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Abstract 
 

Copper is a necessary metal cofactor in many enzymes that catalyze key reactions in 

both prokaryotes and eukaryotes.  Ceruloplasmin (Cp) is a copper-dependent enzyme that 

acts as a ferroxidase, oxidizing FeII to FeIII for systemic iron mobilization.  Cp is 

expressed as both a secreted plasma (sCp) enzyme and a membrane-bound glycosyl-

phosphatidylinositol-anchored (GPI-Cp) splice variant enzyme.  sCp is the most abundant 

copper-binding protein in mammalian plasma.  The ferroxidase activity of Cp is essential 

for iron mobilization, as Cp null humans and mice exhibit selective tissue-specific iron 

overload.  Dietary copper deficient (CuD) rodents have near total loss of Cp activity, 

severe loss of Cp protein, and anemia.  The impacts of dietary copper deficiency on GPI-

Cp has not been previously evaluated.  Studies were conducted in Holtzman and Sprague-

Dawley rats, albino mice, and Cp -/- mice, to investigate the copper-iron interaction and 

further characterize GPI-Cp.  Purified membrane extracts of these rodent tissues detected 

immunoreactive Cp protein, especially enriched in spleen and kidney, but not in 

membranes from Cp -/- mice.  Immunoreactive Cp protein was released with 

phosphotidylinositol-specific phospholipase C treatment and released protein exhibited 

ferroxidase activity. These data suggest that the membrane-bound Cp immunoreactivity 

detected is GPI-anchored.  Following perinatal and postnatal copper restriction, GPI-Cp 

was markedly lower in spleen and modestly lower in liver of CuD rats and mice, 

compared to copper-adequate (CuA) rodents.  Livers of CuD mice contained elevated 

liver non-heme iron (NHI), while spleen NHI was lower in CuD than CuA rats, and not 

different in CuD mice, implying that lower GPI-Cp was not correlated with augmented 

NHI levels in CuD rodent spleens.  Spleen and liver membranes of CuD rats expressed 

augmented levels of ferroportin, the iron efflux transporter, which may compensate for 

the loss of GPI-Cp in iron efflux.  Copper deficient rats and mice both develop severe 

anemia but only in rats is plasma iron lower than normal, consistent with impaired Cp 

function.  As multicopper oxidases like Cp are thought to be the major metabolic link 

between copper and iron, additional research is needed to determine the impact, if any, of 

lower GPI-Cp on iron flux and the development of anemia when copper is limiting. 
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Thesis Organization 

 Chapter 1 is an introduction to the overall importance of copper in biological 

systems, copper-dependent enzymes, and the copper-iron interaction.  Chapter 2 is a 

manuscript that has been submitted to the journal Experimental Biology and Medicine for 

review.  Chapter 3 contains additional supporting results determined to be pertinent to the 

copper deficiency studies.  Chapter 4 is an expanded discussion focusing on the 

implications of our findings and future directions.  
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CHAPTER 1 

Copper in proteins 

Essential trace metals including copper and iron are present in most tissues and cells 

within plants and mammals and in prokaryotes.  Copper, in particular, is critical in all 

biological systems, acting as a catalytic cofactor in many metalloproteins.  Copper exists 

in two oxidation states within a cell, CuII and CuI; this contributes to its ability to play a 

central role in many biological processes requiring single electron transfer reactions 

(Halliwell 1984).  In biological systems, under physiological conditions, all copper tends 

to be bound to protein, chelators, or metallochaperones, as it is toxic in its free form 

(Linder & Hazegh-Azam 1996).  Copper-dependent proteins have been discovered in 

mammals, yeast, plants, and bacteria; these proteins have homologues with similar 

functions in each of the kingdoms (Harrison et al. 2000). 

In prokaryotes, copper is bound to proteins, most often blue copper proteins, which 

function in the electron transport chain as single-electron carriers (Metzler & Metzler 

2003).  Bacteria, such as Psuedomonas aeruginosa, contain many copper-dependent 

proteins that act as oxidases.  Ten copper-containing proteins have been characterized in 

prokaryotes, including cytochrome c oxidase (CCO), Cu, Zn-superoxide dismutase 

(SOD), nitrosocyanin, and plastocyanin (Ridge et al. 2008).  Studies have found that 

bacterial multicopper oxidases play a critical role in FeII acquisition under aerobic 

conditions, oxidizing FeII to FeIII (Huston et al. 2002).  

In plants, copper is ubiquitous and acts as a structural element in regulatory proteins 

that participate in photosynthetic electron transport, mitochondrial respiration, oxidative 

stress responses, cell wall metabolism, and hormone signaling (Pilon et al. 2006).  Some 

of the copper-dependent proteins within plants include SOD, CCO, amine oxidase, 

laccase, and plastocyanin (Yruela 2005).  At the cellular level, copper also plays an 

essential role in signaling of transcription and protein trafficking machinery, oxidative 

phosphorylation, and iron mobilization (Clarkson 1995).  Copper-dependent laccase-like 

ferroxidases that allow systemic iron mobilization are predominantly expressed in plant 

vascular systems and are thought to be required for iron uptake systems (Hoopes & Dean 

2004). 
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In mammals, copper is present in all body tissues and is one of the highly essential 

metal ions necessary for normal development and function.  It is a cofactor for about a 

dozen enzymes (cuproenzymes) in the mammalian body including ceruloplasmin (Cp), 

hephaestin, SOD, the copper chaperone for SOD (CCS) (Prohaska 2006) and the recently 

discovered zyklopen (Chen et al. 2010).  Within these cuproenzymes, copper assists the 

catalysis of redox reactions and scavenging free radicals.  Mammalian cuproenzymes can 

have multiple roles, but mostly act as oxidases reducing molecular oxygen, or 

participating in electron transfer (Linder & Hazegh-Azam 1996).  Some of the specific 

physiologic functions of cuproenzymes include energy production, connective tissue 

formation (O'Dell 1981), iron metabolism (ferroxidase), neurotransmitter synthesis and 

metabolism (Feller et al. 1982), and antioxidant defense (Linder & Hazegh-Azam 1996), 

among others.  The important roles copper plays in the many cuproenzymes in mammals 

demonstrate the need for proper dietary copper intake.  

Baker’s yeast, Saccharomyces cerevisiae, has been used as a model to study copper 

transport, distribution, and detoxification in mammals (Labbe et al. 1997).  Many of the 

proteins in yeast that are involved in these processes are the same or homologous to those 

in mammals.  Ctr1 is a protein in both yeast and mammals responsible for high-affinity 

copper transport across the membrane (Dancis et al. 1994).  Copper transporters 

homologous to those in humans then transport copper to different cellular locations, with 

a final insertion into a copper-dependent ferroxidase, Fet3p (Valentine & Gralla 1997).  

Studies on Fet3p have provided much insight into its human homologue, Cp (De Silva et 

al. 1995). 

The many multicopper oxidases can contain any number of the six or more different 

types of copper centers (types I, II, and III, CuZ, CuA, and CuB) (Abolmaali et al. 1998).  

These specialized copper centers provide long-range electron transfer reactivity and 

oxygen binding.  Cp requires copper for safe handling of oxygen in the metabolic 

pathways of mammals.  It is classified in the blue multicopper oxidase family and 

contains six total coppers; three occupy mononuclear type I sites (single copper 

surrounded by neutral molecules), and the remaining three form a trinuclear center (three 

coordinated coppers in the center of the protein) (Bento et al. 2007).  Of the three coppers 
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in the trinuclear center, two are identified as coupled type III copper ions and the third is 

a type II copper ion.  The type I blue copper proteins are known to function in electron 

transfer, type II copper centers occur in proteins that assist in oxidization, and type III 

copper centers are present in oxidases and oxygen-transporting proteins (Dwulet & 

Putnam 1981, Owen 1982); each of these coppers is necessary for the effectiveness of the 

ferroxidase activity of Cp.   

Copper-iron interaction 

Iron is another essential trace metal present in every organism which acts with heme 

proteins as the main carrier for oxygen to all of the body’s cells in mammals, plants, and 

fungi.  Iron is a functional component in both nonheme-containing proteins and 

hemoproteins.  In particular, iron-dependent proteins catalyze reactions in energy 

metabolism, respiration, and oxygen delivery to tissues, as well as assist DNA synthesis.  

Iron is also associated with transferrin (Tf), a protein that complexes iron and transports it 

in the circulation (Comporti 2002).   

The metabolic links between copper and iron metabolism are complex and have been 

an area of great interest, with certain aspects still unknown (Fox 2003).  The molecular 

details of the copper-iron interaction were first characterized in baker’s yeast, 

Saccharomyces cerevisiae, in 1993 (Askwith et al. 1994, Dancis et al. 1994).  Yeast 

contains homologous proteins to humans that participate in copper and iron metabolism 

and transport, allowing a better understanding of the copper-iron interaction in humans.  

Transport of copper into the cell requires the high-affinity copper-binding protein, Ctr1, 

which is localized to the plasma membrane.  Yeast strains with a Ctr1 gene deletion 

(Ctr1-/-) display characteristics of copper deficiency and are defective in ferrous iron 

uptake, which causes the failure of the multicopper oxidase, Fet3p, to receive sufficient 

copper (Askwith et al. 1994, Dancis et al. 1994).  Fet3p is homologous to human serum 

Cp and plays a similar role in its copper-dependent ferroxidase activity.  The oxidation of 

ferrous to ferric iron by Fet3p then allows for ferric iron transport by Ftr1p (Askwith & 

Kaplan 1998).  The similarities of yeast and mammalian pathways of iron transport on 

homologous multicopper ferroxidases suggest the universal nature of many aspects of the 

copper-iron interactions in different eukaryotic systems.  However, yeast Fet3p mediates 
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iron influx, while mammalian Cp mediates cellular iron efflux and transport (Askwith & 

Kaplan 1998).    

