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Abstract

Vocal deficits and anxiety are common, co-occurring, and interacting signs of Parkinson 

Disease (PD) that have a devastating impact on quality of life. Both manifest early in the 

disease process. Unlike hallmark motor signs of PD, neither respond adequately to dopamine 

replacement therapies, suggesting that their disease-specific mechanisms are at least partially 

extra-dopaminergic. Because noradrenergic dysfunction is also a defining feature of PD, especially 

early in the disease progression, drug therapies targeting norepinephrine are being trialed 

for treatment of motor and non-motor impairments in PD. Research assessing the effects of 

noradrenergic manipulation on anxiety and vocal impairment in PD, however, is sparse. In this 

pre-clinical study, we quantified the influence of pharmacologic manipulation of norepinephrine 

on vocal impairment and anxiety in Pink1−/− rats, a translational model of PD that demonstrates 

both vocal deficits and anxiety. Ultrasonic vocalization acoustics, anxiety behavior, and limb 

motor activity were tested twice for each rat: after injection of saline and after one of three 

drugs. We hypothesized that norepinephrine reuptake inhibitors (atomoxetine and reboxetine) and 

a β receptor antagonist (propranolol) would decrease vocal impairment and anxiety compared to 

saline, without affecting spontaneous motor activity. Our results demonstrated that atomoxetine 

and reboxetine decreased anxiety behavior.

Atomoxetine also modulated ultrasonic vocalization acoustics, including an increase in vocal 

intensity, which is almost always reduced in animal models and patients with PD. Propranolol did 
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not affect anxiety or vocalization. Drug condition did not influence spontaneous motor activity. 

These studies demonstrate relationships among vocal impairment, anxiety, and noradrenergic 

systems in the Pink1−/− rat model of PD.
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1.1: Introduction

Deficits in vocal communication and anxiety are common signs of Parkinson Disease (PD) 

that share a disease-specific timeline, influence one another, and are poorly understood 

and chronically undertreated. The locus coeruleus-noradrenergic system strongly influences 

both anxiety and vocal communication. Because noradrenergic dysfunction is central 

to parkinsonian neural pathology, simultaneous exploration of noradrenergic dysfunction 

relative to both vocal deficits and anxiety may lead to more-nuanced understanding of the 

disease-specific neural mechanisms that drive these impairments.

In addition to experiencing hallmark motor signs of bradykinesia, tremor, and postural 

instability, vocal communication impairment is present in up to 90% of individuals with 

PD [1–7], and up to 55% are diagnosed with anxiety [8,9]. These two common, “non-

hallmark” signs of PD are distinct from hallmark motor signs in that they occur early in 

the disease process, often prior to the onset of classical motor deficits such as tremor and 

bradykinesia [8,10–15]. In further contrast to classical motor deficits, vocal impairment and 

anxiety have limited responses to standard pharmacologic interventions, such as levodopa, 

suggesting that their disease-specific mechanisms are at least partially extra-dopaminergic 

[16–21]. Additionally, behavioral interventions such as Lee-Silverman Voice Treatment 

(LSVT LOUD®), and cognitive-behavioral therapy for anxiety, result in incomplete and 

transient improvements [16,22–24]. Unfortunately neurosurgical interventions, such as deep 

brain stimulation, also have a limited effect, and can even exacerbate vocal impairment 

and anxiety [25,26]. As a consequence, vocal impairment and anxiety in PD remain 

undertreated.

Multiple lines of research have begun to converge on the fact that dysfunction of 

norepinephrine (NE) in the central nervous system is associated with both vocal impairment 

[27–35] and anxiety [36–38]; additionally, preliminary evidence in rat models of PD 

from our laboratory has shown that anxiety behaviors and vocal communication are 

correlated[39]. These observations further distinguish vocal impairment and anxiety from 

the hallmark motor signs of PD. In response, investigations into pharmacologic manipulation 

of NE in PD have begun [28,29,35,40,41].

Studies of pharmacologic modulation of NE have resulted in improvements to both motor 

and non-motor aspects of PD [28,29]. These include modification of attention, hallucination, 

cognitive impairments, freezing of gait, and response inhibition in humans [33,41]. In 

addition, it has been shown that modulation of NE in non-parkinsonian rats influences 

acoustic features of vocalization [42,43]. Two norepinephrine reuptake inhibitors that have 
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shown particular promise for modulating symptoms of PD are atomoxetine and reboxetine, 

both of which block NE transporter. Treatment with atomoxetine has been associated with 

improved executive function [40] and reduced indices of depression [44] in PD, suggesting 

modulation of multiple neural systems. Further, atomoxetine has been found to significantly 

reduce levels of anxiety in certain populations [45]. Reboxetine also improves depression, 

as well as motor performance in human and animal studies [28,35] of PD, and there is 

emerging evidence that reboxetine is effective in the treatment of panic disorder and anxiety 

[46,47].

Noradrenergic receptor modulation is another method of altering central NE functions that 

shows promise for addressing some parkinsonian deficits. The β-adrenoreceptor antagonist, 

propranolol, is most-commonly prescribed for the treatment of hypertension. Because of its 

sympatholytic properties, researchers have hypothesized that propranolol might be used to 

treat anxiety since the mid 20th century [48]. Administration of propranolol has resulted in 

decreased anxiety behavior in rodents [49–51], as well as decreased anxiety in some types of 

anxiety disorders in humans [48,52–55]. In addition, the use of propranolol modifies vocal 

communication not only in wildtype (WT) control rats [42,43] and in healthy humans[56], 

but has also resulted in improvement in levodopa-induced limb and trunk dyskinesias in 

humans with PD [57], and levodopa-induced trunk, limb, and orolingual dyskinesias in rat 

models of the disease [58]. Research on the effects of NE manipulation in PD on anxiety 

and vocal impairment, however, is sparse, and research on interactions among NE, vocal 

impairment, and anxiety is absent from the literature.

