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Abstract 

The essential metal manganese (Mn) induces neuromotor disease at elevated levels. The manganese efflux transporter SLC30A10 
regulates brain Mn levels. Homozygous loss-of-function mutations in SLC30A10 induce hereditary Mn neurotoxicity in humans. Our 
prior characterization of Slc30a10 knockout mice recapitulated the high brain Mn levels and neuromotor deficits reported in humans. 
But, mechanisms of Mn-induced motor deficits due to SLC30A10 mutations or elevated Mn exposure are unclear. To gain insights 
into this issue, we characterized changes in gene expression in the basal ganglia, the main brain region targeted by Mn, of Slc30a10 
knockout mice using unbiased transcriptomics. Compared with littermates, > 1000 genes were upregulated or downregulated in the 
basal ganglia sub-regions (i.e. caudate putamen, globus pallidus, and substantia nigra) of the knockouts. Pathway analyses revealed 
notable changes in genes regulating synaptic transmission and neurotransmitter function in the knockouts that may contribute to 
the motor phenotype. Expression changes in the knockouts were essentially normalized by a reduced Mn chow, establishing that 
changes were Mn dependent. Upstream regulator analyses identified hypoxia-inducible factor (HIF) signaling, which we recently 
characterized to be a primary cellular response to elevated Mn, as a critical mediator of the transcriptomic changes in the basal ganglia 
of the knockout mice. HIF activation was also evident in the liver of the knockout mice. These results: (i) enhance understanding 
of the pathobiology of Mn-induced motor disease; (ii) identify specific target genes/pathways for future mechanistic analyses; and 
(iii) independently corroborate the importance of the HIF pathway in Mn homeostasis and toxicity. 
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he essential metal manganese (Mn) induces neurotoxicity at
levated levels.1 Mn neurotoxicity has historically been reported
n occupationally exposed adults who develop a parkinsonian-
ike motor disease.1 More recently, elevated exposure to Mn from
nvironmental sources (e.g. drinking water, air, soil, etc.) has
merged as an important public health problem, particularly in
he developmentally sensitive early-life stages of infancy, child-
ood, and adolescence.1 Environmental Mn exposure in these
ritical life stages is associated with motor dysfunction (e.g. in
otor coordination, skilled motor function, tremor intensity, pos-

ural stability, etc.) as well as executive function deficits,1 –6 and
eurological deficits induced by developmental Mn exposure may
ersist into later-life stages.1 In addition to elevated exposure, Mn
eurotoxicity may also occur in individuals with compromised
iver function (e.g. alcoholic cirrhosis) because excretion via the
iver (and intestines) is a major pathway that regulates brain
n.7 –9 Finally, homozygous loss-of-function mutations in the 
n transporters SLC30A10 or SLC39A14 induce hereditary Mn
eurotoxicity in humans.7 , 10 –12 Despite the clinical relevance,
nderstanding of the mechanisms of Mn neurotoxicity is limited,
hich has hindered progress toward the development of effective
herapeutics. 
A major focus of ongoing research is to understand the molec-

lar bases of Mn-induced motor disease because: (i) excess Mn
rimarily accumulates in the basal ganglia in the brain,1 which
ontrols movement13 , 14 ; (ii) motor dysfunction is a primary man-
festation of Mn neurotoxicity1 ; and (iii) exposure to elevated Mn
ay also increase the risk of developing Parkinson’s disease.15 

ecent rodent studies indicate that elevated brain Mn levels in-
uce a deficit in neurotransmitter release, particularly dopamine
elease,16 –18 which is expected to impact synaptic activity and
otor function. A possible mechanism by which increased brain
n may induce deficits in neurotransmitter release and synap-

ic function is changes in gene expression. In the current study,
e addressed this possibility using an unbiased transcriptomics
pproach. 
Our studies used the full-body Slc30a10 knockout mouse model,
hich we previously developed and reported.9 , 19 , 20 SLC30A10

s a critical Mn efflux transporter that regulates brain Mn
evels.1 , 7 –9 , 16 , 19 –23 Humans with homozygous loss-of-function mu- 
ations in SLC30A10 develop hereditary Mn neurotoxicity with
levated brain Mn levels and parkinsonism-dystonia.1 , 10 , 12 Full-
ody Slc30a10 knockout mice recapitulate the high brain Mn levels
nd motor deficits observed in humans.9 , 19 , 20 , 24 Use of the well-
haracterized Slc30a10 knockout mouse model: (i) precluded Mn
osing in the mice, thereby eliminating a potential source of vari-
tion; (ii) allowed us to add a rescue component to the study with
educed Mn chow, which rescues the Mn toxicity phenotype of
he full-body Slc30a10 knockout mice9 , 19 ; and (iii) was expected to
rovide data relevant to hereditary as well as exposure-induced
n neurotoxicity. Our findings show that expression of critical
enes that regulate neurotransmitter release, synaptic function,
nd membrane trafficking are altered in the basal ganglia of the
lc30a10 knockout mice. We further identify signaling via the
ypoxia-inducible factor (HIF) pathway, which we recently char-
cterized as the primary homeostatic response to elevated Mn
evels,25 to be a critical upstream regulator of the transcriptomic 
hanges in the Slc30a10 knockout mice. These results provide new
nsights into the biology of Mn-induced motor disease and identify
 set of critical genes and pathways that may directly modulate
n neurotoxicity for future mechanistic analyses. 
esults 

lc30a10 knockout mice exhibit changes in the 

xpression of genes that regulate synaptic 
unction and neurotransmitter release in the 

ubstantia nigra 

o analyse Mn-induced gene expression changes that may influ-
nce motor function in an unbiased manner, we performed Tag-
eq analyses in basal ganglia tissue collected from ∼1-mo-old
ittermate control or full-body Slc30a10 knockout mice fed reg-
lar rodent chow ( ∼84 μg Mn/g chow). We previously reported
hat knockouts on regular rodent chow display: (i) ∼20-fold higher
rain Mn levels compared with littermates at ∼1 mo of age; and
ii) motor deficits (analysed at ∼5–6 wk of age).9 , 19 To increase the
ensitivity of our study, we separated the three major sub-regions
f the basal ganglia (caudate putamen, globus pallidus, and sub-
tantia nigra13 , 14 ) using a brain punch technique and performed
ranscriptomic analyses in all three regions independently. 
In the substantia nigra of the knockouts, ∼60–70 genes were up-

