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INTRODUCTION

The clinical spectrum of Parkinson’s disease (PD) manifesta-
tions has continued to evolve with improvements in patient
Parkinson’s
description of patients showing specific types of tremor and
rigiditiesis has entrenched a concept of PD focused on
movement impairments (12, 50). However, most neurologists
now have begun to appreciate that patients presenting with
these classical motor symptoms also suffer from a plethora
of other symptoms affecting different brain regions. For
instance, autonomic and somatic nervous system dysfunc-
tions affect 70%-80% of Parkinson’s patients (58, 71). These

management and therapies.
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Abstract

Emerging evidence from multiple studies indicates that Parkinson’s disease (PD)
patients suffer from a spectrum of autonomic and respiratory motor deficiencies in
addition to the classical motor symptoms attributed to substantia nigra degeneration
of dopaminergic neurons. Animal models of PD show a decrease in the resting
respiratory rate as well as a decrease in the number of Phox2b-expressing retrotrap-
ezoid nucleus (RTN) neurons. The aim of this study was to determine the extent
to which substantia nigra pars compact (SNc) degeneration induced RTN biomo-
lecular changes and to identify the extent to which RTN pharmacological or op-
togenetic stimulations rescue respiratory function following PD-induction. SNc¢ de-
generation was achieved in adult male Wistar rats by bilateral striatal
6-hydroxydopamine injection. For proteomic analysis, laser capture microdissection
and pressure catapulting were used to isolate the RTN for subsequent comparative
proteomic analysis and Ingenuity Pathway Analysis (IPA). The respiratory parameters
were evaluated by whole-body plethysmography and electromyographic analysis of
respiratory muscles. The results confirmed reduction in the number of dopaminergic
neurons of SNc and respiratory rate in the PD-animals. Our proteomic data sug-
gested extensive RTN remodeling, and that pharmacological or optogenetic stimula-
tions of the diseased RTN neurons promoted rescued the respiratory deficiency. Our
data indicate that despite neuroanatomical and biomolecular RTN pathologies, that
RTN-directed interventions can rescue respiratory control dysfunction.

symptoms range from breathing abnormalities during sleep
or awake vigilance states, bowel and bladder dysfunction,
and cardiovascular dysregulation such as orthostatic hypo-
tension. The mechanistic underpinnings of these pathologies
remain poorly understood. For instance, it is not clear that
dysfunction of non-nigral neural circuits that occurs in PD
is caused by pathological alpha-synuclein accumulation within
the non-nigral neural circuit, or if this is caused by other
known neurodegenerative processes such as trans-synaptic
circuit degeneration. The recent finding from our group
showing projections from substantia nigra pars compacta
(SNc) to the retrotrapezoid nucleus (RTN) in the rodent
via periaqueductal gray substance (PAG) underscores the
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New Findings

What is the central question of this study?

* Are there biomolecular changes in RTN region of
experimental model of PD? Can the ventilatory deficit
of animals submitted to the experimental model of
PD be reversed with the stimulation of the Phox2b
neurons of the RTN?

What is the main finding and its importance?

» Respiratory problems may be responsible for much of
the mortality and morbidity associated with PD, but
data related to central respiratory changes are still
lacking in the literature. In the present study we con-
firmed reduction in the number of neurons in RTN
region and deficit in breathing in a model of PD.

* The present data also provided the first evidence of
biomolecular changes in the RTN region and stimula-
tion of the remaining RTN Phox2b neurons restores
the ventilatory deficits in a model of PD.

possibility that SNc degeneration could induce RTN neu-
rodegeneration through trans-synaptic mechanisms (38).

An advantage of the 6-hydroxydopamine (6-OHDA) injec-
tion model for PD is that it incisively tests 6-OHDA toxicity
in SNc without confounding factors of alpha-synuclein
accumulations. 6-OHDA injection into the rat striatum
(caudate-putamen region: CPu) induces baseline respiratory
changes starting 40 days post injury (26, 49, 67). A reduc-
tion of medullary neurons occurring 30 days post injury
was noted in RTN and the nucleus of the solitary tract
(NTS), which was correlated with ventilatory changes (26).
In this study, we test the hypothesis that SNc degeneration
in and of itself induces RTN biomolecular changes and
demonstrate that exogenous RTN activation rescues
PD-associate autonomic pathophysiologies. To test this
hypothesis, we performed comparative proteomic analysis
on laser capture microdissection and pressure catapulting
of RTN and neuronal stimulation through both pharma-
cological and optogenetic modalities of remaining RTN
neurons while recording breathing in conscious and anes-
thetized animals.

MATERIALS AND METHODS

Ethical aproval

All experimental and surgical procedures were conformed
to the guidelines of the National Institutes of Health and
were approved by the Institutional Animal Care and Use
Committee at the University of Sdo Paulo (CEUA #
104/23/03) and Institutional Animal Care and Use
Committee of The Ohio State University (IACUC
#2012A00000162-R1).
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Animals

The experiments were performed in 31 male Wistar rats
weighing 250-300 g. The animals were distributed into three
different groups: biomolecular analysis (6-OHDA, n = 4;
vehicle, n = 4), pharmacological stimulation (6-OHDA,
n = 4; vehicle, n = 4) and optogenetic stimulation (6-OHDA,
n = §; vehicle, n = 7). The animals had free access to
water and food and were housed in a temperature-controlled
chamber at 24°C with a 12:12 h light/dark cycle.

Experimental model

The induction of the PD model was performed by bilateral
injection of 6-OHDA (6-OHDA hydrochloride, H4381, Sigma,
Saint Louis, MO, USA, 24 ng/ul) or vehicle (1 pg ascorbic
acid in 1 pL of saline) in the CPu, while the rats were
anesthetized intraperitoneally (i.p.) with ketamine (100 mg/
kg) and xylazine (7 mg/kg) (Davol, Sao Paulo, SP, Brazil),
as previously described (24, 26, 67). The rats were placed
in a stereotaxic frame (model 1760, David Kopf Instruments),
and 6-OHDA (0.5 pL/injection) was injected into the CPu
at two locations on each side of the brain, at the following
coordinates: (i) AP: 0 mm rostral to Bregma, £2.7 mm lateral
to midline, 4.5 mm below the skull surface; and (i) 0.5 mm
rostral to Bregma, +3.2 mm lateral to midline, 4.5 mm below
the skull surface. The injections were made using pipettes
with an external tip coupled to a Hamilton syringe (10 pL).
The 6-OHDA neurotoxin when injected in mammals such
as mice, rats or monkeys, is collected up by dopaminergic
neurons via the dopamine and norepinephrine reuptake trans-
porters. In the case of striatum, the neurotoxin is retrogradely
transported and selectively kills dopaminergic neurons of
the substantia nigra pars compacta (33).

