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Excess manganese (Mn) is neurotoxic. Increased manganese stores in the brain are associated with a num-

ber of behavioral problems, including motor dysfunction, memory loss and psychiatric disorders. We pre-

viously showed that the transport and neurotoxicity of manganese after intranasal instillation of the metal

are altered in Hfe-deficient mice, a mouse model of the iron overload disorder hereditary hemochromato-

sis (HH). However, it is not fully understood whether loss of Hfe function modifies Mn neurotoxicity after

ingestion. To investigate the role of Hfe in oral Mn toxicity, we exposed Hfe-knockout (Hfe−/−) and their

control wild-type (Hfe+/+) mice to MnCl
2
 in drinking water (5 mg/mL) for 5 weeks. Motor coordination

and spatial memory capacity were determined by the rotarod test and the Barnes maze test, respectively.

Brain and liver metal levels were analyzed by inductively coupled plasma mass spectrometry. Compared

with the water-drinking group, mice drinking Mn significantly increased Mn concentrations in the liver

and brain of both genotypes. Mn exposure decreased iron levels in the liver, but not in the brain. Neither

Mn nor Hfe deficiency altered tissue concentrations of copper or zinc. The rotarod test showed that Mn

exposure decreased motor skills in Hfe+/+ mice, but not in Hfe−/− mice (p = 0.023). In the Barns maze test,

latency to find the target hole was not altered in Mn-exposed Hfe
+/+

 compared with water-drinking Hfe
+/+

mice. However, Mn-exposed Hfe−/− mice spent more time to find the target hole than Mn-drinking Hfe+/+

mice (p = 0.028). These data indicate that loss of Hfe function impairs spatial memory upon Mn exposure

in drinking water. Our results suggest that individuals with hemochromatosis could be more vulnerable to

memory deficits induced by Mn ingestion from our environment. The pathophysiological role of HFE in

manganese neurotoxicity should be carefully examined in patients with HFE-associated hemochromatosis

and other iron overload disorders.
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INTRODUCTION

Manganese (Mn) is an essential metal for normal body

function, but is toxic in excess. Exposure to Mn is associ-

ated with abnormal brain function, including impaired

motor coordination, memory deficits and psychiatric disor-

ders, resembling Parkinson’s disease (1-3). The neurotoxic

effects resulting from Mn exposure occur in people in

industrial settings, such as workers employed in ferroalloy,

smelting, mining and welding and agricultural workers

exposed to Mn-containing pesticide (4). Mn toxicity is also

significant in children living near secondary smelters and in

people drinking contaminated water. Moreover, Mn intoxi-

cation has been observed in children under long-term paren-

teral nutrition and patients with chronic liver diseases.

Accumulating evidence has indicated that the absorption

of Mn is altered by body iron status. For example, iron defi-

cient anemia increases intestinal absorption of Mn, whereas

iron overload conditions decrease Mn uptake (5). This

occurs due to the fact that Mn is in part absorbed by iron

transporters, such as divalent metal transporter 1 (DMT1)

and ferroportin, and that the expression of these iron trans-

porters is altered in response to body iron status. Moreover,
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the steady-state concentrations of Mn in blood are reduced

in mice with iron overload, suggesting that elevated iron

stores could increase the clearance of Mn (6). Conversely,

manganese exposure impairs iron metabolism (7). These

results indicate that the transport of iron and manganese is

interdependent and further suggest that the neurotoxicity of

Mn could be modified by different body iron status.

The question about the mechanistic relationship between

iron metabolism and Mn exposure is important because bil-

lions of people are affected by a number of iron disorders.

