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Manganese (Mn) is a redox-active element, and whereas its

uptake, disposition, and toxicity inmammals may depend in part on

its oxidation state, the proteins affecting manganese oxidation state

and speciation in vivo are not well known. Studies have suggested

that the oxidase protein ceruloplasmin (Cp) mediates iron and

manganese oxidation and loading onto plasma transferrin (Tf), as

well as cellular iron efflux.We hypothesized that ceruloplasminmay

also affect the tissue distribution and eventual neurotoxicity of

manganese. To test this, aceruloplasminemic versus wild-type mice

were treated with a single i.p. 54Mn tracer dose, or elevated levels of

manganese subchronically (0, 7.5, or 15 mg Mn/kg s.c., three doses

per week for 4 weeks), and evaluated for transferrin-bound

manganese, blood manganese partitioning, tissue manganese

disposition, and levels of brain glutathione, thiobarbituric acid

reactive substances (TBARS), and protein carbonyls as measures of

oxidative stress, and open arena activity. Results show that

ceruloplasmin does not play a role in the loading of manganese onto

plasma transferrin in vivo, or in the partitioning of manganese

between the plasma and cellular fractions of whole blood.

Ceruloplasmin did, however, affect the retention of manganese in

blood and its distribution to tissues, most notably kidney and to

a lesser extent brain and lung. Results also indicate that ceruloplas-

min interacted with chronic elevated manganese exposures to

produce greater levels of brain oxidative stress. These results provide

evidence that metal oxidase proteins play an important role in

altering neurotoxicity arising from elevated manganese exposures.
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Manganese is an essential nutrient and serves numerous

functions, including cofactor for a number of enzymes (Finley

and Davis, 1999; Keen et al., 1999). However, epidemiologic

studies have shown that elevated occupational exposures to

manganese are associated with increased risk for Parkinsonian

disturbances in adults (Barbeau, 1984; Corrigan et al., 1998;

Gorell et al., 1997; Rybicki et al., 1993; Yamada et al., 1986),

and that elevated exposures from environmental or dietary

sources are associated with memory, learning, or behavioral

impairment in young children (Bouchard et al., 2007; Collipp

et al., 1983; Ericson et al., 2007; Takser et al., 2003; Wasserman

et al., 2006; Woolf et al., 2002; Wright et al., 2006).

Manganese(II) exhibits chemistry similar to Ca(II)

(Andersson et al., 1997) and Mg(II) (Vermote and Halford,

1992), whereas Mn(III) is similar to Fe(III) (Silva and

Williams, 1991). The similarity between manganese and iron

bioinorganic chemistry has been suggested to partly explain

some mechanisms affecting the partitioning, transport, and

toxicity of manganese in mammals (Abe et al., 2008; Crooks

et al., 2007; Dickinson et al., 1996; Kwik-Uribe and Smith,

2006; Reaney and Smith, 2005). The Mn(III) oxidation state

has been shown to act as a powerful pro-oxidant in vitro
(Archibald and Tyree, 1987; HaMai and Bondy, 2004b),

though the presence of significant amounts of Mn(III) in vivo
and its role as a pro-oxidant in vivo has been difficult to detect

(Gunter et al., 2005, 2006). Still, studies comparing the effects

of Mn(II) versus Mn(III) exposures in cell and animal models

have shown significant differences in both cell/tissue uptake of

manganese and its toxicity, depending on the oxidation state of

exposure (Reaney and Smith, 2005; Reaney et al., 2002).

The processes affecting manganese speciation in vivo are

poorly known. It has been proposed that like iron, manganese

in plasma is oxidized from the (II) to the (III) valence state by

the oxidase protein ceruloplasmin (Cp) for loading onto plasma

transferrin and transport to tissues (Davidsson et al., 1989;

Gibbons et al., 1976). Ceruloplasmin, an abundant plasma

protein that as holoceruloplasmin contains six copper atoms,

has been shown to oxidize both iron and copper (Stoj and

Kosman, 2003), as well as a variety of organic substrates

(Frieden and Hsieh, 1976) in the process reducing dioxygen to

water. Ceruloplasmin plays an important role in iron

mobilization, including cellular iron uptake (Mukhopadhyay

et al., 1998) and efflux (Jeong and David, 2003; Sarkar et al.,
2003), though it is also well known as an acute phase protein

(Cousins and Swerdel, 1985; Gitlin, 1988), and is generally

considered to have antioxidant properties (Halliwell and

Gutteridge, 1990; Oide et al., 2006).

A glycosylphosphatidylinositol (GPI)-anchored isoform of

ceruloplasmin, which is produced by alternative splicing of the

ceruloplasmin mRNA (Patel et al., 2000), occurs primarily in
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the central nervous system and kidney (Patel and David, 1997).

Although the specific function of GPI-linked ceruloplasmin in

these tissues is unclear, aceruplasminemic humans who are

unable to make functional ceruloplasmin are known to

accumulate iron in the liver and brain and exhibit neuro-

degeneration in the basal ganglia by age 45–55 (Xu et al.,
2004). Studies in an aceruloplasminemic mouse model have

also reported abnormal iron metabolism and neurotoxicity in

aged animals (Harris et al., 1999; Patel et al., 2002).

