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ABSTRACT: There is evidence in human populations
that exposure to manganese (Mn), or Mn in combi-
nation with excessive noise exposure, results in hear-
ing loss. Quantitative reverse-transcriptase polymerase
chain reaction revealed expression of the metal trans-
porters DMT1, ZIP8, and ZIP14 in control mouse ears.
ZIP8 is known to have a high affinity (Km = 2.2 μμM)
for Mn transport, and ZIP8 protein was localized to
the blood vessels of the ear by immunohistochem-
istry. We treated mice (strains C57BL/6J and DBA/2J)
with Mn (100 mg/kg MnCl2, by subcutaneous injec-
tion, on three alternating days), and Mn was sig-
nificantly elevated in the ears of the treated mice.
Mn concentrations remained elevated over controls
for at least 2 weeks after treatment. These stud-
ies demonstrate that metal transporters are present
in the mouse ear and that Mn can accumulate in
the ear following systemic exposure. Future studies
should focus on whether Mn exposure is associated
with hearing deficits. C© 2008 Wiley Periodicals, Inc. J
Biochem Mol Toxicol 22:305–310, 2008; Published on-
line in Wiley InterScience (www.interscience.wiley.com).
DOI 10:1002/jbt.20241
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INTRODUCTION

Manganese (Mn) is an essential element that can
be toxic both as a result of dietary deficiency and as
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a consequence of excessive exposure via drinking wa-
ter or occupational exposure [1,2]. There are reports
of hearing loss in welders exposed to Mn, as well as
in individuals with concomitant exposures to noise
and Mn [3–8]; in addition, a recent publication demon-
strated dose-related decreases in the acoustic startle
response in Mn-treated rats [9].

Dietary Mn deficiency in animals results in a wide
variety of structural and physiological defects, includ-
ing growth retardation, skeletal and cartilage malfor-
mations, impaired reproductive function, congenital
ataxia due to abnormal inner ear development, op-
tic nerve abnormalities, impaired insulin metabolism,
abnormal glucose tolerance, and an impaired oxidant
defense system [1]. Excessive exposure to Mn has
been recognized for decades to be associated with a
Parkinsonian-like state in humans, with signs includ-
ing abnormal gait, altered balance, exaggerated reflexes
in the lower limbs, tremors in the upper limbs, and
masked facies [10,11]. Whereas consumption of drink-
ing water containing high levels of Mn has been sug-
gested as a cause of neurological deficits and Parkin-
sonian symptoms [2], occupational exposures are by
far of greater concern. Because of the essential nature
of Mn in the development of various sensory systems,
including the ear and the eye [12,13], we hypothesized
that one or more metal transporters may be responsible
for the transport of Mn into these tissues.

Slc39a8 has recently been identified as the gene
that confers susceptibility to cadmium (Cd)-induced
testicular necrosis and acute renal failure in mice [14].
The mouse Slc39a8 gene encodes the metal transporter
ZIP8, which shows 96% amino acid identity to the hu-
man SLC39A8 gene product—confirming a high degree
of evolutionary conservation of this gene during the
past 65 million years. Inbred mice that are susceptible
to Cd-induced testicular necrosis, such as the DBA/2J
and 129/SvJ strains, express ZIP8 at high levels in tes-
ticular endothelial cells; on the contrary, mice such
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as the C57BL/6J and A/J strains that are resistant to
Cd-induced testicular necrosis express negligible
amounts of ZIP8 in testicular endothelial cells [15].
Competition studies revealed that Mn is the most
potent inhibitor of Cd transport by ZIP8, and the Km
for Mn transport (2.2 μM) is very low and close to that
for Cd (0.62 μM). Therefore, ZIP8 is also a Mn trans-
porter, and we believe that Mn is likely to be the nor-
mal physiological substrate for ZIP8. Further analysis
suggests that ZIP8 is a Mn2+/HCO−

3 symporter [16],
transporting two anions for each cation and therefore
is electroneutral [17].

