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ABSTRACT

In muskoxen ( Ovibos moschatus), trace minerals required for reproduction and 

development are unknown. I described use of copper in pregnant muskoxen and 

concurrent accumulation of copper in fetuses. Utilization of copper was examined in 

neonates during early development and importance of milk as a source of copper was 

assessed. Additionally, I examined the effect of maternal copper supplementation during 

gestation on copper reserves acquired in-utero, and during lactation on mineral status of 

milk. During gestation, the fetus must acquire reserves of copper adequate to support 

early neonatal development because milk is a poor source of copper. The transition from 

milk to a forage-based diet may compromise immune function, growth, and survival of 

young as reserves established in- utero are likely depleted by that time. Maternal

supplementation of copper during gestation and lactation provided little benefit to young, 

neither increasing mineral reserves in the fetus nor mineral content of milk. Nonetheless, 

supplementation during gestation may offset maternal costs.
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CHAPTER 1. INTRODUCTION: TRACE MINERALS IN NORTHERN 

RUMINANTS - COPPER AND MUSKOXEN

Trace elements are required in essential pathways for all critical metabolic 

processes, although they occur in trace concentrations in animal tissue. More 

specifically, copper (Cu) is essential to cellular function as an integral component of 

enzymes in oxidative reactions for immune function, growth, and development. These 

enzymes include: cytochrome c oxidase (respiration), lysyl oxidase (connective tissue 

function), tyrosinase (skin pigmentation), superoxide dismutase (oxidative defense), 

dopamine 6-hydroxylase (neural function), and ceruloplasmin (CP, a ferroxidase, 

involved in release of Fe from ferritin stores) (Linder 1991, Linder and Hazegh-Azam 

1996).

In mammals, dietary copper is primarily absorbed at the small intestine (Linder 

and Hazegh-Azam 1996). Ionic copper is transferred by active transport from the 

intestinal mucosa into interstitial fluid and plasma, where the metal is bound to 

transcuprein and albumin for distribution through the general circulation as well as for 

transport to the liver (Linder et al. 1987). Most bound Cu is rapidly deposited in the 

liver, where it becomes incorporated into three major pools: transport (via CP), storage 

(as metallothionein, MT) and excretion (via bile) (Prohaska 1990). Hepatic Cu is 

distributed to tissue on CP, which carries five to seven atoms of Cu per metalloenzyme 

(Owen 1982, Linder 1991). Ceruloplasmin is used as an indicator of hepatic levels of Cu 

(Lorentz et al. 1975, Blakley and Hamilton 1985, Linder 1991, Barboza and Blake 2001)



because it accounts for most Cu in blood (>60%; Wirth and Linder 1985).

Metallothionein, another metalloenzyme produced in the liver as well as the small 

intestine, serves as a temporary store for Cu as well as other trace minerals, such as zinc 

(Zn). This storage role may be particularly important during the neonatal period, when 

hepatic stores accumulated during fetal development are utilized for growth and 

development, or during toxicity, when Cu levels are extremely high and may have 

deleterious effects on cellular metabolism (Cousins 1985, Karin 1985, Linder 1991). In 

addition, MT may bind metal ions (such as cadmium, Cd, Zn, and Cu) that might 

interfere with other metabolic reactions or catalyze unwanted chemical changes.

Therefore, MT production at the small intestine may be induced by high dietary levels of 

Zn, Cu, and Cd (Cousins 1985, Bremner and Beattie 1990).

The liver regulates Cu metabolism by distributing Cu to tissues on CP, or by 

excreting Cu in bile, especially important when dietary Cu is abundant (Linder 1991, 

Harada et al. 1993). Biliary excretion of excess Cu may be more important to Cu 

homeostasis than limiting Cu uptake from the small intestine even though sloughing of 

mucosal cells removes the absorbed Cu before it enters circulation (Linder 1991). 

However, a large portion of Cu entering the digestive tract from bile, sloughed cells, and 

body tissue is reabsorbed at the ileum. Conversely, little Cu is lost through urine, 

indicating that most Cu complexes filtered at the glomeruli are reabsorbed (Linder 1991).

Absorption, excretion, and overall availability of Cu are affected by composition 

of diet, as well as by Cu demands of the body. In Cu-depleted animals, absorption at the 

ileum is higher than in Cu-adequate animals, and absorption is greater at low than at high
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doses of Cu (Linder 1991, Tumlund 1989). Additionally, neonates typically absorb a 

greater portion of dietary Cu than do adults, through pinocytosis at the ileum (Suttle 

1975). Overall absorption of Cu at the mucosal border of intestinal cells is enhanced by 

amino acids, high levels of dietary protein, citrate and phosphate (Linder 1991). 

Absorption is inhibited or decreased by fiber and phytates and high doses of ascorbic acid 

(Linder 1991). Additionally, trace minerals may inhibit absorption through competition 

with metal-binding receptors at the serosal border of intestinal cells. High levels of Zn 

inhibit absorption of Cu (Oestreicher and Cousins’ 1985) through inducing production of 

MT at the small intestine, which preferentially binds Cu in mucosal cells, making Cu 

unavailable for absorption (Cousins 1985, Bremner and Beattie 1990), and increases Cu 

excreted in feces as intestinal cells are sloughed. High levels of molybdenum and sulfur 

in soil, water, or forage also inhibit absorption of Cu through forming insoluble 

complexes (thiomolybdates) (Dick et al. 1975, Mason et al. 1978, Moshtaghi-nia et al. 

1989, Suttle 1991). These interactions must be considered when determining Cu 

requirements for an individual.

Five to six mg Cu/kg and 7-10 mg Cu/kg (on a dry matter basis) have been 

estimated as adequate maintenance requirements for sheep and cattle, respectively, if 

molybdenum and sulfur levels in forage are low (Underwood 1977, Grace 1983, Minson

1990). Nevertheless, requirements and ranges of tolerance vary with species, sex, and 

age. For example, cattle are extremely tolerant of excess Cu, whereas chronic Cu toxicity 

readily occurs in sheep (Minson 1990). In addition, significant changes in Cu absorption, 

transport, metabolism, or excretion may occur during disease (such as inflammation or

12



cancer in humans; Linder and Hazegh-Azam 1996) or during major physiological events 

such as gestation, growth and development. During gestation in cattle, the daily 

requirement for Cu increases to approximately 70% above maintenance (Gooneratne et 

al. 1989). Neonatal calves and lambs also have greater requirements for Cu than adult 

cattle and sheep, as a result of rapid growth and development (Underwood 1977, Grace 

1983).

Additional requirements for Cu during reproduction and development reflect 

changes in metabolic use of Cu during those periods. The last third of gestation has been 

associated with decreases in plasma Cu, CP, and hepatic levels of Cu in cattle and sheep 

consuming marginal levels of dietary Cu (Smart and Christensen 1982, Gooneratne et al. 

1986). Late gestational demands coincide with the accumulation of Cu in the liver in the 

developing fetus (Gooneratne and Christensen 1989). At birth, neonatal levels of Cu in 

serum and CP are negligible and increase through development (Smart et al. 1992). At 

the same time, hepatic levels of Cu in the neonate are decreasing (Evans et al. 1970,

Terao and Owen 1977, Linder 1991, Smart et al. 1992), probably reflecting use of hepatic 

stores because the mother produces milk that is a poor source of Cu (Underwood 1977, 

De Maria 1978). Once milk intake decreases and forage consumption increases, 

however, neonatal metabolism may be more indicative of adult processes.

Deficiencies in trace minerals such as Cu may result if forage composition 

(quality) or intake (quantity) is insufficient to support the individual requirements of an 

individual. Signs of Cu deficiency or low levels of Cu may include enzootic ataxia and 

bone disorders, severe diarrhea, emaciation (Gooneratne et al. 1989), decreased growth



and reproductive rates (Underwood 1977), pigmentation anomalies (Grace 1983), and 

impaired hoof and hair keratinization (Flynn 1977, Grace 1983). Early signs of declining 

Cu levels may be difficult to detect because physical manifestations may not be present 

until the individual is severely deficient. Pathological signs, which include anemia, 

presence of hepatic lesions and decreased plasma and hepatic Cu levels (Underwood 

1977, Grace 1983, Gooneratne et al. 1989), may indicate declines in Cu status but these 

parameters are difficult to measure in wild populations. Therefore, Cu deficiencies may 

be difficult to detect in wild populations that are not constantly monitored or in species 

where baseline requirements for Cu are unknown.

Supplementation of Cu may alleviate or prevent Cu deficiencies during periods of 

high demand, such as the last third of gestation (Smart and Christensen 1982). 

Supplementation can increase CP activity in the pregnant female through gestation 

(Gengelbach et al. 1994), and may benefit young by increasing hepatic reservoirs of Cu 

that may subsequently become critical for neonatal development (Naylor et al. 1989). 

Furthermore, young that receive supplemental Cu in-utero may develop better and have 

greater weaning weights than young that only receive the supplement at birth, implying 

that Cu supplementation aids in-utero development and facilitates long-term growth 

(Naylor et al. 1989). Additionally, because ruminant milk is typically a poor source of 

Cu, prodviding supplements during development of young may improve performance 

(Naylor et al. 1989).

Northern ruminants may be particularly susceptible to anomalies in Cu metabolism 

because of the highly seasonal nature of forage availability. Muskoxen (
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moschatus) inhabit sub-arctic to high-arctic zones, from 64 °N latitude in Northwest 

Territories, Canada, to nearly 84 °N in North Greenland (Klein and Bay 1990). Diet of 

this mammal usually is dominated by grasses and sedges (Thing et al. 1987, Oakes et al. 

1992), which, coupled with the large rumen, large omasum and relatively small cecum, 

designates them as grazers (Staaland and Thing 1991, Adamczewski et al. 1994). 

Conditions for plant growth are marginal, with high-quality forage only available briefly 

in summer (Thing et al. 1987, Klein and Bay 1990). Additionally, plant biomass 

available during the long winters is restricted by snow (Jingfors 1981). Muskoxen are 

capable of thoroughly digesting low-quality graminoids and have relatively low 

metabolic requirements, enabling them to maintain body mass at low levels of intake 

(Adamczewski et al. 1994). Therefore, muskoxen have become an energetically 

conservative species (White et al. 1984, Klein 1986, Tyler and Blix 1990).

The reproductive cycle in muskoxen closely follows patterns of forage availability, 

such that reproduction and growth may be compromised if food abundance and quality 

are insufficient during critical periods. Muskoxen typically mate from August through 

October, following the period of greatest availability and quality of forage. During that 

period, pregnant females gain weight and accumulate body fat before winter gestation 

(White et al. 1989). Gestation lasts approximately 235 days, with parturition in April 

through May (Rowell et al. 1993). Females commence lactation before the annual 

emergence of plants and subsequently lose body fat until mid to late summer (White et al.

