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Parkinson disease (PD) and manganism are characterized
by motor deficits and a loss of dopamine (DA) neurons in the
substantia nigra pars compacta. Epidemiological studies in-
dicate significant correlations between manganese exposure
and the propensity to develop PD. The vertebrate divalent
metal transporter-1 (DMT-1) contributes to maintaining
cellular Mn2� homeostasis and has recently been implicated
in Fe2�-mediated neurodegeneration in PD. In this study we
describe a novel model for manganism that incorporates the
genetically tractable nematode Caenorhabditis elegans. We
show that a brief exposure to Mn2� increases reactive oxygen
species and glutathione production, decreases oxygen con-
sumption and head mitochondria membrane potential, and
confers DA neuronal death. DA neurodegeneration is partially
dependent on a putative homologue to DMT-1, SMF-1, as
genetic knockdown or deletion partially inhibits the neuronal
death. Mn2� also amplifies the DA neurotoxicity of the PD-as-
sociated protein �-synuclein. Furthermore, both SMF-1 and
SMF-2 are expressed in DA neurons and contribute to PD-asso-
ciated neurotoxicant-induced DA neuron death. These studies
describe a C. elegans model for manganism and show that
DMT-1 homologues contribute to Mn2�- and PD-associated
DA neuron vulnerability.

Manganese is the secondmost prevalent transitionmetal and
is an essential trace element that is necessary for normal growth
and development. The heavy metal is required for a number of
biological processes, including amino acid, lipid, and carbohy-
drate production, and metabolism, and is a cofactor for a
diverse set of proteins, including arginases, transferases, hydro-
lases, ligases, and oxidoreductases (1, 2). Deficiencies in Mn2�,
although rare, have been linked with bone malformation, hy-
pertension, osteoporosis, and epilepsy (3, 4).
Mn2� is also a potent neurotoxicant, and occupational

exposure to high concentrations of the metal can result in a

neurological condition called manganism (1, 5). Symptoms
of manganism include tremors, bradykinesia, rigidity, and
facial muscle spasms (1, 6, 7). Mn2� neurotoxicity has been
associated with a number of occupational and environmental
exposures. High incidence of manganism has been found in
manganese miners and smelters (7–10). Welders appear to be
particularly vulnerable to the disorder asmanganese alloys used
in the heating and joining of metals may result in the produc-
tion and inhalation of manganese particles (11). Exposure to
Mn2�-based pesticides, including maneb and mancozeb, has
also been associated with the development of manganism (12–
14). Furthermore, significant environmental exposures have
been reported with water contamination and possibly with
the manganese-containing anti-knock fuel additive methylcy-
clopentadienyl manganese tricarbonyl (12). Recently, high
exposures toMn2�have also been associatedwith psychoactive
stimulant preparations for recreational drug use (15, 16).
Epidemiological studies suggest a significant correlation of

exposure to high concentrations ofMn2� and the propensity to
develop Parkinson disease (PD)2 (6, 11). PD is characterized by
the loss of DA neurons in the substantia nigra and other basal
ganglia (17). Individuals with occupational exposure to Mn2�

greater than 20 years have an increased probability to develop
PD (18). Combinatorial long term exposures to Mn2�, Fe2�,
and aluminum (greater than 30 years) have also been shown to
lead to increased likelihood of PD (19). Acute Mn2� toxicity
results in symptoms similar (but not identical) to those seen in
patients with PD, including rigidity, tremors, and bradykinesia
(1, 7, 11, 20). As in PD, oxidative stress appears to play a signif-
icant role in the disorder, and the brain regionmost susceptible
to Mn2� injury is also sensitive to oxidative stress (21–26).
Mn2� toxicity can confer damage to the striatum, reduction of
the DA precursor tyrosine hydroxylase, and DA neurodegen-
eration (27–29). The PD-associated pre-synaptic protein
�-synuclein has also been proposed to contribute to the patho-
genesis of both disorders (30–33). Although themolecular bases
of manganism and Mn2�-induced toxicity has not been eluci-
dated, in vitro studiesofMn2� treatments suggest inhibitionof the
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electron transport chain complex-I within the mitochondria and
increase in production of reactive oxygen species (ROS) (21, 23,
34). Furthermore, there are significant changes in intracellular
antioxidant levels, including GSH, thiols, and catalase (35, 36).
Mn2� is believed to be transported into the cell via several

routes, including voltage-gated and glutamate receptor calcium
channels, the transferrin receptor, and the proton-coupled
electrogenic divalent metal transporter-1, DMT-1 (37, 38).
DMT-1 mediates the transport of divalent ions, including
Mn2�, Fe2�, copper, cobalt, lead, and zinc. In yeast, DMT-1
isoforms Smf1p and Smf2p transport Mn2� across the plasma
membrane and intracellular vesicles, respectively (39–42). In ver-
tebrates, two of four isoforms of DMT-1 have been identified and
are the major transporters involved in absorption of Fe2� in the
intestines (37, 43). Also known as Nramp2 (natural resistance-
associatedmacrophage protein), the transporters are expressed in
most tissues andare capable of transportingdivalentmetal cations
(38). Recently, DMT-1 has been implicated in Fe2�-mediated DA
neuronal death in PD and vertebrate model systems (44).
The nematodeCaenorhabditis elegans is a powerful model

system to explore the molecular basis of PD-associated DA
neuronal vulnerability and death (45, 46). All of the genes
responsible for DA biosynthesis, packaging, and reuptake
have recognizable homologs in the worm genome, and
genetic, cellular, and functional studies confirm their partic-
ipation in dopaminergic function (47). Transcriptional green
fluorescent protein (GFP) fusions allow the eight DA neu-
rons to be clearly visible in vivo under a fluorescent dissect-
ing scope, and, as in vertebrates, the neurotoxicants 6-hy-
droxy dopamine (6-OHDA), 1-methyl-4-phenylpyridinium,
and rotenone can confer DA neurodegeneration (48, 49).
Expression of human �-synuclein inC. elegans also confers DA
neurodegeneration, aggregate formation, movement deficits,
disruption of vesicle docking, and significant changes in gene
expression of molecular pathways associated with the mito-
chondria and proteasome (50–52). Overexpression or muta-
tions in other PD-associated genes also affect whole animal or
DA neuron vulnerability (46, 53, 54).
In this study we describe a novel in vivo model for mangan-

