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Abstract

Manganese (Mn) is essential for several species and daily requirements are commonly met by an
adequate diet. Mn overload may cause motor and psychiatric disturbances and may arise from an
impaired or not fully developed excretion system, transporter malfunction and/or exposure to
excessive levels of Mn. Therefore, deciphering processes regulating neuronal Mn homeostasis is
essential to understand the mechanisms of Mn neurotoxicity. In the present study we selected two
small molecules (with opposing effects on Mn transport) from a previous high throughput screen
of 40,167 to test their effects on Mn toxicity parameters in vivo using Caenorhabditis elegans. \We
pre-exposed worms to VU0063088 and VVU0026921 for 30 min followed by co-exposure for 1 h
with Mn and evaluated Mn accumulation, dopaminergic (DAergic) degeneration and worm
survival. Control worms were exposed to vehicle (DMSO) and saline only. In pdat-1..GFPworms,
with GFP labeled DAergic neurons, we observed a decrease of Mn-induced DAergic degeneration
in the presence of both small molecules. This effect was also observed in an smf-2knockout strain.
SMF-2 is a regulator of Mn transport in the worms and this strain accumulates higher Mn levels.
We did not observe improved survival in the presence of small molecules. Our results suggest that
both VU0063088 and VU0026921 may modulate Mn levels in the worms through a mechanism
that does not require SMF-2 and induce protection against Mn neurotoxicity.

Introduction

Manganese (Mn) is an essential metal that acts as a cofactor to several enzymes. When in
excess Mn accumulates in basal ganglia structures and may cause motor and psychiatric

disturbances both in human and mammalian experimental models. Mn overload may arise
from an impaired or not fully developed excretion system, transporter malfunction and/or
exposure to excessive levels of Mn by air, water, food, ephedrone abuse or total parenteral
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nutrition (TPN) (Aschner et al. 2015; Roth 2006; Stepens et al. 2008). Therefore Mn
transport possesses intricate regulation.

To date, several Mn importers have been identified. Among them, the divalent metal
transporter 1 (DMT1), transferrin receptor (TfR), Zn transporters-ZIP8 and ZIP14,
dopamine transporter (DAT), Ca channels, choline transporter and citrate transporter.
Ferroportin and solute carrier family 30, member 10 (SLC30A10) are cell membrane
transporters that facilitate Mn export (Horning et al. 2015). These proteins also transport
other divalent cations such as iron (Fe) or zinc (Zn); as of this moment SLC30A10 is the
only known Mn specific transporter. However, SLC39A14 was recently demonstrated to be
crucial for efficient Mn uptake by the liver and pancreas, and its deficiency results in
impaired Mn excretion and accumulation of the metal in blood, brain and bone (Aydemir et
al. 2017; Jenkitkasemwong et al. 2018; Liu et al. 2017; Xin et al. 2017).

Mn accumulation in the nervous system leads to the development of a progressive
parkinsonian syndrome, termed manganism, which is analogous to idiopathic Parkinson’s
disease (PD). Notably, the brain regions where Mn accumulates differ in manganism and
PD. T1-weighted magnetic resonance imaging (MRI) of patients shows excessive levels of
Mn accumulation preferentially in the basal ganglia, especially in the globus pallidus. In PD
Mn accumulates is substantia nigra (Lucchini et al. 2000). Manganism is irresponsive to
levodopa treatment and there are limited options to treat this condition (Koller et al. 2004).

A high throughput screen of 40,167 small molecules was performed to identify modifiers of
cellular Mn content in a mouse striatal neuron cell line. The screen identified 41 small
molecule modifiers of neuronal Mn transport, both small molecules that increase and
decrease net Mn accumulation were identified (Kumar et al. 2014). These data argue that
intracellular Mn levels are actively controlled by the cell and not exclusively due to system
level homeostasis mechanisms such as at the blood-brain barrier (BBB) or blood-
cerebrospinal fluid barrier. Furthermore, mechanisms regulating Mn content might be
developmentally regulated in DAergic neurons reflecting the changing physiological demand
for Mn (Kumar et al. 2014). According to the initial /n vitro screen, at both toxicological and
physiological Mn exposures, VU0063088 is a Mn-level decreasing molecule and
VU0026921 is a Mn-level increasing molecule (Kumar et al. 2014). We selected those two
molecules for our /in vivo investigation.

