l.IBduringthe16weeks.LambsonËhe].0Cudíetexhibitedadec].inein

IíverCureservesfromgT.2tosT.Ivg/etr{Bwhichwasuaintaineduntil

week]-6ofthetria]..LiverCureservesoflambsonËhe20Cudíet

dec]-inedfrornl].2.5to90.3ue/el{Batweek4;thenincreasedtoL52.6

ug/g !üB at lleek 16 of the trial- (Iigure 3) '

Supplementaldietaryt"loandshavebeenusedínpreventingCutox-

ícítyortoreduceexcessaccumulaÈionofCuinthe]-íverofsheep

(¡ict,Lg54;GoodrichandTí11-man'Lg66)'TheaddÍtÍonofl-OmgMoand

2eslketotheconËro].díeÈ,resu].tedinlíverCuconcentrationsof

lambs on Èhe 0 cu diet to decrease from IO5 '2 to 26 't Ve/e I^IB (Table 8) '

Additions of t0 or 20 rng Cu/ke to the díet as wel-l as Mo * s resul-ted ín

progressívelyhígherlíverCuconcentrationsoverthe]-6weekscompared

tothe0Cudiet.ThisisinagreementwiththeresulËsofKlineetal.

(].971)whousedËreatmentssÍmi].artothe]-0Cuand20Cudíetsofthis

study.
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Table I Diet X Èime
(Us/s I/üB) o

interaction for least square means of liver Cu

f ram larnbs fed pell-eted diets for 16 weeks

Diets
Week

t2

16

ConËro1

96.5
Da

96. BD"

121. ICa

151.6
Ba

209.5
Aa

r05.2

0Cu 10 Cu 20 Cu

Ca

0

4

I

57.5

34.0

Aa Aa
97.2

Bb 57.rBb

Cc Bc
47.6

Cc 78"46

cd 52. gB'

TT2.5

90 3

94.0

t27 .5

BCa

cb

27.9

26. r

Bb

Ab

Means in Èhe same colurmrs (A-D) and rows (a-

scrl-pts are sigolfícantly different (P<'01)

r*gà tesÈ and sEM = 6. 12

r52.6

d) wíth dífferent super-
using Duncan's multiPle
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I

TIME (week)

L2 16
40

Fíg. 3. Effect of supplemental Cu' Mo and S on-líver Cu concentraÈíon

of ram lambs fed pelleteã'¿iets for 16 v¡eeks' Control A ;

0Cu A;10Cu Oand20Cu O
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ItwouldappearËhatram].arnbsf'edaconcentratepelleteddietthat

contained approximately 11- mg Mo and 3.3 g s/kg required at least 20

rng Cu/kg to mafntain adequate líver Cu reserves'

Serum Cu

Diet,tÍmeanddietxtimeinteracÈions(AppendixTableI-]-)were

signÍfÍcant(P<.01-)anddÍetxtfme]-eastsquaremeansareshownin

Fígure4.SerumCuconcentratíonsatthestarËofthísstudy(week0)

were not different (P> '05) among díets but at the end of the stucly

(week16)theleastsquaremeansweredifferefit(P<.01,Table9).Serum

Cu in lambs fed the Control diet fluctuated from 0'86 to l-'01 UC Cu/ml

ËhroughoutÈhesÈudy(week0toweek16).SerumCuoflarnbsínthe0Cu

dÍet increased significantl-y (?<.01) at r¿eek 4 to 1.4 ug cu/ml and

declined to 1.10 ug Cu/rnl for the remainder of the trí41' Lambs on the

]-0CudÍethadsÍmílarserumCuconcentrationstothe20Cudier

(Table 9).

It has been found that supplemental dietary Mo and S to a diet

containing normal Cu concenËraÈíon (5-7 mg Cu/kg), increased the concen-

trarion of cu in plasma of sheep (suttle and Fíel-d, 1968; Smith and

l{rightoI975a).InthecurrentstudytheserumCuconcenÈratíonof]-ambs

fed0Cudietwassignifícantly(P<.0]-)higherthantheSerumCuconcen-

traÈions of the control, 10 Cu a¡d, 2O Cu díets (Tabl-e 1-0) ' This incre-

ment of serum Cu for the 0 Cu diet was likely due to the formation of

TCAIS-Cu,whichhasbeenfoundtoaccumulateinthekídneycortexand

slowlyexcreted(BremnerandYoung'1978)'However'líverCureserves

ofsheeponthe0CudieË\^7ere'depleted,ínclicatlngthatthehigher



71

rl
É

ô0

J
O
Ë
a
${
q)
(h

1.5

t.4

1.3

r.2

1.1

1.0

0.9
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12 I6
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TIME (week)

Effect of supplemental Cu, Mo and S on serum Cu concentraÈíon

of ram lambs fed pelleted diets fot 76 weeks' Control- A ;

0CuA;10CuOand20CuO



72

Tab-le- 9. Díet X time int eraction for least square means of serum Cu

lug/nl) of ram larnbs fed Pelleted díeËs for 16 weeks

Diets

I,treek 0Cu 10 Cu 20 Cu
Control

Ca 0.92
Aa o.9oAt

0.90

0.97Æ " 0. 86
Ac

Ab Aa
1.06 1. 40

ABb 1.138t 0. 81
Abc o. 7BA"

0 .9s

Ab 0. 89
Ab

o.94
ABab 0. 86

l.olAB"b 1.138" 89Ab o.92
Ab

0
16

Ba
8600

4

Ba
1.09

T2

Means ín the same column (A-C) and row

""tint-ãte 
signiflcantly different (P<'

rr"gL test and SEM = 0'042

(a-c) with differenÈ super-
dr> using Dr¡ncan's multiPle



Table 10. Effect of Cu' Mo and S uPon oveTall l-easË square me¿ms of liver Cu, serum Cu' CpOx' TCAS 'Cu

TCAIS Cu and serum Mo of ram lambs fed Pelle ued diets for 16 weeks

Diets + ¡tss
20 CuParameters tro

Liver cu (ug/g wB) r35.24

Serum Cu (ug/ml) 0.96b

0Cu

1.134

0.424

10 Cu

60 3b

0

0.039

0.72b

0. t-7b

b

rts.4a

0 .04 3b

9.18

0.028

0.00 3

0.o24

0 .021

0.0 33

50 l-b

0. 87bb
89

Cpox (AA/min/ml) 0 .05 8a 0.040b

Serum TCAS Cu (uglml) 0'854 0.7lb

b

0.74b

b 0. 13b

0. 13b

serum TCArS cu (uglml) O' rr

Serum t"to (Ug/rnl) 0. 17b

Means in the same rovrs with different supersc

multiPle range test'
cantly different (P<'01) using Duncan's

o.544 0. 19

rípts are sígnifi

!(,
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serum cu (TCAIS-Cu) was not avaiLable for upÈake by the liver' It appears

Ëhat serum cu concenÈration as a measure of cu status of sheep is not

reliable if Mo and s are Present in excess relative to cu Ín the díet'

supplemental dietary cu to the 0 cu diet decreased the serum cu concen-

trat,ions to a normal- l-evel as seen with the 10 cu and 20 cu díeÈs (rabl-e

10). This ís Ín agreement \^títh Mason et al" (l-978b) who found that in-

creasing the cu content of dÍets, simílar to the 0 cu diet ín thís study'

decreased plasma Cu to normal levels '

Serum cerulop lasmín oxídase

CpoxdietxtímeleastsquaremeansarepresentedinFígure5.Díet'

tíme and diet x time interactions were significant (P<'01), Appendíx

Table T-2) . Least square means of serum cpox dÍd not differ (P> '05)

amongdietsatthestartofthestudybutthe].eastsguaremeansofCpox

were different (P<.01) by the end of the study (Table 11)'

There have been no consÍstent observatíons reported on Èhe CpOx

acÈívity in Mo and s supplemented animals. Suttle and I'ield (1968) ;

Snith et al. (1968) and Ishida et al' (l-982) have reported a decrease in

cpox actíviry, buÈ sníth and l^Iright (1975a); Bremner (L976) and Bremner

and Young (1978) were unabl-e to demonstrate a reductíon in cpox actívíty

ín sheep fed díets contaíning Mo and s. In the present study, cpox ac-

tívity of diets supplemented wíth Mo*s were sígnifícant1-y (?<'01) reduced

(ratte t0).