In mammals, both iron and copper are absorbed in the upper small bowel, where iron 

is bound to Tf for delivery to the liver and copper is bound to albumin or alpha-2 

macroglobulin (Liu et al. 2007).  Most copper leaves the liver Cp-bound and iron may be 

stored in hepatocytes or secreted Tf-bound.  From the liver, iron and copper are delivered 

to the necessary tissues of the body.  Most iron is delivered to the bone marrow for 

hemoglobin production.  Iron leaves cells in the form of FeII with the help of an iron 

exporter, like ferroportin (Fpn), but it must be oxidized to FeIII at the cell surface by a 

ferroxidase such as Cp before it can bind to Tf for distribution (Osaki et al. 1971); thus, 

this ferroxidase activity of Cp is crucial for the proper mobilization of iron from storage 

cells (Gray et al. 2009).  Early studies on Cp ferroxidase activity by Osaki et al. showed 

that Cp markedly increased the rate of iron loading into Tf and that Cp was the plasma 

factor that oxidized both iron and paraphenylenediamine (PPD) (Osaki et al. 1966).  

Two forms of Cp exist, a membrane-bound glycophosphatidylinositol form (GPI-Cp) 

and the circulating serum form (sCp), both possessing very important ferroxidase 

activity.  Ferroxidase activity of Cp is required for iron release from macrophages as   

Cp-/- humans and mice eventually accumulate iron in macrophages of the spleen, liver, 

and brain (Harris et al. 1999, Xu et al. 2004).  Decreased Cp ferroxidase activity leads to 

defects in mobilization of liver iron and recycling of iron from erythrocytes by Kupffer 

cells, ultimately leading to hepatic iron accumulation (Chen et al. 2006).  Ferroxidase 

activity is also present in the membrane-bound Cp homologues hephaestin and zyklopen.  

Hephaestin is present predominately on the enterocytes and is required for efficient 

dietary iron absorption.  Mutations in hephaestin lead to iron retention in enterocytes due 

to decreased intestinal iron efflux and an overall systemic iron deficiency (Chen et al. 

2006).  Zyklopen is a recently discovered membrane-bound ferroxidase located in the 

placenta and mammary gland (Chen et al. 2010).  The fact that more than one copper-

dependent ferroxidase exists within an organism suggests the importance of this iron-

oxidizing activity.   
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In 1966, Osaki et al. proposed a model in which the ferroxidase activity of sCp 

played a central role in driving iron from the gut, through the plasma, to the erythroid 

marrow for hemoglobin synthesis and RBC formation.  By facilitating the binding of iron 

to Tf, an iron gradient is created which increases cellular iron efflux (Osaki et al. 1966).  

This model was the first molecular link between copper and iron metabolism in 

mammals. 

Copper and iron homeostasis are linked through multicopper ferroxidases in bacteria 

(Huston et al. 2002), yeast (De Freitas et al. 2003), plants (Hoopes & Dean 2004), and 

mammals (Kosman 2002, Nittis & Gitlin 2002).  Decreased or absent ferroxidase activity 

due to copper deficiency or a genetic defect (as in aceruloplasminemia) leads to many 

physiological defects as well as iron metabolism issues in different organisms (Chen et al. 

2006). 

Copper deficiency 

The necessity of copper in multicopper oxidases like Cp warrants investigating the 

effects of altering body copper levels.  Because of the importance of the copper-

dependent ferroxidase activity in iron efflux, copper deficiency is likely to affect 

ferroxidase activity and thus iron homeostasis.  Induced dietary copper deficiency studies 

in rodents cause symptoms of iron deficiency anemia, including low red blood cell count 

and low hemoglobin, hematocrit, and serum iron (Chen et al. 2006, Reeves et al. 2004).   

The decreased copper availability causes an inherent reduction in the abundance of 

copper-dependent proteins, such as Cp, which leads to larger overall copper and iron 

mobilization issues.   

Studies on copper deficiency in mice and rats have generally shown some unique 

differences.  Copper deficient mice have lower tissue copper concentrations, higher 

tissue-specific iron concentrations, lower serum Cp activity, and lower hephaestin 

activity in enterocytes compared to control mice (Chen et al. 2006).  Pyatskowit and 

Prohaska reported that anemic copper deficient mice do not have low plasma iron 

concentrations.  In contrast, copper deficient rats on the same dietary treatment exhibit 

anemia and low plasma iron levels (Pyatskowit & Prohaska 2008a).  Anemic copper 

deficient rats also display higher ferroportin (Fpn), the iron exporter, levels in liver and 



 

 7 

spleen.  Interestingly, copper deficient mice do not display higher Fpn levels 

(Jenkitkasemwong et al. 2010).  

Cp-/- humans and animals have no Cp activity, which leads to an accumulation of 

iron in the spleen, liver, and brain but with an overall systemic iron deficiency (Harris et 

al. 1999, Xu et al. 2004).  Copper deficiency causes decreased Cp activity and protein 

and, under certain circumstances, leads to selective iron accumulation.  This iron 

accumulation can be reversed by intravenous administration of active Cp, releasing iron 

into circulation from the liver (Tran et al. 2002).  Likewise, multiple groups in the 1930s 

reported that the increase in tissue iron in rats during copper deficiency can be reversed 

by copper administration, which stimulated release of iron from storage tissues to plasma 

hemoglobin (Cook & Spilles 1931, Josephs 1932).  The iron deficiency experienced by 

copper deficient rat pups can be lessened by injection with iron, restoring low serum iron 

and low hemoglobin levels to normal (Pyatskowit & Prohaska 2008b).  Iron injection 

fails to reverse anemia in older copper deficient rodents, however (Reeves & DeMars 

2006).   

Copper deficiency in humans is rare, although slightly more common in children 

(Levy et al. 1985).  Studies on nutritionally anemic infants and children with low copper 

levels were performed in the 1930s.  Treatment with copper and iron was determined to 

be effective, much more so than iron treatment alone, particularly in infants with low 

hemoglobin (Josephs 1932).  Copper deficiency in humans may be induced by excess 

zinc intake or through long-term parenteral nutrition.  Because intake of copper and iron 

through the gut is important for proper absorption, bypassing the gut completely can 

cause copper deficiency.  In these cases, oral copper therapy returns hematological 

parameters to near-normal levels (Karpel & Peden 1972).  Zinc is also known to cause 

copper deficiency by inhibiting copper absorption and increasing copper secretion 

(Prasad et al. 1978).   Zinc toxicity may be due to taking zinc supplements or, more 

recently discovered, using denture cream daily, which contains high levels of 

polymethyvinylether maleic acid calcium-zinc salt.  Discontinuation of zinc intake 

returns hematologic values to normal (Willis et al. 2005).   
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Perturbations in systemic iron metabolism may arise because the metabolic pathways 

involving copper and irons are linked at least in part through multicopper ferroxidases 

like Cp, hephaestin, and zyklopen.  The following studies were performed to analyze the 

presence of the membrane-anchored form of Cp (GPI-Cp) in multiple organs in response 

to dietary copper deficiency, as it was previously believed to be present in a limited 

number of cell-types.  Ferroxidase activity of GPI-Cp in the spleen was verified and the 

response of the iron status marker, TfR, was analyzed to try to determine further the 

relationship between copper, ferroxidases, and iron in the mammalian body.   



 

 9 

Table 1-1. Proteins important in the copper-iron interaction 

 
Protein Putative function in copper-iron interaction Reference(s) 
GPI-Cp membrane-bound ferroxidase (Patel et al. 

2000) 
sCp circulating ferroxidase (Osaki et al. 

1966) 
hephaestin transmembrane ferroxidase predominantly  in intestinal 

enterocytes 
(Vulpe et al. 
1999) 

zyklopen membrane-bound ferroxidase in placenta and mammary 
gland 

(Chen et al. 
2010) 

CCO Copper- and iron-dependent inner-mitochondrial 
membrane terminal respiratory chain oxidase 

(Hamza & 
Gitlin 2002) 

Ctr1 High affinity membrane Cu transporter (Dancis et al. 
1994) 

Fet3p transmembrane ferroxidase in yeast (Askwith et 
al. 1994) 

 
Glycolsylphosphatidylinositol-anchored ceruloplasmin, GPI-Cp; secreted ceruloplasmin, 
sCp; cytochrome c oxidase, CCO; copper transporter 1, Ctr1; ferro-O2-oxidoreductase, 
Fet3p 
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organs and is lower following dietary copper deficiency 
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Abbreviations used: Cp, ceruloplasmin; GPI-Cp, glycosylphosphatidylinositol-

ceruloplasmin; CuA, copper adequate; CuD, copper deficient; CCS, copper chaperone for 

superoxide dismutase; NHI, non-heme iron; P24, postnatal day 24. 
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 ABSTRACT 

Ceruloplasmin (Cp), a multicopper ferroxidase, is expressed as both a secreted (sCp) 

plasma enzyme from liver and a membrane-bound glycosylphosphatidylinositol-anchored 

(GPI-Cp) splice variant protein.  Cp is thought to be essential for iron mobilization as 

selective iron overload occurs in aceruloplasminemia in humans and in Cp null mice.  

Dietary copper-deficient (CuD) rodents have near total loss of Cp activity, severe loss of 

Cp protein, and develop anemia.  Hepatic iron augmentation is often observed.  Impact of 

CuD treatment on GPI-Cp has not previously been evaluated.  In these studies, GPI-Cp 

was detected in purified membranes of multiple organs of rats and mice but not Cp -/- 

mice.  Immunoreactive Cp protein was released with phosphatidylinositol phospholipase 

C treatment and expressed ferroxidase activity.  Following perinatal and postnatal copper 

restriction, GPI-Cp was markedly lower in spleen and modestly lower in liver of CuD 

rats and mice, compared to copper-adequate (CuA) rodents.  However, spleen non-heme 

iron was lower in CuD than CuA rats, and not different in CuD mice.  Hepatic iron was 

higher only in CuD mice.  Spleen and liver membranes of CuD rats expressed augmented 

levels of ferroportin, the iron efflux transporter, which may explain lower non-heme iron 

content in spleen of CuD rats despite a greater than 50% lower level of the multicopper 

ferroxidase GPI-Cp.  