In this pre-clinical study, we measured vocal communication and anxiety following 

administration of three different drugs that modulate NE in rats with a knockout of the 

Pink1 gene, an established model of PD [59–63]. The Pink1−/− rat is based on a genetic 

form of early and progressive PD (PARK6) that is nearly identical to idiopathic PD [64]; the 

Pink1−/− rat has been well-validated as a model of vocal communication impairment in PD 

[61,63,65,66], and preliminary research from our laboratory has demonstrated increased 

anxiety in this model compared to WT controls [39,62]. Importantly, disruptions in 

monoaminergic systems in the Pink1−/− rat have also been identified. Changes to brainstem 

norepinephrine in the Pink1−/− rat have been correlated with vocalization deficits[39,63,65], 

oromotor deficits[67], and anxiety[39]. We hypothesized that NE reuptake inhibitors 

(atomoxetine and reboxetine) and a β-adrenoreceptor antagonist (Propranolol) would 

decrease vocal impairment and anxiety, but would not change spontaneous motor activity. 

Further, we hypothesized that the relationships between anxiety and vocal impairment would 

be altered by each drug. Atomoxetine, reboxetine and propranolol were chosen because 

they have been used to treat anxiety through NE mechanisms. Other anxiolytic drugs (i.e. 
benzodiazepines) were not chosen because they are often associated with motor impairment 

[68].

While these drugs have been used to investigate and to treat other non-motor signs of 

PD, their effect on vocal impairment and anxiety remains unstudied. Because these drugs 

target NE functions with a high degree of specificity and have been shown to have an 

influence on other non-motor signs of PD, the study of their effect on vocal impairment 

and anxiety would clarify the role of NE functions in vocal impairment and anxiety in PD. 
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These drugs in particular were also chosen because they are FDA-approved, facilitating 

clinical translation, and because they are not associated with fatigue or reductions in motor 

coordination.

2: Methods

2.1: Study Design

Three separate, within-subjects experiments were conducted to assess the influence of 

propranolol, atomoxetine, or reboxetine on vocal communication and anxiety behavior. Each 

rat was injected once with saline, and once with one of the three drugs, with each rat thus 

serving as its own control.

2.2: Animals

Thirty-six eight-month-old Pink1−/− Long-Evans rats were randomly assigned to one of 

three groups: atomoxetine, reboxetine, and propranolol (n=12 rats per group). Sample size 

was determined from power calculations based on vehicle-dose differences for atomoxetine 

reported by Robinson(2008) [69]. To account for potential attrition (e.g., not vocalizing) and 

to pair-house the rats, a sample size of 12 rats was predicted to detect differences at the 0.05 

significance level with 90% power. The 8-month age was chosen to reflect the age at which 

anxiety in the Pink1−/− rat is most apparent[39,62]. Each rat underwent anxiety testing 

on the elevated plus maze followed immediately by recording of ultrasonic vocalizations 

(USVs) after both saline injection and drug injection. Saline and drug testing conditions 

were separated by three weeks in order to reduce habituation to the testing apparatus [70–

72], and to ensure adequate drug washout [42,69,73]. The order of saline and drug condition 

was randomly assigned using a random number generator and counterbalanced in each drug 

group to account for potential order effects. Behavioral testing following both saline and 

drug administration occurred at the same interval following injection, and was determined 

by the half-life of the drug (see below). In addition, 12 female Long-Evans rats were used 

to elicit USVs (protocol below). These female rats were continually housed in the colony 

maintained by our laboratory for the purpose of ultrasonic vocalization elicitation in several 

ongoing studies. Each experimental rat was exposed to each female rat in the colony during 

the acclimation period. All animals were obtained from SAGE Labs (Envigo, Boyertown, 

PA). Rats were housed in pairs in the Biomedical Research Model Services facilities of the 

UW School of Medicine and Public Health on a 12-hour reversed light-cycle. All behavioral 

testing was under red light during the dark period when rats are most active. Rats were 

handled and weighed weekly until testing and throughout the duration of the study. Standard 

animal husbandry and other handling practices and procedures were implemented, related 

to animal health monitoring, diet, cage, environmental control, and general exercise in 

accordance with institutional guidelines regarding animal experimentation. All procedures 

were approved by the University of Wisconsin-Madison School of Medicine and Public 

Health Animal Care and Use Committee (IACUC; protocol M005177-R01-A04) and were 

conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals, 

Eight Edition [74].
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2.3: Experimental Procedure

Pink1−/− rats underwent testing of anxiety followed immediately by recording of mating 

paradigm-elicited USVs for acoustic analysis. The immediate recording of ultrasonic 

vocalizations was performed in order to ensure that USVs could be considered relative 

to anxiety state, which may vary over time. After USV recording, rats also underwent 

assessment of spontaneous motor activity with the cylinder test. Each rat was tested at two 

time points at 8-months of age: once following saline injection and once following injection 

of atomoxetine, reboxetine, or propranolol. Order of saline versus drug was randomized 

and counterbalanced for each drug cohort. Time points were separated by three weeks in 

order to reduce the confound of repeated exposure to the elevated plus maze in a short time 

period[70].

2.4: Drugs and Drug Administration

Atomoxetine (Sigma-Aldrich, St. Louis, MO, PubChem SID 329831496) was dissolved in 

sterile isotonic saline at 3mg/ml, for a dose of 1.5 mg/kg, and injected intraperitoneally. 

