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Neurobiology of Disease

Unraveling the Mechanisms Underlying Irregularities in
Inspiratory Rhythm Generation in a Mouse Model of
Parkinson’s Disease
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Parkinson’s disease (PD) is a neurodegenerative disorder anatomically characterized by a progressive loss of dopaminergic
neurons in the substantia nigra compacta (SNpc). Much less known, yet clinically very important, are the detrimental effects
on breathing associated with this disease. Consistent with the human pathophysiology, the 6-hydroxydopamine hydrochloride
(6-OHDA) rodent model of PD shows reduced respiratory frequency (fr) and NKlr-immunoreactivity in the pre-Botzinger
complex (preBotC) and PHOX2B™ neurons in the retrotrapezoid nucleus (RTN). To unravel mechanisms that underlie bra-
dypnea in PD, we employed a transgenic approach to label or stimulate specific neuron populations in various respiratory-
related brainstem regions. PD mice were characterized by a pronounced decreased number of putatively rhythmically active
excitatory neurons in the preBotC and adjacent ventral respiratory column (VRC). Specifically, the number of Dbxl and
Vglut, neurons was reduced by 47.6% and 17.3%, respectively. By contrast, inhibitory Vgat™ neurons in the VRC, as well as
neurons in other respiratory-related brainstem regions, showed relatively minimal or no signs of neuronal loss. Consistent
with these anatomic observations, optogenetic experiments identified deficits in respiratory function that were specific to
manipulations of excitatory (Dbx1/Vglut,) neurons in the preBotC. We conclude that the decreased number of this critical
population of respiratory neurons is an important contributor to the development of irregularities in inspiratory rhythm gen-
eration in this mouse model of PD.
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Significance Statement

We found a decreased number of a specific population of medullary neurons which contributes to breathing abnormalities in
a mouse model of Parkinson’s disease (PD).

Introduction
Neurodegenerative diseases, including Parkinson’s disease (PD),
are often associated with motor control dysfunctions including
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2016). Yet, in contrast to resting tremor, stiffness and movement
rigidity, bradykinesia and postural instability (Angel et al., 1970;
Moreno Catald et al, 2016), breathing abnormalities remain
poorly understood and understudied despite their prominence
in PD (Maria et al., 2003; Baille et al., 2016; Zhang et al., 2016).
Clinical reports describe a variety of respiratory symptoms rang-
ing from dyspnea, deficiencies in respiratory muscle contractility
and coordination of thoracic musculature, rhythmicity dysfunc-
tion over the course of the disease, as well as daytime somnolence
because of nocturnal hypoxia (Stocchi et al., 1998; Seccombe et
al,, 2011; Baille et al., 2016; Owolabi et al., 2016). These respira-
tory disturbances have significant consequences for quality of
life. Perhaps most consequential are respiratory dysfunctions


https://orcid.org/0000-0002-4071-4572
mailto:takakura@icb.usp.br

Oliveiraetal. ® Photo-Activation of the preB&tC Can Restore Breathing in PD

that lead to aspiration pneumonia, a major cause of death in PD
(Simons, 2017; Tomita et al., 2018; Schiffer and Kendall, 2019).
Thus, developing treatments that mitigate these respiratory
abnormalities will be important for managing PD patients.

Breathing is a highly integrated behavior that involves multi-
ple interacting brain regions. In mammals, including humans,
inspiration is the dominant active phase of breathing.
Inspiratory activity emerges from a region in the ventral
medulla called the pre-Bétzinger complex (preBotC; Smith
et al., 1991; Kam et al., 2013; Wang et al., 2014). This
dynamic network is heterogeneous, and contains interact-
ing subsets of inhibitory and excitatory neurons (Smith et
al., 1998; Cregg et al., 2017; Hayes et al., 2017; Baertsch et
al., 2018). Of particular importance for inspiratory rhyth-
mogenesis are glutamatergic neurons derived from Dbx1-
expressing progenitors (i.e., Dbxl neurons; Wang et al.,
2014; Vann et al.,, 2018). Inspiration is followed by postin-
spiration. During this respiratory phase, muscles actively
slow the passive release of air from the lungs (Feldman et
al., 2013). The postinspiratory complex (PiCo), rostral to
the preBo6tC, has been implicated in the generation of the
postinspiratory rhythm (Anderson et al., 2016; Toor et al.,
2019), with significant modulatory influences from the
pons, including the Kélliker-Fuse (KF) nucleus (Stanic et
al., 2018). Under conditions of high ventilatory demand, air
is forcefully expelled from the lungs during a phase called
“active expiration.” The retrotrapezoid nucleus/parafacial
respiratory group (RTN/pFRG) in the ventral medulla is
thought to contain rhythmically active neurons that drive
active expiration (Marina et al., 2010; Huckstepp et al,,
2015) as well as chemosensitive neurons that contribute to
breathing responses to CO, (Mulkey et al., 2004; Stornetta
et al., 2006; Takakura et al., 2006; Abbott et al., 2009).
Together, these interacting networks give rise to a highly
dynamic and adaptable rhythmic breathing behavior. Thus,
respiratory abnormalities associated with PD may involve
multiple distinct region(s) within the brainstem.

In order to unravel the contributions of specific brain regions
and mechanisms underlying respiratory dysfunction in PD, stud-
ies using animal models are necessary. Indeed, animal models
support clinical observations. For example, depleting catechola-
minergic neurons in the substantia nigra compacta (SNpc) in a
murine model of PD leads to bradypnea at rest and impairment
of the ventilatory response to hypercapnia (Tuppy et al., 2015).
The cellular-level and network-level mechanisms underpinnings
of these breathing disturbances are not well understood and are
likely complex. Initial studies in murine models of PD have
noted reduced expression of the neurokinin-1 receptor
(NK1-r), a marker for preBotC neurons, in the ventral me-
dulla (Tuppy et al,, 2015; Oliveira et al., 2017; Fernandes-
Junior et al., 2018). Reduced expression has also been
described for the RTN marker PHOX2B (Tuppy et al., 2015;
Fernandes-Junior et al., 2018; Oliveira et al., 2019). Thus,
there is some evidence for anatomic changes in brainstem
respiratory control regions in murine models of PD. The
introduction of cell-type-specific transgenic approaches
allows us to unravel which functionally defined respiratory
neurons may degenerate in PD, an important step toward
understanding the cellular mechanisms underlying respira-
tory dysfunction in PD. Here, we used these approaches to
characterize in greater detail the cell-type-specific anatomic
and functional deficits within brainstem regions important
for the generation and modulation of breathing.
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Materials and Methods