In light of the similar bioinorganic chemistry of Mn(III) and

Fe(III), the proposed role of plasma ceruloplasmin in mediating

the oxidation of manganese and loading onto plasma transferrin

(Davidsson et al., 1989; Gibbons et al., 1976), and the gross

similarities in neurodegenerative conditions resulting from

elevated manganese exposures and aceruloplasminia, we

hypothesized that ceruloplasmin may play an important role

in tissue manganese distribution and neurotoxicity. To test this

hypothesis, we utilized an aceruloplasminemic mouse model to

investigate the effect of ceruloplasmin on the partitioning of

manganese in blood and its distribution to tissues, following

either a single 54Mn tracer dose or subchronic (4 weeks)

treatment with elevated levels of stable manganese. We also

investigated the interaction of manganese and ceruloplasmin in

the production of neurotoxic oxidative stress outcomes. Taken

together, our findings indicate that circulating (plasma)

ceruloplasmin does not play a role in the loading of manganese

onto plasma transferrin, or in the general partitioning of

manganese in whole blood. However, our results suggest that

ceruloplasmin affects the tissue distribution of manganese and

increases oxidative stress in the brain, though the exact mecha-

nism(s) through which this occurs requires further elucidation.

MATERIALS AND METHODS

Experimental Design

Two studies were conducted: (1) Role of ceruloplasmin in 54Mn radiotracer
partitioning and distribution. For this, 54Mn was administered to Cp�/� and

Cpþ/þ mice (n ¼ 7–8 per genotype) to determine the role of ceruloplasmin on

manganese loading onto plasma transferrin, and the partitioning of a single

manganese dose in blood and its distribution to tissues; (2) Role of
ceruloplasmin in the partitioning, distribution, and toxicity of subchronic

elevated manganese exposures. For this, Cp�/� and Cpþ/þ mice were exposed

to different levels of stable manganese for 4 weeks (n ¼ 5–7 per treatment) to

determine the role of ceruloplasmin on the accumulation and toxicity of

subchronic manganese exposure in brain and other tissues.

Animals

Mice with a targeted deletion in the ceruloplasmin gene were a generous gift

of Z. L. Harris (Johns Hopkins University), and were generated as previously

described (Harris et al., 1999). Cp�/� and Cpþ/þ littermates that were the

progeny of Cpþ/� crosses were used in all experiments. The genetic identity of

the mice was determined by amplification of tail DNA by PCR using the

REDExtract-N-Amp tissue PCR kit (Sigma Aldrich, St Louis, MO).

Oligonucleotide primers were used corresponding to exon 16 and either the

end of exon 17 or the Neo gene. Mice were maintained in standard mouse chow

and water ad libitum throughout the study. All procedures related to animal care

conformed to the guidelines set forth in the Guide for the Care and Use of

Laboratory (NRC, 1996) animals.

Procedures

Role of ceruloplasmin in 54Mn radiotracer partitioning and distribu-

tion. 54MnCl2(Perkin-Elmer/New England Nuclear, Boston, MA) was diluted

to 100 lCi/ml (0.0129 lg Mn/ml) in sterile phosphate-buffered saline (PBS)

immediately before injection, and 250 lCi/kg body weight (bw) was given via

i.p. injection in a volume of 2.5 ml/kg bw. Mice were sacrificed by cervical

dislocation 1-h postinjection. The 1-h period between 54Mn administration and

sacrifice was selected because it was deemed sufficiently long for 54Mn to reach

steady state regarding changes in redox state and ligand-speciation, which

occurs within seconds to minutes of dosing (Reaney et al., 2002; Smith et al.,

2007), whereas also providing sufficient time for plasma clearance of 54Mn and

distribution to tissues.

Following decapitation, whole blood was collected into a heparinized

container, followed by collection of lung, kidney, liver, spleen, and brain. Plasma

for high-performance liquid chromatography (HPLC) analysis was separated

from fresh whole blood by centrifugation (5000 3 g for 10 min), followed by

dialysis (Slyde-A-Lyzer, 10,000 molecular weight cut-off, Pierce, Rockford, IL)

against HPLC buffer A (20mM tris, pH 8.6) for 1 h at room temperature. Blood

collection, plasma separation, and dialysis were conducted under hypoxic

conditions in an argon-purged glove bag to guard against postsacrifice oxidation

of manganese and changes in its biomolecular speciation (Reaney et al., 2002).

Dialyzed plasma was separated by anion-exchange HPLC (Shodex QA-825

column, 8 3 75 mm, 12 lm particles) using a three-step linear salt gradient (30

ml of 0–0.08M NaCl, 30 ml of 0.08–0.10M NaCl, 30 ml of 0.10–0.50M NaCl

in 20mM tris, pH 8.6) at a flow rate of 1 ml/min. Fractions corresponding to

peaks and interpeak regions were collected, concentrated by lyophilization, and

reconstituted in 1 ml of ultrapure water for radioactivity analysis. Sample

radioactivity was measured by gamma counter (Beckman Gamma 4000,

Beckman Instruments, Inc., Fullerton, CA).

Aliquots of collected HPLC fractions of separated plasma samples were

prepared for gel electrophoresis by mixing with 43 NuPAGE sample-loading

buffer and reduction with 10% (vol/vol) 0.75M dithiothreitol. Samples were

separated on NuPAGE 10% bis-tris gels and bands were visualized by

Coomassie blue staining.

