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Abstract

In Parkinson's disease, cognitive deficits manifest as fronto-striatally-mediated executive 

dysfunction, with impaired attention, planning, judgment, and impulse control. We examined 

changes in executive function in mice lesioned with subchronic 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) using a 3-choice serial reaction-time (SRT) task, which included 

measures of sustained attention and impulse control. Each trial of the baseline SRT task comprised 

a pseudo-random pre-cue period ranging from 3 to 8 s, followed by a 1-s cue duration. MPTP 

impaired all measures of impulsive behavior acutely, but with additional training their 

performance normalized to saline control levels. When challenged with shorter cue durations, 

MPTP-lesioned mice had significantly slower reaction times than wild-type mice. When 

challenged with longer pre-cue times, the MPTP-lesioned mice exhibited a loss of impulse control 

at the longer durations. In lesioned mice, striatal dopamine was depleted by 54% and the number 

of tyrosine-hydroxylase-positive neurons in the substantia nigra pars compacta was reduced by 

75%. Serotonin (5-HT) was unchanged in the striatum and prefrontal cortex (PFC), but the ratio of 

5-hydroxyindolacetic acid (5-HIAA) to 5-HT was significantly reduced in the MPTP group in the 

PFC. In lesioned mice, prefrontal 5-HIAA/5-HT was significantly correlated with the executive 

impairments and striatal norepinephrine was associated with slower reaction times. None of the 

neurochemical measures was significantly associated with behavior in saline-treated controls. 

Taken together, these results show that prefrontal 5-HT turnover may play a pivotal role in MPTP-

induced executive dysfunction.
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1. Introduction

Parkinson's disease is characterized neuropathologically by gradual degeneration of 

dopaminergic neurons in the substantia nigra and behaviorally by bradykinesia, tremor, and 

postural instability. In addition, approximately half of Parkinson patients exhibit age-related 

impairment of executive functions—a group of frontostriatally-mediated cognitive processes 
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that includes sustained attention, short-term working memory, set-shifting, impaired 

decision-making, and loss of impulse control [1–3]. Although we have considerable 

knowledge about executive function and of the motor symptoms of Parkinson's disease, 

comparatively little is known about how executive dysfunction arises in Parkinson's disease.

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has been used extensively to model 

Parkinson's disease in species as diverse as monkeys, mice, and worms, although with wide 

variability in sensitivity across and within species [4–9]. Injected systemically, MPTP 

destroys nigro-striatal dopaminergic neurons rapidly and reliably and induces motor deficits 

[10–12]. MPTP also recapitulates some of the non-motor symptoms that typically precede 

motor dysfunction in Parkinson's disease, such as anosmia/hyposmia, gastric slowing, and 

sleep disturbances [6,13–21]. In humans and monkeys MPTP induces robust executive 

deficits similar to those seen in Parkinson patients [22–24].

In contrast to the extensive work conducted in monkeys (reviewed in [13]), few studies have 

specifically examined executive function in rodent models of Parkinson's disease. In one 

study rats received intra-striatal injections of 6-OHDA and performed an attentional set-

shifting task, which involves learning successively complex discriminations within and 

across sensory modalities (dimensions). Simple and complex discriminations and 

interdimensional shifts were unaffected by the 6-OHDA lesion, but extradimensional 

shifting (EDS) was significantly impaired relative to sham controls and unoperated rats [25]. 

In another study, Bissonette et al. [26] lesioned either the orbitofrontal cortex or medial 

prefrontal cortex (PFC) of mice using NMDA, and trained them on a set-shifting task. The 

mPFC, but not orbitofrontal or sham lesions, selectively impaired EDS. The deficits in these 

two studies are consistent with those in Parkinson's patients and demonstrate that lesion 

models can re-capitulate executive dysfunction in rodent models. However, despite being 

the most commonly-used method to induce parkinsonism, it is not known whether MPTP 

affects any measure of executive function in mice. The purpose of the present study was to 

determine whether MPTP would affect two aspects of executive function, and whether these 

processes are associated with the specific neurobiological features of MPTP-induced 

damage to the striatum or PFC.

2. Materials and methods

2.1. Subjects

Subjects were 40 male wild-type C57BL/6N mice (Charles River), 2 months old at the start 

of testing. Mice were housed 4–5 per cage in tub cages under standard conditions in an 

AALAC-approved vivarium, except for the 5 days during and 5 days following the MPTP 

injection regimen as described below. Mice had free access to food except for the duration 

of the SRT study. Water was freely available at all times. The week before SRT training 

began, mice were acclimated to food restriction by removing their food overnight. They had 

free access to food for 8 h on two consecutive days. This was reduced to 6 h on the next 2 

days, and finally to 4 h per day. During the SRT study, mice received food immediately 

following the session and were allowed to eat undisturbed for 4 h. Under this food 

restriction regimen, mice tend to lose a little weight at the beginning, but gain it back and 

eventually weigh more than their free-feeding weights. The vivarium was maintained on a 
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12:12-h light/dark cycle, with lights on at 6 AM. All experiments were conducted during the 

light cycle and approved by the Institutional Animal Care and Use Committee.