C. elegans is an important tool for /in vivo studies, due to its genetic amenability and
homology with mammals. In C. elegans, excess Mn induces oxidative stress and leads to
DAergic degeneration (Benedetto et al. 2010). The roles of different Mn transporters have
been tested in C. elegans. SMF-2 is a divalent metal transporter-1 (DMT-1) orthologue
involved in metal content regulation. This transporter is expressed in worm pharynx and
senses Mn levels in the media, controlling pharyngeal pumping to avoid excessive Mn intake
(Au et al. 2009; Chen et al. 2015; Leyva-lllades et al. 2014).

VU0026921 was shown to increase Mn accumulation by 2 fold /n vitro (at both
physiological and toxicological Mn exposures). VU0063088 decreased Mn accumulation by
1.2 fold at physiological Mn levels and by 0.5 fold at toxicological Mn levels (Kumar et al.
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2014). Using C. elegans as a model organism, the main goal of this study was to test
VU0063088 and VU0026921 effects on Mn toxicity parameters /n vivo and to determine
whether SMF-2 could play a part in these Mn content modifiers mechanism of action.

Methodology

Chemicals

Manganese chloride (MnCly), cholesterol and bovine serum albumin (BSA) were purchased
from Sigma (St. Louis, MO, USA). Agar, peptone and agarose were purchased from BD
(Franklin Lakes, NJ, USA). VU0026921 was synthetized at Vanderbilt University, Nashville,
TN, USA. VU0063088 was purchased from Vitas-M Laboratory (Champaign, IL, USA).
Small molecules stock solutions were prepared in DMSO at 10 mM and were kept at —20°C.
All other reagents were of analytical grade.

C. elegans culture, handling of the worms and exposure to small molecules and/or Mn

BY200 [pdat-1::gfp (vtIs1)] was kindly provided by the Blakely laboratory, Vanderbilt
University Medical Center, and was used as the wild-type (WT) strain for this work. BY200
worms were crossed with VC171 [smf-2gk133) X] worms to create MAB300
[smf-Agk133) X, dat-1..GFP(vtls1) V] strain (Leyva-lllades et al. 2014). VC171 was from
the Caenorhabditis Genetics Center (CGC - University of Minnesota, Twin Cities, MN,
USA).

Worms were maintained in standard culture conditions at 20°C (Brenner 1974) in plastic
petri dishes containing agar 8P seeded with NA22 Escherichia coli (as food). During
experiments worms were maintained on plates containing nematode growth medium (NGM)
and £. coli OP50-1 streptomycin resistant strain was used as food. Synchronized
populations at the L1 larval stage were obtained by isolating eggs from gravid
hermaphrodites using 1% NaOCI, 0.25M NaOH. Eggs were isolated from cell debris by a
30% sucrose gradient (Sulston and Hodgkin 1988).

Small molecules (1, 5, 10 and 50 pM) effects were first tested in the DAergic
neurodegeneration assay (data not shown). The lowest concentration that decreased DAergic
neurodegeneration was chosen for further experiments. Small molecules at 100 uM working
solutions were prepared in 85 mM NaCl. Final small molecule concentration was 5 pM and
DMSO concentration was 0.05%. Care was taken to avoid exposure to concentrations above
0.5% DMSO, which has been shown to influence C. elegans lifespan (Wang et al. 2010).
Worms were pre-exposed for 30 min to VU0063088 or VU0026921 followed by 1 h co-
exposure with 25 or 50 mM MnCl, prepared in 85 mM NaCl. Vehicle was 0.05% DMSO in
NaCl. Acute exposure to MnCl, was conducted in populations of 2500 worms at the L1
larval stage. All exposures were performed in siliconized tubes with constant rotation at
20°C. The worms were then pelleted by centrifugation and washed 3 times with 85 mM
NacCl.
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Mn content in worms