Role of ceruloplasmin in the partitioning, distribution, and toxicity of

subchronic elevated manganese exposures. A 2 3 3 (genotype 3 Mn dose)

design was used, in which Cpþ/þ and Cp�/� mice (age 12–20 weeks) were

treated with MnCl2 at nominal doses of 0, 7.5, or 15 mg Mn/kg bw/dose via

subcutaneous injection, delivered three times a week for 4 weeks for

cumulative doses of 0, 90, or 180 mg Mn/kg bw (n ¼ 5–7 per treatment).

Control mice (no Mn) were injected with equivalent volumes of vehicle saline.

Mice were sacrificed one week after the last manganese dose via cervical

dislocation and decapitation. Whole blood was collected into heparinized

containers, and an aliquot taken for plasma separation as noted above. Liver,

kidney, and brain were collected, and brain was dissected into cerebellum and

remaining brain; the selection of cerebellum is substantiated by data showing

that the cerebellum is affected by Mn exposure (Chen et al., 2002; Erikson

et al., 2004). All samples were immediately frozen on dry ice, and stored at

�70�C until further processing.

Blood and tissue manganese levels following subchronic exposure. Total

manganese concentrations were measured in collected tissues and total iron was

measured in brain tissue only using trace metal clean methods and Zeeman

graphite furnace atomic absorption spectrometry, as described previously (Witholt

et al., 2000). Briefly, ~100 mg of wet tissue or blood were dried and digested with

ultrapure 16N HNO3 (Optima grade, Fisher Scientific, Fairlawn, NJ), evaporated,

and redissolved in 1% HNO3. Manganese levels were determined using a Perkin-

Elmer 4100ZL Zeeman graphite furnace AAS, with external standardization using

certified SPEX standards. National Institutes of Standards and Technology

SRM1577b (bovine liver) was used to evaluate procedural accuracy. The

analytical detection limit for manganese and iron was 0.1 ng/ml.
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Oxidative stress assays. Brain oxidative stress was evaluated using tissue

glutathione, lipid peroxidation (malondialdehyde, MDA), and protein oxidation

(protein carbonyl) assays. Cerebellum and remaining brain samples were thawed

and homogenized using a Teflon pestle in 10 volumes of ice-cold PBS containing

1mM ethylenediaminetetraacetic acid and 0.1% sodium dodecyl sulfate (SDS),

followed by sonication (5- x 1-s pulses at 25 Hz, 3 mm probe) on ice.

Homogenate was centrifuged (10,000 3 g for 10 min) and the supernatant was

aliquoted for protein (Bradford method), lipid peroxidation, and glutathione

assays. For the latter, the aliquot was deproteinated by addition of 50 ll of

homogenate to 100 ll of 10% trichloroacetic acid, followed by centrifugation

(10,000 3 g for 5 min.). All samples were stored frozen at �70�C until analysis.

Lipid peroxidation was assayed using a thiobarbituric acid (TBA)–based

method. For this, 100 ll of homogenate was added to 500 ll of TBA reagent

(0.5% TBA, 0.5% SDS, 10% acetic acid in ultrapure water), and the mixture was

heated to 95�C for 1 h, cooled to room temperature, and centrifuged at 10,000 3 g

for 5 min. The absorbance of the supernatant was read at 532 nm and compared

with a series of standard solutions of 1,1,3,3-tetramethoxypropane treated iden-

tically. Results were expressed as nmol MDA equivalents/mg tissue.

Total glutathione (oxidized and reduced, excluding nonprotein thiols) was

determined using a 5,5#-dithiobis[2-nitrobenzoic acid] (Ellman’s reagent)

kinetic assay kit from Northwest Life Science Specialties (Vancouver, WA).

The assay was performed following the manufacturer’s instructions.

Tissue protein oxidation was determined by visualization of an antibody

specific to 2,4-dinitrophenylhydrazone (DNPH) derivatized carbonyls, using

a kit from Chemicon International (Temecula, CA). The assay was performed

following the manufacturer’s instructions, with the following modifications.

After derivitization, water was added to normalize protein content across

samples. Five microliters of sample solution containing 3.65 lg protein was

dot-blotted onto a PVDF membrane, dried, and the membrane was incubated

for 1 min in 50 ml of 1:1 ethanol/ethyl acetate to remove unreacted DNPH. The

membrane was treated with primary and secondary antibodies provided by the

manufacturer. Immunoreactive protein carbonyls were visualized using an ECL

Plus detection kit (Amersham Pharmacia, Piscataway, NJ) and Typhoon

fluorescence scanner (Amersham Biosciences), and quantified using Image-

Quant software (Amersham Biosciences).

Open Arena Activity

Total ambulatory activity in an open enclosure was assessed 6 days

following the final subchronic manganese dose using an automated video

tracking system from San Diego Instruments (SMART System, San Diego,

CA). Animals were placed individually in 60 3 60 x 30 cm open enclosure

arenas in a darkened testing room and their movement was video-tracked for 40

min using a digital video camera under infrared light.

