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Abstract

How genetic variations in the dopamine transporter (DAT) combined with exposure to 

environmental toxins modulate the risk of Parkinson’s disease (PD) remains unclear. Using 

unbiased stereology in DAT knock-down mice (DAT-KD) and wild-type (WT) littermates we 

found that decreased DAT caused a loss of tyrosine hydroxylase-positive (dopaminergic) neurons 

in subregions of the substantia nigra pars compacta (SNc) at 3–4 days, 5 weeks, and 18 months of 

age. Both genotypes lost dopaminergic neurons with age and remaining neurons at 11 months 

were resilient to paraquat/maneb. In 5 weeks old mice, the toxins decreased SNc dopaminergic 

neurons in both genotypes but less in DAT-KD. Regional analysis revealed striking differences in 

the subsets of neurons affected by low DAT, paraquat/maneb, and aging. In particular, we show 

that a potentially protective effect of low DAT against toxin exposure is not sufficient to reduce 

death of all nigrostriatal dopaminergic neurons. Thus, different regional vulnerability of 

nigrostriatal dopaminergic neurons may contribute to an increased risk of developing PD when 

multiple factors are combined.
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1. Introduction

The cause and pathological mechanisms of Parkinson’s disease (PD) remain poorly 

understood. Even though the disease may originate outside the brain and affects multiple 

central and peripheral neurons (Del Tredici and Braak, 2012), a characteristic feature of PD 

is the progressive loss of nigrostriatal dopaminergic neurons, leading to the motor deficits 

that define PD. Dopamine is prone to oxidation into reactive molecules that can cause 

oxidative stress; accordingly, disruption of dopamine homeostasis may contribute to the 

vulnerability of dopaminergic neurons (Chesselet, 2003, Hastings, et al., 1996). The 

cytoplasmic dopamine transporter (DAT), which recycles extracellular dopamine into 

dopamine terminals, contributes to the control of intracellular dopamine levels. Mice with 

overexpression of DAT in dopaminergic cells lose neurons in the substantia nigra pars 

compacta (SNc) (Masoud, et al., 2015), supporting a role for DAT-mediated dopamine 

transport in modulating the survival of dopaminergic neurons.

Two epidemiological studies have concluded that DAT/SLC6A3 variations significantly 

contribute to PD risk in subjects with occupational exposure to pesticides (Kelada, et al., 

2005, Ritz, et al., 2009). These include genetic variants in the 5′region of the gene together 

with 9 repeats of a 40-base pair variable number of tandem repeats (VNTR) polymorphism 

located in the 3′-untranslated region (3′UTR). Although the functional significance of these 

variants has been debated (Costa, et al., 2011, Drgon, et al., 2006, Kelada, et al., 2005), a 

large brain imaging study (van de Giessen, et al., 2009) revealed that variations in the DAT/
SLC6A3 gene that are associated with increased PD susceptibility, especially the haplotype 

T-A-9R for the single-nucleotide polymorphisms (SNPs) rs2652511 and rs2937639 and the 

VNTR, increase the expression of DAT in striatum. A similar conclusion was reached by 

Faraone, et al. (2014) in a large meta-analysis of PET studies. Experimental studies suggest 

that the synergism between DAT/SLC6A3 variants and pesticide exposure (Kelada, et al., 

2005, Ritz, et al., 2009) could be in part due to an increased uptake of the herbicide 

paraquat, as mice with greatly reduced levels of DAT (DAT hypomorphs) were resistant to 

paraquat-induced loss of dopaminergic neurons (Rappold, et al., 2011). However, little is 

known about the role of low DAT expression and environmental toxin exposure across the 

life span, and about their effects on subpopulations of nigrostriatal dopaminergic neurons 

within the SNc.

In the present study we examined the effects of low DAT levels on nigrostriatal 

dopaminergic neurons in young and old DAT knock-down mice (DAT-KD; Zhuang, et al., 

2001) or wild-type (WT) littermates. In addition, we examined whether low DAT levels 

modulate the effects of a single exposure to the herbicide paraquat and the fungicide maneb, 

at different ages. This toxin combination was chosen because it increases paraquat toxicity 

in animals (Kachroo, et al., 2010, Thiruchelvam, et al., 2003) and increases PD risk in 

humans with DAT variants (Ritz, et al., 2009). We administered paraquat and maneb to 

either young adult or middle age male DAT-KD and WT mice and examined their effects on 

different subsets of nigrostriatal dopaminergic cells in the SNc, as well as on dopaminergic 

terminals in the striatum with histochemical and biochemical approaches.

Richter et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Material and Methods

2.1 Animals

Animal care was conducted in accordance with the United States Public Health Service 

Guide for the Care and Use of Laboratory Animals, and procedures were approved by the 

Institutional Animal Care and Use Committee at the University of California Los Angeles 

(UCLA). DAT-KD mice, in which the insertion of an extra 4-kb DNA sequence in the 

promoter region resulted in a reduction in DAT expression levels, were obtained from Dr 

Zhuang, U. Chicago (Zhuang, et al., 2001). Heterozygous mice on a 129 Sv/J background 

were bred to generate WT, heterozygous, and homozygous mutant mice. Male DAT-KD 

mice at 4 different ages (pups at 3–4 days postnatal; young adult at 5 weeks; middle age 

adult at 11 months; and aged mice at 18 months) and corresponding littermates were used 

(n=5–10 in all groups). The genotype of all mice was verified with polymerase chain 

reaction (PCR) amplification analysis of tail DNA. Animals were maintained on a reverse 

12/12-h light/dark cycle with lights off at 10 am. All behavioral testing was performed 

between 12–4 pm during the dark cycle under low light in an allocated room for behavioral 

experiments adjacent to the animal holding room. DAT-KD mice and WT littermates were 

tested in parallel in alternating sequence by an investigator unaware of the genotypes. Mice 

were housed socially (up to 5 mice per cage, conventional housing) with littermates on 

standard bedding (shredded wood) and material for nest-building (Nestlets, Ancare, NY, 

USA) was provided. Mice had ad libitum access to water and rodent diet (NIH-31 modified 

7013, Harlan). Room temperature in the mouse holding room was 23°C ± 2°C and relative 

humidity was about 60%; values were recorded during the daily animal check.

2.2 Toxin exposure

Mice of each litter were assigned to treatment groups to balance litters in order to avoid any 

possible litter effect (n=5–10 per group). Paraquat (10 mg/kg) and maneb (30 mg/kg) were 

dissolved separately in sterile preservative-free saline and injected intraperitoneally (i.p.) in 

two successive injections (first paraquat followed by maneb) in DAT-KD and WT mice at 5 

weeks of age. A separate group of DAT-KD and WT at 11 months of age was injected with 

the same protocol and doses. Respective control mice received two saline injections. Body 

weight and general health was recorded daily. Motoric behavior was assessed 7 days after 

toxin injection in 5 weeks old mice. Mice were sacrificed 7 days (5 week-old mice) or 21 

days (11 month-old mice) after toxin injection (Fig. 1A summary study plan).

2.3 Behavior

Spontaneous activity and motor coordination were measured with the cylinder and pole test, 

respectively, in 5 weeks old mice as described (Fleming et al. 2004 and supplemental 

information). Sensorimotor responses were measured in 18 month-old mice using the 

adhesive removal test according to (Fleming, et al., 2004, Lam, et al., 2011) with small 

modifications: the cut off time was set to 2 min as the mice of this background (129 Sv/J) 

required more time to remove the sticker than C57BL/6-DBA2 mice used in the previous 

study. The inter-trial interval was reduced from 2 to 1 minute as the longer latency to remove 

the sticker overall increased the interval between handling to place the sticker (see 

supplemental information for further details).
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2.4 Histology

Immunohistochemisty for tyrosine hydroxylase (TH) was performed as described (Fernagut 

et al 2007 and supplemental information). We used unbiased stereological analysis with the 

optical fractionator probe to estimate the number of TH-positive neurons and the total 

number of Nissl stained neurons in the SNc as previously described (Fernagut, et al., 2007). 

Briefly, Stereo Investigator software (Microbrightfield, Williston, VT) coupled to a Leica 

DM-LB microscope with a Ludl XYZ motorized stage and z-axis microcator (MT12, 

Hendenheim, Traunreut, Germany) was used for stereological sampling. The SNc was 

delineated at 5X magnification and TH-positive neurons as well as total neuron counts (TH-

positive plus TH-negative/Nissl positive neurons) were performed at 40X magnification. For 

regional analysis, the SNc of 5 weeks and 11–18 months old mice was subdivided into 

medial, lateral, dorsal and ventral regions as described in Fernagut et al. (2007) and 

illustrated in figure 1B.

