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Abstract 1

Abstract

Congenital hypoventilation encompasses a series of life-threatening respiratory disorders
that are classically diagnosed in newborns. These conditions are characterized typically
by hypoventilation, apnea, and insensitivity to elevated levels of arterial PCO2. Mutations
in the transcription factors PHOX2B or LBX1 correlate with congenital central hypoventi-
lation disorders, but the dysfunctional neurons responsible for these respiratory diseases
are unknown. During my studies, | investigated the function of a molecular defined neural
type of medullary neurons that co-express both factors, that is the dB2 neurons. My work
shows that distinct subgroups of dB2 neurons account for respiratory dysfunctions and
phenotypic manifestations observed in congenital hypoventilation. By combining intersec-
tional labeling, murine intersectional chemogenetics, lineage-tracing, and conditional mu-
tagenesis, my doctoral investigation reveals that specific subgroups of dB2 neurons are
crucial for i) regulating respiratory tidal volumes, ii) modulating the hypercarbic reflex and
lif) ensuring neonatal respiratory stability. My work provides functional evidence for the
critical role of medullary dB2 neurons in neonatal respiratory physiology. In summary, my
work uncovers novel components of the central circuit regulating breathing homeostasis

and establishes dB2 neuron dysfunction to be causative in congenital hypoventilation.



Abstract 2

Zusammenfassung

Die angeborene Hypoventilation umfasst eine Reihe von lebensbedrohlichen
Atmungsstdungen, die klassischerweise bei Neugeborenen diagnostiziert werden. Diese
Erkrankungen sind typischerweise durch Hypoventilation, Apnoe und Unempfindlichkeit
gegeniber erhthten arteriellen PCO 2-Werten gekennzeichnet. Mutationen in den
Transkriptionsfaktoren PHOX2B oder LBX1 korrelieren mit angeborenen zentralen
Hypoventilationsstdungen, aber die dysfunktionalen Neuronen, die fir diese
Atemwegserkrankungen verantwortlich sind, sind unbekannt.

In meinen Studien untersuche ich die Funktion eines molekular definierten
neuronalen Typs medull&er Neuronen, die beide Faktoren mit exprimieren, ndmlich die
dB2-Neuronen. Meine Arbeit zeigt, dass bestimmte Untergruppen von dB2-Neuronen fir
die bei kongenitaler Hypoventilation beobachteten respiratorischen Funktionsstérungen
und phénotypischen Manifestationen verantwortlich sind. Durch die Kombination von
intersektionaler Chemo-genetik bei Mausen, intersektionaler Markierung, Lineage -
Tracing und konditionaler Mutagenese zeigt meine Doktorarbeit, dass bestimmte
Untergruppen von dB2-Neuronen entscheidend sind fir i) die Regulierung des
Atemzugvolumens, ii) die Modulation des Hyperkarbischen Reflexes und iii) die
Sicherstellung der neonatalen Atmungsstabilité. Meine Arbeit liefert funktionelle Beweise
fir die entscheidende Rolle der medull&den dB2-Neuronen in der neonatalen
Atmungsphysiologie.

Zusammenfassend l&sst sich sagen, dass meine Arbeit neue Komponenten des
zentralen Kreislaufs zur Regulierung der Atmungshomdostase aufdeckt und eine
Funktionsstdrung der dB2-Neuronen als Ursache fir angeborene Hypoventilation

nachweist.



1. Introduction

Breathing (also known as ventilation and/or respiration) is a critical homeostatic process
that allows for the exchange of blood gases, via the inhalation of oxygen (O2) and exha-
lation of carbon dioxide (COz2), in the lungs. Breathing depends on a complex neural circuit
that locates to the brainstem, the central nervous system region that comprises of the
midbrain, the pons and the medulla oblongata. This neural circuit coordinates different
skeletal muscles that collectively act on the lungs to promote the inhalation and exhalation
phases of the breathing cycle. From the very first cry of a human baby, as well as for any
other newborn mammal, a remarkable journey of adaptations to the terrestrial life secures
their survival. These adaptations mark the profound transition of terrestrial mammals from
the protective intrauterine environment, where oxygen and nutrients are meticulously de-
livered through the umbilical cord to the developing fetus, to a hostile and changing ex-
ternal world. The initiation of respiration is one of the most fundamental and vital physio-
logical transformations that occurs amidst of adaptations to the terrestrial life. Genetic
and environmental factors can affect the correct initiation of breathing and, thereby, jeop-
ardize the well-being of newborns. Most of these factors impinge the development of the
neural respiratory circuit, which frequently leads to phenotypes that range from hypoven-
tilation (that is, slow and shallow breathing), and/or respiratory instability, to the total loss
of respiratory control that can lead to a subsequent death. In the following, | will introduce
congenital hypoventilation and neonatal respiratory phenotypes associate to it, all of
which | studied through my doctoral studies. The core of my research results has been
recently published in Science Advances, publication in which | am both co-First and co-

Corresponding Author (see publication annexed to this thesis (1)).

1.1 Congenital hypoventilation

Breathing homeostasis is intricately regulated by heterogeneous arrays of specialized
brainstem neurons that control both voluntary (that is, consciously controlled) and invol-
untary (that is, unconsciously controlled) breathing, as well as the responses to altera-
tions in blood gas levels and other physiological constants, such as changes in arterial
partial pressure of oxygen (POz2), carbon dioxide (PCO32), pH, and/or to the stretch of the
lungs. A disruption in the function of any element of the respiratory circuit can lead to
severe respiratory insufficiencies and, consequently, to debilitating respiratory disorders.

Hypoventilation is marked by slow and shallow breathing and is frequently accompanied



by an elevation in PCO2 concentrations due to insufficient gas exchange in the lungs,
which commonly originates from either peripheral or central chemoreception deficits (2,
3). Central chemoreceptors in the brainstem, such as the retrotrapezoid nucleus or the
midline raphe, are well known for their critical function in monitoring PCO2 changes (over
50% of ventilatory response) in the blood, while glomus cells in the carotid bodies, which
located to the bifurcation of the common carotid arteries, are considered complementary
peripheral chemoreceptors for the monitoring of PO2 and to a lesser extend to PCO2 (4-
6).

Congenital or acquired hypoventilation disorders originating from central nervous
system dysfunction are less prevalent than those disorders originated from peripheral
respiratory pathologies: such as chronic obstructive pulmonary disease, a condition that
severely impairs lung tissue (7); or other conditions like emphysema or bronchitis that are
characterized by lower airway obstruction (8). However, congenital central hypoventila-
tion disorders often manifest with severe clinical presentations and are therefore life-
threatening. For instance, congenital central hypoventilation syndrome (CCHS, OMIM
209880) is a rare disorder marked by hypoxemia (that is, low levels of oxygen in the blood)
and hypercarbia (that is, abnormal high levels of carbon dioxide in the blood) resulting in
pronounced alveolar hypoventilation (9-12). CCHS patients can also present with neu-
rocristopathies (that is, defects in neural crest development) and consequently exhibit
various phenotypes in autonomic dysregulation, such as Hirschsprung's disease, a con-
dition that affects segments of the intestine which lack autonomous innervation to the gut
muscle, and frequently requires surgical treatment. Rapid-onset obesity with hypotha-
lamic dysfunction, hypoventilation and autonomic dysregulation (ROHHAD) is character-
ized by rapid childhood obesity and is associated with hypoventilation, hypothalamic, en-
docrine, and autonomic disturbances (13, 14). Other rare ailments, such as Prader-Willi
syndrome, caused by paternally expressed imprinted gene deletions, leads to hypotonia
(that is, a state of low muscle tone), developmental delays in infants, and central and
obstructive ventilation insufficiencies (15). Understanding the underlying aetiologies of
these respiratory disorders and the affected brainstem respiratory neurons is crucial to-
wards comprehending this intricate behavior and this is also essential for advancing ther-
apeutic strategies for the management of congenital hypoventilation disorders. Recent

investigations into the genetic anomalies underlying congenital respiratory syndromes,



such as CCHS, are shedding new light onto both the development and the function of

brainstem respiratory neurons and their role within the neural respiratory circuit.

In 1970, Mellins et al. first reported a case of a 12-day-old infant presenting with
cyanosis, polycythemia (that is overproduction of red blood cells from bone marrow), and
an abnormal hypercarbic reflex (that is, deficits in displaying the natural acceleration of
respiration in response to increases in PCO32), along with autonomic dysfunction (16).
This pathology was first defined and diagnosed as the "Ondine's curse," now referred to
as Congenital Central Hypoventilation Syndrome. This is a rare, lifelong respiratory dis-
ease classically diagnosed in newborns, with fewer than 2000 cases described in the
literature to date (17). CCHS is characterized by pronounced alveolar hypoventilation,
central apnea and diminished chemoreflexes, particularly to abnormally high levels of
arterial PCOz. After years of extensive investigations, mutations in the paired-like home-
obox gene PHOX2B were identified in 2003 as the major genetic abnormalities associ-
ated with CCHS (18, 19). Individuals carrying PHOX2B mutations typically exhibit evident
hypoventilation, cyanosis, and hypercapnia at sleep, especially in the neonatal period. In
more severe cases, hypoventilation may persist during both awake and sleep states (11,
20). Some patients may manifest CCHS symptoms later (after 1 month of age) in infancy,
referred to as late-onset CCHS (LO-CCHS). Additionally, a subset of children with CCHS
may also present with global autonomic nervous system dysregulation, which includes
the Hirschsprung's disease, a condition that affects the motility of different segments of
the intestine by the degeneration or absence of autonomous neural innervation that stim-
ulates gut muscle and requires surgical treatment in about 20% of patients, and/or neural
crest tumors (i.e., neuroblastoma, ganglioneuroma) (11, 21).

CCHS is confirmed through molecular genetic testing for pathogenic heterozygous
variations in the PHOX2B gene. Figure 1 illustrates the diagnostic algorithm for identifying
alveolar hypoventilation (21). The inheritance pattern of the CCHS phenotype is typically
autosomal dominant, which indicates that one of the parents is a carrier, and CCHS pa-
tients carrying the PHOX2B mutation have a 50% risk of transmitting the mutation to their
offspring. However, most parents whose offspring are afflicted with CCHS do not carry
any discernible alteration in PHOX2B, which implies that most cases of CCHS result from
de novo mutations and also indicates that these mutations occur either during the post-

zygotic phase or within one of the two gametes (19, 22).



Currently, no pharmacological intervention has been successful to significantly en-
hance long-term ventilation and respiratory function in individuals with CCHS. Thus, the
early identification and diagnosis of CCHS, and the proper initiation of lifetime ventilatory
support, are paramount to improve the management and prognosis of this condition (11,
17). The routinely management of CCHS necessitates positive ventilatory pressure to
ameliorate respiratory dysfunction, frequently involving invasive ventilation via tracheost-
omy in infants. Continuous monitoring of PO2 and PCO:2 fluctuations is essential, as well
as cardiovascular assessments are necessary to mitigate high risks, such as sinus
pauses. Regular assessment and comprehensive follow-up combined with multi-discipli-
nary care remain imperative in the care of CCHS patients both at home and at the hospital
(11).

In the following sections, | will introduce our current knowledge about the organi-
zation of the brainstem neural circuit serving in respiration and the developmental mech-
anisms that regulate the specification of respiratory neurons. This aims to provide the
basis upon which my experimental work built up in my doctoral studies.

1.2 Specification of brainstem respiratory neurons

Brainstem development is an elaborated and complex process that produces a diverse
array of neuron subtypes, most of which contribute to the regulation of body homeostasis
or to the processing of multiple modalities of peripheral sensory information. The correct
development of the distinct elements of the brainstem respiratory circuit is essential for
the generation, detection, and regulation of breathing in response to changes in our phys-
iological demands. To deepen into this subject, | will first briefly summarize in this intro-
duction the process of anterior-posterior and dorsal-ventral patterning of the brainstem,
with a particular focus on the mechanisms that regulate brainstem neuron diversity. Sub-
sequently, I will narrow the focus of this introduction to the transcriptional control that

secure the correct development of pontine and medullary respiratory neurons.

1.2.1 Anterior-posterior patterning in the developing brainstem
Brainstem development is a highly conserved evolutionary process initiated by the estab-
lishment of the isthmic organizer, a major induction center situated at the midbrain-hind-

brain boundary. This organizer secretes morphogens, notably Wntl and Fgf8 ligands,



which exert direct influence on adjacent neural tissue, determining cell fates within the
midbrain and the hindbrain (23-27).

