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Abstract

Vocal communication impairment and anxiety are co-occurring and interacting signs of Parkinson 

Disease (PD) that are common, poorly understood, and under-treated. Both vocal communication 

and anxiety are influenced by the noradrenergic system. In light of this shared neural substrate and 

considering that noradrenergic dysfunction is a defining characteristic of PD, tandem investigation 

of vocal impairment and anxiety in PD relative to noradrenergic mechanisms is likely to yield 

insights into the underlying disease-specific causes of these impairments. In order to address 

this gap in knowledge, we assessed vocal impairment and anxiety behavior relative to brainstem 

noradrenergic markers in a genetic rat model of early-onset PD (Pink1−/−) and wild type controls 

(WT). We hypothesized that 1) brainstem noradrenergic markers would be disrupted in Pink1−/
−, and 2) brainstem noradrenergic markers would be associated with vocal acoustic changes 

and anxiety level. Rats underwent testing of ultrasonic vocalization and anxiety (elevated plus 

maze) at 4, 8, and 12 months of age. At 12 months, brainstem norepinephrine markers were 

quantified with immunohistochemistry. Results demonstrated that vocal impairment and anxiety 

were increased in Pink1−/− rats, and increased anxiety was associated with greater vocal deficit in 

this model of PD. Further, brainstem noradrenergic markers including TH and α1 adrenoreceptor 

immunoreactivity in the locus coeruleus, and β1 adrenoreceptor immunoreactivity in vagal nuclei 

differed by genotype, and were associated with vocalization and anxiety behavior. These findings 
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demonstrate statistically significant relationships among vocal impairment, anxiety, and brainstem 

norepinephrine in the Pink1−/− rat model of PD.
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1 Introduction

1.1 Vocal deficits and anxiety in Parkinson Disease are linked by lack of response to 
pharmacologic intervention, shared neural substrates, and onset and progression.

In addition to hallmark gross motor signs of Parkinson Disease (PD), 90% of individuals 

with PD exhibit vocal communication impairment that involves break-down of speech 

subsystems including respiration, phonation, and articulation [1–7]. The impact of vocal 

impairment on quality of life and disease burden is substantial [8–11]. Behavioral 

interventions for treating vocal impairment in PD, such as Lee Silverman Voice Treatment 

(LSVT), are time-intensive and result in incomplete and inconsistent improvement [12,13]. 

Pharmacologic interventions such as levodopa change some acoustic features of voice 

production (loudness) and speech production (lip movement), however, the functional 

impact of these changes is limited, with minimal improvement in speech intelligibility [14–

16]. As a result, the vocal impairment in PD remains untreated. A deeper understanding of 

the disease-specific mechanisms that cause vocal impairment in PD is essential to develop 

much needed efficient and effective treatment.

Another consequence of PD that frequently co-occurs with vocal deficits is anxiety. 

Incidence of anxiety in patients with PD is estimated between 30 and 50%, and is associated 

with significant negative impact on quality of life and level of disability [17–20]. Some 

studies have reported reduced anxiety with behavioral treatment and medication. However, 

similar to vocal impairment, the benefits are incomplete and inconsistent [19,21,22]. As with 

vocal impairment, the mechanisms underlying anxiety in PD are not well-understood.

Relationships between affective state and behaviors mediated by cranial nerves, such 

as vocalization, have been identified in humans; however, the neural mechanisms that 

drive this relationship remain unclear [23–28]. A potential target mechanism is the locus 

coeruleus-vagal system. Vocal communication involves fine motor control of the larynx. 

Anxiety causes changes in degree of arousal of the autonomic nervous system. The 

Locus Coeruleus-Vagal system, largely driven by norepinephrine (NE), appears to be 

simultaneously responsible for modulation of vocalization and activation of autonomic 

responses to anxiety [29–33]. NE neurons in the locus coeruleus project to the dorsal motor 

nucleus of the vagus nerve(10N) and the nucleus ambiguus. The nucleus ambiguus houses 

motoneurons responsible for laryngeal movement, as well as neuron groups responsible 

for cardiopulmonary modulation, while the 10N houses preganglionic cells important for 

regulation of gastric digestive processes, and secretion of sweat (see Benarroch, 2018 for 

recent review) [34]. Sensory receptors in the periphery project to the nucleus of the solitary 

tract, which projects back to the nucleus ambiguus and the 10N in order to modulate 
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laryngeal [35], gastric, and cardiopulmonary motor functions [36,37]. The fact that these 

neural substrates are linked to both vocal communication and anxiety suggests that the two 

phenomena may influence one another (Figure 1). Further, it suggests that they may both 

be susceptible to pathology of this shared substrate. In particular, concentrations of NE, 

NET, and density of both α1, β1 and α2 noradrenergic receptors in the locus coeruleus, 

dorsal motor nucleus of the vagus nerve, nucleus ambiguus, nucleus of the solitary tract, 

and the spinal sensory nucleus could potentially vary depending upon degree of vocal 

impairment and level of anxiety in PD. Neuroimaging studies in humans have demonstrated 

upregulation of α1 and β1 adrenoreceptors in neocortical structures in humans with PD 

compared to controls [38], and decreases in norepinephrine and number of noradrenergic 

cell bodies in the LC [39,40] have been demonstrated in the Pink1−/− rat model of PD. 

However, exploration of noradrenergic markers in lower brainstem structures, including 

those important for vocalization and anxiety, have been minimal.

1.2: Brainstem noradrenergic disruption: a pathophysiological link between vocal deficits 
and anxiety in PD

PD is traditionally characterized by nigrostriatal dopaminergic cell death[41], leading to 

hallmark signs of tremor, bradykinesia, and postural instability [42]. While the physiologic 

mechanisms of vocal deficits in PD remain uncertain, it is becoming clear that they are at 

least partially independent of classical dopaminergic degeneration [43–45]. The likelihood 

of an extra-dopaminergic pathological process is further-supported by the fact that the most 

commonly prescribed medication, levodopa, improves motor impairments in the limbs [46], 

while non-hallmark signs, including vocal impairment and anxiety, have a minimal response 

to dopamine replacement therapies [14–16,19,21]. Aside from dopamine-mediated deficits, 

other neural substrates, including those governed by NE, are disrupted in PD [47–53]. It has 

thus been suggested that non-hallmark signs of PD, including vocal deficits and anxiety, may 

be related to NE processes [49,54,55].

An additional feature shared by vocal deficits and anxiety in PD is their manifestation in 

prodromal and early stages of the disease, compared to the later-appearing motor signs[56–

60]. The possibility that vocal impairment and anxiety in PD are linked through NE 

mechanisms is further-supported by the fact that NE cells in the locus coeruleus die earlier 

in the disease process than dopaminergic cells in the nigrostriatal pathway [41,48]. Thus, 

the timelines of anxiety and vocal impairment and NE cell death are similar, and can be 

contrasted with the timelines of motor signs and dopaminergic cell death.

There is thus substantial overlap between vocal communication and anxiety in PD with 

regard to onset, lack of pharmacologic treatment response, and neuroanatomical and 

neurochemical substrates. As such, the tandem study of vocal communication and anxiety 

in PD at behavioral and histological levels is warranted. In order to address this gap in 

knowledge with increased experimental control and the ability to analyze neural tissue, 

we assessed vocal impairment and anxiety relative to brainstem noradrenergic markers in 

a translational model of PD in rats with a knockout of the Pink1 gene and wild type 

(WT) controls. The Pink1−/− rat is based on a genetic form of early and progressive PD 

(PARK6) that is nearly clinically identical to idiopathic PD [61]; the Pink1−/− rat has 
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been well-validated as a model of vocal communication impairment in PD [39,40,62]. 

