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Solute carrier family 39, member 14 (SLC39A14) is a transmem-
brane transporter that can mediate the cellular uptake of zinc,
iron, and manganese (Mn). Studies of S/c39a14 knockout (S/c39a14~"")
mice have documented that SLC39A14 is required for systemic
growth, hepatic zinc uptake during inflammation, and iron load-
ing of the liver in iron overload. The normal physiological roles of
SLC39A14, however, remain incompletely characterized. Here, we
report that S/c39a14~'~ mice spontaneously display dramatic al-
terations in tissue Mn concentrations, suggesting that Mn is a
main physiological substrate for SLC39A14. Specifically, S/c39a14~/~
mice have abnormally low Mn levels in the liver coupled with mark-
edly elevated Mn concentrations in blood and most other organs,
especially the brain and bone. Radiotracer studies using >*Mn reveal
that SIc39a74~'~ mice have impaired Mn uptake by the liver and
pancreas and reduced gastrointestinal Mn excretion. In the brain of
Slc39a14~'~ mice, Mn accumulated in the pons and basal ganglia,
including the globus pallidus, a region susceptible to Mn-related neu-
rotoxicity. Brain Mn accumulation in S/c39a74~'~ mice was associated
with locomotor impairments, as assessed by various behavioral tests.
Although a low-Mn diet started at weaning was able to reverse brain
Mn accumulation in S/c39a74~'~ mice, it did not correct their motor
deficits. We conclude that SLC39A14 is essential for efficient Mn up-
take by the liver and pancreas, and its deficiency results in impaired
Mn excretion and accumulation of the metal in other tissues. The
inability of Mn depletion to correct the motor deficits in Sic39a14~"~
mice suggests that the motor impairments represent lasting effects
of early-life Mn exposure.

SLC39A14 | manganese | liver | pancreas

M anganese (Mn) is an essential trace mineral required for
normal growth and physiological processes, such as bone
formation, immune response, and carbohydrate metabolism (1).
The essentiality of Mn derives from its role as a cofactor in
a variety of enzymes, including galactosyl transferase, Mn-
superoxide dismutase, xanthine oxidase, arginase and gluta-
mine synthetase, and pyruvate decarboxylase.

The total amount of Mn in the human body is ~10-20 mg, with
the highest concentrations found in the liver, pancreas, and
kidney (2). The bone appears to be a major storage site, ac-
counting for nearly 40% of total body Mn (3). Daily intakes of
Mn typically range from 2 to 6 mg, of which ~1-5% is normally
absorbed (4). Mn is abundant in plant-based foods, whereas
animal foods, including meat, fish, poultry, eggs, and dairy, are
nearly devoid of this metal. Significant sources of Mn in typical
diets include whole grains, rice, nuts, beans, and leafy vegetables.
In the United States, the adequate intake for Mn is 2.3 mg/d and
1.8 mg/d for adult men and women, respectively.

www.pnas.org/cgi/doi/10.1073/pnas.1720739115

While naturally occurring dietary Mn deficiency has not been
reported, Mn excess and toxicity have been well described, as
exposure to high levels of the metal can lead to brain Mn ac-
cumulation and a parkinsonian-like disorder known as man-
ganism or Mn poisoning. The most common cause of exposure to
excess Mn is occupational, and has been documented in miners
(5), welders (6), ferroalloy workers (7), battery manufacturers
(8), and glass workers (9). Brain Mn accumulation has also been
reported in patients receiving total parenteral nutrition therapy
(10, 11), patients with hepatic encephalopathy (12), and abusers
of ephedrone (methcathinone) (13).

Whole-body Mn homeostasis is maintained by regulating in-
testinal absorption and excretion of the metal (14). Mn is ex-
creted from the body primarily by hepatobiliary secretion into
the gastrointestinal tract for elimination via feces (15). More
than a dozen putative Mn transporters (importers and exporters)
have been described (16), but few have been rigorously evaluated
within the physiological context. Recent genetic studies have
revealed a role for solute carrier family 30, member 10 (SLC30A10)
in Mn homeostasis, because patients with disruptive SLC30410
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mutations display hypermanganesemia, Mn accumulation in the
liver and brain, and parkinsonism (17-19). Slc30a10-deficient mice
also hyperaccumulate Mn in the blood, liver, and brain (20), thus
confirming that SLC30A10 participates in Mn homeostasis.
Studies in Caenorhabditis elegans and various cell lines demon-
strate that SLC30A10 is a cell-surface Mn efflux transporter (21—
23) and that disease-causing mutations block its trafficking and
efflux activity (23, 24). The localization of SLC30A10 to the bile
duct epithelium in human liver (19) and to the apical domain of
polarized HepG2 cells (25) suggests that SLC30A10 is required
for Mn export into bile. As for cellular Mn uptake, the plasma
membrane protein divalent metal-ion transporter-1 (DMT1)
is frequently cited as the primary Mn** importer (26-28). Although
DMT1 can certainly transport Mn (29), a study of intestine-specific
DMT1-null mice demonstrated that it is dispensable for Mn ab-
sorption (30). Likewise, Belgrade rats, which are deficient in DMT1,
display enhanced uptake of radioactive Mn from the serum into the
liver (31), suggesting that DMT1 is dispensable for hepatic Mn
homeostasis. On the other hand, SLC39A8, a member of the
SLC39A family of metal-ion transporters, is essential for hepatic
and whole-body Mn homeostasis, as documented by a recent study
of hepatocyte-specific Slc39a87~ mice (32). SLC39A8 localizes to
the apical membrane of hepatocytes, where it likely functions to
reclaim Mn from the bile.

Recent data indicate that SLC39A14, a close homolog of
SLC39A8, is also involved in Mn homeostasis. Although
SLC39A14 was first characterized as a zinc transporter (33), we
showed that SLC39A14 could also mediate the cellular uptake of
iron, Mn, and cadmium (34, 35). Here, using Slc39al 47~ mice,
we demonstrate that the loss of SLC39A14 results in markedly
elevated Mn concentrations in the blood, bone, heart, kidney,
and brain, and is associated with motor deficits. While these
studies were in progress, Tuschl et al. (36) reported similar
findings in human patients carrying loss-of-function mutations in
SLC39A14. Specifically, patients with homozygous mutations in
SLC39A14 develop juvenile-onset dystonia-parkinsonism asso-
ciated with elevated Mn concentrations in blood and Mn accu-
mulation in the brain, particularly in the globus pallidus (as
assessed by MRI). However, unlike patients with mutations in
SLC30A10, individuals with SLC39414 mutations do not appear
to accumulate Mn in the liver (as assessed by liver MRI of one
patient). In an effort to elucidate the mechanism underlying the
altered Mn homeostasis associated with SLC39A14 deficiency,
Tuschl et al. (36) used CRISPR-Cas9 editing to generate
zebrafish lacking slc39a14. They found that, similar to human
patients, slc39a14-null zebrafish accumulated Mn in the brain,
but not in abdominal viscera (liver, intestine, pancreas, and spleen
combined).

The aim of the present study was to utilize Slc39a14~'~ mice to
define the molecular and physiological defects that contribute to
the dramatically altered Mn homeostasis resulting from loss of
SLC39A14. We also used the Slc39al4~~ mice to determine
whether reversal of brain Mn accumulation could rescue their
motor deficits. Such a question is relevant to human patients
with SLC39A414 mutations, as Mn depletion via chelation is the
current treatment strategy in affected individuals (36).