Behavioral testing was performed 30 minutes after the injection. Reboxetine (MedChem 

Express, Monmouth Junction, NJ, PubChem SID 210280742) was dissolved in sterile 

isotonic saline at 30mg/ml for a dose 30 mg/kg and injected intraperitoneally, with 

behavioral testing performed 30 minutes after the injection. Propranolol (Sigma-Aldrich, 

St. Louis, MO, PubChem CID: 62882) was also dissolved in sterile isotonic saline at 

3mg/ml, for a dose 3 mg/kg and injected intraperitoneally. Behavioral testing was performed 

20 minutes after the injection. Saline vehicle was injected intraperitoneally at the same 

volumes as paired drugs for each rat based on weight on the day of testing. Behavioral 

testing was completed at the same interval following injection of saline as for paired drugs. 

Order of drug and saline were randomized and counterbalanced such that half of the rats 

received saline first, and half received the drug first. Drug doses were chosen based on 

clinically translatable doses in humans adjusted for species differences for atomoxetine and 

propranolol [40,41,75–77], and on doses that have shown changes to vocalization and other 

behaviors in WT rats for atomoxetine, propranolol and reboxetine [35,42,73,78,79]. Doses 

of reboxetine were higher than human equivalent doses because lower doses result in limited 

changes to rat behavior [35,46,47,78,79].

2.5: Behavioral Assays

2.5.1: Elevated Plus Maze: At the designated time following injection, rats were 

placed on the elevated plus maze for the assessment of anxiety behavior [70,80–82]. The 

elevated plus maze was chosen instead of other methods of anxiety assessment because 

of its frequent use in the measurement of anxiety, facilitating comparison with the extant 

literature[83]. The plus-shaped platform was constructed with 4 equally sized arms. Two 

arms are open with no walls (50×10cm), and the remaining two arms (opposite one another) 

have walls on 3 of 4 sides and an open top(50×10×50cm). Rats can enter each arm from a 

square in the center of the platform. Each arm is accessible from a square area in the center 

of the platform (Figure 1). The rats were placed in the center of the maze under red light 

facing an open arm, and were video-recorded for 5 minutes. Movement was tracked and 

analyzed using EthoVision software(Noldus Ethovision XT (Wageningen, Netherlands)). 
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Outcome variables were total entries into open and closed arms and total time spent in 

open and closed arms in seconds. Increased time and frequency of entry into closed arms 

represent increased anxiety. Because repeated exposure to the plus maze in a short time 

interval can result in reduced exploration of open arms, thus inflating estimates of anxiety 

behavior, testing time points were separated by 3 weeks[70–72].

2.5.2: Ultrasonic Vocalization Recording—Ultrasonic vocalizations (USVs) are 

produced in the 50-kiloHertz (kHz) range in a variety of conditions, especially to initiate 

and maintain conspecific contact. These USVs are complex and are produced in patterns. 

Modulation of some acoustic features of USVs, including mean peak frequency, bandwidth, 

and complexity, results in increased approach behavior of conspecifics [84], and can 

be considered to be at least partially goal directed[85–90]. In rat models of PD and 

other neurologic diseases, acoustic analysis of USVs is commonly used to assay vocal 

deficits[42,61,63,84,91–93]. To measure vocal communication in the current study, the 

following paradigm was used to elicit and record USVs: immediately following anxiety 

assessment on the elevated plus maze, test rats were placed in their home cage under a 

microphone attached to an ultrasonic recording system (CM16, Avisoft, Germany) with a 

10–180kHz working frequency response range set to a 16-bit depth and 250kHz sampling 

rate. A female conspecific in estrus was then be placed in the male rat’s home cage. After 

the male rat showed interest in the female, the female was removed. USVs from the male 

rat were recorded for 90 seconds and were analyzed offline using DeepSqueak 2.6 [94] in 

MATLAB (version 9.5.0.944444[R2018b]; The MathWorks Inc., Natick, MA). DeepSqueak 

outputs a spectrogram and identifies calls using a pre-trained neural network [94–97]. 

Following automatic detection, calls were visually inspected and noise events misclassified 

as calls were rejected [95,96]. Calls were categorized as either simple or complex based 

on visual inspection of the spectrogram. Simple calls were defined as having a flat contour 

without repetitive frequency modulation [93]; remaining calls were categorized as complex 

(Figure 2).

The following parameters were extracted: total number of calls, proportion of complex calls 

(number of complex calls divided by total calls), intensity as measured by power spectral 

density in decibels(dB)/kilohertz(kHz), duration in seconds, principal frequency (the median 

frequency of the call contour) in kHz, sinuosity (a measure reflective of call complexity 

defined as the ratio between the Euclidean distance of a straight line and curvilinear 

length along a curve; simple calls have sinuosity near 1, and complex calls have a greater 

sinuosity), call bandwidth in kHz, and tonality (1 minus the geometric mean of the power 

spectrum divided by the arithmetic mean) as a measure of distinguishability of the signal of 

the contour from noise (higher numbers indicate less background noise present in the call). 

Data from individual calls were averaged for each animal at each recording timepoint for 

statistical analyses.

2.5.3: Cylinder Test—Spontaneous movement was assessed via the cylinder test [98], 

as differences in spontaneous movement could potentially influence exploratory behavior 

on the elevated plus maze. Immediately following USV testing, rats were placed in a 30cm 

by 20cm cylinder that was clear and positioned vertically to encourage rearing and vertical 
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exploratory behavior for the assessment of general motor function. The cylinder was placed 

on top of a clear plastic box and rat behavior was videorecorded for two minutes. Videos 

were analyzed off-line to assess the number of forelimb movements, hindlimb movements, 

rears, and lands.