Biomolecular analysis in the RTN

For biomolecular analysis, 60 days after induction of the
PD model, we used microdissection and suction with laser
capture microdissection (LCM) coupled to an inverted micro-
scope (PalmRobo 4.5 Technologies, Carl Zeiss, Microlmaging
GmbH, Munchen, Germany) (56). We obtained tissues from
the RTN region by cryogenics at controlled temperature
(Cryostate, Leica/CM 1800). We used 1 in 10 series of 12 pm
brain sections per animal, totaling a distance of 120 pm
between the cuts. We considered the eight most rostral cuts
to the caudal portion of the facial nucleus (Bregma
—11.60 mm). Thus, the analyzed sections correspond to the
Bregma interval between —10.76 and —11.60 mm, covering
a total range of 840 pm among the Bregmas. The slices
were then mounted on special slides of polyethylene naph-
thalate membrane (PEN-Membrane Slide 1.0 mm, Carl
Zeiss®) that allows cutting and obtaining biological tissues
under controlled microscopy (56). The laser cut of each
section was sucked up to a micro Eppendorf coupled at
the base of the system. We then submerged the tissues in
a specific enzyme digestion solution (RapiGest™ SF sur-
factant, Water Corporation, Milford, MA, USA) and stored
in —80°C freezer.
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We performed mass spectrometric analyses from samples
pooled from eight RTN cuts per animal (59). The tissues
were analyzed sequentially by liquid chromatography-mass
spectrometry (LC/MS) using an Orbitrap Mass Spectrometer.
We thawed samples and sonicated them at low power for
a total time of 60 s, 3 s on followed by 3 s off. The
samples were boiled at 100°C for 5 minutes and cooled to
room temperature. An aliquot was then removed for protein
concentration determination. Samples were digested overnight
with 1:30 trypsin:protein at 37°C. The digestion was stopped
through the addition of 0.5% trifluoroacetic acid (TFA).
The solution was centrifuged at 13.000 for 5 minutes and
the supernatant removed and dried in a speedivac. Samples
were stored at —80°C until analysis. Before analysis, samples
were resuspended in 50 mM acetic acid. Liquid chroma-
tography-nanospray tandem mass spectrometry (LC/MS/MS)
of protein identification was performed on a Thermo Scientific
orbitrap Fusion mass spectrometer equipped with an EASY-
Spray™ Sources operated in positive ion mode. Data analysis
were performed using Mascot 2.6.0. Data were filtered to
enable only proteins for which two unique peptides to be
considered, along with high confidence identifications (1%
FDR). Search results were compiled in Scaffold, using a
1% FDR for proteins and enabling comparison between
samples (vehicle X 6-OHDA group). For the final interpreta-
tion of the data we used a biostatistical analysis tool of
the gene expression and proteomics, based on the Ingenuity
Knowledge Base (IPA® - Ingenuity Pathway Analysis) (32).

Selective stimulation of Phox2b expressing
neurons in RTN

Stereotaxic surgery was used for pharmacological stimulation
or to target opsin gene expression to genetically define and
spatially restricted neuronal populations in the brain and
used to place a light delivery device to target the transduced
cells (Phox2b neurons in RTN region). For pharmacological
stimulation, fifty days after the vehicle or 6-OHDA injec-
tions in CPu, eight animals underwent surgical procedures
for the implantation of bilateral guide cannulas (15 mm
length) in the RTN region. Using the lambda as reference,
a trepanation of the skull bone was made by opening a
1.5 mm diameter hole. The coordinates used were: (i) 1.8 mm
lateral to midline; (ii) 2.7 mm caudal to lambda and (iii)
5.5 mm ventral to dura mater. The cannulae were fixed to
the heads of the rats with screws and acrylic resin. Ten
days later, the N-methyl D-Aspartateglutamatergic agonist
(NMDA, 5 pmol/50 nL, Sigma Chemicals Co.) or saline
(50 nL) was injected into the RTN of unanesthetized rats
by an injection needle (18.5 mm in length). The same animal
was tested twice (one per side) to increase the chance of
targeting RTN.

For the optogenetic experiments, the photo-stimulation
was performed in the same animals on awake and anes-
thetized conditions. Thirty days after the injection of the
6-OHDA or vehicle in the CPu, the surgical procedures
for the injection of the viral construct and fixation of
the guidewire were performed. Here, we used the viral

928

Fernandes-Junior et al

promoter (PRSx8) to identify the Phox2b neurons associ-
ated with the rhodopsin 2 channel (ChR2) and a fluorescent
component for later histological identification. The lentiviral
vector was prepared using a previously described construct
(pLenti-PRSx8-hChR2(H134R)-eYFP-WPRE; abbreviated
PRSx8-ChR2-eYFP) which features an enhanced version
of the photoactivatable cationic channel ChR2 (H13R)
fused to the fluorescent protein eYFP (1, 44). Transgene
expression was under the control of a synthetic Phox2-
selective promoter (PRSx8) (2-4,7,15,17,31,42). Briefly,
pSPAX2 and VSV-g were used as the packaging plasmids
and co-transfected with the PRSx8-ChR2-eYFP through
the calcium phosphate precipitation method. Lentiviral
supernatants were collected 24 and 48 h after transfection,
followed by concentration by ultracentrifugation at
23.000 rpm during 90 minutes at 4°C in a swinging bucket
rotor (SW32Ti, Beckman Coulter, Brea, CA, USA). After
centrifugation, medium was discarded and pellet was resus-
pended in 25 pL of Hank’s Balanced Salt Solution (Life
Technologies, CA, USA), aliquoted and stored in a —80°C
freezer. We assessed virus titer by ELISA kit
QuickTiterTMLentivirus Titer kit (Cell Biolabs, Inc, USA).
The viral vectors were injected through a glass needle
(1.2 mm internal diameter with a 25 pm opening diameter)
into the RTN region by pressure (Picospritzer I1I, Parker
Hannifin, Cleveland, OH, USA, 20 Psi, for 8 to 12 ms,
200 nL) at points: (i) 1.8 mm lateral to the midline; (ii)
2.4 and 2.6 mm caudal to lambda; and (iii) 8.4 mm ven-
tral to the dura mater. A guide cannula was also implanted
for opto stimulation: (i) 1.8 mm lateral to the midline;
(i1) 2.5 mm caudal to the lambda; and (iii) 8.0 mm ventral
to the dura mater. Thirty days later, the experiments with
awake animals were performed. An optical fiber (200 pm
in diameter—ThorLabs, Newton, NJ, USA) was inserted
through the cannula guide to selective activate Phox2b
neurons and the ventilatory parameters were recorded by
whole-body plethysmography (63). The activation of this
fiber allows the emission of blue light laser (470-473 nm-
10-30 mW- 1.9-3.9 mA- 5-20 Hz- 10 s-1 minute,
CrystaLaser Mode BC-473-050-M; Reno, NV) (1, 54), by
the power amplifier (M470F3, ThorLabs) and adjusted by
the optical controller (DC2200 High-Power LED control-
ler, ThorLabs, USA) and activation of the Phox2b
neurons.