Statistics

Summary data are expressed as mean ± SE. The effect of ceruloplasmin

genotype in the 54Mn radiotracer study was determined using t-tests. For the

subchronic manganese exposure study, treatment and pair-wise comparisons

were performed using two-way ANOVA and Fisher’s least significant

difference post hoc comparison tests, with ceruloplasmin genotype and

manganese exposure as the main factors. Because exploratory statistical

analyses revealed that manganese treatment effects in the subchronic manganese

study differed by gender for some outcomes, ANOVA analyses were performed

separately within gender. All data met the assumptions of normality and equality

of variances across treatments. A p value of � 0.05 was considered statistically

significant for all tests. Analyses were conducted using JMP (Version 7, SAS

Institute, Cary, NC) and SYSTAT (SPSS, Chicago, IL, 2000, 10th edition).

RESULTS

Ceruloplasmin Does Not Affect 54Mn Partitioning in Plasma

To determine whether plasma ceruloplasmin plays a role in

the loading of manganese onto plasma transferrin, as is

commonly believed (Critchfield and Keen, 1992; Davidsson

et al., 1989; Gibbons et al., 1976), 54Mn was injected i.p. into

wild-type (Cpþ/þ) and ceruloplasmin null (Cp�/�) mice, and

plasma was collected at sacrifice 1 h later for HPLC analysis.

Ten HPLC fractions were collected corresponding to detectable

280-nm absorbance peaks. A significant majority (~70%) of

the collected 54Mn radioactivity was associated with fractions

containing only plasma transferrin (fractions 3 and 4, Fig. 1),

whereas relatively little 54Mn was associated with the large

plasma albumin fraction (fraction 8, Fig. 1a, b). Plasma

transferrin eluted from the HPLC column in a major and minor

peak (Fig. 1a), consistent with reports of HPLC separation of

two sialated isoforms of transferrin (Turpeinen et al., 2001).

The identity of plasma transferrin was verified by HPLC

analysis of transferrin standards under identical conditions

(data not shown), and by comparison with purified transferrin

standard by SDS-polyacrylamide gel electrophoresis (PAGE)

(Fig. 1).

There was no difference between Cpþ/þ and Cp�/� mice in

the relative amount of plasma 54Mn bound to transferrin (Fig.

2). To determine this, the 54Mn bound to plasma transferrin

(fractions 3 and 4, Fig. 1) was normalized to the 54Mn in

plasma for Cpþ/þ and Cp�/� mice. In Cpþ/þ mice 37.3 ± 3.6%

(mean ± SE, n ¼ 7) of plasma 54Mn was associated with

transferrin, and in Cp�/� mice it was 39.7 ± 4.2% (n ¼ 7) (Fig.

2). Also, ceruloplasmin did not affect the relative amount of

manganese bound to low molecular weight species in plasma

(i.e., < 10 kDa), based on plasma 54Mn activity before and after

dialysis through a 10 kDa molecular weight cut-off preceding

HPLC analysis. Approximately 90% of plasma 54Mn was re-

tained in the plasma after dialysis in both Cpþ/þ and Cp�/� mice

(Cpþ/þ 90.3 ± 10.6%, n ¼ 6; Cp�/� 93.4 ± 7.0%, n ¼ 6). These

data indicate that ceruloplasmin does not play a significant

role in the loading of manganese onto plasma transferrin in vivo.

Finally, to determine whether Cpþ/þ and Cp�/� mice

contained different amounts of plasma transferrin that may

have confounded detecting differences in 54Mn-bound trans-

ferrin, if present, relative amounts of plasma transferrin in both

genotypes were evaluated by SDS-PAGE of plasma and

ImageQuant quantitation of Coomassie stained bands. Plasma

transferrin levels were essentially identical in Cpþ/þ and Cp�/�

mice (Cpþ/þ 0.62 ± 0.04 lg Tf/10 lg plasma protein, n ¼ 6;

Cp�/� 0.64 ± 0.07 lg Tf/10 lg plasma protein, n ¼ 6). This

result is consistent with previous reports that total plasma iron

binding capacity (TIBC) is not significantly different between

Cpþ/þ and Cp�/� mice (Harris et al., 1999).

Cp�/� Mice Distribute 54Mn Differently than Cpþ/þ Mice

Although the above results show that ceruloplasmin did not

affect the binding of 54Mn onto plasma transferrin, it is possible

that plasma (circulating) and GPI-anchored tissue ceruloplas-

min might still affect the partitioning of manganese in whole

blood (i.e., plasma versus cellular fractions) and the tissue
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distribution/retention of manganese. To test this hypothesis,

blood (plasma and cellular fractions), liver, kidney, spleen,

lungs, and brain were collected for analyses following 54Mn

injection.

