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Research Highlights:

= Pinkl -/- rats do not show increased alpha synuclein gene expression.

= Pinkl -/- rats do exhibit decreased Atpl13a2 expression in the periaqueductal
gray.

= Gadl expression is reduced in the periagueductal gray of Pink1 -/- rats.

Abstract:

Vocal communication deficits are common in Parkinson disease (PD). Widespread

alpha-synuclein pathology is a common link between familial and sporadic PD, and
recent genetic rat models based on familial genetic links increase the opportunity to
explore vocalization deficits and their associated neuropathologies. Specifically, the

Pink1 knockout (-/-) rat presents with early, progressive motor deficits, including



significant vocal deficits, at 8 months of age. Moreover, this rat model exhibits alpha-
synuclein pathology compared to age-matched non-affected wildtype (WT) controls.
Aggregations are specifically dense within the periaqueductal gray (PAG), a brainstem
region involved in the coordination of emotional and volitional control of vocalizations.
Here, we investigated changes in gene expression within the PAG at 8 months of age in
Pink1 -/- rats compared to WT. Our data demonstrate that Pink1 -/- rat mMRNA
expression levels of alpha-synuclein are comparable to WT. However, Pink1 -/- rats
show significantly decreased levels of Atpl3a2, a transmembrane lysosomal P5-type
ATPase suggesting a potential mechanism for the observed abnormal aggregation. We
found no difference in the expression of glucocerebrosidase (Gba) or the CASP8 and
FADD-like apoptosis regulator (Cflar). Further, we show that mMRNA expression levels of
dopaminergic markers including Th, D1 and D2 receptor as well as GABA signaling
markers including Gaba-A and glutamate decarboxylase 2 (Gad2) do not differ between
genotypes. However, we found that glutamate decarboxylase 1 (Gadl) is significantly
reduced in this PD model suggesting possible disruption of neurotransmission within the
PAG. These results are the first to suggest the hypothesis that alpha-synuclein
aggregation in this model is not a result of increased transcription, but rather a deficit in
the breakdown and clearance, and that the observed vocal deficits may be related to
impaired neural transmission. Altogether, these findings are consistent with the
hypothesis that differences in neural substrate sensitivity contribute to the early
pathogenesis of vocalizations and motivation to communicate in the Pink1 -/- rat model

of PD. Our results suggest novel therapeutic pathways, including the lysosomal



degradation pathway, which can be used in to further study the pathogenesis and

treatment of vocal dysfunction PD.
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1. Introduction:
Vocal deficits, including reduction in pitch and loudness, are common preclinical signs
of Parkinson disease (PD). As the disease progresses, up to 90% of individuals have
significant voice deficits that negatively impact quality of life and are difficult to treat [1-
4]. Importantly, there is evidence that these changes in voice manifest prior to the onset
of cardinal signs of the disease (resting tremor, bradykinesia and muscle rigidity) that
are typically associated with significant striatal dopamine loss [5]. This suggests that
voice dysfunction could be an early biomarker for PD diagnosis. However, the

underlying neural pathology that contributes to vocal deficits in PD is poorly understood.

The discovery of genetic etiologies of PD has led to the creation of genetic rodent
models that target genes known to cause PD [6, 7]. The Pinkl knockout (-/-) rat
expresses a genetic form of PD due to the complete knockout (loss of function) of the
Pink1 gene, which is related to the PARK6 phenotype of human familial PD [8, 9]. Pinkl

-/- models have early metabolic and mitochondrial degeneration including deficits in



mitochondrial respiration, morphology, and dynamics, as well as oxidative stress [10-
15]. Most recently, characterization of the Pink1 -/- rat has demonstrated aggregation of
insoluble alpha synuclein (Asyn) in brainstem regions, including the periaqueductal gray
(PAG) [16], as well as moderate dopaminergic cell loss in the substantia nigra [6]. Asyn
aggregation is a key component of Lewy bodies [17-20] and although the exact
degradation pathway is unknown, the autophagy-lysosomal pathway dysfunction has
been implicated in the formation of aggregates and decreased Asyn turnover likely

results in impaired protein clearance [21, 22].

