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ABSTRACT

Manganese is an essential metal, but elevated brain Min concentrations produce a parkinsonian-like movement disorder
in adults and fine motor, attentional, cognitive, and intellectual deficits in children. Human Mn neurotoxicity occurs owing
to elevated exposure from occupational or environmental sources, defective excretion (e.g., due to cirrhosis), or loss-
of-function mutations in the Mn transporters solute carrier family 30 member 10 or solute carrier family 39 member
14. Animal models are essential to study Mn neurotoxicity, but in order to be translationally relevant, such models
should utilize environmentally relevant Mn exposure regimens that reproduce changes in brain Mn concentrations and
neurological function evident in human patients. Here, we provide guidelines for Min exposure in mice, rats, nematodes,
and zebrafish so that brain Mn concentrations and neurobehavioral sequelae remain directly relatable to the human

phenotype. J Nutr 2020;150:1360-1369.
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Introduction

Manganese is an essential metal required for many biological
processes (1). However, modest increases in brain Mn concen-
trations induce an incurable neurotoxic syndrome (1). A major
cause of Mn neurotoxicity in adults is exposure to elevated Mn
from occupational sources (e.g., welding, manufacture of dry
batteries and steel) (1, 2). Estimates indicate that >100,000
American welders are routinely exposed to elevated Mn (2).
The primary manifestation of Mn neurotoxicity in adults is a
parkinsonian-like movement disorder, which is induced by the
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accumulation of Mn in the basal ganglia (1, 3, 4). Moreover,
although Mn-induced parkinsonism is pathologically distinct
from Parkinson disease (3, 4), elevated Mn concentrations lead
to the aggregation of a-synuclein (5) and may enhance the risk
of developing Parkinson disease (6). Recent epidemiological
studies also indicate that environmental exposure to elevated
Mn (e.g., via drinking water, dust, or air) is of substantial
concern, especially in children and adolescents who develop fine
motor, attentional, emotional, cognitive, and intellectual deficits
(7-17). In addition, Mn is predominantly excreted in bile (18-
22) and patients with liver dysfunction (e.g., due to cirrhosis)
may fail to excrete Mn and may develop Mn neurotoxicity
even in the absence of elevated exposure (23-28). Indeed, in
1 clinical study, as many as ~20% of cirrhotics developed
parkinsonism and had elevated blood Mn concentrations along
with evidence of Mn deposition in the basal ganglia (29). Finally,
over the last few years, 2 inherited forms of Mn neurotoxicity,
termed Hypermanganesemia with Dystonia 1 or 2 (HMNDYT1
or 2), have been identified in humans (30-34). HMNDYT1
and HMNDYT2 occur owing to homozygous loss-of-function
mutations in the Mn transporters solute carrier family 30
member 10 (SLC30A10) and solute carrier family 39 member
14 (SLC39A14), respectively, that increase blood and brain Mn
concentrations (30-37). Overall, Mn neurotoxicity is a major
public health problem for which effective treatments are needed.
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Animal models are routinely used to investigate the
pathobiology of Mn neurotoxicity. But, in order to be
translationally relevant, such models should use Mn exposure
paradigms that faithfully reproduce the increases in brain
Mn concentrations observed in human patients. Normal basal
ganglia Mn concentrations in adult humans are ~1.0-2.5 ug
Mn/g tissue (23-25, 28). Reliable information about brain
Mn concentrations of humans exposed to elevated Mn via
occupational or environmental sources is not available. But,
subchronic exposure of rhesus monkeys to amounts of Mn rel-
evant to human occupational exposure by inhalation produced
~1- to 5-fold increases in basal ganglia Mn concentrations
and neurotoxic sequelae (38, 39). Similar results were obtained
in rats (40). Thus, Mn neurotoxicity in humans exposed to
elevated Mn is expected to be associated with very modest ~1-
to 5-fold increases in basal ganglia Mn. In addition, rigorous
data for basal ganglia Mn concentrations of human patients
with liver dysfunction are available and show a similar ~1- to
7-fold elevation (23-25, 27, 28). Below, we provide guidelines
for Mn exposure in mice, rats, nematodes, and zebrafish,
which are commonly used to study Mn neurotoxicity, so that
increases in brain Mn concentrations remain within the range
seen in humans. The dosing regimens we describe produce
neurobehavioral changes that are analogous to the human
phenotype. We also summarize recent progress in understanding
the biology of HMNDYT1 or HMNDYT?2 using these species
[humans with HMNDYT1 or HMNDYT2 exhibit substantially
larger (routinely >10-fold) increases in blood and brain Mn
concentrations (30-34)].

