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Abstract 43 

 Parkinson´s disease (PD) is a neurodegenerative disorder anatomically 44 

characterized by a progressive loss of dopaminergic neurons in the substantia nigra 45 

compacta (SNpc). Much less known, yet clinically very important, are the detrimental 46 

effects on breathing associated with this disease. Consistent with the human 47 

pathophysiology, the 6-hydroxydopamine (6-OHDA) rodent model of PD shows 48 

reduced respiratory frequency (fR) and NK1r-immunoreactivity in the pre-Bötzinger 49 

complex (preBötC) and PHOX2B+ neurons in the retrotrapezoid nucleus (RTN). To 50 

unravel mechanisms that underlie bradypnea in PD, we employed a transgenic 51 

approach to label or stimulate specific neuron populations in various respiratory-52 

related brainstem regions. PD mice were characterized by a pronounced decreased 53 

number of putatively rhythmically active excitatory neurons in the preBötC and 54 

adjacent ventral respiratory column (VRC). Specifically, the number of Dbx1 and 55 

Vglut2 neurons were reduced by 47.6 and 17.3%, respectively. By contrast, inhibitory 56 

Vgat+ neurons in the VRC, as well as neurons in other respiratory-related brainstem 57 

regions, showed relatively minimal or no signs of neuronal loss. Consistent with these 58 

anatomical observations, optogenetic experiments identified deficits in respiratory 59 

function that were specific to manipulations of excitatory (Dbx1/Vglut2) neurons in the 60 

preBötC. We conclude that the decreased number of this critical population of 61 

respiratory neurons is an important contributor to the development of irregularities in 62 

inspiratory rhythm generation in this mouse model of PD. 63 

 64 

Significance statement: We found a decreased number of a specific population of 65 

medullary neurons which contributes to breathing abnormalities in a mouse model of 66 

Parkinson’s disease (PD).  67 
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 68 

Introduction 69 

 Neurodegenerative diseases, including Parkinson’s disease (PD), are often 70 

associated with motor control dysfunctions including respiratory impairment 71 

(Seccombe et al., 2011; Baille et al., 2016). Yet, in contrast to resting tremor, 72 

stiffness and movement rigidity, bradykinesia and postural instability (Angel et al., 73 

1970; Moreno Catalá et al., 2016), breathing abnormalities remain poorly understood 74 

and understudied despite their prominence in PD (Maria et al., 2003; Baille et al., 75 

2016; Zhang et al., 2016). Clinical reports describe a variety of respiratory symptoms 76 

ranging from dyspnea, deficiencies in respiratory muscle contractility and 77 

coordination of thoracic musculature, rhythmicity dysfunction over the course of the 78 

disease, as well as daytime somnolence due to nocturnal hypoxia (Stocchi et al., 79 

1998; Seccombe et al., 2011; Baille et al., 2016; Owolabi et al., 2016). These 80 

respiratory disturbances have significant consequences for quality of life. Perhaps 81 

most consequential are respiratory dysfunctions that lead to aspiration pneumonia, a 82 

major cause of death in PD (Simons, 2017; Schiffer and Kendall, 2018; Tomita et al., 83 

2018). Thus, developing treatments that mitigate these respiratory abnormalities will 84 

be important for managing PD patients.  85 

Breathing is a highly integrated behavior that involves multiple interacting brain 86 

regions. In mammals, including humans, inspiration is the dominant active phase of 87 

breathing. Inspiratory activity emerges from a region in the ventral medulla called the 88 

pre-Bötzinger complex (preBötC) (Smith et al., 1991; Kam et al., 2013; Wang et al., 89 

2014). This dynamic network is heterogeneous, and contains interacting subsets of 90 

inhibitory and excitatory neurons (Smith et al., 1998; Cregg et al., 2017; Hayes et al., 91 

2017; Baertsch et al., 2018). Of particular importance for inspiratory rhythmogenesis 92 

are glutamatergic neurons derived from Dbx1-expressing progenitors (i.e. Dbx1 93 

neurons) (Wang et al., 2014; Vann et al., 2018). Inspiration is followed by 94 

postinspiration. During this respiratory phase, muscles actively slow the passive 95 

release of air from the lungs (Feldman et al., 2013). The postinspiratory complex 96 

(PiCo), rostral to the preBötC, has been implicated in the generation of the 97 

postinspiratory rhythm (Anderson et al., 2016; Toor et al., 2019), with significant 98 

modulatory influences from the pons, including the Kölliker Fuse (KF) nucleus (Stanić 99 

et al., 2018). Under conditions of high ventilatory demand, air is forcefully expelled 100 

from the lungs during a phase called “active expiration”. The retrotrapezoid 101 



4 
 

 4 

nucleus/parafacial respiratory group (RTN/pFRG) in the ventral medulla is thought to 102 

contain rhythmically active neurons that drive active expiration (Huckstepp et al., 103 

2015; Marina et al., 2010) as well as chemosensitive neurons that contribute to 104 

breathing responses to CO2 (Mulkey et al., 2004; Stornetta et al., 2006; Takakura et 105 

al., 2006; Abbott et al., 2009). Together, these interacting networks give rise to a 106 

highly dynamic and adaptable rhythmic breathing behavior. Thus, respiratory 107 

abnormalities associated with PD may involve multiple distinct region(s) within the 108 

brainstem. 109 

In order to unravel the contributions of specific brain regions and mechanisms 110 

underlying respiratory dysfunction in PD, studies utilizing animal models are 111 

necessary. Indeed, animal models support clinical observations. For example, 112 

depleting catecholaminergic neurons in the substantia nigra compacta (SNpc) in a 113 

murine model of PD leads to bradypnea at rest and impairment of the ventilatory 114 

response to hypercapnia (Tuppy et al., 2015). The cellular- and network-level 115 

mechanisms underpinnings of these breathing disturbances are not well understood 116 

and are likely complex. Initial studies in murine models of PD have noted reduced 117 

expression of the neurokinin-1 receptor (NK1-r), a marker for preBötC neurons, in the 118 

ventral medulla (Tuppy et al., 2015; Oliveira et al., 2017; Fernandes-Junior et al., 119 

2018). Reduced expression has also been described for the RTN marker PHOX2B 120 

(Tuppy et al., 2015; Fernandes-Junior et al., 2018; Oliveira et al., 2019). Thus, there 121 

is some evidence for anatomical changes in brainstem respiratory control regions in 122 

murine models of PD. The introduction of cell-type-specific transgenic approaches 123 

allows us to unravel which functionally defined respiratory neurons may degenerate 124 

in PD, an important step towards understanding the cellular mechanisms underlying 125 

respiratory dysfunction in PD. Here, we utilized these approaches to characterize in 126 

greater detail the cell-type-specific anatomical and functional deficits within brainstem 127 

regions important for the generation and modulation of breathing.  128 

  129 

Experimental model and subject details 130 

Animals 131 

Experiments were performed on 119 adult C57/Bl6 mice of either sex weighing 132 

between 25-30g. The animals had free access to water and food and were housed in 133 

a temperature-controlled (22 ± 1 °C) facility with a 12:12 h light/dark cycle. All 134 

experimental and surgical procedures were conducted in accordance with the 135 
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National Institutes of Health and to the defined guidelines by the Seattle Children’s 136 

Research Institute (SCRI) animal care and use committee (protocol number: 18819) 137 

and by the Institutional animal care and use committee at the University of São Paulo 138 

(protocol number:  58/2017). 139 

Dbx1creERT2(+/-) mice were donated by Dr. Del Negro (College of William and 140 

Mary, VA); Vgat-ires-cre(+/+) (Stock No: 016962), Vglut2-ires-cre(+/+) (Stock No: 141 

028863), Chat-ires-cre(+/+) (Stock No: 006410) and PHOX2B-cre(+/-) (Stock No: 142 

025436) breeders were obtained from Jackson laboratories. Dbx1CreERT2(+/+) and 143 

PHOX2B-cre(+/+) breeder lines were generated at SCRI. To anatomical experiments, 144 

cre(+/+) mice were bred with homozygous cre-dependent enhanced green fluorescent 145 

protein (ZsGreen1) expressing mice (Ai6) inserted in the ROSA26 locus (Stock No: 146 

007906) from Jackson laboratories. For optogenetic activation experiments, cre(+/+) 147 

mice were bred with homozygous mice containing a floxed STOP channelrhodopsin2 148 

fused to a EYFP reporter (Ai32) donated by Dr. Hongkui Zeng (Allen Brain Institute, 149 

WA). Dbx1creERT2(+/+) dams were monitored plug checked and tamoxifen injected [24 150 

mg/kg intraperitoneal (i.p.), Sigma-Aldrich] on embryonic day (E) 9.5. Tamoxifen, 151 

when i.p. injected during gestation, binds to a mutated estrogen receptor (ER) fused 152 

to cre recombinase as a transgene (cre-ER), which only promotes cre-ER activation 153 

and expression in cells that present the cre-ER at the time of injection. Mice were 154 

typically born (Dbx1-cre; Ai32) after 20 days of gestation via C-section. All the 155 

lineages used in our study have been described in the literature (Anderson et al., 156 

