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Inherited autosomal recessive mutations of the manganese (Mn) transporter gene SLC39A14 in humans, results in
elevated blood and brain Mn concentrations and childhood-onset dystonia-parkinsonism. The pathophysiology of
this disease is unknown, but the nigrostriatal dopaminergic system of the basal ganglia has been implicated.
Here, we describe pathophysiological studies in Slc39a14-knockout (KO) mice as a preclinical model of dystonia-
parkinsonism in SLC39A14 mutation carriers. Blood and brain metal concentrations in Slc39al14-KO mice
exhibited a pattern similar to the human disease with highly elevated Mn concentrations. We observed an early-
onset backward-walking behavior at postnatal day (PN) 21 which was also noted in PN60 Slc39a14-KO mice as
well as dystonia-like movements. Locomotor activity and motor coordination were also impaired in Slc39a14-KO
relative to wildtype (WT) mice. From a neurochemical perspective, striatal dopamine (DA) and metabolite
concentrations and their ratio in Slc39a14-KO mice did not differ from WT. Striatal tyrosine hydroxylase (TH)
immunohistochemistry did not change in Slc39a14-KO mice relative to WT. Unbiased stereological cell quan-
tification of TH-positive and Nissl-stained estimated neuron number, neuron density, and soma volume in the
substantia nigra pars compacta (SNc) was the same in Slc39a14-KO mice as in WT. However, we measured a
marked inhibition (85-90%) of potassium-stimulated DA release in the striatum of Slc39a14-KO mice relative to
WT. Our findings indicate that the dystonia-parkinsonism observed in this genetic animal model of the human
disease is associated with a dysfunctional but structurally intact nigrostriatal dopaminergic system. The pre-
synaptic deficit in DA release is unlikely to explain the totality of the behavioral phenotype and points to the
involvement of other neuronal systems and brain regions in the pathophysiology of the disease.

1. Introduction Historically, Mn-induced neurological disease has been most widely

studied in occupationally exposed adult populations (Couper, 1837;

Manganese (Mn) is an essential trace element and required cofactor
for many enzymes critical for human health (Aschner and Aschner,
2005). Since the early 1800s, occupational exposure to very high con-
centrations of Mn has provided evidence that when brain Mn concen-
trations increase significantly above physiological levels, Mn is
neurotoxic and results in a neurological syndrome with early psychiatric
symptoms followed by a form of parkinsonism with dystonia that is
refractory to levodopa treatment, the pharmacotherapy used to control
movement abnormalities in idiopathic Parkinson’s disease (Couper,
1837; Guilarte, 2010; Guilarte, 2013; Guilarte and Gonzales, 2015;
Blanc, 2018).

Guilarte, 2010; Blanc, 2018). However, humans are exposed to Mn from
a variety of occupational and environmental sources (Guilarte, 2010;
Guilarte, 2013; Guilarte and Gonzales, 2015; Blanc, 2018), and recent
cases of Mn-induced parkinsonism have been described in clinical
populations. For nearly two decades, several reports have described
young adult drug addicts exhibiting parkinsonism with dystonia as a
result of injecting high Mn concentrations as a byproduct of the syn-
thesis of the illicit psychostimulant drug ephedron (Meral et al., 2007; de
Bie et al., 2007; Sanotsky et al., 2007; Sikk et al., 2007; Selikhova et al.,
2008; Stepens et al., 2008; Colosimo and Guidi, 2009; Yildirim et al.,
2009; Igbal et al., 2012; Fudalej et al., 2013; Sikk et al., 2013;
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Poniatowska et al., 2014; Janocha-Litwin et al., 2015; Sikk et al., 2010).
More recently, childhood-onset dystonia-parkinsonism with increased
blood and brain Mn concentrations has also been described in in-
dividuals with inherited autosomal recessive mutations of the Mn
transporter genes SLC30A10 (Gospe et al., 2000; Sahni et al., 2007;
Tuschl et al., 2008; Brna et al., 2011; Quadri et al., 2012; Stamelou et al.,
2012; Tuschl et al., 2012; Lechpammer et al., 2014) and SLC39A14
(Tuschl et al., 2016; Juneja et al., 2018; Marti-Sanchez et al., 2018;
Rodan et al., 2018; Zeglam et al., 2019). These genetic mutations pro-
duce dysfunction of Mn transporters leading to highly elevated Mn
concentrations in the blood and brain and clinical expression of
childhood-onset dystonia-parkinsonism. One important aspect of this
population of Mn transporter mutation carriers is that the chronic Mn
exposure occurs when the brain is developing in contrast to adult Mn
exposures in the case of occupational and ephedron addicts in which the
exposures typically occur when the brain is fully developed. Therefore,
it is possible that neuronal systems and brain regions are differentially
affected based on the age when the high Mn exposure occurs in the
brain.

Nevertheless, the discovery of inherited autosomal recessive muta-
tions of the Mn transporter genes SLC30A10 and SLC39A14 has revo-
lutionized the study of Mn homeostasis and neurotoxicity
(Mukhopadhyay, 2018). These genes code for critical Mn transporters
that are involved in the efflux (SLC30A10) and influx (SLC39A14) of Mn
in cells to maintain Mn homeostasis. Clinical populations have signifi-
cantly advanced our understanding of Mn homeostasis and Mn-induced
neurological disease in that these Mn transporters work in concert to
excrete Mn from the body and disruption of this fine balance results in
systemic Mn retention and highly increased concentrations of Mn in the
brain (Mukhopadhyay, 2018). Despite these important findings, there is
a paucity of knowledge on the neuronal systems and brain regions
affected in the inherited mutation carriers, and there is a lack of
comprehensive neuropathological studies in humans with the disease
and in preclinical animal models in order to understand the patho-
physiology of childhood-onset dystonia-parkinsonism of SLC39A14
mutation carriers.