Rodent Models

Mn dosing regimens to model elevated Mn exposure
in rodents

Mice and rats are routinely used in Mn research. In neurobehav-
ioral assays, Mn-treated rodents develop deficits in locomotor,
fine motor, and executive functions—behavioral disinhibition,
attentional dysfunction, and fine motor defects usually occur in
animals exposed to Mn in early life (preweaning or adolescent
periods) and may persist into adulthood, whereas exposure in
later-life stages has been shown to produce locomotor and fine
motor defects (41-52) (Table 1). Thus, there are important
similarities in the functional outcomes of Mn toxicity between
rodents and humans based on the life-stage at which exposure

occurs. Results are broadly comparable between mice and
rats; therefore, decisions about the choice of species often
depend on the experience of a laboratory, cost (mice are
cheaper), requirement for genetic manipulation (genome editing
in rats is more challenging than in mice), and the need for
sophisticated neurobehavioral analyses (a wider array of motor
and cognitive assays and a broader body of evidence are
available in rats, which provides a better understanding of
functional neurological deficits). Rodents have been exposed
to elevated Mn by injection (subcutaneous, intraperitoneal,
or directly into the brain), orally (by gavage or in drinking
water), and by inhalation. Because humans are primarily
exposed to Mn through inhalation under occupational settings
and via drinking water or inhalation environmentally, oral
delivery and inhalation represent the disease-relevant modes of
exposure in rodents. Inhalation exposure requires sophisticated
equipment and is experimentally challenging, but Mn delivered
by this route has unique pharmacokinetic properties that cannot
be recapitulated with other routes of delivery. As examples,
compared with the gastrointestinal tract, Mn is more efficiently
absorbed into blood from the respiratory system (53), and
nasally inspired Mn can be directly transported to the brain
by the olfactory nerve (54). Particle size characteristics of
inhalation exposures are also important in determining whether
particle-associated Mn penetrates into the alveolar lung space
for absorption into the blood or particles are deposited higher
up in the respiratory tract where they can be coughed up
and swallowed. Overall, delivery by inhalation is optimal
for studies that seek to model the internal body dose that
arises from airborne exposure to Mn in humans (e.g., as
seen in occupational settings). We do not discuss inhalation
exposure further because these studies are performed in highly
specialized laboratories [see (39, 40) for details]. In contrast,
oral exposure by drinking water or gavage is more readily
accessible. Importantly, in children, elevated Mn concentrations
in drinking water, but not food, were associated with increased
body Mn concentrations and neurotoxicity (9), suggesting
that exposure of rodents to Mn via water is more disease-
relevant than other modes of oral exposure (e.g., through food).
Therefore, we will focus on Mn delivery via drinking water or
oral gavage as translationally relevant models of environmental
Mn exposure.

Extensive studies in rats have used micropipettes or
gavage methods in the preweaning period or drinking water
postweaning to deliver daily oral doses of Mn ranging between

TABLE 1 Summary of Mn dosing and neurobehavioral outcomes in rodent, nematode, and zebrafish models

Species Mn dose Behavioral test Outcome References
Rat 250r50 mg Mn - kg™ - d”"in Open field Increased behavioral reactivity (hyperactivity) (41, 42, 46)
preweaning period or lifelong 8-arm radial maze Spatial learning and memory deficits (42)
with testing in early life or Montoya staircase test Decreased forelimb reaching/grasping skill (43, 44)
adulthood Five-choice serial reaction time task Impaired focused and selective attention (45, 49)
Mouse 100 mg Mn - kg™ - d™' by gastric Open field Hypoactivity (47)
gavage in adults
100r30mgMn - kg™ - d”' by Open field Increased behavioral reactivity (decreased time spent (48)
gastric gavage in juveniles in margins)
Caenorhabditis elegans 10-25mM Mn for 1 hat L1 Basal slowing response Reduction in response (35)
Zebrafish 25 or 50 M Mn from 0 to 5 dpf Spontaneous movement observation Hypoactivity (55)
0.5 mM Mn from 0 to 5 dpf Exploratory behavior Decreased swimming distance and absolute turn angle (56)
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~10 and 125 mg Mn/kg (41-46, 50-52, 57-60). Delivery is in
the Mn?* form, usually as MnCl,, which is the predominant
intracellular oxidation state of Mn (61, 62). In 1 particularly
well-characterized regimen, animals are provided 25-50 mg Mn
- kg™ - d! by micropipette before weaning and in drinking
water after weaning (Table 1) (41-46, 57). In this regimen, for
dosing before weaning, a stock solution of 225 mg Mn/mL is
prepared in water, diluted in a 2.5% (wt:vol) solution of the
sweetener stevia dissolved in water (to partly mask the bitter
taste of Mn and facilitate intake by pups), and the required
dose is administered via a micropipette with a gel loading tip,
based on the body weight of the pup measured before dosing
(43, 45, 57). The total volume delivered can be as little as
~10-25 wpL/animal. When used in mice, a smaller volume is
provided to the animals: ~5 uL for the first week and ~10 uL
for the remaining 2 wk before weaning. Postweaning exposure is
through the animal’s drinking water. For this, a 42-mg Mn/mL
water stock solution is prepared and diluted to ~0.2-0.4 mg
Mn/mL in the animal’s drinking water (43, 45, 57). A similar
concentration of drinking water Mn (0.4 mg Mn/mL) has also
been used in mice (63). During this period, daily water intake
and weights of animals have to be monitored. Water intake is
calculated per animal if exposure is per individual, or if to a cage
of animals, by dividing the total water intake per cage by the
number of animals. Specialized metabolic cages or individual
housing of animals are not necessary for oral Mn exposure. The
amount of Mn in drinking water can be adjusted on a regular
basis (e.g., daily, weekly) to ensure target intake amounts are
maintained.