Differential expression of transcription factors along the anterior-posterior axis of
the central nervous system (CNS) is critical for its harmonious development. The home-
obox genes Otx2 and Gbx2, with antagonistic interactions, confer anterior and posterior
positional identities during a very early stage of CNS development (Figure 2) (28-34). For
instance, Otx2 deficient mice exhibit a failure of anterior neuroectoderm specification,
resulting in the absence of the prosencephalon, diencephalon and midbrain (35, 36).
Gbx2 is essential for the establishment of the midbrain-hindbrain boundary and induces
the correct development of the cerebellum and rostral hindbrain. Of note, the mature cer-
ebellum, pons and medulla oblongata originate from the developing hindbrain. Misex-
pression of Gbx2 disrupts the proper positioning of the isthmic organizer and abrogates
development of the rostral hindbrain (35, 37-39). The morphogene Fgf8 is a key regulator
in the regulation of Otx2 and Gbx2 during brainstem development (40-45). Fgf8 exists in
two isoforms, Fgf8a and Fgf8b, with distinct roles: Fgf8a safeguards midbrain identity,
while Fgf8b governs rostral hindbrain development (46-50). Of note, the duration of Fgf8
expression in the isthmic organizer is crucial, as it regulates the spatial expression of Otx2
and Gbx2 (46, 51, 52).

Following the establishment of the isthmic organizer, the hindbrain undergoes a
series of morphol ogical changes that | ead to
zationo, that is transiently observed in hum
at embryonic (E) day 8.5 (53, 54). This process divides the hindbrain into 7 or 8 distinct
segments called rhombomeres (r1-r7/8), distinguishable by their unique cellular and mo-
lecular characteristics (Figure 2). Available evidence suggests the possibility to regional-
ize further the developing hindbrain according to non-overlapping gene expression pat-
terns, although this is not yet fully understood (55-58). The Hox superfamily of transcrip-
tion factors exhibits differential expression within these rhombomeres, creating a molec-
ular code that aligns with the morphological boundaries of each segment (59-62). Of note,
the Hox gene family is not limited to the hindbrain but also extends into the spinal cord,
contributing to the segmental features of the cervical, thoracic, lumbar, sacral, and caudal
regions (62). Additionally, the differential expression of other genes also shows specificity

to particular rhombomeres. For instance, Pax2 demonstrates expression in rhombomeres



1; Meis2 shows expression in rhombomeres 2 and 3, Egr2 (formerly known as Krox20)
exhibits expression in rhombomeres 3 and 5, and MafB (formerly called Kreisler) present
in rhombomeres 5 and 6 (63-72).

1.2.2 Dorsal-ventral patterning in the developing brainstem

Following the establishment of its rostral-caudal axis, the developing hindbrain undergoes
specification along its dorsal-ventral axis based on diffusion gradients of morphogenes,
such as sonic hedgehog (from the floor plate), and bone morphogenetic proteins or WNT
ligands (from the roof plate), which impose distinct identities to neural progenitor cells
according to the distance from the morphogene producing source (73-78). These dorsal-
ventral progenitor cells are thus singled out in discrete domains termed as pMN, pV2,
pV1, and pVO (in a ventral hindbrain), and pdAl-4 and pdB1-4 (in the dorsal hindbrain),
each of which is characterized by specific transcription factor gene expression codes from
which distinctive neuron types (also called neuron classes) emerge (Figure 2, Figure 3,
Table 1, and Table 2).

The differentiation of class A neurons relies on the coordinated expression of Olig3,
a basic helix-loop-helix (bHLH) transcription factor, along with other bHLH genes (79-81).
In contrast, the specification of class B neurons is primarily governed by the combined
expression of homeodomain transcription factor Lbx1 and other homologous transcription
factors, which subspecify four distinct neuron types termed as dB1, dB2, dB3, and dB4
neurons (82-86). All class B neurons are affected by the null mutation of Lbx1 (in Lbx1"
mice). Of note, my doctoral research focused on the function of dB2 neurons in respiratory
control (see below)

1.3 Overview of the brainstem respiratory groups

Although it might appear relatively simple, breathing is a remarkably complicated
physiological process that is governed by dispersed neurons across the brainstem. It
compri ses over a dozen of di stinct neur al
characterized by an unique structure and function. This complex network of respiratory
nuclei, and their finely tuned interactions, ensures the maintainance of respiratory

homeostasis and adapts the body to cope with dynamic and changing physiological



demands. Here, | will describe the development of the most significant brainstem
respiratory neurons that play key functions in the generation, modulation and monitoring
of breathing. These neurons show a conserved topography and can be devided in three
separate groups of respiratory neurons, from cranial to caudal: (i) the pontine respiratory
groups, (ii) the dorsal medullary respiratory column, and (iii) the ventral medullary

respiratory column.

1.3.1 Development of the pontine respiratory groups

The pontine respiratory group consist of two primary components: the para-
brachial/Kdliker -Fuse (PB/KF) complex and the intertrigeminal region (ITR, also known
as peritrigeminal). The former is responsible for regulating the transition between inspira-
tion and expiration (87-89). The latter's precise function is still under investigation, but it
may have anti-apneic properties (90-93). Huda Y. Zoghbi research group has conducted
studies utilizing conditional mutagenesis and lineage tracing, revealing that both the par-
abrachial/Kdliker -Fuse complex and the intertrigeminal region crucially rely on the bHLH
transcription factor Atohl (formerly known as Math1l) for their development. Removal of
Atohl results in the absence of these respiratory clusters in mice (94-96). Recent re-
search by van der HeijJden and Zoghbi has pinpointed the origins of these respiratory
groups, with the PB/KF complex originating from rhombomere 1 and the intertrigeminal
region emerging from rhombomere 2 (93). The expression of Enl guides the development
of rhombomere 1, while Hoxa2 marks the boundary between rhombomeres 1 and 2. Con-
ditional ablation of Atoh1 in rhombomere 1 (using En1ce/+;Atoh1lacZ/Flox transgenic mice)
leads to the notable absence of the PB/KF complex, while the conditional ablation of
Atoh1 in rombomere 2 (using Hoxa2C¢*;Atoh1LacZ/Flox transgenic mice) impairs develop-
ment of intertrigeminal region neurons. Importantly, the specific elimination of the PB/KF
complex has been demonstrated to impair respiratory chemoreflexes in response to hy-

poxia and hypercarbia (93).
1.3.2 Development of the dorsal medullary respiratory column
The main structure forming the dorsal respiratory column is the nucleus tractus solitarius

(nTS), which serves as a neural hub that receives and processes peripheral viscerosen-

sory information, information that is subsequently relayed to various other CNS regions,
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such as PB/KF complex or the spinal cord (97-100). The nTS has been defined as a
collection of neurons that are compartmentalized according to the sensory information
they received. For instance, the intermediate and caudal part of nTS receive cardiovas-
cular and respiratory sensory information, respectively, while the rostral part of the nTS
primarily processes digestive information from the vagal and glossopharyngeal nerves
(101-104). For long, the nTS has been demonstrated to be particularly significant for the
correct ending of the inspiratory phase of respiration, by controlling the Hering-Breuer-
Reflex (a reflex that prevents the overinflation of the lungs). In this context, the median
nTS receives afferent information from slow-adapting lung stretch receptors, whereas the
caudal nTS receives input from peripheral chemoreceptors (i.e., carotid bodies) and rap-
idly-adapting lung stretch receptors (105-109). The correct sensing of lung stretch is crit-
ical to allow for the stoppage of inspiratory activity and the initiation of expiration. Moreo-
ver, nTS neurons are involved in the functional activity that converts breathing into vocal-
ization by controlling the activity of expiratory motor neurons and laryngeal motor neurons
(110).

Excitatory nTS neurons originate from the dA3 progenitor domain, situated be-
tween rhombomere 4 and 7/8 in the developing hindbrain (78, 81). The specification of
these dA3 progenitors depends on the co-expression of various transcription factors, in-
cluding Olig3, Ascl1, Ngn2, Phox2b, Lmx1b and TIx3 (111-115). Notably, Phox2b is vital
to determining excitatory nTS neuron identity and the nTS does not form in Phox2b null
mutant mice (110, 116, 117). Most excitatory nTS neurons express the transcription factor
TIx3, which appears to maintain Phox2b expression (81, 111, 117). While the majority of
NTS neurons are excitatory, a substantial population of inhibitory neurons exists in this
nucleus, these inhibitory nTS neurons depend on the transcription factor Lbx1 and are
believed to originate from either or both the dB1 or dB4 progenitor domains (118). Alt-
hough direct investigation into the rhombomere origin of the nTS is lacking, available
evidence suggests that it primarily derives from rhombomeres 7 and r8, as ablation of
MafB significantly affects the development of rhombomere 5 and 6 neurons but has lim-
ited impact on nTS development (119).

1.3.3 Development of the ventral medullary respiratory column
In the ventral medullary respiratory column, several respiratory nuclei can be identified

(a) the retrotrapezoid/parafacial nucleus (RTN/pF), (b) the Bdzinger complex, (c) the
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preBdzinger complex, (d) the PiCo complex, as well as (e) the rostral (rVRG) and caudal
(cVRG) ventral respiratory groups (Figure 4). Some of these respiratory neuronal nuclei,
such as the retrotrapezoid/parafacial nucleus; the pre-Bdzinger complex; and the
postinspiratory complex (PiCo), possess intrinsic rhythmic activity and are thought to con-
tribute with the generatation of the respiratory rhythm(120, 121). These neurons can pro-
ject to premotor neurons or act as premotor neurons themselves to produce distinct rhyth-

mic respiratory behaviors.

The retrotrapezoid nucleus and parafacial nuclei are two closely situated clusters
of excitatory neurons that can be seen situated ventrolaterally to the facial motor nucleus.
Available data suggest that these two neural entities represent two distinct respiratory
nuclei (122-126). The retrotrapezoid nucleus is considered the foremost central
chemosensory nucleus for the sensing of CO2 (5, 127). In this context, chemosensitive
retrotrapezoid nucleus neurons, ventrally located to the facial nucleus, are known to be
activated by increasing levels of CO2/H*, and these neurons transmit this information to
other components of the respiratory circuit such as preB&C, inducing an increase in the
respiratory rate to counteract hypercarbia (high level of arterial PCO2) (Figure 5) (5, 128-
130). Conversely, parafacial neurons, laterally located to the facial motor nucleus, are
beleived to facilitate active exhalation during high metabolic demands, such as during
physical exercise (122, 131-133).

Research by Dubreuil et al. revealed that most retrotrapezoid/parafacial neurons
derived from Egr2-expressing cells and co-express Phox2b, Lbx1, and Atohl (134). Ge-
netic ablation of these genes yields distinct outcomes: anatomical loss of retrotrape-
zoid/parafacial neurons in Phox2b and Lbx1 null mutant mice or their misplacement in
Atoh1 null mutants (86, 94-96, 118, 134). Retrotrapezoid/parafacial neurons derived from
the dB2 progenitor domain that exclusively resides between rhombomeres 2 and 6.
Within this domain, dB2 progenitor cells express Phox2b, and their postmitotic progeny
co-express Lbx1 and Phox2b. A specific subset of dB2 neurons migrates ventrally toward
the facial motor nucleus and activates Atohl expression during their migration (118, 135,
136). Intriguingly, during postnatal maturation, Lbx1 and Atohl are silenced in retrotrap-
ezoid/parafacial neurons while retaining Phox2b, for reasons not yet understood. Numer-
ous studies have demonstrated that interfering with development of these neurons leads

to ventilatory dysfunctions and loss of the hypercarbic reflex in neonatal mice (118, 135-
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137). Notably, transgenic adult mice that selectively lack these neurons exhibit a partial
restoration of the hypercarbic ventilatory response. The mechanisms underlying this
adaptive capability in the adulthood remain unclear. Nevertheless, this observation sug-
gests the possibility of compensation by other chemoreceptor cells in the central or pe-

ripheral nervous system of adult individuals.

The preBdzinger complex (preB&C) neurons, which locates beneath the nucleus
ambiguus (na), exhibits intrinsic rhythmic properties and are regarded to be essential for
the generation of the respiratory rhythm. These neurons express somatostatin (SST) and
neurokinin 1 receptor (Nk1R), but lacks Phox2b expression (138-140). In 2010, Bouvier
et al. and Gray et al. made significant contributions to our understanding of the VO pro-
genitor domain, and these authors demonstrated that this progenitor domain is the source
of preBdzinger complex neurons. The VO progenitor region is characterized by the ex-
pression of the genes Dbx1 and Dbx2. Dbx1-expressing progenitors give rise to neurons
essential for rhythm generation and preB&C composition, and ablating Dbx1 causes the
loss of preBa&C glutamatergic neurons and the complete lack of breathing activity in mice
(141, 142).