It is not clear whether, the reductíon in CpOx activity was due to

failure of cp synthesis or due to chemical- lnhíbítíon by Mo Ín plasma

of animals fed high dÍetary Mo and s. Lamand et al' (1980) found that
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Tabl"e 11. DieL X t
(AA/mln/

ime ínteracülon for: leasË square means of CpOx

;lt ;i ram l-ambs fed pelleted dtets for 16 weeks

Diets

0

l,leek

l6

Control

0.042
Ca

o.o67A"

o.0548"

0 .040

0Cu

0.041

10 Cu

0.045

20 Cu

ABa Aa

ABb

o.044

0 .040

ABa

BCbABb
4

ABa 0.040
ABc

0.064

0.063Æ" 0. o47ab

0 .040

0.o30Bb 0 .0 33Bb

0.042
Ac 0.0534b

Ab 0.046
ACb

0.042

Bb
I

72

0.033

Means in Ëhe same colun¡ns (A-C) and rows (a-c) with different super-

scriprs are signÍficantly different (P<.01) usíng Duncan's multiple

r"trgã test and SEM = 0'003
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supplementing3gSandJ'3rrgMo/kgDMtoadietcontaíníng3.6ngCu/kg

signíficantlyreducedCpOxactívity'anditwasconcludedÈhatthede-

crease r¿as due to a failure of cp synthesÍs. Mason et al' (1980) demon-

strated that duodenal-ly infused Mo labelled Ëetrathiornolybdate ínhibited

CpOx activity and they suggesÈed that Mo in the TCAIS form caused the

inhíbtttonofCpoxactívity.Theresultsofthecurrentstudydonot

agree rÀ7ith the fíndÍngs of either Lanand et 41. (l-980) or Mason et al'

(1980)inregardtoCpsynthesisorinhibitíonofactivitybyMoínTCATS.

LíverCureservesinthe20Cudíetwerehíghercomparedtothe0Cudiet

whichwouldsuggestthattheCuwasavailableforCpsynthesis.InÈhe

caseofCpinhibiËíonbyMoinTCAISfracËions,theMoconcentrationín

serum of the 20 cu lambs was sígnificantly lower than for lambs on the

0CudieteventhoughtheCpoxactÍvityofboth0Cuand20Cuwere

depressed,fndicatingthattheMopresentintheserumdidnotaffectCp

actÍviËy.Moreresearchísrequiredtoelucídatetheeffectofdietary

Mo and S on CPOx of sheeP '

Serum TCAS -Cu and TCAIS-Cu

Diet x time ínteractions for least square means of serum TCAS-cu

are plotted ín Figure 6. From the results of sËatistical- analysís' diet'

tÍme and diet x time ínteractíons were significant (P<'01 ' Appendix

TableI_2).LeastSquaremeansofserumTCAS-CuvTerenotdifferent

(P>.05)amongdÍetsatthesËartofthisstudybutÈheyweredifferent

1-p<.01-) at the end of the study (fabl-e l-2) ' Serum TCAS-Cu concentratíons

in conrrol lambs were sígnifícantly (P<.01) higher than suppl-emented
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Table 12. DieÈ X
cu (ug

79

tfme ínl-eracËlon for least squaÏe means of sertrm TCAS

/nf) of ram lanbs fed pelleÈed diets for L6 r¡eeks

Diets
I^Ieek

0Cu 10 Cu 20 C:tControl

0.618'

0

4

8

L2

o. 7gB" goA" 0. 860

o.9gA' o.77Ab

Aa
0 .79

0 80ACb 0.76

Aa

Ab

Ba ABab Bb 0.68Aab
0. 80 0.69 o.64

Ba 0.62Bbc 0.74Aab
0. 81

16 0. 89 O.6BABb O .6 BBCb 0. 73AbABa

l,treans ín the same columns (A-C) and rows (a-c) r¿ith different super-

scripË are sígnÍficantly different (P<.01) using Duncan's multfple
range test and SEM = 0.033
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larnbs and there Irlere no significant differences for TCAS-Cu among the

0 cu, 10 cu and 20 cu diet fed lambs (Tåble 10). ID contrast to TCÀS-Cu'

serum TCAIS-Cu of lambs fed the 0 cu diet was'higher (P<.01) than the

control-, 10 cu anð 20 Cu dÍet fed lambs and there ÍüeÏe no differences

(P>.or)forTCAIS-Cuof].ambsfedtheContro]-,10Cuand20Cudiets

(Table l-0) .

Diet, tÍme and dlet x tÍme Ínteractions of serum TCAIS-Cu were sig-

níficanÈ(?<.0].,AppendixTableT-2).DíetxtimeínteracÈionforleast

square means of TCAIS-Cu are presented Ín FÍgure 7. Least square means

of serum TCAIS-Cu concentÏaËions h7ere not dífferent (P> "05) among díets

at the start of the study but at the end of the study they were different

(P<.01, Tab]-e t3). TCAIS-Cu for lambs fed the 0 Cu díet increased sig_

níficant]-y(?<.0].)from0.l0to0.63atr^leek4andthendec]-inedto0.45

pg Cu/ml for the rest of Ëhe studY'

SeTumTCAIS-Cufor].ambsfedthe0CudiethadtheSamepatternaS

serum cu, where both these parameËers r^rere higher (P<.01) than control,

10 cu and 20 cu díet fed l-arnbs (Table l0) . There \^Ias a high positíve

correl-ation between serum cu and TCAIS-Cu (1 = +0.87) only with the 0 cu

dietfedlambs(Tab1-e14).However'serumCuwascorrelaÈedwithTCAS-

Cu wíth r values of *0.g2, +o.79 and +0.84 for the Control, 10 Cu and

20Cudíetfedlambs'respectívely.ThísindicatesthatifÈheCu:Mo

ratlo in a dÍet is low, Serum TCAIS-Cu ís a better índícator of serum Cu,

hutiftheratfoishÍgh,SerumTCAS-Cuísabetterindicatorofserum

Cu.

It has been general-ly accepted Lhat the Cu which is bound loose1-y

with albumín (dírecË reacÈing, Dr-Cu) is.an ínnnediate transport form of
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I^leek

T2

13. Dlet X tirne lnteractfon
Cu (Ug/ml) of ram l-anbs

for least square means of serum TCAIS

fed pelleted diets for 16 weeks
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20 Cu

0

0

0. 10
Ab

Ab
0. 15

0. 19
Ab

Èh different suPer-
Duncan's multiPle

Diets

ConËrol 0Cu 10 Cu

Aa 0. 10
Ca

0 .09

o .0 7ab 0.634" 0. l7ABb

o. 43Bt 0. l7ABb

0.134b o. 4gBt 0.24
Ab

Ba Ab
0.14 0.45 0.20

o.ogB' roA?

lOAb

0

0

4

8 15ab

Ab
16

MeansinÈhesamecolunurs(A-C)androws(a-b)wi
scripts are sígnÍfícantly different (P<'01) using

r*gä test and SEM = 0'031
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Table 14. Correlatíon coefficients (r) b

ram lambs fed Pelleted diets
eLhreen Parameters measured for
for 16 weeks

1
Serum

MoSerum
Cu

CpOx

(0.52)

(0.28)

0. 81

-0.07
o.57
0.77

TCAS
Cu

(0.47)

0.02
0.48
0.53
0.55

(0.40)

o.92
0. 14
0.79
0. 84

(0.72)

0. 70

0. 51
0.61
0. 73

TCAIS
Cu

(-0.41)

(0. 73)

o,2L
0. 87
o.22
o .44

(-0.24)

0.26
-o.32
-0.L2
0. 19

2 (-0. s2)

-0.21
0.48

-0. 13

-0.50

(0. s6)

0.20
0. 78

-0.L2
-0. 37

(-0. 3s)

-0.28
-0.63
-0. 18

-0. 36

Liver Cu

ConÈro1
0Cu
10 Cu
20 Cu

Serum Cu

Control

(-0.06)