2016; Baertsch et al., 2018; Vann et al., 2018). Litters generated were separate and 157 

used randomly by the investigators.  158 

 159 

Recovery surgeries for PD mouse model 160 

Recovery surgery procedures are summarized in Fig 1. Injections of 6-OHDA 161 

(6-Hydroxydopamine hydrochloride, Sigma, Saint Louis, MO, USA) or vehicle (1 μg 162 

ascorbic acid in 1 μL of saline 0.9%) were made while mice were submitted to 163 

general anesthesia with inhaled 2% isoflurane in 100% oxygen. Surgery was 164 

performed using standard aseptic technique. For chemical lesions, mice were fixed to 165 

a Robot Stereotaxic frame (Neurostar, Germany). Bilateral injections of 6-OHDA (10 166 

μg/ μL; 0.5 μL) were made into the caudate putamen (CPu) using the following 167 

coordinates: 0.4 mm caudal to bregma; 1.9 mm lateral to the midline and 3 mm below 168 

the skull surface. The coordinates and the dose of 6-OHDA used in the present study 169 
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were selected based on the literature and previous experiments (Zhang et al., 2015; 170 

Goes et al., 2018; Oliveira et al., 2019). All injections were performed through a 171 

single-barrel needle with an external tip coupled to a Hamilton’s syringe.  172 

Following vehicle or 6-OHDA CPu injections, mice were implanted unilaterally 173 

with one 220 μm or bilaterally with two 125 μm fiber optics targeting the preBötC or 174 

the RTN using a 15-degree rostral to caudal sagittal angle. We used the following 175 

coordinates for preBötC: 6.7 mm caudal to bregma, 1.2 mm lateral to the midline and 176 

4.8 mm below the skull surface; and for RTN: 6.3 mm caudal to bregma, 1.6 mm 177 

lateral to the midline and 5.2 mm below the skull surface (Paxinos and Franklin, 178 

2012). After all surgical procedures, mice were treated with carpofren (5 mg/kg/day 179 

for 2 days) and maintained 10 days before anatomical or 10-12 days before 180 

functional experiments were performed. The toxin did not produce any readily 181 

observable behavioral effects. 182 

 183 

Gas consumption experiments 184 

 Oxygen consumption (V̇O2) and CO2 release/production (V̇CO2) were 185 

assessed in unanesthetized adult mice in plethysmograph chambers (300 ml) 186 

ventilated continuously with room air after acclimation phase (at least 30 minutes). 187 

Gas was pulled through a small and horizontal column of drierite before being 188 

analyzed for the fractional concentrations of O2 and CO2 (model ML206, Gas 189 

analyzer, ADInstruments). The sensors were calibrated using known gas mixtures 190 

(100% O2, 8% O2 and 7% CO2). A   pump   inside   the   gas   analyzer pulled the air 191 

room at inflow rate of 200 ml/min. The outputs were acquired for 30 minutes at 200 192 

Hz by PowerLab system and Labchart software (Version 8). The V̇O2 has been 193 

calculated by Depocas and Hart formula (1957) for an open flow respirometry system 194 

with a downstream flowmeter: V̇O2 = [FIN . (FinspO2 - FexpO2)]/ [1 - (1- RQ) . FinspO2], 195 

where FIN is the inflow rate of air in the chamber (200 ml/min), FinspO2 is the inspired 196 

O2 fraction (20.65%, room air), RQ is assumed to be 0.85 and FexpO2 is the O2 197 

expired fraction (acquired by the equipment) (DEPOCAS and HART, 1957; Patrone 198 

et al., 2018). The V̇CO2 was determined using a rearranged Depocas and Hart 199 

formula: V̇O2 = [FIN . (FinspO2 - FexpO2) - (V̇CO2 . FinspO2)] / (1 - FinspO2) (DEPOCAS 200 

and HART, 1957; Withers, 1977).  201 

 202 

Unanesthetized plethysmograph experiments 203 
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Respiratory parameters were recorded in unanesthetized adult mice using 204 

whole-body plethysmograph (Buxco, CT, USA) in 300 ml chambers ventilated 205 

continuously with normal air (79% nitrogen and 21% oxygen) at a rate of 180-200 206 

ml/min (Fig 1). Volume calibration was performed during each experiment by injecting 207 

air (1 ml) into the chamber. All experiments were performed at room temperature (21-208 

23°C). Mice were anesthetized with isoflurane briefly (<30 s), tethered to the fiber 209 

optic cable connected to a blue (447 nm) laser and DPSS driver, and allowed at least 210 

2 hours to acclimate to the chamber environment.  211 

To perform phase-dependent optogenetic stimulations, plethysmography 212 

waveforms were thresholded in order to trigger a transistor-transistor logic (TTL) 213 

pulse during the rising or falling phase of each respiratory cycle (Clampex software). 214 

Inspiratory stimulations were triggered during the rising phase, whereas stimulations 215 

during the expiration were triggered during the falling phase (Fig 1B) (Baertsch et al., 216 

2018; Vann et al., 2018). All the optogenetic experiments were performed while the 217 

mice were not sniffing, exploring or moving in the chamber. A limitation of this 218 

plethysmography approach is that it can be difficult to definitively discern respiratory 219 

phase transitions (e.g. onset and termination of inspiration). Therefore, several trials 220 

were performed during each experiment with the threshold positioned at different 221 

levels. As outlined in Fig 9, we used only those recordings for further analysis where 222 

the threshold was set to the very onset of either inspiration (A and C) or expiration (B 223 

and D). All other recordings where the threshold was too high, and the stimulations 224 

occurred late in inspiration (E and G) or expiration (F and H), were excluded from our 225 

analysis. 226 

 227 

Anesthetized experiments 228 

The same mice used for unanesthetized plethysmography experiments were 229 

used in our anesthetized preparation. Surgical procedures were performed as 230 

previously described (Anderson et al., 2016; Baertsch et al., 2018). Briefly, adult mice 231 

were anesthetized with urethane (1.5 mg/kg, i.p.) and placed on a custom surgical 232 

table. The trachea was cannulated with a curved 24 G plastic tube. Mice were then 233 

allowed to spontaneously breathe 100% O2 during the entire surgery and recordings. 234 

Adequate depth of anesthesia was determined via breathing frequency responses to 235 

toe pinch and adjusted if necessary, with supplemental urethane (i.p.). The rostral 236 

trachea, esophagus and muscles were removed, to access the basal surface of the 237 
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occipital bone. A small portion of the occipital bone and dura were removed to access 238 

the ventral medullary surface. Then, the brainstem surface was perfused with 239 

warmed (~36 °C) aCSF (NaCl: 118 mM, KCl: 3.0 mM, NaHCO: 325 mM, NaH2PO4: 240 

1.0 mM, MgCl2: 1.0 mM, CaCl2: 1.5 mM, D-glucose: 30 mM) equilibrated with 241 

carbogen (95% O2, 5% CO2). Respiratory activity was recorded from the XII nerve 242 

using a fire-polished pulled glass pipette filled with aCSF attached to a suction 243 

electrode. The signal was amplified (10,000×), filtered (low pass 300 Hz, high pass 5 244 

kHz), rectified, integrated, and digitized (Digidata 1550 A, Axon Instruments). A glass 245 

fiber optic (200 μm diameter) connected to a blue (447 nm) laser and DPSS driver 246 

was placed in light contact with the brainstem and positioned for maximal effect on 247 

breathing frequency during light stimulation. Respiratory phase-specific stimulations 248 

were performed by thresholding integrated XII nerve activity as described above for 249 

unanesthetized plethysmography experiments (Fig 1B).  250 

 251 

Optogenetic stimulations 252 

Subtle non-specific effects have been observed in cre- control mice when laser 253 

powers are greater than 8mW (Baertsch et al., 2018). Thus, our optogenetic 254 

stimulations were performed using 7-8 mW laser power. As controls for our 255 

optogenetic photostimulation experiments, we crossed cre(-/-) damns with 256 

homozygous mice containing a floxed STOP ChR2 fused to a EYFP reporter (Ai32). 257 

This breeding scheme generates control mice that do not express ChR2. We 258 

subjected these mice to the same optogenetic stimulations as described above and 259 

did not observe changes in any measured breathing parameters in PD or control 260 

mice (Fig 10).  261 

 262 

Histology 263 

At the end of experiments, all animals were deeply anesthetized with 4% 264 

isoflurane in 100% oxygen and perfused through the ascending aorta with 20 ml of 265 

phosphate buffered saline (PB; pH 7.4) followed by 4% phosphate-buffered (0.1 M; 266 

pH 7.4; 20 ml) paraformaldehyde (Electron Microscopy Sciences, Fort Washington, 267 

