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neurotransmission under physiological conditions
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Abstract

Loss-of-function mutations in SLC30A10 induce hereditary manganese (Mn)-induced neuromotor disease in humans. We previously
identified SLC30A10 to be a critical Mn efflux transporter that controls physiological brain Mn levels by mediating hepatic and intesti-
nal Mn excretion in adolescence/adulthood. Our studies also revealed that in adulthood, SLC30A10 in the brain regulates brain Mn
levels when Mn excretion capacity is overwhelmed (e.g. after Mn exposure). But, the functional role of brain SLC30A10 under physio-
logical conditions is unknown. We hypothesized that, under physiological conditions, brain SLC30A10 may modulate brain Mn levels
and Mn neurotoxicity in early postnatal life because body Mn excretion capacity is reduced in this developmental stage. We discov-
ered that Mn levels of pan-neuronal/glial Slc30a10 knockout mice were elevated in specific brain regions (thalamus) during specific
stages of early postnatal development (postnatal day 21), but not in adulthood. Furthermore, adolescent or adult pan-neuronal/glial
Slc30a10 knockouts exhibited neuromotor deficits. The neuromotor dysfunction of adult pan-neuronal/glial Slc30a10 knockouts was
associated with a profound reduction in evoked striatal dopamine release without dopaminergic neurodegeneration or changes in
striatal tissue dopamine levels. Put together, our results identify a critical physiological function of brain SLC30A10—SLC30A10 in
the brain regulates Mn levels in specific brain regions and periods of early postnatal life, which protects against lasting deficits
in neuromotor function and dopaminergic neurotransmission. These findings further suggest that a deficit in dopamine release may
be a likely cause of early-life Mn-induced motor disease.
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Elucidating the physiological function of SLC30A10 in the brain using mouse models, metal analyses, and neurochemistry.

Introduction has been observed in the context of occupational Mn overexpo-
sure in adults, which produces a parkinsonism-like disorder.'~
Mn-induced parkinsonism is also associated with decreased liver
function (e.g. in individuals with liver disease such as cirrhosis),
even in the absence of elevated Mn exposure, because Mn is
primarily excreted by the liver.® Furthermore, recent epidemiolog-

Manganese (Mn) is an essential metal, but elevated levels of Mn
induce severe neurotoxicity.'™ Excess Mn mainly accumulates in
the basal ganglia, leading to motor deficits as a primary man-
ifestation of Mn neurotoxicity.’* Historically, Mn neurotoxicity
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ical studies have suggested that environmental Mn exposure (e.g.
from sources such as drinking water or air) is an important pub-
lic health problem, especially in the early life periods of infancy,
childhood, and adolescence.’™° In these developmentally sensi-
tive life stages, environmental Mn exposure is associated with
substantial impairments of motor function, such as deficits in mo-
tor coordination, skilled motor function, tremor intensity, postu-
ral stability, among others, and additionally, also induces execu-
tive function deficits./~* Currently there are no treatments for Mn
neurotoxicity, either in adults or early life, and delineating the un-
derlying neuronal mechanisms is essential for the development of
effective interventions.

Understanding of the homeostatic control and detoxification
of Mn has been transformed by the recent discoveries of two
inherited disorders of Mn metabolism due to homozygous loss-
of-function mutations in SLC30A10 or SLC39A14.2:20-23 Over the
last few years, we characterized SLC30A10 as a specific Mn ef-
flux transporter that reduces cellular Mn levels to protect against
Mn toxicity?9-?4-?% Our studies in whole-body and tissue-specific
Slc30a10 knockout mice revealed that, under basal/physiological
conditions (i.e. in the absence of exposure to elevated Mn) in ado-
lescent/adult animals, SLC30A10 regulates brain Mn levels by me-
diating hepatic and intestinal Mn excretion, which prevents accu-
mulation of Mn in the blood, and subsequently, in other organs
including the brain.”>?° The role of SLC30A10 in Mn excretion
was later confirmed by another group.*® Other studies revealed
that a major physiological function of SLC39A14 is to import Mn
from blood into the liver and intestines for subsequent excretion
by SLC30A10.25:20:31 In totality, currently available evidence indi-
cates that the excretory function of SLC30A10 and SLC39A14 in
the liver and intestines plays a fundamental role in controlling
blood and brain Mn levels under physiological conditions in ado-
lescence/adulthood.? 62031

In addition to the liver and intestines, we previously reported
that SLC30A10 is also expressed in the basal ganglia, a primary
brain region affected by Mn overexposure,'* and thalamus, which
receives the basal ganglia output®*:3® and is also targeted by Mn,**
of adult mice?® Furthermore, basal ganglia and thalamus Mn
levels of adult pan-neuronal/glial Slc30a10 knockout mice were
higher than littermate controls under elevated Mn exposure, but
not physiological, conditions.?® These and related other findings
indicated that, in adulthood, function of SLC30A10 in the brain
becomes important in reducing brain Mn levels when Mn excre-
tion capacity is overwhelmed and excess Mn accumulates in the
brain (e.g. after Mn exposure).?’

A fundamental question that has not yet been answered is
whether brain SLC30A10 has a function under physiological con-
ditions. Notably, Mn excretion capacity is reduced in early postna-
tal life 336 In rodents, under physiological conditions, Mn excre-
tion increases at approximately postnatal day (PND) 17-18.6:3:3¢
The increase in Mn excretion coincides with weaning (~PND 21)
and is likely a compensatory mechanism to adapt to the di-
etary change that occurs at weaning because milk has a low Mn
content.”’ The age-dependent change in Mn excretion raises an
important, testable hypothesis—under physiological conditions,
brain SLC30A10 may play a critical role in controlling brain Mn
levels and modulating Mn neurotoxicity in early postnatal life
when the ability to excrete Mn is lower than in later developmen-
tal stages. Here, we test this hypothesis by performing metal mea-
surement, behavioral, imaging, and neurochemical assays in pan-
neuronal/glial Slc30a10 knockout mice and their littermate con-
trols. We report that SLC30A10 in the brain regulates Mn levels in
specific brain regions and specific periods of early postnatal de-

velopment, which protects against lasting deficits in neuromotor
function and dopaminergic neurotransmission. These findings es-
tablish a physiological function for brain SLC30A10, and addition-
ally, provide new insights into the mechanisms of early-life Mn-
induced neuromotor disease, which are not well characterized.