The ventral respiratory group also comprises of the Bdzinger complex, as well as
rostral and caudal ventral respiratory groups (f'VRG and cVRG). B&zinger complex neu-
rons are inhibitory and employ both GABA and glycine as primary neurotransmitters (143-
145). These neurons exert strong inhibitory control over inspiration (146, 147). While the
exact rhombomeric origin of the Bé&zinger complex remains uncertain, it may be linked to
the Lbx1 lineage. Research conducted by Pagliardini et al demonstrated that nearly all
GABAergic and glycinergic neurons in B&zinger complex r egion exhibit a history of Lbx1
expression. Ablation of Lbx1 results in the depletion of GABAergic and glycinergic neu-
rons in this region (86). Specifically, dB1 and dB4 neurons, specified by Lbx1, express
Pax2 and exhibit GABAergic and glycinergic properties. These neurons are strong can-
didates for the source of inhibitory neurons within the Bdzinger complex. However, fur-
ther research is required to definitively determine the developmental origin of the

Bdzinger complex.

Caudal to the preBdzinger complex, two groups of respirat ory premotor neurons

are associated with inspiratory and expiratory premotor functions, the rostral (rVRG) and
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caudal (cVRG) respiratory groups, respectively (148). A study by the Gilles Fortin group
suggests that many rVRG neurons originate from ventral progenitor cells expressing
Dbx1, indicating an origin from the VO progenitor domain (149). On the other hand, the
exact source of cVRG neurons remains under investigation, with possibilities including
the VO progenitor domain and the dB4 domain. In this regard, some Dbx1-derived neu-
rons are found in the cVRG, while Lbx1 and Wtl co-expression in this region hints at

potential contributions from the dB4 structural domain in cVRG neuron development (150).

1.4 Phox2b in congenital hypoventilation

PHOX2B is a highly conserved homeodomain transcription factor that is composed of
314 amino acids. This factor harbors two structurally stable polyalanine (polyAla) repeats
in its c-terminus, one short 9-alanine and one long 20-alanine repeat, respectively. Re-
markably, heterozygous mutations in PHOX2B are considered to be the underlying ge-
netic cause of respiratory dysregulation in individuals diagnosed with the classic pheno-
type of CCHS (18, 19, 151, 152). These mutations typically involve in-frame tandem du-
plications of aberrantly long polyalanine stretch, with varying lengths, mainly in the long
20-alanine repeat of PHOX2B. In this context, patients diagnosed with CCHS exhibit a
broader range of alanine repeats on the affected PHOX2B allele, resulting in genotypes
ranging from 20/24 to 20/33 polyalanine stretches (18, 19, 151-156). These mutations are
termed polyalanine repeat expansion Mutations (PARMs) and account for the most fre-
qguent (approximately 90%) cases of CCHS. Common genotypes observed in CCHS pa-
tients are 20/25, 20/26, and 20/27 polyalanine stretches. The length of the polyalanine
repeat expansion is closely correlated with the severity of the CCHS phenotype, being
the longer, the more severe presentation of CCHS. Those with longer PARMs typically
require ventilatory support during both awake and sleep condition, while individuals with
smaller PARMs may experience milder symptoms. The remaining 10% of CCHS patients
carry missense, nonsense, frameshift, or stop codon variants of PHOX2B, mainly char-
acterized by large deletions encompassing the entire PHOX2B locus (157). These cases
are collectively classified as non-PARMs (NPARMS) and tend to be accompanied by more
severe presentations of hypoventilation that typically necessitate continuous ventilatory
support, as well as by severe Hirschsprung's disease phenotypes and elevated risks of

neuroblastoma (17).
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In mice, extensive research has revealed the importance of Phox2b gene during
development and specification of retrotrapezoid neurons, a neuron population key for
central chemoreception of PCO2 and breathing rhythmicity. Dubreuilet et al. generated a
valid CCHS mouse model by employing a knock-in strategy to introduce a frequent
PHOX2B mutation (+7 alanine expansion). Their study revealed that Phox2b27Ala* mutant
pups recapitulated the phenotype of CCHS, as these mice display severe hypoventilation,
insensitivity to hypercarbia, and succumbed shortly after birth due to central apnea (158).
Notably, Phox2b27Ala+ mutants exhibit a depletion of retrotrapezoid neurons, this obser-
vation implies that these neurons fully depend on Phox2b function for their correct devel-
opment. Previous work, using conditional mutagenesis and lineage-tracing approaches,
identified that dB2 (Phox2b+/Lbx1+) progenitor cells in rhrombomeres 3 and/or 5 are the
bona fide source of retrotrapezoid neurons during development (134, 137). Further stud-
ies have shown that retrotrapezoid neurons also depend on the function of the atonal
homolog 1 (Atohl) transcription factor. In this regard, deletion of Phox2b from Atohl-
expressing cells results in the complete abolition of the neonatal ventilatory response to
hypercapnia (159). Thus, development of retrotrapezoid neurons depend on Phox2b and
many other transcription factors (Lbx1, Atohl and Egr2). It is noteworthy that several
mouse models carrying human PHOX2B mutations have been observed to experience
embryonic or neonatal lethality. This is particularly frequent in mice carrying common het-
erozygous NPARM mutations (160).

While mutations in PHOX2B are considered the primary requirement for the diag-
nosis of CCHS, there exists rare and unexplained clinical CCHS cases tested negative
for PHOX2B mutations. Recent investigations have identified the potential involvement of
additional genes, other than PHOX2B, in CCHS pathogenesis. In particular, homozygous
mutations in myosin 1H (MYO1H) and ladybird homeobox 1 (LBX1) were identified in
separate consanguineous families to be causative of CCHS (118, 161). Notably, research
conducted by Hernandez-Miranda et al. 2018 demonstrated a potential link between con-
genital hypoventilation and LBX1 frameshift mutations. These mutations appear to disrupt
LBX1 ability to cooperate with PHOX2B, thereby interfering with the development of dB2
neurons, including the retrotrapezoid nucleus (RTN) (118). Further investigation into
these genetic factors holds promise for advancing our comprehension of this pathological
hypoventilation condition (118).



15

1.5 Lbx1in Congenital hypoventilation

In mice, Lbx1 plays a critical role in the specification of four specific types of medullary
neurons, known as dB1, dB2, dB3, and dB4 (162-165). Notably, among these dB2 neu-
rons are the only neuron type that simultaneously expresses both Lbx1 and Phox2b dur-
ing their development in the entire nervous system (118, 164, 165). These neurons orig-
inate from a discrete Phox2b+ progenitor cells pool termed as the dB2 progenitor domain,
which is transiently located between rhombomeres 2 and 6 (163, 166). As these progen-
itors become postmitotic, they activate Lbx1 expression and subsequently migrate to dis-

tinct regions in the brainstem, including the retrotrapezoid nucleus.

In previous work, Hernandez-Miranda et al. 2018 reported a consanguineous fam-
ily with two children diagnosed with a severe presentation of CCHS. These children ex-
hibited hypoventilation during the neonatal period, necessitating continuous mechanical
ventilation from birth. They experienced recurrent apnea episodes, including central
hypoventilation during sleep, and were unresponsive to hypercarbia (118). Despite com-
prehensive genetic tests, no positive PHOX2B mutations were detected in the CCHS-
afflicted children (Figure 6). Instead, genetic analysis revealed that the patients carried a
homozygous frameshift mutation in LBX1 (LBX1FS), which altered the c-terminus of the
LBX1 protein leaving its DNA-binding domain unaffected. Of note, the parents were un-
affected by CCHS, and they had a healthy daughter, but both parents were heterozygous
for the LBX1FS mutation. However, the family's pedigree indicated two instances of cot

death, which might have been also caused by a presence of the LBX1FS mutation.

To investigate the impact of the LBX1FS variant in CCHS, the LBX1FS mutation was
introduced into the murine genome. This revealed that homozygous Lbx1FS/FS mice ex-
hibit respiratory symptoms akin to central hypoventilation, including a lack of response to
elevated COz levels (hypercarbia) and cyanosis, leading to death within two hours of birth.
This work thus established that homozygous LBX1FS/Lbx1FS mutations are also causative
in severe CCHS. Interestingly, the Lbx1FSFS mouse model showed an unusual cellular
specificity of the Lbx1FS protein variant to affect development of dB2 neurons only, which
include the retrotrapezoid nucleus (Figure 7). One should note that the Lbx1FS protein
was found to be fully functional for the specification of every other neuron that depend on

Lbx1 only, these are dB1-, dB3-, dB4 neurons that are unaffected in Lbx1FSFS mice.
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Mechanistically, Hernandez-Miranda et al., showed that the deficits observed in the
Lbx1FSFS mice are caused by a selective failure of the Lbx1FS protein to cooperate pro-
ductively with Phox2b to specify dB2 neurons, and that the Lbx1FS overrides Phox2b
functions in dB2 neurons to impose a somatosensory (dB1/dB3/dB4) identity in dB2* neu-
rons (118).

Surprisingly, Hernandez-Miranda et al., showed that the conditional expression of
Lbx1FS variant in rhombomere 3 and 5 (the rhombomeric origins of retrotrapezoid nucleus
neurons) caused the specific agenesis of retrotrapezoid neurons and the loss of the ne-
onatal hypercarbic reflex, but did not change baseline respiration, and did not produced
the produced apneic phenotype nor the neonatal lethality observed in homozygous
Lbx1FS/FS mice (118). This suggests that dB2 neurons emerging from other rhombomeres
2, 4 and/or 6 might account for the other respiratory CCHS phenotypes seen in these

homozygous animals. During my doctoral studies | investigated this hypothesis.
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Figure 1. Diagnostic algorithm for alveolar hypoventilation. Abbreviations: CCHS, Congenital Central
Hypoventilation Syndrome; CRP, cardiorespiratory polygraphy; EMG, electromyogram; Et-CO2, end-tidal
COz2; MRI, Magnetic Resonance Imaging; PHOX2B, Paired-like homeobox 2B; PSG, polysomnography;
ROHHAD, Rapid-onset obesity with hypoventilation, hypothalamic dysfunction, and autonomic dysregula-
tion; NCV, nerve conduction velocity; Tc-COz, transcutaneous PCO:. This figure and its legend were taken
from Trang, H. et al (167).
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Figure 2. Developmental dynamics and gene expression patterns at the mid-hindbrain border. (A)
Schema illustrating the molecular and anatomical establishment of the anterior and posterior brain
regions by the expression of Otx2 and Gbx2, respectively. The schema illustrates a developing mouse
embryo (between E8-E8.5). The forebrain (fb), midbrain (mb), rhomboencephalon (rb), and spinal cord
(sc) are indicated. The transient morphological segments of the rhombencephalon (rhombomeres, r)
are also illustrated. (B) Schema illustrating the segmentation of the brainstem into rhombomeres (r) and
selected transcription factors differentially express within these rhombomeres. This Figure is adapted from
a review paper that | published as a first author during my doctoral studies, Xia Y. et al., 2022 (166).

Rhombomeric distribution

Roof plate Progenitor domain | .o 1134 |15 |16 | r7/e | Respiratory center
(BMPs, WNT) dA1 ITR?
dA2
dA3 nTS
dA4
dB BotC?
dB2 RTN/pF, ITR?
dB3
dB4 cVRG?
VO preBétC, r'VRG, cVRG?
V1
V2
pMNs
F|OSOF pIate PMNv Bmn, ¥Ymn, nRaphe
(SHH)

Figure 3. Dorsal-ventral patterning of the developing brainstem. Dorsal to ventral patterning of the
developing brainstem. Left, schema illustrating concentration gradients formed by the diffusion of bone
morphogenic proteins (BMPs), WNT ligands, and Sonic hedgehog (SHH) morphogens produced by the
roof and floor plate, as indicated. Right, schema illustrating a transverse section of the developing hindbrain
and the patterning of 13 progenitor domains along its dorsal-ventral axis. These progenitors emerge from
the differential action of BMP/WNT/SHH concentration gradients. The rhombomeric distribution of each
progenitor domain and contribution to brainstem respiratory centers are indicated. Of note, the origin of the
intertrigeminal region (ITR), Bézinger complex (B&C) and caudal ventral respiratory group (cVRG) has no t
been conclusively determined (see text). Abbreviations: nTS, nucleus tractus solitarius; RTN/pF, retrotrap-
ezoid/parafacial nucleus; preB&C, preBézinger complex; rVRG, rostral ventral respiratory group; Bmm,
branchial motor neurons; Vmn, visceral motor neurons; nRaphe, Raphe nuclei. This Figure is adapted from
a review paper that | published as a first author during my doctoral studies, Xia Y. et al., 2022 (166).
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cerebellum