PA). The brains were removed and stored in the perfusion fixative for 4 h at 4 °C and 268 

sucrose 20% for 8h. Series of coronal sections (25 μm) from the brains were cut 269 

using a cryostat and stored in cryoprotectant solution at -20°C (20% glycerol plus 270 

30% ethylene glycol in 50 ml phosphate buffer, pH 7.4) prior to histological 271 
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processing (Oliveira et al., 2017). All histochemical procedures were done using free-272 

floating sections.  273 

TH was detected using a polyclonal rabbit anti-TH antibody (AB152; Millipore; 274 

1:1000) and GFAP was detected using a polyclonal mouse anti-GFAP (MAB360; 275 

Millipore; 1:2000) diluted in PB containing 2% normal donkey serum (017-000-121, 276 

Jackson Immuno Research Laboratories) and 0.3% Triton X-100 and incubated for 277 

24 h. Sections were subsequently rinsed in PB and incubated for 2 h in an Alexa 488 278 

donkey anti-rabbit antibody (711-545-152; 1:250; Jackson Immuno Research 279 

Laboratories) or Alexa 647 donkey anti-mouse (A31571; Life technologies; 1:400). 280 

For all secondary antibodies used, control experiments confirmed that no labeling 281 

was observed when primary antibodies were omitted.  The sections were stained in a 282 

DAPI solution for 1 min and PB washed. The sections were mounted on slides in 283 

rostrocaudal sequential order, dried, and covered with fluoromount (00-4958-02; 284 

Thermo Fisher). Coverslips were affixed with nail polish.  285 

Sections were also examined to confirm that fiber optics were placed in the 286 

intended location. When fiber optics were not correctly positioned, these mice were 287 

excluded from the analysis. As shown in Fig 11, according to the Paxinos and 288 

Franklin (2012) mouse atlas, when targeting the preBötC, unilateral or bilateral fiber 289 

tips were located just dorsal to the Nucleus ambiguus near Bregma level -6.84 mm, 290 

~1300 μm from the midline, and ~700 μm above the marginal layer (Fig 11A-F). In 291 

the graphs, the distances used for the bilateral fiber optics implants were averaged. 292 

When the RTN was targeted, fiber tips were located near the facial nucleus at 293 

Bregma level -6.64 mm, ~1600 μm from the midline, and ~600 μm above the 294 

marginal layer (Fig 11G-K). There were no significant differences in fiber optic 295 

placement between any control and PD mouse groups. 296 

 297 

Cell counting, imaging and data analysis 298 

A VS120-S6-W Virtual Slide Scanner (Olympus) was used to scan all the 299 

sections. Images were taken with a color camera (Nikon DS-Fi3). To restrict any 300 

influences on our counted results, the photomicrography and counting were 301 

performed by one blind researcher. Image J (version 1.41; National Institutes of 302 

Health, Bethesda, MD) was used for cell counting and Canvas software (ACD 303 

Systems, Victoria, Canada, v. 9.0) was used for line drawings. A one-in-two series of 304 

25-μm brain sections was used per mouse, which means that each section analyzed 305 
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was 50 μm apart. The area analyzed was delimited based on previously reports 306 

(Baertsch et al., 2018; Vann et al., 2018) (Mean of 116,228.1 μm²). The neurons 307 

were identified by a large cell body and different sizes and shapes were also 308 

considered. Dendrites, which are usually represented as numerous small projections 309 

extending from the cell body, were not counted. The sections were counted 310 

bilaterally, averaged and the numbers reported as mean ± SEM. Section alignment 311 

related to the SNpc, RTN, VRC, nucleus of the solitary tract (NTS), PiCo and KF 312 

were relative to a reference section, as previously described (Lazarenko et al., 2009; 313 

Anderson et al., 2016; Vann et al., 2018; Oliveira et al., 2019) and based on Paxinos 314 

and Franklin (2012) (Paxinos and Franklin, 2012). To delimitate the ventral 315 

respiratory column (VRC) area, we used an ImageJ software to overlap a circle 316 

(radius of 60.82 μm) for all the pictures in the VRC. To delimitate this area, we used a 317 

dark field (non-fluorescent) to define anatomical and cytoarchitecture based on 318 

previous studies (Akins et al. 2017; Baertsch et al. 2018; Kottick et al. 2017; Oliveira 319 

et al. 2019; Vann et al. 2018). We choose to represent the VRC non-320 

compartmentalized (i.e. BötC, preBötC, rVRG and cVRG). First, the section 321 

alignment between brains was done relative to a reference section: the rostral 322 

segment of the VRC was identified by the last section with the caudal end of the 323 

facial motor neurons in each brain and brain levels were named according to the 324 

atlas of Paxinos and Franklin (2012). After that, to distinguish the VRC in each 325 

section, we used the nucleus ambiguous (NA) and the ventral spinocerebellar tract 326 

as the main anatomical structures, both areas present a very clear anatomical limits 327 

and represents the dorsal and ventral limits of the VRC, respectively. The rostral-328 

caudal portion also shows a very distinguish anatomical structure: NA.  Once the 329 

section that contains the rostral portion of NA (more densely packed) is the section 330 

that contains the rostral portion of the VRC. In a caudal direction the NA turns in a 331 

semi-compacta portion, and non-compacta even more caudal (Akins et al. 2017; 332 

Baertsch et al. 2018; Kottick et al. 2017; Vann et al. 2018) and the VRC was 333 

analyzed in all that extension. PiCo was anatomically characterized by 334 

immunohistological labeling, revealing ChAT (choline acetyltransferase)-positive 335 

neurons located dorsomedial to NA, located dorsal and caudal to the facial nucleus 336 

(Anderson et al. 2016; Toor et al. 2019). The neuroanatomical nomenclature 337 

employed during experimentation was defined by Paxinos and Franklin (2012). 338 

 339 
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Statistics 340 

Statistical analysis was performed using Sigma Stat version 11.0 software 341 

(Jandel Corporation, Point Richmond, CA). Test-t followed by Mann-Whitney sun 342 

rank test or Two-way analysis of variance with Bonferroni’s multiple comparison test 343 

were used when appropriate. Data are reported as mean ± standard error of the 344 

mean. For all comparisons, p < 0.05 was considered statistically significant. 345 

 346 

Results 347 

PD mice with SNpc neurodegeneration have respiratory impairment 348 

 To anatomically verify for the presence of a PD phenotype in our mouse 349 

model, the number of TH+ cells in the SNpc were counted from all 6-OHDA (n=59) 350 

and vehicle injected (n=60) mice used in this study (Fig 2). TH positive neurons were 351 

quantified in the SNpc between -2.75 and -3.35 mm from bregma level (Fig 2C). We 352 

observed a significant reduction of TH neurons in the SNpc in PD-induced mice 353 

(151.3 ± 4.6 vs. control: 491.4 ± 14.2 TH+ neurons; t-test, t = 1138.0, p < 0.001; Fig 354 

2D). There was also a substantial reduction in TH+ varicosities expression in the CPu 355 

(Fig 1D). To examine respiratory function, plethysmograph recordings from the same 356 

6-OHDA injection PD mice and vehicle injected control mice were analyzed. In PD 357 

injected mice, total ventilation [VE = fR x tidal volume (VT)] was reduced (0.54 ± 0.03 358 

vs. sham: 0.71 ± 0.04 ml/min.g, t-test, t = 1172.0, p < 0.001; Fig 2E) due to a slowing 359 

of breathing frequency (fR) (154.6 ± 6.0 vs. sham: 205.9 ± 3.7 breaths/min, t-test, t = 360 

2865.0, p < 0.001; Fig 2F) without a significant change in tidal volume (VT) (3.60 ± 361 

0.17 vs. sham: 3.43 ± 0.16 μl/g, t-test, t = 1987.0, p = 0.628; Fig 2G). Changes in 362 

breathing frequency were primarily due to a prolongation of expiratory time (TE) 363 

(154.6 ± 6.0 vs. sham: 198.7 ± 10.0 ms, t-test, t = 1407.0, p < 0.001; Fig 2I) without 364 

changes in inspiratory time (177.0 ± 7.4 vs. sham: 176.7 ± 5.1 ms, t-test, t = 2065.0, 365 

p = 0.891; Fig 2H). Average frequency distributions of breathing frequency, tidal 366 

volume, and expiratory time are shown in Figs. 2J, K, and L, respectively. Breathing 367 

frequency also became more irregular in PD-induced mice (0.050 ± 0.007 vs. sham: 368 

0.024 ± 0.004, t-test, t = 1211.0, p < 0.001; Fig 2N) without significant changes in the 369 

regularity of VE, VT, TI, or TE (Figs. 2M, O-Q, respectively).  370 

 Further, V̇O2 and V̇CO2 was evaluated in a separate experimental group 371 

(n=8; Fig 2R-T). Our results shows that there was a reduction of V̇O2 (23.42 ± 4.11 372 

vs. sham: 60.96 ± 4.30 ml/min.kg-1, Two-way ANOVA, F(1;15) = 14.828, p < 0.001; Fig 373 
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1S) and V̇CO2 post PD-induction (21.42 ± 3.17 vs. sham: 53.15 ± 3.77 ml/min.kg-1, 374 