Results show that whole blood of Cp�/� mice contained

nearly 75% more 54Mn specific activity compared with Cpþ/þ

mice (F1,11 ¼ 11.2, p < 0.01), with similar 54Mn increases in

independently measured cellular and plasma fractions of whole

blood (plasma F1,11 ¼ 5.47, p < 0.05; cellular fraction F1,12 ¼
14.8, p < 0.01) (Fig. 3a). However, Cp�/� mice also had

significantly lower hematocrit values compared with wild-type

mice (41 ± 2%, n ¼ 5 vs. 47 ± 2%, n ¼ 4, respectively; p <

0.05), consistent with findings of Cherukuri et al. (2004), who

attributed it to lower red blood cell (RBC) volume rather than

RBC number in ceruloplasmin null mice. To determine whether

ceruloplasmin genotype affected the relative partitioning of

manganese in blood, that is, the relative (%) of whole blood 54Mn

contained in the cellular or plasma fractions, the 54Mn specific

activity in each animal’s cellular fraction of blood was adjusted

by its hematocrit value and then normalized to the 54Mn activity

in whole blood. The results show that the relative partitioning of
54Mn between plasma and cellular fractions of blood was

identical in Cpþ/þ and Cp�/� mice (cellular fraction 54Mn in

Cpþ/þ 29 ± 2%, n ¼ 8; Cp�/� 29 ± 1%, n ¼ 6) (Fig. 3b). Thus,

although Cp�/� mice contained significantly more 54Mn activity

in their blood, the partitioning of 54Mn between cellular and

plasma fractions was not different between genotypes.

There was a marked range in 54Mn uptake among the

measured tissues in both genotypes, in the order liver > kidney

> spleen > lung > brain. In addition, Cp�/� mice accumulated

a significant 38% more 54Mn activity in kidney (F1,12 ¼ 5.95,

p < 0.05), and marginally insignificantly more in lungs (34%,

p < 0.10) and brain (52%, p < 0.10) than did Cpþ/þ mice

(Fig. 4, Table 1). The measured tissues accounted for 25% of

the 54Mn injected in both Cpþ/þ and Cp�/� mice.

Cpþ/þ and Cp�/� Mice Have Different Manganese Tissue
Levels after Subchronic Manganese Treatment

The tissue partitioning and accumulation of 54Mn following

a single i.p. dose shows that ceruloplasmin plays a role in

manganese uptake/retention in blood and kidney, and to

a lesser extent in brain and lung tissues. Because the tissue
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FIG. 1. Seventy percent of the collected 54Mn activity was associated with transferrin in HPLC fractions 3 and 4 (transferrin identified by comparison with

transferrin standards analyzed by HPLC and SDS-PAGE). Shown is a representative anion-exchange HPLC chromatogram of dialyzed Cpþ/þ mouse plasma.

Collected fractions (#1–10) indicated by vertical hash marks on x-axis. 54Mn activity within collected fractions (total cpm, right y-axis) indicated as bars above the
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uptake/retention of manganese from prolonged elevated

exposures might involve different processes and mechanisms

than those affecting a single exposure to a radio-manganese

tracer, we investigated whether ceruloplasmin mediates tissue

accumulation of manganese in mice subchronically exposed to

cumulative manganese doses of 0, 90, and 180 mg/kg given

over 4 weeks (three doses per week via s.c. injection).

Both Cpþ/þ and Cp�/� mice showed a clear dose-response

increase in blood manganese levels (males and females),

though there was no effect of ceruloplasmin genotype in either

gender (Fig. 5a). For blood manganese, two-way ANOVA

analyses of genotype 3 treatment (combined gender) showed

a highly significant manganese treatment effect (F2,34 ¼ 66.06,

p < 0.001), but no ceruloplasmin genotype effect (F1,34 ¼
0.06, p ¼ 0.81) or interaction (F2,34 ¼ 0.51, p ¼ 0.61).

Similarly, when analyzed by treatment 3 gender, there

remained a highly significant treatment effect (F2,34 ¼ 73.05,

p < 0.001), but no gender effect (F1,34 ¼ 1.48, p ¼ 0.23) or

interaction (F2,34 ¼ 1.21, p ¼ 0.31).

Brain manganese levels showed similar treatment-dependent

increases (Fig. 5b), but brain manganese levels differed

somewhat by gender (with males higher) and ceruloplasmin

genotype (with Cp�/� male mice higher than Cpþ/þ). Two-way

ANOVA analysis (treatment 3 gender) showed highly

significant manganese treatment (F2,30 ¼ 69.93, p < 0.001)

and gender effects (F1,30 ¼ 6.20, p < 0.05, males higher), and

a borderline insignificant interaction (F2,30 ¼ 3.12, p ¼ 0.06).

Male mice also showed a borderline insignificant genotype

effect (F1,15 ¼ 3.09, p ¼ 0.10, Cp�/� higher). Comparisons

across gender and ceruloplasmin genotype show that the
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gender difference is driven by the Cp�/� mice, because both

male and female Cpþ/þ mice possessed comparable brain

levels. Notably, this borderline insignificant genotype effect on

brain manganese levels in males is consistent with the trend for

Cp�/� mice to uptake/retain more 54Mn tracer in brain, noted

above.

We also measured brain iron levels to determine whether

ceruloplasmin genotype or manganese treatment altered brain

iron, which could serve as a confounder to manganese

neurotoxicity. Results indicate that there was no difference in

brain iron levels due to manganese treatment, genotype, or

gender; in all cases brain iron levels were ~50 ± 5 mg/kg (data

not shown). This is consistent with results from Meyer et al.
(2001), who reported no difference in brain iron levels in 12-

week-old Cp�/� mice compared with Cpþ/þ. There are reports,

however, that older (age 16 months) ceruloplasmin null mice

manifest increased iron levels in the cerebellum and brainstem

(Patel et al., 2002).