Rats receiving 25 or 50 mg Mn - kg! . d™' via the
above regimen from post natal day (PND)1-21 exhibit ~3-fold
increases in brain Mn concentrations in inductively coupled
plasma mass spectrometry (ICP-MS) analyses of tissue metal
concentrations (43-435). Interestingly, brain Mn concentrations
of animals exposed to Mn for longer periods of time (PND1-66
or PND3500) are only slightly, although still measurably, higher
than in vehicle-treated controls, and substantially lower than
in weanling animals exposed over the PND1-21 period (43—
45, 57). The lower concentrations of tissue Mn in adult rats
who experience the same amount of daily oral Mn exposure
as their younger weanling counterparts follow the same age-
related decline in tissue Mn concentrations as in unexposed
animals (43, 45, 57)—a phenomenon that also occurs in
humans (64). This reduction in body Mn concentrations over
the lifespan, even in the presence of continuous lifelong Mn
exposure, likely reflects reductions in the gastrointestinal uptake
of ingested Mn and increased excretion of absorbed Mn in
rodents beginning over the second to third week of life and
continuing into adulthood (18, 65, 66). Rats exposed to 25
or 50 mg Mn - kg™ - d™' by the aforementioned regimen over
the preweaning period develop lasting behavioral disinhibition
in the open-field test, deficits in fine motor function in the
Montoya staircase test, and focused and selective attentional
defects in the 5-choice serial reaction time test that persist
into adulthood; notably, these behavioral deficits are associated
with defects in evoked dopamine and norepinephrine release in
the prefrontal cortex and basal ganglia in weanling and adult
animals (Table 1) (41-43, 45, 46, 57). It is also noteworthy
that, in general, lifelong exposures to the same Mn doses
do not measurably worsen these attentional and fine motor
deficits caused by early-life exposure, indicating that the
early-life preweaning period is particularly susceptible to the
lasting neurotoxic effects of elevated Mn exposure (Table 1)
(43-45).
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Delivery by oral gavage in adolescent and adult animals has
also been extensively characterized. In adult mice, exposure
to 100 mg Mn - kg body weight™ - d™! for 8 wk increases
basal ganglia Mn concentrations by ~2- to 3-fold, produces a
hypo-locomotor phenotype in the open-field test, and induces
neuronal injury without inducing overt toxicity (Table 1) (47).
When mice are exposed as adolescents (PND20-34), a lower
concentration of Mn (10-30 mg Mn - kg body weight™ - d™!) is
sufficient to produce a similar ~2- to 3-fold increase in basal
ganglia Mn concentrations and neurobehavioral deficits; in
this developmental stage, the primary reported neurobehavioral
manifestation is increased behavioral reactivity in the open-field
assay (Table 1) (48).

Disease-relevance of the aforementioned dosing
regimens based on elevated Mn consumption of
rodents
An average adult rodent maintained on regular unpurified diet
consumes ~7%-10% body weight/d or ~70-100 g unpurified
diet - kg body weight™ - d-!. Unpurified rodent diets contain
~70-100 nug Mn/g diet. Therefore, rodents obtain ~5-10 mg
Mn - kg body weight™ . d' from unpurified diets. This
consumption is several orders of magnitude higher than human
dietary Mn intake, which is estimated to be ~2 mg/d (or 0.02 mg
- kg body weight™ . d™! for a 70-kg human) (67). Although
normal daily dietary requirements for Mn are not known
for either infant humans or rodents (68, 69), substantially
higher consumption of Mn is also evident in rodents in the
preweaning period. Human breast milk contains ~6 ug Mn/L
(70), yielding normal infant intake rates of ~0.6 ug Mn -
kg™ - d7!, based on infant daily milk consumption rates of
~0.8 L/d for a 8-kg 6- to 9-mo-old infant. In comparison, rat
and mouse milk Mn concentrations are ~200-300 and ~50 ug
Mn/L, respectively (68, 71), and preweaning rats consume up
to ~260 mL - kg™ - d! over PND1-21 (68, 72), whereas
daily milk consumption in mice is ~200 mL/kg (71, 73). Thus,
preweaning rats and mice consume ~70 and ~10 pg Mn -
kg™ . d7!, respectively, which is ~20-100 times higher than
normal human infant Mn intake from breast milk. In spite of
this higher intake, under physiological conditions, basal ganglia
Mn concentrations of rats and mice are similar to that of
humans [basal ganglia Mn concentrations in adult rats and
mice are ~1-2 ug Mn/g tissue weight (40, 74), similar to the
~1.0-2.5 ug Mn/g tissue reported in adult humans (23-25,
28)]. The mechanisms that allow rodents to maintain tissue Mn
concentrations at or near concentrations observed in humans in
spite of substantially higher intake are unclear, but irrespective
of this, a direct implication is that oral Mn dosing regimens
in rodents cannot simply recapitulate concentrations of Mn
reported to cause disease in environmentally exposed humans
[e.g., estimates suggest that drinking water Mn concentrations
as low as 133 pug/L are associated with intellectual deficits in
children (17)]. Instead, the dosing regimen must 1) reproduce
the modest increases in Mn concentrations in the brain and
other target organs evident in human patients (i.e., the fold-
increase in the tissue Mn concentrations of Mn-treated animals
should be in the same range as that reported in humans); and 2)
provide a fold-elevation in Mn intake that is comparable with
environmental human Mn exposure while accounting for the
differences in dietary Mn intake between humans and rodents.
As described in the preceding section, fold-increases in
basal ganglia Mn concentrations of rodents orally exposed
to 10-100 mg Mn - kg™' - d™! are comparable with those
in Mn-exposed humans (47, 48, 57). In addition, these doses