2.2. Executive function

Mice were trained on a 3-choice serial reaction time (SRT) task that measured sustained 

attention (hits & reaction time) and impulse control (premature responding), as previously 

described [27–29]. SRT is particularly well- suited to assess deficits in parkinsonian subjects 

because it contains controls for motor impairments and slowness of movement 

(bradykinesia). For example, longer reaction times suggest impaired attention but may also 

result from bradykinesia. The SRT task includes several temporal response measures not 

directly related to sustained attention (e.g., latency to retrieve the reinforcer). If slowing 

occurs in all these measures it is more likely attributable to bradykinesia or motor deficits 

than inattention. The SRT task contains additional controls for motor impairment. Because it 

is a choice task, the sensorimotor requirements for correct and incorrect responses are 

identical. Although this will not eliminate the effects of all motor deficits, having subjects 

make a choice controls for many of the mild motor impairments mice exhibit following 

MPTP lesioning. The SRT task also tracks extraneous and adventitious responses (e.g., 

responding during the intertrial interval). These may not directly affect the measures of 

sustained attention or impulsivity but are suggestive of abnormal motor behavior.

SRT sessions were conducted in 15 commercially-available operant chambers (Med 

Associates, Georgia, VT). Mice were initially trained over four daily sessions to respond in 

one of three randomly-illuminated, equally-spaced nose-poke holes located on the back wall 

of the chambers, as previously described [30,31]. During response acquisition, the response 

hole remained illuminated until a response was made. Responses in the illuminated hole 

resulted in the delivery of a 14-mg food pellet reinforcer (#F05684, Bio-Serv, Flemington, 

NJ). Responses in non-illuminated response holes had no scheduled consequences. The 

house light remained lit for 7 s following reinforcer delivery, followed by a 10-s intertrial 

interval (ITI) in complete darkness and then re-illumination of the house light and another 

randomly-selected response hole. Four mice did not learn to respond on the response-

acquisition task, so SRT data were generated for 18 mice per group. Initial SRT sessions 

were identical to response-acquisition sessions except that the illuminated response hole was 

extinguished after 10 s without a response. The cue duration was gradually reduced from 10 

s (4 sessions) to 5 s (5 sessions) to 3 s (3 sessions) during training. Transitions from 5-s to 3-

s cue sessions, and from 3-s to 1-s cue sessions were made after performance was stable, 

defined as the average accuracy and reaction times not varying more than 10% from either 

of the previous two sessions. Mice performed with an average accuracy of 90.1 ± 1.8% and 

had reaction times of 1.43 ± 0.04 s on the 3-s cue sessions before moving to sessions with a 

1-s cue for the remainder of the study.

Daily SRT sessions with a 1-s cue duration consisted of 36 trials with a 10-s ITI. After a 

pseudo-random pre-cue period of 3–8 s signaled by turning on the house light, the cue was 

presented. A response in the correct nose-poke hole within 3 s of stimulus onset earned a 

reinforcer and was classified as a “hit”. A response in one of the other two holes was 

classified as a “commission error”. Response accuracy was calculated as hits/(hits + 
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commission errors) × 100. Failure to respond on a trial was classified as a “miss” and 

resulted in immediate darkness and initiation of the ITI. Premature responses in the food 

well (hopper) or one of the nose-poke holes resulted in an immediate time-out, during which 

all lights were extinguished. The time-out duration was 4 s at the start of each session and 

increased in duration by 10% for each premature response. The log of the final time-out 

value was used as a measure of impulse control. Mice received MPTP or saline after 

performance reached asymptotic levels using the stability criteria described above. 

Following MPTP lesions, when responding was stable, mice were challenged in a 60-trial 

session with cue durations of 0.5, 0.25, or 0.125 s, presented pseudo-randomly. Regardless 

of the cue duration, mice had 3 s from cue onset in which to earn a reinforcer, just as in 

sessions with 1-s cues. This challenge session was followed by three additional training 

sessions with a 1-s cue duration, during which performance was stable using the same 

criteria as above, and then another 60-trial challenge session during which pre-cue durations 

were doubled, ranging from 6 to 16 s, presented pseudo-randomly.

2.3. 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)

MPTP HCl (#M0896, lot #128K1549, Sigma) was dissolved in physiological (0.9%) saline 

at a concentration of 2.5 mg/ml free base (2.93 mg/ml salt). Injections were given 

subcutaneously at a volume of 10 ml/kg to achieve a dose of 25 mg/kg. Mice were given one 

injection of MPTP or saline per day for 5 consecutive days. Subchronic regimens such as 

this represent the most common method of modeling Parkinson's disease in mice. While 

receiving MPTP injections, mice were housed in disposable cages in a dedicated vivarium 

room under negative pressure; saline-injected mice were housed in their normal vivarium 

room. Injections were made under a fume hood to further protect personnel from aeration of 

the toxic MPP+ metabolite from the urine, feces, and bedding. The cages remained under the 

hood for 5 days after the last injection, when mice were transferred to clean tub cages and 

returned to the vivarium. MPTP and associated hazardous waste were handled and 

administered in strict accordance with the safety guidelines outlined by Przedborski et al. 

[32], and all procedures were approved and monitored by the Institutional Biosafety 

Committee. All behavioral procedures were conducted after the MPTP injections and the 5-

day post-MPTP quarantine period.

All mice were sacrificed by cervical dislocation without anesthesia in the morning of the 

third or fourth day following the last SRT session, 5 weeks after the last MPTP injection. 

Brains were split at the midline and the left hemisphere dissected rapidly using a brain 

matrix. Punches (1-mm diam.) were taken from 1-mm thick coronal sections from the 

dorsolateral striatum and PFC, and flash-frozen in liquid nitrogen. Right hemispheres were 

fixed overnight in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) and cryo-protected.

