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Abstract

In Parkinson disease (PD), a complex neurodegenerative disorder that affects nearly 10 million 

people worldwide, motor skills are significantly impaired. However, onset and progression of 

motor deficits and the neural correlates of these deficits are poorly understood. We used a genetic 

mouse model of PD (Pink1 −/−), with phenotypic similarities to human PD, to investigate the 

manifestation of early-onset sensorimotor deficits. We hypothesized this mouse model would show 

early vocalization and gross motor dysfunction that would be progressive in nature. Pink1 −/− 

mice, compared to wild type (WT) controls, were evaluated at 2, 3, 4, 5, and 6 months of age. To 

quantify deficit progression, ultrasonic vocalizations and spontaneous locomotor activity (cylinder 

test and pole test) were analyzed. Although somewhat variable, in general, Pink1 −/− mice 

produced significantly more simple calls with reduced intensity as well as a larger percentage of 

cycle calls compared to WT counterparts. However, there were no significant differences in 

duration, bandwidth, or peak frequency for any of the ultrasonic call types between genotypes. 

Pink1 −/− mice showed a significant impairment in limb motor skills with fewer hindlimb steps, 

forelimb steps, and rears and lands in the cylinder test compared to WT. Additionally, Pink1 −/− 

mice took significantly longer to turn and traverse during the pole test. Immunohistochemical 

staining showed no significant difference in the number of tyrosine hydroxylase (TH) positive 

cells in the substantia nigra or density of TH staining in the striatum between genotypes. These 
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data suggest the Pink1 −/− mouse model may be instrumental in defining early motor biomarkers 

of PD in the absence of nigrostriatal dopamine loss.
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1. Introduction

Parkinson disease (PD), a complex neurodegenerative disorder affecting over 10 million 

individuals (de Lau et al., 2004), is primarily the result of progressive decline in the 

dopaminergic activity of the substantia nigra (SN) and the corresponding neural pathways 

(Lees et al., 2009). Hallmark motor dysfunctions associated with PD include deficits in the 

limbs, such as bradykinesia, muscular rigidity, and resting tremor, and are associated with 

the loss of central nervous system dopamine (Bernheimer et al., 1973). The cranial 

sensorimotor dysfunction that occurs with vocalization, articulation, and swallowing in PD 

is not well understood and is thought to involve extra-dopaminergic mechanisms outside of 

the hallmark pathology (Braak et al., 2003).

Communication (including vocalization) deficits affect up to 90% of individuals, appear 

early in the disease process, and are among the most debilitating features of PD (Holmes et 

al., 2000; Miller et al., 2006; Volonté et al., 2002). A reduction in loudness, pitch, and 

duration decreases a patient’s ability to successfully interact with others, consequently 

negatively influencing their overall life quality (Goberman and Blomgren, 2008; Harel et al., 

2004; Ho et al., 1998; Holmes et al., 2000; Marras et al., 2008; Stewart et al., 1995). Voice 

dysfunction in PD does not respond to standard pharmaceutical (dopamine replacement 

therapies) and surgical (deep brain stimulation) treatments (Baijens and Speyer, 2009; Ciucci 

et al., 2013; Schulz and Grant, 2000). Therefore, identification and characterization of early 

and progressive models to study vocal deficits is critical to understanding disease 

progression as well as developing effective, sustainable therapies.

While most cases of PD are sporadic in nature, approximately 10% of cases are due to 

genetic mutations. In human populations, mutations in specific genes have been linked to 

early-onset hereditary forms of the disease (Farrer, 2006; Rochet et al., 2012). Of these 

genetic cases, mutations in Pink1 are the second most common cause of autosomal recessive 

PD and cause progressive peripheral deficits as well as nigrostriatal pathology (Bonifati et 

al., 2002; Bonifati et al., 2005; Guo et al., 2011). The Pink1 protein is a master regulator of 

mitochondrial function and mitophagy (Geisler et al., 2010; Kawajiri et al., 2011; Poole et 

al., 2008; Yang et al., 2008) and multiple studies suggest that mitochondrial dysfunction 

plays a central role in the pathogenesis of PD. Genetic PD can be indistinguishable from 

idiopathic PD, therefore, studying gene responsible for inherited PD can yield invaluable 

information about pathogenesis as a whole (Albanese et al., 2005; Hatano et al., 2009; 

Kawajiri et al., 2011).

Using ultrasonic vocalization measures, previous work in male rats with complete knock-out 

of the Pink1 gene demonstrated significant vocal dysfunction including reductions in pitch 
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and loudness (peak frequency and bandwidth) (Grant et al., 2015b), as well as reductions in 

social conspecific responses to their vocalizations (Pultorak et al., 2015). Additionally, 

several studies in the rat Pink1 −/− model have shown significant brain pathology including 

dopaminergic and noradrenergic cell loss in the substantia nigra (Dave et al., 2014) and 

locus coeruleus (Grant et al., 2015b), and also alpha synuclein aggregations in brainstem 

motor regions including the periaqueductal gray (Grant et al., 2015b), as well as metabolic 

and mitochondrial pathogenesis (Villeneuve et al., 2014). Importantly, in the rat model these 

behavioral deficits correlate to brain pathology. Likewise, mice overexpressing alpha-

synuclein (Thy1-aSyn) have significant early-onset vocalization behaviors associated with 

alpha-synuclein brainstem pathology suggesting the presence of early alpha-synuclein may 

be a mechanism underlying cranial sensorimotor deficits in this mouse model (Grant et al., 

2014).

Currently, a single study suggests that striatal dopamine release and synaptic plasticity is 

affected in the Pink1 −/− mouse model compared to age-matched wild type (WT) mice 

(Kitada et al., 2007). However, vocalization and sensorimotor function has not been 

evaluated. In the current study, we assessed ultrasonic vocalizations, spontaneous motor 

activity (cylinder test), and gross limb sensorimotor control (pole test). We hypothesized that 

Pink1 −/− mice would exhibit early and progressive vocalization and sensorimotor 

impairments compared to WT controls.

2. Results

All inter-rater and intra-rater reliability tests for USV, cylinder, and pole analysis were above 

0.90 (Table 1). Body weights were significantly different between genotypes at 5 mo of age. 

Pink1 −/− mice (average 32.67 g +/− 0.28 were heavier on average compared to WT (29.78 

g +/− 0.29) mice (Mann-Whitney Rank Sum Tests U-statistic=63.0, p=0.002). There were no 

significant relationships between body weight and any of the motor behavioral variables 

measured at 5 mo of age (p>0.05).

2.1 Ultrasonic vocalizations

USV data (means and SEM) are reported in Table 2.

2.1.1 Number of calls and call rate—There was no significant interaction between 

genotype (Pink1−/− and WT) and time (2, 3, 4, 5, 6, mo) for number of calls 

(F(4,159)=0.278, p=0.892) and call rate (F(4,174)=0.366, p=0.833). Additionally, number of 

calls and call rate demonstrated no main effect of genotype (F(1,159)=2.158, p=0.143), 

F(1,174)=1.592, p=0.209, respectively). There was a main effect of time for the number of 

calls produced regardless of genotype (F(4,159)=3.153, p=0.016; Figure 2A). Specifically, 

post-hoc comparisons revealed differences (increases) between 2 and 3 mo (p=0.031), 2 and 

5 mo (p<0.001), and 4 and 5 mo (p=0.022). For call rate, there was no main effect of time 

(F(4,174)=1.332, p=0.260).