egulated or downregulated (Fig. 1 A–C; Supplementary Table S1).
s expected, expression of Slc30a10 in the knockouts was negli-
ible (Fig. 1 B; Supplementary Table S1). Major upregulated path-
ays included regulation of synaptic transmission (glutamater-
ic) and several aspects of neuronal physiology (e.g. neuronal
poptosis/death, projection development, migration, etc.) (Fig. 1 D
nd E; Supplementary Tables S1 and S2). Expression of no-
able genes that were upregulated in these pathways included
he metabotropic glutamate receptor Grm2 and several mod-
lators of membrane trafficking and cytoskeletal organization,
uch as Clip1 , which links endocytic vesicles to microtubules;
he actin-capping gene Tmod1 ; and the cadherin family member
dh23 (Table 1 ).26 Expression of several canonical hypoxia/HIF-
egulated genes were also upregulated (Fig. 1 D and E; Table 1 ),26 –31 

roviding evidence of HIF activation. Genes regulating synaptic
ransmission and neurotransmitter release were strongly repre-
ented in the downregulated pathways as well (Fig. 1 F and G;
upplementary Tables S1 and S2). In particular, expression of
ultiple genes that regulate GABAergic neurotransmission were
ownregulated (e.g. Gad1 and Gad2 , which are involved in GABA
ynthesis; Slc32a1 , involved in GABA uptake into synaptic vesi-
les; and Abat , which catabolizes GABA) (Fig. 1 F and G; Table 1 ).26 

urthermore, expression of a critical regulator of dopaminergic
eurotransmission that is disrupted in Parkinson’s disease, Sv2c ,32 

as also downregulated (Table 1 ). Expression of genes regulating
everal metabolic pathways and oxidative phosphorylation were
ownregulated as well ( Supplementary Tables S1 and S2), sug-
estive of widespread physiological disruption in the knockouts.
verall, expression changes in critical regulators of neurotrans-
itter release and synaptic function are an important component
f the transcriptomic profile of the substantia nigra of Slc30a10
nockout mice. 

hanges in genes regulating synaptic and 

eurotransmitter function also occur in the 

audate putamen of the Slc30a10 knockout mice 

n the caudate putamen of the knockouts, expression of ∼600
enes were upregulated and ∼200 downregulated (Fig. 2 A–C;
upplementary Table S1), and expression of Slc30a10 was negli-
ible (Fig. 2 B; Supplementary Table S1). Important upregulated
athways included synaptic organization, transmission, and
ssembly, neuronal projection, and axon development (Fig. 2 D
nd E; Supplementary Table S2). Critical genes with upregulated
xpression in these pathways included several regulators of
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Fig. 1 Expression of synaptic/neurotransmission and HIF/hypoxia-dependent genes are altered in the substantia nigra of Slc30a10 knockout mice on 
regular rodent chow. (A) Volcano plot showing log2 fold change against −log10 P -value for the main effect of littermate control vs. Slc30a10 knockout 
mice in the substantia nigra (SN). Differentially expressed genes (DEGs) ( Padj < 0.05) are shown as blue dots. The top DEGs are labeled. (B) Slc30a10 
expression in the SN of Slc30a10 knockout (KO) or Slc30a10fl/fl littermate control mice. (C) Number of upregulated (62) and downregulated (74) DEGs in 
the SN of Slc30a10 knockout mice ( Padj < 0.05). Pathway enrichment and gene ontology analyses for upregulated SN DEGs of Slc30a10 knockout mice 
showing (D) major categories and (E) minor categories of enrichment as a function of −log10 ( P -value). Pathway enrichment and gene ontology 
analyses for downregulated SN DEGs of Slc30a10 knockout mice showing (F) major categories and (G) minor categories of enrichment as a function of 
−log10 ( P -value). N = 4 mice per genotype. ** P < 0.01. 
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Table 1. List of major differentially expressed genes in Slc30a10 knockout mice compared with littermate controls on regular or reduced 
Mn chow.a 

Substantia Nigra 

Gene 
Fold change 

(regular chow) 
Fold change 

(low Mn chow) Function of protein 

Grm2 2 .73 1 .08 Metabotropic glutamate receptor 
Clip1 0 .47 0 .11 Links endocytoic vesicles to microtubules 
Tmod1 0 .93 0 .72 Actin-capping protein 
Cdh23 1 .90 −0 .21 Cadherin superfamily member 
Vegfa 0 .99 0 .56 Canonical Hif-dependent gene 
Kdr 1 .06 0 .43 Vegf receptor; Induced by hypoxia 
Hif3a 1 .63 1 .51 Hif α isoform 

Slc2a1 1 .03 0 .53 Hif-dependent glucose transporter (Glut1) 
Cdkn1a 2 .04 0 .91 Hif-dependent cell cycle regulator (p21) 
Gad1 −1 .20 −0 .36 GABA biosynthesis enzyme 
Gad2 −0 .96 −0 .14 GABA biosynthesis enzyme 
Slc32a1 −1 .21 −0 .08 GABA vesicular transporter (Vgat) 
Abat −0 .60 −0 .07 GABA catabolism 

Gria4 −0 .66 −0 .18 Ionotropic glutamate receptor 
Ncs1 −0 .56 −0 .12 Neuronal Ca sensor 
Sv2c −1 .20 −0 .09 Regulates dopaminergic neurotransmission 

Caudate Putamen 

Fold change Fold Change 
Gene (Regular Chow) (Low Mn Chow) Function of protein 

Grm2 2 .01 NA Metabotropic glutamate receptor 
Adra2a 1 .90 NA Adrenergic receptor 
Chrm3 0 .83 −0 .31 Muscarinic cholinergic receptor 
Htr1a 1 .92 NA Serotonin receptor 
Htr2a 1 .23 0 .36 Serotonin receptor 
Doc2a 1 .60 NA Ca-dependent neurotransmitter release 
Glul 0 .55 0 .16 Glutamate detoxification 
Syt13 1 .02 −0 .11 Synaptogamin; membrane trafficking 
Syt17 1 .16 NA Synaptotagmin; membrane trafficking 
Stx1a 0 .83 −0 .12 Syntaxin; membrane trafficking; synaptic exocytosis 
Stx3 0 .54 −0 .24 Syntaxin; membrane trafficking 
Cplx3 4 .77 NA SNARE binding 
Cadps2 1 .71 0 .27 Synaptic exocytosis 
Vegfa 0 .95 0 .40 Canonical HIF-dependent gene 
Kdr 1 .26 0 .63 Vegf receptor; Induced by hypoxia 
Hif3a 1 .62 0 .95 Hif α isoform 