Results

Slc39a14~'~ Mice Accumulate Mn in Extrahepatic Tissues. Inductively
coupled plasma mass spectroscopy (ICP-MS) was used to mea-
sure the concentrations of Mn in a variety of tissues [liver, bone
(femur), brain, kidney, pancreas, heart, and spleen] from
Slc39a14~'~ mice and wild-type (WT) littermate controls. Tissues
were from mice at 4 and 16 wk of age on a mixed C57BL/6 x
129 genetic background (designated B6;129), similar to the mice
we used in a previous study (37). Mn concentrations in the livers
of Slc39a14~"~ mice were found to be 61% lower than in controls
at 4 wk of age (Fig. 14) and 35% lower at 16 wk of age (Fig. 1B).
By contrast, Mn concentrations were elevated in all other tissues
of Slc39a147'~ mice, except for pancreas, at 4 wk of age (Fig. 1.4
and B). Concentrations of Mn in the brain were 10- and sixfold
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higher in Slc39a14~'~ mice than in controls at 4 and 16 wk of age,
respectively. Bone was most affected, having Mn concentrations
that were 33- and 40-fold higher than controls at 4 and 16 wk of
age, respectively (Fig. 1 A and B).

Livers of Slc39a14~'~ mice also showed lower concentrations
of iron (37% lower at 4 wk), zinc (11% and 15% lower at 4 and
16 wk, respectively), and cobalt (32% and 22% lower at 4 and
16 wk, respectively) (Fig. S1). However, unlike Mn, concentra-
tions of iron, zinc, and cobalt were not elevated in extrahepatic
tissues, except for a 15% elevation in femur zinc concentrations
at 16 wk of age. Tissue copper concentrations did not differ
between Slc39a14~'~ mice and controls (Fig. S1).

To determine whether the alterations in tissue Mn concen-
trations in Slc39a14~'"~ mice were replicable and not confounded
by their original B6;129 hybrid genetic background, we back-
crossed these mice onto the 129S6/SvEvTac strain (designated
129S6) for nine generations. Similar alterations in tissue Mn
concentrations were observed in the incipient congenic 12956
strain at 4 and 52 wk of age (Fig. 1 C and D). These findings
confirm that loss of Slc39a14 results in an increase in Mn
concentrations in most extrahepatic tissues, thus ensuring
replicability of the results in mouse models irrespective of
their genetic background. Mn concentrations in whole blood,
a commonly used indicator of Mn status (38), were also found
to be markedly elevated in Slc39a14~/~ mice (Fig. 1 C and D).
Mn concentrations in the liver, brain, and bone in hemizygous
Slc39a14™'~ mice at 4 and 52 wk of age did not differ from
those of WT littermate controls (Fig. S2).

Slc39a14~'~ Mice Display Impaired Hepatic Uptake of 5*Mn. The
lower hepatic Mn concentrations coupled with elevated Mn
levels in other tissues (Fig. 1) suggested that Slc39a14~'~ mice
have a liver-specific defect in Mn uptake. To test this hypothesis,
we measured the tissue distribution of **Mn 2 h after iv. ad-
ministration of **MnCl,. We observed that the livers of
Slc39al4~~ mice accumulated 63% less >*Mn than did livers
from WT mice (Fig. 24). We additionally found that pancreata

4wk (B6;129) B

A 16 wk (B6;129)
1251 0y 1251 5 r e
100 M Slc39a14” 100 M Sic39a14”

o o

z e -

S 75 5 75

H 2
50 50

28 . 3

2 2

2 30 2 30

= =

s 20 é 20
10 10

ol

oy S $ ) 2 R N
& S @& L &
PR N
&S R

C 4wk (129S6) D 52 wk (12956)
125 10004 125 * 10004
100 o 100
z S 8001 = g 8001
o 75 - 275 - >
£ 50 £ 0 25 g o0 °
£ 4 = R = R
° 8 s A 3 X
2 30 3 400 iy 2 30 2 400
z 2 ® 2 °
E 2 2 o S e
= £ 200 = = 200
10 10
00 -
ol [ ol ol
& N & v
N %\b‘ o P Qz@ & N ’b\tx
o o &
G < O
& 2

Fig. 1. S/c39a14~~ mice exhibit hepatic Mn deficiency and Mn accumula-
tion in other tissues. Mn concentrations in various tissues of S/c39a14~'~ mice
and WT littermate controls were determined by using ICP-MS. (A and B)
Tissues from mixed-background B6;129 male and female mice at 4 and 16 wk
of age (n = 5-8 per genotype). (C and D) Liver, brain, femur (n = 4-5 per
genotype). and whole blood (n = 4-7 per genotype) from congenic
12956 male and female mice at 4 and 52 wk of age. Data represent mean =+
SEM. *P < 0.05; ***P < 0.001.
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of Slc39a14~'~ mice accumulated 81% less >*Mn compared with
those of WT mice. All other analsyzed tissues of Slc39al4™/~
mice, however, accumulated more >*Mn compared with tissues
from WT control littermates. In control animals, most °*Mn was
recovered in the liver > kidney > pancreas > other tissues,
similar to a previous study of i.v.-administered **Mn (39).

Given that mice under normal conditions acquire their Mn
primarily through the diet, we examined the tissue distribution
of *Mn administered orally via orogastric gavage. Four hours
after gavage, 79% of whole-body counts per minute was found in
the livers of WT mice (Fig. 2B). By contrast, only 7.5% of whole-
body counts per minute was found in the livers of Slc39al4~/~
mice, indicating a dramatic impairment in hepatic uptake/re-
tention of absorbed **Mn. Accumulation of **Mn in the pan-
creas, however, did not differ between WT and Slc39a14~'~ mice.
In all other tissues examined, >*Mn accumulation was markedly
higher in Slc39al4~~ mice compared with WT control litter-
mates. Overall, Slc39a14~'~ mice absorbed and retained 7.5-fold
more **Mn than did WT mice (4.1% vs. 0.48% of gavage dose)
(Fig. 2B). When the relative accumulation of *Mn in tissues
is expressed per gram of fresh weight (40), liver tissue shows
the most avid accumulation of **Mn in WT mice, indicating
efficient mechanisms for the uptake/retention of Mn in this
organ (Fig. 2C). In Slc39al14~'~ mice, however, the most avid
uptake/retention of 54Mn was found in the kidney, femur, and
heart tissue.

SLC39A14 Knockdown Impairs Uptake of >*Mn by HepG2 Cells. Mn
taken up by the liver accumulates in hepatocytes and is sub-
sequently secreted into the bile (41). To test the hypothesis that
SLC39A14 mediates Mn uptake by hepatocytes, we measured
>*Mn accumulation in HepG2 cells after suppressing SLC39A14
expression. HepG?2 cells, a human hepatoma cell line, were used
because they have been shown to take up and release Mn similar
to isolated rat hepatocytes (42). We found that siRNA-mediated
knockdown of SLC39A14 reduced cellular *Mn accumulation
by 76% when HepG2 cells were incubated with **Mn for 1 h
(Fig. S3). This difference likely reflects a decrease in **Mn
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uptake because more than 2 h is required for HepG?2 cells to
release newly acquired *Mn (42).