While it appears that the physiological substrate for
ZIP8 is Mn, ZIP8 is also clearly a “rogue” transporter
of Cd [15,16]. ZIP8 is localized to the apical surfaces of
all polarized endothelial and epithelial cells in which
it is expressed [16]. ZIP8 transcript levels between sus-
ceptible and resistant mouse strains do not differ either
by quantitative PCR or by Northern blot analysis in the
testis or in any other tissues examined—rather, it is the
specific cellular localization in the testicular vascular
endothelial cells in the DBA/2J mice that confers the
genetically distinct susceptibility to Cd-induced testic-
ular necrosis [14].

METHODS

Animals and Treatment

Female mice [inbred strains C57BL/6J (B6) and
DBA/2J (D2)] were purchased from Jackson Labs (Bar
Harbor, ME) at approximately 7 weeks of age. Tis-
sues were isolated from four mice of each strain for
quantitative polymerase chain reaction (PCR) follow-
ing carbon dioxide asphyxiation. Tissues (ears, ethmoid
turbinates, and kidneys) were frozen at −80◦C until
processing. For Mn dosing, B6 and D2 mice (n = 4 per
treatment) received MnCl2 or distilled water by subcu-
taneous injection (in the interscapular area), as previ-
ously described [18]. In brief, mice were treated with
100 mg/kg MnCl2 dissolved in water with a final vol-
ume of 100 μL/20 g b.w. Mice received three doses on
alternating days and were sacrificed 24 h after the last
dose. All mice were euthanized with an overdose of
carbon dioxide, and ear tissues were dissected, frozen
on dry ice, and stored at −80◦C until analysis for Mn
content.

Metal Transporter Gene Expression

Tissues (bony otic capsule [dissected free of sur-
rounding tissue], olfactory epithelium, and kidney)
were homogenized in TriReagent (Molecular Research
Center, Cincinnati, OH) at 1 mL/50 mg of tissue using

a polytron-type homogenizer, and RNA was isolated
per the manufacturer’s protocol. RNA concentration
was analyzed using a Nanodrop 1200 detection system,
and RNA integrity was analyzed using an Agilent bio-
analyzer. cDNA was synthesized using the reverse-iT
(AbGene) kit using oligo-dT primers and 1 μg of total
RNA. Real-time quantitative PCR (Q-PCR) was per-
formed using a DNA engine Opticon-2 real-time PCR
detection system (MJ Research, Waltham, MA). Sam-
ples were prepared as 20-μL volume reactions with 1
μL of cDNA added to 7 μL of water, 1 μL of each primer
(prepared as 10 μM solutions), and 10 μL of iQ SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, CA)
for each sample. The primer sets used were

ZIP8
5′-CTCGCCTTCAGTGAGGATGT-3′

5′-GCTTTGCGTTGTGCTTTCTT-3′

ZIP14
5′–TCTGGAGACCTCTTTGCGG–3′

5′–ACAGGGCGATGAAGTAAGTG–3′

DMT1
5′-TCAGAGCTCCACCATGACTG-3′

5′-TGTGAACGTGAGGATGGGTA-3′

β-actin
5′-CATCCGTAAAGACCTCTATGCC-3′

5′-ACGCAGCTCAGTAACAGTCC-3′

Immunohistochemistry

Immunohistochemistry was performed using an
anti-ZIP8 antibody [14] and the Renaissance TSA bi-
otin system kit (Perkin Elmer, Waltham, MA). Paraffin-
embedded tissue sections were deparaffinized, rehy-
drated through a graded series of ethanol dilutions,
and blocked with the TSA biotin blocking reagent,
prepared in 10 mM phosphate-buffered saline con-
taining 0.1% Tween 20 (PBST) for 20 min at room
temperature in a humidified chamber. Sections were
then incubated with anti-ZIP8 antibody (1/500) for 2
h at room temperature or at 4◦C overnight. Following
washes in PBST, sections were sequentially incubated
in horseradish peroxidase (HRP)-conjugated antirab-
bit secondary antibody (1:100; Dako, Carpinteria, CA),
the biotin tyramide reagent (1:50; supplied with the
kit), and finally with streptavidin-HRP reagent (1:100,
supplied with the kit). Slides were washed in PBST,
followed by three changes of water, and allowed to
dry nearly completely. Antibody binding was visual-
ized using 3-amino-9-ethyl carbazole (AEC) as follows:
thirty-five microliters of AEC stock solution (0.4 g dis-
solved in 100 mL dimethylformamide) was combined
with 500 μL of sodium acetate (0.1 M, pH 5.2) and fil-
tered (Amicon Ultrafree-MC centrifugal filter). After
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addition of 1 μL of fresh 30% hydrogen peroxide, the
chromagen solution was incubated on tissue sections
for 20–30 min, allowing development of the reddish-
brown reaction product. Slides were rinsed in water,
and mounted in an aqueous mounting medium (Flu-
oromount). Photomicrographs were acquired using a
Nikon E400 light microscope with a Nikon D80 camera
body.

