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Abstract

Manganese (Mn) is an essential micronutrient but is neurotoxic in excess. Environmental and 

genetic factors influence vulnerability to Mn toxicity, including sex, age, and the autosomal 

dominant mutation that causes Huntington disease (HD). To better understand the differential 

effects of Mn in wild-type (WT) versus YAC128 mice, we examined impacts of Mn exposure 

across different ages and sexes on disease-relevant behavioral tasks and dopamine dynamics. 

Young (3-week) and aged (12-month) WT and YAC128 mice received control (70 ppm) or high 

(2400 ppm) Mn diet for 8 weeks followed by a battery of behavioral tasks. In young female WT 

mice, high Mn diet induced hyperactivity across two independent behavioral tasks. Changes in 

the expression of tyrosine hydroxylase (TH) were consistent with the behavioral data in young 

females such that elevated TH in YAC128 on control diet was decreased by high Mn diet. 

Aged YAC128 mice showed the expected disease-relevant behavioral impairments in females and 

decreased TH expression, but we observed no significant effects of Mn diet in either genotype 

of the aged group. Fast-scan cyclic voltammetry recorded dopamine release and clearance in 

the nucleus accumbens of eight-month-old WT and YAC128 mice following acute Mn exposure 

(3x/1 week subcutaneous injections of 50 mg/kg MnCl[2]-tetrahydrate or saline). In WT mice, 
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Mn exposure led to faster dopamine clearance that resembled saline treated YAC128 mice. Mn 

treatment increased dopamine release only in YAC128 mice, possibly indirectly correcting the 

faster dopamine clearance observed in saline treated YAC128 mice. The same exposure paradigm 

led to decreased dopamine and serotonin and metabolites (3-MT, HVA and 5-HIAA) in striatum 

and increased glutamate in YAC128 mice but not WT mice. These studies confirm an adverse 

effect of Mn in young, female WT animals and support a role for Mn exposure in stabilizing 

dopaminergic dysfunction and motivated behavior in early HD.

Keywords

manganese; dopamine; behavior; Huntington; YAC128

1. Introduction

Sufficient manganese (Mn) for optimal health is acquired via the diet (Horning, Caito, Tipps, 

Bowman, & Aschner, 2015; Martins et al., 2020), however, Mn homeostasis is influenced 

by exposure route, sex, age, and disease state (Erikson, Thompson, Aschner, & Aschner, 

2007; Madison, Wegrzynowicz, Aschner, & Bowman, 2011; Taylor et al., 2019; Winslow, 

Limesand, & Zhao, 2020). Mn is an essential micronutrient but overexposure can lead 

to neurotoxicity. While toxic effects are more commonly observed following inhalation 

exposures, toxic oral exposures can occur despite tight regulation of Mn absorption at the 

level of the gastrointestinal tract (Chen, Bornhorst, & Aschner, 2018). Oral consumption 

of excessive Mn occurs from drinking contaminated water sources including well water 

(Frisbie, Ortega, Maynard, & Sarkar, 2002), and in the case of infants, drinking soy-based 

formula (Frisbie et al., 2019). A growing body of research has implicated high Mn 

exposure in early life in the development of attention-deficit/hyperactivity disorder (ADHD) 

(Schullehner et al., 2020) and deficits in neurocognitive function (C. H. Kern, Stanwood, & 

Smith, 2010; C. Kern, Stanwood, & Smith, 2011; Tran et al., 2002), suggesting toxic early 

exposures contribute to disease pathology.

Several neuronal and glial processes are disrupted following excess manganese (Mn) 

exposure, but the specific underlying mechanisms are not well understood. Increased 

production of reactive oxygen and nitrogen species, mitochondrial dysfunction and 

apoptosis are all strongly implicated in Mn toxicity (Fernandes et al., 2017; Kitazawa, 

Wagner, Kirby, Anantharam, & Kanthasamy, 2002; Martinez-Finley, Gavin, Aschner, & 

Gunter, 2013; M. D. Neely, Davison, Aschner, & Bowman, 2017; Warren et al., 2020; Yang 

et al., 2019). Neuroinflammation including microglial release of proinflammatory cytokines 

is also hypothesized to play a role in Mn toxicity (Kirkley, Popichak, Afzali, Legare, & 

Tjalkens, 2017; Wang et al., 2017). Prior to cell death, Mn directly impacts neurological 

function by altering several neurotransmitter systems (Balachandran et al., 2020). Excess 

Mn exposure during the early postnatal period in rats altered signaling of several biogenic 

amines in adulthood (dopamine (DA), norepinephrine (NE), serotonin (5-HT) (Lasley et al., 

2020)). The glutamatergic, GABAergic and dopaminergic systems have been at the forefront 

of Mn neurotoxicity research given the selective accumulation of Mn in basal ganglia 
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structures and the movement disorders that occur following excess exposure (Fitsanakis, Au, 

Erikson, & Aschner, 2006; Robison, Sullivan, Cannon, & Pushkar, 2015).

Both dopaminergic and glutamatergic signaling are disrupted in the inherited progressive 

neurodegenerative disorder Huntington’s Disease (HD) (André, Cepeda, & Levine, 2010; 

Joshi et al., 2009). Animal and cell models of HD are resistant to Mn toxicity and display 

blunted responses to both acute and chronic systemic injection Mn exposures (Pfalzer et al., 

2020; Wilcox et al., 2021; Williams, Li, et al., 2010). In the present study, we explored the 

HD-Mn interaction in response to excess dietary Mn. We hypothesized that high Mn dietary 

intervention would yield neurotoxic damage resulting in altered dopaminergic function and 

related behavioral changes in young and aged wild-type (WT) mice, and that YAC128 mice 

would be protected from these toxic effects at both ages. Further, we hypothesized that 

females would be more greatly affected based on differences in Mn metabolism and case 

reports of Mn toxicity (Broberg et al., 2019; Gibson, Anderson, & Sabry, 1983; Schuh, 

2016; Schullehner et al., 2020). We sought to further examine the HD-Mn interaction by 

probing ex vivo dopaminergic dynamics and striatal tissue neurotransmitter metabolism 

following acute (1-week) in vivo Mn exposure at a middle-age, at the cusp of significant 

neuronal loss observed in YAC128 mice (Slow et al., 2003). The treatment schedules 

were designed to assess whether YAC128 were merely resistant to Mn-induced damage 

compared to WT mice, or whether Mn may in fact have therapeutic potential against 

HD-like phenotypes in the transgenic animals.

2. Methods

2.1 Animals

Animal husbandry and genotyping has been previously described (Pfalzer et al., 2020). The 

current study used YAC128 mice backcrossed onto the C57BL/6J background (YAC128-

C57) and their wild-type (WT) littermates. HD phenotypes are penetrant on the C57BL/6J 

background but are not as severe as observed in the original YAC128 FVB/NJ strain (Van 

Raamsdonk et al., 2007). Mice were weaned at 21 days and housed in groups of 3-5 of a 

single sex in a temperature- and humidity-controlled housing room on a 12:12 light:dark 

cycle with food and water available ad libitum. Approximately equal numbers of male and 

female mice were used in each genotype-diet and genotype-treatment group. All protocols 

were approved by the Vanderbilt University Institutional Animal Care and Use Committee 

under protocol numbers M1600073 and M1900090. All experiments were conducted in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals. Three distinct 

cohorts of mice were used in the following studies: 1) young dietary Mn intervention, 2) 

aged dietary Mn intervention, 3) middle-aged acute Mn injection (separate mice for FSCV 

and neurotransmitter measurements).