Animals
Experiments were performed on 119 adult C57/Bl6 mice of ei-
ther sex weighing between 25 and 30 g. The animals had free
access to water and food and were housed in a temperature-con-
trolled (22 = 1°C) facility with a 12/12 h light/dark cycle. All ex-
perimental and surgical procedures were conducted in
accordance with the National Institutes of Health and to the
defined guidelines by the Seattle Children’s Research Institute
(SCRI) animal care and use committee (protocol number 18819)
and by the Institutional animal care and use committee at the
University of Sdo Paulo (protocol number 58/2017).
Dbx17ERT2H ) mice were donated b?l Del Negro (College of
William and Mary, VA); Vgat-ires-cre ) (stock #016962),
Vglut-ires- -cre™™) (stock #028863), Chat-ires-cre’™'™ (stock
#006410), and PHOX2B-cre'™'™ (stock #025436) breeders were
obtained from The Jackson Laboratory. Dbx1<"**72(+/*) and
PHOX2B-cre™'") breeder lines were generated at SCRI. To ana-
tomic experiments, cre’*'") mice were bred with homozygous
cre-dependent enhanced green fluorescent protein (ZsGreenl)-
expressing mice (Ai6) inserted in the ROSA26 locus (stock
#007906) from The Jackson Laboratory. For optogenetic activa-
tion experiments, cre’”’*) mice were bred with homozygous
mice containing a floxed STOP channelrhodopsin2 fused to a
EYFP reporter (Ai32) donated by Hongkui Zeng (Allen Brain
Institute, WA). Dbx1“*®™*/*)" dams were monitored plug
checked and tamoxifen injected (24 mg/kg, i.p., Sigma-Aldrich)
on embryonic day (E)9.5. Tamoxifen, when intraperitoneally
injected during gestation, binds to a mutated estrogen receptor
(ER) fused to cre recombinase as a transgene (cre-ER), which
only promotes cre-ER activation and expression in cells that
present the cre-ER at the time of injection. Mice were typically
born (Dbx1-cre; Ai32) after 20d of gestation via C-section. All
the lineages used in our study have been described in the litera-
ture (Anderson et al., 2016; Baertsch et al., 2018; Vann et al,,
2018). Litters generated were separate and used randomly by the
investigators.

Recovery surgeries for PD mouse model

Recovery surgery procedures are summarized in Figure 1.
Injections of 6-hydroxydopamine hydrochloride (6-OHDA;
Sigma) or vehicle (1 pg ascorbic acid in 1 pl of saline 0.9%) were
made while mice were submitted to general anesthesia with
inhaled 2% isoflurane in 100% oxygen. Surgery was performed
using standard aseptic technique. For chemical lesions, mice
were fixed to a Robot Stereotaxic frame (Neurostar). Bilateral
injections of 6-OHDA (10 pg/pL; 0.5pL) were made into the
caudate putamen (CPu) using the following coordinates: 0.4 mm
caudal to bregma; 1.9 mm lateral to the midline and 3 mm below
the skull surface. The coordinates and the dose of 6-OHDA used
in the present study were selected based on the literature and
previous experiments (Zhang et al, 2015; Goes et al.,, 2018;
Oliveira et al.,, 2019). All injections were performed through a
single-barrel needle with an external tip coupled to a Hamilton’s
syringe.

Following vehicle or 6-OHDA CPu injections, mice were
implanted unilaterally with one 220 pm or bilaterally with two
125-um fiber optics targeting the preBotC or the RTN using a
15° rostral to caudal sagittal angle. We used the following coordi-
nates for preBotC: 6.7 mm caudal to bregma, 1.2 mm lateral to
the midline, and 4.8 mm below the skull surface; and for RTN:
6.3 mm caudal to bregma, 1.6 mm lateral to the midline, and 5.2
mm below the skull surface (Paxinos and Franklin, 2012). After
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Design protocol. A, Schematic view of vehicle or 6-OHDA injections into the CPu, including the drug target (SNpc), the fiber optic location in the brainstem and the plethysmo-

graph approach used in our experiments. Protocol (B) and time course (€) used in our study. D, TH staining in the CPu in vehicle and a massive reduction of TH expression in the CPu of PD-
induced animals. CPu, caudate putamen; Ctx, cortex; LV, lateral ventricle; preBotc, pre-Botzinger complex; RTN, retrotrapezoid nucleus; SNpc, substantia nigra pars compacta. Scale bar:

600 um (D).

all surgical procedures, mice were treated with carpofren (5 mg/
kg/d for 2d) and maintained 10d before anatomic or 10-12d
before functional experiments were performed. The toxin did
not produce any readily observable behavioral effects.

Gas consumption experiments

Oxygen consumption (V?0,) and CO, release/production
(V*CO,) were assessed in unanesthetized adult mice in plethys-
mograph chambers (300 ml) ventilated continuously with room
air after acclimation phase (at least 30 min). Gas was pulled
through a small and horizontal column of drierite before being
analyzed for the fractional concentrations of O, and CO, (model
ML206, Gas analyzer, ADInstruments). The sensors were cali-
brated using known gas mixtures (100% O,, 8% O,, and 7%
CO,). A pump inside the gas analyzer pulled the air room at
inflow rate of 200 ml/min. The outputs were acquired for 30 min
at 200 Hz by PowerLab system and Labchart software (version
8). The V?0O, has been calculated by Depocas and Hart formula
(1957) for an open flow respirometry system with a downstream
flowmeter: V2O, = [Fry . (FinspO2 — FexpO2)1/[1 - (1 - RQ) .
FinspO>], where Fiy is the inflow rate of air in the chamber (200
ml/min), Fy;,,0, is the inspired O, fraction (20.65%, room air),
RQ is assumed to be 0.85 and F.,,0, is the O, expired fraction
(acquired by the equipment; Depocas and Hart, 1957; Patrone et
al, 2018). The V°CO, was determined using a rearranged
Depocas and Hart formula: V2O, = [Fiy . (FingpO2 = FexpO3) -
(V2CO; . FingpO)l/(1 = Fingp0O,) (Depocas and Hart, 1957;
Withers, 1977).

Unanesthetized plethysmograph experiments

Respiratory parameters were recorded in unanesthetized adult
mice using whole-body plethysmograph (Buxco) in 300-ml
chambers ventilated continuously with normal air (79% nitrogen
and 21% oxygen) at a rate of 180-200 ml/min (Fig. 1). Volume
calibration was performed during each experiment by injecting
air (1 ml) into the chamber. All experiments were performed at
room temperature (21-23°C). Mice were anesthetized with iso-
flurane briefly (<30 s), tethered to the fiber optic cable

connected to a blue (447 nm) laser and DPSS driver, and allowed
atleast 2 h to acclimate to the chamber environment.

To perform phase-dependent optogenetic stimulations, pleth-
ysmography waveforms were thresholded to trigger a transistor-
transistor logic (TTL) pulse during the rising or falling phase of
each respiratory cycle (Clampex software). Inspiratory stimula-
tions were triggered during the rising phase, whereas stimula-
tions during the expiration were triggered during the falling
phase (Fig. 1B; Baertsch et al., 2018; Vann et al,, 2018). All the
optogenetic experiments were performed while the mice were
not sniffing, exploring or moving in the chamber. A limitation of
this plethysmography approach is that it can be difficult to defin-
itively discern respiratory phase transitions (e.g., onset and
termination of inspiration). Therefore, several trials were per-
formed during each experiment with the threshold positioned at
different levels. As outlined in Figure 9, we used only those
recordings for further analysis where the threshold was set to the
very onset of either inspiration (Fig. 94,C) or expiration (Fig.
9B,D). All other recordings where the threshold was too high,
and the stimulations occurred late in inspiration (Fig. 9E,C,G) or
expiration (Fig. 9F,H), were excluded from our analysis.