In the next day, the same animals were anesthetized, and
the photo-stimulation was again performed, and the breath-
ing parameters were recorded by electromyography of res-
piratory muscles.

Measurements of respiratory parameters

Conscious rats

Breathing analysis in conscious rats was performed 60 days
after vehicle or 6-OHDA injections by whole-body plethys-
mography method, as previously described (EMKA
Technologies) (26). Briefly, freely moving rats were kept in
a 5-L plethysmography chamber with room air for
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45-60 minutes before the ventilatory parameters were
recorded. The plethysmography chamber was continuously
operated at a set temperature with humidified inflow gas
(23-25°C ambient room temperature, 60%-70% relative
humidity, £0.5°C, £5% relative humidity). The chamber was
also continuously flushed at 1.5 L/min, as regulated by
computer-driven mass flow controllers for oxygen (O,), nitro-
gen (N,), and carbon dioxide gas (CO,) (Alicat Scientific,
Inc., Tucson, AZ, USA). The flow controllers were adjusted
to 21% O, balanced with N, in normoxia, 7% CO,, 21%
O, and 72% N, in hypercapnia and to 8% O,, and 92%
N, in hypoxia. In maximal chemoreflex stimulation (MCS)
protocol, the animals were submitted to concentration of
8% 0O, and 7% CO, balanced with N, The hypercapnia,
hypoxia and MCS protocols were performed for 10 minutes
each and analysis were performed every second. Rectal tem-
perature was used as a core body temperature index and
was measured before and at the end of every experiment.
The calibration of volume was obtained by waveforms gen-
erated during each experiment by injecting the animal chamber
with 20 mL of dry air, as calculated using Spike software
version 7.3 (Cambridge Electronics). The breathing param-
eters measured by the plethysmography system were tidal
volume (V;, mL/kg of body weight; area under the curve
during the inspiratory period) and respiratory frequency (fj,
breaths/min). Ventilation (V., mL/min/kg of body weight)
was calculated as the product of f; and V. The measure-
ments were performed 1 day before and 60 days after vehicle
or 6-OHDA injection into the CPu.

For pharmacological or optogenetic stimulations, the
animals were placed in the other kind of plethysmography
chamber model for recording respiratory variables, adapted
for external stimulation and simultaneous reading
(LabChart Reader v8.1.2-2016; ADInstruments). The res-
piratory recordings were performed at rest and during
pharmacological or optogenetic stimulations. For pharma-
cological stimulation, after the baseline recording, saline
or NMDA was injected in control and 6-OHDA- animals
in the RTN region and the respiratory parameters were
analyzed during 60 s after stimulation. For optogenetic
stimulation, after baseline recording, a fiber optic cable
was connected to a fixed guide cannula previously implanted
in the RTN region and the photo-stimulation was per-
formed by blue light laser in both groups and the respira-
tory parameters were analyzed 20 s to 1 minute after
laser activation. The signals were amplified, filtered,
recorded by the LabChart software and then, analyzed
by the reading software (LabChart Reader v8.1.2-2016;
ADInstruments). The following settings were used: 470 nm,
20 mW, 3.9 mA, with alternating pulses of 20 s, 10-20 Hz,
10 ms on/off.

Anesthetized rats

The same group of animals that received the photo-stim-
ulation of RTN described previously were in the next day
anesthetized, the photo-stimulation was through the ventral
surface and the ventilatory parameters were analyzed by
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recording the electrical activity of the respiratory muscles:
diaphragm and abdominal, as previously described (48,60,61).

Briefly, the animals were anesthetized with isoflurane (5%)
in 100% oxygen. Subsequently, they were tracheostomized
with a metal cannula and coupled to mechanical ventilation
maintained in 2% isoflurane diluted in 100% oxygen. The
respiratory rate was adjusted to 60-80 cycles/s, 1-1.2
mL/100 g and a positive end-expiratory pressure (PEEP)
of 1 ecmH,O during the surgical and experimental procedures
and the temperature was maintained at 37°C using a mat-
tress with internal resistance for heating. The animals were
bilaterally vagotomized and received the cannulation of the
femoral artery and vein for recording pulsatile arterial pres-
sure (PAP) and administration of anesthetics, respectively.
Silver electrodes were positioned in the diaphragm and
abdominal muscles to record the electromyographic inspira-
tory and active expiratory activities, respectively. At the end
of the surgical procedures, the inhaled anesthetic isoflurane
was replaced by the endovenous urethane anesthetic (1.2—
1.4 g/kg), keeping the animals ventilated with 100% oxygen.
All signals were amplified at 20 K, filtered from 100 to
3000 Hz and acquired through an 8-channel digital analog
converter (CED 1401, Cambridge Electronic Design, UK).
The signal was copied to a Spike 2 software version 6.16
data acquisition system (CED, Cambridge Electronic Design,
UK). Noise was subtracted and resting muscle activities
(frequency and amplitude) were considered at the time
immediately before Phox2b RTN optogenetic stimulation.
The activities were normalized to 100%, and the delta per-
centage was used to compare the changes produced during
10 s of photo-stimulation (6, 8, 42).

Immunohistochemistry, image acquisition and
cell counting

At the end of the experiments, the animals were deeply
anesthetized with sodium thiopental (60 mg/kg, i.p.) and
perfused through the ascending aorta with 350 mL of hep-
arinized saline (pH 7.4) followed by 500 mL of 4% phos-
phate-buffered paraformaldehyde (PFA, pH 7.4). Brains were
removed and fixed in PFA for 1-2 days at 4°C. Series of
coronal sections (40 or 12 um) from the brain were cut
using a cryostat (Leica/CM 1800) and stored in cryoprotect-
ant solution at —20°C (20% glycerol plus 30% ethylene glycol
in 50 mL phosphate buffer, pH 7.4) for up 2 weeks until
histological processing (57). All histological procedures were
performed with free-floating sections. No labeling was
observed when the primary antibodies were omitted. Sections
were rinsed, blocked and stained via the immunoperoxidase
method with antibody specific for detection of tyrosine
hydroxylase (TH*) (Chemicon, Temecula, CA, USA) and
Phox2b* (DAKO EnVision™+ System, HRP) as previously
described (26) and via the fluorescent method for detection
of green fluorescent protein (GFP*). The sections were
mounted on gelatinized slides in a rostrocaudal sequence
and subsequently dehydrated in alcohol and covered with
DPX Mountant (Aldrich, Milwaukee, WI, USA).
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For neuroanatomical analysis, in a rostral-caudal aspect
of the SNc, we measured every sixth 40 pm brain section,
in a total distance of 240 pm between each pair of sections
analyzed. In a medial-lateral aspect, the whole SNc¢ was
measured in every section analyzed. In the designed-based
approach (stereology), quantification can be performed in
thicker sections (20-100 microns). The reason we use
40 microns is the fact that the z-stack can help in analyz-
ing the number of neurons and the penetration of the
antibody is optimized at that thickness (29, 62, 68). In this
protocol, a multifunction microscope (NIKON Eclipse
E-1000) coupled to a digital camera (NIKON DXM-1200)
was used to image sections and to perform subsequent
analysis (52, 57) and Image] (version 1.41; National Institutes
of Health, Bethesda, MD) and Canvas software (ACD
Systems, Victoria, Canada, v. 9.0) were used for cell count-
ing and line drawings, respectively.