In particular, hereditary hemochromatosis (HH) is one of

the most common genetic disorders in the Caucasian popu-

lation. Mutations in HFE (High Fe) gene is the major cause

of HH, and the two most prevalent HFE missense variants

(C282Y and H63D) are found worldwide, including North

American (36.9%), European (34.9%), African/Middle

Eastern (16.7%) and Asian (2.8%) populations (8). In nor-

mal conditions, HFE controls proper iron metabolism by

modulating the production of hepcidin, a 25-amino acid

polypeptide hormone produced in the liver and released into

blood (9). Hepcidin reduces iron absorption by inducing

intracellular degradation of iron transporters, such as ferro-

portin and DMT1 (10,11). However, hepcidin levels in HFE

deficiency are significantly reduced, consistent with ele-

vated expression of iron transporters (12). This is associ-

ated with increased iron stores in HH, which promotes a

number of disease conditions, including cardiomyopathy,

liver cirrhosis, arthritis, diabetes, dyslipidemia and prema-

ture death (12-15). Emerging evidence also indicates that HH

is implicated in several neurodegenerative diseases, such as

Alzheimer’s, Parkinson’s and Huntington’s diseases.

Our previous study showed that iron deficiency increases

olfactory transport of Mn to the brain and corrects impaired

motor function (16). Moreover, recent investigations demon-

strated that the transport and neurotoxicity of intranasal Mn

are modified in a mouse model of the iron overload disor-

der hemochromatosis (2,17,18). While these studies have

defined the role of HFE in airborne Mn exposure and neu-

rotoxicity, it is largely unknown whether HFE deficiency

could modulate the neurotoxic effects of Mn when ingested.

In the present investigation, we characterized the effect of

HFE on behavioral deficits caused by Mn exposure via

drinking water.

MATERIALS AND METHODS

Ethics statement. Animal studies were conducted in

strict accordance with the recommendations from the Guide

for the Care and Use of Laboratory Animals of the National

Institutes of Health. Animal protocol was approved by the

Northeastern University Animal Care and Use Committee.

Animals and Mn exposure. Hfe-knockout (Hfe−/−) and

wild-type (Hfe+/+; 129S6/SvEvTac background) breeders

were kindly provided by Dr. Nancy Andrews (19) (Duke

University, NC, USA). Weanling mice were fed facility

chow (Prolab Isopro RMH 3000, LabDiet). For the Mn-

treated group, mice were exposed to a solution of 5 mg

MnCl2/mL in water ad libitum for 5 weeks. This dose was

selected based on the previous study (20). For the control

group, mice were allowed to drink water provided by ani-

mal facility ad libitum. Water consumption was monitored

twice a week and the change in the body weight was mea-

sured every week.

Rotarod test. The device consists of a motor-driven

knurled cylinder (3 cm in diameter) that is mounted hori-

zontally 24 cm above a padded surface (Harvard Appara-

tus, Holliston, MA, USA). Mice were placed on the rotating

rod accelerating from 4 to 40 rpm (rotation per minute) over

300 sec. Each mouse was subject to three trials per day for

four days. Time at which the first loss of footing occurred

was recorded. The best score accomplished per each day

was used for analysis. Between each trial, the rod was

cleaned with Quatricide TB (Pharmacal Research Laborato-

ries Inc., Waterbury, CT, USA).

Barnes maze test. The Barnes maze test was con-

ducted as previously described (18). Briefly, an escape box

was placed underneath one of the holes on the maze (Stoelt-

ing Co., Wood Dale, IL, USA) and remained the same

during the training session for 3 days. Visual cues with dif-

ferent colors and shapes were placed above four quadrants

of the maze. In the acclimation period, each mouse was

placed by the edge of the escape box. The mouse was gen-

tly put into the box if it had not entered the escape box

within 1 min. During the training period, the mouse was

placed in the center of the maze and covered by an opaque

plastic box. After 10~15 sec, the floodlights (4 × 150 watts)

were turned on and the box was then removed. The mouse

was allowed to walk around the maze for 3 min to find and

enter the escape box. If the mouse failed to enter the escape

box within 3 min, it was gently guided to the box. Three tri-

als were performed per day for 3 days. The latency to enter

into the escape box was recorded and analyzed by ANY-

maze software (Stoelting Co). On day 4 (test), the escape

box was removed and the mouse was allowed to walk

around the maze for 90 sec with floodlights on. Time spent

to find the target hole where the escape box used to be

located (latency) was recorded and analyzed by ANY-maze.