Results

Pan-neuronal/glial Slc30a10 knockout mice
exhibit elevated Mn levels in specific brain
regions in early postnatal life

To determine whether brain SLC30A10 plays an age-dependent
role in regulating brain Mn levels, we performed metal measure-
ment assays in pan-neuronal/glial Slc30a10 knockout mice, which
we have extensively described previously?® and littermate con-
trols in early postnatal life and adulthood. We reconfirmed tis-
sue specificity of the pan-neuronal/glial Slc30a10 knockouts by
demonstrating that SLC30A10 was depleted in the brain, but not
the liver, of the knockouts (Fig. 1A). Additionally, we confirmed
that SLC30A10 was expressed in the brain in early postnatal de-
velopment (PND 8) (Fig. 1B). For our studies, we considered the pre-
weaning period of PND 1-21 as the early postnatal period in mice.
This period is (i) characterized by reduced Mn excretion capac-
ity (as described earlier, Mn excretion in mice increases at ~PND
17-18%:3%) and (ii) corresponds to human infancy and early child-
hood,* 3¢ which have high epidemiological relevance to environ-
mental Mn exposure.”

Metal analyses early in development under physiological
conditions (i.e. in the absence of elevated Mn exposure), at PND
8 or 14, performed using a section of the middle of the brain
containing the developing basal ganglia and thalamus revealed
that brain Mn levels of the pan-neuronal/glial knockouts were
comparable to littermates (Fig. 1C and D). Levels of other metals
were also comparable between genotypes (Fig. 1C and D). We pos-
tulated that the lack of genotype-specific effects on brain Mn in
early development may reflect the milk-based diet of pups, which
has a substantially lower Mn content than rodent chow.?® Notably,
pups start consuming increasing amounts of Mn-enriched rodent
chow in the peri-weaning period as development continues and
they become large enough to access food on the top of the cage.?®
Thus, there was a possibility that genotype differences in brain
Mn levels may become apparent in the third week of life. To test
this, we repeated the metal measurement assay at PND 21 under
physiological conditions. We increased the spatial resolution of
this assay by isolating basal ganglia regions (striatum, globus
pallidus, and substantia nigra) and the thalamus using a brain
punching technique (punching was not feasible in the PND 8 and
14 mice due to the small size of the developing brain). Importantly,
knockouts exhibited a ~40% increase in Mn levels in the thalamus
(Fig. 2A; P < 0.05 for a genotype-specific difference in the tha-
lamus using repeated measures 2-way ANOVA and Sidak’s post
hoc test). Mn levels in other regions were comparable between
genotypes, and there were no genotype differences in levels of
other metals (Fe, Cu, and Zn) in any of the regions (Fig. 2A-D). We
hypothesized that the absence of genotype-specific differences
in Mn levels in the basal ganglia sub-regions was likely because
the increase in brain Mn levels in the pan-neuronal/glial Slc30a10
knockouts under physiological conditions was transient, modest,
and approaching the sensitivity limit of the brain punch analyses
by inductively coupled plasma-mass spectrometry (ICP-MS). This
hypothesis predicted that more profound genotype differences in
brain Mn levels, including in basal ganglia sub-regions, may be
detectable when body/brain Mn levels further increase. We tested
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Fig. 1 SLC30A10 expression and brain metal levels of pan-neuronal/glial Slc30a10 knockouts (Slc30a10™!; Nes-Cre) and littermate controls in early
postnatal life without Mn exposure. (A) RT-PCR from midbrain (containing the basal ganglia and thalamus) and liver tissue of 4-month-old
pan-neuronal/glial Slc30a10 knockouts or littermate controls. (B) RT-PCR from midbrain, liver, and small intestine tissue of a control mouse at PND 8.
(C-D) ICP-MS from midbrain containing basal ganglia and thalamus at PND 8 (C) or PND 14 (D). For C, n = 5 controls (2 males, 3 females) and 5
knockouts (3 males, 2 females). For (D), n = 8 controls (3 males, 5 females) and 5 knockouts (all females). Mean + SE. P > 0.05 by t-test.

this prediction by repeating the Mn measurement assay at PND
21 after exposing mice to a low-dose oral Mn exposure regimen
via water that models environmental Mn exposure in human
children. After Mn treatment, Mn levels in basal ganglia sub-
regions and the thalamus, combined, of the pan-neuronal/glial
knockouts were significantly (~100%) higher than littermates
(Fig. 3A; P < 0.05 for main effect of genotype on mixed-effects
ANOVA). Due to high within-group variation, brain region-specific
genotype differences in Mn levels were not evident on post hoc
analyses (Fig. 3A). The reasons for this variation are unclear, but
possible explanations may relate to the brain punch technique

in which metal levels cannot be normalized to tissue weight
(see the “Methods” section) and animal-specific differences in
Mn excretion capacity and/or chow consumption in the peri-
weaning period leading to PND 21. Importantly, however, levels
of other metals in the Mn-treated mice were essentially com-
parable across genotypes in all of the brain regions (Fig. 3B-D),
implying that the main effect of genotype was specific to Mn
levels (Fig. 3A; a very modest decrease in globus pallidus Zn
levels was noted in the knockouts [Fig. 3D], but the biological
relevance of this change is uncertain). Finally, we had previously
reported that there were no differences in Mn content of

3
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Fig. 2 In the absence of Mn exposure, Mn levels in the thalamus of pan-neuronal/glial Slc30a10 knockout mice (Slc30a10™; Nes-Cre) are elevated at
PND 21. (A-D) ICP-MS from brain punches at PND 21; n = 6 (2 males, 4 females) per region and genotype for each metal. Mean + SE.*, P < 0.05 using

2-way ANOVA with repeated measures and Sidak’s post hoc analyses.

basal ganglia sub-regions and thalamus of 3-month-old pan-
neuronal/glial knockouts and littermates in the absence of Mn
exposure when analyses were performed using brain punches
or a section of the middle of the brain?’ In the current study,
we reconfirmed the lack of genotype-specific differences in adult
3-month-old mice under physiological conditions using sections
of the middle of the brain containing the basal ganglia and
thalamus (Fig. 4; we did not repeat the brain punching in the
3-month-old mice because of the strength of our prior data®).