For biomolecular analysis, we used a specific histological
procedure for neuronal quantification and subsequent pro-
tein extraction. Every 10th 12 pm brain section was used,
in a total distance of 120 um between each pair of sec-
tions analyzed. The cell counting was performed by ste-
reological quantifications using the simultaneous image
fragmentation system. We used the optical shredder sam-
pling (Axio microscope, Carl Zeiss, Imager.M2, HAL 100),
in 10x (low magnification) lenses to delineate the analysis
area and 40X (high magnification) to add the counting
markers. For the final quantification, Stereo Investigator
Neurolucida software (version 2017; MBF Bioscience,
Optical Fractionator 3D, Williston, Vermont, USA) was
used (29, 40, 62, 68).

For both protocols, the sections were analyzed bilaterally,
and the numbers reported in the results section correspond
exactly to the total counts of each section in a series. Briefly,
to align sections around the SNc level, five sections were
considered at the end of the medial geniculate nucleus and
assigned the level 6.04 mm caudal to bregma (interval between
—5.34 and —6.30 mm). To align sections around the RTN,
three sections with the most caudal section that contained
an identifiable cluster of facial motor neurons were identi-
fied in each brain and assigned the level of 11.6 mm caudal
to bregma (interval between —11.12 and —11.60 mm).

For the machine learning-based image analysis workflow
(Figure 1), we captured microscopic images 10X images
of the anti-Phox2b immunostained section of rat medulla.
Representative images from at least three animals per
condition were captured using a Carl Zeiss Imager M.1
microscope and Stereoinvestigator™ Software under 10X
magnification (NA = 0.25), and subsequently saved as .tif
files.

These files were opened in photoshop, and the RTN
was selected, copied, and saved as a .tif file. Capturing
the images at low magnification was critical to preserve
the neuroanatomical boundaries of the RTN, as well as
to capture similar images as those used for the unbiased
manual quantification performed. The .tif files were then
imported into Rstudio using the EBImage package (51).
These .tif images were RGB format, and then, converted
to Grayscale in Rstudio and inverted. We then generated
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a custom script that included local adaptive thresholding,
and morphological operations using available in EBImage.
The binary images were used to create segmented masks,
which were then overlaid on the grayscale image. All
thresholding parameters were optimized on control images
and applied to the all images. Imaging features were
extracted from each segmented object. The computer fea-
tures function call in EBImage extracted the intensity
features, including mean (mean pixel intensity), q001 (Ist
percentile intensity), q005 (5th percentile intensity), q05
(50th percentile intensity), q095 (95th percentile intensity),
q99 (99th percentile intensity), shape features, including
major axis (elliptical fit of major axis), eccentricity (eccen-
tricity = 0 for circle and eccentricity = 1 for straight
line) and theta (object angle, in radians), and the Haralick
texture features (28), including asm (angular second
moment, a measure of homogeneity of the object), con
(contrast), cor (correlation), var (sum of squares variance),
idm (inverse difference moment), sav (sum average), sva
(sum variance), sen (sum entropy), ent (entropy, demon-
strating the randomness of all of the pixels), dva (differ-
ence variance), the den (difference entropy), f12 and f13.
These features were extracted and saved into a rectangular
data table, which was then reimported into R and class
labels were generated.

In the machine learning tests, we utilized the following R
packages: caret (34), random forest (37), Boruta (35). To
prevent class imbalance problems, we generated a pooled
dataset containing all of the experimental objects (which were
fewer than the quantity of segmented objects in control, a
finding in concordance with our stereological quantification).
The pooled objects from both the control and experimental
(which represent Phox2b-immunoeactive nuclei or nuclear frag-
ments detected in the auto-threshold step) were then split
into two pools: 70% were randomly selected for training, and
30% for testing. We then constructed a random forest with
500 trees and passed the training data to the Boruta algorithm
to identify imaging features that were deemed unimportant.
The confirmed features were then selected and used to train
a new random forest on the training data (composed of 500
trees). After training, we tested the efficiency of the algorithm
on the test data. We used the confusion Matrix function call
in the Caret package for accuracy estimates. The graphs were
plotted using the ggplot2 library (69).

Statistical analysis

Statistical analysis was performed using the programs Sigma
Stat 3.0 (Jandel Corporation, Point Richmond, CA) and
R (R Core Team, 2017). Linear models were generated
using base R statistical package. All data are presented
as the mean * standard deviation of the mean (SDM).
One-way repeated-measures ANOVA was followed by
Bonferroni (functional analysis) or Tukey (neuroanatomical
analysis) post-tests, as indicated. In mass spectrometry
analysis, label free relative quantification was accomplished
by the spectral count approach (18, 39) in which the
number of MS/MS spectra identified from the same protein
is used to represent relative protein abundance. Significance
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analysis of relative protein abundance was determined by
analysis of the spectral count data using the edgeR bio-
conductor package (54). Peptide spectral counts were mod-
eled as an over dispersed Poisson/negative binomial
distribution in which an empirical Bayes procedure was
used to moderate over dispersion across each protein. A
Benjamini-Hochberg multi-test correction (@ = 0.05) was
applied to final p-values to control for false discoveries
(10). A statistical threshold of P < 0.05 with fold-change
(FC) 22 was considered as significant for identification
of differentially expressed genes. The level of significance
considered in all tests was 5%.

RESULT

Biomolecular changes observed in RTN
following 6-OHDA-induced SNc toxicity

Prior studies have demonstrated that bilateral injections
in CPu reduced TH* SNc neurons, which we use as an
experimental paradigm for PD, reduces Phox2b neurons
in RTN (26). Phox2b+ neurons in the RTN regulate central
chemoreception (45,64,65). Therefore, we set out to deter-
mine the extent to which SNc degeneration induced bio-
molecular changes in the RTN. SNc degeneration was
induced by stereotaxical administration of 6-OHDA into
the CPu (see methods)46. To quantify induced neurode-
generation, we counted neuronal number by stereologically
quantifying SN¢ TH* neurons and RTN Phox2b* neurons.
Evaluation 60 days post-6-OHDA injection into the CPu
showed a reductionof 79% in SNc¢ TH* immunoreactive
neurons (6-OHDA:2638 * 378; vs. vehicle:13129 + 1619
neurons; P < 0.001) (Figure 1A-D) and 56% in the num-
ber of Phox2b-expressing neurons in RTN region
(6-OHDA:704 *+ 159; vs. vehicle, 1596 + 235 neurons;
P < 0.05) (Figure 1E-H). We confirmed that bilateral
6-OHDA injection promotes degeneration of catechola-
minergic neurons in the SNc¢ as well as Phox2b* neurons
in the RTN.