Key words: copper deficient, rat, mice, GPI-ceruloplasmin, iron 
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INTRODUCTION 

Copper is an essential cofactor for numerous cuproenzymes known to catalyze key 

biochemical reactions.  In general, these cuproenzymes participate in redox chemistry 

and impact many physiological processes such as pigmentation, catecholamine synthesis, 

superoxide metabolism, mitochondrial energy production, connective tissue integrity, and 

hematopoiesis (Prohaska 2006).  Seminal work in rats described a copper requirement for 

growth and hemoglobin formation (Hart et al. 1928).  Later it was shown that iron 

metabolism requires multicopper oxidases with ferroxidase activity to convert ferrous to 

ferric iron to facilitate binding to transferrin (Tf), the plasma iron transporter (Osaki 

1966).  It is believed that the anemia (low hemoglobin) observed in copper deficient rats 

is due to hypoferremia (Lee et al. 1968).  An interaction between iron and copper was 

described in humans in the 19th century, but specific details still remain unknown (Collins 

et al. 2010, Fox 2003).  For example, dietary copper deficiency in mice also leads to 

profound anemia but plasma iron levels are normal (Pyatskowit & Prohaska 2008a).  Key 

in the molecular copper-iron hypothesis is the cuproenzyme ceruloplasmin (Cp).  

Cp is an α-2-globulin that binds six atoms of copper which represents about 95% of 

the copper found in plasma.  This glycoprotein was first characterized in 1947 by 

Holmberg and Laurell and determined to be synthesized and secreted into plasma by 

hepatocytes (Holmberg & Laurell 1947).  Cp can oxidize several diamines but is thought 

to be essential for the ferroxidase pathway of iron mobilization (Osaki 1966).  Consistent 

with this hypothesis was the observation that humans lacking Cp (aceruloplasminemia) 

accumulated excess iron in several organs including liver and brain (Harris et al. 1998).  

Experiments with Cp-/- mice confirmed these observations and challenged the idea that 

Cp was involved in copper transport and delivery because liver, spleen, and brain 

accumulated iron but had normal copper levels (Harris et al. 1999).  Collectively these 

studies strongly supported the Cp ferroxidase hypothesis.  Further, when copper is 

limiting in the diet, Cp activity is markedly lower and liver iron is elevated (Lee et al. 

1968).  However, Cp -/- mice, despite tissue-specific iron overload, do not display severe 

anemia (Cherukuri et al. 2004, Harris et al. 1999, Patel et al. 2002, Yamamoto et al. 

2002).  Thus, the mechanism for anemia in copper deficiency remains unknown.   
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Interestingly, accumulation of iron in the brain in aceruloplasminemia suggested the 

existence of another form of Cp, since plasma Cp presumably does not cross the blood-

brain barrier.  Previously Cp was characterized strictly as a secreted protein found in the 

plasma. It is now known that two isoforms of Cp exist, a secreted form (sCp) and a 

membrane-bound glycosylphosphatidylinositol-anchored form (GPI-Cp), first described 

in brain astrocytes (Patel & David 1997).  GPI-Cp is generated by alternative splicing of 

exons 19 and 20, encoding a 1084 amino acid protein, whereas sCp has 1059 amino acids 

(Patel et al. 2000).  GPI-Cp has also been reported on the plasma membrane of Sertoli 

cells and on the surface of leptomeningeal cells in the central nervous system (Fortna et 

al. 1999, Mittal et al. 2003).  GPI-Cp in brain astrocytes and Sertoli cells of testes 

suggests a role for GPI-Cp in metabolism of iron at the blood-brain barrier and blood-

testis barrier (Hellman & Gitlin 2002).  However, little is known about GPI-Cp in other 

tissues or its precise role in iron biology and its role, if any, in the mechanism of anemia 

associated with copper deficiency.   

Recent studies confirmed that dietary copper deficiency in rats and mice resulted in a 

60-90% decrease in sCp protein abundance (Broderius et al. 2010).  Perhaps this is due to 

enhanced degradation of unstable apoceruloplasmin (Holtzman & Gaumnitz 1970).  A 

key objective of the current experiments was to assess the affect of dietary copper 

deficiency on membrane-bound GPI-Cp.  A more thorough investigation of the impact of 

GPI-Cp on iron retention seemed prudent, as iron imbalance can have very serious 

physiological consequences besides anemia including diabetes, dementia, oxidative 

stress, and impaired cognitive development (Madsen & Gitlin 2007).  The primary cells 

involved in iron recycling are splenic macrophages and liver Kupffer cells.  Cp-/- humans 

and mice accumulate iron in these macrophages.  It is not clear whether reduction of sCp 

observed in dietary copper deficiency or a putative alteration in GPI-Cp might also 

impact iron export from spleen and liver.  

Current experiments were designed to evaluate GPI-Cp in multiple organs using 

rodents as models with an emphasis on organs where iron is stored and excreted, spleen 

and liver.  Impact of dietary copper limitation and related variables (age, gender, species, 

and rat strain) were analyzed.  Data demonstrated GPI-Cp is expressed in multiple organs 
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of rodents, including liver, spleen, kidney, heart and brain. Furthermore, following 

dietary copper deficiency GPI-Cp expression in spleen, and to a lesser extent liver, was 

lower.  However, it was also determined that lower GPI-Cp was not correlated with 

augmented non-heme iron (NHI) levels. 

 

MATERIALS AND METHODS 

Animal care and dietary treatments 

Sperm-positive Holtzman rats were purchased from Harlan Laboratories Inc. and 

weanling male and sperm-positive Sprague Dawley rats and sperm-positive Swiss 

Webster mice were purchased from Charles River.  Rodents were offered either a copper-

deficient (CuD) or copper-adequate (CuA) dietary treatment consisting of a CuD 

modified AIN-76A diet, or CuD and CuA modified AIN-93G diet (Teklad Laboratories).  

The modified AIN-76A diet contained 0.32 mg Cu/kg and 47 mg Fe/kg by analysis. All 

Holtzman dams and offspring were fed this CuD diet.  CuA groups drank water 

supplemented with cupric sulfate, 20 mg Cu/L, and CuD groups drank deionized water.  

This perinatal Holtzman rat experiment is referred to as Experiment 1 (Exp. 1).  Sprague 

Dawley rats and Swiss Webster mice were fed the modified AIN-93G diet containing 

0.46 mg Cu/kg and 78.3 mg Fe/kg (CuD diet) or 8.73 mg Cu/kg and 80.3 mg Fe/kg (CuA 

diet).  Rodents on the modified AIN-93G diets were given deionized water to drink.  The 

Sprague Dawley rat experiment is referred to as Experiment 2 (Exp. 2).  A third 

experiment (Exp. 3) began with weanling male Sprague Dawley rats offered CuA, CuD, 

or an additional modified AIN-93G iron deficient (FeD) diet, containing 6.2 mg Fe/kg 

and 7.0 mg Cu/kg.  Further details of the diets used and animal husbandry are published 

elsewhere (Bastian et al. 2010, Pyatskowit & Prohaska 2008a).  All animals were 

maintained at 24 ˚C with 55% relative humidity on a 12-h light cycle (0700-1900 h).  All 

protocols were approved formally by the University of Minnesota Animal Care 

Committee. 

Holtzman rat dams (Exp. 1) were placed on dietary treatments on embryonic day 7, 

Sprague Dawley rat dams (Exp. 2) on embryonic day 2, and Swiss Webster mouse dams 

on embryonic day 17.  Offspring in all cases were weaned at postnatal day 20 (P20) and 
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continued on dietary treatment of their respective dams.  Exp. 3 male weanling rats began 

their respective postnatal CuD, CuA, or FeD diets at P21. 

One representative Exp. 1 male rat pup from each litter (n=4, CuA and CuD) was 

anesthetized by ketamine/xylazine injection and killed by cardiac puncture on P25, and 

on P26 a sister was killed from each litter in the same manner.  For Exp. 2, CuA and CuD 

P25 (n=4 each) male rat pups were killed by decapitation.  For Swiss Webster mice, CuA 

and CuD males (n=4 each) were killed on P27 by decapitation.  For Exp. 3, CuD and 

CuA  male rats (n=3 each) were killed at one, two, and four weeks after onset of dietary 

treatments.  At P35, three FeD rats were killed.  These rats were anesthetized with 

ketamine/xylazine injection and killed by cardiac puncture. Appropriate tissues from all 

rodents were harvested, quick frozen in liquid nitrogen, and stored at -70 ˚C for analyses.  

Dr. Z. L. Harris, Vanderbilt University, kindly provided tissues and plasma from C57BL 

mice of two genotypes ceruloplasmin null (Cp-/-) and wild-type controls (Cp+/+) (Harris 

et al. 1999). 

Biochemical analyses 

A 5 µL aliquot of blood from each rodent was mixed with Drabkin’s reagent to 

measure hemoglobin spectrophotometrically (Prohaska 1991).  A piece of liver was wet-

digested with HNO3 (Trace Metal grade; Fisher Scientific) and analyzed for total copper 

and iron content by flame atomic absorption spectroscopy (Model 1100B, Perkin-Elmer) 

(Prohaska 1991).  Plasma was treated with hot trichloroacetic acid and iron was measured 

by flame atomic absorption spectroscopy (Pyatskowit & Prohaska 2008c).  Non-heme 

iron (NHI) levels in spleen and liver were determined colorimetrically after acid 

extraction of tissues (Torrance & Bothwell 1968).  This is necessary, particularly for 

spleen, where much of the iron is bound to heme from hemoglobin degradation.  Protein 

concentration of membrane and cytosolic extracts was determined using a modified 

Lowry method (Markwell et al. 1978).  Plasma Cp activity was assessed by measuring 

plasma diamine oxidase activity using o-dianisidine as substrate (Prohaska 1991).  

Ferroxidase activity was determined on spleen membrane proteins digested with 

phospholipase C as described below after separation on non-denaturing gels and transfer 

to PVDF membranes as described previously for plasma (Broderius et al. 2010).  
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Preparation of membrane fractions 

Membrane samples for Western blot analysis were prepared by homogenizing frozen 

rat or mouse spleen, liver, kidney, heart, and cerebellum in 9 volumes of homogenization 

buffer containing 10 mM HEPES, 0.1 M KCl, 0.04 M mannitol and 1 mM EDTA (pH 7) 

with the addition of protease inhibitors (Protease Inhibitor Cocktail; Sigma Aldrich) 

using a T25 high speed digital homogenizer (IKA Works, Inc., Wilmington, NC, USA).  