The Pink1 -/- rat model demonstrates motor impairment including significant impairment
in ultrasonic vocalizations (USVs) [6, 16]. Specifically, at 8 months of age, Pink1 -/- rats
have significantly reduced intensity (loudness), bandwidth (frequency range) and peak
frequency (upper range) of their 50-kHz frequency modulated (FM) calls as compared to
non-affected wildtype (WT) controls. The brainstem PAG is responsible for vocal
behavior across a wide range of vertebrate classes [23-25]. The PAG is responsive
during the production of vocalizations and is hypothesized to be involved in the central
organization of vocalizations as well as integration of motivational and emotional state
[26]. Specifically, stimulation of the PAG elicits vocalizations [27], while lesions result in
muteness [28, 29]. The PAG is also implicated in the coordination of vocalization
[30],has numerous projections to lower brainstem regions that module vocal production
(including nucleus ambiguus and retroambiguus)[31], as well as projections to the
respiratory system and larynx [23, 32]. Specifically, microstimulation of cells adjacent to

PAG results in excitation of laryngeal muscles in the macaque monkey [27] and vocal



fold control in squirrel monkey [33]. In addition, activation of the PAG has significant
effects on neurotransmitter release, including dopaminergic [34, 35], and GABAergic

signaling [36, 37] which suggests a role for multiple systems in vocal biology.

To assess mechanisms related to parkinsonian vocal deficits, we investigated relative
gene expression changes in the PAG in the Pinkl -/- rat model of PD and compared to
aged-matched WT tissue. Using hypothesis-driven gene selection, we investigated
changes in gene expression as a potential link to the observed reduction in acoustic
properties and communication dysfunction in Pink1 -/- rats. Specifically, we probed for:
1) significant increases in aggregation (Asyn) and apoptosis (CASP8 and FADD-like
apoptosis regulator; Cflar), 2) reductions in lysosomal markers including ATPase type
13A2 (Atpl3a2), glucocerebrosidase (Gba), 3) markers of dopamine including tyrosine
hydroxylase (Th), dopamine receptor 1 and 2 (D1,D2), and 4) GABAergic
neurotransmission including GABA-A receptor (Gabrb2) and glutamate decarboxylase 1
and 2 (Gadl, Gad?2). As a control, we quantified mMRNA expression levels for Asyn,
Atpl3a2, and Gadl in the striatum, a region that does not exhibit Asyn aggregation in

this model [16].

2. Methods and Materials:
Animals
Long Evans rats (SAGE™ Research Labs, Boyertown, PA, USA [7]) were used for
experimental analysis. Specifically, 11 Pinkl -/- rats with a homozygous knockout of

Pink1 and 8 aged-matched WT Long Evans rat brains were used for



immunohistochemical analysis. An additional twelve male Pink1 -/- and six WT rat
brains were used for gPCR. The 8 month timepoint was selected for constitutive mRNA
expression in the PAG at a defined early to middle disease stage [6, 16]. Animals were
housed two per cage in standard polycarbonate cages with sawdust bedding on a
reversed 12:12 hour light: dark cycle. All procedures were approved by the University of
Wisconsin-Madison Animal Care and Use Committee (IACUC) and were conducted in
accordance with the United States Public Health Service Guide for the Care and Use of

Laboratory Animals.

Tissue collection, processing and quantification for Asyn immunohistochemistry
Rats were deeply anesthetized with 5% isoflurane, transcardially perfused with 200 ml
of cold saline followed by 500mL of cold 4% paraformaldehyde in 0.1M phosphate
buffer. Fixed brains were excised, post-fixed for 24 hr in 4% paraformaldehyde at 4 °C,
cryoprotected in 0.02% sodium azide in 0.1M phosphate buffered saline solution and
mounted on a freezing microtome where 60 micron coronal sections were harvested
through the PAG. Free-floating brain sections were stored in glycerol cryoprotectant at -
20 °C until they were stained for immunoreactivity. Staining is described in Grant et al.
2015; briefly, tissue was pretreated with proteinase K at 1:4000 (Invitrogen, Grand
Island, NYY) for 10 min [16]. Proteinase K treatment was used before the immunostaining
to hydrolyze soluble proteins while retaining insoluble protein aggregations [38].
Sections were blocked in 20% normal goat serum and incubated overnight in primary
solution: monoclonal rabbit anti-Asyn at 1:250 (04-1053, Millipore, Billerica, MA).