ism. We show that a brief sub-lethal exposure of Mn2� to C.
elegans results in increases in ROS production and glutathione
concentrations, a decrease in mitochondria membrane poten-
tial and oxygen consumption, and DA neurodegeneration.
Mn2� exposure also amplifies �-synuclein-induced DA neuro-
nal death. DA neuron vulnerability to Mn2� is partially depen-
dent on the expression of DMT-1 homologue SMF-1 in DA
neurons, because knockdown or deletion of the putative trans-
porter partially protects against neuronal death. SMF-2, an-
other DMT-1 homologue, is also expressed in DA neurons and
contributes to the sensitivity to 6-OHDA, because knockdown
or deletion of the protein partially protects against the DA cell
death. These results suggest that the DMT-1 contributes to
Mn2�-inducedDAneuron vulnerability inmanganism and PD.

EXPERIMENTAL PROCEDURES

C. elegans Strains and Maintenance—The following strains
were obtained from the Caenorhabditis elegans Genetics Cen-
ter: wild-type Bristol N2, IG6 smf-1(eh5) X, VC171 smf-

2(gk133) X, and RB1074 smf-3(ok1035) IV. The Pdat1::GFP
strain is an integrated, transgenic line expressing GFP from
behind the dat-1 promoter and has been previously described
(49, 50). This strain, now called BY250, was crossed into the
mutant smf-1–3 backgrounds and followed by PCR using
genomic DNA and the following primers: smf-1-F, GAATTT-
TGCTTTGGCGTGTT; smf-1-R, TCAGTTTGGCACCACG-
TTAG; smf-2-F, CGGCTCCAAAAATGGAAATA; smf-2-R,
GGGAAATCAGGTAAAAATGTGC smf-3F, TTCAGCTTG-
TCAAGGGCTTT; and smf-3-R, CTTCCATTGGGGAAGTT-
TGA. The resulting strains were generated: RJ907 (Pdat-1::GFP;
smf-1(eh5)), RJ905 (Pdat-1::GFP; smf-2(gk133)), and RJ906
(Pdat-1::GFP; smf-3(ok1035)). Animals expressing human WT
�-synuclein behind the dat-1 promoter have previously been
described (now called BY273 (Pdat-1::GFP; Pdat-1::WT�-synuclein).
RJ928 is a genetic cross between BY250 and the RNA-mediated
interference (RNAi)-sensitive NL2099 rrf-3(pk1426) nema-
todes. C. elegans strains were cultured on bacterial lawns of
either OP-50 or NA-22 on NGM or 8P plates, respectively, at
20 °C according to standard methods (55, 56).
RNA Extraction and cDNA Synthesis—Total RNA was iso-

lated from a synchronized C. elegans population using TRIzol
reagent largely as described previously with minor modifica-
tions (57). Briefly, worm pellets after treatment with either
MnCl2 or 6-OHDAwere resuspended in TRIzol (1ml/100�l of
compact worm pellet). Protein and lipid impurities were sepa-
rated from nucleic acids using chloroform, and RNA was pre-
cipitated with isopropyl alcohol. The RNA pellet was washed
with 75% ethanol, air-dried, dissolved in RNase-free water, and
stored at �80 °C until used. RNA concentrations were mea-
sured using an ND-1000 spectrophotometer (Nanodrop Tech-
nology, Wilmington, DE). One microgram of total RNA was
reverse-transcribed to cDNA using oligo(dT) (IDT DNA, Cor-
alville, IA), and reverse transcriptase (Bio Rad), following the
manufacturer’s instructions (cDNA synthesis kit, Bio-Rad).
The cDNA was purified using Microcon YM30 filters (Milli-
pore Corp., Bedford, MA) and measured using an ND-1000
spectrophotometer.
qPCR Measurements—Gene specific primers were designed

using Primer3 software, and the primers were designed to be
exon spanning to avoid amplification of contaminating
genomic DNA. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was selected as the housekeeping gene because its
expression does not change as a result of MnCl2 or 6-OHDA
treatment. The following primers were used to determine
changes in gene expression of smf-1, smf-2, or smf-3 following
Mn2� exposure: smf-1 F, GTGGGTTTTGCTCTCAGCTC;
smf-1 R, TGGCAATTGCTGTTCCAATA; smf-2 F, GCACT-
GGTTGGCTGATTTTT; smf-2 R, GGAGCATCCAGTTCC-
AGTGT; smf-3 F, GGAGTGCGAAAGTTTGAAGC; smf-3 R,
TTGACAAGTGCCGAGTGAAG; GAPDH F, GAAACTGC-
TTCAACGCATCA; and GAPDH R, CCTTGGCGACAAGA-
AGGTAG. Real-time reaction was performed using 2� SYBR
Green PCR master mix, using the ABI Prism 7500 sequence
detection system (Applied Biosystems,Warrington, UK). Gene
expression studies were performed in triplicate, and the forma-
tion of a single PCR product was confirmed using dissociation
curves. Negative controls with the primers consisted of all of
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the components of PCR mix except cDNA. Relative -fold
change in gene expression for each gene was calculated using
normalized CT values (the cycle number at which the fluores-
cence passes the threshold).
Toxicant Exposures—Synchronized L1 stage worms were

obtained by hypochlorite treatment of gravid adults followed by
incubation of the embryos in M9 buffer for 18 h and washed at
least 3� in dH2O using standard protocols (49, 58). L1 stage
worms (10 worms/�l) were incubated with dH2O � 50 mM