2.4. HPLC with electrochemical detection

Frozen striatal and prefrontal punches from 32 subjects (16 per group) were suspended in 

400 μl aCSF and 600 μl 0.2 mM perchloric acid, homogenized for 30 s, and then centrifuged 

at 10,000 RPM for 15 min at 4 °C. The supernatant was filtered through a nylon syringe 

filter (0.2 μm) and frozen at −80 °C. Frozen samples (20 μl; 1:1 dilution with polished 

HPLC grade water) were automatically injected by an ESA 542 refrigerated autosampler 
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(ESA, Inc.) onto a 150 ± 2 mm ODS C18 column connected to an ESA model 580HPLC 

pump. The mobile phase, containing 80 mM sodium dihydrogen phosphate monohydrate, 

2.0 mM 1-octanesulfonic acid sodium salt, 100 μl/l triethylamine, 5 nM EDTA, and 10% 

acetonitrile, pH 3.0, was perfused at 0.25 ml/min. Dopamine levels were determined using 

an ESA 5041 high-sensitivity analytical cell, an ESA 5020 guard cell and an ESA 

Coulochem II 5200A electrochemical detector at a potential of 220 mV with the current gain 

at 10 nA and the guard cell at +350 mV. Under these conditions, the limit of detection for 

dopamine is 100 fg per injection. Dopamine (DA), norepinephrine (NE), and serotonin (5-

HT) were measured, along with the dopamine metabolites 3, 4-dihydroxyphenylacetic acid 

(DOPAC), homovanillic acid (HVA), 3-methoxytyramine (3-MT), and the 5-HT metabolite 

5-hydroxyindoleacetic acid (5-HIAA). DOPAC/DA, HVA/DA, and 3-MT/DA were used as 

estimates of dopamine turnover, and 5-HIAA/5-HT as an estimate of serotonin turnover. 

DA/NE was used as an estimate of dopamine β-hydroxylase (DBH) activity, with lower 

ratios indicating greater DBH activity.

2.5. Histology and immunohistochemistry

Coronal sections (40 μm) were taken with a cryostat through the extent of the substantia 

nigra and striatum for histological analysis. Free-floating sections were treated first with 

phosphate buffered saline (PBS) containing 20% methanol and 3% hydrogen peroxide for 

30 min., and rinsed thoroughly in PBS. Sections were then incubated in 10% normal horse 

serum in PBS containing 0.1% Triton X-100 for 30 min. and incubated overnight at 4 °C in 

the primary antibody (dilution 1:200) targeting tyrosine hydroxylase (TH; #AB152, 

Millipore). Following incubation sections were rinsed three times in PBS, incubated for an 

hour in a biotinylated anti-rabbit IgG (Vector Labs), washed thrice, and treated with avidin–

biotin complex (Vectastain Elite ABC kit, Vector Labs) reagent for an hour and visualized 

using diaminobenzidine. Sections were then mounted on slides and air-dried. Optical density 

of TH-positive fibers in the dorsolateral striatum were quantified from 6 to 8 greyscale 

sections from 13 subjects (7 saline, 6 MPTP) using the public domain software ImageJ 

(http://rsb.info.nih.gov/ij).

2.6. Stereological quantification of cells in SNc

For unbiased stereological quantification of TH-positive cells in 8–10 sections per mouse, 

every fourth section through the rostro-caudal extent of the SNc was measured using the 

optical fractionator counting method and Stereo Investigator software (MicroBrightField). 

The contour of the SNc was first delineated using Stereo Investigator's anatomical mapping 

tool at low power. TH-positive cells within the SNc were counted in from 10 to 20 frames 

measuring 25 × 25 μm in each of the selected sections, generated using Stereo Investigator's 

random sampling grid. The frames were selected using a systematic random sampling 

scheme, which provides an unbiased and efficient sampling technique. In every counting-

frame location, the top of the section was identified, after which the plane of the focus was 

moved 4 μm deeper through the section (guard zone) to prevent counting inaccuracies due to 

uneven section surfaces. The resulting focal plane served as the first point of the counting 

process. All TH-positive cells that came into focus in the next 8-μm segment (dissector 

height) were counted if they were entirely within the counting frame or touching the upper 

or right side of the counting frame. Based on the these parameters and counts, the total 
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number of TH-positive cells per selected region were counted using the optical fractionator 

formula N = 1/ssf × 1/asf × 1/hsf × Q, where ssf is the section sampling fraction, asf is the 

area sampling fraction, hsf is the height sampling fraction (dissector height divided by the 

section thickness after shrinkage), and Q denotes the total count of particles sampled for 

each region. After counting TH+ neurons, slides were counter-stained with cresyl violet 

(CV), and all SNc neurons positive for CV but negative for TH were counted 

stereologically, as previously described [12,33].

2.7. Statistical analysis

Most behavioral, histological, and neurochemical data were analyzed using 2-way analysis 

of variance (ANOVA) or repeated-measures ANOVA (RMANOVA), with lesion condition 

(saline or MPTP) as a between-subjects variable. Time-series data were analyzed using 

hierarchical linear modeling, with subject as a nominal random factor nested within lesion 

condition, and time as a balanced, continuous repeated measure. Degrees of freedom on 

repeated-measures analyses were corrected for variations in sphericity using Huyn-Feldt ε. 