Levels of DMT1 and SLC39AS8 in Livers of Sic39a14~'~ Mice. To de-
termine whether hepatic Mn deficiency in livers of Slc39al4~"~
mice is associated with compensatory changes in the levels of
other known Mn importers, we measured levels of DMT1 and
SLC39AS. In livers of mice at 16 wk of age, we found no dif-
ferences in the levels of DMT1 and SLC39A8 (Fig. S4 A and B).
We also measured levels of transferrin receptor 1 (TfR1), be-
cause most Mn in blood plasma is bound to transferrin (43),
which can be internalized by binding to TfR1 at the cell surface.
Hepatic TfR1 levels did not differ between WT and Slc39al4~"~
mice (Fig. S4C). In livers of mice at 4 wk of age, we found that
levels of DMT1 and TfR1 were elevated in Slc39a147'~ mice
(Fig. S5 A and C). However, at this age, not only were hepatic
Mn levels lower in the KO mice, but hepatic Fe levels were also
lower in the KO mouse (Fig. S1). Thus, it seems likely that
DMT1 and TfR1 levels are responding not to Mn deficiency per
se, but rather to iron deficiency, as seen in previous studies of
iron-deficient liver (44). Importantly, despite the up-regulation
of DMT1 and TfR1, hepatic Mn levels were still 61% lower in
Slc39al4~~ mice compared with WT controls (Fig. 14), in-
dicating that up-regulation of DMT1 and TFR1 cannot com-
pensate for loss of SLC39A14.

Slc39a14~'~ Mice Display Impaired 5*Mn Excretion. Mn is excreted
nearly exclusively (99%) via the gastrointestinal tract, mainly
from bile, but also by pancreatic and intestinal secretions (15,
45). To assess Mn excretion, Slc39al47'~ mice and their WT
littermates were given i.v. >*Mn and then housed individually in
metabolic cages for 6 h to allow for collection of feces. The 6-h
time point was selected based on a previous study in mice
showing that Mn is maximally excreted in the feces 4-6 h after
i.v. administration (39). At the time of euthanasia, major tissues
were harvested as before, but this time, gallbladder [indicative
of biliary excretion (46)], intestinal tract (from the proximal
small intestine to the anus), and gut luminal contents were also
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collected. Compared with WT mice, Slc39a14~"~ mice had 85% less
>*Mn in the gallbladder, 60% less **Mn in gut luminal contents, and
50% less **Mn in feces, consistent with diminished excretion of
Mn into the gastrointestinal tract (Fig. 34). At this 6-h time
point, the distributions of 5“Mn in the liver, pancreas, femur,
brain, kidney, heart, spleen, and carcass of WT and Slc39al 47
mice (Fig. 34, Lower) were similar to those observed 2 h after i.v.
administration of *Mn (Fig. 24). Thus, the diminished *Mn
excretion by Slc39a14~'~ mice 6 h after i.v. administration of Mn
appears to be due to impaired uptake of plasma **Mn by the liver
and pancreas.

Fecal excretion of i.v.-administered >*Mn was further assessed
at 24 and 48 h, which additionally allowed for the collection
and measurement of >*Mn in the urine (Fig. 3B). Fecal excretion
of >*Mn by Slc39a147'~ mice was 35% and 31% lower at 24 and
48 h, respectively, compared with WT controls. By contrast,
urinary **Mn excretion was two- to threefold higher in Sic39al47/~
mice compared with WT mice. It should be noted, however, that
less than 1% of the iv. dose of **Mn was recovered in the urine,
consistent with previous studies in mice (39).

Slc39a14~'~ Mice Accumulate Mn in Specific Brain Regions. To de-
termine where Mn accumulates in the brain of Slc39a14~'~ mice,
we used laser ablation (LA)-ICP-MS, a recently developed
method that can quantify and image metal distributions in mouse
brain sections (47). Distributions of Mn in the Slc39al4~~
mouse brain are shown at three different maximum detection
thresholds (10, 7, and 5 pg/g) (Fig. 4 A, C, and E). The highest
concentrations of Mn (at least 10 pg/g) were found in the nucleus
of the lateral lemniscus and parts of the cerebellum (Fig. 44).
Parts of the globus pallidus, the dorsal nucleus raphe, and
the pons had Mn concentrations of at least 7 pg/g (Fig. 4C),
and the vestibular nucleus and the zona incerta had Mn
concentrations of at least 5 pg/g (Fig. 4E). Distributions of Mn
at different thresholds are also shown for WT mouse brain,
but the thresholds are 10-fold lower to account for the lower
brain Mn concentrations in WT mice (Fig. 4 B, D, and F). In
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general, the regions with the highest Mn concentrations in
WT mouse brain were the same regions as in the Slc39al4~/~
mouse brain. Thus, while loss of SLC39A14 clearly affects the
magnitude of Mn accumulation in the brain, it does not seem
to affect its regional distribution (Fig. 4). Loss of SLC39A14 also
does not affect the regional distribution of iron, zinc, or copper
(Fig. S6).

Dietary Mn Alters Tissue Mn Concentrations in SIc39a14~'~ Mice. Our
data show that Mn concentrations in the Slc39al4~'~ mouse
brain are elevated (~10-fold normal) as early as 3 wk of age (Fig.
S6). Given that this Mn accumulated before weaning, we hy-
pothesized that brain Mn accumulation could be diminished/
reversed by feeding weanling Slc39a147/~ mice a low-Mn diet.
Conversely, given the impairment in Mn excretion in Slc39al4~/~
mice, we hypothesized that brain Mn levels would increase
markedly if the mice were fed a high-Mn diet. We therefore
conducted a 30-d feeding study in which weanling WT and
Slc39a14~~ mice were fed purified AIN-93G diets that con-
tained either low, normal, or high concentrations of Mn (0, 10,
and 2,400 ppm Mn, respectively). The high-Mn diet was based on
a previous study that found no toxic symptoms when mice were
fed diets containing up to 2,400 ppm Mn (48). Over the
30-d feeding period, body weights did not differ among WT mice
fed the different diets (Fig. 54). The Slc39a14~'~ animals fed the
0- and 10-ppm diets tended to weigh less than the WT mice
throughout the study, but growth rates were similar to those of
WT mice. Slc39a14~"~ animals fed the 2,400-ppm diet, however,
rapidly lost weight and had to be killed on day 7 of the feeding
study. In Slc39a14~'~ mice fed the low-Mn diet for 30 d, brain
Mn concentrations did not differ (P = 0.079) from those of WT
mice fed a low-Mn diet (Fig. 5B), indicating that a low-Mn diet is
able to reverse brain Mn accumulation in Slc39a14~'~ mice. The
high-Mn diet, when fed for only 7 d to Slc39a14~'~ mice, resulted
in an accumulation of brain Mn to levels over 50-fold normal.
Bone Mn concentrations were also elevated in these animals
(nearly 1,200-fold normal). Interestingly, a low-Mn diet was

Spleen Carcass
2.0 0
15 40
30
104
20
05 10 Fig. 3. Loss of SLC39A14 impairs Mn excretion.
00 0 (A) WT and S/c39a14~'~ mice at 20-32 wk of age