approximate the fold-increase in exposure that occurs in
human infants, children, and adults environmentally exposed to
elevated Mn. As an example, the 25 and 50 mg Mn - kg=! - d~!
exposure amounts in rats over the preweaning period produce
relative increases in Mn intake that are ~350 and ~700-
fold over amounts consumed from lactation alone (~70 ug
Mn - kg=' - d7!; see above) (41-45, 57). A relevant human
comparison is exposure of infants to contaminated water
(either directly or indirectly via rehydrated powdered formulas)
containing 1.5 mg Mn/L, which is 3 times the US maximum
contaminant level guideline and comparable with median well-
water concentrations associated with cognitive deficits and
other effects in children (16, 45, 69). At 1.5 mg Mn/L water,
infants experience daily Mn exposure of ~200 ug/kg, based on
median fluid intake rates of ~1 L/d for infants <1 y of age,
which is ~300-fold higher than the amount of Mn intake from
breast milk (~0.6 ug Mn - kg~' - d='; see above). Further, infants
consuming Mn-contaminated well-water containing 1.5 mg
Mn/L mixed with a high-Mn soy formula containing <1.0 mg
Mn/L (total = 2.5 mg Mn/L) (70) would ingest ~300 ug Mn -
kg=! - d~!, which is ~500 times higher than the Mn intake from
breast milk. In human adults, consumption of water containing
1.5 mg Mn/L provides ~3 mg Mn/d, based on a daily water
consumption of ~2 L for a 70-kg adult human, which is ~150%
of the estimated daily dietary intake of Mn [~2 mg/d (67)].
Similarly, a dose of 25-50 mg Mn - kg=! - d~' increases the
Mn intake of an adult rodent by ~3- to 6-fold relative to the
amount received from unpurified diet (~5-10 mg Mn - kg body
weight =1 . d~!; see above).

Overall, the aforementioned oral Mn dosing regimens
provide a means to model human environmental Mn exposure
in rodents. We note 2 additional issues. First, purified rodent
diets make it feasible to reduce dietary Mn intake of adult
(postweaned) rodents (e.g., the well-characterized AIN-93G
diet has ~11 pug Mn/g diet). But, blood, brain, and liver Mn
concentrations of mice receiving AIN-93G are comparable with
those fed an unpurified diet with ~84 ug Mn/g diet at 6 wk of
age (75), implying that the Mn concentrations in rodent chow,
including the reduced Mn in purified diets, do not substantially
affect tissue Mn concentrations of wild-type rodents, and by
extension, the arguments about the disease-relevance of the
oral Mn exposure regimens discussed here. Second, variations
in results are, however, possible whenever a new rodent strain
or laboratory setting is utilized. Therefore, we suggest that in
any new condition, tissue Mn concentrations be validated in a
pilot study using standard metal measurement techniques, such
as ICP-MS, so that relevance to human Mn neurotoxicity is
established before large-scale experiments are initiated.

Injectable modes of Mn delivery

Injectable Mn (e.g., subcutaneous, intraperitoneal) is widely
used in rodent studies, usually for ease of experimental
manipulation. Some of these exposure regimens produce modest
increases in brain Mn concentrations similar to oral exposure.
As examples, with intraperitoneal delivery, ~2- to 3-fold
increases in Mn in the striatum are reported in weaned/adult
rats exposed to 2.5 mg Mn - kg=' - d7! for 8-12 wk (76) or
6 mg Mn/kg 5 d/wk for 4 wk (77); whereas with subcutaneous
delivery, analogous increases in brain Mn are observed in adult
mice exposed to 7.5 or 15 mg Mn/kg 3 times/wk for 4 wk
(78). Despite this, we urge caution in interpreting data from
injectable models, especially results of functional neurological
assays. Pharmacokinetics of Mn after injection differ from
both inhalation and oral delivery in manners that may affect

neurotoxic sequelae—as an example, injectable Mn does not
undergo gastrointestinal absorption and may exhibit rapid and
transient elevations in circulatory concentrations. Moreover,
repeated intraperitoneal Mn injections reduce the body weight
of rats (76, 77), which may confound neurobehavioral analyses.
There is also a risk of infection/inflammation with repeated
injections that may influence outcomes—not only because of
the tissue-irritant effect of injecting high concentrations of Mn
solution, but also because of infection risks associated with
repeated injections. In totality, given the ease of oral Mn delivery
in rats and mice, a strong rationale for using injectable Mn in
rodents is lacking. At the present time, oral (and inhalation)
exposure are the translationally relevant modes of Mn exposure
for rodent studies.