2.4.1 Quantification of iron-containing cells in the substantia nigra—Sections at 

the level of the SNc were processed for Perls’ Prussian blue reaction and iron positive cells 

were counted (Morris, et al., 1992 and supplemental information).

2.4.2 Quantification of TH, DAT, IBA-1 and alpha-synuclein protein—Striatal 

sections (40 μm; rostral, medial and caudal striatum) and sections of the SNc (for alpha-

synuclein staining) were processed as described (supplemental information) with the 

following primary antibodies: TH, Millipore; DAT, Millipore; anti-IBA-1, Wako, 

019-19741; alpha-synuclein, BD Biosciences and images were analyzed with a microarray 

scanner as described (Richter, et al., 2014 and supplemental information).

2.4.3 Quantification of activated versus resting IBA-1-positive microglia in the 
SN—Immunostaining for IBA-1 was performed as described previously, and analyzed based 

on differences in diameters between resting and activated microglia (Watson, et al., 2012 and 

supplemental information).

2.4.4 Analysis of aggregated alpha-synuclein—Immunostaining for alpha-synuclein 

was performed as described previously (Fernagut, et al., 2007, Richter, et al., 2014) and 

sections examined for the presence of aggregates; no quantification was performed as no 

aggregates were detected in this study (see supplemental information for details).

2.5 HPLC analysis of monoamine content in the striatum

Tissue punches (2 mm diameter, between Bregma +1.70 to +0.86 mm) from the striata of all 

mice were analyzed for serotonin and catecholamines using high performance liquid 

chromatography coupled with an electrochemical detector (Antec Decade, Antec, Boston) 

fitted with a glassy carbon cell referenced against a silver/silver chloride electrode with an 

applied voltage of +0.75 V as described previously (Lam, et al., 2011) with modifications 

(supplemental information).
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2.6 Statistics

An analysis of variance (ANOVA) followed by post-hoc comparisons with Holm-Sidak 

method was used to analyze all measures (normality confirmed prior with Shapiro-Wilks 

test), except the adhesive removal test and the pole test (not normally distributed due to cut 

off) and the ratios in the HPLC data (not normally distributed according to Shapiro-Wilk 

test) which were analyzed with the non-parametric Mann-Whitney U or Wilcoxon Signed 

Rank test. A genotype x age between-subject ANOVA was used to analyze the genotype 

effects across the different age groups (pups, aged mice). A genotype x toxin between-

subject ANOVA was used to analyze the toxin (paraquat/maneb) effects in young adult and 

middle age DAT-KD and WT mice. A genotype x subregion mixed design ANOVA was used 

for analysis of SNc and striatal subregional data with subregion as repeated measure. A 

genotype x time mixed design ANOVA was used for analysis of body weights after toxin 

exposure with time as repeated measure. A value of p<0.05 was considered significant 

(SigmaPlot 12, Systat Software, Inc., San Jose, CA).

3. Results

DAT-KD mice weighed slightly more than WT mice at 5 weeks of age (non-significant) and 

6.2 g more than WT mice at 18 months of age (p<0.01, Table S1), an effect previously 

related to higher food and water intake (Pecina, et al., 2003). No increased mortality or 

morbidity was observed in DAT-KD mice compared to WT up to 18 months of age.

3.1 Nigrostriatal dopaminergic neurons in DAT-KD mice and WT: effects of genotype and 
aging

First we used naïve WT and DAT-KD pups (3–4 days of age) and aged mice (18 months of 

age) to determine whether low expression of DAT and aging affected nigrostriatal 

dopaminergic neurons in the absence of toxin exposure. Representative photomicrographs of 

TH-positive neurons are shown in figure 2A–D. We used unbiased stereology to estimate the 

number of TH-positive neurons in the SNc. DAT-KD mice showed a strong genotype effect 

(2×2 genotype x age ANOVA for TH-positive neurons, main effect of genotype: 

F(1,19)=11.1, p=0.004). Pups had 30% fewer TH-positive neurons in the SNc when 

compared with WT (Fig. 2E), but this decrease was reduced to a trend in old mice (Holm-

Sidak: pups p=0.012, aged p=0.07). The total number of neurons (TH-positive plus TH-

negative/Nissl-positive neurons) in the SNc of DAT-KD pups was significantly less than that 

of WT mice (Figure 2F; main effect of genotype: F(1,19)=11.7, p=0.003). Again, the effect 

was highly significant in pups, indicating neuronal death rather than simply a decrease in TH 

expression (Holm-Sidak: pups p=0.005, aged p=0.148).

To further characterize the pattern of neuron loss induced by low DAT expression we 

analyzed the number of TH-positive and total neurons in subregions of the SNc that are 

known to be differentially vulnerable to PD and to toxin exposure (Fernagut, et al., 2007, 

Kordower, et al., 2013). As shown in stacked bars in figure 2E and F with detailed statistical 

analyses in table 1, there was a subregional specific loss of TH-positive neurons in pups with 

the ventral (−47%) and dorsal (−41%) region most affected by DAT-KD. This loss was also 
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present when the number of total neurons was estimated, supporting a lower number of 

neurons (Table 1).

TH-positive neurons in the SNc decreased with age (Fig. 2E) in both genotypes, with a 

significant difference in WT mice. Between 4 days after birth and 18 months of age, WT 

mice lost 32% and DAT-KD mice 26% of their SNc TH-positive neurons (2×2 genotype x 

age ANOVA for TH-positive neurons, main effect of age: F(1,19)=10.1, p=0.005, Holm-

Sidak, p=0.01 in WT, p=0.125 in DAT-KD). This was corroborated by a reduction of the 

total number of neurons in the SNc with age in both genotypes (Figure 2F; main effect of 

age: F(1,19)=23.7, p<0.001; Holm-Sidak, p<0.001 in WT, p=0.025 in DAT-KD). Analysis of 

age related decline in SNc subregions revealed a TH-positive neuron loss in the medial, 

lateral and ventral subregion in WT mice, and in the lateral subregion in DAT-KD mice 

thereby adding a further loss to the effect of genotype in these mice (Table 1 with details on 

statistics). In affected subregions, this loss of TH-positive neurons corresponded to a 

significant loss of total neurons (Table 1).

3.2 Alterations in striatal proteins in DAT-KD mice

Striatal tissue sections were processed for immunohistochemistry to confirm the loss of DAT 

in all DAT-KD mice and to determine whether the loss of nigrostriatal neurons resulted in 

decreased TH-positive axons in their target region. Tissue sections for pups and aged mice 

were processed separately; therefore, staining intensities were only compared for a genotype 

effect within each age group. As expected, DAT-KD mice showed a marked decrease in DAT 

immunoreactivity in the striatum in pups and 18 months old mice across all striatal levels 

(2×3 genotype x subregion ANOVA, main effect of genotype: pups F(1,19)=13.9, aged 

F(1,23)=43.4, p<0.01; Holm-Sidak WT vs DAT-KD p<0.01 for each age group). Table 2 

shows the normalized values to WT levels for each age group for easier comparison. No 

significant differences in striatal TH immunoreactivity were found in DAT-KD pups or aged 

mice when compared with respective WT mice (Table 2).

3.3 Sensorimotor behavior in DAT-KD mice

DAT-KD mice were previously shown to be hyperactive in an open field (Zhuang, et al., 

2001). In order to further explore behavioral deficits in 18 months old DAT-KD mice we 

used a sensorimotor test that is sensitive to dopaminergic system dysfunction, feasible in 

aged mice and not affected by differences in body weight: the ability to remove an adhesive 

sticker placed on the snout (Fleming, et al., 2004, Lam, et al., 2011, Schallert, 1988). WT 

mice took longer to remove the sticker with each subsequent trial (median trial 1: 35 s, trial 

3: 120 s, W=21, p=0.031, Wilcoxon Signed Rank test), likely due to habituation to the 

sticker (Fig. S1). In contrast, the performance of the DAT-KD mice did not change between 

the first and last trials (median trial 1: 9.4 s, trial 3: 42 s, W=10, p=0.47, Wilcoxon Signed 

Rank test). This paradoxically led to a shorter latency to remove the sticker in the third trial 

in DAT-KD mice when compared with WT (Fig. S1; U=3.5, p=0.008, Mann Whitney U test) 

but reveals a failure to habituate to the sensory stimulus, in addition to the impaired response 

habituation in novel environments described by Zhuang et al. (2001).
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3.4 Toxins exposure in young adult DAT-KD mice

To determine if lower DAT function protects nigrostriatal dopaminergic neurons from 

paraquat/maneb toxicity, as found previously for paraquat alone (Rappold, et al., 2011), we 

exposed young DAT-KD mice to a combined administration of the herbicide paraquat (10 

mg/kg) and fungicide maneb (30 mg/kg). This regimen was chosen because epidemiological 

data have shown an effect of DAT haplotypes in individuals exposed to this combination of 

toxins (often used together), and adding maneb to paraquat increases the maximum loss of 

dopaminergic neurons from 25 to about 40% in WT mice (Kachroo, et al., 2010, 

Thiruchelvam, et al., 2003). All mice showed weight gain seven days after either saline or 

toxin injection, and there was no significant effect of paraquat/maneb injections on 

bodyweight in WT (2×4 toxin x time ANOVA, main effect of time F(3,27)=39.5, p<0.001; 

no main effect of toxin) or DAT-KD mice (main effect of time F(3,39)=38.4, p<0.001; no 

main effect of toxin).