Anesthetized experiments

The same mice used for unanesthetized plethysmography experi-
ments were used in our anesthetized preparation. Surgical proce-
dures were performed as previously described (Anderson et al.,
2016; Baertsch et al., 2018). Briefly, adult mice were anesthetized
with urethane (1.5mg/kg, i.p.) and placed on a custom surgical
table. The trachea was cannulated with a curved 24-G plastic
tube. Mice were then allowed to spontaneously breathe 100% O,
during the entire surgery and recordings. Adequate depth of an-
esthesia was determined via breathing frequency responses to toe
pinch and adjusted if necessary, with supplemental urethane (in-
traperitoneal). The rostral trachea, esophagus and muscles were
removed, to access the basal surface of the occipital bone. A small
portion of the occipital bone and dura were removed to access
the ventral medullary surface. Then, the brainstem surface was
perfused with warmed (~36°C) aCSF (118 mwm NaCl, 3.0 mum
KCl, 325 mm NaHCO, 1.0 mm NaH,PO,, 1.0 mm MgCl,, 1.5 mm
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CaCl,, and 30 mm D-glucose) equilibrated with carbogen (95%
O,, 5% CO,). Respiratory activity was recorded from the XII
nerve using a fire-polished pulled glass pipette filled with aCSF
attached to a suction electrode. The signal was amplified
(10,000 ), filtered (low pass 300 Hz, high pass 5kHz), rectified,
integrated, and digitized (Digidata 1550 A, Molecular Devices).
A glass fiber optic (200 pm in diameter) connected to a blue
(447 nm) laser and DPSS driver was placed in light contact with
the brainstem and positioned for maximal effect on breathing
frequency during light stimulation. Respiratory phase-specific
stimulations were performed by thresholding integrated XII
nerve activity as described above for unanesthetized plethysmog-
raphy experiments (Fig. 1B).

Optogenetic stimulations

Subtle non-specific effects have been observed in cre” control
mice when laser powers are >8 mW (Baertsch et al.,, 2018).
Thus, our optogenetic stimulations were performed using 7- to
8-mW laser power. As controls for our optogenetic photostimu-
lation experiments, we crossed cre~'~) damns with homozygous
mice containing a floxed STOP ChR2 fused to a EYFP reporter
(Ai32). This breeding scheme generates control mice that do not
express ChR2. We subjected these mice to the same optogenetic
stimulations as described above and did not observe changes in
any measured breathing parameters in PD or control mice
(Fig. 10).

Histology

At the end of experiments, all animals were deeply anesthetized
with 4% isoflurane in 100% oxygen and perfused through the
ascending aorta with 20 ml of phosphate buffered saline (PB; pH
7.4) followed by 4% phosphate-buffered (0.1 M, pH 7.4, 20 ml)
paraformaldehyde (Electron Microscopy Sciences). The brains
were removed and stored in the perfusion fixative for 4 h at 4°C
and sucrose 20% for 8 h. Series of coronal sections (25 um) from
the brains were cut using a cryostat and stored in cryoprotectant
solution at —20°C (20% glycerol plus 30% ethylene glycol in 50
ml phosphate buffer, pH 7.4) before histologic processing
(Oliveira et al., 2017). All histochemical procedures were done
using free-floating sections.

TH was detected using a polyclonal rabbit anti-TH antibody
(AB152; Millipore; 1:1000) and GFAP was detected using a poly-
clonal mouse anti-GFAP (MAB360; Millipore; 1:2000) diluted in
PB containing 2% normal donkey serum (017-000-121, Jackson
ImmunoResearch) and 0.3% Triton X-100 and incubated for 24
h. Sections were subsequently rinsed in PB and incubated for 2 h
in an Alexa Fluor 488 donkey anti-rabbit antibody (711-545-152;
1:250; Jackson ImmunoResearch) or Alexa Fluor 647 donkey
anti-mouse (A31571; Life technologies; 1:400). For all secondary
antibodies used, control experiments confirmed that no labeling
was observed when primary antibodies were omitted. The sec-
tions were stained in a DAPI solution for 1 min and PB washed.
The sections were mounted on slides in rostrocaudal sequential
order, dried, and covered with fluoromount (00-4958-02;
Thermo Fisher Scientific). Coverslips were affixed with nail
polish.

Sections were also examined to confirm that fiber optics were
placed in the intended location. When fiber optics were not cor-
rectly positioned, these mice were excluded from the analysis. As
shown in Figure 11, according to the Paxinos and Franklin
(2012) mouse atlas, when targeting the preBotC, unilateral or
bilateral fiber tips were located just dorsal to the Nucleus ambi-
guus near bregma level —6.84 mm, ~1300 im from the midline,
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and ~700 pum above the marginal layer (Fig. 11A-F). In the
graphs, the distances used for the bilateral fiber optics implants
were averaged. When the RTN was targeted, fiber tips were
located near the facial nucleus at bregma level —6.64 mm,
~1600 um from the midline, and ~600 pm above the marginal
layer (Fig. 11G-K). There were no significant differences in fiber
optic placement between any control and PD mouse groups.

Cell counting, imaging, and data analysis

A VS120-S6-W Virtual Slide Scanner (Olympus) was used to
scan all the sections. Images were taken with a color camera
(Nikon DS-Fi3). To restrict any influences on our counted
results, the photomicrography and counting were performed by
one blind researcher. Image] (version 1.41; National Institutes of
Health) was used for cell counting and Canvas software (ACD
Systems, v. 9.0) was used for line drawings. A one-in-two series
of 25-um brain sections was used per mouse, which means that
each section analyzed was 50 pm apart. The area analyzed was
delimited based on previously reports (Baertsch et al, 2018;
Vann et al., 2018; mean of 116,228.1 pm?). The neurons were
identified by a large cell body and different sizes and shapes were
also considered. Dendrites, which are usually represented as
numerous small projections extending from the cell body, were
not counted. The sections were counted bilaterally, averaged and
the numbers reported as mean * SEM. Section alignment related
to the SNpc, RTN, VRC, nucleus of the solitary tract (NTS),
PiCo, and KF were relative to a reference section, as previously
described (Lazarenko et al., 2009; Anderson et al., 2016; Vann et
al., 2018; Oliveira et al, 2019) and based on Paxinos and
Franklin (2012). To delimitate the ventral respiratory column
(VRC) area, we used an Image] software to overlap a circle (ra-
dius of 60.82 pm) for all the pictures in the VRC. To delimitate
this area, we used a dark field (non-fluorescent) to define ana-
tomic and cytoarchitecture based on previous studies (Akins et
al., 2017; Kottick et al., 2017; Baertsch et al., 2018; Vann et al,,
2018; Oliveira et al., 2019). We choose to represent the VRC
non-compartmentalized (i.e., B6tC, preBotC, rVRG, and cVRG).
First, the section alignment between brains was done relative to a
reference section: the rostral segment of the VRC was identified
by the last section with the caudal end of the facial motor neu-
rons in each brain and brain levels were named according to the
atlas of Paxinos and Franklin (2012). After that, to distinguish
the VRC in each section, we used the nucleus ambiguous (Amb)
and the ventral spinocerebellar tract as the main anatomic struc-
tures, both areas present a very clear anatomic limits and repre-
sents the dorsal and ventral limits of the VRC, respectively. The
rostral-caudal portion also shows a very distinguish anatomic
structure: Amb. Once the section that contains the rostral por-
tion of Amb (more densely packed) is the section that contains
the rostral portion of the VRC. In a caudal direction the Amb
turns in a semi-compacta portion, and non-compacta even more
caudal (Akins et al., 2017; Kottick et al., 2017; Baertsch et al.,
2018; Vann et al, 2018) and the VRC was analyzed in all that
extension. PiCo was anatomically characterized by immunohis-
tological labeling, revealing choline acetyltransferase (ChAT)-
positive neurons located dorsomedial to Amb, located dorsal and
caudal to the facial nucleus (Anderson et al., 2016; Toor et al.,
2019). The neuroanatomical nomenclature employed during
experimentation was defined by Paxinos and Franklin (2012).