We noted during our unbiased stereological quantification
that the morphology of the Phox2b immunoreactive cells
in the 6-OHDA-injected animals was different than the con-
trol cells (compare the cells in the red arrows in Figure 1,
panels E’ and F’). To confirm this, we generated an objec-
tive, automated image analysis workflow to segment the
Phox2b immunoreactive nuclei. This workflow, illustrated in
Figure 11, we developed using control imaging data from
the same slides utilized for unbiased stereological quantifica-
tion, and resulted in successful segmentation of Phox2b-
immunoreactive nuclei and nuclear fragments (see methods
for details, as well as code in Supporting Information). We
tested the hypothesis that automatically segmented nuclei
from control or 6-OHDA (designated experimental in this
workflow) were different by training a random forest algo-
rithm to fit data into the class labels “control” or “experi-
mental.” Successful class labeling by such an algorithm would
indicate that clear differences exist in the features of seg-
mented nuclei (see machine learning workflow in Figure 1J).
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After separating 70% of the data for training, we removed
unnecessary features by implementing the Boruta algorithm,
which shuffles randomly each feature into a shadow feature,
and compares the performance of the actual feature to the
shadow feature; features that perform just as well as in
classification as their shadow features were rejected. We then
utilized the confirmed features to train a random forest to
label segmented nuclei as having been derived from control
or experimental images. The feature importance of the algo-
rithm is graphed in Figure 1L. Note that this model utilized
principally features of intensity in its classification. This
model was then trained on the test data to determine algo-
rithm accuracy, and the confusion matrix of the data are
shown in Figure IM. Note that the accuracy of class labeling
was very high (~98%), a finding that was statistically
significant.

In summary, using unbiased image segmentation and
supervised machine learning, we were able to train a random
forest to correctly determine the experimental condition of
objects segmented from images of Phox2b-immunostained
sections. We conclude that 6-OHDA treated animals induce
both (i) a reduction in the number of Phox2b-immunoreactie
RTN neurons; and (ii) a change in Phox2b morphology
within these neurons, principally characterized by reduction
in staining intensity.

Having validated significant reduction in the number of
neurons in our models, we next set out to test the extent
to which respiratory function was impaired by SNc¢ degen-
eration. Functional analyses, performed 60 days post-injec-
tion, included plethysmographic recordings of breathing in
basal room air conditions and during three chemosensory
challenges: (i) hypoxia; (ii) hypercapnia; and (iii) hypoxia
with hypercapnia (maximal chemosensory stimulation, MCS).
Respiratory parameters every minute during 10 minutes of
each condition were measured as well as extraction of the
arithmetic mean over the 10 minutes interval (Figure 2).
We noted a reduction in resting and hypercapnia ventilatory
responses when compared to basal condition (f;, V. and
V,.) in 6-OHDA treated animals compared to control (Figure
2D-F). 6-OHDA treatment also showed reduced values the
hypoxia and MCS respiratory responses (Figure 2D-F). In
summary, significant ventilation dysfunction was noted in
the PD group.

In order to obtain further insights into PD-induced res-
piratory pathophysiology, we utilized a machine learning
approach to interrogate our data (53). To achieve this, we
first fit our data to a multivariate linear regression model
where respiratory parameters f,, V., or V., were modeled
as response variables, and the gas challenges (hypercapnia,
hypoxia, or MCS) and PD-status, modeled as factors, were
predictor variables with interactions. The model’s details are
shown in Table 1. The adjusted R-squared of each model
was over 0.95, indicating that f,, V. or V_, were highly
dependent on these factors. These data indicate that hyper-
capnia, hypoxia and MCS all increase f,, V. and V, whereas
positive PD-status decreases significantly each respiratory
parameter evaluated. However, in f,, PD-status does not
show statistically significant interaction with any of the gas
challenges (note that the p-value for interaction of PD to

Brain Pathology 30 (2020) 926-944
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Figure 2. Ventilatory changes after induction of the experimental model
of PD. Minute by minute or meanchanges in f; (A and D), V; (B and E)
and V. (C and F) during resting, hypoxia, hypercapnia or maximal
chemoreflex stimulation (MCS) produced 60 days after bilateral injection
of vehicle or 6-OHDA (24 pg/pL). Two-way ANOVA with repeated

the gas challenges are all over 0.1 in the f, analysis), indi-
cating that PD-status does not alter chemosensory increase
in respiratory rate. In contrast, positive PD-status showed
significant interaction with hypoxia and MCS, indicating
that PD-status altered some components of the hypoxia-
induced chemosensory response. V., which represents the
product of f; and V., showed significant interaction of PD
with all of the gas challenges. This indicates that in the
PD-positive animals, the relationships between f, and V.
were altered. We conclude that the PD-positive status shows
significant changes in hypercapnic and hypoxic chemosensory
responses, in addition to showing repression of baseline
respiration (Figure 2A-C).

Brain Pathology 30 (2020) 926-944
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measures and post hoc of Bonferroni tests, (minute by minute changes)
and One-way ANOVA with Tukey’'s post hoc test (mean changes).
*P < 0.05 in relation to the vehicle group. Data displayed as mean + SD.

6-OHDA treatment induces biomolecular
changes in the RTN

We evaluated the extent to which the RTN showed bio-
molecular changes in addition to the decreases in RTN
neuronal number. Proteomics have been applied in sophis-
ticated brain analysis in order to map and facilitate the
understanding of neurodegenerative processes (32, 55). The
main variable of analysis of our study was based on the
differential gene expression (Fold Change—FC). To achieve
this, we bilaterally extracted the RTN by laser capture
suction microdissection (LCM) (see workflow in Figure
3). Next, we performed mass spectrometric analysis by
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Table 1. Linear model R analysis.