3.5 Toxin effects on dopamine neurons in the SNc

Table 3 shows the values obtained by unbiased stereological analysis in the SNc of young 

adult (5 weeks old) WT and DAT-KD mice. First we confirmed a significant effect of 

genotype on the number of TH-positive neurons in the complete SNc (−28%) and in the 

medial (−30%), lateral (−35%) and ventral (−27%) subregions of the SNc, with a similar 

trend that did not reach significance in the dorsal region (−24%) (Table 3 for means ± SEM 

and statistics). The reduction of the total number of neurons (TH-positive and TH-negative/

Nissl positive) was similar to the loss of TH expression:−25% (complete), −28% (medial), 

−32% (lateral), −11% (ventral, not significant) and −26% (dorsal, p=0.069) (Table 3).

A single injection of paraquat/maneb reduced the number of TH-positive neurons by 37% in 

WT and 27% in DAT-KD mice when compared with the respective vehicle group (2×2 

genotype x toxin ANOVA, effect of toxin on TH-positive neurons: F(1,23)=14.1, p=0.001; 

Holm-Sidak WT saline vs toxin p=0.005, DAT-KD saline vs toxin p=0.045; Table 3). 

Notably, because DAT-KD mice have significantly less neurons than WT, the average 

number of neurons lost was much smaller in DAT-KD than in WT mice (1222 versus 2310) 

and the number of remaining neurons in DAT-KD mice was no longer different from WT 

after exposure to paraquat/maneb. This was also reflected in the total number of SNc 

neurons, which was reduced significantly by 30% in WT but only by 14% in DAT-KD mice, 

which was not significant (2×2 genotype x toxin ANOVA, effect of toxin on total SNc 

neurons: F(1,23)=13.4, p<0.001; Holm-Sidak WT saline vs toxin p=0.002, DAT-KD saline 

vs toxin p=0.139), resulting in similar number of remaining neurons in both genotypes. Thus 

paraquat/maneb caused loss of TH phenotype in both WT and DAT-KD mice, but only a 

significant neuronal death in WT mice. Importantly, the toxin exposure abolished the 

difference in TH-positive and in neuron numbers observed in mice that only received saline. 

Thus, both low DAT and paraquat/maneb alter dopamine neurons but their effects are not 

additive. Rather, a smaller number of neurons were lost in the DAT-KD mice, supporting a 

partial protection against the toxin effects as proposed by Rappold, et al. (2011).

Subpopulations of nigrostriatal dopaminergic neurons are differentially vulnerable in PD 

(Kordower, et al., 2013) and to various experimental insults, including paraquat (Fernagut, et 
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al., 2007) and aging (this study). The effects of paraquat/maneb on TH-positive neurons also 

differed markedly between subregions of the SNc in 5 week old WT and DAT-KD mice 

(Table 3) with strong effects in the medial and ventral regions in both genotypes, a mild 

effect in the lateral region, only significant on total number of neurons in WT mice, and a 

striking lack of toxin effects in the dorsal region of the SNc in DAT-KD mice. Figure S2 

illustrates the loss of TH-positive neurons in the medial region of the SNc in DAT-KD mice, 

in which the toxins induced not only a loss of TH phenotype but a loss of neurons in DAT-

KD mice. Figure S3 illustrates the losses due to genotype and toxin in the dorsal and ventral 

subregions. Thus, even though dopaminergic neurons in some regions of the SNc, notably its 

dorsal tier, may be less sensitive to toxin in mice with low DAT than in WT mice, the 

combination of toxin exposure and genotype effect results in a lower remaining number of 

dopaminergic neurons in the medial region of the SNc in DAT–KD, suggesting that the 

proposed protective effect of low DAT against toxin exposure is not sufficient to reduce 

death of all nigrostriatal dopaminergic neurons, in particular those of the most vulnerable 

regions of the SNc.

3.6 Toxin effects on striatal proteins and monoamines in young adult DAT-KD mice

As expected, saline exposed young adult DAT-KD mice showed a marked decrease in DAT 

immunoreactivity in the striatum across all striatal levels (2×3 genotype x subregion 

ANOVA, main effect of genotype: F(1,16)=44.7, p<0.01; Holm-Sidak WT vs DAT-KD 

p<0.01). While pups and aged DAT-KD mice did not show differences in TH 

immunoreactivity as described above, young adult DAT-KD mice had 17% less TH 

immunoreactivity in the caudal striatum compared to WT with a strong trend to reduction in 

the medial striatum (2×3 genotype x subregion ANOVA, main effect of genotype: 

F(1,16)=6.231, p=0.037, Holm-Sidak WT vs DAT-KD caudal p=0.032, rostral p=0.99, 

medial p=0.057). Figure 3A and B show the level of immunoreactivity (arbitrary units) for 

DAT and TH in the medial striatum. A single injection of paraquat/maneb increased DAT 

and TH immunoreactivity in the striatum of WT mice (Fig. 3A, B). In contrast, DAT-KD 

mice showed a non-significant trend toward an increase in TH immunoreactivity and no 

change in DAT immunoreactivity (2×2 genotype x toxin ANOVA, for TH, effect of toxin: 

F(1,16)=17.80, p<0.001, Holm-Sidak WT saline vs toxin p=0.001, DAT-KD saline vs toxin 

p=0.057; for DAT, effect of toxin: F(1,16)=5.96, p=0.027, Holm-Sidak WT saline vs toxin 

p=0.008, DAT-KD saline vs toxin p=0.689).

To further describe PQ/MB effects on the striatum we next determined monoamines and 

their metabolites. DOPAL has recently emerged as an important dopamine metabolite 

because of its toxicity to dopamine neurons (Burke, et al., 2003, Fitzmaurice, et al., 2013). 

Therefore, we measured DOPAL levels in right striatal punches of the striatum together with 

dopamine and DOPAC using an optimized protocol for DOPAL detection (see supplemental 

methods). Congruent with previously published results (Zhuang, et al., 2001) we observed a 

significant genotype effect on the levels of dopamine (−62% in DAT-KD), but no alteration 

by toxin exposure in WT or DAT-KD mice (Fig. 3C). The toxic dopamine metabolite 

DOPAL was also decreased in DAT-KD (Fig. 3D) but the ratio DOPAL/dopamine was 

increase in DAT-KD compared to WT animals (Fig. 3E), and DOPAC was increased (Fig. 

3F). There was no effect of toxin administration on these measures neither in WT nor in 
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DAT-KD mice. Data on additional monoamines and metabolites determined in the left 

striatum further support increased dopamine metabolism in DAT-KD mice (figure 3G–J): 

HVA (increased in DAT-KD), DOPAC+HVA/dopamine (2.9 fold increased in saline treated 

DAT-KD), 5-HT (decrease in DAT-KD), 3-MT (unchanged). These measures were not 

affected by toxin exposure compared to the same genotype exposed to saline.

3.7 Toxin effects on motor behavior

The moderate loss of dopamine neurons of the SNc after toxin exposure is likely insufficient 

to cause detectable parkinsonism. In agreement with the presence of high extracellular 

dopamine levels in the striatum, DAT-KD mice are hyperactive in an open field (Zhuang, et 

al., 2001). We used the cylinder test which enabled us to distinguish between fore- and 

hindlimb activity and the pole test, both sensitive tests for detection of motor deficits in PD 

models (Fleming, et al., 2004). The results confirmed hyperactivity of DAT-KD mice and 

showed that this includes increased use of fore- and hindlimbs but no change in grooming 

activity at 5 weeks of age in the cylinder test (Fig. S4A; 2×2 genotype x toxin ANOVA, 

genotype effect forelimb steps F(1,24)=21.5, p<0.001, hindlimb steps F(1,24)=7.76, p=0.01, 

grooming F(1,24)=2.1, p=0.162; Fig S4A–C). There were no effects of PQ/MB injection on 

these parameters (Fig S4A–C). On the vertical pole time to turn face down (Fig. S4D) was 

not altered by genotype (WT vs DAT-KD, Mann Whitney U p>0.05), time of test (pre vs 

post toxin exposure, Wilcoxon signed rank test p>0.05) or toxin exposure (saline vs PQ/MB, 

Mann Whitney U p>0.05). During the second trial (one week post toxin exposure) the time 

to descend after the turn (Fig. S4E) decreased in all groups, likely as an effect of learning, 

but in WT injected with PQ/MB this improvement was not significant (*p<0.05, **p<0.01 

signed rank test). These PQ/MB injected WT mice were significantly slower compared to 

corresponding saline injected mice (^p<0.05 rank sum test, Fig. S4E).