Samples were incubated in conjugated biotinylated secondary solution at 1:500 for 90



min, incubated in an avidin biotin solution for 1 hr, visualized using filtered DAB with

0.02% hydrogen peroxide and coverslipped.

Two images from the dorsal medial and lateral PAG (DMPAG, LPAG) in each animal
bilaterally were acquired using MetaMorph® at 20X magnification across 4-5 sections
totaling 16-20 images per animal (at the approximate level of Bregma -5.40). Particle
analysis was performed with a fixed inclusive threshold within a standardized rectangle
box (0.43 mm x 0.28 mm), to include all aggregates as described in Grant et al. (2015)
[39]. The area occupied was measured using MetaMorph®’s Total Pixel Area;
measuring the area covered by the total number of computer-generated thresholded

pixels.

Haematoxylin counterstaining and histology quantification
To investigate cell degeneration in the PAG, Asyn labeled tissue was counterstained
with haematoxylin. Briefly, coverslips were removed, slices were quenched by
rehydrating through alcohol dilutions, counterstained (SH30, Harris’ Modified
Haematoxylin with Acetic Acid, Fisher, Waltham, MA, USA), dehydrated and re-

coverslipped.

Cells showing haematoxylin reactivity were quantified on a Nikon microscope with a
Spot camera (Diagnostics Instruments, Inc.) and MetaMorph® software in a
standardized box (315um x 409um) placed within the boundaries of PAG. The

MetaMorph® autoscale function was used to calculate the correct exposure of the



image as a percent of the total range of light as a method to reduce variation in
background between individual animals. Then, a computer-generated inclusive
threshold was used to select labeled material; the threshold value for measurement
inclusion was based on the grayscale values of the 8-bit photomicrograph. A single
threshold was used across all animals. Using the Metamorph® Standard Area Count
measure, the average of 6 sections containing PAG was used to generate an overall

average count for each individual.

Tissue collection and processing for gPCR
At 8 months of age, animals were deeply anesthetized with isoflurane and rapidly
decapitated. The brains were dissected out and immediately frozen and stored at -80°C.
Brains were sliced in the coronal plane on a cryostat to a 250um thickness at -15 °C
and mounted on gelatin-coated glass slides. Specifically, 2mm tissue samples within the
PAG (Bregma -7.8mm approximately, Figure 1A) and rostral striatum (Bregma 2.04,
approximately) were micropunched using the Brain Punch Set (FST 18035-02, Foster
City, CA, USA) under a dissection microscope over dry ice. For PAG, tissue from the
left and right hemispheres was taken where the 4™ ventricle and cerebral aqueduct
were present; for rostral striatal tissue was taken where the genu of the corpus callosum
and lateral ventricles were visible [40]. Anatomically equivalent sections of PAG and
rostral striatum were used from each animal. Tissue samples were transferred to
microcentrifuge tubes and stored at -80°C. For consistency, the same pair of

researchers sliced and punched all of the study samples.



RNA extraction and reverse transcription
Sample order was randomized during processing. Tissue was homogenized with an
electric Dremel tool, and total RNA was extracted with the Bio-Rad Aurum Total RNA
Fatty and Fibrous Tissue Kit (Catalog No. 732-6830; Bio-Rd, Hercules, CA, USA)
according to manufacturer’s instructions. Total RNA was measured using a Nanodrop
system (Thermo Scientific, Wilmington, DE, USA). Adjacent tissue micropunches were
used to quantify the 28S:18S rRNA with an Agilent RNA 6000 Pico kit (Eukaryote Total
RNA Pico, Agilent Technologies, Santa Clara, CA). Analysis of these data
demonstrated satisfactory marker and ribosomal peaks as well as RNA concentrations
and RNA Integrity Numbers (RIN; above 7.5).
DNase treated RNA (100ng/uL per cDNA reaction) was converted into single-stranded
cDNA using the Invitrogen SuperScript Il First-Strand Synthesis System (Catalog No.

18080-05; Invitrogen, Carlsbad, CA, USA).