Two-way ANOVA, F(1;15) = 13.377, p < 0.001; Fig 2T). Together, these experiments 375 

confirm that PD-induced mice have substantial respiratory impairments (Tuppy et al., 376 

2015; Fernandes-Junior et al., 2018; Oliveira et al., 2019), primarily due to longer and 377 

more irregular periods between inspiratory efforts. 378 

 379 

 The VRC of PD mice contains fewer glutamatergic Dbx1 neurons 380 

 Excitatory synaptic interactions among recurrently connected glutamatergic 381 

neurons is a fundamental anatomical feature thought to be critical for inspiratory 382 

rhythmogenesis within the VRC (Carroll and Ramirez, 2013; Cui et al., 2016). To 383 

explore how this anatomical substrate may be disrupted in PD, we compared the 384 

number of Vglut2+ neurons along the VRC between -6.56 and -7.96 mm from Bregma 385 

level in 6-OHDA injected PD mice vs. vehicle injected controls. Strikingly, we found 386 

that the number of glutamatergic neurons was reduced along the VRC (Fig 3A,B) 387 

(2,724 ± 59 vs. control: 3,455 ± 84 Vglut2+ neurons; t-test, t = 7,113, p < 0.001). This 388 

reduction in glutamatergic neurons remained highly significant when presumably non- 389 

rhythmically active TH+/Vglut2+ C1 neurons were excluded from the analysis (Data 390 

not shown). However, there was also a smaller but significant reduction in TH+ 391 

glutamatergic neurons (298 ± 21 vs. control: 382 ± 36 TH+ neurons; t-test, t = 3.3, p = 392 

0.016; data not shown) in the VRC of PD-induced mice compared to control animals.  393 

 Next, we assessed the anatomical integrity of Dbx1 neurons, a specific 394 

subpopulation of glutamatergic neurons critical for rhythmogenesis and frequency 395 

control within the preBötC (Cui et al., 2016; Akins et al., 2017; Baertsch et al., 2018). 396 

Consistent with our observations in Vglut2-cre;Ai6 mice, we observed a significant 397 

reduction in the number of Dbx1+ cells along the VRC of PD mice (1,064 ± 14 vs. 398 

control: 2,461 ± 59 Dbx1+ cells; t-test, t = 10.0, p = 0.029; Fig 3C,D). Since the 399 

transcription factor Dbx1 is also expressed in some glia (Akins et al., 2017; 400 

SheikhBahaei et al., 2018), we performed immunostaining for GFAP to distinguish 401 

neurons from astrocytes. We found that the number of Dbx1 neurons (GFAP-) was 402 

significantly reduced within the VRC (1098 ± 32 vs. control: 1967 ± 11 Dbx1+ 403 

neurons; t-test, t = 25.765, p < 0.001; Fig 3G,3H1) including the preBötC region. We 404 

also noted a smaller but significant reduction in the number of Dbx1 expressing glia 405 

(GFAP+) within the VRC of PD mice (196 ± 12 vs. control: 437 ± 16; t-test, t = 12.089, 406 

p < 0.001; Fig 3H2), which was consistent with a significant reduction in the number 407 
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of total GFAP+ cells within the VRC (254 ± 14 vs. control: 647 ± 68; t-test, t = 5.70, p 408 

= 0.005; Fig 3H3).  409 

 Approximately 40-50% of the neurons that participate in the inspiratory 410 

rhythm are inhibitory (Janczewski et al., 2013; Baertsch et al., 2018), and these 411 

neurons play important roles in regulating breathing frequency and pattern 412 

(Janczewski et al., 2013; Sherman et al., 2015; Baertsch et al., 2018). Therefore, we 413 

next assessed anatomical deficits in the number of inhibitory VRC neurons using 414 

Vgat-cre;Ai6 mice with specific labelling of inhibitory glycinergic and/or GABAergic 415 

neurons (Baertsch et al., 2018). In contrast to excitatory Dbx1 or Vglut2 neurons, we 416 

found no differences in the number Vgat+ neurons along the VRC of PD mice when 417 

compared to controls (3,463 ± 54 vs. control: 3,647 ± 59 Vgat+ cells; t-test, t = 2.305, 418 

p = 0.061; Fig 3E,F).  419 

 We also examined the anatomical integrity of glutamatergic neurons in the 420 

pontine KF nucleus, implicated in the modulation of breathing frequency 421 

(Dutschmann et al., 2020); and ChAT neurons within the PiCo (Anderson et al., 2016; 422 

Toor et al., 2019). Surprisingly, the number of Vglut2+ cells in KF, was also reduced in 423 

PD animals (815 ± 17 vs. control: 958 ± 38 Vglut2+ neurons; t-test, t = 3.368, p = 424 

0.01, Fig 4B,D).  Also, the total number of ChAT+ cells in the PiCo was slightly 425 

reduced in PD-induced mice relative to vehicle injected controls (185 ± 9 vs. control: 426 

232 ± 19 Chat+ neurons; t-test, t = 23.0, p = 0.02, Fig 4A,C). To determine if the 427 

neuronal death process is restricted to the ventral medullary respiratory areas, we 428 

also counted Vglut2+ cells in the caudal and intermediate portion of the NTS (cNTS 429 

and iNTS, respectively). As represented in the figure 4, the total number of neurons 430 

in the cNTS (p = 0.736, t = -0.349) and iNTS (p = 0.793, t = -0.272) was not different 431 

comparing control and PD-induced animals. Collectively, these histological data 432 

suggest that PD mice are characterized by specific neuroanatomical deficits in 433 

respiratory-related regions of the brainstem that are most prominent within the VRC, 434 

and primarily involve glutamatergic Dbx1+ neurons that are critical for generating the 435 

inspiratory rhythm (Cui et al., 2016; Vann et al., 2018). 436 

 437 

Respiratory phase-dependent functional deficits of excitatory preBötC neurons 438 

in PD mice  439 

  To further explore the functional consequences of the anatomical changes 440 

observed in PD mice, we utilized an optogenetic approach to selectively manipulate 441 



14 
 

 14 

the activity of localized respiratory-related cell populations. In a first series of 442 

optogenetic experiments, we generated mice that specifically express ChR2 in 443 

glutamatergic Vglut2+ neurons. These Vglut2-ChR2 mice were randomly separated 444 

and received injections of 6-OHDA or vehicle into the CPu (n=5/group) and an optical 445 

fiber was placed unilaterally to illuminate the preBötC (Fig 1A). 10-12 days after 446 

surgery, photostimulation experiments were performed in unanesthetized mice while 447 

respiratory activity was monitored using plethysmography. In vehicle injected control 448 

animals, light stimulations during the inspiratory phase significantly reduced by 20.2% 449 

the respiratory frequency (165.2 ± 8.5 vs. baseline: 206.9 ± 5.3 breaths/min, Two-450 

way ANOVA, F(1;9) = 11.995, p = 0.041; Fig 5A,B). However, the same stimulation 451 

paradigm in PD mice caused a more modest reduction (10.1%) in respiratory 452 

frequency that was not statistically significant (130.6 ± 8.1 vs. baseline: 145.2 ± 4.2 453 

breaths/min, Two-way ANOVA, F(1;9) = 11.995, p = 0.164; Fig 5A,B). The same 454 

animals were also subjected to photostimulations occurring during the expiratory 455 

phase, which increased respiratory frequency in both control (226.1 ± 7.3 vs. 456 

baseline: 202.2 ± 1.4 breaths/min, Two-way ANOVA, F(1;9) = 19.348, p = 0.002) and 457 

PD mice (201.2 ± 7.0 vs. baseline: 171.3 ± 6.1 breaths/min, Two-way ANOVA, F(1;9) = 458 

19.348, p = 0.002; Fig 5C,D), corresponding to speeding up fR by 11.8% in vehicle-459 

injected and 17.4% in PD-induced mice.  460 

Next, we performed similar photostimulation experiments in an anesthetized 461 

preparation in order to more accurately determine respiratory phase transitions by 462 

recording inspiratory activity directly from the XII nerve (Baertsch et al., 2018). Similar 463 

to our observations in unanesthetized animals, fR was slightly, but significantly, 464 

reduced by 16.0% during inspiratory photostimulation in control mice (79.6 ± 4.4 vs. 465 

baseline: 94.8 ± 6.2 breaths/min, Two-way ANOVA, F(1;9) = 7.232, p = 0.036); 466 

however, this effect was not significant (14.7%) in PD mice (60.0 ± 2.5 vs. baseline: 467 