HPLC data for striatal and PFC norepinephrine were significantly skewed (>8.7) and 

kurtotic (>3.0) and were reciprocal-transformed. The PFC values for dopamine and HVA 

were significantly kurtotic (>2.0) and were square-root transformed because reciprocal 

transformation made them more kurtotic. No other HPLC values were significantly skewed 

or kurtotic. Among the behavioral measures, only the distribution of hopper premature 

responses in the 14–16 s range was non-normal, and was square-root transformed because 

some subjects had zero values. Test statistics for skewness and kurtosis were calculated as 

skewness and excess kurtosis divided by their respective standard errors. Critical values for 

both tests statistics is 2.0 [34]. Conceptually-similar measures were analyzed first using 

multivariate ANOVA (MANOVA) followed by individual tests when appropriate. Follow-

up comparisons were made using orthogonal paired t-tests. To further protect against 

spurious Type I errors, follow-up analyses were conducted only after a significant omnibus 

effect, except for comparisons having specific a priori hypotheses. All statistical tests were 

two-tailed with α = .05.

3. Results

Mice were trained to stable baseline performance on the SRT task, at which time MPTP or 

saline was administered. Baseline performance before and after injections were compared to 

determine the short-term effects of MPTP intoxication. There were no significant main 

effects of lesion, but there were significant Lesion × Time (pre-post MPTP) interactions on 

measures associated with impulse control. There were no main or interaction effects on hits, 

reaction time, hopper latency, or commission errors [F's < 2.7, p's > .111]. Follow-up 

analyses show that there were no differences between the two groups before MPTP 

treatment [t's < 0.7, p's > .429], but significant group differences emerged following MPTP 

(Table 1). Specifically, MPTP-lesioned mice exhibited a loss of impulse control compared 

with saline-treated mice, as measured by significantly increased hopper errors, premature 

responses, and a longer final time-out value. However, performance improved with extended 

training and by the time of the challenge sessions the MPTP-lesioned mice were performing 

as well as saline control mice.
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Once performance was stable in sessions with a 1-s cue duration, a challenge session was 

conducted in which shorter cue durations were presented pseudo-randomly. Under these 

conditions, accuracy did not differ between groups [Fig. 1a; F(2,33) = .03, p = .875]. 

However, accuracy diminished significantly with shorter cue durations, reflecting an 

increased proportion of commission errors in both groups when cue durations were short [ε 

= .741, F(1,48) = 5.6, p = .0117]. MPTP-treated mice had significantly slower reaction times 

on hit trials across all three cue durations [Fig. 1b; main F(1,30) = 5.0, p = .0336; interaction 

ε = .937, F(1,56) = 0.002, p = .997]. The other measures of response speed—hopper latency 

and reaction time after commission errors—did not differ between groups [Fig. 1c,d; F's < 

2.4; p's > .138]. There was also no effect of MPTP on any measure of impulsive or 

adventitious responding [Fig. 1e,f; F's < 1.4, p's > .260]. Following the first challenge 

session, mice were restabilized on baseline sessions with a 1-s cue duration. At that time a 

second challenge session was conducted in which pre-cue durations were doubled. Under 

these conditions MPTP-lesioned mice performed normally on nearly every measure of 

sustained attention and impulsivity [Fig. 2a–g; F's < 2.6; p's > .120]. However, there was a 

significant overall effect of MPTP on premature hopper responses [Fig. 2 h; F(1,34) = 4.1, p 

= .04996] that differed across pre-cue duration [ε = .927, F(4157) = 7.8, p = .0176]. Follow-

up tests showed that groups did not differ when pre-cue durations were less than 14 s [t's < 

1.1, p's > .312], but at the two longer durations MPTP-lesioned mice emitted more 

premature responses than saline controls [t's > 2.7, p's < .007].

At the completion of the SRT task mice were sacrificed and brains processed for 

immunohistochemistry or neurochemistry. MPTP induced a significant loss of TH+ neurons 

in the SNc (Fig. 3a–b) and reduced TH staining in the striatum (Fig. 3c–d). Stereological 

assessment of SNc neurons showed a 74.5% reduction of TH+ neurons in the SNc [Fig. 3e; 

F(1,7) = 104.8, p < .0001]. There was no significant difference in CV+ neurons that were 

negative for TH in the same region [F(6) = 1.9, p = .218]. Densitometric analysis of TH 

staining in the dorsolateral striatum showed significant reduction in optical density in 

MPTP-lesioned mice [F(1,11) = 9.6, p = .0103].

MPTP depleted striatal dopamine by 54.5% [Table 2; F(1,30) = 56.6, p < .0001]. Striatal 

DOPAC and HVA were also reduced by MPTP [F's > 4.7, p's < .038], and all three 

metabolite/dopamine ratios in the striatum were increased significantly [λ = 0.125, F(1,30) = 

65.2, p < .0001]. Striatal norepinephrine was increased by MPTP [F(1,30) = 7.2, p = .0115] 

and the DA/NE ratio was significantly reduced [F(1,30) = 26.7, p < .0001], suggesting 

greater availability of norepinephrine in lesioned mice. None of the catecholamine-related 

measures in the PFC was significantly affected by MPTP [F's < 3.5, p's > .072]. Serotonin 

and 5-HIAA were both significantly increased by MPTP in the striatum [F's > 4.3, p's < .

046], but 5-HIAA/5-HT was unchanged [F(1,30) = 0.03, p = .855]. In the PFC, 5-HT was 

unaffected by MPTP [F(1,30) = 0.5, p = .465] but 5-HIAA and 5-HIAA/5-HT were both 

significantly reduced in lesioned mice [F's > 4.9, p's < .035].