2.2 Dietary Mn intervention

Standard lab chow (LabDiet 5L0D, TX) containing approximately 70 ppm Mn (variable 

based on batch) was available ad libitum prior to dietary intervention. For dietary 

intervention mice were put on specially formulated diets (Research Diets, Inc.) that 

contained 70 ppm (control) or 2400 ppm Mn (high). Other micro- and macronutrient content 

Wilcox et al. Page 3

Pharmacol Biochem Behav. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was consistent between the two diets. The high Mn diet was chosen based previous reports 

that this Mn content significantly increased brain Mn after 30 days (Jenkitkasemwong et al., 

2018). Diet was randomly assigned to a cage prior to behavioral testing.

Mice in the young experimental group were put on experimental diet at weaning (3 weeks 

of age; prior to genotyping) and were tested on a battery of behavioral tests at 11 weeks 

of age prior to sacrifice and dissection at 12 weeks of age (Fig. 1A). Mice in the aged 

experimental group were weaned at 3 weeks of age and were maintained on regular chow 

until a pre-intervention behavioral battery at approximately 11.5 months of age. Aged 

mice were then placed on experimental diet at 12 months of age, and 8 weeks later at 

approximately 14 months of age underwent a post-diet behavioral battery prior to sacrifice 

and dissection at approximately months of age (Fig. 2A).

2.3 Acute manganese injections

Manganese chloride tetrahydrate (MnCl2 • 4(H2O), Fisher Scientific) was made up in 

deionized water as a 1% stock solution, filtered through a 0.2 μm membrane, and 

administered as 50 mg/kg body weight. Saline (0.9%) was used as a control injection. 

Treatment was administered at a volume of 5 mL/kg injected subcutaneously in the left 

or right (alternating) inguinal area using an insulin syringe (27 G, ½ inch). The 50 mg/kg 

MnCl2 • 4(H2O) dose corresponds to a dose of 13.8 mg/kg Mn2+. Mice were exposed 

acutely (1-week exposure) at 8-9 months of age using a previously adapted exposure 

paradigm (Dodd, Ward, & Klein, 2005) known to significantly increase brain Mn (Pfalzer 

et al., 2020). Mice were injected on days 1, 4, and 7 prior to sacrifice and fast scan cyclic 

voltammetry (see Fig. 5) or dissection on day 8 (24 hours after the final injection, see Fig. 

6).

2.5 Behavioral testing

2.5.1 Experimental groups.—Young mice: WT control diet = 6F, 8M; WT high Mn 

diet = 7F, 5M; YAC128 control diet=7F, 8M; YAC128 high Mn diet= 5F, 11M. Aged mice: 

WT control diet = 7F, 7M; WT high Mn diet = 8F, 7M; YAC128 control diet=9F, 3M; 

YAC128 high Mn diet= 8F, 3M. Compared to females, fewer aged YAC128 male mice were 

included due to aggression and separation from cagemates.

2.5.2 Test order.—For young mice: Day 1: Elevated Zero Maze (EZM), Day 2: 

Locomotor activity, grip strength, Days 3-5: Rotarod. For aged mice, the same behavioral 

battery was performed pre- and post-diet intervention: Day 1: EZM, Day 2: Locomotor 

activity, grip strength, Days 3-5: Rotarod, Day 8: Y-maze alternation, Day 10: Nest building 

and food consumption.

2.5.3 Elevated zero maze (EZM).—A standard white elevated zero maze (EZM; San 

Diego Instruments, CA) was used to assess anxiety-like and exploratory behavior. Time 

spent in the open zone (s) and total distance travelled over 5 minutes was recorded by a 

camera suspended from the ceiling and analyzed using AnyMaze (Stoelting Co., IL).
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2.5.4 Locomotor activity.—Spontaneous locomotor activity was measured by breaking 

of infrared beams over 30 minutes in standard sound-attenuating, light- and air-controlled 

locomotor activity chambers (27 x 27 x 20.5 cm, ENV-510; MED Associates, VT).

2.5.5 Grip strength.—Grip strength was measured using a force meter (San Diego 

Instruments, San Diego, CA). Mice were allowed to firmly grip a square wire grid with the 

two front paws while being held by the tail. The experimenter gently pulled the mouse back 

the in a horizontal plane until the grip was broken, and maximum force (N) was measured 

automatically by the apparatus. Each mouse was given three trials and average force per 

mouse was used for analysis. The same experimenter performed grip strength for all mice to 

decrease inter-experimenter variability.

2.5.6 Rotarod.—Rotarod performance was assessed as a proxy for motor coordination 

and motor learning using a standard rotarod apparatus (Ugo Basile). The rod was 3 cm in 

diameter, suspended approximately 25 cm above a plastic lever on to which mice fell. There 

were five equal compartments (6 cm length of rod) divided by beige plexiglass. A different 

accelerating protocol was used for young and aged mice. For young, the rod began rotating 

at 4 rpm and ramped up to a max speed of 40 rpm by 4 min (total test time 5 min, max 

speed for final min). Ramp speed increased to max speed over 5 minutes for aged mice. The 

rod was rotating at 4 rpm when mice were placed on the apparatus and a timer was started, 

recording the latency to fall from the rod. Mice completed three trials per day, max 5 min 

per trial, with inter-trial intervals of 15 - 30 min. The daily average time to fall for each 

mouse was used in analysis of data.

2.5.7 Y-maze alternation.—A closed, rounded top Y-maze made of clear acrylic 

tubing with arms 32-cm long was used to assess short-term spatial memory. Spontaneous 

alternation was measured in a single 6-minute trial. Mice explored freely as an experimenter 

blind to genotype and diet scored arm entries from an adjacent room via live video recording 

taken overhead the maze. Arm entries were only counted if the entire body of the mouse 

(all four paws and half of tail) entered the arm. Alternation was defined as consecutive entry 

into three different arms (e.g., ABC but not ABA). Percent alternation was calculated as 

[alternations/(total arm entries-2)] x 100.

2.5.8 Nest building.—Mice were individually housed overnight (transferred from group 

housing just prior to start of dark cycle) in clean cages with standard bedding and two 

cotton nestlets (5 g; Ancare, NY). The following morning, un-shredded nestlet material was 

weighed and an experimenter blind to genotype and diet scored the nest quality on a scale 

between 0 – 5, adapted to include half-point increments where 5 represents a 3-dimensional 

nest incorporating almost all of the shredded bedding (Deacon, 2006).