2.1.2 Call composition—Mouse USVs were divided into their respective call categories 

(Figure 1 and 2B). For the percent simple calls, there was a significant interaction between 

genotype and time (F(4,110)=2.999, p=0.022; Figure 2C). Pink1−/− mice produced more 
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simple calls compared to the WT controls at 4 mo (p=0.016). This was reversed at the 6 mo 

timepoint, where the WT controls produced a larger percentage of simple calls (p=0.034) 

(Figure 2C).

For the remaining call categories (jump, cycle, and complex); there were no significant age × 

genotype interactions (F(4,110)=0.532, p=0.712; F(4,110)=0.856, p=0.493; F(4,111)=1.621, 

p=0.175). Additionally, for percent jump calls there was no main effect of genotype 

(F(1,110)=0.558, p=0.457) or main effect of time (F(4,110)=0.292, p=0.882). For the 

percent cycle calls, there was a main effect of genotype (F(1,110)=6.137, p=0.015); Pink1−/

− mice produced a larger percentage of cycle calls relative to the WT controls (Figure 2D). 

However, there was no main effect of time (F(4,110)=1.791, p=0.136). For the percent 

complex calls, there was no main effect of time (F(4,111)=1.471, p=0.216) or genotype (F(1, 

102)=0.0056, p=0.941).

2.1.3 Duration of calls—There was no significant interaction between genotype and time 

for simple call duration (F(4,109)=0.644, p=0.632), jump call duration (F(4,110)=1.205, 

p=0.313), cycle call duration (F(4,106)=0.275, p=0.894), and complex call duration 

(F(4,106)=0.478, p=0.752). Additionally, there was not a main effect of genotype or main 

effect of time for simple call duration (F(1,109)=0.051, p=0.822; F(4,109)=1.479, p=0.214) 

and jump call duration (F(1,110)=0.930, p=0.337; F(4,110)=2.279, p=0.066).

There was not a main effect of genotype for both cycle call duration and complex call 

duration (F(1,106)=1.598, p=0.209; F(1,106)=1.928, p=0.162), but there were significant 

differences among timepoints (F(4,106)=9.334, p<0.001, Figure 3A; F(4,106)=9.334, 

p<0.001, Figure 3B). Specifically, for cycle call duration, post-hoc comparison revealed 

significant increases between 2 and 5 mo (p<0.001), 2 and 6 mo (p=0.002), 3 and 5 mo 

(p=0.002), 3 and 6 mo (p=0.016), and 4 and 5 mo (p=0.017). Furthermore, for complex call 

duration, post-hoc comparisons showed significant differences between 2 and 5 mo 

(p<0.001), 2 and 6 mo (p<0.001), 3 and 5 mo (p<0.001), 3 and 6 mo (p=0.011), 4 and 5 mo 

(p<0.001), and 4 and 6 mo (p=0.023).

2.1.4 Bandwidth of calls—There was no significant interaction between genotype and 

time for simple call bandwidth (F(4,109)=0.355, p=0.840), jump call bandwidth 

(F(4,110)=1.421, p=0.232), cycle call bandwidth (F(4,106)=1.001, p=0.411), and complex 

call bandwidth (F(4,106)=0.182, p=0.947). Additionally, there was no main effect of 

genotype for simple call bandwidth (F(1,109)=0.352, p=0.554), jump call bandwidth 

(F(1,110)=0.436, p=0.511), cycle call bandwidth (F(1,106)=2.910, p=0.091), and complex 

call bandwidth (F(1,106)=0.421, p=0.518). There were not main effects of time for simple 

call bandwidth (F(4,109)=0.569, p=0.686), jump call bandwidth (F(4,110)=0.213, p=0.931), 

cycle call bandwidth (F(4,106)=1.487, p=0.212), and complex call bandwidth 

(F(4,106)=1.991, p=0.102).

2.1.5 Peak frequency of calls—There was no significant interaction between genotype 

and time for simple call peak frequency (F(4,109)=1.192, p=0.319), jump call peak 

frequency (F(4,110)=1.832, p=0.128), cycle call peak frequency (F(4,106)=0.314, p=0.868), 

and complex call peak frequency (F(4,106)=0.151, p=0.962). Additionally, there was no 
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main effect of genotype for simple call peak frequency (F(1,109)=1.904, p=0.171), jump call 

peak frequency (F(1,110)=0.785, p=0.378), cycle call peak frequency (F(1,106)=0.518, 

p=0.473), and complex call peak frequency (F(1,106)=1.577, p=0.212). There was no main 

effect of time for simple call peak frequency (F(4,109)=0.195, p=0.941), jump call peak 

frequency (F(4,110)=1.740, p=0.147), cycle call peak frequency (F(4,106)=2.092, p=0.088), 

and complex call peak frequency (F(4,106)=0.832, p=0.508).

2.1.6 Intensity of calls—There was no significant interaction between genotype and time 

for simple call intensity (F(4,109)=1.330, p=0.264), jump call intensity (F(4,110)=0.808, 

p=0.523), cycle call intensity (F(4,106)=0.948, p=0.440), and complex call intensity 

(F(4,106)=1.212, p=0.311). Additionally, there was no main effect of genotype on jump call 

intensity (F(1,110)=1.677, p=0.198), cycle call intensity (F(1,106)=0.494, p=0.484), and 

complex call intensity (F(1,106)=0.055, p=0.816). There was no main effect of time for 

jump call intensity (F(4,110)=1.115, p=0.354), cycle call intensity (F(4,106)=0.363, 

p=0.835), and complex call intensity (F(4,106)=2.286, p=0.066).

However, simple call intensity did demonstrate a main effect of genotype (F(1,109)=4.649, 

p=0.033). Notably, Pink1−/− mice produced calls with a lower intensity (quieter) compared 

to the WT controls (Figure 3C). Also, there was a main effect of time regardless of genotype 

(F(4,109)=3.323, p=0.013; Figure 3D). Specifically, post-hoc comparisons revealed 

decreases between 2 and 5 mo (p=0.028), 2 and 6 mo (p=0.013), 4 and 5 mo (p=0.014), and 

4 and 6 mo (p=0.005).

2.2 Cylinder Test

Means and standard errors of the means are listed in Table 3.

2.2.1 Hindlimb steps—There was no significant interaction between genotype and time 

(F(3,143)=1.101, p=0.351). There was a main effect of genotype with Pink1−/− mice having 

fewer steps than WT controls. (F(1,143)=15.29, p<0.001, Figure 4A). Additionally, there 

was a main effect of time for all mice (F(3,143)=24.17, p<0.001, Figure 4B). Specifically, 

post-hoc comparisons revealed decreases between 3 and 4 mo (p<0.001), 3 and 5 mo 

(p<0.001), 3 and 6 mo (p<0.001) as well as 4 and 5 mo (p=0.020), 4 and 6 mo (p<0.001), 

and 5 and 6 mo (p=0.025). All mice, regardless of genotype, showed a decrease in the 

number of hindlimb steps with age and habituation; this has been previously reported in 

mice (Fleming et al., 2013) as well as the rat (Grant et al., 2015a; Kelm-Nelson et al., 2015).

2.2.2 Forelimb steps—There was no significant interaction between genotype and time 

(F(3,143)=0.837, p=0.476). There was a main effect of genotype with Pink1−/− mice having 

fewer forelimb steps than WT controls (F(1,143)=16.19, p<0.001, Figure 4C). For all mice, 

there was a main effect of time (F(3,143)=28.85, p<0.001, Figure 4D). Specifically, post-hoc 

comparisons revealed decreases between 3 and 4 mo (p<0.001), 3 and 5 mo (p<0.001), 3 and 

6 mo (p<0.001) as well as 4 and 5 mo (p=0.014), 4 and 6 mo (p<0.001), and 5 and 6 mo 

(p=0.016). In general, all mice showed a decrease in the number of total forelimb steps over 

time.
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2.2.3 Rears + lands—There was no significant interaction between genotype and time 

(F(3,143)=0.373, p=0.772). There was a main effect of genotype (F(1,143)=6.584, p=0.011, 

Figure 4E); Pink1 −/− mice had fewer rears + lands than WT controls. There was a main 

effect of time (F(3,143)=27.62, p<0.001, Figure 4F). Specifically, post-hoc comparisons 

revealed decreases between 3 and 4 mo (p<0.001), 3 and 5 mo (p<0.001), 3 and 6 mo 

(p<0.001), 4 and 6 mo (p<0.001), and 5 and 6 mo (p<0.001). In general, all mice showed a 

decrease in the number of rears + lands over time.