We also confirmed that blood Mn levels of the pan-neuronal/glial
knockouts were comparable to controls at all of the above time-
points with or without Mn exposure (Supplementary Fig. STA-E),
implying that changes in brain Mn of the knockouts at PND 21
were not secondary to increases in blood Mn. Modest changes in
blood Zn, Cu, or Fe levels were observed at some, but not all, of the
time-points (Supplementary Fig. S1), but the biological relevance
of these changes is unclear. Put together, the results of the metal
analyses indicate that, under physiological conditions, SLC30A10
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Fig. 3 After daily oral Mn exposure, Mn levels in the basal ganglia and thalamus of pan-neuronal/glial Slc30a10 knockout mice (Slc30a10"; Nes-Cre)
are elevated at PND 21. (A-D) ICP-MS from brain punches obtained at PND 21 from mice treated with daily oral Mn; n = 9-15 animals (7-8 males, 2-7
females) per region and genotype for each metal. Mean + SE. *, P < 0.05 for a main effect of genotype using mixed-effects ANOVA analysis for Mn and
with Sidak’s post hoc test for indicated comparison for Zn. Note that there was a main effect of Mn treatment (P < 0.05) when data from Figs. 2A

and 3A were compared using mixed-effects ANOVA.

in the brain is necessary to regulate Mn levels in specific brain
regions in specific periods of early postnatal life.

Pan-neuronal/glial Slc30a10 knockout mice
exhibit neuromotor deficits in adolescence and
adulthood

To determine whether the brain Mn level elevations in the pan-
neuronal/glial Slc30a10 knockouts in early postnatal life under
physiological conditions, albeit brain region and developmental
stage specific, are associated with motor function, we performed
a set of neuromotor tests—beam balance and pole tests in early
adolescence (PND 28), and the open-field test in late adolescence

(7-8 wk) and young adulthood (3 months; mice reach adulthood
at PND 60, and the period between weaning at PND 21 to PND 60
corresponds to adolescence®-*8). The age at which each test was
conducted was based on prior studies by us and others and our
additional pilot assays indicating that the selected age was ideal
for determining the impact of brain Mn level increases on test per-
formance.

The beam balance test assays for the capability of a mouse to
walk across a narrow beam and missteps quantify motor perfor-
mance. Compared with littermate controls, pan-neuronal/glial
knockouts had a significantly higher number of missteps (Fig. SA
and B). The pole test assays for the capability of a mouse to
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Fig. 4 Mn levels in the brain of pan-neuronal/glial Slc30a10 knockouts (Slc30a10%"; Nes-Cre) normalize by 3 months of age in the absence of Mn
exposure. ICP-MS analyses were performed using midbrain samples. For each metal, n = 15 controls (7 males, 8 females) and 8 knockouts (5 males, 3

females). Mean + SE. P > 0.05 by t-test.

ascend/descend a narrow pole, and time to complete the trial
is a measure of motor function. We did not detect genotype
differences in this test (Fig. 5C). The open-field test assesses gen-
eralized exploratory and locomotor function in rodents and has
been extensively used to assay for Mn neurotoxicity.?°*°#! The
first 5 min of the test reflect reactivity and exploratory behavior
of an animal in a novel environment while the next 10 min is
a measure of generalized locomotion. In 7-8 wk or 3-month-old
mice, there were no differences between genotypes in the first
5 min of the test (Fig. 5D and E; Supplementary Fig. S2A and B).
Importantly, in the next 10 min interval, the pan-neuronal/glial
knockouts exhibited reduced movement (Fig. 5D and E; Sup-
plementary S2A and B). Overall, the results of the motor tests
indicate that the pan-neuronal/glial Slc30a10 knockouts develop
neuromotor deficits, which are detectable in early adolescence
and persist into adulthood.

We had performed the neuromotor tests in the absence of Mn
exposure because our goal was to characterize the physiological
function of brain SLC30A10. However, it was important to val-
idate that the motor deficits of the pan-neuronal/glial Slc30a10
knockouts were induced by increased brain Mn, and were not
simply a consequence of the knockout of SLC30A10. We did not
attempt a rescue experiment (i.e. use low Mn chow to normal-
ize brain Mn levels of the pan-neuronal/glial knockouts followed
by behavioral analyses) because, based on our prior experience
with such assays,?®?° the modest, region specific, and transient
increase in brain Mn levels in the pan-neuronal/glial Slc30a10
knockouts in early postnatal life was unlikely to be normalized
by reducing the Mn content of chow. Instead, we repeated the
open-field assay in mice exposed to elevated oral Mn. Our expec-
tation was that Mn-treated pan-neuronal/glial knockouts would
exhibit more profound locomotor deficits than knockouts that
had not been exposed to Mn. We first confirmed that, within
the Mn-treated groups, pan-neuronal glial/knockouts exhibited
reduced movement compared with littermates in the 6-15 min
interval (Fig. 5F). Subsequent analyses of the movement of pan-
neuronal/glial knockouts treated with or without Mn in the 6-
15 min interval revealed that, as expected, Mn-treatment reduced
the movement of the knockouts (Fig. 5G). Thus, the neuromo-
tor phenotype of the pan-neuronal/glial Slc30a10 knockouts is in-
duced by elevated brain Mn.

To complete the behavioral analyses, we also performed the
Montoya staircase test (in the absence of Mn exposure), which as-
sesses skilled forelimb motor function in rodents by quantitative

measurements of reaching, grasping, and retrieving movements
for food pellets located on descending steps of a left- and right-
sided staircase.*** Performance in the staircase test has been re-
ported to be impacted by early-life Mn exposure in rats.'® How-
ever, performance of 8-9-wk-old pan-neuronal/glial knockouts on
this test was comparable to littermates (Supplementary Fig. S3A-
E). The lack of genotype-specific differences in the staircase test
may be a consequence of its lower sensitivity, particularly in mice.
Despite the outcome of the staircase and pole tests, the totality
of the results in Figs.1-5 indicate that, in the pan-neuronal/glial
Sle30a10 knockouts, an increase in Mn levels in specific brain re-
gions in early postnatal development leads to a lasting deficit in
neuromotor function.

Pan-neuronal/glial Slc30a10 knockouts exhibit a
deficit in evoked dopamine release without
dopaminergic neurodegeneration

Neuronal mechanisms of early-life Mn-induced neuromotor
deficits are not well understood and of adult Mn-induced parkin-
sonism are controversial (see the “Discussion” section). To elu-
cidate the mechanisms leading to neuromotor deficits in the
pan-neuronal/glial Slc30a10 knockouts, we focused on dopamin-
ergic neurotransmission in the basal ganglia because (i) dopamine
plays a central role in regulating motor function®?33; and (i) some
studies have implicated degeneration or dysfunction without de-
generation of substantia nigra dopaminergic neurons to be the
cause of adult Mn-induced parkinsonism.>3> Microscopy assays
revealed that the total number of dopaminergic neurons in the
substantia nigra and ventral tegmental area were comparable be-
tween adult pan-neuronal/glial Slc30a10 knockout mice and their
littermate controls (Fig. 6A and B). There were also no genotype-
specific changes in the total levels of striatal tissue dopamine, the
dopamine metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), or
the DOPAC to dopamine ratio (Fig. 6C-E; we used the striatum
for these assays because the substantia nigra pars compacta
dopaminergic neurons project to the striatum??-23). Thus, the mo-
tor phenotype of the pan-neuronal/glial Slc30a10 knockouts could
not be explained by dopaminergic neurodegeneration or reduced
tissue dopamine levels.