Additionally, noradrenergic differences in the LC have previously been identified in this 

model [39,40]and vocal acoustic outcomes have been correlated with norepinephrine in 

the LC [39]. Further, pharmacologic manipulation of norepinephrine in WT rats has been 

shown to modulate ultrasonic vocalization acoustics [63,64]. However, LC target nuclei in 

the brainstem have not been investigated relative to noradrenergic markers, vocalization, and 

anxiety. We hypothesized that 1) Pink1−/− rats would show increased anxiety compared 

to WT controls; 2) Anxiety level would be associated with vocal acoustic outcomes. 3): 

Number of cells labeled for tyrosine hydroxylase would be reduced in the locus coeruleus, 

and norepinephrine transporter and noradrenergic receptors would be altered in brainstem 

nuclei of Pink1−/− versus WT controls. 4) There would be a negative correlation between 

noradrenergic markers and both vocal impairment and anxiety.

2 Methods

2.1: Experimental Procedure

To assess the relationships among anxiety, vocalization, and NE in the Pink1−/− rat model of 

PD, Pink1−/− rats and WT control rats underwent anxiety testing by performing the elevated 

plus maze and were immediately transferred to their home cage for ultrasonic vocalization 

recording (behavioral assays described below). Data were collected at 4, 8, and 12 months of 

age (Figure 1). Following data collection at the 12-month time point, rats were euthanized, 

and neural tissue analyzed. (Figure 2)

2.2: Animals

All procedures were approved by the University of Wisconsin-Madison School of Medicine 

and Public Health Institutional 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[65]. Thirty-two male, Long-Evans rats 

(16 Pink1−/− and 16 Wild Type) were used for this study. Power analysis determined 

that a sample size of 13 rats per group (Pink1−/− and WT) should detect differences in 

vocalization (based on differences in USV intensity reported by Grant et al, 2015 [40]) 

and brainstem tyrosine hydroxylase concentrations (based on Kelm-Nelson et al, 2018 [39]) 

with an α level of 0.05 and 90% power. A rate of 20% attrition was also accounted 

for. Thus, the total sample size for each group was n=16 rats. In addition, 12 female 

Long-Evans rats were used to elicit ultrasonic vocalizations. All animals were obtained 

from SAGE Labs (Envigo, Boyertown, PA). Rats were housed in pairs the Biomedical 

Research Model Services facilities of the UW School of Medicine and Public Health, were 

12-hour light-cycle reversed and underwent behavioral testing under red light during the 

dark period when the rats were most active. Rats were handled and weighed weekly until 

testing and throughout the duration of the study. Standard husbandry and handling practices 

and procedures were used in accordance with institutional guidelines regarding animal 

experimentation. Animals were tested at 4, 8, and 12 months of age. These timepoints were 

chosen because they represent prodromal, early and middle stages of deficit progression in 

this model [40,66,67].
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2.3: Behavioral Testing

2.3.1: Ultrasonic Vocalization Recording—Rats produce ultrasonic vocalizations 

(USVs) in the 50-kiloHertz (kHz) range to initiate and maintain conspecific contact. 

Increases in features of USVs, including mean peak frequency, bandwidth, and complexity 

result in increased approach behavior of conspecifics [68,69]. It is thus thought that these 

features are “preferred,” and can be considered to be at least partially goal directed [70–75]. 

Analysis of acoustic variables of rat USVs to study vocal impairment in PD and other 

neurologic diseases is well-established [40,62,64,76–79]. To assess vocal communication in 

the current study, USVs were elicited and recorded with the following mating paradigm, 

as reported in previous studies [40,78–80]. Test rats were placed in their home cage under 

a microphone attached to an ultrasonic recording system (Avisoft, Germany). A female 

conspecific in estrus was then placed in the male rat’s home cage. After the male rat showed 

interest in the female, the female was removed. The USVs from the male rat were then 

recorded for 90 seconds. USVs were analyzed offline using automated software (SASLab 

Pro, Avisoft, Germany). Waveforms generated by Avisoft were used to create spectrograms 

with the following parameters: Fast Fourier Transform (FFT) of 512 points, frame size of 

100%, flat top window with temporal resolution set to display 75% overlap. Noise below 

25 kilohertz(kHz) (including alarm calls) was removed via a high pass filter; calls above 

25kHz were included in analysis. Dependent variables for the purposes of this study were 

the average bandwidth (kHz), mean peak frequency(kHz), duration(s), and intensity in 

decibels(dB) of calls.

2.3.2: Elevated Plus Maze: The elevated plus maze was used to assess anxiety 

behavior [81–84]. The maze consists of a plus-shaped platform with 4 equally sized arms. 

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

arms have walls with open tops on 3 of 4 sides (50×10×50cm). Each arm is accessible from 

a square area in the center of the platform. The rats were placed in the center of the maze 

under red light and video-recorded for 5 minutes. Red light with sufficient intensity to allow 

tracking with video software was chosen to promote environmental validity. Movement 

was tracked and analyzed using EthoVision software (Noldus Ethovision XT (Wageningen, 

Netherlands)). Outcome variables were total entries into closed arms and total time spent in 

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

increased anxiety. Because differences in overall movement between genotypes may be 

present, a closed arm ratio was also calculated using the formula:

Closed Ratio =
( Closed Arm Entries

T ime in Closed Arms )

( Total Arm Entries
T ime in Any Arms )

A smaller ratio indicates increased preference for closed arms of the maze, indicating an 

increase in anxiety [81].

2.4: Neural Tissue Processing

After testing at the 12-month timepoint, rats were anesthetized under 5% isoflurane. 

Transcardial perfusion with cold saline was followed by 4% paraformaldehyde in 1% 
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phosphate-buffered saline. Brains were post-fixed for 24 hours in 4% paraformaldehyde, 

then stored in 0.02% sodium azide at 4°C. Prior to tissue sectioning, brains were placed in 

a 30% sucrose for 48 hours. Brains were then mounted on a cryostat, sliced coronally at 50 

microns from the cortex through the brainstem, placed in 30% sucrose cryoprotectant and 

stored at −20°C until they were stained for immunoreactivity over every 6th section across 

the entire brain (approximately Bregma 5.64 to −15.96).

2.5: Immunohistochemistry

Four separate immunohistochemistry assays were performed to compare noradrenergic 

markers between genotypes and assess the relationships between these markers and 

USVs and anxiety. Assays for noradrenergic markers included Tyrosine Hydroxylase(TH), 

α1 adrenoreceptors (α1AR), β1 adrenoreceptors (β1AR), and norepinephrine transporter 

(NET). Each assay was completed across three runs per assay, with each genotype equally 

represented in each run. For each assay, incubation in the absence of primary antibody was 

used for control sections, which resulted in absence of immunoreactivity. Confirmation 

of antibody specificity was demonstrated by manufactures. Western immunoblotting 

appropriately detected bands at molecular weights of 62kDA TH (EMD Millipore, 

Temecula, CA), 50kDA for β1AR (abcam, Cambridge, MA), 60kDA for α1AR (Thermo 

Fisher Scientific, Waltham, MA), and 80kDA for NET (Thermo Fisher Scientific, Waltham, 

MA). All antibodies stained appropriate patterns of distribution, as demonstrated previously 

[40,85–87].