2.3 Pole Test

The performance of animals in pole test can be influenced by the animal body weight. Thus, 

we collected body weight at 5 mo of age and found that it was significantly different 

between genotypes, as stated above. Nevertheless, there were no significant relationships 

between body weight and pole test behavioral variables measured at this timepoint (p>0.05). 

Means and standard errors of the means are listed in Table 3.

2.3.1 Turn time—There was no significant interaction between genotype and time 

(F(4,163)=1.443, p=0.223). There was a main effect of genotype (F(1,163)=8.378, p=0.004, 

Figure 5A); Pink1−/− mice took longer to complete the task than WT controls. There was 

also a main effect of time (F(4,163)=8.782, p<0.001, Figure 5B). Specifically, post-hoc 

comparisons revealed differences between 2 and 6 mo (p<0.001), 3 and 6 mo (p=0.001), 4 

and 6 mo (p<0.001), and 5 and 6 mo (p<0.001). Mice took longer to complete the task at the 

6 months timepoint compared to all other timepoints.

2.3.2 Traverse time—There was no significant interaction between genotype and time 

(F(4,164)=1.150, p=0.335). There was a main effect of genotype (F(1,164)=13.72, p<0.001, 

Figure 5C); Pink1−/− mice took longer to complete the task than WT controls. There was 

also a main effect of time (F(4,164)=9.928, p<0.001, Figure 5D). Specifically, post-hoc 

comparisons revealed differences between 2 and 3 mo (p=0.043), 2 and 6 mo (p<0.001), 3 

and 5 mo (p=0.030), 3 and 6 mo (p=0.001), 4 and 6 mo (p<0.001), and 5 and 6 mo 

(p<0.001). Generally, mice took longer to complete the traversal of the pole at 6 months 

compared to all other timepoints.

2.4 Immunohistochemistry analysis

For immunohistochemical analysis at 6 mo, there were no significant differences between 

genotype (WT mean=3696.27 (SEM=415.072); Pink1 −/− mean=3969.01 (SEM=590.208); 

Table 4) and the number of TH positive cells in the substantia nigra (t(16)=0.38, p=0.36) 

(Figure 6A, B). Additionally, there were no differences between genotypes (WT 

mean=0.286 (SEM =0.0152); Pink1 −/− mean=0.275 (SEM=0.0182)) in TH optical density 

in the striatum (t(15)=0.44, p=0.33) (Figure 6C, D).

3. Discussion

To gain insight into the early pathogenesis of PD this study evaluated sensorimotor function 

including ultrasonic vocalizations, motor activity, and limb motor control, in the Pink1 −/− 

mouse model of PD compared to age-matched controls. We hypothesized that over time 
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Pink1 −/− mice would have progressive declines in vocal sensorimotor function, the 

measurable acoustic properties of their calls. These data show Pink1 −/− mice produced 

significantly more simple calls with reduced intensity as well as a larger percentage of cycle 

calls compared to WT counterparts. However, there were no significant differences in 

duration, bandwidth, or peak frequency for any of the ultrasonic call types between 

genotypes, meaning the deficits were modest. We also hypothesized that Pink1 −/− mice 

would have progressive declines in limb motor performance. Here, we show that Pink1 −/− 

mice have reduced hindlimb steps and rearing and landing in the cylinder test (overall 

activity) as well as significant increases in the time to turn and traverse during the pole test 

(locomotor skill) compared to control animals. Interestingly, these motor deficits occur in 

the absence of nigra cell loss or reductions in TH immunolabeling in the striatum suggesting 

that other mechanisms may be responsible for the observable declines in motor performance 

or that motor dysfunction may precede dopaminergic neurodegeneration. In general, the 

Pink1 −/− model may be a useful model in studying the onset of sensorimotor deficits, limb 

deficits, and nervous system pathology.

This study represents the first behavioral characterization of the B6.129S4-Pink1Tm1SHN/J 

Pink1 −/− mouse model of PD. Ultrasonic vocalizations are analogous to human 

vocalizations as the source is the larynx, they are produced on an egressive airflow, and they 

are communicative by nature (Arriaga et al., 2012; Brudzynski, 2013; Costantini and 

D’Amato F, 2006; Riede, 2011; Riede, 2013). The deficits in the Pink1 −/− mouse model are 

not as robust as previously reported models, but do show some similar trends. For example, 

within the Pink1 −/− rat model, the 6-OHDA rat model, and the alpha-synuclein 

overexpression (Thy1-aSyn) mouse model of PD, vocalization intensity is significantly 

reduced (Ciucci et al., 2009; Grant et al., 2014; Grant et al., 2015b). Here, we show that, 

with age, both the Pink1 −/− and the WT mice have a reduction in simple call intensity 

(“loudness”); however, the Pink1−/− model vocalization is significantly reduced compared 

to WT. These male vocalizations are generated in response to conspecific female interactions 

(Whitney and John, 1979). Thus, a decrease in call intensity may be a result of decreased 

sexual motivation, although other sexual behaviors (mounting, sniffing) did not appear to be 

decreased in this study (data not shown). Previous reports suggest anosmia in Pink1 −/− 

mice (Glasl et al., 2012), this important PD biomarker, in addition to characterizing 

motivation with specific assays, should be evaluated over time in this model.

Changes in the call repertoire (profile) over time could also represent the effect of 

experience, or a shift from anticipation to consumption of sexual reward/behavior (Berridge, 

2006). Overtime, all mice demonstrate increases in the total number of calls produced, the 

proportion of cycle calls, and complex call duration, but otherwise show no other 

differences. The call profile in the Pink1 −/− mouse is skewed, with Pink1 −/− mice showing 

an increase in simple calls at 4 months of age and then declines in simple calls at 6 months 

of age. While testing parameters remained similar over timepoints, we cannot rule out the 

effect of the experimenter or environmental conditions (i.e. female stimulus animals, stress). 

Moreover, in general, Pink1 −/− mice produce an increase in cycle calls compared to WT. 

The significance of the call repertoire in this strain of mouse is not known, however it is 

hypothesized that calls are used in specific social situations; future studies should evaluate 

pathology influence on specific call types.
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Similar to the 6-OHDA-rat neurotoxin model and the Thy1-aSyn mouse model, call profile 

and intensity appear to be most vulnerable to manipulation (Ciucci et al., 2007; Ciucci et al., 

2009; Grant et al., 2014). While we do not report nigrostriatal cell loss as a result of 

comparing stereological cell counts in the nigra and optical density in the striatum, previous 

studies do report a decrease in dopamine release and synaptic plasticity in the striatum 

(Kitada et al., 2007). Thus, disruption of dopaminergic synaptic transmission may have 

consequences on cranial sensorimotor performance without altering the number of 

dopaminergic neurons. Moreover, Gispert et al. demonstrated aging Pink1−/− mice show 

increased mitochondrial dysfunction, resulting in impaired neuronal activity, in the absence 

of overt neuronal death (Gispert et al., 2009). Consistent with these findings, there is a 

critical role for Pink1 in dopamine release, and this pathology may precede nigrostriatal 

depletion (Kitada et al., 2007). PD is not solely characterized based on basal ganglia 

dopamine depletion; multiple other pathologies in the periphery and within the central 

nervous system exist. In fact, animal models of alpha-synuclein aggregation, such as the 

Thy1-aSyn mouse, do not display nigral dopamine death, but do show motor deficits 

including vocal motor (Fernagut et al., 2007; Fleming et al., 2004; Grant et al., 2014) and are 

still considered useful models for specific research questions.