While significant research in experimental animal models, and more
limited studies in humans, has been described with adult-onset Mn-
induced parkinsonism and its effects on the nigrostriatal dopaminergic
system (Couper, 1837; Guilarte, 2010; Guilarte, 2013; Guilarte and
Gonzales, 2015; Blanc, 2018), less is known about the effects of chron-
ically elevated blood and brain Mn concentrations during early life as is
the case with individuals expressing the autosomal recessive mutations
of the SLC39A14 and SLC30A10 genes. However, one of the most
consistent changes in brain chemistry with Mn exposure in adult animals
is the inhibition of dopamine (DA) release (Guilarte et al., 2006; Guilarte
et al., 2008; Guilarte et al., 2019; Khalid et al., 2011). We have previ-
ously shown that non-human primates chronically exposed to Mn as
young adults with subtle motor function deficits have significant
impairment of in vivo amphetamine-induced DA release in the caudate/
putamen measured using positron emission tomography (PET) (Guilarte
et al., 2006; Guilarte et al., 2008) as well as in the frontal cortex (Gui-
larte et al., 2019). Similarly, rodents exposed to Mn as adults also have
inhibition of potassium-stimulated DA release in the striatum (Khalid
et al., 2011). Therefore, inhibition of striatal DA release whether stim-
ulated by amphetamine or potassium depolarization is a consistent
observation on the effects of chronic adult Mn exposure on DAergic
circuits in experimental animal models.

The recent availability of Slc30al10 and Slc39a14 global knockout
(KO) mice provide a genetic-based approach to study Mn-induced
neurological dysfunction and underlying neuropathology. Previous
studies have shown that Slc39a14-KO mice exhibit increased blood and
brain Mn concentrations as well as motor function deficits and postural
and gait abnormalities as in the human SLC39A14 mutation carriers
(Aydemir et al., 2017; Xin et al., 2017; Jenkitkasemwong et al., 2018).
Notably, Slc39a14-KO mice from a B6:129 hybrid background were
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backcrossed onto a 129S6/SvEvTac strain, similar blood and brain in-
creases in Mn concentrations were obtained (Jenkitkasemwong et al.,
2018) indicating that the deletion of Slc39a14 results in increased blood
and brain Mn concentrations despite the genetic background of the mice
and increased brain Mn may be responsible for the behavioral changes
observed (Jenkitkasemwong et al., 2018). However, no study to date has
described the neurochemical or neuropathological bases of the Mn-
induced dystonia-parkinsonism in mice with genetic deletion of these
Mn transporters. In the present work, we used Slc39a14-KO mice to
assess the behavioral, neurochemical, and neuropathology of the
nigrostriatal dopaminergic system resulting from increased brain Mn
concentrations in young adult male and female mice. The nigrostriatal
dopaminergic system of the basal ganglia was initially selected because
it has been implicated in Mn-induced parkinsonism with dystonia
(Guilarte, 2010; Guilarte, 2013; Guilarte and Gonzales, 2015; Guilarte
et al.,, 2006; Guilarte et al., 2008) and in different dystonia animal
models (Balcioglu et al., 2007; Hewett et al., 2010; Song et al., 2012; Ip
et al., n.d.; Eskow Jaunarajs et al., 2019; Rauschenberger et al., 2020).

2. Materials and methods
2.1. Animal husbandry and genotyping

Animal studies were reviewed and approved by the Florida Inter-
national University Animal Care and Use Committee, comply with the
ARRIVE guidelines, and were carried out in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals. The Slc39a14-KO founder mice were generously provided by
Dr. Robert J. Cousins from the University of Florida, where the colony
was originally described (Aydemir et al., 2012). Briefly and as described
in the original publication (Aydemir et al., 2012), Zip14 +/— and Zip14
+/+ founder mice were obtained through a contract with the Mutant
Mouse Regional Resource Center at the University of California, Davis. A
targeted mutation in Zipl4 gene (exons 3-5) was generated in strain
129/SvEvBrd derived embryonic stem cells. The chimeric mice were
bred to C57BL/6 J albino mice to generate Zipl4 +/— mice. Zip14 —/—
mice were obtained through further breeding of founder Zip14 +/—
mice at the University of Florida (Aydemir et al., 2012). Animals were
bred using 1:1 male:female Zipl4 +/— mice generating Zipl4 +/+
(Slc39a14-WT) and Zip14 —/— (Slc39a14-KO) mice for the studies. Litters
were weaned at post-natal day (PN) 21. Animals were housed ona 12:12
light:dark cycle with ad-libitum food and water access. The rodent chow
was Advanced Protocol Verified 75 IF irradiated 5 V75* diet (Lab diets,
Ft. Worth, Texas). ICP-MS analysis of Mn, iron, copper, and zinc of this
rodent chow indicated the following concentrations: Mn = 110.5 + 15.7
pg/g; Iron = 163.1 + 27.8 pg/g; Copper = 10.7 + 2.2 pug/g, and Zinc =
79.6 + 14.5 pg/g. All values are mean + sem of 5 different samples.

For genotyping, a tail clip was taken immediately after weaning
using a pair of sterilized scissors. DNA extraction solution (200 pL) was
added to the homogenized tissue samples (QuickExtract DNA Extraction
Solution 1.0, Lucigen, Middleton, WI) and heated to 65°C for 6 min and
95°C for 2 min. A Verti Applied Biosystems Thermocycler (Thermo-
Fisher Scientific, Waltham, MA) was used for the PCR reaction under the
following conditions: 1) 95°C for 5 min, 2) 95°C for 30s, 53°C for 30s
and 72°C for 1 min for 35 cycles, 3) 72°C for 10 min. The following
primer sequences were used: Slc39a14-WT forward: 5' — TCA TGG ACC
GCT ATG GAA AG - 3'; Slc39a14-WT reverse: 5 — GTG TCC AGC GGT
ATC AAC AGA GAG - 3'; SIc39a14-KO forward: 5’ — TGC CTG GCA CAT
AGA AAT GC - 3; Slc39a14-KO reverse: 5 — GCA GCG CAT CGC CTT
CTA TC - 3'. PCR products were run through 1.5% agarose gel made in
1xTAE buffer containing Gel Red stain (3.75 pL of Gel Red in 100 mL
agarose; Biotum, Fremont, CA) at 120 V for 90 min with Slc39a14-WT
band at 164 bp and Slc39a14-KO band at 469 bp [see example of gel
genotyping Supplementary Fig. 1].
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2.2. Metal analysis