Epas1 (Hif2a) 0 .53 0 .19 Hif α isoform 

Slc7a5 1 .10 1 .08 Thyroid hormone transporter 
Slc6a9 −1 .11 −0 .56 Glycine transporter 
Syt3 −0 .57 NA Synaptogamin; membrane trafficking 
Syt9 −1 .22 −0 .11 Synaptotagmin; membrane trafficking 
Ston2 −0 .69 0 .27 Endocytosis; synaptic vesicle recycling 

Globus Pallidus 

Fold change Fold Change 
Gene (Regular Chow) (Low Mn Chow) Function of protein 

Stxbp5 0 .68 −0 .02 Syntaxin binding protein; SNARE formation 
Vegfa 1 .03 0 .59 Canonical Hif-dependent gene 
Kdr 1 .81 0 .69 Vegf receptor; Induced by hypoxia 
Hif3a 2 .13 0 .98 Hif α isoform 

Slc16a2 0 .87 −0 .03 Thyroid hormone transporter 
Slc7a5 0 .98 0 .89 Thyroid hormone transporter 
Slco1c1 0 .94 0 .34 Thyroid hormone transporter 
Med16 0 .61 −0 .19 Thyroid hormone receptor binding activity 
Slc6a11 −1 .60 0 .12 GABA transporter 
Grin3a −1 .28 0 .10 Ionotropic glutamate receptor 
Gria4 −0 .57 −0 .05 Ionotropic glutamate receptor 

a Log2 fold change for expression change in knockouts compared with littermates is indicated for each gene. NA, not applicable. 
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Fig. 2 Slc30a10 knockout mice on regular rodent chow exhibit changes in expression of neuronal regulators and HIF/hypoxia-dependent genes in the 
caudate putamen. (A) Volcano plot showing log2 fold change against −log10 P -value for the main effect of littermate control vs. Slc30a10 knockout mice 
in the caudate putamen (CPu). Differentially expressed genes (DEGs) ( Padj < 0.05) are shown as blue dots. The top DEGs are labeled. (B) Slc30a10 
expression in the CPu of Slc30a10 knockout (KO) or Slc30a10fl/fl littermate control mice. (C) Number of upregulated (598) and downregulated (246) DEGs 
in the CPu of Slc30a10 knockout mice ( Padj < 0.05). Pathway enrichment and gene ontology analyses for upregulated CPu DEGs of Slc30a10 knockout 
mice showing (D) major categories and (E) minor categories of enrichment as a function of −log10 ( P -value). Pathway enrichment and gene ontology 
analyses for downregulated CPu DEGs of Slc30a10 knockout mice showing (F) major categories and (G) minor categories of enrichment as a function of 
−log10 ( P -value). N = 4 mice per genotype. Tissues were from the same mice used for Fig. 1 . **** P < 0.0001. 



6 | Metallomics

n
t  

r  

A  

S
E  

u  

o  

a  

s  

i  

h  

t  

p  

k  

u
(
a  

a  

s  

S  

d
a  

s  

p

R
f
g
E  

u
C  

l  

r  

s  

t  

w  

s  

r  

t
r  

r  

G
l  

f  

r  

t  

o  

p  

a  

k

G
S
N  

a  

o  

o  

s  

g  

7  

a  

r  

r  

h  

W  

b  

o  

w  

i  

t  

i  

f

A
e
S
T  

b  

M  

t  

a  

r  

M  

o  

l  

s  

t  

a  

r
 

o  

o  

S  

l  

i  

r
w  

g  

c  

g  

(  

f  

t  

h  

g  

i  

e  

k  

t  

k  

n  

a  

m  

o  

s  

I  

o  

c  

i  

e  

i  

r  

r  
eurotransmitter function, synaptic exocytosis, and membrane 
rafficking, including synaptotagmins and SNAREs (e.g. glutamate
eceptor Grm2 , cholinergic receptor Chrm3 , adrenergic receptor
dra2a , serotonin receptors Htr1a and Htr2a , synaptotagmins
yt13 and Syt17 , and the SNAREs Stx1 and Stx3 ) (Table 1 ).26 

xpression of several HIF/hypoxia-regulated genes were also
pregulated (Table 1 ).26 –29 Additionally, full-body Slc30a10 knock-
uts also exhibit a hypothyroid phenotype induced by the
ccumulation of Mn in the thyroid, which blocks thyroxine
ynthesis19 , 20 (subsequent to the discovery of hypothyroidism
n Slc30a10 knockout mice, hypothyroidism was reported in a
uman patient with SLC30A10 mutations33 ). Consistent with
his, we observed that expression of the thyroid hormone trans-
orter Slc7a5 was upregulated in the caudate putamen of the
nockouts (Table 1 ).26 , 34 Another characteristic change was
pregulation of genes regulating Rho/RacGTPase pathways 
 Supplementary Tables S1 and S2). Notable downregulated genes 
nd pathways included those mediating neurotransmitter release
nd secretion, synaptic transmission, and Ca-dependent exocyto-
is (e.g. glycine transporter Slc6a9 , and synaptotagmins Syt3 and
yt9 ) (Fig. 2 F and G; Supplementary Tables S1 and S2),26 and ad-
itionally, several metabolic pathways ( Supplementary Tables S1
nd S2). Thus, disruption in the expression of genes modulating
ynaptic/neurotransmitter function also occurs in the caudate
utamen of the Slc30a10 knockout mice. 