These negative results led us to contemplate in vivo micro-
dialysis experiments to assay for extracellular dopamine levels
and functional changes in dopamine release. As microdialysis
is technically challenging and time intensive, before beginning
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Fig. 5 Adolescent pan-neuronal/glial Slc30a10 knockout mice (Slc30a10M'; Nes-Cre) exhibit Mn-dependent neuromotor deficits. (A-C) Mean or total
number of missteps on the beam balance test (A and B) or mean total time for completion of the pole test (C) from three trials performed at PND 28 in
mice treated daily with vehicle water orally. Mean =+ SE. For A and B, n = 12 controls (4 males, 8 females) and 9 knockouts (5 males, 4 females). For C,
n = 12 controls (4 males, 8 females) and 8 knockouts (4 males, 4 females). *, P < 0.05 by t-test. (D-E) Open-field test to monitor horizontal movement
(D) or resting time (E) of vehicle water-exposed 7-8-wk-old mice; n = 20 controls (9 males, 11 females) and 8 knockouts (5 males, 3 females).

Mean + SE. * P < 0.05 using repeated measures 2-way ANOVA and Sidak’s post hoc analyses. (F) Open-field analyses of Mn-treated 7-8-wk-old mice;

n = 18 controls (10 males, 8 females) and 11 knockouts (5 males, 6 females). Mean + SE.* P < 0.05 using repeated measures 2-way ANOVA and Sidak’s
post hoc analyses. (G) Comparison of the horizontal movement of vehicle or Mn-treated pan-neuronal/glial Slc30a10 knockouts from D and F.

Mean + SE.*, P < 0.05 by t-test. Note that there was a main effect of Mn treatment (P < 0.05) when normalized horizontal movement of vehicle or
Mn-treated control or pan-neuronal/glial Slc30a10 knockout mice in the 6-15 min interval was compared using 2-way ANOVA.
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Fig. 6 Pan-neuronal/glial Slc30a10 knockout mice (Slc30a10"; Nes-Cre) exhibit reduced evoked dopamine release without dopaminergic
neurodegeneration under physiological conditions. (A-B) Immunofluorescence to detect tyrosine hydroxylase (TH)-positive neurons in the substantia
nigra pars compacta and ventral tegmental area of pan-neuronal/glial knockout mice or littermate controls. Representative images of a control and
knockout animal are shown in A and quantification from n = 3 male mice per genotype in B. Mean + SE. P > 0.05 by t-test. Bar, 500 um. (C-E) HPLC
with electrochemical detection to measure dopamine (C), DOPAC (D), and the DOPAC to dopamine ratio (E) in striatal tissue of 3-month-old
pan-neuronal/glial knockouts or littermate controls; n = 7 controls (4 males, 3 females) and 8 knockouts (5 males, 3 females). Mean + SE. P > 0.05 by
t-test. (F) In vivo microdialysis to measure dopamine levels in the dorsal striatum of 3-4-month-old pan-neuronal/glial knockouts or littermate
controls; n = 3 controls (1 male, 2 females) and 4 knockouts (2 males, 2 females). Mean + SE. *, P < 0.05 using repeated measures 2-way ANOVA and
Sidak’s post hoc test for the difference between genotypes at the 80 min time-point. (G) The average of the first three baseline dopamine measures
from F. Mean + SE. P > 0.05 by t-test. H. The percentage increase in potassium-evoked dopamine release from F. Mean + SE.*, P < 0.05 by

t-test.

these experiments, we assayed for a few other parameters also
reported to be impacted by Mn exposure or altered in other mod-
els of Parkinson’s disease—striatal tissue y-aminobutyric acid
(GABA) levels, glial activation/accumulation in the basal gan-
glia, and degeneration of noradrenergic neurons in the locus
coeruleus 2:3:>:41.45.46 We did not detect obvious genotype-specific

differences in these parameters (Supplementary Fig. S4A-D). We
then proceeded with the in vivo microdialysis assays. Baseline
dopamine levels measured in the dorsal striatum were compara-
ble between the genotypes (Fig. 6F and G). Importantly, however,
potassium-evoked release of dopamine was markedly reduced in
the pan-neuronal/glial knockouts (Fig. 6F and H). In totality, the



neurochemical and microscopy results suggest that a deficit in
potassium-evoked striatal dopamine release, but not dopamin-
ergic neurodegeneration or changes in bulk tissue dopamine
content, likely leads to the neuromotor phenotype of the pan-
neuronal/glial Slc30a10 knockout mice.

Discussion

We previously reported that under physiological conditions in
adolescence/adulthood blood and brain Mn levels are controlled
by the excretory function of SLC30A10 in the liver and in-
testines.?>?° We additionally reported that the role of brain
SLC30A10 in adulthood is to lower brain Mn when the body bur-
den of Mn increases and Mn excretion capacity is overwhelmed
(e.g. during elevated Mn exposure) and provide additional neuro-
protection from Mn neurotoxicity.?? The current work now estab-
lishes a physiological function of brain SLC30A10 in the absence
of elevated Mn exposure—brain SLC30A10 is necessary to regulate
Mn levels in defined brain regions and stages of early postnatal de-
velopment, which protects against lasting Mn-induced deficits in
neuromotor function. Overall, our current and prior results imply
that brain Mn levels are controlled by the excretory function of
SLC30A10 in the liver and intestines and by brain SLC30A10 in an
age- and Mn exposure-dependent manner.