Mn levels were determined by inductively coupled plasma-mass spectrometry (ICP-MS)
using 8800 ICP-QQQ (Agilent, Santa Clara, CA) with the instrumental parameters and
ashing protocol previously described (Bornhorst et al. 2014). Briefly, after treatments,
40,000 L1 worms per condition were washed five times in 85 mM NaCl to remove excess
Mn from the medium. Worms were re-suspended in 1 mL 85 mM NaCl supplemented with
1% protease inhibitor and sonicated. An aliquot was taken for protein quantification with
bicinchoninic acid (BCA) assay. The remaining samples were dried and ashed before the
diluted ash (with 2% HNOj3 including 10 ug/L Rh) were subjected to the ICP-MS analysis.

Fluorescence microscopy for DAergic degeneration assay

Two hours after treatments, worms were anesthetized with 30 uM levamisole hydrochloride
and mounted on slides containing 2% agarose pads. Worms were observed using a BX41
fluorescence microscope (Olympus, PA, USA). Sixty to ninety worms per treatment group
were analyzed. Discontinuous GFP marking in the BY200 strain exposed to Mn is indicative
of DAergic neurodegeneration as previously described (Benedetto et al. 2010). Each worm
was scored for the absence (considered normal), or presence of any of the following
morphological changes: puncta formation along dendritic processes, shrunk and/or lost
soma, loss of dendrites (considered degenerated). Results were expressed as percentage of
degenerated worms by treatment group as previously described (Bornhorst et al. 2014).
Representative images were obtained with a PerkinElmer spinning disk confocal, 60 x
objective (PerkinElmer, Waltham, MA, USA).

Basal slowing response (BSR)

To evaluate worms’ DAergic system functionality we employed BSR test 48 h after
treatments. In this behavioral assay, worms reduce their mobility upon reaching their food
source (£. coli). This basal slowing depends on DAergic signaling and the three classes of
DAergic neurons (CEP, ADE and PDE) participate in this response. (Sawin et al. 2000).
BSR assay was conducted as previously described (Peres et al. 2018). Briefly, five worms
were placed on the center of a 60 mm NGM plate containing bacteria spread in a ring shape.
Another five worms were placed on the center of a NGM plate without bacteria. The number
body bends was counted over a period of 20 s. Results were expressed as the difference (A)
between the numbers of body bends in the plate with bacteria and without bacteria. A low A
value means greater mobility on food, indicating deficits in DAergic function. The number
of body bends off-food was used as a measure of locomotion. The car-2 mutant strain was
used as a positive control in this test. This strain is deficient in tyrosine hydroxylase (CAT-2)
homologue and has reduced levels of dopamine.

Survival assay

Immediately after exposure, 40 to 60 worms were placed on 60 mm plates containing NGM
and seeded with OP50-1 E. coli. Each condition was performed in triplicate. The surviving
worms were scored 48 h after treatment. Results were expressed as percent live worms
relative to day 0. Experiments were repeated independently at least three times. Mn
concentration was chosen based on previous works by our group (Benedetto et al. 2010).
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Statistical analysis

Results

Results were expressed as mean + S.E.M. All graphs and statistical analysis were prepared
with GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA). Data for each of the
small molecules compared to vehicle control treatment were analyzed separately by two-
way analysis of variance (ANOVA) followed by Dunnet’s post fioc test. Results were
considered significant when p <0.05.

No difference in total body Mn accumulation was observed in worms pre-exposed to
VU0063088 or VU0026921

Mn accumulation significantly increased immediately after exposure to 25 or 50 mM Mn in
pdat-1::GFPworms with a significant effect of Mn treatment [F (2, 12) = 6.93; p <0.01] for
VU0063088 and [F (2, 12) = 5.63; p <0.01] for VU0026921 (Fig. 1A). In smf-2,
pdat-1::GFPworms this increase in Mn levels was more pronounced when worms were pre-
exposed to vehicle compared to worms pre-exposed to VU0026921 [F (2, 11) = 5.64; p
<0.001], however it was not statistically significant, with a significant effect of Mn treatment
(Fig. 1B). No significant interaction between Mn treatment and small molecule was
observed.