70.3 ± 7.5 breaths/min, Two-way ANOVA, F(1;9) = 1.083, p = 0.369; Fig 5E,F). In both 468 

control and PD mice, expiratory photostimulations increased respiratory frequency to 469 

a similar rate (control: 123.1 ± 1.4 vs. baseline: 93.9 ± 8.5 breaths/min and PD: 110.6 470 

± 7.2 vs. baseline: 66.4 ± 7.2 breaths/min, Two-way ANOVA, F(1;9)  = 16.277, p = 471 

0.006; Fig 5G,H), which corresponded to a 66.6% increase in fR in PD-induced mice 472 

compared to 31.1% in control mice.    473 

In a second series of optogenetic experiments, we targeted Dbx1 neurons in 474 

the preBötC. Adult Dbx1-ChR2 mice were randomly chosen for injections of 6-OHDA 475 



15 
 

 15 

or vehicle into the CPu (n=5/group) followed by unilateral implantation of a fiber optic 476 

at the level of the preBötC. As previously observed (Wang et al., 2014; Baertsch et 477 

al., 2018; Vann et al., 2018), respiratory phase-dependent stimulations of Dbx1 478 

neurons resulted in similar, but generally more modest effects, when compared to 479 

stimulations of glutamatergic (Vglut2+) neurons in general (Compare Fig 5 and 6). 480 

Indeed, in unanesthetized mice, reductions in respiratory frequency during unilateral 481 

stimulation of Dbx1 neurons during the inspiratory phase were not statistically 482 

significant in either control [208.4 ± 7.9 vs. baseline: 216.9 ± 3.8 breaths/min (3.9%), 483 

Two-way ANOVA, F(1;9) = 0.966, p = 0.364] or PD mice [170.4 ± 8.4 vs. baseline: 484 

181.2 ± 4.4 breaths/min (5.9%), Two-way ANOVA, F(1;9) = 0.966, p = 0.364; Fig 6B]. 485 

In addition, although trends were similar to our observations in Vglut2;ChR2 mice, 486 

increases in frequency in response to stimulations of Dbx1 preBötC neurons during 487 

the expiration did not reach statistical significance (Fig 6C,D). 488 

However, when the same mice were anesthetized and XII nerve recordings 489 

were performed, differences in respiratory response to phase-dependent stimulations 490 

became more apparent between control and PD mice. Specifically, during inspiratory 491 

photostimulations, control Dbx1-ChR2 mice exhibited a significant slowing of 492 

respiratory frequency by 15.4% (82.9 ± 2.8 vs. baseline: 98.0 ± 1. breaths/min, Two-493 

way ANOVA, F(1;9) = 51.97, p = 0.003), whereas PD mice did not (7.9%) (65.2 ± 2.5 494 

vs. baseline: 70.8 ± 0.5 breaths/min, Two-way ANOVA, F(1;9) = 2.48, p = 0.289; Fig 495 

6E,F). And, when photostimulations occurred during the expiration, breathing 496 

frequency was significantly increased by 17.2% in PD mice (85.7 ± 1.7 vs. baseline: 497 

73.1 ± 1.0 breaths/min, Two-way ANOVA, F(1;9) = 20.835, p < 0.001; Fig 6E,F), but 498 

was not (13.3%) in controls (107.0 ± 4.0 vs. baseline: 94.4 ± 7.5 breaths/min, Two-499 

way ANOVA, F(1;9) = 2.394, p = 0.133; Fig 6G,H). Collectively, our data suggest that 500 

PD reduces specifically the number of excitatory preBötC neurons and that 501 

stimulation of these excitatory neurons elicit in PD a greater increase in the rate of 502 

breathing when activated during the expiration. These excitatory neurons in PD also 503 

have a limited ability to slow breathing when activated during inspiration. 504 

 505 

Respiratory phase-dependent function of inhibitory preBötC neurons in PD 506 

mice  507 

Inhibitory preBötC neurons can promote increases or decreases in breathing 508 

frequency depending on their activity pattern (Baertsch et al., 2018). Inhibitory 509 
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neurons active during the inspiratory phase promote faster breathing by limiting the 510 

duration of a refractory period that follows each inspiration. In contrast, inhibitory 511 

neurons with activity during the expiration delay the onset of inspiration resulting in 512 

slower breathing frequencies. To examine how these processes may be altered in 513 

PD mice, we generated mice that specifically express ChR2 in Vgat+ glycinergic 514 

and/or GABAergic neurons. Adult Vgat-ChR2 mice received injections of 6-OHDA or 515 

vehicle into the CPu followed by bilateral implantation of fiber optics targeting the 516 

preBötC. Bilateral fiber optics were placed in this group of mice due to the limited 517 

commissural projections of inhibitory (vs. excitatory) preBötC neurons (Smith et al., 518 

2013; Vann et al., 2018). As expected (Baertsch et al., 2018), in unanesthetized 519 

control mice, photostimulations during inspiration increased respiratory frequency by 520 

27.2%  (276.9 ± 33.5 vs. baseline: 217.7 ± 14.1 breaths/min, Two-way ANOVA, 521 

H(1;10) = 1.844, p = 0.022); however, the same stimulations did not cause a significant 522 

frequency increase (16.1%) in unanesthetized PD mice (202.1 ± 14.8 vs. baseline: 523 

174.0 ± 5.6 breaths/min, Two-way ANOVA, F(1;10) = 1.716, p = 0.221; Fig 7A,B). 524 

Under anesthesia, when baseline fR is slow relative to unanesthetized conditions, 525 

photostimulation of Vgat+ preBötC neurons strongly increased breathing frequency in 526 

both control (132.4 ± 2.4 vs. baseline: 94.6 ± 1.9 breaths/min, Two-way ANOVA, F(1;8) 527 

= 53.874, p < 0.001) and PD mice (136.3 ± 13.1 vs. baseline: 73.1 ± 3.4 breaths/min, 528 

Two-way ANOVA, F(1;8) = 12.721, p = 0.001; Fig 7E,F), which represents a fR 529 

increase of 39.9% in control and 86.4% in PD-induced mice. When Vgat+ preBötC 530 

neurons were activated during the expiration, breathing frequency was dramatically 531 

slowed to a similar extent in control and PD mice under unanesthetized [Control: 532 

112.2 ± 7.0 vs. baseline: 223.6 ± 7.3 breaths/min (49.8%) and PD: 94.4 ± 7.1 vs. 533 

baseline: 188.5 ± 6.5 breaths/min (49.9%), Two-way ANOVA, F(1;10) = 45.47, p < 534 

0.001; Fig 7C,D] and anesthetized [Control: 46.2 ± 3.3 vs. baseline: 98.2 ± 3.5 535 

breaths/min (53%) and PD: 34.5 ± 1.0 vs. baseline: 75.5 ± 4.4 breaths/min (54.3%), 536 

Two-way ANOVA, F(1;8) = 10.50, p = 0.005; Fig 7G,H] conditions. Thus, consistent 537 

with our neuroanatomical results showing no changes in the number of inhibitory 538 

neurons within the VRC (see Fig 3E,F), our optogenetic experiments revealed no 539 

functional deficits in this neuronal population.  540 

 541 

Breathing frequency modulation by PHOX2B+ RTN neurons is preserved in PD 542 

mice 543 
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Rhythm generating mechanisms in the preBötC are subject to strong 544 

modulatory influences in order to appropriately match breathing with the concurrent 545 

metabolic, environmental, or behavioral context. For example, PHOX2B-expressing 546 

neurons in the retrotrapezoid nucleus (RTN) are thought to be chemosensitive and 547 

provide excitatory drive to the preBötC in response to elevated CO2 (Takakura et al., 548 

2006; Bochorishvili et al., 2012). Previous studies have described a reduction in 549 

PHOX2B RTN neurons (Tuppy et al., 2015; Fernandes-Junior et al., 2018) and an 550 

associate impairment in the hypercapnia ventilatory response (Tuppy et al., 2015; 551 

Oliveira et al., 2017). To explore whether this modulatory system may contribute to 552 

the respiratory impairments observed in our study (see Fig 2), we generated mice 553 

that express the ChR2 only in PHOX2B+ cells. Adult PHOX2B-ChR2 mice were 554 

randomly selected for injections of 6-OHDA or vehicle into the CPu, and an optical 555 

fiber was positioned at the level of the RTN unilaterally. Unfortunately, we were not 556 

able to identify phenotypically the PHOX2B neurons population in the photo-557 

stimulated area and other PHOX2B neurons could also have been photo-stimulated, 558 

like A5 and C1 neurons. However, based on neuroanatomy, the optic fibers were 559 

positioned really close to the RTN/pFRG most densely populated by PHOX2B 560 

neurons (Fig 11) and consistent with recent studies (Abbott et al., 2009; Kanbar et 561 

al., 2010), plethysmography recordings confirmed that breathing frequency was 562 

potently increased by 33.8% in unanesthetized control mice (262.6 ± 16.4 vs. 563 

baseline: 196.2 ± 6.6 breaths/min, Two-way ANOVA, F(1;17) = 20.963, p < 0.001) 564 

during a 1 second continuous optogenetic activation of PHOX2B neurons in the RTN. 565 