1989, Adamczewski et al. 1997), when forage is more abundant; milk intake by young 

muskoxen has declined from 1900 mL.d'1 to <500 mL.d'1 by that time (White et al. 1989,
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Parker et al. 1990). Females must regain sufficient body mass and fat during the mating 

period in late summer and early autumn to successfully conceive and carry a fetus 

through winter (White et al. 1989, White et al. 1997). Additionally, young muskoxen 

must use this brief season of available forage to gain weight, storing sufficient fat and 

protein to survive their first winter. Consequently, forage quality during summer is likely 

the critical factor in determining survival of young and reproductive success of female 

muskoxen.

Requirements of muskoxen for Cu are not known, although a few studies have 

examined trace elements in wild muskoxen, and have helped establish a baseline of 

knowledge for future comparison. In May 1985, 10 muskoxen from annual harvests on 

Banks Island, Northwest Territories, Canada, were evaluated for levels of trace minerals 

in fiver and sera (Blake and Rowell 1985). Hepatic levels for Cu ranged from 6.4 to 57.0 

pg.g'1 (on a wet-weight basis) and sera levels from 0.50 to 1.04 pg.mL*1. Those levels 

would be considered adequate for cattle and sheep (Underwood 1977, Puls 1981; Table

1.1). Muskoxen from Victoria Island, Northwest Territories, Canada, had hepatic levels 

of Cu ranging from 21.4 to 119.0 pg.g'1 on a wet-weight basis, averaging nearly twice 

those levels in muskoxen on Banks Island (Salisbury et al. 1992). Sera levels, however, 

were not determined in that study. When reexamined approximately 10 years later, that 

population of animals had hepatic levels one-quarter of those reported by Salisbury et al. 

(1992), indicating that copper reserves in fiver of healthy muskoxen in the wild are quite 

variable (Blakley et al. 2000).



Captive populations of muskoxen in Alaska and Canada have also provided 

valuable information on trace minerals. Sera from 15 muskoxen in the captive population 

at Saskatoon, Saskatchewan, had Cu levels between 0.88 and 2.09 pg.mL'1, twice those 

levels reported for wild counterparts from Banks Island the same year (Blake and Rowell

1985). Nonetheless, 13 years later, that same herd experienced problems with 

Cu-deficiency. One adult cow exhibited signs of diarrhea, weakness and reduced appetite 

and, upon necropsy, was determined to have levels of serum (0.3 ppm) and hepatic (1.25 

ppm) Cu consistent with a diagnosis of deficiency. Subsequent investigation of the 

remainder of the herd revealed that 14 of 18 animals had marginal or deficient Cu levels 

in sera and were therefore treated with calcium-copper edetate (Blakley et al. 1998).

What caused that deficiency was unclear because the total diet contained 15.4 ppm Cu, 

but other forage and diet characteristics (such as increase in calcium-rich alfalfa content 

of hay or decline in pasture quality) may have reduced the availability of dietary Cu.

The captive population at the University of Alaska Fairbanks have also 

encountered problems associated with anomalies in Cu metabolism. In 1997, neonatal 

muskoxen exhibited signs of deficiency, including diarrhea, lethargy, and decreased rates 

of growth. Providing a Cu-bolus to the animals seemed to reverse the symptoms, 

improving health as well as Cu levels in sera (J. Blake, pers.comm.). In 1998, three 

calves were euthanized at approximately 6 months of age due to emaciation, dramatic 

weight-loss, and decreased appetite associated with low copper reserves (J. Blake 

pers.comm.). Whether the problems experienced were a result of a primary deficiency in 

Cu or the result of interactions with other trace minerals was unclear.
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Because little information was available regarding levels of trace minerals in 

muskoxen, the basic goal of my study was to describe levels of Cu in apparently healthy 

females through a complete cycle of reproduction, from mating (in October), through 

parturition (in April-May) and lactation into summer. In addition, assessing 

accumulation and use of Cu in fetal and neonatal muskoxen up to 6 months of age will 

provide useful information in determining when Cu may be limiting growth and 

development.

I studied the endogenous changes in trace-mineral metabolism of muskoxen 

during gestation. I determined the distribution of Cu in pregnant muskoxen at two points 

during gestation to describe allocation of this nutrient to the fetus and the resulting affect 

on maternal reserves. Fetal demands for Cu on the pregnant female were tested by 

supplementation of Cu via subcutaneous injections during gestation. I hypothesized that 

females receiving injectable Cu would maintain constant levels of circulating Cu as 

ceruloplasmin during fetal growth, and give birth to young with greater amounts of 

hepatic Cu.

Additionally, I examined the effect of Cu injections on mineral content in milk 

produced by muskoxen from parturition through peak lactation and hypothesized that 

muskoxen produce a milk of low Cu content that would increase with supplementation. 

Furthermore, I predicted that young suckling from mothers that received supplements 

would have higher levels of circulating Cu and ceruloplasmin than those suckling from 

mothers that did not receive supplemental Cu. I examined levels of serum Cu and CP in 

muskoxen from birth through six months of age to describe development of a systemic
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Cu carrier and to test the effect of maternal supplementation on status of their young. 

Furthermore, concurrent measures of growth and incidences of scouring were monitored 

to assess the effect of systemic Cu on health of calves.
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Table 1.1 Plasma and liver copper concentrations for use in evaluating the copper status 

of adult cattle*
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COPPER STATUS PLASMA (pg.mL'1) LIVER (pg.g1 whole 
tissue)

Deficient 0.06 - 0.55 0.7 -  7.0

Marginal 0.55-0.7 3.5-14.0

Adequate 0.80-1.20 16.5-105.0

* Modified from Puls (1981)



CHAPTER 2. COSTS OF GESTATION IN AN ARCTIC RUMINANT: COPPER 

RESERVES IN MUSKOXEN1 

Abstract

Anomalies in trace mineral metabolism may limit growth and reproduction in 

arctic ruminants such as muskoxen ( Ovibosmoschatus) because of the fluctuating nature 

of available forage. To better understand stages of development where trace minerals are 

critical for survival of young, we examined the role of gestation through assessing the 

distribution of copper and metalloenzymes (ceruloplasmin and metallothionein) in 

muskoxen and their fetuses. Hepatic levels of copper were high in mothers (179 pg.g'1 

whole tissue) and did not change through gestation, whereas fetuses accumulated large 

reserves (>300 pg.g’1), likely as metallothionein, during the last third of gestation. 

Furthermore, maternal copper supplementation had no effect on hepatic reserves of 

copper in newborns, likely because the diet was already adequate in copper, although 

ceruloplasmin activity decreased in muskoxen that had not received copper injections, 

reflecting increased systemic limitations. Gestation, especially the last third, is a critical 

time for fetuses to accumulate reserves of trace minerals, placing high demands on the 

mother, which may have important implications for wild populations under conditions of 

fluctuating forage quality making young susceptible to trace mineral deficiencies.
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Introduction

Muskoxen (Ovibos moschatus) live at high latitudes (>60°N), where a short 

growing season for forage limits the availability of nutrients for growth and reproduction 

in herbivores (White et al. 1989, Rachlow and Bowyer 1994, White et al. 1997, Bowyer 

et al. 1998). During that brief period, females produce milk while accumulating body 

reserves necessary to sustain gestation during winter. However, sequestering non-lipid 

components such as protein and trace minerals may be more difficult. Low abundance 

and quality of winter forages may limit intake of food (Klein and Bay 1990, 1994,

Barboza and Bowyer 2000). In addition, gestation further suppresses food intake (Forbes 

1992) such that intake of trace minerals are likely inadequate during gestation and may 

limit viability of young.

Copper (Cu) is a component of enzymes (e.g., superoxide dismutase, lysyl 

oxidase, and cytochrome c oxidase) in metabolic pathways required for immune function, 

growth, and development. Ceruloplasmin (CP) is a hepatic metalloenzyme that 

transports Cu from liver to body tissues and accounts for most Cu in blood (>60%; Wirth 

and Linder 1985). Metallothionein (MT), another metalloenzyme, competitively binds 

heavy metals such as Cu, zinc (Zn), and cadmium (Cd), and may serve a role in storage 

for utilization of trace minerals during the early neonatal period (Cousins 1985).

Significant changes in absorption, transport, metabolism, or excretion of copper may 

occur during gestation, growth and development (Linder 1991, Linder and Hazegh-Azam 

1996). For example, levels of Cu and CP in plasma and liver of pregnant females 

typically decrease through the last third of gestation as the fetus is accumulating Cu in its
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liver (Smart and Christensen 1982, Gooneratne et al. 1986, Lee et al. 1993). Neonatal 

survival may be compromised if maternal levels are inadequate to support accumulation 

of trace-mineral reserves in the fetus.

Trace minerals such as Cu, Zn, iron, and selenium limit reproduction and growth 

in domestic cattle and sheep (Underwood 1977, Grace 1983, Minson 1990). Such 

limitation also has been reported in wild ungulates such as moose (Alces alces\ Flynn et 

al. 1977, Frank et al. 1994, O’Hara et al. 2001), white-tailed deer ( 

virginianus; Flueck 1994), tule elk (Cervus elaphus nannodes; Gogan et al. 1988), and in 

captive populations of nondomesticated ruminants (Gogan et al. 1989, Blakley et al.

1992, Sugar et al. 1992), including muskoxen ( moschatus-, Blakley et al. 1998, 

Blake and Rowell 1985). Although trace-mineral requirements and levels of deficiency 

associated with aberrations in health have been demonstrated clearly in domestic 

ruminants (Underwood 1977), similar information for muskoxen (requirements for 

maintenance, reproduction, or development) is not available. Nonetheless, clinical signs 

of Cu deficiency have been reported in captive muskoxen in Saskatchewan (Blakley et al. 

1998, Blake and Rowell 1985) as well as in Alaska (J. Blake, unpublished data). 

Additionally, levels of copper in sera and liver of wild muskoxen can be low (Salisbury et 

al. 1992, Blakley et al. 2000, Blake and Rowell 1985).

We studied the endogenous changes in trace-mineral metabolism of muskoxen 

during winter gestation. Animals were fed diets of constant quality ad libitum to remove 

seasonal affects of food abundance and quality. We determined distribution of Cu in 

pregnant muskoxen at two points during gestation to describe allocation of this nutrient to
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the fetus and the resulting affect on maternal reserves. The effect of fetal Cu demands on 

the pregnant female was tested by supplementation of Cu by subcutaneous injections 

during pregnancy. We hypothesized that females receiving injectable Cu would maintain 

levels of circulating Cu as CP during fetal growth, and give birth to young with greater 

amounts of hepatic Cu. Understanding this relationship is essential in determining how 

gestation and maternal Cu metabolism may limit fetal growth.

Materials and Methods

Animals and Samples

Captive muskoxen were derived from populations in Greenland and maintained 

for several generations at the University of Alaska Fairbanks (Large Animal Research 

Station; 65°N 146°W). This captive herd engages in mating activities from August to 

late September with young typically born in early May (Rowell 1993).