Statistics
Statistical analysis was performed using Sigma Stat version 11.0
software (Jandel Corporation); ¢ test followed by Mann-Whitney
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sum-rank test or two-way ANOVA with Bonferroni’s multiple
comparison test were used when appropriate. Data are reported
as mean * standard error of the mean. For all comparisons,
p < 0.05 was considered statistically significant.

Results

PD mice with SNpc neurodegeneration have respiratory
impairment
To anatomically verify for the presence of a PD phenotype in our
mouse model, the number of TH™ cells in the SNpc were
counted from all 6-OHDA (n=59) and vehicle-injected (1 = 60)
mice used in this study (Fig. 2). TH-positive neurons were quan-
tified in the SNpc between —2.75 and —3.35 mm from bregma
level (Fig. 2C). We observed a significant reduction of TH neu-
rons in the SNpc in PD-induced mice (151.3 * 4.6 vs control:
491.4 = 142 TH" neurons; ¢ test, t=1138.0, p < 0.001; Fig. 2D).
There was also a substantial reduction in TH" varicosities
expression in the CPu (Fig. 1D). To examine respiratory func-
tion, plethysmograph recordings from the same 6-OHDA injec-
tion PD mice and vehicle-injected control mice were analyzed.
In PD injected mice, total ventilation [VEg = fp X tidal volume
(V)] was reduced (0.54 £ 0.03 vs sham: 0.71 = 0.04 ml/min/g,
t test, t=1172.0, p<0.001; Fig. 2E) because of a slowing of
breathing frequency (fr; 154.6 £6.0 vs sham: 2059 * 3.7
breaths/min, ¢ test, t=2865.0, p <0.001; Fig. 2F) without a sig-
nificant change in tidal volume (Vy; 3.60 =0.17 vs sham:
343 +0.16 pl/g, t test, t=1987.0, p=0.628; Fig. 2G). Changes in
breathing frequency were primarily because of a prolongation of
expiratory time (Tg; 154.6 = 6.0 vs sham: 198.7 = 10.0 ms, ¢ test,
t=1407.0, p < 0.001; Fig. 2I) without changes in inspiratory time
(177.0 = 7.4 vs sham: 176.7 * 5.1 ms, t test, t=2065.0, p=0.891;
Fig. 2H). Average frequency distributions of breathing frequency,
tidal volume, and expiratory time are shown in Figure 2J-L,
respectively. Breathing frequency also became more irregular in
PD-induced mice (0.050 == 0.007 vs sham: 0.024 = 0.004, ¢ test,
t=1211.0, p <0.001; Fig. 2N) without significant changes in the
regularity of VEg, Vr, Ty, or Tg (Fig. 2M,0-Q, respectively).
Further, V?O, and V>*CO, was evaluated in a separate experi-
mental group (n=38; Fig. 2R-T). Our results shows that there
was a reduction of V2O, (23.42 * 4.11 vs sham: 60.96 * 4.30 ml/
min kg ', two-way ANOVA, F; ;5 = 14.828, p < 0.001; Fig. 15)
and V?CO, after PD-induction (21.42*3.17 vs sham:
53.15 % 3.77 ml/min kg ', two-way ANOVA, F, ;5 = 13.377,
p<<0.001; Fig. 2T). Together, these experiments confirm that
PD-induced mice have substantial respiratory impairments
(Tuppy et al,, 2015; Fernandes-Junior et al., 2018; Oliveira et al.,
2019), primarily because of longer and more irregular periods
between inspiratory efforts.

The VRC of PD mice contains fewer glutamatergic Dbx1
neurons

Excitatory synaptic interactions among recurrently connected
glutamatergic neurons is a fundamental anatomic feature
thought to be critical for inspiratory rhythmogenesis within the
VRC (Carroll and Ramirez, 2013; Cui et al., 2016). To explore
how this anatomic substrate may be disrupted in PD, we com-
pared the number of Vglut, " neurons along the VRC between
—6.56 and —7.96 mm from bregma level in 6-OHDA-injected
PD mice versus vehicle-injected controls. Strikingly, we found
that the number of glutamatergic neurons was reduced along the
VRC (2724 £ 59 vs control: 3455 + 84 Vglut2+ neurons; t test,
t=7113, p<0.001; Fig. 3A,B). This reduction in glutamatergic
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neurons remained highly significant when presumably non-
thythmically active TH*/Vglut,” C1 neurons were excluded
from the analysis (data not shown). However, there was also a
smaller but significant reduction in TH" glutamatergic neurons
(298 =21 vs control: 382+ 36 TH"' neurons; ¢ test, t=3.3,
p=0.016; data not shown) in the VRC of PD-induced mice com-
pared with control animals.

Next, we assessed the anatomic integrity of Dbx1 neurons, a
specific subpopulation of glutamatergic neurons critical for
rhythmogenesis and frequency control within the preB6tC (Cui
et al.,, 2016; Akins et al., 2017; Baertsch et al., 2018). Consistent
with our observations in Vglut,-cre;Ai6 mice, we observed a sig-
nificant reduction in the number of Dbx1 " cells along the VRC
of PD mice (1064 * 14 vs control: 2461 + 59 Dbx1™" cells; ¢ test,
t=10.0, p =0.029; Fig. 3C,D). Since the transcription factor Dbx1
is also expressed in some glia (Akins et al., 2017; SheikhBahaei et
al., 2018), we performed immunostaining for GFAP to distin-
guish neurons from astrocytes. We found that the number of
Dbx1 neurons (GFAP™) was significantly reduced within the
VRC (1098 *+ 32 vs control: 1967 + 11 Dbx1" neurons; ¢ test,
t=25.765, p < 0.001; Fig. 3G,H]I) including the preBotC region.
We also noted a smaller but significant reduction in the number
of Dbxl-expressing glia (GFAP™) within the VRC of PD mice
(196 £ 12 vs control: 437 = 16; ¢ test, t=12.089, p < 0.001; Fig.
3H2), which was consistent with a significant reduction in the
number of total GFAP" cells within the VRC (254 * 14 vs con-
trol: 647 = 68; t test, t =5.70, p = 0.005; Fig. 3H3).

Approximately 40-50% of the neurons that participate in the
inspiratory rhythm are inhibitory (Janczewski et al, 2013;
Baertsch et al., 2018), and these neurons play important roles in
regulating breathing frequency and pattern (Janczewski et al.,
2013; Sherman et al., 2015; Baertsch et al., 2018). Therefore, we
next assessed anatomic deficits in the number of inhibitory VRC
neurons using Vgat-cre;Ai6 mice with specific labeling of inhibi-
tory glycinergic and/or GABAergic neurons (Baertsch et al,
2018). In contrast to excitatory Dbx1 or Vglut, neurons, we
found no differences in the number Vgat™ neurons along
the VRC of PD mice when compared with controls
(3463 =54 vs control: 3647 +59 Vgat® cells; t test,
t=2.305, p=0.061; Fig. 3E,F).