2.5.9 Food consumption.—During the nest building task when mice were single 

housed, food was pre-weighed (approximately 5-10 g) prior to placing the mouse in the 

cage. The following morning, the remaining food was weighed to calculate food consumed 

overnight.
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2.6 Biochemical experiments following dietary intervention

2.6.1 Tissue collection.—Approximately 48-72 hours following completion of the 

behavioral battery, mice were anesthetized using isoflurane prior to cervical dislocation 

and decapitation. The brain was removed, weighed, and striatum from both hemispheres 

collected by microdissection. Tissue was snap frozen on dry ice and stored at −80°C until 

used for biochemical analyses. Young mice: WT control diet = 8F, 8M; WT high Mn diet 

= 8F, 5M; YAC128 control diet=8F, 8M; YAC128 high Mn diet= 7F, 11M. Aged mice: WT 

control diet = 6F, 7M; WT high Mn diet = 7F, 7M; YAC128 control diet=8F, 3M; YAC128 

high Mn diet= 8F, 3M. Compared to females, fewer aged YAC128 male mice were included 

due to aggression and separation from cagemates.

2.6.2 Mn levels.—Mn concentrations were measured by inductively coupled plasma 

mass spectrometry (ICP-MS) from a protein lysate (described below) using the methods 

previously described (Pfalzer et al., 2020). Briefly, 50 uL protein lysate was digested at a 1:1 

dilution in ultrapure nitric acid (70%) for 48 hours at 50 °C (water bath); 100 uL of digested 

tissue was further diluted to 2% nitric acid with DI water and Mn analyzed.

2.6.3 Western blotting.—Protein lysates were prepared by homogenizing frozen tissue 

by hand with a plastic pestle in 200 uL Pierce RIPA lysis buffer (Thermo Scientific, cat # 

89900) with protein and phosphatase inhibitors [cOmplete™ EDTA-free protease inhibitor 

cocktail (Roche, 04693132001), 1:100 phosphatase inhibitor cocktail 3 (MilliporeSigma, 

cat.no. P0044), and 1 mM sodium orthovanadate per 10 ml of RIPA buffer (Thermo Fisher 

Scientific, cat # 89900)]. Protein lysate was collected following centrifugation at 12,000 g 

for 5 min. Protein concentration was measured using standard bicinchoninic acid (BCA) 

assay protocol (Pierce BCA Protein Assay Kit, Thermo Scientific). Samples were denatured 

with NuPage LDS sample buffer (Thermo Scientific, cat # NP0007) and reducing agent 

(Thermo Scientific, cat # NP0009) and boiled at 95 °C for 3 minutes prior to loading on 

Bolt™ 4-12% Bis-Tris Plus gels (Thermo Scientific, cat # NW04120BOX). Protein was 

transferred to nitrocellulose membranes using the iBlot2™ system (Thermo Scientific, cat 

# IB23001). Gels were rehydrated overnight in DI water and stained with Coomassie blue 

(Bio-Rad, cat # 161-0786) for total protein used as loading control. Three sets of gels 

were run because of overlapping molecular weights and protein loading requirements. For 

pTH Ser31 and TH (anti-rabbit, Cell Signaling Technologies, cat # 3370 and 2792) 20 

ug protein was loaded per well. For pERK1/2 and ERK1/2 (P-p44/42 MAPK and p44/42 

MAPK, anti-rabbit, Cell Signaling Technologies, cat # 4370 and 9102) 40 ug protein was 

loaded. For DAT (anti-rat, Millipore Sigma, cat # MAB369) and SLC30A10 (anti-rabbit, 

Abcam, cat # ab229954) 20 ug protein was loaded per well. Specificity and authenticity 

for each of the antibodies is documented by the respective vendor. Following transfer, 

membranes were blocked for 30 min with 5% nonfat milk in tris-buffered saline with 0.1% 

Tween-20 (TBST) and then 30 min in 5% bovine albumin serum (BSA) in TBST. Blots were 

incubated in primary antibody (1:1,000 in 5% BSA in TBST) overnight at 4 °C followed by 

appropriate secondary antibody incubation (1:5,000 in 5% nonfat milk) for 2 hours. Protein 

bands were visualized using chemiluminescence (Western Lighting Plus ECL, Perkin Elmer, 

cat # 103E001EA). Phosphoproteins were probed first, and membranes stripped (Restore 

Stripping Buffer, Thermo Fisher Scientific, cat # 21059) before probing the total protein 

Wilcox et al. Page 6

Pharmacol Biochem Behav. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(TH and ERK1/2). For young mice, males and females were run on separate blots with 2-3 

samples from each genotype-diet group per gel. Both sexes were run on the same gels for 

aged mice. Protein bands were quantified using ImageJ (imagej.nih.gov). Each protein band 

was normalized to its own total protein (Coomassie blue stained gel) as a loading control, 

and then to average WT control diet for that blot.

2.7 Fast-scan cyclic voltammetry (FSCV)

FSCV was performed as previously described (Consoli, Brady, Bowman, Calipari, & 

Harrison, 2020). Briefly, mice were sacrificed by decapitation without anesthesia. The whole 

brain was removed and placed into cold-oxygenated artificial cerebral spinal fluid (aCSF) 

with 126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 2.4 mM CaCl2, 1.2 mM MgCl2, 

25 mM NaHCO3, 0.4 mM ascorbate, and 11 mM glucose with pH adjusted to 7.4. Using 

a vibratome, 300 μM thick coronal sections were taken and allowed to equilibrate for 

30 min at room temperature (22 °C) in a holding chamber containing oxygenated aCSF. 

Sections were moved to a testing chamber containing aCSF with a flow rate of lml/min at 

32 °C. Extracellular dopamine was measured in the core of the nucleus accumbens using 

a cylindrical carbon fiber microelectrode and a bipolar stimulating electrode (Fig. 5A). 

Voltammetry data were collected and modeled using Demon Voltammetry and Analysis 

Software (Yorgason, España, & Jones, 2011).

For peak and return to baseline measurements computations were based on user-defined 

positions on current traces. Tau values were determined from exponential fit curves based 

on the peak and the post-peak baseline using a least squares constrained exponential fit 

algorithm (National Instruments). Peak height (in nA) was determined by the peak of the 

evoked signal.

For FSCV experimental groups were as follows: WT veh = 3F, 2M; WT Mn = 3F, 2M; 

YAC128 veh =3F, 1M; YAC128 Mn = 2F, 2M.

2.8 Neurotransmitter and metabolite measurements

Mice were briefly anesthetized with isoflurane before cervical dislocation and decapitation. 

The brain was removed, sliced coronally on a 1-mm mouse brain matrix, a small tissue 

punch containing dorsal striatum was removed, flash frozen on dry ice and stored at −80 

°C until all samples were collected. Glutamate, biogenic amines and major metabolites were 

measured by mass spectrometry by the Vanderbilt University Neurochemistry Core.

For neurotransmitter measurements experimental groups were as follows: WT veh = 3F, 2M; 

WT Mn = 5F, 4M; YAC128 veh =4F, 3M; YAC128 Mn = 4F, 5M.