Pink1 −/− mice show significant decreases in hindlimb, forelimb, and overall motor activity 

in the cylinder test, suggesting that this is a translational model for the onset of limb deficits 

in PD. Furthermore, Pink1 −/− mice take significantly longer to turn and traverse the pole. In 

another knockout model and different background strain, after 1 year of age Pink1 −/− mice 

showed reductions in body weight and significant reduction of locomotor activity at 16 

months of age (the background strain is known for low motor activity) (Gispert et al., 2009). 

Kitada et al (2007) also reports no significant difference in the number of dopaminergic 

neurons or levels of striatal dopamine and receptors. However, they do report decreases in 

striatal dopamine release and propose that altered dopamine physiology may be a precursor 

to nigral degeneration, which may be responsible for the motor deficits reported here. 

Consistent with our previous studies, in general, all mice show a reduction in activity over 

time, usually corresponding with increases in body weight (Grant et al., 2015b; Kelm-

Nelson et al., 2015). Specifically, the pole test times to turn and traverse are sensitive to 

changes in weight which likely contributes to the increased times at 6 mo of age in both WT 

and Pink1 −/− mice. We did not co-vary for weight in this study because we did not find that 

the motor behavioral variables correlated to body weight.

In addition to impairing dopamine release, deletion of the Pink1 gene has significant 

implications on mitochondrial quality and function (Deng et al., 2008; Gómez-Sánchez et 

al., 2014; Kawajiri et al., 2011; Poole et al., 2008). Experiments suggest that loss of Pink1 
accelerates neurodegenerative phenotypes by impairing mitochondrial function and removal 

of misfolded proteins by autophagy (Gandhi et al., 2012). Manczak et al. reported numerous 

and complex changes in mitochondrial function and structure with aging (Manczak et al., 

2005); thus, it is possible that the variability within the Pink1−/− group is a result of 

dissimilar phenotypic expressions at the mitochondrial level of the same initial genotype. 

Additionally, a study that followed mitochondrial activity and structure after knocking out 

the Pink1 gene in mice found a rapid compensation within five days. It is possible the 

Pink1−/− mice have effective compensatory mechanisms for the genetic disruption of 
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mitochondrial activity, thereby explaining the mild-moderate (versus severe) deficits and 

high variability between genotypes and over time. Future studies should then evaluate 

whether these deficits can be rescued with pharmacological dopamine replacements, such as 

levodopa, or exercise. Additionally, evaluation of non-dopaminergic pathology including 

alpha synuclein aggregation and peripheral neuro-muscular pathology should be quantified 

in this model.

In general, characterization of rodent models of PD are key to elucidating disease 

mechanisms as well as developing effective interventions for parkinsonian deficits that will 

ultimately lead to optimized patient treatments. Animal models of PD more fully represent 

the widespread and progressive neurochemical and behavioral abnormalities seen in human 

idiopathic PD. Overall, our findings demonstrate the Pink1−/− mouse to be a promising 

model for aspects of sensorimotor behavior related to non-dopaminergic PD pathology. 

Future research will need to address behavioral variability among time points for more 

subtle deficits such as vocalization.

4. Experimental procedure

4.1 Animals and habituation

Animals (Pink1 −/− n=18, Strain: B6.129S4-Pink1Tm1SHN/J and WT n=18, Background 

Strain: C57BL/6J) (Kitada et al., 2007) were obtained from Jackson® Laboratories (Pink1 −/

−, stock #017946) at 6 weeks of age and housed as single-sex social groups (n=2 or 3 per 

group) in standard polycarbonate cages (17 centimeter [cm] × 28 cm × 12 cm) on a 12:12 

hour (hr) reverse light cycle. Testing occurred during the dark period in red light. All mice 

were handled and habituated to testing procedures (room, experimenters, and testing 

apparatus). General habituation occurred daily for 2 weeks prior to the first test timepoint. 

Additional habituation to testing procedures occurred daily for 3 consecutive days prior to 

each test timepoint. Female mice were used to elicit vocalization behavior from the males 

but were not included in any of the analyses. Body weights were measured at 5 months of 

age. All mice were euthanized at 6 months (mo) of age (see below). Procedures were 

approved by the University of Wisconsin-Madison Animal Care and Use Committee 

(IACUC-Protocol M02646) and were conducted in accordance with the United States Public 

Health Service Guide for the Care and Use of Laboratory Animals (National Institutes of 

Health, Bethesda, MA) (2011).

4.2 Behavioral tests

4.2.1 Ultrasonic vocalization—Ultrasonic vocalizations were recorded for all mice at 2, 

3, 4, 5, and 6 mo of age. To elicit ultrasonic vocalizations, each male mouse was individually 

placed in his home cage and introduced to a sexually receptive conspecific WT female. The 

female was removed as soon as the male showed typical socio-sexual behaviors (e.g. 

sniffing, chasing). An ultrasonic microphone (CM16, Avisoft, Germany) with a 16-bit depth 

and a sampling rate of 250-kilohertz (kHz), flat frequency response of up to 150-kHz, and a 

working frequency response range of 10–180-kHz was attached to a panel 20 cm above the 

male’s home cage. The male-only vocalization recording started immediately after the 

female was removed from the testing cage and continued for 60 seconds (sec).
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Offline acoustic analysis was performed with a customized automated program SASLab Pro 

(Avisoft, Germany). The WAV files were analyzed with Avisoft-generated spectrograms 

using a Fast Fourier Transform (FFT) of 512 points, frame size of 100%, flat top window, 

and temporal resolution set to display 75% overlap. A high pass filter was used to eliminate 

noise below 25 kHz. Calls were slowed down in order for an experienced rater, masked to 

experimental conditions, to categorize each call.

There are 12 call types, which fall into 4 general call categories (Figure 1A–D). These 

categories were defined in terms of complexity: simple, jump, cycle, and complex, similar to 

(Grant et al., 2014; Portfors, 2007). The following variables were measured within each call 

type and averaged for each animal: bandwidth (hertz, Hz), peak frequency (kHz), intensity 

(decibels, dB), and duration (milliseconds, ms).

4.2.2 Cylinder test—All mice underwent this test at 3, 4, 5, and 6 mo of age. Spontaneous 

motor activity was measured for 120 sec in a transparent cylinder similar to Fleming et al. 
(2004) (31 cm height × 19 cm diameter). Recordings (HDR-CS210; Sony, New York, NY, 

100 frames/sec) were viewed in slow motion by a rater, masked to genotype, using Windows 

Media Player (Microsoft Windows). The following dependent variables were measured: total 

number of forelimb steps, total number of hindlimb steps, total number of rears, and total 

number of lands.

4.2.3 Pole test—All mice were tested at 2, 3, 4, 5, and 6 mo of age and recorded at 100 

frames/sec (HDR-CX210; Sony, New York, NY). Each mouse was placed at the top of a 

vertical pole (10 millimeter [mm] diameter, 480 mm length), head positioned upwards, and 

then allowed to turn and climb down the pole to enter the homecage (adapted from 

(Matsuura et al., 1997; Ogawa et al., 1985)). Each mouse performed 5 trials and the 

following variables were averaged across all trials: time to orient towards the bottom of the 

pole (sec) and time to traverse the pole from the top to the homecage (sec). Video recordings 

were analyzed with Adobe Photoshop CC (Adobe Systems Inc., San Jose, CA) by a rater 

masked to genotype.