Figure 4. Schematic illustration of the brainstem respiratory groups. Schema representing the sagittal
view of a mouse brainstem. This schema illustrates the location of respiratory neurons belonging to the
intertrigeminal region (ITR), parabrachial/Kdliker -Fuse complex (PB/KF), nucleus tractus solitarius (nTS),
retrotrapezoid/parafacial nucleus (RTN/pF), Bdzinger complex (B&C), preBézinger complex (preBacC),
post-inspiratory Complex (PiCO), as well as the rostral and caudal ventral respiratory groups (rVRG and
cVRG). The cerebellum, midbrain (mb), as well as the facial (nVIl) motor nucleus and the nucleus ambiguus
(na) are illustrated for anatomical orientation. This Figure is adapted from a review paper that | published
as a first author during my doctoral studies, Xia Y. et al., 2022 (166).
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Figure 5. Development of the retrotrapezoid/parafacial nucleus. (A) Schema representing the location
and function of retrotrapezoid/parafacial nucleus (RTN/pF) in mice. Under normal levels of oxygen
(normoxia), the activity of the preBézinger complex (preB&C) controls th e firing rate of neurons in the
phrenic motor nucleus (Phrenic) by sending signals via premotor neurons located in the rostral ventral
respiratory group (r'VRG). Phrenic motor neurons control diaphragm activity. Under hypercarbia (high levels
of PCOz2) RTN/pF neurons increase their firing rate: this adjusts the activity of the preBdzinger complex
and eventually the firing rate of the phrenic motor neurons, which in turn increases respiration. (B) Histo-
logical characterization of RTN/pF in newborn (PO) mice. RTN/pF neurons co-express Phox2b and Lbx1
but not choline-acetyltransferase (ChAT), which distinguishes them from facial motor neurons (nVIl) that
express Phox2b and ChAT but not Lbx1. (C) Histological characterization of dB2 neurons across the indi-
cated rhombomeres. dB2 neurons co-express Phox2b and Lbx1 at E11.5 in mice. This molecular signature
distinguishes them from the dorsal (dA3 neurons) and ventral (pMNv) cells that express Phox2b but not
Lbx1. Note that dB2 neurons emerge from rhombomeres 2 to 6, whereas dA3 neurons originate in rhom-
bomeres 4 to r7/8, and pMNv cells can be found from rhombomeres 2 to 7/8. This Figure is adapted from
a review paper that | published as a first author during my doctoral studies, Xia Y. et al., 2022 (166).
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Figure 6. Characterization of a frameshift mutant LBX1 associated with CCHS in humans. (A) Ex-
tended pedigree of a family with two children diagnosed with CCHS (black). (B) Left, transverse section of
the developing brainstem stained with Olig3 (red) and Lbx1 (green) antibodies at E11.5. Olig3 is expressed
in the dorsal brainstem, whereas Lbx1 is expressed in dB1i dB4 neurons. Right, scheme showing genes
expressed in progenitor cells and neurons of the dorsal hindbrain. Lbx1 and Phox2b are coexpressed in
dB2 neurons. Adapted from Hernandez-Miranda. et al., 2018 (118).
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Figure 7. The Lbx1FS mutation causes congenital hypoventilation and loss of CO; sensitivity in new-
born mice. (A) Plethysmographic traces of control and Lbx1FSFS mice in normal air (0.004% COz; Top
traces) and high COz-containing air (hypercapnia, 8% COz, Bottom traces). Numbers on the left of the
traces indicate distinct individuals analyzed. (B) Quantification of minute ventilation (VE) of control (n=9)
and Lbx1FSFS (n=10) newborn mice in normal air and high CO2-containing air (unpaired nonparametric
Manni Whitney U test). (C) Left and middle, histological analysis of retrotrapezoid nucleus (RTN) neurons
(arrowheads) using Lbx1 (green) and Phox2b (red) antibodies; these neurons are present in control mice
but not in Lbx1FSFS mice at birth. Antibodies against ChAT (blue) were used to distinguish RTN
(Lbx1+/ Phox2b+/ ChATT) neurons from faci al (nVI1l) moto
tification of RTN neuron numbers in control and Lbx1FSFS mice at E14.5 (n=4 per condition; unpaired t test,
t=19,37; df =6) and at birth (n = 4 per condition; unpaired t test, t = 26,08; df = 6. Adapted from Hernandez
et al (118).
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Table 1. Transcription factors expressed in progenitor domains of the developing hindbrain. The

table and legend were adapted from (162).

Early progenitor

domains

bHLH transcription Homeodomain transcription

factors factors

Olig3, Atohl Pax3, Msx1
Olig3, Ngn1, Ngn2 Pax3, Pax7"", Msx1
Olig3, Ascl1, Ngn2 Pax3, Pax6, Pax7, Gsx2

Olig3, Ascll, Ngn2, Ptfla

Ascll, Ngn2, Ptfla Pax3, Pax6, Pax7, Gsx1/2
Phox2b

Ascll Pax3, Pax6, Pax7, Gsx1/2, Dbx2

Ngn1, Ngn2 Pax3, Pax6, Pax7, Dbx2

Ngn1, Ngn2 Dbx1, Dbx2, Pax6, Pax7

Ngn1, Ngn2 Dbx2, Pax6, Nkx6.2

Ngn1, Ngn2 Dbx2, Pax6, Nkx6.1, Nkx6.2

Olig2 Pax6

Ascll Phox2b (early), Nkx2.2, Nkx2.9

Table 2. Transcription factors expressed in neuron cell types emerging from the developing hind-
brain. The table and legend were adapted from (162).

Early born

neuron types

dAl

dA2

dA3

dA4

dB1

dB2

dB3

dB4

VO

Vi

\Z

Transcription factors

Pou4fl, Barhl, Lhx2, Lhx9, Evx1
Pou4fl, Lhx1, Lhx5, Foxp2

TIx3, Phox2b, Lmx1b

Foxd3, Foxp2

Lbx1, Pax2, Lhx1, Lhx5

Lbx1, Phox2b, Atohl

Lbx1, TIx3, Lmx1b, PrrxI1,
Lbx1, Pax2, Lhx1, Lhx5, Wt1, bHLHb5, Dmrt3
Evx1, Pax2, Lhx1/5

Enl, Pax2, Lhx1/5

Chx10, Sox14, Sox21

Isl1/2

Phox2b, Is|1/2 (visceral motor neurons)

Gata2, Gata3, Lmx1b and Petl (Raphe neurons)
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1.6 Aims and Hypothesis

dB2 neurons are of particular interest for the study of congenital hypoventilation disorders
because they co-express the two known genes associated with this pathological condition
(PHOX2B and LBX1). It should be noted that dB2 neurons are the unique neuron type
co-expressing both factors during development in the entire nervous system. Even
though the available data suggest a potential link between dysfunctional dB2 neurons
and congenital hypoventilation, the precise dB2 neuron subtypes responsible for this dis-
ease are unknown. In this context, the loss of dB2 retrotrapezoid nucleus neurons does
not account for the lethal phenotype, apneas, and hypoventilation seen in homozygous
Lbx1FS/FS animals. Here, | hypothesize that other dB2 neuron subtypes, impaired by the
Lbx1FSFS mutation, account for the abovementioned respiratory phenotypes seen in ho-

mozygous Lbx1FS/FS animals.

Previous research has faced significant limitations in associating dB2 neuron dys-
function with congenital hypoventilation due to the embryonic and early postnatal lethality
observed in mouse models carrying PHOX2B mutations or the homozygous LBX1FS var-
iant, respectively. To overcome these limitations, in my doctoral studies, | set out to eval-
uate their function in breathing homeostasis and restrict the Lbx1FS mutation to define
rhombomeric regions to alter the development of specific dB2 neuron subtypes. My work-
ing hypothesis posited that distinct dB2 neuron subtypes account for specific respiratory

dysfunctions and phenotypes observed in congenital hypoventilation disorders.

1.7 Specific Aims

i) To assess the respiratory functions of dB2 neurons, two intersectional murine chemo-
genetic strategies were designed to activate or inhibit dB2 neurons using Designer re-
ceptors exclusively activated by designer drugs (DREADDS), in a transient and reversible

manner.

i) To comprehensively map the distribution of dB2 neuron in the brainstem: To achieve
this, | employed intersectional and classic lineage tracing approaches to identify all dB2

neuron subpopulations and their rhombomeric origins. For a better visualization, | also
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employed light-sheet microscopy and created three-dimensional representations of dB2

neuron distribution in the brainstem of newborn mice.

i) To restrict the Lbx1FS mutation into specific rhombomeres using rhombomere-selective
Cre driver mouse lines: Egr2¢r (with expression only rhombomeres r3 & 5), TgHoxb1¢re
(with expression only rhombomere r4), TgHoxa3¢"e (with expression only in rhombomeres
r5 & and the rostral part of rhombomere 6) and additional MafB¢re (with full expression in
both rhombomeres r5 & 6). | used these Cre driver lines to restrict the Lbx1FS mutation
into specific rhombomeres to interfere with the development of specific dB2 neurons sub-
groups in mice. These mice were subjected to plethysmographic analysis to determine
potential respiratory changes that could result from the impairment of specific dB2 neuron

subgroups.

In summary, my doctoral project aimed to advance our understanding of the neural
dysfunctions associated with congenital hypoventilation and established the dysfunction
of specific dB2 neuron subtypes as causative in this pathological condition.
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2 Methods

2.1 Animals

Mouse strains used in this study were: Lbx1¢e (168), Lbx1'ox (118), Lbx1FS (118), Egr2¢re
(169), MafBCre (170), Phox2bFPO (171), TgHoxb1Cre (172), TgHoxa3c"e (173), RC::FPDi
(4), RC::FL-hM3Dq (174), RosaLSt "GP (175) and RCFL-tdT+/- (176).

2.2 Genotyping

Genotyping was performed using DNA extracted from ear biopsies. The biopsies were
digested in 50ul of lysis buffer containing NaCl 200mM (Sigma, cat. no. 7647-14-5), EDTA
5mM (Sigma, cat. no. E8008), Tris pH 8.5 100mM (Sigma, cat. no. DB0342), SDS 2%
(Sigma, cat. no. 71736), proteinase K 10 mg/ml (Sigma, cat. no. P6556) on a thermoblock
at 55€C, 750 rpm for at least 2 hours until the biopsies were completely dissolved. Sub-

sequently, the digestion was transferred to a 95T thermoblock to inactivate proteinase

K for 10min. The resulting s ampd. Exspoleerase
chain reaction (PCR), 1ul of the diluted biopsies was used in combination with the follow-
ing genotyping mix:

Table 3. Primer sequences (own representation: Yiling Xia)

Mouse line  Primer Sequence(5'-3) AT
Lpxce | LDXLS Fw GATGCGGTGGGCTCTATGGC 58€C

Lbx1Ce Rv ACACTGCGTGTGGGCGACT 58€C

Ly [ EOXIVT Fw CCGTACGCCGTTCAGCATCGAGGACATC 58C

LbxIWT Rv TCCAATGGCCGGACTCCACCCTACCC 58€C

LpxlFs | LDX1FS_Fw CGCGCCAAGCTCAAGCGGGACCTAG 58€C

Lbx1FS Rv GTCCCAGCTCCCCTTAGCGGTCCGAT 58C

Egr2ce Fw CACTACACCAGCAACTCCTGGCTCC 58€C

Egr2®® | ggroce R1 CCCACCCACAAGCTCCGAAGAA 58€C

Egr2ce Rv ATGCTCAGAAAACGCCTGGCGATCC 58€C

MafbCre 1 AGAACGAGAAGACGCAGCTC 58C

Mafb®e | Mafpcre 2 GGCGCAGAATAGGGAGTCT 58€C

MafbCre 3 GCGCATGAACTCCTTGATGA 58€C

Hoxagce | HOXES® Fw GTCCCAGCCGGCAAAATAGAG 58C
Hox3ce Ry CGCTAGAGCCTGTTTTGCACG 53¢

Lpxor | LDX1SP Fw GATGCCCTTCAGCTCGATGCGGTTCAC 58€C

Lbx1GFP Rv CAAAGGAGGCCGCCATGGTGTGCTGT 58C
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Phox2bFieo Phox2bFlre_Fw GAGCTTCGACATCGTGAACA 58¢€C
Phox2bFlre_Rv ACAGGGTCTTGGTCTTGGTG 58T
Ai65WT_Fw CCGAAAATCTGTGGGAAGTC 58T

A5 Ai65WT Rv AAGGGAGCTGCAGTGGAGTA 58¢€C
Ai65MUFw GGCATTAAAGCAGCGTATCC 58T
Ai65MUL Ry CTGTTCCTGTACGGCATGG 58T
SilenceMt Fw AGTAAGCTTGGGCTGCAGGT 58¢€C
Silence SilenceMt Rv CATTGACAGGTGTGAAGTTGG 58¢€C
SilenceVT_Fw AAGGGAGCTGCAGTGGAGTA 58T
SilenceT_Rv CAGGACAACGCCCACACA 58¢€C
ActivityMut Fw AAGGGAGCTGCAGTGGAGTA 58¢€
Activity ActivityM!t Rv CAGGACAACGCCCACACA 58C
SilenceMt Fw AGTAAGCTTGGGCTGCAGGT 58C
SilenceMut Rv CATTGACAGGTGTGAAGTTGG 58¢€

Abbreviation: AT, anneal temperature; Fw, Forward; Rv, Reverse

Table 4. Genotyping PCR mix and program. (own representation: Yiling Xia)

PCR Mix: Pro Tube
H20 (MillieQue H20) 14.7
Green Buffer (Promega) au
dNTPs(10mM) (Invitrogen) 0.4
Primer-Forward (10mM) 0.4
Primer-Reverse (10mM) 0.4
O-Taqg polymerase (Promega) 0.1d
lel of isolated gend 1y

Table 5. Genotyping PCR program. (own representation: Yiling Xia)

PCR Program:

96 C 3 min
35
94 C 30 sec cycles
58 C 1 min
72 C 1min
72 C 7 min
4C b

The PCR products were resolved using 2% agarose gels (Biozym, cat. no. 840001).