Fernandes-Junior et al

Fa Pr(>|t) T, Pr(>|) M, Pr(>|t)

Linear model parameters Estimated std. error Estimated std. error Estimated std. error

Intercept 103.19 + 0.99 <0.01 8.67 +0.12 <0.01 913.30 + 20.51 <0.01
Hypercapnia 46.90 + 1.99 <0.01 3.19+0.25 <0.01 873.30 + 41.01 <0.01
Hypoxia 36.76 = 1.99 <0.01 3.29 £ 0.25 <0.01 858.36 + 41.01 <0.01
MCS 5758 + 1.99 <0.01 6.00 + 0.25 <0.01 1463.76 + 41.01 <0.01
PD -19.5763 + 1.40 <0.01 -4.63 +0.18 <0.01 —553.44 + 29.00 <0.01
InteractionHypercap*PD 3.41 +2.81 0.229 -0.47 + 0.36 0.196 -328.62 + 58 <0.01
InteractionHypoxia*PD -0.46 + 2.81 0.870 -2.18 £ 0.36 <0.01 —600.55 + 58 <0.01
Interaction MCS*PD =171 +2.81 0.545 -2.68 + 0.36 <0.01 -792.61 + 58 <0.01
Adjusted R? 0.9587 - 0.9580 - 0.9677 -
F-statistic 395.60 - 388.60 - 510.80 -
Residual standard error 5.46 - 0.70 - 112.3 -

Abbreviations: MCS = maximal chemorreflex stimulation (hypercapnia + hypoxia); PD = Parkinson disease group (6-OHDA); Pr(>|{)) = P-value for that
t-test (the proportion of the t distribution greater than the absolute value of t statistic). R Core Team (2017). R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing: Vienna, Austria. Available at: https://www.R-project.org/.

liquid chromatography-mass spectrometry (LC/MS) tech-
nique as described previously by (56). We obtained eight
sections, each 12 pm in thickness, from the rostral portion
of the facial nucleus, covering the entire region of the
RTN. We found that the areas and tissue extracted for
biomolecular analysis were similar in both groups (Figure
3A-C). Data analysis were performed using Mascot 2.6.0.
Search results were compiled in Scaffold, using a 1% FDR
for proteins and enabling comparison between samples.
This allowed us to obtain a significant amount of protein
for biomolecular analysis. We compared the levels of pro-
tein counts between the experimental and control groups
and display the differential protein expression by volcano
plot (Figure 3). We noted that significant skewness in the
distribution of data points, with several structural proteins
showing significant decrease in quantity.

The aforementioned data suggest that significant protein
remodeling occurred in the RTN of PD-induced rats. To
obtain insights into differential pathway activations, we per-
formed IPA. Genes associated with cytoskeleton reorganization,
protein transport, regulation of membrane traffic, regulation
of Ca" homeostasis and neurotrophic factor were among
the proteins showing the most dysregulation (Table 2). In
Table 3, we describe the targets of each differentially expressed
protein. We conclude that induction of the PD model results
in both reduction of Phox2b* neurons in addition to signifi-
cant biomolecular changes in the RTN region.

Pharmacological and optogenetic stimulation
of remnant RTN neurons rescues PD-induced
respiratory dysfunction

Having demonstrated both a reduction in Phox2b* neuron
number as well as a biomolecular change in the RTN,
we next tested the hypothesis that stimulation of the rem-
nant cells could rescue the respiratory pattern of these
animals. We tested the extent to which N-methyl-D-aspartate
receptor (NMDAr) could activate Phox2b+ neurons by
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direct microinjections on RTN (Figure 4H-I). NMDA
selectively binds the NMDAr, an ionotropic glutamate
receptor. In nuclei associated with ventilation control,
activating RTN Phox2b* glutamatergic neurons increase
respiratory activity (27,70,66), whereas its blockade
decreases f, and alters breathing in adults’ rats (20, 23).
To verify injection site, we utilized latex microspheres to
mark the injection sites. Prior to performing rescue experi-
ments, we verified dysfunctional respiration by showing
that PD mice showed a baseline reduction of f, (81.3 £ 7.6
breaths min, vs., vehicle: 115.6 £ 12 breaths min, P < 0.05),
V,; (3.2 £ 0.2 vs. vehicle 4.9 £ 0.7 mL/kg, P < 0.05) and
Ve (2439 + 31 vs. vehicle 581.4 + 77.6 mL/kg/min,
P < 0.05) (Figure 4A-D). Furthermore, following the
rescue experiments, we verified that SNc cells had also
decreased, confirming the experimental model (368 £ 29
vs. vehicle: 1386 = 82 neurons, P < 0.001).

RTN injection of NMDA in control rats increased f,
and in V; of control animals. In the 6-OHDA group, an
increase in f, V; and V; was also observed (Figure 4A-D).
The respiratory values that both groups reached during the
stimulation were not different (Figure 4B-D). However,
because 6-OHDA animals have resting respiratory values
reduced, the delta values after the injection of NMDA in

the RTN are higher in this group (f;: 6-OHDA:
A = +67.6 £ 25, vs. vehicle: A = +39.4 + 6 breaths min,
P < 0.05; V:6-OHDA: A = +3.7 £ 0.6, vs. vehicle:
A =13 * 0.5 mL/kg, P < 0.05) (Figure 4E,F).

In order to more specifically activate Phox2b+ RTN neu-
rons, we utilized an optegenetic approach whereby we
expressed the optogenetic actuator channelrhodopsin in
Phox2b expressing cells30. To achieve this, we utilized the
PRSx8-ChR2-eYFP lentivirus, which includes a Phox2-
binding region of the DBH promoter (as the RTN does
not show Phox2A expression, ChR2-eYFP expression is
restricted to Phox2b-expressing neurons). The GFP of the
viral vector allowed the identification by histological analysis
of the effectiveness of the infection. For photo-stimulation,

Brain Pathology 30 (2020) 926-944
© 2020 International Society of Neuropathology
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Figure 3. Biomolecular and Volcano Plot protein analysis of RTN after
induction of the experimental model of PD. A-A") Photomicrographs
representing the area of incision of the laser (black trace, A), the slices
to obtain the tissue (green squares, A’) and the biological tissue area
that was capturated (A”). B. scheme representing the location of the
microdissection area in the RTN region. C. Average of the areas analyzed
in the RTN region 60 days after bilateral injection of vehicle or 6-OHDA
(24 pg/pl). D. Volcano Plot showing the magnitude and significance of
protein comparisons between the 6-OHDA and vehicle groups. The
vertical axis indicates the log10 (Pvalue) and the horizontal axis indicates
log2 (fold change- FC). The red square indicates the points that display

we used the same animals in two conditions: non-anesthetized
and anesthetized. In non-anesthetized animals, we accessed
the RTN region from guide cannulas implanted in the dorsal
region of the skull, allowing the animals to move freely in
the plethysmography chamber (22,63) and in anesthetized
animals the access was performed with a stereotaxic frame
coupled cannula, targeting the RTN ventrally. In the non-
anesthetized animals, the photo-stimulation of the RTN
increased V. (ON: 54 % 1.7, vs. OFF: 3.6 * 1.1 ml/kg,
P < 0.05), and V; (ON: 477 + 166, vs. OFF: 294 + 11 mL/
kg/min, P < 0.05), without changing the f; in vehicle ani-
mals (Figure 5SA-D). In the 6-OHDA animals, the same
selective stimulation increased f; (ON: 111 £ 22, vs. OFF:
88 * 12 breaths min, P < 0.05) and V_ (ON: 494 * 92,