4.3 Tissue extraction and immunohistochemistry

Twenty-four hours after testing at 6 mo of age, all mice were euthanized. Briefly, mice were 

deeply anesthetized with 5% isoflurane, transcardially perfused with 200 milliliters (ml) of 

cold saline followed by 500 ml of cold 4% paraformaldehyde in 1% phosphate buffered 

saline (PBS). Fixed brains were excised, post-fixed for 24 hr in 4% paraformaldehyde at 

4 °C, cryoprotected in 0.02% sodium azide in 0.1M PBS solution, and flash frozen in 

isopentane. Brains were mounted on a freezing microtome and 40 micron (μm) coronal 

sections were harvested throughout the cortex and brainstem. Free-floating sections were 

stored in cryoprotectant at −20 °C until they were stained for immunoreactivity over every 

5th section. Anatomically equivalent sections were used from each animal.

Tissue sections were stained for tyrosine hydroxylase (TH) immunoreactivity in a single 

batch to minimize differences in batch variability. Antibody specificity for TH was verified 

by omitting the primary step. Briefly, tissue sections were rinsed in 0.01M phosphate 

buffered saline (PBS, pH=7.4) with 0.3% Triton X-100 (PBS-T; Tx-100 #21568-2500, 
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Acros®, NJ) for 34 minutes (min), incubated in 0.5% H202 for 10 min, rinsed for 34 min, 

blocked in 20% normal goat serum (NGS, Equitech-Bio Inc, Kerrville, TX) made in PBS-T 

with 2% Bovine Serum Albumin (BSA, Fisher Scientific #BP1600-100) solution for 1 hour 

(hr), and then agitated and incubated overnight (24 hr) in 1% NGS (made in PBS-T with 2% 

BSA) primary solution at 4° C (polyclonal rabbit anti-TH at 1:2000 (AB152, Millipore, 

Billerica, MA)). Sections were then rinsed in PBS-T for 34 min and incubated in conjugated 

biotinylated secondary solution for 3 hrs at room temperature (goat anti-rabbit IgG at 1:500; 

Millipore LV1602347). Sections were then rinsed in PBS-T for 34 min, incubated in avidin-

biotin solution (Vectastain Elite ABC, Vector Laboratories) for 1 hr, rinsed in 0.1M PBS for 

30 min, and the avidin–biotin complex was labeled using filtered 3,3-diaminobenzidine 

(DAB Easy Tablets, 10mg/tablet; 0.04%, Acros®, New Jersey) with 0.01% hydrogen 

peroxide solution. Tissue was rinsed for 25 min in 0.01M PBS, float mounted onto gelatin-

coated slides, dried overnight, dehydrated in a graded series of alcohols and xylenes, and 

cover slipped (Fisherbrand® Microscope Cover Glass, 12-545-M, 24X60-1) using 

Cytoseal® 60 (Thermo Scientific Richard-Allan Scientific, 23-244256) mounting medium.

4.4 Stereology and quantification

Cell bodies positively stained for TH were counted using Stereo Investigator® (MBF 

Bioscience, Williston, VT) and the Optical Fractionator Probe, while working on an 

Olympus BX53 microscope fitted with a QImaging Retiga 1300c monochrome camera, a 

Prior XYZ Proscan III motorized stage kit, and a plasma screen monitor. This 

methodological combination allowed for unbiased nigrostriatal cell count estimation in 

every 5th tissue section throughout the substantia nigra pars compacta (SNpc) of each mouse 

brain (Bregma −2.69 to −4.03 mm). Modified from stereological methods described 

previously (West et al., 1991), cell body counts for each of the 3–5 brain slices per animal 

(Pink1 −/− n=9, WT n=9) consisted of: using a 4x magnification lens to outline the SNpc 

based on a stereotaxic atlas of the mouse brain (Paxinos and Franklin, 2001), randomly 

sampling the outlined regions of the 19–22 μm-thick slice using a counting grid of optical 

dissectors (each being 100 μm × 100 μm) at 40x magnification, counting cell bodies if the 

top of the leading edge came into focus within the inclusion lines of the dissector (nucleoli 

weren’t visible at this level of magnification), exempting the 2 μm guard zones above and 

below the tissue from estimation, and finally, sampling 100% of the total outlined area per 

tissue section due to the low number of sections available per mouse. The cell counts were 

then averaged for individual data and then combined to create an average for each genotype.

Optical density measurements of TH-positive neurons in the striatum were taken every 5th 

tissue section (Bregma 1.33 to −0.11 mm) using Olympus cellSens Dimension software 

(version 1.15) with a Dual CCD DP80 color/monochrome camera (Olympus), and the freely 

available open-source imaging and analysis software, ImageJ (US National Institutes of 

Health, Bethesda, MD). Between 3 and 5 slices per animal (Pink1 −/− n=9, WT n=8) were 

imaged at 10x magnification in cellSens Dimension to ensure similar focus between 

hemispheres, if the focus was markedly different they were imaged separately. Following 

this, ImageJ was used to trace around the striatum in individual hemispheres to omit 

irrelevant data. The pixels in the images were calibrated on a provided gray scale (ImageJ), 

the images were converted from RGB color to 8-bit, and optical density was measured as a 
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level of mean gray value. The optical density measures were then averaged for individual 

data and then combined to create an average for each genotype.

4.5 Statistics

All statistical analyses were performed in SigmaPlot ® 12.5 System (Systat Software, Inc., 

San Jose, CA). Variables were rank transformed if data failed to conform to assumptions for 

Analysis of Variance (ANOVA) as determined by statistical models for normality (Shapiro-

Wilk test) and equal variance (Levene’s test). For behavior data, a mixed-model repeated 

measures 2×5 ANOVA for the independent variables (genotype [2 levels: WT and Pink1−/−] 

and time points [5 levels: 2, 3, 4, 5, and 6 mo]) was used with Fisher’s Least Significance 

Difference test for post-hoc analyses. Due to the exploratory nature of the experiments and 

the associated risks of statistical type II error, no corrections were made for multiple 

comparisons. For tissue analyses, independent Students’ t-tests were used to compare optical 

density and stereological cell counts between genotypes. The critical level for significance 

was set at 0.05 for all testing.

For reliability purposes, 10% of the behavioral files were randomly sampled and re-

analyzed. Inter- and intra-rater reliability was calculated using an intra-class correlation 

coefficient (ICC); a correlation coefficient of 0.9 or greater was considered reliable.
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Research Highlights

• Pink1 −/− mice exhibit variations in simple call production and intensity

• Pink1 −/− mice demonstrate reduced gross motor activity

• Pink1 −/− mice show a slower locomotor activity time

• Pink1 −/− mice do not have nigrostriatal dopamine loss at 6 months of age
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Figure 1. Mouse ultrasonic vocalizations
Overview of the 4 call categories and 10 within-call types: (A) Simple (constant, upsweep, 

downsweep); (B) Complex (harmonic, multiple); (C) Cycle (half, full, two); (D) Jump 

