
BDNF and Huntingtin protein modifications by Manganese: 
Implications for striatal medium spiny neuron pathology in 
manganese neurotoxicity

Kirstie H. Stansfield1, Terry Jo Bichell2, Aaron B. Bowman2, and Tomás R. Guilarte1,*

1Department of Environmental Health Sciences, Mailman School of Public Health, Columbia 
University, New York, NY

2Department of Neurology, Center for Molecular Toxicology and Vanderbilt Brain Institute, 
Vanderbilt University, Nashville, TN

Abstract

High levels of manganese (Mn) exposure decreases striatal medium spiny neuron (MSN) dendritic 

length and spine density, but the mechanism(s) are not known. The Huntingtin (HTT) gene has 

been functionally linked to cortical brain-derived neurotrophic factor (BDNF) support of striatal 

MSNs via phosphorylation at serine 421 (S421). In Huntington's disease, pathogenic CAG-repeat 

expansions of HTT decrease synthesis and disrupt transport of cortical-striatal BDNF contributing 

to disease, and Mn is a putative environmental modifier of Huntington's disease pathology. Thus, 

we tested the hypothesis that changes in MSN dendritic morphology due to Mn exposure are 

associated with decreased BDNF levels and alterations in Htt protein. We report that BDNF levels 

are decreased in the striatum of Mn-exposed non-human primates and in the cerebral cortex and 

striatum of mice exposed to Mn. Further, proBDNF and mature BDNF concentrations in primary 

cortical and hippocampal neuron cultures were decreased by exposure to Mn confirming the in 

vivo findings. Mn exposure decreased S421 phosphorylation of Htt in cortical and hippocampal 

neurons and increased total Htt levels. These data strongly support the hypothesis that Mn-

exposure related MSN pathology is associated with decreased BDNF trophic support via 

alterations in Htt.
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Introduction

Manganese (Mn) is a naturally occurring element found in the soil and the earth's crust and 

is an essential nutrient involved in growth, development and cellular homeostasis (Aschner 

& Aschner 2005). Mn is taken up by neurons and glia as it enters the brain and is an 

important enzyme cofactor required for neuronal and glial cell function, as well as 

neurotransmitter synthesis and metabolism (Aschner et al. 2007, Dobson et al. 2004). On the 

other hand, exposure to excess levels of Mn as a result of environmental or occupational 

exposures produces a neurological syndrome with psychiatric, cognitive and movement 

abnormalities (Perl & Olanow 2007, Gorell et al. 1999, Bowman et al. 2011, Guilarte 2010, 

Guilarte et al. 2006a, Guilarte 2013). The clinical aspects of Mn-induced parkinsonism have 

been extensively reviewed, and its effects on basal ganglia structures have been the most 

studied (Gorell et al. 1999, Guilarte 2010, Guilarte 2013), although the specificity of Mn 

effects on cellular elements within the striatum, globus pallidum, and substantia nigra are 

still lacking.

The striatum is a central structure of the basal ganglia that collects and processes 

information from other basal ganglia structures, and virtually all regions of the cerebral 

cortex, as well as the thalamus. Glutamatergic innervations from the cerebral cortex make 

synapses in striatal medium spiny neurons (MSNs) (Kemp & Powell 1971, Dube et al. 

1988). MSNs represent 95% of all neurons in the striatum with the remainder 5% 

represented by GABAergic and cholinergic interneurons (Kreitzer 2009, Tepper et al. 2010). 

MSNs also receive dopaminergic innervation from substantia nigra pars compacta dopamine 

neurons. Striatal MSNs express the inhibitory neurotransmitter GABA and are DARPP-32 

(Dopamine- and cAMP-regulated phosphoprotein) positive and have been classified into 

two major categories: 1) MSNs that project to the external globus pallidus and co-express 

D2-dopamine receptors (D2R) and enkephalin are considered “indirect pathway” projection 

neurons, 2) MSNs that project to the substantia nigra pars reticulata and internal globus 

pallidus and contain D1-dopamine receptors (D1R) and substance P are considered “direct 

pathway” projection neurons (Hikida et al. 2010, Kravitz et al. 2010, Gerfen 2000, 

Hemmings et al. 1984, Walaas et al. 1983). Consistent with the movement abnormalities 

produced by excess exposure to Mn, basal ganglia structures including the globus pallidus, 

caudate/putamen (striatum), and the substantia nigra accumulate significant amounts of Mn 

with the highest concentrations found in the globus pallidus of the human and non-human 

primate brain (Aschner et al. 2005, Guilarte et al. 2006c, Long et al. 2014).

