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Abstract

Changes within executive function are at the root of most cognitive problems associated with 

Parkinson’s disease (PD). Because dopaminergic treatment does not necessarily alleviate deficits 

in executive function, it has been hypothesized that dysfunction of other neurotransmitters/systems 

besides dopamine (DA), maybe associated with this decrease in cognitive function. We have 

reported decreases in motor-function and dopaminergic/glutamatergic biomarkers using a 

progressive 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) Parkinson’s mouse model. 

Assessment of executive function and dopaminergic/glutamatergic biomarkers within the limbic 

circuit has previously not been explored in our model. Our results show progressive behavioral 

decline in cued response task (a rodent model for frontal cortex cognitive function) with 

increasing weekly doses of MPTP. Although within the dorsolateral (DL) striatum mice 

administered MPTP showed a 63% and 83% loss of tyrosine hydroxylase (TH) and dopamine 

transporter (DAT) expression, respectively, there were no changes in the nucleus accumbens 

(NAc) or medial prefrontal cortex (mPFC). Furthermore, dopamine-1 receptor (DA-D1) and 

vesicular glutamate transporter-1 (VGLUT-1) expression increased in the mPFC following DA 

loss. There was a significant MPTP-induced decrease/increase in VGLUT-1 and vesicular 

glutamate transporter-2 (VGLUT-2) expression, respectively, within the DL striatum. We propose 

that the behavioral decline following MPTP treatment may be associated with a change in not only 
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cortical-cortical (VGLUT-1) glutamate function, but also in striatal DA and glutamate (VGLUT-1/

VGLUT-2) input.
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1. INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disorder predominantly 

characterized by motor dysfunction. Aside the impairment of dopamine (DA)-stimulated 

motor behaviors, PD patients also experience progressive cognitive deficits. Of these 

cognitive deficits, the most prominent is executive function; that is, the elaboration of 

behavioral and cognitive responses to adverse environmental stimulation (Dubois and Pillon 

1997). Unlike most motor deficits associated with PD, the non-motor deficits, including 

executive function, are unresponsive to dopaminergic treatment (McDowell and Chesselet 

2012). Cognitive dysfunction is therefore hypothesized to be due to an imbalance of other 

neurotransmitters besides DA, and perhaps within other neuronal circuitry besides the basal 

ganglion (Darvas et al., 2014). Relative glutamate levels in PD animal models, for example, 

have been previously shown to change within the striatum in a time dependent manner after 

a unilateral nigrostriatal 6-hydroxydopamine (6-OHDA) lesion (Meshul et al., 1999) and 

following acute/subacute treatment with the neurotoxin, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) (Robinson et al., 2003; Holmer et al., 2005b). We have also 

recently reported that following progressive MPTP treatment, glutamate transporters were 

significantly increased (Sconce et al., 2015).

Overall there appears to be an important DA-glutamate interaction that occurs within the 

basal ganglia and a similar association within the limbic system that maintains cognitive 

function (David et al., 2005). Furthermore, previous studies investigating cognitive changes 
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in MPTP animal models have analyzed serotonin, norepinephrine and DA levels, but 

glutamate’s role in executive dysfunction has yet to be determined. Characterization of 

dopaminergic and glutamatergic biomarkers within the limbic system needs to be elucidated 

in PD animal models to understand the mechanisms underlying the cognitive deficits 

associated with the disease.

Widely used in neurotoxin animal models of PD, MPTP selectively damages dopaminergic 

neurons in the basal ganglion (Blandini and Armentero 2012; Meredith et al., 2008; Tieu 

2011). Many studies using animal models to investigate PD employ acute/subacute MPTP 

toxin paradigms where a large number of the dopaminergic neurons are lesioned in a short 

period of time. This method negates the progressive nature of the disease. In our progressive 

mouse model of PD, mice are injected with MPTP over a period of 4 weeks (5 days/week) 

and with increased doses for each week (8, 16, 24, and 32-mg/kg). The progressive model is 

valuable because it attempts to simulate the continuous neurodegeneration (Goldberg et al., 

2011a) and decline in motor movement (Amende et al., 2005; Goldberg et al., 2011b) seen 

in clinical PD. For this study, in addition to lesioning the dopaminergic neurons by 

progressive administration of MPTP, cognitive deficits were behaviorally analyzed by cued 

response task, which requires animals to learn a stimulus-action-outcome contingency as 

well as the ability to exhibit behavioral flexibility depending on the stimulus present at a 

given time (Wilhelm and Mitchell 2008).

The purpose of this study was to examine behavioral changes via simple executive function 

testing and their relationship to dopaminergic and glutamatergic protein expression in the 

dorsolateral (DL) striatum, nucleus accumbens (NAc), and medial prefrontal cortex (mPFC) 

in a progressive MPTP mouse model. We hypothesize that if progressive MPTP doses elicit 

early cognitive decline, then we will see glutamatergic changes in the mPFC. To our 

knowledge, this is the first time that cognitive deficits and DA/glutamate biomarkers within 

the limbic system have been evaluated in a progressive mouse model of PD.

2. MATERIALS AND METHODS

2.1 Animals

25 Male C57BL/6J mice Jackson Labs, RRID:IMSR_JAX:000664, Bar Harbor, ME, USA; 

9-weeks old at arrival) were housed 3–4/cage and maintained on a 12 hr light-dark cycle 

throughout (lights on 0600). They had ad libitum access to standard laboratory chow and 

water, until 2 days prior to behavioral training when mice were food restricted to 

approximately 90% of their normal weight until the end of the behavioral study, after which 

free feeding was reinstated. All procedures were approved by the Oregon Health & Science 

University Institutional Animal Care and Use Committee.

2.2 Cued Response Task

The cued response task was modified from a go/no-go task (apparatus and task described in 

Gubner et al. 2010). The task included 60 trials. Each trial began by turning on the house 

light for 9–24 s. Then the cue light positioned above either the left or right food well was lit; 

location determined randomly, with the proviso that there should be 30 trials/location. A 

nose poke in the cued food well during the cue period was rewarded by delivering a 20-μl 
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sucrose solution (10% w/v) and the cue light and house light extinguished for a 10-s timeout 

period. The duration of the cue period was 5 s. Responses when the cue light was not lit did 

not earn rewards but were recorded.

All mice received some task training initially. In Phase 1, the cue period was 30 s. Mice 

entered Phase 2 training (cue period = 10 s) after earning 30 of the 60 possible rewards 

within 40 minutes on two consecutive sessions. Mice entered the experimental phase (cue 

period = 5 s) after earning 10 rewards on one session. During the experiment, there were 6 

baseline sessions after which subjects were randomly assigned to the MPTP or saline group. 

Analyses of the baseline sessions indicated that all performance indices were equivalent 

between groups and no group x session interactions (all p > .25). The MPTP-treated group 

included 14 mice, injected daily i.p., 5 days/week (Monday-Friday) with doses increasing 

weekly [8 mg/kg, 16 mg/kg, 24 mg/kg and 32 mg/kg (expressed as free base); Sigma 

Aldrich, St. Louis, MO, USA] over the course of 4 weeks. The vehicle group included 11 

mice, and received saline (0.1 ml/0.1 kg, i.p.). All injections were given within 1 hour after 
the cued response task on that day, beginning after the 6th baseline session.