We also examined the anatomic integrity of glutamatergic
neurons in the pontine KF nucleus, implicated in the modulation
of breathing frequency (Dutschmann et al, 2021), and ChAT
neurons within the PiCo (Anderson et al., 2016; Toor et al,
2019). Surprisingly, the number of Vglut, ™ cells in KF, was also
reduced in PD animals (815 % 17 vs control: 958 * 38 VglutzJr
neurons; ¢ test, t = 3.368, p=0.01; Fig. 4B,D). Also, the total num-
ber of ChAT" cells in the PiCo was slightly reduced in PD-
induced mice relative to vehicle-injected controls (185=*+9 vs
control: 232 = 19 Chat™ neurons; ¢ test, t=23.0, p=0.02; Fig.
4A,C). To determine whether the neuronal death process is re-
stricted to the ventral medullary respiratory areas, we also
counted Vglut2™ cells in the caudal and intermediate portion of
the NTS (cNTS and iNTS, respectively). As represented in the
Figure 4, the total number of neurons in the cNTS (p=0.736, t =
—0.349) and iNTS (p =0.793, t = —0.272) was not different com-
paring control and PD-induced animals. Collectively, these his-
tologic data suggest that PD mice are characterized by specific
neuroanatomical deficits in respiratory-related regions of the
brainstem that are most prominent within the VRC, and primar-
ily involve glutamatergic Dbx1 " neurons that are critical for gen-
erating the inspiratory rhythm (Cui et al, 2016; Vann et al,
2018).
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Figure 2.  Anatomical and ventilatory disturbances in PD mice model. 4, B, Photomicrographs showing a reduction in catecholaminergic neurons in the SNpc. Rostro-caudal distribution (C)

and mean (D) of TH™ neurons after bilateral injection of 6-OHDA or vehicle into the CPu (n = 59-60/group). Changes in (E) ventilation (VE), (F) respiratory frequency (fy), (G) tidal volume
(Vy), (H) inspiratory time (T;), and (/) expiratory time (T¢) in unanesthetized mice at room air 10 d after bilateral injection of 6-OHDA or vehicle into the CPu. Event distribution of (J) respiratory
frequency (fz), (K) tidal volume (V;), and (L) expiratory time (T) in unanesthetized mice at room air 10 d after bilateral injection of 6-OHDA or vehicle into the CPu. Irregularity score in (M) ven-
tilation (VEg), (N) respiratory frequency (fy), (0) tidal volume (Vy), (P) inspiratory time (T}), and Q) expiratory time (Tg) in unanesthetized mice at room air 10d after bilateral injection of 6-
OHDA or vehicle into the CPu; ¢ test followed by Mann—Whitney sum-rank test, p << 0.05. R, Representative recordings of 0, and O, expired fraction from two mice (vehicle-injected and PD-
induced mice). Changes in (S) V20, and (T) V2C0, in unanesthetized mice at room pre and 10d postbilateral injection of 6-OHDA or vehicle into the CPu. (n = 8/group). Two-way ANOVA, fol-
lowed by Newman—Keuls test, p << 0.05. SNR, substantia nigra pars reticulata; SNpc, substantia nigra pars compacta; ml, medial lemniscus; VTA, ventral tegmental drea; IP, interpeduncular nu-

cleus. Scale bars: 500 pm (4, B).
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Respiratory phase-dependent functional deficits of
excitatory preBotC neurons in PD mice

To further explore the functional consequences of the anatomic
changes observed in PD mice, we used an optogenetic approach
to selectively manipulate the activity of localized respiratory-
related cell populations. In a first series of optogenetic experi-
ments, we generated mice that specifically express ChR2 in gluta-
matergic Vglut{r neurons. These Vglut,-ChR2 mice were
randomly separated and received injections of 6-OHDA or vehi-
cle into the CPu (n=>5/group) and an optical fiber was placed
unilaterally to illuminate the preBotC (Fig. 1A); 10-12d after
surgery, photostimulation experiments were performed in unan-
esthetized mice while respiratory activity was monitored using
plethysmography. In vehicle-injected control animals, light stim-
ulations during the inspiratory phase significantly reduced by
20.2% the respiratory frequency (165.2* 8.5 vs baseline:
206.9 = 5.3 breaths/min, two-way ANOVA, F;q = 11.995,
p=0.041; Fig. 5A,B). However, the same stimulation paradigm
in PD mice caused a more modest reduction (10.1%) in respira-
tory frequency that was not statistically significant (130.6 = 8.1
vs baseline: 145.2 + 4.2 breaths/min, two-way ANOVA, F( o) =
11.995, p=0.164; Fig. 5A,B). The same animals were also sub-
jected to photostimulations occurring during the expiratory
phase, which increased respiratory frequency in both control
(226.1 £7.3 vs baseline: 202.2 = 1.4breaths/min, two-way
ANOVA, F(; ) = 19.348, p=0.002) and PD mice (201.2 = 7.0 vs
baseline: 171.3 * 6.1 breaths/min, two-way ANOVA, Fq =

19.348, p =0.002; Fig. 5C,D), corresponding to speeding up f by
11.8% in vehicle-injected and 17.4% in PD-induced mice.

Next, we performed similar photostimulation experiments in
an anesthetized preparation to more accurately determine respi-
ratory phase transitions by recording inspiratory activity directly
from the XII nerve (Baertsch et al., 2018). Similar to our observa-
tions in unanesthetized animals, fp was slightly, but significantly,
reduced by 16.0% during inspiratory photostimulation in control
mice (79.6 * 4.4 vs baseline: 94.8 = 6.2 breaths/min, two-way
ANOVA, F(0) = 7.232, p=0.036); however, this effect was not
significant (14.7%) in PD mice (60.0*2.5 vs baseline:
70.3 = 7.5breaths/min, two-way ANOVA, F;o = 1.083,
p=0.369; Fig. 5E,F). In both control and PD mice, expiratory
photostimulations increased respiratory frequency to a similar
rate (control: 123.1 == 1.4 vs baseline: 93.9 = 8.5 breaths/min and
PD: 110.6 = 7.2 vs baseline: 66.4 + 7.2breaths/min, two-way
ANOVA, F; = 16277, p=0.006; Fig. 5G,H), which corre-
sponded to a 66.6% increase in fg in PD-induced mice compared
with 31.1% in control mice.

In a second series of optogenetic experiments, we targeted
Dbx1 neurons in the preB6tC. Adult DbxI-ChR2 mice were ran-
domly chosen for injections of 6-OHDA or vehicle into the CPu
(n=>5/group) followed by unilateral implantation of a fiber optic
at the level of the preB6tC. As previously observed (Wang et al.,
2014; Baertsch et al., 2018; Vann et al., 2018), respiratory phase-
dependent stimulations of Dbx1 neurons resulted in similar, but
generally more modest effects, when compared with stimulations
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of glutamatergic (Vglutf) neurons in general (compare Figs. 5
and 6). Indeed, in unanesthetized mice, reductions in respiratory
frequency during unilateral stimulation of Dbx1 neurons during
the inspiratory phase were not statistically significant in either
control [208.4 = 7.9 vs baseline: 216.9 = 3.8 breaths/min (3.9%),
two-way ANOVA, F;o = 0966, p=0.364] or PD mice
[170.4 + 8.4 vs baseline: 181.2 * 4.4 breaths/min (5.9%), two-
way ANOVA, F 4 = 0.966, p=0.364; Fig. 6B]. In addition,

although trends were similar to our observations in Vglut,; ChR2
mice, increases in frequency in response to stimulations of Dbx1
preBotC neurons during the expiration did not reach statistical
significance (Fig. 6C,D).