0. 16
'0.20
0.23
0.67

0.42
-0. 43
-0.50
0.32

0. 34

-0.04
0. 35
0 .60

0Cu
1"0 Cu
20 Cu

CpOx

Control
0Cu

TCAS CU

Control-
0Cu
10 Cu
20 Cu

TCAIS CU

Control
0Cu
10 Cu
20 Cu

2Tt. .rtl.tes in parenËheses índ'ícate
between Ë$ro Parameters '

ls"r,* l"1o concentrations were available for only the last three collec-

tíon perlodsrtherefore the correlations betr^/een serum Mo and other

parameters \¡/ere obt"ined for tiresà perlods (week 8' 12 and 16) '

(-0. 33)

-0.20
-0. 37

-o.42
-0.11

0.40
-0.40
-0. 33

-0. 15

(0.78)

-0. 33
0. 87
0.29

-0.53

the overall correlation coefficíents

L0 Cu
20 Cu

.26)-0(
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cu in plasma, and is increased by díetary supplementation of Mo*s' This

has been observed in al-l experiments repoÏted thus far' Hor'¡ever, ttte

results of the present study índícaÈe that the díetary suppl-ementatíon

of Mo and s (0 cu diet) had such adverse effects on cu utíLizatLon as

decreases ín TCAS-Cu, cpox activity and liver cu reserves (Table 10) '

The fact Ëhât the concentraÈion of serum TCAIS-Cu of lambs fed 0 cu diet

was hÍgher than Control lambs after the adminístration of Mo and S' in-

dícate thaÈ the increase of serum cu of 0 cu diet fed larnbs was due to

TCAIS-Cu whích r^las not availabl-e for tíssue uptake'

Dick et aI. (Ig75) reported that the corrplex of Mo and S, thiomol.yb-

date (TM), produced TCAIS in plasma whích could be involved in the rnecha-

nism for the formation of unavailable Cu ín anímals fed Mo and s ' Thís

hypothesishasbeensupportedbyínvestigatíonsproviclíngadditíonal

evidence that TM results ín íncreased plasrna TCArs-cu in sheep (El-Galled

et al ., rg77), clecreased cpox activiËy and decreased intestinal- 64cu

absorptionand].iverCulnrats(Mi]-lsetal.,]-978).Iheresultsof

the present study r¿oul-d also support thís TM hypothesis'

Serum Mo

Diet x time interactíon for l-east square means of serum l"lo are pre-

sented in Table 15. Serum samples for serum Mo analysis were not avail-

able at 0 and 4 weeks, therefore serum Mo concentrations among diets can-

notbecomparedat0and4weeks.Diet(P<.01-),tíme(P<.0]-)anddiet

x tíme (?<.05) ínteractions I¡Iere statistically signíficant (Appendix

TableT_2).TheincreaseínSerumMoconcentrationof]-ambsfedthe
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Table 15.

Diets
Week 10 Cu 20 CuControl 0Cu

*
0.60

Aa 0. 18abL.27

Aa o.24
Ab 0.13ABb

12 0 0.51

Aa Ab 0.02
Bc

0.50 0. 16

//r"t.rt for Mo analysis was availabl-e only the last three collect aon

períods (weeks 8, l-2 and 16) '
* - J- !L^ ^^-+*a1 Ãíat' (waøJr lì) has beenTheincremenËofSerumMolnthecontro]-diet(r¡eek8)hasbeen
causedbythecontarninateddietandnotbeenincludedínthís
comparison tesÈ.

Means ín the same colu¡mrs (A-B) and ror,rs (a-c) wíth differenÈ super-

scripÈsaresigníffcantlydífferent(P<.01)usíngDr¡ncan'smultiple
rrtrgà tesÈ and SEM = 0.036

Diet X
(ue/ml)

È1me ínteractÍon f'or least square ry*:-of seryn Mo

of ram lambs fed pelleted díets for rb üleeKs"

Ab
0.24I

19Ab016

16Ab
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control díet at week I, vras thoughÈ to be caused by contaminaËion of

the diet at the feed mill- (refer to Table 5). serum Mo concentration irr

the 0 cu díet fed l-ambs was signífícantty (P<.01) hÍgher than the conËrol'

10 cu and 20 cu diet fed l-ambs (-Table l-0). There were hígh correl-atíons

between seïum Mo and serum cu (r = *0.78), and serum Mo and serum TCArs-

Cu(r=*0.87)onlyforthe0Cudíet(Tab].e14).Thesecorre]-atÍons

among serum cu, Mo and TCAÏS-Cu índícated that the Íncrease of serum cu

for the 0 cu dfet \.ras caused by the TCAIS fraction of serum which con-

tained TCAIS-Cu and Mo. These results would confirm Ëhe report of Mil-ls

etal.(].978)whosuggestedthaÈtheelevatedserumCuwasassocíaÈed

hrith high serum TCAIS-Cu and Mo concentratlons in diets simil-ar to the

0 Cu diet Ín Ëhis studY'

Bodv weisht and feed Íntake

ThemeanbodyweightoflambsatthestaÏtofthest'udyforal]-

diets was 34 .7!6,6 kg and af ter l-6 weeks the body weights were 65.5,

65.5,64.5arrd67.3kg(P>'05)fortheConÈrol'0Cu'l-0Cuand20Cu

díets respectívely. Diet and diet x time ínteractíons hrere noÈ signifi-

cant (P>.05), but time differences \^7ere sÈatistÍcall-y signifÍcant (P<'01'

AppendíxTableI.l).DíeÈxtime].eastsquaremeansofbodyweíghtsare

presentedinTable].6.Th'ereI¡TerenosignÍfícantdifferences(P>.05)

among mean body weights, but lambs on the 20 Cu diet hacl a tendency to

heavÍerbodyweÍghtsthan]-ambsontheotherdiets(Tab].e16).

There rras no signifícant dífference (P>.05) in feed intake among

díets(Tab].e17).Feedintakeincreasedoverthefirst].2weeksofthe



Table 16

I^Ieek

Diet X time
welght (Ke)

ínteraction for least square means of body

ãi t"t lambs fed pelleted diets for 16 weeks

l0 Cu

B7

20 Cu

DieËs

34

57.7

E'

.6"

rol- 0Cu

34 7E

D
43.1

52.2
C

62.O8

D
34.9

43.6
C

B
52.2

61.34

34.78

42.4
D

C
54.9

B

42

0

4

8

3D

c

Means ín the same col-urms (A-E) with dífferent supersc

ficantly different (P<'01) using Duncan's multiple ran

60.6
B 63.4

12

A A 67.3
A

6s.5
A 65.5 64.5

T6

rípts are signi-
ge tesÈ and

MSE = 0.92

Table 17. Dail-y feed consumptíon (fg,OM) of ram lanbs fed pelleted

díets for 16 weeks
Diets

trIeek

0-4

4-8

B-L2

Control

1.90

2.07

2.76

0Cu

1. B0

2.04

t)t

l0 Cu

t.69

2.06

2. TT

20 Cu

1. 85

2.19

2.28

1.2 - 76 1.91 1.87 r.75 1.67
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study and decl-ined duríng the lasL 4 weeks. A possíb1-e explanation for

the decl-Íne in feed Íntake may be related to a change in envíronmenË'

as the lambs vTere moved to enclosed pens equipped with a heating system+

ten weeks after the start of the study

Apparent absorptÍon and urínary excre t,ion of Cu and Mo

TheapparentabsorpËionsofCuandMoovertimearepresentedín

Fígure 8. The apparent absorptíon of cu ín the control lamb was higher

than in the supplemented l-arrbs, whereas the absorption of cu in the 0 cu

fed lanb vlas the lowest (Table 1B). rn contrast to cu absorptíon, the

aPparenË absorpÈion of Mo by the 0 Cu lanb was higher than the Control,

10 Cu and 20 Cu díet fed l-arnbs. The data r¿ere not subjected to statís-

tical analysis, as only one lamb was used (liníted facílíty) for each

díet for the dÍgestion and absorption trial. The quantíties and concen-

trations of Cu and Mo in the diets, feces and uríne used for the cal-cu-

lation of absorp tion (%) and urínary output of cu and Mo are presented

in Appendix II.