manganese chloride (MnCl2, Fisher Scientific, Fair Lawn, NJ),
or 1% DMSO � 5 mM 6-OHDA (Sigma-Aldrich, as previously
described (58)) for 30 min at room temperature (�22 °C) with
gentle mixing every 10min. The light-sensitive 6-OHDA expo-
sures were also performed in the dark. Following treatments,
thewormswere placed ontoNGM/OP-50 plates and allowed to
recover for 72 h at 20 °C. After recovery, 50–60 worms were
immobilized on 2% agarose pads with 2% sodium azide and
were scored for DA neurodegeneration under a fluorescence
microscope (Leica MZ 16FA, Switzerland). Worms were
scored positive for DA neuron degeneration when GFP in
any part of the four cephalic dendrites (CEPs, which run
from the nerve ring to tip of the nose) was absent (49). Each
of the experiments was performed at least in triplicate, and
the results are reported as means � S.E. Osmotic control for
MnCl2 studies was treated with 75 mM potassium gluconate
(Sigma-Aldrich), whereas controls were treated with 1%
DMSO for 6-OHDA experiments.
GSH Analysis—Total glutathione levels were determined

using the ApoGSH glutathione detection kit (BioVision, Palo
Alto, CA) following the manufacturer’s instructions with
slight modifications. Briefly, synchronized L1 stage worms
were exposed to 50mMMnCl2 and allowed to recover onNGM
plates for 4 h at 20 °C. The worms were removed from the
plates, and bacteriawas removed fromworms by three repeated
washes and subsequent centrifugation. The worm pellet was
homogenized by sonication, and the lysate was centrifuged at
14,000 rpm for 10 min at 4 °C. The supernatant was used for
measuring total protein content and GSH levels. Monochloro-
bimane dye in the reaction forms adducts with GSH exclusively
and fluoresces, whereas the unbound dye does not fluoresce.
The intensity of the dye was measured at excitation and emis-
sion wavelengths of 380 and 460 nm, respectively. For each
treatment group, at least three independent samples were
prepared.
ROS Analysis—Total ROS formation was evaluated in the

whole worm using 2,7-dichlorodihydrofluorescein diacetate
(H2-DCF-DA). ROS oxidize the dye to the fluorescent 2,7-di-
chlorofluorescein, and the level of fluorescence corresponds to
ROS cellular levels. ROS levels were determined following pre-
viously established protocols with slight modifications (59, 60).
Briefly, synchronized L1 worms were exposed to MnCl2 as
described above, and washed 3� with water. The animals were
resuspended inM9 at a concentration of 50,000 worms/ml, and
50 �l of the suspension was incubated in 50 �l of freshly pre-
pared 100 �MH2-DCF-DA in four replicates in a 96-well plate.
Control wells included worms from each treatment without
H2-DCF-DA or wells containing H2-DCF-DA without worms.
The basal fluorescent signal from each well was measured at

excitation and emission wavelengths of 485 and 520 nm,
respectively, using a spectrophotometer (Tecan Spectrafluor
Plus). Following the addition of the worms, plates were incu-
bated on a shaker at room temperature for 1 h and were mea-
sured under earlier conditions. Fluorescence values from the
control wells were subtracted from the corresponding signal
value of each well after the final measurement. All assays were
performed in triplicates.
Mitochondrial Membrane Potential Analysis—Mitochon-

drial membrane potential was measured using the lipophilic
cationic dye tetramethyl rhodamine ethyl ester (TMRE, Sigma)
as previously described (61, 62). Following exposure to 50 mM

MnCl2, L1 stagewormswere allowed to recover onNGMplates
containing 0.1 �M TMRE for 48 h. The fluorescent images of
the head region of each animal (from tip of nose to posterior
end of terminal bulb) was captured using a Leica MZ 16FA
fluorescence microscope, and the amount of dye accumu-
lated was quantified using Image Pro Plus v6.2 software
(Media Cybernetics, MD). The membrane potential of at
least 20 live animals was evaluated in triplicate for each
experimental condition.
Oxygen Consumption Analysis—Oxygen consumption was

measured using aMitocell MT200 respirometer and an oxygen
electrode (Strathkelvin Instruments Ltd.) as previously
described (60, 63). L1s were exposed to Mn2� and allowed to
recover on NGM plates at 20 °C for 48 h. Animals were then
washed 3� with water and resuspended at a concentration of
6000 worms/ml. 60-�l aliquots were then transferred into the
oxygen meter chamber, and the respiration rate was measured
at 20 °C for 10 min. At least three independent experiments
were performed comprising of at least three replicates per
treatment group.
Antibodies and Immunohistochemistry—Antibodies to amino

acids 1–61 and 428–465 from the putative C. elegans proteins
SMF-1 (WP:CE37261) and SMF-2 (WP:CE02825), respectively,
were generated using Genomic Antibody Technology at Stra-
tegicDiagnostics Inc. (Newark, DE). Rabbit polyclonal antibod-
ies were further purified at Strategic Diagnostics Inc. Primary
C. elegans cultures were prepared as previously described, but
with slight modifications (64). Briefly, gravid adult worms were
lysed with the synchronization solution as described earlier,
and the egg pellet was washed using egg buffer (118 mM NaCl,
48 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES), and the
eggs were separated from the debris using a 60% sucrose solu-
tion. Eggs were digested using 4 mg/ml chitinase (Sigma), and
embryonic cells were dissociated using syringe aspiration.
Embryonic cells were then resuspended in L-15 medium (con-
taining 10% fetal bovine serum and 1%penicillin/streptomycin)
and grown on polylysine-coated slides at 20 °C. Following
growth for 72 h, cells were fixed in 4% paraformaldehyde, per-
meabilized in 0.5% Triton X-100, and blocked using 1% normal
goat serum.The cells were then incubatedwith either SMF-1 or
SMF-2 primary antibodies (1:5000) at 4 °C overnight (14 h),
followed by incubation with Texas Red-conjugated goat anti-
rabbit secondary antibodies (Invitrogen, 1:5000) at room tem-
perature for 1 h. Images were captured using confocal micros-
copy (Zeiss LSM 510 microscope).
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RNA Interference—RNAi-sensitive NL2099 rrf-3(pk1426)
nematodes were crossed into BY250 (65), and the resulting
mutant strain (RJ928) was confirmed with PCR. RNAi experi-
ments were carried out on NGM plates containing 1 mM iso-
propyl 1-thio-�-D-galactopyranoside and 100 �g/ml ampicillin
and seeded with HT115 (DE3), an RNase III-deficient Esche-
richia coli strain carrying L4440 vector with the gene fragment
(smf-1 or smf-2) (GeneService, Source BioScience, PLC, Not-
tingham,UK) or empty vector (Addgene, Cambridge,MA) (66).
Synchronized L1 stage RJ928 worms were transferred onto
RNAi plates, and the feeding protocol was followed with slight
modifications (67). 50–100 second generation gravid adults
grown on RNAi bacteria were transferred to fresh RNAi media
plates and allowed to lay eggs for 5 h. Adults were then removed
from the plate. L1s hatched from the eggs (third generation)
were exposed to Mn2� or 6-OHDA as described above. The
animalswere allowed to recover on theRNAi plates for 72 h and
evaluated as previously described (49).