D2R-containing MSNs in the striatum are the earliest to be affected in Huntington's disease 

(Leenders et al. 1986, Brucke et al. 1991), a neurodegenerative condition resulting from the 

expansion of the CAG repeat in exon 1 of the Huntingtin (HTT) gene (1993, Rubinsztein et 

al. 1996). D2R-containing MSNs are responsible for the termination of movement 

associated with the basal ganglia, suppressing unwanted sequences of movement. Loss of 

neurotrophin brain-derived neurotrophic factor (BDNF) trophic support has been implicated 

in the etiology of Huntington's disease (HD). BDNF is produced in the cerebral cortex and 

anterogradely transported to the striatum, where it is essential in promoting the survival and 

maturation of the MSNs affected in HD (Altar et al. 1997, Baquet et al. 2004, Rauskolb et 

al. 2010). Several studies have provided a mechanistic link between HTT and BDNF, with 

Stansfield et al. Page 2

J Neurochem. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



HTT protein and BDNF being co-localized in 99% of the pyramidal neurons of the motor 

cortex (Fusco et al. 1999, Fusco et al. 2003). Moreover, reduced BDNF cortical production 

and striatal levels are linked to a loss or reduction in wild-type HTT, as well as a CAG 

expansion (Zuccato et al. 2001). Finally, BDNF transcription (Zuccato et al. 2003) and 

transport is regulated by wild-type-HTT (Colin et al. 2008, Gauthier et al. 2004). 

Importantly, BDNF selectively regulates the number and the dendritic morphology of D2R 

and enkephalin positive MSNs in the striatum (Baquet et al. 2004, Canals et al. 2004). This 

selective effect of BDNF on D2R-enkephalin-containing MSN projection neurons is most 

likely due to the preferential expression of TrkB, the cognate receptor for BDNF on this 

MSN type (Huang & Reichardt 2003).

Based on this information, we hypothesized that Mn exposure may alter BDNF levels in the 

striatum and this could provide a mechanism by which Mn alters MSN dendritic 

morphology. For these studies, we used brain tissue from non-human primates and rodents 

that have been exposed to Mn. We also examined the possibility that Mn exposure alters 

BDNF and wild-type Htt protein expression in primary neurons in culture. We report that 

Mn exposure decreases mature BDNF (mBDNF) levels in the striatum of Mn-exposed non-

human primates, and in the cerebral cortex and striatum of mice exposed to Mn. We also 

found decreased BDNF levels in primary neuronal cultures exposed to Mn. Further, in 

primary neurons, Mn altered Htt protein levels and phosphorylation, specifically at a 

phosphorylation site that is associated with BDNF vesicle transport. These findings provide 

preliminary evidence for a mechanism by which Mn exposure may influence MSN 

morphology in the striatum.

Methods

Animal Care and Use Statement

The Columbia University Medical Center, Vanderbilt University Medical Center and Johns 

Hopkins Bloomberg School of Public Health Animal Care and Use Committee reviewed and 

approved all animal studies. All studies were carried out in accordance with the Guide for 

Care and Use of Laboratory Animals as stated by the U.S. National Institutes of Health.

Cell culture conditions

Hippocampal and cortical neuron cultures were generated from Sprague Dawley embryonic 

day 18 rat embryos and seeded at low density (14,000 cells/cm2) as previously described 

(Banker & Cowan 1977, Neal et al. 2010, Stansfield et al. 2012). On days in vitro (DIV) 4 

and DIV7, cells were fed with astrocyte conditioned media containing: fetal bovine serum 

(1%), Glutamax (1%) and Pen/Strep (1%) in a Neurobasal Medium (NM1) (Stansfield et al. 

2012). B27 (2%) (Gibco) was added to the feeding media in addition to 33 mM Cytosine β-

D-arabinofuranoside hydrochloride (Ara-C, Sigma) to inhibit astrocyte overgrowth. A 1mM 

stock solution of manganese chloride (Fisher Scientific) was made in feeding media. From 

the 1 mM stock solution a 100 μM stock solution was also made before being diluted into 

the final concentration of 2 and 10 μM Mn. Equal volumes of feeding media containing Mn 

or vehicle-control (feeding media) were added to culture plates to achieve a final 
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concentration of 1 or 5 μM Mn. No media exchange occurred between DIV7 and DIV 12. 