TheCuabsorptionpatterns(FigureS)weresimilartothepattern

for lÍver Cu concentraËions (Fígure 3) aurong all díets' This would ín-

dícate that as more Cu was absorbed from the dígestíve tract, more Cu

r'ras stored ín the líver

Dicketal.(1975)SuggestedthattheTMwhichisformedinthe

rumen combines wíth cu and is not availabl-e for absorptíon' The TM that

does not combíne r¿íth rumen Cu Ís absorbed inËo the blood stream and

mobil-izes tissue or reserve Cu. The results of this study would support
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Table 18.

Parameters

Apparent absorPtion of Cu

Apparent absorPtion of Mo

Urinary outPut of Cu

Urinary outPuË of }fo

Díets

Control 0Cu 10 Cu

12.8(0.91) -2.6 (0 .47) 0.e(0.s7)

13. 2 (o .90) 36.S(1.3s) 16.6(0.91)

0. s (0 .04) 0.8(0.07) 0.6(0.04)

2.7 (0.65) 26.6(2.30) rs.9 (1.61)

Effect of suPPl-emental Cu, Mo and

output (rng/5daYs) of Cu and Mo bY
S upon mean (MSE) of apparent absoçption (%) and urinary
ram l-arnbs fed pelleted díets for 16 r¡eeks

20 Cu

6 .7 (0 .54)

ls.4 (0. s2)

0. s (0.08)

L2.5(2. LO)

\oo
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Èhishypothesís,asthelambsfedthe0CudíethadlowerCuabsorptíon

andhigherMoabsorptionthanlambsfedLheConÈroldíet.However,the

results índicate that the absorpÈions of cu and Mo depend upon the quanti-

tíesofcuandMopresentinthediet.Thíssuggeststhatífcu:Moratio

ín a dlet was 1or¿, cu absorpÈion was impaíred but Mo absorpÈíon r'ras en-

hanced.ByincreasíngtheCu:MoÏatioínthediets(0cuvs10and20

Cu) the Cu absorpÈÍon increases and Mo absorption decreases'

UrÍnaryoutpuÈsofCuandMoovertÍmearepresenÈedÍnFigure9.

Lambs fed the 0 cu diet had higher urínary cu and Mo concentraËions than

Èhe].ambsfedtheContro].'j-0Cuanð20Cudíets.ThísincreaseofCu

and Mo in the urine of the 0 Cu lambs \áIas possíbly due to t,he formation

ofaCrrMocomplexint'heSerum'aSaresu]-tofaninÈeractíonofabsorbed

tt"t (Mo) with blood cu (from l-iver), whích rvas unavail-able to Èhe anímal

and was excreted in the urine. Bremner and Young (1978) found that the

sameCuMocomplexinplasmaalsooccurredinthekídneycortexandr,ras

excreted in the urine'

TheurÍnevolumeandpercentfecaldrymatËerforlambsfedthe

ControlandÈhesupplementeddíetsweredÍfferent.Thelambfedthe0Cu

diethadahigherfecaldrymatterandurinevolumethan]-ambsfedthe

Control,l0Cuand20Cudiets(Table19).Thesevalueswereprogres-

sívely smaller as the Cu:lulo ratío ín Ëhe diets increased (0 Cu lamb vs

l0Cuand20Cularnbs).}darcíleseeÈal.(1.970)reportedthatthead-

ditionofMoandínorganicsu].fatetoËhedíetofsheepresultedín

greateraccumulatíonofCuinthekídneyandincreasedexcretionofCu

ín urine. They also found that urine volume rÂras greatly íncreased if

Moandinorganicsulfat,ewereaddedtothedíet.Theresultsofthe
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Table 19. Effecc of supplenencal Cu'

urinary outPut of ram lambs

tn eacír coliectlon Perlod (

Mo and S on feces dry matter-and';.ã 
pell-eted dlets durlng 5 days

week 4, 8, 12 a¡rd 16)

Diets

93

20 Cul0 Cu

Feces dry EatÈet (7")

Week 4

12

L6

Mean X

SE

Urlne outPut (ltter)

Week 4

12

l6

Mean X

SE

8

T

27 -13

23.64

25.92

28. r8

26. L8

0.9s

5.48

5.75

5.20

5 .49

0Cu

3r.11

31. 34

35.57

35. r5

33.29

1. 19

7.65

7 .53

7 .37

6.48

3L.29

27.43

31.04

29.64

28.68

26.62

28.36

31.64

28.82

r .04

5.20

5.76

s.49

4.29

B

29. 85

0. 88

5.9I

6.0 r

6.00

5.47

5.48

0. 112

7.26

0.265

5.87

0. 131

5. IE

0. 320
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present study confiïmed the results of Marcilese et al. (1970) but only

with the lambs fed the 0 cu dÍet. However, the uríne volumes and fecal

dry matÈers of lambs fed l-0 cu and 20 cu díets progressÍveJ-y declíned'

r,üith the addition of Cu to the dieÈ'

Cu Mo and S interacÈíons

The overall l-east square means of l-iver cu and serum parameters are

presented in FÍgure 10. To facÍl-ítate ín interpretatfon of the resul-Ës

of the present study a model- was designed to describe the effects of Mo

and S on Cu metabolism in sheep (Figure 1l-) '

Iligh Levels of dietary s eíther as sulfaÈe or as sulfur amíno acids,

would increase the rumínal- sul-fide (S=) production, and consequently in-

crease the tendency of mol-ybdate to react wíth sulfide to form TM (re-

action 1). There follows two possíbilities, absorptíon of TM or cu, the

predomÍnant route would be maínly dependent upon the relaÈive amounts of

avaílable TM and cu. In any case' TM Ínteracts wíth cu in the rumen to

form an insolubl-e cuTM complex (reaction 2) and alsor some amount of

cu interacts with the sulfíde present ín the rumen to form the ínsolubl-e

cu-s (reaction 3). As both cuTM and cu-s are insoluble products Èhey

woul-d be passed through the íntestínes antl excreted in feces (Figure 1-1) '

A TM excess relatÍve to Cu in the rumen, would result in íncreased

absorption of T!1 (Mo) and decreased absorptíon of cu. Dick et al' (1975)

envisaged Ëhe interactions of absorbed TM wíth blood cu (derived from

l-fver cu pool) to form metabolícally unavail-able cuTM complexes (reactíon

4) i.e. the TCAIS-Cu fraction ín the bl-ood'
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Theresultsobservedr¡ithËhelambsfedthe0Cudiet,wíthaCu:Mo

ratÍo of 0.7 and 3.3 g S/kg, would substantiate this hypothesfs slnce

absorption of Mo was clearly increased, cu absorption decreased (Tabl-e

18) and liver cu reserves depJ-eted (FÍgure 10) ÍndÍcatíng that the ab-

sorbedTM(Mo)combÍnedwíËhtíssueCu.Consequently,serumtotalCu

and Mo and TCAIS-Cu increased índícatíng the formation of the unavaíl-

able cuÏM complex which resul-ted ín an íncreased urinary excretion of cu

and Mo (Table 18).

ACuexcessinthediet,whíchwasthecasewithlarrbsfedtoÈhe

20 Cu diet, with a Cu:Mo ratío of 2'O and 3'3' e S/ke' resulÈed in in-

creased absorptíon of cu and decreased Mo absorptÍon compared Ëo the

l_aurb fed the 0 cu diet (Table 18). subsequently, liver cu reserves in-

creased and serum total Cu, Mo and TCAIS-Cu concentraÈions decreased

(Fígure10).Therefore,theurinaryoutputofCuandl'fowiththe]-amb

fed the 20 cu díet decreased in comparison to the lamb fed the 0 cu díet'

and less nt (Mo) was absorbed, thus the systemíc effect on Cu utílizatíon

inthe20Cudietfed].ambdidnotoccuÏ.Theresultswíththe20Cu

díet r¿ere similar to those observed r¡íth the control aiet (Figure l0) '