& \&\' & \&\' were injected via tail vein with 2 uCi [**Mn]MnCl,
and housed individually in metabolic cages. Six
hours later, mice were killed and whole-body,
tissue, gut luminal contents, and fecal counts per
minute (cpm) were determined by y-counting [WT:
n=3,n=1male (M), n=2female (F); S/Ic39a14~"":
n=3n=1M, n=2F]. (B) WT and SIc39a14~/~
mice at 8-12 wk of age were injected via tail vein
with 2 pCi [**Mn]MnCl; and housed individually in
metabolic cages. Feces and urine were collected at
24 and 48 h, and cpm was determined by y-counting
(WT: n =5 M; SIc39a147'~: n = 3 M). Data represent
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Regional distribution and accumulation of Mn in S/c39a14~"~ mouse
brain. LA-ICP-MS images of S/c39a74~"~ mouse brain [n = 3, n = 1 male (M),
n = 2 female (F)] shown at three different maximum thresholds: 10, 7, and
5 pa/g (A, C, and E) compared with WT mouse brain (n=3,n=1M,n=2F)
shown at lower thresholds: 1, 0.7, and 0.5 pg/g (B, D, and F). CB, cerebellum;
DR, dorsal nucleus raphe; GP, globus pallidus; NLL, nucleus of the lateral
lemniscus; P, pons; VN, vestibular nucleus; ZI, zona incerta.

not able to efficiently reverse Mn accumulation in the bone of
Slc39a14~'~ mice. In' WT mice fed the high-Mn diet for 30 d, the
liver accumulated the highest concentration of Mn, followed by
the bone and then the brain (Fig. 5B). The higher liver Mn
concentrations in WT animals fed the high-Mn diet for only 7 d
compared with 30 d may relate to age differences, as younger
animals have been shown to absorb and retain more Mn than
older animals (49). After only 7 d of feeding the high-Mn diet,
Slc39a14~'~ mice accumulated 64% less Mn in the liver than did
WT mice. When hemizygous (Slc39a14~) mice were fed the
high-Mn diet for only 7 d, they accumulated twice as much Mn in
the brain and eightfold as much Mn in the bone as did WT mice.
Concentrations of iron, zinc, and copper in the brain, bone, and
liver of WT, Slc39a14~'~, and Slc39a14*'~ mice from this feeding
study are shown in Fig. S7.

Slc39a14~'~ Mice Display Motor Impairments That Are Not Corrected
by a Low-Mn Diet. In initial studies of motor function, we com-
pared WT and Slc39a147'~ mice (n = 2-3 per sex per genotype)
on the B6;129 background at 12 and 52 wk of age and on the
129S6 background at 52 wk of age (Fig. S8). We also compared
WT and hemizygous Slc39a14~ mice (n = 2-4 per sex per ge-
notype) on the B6;129 background at 12 and 52 wk of age (Fig.
S9). Behavioral analyses utilizing the pole test, beam-crossing
test, and rotarod test suggested motor deficits in Slc39al4~/~
mice (Fig. S8), but not in Slc39a14*~ animals (Fig. S9). On these
genetic backgrounds, Slc39a147'~ mice generally weighed less
than WT mice, whereas Slc39al4~ mice did not (Fig. S10).

Jenkitkasemwong et al.

Given that sex-specific differences have been reported in mouse
behavioral tests, including the rotarod test (50, 51), we repeated
the behavioral tests using larger sample sizes of both male and
female mice (n = 8-9 per sex per genotype). Moreover, to de-
termine whether reversal of brain Mn accumulation could rescue
the motor deficits in Slc39a14~'~ mice, we evaluated in parallel
similar numbers of male and female mice that were fed a purified
low-Mn diet (0.5 ppm Mn) from weaning to ~15 wk of age. In
this feeding study, the control purified diet was formulated to
contain 100 ppm Mn to approximate the level of Mn in standard
chow used in the initial behavioral tests. For consistency between
low-Mn diet feeding studies, mice in the second feeding study
were on the same background as those used in the first study
(i.e., 129 + Ter/Svlcl x C57BL/6 x Balb/cJ). Mice were weighed
at 10.7 wk of age (before the first test) using the SHIRPA
(SmithKline Beecham Pharmaceuticals; Harwell, Medical Re-
search Council Mouse Genome Centre and Mammalian Ge-
netics Unit; Imperial College School of Medicine at St Mary’s;
Royal London Hospital, St. Bartholomew’s and the Royal London
School of Medicine Phenotype Assessment) screen and at
14.6 wk of age [before the last test (rotarod test)]. All mice
increased their weight during that period [F(1,56) = 155.8,
P < 0.001], with no significant differences between genotype
and treatment. Body weights at 14.6 wk of age are shown in
Fig. 6A4. Females were significantly lighter than males [21.3 +
0.4 g and 26.2 + 0.4 g for females and males, respectively;
F(1,56) = 84.7, P < 0.001]. Females also gained less weight
than did males [F(1,56) = 7.7, P < 0.01, age by sex interaction
effect]. None of the other interactions were significant at
a = 0.05.

Physical condition and reflexes. Most of the Slc39al4~'~ mice de-
veloped torticollis, which occurred independent of the experi-
mental diet (16 of 17 mice maintained on the control diet and
12 of 17 Slc39al4”~ mice maintained on the low-Mn diet
showed visible torticollis; Z = —1.8, P = 0.08, Mann—Whitney U
test). The Slc39a147'~ mice did not differ from their control WT
littermates in respiration and tremor levels, transfer arousal,
palpebral closure, piloerection, pinna reflex, limb grasping, wire
maneuver, or negative geotaxis (SHIRPA screen) irrespective of
their genotype and dietary treatment. However, the qualitative
observations revealed that the Slc39a147'~ mice were less active
in a new large cage, and they had difficulties in rearing, often
falling back while attempting to rear. The most striking differ-
ence was in the righting reflex. Whereas all WT mice showed a
righting reflex, Slc39a14~'~ mice mostly failed in this task. The
inability to right themselves was observed in 15 of 17 Slc39al4~"~
mice in each diet treatment group.

Motor behavior: Pole-descent test. The Slc39a14~/~ mice showed
longer latencies of descending the pole than did the WT mice
[F(1,56) = 10.4, P < 0.01; Fig. 6B]. Also, males showed longer
descent times than females [F(1,56) = 6.2, P < 0.05; Fig. 6B]. The
treatment (diet group) and the interactions between the factors
were not significant at a = 0.05. The times it took the mice to
orient themselves head-down were not significant between the
experimental factors.

Beam-traversing test. The time to traverse either the wide or nar-
row beam (Fig. 6 C and D, respectively) was similar between the
Slc39al4~~ mice and their WT counterparts. Overall, females
traversed the beams faster than males [26.2 + 5.5 and 47.4 £5.5s
for females and males, respectively; F(1,56) = 7.5, P < 0.01].
Also, the mice took longer to traverse the wide beam than the
narrow beam [F(1,56) = 14.4, P < 0.001]. Although counterin-
tuitive, the mice were likely still learning the task at that stage,
despite the fact that they were habituated to the test 1 d before
the test. None of the other factors and interactions were signif-
icant. There were no differences in the number of pauses, slips,
and falls off the beam between the two diets. Slc39al47'~ mice,
however, slipped more often on the wide and narrow beams than
did the WT controls (Z = —4.5, P < 0.001 and Z = —6.4, P <
0.001 for wide beam and narrow beam, respectively, Wilcoxon
two-tail test). Also, the Slc39al4~'~ mice fell more often from

PNAS | Published online February 7, 2018 | E1773

wv
=2
=
a
w
<
=
o

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental

L T

/

D\

~e~ WT; Low-Mn Diet (n=10)

WT; Normal-Mn Diet (7=10)

WT; High-Mn Diet (n=10)
Slc39a14”; Low-Mn Diet (n=7)
Slc39a14”; Normal-Mn Diet (n=7)
Slc39a14”; High-Mn Diet (7=6-9)