To determine whether monoamine levels were associated with the executive dysfunction 

exhibited by MPTP-lesioned mice, we conducted correlations between monoamine markers 

and performance during the two challenge SRT sessions. Specifically, the mean overall 

reaction time during the short-cue-duration session was used as a measure of sustained 
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attention, and premature responses on trials with pre-cue durations ranging from 14 to 16 s 

during the long-pre-cue-duration session was used as a measure of impulse control. In the 

PFC, there were no significant associations between either behavioral measure and any 

neurochemical measure in the saline control group [|r|'s < .232, p's > .389]. Among MPTP-

lesioned mice, PFC 5-HT turnover was significantly correlated with both executive 

functions (Fig. 4a,b), negatively with sustained attention [Fig. r(15) = −.650, p = .0064] and 

positively with impulsivity [r(15) = .550, p = .0272]. No other PFC neurochemical measure 

was associated with either cognitive measure in the MPTP mice [|r|'s < .480, p's > .061]. 

None of the neurochemical measures in the striatum was significantly correlated with 

impulse control, in either lesion group [|r|'s < .45, p's > .083]. Striatal norepinephrine was 

correlated with sustained attention in MPTP-lesioned mice [r(15) = .523, p = .0374; Fig 4c] 

but not saline controls [r(15) = .208, p = .437]. Striatal DA/NE also had a modest correlation 

with reaction time in lesioned mice, but it was not statistically significant [r(15) = .487, p = .

0556]. No other measure was associated with sustained attention in either group [|r|'s < .411, 

p's > .113]. Interestingly, of the neurochemical measures in the striatum, only NE and 

DA/NE were significantly associated with PFC 5-HT/5-HIAA, and in MPTP-lesioned mice 

[Fig. 5; |r's| > .641; p's < .0074] but not in saline controls [|r's| < .033, p > .904].

4. Discussion

We show here for the first time that MPTP impairs sustained attention and impulse control 

in mice. MPTP increased impulsive behavior, but performance improved with extended 

training. Additional impairments in sustained attention and impulse control were evident 

under more challenging conditions. Neurochemical analyses showed that MPTP 

significantly reduced striatal dopamine and increased estimates of dopamine turnover, 

consistent with previous reports of MPTP's effect in mice. Serotonin levels were unchanged 

by MPTP in the PFC, but 5-HIAA/5-HT was reduced and both measures of executive 

function were significantly correlated with this ratio in lesioned mice only. Striatal NE and 

striatal DA/NE were both significantly associated with PFC 5-HIAA/5-HT in lesioned mice 

only. These results suggest that the executive dysfunction exhibited by MPTP-lesioned mice 

may be mediated by the availability of striatal norepinephrine and prefrontal serotonin.

With the 1-s cue duration used during training, all mice performed well on baseline. 

Immediately following injections, MPTP-lesioned mice performed worse than saline 

controls on every measure of impulse control. By the fifth day of re-training the impairments 

had abated and lesioned mice were performing as well as before the injections and as well as 

wild-type mice. This may reflect the recovery of striatal dopamine content that begins within 

days after lesioning [4,35–37]. Alternately, the return to baseline-level responding may 

reflect the nature of the task, specifically that reinforced behaviors take on the characteristics 

of habits with over-training [38–40]. This transition to habit can be disrupted by lesions to 

the dorsolateral striatum [41,42].

Although baseline performance normalized in MPTP-treated mice with extended training, 

additional deficits were evident when cognitive demands were increased. On a challenge 

session with shorter, randomized cue durations, MPTP mice were slower to respond in the 

correct nose-poke hole, indicative of impaired attention. Two previous studies showed 
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similar results, specifically that 6-OHDA lesions of the dorsal striatum slowed reaction 

times on a task but did not affect choice accuracy [43,44]. A third study found mixed results 

when dissociating medial and lateral striatal regions. They showed that showed that 

quisqualic acid lesions of the medial striatum slowed reaction times and reduced hit rate, but 

equivalent lesions of the lateral striatum only affected non-cognitive motor components of 

the task [45]. Our results are not consistent with an interpretation of impaired motor 

performance. On baseline sessions preceding the challenge session, MPTP-lesioned mice 

performed the task as well as wild-type mice in all respects. All motor components of the 

task were the same in the baseline and challenge versions of the tasks; the only difference 

was the cognitive demand placed on the animal by the shorter cue duration. In addition, 

other timed components of the task, such as reaction time to commission errors and hopper 

latency following a hit, were unaffected by the introduction of more challenging task 

demands. Thus we can be confident that the slower reaction times are not attributable to 

non-cognitive performance variables.

Consistent with previous reports using subchronic MPTP, we observed substantial depletion 

of striatal dopamine and destruction of TH+ neurons in the SNc of lesioned mice. However, 

we also observed changes that have not been reported in the literature. Striatal serotonin was 

significantly increased by MPTP, in contrast to numerous reports showing no change in 

C57BL/6 strains following subchronic MPTP regimens with cumulative doses ranging from 

100 to 240 mg/kg administered over 4–5 days [46–50]. A possible reason for this 

discrepancy may be the time between lesion and sacrifice in the present study. Subjects are 

typically sacrificed within a week or two of MPTP injections, but Ansah et al. [48] injected 

mice with an acute MPTP regimen and examined monoamines 3 weeks or 18 months 

following the last injection. Striatal 5-HT was unchanged 3 weeks after MPTP lesioning but 

significantly elevated after 18 months. A similar report by Schneider [51] showed increased 

striatal 5-HT using a chronic low-dose of MPTP over 38–175 days in monkeys sacrificed 8–

60 days following the last injection. Two studies showed decreased 5-HT 1 week following 

MPTP but normal levels 4 weeks later [52,53]. Similarly, Luthman et al. [54] found 

increased sprouting of serotonergic terminals in the striatum of adult rats that correlated with 

dopamine loss, after receiving striatal injections of 6-OHDA as neonates. In the present 

study 5 weeks elapsed between the last MPTP injection and sacrificing the mice because of 

the extended SRT training. Thus the change in 5-HT may represent a long-term 

compensatory response to nigro-striatal lesioning.