Electrophoresis was performed at 150V for 25min. The resulting DNA bands were visu-

alized using a UV lamp.

2.3 Tissue processing for immunohistochemistry analyses
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Isolated brainstem tissue was fixed in ice-cold 4% paraformaldehyde (PFA; Sigma, cat.
no. 158127) solution prepared in phosphate-buffered saline (PBS; Sigma, cat. no. P4474).
The fixed tissue was incubated with slow shaking at 4C. Embryonic brainstem tiss ue was
fixed for 3-4 hours, while adult brainstem tissue was fixed overnight (10-14 hours). Fol-
lowing fixation, both embryonic and adult brainstems underwent three washes with PBS
to remove any residual fixative. The tissue was then transferred to a sucrose gradient
solution prepared by diluting sucrose (Sigma, cat. no. S0389) in PBS. The first step in-
volved incubating the brains in a 15% sucrose/PBS solution for 4-6 hours at 4C. Subse-
guently, the tissue was transferred to a 30% sucrose/PBS solution overnight at 4C. This
gradient helps to protect the tissue during freezing and subsequent sectioning. The brains
were then embedded and frozen in Tissue-Tek OCT (Sakura Finetek, cat. no. 25608-930)
and stored at -80T. Frozen brains were sectioned using a cryos tat (Leica Biosystems)
at a thickness of 20em. To ensure the preser
ing, the cryostat chamber was set at a temperature of -18C, while the cryostat table was
maintained at -20C. After sectioning, the tissue was dri ed at room temperature for at
least 3-4 hours before immunofluorescence procedures.

2.4 Immunofluorescence

Brain sections were first air-dried and subsequently washed three times with phosphate-
buffered saline (PBS). The sections were then immersed in blocking solution based on
0.1%Triton X-100 made in PBS (Sigma; cat. no. T8787) and 5% goat serum (Sigma, cat.
no. G9023) for 5 minutes at room temperature. The sections were subsequently incu-
bated in blocking solution at room temperature for 1 hour. After blocking, the sections
were incubated with specific primary antibodies of interest diluted in blocking solution at
room temperature for overnight. Primary antibodies used in this study can be found in
Table 5. The following day, after three washes with PBS, the appropriate secondary an-
tibodies were applied at room temperature for 3-4 hours. Fluorescent coupled secondary
antibodies are listed in Table 5. After another round of PBS washes, the brain sections
were mounted using Immu-Mount solution (Shandon, Thermo-Scientific, cat. no.
999040 2) .-diaminobenzZidineg (BAB) staining, horse anti-rabbit IgG biotinylated
secondary antibodies (diluted at 1:250; Vector laboratories, BA-1100-1.5) were used.
DAB reaction was developed using the Vectastain® Elite® ABC-HRP (Vector laboratories,
cat. no. PK-6100) and the DAB Substrate Kit Peroxidase (Vector laboratories, cat. no.
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SK-4100). Sections were first incubated in 0.3% H20: prepared with PBS for 5 min, then
followed by thoroughly washing with PBS before incubating them in Blocking Buffer (0.1%
Goat serum in 0.1% Triton) diluted in PBS for 30min. After blocking, the tissue was incu-
bated in primary antibody diluted in blocking buffer overnight. After washing with PBS,
the sections were incubated in secondary antibody for 3 hours. Then, the sections were
incubated in mixed buffer (Reagent A+ Reagent B, Vector laboratories, cat. no. PK-6100)
for 1 hour after washing 3 times with PBS. Finally, 2 to 4 drops of DAB Solution (Reagent
1+ Reagent 2+ Reagent 3, Vector laboratories, cat. no. SK-4100) where added to cover
the entire tissue section and incubate for 2 minutes until the reaction was visible. Stained
tissue was then mounted with Immu-Mount solution and covered with a coverslip for fur-

ther imaging.

Following immunostaining, tissue sections were imaged using an advanced con-
focal microscopy system, including the Zeiss LSM 700 confocal microscope (Carl-Zeiss),
the Zeiss spinning disk confocal microscope, and the Nikon Widefield Ti2 microscope. To
capture the area of interest, a tile scanning approach with a 10% overlap between adja-
cent tiles was employed using a 10x and/or a 20x objective during the imaging. The im-
aging process was managed and controlled using ZEN2012 software. Additionally, data
visualization and analysis were facilitated using Nikon elements viewer software. Bright-
ness and contrast corrections were performed using Adobe Photoshop 2020, across the

entire images.

Table 6. Antibodies information in this study. (own representation: Yiling Xia)

Antibodies Source or reference Identifiers Dilution
rabbit anti-cFos Cell Signaling Technology | 2250S 1:3000
guinea pig anti-cFos Synaptic Systems 226308 1:2000
goat anti-GFP Rockland 600-101-215 1:1000
rabbit anti-GFP MBL International 598 1:1000
rabbit anti-HA Chromotek 7C9 1:50
guinea pig anti-Lbx1 ref. 32 1:10000
guinea pig anti-Lmx1b ref. 32 1:10000
rabbit anti-Atoh1 ﬁ]rr?]\ggegr?iz;éﬂsssell, Co- 1:1000
goat anti-Phox2b R&D Systems AF4940 1:2000
goat anti-RFP Rockland 200-101-379 1:2000
rabbit anti-RFP Rockland 600-401-379 1:2000
;'r?tzziﬁ;t"rabb't I9G biotinylated Vector laboratories BA-1100-1.5 1:250
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Cyanlne.dye 2 (Cy2)-, Cy3't and Jackson ImmunoResearch | 705165147
Cy5-conjugated donkey anti-goat 1:500

Cyanine dye 2 (Cy2)-, Cy3-, and Jackson ImmunoResearch
Cy5-conjugated donkey anti-rabbit 711225152 1:500

Cyanine dye 2 (Cy2)-, Cy3-, and
Cy5-conjugated donkey anti-guinea | Jackson ImmunoResearch

pig 706225148 1:500
Vectastain Elite ABC-HRP Vector laboratories PK-6100

DAB Substrate Kit, Peroxidase

(HRP) Vector laboratories SK-4100

2.5 Brain clearing, lightsheet microscopy and analysis

Dissected brain tissue was fixed in freshly prepared 4% PFA-PBS solution for 24 hours
under gentle agitation at 4C. Brains were subsequently washed with PBS at room tem-
perature overnight. Brains were then incubated in Reagent-1 solution [25% Quadrol
(Sigma, cat. no. 122262), 25% urea (Sigma, cat. no. U5378), 15% Triton X-100, and 35%
dH20] for 4 days at 37T until the tissue was transparent. The incubation solution was
changed every 2 days. After washing with 0.2% Triton X-100 diluted with PBS at room
temperature, brains were transferred to the Reagent-2 [50% sucrose, 25% urea, 10%
triethanolamine (Sigma, cat. no. 90279), 15% dH20] and incubated on a shaker at 37C
for 3 days. Brain tissues were immersed and fixed inside a homemade glass cuvette for
imaging. For visualization, we imaged the brain samples utilizing a Zeiss Lightsheet Z.1
microscope, and the subsequent creation of 3D reconstruction was executed employing
Arivis Vision4D (Zeiss).

2.6 Cell quantifications

dB2 neuron and other cell quantifications were performed in nonconsecutive 20-¢ mthick
sections encompassing the complete anterior-posterior brainstem axis as recommended
by Christo Goridis and Jean-Francois Brunet for cell estimations in the brainstem (158).
On average, 80 to 85 sections were obtained per animal, and cells in every second sec-
tion were bilaterally quantified and defined as subtotal of cells. The estimation of total

number of cells was obtained by multiplying the subtotal of quantified cells by 2.
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2.7 Unrestrained whole-body plethysmography (UWBP) for mice

Breathing parameters analyzed in this study included: Minute ventilation (MV, amount of
air breathed per minute), Tidal volume (TV, amount of air breathed per breath) and breath
cycle length (Ttot). These parameters were recorded in conscious and unrestrained mice
at different ages using a whole-body plethysmograph acquired from Data Science Inter-
national (DSI, cat. no. 601-1425-001) (Figure 8) with protocols previously described (4,
177, 178). Details on the protocols are described below.

2.7.1 Juvenile (P21) and adult (P56) mice unrestrained whole-body plethysmography

The weight of each mouse analyzed in this study was first recorded before the start of
breathing recordings to allow the normalization of the analyzed breathing variables in this
study (see below). Mice were acclimatized in the whole-body plethysmograph chamber
(DSI, cat. no. 601-1425-001) for at least 1 hour before the start of breathing measure-
ments. Respiratory recordings were taken in thermostable conditions, that is at 32T as
previously recommended [18]. The plethysmograph chamber was provided with a con-
stant airflow established at 1.0 L/min by an airflow control system (DSI, cat. no. 271-0500-
290). A typical hypercarbic plethysmography recording to examine the response to hy-
percarbia was as follows: After a 30-min habituation period, baseline breathing was rec-
orded for 20min in room air. Next, the plethysmograph chamber was automatically
switched to a hypercabic condition consisted of 8% CO2, 21%02 and balanced N2 air
mixture for 10 minutes. After this, the plethysmograph chamber was switched back to
room air condition for additional 20 minutes. Temperature measurements were registered
at the beginning of the respiratory recording and introduced into the New FinePointe Soft-
ware (DSI, cat. no. 271-0500-CFG) to compute the volume signals and waveforms nec-
essary to calculate the various respiratory parameters abovementioned: minute volume
(MV), tidal volume (TV), total breath cycle time (Trort), as well as the breathing frequency,
inspiratory times and expiratory times. To calculate minute ventilation, the New Fine-
Pointe Software computed the breathing frequency and multiplied this by tidal volumes.
Note that, all respiratory parameters, except for frequency, were subjected to normaliza-

tion based on body weight for comparison between mice with varying body weights.
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Figure 8. A Scheme illustrating the FinePointe whole-body plethysmograph system, gas tanks, the
chambers and connecting analysis computer. (own representation: Yiling Xia)

2.7.2 Neonatal (PO and P7) mice unrestrained whole-body plethysmography

Breeding dams were checked daily for vaginal sperm plugs, with the day of sperm plug
detection marked as embryonic day 0.5 (E0.5). The breathing recordings of the neonatal
mice [postnatal (P) day 7] were examined with similar protocols as those described above
but employing smaller whole-body plethysmograph chambers (DSI, cat. no. 601-1426-
001) suitable for the neonatal mice. Additionally, we also employed the DSI Digital Pre-
amplifier (cat. no. 601-2401-001), DSI head-out conversion kit (cat. no. 601-1533-001)
and DSI latex collars (cat. no. 601-1533-002) for newborn (PO) plethysmography. These
chambers were settled at 37T with a thermo -controlled warm bed to maintain the pups
warm. The FinePointe Whole-Body Plethysmograph Unit was adjusted to provide a con-
stant airflow of 0.5 L/min through the measurements. Neonatal recording consisted of an
acclimation period of 20 minutes, followed by a 5-minute hypercarbic exposure and a 10-
minute recording post hypercarbic exposure. Similar to adult recordings, the FinePointe
software was used to trace respiratory activity and define the abovementioned breathing

parameters.
2.8 Criteria and Statistic Analysis

The goal of my studies was to determine baseline respiration in a variety of mouse lines,
as well as to determine their response to mild and transient hypercarbia exposure. To
minimize external environmental influences during plethysmography recordings, and to
provide comfort to the recorded mice, we used translucent red plastic jackets to cover the

plethysmograph chambers. These jackets permitted the continuous visual monitoring of
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the recorded mice, while allowing privacy to them. Under the plethysmography recordings
acquired in my doctoral work, mice slept in the chambers for periods that exceeded < 90%
of the recording sessions. Spontaneous movements, vocalizations and/or exploratory be-
haviors were manually recorded, identified in the plethysmographic recordings and ex-
cluded from downstream breathing analyses. Our group has previously defined vocal and
exploratory breathing (110). These special breathing activities are characterized by pro-
nounced changes in breathing frequencies, usually in the range of 4 to 5 Herz, which
differ from the 2-Herz breathing frequencies defined for mice (179) It is noteworthy that,
on average, the duration of spontaneous movements, exploratory behaviors and vocali-
zation periods accounted for less than 10% of the total recording times. Apneas (also
known as breathing interruptions) were defined as breaths that lasted longer than three
times the length of the immediate three preceding and three succeeding breaths to the

interruption of breathing or apneic event (177).