After receiving 3 injections of 24 mg/kg dose (or equivalent saline session), the 

concentration of sucrose for the next session was increased to 25% for both groups, before 

being returned to 10% on subsequent sessions. This manipulation was included to examine 

the role of motivation in task behavior, but performance was unchanged presumably due to 

ceiling effects for the saline animals and floor effects preventing experience of the new 

contingencies in the MPTP group. Data from this session were not included in the analysis 

of MPTP dose effects. Following 5 sessions at the 32 mg/kg dose (or equivalent saline 

session), mice continued to perform the task daily for 5 additional sessions without 

injections being given to either group. This manipulation was included to examine MPTP 

recovery.

2.3 Locomotor Activity

Locomotor activity was analyzed on 2 consecutive days, beginning 9 days after the final 

injection of 32 mg/kg MPTP (4 days after completing the cued response task procedure) 

using the parallel rod activity chamber (PRAC)(Kamens and Crabbe, 2007), with photo 

beams added to record locomotor activity (Goldberg et al., 2011a). The values were 

averaged over the 2 days of testing. In addition to horizontal movement, paw slips through 

the parallel rods were recorded as foot faults. Mice were acclimated to the PRAC for 5 min, 

on each session, then activity was recorded for 5 minutes. Foot faults per total activity were 

expressed as a ratio of foot faults per beam breaks (FF/BB) in order to normalize the data 

against possible changes in locomotor (BB) activity (i.e., to evaluate whether changes in 

foot faults are due to changes in movement or in motor control).

2.4 Gait Dynamics

Gait was assessed using a DigiGait apparatus (Mouse Specifics, Quincy, MA), as previously 

reported (Goldberg et al., 2011b). Ten days following the final injection of 32 mg/kg MPTP, 

ventral plane videography captured the gait of each mouse through a transparent, motor-
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driven treadmill belt (Amende et al., 2005; Kale et al., 2004). Digital images of the paws of 

each mouse were taken at 150 frames/s as mice walked at a speed of 24 cm/s.

2.5 Tyrosine Hydroxylase Immunohistochemistry and DL Striatum Analysis

Ten days following the last injection of 32 mg/kg of MPTP, half the animals in each 

treatment group (N = 7 for the MPTP group, N = 5 for the vehicle group) were anesthetized 

with 1% ketamine/0.1% mg xylazine (2.0 ml/0.1 kg, i.p.), and euthanized by transcardial 

perfusion with 1000 U/ml of heparin in 0.1 M phosphate buffer (3 ml total) followed by 

fixative [2% paraformaldehyde, 1% acrolein in 0.1 M phosphate buffer; pH 7.4; ~35–50 ml]. 

Brains were removed and bisected coronally. The rostral half, containing the striatum, was 

left in 1.0% glutaraldehyde/0.5% paraformaldehyde/0.1% picric acid in 0.1M phosphate 

buffer for 20 hours in the cold (4 °C). The caudal half, containing the SNc and VTA, was 

left in 0.1M phosphate buffer at 4 °C. Both halves were then washed daily in 0.1 M 

phosphate buffer until sectioned. Consecutive sections through the entire SNc and VTA 

(beginning at Bregma - 2.9) (Paxinos and Franklin 2004) were cut at 40 μm thick and the 

striatum (beginning at Bregma + 1.2) cut at 60 μm thick using a vibratome (Ted Pella Inc., 

Redding, CA, USA). Sections were matched anatomically in each animal, verifying that the 

coronal sections of the SNc/VTA and striatum were similar in all treatment groups. Six 

sections, extending throughout the rostrocaudal portion of the SNc/VTA and striatum (up to 

the caudal part of the anterior commissure) were used for analyses.

The following incubations were carried out in the PELCO BioWave® Pro microwave (Ted 

Pella Inc., Redding, CA, USA) with the temperature limited to 35°C. Rinsing solutions were 

under normal pressure unless otherwise stated. Sections were incubated in 10 mM sodium 

citrate (pH 6) for 5 min at 550 W for antigen retrieval in a vacuum chamber that cycles the 

pressure down to 20 Hg and back to atmosphere repeatedly during this step (cycling 

vacuum), rinsed in 0.01 M phosphate buffered saline (PBS) at 150 W for 1 min., rinsed with 

0.3% hydrogen peroxide (150 W, 1 min), two PBS rinses for 1 minute, and then incubated in 

0.5% Triton X (550 W, 5 min, cycling vacuum). Sections were incubated with TH antibody 

(1:2,000 for striatum and 1:2500 for SNc/VTA; (Immunostar Cat# P22941, 

RRID:AB_2313787), mouse monoclonal) at 200 W for 36 min and 20 sec under continuous 

vacuum (20Hg, cycling the magnetron for 2 min on/3 min off/2 min on/5 min off repeating). 

Sections were incubated in blocking solution [10% goat serum/0.5% Triton-X 100/0.1 M 

phosphate buffer; pH 7.4] for two, 1 min washes at 150 W, and then exposed to biotinylated 

goat anti-mouse secondary antibody (1: 400; Vector, Burlingame, CA, USA) for 16 min and 

20 sec under continuous vacuum (10 sec at 150 W, 4 min at 200 W, 3 min at 0 W, 4 min at 

200 W, 5 min at 0 W, and 10 sec at 150 W), rinsed with PBS, then washed with imidazole 

working buffer [5% Imidazole buffer(0.2M), pH 9.0/16% sodium acetate (0.1M), pH7.2] (1 

min at 150 W), and finally incubated with avidin-biotin complex solution (ABC, diluted 

according to manufacturer instruction; Vector) for 16 min and 10 sec under continuous 

vacuum (4 min at 200 W, 3 min at 0 W, 4 min at 200 W, 5 min at 0 W, and 10 sec at 200 

W). Tissue was then rinsed with imidazole working buffer (1 min at 150 W), incubated with 

diaminobenzidine [0.1% DAB (Sigma D5637)+ 1.5% hydrogen peroxide in 0.1 M 

phosphate buffer] for 10 min 20 sec under continuous vacuum (10 sec at 200 W, 10 min at 

200 W, 10 sec at 0 W), rinsed with imidazole working buffer, and finally in PBS. Tissue was 
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mounted on gel-coated slides and dehydrated at room temperature overnight and cover-

slipped using Pro-Texx® medium (Lerner, Pittsburgh, PA). Tissue from all treatment groups 

was processed on the same day, and all reacted with DAB for the same length of time. 

Optical density of the DL striatum sections, the region receiving the input from the motor 

cortex (McGeorge and Faull 1989), was analyzed using light microscopy, by an individual 

blinded to the treatment group (1.25x magnification, images analyzed using ImagePro Plus 

6.3, Media Cybernetics, RRID:nif-0000-00313).