Mn-induced DAergic degeneration was attenuated in worms pre-exposed to VU0063088 or

VU0026921

Worms were observed under fluorescent microscope and scored for DAergic
neurodegeneration (puncta, shrunken soma, loss of soma or dendrites). Figure 2A represents
worms with healthy neurons (scored as normal). Figure 2B represents worms with puncta
(discontinuous marking of the dendrite). The latter were scored as degenerated. An increase
in the percentage of WT worms with DAergic neurodegeneration was observed, with a
significant effect of Mn treatment [F (2, 6) = 12.61; p <0.01] for VU0063088 and [F (2, 6) =
7.62; p <0.05] for VU0026921 (Fig. 2 C). Post hoc test revealed significant Mn-induced (50
mM) DAergic degeneration in vehicle (59.4 £ 2.4 %; p <0.05) and VU0063088 (58.3

+ 8.3 %; p <0.05) pre-exposed. In contrast, the percentage of degenerated WT worms pre-
treated with VU0026921 did not significantly increase (Fig. 2C), however no significant
interaction between Mn treatment and small molecule was observed.

smf-2, paat-1.:GFPworms displayed increase in neurodegeneration, with a significant effect
of Mn treatment [F (2, 12) = 10.11; p <0.001] for VU0063088 and [F (2, 12) = 7.35; p
<0.01] for VU0026921. Post hoc test indicated vehicle pre-exposed group displayed 53.3

+ 9.5 % (p <0.05) and 50.8 + 4.0 % (p <0.05) degenerated worms when exposed to 25 or 50
mM Mn, respectively. Both VU0063088 and VVU0026921 small molecules partially
prevented this effect (Fig. 2D). No significant interaction between Mn treatment and small
molecule was observed.
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BSR was impaired in worms exposed to Mn but not in worms pre-exposed to small

molecules

Mn-induced

BSR was evaluated in WT or smf-2, pdat-1.:GFPworms by counting the number of body
bends off-food and on-food. The difference (A) between the two conditions expressed BSR
behavior. BSR impairment was observed in WT worms, with a significant effect of Mn
treatment [F (2, 18) = 4.07; p <0.05] for VU0063088 and [F (2, 18) = 4.32; p <0.05] for
VU0026921 (Fig. 3A and 3B). Post hoc analysis revealed significant differences in vehicle
pre-exposed, 50 mM Mn exposed worms (A = 7.2 £ 0.4; p <0.05; Fig 3A). This impairment
was not observed in worms pre-exposed to VU0063088 or VU0026921 (p >0.05)

In smf-2worms pre-exposed to VU0063088 we observed BSR impairment with a significant
interaction [F (2, 11) = 8.27; p <0.01]. Post hoc analysis revealed significant differences
between 50 mM Mn vehicle exposed group (A= 7.1 £ 0.7, p <0.05) and control.
VU0063088 control group was also significantly impaired (A = 7.7 + 0.27, p <0.05)
compared to vehicle control. In smf-2worms pre-exposed to VU0026921 there were no
statistically significant BSR impairment (Fig 3B). Cat-2 mutants were used as positive
control and displayed a low A as expected (A = 4.75 + 0.37, p <0.001, data not shown).