However, when the same mice were anesthetized and XII
nerve recordings were performed, differences in respiratory
response to phase-dependent stimulations became more appa-
rent between control and PD mice. Specifically, during
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Figure 5.  Glutamatergic cells unilateral optogenetic activation changes breathing in control and PD mice model. A, , Representative recordings from two Vglut,* mice (vehicle-injected on
the top and PD-induced mice on the bottom) during optogenetic activation during (A) inspiration and (C) expiration. Changes in (B) f; at inspiration and (D) expiration photostimulation in un-
anesthetized mice at room air 10-12 d after bilateral injection of 6-OHDA or vehicle into the CPu (n = 5/group). B2, D2, 30-s recording average before, during, and 30-s average after photosti-
mulation. E, G, Representative recordings from two anesthetized Vglut, ™ mice (vehicle-injected on the top and PD-induced mice on the bottom) during optogenetic activation during (E)
inspiration and (G) expiration. Changes in fy of Vglut,-ChR2 animals during (F) inspiration and (H) expiration. F2, H2, 20-s recording average before, during, and 20-s average after photostimu-

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

inspiratory photostimulations, control Dbx1-ChR2 mice exhib-
ited a significant slowing of respiratory frequency by 15.4%
(82.9 = 2.8 vs baseline: 98.0 = 1. breaths/min, two-way ANOVA,
Fue = 5197, p=0.003), whereas PD mice did not (7.9%;
65.2 * 2.5 vs baseline: 70.8 = 0.5 breaths/min, two-way ANOVA,
F(1,9) = 2.48, p=0.289; Fig. 6E,F). And, when photostimulations
occurred during the expiration, breathing frequency was signifi-
cantly increased by 17.2% in PD mice (85.7 = 1.7 vs baseline:
73.1 = 1.0 breaths/min, two-way ANOVA, F;q = 20.835,
p<0.001; Fig. 6EF), but was not (13.3%) in controls
(1070 4.0 vs baseline: 94.4 £ 7.5breaths/min, two-way
ANOVA, F(; 9 = 2.394, p=0.133; Fig. 6G,H). Collectively, our
data suggest that PD reduces specifically the number of excita-
tory preBotC neurons and that stimulation of these excitatory
neurons elicit in PD a greater increase in the rate of breathing
when activated during the expiration. These excitatory neurons
in PD also have a limited ability to slow breathing when activated
during inspiration.

Respiratory phase-dependent function of inhibitory preB6tC
neurons in PD mice

Inhibitory preBotC neurons can promote increases or decreases
in breathing frequency depending on their activity pattern
(Baertsch et al.,, 2018). Inhibitory neurons active during the

inspiratory phase promote faster breathing by limiting the dura-
tion of a refractory period that follows each inspiration. In con-
trast, inhibitory neurons with activity during the expiration delay
the onset of inspiration resulting in slower breathing frequencies.
To examine how these processes may be altered in PD mice, we
generated mice that specifically express ChR2 in Vgat " glyciner-
gic and/or GABAergic neurons. Adult Vgat-ChR2 mice received
injections of 6-OHDA or vehicle into the CPu followed by bilat-
eral implantation of fiber optics targeting the preBotC. Bilateral
fiber optics were placed in this group of mice because of the lim-
ited commissural projections of inhibitory (vs excitatory)
preBotC neurons (Smith et al, 2013; Vann et al, 2018). As
expected (Baertsch et al., 2018), in unanesthetized control mice,
photostimulations during inspiration increased respiratory fre-
quency by 27.2% (276.9 % 33.5 vs baseline: 217.7 = 14.1 breaths/
min, two-way ANOVA, H(; 19y = 1.844, p =0.022); however, the
same stimulations did not cause a significant frequency increase
(16.1%) in unanesthetized PD mice (202.1 = 14.8 vs baseline:
174.0 = 5.6 breaths/min, two-way ANOVA, F ) = 1.716,
p=0.221; Fig. 7A,B). Under anesthesia, when baseline fy is slow
relative to unanesthetized conditions, photostimulation of Vgat™
preBo6tC neurons strongly increased breathing frequency in both
control (132.4 = 2.4 vs baseline: 94.6 = 1.9 breaths/min, two-way
ANOVA, F; gy = 53.874, p<0.001) and PD mice (136.3 = 13.1
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Figure 6.  Dbx1 cells unilateral optogenetic activation changes breathing in control and PD mice model. A, €, Representative recordings from two Dbx1™ mice (vehicle-injected on the top
and PD-induced mice on the bottom) during optogenetic activation during (A) inspiration and (C) expiration. Changes in (B) f; at inspiration and (D) expiration photostimulation in unanesthe-
tized mice at room air 1012 d after bilateral injection of 6-OHDA or vehicle into the CPu (n = 5/group). B2, D2, 30-s recording average before, during, and 30-s average after photostimulation.
E, G, Representative recordings from two anesthetized Dbx1™* mice (vehicle-injected on the top and PD-induced mice on the bottom) during optogenetic activation during (E) inspiration and
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group). Two-way ANOVA, followed by Newman—Keuls test, p << 0.05.

vs baseline: 73.1 * 3.4 breaths/min, two-way ANOVA, F 5 =
12.721, p=0.001; Fig. 7E,F), which represents a fp increase of
39.9% in control and 86.4% in PD-induced mice. When Vgat™
preBotC neurons were activated during the expiration, breathing
frequency was dramatically slowed to a similar extent in control
and PD mice under unanesthetized [control: 112.2 & 7.0 vs base-
line: 223.6 = 7.3 breaths/min (49.8%) and PD: 944 *+ 7.1 vs
baseline: 188.5 = 6.5breaths/min (49.9%), two-way ANOVA,
F,10) = 45.47, p<0.001; Fig. 7C,D] and anesthetized [control:
46.2 = 3.3 vs baseline: 98.2 = 3.5breaths/min (53%) and PD:
34.5 % 1.0 vs baseline: 75.5 = 4.4 breaths/min (54.3%), two-way
ANOVA, F 5 = 10.50, p=0.005; Fig. 7G,H] conditions. Thus,
consistent with our neuroanatomical results showing no changes
in the number of inhibitory neurons within the VRC (Fig. 3E,F),
our optogenetic experiments revealed no functional deficits in
this neuronal population.