IEERR

Body weight (g)

0~ T T T U v U
0 5 10 15 20 25 30
Days of feeding

Fig. 5. Effect of dietary Mn concentration on
growth and tissue Mn concentrations in S/c39a14~/~
mice. (A) Growth curves of weanling mice fed a low-
Mn diet [WT: n =10, n =5 male (M), n =5 female (F);
SIc39a14":n =7, n =3 M, n = 4 F], normal-Mn diet
(WT:n=10,n=5M,n=5F; SIc39a14”:n=7,n=
2 M, n=5F), or high-Mn diet (WT: n=10,n=5M,
n=5F)for30d (oronly 7 d for SIc39a14~"~ mice fed
the high-Mn diet; n =6-9, n =4-6 M, n = 2-3 F). Data
represent mean + SD. ***P < 0.001. (B) Mn concen-
trations in the brain, femur, and liver of mice fed the
low-Mn diet (WT:n=5-6,n=3,n=2-3F, SIc39a147'"":
n=6,n=3M,n=3F), normal-Mn diet( WT:n=6,n=
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the beams (three mice from the wide beam and 10 mice from the
narrow beam) than did the WT mice (Z = -3.0, P < 0.001),
which did not fall at all during the test. The mice of both gen-
otypes showed similar numbers of pauses on both beams, which
likely contributed to comparable traversing times of each beam
(Fig. 6 C and D).

Rotarod test. When challenged in the rotarod test, the Slc39a14~/~
mice stayed on the rotating rod for significantly shorter times
than did their WT littermates, after controlling for the body
weight of mice [F(1,56) = 55.2, P < 0.001; Fig. 6 E and F]. Al-
though performance in the test was similar between sexes, the
WT females stayed longer on the rod, whereas the Slc39al4~'~
females stayed shorter on the rod than their respective male
counterparts [F(1,55) = 5.3, P < 0.05, genotype by sex interaction
effect]. The WT mice showed improvement and stayed longer on
the accelerated rod as training progressed (sessions 2 and 3),
irrespective of the type of diet, in contrast to Slc39al4~'~ mice,
which performed comparably across sessions [F(2,110) = 3.24,
P < 0.05, genotype by session by treatment (diet) interaction
effect]. None of the other main factors, including treatment; sex;
session; and other second-, third-, and fourth-order interactions,
were significant at o = 0.05. The speed of the rotating rod
(revolutions per minute) was highly correlated with the latencies
to fall (0.98 < P < 1.0 in all tests), and is therefore not reported.
Mice were killed 2 d after the last behavioral test (at ~15 wk of
age), and tissues were harvested. Randomly selected brain
samples (three males and three females from each treatment
group, n = 24 total) were analyzed by ICP-MS for determination
of metal concentrations. Brain Mn concentrations in Slc39a14~/~
mice fed the control diet were ~15-fold higher than those of WT
controls (Fig. 6G). In Slc39al4~~ mice fed the low-Mn diet,
brain Mn concentrations were almost normal (i.e., only onefold
higher than WT controls), whereas concentrations of iron, zinc,
and copper were normal (Fig. S11).

Discussion

A main finding from the present study is that Mn concentrations
are markedly altered in nearly all tissues of Slc39a14~'~ mice,
and the alterations are independent of age, sex, and genetic
background. We therefore conclude that SLC39A14 is essential
for Mn homeostasis. Given that SLC39A14 was first identified as
a zinc transporter (33), and shortly thereafter as an iron trans-
porter (34), the early studies of Slc39al4~~ mice focused on
characterizing the zinc and iron status of these animals. In the
original characterization of the mice, Hojyo et al. (52) reported
that hepatic zinc concentrations were ~30% lower in Slc39a147/~
mice compared with controls. Other studies, however, reported
no alterations in hepatic zinc levels in Slc39a14~'~ mice under
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were also analyzed after only 7 d of feeding. Data
represent mean + SEM. *P < 0.05; **P < 0.01; ***P <
0.001. NS, nonsignificant.

normal conditions (53-55). Here, we find that hepatic zinc
concentrations are 11-15% lower in Slc39a14~'~ mice at 4-16 wk
of age, but were not significantly different from controls at 52 wk
of age [95.1 + 2.2 pg/g (WT) vs. 92.2 pg/g (Slc39al4™7), n = 4-
5 per group]. With respect to iron status, we find that hepatic
iron concentrations in Slc39a14~'~ mice are ~35% lower at 4 wk
of age, but not at older ages, similar to our previous study (37).
By contrast, other studies have reported no decreases in hepatic
iron concentrations in Slc39a147"~ mice (52, 54). Apparent in-
consistencies among these studies likely relate to differences in
mouse age, sex, genetic background, and perhaps diet. In the
present study, expansion of the analysis of zinc and iron to six
other tissues (bone, brain, kidney, pancreas, heart, and spleen)
revealed that loss of Slc39al4 does not affect zinc and iron
concentrations in the brain, kidney, pancreas, and heart, but is
associated with modest changes in bone zinc concentrations and
splenic iron concentrations (but only at 16 wk of age). Overall,
the relatively minor perturbations in the homeostasis of zinc or
iron contrast markedly to the major alterations in Mn homeo-
stasis in Slc39a147'~ mice, suggesting that Mn is a main physio-
logical substrate of SLC39A14. Indeed, while our manuscript was
under revision, three groups independently reported the prom-
inent alterations in Mn metabolism in Sic39al4~"~ mice (i.e.,
elevated Mn concentrations in blood and the brain, but not in
the liver) (25, 56, 57), thus reaffirming that SLC39A14 is re-
quired for normal Mn homeostasis.

Dietary Mn, likely as Mn?*, is absorbed by the intestine and
enters portal blood, where it may remain free or become bound
to a-2 macroglobulin or albumin (4, 58). Regardless of the form,
Mn in portal blood is rapidly taken up by the liver via first-pass
extraction (4, 58). Data from the present study suggest that
hepatic first-pass clearance of Mn is mediated primarily by
SLC39A14, as livers from Slc39al4~'~ mice accumulated mark-
edly less >*Mn than did livers of WT controls after orogastric
gavage of >*MnCl,. The diminished hepatic >*Mn accumulation
in Slc39al4~~ mice does not likely result from impaired in-
testinal absorption because the mice absorbed and retained
sevenfold more **Mn than did control mice. Indeed, the relative
accumulation of orally administered *Mn among tissues in
Slc39a14~~ mice was similar to the alterations in tissue Mn
concentrations in these animals (i.e., reduced Mn levels in the
liver, notably elevated Mn levels in other tissues except for the
pancreas). Our experiments with i.v.-administered 5*Mn further
suggest that SLC39A14 is essential for hepatic (and pancreatic)
clearance of Mn in the systemic circulation. With i.v. adminis-
tration, however, all tissues are similarly exposed to 5*Mn, as
opposed to oral administration and intestinal absorption, which
expose the liver first to the metal. Such a difference in Mn

Jenkitkasemwong et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720739115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1720739115

L T

/

D\

A Male Female B Male
40 40 20
. @ 2
=) %o . LA
230 + o 230 215 ° -
Sl PO U S I
2 20 g 20 R T e 810] e . 8
z z ° ~ ;E K]
| 10 @ 10 g 5. & g
= ° ° IS

Female
20
15
* .,
10 Y . F
S
OE

=)

WT Sic39a14” WT Slc39a14™ WT Slc39a14” WT Slc39a14™ WT Slc39a14” WT Slc39a14™

WT Sic39a14’ WT Slc39a14”

Control Mn diet  Low Mn diet Control Mn diet  Low Mn diet Control Mn diet  Low Mn diet

Control Mn diet  Low Mn diet

150 Male 150 Female 150 Male 150 Female

o 0 e o w @ . o) ° . . O
Py D @ Py @

é 100 N 5 100 : g 100 g 100 .