2.6 SNc/VTA TH-ir Neuron Counting

Tissue was prepared, mounted, and coverslipped as described above. TH-ir neurons only at 

the in-focus surface plane of immunolabeled SNc/VTA tissue were counted using light 

microscopy (5x magnification, images analyzed using ImagePro Plus 6.3, Media 

Cybernetics, RRID:nif-0000-00313) by an individual blinded to the treatment group. The 

number of TH-ir neurons from the left and right SNc and VTA sections were averaged for 

each animal for all six sections analyzed since both sides of the SNc are affected following 

systemic administration of this neurotoxin. Mean numbers of TH-ir neurons/section were 

then determined for all animals in the VTA and SNc separately in a given treatment group. 

Areas were identified using Paxinos and Franklin (2004) mouse stereotaxic coordinates as a 

guide. From these tissue section counts, the total number of labeled neurons/section was re-

evaluated using the Abercrombie correction, which accounts for fragmented nuclei within 

each section and provides an accurate estimate when tissue thickness exceeds soma 

thickness by more than 50%, which is the case in this study (40 μm sections); (Clarke 1992; 

Smolen et al., 1983). Although this cell counting methodology may have yielded an 

underestimation of the total number of TH-ir neurons/section in the SNc, it is an appropriate 

approach for measuring the mean number of neurons/section according to recent 

comparisons of 2D and 3D analyses of brain tissue (Baquet et al., 2009; Benes and Lange 

2001).

2.7 Western Immunoblots

Mice (N = 7 for the MPTP group, N = 6 for the vehicle group) were euthanized by cervical 

dislocation 10 days following the last administration of MPTP, and the mPFC, NAc, and DL 

striatum were dissected, and frozen at −80 °C. Using a 3 mm microdissection knife and a 

stereomicroscope, we bilaterally dissected the mPFC according to Paxinos and Franklin 

(2004), which excluded the caudal cingulate cortex. No olfactory tissue was included in the 

dissection. Protein was extracted from the tissue by sonication in lysis buffer [5% 1 M Tris, 

2% 0.5 M EDTA, 1% Triton-X 100, 0.5% Protease Inhibitor Cocktail III (Calbiochem, 

USA)]. Protein concentrations of the tissue from each individual animal were measured 

using the BCA Protein Assay Kit (Thermo Scientific). Samples were mixed with XT Sample 

Buffer and XT Reducing Agent (1:10; Bio-Rad, Hercules, CA, USA) and electrophoresed 

on a 4–12% Bis-Tris XT Precast Gel (Bio-Rad, Hercules, CA, USA). Separated proteins 

were transferred to polyvinylidene difluoride membranes (Millipore, MA, USA), which 

were blocked in 5% non-fat dry milk in Tris–buffered saline with Tween-20 (TBST) for 60 

min. Membranes were then washed three times for 5 min each in TBST, and probed with the 

following primary antibodies: TH at 62kDa (Immunostar Cat# P22941, 

RRID:AB_2313787;1:40,000, mouse monoclonal), DAT at 80kDa (Santa Cruz 
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Biotechnology Cat# sc-14002, RRID:AB_2190287; 1:500, rabbit polyclonal), DA receptor 1 

(DA-D1) at 74kDa (Santa Cruz Biotechnology Cat# sc-20822, RRID:AB_2193878; 1:200, 

goat polyclonal), dopamine receptor 2 (DA-D2) at 50kDa (Millipore Cat# AB5084P, 

RRID:AB_2094980;1:1000, rabbit polyclonal), glutamate-aspartate transporter (GLAST) at 

65 kDa (Santa Cruz Biotechnology Cat# sc-15316, RRID:AB_2302051; 1:200, rabbit 

polyclonal), excitatory amino acid carrier 1 (EAAC1) at 57kDa (Santa Cruz Biotechnology 

Cat# sc-25658, RRID:AB_2190727;1:500, rabbit polyclonal), VGLUT-1 at 60kDa; 

(Synaptic Systems GmbH Cat# 135 303, RRID:AB_887876; 1:20,000, rabbit polyclonal), 

vesicular glutamate transporter 2 (VGLUT-2) at 52kDa (Synaptic Systems Cat# 135 403, 

RRID:AB_2254574; 1:2000, rabbit polyclonal), or β-actin at 43kDa (Sigma-Aldrich Cat# 

A5316, RRID:AB_476743; 1:6500, mouse monoclonal). After three 5 min washes in TBST, 

membranes were probed with secondary antibodies for 1 hour (ap-bovine anti-goat IgG H+L 

(Jackson ImmunoResearch Cat# 805-055-180, RRID:AB_2340875), ap-goat anti-mouse 

IgG H+L (Bio-Rad Cat# 170-6520 RRID:AB_11125348), ap-goat anti-rabbit IgG H+L 

(Bio-Rad Cat# 170-6518 RRID:AB_11125338) then washed again in TBST for 3 × 5 

minutes. ECF substrate (GE Healthcare, Piscataway, NJ, USA) was added to the membrane 

prior to visualization. Visualization and quantification of the antigen-antibody binding 

density were performed using theTyphoon HLA7000 imaging system (GE Healthcare, 

Piscataway, NJ, USA) and ImagePro Plus 6.3, Media Cybernetics, RRID:nif-0000-00313. 

Protein densities were analyzed relative to individual β-actin densities.

2.8 Statistical Analysis

The effects of MPTP on Cued response learning task was analyzed by mixed factor one-way 

analysis of variance (ANOVA), with treatment as the between subjects factor and dose, or 

dose and session, as within subject factors where appropriate. All significant interactions of 

the Cued response learning task were subjected to post hoc Bonferroni-corrected t-tests, for 

which ‘p’ values are presented. Additional MPTP effects were examined using an ANOVA 

to compare vehicle and MPTP groups for histology, gait dynamics, PRAC and protein 

expression. All significant interactions were subjected to post hoc Tukey-Kramer HSD tests 

for multiple comparisons, for which ‘p’ values are presented. For gait dynamics all the 

measurements for the four paws were averaged for each animal. Violations of sphericity 

were addressed using Huynh-Feldt corrections, indicated by adjustments in the reported 

degrees of freedom. Pearson correlations with significant r-values were used to evaluate the 

correlations between cognitive behaviors and biochemical markers (Fig. 5).

2.9 Antibody Characterization

Please see Table 1 for a list of all antibodies used.

The Tyrosine hydroxylase (TH) antibody from Immunostar Inc. has well been established as 

a reliable marker for TH in immunohistochemistry and western immublots where mouse 

brain slices of the striatum and substantia nigra look like those within the manufacture’s 

datasheet. Additionally, western immunoblots show one band at the correct 62 kDa weight. 

The dopamine transporter (DAT) antibody will detect multiple bands based on the degree of 

glycosylation of the protein. Analysis was done on the 80kDa band or the fully glycosylated 

form of DAT (Li et al., 2004). The dopamine-1 receptor (DA-D1) antibody detected a single 
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band at 74kDa and the dopamine-2 receptor (DA-D2) detected a single band at 50 kDa. The 

vesicular glutamate transporter 1 (VGLUT1) and 2 (VGLUT2) antibodies detected single 

thick bands at 60kDa and ~52kDa, respectively. The antibody for the glutamate transporter 1 

(GLT-1) detected a single band at 70kDa as shown within the manufacture’s datasheet. The 

antibodies raised against excitatory amino acid carrier 1 (EAAC1) and glutamate aspartate 

transporter 1 (GLAST) detected broad single bands at 57kDa and 65kDa, respectively, as 

shown in the manufacture’s datasheet. Beta-Actin levels were assessed as our loading 

control and the antibody detects reproducibly and consistently a single band at 43kDa as 

shown in the manufacture’s datasheet.