2.9 Statistics

Data are reported as mean ± S.E.M. unless otherwise noted. Data analyses were completed 

in SPSS 26.0 or GraphPad Prism 8. In dietary intervention mice, we anticipated sex 

differences based on known sex differences observed in dietary Mn metabolism (Felber, Wu, 

& Zhao, 2019; Finley, Johnson, & Johnson, 1994) thus females and males were analyzed 

separately for all behavioral tests and molecular outcomes. Neurotransmitter and metabolite 
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concentrations from mice treated with Mn by subcutaneous injection (see Fig. 6) were first 

run with sex as a fixed variable. There were no differences according to sex, and thus all 

data were collapsed and analyzed together. FSCV data were not sufficiently powered to 

include sex as a variable (n=3-4 total mice per group). For all dependent variables, unless 

otherwise noted, two-way univariate ANOVA (2 genotype x 2 treatments) was conducted 

with appropriate post-hoc follow up tests. Outliers were removed only if they reflected 

experimental software error (e.g., beam tracking error in activity chambers) or if outside of 

95% confidence interval (± 2 standard deviations). The threshold for statistical significance 

for all tests was P < 0.05.

3. Results

3.1 Body weight and anxiety-like behavior were unaffected by high Mn diet in young mice

Mice were placed on experimental diets upon weaning (Fig. 1A). Mice on high Mn diet 

were similar weight compared to mice on control diet, suggesting that there were no overtly 

aversive reactions to the diet nor a propensity to eat more or less of the assigned diet. 

An anticipated genotype difference, in which YAC128 mice weighed more than WT, was 

confirmed in males (Genotype F1, 28= 6.80, P=0.015, Diet F1, 28=1.52, P=0.23) but was 

not significant in females (Genotype F1, 21= 3.94, P=0.060, Diet F1, 21=1.13, P=0.30; Fig. 

1B). To ensure behavioral differences detected were not due to underlying anxiety-like 

phenotypes, mice were first tested on the elevated zero maze (EZM). In both males and 

females all genotype and diet groups spent a comparable proportion of time in the open zone 

confirming similar anxiety-like behavior in a novel testing environment (all Ps > 0.05; Fig. 

1C).

3.2 Mn increased locomotor activity in young WT female mice

Despite similar time spent in the open zone of the EZM, female WT mice on high Mn 

diet were hyperactive compared to control diet (P=0.005) indicated by 1.49-fold greater 

distance travelled (m) during this 5-min task (Genotype F1, 21= 0.28, P=0.60, Diet F1, 21= 

1.13, P=0.30, Interaction F1, 21=16.82, P<0.0001), but Mn did not alter exploratory patterns 

of YAC128 females (Fig. 1D). In young male mice, neither Mn diet nor genotype affected 

distance travelled in the EZM (all Ps > 0.05; Fig. 1D). The hyperactive phenotype in young 

WT females on high Mn diet (P=0.008; 1.48-fold compared to control) was replicated in a 

second independent measure of locomotor activity over 30-min in the activity chambers 

(Genotype F1, 21= 0.63, P=0.44, Diet F1, 21= 4.31, P=0.051, Interaction F1, 21=5.71, 

P=0.026, Fig. 1E). No activity differences were observed between groups for male mice 

(all Ps > 0.05; Fig. 1E).

Motor coordination and motor learning were assessed on the accelerated rotarod. Motor 

learning was intact in all groups based on improvement across training days (female - 

training day F2, 42= 25.03, P < 0.0001, male - training day F2, 56= 27.24, P < 0.0001). At this 

age, YAC128 mice did not display a rotarod performance deficit nor did high Mn diet alter 

rotarod performance in either genotype (all Ps > 0.05; Fig. 1F). Grip strength was assessed 

as an important control measure for rotarod performance and was similar among all (P > 

0.05, Fig. 1G).
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3.3 Behavior in aged mice was unaffected by high Mn diet

Body weight was measured weekly to monitor the health of the animals while on 

experimental diet beginning at 12 months of age (Fig. 2A). Weight change from 12 to 

14 months of age was similar among mice on the control and high Mn diet in both sexes 

(Ps > 0.05). In females only, YAC128 mice weighed more overall and also gained more 

weight than WT although this was regardless of diet (Genotype F1, 28=7.67, P=0.009; Fig. 

2B). Overnight food consumption was measured when mice were singly housed for a nest 

building task. There were no significant differences between Mn diet groups nor genotype in 

the amount (g) of food consumed (P > 0.05; data not shown). Therefore, the high Mn chow 

was not acutely toxic and within a diet group each genotype was exposed to approximately 

the same level of Mn.

The behavioral battery was performed prior to diet intervention and after 8 weeks on 

experimental diet. Behavior for all tasks is shown as a fold change (post-experimental diet 

values normalized to baseline at 11.5 months of age) to avoid the expected confound of 

age-related decline on several tasks. Percent time spent in the open zone of the EZM was 

comparable among all groups at baseline prior to the diet change (30-33% time spent in 

open zone, within expected range (Eltokhi, Kurpiers, & Pitzer, 2020)), confirming absence 

of an anxiety-like phenotype that could affect results from other behavioral assays (Ps 

> 0.05; data not shown). Upon repeat testing at 14 months of age most mice spent less 

time exploring the open zones of the maze although there was no effect of high Mn diet 

on the fold change in time spent in the open zone of the EZM in either sex (P > 0.05). 

The decrease in time spent in the open zone was greater in YAC128 compared to WT in 

females, potentially due to increased anxiety-like behavior, reluctance to explore the maze, 

or simply a confounding effect of decreased locomotion in YAC128 females only (Genotype 

F1, 27=7.07, P=0.013; Fig. 2C).

Fold change in distance travelled in the EZM was unaffected by high Mn diet (P > 0.05), 

but YAC128 females exhibited decreased activity during this 5-min task compared to WT 

females (Genotype F1, 27=13.79, P=.0001; Fig. 2D). Similarly, fold change in total distance 

travelled during 30 min in the locomotor activity chambers was not impacted by high Mn 

diet (P > 0.05) but activity declined in YAC128 females more than WT females (Genotype 

F1, 27=8.98, P=0.006) (Fig. 2E) with no genotype- or diet-related activity changes observed 

in males during either task (Fig. 2D–E). Prior to placement on experimental diet, YAC128 

mice exhibited significant rotarod performance deficits, as expected, but were able to learn 

the task appropriately based on improvement across training days (Female: Genotype F1, 27= 

22.33, P<0.0001, Training day F1, 27= 22.03, P<0.0001; Male: Genotype F1, 15= 7.72, 

P=0.013, Training day F1, 15= 16.71, P<0.0001; raw data not shown). Fold change in rotarod 

performance was not affected by high Mn diet, and performance declined in YAC128 

compared to WT in the female mice only (Genotype F1, 27=6.26, P=0.019) (Fig. 2F). Fold 

change in grip strength was comparable among all groups (Ps > 0.05) (Fig. 2G).