The maze was wiped thoroughly with Quatricide TB to

avoid olfactory cues.

Tissue collection. After the last behavioral test, mice

were euthanized by isoflurane overdose followed by

exsanguination. Serum, brain and liver were collected,

snap-frozen in liquid nitrogen and stored at −80oC until

analysis.
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Non-heme iron assay. The concentrations of non-heme

iron in liver samples were analyzed as previously described

(21). Briefly, liver samples were digested in a 15-fold vol-

ume of acid solution at 65oC for 20 hr, followed by the

addition of bathophenanthroline disulfonic acid for colori-

metric reaction. Liver non-heme iron was calculated as µg/g

liver. Serum iron was determined as previously described

with background correction (21) and calculated as µg/mL.

Metal analysis. The concentrations of metals in tissues

were determined as previously described (22). Briefly, the

left hemisphere of the brain and liver samples were digested

in 20% nitric acid (Trace grade, Fisher Scientific; Pitts-

burgh, PA, USA) at 125oC for 1 hr and diluted to 10 mL

with metal-free double distilled water. Levels of metals

were measured by inductively coupled plasma mass spec-

trometry (ICP-MS) (Varian 810/820MS, Bruker, Billerica,

MA, USA). Metal concentrations (µg/g tissue) in the sam-

ples were determined based on serially-diluted external

standards, and all values were normalized using yttrium as

an internal standard.

Statistical analysis. Data were presented as means ±

SEM. For two-group comparison (rotarod and Barnes maze

tests), the two-sample t-test was employed. To determine

interaction effects of Hfe deficiency and Mn exposure as

well  as individual main effects, a two-way ANOVA was

performed, followed by post-hoc analysis using SigmaPlot

(version 12.3; Systat Software Inc., San Jose, CA, USA).

Differences were considered significant at p < 0.05.

RESULTS

Physiological characteristics of Hfe−/− mice after Mn
exposure. Mice exposed to water or to Mn-containing

water were euthanized at the age of 8~9 weeks, and physio-

logical values were determined (Fig. 1). Although body

weights and water consumption did not differ among the

experimental groups, Hfe−/− mice displayed a significant

increase in the hematocrit values (Fig. 1C) (p = 0.008).

Similarly, serum non-heme iron levels were significantly

higher in Hfe-deficient mice than in control wild-type mice

(Fig. 1D) (p = 0.002). Interestingly, liver non-heme iron

levels were altered by both Mn exposure and Hfe gene defi-

ciency. While there was a general increase in liver non-

heme iron in Hfe−/− mice (Fig. 1E) (p < 0.001), Mn expo-

sure significantly reduced liver non-heme iron levels in

Hfe−/− mice (p = 0.012), but not in Hfe+/+ mice.

Effect of Mn exposure on liver metal levels. Levels of

metals in the liver were quantified by ICP-MS. Similar to

hepatic non-heme iron, total iron levels in the liver were

significantly higher in Hfe−/− mice compared with Hfe+/+

mice (Fig. 2) (p < 0.001). Mn exposure resulted in a reduc-

tion in liver iron levels (p = 0.044), especially in the Hfe−/−

group (Fig. 2) (p = 0.021). As expected, liver Mn levels

were increased with Mn exposure in both Hfe-deficient and

wild-type mice (Fig. 2) (p < 0.001). However, there was no

Fig. 1. Effect of Mn exposure on physiological characteristics in Hfe-deficient mice. (A) Body weights (n = 19~24 per group) of mice 5
weeks post-exposure to Mn in drinking water. (B) Mean levels of water consumption (n = 7~10 per group) throughout the exposure
period. (C) Hematocrit values (n = 5~7 per group). (D) Non-heme iron levels in serum (n = 5~7 per group). (E) Non-heme iron levels in
the liver (n = 13~20 per group). Empty and closed bars represent water-drinking and Mn-drinking mice, respectively. Data were pre-
sented as means ± SEM and were analyzed using two-way ANOVA followed by post-hoc comparisons.
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significant difference in liver Mn levels between Hfe−/− and

Hfe+/+ mice after Mn exposure. Neither Mn treatment nor

Hfe gene deficiency altered levels of copper or zinc in the

liver (Fig. 2).