RESULTS

Mn2� Exposure Increases Oxidative Stress in C. elegans—To
determine whether a brief exposure to Mn2� may cause an
increase in oxidative stress in C. elegans, we exposed young
animals to 50 mM MnCl2 for 30 min and determined whole
animal GSH and ROS levels and oxygen consumption. Mito-
chondrial membrane potential changes were also evaluated in
the head. One of themore important defenses against oxidative
stress is the production of GSH, which reduces peroxides
through GSH peroxidase-catalyzed reactions (68). GSH pro-
duction has been observed to initially increase following expo-
sures to a number of oxidants, including manganese and the
dopamine-related metabolite quinone (21, 69). A brief expo-
sure of C. elegans to 50 mM Mn2� results in approximately a
5-fold increase inGSH levels 4 h post-exposure (Fig. 1A). These
results indicate that C. elegans is sensitive to a single high level
exposure to Mn2� and are consistent with GSH activation in
response to higher free radical levels. To determine whether an
acute exposure to Mn2� may cause a greater accumulation of
ROS relative to non-exposed animals, we determined whole
animal ROS levels using the ROS-dependent fluorescent dye
DCF. L1 animals were resuspended in water with and without
the addition of Mn2�, and ROS levels were quantified 1 h later.
We found that a brief exposure to Mn2� caused a 2-fold
increase in cellular ROS relative to non-Mn2� exposed animals
(Fig. 1B). These results are consistent with vertebrate studies
that show that Mn2� can increase cellular free radical produc-
tion. A primary intracellular target of Mn2� in vertebrates is
mitochondria (1). Increases in ROS production can be due to
Mn2�-induced inhibition of complex I and activation of the
permeability transition pore, resulting in the inefficient reduc-
tion of the final electron receptor and loss of mitochondrial
membrane potential. To determine whether Mn2� exposure
may disrupt themitochondrial membrane potential in the head
region ofC. elegans, we exposed control andMn2�-treated ani-
mals for 48 h to TMRE. TMRE is a mitochondrial-specific flu-
orescent dye whose rate of uptake is dependent on the mito-
chondria membrane potential (61). A single exposure to 50mM

Mn2� resulted in a significant decrease in mitochondria mem-

brane potential within the head relative to non-exposed nema-
todes (Fig. 1C). These results suggest that, as in vertebrate sys-
tems, Mn2� may impair mitochondria function. To further
explore whether Mn2� may be toxic to mitochondria in C.
elegans, we determined total cellular oxygen utilization follow-
ing toxicant exposure. Reduction in cellular oxygen consump-
tion has been correlated with dysfunctional mitochondria in
vertebrates and C. elegans (63, 68). L1 animals were exposed to
water eitherwith orwithoutMn2�, allowed to recover on plates
containing bacteria for 48 h, and the respiration rate was deter-
mined. The rate of oxygen consumption for theMn2�-exposed
worms was reduced greater than 2-fold relative to control,
suggesting impaired mitochondrial function (Fig. 1D). The
above results suggest that exposure of C. elegans to Mn2�

can confer significant oxidative stress and, as in vertebrate
systems, is likely due to the accumulation of ROS and mito-
chondrial dysfunction.
Exposure to Sub-lethal Concentrations of Mn2� Confers DA

Neurodegeneration—TheDAneurons in vertebrates are partic-
ularly sensitive to oxidative stress and heavy metals, including
Mn2�, and DA neurodegeneration contributes to the behav-
ioral phenotypes associated with manganism and PD. We pre-
viously generated transgenic worms that express GFP in the
eight dopamine neurons in the hermaphrodite (49). These neu-
rons are clearly visible under a fluorescent dissecting scope.We

FIGURE 1. Mn2� exposure increases oxidative stress in C. elegans. Syn-
chronized L1 nematodes were treated with � 50 mM MnCl2 for 30 min then
allowed to recover on NGM plates for 4 h, and total glutathione levels were
evaluated (A). ROS levels were measured with or without Mn2� treatment and
incubation with DCF-DA for 60 min (B). Head mitochondrial membrane
potential was determined following � Mn2� exposure and incubation with
TMRE for 48 h. Head region images (from the nose to the posterior part of the
terminal bulb) were captured using a Leica MZ 16FA fluorescence micro-
scope, and fluorescent intensity of the dye was determined using Image Pro
Plus v6.2 software (C). Oxygen consumption rate was measured following �
Mn2� treatment using a Mitocell MT200 and Strathkelvin oxygen electrode
(D). Shown are mean values � S.E. of three individual replicates. p values were
calculated using t test analysis. *, p � 0.03.
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also demonstrated that a brief exposure of the animals to
6-OHDA results in a significant loss of DA neurons within the
head (49). To determine whether exposure to Mn2� may also
cause DA neurodegeneration, we exposed C. elegans in liquid
suspension to various concentrations of toxicant ranging from
0 to 250 mM for 30 min and transferred the animals to agar
plates. We found that a brief exposure to the Mn2� caused a
significant loss of DA neurons within 72 h at all concentrations
tested, and �20% of the animals display DA neuron degenera-
tion after exposure to 50mMMnCl2 (Fig. 2,C and E). This brief