Slc30a10 knockout mice as a model to study
HMNDYT1
In 2012, the first inherited disorder of Mn metabolism, HM-
NDYT1, was reported to occur owing to homozygous loss-of-
function mutations in SLC30A10 (30, 33). Patients accumulate
Mn in the liver, brain, and blood with characteristic clinical
features including liver cirrhosis, dystonia-parkinsonism, hy-
permanganesemia, and polycythemia. Parenteral chelation with
disodium calcium edetate (NaCaEDTA) successfully reduces
the Mn load with improvement of neurological symptoms and
halt of cirrhosis (30). However, this treatment is burdensome
due to the need of intravenous administration. Moreover,
Na, CaEDTA is unselective and removes other essential metals,
causing side effects such as osteopenia and pathological
fractures. Animal models (mice, Caenorhabditis elegans, and
zebrafish) mimicking the human disorder are playing an
important role in elucidating the function of SLC30A10 at the
organism level and developing better therapeutics.
Mechanistic assays revealed that SLC30A10 is a cell-surface
localized Mn efflux transporter that reduces Mn concentrations
and protects against Mn toxicity, whereas disease-causing
mutants lack Mn efflux activity (35) [the transport activity of
SLC30A10 is specific towards Mn (35, 79, 80)]. At the organism
level, SLC30A10 is robustly expressed in the liver and basal
ganglia in mice (74,75, 81) and humans (33, 34), suggesting that
the Mn retention and parkinsonism phenotype of HMNDYTT1 is
likely related to loss-of-function of SLC30A10 in the digestive
system as well as the brain. Analyses of full-body and tissue-
specific SIc30a10 knockout mice, performed in 2017-2018,
provided evidence in support of this hypothesis. Similar to the
human condition, blood, brain, and liver Mn concentrations
are markedly elevated in full-body SIc30a10 knockout mice
fed unpurified rodent diet (~84 ug Mn/g) by 6 wk of age
and lowered when animals are fed the reduced-Mn AIN-
93G diet (~11 pug Mn/g) (75). Surprisingly, however, although
biliary excretion is the primary route of Mn elimination (18-
20), tissue Mn concentrations are only modestly elevated in
liver-specific SIc30a10 knockouts (74), suggesting that activity
of SLC30A10 in another part of the gastrointestinal tract
likely compensates for loss-of-function in the liver [SLC30A10
localizes to the apical domain of differentiated HepG2 cells
that model hepatocytes, implying that its activity should
transport Mn from hepatocytes into the bile (81)]. Additional
assays focused on the intestines because, although Mn is
predominantly excreted in bile, the intestines excrete a smaller
amount of Mn directly into feces (19, 21). Further, the intestines
express SLC30A10 (74), and SLC30A10 localizes to the apical
domain of differentiated CaCO2 cells that model enterocytes
(74), suggesting that its transport activity in the intestines
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FIGURE 1 Schematic depicting the mechanisms by which
SLC30A10 and SLC39A14 regulate Mn concentrations in the body.
SLC30A10, solute carrier family 30 member 10; SLC39A14, solute
carrier family 39 member 14.

should result in the elimination of Mn into feces. Notably,
blood, liver, and brain Mn concentrations are robustly elevated,
and fecal Mn concentrations lowered, in endoderm-specific
SIc30a10 knockout mice that lack SLC30A10 expression in
both the liver and intestines (74). In totality, the aforementioned
results imply that, under basal physiological conditions, activity
of SLC30A10 in the liver and intestines is necessary for Mn
excretion, and reduced Mn excretion plays a critical role in
increasing tissue Mn concentrations in HMNDYT1 (Figure 1).
The role of SLC30A10 in mediating hepatic and intestinal Mn
excretion in mice was independently validated in 2019 using
radiotracer Mn elimination assays (82).

What then is the function of SLC30A10 in the brain?
Current understanding of this important issue comes from
analyses of pan-neuronal/glial SIc30a10 knockouts in 2018
(74). Basal ganglia Mn concentrations of pan-neuronal/glial
S1c30a10 knockouts are comparable with those of littermate
controls under basal physiological conditions (74). However,
after exposure to elevated Mn, Mn concentrations in the basal
ganglia of the pan-neuronal/glial knockouts are modestly higher
than those of littermates (74). Thus, activity of SLC30A10 in
the brain may be critical in reducing Mn concentrations in the
basal ganglia during elevated exposure as a neuroprotective
mechanism (Figure 1).

Three additional points are worth noting about the genet-
ically modified SIc30a10 mice. First, an unexpected finding
was that full-body Slc30a10 knockouts develop hypothyroidism
owing to the accumulation of Mn in the thyroid gland, which
inhibits thyroxine production (75, 81). The role of the thyroid
gland in modulating the neurotoxic outcomes of Mn toxicity
has not received much attention, but hypothyroidism has
now been identified in >1 human patient with HMNDYT1
(37). Further work is necessary to determine whether changes
in thyroid function are a feature of HMNDYT1 and other
forms of Mn neurotoxicity. Second, detailed neurotoxicity
analysis of full-body and tissue-specific SIc30a10 knockout
mice using neurobehavioral, neurochemical, and microscopy
techniques is now ongoing. These studies are expected to
provide novel insights into the pathobiology of HMNDYT1 and
Mn neurotoxicity. Limited neurobehavioral results available
to date (open-field and rotarod assays) suggest that full-
body SIc30a10 knockout mice have deficits in generalized
locomotion and ambulatory coordination/activity (74), which
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is broadly consistent with the human phenotype. Finally, the
advent of clustered regularly interspaced short palindromic
repeats (CRISPR) technology has made genome editing feasible
in rats, and a CRISPR-based rat knockout of SLC30A10
is now being characterized. Analyses of the knockout rats
should complement work with the knockout mouse models
and improve understanding of HMNDYT1 and Mn-induced
neurological dysfunction.