Compared with littermates, brain Mn levels were elevated by
~10-15-fold in adolescent tissue-specific Slc30a10 knockout mice
lacking SLC30A10 expression in the liver and intestines.”® In con-
trast, the brain Mn level elevations we observed in the pan-
neuronal/glial knockouts in early life were restricted to the tha-
lamus, detected only at one time-point (PND 21), and <1-fold of
control. The modest effect of brain SLC30A10 on brain Mn levels in
early postnatal life may be reflective of the unique nutritional and
developmental features of this life stage during which Mn intake
is low because of the naturally low Mn content of milk,?® but Mn is
still critical for cellular function as highlighted by severe neurode-
velopmental deficits in children harboring loss-of-function muta-
tions in the Mn importer SLC39A8.47:48

We observed that Mn levels were elevated in the thalamus, but
not the basal ganglia, of the pan-neuronal/glial Slc30a10 knock-
outs in early life under physiological conditions. Our inability
to detect genotype differences in Mn levels in regions outside
the thalamus under physiological conditions may be reflective
of technical/experimental limitations (sensitivity limit of brain
punch analyses by ICP-MS combined with the transient/modest
Mn levels increases in the knockouts). After low-dose Mn expo-
sure, Mn levels in the basal ganglia and the thalamus, combined,
of the pan-neuronal/glial knockouts were significantly higher
than littermates. This result is consistent with our prior findings,
which demonstrated that Mn levels in the globus pallidus and
thalamus of Mn-treated adult pan-neuronal/glial Slc30a10 knock-
out mice were higher than littermates.?’ Moreover, while ICP-MS
analysis of brain punch tissue is a sophisticated technique that
improves the spatial resolution of brain tissue metal analyses, it
cannot distinguish between metal accumulation within the cell
bodies of neurons or axons of projecting neurons. As basal ganglia
neurons project to the thalamus, the observed increase in thala-
mic Mn levels of the pan-neuronal/glial Slc30a10 knockouts un-
der physiological conditions may be reflective in part of Mn level
changes in the basal ganglia axonal projections. Overall, it is possi-
ble that SLC30A10 has a direct role in controlling basal ganglia Mn
levels under physiological conditions, and our results do not imply
that the deficits in neuromotor function and dopaminergic neuro-
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transmission observed in the pan-neuronal/glial Slc30a10 knock-
outs are solely driven by increases in thalamic Mn levels.

The pan-neuronal/glial Slc30a10 knockouts exhibited signifi-
cant neuromotor deficits in adolescence/adulthood under phys-
iological conditions that were exacerbated by Mn exposure. The
extent of the neuromotor deficits we observed in the knockouts
is in the same range as those reported in prior studies of Mn
neurotoxicity.>*#1:4> Since brain (thalamus) Mn levels of the pan-
neuronal/glial knockouts were detectably higher than littermates
at PND 21, but not adulthood (this study and Taylor et al.??), our in-
terpretation is that the lasting neuromotor dysfunction observed
in the knockouts can be attributed to the modest, region-specific
increase in brain Mn in early postnatal development. Important
implications of these findings are that (i) function of SLC30A10
in the brain in early postnatal life is indispensable to protect
against lasting Mn-induced neurotoxicity that would otherwise
develop from physiological/dietary Mn intake; and (ii) mild and
transient increases in brain Mn in early postnatal life are suffi-
cient to induce lasting neuromotor deficits, which is consistent
with prior studies.'®#%:°0 These results do not rule out the pos-
sibility of changes in brain Mn levels that were not detectable by
the brain punch and ICP-MS methods used here occurring in later
life stages (adolescence/adulthood) of pan-neuronal/glial Slc30a10
knockouts and contributing to neuromotor deficits.

Evoked dopamine release in the striatum of the pan-
neuronal/glial Slc30a10 knockouts was significantly inhibited
while several other parameters tested (e.g. tissue dopamine lev-
els, dopaminergic neurodegeneration, glial activation, etc.) were
unaffected. Viewed in conjunction with the metal analyses and
behavior data, these results indicate that a modest increase in
brain Mn levels in early development is sufficient to induce last-
ing changes in dopaminergic neurotransmission. These findings
also suggest that a deficit in evoked dopamine release may likely
be a primary cause of the neuromotor phenotype of the pan-
neuronal/glial Slc30a10 knockouts, and by extension, of early-life
Mn-induced motor disease. This is notable because the neuronal
targets and mechanisms of Mn-induced motor disease are con-
troversial. Mechanistic studies, largely in the context of adult
exposures, have implicated degeneration or dysfunction of basal
ganglia GABAergic or dopaminergic neurons as the cause.??°
Other mechanisms, such as glutamatergic excitotoxicity, choliner-
gic dysfunction or neuroinflammation, which would be expected
toimpact basal ganglia dopaminergic or GABAergic neurons, have
also been implicated.?-*-> In contrast with the considerable, albeit
conflicting, literature about Mn-induced parkinsonism in adults,
understanding of the effects of early-life Mn exposure that in-
duce motor deficits has thus far been limited. This is primar-
ily because the focus of the few mechanistic studies on envi-
ronmental Mn neurotoxicity has been on the executive function
deficits that usually co-occur with motor dysfunction.’ Impor-
tantly, however, results from two recent studies support the idea
that deficits in evoked dopamine release may underlie early-life
Mn-induced motor disease. Analyses of another genetic mouse
model of Mn neurotoxicity, full-body Slc39a14 knockout mice with
~10-fold increases in brain Mn,?°-31.51 revealed that the knockouts
had a strong inhibition of evoked striatal dopamine release with-
out dopaminergic neurodegeneration.®® An inhibition of evoked
striatal dopamine release was further observed in weanling and
aged adult rats exposed to Mn in early-life*° Overall, there is an
emerging body of evidence implicating deficits in stimulated stri-
atal dopamine release, but not dopaminergic neurodegeneration,
as the cause of neuromotor deficits induced by early-life increases
in brain Mn.
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The neurochemical findings raise the important question of
what are the molecular mechanisms that lead to the inhibition
of striatal dopamine release after early-life increases in brain Mn.
Close examination of our microdialysis data offers some clues. We
did not observe any difference between the genotypes in baseline
dialysate dopamine concentrations. These samples are collected
when mice are resting and not actively engaged in specific behav-
iors, so the dialysate dopamine mainly reflects tonic dopamine re-
lease.*? This suggests that early-life brain Mn elevations do not al-
ter the function of the basic calcium-dependent exocytotic release
mechanisms, although this needs to be confirmed using quan-
titative microdialysis techniques.®®> On the other hand, the use
of potassium perfusion into the microdialysis probe produced a
dramatic 15-fold increase in dialysate dopamine in control mice,
which was significantly attenuated in the knockouts. This result
suggests that physiological mechanisms that require activation
of dopamine circuits above resting levels may be more sensitive
to the neurotoxic effects of Mn overexposure. Clearly, detailed
assays are necessary in the future to delineate the molecular
mechanisms of the Mn-induced inhibition of dopamine release,
and to elucidate the apparent differential sensitivity of aspects of
dopamine release during resting or activated states to Mn toxicity.
These future studies will need to be performed with cognizance
of the fact that increased dopamine retention may induce oxida-
tive stress and produce reactive dopamine quinones,> which may
further contribute to the disease pathology. Another fundamen-
tal issue for future investigation is determining whether the ob-
served inhibition of striatal dopamine release is due to a primary
Mn-induced injury in dopaminergic neurons or a consequence of
Mn-dependent changes in other neurons in the motor circuit. Fi-
nally, studiesin rats have associated executive function deficits in-
duced by early-life Mn exposure with deficits in the evoked release
of dopamine, norepinephrine, and serotonin in the prefrontal cor-
tex.*® Determining whether the mechanisms by which early-life
Mn exposure inhibits release of different neurotransmitters in dif-
ferent brain regions are similar or divergent will be critical in the
future.