exposure does not result in any
apparent long term changes in
whole animal morphology or
behavior, which suggests there is
not large scale cellular dysfunction
or death. The Mn2�-induced DA
neurodegeneration that we ob-
served is similar to our prior stud-
ies in which we characterized the
6-OHDA-induced DA neurode-
generation by loss of dendritic
GFP and loss of neuronal integrity
by electron microscopy (49). In
these studies, only the CEP pro-
cesses that cannot be visually fol-
lowed from the cell body to the tip
of the nose are considered to have
degeneration (49). Of those ani-
mals that demonstrate the neuro-
degeneration, on average we find
one neuron (and sometimes more)
that shows significant dendritic
loss. We also observed other signs
of DA neuron pathology such as
the formation of neuronal blebs or
a decrease in GFP intensity, even
in animals that do not have an
apparent loss of a dendrite, sug-
gesting that there could be greater
DA neuronal pathology than deter-
mined by loss of cellular integrity.
To further evaluate the DA neuro-
nal damage, we utilized high per-
formance liquid chromatography
analysis coupled to an electrochem-
ical detection system to evaluateDA
levels in Mn2�-exposed worms rel-
ative to non-Mn2�-exposed ani-
mals. A brief 30-min exposure to 50
mM Mn2� followed by incubation
on media growth plates at 20 °C
for 48 h resulted in a loss of DA of
�60% inMn2�-exposed worms rel-
atively to control animals (control
worms � 33.15 � 6.6 fmol/mg
of wet weight, n � 6; Mn2�-exposed
worms � 13.20 � 0.8 fmol/mg of
wet weight, n � 3). The decrease in

DA concentration is consistent with DA neuronal loss, because
theDAneurons are the only cells that generateDA inC. elegans
(47). Taken together, these results indicate that an acute Mn2�

exposure can cause degeneration of theC. elegansDA neurons.
Mn2� Exposure Amplifies �-Synuclein-induced DA Neuro-

nal Death—Mn2� causes an increase in �-synuclein aggrega-
tion and fibrillation in vitro and in vivo, suggesting that Mn2�

may interact synergistically with �-synuclein to cause DA neu-
ron dysfunction and pathology (30, 70). We have previously
generated transgenic C. elegans strains expressing human

FIGURE 2. Mn2� confers DA neuron degeneration in WT and human �-synuclein-expressing nematodes.
A, GFP-expressing DA neurons (CEPs) within the head of a control worm exposed to water. Morphological
changes were also not evident when exposed to the iso-osmotic solution of 75 mM potassium D-gluconate for
the 50 mM exposures (data not shown). B, differential interference contrast image of the corresponding control
animal. C, nematodes exposed to 50 mM MnCl2 for 30 min and evaluated 72 h later; image chosen emphasizes
significant loss of CEP cell bodies and dendrites. D, differential interference contrast image of the correspond-
ing worms in C. E, quantitation of DA neuron integrity in WT animals or human �-synuclein expressing animals
(F) following exposure to water or Mn2�. Animals (�50 worms/condition) were exposed to various concentra-
tions of MnCl2, and the GFP expression pattern in the CEP was examined 72 h later (see “Experimental Meth-
ods”). Anterior of the animal is to the left. Scale bar � 35 �m. Shown are mean values � S.E. of at least three
individual replicates. p values were calculated using t test analysis. Asterisk indicates p � 0.03 for all compari-
sons compared with controls (0.0 mM Mn2�).
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�-synuclein in DA neurons and find
that WT and A53T �-synuclein
expression confersDAneurodegen-
eration and the formation of inclu-
sion-type bodies (50). To deter-
mine whether Mn2� may amplify
the toxicity of �-synuclein-in-
duced DA neuronal death in vivo,
we briefly exposed nematodes
expressing human WT �-synuclein
to 50 mM Mn2�, and found a small,
yet significant increase in DA neu-
ronal death (Fig. 2F). These results
are consistent with vertebrate
studies that suggest that Mn2� can
amplify the toxicity conferred by
�-synuclein and may exacerbate
the �-synuclein-associated DA
neuron dysfunction in PD and
manganism.
Expression of the Putative DMT-1

Transcripts smf-1, smf-2 and smf-3
Are Modulated by Mn2� Exposure—
A primary mechanism for entry of
Mn2� into vertebrate cells is through
divalent metal transporter, DMT-1
(38). A BLAST search with a human
homologue of DMT-1 and a se-
quence alignment of the results
using ClustalW2 suggest that C.
elegans has three putative homo-
logues to DMT-1: SMF-1–3 (per-
cent similarity from 72 to 76%,
with percent amino acid identity
between 55 and 58%) (Fig. 3) (71,
72). The putative transporters are
predicted to have 12 transmem-
brane domains and, consistent
with vertebrates, a conserved con-
sensus transport sequence located
between transmembrane domains
eight and nine (73). We hypothe-
sized that, because Mn2� confers
oxidative stress and DA neuronal
death, the Mn2� transporters re-
sponsible for cellular uptake and
storage may be tightly regulated. If
cellular Mn2� is tightly regulated in
C. elegans, we further hypothesized
that an acute sub-lethal exposure
to Mn2� may cause a significant
change in gene expression of the
putative transporters. We utilized
quantitative PCR to determine gene
expression levels in control and
Mn2�-exposedworms. Youngnem-
atodes exposed to 50 mM MnCl2 for
30 min showed a significant and
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rapid reduction ofmRNA levels, ranging from�1.8- to 5.0-fold
change (Fig. 4) (supplemental Fig. S1). These results indicate
that the gene expression is highly sensitive to environmental
Mn2� and suggest that the down-regulation of the putative
transporters could be an attempt to limit cellular or cyto-
plasmic Mn2� concentrations and toxicity.
SMF-1 and SMF-2 Are Expressed in DA Neurons—DMT-1

has recently been implicated in regulating Fe2�-mediated DA
neuron cell death in vitro and in PD (44). The transporter is also
expressed in humans inDAneurons in the substantia nigra, and
three homologues are expressed in yeast (73, 74). In yeast,
Smf1p and Smf2p appear to be regulated byMn2�, while Smf3p
may be regulated through a non-Mn2� pathway (74). Each of
the three putative homologues in C. elegans have primary and
secondary sequence similarities characteristics with their yeast
number counterparts, suggesting that the C. elegans SMF-1 or
SMF-2may bemore likely to be involved inMn2� transport. To
determine whether SMF-1 or SMF-2 is expressed in C. elegans
DA neurons, we generated antibodies to both nematode pro-
teins. To determine specificity of the antibodies and the role
that the SMF proteins may play in Mn2�-mediated DA neuro-
degeneration, we crossed our Pdat-1::GFP transgenic animals
(BY250) intoC. elegans strains that contain either amutation in
SMF-1 (IG6 smf-1(eh5) X) or SMF-2 (VC171 smf-2(gk133) X)
resulting in strains RJ907 and RJ905, respectively. The smf-
1(eh5) mutation contains a 2063-bp deletion in smf-1 that
results in a truncation of the protein beginning in transmem-
brane domain six. The mutation likely results in a null mutant,
because the consensus transport sequence has been deleted.