Manganese Concentration in Ears

Mn Trial Experiment

To establish that Mn accumulates in the ear fol-
lowing systemic exposure, ears [otic capsules, isolated
as described earlier] from mice sacrificed 24 h after
three Mn treatments were analyzed by graphite fur-
nace atomic absorption spectroscopy. Briefly, ears (both
ears from each mouse comprised a single sample)
were dried to a constant weight in a dessicant box at
room temperature. Samples were then submerged in
approximately 2 mL of trace metal grade nitric acid
and digested at 125◦C (approximately 30 min). Anal-
ysis was performed using a graphite furnace 5100 zl
(Perkin Elmer), and results were interpreted with the
AA Winlab version 3.2 software. Instrument parame-
ters were as follows: Wavelength: 279.5 nm; read time:
5.0 s; slit width: 0.2; read delay: 0.0; BOC time: 2 s;
signal type: Zeeman AA; signal measurement: peak
area. A reagent blank and two spiked reagent sam-
ples were prepared for each set of samples. Mn concen-
trations were interpolated from a standard curve. All
results were reported in μg/g tissue. Recoveries were
calculated as follows: result/sample + spike × 100. All
recoveries and internal quality control samples were
within ±10% of the actual value.

Persistence of Mn in the Ear

An additional set of mice was dosed with Mn as de-
scribed earlier, and sacrificed 14 days later to ascertain
whether Mn persists in the ear. Because the core facility
that analyzed our initial samples (earlier) closed, we
sought additional collaborators to analyze the second
set of samples. This analysis was performed by induc-
tively coupled plasma mass spectrometry (ICP-MS).
All solutions were prepared in double-distilled (18 M�

cm) deionized water (Sybron Barnstead, Boston, MA).
Metal-free polypropylene tubes for sample preparation
and storage were purchased from CPI International
(Santa Rosa, CA). The Mn elemental standard used
for quantification was acquired from SpexCertiPrep
(Metuchen, NJ). Calibration standards of 1.0–500 μg/L
were prepared through dilution from a stock solution
with 5% v/v HNO3 (Pharmaco, Hartford, CT).

Briefly, the dried ear tissues (16–40 mg) were placed
in septum-sealed glass tubes, treated with 1.0 mL of
25% (v/v) HNO3 and subjected to first stage of mi-
crowave digestion [CEM intelligent explorer/discover
system (CEM Corporation, Mathews, NC)]. The mi-
crowave was equipped with a 24-vial autosampler, a
self-contained microwave chamber, and allowed for si-
multaneous monitoring of wattage, temperature, and
pressure. Digestion parameters were as follows: power,
125 W; ramp, 2:00 min; hold, 2:00 min; temperature,
110◦C. Subsequently, 0.1 mL of 30% H2O2 was added
and the samples were processed through the second
stage: power, 125 W; ramp, 2:00 min; hold, 2:00 min;
temperature, 165◦C. Following the microwave diges-
tion sequence, the resulting solutions were diluted
with double-distilled water to 5 mL and analyzed in
continuous flow mode by ICP-MS (Agilent 7500ce,
Agilent Technologies, Tokyo, Japan). The instrument
was equipped with a glass expansion microconcen-
tric nebulizer, a Scott double-channel spray chamber
(2◦C), a shielded torch with a sampling depth of 7 mm,
nickel sampling and skimmer cones, an octopole ion
guide enclosed in a collision/reaction cell with hydro-
gen (Matheson Gas Products, Parisppany, NJ) pressur-
ization (purity of 99.999%), a quadrupole mass analyzer
with a dwell time of 100 ms per isotope, and an electron
multiplier for detection. Instrumental parameters were
as follows: forward power, 1500 W; plasma gas flow
rate, 15.0 L min−1; auxiliary gas flow rate, 1.0 L min−1;
carrier gas flow rate, 0.99 L min−1; makeup gas flow
rate, 0.14 L min−1; monitored isotope, 55Mn.