(down, up). Vocalization spectrograms are representative of a 6-month wild type (WT) 

mouse. Spectrogram X-axis is time (seconds (sec)); Y-axis is frequency (kilohertz (kHz)). A 

high pass filter was used to eliminate noise below 25kHz. Relative intensity (“loudness”) is 

measured in decibels (dB) and encoded by darkness of the signal; louder is darker.
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Figure 2. Call rate and composition
(A) The number of calls produced during the data collection timepoints (corresponding to 

age of the animals; 2–6 months; main effect of age). (B) The distribution (%) of each call 

type for wild type (WT) and Pink1 −/− mice. Displaced segment corresponds to significant 

difference between genotypes. (C) The average (+/− SEM) percent simple calls at each 

testing timepoint. White bar is WT, gray bar is Pink1 −/−. Asterisks represents statistical 

significance between genotypes (* p<0.05; ** p<0.01, ***p<0.001). (D) The percentage of 

the call profile that were cycle calls. Data reflects significant difference between WT and 

Pink1 −/− mice, collapsed across timepoints (main effect of time). For box plot, the 

boundary of the box closest to zero indicates the 25th percentile. The line within the box 

marks the median and the boundary of the box farthest from zero indicates the 75th 

percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th 

percentiles. Outlying points are indicated by open circles.
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Figure 3. Duration and intensity
(A) The cycle call duration (sec) and (B) complex call duration (sec) at each data collection 

timepoint (corresponding to age of the animals; 2–6 months; main effect of time). (C) The 

simple call intensity (dB) between genotypes with representative call spectrogram 

(frequency (kHz) on the Y-axis, time (sec) on the X-axis) for wild type (WT) and Pink1 −/− 

mice at 6 months of age (main effect of genotype). (D) The simple call intensity (dB) across 

data collection timepoints for all animals (main effect of time). The boundary of the box 

closest to zero indicates the 25th percentile. The line within the box marks the median and 

the boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error 

bars) above and below the box indicate the 90th and 10th percentiles. Outlying points are 

indicated by open circles. Asterisks represents statistical significance between genotypes (* 

p<0.05; ** p<0.01, ***p<0.001). Bars indicate significance between timepoints with 

asterisks showing levels of significance (* p<0.05; ** p<0.01, ***p<0.001).
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Figure 4. Cylinder locomotor activity test
The number of hindlimb steps in the cylinder (A) between genotypes and (B) across data 

collection timepoints (corresponding to age of the animals; 2–6 months; main effect of 

time). The number of forelimb steps (C) between genotypes and (D) across timepoints. The 

number of rears + lands; main effect between (E) genotypes and main effect (F) across 

timepoints. X-axis is testing the genotype or timepoint/animal age (mo); Y-axis is number of 

steps. The boundary of the box closest to zero indicates the 25th percentile. The line within 

the box marks the median and the boundary of the box farthest from zero indicates the 75th 

percentile. Whiskers (error bars) above and below the box indicate the 90th and 10th 

percentiles. Outlying points are indicated by open circles. Asterisks represents statistical 
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significance between genotypes (* p<0.05; ** p<0.01, ***p<0.001). Bars indicate 

significance between timepoints with asterisks showing levels of significance (* p<0.05; ** 

p<0.01, ***p<0.001).
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Figure 5. Pole locomotion test
The time (sec) taken to turn at the top of the pole for (A) genotypes main effect (wild type 

(WT) vs. Pink1 −/−) and (B) main effect of time (corresponding to age of the animals; 2–6 

months). The time (sec) required to traverse the pole into respective mouse homecage for 

(C) main effect of genotype and (D) main effect of timepoint. X-axis is testing the genotype 

or timepoint/animal age (mo); Y-axis is time (sec). The boundary of the box closest to zero 

indicates the 25th percentile. The line within the box marks the median and the boundary of 

the box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and 

below the box indicate the 90th and 10th percentiles. Outlying points are indicated by open 

circles. Asterisks represents statistical significance between genotypes (* p<0.05; ** p<0.01, 

***p<0.001). Bars indicate significance between timepoints with asterisks showing levels of 

significance (* p<0.05; ** p<0.01, ***p<0.001).
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Figure 6. Tyrosine hydroxylase immunohistochemistry
At 8 months of age, (A) stereological cell counts in the substantia nigra of wild type (WT) 

vs Pink1 −/− mice. The boundary of the box closest to zero indicates the 25th percentile. The 

line within the box marks the median and the boundary of the box farthest from zero 

indicates the 75th percentile. Whiskers (error bars) above and below the box indicate the 90th 

and 10th percentiles. (B) Representative photomicrographs taken at 10x magnification (833.3 

us exposure time with white balance) of a WT and a Pink1 −/− mouse. Substantia nigra 

quantification where the 3rd cranial nerve is visible; approximate coordinates are Bregma 

−3.51 millimeter (mm), Interaural 0.28 mm. Scale bar is 100 μm. (C) Optical density in the 

striatum of WT and Pink1 −/− mice. (D) Representative photomicrographs for each 

genotype at 4x magnification (555.5 us exposure time with white balance); approximate 
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coordinates are Bregma 0.61 mm, Interaural 4.4 mm. Scale bar is 200 μm. “n.s” is non-

significant.
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Table 1
Inter- and intra-rater reliability

10% of the behavioral files were randomly selected and re-analyzed, user data was analyzed using an intra-

class correlation coefficient.

Behavioral Assay Inter-reliability Intra-reliability

USV Call Category 0.95 0.98

USV Bandwidth 0.91 0.93

USV Intensity 0.94 0.97

USV Duration 0.93 0.96

USV Peak Frequency 0.91 0.95

Cylinder Test 0.90 0.97

Adhesive Test n/a 0.95

Pole Test n/a 0.95

Brain Res. Author manuscript; available in PMC 2019 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kelm-Nelson et al. Page 26

Ta
b

le
 2

U
lt

ra
so

ni
c 

vo
ca

liz
at

io
n 

m
ea

ns
 (

st
an

da
rd

 e
rr

or
 o

f 
th

e 
m

ea
n)

A
bb

re
vi

at
io

ns
: m

o=
m

on
th

; W
T

=
w

ild
ty

pe
; s

ec
 =

 s
ec

on
ds

; k
H

z 
=

 k
ilo

he
rt

z;
 d

B
 =

 d
ec

ib
el

A
co

us
ti

c
V

ar
ia

bl
e

Te
st

in
g 

T
im

ep
oi

nt
 (

ag
e 

of
 a

ni
m

al
s)

2 
m

o
3 

m
o

4 
m

o
5 

m
o

6 
m

o

W
T

P
in

k1
 −

/−
W

T
P

in
k1

 −
/−

W
T

P
in

k1
 −

/−
W

T
P

in
k1

 −
/−

W
T

P
in

k1
 −

/−

N
um

be
r 

of
 c

al
ls

61
.7

2 
(2

5.
64

)
58

.9
4 

(2
5.

64
)

12
2.

22
 (

25
.6

4)
11

0.
33

 (
25

.6
4)

11
8.

00
 (

25
.6

4)
65

.7
2 

(2
5.

64
)

17
6.

10
 (

34
.4

0)
14

4.
17

 (
31

.4
1)

12
5.

75
 (

27
.2

0)
95

.4
3 

(2
9.

08
)

C
al

l r
at

e 
(#

/m
in

)
1.

03
 (

0.
43

)
0.

98
 (

0.
43

)
2.

04
 (

0.
3)

1.
84

 (
0.

43
)

1.
97

 (
0.

43
)

1.
10

 (
0.

43
)

1.
63

 (
0.

43
)

1.
60

 (
0.

43
)

2.
10

 (
0.

46
)

1.
48

 (
0.

47
)

%
 s

im
pl

e 
ca

lls
0.

36
 (

0.
05

8)
0.

35
 (

0.
06

)
0.

37
 (

0.
04

)
0.

31
 (

0.
05

)
0.

25
 (

0.
05

)
0.

42
 (

0.
05

)
0.