All animals were maintained with ad libitum grass hay ( sp.) and

seasonally available fresh forages with a supplement of pelleted cereal grains and mineral 

and vitamin premixes (Quality Textured Ration, Alaska Pet and Garden, Anchorage, AK) 

provided three times/week for a total of 4.1 kg.wk '. Chemical analyses of forages were 

performed by the methods subsequently described for tissues and digesta (“Chemical 

Analysis”). Hay consisted of <1 %lipid, 65 %neutral detergent fiber (NDF), 2.0 %N,

<1 %S, <1 pgMo.g , 8 pgCu.g ', 200 pgFe.g 1 and 21 pgZn.g"1 on a dry matter basis.

The supplement consisted of 2.89% lipid, 16% NDF, 2.7% N, <1% S, <1 pgMo.g'1,

43 pgCu.g'1, 369 pgFe.g'1, and 165 pgZn.g'1 on a dry matter basis. The total diet
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provided 17 pgCu.g 1 DM to the female throughout gestation assuming the muskoxen 

were consuming 1.5 kg.d’1 of hay (dry matter intake of 39 g.kg'°'75.d'1 for a 200 kg 

female, Adamczewski et al. 1994b).

Mineral reserves during gestation

Serum, tissues, and fetuses were collected from seven adult females (>3 years old) 

during early gestation in December 1998 (n = 4) and during mid-gestation in February 

1999 (n = 3). Animals were immobilized with a combination of xylazine (0.1-0.2 

mg-kg j Xyla-ject, 100 mg.mL , Phoenix Pharmaceutical, St. Joseph, MO) and ketamine 

(5.5 mg.kg'1; Ketaject, 100 mg.mL'1, Phoenix Pharmaceutical, St. Joseph, MO) or with a 

mixture of tiletamine and zolazepam (3 mg.kg'1; Telazol 100 mg.mL'1, Fort Dodge 

Animal Health, Fort Dodge, IA). Blood was collected from the jugular vein into 

evacuated tubes without additive, centrifuged at 1,000 xg fo r lOminand stored at 

—70 °C. Euthanasia was affected by barbituate overdose (12 mL containing 390 mg.mL'1 

pentobarbital sodium and 50 mg.mL’1 phenytoin sodium, Euthasol, Delmarva 

Laboratories, Midlothian, VA).

Liver was dissected, weighed, and then sampled at the caudate lobe. The 

digestive tract was ligated to isolate the reticulo-rumen, the small intestine to the 

ileocecal junction, and the distal colon from the point at which fecal pellets began to 

form. Segments were weighed and emptied to collect samples of digesta. Mass of 

digesta was determined as the difference in mass between intact and empty segments. 

Tissues and digesta were sampled from the ventral sac of the rumen, along the proximal 

1 m of the small intestine, and the distal colon, respectively. The fetus was removed

32



from the placenta and surrounding fluids, weighed, and measured from the crown of the 

head to the greatest curvature of the rump. Fetal age (A) was determined from crown -  

rump length (L) with the regression equation of Pharr et al. (1994): A = 30.3 + 4.37 L -  

0.030 L2. The fetal liver was dissected, weighed, and collected in the same manner as for 

adults. All samples were stored in sealed plastic bags at -20 °C.

Effects o f Cu-supplementationduring gestation

Eighteen pregnant muskoxen (>3 years old) were studied from November 1998 to 

October 1999. Starting at the end of November, nine animals received 2 mL of copper- 

gluconate (10% w/w, Aldrich Chemical Co., Milwaukee, WI) containing approximately 

30 mg of copper. That amount was equivalent to one-third of the weekly ration. The 

remaining nine animals received a sham treatment of 2 ml of gluconic acid (18.6% w/w, 

Aldrich Chemical Co., Milwaukee, WI). Animals received subcutaneous doses posterior 

to the scapula once each week until parturition. Serum, collected at monthly intervals, 

was obtained from the jugular vein and processed as previously noted (“Mineral reserves 

for gestation”).

Body mass was recorded to the nearest 0.5 kg each week. Depth of rump fat was 

measured to the nearest 1 mm each month by ultrasound (Stephenson et al. 1998). 

Ultrasound measures of subcutaneous fat were validated against direct measures from 

dissection of eight pregnant females (four each in December and February). Maximal fat 

depths were measured across the rump at 6-8 positions along a transect extending from 

the iliac crest to the ischial tuberosity by ultrasound (U) and then by dissection (D) (U = - 

0.04 + 0.69 D; R = 0.47, P <0.0001). Fat depths at 25-35% of the transect length from
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the ilium provided a reliable measure with minimal distortion of the image caused by 

underlying bone (Figure 2.1). We used this position as the reference point to monitor 

changes in subcutaneous fat in the 18 muskoxen sampled during gestation.

Within 24 h of birth, after considering maternal body condition, age, and 

reproductive history, young from three copper-treated muskoxen and five sham-treated 

muskoxen were selected randomly from the herd for euthanasia. Animals were 

euthanized as previously discussed (“Mineral reserves during gestation”). Blood, liver, 

and small intestine were sampled in the manner used for adult females during gestation. 

Chemical analysis 

Mineral reserves during gestation

Oxidase activity of ceruloplasmin (CP) was determined in 0.05 mL of serum from 

seven female muskoxen by modification of the o-dianisidine method (Schosinsky et al. 

1974, Barboza and Blake 2001). Free Cu was measured in 1.0 mL of serum after 

addition of 2.0 mL of 1.4M HC1 and 2.0 mL of 1.23M Trichloroacetic Acid and 

centrifugation at 1,000 x gto precipitate protein. The supernatant containing nonprotein-

bound minerals was analyzed for Cu at 324.8 nm by atomic-absorption spectrometry 

(Model 5000, Perkin Elmer, Connecticut). Samples of fiver and digesta were dried at 

55 °C to constant mass in a fan-forced convection oven. Digesta was ground through a 

20 mesh screen (1 mm) in a bench-top Wiley mill. Concentrations of Cu in digesta and 

fiver were determined in duplicate by digesting 0.5-1.0 g of dry matter in a mixture of 

70% v/v HN03 (1,000 mL), 32M H2S04 (200 mL), 70% v/v HCL04 (343 mL) and water 

(57 mL). Digestions were performed at 165 °C for 180 min followed by 315 °C for

34



35 min. Digests were diluted with distilled, deionized water, and assayed by atomic- 

absorption spectrometry (Salisbury and Chan 1985). In addition, digesta were placed in 

filter bags (Ankom Technology, Fairport, NY) for analysis of detergent fiber fractions 

(VanSoest et al. 1991). Digesta also were analyzed for total N and S in an elemental 

analyzer (Model # CNS 2000, Leco, St Joseph, MI).

Homogenates of liver and small intestine from adult females were prepared from 

1.0 g of whole tissue ground with 4 mL of 0.025M sucrose. Homogenates were 

centrifuged at 18,000 x g for 20 min and 0.05 mL of supernatant was analyzed for CP 

activity. Homogenates also were analyzed for MT concentration by saturation with Cd 

based on a modification of the method of Onasaka and Cherian (1982). Hemolysate was 

prepared from fresh collections of muskox blood within 5 d of each assay. Assays were 

performed in duplicate on aliquots of 0.1 and 0.2 mL of each sample. After the addition 

of hemolysate, samples were placed in a boiling water bath for 2 min to denature 

hemoglobin and remove excess Cd. One repetition of this process removed all added Cd 

from standard solutions. Metallothionein-bound Cd remaining in the supernatant was 

determined by atomic-absorption spectrometry at 229 run.

Effects o f Cu-supplementation during gestation

Oxidase activity of CP was determined in sera from 18 adult females through 

gestation. Sera and liver from seven newborn muskoxen were analyzed for CP, Cu and 

Zn. Neonatal liver and small intestine were homogenized and analyzed for MT as 

described for adult females.
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Calculations and Statistics

Ceruloplasmin acitivity was expressed as IU.L'1 (pmol.mm'.L'1) and was 

equivalent to 0.2863 mg.dL'1 of CP in human serum (Schosinsky et al. 1974). Mineral 

content of liver was calculated on the basis of undried mass and expressed as pg.g’1 

whole tissue. Mineral content of serum was expressed as pg.mL'1 of intact serum. 

Metallothionein concentration was expressed on the basis of thionein content in whole 

tissue (pg.g'1) with the assumption that the molecular weight of thionein is 6050 g.mof1 

and that cadmium binds at 6 g Cd.mol'1 (Onasaka and Cherian 1982). Relative 

digestibility of dry matter (DM), fiber (ADF), N, S, and Cu between rumen and distal 

colon were estimated (e.g. Barboza and Hume 1992) with reference to lignin:

P  — ((^colon/Lcolon) /  (Cmmen/Lrumen))] * 1 0 0 ,

where C c0i0n = component concentration in distal colon digesta; L C0i0n = lignin 

concentration in distal colon digesta; C mmen = ruminal concentration of component;

Lrumen = ruminal concentration of lignin.

Total copper content in the liver (mg) was determined from the product of liver 

concentration (mg.g'1) and liver mass (g).

Because we had small sample sizes, we analyzed differences between liver and 

serum parameters in female muskoxen and fetuses across periods (December and 

February), and in newborns across treatments (sham vs. copper) using multiresponse 

permutation procedures (MRPP) and BLOSSOM statistical software (Slauson et al.

1991), which uses Euclidian distance and makes no assumptions about the statistical 

distribution of samples. Activity of ceruloplasmin, body mass, and rump-fat depth in
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female muskoxen through gestation were compared for differences by time and treatment 

by analysis of variance (ANOVA) with repeated measures (Zar 1999) in SYSTAT 8.0 

(Wilkinson 1998). A significance level of 0.05 was adopted for all comparisons. All 

data are presented as means ± SD.

One newborn muskox from the sham treatment group selected for euthanasia was 

excluded from statistical analysis because of death by dehydration. That young muskox 

was born to a mother that has experienced reproductive difficulties during previous years. 

The newborn weighed 5.75 kg and had liver Cu, Zn and MT levels of 384, 275, and 

619 pg.g 1 whole tissue, respectively. That mortality was probably unrelated to Cu status 

because hepatic levels were not different than other young muskoxen in the study.

Results

Minerals reserves during gestation

Relative mean (±SD) digestibilities of digesta between the rumen and the distal 

colon indicated that dry matter (44 ± 17%) and ADF (40 ± 8%) were removed in a 

similar fashion. Net uptakes of N (49 ± 18%) and S (21 ± 25%) also were apparent 

between foregut and distal colon, but negative digestibilities for copper (-82 ± 106%) 

indicated net secretion following the rumen, likely at the small intestine. Mean (±SD) 

weight of digesta in the rumen was 19.65 ± 4.8 kg and contained 2.85 ±1.17 pgCu.g'1, 

resulting in a total ruminal content of 59.54 ± 35.22 mg Cu. Total amount of Cu in the 

liver (2948 ± 1084 mg) was 40 times greater than digesta content of the rumen, and that 

value did not change from December to February (P = 0.88, Figure 2.2A).
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Similarly, liver Cu (P = 0.69), serum Cu = 0.61), and CP activity in sera (P =

0.75) did not change in adult female muskoxen through mid-gestation in February (Table

2.1). Metallothionein levels in the liver and small intestine were below detection limits 

(70 pg thionein.g 1 whole tissue) in all females through mid-gestation.