Brain Pathology 30 (2020) 926-944
© 2020 International Society of Neuropathology

log2FC(PD vs vehicle)

changes (FC) of great magnitude (x axis), as well as high statistical
significance (-log10 of the P value, y axis). The points located in the
dashed red line have P = 0.05, the points located above have P < 0.05
and the points located below have P > 0.05). One-way analysis of
variance (ANOVA) (P = 0.06) (average area) and two-way analysis
(Volcano Plot). Data displayed as mean + SD. Abbreviations: py =
pyramid; RPa = raphe pallidus area; RTN = retrotrapezoid nucleus; Sp5
= trigeminal spinal tract; VIl = motor nucleus of the facial nerve. Scale in
A =300 pm (applies to A’=A”) and B = 1.0 mm.

vs. OFF: 371 + 85 mL/kg/min, P < 0.05) (Figure 5A-D).
We also plotted the effect of stimulation by the percentage
of RTN lesion and Phox2b expressing neurons infected
(Figure SF,G). It is important to note that the higher response
was observed in the animal that presented lesions below
40% of the Phox2b neurons in the RTN (Figure SE) and
there is a higher response in the V, associated with higher
percentages of infected neurons in 6-OHDA animals (Figure
5F).

We also performed the photo-stimulation of anesthetized
animals. Under anesthetic conditions, the 6-OHDA animals
also present a reduction of basal f, (30.3 £ 2 vs. vehicle:
36.8 £ 5 breaths min, P < 0.05, Figure 6A,B) and both
groups did not show abdominal muscular activation while
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The Retrotrapezoid Nucleus and Parkinson's Disease

the laser was in OFF condition (Figure 6A). In the control
animals, photo-stimulation produced no changes in inspira-
tory parameters but was able to generate active expiration
(Figure 6A-G). In 6-OHDA group, photo-stimulation
promoted an increase in frequency (ON: 42.5 = 4 vs.
OFF: 30.5 £ 2 breaths min, P < 0.05) and amplitude
(ON: 0.22 £ 0.04, vs. OFF: 0.17 £ 0.04 mV, P < 0.05)
of the diaphragm muscle and increased electrical activity
of the abdominal muscles, demonstrating that light pulses
were also able to generate active expiration (Figure 6A-G).
In this group of animals, the best responses in f, occurred
in animals with less than 60% lesion in the RTN (Figure
6H) and the higher percentage of transfected neurons was
associated with higher f, responses during photo-stimu-
lation, especially in animals submitted to the experimental
model for PD (Figure 6I). We monitored the blood pres-
sure (BP) of the animals throughout the experiments under
anesthesia and the photo-stimulation did not produce
changes in resting BP in both groups of animals (data
not shown).

We verified RTN pathology following these experiments
by immunohistochemical labeling for Phox2b. We con-
firmed, in the range between 11.36 and 11.6 mm caudal
to bregma, a reduction of the neurons of the RTN region
in the animals submitted to the 6-OHDA experimental
model (27 * 2, vs. vehicle 54 = 10 neurons, P < 0.01)
and an equivalent proportion of transfected neurons
between the groups (data not shown). We conclude that
despite the presence of significant neurodegenerative
changes that reduce RTN number, that the remaining
Phox2b-expressing RTN neurons, if activated exogenously,
could restore respiratory physiology.

DISCUSSION

In the present study, we set out to evaluate the extent
to which SNc degeneration induced biomolecular changes
in the RTN and to identify the extent to which RTN
pharmacological or optogenetic stimulations could rescue
respiratory function. We demonstrate that in addition RTN
Phox2b-expressing neuron reduction, that the RTN region
shows significant biomolecular changes. Furthermore, we
note that exogenous stimulation of the RTN, either by
local NMDA treatment or optogenetic stimulation of
Phox2b-expressing neurons, rescued respiratory
dysfunction.

Respiratory changes in an experimental PD
model

SNc dopaminergic neuron degeneration suppresses eupneic
breathing in adult rats. It has been shown in the literature
that the onset of neurodegeneration in PD patients can
be observed in medullary regions, such as the locus coer-
uleus, dorsal motor nucleus of the vagus and regions
associated with respiratory control (13). Hypoxia ventila-
tory response (HVR) is a complex interaction between
several distinct mechanisms whose variations depend on
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Table 3. Predicted state of molecules (up-stream analysis) of the experimental (PD) in relation to the control group (vehicle).

Gene symbol Type (s) Predicted state  Activation zscore P-value of overlap ~ Target molecules
ADORA2A G-protein receptor Inhibited -3.317 0.000000211 Arf3, Gpi, Rab6A
INSR kinase Inhibited -2.804 0.000000389 Calm1, Atp5j2
SRF Transcription regulator Inhibited -2.232 0.00126 Myh9, RNH1, Tom1, Tpm2
PPARGCTA Transcription regulator Inhibited -2.025 0.00147 Atpbj2, AK1
ESR1 Ligand-dependent nuclear  Inhibited -2.132 0.0021 RabBA, MAPK1, AK1
receptor
IGF1 Growth factor Inhibited -2.847 0.00596 GPD1, MAPK1, Myh9, Myh11
AGT Growth factor Inhibited -2.172 0.0104 ANXA3, Calm1, Myh10
NFE2L2 Transcription regulator Inhibited -3.913 0.000000211 Calm1, Tpm1
RICTOR Kinases mediate responses Activated 3.79 1.31e-19 Atp5j2
to stresses
CD 437 Chemical drug Activated 2.828 1.25e-11 Atpbj2, EEF2
ST1926 Chemical drug Activated 2.138 3.1e-09 Atpbj2, EEF2
MAP4K4 Kinase Activated 2.813 0.000047 ACAA2, Calm1, FASN
mir-1 Microrna Activated 2.433 0.000197
DNMT3B Enzyme Activated 2 0.00299 ATP2A2, CAMK2A, EPDR1, MYL6
PD98059 Kinase inhibitor Activated 2.074 0.003 ACAT2,ALDOA,AP2B1, Gpi, MAPK1,
MYH11
DNMT3A Enzyme Activated 2 0.0114 ATP2B4, CAMK2A, CKM, ENPP6,
KCNA1
mir122 Microrna Activated 2 0.0159 ALDOA, TPD52L2

the stimulus pattern, duration and intensity of hypoxia
exposure. In longer episodes, ventilation has a biphasic
pattern (11). In our experiments, in the first minutes
(1-2 minutes) after O, reduction, the animals presented
a considerable increase in ventilation, presumably by a
reflex response to the activation of peripheral receptors
located in the carotid body. This response was reduced
in the animals submitted to the experimental model of
PD. We also decided to perform the MCS and it was
possible to observe that even in these extreme conditions,
the animals submitted to the PD model presented ventila-
tory deficit when compared to the control animals.