3. RESULTS

3.1 Cued Response Task

There were three main dependent measures derived from the cued response task: the number 

of location-appropriate responses during cue period (cue responses, maximum 60/session), 

the latency between the cue onset and response (latency), and the rate of responding during 

the period prior to cue onset (precue response rate).

While performance on all of these measures was equivalent between groups at baseline, 

MPTP administration had profound effects on task performance. ANOVAs examining dose 

effects for the MPTP treatment group indicated progressive declines in cued responses 

across the 4 doses (Fig. 1A; F1.3,16.5 = 9.09; p=0.004), increases in latency to respond to the 

cue (Fig. 1B; F3,36 = 14.67; p<0.0001), and reduced responding during the precue period 

(Fig. 1C; F1.5,20.0 = 8.42; p=0.004). In contrast, saline treatments over the same period were 

associated with increases in cued responses (F1.9,20.6 = 10.57; p=0.001) and reductions in 

response latencies (F2.2,23.6 = 14.82; p<0.0001) as animals refined their performance. The 

response during the precue period was unchanged (p>0.05) in saline treated animals. These 

changes in performance resulted in differences between groups, as indicated by Bonferroni-

corrected t-tests that emerged at different doses for different variables (Fig. 1). Comparing 

the saline and MPTP groups during comparable sessions at the lowest 8 mg/kg MPTP dose 

using Bonferroni-corrected t-tests indicated that differences in cued responses emerged after 

animals received 3 injections of 8 mg/kg, while differences in latency emerged after the final 

dose of 8 mg/kg.

Ending MPTP administration did not abolish group differences but comparisons to the 32 

mg/kg dose condition and the recovery sessions indicated significant improvements in 

performance when MPTP was discontinued (Fig. 1): cued responses increased (t(13) = 

−6.37, p<0.0001), latency tended to decrease (t(12) = 2.09, p=0.058), while precue 

responses increased (t(13) = −3.51, p=0.004; t(13) = −2.72, p=0.017). Performance by saline 

treated animals did not change significantly over this period.

3.2 Locomotor Activity

There were no significant differences in performance on the PRAC (beam breaks, foot faults 

and foot faults per total activity: all Fs < 1) (data not shown), suggesting that overall motor 

activity was not affected by the MPTP treatment.
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3.3 Gait Dynamics

MPTP-treated mice exhibited different finer gait dynamics when compared to vehicle-

treated mice for stance width variability and stance width coefficient of variation. There was 

a significant increase in the width between the forepaws and hind paws, as measured in 

centimeters, during the time the mice are in a stance position (i.e. when the paws hit the belt 

during running) in the MPTP group compared to animals treated with vehicle [values are 

means (cm) ± S.E.M: vehicle: 0.258 ± 0.03; MPTP: 0.35 ± 0.03, F1,22 = 4.6; p=0.04]. There 

was also an increase in the stance width coefficient of variation (variation normalized 

around the mean) in the MPTP compared to the vehicle treated group (values are mean % ± 

S.E.M: Vehicle: 13.9 ± 0.31; MPTP: 22.9 ± 2.5, F1,22 = 4.7; p=0.03).

3.4 TH-ir immunohistochemistry analysis of the dorsolateral striatum, SNc and VTA

Densitometric analysis of tyrosine hydroxylase immunoreactive (TH-ir) nerve terminals 

with the dorsolateral (DL) striatum showed a 63% decrease in the relative optical density 

labeling in the MPTP compared to the vehicle-treated group (Fig. 2Aii, C; F1,4 =14.28, p = 

0.02). Cell surface counting of TH-ir neurons within the SNc and VTA 10 days following 

the final dose of 32 mg/kg MPTP was carried out in both treatment groups (Fig. 2Ai). The 

SNc of MPTP-treated animals had a 21% decrease in the number of TH-ir neurons/section 

in comparison to the vehicle group (Fig. 2B; F1,4 =15.32, p = 0.017). This suggests that 

there was a main effect of treatment as reported and seen previously with the progressive 

MPTP mouse model (Goldberg et al., 2011a). However, the VTA did not show significant 

changes in number of TH-ir neurons/section between the two treatment groups (Fig. 2B; F1,4 

= 0.77, p = 0.43), suggesting that MPTP did not affect the limbic part of the mesocortical 

DA pathway compared to the modest lesion of the motor nigrostriatal tract.

3.5 Western Immunoblots

Western blot analysis for dopaminergic biomarkers of the DL striatum, NAc, and mPFC was 

evaluated 10 days following the last dose of MPTP. Although there were no differences in 

the NAc and mPFC for TH, there was a 62% decrease in TH protein expression in the DL 

striatum in MPTP-treated mice (Fig. 3A, D; p<0.0001), similar to what we have previously 

reported (Goldberg et al., 2011a, 2012). A 62% decrease in TH levels as indicated by 

western blot is in agreement with the 64% decrease in TH-ir optical density of the DL 

striatum as seen via immunohistochemistry (Fig. 2Aii). Additionally, there was a 83% 

decrease in DAT protein expression within the DL striatum of the MPTP treated mice (Fig. 

3B, E; p<0.0002) with respect to the vehicle group. DAT expression within the NAc and 

mPFC did not show any changes between the MPTP and saline treated groups. DA-D1 

protein analysis did not show any differences within the DL striatum or NAc, but further 

evaluation of the mPFC showed that the MPTP-treated mice had a significant increase of 

47% in DA-D1 protein expression compared to the vehicle group (Fig. 3C, F; p=0.021). The 

expression of the DA-D2 receptor was also analyzed, but no differences were found between 

the two groups within any of the brain regions (data not shown).

Western blot analysis for glutamatergic biomarkers of the DL striatum, NAc, and mPFC was 

additionally evaluated. Despite a lack of difference within the NAc, there was a significant 

increase in the protein expression of VGLUT1 in MPTP- versus vehicle-treated mice in both 
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the DL striatum (p = 0.002) and the mPFC (Fig. 4A, E; p = 0.006). MPTP-treated mice 

showed a significant decrease in VGLUT2 expression compared to the vehicle group (p = 

0.003) within the DL striatum, while there were no changes within the NAc, and mPFC (Fig. 

4B, F). Interestingly, the levels of GLT-1 significantly decreased within the DL striatum (p 

= 0.007) and were trending towards a significant increase within the NAc (p = 0.077), but 

there were no differences within the mPFC (Fig. 4C, G). Even though no differences were 

observed within the DL striatum and mPFC, the expression levels of EAAC1 revealed a 

significant decrease within the NAc for the MPTP treated animals compared to the 

respective vehicle group (Fig. 4D, H; p=0.0205). Furthermore, GLAST was also analyzed, 

but there were no differences between the two groups within any of the brain regions (data 

not shown).