Estimated age of fetuses in December was 109 d (107 and 110 d for 2 fetuses with 

tissues adequate for analysis) from conception, whereas fetuses collected in February 

were 138 d (115-151 d) old. Concentrations of Cu (P 0.99) and Zn (P = 0.99) in liver 

of fetuses did not change from December to February, although body size increased 

during that period (Table 2.1). Total content of Cu in fetal muskoxen increased with liver 

mass through mid-gestation (Figure 2.2A), and with hepatic size and concentration of Cu 

in late gestation (Table 2.1). Through mid-gestation (February), Cu content in liver of 

fetuses accounted for <1% of the maternal levels, but increased to 19% of maternal 

reserves at birth (assuming maternal levels at birth were unchanged from gestation levels; 

Figure 2.2A). Meanwhile, the fetus was rapidly growing but accounted for only 5% of 

maternal body mass at birth (Figure 2.2B).

Effects o f Cu-supplementation during gestation

Activity of ceruloplasmin declined in pregnant muskoxen that had not received 

the Cu treatment (Sham, P = 0.001, Figure 2.3). Pregnant muskoxen receiving 

subcutaneous doses of Cu were given an additional 506.6 mg of Cu throughout gestation 

(Figure 2.3 inset). Nonetheless, CP activity did not change during gestation in pregnant 

muskoxen dosed with Cu (P -0.11, Figure 2.3). Throughout gestation, CP activity was
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greater in treated than untreated animals ( P = 0.04, Figure 2.3). Ceruloplasmin activity 

was lowest in April, prior to parturition, in both groups.

Treatment with Cu did not affect body mass (P = 0.46) or depth of rump-fat (P = 

0.61) of females during gestation. Nevertheless, body mass varied significantly with 

sampling period during gestation (P < 0.001), with the greatest mass at mid-gestation in 

February. Although rump fat tended to follow the pattern of body mass, depths of fat 

were not significantly different throughout gestation (P = 0.62, Figure 2.4).

Similarly, no difference in birth mass (P — 0.82) or liver mass (P = 0.52) occurred 

in newborn muskoxen based on Cu treatment (Table 2.2). In addition, young bom to 

muskoxen that had received Cu treatments throughout gestation ( = 3) did not differ 

from the offspring of undosed mothers (n = 4) for Cu and Zn in liver or sera, or MT in 

liver (all P > 0.05, Table 2.2). Activity of ceruloplasmin in liver and levels of MT in 

small intestine were below detectable limits in neonates. Activity of CP in serum also 

was negligible (<5 IU.L'1) in newborn muskoxen.

Discussion

Digestive responses during gestation

Gestation probably did not constrain intake and digestive function of pregnant 

muskoxen. Relative digestibilities of dry matter in pregnant muskoxen consuming a 

mixed diet of medium-quality roughage and pelleted supplement during winter were 

similar to those estimated by fecal collection (44 vs 52.5%; Adamczewski et al 1994b). 

Ruminal fill (10.22 ± 3.64% of body mass) was similar to that reported by Staaland and
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Thing (13.7%; 1991), suggesting normal rates of intake. Additionally, body condition 

and energy reserves of captive females used in our study were similar to other studies of 

gestating females in captivity (White et al. 1989, Adamczewski et al. 1994a) and in the 

wild (Adamczewski 1997).

Food intake and diet quality did not constrain digestive function in pregnant 

females. Similarly, competitive interactions between other trace minerals and Cu 

probably was not responsible for the negative digestibility of Cu distal to the rumen. The 

diet presented to muskoxen throughout the study provided 17 pgCu.g'1 and likely was not 

limiting throughout gestation. Low levels of Zn, Mo (<1 pg.g'1) and S (<1%) in the diet 

indicate that competitive interactions probably did not limit Cu absorption in muskoxen 

during gestation. Dietary ratio of Cu to Mo was 17, with Mo levels considerably lower 

than those generally required to create Cu deficiency in cattle (<2 pg Cu: pg Mo; 

Miltimore and Mason 1971). Similarly, the S content of forage was too low to form 

thiomolybdate complexes of S and Mo that would reduce Cu availability (Smart et al. 

1986, Suttle 1991). Dietary levels of Zn may reduce availability of Cu through 

production of metallothionein (Webb and Cain 1982) resulting in competitive binding at 

the small intestine (Hall et al. 1979). Here, MT levels at the small intestine were 

negligible, indicating that induction by toxic levels of Zn (Zn levels are only four times 

those of Cu) did not occur. In addition, patterns of Fe and Zn disappearance are similar 

to Cu in reindeer (Rangifer tarandus) fed only the pelleted supplement (Barboza and 

Blake 2001), indicating that limited competition between Cu and other trace minerals 

occurred, even though diets were highly concentrated in those trace minerals.

40



Maternal trace minerals during gestation

Levels of Cu in adult female muskoxen were adequate in supplying Cu to the 

fetus throughout gestation. Hepatic levels of Cu did not change through early gestation 

(Table 2.1, Figure 2.2A) and drastic declines likely did not occur during late gestation, 

although we did not determine hepatic levels at that time. Contents of dietary Cu were 17 

pg.g'1 DM, well above the level recommended for cattle during gestation (10 pig.g'1 DM; 

Gooneratne et al. 1989). Additionally, negative digestibility of Cu indicated adequate 

dietary supply and, therefore, hepatic reserves were likely well above limiting. Poole 

(1982) suggested that 25 pig.g'1 DM (approximately 6-7 pg.g"1 whole tissue) was required 

in maternal liver throughout gestation in cattle to supply the fetus with reserves to prevent 

Cu deficiency in the newborn; in this study, maternal levels of Cu in the liver were 179 

qg.g'1 whole tissue in February. In addition, muskoxen were bom with hepatic reserves 

of 300-500 p-g.g’1 whole tissue (Table 2.2), above the critical level required in newborn 

cattle (75 ptg.g'1 whole tissue assuming 75% moisture at 300 fig.g"1 DM; Gooneratne

1986), indicating that pregnant muskoxen maintained reserves while sufficiently 

supporting fetal growth and development. In wild muskoxen, however, where the diet 

may be limited in Cu, increased fetal demand during late gestation may decrease maternal 

hepatic levels of Cu, as has been determined in cattle during gestation (Pryor 1964, Smart 

and Christensen 1982, Gooneratne et al. 1986, Gooneratne and Christensen 1989, 

Gooneratne et al. 1989).

Supplementing Cu directly into the systemic pool of adult female muskoxen 

affects transport levels of Cu, and suggests that Cu transport may be limiting during
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gestation. Contrary to what was expected, Cu supplementation did not increase activity 

of CP in muskoxen through gestation. Rather, activity was maintained through gestation 

in animals injected with Cu, whereas a marked decline occurred through gestation in 

muskoxen receiving injections without Cu (Figure 2.3). Linder et al. (1979) argued that 

in rats adequate in Cu, a ceiling level for activity of CP likely exists, and that level may 

be altered only in the negative direction by availability of dietary Cu or by toxicity. 

Therefore, rather than increasing activity of CP, we hypothesize that injections of Cu to 

the pregnant muskox compensated for increased transport to the developing fetus, which 

generally cause a decrease in CP activity during gestation (in cattle: Gengelbach et al. 

1994; in sheep: Butler 1963, Charmley and Ivan 1989).

The decrease from the “ceiling level” in CP activity in muskoxen that did not 

receive Cu injections throughout gestation reflects increased transport of Cu from the 

liver coincident with increasing fetal requirements. Nonetheless, hepatic Cu content is 

not necessarily limiting or decreasing concurrent with increased offloading of Cu to the 

placenta and other maternal tissues, especially because hepatic levels may be replenished 

easily from a diet adequate in Cu. Ceruloplasmin activity is related poorly to hepatic 

concentration of Cu in sheep and cattle of adequate Cu status (Blakley and Hamilton 

1985), an outcome consistent with the “ceiling hypothesis” where content of hepatic Cu 

does not reflect large changes in CP activity above adequacy. Although the absolute 

amount of CP protein produced at the liver is limited by content of Cu in the diet (Linder 

1991), activity of CP can be altered through increasing amount of Cu bound to CP before 

transport. Ceruloplasmin binds 6-8 atoms of Cu at high affinity sites, while an additional



10 sites with low affinity bind Cu (Owen 1982, Urich 1994). Alterations in CP activity 

likely can occur while maintaining concentration of CP carriers as well as rate of flux of 

the protein from liver. This prediction, however, awaits confirmation with 

immunoglobulin studies or studies with labeled Cu to measure flux rates of the 

ceruloplasmin protein from the liver.

Increased demands for Cu during late gestation may not allow for maximal 

saturation of the CP protein prior to transport from liver, causing the decrease in CP 

activity observed in muskoxen not receiving Cu supplements. Nevertheless, this decrease 

in CP activity in animals with adequate hepatic reserves of Cu may not mean that 

placental uptake of Cu is compromised. Placental uptake is limited to some maximal 

level, and decreased levels of systemic Cu still may allow for adequate uptake of Cu by 

the fetus. Decreased levels of systemic Cu as a result of declining hepatic reserves, 

however, may jeopardize placental transfer to the fetus, which may occur in wild 

populations without access to abundant forage throughout winter.

Fetal trace minerals during gestation

Late gestation is the critical period for accumulation of hepatic reserves of Cu in 

the developing muskox fetus. Hepatic concentration of Cu remained constant in fetuses 

through early gestation, although total content increased because of growth of hepatic 

tissue (from 26 g in December to 74 g in February), allowing rapid accumulation to begin 

early in gestation as has been noted in cattle (Smart and Christensen 1985) and sheep 

(Pryor 1964). Concentration of Cu in liver of fetal muskoxen increased during late 

gestation from 28.51 pg.g'1 (whole tissue basis) in February to 300.3 pg.g'1 at birth in
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April-May such that hepatic levels of Cu in neonates were much greater than for adults. 

This pattern is similar to other ruminants (Pryor 1964, Underwood 1977, Gooneratne and 

Christensen 1989) where marked changes occur primarily in the last one-third of 

gestation. These increasing levels of Cu in the fetus are important for growth and 

development because nuclear levels of Cu are greatest during division and growth of fetal 

cells (Leighton et al. 1990). Therefore, if maternal reserves of Cu are limited and cannot 

support the increased demand for Cu by the fetus during late gestation, growth and 

development may be compromised.