Harvesting of neurons occurred five days after dosing (DIV12).

Protein harvesting and western blotting

Cells were harvested for whole cell protein levels according to the method of Brewer et al 

(Brewer et al. 2007) on DIV12. Western blot membranes were incubated in the appropriate 

primary antibodies: 1:2000 proBDNF (Millipore AB5613P), 1:500 pS421-Huntingtin 

(Chemicon AB9562), 1:1000 Huntingtin (Millipore MAB5374), and 1:1000 Actin (Santa 

Cruz sc-1616) diluted in blocking solution overnight at 4°C. For Htt, phosphorylated and 

total protein with actin were run and quantified on the same blot. The membranes were 

visualized using the Odyssey imaging system (LiCor). Integrated intensity of the protein of 

interest was normalized to β-actin levels from the same blot. To determine the ratio of 

phosphorylated to total protein, blots were incubated with both antibodies, and integrated 

intensity of phosphorylated protein was divided by the integrated intensity of the total 

protein to obtain the phosphorylated to total protein ratio (Stansfield et al. 2012). The pS421 

antibody detects a 190 kDa band as well as an unknown 130 kDa band. For the purpose of 

these studies, the 190 kDa band was quantified.

Immunocytochemistry

Immunocytochemistry was performed on DIV 12 according to the method of Stansfield et al 

(Neal et al. 2010, Stansfield et al. 2012). Neurons were grown on coverslips and rinsed in 

PBS before being fixed in 4% paraformaldehyde, followed by secondary fixation in 

methanol. Cells were permeabilized in 0.2% Triton and blocked in 10% normal goat serum. 

Primary antibodies were diluted in blocking solution and fixed cells were incubated 

overnight at 4°C using the following dilutions: 1:2000 proBDNF (Millipore AB5613P), 

1:500 pS421 Huntingtin (Chemicon AB9562), 1:1000 Huntingtin (Millipore MAB5374), 

1:1000 mouse MAP2 (Millipore MAB3418), 1:1000 rabbit MAP2 (Millipore AB5622).

Following primary antibody incubation, coverslips were incubated in the appropriate 

secondary antibodies (10 μg/mL Alexafluor488 or Alexafluor594, Molecular Probes) diluted 

in blocking solution. Prolong Gold mounting media with DAPI (Molecular Probes, 

Invitrogen) was used to mount coverslips. All slides were coded so that imaging and 

analyses were conducted in a blinded fashion.

Imaging and Image Analysis

A single point laser scanning confocal microscope (LSM510-Meta, Zeiss) was used to 

image immunofluorescent-labeled cells at 40× and 63× magnification using LSM image 

software at Columbia University Medical Center Microscope Facility. Identical scanning 

parameters were used for all coverslips stained under the same conditions. For each 

experimental condition, confocal stacks (10-15 per image) of single neurons were acquired. 

Images were analyzed after confocal stacks were converted into single images. Using 

Metamorph Offline (Molecular Devices, Downingtown, PA), images obtained from the 

same experimental group were threshold at the same level for analysis. Synaptic protein 

expression was measured using integrated morphometry analysis. Integrated intensity 

(average grey value) is a measure of the average intensity of the florescence and total grey 
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value (integration of puncta intensity relative to area) is a semi-quantitative measure of 

protein quantity. Selected dendritic regions were at least 10μm from the cell body and were 

clearly identifiable as single processes (Stansfield et al. 2012).

BDNF-ELISA

Sandwich ELISA for mature BDNF concentration was performed in the caudate and 

putamen of non-human primates and in mouse striatal and cerebral cortex. Mature BDNF 

was also measured in DIV12 hippocampal and cortical cell culture neurons using the BDNF 

Emax ImmunoAssay System kit (Promega, Madison, WI) according to the manufacturer's 

instructions. Standard curves were run for each plate (linear range of 7.8-500 pg/ml) and 

used to interpolate mature BDNF content. The amount of picograms of mBDNF per 

microgram of total protein was determined by dividing the mBDNF protein content by total 

protein for each sample.