egulators of synaptic and neurotransmitter 
unction are also differentially expressed in the 

lobus pallidus of Slc30a10 knockout mice 

xpression of ∼350 genes were upregulated and ∼550 downreg-
lated in the globus pallidus of the knockout strain (Fig. 3 A–
; Supplementary Table S1). Slc30a10 expression was again neg-
igible in the knockouts (Fig. 3 B; Supplementary Table S1). Up-
egulated pathways included numerous processes involved in
ynaptic organization and neuronal, axonal, and dendritic func-
ion (Fig. 3 D and E; Supplementary Table S2). Notable genes
ith upregulated expression included Stxbp5 , which codes for a
yntaxin binding protein involved in SNARE function and neu-
otransmitter release, several hypoxia/HIF-regulated genes, and
hyroid hormone transporters/regulators (Table 1 ).26 –29 , 34 Down- 
egulated pathways and genes included several mediators of neu-
onal, glial, synaptic and neurotransmitter function (Fig. 3 F and
; Supplementary Tables S1 and S2). Notable, specific downregu- 
atory changes occurred in glutamatergic and GABAergic synaptic
unction (e.g. GABA transporter Slc6a11 and ionotropic glutamate
eceptors Grin3a and Gria4 ) (Table 1 ). We also noted downregula-
ory changes in several metabolic pathways in the globus pallidus
f the knockouts ( Supplementary Tables S1 and S2). Thus, ex-
ression of genes modulating synaptic/neurotransmitter function
re dysregulated in all three basal ganglia sub-regions of Slc30a10
nockout mice. 

ene expression changes in the basal ganglia of 
lc30a10 knockout mice are sub-region specific 
ext, we sought to identify genes/pathways that were similarly
ltered in all three basal ganglia sub-regions of Slc30a10 knock-
ut mice because these were likely critical homeostatic/adaptive
r pathological responses to elevated Mn. Despite the wide-
pread changes in expression in each individual basal gan-
lia region, expression of only 21 genes were upregulated and
 downregulated in common in all three sub-regions (Fig. 4 A
nd B; Supplementary Table S1). Expression of the hypoxia/HIF-
egulated genes Vegfa , Kdr , and Hif3a26 –29 were among those up-
egulated in all three regions (Table 1 , Supplementary Table S1),
ighlighting the centrality of HIF activation during Mn overload.
hile overlap in specific genes with altered expression in all three
asal ganglia sub-regions was limited, overlap between alteration
f pathways, including in pathways related to neuronal biology,
as more evident (Fig. 4 C and D). Overall, gene expression changes

n Slc30a10 knockout mice are influenced by the sub-region of
he basal ganglia, but common themes in expression changes
n hypoxia/HIF-dependent genes or genes regulating neurological
unction are evident throughout the basal ganglia. 

 reduced Mn chow rescues majority of the gene 

xpression changes in the basal ganglia of 
lc30a10 knockout mice 

o test whether the gene/pathway expression changes in the
asal ganglia of the Slc30a10 knockouts were induced by elevated
n, instead solely by loss of Slc30a10 expression, we repeated the

ranscriptomic study in littermates and Slc30a10 knockouts fed
 reduced Mn chow containing ∼11 μg Mn/g chow. We previously
eported that the reduced Mn chow significantly lowers the brain
n content and rescues the motor deficits and hypothyroidism
f the knockouts.9 , 19 But, compared with littermates, brain Mn
evels of the 6-wk-old knockouts on the reduced Mn chow are
till ∼10-fold higher, compared with ∼40-fold difference between
he genotypes on regular chow at this age.19 Thus, we did not
nticipate that gene expression changes in the knockouts on the
educed Mn chow would be fully normalized. 
As expected, some gene and pathway expression changes

ccurred in each basal ganglia region of the Slc30a10 knockouts
n the reduced Mn chow (Fig. 5 A–Q; Supplementary Tables S3 and
4). But, knockouts on the reduced Mn chow had a substantially
esser number of differentially expressed genes (DEGs)/pathways
n each basal ganglia region compared with counterparts fed
egular chow (compare Fig. 5 and Supplementary Tables S3 and S4
ith Figs. 1 –3 and Supplementary Tables S1 and S2). Furthermore,
enes/pathways regulating neuronal function were not a major
omponent of the expression changes that occurred in the basal
anglia sub-regions of the knockouts on the reduced Mn chow
Fig. 5 D, E, I, J, N, and Q; Supplementary Tables S3 and S4). Only a
ew gene expression/pathway changes occurred in common in all
hree basal ganglia regions of the knockouts (Fig. 5 O–Q). Notably,
owever, upregulation of expression of HIF/hypoxia-dependent
enes persisted (Table 1 ), providing evidence of HIF activation
n the basal ganglia of mice fed the reduced Mn chow. Slc30a10
xpression was negligible in each basal ganglia region of the
nockouts fed the reduced Mn chow (Fig. 5 B, G, and L), validating
hat the reduction in the gene/pathway expression changes in the
nockouts was an effect of reducing the Mn content of chow and
ot an anomalous restoration of Slc30a10 expression. Additional
nalyses revealed that the reduced Mn chow had a clear nor-
alizing effect on the expression of most neuronal modulators
bserved in the knockouts fed regular rodent chow (Fig. 6 A–E,
ee Fig. 6 B in particular; and Supplementary Tables S5 and S6).
nterestingly, some of the gene expression changes in the knock-
uts on the reduced chow were not observed with regular Mn
how ( Supplementary Tables S5 and S6). The likely explanation
s that varying brain Mn levels may have varying effects on gene
xpression. Overall, the main outcome of the rescue experiment
s that the reduced Mn chow, which lowers brain Mn levels and
escues the motor phenotype of the Slc30a10 knockouts,9 , 19 also
escues differential expression of most genes/pathways in the
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Fig. 3 Expression of neuronal regulators and HIF/hypoxia-dependent genes are also altered in the globus pallidus of Slc30a10 knockout mice on 
regular rodent chow. (A) Volcano plot showing log2 fold change against −log10 P -value for the main effect of littermate control vs. Slc30a10 knockout 
mice in the globus pallidus (GP). Differentially expressed genes (DEGs) ( Padj < 0.05) are shown as blue dots. The top DEGs are labeled. (B) Expression of 
Slc30a10 in the GP of Slc30a10 knockout (KO) or Slc30a10fl/fl littermate control mice. (C) Number of upregulated (367) and downregulated (560) DEGs in 
the GP of Slc30a10 knockout mice ( Padj < 0.05). Pathway enrichment and gene ontology analyses for upregulated GP DEGs of Slc30a10 knockout mice 
showing (D) major categories and (E) minor categories of enrichment as a function of −log10 ( P -value). Pathway enrichment and gene ontology 
analyses for downregulated GP DEGs of Slc30a10 knockout mice showing (F) major categories and (G) minor categories of enrichment as a function of 
−log10 ( P -value). N = 3 littermate controls and 4 knockouts. Tissues were from the same mice used for Figs. 1 and 2 . GP sample of one control mouse 
used in Figs. 1 and 2 was lost during processing; hence the sample size for the control genotype is 3 in this figure. **** P < 0.0001. 
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Fig. 4 Brain region specificity of gene expression changes in the basal ganglia of Slc30a10 knockout mice on regular rodent chow. (A) Gene overlap of 
upregulated differentially expressed genes (DEGs) ( Padj < 0.05) between brain regions of Slc30a10 knockout mice (SN—substantia nigra, GP—globus 
pallidus, CPu—caudate putamen). (B) Gene overlap of downregulated DEGs between brain regions. (C) Bubble plot visualization of the top pathway and 
gene ontology enrichments of upregulated DEGs between brain regions of Slc30a10 knockout mice. Size and color of the bubble is a function of −log10 
( P -value). (D) Bubble plot visualization of the top pathway and gene ontology enrichments of downregulated DEGs between brain regions. Size and 
color of the bubble is a function of −log10 ( P -value). 
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asal ganglia of the knockouts, establishing that these expression
hanges are induced by Mn. 