2.6: Statistical Analysis

All analyses were completed separately for each drug experiment; outcomes were not 

compared across drug experiments. For each drug, paired t-tests were used to compare 

spontaneous movement, anxiety, and USV acoustic outcome measures between drug group 

and saline group. USV analysis was performed with all calls, regardless of classification, for 

primary analysis, as well as with simple calls and complex calls separately in post-hoc 

secondary analysis. Primary analysis of all calls regardless of call categorization was 

performed because noradrenergic manipulation was anticipated to influence vocalization 

globally. Secondary analysis of the broad categories of simple and complex calls was 

performed to account for inherent differences between these categories, such as bandwidth. 

Linear mixed effects regression models were used in exploratory analysis to assess the 

interaction between drug condition and anxiety level, as measured by time spent in closed 

arms of the maze, on USV outcomes. Corrections for multiple comparisons were not 

performed due to the exploratory nature of this work and associated type II statistical 

error. Statistical analyses were performed with a significance level of 0.05 using software R 

(version 3.6.0) and SAS (version 9.4).

3: Results:

3.1: Anxiety

3.1.1: Propranolol—Anxiety outcomes of time spent in open arms of the plus maze 

(t(11)=0.13, p=0.9), time spent in closed arms of the plus maze (t(11)=0.66, p=0.52), 

number of entries into open arms of the plus maze (t(11)=0.57, p=0.58), and number of 

entries into closed arms of the plus maze (t(11)=1.6, p=0.14) did not differ between saline 

and propranolol conditions.

3.1.2: Atomoxetine—There was a significant decrease in the amount of time spent 

in closed arms of the maze with atomoxetine compared to saline (mean difference=−48 

seconds, t(9)=3.26, p=0.01). There was also a significant decrease in the number of entries 

into closed arms of the maze with atomoxetine compared to Saline (mean difference =2.9 

entries, t(9)=2.69, p=0.025). These findings indicate decreased anxiety-like behavior with 

atomoxetine compared to saline. Time spent in open arms of the plus maze (t(9)=1.11, 

p=0.30), and entries into open arms of the plus maze (t(9)=1.17, p=0.27) did not 

differ between saline and atomoxetine conditions. Sample size for elevated plus maze 

measurements was 10 rats, as one rat fell from the maze during the first testing timepoint.

3.1.3: Reboxetine—There was a significant decrease in amount of time spent in closed 

arms of the plus maze with reboxetine compared to saline (mean difference=22.5 seconds, 

t(11)=2.33, p=0.04) There was also a significant decrease in the number of closed arm 

entries with reboxetine compared to saline (mean difference=4 entries, t(11)=3.63, p=0.004). 
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There were no significant differences in the number of open arm entries (t(11)=1.28, 

p=0.23), or time spent in open arms of the maze (t(11)=−1.33, p=0.21) between saline 

and reboxetine conditions.

3.2: Ultrasonic Vocalization

The primary USV outcomes were measured on all calls for each rat. Exploratory analysis of 

sub-categories of complex and simple calls was then conducted. Simple calls were defined 

as calls that did not contain oscillatory pitch modulation or step-wise modulation. Complex 

calls represented all non-simple calls.

3.2.1: Propranolol—There were no significant changes in the USV parameters of 

call duration (t(11)=−1.47, p=0.17), principal frequency (t(11)=−0.61, p=0.55), tonality 

(t(11)=0.28, p=0.78), delta frequency (t(11)=0.20, p=0.84), mean power(t(11)=0.02, 

p=0.98), or sinuosity (t(11)=0.88, p=0.40) between saline and propranolol conditions.

There were no significant differences in the total number of calls (t(11)=−0.05, p=0.96), 

or proportion of complex calls (t(11)=−0.35, p=0.73) between saline and propranolol 

conditions (see Table 1). For simple calls, there were no significant changes in call duration 

(t(11)=1.28, p=0.23), principal frequency (t(11)=−0.75, p=0.47), tonality (t(11)=0.41, 

p=0.69), delta frequency (t(11)=0.14, p=0.89), mean power (t(11)=0.89, p=0.39), or 

sinuosity (t(11)=0.74, p=0.48). For complex calls, there were also no significant changes 

in call duration (t(11)=−1.43, p=0.18), principal frequency (t(11)=−0.54, p=0.6), tonality 

(t(11)=0.44, p=0.67), delta frequency (t(11)=0.18, p=0.85), mean power (t(11)=0.3, p=0.77), 

or sinuosity (t(11)=1.28, p=0.23).

3.2.2: Atomoxetine—There was a significant decrease in the principal frequency with 

atomoxetine compared to saline (mean difference = 3.06 kHz, t(10)=2.85, p=0.017). Tonality 

increased significantly with atomoxetine compared to saline (mean difference=0.033, 

t(10)=2.47, p=0.03). There was a significant decrease in the delta frequency (bandwidth) 

with atomoxetine compared to saline (mean difference=2.43, t(10)=2.35, p=0.041), as well 

as a significant increase in mean power (mean difference=1.9, t(10)=2.92, p=0.015). Finally, 

there was a significant decrease in sinuosity for complex calls with atomoxetine compared 

to saline (mean difference=0.41, t(10)=2.35, p=0.04). There was no change in duration 

(t(10)=−0.91, p=0.39) between saline and atomoxetine conditions.