In contrast to striatum, 5-HT in the PFC was unchanged by MPTP. However, 5-HIAA and 

5-HIAA/5-HT were lower in the PFC of MPTP-lesioned mice. To date there is no published 

report of similar changes in 5-HIAA/5-HT after any MPTP regimen or intrastriatal 6-OHDA 

injections in rodents, although Ansah et al. [48] observed reduced PFC 5-HT up to 18 weeks 

following an acute MPTP regimen in mice. In macaques, Sánchez et al. [55] showed that 

unilateral striatal lesions significantly reduced serotonin transporter (SERT)-specific 

[3H]citalopram binding in the ipsilateral frontal cortex and anterior cingulate, compared to 

equivalent regions on the contralateral (unlesioned) side. Although all the monkeys in that 

study had undergone ovariectomies 4 years earlier, it demonstrates that that MPTP-induced 

nigrostriatal damage can interfere with serotonergic signaling in the anterior cortex. 5-

HIAA/5-HT is often considered an estimate of serotonin turnover; however, other 
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explanations for changes in the ratio are possible. Nayyar et al. [56] reported a significant 

and long-lasting reduction in the number of PFC axons labeled for SERT, in mice treated 

acutely with MPTP. The reduced density was more prominent in thick-beaded SERT-

immunoreactive (ir) neurons originating in the median raphe nucleus, as opposed to the fine 

axons of the dorsal raphe neurons. A number of studies, including Nayyar et al., have shown 

reduced PFC SERT-ir axons, reduced 5-HT-ir median raphe neurons, or reduced PFC SERT 

binding capacity in brains from Parkinson's patients [57–60]. Thus the reduced 5-HIAA/5-

HT ratio observed in the PFC of MPTP-lesioned mice in the present study may reflect 

damaged serotonergic axons instead of, or in addition to, altered 5-HT metabolism or 

uptake. Further investigation is needed to better understand changes to striatal serotonergic 

function following subchronic MPTP.

It is well-established that executive function is associated with prefrontal cortical activity 

(e.g., [61,62]), and here we show that prefrontal 5-HIAA/5-HT was the best predictor of 

executive impairments in MPTP-lesioned mice. Given that 5-HIAA/5-HT may be indicative 

of the rate of 5-HT turnover and/or damaged serotonergic fibers as noted above, these results 

suggest that executive function is sensitive to levels of prefrontal synaptic 5-HT in mice 

with MPTP-induced nigrostriatal lesions. The fact that the relationship was observed only in 

lesioned mice suggests that under normal conditions there is sufficient 5-HT to mediate 

good cognitive function in saline control mice. However, the umbrella term “executive 

function” comprises multiple faculties subserved by different pathways and neurochemical 

systems. Indeed, a comprehensive review by Bari and Robbins [63] illustrates that even 

“impulsivity” is too broad a concept to pin on a single neurobiological substrate, and that 

what we conceive of as impulse control can be mediated by different neurochemical systems 

depending on the behavioral requirements of the tasks used. Miyazaki et al. [64,65] showed 

that 5-HT is involved in the response inhibition components of impulse-control tasks, as 

opposed to the motivational or motor aspects. They showed that dorsal raphe neurons 

increased firing rate as the delay to reinforcement elapsed, and that impulse control was 

impaired—at long but not short delays—with intra-raphe infusion of a 5-HT1a receptor 

antagonist. Simultaneous activation of the dorsal raphe and dorsolateral PFC during delayed 

reinforcement has also been demonstrated in human subjects [66]. Our data are consistent 

with these findings. Both groups of mice were able to wait out the delays of 12 s or less, and 

premature responses did not differ. However, when pre-cue delays were 14 s or greater, 

MPTP-lesioned mice were unable to refrain from responding. The greater the 5-HIAA/5-

HT, suggestive of lower extracellular 5-HT, the greater the number of premature responses. 

In contrast to impulse control, the noradrenergic system is more closely associated with 

speed of responding during attentional tasks [63]. The α1 adrenergic receptor antagonist 

prazosin produces a dose-dependent increase in reaction time on a stop-signal task, and the 

NE reuptake inhibitor atomoxetine improves reaction times in children with ADHD [67,68]. 

In the present study both striatal NE and prefrontal 5-HT were significantly correlated with 

reaction times in MPTP mice, despite slower response times overall in the lesioned group. 

Sustained attention is typically thought to be mediated by the cholinergic and noradrenergic 

systems. Specifically, acetylcholine is important for the maintenance of attention in a well-

trained task, and NE comes into play when novel stimuli or situations are encountered [69]. 