ctivation of HIF signaling is a central feature of 
he transcriptomic response of Slc30a10 

nockout mice 

rom the prior data, activation of HIF signaling emerged as a cen-
ral feature of the transcriptomic changes in the basal ganglia of
he Slc30a10 knockouts. As the final part of this study, we sought
o further characterize the role of HIF signaling in gene/pathway
xpression changes observed in the Slc30a10 knockouts. For this,
e performed two sets of studies/analyses. First, we character-

zed gene/pathway expression changes in the liver of littermates
r Slc30a10 knockouts on regular or reduced Mn chow. The ratio-
ale for investigating expression changes in the liver was that: (i)
n addition to the brain, SLC30A10 is also expressed in the liver
and intestines); and (ii) activity of SLC30A10 in the liver (and
ntestines) is fundamental in regulating brain Mn by mediating
n excretion.7 –9 Second, we bioinformatically identified upstream
egulators for the DEGs in the basal ganglia and the liver of the
lc30a10 knockouts on regular or reduced Mn chow. 
As expected, numerous genes and pathways were differen-

ially expressed in the liver of Slc30a10 knockout mice on regular
r reduced Mn chow (Fig. 7 A–J; Supplementary Tables S1–S4).
mportantly, HIF/hypoxia-dependent genes were an impor-
ant component of these expression changes with both diets
 Supplementary Tables S2 and S4). Analyses of upstream regu-
ators identified numerous transcription factors as regulators of
he expression changes in the three basal ganglia sub-regions
nd the liver of the Slc30a10 knockout mice (Fig. 8 A–L). Impor-
antly, signaling via HIF1 emerged as a central mediator of the

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae007#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae007#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae007#supplementary-data
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Fig. 5 Gene expression changes in the basal ganglia of Slc30a10 knockout mice fed a reduced Mn chow. (A) Volcano plot showing log2 fold change 
against −log10 P -value for the main effect of littermate control vs. Slc30a10 knockout mice in the caudate putamen (CPu). Differentially expressed 
genes (DEGs) ( Padj < 0.05) are shown as green dots. The top DEGs are labeled. (B) Expression of Slc30a10 in Slc30a10 knockout (KO) or littermate control 
mice in the CPu. (C) Number of upregulated (141) and downregulated (89) DEGs in the CPu of Slc30a10 knockout mice ( Padj < 0.05). Pathway enrichment 
and gene ontology analyses for (D) upregulated CPu DEGs and (E) downregulated CPu DEGs of Slc30a10 knockout mice as a function of −log10 ( P -value). 
(F) Volcano plot showing log2 fold change against −log10 P -value for the main effect of littermate control vs. Slc30a10 knockout mice in the globus 
pallidus (GP). DEGs ( Padj < 0.05) are shown as green dots. The top DEGs are labeled. (G) Slc30a10 expression in Slc30a10 knockout (KO) or littermate 
control mice in the GP. (H) Number of upregulated (47) and downregulated (11) DEGs in the GP ( Padj < 0.05). Pathway enrichment and gene ontology 
analyses for (I) upregulated GP DEGs and (J) downregulated GP DEGs of Slc30a10 knockout mice as a function of −log10 ( P -value). (K) Volcano plot 
showing log2 fold change against −log10 P -value for the main effect of littermate control vs. Slc30a10 knockout mice in the substantia nigra (SN). DEGs 
( Padj < 0.05) are shown as green dots. The top DEGs are labeled. (L) Slc30a10 expression in Slc30a10 knockout (KO) or littermate control mice in the SN. 
(M) Number of upregulated (17) and downregulated (2) DEGs in the SN ( Padj < 0.05). (N) Pathway enrichment and gene ontology analyses for 
upregulated SN DEGs of Slc30a10 knockout mice as a function of −log10 ( P -value). Gene overlap of (O) upregulated DEGs and (P) downregulated DEGs 
( Padj < 0.05) between brain regions of Slc30a10 knockout mice. (Q) Bubble plot visualization of the top pathway and gene ontology enrichments of DEGs 
between brain regions of Slc30a10 knockout mice. Size and color of the bubble is a function of −log10 ( P -value). N = 5 mice per genotype. 
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Fig. 6 Normalization effect of the reduced Mn chow in the basal ganglia of Slc30a10 knockout mice. (A) UpSetR Plot visualizing the lack of 
differentially expressed genes (DEGs) overlap between brain regions of Slc30a10 knockout mice fed reduced Mn (gray) or regular chow (blue), 
highlighting which gene expression changes are Mn dependent. Set size is plotted to the left of the chart, set membership is plotted above each bar, 
and each connection is highlighted as a connected line. (B) Heatmap of the top gene ontology and pathway enrichments of Slc30a10 knockout mice fed 
regular rodent chow across brain regions (right) compared with enrichment of the same categories of Slc30a10 knockout mice fed reduced Mn chow 