Homogenates were centrifuged at 2000 g for 10 min at 4 ˚C and supernatant fractions 

were centrifuged again at 100000 g for 30 min at 4 ˚C.  Supernatant from this spin was 

saved as the cytosolic extract and the pellet was washed with homogenization buffer and 

recentrifuged at 100000 g for 30 min at 4 ˚C, discarding supernatant.  Pellets were 

resuspended in 10 mM potassium phosphate buffer (pH 6.8) containing 4% SDS and 

0.2% Triton X-100 and are referred to as membrane extracts.   

PI-PLC treatment 

Selected membrane pellets were suspended in 100 µL of 50 mM Tris-HCl (pH 7.4) 

containing 10 mM EDTA.  These solutions were treated with either 0.7 units of specific 

phopholipase C (PI-PLC) (P5542, Sigma Aldrich) or 0.1 µg of bovine serum albumin 

(BSA) as negative control (Sigma Aldrich) (Shen et al. 1994).  Pellet suspensions were 

incubated at 37 ˚C for 1 hr with mixing every 15 min.  Extracts were spun at 100000 g for 

15 minutes and the supernatant was removed and saved as the released protein fraction. 

The treated membrane pellet was washed, the supernatant discarded, and the pellet was 

resuspended in membrane extraction buffer.  Aliquots of the resuspended treated 

membrane fractions and released extracts were used for protein determination and 

Western immunoblots.  

Analysis of mRNA expression in rat tissues 

Total RNA was isolated chemically from fast frozen rat tissues using TRI reagent 

(Ambion, Austin, TX, USA) following manufacturer recommendations including 

suggested optional steps.  Concentration of purified RNA was measured with a Nanodrop 

spectrophotometer and integrity was evaluated by denaturing agarose gel electrophoresis.  

DNAse treatment used DNA-free kit (Ambion) and cDNA was synthesized with 

Omniscript Reverse Transcriptase (Qiagen, Valencia, CA, USA).  Tissue cDNA was 
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amplified and quantified by qRT-PCR using Rotor-Gene SYBR Green PCR Kit (Qiagen) 

and Corbett RotorGene RG-3000 to determine CT values.  Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as a housekeeping gene.  Agarose gel analysis 

showed each primer pair to yield a single band of the expected size.  Each PCR reaction 

contained cDNA synthesized from 15 ng total RNA in a 12.5 µl total reaction volume.  

sCp and GPI-Cp primers were those used previously for rat kidney experiments (Wiggins 

et al. 2006).  CT values were confirmed with another set of specific primers for sCp and 

GPI-Cp used for mouse retina (data not shown) (Stasi et al. 2007).  Hephaestin primers 

designed for qRT-PCR based on NM_133304, were reverse: 5’-TCC CAG CTT CTG 

TCA GGG CAA TAA-3’ and forward: 5’-TGT TCC AGT CAT CAA GAC AGC CCA-

3’. Amplicon size was 107 bp.  Forward and reverse primers used for GAPDH analysis 

produced an 87 bp product (Vandesompele et al. 2002). 

SDS-PAGE and immunoblotting 

Membrane proteins were mixed with SDS Laemmli sample buffer without boiling 

and electrophoretically fractionated by SDS-PAGE on 10% gels.  Cytosolic samples were 

treated similarly, but first boiled for 5 min and fractionated on 15% gels.  Separated 

proteins were transferred to a Protran BA 83 nitrocellulose membrane (Whatman) and 

treated as described previously to detect the appropriate antigens (Broderius et al. 2010).  

Immunoreactivity was visualized using SuperSignal chemiluminescence substrate 

(Thermo Scientific).  Chemiluminescence detection and densitometry were carried out 

using the FluorChem™ system (Alpha Innotech, San Leandro, CA, USA). 

Antibodies 

The following antibodies were purchased commercially and used at appropriate 

dilutions: anti-mouse actin (MAB1501, Millipore); mouse anti-rabbit sodium potassium 

ATPase (Na/K ATPase) (ab7671, Abcam); mouse anti-human transferrin receptor (TfR) 

(13-6800, Zymed Laboratories); goat anti-human ceruloplasmin (C 0911, Sigma 

Aldrich); and goat anti-rabbit lactate dehydrogenase (LDH) (AB1222, Millipore). 

Affinity purified rabbit anti-human copper chaperone for superoxide dismutase (CCS) 

and rabbit anti-rat/mouse ferroportin (Fpn) were characterized previously 

(Jenkitkasemwong et al. 2010, West & Prohaska 2004).  
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Statistical analysis 

Means ± SEM were calculated.  Student’s unpaired two-tailed t-test was used for 

comparison of data between two dietary treatments (α=0.05) and F-test was used to 

determine variance equality.  Data were processed using Microsoft Excel™.  

Experiments comparing CuD, FeD, and CuA data were evaluated by one-way ANOVA 

and Tukey’s test after variance equality was evaluated by Bartlett’s test (KaleidaGraph, 

Synergy Software). 

 

RESULTS 

Characterization of membrane-anchored Cp 

Membranes were isolated from multiple organs of two CuA mouse dams and 

detergent-extracted proteins were separated by SDS-PAGE and Cp was detected by 

immunoblotting.  When probed with polyclonal anti-human ceruloplasmin (Cp) antibody, 

a robust band in both mice was detected with an apparent molecular weight of 130 kDa 

for spleen, liver, kidney, and heart.  Cp protein was more abundant in spleen and kidney 

than in liver and heart (Figure 2-1A).  Mobility of the Cp in membrane extracts was faster 

than plasma Cp, used as a control, indicating unique features.  The immunoblot was 

reprobed for lactate dehydrogenase (LDH) and no bands were detected, suggesting the 

organ preparations were not contaminated with plasma (data not shown).  No 

immunoreactive Cp was detected in isolated rat erythrocyte ghosts (data not shown) 

suggesting that splenic Cp was not due to red cell membrane contamination.  Further 

studies on a pair of four month old male mice, Cp+/+ or Cp-/-, were done to confirm that 

immunoreactivity was indeed Cp.  Membranes from multiple organs of these mice were 

extracted and immunoreactivity was not detected in Cp-/- mouse membranes or plasma 

(Figure 2-1B).  Cerebellum and heart tissues have less dense membrane Cp bands and 

spleen the most dense.  Actin (44 kDa) was used as a loading control for this blot and all 

other Cp blots.  However, robust actin bands were not detected for male rat liver 

membrane preparations.  Actin density was tissue-specific, but not impacted by Cp 

genotype (Figure 2-1B). 
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Next, additional experiments were done with rat membranes to extend mouse data 

and to determine if the detected Cp protein was GPI-anchored.  Spleen, liver, kidney, and 

heart membrane pellets from a P25 CuA male rat, Exp. 2, were treated with either PI-

PLC or a negative control protein (BSA) (Figure 2-1C).  Membrane fractions were 

processed to separate the treated membrane fraction pellet from released supernatant 

extracts. Resuspended PI-PLC-treated membrane fractions displayed less remaining 

immunoreactive Cp than BSA-treated fractions (Figure 2-1C).  GPI-Cp released from the 

membrane fraction was recovered in the extract of these four rat organs and suggests that 

immunoreactive Cp was GPI-anchored in these membranes.  Released extracts from 

spleen and kidney possessed ferroxidase activity in a gel/membrane assay (data not 

shown) (Broderius et al. 2010).  Actin abundance was not impacted by PI-PLC treatment.  

Note weak actin signal in the liver. 

Relative mRNA expression levels for three multicopper oxidases including both the 

secreted form (sCP) and the GPI-anchored form of Cp were determined in multiple 

organs of a representative P27 male CuA rat by qRT-PCR.  Primers, designed by others, 

specific to each of the forms of Cp were used (Supplemental Table 2-1).  Secreted Cp, as 

expected, was expressed highest in the liver.  Importantly, GPI-Cp was expressed in all of 

the organs tested and had its highest expression in the kidney, consistent with 

immunoblot data.  Hephaestin, another multicopper oxidase, had highest expression in 

enterocytes, consistent with previous data (Vulpe et al. 1999).  

Confirmation of copper deficiency 

One mouse model and three rat models of dietary copper deficiency were examined 

to determine if alterations observed in sCp levels might occur with GPI-Cp (Broderius et 

al. 2010).  The perinatal models of Cu deficiency (mouse experiment and rat Exps. 1 and 

2) produced CuD pups with features consistent with severe deficiency.  CuD pups were 

smaller in size than CuA rodents (Table 2-1).  Hemoglobin levels for these CuD rodents 

were significantly lower than their CuA counterparts, ranging between 57-71% of CuA 

values.  Liver copper levels were markedly lower in all CuD rodents.  Liver iron was 

104% higher in CuD than CuA mice.  For CuD rats, the liver iron data were less clear.  In 

fact, the reason that CuA rats in Exp. 1 had lower liver iron than CuD rats may be due to 
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lower dietary iron rather than copper deficiency, since male P25 CuA pups in Exp. 2 had 

iron levels greater than CuA pups in Exp. 1.  Serum iron concentration was significantly 

lower in CuD male rats but not altered in CuD mice.  Plasma diamine oxidase activity of 

all CuD rodents was non-detectable (data not shown).  Collectively, CuD rats and mice 

displayed signs characteristic of CuD rodents noted previously (Pyatskowit & Prohaska 

2008a). 

Copper chaperone for superoxide dismutase (CCS) immunoblots were prepared using 

the cytosolic fraction of the membrane preparations to evaluate the copper status of 

spleen and cerebellar tissue as limited sample size prevented metal determination (Figure 

2-2).   Previous work indicated that tissue CCS levels were higher following copper 

deficiency (West & Prohaska 2004).  CCS bands (37 kDa) from CuD samples were 

markedly denser than corresponding bands from CuA samples, verifying copper 

deficiency in the CuD rodents.  Actin density confirmed equal loading for each 

immunoblot and was not impacted by copper status.   