Primer design and verification
NCBI Primer Blast was used to design primers for control reference genes (Bactin and
Gapdh) and genes of interest (supplementary material) using the rat (Rattus norvegius)
genome and based on hypothesis-driven selection. Reference genes were based on
previous work in Pink1 -/- models [6, 41]; our data demonstrate no difference in mean
Ct values between genotypes for Bactin or Gapdh. Additionally, Netprimer (PREMIER
Biosoft, Palo Alto, CA, USA) was used to examine secondary structure of all primers to
avoid primer products. Non-template controls were run with each primer pair to check

for formation of primer-dimers and non-specific amplification products. Specificity for



each primer pair was confirmed using melt curve analysis; all primer runs yielded single
peak melt curves indicating amplification of single gene products. Furthermore, the
gPCR reaction product for each gene was sequenced using Sanger sequencing with
both forward and reverse primers at the University of Wisconsin Biotechnology Center
to confirm that sequences match intended targets. Sequences are provided in the
supplementary material Using NCBI BLAST all sequences were confirmed to match the

intended targets.

Quantitative real-time PCR (qPCR)
Relative gene expression was determined for the PAG using real-time gPCR analysis
following the MIQE guidelines for quantitative real-time PCR experiments [42]. All
samples were prepared in reaction tubes containing the respective sample cDNA,
nuclease-free water, characterized forward and reverse primers (5uM concentration,
University of Wisconsin Biotechnology Center) and SsoFast EvaGreen Supermix
(Catalog No. 172-5201). On each gPCR plate, five standards were run (1:10 serial
dilutions, starting at 500ng/uL) with a Non Template negative control. Samples and
standards were run in triplicate on each plate. Plates were read with the BioRad CFX96
Touch Real-Time PCR Detection System (Catalog No. 185-5195, Bio-Rad, Hercules,
CA, USA). Briefly, each gPCR run entailed of an initiation step at 95°C for 30 sec, 40
cycles of 95°C for 5 sec, a 30 sec annealing phase, a 20 sec elongation phase at 72°C,
and a melt curve from 60-88°C, 0.5 decrees for each 5 sec step. All plates were read

following each elongation and melt curve stage.
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Statistics
Immunohistochemical data was analyzed descriptively. Independent student’s t-tests
were used to analyze differences between genotypes for the haematoxylin
counterstained tissue. For gPCR, data inclusion criteria consisted of run efficiencies
between 90% and 110% as well as an R? of at least 0.990. The mean Ct value for each
sample was defined as the average cycle number at which each sample triplicate
crossed the amplification threshold, which was set a priori to 200 RFU. The mean Ct
values for each sample were transformed via the Pfaffl Method to yield individual
relative expression level values for each gene of interest for each rat [43]. All statistical
analyses were conducted with SigmaPlot® 12.5 (Systat Software, Inc., San Jose, CA,
USA). Data was rank transformed if it failed normality (Shapiro-Wilk test) and
transformed data was used for subsequent statistical analysis. A Kruskal-Wallis One
Way Analysis of Variance on Ranks with a Tukey test for multiple comparison
procedures was used to compare mean Ct measures for each gene of interest between
genotypes. The critical level for significance was set at 0.05 for rejecting the null

hypothesis.

3. Results:
Asyn immunohistochemistry and haematoxylin counterstaining
Descriptively, there were clear differences in immunolabeling for Asyn positive
aggregates between genotypes. WT animals did not demonstrate a high level of Asyn
immunoreactivity; the Pink1 -/- had increased pixel area immunolabeling (Figure 1B) in

the PAG. For the counterstaining, there was no significant difference between
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genotypes in average Standard Area Count within the PAG (t=0.631, df=13, p=0.54)

(Figure 1C).

gPCR
The loss of the Pink1 gene in the Pink1 -/- rat was confirmed. There was a deletion of
Pink1 mRNA expression in the Pinkl -/- rat compared to WT (H=10 (df=1), p=0.000079;
Figure 1A). There was no significant difference in Asyn mRNA expression levels (F(1,
15)=0.043, p=0.84; Figure 2A). There was a significant difference in Atp13a2 (F(1,
15)=14.79, p=0.002; Figure 2B); specifically the Pinkl -/- rats had significantly reduced
MRNA expression levels compared to WT. There were no significant differences in Gba
(H=0.941 (df=1), p=0.33; Figure 2C) or Cflar (H=0.721 (df=1), p=0.40;data not

displayed) mRNA expression levels.