Brain tissue and whole blood specimens for metals analyses were
obtained from animals that were used in behavioral assessments. Tissue
metals concentrations were corrected for wet tissue weight. Blood metals:
Whole blood was obtained immediately following decapitations and
collected directly into K;EDTA coated tubes (BD Vacutainer, Becton
Dickinson and Company, Franklin Lakes, NJ). 100 pL of whole blood was
mixed with 250 pL tetramethylammonium hydroxide (TMAH) solution
and allowed to incubate for 10 min at room temperature (RT). After-
wards, 50 pL of internal standards (IS) mixture containing lithium,
yttrium and germanium was added. A 0.005% EDTA and 0.005% Triton-
X solution made in ultra-pure water was used to bring the total volume
to 5 mL, resulting in final IS concentration of 10 pg/L. The samples were
then placed into the autosampler (CETAC-ASX 520, ThermoFisher Sci-
entific, Waltham, MA) and directly injected into the ICP-MS (iCAP-TQ,
ThermoFisher Scientific,c Waltham, MA) using the S-SQ-KED High
Sensitivity detection mode. Qtegra Software (ThermoFisher Scientific,
Waltham, MA) was used to construct the calibration curves and perform
the analysis (Nunes et al., 2010). Striatum metals: Striatal punches were
taken from flash frozen tissue slabs obtained after euthanizing of mice.
Tissue punches were weighed and stored at -80°C until analysis. Samples
were mixed with 1 mL of concentrated HNO3 and allowed to digest for 2
h at 95°C in a heating block. After digestion, samples were allowed to
cool down to RT and 100 pL of IS mixture containing lithium, yttrium
and germanium was added. Total volume was brought up to 10 mL using
3% HNO3 made in ultra-pure water, resulting in final IS concentration of
10 pg/L. Both blood and brain samples and calibration curve solutions
were processed into the autosampler and injected into the ICP-MS using
S-SQ-KED High Sensitivity detection mode. Qtegra Software was used to
construct the calibration curves and perform the analysis.

2.3. Behavioral assessment

All behavioral tests were performed between 12:00 and 18:00 h,
during the light cycle, with the exception of locomotor activity, that was
performed in the dark cycle. Separate naive animals were used for each
test, with 1 male or female animal per litter used for each endpoint.
Activity cages: For locomotor activity recordings, naive animals were
habituated to the behavior room for 30 min. Animals were placed into
the activity cages (Activity Cages Monitor SOF-812, Med Associates,
Fairfax, VT) for 60 min. All locomotor activity recordings were per-
formed after 19:00 h, during the dark cycle. Rotarod: Rotarod testing
took place over the course of 3 days. In the beginning of each day, the
animals were habituated to the testing room for 10 min. Following the
habituation period, they were trained on the rotarod (Columbus In-
struments, Columbus, OH) for 5 min at 4RPM and then allowed to rest in
their home cage for 30 min. After the resting period concluded, animals
were placed on the rotarod, starting at 4RPM and accelerating by 4 RPM
every 30 s for 3 trials per day. Latency-to-fall was recorded and values
from 3 trials were averaged (Loth et al., 2016). Behavioral observations
for dystonia features using the tail suspension test: We performed the tail
suspension test and observed for dystonia-like features as described in
previous studies (Eskow Jaunarajs et al., 2019; Liang et al., 2014; Xiao
et al., 2020). The animal was gently and carefully suspended by the end
of the tail 20 cm from the bottom of the cage for the duration of 1 min
and recorded on video. A blinded investigator unfamiliar with the ani-
mals analyzed the videos, screening for the following behaviors: front
limb clasping, hind limb clasping, truncal torsion, cervical torsion,
splaying of the toes, unilateral use of limbs and decreased movement. At
PN21, we also observed for torticollis, retrocollis, straub tail, backward
walking, foot dragging and splayed paws from videos of Slc39a14-KO
mice compared to WT. The number of Slc39a14-KO mice expressing
these abnormal behaviors is provided in supplementary Table 1.
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2.4. Analysis of dopamine and metabolites concentrations in the corpus
striatum

Tissue punches of the striatum were obtained at the level of the
lateral ventricles [AP: 0.14 DV: -3.5 ML: 2.0] from brains of WT and
Slc39a14-KO mice, and the tissue immediately frozen at -80°C until
analysis. On the day of the analysis, sample weights were recorded, the
tissue was placed into 30x w/v 0.1 M perchloric acid and went through
3 cycles of sonication 10s-on/10s-off (Tekmar Sonic Disruptor, Teledyne
Tekmar Company, Inc., Mason, OH) while on ice. The resulting solution
was filtered using PTFE-membrane 20 pm centrifugal tubes (Ultrafree-
MC Centrifugal Devices, Millipore-Sigma, Burlington, MA; 4°C, 15,000
g, 15 min). The protein pellet was frozen at -80°C until analysis. The
resulting supernatant was diluted in 0.1 M perchloric acid at a 1:3 ratio
and 10 pL were injected into the HPLC-ECD (Dionex Ultimate 3000,
ThermoFisher Scientific, Waltham, MA) using the MDTM mobile phase,
reverse phase column (C18-Hypersil 150 mm x 2.1 with 3 pm particle
size, ThermoFisher Scientific, Waltham, MA) and amperometric cell
(Dionex Ultimate 3000 ECD-3000RS Electrochemical Detector, Ther-
moFisher Scientific, Waltham, MA) set at +400 mV, 10 nA gain with 0.4
mL/min flow rate. 50 ng/mL 2,5-dihydroxybemzoic acid was used as the
internal standard (Yang and Beal, 2011). The recovered protein pellets
were analyzed using the commercially available BCA assay (Pierce BCA
Protein Assay Kit, ThermoFisher Scientific, Waltham, MA). Dopamine
and metabolite concentrations were normalized with protein
concentrations.