Mouse model of Mn exposure

FVB mice from Jackson Laboratories were distributed into two exposure groups (vehicle 

and MnCl-4H2O) across multiple litters and genders in each of the groups was balanced. 

The Mn exposure paradigm was adapted from previously published protocols (Williams et 

al. 2010b, Dodd et al. 2005). Twelve-week old mice were subcutaneously (s.c.) injected at 

the ventral aspect of the hind leg with vehicle (water) or MnCl2-4H2O (50 mg/kg) at a 

concentration of 1% on experimental day 0, 3, and 6. Mice were decapitated on 

experimental day 7 (13 weeks, 9-11 mice per group) and the striatum and cortex were 

rapidly dissected and flash frozen in liquid nitrogen and stored at -80°C.

Primate Mn administration

Male C. macaques (5-6 years of age) were used for this study and all procedures were 

reviewed and approved by Columbia University, Johns Hopkins and the Thomas Jefferson 

University Animal Care and Use Committees. Manganese sulfate was administered to 

animals via the saphenous vein under 1–3% isoflourane anesthesia once or twice a week. 

Animals were exposed to different weekly doses of Mn (3.3–5.0, 5.0–6.7 mg Mn/kg body 

weight (BW)). Animals were euthanized by ketamine (20–30 mg/kg BW) followed by an 

overdose of pentobarbital (100 mg/kg BW) and the brains were harvested. These animals 

have been characterized from a behavioral, neuroimaging and neuropathological perspective 

and the findings have been described extensively.

Statistical Analyses

For immunocytochemistry, data from four or more independent experiments were internally 

normalized to the average control value and the normalized data were pooled and log-

transformed. Data were then analyzed using one-way ANOVA (PASW Statistics 18, SPSS, 

Inc., Chicago, IL). ANOVA with p < 0.05 were considered significant and these data were 

further subjected to post-hoc analyses using least significant difference (LSD). Western 

blots and ELISA samples were performed in triplicate. The average of the triplicates were 

used as the single data point for an independent trial and internally normalized to the 

average control value. The normalized data were pooled and log-transformed. Four or more 
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independent trials were pooled and subjected to one-way ANOVA or two independent trials 

were subjected to a two-tailed t-test. ANOVA and t-tests with p-values < 0.05 were 

considered significant and these data were further subjected to LSD analyses at the p < 0.05 

level of significance.

Results

Effect of in vivo Mn exposure on mBDNF levels in the striatum and cerebral cortex

We measured mBDNF levels in the caudate and putamen of Mn-exposed non-human 

primates and in the striatum and cerebral cortex of Mn-exposed mice. The dosing and 

experimental manipulations and effects of Mn exposed non-human primates has been 

extensively described (Guilarte et al. 2006a, Guilarte et al. 2006b, Guilarte et al. 2008a, 

Guilarte et al. 2008b). Brain tissue from these non-human primates exposed to Mn has been 

used in several prior studies (Verina et al. 2011, Verina et al. 2013, Burton et al. 2009, 

Schneider et al. 2013, Schneider et al. 2006, Schneider et al. 2009, Guilarte et al. 2006b, 

Guilarte et al. 2006a). Here we used a limited number of Mn-exposed and control tissue 

available from our archived samples (Table 1). We observed a significant decrease in 

mBDNF tissue levels in the putamen (t7=3.53, p=0.03), but not in the caudate (t8=0.35, 

p=0.85) of Mn-exposed non-human primates relative to controls (Figure 1). To validate 

these findings in another mammalian model system, mBDNF levels were measured in the 

striatum and cerebral cortex from mice following a one-week Mn-exposure paradigm. We 

found a significant decrease in mBDNF levels in both the cerebral cortex (∼25%; t17=2.6, 

p=0.01) and striatum (∼30%; t18=3.38, p=0.01) of Mn-exposed mice (Figure 1).

Exposure to Mn alters cellular levels of proBDNF protein, and mature BDNF in the culture 
media of primary hippocampal and cortical neuron cultures

To further examine the influence of Mn exposure on BDNF levels, we examined cortical 

and hippocampal primary neuron cultures. The concentrations of Mn (1 or 5 μM) used to 

expose primary neurons in culture were not cytotoxic as determined by a live/dead 

cytotoxicity/viability assay (Supplementary data Figure 1). We found that 10 μM Mn 

produced a significant amount of cytotoxicity; thus, all of the studies were performed with a 

maximal concentration of 5 μM Mn. This low μM concentration of in vitro Mn exposure is 

consistent with other studies using human neuronal cell lines (Stephenson et al. 2013).