(left). Color is a function of −log10 ( P -value), with dark blue representing no significant enrichment and warmer colors (light blue, yellow, orange, red) 
representing strong significant enrichment of the selected pathways in the dataset. Brain region metadata are represented on the left side bar as a 
function of color (light green—caudate putamen (CPu); dark green—globus pallidus (GP), light blue—substantia nigra (SN)). (C-E) To highlight the 
corrective effect, regular rodent chow specific DEGs of Slc30a10 knockout mice were selected and plotted as heatmap for each brain region with 
reduced Mn chow on the left and regular rodent chow on the right. Specific DEGs and pathway categories are highlighted to demonstrate the 
normalization of Mn-dependent pathways. Color is a function of log2 fold change with blue representing downregulation and red representing 
upregulation of gene expression. All DEGs represented are ( Padj < 0.05). Chow metadata are represented on the left side bar as a function of color 
(gray—reduced Mn chow, blue—regular chow). 
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Fig. 7 Effect of regular or reduced Mn chow in the liver of Slc30a10 knockout mice. (A) Volcano plot showing log2 fold change against −log10 P -value for 
the main effect of littermate control vs. Slc30a10 knockout in the liver of mice fed regular rodent chow. Differentially expressed genes (DEGs) 
( Padj < 0.05) are shown as blue dots. The top DEGs are labeled. (B) Slc30a10 expression in the liver of Slc30a10 knockout (KO) or Slc30a10fl/fl littermate 
control mice fed regular rodent chow. (C) Number of upregulated (1379) and downregulated (1598) DEGs in the liver of Slc30a10 knockout mice 
( Padj < 0.05) on regular rodent chow. Pathway enrichment and gene ontology analyses for (D) upregulated liver DEGs and (E) downregulated liver DEGs 
as a function of −log10 ( P -value) of Slc30a10 knockout mice fed regular rodent chow. (F) Volcano plot showing log2 fold change against −log10 P -value 
for the main effect of littermate control vs. Slc30a10 knockout in the liver of mice on reduced Mn chow. DEGs ( Padj < 0.05) are shown as green dots. The 
top DEGs are labeled. (G) Liver Slc30a10 expression in Slc30a10 knockout (KO) or Slc30a10fl/fl littermate control mice fed reduced Mn chow. (H) Number 
of upregulated (535) and downregulated (788) DEGs in the liver ( Padj < 0.05) of Slc30a10 knockout mice on reduced Mn chow. Pathway enrichment and 
gene ontology analyses for (I) upregulated liver DEGs and (J) downregulated liver DEGs as a function of −log10 ( P -value) of Slc30a10 knockout mice fed 
reduced Mn chow. N = 5–6 mice per genotype and diet. ** P < 0.01; **** P < 0.0001. 
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Fig. 8 Upstream regulator analysis highlights role for HIF1 α signaling across organs and chows. Regular chow specific top upstream regulators 
enriched in the (A) caudate putamen (CPu), (B) globus pallidus (GP), (C) substantia nigra (SN), and (D) liver of Slc30a10 knockout animals. Reduced Mn 
chow specific top upstream regulators enriched in the (E) CPu, (F) GP, (G) SN, and (H) liver of Slc30a10 knockout animals. Reduced Mn and regular chow 

overlapping DEGs analysed for top upstream regulators enrichment in the (I) CPu, (J) GP, (K) SN, and (L) liver of Slc30a10 knockout animals. (M) IPA 
pathway visualization of the HIF1 α signaling pathway. Components that are enriched in the upstream regulator analyses across organs and chows are 
highlighted in blue, representing an enrichment Padj < 0.05. Enrichment for each bar graph is a function of −log10 ( P -value). 
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transcriptional response of the Slc30a10 knockout mice (Fig. 8 M).
Note however that, while there are three HIF isoforms27 (see
Section “Discussion” for more details), the proprietary Ingenuity
Pathway Analysis (IPA; QIAGEN, Redwood City, CA, USA) program
used for pathway enrichment and upstream regulator analysis is
limited to HIF1 and does not distinguish between HIF isoforms.35

Consequently, we were unable to further segregate the upstream
regulation of expression changes in the Slc30a10 knockouts by
HIF isoforms. But, irrespective of the role of specific HIF isoforms,
our results imply that the HIF pathway is a major driver of the
gene expression changes that occur in the basal ganglia and liver
of Slc30a10 knockout mice. 

Discussion 

The pervasive disruption in the expression of genes modulat-
ing neurotransmitter, synaptic, and neuronal function identified
in the basal ganglia of the full-body Slc30a10 knockout mice on
regular rodent chow may contribute to the neuromotor pheno-
type evident in these animals. As brain Mn levels are markedly
elevated in the full-body Slc30a10 knockout mice at ∼1 mo of
age on regular rodent chow9 when the mice were euthanized in
this study, the expression changes we detected in the knockouts
could be reflective of brain Mn increases at the time of euthana-
sia and/or at a prior developmental stage. An important next step
in characterizing possible molecular mechanisms of neurologi-
cal deficits in mice (and humans) lacking functional SLC30A10
is to use the current data for designing rescue studies that re-
store expression of select genes with altered expression in the
Slc30a10 knockout mice. It should be possible to prioritize genes
for future mechanistic/rescue studies by comparing the basal
ganglia transcriptomic profile of the full-body Slc30a10 knock-
out mice (this study) with pan-neuronal/glial Slc30a10 knockout
mice, which is yet to be determined. Pan-neuronal/glial Slc30a10
knockout mice: (i) lack SLC30A10 expression in neurons, astro-
cytes and oligodendrocytes9 , 16 and (ii) under physiological condi-
tions, exhibit modest, brain-region specific increases in Mn lev-
els detectable only in early post-natal development along with
lasting deficits in motor function and dopamine release that per-
sist into adulthood.16 Potentially, a similar comparative transcrip-
tomics approach may also be used in the future with Slc30a10
knockout strains and mice that have functional SLC30A10, but are
exposed to human relevant Mn levels. Genes or gene expression
pathways that exhibit similar alterations in full-body Slc30a10
knockout mice, pan-neuronal/glial Slc30a10 knockout mice, and
Mn-treated mice with functional SLC30A10 may be central in
the pathobiology of Mn-induced neuromotor disease. Because de-
tectable brain Mn level increases in pan-neuronal/glial Slc30a10
knockouts under physiological conditions are limited to early
post-natal development,16 it is likely that gene expression changes
that emerge as critical modulators of the pathobiology of Mn
neurotoxicity reflect lasting effects of early-life increases in brain
Mn. Overall, while not mechanistic in itself, results of the current
study are an important step in establishing the mechanisms of
Mn-induced neurological disease. 