For each assay, tissue sections were blocked in 20% normal goat serum and incubated 

overnight in a primary antibody solution (see Table 1 for primary antibody product 

information and concentrations), as recently described [40]. Samples were then incubated 

in conjugated biotinylated secondary solution at 1:500 (Millipore, BA-1000) for 2-hr and 

incubated in an avidin– biotin solution (Vector Laboratories, Burlingame, CA) for 1-hr, 

and the complex was visualized by using SIGMAFAST 3,3-diamino- benzidine with metal 

enhancer (DAB; Sigma Aldrich, St. Louis, MO, D0426). All sections were float mounted 

onto gelatin-coated slides, dehydrated in a graded series of alcohols and xylenes, and 

coverslipped with Cytosol 60 mounting medium (Richard-Allen Scientific, Kalamazoo, MI).

2.6: Unbiased Stereology and Relative Optical Density Measurement

Unbiased cell count estimation was completed in the locus coeruleus (for TH, α1AR, 

β1AR), 10N ( for α1AR, β1AR), and nucleus ambiguus ( for α1AR, β1AR) using the 

optical fractionator method as described by West et al, 1991 and adapted from Kelm-Nelson 

et al, 2018 [88,89]. Cell number was estimated in the right or left hemisphere only for each 

rat. Stereological analyses were completed using Stereo Investigator® (MBF Bioscience, 

Williston, VT) and the Optical Fractionator Probe. An Olympus BX53 microscope was 

fitted with a QImaging Retiga 1300c monochrome camera and a Prior XYZ Proscan III 

motorized stage kit, with images displayed on a plasma screen monitor. Brain regions 

were outlined based on the Paxinos and Watson (2005) atlas of stereotaxic coordinates 

of the rat brain [90] using a 4x magnification. Three sections between bregma −9.48 and 

−10.2 were counted in the locus coeruleus. Eight to 9 sections were counted between 

bregma −12.36 and 14.76 in the 10N, and 7 sections between bregma −12.00 and −14.16 
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were counted in the nucleus ambiguus. For each nucleus, every 6th section was counted 

(250μm between sections). Random sampling of the outlined regions was completed at 40x 

magnification using a sampling grid of 100 × 100μm and a counting frame of 75 × 75μm 

with a dissector height of 12μm and guard zones of 2μm. Section thickness was measured 

at each counting site (average thickness of 20.4μm, 17.1μm and 19.5μm for locus coeruleus, 

10N and nucleus ambiguus respectively). . This combination of sampling parameters was 

established to achieve a Gunderson coefficient of error (m=1) of less than 0.10 for each 

region, indicating that parameters used were accurate for stereological investigation. Cell 

bodies stained for TH, α1AR, and β1AR were counted if the top of the leading edge came 

into focus within the inclusion lines of the dissector and outside of the 2μm guard zones. 

Estimated cell counts were averaged for individual rats and combined to produce genotype 

averages.

Optical density measurements were taken in the locus coeruleus, 10N and nucleus ambiguus 

(for NET), and in the NTS (for NET, α1AR and β1AR). Sections containing nuclei of 

interest were outlined at 4x magnification using the slide-scanning workflow in Stereo 

Investigator®, and the equipment set-up described for stereology. Following background 

correction, images were obtained at 10x magnification to ensure similar focus between 

hemispheres. For locus coeruleus, 10N and nucleus ambiguus, the same number of sections 

were analyzed and at same bregma coordinates as above; in addition, 3 sections between 

bregma −12.96 and −13.8 were analyzed in the NTS (NET, α1AR, and β1AR). For each 

nucleus, both hemispheres of every 5th section were analyzed (250μm between sections). 

Analysis was completed using ImageJ (US National Institutes of Health, Bethesda, MD). 

ImageJ was then used to place uniformly-sized boxes inside of the nucleus of interest in 

each hemisphere (250 × 500 pixels in the locus coeruleus, 500 × 500 pixels in the NTS, 300 

× 300 pixels in the nucleus ambiguus, and 250 × 500 pixels in the 10N), as well as a region 

devoid of staining (50 × 50 pixels region in the spinal tract of 5) on each slice. Images were 

converted from RGB color to 8-bit, and pixels in the images were calibrated on a provided 

gray scale (ImageJ). An optical density reading of the background and bilateral regions of 

interest were then taken. The relative optical density for each section was calculated as 

relative optical density = (average optical density of the nucleus of interest) – optical density 

of the background image. Relative optical density was then averaged for individual rats, and 

then combined to produce genotype averages.

2.7: Statistical Analysis

Mixed effect models were used to assess the influence of time point (3 levels), genotype 

(two levels), as well as interaction between time and genotype on USV and anxiety 

parameters. Multiple regressions were fitted separately to assess USV outcomes of call 

intensity, bandwidth, duration, and average peak frequency with anxiety, genotype, and 

the interaction between anxiety and genotype as independent variables at the 12-month 

timepoint. Student’s t-tests were used to compare brainstem NE markers between genotypes. 

Univariate linear regression analysis was conducted to assess relationships between 

brainstem NE and USV parameters, as well as between NE and anxiety at the 12-month 

timepoint. Sample sizes and degrees of freedom reflect incidental tissue loss (n=1 Pink1−/− 

rat for NET in the NTS and 10N), absent vocalization (n=1 WT rat at 4months, n=1 Pink1−/
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− rat at 8 months, and n=1 WT rat at 12 months), and a rat removing itself from the maze 

during anxiety testing (n=1 Pink1−/− rat at 4 months).

The outcome variables were USV measures of bandwidth, mean peak frequency, sound 

intensity, and call duration, as well as time spent in closed arms of the plus maze, and 

frequency of entries into closed arms of the plus maze. Independent variables included 

relative optical density of NET in the locus coeruleus, NTS, 10N, and nucleus ambiguus, 

relative optical density of α1AR and β1AR in the NTS, and estimated cell counts of cell 

bodies stained for TH in the locus coeruleus, and α1AR and β1AR separately in the locus 

coeruleus, 10N and nucleus ambiguus. For USV and plus maze measurements, inter-rater 

reliability was determined by calculating intra-class correlation coefficients (ICC) on 5% 

of data files. This methodology was chosen based on our hypothesis that observations 

from behavioral testing are the result of long-term changes to NE involving these brain 

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

R (version 3.6.0) and SAS (version 9.4). Due to the exploratory nature of this work and 

associated risk of type II statistical error, no corrections for multiple comparisons were 

made.

3 Results

3.1: Ultrasonic Vocalizations

Inter-rater reliability was greater than 0.90 for USV measurements. There was no interaction 

between genotype and timepoint on bandwidth (F(2,57)=0.21, p>0.05). There was no 

main effect of genotype (F(1,30)=0.31, p=0.5796). There was a significant main effect of 

timepoint (F(2,57)=7.01,p=0.0019) on call bandwidth. Post-hoc analysis comparing least 

squares means demonstrated that bandwidth decreased after the 4-month timepoint. At 

4 months (18803Hz), bandwidth was greater than 8months (16322Hz) and 12 months 

(15843hz) (t(57)=2.91, p=0.014 and t(57)=3.49, p=0.0027, respectively), but 8- and 12­

month timepoints were not significantly different from one another(t(57)=0.56, p=0.89).