Locomotion was assessed by the number of body bends off-food. Locomotion was not
impaired by Mn exposure in the conditions tested herein (Fig 3C and 3D; p >0.05). In smf-2
worms exposed to VU0063088, controls displayed decreased locomotion (Fig. 3D), with a
significant effect of small molecule treatment [F (1, 11) = 10.75; p <0.01], and significant
interaction [F (2, 11) = 7.49; p <0.01].

lethality was not attenuated in worms pre-exposed to small molecules

Survival was evaluated in L1 worms pre-exposed to VU0063088 or VU0026921 and
exposed to 25 or 50 mM Mn for 1 h. A significant effect of Mn treatment was observed on
WT worms survival [VU0063088 F (2, 12) = 18.81; p <0.001] and [VU0026921 F (2, 12) =
26.97; p <0.001]. Post hoc analysis revealed 45.87 + 6.79 % worms pre-exposed to vehicle
and exposed to 50 mM Mn survived, versus 90.74 + 0.22 % worms in the vehicle control
group (p <0.01). Similar decrease in survival was observed in worms exposed to small
molecules and 25 or 50 mM Mn (Fig. 4A)

In smf-2worms, decreased survival was observed, with a significant effect of Mn treatment
[VUO0063088 F (2, 11) = 11.13; p <0.01] and [VU0026921 F (2, 12) = 19.48; p <0.001]. Post
hoc revealed significant differences between worms pre-exposed to vehicle and exposed to
25 mM Mn (53.65 + 12.01 % survival) or 50 mM Mn (47.45 + 10.76 % survival), p <0.05.
When worms were pre-exposed to VU0026921 a decrease in survival was observed with 25
mM Mn and 50 mM Mn in comparison with VEH control group (Fig. 4B).

Discussion

This study provides evidence to support a potential protective role for VU0063088 and
VU0026921 against Mn-induced DAergic neurodegeneration in worms. We observed a
partial recovery of DAergic neurons morphology supported by evidence of BSR. This effect
does not require SMF-2, a homologue of DMT-1, since worms lacking this transporter
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displayed similar results to WT. The role of other Mn transporters in small molecule
exposed worms remains to be determined. However, small molecules can be important tools
to determine Mn-regulating mechanisms /n vivo.

As described before by Au et al., 2009, SMF-2 deficient worms accumulate higher Mn
levels than pdat-1..GFPworms. Our ICPMS data supports this effect. This higher Mn
accumulation was not accompanied by increased DAergic degeneration, suggesting Mn
effects are not entirely dependent on total body Mn levels. Further, in this model, DAergic
degeneration and survival upon Mn exposure are not always correlated. We observed that
small molecule pre-treatment partially rescued Mn-induced neurodegeneration, but had no
effect on worm survival. Notably, this effect was apparent even with little influence on Mn
levels in worms. Therefore, treatments that rescue DAergic neurons may not always be
sufficient for survival.

Despite the protective effect on DAergic neurodegeneration, counter to our expectations,
VU0063088 significantly impaired smf-2worms locomotion compared to VEH exposed
worms, in the absence of Mn treatment. In worms lacking this transporter there could be
imbalance on other ions that we did not address in this work. The presence of VU0063088
may have enhanced this characteristic. The neuronal circuit that controls locomotion in
worms is small (75 motor neurons), but complex. Cholinergic and GABAergic neurons
distributed along the ventral nerve cord act on muscle cells to induce forward or backward
movements (Zhen and Samuel 2015). The precise mechanism of VU0063088 on smf-2
worms needs further investigation.

Mutations in human subjects with deregulated Mn homeostasis have elucidated the critical
role of metal transporters. Tuschl et al. (2008) reported a new form of familial parkinsonism
in a 12-year old girl with hypermanganesaemia, liver cirrhosis, an extrapyramidal motor
disorder and polycythaemia. Mn concentration in her blood was 10 times higher than normal
(>3000 nmol/L), although she had never been exposed to high Mn levels. Whole-genome
mapping identified SL.C30A10 as the affected gene (Tuschl et al. 2012). SLC30A10 was
later described to function primarily as an exporter at the cell membrane to transport
cytoplasmic Mn ions across the membrane to the extracellular space (Leyva-Illades et al.
2014).