A robust respiratory response was observed in PD mice (62.9%) (248.6 ± 5.8 vs. 566 

baseline: 152.6 ± 4.0 breaths/min; Fig 8), suggesting that changes in the modulatory 567 

influence of putative chemosensitive RTN neurons do not underlie the respiratory 568 

impairments observed in the PD mouse model used here.   569 

 570 

Discussion 571 

 The primary goal of our study was to characterize the cell-type-specific 572 

anatomical and functional deficits that underlie respiratory impairments associated 573 

with Parkinson’s Disease. We found that putatively rhythmically active glutamatergic-574 

Dbx1 neurons in the ventral respiratory column selectively has been reduced in a 575 

mouse model of PD. These neurons may be particularly susceptible to be reduced in 576 

the context of PD since inhibitory VRC neurons, as well as neurons in other 577 
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respiratory-related regions, do not undergo a similar neuronal reduction. Consistent 578 

with our neuroanatomical findings, optogenetic experiments revealed that changes in 579 

PD mice were specific to manipulations involving glutamatergic Dbx1 neurons. Thus, 580 

we present the hypothesis that breathing abnormalities in PD are caused by the 581 

specific decreased number of this critical population of respiratory neurons. 582 

  583 

Respiratory consequences of a decreased number of glutamatergic Dbx1 584 

neuron  585 

 The inspiratory rhythm emerges as a consequence of the periodic 586 

synchronization of neuronal activity within the preBötC. This region and the adjacent 587 

VRC is comprised of heterogeneous populations of excitatory and inhibitory neurons. 588 

However, despite the important role of inhibition for promoting the dynamic control of 589 

inspiration (Baertsch et al., 2018; Baertsch and Ramirez, 2019), inhibitory 590 

mechanisms are not necessary for rhythmogenesis per se (Janczewski et al., 2013). 591 

Instead, the “Dbx1 core hypothesis” posits that a subpopulation of glutamatergic 592 

neurons derived from precursors that express the transcription factor Dbx1 are critical 593 

for generating the inspiratory rhythm (Vann et al., 2016; Vann et al., 2018). Mice born 594 

with a genetic deletion of Dbx1 do not exhibit inspiratory efforts and die shortly after 595 

birth (Gray et al., 2010). Consistent with these initial observations, acute progressive 596 

ablation of relatively small numbers (∼15%) of Dbx1 neurons in brainstem slices 597 

containing the preBötC causes the inspiratory rhythm to slow down, become more 598 

irregular, and eventually stop altogether (Wang et al., 2014). Furthermore, in model 599 

preBötC networks that only contain excitatory neurons, the frequency and regularity 600 

of the rhythm depends on the number of excitatory neurons within the network as 601 

well as the connectivity between them (Carroll and Ramirez, 2013). Based on 602 

experimental and computational studies, this excitatory connectivity seems to be 603 

fairly sparse (Carroll and Ramirez, 2013). Indeed, sparse excitatory interactions 604 

seems to be the critical anatomical substrate that allows the preBötC network to 605 

synchronize. On the other hand, synchrony among excitatory neurons is weakened 606 

by inhibitory neurons within the network (Baertsch et al., 2018); and computational 607 

models suggest that in networks with too much inhibition, the rhythm falls apart 608 

(Harris et al., 2017). Under normal conditions, this balance between excitation and 609 

inhibition seems to be regulated such that the network operates on the “edge” of 610 

synchrony, allowing the rhythm to be highly flexible (Baertsch et al., 2018; Baertsch 611 
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and Ramirez, 2019); but also making it particularly susceptible to abnormal changes 612 

in the function of excitatory neurons (Wang et al., 2014; Harris et al., 2017).  613 

In this study, we found a decreased number of glutamatergic Dbx1 neurons in 614 

a mouse model of PD. When integrated within the wider medullary network, there is 615 

evidence that the anatomical and functional boundaries of the preBötC are spatially 616 

and dynamically regulated (Baertsch et al., 2019). Therefore, we did not attempt to 617 

localize a preBötC “kernel” but instead examined neuroanatomical changes along the 618 

rostrocaudal extent of the VRC, which includes the preBötC. Because not all 619 

glutamatergic (Vglut2+) neurons in the VRC are derived from Dbx1 expressing cells, 620 

and Dbx1-expressing progenitors can differentiate into both neurons and glia (Kottick 621 

et al., 2017), we employed both genetic labelling strategies to gain insights into 622 

anatomical changes involving specifically glutamatergic Dbx1-derived neurons. Cell 623 

counting revealed approximately 1600 fewer (-17%) Vglut2+ neurons in the VRC of 624 

PD mice compared to healthy controls (Fig 3). Similarly, there were ~950 fewer (-625 

47%) Dbx1 cells (Fig 3), which was predominantly driven by a reduction in the 626 

number of Dbx1 neurons rather than Dbx1 astrocytes (Fig 3).  627 

In contrast, the number of glycinergic and/or GABAergic Vgat-expressing 628 

neurons in the VRC did not change in PD mice, suggesting these inhibitory neurons 629 

do not undergo a similar neuronal loss. Thus, in the context of PD, we hypothesize 630 

that the balance of excitation and inhibition is altered within the VRC causing 631 

rhythmogenesis to become unstable and leading to the slow irregular breathing 632 

patterns observed in PD mice (Fig 2) (Tuppy et al., 2015; Oliveira et al., 2017).  633 

  634 

The three phases of the inspiratory rhythm – implications in PD mice 635 

Breathing abnormalities in PD mice were due to longer, more irregular 636 

intervals between inspiratory efforts, i.e. the expiratory time (Fig 2). This is typical for 637 

alterations in breathing frequency; however, the underlying mechanisms regulating 638 

respiratory frequency are complex. Within the inspiratory network, the rhythm can be 639 

broken down into three sequential, mechanistically distinct, phases that differentially 640 

regulate inspiratory frequency: the percolation phase, burst phase, and refractory 641 

phase (Kottick and Del Negro, 2015; Cui et al., 2016; Cregg et al., 2017; Baertsch et 642 

al., 2018). During the percolation phase, it is thought that synaptically- and 643 

intrinsically- driven spiking activity begins to propagate among interconnected 644 

excitatory neurons (Cui et al., 2016). This stochastic feed-forward process (Carroll 645 
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and Ramirez, 2013) progressively increases excitability in the network until voltage- 646 

and Ca2+-dependent membrane conductances are activated leading to a rapid 647 

depolarization and increased spiking during the burst phase. During each burst, 648 

activity-dependent mechanisms are activated that cause a transient decrease in 649 

network activity that is maximal upon burst termination. As this refractory phase 650 

subsides, percolation begins to build network excitability, and the cycle restarts. 651 

As a consequence of these different rhythmogenic phases, manipulating the 652 

activity excitatory or inhibitory preBötC neurons has phase-dependent effects on 653 

breathing frequency (Sherman et al., 2015; Cregg et al., 2017; Baertsch et al., 2018; 654 

Vann et al., 2018). Increasing the activity of excitatory neurons during the burst 655 

phase lengthens the refractory phase, delaying the next burst, whereas increasing 656 

their activity during the expiration shortens the percolation phase, accelerating the 657 

onset of the next burst. Activating inhibitory neurons has the opposite effects - i.e. 658 

activation during the burst phase shortens the refractory phase, reducing the time 659 

required for the next burst occurs, whereas activating them during the expiration 660 

slows percolation, delaying or preventing the onset of the next burst. 661 

In the current study, we explored the phase-dependent regulation of breathing 662 

frequency in a mouse model of PD. We examined not only anesthetized, but also 663 

unanesthetized mice, and although baseline breathing frequency is ~2X faster and 664 

highly modulated by behavior in unanesthetized mice, our results were generally 665 

consistent between the two experimental preparations. Interestingly, in PD mice, 666 

increasing the activity of glutamatergic Vglut2+ neurons during the burst phase did not 667 

significantly slow breathing as expected (Fig 5A,B,E,F), suggesting the refractory 668 

phase may not regulate the duration of the expiration as strongly in PD mice. This 669 

may be explained by the significantly reduced number of excitatory neurons in PD. 670 

Indeed, when the activity of Vglut2+ neurons was increased during the expiration, 671 

breathing frequency increased to similar levels in PD and control mice (Fig 672 

5C,D,G,H), indicating that enhancing specifically the percolation phase can restore 673 

breathing in PD mice. Although trends were similar when activating Dbx1 neurons, 674 

the effects were generally weaker (Baertsch et al., 2018; Vann et al., 2018), which is 675 

likely due to fewer total neurons and innervating terminals activated in the region. 676 