3.6 Correlation Analysis

Additional analysis was conducted to investigate if cognitive behaviors correlate with 

dopaminergic and glutamatergic biomarkers within the different brain regions. In the DL 

striatum TH expression correlated moderately positive with cued responses (Fig. 5A; 

r=0.6053; p=0.0370) and moderately negative with latency (Fig. 5B; r=−0.6239; p=0.0302). 

Also in the DL striatum, DAT expression correlated moderately positive with cued 

responses (Fig. 5C; r=0.6473; p=0.0229), while within the mPFC, DA-D1 levels correlated 

moderately negative with cued responses (Fig. 5D; r=−0.6134; p=0.0339). VLGUT-1 levels 

within the DL striatum revealed a moderate negative correlation with cued response (Fig. 

5E; r=−0.7020; p=0.0160) with a highly positive correlation with latency (Fig. 5F; r=0.8524; 

p=0.0009). VGLUT-2 levels within the DL striatum correlated moderately positive with 

cued response (Fig. 5G; r=0.6632; p=0.0187) but moderately negative with latency (Fig. 5H; 

r=−0.5939; p=0.0417). The expression of GLT-1 with the DL striatum revealed a moderate 

negative correlation with latency (Fig. 5I; r=−0.6882; p=0.0404) and EAAC1 expression 

within the NAc correlated moderately negative with latency (Fig. 5J; r=−0.6471; p=0.0229).

4. DISCUSSION

Our progressive mouse model of PD, as reported in previous studies, consistently shows the 

gradual increasing loss of dopaminergic biomarkers within the nigrostriatal projections as 

well as motor behaviors (Goldberg et al., 2011a, b; Sconce et al., 2015a, b). In this study, we 

used our progressive model to investigate the cognitive deficits associated with PD via 

performance tests that gauge executive function. Additionally we evaluated changes in 

glutamatergic and dopaminergic biomarkers within the mPFC and NAc. Confirming the 

reproducibility of our previous studies, we found similar deficits in motor behavior in 

animals administered MPTP and a 63–64% decrease of TH labeling within the DL striatum 

by immunohistochemical and western immunoblots analysis. Further analysis of cognitive 

behavior revealed that mice administered MPTP had a decreased performance in the cued 

response task, particularly in the number of correct cued responses per session, and latency 

to respond to the cue. Western immunoblot analysis of the mPFC and striatum indicated a 

significant increase in VGLUT-1 expression in both brain regions, and a decrease in 

VGLUT-2 protein expression within the striatum. This suggests that alterations in cortical 

glutamate nerve terminals (origin of VGLUT1 protein) may play an important role in the 
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behavioral changes observed during the progressive loss of nigrostriatal DA, besides the 

changes in corticostriatal (VGLUT-1) and thalamostriatal (VGLUT-2) input. Additionally, 

mice that were administered MPTP showed a significant increase of DA-D1 levels within 

the mPFC and a significant decrease of EAAC1 within the NAc. Our findings suggest that 

the progressive MPTP mouse model is not only advantageous for observing motor and 

cellular changes linked with PD within the basal ganglia, but also the model can be utilized 

to study cognitive and cellular changes associated with PD within the limbic circuit.

4.1 Cued response task displays cognitive deficits

Simply classified, executive function is a set of mental skills partly coordinated in the mPFC 

that include time/attention management, planning/organizing, integrating past with present 

experience, and the ability to switch focus. Of the many cognitive deficits associated with 

PD, a decline in executive function is very common and cued response tasks are a way of 

gauging executive function in rodent models. In this study, the animals treated with MPTP 

for 4 weeks showed sizeable decreases in cued response and increase in latency 

simultaneously coinciding with the increased dosing of MPTP. In contrast, saline-vehicle 

animals exhibited concurrent improvements in the same performance indices. This suggests 

that progressive administration of MPTP results in a dose-dependent progressive cognitive 

decline of executive function. Interestingly, following cessation of the MPTP-treatments, the 

MPTP mice began to show performance improvements despite the preceding behavioral 

data indicating that the animals treated with MPTP had failed to learn the task. We have 

previously reported several of the motor and gait deficits associated with progressive MPTP 

treatment (Goldberg et al., 2011a, b; Sconce et al., 2015a, b). However, the increasing motor 

impairments would most likely not have affected the overall motor behavior of the animal in 

order to respond to the cue. In the current study, gross motor deficits were not observed (i.e., 

no changes in the PRAC), only modest gait disturbances. Therefore, the underlying source 

of the observed learning failure is unclear. While it is possible that MPTP-treated animals 

may have been less motivated by the sucrose reinforcer, our observations that they rapidly 

consumed supplemental chow provided following the experimental session argued against 

this hypothesis. It’s also a possibility that peripheral MPTP toxicity could be hindering the 

animals’ ability to perform behavioral tests simply because the animals are sick. This could 

explain the recovery to vehicle levels in the precue rate after MPTP administration. 

However, the cued responses and the latency measures did not indicate a recovery to vehicle 

levels after MPTP administration even though there was some improvement. Additionally, 

the mice treated with MPTP did not lose any weight compared to the vehicles which would 

have further implicated peripheral MPTP toxicity symptomatically affecting behavioral 

testing. In fact MPTP treated group slightly gained more weight vs vehicle group over the 4-

week toxin treatment (data not shown). Nonetheless, further studies would be required to 

conclusively address this supposition.

Additionally, the animals’ ability to form stimuli-response/action-outcome [SR/AO] 

associations (or any specific pair of associations within the SR/AO) may have been 

impaired, retarding response acquisition and facilitating extinction due to non-reinforcement 

with continued doses. This explanation for the alterations in behavior is consistent with the 

observation that performance began to improve (increased correct responses, decreased 
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latency) when MPTP treatments were discontinued. Additional studies are needed to explore 

the precise mechanisms underlying these performance impairments, as well as studies to 

examine whether our performance indices (correct responses, latency, anticipatory precue 

response rate) differentially reflect the strength of specific pairs of the SR/AO associations.

Also intriguing in the findings of this study is that different performance indices exhibited 

different time courses of MPTP-associated decrement. That is, during the first week of 

MPTP-treatment, the number of correct cued responses declined relative to the saline-treated 

mice; but when these responses were made their latency did not differ between groups nor 

did the number of anticipatory responses. Although DA markers were not measured after the 

first week of MPTP in the current study, we have reported that 1 week of MPTP treatment 

results in a modest, but significant, loss of TH-ir nerve terminals in the striatum and TH-ir 

nerve cells in the SNc of about 20% (Goldberg et al., 2011a). This small change in 

nigrostriatal DA may be sufficient to result in a decrease in the number of cued responses 

but not that of the latency response or precue response rate, suggesting differential 

sensitivity to the loss of striatal DA compared to cued responses. Our findings suggest that 

with progressive nigrostriatal lesions, alterations in cognitive behavior can be easily 

demonstrated early on in this escalation model and that possible interventions can be tested 

during even the earliest phases of progressive striatal DA loss.