Tnthecaseofthel0CudÍet,wíthaCu:Moratioofl.5and3.3g

S/kg, the amount of Cu in the díet was not SufficÍent to react with Tl"t

in the rumen Ëo form the unavailabl-e cuTM complex' Therefore, the ab-

sorptionofMoandconsequentlytheconcentratÍonsofserumCu,}4oand

TCAIS-Cu(Figurel0)andurínaryouLputofCuandMo(table18)were

s1-fght1-y higher than in the 20 Cu diet' even though these parameters

r^rere not statísüical1y dífferent beËween the two dÍets (10 cu vs 20 cu) '
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The res.ults described herein are comparable with the hypothesis out-

ltned by Díck eË al. (1975) whfch suggests ruminal- TM formaËion and sub-

sequent reactÍon of TM with cu in the rumen to form unabsorbable cu com-

plexes.ThequantítyofTMthaÈwasnotÍncombinatíonwíthCuínthe

rumen was absorbed ínto the blood and mobÍlized tissue cu, resulting ín

elevated bLood cu levels. Thus the formation of TCAIS-Cu would play an

importanÈ role Ín renderíng cu metabolically unavaÍlab1e' More work

however,wí1-lbenecessarybeforethehypothesÍsoftheroleofTMwí].1

be totally accepted.
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SUMMARY AND CONCLUSIONS

TheliverCuconcentratÍonoflambswassígnificant].y(P<.0].)aff.ec-

Ëedbydietanddietxtímeinteraction.LíverCuleve].soflambs

decreased r¡hen fed a diet rnrith a Cu:Mo ratio of less t}Ian 2'0 with

3.3 g S/kg, whÍle íncreasing Èhe Cu:Mo ratÍo Èo above 2'0 in the

diet, resuLted in íncreased liver Cu levels'

TheenzymeactivítyofserumCpOxandSerumTCAS-Cuconcentration

of lambs were sfgnificantly (P<'01-) affected by diet and diet x

tímeinteraction.ThelambsontheControldiethadhígherCpox

and TCAS-Cu than supplemented l-ambs' The correlation (r = +O'72)

between these t\¡ro paÏameÈers rnras sígniflcant (P<'01) which indicated

that,ËheserumTCAS-CuasanindependenÈvariableincreased,Cpox

as a dependent variable also íncreased '

The concentrations of serum cu, TCArs cu and Mo of lambs were sig-

nificantly (P<.01) affected by diet' The lambs fed 0 Cu diet had

hÍgher serum Cu, TCAIS-Cu and Mo than the l-ambs fed the Control'

l_0 cu and 20 cu diets. There were sÍgníficant (P<.01-) positive cor-

relatíonsbetl'TeenserumCuandTCAISCu(r=*O'87)'serumCuand

SerumMo(r=*0.78)andTCAIS-CuandserumMo(r=+0.87)ínËhe

O Cu díet. Thís indicated that as serum TCAIS-Cu and Mo as an in-

dependent variabl-e Íncreased' serum Cu as a dependent varíable in-

creased, which suggested that the increased serum Cu was a result

of TCAIS-Cu and Mo ín the serum'

Lambs on the 0 Cu diet had higher serum Cu' Mo and TCAIS-Cu' but

l-ower l-fver Cu compared to the l-ambs fed the Control díet' By

Íncreasing the dietary Cu:Mo raËio (0 Cu vs 20 Cu) resulted ín a

2

3

4
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5

lower serum cu, Mo and TCAIS-Cu and a hígher llver cu level.

There were no significant dffferences (P>.05) among mean body

weíghts and feed íntakes of lambs fed suppl-emental dietary cu, Mo

and S for 16 weeks

TheapparentabsorpÈíonofCufnlambsfedtheControldícjtwas

higherthansupplernentedlambs,whereastheapparentabsorption

of Mo for the lamb on the 0 Cu diet was higher than the Control,

l-O Cu and 20 Cu diet fed l-ambs. ThÍs índÍcaÈed that the absorption

ofCuandModependsuponthequant'itíesofCuandMopresentín

the dÍet. It would suggest that íf the Cu:Mo ratio ín a díet r.¡as

l-ow, Cu absorptíon l¡7as irnpaÍred but lIo absorptÍon lras enhanced'

Increasing the Cu:Mo ratÍo in the diet (0 Cu vs 20 Cu) the Cu

absorpÈíon increased and Mo absorptíon decreased'

The larnb on the 0 cu díet had a hígher urinary cu and Mo concen-

tration than the lambs fed the control-, 10 cu and 20 cu diets'

This lncrease of cu and Mo in the urine of the 0 cu díet fed l-amb

wasduetoÈheformat'íonofaCu-MocomplexintheSerum'which

r47as unavailable to the animal and thus excreÈed in the uríne'

Theresultsofthestudyindicatedthat,líverCuconcentratíons

wereËhebestmeasureofcustat'us.SerumCuconcentratíonand

serumCpoxactívíty'asaconventionalmeasureofCustatus'

ürere not reliable íf Mo and S !'/ere pTesenÈ in excess relatíve

to the cu fn the diet. serum TCAIS-Cu has shown potential as a

t'oolÍndetermíningCustatusofsheep,however,furtherstudies

must b.e conducted in order to determíne the l-evel of serum TCAIS-

Cu whích is associated \'líth Cu deficiency'

6

7

8
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APPENDIX I

Analysisofvariancetablesforparametersmeasuredinram]-ambs
ad l-ibítum pe1-leted diets either unsuppl-emenËed ( Control ) or

supplemented with 10 ng l'tolKg anð' 2 g S/Kg alone (0cu)orwíthI0

or 20 ng cu/KB ( 10 Cu, 20 Cu ) for 16 r¡eeks'
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Tabl-e I-1. Anal-Ysís of
( Ke ), ÐG
Pel-1-eted di

TRAIT PLOT SOURCE df TYPE ITI MS

variance for Líver cu ( ug/g l^l'B' ), Body weight

( g ) , and Serum cu ( ug/nl ) of ram l-ambs fed

ets for 16 weeks

PR>T'ba F

Liver
Cu

Body
weight

ADG

Serum
Cu

Ddõ
Error AI

5917 4 .07
2907.08

6969 .50
7704.7r

262.07

15.162
254.s35

4s02.350
5.528
6.O25

274823.85
10034 .9 B

772L.48

20.35

26.59
29 .40

0 .06

7 47 .22
o.92

0 .000 1

0 .000 1

0 .000 I

0.9805

0 .000 1

0 . s328

0 .000 1

0.2528

0 .000 1

0 .000 1

0 .000 1

MC

Sf

3
24

o
TO

DXT
Error B

h

4
T2
94

3
24

M

S

D

Error A

T
DXT
Error B

D

Error A

T
DXT
Error B

D

Error A

T
DXT
Error B

4
L2
94

1458
7 469

01
96

0 .20 0.8986
3

24

3
9

69

3
24

t4

S

M o.4742
o.0276

0 .1383
0.0577
0.0121

35 .59
I .30

t7.16

11 .35
4.7 4S 4

T2
94

aprovides Èhe híghe"¡ lsrrel- of protectíon against error;

orrr"to""; cmain ploti ddit'; tEttot A = animal ( dieu

bl..r.l of sig-

Etime 
"rrd 

hErtor B = anímal ( díet X tine ) '

); rsub plot;



Table

TRAIT PLOT SOURCE df TYPE III }'fSA F

I-2. Analysis of variance of cnlx C AA/nin/1l-) ' serr:m TCAS Cu

( uelnt ) , s;;rr iðns c,' d uÀ/tr ) 91a serr::n Mo ( ue/nl )

of rnm lamUs ied pelleÈed díets for 16 ¡"reeks

L22

PR>Fb

7 .65 0 .0009
Cpox Mg Dd^3

Error A= 24

o
Ttt
DXT
Error B

D

Error A

T
DXT
Error B

D

Error A

T
DXT
Error B

D

Error A

T
DXT
Error B

0.002584
0.000337

0.000745
0.000256
0.000512

0.LI+26
o.0207

0 .1003
0.0249
0.0078

13.36
4.60

0 .000 1

0.0001

0 .000 I
0.0008

0.0001
0 .000 1

0.00s9
0.0431

Sf

I,I

S

ì4

S

h

4
12
94

3
24

6.89 0 .0017
Serum
TCAS

4
t2
92

3
24

t2.76
3.t7

Serum
TCAIS CU

Serum
Mo

o .67 45
0.0149

45.11 0.0001

4
L2
o,

0 .1 185
0.0609
0.0067

0 .6s34
0.0198

0.0550
0.0239
0.0094

17 .69
9.10

32.90 0.0001
3

24

2
5

40

M

S
5 .85
2.55

aprovides the híghest l-evel of protectíon

nífícance; cmain p1-ot; ddit'; eError A =

against error;
animal ( dier )

b1.rr"l- of sig-

; f",rb pl-ot;