Data Analysis

Mn concentrations were compared between treated
and control mice of each strain by Student’s t-test.

RESULTS

Gene Expression

Slc39a14 is evolutionarily the closest neighbor to
Slc39a8, and the encoded proteins, ZIP14 and ZIP8,
have been shown to transport a number of divalent
metal ions, including iron, cadmium, and Mn. Slc11a2
encodes DMT1, a proton-coupled transporter of sev-
eral metal divalent cations. Therefore, we performed
quantitative RT-PCR to compare the expression of ZIP8,
ZIP14, and DMT1 in the ear to that in the olfactory ep-
ithelium (where DMT1 has previously been described)
and in kidney (previously been shown to express ZIP8)
[16,19]. As shown in Table 1, Ct values for ZIP8 and
DMT1 were comparable in D2 and B6 mouse ears,
whereas ZIP14 expression is considerably lower (as
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TABLE 1. Metal Transporter mRNA Levels in Ear, Olfactory
Epithelium (OE), and Kidney of D2 and B6 Mice

Strain and Tissue Ct ZIP8 Ct ZIP14 Ct DMT1 Ctβ-Actin

D2 ear 21.9 ± 0.9 25.1 ± 0.2 19.9 ± 0.4 14.7 ± 0.2
B6 ear 21.7 ± 0.6 25.0 ± 0.1 20.0 ± 0.5 15.2 ± 0.4
D2 OE 19.7 ± 0.4 23.2 ± 0.2 17.1 ± 0.7 12.2 ± 0.3
B6 OE 19.4 ± 0.9 22.9 ± 0.2 17.0 ± 0.4 14.1 ± 0.1
D2 kidney 18.1 18.4 17.4 13.7
B6 kidney 15.2 18.8 17.4 13.7

N = 4 for ear and olfactory epithelium; N = 1 for kidney samples.
Ct values are expressed as means ± SEM.

indicated by a higher Ct value, indicating that the low
transcript level necessitated a higher number of PCR
cycles to attain the threshold level).

Immunohistochemistry

ZIP8 immunohistochemistry revealed immunore-
activity in blood vessel walls throughout the ear
(Figure 1). While the stria vascularis was negative for
ZIP8 immunoreactivity, the underlying spiral ligament,
as well as several larger blood vessels, showed strong
immunoreactivity.

FIGURE 1. Frontal section taken through the ear of a D2 mouse,
labeled as follows: single arrowhead: outer hair cells; curved arrow:
stria vascularis; short black arrow: tunnel of Corti; ScM: scala media
(cochlear duct); ScV: scala vestibuli; RM: Reissner’s membrane. Note
that the stria vascularis itself is negative for ZIP8 immunoreactivity,
but the underlying spiral ligament stains strongly (∗). In addition,
note positive immunoreactivity in the spiral limbus (SL) and the
walls of large blood vessels (double arrow).
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FIGURE 2. Trial study to determine whether Mn accumulates in the
ears of Mn-treated mice. Mice were treated with 100 mg/kg MnCl2

or saline vehicle on three alternating days and sacrificed 24 h after
the last dose. Mn concentration was measured by atomic absorption
spectrometry. In both C57BL/6J (B6) and DBA/2J mice (D2), the Mn
concentration in the ears of treated mice was significantly higher than
in vehicle-treated control mice (mean ± SEM, p < 0.05).