Using other more acute/subacute MPTP models of PD in both mice and rats, it has been 

reported that following toxin administration, there are alterations in working memory/object 

recognition (Ho et al., 2014; Castro et al., 2013), two-way active avoidance and forced 

swimming to evaluate the effects on cognition and depression (Barbeiro et al, 2014; Castro 

et al., 2013), impairment in procedural memory (Luchtman et al., 2012), and poor cognitive 

performance in both a passive avoidance task and in the cued version of the Morris water 

maze test (Kumar et al., 2009)[however, see Fifel et al (2014) for lack of effect on cognitive 

function following MPTP]. Although the cued response task in the current study was 

somewhat unique compared to the other executive/cognition tests carried out by other 

investigators, overall our results are in agreement with those previous findings.

In addition, the issue of DA depletion resulting in depressive behavior must also be taken 

into consideration in the current study, as reported by others using a more acute MPTP 

model of PD (Barbeiro et al, 2014; Castro et al., 2013). Although this behavior was not 

measured, there was no overall change in locomotor behavior, only changes in several 

measures of gait, following chronic/progressive treatment with MPTP compared to a 

significant decrease in motor behavior following acute MPTP administration (Fisher et al., 

2004). It has been reported in patients that are depressed that there is an increase in 

glutamate levels in the mPFC (Frye et al., 2007; McEwen et al., 2012). Although glutamate 

levels were not measured in the current study, we find that MPTP resulted in an increase in 

VGLUT-1 protein expression with the mPFC. These data suggest that either there was an 

increase in the number of synaptic vesicles within these intra-cortical nerve terminals or that 

each vesicle contained more VGLUT-1 protein. Regardless, this would be consistent with 

the possibility that these terminals have the capacity to release more glutamate.
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4.2 Gait dynamics

The observed gait changes support our previous findings (Goldberg et al., 2011b), which 

suggest there was a sufficient loss of nigrostriatal DA that resulted in significant gait 

alterations. Mice administered MPTP showed an increase in stance width as well as the 

stance width coefficient of variation which is essentially measuring the variability of stance. 

These data can be translational to clinical PD where many patients exhibit symptoms of 

postural instability and bradykinesia (Wu and Krishnan 2010; Schaafsma et al 2003; 

Hausdorff et al 1998; Blin et al 1990; Plotnik and Hausdorff 2008; Berardelli et al., 2001; 

Morris et al 2001, 1996; Hallett and Khoshbin, 1980), hallmarks of the disease. In our 

progressive model, not only can we see behavioral measures that are associated with 

cognition/executive function, but also, we are able to reproduce previous findings of basal 

ganglia associated motor deficits. Furthermore, future experiments can address both motor 

and cognitive decline associated amid PD within our progressive MPTP model.

4.3 Dopaminergic biomarker analysis by immunohistochemistry and western immunoblot

4.3.1 TH-ir IHC of DL striatum and SNc—TH enzyme is the limiting reaction step of 

DA synthesis and we have shown that TH protein levels correlate strongly with DA 

concentration (Goldberg et al., 2011a). Therefore in the current study, only TH was 

measured and not DA tissue levels. Analysis of the DL striatum showed a 63% decrease in 

TH relative optical density in MPTP treated mice compared to the vehicle group, which is 

comparable to our previous findings (Goldberg and Meshul 2011; Goldberg et al., 2011a, b). 

This loss of nigrostriatal DA could underlie the performance deficits in the MPTP-treated 

mice. Recent studies on the role of the DL striatum in terms of habit formation are of 

interest in the current study since it was reported that following bilateral infusion of the 

neurotoxin, 6-hydroxydopamine, into the rat striatum, the animals remained sensitive to 

reward devaluation and therefore, did not develop a habit of automatically responding to the 

cue (Faure et al., 2005). Following MPTP treatment a significant loss of TH and DAT was 

found within this same DL striatum in the current study, suggesting an association between 

the decrease in cued response and the loss of DA biomarkers within the DL striatum.

Interestingly, there was a relatively modest decrease in the number of TH labeled neurons/

section in the SNc. It is unclear why the loss of TH-ir in the striatum was similar to what we 

have previously reported but the loss of TH-ir neurons in the SNc was not as robustly 

affected in this study as our past findings (Goldberg et al., 2011a, b). We previously reported 

in a subacute MPTP model (30 mg/kg/d × 7d) that caloric restriction can be neuroprotective 

(Holmer et al., 2005a). It’s possible that because the mice in this study were calorically 

restricted as part of the behavioral testing, the results indicated a modest loss of TH-ir SNc 

neurons despite the same MPTP dosing paradigm. Furthermore, it has been hypothesized 

that the loss of nigrostriatal DA begins first with the loss of DA terminals in the striatum 

(Hornykevitz, 1998). Over time there is a die-back phenomenon in which the terminals, then 

the axons, and finally the cell bodies begin to degenerate. This would be consistent with the 

findings of the current study in which there is a significant 64% loss of dopamine nerve 

terminals but only a very modest 21% loss of TH-ir DA neurons in the SNc. Nonetheless, 

despite the moderate loss of TH-ir SNc neurons, behavioral measures indicate sufficient DA 

loss, which suggests the importance of striatal versus neuronal DA depletion.
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4.3.2 TH-ir VTA neurons following MPTP-administration—As previously 

mentioned, dopaminergic treatment does not ameliorate the cognitive deficits seen in 

patients with PD (McDowell and Chesselet 2012). We, therefore, hypothesized that there 

would be minimal loss of the DA producing neurons in the VTA, since the VTA sends 

dopaminergic projections to the mPFC and NAc. While there was a significant 

dopaminergic interaction within the nigrostriatal projection and motor behaviors, there were 

no significant differences in the number of TH-ir neurons/section in the VTA of MPTP-

treated mice in comparison to vehicle-treated mice suggesting that the cognitive decline with 

MPTP administration could be due to an imbalance of neurochemicals in the brain other 

than DA (Pattij and Vanderschuren, 2008). However, the role of DA within either the 

nigrostriatal pathway or changes in DA-D1 receptors within the mPFC cannot be overlooked 

(Darvas et al., 2014).

One possible explanation for the unchanged VTA DA neuron population is that the VTA 

neurons have been reported to be less sensitive to MPTP than the SNc (Hung and Lee, 

1996). It has been hypothesized that the reduced loss of VTA DA neurons either following 

MPTP or in patients with PD could be due to a lower density of DA transporters, DA 

receptors, the vesicular monoamine transporters, or the L-type calcium channels, compared 

to the SNc DA neurons (Reyes et al., 2013; Phani et al., 2010; Chan et al., 2007). In the 

current study, when comparing the SNc to the VTA DA cell loss, the SNc showed a modest 

but significant decrease in TH-ir/DA cells and the VTA did not, suggesting that cognitive 

impairment is most likely not due to VTA DA cell loss and potentially could be a 

downstream result of nigrostriatal cell loss (Darvas et al., 2014). When treating non-human 

primates with chronic exposure to low doses of MPTP, there was inconclusive cortical 

catecholamine and metabolite changes, but significant decreases in nigrostriatal DA. These 

data suggest that at least for DA, impairments in cognition could be due indirectly to 

depletion of this neurotransmitter within the striatum (Schneider 1990). Furthermore, 

because of the lack of DA neuronal loss within the VTA, imbalance of other 

neurotransmitters, such as glutamate, has been suggested to be associated with cognitive 

dysfunction (Pattij and Vanderschuren, 2008). This would also explain why treating PD 

patients with l-dopa alleviates motor symptoms but not necessarily executive function.