Our data are consistent with this. The MPTP-lesioned mice performed well on baseline, but 
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impairments were evident when challenged with novel contingencies. The fact that both 

striatal NE and striatal DA/NE were significantly correlated with prefrontal 5-HT suggests 

that these changes may involve prefrontal serotonergic signaling as well. Indeed, 

contingency changes disrupted impulse control as well as reaction time. Further research is 

needed to determine whether the relationship between NE and 5-HT underlies the loss of 

impulse control.

Prefrontal serotonergic mediation of impulse control has been demonstrated in Parkinson's 

disease as well. Parkinson's patients without a diagnosis of impulse control disorder had 

slower stop-signal reaction times (SSRTs) and more no-go errors than age-matched controls 

on a choice reaction-time task [70]. When challenged with a dose of the serotonin re-uptake 

blocker citalopram, SSRTs slowed slightly. However, both measures of impulsivity were 

significantly correlated with the motor subscore of the Unified Parkinson's Disease Rating 

Scale (UPDRS). Specifically, patients with more advanced disease had better impulse 

control under citalopram while those with lower scores tended to worsen. Functional MRI 

during the reaction time task showed that the activation deficit in patients under placebo 

compared to controls was limited to the right inferior prefrontal gyrus, when executing a 

stop-signal or no-go response. The ability of citalopram to enhance this activation was 

significantly and positively correlated with the UPDRS-motor subscore. A genetic 

association study showed that an allelic variant of the serotonin transporter gene promoter 

region was not differentially associated with impulsivity in 404 Parkinson's patients, 58 of 

whom had been diagnosed with comorbid impulse control disorder [71]. In contrast, variants 

of the dopamine 3 receptor (DRD3) and NMDA 2B receptor (GRIN2B) genes were both 

associated with a doubling of the risk of impulsivity. In a separate study using the same 404 

patients, Lee et al. [72] examined the 102 T → C variants of the 5-HT receptor subtype 2A 

gene (HTR2A). They found that among patients on higher medication doses (levodopa 

equivalents), impulsivity was equally prevalent regardless of genotype. However, in the 

lower levodopa-dose-equivalent group, patients with the TT variant were 6.9 and 2.8 times 

more likely than those with CC or CT variants, respectively, to have been diagnosed with 

impulse control disorder. Together, these studies suggest that impulse control in Parkinson's 

disease involves multiple neural systems, including prefrontal serotonin, and that the 

expression of symptoms is affected by drug status and severity of disease.

We have demonstrated that subchronic MPTP induces executive dysfunction. MPTP also 

induced serotonergic changes in the striatum and PFC, the latter being the best predictor of 

deficits in attention and impulse control. The fact that the executive deficits were only 

evident on challenge sessions, along with significant associations between striatal NE 

markers and prefrontal 5-HIAA/5-HT, suggests that noradrenergic signaling may interact 

with prefrontal 5-HT to mediate executive function in lesioned mice. Indeed, we observed 

serotonergic and noradrenergic abnormalities that have not been reported in the literature 

before following MPTP administration. It is not known whether they may reflect in part 

changes associated with long-term training on the SRT task, the food restriction regimen, 

time between lesion and sacrifice, or interactions among them and other factors. Given the 

importance of maintaining good cognitive function as Parkinson's disease progresses, these 

relationships warrant further attention.
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HIGHLIGHTS

• Mice were trained on a task that measures sustained attention & impulse control.

• MPTP impaired executive function when task parameters were made more 

difficult.

• MPTP induced changes in serotonergic and noradrenergic measures.

• Executive function was correlated with prefrontal 5-HIAA/5-HT in lesioned 

mice.
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Fig. 1. 
MPTP-lesioned mice have slower reaction times when challenged with shorter cue 

durations.

Mice were trained on the 3-choice serial reaction-time task with a 1-s cue duration. At this 

duration, there were no persistent differences between the groups on measures of sustained 

attention or impulsive behavior. When challenged with shorter cue durations presented 

randomly, accuracy diminished similarly for both groups (a) but reaction times were 

significantly slower in MPTP-lesioned mice (b). This slowing was specific to hit reaction 

times, as time to make a commission error (c) and latency to run to the food well (hopper) 

following a reinforcer (d) did not differ between groups. No other measures of attention or 

impulsive behavior were altered significantly by MPTP. Acronyms: RT, reaction time; ITI, 

intertrial interval. *p < .05.
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Fig. 2. 
MPTP-lesioned mice lose impulse control when pre-cue duration is doubled.

Mice were trained on the 3-choice serial reaction-time task with randomly-presented pre-cue 

durations of 3, 4, 5, 6, 7, or 8 s during the “ready” phase. At these values, there were no 

persistent differences between groups on measures of sustained attention or impulsive 

behavior. When the pre-cue durations were doubled to 6–16 s, performance accuracy was 

unaffected or similarly-affected for both groups, as reflected by accuracy and hopper errors 

(a,c). MPTP also did not slow performance when pre-cue durations were longer, as 
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indicated by normal reaction times and hopper latencies (b,d). Responding during the inter-

trial interval, or prematurely during the pre-cue period, did not differ between groups overall 

(e,f). However, when broken down by pre-cue duration significant differences in premature 

responding in the food well (hopper) were evident at the two longest values (h). This 

relationship did not hold for premature responses in the cue holes (g). **p < .01.
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Fig. 3. 
MPTP selectively destroys TH-positive SNc neurons.

TH-positive neurons were counted in the SNc using unbiased stereology (a,b), and reduction 

in TH+ striatal terminals was estimated using densitometry (c,d). MPTP reduced TH+ 

neuronal number 74.5% and reduced TH optical density in the striatum by 31.8% (e). *p < .