Mn Concentration in Ears

Mn concentration was clearly increased in the ears
of the mice receiving subcutaneous MnCl2 injections
and sacrificed 24 h after the third dose, compared to the
respective control group (Figure 2); there was no differ-
ence between the two mouse inbred strains with regard
to Mn accumulation. Ears from mice held for 2 weeks
after dosing still contained significantly more Mn than
untreated controls (Figure 3); in fact, the concentrations
decreased by only approximately 50% in the 2 weeks
after the last dose. Mn concentrations in the ears of un-
treated control mice did not differ when analyzed by
atomic absorption spectrometry or by ICP-MS.
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FIGURE 3. Measurement of Mn concentration in the ears of Mn-
treated mice 14 days after the end of treatment. Mice were treated
with 100 mg/kg MnCl2 or saline vehicle on three alternating days
and sacrificed 14 days after the last dose. Mn concentration was
measured by ICP-MS. In both C57BL/6J (B6) and DBA/2J (D2) mice,
the Mn concentration in the ears of treated mice was significantly
higher than in vehicle-treated control mice (mean ± SEM, p < 0.05).
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DISCUSSION

Previous studies suggest that Mn exposure, alone,
or in combination with excessive noise exposure,
is associated with hearing deficits [3–8]. Oxidative
stress likely contributes to noise- and possibly Mn-
induced hearing loss, based on several observations.
First, antioxidant supplementation (vitamin C) was
shown to protect against noise-induced hearing loss
in guinea pigs, suggesting that free radical genera-
tion was responsible, at least in part, for noise-induced
hearing loss [20]. Mn has been shown to cause oxida-
tive stress when administered (as the gasoline supple-
ment methylcyclopentadienyl manganese tricarbonyl
(MMT)) to cells in vitro [21]; furthermore, Mn has been
demonstrated to catalyze the oxidation of dopamine,
which could cause oxidative damage and cell death in
Mn-sensitive regions of the central nervous system [22].

The mouse strains used for the present studies
were selected because of previous data from our labs
that showed that B6 mice were resistant to cadmium-
induced testicular necrosis due to the lack of expression
(and thus the lack of Cd uptake) of ZIP8 of the testis of
B6 mice; conversely, D2 mice, which are susceptible to
Cd-induced testicular necrosis, express ZIP8 in testicu-
lar endothelial cells. We hypothesized that the same dis-
tinction would hold true between these mouse strains
with regard to expression of ZIP8 in the blood vessels of
the inner ear; this turned out not to be the case. Instead,
q-PCR suggested equivalent ZIP8 expression between
B6 and D2 mice, and immunohistochemistry indicated
identical localization of ZIP8 protein between the two
strains. We were unable to perform hearing tests on the
mice in the current study because both B6 and D2 mice
lose hearing at relatively young ages, and are thus in-
appropriate for testing for hearing loss in response to
toxicant exposures [23]. Certainly, a logical extension
of the current studies would be to use an appropriate
mouse strain and compare hearing in control versus
Mn-treated mice.

Our results demonstrate the presence of metal
transporters in the mouse ear, and also the accumu-
lation of Mn in the ear following systemic Mn admin-
istration. Previous studies in which mice were dosed
systemically with Cd, another metal that is transported
by ZIP8, did not have increased Cd concentration in
all tissues. Therefore, tissues such as liver and kidney,
which express ZIP8, did accumulate Cd, whereas brain,
in which ZIP8 protein and gene expression are unde-
tectable, did not accumulate Cd [14]. Given that ZIP8
is also a high-affinity Mn transporter [16], we believe
that the same observation would hold true, but this
experiment was not performed. We have also shown
that Mn can persist in the ear for at least 2 weeks after
cessation of dosing. The observation that Mn persists

in the ear after cessation of exposure further suggests
that noise exposures in Mn-exposed individuals may
not have to occur concurrently in order for oxidative
injury potentiation to occur. Thus, it is plausible that
Mn can contribute to hearing loss, either alone or in
concert with excess noise exposure.
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