Contrary to expectations, maternal Cu supplementation did not increase hepatic 

reserves of Cu and MT in neonatal muskoxen (Table 2.2). Previous studies have 

determined that providing supplemental Cu to the mother during gestation, either by 

injection or through dietary supplementation, did result in increased hepatic reserves in 

newborn cattle (Naylor et al 1989, Gengelbach et al. 1994) and rats (McArdle and Erlich

1991). Those studies, however, were conducted on animals fed deficient or marginal 

diets. Cu supplementation likely would have little effect on increasing fetal reserves 

beyond the critical hepatic levels required for normal growth and development of 

neonates in animals consuming a diet containing >10 pgCu.g'1 DM at the given levels of 

intake. This outcome occurred because placental uptake of Cu was likely limited to some 

maximal level, and the mother ultimately limited and determined the absorption and 

excretion of Cu at the liver. Increasing levels in a diet already adequate in Cu may result 

only in increased excretion via bile.
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Neonates in our study were bom with higher levels of Cu in their liver than 

expected (250 -  500 pg.g'1 whole tissue). High levels are rare in ungulates but have been 

recorded in red deer ( Cervuselaphus) fetuses and newborns (Reid et al. 1980), newborn 

roe deer ( Capreoluscapreolus), newborn fallow deer ( dama) (Sugar et al. 1992),

and in moose (Hyvarinen and Nygren 1993). Apparently, fetuses of some ruminants can 

store Cu at higher concentrations in the liver than can adults, without detrimental effects 

(Leighton et al. 1990); this outcome indicates that species have different tolerated 

maximum levels and ranges of trace minerals. Hepatic reserves of Cu are critical for 

neonatal growth and development because milk is a poor source of Cu (Lonnerdal et al. 

1982, De Maria 1978). These reserves, as well as those for Zn, are probably associated 

with metalloproteins such as MT (Webb 1987), and stored until required in some aspect 

of chromosomal function during early neonatal development (Lewis and Laemmli 1982, 

Leighton et al. 1990).

The sequence of developing and utilizing trace minerals in muskoxen differs by 

mineral. Similar to Cu, concentration of Zn in liver of fetuses did not change through 

early gestation (Table 2.1). Nonetheless, levels of Zn in the fetal liver at this time are 

approximately 8 times those of Cu (25 vs 225 pg.g'1 whole tissue). Zn levels did not 

change in fetuses through the last third of gestation, although Cu levels increased 

dramatically during that period (Table 2.1, Table 2.2). Together, these results indicate 

that storage of high levels of Zn occurs early in gestation (similar to sheep; Bremner et al. 

1977), and that Zn metabolism occurs in a different manner than Cu metabolism in the 

developing fetus. Apparently, accumulation of Zn in-utero is important for growth and
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development in early neonatal life, but further studies are needed to identify the critical 

period for Zn accumulation in fetuses and effects of deficiencies on survival of neonates.
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Table 2.1  Liver and serum minerals in female muskoxen and their fetuses through 
gestation. Samples were collected during December 1998 and February 1999 from 
muskoxen at the captive facility at the University of Alaska Fairbanks, and are presented 
on a whole tissue basis (mean ± SD). December = 4 for adult females, = 2 for 
fetuses; February n = 3 for adult females, n = 3 for fetuses.

MONTH

AGE CLASS DECEMBER FEBRUARY

MOTHER n = 4 n = 3

Mass (kg) 201 ± 45 202 ± 27

Liver Mass (g) 1817 ± 244 1692 ± 138

Liver Cu (pg.g'1) 146.9 ± 58.2 179.4 ± 40.6

Serum Cu (pg.mL'1) 1.18 ± 0.35 1.13 ± 0.14

Serum

Ceruloplasmin 33.3 ± 3.7 35.0 ± 9.4

(IU.L'1)

FETUS n -  2 * n — 3

Mass (g) 420 ± 10 1638 ± 961

Crown Rump 21.0 ± 0.7 31.8 + 7.7

Length (cm)

Liver Mass (g) 26 ± 4 74 + 34

Liver Cu (pg.g'1) 22.82 ± 10.68 28.51 ± 19.83

Liver Zn (pg.g'1)

H5 F n  r/~\ - P / a f i i o a o  1

173.91 ± 93.92 225.94 ± 39.98

* Two fetuses in December were <25 g. Tissues were inadequate 
for chemical analysis.
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Table 2.2 Effect of maternal copper supplementation on mineral content in muskoxen at 
birth. Young bom to female muskoxen at the captive facility at University of Alaska, 
Fairbanks dosed with copper gluconate (COPPER, 3) or with gluconic acid (SHAM, 
n = 4) throughout gestation from November 1998 -  April/May 1999. All data are 
presented on a whole tissue basis (mean ± SD).

TREATMENT
COPPER SHAM

PARAMETER JT= 3
Mass (kg) 10.12 ± 0.74 10.3 ± 1.0

Liver Mass (g) 189 ± 20 196 ± 12

Liver Cu (pg.g'1) 411.9 ± 66.7 300.3 ± 59.6

Serum Cu (pg.mL'1) 0.49 ± 0.02 0.56 ± 0.02

Liver Metallothionein 537.7 ± 246.8 664.7 ± 274.6

(pg Thionein.g'1)

Liver Zn (pg.g'1) 157.9 ± 42.6 199.4 ± 56.2
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Ilium Position Ischium
(% of total length)

Figure 2.1 Ultrasonic fat depth along a transect across the rump in pregnant 
female muskoxen at the University of Alaska Fairbanks. Rump fat depth (cm) 
from the iliac crest to the ischial tuberosity. Unbroken line = December 1998, 
n -  4. Broken line = February 1999, n = 4. Highlighted box = position along the 
transect where repeated measures of fat depth were taken through gestation 
in 18 female muskoxen.
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Figure 2.2 Total liver copper content and body mass in female muskoxen and 
their fetuses at the University of Alaska Fairbanks through gestation. Vertical 
bars = adult females (December 1998 n = 4, February 1999 = 3). Circles = 
fetuses (December 1998 n=  2, February 1999 = 3, Birth 4). A Total liver
copper content (mg). Labels designate estimated age from conception.
B Body mass (kg).
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Figure 2.3 Serum ceruloplasmin activity (IU.L1) in female muskoxen at the 
University of Alaska Fairbanks through gestation. Closed circles = muskoxen 
treated with copper gluconate ( n = 9). Open circles = muskoxen treated with 
gluconic acid (sham, n = 9). Ceruloplasmin activity in serum prior to starting 
copper treatment indicated by arrow (predose). Inset: cumulative copper 
(mg/animal) dosed to female muskoxen through gestation (November 1998 
through April 1999).
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CHAPTER 3. UTILIZATION OF COPPER DURING LACTATION AND 

NEONATAL DEVELOPMENT IN MUSKOXEN2

Abstract

Availability of copper during neonatal development may affect growth and 

survival of the animal. We examined how muskoxen ( moschatus) used reserves

of Cu accumulated in-utero through lactation and development. Activity of 

ceruloplasmin drastically increased from negligible levels at birth, reaching adult levels 

in late summer, concurrent with increases in serum Cu. Supplementation of Cu to 

mothers did not affect levels of Cu in milk, which provided <4 pg.g'1 Cu through peak 

lactation. Neonates suckling from supplemented mothers did not have greater levels of 

Cu in the serum, nor did they grow better or have fewer bouts with illness than those 

suckling from nonsupplemented mothers. Therefore, development of frilly functional Cu 

systems in neonatal muskoxen occurs independent of maternal Cu intake. In addition, the 

transition from a milk to forage-based diet is the critical period in development of young 

muskoxen, as reserves of Cu established in-utero are likely depleted at this time, 

digestive processes are maturing, and growth rates are reduced concurrent with an 

increase in bouts of illness. Availability of trace minerals at that time likely will 

determine survival of young muskoxen through the coming winter.

2 Formatted for submission to Canadian Journal o f Zoology with coauthors PS Barboza and JE Blake

4
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Introduction

Trace elements such as copper (Cu) are required for many aspects of growth and 

development. Limitations in the supply of Cu during those critical periods may affect 

viability of young and adult fitness (Linder 1991). For example, young cattle have 

decreased growth rates and greater incidences of scouring (Grace 1983), young sheep 

develop swayback and joint deformities (Grace 1983), and young deer (Cervus elaphus) 

show evidence of enzootic ataxia and poor growth (Mackintosh et al. 1986) when 

deficient in copper. In addition, immuno-competence may be compromised in Cu- 

deficient animals (in cattle: Boyne and Arthur 1981; Arthur and Boyne 1985; in rats and 

mice: Blakley and Hamilton 1987; Koller et al. 1987), and may lead to damage of gut 

tissue through proliferation of pathogenic bacteria (Gooneratne 1987). In recent years, 

captive muskoxen at the University of Alaska Fairbanks have exhibited decreased growth 

rates, greater occurrences of scouring and illness in their first 4 months of life, leading to 

death in some instances. Aberrations in Cu metabolism have been identified as the most 

likely cause of that problem (J. Blake, unpublished data).

Fetal muskoxen ( Ovibos moschatus) establish large reserves of Cu by 

accumulating a greater concentration of Cu in the liver (300-500 jxg.g"1 whole tissue) than 

that of their mother (100-200 pg.g’1 whole tissue, Rombach et al., in preparation). 

Therefore, late gestation imposes large demands for copper on the pregnant female, 

which may cause a decline in systemic Cu and ceruloplasmin (Rombach et al., in 

preparation), the major Cu-carrying protein in the blood (Wirth and Linder 1985). The 

brief season of plant growth (May to August) at high latitudes also may place high



demands for trace minerals on female muskoxen as they recover from gestation and 

restore hepatic reserves. Muskoxen, like other northern ruminants, produce milk high in 

energy (White et al. 1989; Parker et al. 1990), allowing young to deposit body protein 

and fat necessary to survive the ensuing winter when forage is limited. Although 

lactational output is maximal at 28d (Parker et al. 1990), duration of lactation may be 

varied depending upon demands on the female during winter (White et al. 1989; White et 

al. 1997). Nonetheless, milk may serve only a supplemental role in the diet of young 

muskoxen after peak lactation as they transition to forage.

Milk from domestic ruminants is typically a poor source of Cu (Underwood 1977; 

De Maria 1978). Mineral content of milk from muskoxen is poorly described (Tener 

1956; Baker et al. 1970) but may be a poor source of Cu for development of their young. 

Composition of milk, however, is influenced by dietary supply of Cu to the mother. 

Therefore, providing Cu supplements to the mother during the early stages of lactation 

can increase the amount of Cu obtained by the neonate through milk (Murthy 1974; Keen 

et al. 1980). We examined the effect of Cu injections on mineral content in milk 

produced by muskoxen from parturition through peak lactation (28 d postpartum, Parker 

et al. 1990), to test the hypothesis that muskoxen produce a milk of low Cu content that 

will increase with supplementation. Furthermore, we predict that young suckling from 

mothers receiving Cu-supplements will have higher levels of circulating Cu and 

ceruloplasmin (CP) than those suckling from mothers that did not receive supplemental 

Cu. We measured serum Cu and CP in muskoxen from birth through six months of age 

to describe the development of a systemic Cu carrier and to test the effect of maternal
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supplementation with Cu on their young. Furthermore, concurrent measures of growth 

and occurrences of scouring were monitored to assess the effect of systemic Cu on health 

of young, and to determine whether supplementation affected health since 

supplementation may increase body mass and weight gains in young (Minson 1990).