There was a trend for a decrease in D1 receptor mRNA expression (H=1.878 (df=1),
p=0.08; Figure 2D). There were no significant differences in dopaminergic
neurotransmission markers including D2 receptor (F(1, 15)=0.17, p=0.69; data not
displayed) or Th (H=0.40 (df=1), p=0.53; data not displayed) mRNA expression levels.
Further, there were no differences in GABAergic markers including Gabrb2 receptor
(F(1, 15)=1.06, p=0.16; data not displayed) and Gad2 (F(1, 15)=0.42, p=0.26; data not
displayed) expression. However, there was a significant decrease in Gadl (F(1,

15)=2.99, p=0.05) MRNA expression in Pinkl -/- compared to WT (Figure 2E).
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Within the rostral striatum, there were no significant differences between genotypes for
Asyn (F(1,16)=0.061, p=0.81), Atp13a2 (F(1,16)=1.02, p=0.33), or Gadl (F(1,15)=1.48,

p=0.24) (data not displayed).

4. Discussion:
In this study, we quantified mRNA transcription expression levels of genes within the
PAG and rostral striatum of 8 mo old Pink1 -/- and WT control animals. Past behavioral
studies show robust vocalization deficits at this age in the Pink1 -/- rat [16]. However,
the neural mechanisms underlying these deficits are unknown. Anatomically, the PAG is
connected with the nucleus retroambiguus and surrounding reticular formation and
projects to motor neurons involved in vocal production [27, 30, 44]. Therefore, it is likely
that neuropathology in the PAG may contribute to vocalization deficits in this model. We
show that Pink1 -/- rats have increased Asyn-positive immunolabeling compared to WT
at this timepoint. However, our data demonstrate no significant difference in the relative
MRNA expression of Asyn within the PAG. Moreover, we demonstrate a significant
decrease in Atpl3a2 that suggests a possible mechanism for the observed aSyn
aggregation, as Atpl3a2, a lysosomal P-type transport ATPase, has been implicated in
the pathogenesis of PD [45-48]. We did not observe differences in the lysosomal
enzyme glucocerebrosidase (Gba) or apoptotic regulator Cflar. Furthermore, there was
a significant decrease in Gadl expression levels, but not in Gabrb2, Gad2 or the
dopaminergic markers Th or D2. However, we did observe a trend for a decrease in the

expression of D1 receptor. Asyn aggregation has not been found in the striatum of
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Pink1 -/- rats [16], and, in this study, we show that there are no differences in mRNA

expression levels of Asyn, Atp13A2, and Gadl.

Pink1 -/- rats have reduced levels of Atp13a2
We show Pinkl -/- rats have an approximate two fold decrease of Atp13a2 mRNA
expression. Impairment to the autophagy-lysosomal pathway and mutations in related
genes, such as Gba and Atp13a2, have recently been linked to PD [46, 49,
50]. Atpl3a2 supports lysosomal and mitochondrial function by promoting the
exosomal release of Asyn [49] and preventing parkinsonian-aSyn aggregation.
Moreover, Atpl3a2 mutations are linked to autosomal recessive familial parkinsonism,
and decreased expression of Atp13a2 leads to significant PD-related mitochondrial
dysfunction [51]. Mutations in Atp13a2 in medaka fish lead to dopaminergic cell death
[52] while overexpression of this gene protects against Asyn aggregations [49].
Additionally, cell cultures with reduced Atpl13a2 show lower levels of autophagy
compared to normal cells. Interestingly, at this time point we do not see differences in
relative gene expression of Gba or Cflar between Pink1 -/- and WT. While links have
been established between mutations in Gba and accumulation of proteins (Asyn) in PD,
there is little evidence to suggest disruption of Gba in autosomal recessive PD. We did
not analyze Gba enzyme activity/concentrations which would provide additional
information at the protein level. Evidence suggests a role for apoptotic cell death in PD
based on human post-mortem studies focusing on the nigrostriatal region [53]. Because
neurodegeneration in the Pink1 -/- rat mimics the slow progressive nature of PD, the

rate of neuronal death maybe low at 8 months of age. It is possible that as
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neurodegeneration advances rapidly with age in this model, apoptotic expression would
significantly increase; similar to increases in apoptotic factors in the 6-OHDA rat infusion
model [54] and mouse MPTP model [55] where cell death occurs at high rates. Thus,

future work should target apoptotic markers at later biological time points.