GraphPad Prism v8.0 was used to carry out all the statistical analyses reported in
my studies. Statistical analyses were advised by Dr. Pimrapat Gebert (Charite Universi-
téésmedizin Berlin). All statistical analyses and significances are reported in the Fig ures
and legends presented in this thesis. Data are presented as scatter dot plots, box plots
or column dot plots with means and standard deviations displayed. To assess the signif-
icance between group means, we applied one-way ANOVA followed by Tukey's post hoc
test for multiple-comparison tests, and two-end t-test for pair comparison tests. Poincaré
plots were generated using Prism 8, and the analysis, including quantification of SD1 and
SD2, was performed with Python (v3.10.5) using the Pandas, Numpy, and Matplotlib li-
braries via JupyterLab (v3.2.1). Detailed R and Python scripts are available upon request
from luis.hernandez-miranda@charite.de or Adrian.knorz@charite.de. The DeepL and

Grammarly tools were used to check and improve the accuracy and fluency of the text.
This study did not involve the test of substances in healthy mice therefore randomization
was not established. It should be noted, however, that mice were individually recorded in
the plethysmographic chambers in a random manner. Plethysmographic sessions were
recorded, visualized and analyzed in real time by the New FinePointe Software. Due to
the clear phenotypes analyzed in my studies, no blind recordings were possible to be
performed, as the invariable phenotypes associated with the reported genotypes pre-
cluded honest blind acquisitions. P-values are labeled in all figures.
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3 Results

3.1 dB2 neurons cell-autonomously regulate breathing and the neonatal hypercarbic re-
sponse

3.1.1 Establishment of mouse models based on DREADDs technology

To determine whether dB2 neurons cell-autonomously regulate breathing homeostasis, |
first performed intersectional DREADDs experiments to directly manipulate dB2 neuron
activity with breathing behavior. Note that due to the breadth of these experiments, | per-
formed chemogenetic experiments in collaboration with Ke Cui, Abisharika Patnaik and
my supervisor Dr. Luis R. Hernandez-Miranda. We chose two mouse lines with opposing
DREADDs receptors: RC::FPDi (4) and RC::FL-hM3Dq (174), which have been exten-
sively demonstrated to efficiently and transiently inhibit or activate different neuron types
across the central nervous system, respectively. As can be appreciated in Figure 9A, we
generated Lbx1C*;:Phox2bFIPOo/+;RC::FPDi*- (for simplicity called dB2-Silence ) and
Lbx1Ce*:Phox2bFIPo’+:RC::FL-hM3Dq*- (called dB2-Activity ) mice. The expression of an
hM4Di-HA (to silence/inhibit) and hM3Dg-mCherry (to activate) was produced in neurons
co-expressing FIpO and Cre recombinases as described in Figure 9A. Before starting
respiratory analysis in these DREADD-expressing mice, | first verified that dB2 neurons
correctly expressed the HA peptide tag (reporter of hM4Di) and the mCherry protein (re-
porter of hM3Dq) in dB2-Silence and dB2-Activity mice, respectively (1) (Figure 9B).
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Figure 9. Intersectional expression of the HA-tagged hM4Di and mCherry-tagged hM3Dq in dB2 neurons. (A)
Schematic representation of the genetic strategies used to generate Lbx1°*;Phox2b™P°*;RC::FPDi*- (dB2-Silence)
and Lbx1¢r¢*;Phox2bFPo"*:RC::FL-hM3Dq*" (dB2-Activity). Expression of hM4Di-HA and hM3Dg-mCherry occurs after
dual FIpO/Cre recombination. Alternative recombination patterns by Cre only or FIpO only are also illustrated. Note that
Cre or FlpO single recombination does not suffice to induce expression of hM4Di-HA or hM3Dg-mCherry. (B) Lefft,
schematic views of the analyzed dB2 neuron subgroups: intertrigeminal (ITR), vestibular (v1-v4), epifacial (epiVIl),
retrotrapezoid (RTN), epi ambiguus (epiNA), and peri nucleus ambiguus (periNA). The blue boxed areas are highlighted
on the right. The middle panels illustrate brainstem sections taken from newborn dB2-Activity mice. The sections were
stained with DAPI and antibodies against GFP and mCherry or with antibodies against mCherry and processed for 3,
3'-diaminobenzidine (DAB) immunohistochemistry. The right panels illustrate brainstem sections taken from newborn
dB2-Silence mice. The sections were stained with DAPI and antibodies against HA or with antibodies against HA and
processed for immunohistochemistry. Mice were generated by Ke Cui and Abisharika Patnaik, the histology experiment
and analysis mainly done by myself. This Figure and legend are adapted from my Science Advances publication (1).

3.1.2 Silencing of dB2 neurons causes hypoventilation and activating of dB2 neurons
enhances ventilation

Plethysmographic analysis of the dB2-Activity and dB2-Silence mice were done at neo-
natal (P7) juvenile (P21) and adult (P56) stages. To activate the hM3Dq (in dB2-Activity
mice) and hM4Di (in dB2-Silence mice) receptors in dB2 neurons, we used the DREADD
ligand clozapine-N-oxide (CNO). Wead mi ni st ered CNO at a dose
compared the breathing performance of dB2-Activity and dB2-Silence mice with that of
control  (Lbx1**;Phox2bFIPo’+:RC::FL-hM3Dqg*-, Lbx1¢¢*;:Phox2b**;RC::FL-hM3Dg*",
Lbx1**;Phox2bFPo+:RC::FPDi*- and Lbx1C*;Phox2b**;RC::FPDi*- mice) littermates in
the absence of CNO by whole-body plethysmography. As expected, no significant differ-
ences were observed in breathing between control and dB2-Activity/Silence mice at any
stage examined (Figure 10A). In contrast, CNO treatment caused dramatic ventilatory
phenotypes in both dB2-Activity (CNO-dB2-Activity) and dB2-Silence (CNO-dB2-Silence)
mice at all experimental stages, changes that were not observed in aged-matched CNO-

treaded control animals (Figure 10B).

Next, we set out to analyze in detail the respiratory changes associated with the
activation and inhibition of dB2 neurons in the neonatal stage. In CNO-dB2-Activity mice,
in which dB2 neurons are activated after the CNO treatment, we observed a substantial
enhancement of about 70% in minute ventilation when compared to their ventilation be-
fore CNO treatment. (Figure 11A and B). This change was primarily caused by a signifi-
cant augmentation in tidal volume and a reduction of breathing cycle lengths (Figure 11,
C and D). In contrast, in CNO-dB2-Silence mice, in which dB2 neurons are inhibited after
the CNO treatment, we observed a pronounced hypoventilation phenotype that was char-
acterized by shallow tidal volumes which results in a substantial reduction in minute ven-

tilation (Figure 11A and Figure 12A). Interestingly, CNO-dB2-Silence neonates showed
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an increased breath-to-breath
breathing (Figure 12B) (1).
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Figure 10. Breathing analysis of Control, dB2-Activity and dB2-Silence mice before and after CNO treatment.
(A) Quantification of minute ventilation, tidal volumes, and respiratory cycle lengths (Ttort), in Control, dB2-Activity and
dB2-Silence mice before CNO treatment at the stages studied (P7, P21 and P56). Respiratory recordings were taken
in ambient air. The precise numbers of mice analyzed (n) are displayed in the bars. (B) Quantification of minute venti-
lation in Control, dB2-Activity and dB2-Silence mice before (pre; gray) and after CNO (10 mg/kg; blue) treatment at the
studied stages. Respiratory recordings were taken in ambient air. The precise numbers of mice analyzed (n) are dis-
played underneath the stages analyzed. Every dot represents the mean of individual animals. Significance was deter-
mined usingone-way ANOVA foll owed by
by Luis R. Hernandez-Miranda, Ke Cui and Abisharika Patnaik. This Figure and its legend are adapted from (1)
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Figure 11. Ventilatory changes caused by the activation of dB2 neurons in neonatal mice. (A) Plethysmography
traces of Control, dB2-Activity, and dB2-Silence neonates. (B) Left, a sagittal brainstem section stained with antibodies
against GFP and the red fluorescent protein (mCherry) at birth (P0). DAPI was used to counterstain. The trigeminal
(nV) and facial (nVIl) motor nuclei are indicated. Note that known dB2 neurons, such as intertrigeminal (ITR) and
retrotrapezoid nucleus (RTN) are labeled by mCherry, reporter for hM3Dq DREADD receptor expression, but also two
subgroups of newly identified dB2 neuron subgroups in this study: Ves and epiVIl cells. Right, quantification of minute
ventilation of Control (n=8), dB2-Activity (n=8). The histology experiment and analysis mainly done by Yiling Xia. (C)
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Left, frequency distribution plots of tidal volumes. Total number of analyzed breaths is indicated in brackets. Note that
a displacement to the left or right indicates a decrease or increase, respectively. Right, quantification of tidal volumes
of Control (n=8), dB2-Activity (n=8). (D) Left, Poincaré plots illustrating breathing instability. Every dot represents indi-
vidual breaths, and the total number of analyzed breaths is indicated in brackets. Right, quantification of respiratory
cycle lengths (Trot) of Control (n=8), dB2-Activity (n=8). This Figure and legend were adapted from (1). The experi-
ments were done mainly by Luis R. Hernandez-Miranda, Ke Cui and Abisharika Patnaik. Data extraction and analysis
were done mainly by myself and Luis R. Hernandez-Miranda.
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Figure 12. Ventilatory changes caused by the inhibition of dB2 neurons in neonatal mice and breathing
instability of Control, dB2-Activity, and dB2-Silence neonates. (A) Left, quantification of minute ventilation of Con-
trol (n=12), dB2-Silence (n=10). Middle, quantification of tidal volumes. Right, quantification of respiratory cycle lengths
(TTOT) in dB2-Silence neonates. (B) Quantification of standard deviation (SD) 1 and SD2 in Control, dB2-Activity, and
dB2-Silence neonates before (pre; gray) and after CNO (10 mg/kg; blue) treatment. Every dot represents the mean of
individual animals. The precise numbers of mice analyzed (n) are displayed in brackets underneath the studied
genotypes. Significance was determined usingone-way ANOVA f ol | owed by p Daatextractoa
and analysis were done mainly by Luis R. Hernandez-Miranda and myself. This Figure and legend are adapted from

Q).
In mature stages (P21 and P56), CNO-dB2-Activity mice revealed a substantial
enhancement in minute ventilation, with an increase of minute ventilation of about 90%

increase at P21 and 110% increase at P56 (Figure 13). These respiratory changes are

Tukey
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primarily due to significant augmentations in tidal volume and respiratory frequency (Fig-
ure 13). In contrast, CNO-dB2-Silence mice displayed a 40% reduction of minute ventila-
tion and both ages analyzed (Figure 13). This hypoventilation phenotype was character-
ized by a reduction in tidal volumes, without affecting respiratory cycle lengths. Together,
| conclude that silencing of dB2 neuron activity has a strong effect on ventilatory control
in mice and recapitulates the hypoventilation phenotype observed in CCHS patients. The
activation of dB2 neurons can induce a complete hypercapnic-like response during the

neonatal stage but contributes to a partial response in mature mice.