Materials and Methods

Animals and Samples

Eight female muskoxen (>4 years of age) held in captivity were maintained with 

ad libitum grass hay (Bromus sp.) and seasonally available fresh forages. A pelleted 

supplement of cereal grains containing mineral and vitamin premixes (Quality Textured 

Ration; Alaska Pet and Garden, Anchorage, AK) was provided three times/week for a 

total of 4.1 kg. week’1. Young muskoxen were given access to a complete pelleted diet (D 

ration) in addition to milk from birth until the start of the mating period. Mothers and 

young were gradually switched to a pelleted supplement (M ration) at the start of the 

mating season in August (Table A. 1). Diets were subsampled for analysis of nutrient 

content midway through summer (Table 3.1). On these diets, a 200 kg female consuming 

3 kg.d"1 of hay (based on 67g.kg’0 75.d*1, Adamczewski et al. 1994) with supplements 

would obtain a diet containing 10 pgCu.g'1 (with QTX) and 6 .6  pgCu.g’1 (with M ration; 

on a dry matter basis).

Within the first week of calving, five maternal muskoxen received 2 mL of copper 

gluconate (10% w/w, Aldrich Chemical Co., Milwaukee, WI) containing approximately 

30 mg of copper (equivalent to approximately one-third the weekly supplemental ration). 

The remaining three cows received a sham treatment of 2 ml of gluconic acid (18.6%
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w/w, Aldrich Chemical Co., Milwaukee, WI). Animals received subcutaneous injections 

posterior to the scapula once each week through peak lactation (4 weeks). All muskoxen 

had previously been supplemented in the same manner during gestation (Rombach et al., 

in preparation); animals were maintained on the same treatment (copper or sham) they 

had received during gestation.

Body mass of female muskoxen and their young was monitored each week to the 

nearest 0.5 kg. Health of calves was closely monitored throughout the study and 

occurrences of scouring were recorded each day. All young were administered 

polyclonal Escherichia coli antibody (10 mL, Bovine Ecolizer, Grand Laboratories Inc., 

Larchwood, I A) and Bovine Rota-Coronavirus Vaccine (3 mL, Calfguard, Pfizer Animal 

Health, Exton, PA) within the first 24 h of life, and Sulfatrim Pediatric Suspension 

(4.5 mL.5 kg"1; SMZTP, active ingredients 200 mg sulfamethoxazole and 40 mg 

trimethoprim, Alpharma USPD, Inc., Baltimore, MD) once daily for 10 d after birth. 

Young muskoxen were treated with PeptoBismol (2.5 mL.5 kg'1; active ingredient 

262 mg bismuth subsalicylate, Proctor and Gamble, Cincinnati, OH) when scouring 

occurred. Oxytetracycline (1 mL.10 kg"1; Oxyshot LA, 200 mg.mLx, Rhone Merieux, 

Athens, GA) or florfenicol (20 mg.kg'1; NuFlor, 300 mg.mL"1, Schering Plough Animal 

Health Corp, Union, NJ) were administered following labeling instructions if scouring 

continued and dramatic loss of weight occurred.

Female muskoxen were bled at approximately 7 d (week 1), 14 d (week 2) and 

28 d (week 4) after parturition, and then at monthly intervals from July through October. 

Their young were bled within 24 h of birth (day 1), and at approximately 7 d, (week 1),
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14 d (week 2) and 28 d (week 4) of age. Subsequent samples of blood were drawn from 

young muskoxen at monthly intervals from July through November. Serum was 

collected from the jugular vein into evacuated containers, centrifuged at 1,000  x g for 10 

min, and stored at -70 °C. Adult muskoxen and young were placed in harems for mating 

with adult males from mid-August until late September. Although it was not possible to 

sample blood from females in harems, young muskoxen were accessible for weighing 

and blood sampling throughout the mating season. In addition to serum, milk samples 

were obtained from females at weeks 1, 2 and 4 post-partum and stored at -20 °C for 

analysis.

Studies on captive animals were approved by the Institutional Animal Care and 

Use Committee, University of Alaska, Fairbanks (Study # 98-039).

Chemical Analysis

Ceruloplasmin oxidase activity was determined in 0.05 mL of serum from adult 

muskoxen and their young by the o-dianisidine method of Schosinsky et al. (1974) as 

modified by Barboza and Blake (2000). Trace minerals were analyzed in sera of young 

muskoxen from peak lactation (at 4 weeks of age) to autumn (July, August and October). 

Free Cu and Zn were assayed in 1.0 mL of serum after addition of 2.0 mL of 1.4M HC1 

and 2.0 mL of 1.23M TriChloroAcetic Acid and centrifugation at 1,000 x g to  precipitate 

protein. The supernatant containing non-protein bound minerals was analyzed by atomic- 

absorption spectrometry for Cu at 324.8 nm and Zn at 214 nm (Model 5000, Perkin 

Elmer, Connecticut). Free Fe and unsaturated Fe-binding capacity were measured in
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0.5 mL of serum by colorimetric assay with ferrozine at 560 nm (Sigma diagnostic kit 

# 565, Milwaukee, WI).

Milk samples were dried to constant mass in a fan-forced convection oven at 

55 °C for 48 h to determine moisture content. All samples were lyophilized for further 

analysis. Total mineral content was determined by combustion in a muffle furnace at 

500 °C. Concentrations of Cu, Fe and Zn were determined in duplicate by digesting 

0.5-1.0 g lyophilized milk in 6 mL of an acid mixture [70% v/v HNO3 (1,000 mL), 32M 

H2SO4 (200 mL), 70% v/v HCLO4 (343 mL), and water (57  mL)] with 2-5 mL additional 

HNO3 to completely oxidize carbon. Samples were digested by gradually increasing 

temperature to 165 °C for up to 180 min followed by 315 °C for Digests were

diluted with distilled, deionized water and analyzed by atomic-absorption spectrometry 

for Cu, Zn and Fe (248 nm). Quantity of individual samples were not adequate for 

further analysis of lipid and N. Therefore, milks were pooled by combining equal mass 

of dried milk from each female within each time period. Lipid content was determined 

by extraction with petroleum ether (Soxtec #1043 Extractor, Tecator, Hoganas, Sweden). 

Total nitrogen content was determined in an elemental analyzer (Model # CNS 2000,

Leco, St. Joseph, MI).

Calculations and Statistics

Ceruloplasmin acitivity was expressed as IU.L'1 (pmol.mm'.L'1), which is 

equivalent to 0.2863 mg.dL' 1 of ceruloplasmin in human serum (Schosinsky et al. 1974). 

Concentrations of Cu, Zn, and Fe in serum were expressed as pg.mL"1 intact serum. 

Percentage of serum Fe unsaturation was derived from the following equation:
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[1] % unsaturation = unsaturated Fe-binding capacity / total Fe-binding capacity; 

where total Fe-binding capacity = unsaturated Fe-binding capacity + free Fe.

Mineral content of milk was calculated on the basis of dry mass and expressed as pg.g'1. 

Crude protein (CrP) content of milk was estimated as %N x 6.38 g N/lOOg CrP 

(assuming 15.7 g protein/g N, Robbins 1993). Carbohydrate content of milk was 

estimated as the residual dry mass after ash, crude protein, and lipid were removed. 

Concentrations of lipid, protein, carbohydrate, and ash in milk were expressed on the 

basis of fresh mass (g/lOOg).

Composition of trace minerals in milk and activity of ceruloplasmin in female 

muskoxen and young were analyzed for differences in copper treatment and sampling 

period by repeated-measures analysis of variance (ANOVA, Zar 1999). Posthoc 

comparisons of means were performed by contrasts within ANOVA. Trace minerals in 

sera from young muskoxen were tested for effect of copper treatment by analysis of 

variance (ANOVA), where serum mineral was the dependent variable and copper 

treatment was the main factor. We could not perform repeated measures ANOVA on 

these samples because sample volumes were not sufficient to complete all analyses in all 

young for all sampling periods. Pairwise comparisons of mean serum mineral contents 

between each sampling period were made using Bonferroni adjustments.

Changes in body mass of females and their young through development were 

analyzed by repeated measures ANOVA. Mass changes of female muskoxen and their 

young were calculated for four critical periods: peak lactation - from parturition through 

week 4; pre-mating - from peak lactation to mid-August; mating - from mid-August
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through September; and post-mating from October through mid-November. These 

periods were compared for effects of copper treatment and time by repeated measures 

ANOVA. Statistics were performed with SYSTAT 9.0 statistical package (SPSS, 

Chicago, IL) with a significance level of 0.05. All data are presented as means ± SD.

Results

Pooled samples of muskox milk contained approximately 9% fat (9.45, 9.95, and 

8.35% at 1,2, and 4 weeks post-partum, respectively), 6.5% crude protein (6.06, 7.63, 

and 6.85% at weeks 1,2, and 4), 1% ash (1.18,1.29, and 1.07%), and 3% carbohydrate 

(3.07, 2.92, and 4.23%) on a fresh-mass basis. Muskox milk provided little Cu to young 

with no change in levels from birth to peak lactation at week 4 = 0.31, Table 3.2).

Levels of Zn (P = 0.60) and Fe (P = 0.07) also did not change through peak lactation,

although levels were much greater than for Cu (Table 3.2). Maternal supplementation 

with Cu did not affect DM (P = 0.47), Cu (P 0.26), Fe (P = 0.20) or Zn (P = 0.52) 

contents of muskox milk (Table 3.2).

Ceruloplasmin activity did not differ with copper treatment in lactating females 

(P = 0.77, Figure 3. IB) or young muskoxen(P = 0.44, Figure 3.1 A) from parturition 

through peak lactation. In young muskoxen, ceruloplasmin activity increased through 

development (P < 0.001); levels were negligible at birth and increased to adult levels by 

late summer (August, Figure 3.1 A). Ceruloplasmin activity was not different in young 

muskoxen between the periods of maternal treatment (4 weeks post-partum) and post-
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treatment (July, P = 0.51), although levels increased from July to August (P -  0.01,

Figure 3.1 A).

In adult female muskoxen, ceruloplasmin activity did not change through summer 

into autumn (P = 0.22), although activity was greatest immediately after parturition 

(Figure 3. IB). Ceruloplasmin activity was not affected by treatment through peak 

lactation at 4  weeks post-partum, but activity dramatically decreased in muskoxen that 

received Cu injections once treatment had stopped (July, P = 0.04). Nevertheless, CP 

activity of treated females was not significantly different from that of untreated females 

within each period (P > 0.05, Figure 3.IB).