3.8 Toxin exposure increased iron accumulation in young adult DAT-KD mice

To begin identifying mechanisms by which low DAT expression and/or toxin exposure may 

affect dopaminergic neurons, we measured IBA-1-positive microglial activation, alpha-

synuclein accumulation and aggregation, and iron accumulation in the striatum and/or SN. 

The number of activated or resting IBA-1-positive microglia in the SN or IBA-1 

immunoreactivity in the striatum did not show either genotype or toxin effects (Table S2). 

Similarly, we did not find alterations in alpha-synuclein immunoreactivity in the SNc or 

substantia nigra pars reticulata (SNr) in response to low DAT expression or toxin exposure 

(Table S2). Furthermore, no alpha-synuclein-positive proteinase K-resistant aggregates were 

detected in the brains of WT or DAT-KD mice (data not shown). In contrast, a single 

exposure of paraquat/maneb in 5 week-old mice resulted in the accumulation of iron in DAT-

KD but not WT mice (Fig. 4, 2×2 genotype x toxin ANOVA, effect of genotype 

F(1,13)=6.87, p=0.02, Holm-Sidak toxin WT vs DAT-KD p=0.013).

3.9 Effects of age on susceptibility to PQ/MB toxicity

Having determined that in young adult WT mice a single PQ/MB injection can induce a loss 

of nigral dopamine neurons and that this effect was partially modified by low DAT 

expression we thought to determine if age at exposure was critical for these effects. 

Therefore we injected 11 months old WT and DAT-KD mice with the single dose of PQ/MB. 
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We chose a longer post injection interval of 3 weeks (compared to 1 week in young adult 

mice), to ensure that we capture the full extent of toxin-induced cell loss. As expected from 

our observations in 18 months old mice, the genotype effect (loss of TH-positive neurons in 

DAT-KD mice) at this age was less overt and only significant in the medial subregion when 

analyzed with multi-comparison correction (Table 4). Importantly, the effect of aging 

observed at 18 months is already overt in 11 months old mice (e.g. TH positive neurons 

decline from n=6212 in 5 weeks old WT mice to n=3663 in 11 months old WT mice, Table 

4). Toxin exposure did not result in additional dopamine neuron loss in the SNc of 11 

months old WT or DAT-KD mice neither in the total SNc nor in any of the subregions at 3 

weeks post injection (Table 4). Based on this lack of neuron loss there was no reason to 

repeat the experiment with the 1 week post injection period used in young adult mice.

In young adult WT mice PQ/MB had induced an increase in TH and DAT immunoreactivity 

one week after a single injection. Although PQ/MB had no effects on dopamine neurons in 

11 months old mice, we asked if this increase in striatal proteins was still present. As 

expected, saline exposed 11 months old DAT-KD mice showed a marked decrease in DAT 

immunoreactivity in the striatum across all striatal levels (2×3 genotype x subregion 

ANOVA, main effect of genotype: F(1,26)=73.2, p<0.001; Holm-Sidak WT vs DAT-KD 

p<0.001; Fig. 5A for medial subregion). The single injection of paraquat/maneb did not alter 

DAT immunoreactivity in any of the subregions or genotypes (2×2 genotype x toxin 

ANOVA, non-significant).

Similar to pups and aged DAT-KD mice there were no genotype differences in TH 

immunoreactivity in saline treated mice across all subregions (2×3 genotype x subregion 

ANOVA, no effect of genotype). However, a trend to reduction became significant after 

PQ/MB injection as shown in Fig. 5B for the medial subregion (2×2 genotype x toxin 

ANOVA, medial, effect of genotype: F(1,16)=8.9, p=0.006, Holm-Sidak WT toxin vs DAT-

KD toxin p=0.037, WT saline vs DAT-KD saline p=0.053; caudal, effect of genotype: 

F(1,27)=8.8, p=0.006, WT toxin vs DAT-KD toxin p=0.005, WT saline vs DAT-KD saline 

p=0.272). There was no main effect of toxin in any of the subregions supporting a general 

absence of effects of PQ/MB in 11 months old mice. Accordingly there was no rationale for 

injecting further groups of animals at this age for neurochemical and behavioral analyses.

4. Discussion

Neurodegeneration in sporadic PD results from the combination of genetic predisposition 

with environmental factors and aging, the main risk factor for PD (Ritz, et al., 2016). 

However, predicting the effects of genetic variants on disease risk in the presence of 

environmental toxicants is not straightforward. For example, genetic factors could contribute 

to the risk of PD by decreasing the number of dopamine neurons at birth, such that neuronal 

loss due to aging could reach the critical threshold that leads to the symptoms of PD earlier 

than in individuals born with more neurons, and this effect could be compounded by toxic 

insults occurring later in life (Calne and Langston, 1983, Langston, 1990, McGeer, et al., 

1988). Conversely, genetic variation may also protect neurons from toxic exposure by 

reducing toxin uptake or increasing defenses (Rappold, et al., 2011, Ritz, et al., 2016). Here 

we assessed the interaction of genetic variation, aging and toxin exposure on the integrity of 
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the nigrostriatal system. We show that the susceptibility of dopamine neurons to the genetic 

variation in DAT levels, aging, and paraquat/maneb exposure differ based on their 

subregional location, suggesting that the heterogeneity of the SNc contributes to the final 

outcome on disease risk. Specifically, low DAT expression reduced the number of 

dopaminergic neurons preferably in the ventral and dorsal SNc from birth, while the 

remaining dopaminergic neurons in the dorsal subregion are resistant to aging and paraquat/

maneb. In contrast, aging reduces preferably dopamine neurons in the lateral SNc in both 

genotypes, and in WT additionally in the medial and ventral subregion. Finally the medial 

and ventral tier of SNc dopamine neurons was most vulnerable to the effects of paraquat/

maneb in both genotypes. This is in line with previous studies in mice demonstrating higher 

susceptibility of ventral tier SNc neurons to paraquat (Fernagut, et al., 2007). Although there 

are anatomical variations, similar subgroups of dopamine neurons can be identified in the 

SNc of man and mice (Fu, et al., 2016). In humans aging affects preferably the dorsal 

(−6.9%) and medial ventral tier (−5.4%) whereas PD cases exhibited the greatest loss in the 

lateral ventral tier (average loss 91%), and smaller losses in the medial ventral tier (−71%) 

and, particularly, the dorsal tier (−56%) (Fearnley and Lees, 1991). Many potential reasons 

for these differences in vulnerability have been proposed, and their identification could 

reveal novel therapeutic strategies (Fu, et al., 2016). Specific protein expression profiles may 

contribute to disease vulnerability, but this conclusion warrants more research on isolated 

neuronal populations (Brichta and Greengard, 2014). Our data suggest that genetic 

variances, such as DAT/SLC6A3 variations, may contribute to SNc regional vulnerability, 

especially in the context of environmental exposures and aging.

4.1 Impact of low DAT expression on nigrostriatal dopaminergic neurons

DAT-KD mice with 10% remaining DAT expression have been previously generated as a 

model for attention deficit hyperactivity disorders, and were shown to exhibit increased 

extracellular dopamine, decrease in tissue dopamine and a hyperactive phenotype (Zhuang, 

et al., 2001). Recent epidemiological evidence that DAT/SLC6A3 variations significantly 

contribute to PD risk (Kelada, et al., 2005, Ritz, et al., 2009) prompted us to re-evaluate 

these mice in the context of PD. We extend the previous characterization of these mice by 

providing extensive morphological and neurochemical measures as well as behavioral data, 

at different ages, in the absence and presence of exposure to toxins known to increase the 

risk of PD. Importantly, we confirmed with immunohistochemistry the expected low striatal 

DAT levels with low inter-individual variation in all DAT-KD mice used in our study. We 

found that low expression of DAT resulted in 30% less TH-positive neurons in the SNc of 

pups, an effect sustained up to 18 months of age in subregions of the SNc. This differed 

from another genetically engineered mouse with less than 5% DAT expression that did not 

exhibit a loss of midbrain dopaminergic neurons, but severe losses of striatal TH and 

dopamine (Rappold, et al., 2011). Different mouse or rat strains vary in the response of their 

nigrostriatal system to insults or alterations, as shown repeatedly for several neurotoxins 

(Gerlach and Riederer, 1996, Sedelis, et al., 2000, Sherer, et al., 2003) or genetic 

modifications (Chesselet and Richter, 2011, Chesselet, et al., 2012). Our DAT-KD mice 

(Zhuang, et al., 2001) are on the 129 SvJ background, whereas the line used by Rappold, et 

al. (2011) was backcrossed into C57Bl/6. The 129 SvJ mice have less hippocampal 

neurogenesis (Kempermann, et al., 1998), exhibit differences in inflammatory cell 
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recruitment (Hoover-Plow, et al., 2008) and oxidative stress response (Syn, et al., 2009) and 

show different pharmacological and behavioral responses compared to C57Bl/6 (Homanics, 

et al., 1999). Therefore, it is not surprising that the nigrostriatal system in these mice 

responds differently to a low level of DAT expression, further illustrating the importance of 

multiple genetic factors on the number and health of dopaminergic neurons.