2.5. Tyrosine hydroxylase (TH) immunohistochemistry

Animals were perfused using 4% paraformaldehyde (PFA) solution
made in 0.1 M phosphate buffer. The extracted tissue was suspended in
4% PFA for 24 h and cryoprotected in 30% sucrose solution for 48 h.
Snap-frozen brains were sectioned at 40 pm (American Optical Company
Microtome, Model 860) with sections placed in individual wells con-
taining freezing storage solution (30% glycerol, 30% ethylene glycol,
30% dH20 and 10% 0.24 M phosphate buffer). Every third section
throughout the substantia nigra pars compacta (SNc) was stained for TH,
the rate-limiting enzyme for DA synthesis, and used for unbiased ste-
reological cell counting. For TH optical density in the striatum, every
sixth section was used. The sections were washed in a 1x phosphate-
buffer saline solution (PBS, pH 7.4) at RT. Antigen retrieval was per-
formed using 10 mM sodium citrate buffer at 37 °C for 30 min, followed
by a 20 min incubation at RT. Endogenous peroxidase was quenched in
2.5% hydrogen peroxide (H202) made in 75% methanol solution for 20
min at RT. Tissue sections were pre-blocked using 0.6% Triton X-100,
5% bovine serum albumin, and 4% normal horse serum (S-2000, Vector
Laboratories, Burlingame, CA) for 1 h at RT. Tissue was incubated in a
1:10,000 primary antibody (anti-tyrosine hydroxylase monoclonal
antibody, MAB-318, clone LNC1, Millipore-Sigma, Burlington, MA)
overnight at RT. On the following day, the tissue was placed in a bio-
tinylated secondary antibody solution (1:200, BA-2000, Vector Labo-
ratories, Burlingame, CA), containing 2% normal horse serum for 1 h at
RT. The tissue was then incubated for 1 h at RT in Avidin-biotin-
peroxidase complex (ABC kit, PK-6100, Vector Laboratories, Burlin-
game, CA) followed by development in 3,3'-diaminobenzidine for 10
min at RT (DAB kit, SK-4100, Vector Laboratories, Burlingame, CA).
Sections were mounted on slides, dehydrated in a series of ethanol so-
lutions and cover slipped using the EMS-DPS mounting medium.

2.6. Unbiased stereology of TH and Nissl estimated neuron number,
neuron density (Nv), and soma volume (SV)

Using the Allen mouse coronal brain atlas (Allen Atlas for Brain
Science), we measured TH-positive and Nissl estimated neuron number,
Nv and SV in the SNc of PN60 male and female wildtype (n = 12: 6 male,
6 female) and Sic39a14-KO (n = 12: 6 male, 6 female) mice. All data
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were collected using Stereolnvestigator software (Version 11.11.2, MBF
Bioscience, Williston, VT, RRID:SCR_002526) and an Olympus BX-51
photomicroscope (Olympus, Center Valley, PA) equipped with a digi-
tal camera by a single, blinded observer. Initial subsampling techniques
were performed to determine appropriate sampling parameters (Slo-
mianka and West, 2005). Beginning at a random starting point, TH-
positive and Nissl Nv (mm®) were obtained using the optical dissector
probe at 40x (N.A. 0.75) under Kohler illumination. Six equidistant
sections (1:3 series) throughout the SNc were selected for TH Nv
quantification, while 3-4 sections were used to collect Nissl Nv (1:6
series). TH-positive and Nissl neurons were designated with a single
marker per stain, and sampling area size was 100 x 100 with a dissector
height of 7 pm and a guard zone of 2%. Mounted section thickness was
measured every fifth sampling site. Densities (i.e., Nv) were calculated
as the estimated neuron population of TH- or Nissl-positive markers
divided by planimetric volume of the dissector for each area of interest
and averaged for every animal (Sherwood et al., 2005). SV was collected
for every TH-positive neuron and every fourth Nissl-stained neuron
using the isotropic nucleator simultaneously during the optical frac-
tionator probe. Six rays were used to define the soma edge. The average
measured thickness for TH-stained sections was 19.49 pm and for Nissl
sections was 13.00 pm, and the mean number of sampling sites for TH
was 169 + 39 and for Nissl was 56 + 5 with a Gunderson coefficient of
error (CE) of 0.06. The mean number of nucleators for TH was 121 and
for Nissl was 86 with average CEs < 0.01 for SV.

2.7. In vivo microdialysis and HPLC analysis of dopamine and
metabolites in dialysates: Cannulations

Animals were anesthetized with an intraperitoneal injection of ke-
tamine (100 mg/kg) and xylazine (10 mg/kg). Once the animals no
longer responded to paw pinches and blinking reflexes were not
observed, animals were administered atropine (5 mg/kg, sub-
cutaneous). A small amount of betadine was used to prepare the inci-
sion site. Following betadine application, a 100 pL injection of lidocaine
was made in the same location. A pre-sterilized scalpel blade was used to
make an incision in the scalp, approximately 2 cm along the sagittal
suture, exposing the skull. Following the incision, the mouse was placed
into the stereotaxic frame (Neurostar, Tubingen,Germany) and eye
ointment was applied. The coordinates for the guide cannula placement
(MBR-5 5 mm guide cannula, BASi, West Lafayette, IN) were AP: +1.18,
ML: +1.5, and DV: —2.4 (Paxinos and Franklin, 2001), and the cannula
implant was secured with small anchor screws set into the skull (self-
tapping bone anchor screws, BASi, West Lafayette, IN). Loctite-444 was
used to bind the cannula and screws together with the bone. Upon
successful cannulation, animals were administered yohimbine (2 mg/
kg) and meloxicam (5 mg/kg) and monitored until voluntary movement
appeared. Prior to in vivo microdialysis, animals went through a 3-day
recovery period with daily administrations of meloxicam (5 mg/kg).
Workup, cannulations, and recovery were all completed on heating
pads.

2.8. In vivo microdialysis

Animals were habituated to the room for 30 min. Immediately before
the procedure, animals were fitted with collars and the dummy probe
was removed from the guide cannula and replaced with the actual probe
(MBR 1-5, 1 mm probe, BASi, West Lafayette, IN). Animals then were
connected to microdialysis tubing and the Raturn system via the collar
and artificial CNS fluid (NaCl 147 mmol/L, KCl 2.7 mmol/L, CaCl, 1.2
mmol/L, MgCl, 0.85 mmol/L, Harvard Apparatus, Holliston, MA) was
perfused for an equilibration period of 3 h at 1 pL/min. Following the
equilibration period, 15 samples in 20-min intervals were collected at 1
pL/min (BAS Honeycomb refrigerated fraction collector, BASi, West
Lafayette, IN) into 300 pL limited volume inserts containing 2 pL of 0.1
M perchloric acid, resulting in 22 pL final volume per sample.
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Immediately after collection, each sample was transferred to the HPLC-
ECD system for injection and analysis, using the same parameters as the
analysis for striatal dopamine concentrations (Yang and Beal, 2011).
Neuronal depolarization in the target region was achieved by switching
the perfusion fluid to 120 mM KCl solution (made in aCNS fluid) for a
20-min per sample period during the 5th sample collection phase. In vivo
microdialysis was performed during the night cycle with pairs of WT and
KO animals being sampled at the same time side-by-side with the same
solutions. Verification of dialysis probe location in the striatum was
performed using Nissl staining and the findings are provided in Sup-
plementary Fig. 2.