Serum levels of Cu (P = 0.83), Zn (P = 0.86), and Fe (P -  0.58) in young 

muskoxen were not affected by copper treatment of mothers, although levels changed 

through development (P < 0.05 for each, Figure 3.1 A, 3.2). Copper in sera reached levels 

in August that were significantly greater than at week 4 (P < 0.001) and during July 

(P = 0.032), but decreased by October (P = 0.047). Zn also increased from week 4 to 

July (P = 0.036) but decreased by August (P -  0.013). Conversely, iron in sera 

significantly decreased from week 4 to August (P -  0.048, Figure 3.2). Seram 

Fe-unsaturation was not affected by treatment (P = 0.60) and did not change over time 

(P = 0.12), from 56.2 ± 33.0% at week 4 to 79.09 ± 9.2% in August and 68.13 ± 15.33% 

by October.

Copper supplementation had no effect on body mass in adult females (P = 0.81), 

or on birth weight (P = 0.45) or body mass of their young (P = 0.99) through peak 

lactation. Females lost weight through peak lactation (0.24 kg.d"1) and regained it



through the mating season, and after the mating season into autumn (0.15 kg.d"1 and 0.36 

kg.d'1 respectively, Figure 3.3B). Young muskoxen were bom with a mean body mass of 

10.4 ± 1.17 kg and continually gained weight through early winter (P < 0.001, Figure 

2A), with the greatest increase from birth through peak lactation at week 4 (0.47 kg.d'1, 

Figure 3.3B). Growth rates of young muskoxen were lowest during the period of harem 

(mid-August to late September, Figure 3.3B).

Frequency of scouring bouts in young muskoxen increased as the season 

progressed, with greatest occurrences in early July and early August. No incidents 

occurred from birth through the beginning of June (during maternal treatment with Cu) or 

prior to winter, from September into November (Figure 3.4).

Discussion

Milk is the principal source of energy and nutrients for the growing muskox 

through peak lactation even though complete foods and forages were provided ad libitum. 

Proximate composition of pooled milk (9% fat and 6.5% protein on a fresh weight basis) 

was similar to individual samples for peak lactation analyzed by Parker et al. (1990), 

which contained 6 kJ gross energy.g'1. However, milk may be of less importance in 

providing trace minerals to young muskoxen because muskox milk produced from 1 to 4 

weeks post-partum is similar to that of other ruminants (Underwood 1977; De Maria 

1978) and contains only 1 pgCu.mL'1 fresh milk. Although we observed no change in 

the mineral content of milk through peak lactation at week 4 (Table 3.2), we did not 

examine the mineral content of colostrum, which may have greater concentrations of
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trace minerals than mature milk. Concentrations of trace minerals in colostrum decline 

drastically in many ruminants (Cu, Fe, and Zn decline in the first 3-6 days after birth, De 

Maria 1978) and in rats (Cu levels decline 75% in the first week, Keen et aL 1981). The 

role of colostrum as a source of trace minerals for young muskoxen probably is limited 

by the duration of its production, and by relatively low intake of milk during early 

lactation (<1000 mL.d’1, Parker et al. 1990).

Peak intakes of milk (1887 mL.d'1, Parker et al. 1990) would provide less than 0.1 

mgCu.kg^.d'1 for a young muskox weighing 20 kg. This mass-specific intake of Cu is 

only 50% of that estimated for adult female muskoxen (0.18 mgCu.kg^.d'1) with liver Cu 

content (100-200 pg.g’1 whole tissue, Rombach et al., in preparation) considered 

adequate for domestic ruminants. Growth and development, however, likely impose 

greater demands for Cu on the young ruminant than on the adult (Grace 1983).

Therefore, milk may be inadequate as a sole source of Cu for growing muskoxen.

Supplemental systemic Cu did not affect trace mineral composition of muskox 

milk. The absence of an effect probably reflects adequate dietary supplies of Cu and 

hepatic reserves of this mineral. Diets of adult female muskoxen contained 

7-10 pgCu.g"1, which would be considered adequate for cattle and sheep at all stages of 

life, including lactation (Underwood 1977). Additionally, hyperphagia during summer 

would further increase intake of Cu. Copper content in milk may directly reflect dietary 

intake only when diets are deficient in the mineral (Bennetts and Chapman 1937). Low 

levels of Cu in sera and liver of wild muskoxen on Banks Island and Victoria Island 

(Blake and Rowell 1985; Salisbury et al. 1992; Blakley et al. 2000), indicate that milk Cu
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content could be limited by maternal hepatic reserves in some populations. Secretions of 

Cu in milk can be increased by maternal supplementation in mothers with adequate Cu 

supplies, but these changes are achieved only at excessively high doses of Cu; eg., 100 

times the daily requirement (Keen et al. 1980). Therefore, maternal supplementation in 

the physiological range will not improve milk as a source of Cu to the suckling muskox 

because maternal liver mediates dietary supply to the tissues through systemic 

circulation. Intake beyond adequacy likely results in greater excretion of Cu via bile. 

Apparent absorption of copper declined with increasing dietary doses of Cu in rats 

(Linder 1991). In reindeer ( Rangifertarandus), consumption of high levels of Cu in the 

pelleted grain supplement was associated with net secretion of copper into the digestive 

tract (Barboza and Blake 2001). Consequently, adequate intakes of Cu from the grain 

supplement and hay in pregnant muskoxen probably precluded an increase in 

ceruloplasmin activity in serum following supplementation with injectable Cu (Rombach

et al., in preparation).

Because milk is a poor source of Cu and maternal supplementation or dietary 

intake cannot make up for this inadequacy, neonatal muskoxen must use hepatic reserves 

accumulated in-utero to support early metabolism. Activity of ceruloplasmin is 

negligible in newborn muskoxen and dramatically increases during the first month of life, 

reaching adult levels by August (Figure 3.1 A). We hypothesize that Cu is progressively 

unloaded from the liver and released into circulation during neonatal development so that 

a decrease in hepatic stores parallels the increase in serum ceruloplasmin activity. This 

pattern of Cu mobilization has been described in rats (Evans et al. 1970; Linder 1991),
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pigs (Chang et al. 1976), and cattle (Naylor et al. 1989). In addition, increasing levels of 

Cu in sera indicate a progressive increase in circulating levels of systemic Cu (Figure 

3.1 A).

Maturation of metabolic processes probably differs among Cu, Fe and Zn. Iron 

and Zn are present in milk in greater quantities than Cu (6  and 30 times, respectively, 

Table 3.2). Zinc is not likely limiting growth in these animals because dietary 

concentrations of Zn were high in milk (Table 3.2) and the supplemental ration (Table 

3 .1), and growth rates were similar to previous studies of newborn muskoxen in captivity 

(Frisby et al. 1984). Dietary iron availability was probably adequate for growth of 

muskoxen because serum unsaturation of Fe did not change during development even 

though serum concentration declined (Figure 3.2). An increase in the unsaturation of 

serum would be associated with depletion of the Fe carrier transferrin.

Growth rates in young muskoxen reflect the transition from milk as the sole 

source of nutrients to becoming dependent on available forage (Frisby et al. 1984). Mass 

gains were greatest during peak lactation (Figure 3.3B), as muskoxen consumed large 

quantities of milk. At the same time, a decline in body mass of lactating females 

occurred because of the energetic demands of producing milk high in fat and protein 

(lactating females on similar diets lost 242 g fat.d'1 over a 40 d period, Adamczewski et 

al. 1997). Growth rates in young muskoxen subsequently declined through summer as 

milk intake declined (to <900mL.d by August, Parker et al. 1990) and provided 

approximately one-half the energy of peak lactation (6  vs 12 MJ.d'1, Parker et al. 1990). 

This slow rate of mass gain continued into autumn as milk intake probably declined even
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further (440 mL.d'1, White et al. 1989). Conversely, lactating females began to recover 

from milk production and regain body mass, with greatest gains through the mating 

season into autumn (Figure 3.3A and B; milk production has declined 60% by this time, 

White et al. 1989). This regain in body mass is probably required to allow for successful 

ovulation and conception (White et al. 1997; White et al. 1989), as well as in preparation

for gestation in winter.

The importance of forage to growth and Cu metabolism in young muskoxen 

increases as milk consumption declines during late summer and autumn. Further growth 

may be constrained by quality of available forage and by ability of young muskoxen to 

digest and metabolize an adult diet. The captive diet fed to adults of a pelleted 

supplement with hay provides adequate levels of Cu and macronutrients for domestic 

cattle during growth and reproduction and likely is adequate for muskoxen (National 

Research Council 1996). In domestic ruminants such as cattle and sheep, ruminal 

development approaches that of the adult at 9 weeks post-partum (Lyford and Huber 

1988). Ruminal development likely is similarly advanced in muskoxen at the same age 

but the ability of the animal to retain and digest forage may be restricted by immature 

body size. The development of ruminal capacity and function may therefore constrain 

energy and protein for growth. Muskoxen growing in the wild may be most sensitive to 

changes in the fiber and protein content of forages during digestive maturation and 

transition. Although forage is a better source than milk of some micronutrients such as 

Cu (4-7 pgCu.g'1, Kubota et al. 1979), concentrations vary with plant species, season, and 

location (Minson 1990). Because hepatic reserves of Cu may be depleted during neonatal



development, availability of Cu in forage may be critical to restoring reserves before 

winter. Therefore, young muskoxen may be most sensitive to forage Cu during autumn 

as they transition to adult metabolism (Figure 3.2) and establish tissues for their first 

winter.

Cu status of young muskoxen likely is reflected by individual health. Growth 

rates were lowest and frequency of scouring was greatest at the same time that CP 

activity and sera Cu levels were transitioning from reliance on endogenous reserves 

(hepatic reserves acquired in-utero) to a greater utilization of external resources 

(available forage). The increase in sera CP and Cu from July to August probably is 

because of a maturation of metabolic processes rather than a result of dietary changes 

(from D ration to M supplement) as intake of the supplement was low (young muskoxen 

were provided only 500g of the supplement 3 times each week) and minerals in milk 

typically decrease through lactation (Lonnerdal 1981; Linder 1991). Once young 

muskoxen had established Cu levels similar to those in adults, frequency of scouring 

declined and ceased during September. Additionally, the increased frequency of scouring 

and decreased growth rates from approximately 4 to 12 weeks of age likely are because 

of the maturation of digestive processes rather than a result of dietary limitations; D 

ration and M supplement had similar lipid, fiber and protein composition and M ration 

provided greater concentrations of trace minerals (Table 3.1). Young muskoxen probably 

were able to replenish hepatic levels of Fe and Zn from the diet as those minerals were 

readily available in milk and were present in large quantities in the pelleted supplement. 

Therefore, declines in those trace minerals were not responsible for scouring and low
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mass gains of the young muskoxen. We propose that proliferation of gut pathogens 

during this maturation process and increased exposure to immune challenges as 

muskoxen begin consuming forage may be responsible for the increased incidents of 

scouring, although further studies are required to examine a causal link between Cu status

and immune function.