Thus, the optogenetic stimulation experiments presented here allow us to make very 677 

specific predictions. We specifically hypothesize that the expiratory time is prolonged 678 

in PD mice due to a slower percolation phase caused by fewer interconnected 679 
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excitatory neurons participating in the inspiratory rhythm. Since the neuropeptide 680 

substance P has been shown to increase breathing frequency and also reduce 681 

irregularity by enhancing the percolation phase (Baertsch and Ramirez, 2019), we 682 

predict that the breathing frequency irregularities observed in PD mice are also 683 

caused by a weakened percolation phase. 684 

Brainstem microcircuits (i.e. KF, PiCo and others) seem to be a key source of 685 

inputs (excitatory or inhibitory) that drive phase transitions between inspiration and 686 

post-inspiration (Dutschmann and Herbert, 2006; Anderson et al., 2016; Geerling et 687 

al., 2017). Here, we found a decreased number of KF glutamatergic neurons and 688 

PiCo cholinergic neurons in PD mice. The integrity of those nuclei are important for 689 

many behavioral movements of the upper airway such as cough, swallowing, speech 690 

and protective reflexes (Fregosi and Ludlow, 2014; Anderson et al., 2016; Toor et al., 691 

2019). Discoordination of these neuromuscular activities may be related to several 692 

symptoms typically observed in PD patients (Simons, 2017), and should be a focus of 693 

future investigations.  694 

 695 

Concluding Remarks  696 

 A leading cause of morbidity and mortality in Parkinson’s Disease can be 697 

attributed to respiratory control and coordination abnormalities. Thus, studies aimed 698 

at improving our understanding of the specific neurophysiological mechanisms that 699 

underlie these breathing abnormalities will be key to improving survival and quality of 700 

life in PD patients. Although no animal model is without caveats, the 6-OHDA mouse 701 

model of PD used here and in several prior studies (Tuppy et al., 2015; Andrzejewski 702 

et al., 2017; Fernandes-Junior et al., 2018; Oliveira et al., 2019), reproduces 703 

breathing abnormalities and provides a means to rigorously investigate them in great 704 

detail. There is no doubt that different experimental models should also be tested. 705 

However, the anatomical and functional characterization performed in this study 706 

suggests that a decreased number of a specific subgroup of rhythmically active 707 

glutamatergic neurons in the ventral medulla may contribute significantly to 708 

respiratory complications in PD. Strategies that modulate specific phases of the 709 

inspiratory cycle may best address the breathing abnormalities in PD. Such 710 

strategies may be pharmacological (Wang et al., 2014; Kottick and Del Negro, 2015; 711 

Vann et al., 2018; Baertsch and Ramirez, 2019), or electrical/optical manipulations 712 

that can be artificially modulated for phase-dependence (Feldman et al., 2013; 713 
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Anderson et al., 2016; Cui et al., 2016; Baertsch et al., 2018; Vann et al., 2018). 714 

Indeed, this study only represents a first step as future investigations aimed at 715 

developing approaches to strengthen excitatory interactions within the preBötC will 716 

be important as we move toward treatments for breathing abnormalities associated 717 

with Parkinson’s Disease.  718 

 719 

Figure legends 720 

Figure 1. Design protocol. 721 

A) Schematic view of vehicle or 6-OHDA injections into the CPu, including the drug 722 

target (SNpc), the fiber optic location in the brainstem and the plethysmograph 723 

approach used in our experiments. B) Protocol and C) Time-course used in our 724 

study. D) TH staining in the CPu in vehicle and a massive reduction of TH expression 725 

in the CPu of PD-induced animals. Abbreviation: CPu, caudate putamen; Ctx, cortex; 726 

LV, lateral ventricle; preBötc, pre-Bötzinger complex; RTN, retrotrapezoid nucleus; 727 

SNpc, substantia nigra pars compacta. Scale bar in D = 600 μm. 728 

 729 

Figure 2. Anatomical and ventilatory disturbances in PD mice model.  730 

A-B) Photomicrographs showing a reduction in catecholaminergic neurons in the 731 

SNpc. C) Rostro-caudal distribution and D) mean of TH+ neurons after bilateral 732 

injection of 6-OHDA or vehicle into the CPu (n=59-60/group). Changes in E) 733 

ventilation (VE), F) respiratory frequency (fR), G) tidal volume (VT), H) inspiratory time 734 

(TI) and I) expiratory time (TE) in unanesthetized mice at room air 10 days after 735 

bilateral injection of 6-OHDA or vehicle into the CPu. Event distribution of J) 736 

respiratory frequency (fR), K) tidal volume (VT) and L) expiratory time (TE) in 737 

unanesthetized mice at room air 10 days after bilateral injection of 6-OHDA or vehicle 738 

into the CPu. Irregularity score in M) ventilation (VE), N) respiratory frequency (fR), O) 739 

tidal volume (VT), P) inspiratory time (TI) and Q) expiratory time (TE) in 740 

unanesthetized mice at room air 10 days after bilateral injection of 6-OHDA or vehicle 741 

into the CPu. Test-t followed by Mann-Whitney sun rank test, p < 0.05. R) 742 

Representative recordings of O2 and CO2 expired fraction from two mice (Vehicle-743 

injected and PD-induced mice). Changes in S) oxygen consumption (V̇O2) and T) 744 

CO2 production (V̇CO2) in unanesthetized mice at room pre and 10 days post 745 

bilateral injection of 6-OHDA or vehicle into the CPu.  (n=8/group). Two-way ANOVA, 746 

followed by Newman-Keuls test, p < 0.05. Abbreviation: SNR, substantia nigra pars 747 
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reticulata; SNpc, substantia nigra pars compacta; ml, medial lemniscus; VTA, ventral 748 

tegmental área; IP, interpeduncular nucleus. Scale bars in B = 500 μm (applies to A-749 

B). 750 

 751 

Figure 3. Changes of glutamatergic, Dbx1 and GABAergic neurons and GFAP 752 

cells in the ventral respiratory column after bilateral injection of 6-OHDA or 753 

vehicle into the CPu.  754 

A) Photomicrographs showing a reduction of Vglut2+ neurons in the medulla 755 

ventrolateral portion (Bregma level: -7.2 mm). B) Rostro-caudal distribution of Vglut2+ 756 

neurons in VRC. C) Photomicrographs showing a reduction of Dbx1+ neurons in the 757 

medulla ventrolateral portion. D) Rostro-caudal distribution of Dbx1+ neurons in VRC. 758 

E) Photomicrographs showing no change of Vgat+ neurons in the medulla 759 

ventrolateral portion. F) Rostro-caudal distribution of Vgat+ neurons in VRC; after 760 

bilateral injection of 6-OHDA (2) or vehicle (1) into the CPu (n=4/group). G) 761 

Photomicrographs showing a reduction of Dbx1+/GFAP+ cells in the medulla 762 

ventrolateral portion. Rostro-caudal distribution of H1) Dbx1+/GFAP-, H2) 763 

Dbx1+/GFAP+ and H3) Dbx1-/GFAP+ cells after bilateral injection of 6-OHDA or 764 

vehicle into the CPu (n=4/group). Two-way ANOVA, followed by Newman-Keuls test, 765 

p < 0.05. Abbreviation: sc Amb, ambiguus nucleus semi-compact pars. Scale bars in 766 

A2-E2 = 400 μm (applies to A1-A2, C1-C2, E1-E2), A2a = 100 μm (applies to A1a-767 

A2a, C1a-C2a, E1a-E2a) and G2 = 50 μm (applies to G1-G2). 768 

 769 

Figure 4. Changes of cholinergic neurons in PiCo and glutamatergic neurons in 770 

KF, cNTS and iNTS after bilateral injection of 6-OHDA or vehicle into the CPu.  771 

A) Photomicrographs showing a reduction of Chat+ neurons in the medulla 772 

ventromedial portion. B) Photomicrographs showing a reduction of Vglut2+ neurons in 773 

KF area. Number of C) Chat+ neurons in PiCo and D) Vglut2+ neurons in KF after 774 

bilateral injection of 6-OHDA or vehicle into the CPu (n=4-5/group). 775 

Photomicrographs showing no changes in the number of Vglut2+ neurons in the E) 776 

cNTS and F) iNTS after bilateral injection of 6-OHDA or vehicle into the CPu 777 

(n=5/group). Vglut2+ neurons in G) cNTS and H) iNTS after bilateral injection of 6-778 

OHDA or vehicle into the CPu (n=4-5/group). Test-t followed by Mann-Whitney sun 779 

rank test, p < 0.05. Abbreviation: cAmb, ambiguus nucleus compact pars; scp, 780 

superior cerebellar peduncle; Su5, supratrigeminal nucleus; Mo5, motor trigeminal 781 
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nucleus; Ant, anterior lobe cerebellum; mcp, middle cerebellar peduncle; I5, 782 

intertrigeminal nucleus; Pr5DM, principal sensory trigeminal nucleus; Pr5VL, principal 783 

sensory trigeminal nucleus; Cu, cuneate nucleus; cu, cuneate fasciculus; Gr, gracile 784 

nucleus; X, dorsal motor nucleus of vagus; sol, solitary tract; cc, central canal; XII, 785 

hypoglossal nucleus; IRt, intermediate reticular nucleus; AP, area postrema. Scale 786 

bars in A1 = 70 μm (applies to A1-A2), B1 = 150 μm (applies to B1-B2), B1a = 40 μm 787 