2.9. Statistical analysis

Stereologic data analysis was performed using unpaired t-tests
comparing the means of WT versus Slc39a14-KO mice. Rotarod data
were analyzed using a two-way repeated measures ANOVA. Prior to
analyses, data were examined for outliers using the ROUT method (Q =
1). In addition, tests for equality of variance (F-test) and normality of
residuals were performed. Statistical analyses were completed using
GraphPad PRISM (Version 8.4.0 (455), La Jolla, CA), and o was set at
0.05.

3. Results
3.1. Body and brain weight of WT and Slc39a14-KO mice

Most of the studies were performed in WT and Slc39a14-KO mice at
PN60. However, body weights were recorded at PN30, PN45, and PN60
(Supplementary Fig. 3). Analysis of variance indicates that there was no
significant effect of genotype on body weight of male (Fq,15 = 0.910,p =
0.36) or female mice (Fy,;5 = 0.286, p = 0.60). At PN60, when animals
were euthanized, whole brain weight (frozen) was measured with no
significant effect of genotype in male and female mice brain weight
(Supplementary Fig. 3).

3.2. Blood and brain metals concentrations

We measured the concentrations of Mn, copper, iron, and zinc in
whole blood samples from WT and Slc39a14-KO male and female mice
at PN60. Highly significant increases in blood Mn concentrations were
found in both male (Fig. 1A) and female (Fig. 1B) Slc39a14-KO mice
relative to WT. On the other hand, no differences were identified in iron,
copper, or zinc concentrations in the blood of male (Fig. 1A) or female
(Fig. 1B) Slc39a14-KO relative to WT at this age. This is consistent with
what was found in the SLC39A14 mutation carriers (Tuschl et al., 2016).
We also measured metal concentrations in the striatum, as this brain
region is associated with movement abnormalities and is implicated in
dystonia-parkinsonism. Fig. 1 shows that Mn concentrations in the
striatum of PN60 Slc39a14-KO was approximately 5 times higher than
WT in both male (Fig. 1C) and female (Fig. 1D) mice. No significant
effect was determined for genotype on iron, copper, or zinc concentra-
tions in the striatum of male (Fig. 1C) or female (Fig. 1D) mice at this
age.

3.3. Behavioral studies

To assess the effect of the Slc39al4 deletion on locomotor activity,
motor coordination, and dystonia-like movements, we performed a va-
riety of behavioral and observational studies on male and female PN21
(weaning) and PN60 mice.

3.3.1. Locomotor activity

Locomotor activity was assessed during the dark cycle using auto-
mated activity cages at PN60. Significant impairment of locomotor ac-
tivity was demonstrated in both male (Fig. 2B) and female (Fig. 2C)
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Slc39a14-KO mice relative to WT. Male (Fig. 2B) and female (Fig. 2C)
PN60 Slc39a14-KO mice had significantly decreased distance traveled,
speed, and vertical counts (rearing), with an increase in resting time,
consistent with a significant impairment in locomotor behavior.

3.3.2. Rotarod measurements

Rotarod analysis examined the effect of global Slc39a14 deletion and
resulting increased brain Mn concentrations on motor coordination and
motor skill learning. Both male (Fig. 2D) and female (Fig. 2E) Slc39a14-
KO mice experienced a significant impairment relative to WT. For
example, the latency to fall from the turning rod decreased for all 3 days
in Slc39a14-KO mice compared to WT. Combined, the locomotor and
rotarod results clearly indicate significant impairment of normal motor
function and coordination in the PN60 Slc39a14-KO male and female
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Fig. 1. Blood and brain metals concentra-
tions in WT and Slc39a14-KO PN60 mice: A)

10000~ p=0.4142 Whole blood concentrations of manganese,
T 1 iron, copper, and zinc in male WT and KO
7500 ° . mice. Slc39a14-KO mice exhibited highly
% o%e significant (p < 0.0001) increases in blood
\3 5460 Mn levels with no effect on other metals
ﬁ concentrations. (n = 5-11) B) Similarly, fe-
g male Slc39a14-KO mice also expressed
2500 significantly (p < 0.0001) increased blood
Mn concentrations with no effect on the
0 concentrations of other metals. (n = 5-10)
WT KO C) Concentrations of manganese, iron, cop-
per, and zinc in the striatum of Slc39a14-KO
and WT male mice. There was a significant
10000— increase in striatal Mn concentrations (p =
p=0.2152 0.0003) with no effect on other metals. (n =
T 1 4-5) D) A similar increase (p = 0.0012) was
% 75005 . measured in the concentration of Mn in the
2 striatum of female mice with no effect on
S 5000 other metals. (n = 5-7) Values are mean +
'§ SEM.
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mice relative to WT.