There was no interaction between genotype and timepoint on call intensity (F(2,57)=0.63, 

p=0.54). There was a significant main effect of genotype on call intensity (F(1,30)=15.79, 

p=0.0004). In post-hoc analysis, the Pink1−/− rat group (−50.02dB) produced USVs of 

lower sound intensity than the WT rat group (−48.51dB) (t(30)=3.97, p=0.004). There 

was also a significant main effect of timepoint on call intensity (F(2,57)=34.99, p<0.0001) 

(4mo=−47.35, 8mo=−50.87, 12mo=−51.07). USV sound intensity was lower at 4mo than 

8mo (t(57)=7.03,p<0.0001) and 12mo (t(57)=7.43, p<0.0001). There was no difference in 

intensity between 8mo and 12mo (t(57)=0.37, p=0.93).

There was no interaction between genotype and timepoint on average peak frequency 

(F(2,57)=2.14, p=0.13). There were significant main effects of timepoint (F(2,57)=4.08, 

p=0.02) and genotype(F(1,30)=9.11,p=0.005) on average peak frequency of calls. The 

Pink1−/− rat group (54988hz) had a lower average peak frequency that the WT rat group 

(57653hz) (t(30)=3.02, p=0.005). Additionally, Average peak frequency at 4mo (55483hz) 

was lower than 8mo (57168hz) (t(57)=2.85,p=0.02), but was not significantly different from 
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12mo (56312) (t(57)=0.16, p=0.34). Average peak frequency did not differ from 8 to 12 

months (t(57)=0.15, p=0.32).

There was a significant interaction between genotype and timepoint call duration 

(F2,57)=3.38, p=0.41). The Pink1−/− rat group and WT rat group did not differ in call 

duration at 4 months (Pink1−/− mean=0.036s, WT mean= 0.0321s, t(57)=1.18, p=0.85). 

By 8 months, duration was longer for The Pink1−/− group than for WT group (mean 

pink= 0.043s, mean WT= 0.030s, (t(57)=4.12, p=0.002 ). By 12 months, however, call 

duration was no longer different between genotypes (mean Pink1−/−=0.36s, mean WT= 

0.030 (t(57)=1.65, p=0.57).

3.2: Anxiety

Inter-rater reliability was greater than 0.90 for plus maze measurements. Because a number 

of rats of both genotypes (n=8 to 17 per timepoint) did not enter the open arms of the 

maze at some timepoints, entries into and duration in open arms were not used as outcome 

measures (an average of 6 WT rats and 5 Pink1−/− rats per timepoint did not enter open 

arms).

There was no interaction effect between genotype and timepoint on duration in closed 

arms of the maze (F(2,59)=1.02,p=0.37). There was a significant main effect of timepoint 

(F(2,59)=5.02,p=0.01) on duration in closed arms of the maze. Rats spent the least amount 

of time in closed arms of the maze at 8 months (mean 4=105.83, mean 8=86.36, mean 

12=122.01). Rats spent less time in closed arms at 8 months than 4 months, but this did 

not reach statistical significance in post-hoc testing (t(59)=1.73, p=0.08). Rats spent more 

time in closed arms at 12 months than 8 months (t(59=−3.16, p=0.003). Four-month and 

12-month timepoints did not differ in this measure (t(59)=−1.45,p=0.15). There was no main 

effect of genotype (f(1,30)=0.84,p=0.37).

There was no interaction between genotype and timepoint on number of closed arm entries 

(F(2,59)=1.26, p=0.29). There were significant main effects of Timepoint (F2,59)=7.18, 

p=0.0016) and Genotype (F(1,30)=18.29, p=0.0002) on number of entries into closed arms 

of the maze. Pink1−/− rats entered closed arms more often than WT rats (mean of 11.8 

vs 8.17, respectively) (t(30)=4.28, p=0.0002). Averaged across genotypes (mean 4mo= 11.3 

entries, mean 8mo= 8.9 entries, mean 12mo=9.7 entries), there were significant differences 

between 4 and 8 months (t(59)=3.7,p=0.001), and 4 and 12 months (t(59)=2.53, p=0.03), but 

not between 8 and 12 months (t(59)=−1.2, p=0.46).

Because overall differences in movement could potentially influence performance on the 

elevated plus maze, a ratio of the number of closed arm entries divided by closed arm time to 

total number of entries into any arm divided by total time in any arm was calculated. Lower 

numbers indicate increased preference for closed arms, and are thus though to be indicative 

of anxiety. There was no interaction between timepoint and genotype (F(2,59)=2.32, p=0.11) 

on this ratio. There was a main effect of genotype (F(1,30)=4.24, p=0.048). The closed 

ratio for Pink rats (mean=1.03) was smaller than for WT rats (mean=1.15) (t(59)=−2.06, 

p=0.048), indicating greater preference for closed arms. There was no main effect of 

timepoint (F(2,59)=3.0, p=0.058).
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3.3: Relationships Among Anxiety, Ultrasonic Vocalization, and Genotype

Four multiple linear regressions were fitted separately to assess USV outcomes of call 

intensity, bandwidth, duration, and average peak frequency with anxiety, genotype, and 

the interaction between anxiety and genotype as independent variables at the 12-month. 

timepoint. A significant regression model was found for call intensity (F(3,27) =9.41, 

p=0.0002), with an R2 of 0.51. There was an interaction between genotype and time in the 

closed arms of the maze. For every one-second increase in closed arm time, USV intensity 

decreased by 0.052dB in Pink1 −/− rats (β=−0.052, t(30)=−3.79, p=0.0008). Additionally, 

USV intensity was 4.39dB softer on average for WT−/− rats than for Pink1−/−s (β=−4.39, 

t(30)= −2.19, p=0.0007) when time in the closed arms of the maze was 0 seconds.

A significant regression was found for call duration (F(3,27) =3.57, p=0.027), with an 

R2 of 0.28. There was a non-significant interaction between genotype and time in the 

closed arms of the maze. For every one-second increase in closed arm time, USV duration 

decreased by 0.000069 seconds in Pink1 −/− rats (β=−0.000069, t(30)=−1.73, p=0.095). 

Additionally, USV duration was 0.016 seconds shorter on average for WT rats than for 

Pink1−/−s (β=−0.016, t(30)= −2.86, p=0.008) when time in the closed arms of the maze was 

0 seconds.

A significant regression was also found for average peak frequency (F(3,27) =3.78, 

p=0.022), with an R2of 0.30. However, individual β-estimates were not able to significantly 

determine average peak frequency independently in this model, likely due to a high degree 

of collinearity.

A regression model to assess call bandwidth based on anxiety, genotype, and the interaction 

between anxiety and genotype was not significant (F(3,27) =1.16, p=0.34), with an R2 of 

0.11.

3.4: Immunohistochemistry

3.4.1: Tyrosine Hydroxylase—There were significantly fewer cells labeled for TH in 

the locus coeruleus for Pink1−/− rats (mean=2802, SD=537) than for WT rats (mean=3730, 

SD=1334) (t(19.75)=−2.58, p=0.018).

3.4.2: Norepinephrine Transporter—There were no differences between genotypes 

in relative optical density of NET in the locus coeruleus (t(28.51)=−0.517, p=0.61), the 

NTS, (t(28.56)=−1.4, p=0.17), the 10N (t(28.65)=−1.45, p=0.16), or the nucleus ambiguus 

(t(28.41)=−1.54, p=0.14).