Maternal supplementation with Cu through peak lactation provided no readily 

apparent benefit to young muskoxen with regard to body mass and growth, as growth 

rates were similar between young bom to females in both treatment groups. This 

outcome was not surprising considering maternal diets were probably adequate in Cu, 

and that Cu content of milk was not enhanced by supplementation. Growth of cattle 

(Naylor et al. 1989; Gengelbach et al. 1994) and deer (Lawrence 1987; Wilson 1989; 

Killom et al. 1991) were also unaffected by maternal diet during lactation even when 

mothers were fed a diet deficient in Cu, or were maintained on deficient pastures. 

Therefore, growth in neonatal muskoxen likely is independent of maternal dietary intake 

of Cu and relies more heavily on hepatic reserves accumulated during fetal development. 

Further studies are needed to determine to what extent hepatic reserves are used through 

development in muskoxen maintained on diets of varying Cu content.
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Table 3.1 Composition of feed during lactation (dry matter basis). Presented to adult female muskoxen and their young 
during lactation (April/May 1999 to November 1999).

Sample Date DM * Lipid NDF** Lignin Carbon Nitrogen Suliur Copper Iron Zinc

% % % % % % % pg/g DM pg/g DM pg/g DM

QTX *** July 1999 91.7 2.68 14.8 0.98 41.6 2.86 0.28 40.2 347.6 153.7

Hay July 1999 96.2 0.72 59.7 3.85 44.3 1.38 0.08 3.8 75.4 13.4

D ration July 1999 92.2 3.28 28.0 1.01 44.5 2.71 0.22 10.1 305.6 64.9

M ration July 1999 92.7 1.65 27.7 0.51 43.2 2.13 0.33 20.5 348.5 72.7

* DM = Dry matter

** NDF = Neutral Detergent Fiber

*** QTX -= Quality Textured Ration
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Table 3.2 Trace mineral content of muskox milk 0=7) at 1,2, and 4 weeks post-partum 
(mean ± SD). ANOVA: no significant differences (P>0.05) between weeks for each 
component.

COMPONENT WEEK 1 WEEK 2 WEEK 4

DM % (fresh mass) 19.76 ±2.05 21.79 ±2.07 20.50 ±1.28

Cu (pg.g1) DM 3.04 ± 1.19 2.37 ±0.93 2.77 ±0.93

Fe (pg.g-1) DM 11.36 ±3.10 26.25 ±16.51 17.03 ±3.95

Zn (pg.g'1) DM 111.19 ± 13.89 95.29 ±60.99 83.53 ±13.32
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May-June July Aug Sept Oct Nov

Figure 3.1 Serum ceruloplasmin activity (IU.L'1) in neonatal and female musk
oxen through lactation and development. Closed symbols = treated with copper 
gluconate. Open symbols = treated with gluconic acid (sham). Line = average 
for all animals. Different letters indicate significant differences from peak 
lactation to August (P < 0.05). A Ceruloplasmin activity and serum Cu 
(triangles) in neonatal muskoxen through development. B Ceruloplasmin 
activity in female muskoxen through lactation.
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Figure 3.2 Serum minerals in 8 young muskoxen at the University of Alaska 
Fairbanks through development in 1999. Iron (triangles) and zinc (squares) in 
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Figure 3.3 Body mass and growth rates in young and maternal muskoxen at 
the University of Alaska Fairbanks through lactation and development in 1999. 
Closed triangles = female muskoxen. Open triangles = young. A Body mass (kg) 
in female muskoxen (/?=9) and their young (n=8) through development (May/June 
through November). Birth, peak lactation, and harem are indicated by arrows.
B Mean growth rates (mass change in kg.d1) of adult females (n=7) and young 
muskoxen (n= 8).
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SUMMARY

Gestation, especially the last third, is the critical period over which fetuses must 

accumulate Cu to survive the early neonatal period, because muskox milk is a poor 

source of Cu. Accumulation of Cu in the fetus may impose large demands on the mother 

at a time of limited forage, thereby limiting the transfer of systemic Cu. Nonetheless, 

maternal reserves of Cu in the liver may only be compromised if the dietary supply is 

inadequate to replenish stores necessary to support increased transfer to the fetus. This 

result may be especially apparent in wild populations of muskoxen.

Neonatal muskoxen use reserves of Cu to establish and support Cu metabolism, 

because maternal investment of Cu through milk is limited, and is not improved through 

supplementation. At birth, ceruloplasmin levels in neonates are negligible, increasing to 

adult levels by approximately 4 months of age. Therefore, maturation of metabolic 

processes requiring Cu likely relies on reserves of Cu accumulated in utero.

Ceruloplasmin activity and serum Cu increase to adult levels at approximately 4 months 

of age. By this time, hepatic reserves in the neonate likely have declined to adult levels 

and young rely more heavily on external sources of Cu, transitioning from milk to a 

forage-based diet, to support more mature metabolic processes. Therefore, if available 

forage is limited or of poor quality, young muskoxen may not be able to acquire reserves 

of minerals necessary to survive through the subsequent winter.

Cu status of the individual influences health in young muskoxen. Greatest 

occurrences of scouring and slowest gains in mass were evident during the period of large 

increases in serum Cu and ceruloplasmin activity. Concurrently, the ruminant digestive
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system was maturing and neonatal muskoxen transition from reliance on endogenous 

sources to external sources of Cu to support maturing mineral metabolism. Increased 

exposure to forage may increase exposure to pathogens and immune function may be 

challenged. Therefore, limitations in availability of Cu at this critical period of transition 

may result in decreased ability to cope with immune challenges, decrease in systemic and 

hepatic levels of Cu, and result in a decline in individual health, which may compromise 

survival through the subsequent winter.

The results from this study imply that trace minerals in the diet of captive or 

farmed muskoxen need to be closely monitored, especially during late gestation in 

pregnant females, and during July through August in young animals. Providing 

supplemental Cu to pregnant females may be necessary to ensure that young muskoxen 

are bom with hepatic reserves adequate to support neonatal development, especially if 

animals are maintained on hay or fresh forage alone. However, metabolic and digestive 

processes in young muskoxen mature regardless of diet, transitioning from neonatal to 

adult processes when young are approximately 4 months of age (in July and August). 

Because the immune system may be highly susceptible to challenges at that time, 

monitoring health in young muskoxen and aggressively combating any health problems 

that occur are necessary to ensure survival of young muskoxen into winter.
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APPENDIX A. FEED SCHEDULE

Ad libitum hay was provided to all muskoxen throughout the course of the study. 

QTX (a pelleted grain supplement) was provided to all adult female muskoxen through 

gestation and lactation prior to harem (September 1998 -  July 1999). In August 1999, M 

ration (a maintenance winter supplement) was provided to female muskoxen and young 

three times a week through the end of the study (November 1999). At birth, neonatal 

muskoxen had constant access to D ration (a complete diet for growing ruminants) as a 

creep feed prior to harem, at which time they were transitioned onto the M ration 

supplement. Copper supplementation studies were carried out during gestation from 

November 1998 through peak lactation at 28 days post-partum (May/June 1999).



I ab,C t ' 1 Pr0jeCt f®e,d schedule- Schedule for feeding supplements and Cu treatments to adult female muskoxen and calves 
through gestation and lactation/development. Gray bars = time period over which the feed was provided.



APPENDIX B. STATUS OF FEMALE MUSKOXEN AND YOUNG USED FOR 

COPPER STUDIES

20 female muskoxen were selected for studies during gestation after determined 

to be pregnant via rectal ultrasound in November. Two females were dropped from the 

study prior to calving in April/May: one female suffered early embryonic loss (unknown 

when), and one female aborted her fetus in March. Therefore, effects of copper 

supplementation during gestation were examined in 18 female muskoxen that earned 

young frill term.

Newborns from 8 female muskoxen from the gestation studies were selected for 

euthanasia. Of these 8 newborns, one died during performance of a caesarean section to 

assist its birth, and one died at one day of age from hyperthermia/dehydration or possible 

maternal neglect. The latter newborn was not used for statistical purposes due to the 

questionable nature of its death. Therefore, 7 muskoxen were used to study copper status

in newborns at birth.

Of the 10 female muskoxen and their young remaining, 7 female muskoxen and 8 

young were used for studies during lactation and development. 2 young muskoxen and 

their mothers were not included due to abandonment: one at 14 and the other at 28 days 

of age. Another young muskoxen and its mother were not included due to the young 

experiencing chronic illness throughout the study and being unable therefore to 

repeatedly handle it or its mother. But an additional young muskoxen was included for 

development studies: it was bom to a female muskoxen not included in gestation or
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lactation studies because she was not manageable enough to obtain repeated samples 

from. This young muskoxen was included as a “sham” animal.
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Table B .l Adult female muskoxen used for gestation and lactation studies with the 
resultant status of their young.

Cow ID Age # Past Treatment Calving Calf Calf
Calves Date ID Sex

Taimyr * 

Lygyy *

10

3

Copper

Copper

April 29 

April 30

950

952

Female

Female

Saydy * 5 2 Sham May 2 953 Male

Bettye * 12 9 Copper May 2 954 Male

Sidney * 3 0 Copper May 2 955 Male

Ingrid * 4 1 Sham May 3 956 Male

JoJo* 2 0 Copper May 16 958 Female

Maude 11 8 None May 20 959 Female

Keltie * 6 3 Copper May 22 962 Male

Andree * 6 2 Sham June 9 965 Male
Brown 17 14 Copper NA NA NA
Sylvia 6 3 Sham March 22 99-054 Male
Anadyr 8 5 None June 6 963 Female

Vicky * 12 9 Sham May 20 960 Female

Scooter * 4 0 Sham May 21 962 Male

Elsa * 3 0 Sham April 30 951 Male

Annie * 4 2 Copper April 27 947 Male

Kiana * 2 0 Sham June 7 964 Female

Sasha * 13 8 Sham April 30 949 Male

Wendy * 8 3 Copper April 28 948 Male

Shumagin
*

7 3 Sham April 27 946 Male

Scarlet * 2 0 Copper May 12 957 Female

Calf Satus

Used in development 
study
Used in development 
study
Used in development 
study
Used in development 
study
Used in development 
study
Used in development 
study
Abandoned at 28 
days o f age **
Used in development 
study
Used in development 
study
Chronically ill ** 
Resorbed fetus ** 
Aborted Fetus ** 
Euthanized at 2 days
of age due to illness 
**
Died at 1 day o f age
from dehydration ?
**
Euthanized at 1 day 
of age
Abandoned at 14 
days o f age; 
euthanized ** 
Euthanized at 1 day 
o f age
Died during C- 
section
Euthanized at 1 day 
of age
Euthanized at 1 day 
o f age
Euthanized at 1 day 
of age
Euthanized at 1 day 
of age______________

* 18 cows used for studies of copper supplementation during gestation
** Calves not included in gestation or development studies due to illnesses