Mn exposure has been linked to spatial memory deficits in rodents (Lu et al., 2014) 

and humans (Bauer et al., 2017). However, no age-, genotype-, nor diet-related changes 

were observed in the percent spontaneous alternations made in the Y-maze, a hippocampal-

dependent measure of spatial working memory (all Ps > 0.05; not shown). Nest building 
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is also shown to be hippocampal-dependent and reflects the personified behavior of overall 

well-being and ability to take care of oneself as well as some degree of executive function 

(C. L. C. Neely, Pedemonte, Boggs, & Flinn, 2019). This task was similarly unaffected by 

genotype and diet and the quality of nests were consistent as mice aged (all Ps > 0.05; not 

shown).

3.4 In young mice high Mn diet significantly increased striatal Mn concentration in both 
sexes but decreased total brain weight in females only

High Mn diet introduced at weaning significantly increased Mn levels in the striatum of both 

female (Diet F1, 27= 4.45, P=0.044, Genotype F1, 27= 2.07, P=0.16) and male mice at 12 

weeks of age (Diet F1, 27= 4.75, P=0.031, Genotype F1, 27= 0.84, P=0.37) of both genotypes 

(Fig. 3A). Brains from female mice on high Mn diet weighed 2-6% less than brains from 

control diet female mice (Genotype F1, 21= 7.55, P=0.012) at this age but no differences 

were observed in male mice (P > 0.05) (Fig. 3B).

3.5 High Mn diet altered tyrosine hydroxylase (TH) expression in young female but not 
male mice

To further probe the molecular mechanisms underlying the changes in locomotor activity in 

young female mice we examined expression differences in dopaminergic pathway proteins 

in the striatum. TH protein expression was differentially dependent on both genotype and 

Mn diet in females (Interaction F1, 22= 2.01, P=0.0078). TH expression was decreased in 

YAC128 high Mn diet females compared to the elevated levels observed in control diet 

YAC128 females (P=0.045). TH expression increased 1.45-fold in WT female mice on high 

Mn diet, but this effect was not significant (P = 0.20). In males, TH expression was lower 

in YAC128 control diet mice compared to WT control diet (P=0.023) but high Mn diet did 

not significantly affect TH in either genotype of young male mice (Interaction F1, 25=5.14, 

P=0.032; Fig. 3C). Expression of phosphorylated TH (pTH Ser31), the active form of 

this enzyme (Dunkley, Bobrovskaya, Graham, Von Nagy-Felsobuki, & Dickson, 2004), 

followed the same pattern as in females total TH expression but did not reach statistical 

significance (Interaction F1, 22= 3.85, P=0.063) and no significant changes were detected 

in males (Interaction F1, 25= 2.59, P=0.12; Fig. 3D). When examining pTH/TH there were 

no effects of genotype or diet in females (all Ps > 0.05) but in males, YAC128 mice had 

decreased expression compared to WT littermates (Genotype F1, 25= 5.24, P=0.031; Fig. 

3Ei). Representative blots are shown in Fig. 3Eii.

ERK1/2 is responsible for phosphorylating TH ser31 (Dunkley et al., 2004) and thus we 

measured total expression of this protein as well as its phosphorylated (active) form. There 

were no differences in total ERK expression based on genotype or diet in either sex (all 

Ps > 0.05). In males, pERK expression was increased overall in high Mn diet mice. The 

pERK/ERK ratio was not different between genotype and diet groups in females (all Ps > 

0.05). In males, overall high Mn diet increased pERK/ERK ratio and YAC128 mice had 

decreased pERK/ERK (Genotype F1, 24= 5.05, P=0.034, Diet F1, 24= 5.26, P=0.031) (Fig. 

3F) however, within each genotype the diet effect was not statistically significant.
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The expression pattern of the dopamine reuptake transporter (DAT) observed in females 

among genotype and diet groups mimicked the pattern of TH expression, but was not 

significant (Interaction F1, 19= 3.85, P=0.065) and there were no differences in DAT 

expression between groups in males (Fig. 3G).

3.6 Striatal Mn concentration was significantly increased in aged females on high Mn diet

Aged females on high Mn diet exhibited a significant increase in striatal Mn levels (Diet 

F1, 25= 5.79, P=0.024) but no significant changes were detected in males (Diet F1, 16= 0.011, 

P=0.92; Fig. 4A). There were no significant genotype differences in either sex (P > 0.05).

3.7 Brain weight was differentially altered by high Mn diet in aged WT and YAC128 mice

Total brain weight was lower in aged YAC128 mice compared to WT in both females 

(Genotype F1,26= 14.90, P=0.0007) and males (Genotype F1,16= 27.43, P=0.0001). In 

females, brain weight was decreased in high Mn diet compared to control diet (Interaction 

F1,26= 5.70, P=0.025) in YAC128 only (P=0.024) but high Mn diet decreased brain weight 

similarly between genotypes in males (Diet F1,15= 6.44, P=0.023) (Fig. 4B).

3.8 Dopaminergic synthesis proteins and DAT expression were unaffected by high Mn 
diet

TH was decreased in YAC128 female mice compared to WT at 14.5 months (Genotype 

F1,27= 5.11, P=0.032), but Mn diet did not affect TH expression at this age in either sex 

or genotype (P > 0.05; Fig. 4C). Expression of pTH (Fig. 4D) and the pTH/TH ratio 

(Fig. 4E) were not significantly different according to genotype or Mn diet in either sex 

(all Ps > 0.05). Representative blots are shown in Fig. 4Eii. In both sexes, there were no 

differences in upstream protein ERK in its total expression, phosphorylated expression, nor 

the pERK/ERK ratio between genotype and Mn diet groups (all Ps > 0.05) (Fig. 4F).

DAT expression was subtly but not significantly increased by high Mn diet in female mice 

(Diet F1,23= 3.75, P=0.06) with no significant changes in male mice (P > 0.05; Fig. 4G). 

When males and females were combined for analysis, DAT expression was significantly 

increased by high Mn diet and expression was lower in YAC128 (Diet F1,39= 7.38, P=0.009, 

Genotype F1,39= 4.62, P=0.038). Striatal SLC30A10 expression did not differ between 

YAC128 and WT and was not affected by Mn diet in either sex (all Ps > 0.05; not shown).

3.9 Mn differentially affected dopamine release and clearance in WT and YAC128 mice

To further probe these changes in the dopaminergic system ex vivo FSCV was used to 

measure dopamine release and clearance in middle-aged WT and YAC128 mice acutely 

exposed (3 injections over 1 week) to 50 mg/kg MnCl2 • 4(H2O) (Fig. 5A) compared to 

vehicle. This dose is known to significantly increase striatal Mn concentrations (Dodd et 

al., 2005; Pfalzer et al., 2020). Mn did not change dopamine release, measured by peak 

current (nA), in Mn-exposed WT mice (Sidak’s post-hoc P=0.81) but significantly increased 

dopamine release in YAC128 mice (post-hoc Sidak’s P<0.0001) (Genotype F1,86=27.09, 

P<0.0001, Treatment F1,86=18.56 P<0.0001, Interaction F1,86=12.07, P<0.0001; Fig. 5B). 