3.4.3: α1 Adrenoreceptors—There were more cells labeled for α1R in the in the locus 

coeruleus for Pink1−/− rats (mean=3863, SD=598) than for WT rats (mean=3418, SD=628) 

(t(29.93)=2.05, p=0.0495). There were no differences between genotypes in the relative 

optical density of α1R in the NTS (t(29.48)=0.53, p=0.6). The number of cells labeled for 

α1R did not differ between genotypes in the 10N (t(29.82)=0.89, p=0.38) or in the nucleus 

ambiguus (t(29.71)=0.69, p=0.50)
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3.4.4: β1 Adrenoreceptors—There was no difference in number of cells labeled for 

β1R in the locus coeruleus between genotypes (t(27.12)=1.07, p=0.29). The relative optical 

density of β1R in the NTS was significantly lower for Pink1−/− rats (mean=0.41, SD=0.076) 

than WT rats (mean=0.49, SD=0.075) (t(29.98)= −3.08, p=0.0044). There were more cells 

labeled for β1R in the in the 10N for Pink1−/− rats (mean=5872, SD=977) than for WT rats 

(mean=4883, SD=1124) (t(29.43)=2.65, p=0.013). In the nucleus ambiguus, Pink1−/− rats 

also had a greater number of cells labeled for β1R. (mean=2974, SD=780) than WT rats 

(mean=2446,SD=521) (t(26.16)=2.25, p=0.033).

3.5: Relationships Between Ultrasonic Vocalization and Noradrenergic Markers

3.5.1: Tyrosine Hydroxylase—Linear regressions were fitted to determine associations 

between USV outcomes and the number of cells labeled for TH in the locus coeruleus. 

Number of cells labeled for TH in the locus coeruleus did not determine USV bandwidth 

(F(1,29)=0.20, p=0.66, R^2 of 0.01), intensity (F(1,29)=2.56, p=0.12, R^2 of 0.08), average 

peak frequency (F(1,29)=0.7, p=0.41, R^2 of 0.02), or duration (F(1,29)=1.14, p=0.29, R^2 

of 0.04).

3.5.2: Norepinephrine Transporter—Linear regressions were fitted to determine 

associations between USV outcomes and the relative optical density of NET in the locus 

coeruleus, NTS, 10N and nucleus ambiguus. No significant regressions were found (Table 

2).

3.5.3: α1 Adrenoreceptors—Linear regressions were fitted to determine associations 

between USV outcomes and number of cells labeled for α1 receptors in the locus coeruleus, 

nucleus ambiguus, and 10N, and relative optical density of α1 receptors in the NTS. No 

significant regressions were found (Table 2).

3.5.4: β1 Adrenoreceptors—Linear regressions were fitted to determine associations 

between USV outcomes and number of cells labeled for β1 receptors in the locus coeruleus, 

nucleus ambiguus, and 10N, and relative optical density of β1 receptors in the NTS. 

No significant correlations were found for duration or bandwidth. Three independent 

variables were found to be significantly associated with intensity. In the NTS, (F(1,29) 

=4.74, β=14.59, 95% confidence interval=1.46 to 27.73 p=0.04), R2=0.14) for every unit 

increase in relative optical density, intensity increased by 14.59dB. In the 10n (F(1,29) 

=13.57, β=−0.002, 95%CI= −0.002 to −0.0007 p=0.001, R2=0.320), for every additional cell 

labeled for β1R, intensity decreased by 0.002dB. In the nucleus ambiguus (F(1,29) =9.43, 

β=−0.002, 95%CI=−0.003 to −0.0006. p=0.005, R2=0.25), for every additional cell labeled 

for β1R, intensity decree sed, 0.002dB.

In addition, cell count estimations for β1R-labeled cells in the nucleus ambiguus were 

significantly associated with average peak frequency (F(1,29) =6.3, β=−2.39, 95%CI=−4.26 

to −0.52, p=0.02), with an R2 of 0.18). For every additional cell labeled for β1R in the 

nucleus ambiguus, average peak frequency decreased by 2.39Hz.
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3.6: Relationships Between Anxiety and Noradrenergic Markers

3.6.1: Tyrosine Hydroxylase—A linear regression was fitted to determine associations 

between duration in closed arms of the plus maze and the number of cells labeled for TH 

in the locus coeruleus. A significant association was found (F(1,30 =4.6, β=−0.02, 95%CI= 

−0.04to −0.001 p=0.04), with an R2 of 0.13. For every additional cell labeled for TH in the 

locus coeruleus, duration in closed arms of the plus maze decreased by 0.02 seconds.

3.6.2: Norepinephrine Transporter—Linear regressions were fitted to determine 

associations between duration in closed arms of the plus maze and OD of NET in 

the locus coeruleus, NTS, 10N and nucleus ambiguus. Regressions using the locus 

coeruleus (F(1,30)=0.26, p=0.61, R^2=0.009), NTS (F(1,29)=0.55, p=0.47, R^2=0.02), 10N 

(F(1,29)=0.35, p=0.56, R^2=0.01), and nucleus ambiguus (F(1,30)=0.61, p=0.44, R^2=0.02) 

were not significant.

3.6.3: α1 Adrenoreceptors—Linear regressions were fitted to determine associations 

between duration in closed arms of the plus maze and the number of cells labeled for α1R in 

the locus coeruleus, 10N and nucleus ambiguus, and on the relative optical density of α1R 

in the NTS. Regressions using the locus coeruleus (F(1,30)=1.62, p=0.21, R^2=0.05), NTS 

(F(1,30)=0.06, p=0.8, R^2=0.002), 10N (F(1,30)=0.03, p=0.87, R^2=0.001) and nucleus 

ambiguus (F(1,30)=.69, p=0.41, R^2=0.02) were not significant.

3.6.4: β1 Adrenoreceptors—Linear regressions were fitted to determine associations 

between duration in closed arms of the plus maze and the number of cells labeled for β1R 

in the locus coeruleus, 10N and nucleus ambiguus, and on the relative optical density of 

β1R in the NTS. Regressions using the locus coeruleus (F(1,30)=3.51, p=0.07, R^2=0.10), 

NTS (F(1,30)=0.1,p=0.76, R^2=0.003), 10N (F(1,30)=0.43, p=0.51, R^2=0.01) and nucleus 

ambiguus (F(1,30)=0.1, p=0.75, R^2=0.003) were not significant.

4: Discussion

The current study demonstrates that several aspects of the noradrenergic system are 

disrupted in the brainstem of the Pink1−/− rat model of PD. Further, these neural differences 

are not only associated with anxiety and vocal impairment, but anxiety and genotype interact 

to influence changes to vocalization that mimic some aspects of hypokinetic dysarthria in 

humans with PD. These findings are relevant to a growing body of research that suggests 

noradrenergic dysfunction is a primary contributing factor to early and non-hallmark signs 

of PD [47–52,54,55].

Anxiety-Like Behavior

The current findings are relevant to future translational work assessing anxiety in PD. 

Consistent with previous investigations of anxiety in the Pink1−/− rat model of PD, 

[66,67,91], we identified an increase in anxiety-like behavior in Pink1−/− rats compared 

to WT controls. The current study followed rats further (12 months vs 8 months and 

earlier) than in previous work with this progressive model, allowing for a more-nuanced 

interpretation. This longitudinal data revealed a U-shaped curve in anxiety-like behaviors for 
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WT rats, with an increase in exploratory activity (e.g., decreased anxiety-like behavior) at 8 

months compared to 4 and 12 months. This U-shaped curve is expected in WT rodents [92], 

but was absent in the Pink1−/− rat (Figure 4). While Pink1−/− rats demonstrated increased 

anxiety-like behavior across timepoints, the spike at the 8 month timepoint is important in 

that it is thought to represent early-to-mid -stage progression in human PD, a time when 

prevalence of anxiety also increases [93]. While the exact etiology of anxiety in PD is not 

yet well understood, it is likely a combination of disease-specific biological factors and 

psychological responses to disease progression and motor manifestation [94]. Future work 

that longitudinally controls for increased stressors in the Pink1−/− rat [91] may help to 

disentangle biological and experiential contributors to anxiety in PD.