The smf-2(gk133) mutation contains a 448-bp deletion in the
smf-2 gene and likely results in a non-functional protein,
because the deletion spans the start codon and the first three
transmembrane domains. The morphology of the DA neurons
in animals containingmutations in either smf-1 or smf-2 appear
identical to those of BY250 (data not shown), suggesting that
these transporters do not play a significant role in maintaining
DA neuron integrity. To determine whether the DA neurons
express SMF-1 or SMF-2, we generated primary cultures from
BY250 animals. GFP is strongly expressed in DA neurons both
in vivo and in vitro (49, 75). We used affinity-purified anti-
SMF-1 to evaluate cellular SMF-1 expression levels. SMF-1
immunoreactivity is observed in DA neurons, as well as other
cell types (Fig. 5,A–D). No specific stainingwas observed inDA
primary neurons or other cells from smf-1mutant worms (Fig.
5, E–H). These results indicate that SMF-1 is expressed in DA
neurons and that the antibody is likely specific for the putative
transporter. As observed with SMF-1 immunofluorescence,
SMF-2 is also expressed in DA neurons, as well as other cells,
and the SMF-2 antibody did not immunoreact with other cells
in the smf-2 mutant primary cultures (Fig. 6, A–H). Taken
together, these results indicate that SMF-1 and SMF-2 proteins
are expressed in DA neurons and that animals containing the
deletions within SMF-1 or SMF-2 likely do not express the pro-
teins in their respective mutant backgrounds.
SMF-1 Contributes toMn2�-induced DANeurodegeneration—

Vertebrate DMTs transport divalent cations into the cell or
intracellular compartments and may play a role in the genera-
tion of Mn2�-induced oxidative stress (1, 76, 77). Because
Mn2� exposure can confer DA neurodegeneration, and SMF 1
and SMF 2 are expressed in DA neurons, we asked whether the
putative transporters may contribute to Mn2�-induced DA
neuron vulnerability. Nematodes were grown for two genera-
tions on RNAi bacteria to reduce expression of either smf-1 or
smf-2 or both genes together. Reduction in mRNA levels of
smf-1 or/and smf-2 was confirmed by quantitative PCR (data
not shown). RNAi of either smf-1 or smf-2 is also specific and
robust, because knockdown of either protein resulted in loss of
immunoreactivity with its corresponding antibody while not
affecting the expression of the orthologue (supplemental Figs.
S2 and S3). L1 larvae were exposed to 50 mMMnCl2 for 30 min
and allowed to recover on the RNAi bacteria for an additional
72 h, and DA neuronal morphology was evaluated. Animals in
which smf-1 gene expression was reduced show 42% more
resistance to Mn2�-induced DA neurodegeneration relative to
WT animals (Fig. 7A). Furthermore, there was not a significant
difference in Mn2�-induced DA neuronal death between WT
animals and animals with a reduction in smf-2 expression. Ani-

FIGURE 3. Sequence alignment of putative C. elegans DMT homologues with yeast and mammalian DMTs. The sequences of human DMT (GenBankTM

accession number NP_000608), murine Nramp2 (GenBankTM number L33415), yeast SMF1P (GenBankTM accession number NC_001147), C. elegans SMF-1
(GenBankTM accession number AAC46569), C. elegans SMF-2 (GenBankTM accession number AAC46568) and C. elegans SMF-3 (GenBankTM accession number
AAL27264) were aligned using the ClustalW2 program following an NCBI BLAST search. The twelve putative transmembrane regions are highlighted in black;
the arrow above the sequence indicates the orientation relative to the membrane, i.e. right-directed arrowhead � N-terminal to C-terminal, extracellular to
intracellular. Consensus transport sequence located between transmembrane domains eight and nine are highlighted in green. The red font in the sequence
represents hydrophobic amino acids, whereas blue represents acidic, magenta represents basic, green represents hydroxyl, and gray represents other types of
amino acids. The asterisk indicates amino acids in that column are identical, colons represent conserved substitutions (same color group), and periods represent
semi-conserved substitution (similar shapes). A BLAST search with the human homologue of DMT-1, and a sequence alignment of the results using ClustalW2
suggests that C. elegans has three putative homologues, SMF-1–3 (percent similarity from 69% to 76%, with percent amino acid identity between 53 and 58%).

FIGURE 4. Expression of smf-1, smf-2, and smf-3 transcripts are modu-
lated by exposure to Mn2�. L1 animals were exposed to 50 mM MnCl2 for 30
min, mRNA-extracted, and reverse-transcribed to cDNA. Relative gene
expression changes of smf-1, smf-2, and smf-3 were quantitated using real-
time PCR. The -fold change in gene expression relative to GAPDH was calcu-
lated for each gene following the ��CT method. Shown are mean values for
-fold change � S.E. of three individual replicates. *, indicates p � 0.02
between control and Mn2�-treated group �CT values.
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mals with a reduction in expression of both genes also did not
decrease DA neuron vulnerability relative to the smf-1 knock-
down, suggesting that smf-2 does not compensate for the
reduction in smf-1 expression. To determine whether a proba-
ble functional deletion in either gene can protect DA neurons
againstMn2� toxicity, we exposed themutant animals toMn2�

and evaluated the DA neuronal integrity 72 h later. Consistent
with our RNAi studies, the smf-1 mutants were 40% more tol-
erant to Mn2� relative to the WT animals (Fig. 7B). Further-
more, the likely functional deletion of SMF-2 did not decrease
the vulnerability of DA neurons to Mn2�. To determine
whether SMF-3may contribute toMn2�-inducedDAneuronal
death, we crossed the animals expressing GFP in the DA neu-
rons with the likely smf-3 functional deletion mutant RB1074;

this transporter is likely non-func-
tional, because the C terminus has a
deletion that includes �80% of the
consensus transport sequence. DA
neurons in animals containing the
smf-3 mutation were not more
resistant to Mn2� relative to WT
(Fig. 7B). Taken together, these
results indicate that expression of
SMF-1 increased DA neuron vul-
nerability to Mn2�, and neither
SMF-2 nor SMF-3 contributed to
the neurotoxicity.
SMF-1 and SMF-2 Contribute to