There were no significant differences in the total number of calls (t(10)=−0.45, p=0.67) 

or the proportion of complex calls (t(10)=0.79, p=0.45) between saline and atomoxetine 

conditions (Table 1). For complex calls, there was a there was a significant decrease in the 

principal frequency with atomoxetine compared to saline condition (mean difference = 2.51 

kHz, t(10)=2.23, p=0.04975). There were no differences in duration (t(10)=0.95, p=0.37), 

tonality (t(10)=1.45, p=0.18), delta frequency (t(10)=0.79, p=0.45), mean power (t(10)=2.05, 

p=0.07), or sinuosity (t(10)=1.47, p=0.17).

For simple calls, there were no significant differences in duration (t(9)=0.39, p=0.71), 

principal frequency (t(9)=1.94, p=0.08), tonality (t(9)=1.72, p=0.12), delta frequency 

(t(9)=1.43, p=0.19), mean power (t(9)=1.91, p=0.09) or sinuosity (t(9)=1.02, p=0.09).
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3.2.3: Reboxetine—There were no significant differences between saline and reboxetine 

for USV outcomes of duration (t(11)=0.75, p=0.47), principal frequency (t(11)=1.85, 

p=0.09), tonality (t(11)=0.51, p=0.62), delta frequency (t(11)=1.79, p=0.10), mean power 

(t(11)=1.76, p=0.11), or sinuosity (t(11)=0.85, p=0.4).

There was a significant decrease in the total number of calls with reboxetine compared 

to saline (mean difference=52.17 calls, t(11)=3.15, p=0.01). There was no significant 

difference in the proportion of complex calls between saline and reboxetine (t(11)=1.37, 

p=0.18) (Table 1). For complex calls, there was a significant decrease in the mean power 

with Reboxetine compared to saline (mean difference=1.79dB, t(11)=2.68, p=0.02). There 

was no difference in duration (t(11)=0.39, p=0.7), principal frequency (t(11)=1.73, p=0.11), 

tonality (t(11)=1.72, p=0.11), delta frequency (t(11)=1.99, p=0.07), or sinuosity (t(11)=0.68, 

p=0.51).

For simple calls, there was a significant decrease in the Principal Frequency of Simple calls 

with Reboxetine compared to saline (mean difference=3.56, t(11)=2.22, p=0.048). There 

were no differences in duration (t(11)=2.09, p=0.06), tonality (t(11)=0.6, p=0.56), delta 

frequency (t(11)=−0.87, p=−.4), mean power (t(11)=0.37, p=0.72), or sinuosity (t(11)=1.19, 

p=0.26).

3.3: Interactions between Drug Condition and Anxiety on Ultrasonic Vocalization 
outcomes

3.3.1: Propranolol—The relationships between anxiety, as measured by time spent in 

closed arms of the elevated plus maze, and call duration (β=−0.0001223, t=0.35, p=0.66), 

anxiety and tonality (β=0.00027, t=−0.582, p=0.567), anxiety and principal frequency 

(β=0.021, t=0.33, p=0.75), anxiety and sinuosity (β=0.004, t=−0.76, p=0.46), anxiety and 

mean power (β=0.0009, t=−0.044, p=0.97), and anxiety and delta frequency (β=−0.024, 

t=−0.65, p=0.56) were not significantly influenced by drug condition.

3.3.2: Atomoxetine—The relationships between anxiety, as measured by time spent 

in closed arms of the elevated plus maze, and call duration (β=−0.00013, t=−1.56, 

p=0.13), anxiety and tonality (β=−0.0002, t=0.48, p=0.64), anxiety and principal frequency 

(β=−0.039, t=−1.1, p=0.3), anxiety and sinuosity (β=−0.003, t=−0.59, p=0.57), anxiety and 

mean power (β=0.03, t=1.22, p=0.25), and anxiety and delta frequency (β=−0.01, t=−0.44, 

p=0.67) were not significantly influenced by atomoxetine.

3.3.3: Reboxetine—The relationships between anxiety, as measured by time spent in 

closed arms of the elevated plus maze, and call duration (β=−0.00006, t=−0.51, p=0.61), 

anxiety and tonality (β=−0.0005, t=−1.08, p=0.3), anxiety and principal frequency (β=0.011, 

t=0.27, p=0.79), anxiety and sinuosity (β=0.0029, t=0.61, p=0.55), anxiety and mean 

power(β=−0.02, t=−0.86, p=0.41), and anxiety and delta frequency (β=−0.001, t=−0.029, 

p=0.98) were not significantly influenced by reboxetine.
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3.4: Cylinder

3.4.1: Propranolol—Cylinder outcomes of number of hindlimb movements (t(10)=0.74, 

p=0.47), forelimb elevations (t(10)=1.03, p=0.33), forelimb returns to the floor (t(10)=0.73, 

p=0.48), rears (t(10)=0.41, p=0.69), lands (t(10)=0.18, p=0.86), and rears plus lands 

(t(10)=0.3, p=0.77) all did not differ by between saline and propranolol. One rat was not 

video-recorded.

3.4.2: Atomoxetine—Cylinder outcomes of number of hindlimb movements 

(t(10)=1.55, p=0.15), number of forelimb elevations (t(10)=1.07, p=0.31), number of 

forelimb returns to the floor (t(10)=0.41, p=0.69), number of rears (t(10)=0.98, p=0.35), 

number of lands (t(10)=0.74, p=0.48), and number of rears plus lands (t(10)=0.87, p=0.41) 

did not differ between saline and atomoxetine. One rat expired prior to study initiation.