In conclusion, our studies establish the physiological function
of SLC30A10 in the brain and suggest that deficits in dopamine
release, but not dopaminergic neurodegeneration, likely underlie
early-life Mn-induced neuromotor disease.

Methods
Generation of knockout strains, age of animals,
and husbandry

All mouse experiments were approved by the Institutional An-
imal Care and Use Committee of the University of Texas at
Austin (Austin, TX, USA). We previously described the develop-
ment and characterization of homozygous floxed Slc30a10 mice
(Slc30a10M"), in which exon 1 of Slc30a10 is flanked by loxP
sites.?>:28.2° pan-neuronal/glial Slc30a10 knockouts were gener-
ated as described by us previously by crossing floxed Slc30a10
mice with the Nestin-Cre strain.?’ Breeding, genotyping, and ani-
mal housing were as described previously.?>?8:240 Chow used was
Prolab RMH 1800; LabDiet #5LL2 with 160 pug Mn/g chow.

Epidemiological studies indicate that the early life stages of in-
fancy, childhood and adolescence in humans are most relevant for
environmental Mn exposure.”* In mice, these stages correspond
to PND 1-60, with PND 1-21 representing the early postnatal pe-
riod, and PND 21-60 representing the prepubescent-adolescent
period.?>38 We refer to this PND 1-60 age range as “early-life.” An-
imals at ages PND 60 onward are considered adults.*’-*8

Reverse transcription-polymerase chain reaction
(RT-PCR) and quantitative RT-PCR

These were performed as described previously.?®:28.29.40

Oral Mn treatment

Mn-treated mice received 50 mg/kg MnCl,.4H,0 per day (~10 mg
absolute Mn/kg per day) beginning at birth and continuing until
euthanasia. For pre-weaning exposure (birth—PND 21), Mn was
administered by hand via pipette in a total volume of 5 uL (birth—
PND 6) or 10 uL (PND 7—20). A 250 mg/mL MnCl,.4H,0 stock was
diluted in MilliQ water containing 2.5% of the natural sweetener
stevia, and the required dose, based on the pup’s weight, was deliv-
ered. Vehicle-treated animals received water containing 2.5% ste-
via. Pre-weaning Mn delivery did not impact nursing by the dam
or milk intake by the pup. Post-weaning Mn exposure was admin-
istered via drinking water containing 0.2 mg Mn/mL, based on the
fact that the animals’ total water intake was ~25% of body weight,
and this Mn level provided the required 10 mg Mn/kg daily dose.
Animal body weights and water intake were measured regularly,
and Mn concentration was adjusted if necessary to ensure target
dose delivery. Vehicle-treated animals received only water in the
post-weaning period.

We used the oral Mn exposure regimen because drink-
ing water-based oral exposure is a major source of environ-
mental Mn exposure in human infants, children, and adoles-
cents.?® The regimen used by us, and related similar regimens,
(i) approximate the increase in Mn exposure in infants and chil-
dren consuming well water contaminated with 1.5 mg Mn/L,
which is the median well water concentration associated with
neurological deficits in children?; (ii) induce modest increases in
brain Mn that are comparable to humans?’; and (iii) produce mea-
surable behavioral deficits without overt toxicity.?°

Beam balance and pole tests

These were performed as described previously with some modi-
fications.>>*® Mice were tested individually. Equipment was from
Maze Engineers (Skokie, IL, USA) and cleaned with 5% ethanol be-
tween animals. For the beam balance, a round beam of 12 mm
diameter and 100 cm length with a safe box at one end was used.
The subject animal was allowed to acclimatize for 30 s in the safe
box. Subsequently, the ability to walk across the beam to reach the
safe box was tested in three successive trials. The first trial was
initiated from the midpoint of the beam. The last two trials were
initiated from the end of the beam opposing the safe box. Missteps
and time taken to complete the test were calculated for each trial.
For the pole test, a 50 cm long round pole with an 8 mm diame-
ter was used. This pole was placed in a large cage with sufficient
bedding. Mice were placed ~1 inch from the top of the pole facing
upward. Ability of the mouse to ascend to the top of the pole, then
turn to face downward, and finally descend to the bottom of the
pole was assayed in three trials. Both tests were performed during
the light period of the animals’ light-dark cycle.

Open-field test

The open-field test was performed exactly as described by us pre-
viously.??4® Animals were placed individually in the open-field
chamber (Opto-Varimex 4 Activity Meter, Columbus Instruments,
Columbus, OH, USA) for 15 min. Data were binned into two in-
tervals: 0-5 and 6-15 min. The first 5 min provides information
about the animal’s exploratory behavior, while the second 10 min
provides information about general locomotion. The test was per-
formed during the light period of the animals’ light-dark cycle.



The experimenter was not in the room during testing. The open-
field chamber was cleaned with 5% ethanol between animals.