S

2 i@ + - ° 2 T o
o e Q [}

T DR L E I S -
= o ° = =

R T 2 -

0 o 50 ) ol—o @ (A R cofe  ©

o

WT Slc39a14” WT Slc39a14” WT Slc39a14” WT Slc39a14™ WT Sic39a14’ WT Slc39a14”

WT Slc39a14” WT Slc39a14™

Control Mn diet  Low Mn diet Control Mn diet  Low Mn diet Control Mn diet  Low Mn diet

Control Mn diet  Low Mn diet

Female
175
- 150 - .
=125 e L] Fig. 6. SIc39a14~'~ mice display motor impairments
3;100 F ! that are not corrected by a low-Mn diet. WT and
5 ;g % { $Ic39a147'~ mice were maintained on a control-Mn
3 25 ?// diet (n = 8-9 per genotype per sex) or a low-Mn diet

o (n = 7-9 per genotype per sex) from weaning.

Male Male Female
17570 wr 17510 wt 175 e e
- 150 ® Sic39a14” . 150 ® Sic30at4” - 150
g 1254 ol 5 125 % 1254 4
2 100 g0 ;L 7% 5 100
g 75 g 75 ¥ 3 75
5 8o bt —t &
£ 0 2 50 € 50 §_+/}
3 3 3
25 25 25
o T v v 0 T T T 0 T T v
D1 D2 D3 D1 D2 D3 D1 D2 D3
Control Mn diet Low Mn diet Control Mn diet
C::‘ Male = Female - Both sexes
.5) 40 ) 40 @ 40 d
H e B e H LY
> 30 30 . >30 .
© ° ©
2 2 2
220 220 220
= 'E? =
é 10 =10 é 10 c
5 |- - § - § b a e
I =95 a 0 = @ =5

WT Slc39a14” WT Slc39a14”
Control Mn diet  Low Mn diet

WT Slc39a14” WT Slc39a14”
Control Mn diet  Low Mn diet

WT Sic39a14” WT Slc39a14”
Control Mn diet  Low Mn diet

exposure may explain why pancreatic accumulation of **Mn
was diminished in Slc39al47"~ mice after iv. >*Mn but not after
orally administered >*Mn. Our studies additionally demonstrate that
the bone, brain, kidney, heart, and spleen have SLC39A14-
independent Mn uptake mechanisms.

The liver plays an important role in Mn homeostasis by se-
creting excess Mn into the bile for elimination in feces (15).
Accordingly, an impairment in Mn uptake by the liver would be
expected to decrease gastrointestinal excretion of the metal,
which is what we observed in Slc39a14~'~ mice. Experiments in
rats have shown that bile-duct ligation diminishes, but does not
abolish, Mn excretion, thus indicating the existence of alternative
routes of Mn excretion (59). Indeed, hepatocyte-specific in-
activation of Slc39a14 in mice does not result in Mn loading in
extrahepatic tissues under normal conditions (57). In response to
a high-Mn diet, however, hepatocyte-specific Slc39al4-null mice
do load Mn not only in the brain but also in the pancreas and
intestine, consistent with data suggesting that Mn can be ex-
creted via the pancreas and/or intestine when the hepatobiliary
route is blocked (59, 60). Our i.v. injection experiments indicate
diminished accumulation of **Mn in the pancreas of Slc39a147/~
mice, suggesting that impaired uptake and secretion of **Mn by
the pancreas may contribute to their decreased gastrointestinal
excretion of Mn. Whatever the routes of Mn excretion in
Slc39a14~'~ mice, they are insufficient and unable to prevent Mn
accumulation in the body. The inability to efficiently excrete
excess Mn was clearly evident when the Slc39a14~'~ mice were
fed a high-Mn diet: Brain and femur Mn concentrations in-
creased ~50- and 1,000-fold normal, respectively.

The elevated blood and brain Mn levels in Slc39a14~'~ mice
are similar to what has been reported for humans with loss-of-
function mutations in SLC39414 (36). In the human study (36),
MRI analysis was performed on one patient’s liver, leading the
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(A) Mouse body weights at 14.6 wk of age. Mice
were tested in a battery of locomotor tests, including
the pole test (B), wide (2.5-cm) beam-crossing test (C),
narrow (1.7-cm) beam-crossing test (D), and rotarod
test (E and F). (G) Mn concentrations in randomly se-
lected brains from each group (n =6, n =3 male, n =
3 female) at ~15 wk of age. D1, D2, and D3 denote day
1, day 2, and day 3, respectively. Data represent
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. In G,
means without a common superscript letter differ
significantly (P < 0.05).

authors of that study to conclude that Mn does not accumulate in
the liver in affected individuals. Our results suggest that studies
of human patients should include, whenever possible, quantita-
tive measurements of Mn in the liver, bone, and other tissues.
MRI analyses of brains of patients with SLC39414 mutations
(3 and 17 y of age) indicated the most prominent Mn accumu-
lation in the globus pallidus, striatum, pituitary, dorsal pons, and
cerebellum (36). Our LA-ICP-MS analysis of brain sections from
Slc39a14~'~ mice also indicated notable Mn accumulation in the
globus pallidus, pons, and cerebellum, with the highest Mn
concentrations detected in parts of the cerebellum and in the
nucleus of the lateral lemniscus. Differences in brain Mn accu-
mulation between humans and rodents have been noted by
others (61, 62). Importantly, the regions accumulating the most
Mn in the brain of Slc39a147~ mice were the same regions with
the highest normal physiological Mn concentrations in the brains
of WT mice, suggesting that loss of SLC39A14 does not alter the
regional distribution of Mn within the brain. Studies at the cel-
lular level will be needed to define the contribution of SLC39A14
to Mn uptake by different neural cell types.

Environmental exposure to increased levels of Mn, and its
resultant deposition in the brain, leads to manganism in humans,
which manifests behaviorally as motor dysfunction (63). More-
over, children who carry homozygous loss-of-function mutations
in SLC39A414 showed elevated levels of brain Mn coinciding with
progressive dystonia and parkinsonism (36). Consequently, we
focused our primary phenotypic evaluation of the Slc39al4~'~
mouse model on locomotor behavior to establish its external
validity to human disease. Two of the recently published papers
on Slc39a14~~ mice reported motor deficits in these animals, but
these studies grouped both male and female mice in the be-
havioral tests, and some tests had insufficient sample sizes (e.g.,
n = 3-4) (56, 57). Here, by assessing eight to nine mice of each
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sex and genotype, we found significant differences in the per-
formance of male and female mice in the pole test, beam-
crossing test, and rotarod test, thus highlighting the importance
of sex as a factor in behavioral studies of these mice. The choice
of tests and the order of administration followed increasing
difficulty of motor tasks, with the pole and beam tests focusing
mainly on spontaneous motor behavior (descending a vertical
pole and traversing a horizontal beam, respectively). Both tasks
require precise body alignment and coordinated movement of
limbs, and have been used extensively to identify motor impair-
ments with underlying CNS mechanisms (64-66). Although
Slc39a14~'~ mice had longer descent times than WT mice in the
pole test, they did not exhibit longer beam-crossing times. In
the beam-crossing tests, however, Slc39a14~"~ mice frequently
slipped on/fell from the beams, indicating deficits in balance
and coordination. The rotarod test, which addresses motor balance
and coordination in a more rigorous manner (67-69), revealed the
most pronounced genotype differences, with Slkc39a147~ mice
significantly and consistently showing shorter latencies to fall
compared with their WT littermates. Although these tests are
typically used to evaluate impairments with underlying nervous
system mechanisms (70), we cannot exclude the confounding con-
tribution of the peripheral effects of Mn accumulation on the motor
impairment observed in Slc39214~'~ mice. This issue is particularly
important because of the observed high accumulation of Mn in
bones in this model. Another potential confounder is torticollis,
which was visible in 82% (28 of 34) of the Slc39a14~'~ mice used in
the sex-segregated behavioral testing experiment. Unfortunately,
the effect of torticollis on motor function cannot be reliably de-
termined from this experiment because only six of 34 Sic39al4™/~
mice did not have torticollis. Nonetheless, inspection of their indi-
vidual behavioral data revealed that mice without torticollis did not
generally perform better on any of the tests than did those with
torticollis.