The loss of dopaminergic neurons observed in our line of DAT-KD is in agreement with data 

from adult DAT knock-out mice on the C57BL6 background (28% reduction in TH-positive 

neurons in the midbrain) (Jaber, et al., 1999), although Jaber et al (1999) did not perform a 

counterstain to distinguish a loss of phenotype from a true loss of neurons, as observed in 

our study. Interestingly, loss-of-function mutations in DAT are associated with infantile 

parkinsonism-dystonia syndrome (Kurian, et al., 2011), supporting a role of DAT in the 

development of nigrostriatal dopamine neurons. In contrast to DAT-KD, DAT knock-out 

mice displayed a growth retardation phenotype and a subset of animals die before reaching 

adulthood (Bosse, et al., 1997). A 90% loss of TH protein in the striatum in DAT knock-out 

with much milder loss of the vesicular monoamine transporter, suggested a partial 

preservation of TH terminals (Jaber, et al., 1999). In contrast, we found only a slight 

reduction of striatal TH at an older age in DAT-KD mice, implying that the remaining 10% 

of DAT expression in DAT-KD mice is sufficient to preserve TH expression in the striatum. 

These subtle differences in TH expression support the notion that the lack of dopamine 

recycling is sufficient to reduce the level of tissue dopamine without altering the integrity of 

the nigrostriatal system. Our data suggest that individuals carrying genetic variant of DAT 

may be born with a compromised nigrostriatal system. Thus, even though current data favor 

the hypothesis that excess DAT is the major factor associated with increased PD risk 

(Faraone, et al., 2014, Masoud, et al., 2015, Ritz, et al., 2016), our results extend this risk to 

genetic variants that might decrease DAT expression and suggest that this possibility 

deserves further study.

4.2 Age-dependent susceptibility to toxins in WT mice

As originally proposed by Barbeau, et al. (1987), multiple epidemiological studies have 

pointed to a role for environmental toxins, including a combination of paraquat and maneb, 

in increasing the risk of PD (Costello, et al., 2009). The route of environmental exposure in 

humans is likely a combination of oral intake, subcutaneous absorption and inhalation of 

varied amounts of toxins. In rodents i.p. injections which allow administration of a 

controlled amount of toxins were found appropriate for brain penetration and neurotoxicity 

while avoiding acute toxicity to sensitive tissues such as lung tissue (Barlow, et al., 2003, 

Rojo, et al., 2007). The dopamine neuron loss caused by 3 injections of paraquat alone 

reaches approximately 25% of nigral neurons (Fernagut, et al., 2007, McCormack, et al., 

2002), depending on the genetic background of mice (Yin, et al., 2011). Combining paraquat 

with maneb increased this loss to approximately 40% (Kachroo, et al., 2010), which could 

be due to increased oxidative stress (Patel, et al., 2006) or to enhanced brain accumulation of 

paraquat in the presence of maneb with a peak concentration at 6h and still measurable 

paraquat concentrations at 12h after injection (Barlow, et al., 2003). These previous studies 

with paraquat/maneb have used multiple injections and several weeks of exposure, leading 

to substantial mortality (Kachroo, et al., 2010).
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Here we found that a single injection of the standard doses of paraquat and maneb (10mg/kg 

and 30mg/kg, respectively) is sufficient to cause a 37% loss in TH-positive neurons in 5 

weeks old 129SvJ WT mice 7 days post-injection. In contrast, the same toxin regimen 

administered to 11 months old mice did not result in significant further loss of dopaminergic 

neurons compared to vehicle treated mice, which have already lost a substantial number of 

neurons due to aging. This suggests that the neurons sensitive to the toxin exposure in young 

mice were lost during aging in the absence of environmental insult. In accordance with our 

results, epidemiological studies in humans showed that exposure to a combination of maneb 

and paraquat increases PD risk particularly in younger subjects and/or when exposure occurs 

at younger ages (Costello, et al., 2009). Thus, both the age (5 weeks) and genetic 

background (129 SvJ) of the mice could account for the observed loss of neurons after a 

single injection of paraquat/maneb in our study, emphasizing the importance of both genetic 

factors and age at toxin exposure for the vulnerability of the nigrostriatal dopaminergic 

system.

4.3 Low DAT partially but incompletely protected dopamine neurons from paraquat/maneb 
toxicity

We next aimed to investigate if the remaining 70% of TH-positive SNc neurons and the 

preserved striatal TH-positive terminals were either protected or more vulnerable to a single 

administration of paraquat/maneb. The overall loss of SNc TH-positive neurons after toxin 

exposure was lower in DAT-KD than WT mice and, in contrast to WT, total neuronal loss 

was not significant in the DAT-KD, suggesting a loss of TH expression rather than cell 

death. The genotypic difference was particularly clear in the dorsal tier of the SNc, which 

was completely spared from toxicity in DAT-KD mice. Therefore, in agreement with 

previous studies in another line of mice (Rappold, et al., 2011), low DAT increased 

resistance of subgroups of dopamine neurons to paraquat/maneb toxicity, an effect attributed 

to a decreased uptake of reduced paraquat. Another potential scenario could be that lower 

DAT levels during ontogeny induced adaptive responses in at least a subgroup of neurons 

making them less vulnerable to toxicity. However, such compensation would likely include 

increasing demands on the remaining dopamine neurons to uphold function. Given that 

dopamine itself is thought to contribute to neurodegeneration (Chesselet, 2003), it seems 

unlikely that this would provide neuroprotection. Indeed, our detailed regional analysis 

showed that this partial protection did not extend to the entire SNc. Toxin exposure 

decreased TH-positive and total neuron number in the medial SNc, a particularly vulnerable 

region in PD, even in DAT-KD mice. Therefore, the apparent protection of low DAT levels 

against toxin exposure is regionally limited.

Toxin-induced changes in striatal TH and DAT in young DAT-KD mice also differed from 

WT mice. WT mice, but not DAT-KD mice, showed a strong increase in DAT and TH 

protein expression 7 days after a single toxin exposure. Young-adult DAT-KD mice showed a 

slight reduction in TH in the striatum after toxin exposure. It is unclear if the WT response is 

a compensatory effect or a reduction in protein degradation due to an inhibition of the 

proteasome by the toxins (Wills, et al., 2012, Yang, et al., 2007, Zhou, et al., 2004). Low 

DAT levels therefore either directly decrease compensatory mechanisms triggered by toxin 

exposure and/or protect from striatal toxicity. Increased striatal TH and DAT in toxin 
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exposed WT mice did not lead to increased dopamine levels; however, this does not preclude 

a toxin-mediated increase in extracellular dopamine (dopamine overflow) as previously 

observed (Shimizu, et al., 2003, Zhang, et al., 2003). Contrary to our expectation, toxins did 

not increase the toxic metabolite DOPAL in either genotype, even though the ratio 

DOPAL/DA was higher in DAT-KD than in WT mice.

Paraquat, with or without co-administration of maneb, can induce alpha-synuclein 

accumulation over several weeks in mice (Wills, et al., 2012). Here, we show that a single 

injection of paraquat/maneb was not sufficient to induce alpha-synuclein pathology 7 days 

after injection. Importantly, only DAT-KD mice developed an increased number of iron 

deposits in the SN in response to the single paraquat/maneb injection. Iron accumulates in 

the midbrain of PD patients and with age (Gerlach, et al., 1994). Data from animal models 

and epidemiological studies in humans suggest the involvement of iron in the 

pathophysiology of PD (Rhodes and Ritz, 2008), and protective haplotypes of the genes for 

transferrin and the transferrin receptor, which are major regulators of iron homeostasis, 

modulate PD risk (Rhodes, et al., 2014). Iron accumulation is likely not simply a result of 

cell death (He, et al., 2003) since it was not observed in toxin-exposed WT or non-toxin 

exposed DAT-KD mice, which all show neuronal loss. Rather, the accumulation of iron in 

DAT-KD mice exposed to toxins appears to result from a gene-environment interaction that 

could cause further damage to the nigrostriatal system over time, similar to the long term 

effects of traumatic brain injury in rats (Hutson, et al., 2011). Interestingly, paraquat 

injection exacerbated neurodegeneration caused by traumatic brain injury only if applied in a 

specific time frame close to the impact (Hutson, et al., 2011). It will be important to further 

explore the long term effects of toxin exposure at young age in DAT-KD and WT mice, 

including multiple exposure protocols.