3.4.3: Reboxetine—Cylinder outcomes for the number of hindlimb movements 

(t(11)=2.034, p=0.067), number of forelimb elevations (t(11)=1.29,p=0.22), number of 

forelimb returns to the floor (t(11)=0.51,p=0.607), number of rears (t(11)=1.95,p=0.08), 

number of lands (t(11)=−1.79, p=0.1), and number of rears plus lands (t(11)=1.88,p=0.09) 

did not differ by saline and reboxetine.

4: Discussion

Vocalization and anxiety share several neural substrates. Activations of shared brainstem 

nuclei, such as the nucleus ambiguus, dorsal motor nucleus of the vagus and nucleus of 

the solitary tract, and higher brain regions, such as the amygdala and cingulate cortex, 

are required for both vocalization and autonomic arousal (a physiologic consequence 

of anxiety). Further, these neural substrates are strongly influenced by monoaminergic 

systems, including NE, which are greatly disrupted in PD[39]. In the current study, 

we demonstrate that systemic manipulation of norepinephrine results in changes to both 

vocalization and anxiety without changing spontaneous motor activity. This is consistent 

with previous literature that has shown that locomotor activity is not consistently influenced 

by atomoxetine, reboxetine, or propranolol[42,78,99–101]. The influence of noradrenergic 

manipulation on vocalization and anxiety, however, is non-uniform.

Administration of atomoxetine resulted in increases in vocal intensity. This is relevant to 

the Pink1−/− rat model of PD, which demonstrate reduced call intensity compared to WT 

controls [61,63,65]. Further, the increase in vocalization intensity is translationally important 

to clinical research focused on improving vocal deficits in human PD: vocal intensity is 

almost universally reduced in human PD, and contributes substantially to communication 

impairment [102–104]. An additional characteristic of Pink1−/− rat vocalization that is 

altered in comparison to WT controls is that of reduced average peak frequency [61,63,65]. 

Whereas intensity was increased with atomoxetine in the current study (i.e. moved in the 

direction of WT intensity), principal frequency of calls decreased with atomoxetine (i.e. 
moved away from the direction of WT average peak frequency). While principal frequency 

(the mean frequency of the spectral contour of the call) and average peak frequency (the 

frequency at the point in the call with greatest intensity) are not identical measures, they 

both reflect the central tendency of the frequency of the call. Further, sinuosity of the calls 
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(a measure of complexity) was reduced with atomoxetine. Ethologically, this change may 

not be beneficial, as calls with greater average peak frequency and greater complexity have 

been shown to be important factors in eliciting conspecific approach behavior [84]. Thus, 

administration of atomoxetine does not “normalize” all aspects of ultrasonic vocalization 

uniformly. The clinical relevance of changes to average peak frequency and sinuosity, 

however, is unclear.

While both atomoxetine and a similar norepinephrine reuptake inhibitor, reboxetine, 

reduced anxiety-like behavior compared to saline, these drugs influenced vocalization 

differently. Reboxetine reduced the total number of USVs compared to saline, but did not 

influence acoustic parameter, whereas atomoxetine had an effect on acoustic parameters of 

vocalization without influencing the total number of USVs. A possible explanation for this 

finding is that atomoxetine has a higher affinity for serotonin transporter and dopamine 

transporter [105,106] compared to reboxetine. Dysfunction of several monoaminergic 

systems is present in PD [27,107,108], and monoaminergic disruption and manipulation 

are integral to our understanding and therapeutic management of affective disorders for 

both individuals with and without PD [23,44,109–114]. This disruption is also mirrored 

in the Pink1−/− rat. We have previously observed reduced number of cells stained for 

tyrosine hydroxylase in the locus coeruleus, and changes to noradrenergic receptors in 

the nucleus ambiguus and dorsal motor nucleus of the vagus [39,63], as well as reduced 

immunoreactivity for serotonin in the hypoglossal nucleus (unpublished data). The direct 

role of these systems and their disruption is less clear in vocalization. Future work 

that assesses either selective manipulation of other monoamines, or diffuse monoamine 

manipulation (i.e. selective serotonin reuptake inhibitors and serotonin-norepinephrine 

reuptake inhibitors or serotonin-norepinephrine-dopamine reuptake inhibitors, respectively) 

would help to clarify this issue.

An unexpected finding of the current study was that administration of the β adrenoreceptor 

antagonist, propranolol, did not influence vocalization or anxiety in Pink1−/−. This 

contrasts with previous studies of WT rats, which have shown varied changes to ultrasonic 

vocalization with the same doses of propranolol [42,43]. In previous work (unpublished 

data), β1 adrenoreceptors in the brainstem have been shown to be altered in Pink1−/− rats 

compared to WT controls. Specifically, the relative optical density of β1 adrenoreceptors 

was reduced in the nucleus of the solitary tract of Pink1−/− rats compared to WT controls, 

whereas cell count estimates of β1 adrenoreceptor immunoreactive cell bodies in the dorsal 

motor nucleus of the vagus and the nucleus ambiguus were increased. Further, relative 

optical density of β1 adrenoreceptors in the nucleus of the solitary tract was significantly 

positively correlated with call intensity, whereas cell count estimates of β1 adrenoreceptor 

immunoreactive cells in the dorsal motor nucleus of the vagus and nucleus ambiguus were 

significantly negatively correlated with call intensity. Thus, a possible explanation for the 

current findings may be that changes to β1 adrenoreceptor expression in the nucleus of the 

solitary tract, a complex sensory brainstem nucleus, are a greater driver of vocal deficit than 

β1 adrenoreceptor disruption in other brain regions. If this were the case, antagonism of β1 

adrenoreceptors would not increase vocal intensity, and might even reduce it in the Pink1−/− 

rat. While direct administration of β adrenoreceptor antagonists to lower brainstem nuclei 

would be beneficial for disentangling the correlational findings reported in this and earlier 
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works, such direct administration is likely to be challenging due to the relatively small size 

of these nuclei and their co-localization with cardiac and respiratory neurons.