05; ****p < .0001.
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Fig. 4. 
Inattention and impulsivity are significantly correlated with prefrontal 5-HIAA/5-HT in 

lesioned mice.

(a,b) Prefrontal 5-HIAA/5-HT was significantly associated with both (a) premature 

responses emitted on the long-precue challenge session when precue durations exceeded 12 

s, and (b) reaction times on the short cue duration challenge session. (c) Striatal NE was also 

significantly correlated with reaction times on the short cue duration challenge session. All 

three correlations were statically significant only in MPTP-lesioned mice.
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Fig. 5. 
Greater striatal NE and DA/NE are associated with higher levels of prefrontal 5-HIAA/5-

HT.

(a,b) Striatal NE and DA/NE (but not DA) are significantly and negatively correlated with 

PFC 5-HIAA/5-HT, in MPTP-lesioned mice only. Note that striatal NE was reciprocal 

transformed, so that higher values represent lower levels of NE.
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Table 1

Baseline behavioral measures before and after MPTP injections.

Pre-lesion Post-lesion

Measure Saline MPTP Saline MPTP

Accuracy (%) 83.54 ± 2.27 84.33 ± 2.52 88.54 ± 2.67 85.01 ± 2.31

Hopper errors (%) 5.82 ± 0.82 6.92 ± 0.84 8.83 ± 0.96
11.64 ± 1.21

*

Hit reaction time (s) 0.77 ± 0.03 0.76 ± 0.03 0.76 ± 0.02 0.81 ± 0.02

Comm. error reaction time (s) 1.24 ± 0.09 1.36 ± 0.12 1.22 ± 0.10 1.38 ± 0.08

Hopper latency (s) 1.90 ± 0.08 1.93 ± 0.10 2.08 ± 0.10 2.14 ± 0.07

ITI responses 2.16 ± 0.52 2.50 ± 0.62 2.23 ± 0.34 4.24 ± 0.92

Total premature responses 11.94 ± 1.89 11.27 ± 1.77 10.57 ± 1.05
18.97 ± 1.84

***

Cue premature responses 8.44 ± 1.54 7.28 ± 1.48 5.46 ± 0.82
11.21 ± 1.46

**

Hopper premature responses 3.51 ± 0.49 4.03 ± 0.47 5.13 ± 0.66
7.79 ± 1.20

*

Final timeout value [log(s)] 0.76 ± 0.11 0.68 ± 0.11 0.79 ± 0.08
1.26 ± 0.11

*

Premature response trials 6.76 ± 0.64 6.36 ± 0.76 6.83 ± 0.50
9.07 ± 0.52

*

Mice were trained to a stable baseline on the 3-choice SRT task with a 1-s stimulus duration, then given five daily injections of MPTP or saline. 
Five days following the last injection, additional SRT sessions were conducted. MPTP-treated mice exhibited a transient loss of impulse control 
immediately after the lesion, as indicated by increased premature responding and trials with at least one premature response, longer final time-out 
values, and a greater proportion of trials with at least one premature response. The means (±SEM) of the last four pre-lesion and first four post-
lesion sessions were used as baseline values.

*
p < .05.

**
p < .01.

***
p < .001.
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Table 2

Monoamine and metabolite levels in striatum and prefrontal cortex in saline- and MPTP-treated mice.

Dorsolateral striatum Prefrontal cortex

Measure Saline MPTP Saline MPTP

Dopamine 282.11 ± 17.67
128.47 ± 10.24

**** 4.12 ± 0.30 4.43 ± 0.61

DOPAC 16.83 ± 0.89
9.58 ± 0.70

**** 3.68 ± 0.99 2.36 ± 0.89

HVA 34.15 ± 2.23
28.23 ± 1.56

* 3.96 ± 0.39 3.59 ± 0.37

3-MT 16.74 ± 1.18 16.01 ± 1.10 3.32 ± 1.08 2.09 ± 0.78

DOPAC/DA 0.06 ± 0.00
0.08 ± 0.00

*** 1.19 ± 0.56 0.20 ± 0.04

HVA/DA 0.12 ± 0.01
0.23 ± 0.01

**** 7.41 ± 2.66 13.95 ± 8.12

3-MT/DA 0.06 ± 0.00
0.12 ± 0.00

**** 0.71 ± 0.35 0.34 ± 0.14

Norepinephrine 0.14 ± 0.01
0.10 ± 0.01

* 0.07 ± 0.01 0.08 ± 0.01

DA/NE 42.07 ± 5.29
13.52 ± 1.59

**** 1.60 ± 0.63 1.81 ± 0.84

5-HT 16.16 ± 0.68
18.15 ± 0.61

* 16.00 ± 0.59 15.28 ± 0.76

5-HIAA 10.17 ± 0.39
11.46 ± 0.48

* 5.37 ± 0.34
4.24 ± 0.32

*

5-HIAA/5-HT 0.64 ± 0.03 0.63 ± 0.02 0.34 ± 0.02
0.28 ± 0.02

*

All values are expressed in ng/mg tissue except those transformed to correct non-normal distributions as described in theMethods section. Because 
NE values were reciprocal-transformed, higher values indicate lower levels of NE. Abbreviations: DA, dopamine; NE, norepinephrine; DOPAC, 
3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 3-MT, 3-methoxytyramine; 5-HT, serotonin; 5-HIAA, 5-hydroxyindoleacetic acid.

*
p < .05.

***
p < .001.

****
p < .0001.
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