SIc39a14 knockout mice as a model to study
HMNDYT2

In 2016, the second inherited disorder of Mn metabolism,
HMNDYT2, was discovered (31). This disease occurs due to
homozygous loss-of-function mutations in SLC39A14 (31).
Patients exhibit elevated blood and brain Mn concentrations,
but unlike HMNDYT1, the liver is unaffected and poly-
cythemia is absent. Although MRI brain appearances and brain
histology are identical to HMNDYT1, chelation treatment
with Na, CaEDTA appears to be less effective despite obvious
mobilization of Mn from the tissues demonstrated by increased
urinary excretion (31). Mouse and zebrafish models have played
a major role in better understanding the biology of this disease.

SLC39A14 is a metal importer with capability to transport
Mn, Zn, Fe, and Cd from the cell exterior to the cytosol in
culture (83). In patients with HMNDYT2, blood concentrations
of Fe, Zn, and Cd are normal, suggesting that the primary
biological function of SLC39A14 is to transport Mn (31).
Further, SLC39A14 is strongly expressed in the liver in
humans (31) and rodents (81, 84), and localizes to the
basolateral domain of differentiated HepG2 cells (81) or rat
hepatocytes (84), suggesting that its activity transports Mn
from blood into hepatocytes. Results from full-body Slc39a14
knockout mice in 2017-2018 from 3 separate groups validated
this hypothesis (85-87). Similarly to human patients, full-
body SIc39a14 knockout mice exhibit increased blood and
brain, but not liver, Mn concentrations (85-87). A separate
study compared the phenotypes of full-body SIc30a10 or
Slc39a14 single knockout mice with a SIc30a10/SIc39a14
double knockout strain, and reported that whereas blood and
brain Mn concentrations are elevated in all 3 strains, liver Mn
concentrations are only elevated in SIc30a10 single knockouts
(and not in Slc39a14 single or SIc30a10/SIc39a14 double
knockouts) (81). Overall, these results suggest that SLC39A14
and SLC30A10 act in a cooperative manner to mediate biliary
Mn excretion—SLC39A14 transports Mn from blood into
hepatocytes, and SLC30A10 then excretes the intrahepatic Mn
into bile (Figure 1). Notably, a recent study revealed that
activity of SLC39A14 is also necessary to mediate uptake
of Mn into intestinal enterocytes, and that blood and brain
Mn concentrations are elevated in intestine-specific Slc39a14
knockout mice (88), raising the possibility that SLC39A14 and
SLC30A10 also act cooperatively in the intestines to excrete Mn
into feces (Figure 1). In sum, a decrease in Mn excretion leads
to the increase in tissue Mn concentrations in HMNDYT2.

As with SIc30a10 knockout mice, detailed neurotoxicity
analyses of SIc39a14 knockout mice are ongoing. Available
neurobehavioral data suggest that full-body Slc39a14 knock-
outs exhibit motor deficits (85-87), congruent with the human
condition. Note, however, that full-body Slc39a14 knockout
mice develop torticollis (wry neck) (86, 87, 89), which has
not yet been reported in humans and may confound the
interpretation of neurobehavioral assays performed in these
animals.



C. elegans Model

Over the last few years, the soil-dwelling roundworm C.
elegans has provided numerous insights into the underlying
mechanisms of Mn-induced neurotoxicity and the control
of Mn homeostasis. There are several advantages of the
nematode model. C. elegans have a transparent body, allowing
observations of intrabody structures. The worms are genetically
tractable, making knockdown and over-expression of genes
relatively straightforward. Results remain relevant to humans
because nematode genes have high homology with human
genes (as high as 60%-80%). Finally, Mn-treated worms
exhibit deficits in locomotor function (35) (Table 1), providing
similarities in the neuromotor consequences of Mn toxicity with
humans (behavioral disinhibition and attentional dysfunction
induced by early-life Mn exposure have not yet been modeled
in nematodes). Below, we provide general guidelines for using
C. elegans to study Mn neurotoxicity.

Mn exposure in C. elegans

C. elegans can be exposed to Mn at different larval stages
(L1-L4) or as adults. Adapting dose, concentration, and
exposure time to the respective larval stage is crucial because
bioavailability and toxicity differ greatly over development.
Cuticle thickness increases with each larval stage, resulting in
reduced bioavailability in adult worms compared with younger
stages. The cuticle is 3—6 times thicker in adult worms than
in L1 (90). Sensitivity to exogenous agents also varies greatly
within the larval stages (91). To study Mn neurotoxicity in
C. elegans, both acute and chronic exposure to Mn have
been applied. Acute dosing varies between 30 min and 1 h,
subacute exposure is carried out <4 h, and chronic exposure
for days. As the wild-type worm’s lifespan is only ~12 d
long (92), incubation times as aforementioned may take up
a relevant portion of the nematode’s life. However, most
studies use the acute exposure regimen with neurotoxicity
being examined days after exposure by means of behavioral
evaluations, survival/lifespan, Mn determination, and neuronal
viability. Acute toxicity is most commonly tested in liquid
medium without any food source including S medium (93, 94),
or 85 mM sodium chloride + 0.1% Tween (95-97). In contrast,
chronic toxicity is assayed on agar plates via the nematodes’
food source, Escherichia coli, but tests may also be conducted
in S medium. Here, it is important to note that the E. coli may
metabolize the compounds of interest, and prior inactivation of
the bacteria may be useful, especially in case the study focuses
on species-specific effects.