5. Conclusions

Our data indicate that even though low DAT function may be partially protective against 

some environmental toxins, it may also lead to a lower number of dopamine neurons thus 

predisposing an individual to develop PD. Furthermore, the observation that low DAT 

function prevented toxin-induced increases in TH and DAT, and promoted toxin-induced 

iron accumulation, points to additional mechanisms that may influence the risk of PD. Our 

data also suggest that the impact of toxin exposure could be greater early in life (Calne and 

Langston, 1983, Costello, et al., 2009). Only the combined impact of genetics, 

environmental toxins and aging reduced all subsets of nigrostriatal dopaminergic neurons, 

which provides a rationale for the observation that specific combinations of factors are 

required for an increased risk to develop Parkinson’s disease.
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Abbreviations

PD Parkinson’s disease

DAT dopamine transporter

DAT-KD dopamine transporter knock-down

SNc Substantia nigra pars compacta

SNr Substantia nigra pars reticulata

SN Substantia nigra

TH Tyrosine-hydroxylase

WT wild-type
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• Dopamine transporter knock-down mice (DAT-KD) have less dopamine 

neurons from birth

• DAT-KD and aging reduced different subsets of nigral dopamine neurons

• Paraquat/Maneb decreased dopamine neurons at 5 weeks but not 11 months 

of age

• In DAT-KD mice only subsets, not all dopamine neurons were resistant to the 

toxins

• Effects on different dopamine neurons may increase the risk of Parkinson’s 

disease
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Fig. 1. 
(A) Study plan for the four cohorts. Pups (3–5 days of age) and aged mice (18 months) were 

used naïve for quantification of SNc neuron numbers and striatal proteins. Two further 

cohorts of mice at 5 weeks or 11 months received a single i.p. injection of paraquat (PQ) and 

maneb (MB). Mice were sacrificed 1–3 weeks afterwards and brains processed for histology 

or biochemistry. (B) Image of a coronal brain section with the SNc labeled for TH (brown) 

and Nissl (blue-purple). The 4 subregions defined for stereological analysis of neuron counts 

are outlined. Scale bar = 50 μm.

Richter et al. Page 20

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Reduced number of nigral neurons in DAT-KD mice and with age. Representative 

microscopic images of the SNc stained for TH (brown) and Nissl (blue-purple) of (A) WT 

and (B) DAT-KD pups (3–4 days of age) and (C, D) aged mice (18 months of age) are 

shown. Scale bar = 50 μm. The number of (E) TH-positive and (F) total neurons (TH-

positive and -negative) were estimated using unbiased stereology in pups (3–4 days (d) of 

age; WT n=4, Dat-KD n=5) and aged mice (18 months (m) of age; n=7 WT, n=7 DAT-KD) 

(2×2 genotype x age ANOVA, Holm-Sidak *p<0.05, **p<0.01 compared to respective WT, 

^p<0.05, ^^p<0.01 compared to pup (WT); mean ± SEM. Stacked bars represent the SNc 

subregion counts for each respective group (for statistics see Table 1).
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Fig. 3. 
Striatal protein (A, DAT; B, TH) quantification via immunohistochemistry and striatal 

monoamine (C, D) or dopamine metabolite (E–J) quantification via HPLC (see methods 

section for definition of abbreviations) in 5-week-old WT or DAT-KD mice (n=5 per group) 

injected with saline (WT_SAL or DAT_SAL) or paraquat/maneb (WT_PQ/MB or DAT_PQ/

MB). Data are shown as the mean + SEM, 2×2 genotype x toxin ANOVA, Holm-Sidak, 

*p<0.05, **p<0.01 compared to respective saline group, ^p<0.05, ^^p<0.01 compared to 

respective WT).
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Fig. 4. 
Number of iron deposits (Perls’ Prussian blue reaction) in the SN of 5-week-old WT and 

DAT-KD mice (n=4–5/group) injected with saline (WT_SAL or DAT_SAL) or paraquat/

maneb (WT_PQ/MB or DAT_PQ/MB). Microscopic images (iron stain in brown) of one SN 

hemisphere (SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata) for 

WT and DAT-KD mice exposed to PQ/MB are shown. Scale bar = 50 μm. Data are shown as 

the mean + SEM (2×2 genotype x toxin ANOVA, Holm-Sidak, *p<0.05 compared to 

respective WT).
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Fig. 5. 
Protein (A, DAT; B, TH) quantification via immunohistochemistry in the striatum of 11 

months-old WT or DAT-KD mice injected with saline (WT_SAL n=5, DAT_SAL n=7) or 

PQ/MB (WT_PQ/MB n=6, DAT_PQ/MB n=9). Data are shown as the mean + SEM, 2×2 

genotype x toxin ANOVA, Holm-Sidak, ^p≤0.05, ^^p<0.01 compared to respective WT).

Richter et al. Page 24

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Richter et al. Page 25

Ta
b

le
 1

E
ff

ec
ts

 o
f 

D
A

T-
K

D
 a

nd
 a

gi
ng

 o
n 

nu
m

be
r 

of
 S

N
c 

ne
ur

on
s

re
gi

on
gr

ou
p

pu
ps

 (
3–

4 
da

ys
)

ag
ed

 (
18

 m
on

th
s)

T
H

+ 
ne

ur
on

s
To

ta
l n

eu
ro

ns
T

H
+ 

ne
ur

on
s

To
ta

l n
eu

ro
ns

SN
c 

co
m

pl
et

e
W

T
68

98
 ±

 4
84

18
25

8 
±

 1
39

6
47

13
 ±

 4
49

*
11

58
0 

±
 6

62
**

D
A

T
46

28
 ±

 5
77

^
13

12
0 

±
 9

57
^^

34
11

 ±
 4

78
°

95
76

 ±
 5

30
*

SN
c 

m
ed

ia
l

W
T

11
00

 ±
 1

30
29

43
 ±

 1
82

68
2 

±
 1

25
*

17
35

 ±
 2

15
**

D
A

T
82

3 
±

 1
18

24
03

 ±
 2

00
61

6 
±

 1
06

19
37

 ±
 2

72

SN
c 

la
te

ra
l

W
T

11
52

 ±
 8

0
32

40
 ±

 2
20

59
7 

±
 1

04
**

13
02

 ±
 2

21
**

D
A

T
11

39
 ±

 1
37

23
70

 ±
 1

53
^^

53
1 

±
 7

1*
*

13
35

 ±
 1

80
**

SN
c 

ve
nt

ra
l

W
T

11
10

 ±
 9

3
32

44
 ±

 3
50

64
4 

±
 1

15
**

19
65

 ±
 2

28
**

D
A

T
59

2 
±

 1
32

^^
21

46
 ±

 2
05

^
61

6 
±

 1
37

20
12

 ±
 2

02

SN
c 

do
rs

al
W

T
35

36
 ±

 2
36

88
30

 ±
 7

56
27

90
 ±

 2
93

65
77

 ±
 3

54
**

D
A

T
20

74
 ±

 3
23

^^
62

01
 ±

 6
87

^^
16

47
 ±

 2
30

^^
42

91
 ±

 4
07

*^^

St
er

eo
lo

gi
ca

l e
st

im
at

es
 (

n,
 m

ea
ns

 ±
 S

E
M

) 
of

 T
H

-p
os

iti
ve

 (
T

H
+

) 
ne

ur
on

s 
an

d 
T

H
-p

os
iti

ve
 a

nd
 –

ne
ga

tiv
e 

ne
ur

on
s 

(t
ot

al
 n

eu
ro

ns
) 

in
 th

e 
SN

c 
of

 p
up

s 
(3

–4
 d

ay
s 

ol
d)

, W
T

 (
n=

4)
 a

nd
 D

A
T-

K
D

 (
n=

5)
 a

nd
 a

ge
d 

m
ic

e 
(1

8 
m

on
th

s 
ol

d)
, W

T
 (

n=
7)

 a
nd

 D
A

T-
K

D
 (

n=
7)

 (
2×

2 
ge

no
ty

pe
 x

 a
ge

 A
N

O
V

A
 f

or
 e

ac
h 

re
gi

on
, H

ol
m

-S
id

ak
, *

p<
0.