Impact of copper deficiency on GPI-Cp in rats 

Liver and spleen were organs of particular interest to evaluate regarding copper status 

and GPI-Cp expression.  Spleen membranes from CuD and CuA male rat pups from Exp. 

1 (Figure 2-3A) and Exp. 2 (Figure 2-3B, C, D) were examined.  Immunoblots from both 

experiments showed a significant decrease in GPI-Cp abundance in CuD rats compared 

to CuA controls, 63% and 49% lower respectively (Figure 2-3A and 2-3B).  These very 

similar results were obtained using two different CuD diets and two different rat strains. 

Interestingly, non-heme iron (NHI) was significantly lower in spleen of CuD rats to a 

similar degree in both experiments, suggesting a disconnect between the NHI and GPI-

Cp function.   Spleen membranes from another set of littermates in Exp. 2 were used to 

study release of GPI-Cp and were also probed for GPI-Cp, actin, and ferroportin (Fpn).  

Spleens of these CuD rats have lower GPI-Cp, 64%, but higher Fpn, 37%, than CuA rats 

(Figure 2-3C).  The PI-PLC released material was detected with anti-Cp antibody 

following separation on a non-denaturing gel.  Ferroxidase activity could be detected in 

the CuA but not CuD samples confirming both lower protein abundance and impaired 

activity of GPI-Cp following copper deficiency (Figure 2-3D).   
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The response of GPI-Cp to dietary copper deficiency was also examined in male rat 

liver for both Exp. 1 and 2 (Figure 2-4).  Results were not as definitive as those for the 

spleen.  Abundance of GPI-Cp tended to be lower in CuD rats in both experiments, but 

was not statistically different.  Sodium-potassium ATPase was used as a loading control 

for the liver membrane samples but it was apparent that proper loading could not be 

determined measuring this protein.  Tubulin also appeared to be impacted by diet (data 

not shown).  Recall that actin blotting also was not acceptable for male rat liver 

membranes.  Ponceau S staining suggested equal loading of both immunoblots (data not 

shown).  Membrane extracts were also probed for Fpn from livers of rats in Exp. 2 

(Figure 2-4B).  Robust enhancement of Fpn expression, 74%, was detected in CuD 

compared to CuA rats, P < 0.05. 

Membrane extracts from P26 Exp. 1 female rats were evaluated to compare with male 

rat data (Figure 2-5).  GPI-Cp density was 45% lower in the CuD female spleen.  Liver 

GPI-Cp membrane extracts followed the same trend as the young male rats, appearing 

lower but not statistically significant. Cerebellum samples from P26 females showed no 

difference in GPI-Cp expression between CuD and CuA rats.  CCS results verified the 

extent of copper deficiency in the cerebella of CuD female rats (Figure 2-2).  Actin was 

used as a loading control for all female membrane preparations and was not impacted by 

copper status.   

Impacts of perinatal copper deficiency on GPI-Cp in mice 

Spleens and livers of P27 CuD and CuA male Swiss Webster mice were evaluated for 

GPI-Cp following perinatal copper deficiency to compare with rat data.  Spleen GPI-Cp 

mouse expression confirmed data in rats; levels in CuD mice were 44% lower than CuA 

(Figure 2-6A).  Spleen NHI levels were not significantly affected by copper deficiency in 

mice.  Like CuD rat liver, CuD mouse liver tended to have a modest reduction in GPI-Cp, 

though not significant (Figure 2-6B).  However, an overall statistical evaluation of liver 

immunoblot densities for GPI-Cp of all CuD and CuA rodent comparisons resulted in a 

robust difference (P< 0.01) between the treatment groups, consistent with spleen data.  

Actin was an effective loading control in mouse tissues and demonstrated equal loading. 

Postnatal copper deficiency 
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The preceding studies were performed on rodents with severe copper deficiency 

following perinatal treatments.  CuD rodents had frank anemia and reduced body weights 

(Table 2-1).  Exp. 3 was conducted with older postweanling rats to determine how 

quickly a change in GPI-Cp might occur following a CuD or iron deficient (FeD) diet.  

Following four weeks of treatment, CuD rats had modest signs of copper deficiency, mild 

anemia, and no differences in body weight compared to the CuA rats (data not shown).  

Rats were sampled one, two, and four weeks after diet treatment.  Spleen and liver 

membrane extracts were evaluated at P35 (Figure 2-7A).  Spleen GPI-Cp abundance was 

markedly lower (65%) in CuD samples following just two weeks of treatment, 

confirming and extending data in the perinatal rat and mouse models.  In liver, but not in 

spleen, GPI-Cp abundance was actually higher in FeD rats, P < 0.05.  Iron regulation of  

transferrin receptor (TfR) appears to be proper only in liver as a robust enhancement is 

evident in the FeD samples, consistent with the very low NHI levels (Figure 2-7A).  

Interestingly, in spleen, despite low levels of NHI in both CuD and FeD rats, TfR 

expression was not augmented.  Reduction of spleen GPI-Cp abundance in CuD rats to 

less than 50% of levels in CuA rats occurred less than one week after diet-induced copper 

deficiency (Figure 2-7B).  After 4 weeks on the CuD diet, spleen GPI-Cp of the CuD rats 

was less than 20% of the CuA values.  Liver copper content displayed a similar response 

as spleen GPI-Cp results.  After the first week on the CuD diet, liver copper levels 

dropped to less than 60% of the CuA values and after 4 weeks, liver copper levels were 

less than 40% of CuA values.  Although liver GPI-Cp for P35 CuD rats was similar to 

CuA levels (Figure 2-7A), levels for CuD rats at P49 were 53% lower than CuA values P 

< 0.05 (data not shown).  The copper deficient state of both spleen and liver from CuD 

rats was verified when cytoplasmic CCS levels were evaluated (Figure 2-7C).  Cp 

diamine oxidase activity was not detectable in the CuD rat plasma.  Cp activity in the P35 

FeD rats, 78.2 ± 7.3 units/L, was not significantly different than CuA rats, 90.2 ± 7.5, P > 

0.05.  

DISCUSSION 

Numerous investigations have probed factors that impact expression and function of 

secreted plasma ceruloplasmin (sCp).  Results in the current studies with rat and mouse 
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tissues clearly demonstrate both mRNA and protein for the membrane bound form of this 

multicopper oxidase (GPI-Cp).  Previous studies detected Cp mRNA in numerous tissues, 

including lung, spleen, testes, placenta, yolk sack, in addition to robust expression in liver 

(Hellman & Gitlin 2002).  Our data confirm and extend those observations, and those 

made by others, who have reported the presence of the GPI-anchored form of Cp in 

selected cells.  In particular, GPI-Cp has been reported in brain astrocytes and 

leptomeningeal cells, murine retina, rat Sertoli cells, rat kidney parietal epithelial cells, 

and human peripheral lymphocytes, especially Natural Killer cells (Banha et al. 2008, 

Fortna et al. 1999, Patel & David 1997, Stasi et al. 2007, Wiggins et al. 2006).  It was 

speculated that the presence of GPI-Cp in brain, kidney, and retina corresponds to blood-

tissue barrier trafficking of iron.  Data from the current investigation suggests that GPI-

Cp is present in tissues known to have a role in iron trafficking, liver and spleen 

macrophages.  It is well known that the iron exporter ferroportin (Fpn) is critical for iron 

efflux.  It was clearly demonstrated that the Fpn knockout mouse accumulated iron in the 

absorptive enterocyte, splenic macrophage, and liver Kupffer cell (Donovan et al. 2005).  

It is proposed that GPI-Cp helps facilitate iron efflux in macrophage-like cells in 

conjunction with Fpn in a parallel manner to the multicopper oxidase hephaestin, a Cp 

homologue, found predominantly in enterocytes (Collins et al. 2010).  Mutations in 

hephaestin, documented in the sla mouse, lead to iron retention in enterocytes 

presumably due to a block in intestinal iron efflux (Vulpe et al. 1999). 

Liver is a major homeostatic organ for copper biology.  One important function is to 

synthesize and secrete sCp.  It is well known that the liver of copper deficient rats and 

mice accumulate iron predominately either as ferritin or hemosiderin (Welch et al. 2007).  

As mentioned previously, aceruloplasminemia leads to a lack of iron recycling through 

Kupffer cells because of a decrease in ferroxidase function.  Recent data from our lab on 

both copper deficient rats and mice confirmed earlier work that the predominant form of 

Cp in the plasma following copper deficiency is the apo form of the protein lacking 

ferroxidase activity (Broderius et al. 2010).  Earlier work in copper deficient rats and in 

mice with a deletion of the copper transporter Ctr1 in intestine had convincingly shown 

that apo-Cp was the major plasma form following copper limitation (Holtzman & 
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Gaumnitz 1970, Nose et al. 2006).  Limited sCp function may restrict iron efflux.  Data 

in the current experiments further extend the possibility that iron retention in the liver is 

due to a decrease in GPI-Cp.  Lower GPI-Cp abundance in hepatic tissue of both CuD 

rats and mice is reported, albeit only modestly impacted.  Perhaps though, the GPI-Cp 

that is detected does not possess full ferroxidase activity as suggested by the current data 

on spleen membrane GPI-Cp.  This apparent decrease in hepatic GPI-Cp abundance is 

likely not related to the iron content of the hepatocytes.  Two perinatal rat experiments 

were conducted and there was a difference in liver iron concentration in only one; yet, 

both showed a similar reduction of liver GPI-Cp abundance.   

In the current experiments, liver iron was only augmented in CuD mice.  This was 

verified by measurement of total iron and reflected in the decreased expression of TfR in 

the CuD mouse liver (not shown).  Diets used in Exp. 2 and 3 contained more iron and 

may explain why there was no apparent difference in liver iron in those rats.  It is 

possible that the iron in CuD rat liver is trapped in hemosiderin and not available for 

rapid export (Welch et al. 2007).  Though this liver iron data is somewhat confusing, it 

confirms recent interesting observations of differing responses to copper deficiency 

between rats and mice in regard to iron homeostasis.  For example, copper deficient rats 

experience hypoferremia whereas copper deficient mice do not (Pyatskowit & Prohaska 

2008a). 