Neuroanatomical and biomolecular changes in
an experimental PD model

In most PD patients, several debilitating symptoms occur
before, simultaneously or after the onset of classic motor
symptoms, such as sleep pathologies, cognitive and psy-
chiatric deficits, and respiratory, sensorial and autonomic
dysfunctions (9, 19, 21). These symptoms may have an
even greater negative impact on quality of life when com-
pared to the classic aspects of PD (43). As stated, patients
with PD may present respiratory impairment; however,
data that link respiratory control to these changes are
still scarce. A study conducted by Budzinska and
Andrzejewski also reported respiratory deficits in a PD
model with unilateral administration of 6-OHDA in rats
anesthetized and artificially ventilated (16). Seccombe et
al (2011) suggest that respiratory changes may be associ-
ated with a dysfunction of respiratory neurons. Although
these authors observed in PD patients respiratory muscle
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weakness, the changes were insufficient to cause any sig-
nificant impairment in ventilation (58). Previous studies
have also identified that in rat PD models, there is a
reduction in breathing with corresponding pathologies in
respiratory control centers including RTN, preBotzinger
Complex (preBotC), NTS and rostral ventral respiratory
group (rVRG) (24-26,47,67).

The changes observed in the proteomic analyses, as well
as the estimated effect according to the degree of statisti-
cal confidence, enabled us to list 13 main altered proteins
in PD-induced rat RTN. We found increased RNHI1 levels,
a protein known to negatively regulate signaling cascades
that mediate the activation of MAP kinases and TPP2
(73). Deregulation of these enzymes is associated with
changes in cell proliferation, glycogen metabolism and
neurotransmission in the CNS (14). We also observed that
CAMK?2a kinase, prominent in the CNS acting on long-
term potentiation and neurotransmitter release, showed
increased levels in PD-induced rats. This enzyme belongs
to the receptor signaling complex for NMDAr (NMDAr)
in excitatory synapses and can regulate the potentiation
of NMDAr-dependent glutamatergic receptor-AMPA
(AMPAr) and synaptic plasticity (5, 36). MYH9 and
CAMK2d showed decreased levels. MYH9 is a cellular
myosin with role in cytokinesis and cell shape. During
cell proliferation, it plays an important role in the reor-
ganization of the cytoskeleton (72). In contrast, the
CAMK?2a protein is involved in the regulation of Ca’*
homeostasis (36). In sum, the results obtained by mass
spectrometry and proteomics demonstrated a protein remod-
eling in the RTN region after bilateral injections of 6-OHDA
in CPu, suggesting that the experimental model of PD

Brain Pathology 30 (2020) 926-944
© 2020 International Society of Neuropathology
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Figure 4. Pharmacological stimulation of RTN neurons after induction
of the experimental model of PD. (A) Typical recordings showing
increased respiratory flow after injection of NMDA (5 pmol/50 nL) in
RTN 60 days after bilateral injection of vehicle or 6-OHDA (24 ug/pL) in
CPu. Changes in (B and E) f;, (C and F) V; and (D and G) V; produced by
injection of NMDA in RTN 60 days after bilateral injection of vehicle or
6-OHDA (24 pg/pL) in CPu. (H) Photomicrograph showing the location of
NMDA injection in the RTN region of an animal of the 6-OHDA group, (I)
schematic representation of the location of the injections in the vehicle
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and 6-OHDA animals (Bregma = —11.36 mm). One-way ANOVA followed
by Tukey's post hoc test was used. *P < 0.05 in relation to the baseline
moment of the vehicle group; #P < 0.05 in relation to the baseline time
of the 6-OHDA group; TP < 0.05 in relation to the NMDA moment of the
vehicle group. Abbreviations: py = piramidal tract; RPa = raphe pallidus
area; Spb = trigeminal spinal tract; VIl = motor nucleus of the facial
nerve. Scales in H =0.5 mmand | = 1.0 mm.
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Figure 5. Optogenetic stimulation of Phox2b neurons in non-
anesthetized animalsafter induction of the experimental model of PD. A.
Typical recordings showing increased respiratory flow after photo-
stimulation of Phox2b neurons in RTN 60 days after bilateral injection of
vehicle or 6-OHDA (24 pg/uL) in CPu. Changes in (B) f;, (C) V; and (D) and
(E) V¢ produced by photo-stimulation of Phox2b neurons in RTN 60 days
after bilateral injection of vehicle or 6-OHDA (24 pg/pL) in CPu. Relation

can alter the biomolecular pattern in areas critical for
respiratory neural control.

Pharmacological and optogenetic stimulation
of the RTN region in a PD model

The neuromodulation of deep brain structures (deep brain
stimulation) represents an effective therapeutic intervention
for PD patients with movement disorders (41). As a proof
of principal, we utilized optogenetic stimulation to test if
exogenous administration of remaining RTN neurons could
rescue respiratory dysfunction. A recent study demonstrated
that optogenetic activation of the secondary motor cortex

940

10 30 50 70
Phox2b neurons transfection (%)

between the percentage of lesion (F) and transfected neurons in the
RTN (G) with the effect of photo-stimulation on the V. (Vehicle: white
circle,6-OHDA: green circle). One-way ANOVA followed by Tukey's post
hoc test was used. *P < 0.05 in relation to the vehicle group at baseline.
#P < 0.05 in relation to the 6-OHDA group at baseline.

(M2) reversed motor disorders in male mice with dopamine
depletion (41). In our study, by injecting unilaterally the
viral vector in the RTN in PD model, we were able to
selectively stimulate this region in anesthetized animals, as
well as in physiological conditions free of anesthesia. The
data obtained in this study provided the first evidence
that even with a reduction in the number of Phox2b neu-
rons in the RTN and with a biomolecular signature dem-
onstrating a process of protein remodeling, the
pharmacological and optogenetic stimulation of this region
were able to potentiate the baseline ventilatory response.
These data show proof of concept that neuromodulation
may improve the non-movement disorders in PD.

Brain Pathology 30 (2020) 926-944
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Figure 6. Optogenetic stimulation of Phox2b neurons in anesthetized
animals after induction of the experimental model of PD. A. Typical
recording showing increased diaphragm and abdominal muscle activities
during the photo-stimulation (30 mW) of Phox2b neurons in RTN 60 days
after bilateral injection of vehicle or 6-OHDA (24 pg/pL) in CPu. Changes
in diaphragm muscle (B and D) frequency and (C and E) amplitude and
abdominal muscle (F) frequency and (G) amplitude. Relation between
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