Btime and hprror B = anímal ( diet X tíne ) '
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APPENDIX II

ThequantÍtiesandconcenËrationofcopperandmol.ybdenumobtained
ínËhediet,fecesandurineforcopperandmolybdenumabsorptÍontrial
of ram lanbs fed ad libitum pelleted :d'lets either unsuppl-emented (control)

orsupplementedwlthl0mgMoand2gS/kgalone(0cu)orwithl0or20
ngCu/ke(10Cu,20Cu)during5daysineachcollectíonperíod(week4,
8, L2 and t6) .
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Tabl-e II-1 The quantltÍes and concenÈratÍon of copper and nolybdenum ín
the diet, feces and urine of ram lambs fed pelleted dlets
during 5 day coLl-ectíon period in week 4

Control 0Cu 10 Cu 20 Cu

DÍetary Cu conc. (mg/kg)

Díetary lvlo conc. (me/kg)

Feed intake (kg, DM)

Total Cu intake (mg)

Total Mo inÈake (me)

10.82

4.27

8.02

86.77

34.24

32.2L

72.35

2.39

76.98

29.5L

11.33

13.81

7.t4
L0.22

9.8s

70. 33

100.6 7

16. 10

7. 80

9.98

160.68

77.84

58.78

23,20

2.72

159 . 88

63.10

23.27

12.24

10.68

248.52

r30.72

Bs .65

40.11

2.7s

235.54

I 10. 30

Fecal

Fecal

FecaL

ToÊal

Tot,a1

Cu conc. (rng/ke)

Mo conc. (nglks)

output (kg, DM)

fecal Cu output (mg)

fecal Mo output (mg)

0.0 73

0. 850

5 .480

0.400

4.6s8

28.3L

25.22

2.57

72.75

64.8L

0. 102

3.866

7.650

0. 780

29.57

-3.55
35.62

0.088

2.074

5.985

0.526
12.4L3

0.49

18.94

0.074

L.373

5.200

0. 385

7.L4

Urinary Cu conc. (Ug/ml)

Urinary Mo conc. (Ug/rnf)

Urine output (l-iter)
TotaL urÍnary Cu ouÈput (me)

ToËal urinary Mo output (mg)

Apparent Cu absorption (%)

Apparent Mo absorption (%)

5.21

15 .61



Tabl-e Tf-z

Díetary Cu conc. (¡ng)

Dietary Mo conc. (me)

Feed Íntake (kg, DM)

Total- Cu intake (mg)

Total Mo intake (mg)

Tecal cu conc. (ng/kg)

Fecal Mo conc. (ng)

Fecal ouÉPut (kg, DM)

Total- fecal Cu outPut (mg)

ToËal- fecal Mo ouËPut (mg)

Urinary Cu conc. (Ue/ml)

Urinary Mo conc. (Pg/ml)

Urine outPut (l-Írer)

Total- urinary Cu outPut (mg)

Total- urínarY Mo outPut (ng)

Apparent Cu absorPtion (%)

Apparent Mo absorPtLon (%)

The quantitÍes and concentraÈÍon of coppe

th" åi.t, feces ånd urine of ram larnbs fe
á"ti"g 5 ð'ay col-lection period in week 8

L2s

r and molYbdenum in
d pelleted diets

0Cu 10Cu 20 CuControl

8.76

2.08

8.9 3

78.23

18.57

2r.86

5.27

3. L7

69.29

16.70

6.30

10.96

9.48
59.72

103.90

L6.43

L6.17

LL.42

L87.63

L84.66

52.49

42.77

3,59

188.44

15 3.54

24.L\
13.42

10 .09

243.27

135 . 41

74.84

37.46

3.02

226.02

113.13

2L.22

23.21

2.9L

6r.75

67.54

0.093
0. 385

5.750

0.53s
2.2I4

0.107

4.178

7.530

0.806

3r.46

-3.43
35 .00

0.09 1

3.3s3

6.015

0.547

20.L7

-0. 39

L6.82

0.097

3.028

5.760

0.558

17.44

7.09

t6 .47
11.38

10.47



Tabl-e II-3

Dietary cu conc. (ne/ke)

Dietary Mo conc. (ne/ke)

?eed Íntake (kg, DM)

Total Cu intake (rng)

Total Mo intake (mg)

Fecal Cu conc. (mg/kg)

Tecal Mo conc. (rne/ke)

Tecal outPut (kg, DM)

Total fecal Cu ouËPut (mg)

Total fecal- Mo outPut (rng)

Urinary Cu conc. (Ug/rnl)

Urinary Mo conc. (Ue/ml)

UrÍne outPut (liter)
ToËal urinary Cu output (rng)

ToËal- urinary Mo outPuÈ (mg)

Apparent Cu absorPtion (%)

Apparent Mo absorPtion (%)

The quantÍties and concentration'of copper

the åiet, feces and urine of ram larnbs fed

ã"ti"ã 5 dav col'lection period Ín week 12

L26

and rnolYbdenum in
pel1-eÈed dlets

0Cu 10Cu 20 CuControl

6. 88

1.60

8n65

59.sl-

13. 84

1.8.32

4. 30

2.76

50.56

11. 87

7 .43

L2.LO

7.52

55. 87

90.99

23.8L

24.43

2.39

56 .90

58.39

17.78

13. 31.

8.01

L42.42

106 .6 1

46.O7

30. 18

3.02

139 . 13

9L.L4

2L.32

t2.57

9.70

206. 80

rzt.93

65.57

35.29

2.91

190. 81

L02.69

0.
0.

5 .200

0.593

L,872

0. 141

3.O23

7 .375

1.0 40

22.29

-1. 88

35.82

0.115

2.52I
6.000

0 .690

L5.12

2.32

14 .50

0. 139

2,L85

5 .490

0.763

tL.99

7.73

L5.75

174

360

15 .04

14.23



Table TT-4 The quantitíes
the dÍet, feces
during 5 day co

Dferary cu conc. (ng/kg)

Dietary Mo conc. (rne/ke)

Feed íntake (kg, DM)

Total Cu íntake (ng)

Total- Mo íntake (mg)

recal Cu conc. (mg/kg)

Fecal Mo conc. (ne/ke)

Fecal- outPut (kg, DM)

Total fecal Cu ouËPut (mg)

Total fecal Mo ouÈPut (mB)

Urinary Cu conc. (Ug/rnl)

Urínary lvlo conc. (Ug/rnl)

Urine outpuÈ (liter)
Total urinary Cu ouËPut (ng)

Total urinary Mo outPut (mg)

Apparent Cu absorPtíon (%)

Apparent Mo absorPtion (%)

and concentratíon of copper and molybdenum in
and urine of ram larnbs fed pelleted diets

l-l-ectfon Period in weelc L6

ControL

8.28

2.08

6.96

57.63

t4.47

21.O7

5.26

2.36

49.72

T2.4L

6.85

L2.9s

5.56

38.0I
72.0O

23.O9

25.26

1.68

38.79

42.43

14.92

15. 33

8. 8s

r32.04

r35.67

44.50

38.75

2.93

130. 38

LL3.54

t2/

20 Cu

23.93

L6.92

6,42

153;63

10 8.62

7 r.76

46.94

r.99

t42.80

93.4L

0Cu L0Cu

0.095

0'390

5.490

0.52L
2.L41

0. 108

3.547

6.480

0.704

23.020

-1.84
40.84

0.095

2,887

5 .475

0.519

15. 806

L.28

L6.29

0.1r7

3. LL7

4.295

0.502

13.387

7.06

L3.99
13.72

14. 18
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APPENDIX III

ComputerPrln¿outofrawdatacollect'edfron23ramlanbsfedad
lfbltu¡npelleteddletseltherunsupplemented(Control)orsupplemented
with 10 ng l{o/Ke and 2 g S/KB alone ( 0 Cu ) or with I0 or 20 rng cu/Kg