4.3.3 TH, DAT, and D1 biomarker analysis via western immunoblots of DL 
striatum, NAc, & mPFC—By western immunoblot analysis of the DL striatum, the 

expression levels of TH and DAT showed a significant decrease in MPTP-treated mice even 

up to 10 days following toxin treatment (62.3% and 82.6%, respectively). This is 

complementary with the TH-ir immunohistochemical data of the DL striatum. There were 

no changes in either DA biomarker within the mPFC or the NAc, which is interesting 

considering that both these regions receive DA input from the VTA. However, because we 

found no changes in the mean number of TH-ir neurons/section within the VTA following 

MPTP, it is not surprising.

Intriguingly, there was an increase in the protein expression of the DA-D1 receptor in the 

mPFC following MPTP. Although extracellular or tissue levels of cortical DA were not 

assessed in the current study, an increase in DA-D1 expression following MPTP would 

suggest a possible MPTP-induced decrease in DA release. This would be consistent with our 
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findings of a 60% decrease in TH protein expression within the mPFC following MPTP. 

Although this decrease was not statistically significant, this might have resulted in a 

decrease in tissue levels of DA, resulting in the increase in DA-D1 receptor levels. 

Alterations in DA-D1 receptor levels within the mPFC have been directly associated with 

playing a critical role in working memory and executive function (Goldman-Rakic et al., 

2004). Therefore, the cognitive dysfunction and alterations in mPFC DA-D1 receptors 

following MPTP treatment as reported in the current study would be consistent with the 

findings of Goldman-Rakic et al (2004). The DA-D1 receptor has been localized to not only 

DA-like nerve terminals but also post synaptically onto GABA-like interneurons within the 

monkey prefrontal cortex (Muley et al., 1998). In addition, it has recently been reported of 

an unusual presynaptic localization of the DA-D1 receptor within glutamate-like nerve 

terminals making an excitatory, asymmetrical synaptic contact within the primate prefrontal 

cortex (Paspalas and Goldman-Rakic, 2005). These authors propose that such regulation of 

excitation with this region of the primate brain may be involved in modulating working 

memory. It is also recognized that DA-D1 receptor levels need to be within a critical value 

to be effective in terms of mPFC function (Williams and Castner, 2006). This inverted U-

shaped function suggests that in the current study, increased expression of the DA-D1 

receptor within the mPFC may be too high, resulting in the reported executive dysfunction 

following nigrostriatal DA loss.

Also in support of possible changes in GABA function, it has been reported that PD patients 

have a small but significant decrease in mRNA levels in parvalbumin-positive GABA 

neurons, along with a decrease in glutamic acid decarboxylase mRNA levels, within the 

prefrontal cortex compared to non-PD controls (Lanoue et al., 2010, 2013). Presynaptic DA 

D-1 receptors may be capable of modulating not only GABAergic interneurons but also the 

release of glutamate within the prefrontal cortex. In our findings, the increase in DA D-1 

receptor expression within the medial prefrontal cortex following MPTP, despite unchanged 

TH/DAT expression, suggests that the decrease in cognitive function (as measured by the 

cued response task) may also involve alterations in both GABA and glutamate release. 

Although future studies will focus on measuring both GABA and glutamate levels within the 

medial prefrontal cortex using in vivo microdialysis and quantitative immuno-gold electron 

microscopy, this current study analyzed glutamate transporter levels.

4.3.4 Glutamatergic biomarker analysis by western immunoblot—Novel in this 

bilateral lesion model, we found that animals administered progressive doses of MPTP 

showed an increase in VGLUT-1 and a decrease in VGLUT-2 protein expression levels 

within the striatum compared to the vehicle group. Our results are in agreement with Marin 

et al. (2011) and Massie et al. (2010), who reported an increase in VGLUT1 and a decrease 

in VLGUT-2 protein expression within the striatum both ipsi/contra-lateral following a 

nearly complete loss of nigrostriatal DA using the unilateral 6-hydroxydopamine model. In 

the current study, the increase in VGLUT-1 and the decrease in VGLUT-2 expression were 

observed nearly 7 weeks after the start of the MPTP injections. The increase in VGLUT-1 

transporter levels could be due to increased activity of the corticostriatal pathway via 

increased turnover of synaptic vesicles and/or more VGLUT-1 protein/vesicle membrane. 

Interestingly, it is commonly proposed that in PD there is increased activity of the 
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subthalamic input to the SN, which uses exclusively VGLUT-2 for glutamate uptake into the 

synaptic vesicle (cortical inputs use VGLUT-1).

The opposite would be hypothesized to take place for VGLUT-2 (input from the thalamus 

primarily) in terms of decreased protein expression in the striatum following MPTP. We 

have preliminary data showing that following MPTP, there is an increase in the density of 

nerve terminal glutamate immuno-gold labeling inside VGLUT-1 positive nerve terminals 

that are making an asymmetrical (i.e., excitatory) contact and this was associated with a 

decrease in the extracellular levels of striatal glutamate (Meshul, Moore, and Neubert, 

unpublished findings). However, it was reported that in the non-human primate PD model, 

administration of MPTP resulted in an increase in the number of VGLUT-1 labeled 

terminals within the striatum, with no change in the number of VGLUT-2 labeled terminals 

(Raju et al., 2008).

Within the medial prefrontal cortex following MPTP, there was only a change in VGLUT-1 

protein expression. This cortical region projects to both the VTA and the NAc, but no 

changes were observed in VGLUT-1 glutamate transporter levels within the NAc. It is likely 

that the consequences of MPTP treatment on glutamate function within the cortex may be 

associated with alterations in cortical-cortical glutamate connections. Since we observed an 

increase in the DA D-1 receptor levels following MPTP, it is possible that these presynaptic 

DA receptors located on glutamate-like terminals (Paspalas and Goldman-Rakic, 2005) may 

be affecting the release of glutamate, resulting in a significant decline in cued response and 

an increase in latency as observed in the current study.
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Abbreviations

DA-D1 Dopamine receptor-1

DA-D2 Dopamine receptor-2

DA Dopamine

DAT Dopamine transporter

EAAC1 Excitatory amino acid carrier 1

GABA Gamma amino butyric acid

GLAST Glutamate-aspartate transporter

mPFC Medial prefrontal cortex
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MPTP 1-methyl-4-phenyl-1,23,6-tetrahydropyridine

NAc Nucleus accumbens

PD Parkinson’s Disease

SNc Substantia nigra pars compacta

TH Tyrosine hydroxylase

TH-ir Tyrosine hydroxylase immunoreactivity

VGLUT-1 Vesicular glutamate transporter-1

VGLUT-2 Vesicular glutamate transporter-2

VTA Ventral tegmental area
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Significance Statement

Dopamine (DA) replacement therapy for Parkinson’s disease (PD) reduce motor 

symptoms but does not alleviate cognitive deficits even though both brain areas utilize 

DA as a neurotransmitter. The long-term progressive dosing regimen in our mouse model 

of PD better mimics the progressive neurodegenerative nature of clinical PD. This study 

aims to investigate if cognitive deficits and biochemical alterations within the cognitive 

regions of the brain can be observed in our progressive mouse model of PD. Potential 

treatments can then be tested in this model to address motor and cognitive deficits.
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Figure 1. Behavioral measures of executive function
The performance of each mouse was measured during and following weekly administration 

of increasing doses of MPTP. (A) location-correct responses during the cue revealed that 

mice administered MPTP (n=14) failed to learn the task compared to the vehicle treated 

mice (n=11), while (B) latency to respond correctly following the onset of the cue increased 

progressively with the MPTP doses. (C) The precue period decreased significantly 

compared to the vehicle group following the 3rd and 4th week of MPTP administration. 