3.3.3. Observational studies of dystonia-like movements and ataxia (video
and pictures)

We observed abnormal locomotor behavior in some of the Slc39a14-
KO mice at weaning (PN21). That is, Slc39a14-KO mice express back-
ward walking behavior (see Supplementary Movie 1) at weaning with a
wider separation of the hindlimbs and a shuffling gait. To our knowl-
edge, this type of backward walking behavior has only been previously
observed in moonwalker mice (Becker et al., 2009). Further, when
Slc39a14-KO mice attempted to move forward, dragging of the hind
limb was noted in some animals (see Supplementary Movie 2). The
backwards movement in the Slc39a14-KO was also observed in
Slc39a14-KO mice at PN60. A portion of Slc39a14-KO mice had tilting of
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Fig. 2. Behavioral assessment of WT and Slc39a14-KO PN60 mice: A) Representative examples of activity cage tracking of the movement of WT and KO mice. B)
Analysis of locomotor behavior using activity cages in WT and Slc39a14-KO male mice at PN60. There were highly significant effects on the Slc39a14-KO mice on
distance traveled (decreased, p = 0.0153), resting time (increased, p = 0.0279), speed (decreased, p = 0.001), and vertical counts (decreased, p = 0.0019). (n = 5-9)
C) Locomotor behavior of WT and Slc39a14-KO female mice. Similar to the male mice, female Slc39a14-KO mice also expressed a decrease in distance traveled (p =
0.0057), increase in resting time (p = 0004), decrease in speed (p = 0.0019), and decrease in vertical counts (p = 0.0023). (n = 6-9) D) Rotarod performance of WT
and Slc39a14-KO male mice shows a significant genotype effect [F;,2 = 14.7; p = 0.0001] indicating that in Slc39a14-KO, the latency to fall from the rotating
cylinder was significantly shorter than WT mice. (n = 6-10) E) Rotarod performance of WT and Slc39a14-KO female mice also show a significant genotype effect
[F1,16 = 5.08; p = 0.0398 (n = 9)]. F) Observational studies of dystonia features in Slc39a14-KO mice using a tail suspension test. We observed dystonia-like
movements in the Slc39a14-KO mice including trunk twisting, hindlimb clasping, and dragging of the foot while forward walking. Also, we observed backward
walking behavior of Slc39a14-KO mice at PN21 (see Supplementary Movie 1). Values are mean + SEM.

the head to the left side (torticollis) and back (retrocollis), and straub tail
(Supplementary Table 1). Using the tail suspension test, we showed that
Slc39a14-KO mice expressed dystonia-like movements such as trunk
twisting and hind limb clasping a greater percentage of the time than WT
(Fig. 2F and Supplementary Table 1).

3.4. Neurochemical and neuropathological assessment of nigrostriatal
dopaminergic system

The motor function deficits of the Slc39a14-KO mice could be the
result of dysfunction or degeneration of the nigrostriatal dopaminergic
system as DA neurons of the SNc have been implicated in a variety of
movement disorders including dystonia and parkinsonism with idio-
pathic Parkinson’s disease being the most prominent form of parkin-
sonism. Therefore, we performed an assessment of nigrostriatal
dopaminergic markers in PN60 WT and Slc39a14-KO mice.

3.4.1. Analysis of dopamine and metabolite concentrations in the striatum

We performed HPLC-electrochemical detection of DA and its me-
tabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA) as well as metabolite to DA ratios in the striatum of male and

female WT and Slc39a14-KO mice at PN60. Global deletion of the
Slc39a14 gene which produces increased blood and brain Mn concen-
trations and motor function deficits had no significant effect on striatal
DA concentrations or in the concentrations of the DA metabolites
DOPAC or HVA in male (Fig. 3A) or female (Fig. 3B) Slc39a14-KO mice
compared to WT. Furthermore, the ratios of DOPAC/DA and HVA/DA
which are measures of DA turnover also were not significantly affected
in Slc39a14-KO mice of either sex (Fig. 3A-B).

3.4.2. Tyrosine hydroxylase (TH) immunohistochemistry and optical
density analysis of nigrostriatal dopaminergic neuron terminals in the
striatum

To determine if there was an effect on nigrostriatal dopaminergic
terminals in the striatum, we performed TH immunohistochemistry in
the striatum of WT and SIc39a14-KO mice. Optical density measures
demonstrated no differences in the level of TH immunoreactivity by
genotype (Fig. 3C-E). These findings indicate that nigrostriatal dopa-
minergic terminals in the striatum of Slc39a14-KO mice are intact,
despite highly increased brain Mn concentrations and deficits in motor
function.
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Fig. 3. Analysis of the nigrostriatal dopaminergic system in WT and Slc39a14-KO PN60 mice in the corpus striatum: (A,B) HPLC-electrochemical detection of DA,
DOPAC, HVA, DOPAC/DA, and HVA/DA in the striatum of PN60 WT and Slc39a14-KO male (A) and (B) female mice. No significant differences were found in any of
the measurements in either sex. (n = 4-7) (C,D) Tyrosine hydroxylase (TH) immunostaining optical density in the striatum of male (C) and female (D) WT and
Slc39a14-KO mice. (n = 6) E) representative images of TH immunohistochemistry in the striatum of WT and Slc39a14-KO mice. No significant differences were found

in any of the measurements in either sex. Values are mean + SEM.

3.4.3. TH and Nissl Nv and SV in the SNc

To further assess the integrity of nigrostriatal DAergic neurons, we
performed unbiased stereological quantification of TH Nv and SV in the
SNc. TH Nv and Sv did not differ in the SNc of WT and Slc39a14-KO male
(Fig. 4A, C) and female (Fig. 4B, D) mice. To confirm the lack of an effect
resulting from the Slc39a14 gene deletion on overall Nv and Sv, we also
analyzed Nissl Nv and SV in the SNc. Consistent with TH Nv and SV,
there were no differences in Nissl Nv or SV between Slc39a14-KO mice
and WT male or female mice (Supplementary Fig. 4). In order to obtain
Nv, for either TH or Nissl neurons in the SNc, the average estimated
number of neurons was divided by the average planimetric volume.
Analysis of the average estimated number of TH-positive or Nissl-stained
neurons also shows no significant differences between WT and Slc39a14-
KO mice of either sex (Supplementary Table 2).

3.4.4. In vivo microdialysis of basal and potassium-stimulated dopamine
release in the striatum
Previous work from our laboratory on the effects of chronic Mn

exposure in young adult non-human primates showed that a prominent
effect of chronic Mn exposure on the nigrostriatal dopaminergic system
was marked inhibition of amphetamine-induced DA release in the
caudate/putamen (striatum) measured by PET (Guilarte et al., 2006;
Guilarte et al., 2008). This effect of chronic Mn exposure has also been
shown in adult mice chronically exposed to Mn (Khalid et al., 2011). In
this rodent study, striatal DA release was stimulated using high potas-
sium concentrations. Therefore, we measured the basal and potassium-
stimulated release of DA in the striatum using in vivo microdialysis. We
found a marked inhibition (85-90%) of potassium-stimulated DA release
in PN60 Slc39a14-KO male (Fig. 5C) and female (Fig. 5D) mice relative
to WT consistent with previous Mn-exposed non-human primate (Gui-
larte et al., 2006; Guilarte et al., 2008) and in rodents (Khalid et al.,
2011).