Effect of Mn exposure on brain metal levels. In con-

trast to liver iron, brain iron levels were not different among

all four groups (Fig. 3). With respect to Mn, basal Mn lev-

els in the brain did not differ between Hfe+/+ and Hfe−/− mice.

Mn exposure by drinking water elevated brain Mn stores

(Fig. 3) (p < 0.001) regardless of Hfe expression. Interest-

ingly, there was an interaction effect between Mn exposure

and Hfe deficiency on brain Mn; Mn exposure increased

brain Mn levels in Hfe+/+ mice by 81% compared with those

in water-drinking Hfe+/+ mice, whereas Mn-exposed Hfe−/−

mice showed a 66% increase in brain Mn from the baseline

Mn levels observed in water-drinking Hfe−/− mice (Fig. 3)

(p = 0.047; Mn x Hfe interaction effect). These results indi-

cate that Hfe deficiency attenuates the distribution of Mn in

the brain when Mn is ingested. Neither Mn exposure nor

Hfe deficiency altered brain levels of copper or zinc (Fig. 3).

Motor skills in Hfe deficiency after Mn exposure. To

examine the effect of Hfe deficiency on motor function

upon oral Mn exposure, the time spent on the rotating rod

was measured until the first loss of coordination (Fig. 4).

The best performance of each mouse among 3 trials per day

on the rod was recorded for 4 days, and the plateau levels of

rotarod performance reached on days 3 and 4 (Fig. 4A).

Mn-drinking Hfe−/− mice stayed longer on the rod than Mn-

drinking Hfe+/+ mice (p = 0.034) (Fig. 4A). We then calcu-

lated the percentage of the best time over four days between

Mn-treated and water-treated mice, and compared these val-

ues between Hfe+/+ and Hfe−/− mice. Mn exposure signifi-

Fig. 3. Brain metal levels after Mn exposure in drinking water. Levels of iron, manganese, copper and zinc in the brain were mea-
sured by ICP-MS. Empty and closed bars represent water-drinking and Mn-drinking mice, respectively. Data were presented as
means ± SEM (n = 6 per group) and were analyzed using two-way ANOVA followed by post-hoc comparisons.

Fig. 2. Liver metal levels after Mn exposure in drinking water. Levels of iron, manganese, copper and zinc in the liver were measured
by inductively coupled plasma mass spectrometry (ICP-MS). Empty and closed bars represent water-drinking and Mn-drinking mice,
respectively. Data were presented as means ± SEM (n = 6 per group) and were analyzed using two-way ANOVA followed by post-hoc
comparisons.
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cantly reduced motor performance in Hfe+/+ mice by 14.7%

(from the baseline performance) (Fig. 4B), but not in Hfe−/−

mice (6.1% increase), indicating an interaction effect

between Mn exposure and Hfe deficiency on motor skills

(p = 0.023).

Learning and memory capacity in Hfe deficiency after
Mn exposure. To determine if Hfe deficiency modifies

the influence of Mn on memory function, Mn-exposed or

non-exposed mice were subject to the Barnes maze task

(Fig. 5). During training on day 1, Mn-exposed Hfe−/− mice

spent more time to find the escape box compared either

with water-drinking Hfe−/− mice (Fig. 5A) (p = 0.002) or

with Mn-exposed Hfe+/+ mice (p < 0.001). On days 2 and 3,

the time spent to locate the escape box was similar in all

four groups of mice (Fig. 5A), suggesting that adequate

learning occurred in all groups. On the test day, the time

spent to find the target hole was not altered in Mn-exposed

Hfe+/+ mice compared with water-drinking Hfe+/+ mice

(7.1% reduction) (Fig. 5B). However, Mn-exposed Hfe−/−

mice spent significantly more time to find the target hole

than water-drinking Hfe−/− mice did (74.3% increase) (Fig.