Immunofluorescent confocal imaging was used to measure proBDNF protein expression in 

dendrites (defined by MAP2 labeling) from hippocampal and cortical neurons exposed to 

Mn. We found significant reductions in dendritic proBDNF levels using integrated intensity, 

the average intensity of the fluorescent signal and total grey value (TGV), a measure of total 

protein that was apparent throughout the entire length of dendrites in hippocampal neurons 

(Figure 2A-D) (intensity: n=6 independent harvests, F2,150=7.551, p=0.0001 and TGV: n=5 

independent harvests, F2,80=6.713, p=0.003). In cortical neurons (Figure 3A-D) proBDNF 

levels using integrated intensity (n=5 independent harvests, F2,67=8.873, p=0.0004) and 

TGV were also significantly decreased (n=4 independent harvests, F2,30=3.761, p=0.03). 

Western blots of hippocampal and cortical cultures confirmed that proBDNF protein levels 

were significantly decreased by 1 and 5 μM Mn in hippocampal (∼40-50%) (Figure 2E) 
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(n=4 independent harvests, F2,9=10.48, p=0.0006) and cortical neurons (∼50%) (Figure 3E) 

(n=5 independent harvests, F2,12=6.359, p<0.0001). In addition, extracellular levels of 

BDNF, representative of mBDNF released as a result of network activity, was also 

significantly reduced by Mn in both hippocampal (Figure 2F; F2,12=4.59, p=0.007) and 

cortical neurons (Figure 3F; F2,12=12.41, p=0.0001).

Manganese exposure alters Huntingtin protein levels and phosphorylation

The effect of Mn exposure on extracellular mBDNF levels could be the result of 1) reduced 

proBDNF protein expression as shown above and/or, 2) it could also be influence by an 

effect of Mn on the transport of BDNF vesicles along microtubules to sites of release. HTT 

has been implicated in both processes (Gauthier et al. 2004, Zuccato et al. 2001). It is known 

that Htt is involved in the transport of BDNF vesicles in both an anterograde and retrograde 

fashion (Colin et al. 2008, Zala et al. 2008). When Htt is phosphorylated at serine 421 

(pS421Htt), anterograde transport is facilitated, and in the presence of absent or reduced 

phosphorylation at this site, retrograde transport is favored (Zala et al. 2008). Based on these 

observations, we assessed the levels of Htt protein and phosphorylation at S421 in Mn-

exposed hippocampal and cortical primary neurons. We found that Mn exposure 

significantly reduced pS421-Htt levels using immunoflorescent confocal imaging in both 

hippocampal (Figure 4A-C and G) (intensity: n=7 independent harvests, F2,208=5.351, 

p=0.002 and TGV: n=5 independent harvests, F2,64=4.428, p=0.03) and cortical neurons 

(Figure 5A-C and G) (intensity: n=5 independent harvests, F2,72=9.935, p=0.0002 and TGV: 

n=5 independent harvests, F2,70=7.037, p=0.001). In contrast, there was an apparent increase 

in total Htt (tHtt) protein at the highest level of Mn exposure (5μM) with no effect at 1 μM 

Mn in hippocampal neurons (Figure 4D-F and H) (intensity: n=5 independent harvests, 

F2,65=6.526, p=0.0005 and TGV: n=5 independent harvests, F2,60=3.261, p=0.01) and an 

increase in tHtt expression at both 1 and 5μM Mn in cortical neurons (Figure 5D-F and H) 

(intensity: n=5 independent harvests, F2,69=11.28, p=0.0001 and TGV: n=5 independent 

harvests, F2,68=14.86, p=0.0002). Western blot revealed that overall pS421HTT was 

reduced by Mn exposure in both hippocampal (∼40-50%) (n=4 independent harvests, 

F2,9=12.63, p=0.002) and cortical neurons (∼40%) (n=5 independent harvests, F2,12=4.457, 

p=0.01). We also found that tHtt protein levels measured by western blot increased after 

5μM Mn (∼80%) in hippocampal neurons (n=8 independent harvests, F2,21=5.925, p=0.009) 

(Figure 4I) with no change in tHtt expression in cortical neurons (n=8 independent harvests, 