( 10 Cu, 20 Cu ) for 16 weeks'

List of abbrevlatlon are coded as:

OBSl

ANI"IL

DIET

observation nuriber

animal number

I = Control
2=0Cu
3=l0Cu
4=20Cu

1=week0
2=week4
3 = v¡eek 8

4 = week 12

5 = week 16

liver cu ( ue/B !I'B' )

serun cu ( ug/rnl )

ceruLoplasuin oxÍdase ( ÀA/nin/nl seruu )

body weight ( Kg )

average dailY gain ( s )

serun TCA soluble Cu ( ug/¡of )

serum TCA insoluble Cu ( ug/¡ol )

serun t'to ( ug/rnl )

TIME

LIVR

SERM

CpOx

l,JEGT

ADG

TCAS

TCAIS

MOLY 
2

lob""r.r"tion 65 and 135 ¿¡s m{ssing as animals /l 4l and

daY after llver bioPsY ln week 12'

2r"t,- f or Mo anal'ysis was -avail-able 
only the last three

p"tt"a" ( week B,I2 and t6 )'

# 33 died one

collection



O8S ANML OTET TIME LIVR SE RM CPOX WEGT AOG TCAS TCAI S MOLY

I
2
,l

4

5
6
7

I
9

10
It
t2
r3
l4
r5
16
l7
t8
t9
20
2l
22
23

aÊ

26
27
28
29
30
3l
32
33
34
35

20
20
20
20
20
25
.E

1e

25
55
55
55
55
55
49
49
49
49
d9
5r
5t
5l
5l
5l
54
54
54
54
54
50
50
50
50
50

I
2
3
4
5
I
2
3
4
5
I
2
3
4
5
I
2
3
4

5
I

3
4
c
I

3
4
t

I

3
4

5

127 .49
tr9.89
128.27
t3 r . 15
r 88 .90
86 .51

f 04.08
r ro.70
f3r.07
r88.93
98.77

tt4.83
r40.l4
r84.02
212.5 |
83.9 t
7r.31
75.63

r07 .64
r68.Ot
r03. ?3
ror.2l
r64.05
2tr.85
2t4.63
9r.93
82.31

r 37 .90
r66.Or
28 I .29

o.84 I
L to'l
o.925
o.986
t. t30
o.845
o.917
r.067
o.833
o.858
o. 858
L t3t
o.916
o. 933
r. t20
o.845
o.97 I
o.99 i
L 028
1.O72
o.885
r. r93
1.O97
r.064
r.068
o.733
1.127
o. 79.|
o. 879
o.95f
r.047
o.977

o.04 t6
o.o722
o.0484
o. os66
o. 0646
o. 0462
o. 0544
o. 0630
o. o584
o. 0504
o.o422
o.o724
o . oso6
o.0682
o. 0662
o. 0420
o. 0628
o. os26
o. 0684
o. 0694
o.0448
o. 0864
o. 0720
o. o780
o. o760
o. 0298
o. 0620
o. 0432
o. 0586
o. 0560
o.0474
o. osg2
o.0492
o. 0626
o.06t2

49 . O90
55.454
65.454
73.636
79.545
38. r8l
44 . O90
55 .909
67 .272
70.454
35.454
45.454
56.818
6S.l8l
75.909
32.727
32.727
42 .27 2
41 .7 27
5 r .8 18
32.272
42 .7 27
46 .8 l8
53 .636
58.636
29. O90
40. ooo
49 . O90
59 . O90
61.8,l8
25 .454
35.454
45 .454
s5 . ooo
60.454

o.7sos
t .o412
o. 7965
o.9647
0.9424
o. 7882
o.8608
o.9lot
o.7478

o.7599
1.0207
o.7642
o.8l02
o.990 1

o.7330
o.90?6
o.8259
o. 8530
o. 8869
o.74 f9
f.t32l
o. 9395
o. 847 t
o. 9237
o.675 I
r . oo55
o. 6487
o. 7089
o.8450
o.9937
o. 9 134
o.7178
o -7703
o. 79 19

o.09 I
o. o54
o. t29
o. o22
o.188
o. o57
o. os7
o.f57
o.086

t. r87
o. 285
o.342

o.8
o.8
o.9

82 .94
84 .36
96.04

r29.25
212. l5

265
322
292
203

246
381
405
r09

416
366
405
266

o
308
t94
t4l

435
132
243
172

454
293
357

94

46
70
l1

4 t6
322
341
r88

o. o99
o.tlt
o. 157
o. 123
o. r30
o.tt2
o. 064
o. 166
o.175
o. t86
o. .l43

o.06t
o. 158
o.217
o. 145
o. o58
o. 122
o. 143
o.17l
o.106
o. 054
o.064
o. f 29
o. roo
o. 126

o.568
o. 096
o. ,l74

t.666
o. .l45

o. 206

1.o72
o. o88
o. o90

r .555
o. o54
o..l73

o.723
o. 176
o. t40

2.lll
o .257
o.198

N\o



LIVR SERM CPOX },EGT ADG TCAS TCAIS MOLY

OBS ANML OI ET TIME

36
37
38
39
40
4t
42
43
44
45
46
47
48
49
50
5l
52
53
54
55
56
57
58
59
60
6l
62
63
64
65
66
67
68
69
70

r5
r5
t5
r5
t5
26
26
26
26
26
41
47
47
41
47
48
48
48
48
48
10
10
10
10
10
41
4t
41
41
41
58
qÂ

58
58
qa

2

2
2
2
2
2
2

2

2

2

2
2
2
2
2

2
2

2

2

a

2
a
4

I
2
3
4
5
I
2
3
4
5
I
2
3
4
5
I
2
3
4
5
I
2
J

4
5
t
2
3
4
5
I

3
4
5

359
293
373

t5

8l
50
40
43

99 .97
68.43
48.29
27 .85
4t.59

1 42 .28

74
t3

roo.l6
52.67
23.33
22.59
16.89
95.92
50.63
25.53
27. 16
r7.05

128.93
71.42
4l.ll

o.820
t.561
1.'l 4t
f .379
1.242
o.803
I .697
1.t30
t.063
r .340
o.853
r .236
t. I t3
l.ot4
f.067
o.907

o. 0346
o. 0396
o. 0260
o.02 l6
o. 0492
o. 0406
o. o392
o. 0296
o. 0408
o. 04 14
o. 0400
o. 0454
o. 0490
o. 0660
o. 0620
o. 0386
o. 0330
o. 0362
o . 0302
o. os36
o. 0502
o. 0478
o.02f8
o. 0420
o.o47 4

o. 0406
o.03 l6
o. 0402
o. 03 l4

47.272
s5.909
6s . ooo
75 .454
75 .909
39 . O90
46 .363
56.8.l8
6s.ooo
70.909
35.454
43.636
53.636
62.127
66 .363
34.545
45 . OOO
55.454
67 .727
72.272
33 .636
4t.818
5 l .363
51 .727
56.8'l I
30. ooo
39 . O90
42.272
52.272

o.78t7
o.7282
o.6127
o. 5 195
o. 72 13
o. ?656
o. 8699
o.6772
o.6225
o.6200
o.7618
o.776 I
o.8303
o.7573
o.7627
o.77 lO
o.6603
o.7269
o. 5133
o.7062
o. 8627
1 .o771
o .67 42
o.6728
o. 7909
o.8054
o. 5440
o.6934
o.5723

o. o39
o. 833
o.529
o.860
o. 521
o. o38
o.828
o.453
o.44.|
o.720
o. o92
o.460
o. 283
o.257
o. 305
o. 136
o.636
o.542
o. 635
o.529
o.l3t
o.429
o.4t9
o. 362
o.4 lo
o. 138
o. 664
o. 235
o.512

o.754
o.822
o. 565

o.716
o .422
o.748

76
17
38

48
57
43

o .497
o.513

23
t5
86

26
43

303
337
292
203

296
268
t48
235
993
506
093
034
200

34,|
322
324
125

435
337
438
156

34 I
308

-3 t
35
36
84
o3

o.3
o.3
o.3

o
o
o

o.5
o.4
o.5

o.7
o.3
o.2

607
721
60 1

33
32
98
49
36
34

29
13
I
7

o4
60

943
208
928
o84

378

357

576
292
230

o
o
o
o
o

70 18
o6
l3
97
t3

o.981
t.341
r .238
o.920
o.797

o. 0408
o. 0456
o. o284
o. 05 lo
o. o332

22 .7 27
30. Ooo
40.909
53. r81
58. t8t

o.8429
o .'17 40
o.6623
o.6285
o.5695

139
567303

352
438
11 2 lJ

(¡)
O
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OBS ANML DI ET T TME LIVR