The reduced Mn chow lowers, but does not fully normalize,
brain Mn levels of full-body Slc30a10 knockout mice.19 Indeed, at
∼6 wk of age, brain Mn levels of full-body knockouts on a reduced
Mn chow are ∼10-fold higher than littermates.19 Yet, the reduced
Mn chow rescues the motor deficits of the full-body knockouts
(analyses at ∼7–10 wk of age).9 In contrast, as described earlier,
pan-neuronal/glial Slc30a10 knockouts fed regular rodent chow
exhibit clear neuromotor deficits despite limited, transient, and
region-specific increases in brain Mn (the only detectable change 
in brain Mn in the pan-neuronal/glial Slc30a10 knockouts, com- 
pared with littermates, is ∼40% increase in thalamus Mn at post- 
natal day 21).16 The reasons underlying the contrasting motor 
phenotypes of the full-body Slc30a10 knockouts on a reduced Mn 
chow and the pan-neuronal/glial Slc30a10 knockouts are unclear,
and may be informative about the relationship between brain Mn 
levels and motor dysfunction. For the current study, an implica- 
tion is that the gene expression changes in the full-body Slc30a10 
knockout mice that were exclusive to the reduced Mn chow may 
not be related to the motor phenotype. Furthermore, gene expres- 
sion changes that occurred in common with the two diets in the
full-body Slc30a10 knockouts, by themselves, may also be insuffi- 
cient to drive motor deficits (because full-body Slc30a10 knockout 
mice on the reduced Mn chow do not exhibit motor dysfunction9 ).
But, the conserved expression changes that occurred with both di- 
ets may be sensitive responders to increases in Mn levels and/or 
critical contributors to the pathobiology of Mn-induced neurologi- 
cal disease. Analysing the role of these conserved gene expression 
changes in Mn neurotoxicity using directed approaches is another 
important direction for future work. 

SLC30A10 is expressed in the brain, including in the basal gan- 
glia, as well as in the liver and intestines.8 , 9 , 16 SLC30A10 controls 
brain Mn levels by direct activity of brain SLC30A10, and addition-
ally, by mediating hepatic and intestinal Mn excretion.8 , 9 , 16 Using 
cell and mouse models of the liver and intestines, we recently es-
tablished that the primary homeostatic response to elevated Mn 
levels is activation of HIF signaling, which transcriptionally up- 
regulates SLC30A10 expression to reduce Mn levels and protect 
against Mn toxicity.25 Our current findings indicate that: (i) HIF is 
also activated in the brain (i.e. basal ganglia) when brain Mn levels
increase; and (ii) HIF activation is a major driver of the transcrip-
tomic changes induced by elevated Mn levels in the basal ganglia 
and liver. Thus, together with our prior work,25 the current results 
characterize activation of the HIF pathway to be a central feature 
of Mn level elevations in organs that are pathophysiologically im- 
portant for Mn homeostasis and neurotoxicity. 

HIFs are heterodimeric transcription factors formed by the 
dimerization of a labile α-subunit with a common and stable β- 
subunit.27 Under normoxic conditions, the α-subunit undergoes 
prolyl hydroxylation, which targets it for degradation.27 Mam- 
mals have three HIF α isoforms—HIF1 α and HIF2 α, which activate 
transcription after dimerization with the β-subunit,27 and HIF3 α,
which has several splice variants including some that may inhibit 
HIF1 α and HIF2 α27 , 29 (HIF heterodimers are named after the cor- 
responding α-subunits). Our prior work established that Mn ac- 
tivates HIF signaling by inhibiting prolyl hydroxylation of the α- 
subunit,25 and that HIF1 α and HIF2 α are redundant in controlling 
Mn homeostasis in cells.25 But, whether HIF α isoforms play spe- 
cific roles in modulating Mn homeostasis and neurotoxicity at the 
organism level is unknown and represents a critical direction for 
future work. As described earlier, due to the technical limitations 
with bioinformatic analyses,35 the current findings do not shed 
light on potential roles of specific HIF α isoforms in driving the 
gene expression changes in Slc30a10 knockout mice. Rigorous Mn 
exposure, neurobehavioral, and biochemical assays in isoform- 
and tissue-specific HIF α knockout mice will likely be necessary 
to define the isoform-specificity of HIFs in Mn homeostasis and 
neurotoxicity. These future studies will need to consider the pos- 
sibilities that some Mn- and HIF-dependent genes may be medi- 
ating homeostatic protective responses to elevated Mn levels (e.g.
SLC30A10 ) while others may contribute to the disease phenotype,
and that the overall phenotype may be impacted by upregulation 
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f HIF3 α, as observed in this study, which may inhibit HIF1 α and
IF2 α-mediated transcription.27 , 29 

ethods 

nockout mouse strains 
ll experiments with mice were approved by the Institutional
nimal Care and Use Committee of the University of Texas at
ustin. We previously described the full-body Slc30a10 knockout
ice used here.9 , 19 , 20 We used mice heterozygous for the knock-
ut Slc30a10 allele as breeders to get mice homozygous for the
lc30a10 knockout allele (i.e. Slc30a10−/ −) or littermate control
ice that were homozygous for the floxed Slc30a10 allele (i.e.
lc30a10fl/fl).We used male mice for this study because: (i) the Mn-
nduced hypothyroidism phenotype of male Slc30a10−/ − mice is
ore severe than females19 ; and (ii) limiting the gene expres-
ion analyses to male mice enhanced the likelihood of identifying
enotype-specific differences. Mice were housed in the specific-
athogen free facility of the University of Texas at Austin in a
oom maintained at 21°C with a 12 h light–dark cycle. Animals
ere weaned at post-natal day 21. After weaning, three to four
ittermates of the same sex were kept per cage. Animals had free
ccess to food and water and were fed PicoLab Rodent Diet 20 with
84 μg Mn/g chow. 
We performed the reduced Mn diet rescue experiment ex-

ctly as described previously.9 , 19 Briefly, on post-natal day 10, we
hanged diet of the dams to the commercially available reduced
n chow, AIN-93 G, which contains ∼11 μg Mn/g chow.9 , 19 After
eaning, pups continued to receive the reduced Mn chow until
uthanasia. 