Mn exposure caused more rapid clearance of extracellular dopamine in WT mice, indicated 

by a shorter decay time (Tau, s), and dopamine was cleared more rapidly in YAC128 
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mice compared to WT regardless of treatment (Genotype F1,84=48.54, P<0.0001, Interaction 

F1,84=30.23, P<0.0001, post-hoc Sidak’s P<0.0001; Fig. 5C). In WT mice Mn exposure 

effectively decreased the duration of dopamine in the synapse because dopamine release was 

not altered but clearance was increased. In contrast, in the YAC128 mice, faster dopamine 

clearance due to genotype was possibly corrected by increased dopamine release following 

Mn exposure which could potentially stabilize the availability of dopamine in the synapse.

3.10 Striatal dopamine metabolism was differentially altered by Mn in WT and YAC128 
mice

Dopamine and its three major metabolites, 3-methoxytyramine (3-MT), homovanillic acid 

(HVA), and 3,4-dihydroxyphenylacetic acid (DOPAC) were measured from dorsal striatal 

tissue from WT and YAC128 mice acutely (1-week) exposed to Mn or vehicle (Fig. 6A). 

Dopamine tissue concentrations were significantly decreased by Mn (Genotype F1,26=0.54, 

P=0.47, Treatment F1,26=4.79, P=0.040, Interaction F1,26=3.31, P=0.088; Fig. 6Bi). The 

main effect of treatment on dopamine concentration appears to be driven by the response 

observed in WT animals but the interaction did not reach statistical significance. Tissue 

concentrations of 3-MT were significantly decreased in WT Mn-exposed mice compared 

to vehicle (P=0.0044) but not in YAC128 mice (Genotype F1,26=2.53, P=0.12, Treatment 

F1,26=5.15, P=0.032, Interaction F1,26=7.65, P=0.01; Fig. 6Bii). HVA was increased in 

YAC128 mice with no effect of Mn exposure in either genotype (Genotype F1,27=5.56, 

P=0.030; Fig. 6Biii). DOPAC concentration was not significantly affected by either 

genotype or Mn exposure (all Ps > 0.05, Fig. 6Biv).

3.11 Mn decreased 5-HT and 5-HIAA but did not change norepinephrine (NE) 
concentration in striatum

Mn exposure decreased striatal tissue concentration of 5-HT regardless of genotype 

(Treatment F1,28=6.101, P=0.012; Fig. 6Ci). Major metabolite 5-HIAA was increased 

overall in YAC128 compared to WT, but Mn exposure decreased 5-HIAA concentrations 

in both genotypes (Genotype F1,28=7.004, P=0.013, Treatment F1,28=6.74, P=0.015; Fig. 

6Cii). There were no significant differences in norepinephrine (NE) concentration (all Ps > 

0.05; Fig. 6D).

3.12 Decreased striatal glutamate concentration was corrected in Mn-exposed YAC128 
mice

Tissue glutamate concentration was significantly lower in YAC128 vehicle mice compared 

to WT vehicle (P=0.025). Glutamate was increased in Mn-exposed YAC128 mice compared 

to YAC128 vehicle (P=0.032) and not significantly different from WT vehicle (P > 0.05) 

(Interaction F1, 31=07.45, P=0.0102; Fig. 6E).

4. Discussion

The present study demonstrated that age, sex, and the HD-genotype collectively affect Mn 

homeostasis; each of these variables influenced changes in behavior and the dopaminergic 

system as a result of excessive dietary Mn intake or acute systemic exposure. We 

hypothesized that in young mice, high Mn diet would cause adverse effects in WT and 
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prevent HD-phenotypes in YAC128. Our results examining locomotor behavior in young 

females support this hypothesized interaction. High Mn diet induced hyperactivity in 

two independent behavioral tasks in young WT females but not males. Regulation of 

locomotor activity is dependent on basal ganglia structures including striatum (Ortiz-Pulido 

et al., 2017) and dopamine is an important modulator of activity. Intranasal dopamine 

administration in C57Bl/6J is known to increase distance travelled in the open field and 

increase exploratory behavior in the elevated plus maze, with greater effects at lower 

dopamine doses (Kholodar, Amikishieva, & Anisimov, 2013). We identified increased TH, 

the rate-limiting enzyme in dopamine synthesis, in young female WT mice on high Mn diet 

though we did not observe increased pTH Ser 31, the active form of this enzyme, in these 

mice.

Although we report no changes in pTH or its upstream kinase ERK1/2, the hyperactive 

behavioral phenotype observed is consistent with behavioral outcomes in children exposed 

to Mn. Several studies have made associations between elevated peripheral Mn (blood and 

hair concentrations) and ADHD (Farias et al., 2010; Shih et al., 2018). However, null 

associations and even decreased hair Mn concentrations have also been reported in ADHD 

groups compared to neurotypical children (Soler-Blasco et al., 2020; Tinkov et al., 2020). 

Interestingly, when examining associations between Mn exposure and ADHD, effects are 

stronger in females than males, consistent with our results in the current study (Broberg 

et al., 2019; Farias et al., 2010). Increased prenatal exposure to Mn was also associated 

with poorer working memory and visuospatial ability in young girls and not boys, which 

highlights an age-specific window for increased sensitivity to detrimental effects from Mn 

exposure (Bauer et al., 2017).

We predicted high Mn diet in young YAC128 mice would prevent HD-behavioral 

phenotypes. Compared to WT, young female YAC128 mice on control diet travelled more 

in the EZM suggesting hyperactivity or increased exploratory behavior. Hyperactivity in 

YAC128 mice at 3 months of age has been previously reported (Slow et al., 2003). 

Additionally, risk-taking behavior is common in individuals with HD (McDonell et al., 

2020) and although not significant, young female YAC128 mice in the current study 

spent more time in the open zone of the EZM in addition to the significant increase in 

distance travelled. Consistent with our behavioral findings and reports from others (Schwab 

et al., 2015), TH expression was increased in the striatum of these young YAC128 mice. 

Hyperactivity and elevated TH expression were normalized to WT levels by the high Mn 

diet, rescuing these HD-phenotypes. We sought to determine if high Mn diet could prevent 

motor coordination deficits in HD, but we did not detect an impairment in the control 

diet YAC128 mice at this age (11 weeks). We have previously reported significant motor 

coordination deficits in YAC128 mice at this age (Wilcox et al., under review) in the FVB/N 

background whereas the current study used C57B1/6J-YAC128 mice. Phenotypic severity is 

greater in YAC128 mice on the FVB/N background compared to C57B1/6J (Van Raamsdonk 

et al., 2007). No HD-behavioral phenotypes were present in young males, but TH expression 

was decreased in young YAC128 males on control diet compared to WT and the high Mn 

diet rescued this phenotype in males. TH expression in YAC128 mice was differentially 

altered between sexes, but high Mn diet corrected the phenotype in both sexes.
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Females are more efficient at absorbing dietary Mn than males (Finley et al., 1994). Our 

behavioral findings in young mice further support this sex difference despite comparable 

increases in brain Mn between sexes. The mechanism responsible for the male-female 

difference in sensitivity to Mn toxicity is currently unknown. A recent study examining 

polymorphisms in the Mn transporters SLC30A10 and SLC39A8 suggests females are 

“genetically less efficient at regulating Mn” and polymorphisms in homeostatic proteins may 

underly this increased susceptibility to adverse outcomes following exposure (Broberg et 

al., 2019). Gut microbe differences between males and females may also explain these sex 

differences. In C57B1/6J mice, Mn exposure in drinking water (100 ppm for 13 weeks) was 

shown to differentially alter the gut microbiome and the gut-brain axis in a sex-specific 

manner with greater effects in females. A bi-directional relationship between Mn and 

gut microbiota was proposed such that Mn effects the microbiome composition, but the 

microbiota influence the sex sensitivity to Mn toxicity (Chi et al., 2017).