Splenic macrophages are key in iron recycling that occurs when phagocytized 

erythrocytes are processed by the spleen (Collins et al. 2010).  Current data suggest that 

spleen contains robust expression of GPI-Cp and that abundance is dependent on 

adequate copper.  Significant (~50%) reductions in the expression of GPI-Cp in spleen 

were observed in several different CuD rat and mouse models ranging from severe to 

modest copper deficiency.  Though the cell specific expression was not confirmed in 

these studies, we presume that GPI-Cp is macrophage associated.  Previous studies 

suggested that mouse macrophage bone marrow cells express GPI-anchored Cp (De 

Domenico et al. 2007).  Recent work in CuD rats and mice detected residual levels of 

sCp in plasma but was unable to detect ferroxidase activity (Broderius et al. 2010).  It is 

possible that the residual GPI-Cp in spleen of CuD rodents has ferroxidase activity but 
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our gel assay detected none.  Interestingly, in the current studies, with diminished levels 

of GPI-Cp in spleen, there was no concomitant retention of iron.  In fact, lower NHI was 

detected in all CuD splenic samples from rats.  There was no difference in NHI in spleens 

of CuD mice.  Once again, it is not known which cells contain the majority of non-heme 

iron in spleen, but it is likely to be splenic macrophages, the same cells which express 

GPI-Cp.  Perhaps this disconnect in CuD rats between the abundance of GPI-Cp, a 

relative reduction, and non-heme iron, a relative reduction, can be explained by the recent 

observation that Fpn abundance is higher in spleen of copper deficient rats 

(Jenkitkasemwong et al. 2010).  That same study showed that mouse Fpn abundance was 

not changed following copper deficiency.  Our current data also detected higher Fpn 

expression in both CuD liver and spleen using a new diet that eliminated hepatic iron 

differences. 

Higher expression of splenic and hepatic Fpn was observed concurrently with 

decreased expression (and presumably activity) of the multicopper oxidases sCp and 

GPI-Cp (current data) (Broderius et al. 2010, Jenkitkasemwong et al. 2010).  Others 

based on in vitro experiments suggest that Fpn abundance depends on active multicopper 

oxidases, so as to prevent internalization and degradation via the proteosome (De 

Domenico et al. 2007).  That theory would predict lower Fpn abundance in CuD tissues.  

An alternate hypothesis was suggested that higher Fpn in the spleen and liver of copper 

deficient rats was due to near total loss of hepcidin expression (Jenkitkasemwong et al. 

2010).  Hepcidin binding to Fpn is also a mechanism to control the steady state levels of 

Fpn protein and iron flux (Nemeth et al. 2004).  In support of the disconnect between 

lower multicopper oxidase and higher Fpn expression is work with copper deficient mice 

from others that showed a higher expression of enterocyte Fpn concomitant with a 

decrease in hephaestin, another multicopper oxidase, and also lower hepcidin mRNA 

(Chen et al. 2006). 

GPI-Cp was first characterized in mammalian brain astrocytes (Patel & David 1997).  

Current experiments detected a relatively low abundance of GPI-Cp in rat cerebellum.  

Further, unlike spleen and liver, abundance of GPI-Cp in rat cerebellum was not different 

between CuD and CuA samples.  Tissue culture studies with brain glial cells treated with 
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the copper chelator, bathocuproine disulfonate (BCS), demonstrated loss of membrane 

bound Cp (De Domenico et al. 2007).  Thus, potentially a severe copper deficiency in 

brain could result in decreased expression of GPI-Cp as apparently it does in liver and 

spleen.  Ferroxidase function of brain GPI-Cp may still be compromised by dietary 

copper deficiency even though the steady state levels of protein are not impacted.  This 

decreased function may compromise iron efflux from astrocytes to neurons and create a 

severe functional iron deficiency in brain.  Further work on this speculative hypothesis is 

necessary.  Additional work is also necessary to explore the putative function of GPI-Cp 

in organs such as heart and kidney that express GPI-Cp and currently are not known to 

have major functions in iron recycling.  Research is needed to determine the mechanism 

for lower steady-state levels of GPI-Cp protein following copper deficiency.  Seminal 

work on sCp and copper deficiency would suggest that transcriptional control is unlikely 

(McArdle et al. 1990, Gitlin et al. 1992).  Studies on turnover rates of GPI-Cp have not 

been published. 

As recently reviewed, it is well known that following iron deficiency there is copper 

accumulation in the liver (Collins et al. 2010).  Could this accumulation of hepatic copper 

have an impact on ceruloplasmin synthesis, secretion, and expression?  Others found 

changing iron status in a rat model had little or no effect on levels and activity of sCp nor 

expression of mRNA in the liver (Tran et al. 2002).  Current studies evaluated an acute 

model of iron deficiency in the growing rat.  These animals were anemic and had very 

low levels of iron in liver and spleen.  Interestingly sCp activity was not statistically 

impacted; however, the abundance of liver GPI-anchored Cp was actually higher in these 

rats.  The state of iron deficiency was readily evident by the upregulation of TfR in liver, 

but not in spleen despite very low non-heme iron content.  This suggests the possibility 

that the TfR in spleen is reflecting a lymphocyte population rather than a macrophage 

population. 

Aceruloplasminemia in humans and deletion of Cp in mice both lead to eventual 

tissue iron overload (Harris 2003).  However, 10-12 week old Cp -/- mice do not display 

elevated iron in spleen, whereas at one year of age there is nearly 5-fold higher spleen 

iron (Meyer et al. 2001).  Thus, it is not too surprising that spleen of four week old CuD 
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rodents in the current experiments also did not display augmented iron levels, despite 

marked reduction in spleen GPI-Cp expression.  Plasma sCp levels are lower by 60-90% 

in these CuD rodents (Broderius et al. 2010).  Also, somewhat confusing for the 

ferroxidase hypothesis of iron efflux is the observation that CuD and Cp -/- mice have 

normal plasma iron levels (Harris et al. 1999, Pyatskowit & Prohaska 2008a).  Clearly, 

further research is needed to determine the impact, if any, of lower GPI-Cp on iron flux 

and the development of anemia when copper is limiting. 
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Table 2-1. Characteristics of Rats and Mice Following Copper Deficiency  
 

                            CHARACTERISTIC 

Diet BW (g) Hb (g/L) L-Cu (µg/g) L-Fe (µg/g)       S-Fe (µg/mL)   
 

    Exp. 1 Male rats  

CuA 78.6 ± 3.1  108 ± 3.6 6.86 ± 0.81 32.3 ± 2.35 4.66 ± 0.68 

CuD 59.1 ± 8.4* 69.4 ± 3.0* 0.40 ± 0.11* 60.1 ± 6.2* 0.78 ± 0.12* 

    Exp. 1 Female rats  

CuA 71.5 ± 4.1  124 ± 8.3 6.86 ± 0.64 76.2 ± 8.9 N/A 

CuD 53.2 ± 3.2* 70.5 ± 6.1* 0.42 ± 0.10* 68.3 ± 5.3 N/A 

    Exp. 2 Male rats  

CuA 73.2 ± 3.8  128 ± 6.2 8.80 ± 0.69 60.3 ± 18.0 5.34± 0.57 

CuD 62.8 ± 5.9  90.6 ± 3.8* 0.63 ± 0.02* 55.1 ± 4.2 1.02± 0.32* 

    Male mice  

CuA 22.7 ± 1.4  138 ± 3.4 4.25 ± 0.16 113 ± 17 3.53± 0.10 

CuD 15.2 ± 0.7* 82.3 ± 8.3* 1.85 ± 0.27* 230 ± 43* 4.24± 0.66 

 
Values are means ± SEM (n=3 or 4) for P25-P27 rats and mice.  Body weight (BW), 

hemoglobin (Hb), liver copper (L-Cu), liver iron (L-Fe), and serum iron (S-Fe) were 

determined in copper-adequate (CuA) or copper-deficient (CuD rodents as described in 

Methods.  *Different from Cu-adequate (CuA) within group, P < 0.05 (Student’s t-test). 
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Supplemental Table 2-1. Comparison of rat organ mRNA levels of secreted-

ceruloplasmin, GPI-ceruloplasmin, hephaestin, and glyceraldehyde 3-phosphate 

dehydrogenase  

 

Organ sCp GPI-Cp Heph GAPDH   
 

Spleen 21.7 19.6 26.8 19.2  

Liver 14.7 19.0 28.0 15.6  

Cerebellum 22.4 19.1 26.3 15.6  

Kidney 21.5 17.7 25.6 15.7  

Heart 24.0 20.6 25.6 14.5  

Testes 22.1 20.1 26.3 17.2  

Enterocyte 19.9 23.1 22.0 16.6  

Muscle 24.7 21.1 27.6 13.8 
 

   

 

RNA was extracted from organs of a representative month old male copper adequate 

Sprague Dawley rat that weighed 98g.  Total RNA was isolated from 8 organs and 

mRNA abundance was quantified using qRT-PCR.  CT values were determined for the 

secreted form of ceruloplasmin (sCp), for GP-anchored ceruloplasmin (GPI-Cp), for 

hephaestin (Heph) and for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using 

primers specific for each mRNA. 
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Figure 2-1 Characterization of rodent GPI-Ceruloplasmin 

  
 

(A) Membranes from multiple organ samples from two CuA mouse dams were isolated 

and membrane extracts (50 µg/lane) were separated by 10% SDS-PAGE.  Cp (130 kDa) 

abundance was analyzed by immunoblot.  (B) Multiple organs from two male mice, Cp 

+/+ and Cp -/-, were evaluated as described above.  Actin (44 kDa) was used as a loading 

control.  Mouse plasma 1 µL was also processed for each blot.  (C) Exp. 2 P25 male rat 

multiple membrane samples were incubated with either 0.7 units of PI-PLC (+) or 

negative control (-) for 1 hr. The treated membrane fractions (GPI-Cp) and the released 

protein fractions (Released Cp) were subjected to immunoblot analysis of Cp.  
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Figure 2-2   Verification of copper status in multiple rodent tissues by CCS 
abundance 