Mice across both genotypes showed some treatment-based

increases in liver manganese levels, although the relative

increases were notably smaller than observed for blood and

brain (Fig. 4c). Two-way ANOVA analysis crossing gender

and treatment showed a significant manganese treatment effect

(F2,34 ¼ 11.19, p < 0.001), gender effect (F1,34 ¼ 37.88, p <
0.001), and interaction (F2,34 ¼ 3.58, p < 0.05), with males

having lower liver manganese levels than females in the

manganese-treated groups. There was no significant ceruloplas-

min genotype effect in either males or females. Unfortunately,
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kidney tissues from animals subchronically exposed to manga-

nese were unavailable for comparative analysis.

Manganese Produces Oxidative Stress in Brain Tissue in
Cpþ/þ Mice, but not in Cp�/� Mice

It has been proposed that the pro-oxidant action of

manganese is a primary mechanism of toxicity in the central

nervous system (CNS) (Desole et al., 1994, 1995, 1997;

Erikson et al., 2004; Taylor et al., 2006), and this effect likely

depends upon levels of redox-active manganese in the brain

(HaMai and Bondy, 2004b; Reaney et al., 2006). In light of

suggestions that GPI-anchored ceruloplasmin in the brain may

affect brain iron activity (Patel et al., 2002), we reasoned that

the oxidative activity of manganese in the CNS also could be

mediated by its interaction with ceruloplasmin.

To test the hypothesis that ceruloplasmin mediates the pro-

oxidant action of manganese in brain, cerebellum and

remaining brain tissue of Cpþ/þ and Cp�/� mice subchroni-

cally treated with manganese was tested for three markers of

oxidative stress: antioxidant levels in the form of glutathione,

lipid peroxidation in the form of TBARS, and protein oxidation

in the form of protein carbonyls. Given the above reported

differences in tissue manganese levels between genders, and

the well-established effect of gender on oxidative stress

(C57BL6 mice studied in Ali et al., 2006; reviewed in Vina

et al., 2003), the male and female mice were treated as separate

groups. In all three assays of oxidative stress females showed

no manganese treatment or ceruloplasmin genotype effects,

whereas effects were observed in males. Therefore, only the

males are shown in Figure 6.

There was a significant ceruloplasmin genotype effect on

TBARS levels in the cerebellum of male mice (F1,15 ¼ 6.34,

p < 0.05), with Cpþ/þ mice having higher TBARS than Cp�/�

mice (Fig. 6a). There was also a significant manganese

treatment effect (F2,15 ¼ 4.19, p < 0.05), with the low

manganese treatment group having higher TBARS than the

other groups, but not a significant genotype 3 treatment

interaction (F2,15 ¼ 1.80, p ¼ 0.22). The higher TBARS in

cerebellum of Cpþ/þ compared with Cp�/� male mice is most

pronounced in the manganese-treated groups, as evidenced by

the significant genotype effect in the 180 mg Mn/kg treatment

group (p < 0.05, LSD post hoc test).

There was a significant effect of ceruloplasmin genotype

(F1,17 ¼ 6.49, p < 0.05), but not manganese treatment (F2,17 ¼
0.09, p ¼ 0.92) on glutathione levels in the cerebellum, with

male Cpþ/þ mice showing lower glutathione levels than their

Cp�/� counterparts in the presence of manganese treatment

(Fig. 6b). Although there was not a significant genotype-

treatment interaction (F2,17 ¼ 1.29, p ¼ 0.31), the genotype

difference was particularly pronounced in the manganese-

treated groups, with Fisher’s LSD post hoc test showing Cpþ/þ

mice to have significantly lower glutathione levels than their

Cp�/� counterparts (statistical significance reached in the 90

mg Mn/kg group).

There were no significant effects of ceruloplasmin genotype

or manganese treatment on TBARS levels in remaining brain.

Finally, there were no measurable effects of ceruloplasmin

genotype or manganese treatment on cerebellum or remaining

brain protein carbonyl levels (data not shown).

Open Arena Activity is Reduced by Manganese Treatment,
but not Altered by Ceruloplasmin Genotype

To test the hypothesis that ceruloplasmin mediates gross

functional effects of manganese toxicity, the open arena

activity of Cpþ/þ and Cp�/� mice was measured a week after

the final subchronic manganese dose. Previous studies have

shown altered activity levels following elevated manganese

exposures in adult and early postweanling rodents, and in

nonhuman primates (Brenneman et al., 1999; Chandra et al.,
1979; Golub et al., 2006; Tran et al., 2002). Here, the open

arena activity of the male mice decreased with manganese

treatment, whereas there was no effect of treatment in female

mice (two-way ANOVA with treatment and gender: treatment

F2,33 ¼ 4.96, p < 0.05, gender F1,33 ¼ 4.37, p < 0.05,

interaction F2,33 ¼ 4.91, p < 0.05). In male mice analyzed for

manganese treatment and ceruloplasmin genotype effects, there

was a significant treatment effect as noted above (F2,18 ¼
13.21, p < 0.001), but no genotype effect (F1,18 ¼ 0.28, p ¼
0.60) or interaction (F2,18 ¼ 0.39, p ¼ 0.68) (Fig. 7).