In the study of patients with loss-of-function mutations in
SLC39A14, heterozygous parents were reported to have normal
Mn levels (36). Similarly, we found that hemizygous Slc39al4+/~
mice had normal levels of Mn in various tissues (i.e., liver, brain,
bone) and locomotor function similar to their WT littermates.
However, when Slc39a14*~ mice were fed a high-Mn diet, they
accumulated more Mn in the brain and bone than did WT lit-
termate controls. We therefore speculate that asymptomatic
heterozygous carriers for disruptive mutations in SLC39A414
might be more susceptible to Mn toxicity when exposed to high
levels of Mn, and this may help to explain why certain individuals
rapidly develop symptoms of Mn toxicity, whereas others ex-
posed to the same conditions do not (71).

Treatment of Mn-exposed humans involves cessation of ex-
posure, and in some cases, treatment with i.v. Na,CaEDTA,
which chelates Mn in the blood and increases its urinary excre-
tion (72). Tuschl et al. (36) treated two patients with SLC39414
mutations with Na,CaEDTA, one starting treatment at 5 y of age
and the other at 17 y of age. The younger patient showed dra-
matic clinical improvement by regaining the ability to walk in-
dependently, whereas the older patient continued to deteriorate
despite mobilization of Mn stores. Xin et al. (57) reported that
5-mo-old Slc39a147'~ mice treated with Na,CaEDTA for 4 wk
performed better on the rotarod than did saline-treated Sic39a14~~
controls. The Sle39a14~~ mice treated with Na,CaEDTA also had
serum Mn concentrations that were 50% lower than those in saline-
treated Slc39a147~ controls, but the levels were still 10-fold normal
and brain Mn concentrations are not reported. Here, we found that
feeding a low-Mn diet to Slc39a147'~ mice from weaning to 12 wk of
age lowered brain Mn concentrations about 10-fold to nearly nor-
mal levels but did not improve performance in the rotarod test or
any other behavioral test. This finding suggests that the motor
deficits represent lasting effects of early-life Mn exposure, as brain
Mn concentrations are markedly elevated in Slc39a147~ mice as
early as 3 wk of age (Fig. S6). Studies in rats have shown that male
rat pups exposed to high-dose i.p. Mn during postnatal days 8-
12 performed poorly on the rotarod test as adults on postnatal day
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65 when brain Mn concentrations had returned to normal (73).
Further investigation is required to determine whether prevention/
mitigation of Mn exposure to Slc39al4~~ mice in utero and before
weaning will correct their motor deficits.

An interesting observation from the present study is that Mn
accumulated to the greatest extent in the bone of Slc39al4~/~
mice, suggesting that the skeleton is the main extrahepatic res-
ervoir for excess Mn. Mn accumulation in bone of Slc39al4~/~
mice most likely results from increased deposition rather than
decreased release, because the biological half-life of Mn in bone
is relatively long [i.e., 77 d in the rat (3)]. Future studies will need
to determine where the Mn deposits in bone (e.g., trabecular,
cortical, marrow) and whether it adversely affects bone structure
or function. After the bone, the second highest tissue Mn con-
centrations in Slc39a14~'~ mice were found in the brain, which
also has a relatively long half-life for Mn [i.e., 52-74 d in the rat
(74)]. However, unlike bone Mn concentrations, which increased
over time in Slc39al4~'~ mice, brain Mn concentrations de-
creased as the animals aged, suggestive of possible compensatory
changes in brain Mn uptake/efflux. Indeed, our data showing
that brain Mn accumulation in Slc39214~'~ mice was reversed by
feeding a low-Mn diet indicate that Mn can be transported out of
the brain in these animals.

In conclusion, our data reveal that SLC39A14 plays an es-
sential role in Mn uptake by the liver and pancreas. Loss of
hepatic SLC39A14 dramatically impairs hepatic first-pass ex-
traction of Mn from portal blood and decreases the clearance of
the metal from systemic circulation, thus resulting in diminished
hepatic Mn concentrations. Impaired Mn uptake by the liver and
pancreas in Slc39a14~'~ mice results in reduced gastrointestinal
excretion of the metal and subsequent Mn accumulation in pe-
ripheral tissues, most notably the bone and brain. Our study
further reveals that one copy of SLC39414 may not be sufficient
under conditions of Mn excess. We additionally conclude that
Slc39a147'"~ mice, similar to patients with loss-of-function mu-
tations in SLC39A414, display motor deficits, but Mn depletion
via feeding a low-Mn diet was unable to correct their motor
impairments, suggesting that the deficits represent lasting effects
of early-life Mn exposure. It is alternatively possible that some of
the motor deficits associated with SLC39A14 deficiency are in-
dependent of brain Mn accumulation.

Methods

Animals and Diets. S/c39a14*/~ mice were originally on a mixed 129 + Ter/
Svicl C57BL/6 background (52). In some studies, SIc39a14"'~ mice were
backcrossed for six to nine generations onto the 12956 strain. S/c39a14™/~
mice and control littermates were generated by hemizygous breeding. In
our large behavioral study cohort, S/c39a14~'~ mice were generated either
by hemizygous breeding or by crossing hemizygous females with homozy-
gous males. Mice were weaned at 3 wk of age, maintained on a standard
chow diet (Teklad 7912; Harlan Laboratories) containing 93 ppm Mn, and
housed in a 12-h light/dark cycle. In the feeding studies, mice were on a
mixed background (129 + Ter/Svicl x C57BL/6 x Balb/c)) as used previously
(37). Weanling mice were fed modified AIN-93G rodent diet formulated to
contain low, normal, and high concentrations of Mn (0, 10, and 2,400 ppm
Mn, respectively; Harlan Laboratories). Mn concentrations of the diets, as
determined by ICP-MS, were 0.5 ppm Mn (low), 10.5 ppm Mn (normal), and
2,324 ppm Mn (high). In the large behavioral cohort, mice from the control
group were fed modified AIN-93G rodent diet formulated to contain
100 ppm Mn (ResearchDiets), similar to standard chow diet (and contained
129 ppm Mn as fed). Mice in all studies were of mixed sex unless otherwise
noted. Animal protocols were approved by the Institutional Animal Care and
Use Committee at the University of Florida.