Montoya staircase test

In the Montoya staircase test, animals are confined to a staircase
apparatus and trained to grasp food pellets from different step
levels in staircases on the left and right side of the animal. Pro-
cedures were performed similarly to those described previously.*®
Animals were placed individually into the staircase apparatus for
15 min. In this apparatus (Campden Instruments Limited, Model
#80301 mouse), each staircase had eight descending steps with
one well per step. Steps 1 through 6 (with step 1 being closest to
the animal) were baited with three 5 mg food pellets (Lab Supply,
AIN-76-A Purified Rodent Tablet). Thus, there were a total of six
pellets (three on the left staircase and three on the right staircase)
available per step. To enhance the sensitivity of this assay, pel-
lets were colored with food dye (McCormick & Co., Baltimore, MD,
USA) such that each color corresponded to a specific step as pre-
viously described.'®** To increase motivation to grasp the pellets,
animals were placed on food restriction throughout training and
testing. After completing the test, each cage was provided ~2-
2.5 g of rodent chow per animal each day (our animals normally
consume ~3 g of rodent chow per animal per day). Body weights
were measured daily during training and testing, and the amount
of rodent chow provided was adjusted as needed to ensure ani-
mals remained within 90-95% of their original body weight. There
were two stages of this experiment: training (days 1-11) and test-
ing (days 12-16). Training was broken up into three segments: days
1-5,days 6-10, and day 11. Between each training session, animals
were allowed 2 days of free feeding to ensure each mouse main-
tained proper body weight. All testing occurred during the light
period of the animals’ light-dark cycle. Once testing was com-
plete, animals were removed from the staircase apparatus and re-
turned to their home cage. The staircase apparatus was cleaned
with 70% ethanol between animals.

Skilled forelimb performance was assayed using the following
parameters: total number of pellets eaten, the average number
of pellets taken per step during testing, the average number of
pellets eaten per step during testing, success rate per step, and
the percentage of pellets misplaced per step. For each step, the
number of pellets taken was calculated as the number of ini-
tial pellets—the number of pellets remaining in the assigned well.
The number of pellets eaten was calculated as the number of
initial pellets—(the number of pellets remaining in the assigned
well + the number of pellets misplaced + the number of pel-
lets lost). The success rate was calculated as (pellets eaten/pellets
taken) x100. The percentage of pellets misplaced was calculated
as (pellets misplaced/pellets taken) x100. For these calculations,
pellets misplaced described any pellets that were on any step
(steps 1-7) except the assigned step. Pellets lost described any pel-
lets that were on step 8 or lost to the floor of the apparatus as
animals were unable to reach pellets in these locations.

Immunofluorescence assays

Whole brain was collected and post-fixed in 4% paraformalde-
hyde for at least 48 h. Following fixation, tissue was placed in
a 30% sucrose solution in phosphate-buffered saline (PBS) un-
til the brains sunk (~48 h) and then placed in PBS. For section-
ing, whole brains were embedded in optimal cutting tempera-
ture (OCT) compound and frozen in cold isopentane (Thermo Fis-
cher Scientific, Waltham, MA, USA). Tissue was sliced on a cryo-
stat (set to ~—18°C) in 20 um sections. Sections were placed
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free-floating in PBS and stored at 4°C until staining. For stain-
ing, sections were transferred to a 24-well plate with one sec-
tion per well and processed in the following order: three 10 min
washes in PBS at room temperature, 1 h incubation in 1% Tri-
ton X-100 (in PBS) at room temperature, 1 h incubation in block-
ing solution (50 mM glycine; 0.5% Triton X-100; 5% fetal bovine
serum in PBS) at room temperature, overnight incubation in
the primary antibody at 4°C, five 10 min PBS washes at room
temperature, 2 h incubation in the secondary antibody at room
temperature, 10 min incubation in 4/,6-diamidino-2-phenylindole
(DAPI), and five 10 min PBS washes at room temperature. Sec-
tions were placed on a shaker for each step. Primary antibod-
ies (anti-tyrosine hydroxylase, Immunostar, Cat# 22941; anti-
GFAP, Abcam, Cat#Ab7260; and anti-Iba-1, Wako Chemicals, Cati#
019-19741), secondary antibodies (Alexa Fluor; Thermo Fisher
Scientific), and 4’,6-diamidino-2-phenylindole (DAPI) were diluted
1:1000 in blocking solution. After staining, sections were placed
on glass slides. Coverslips were placed over the sections us-
ing mounting media (90% glycerol in 100 mM Tris-HCI; pH 8.0)
and sealed with clear nail polish. Images were captured us-
ing a Nikon swept-field confocal with an inverted Nikon TiE
inverted microscope and an iXon Ultra EMCCD camera (Andor
Technology, UK). The objective was a Nikon 20x/0.75 numerical
aperture objective. Images were captured as a large image with
stitching. Automated image analysis was performed using the NIS
Elements software.

Surgical procedures

All surgical procedures were performed using aseptic techniques.
Surgeries were performed similarly to procedures previously de-
scribed.”’>8 Briefly, mice were anesthetized with isoflurane (2.5~
3% for induction, 1-2% for maintenance) and secured on a stereo-
taxic apparatus (David Kopf Instruments, Tujunga, CA, USA). A
guide cannula (8 mm long, 20 gauge; Ziggy's Tubes and Wires,
Inc., Sparta, TN, USA) was implanted to target the dorsal stria-
tum using the following coordinates: +2.3 mm lateral to Bregma,
+0.7 mm anterior to Bregma, 1.5 mm ventral to the skull
surface. The guide cannula was secured using one stainless
steel screw (Antrin Minature Specialties, Inc., Fallbrook, CA, USA)
and dental cement. A wire loop for tethering during in vivo mi-
crodialysis was also secured to the skull with dental cement.
An obturator was inserted into the guide cannula to prevent
the cannula from clogging. Mice were given a local anesthetic
(bupivacaine, 5 mg/kg; Covetrus North America) and a general
analgesic (Rimadyl, 5 mg/kg; Zoetis, Parsippany, NJ, USA) subcu-
taneously during surgery. Following surgery, mice were allowed to
recover on heat until fully awake and sternal. All mice were singly
housed and provided food and water ad libitum. Mice were given
the general analgesic Rimdayl every 12 h for 2 days post-surgery
and as needed until microdialysis. General health and body weight
were monitored daily.

In vivo microdialysis

Microdialysis probes (2 mm active area) were constructed simi-
lar to Job et al. (2006).>° Probes were inserted under light anes-
thesia (1-2% isoflurane) at least 4 days post-surgery. Following
probe insertion, animals were placed in individual microdialysis
chambers, and normal artificial cerebrospinal fluid (ACSF; 149 mM
NaCl, 2.8 mM KCl, 1.2 mM CaCl,.2H,0, 1.2 mM MgCl, 6H,0,
5.4 mM D-glucose, and 0.05 mM ascorbic acid) was perfused at
0.2 uL/min overnight. The following morning, the flow rate was in-
creased to 1 uL/min at least 2 h before sample collection. Sample
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collection occurred at least 12 h after probe insertion. Three base-
line samples were collected at 20 min intervals. For the high
KCl sample, animals were perfused with ACSF containing 50 mM
KCI (NaCl concentration was adjusted to maintain isotonicity) for
10 min, then returned to normal ACSF for the remaining 10 min. At
least three additional baseline samples were collected. After the
final baseline sample collection, calcium-free ACSF was perfused
for at least 2 h, and samples were collected to determine the cal-
cium dependency of dopamine release. All samples were frozen
on dry ice immediately after collection and stored at -80°C un-
til analysis by high-performance liquid chromatography (HPLC).
Animals were perfused with PBS and 4% paraformaldehyde, and
whole brain was collected and post-fixed in 4% paraformaldehyde.
Tissue was sliced on a vibratome in 100 um sections to validate
probe locations (Supplementary Fig. S5).