DISCUSSION

Plasma ceruloplasmin has been suggested to play a major

role in the oxidation of plasma manganese and loading onto

plasma transferrin (Davidsson et al., 1989; Gibbons et al.,
1976). As a multifunctional oxidase, ceruloplasmin has been

shown capable in vitro of oxidizing a variety of substrates, e.g.,

Fe and Cu, as well as organic substrates, (Frieden and Hsieh,

1976; Stoj and Kosman, 2003), consistent with the potential for

ceruloplasmin to oxidize Mn(II) to Mn(III) for loading onto

transferrin. However, our results using 54Mn radiotracer

indicate that ceruloplasmin is not necessary for the effective

loading of manganese onto plasma transferrin in vivo. We

observed that the transferrin-containing HPLC fraction con-

tained ~70% of the total 54Mn collected in the HPLC separated

plasma fractions (Fig. 1), and ~40% of the total 54Mn

contained in the plasma fraction of whole blood prior to

HPLC separation, with no difference between Cpþ/þ and Cp�/

� mice (Fig. 2).

Our results are consistent with in vitro studies suggesting

that transferrin is the major transport ligand of manganese in

plasma (Aschner and Aschner, 1990; Critchfield and Keen,

1992; Davidsson et al., 1989; Gibbons et al., 1976; Scheu-

hammer and Cherrian, 1985), though they contradict previous

suggestions that ceruloplasmin facilitates the oxidation and

binding of manganese to plasma transferrin (Davidsson et al.,
1989; Gibbons et al., 1976). The study of Gibbons et al. (1976)
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concluded that ceruloplasmin mediated the loading of manga-

nese onto plasma transferrin, based on the relatively slow

loading of manganese onto transferrin in plasma in vitro, no

measurable loading of manganese onto purified plasma trans-

ferrin, and slow loading of manganese onto purified transferrin

in the presence of added ceruloplasmin in vitro. Manganese

bound with transferrin is in the Mn(III) state, which forms

a stable and much stronger complex with transferrin than

Mn(II) (Aisen et al., 1969; Harris and Chen, 1994). Thus, our

results suggest that the oxidation of Mn(II) in the absence of

ceruloplasmin may occur spontaneously at the neutral pH

of plasma (Reaney et al., 2002), and/or be due to the action

of redundant oxidases; for example, haephestin expressed in

enterocytes, kidney, spleen, and other tissues is in the same

protein family and exhibits similar oxidase activity as

ceruloplasmin (Petrak and Vyoral, 2005).

Though ceruloplasmin did not play a role in the binding of
54Mn to plasma transferrin, it did significantly affect the levels

of 54Mn tracer contained in blood and its distribution to

peripheral tissues. Ceruloplasmin null (Cp�/�) mice contained
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75% more 54Mn in whole blood than their Cpþ/þ counterparts

(Fig. 3a). The increased blood 54Mn in Cp�/� mice was not due

to differences in blood manganese partitioning in Cp�/� mice,

because the partitioning of 54Mn between the cellular and

plasma fractions was identical in both genotypes (70% in

plasma, 30% in cells, Fig. 3b). This is consistent with the

identical manganese-transferrin binding in Cp�/� and Cpþ/þ

mice, and further indicates that plasma ceruloplasmin does

not affect the behavior of manganese within blood. It is also

unlikely that metabolic iron status or iron deficiency in Cp�/�

mice contributed to their increased blood 54Mn levels, because

a number of studies have reported identical TIBC in Cpþ/þ and

Cp�/� mice (Cherukuri et al., 2004; Harris et al., 1999; Patel

et al., 2002). This suggestion is further supported by our

observation that Cpþ/þ and Cp�/� mice contained comparable

levels of plasma transferrin levels.

In contrast to the significant ceruloplasmin effect on blood
54Mn tracer levels measured closely following (1 h) exposure,

we did not observe a ceruloplasmin genotype effect on total

blood manganese concentrations in our subchronic manganese

exposure study (Fig. 5). We attribute this difference to the fact

that blood collection in the subchronic study occurred a week

after the final exposure dose. These results suggest that the

effect of ceruloplasmin to cause increased manganese retention

in blood may only be evident when exposures are current or

very recent, and not after sufficient time has elapsed because

exposure to allow clearance of manganese from blood (Smith

et al., 2007).

The greater 54Mn in kidneys but not livers of Cp�/� mice

suggests a tissue-specific ceruloplasmin-related mechanism for

manganese retention in kidney, rather than simply a reflection

of greater 54Mn in blood (Fig. 4). Although the liver produces

ceruloplasmin for secretion into the plasma, it has never been

shown that the liver possesses tissue-resident GPI-linked

ceruloplasmin. However, kidney epithelial cells lining the

glomerulus and tubules have been shown to express GPI-linked

ceruloplasmin, where it has been suggested to play a protective

role as an antioxidant protein, oxidizing toxic ferrous iron in

the renal filtrate to the nontoxic ferric form (Wiggins et al.,
2006). It is also possible that kidney ceruloplasmin may reduce

the reuptake of divalent transition metals such as iron and

manganese, both of which are known to gain entry into cells

via the divalent cation metal transporter (DMT1). Supporting

this suggestion, studies with Belgrade rats, which are deficient

in DMT1, have shown a marked decrease in kidney manganese

(as opposed to an increase in liver manganese) compared with

DMT1-competent Wistar rats following manganese exposure

via intravenous injection (Chua and Morgan, 1997) or intra-

tracheal installation (Heileg et al., 2006). We speculate that

kidney ceruloplasmin oxidizes filterable Mn(II) to Mn(III) to

reduce reuptake by the nephron tubules, and with our

observation of increased kidney 54Mn of of Cp�/� mice.