In aged mice, there were no significant sex differences in our behavioral measurements 

in relation to Mn diet or genotype. Further, we did not observe detrimental behavioral 

outcomes following high Mn diet in the aged mice despite a significant increase in striatal 

Mn in WT. Striatal Mn was not increased by high Mn diet in YAC128 mice. We have 

previously reported a Mn accumulation defect in HD cells and in YAC128 mice after acute 

subcutaneous injection (Pfalzer et al., 2020; Williams, Kwakye, et al., 2010; Williams, Li, et 

al., 2010), but this is the first report of a striatal Mn uptake deficit in YAC128 mice fed a 

high Mn diet.

We also illustrate that in striatal tissue following acute systemic Mn exposure the 

dopaminergic and glutamatergic neurotransmitter systems are differentially affected in WT 

and YAC128 mice of middle-age. Sex differences were not assessed in middle-aged mice 

because Mn was administered by systemic injection, bypassing the organ systems that may 

contribute in part to the sex-specific differences observed following dietary Mn exposure. 

YAC128 vehicle mice in the current study exhibited increased dopamine clearance from the 

synapse but similar dopamine release compared to WT vehicle, effectively decreasing the 

available dopamine in the synapse. Total dopamine tissue concentration was not significantly 

altered but major metabolite HVA was significantly increased in YAC128 mice regardless of 

Mn treatment suggesting increased dopaminergic activity. In a group of HD patients, plasma 

HVA levels were not altered in pre-symptomatic individuals with the genetic mutation for 

HD, but were significantly elevated in symptomatic individuals and were correlated with 

disease severity (Markianos, Panas, Kalfakis, & Vassilopoulos, 2009). Plasma HVA levels 

differed dependent on disease stage. In fact, many of the perturbations in the dopaminergic 

system in HD exhibit a biphasic pattern of dysfunction (Koch & Raymond, 2019). In 

pre-symptomatic and early-stage HD, dopamine levels are increased and contribute to 

presence of characteristic choreatic movements. Tyrosine hydroxylase (TH) levels and 

enzymatic activity are increased in early HD and perhaps as a compensatory mechanism, 

D1 and D2 receptors are reduced in early HD. In late-stage HD, the opposite trends are 

observed such that dopamine levels are decreased, TH levels and activity are reduced, but 

D1 and D2 receptor levels remain decreased (Koch & Raymond, 2019). Our YAC128 FSCV 

experimental results are consistent with symptomatic HD, given the decreased availability of 

dopamine in the synapse despite no changes in total dopamine concentration. This is to be 
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expected based on the age of these animals (8-9 months) (Van Raamsdonk et al., 2007). Mn 

treatment increased dopamine release in YAC128 mice, potentially stabilizing the available 

dopamine in the synapse given that clearance was unaffected in YAC128 mice. However, Mn 

treatment did not change concentration of dopamine or its metabolites in YAC128 mice.

In WT, Mn decreased the availability of dopamine in the synapse by increasing dopamine 

clearance but not affecting dopamine release. Total dopamine concentration and metabolite 

3-MT were significantly lower in WT Mn-exposed mice than in WT vehicle. Reports 

on Mn-induced dopamine changes are inconclusive. A microdialysis study in rats found 

decreased dopamine release in the striatum after intrastriatal administration of MnCl2 (Vidal 

et al., 2005). This reported functional outcome (decreased dopamine in the synapse) is 

consistent with more rapid clearance detected in our Mn-treated WT mice. Another study 

employing the same acute Mn exposure paradigm used here observed no effect of Mn on 

dopamine clearance but instead found that Mn decreased dopamine release (Khalid, Aoun, 

& Mathews, 2011). Dopamine can also be directly oxidized by Mn (Florence & Stauber, 

1989). However, Mn can also increase spontaneous firing of dopamine neurons (Lin et 

al., 2019) and increase the binding of striatal vesicular monoamine transporter 2 (VMAT2) 

(Nguyen et al., 2003) thus potentially increasing dopamine in the synapse. Importantly, Mn 

altered dopamine clearance and tissue dopamine concentration and 3-MT concentration in 

WT but not YAC128 mice.

Glutamate concentration was differentially altered by Mn between YAC128 and WT mice. 

In WT mice, striatal glutamate was lower in Mn-exposed mice, but the effect was not 

significant. While not significant, these findings are consistent with decreased striatal 

glutamate following sub-chronic Mn exposure in rats (Nielsen, Larsen, Ladefoged, & Lam, 

2017). It has been proposed that at higher Mn doses glutamate concentrations are increased 

(Erikson & Aschner, 2003). This may be related to decreased expression of glutamate 

transporters GLT-1 and GLAST (Lee, Karki, Johnson, Hong, & Aschner, 2017). In YAC128 

mice, glutamate concentration was lower in vehicle treated mice compared to WT vehicle. 

Biphasic changes in glutamate have been reported in HD, similar to dopamine, such that 

increased glutamate is observed in early-stage and decreased glutamate is characteristic of 

late-stage HD. In YAC128 mice, Mn treatment increased glutamate concentration to a level 

that was not significantly different from WT vehicle.

Future studies are needed investigating the HD-Mn interaction at earlier developmental 

timepoints. The current study contributes to the growing body of research examining Mn 

homeostasis across age, sex, and disease states. Consistent with our original hypothesis, HD 

phenotypes were not ameliorated in aged YAC128 mice fed a high Mn diet. The corrective 

effect observed in young YAC128 females on high Mn diet suggests early intervention 

would be crucial and is influenced by sex. Our results show Mn affected the DA, 5-HT and 

glutamate neurotransmitter systems. Mn altered 5-HT and its metabolite 5-HIAA similarly 

in both WT and YAC128 mice. However, dopaminergic and glutamatergic systems were 

differentially altered by Mn in YAC128 and WT mice. Aberrant dopaminergic dynamics 

were potentially corrected in YAC128 by Mn exposure but YAC128 mice did not exhibit 

the decreases in dopamine and its metabolites that occurred in WT. Taken together, these 

findings suggest the differential status of the dopamine and glutamate systems in YAC128 
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may contribute to the decreased sensitivity to Mn toxicity and that any therapeutic effects of 

Mn in HD may act on these systems.
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Figure 1. Behavioral data for young mice on experimental diet.
(A) Experimental timeline. (B) The diet did not alter weight gain in any group, but males 

weighed more than females and YAC128 mice weighed more than WT. (C) There was no 

anxiety phenotype detected in any group based on time spent in the open zone of the EZM. 