Measurement of Tissue Minerals. Tissue mineral concentrations were de-
termined by using ICP-MS at the Veterinary Diagnostic Laboratory at Mich-
igan State University.

Measurement of Tissue Mn Accumulation in Vivo. The accumulation of Mn by
various tissues in vivo was measured after tail vein injection or orogastric
gavage with 2 pCi [**Mn]MnCl, (PerkinElmer) in sterile PBS. At the times
indicated, mice were killed and whole-body and tissue **Mn-associated
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radioactivity (counts per minute) were determined by using a WIZARD2
y-counter (PerkinElmer). Tissue >*Mn accumulation was calculated as a
percentage of whole-body counts per minute (**Mn absorbed and
retained) or per gram of wet tissue. The percentage of **Mn absorbed
and retained was calculated as follows: [(counts per minute in all ana-
lyzed organs — counts per minute of gastrointestinal tract) x 100/total
counts per minute administered via gavage].

Measurement of Mn Excretion. Mice were administered 2 pCi [**Mn]MnCl, via
tail vein injection and housed individually in metabolic cages for the col-
lection of feces/urine at the times indicated. At euthanasia, whole-body and
tissue >*Mn-associated counts per minute were determined as described
above. Gallbladder and intestine were collected to assess gastrointestinal
secretion/excretion of Mn. Radioactivity was determined for the whole in-
testine, the whole intestine after flushing completely with PBS, and PBS
washes containing gut luminal contents.

Determination of Regional Distribution of Mn and Other Metals in Mouse Brain.
Cryosections of the brain from WT and S/c39a714~"~ mice at 3 wk of age were
subjected to LA-ICP-MS for the determination of Mn, iron, zinc, and copper
as described elsewhere (47).

Assessment of Motor Phenotype. Mice maintained on a mixed background
(129 + Ter/Svicl x C57BL/6 x Balb/cJ) were used in the main behavioral tests.
The mice were bred in-house in the Animal Care facility at the University of
Florida, Gainesville, and the offspring were identified by ear notching. Mice
were housed in same-sex groups of two to four under standard laboratory
conditions (12-h light/dark cycle, lights on at 0600 hours) with a room
temperature of 22 °C and with water and food available ad libitum. All tests
were performed during the light phase between 0900 and 1400 hours in
accordance with the American Association for the Accreditation of Labora-
tory Animal Care and institutional guidelines. The Institutional Animal Care
and Use Committee of the University of Florida approved the husbandry
conditions of mice and all experimental protocols used in the study.
Experimental design. The mice were transferred to the behavioral laboratory at
the age of ~6 wk. Their body weight was recorded at ~10 and ~14 wk of
age. During all experimental manipulations, the mice were handled using
the hand-cupping method, since prolonged physical restraint or attempts
associated with picking the mice up and restraining them by their tail in-
creases anxiety responses in mice (75). The behavioral tests were adminis-
tered sequentially when the mice were ~11 wk of age and spanned over
4 wk. The SHIRPA overall screen was performed first, followed by the pole
test, beam-traversing test, and rotarod test.

Primary neurological and sensorimotor examination. The SHIRPA screen (76) in-
volves a series of short tests assessing the physical condition of a mouse,
including the following: (/) body position in a cage, respiration, tremor,
transfer arousal, palpebral closure, piloerection, gait, and tail elevation and
(ii) reflexes, including pinna reflex, trunk curl, limb grasping, visual placing,
negative geotaxis, and righting reflex.

Pole test. The pole test assesses motor coordination of mice descending a
vertical pole (66, 77). A mouse was placed in the head-up position near the
top of a vertical wooden pole (50 cm long, 1 cm in diameter, wrapped by
firmly glued plastic mesh to facilitate grip and preventing sliding). The times
to turn head down and descend the pole were measured by a stopwatch.
The cutoff time of the test was 120 s. The average durations to turn to the
head-down position and the time to descend the pole are reported.

Grip strength test. The grip strength test is widely used as a noninvasive
method to evaluate mouse limb strength. It is based on the natural tendency
of a mouse to grasp a bar or a grid when briefly suspended by its tail. The
maximum pull-force at the time an animal released its grip was recorded on a
horizontally mounted scale (Pesola Spring Scale model 40300), equipped with
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a drag pointer. The averaged maximum score across the two tests was used
for the analysis.

Beam-traversing test. The beam-traversing test assesses a mouse’s ability to
maintain balance while traversing a narrow beam to reach the safety of a
goal cage (64). Two types of square aluminum beams (2.5 and 1.7 cm wide,
respectively; both 110 cm long) were used in the test. Both beams were
fitted with 0.6-cm? square obstacles that were perpendicular to the width of
a beam and spaced at 10-cm intervals. The beam was elevated 50 cm above
the surface of a testing bench. The start end was lit by a 40-W lamp fixed
~25 c¢cm above the beam, while the opposite goal end was aligned with a
4.5-cm circular opening in the goal cage. Following habituation, the mice
were tested during four consecutive days, traversing the wider beam during
the first 2 d, followed by 2 d of traversing the narrower beam. Each day of
testing comprised two trials. A fall from the beam terminated the test. The
cutoff time was set to 120 s.

Rotarod test. The rotarod test evaluates neurological deficits in motor co-
ordination in rodents (78). In this test, animals are placed on a horizontal rod
that rotates along its long axis, forcing animals to walk forward to remain
upright and not to fall off. The mice were trained in squads of four animals
in a Rotamex-5 apparatus (Columbus Instruments). The apparatus was fitted
with a mouse rod (spindle) 3 cm in diameter and was mounted 44 cm above
the surface to prevent the mice from jumping off. Following habituation,
mice were tested over three consecutive days, with three 5-min trials (in-
tertrial interval of 40-50 min) and gradual acceleration of the rod from 4 to
40 rpm within 5-min trial. The time to stay on the rod was recorded by the
infrared sensors. The averaged rotation speed at the fall and the time to the
fall for the three trials of each session (day of testing) are reported.

Statistical Analysis. Data are shown as mean + SEM unless indicated other-
wise. Means were compared by using, where appropriate, a Student’s un-
paired t test or one-way ANOVA with Tukey’s post hoc test. P < 0.05 was
considered statistically significant. Datasets with unequal variances were
log-transformed before statistical analysis. Analyses were performed by us-
ing GraphPad PRISM 5 software. For behavioral studies, departures from
normal distribution were checked using the Kolmogorov-Smirnov goodness-
of-fit test. A general linear model of factorial ANOVA (Statistical Package for
Social Sciences, version 23; SPSS, Inc.) was used to analyze the data, with
genotype as a between-subject factor and test sessions as a within-subject
factor. When necessary, degrees of freedom were adjusted by Greenhouse—
Geisser epsilon correction for the heterogeneity of variance. Comparisons
between two independent groups were done by using Student’s t test.
Comparisons of scores obtained on an ordinal scale of measurement (SHIRPA
screen) were performed using a nonparametric Mann-Whitney U test for
two independent samples. The critical « level was set to 0.05. Due to space
limitations, only significant results pertaining to the main experimental
factors and interactions are reported. Also, due to smaller sample sizes in
some groups and the unbalanced representation of sexes, we did not in-
clude sex as a factor in our analyses.

Detailed descriptions of siRNA experimentation and Mn uptake mea-
surement in HepG2 cells, Western blot analyses, and the initial assessment of
motor phenotype in mice are provided in Supporting Information.
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