Fig. 5. Effect of Mn exposure on spatial memory capacity in Hfe-deficient mice. Spatial learning and memory capacity were deter-
mined by the Barnes maze test. Shown are (A) the latency to the target hole during the learning period over three days of training
and (B) the percentage of the latency to the target hole on the test day (day 4) between Mn-treated mice and water-treated mice.
Data were presented as means ± SEM (n = 15~17 per group) and were analyzed using two-way ANOVA followed by post-hoc compari-
sons (A) or t-test (B). * p < 0.05 between Mn-drinking Hfe+/+ and Hfe−/− mice. † p < 0.05 between water-drinking Hfe−/− and Mn-drinking
Hfe−/− mice.

Fig. 4. Effect of Mn exposure on motor coordination in Hfe-deficient mice. Motor function was determined by the rotarod test.
Shown are (A) the time spent before the first footing loss each day over four days among the four groups and (B) the percentage of
the best time over four days between Mn-treated mice and water-treated mice. Data were presented as means ± SEM (n = 15~17 per
group) and were analyzed using repeated two-way ANOVA followed by post-hoc comparisons (A) or t-test (B). * p < 0.05 between Mn-
drinking Hfe+/+ and Hfe−/− mice.
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5B), suggesting that loss of Hfe function decreases spatial

memory capacity associated with Mn exposure by drinking

water (p = 0.028).

DISCUSSION

Our previous study revealed that neurobehavioral prob-

lems after intranasal instillation of Mn are altered in Hfe−/−

mice, indicating that airborne Mn toxicity is modified by

the iron overload hemochromatosis (2,18). In the present

study, we explored the role of Mn “ingestion” in cognitive

and motor functions in Hfe−/− mice. Our results demon-

strated that Mn exposure by drinking water decreases motor

skills in normal mice, which is corrected by Hfe deficiency.

We also showed that loss of Hfe function increases Mn’s

neurotoxic effect on memory capacity. Since different phys-

iological conditions could affect behavioral performance,

we monitored body weights and water intake. There were

no changes in body weights among the four groups, sug-

gesting that 5 mg/mL MnCl2 exposure in drinking water

likely has no effect on growth. Water consumption did not

differ among all groups, indicating that the total amount of

Mn exposure by drinking water was the same between

Hfe+/+ and Hfe−/− groups. Our Hfe-deficient mice displayed

increased hematocrit, serum iron and liver non-heme iron

levels, verifying that loss of Hfe function results in increased

body iron stores and represents systemic iron overload con-

ditions (19,23).

In our study, Mn-exposed mice by drinking water had

reduced iron levels in the liver. Our results are in agree-

ment with those by Huang et al. (24) who reported a signifi-

cant decrease in liver iron levels in rats after exposure to

MnCl2 by intraperitoneal injection. In addition, we observed

that the effect of Mn on liver iron was more obvious in Hfe−/−

mice than in Hfe+/+ mice. This effect could be explained by

metal-metal interactions between Mn and iron in the trans-

port pathway. Rossander-Hulten et al. (25) showed a direct

competitive inhibition of Mn on iron absorption from the

gut lumen. Molina et al. (7) also demonstrated that Mn

drinking decreases the uptake of iron in the liver after intra-

gastic gavage of 59Fe. This effect appears to be specific to

Mn since Pb drinking did not change 59Fe levels in the liver

(7). In contrast to liver iron levels, Mn exposure did not

alter brain iron levels. This could result from the difference

in the mechanism of iron uptake between the gut lumen and

the blood brain barrier (BBB). Iron transport across the

BBB is mediated by transferrin and transferrin receptors,

and the expression of these proteins in the brain could be

regulated upon Mn exposure to maintain proper levels of

brain iron.