6-OHDA-induced DA Neurodege-
neration—DMT-1 has recently been
shown to contribute to DA neuron
vulnerability in PD and vertebrate
models, likely through an Fe2�-de-
pendent mechanism. To determine
if SMF-1 or SMF-2 contributes to
6-OHDA-inducedDAneurondegen-
eration in C. elegans, we knocked
down gene expression of each of
the genes as described above and
exposed the animals for 30 min
to 5 mM 6-OHDA as previously
described (49, 58). Following a
72-h recovery, we found that ani-
mals that have reduced expression
of smf-1 or smf-2 were 1.7 and 2.9
times more resistant to 6-OHDA-
induced death than controls, re-
spectively (Fig. 7C). Consistent with
the RNAi studies, animals contain-
ing mutations within either SMF-1
or SMF-2 significantly protect DA
neurons against the neurotoxicant
(2.4- and 4.2-fold, respectively) (Fig.
7D). SMF-3 also does not appear to
play a role in the toxicity, because
deletion of the gene does not pro-
vide protection against 6-OHDA-
induced cell death. These results

indicate that both SMF-1 and SMF-2 play a role in 6-OHDA-
induced DA neuronal death and provide further evidence
that divalent cations contribute to PD-associated DA cell
death.

DISCUSSION

Overexposure to Mn2� can cause the neurological disorder
Parkinsonism and has been implicated as an environmental
toxicant that may contribute to the development of PD. Both
disorders share a number of clinical and pathophysiological
features that includesmotor deficits, DAneuronal damage, and
mitochondria dysfunction, which suggests that there may be
overlappingmodalities andmolecular pathways that contribute
to the pathologies. A difficulty in dissecting the molecular

FIGURE 5. SMF-1 is expressed in DA neurons. Primary C. elegans cultures expressing GFP in the DA neurons
were generated with WT (A–D) or smf-1 mutants (E–H), and fixation was performed as described under “Exper-
imental Procedures.” Primary cultures were incubated with SMF-1 primary antibodies followed by incubation
with Texas Red-conjugated goat anti-rabbit secondary antibodies. Differential interference contrast images of
A and E of WT and smf-1 mutant cultures, respectively, are shown. DA neurons from WT and smf-1 mutants
expressing GFP driven by the dat-1 promoter B and F, respectively. SMF-1 colocalized with DA neurons in WT
animals (C), but not in smf-1 mutants (G). D, overlay of B and C; H overlay of F and G. Images were observed
under a Zeiss confocal microscope (Zeiss LSM 510). Scale bar represents 45 �m.

FIGURE 6. SMF-2 is expressed in DA neurons. Primary C. elegans cultures expressing GFP in the DA neurons
were generated with WT (A–D) or smf-2 mutants (E–H), and fixation was performed as described under “Exper-
imental Procedures.” Primary cultures were incubated with SMF-2 primary antibodies followed by incubation
with Texas Red-conjugated goat anti-rabbit secondary antibodies. Differential interference contrast images of
A and E of WT and smf-2 mutant cultures, respectively, are shown. DA neurons from WT (B) and smf-2 (F)
mutants expressing GFP driven by the dat-1 promoter. SMF-2 colocalizes with DA neurons in WT animals (C),
but not in smf-2 mutants (G). D, overlay of B and C; H, overlay of F and G. Images were observed under a Zeiss
confocal microscope (Zeiss LSM 510). Scale bar represents 45 �m.
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determinants in both disorders includes the cellular complexity
of the vertebrate brain and the lack of facile in vivo genetic
models to dissect the molecular mechanisms involved in
Mn2�-inducedDAneuron cell death. In this study, we describe
a novel in vivo model for manganism and show that the C.
elegans DA neurons degenerate following a brief exposure to
Mn2� (Fig. 2, A–E). We also show that SMF-1, a homologue of
the vertebrate Mn2� transporter DMT-1, is expressed in the
DA neurons, and genetic knockdown or deletion of the trans-
porter partially inhibits the neurodegeneration (Figs. 5 and 7).
Considering the strong sequence similarities between
SMF-1 and DMT-1, and the role SMF-1 plays in Mn2�-in-
duced cell death, our studies suggest that SMF-1 contributes
to Mn2�-induced DA neuron vulnerability by transporting
the ion into the cell or into a Mn2�-sensitive intracellular
compartment.

DMT-1 has recently been found to be elevated in PDpatients
relative to age-matched controls and may contribute to the
excess Fe2� found in the mesencephalon associated with PD
(44). DMT-1 has also been proposed to contribute to 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine- and 6-OHDA-induced
DA neuron toxicity in rodents and primates by increasing cel-
lular Fe2� levels and by providing a catalyst for the Fenton reac-
tion or Haber-Weiss reaction, whose products include the
highly reactive hydroxyl radical that causes protein denatur-
ation, lipid peroxidation, and cellular death (44, 78). Our stud-
ies also show that SMF-2 is expressed in DA neurons, and
expression of either SMF-1 or SMF-2 dramatically increases
DA neuron sensitivity to 6-OHDA (Figs. 6 and 7). These results
suggest that the transportersmay be facilitating neuronal death
by the Fe2�-catalyzed Fenton reaction. Mn2� can also catalyze
Fenton reactions, and SMF-1 could be contributing to the neu-
rotoxicity as well through this molecular pathway (10, 79). Fur-
thermore, Mn2� exposure may increase expression of the
transporters to allow greater Mn2� influx, because Mn2� has
previously been shown to increase DMT-1 mRNA and protein
expression in cultured choroidal epithelia (80). Although we
find that an acute elevated exposure to Mn2� decreases SMF
mRNA levels immediately following the exposure (Fig. 4),
examination of SMF-1 protein expression levels at later time
points would provide insight into this mechanism.
SMF-1 or SMF-2 may also be involved directly or indirectly