4. Discussion

To our knowledge, this is the first report describing neurochemical
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Fig. 4. Unbiased stereological counting of TH neuron density (Nv) and soma volume (SV) in the SNc of WT and Slc39a14-KO PN60 mice: Photomicrographs of TH
immunoreactivity in the SNc of PN60 male (A) and female (B) WT and KO mice. Scale bars = 250 pm (low magnification) or 25 pm (high magnification). There were
no significant differences inNv or SV in the Slc39a14-KO male (C) or female (D) mice relative to WT. Average SNc TH Nv was 40,324/mm° in male WT mice (n = 5),
40,561/mm?® in male SIc39a14-KO mice (n = 6), 48,012/mm? in female WT mice (n = 5), and 46,913/mm? in female Slc39a14-KO mice (n = 6). Importantly, SNc TH
Nv did not differ between male (t;o = 0.06, R? = 0.00, p = 0.96) or female (t;o = 0.21, R? = 0.00, p = 0.84) WT and Slc39a14-KO mice. Values are mean + SEM.

changes of the nigrostriatal dopaminergic system associated with the
motor function deficits, postural and gait abnormalities in Slc39a14-KO
mice, a preclinical model of the childhood-onset dystonia-parkinsonism
resulting from the inherited autosomal recessive mutations of the
SLC39A14 gene in humans. As outlined by Tuschl et al., (Tuschl et al.,
2016) in their original communication describing individuals expressing
this inherited mutation, there are similarities in the behavioral deficits
in Slc39a14-KO mice as in the human disease. For instance, affected
individuals experience an early loss of developmental milestones, pro-
gressive dystonia, and bulbar dysfunction. They later develop severe
generalized and pharmaco-resistant dystonia, spasticity, scoliosis, and
loss of independent ambulation. In some cases, there was parkinsonism
with hypomimia, tremor, and bradykinesia. From a neuroimaging
perspective, the SLC39A14 mutation carriers exhibited hyperintensive
signals based on T1-weighted magnetic resonance imaging (MRI) of the
brain consistent with the known regional brain deposition that occurs
with increased Mn exposure (Tuschl et al., 2016).

In the present work, Slc39a14-KO mice express motor function def-
icits and dystonia-like movement with elevated blood and brain Mn
concentrations similar to humans carrying the SLC39A14 mutation
(Fig. 1 and Fig. 2). An early onset dystonia was expressed in the form of
trunk twisting and hind limb clasping that appeared at PN21 and
remained in PN60 Slc39a14-KO mice. Importantly, at PN21, some of the
Slc39a14-KO mice (see Supplementary Movie 1) exhibited backward
walking similar to moonwalker mice (Becker et al., 2009). The moon-
walker mice are a model of inherited cerebellar ataxia resulting from a
gain-of-function mutation in the gene encoding the cation-permeable

transient receptor potential channel (TRPC3) (Becker et al., 2009).
Further, Slc39a14-KO mice expressed torticollis and straub tail as
described in previous studies (Aydemir et al., 2017; Xin et al., 2017;
Jenkitkasemwong et al., 2018). It has been suggested that these postural
abnormalities could affect behavioral performance of the Slc39a14-KO
mice (Taylor et al., 2020). However, a recent study has shown that
Slc39a14-KO mice with torticollis and/or straub tail, had deficits in
behavioral test scores similar to Slc39a14-KO mice that did not display
these postural abnormalities (Giraldo and Janus, 2021). Therefore, the
postural abnormalities do not interfere with the accurate assessment of
motor function deficits in Slc39a14-KO mice.

The Slc39a14-KO mice used in this study also express deficits in other
motor function tests as it was noted in the original manuscript that first
described the Slc39a14-KO mice used in the present study. In their work,
the authors showed significant impairment in the balance beam, pole
descent test, and fore limb activity (Aydemir et al., 2017) at a similar age
(PN60) and in older (up to PN120) Slc39a14-KO mice than in the present
study. Other studies assessing the behavioral phenotype of Slc39a14-KO
mice also showed motor function deficits and postural abnormalities
with dystonia-like movements (Xin et al., 2017; Jenkitkasemwong et al.,
2018) consistent with our current findings.

The dystonia-parkinsonism resulting from high brain Mn concen-
trations in human subjects carrying the inherited SLC39A14 mutation is
thought to involve the basal ganglia due to their role in motor function,
but until now, no studies have investigated the neurochemical or
neuropathological changes responsible for this clinical phenotype. In the
present study, we examined the nigrostriatal dopaminergic system
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Fig. 5. Analysis of in vivo basal and potassium-stimulated dopamine release in the striatum: We performed analysis of brain dialysate DA concentrations using in vivo
microdialysis to assess extracellular basal and potassium-stimulated DA release in the striatum. For these studies, (A) one WT and Slc39a14-KO mice of the same age
and sex were paired and microdialysis performed at the same time with the same solution using a T split to perfuse each animal’s brain and dialysates from each
animal was collected and were immediately analyzed using an HPLC with electrochemical detection. (B) Representative HPLC-electrochemical chromatogram from a
WT and Slc39a14-KO mice. (C) Representative basal and potassium-stimulated DA levels in dialysates as a function of time in WT and Slc39a14-KO male mice.
Quantification of results in provided in the graph to the right of DA release graph. (n = 3-4) (D) Representative basal and potassium-stimulated DA levels in di-
alysates as a function of time in WT and Slc39a14-KO female mice. Black bar between sample numbers 5 and 6 was the beginning and ending of potassium infusion.
Quantification of results in provided in the graph to the right of DA release graph. (n = 3) Values are mean + SEM.