71
72
13
74
75
76
17
1A
79
80
8t
a2
83
84
85
86
a7
88
89
90
9l
92
93
94
95
96
97
98
9S

roo
101
to2
103
to4
ro5

23

23
¿J

23
31
37
37
37
37

3
3
3
3
n

3
3
3
3
3
3
3
3
3
3
I

3
3
3
3
3
3
1

3
3
3
3
3
3
a

3
3
3
3
3

I
2
3
4
5
,|

2
3
4
5
I
2
3
4
5
I
2
3
4
5
I
2
3
4
q

1

2
3
4
5
t
2
3
4
5

435
r90
389

l5

4t6
352
357

62

r08.3l
5t.90
54 .O7
48.63
53.27

t32.36
82.24
69. t8
63.39
69 .65
75.92
44.42
41.89
38 .76
38 .51
77.13
37 .44
28.73
20.99
21.87
99.58
62.27
39.22
35 .63
59.08

rol . 14
72.46
42. l'.l
54. lo
52.67
85.79
48 .79
48. 20
65.82
74.94

o.70 I
o. 825
o.902
o.80'l
o.843
o.8lo
o.878
r. 160
o.821
o.946
o.900
o.8to

o. 0440
o. 0296
o.ot74
o. 0350
o. o2so
o. 0382
o. 0460
o. o2s6
o. 0456
o. 0400
o. 0396
o. 0384
o. 0308
o. 0398
o.0440
o. o392
o.0244
o. 0266
o. 0328
o. 0400
o. 05 l4
o. 0480
o. 0386
o. o346
o. 0536
o. 0426
o. 0396
o. 0266
o.o348
o. o276
o. 0620
o. o548
o. 0460
o. 07 l8
o. o6so

45.454
55 .909
61.818
72.727
73 . 181
40. ooo
so. ooo
60. 909
70.909
72.727
35 .454
45 .454
52.272
62.272
6s . ooo
34.o90
42.272
5 r .363
6 I .363
6s . ooo
3.l.818
38.181
47 .727
52 .7 27
58.181
30. ooo
38.181
48.181
59. O90
62.272
27 .272
35.454
43. t8 I
so. ooo
55.454

o.8059
o.6543
o.6484
o.5992
o.5ll1
o.7146
o. 8469
o.6399
o. 6946
o. 6747

o. 122
o.248
o.202

o.202
o.l?8
o. 122

o. f03
o. 260
o. o97

o
o
o
o

85
o. 046
o.o72
o.240
o.304
o. r90
o.lll
o. 056
o. t62
o.149
o.136

o.27 I
o.169
o.33 I
o. t65
o. o23
o. 184
o..l49
o. r9?
o. f 53
o.09 I
o.197
o.l9l
o.221
o. t97
o. 062
o.2lo
o. t65
o. 266
o. 354
o.106
o. 182
o. t46
o.231
o.245

726
888
903

39

34 1

293
357
125

0.8899
o. 6524
o. 6 154
o.7350
o.787 I
o.7869
o.6280
o. s393
o. 63?5
o. 8866
o.8s64
o.6903
o.6706
o.7989
o.9948
o.7s85
o.5385
o.5 t 25
o. 5520
o.936 t
o.8400
o.6940
o. ?206
o.878 f

416
219
357

94

o.244
o. 299
o. 177

265
308
r78
r88

o. t2?
o.315
o. .l56

o. 325
o.292
o. 144

341
249
243
f88

?o
39
39
ão
34
34
34
34
34
43
43
43
43
43
45
45
45
45
45
40
40
40
40
40

o
o
o
o
o
I

970
777
736
790
977
053

o.88 t
o.891
o.995
1.056
o.968
o.703
o.778
o.906
t.o42
1.o22
o.840
o. 951
1 .123

340
322
389
r09

o. r66
o.lo8
o.225

U)



O8S ANML DI ET T IME LIVR S ERM cPox

106 . l8
99 .75
98 .86

ro7 . 15
1 12 .24
t40.63
152.80
151.84
208 .97
224.72

94.o2
61.14
74.14

ro I .96
I 38 .89
a9.72
60. 29
64.07
78 .40
99.96
88 .43
37 .12
56 .76

104 .41
1 t2.ot
'r 38 .69
ro7.31
78.21
99 .31

o.a77
o.77 I
o.856
o.955
o.933
o. 875
o.892
o.992
o.940
1.212
o.908
o.938
o.760
o.653
o.8f3
o.a42
o.89 t
o.766
o.891
o.68'l

o. 0490
o. 0382
o. 0376
o. 0540
o . 0546
o. 05 12
o. 0482
o. 0586
o. 0554
o. 0534
o . 0394
o. 0432
o. 0290
o.o378
o. 0446
o. 0428
o.04f8
o. 0328
o. 06 10
o. o428
o. o294
o. 0368
o. o 184
o.0262
o.0220
o. 0434
o. o344
o.0224
o. 0554

44.545
50.454
60. ooo
70. ooo
7 I .363
44 .545
53 .636
64.545
70.454
75 .454
32.272
43. t8 t
5 I .363
6 r .363
62.272
3r.818
34 .545
5s.909
63. f 81
68 .636
30.454
40. ooo
52 .7 27
63..l81
67.727
30. ooo
37 .127
49.545
55 . ooo

246
308
357

47

â54
264
357
3l

113
689
259
188

397
4fo
373
r56

322
38t
r94

341
410
389
r09

o.797 I
o. 7156
o. 7625
o.72OO
o.7669
o.7867
o. 8348
o.7930
o.8244
o.9 l02
o.7842
o.6s80
o .707 4
o.4963
o.7l¿5
o.7281
o. I .l20

o. 76 14
o.7658
o.5830
o.7094
o.7355
o.4889
o.5820
o.5285
o.94 18
o. 7665
o. s588
o.7632

MOLY

o. 155
o.1O7
o. 067

ìrrEGT ADG TCAS TCAIS

o. o80
o. 056
o. o94
o. 235
o.167
o. o89
o. o58
o.199
o.l 16
o. 302
o.124
o.280
o. os3
o.157
o. o99
o. 'l 14
o. o?9
o. oo5
o. t26
o. o98
o. o98
o. 076
o.145
o. 126

r06
r07
r08
t09
rto
tll
112
t 13
t t4
I t5
I r6
I t7
118
t19
120
121
t22
123
124
125
126
127
r28
t29
t30
r3l
132
r33
.l34

r35
r36
t37
138
r39
140

tt
It
fl
tl
tl
t9
r9
r9
t9
19
32
32
32
3¿
32
42
42
42
42
A2
56
56
56
56
56
33
33
33
33
33
44
44
44
44
44

4
4

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

4
4
4
4
4
4
4
4
4
4
4
4
4

I
2
3
4
5
t
2
3
4
5
I
2
3
4
5
,|

2
3
4
5
t
2
3
4
5
1

2
3
4
5
I
2
3
4
5

378
351
211
112

o. 105
o. 062
o. ooo

o.6 l3
o. 205
o. ooo

o
o
o
o
o
f
o
o
o

807

o.2?6
o.113
o.02 l

o. 196
o.136
o.ol8

o. t6l
o.162

o. 333
o. 072
o.06f
o. t 12
o. o98

o. r47
o. o89
o. lo8
o. .l83

o. 177

8lI
633
708
86 I
ol3
827
670
86 I

t29.90
r13.70,t34.lo
r92.23
227 .AA

o.973
o.900
o.795
I .238
r.o23

29 . O90
37.212
so. ooo
60.909
64 . o90

o.8260
o.8tl1
o. 6873
r.0550
o.8462

o.0522
o. 0392
o. 0338
o. 0828
o. 0624

o. 188
o.11O
o. o39

u)
l.J