05
, *

*p
<

0.
01

 c
om

pa
re

d 
to

 r
es

pe
ct

iv
e 

pu
ps

 g
ro

up
, °

p=
0.

07
, ^

p<
0.

05
, ^

^ p
<

0.
01

 
co

m
pa

re
d 

to
 r

es
pe

ct
iv

e 
W

T
).

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Richter et al. Page 26

Ta
b

le
 2

E
ff

ec
ts

 o
f 

D
A

T
 k

no
ck

-d
ow

n 
on

 s
tr

ia
ta

l D
A

T
 a

nd
 T

H
-i

m
m

un
or

ea
ct

iv
ity

st
ri

at
al

 D
A

T-
im

m
un

or
ea

ct
iv

it
y

ro
st

ra
l

m
ed

ia
l

ca
ud

al

A
ge

W
T

D
A

T-
K

D
W

T
D

A
T-

K
D

W
T

D
A

T-
K

D

P
up

s 
(3

–4
 d

ay
s)

1.
00

 ±
 0

.1
0

0.
54

 ±
 0

.0
5*

*
1.

00
 ±

 0
.1

0
0.

57
 ±

 0
.0

5*
*

1.
00

 ±
 0

.0
9

0.
66

 ±
 0

.0
7*

ag
ed

 (
18

 m
on

th
s)

1.
00

 ±
 0

.0
9

0.
42

 ±
 0

.0
2*

*
1.

00
 ±

 0
.0

6
0.

42
 ±

 0
.0

4*
*

1.
00

 ±
 0

.1
1

0.
41

 ±
 0

.0
4*

*

st
ri

at
al

 T
H

-i
m

m
un

or
ea

ct
iv

it
y

ro
st

ra
l

m
ed

ia
l

ca
ud

al

A
ge

W
T

D
A

T-
K

D
W

T
D

A
T-

K
D

W
T

D
A

T-
K

D

P
up

s 
(3

–4
 d

ay
s)

1.
00

 ±
 0

.0
5

1.
03

 ±
 0

.0
5

1.
00

 ±
 0

.0
5

1.
10

 ±
 0

.0
7

1.
00

 ±
 0

.0
4

1.
16

 ±
 0

.0
7

ag
ed

 (
18

 m
on

th
s)

1.
00

 ±
 0

.1
1

0.
94

 ±
 0

.0
9

1.
00

 ±
 0

.1
1

0.
98

 ±
 0

.1
3

1.
00

 ±
 0

.1
3

0.
88

 ±
 0

.1
2

St
ri

at
al

 D
A

T
 a

nd
 T

H
 im

m
un

or
ea

ct
iv

ity
. A

 c
or

on
al

 s
ec

tio
n 

of
 th

e 
ro

st
ra

l, 
m

ed
ia

l a
nd

 c
au

da
l s

tr
ia

tu
m

 w
as

 u
se

d 
fo

r 
ea

ch
 m

ou
se

 (
pu

ps
, W

T
 n

=
7,

 D
A

T-
K

D
 =

6;
 1

8 
m

on
th

s,
 W

T
=

7,
 D

A
T-

K
D

 n
=

7)
. D

at
a 

ar
e 

re
pr

es
en

te
d 

as
 r

at
io

s 
to

 r
es

pe
ct

iv
e 

m
ea

n 
of

 W
T

 (
m

ea
n 

±
 S

E
M

) 
fo

r 
co

m
pa

ri
so

n 
pu

rp
os

es
 o

nl
y;

 a
ll 

st
at

is
tic

al
 a

na
ly

se
s 

w
er

e 
pe

rf
or

m
ed

 o
n 

ra
w

 n
um

be
rs

 (
2×

3 
ge

no
ty

pe
 x

 s
tr

ia
ta

l s
ub

re
gi

on
 A

N
O

V
A

 f
or

 e
ac

h 
ag

e 
gr

ou
p,

 H
ol

m
-S

id
ak

 *
p<

0.
05

, *
*p

<
0.

01
 c

om
pa

re
d 

to
 r

es
pe

ct
iv

e 
W

T
).

 T
is

su
e 

pr
oc

es
si

ng
 a

nd
 im

m
un

oh
is

to
ch

em
is

tr
y 

fo
r 

pu
ps

 a
nd

 a
ge

d 
m

ic
e 

w
er

e 
pe

rf
or

m
ed

 s
ep

ar
at

el
y;

 th
er

ef
or

e 
fl

uo
re

sc
en

ce
 in

te
ns

iti
es

 
w

er
e 

no
t c

om
pa

re
d 

be
tw

ee
n 

ag
es

. I
nt

en
si

ty
 v

al
ue

s 
w

er
e 

no
t s

at
ur

at
ed

 p
ro

vi
di

ng
 s

im
ila

r 
si

gn
al

 to
 n

oi
se

 r
at

io
 f

or
 a

ll 
ag

e 
gr

ou
ps

.

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Richter et al. Page 27

Ta
b

le
 3

E
ff

ec
ts

 o
f 

D
A

T-
K

D
 a

nd
 p

ar
aq

ua
t/m

an
eb

 (
PQ

/M
B

) 
ex

po
su

re
 o

n 
nu

m
be

r 
of

 S
N

c 
ne

ur
on

s 
in

 5
 w

ee
ks

 o
ld

 m
ic

e

re
gi

on
gr

ou
p

T
H

+ 
ne

ur
on

s 
(n

, M
ea

ns
 ±

 S
E

M
)

%
 lo

ss
 (

to
 

sa
lin

e)
ne

ur
on

 lo
ss

 
(c

om
pa

re
d 

to
 s

al
in

e)
To

ta
l n

eu
ro

ns
 (

n,
 M

ea
ns

 ±
 

SE
M

)
%

 lo
ss

 (
to

 
sa

lin
e)

ne
ur

on
 lo

ss
 

(c
om

pa
re

d 
to

 s
al

in
e)

SN
c 

co
m

pl
et

e
W

T
_S

A
L

62
12

 ±
 7

09
11

29
1 

±
 8

49

W
T

_P
Q

/M
B

39
08

 ±
 3

09
**

37
23

10
78

63
 ±

 8
08

**
30

34
28

D
A

T
_S

A
L

44
83

 ±
 3

10
^

85
26

 ±
 5

28
^^

D
A

T
_P

Q
/M

B
32

61
 ±

 5
08

*
27

12
22

73
35

 ±
 3

33
14

11
91

SN
c 

m
ed

ia
l

W
T

_S
A

L
16

52
 ±

 1
52

25
67

 ±
 2

55

W
T

_P
Q

/M
B

10
73

 ±
 4

9*
*

35
57

9
19

55
 ±

 1
41

*
24

61
2

D
A

T
_S

A
L

11
62

 ±
 9

7^^
18

37
 ±

 1
47

^^

D
A

T
_P

Q
/M

B
59

2 
±

 7
6*

*^^
49

57
0

13
11

 ±
 1

49
*^

29
52

6

SN
c 

la
te

ra
l

W
T

_S
A

L
10

07
 ±

 1
81

21
33

 ±
 2

73

W
T

_P
Q

/M
B

73
7 

±
 1

00
27

27
0

14
94

 ±
 2

81
*

30
63

9

D
A

T
_S

A
L

65
8 

±
 4

7^
14

55
 ±

 1
01

^^

D
A

T
_P

Q
/M

B
53

1 
±

 7
8

19
12

7
14

20
 ±

 9
5

2
35

SN
c 

ve
nt

ra
l

W
T

_S
A

L
13

03
 ±

 1
77

23
83

 ±
 4

04

W
T

_P
Q

/M
B

71
8 

±
 1

05
**

45
58

5
18

89
 ±

 1
82

21
49

4

D
A

T
_S

A
L

94
8 

±
 8

3^
21

13
 ±

 1
53

D
A

T
_P

Q
/M

B
59

2 
±

 1
10

*
38

35
6

18
21

 ±
 1

67
14

29
2

SN
c 

do
rs

al
W

T
_S

A
L

22
49

 ±
 3

56
42

08
 ±

 4
66

W
T

_P
Q

/M
B

13
81

 ±
 3

56
39

86
8

25
24

 ±
 4

66
*

40
16

84

D
A

T
_S

A
L

17
15

 ±
 2

51
31

21
 ±

 3
30

D
A

T
_P

Q
/M

B
17

14
 ±

 3
01

0
1

32
30

 ±
 3

94
0

0

St
er

eo
lo

gi
ca

l e
st

im
at

es
 (

m
ea

ns
 ±

 S
E

M
) 