Liquid chromatography

Concentrations of dopamine and DOPAC were determined using
HPLC with electrochemical detection. For dopamine and DOPAC
analysis of striatal tissue, tissue preparation was performed sim-
ilarly to previous work.® Briefly, the striatum was dissected by
hand, flash-frozen in liquid nitrogen, and stored at -80°C. To pre-
pare tissue for HPLC analyses, 300 L of 0.2 M perchloric acid per
10 mg of wet tissue was added. Samples were sonicated and 20
uL were removed to measure protein content (Bio-Rad Protein as-
say dye, #5000006). The remainder was centrifuged at 14 000 xg
for 10 min, syringe filtered (0.22 pum), and kept on ice until in-
jection. Samples not used for immediate injection were stored at
—80°C. The mobile phase consisted of 0.027 g 1-octanesulfonic
acid sodium salt monohydrate (OSA), 3.011 g citric acid mono-
hydrate, 0.02 g ethylenediaminetetraacetic acid disodium salt
(EDTA), and 1.017 g sodium dihydrogen phosphate dihydrate dis-
solved in 1 L MilliQ water, pH 4.6, and 7% (v/v) methanol. A Luna
C18(2) LC Column (3 um particle size, 100 A, 150 x 2 mm; Phe-
nomenex, Torrence, CA, USA), guard column (BDS-Hypersil-C18,
5 um particle size, 20 x 2.1 mm), and VT03 (2 mm glassy carbon
electrode) were used. The flow rate was set to 0.2 mL/min, the ox-
idizing potential was +0.65 V, and the injection volume was full
loop.

For GABA analyses using striatal samples, tissue preparation
was exactly as described earlier. GABA derivatization was per-
formed as described by us.®! Briefly, the working solution was
made by dissolving 11 mg of o-phthalaldehyde in 250 uL of 95%
ethanol, 250 xL 1 M sodium sulfite, and 4.5 mL sodium tetraborate
decahydrate (pH adjusted to 10.4 using 4 M sodium hydroxide;
borate). The working solution was stored at 4°C. For the deriva-
tization, 9 uL of sample or standard was combined with 2 uL bo-
rate and 0.5 uL working solution, then mixed and incubated in the
dark at room temperature for 10 min. The mobile phase consisted
of 15.6008 g sodium dihydrogen phosphate dihydrate and 0.1863 g
EDTA dissolved in 1 L MilliQ water, pH 4.5, and 27% (v/v) methanol.
The column and guard column were the same as for dopamine
and DOPAC analysis, and a SenCell (2 mm glassy carbon electrode,
salt-bridge reference; Antec Scientific, The Netherlands) was used.
The flow rate was set to 0.05 mL/min, the oxidizing potential was
+0.70 V, and the injection volume was full loop.

For dopamine analysis in dialysates, the mobile phase (0.50 g
OSA, 0.101 g sodium 1-decanesulfonate, 0.128 g EDTA, and
11.081 g sodium dihydrogen phosphate dihydrate) was dissolved
in 1 L MilliQ water, pH 5.6, and 12% methanol. A Luna C18(2) LC
Column (3 um particle size, 100 A, 50 x 1 mm; Phenomenex) and
SenCell (2 mm glassy carbon electrode, salt-bridge reference; An-

tec Scientific) were used. The flow rate was set to 0.1 mL/min, the
oxidizing potential was +0.45 V, and the injection volume was
5 uL. Samples were thawed immediately before injection. Sam-
ples that did not exhibit calcium dependency (>50% of dopamine
concentration of preceding baseline measure) and statistical out-
liers determined using the GraphPad Outlier Calculator (https://
www.graphpad.com/quickcalcs/grubbs1/) were excluded from
analyses.

Chromeleon 6.8 Data System Software (Thermo Fisher
Scientific) was used for all data acquisition. For all analyses, the
signal-to-noise ratio for each sample was greater than 2.

ICP-MS metal analyses

ICP-MS metal analyses from bulk tissue samples and blood were
performed as described in our previous papers.??%:2° To summa-
rize here, brain samples were either a section of the midbrain or
brain punches.?*:28.2% [CP-MS data were normalized to tissue dry
weight for the bulk midbrain sections.?®?%-2 Brain punch samples
were collected essentially as described by us previously.?® Briefly,
the whole brain was collected, flash-frozen in liquid nitrogen, and
stored at —80°C until ready for use. The tissue was then embedded
in OCT in an embedding mold. The tissue and OCT were frozen
on cold isopentane. Brains were sliced in 500 pm sections on a
cryostat and, for each animal, one punch (1.25 mm in diameter)
was taken from the same region of each hemisphere. The two
punches were placed together in a 1.5 mL tube and processed for
ICP-MS. Weights of fresh frozen brain punch samples were too low
for accurate measurement, and therefore, similar to our previous
work,?? ICP-MS data for these samples are expressed as “per brain
punch.”

Chemicals

Unless otherwise noted, all chemicals were from Thermo Fisher
Scientific or Sigma-Aldrich.

Statistical analyses

All statistical analyses were performed using the PRISM 9 software
(Graphpad, Inc., La Jolla, CA, USA). Comparisons between multiple
groups were performed using 1- or 2-way ANOVA with appropri-
ate post hoc analyses. Comparisons between two groups were per-
formed using Student’s t-test. Comparisons that involved multiple
groups and time points, brain regions, or steps were performed us-
ing 2-way ANOVA with repeated measures or mixed-effects anal-
ysis and appropriate post hoc analyses. Sexes were combined for
analyses because of the lack of clear sex-specific differences. For
all testing, P < 0.05 was considered statistically significant. “As-
terisks” in figures indicate a statistically significant difference.
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Supplementary data are available at Metallomics online.
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