aSyn accumulation and toxicity
In humans, Asyn is present in insoluble protein aggregates [56]. Several studies show
that Atp13a2 influences neuronal Asyn. For example, neuronal cultures lacking the
Atpl3a2 gene demonstrate higher levels of Asyn compared to WT neurons [57].
Additionally, Atp13a2 colocalizes with Asyn in Lewy bodies [58]. Recent
immunohistochemical reports in the Pinkl -/- model suggest that the levels of “Total
Asyn” are comparable to WT [6]. Our data are consistent with these findings, as we
report no difference in mMRNA expression levels. However, our immunohistochemical
observations are consistent with a previous study that report that Pink1 -/- animals show
proteinase-K resistant Asyn aggregations in the PAG suggesting that Asyn is not being
broken down in this model [16]. The exact link between Asyn accumulation and
cytotoxicity is unknown. Our results suggest aggregation may affect neurotransmission
as well as behavioral output. Studies in transgenic mouse models (Thy-1 aSyn
overexpression) have shown that Asyn pathology in the PAG co-occurs with significant
and progressive vocalization deficits. Specifically, Thy-1 Asyn mice overexpress Asyn in
the PAG [39]. There are multiple species of synuclein including fibrillary Asyn,

phosphorylated Asyn, and soluble forms of Asyn as well as interacting proteins such as
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synphilin-1; therefore, future work should target and confirm which forms are

accumulating and potentially cytotoxic within this model.

Pink1 -/- rats show reduced mRNA expression levels of Gadl, but not other
neurotransmitter-related genes
GABAergic dysfunction is implicated in neurological diseases and activity of glutamate
decarboxylase (Gad), the rate-limiting synthesizing enzyme converting glutamate to
GABA, is reduced in patients with PD [59, 60]. Interestingly, a decrease in plasma
GABA levels is correlated with early-stage signs [61]. Within the basal ganglia, GABA
activity is thought to influence the regulation of movement [62] and Gad gene therapy is
suggested to be neuroprotective in nature [63]. Both isoforms Gadl and Gad2 are
expressed in the brain where GABA is used as a neurotransmitter. GABA neurons are
found within the PAG in the rat [36], which then interconnect with other cell types in
adjacent and projecting regions including the nucleus ambiguus. We report significant
decreases in Gadl within the PAG in Pinkl -/- animals, but not Gad2. Due to
differences in their regional expression, activity, and localization, these results suggest
a potential dysfunction in cytosolic GABA synthesis (Gadl) but not synaptosomal GABA
release (Gad2) [64]. Decreases in GABA activity have been associated with disruption
in vocal production. Of note, inhibition of GABAergic activity reduces rat and mouse pup
vocalizations [65-67] and our findings may represent a pathway for vocalization
disruption in the Pink1 -/- rat. We found no difference in Gabrb2 expression between
genotypes; however, future experiments should examine additional GABAergic receptor

subunit differences.
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We found a slight trend for a reduction in D1 receptor mRNA expression in the PAG of
Pink1 -/- rats. Past research suggests that the laryngeal sensorimotor system is
sensitive to fine modulations of the dopaminergic system and manipulations of central
dopamine lead to dramatic acoustic changes in rat vocalizations. For example, acoustic
degradations, reductions in call rate, duration, intensity, bandwidth, and peak frequency,
are influenced by D1 and D2 receptor antagonism with D1 antagonism altering
parameters more so than D2 [68]. In this study, the 8 mo timepoint is considered early
to mid-stage with only moderate dopamine loss [16]; thus, it is possible with the
progression of the disease in this model that there would be a more substantial

reduction in dopamine as degeneration progresses.