F2,9=0.217, p=0.56) (Figure 5I). Finally, the ratio of pS421HTT to tHtt determined by 

western blot in the same gel confirmed that Mn exposure resulted in marked reductions in 

the pS421Htt/tHtt ratio (∼40-60%) in hippocampal (n=4 independent harvests, F2,9=11.9, 

p=0.003) (Figure 4I) and (∼40%) cortical neurons (n=4 independent harvests, F2,9=4.928, 

p=0.03) (Figure 5I). These data indicate that Mn exposure may alter one of the functions of 

Htt, the anterograde transport of BDNF-containing vesicles to release sites, by decreasing 

the phosphorylation of Htt at S421 that couples Htt to a kinesin motor complex for 

anterograde microtubule transport (Colin et al. 2008).
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Discussion

In the present study we show that Mn exposure in vivo reduces mBDNF protein expression 

in primate striatum and in mouse striatum and cerebral cortex, an effect that was confirmed 

in cultured hippocampal and cortical primary neurons. In addition, we report reduced 

phosphorylation of Htt at serine 421 and increased Htt protein expression in primary 

hippocampal and cortical neurons exposed to Mn. BDNF is expressed throughout the entire 

CNS but it is crucial for the survival and activity of MSNs intrinsic to the striatum (Zuccato 

et al. 2001), and these neurons are affected in Mn neurotoxicity (Milatovic et al. 2009, 

Madison et al. 2011, Madison et al. 2012).

It has been shown that BDNF regulates D2R number and dendritic morphology as well as 

enkephalin positive MSNs in the striatum (Baquet et al. 2004, Canals et al. 2004). One 

consistent effect of Mn exposure on striatal neurochemistry is a decrease in D2R (Kessler et 

al. 2003, Nam & Kim 2008, Guilarte et al. 2008a), and some studies have shown that Mn 

exposure does not alter the levels of D1R in the striatum (Guilarte et al. 2008a), suggesting 

that MSN's of the indirect pathway and containing D2R/enkephalin may be preferentially 

affected in Mn neurotoxicity. Other evidence indicates that the morphology of MSNs in the 

striatum of Mn-exposed mice is affected by Mn exposure (Milatovic et al. 2009, Madison et 

al. 2011, Madison et al. 2012). These investigations showed that striatal MSNs in mice 

exposed to high levels of Mn exhibited significant reductions in spine density and dendritic 

length (Madison et al. 2012). Taken together, these studies suggest that Mn exposure may 

affect the morphology of MSNs, especially D2R MSNs of the indirect pathway and this 

effect may be mediated by reduced concentrations of BDNF in the striatum.

BDNF is a neurotrophin that is abundant in the cerebral cortex and hippocampus where it is 

transported along axons to its striatal targets (Hofer et al. 1990, Baquet et al. 2004, Altar et 

al. 1997). Our data shows that Mn exposure decreased mBDNF levels in the putamen but 

not in the caudate of non-human primates exposed to Mn, and in the cerebral cortex and 

striatum of mice exposed to Mn. BDNF levels were also decreased in Mn-exposed primary 

cortical and hippocampal neuronal cultures consistent with the in vivo effects of Mn 

exposure. Importantly and consistent with our current findings, while we were preparing this 

manuscript a study was published showing decreased BDNF concentrations in the plasma 

from Mn-exposed workers and this effect was associated with an impairment in cognitive 

function (Zou et al. 2014).

To identify potential mechanisms for reduced BDNF levels measured in cortical and striatal 

regions, we examined the Htt protein. Htt is involved with chemical signaling, protein 

binding, and protecting the cell from apoptosis; however, two additional known functions of 

the Htt protein that are relevant to the current investigation are: 1) Htt facilitates BDNF 

synthesis (Zuccato & Cattaneo 2007) and 2) it is known to be a regulator of BDNF vesicle 

transport (Gauthier et al. 2004). It has been shown that the Htt protein is involved in the 

transport of BDNF-containing vesicles along microtubules (Colin et al. 2008) in both an 

anterograde and retrograde fashion (Colin et al. 2008, Zala et al. 2008). Phosphorylation of 

S421 on the Htt protein facilitates anterograde transport, and with absent or reduced 

phosphorylation of S421, retrograde transport is favored (Zala et al. 2008). Wild-type Htt 
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protein increases transcription of BDNF, while mutant Htt decreases BDNF transcription 