uthanasia and tissue collection 

ice were euthanized at ∼1 mo of age by decapitation after isoflu-
ane anesthesia as previously.9 , 19 Liver and whole brain were iso-
ated, flash-frozen in liquid nitrogen, and stored at −80°C be-
ore use. Brain punches were obtained essentially as described
reviously.9 , 16 Brains were embedded in the O.C.T. Compound em-
edding medium (Scigen Scientific) and frozen on cold isopentane
Thermo Fisher Scientific). 500 μm coronal brain sections were
liced on a cryostat (set to ∼−5°C). Desired brain regions were
dentified using the Allen Brain Reference Atlas (caudate puta-
en bregma coordinates: anteroposterior, 0.75 mm; mediolateral,
 mm; dorsoventral, −3.5 mm; globus pallidus bregma coordi-
ates: anteroposterior, −0.25 mm; mediolateral, 2 mm; dorsoven-
ral, −4.5 mm; substantia nigra bregma coordinates: anteroposte-
ior, −2.75 mm; mediolateral, 1.35 mm; dorsoventral, −5.5 mm).
he targeted brain regions were collected with a brain punch tool
1.25 mm in diameter; Stoelting Co., Wood Dale, IL, USA). Bilateral
unches per region were collected while the cryostat was set to
30°C. Tissue was kept frozen during the process. 

enotyping 

his was also performed using previously described
rocedures.9 , 19 , 20 Briefly, genomic DNA was extracted from 

ail snips using the Extracta DNA Prep for PCR—Tissue kit
Quanta Biosciences). PCR was performed using the AccuStart II
CR Supermix reagent (Quanta). Primers used were as follows: (i)
o amplify the floxed Slc30a10 allele—forward 5 ́CGG ACT GGG
GC ACT TTG TT 3 ́, and reverse 5 ́ATA CTG CCA CAG GAG AGG
G 3 ́; (ii) to amplify the knockout Slc30a10 allele—forward 5 ́CAC
TT TAA GGG CAC TAG GC 3 ́, and the reverse primer used for
he floxed allele. 

NA extraction and sequencing 

otal RNA from tissue was isolated using the PureLink RNA
ini kit using manufacturer’s instructions (Invitrogen). Genomic
NA was removed using RapidOut DNA Removal Kit (Thermo
isher Scientific). Sequencing libraries were constructed using
 3 ́Tag-based approach (TagSeq), targeting the 3 ́ end of mRNA
ragments. This approach is a cost-efficient alternative to whole-
ranscriptome RNA sequencing, with comparable accuracy and
uantification of transcripts.36 The 3 ́TagSeq was performed by
he University of Texas Genomic Sequencing and Analysis Facility
RRID#: SCR_021713) based on the protocols from Lohman et al.36 

nd Meyer et al.37 Libraries were quantified using the Quant-it
icoGreen dsDNA assay (Thermo Fisher Scientific) and pooled
qually for subsequent size selection at 350–550 bp on a 2% gel
sing the Blue Pippin (Sage Science). The final pools were checked
or size and quality with the Bioanalyzer High Sensitivity DNA Kit
Agilent) and their concentrations were measured using the KAPA
YBR Fast qPCR kit (Roche). Samples were then sequenced on
he NovaSeq 6000 (Illumina) instrument with single-end, 100 bp
eads. Genes captured for the experiment with the regular rodent
how were 22,532 and for the experiment with the reduced Mn
how were 22,138. 

ioinformatics 
eads were mapped to the mouse reference genome (UCSC,
RCm39) using the alignment tool STAR (v2.7.10b). Raw RNA-
equencing files were evaluated for quality control using FastQC
v0.12.0). HTSeq (v.0.2.0) and Python (v.2.7) was used for counting
apped sequencing reads. RSeQC (v5.0.1) was used to further
uality control mapped sequenced reads. Quantified read counts
ere normalized and analysed using DESeq2 (v1.12.3) to de-
ermine differential expression between groups, within the R
tatistical computing environment (v4.2.2).38 Pairwise differential
xpression analyses were performed with DESeq2. Identical read
ltering parameters were used for different organs, and genes
ith read counts < 5 in at least half of the samples per treatment
roup were removed. DEGs are listed in Supplementary Tables S1
nd S3. Genes with a nominal significance threshold of FDR < 0.05
ere used for further analysis. This threshold was selected to
alance type 1 and type 2 error rates when performing pathway
nalyses. Normalized read counts were scaled according to the
ibrary size of individual samples. Functional enrichment of
athways and Gene Ontology categories was performed using
etascape.39 Metascape combines functional enrichment, gene
nnotation, and membership within one integrated portal, minor
ategories are those that make up the major categories listed in
upplementary Tables S2 and S4 (orange = major, blue = minor).
ignificant enrichment was defined as a −log10 P -value > 2 and a
inimum of three genes per enrichment category. For upstream

egulatory analysis (URA) of DEGs we used the commercial QIA-
EN’s IPA. For URA, we used the Bonferroni method to correct the
etection P -value and set Padj < 0.05 as the significant threshold
s the input method. Pathway visualization was also performed
sing IPA (QIAGEN). Gene overlap to determine either brain
egional specificity or regular vs. reduced Mn chow specificity
as performed using GeneOverlap (v1.36.0, github.com/shenlab-
inai/GeneOverlap). Plots were generated using ggplot2 (v3.4.1),
heatmap (v1.0.12), UpSetR40 or Prism (v9.01, GraphPad, San
iego, CA, USA). 

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae007#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae007#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae007#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae007#supplementary-data
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