Unfortunately, the Mn dosing regimens and exposure
conditions necessary may vary even within the same larval
stage between laboratories because routine conditions, such as
room temperature, pH of water, and humidity, may have a
strong effect on absorption and metabolism (98). Therefore,
a general protocol does not exist for dosing C. elegans with
Mn, and summarizing all the applied doses and times in the
respective larval stages would go beyond the scope of this
review. As a guide, similar to rodents, the Mn’>* form as
MnCl, or MnSOy is used (99, 100). Owing to the lack of a
readily available dosing regimen, we suggest that concentration-
effect curves, using survival and lifespan assays, be performed
in any C. elegans laboratory to find a suitable Mn exposure
concentration for investigations on the desired endpoint. As
1 example, MnCl, has been tested in the L4 larval stage for both
1 and 4 h, with a calculated median lethal dose of 250 mM and
62 mM, respectively (101). Along with these functional assays,

it is critical to directly measure the Mn content in C. elegans
after dosing using standard analytical techniques, such as ICP-
MS or atomic absorption spectroscopy (98, 102).

Benefit of using C. elegans to study the effects of Mn
on the dopaminergic system

In C. elegans, the effects of Mn on the dopaminergic (DAergic)
system are studied by assaying for neuron morphology,
behavioral changes, neurotransmitter concentrations, and gene
expression (103). A benefit of the nematode model is that
the morphology of DAergic neurons can be readily evaluated
using transgenic worms that express a fluorescent protein in
these neurons because the worm has only 8 DAergic neurons:
4 CEP neurons innervate the tip of the nose (2 ventral and
2 dorsal), 2 ADE neurons innervate the head cuticle, and
1 pair of posterior PDE neurons are located in the posterior
cuticle. After Mn exposure, morphological endpoints that can
be examined as indicative of neurotoxicity include neuronal
development, presence of puncta, absence or shrinkage of
neurons, neuronal gaps, absence of cell bodies, and reduction in
intensity of fluorescence (104). These microscopic parameters
can be combined with a functional behavioral assay, the basal
slowing response, which measures locomotion and integrity of
DAergic neurotransmission in nematodes (35). Mn-treatment
affects the performance of worms in the basal slowing response
assay (Table 1) (35).

Use of C. elegans to study HMNDYT1

C. elegans do not express a homolog of SLC30A10. Therefore,
studies of HMNDYT1 in the nematode model relied on
over-expression. Similarly to mammalian systems, wild-type
SLC30A10 localizes to the cell surface in body wall muscle
cells and DAergic neurons in the nematodes, whereas disease-
causing mutants are trapped in the intracellular compartment
(35). Further, expression of SLC30A10 wild-type, but not a
disease-causing mutant, protects worms against Mn-induced
lethality, DAergic neurodegeneration, and locomotor defects
(35). Protection is not observed against Zn toxicity (105),
consistent with the Mn-specific transport activity of SLC30A10
observed in mammalian cell-lines. Overall, work in the C.
elegans system provided results that validated and extended
assays in mammalian cell culture and rodents.

Zebrafish Models

In recent years, the zebrafish (Danio rerio) has emerged
as an invaluable vertebrate model system for translational
research on neurodegenerative human disorders. Their small
size, rapid external development, and optical transparency
permit in vivo microscopy analysis and real-time imaging
of fluorescently labelled proteins throughout development.
The central nervous system is organized similarly to that
of humans, and many pharmacological targets are shared
(106). Zebrafish are easily amenable to genetic manipulation
using genome editing technologies such as CRISPR/CRISPR-
associated protein 9 and transcription activator-like effector
nucleases in order to generate constitutive loss-of-function
alleles, transgenic lines, and, more recently, tissue-specific
and temporally controlled mutagenesis (107). Their relatively
simple brain [~100,000 neurons at 7 d postfertilization (dpf)]
and the wide battery of behavioral tests available allow the
analysis of how neural circuits generate behavior and how
disease affects these behavioral patterns (108). Due to their
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large clutch size, zebrafish embryos and larvae are suitable
for high-throughput drug screening protocols (109). Chemical
compounds can simply be added to the fish medium and their
effect on phenotypic readouts such as behavioral patterns or
fluorescence intensity of labelled proteins can be determined
using automated video tracking and microscopy. Limitations
of zebrafish for drug discovery, however, are their ability of
neuronal regeneration and the unpredictability of the drug
concentrations that have entered the fish (106).

The recent use of zebrafish for the study of Mn neurotoxicity
and associated disorders has shown that they present a
promising model to dissect the mechanisms of Mn-related
disease. Zebrafish have been successfully used as a model
of Mn neurotoxicity to study the effects of environmental
Mn overexposure through incubation of larvae in medium
containing MnCl, (55, 56, 110). The neuromotor consequences
of Mn toxicity in zebrafish are similar to those in humans,
rodents, and nematodes because Mn-treated zebrafish also
exhibit deficits in locomotor function (55, 56) (Table 1) (but
note that, as in nematodes, behavioral hyperreactivity and
attentional deficits induced by early-life Mn exposure remain to
be modeled in zebrafish). In addition, the use of genome editing
tools has allowed the development of disease models for the
study of HMNDYT1 and HMNDYT2.