Pink1 -/- rats demonstrate deficits in social vocal communication. Specifically, a
decrease in the average peak frequency of their ultrasonic vocalizations is robust at 8
mo of age [16]. The peak frequency measure has been implicated in affective
communication in rodents [69]. The PAG is uniquely positioned to influence both the
motor and affiliative aspects of vocal communication [24, 28, 30]. Here, we provide the
first evidence that suggests that lysosomal dysfunction as well as disruption in the
neural transmission in the PAG may represent an inability to effectively modulate
socially-appropriate vocalizations, coordinate sensory inputs, and organize the
appropriate physiological output. However, it is important to note that changes in mMRNA
do not constitute direct protein changes. Therefore, future studies should use protein

validation methods to confirm pathology in this model. The neuroanatomical
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composition of PAG is diverse in that it contains multiple types of neurons including
dopamine, opioid, GABA, serotonin, and nitric oxide, among others [35, 36, 70-73].
Likewise, there are numerous efferent [74] and afferent [75] projections that traverse the
PAG. However, it is interesting that our results are reflected on a tissue level, as micro
tissue punches containing numerous cell types, which can then be inferred to a higher

bio-behavioral level.

Future Directions and Broader Impacts
The characterization of the full rat genome provides the opportunity for disease-based
research that can be integrated with behavioral findings. These data are the first to
suggest a mechanistic role for the PAG in mediating vocalization deficits in this PD rat
model. Our findings provide specific evidence for pathological biomarkers within the
PAG as a target for future treatments. Although the underlying pathological mechanisms
are not understood completely, deficits in vocalizations in this model are comparable to
some voice deficits in humans with PD. Future research should investigate additional
brain regions including the nucleus ambiguus, and peripheral structures such as the
larynx, and correlate pathology (gene expression levels) to acoustic outputs. Moreover,
a better characterization of resulting protein changes within the brain, for example using
immunohistochemistry or western blotting for key proteins, is needed to demonstrate
pathological morphology. To develop effective interventions for these parkinsonian
vocal deficits, relationships between pathology and the consequences on vocal

communication function must be thoroughly defined. A better understanding of the
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neuropathology of PD, especially how it pertains to voice and speech deficits, will lead

to optimized patient treatments.
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Figure Legends:

Figure 1. A. Location and sizes of periaqueductal gray (PAG) tissue samples collected
for real-time qPCR. Representative Nissl stained brain section, 50um thick sections.
Photomicrograph at 10X magnification. Circular holes (represented by dashed circle)
were centered within the PAG and illustrate the location (approximately Bregma -
7.80mm) and punch size (2mm diameter). Abbreviations: Aq (cerebral aqueduct), PAG
(periaqueductal gray). Color contrast has been optimized using Adobe Photoshop CC
(Version 6) to clarify anatomical landmarks. Graph indicates alpha-synuclein (Asyn)
MRNA expression in WT (white bar, n=5) and Pink1 -/- (black bar, n=12) PAG 2mm
tissue punches. All data was analyzed with the Pfaffl Method, normalized to reference
genes (Bactin, Gapdh) expression. Error bars are standard error of the mean. *
indicates significant differences between genotypes (p<0.01). B. Alpha-synuclein (Asyn)
immunohistochemistry. Average pixel area of aggregated Asyn immunolabeling in the
PAG. Horizontal line indicates background-labeling threshold. Photomicrographs of
Asyn immunohistochemistry, one WT and one Pink1 -/- rat. C. Haematoxylin
counterstaining in the PAG. Average standard area count of haematoxylin labeled cells
in WT (white bar, n=7) and Pink1 -/- (black bar, n=8) within the PAG. Representative
Haematoxylin stained coronal brain sections (40um). All photomicrographs at 20X

magnification, scale bar is 0.01mm.

Figure 2. gPCR analysis of PAG tissue. A. alpha-synuclein (Asyn) mRNA expression in
WT (white bar, n=5) and Pink1 -/- (black bar, n=12) PAG 2mm tissue punches. B.
glucocerebrosidase (Gba) mRNA expression, C. ATPase type 13A2 (Atpl3a2) gene

expression D. D1 receptor gene expression (D1) and D. GAD1 (Gadl) mRNA

25



expression levels. All data was analyzed with the Pfaffl Method, normalized to reference
genes (Bactin, Gapdh) expression. Error bars are standard error of the mean. **
indicates significant differences between genotypes (p<0.01); * represents p=0.05, #

represents a trend, p=0.08.
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