Values are means ± S.E.M. *p<0.01 versus vehicle group; **p<0.01 versus 32 mg/kg dose.

Pflibsen et al. Page 23

J Neurosci Res. Author manuscript; available in PMC 2016 December 01.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Figure 2. TH-ir immunohistochemistry of the SNpc, VTA and DL striatum
Changes in the mean number of TH-ir cells/section within the SNc/VTA (A. i) and DL 

striatum (A. ii) following the last dose of MPTP (i.e., 7 days following the 32 mg/kg dose). 

(B) The mean number of TH-ir cells/section within the SNc and VTA following MPTP 

treatment (n=7) was significantly decreased 21% in the SNc but not in the VTA compared to 

the vehicle group (n=5). (C) The optical density of TH in the DL striatum indicated a 63% 

loss in the animals treated with MPTP for 4 weeks. Values are means ± S.E.M. *p< 0.02.
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Figure 3. Western blot analysis of dopaminergic biomarkers
Western blots showing the mean relative optical density of (A) TH, (B) DAT, and the (C) 
DA-D1 receptor protein expression within the DL striatum, NAc and mPFC following 

treatment with MPTP (n=6–7) or vehicle (n=5–6). (D) TH levels significantly decreased 

62% compared to vehicle within the DL striatum in mice treated with MPTP. There was a 

similar trend in the NAc and mPFC though not significant. (E) DAT levels were 

significantly reduced by 83% compared to the vehicle only within the DL striatum of mice 

treated with MPTP. (F) DA-D1 expression increased 47% within the mPFC compared to the 

vehicle in MPTP treated mice. There were no differences in DA-D1 levels in the DL 

striatum or NAc even though they were trending with similar increases. Values are means ± 

S.E.M. *p<0.05.
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Figure 4. Western blot analysis of glutamatergic biomarkers
Western blots showing the mean relative optical density of (A) VGLUT-1, (B) VGLUT-2, 

(C) GLT-1, and (D) EAAC1 protein expression within the DL striatum, NAc and mPFC 

following treatment with MPTP (n=6–7) or vehicle (n=5–6). (E) Although there were no 

changes in VGLUT-1 in the NAc, there was a significant 58% and 103% increase of 

expression compared to the vehicle within the DL striatum and mPFC, respectively, in mice 

treated MPTP. (F) VGLUT-2 levels significantly decreased 50% compared to the vehicle 

within the DL striatum of MPTP treated mice. The NAc and mPFC did not show any 

changes. (G) Expression of GLT-1 significantly decreased 81% compared to the vehicle 

within the DL striatum of the mice treated with MPTP. Though there weren’t any 

differences in the mPFC, there was a large increase in expression within the NAc that was 

trending (p=0.0791). (H) Within the NAc, EAAC1 levels significantly decreased 65% 
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compared to the vehicle in the mice treated with MPTP. The DL striatum and mPFC did not 

show any differences. Values are means ±S.E.M. *p<0.05.
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Figure 5. Pearson Correlations of executive function and biochemical markers
TH expression within the DL striatum showed a (A) significant positive correlation with 

cued responses and (B) a negative correlation with latency. (C) DAT levels correlated 

positively with cued responses within the DL striatum and (D) the DA-D1 expression levels 

significantly correlated negatively with cued responses within the mPFC. Also within the 

DL striatum, VGLUT-1 levels showed (E) a negative correlation with cued response but (F) 
a positive correlation with latency while VGLUT-2 levels revealed (G) a positive correlation 

with cued response with (H) a negative correlation with latency. (I) The expression of 

GLT-1 within the DL striatum correlated negatively with latency. (J) Within the NAc, 

EAAC1 expression levels correlated negatively with latency.
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Table 1

2.9 Antibody Chart

Antibody Name Immunogen Structure Manufacturer, Cat. #, RRID, 
Species, Type

Dilution

tyrosine hydroxylase “Full length TH purified to homogeneity from 
PC12 cells, rat origin”

(Immunostar Cat# P22941, 
RRID:AB_2313787) mouse, 
monoclonal

1:2000, DL 
striatum 
(IHC)
1:2500 SNc 
(IHC)
1:40,000 
(WB)

dopamine transporter AA (541–620) near the C- terminus (Santa Cruz Biotechnology Cat# 
sc-14002, RRID:AB_2190287) rabbit, 
polyclonal

1:500

dopamine receptor 1 (C-15) near C-terminus (Santa Cruz Biotechnology Cat# 
sc-20822, RRID:AB_2193878) goat, 
polyclonal

1:200

dopamine receptor 2 “28 AA peptide sequence from the human D2 
receptor within cytoplasmic loop #3”

(Millipore Cat# AB5084P, 
RRID:AB_2094980) rabbit, polyclonal

1:1000

vesicular glutamate transporter-1 “AA 456–560, Strep-Tag fusion protein of rat 
VGLUT1”

(Synaptic Systems GmbH Cat# 135 
303, RRID:AB_887876) rabbit, 
polyclonal

1:20,000

vesicular glutamate transporter-2 “AA 510–582, Strep-Tag fusion protein of rat 
VGLUT2”

(Synaptic Systems Cat# 135 403, 
RRID:AB_2254574) rabbit, polyclonal

1:2000

glutamate transporter 1 AA (1–85) near the N- terminus of GLT-1 
human origin

(Santa Cruz Biotechnology Cat# 
sc-15317, RRID:AB_2239433) rabbit, 
polyclonal

1:1000

excitatory amino acid carrier 1 AA (455–524) of human origin (Santa Cruz Biotechnology Cat# 
sc-25658, RRID:AB_2190727) rabbit, 
polyclonal

1:500

glutamate-aspartate transporter AA (1–50) near the N- terminus of GLAST (Santa Cruz Biotechnology Cat# 
sc-15316, RRID:AB_2302051) rabbit, 
polyclonal

1:200

beta-actin “slightly modified β-cytoplasmic actin N- 
terminal peptide, Ac-Asp- Asp-Asp-Ile-Ala-
Ala-Leu- Val-Ile-Asp-Asn-Gly-Ser- Gly-Lys, 
conjugated to KLH.”

(Sigma-Aldrich Cat# A5316, 
RRID:AB_476743) mouse, 
monoclonal

1:6500
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