Breathing frequency modulation by PHOX2B " RTN
neurons is preserved in PD mice

Rhythm generating mechanisms in the preBotC are subject to
strong modulatory influences to appropriately match breathing
with the concurrent metabolic, environmental, or behavioral

context. For example, PHOX2B-expressing neurons in the RTN
are thought to be chemosensitive and provide excitatory drive to
the preBo6tC in response to elevated CO, (Takakura et al., 2006;
Bochorishvili et al., 2012). Previous studies have described a
reduction in PHOX2B RTN neurons (Tuppy et al, 2015;
Fernandes-Junior et al., 2018) and an associate impairment in
the hypercapnia ventilatory response (Tuppy et al, 2015;
Oliveira et al., 2017). To explore whether this modulatory system
may contribute to the respiratory impairments observed in our
study (Fig. 2), we generated mice that express the ChR2 only in
PHOX2B" cells. Adult PHOX2B-ChR2 mice were randomly
selected for injections of 6-OHDA or vehicle into the CPu, and
an optical fiber was positioned at the level of the RTN unilater-
ally. Unfortunately, we were not able to identify phenotypically
the PHOX2B neurons population in the photostimulated area
and other PHOX2B neurons could also have been photostimu-
lated, like A5 and CI neurons. However, based on neuroanat-
omy, the optic fibers were positioned really close to the RTN/
pFRG most densely populated by PHOX2B neurons (Fig. 11)
and consistent with recent studies (Abbott et al., 2009; Kanbar et
al,, 2010), plethysmography recordings confirmed that breathing
frequency was potently increased by 33.8% in unanesthetized
control mice (262.6 * 16.4 vs baseline: 196.2 * 6.6 breaths/min,
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Figure 7.  GABAergic cells bilateral optogenetic activation changes breathing in control and PD mice model. 4, C, Representative recordings from two Vgat™ mice (vehicle-injected on the
top and PD-induced mice on the bottom) during optogenetic activation during (4) inspiration and (C) expiration. Changes in (B) f; at inspiration and (D) expiration photostimulation in unanes-
thetized mice at room air 10-12 d after bilateral injection of 6-OHDA or vehicle into the CPu (n = 5-6/group). B2, D2, 30-s recording average before, during, and 30-s average after photosti-
mulation. E, G, Representative recordings from two anesthetized Vgat™ mice (vehicle-injected on the top and PD-induced mice on the bottom) during optogenetic activation during ()
inspiration and (G) expiration. Changes in fy of Vgat-ChR2 animals during (F) inspiration and (H) expiration. F2, H2, 20-s recording average before, during, and 20-s average after photostimula-

tion (n = 5-6/group). Two-way ANOVA, followed by Newman—Keuls test, p << 0.05.
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ing, it is the average of fy at photostimulation period normalized by before.

two-way ANOVA, F(; 17 = 20.963, p <0.001) during a 1-s con-
tinuous optogenetic activation of PHOX2B neurons in the RTN.
A robust respiratory response was observed in PD mice (62.9%;
248.6 = 5.8 vs baseline: 152.6 = 4.0 breaths/min; Fig. 8), suggest-
ing that changes in the modulatory influence of putative chemo-
sensitive  RTN neurons do not underlie the respiratory
impairments observed in the PD mouse model used here.

Discussion

The primary goal of our study was to characterize the cell-type-
specific anatomic and functional deficits that underlie respiratory
impairments associated with PD. We found that putatively
rhythmically active glutamatergic-Dbx1 neurons in the VRC
selectively has been reduced in a mouse model of PD. These neu-
rons may be particularly susceptible to be reduced in the context
of PD since inhibitory VRC neurons, as well as neurons in other
respiratory-related regions, do not undergo a similar neuronal
reduction. Consistent with our neuroanatomical findings, opto-
genetic experiments revealed that changes in PD mice were spe-
cific to manipulations involving glutamatergic Dbx1 neurons.
Thus, we present the hypothesis that breathing abnormalities in

PD are caused by the specific decreased number of this critical
population of respiratory neurons.

Respiratory consequences of a decreased number of
glutamatergic Dbx1 neuron

The inspiratory rhythm emerges as a consequence of the periodic
synchronization of neuronal activity within the preBotC. This
region and the adjacent VRC is comprised of heterogeneous
populations of excitatory and inhibitory neurons. However, de-
spite the important role of inhibition for promoting the dynamic
control of inspiration (Baertsch et al, 2018; Baertsch and
Ramirez, 2019), inhibitory mechanisms are not necessary for
rhythmogenesis per se (Janczewski et al., 2013). Instead, the
“Dbx1 core hypothesis” posits that a subpopulation of glutama-
tergic neurons derived from precursors that express the tran-
scription factor Dbx1 are critical for generating the inspiratory
rhythm (Vann et al,, 2016, 2018). Mice born with a genetic dele-
tion of Dbx1 do not exhibit inspiratory efforts and die shortly af-
ter birth (Gray et al, 2010). Consistent with these initial
observations, acute progressive ablation of relatively small num-
bers (~15%) of Dbx1 neurons in brainstem slices containing the
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Figure 10.  Cre™ cells unilateral optogenetic activation do not change breathing in control and PD mice. 4, C, Representative recordings from two cre™ mice (vehicle-injected on the top and

PD-induced mice on the bottom) during optogenetic activation during (A) inspiration and (C) expiration phase. Changes in (B) f; at inspiration and (D) expiration phase photostimulation in un-
anesthetized mice at room air 10—12 d after hilateral injection of 6-OHDA or vehicle into the CPu (n = 5-6/group). B2, D2, 30-s recording average before, during, and 30-s average after photo-
stimulation. Representative recordings from E, G, two anesthetized cre” mice (vehicle-injected on the top and PD-induced mice on the bottom) during optogenetic activation during (E)
inspiration and (G) expiration phase. Changes in f; of cre™ animals during (F) inspiration and (H) expiration. F2, H2, 20-s recording average before, during, and 20-s average after photostimu-

lation (n = 8/group).

preBotC causes the inspiratory rhythm to slow down, become
more irregular, and eventually stop altogether (Wang et al.,
2014). Furthermore, in model preBo6tC networks that only con-
tain excitatory neurons, the frequency and regularity of the
rhythm depends on the number of excitatory neurons within the
network as well as the connectivity between them (Carroll and
Ramirez, 2013). Based on experimental and computational stud-
ies, this excitatory connectivity seems to be fairly sparse
(Carroll and Ramirez, 2013). Indeed, sparse excitatory
interactions seems to be the critical anatomic substrate that
allows the preBotC network to synchronize. On the other
hand, synchrony among excitatory neurons is weakened by
inhibitory neurons within the network (Baertsch et al,
2018), and computational models suggest that in networks
with too much inhibition, the rhythm falls apart (Harris et
al., 2017). Under normal conditions, this balance between
excitation and inhibition seems to be regulated such that
the network operates on the “edge” of synchrony, allowing
the rhythm to be highly flexible (Baertsch et al., 2018;

Baertsch and Ramirez, 2019), but also making it particularly
susceptible to abnormal changes in the function of excita-
tory neurons (Wang et al., 2014; Harris et al., 2017).