3.1.3 dB2 neurons cell-autonomously regulate the neonatal hypercarbic reflex

Subsequently, we sought to assess the hypercarbic response of CNO-dB2-Activity and
CNO-dB2-Silence mice in neonatal (Figure1l4) and adult (Figurel5) stages. To end this,
we set the mice in hypercarbia condition (21% Oz, 8% COz, balanced N2) and tested the
corresponding respiratory performance. We first examined the COz response of these
mice in the absence of CNO administration. Unsurprisingly, they exhibited a hypercarbic
response similar to that of control mice, characterized by an elevation in minute ventilation
and tidal volume, along with a shortened Tror (Figure 14 and Figure 15). However, when
treated with CNO, CNO-dB2-Silence neonates exhibited a severely blunted hypercarbic
response compared to control mice. At mature stages, CNO-dB2-Silence mice also dis-
played a blunted response to hypercarbia that represented only a third of that observed
in control mice. Thus, a transient silencing of dB2 neurons impairs the hypercapnic re-
sponse (Figure 14 and Figure 15). Conversely, our observations show that activation of
dB2 neurons elicits a hypercapnic-like ventilatory response in CNO-dB2-Activity neonates
but not in more mature mice (Figure 14 and Figure 15). Taking these data together, |
concluded that dB2 neuron activity is critical in the hypercarbic response in neonatal life,

but this respiratory chemoreflex is partially mediated by dB2 neurons as animals mature.
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Figure 13. Ventilatory changes caused by the activation or inhibition of dB2 neurons in juvenile and adult mice.
(A and C) Quantification of minute ventilation, tidal volumes, and respiratory cycle lengths (Ttor) in Control (n=8) and
dB2-Activity (n=8) juvenile (P21) and adult (P56) mice while breathing ambient air, before (pre; gray) and after CNO
(10 mg/kg; blue) treatment. Changes of minute ventilation, tidal volumes and Tror, expressed as percentage of change
relative to the baseline before (pre) CNO treatment, are presented at the right of the main plots. (B and D) Quantification
of minute ventilation, tidal volumes, and respiratory cycle lengths (Ttor) in Control (n=12) and dB2-Silence (n=10)
juvenile (P21) and Control (n=12) and dB2-Silence (n=8) adult (P56) mice while breathing ambient air, before (pre;
gray) and after CNO (10 mg/kg; blue) treatment. Changes of minute ventilation, tidal volumes and Tror, expressed as
percentage of change relative to the baseline before CNO treatment, are presented at the right of the main plots. The
precise number of mice analyzed (n) are also displayed in brackets. Every dot represents the mean of individual animals.
Significance was determined using one-way ANOVA f ol |l owed by post hoc Tukeyos
two tailed t-test for pair comparison. Data extraction and analysis were done mainly Luis R. Hernandez-Miranda and
myself. This Figure and legend are adapted from (1).
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Figure 14. dB2 neurons are essential for the neonatal hypercarbic reflex. (A) Diagram illustrating the protocol
used to induce a hypercarbic response in mice. Respiration was analyzed in ambient air and in hypercarbia for five
minutes (indicated in red). (B to D) Analysis of Control, dB2-Activity, and dB2-Silence mice before (pre; gray) and after
CNO treatment (10 mg/kg; blue) in neonates. The number (n) of mice analyzed is displayed underneath the studied
genotypes. (B) Plethysmography traces of Control, dB2-Activity, and dB2-Silence mice at the indicated stages and
conditions. (C) Analysis of Control (n=20), dB2-Activity (n=8), and dB2-Silence (n=10) mice in ambient air (air) and in
hypercarbia (8% CO: in air, abbreviated as CO2). (a) Quantification of minute ventilation in ambient air and hypercarbia
for the indicated genotypes, stages, and conditions. (b) Effects of dB2 neuron activation or inhibition on minute venti-
lation, tidal volumes, and respiratory cycle lengths (Ttot) displayed by dB2-Activity or dB2-Silence mice, respectively,
while in hypercarbia (before and after CNO treatment). Every dot represents the mean of individual mice analyzed.
Significance was determined using one-way ANOVA f ol |l owed by post hoc Tukeyds
two tailed t-test for pair comparison. Data extraction and analysis were done mainly by Luis R. Hernandez-Miranda, Ke
Cui, Abisharika Patnaik, and myself. This Figure and legend are adapted from (1).
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Figure 15. Hypercarbic response caused by the activation or inhibition of dB2 neurons in adult mice. (A) Dia-
gram illustrating the protocol used to induce a hypercarbic response in mice. Respiration was analyzed in ambient air
and in hypercarbia for five minutes (indicated in red). (B to C) Analysis of Control, dB2-Activity, and dB2-Silence mice
before (pre; gray) and after CNO treatment (10 mg/kg; blue) in adult (P56) mice. The number (n) of mice analyzed is
displayed underneath the studied genotypes. (B) Plethysmography traces of Control, dB2-Activity, and dB2-Silence
mice at the indicated stages and conditions in adult mice. (C) Analysis of Control (n=20), dB2-Activity (n=8), and dB2-
Silence (n=8) mice in ambient air (air) and in hypercarbia (8% CO: in air, abbreviated as CO3) in adult mice. (a) Quan-
tification of minute ventilation in ambient air and hypercarbia for the indicated genotypes, stages, and conditions. (b)
Effects of dB2 neuron activation or inhibition on minute ventilation, tidal volumes, and respiratory cycle lengths (Ttor)
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displayed by dB2-Activity or dB2-Silence mice, respectively, while in hypercarbia (before and after CNO treatment).

Every dot represents the mean of individual mice. Significance was determined using one-way ANOVA followed by

post hoc Tukeyods anal ysi s f o-testfprrpaircgmparisom Pata extraation arml analysiso t ai |
were done mainly by Luis R. Hernandez-Miranda, Ke Cui, Abisharika Patnaik, and myself. This Figure and legend are

adapted from (1).

3.2 Mapping the spatial distribution of dB2 neurons in the brainstem

Despite the potential significance of dB2 neurons to the respiratory circuit, little is known
about the location and identities of most cells belonging to this neuron class. Here, | first
carried out a systematic characterization of dB2 neurons (that is neurons co-expressing
Lbx1 and Phox2b) within the brainstem and mapped their spatial distribution. For this, |
used transverse and sagittal sections taken from Lbx1¢¢*;RosalSL"GFP/* newborn mice
which carried a Cre recombinase driven by Lbx1, together with the Cre-dependent
RosalSLnGFP reporter line that expresses a nuclear green fluorescent protein (GFP) upon
Cre-mediated recombination. | used this genetic labeling strategy, as Lbx1 is known to
be downregulated in perinatal life. Therefore, this strategy would allow me to identify and
trace all neurons with a history of Lbx1 expression, regardless if Lbx1 is or is not ex-
pressed in Lbx1-derived neurons. As can be appreciated in Figure 16, most neurons with
a history of Lbx1 expression had already down-regulated Lbx1 by birth (PO) (1).

A

be 1Cre/0 ~RosaLSL-nGFP/0

be 1 Cre/+ -RosaLSL-nGFPH

DAPI
Lbx1 GFP

250 um

be 1Cle/+ ~RosaLSL-nGFP/*

> DAP|
Lbx1 GFP

Figure 16. Lineage tracing of Lbx1-derived neurons in Lbx1¢®*;Rosal-S--"GFP/* gt PQ. (A) The left image depicts a
sagittal view of the brainstem taken from a Lbx1¢¢*;RosaS-""6FP* mouse at birth. The section was stained with GFP
antibodies and DAPI. The right image displays the same section as on the left but with GFP shown in blue and Lbx1
immunodetection in red. (B) The left coronal section was taken from a Lbx1¢®*;Rosa“S“"éFP* mouse at birth. The
section was stained with GFP antibodies and DAPI. The right image presents the same section as on the left, but with
GFP in blue and Lbx1 immunodetection in red. The experiments and analysis were done by myself. This Figure and
legend are taken from (1).
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My systematic characterization identified eight major subgroups of Lbx1+/Phox2b+
(dB2) brainstem neurons, summarized in Figure 17, Figure 18 and Figure 19. From ros-
tral to caudal, they were located to: 1) the intertrigeminal region (ITR, located around the
trigeminal motor nucleus), 2) the vestibular nuclei (in my study named as v1, v2, v3 and
v4), 3) the retrotrapezoid nucleus (RTN), 4) the dorsal portion of the facial motor nucleus
(here called epiVIl), and 5) the lateral part of the nucleus ambiguus (here termed as per-
INA). Therefore, | conclude that dB2 (Lbx1+/Phox2b+) neurons primarily reside in the
lower region of the brainstem (ITR neurons in the pons; and v1-v4, epiVIll and RTN neu-
rons in the rostral medulla). However, there exists at least one subgroup of dB2 neurons

that resides in the caudal medulla (periNA neurons).

LbX1Cr9/+-ROSaLSL-nGFP/+
Sagittal view : Sagittal view
PO : - PO D

Dorsal view Sagittal view

SC
300 um

\es (v1 to v4)

eriNA
epiVIl @ dﬂlxg

VD RTN

Figure 17. Distribution of Lbx1+/Phox2b+ (dB2) brainstem neurons. (A) A schematic dorsal view of a mouse brain
at birth (P0). The blue lines indicate the sagittal sections displayed in B and C. The cerebellum (cb) and spinal cord (sc)
are shown for antomical orientation. (B and C) The top panels display sagittal views of the brainstem taken from a
Lbx1C*;Rosa-S-"GFP"* newborn mouse. The sections were stained with GFP antibodies and DAPI. Lower panels pro-
vide a magnification from the boxed regions highlighted in the upper panels. In the lower panels, the staining combina-
tion of GFP in green, Lbx1 in red, and Phox2b in blue (on the left), and only Lbx1 and Phox2b staining is presented on
the right for a better visualization of Lbx1 and Phox2b double positive cells (in magenta color). (D) Schematic repre-
sentation of a sagittal brainstem illustrating the location of the 8 distinct dB2 subgroups co-expressing Lbx1 and Phox2b
in magenta: vestibular (Ves: v1 to v4), epifacial (epiVIl), retrotrapezoid nucleus (RTN), intertrigeminal region (ITR), and
peri nucleus ambiguus (periNA) neurons. These experiments and analyses were done by myself. This Figure is adapted
from (1).
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Figure 18. Identification of dB2 (Lbx1+/Phox2b) subgroups neurons. (A) Left panels, transverse sections of the
brainstem stained with antibodies against GFP (green) and DAPI (blue) at the level of retrotrapezoid nucleus, epifacial,
vestibular, intertrigeminal and peri nucleus ambiguus neurons. Middle panels, magnifications of the boxed areas dis-
played on the left with immunohistology against Lbx1 (red), Phox2b (blue), and GFP (green). Right, same sections as
in the middle panels but displaying only the immunostaining of Lbx1 and Phox2b for a better visualization of
Lbx1+/Phox2b+ (magenta) cells. The panels at the bottom are magnification of the small boxed areas shown in the
middle panels. (B) Pie charts illustrating the proportion of GFP+ cells co-expressing Lbx1 and Phox2b. (C) Quantifica-
tion of dB2 neuron subgroups as indicated. Every dot indicates the mean of individual mouse analyzed (n=4). These
experiments and analyses were done by myself. This Figure is adapted from (1).
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Figure 19. Schematic transverse view of a mouse brainstem. The magenta areas show the distribution of the
identified dB2 neuron subgroups: intertrigeminal (ITR), vestibular (Ves: v1 to v4), epifacial (epiVIl), retrotrapezoid nu-
cleus (RTN), and peri nucleus ambiguus (periNA) neurons. The cerebellum (cb), principal trigeminal (pV), trigeminal
motor (nV), dorsal choclear (DCN), spinal trigeminal (SpV), facial motor (nVIl), nucleus ambiguus (NA), and tractus
solitarius (NTS) nuclei are showed for anatomical orientation. This Figure is adapted from (1).