We did not observe alterations in Mn accumulation patterns in the conditions tested herein,
but with other small molecules, or higher concentrations of these molecules, effects could be
apparent. Manipulation of Mn levels with small molecules coupled with genetic
manipulation of the biological targets of these molecules may uncover transport mechanisms
and reveal therapeutic targets against heavy metal toxicity. Further testing with mutants for
other Mn transporters (such as SMF-1/3, SLC30A10, among others), or even different
signaling proteins (MAPKSs, AKT), could elucidate small molecules targets for modifying
intracellular Mn concentrations.
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Conclusion

We have identified two small molecules that suppress Mn-induced DAergic degeneration,
although these molecules did not impact Mn levels at the level of the whole worm. It is
possible VU0063088 and VU0026921 alter Mn compartmentalization or even bind Mn.
Also, higher concentrations of these molecules, and/or different exposure protocols could
show alterations in Mn accumulation. The mechanisms of action are currently being
explored.
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Highlights

This study demonstrates a potential protective role against DAergic neurodegeneration
for VU0063088 and VU0026921 in Mn exposed worms.

This effect is not dependent on SMF-2, a Mn transporter.

Small molecules can be important tools to determine Mn-regulating mechanisms /in vivo.
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Fig. 1:

Intraworm manganese content after 30 min pre-exposure with 5 UM VU0063088 or
VU0026921 1 h co-exposure with 25 or 50 mM MnCl, was quantified by ICP-MS
immediately after treatment. (A) Paat-1::GFPworms, (B) smf-2, Pdat-1::GFPworms. Metal
content is expressed as pug Mn/mg protein. Data are expressed as mean + S.E.M. from three
independent experiments. Statistical analysis by two-way ANOVA. **p < 0.01, compared to

no Mn controls.
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Fig. 2:

L1 worms were pre-treated for 30 min with 5 pM VU0063088 or VU0026921 and then
exposed to 25 or 50 mM MnCls for 1 h. At least 60 worms per condition were observed
under fluorescent microscope and scored for DAergic degeneration. (A) Depicts the head of
a L1 worm with healthy neurons, scored as normal. (B) Neurons with puncta (discontinuous
marking in the dendrite), loss or cell body shrinkage or loss of dendrites in their
dopaminergic neurons were quantified as containing degeneration. Results are expressed as
mean £ S.E.M. of 2 to 3 experiments with (C) Pdat-1..GFPworms or (D) smf-2,
Pdat-1::GFPworms. * P <0.05 compared to vehicle (VEH) control group. Twoway ANOVA
followed by post hoc Dunnet’s test. Representative images were obtained with a
PerkinElmer spinning disk confocal, 60x objective. Scale bar represents 13 um.
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Basal slowing response (BSR) was evaluated in pdat-1.:GFP (A) or smf-2, pdat-1.:GFP
worms (B) pre-treated for 30 min with 5 uM VU0063088 or VU0026921 and then exposed
to 25 or 50 mM MnCl; for 1 h. Controls were incubated with 85 mM NaCl. The test was
performed 48 h after treatments. Worms were washed off plates and 5 worms were pipetted
in test plates with or without OP-50 £. coli (food). After 5 min acclimation period, body
bends were counted in 20 s intervals for each worm. BSR was expressed as number (average
for all worms) of body bends off-food minus the number of body bends on food (4).
Locomaotion was expressed as the number of body bends/20 s on NGM plates without food
(C) pdat-1::GFP, (D) smf-2, pdat-1..GFP. Data are expressed as mean + S.E.M. of 3to 4
experiments. * p <0.05, ** p <0.01 compared to the vehicle (VEH) control group. Two-way

ANOVA followed by post hoc Dunnet’s test.
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Fig. 4:

Synchronized L1 worms were pre-treated for 30 min with 5 uM VYU0063088 or VU0026921
and then exposed to 25 or 50 mM MnCls, for 1 h, followed by plating 30-60 worms in NGM
and scoring lethality. Results are expressed as the percentage of animals alive 48 h post-
treatment relative to day 0 and are expressed as mean + S.E.M. of 3 experiments. * p <0.05,
**p <0.01, *** p <0.001 compared to vehicle (VEH) control group. Two-way ANOVA
followed by post hoc Dunnet’s test.
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