In this study, we found a decreased number of glutamatergic
Dbx1 neurons in a mouse model of PD. When integrated within
the wider medullary network, there is evidence that the anatomic
and functional boundaries of the preBotC are spatially and
dynamically regulated (Baertsch et al., 2019). Therefore, we did
not attempt to localize a preB6tC “kernel” but instead examined
neuroanatomical changes along the rostrocaudal extent of the
VRC, which includes the preBotC. Because not all glutamatergic
(Vglutf) neurons in the VRC are derived from Dbx1 expressing
cells, and Dbx1-expressing progenitors can differentiate into
both neurons and glia (Kottick et al., 2017), we employed both
genetic labeling strategies to gain insights into anatomic changes
involving specifically glutamatergic Dbx1-derived neurons. Cell
counting revealed ~1600 fewer (—17%) Vglut2+ neurons in the
VRC of PD mice compared with healthy controls (Fig. 3).
Similarly, there were ~950 fewer (—47%) Dbxl1 cells (Fig. 3),
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Fiber optics tracts used in our study. A, Photomicrograph showing typical unilateral fiber optics tracts in the preBotC region. B, Computer-generated plot of fiber optics placement
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which was predominantly driven by a reduction in the number
of Dbx1 neurons rather than Dbx1 astrocytes (Fig. 3).

In contrast, the number of glycinergic and/or GABAergic
Vgat-expressing neurons in the VRC did not change in PD mice,
suggesting these inhibitory neurons do not undergo a similar
neuronal loss. Thus, in the context of PD, we hypothesize that
the balance of excitation and inhibition is altered within the
VRC causing rhythmogenesis to become unstable and leading to
the slow irregular breathing patterns observed in PD mice (Fig.
2; Tuppy et al,, 2015; Oliveira et al., 2017).

The three phases of the inspiratory rhythm, implications in
PD mice

Breathing abnormalities in PD mice were because of longer,
more irregular intervals between inspiratory efforts, i.e., the ex-
piratory time (Fig. 2). This is typical for alterations in breathing
frequency; however, the underlying mechanisms regulating re-
spiratory frequency are complex. Within the inspiratory net-
work, the rhythm can be broken down into three sequential,
mechanistically distinct, phases that differentially regulate inspir-
atory frequency: the percolation phase, burst phase, and refrac-
tory phase (Kottick and Del Negro, 2015; Cui et al., 2016; Cregg
et al,, 2017; Baertsch et al., 2018). During the percolation phase,

it is thought that synaptically and intrinsically driven spiking ac-
tivity begins to propagate among interconnected excitatory neu-
rons (Cui et al, 2016). This stochastic feed-forward process
(Carroll and Ramirez, 2013) progressively increases excitability
in the network until voltage-dependent and Ca’*-dependent
membrane conductances are activated leading to a rapid depola-
rization and increased spiking during the burst phase. During
each burst, activity-dependent mechanisms are activated that
cause a transient decrease in network activity that is maximal on
burst termination. As this refractory phase subsides, percolation
begins to build network excitability, and the cycle restarts.

As a consequence of these different rhythmogenic phases,
manipulating the activity excitatory or inhibitory preB6tC neu-
rons has phase-dependent effects on breathing frequency
(Sherman et al., 2015; Cregg et al., 2017; Baertsch et al., 2018;
Vann et al,, 2018). Increasing the activity of excitatory neurons
during the burst phase lengthens the refractory phase, delaying
the next burst, whereas increasing their activity during the expi-
ration shortens the percolation phase, accelerating the onset of
the next burst. Activating inhibitory neurons has the opposite
effects, i.e., activation during the burst phase shortens the refrac-
tory phase, reducing the time required for the next burst occurs,
whereas activating them during the expiration slows percolation,
delaying or preventing the onset of the next burst.
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In the current study, we explored the phase-dependent regu-
lation of breathing frequency in a mouse model of PD. We exam-
ined not only anesthetized, but also unanesthetized mice, and
although baseline breathing frequency is ~2x faster and highly
modulated by behavior in unanesthetized mice, our results were
generally consistent between the two experimental preparations.
Interestingly, in PD mice, increasing the activity of glutamatergic
Vglut,” neurons during the burst phase did not significantly
slow breathing as expected (Fig. 5A,B,E,F), suggesting the refrac-
tory phase may not regulate the duration of the expiration as
strongly in PD mice. This may be explained by the significantly
reduced number of excitatory neurons in PD. Indeed, when the
activity of Vglut,™ neurons was increased during the expiration,
breathing frequency increased to similar levels in PD and control
mice (Fig. 5C,D,G,H), indicating that enhancing specifically the
percolation phase can restore breathing in PD mice. Although
trends were similar when activating Dbx1 neurons, the effects
were generally weaker (Baertsch et al,, 2018; Vann et al,, 2018),
which is likely because of fewer total neurons and innervating
terminals activated in the region. Thus, the optogenetic stimula-
tion experiments presented here allow us to make very specific
predictions. We specifically hypothesize that the expiratory time
is prolonged in PD mice because of a slower percolation phase
caused by fewer interconnected excitatory neurons participating
in the inspiratory rhythm. Since the neuropeptide substance P
has been shown to increase breathing frequency and also reduce
irregularity by enhancing the percolation phase (Baertsch and
Ramirez, 2019), we predict that the breathing frequency irregu-
larities observed in PD mice are also caused by a weakened per-
colation phase.

Brainstem microcircuits (i.e., KF, PiCo, and others) seem to
be a key source of inputs (excitatory or inhibitory) that drive
phase transitions between inspiration and postinspiration
(Dutschmann and Herbert, 2006; Anderson et al., 2016; Geerling
et al, 2017). Here, we found a decreased number of KF glutama-
tergic neurons and PiCo cholinergic neurons in PD mice. The in-
tegrity of those nuclei are important for many behavioral
movements of the upper airway such as cough, swallowing,
speech and protective reflexes (Fregosi and Ludlow, 2014;
Anderson et al., 2016; Toor et al., 2019). Discoordination of these
neuromuscular activities may be related to several symptoms
typically observed in PD patients (Simons, 2017), and should be
a focus of future investigations.

A leading cause of morbidity and mortality in PD can be
attributed to respiratory control and coordination abnormalities.
Thus, studies aimed at improving our understanding of the spe-
cific neurophysiological mechanisms that underlie these breath-
ing abnormalities will be key to improving survival and quality
of life in PD patients. Although no animal model is without cav-
eats, the 6-OHDA mouse model of PD used here and in several
prior studies (Tuppy et al, 2015; Andrzejewski et al.,, 2017;
Fernandes-Junior et al., 2018; Oliveira et al., 2019), reproduces
breathing abnormalities and provides a means to rigorously
investigate them in great detail. There is no doubt that different
experimental models should also be tested. However, the ana-
tomic and functional characterization performed in this study
suggests that a decreased number of a specific subgroup of rhyth-
mically active glutamatergic neurons in the ventral medulla may
contribute significantly to respiratory complications in PD.
Strategies that modulate specific phases of the inspiratory cycle
may best address the breathing abnormalities in PD. Such strat-
egies may be pharmacological (Wang et al., 2014; Kottick and
Del Negro, 2015; Vann et al., 2018; Baertsch and Ramirez, 2019),

Oliveiraetal. ® Photo-Activation of the preB6tC Can Restore Breathing in PD

or electrical/optical manipulations that can be artificially modu-
lated for phase-dependence (Feldman et al., 2013; Anderson et
al., 2016; Cui et al., 2016; Baertsch et al., 2018; Vann et al., 2018).
Indeed, this study only represents a first step as future investiga-
tions aimed at developing approaches to strengthen excitatory
interactions within the preB6tC will be important as we move to-
ward treatments for breathing abnormalities associated with PD.
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