One important finding of the current study is that Hfe

deficiency improves impaired motor function caused by Mn

exposure. There are mixed results about the role of iron

overload in motor skills. Our results are similar to those by

Castro-Caraballo et al. (26) who found an increase in motor

function in mice treated with iron dextran. Their mice

demonstrated a significant elevation of systemic and liver

iron status with no change in brain iron levels, which is

similar to our Hfe−/− mice. On the other hand, Golub et al.

(27) have shown that Hfe deficiency is associated with

movement disorders. Differences in the results of motor test

between Golub’s and our studies could be due to several

different conditions used. First, Golub et al. used C57BL/6J

background, whereas in the current study the background

strain was 129S6/SvEvTac. Second, the method of the end-

point measurement was different between the two studies.

In Golub’s study, a complete falling from the rod was

reported, whereas we measured the first loss of footing as

an endpoint. Third, Golub reported that Hfe-deficient mice

had significantly shorter body length than wild-type mice.

Such physical difference could modify the skeletomuscular

effect and consequently motor coordination of the mice on

the rod.

Mn neurotoxicity is also closely associated with impaired

memory function. Several studies reported that Mn expo-

sure causes cognitive deficits and decreased learning ability

(1,18,28). Our previous study also showed that intranasal

instillation of Mn decreases spatial memory in both Hfe+/+

and Hfe−/− mice (18). Importantly, in the present study we

found that Mn exposure by drinking water impairs spatial

memory capacity only in Hfe−/− mice and not in Hfe+/+ mice.

The difference between the two studies could be due to dif-

ferent doses and duration of exposure and/or routes of expo-

sure to Mn (i.e. intranasal vs. drinking water). It has been

recognized that different routes of Mn administration could

alter regional distribution of Mn in the brain (29). There-

fore, it is possible that Hfe deficiency could modify the dis-

tribution of Mn within the brain along with the uptake of

the metal into the brain through two different pathways,

namely, through the air-brain barrier (intranasal) and the

BBB (drinking water). Our study also suggests that Mn

exposure at a concentration of 5 mg/mL in drinking water

for 5 weeks does no harm to normal mice, but is sufficient

to cause Mn’s neurotoxic effects on spatial memory capac-

ity in Hfe−/− mice. A follow-up investigation is warranted to

reveal the molecular mechanism(s) of the increased suscep-

tibility to Mn-associated memory deficits in the absence of

Hfe.

In addition to exposure-dependent Mn pharmacokinetics

discussed above, the effect of Mn on memory function in

Hfe−/− mice could be explained by altered downstream path-

ways of metal-induced toxicity. Experimental evidence has

indicated that the pituitary gland is one of the brain regions

that showed a high uptake of Mn (30). As a result, Mn

accumulation in the pituitary gland could alter the release of

stress hormones, which may be potentiated by increased

iron in Hfe−/− mice and consequently impair memory func-

tion. Future investigations will address the route-dependent
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accumulation of brain Mn and region-specific neurochemi-

cal alterations under the influence of stress hormones.

In summary, Hfe-deficient mice demonstrated impaired

spatial memory when exposed to oral Mn at the levels

where normal mice do not exhibit neurotoxic effects. To our

knowledge, this is the first study to examine the neurobe-

havioral toxicity of oral manganese exposure in Hfe defi-

ciency. Our results suggest that individuals with loss of

HFE function could be predisposed to cognitive deficits by

prolonged exposure to oral Mn. Since brain metal loading is

implicated in the development of neurodegenerative dis-

eases, our findings also suggest that HFE deficiency may be

a risk factor for age-related cognitive disorders. Further

studies are warranted to address this question and identify

novel therapeutic approaches to improve clinical outcomes

for memory deficits associated with metal overload in the

brain.
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