Zebrafish as a model of environmental Mn
neurotoxicity

To precipitate a phenotype in wild-type zebrafish larvae due
to environmental Mn overexposure, MnCl, at concentrations
ranging from 50 to 100 uM during 0-5 dpf is used in order
to observe phenotypic changes as early as 5 dpf (55, 56).
The average tissue Mn concentration reached during 50 and
100 uM MnCl, exposure amounts to 49 and 82 ug Mn/g,
respectively (55). Survival is compromised at 10 dpf in larvae
exposed to >1 mM during 0-5 dpf (56). Locomotor analysis at
5 dpf confirms reduced swimming distance in zebrafish exposed
to MnCl, concentrations as low as 25 uM (Table 1) (535).
Concentrations of 0.5 mM during 0-5 dpf lead to diminished
swimming distance, absolute turn angle, and mobile time,
and increased immobile time (Table 1) (56). MnCl,-exposed
larvae display a distinct circular swimming pattern both during
spontaneous swimming activity and upon vibrational stimuli
which is reversible after the removal of MnCl,. This may
be attributed to splayed stereociliary bundles of the haircells
within the neuromasts, mechanosensory organs mediating
balance in zebrafish (110). Environmental Mn exposure has
been demonstrated to result in reduced tyrosine hydroxylase
(TH) expression although the number of TH positive cells is
unchanged, suggesting that Mn neurotoxicity at least partly
involves the DAergic system (56, 110).

slc30a10 loss-of-function in zebrafish as a model of
HMNDYT1

The zebrafish slc30a10 loss-of-function mutant has emerged
as a suitable model for drug discovery and the study of the
pathogenic mechanisms of HMNDYT1 (111). As in humans,
slc30a10 expression is largely restricted to the liver and brain in
zebrafish larvae. Loss of slc30a10 function in zebrafish causes
prominent Mn accumulation from 14 dpf that is accompanied
by impaired locomotor behavior with a distinct bradykinesia-
type swimming behavior at 4 mo of age. MnCl, exposure
(=150 uM) for 24 h at 5 dpf leads to impaired locomotion at
6 dpf including tremor, postural instability, disorientation, and
impaired balance. In mutant larvae, brain and liver (showing
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hepatic steatosis) appear discolored upon MnCl, treatment.
Histopathological studies confirm hepatic steatosis and within
the brain a reduction of dopamine transporter and TH positive
cells as well as increased apoptosis. Na, CaEDTA administration
reverses the locomotor phenotype observed, suggesting that the
s1c30a10 loss-of-function mutant may indeed be an appropriate
model for drug screening. Interestingly, during early larval
stages slc30a10 mutants appear more resistant to Mn toxicity
owing to mechanisms that are yet to be determined, likely
involving differential expression of other metal transporters
such as SPCA1, a secretory pathway Ca?*-ATPase pump at the
Golgi (111).

slc39a14 loss-of-function in zebrafish as a model of
HMNDYT2

The s1c39a14Y8°" zebrafish mutant closely resembles the human
phenotype with prominent deposition of Mn in the brain
and locomotor defects. Under physiological conditions, Mn
accumulates in zebrafish larvae as early as 5 dpf. Mutant
zebrafish are more susceptible to Mn toxicity, demonstrated
by a lower median lethal dose of MnCl, (376 M) than in
wild-type animals (680 uM). Exposure to 50 uM MnCl, from
2 to 5 dpf precipitates a locomotor phenotype characterized
by reduced swimming activity from 6 dpf that is signifi-
cantly different from that of wild-type larvae. Na, CaEDTA
can effectively reduce Mn accumulation in mutant larvae.
Differently than in humans, expression of slc39a14 is restricted
to the pronephric duct, suggesting that the kidney plays a
major role in the regulation of Mn homeostasis in zebrafish
larvae (31).

In summary, zebrafish have proven an invaluable vertebrate
organism to model human disorders of Mn dyshomeostasis.
Further study of the aforementioned models is likely to
unravel novel insights into the regulation of Mn home-
ostasis in vivo with the view to identify alternative drug
targets.

Conclusions

Mn neurotoxicity is an area of intense investigation owing to
its human health relevance. Recent discoveries of the genetic
disorders of Mn metabolism have only increased interest.
Rodents (mice and rats), C. elegans, and zebrafish are routinely
used to model Mn neurotoxicity in animals. Major advantages
of these species are their ease-of-use and the similarities in
the functional neurobehavioral outcomes of Mn toxicity with
humans. However, consideration must be given to the Mn dose
and the mode of exposure in order to ensure translationally
relevant results. We detailed Mn treatment regimens in rodents,
nematodes, and zebrafish that recapitulate human Mn exposure.
We also provided an update on the current state of knowledge
regarding the role of these species in studying genetic disorders
of Mn metabolism. Use of the disease-relevant experimental
regimens described here will ensure obtained results are
directly relevant to Mn-induced neurological dysfunction in
humans.
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