27
 (

0.
05

)
0.

31
 (

0.
05

)
0.

38
 (

0.
04

)
0.

26
 (

0.
04

)

%
 ju

m
p 

ca
lls

0.
26

 (
0.

04
)

0.
27

 (
0.

04
)

0.
27

 (
0.

03
)

0.
25

 (
0.

04
)

0.
23

 (
0.

03
)

0.
24

 (
0.

04
)

0.
29

 (
0.

04
)

0.
22

 (
0.

03
)

0.
27

 (
0.

03
)

0.
26

 (
0.

03
)

%
 c

yc
le

 c
al

ls
0.

09
3 

(0
.0

2)
0.

15
 (

0.
02

)
0.

08
4 

(0
.0

2)
0.

08
8 

(0
.0

2)
0.

07
9 

(0
.0

2)
0.

08
4 

(0
.0

2)
0.

08
2 

(0
.0

2)
0.

11
 (

0.
02

)
0.

06
9 

(0
.0

1)
0.

10
 (

0.
01

)

%
 c

om
pl

ex
 c

al
ls

0.
29

 (
0.

06
2)

0.
23

 (
0.

06
)

0.
28

 (
0.

05
)

0.
35

 (
0.

05
)

0.
43

 (
0.

05
)

0.
33

 (
0.

05
)

0.
36

 (
0.

05
)

0.
36

 (
0.

05
)

0.
28

 (
0.

04
)

0.
37

 (
0.

04
)

A
ve

ra
ge

 d
ur

at
io

n 
(s

im
pl

e)
 (

se
c)

0.
01

8 
(0

.0
02

)
0.

01
8 

(0
.0

02
)

0.
01

9 
(0

.0
02

)
0.

01
9 

(0
.0

02
)

0.
02

1 
(0

.0
02

)
0.

01
8 

(0
.0

02
)

0.
02

2 
(0

.0
02

)
0.

02
2 

(0
.0

02
)

0.
02

0 
(0

.0
01

)
0.

02
4 

(0
.0

02
)

A
ve

ra
ge

 d
ur

at
io

n 
(j

um
p)

 (
se

c)
0.

02
6 

(0
.0

06
5)

0.
02

7 
(0

.0
06

)
0.

02
7 

(0
.0

05
)

0.
02

7 
(0

.0
05

)
0.

02
8 

(0
.0

05
)

0.
02

8 
(0

.0
06

)
0.

03
2 

(0
.0

05
)

0.
04

9 
(0

.0
05

)
0.

03
2 

(0
.0

04
)

0.
02

9 
(0

.0
05

)

A
ve

ra
ge

 d
ur

at
io

n 
(c

yc
le

) 
(s

ec
)

0.
02

6 
(0

.0
08

3)
0.

03
2 

(0
.0

08
)

0.
02

9 
(0

.0
06

)
0.

04
2 

(0
.0

07
)

0.
03

9 
(0

.0
07

)
0.

04
1 

(0
.0

08
)

0.
05

4 
(0

.0
07

)
0.

06
0 

(0
.0

06
)

0.
05

0 
(0

.0
05

)
0.

05
1 

(0
.0

06
)

A
ve

ra
ge

 d
ur

at
io

n 
(c

om
pl

ex
) 

(s
ec

)
0.

03
7 

(0
.0

06
9)

0.
04

7 
(0

.0
06

)
0.

04
8 

(0
.0

05
)

0.
05

5 
(0

.0
06

)
0.

05
4 

(0
.0

05
)

0.
05

1 
(0

.0
07

)
0.

07
4 

(0
.0

06
)

0.
07

6 
(0

.0
06

)
0.

06
0 

(0
.0

05
)

0.
07

0 
(0

.0
05

)

A
ve

ra
ge

 b
an

dw
id

th
 (

si
m

pl
e)

 
(k

H
z)

12
63

8.
63

 (
22

65
.6

2)
12

25
5.

63
 (

21
19

.3
0)

13
65

9.
63

 (
16

62
.5

1)
14

31
7.

23
 (

18
95

.5
6)

15
26

7.
47

 (
17

30
.4

0)
14

17
2.

81
 (

19
98

.0
9)

11
90

9.
23

 (
18

95
.5

6)
14

90
1.

55
 (

18
07

.3
4)

14
31

2.
75

 (
14

98
.5

7)
15

63
3.

99
 (

16
02

.0
4)

A
ve

ra
ge

 b
an

dw
id

th
 (

ju
m

p)
 (

kH
z)

25
05

6.
74

 (
19

27
.0

52
)

25
02

2.
99

 (
18

02
.5

9)
25

12
4.

42
 (

14
14

.0
7)

25
07

1.
24

 (
16

12
.2

9)
24

81
7.

78
 (

14
71

.8
1)

23
57

4.
62

 (
16

99
.5

0)
21

42
1.

56
 (

16
12

.2
9)

26
63

1.
47

 (
14

71
.8

1)
24

47
0.

67
 (

12
74

.6
3

23
88

3.
80

 (
13

62
.6

3

A
ve

ra
ge

 b
an

dw
id

th
 (

cy
cl

e)
 (

kH
z)

15
70

7.
91

 (
25

89
.8

5)
17

34
6.

56
 (

24
22

.5
8)

13
58

9.
83

 (
19

00
.4

3)
21

05
6.

76
 (

22
84

.0
3)

17
49

4.
71

 (
20

65
.9

9)
18

87
3.

00
3 

(2
42

2.
58

)
18

87
8.

71
 (

21
66

.8
2)

18
66

9.
51

 (
19

78
.0

3)
20

39
6.

09
2 

(1
71

3.
02

)
21

77
7.

63
 (

19
00

.4
5)

A
ve

ra
ge

 b
an

dw
id

th
 (

co
m

pl
ex

) 
(k

H
z)

34
69

6.
15

 (
29

01
.3

0)
37

50
4.

50
 (

27
13

.9
6)

36
84

2.
94

 (
21

28
.9

7)
38

97
7.

72
 (

24
27

.4
0)

42
08

6.
87

 (
22

15
.9

0)
41

18
8.

56
 (

27
13

.9
2)

42
24

3.
82

 (
24

27
.4

0)
42

14
9.

85
 (

23
14

.4
3)

38
92

6.
20

 (
20

51
.5

3)
39

92
5.

72
 (

20
51

.5
3)

A
ve

ra
ge

 p
ea

k 
fr

eq
ue

nc
y 

(s
im

pl
e)

 
(k

H
z)

79
63

2.
70

 (
18

70
.0

7
78

44
3.

97
 (

17
49

.3
0)

78
61

0.
26

 (
13

72
.2

5)
81

45
8.

13
 (

15
64

.6
1)

80
34

8.
12

 (
14

28
.2

9)
79

38
7.

15
 (

16
49

.2
5)

79
32

4.
46

 (
15

64
.6

1)
81

27
2.

85
 (

14
91

.8
0)

77
40

1.
23

 (
12

36
.9

3)
81

45
7.

50
 (

13
22

.3
4)

A
ve

ra
ge

 p
ea

k 
fr

eq
ue

nc
y 

(j
um

p)
 

(k
H

z)
78

36
5.

82
 (

33
52

.5
03

)
76

60
0.

00
 (

31
35

.9
8)

78
19

0.
91

 (
24

60
.0

7)
78

86
6.

47
 (

28
04

.9
1)

80
29

3.
14

 (
25

60
.5

2)
77

25
9.

55
 (

29
56

.6
3)

67
47

4.
19

 (
28

04
.9

1)
77

84
5.

89
 (

25
60

.5
2)

77
00

5.
71

 (
22

17
.4

7)
78

44
3.