because of its important role in motor function. In addition, the main
neuropathology in idiopathic Parkinson’s disease is the loss of DA,
specifically the DA terminals in the striatum and DA cell bodies in the
SNc (Guilarte, 2010; Guilarte, 2013; Guilarte and Gonzales, 2015; Blanc,
2018). We found that Slc39a14-KO mice had normal levels of striatal DA
and metabolites as well as their ratios relative to WT (Fig. 3). Further-
more, analysis of DAergic terminals in the striatum using TH immuno-
histochemistry did not show any difference between Slc39a14-KO and
WT mice, and this was supported by unbiased stereological counting of
TH-positive and Nissl-stained neurons in the SNc (Fig. 4 and supple-
mentary Fig. 4). The results showed no differences in DA neuron density
or soma volume in the SNc of Slc39a14-KO mice relative to WT (Fig. 4
and Supplementary Fig. 4). Moreover, the estimated number of TH-
positive and Nissl-stained neurons in the SNc did not differ between
Slc39a14-KO and WT mice (Supplementary Table 2). Finally, in vivo
microdialysis in the striatum of Slc39a14-KO and WT mice performed at
the same time in pairs under the same experimental conditions showed a
marked inhibition (85-90%) of potassium-stimulated DA release in
Slc39a14-KO mice (Fig. 5). This finding is consistent with previous
studies from our laboratory in which we found marked inhibition of
amphetamine-stimulated DA release in the caudate/putamen of non-
human primates chronically exposed to Mn using PET (Guilarte et al.,
2006; Guilarte et al., 2008) and in Mn-exposed adult mice (Khalid et al.,
2011).

The molecular and cellular mechanism(s) of Mn-induced inhibition
of DA release is currently not known. However, recent studies using
primary neuronal cultures indicate that Mn disrupts SNARE-protein
complex vesicle fusion (Wang et al., 2016), an effect that could be
mediated via a Mn-induced overexpression of a-synuclein (Wang et al.,
2018). These findings indicate that the behavioral phenotype described

in Slc39a14-KO mice is due, at least in part, to presynaptic function
deficits in the form of marked inhibition of DA release with no change in
DA or metabolite concentrations in the striatum. Importantly, nigros-
triatal DAergic terminals and DA neuron number, density, and soma
volume in the SNc were not affected in Slc39a14-KO mice relative to WT
(Fig. 3, Fig. 4 and Supplementary Fig. 4; Supplementary Table 2). While
detailed neuropathological studies of DAergic neurons in the SNc of
SLC39A14 mutation carriers are lacking, a case report of an ephedrone
addict has recently been described (Sanotsky et al., 2020). In this case
report, they show that the brain of a 33-year-old female ephedrone
addict, with increased brain Mn and a history of levodopa unresponsive
parkinsonism with dysarthria, dystonia, postural instability, cock-gait,
and frequent falls, exhibited normal TH-positive staining in DAergic
neurons in the SNc (Sanotsky et al., 2020) consistent with our current
results. However, unlike our present study, this case report did not
quantify DA neuron number in the SNc.

Our current study provides direct evidence of a dysfunctional but
structurally intact nigrostriatal DAergic system in Slc39al14-KO mice
that exhibited elevated brain Mn concentrations and motor function
deficits, dystonia-like movements, and postural abnormalities. This is
consistent with the clinical data from Tuschl et al., 2016, indicating that
subjects with the inherited SLC39A14 mutation do not respond to
levodopa therapy [supplementary note 1 in 29]. Our present finding of
marked inhibition of DA release in the striatum with no change in DA
concentrations or DA neuron degeneration is similar to a mouse model
of DYT1 dystonia (Ip et al., n.d.). DYT1 dystonia or early onset torsion
dystonia is the most common form of hereditary primary dystonia
caused by a mutation in the TORI gene which codes for the torsin A
protein. In this dystonia mouse model, the genetic mutation did not
affect striatal DA concentrations but produced a marked inhibition of
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amphetamine-induced DA release in the striatum (Balcioglu et al.,
2007). Inhibition of DA release in the striatum has also been described in
other animal models of dystonia (Balcioglu et al., 2007; Hewett et al.,
2010; Fan et al., 2012; Ip et al., n.d.; Eskow Jaunarajs et al., 2019;
Rauschenberger et al., 2020).

While it is clear that Slc39a14-KO mice expressed marked inhibition
of DA release, it is not clear which of the motor function changes,
dystonia-like movements, and postural and gait abnormalities are
associated with this neurochemical deficit. Future rescue studies are
likely to provide an answer to this important question. Although in this
communication we found no neurodegeneration of TH-positive DAergic
neurons in the SN, it is possible that neurodegeneration is occurring in
other brain regions as suggested in the original Tuschl et al., report
(Tuschl et al., 2016). That is, they show evidence of neuronal loss in the
globus pallidus and dentate nucleus of the cerebellum as well as cortical
and cerebellar atrophy in one SLC39A14 inherited mutation carrier
(Tuschl et al., 2016). As some Slc39a14-KO mice at weaning (PN21)
exhibited backward walking with spreading of the hind limbs resem-
bling the same deficit in moonwalker mice (Becker et al., 2009), this
finding also suggests cerebellar involvement in the pathophysiology of
Slc39a14-KO mice. Further evidence of cerebellar involvement exists in
other genetic animal models of dystonia and in the human disease
(Shakkottai et al., 2017; Tewari et al., 2017). Future studies will
examine these possibilities in Slc39a14-KO mice. While Mn-induced
neurological disease was first described nearly two centuries ago
(Couper, 1837; Guilarte, 2010; Blanc, 2018), the precise molecular and
cellular mechanism(s) and underlying neuropathology are less defined.
Therefore, Slc39a14-KO mice, as well as Slc30a10-KO mice, will facili-
tate additional discoveries on the pathophysiology of Mn neurotoxicity
with significant translational implications for the development of
effective therapeutic strategies. Finally, although it is highly likely that
the behavioral and neurochemical effects that we observed in the pre-
sent work are the result of the highly elevated brain Mn concentrations,
it is possible that there are Mn-independent effects resulting from the
loss of the Slc39a14 gene. Rescue experiments in which brain Mn
accumulation are prevented in Slc39a14-KO mice are important to
determine whether the loss of Slc39a14 gene expression has any inde-
pendent effects on the behavioral or neurochemical changes described
in this communication.

Supplementary data to this article can be found online at https://doi.
org/10.1016/§.nbd.2021.105467.
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