of
 T

H
-p

os
iti

ve
 (

T
H

+
) 

ne
ur

on
s 

an
d 

T
H

-p
os

iti
ve

 a
nd

 –
ne

ga
tiv

e 
ne

ur
on

s 
(t

ot
al

 n
eu

ro
ns

) 
in

 th
e 

SN
c 

of
 5

 w
ee

ks
 o

ld
 W

T
 a

nd
 D

A
T-

K
D

 m
ic

e 
in

je
ct

ed
 w

ith
 s

al
in

e 
(W

T
_S

A
L

 n
=

5,
 D

A
T

_S
A

L
 n

=
10

) 
or

 P
Q

/M
B

 (
W

T
_P

Q
/M

B
 n

=
5,

 D
A

T
_P

Q
/M

B
 n

=
7)

 a
s 

w
el

l a
s 

th
e 

pe
rc

en
ta

ge
 a

nd
 th

e 
nu

m
be

r 
of

 n
eu

ro
ns

 lo
st

 c
om

pa
re

d 
to

 r
es

pe
ct

iv
e 

sa
lin

e 
in

je
ct

ed
 g

ro
up

 (
2×

2 
ge

no
ty

pe
 x

 

to
xi

n 
be

tw
ee

n-
su

bj
ec

t A
N

O
V

A
, H

ol
m

-S
id

ak
 *

p<
0.

05
, *

*p
<

0.
01

 c
om

pa
re

d 
to

 r
es

pe
ct

iv
e 

sa
lin

e 
gr

ou
p;

 ^
p<

0.
05

, ^
^ p

<
0.

01
 c

om
pa

re
d 

to
 W

T;
 s

ig
ni

fi
ca

nt
 in

te
ra

ct
io

n 
(p

=
0.

04
) 

of
 g

en
ot

yp
e 

x 
to

xi
n 

in
 d

or
sa

l 
su

br
eg

io
n 

fo
r 

to
ta

l n
eu

ro
ns

).

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Richter et al. Page 28

Ta
b

le
 4

E
ff

ec
ts

 o
f 

D
A

T-
K

D
 a

nd
 p

ar
aq

ua
t/m

an
eb

 (
PQ

/M
B

) 
ex

po
su

re
 o

n 
nu

m
be

r 
of

 S
N

c 
ne

ur
on

s 
in

 1
1 

m
on

th
s 

ol
d 

m
ic

e

re
gi

on
gr

ou
p

T
H

+ 
ne

ur
on

s 
(n

, M
ea

ns
 ±

 
SE

M
)

%
 lo

ss
 (

to
 

sa
lin

e)
ne

ur
on

 lo
ss

 
(c

om
pa

re
d 

to
 s

al
in

e)
To

ta
l n

eu
ro

ns
 (

n,
 M

ea
ns

 ±
 

SE
M

)
%

 lo
ss

 (
to

 
sa

lin
e)

ne
ur

on
 lo

ss
 

(c
om

pa
re

d 
to

 s
al

in
e)

SN
c 

co
m

pl
et

e
W

T
_S

A
L

36
63

 ±
 3

93
10

12
7 

±
 7

55

W
T

_P
Q

/M
B

36
32

 ±
 3

38
1

31
92

60
 ±

 5
24

9
86

7

D
A

T
_S

A
L

32
61

 ±
 2

43
86

25
 ±

 5
86

D
A

T
_P

Q
/M

B
31

49
 ±

 3
70

3
11

2
83

04
 ±

 1
10

8
4

32
1

SN
c 

m
ed

ia
l

W
T

_S
A

L
85

6 
±

 7
7

22
38

 ±
 1

09

W
T

_P
Q

/M
B

80
1 

±
 5

1
6

55
20

85
 ±

 1
82

7
15

3

D
A

T
_S

A
L

69
1 

±
 7

9
20

31
 ±

 1
85

D
A

T
_P

Q
/M

B
55

2 
±

 9
2 

^
20

13
9

17
70

 ±
 1

82
13

26
1

SN
c 

la
te

ra
l

W
T

_S
A

L
46

1 
±

 8
2

10
07

 ±
 1

31

W
T

_P
Q

/M
B

35
1 

±
 8

8
24

11
0

94
4 

±
 1

63
6

63

D
A

T
_S

A
L

42
8 

±
 8

4
96

4 
±

 1
46

D
A

T
_P

Q
/M

B
52

3 
±

 5
6

0
0

12
58

 ±
 9

7
0

0

SN
c 

ve
nt

ra
l

W
T

_S
A

L
56

0 
±

 7
3

17
38

 ±
 1

66

W
T

_P
Q

/M
B

55
4 

±
 6

7
1

6
17

72
 ±

 7
2

0
0

D
A

T
_S

A
L

54
5 

±
 6

8
15

80
 ±

 1
16

D
A

T
_P

Q
/M

B
47

5 
±

 8
9

13
70

16
57

 ±
 1

31
0

0

SN
c 

do
rs

al
W

T
_S

A
L

17
87

 ±
 2

83
51

44
 ±

 4
98

W
T

_P
Q

/M
B

19
25

 ±
 2

17
0

0
44

60
 ±

 2
66

13
68

4

D
A

T
_S

A
L

15
96

 ±
 1

56
40

50
 ±

 3
77

D
A

T
_P

Q
/M

B
15

99
 ±

 1
70

0
0

36
20

 ±
 9

08
11

43
0

St
er

eo
lo

gi
ca

l e
st

im
at

es
 (

m
ea

ns
 ±

 S
E

M
) 

of
 T

H
-p

os
iti

ve
 (

T
H

+
) 

ne
ur

on
s 

an
d 

T
H

-p
os

iti
ve

 a
nd

 –
ne

ga
tiv

e 
ne

ur
on

s 
(t

ot
al

 n
eu

ro
ns

) 
in

 th
e 

SN
c 

of
 1

1 
m

on
th

s 
ol

d 
W

T
 a

nd
 D

A
T-

K
D

 m
ic

e 
in

je
ct

ed
 w

ith
 s

al
in

e 
(W

T
_S

A
L

 n
=

5,
 D

A
T

_S
A

L
 n

=
7)

 o
r 

PQ
/M

B
 (

W
T

_P
Q

/M
B

 n
=

6,
 D

A
T

_P
Q

/M
B

 n
=

9)
 a

s 
w

el
l a

s 
th

e 
pe

rc
en

ta
ge

 a
nd

 th
e 

nu
m

be
r 

of
 n

eu
ro

ns
 lo

st
 c

om
pa

re
d 

to
 r

es
pe

ct
iv

e 
sa

lin
e 

in
je

ct
ed

 g
ro

up
 (

2×
2 

ge
no

ty
pe

 x
 

to
xi

n 
be

tw
ee

n-
su

bj
ec

t A
N

O
V

A
, H

ol
m

-S
id

ak
, n

o 
ef

fe
ct

 o
f 

to
xi

n;
 ^

p<
0.

05
 c

om
pa

re
d 

to
 r

es
pe

ct
iv

e 
W

T
).

Neurobiol Aging. Author manuscript; available in PMC 2018 March 01.


	Abstract
	1. Introduction
	2. Material and Methods
	2.1 Animals
	2.2 Toxin exposure
	2.3 Behavior
	2.4 Histology
	2.4.1 Quantification of iron-containing cells in the substantia nigra
	2.4.2 Quantification of TH, DAT, IBA-1 and alpha-synuclein protein
	2.4.3 Quantification of activated versus resting IBA-1-positive microglia in the SN
	2.4.4 Analysis of aggregated alpha-synuclein

	2.5 HPLC analysis of monoamine content in the striatum
	2.6 Statistics

	3. Results
	3.1 Nigrostriatal dopaminergic neurons in DAT-KD mice and WT: effects of genotype and aging
	3.2 Alterations in striatal proteins in DAT-KD mice
	3.3 Sensorimotor behavior in DAT-KD mice
	3.4 Toxins exposure in young adult DAT-KD mice
	3.5 Toxin effects on dopamine neurons in the SNc
	3.6 Toxin effects on striatal proteins and monoamines in young adult DAT-KD mice
	3.7 Toxin effects on motor behavior
	3.8 Toxin exposure increased iron accumulation in young adult DAT-KD mice
	3.9 Effects of age on susceptibility to PQ/MB toxicity

	4. Discussion
	4.1 Impact of low DAT expression on nigrostriatal dopaminergic neurons
	4.2 Age-dependent susceptibility to toxins in WT mice
	4.3 Low DAT partially but incompletely protected dopamine neurons from paraquat/maneb toxicity

	5. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1
	Table 2
	Table 3
	Table 4