Relationships between anxiety and vocalization

Consistent with previous studies [39,40,62,64,95], vocalizations of Pink1−/− rats were 

reduced in intensity and had a lower average peak frequency compared to WT controls. 

A novel finding of the study was the genotype-dependent relationship between anxiety 

and vocalization. Specifically, the vocalizations of Pink1−/− rats were associated with 

anxiety level, whereas those of WT controls were not. Relationships between voice and 

speech, and changes to cognitive/emotional state or anxiety level in humans have been well­

documented [24,26,28,96–98]. This is intuitively understood when observing degradation of 

voice quality and speaking performance in the setting of anxiety during public speaking. 

Interestingly, this phenomenon of degraded voice quality and speaking performance during 

anxiety can be reduced through various methods of cognitive-behavioral training [99–101]. 

Our understanding of the neurobiological underpinnings of the phenomena are generally 

limited to physical measurements of autonomic arousal [99]. Interestingly, normalization of 

these measures of arousal occurs during targeted cognitive-behavioral intervention, and has 

been simultaneously correlated with improved performance and with activation of higher 

cortical structures [101], suggesting that the process by which degradation of voice and 

speech performance in the setting of anxiety can be overcome is “top-down” in nature. 

In this context, a possible explanation for the influence of genotype on the interaction 

between anxiety level and vocal acoustic outcomes is an impairment of “top-down,” higher 

cortical processes in Pink1−/− model. This might explain our observation that anxiety-based 

disruption to vocalization is present for Pink1−/− rats but not for WT controls.

To explore these findings further, future work would benefit from using alternative means of 

comparing vocalization to anxiety-like behavior, such as analyzing USVs produced while on 

the elevated plus maze. These correlational findings should also be further-explored through 

experimental control of the “dose” of anxiety given to each rat, assessing how anxiety 

“dose” influences vocal outcomes, and then assessing how genotype interacts with the 

relationship between anxiety “dose” and vocal outcomes. Because continuous assessment of 

anxiety state and controlled modulation of anxiety dose is challenging in animal models, 

such a design may be more feasible in humans with PD than in rats.

Brainstem Noradrenergic Markers

It has been well-established that noradrenergic degeneration in the locus coeruleus precedes 

and is more extensive than dopaminergic degeneration in the nigro-striatal pathway in 
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humans with PD [41,102]. The reduced number of cell bodies immunoreactive for TH 

in the locus coeruleus in Pink1−/− rats compared to WT controls in the current study 

mirrors human findings, and replicates previous work in our laboratory [40]. Additionally, 

the number of cell bodies reactive for α1 receptors was increased in the locus coeruleus 

of Pink1−/− rats, compared to WT controls. Increased expression of α1 receptors has been 

demonstrated in humans with PD [38,103], and over-expression of the α1B receptor subtype 

in murine models has resulted in central nervous system apoptosis and was associated with 

Parkinson-like hind-limb disorders.[104] While the mechanism by which this increased 

expression occurs is not understood, it is thought to be a compensatory response to reduced 

bioavailability of norepinephrine.

Differences in noradrenergic markers in the other brainstem structures were minimal with 

the exception of β1 receptor, with an increase in number of positively-labeled cell bodies 

in the nucleus ambiguus and 10N, and a decrease in the relative optical density in the 

NTS. While the roles of the nucleus ambiguus and NTS in vocal communication are 

clear in that they house laryngeal motoneurons and are the primary target for laryngeal 

sensory information, respectively, the 10N is also important for laryngeal function in that, in 

addition to being a preganglionic sensory nucleus, it contains targets for sensory information 

carried by the superior laryngeal nerve, and thus could be implicated in regulation of 

laryngeal movement [105]. Reduced vocal intensity, an important translational aspect of 

this rat model of vocal deficit in PD, was significantly associated with number of cell 

bodies labeled for β1 receptor in the nucleus ambiguus and 10N and by the relative optical 

density of β1 receptor in the NTS. This finding is consistent with previous studies that 

have correlated vocalization with noradrenergic disruption in the central nervous system 

[39,40]. In light of previous work that has shown increased vocal intensity in WT rats 

who were intraperitoneally injected with the β1 receptor antagonist, propranolol [64], our 

finding of a negative correlation between β1 immunoreactive cell bodies in laryngeal motor 

nuclei suggests that β1 receptors may be an important pharmacologic target in the treatment 

of vocal impairment in PD. Contrary to findings reported by Grant et al, 2015, number 

of TH immunoreactive cell bodies in the locus coeruleus was not significantly associated 

with any USV parameters. A possible explanation for this discrepancy is methodological 

differences implemented when conducting cell count estimation and the timepoint when data 

was collected (in the current study, rats were 12 months versus 8 months). Interestingly, 

the number of TH immunoreactive cell bodies in the locus coeruleus was weakly correlated 

with anxiety level. Thus, while anxiety and vocalization are associated with one another 

and are associated with some brainstem noradrenergic factors, the brainstem noradrenergic 

factors investigated do not appear to modulate the relationship between anxiety and 

vocalization in this model of PD. Future studies should investigate vocalization, anxiety, 

and noradrenergic factors at higher cortical levels, which may provide greater insight into 

the relationships among anxiety, vocalization, and noradrenergic deficits. Finally, it is likely 

that more-complex interactions involving multiple other neurotransmitter systems including 

serotonergic, glutamatergic, and adenosinergic systems, could explain the relationships 

between vocalization and anxiety in PD more-completely. Compelling evidence for such 

interactions comes from research outside of rat models of PD, in which the number of 

USVs produced has been shown to be influenced by complex interactions among multiple 
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neurotransmitter systems across the brain [106–110]. Investigation into the influence of 

these neurotransmitter systems on both number and acoustic features of USVs in PD models 

is likely to yield a more nuanced understanding of how disease mechanisms influence 

behavioral deficits.

4.1 Limitations

In the study of anxiety, researchers and clinicians often differentiate between trait anxiety 

and state anxiety. Trait anxiety reflects an aspect of personality that predisposes one to 

increases in state anxiety, which has been defined as a transient emotional state associated 

with physiological arousal and conscious awareness of perceived negative feelings about 

future events [111,112]. While these two aspects of anxiety, by definition, interact with 

one another, they are distinct and are represented by different functional connectivity 

profiles in the human brain [113]. Assessment of state and trait anxiety in humans with PD 

demonstrates that both are increased relative to controls [114], reiterating the relationship 

between these aspects of anxiety. In animal models of anxiety, correlations between trait and 

state anxiety are less clear, and performance on measures that reflect trait anxiety, such as 

free exploration paradigms, are not consistently associated with measures that reflect state 

anxiety, such as the elevated plus maze [115]. While pink1−/− rats demonstrated greater 

anxiety-like behavior on the elevated plus maze than WT controls at each timepoint in the 

current study, a limitation is that these are simply multiple and repeated measures of state 

anxiety. Nevertheless, a consistency between anxiety-like behavior in Pink1−/− rats and 

humans with PD was observed.