 

Cytosolic fractions (20 µg/lane) were separated on 15% SDS-PAGE and subjected to 

Western immunoblot protocols.  Exp. 2 P25 male spleens, Ex. 1 P26 female cerebellum, 

and P27 mouse samples were compared for abundance of copper chaperone for 

superoxide dismutase (CCS) (37 kDa) to verify copper status.  Blots were reprobed for 

actin.
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Figure 2-3   Impact of copper status on spleen GPI-Cp in male rats  

 

Spleen membrane extracts (50 µg/lane) from (A) CuD and CuA (Exp. 1 P25) and (B) 

CuD and CuA (Exp. 2 P25) were subjected to Western immunoblot protocols for GPI-Cp 

abundance.  Both blots were reprobed for actin. Non-heme iron (NHI) was determined 

spectrophotometrically.  White bars represent CuA rats, gray bars represent CuD rats in 

all bar graphs.  An asterisk indicates significant mean differences, P < 0.05.  (C)  Spleen 

membrane extracts (50 µg/lane) from additional male rats in Exp. 2 were subjected to 

Western immunoblot protocols for GPI-Cp, Fpn, and actin.  Abundance of GPI-Cp was 

significantly lower and Fpn higher in CuD than CuA samples, P < 0.05.  (D)  Spleen 

membranes from the same 6 rats were treated with PI-PLC and the released protein was 

fractionated on non-denaturing gels, transferred to PVDF membranes and assayed for 

ferroxidase activity.  Membrane was then probed for Cp protein abundance. 
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Figure 2-4   Impact of copper status on liver GPI-Cp in male rats 

 

Liver membrane extracts (50 µg/lane) from (A) CuD and CuA (Exp. 1 P25) and (B) CuD 

and CuA (Exp. 2 P25) were subjected to Western immunoblot protocols for GPI-Cp 

abundance.  Both blots were reprobed for Na/K ATPase. Membranes from Exp. 2 were 

also probed for Fpn.  White bars represent CuA rats, gray bars represent CuD rats in all 

bar graphs.  An asterisk indicates significant mean differences, P < 0.05.
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Figure 2-5  Impact of copper status on GPI-Cp in female rats  

 

(A) Spleen, (B) Liver, and (C) Cerebellum membrane extracts (50µg/lane) from CuD and 

CuA female (Exp. 1 P26) rats were subjected Western immunoblot protocols for GPI-Cp 

abundance.  All blots were reprobed for for actin.  White bars represent CuA rats; gray 

bars represent CuD rats in all bar graphs.  An asterisk indicates significant mean 

differences, P < 0.05.
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Figure 2-6   Impact of copper status on GPI-Cp in male mice 

 

(A) Spleen and (B) Liver membrane extracts (50µg/lane) from CuD and CuA P27 male 

mice were subjected Western immunoblot protocols for GPI-Cp abundance.  Both blots 

were reprobed for actin. Non-heme iron (NHI) was determined spectrophotometrically.  

White bars represent CuA rats; gray bars represent CuD rats in all bar graphs.  An 

asterisk indicates significant mean differences, P < 0.05. 
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Figure 2-7   Impact of postnatal copper or iron deficiency in male rats on GPI-Cp  

 
 
(A) Spleen and liver membrane extracts (50µg/lane) from CuD, CuA, or FeD (Exp. 3 

P35) male rats were subjected to Western immunoblot protocols for GPI-Cp abundance.  

Both blots were stripped and reprobed for TfR (95 kDa) and actin.  Non-heme iron (NHI) 

was determined spectrophotometrically. Mean values for spleen and liver are listed.  (B) 

Relative changes in spleen GPI-Cp and liver copper concentration in CuD rats, compared 

to CuA, following dietary copper deficiency.  Standard error (SE) bars are shown at each 

time point.  CuD means were significantly lower than CuA for all time points in both 

comparisons, P < 0.01. (C) Spleen and liver cytosolic fractions (20 µg/lane) were 

separated on 15% SDS-PAGE and subjected to Western immunoblot protocols. CuD, 

CuA, and FeD samples were compared for abundance of CCS to verify copper status. 

Both blots were reprobed for actin.  CCS was augmented in CuD extracts in both organs 

and not in FeD extracts, P < 0.05. 
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CHAPTER 3 

Additional experiments were performed to further explore the effects of dietary copper 

manipulation in older male rats as well as the impact of copper deficiency on transferrin 

receptor (TfR) abundance in male and female rats and male mice.   

Copper deficiency studies on P49 male rats were completed, and after dietary copper 

repletion for two weeks (P63), data from the two studies were compared.   

Western immunoblots probed for GPI-Cp abundance were subsequently reprobed for 

TfR to determine the effect of copper deficiency, and iron deficiency in P35 Exp. 3 rats, 

on TfR abundance, a well-characterized marker of iron status. 

Copper deficiency and repletion 

Six male Sprague-Dawley rats from Exp. 3 (n=3, CuA and CuD) were sampled after 

five weeks (P49) on diet.  At P49, all remaining rats were offered lab chow (5001) 

containing copper (11.8 mg/kg), so that CuD rats began copper repletion and CuA rats 

continued on as controls.  After two weeks (P63), six male rats (n=3, CuA and CuR) were 

sampled.  These rats were anesthetized with ketamine/xylazine injection and killed by 

cardiac puncture.   

Transferrin receptor abundance 

Exp. 1 male and female rats, Exp. 2 P25 male rats, Exp. 3 P35, P49, and P63 male 

rats, and P27 male mice spleen and liver membrane extracts were separated on 10% SDS-

PAGE (50µg/lane) and subjected to Western immunoblot protocols for transferrin 

receptor (TfR) abundance, following established protocols previously mentioned 

(Chapter 2).  

Results and Discussion 

In the comparison blots of P49 vs. P63 spleen and liver GPI-Cp, P49 CuD rats have 

decreased GPI-Cp compared to CuA rats for both spleen and liver (Figure 3-1A).  The 

effect of copper deficiency has disappeared in the P63 copper repleted (CuR) male rats, 

as these previously CuD rats have Western blot Cp band densities very similar to their 

CuA counterparts after two weeks of repletion.  Actin probing on both blots shows no 

discrepancies in loading, as actin appears equivalent between treatment groups.  Probing 

spleen cytosol samples for CCS from these same rats illustrates the great degree of 
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copper deficiency in the P49 CuD rats (Figure 3-1B).  The liver cytosol CCS blot shows a 

slightly lesser degree of copper deficiency, but both the spleen and liver cytosol blots 

illustrate reversal of copper deficiency in the P63 CuR rats.   

The measurement of spleen NHI in both P35 and P63 rats was performed (Figure 3-

1C).  In P35 CuD male rats, spleen NHI was significantly lower than the CuA rats, in 

agreement with spleen data on other CuD rats (Chapter 2).  P63 CuR rats appear to have a 

recovery in spleen NHI, with values similar to the CuA counterparts.  Let it be assumed 

that a subsequent measurement of P49 spleen NHI would produce equivalent or greater 

differences in NHI values.  Both the significant difference in the P35 mean NHI values 

and the recovery of NHI in the spleens of the P63 CuR rats were expected and verified 

the effects of copper deficiency and subsequent repletion.    

Liver iron was measured by atomic absorption after wet ashing and includes both 

NHI and heme iron.  In liver, the primary pool is ferritin-bound NHI.  Liver iron 

concentration of the Exp. 3 male rats is shown as percent of CuA (Figure 3-1C).   After 

one week on the copper deficient diet, CuD rats appear to have much more liver iron 

(~150%) than CuA, however, this was non-significant due to one low value in the CuA 

group.  Liver iron did double from weanling (P21) to P28 (data not shown).  Even after 4 

weeks on CuD diet, iron content is decreased, not increased, and statistically not different 

than CuA levels, illustrating no obvious trend, unlike that of the liver copper content 

(Figure 2-7B).  While convention suggests hepatic iron accumulation develops in dietary 

CuD rodents, this was not the case in these rats, nor was it the case in studies by Bastian 

et al., where hepatic iron accumulation was not present in adult rat dams on the modified 

AIN-93G diet (Bastian et al. 2010).  The added iron in this modified AIN-93G diet 

appears to provide the necessary amount to support proper hemoglobin production and 

block hepatic iron overload.    

Transferrin receptor (TfR) is a 95 kDa membrane-bound protein that binds the iron-

bound transferrin (Tf) to internalize iron in the cell.  Generally, in response to increased 

iron concentration, TfR has a reduced abundance.  Based on a comparison of Western 

blot TfR band densities and corresponding spleen and liver iron concentration values 

(Table 3-1), TfR does not appear to be regulated in the spleen of rats, but overall, behaves 
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as expected in rodent liver samples as well as mouse spleen samples.  Data of P35 FeD 

rats illustrates this best (Table 3-1).  Despite very low spleen NHI, there was no 

augmentation in TfR, whereas, in FeD liver samples TfR abundance illustrates a dramatic 

rise in response to low iron levels.  Of the rats with spleen iron measurements, all indicate 

slightly lower iron concentrations in CuD samples; this is not reflected in the TfR 

Western immunoblots, however.  Exp. 2 P25 males do reflect this, but the difference 

between CuD and CuA iron concentrations was not significant, as the blot suggests.  

Mouse P27 livers had a slightly higher iron concentration in CuD samples, which is 

dramatically reflected in the Western immunoblot (Figure 3-2D). 

Generally, in the liver blots, the expected TfR response was obtained for male and 

female rats and male mice.  Mouse liver samples have a proper TfR response, as iron 

concentrations for CuD were twofold higher than CuA and the Western immunoblot has 

very low CuD TfR band density compared to CuA (Figure 3-2D).  All rat samples, 

excluding Exp. 1 P25 males and Exp. 3 P35 FeD males, had little differences in liver iron 

concentrations; this is reflected nicely in each of the TfR immunoblots.  The significant 

elevation of TfR in the livers of Exp. 3 P35 FeD rats was expected, but there was no 

notable difference in the spleens of these same animals (Figure 3-2C), verifying the 

disconnect between iron concentration and TfR response in the spleens of male rats.  If 

spleen TfR is localized specifically on the lymphocytes, but GPI-Cp is localized on the 

spleen macrophages, TfR would not correctly represent the GPI-Cp status of the liver.  