(D) In WT females, the high Mn diet induced hyperactivity measured by distance travelled 

during the EZM. (E) WT females on high Mn diet were hyperactive as measured by total 

distance travelled over 30 min in locomotor activity chambers (post-hoc Sidak’s multiple 

comparisons). (F) There were no impairments in rotarod performance and motor learning 
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was intact indicated by significant improvement over training days. Days that do not share a 

superscript are significantly different from each other. (G) Grip strength was similar among 

all genotype and diet groups. For all, mean ± S.E.M. plotted unless otherwise noted. n=5-7 

per genotype-diet group for females and n=5-11 for males. *P<0.05 indicates main effect of 

genotype. #P<0.05, ##P<0.01 indicates significant effect of Mn within genotype following a 

significant interaction (post-hoc Sidak’s multiple comparisons).
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Figure 2. Behavioral data for aged mice on experimental diet.
(A) Experimental timeline. All behavior is plotted as fold change (post-experimental diet 

normalized to baseline performance at 12 months). (B) Change in body weight was not 

affected by diet. YAC128 mice were heavier and gained more weight over time in females 

only. (C) Fold change in the time spent in the open zone of the EZM. The decrease in time 

spent in the open zone was greater in female YAC128 mice compared to WT, with no effect 

of high Mn diet in any group. (D) Fold change in distance travelled during the EZM task was 

unaffected by high Mn diet in both sexes, but the change in distance travelled was greater 
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in YAC128 than WT in females only. (E) Fold change in the total distance travelled during 

30 min in locomotor activity chambers. No effects of high Mn diet but again the decrease 

in activity was greater in YAC128 females than WT females. (F) Fold change in rotarod 

performance was significantly different between WT and YAC128 in females only, with no 

effect of high Mn diet in either sex. (G) Fold change in grip strength was comparable among 

all groups. For all, mean ± S.E.M. plotted unless otherwise noted. n=7-9 per genotype-diet 

group for females and n=3-7 for males. *P <0.05, *Pp<0.01, ***P<0.001 indicates main 

effect of genotype.
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Figure 3. 
Diet induced brain changes in young mice. (A) Striatal Mn concentration was significantly 
increased in females and males on high Mn diet with no differences between genotypes. 
(B) Brain weight was significantly lower in females on high Mn diet compared to control 
diet with no effect of genotype. No differences in brain weight were observed in males. (C) 
Tyrosine hydroxylase (TH) was decreased in YAC128 females on high Mn diet compared 
to YAC128 control diet. TH expression was significantly lower in YAC128 control diet 
males compared to WT. (D) Phosphorylated TH (pTH Ser 31) expression followed a similar 

Wilcox et al. Page 25

Pharmacol Biochem Behav. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pattern as total TH but differences were not statistically significance. (E) (i) No effect 
of genotype nor diet on pTH/TH ratio in females. YAC128 males had overall decreased 
pTH/TH ratio compared to WT regardless of diet. (ii) Representative blot images for 
changes pTH and TH in females (left) and males (right). For all western blots in young 
mice, sexes were run on separate blots and therefore should not be directly compared to 
each other. (F) No effect of genotype nor diet in females on pERK/ERK expression, but in 

males, overall high Mn diet increased pERK/ERK ratio and YAC128 mice had decreased 

pERK/ERK. (G) DAT expression was not significantly different among groups. For all, 
mean ± S.E.M. plotted unless otherwise noted. n= 5-8 per genotype-diet group for females 
and n=5-11 per group for males. *P<0.05 main effect of genotype, #P<0.05 main effect 
of Mn except where specific pairs are indicated with a horizontal bracket denoting Sidak’s 
post-hoc comparisons following a significant interaction.
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Figure 4. 
Diet induced brain changes in aged mice. (A) Striatal Mn concentration was significantly 

increased by high Mn diet in females but not males. (B) Brain weight was significantly 

lower in YAC128 mice compared to WT in both sexes. Brains from female YAC128 mice 

on high Mn diet weighed significantly less than YAC128 mice on control diet. Brains from 

males on high Mn diet weighed less than those on control diet. (C) TH expression was lower 

in YAC128 females compared to WT females, with no effect of diet in either sex. (D) There 

were no differences in pTH Ser 31 nor (Ei) the pTH/TH ratio among genotype and diet 
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groups in either sex. (Eii) Representative blots for pTH and TH in females only. (F) No 
significant changes in pERK/ERK expression. (G) DAT expression was not significantly 

increased in groups on high Mn diet. n=6-9 per genotype-diet group for females, n=3-7 

per genotype-diet group for males. For all, mean ± S.E.M. plotted unless otherwise noted. 

*P<0.05, **P<0.01, ****P<0.0001 indicate main effect of genotype, # P<0.05 indicates 

a main effect of Mn effect except where specific pairs are indicated with a horizontal 

bracket denoting Sidak’s post-hoc comparisons following a significant genotype x treatment 

interaction.
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Figure 5. Dopamine release and clearance in middle-aged Mn-exposed mice.
(A) Experimental timeline. Inset image adapted from Consoli et al., 2020. NuAc, nucleus 

accumbens; VTA, ventral tegmental area. (B) Mn did not impact dopamine release in 

WT but significantly increased dopamine release in YAC128, (C) Dopamine clearance as 

indicated by decay time. Mn increased the rate of dopamine clearance (decreased tau) 

in WT mice. Clearance was significantly more rapid in YAC128 mice compared to WT 

with no effect of Mn. Mean ± S.E.M. plotted. n=3-5 mice per genotype-treatment group, 

approximately equal males and females per group, n=6-8 slices per mouse. ****P<0.0001 

main effect of genotype, ####P<0.0001 significant effect of Mn within genotype Sidak’s 

post-hoc comparisons following a significant genotype x treatment interaction in pairs of 

groups as marked with a horizontal bracket.
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Figure 6. Neurotransmitter and metabolite measurements from dorsal striatum of middle-aged 
Mn-exposed mice.
(A) Experimental timeline. (B) Mn exposure decreased (i) dopamine (DA), (ii) Mn exposure 

decreased 3-MT in WT only, (iii) HVA was increased in YAC128 mice and (iv) there 

were no significant differences in DOPAC. (C) (i) 5-HT and its metabolite (ii) 5-HIAA 

were decreased in both genotypes by Mn exposure. (D) NE levels were not significantly 

different among groups. (E) Glutamate was significantly lower in YAC128 vehicle mice 

compared to WT vehicle. Mn exposure increased glutamate in YAC128 to levels not 

significantly different from WT vehicle. Data shown are mean ± S.E.M.. n=5-9 mice per 

group, approximately equal number males and females. *P<0.05 main effect of genotype, 

#, P<0.05, ##P<0.01 main effect of Mn treatment or differences between pairs of group 

data as marked with a horizontal bracket indicating significant Sidak’s post-hoc following a 

significant genotype x treatment interaction.
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