(applies to B1a-B2a), E1 = 200 μm (applies to E1-E2), F1 = 200 μm (applies to F1-788 

F2), E1a = 40 μm (applies to E1a-E2a) and F1a = 40 μm (applies to F1a-F2a). 789 

 790 

Figure 5. Glutamatergic cells unilateral optogenetic activation changes 791 

breathing in control and PD mice model.  792 

A,C) Representative recordings from two Vglut2+ mice (Vehicle-injected on the top 793 

and PD-induced mice on the bottom) during optogenetic activation during A) 794 

inspiration and C) expiration. Changes in B) fR at inspiration and D) expiration 795 

photostimulation in unanesthetized mice at room air 10-12 days after bilateral 796 

injection of 6-OHDA or vehicle into the CPu (n=5/group). B2 and D2) Represents 30 797 

seconds recording average before, during and 30 seconds average after 798 

photostimulation. E,G) Representative recordings from two anesthetized Vglut2+ mice 799 

(Vehicle-injected on the top and PD-induced mice on the bottom) during optogenetic 800 

activation during E) inspiration and G) expiration. Changes in fR of Vglut2-ChR2 801 

animals during F) inspiration and H) expiration. F2 and H2) Represents 20 seconds 802 

recording average before, during and 20 seconds average after photostimulation 803 

(n=5/group). Two-way ANOVA, followed by Newman-Keuls test, p < 0.05.  804 

 805 

Figure 6. Dbx1 cells unilateral optogenetic activation changes breathing in 806 

control and PD mice model.  807 

A,C) Representative recordings from two Dbx1+ mice (Vehicle-injected on the top and 808 

PD-induced mice on the bottom) during optogenetic activation during A) inspiration 809 

and C) expiration. Changes in B) fR at inspiration and D) expiration photostimulation 810 

in unanesthetized mice at room air 10-12 days after bilateral injection of 6-OHDA or 811 

vehicle into the CPu (n=5/group). B2 and D2) Represents 30 seconds recording 812 

average before, during and 30 seconds average after photostimulation. E,G) 813 

Representative recordings from two anesthetized Dbx1+ mice (Vehicle-injected on 814 

the top and PD-induced mice on the bottom) during optogenetic activation during E) 815 
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inspiration and G) expiration. Changes in fR of Dbx1-ChR2 animals during F) 816 

inspiration and H) expiration. F2 and H2) Represents 20 seconds recording average 817 

before, during and 20 seconds average after photostimulation (n=5/group). Two-way 818 

ANOVA, followed by Newman-Keuls test, p < 0.05.  819 

 820 

Figure 7. GABAergic cells bilateral optogenetic activation changes breathing in 821 

control and PD mice model.  822 

A,C) Representative recordings from two Vgat+ mice (Vehicle-injected on the top and 823 

PD-induced mice on the bottom) during optogenetic activation during A) inspiration 824 

and C) expiration. Changes in B) fR at inspiration and D) expiration photostimulation 825 

in unanesthetized mice at room air 10-12 days after bilateral injection of 6-OHDA or 826 

vehicle into the CPu (n=5-6/group). B2 and D2) Represents 30 seconds recording 827 

average before, during and 30 seconds average after photostimulation. E,G) 828 

Representative recordings from two anesthetized Vgat+ mice (Vehicle-injected on the 829 

top and PD-induced mice on the bottom) during optogenetic activation during E) 830 

inspiration and G) expiration. Changes in fR of Vgat-ChR2 animals during F) 831 

inspiration and H) expiration. F2 and H2) Represents 20 seconds recording average 832 

before, during and 20 seconds average after photostimulation (n=5-6/group). Two-833 

way ANOVA, followed by Newman-Keuls test, p < 0.05.  834 

 835 

Figure 8. PHOX2B+ cells unilateral optogenetic activation changes breathing in 836 

control and PD mice model.  837 

A) Representative recordings from two PHOX2B+ mice (Vehicle-injected on the top 838 

and PD-induced mice on the bottom) during optogenetic activation for 1 second 839 

continuous. Changes in B) fR in unanesthetized mice at room air 10-12 days after 840 

bilateral injection of 6-OHDA or vehicle into the CPu. C) 30 seconds recording 841 

average before, during (1 second) and 30 seconds average after photostimulation 842 

normalized data from vehicle-injected and 6-OHDA-injected. Two-way ANOVA, 843 

followed by Newman-Keuls test, p < 0.05.  844 

 845 

Figure 9. Threshold differently positioned produces variable responses on 846 

breathing. 847 

A-D) Recordings from Vglut2+ or Dbx1+ mice (Vehicle-injected on the top and PD-848 

induced mice on the bottom) representing the threshold set to the very onset of 849 
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inspiration (A and C) or expiration (B and D) which produce the effects observed in 850 

the regular figures 3-4. E-H) Represents the excluded data groups, because the 851 

threshold was set late in inspiration (E and G) or expiration (F and H) which produced 852 

unexpected ventilatory responses along the experiments. On the right of each 853 

representative recording, it is the average of fR at photostimulation period normalized 854 

by before. 855 

 856 

Figure 10. Cre- cells unilateral optogenetic activation do not change breathing 857 

in control and PD mice.  858 

A and C) Representative recordings from two cre- mice (Vehicle-injected on the top 859 

and PD-induced mice on the bottom) during optogenetic activation during A) 860 

inspiration and C) expiration phase. Changes in B) fR at inspiration and D) expiration 861 

phase photostimulation in unanesthetized mice at room air 10-12 days after bilateral 862 

injection of 6-OHDA or vehicle into the CPu (n=5-6/group). B2 and D2) Represents 863 

30 seconds recording average before, during and 30 seconds average after 864 

photostimulation. Representative recordings from E and G) two anesthetized cre- 865 

mice (Vehicle-injected on the top and PD-induced mice on the bottom) during 866 

optogenetic activation during E) inspiration and G) expiration phase. Changes in fR of 867 

cre- animals during F) inspiration and H) expiration. F2 and H2) Represents 20 868 

seconds recording average before, during and 20 seconds average after 869 

photostimulation (n=8/group).  870 

 871 

Figure 11. Fiber optics tracts used in our study.   872 

A) Photomicrograph showing typical unilateral fiber optics tracts in the preBötC 873 

region. B) Computer-generated plot of fiber optics placement that were confine to the 874 

preBötC region (Bregma -6.84 mm according to the Paxinos and Franklin atlas). C) 875 

Photomicrograph showing typical bilateral fiber optics and computer-generated plot in 876 

the preBötC region. D) Rostro-caudal distance from ambiguus nucleus (Bregma -6.84 877 

mm), E) Lateral distance from midline and F) Dorsal distance from ventral marginal 878 

layer (μm). G) Photomicrograph showing typical unilateral fiber optics tracts and H) 879 

computer-generated plot of fiber optics placement in the RTN region. I) Rostro-caudal 880 

distance from caudal portion of facial nucleus (Bregma -6.4 mm), J) Lateral distance 881 

from midline and K) Dorsal distance from ventral marginal layer (μm). Abbreviations: 882 

scAmb, ambiguus nucleus semi-compact pars; IO, inferior olives; py, pyramids; Sp5, 883 
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spinal trigeminal tract; VII, facial nucleus; preBötC, pre-Bötzinger complex. Scale 884 

bars in A and B = 250 μm, C = 400 μm and G and H = 600 μm. 885 

 886 

Figure 12. Graphical abstract. 887 

Parkinson´s disease (PD) is a neurodegenerative disorder known for a progressive 888 

loss of dopaminergic neurons in the substantia nigra compacta (SNpc). To unravel 889 

mechanisms that underlie breathing disturbances in PD, we used a transgenic 890 

approach to specifically label or stimulate different excitatory (Dbx1-ERT2cre, Vglut2-891 

cre) and inhibitory (Vgat-cre) neural populations in the preBötC and PHOX2B-cre 892 

neurons in the RTN. Our study reveals that the 6-OHDA model of PD is associated 893 

with a specific reduction in the number of chemosensitive neurons within the RTN 894 

and excitatory neurons within the preBötC, which includes rhythmically active Dbx1 895 

neurons. Photo-stimulating specifically these neurons can restore breathing in this 896 

PD mouse model. In addition, we propose a model of PD abnormalities where those 897 

and control animals present a refractory period normal. However, PD-induced 898 

animals present an expiration period longer than our control animals. 899 
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