Most of the rodents used in this copper deficiency study were very young (P24-P35); this 

allows for very little NHI production overall.  A study on older rodents may yield more 

accurate TfR results when compared to measured iron values. 
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Figure 3-1 Impact of copper deficiency and repletion on GPI-Cp in older male rats 

 

(A) Spleen and liver membrane extracts (50µg/lane) from Exp. 3 P49 CuD and CuA and 

P63 CuR and CuA male rats were subjected to Western immunoblot protocols for GPI-

Cp abundance. Both blots were stripped and reprobed for actin.  (B) Cytosolic fractions 

(20 µg/lane) were separated on 15% SDS-PAGE and subjected to Western immunoblot 

protocols for CCS abundance to verify copper status.  Blots were reprobed for actin. (C) 

Spleen NHI was determined spectrophotometrically for both P35 and P63 Exp. 3 male 

rats. An asterisk indicates significant mean differences, P< 0.05.  Relative changes in 

liver iron concentration in CuD rats compared to CuA, following dietary copper 

deficiency and repletion (onset at cross).  There was no significant difference in mean 

liver iron concentration over the course of 6 weeks of treatment in these CuD and CuA 

Exp. 3 male rats. 
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Figure 3-2 Characterization of rodent transferrin receptor  

 

Spleen and liver membrane extracts (50 µg/lane) were prepared and separated on 10% 

SDS-PAGE and subjected to Western immunoblot protocols for transferrin receptor 

(TfR) abundance (95 kDa) in: (A) Exp. 1 CuD and CuA P25 male and P26 female rats 

(B) Exp. 2 P25 CuD and CuA male rats (C) Exp. 3 P35 CuD, CuA, and FeD male rats; 

P49 CuD and CuA, and P63 CuR and CuA male rats and (D) P27 male mice. 
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Table 3-1  Spleen non-heme iron and liver total iron values in male and female rats 
and male mice 
 
Group Spleen non-

heme iron 
(µg/g) 

Liver total 
iron 
(µg/g) 

Exp. 1 P25 male rats 
   CuD 
   CuA 

 
32* 
45 

 
60.1* 
32.3 

Exp. 1 P26 female rats 
   CuD 
   CuA 

 
ND 

 
68.3 
76.2 

Exp. 2 P 25 male rats 
   CuD 
   CuA 

 
25* 
36 

 
55.1 
60.3 

Exp.3 P35 male rats 
   CuD 
   CuA 
   FeD 

 
27.2* 
54 
13* 

 
117 
112 
17* 

Exp. 3 P49 male rats 
   CuD 
   CuA 

 
ND 

 
81 
102 

Exp. 3 P63 male rats 
   CuR 
   CuA 

 
180 
157 

 
79 
82 

P27 male mice 
   CuD 
   CuA 

 
40.8 
31.8 

 
230* 
113 

 
Spleen non-heme iron (µg/g) was measured spectrophotometrically following established 

protocols (Chapter 2).  Liver total iron (µg/g) was measured by atomic absorption after 

wet ashing; this measurement is NHI and heme iron inclusive, although primarily NHI.  

Values are presented as the mean of three or more rodents in each dietary group.  An 

asterisk indicates significant mean differences from CuA, P < 0.05 (Student’s t-test).  ND 

indicates no data was collected. 
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CHAPTER 4 

The necessity of copper and iron in all biological systems justifies further 

examination of the relationship between these two important metals.  Copper and iron are 

vital components of redox reactions and act as cofactors in metalloproteins that 

participate in many essential biological processes within yeast, plants, mammals, and 

bacteria.  In both prokaryotes and eukaryotes, copper is necessary for transport, energy 

production, and detoxification processes (Koch et al. 1997), while iron is required for 

energy metabolism, respiration, oxygen delivery to tissues, and DNA synthesis 

(Comporti 2002).  The complex molecular relationship between these metals was first 

characterized in yeast, with studies on the copper transporter Ctr1 and Crt1-/- yeast 

strains.  A defective Ctr1 gene causes a failure of the multicopper oxidase, Fet3p, to 

receive sufficient copper to perform its ferroxidase function (Askwith et al. 1994).  Fet3p 

in yeast is analogous in function to serum ceruloplasmin (Cp) in mammals (Askwith & 

Kaplan 1998).  Loss of ferroxidase activity due to insufficient cellular copper content is 

thought to cause systemic issues with iron homeostasis.   

Multiple multicopper ferroxidases homologous to Cp have also been found in 

mammals, including hephaestin and zyklopen.   Hephaestin is present predominately on 

the enterocytes (Chen et al. 2004), while zyklopen is recently discovered to be localized 

in the placenta and mammary gland (Chen et al. 2010); both are membrane-bound, like 

GPI-Cp   The fact that more than one copper-dependent ferroxidase exists within an 

organism suggests the importance of this iron-oxidizing activity.   

The ferroxidase of focus in the current studies was Cp, present in mammals in two 

different forms, a circulating serum form (sCp) and a GPI-anchored form (GPI-Cp).  sCp 

is synthesized in the liver and has been well-characterized as a circulating multicopper 

oxidase, responsible for the oxidation of FeII to FeIII for proper iron homeostasis.  The 

membrane-bound form of Cp, GPI-Cp, has a much more widespread abundance than 

previously thought; it had only been characterized, in vitro, in a few specific cell-types in 

brain, testes, retina, and kidney, as well as in macrophages (Banha et al. 2008, Fortna et 

al. 1999, Patel & David 1997, Stasi et al. 2007, Wiggins et al. 2006).  Current studies 

reported GPI-Cp in additional tissues including spleen and liver.  The membrane-bound 
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nature of GPI-Cp was verified by its release from the membrane when PI-PLC was used 

to specifically cleave the GPI anchor, as well as the complete absence of the protein in 

membrane preparations of multiple tissues from Cp-/- mice.  Data show that GPI-Cp is 

abundant in the spleen and that there is a marked protein decrease during dietary copper 

deficiency in male and female rats and male mice, similar to reduction of sCp.   

The role of GPI-Cp in ferrous iron efflux has been thoroughly examined in the 

astrocytes (Jeong & David 2003).  Its exact role in other organs remains unclear, though 

it is likely GPI-Cp plays a similar role in other organs.  The ferroxidase activity of GPI-

Cp could be important for iron efflux from tissues, as Cp-/- humans and mice eventually 

accumulate iron in macrophages of the spleen, liver, and brain (Harris et al. 1999).  

Recent data are confusing, however, as Cp-/- mice have normal plasma iron and no 

spleen iron overload at 10 weeks of age (Meyer et al. 2001).  Also interesting is that the 

spleen does not accumulate iron in copper deficient rats with decreased GPI-Cp 

abundance.  Perhaps the augmentation in the iron exporter ferroportin, Fpn, in copper 

deficient rats compensates for lower levels of the multicopper oxidase GPI-Cp, helping to 

regulate iron homeostasis in spleen.  Studies on copper deficient mice have shown 

decreased GPI-CP abundance, but no augmented Fpn levels nor lower NHI levels in the 

spleen (Jenkitkasemwong et al. 2010).  Another study on copper deficient mice 

demonstrated that Fpn protein levels were determined to be higher in enterocytes, while 

hephaestin, a multicopper oxidase that colocalizes with Fpn, was reduced (Chen et al. 

2006).  It has been theorized that multicopper oxidase activity was essential for the 

stability and expression of Fpn.  Tissue culture studies with brain glial cells treated with 

the copper chelator, bathocuproine disulfonate (BCS), demonstrated loss of membrane-

bound Cp, with a subsequent decrease in Fpn abundance (De Domenico et al. 2007).  

More recent in vivo studies, along with the current studies, show that lower GPI-Cp 

associated with copper deficiency does not correspond with a reduction in Fpn in spleen 

and liver (Jenkitkasemwong et al. 2010).  Does multicopper oxidase activity really 

determine Fpn concentrations?  It is more likely that Fpn is regulated by hepcidin, a 

negative regulator that binds Fpn, causing the degradation of the hepcidin-Fpn complex 
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in the lysosome (Jenkitkasemwong et al. 2010).  Further in vivo studies should be 

performed to verify Fpn stability in response to decreased membrane-bound oxidases.   

A detrimental iron accumulation is seen in the brains of Cp-/- mice; however, 

neonatal CuD rats have decreased iron concentrations in the brain.  In these very young 

rats, iron may be trapped in astrocytes creating low iron conditions in the other brain cells 

like neurons and overall iron deficiency in the brain.  This could mean that GPI-Cp does 

not function well in iron efflux from the astrocytes.  GPI-Cp protein is present in 

membrane preparations of the cerebellum but shows no change in abundance during 

copper deficiency.  Further work is needed to evaluate GPI-Cp results found in the brain. 

Limitations of the current study include the age of the rodents used for experiments 

and the inability to distinguish specific cell types within the organs.  The ability to detect 

iron overload in tissue macrophages would require older rodents.  For example Cp -/- 

mice did not show iron augmentation at 2 months, but did at 2 years of age (Meyer et al. 

2001).  Macrophages of interest could not be differentiated from other cells in each 

organ, such as whole spleen lymphocytes in the spleen.  Future studies could then include 

cell-type differentiation after membrane extracts are prepared.  Older male and female 

rodents (older than P40) should also be used in the copper deficiency studies, using the 

modified AIN-93G diet.  This could allow the full effects of the deficiency in specific 

tissues to be observed, such as tissue-specific iron accumulation and more notable copper 

and iron concentration differences.   

Preliminary data on GPI-Cp mRNA abundance (Chapter 2) suggests a more 

ubiquitous distribution than sCp abundance, which was enriched in liver.  The function of 

GPI-Cp in cells not noted for iron efflux remains to be established. 
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