Because previous work has demonstrated a relationship between anxiety and vocalization in 

the Pink1−/− rat model of PD[39], we conducted exploratory analyses to determine whether 

this relationship was modulated by systemic manipulation of norepinephrine. None of the 

drugs administered in this study had an influence on the relationship between anxiety 

and vocalization. This may have been due to the fact that the study was powered to 

detect differences in single behavioral measures, rather than behavioral interactions. As a 

consequence, the sample sizes used in the current study may have been too small to detect 

relationships between these two outcomes relative to drug condition. This is particularly 

likely given the variability inherent in animal behavior, which is exchanged for increased 

genetic and environmental control relative to the study of human patients with PD.

Limitations and Future directions:

A limitation of the current study is that it assessed only immediate changes to vocalization 

and anxiety following administration of drug doses. Chronic administration of monoamine 

reuptake inhibitors often results in down-regulation of pre-synaptic receptors, and it is 

through this longer-term plasticity that changes to behavior are observed [115]. Future 

studies using this model of PD would benefit from assessing vocalization and anxiety over a 

longer time course, and assessing changes to neural tissue that might accompany alterations 

in behavior.

An additional factor that must be considered when interpreting the current findings is 

that the drug doses used were based on human clinical doses that result in behavioral 

modification for atomoxetine and propranolol, and on doses that resulted in behavioral 

changes in WT rats in previous studies for atomoxetine, propranolol, and reboxetine. 

More extensive dose-response curves for vocalization and anxiety may reveal different 

effects of the drugs in question, and inclusion of a wild type control group may identify 

differences in dose-response curves between genotypes. Exploration of additional doses 

may be particularly relevant for reboxetine, as alterations in dose may reveal the influence 

of non-selective components of the drug on vocalization or anxiety behavior. This could 

potentially explain some of the differences observed between atomoxetine and reboxetine. 

It will be important to complete these dose-response curves with very large samples, as 

anxiety tests using the plus maze should not be completed less than 3 weeks apart to avoid 

habituation to the apparatus [70]. The fact that the disease model is progressive complicates 

repeated testing of anxiety. For example, an animal tested 4 times (at saline, low, medium, 

high doses) would have 2 doses tested 9 weeks apart. In previous work, we have observed 

changes in anxiety and vocalization among 2, 4, 6, 8 and 12 month timepoints [62,63]. Thus, 

very large animal numbers would likely be required for this type of investigation in order to 

allow for the large degree of variance that is present in animal behavior both by drug dose 

and by age/disease progression.

Translation of the results from the current study should be tempered by the fact 

that norepinephrine transporter is similar, but not identical across species in terms of 

pharmacological properties and distribution [116,117]. As a consequence, effects and 
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lack of effects of the norepinephrine reuptake inhibitors atomoxetine and reboxetine on 

vocalization and anxiety observed in the current study may be altered in humans. Prior 

to completion of prospective, randomized studies assessing the effect of these drugs on 

vocalization and anxiety in humans with PD, it would be prudent to follow the bi-directional 

model of translational research suggested by Pankevich and colleagues [118] by completing 

exploratory investigations assessing vocal function and anxiety in individuals with PD who 

have and have not been prescribed noradrenergic modulators such as atomoxetine and 

reboxetine.

Finally, this series of within-subjects experiments is limited in that it does not allow for 

direct statistical comparison of vocal communication and anxiety across all three drug 

conditions. Future studies assessing relative efficacy of drugs targeted at modulating vocal 

communication and anxiety in the Pink1−/− rat model of PD would benefit from between-

subjects comparisons across drug conditions and saline controls.

Conclusion

Systemic manipulation of norepinephrine results in non-uniform changes to vocalization 

and anxiety-like behavior in the Pink1−/− rat model of PD. Reductions in anxiety (with 

reboxetine and atomoxetine) and increases in vocal intensity (with atomoxetine) are 

promising as potential interventions for addressing non-hallmark deficits in PD. A deeper 

understanding of normal and pathologic interactions among monoaminergic systems is 

necessary for successful translation of these findings to treatment of vocal communication 

deficits and anxiety in humans with PD.
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Highlights:

• Atomoxetine and reboxetine reduce anxiety behavior in the Pink1−/− rat

• Atomoxetine, but not reboxetine, modulates ultrasonic vocalizations.

• Relationships among anxiety, vocalization and norepinephrine are non-linear
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Figure 1: Experimental Timeline
Schematic of experimental timeline. Rats were divided into three experimental groups: 

propranolol (n at final analysis=12) atomoxetine (n at final analysis=11); reboxetine (n at 

final analysis=12.) Rats received either saline or drug and underwent behavioral testing at 

each timepoint. Order of drug versus saline was randomized and counterbalanced in each 

group.
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Figure 2: Elevated Plus Maze
Elevated Plus Maze. A: Open Arm; B: Closed Arm. Greater time in closed arms and greater 

number of entries into closed arms indicates increased anxiety behavior.
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Figure 3: Ultrasonic Vocalization Spectrograms
Examples of spectrograms of ultrasonic vocalizations obtained from DeeqSqueak. Time in 

seconds is on the x-axis and frequency in kHz is on the y-axis. A: Green box surrounding 

a complex call; note the frequency modulation between 40 and 65kHz. B: Green box 

surrounding a simple call; notice the flatness of contour with limited change in frequency 