It should also be acknowledged that performance on the elevated plus maze only reflects 

some aspects of anxiety-like behavior. Replication of the current study using alternative 

lighting conditions, such as bright white light, or alternative means of measuring anxiety­

like behavior, such as time spent in the light portion of a light-dark box apparatus, or 

time spent exploring the center of an open-field apparatus could provide a more-complete 

understanding of anxiety-like behavior in this model of PD. Further, sub-analyses of 

different types of USV calls (for example, flat versus frequency-modulated) may be 

important when assessing relationships between vocalization and anxiety, as measured with 

these alternative methods.

An additional limitation of the study is the assessment of neural tissue at the 12-month 

timepoint only. It is possible that genotypic differences in brainstem noradrenergic markers 

may be evident at different timepoints relative either to further disease progression or to 

neuroplastic compensation in response to earlier neurobiological changes. It must also be 

acknowledged that, while unbiased stereology and measurement of relative optical density 

allow for a high degree of spatial resolution in assessment of neural tissue differences, they 

may be less sensitive to genotypic differences than more-direct methods of measurement 

such as high-performance liquid chromatography or western blot analysis. Future studies 

would benefit from additional quantification methods to solidify understanding of brainstem 

NE differences.
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4.2 Future Directions and Translational Research Implications

The relationship between vocal outcomes and anxiety in humans is also present in animal 

models of PD, and appears to be influenced by central noradrenergic systems. Tandem 

assessment of voice and anxiety in both health and disease, especially in PD, is likely 

to improve management of these signs/symptoms and to increase understanding of their 

disease-specific etiologies. Given the relationships among anxiety, vocalization, and central 

noradrenergic systems demonstrated in this study, future research with the Pink1−/− model 

of PD should investigate vocalization and anxiety during pharmacologic manipulation of 

norepinephrine. In an effort to guide translation to human populations, assessment of 

voice and anxiety in convenience samples of patients with PD who are being treated with 

medications that modify the noradrenergic system should be conducted.

4.3 Conclusions

Vocal deficits and anxiety are related in the Pink1−/− model of PD, and are both influenced 

by norepinephrine. Future investigations with increased control of anxiety level and 

noradrenergic manipulation will help to further clarify the disease-specific nature of these 

relationships.
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Abbreviations:

10N
Dorsal Motor Nucleus of the Vagus

AMB
nucleus ambiguous

CI
Confidence interval

LC
locus coeruleus

NET
norepinephrine transporter

NTS
Nucleus of the solitary tract

PD
Parkinson Disease

Pink1−/− 
PTEN induced putative kinase 1 gene knockout
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ROD
relative optical density

US
unbiased stereology

USV
ultrasonic vocalization

WT
wild type
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Highlights:

• Pink1−/− rats demonstrate more anxiety behaviors than wild type controls, 

mirroring human Parkinson disease.

• Anxiety is correlated with vocal deficits in Pink1−/− rats.

• Brainstem noradrenergic markers differ between Pink1−/− rats and wild type 

controls.

• Brainstem noradrenergic markers are correlated with vocal deficits and 

anxiety.
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Figure 1: Pathways of both vocal communication and anxiety.
Vocal communication and anxiety travel the same efferent (red) and afferent (blue) 

pathways, often with NE as a primary neurotransmitter. The disruption of NE these 

pathways could simultaneously explain both vocal impairment and anxiety in PD.
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Figure 2: Experimental timeline.
Behavioral testing includes analysis of ultrasonic vocalizations and measurement of anxiety 

behavior on the elevated plus maze. NET: norepinephrine transporter.
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Figure 3. 
Ultrasonic Vocalization. A: Average intensity of calls by genotype and timepoint; B: 
Average intensity with data collapsed across time to show main effect for genotype. 

Less-negative value indicates louder call. C: Average peak frequency; D: Average peak 

frequency data collapsed across time to show main effect for genotype. Pink1−/− calls were 

significantly lower than WT across timepoints; average peak frequency at 8 months was 

greater than at 4 months, regardless of genotype. E: Average bandwidth. Bandwidth was 

significantly smaller at 8 and 12 months than 4 months for both genotypes. F: Duration. 

Pink1−/− calls were significantly longer than WT calls at the 8-month timepoint only. dB: 

decibels. Hz: Hertz. * p<0.05. **p<0.01. ***p<0.001. Error bars indicate +/− SEM.
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Figure 4. 
Anxiety Behavior. A: Time spent in closed arms. B: Entries into closed arms. C: Ratio of 

closed arm entries/time in closed arms to total entries into any arm/total time spent in any 

arm. Pink1−/− rats spent more time in closed arms than WT rats (B), and demonstrated a 

greater preference for closed arms(C). Number of entries into closed arms did not differ by 

genotype. Across genotypes, rats made more entries into closed arms at 4 months than 8 

or 12 months, and spent the least amount of time in closed arms at 8 months. Error bars 

indicate +/− SEM.
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Figure 5. 
Relationships between anxiety behavior and ultrasonic vocalization. A: Average intensity by 

time spent in closed arms. B: Average duration by time spent in closed arms. C: Average 

peak frequency by time spent in closed arms. D: Average bandwidth by time spent in closed 

arms. Intensity and duration of Pink1−/− calls were associated with anxiety level, with 

increases in anxiety correlating to decreases in duration and intensity. Calls of WT rats were 

less strongly associated with anxiety. dB: decibels. Hz: Hertz. Gray shading indicates 95% 

confidence interval.
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Figure 6. 
Cell count estimates of tyrosine hydroxylase and α1R immunoreactivity in the locus 

coeruleus. A: Representative photomicrograph of TH immunoreactivity in the LC. 40x 

magnification, scale bar is 50μm, arrow points to immunoreactive cell. B: Cell count 

estimates for TH+ immunoreactivity. C: Cell count estimates for α1R immunoreactivity. 

*p<0.05. Light and dark gray bars indicate WT and Pink1−/−, respectively. TH+: 

positive staining for tyrosine hydroxylase immunoreactivity. α1R: α1 adrenoreceptor 

immunoreactivity. LC: locus coeruleus. Error bars indicate +/− SEM.
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Figure 7: 
β1R immunoreactivity. A: Left: Representative photomicrograph of β1R immunoreactivity 

in the. Right: Cell count estimates in the 10N. B: Left: Representative photomicrograph 

of β1R in the AMB. Right: Cell count estimates in the AMB. C: Representative 

photomicrograph of β1R in the NTS. Relative optical density in the NTS. β1R cell count 

estimates in the 10N and AMB were greater for Pink1−/− rats than for WTs. Relative 

optical density in the NTS was lower for Pink1−/− rats than for WTs. A and B images 

at 40x magnification, scale bars are 50μm; C image taken at 10x magnification, scale 

bar is 500μm. Arrows in A and B point to immunoreactive cells. β1R: β1 adrenoreceptor 

immunoreactivity. 10N: dorsal motor nucleus of the vagus. NTS: Nucleus of the solitary 
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tract. *p<0.05. Light and dark gray bars indicate WT and Pink1−/−, respectively. Error bars 

indicate +/− SEM.
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Figure 8: 
Relationships between β1R immunoreactivity and ultrasonic vocalization intensity and 

average peak frequency. A: Average intensity by ROD of β1R in the NTS. B: Average 

intensity by β1R+ cell count estimates in the 10N C: Average intensity by β1R cell count 

estimates in the AMB. D: Average peak frequency by β1R cell count estimates in the 