(Zuccato et al. 2001, Zuccato et al. 2003). Moreover, BDNF expression is decreased in HD 

mice (Zuccato et al. 2001). Further, neurons expressing the mutant Htt protein exhibit 

impairments in BDNF vesicle transport, and treatments that increase the phosphorylation at 

S421 in mutant Htt rescue the defect in BDNF transport (Zala et al. 2008). Our data in 

primary hippocampal and cortical neurons show that Mn increased Htt protein levels and 

decreased Htt phosphorylation at S421 resulting in significant reductions in the pS421Htt/

tHtt ratio (Figures 4 and 5). These findings implicate an essential role of the Htt protein and 

its phosphorylation at S421 in the regulation of BDNF synthesis and transport in Mn-

induced striatal neurotoxicity.

BDNF is critical for striatal MSN survival, and reductions in BDNF resulting from Mn 

exposure could lead to morphological changes or reduced striatal cell survival as reported in 

HD (Zuccato & Cattaneo 2007). It has been shown that BDNF is reduced in HD patients and 

in several animal models of HD (Zuccato & Cattaneo 2007). We have previously reported 

that MSN dendritic length and neurite branching complexity is decreased in the YAC128Q 

mouse model of HD before the onset of motor symptoms (16 weeks) and that Mn exposure 

exaggerates MSN phenotypes in an HD-dependent manner (Madison et al. 2012). Taken 

together, our data suggests that alterations in BDNF levels in the striatum and cerebral 

cortex by Mn exposure is a putative mechanism by which excess Mn alters MSN dendritic 

morphology.

Previous studies on mouse and cellular models of HD have demonstrated deficits in striatal 

Mn accumulation, and HD by Mn exposure disease-toxicant interactions (Williams et al. 

2010b, Williams et al. 2010a, Madison et al. 2012, Wegrzynowicz et al. 2012). This Mn 

handling deficit decreases acute Mn cytotoxicity in HD striatal cell models. However, future 

studies will be needed to clarify whether the alterations in neuronal Mn handling in HD are a 

part of the pathological mechanisms of HD or a neuroprotective response to the pathogenic 

CAG repeats in Htt. A complex interaction between Mn and mutant Htt exists, for example, 

despite lower striatal Mn accumulation following a 4-week Mn exposure paradigm, mutant 

HD animals are more susceptible to Mn-dependent loss of dendritic complexity (Madison et 

al. 2012). Our present study, focused on functional interactions between wild-type Htt and 

excess Mn, also supports a putative disease-toxicant interaction between Mn and HD. 

Further, our observation that excess levels of Mn are associated with increased levels of Htt 

protein and decreased Htt phosphorylation at S421 suggest a tight link between Mn and Htt 

biology. Our findings provide preliminary evidence for a putative mechanism by which Mn 

exposure influences MSN morphology and basal ganglia function in Mn neurotoxicity with 

implications for disease-toxicant interactions between Mn exposure and HD.
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Abbreviations

Mn manganese

HD Huntington's disease

HTT Huntingtin

MSN medium spiny neuron

BDNF brain derived neurotrophic factor

DIV days in vitro

S421 serine 421

DARPP-32 Dopamine- and cAMP-regulated phosphoprotein, Mr 32 kDa

D2R D2-dopamine receptors

D1R D1-dopamine receptors

NM1 neurobasal media

WT wild-type

s.c subcutaneous

BW body weight

Stansfield et al. Page 13

J Neurochem. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



TGV total grey value

tHtt total Huntingtin

LSD least-significant difference
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Fig. 1. 
Effect of Mn exposure on mature brain-derived neurotrophic factor (BDNF) protein levels in 

primate and mouse brain. (a) Mbdnf levels were significantly reduced in the putamen but not 

caudate of Mnexposed primates. In addition, mice exposed to Mn had a significant decrease 

of BDNF levels in both the cerebral cortex and striatum (b). Data are the result of four to 

five primate brains and 10–11 mice per treatment. Data are represented as the mean ± SEM. 