31
 (

23
70

.5
8)

A
ve

ra
ge

 p
ea

k 
fr

eq
ue

nc
y 

(c
yc

le
) 

(k
H

z)
79

48
4.

81
 (

36
08

.7
4)

80
71

1.
47

 (
33

75
.6

7)
79

80
6.

59
 (

26
48

.0
9)

79
17

8.
95

 (
31

82
.6

1)
77

29
8.

52
 (

28
78

.7
8)

76
43

9.
30

 (
33

75
.6

7)
75

17
3.

56
 (

30
19

.2
0)

69
83

6.
56

 (
27

56
.2

2)
76

12
7.

49
 (

23
86

.9
6)

74
86

9.
44

 (
26

48
.0

91
)

A
ve

ra
ge

 p
ea

k 
fr

eq
ue

nc
y 

(c
om

pl
ex

) 
(k

H
z)

77
47

3.
48

 (
16

10
.6

7)
78

06
4.

83
 (

15
06

.6
5)

75
72

3.
88

 (
11

81
.9

1)
76

39
8.

82
 (

13
47

.5
9)

76
56

1.
66

 (
12

30
.1

7)
77

08
3.

21
 (

15
06

.6
5)

74
50

3.
70

 (
13

47
.5

9)
76

77
6.

09
 (

12
84

.8
7)

74
99

1.
63

 (
11

38
.9

2)
76

24
7.

81
 (

11
38

.9
2)

A
ve

ra
ge

 in
te

ns
ity

 (
si

m
pl

e)
 (

dB
)

−
53

.4
0 

(1
.0

5)
−

53
.7

5 
(0

.9
9)

−
54

.0
3 

(0
.7

7)
−

55
.2

2 
(0

.8
8)

−
51

.7
1 

(0
.8

1)
−

55
.3

1 
(0

.9
3)

−
55

.7
0 

(0
.8

8)
−

55
.6

5 
(0

.8
4)

−
55

.3
9 

(0
.7

0)
−

56
.2

1 
(0

.7
5)

A
ve

ra
ge

 in
te

ns
ity

 (
ju

m
p)

 (
dB

)
−

50
.4

0 
(2

.5
6)

−
48

.9
5 

(2
.3

9)
−

50
.2

7 
(1

.8
8)

−
50

.6
8 

(2
.1

4)
−

48
.4

1 
(1

.9
5)

−
51

.4
5 

(2
.2

5)
−

46
.1

6 
(2

.1
4)

−
51

.8
5 

(1
.9

5)
−

52
.2

2 
(1

.6
9)

−
53

.0
9 

(1
.8

1)

Brain Res. Author manuscript; available in PMC 2019 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kelm-Nelson et al. Page 27

A
co

us
ti

c
V

ar
ia

bl
e

Te
st

in
g 

T
im

ep
oi

nt
 (

ag
e 

of
 a

ni
m

al
s)

2 
m

o
3 

m
o

4 
m

o
5 

m
o

6 
m

o

W
T

P
in

k1
 −

/−
W

T
P

in
k1

 −
/−

W
T

P
in

k1
 −

/−
W

T
P

in
k1

 −
/−

W
T

P
in

k1
 −

/−

A
ve

ra
ge

 in
te

ns
ity

 (
cy

cl
e)

 (
dB

)
−

51
.8

0 
(2

.5
5)

−
50

.2
2 

(2
.3

8)
−

52
.8

2 
(1

.8
7)

−
49

.6
1 

(2
.2

5)
−

47
.8

5 
(2

.0
3)

−
51

.9
6 

(2
.3

8)
−

52
.3

6 
(2

.1
3)

−
49

.2
6 

(1
.9

5)
−

52
.7

1 
(1

.6
9)

−
51

.7
7 

(1
.8

7)

A
ve

ra
ge

 in
te

ns
ity

 (
co

m
pl

ex
) 

(d
B

)
−

49
.6

1 
(1

.5
5)

−
47

.3
9 

(1
.4

5)
−

49
.1

7 
(1

.1
4)

−
48

.1
1 

(1
.3

0)
−

45
.2

2 
(1

.1
8)

−
48

.2
7 

(1
.4

5)
−

48
.4

8 
(1

.3
0)

−
50

.0
3 

(1
.2

4)
−

50
.5

2 
(1

.0
95

)
−

50
.1

6 
(1

.0
10

)

Brain Res. Author manuscript; available in PMC 2019 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kelm-Nelson et al. Page 28

Ta
b

le
 3

A
ve

ra
ge

 m
ot

or
 b

eh
av

io
ra

l v
ar

ia
bl

es
 (

st
an

da
rd

 e
rr

or
 o

f 
th

e 
m

ea
n)

.

M
ot

or
 B

eh
av

io
ra

l V
ar

ia
bl

e
Te

st
in

g 
T

im
ep

oi
nt

 (
ag

e 
of

 a
ni

m
al

s)

2m
o

3m
o

4m
o

5m
o

6m
o

W
T

P
in

k1
 −

/−
W

T
P

in
k1

 −
/−

W
T

P
in

k1
 −

/−
W

T
P

in
k1

 −
/−

W
T

P
in

k1
 −

/−

H
in

dl
im

b 
St

ep
s

n/
a

n/
a

10
6.

84
 (

5.
15

)
91

.0
6 

(5
.2

9)
85

.7
2 

(5
.3

0)
75

.8
3 

(5
.2

9)
80

.8
8 

(5
.4

5)
55

.5
6 

(5
.2

9)
59

.9
4 

(5
.2

9)
52

.3
9 

(5
.2

9)

Fo
re

lim
b 

St
ep

s
n/

a
n/

a
12

8.
11

 (
5.

58
)

10
2.

83
 (

5.
73

)
99

.0
6 

(5
.7

3)
87

.6
7 

(5
.7

3)
88

.5
9 

(5
.9

0)
69

.2
8 

(5
.7

3)
69

.4
4 

(5
.7

3)
60

.1
7 

(5
.7

3)

R
ea

rs
 +

 L
an

ds
n/

a
n/

a
57

.7
4 

(3
.1

0)
53

.9
4 

(3
.1

8)
40

.8
9 

(3
.1

8)
37

.8
3 

(3
.1

8)
43

.5
3 

(3
.2

7)
34

.9
4 

(3
.1

8)
31

.1
1 

(3
.1

8)
23

.4
4 

(3
.1

8)

A
ve

ra
ge

 T
ur

n 
T

im
e

3.
30

 (
0.

60
)

3.
83

 (
0.

60
)

3.
25

 (
0.

47
)

3.
10

 (
0.

60
)

2.
24

 (
0.

47
)

2.
89

 (
0.

48
)

2.
74

 (
0.

47
)

2.
51

 (
0.

47
)

2.
60

 (
0.

47
)

3.
31

 (
0.

47
)

A
ve

ra
ge

 T
ra

ve
rs

e 
T

im
e

6.
26

 (
4.

23
)

7.
82

 (
4.

23
)

7.
51

 (
3.

30
)

6.
87

 (
3.

40
)

5.
66

 (
3.

3)
7.

32
 (

3.
30

)
6.

77
 (

3.
30

)
6.

31
 (

3.
30

)
25

.8
1 

(3
.3

0)
21

.8
5 

(3
.3

)

Brain Res. Author manuscript; available in PMC 2019 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kelm-Nelson et al. Page 29

Table 4

Average TH immunohistochemistry measures (standard error of the mean) at 8 months of age.

Genotype Substantia Nigra Cell Count Striatum Optical Density

WT 3696.27 (415.072) 0.286 (0.015)

Pink1−/− 3969.01 (590.21) 0.275 (0.018)
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