around 50kHz.
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Figure 4: 
Anxiety measures comparing propranolol to saline vehicle. A: Time spent in open arms of 

the elevated plus maze (more time in open arms reflects lower anxiety behavior). B: Number 

of entries into open arms (more entries into open arms reflects lower anxiety behavior). C: 
Time spent in closed arms of the elevated plus maze (more time in closed arms reflects 

higher anxiety behavior). D: Number of entries into closed arms (more entries into closed 

arms indicates higher anxiety behavior). Top and bottom of boxes represent 75th and 25th 

percentiles respectively; whiskers represent +/−1.5 times the interquartile range; horizontal 

line through box represents median; dots outside of whiskers represent statistical outliers.
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Figure 5: 
Anxiety measures comparing atomoxetine to saline vehicle. A: Time spent in open arms of 

the elevated plus maze (more time in open arms reflects lower anxiety behavior). B: Number 

of entries into open arms (more entries into open arms reflects lower anxiety behavior). C: 
Time spent in closed arms of the elevated plus maze (more time in closed arms reflects 

higher anxiety behavior). D: Number of entries into closed arms (more entries into closed 

arms indicates higher anxiety behavior). Top and bottom of boxes represent 75th and 25th 

percentiles respectively; whiskers represent +/−1.5 times the interquartile range; horizontal 

line through box represents median; dots outside of whiskers represent statistical outliers; 

NS: Non-significant; *: p<0.05; **: p<=0.01
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Figure 6: 
Anxiety measures comparing reboxetine to saline vehicle. A: Time spent in open arms of 

the elevated plus maze (more time in open arms reflects lower anxiety behavior). B: Number 

of entries into open arms (more entries into open arms reflects lower anxiety behavior). C: 
Time spent in closed arms of the elevated plus maze (more time in closed arms reflects 

higher anxiety behavior). D: Number of entries into closed arms (more entries into closed 

arms indicates higher anxiety behavior). Top and bottom of boxes represent 75th and 25th 

percentiles respectively; whiskers represent +/−1.5 times the interquartile range; horizontal 

line through box represents median; dots outside of whiskers represent statistical outliers; 

NS: Non-significant; *: p<0.05; **: p<=0.01.
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Figure 7: 
USV acoustic measures comparing propranolol to saline vehicle for all calls. A: Call 

duration. B: Principal frequency (the median frequency along the spectral contour of the 

call). C: Sinuosity (greater sinuosity indicates greater call complexity). D: Intensity as 

measured by average power spectral density in dB/Hz (more-negative indicates reduced 

loudness). E: Tonality as an indication of signal versus noise (greater tonality indicates 

greater prominence of the signal relative to noise). F: Frequency Bandwidth. Top and 

bottom of boxes represent 75th and 25th percentiles; whiskers represent +/−1.5 times 
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interquartile range; horizontal line represents median; dots represent outliers; dB: decibels; 

Hz: hertz.
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Figure 8: 
USV acoustic measures comparing atomoxetine to saline vehicle for all calls. A: Call 

duration. B: Principal frequency (the median frequency along the spectral contour of the 

call). C: Sinuosity (greater sinuosity indicates greater call complexity). D: Intensity as 

measured by average power spectral density in dB/Hz (more-negative indicates reduced 

loudness). E: Tonality as an indication of signal versus noise (greater tonality indicates 

greater prominence of the signal relative to noise). F: Frequency Bandwidth. Top and 

bottom of boxes represent 75th and 25th percentiles; whiskers represent +/−1.5 times 
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interquartile range; horizontal line represents median; dots represent outliers; *: p<0.05; 

dB: decibels; Hz: hertz.
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Figure 9: 
USV acoustic measures comparing reboxetine to saline vehicle for all calls. A: Call 

duration. B: Principal frequency (the median frequency along the spectral contour of the 

call). C: Sinuosity (greater sinuosity indicates greater call complexity). D: Intensity as 

measured by average power spectral density in dB/Hz (more-negative indicates reduced 

loudness). E: Tonality as an indication of signal versus noise (greater tonality indicates 

greater prominence of the signal relative to noise). F: Frequency Bandwidth. Top and 

bottom of boxes represent 75th and 25th percentiles; whiskers represent +/−1.5 times 
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interquartile range; horizontal line represents median; dots represent outliers; dB: decibels; 

Hz: hertz.
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Figure 10: 
Comparison of acoustic variables between reboxetine and saline vehicle in sub-categories 

of simple and complex calls A: Intensity of complex calls as measured by average 

power spectral density in dB/Hz (more-negative indicates reduced loudness). B: Principal 

frequency (the median frequency along the spectral contour of the call) of simple calls. Top 

and bottom of boxes represent 75th and 25th percentiles respectively; whiskers represent 

+/−1.5 times the interquartile range; horizontal line through box represents median; dots 

outside of whiskers represent statistical outliers; *: p<0.05; dB: decibels; Hz: hertz
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Table 1

Total number of calls and proportion of complex calls to total calls for drug and saline conditions in each of 

the three experiments

Drug condition Total number of calls mean (SD) Proportion of complex calls mean (SD)

Propranolol

Saline 140.4 (50.97) 0.81(0.14)

Drug 141.4 (50.02) 0.82(0.12)

Atomoxetine

Saline 115.6 (86.47) 0.81 (0.15)

Drug 119.8 (86.62) 0.78(0.14)

Reboxetine

Saline 156.1 (40.25) 0.84(0.08)

Drug 103.92 (61.26)* 0.77(0.2)

* :
p < 0.05 for comparison between saline and drug.
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