*p < 0.05 relative to control tissue.
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Fig. 2. 
Manganese exposure decreases brain-derived neurotrophic factor (BDNF) protein levels in 

primary hippocampal neurons: Representative images of (a) control, (b) 1 lMMn, and (c) 

and 5 lMMn-treated neurons stained for proBDNF (green) and microtubule-associated 

protein 2 (red). Areas boxed in the proBDNFpanels are shown expanded at the end of each 

row. Scale bar = 10 lm. (d) Immunofluorescent confocal imaging of proBDNF shows a 

significant decrease in total grey value (TGV) and integrated intensity quantification of 

hippocampal neurons in culture. (e) Western blots confirmed that Mn exposure results in 

decreased proBDNF protein. (f) Extracellular levels of mBDNF measured by ELISA were 

reduced by Mn exposure. Data are the result of six to seven independent trials, 21–23 

neurons and 105–115 dendrites per condition. Data are represented as the mean ± SEM. 

Within a group, bars with different letters are significantly different at p < 0.05.
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Fig. 3. 
Manganese exposure decreases brain-derived neurotrophic factor (BDNF) protein levels in 

primary cortical neurons: Representative images of (a) control, (b) 1 lMMn, and (c) and 5 

lMMn-treated neurons stained for proBDNF (green) and microtubule-associated protein 2 

(red). Areas boxed in the proBDNF panels are shown expanded at the end of each row. 

Scale bar = 10 lm. (d) Immunofluorescent confocal imaging of proBDNF shows a 

significant decrease in total grey value(TGV) and integrated intensity quantification of 

cortical neurons in culture. (e) Western blots confirmed that Mn exposure results in 

decreased proBDNF protein. (f) Extracellular levels of BDNF measured by ELISA were 

reduced by Mn exposure. Data are the result of six to seven independent trials, 21–23 

neurons and 105–115 dendrites per condition. Data are represented as the mean ± SEM. 

Within a group, bars with different letters are significantly different at p < 0.05.
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Fig. 4. 
Manganese exposure alters Huntingtin protein expression and phosphorylation at serine-421 

in cultured hippocampal neurons. Representative images of (a) control, (b) 1 lM Mn, and (c) 

and 5 lM Mn-treated neurons stained for pS421Htt (green) and microtubule associated 

protein 2 (MAP2) (red). Representative images of (d) control, (e) 1 lM, and (f) 5 lM Mn-

treated neurons stained for tHtt (red) and MAP2 (green). Areas boxed in the pHtt and tHtt 

panels are shown expanded at the end of each row. (g) Immunofluorescent total grey value 

(TGV) and integrated intensity (i) and whole-cell western blotting revealed reduced pHtt 

expression after Mn exposure. Total Htt expression is significantly increased after exposure 

to 1 and 5 lM Mn as seen using (h) immunofluorescent microscopy (i) and western blot. (i) 

The ratio of pS421Htt to tHtt is significantly reduced after exposure to 1 lM and 5 lM Mn. 

Data are the result of four independent experiments, 14–17 neurons and 68–85 dendrites for 

pHtt and 12–14 neurons and 56–70 dendrites for tHtt per condition, respectively. Data are 

represented as the mean ± SEM. Within a group, bars with different letters are significantly 

different at p < 0.05.
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Fig. 5. 
Effect of manganese exposure on Huntingtin protein expression and phosphorylation at 

serine-421 in cultured cortical neurons. Representative images of (a) control, (b) 1 lM Mn 

and (c) and 5 lM Mn – treated neurons stained for pS421Htt (green) and 

microtubuleassociated protein 2 (MAP2) (red). Representative images of (d) control, (e) 1 

lM and (f) 5 lM Mn-treated neurons stained for tHtt (red) and MAP2 (green). Areas boxed in 

the pHtt and tHtt panels are shown expanded at the end of each row. (g) Immunofluorescent 

total grey value (TGV) and integrated intensity and (i) whole-cell western blotting revealed 

reduced pHtt expression after Mn exposure. Total Htt expression is significantly increased 

after exposure to 1 and 5 lM Mn as seen using (h) immunofluorescent microscopy and (i) 

western blot. (i) The ratio of pS421Htt to tHtt is significantly reduced after exposure to 1 lM 

and 5 lM Mn. Data are the result of four independent experiments, 14–17 neurons and 68–85 

dendrites for pHtt and 12–14 neurons and 56–70 dendrites for tHtt per condition, 

respectively. Data are represented as the mean ± SEM. Within a group, bars with different 

letters are significantly different at p < 0.05.
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