in the regulation of DA-associated proteins that could affect
DA neuron vulnerability to the neurotoxicant. For example,
Fe2� regulation has been proposed to affect expression levels of
DAT or tyrosine hydroxylase, the rate-limiting enzyme for do-
pamine (81). DAT transports 6-OHDA into DA neurons and
has been proposed to play a role in DA neuron vulnerability to
environmental toxicants (49, 82, 83). A reduction inDAT in the
SMF mutant animals could result in lower quantities of toxi-
cants entering the cell with a concomitant decrease in cell
death. Tyrosine hydroxylase also requires Fe2� as a cofactor,
and a reduction in Fe2� has been shown to decrease tyrosine
hydroxylase and dopaminergic activity, which could result in
decreases in susceptibility to DA neuronal insult (81, 84). Fur-
thermore,DAT is also a target forMn2�, and exposure toMn2�

has been shown to increase DAT surface expression that could
result in increases in neuronal vulnerability (85).

�-Synuclein, a presynaptic protein of largely unknown func-
tion, was the first human gene identified in which a mutation
appears to cause the development of (familial) PD (32, 33).Mul-
tiplications of the normal allele suggest that the gene is also a
risk factor for the much more common sporadic (idiopathic)
form of the disease. In vitro studies indicate that Mn2� causes
an increase in aggregation and fibrillation of �-synuclein, and
greater cell death in cells expressing DAT (30, 70). Recently,
suppression of �-synuclein-induced toxicity has been demon-
strated by expression of the yeast orC. elegans orthologue of the
humanATP13A2 (PARK9) (31). PARK9, a P-typeATPase asso-
ciatedwith causing familial PDwith dementia, localizes to lyso-
somes, and likely transports Mn2� away from the cytoplasm
into the intracellular compartment (86). Our studies show that
DA neurons in nematodes exposed to Mn2� and expressing
WThuman�-synuclein have an increase in DAneuronal death

FIGURE 7. SMF-1 contributes to Mn2�-induced DA neurodegeneration,
and SMF-1 and SMF-2 contribute to 6-OHDA-induced DA neuronal death
in C. elegans. Synchronized L1 WT and mutant smf-1 and smf-2 worms were
exposed to either 50 mM MnCl2 or 5 mM 6-OHDAfor 30 min and allowed to
recover on NGM plates at 20 °C for 72 h as described under “Experimental
Procedures.” RNAi gene expression reduction (A) or deletion (B) of smf-1 con-
fers partial protection against Mn2�-induced DA neurodegeneration. RNAi
gene expression reduction (C) or deletion (D) of both smf-1 and smf-2 con-
ferred partial protection against 6-OHDA-induced DA neurodegeneration.
SMF-3 does not contribute significantly to Mn2�- or 6-OHDA-induced DA
neuronal death (B and C). Shown are mean values � S.E. of at least three
individual replicates. p values were calculated using t test analysis. *, p � 0.03
between WT and mutants or RNAi worms.
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relative to non-�-synuclein-expressing animals, consistent
with vertebrate and cell culture studies (Fig. 2F). Furthermore,
RNAi of smf-1 in �-synuclein-expressing RNAi-sensitive nem-
atodes alleviates the greaterMn2�-induced DA neuronal death
(data not shown), supporting the role of the transporter in the
neurodegeneration. Abnormal Fe2� and/or DA regulation as
described above may also contribute to the �-synuclein-in-
duced pathology (87, 88).
Acute Mn2� exposure rapidly represses transcription of all

three transporters, yet only SMF-1 appears to play a role in DA
neuron sensitivity to Mn2� (Figs. 4 and 7). The yeast Smf1p
plays a significant role in cellular influx of Mn2� largely when
Mn2� in the environment is limited (42). It is possible that
SMF-1 protein expression levels in animals grown under nor-
mal laboratory conditions may also be higher relative to
those grown in a Mn2�-rich environment. Our studies
involved exposing animals to high Mn2� following incuba-
tion in an M9 synchronization buffer or following growth on
RNAi media plates that contain �0.2 and 2.0 nM Mn2�,
respectively. Higher media Mn2� concentrations may be
more optimal for growth, considering an addition of up to 2
mM MnSO4 can increase the rate of C. elegans development
and brood size (89).
Excess exposure to Mn2� in mammals in vitro and in vivo

can confer oxidative stress and mitochondria dysfunction.
Our studies also suggest that Mn2� recapitulates vertebrate
models. Pharmacological and toxicological studies in C.
elegans are often performed at compound concentrations
10-fold or greater due to the difficulty of compounds crossing
the moderately impermeable cuticle; intracellular concentra-
tions of solutes, and Ki’s and Km’s of proteins or compounds
with their respectivemolecular targets though are often similar
to those found in other eukaryotes (45, 47, 90). A single suble-
thal 50 mM Mn2� exposure in the nematode also confers oxi-
dative stress and mitochondria dysfunction as determined by
increases in glutathione production and ROS and decreases in
oxygenconsumptionandheadmitochondriamembranepotential
(Fig. 1). Also, our initial studies indicate thatC. elegans tissue har-
vested from agar plates contain �48 nM Mn2�.3 Following a
30-min exposure to 50 mM Mn2� and a 30-h recovery period
(beforeDAneuroncell death is apparent),Mn2� tissueconcentra-
tions are �7 �M. Considering that non-Mn2� challenged verte-
brate tissue generally contains �4 �M Mn2�, our studies suggest
that C. elegans cellular and mitochondria Mn2� sensitivities are
similar to vertebrate systems (91).
In summary, our findings describe a novel genetic model for

manganism.We show thatMn2� causes oxidative stress, mito-
chondrial dysfunction, and DA neuron cell death in C. elegans
and that the DMT-1 homologue SMF-1 significantly con-
tributes to the cell death. We also show that SMF-1 and
SMF-2 localize to the DA neurons and that knock down or
deletion of either gene inhibits 6-OHDA-induced DA neu-
rodegeneration. The development of this genetic model
should facilitate the identification of molecules and path-
ways involved in PD-associated and Mn2�-induced DA neu-
ron dysfunction and death.
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