Unfortunately, kidney tissues from animals subchronically

exposed to manganese were unavailable for comparative

analysis.

The marginal increase in brain manganese in Cp�/�

compared with Cpþ/þ mice in both the 54Mn and subchronic

manganese exposure studies (Figs. 4, 5) indicates a role of

ceruloplasmin in the CNS disposition of manganese. It has

been proposed that ceruloplasmin in the brain facilitates

cellular iron efflux by oxidizing Fe(II) upon transport out of

CNS cells through ferroportin (Harris et al., 1999; DeDome-

nico et al., 2007). Consistent with this suggestion, brain tissue

of aceruloplasminemic mice and humans shows evidence of

cellular iron accumulation with age (Patel et al., 2002; Xu

et al., 2004). It is plausible that brain ceruloplasmin plays

a similar role in the management of manganese in the CNS,

accounting for the marginally increased brain manganese levels

observed in this study. However, the fact that aceruloplasmi-

nemic humans and mice also accumulate high levels of iron in

their livers, whereas there was no ceruloplasmin genotype

effect on liver manganese levels in either the 54Mn or

subchronic manganese exposure studies here, may underscore

the importance of cell/tissue-specific differences in the

management of iron and manganese (Review of systemic Fe

homeostasis; Raoult, 2001; reviews of systemic manganese

homeostasis; Keen et al., 2000; Roth, 2006).

We used several complimentary markers of tissue oxidative

stress, glutathione levels, lipid peroxidation reflected in

TBARS, and total protein carbonyl levels to determine whether

ceruloplasmin modified oxidative stress resulting from sub-

chronic manganese exposure. Our results indicate that

ceruloplasmin interacted with elevated manganese exposures

to produce heightened oxidative stress in the cerebellum, based

on depletion of glutathione and a significant increase in lipid

oxidation (TBARS) in manganese-exposed male Cpþ/þ mice

(Fig. 6). This effect was evident only in comparing

ceruloplasmin genotypes within a manganese exposure group;
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there were no differences in these oxidative stress markers due

to manganese exposure alone (across manganese exposures

within the wild-type Cpþ/þ groups), or due to ceruloplasmin

genotype alone (control manganese Cpþ/þ versus Cp�/�

groups). Thus, subchronic manganese exposures produced

oxidative stress in the cerebellum only in the presence of

ceruloplasmin, and not in its absence. The lack of a standard

dose-response relationship between oxidative stress outcomes

and manganese treatment has been observed previously (Taylor

et al., 2006), and could be explained by compensatory

mechanisms operating at higher manganese doses.

The association of elevated manganese exposure with

increased oxidative stress is well established from both in
vitro and in vivo studies (Ali et al., 1995; Brouillet et al., 1993;

Brown and Taylor, 1999; Dobson et al., 2004; Galvani et al.,
1995; HaMai and Bondy, 2004a; Verity, 1999; Zheng and

Zhao, 2001). Few studies, however, have been able to tease out

the role of manganese redox activity in this effect, due to the

challenges with evaluating it in biological systems in vivo
(Gunter et al., 2005, 2006; Reaney et al., 2002). Our data

suggest that the heightened cerebellar oxidative stress resulting

from co-occuring ceruloplasmin and elevated manganese is

produced via an extracellular ceruloplasmin—manganese

redox mechanism, rather than simply the presence of elevated

tissue manganese per se. This is supported by the fact that Cpþ/þ

mice exhibited higher oxidative stress in the cerebellum, but

accumulated marginally lower brain manganese levels relative

to their Cp�/� counterparts. Tissue iron also does not appear to

have played a role in this effect, because there were no

differences in brain iron levels between any of the ceruloplas-

min genotype or manganese treatment groups.

In summary, our findings indicate that circulating (plasma)

ceruloplasmin does not play a role in the loading of manganese

onto plasma transferrin, or in the plasma/cellular partitioning of

manganese in whole blood. However, our results suggest that

ceruloplasmin does affect the tissue distribution of Mn and

increase oxidative stress in the brain, though the exact

mechanism(s) through which this occurs requires further

elucidation. This suggestion may be contrary to the normally

protective role of metal oxidase and reductase proteins in the

metabolism of redox-active metals such as iron and copper

under normal physiological conditions (Silva and Williams,

1991; Wiggins et al., 2006). Our results are consistent with

previous studies (Chen et al., 2001; HaMai and Bondy, 2004;

Reaney and Smith, 2005; Reaney et al., 2006) indicating that

the oxidation state of manganese is an important mediator of its

toxicity, and provide clear evidence that metal oxidase proteins

play an important role in mediating neurotoxicity arising from

elevated manganese exposures.
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