To investigate whether there exist extra subgroups of dB2 neurons in the brainstem
that lose expression of Lbx1 and/or Phox2b during their postmitotic development, | next
utilized an intersectional genetic labelling strategy to trace all neurons with a history of
Lbx1 and Phox2b co-expression. To this end, | employed the RCFL-tdT reporter mouse
line that allows for the expression of the td-Tomato flurescence protein in the cytoplasm
of cells after the excision of two consecutive STOP cassettes flanked by FRT and LoxP
sites. The excision of these STOP cassettes resulted from the action of the FIpO and Cre
recombinases driven by Lbx1 (Lbx1¢¢) and Phox2b (Phox2bFrO), respectively (Figure
20A). | then used light-sheet microscopy to visualize mice brains taken from
Lbx1Cre/*;Phox2bFIPo'*;RCFL-tdT*- (for simplicity called hereafter dB2-Tomato) newborn
mice. After imaging, | created 3D reconstructions of dB2-Tomato brains, which confirmed
the specific distribution of dB2 neurons to the pons and medulla (assessed by tdTomato
fluorescence) in the eight subgroups of Lbx1+/Phox2+ neurons identified in
Lbx1Cre/+;RosalSL"GFP+ mice (Figure 20, B to D; and Figures 21-24). Notably, this inter-
sectional genetic strategy uncovered three additional subgroups of dB2 neurons that lo-
cate to the caudal medulla: 1) a subgroup located to above the nucleus tractus solitarius
(here called epiNTS), 2) a subgroup located to above the nucleus ambiguus (called
epiNA), and 3) a subgroup located to underneath the spinal trigeminal nucleus (named
here as infraSpV) (Figure 20- 22)(1). These subgroups of dB2 neurons however seem to
lose the co-expression of Lbx1 and Phox2b during their maturation. One should note that
my labeling strategy also identified a number of scatter tdTomato+ neurons within the
somatosensory trigeminal nuclei (called here somaV neurons, Figure 20D) that also lose

the co-expression of Lbx1 and Phox2b by birth (see discussion).
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Figure 20. Distribution of dB2 neuron subgroups in dB2-Tomato mice. (A) Strategy to mark with tdTomato all
neurons with a history of Lbx1 and Phox2b expression. The analyzed Lbx1¢*;Phox2b™P°*:RCFL-tdT*" (here called
dB2-Tomato) genotype is indicated. (B) Ventral and sagittal 3D reconstructions of a dB2-Tomato brainstem at birth.
Left panel, ventral view, intertrigeminal (ITR) and retrotrapezoid nucleus (RTN) can be visualized (outlined by yellow
dashed lines). In addition, a dense group of tdTomato+ neurons can be observed in the caudal medulla (demarcated
in white). Right panel, saggital view, the intertrigeminal (ITR), vestibular (Ves), retrotrapezoid nucleus (RTN) and epi-
facial (epiVIl) subgroups can be distinguished. Furthermore, the presence of distinct subgroups of tdTomato+ neurons
in the caudal medulla are displayed in white dashed lines. (C and D) A sagittal brainstem section taken from a dB2-
Tomato newborn mouse. Left, immunohistology against tdTomato (red) and DAPI (blue) shows the spatial distribution
of dB2 neurons in the brainstem. The cerebellum (cb), spinal cord (sc), as well as the trigeminal (nV) facial (nVII), and
ambiguus (NA) motor nuclei are shown for orientation. The image in D is the same as in C but displaying only tdTomato
fluorescence for a clear visualization of dB2 neurons subgroups; from rostral to caudal dB2 neurons with active expres-
sion of Lbx1 and Phox2b locate to the intertrigeminal (ITR), vestibular (Ves), epifacial (epiVIl), retrotrapezoid nucleus
(RTN), and periNA nuclei (all highlighted in yellow dashed lines); whereas dB2 neurons that lose co-expression of Lbx1
and Phox2b during their maturation locate to the somatosensory nuclei (somaV), above the nucleus tractus solitarius
(epiNTS), above the nucleus ambiguus (epiNA) and underneath the spinal trigeminal (infraSpV) nucleus (all highlighted
in white dashed lines). The histology and Lightsheet experiments were mainly done by myself and Elijah D. Lowenstein.
This figure is adapted from (1).
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Figure 21. Identification of dB2 neuron subpopulations in dB2-Tomato mice in a sagittal view. (A) The schema
represents a sagittal brainstem section highlighting the spatial distribution of dB2 (Lbx1+/Phox2b+) neurons (colored
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in magenta). The trigeminal (nV), the facial (nVIl), and ambiguus (NA) motor nuclei are provided for anatomical orien-
tation in the illustration. (B) A sagittal brainstem section taken from a dB2-Tomato newborn mouse. Immunohistology
against tdTomato (red), DAPI (blue) and Lbx1 (green) shows the spatial distribution of dB2 neurons in the brainstem.
The cerebellum (cb), spinal cord (sc), as well as the trigeminal (nV) facial (nVIl), and ambiguus (NA) motor nuclei are
shown as anatomical landmarks. (C) Immunohistology against tdTomato (red), DAPI (blue) and Lbx1 (green) shows
dB2 neurons in ITR, the vestibular population, epiVII groups and retrotrapezoid (RTN) group. This figure is original and
was not included in my Science Advances publication. The experiments were done by myself.
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Figure 22. Identification of dB2 neuron subpopulations in dB2-Tomato mice at birth. (A) The schematic view
presents a sagittal brainstem section highlighting the spatial distribution of dB2 (Lbx1+/Phox2b+) neurons (colored in
magenta) identified through intersectional genetics as described in the text. The area postrema (AP), nucleus tractus
solitarius (nTS), the facial (nVIl), and ambiguus (NA) motor nuclei are provided as anatomical orientation in the illus-
tration. The blue lines marked as B-D indicate the transverse planes shown in panels B to D. (B to D) Immunohistology
against DAPI (blue) and tdTomato (red) shows dB2 neurons in the vestibular population divided into four sub-clusters
(v1, v2, v3, v4), epifacial (epiVIl) and retrotrapezoid nucleus (RTN). In B and C, right microphotographs represent the
amplification of the left box areas displaying immunostaining with antibodies against Lbx1 in blue, Phox2b in green,
and tdTomato in red. The bottom panels show the individual magnification of the separate staining for better visualiza-
tion. In D, right microphotographs represent the amplification of the left box areas displaying immunostaining with an-
tibodies against Lbx1 in blue, Phox2b in green, and tdTomato in red. Noted that the arrowheads in figured highlight
the RTN neurons which express Lbx1 and Phox2b. (E to H) Immunohistology against DAPI in blue and tdTomato in
red of the transverse sections taken from dB2-Tomato mice. epiNTS, periNA, epiNA, and infraSpV dB2 neurons are
outlined by the yellow dashed lines. Area postrema (AP), nucleus tractus solitarius (nTS), the vagal (nX), hypoglossal
(nXIl) and ambiguus (NA) motor nuclei showed as anatomic landmarks. Boxed areas are magnified in the right panels
with different combinations of antibody stainings. The experiments and analyses were done by myself. This figure is
composition of original and published data from (1).
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Figure 23. Analysis of rostral dB2 neurons. (A) Schematic transverse views of the mouse brainstem illustrating the
location of dB2 neuron subgroups (magenta) identified with tdTomato (in dB2-Tomato mice) at birth: i) intertrigeminal
(ITR), vestibular (Ves; v1 to v4), epifacial (epiVIl), retrotrapezoid nucleus (RTN), peri nucleus ambiguus (periNA), epi
nucleus ambiuus (epiNA), epi nucleus tractus solitarius (epiNTS) and infra spinal somatosensory trigeminus nucleus
(infraSpV) neurons. Note that the scattered tdTomato+ neurons observed in the somatosensory trigeminal nuclei
(called here somaV) are not illustrated in these schematic illustrations (see discussion). The cerebellum (cb), principal
somatosensory trigeminal nucleus (pV), trigeminal motor nucleus (nV), dorsal cochlear nucleus (DCN), nucleus tractus
solitarius (nTS), spinal trigeminal nucleus (SpV), as well as the facial (nVIl) and ambiguus (NA) motor nuclei are illus-
trated for anatomical orientation. (B to E) Left, histological analysis of ITR, vestibular, epiVIl, and retrotrapezoid nucleus
dB2 neurons (in dB2-Tomato newborn mice) stained against the red fluorescent protein (to detect tdTomato, red), Lbx1
(green) and Phox2b (blue, false color). The boxed areas are displayed on the right illustrating merged or single fluo-
rescent signals. Arrows indicate Lbx1+/Phox2b+/tdTomato+ triple positive cells. Right, protein heatmaps for tdTomato,
Lbx1 and Phox2b from the immunofluorescent photographs displayed on the left panels. The experiments and analysis
were myself. This Figure is adapted from (1).
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Figure 24. Analysis of caudal dB2 neurons. (A to C) Left, histological analysis of epi nucleus ambiguus (epiNA), epi
nucleus tractus solitarius (epiNTS) and infra spinal somatosensory trigeminal nucleus (infraSpV) neurons in dB2-
Tomato newborn mice stained against the red fluorescent protein (that is, to detect tdTomato in red), Lbx1 (blue, false
color) and Phox2b (green). Right, protein heatmaps for tdTomato, Lbx1 and Phox2b from the immunofluorescent pho-
tographs displayed on the left panels. These experiments and analyses were done by myself. This Figure is adapted

from (1).
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Figure 25. Schema and table summarizing the identified subgroups of dB2 neurons. The schema and table
illustrate dB2 neurons that actively co-express (in magenta) or no co-express (in yellow) Lbx1 and Phox2b. This figure

is original to this thesis (1).

In summary, my detailed characterization of dB2 neurons identified eight subgroups

of dB2 neurons that actively co-express Lbx1 and Phox2b, as well as four additional sub-

groups of dB2 neurons that lose the co-expression of these transcription factors during

their maturation (1) (schematically displayed in Figure 25).
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3.3 The function of specific dB2 neurons in respiration

3.3.1 Establishment of new mouse models to investigate dB2 neuron function

Homozygous Lbx17S/FS mice maintain the integrity of intertrigeminal region (ITR) neurons,
which specifically originate from rhombomere 2 (93, 118). Available evidence indicates
that the loss of ITR neurons does not interfere neonatal survival or respiratory
chemoresponses in mice (177). Therefore, my working hypothesis posed the possibility
that dysfunction of dB2 neurons generated from rhombomeres 3 to 6 could account for
the respiratory deficiencies observed in patients with congenital hypoventilation as well

as being responsible for the phenotypes observed in homozygous Lbx1FS/FS mice.

To investigate this hypothesis, | employed three rhombomere-specific Cre driver
mouse lines that differentially express the Cre recombinase into distinct developing rhom-
bomeres. This Cre driver lines were used in conjunction with the RosaSL"GFP reporter
line that, as above explained, expresses nuclear GFP upon Cre-mediated recombination.
Specifically, | used the following mouse lines: Egr2¢'e, a mouse line that specifically ex-
presses Cre in rhombomeres 3 and 5; TgHoxb1¢¢, a mouse line that expresses Cre solely
in rhombomere 4; and TgHoxa3¢"®, a mouse line that expresses Cre in rhombomeres 5
and 6 (Figure 26). For example, to uncover the origin of the dB2 neurons from rhombo-
mere 4, rhombomeres 3 and 5, or rhombomeres 5 and 6, | generated the following com-
pound mouse lines: TgHoxb1Ce*;RosalSLnGFPi+  Egr2Cre/+;RosalSLnGFP/+ - and
TgHoxa3ce*;RosalSL "GP+ mice, respectively. Using immunofluorescence against GFP,
Lbx1 and Phox2b, | was able to distinguish the origin of most dB2 neurons: these were,
intertrigeminal region (rhombomere 2), vestibular groups v1 and v2 (rhombomere 6),
ventibular groups v3 and v4 (rhombomere 4), retrotrapezoid neurons (rhombomere 5)
and epiVIl neurons (rhombomere 6) (Figure 27). However, periNA neurons, and possibly
also the other caudal dB2 subgroups that do not co-express Lbx1 and Phox2b actively,
were virtually not traced by any of the used Cre lines (Figure 27) (1). This suggests that
these subgroups may originate outside of the rhombomeres 3 to 6 region. An alternative
hypothesis could be an incomplete expression of the Cre recombinase in rhombomere 6

by the TgHoxa3c"¢ mouse line (see below).
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Figure 26. Specific Cre-mediated recombination patterns of (Tg)Hoxb1¢®, Egr2¢*® and (Tg)Hoxa3°"® driver
mouse lines at birth. (A) Upper panels show sagittal brainstem sections taken from: (Tg)Hoxb1¢*;Rosa-St"GFP/*
Egr2¢re*:RosalS--neFP+ and (Tg)Hoxa3%™®*;RosalS-""6FP* newborn mice stained with GFP (in green) and DAPI (in blue).
The midbrain and medulla are shown for anatomical orientation. Lower panels present the same sections as above but
displaying only GFP signals for better visualization of rhombomeres. The lines marked as B to D in the
(Tg)Hoxb1Cre*;Rosal-SL"CFP+ geneotype represent the transverse planes illustrated in panels B to D. The mice were
generated mainly by Eser Giksu Isik. | conducted histological analyses. This Figure is adapted from (1).
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Figure 27. Lineage tracing of dB2 neuron origins in the brainstem of (Tg)Hoxb1¢¢, Egr2¢® and (Tg)Hoxa3¢"®
mice at birth. (A) Immunofluorescence against Phox2b (blue), GFP (green) and Lbx1 (red) of the vestibular popula-
tions (v1 to V4); epiVIl; RTN; ITR, and periNA Lbx1+/Phox2b+ neurons. Boxed areas are magnified with different
combinations of antibody staining as indicated. The trigeminal motor nucleus (nV), facial motor nucleus (nVII), principal
trigeminal nucleus (pV), and nucleus ambiguus (NA) are illustrated for anatomical orientation. (B) Quantification anal-
ysis of the percentage of the dB2 neurons expressing GFP. Color codes are used to distinguish the different genotypes:
(Tg)Hoxb1®™ in green (n=4 mice), Egr2° in maroon (n=4 mice), and (Tg)Hoxa3°" in blue (n=4 mice). The mice were
generated mainly by Eser Géksu Isik. Histological experiments and analyses mainly done by myself. This Figure is
adapted from (1).

3.3.2 The function of specific dB2 neurons in respiration

To evaluate the function of specific dB2 (Lbx1+/Phox2b+) neurons in respiration, | next

restricted the expression of the disease-causing Lbx1FS variant to rhombomeres 3 and 5
















































































































































































































