AMB. Increases in cell count estimates in the AMB and 10N were associated with decreases 

in average intensity, and decreases in ROD in the NTS were associated with increases in 

intensity. Decreases in cell count estimation in the AMB were associated with decreases 

in Average peak Frequency. Β1R: β1 adrenoreceptor immunoreactivity. 10N: dorsal motor 

nucleus of the vagus. AMB: nucleus ambiguus. NTS: Nucleus of the solitary tract. dB: 

decibels. Hz: Hertz. ROD: relative optical density. Gray shading indicates 95% confidence 

interval.
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Figure 9: 
Relationship between anxiety behavior and cell count estimation for TH immunoreactivity 

in the LC. Greater estimate of TH+ cells in the LC was associated with decreased number 

of seconds in closed arms of the plus maze, indicating decreased anxiety. TH+: tyrosine 

hydroxylase immunoreactivity. LC: locus coeruleus. Gray shading indicates 95% confidence 

interval.
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Table 1:

List of antibodies and quantification method for immunohistochemistry

Primary 
Antibody

Immunogen Target Manufacturer 
(product 

number); RRID; 
Lot Number

Host/
Concentration:

Type Brain Region
Quantification method

LC NTS 10N AMB

Anti-
β1AR

Synthetic peptide corresponding to 
mouse β1AR aa 394–408

abcam (ab3442); 
AB_10890808; 
GR3295387–4

Rabbit/1:2000 Polyclonal US ROD US US

Anti-
α1AR

Synthetic peptide corresponding to 
residues K(339) F S R E K K A A K 
T(349) of the 3rd intracellular loop 

of human α1AR

Thermo Fisher 
Scientific/

Invitrogen (PA1–
047); 

AB_2273801; 
UG277737

Rabbit/1:2000 Polyclonal US ROD US US

Anti-NET

Peptide 
(C)KLLNASVLGDHTKYSK, 
corresponding to amino acid 

residues 189–204 of mouse NET

Thermo Fisher 
Scientific/

Invitrogen (PA5–
77494); 

AB_2736247; 
VB2931552

Rabbit/1:5000 Polyclonal ROD ROD ROD ROD

Anti-TH TH (NCBI gene ID: 25085

EMD Millipore 
(AB152); 

AB_390204; 
3328928

Rabbit/1:2000 Polyclonal US --- --- ---

AR adrenoreceptor, NET norepinephrine transporter, TH tyrosine hydroxylase, LC locus coeruleus, NTS nucleus of the solitary tract, 10N dorsal 
motor nucleus of the vagus, AMB nucleus ambiguus, US unbiased stereology, ROD relative optical density, RRID research reference ID
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Table 2

Linear regression result assessing relationships between brainstem noradrenergic markers and vocal acoustic 

outcomes. US: unbiased stereology. ROD: relative optical density. LC: locus coeruleus. NTS: nucleus of the 

solitary tract. 10N: dorsal motor nucleus of the vagus. AMB: nucleus ambiguus.

Noradrenergic Marker Outcome Measure(s) Independent Variables Results

Tyrosine Hydroxylase

Average Bandwidth US in the LC F(1,29)=0.20, p=0.66), R2=0.01.

Average Intensity US in the LC F(1,29)=2.56, p=0.12), R2=0.08.

Average Peak Frequency US in the LC F(1,29)=0.7, p=0.41), R2=0.02.

Average Duration US in the LC F(1,29)=1.14, p=0.29), R2=0.04.

Norepinephrine Transporter

Average Bandwidth
ROD in the LC F(1,29)=1.47, p=0.24, R2=0.05.

ROD in the NTS F(1,28)=0.28, p=0.6, R2=0.01.

ROD in the 10N F(1,28)=0.32, p=0.58, R2=0.01.

ROD in the AMB F(1,29)=0.05, p=0.82, R2=0.002.

Average Intensity ROD in the LC F(1,29)=0.29, p=0.6, R2=0.01.

ROD in the NTS F(1,28)=0.69, p=0.41, R2=0.02.

ROD in the 10N F(1,28)=0.62, p=0.44, R2=0.02.

ROD in the AMB F(1,29)=0.17, p=0.68, R2=0.01.

Average Peak Frequency ROD in the LC F(1,29)=0.31, p=0.58), R2=0.01.

ROD in the NTS F(1,28)=2.46, p=0.13 R2=0.08.

ROD in the 10N F(1,28)=1.25, p=0.27, R2=0.04.

ROD in the AMB F(1,29)=0.96, p=0.34, R2=0.03.

Average Duration ROD in the LC F(1,29)=0.61, p=0.44), R2=0.02.

ROD in the NTS F(1,28)=0.18, p=0.67), R2=0.006.

ROD in the 10N F(1,28)=0.1, p=0.76), R2=0.003.

ROD in the AMB F(1,29)=0.03, p=0.86), R2=0.001.

β1 Receptor

Average Bandwidth US in the LC F(1,29)=0.36, p=0.55), R2=0.01.

ROD in the NTS F(1,29)=1.19, p=0.28), R2=0.04.

US in the 10N F(1,29)=1.92, p=0.17), R2=0.06.

US in the AMB F(1,29)=1.65, p=0.21), R2=0.05.

Average Intensity US in the LC F(1,29)=0.84, p=0.37), R2=0.03.

ROD in the NTS F(1,29) =4.74, p=0.04), R20.14.

US in the 10N F(1,29) =13.57, p=0.0 0,), R2=0.32.
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Noradrenergic Marker Outcome Measure(s) Independent Variables Results

US in the AMB F(1,29) =9.43, p=0.005), R2=0.25.

Average Peak Frequency US in the LC F(1,29)=0.15, p=0.70), R2=0.01.

ROD in the NTS F(1,29)=3.73, p=0.06), R2=0.11

US in the 10N F(1,29)=1.77, p=0.19), R2=0.06.

US in the AMB F(1,29) =6.3, p=0.02), R2=0.18.

Average Duration US in the LC F(1,29)=0.57, p=0.45), R2=0.001.

ROD in the NTS F(1,29)=0.42, p=0.52), R2=0.01.

US in the 10N F(1,29)=0.46, p=0.51), R2=0.02.

US in the AMB F(1,29)=0.08, p=0.78), R2=0.003.

α 1 Receptor

Average Bandwidth Us n the LC F(1,29)=0.03, p=0.87), R2=0.001.

ROD in the NTS F(1,29)=0.17, p=0.69), R2=0.006.

US in the 10N F(1,29)=0.63, p=0.44), R2=0.02.

US in the AMB F(1,29)=0.35, p=0.56), R2=0.01.

Average intensity US in the LC F(1,29)=0.49, p=0.48), R2=0.02.

ROD in the NTS F(1,29)=0.23, p=0.64), R2=0.01.

US in the 10N F(1,29)=2.96, p=0.10), R2=0.09.

US in the AMB F(1,29)=1.04, p=0.32), R2=0.04.

Average Peak Frequency US in the LC F(1,29)=0.24, p=0.63), R2=0.008.

ROD in the NTS F(1,29)=0.69, p=0.41), R2=0.02.

US in the 10N F(1,29)=0.12, p=0.73), R2=0.004.

US in the AMB F(1,29)=0.28, p=0.60), R2=0.009.

Average Duration US in the LC F(1,29)=0.67, p=0.42), R2=0.02.

ROD in the NTS F(1,29)=1.16, p=0.29), R2=0.04.

US in the 10N F(1,29)=0.31, p=0.58), R2=0.01.

US in the AMB F(1,29)=2.57, p=0.12), R2=0.08.
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